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A single laser-induced cavitation bubble in transparent liquids has been studied through a variety of experimental
techniques. High-speed video with varying frame rate up to 20 x 107 fps is the most suitable to study nonsym-
metric bubbles. However, it is still expensive for most researchers and more affordable (lower) frame rates are not
enough to completely reproduce bubble dynamics. This paper focuses on combining the spatial transmittance
modulation (STM) technique, a single shot cavitation bubble and a very simple and inexpensive experimental
technique, based on Fresnel approximation propagation theory, to reproduce a laser-induced cavitation spatial
dynamics. Our results show that the proposed methodology reproduces a laser-induced cavitation event much
more accurately than 75,000 fps video recording. In conclusion, we propose a novel methodology to reproduce
laser-induced cavitation events that combine the STM technique with Fresnel propagation approximation theory
that properly reproduces a laser-induced cavitation event including a very precise identification of the first,

second, and third collapses of the cavitation bubble.

© 2015 Optical Society of America

OCIS codes: (050.1960) Diffraction theory; (070.0070) Fourier optics and signal processing; (350.3390) Laser materials processing.
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1. INTRODUCTION

Laser induced cavitation (LIC) is a fast and complex phenome-
non which has been studied from a variety of perspectives in
order to develop new potential applications. Laser cavitation
dynamics in liquids integrates several processes such as photo-
disruption, shockwaves generation, bubble growth and collapse,
rebounding bubbles, sonoluminescence [1], and high-speed
liquid jets formation [2]. Its use in medicine has led several stud-
ies about cavitation-tissue interactions, i.e., cell damage [3], tis-
sue cutting [4,5], biomaterial remotion [5], and lithotripsy [6].
The LIC phenomenon starts after a dielectric breakdown, which
is defined as a fast material ionization, it occurs when a substance
that is a poor conductor of electricity is strongly ionized by ab-
sorption of electromagnetic energy [7]. This physical mechanism
for bubble generation is reviewed in [8] and references therein.

The growth, collapse, oscillating behavior of the cavitation
bubbles, jet formation, and luminescence have been studied
using different techniques, e.g., time-resolved shadowgraphy
(TRS) [9,10], photomultiplier tubes [11], Schlieren photogra-
phy [12], high-speed photography [9,13], streak camera imaging

(SCI) [10,14], interferometry [15], and beam deflection probe
(BDP) [16,17], among others. Recently, the spatial transmit-
tance modulation (STM) technique was reported [18] for the
study of LIC phenomenon, this technique delivers a fast photo-
diode electric trace that contains the whole bubble dynamics
in a single shot, including bubble growth, collapse, and sub-
sequent growth and collapses.

Table 1 shows a classification of LIC characterization tech-
niques, taking into account the data acquisition method and
number of cavitation events required to retrieve the whole bub-
ble dynamics. The disadvantage of imaging techniques, such as
TRS and SCI, is that they require time-consuming image
processing; those techniques are suitable for monitoring irregu-
lar LIC dynamics. The disadvantage of methods that require
multdiple bubbles, like TRS and BDP, is that each LIC event
fluctuates from shot to shot [19]; therefore, reconstruction of
the LIC dynamics through these methods produces only an
average over many similar events. As an advantage, the STM
technique produces a fully characterized LIC event on a single
laser shot in a very fast manner, and with precision as high as
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Table 1. Classification of LIC Characterization
Techniques, Taking into Account the Data Acquisition
Method and the Number of Cavitation Events Required

Data Acquisition
Through

Required Number of Laser-
Induced Cavitation Bubbles for
Full Dynamics Characterization

Multiple Single Bubble
Bubbles
Image processing Time-resolved Streak camera
(Long processing shadowgraphy imaging (SCI)”

time) (TRS)
Electrical trace Beam deflection
processing (Short probe (BDP)
processing time,

requires stand still

bubble position)

Spatial transmittance

modulation (STM)"

“Only for symmetrical bubbles.

the sampling rate of the oscilloscope used (1 x 107 samples per
second in our case). The latter is particularly important in re-
spect to capturing the exact bubble collapse time. A limitation
of the STM technique is that the bubble must be smaller than
the probe beam and is useful for symmetric bubbles only.

The present paper focuses on taking advantage of the STM
intensity signal, i.e., the electrical trace in order to calculate
the bubble radius evolution on time 7(z) using the Fresnel ap-
proach. The main advantage of this novel method is its exper-
imental simplicity and low cost to reproduce LIC dynamics at
1 x 107 samples per second, which is fast enough to resolve LIC
events much better and with superior features to what it can
be achieved through video at 75,000 fps. Brujan et. al. [9] used
video recording at 20 x 107 fps to observe the collapse of an
ultrasound-driven bubble cloud near a solid boundary. While
video at 20 x 107 fps has a better time resolution to study bub-
ble cloud collapse than that of the STM technique, its high cost
is prohibitive for most researchers. It is pointed out here that
the time resolution of our technique can be easily increased up
to 1 x 10” samples per second with an appropriate oscilloscope
setting and photodetector capabilities.

2. MATERIALS AND METHODS

A. Experimental Setup

Figure 1 shows the experimental setup used to monitor plasma
mediated cavitation bubble dynamics. It combines the STM
technique and a high-speed video system [18,20]. Bubbles were
produced by the pump laser, a Q-switched, 532 nm (frequency
doubled), Nd:YAG, running at 10 Hz repetition rate with
energy per pulse up to 820 pJ £ 57 pJ. The probe beam for
the STM technique was provided by a 632.8 nm, 0.5 mW,
continuous wave, He—Ne laser.

These two beams were brought collinearly to a glass cuvette,
containing distilled water, by means of a dichroic mirror; the com-
bination of lenses L1 (f = 100 mm) and L2 (f = 25.4 mm)
allowed to focus the pump pulse within the water, while the probe
beam passed collimated through the cuvette with a 1150 pm
diameter (FWHM). A third lens L3 (¥ = 75 mm) focused the

probe beam onto a 1 ns rise time photodiode, while a long-pass
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Fig. 1. Experimental setup for simultaneous STM technique and
high-speed video recording.

GENERATOR DG645

filter positioned in front of the photodiode blocked out the trans-
mitted light from the pump pulse.

High-speed video frames were acquired orthogonally to the
pump-probe propagation direction using a Phantom MIRO
M/LC310 camera at 75,000 fps. A 408 nm, 4 mW laser diode
provided the illumination for the video; the image was formed
using lenses L4 (f = 200 mm) and L5 (f = 7 mm).

In our experiments both techniques, the STM and high-
speed video, were run simultaneously. For that aim, the pump
laser Q-switch external trigger was synchronized to both the
camera and the oscilloscope using an electronic trigger delay/
pulse generator (DG645; M/s Stanford Research Systems).

B. Bubble Radius Estimations from the Fresnel
Approximation Analysis

Figure 2(a) depicts the optical path of the collimated probe
beam (HeNe at 632.8 nm) through three optical planes (bub-
ble, lens and photodiode) that affect the STM probe beam

propagation.

P; (X2, ¥2) P3 (X3, Y3)

(a) Py (X4, y4)
—
Collimated

Gaussian Bubble Optical axis /‘i\ ~|:|PD
Beam —>
—
Z, Z,

Photodetector
Plane Plane Plane

(b)

X

Fig. 2. (a) Gaussian probe beam propagation path between the bub-
ble plane P and the STM photodiode plane P;3. (b) Side view of the
optical thickness for the bubble and the surrounding medium between
the bubble planes Pj; and Py,.
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In order to numerically calculate the intensity measured by
the photodiode at plane P;, we first obtained the field distribu-
tion at the plane P,, that s, the diffracted field due to the bubble,
and then the field distribution at the plane P53, where the lens L3
had focused the diffracted field obtained at P,. Both field dis-
tributions were calculated using the Fresnel Approximation
Diffraction Integral (FDI) [21] starting at plane P;. In conse-
quence, a theoretical STM trace corresponding to the intensity
at the photodiode plane P; was computed by integrating the
intensity distribution at the plane P;.

The incident plane wave with a Gaussian amplitude profile
illuminating the bubble is given by Eq. (1):

24 2
Einc(xl),yl) :ECXP <_xlw——+_2yl>: (1)
where E,,. is the incident electric field, and w is the beam waist
size. The bubble introduces a phase delay into the incident
wave front proportional to the optical path, we consider that
the index of refraction inside the bubble is isotropic.

Let the thickness of the bubble at any given position (x1, y,)
be Ay(xy,y,) and A,,(x1,y,) the thickness of the remaining
medium between the two planes P, and Py, inside the bubble
aperture, see Fig. 2(b). We consider the observation distance,
that is z; (distance from the plane P; to the plane P,), to be
much larger than the wavelength. This consideration is neces-
sary according to Goodman [21]. Our experiment setup always
fulfilled the condition to apply the Fresnel Approximation
Diffraction Integral. Thus, the total phase delays introduced
to the incident plane wave are given by Eq. (2). This relation
includes the refractive indexes of water (1.35) and water vapor
(1.000087 at 500°C). Both refractive index values were calcu-
lated for 1 atm, external pressure and 1 = 589 nm, according
to Schiebener et al. [22]:

kn,,(2R) Vxi+y2 >R
kn,, A, (x1,9,) + knyAy(x,9,) /xF+93 <R
2

where 7,, and 7, are the refractive index of the medium and the
bubble, respectively, ¢ is the phase shift in terms of the optical
path, # is the wave number, and R is the radius of the bubble.
We can also write the effect of the bubble on the phase front of
the probe beam as a multiplicative phase term given by ¢, in

Eq. 3):

¢(x1,y1) = {

@u(x1,91) = explidh(xy, 1)) (3)

Then, the product of the complex amplitude directly in front
of the bubble and the phase transformation ¢,, produces the
complex amplitude £, right after the bubble, given by Eq. (4):

Ey(x131) = @p(x1 31) Einc (61 91)- 4)

The mathematical forms of the thickness functions are given

by Egs. (5) and (6):

Bylropn) = 2/ R - (3 + ), ©)
Bulry) =2[R-\/R-GE4+5D] @
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To find the complex amplitude distribution at the plane P,,
we applied the FDI as Eq. (7):

ikz
e, o 00 h
E(XZ)}/Z) = e 6221( §+}/§)/ / {Eb(xp}’])f Zzl( %+}/§)}
1 -00 J-00

e_i‘%(xlerylh)dxld}/l. (7)

To numerically calculate the complex amplitude at any
given point, we interpreted Eq. (7) as the Fourier Transform
of the complex field right after the bubble, multiplied by a phase
factor and evaluated at the spatial frequencies f, = x,/Az; and
fy =2/%z1, then we can rewrite the Eq. (7) as Eq (8):

i:

_ (242 L Crm)
E(xz,yz)—MZIgzl 2 ZF{E/;(xlfj’l)f’z' Tt } fmnafien
fy=}’z//1zl
®)

Now the amplitude distribution £ at the plane P, just after
the lens Z; is given by Eq. (9):

iR (x2 442
E'(x3,35) = Exp, 3p) Py, yy)e 1), ©)
where P(x, y) is associated with the lens pupil function P(x, y)
defined by Eq. (10):

1 inside the lens aperture

Px,y) = {0

Determination of the bubble radius as a function of time
involves the development of a computational algorithm based
on the theory described in Eqgs. (1)—(10) to calculate the com-
plex amplitude at planes P, and P; combined with the normal-
ized experimentally obtained STM signal. The inputs for the
algorithm were propagation distances (z; and z,), the probe
laser wavelength (1), the probe beam size (w), the focal distance
of lens L3 (f), a proposed bubble radius increment (AR), time
step (Ar), and experimentally acquired STM signal data, as
described in the flow chart of Fig. 3.

Integration of the complex amplitude at plane P; represents
the light intensity that reaches the photodetector, which is
maximum at # = 0 when there is no bubble, and decreases
when some bubble radius is introduced. The theoretical inten-
sity at the photodetector when there is no bubble is referred to
as /. For a time 7, with a specified time step Az, the algorithm
proposes a bubble radius R, and integrates the light intensity
that reaches the photodetector; the result of such integration
divided by 7 is the /; value; such theoretical 7, value is com-
pared against the corresponding intensity value of the experi-
mentally obtained STM signal at # = ;. If the integrated
intensity is larger than the experimentally obtained, a larger R,
value is proposed until both the theoretically integrated and the
experimentally obtained intensities match. The process is con-
tinuously repeated for a new time #, and so on undil a plot of
calculated bubble radius as a function of time R(¢) is obtained.

The effect of the water vapor refractive index values at tem-
peratures ranging between 100 and 500°C was verified. It was
found that because the difference in refractive index value
between 100 and 500°C is 0.000101, it does not affect the final
result of the simulation. A comparison between the reproduc-
tion of bubble dynamics using refractive index values of water

(10)

otherwise
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21,22, A,w, f,At, AR
and STM signal data

|

Divide STM voltage by its
maximum value, call it lgp

!

Calculate and integrate complex
amplitude at P; with R = 0 for
t=0, call it I,

Fori=1toi=n

Ts

Propose R; = R + AR for t;

o~
/

A

Calculate and integrate complex
amplitude at P; with R;, divide by I,
callit I;

|

Save (t;, R;)

A 4
i=i+1,
t,:=ti+At

Fig. 3. Data flow chart for the theoretical calculation of bubble
dynamics.

vapor at 100 and 500°C is shown in Fig. 4. Laser pulse energy
in this figure is 1800 pJ. As this figure serves for demonstration
purposes only, it displays one out of 16 data points that our
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Fig. 4. Comparison of laser induced cavitation bubble dynamics
using refractive index values of water vapor at 100 and 500°C. Laser
pulse energy for this experiment was 1800 pJ, which corresponds to
1.02 x 10 mJ /cm? laser fluence.

code simulates based on the information provided by the STM
oscilloscope trace.

3. RESULTS AND DISCUSSION

Figures 5(a)-5(c) show the intensity distribution calculated
from the complex amplitudes just before the lens (L3); it was
possible to observe a pattern of light that looks very similar to
some of the experimental shadowgraph features [Fig. 5(d)], for
instance, the light that is transmitted through the bubble center
which is not deviated as the rest of the light beam. We could
refer to these plots as theoretical shadowgraphs.

In the shadowgraphy experiments the central portion of the
wavefront (of the probe beam) crosses two interfaces at normal
incidence: (a) water to gas and (b) gas to water. For a small cross

Fig. 5. Frames (a), (b), and (c) correspond to theoretical shadow-
graphs obtained by plotting the intensity calculated from the complex
amplitude at the plane P,(xy,7,); (d) experimental time resolved
shadowgraph of bubble and shockwave, taken 50 ps after the plasma

formation.
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section as compared to the bubble surface, these interfaces
could be assumed as quasi-flat interfaces, so that the laser beam
is normally incident, which allows the light to pass through the
bubble without being refracted; therefore, for any bubble size
there is always a light spot right at the bubble center; this fea-
ture is reproduced in the theoretical shadowgraphs just as it
appears also in our experimental laser pump-probe shadow-
graphs [20,23] [Fig. 5(d)].

During the experimental data collection, the oscilloscope
traces and the high-speed video images were saved together
for later frame-by-frame analysis, providing insight of the bub-
ble dynamics phenomenon all in a single shot. Figure 6 shows
the correspondence between the STM signal (black solid line)
and measured radii with the high speed camera (blue circles); it
must be noticed that the 75,000 fps video was not able to detect
the exact instant of the bubble collapses, it missed the first,
second, and the third collapses, while the STM trace shows this
very clearly and precisely.

The complementary computational algorithm based on the
FDI propagation theory properly reproduces the laser-induced
cavitation event; it makes it possible to determine the bubble
radius dynamics preserving the STM trace time resolution,
about 1 x 107 samples per second. A direct comparison be-
tween experimentally measured bubble radius (blue circles)
taken from the high-speed (75,000 fps) bubble shadowgraphs,
and the numerically computed bubble radius (red dashed line),
which are based on the experimental STM trace, shows very
good agreement. The slight deviation from the experimental
data points might be explained by the fact that the bubble
growth/collapse process is rather complex and includes: a very
small size in the beginning (favors diffraction effects), a hot
plasma and unstable gas and vapor (favors scattering); later an
inhomogeneous mixture of “noncondensable” gases and vapor
[6] give place to a inhomogeneous refractive index across the
bubble. Even when the inner gas mixture pressure is assumed to

500q = Calculated bubble radius 124
400 0.-0-0 (e} 1
] [e) ,/ 421
300 o o ]
1 O o~
i o 118 S
: 200 ] 00, (0] 18 z
2 1004 [/ \ N0 O 3
2 14 (O i, 15 5
S 0 »
) ] =
'_
#1004 870 1J bubble L
-200 - STM signal 1
| 50 uJ bubble dg
-300 STM signal —_— |
-400 ] O Videodata g
T . T L T y T ¥ T ¥
0 30 60 90 120 150
time (us)

Fig. 6. Solid black trace corresponds to the experimental intensity
related electric STM signal. At the maximum bubble size, most inci-
dent light is diffracted, refracted, or scattered out of the photodiode,
and corresponds to a minimum of the measured intensity. The upper
solid red line corresponds to the calculated bubble radius. The blue
circles are experimentally measured bubble radii from the high-speed
video. The 50 and 870 pJ laser pulse energies correspond to a 2.8 x
104 and 4.9 x 10° m]J/cm? laser fluence, respectively.
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be uniform, the inner gases temperature and density distribu-
tion are not [24]. Thus, the bubble index of refraction that
depends on the temperature and density distribution is nonuni-
form. Therefore, it is quite remarkable that even considering a
homogeneous refractive index for the FDI computation in our
model, it reproduces the bubble evolution both in space and
time very close to the one experimentally measured.

4. CONCLUSIONS

A novel analysis of the laser-induced cavitation phenomenon is
presented in this paper, which contributes to the field of cav-
itation by adding knowledge to the current characterization
techniques. The analysis presented here allows for reproducing
the whole dynamics of a symmetric cavitation bubble event. It
provides the bubble size as a function of time, and the first,
second, and third collapse times through a very simple and in-
expensive experimental method combined with the FDI theory.

Having a reliable method to determine the bubble size and
the precise collapse times is very relevant since these two quan-
tities are related to some of the system parameters, for instance,
the maximum radius of the bubble or the collapse time are
closely related to the bulk water pressure. Therefore, by know-
ing the bubble evolution accurately, one can estimate some
unknown parameters of the system, which may be the case for
some cavitation applications in medicine or biophotonics.

We must point out that working our FDI approach under
the assumption that the refractive index is uniform for both the
bubble content and the surrounding water is far from the real
refractive index for those two regions. Instead, the refractive
index of water surrounding the bubble depends on density
and temperature [22]; both water parameters are affected by
the bubble wall displacement and by the thermal energy ex-
change with the bubble contents. The refractive index within
the bubble also varies with time mainly due to the changes of
pressure and temperature. Therefore, it would be our next goal
to develop a good method to dynamically estimate the actual
refractive index of water in the close proximity to the bubble
wall and also the refractive index within the bubble. These
would improve our Fresnel propagation approach prediction
of the cavitation bubble dynamics.
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