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ABSTRACT. This paper aims to disclose the details on the generation and trapping of
microbubbles in water induced by self-focused femtosecond laser. For this purpose, high-speed
cameras and a high-frequency ultrasonic imager were adopted to monitor the entire process of
microbubble generation and trapping. The experimental results show that a single microbubble
generated in laser-induced optical breakdown (LIOB) can be trapped stably in water by a self-
focused femtosecond laser. Furthermore, the author discussed the physical features of
microbubbles generated and trapped by the said femtosecond laser. The research results lay a
solid basis for the application of microbubbles in targeted therapy at the molecular level.

RESUME Cet article a pour objectif de fournir des informations détaillé&s sur la génération et
le piégeage de microbulles dans I'eau induite par le laser femtoseconde auto-focalisé A cet
objectif, les camé&as ahaute vitesse et un imageur ultrasonique ahaute fré&uence ont &é
adoptés pour surveiller I'ensemble du processus de génération et de pi€geage des microbulles.
Les résultats expérimentaux montrent qu ’'une seule microbulle générée lors d’un claquage
optique induite par laser (LIOB) peut étre piégée de facon stable dans I’eau par un laser
femtoseconde auto-focalis€ De plus, l'auteur a discutédes caractéistiques physiques des
microbulles générées et pi&ées par le soi-disant laser femtoseconde. Les réultats de recherche
donnent une base solide pour I'application des microbulles dans la théapie ciblé au niveau
molé&eulaire.
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1. Introduction

Since its birth in the 1960s, the femtosecond laser, i.e. the laser whose pulse width
belongs to the order of femtosecond, has been applied more widely in physics,
chemistry and biology than long-pulse laser or continuous-wave laser, thanks to its
ultra-short pulse and ultra-high energy density (Li et al., 2007; Deng et al., 2012).

Unlike low-energy laser, the femtosecond laser and other high-energy lasers have
nonlinear effects in optical absorption media, especially transparent media, when the
laser energy surpasses a certain threshold. These effects include the self-focusing,
self-phase modulation and the group velocity dispersion (GVD) of white light ultra-
continuous spectrum. The focused laser can ionize the medium in a very short period
of time, forming a plasma of 1,018/cm3~102/cm? free electron concentration. In this
case, the optical medium will undergo changes to the absorption coefficient, causing
the nonlinear absorption of laser energy (Vogel et al., 2005; Vogel, 1997; Vogel and
Venugopalan, 2003). This nonlinear energy absorption process, known as the laser-
induced optical breakdown (LIOB), has been observed in both air and liquid
(Lauterborn and Ebeling, 1972).

Previous experiments and numerical simulations on femtosecond laser in air have
shown that the refocusing is attributable to the dynamic transformation of laser energy
over the transverse beam section, and that the laser may be subjected to filamentation
and multiple refocusing as it passes through different parts of the beam cross-section
(Deng et al., 2013). Recent years has seen a growing interest in the propagation and
filamentation control of femtosecond laser in transparent media like liquid. Under the
nonlinear interaction between laser and water, the high-temperature and high-pressure
plasma expands rapidly, such that the ions move behind the free electrons, with a
certain delay, to produce a shockwave. The shockwave starts at a supersonic speed of
5,000m/sec and gradually attenuated to the broadband after expansion (Venugopalan
et al., 2002; Juhasz et al., 1999). The shockwave exists for less than 1 millisecond in
liquid, creating a pressure up to 100kbar (10GPa).

The high-temperature and high-pressure plasma often causes the cavitation in the
liquid. The liquid in the focal area of the laser tends to vaporize first into the expanding
saturated steam (Zysset et al., 1989). The line degree of the focal area, i.e. the initial
diameter of the cavity, falls between 30 and 50um. After several contractions and
rebounds, the bubbles in the focal area will eventually collapse, creating multiple
sound waves. The collapse will also bring about a jet flow if the cavity is surrounded
by a solid wall surface. The strength of the jet flow can be described by a
dimensionless matrix y =d / Rmax, Where d is the distance between the cavity centre
and the solid wall surface (hereinafter referred to as the “cavity-wall distance”) and
Rmax is the maximum radius of the cavity (Schaffer et al., 2002). The previous studies
have shown that the collapse radius of bubbles is positively correlated with cavity
radius and cavity-wall distance, and negatively with the sound pressure (Chen et al.,
2014), and disclosed the relationship between the liquid depth and the cavity
parameters (e.g. lifespan, maximum transverse width, maximum longitudinal length,
maximum volume) at different levels of laser energy (Li et al., 2015).
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Despite the previous studies, it is difficult to determine the exact mechanism of
the LIOB in liquid, not to mention the selection criteria of physical parameters of
microbubbles, owing to the amorphicity of water, the highly random aggregation
degree of water molecules, and the fluctuating local potential energy of quasi-free
electrons. To solve the difficulties, this paper investigates the microbubble generation
and trapping induced by self-focused femtosecond laser, with the aid of high-speed
cameras and high-frequency ultrasonic imager. The research findings lay the basis for
the application of microbubbles in targeted therapy at the molecular level.

2. Methodology

For a single-mode Gaussian laser beam propagating in Kerr medium, the refractive
index obeys the non-uniform distribution along the radial direction, due to the
transverse distribution of the Gaussian type laser and the intensity difference between
the centre and the edge of the beam. The laser beam is focused or defocused by the
Kerr medium, which serves as a lens. The relationship between the change of
refractive index 4n and the laser intensity | can be expressed as:

n=n,+An=n,+n,l @

where nz is the nonlinear refractive index. If ny is greater than zero, then the laser
beam is self-focusing (positive lens effect); if nz is smaller than zero, then the laser
beam is self-defocusing (negative lens effect). The two situations are illustrated in
Figure 1 below.

(a) Self focusing (b) Self defocusing

Figure 1. Self-focusing and self-defocusing

In the case of self-focusing, the intensity of the Gaussian beam along the radial
direction of the medium decreases gradually from the axis to the edge, and the
refractive index declines gradually according to 4n = n,l. The propagation path of the
beam can be viewed as a graded-index waveguide (with a gradual refractive index
transition between core and cladding), which serves like a self-focusing lens (Figure
2).
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Figure 2. Beam convergence of self-focusing lens

Then, the maximum numerical aperture at the end of the graded-index waveguide
can be expressed as:

NA=n, sin0, =/n?(0)—n(R) = /2n,[n(0) —n(R)] (2)

where ng is the linear refractive index of the medium; 65 is the maximum
convergent angle; n(0) is the refractive index on the central axis (n(0) = n0 + 4n);
n(R) is the refractive index of the edge, where the optical field is approximately zero.
Then, n(R) must be equal to no. Thus, we have:

n,siné, ~ . 2nAn 3

The convergent angle is so small as to consider sin 6 ~ 62 . Thus, the relationship

between the self-focusing angle and the laser-induced nonlinear refractive index can
be expressed as:

_2An

62
s
r]O

(4)

If the incident plane of the medium is at the waist position of the Gaussian beam
(Figure 3), then the diffraction angle of the Gaussian laser is roughly equal to that of
the Gaussian laser.

0, = »_2 ®)
man ka

where k is the wave vector; a is the waist radius. Then, the square ratio between
the self-focusing angle and the laser diffraction angle can be expressed as:
2
% _1An/n, (6)
02 2°1/k*a’
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Thus, the self-focusing has two competing effects: the beam convergence caused
by 4n and the beam diffraction. The light intensity is positively correlated with the
diffraction effect, and negatively with the convergence effect.

Figure 3. Diffraction of Gaussian laser

3. Experimental setup

In our experiment, a femtosecond laser is expanded and shaped through a focusing
lens, and then enters a container filled with water. Then, the laser energy was
increased to a pre-set threshold to induce optical breakdown of water, creating and
trapping microbubbles. This dynamic process was simultaneously recorded by optical
imaging and ultrasonic imaging. The structure of the experimental device is presented
in Figure 4 below.

The regenerative amplified Titanium: sapphire laser (Coherent, Reg A) was
adopted as the light source, and the laser was outputted as parallel beams after plastic
beam expansion. The laser action time was controlled by a high-speed shutter
(UniBlitz, LS6T2). After being generated, the laser passed through a focusing lens (f-
number: 15) before entering a self-made container filled with deionized water
(resistance: 18.0M). The laser propagation was recoded in real time by high-speed
cameras and a high-frequency ultrasonic imager (Visual Sonics Inc., Vevo770). In
addition to the high-speed cameras, the optical imaging system consists of a metal
halide light source (Fiberscope, MS-100), an infrared filter (Schott, BG40), and a long
focal length microscope (Questar, QM100).

Since the photosensitive units in the optical imaging system are sensitive to
infrared light, the infrared filter was adopted to eliminate the infrared light reflected
by the microbubbles, thus enhancing the contrast and clarity of the optical image. Two
high-speed cameras were employed, including a high-speed camera (FASTCAM,
SA1l) and an ultra-high-speed camera (Specialised Imaging, SIM). The high-speed
shutter, high-speed camera and high-frequency ultrasonic imager were triggered by
an 80MHz signal generator (Agilent, 33250A) to realize synchronous operation.

At the beginning of the experiment, the femtosecond laser was initialized as the
output state, the high-speed shutter was closed, and the high-speed cameras and the
high-frequency ultrasonic imager were kept in the initial state. Then, the signal
generator emitted a square wave signal. When the signal edge rose, the high-speed
cameras and high-frequency ultrasonic imager were turned on, and started to record
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the signal synchronously. When the signal edge dropped, the high-speed shutter was
initialized, allowing the laser to hit the target area. In this way, the optical and
ultrasonic signals were recorded synchronously before the LIOB took place in the
water. The lead amount depends on the square wave signal width of the signal
generator. The experimental system can record the entire LIOB process.
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Figure 4. Experimental device

4. Results and discussion

4.1. Optical images of microbubbles

The microbubble generation and trapping triggered by the self-focused
femtosecond laser (700mW) in water (Yang et al., 2009) were readily observed in our
experiment (Figure 5). There are two sets of parameters for the high-speed cameras:
(a) frame rate = 20,000fps, the shutter speed = 1/60,000sec, and resolution = 65*512;
(b) frame rate = 250fps, the shutter speed = 1/25,000sec, and resolution = 65*512.
Considering the requirements for high time resolution and long time scale, the frame
rate was set to 20,000fps and 250fps, respectively. As shown in Figure 5(a), the self-
focusing of high-intensity femtosecond laser led to optical breakdown in water,
accompanied by the emission of white light. Then, the water was vaporized, forming
numerous microbubbles. One of the microbubbles was trapped stably by the laser at
about 10ms after the LIOB. After about 250ms after the LIOB, all bubbles except for
the trapped one floated away under buoyancy. As shown in Figure 5(b), the bubble
size increased rapidly and then decreased slowly until converging to a stable value,
and the trapped microbubble moved against the laser, i.e. moved downwards, until
stopping at a certain position with a reduced size.
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Figure 5. Optical images of the LIOB, microbubble generation, trapping and size
variation under a vertically directed self-focusing femtosecond laser

Notes: Red arrow: laser direction; scale: 100um; white dot: laser focus at t=0.

4.2. Dynamics of microbubble size

In our experiment, the bubble diameter was adopted to describe the growth of
microbubbles. This parameter was measured by the high-speed camera at the rate of
250fps. Figure 6(a) shows the time variation in the diameter of trapped microbubbles,
where t=0 refers to the LIOB time point. The microbubble growth after the LIOB can
be divided into three phases. In the first phase, the microbubbles grew at a relatively
fast rate (mean velocity: 22.6um/s) for about 1.4s, before reaching the size of 31.68 +
1.92pm (n=10). In the second phase, the microbubbles continued to shrink at a slower
rate from t=1.4s to t=10s. In the third phase, the microbubble size stabilised at 8.68
+0.16pm (n=10) till the end of the experiment. The growth process can be fitted as a
nonlinear equation of the microbubble diameter:

—t—tc
D = DO +% \/t_EIl(Z\/tc_t)e w

w

where Dy, t., wand A are all constants. It is clear that the fitting results (red curve
in Figure 6(a)) agree well with the experimental result (R? = 0.97). Meanwhile, the
time variations in the size (diameter) of microbubbles MB1, MB2, MB3 and MB4 in
repeated experiments are also presented in Figure 6(a). It can be seen that the
microbubbles differed in growth speed but shared similar growth trends. As shown in
Figure 6(b), the microbubble diameters quickly increased to about 30pm in less than
160ms. The size variations of the microbubbles are explained in details below.

After being generated in the LIOB, the microbubbles changed over time in size.
The initial increase is obviously the result of the thermal effect of femtosecond laser:
the energy-dense laser produced high-temperature and high-pressure plasma, which
acted on water molecules with its powerful kinetic and thermal energies. With the
expansion of the gas inside, the microbubbles grew drastically in diameter and moved
away from the laser focus. Then, the energy density of the femtosecond laser around
the bubbles decreased rapidly, dragging down the thermal effect. In addition, most of
the laser energy was reflected fully, failing to act on the bubbles. As the gas in each
bubble diffused into water under surface tension, the bubble became smaller. It is
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reported that a microbubble whose diameter is ~10um can only exist in water for about
140ms (Plesset and Sanhal, 1982). In our experiment, the lifespan of microbubbles
could reach 20min thanks to the sufficient laser energy. Hence, it is concluded that
the microbubbles trapped by the intense laser will eventually reach a dynamic
equilibrium state under internal and external pressures.
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Figure 6. Time variation in the size (diameter) of microbubbles in the scale of (a)
seconds and (b) milliseconds

Notes: t=0s is the LIOB time point; the top right inset in (a) depicts the time variations in the
diameter of four trapped bubbles; the error bars indicate the standard error of measurement
(SEM).

4.3. Features of the trapped microbubbles

To disclose the dynamic behaviour of trapped microbubbles, the time variations
in size, moving speed and acceleration were analysed in a fine time scale of
microsecond (us) at the frame rate of 20,000fps. The analysis results are presented in
Figure 7 below. As shown in Figure 7(a), the trapped microbubbles on the geometric
central axis of the laser expanded continuously in 2,000us after the LIOB. As shown
in Figure 7(b), the microbubbles’ moving speed increased abruptly from the initial
value of zero to 0.17+ 0.02 um/pus (n=6) at about 50us. Then, the bubbles started to
move downwards along the laser direction at varied accelerations. The moving speed
peaked at 0.25 £0.02 um/ps (n=6) at ~1,650us after the LIOB, and subsequently
dropped to 0 at ~2ms. This means the bubbles were trapped stably at an axial position
below the LIOB position (the focus of the laser). The mean distance from the laser
focus to the trapped positions was 245.70 + 29.04um (n=6).

Next, the time variation in acceleration of the microbubbles was discussed to
disclose the effect of the transient resultant force on the extremely lightweight trapped
bubbles. According to the time history of acceleration in Figure 7(c), the initial
acceleration of the bubbles was as high as ~0.003um/us?, a sign of the great downward
impulse on the microbubbles. After about 50us, the impulse disappeared and the



Microbubble generation and trapping 41

acceleration plunged to about zero. Thus, the instantaneous impulse on the bubbles in
the first phase of the movement must be induced by the optical gradient force. From
100us to 1,600us, the acceleration varied from -0.0015pm/us? to 0.0015pm/us?,
dropped to zero at the moment of the peak speed and then turned negative.
Subsequently, the acceleration reached a near-zero value when the moving speed was
zero, as shown in Figures 7(b) and 7(c).

Concerning the forces acting on a trapped microbubble, the buoyancy was
obviously one of them, while the gravity was so small as negligible due to the tiny
weight of the bubble. As mentioned before, the microbubble stayed at the geometric
centre of the laser at a certain distance from the laser focus, rather than move towards
the opposite direction after its speed dropped to zero. This means the buoyancy was
cancelled out by a downward force. As shown in Figure 7(c), the microbubble
buoyancy F, was antiparallel to the overall optical gradient force Fgq. It is possible
to realize steady trapping of the microbubble if the downward-pointing gradient force
is sufficient to offset the microbubble buoyancy.
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Figure 7. Time variations in the geometry and physical properties of the
microbubbles (n=6) (a) Diameter; (b) Moving speed; (c) Acceleration

Notes: Horizontal black dashed line indicates the y-axis value is zero and the speed is constant;
upper right inset depicts the directions of the forces acting on a trapped microbubble along the
laser beam.

4.4. Ultrasonic images for the LIOB

Microbubbles have a strong acoustic reflection effect in water. The shockwave
induced by the LIOB at the laser focus could be monitored by an ultrasonic transducer,
which is highly sensitive to the pressure variation in water. Thus, the spatiotemporal
features of bubble generation and trapping can be inferred from high-resolution
images captured by the high-frequency ultrasonic imager.
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In our experiment, the frequency of acoustic signals was set to 55Hz. Besides, the
position of the ultrasonic sensor was adjusted according to the positions of
microbubbles, such that the ultrasonic wave and the laser were orthogonal to each
other and shared the same focus. Through the control of signal generator, the high-
speed cameras and high-frequency ultrasonic imager worked synchronously,
producing synchronous images. The author detected distinct acoustic signals
associated with the laser focus and used an acoustic radiation force to release the
trapped bubbles, aiming to measure the trapping force (Figure 8). Figures 8(a) to 8(f)
display the typical phases of the LI1OB, respectively, att<0,t=0,t=1.17s,t = 1.22s,
t=1.95sand t = 2.15s. It can be seen that the optical image on the left and the acoustic
image on the right were corresponding well in each phase.

The ultrasonic transducer received pulse-echo signals from the microbubbles in
water. The ultrasonic B-mode image in Figure 8(b) shows that many signals emerged
in the narrow zone across the laser focus. Then, these acoustic signals disappeared
once the LIOB occurred (Figure 8(c)). As shown in Figure 8(e), a new area of signals
appeared above a trapped bubble, indicating that the laser focus moved to a new
position. The ultrasonic echo signal from the trapped bubble was very prominent,
although the imaging resolution is insufficient to reflect the actual shape of the bubble.
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Figure 8. Time-variation in acoustic signals associated with the laser focus

Notes: (a) Ultrasonic B-mode image with no signal before the LIOB (t<0); (b) Ultrasonic B-
mode image with signals in the laser focus (t=0); (c) The LIOB-induced generation of
microbubbles at the laser focus (t=1.17s); (d) The downward movement of the trapped bubbles
(t=1.22s); (e) The generation of acoustic signals at the new laser focus above the trapped bubble
(t=1.95s); () The stabilisation of trapped microbubbles (t=2.15s).

5. Conclusions

This paper experimentally investigated the microbubbles induced and trapped in
water by high-intensity femtosecond laser, using high-speed cameras and a high-
frequency ultrasonic imager. In the experiment, the optical devices captured the
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details on the dynamics of the generation and trapping of microbubbles, and the
ultrasonic device acquired comprehensive information from multiple sources. With
these devices, the author carried out multi-angle and all-round research on how
femtosecond laser generates and traps microbubbles in water. The experimental
results show that a single microbubble generated in the LIOB can be trapped stably in
water by a self-focused femtosecond laser. In addition, the author discussed the
detailed spatiotemporal and mechanical features of the trapped microbubbles, laying
a solid basis for the application of microbubbles in targeted therapy at the molecular
level.
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