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ABSTRACT

We demonstrate that nanosecond laser-induced bubbles, generated in sealed containers, can experience self-limiting effects. We experimen-
tally study such effects using simultaneous pressure and bubble dynamics recordings. We show that self-limiting effects can be drastic for
mm-sized bubbles generated in sub-cm3 sized containers, resulting in 0.5-fold decrease in their size and fourfold decrease in their lifetime
compared to those generated in non-sealed control containers. We use the Keller–Miksis equation to model self-limiting effects and discuss
their technological implications in applications that exploit bubble growth in confined geometries.
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Laser-induced cavitation bubbles are central in a variety of bio-
medical applications, including eye surgery,1 high-speed cell sorting,2

needle-free injection,3 bioprinting,4 and laser lithotripsy.5 In most of
the cavitation bubble-enabled applications, bubble growth is confined
or semi-confined in a liquid container. Understanding of how con-
fined geometries affect bubble dynamics (i.e., their size and lifetime) is
essential to optimize existing applications and to eventually engineer
future applications that can benefit from bubble confinement effects.

Significant efforts have been made toward understanding bubble
growth near rigid6,7 and elastic8,9 boundaries, or between them.10

Limiting bubbles with such boundaries significantly reduces their size
and lifetime due to local liquid compressibility.11,12 Previous studies
have also shown that varying the externally applied pressure to a sealed
container can drastically affect bubble dynamics.13,14 For example,
laser-induced bubbles in a 3MPa pressurized chamber have �30-
times smaller volume and �17-times shorter lifetime compared to
those generated in a non-pressurized chamber using identical laser
conditions.14

Historically, fundamental studies on laser-induced bubble
dynamics have been conducted in large containers, where self-limiting
effects are negligible (i.e., external pressure is 1 atm). Interestingly,
bubble confinement effects were both experimentally and theoretically
observed in ballistic penetration of reservoirs filled with a liquid, where
the generation of highly energetic bubbles is common.15 The work

described in here is motivated by the absence of studies reporting self-
limiting effects in laser-induced bubbles and by the importance of
those effects in virtually any application that exploits bubbles genera-
tion in confined or semi-confined reservoirs, such as microfluidic
chambers and microcapillaries. Here, we sought to address such self-
limiting effects and designed an experimental setting to reveal them.

In this Letter, we show that self-limiting effects appear when
laser-induced mm-sized bubbles are generated in small sealed contain-
ers. We investigate the self-limiting effect using simultaneous bubble
dynamics and liquid pressure recordings. We show that pressure
waves generated by the bubble expansion can in turn modulate bubble
growth (i.e., self-limiting effect), resulting in drastic spatiotemporal
bubble confinement. Finally, we use Keller–Miksis modeling to explain
self-limiting effects and discuss their technological implications.

We generated cavitation bubbles using nanosecond (ns) laser
pulses (Nano L series, Litron Lasers, 6 ns, 532 nm). We used microcen-
trifuge tubes with built-in optical windows (glass cover slips) as sealed
containers (Fig. 1). We filled the containers with thoroughly degassed
distilled water and hermetically sealed them using a protocol provided
in the supplementary material. The laser beam was expanded to
�12mm in diameter and focused at the center of the containers using
a 4X objective lens (PLN4X, NA¼ 0.1, Olympus). We used two mea-
suring systems to simultaneously monitor bubble dynamics and pres-
sure increase inside the container. Briefly, we used a continuous wave
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laser beam (633nm) to measure bubble dynamics and a hydrophone
(rise time: 50 ns) (M€uller-Platte Needle Probe, M€uller Instruments),
placed inside the sealed container, to record liquid pressure [Fig. 1(a)].
Finally, images of bubbles were taken using a high-speed camera
(Chronos 1.4, Kron Technologies) [Fig. 1(b)]. We used a beam sam-
pling approach to measure the laser energy. We recorded the energy
of each laser pulse using a pyroelectric sensor (QE12LP-S-MB, Gentec
Electro-Optics). Then, we used the transmission coefficient of the
setup to deduce the energy at the sample level, which is the reported
value throughout the study. A detailed schematic of the experimental
setup is presented in Fig. S1.

With previous theoretical work, we have shown that laser-
induced bubbles experience self-limited growth in confined geometries
due to water compressibility.3 Here, we sought to experimentally
investigate this “damping” effect and its dependence on key experi-
mental settings, such as the container volume and laser energy. We
used three sealed containers, namely, 0.3, 0.6, and 1.9ml, and varied
the laser pulse energy from 1.5 to 3.25 mJ. Note that we determined
the cavitation threshold (80% cavitation probability) for our irradia-
tion setting to be Eth¼ 1.25 mJ [see Fig. S2(a)]. We also used a large
(50ml) non-sealed container to perform control experiments.

Figure 2(a) shows the results of an indicative series of experi-
ments, where bubbles were generated at 1.75 mJ in different contain-
ers. We found that bubbles in sealed containers had much shorter
lifetime (53 ls for 0.3ml, 79 ls for 0.6ml, and 111 ls for 1.9ml) com-
pared to those generated in an open control container (123 ls).
Furthermore, bubbles generated in sealed containers had smaller size
(535lm for 0.3ml, 572lm for 0.6ml, and 627lm for 1.9ml)

compared to those generated in an open container (731lm). These
results reveal a predominant self-limiting effect in bubble growth that
strongly depends on the volume of the sealed container, Vc. We sys-
tematically studied this effect as a function of the laser energy
[Fig. 2(b)], El. For El � 2 � Eth and open control container, we found
that Rmax � E1

0.32, which is consistent with the extended literature in
large containers16,17 and reflects the energy balance when liquid pres-
sure is equal to 1 atm. However, this relation changes for sealed con-
tainers in a volume-dependent manner: Rmax � E1

0.26 for Vc¼ 1.9ml,
Rmax � E1

0.19 for Vc¼ 0.6ml, and Rmax � El
0.25 for Vcr¼ 0.3ml. We

will show later that lower exponent values for sealed containers com-
pared to the open container do not represent bubbles of lower energy.
We found a similar effect for the bubble lifetime, tBLF: tBLF � E1

0.39 for
the open control container, tBLF � E1

0.455 for Vc¼ 1.9ml, tBLF �
E1

0.044 for Vc¼ 0.6ml, and tBLF � El
0.0001 for Vc¼ 0.3ml [Fig. 2(c)].

There are two important practical implications of those findings: (i)
for a given laser energy, the maximum bubble size depends on the vol-
ume of the sealed container and (ii) the bubble lifetime is virtually
independent of the laser energy for small sealed containers.

The liquid pressure inside the container, Pl, is a key factor affecting
bubble dynamics. Therefore, we sought to measure the time-depended
Pl for both open and sealed containers. Figure 3(a) presents Pl along
with the corresponding bubble temporal profile in both sealed and open
containers for El¼ 2.5 mJ. We found only marginal Pl variations for the
open container, indicating that bubble growth is not affected by the con-
tainer itself. For all sealed containers, we found significant Pl modulation
that is strongly correlated with the bubble dynamics. First, there is an
increase in Pl, up to a maximum value, corresponding to the bubble
growth phase. Note that the time point of maximum bubble size coin-
cides with that of maximum Pl for all sealed containers. Next, Pl
decreases due to bubble contraction and reaches a minimum value at
bubble collapse. We filtered the raw hydrophone data to remove shock-
wave generation, shockwave reflections, and noise components. Using
the filtered signal [red line in Fig. 3(a)], we calculated the maximum
increase in Pl as a function of the laser energy for all containers. Pl
increase was marginal and independent of El for the controlled con-
tainer. However, we found a strong correlation between the laser energy
and maximum Pl for all sealed containers [Fig. 3(b)]. Overall, these
results indicate that bubble growth in sealed containers results in the
generation of a pressure wave due to liquid compression. Both the laser
energy and the sealed container volume affect the amplitude of the pres-
sure wave, while its temporal profile follows the bubble dynamics. For
the examined settings, we found that the maximum amplitude of the
liquid pressure wave was 3.8 bar (sealed 0.3ml), which is one order of
magnitude smaller compared to that of a decaying shock wave released
upon bubble generation and collapse.18 The life span of the generated
pressure waves (�55 to 160 ls) is two orders of magnitude larger com-
pared to that of the corresponding shock wave.

To examine whether the laser to bubble energy conversion effi-
ciency is maintained in the different settings, we used the following
equation to calculate the bubble energy for sealed and controlled
containers:

Eb ¼
4
3
p Pl � Pvð ÞR3

max; (1)

where Pl is the liquid pressure far from the bubble when it reaches its
maximum radius, Pv is the saturated vapor pressure in the bubble, and

FIG. 1. Schematic overview of the experimental setup used to study self-limited
bubble growth in sealed containers. (a) Simultaneous measurement of bubble
dynamics and liquid pressure, and (b) measurement of bubble maximum radius.
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Rmax is the maximum bubble radius. Using the maximum Pl
[Fig. 3(b)] and maximum bubble radius [Fig. 2(b)], we found that the
laser to bubble energy conversion efficiency (Ebubble/Epulse) is relatively
constant (�12% for El � 2 � Eth) independently of the container vol-
ume and configuration (i.e., open/sealed) [Fig. S2(b)].

Next, we sought to validate whether the implementation of experi-
mentally measured Pl in a bubble model would allow modeling of the
confinement effect. To do so, we used the Keller–Miksis (KM) equation
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where c is the speed of sound in the liquid, q is the liquid density, c is
the heat capacity ratio, R is the bubble radius, R0 is the bubble initial

radius (t¼ 0), � is the kinematic viscosity, rl is the surface tension,
and Pg is the initial gas pressure in the bubble (t¼ 0). Our modeling
approach consists of two steps: First, for a given laser energy, we deter-
mined a set of initial conditions (R0, Pg). We have previously reported
in detail our approach to determine the initial conditions.3 We present
in the supplementary material the adaptation of this approach for the
KM model. For a given energy, initial conditions were considered
independent of both the container volume and configuration (i.e.,
open/sealed). Next, for a given laser energy and container configura-
tion, we used the experimentally measured Pl profile [Fig. 3(a)] to cal-
culate bubble growth. All modeling parameters can be found in the
supplementary material (Table S1 and Table S2).

Figure 4 summarizes our modeling results on the self-limited
bubble growth. In accordance with the experimental results, the KM
model shows that both Rmax and bubble lifetime are suppressed in
sealed containers due to an increase in Pl (Fig. 4). For Rmax, there is a
very good agreement between the KM model and experiments for
the entire spectrum of tested settings [Fig. 4(b)]. This reflects the

FIG. 2. Self-limited bubble growth in sealed containers. (a) Indicative bubble dynamics traces (i.e., inverted photodiode signal) and bubble images for sealed containers
(0.3 ml, 0.6 and 1.9 ml) and an open control container (15 ml). Bubbles were generated at 1.75 mJ, and images were acquired using sufficiently long integration time (100 ls)
to depict max bubble size. The dependence of the maximum bubble radius (b) and bubble lifetime (c) on the laser energy for sealed and control containers. The dependence
on the laser energy is fitted for El � 2 � Eth.
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preservation of the laser to bubble energy conversion efficiency [Fig.
S2(b)]. Although the KM model shows temporal confinement of the
bubble as well [Fig. 4(a)], there is a systematic overestimation of the
bubble maximum size time point. Note that we compare this time
point instead of the bubble lifetime [Fig. 4(b)], since bubble collapse
did not occur for several experimental settings due to the pressure
wave [i.e., Vc¼ 0.6ml in Fig. 4(a)], an effect we also experimentally
observed [Fig. 3(a), Vc¼ 0.6ml]. Differences between the modeled
and experimental temporal profiles can be attributed to the limitations
of our experimental setting. In fact, Pl is being measured far from the
bubble; thus, the model underestimates the actual pressure experi-
enced by the bubble wall during the expansion phase. Note that the
KMmodel assumes spherical bubbles. In our experimental setting, fast

bubble imaging showed that this condition is met during the bubble
growth phase. However, there is a loss of spherical symmetry in the
late stage of the bubble collapse phase, which also limits the accuracy
of our model.

In conclusion, we showed that laser-induced bubble growth in
sealed containers can be spatiotemporally self-limited. Using both
experimental measurements and modeling, we attributed the self-
limiting effect to the generation of a pressure wave, whose amplitude
and lifespan depend on the laser energy and the volume of the con-
tainer. Interestingly, the self-limiting effect is predominant on the bub-
ble lifetime, which becomes virtually independent of the laser energy
for small sealed containers. We also found that the laser to bubble
energy conversion efficiency is preserved in self-limited bubbles.

FIG. 3. Pressure profiles for sealed and control containers. (a) Indicative (El¼ 2.5 mJ) liquid pressure recordings (top) and corresponding bubble dynamics traces (bottom)
(i.e., inverted photodiode signal) for sealed containers (0.3, 0.6, and 1.9 ml) and an open control container (15ml). The raw data were filtered to remove the high frequency
component (noise and/or shockwaves). (b) The dependence of the maximum pressure variance on the laser energy for sealed and control containers.

FIG. 4. Keller–Miksis bubble modeling using the experimentally measured pressure profiles. (a) KM bubble modeling for sealed containers (0.3, 0.6, and 1.9 ml) and an open
control container (15ml). El¼ 1.5 mJ. The dependence of the experimentally measured and modeled bubble behavior on the laser energy for open and sealed containers: (b)
maximum bubble size, (c) time of bubble maximum size.
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Technological implications of these findings are important for design-
ing devices that exploit bubble growth in small volume containers,
such as laser-actuated microfluidics and laser-induced microjet
devices.

See the supplementary material for details on the experimental
setup, sample preparation, cavitation threshold, and energy balance
determination as well as additional information on the modeling
approach.
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