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On-Demand Bulk Nanobubble Generation through Pulsed Laser Illumination
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We demonstrate the temporally and spatially controlled nucleation of bulk nanobubbles in water through
pulsed laser irradiation with a collimated beam. Transient bubbles appear within the light exposed region
once a tension wave passes through. The correlation between illumination and cavitation nucleation
provides evidence that gaseous nanobubbles are nucleated in the liquid by a laser pulse with an intensity
above 58 MW /cm?. We estimate the radius of the nanobubbles through microscopic high-speed imaging
and by solving the diffusion equation to be below 420 nm for ~80% of the bubble population. This
technique may provide a novel approach to test theories on existence of stable bulk nanobubbles.
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Introduction.—In the last decade the interest in the stable
encapsulation of gas by submicron-sized bubbles in water
grew considerably. Because of their small size these so-
called bulk nanobubbles although buoyant may remain
stably suspended. This interest was stimulated by a diverse
range of potential applications in areas such as waste
treatment, cleaning and purification technologies, in bio-
medicine, food processing, and sonochemistry [1-5].
Additionally, the existence of such bulk nanobubbles
would have an impact on marine aquatic life and for the
delivery of oxygen to livestock in aquacultures [6]. A
number of methods for nanobubble generation have been
reported. These include repeated and controlled liquid
pressure variations [7-9], mechanical agitation [10], ultra-
sound irradiation [11], electrolysis [12], or oversaturation
of liquids through the mixing of alcohols with water
[13,14]. While the number of studies utilizing nanobubbles
in research has increased dramatically, very few of these
deal with confirming their gaseous nature. In nearly all
research papers the size distribution of the bulk nano-
bubbles is obtained from laser scattering, i.e., nanoparticle
tracking and dynamic light scattering [8,12,13,15]. The
danger stemming from these kinds of measurements is their
blindness to the very nature of the scattering objects and
thus they could easily be confused with pollutant droplets
or nanoparticles [10,14,16,17]. This missing confirmatory
assessment in published research on nanobubbles leads to
considerable discussion on their existence, e.g., see
Refs. [9,18-20].

In the present approach, unambiguous evidence for the
on-demand generation of gaseous submicron sized bubbles
is provided. The method is as simple as shining a
moderately intense and collimated laser beam through a
cuvette filled with deionized water. While the bubbles are
generated during the laser beam passage, they remain for
several tens of milliseconds in the liquid. The laser pulse
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intensity was about at least 2 orders of magnitude smaller
than the reported intensity threshold for multiphoton
ionization of water at 532 nm of /. = 30 GW/cm?
[1,21,22]. At this wavelength light passes practically with-
out absorption through water and no particles were added
that may lead to short short-lived cavitation bubbles, e.g.,
through a plasmonic resonance [15,23-26]. While the
mechanism of nanobubble generation is not understood,
their presence and gaseous nature is revealed by passing a
rarefaction wave through the illuminated volume.
Experimental methods.—The experimental setup is
sketched in Fig. 1 (more details are provided in the
Supplemental Material [27]). In short, the collimated
800 ym beam of the nanobubble “seeding” laser (Litron
Nano T-250-10; A =532 nm; FHMW = 7 ns) passes
through the water at a depth of ~1 mm parallel to its
surface with a pulse energy of ~8 mJ. The deionized and
filtered water (200 nm PTFE membrane, ~1 MQcm
resistivity) is contained in a glass cuvette with square cross
section (1 cm width, 5 cm height). To detect gaseous
bubbles below the optical resolution limit, we utilize a
rarefaction wave passing through the laser exposed volume.
Thereby forcing their expansion and making them visible.
The rarefaction is generated with a second laser pulse
(Litron Nano SG-100-2; 2 =532 nm; FHMW = 6 ns,
pulse energy ~5 mlJ) that is focused with a 20x microscope
objective (f = 15 mm; NA = 0.33) near to the liquid
surface (typically 200 ym below) resulting in a dielectric
breakdown. Consequently, a shock wave is emitted that
upon reflection at the free surface results in a trailing
rarefaction wave. The liquid is therefore exposed to a
bipolar pressure transient, that starts with a positive
pressure from the initial shock wave followed by a negative
pressure peak (see Fig. 1). The delay Ar between the
illuminating laser pulse to seed the nanobubbles and the
laser pulse generating the tension wave is adjustable.
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Sketch of the experimental method. The nanobubbles are generated by a short and collimated laser pulse illuminating the

water. A shock wave is generated after a time Ar focusing a second laser pulse close to the liquid surface, that is reflected at the free
surface as a rarefaction wave. Once the rarefaction wave has traveled through the illuminated volume, the nanoscopic gaseous voids are

expanded and become visible with optical microscopy.

The bubble dynamics in the liquid is captured with a high-
speed camera at a frame rate of 5 Mfps (XPV-X2, Shimadzu).
In order to obtain sharp images of the acoustic waves and the
rapid bubble dynamics, we implemented a backlight illumi-
nation from a pulsed femtosecond laser (Ekspla FemtoLux
3, A= 515 nm) emitting ultrashort pulses (230 fs) at a
frequency of 5 MHz, i.e., at the same rate as the camera
records the frames. Different image magnifications were
achieved with a selection of long distance microscope
objectives (Edmund Optics) with 5x, 10x, 20x, or 50x.
Those were complemented with protective notch filters and
a second macrolens (macrolens LAOWA f2.8) with a
variable magnification of up to 2x. This optical arrangement
in combination with the 400 x 250 pixels of the high speed
camera sensor results in an imaging resolution ranging
between 7 um/px and 230 nm/px.

The pressure profile of the bipolar transient wave was
measured with a fiber optic hydrophone Onda HFO-690

with a spatial resolution of 100 ym and stored with a
sampling rate of 20 GSa/s (analog bandwidth 4 GHz).
We obtained over 175 measurements 8.0 =+ 0.2 MPa for the
positive peak and —5.2 £ 0.2 MPa of negative pressure peak
in the rarefaction wave. Both extreme values show a standard
deviation of ~2 MPa. We explain this variation with the
sensitivity of the shock wave strength to slight variations of
the water height and thus the depth of the focusing of the
“shock™ laser pulse. The delay between the seeding laser
pulse and the shock laser pulse was controlled with a digital
delay generator Quantum 9520. A jitter of around 100 ns
was found in the arrival time of the bipolar wave.

Results and discussion.—A typical experiment is pre-
sented in Fig. 2: At time ¢ = O the collimated laser beam
passes between the two indicated boundaries [dashed line
in Fig. 2(a)] through the liquid filled cuvette. At the same
time (i.e., At = 0), the bipolar pulse is generated 200 ym
below the liquid surface and about 1 mm away from the

FIG. 2. Laser induced nanobubble cloud. The times in the figure are relative to the firing of the seeding laser. (a) No bubbles are
observed outside the seeding laser beam path (800 ym) indicated by the dashed lines. (b) Detail of a typical nanobubble dynamics
captured with an optical resolution of 234 nm/px. The bubble size is below the optical resolution prior and after the expansion-collapse
cycle. See Supplemental Material [27] for a more detailed sequence.
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upper dashed boundary. Until 7 < 1.4 us the volume
through which the laser pulse has passed remains void
of objects besides the waves visualized by means of the
short illumination pulses. At = 1.6 us bubble nucleation
sets in, trailing rather homogeneously the rarefaction wave,
yet only within the boundaries of the collimated laser beam
as indicated by the dashed lines in Fig. 2(a).

The experiment provides two clear findings. First, the
laser pulse is creating invisible gas bubbles that are
expanded by the tension wave resulting in visible bubbles
appearing within the volume of the illuminated region.
Second, as the strength of the tension wave decays with
distance, the liquid above the illuminated region is exposed
to a stronger tensile amplitude than the laser illuminated
volume below. Thus, we can rule out acoustic cavitation
from naturally existing nuclei in the water generated by the
tension wave. This was further tested by conducting control
measurements where no collimated laser was fired. In
those, we did not observe cavitation within the field of
view. This second test is important as the focused shock
laser pulse may generate gaseous fragments through the
later collapse of a cavitation bubble near the free surface.
Furthermore, as bubbles are only nucleated between the
dashed lines we can exclude any transported cavitation
nuclei into the field of view of Fig. 2(a).

Figure 2(b) depicts selected frames from a recording
taken within the indicated region of Fig. 2(a) at a higher
magnification with a pixel resolution of 234 nm/px from a
different experimental run. For times ¢ <= 1.6 us no
objects are discernible from the frames background.
Between 1.6 us < t < 1.8 us a bubble expands explosively
to R = 10.7 £ 0.3 pum, reaches a maximum radius as ¢ =
2.0 us and collapses at t = 2.8 us. The reexpansion at t =
3.0 us is evidence of some nonspherical shape. After ¢ >
3.0 us the bubble is again not discernible from the back-
ground. During the first expansion the bubble will collect
gas by rectified diffusion. Equating this amount of gas
influx with the volume of a bubble at rest results in a bubble
radius of ~220 nm [30]. As the dissolution time of a bubble
slightly larger than this size is considerably longer than the
interframe time of 200 ns, we can give a lower bound of the
optical resolution of 500 nm. Bubbles that are expanding to
a larger maximum radius may remain barely noticeable as a
moving shady spot. In those particular cases, their esti-
mated rest radius including the growth due to rectified
diffusion is about 500 nm (See Supplemental Material [27]
for multimedia visualization). This observation agrees with
the expected effective optical resolution of the setup for an
illumination wavelength of A =515 nm and numerical
aperture NA = 0.42.

In spite of the high spatial and temporal resolution
achieved in these measurements, the origin of the bubbles
is not clear. No colloidal particles in the liquid or visible
plasma spots were observed (even when recording the
videos without the backlight illumination).

The reported generation of gaseous cavitation nuclei can
be connected to previous observation of secondary cav-
itation where the laser pulse was tightly focused to create
optic cavitation. Already in 1974, Lauterborn noted the
creation of secondary cavitation bubbles on the sides of the
laser focus in water at reduced static pressure [31,32]. Very
recently the formation of bubbles along a focused laser
beam path was reported by PoZar et al. [33] and connected
with acoustic cavitation due to a tension wave. This may
also be the explanation for the secondary cavitation seen
after focusing a rather intense laser pulses close to a free
surface [34,35]. We are aware of only one work that
demonstrates the nucleation of cavitation nuclei from a
nonfocused laser pulse in a phosphoric acid aqueous
solution [36]. Here a continuous acoustic field expands
the bubbles to visible size.

The degree of control over the bubble production using a
laser seeding technique is advantageous over the earlier
mentioned methods of sudden decompression, liquid shak-
ing, ultrasound, or electrolysis. Here, the liquid volume and
the number of bubbles can be controlled with a simple
optical system and by adjusting the intensity of the laser
beam [37,38]. In our experiment, the seeding threshold
intensity was approximately 58 + 10 MW/cm?. This
intensity is about 500 times smaller than the reported
intensity threshold for optical breakdown [21,22].

Let us now compare the measured bubble dynamics with
a suitable spherical bubble model, for example the Keller-
Miksis model [39,40]. Therefore we use the hydrophone
measurement to drive a seed bubble nucleus with an initial
size R, that is below the optical resolution and compare the
obtained radial dynamics with one extracted from the high-
speed recording. The bipolar driving pressure is shown in
the upper graph of Fig. 3 and next to it a picture from the
very same experiment showing the position of the hydro-
phone, the illuminating light diffracted by the spherical
pressure wave, and the first visible image of the bubble
generated in the tensile region of the wave.

We obtain good agreement between the predicted bubble
dynamics and the measured expansion of the bubble for the
first oscillation cycle of a bubble with Ry = 60 nm.
Interestingly, during the rebound the bubble expands
distorted and also slightly shifted from its original location
(See Supplemental Material [27] for details). As the Keller-
Miksis (KM) model does not include translation motion or
nonspherical bubble dynamics we limit the simulations up
to the first collapse.

Additionally, Fig. 3 shows the dynamics of bubbles of
different initial size Ry. The simulated results reveal that
there is a limit on the size of the bubbles that the tension
wave can expand, and, consequently, be observed using the
method proposed in this work. To learn more about this
matter a parametric numerical analysis was conducted. In
the latter, the ambient radius R, and the amplitude of the
tension wave were varied and plotted against the maximum
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FIG. 3. Detail of the dynamics of a nanobubble. The bubble

radius temporal evolution [R(7)] is obtained from the video
frames (graph inset). A smoothed trace of the pressure variation
recorded by the hydrophone (black line) was used as the driving
pressure in the numerical fit (red line) of the measured R(). The
best fit was obtained for an ambient radius of Ry = 60 nm. The
measured rebound of the bubble after the collapse is dramatically
affected by the water volume entering the gas cavity during the
jetting [41]. See Supplemental Material [27] for the complete
image sequence.

radius reached by the bubble on each case (see
Supplemental Material [27] for details). As a result we
find that for an amplitude of —5 MPa of the rarefaction
wave and considering a limit in the observable radius of
4 ym [similar to the pixel resolution of Fig. 2(a)], nano-
bubbles down to an initial radius of Ry > 15 nm can be
detected. Examples of bubbles with larger and smaller size
are compared with the measurement in Fig. 3 (and also in
the Supplemental Material [27]). While a bubble with
10 nm in radius hardly responds to the pressure variation
[42], a bubble of 500 nm initial radius shows a very similar
behaviour as the best fit of 60 nm.

Although a numerical fit with the Keller-Miksis equation
provides a robust method to account of the nanometric
scale of the bubbles [43], it is important to note that this
method might be not suitable for all the bubbles composing
of the bubble clusters. Specifically, the KM model applies
to cases where the interaction between bubbles can be
neglected and the hydrophone is sufficiently close to the
imaged bubble to obtain an accurate pressure or tension
trace. Then, a characterization of the complete bubble size
distribution (at a given time Af) would require more
sophisticated models (and maybe measurements) than
the one used here.

An alternative way to estimate the initial size of the gas
nuclei is through the measurement of its lifetime until their
dissolution. In the absence of any stabilizing mechanisms,
e.g., Ref. [20], the bubble will shrink to zero size due to the
higher gas pressure in the bubble as compared to partial
pressure in the liquid. The Epstein-Plesset model has
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FIG. 4. Top: Percentage of nanobubbles present in the solution
as a function of the time Ar between seeding and observation,
N(At - 0) ~ 112 [within the ROI in Fig. 2(a)]. The mean
amplitude of the tension wave is —5.0 & 0.2 MPa. The dashed
horizontal line indicates the mean bubble number in absence of
bubble seeding. Botfom: Bubble lifetime as a function of the
initial bubble radius according to the Epstein-Plesset model. The
dissolution times found indicate that most of the nucleated
bubbles have ambient radius below 400 nm.

successfully been used to described the dissolution of
bubbles optically down to a size of 1 um [44].

In the experiment, this stabilization was tested by
counting the bubble number captured in the videos while
varying the delay Ar between the seeding laser pulse and
the tension wave arrival. Figure 4 shows the average bubble
population detected for values of Af up to 20 ms, along
with a numerical calculation of the bubble dissolution time
performed with the Epstein-Plesset theory [45]. The
computations were carried out considering air saturated
water at standard ambient temperature and pressure (i.e.,
T =293 K and Pjy=101.3 kPa, respectively). The
air-liquid surface tension was ¢ = 0.072 J/m?, the gas
density was p, = 1.2 kg/ m?, the diffusion coefficient
D =19x 10" m?/s, and the saturation concentration
of air in water was taken as ¢y, = 0.0227 g/1).

Figure 4 shows how the bubble population is signifi-
cantly reduced within the first millisecond after their
inception. According to Epstein-Plesset theory, 80% of
the bubbles should have had an initial (seeding) radius
below 400 nm. In the same way, it is possible to see that
60% of the bubbles disappear during the first 500 us after
the seeding, which implies that most of the bubbles have
ambient radius under 220 nm. The bubble sizes estimated
in this way are in perfect agreement with the limit values
inferred from the videos. The few bubbles that have not
dissolved after 20 ms may either be the result of seeding of
bubbles above 1.2 um in radius and/or are the result of
some stabilization of bulk nanobubbles.

Conclusion and outlook.—We have demonstrated the
production of bulk nanobubbles with ambient radii below
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500 nm through the passage of an intense laser pulse in
water and confirmed their gaseous nature unambiguously.
Unfortunately, the seeding mechanism could not be clari-
fied, yet the absence of plasma hot spots suggests some
absorption of energy likely from particles or liquid con-
tamination in the water. The nanobubbles are generated on
demand and localized along the optical path. This is a clear
advantage to the nanobubble production techniques
reported previously [7-14]. In the experiments, the short
exposure times of the high-speed images were crucial to
capture the shock waves and the microscopic bubble
dynamics without motion blurring. With the availability
of this controlled nanobubble generation technique repro-
ducibility issues plaguing the research field can now be
addressed. As a first utilization we suggest to analyze the
effect of liquid properties on the lifetime of nanobubbles,
e.g., the pH level and the liquid temperature [20,45,46].
The direct visualization of the nanobubbles opens the
possibility of a reliable study on how nanobubbles can
be stabilized in solution. The latter can be complemented
with fast light scattering techniques, e.g., based on high-
speed imaging [47] to resolve the bubble size distribution
below the optical limit.
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