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Abstract. We present a high-speed photographic analysis of the interac-
tion of cavitation bubbles generated in two spatially separated regions
by femtosecond laser-induced optical breakdown in water. Depending
on the relative energies of the femtosecond laser pulses and their spatial
separation, different kinds of interactions, such as a flattening and defor-
mation of the bubbles, asymmetric water flows, and jet formation were
observed. The results presented have a strong impact on understanding
and optimizing the cutting effect of modern femtosecond lasers with
hlgh repetition rates (>1 MHz). ©2010 Society of Photo-Optical Instrumentation
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1 Introduction

Three-dimensional processing inside transparent media by fo-
cused ultrashort laser pulses is utilized in various therapeu-
tic applications of laser surgery in ophthalmology. Nowadays,
there are well-established procedures, such as the LASIK proce-
dure (laser in situ keratomileusis)' ™ and keratoplasty, or future
applications, such as femtosecond (fs)-Lentotomy®’ and laser
cataract surgery.® Until recently, fs-laser systems with relatively
high pulse energy (>1 wJ) and relatively low repetition rate
(kilo Hertz regime) have been used in clinical applications.! A
steady increase in the repetition rate of clinical laser systems,” '°
along with lower applied pulse energies, has resulted in a sig-
nificant reduction in treatment duration. Tight focusing with a
large numerical aperture objective is frequently used,'® offering
better precision due to a smaller focal volume, a lower energy
threshold for optical breakdown, and reduced collateral damage.

In the last few years, the interactions between the cavita-
tion bubbles, generated by the laser-tissue interaction, have
become very important in the context of medical laser appli-
cations. Whenever high repetition rate, ultrashort laser pulses
are used to disrupt tissue in a liquid or biological environment,
cavitation bubbles are produced, which interact with the tis-
sue as well as with each other. The interaction between single
laser pulses and biological tissue has been studied extensively,
both experimentally and theoretically.!''® By focusing a laser
pulse of fs duration to a small volume, very high intensities
are easily accessible, initiating nonlinear absorption processes,
such as multiphoton, tunnel, and cascade ionization, resulting
in the generation of a dense free electron plasma.'? %1718 The
density of the generated free electrons and the plasma scales with
the amount of energy deposited. If a critical electron density on
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the order of p.; = 10*' cm ~3 is exceeded, then an optical break-

down occurs.'> Subsequently the following mechanisms appear:
(i) the recombination of electrons with their parent ions heats
the tissue, (ii) the pressure increases strongly localized, (iii) due
to this buildup of mechanical energy a shock wave is created
that propagates into the surrounding medium, and finally, (iv)
a cavitation bubble forms.!> 41719 The vapor-filled cavitation
bubble undergoes a series of expansions and contractions, where
the maximum radius depends on the fs-laser pulse energy.!> For
low pulse energies slightly exceeding the breakdown threshold,
only one expansion and collapse of the bubble occur, caus-
ing the tissue to rupture; therefore, the effect of cutting tissue
via a laser-induced optical breakdown (LIOB) is called
photodisruption.

The interaction of cavitation bubbles generated by laser
pulses that are spatially and temporally separated has scarcely
been studied. Lauterborn®® as well as Lauterborn and
Hentschel?! were the first to show, experimentally, that there
is an interaction between adjacent cavitation bubbles generated
by ns-laser pulses;?®2! other groups were subsequently able to
confirm these results experimentally.?>2” Qur interest in the
detailed interaction dynamics of cavitation bubbles generated
by fs-laser pulses was initially stimulated by previous work of
ours, which showed that the cutting quality changes with in-
creasing repetition rate and pulse energy.?® An analysis of the
generated laser dissection cuts suggests an interaction between
the cavitation bubbles of two or more consecutive pulses in the
course of the bubble’s oscillation. Using low repetition rates in
the range of some tens of kilohertz, a laser pulse only interacts
with the final stage of effects generated by the previous pulse.
In this case, subsequent pulses can be scattered from persistent
gas bubbles or from tissue that is already ruptured. However,
with greater repetition rates (>1 MHz), it is possible that the
cavitation bubble of the preceding pulse still exists when the
next pulse approaches its proximity. The bubble oscillation time
is on the order of microseconds duration;'?!32° thus, the next
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created bubble starts to expand and collapse while the previ-
ous is still present. The interaction between cavitation bubbles
may cause collateral damage to sensitive tissue structures in the
vicinity of the laser focus, and it may also contribute in several
ways to ablation and cutting dynamics: (i) by disruption caused
during bubble expansion, (if) by jet formation pointing toward
still unaffected tissue, or (iii) by tensile stress exerted during
bubble collapse. The focus of the experiments presented here is
the characterization and understanding of the fundamental in-
teraction of subsequently generated cavitation bubbles. This is
of great interest for the prospective optimization of the surgical
process with high repetition rate femtosecond lasers.

The present study describes systematic experimental investi-
gations of the dynamics of two spatially separated laser-induced
cavitation bubbles. The cavitation bubble dynamics and the in-
teraction mechanisms were examined by time-resolved photog-
raphy. The overall motion of the bubbles was investigated by
changing the time delay between the laser pulse and the illu-
mination by a nanosecond flash lamp. A parallel exposure of
the focus region according to Koehler illumination provided the
optimal contrast for the boundary deformation and liquid jet pen-
etration into the surface of the cavitation bubbles. In the present
study, two parameters were varied: first, the distance of the cav-
itation bubbles, and second, the energy ratio of the laser pulses
generating the bubbles. The bubble-bubble interaction features
a vast complexity with sensitive dependence on the investigated
parameters.

The experiments presented here reflect not strictly the con-
ditions found in a surgical laser-scanning process, where pulses
are applied with the same pulse energy but subsequently. There-
fore, the results of our study are discussed with respect to col-
lateral damage in laser surgery and cavitation bubble-mediated
enhancement of tissue cutting.

2 Materials and Methods

The experimental setup allows for the generation of two cavi-
tation bubbles by focused laser pulses and the imaging of their
dynamics by time-resolved photography.

2.1 Generation of Spatially Separated
Cavitation Bubbles

A schematic diagram depicting the experimental arrangement
used to investigate the interaction of two spatially separated
cavitation bubbles is shown in Fig. 1. The bubbles were gen-
erated in a cuvette made of PMMA (polymethyl methacrylate)
and filled with distilled water.

The fs-laser (Bright, Thales, Orsay, France) emits pulses
of T = 125 fs duration at a wavelength of A = 780 nm at a
repetition rate of 5 kHz. For our application, the repetition rate
is reduced to 20 Hz. The beam is split between two arms using
a polarizing beamsplitter; the relative energy of the two pulses
can be adjusted with a half-wave plate.

The two beams are overlaid again and copropagate through
a telescope (fj = 100 mm, f, = 300 mm), which is used to
expand the beam and to overfill the back aperture of the focusing
objective. In order to avoid interfaces and to provide good focal
quality, a water immersion objective (HCX APO L 20x/0.50 W
U-V-I/D 3.5, Leica, Wetzlar, Germany) with numerical aperture
NA = 0.5 is used. Because of the good transparency and high
water content of biological tissue?’* and its similar optical,
mechanical, as well as thermodynamic properties, water is used
as a model substance for the transparent tissue of the crystalline
lens or the cornea.

The spatial separation of both laser foci is realized by a
pivotable mirror, introducing a small angle between the two
beams when entering the focusing objective. Hence, the regions
of optical breakdown are spatially separated in the focal plane,
but both breakdowns occur at the same time.

2.2 Time-Resolved Photography

Time-resolved photography permits the analysis of fast dynamic
phenomena by sectioning the process in specific events. The
observation of the oscillating cavitation bubbles is realized by
stroboscopic illumination with a nanosecond flash lamp (KL-M,
High-Speed Photo Systeme, Wedel, Germany) with 12-ns
spark duration. The illumination path is arranged perpendic-
ular to the direction of laser focusing (Fig. 2). Under Koehler
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Fig. 1 Experimental setup of the laser system (top view). The fs-laser beam is split into two laser arms with a variable angular offset to create spatially
separated regions of laser-induced optical breakdown and, hence, cavitation bubbles inside the water cuvette.
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Fig. 2 lllumination path for time-resolved photography (side view). Because of the Koehler illumination the water cuvette is illuminated homoge-
nously by the spark of the flash lamp. A microscope objective, in combination with a tube lens and a camera objective, generates a magnified, sharp

image of the cavitation bubbles on the CCD chip of the camera.

illumination,?! which is also used for bright-field microscopes,
the plane of the optical breakdown is illuminated homogenously.
The observation path consists of a second NA = (.5 water im-
mersion microscope objective (HCX APO L 20x/0.50 W U-V-
I/D 3.5, Leica, Wetzlar, Germany), arranged confocally with
the focusing objective, an adjusted tube lens, and a camera
zoom objective. This configuration provides a magnified and
sharp image (dimensions approx. 176 x 265 um, magnifica-
tion 90x) on the CCD chip of the camera (D70, Nikon, Tokyo,
Japan).

The controlling and timing is realized by a delay genera-
tor (DG102, Bergmann Messgerdte Entwicklung KG, Murnau,
Germany). By changing the delay of the flash lamp spark in
respect to the laser pulse, images at different stages during the
bubble oscillation are recorded. The dynamics of expanding and
collapsing cavitation bubbles can be reconstructed and illus-
trated by lining up single frames of different bubbles at subse-
quent delays.

2.3 Experimental Procedure

In this study, we performed two kinds of experiments. First,
we analyzed the interaction of two cavitation bubbles with the
same energy by varying only the bubble separation; afterward,
we varied both the relative pulse energies and the bubble sep-
aration. Although the first approach does not strictly reflect a
surgical laser-scanning process (see also Section 1), it facilitates
a comparison to earlier experimental results (cf. the analogy to
cavitation bubble dynamics near solid boundaries described in
Section 4) and to allow an analysis of the fundamental character-
istics of the interaction of two cavitation bubbles. The latter sce-

Fig. 3 Schematic diagram of the six measurement positions used to
observe the interaction dynamics of two cavitation bubbles of the same
laser pulse energy. While the right bubble is fixed as a reference, the
position of the left bubble is varied in six steps, ranging from 3.0 times
Rmax to 0.5 times Rmax (center to center).
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nario, however, replicates the physical separation, energy, and
difference in oscillation phase of cavitation bubbles produced
by laser scanning during medical treatment. In our experiments,
this difference in oscillation phase is based on the different laser
pulse energies creating the cavitation bubbles. In the event of a
laser surgery, it is caused by the scanning process and, hence,
a temporal separation of equally sized cavitation bubbles. In
both cases, the intensity and mode of interaction varies with the
distance between the bubbles.

We studied the dynamic interaction of two cavitation bubbles
of the same energy at a variable distance. The distance is scaled
in units of the maximum bubble radius Ry,.x. We compare six
bubble separations between 3.0 X Ryax and 0.5 x Ry, (center
to center), as sketched in Fig. 3.

Similar to our study of the interaction of equally sized cavita-
tion bubbles (see Section 3.1), we also analyzed the interaction
of two bubbles created with different pulse energies. In this case,
the distance from the surface of the larger cavitation bubble to
the center of the smaller one is scaled in units of the maximum
bubble radius of the smaller bubble, which we will refer to as
rmax 10 order to differentiate it from the case of the equally sized
bubbles. The separation is varied in nine steps, from — 1.0 x
Tmax t0 3.0 X rmax; this is illustrated in Fig. 4. The smallest
separation corresponds to a complete overlap of the expanded
bubbles.

bt 3.0 Fmax , _-_- .,\
‘;’:V :1 ,0 rm:(
1 2 3 4 5 6 78 9
X Fmax

Fig. 4 Schematic diagram of the nine measurement positions used to
observe the interaction dynamics of two cavitation bubbles generated
at different laser pulse energy. While the smaller bubble on the right is
fixed as a reference, the position of the left bubble, which is generated
with higher laser pulse energy, is varied in nine steps, ranging from 3.0
times rmax to — 1.0 times rmax (surface to center).
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3 Results

3.1 Dynamics and Interaction of Two Bubbles with
the Same Energy

Figure 5 illustrates the interaction dynamics of two cavitation
bubbles, which are generated at a distance of 3.0 times Rpx
(center to center) at different time stages. The bubbles were each
created at a pulse energy of 2.0 times the breakdown threshold
each (which corresponds to 120 nJ) and hence are of nearly the
same size. The images were taken with a time delay step of
0.1 us, where the jitter of the flash lamp adds an uncertainty of
~50 ns. However, for the sake of simplicity, images are labeled
and referred to by the delay only.

After application of the laser pulses, two cavitation bubbles
form as a result of LIOB. Because the Rayleigh range is much
larger than the transverse focal spot size, the bubbles initially
grow in a prolate shape along the direction of laser propagation
(see Fig. 5, at 0.3 us). From 0.3 to 1.5 us, the bubbles expand
undisturbed from each other and feature almost spherical shape.
They reach their maximum radius of ~16 pwm (which coincides
with the size of a single bubble obtained with the same en-
ergy) at 1.9 us. As the two expanded bubbles approach each
other, the inner boundaries tend to flatten slightly (see images
taken at 1.9 and 2.1 us). Afterward the bubbles start to collapse
asymmetrically, and to become elongated along their connect-
ing line; this can be observed at 3.3 us. The collapse phase ends
as funnel-shaped indentations develop at the outer boundaries
of both bubbles at 3.7 us, followed by the formation of two
opposing water jets (not seen in the images, because bright-field
photography is only sensitive to refractive index changes). After
the complete collapse of both bubbles, a single cavitation bub-
ble forms at 4.1 ps, a second expansion of only one cavitation
bubble with an oblate shape at the center of mass is observ-
able (compare images in Fig. 5 at 4.2 and 5.0 pus). The second
maximum in bubble size is reached at 5.0 us. After this second
oscillation, the new bubble finally collapses (see, for example

0.3 us 0.5 us 0.7 us

o0

o 0 o O

Fig. 5 Dynamics of the interaction of two spatially separated cavitation
bubbles generated with a laser energy of 120 nJ (corresponding to 2.0
times the breakdown threshold) and a distance of 3.0 times Rmax (center
to center). Only the images at the most relevant delays are shown in
order to illustrate the interaction mechanisms. The laser propagation
direction is top down in these images due to the optical path in the
illumination path.

Journal of Biomedical Optics

068003-4

Fig. 5 at 5.8 us) and a cloud of persistent gas bubbles remains
in the focal volume (see 6.7 us).

Figure 6(a) shows the bubble radii and Fig. 6(b) shows the
distance of the centers of mass as a function of time. Although
the radii presented are from one measurement, the distance of
the centers of mass is an average of five measurements. The
measurement error of £2 pm is mostly due to the temporal
jitter of the illumination. The maximum radii and the oscillation
durations of the cavitation bubbles created in pairs show sim-
ilar characteristics as for a single bubble. Both bubbles reach
their maximum radius of ~16 wm at 1.9 us and collapse com-
pletely at 4.1 us. The second oscillation cycle shown in Fig. 6(a)
corresponds to the secondary bubble formed at their common
center of mass. Here, the oblate deformation becomes apparent
by exhibiting that the maximum radius in the axial direction, at
13.6 pum, is clearly larger than in the radial direction, where the
radius is 8.5 um. At 6.6 us the oscillation cycle of the secondary
bubble is complete, and we believe that further analysis of the
radii during the gas bubble phase is not instructive. The distance
of the centers of the two cavitation bubbles was determined un-
til their collapse at 4.1 us [see Fig. 6(b)]. Whereas during the
expansion phase the separation is almost constant at ~42 pm,
it reduces to 12 pm during the collapse phase.

The type and intensity of the different interaction mecha-
nisms, such as, for example, a second oscillation cycle of both
cavitation bubbles or one new bubble at the common center
of mass as well as the fusion of the bubbles, change with the
distance between the two cavitation bubbles. Figure 7 shows a
qualitative evaluation of all series of measurements. Laser pulse
energy is plotted against bubble distance; each measurement
point is indicated by a black spot in the diagram. Additionally,
the shaded areas refer to different interaction mechanisms. In
most cases [more than four positions of measurements at three
different pulse energies of 1.5 times (90 nJ), 2.0 times (120 nJ),
and 3.0 times breakdown threshold (180 nJ)], a second oscilla-
tion cycle of a newly formed bubble at the center of mass of both
bubbles is observed. Only for two analyzed cases, at laser pulse
energies of 1.5 times and 3.0 times breakdown threshold and a
bubble separation of 3.0 x Rp,x, a second oscillation cycle of
both individual bubbles was observed. For 180 nJ and a separa-
tion of 3.0 X Rp.x, the bubbles reappear in close proximity after
the first collapse but can still be identified separately during the
second oscillation cycle.

For separations of <2.0 X Ry, the surfaces of the cavi-
tation bubbles touch each other as expected from geometrical
considerations (cf. right side of the vertical dashed-dotted line in
Fig. 7). Fusion of the bubbles occurs only at a very small bubble
distance of <0.5 X Rpnax. In this case, the cavitation bubbles
appear and expand to their maximum volume, still separately
identifiable, but merge together at the beginning of the collapse
phase until it is not possible to differentiate the two bubbles.
For bubble separations between these two extreme values, the
flattening, the jet intensity, and the amplitude of the reexpansion
depend on the initial spatial separation of the bubbles.

3.2 Dynamics and Interaction of Two Bubbles with
Different Energies

Two bubbles generated with different laser pulse energies fea-
ture different interaction mechanisms from the ones described

November/December 2010 ¢ Vol. 15(6)
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Fig. 6 Analysis of the interaction dynamics of two spatially separated cavitation bubbles generated at 2.0 times the breakdown threshold at a
distance of 3.0 times Rmax. (@) The bubble radii for both cavitation bubbles as well as their second oscillation cycles are plotted in radial and axial
direction, respectively, against time. (b) The distance between the centers of mass is plotted against time until the complete bubble collapse of the

first oscillation cycle.

in Section 3.1. Again, the interactions strongly scale with the
distance between the bubbles. Figure 8 shows the dynamics of
two representative cavitation bubbles obtained with energies of
150 nJ (left) and 120 nJ (right), corresponding to 2.5 times and
2.0 times the breakdown threshold respectively, at a distance of
3.0 X Fpax.

Initially, the two bubbles expand undisturbed by each other.
The shape again is prolate in the direction of laser propagation
(see Fig. 8, at 0.3 us). Because the bubble separation is large, the
interaction during the expansion phase is negligible. The bubble
shape is spherical until ~1.2 us, after which it becomes oblate
in the laser propagation direction.

The bubble generated with the lower energy achieves its max-
imum radius of ~16.0 um at 1.9 us, and starts to collapse first.
This leads to the formation of a prolate bulge of the right side of

1 % )
1804 / . + .
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= i
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3 1204 . . . .
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. . .
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V% 2nd oscillation cycle of two bubbles
2nd oscillation cycle of one bubble at the center of mass m fusion of bubbles

Fig. 7 Schematic diagram of qualitative comparison of the different in-
teraction mechanisms, depending on the laser pulse energy as well as
the bubble separation scaled in Rmax. The black dots mark the points
of measurement. The shaded areas illustrate the different regimes of
interaction dynamics observed. For bubble distances smaller than the
dashed-dotted line contact between the bubble surfaces can be ob-
served. More than one effect may occur at an individual point of mea-
surement, which is labeled by a combination of the particular shades
and frames.
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the larger bubble, which continues to expand to reach its maxi-
mum radius of ~ 22.0 um at 2.3 us. When the smaller bubble
collapses, a funnel-shaped indentation develops (for example,
see Fig. 8 at 3.2 us) and a water jet forms, directed toward
the other cavitation bubble. The water jet can be observed as
a horizontal shadow inside the right bubble (see 3.5-4.3 us).
Both bubbles start to expand again in the vertical direction after
their complete collapses at 3.5 and 4.3 us, respectively. Follow-
ing their second collapses, two gas bubbles remain at the focus
region (see Fig. 8 at 5.5 us).

Bringing the two bubbles closer with a center-to-center dis-
tance of 1.5 X rmax, leads to a total change in the interaction
dynamics, as depicted in Fig. 9. When the smaller cavitation
bubble (right side) reaches its maximum radius and enters the
collapse phase, a funnel-shaped indentation forms between 3.2
and 3.5 us, and a water jet forms during the collapse phase

0.3 ps 0.5 s 0.7 ps 1.0 us
o 00 00 QOO
1.8;5 2.?113 2.9:s 3.21:5
00 0O° O0° ©O-
3.5:5 7 3.9115 41 :s
O [« o¢
4.3:5 4.6 us 4.9:5 H) :s
D ¢ D ° 0o ©® « o

Fig. 8 Dynamics of the interaction of two spatially separated cavitation
bubbles generated at laser pulse energies of 2.5 times (left bubble) and
2.0 times (right bubble) the breakdown threshold corresponding to 150
and 120 nJ, respectively, and at a distance of 3.0 times rmax. Only the
images at the most relevant delays are shown in order to illustrate the
interaction mechanisms. Again, the laser propagation direction is top
down in these images due to the optical path in the illumination path.
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0 0
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Fig. 9 Dynamics of the interaction of two spatially separated cavitation
bubbles generated at the same pulse energies as in Fig. 8 at a distance
of 1.5 times rmax. The laser propagation direction is top down in these
images due to the optical path in the illumination path.

(see 3.5 us). Because of the bubbles’ proximity, the water jet is
able to reach the left cavitation bubble, traverse it, and re-emerge
from the opposite surface at 4.3 us. There, a new cavitation vol-
ume forms, which also features a characteristic oscillation (see
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images in Fig. 9 from 4.6 to 6.0 us). A gas bubble remains after
its collapse. Because of the considerable oblate deformation and
the cone-shaped water flow, the larger bubble splits into two gas
bubbles (see images 5.5 and 6.0 us in Fig. 9) (cf. Ref. 31).

Figures 10(a) and 10(c) shows the bubble radii and Figs.
10(c) and 10(d) show distances between the centers of mass as
functions of time, obtained for the experimental conditions cor-
responding to Figs. 8 and 9, respectively. As before, the analysis
of the distance between the centers of mass was averaged over
five measurements with a resulting deviation of +2 um, which
can in turn be explained by the jitter of the illumination. In
both cases, the left bubble is much larger than the right one and
reaches its maximum radius up to 1 us later. In Fig. 10(a),
the second oscillation cycle of each cavitation bubble starts
even before a complete collapse appears. In contrast, Fig. 10(c)
shows the jet formation after the collapse of the smaller
right bubble as an intense increase of the radius in the radial
direction.

The distances between the centers of mass initially increase
slightly (~8 wum) for both cases studied. However, when the
smaller bubbles reaches their maximum expansion after 3.5
and 3.6 us, respectively, the left and right bubbles start to ap-
proach each other [see Figs. 10(b) and 10(d)]. The center-of-
mass distance continues to decrease after the first collapse of
the left bubble. In the case of comparatively closer bubbles, the
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Fig. 10 Analysis of the series of measurements of the interaction dynamics of two spatially separated cavitation bubbles generated with an energy
ratio of 2.5:2.0 (in units of the breakdown threshold) and a distance of 3.0 times and 1.5 times rmax, respectively. (a,c) The bubble radii of both
cavitation bubbles are plotted for both the radial and axial directions as functions of time (b,d) The distances between the centers of mass are plotted
as function of time until the complete bubble collapse of the first oscillation cycle. The vertical lines mark the times of the maximum bubble radius
(dotted) as well as the first bubble collapse (dashed).
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Fig. 11 Schematic diagram of qualitative comparison of the different
interaction mechanisms depending on the laser pulse energy of the
comparatively larger cavitation bubble [the other bubble was created
with 2.0 times breakdown threshold (120 n)) in each case] as well as the
bubble distance scaled in units of rmax. The black dots mark the points
of measurement; the shaded or framed areas are interpolated based on
the results. For bubble distances smaller than the dashed-dotted line
contact between the bubble surfaces can be observed. Additionally, a
second oscillation cycle of each bubble, jet formation (inside dashed
line), the formation of a new cavitation volume (inside dotted line), and
a second oscillation cycle of this cavity could be detected. More than
one effect may occur at an individual point of measurement, which is
labeled by a combination of the particular shades and frames.

center-of-mass distance rebounds after 4.6 us with the formation
of a new cavitation bubble [Fig. 10(d)].

The mechanisms of interaction differ strongly, depending on
the distance of the bubbles as well as the energy ratio of the laser
pulses. The schematic diagram in Fig. 11 shows the qualitative
evaluation of all series of measurements. The laser pulse energy
corresponding to the more energetic cavitation bubble is plotted
against the bubble distance. The black dots mark the performed
measurements. Additionally, differently shaded and sectioned
areas refer to different interaction mechanisms. A second os-
cillation cycle of the larger bubble can be observed in almost
all cases. Contrary, the right bubble shows a second oscillation
cycle only for distances of >2.0 X ry,, owing to a weaker
interaction.

For the two smaller energy ratios studied [(2.5:2.0) times
and (3.0:2.0) times the breakdown threshold], the two bubbles
draw closer together during the expansion and collapse phases,
causing increased interaction. This leads to the formation of a
water jet due to an asymmetric collapse of the smaller bubble,
which traverses the left bubble. For the smallest energy ratio of
(2.5:2.0) times the breakdown threshold and bubble distances
of 1.0 times to 2.0 times ry,x, this water jet gives rise to a new
phenomenon: after traversing the larger bubble, the water jet
penetrates the far side and creates a new cavitation volume with
its own oscillation cycle. Again, the bubble surfaces touch during
the expansion phase for distances of >2.0 X .. Contrary to
geometrical expectations, no contact between the bubbles is
observed for energy ratios of (4.0:2.0) times and (3.0:2.0) times
breakdown threshold at a distance of 1.0 X ryax.
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4 Discussion

As the repetition rate of modern clinical ultrashort laser pulse
systems continuously increases, the understanding of the inter-
action of cavitation bubbles generated close to each other in
space and time has become very important in order to optimize
the cutting process. The purpose of our study is to investigate
the interaction of two spatially separated cavitation bubbles and
to characterize the different interaction mechanisms. Years ago,
Lauterborn® as well as Lauterborn and Hentschel?! reported the
occurrence of oscillation dynamics which demonstrate the in-
teraction of two spatially separated cavitation bubbles obtained
at constant laser energy and bubble distance. Even though the
pulse durations were in the nanosecond regime, resulting in large
cavitation bubbles of millimeter size, the results are in agree-
ment with our current findings. The interaction of two spatially
separated cavitation bubbles was also addressed experimentally
and numerically by other researchers. Mostly two bubbles were
analyzed near a rigid boundary in order to study the mechanical
consequences of multibubble interaction close to solid surfaces,
but their preliminary experiments also investigated the case of
bubble—bubble interaction without a boundary closeby.?>27-3%33
The observations reported in these studies are also in agreement
with the results described here and will be discussed in detail
later.

As presented in Section 3, the complex bubble-bubble in-
teraction depends both on the energy ratio and the initial bub-
ble separation.?>33-3 Initially, we studied the dynamics and
interactions of two bubbles generated by pulses of the same
energy (Section 3.1). In this case, the bubbles have almost
the same size; each behaving like a single bubble near a
plane rigid boundary,***? which is placed at half the bubble
separation,?-26:32.33.43

According to Vogel et al.,” the initial bubble shape follows
the focal volume at the onset of the expansion, featuring an
elongated initial bubble along the Rayleigh length, which is
much larger than the transverse beam size at low-to-medium
NA focusing, as used in this study. Afterwards, the bubble shape
changes to a spherical, as observed before by Akhatov et al.,**
Geisler,¥ and Tomita et al.***¢ as well as Heisterkamp,47 who
suggests the influence of the surface tension for the change of
shape. During the subsequent collapse phase, the conservation of
momentum in consideration of the moving bubble surface leads
again to an oblate deformation, but this time perpendicular to
the direction of laser propagation.*’

During the expansion phase, only a weak interaction between
the two bubbles is observed. As the bubble surfaces approach
each other during the expansion phase, the cavitation bubbles
become flattened, which is attributed to a compression of the
water volume between the two bubbles.?3:2°-27:33:3448 1t jg con-
ceivable that due to the comparably slow propagation of the
water, only a part of the water volume flows outwardly,?® but
predominantly an intense increase of pressure develops in the
water channel encased between the expanding bubbles. This vol-
ume of high-pressure incompressible water prevents the further
approach of the bubble surfaces, initiating a flattening of the
bubble surfaces instead.?* 2748

Following the expansion phase, the individual bubbles col-
lapse asymmetrically because the flow of incoming water is
hindered by the other bubble. The similarity to the case of a

30
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cavitation bubble near a rigid boundary is obvious.3%>36:3%41

The flow of water along the axis connecting the two bubbles
is less than in the perpendicular direction. As a consequence,
the collapse along that direction occurs faster, which induces
a prolate, bulged deformation of the collapsing bubble. Addi-
tionally, in the direction given by the line connecting the two
bubbles, the outward water flow from the volume between the
bubbles is less than the flow incoming from the outermost bubble
surfaces. Thus, two counterpropagating water jets form, pene-
trating each bubble directed toward their common center of
mass.?22%27.32.34 1 jke Quinto-Su and Ohl,>* we observed an
attraction between the bubbles that accompany the jet forma-
tion described above, and that is related on the bubble distance
according the absolute value of bubble movement.??2%-27,33,34
The bubble shape during the bubble-bubble interaction as well
as the movement of each bubble’s center of mass toward the
“boundary” described above shows a very close resemblance to
a cavitation bubble that is collapsing near a rigid boundary.3%38

Ohl and Ory, who analyzed the asymmetric bubble collapse
of one bubble near a rigid boundary, observed a faster decrease
of the bubble volume if the water jet impacts the opposite bub-
ble wall.®® Contrary, Blake and Gibson*® as well as Testud-
Giovanneschi er al.>® observed longer of the bubble lifetime
near a rigid boundary. We could not verify this effect for the
comparable case of two spatially separated and equally sized
cavitation bubbles. Our experiments showed a correlation be-
tween the oscillation period of the two-bubble system and the
single-bubble oscillation in the range of 100 ns.

The two water jets collide at the center of mass of both bub-
bles and increase the pressure of the water volume even more.
This corresponds to a water jet of a single-cavitation bubble di-
rected toward a rigid boundary.*® Originating from the resulting,
strongly localized high-pressure region, which is comparable to
the situation after the laser-induced optical breakdown, a sec-
ondary shock wave is expected to propagate into the surrounding
water’®*? (cannot be proven by the technique of shadow pho-
tography). As a result of these collapse mechanisms, another
cavitation bubble forms at the center of mass. The water jet
continues to flow inward, as evidenced by shadows inside the
bubble, resulting in an oblate profile. The second collapse re-
sults in a cloud of remaining gas bubbles, which is consistent
with persistent inward water flow. Likewise, the convergence of
the collapsing bubbles shown in Fig. 6(b) suggests the presence
of water jets. The experiments of Lauterborn and Ohl*> show
a second oscillation cycle as well. To our best knowledge, an
oscillation of a single-cavitation bubble at the common center
of mass has not been reported before.

In the case of two equally sized cavitation bubbles, we ob-
serve a second oscillation cycle for each bubble only for com-
parably large distances and, hence, a weak bubble-bubble inter-
action (cf. Section 3.1); this case is investigated by Lauterborn
and Ohl.>?> By contrast, only for very small bubble distance
and, therefore, a large bubble overlap do the two bubbles merge
during collapse. This mechanism may be caused by the close
proximity and, hence, the flattening of the bubbles during expan-
sion. This arrangement minimizes the water volume between the
bubbles, which results in a nearly spherical inward flow with the
beginning of the collapse phase. Whereas Quinto-Su and Ohl*®
did not observe bubble coalescence for their chosen initial sep-
aration due to a strong interaction, Testud-Giovanneschi et al®
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saw a bubble coalescence occurring only after the simultaneous
implosion of two similarly sized bubbles; the simulations of
Rungsiyaphornrat et al.”’ afford a criterion for the thickness
of the water film between the two cavitation bubbles, which
accompanies bubble fusion.

In comparison, the dynamics and interaction of two cavitation
bubbles with different energies are similar at the initial phase
of the bubble generation, but the later the dynamics differ from
bubbles generated at the same energy. Again both cavitation
bubbles appear prolate in shape and become more spherical
during the process of expansion. The water pressure between
the bubbles increases as the bubble surfaces converge, and a
deformation in the form of a flattening is observed, analogous
to the case of two bubbles created with the same laser pulse
energy.?325-27:33,34,48

Different oscillation durations are characteristic of bubbles
generated at unequal laser energies, although bubble-bubble in-
teraction depends strongly on the energy ratio and the bubble
distance is reported in this case as well.?#2%-3%34 Generally, the
duration of one oscillation cycle of a cavitation bubble depends
on the laser pulse energy. Thus smaller bubbles generated at
lower energy feature a faster oscillation and a smaller maximum
radius.'®20-21.30 Therefore, the smaller bubble reaches its maxi-
mum radius and starts to collapse while the more energetic one is
still expanding. During the collapse of the smaller bubble, there
is asymmetric inward water flow, because water flows from the
region between the bubbles. At first, a funnel-shaped indentation
is induced in the smaller bubble (e.g., in Fig. 8 at 3.2 us). After
the complete collapse of the smaller bubble, this indentation re-
sults in a water jet directed toward the larger, existing bubble.?
The jet formation is accompanied by convergence of the bubbles
in the final collapse stage, as observed by Quinto-Su and Ohl*
among others.?>3* Shima?* and Tomita et al.>> report repulsion
of the smaller bubble from the larger one, which we verify for
the expansion phase of the smaller bubble in our experiments. In
contrast, neither group investigated a bubble distance that leads
to a jet formation. During the collapse of the smaller bubble, the
larger cavitation bubble also reaches its maximum radius and
begins to collapse. The inward water flow toward the collapsing
larger bubble, which is inhibited in the direction of the smaller
bubble, and the influx of water towards the collapsing smaller
bubble, promotes the formation of a prolate bulge at the surface
of the higher energetic bubble.??

Despite the influence of the smaller bubble, the larger bub-
ble undergoes a second oscillation cycle in nearly all observed
cases (cf. Section 3.2). Tomita ef al.?> and Testud-Giovanneschi
et al.® also report that the influence of a small bubble on an-
other larger bubble is comparatively weak. The water jet, which
can be observed inside the cavity during this second oscillation
cycle of the cavitation bubble, is a sign of continued water flow.
Additionally, analysis of the center of mass distance shows an
increased distance between the higher energetic cavitation bub-
ble during its second oscillation cycle and the left-sided novel
cavity [see bubble after 4.6 us in Fig. 10(d)], which supports
the idea of long-lasting water flow proposed before.

For one cavitation bubble near a solid boundary,® as well
as for two interacting cavitation bubbles,?>?% we expect an in-
crease in the smaller bubble’s motion period of oscillation. We
observe an increase of ~250 ns, in qualitative agreement with
explanations.
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The asymmetry of water flow leading to the collapse of the
smaller bubble is governed by the bubble distance as described
in Section 3.2; hence the magnitude of the water hammer pres-
sure is a function of bubble distance.?® Similarly, Shima?* and
Tomita et al.?® showed that the smaller bubble is significantly
influenced by the pressure field resulting from the motion of
the neighboring larger bubble. For comparably large bubble dis-
tances, the influence of the larger bubble on the collapse of
the smaller bubble is relatively weak; even the smaller bubble
undergoes another oscillation cycle after the first collapse. At
shorter bubble distances, the water jet formed from the smaller
bubble reaches the larger bubble still in its oscillation phase.
After a short period, it can traverse the bubble and break through
its backside due to the inertia of the water.?’> For the series of
measurements with an energy ratio of (2.5:2.0) times the break-
down threshold, the water jet is intense enough to produce a new
cavitation volume at the backside of the water-penetrated cavity.
Possibly, the impact of the highly accelerated water jet on the
water volume at the back wall of the cavitation bubble com-
presses the medium so strongly that a shock wave occurs and a
new cavitation bubble forms. The assumption that the observed
shadow corresponds to a cavitation bubble is supported by the
observation of oscillations in two analyzed cases. Lauterborn
and OhlI?? describe similar bubble development of one cavita-
tion bubble near a rigid boundary. There, a so-called ‘tip bubble’
is created between the jet “tip” and the curved bubble surface
due to jet impact;*? a similar scenario is described in Ohl and
Tking.* But there are no results of exactly the same experimental
basic conditions, which can be found in the publications about
the interaction of two spatially separated cavitation bubbles.

A special case of interaction behavior can be distinguished
for the highest analyzed energy ratio of (4.0:2.0) times the break-
down threshold. At large bubble distances, weak bubble-bubble
interaction leads to a scarcely identifiable influence on the os-
cillation dynamics of both bubbles; however, there is no observ-
able second oscillation cycle of the smaller bubble except for
the largest bubble distance. Apart from asymmetric water flows
that accompany the collapse phase, no directed water jet pene-
trating the higher energetic bubble can be detected at any bubble
distance. Pearson et al. report considerable dependence of the
jet impact on the distance between a cavitation bubble and a
rigid boundary,* similar to the phenomena described here. The
higher energetic bubble seems to suppress the formation of the
other. The situation becomes apparent in a slight decrease of
the maximum bubble radius ry,.x for a comparably small bubble
distance as well as in an almost complete rejection of the oscilla-
tion cycle of the smaller cavitation bubble for bubble distances,
which correspond to a bubble overlap. The observed distance
where a contact between both bubbles is observable is contrary
to the value expected from geometrical considerations (cf. Sec-
tion 3.2); this also supports the thesis of suppression proposed
before.

5 Conclusion

We presented the dynamic interaction of two cavitation bub-
bles generated close to each other by focused ultrashort laser
pulses using time-resolved photography. The interaction be-
tween equally sized (generated at the same laser pulse en-
ergy) cavitation bubbles generated simultaneously, as studied in
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Section 3.1, is very instructive in the study and quantification of
the different constitutional interaction modes. Yet, this scenario
does not accurately reflect the situation found in laser surgery,
because both bubbles are at the same stage of temporal evo-
lution at each time. To our best knowledge, there is no series
of systematic investigations in which the behavior of cavitation
bubble interaction was studied regarding the dissection quality
during therapeutic applications of fs-lasers in ophthalmology.
The analogy to a single oscillating cavitation bubble near a rigid
boundary enabled us to discuss our results in the context of basic
principles established in the field of fluid mechanics.

The interaction between two cavitation bubbles generated at
different energies, as studied in Section 3.2, resembles the situ-
ation found in a modern laser surgery where pulses are applied
consecutively at high repetition rate; because the bubbles are at
different oscillation stages, they display a phase difference.

For the sake of simplicity, water has been used here as a model
medium. It is not clear how effects such as liquid jet formation
or a flowing of the medium play out in biological tissues.*
However, the observations made in water clearly suggest the
generation of strong mechanical forces, which would affect the
surrounding tissue. If we infer from the case of an energy ratio
between two bubbles, about to the case of pulses being applied
consecutively in time, then the jet directed toward the other
bubble would always point in the direction of laser scanning,
leading to modification of tissue not yet irradiated. Possibly,
this could produce further tissue dissection in the direction of
the feed motion due to the previously applied laser pulses, thus
enhancing the efficiency of tissue cutting.

In summary, our study is the first to use a restricted range of
laser parameters to study cavitation bubble dynamics (e.g., pulse
energy and repetition rate), which present a more realistic model
of the current development of ultrashort pulse lasers for clinical
applications. Experimental scanning procedures for spatial and
temporal pulse separation will further allow further analysis of
the interaction of multiple cavitation bubbles. Their influence
on the overall dissection quality of tissue will be determined by
extending the study to biological samples.
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