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Abstract
Single bubble dynamics are of fundamental importance for understanding the underlying mechanisms in liquid–vapor tran-
sition phenomenon known as cavitation. In the past years, numerous studies were published and results were extrapolated 
from one technique to another and further on to “real-world” cavitation. In the present paper, we highlight the issues of using 
various experimental approaches to study the cavitation bubble phenomenon and its effects. We scrutinize the transients 
bubble generation mechanisms behind tension-based and energy deposition-based techniques and overview the physics 
behind the bubble production. Four vapor bubble generation methods, which are most commonly used in single bubble 
research, are directly compared in this study: the pulsed laser technique, a high- and low-voltage spark discharge and the 
tube arrest method. Important modifications to the experimental techniques are implemented, demonstrating improvement of 
the bubble production range, control and repeatability. Results are compared to other similar techniques from the literature, 
and an extensive report on the topic is given in the scope of this work. Simple-to-implement techniques are presented and 
categorized herein, in order to help with future experimental design. Repeatability and sphericity of the produced bubbles 
are examined, as well as a comprehensive overview on the subject, listing the bubble production range and highlighting the 
attributes and limitation for the transient cavitation bubble techniques.
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Graphic abstract

1  Introduction

The phenomenon known as cavitation is the emergence of 
vaporous voids in the liquid as its intermolecular cohesive 
bonds are overcome. It is often generalized as the appear-
ance of bubbles in the liquid when the pressure drops below 
liquid vapor pressure. In practice, it often also accounts for 
the accompanying degassing and the expansion of already 
present uncondensed gas nuclei in the liquid (Trevena 1984), 
as the two are hard to dissociate; however, thermodynami-
cally, cavitation is defined as the phase change from liquid 
to vapor. It is a well-known phenomenon in fluid dynam-
ics, as the phase transition is one of the limiting factors in 
fluid transport. At the beginning of the twentieth century, 
while studying ship propeller design, observations of cavi-
ties forming at the wake of the propeller were linked to the 
drastically lower efficiency of the propulsion system (F.R.S 
1917). Since then, it was found that dynamics of these bub-
bles are responsible for many unwanted, as well as beneficial 
effects of cavitation, which in recent years started attracting 
ever greater attention in scientific and engineering fields. 
The former range from mild effects such as noise emissions 
and vibrations, to efficiency drop and even erosion of solid 
walls (Dular and Petkovšek 2015; Luo et al. 2016; Dular 
et al. 2019), while positive effects are numerous, stemming 

from the inherent energy focusing properties of cavitation 
bubble dynamics. These have applications from chemical 
(Zupanc et al. 2014; Dular et al. 2016; Gągol et al. 2018) and 
biological (Šarc et al. 2016; Kosel et al. 2017; Zupanc et al. 
2019) wastewater treatment, material productions (Qiu et al. 
2019), cleaning (Verhaagen and Fernández Rivas 2016), pro-
cess intensification (Sajjadi et al. 2015; Zhang et al. 2016b), 
to a wide field of fundamental research in physics (Azouzi 
et al. 2013), chemistry (Grieser et al. 2015; Nikitenko and 
Pflieger 2017; Podbevsek et al. 2018; Podbevšek et al. 2021), 
biology (Patek and Caldwell 2005; Iosilevskii and Weihs 
2008; Vilagrosa et al. 2012) and medicine (Stride and Cous-
sios 2010).

Cavitation can be broadly grouped into two categories 
based on excitation (Young 1999): tension and energy depo-
sition methods. The former relies on a low-pressure wave 
or a region in the flow to provide the driving force for the 
vapor bubble growth, which is typical for hydrodynamic and 
acoustic cavitation, whereas the latter occurs by energy dep-
osition from elementary particles (electrical current (Sato 
et al. 2013), photons (Sato et al. 2013; Padilla-Martinez 
et al. 2014), neutrons (Taleyarkhan et al. 2002), protons 
(Futakawa et al. 2014)), driving nucleation and cavitation 
bubble growth. Often single transient bubbles are studied 
as the elementary structures in complex multi-bubble or 
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multi-scale phenomena, encountered in cavitation research, 
as their dynamics are often key to eliciting the governing 
principles of the phenomena. A single bubble in an acoustic 
field, where the bubbles undergo multiple (few to several 
thousands) growth/collapse cycles, has been a topic of much 
research (Crum 2015; Yasui 2018), most notably the single 
bubble sonoluminescent studies, where the periodic oscil-
lations generate plasma and light emission at peak collapse 
(Suslick and Flannigan 2008). However, often the aim is to 
study a single growth/collapse event of a cavitation bub-
ble, for which periodic acoustic, as well as hydrodynamics 
excitation are ill suited. When using acoustic excitation, it 
is improbable that a single transient bubble event will be 
generated. With pulsed acoustic sources, even when tightly 
focused, a cavitation cloud tends to appear, hindering sin-
gle bubble observations and also perturbing bubble dynam-
ics due to bubble–bubble interactions and reflected sound 
waves. On the other hand, single bubbles can be held in 
place by standing waves and used to observe stable oscillat-
ing acoustic bubbles. The acoustic geometry will determine 
the antinode positions, which are used for acoustic trapping 
of the introduced gas bubbles, making it difficult to manipu-
late and position in an experimental setting. Overall, the 
stable oscillating bubbles generated by acoustic excitation 
do not represent the dynamics of transient bubbles often 
encountered in cavitation studies, like nuclei in the liquid 
exposed to pulsed pressure variations such as shockwaves. 
Transient bubbles are important for studying, bubble–bub-
ble, bubble–interface and bubble–solid interactions, relevant 
for disinfection studies of microbiological (Lajoinie et al. 
2016) and biological tissue interactions (Vogel and Venu-
gopalan 2003), enhanced mixing at small scales (Hellman 
et al. 2007), medical applications (Mohammadzadeh et al. 
2016), cavitation emulsification (Orthaber et al. 2020), ero-
sion (Dular et al. 2019), cleaning (Song et al. 2004) and 
thermal effects (Dular and Coutier-Delgosha 2013). Outside 
the cavitation field, they are interesting for plasma in liquids 
(Horikoshi and Serpone 2017), acoustic emitters (Buogo 
et al. 2009), high-voltage breakdown of liquids (Pongrác 
et al. 2019) and pulsed laser ablation in liquids (Reich et al. 
2017) studies.

A single cavitation bubble is an elemental feature of many 
two-phase flows. Understanding its inception and subsequent 
dynamics is paramount to explaining many downstream 
effects in hydrodynamic cavitating flows. Recognizing 
the importance of transient single bubbles for fundamen-
tal studies, researches early on developed several different 
bubble generation methods. Much of the groundwork was 
performed during the Second World War, where underwater 
blast waves were extensively studied (Trevena 1984). The 
first study using the tube arrest method, dating back to 1952 
by W. D. Chesterman (Chesterman 1952). The same year, M. 
Harrison (Harrison 1952) found similarities between Venturi 

nozzle-generated and the spark-induced cavitation bubbles. 
Laser-induced cavities came along sometime later, first 
reported in 1963, by Askar’yan et al. (Askar’yan et al. 1963), 
with the development of pulsed ruby laser sources. Although 
updated, the underlying principle of the three ideas remains, 
allowing for the methods to be used to this day. In cavita-
tion studies, it is often not a straight forward path to elicit 
the underlying principles behind the observed effects. The 
Rayleigh–Plesset equation (RPE) is frequently employed 
to make sense of the bubble dynamics, as it describes the 
empty void radius evolution in time (with several assump-
tions) (Young 1999). With the multitude of parameters influ-
encing cavitation and associated phenomena, it is often of 
great importance to understand mechanism at play on a sin-
gle bubble level. It is for this reason that a robust generation 
of repeatable and controllable single vapor bubbles is of fun-
damental significance when studying cavitation. In practice, 
several methods are used, but not often enough is there the 
discussion of the suitability of the method for the particu-
lar question raised, nor are there many cross-comparison or 
reviews covering this field. As studies involving transient 
vapor bubbles are of interest in an ever-broader and often 
specialized fields, an informed decision on the experimental 
setup is not always straightforward. It is hard to expect eve-
ryone studying these phenomena, especially when starting 
out, to grasp all the different underlying physics behind vari-
ous vapor bubble generation at our disposal. Moreover, it is 
not uncommon to question whether the experimental setup 
and the generation method affects the observed results of 
the observed phenomenon. For such instances it is useful to 
know alternative methods available to the user, along with 
their attributes and limitations.

Besides the advancement of the state of the art in experi-
mental techniques, which will be elaborated in “Experimen-
tal setup” section, we wish to address the issues of using 
various experimental approaches to study the single cavita-
tion bubble phenomenon and its associated effects. In past 
years, numerous studies were published on the topic, with 
results extrapolated between technique and on to “real-
world” cavitation. We show that each technique has its pros 
and cons, and the results can be useful for understanding 
various aspects of the cavitation phenomenon; however, one 
still needs to be careful with interpretations, as some fea-
tures of cavitating flows are poorly represented with bubbles 
generated by certain methods. For this reason, we compared 
the most commonly used transient single spherical bubble 
generation techniques: the tube arrest method (TAM), the 
laser-induced method and the high- (HVD) and low-voltage 
electrical discharge (LVD). The pulsed laser-induced bubble 
generation is considered a reference technique to which the 
other three are compared. An overview as well as the chain 
of events leading to bubble generation is discussed for each 
family of techniques in the theoretical background section. 
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Several modifications were implemented for the TAM, HVD 
and LVD experimental setups, allowing for safer, repeat-
able and tuneable bubbles to be produced. Critical param-
eters from previous studies are catalogued in a user-friendly 
manner for all four discussed methods. A comparative study 
on all techniques is presented in results, focusing on the 
governing parameters, sphericity of the produced bubbles 
and their repeatability, while bubble lifetimes are compared 
to the Rayleigh model. The techniques compared herein, 
present practical and inexpensive experimental setups for 
single transient bubble generation. At the end, we discuss 
the attributes, limitation and applicability for the techniques 
herein and other techniques not in the scope of the study.

2 � Metodological background

The division of single cavitation bubble generation is shown 
in Fig. 1. Tension-induced methods can be subdivided in 
compression reflected and direct tension-based excitation, 
while energy deposition techniques split into electrical dis-
charge and optical techniques. Techniques marked with the 
asterisk are used in this work.

2.1 � Tension‑induced techniques

Tension-induced techniques, as the name suggest, rely on 
tensional stress being applied to the liquid, inducing nuclea-
tion and bubble growth. Static techniques like the Berthelot 
tube (Jones et al. 1981; Overton et al. 1982) and centrifuga-
tion techniques (Briggs 1950) apply tensile stress to the liq-
uid by isochoric cooling and centrifugal force, respectively. 
Along with the quartz inclusions, pull technique (mechanical 
bellows) and liquid superheating techniques, were widely 
used in the study of water metastability and its tensile 

strength (Caupin and Herbert 2006). Dynamic techniques 
were also used to this end; however, since they rely on den-
sity fluctuations or shock waves to perturbate the liquid 
from its equilibrium state, it is not always easy to determine 
the cavitation threshold, as pinpointing when a cavitation 
event has occurred can be difficult. Eventually, the theoreti-
cally predicted homogeneous cavitation limit was reached 
with isochoric cooling of water in quartz inclusions (Zheng 
et al. 1991; Azouzi et al. 2013). On the other hand, the fact 
that most important cavitation phenomena originate from 
dynamic tensional stressing (Williams and Williams 2002) 
and owing to their simple design, dynamic methods remain 
the preferred choice for cavitation bubble generation. A 
compression wave is in practice easier to produce, compared 
to a tension wave; however, high-pressure shock waves are 
typically followed by a tension wave (Ohl 2002a; Ohl and 
Ikink 2003), which can (as in lithotripters), induce cavitation 
events (Arora et al. 2007; Ikeda et al. 2016). Another way 
to generate cavitation from high-pressure surges is to reflect 
it from a free surface (Ando et al. 2012) or from a medium 
acoustic impedance mismatch, causing a phase reversal 
and the reflected tensile wave. This is also the principle for 
the well-known phenomenon of nucleation and subsequent 
foaming of beer (Rodríguez-Rodríguez et al. 2014), as it is 
hit on top of the glass bottle. The compression wave travels 
to the bottom of the bottle where it is transferred to the liquid 
as a tension wave, inducing cavitation bubbles (Rodríguez-
Rodríguez et al. 2014), and for non-gas-saturated liquids, 
it can also cause bottle breaking, due to intense cavitation 
bubble collapse (Daily et al. 2014).

The drawback of compression wave-driven techniques is 
the initially compression or even elimination of the nuclei, 
which could affect the bubble dynamics later on (Andersen 
and Mørch 2015). For this reason, the tube arrest method 
with the “ab initio” tension wave seems better suited, which 

Fig. 1   Classification of transient cavitation bubble generation techniques. Methods further discussed in the article are marked with an asterisk 
(*)
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more accurately mimics real-world situations. Another thing 
to consider is the bubble collapses in shock wave techniques 
can deviate from the theoretical Rayleigh-like collapse, 
where the pressure changes around the bubble are instanta-
neous and homogeneous (Kapahi et al. 2015). This can also 
produce jetting in the direction of the wave propagation (Ohl 
and Ikink 2003, p.). Nonetheless, techniques like the bullet 
piston (Williams et al. 1998; Williams and Williams 2002; 
Williams * and Williams 2004), water shock tube (Richards 
et al. 1980) and glass bottle or test tube impact (Kiyama 
et al. 2015; Pan et al. 2017) have been used in cavitation 
research. An interesting approach for studying cavitation 
nucleation under transient pressures used a gravity-driven 
device capable of creating compression tension or just ten-
sion excitation waves (Andersen and Mørch 2015). Water 
shock tube can produce tension waves by reflection (Rich-
ards et al. 1980) or directly (Fujikawa and Akamatsu 1978), 
depending on the setup. It relies on a membrane rupture 
to create a pressure discontinuity (step change), driving 
cavitation. Another technique is called the water hammer 
(alternative nomination vibrating liquid column (Buchanan 
et al. 1962; Baird 1963)) technique. As the name suggests, 
it is based on the water hammer effect, encountered with 
fast valve shutting and the consequent liquid mass arrest, 
which is problematic in liquid transport, stressing hydraulic 
elements and piping (Bergant et al. 2006). The water ham-
mer apparatus shakes a cylindrical tube filled with fluid. The 
periodic direction changes induce up to 2 g of acceleration, 
forming tensional stress (by reflection from free surface) 
in the liquid (Su et al. 2003). With bubbles typically larger 
than acoustic cavitation and periodic production unlike typi-
cal tension-induced techniques, its main drawback is poor 
repeatability and non-localized bubble production between 

cycles (Su et al. 2003). Recently, a modified water hammer 
technique is used to enhance the collapse of a laser-induced 
bubble, with the aim of enhancing the collapse intensity 
(Rosselló et al. 2018).

The tube arrest method (TAM) remains one of the more 
popular transient bubble generation techniques, due to its 
simplicity and the “ab initio” tension wave as the driving 
force as opposed to techniques relying on reflecting com-
pression waves from a free surface, i.e., bullet piston method 
(Williams et al. 1998). It relies on the inertia of an upward 
moving volume of liquid to induce tensional stress, when its 
container is brought to an abrupt stop. The principle of gen-
eration of a low-pressure (tension) wave with TAM is shown 
in Fig. 2. A strong mounting frame (a) holds and guides the 
rigid tube (b), allowing only one-dimensional movement. 
The tube typical made of transparent material (glass, plexi-
glass or polycarbonate) contains the liquid and the nuclea-
tion site (c). The propulsion is provided by the spring (d); 
as it gets compressed (1) and released (2), it thrusts the liq-
uid vessel toward a fixed rigid boundary (e). The impact 
halts the vessel almost instantaneously (3), while the liquid 
inside retains its momentum. This creates a tension wave 
(3), starting from the bottom of the vessel, moving toward 
the top, diving the bubble growth (4) and collapse (5), with 
subsequent rebounds. Eventually, depending on the experi-
mental design, the phase reversal of the excitation wave can 
occur, producing compression waves in the system. There 
are many forceable ways to induce motion of the tube, but 
a spring is often chosen due to its simplicity. However, this 
can cause repeatability issue and unwanted rebound of the 
tube. Relatively large bubbles (> 5 cm) can be produced, 
with according growth and collapse times (ms). The tension 
wave generated is determined by the deceleration achieved at 

Fig. 2   Tube arrest method (TAM) operation principle. The rigid 
mounts a hold the tube with the liquid b and the rod with the nuclea-
tion bubble c in place, while the spring d is used to propel it toward 
the upper rigid mount e. The spring is compressed (1) and released 
(2), propelling the tube with the liquid. As it is abruptly stopped (3), 

a tension wave (white region) is formed by the liquid upward momen-
tum. The tensile wave moves up the tube to the nucleation site at the 
end of the inception rod, driving the cavitation bubble growth (4). 
The collapse occurs as the pressure normalizes (5)
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impact; therefore, the arrest should be as abrupt as possible 
to induce a high-amplitude tension wave.

A comprehensive overview of parameters for the TAM 
obtained from the literature are presented in Table 1. The 
tube diameters used range between 1 (Chesterman 1952) 
and 3 cm (Dular and Coutier-Delgosha 2013), roughly 1 m 
in length, made either of glass (Chesterman 1952; Qi-Dai 
and Long 2004; CHEN Qi-Dai and CHEN Qi-Dai 2004; Wu 
et al. 2005; Chen and Wang 2005; Chong-Fu et al. 2008) 
or more commonly polycarbonate (Williams et al. 1997a, 
b, 1998; Williams P. R. et al. 1999) or plexiglass (Schmid 
1959; Dular and Coutier-Delgosha 2013; Andersen and 
Mørch 2015), as they are less brittle. A sufficient tube size 
should be used to allow for the bubble to develop without the 
vessel wall interference. Generated bubbles are between 1 
and 6 cm (Schmid 1959; Dular and Coutier-Delgosha 2013), 
and the tube diameter should be roughly 5 cm, to avoid wall 
interaction (Chen and Wang 2005). The end velocities of 
the tube 0.5–6 m/s (Chesterman 1952) with the useful range 
usually below 2 m/s (Chesterman 1952; Dular and Coutier-
Delgosha 2013), as glass tube tend to break and bubbles get 
distorted above this values (Overton et al. 1984). Distilled 
or tap water is used, sometimes degassed in attempt to make 
as vaporous bubbles as possible (Dular and Coutier-Delgo-
sha 2013). A few studies used glycerin (CHEN Qi-Dai and 
CHEN Qi-Dai 2004), lubrication oils (Williams et al. 1997b) 

and kerosene (Overton et al. 1984) as the working fluid. 
The design usually includes an inception bubble between 0,5 
(Schmid 1959; Qi-Dai and Long 2004; CHEN Qi-Dai and 
CHEN Qi-Dai 2004; Wu et al. 2005; Chen and Wang 2005) 
and 2 mm (Dular and Coutier-Delgosha 2013) in diameter, 
commonly at the end of a metallic tube (few mm diameter), 
or depending on the experiment, and the nucleation can be 
generated without a prefixed point (Chesterman 1952; Over-
ton et al. 1984; Williams et al. 1997a; Williams P. R. et al. 
1999), usually manifesting as a cluster of cavitation bub-
bles 1–2 cm above the cylinder base (Trevena 1984). Some 
induce nucleation bubbles which float upwards due to buoy-
ancy and trigger the apparatus when the bubble floats past 
the desired point (Williams et al. 1997b). The tube travel dis-
tance is usually in the range between 10 and 20 mm (Dular 
and Coutier-Delgosha 2013), but can go up to 80 mm (Wu 
et al. 2005), depending on the design. The nucleation rod is 
suspended from the top of the apparatus, not in contact with 
the tube. This leads to a relative difference in velocity of the 
liquid and the stationary rod, which can deform the bubble 
shape after the arrest and bubble growth are initiated.

In “Experimental setup” section, we demonstrate the tube 
arrest method driven by pneumatic cylinders instead of a 
spring. To our knowledge, this is the first reported case of 
such a device, with several other improvements implemented 
as well.

Table 1   Overview of parameters for cavitation bubble generated by the TAM (tube arrest method), from different sources. Data marked with 
asterisk (*) are not provided by the authors of the reference, but are approximated from the corresponding article for comparison

Reference Nucleation bubble 
size [µm] and 
liquid

Internal tube 
diameter [m]
and material

Liquid height [m]/mass [g] Bubble size [mm]/lifetime 
[ms]

End velocity [m/s]

(Chesterman 1952)  > 100
water

0.0115
Glass

0.5/51.9 0.5—5/2—5 2—6

(Schmid 1959) –
water

0.032
Acrylic glass

0.4/1590 4 – 8/1.7 – 4,7 –

(Williams et al. 1998)  > 0.2
water

0.021
PC

0.2—1/83—415 –/16 –

(Qi-Dai and Long 2004) 1000
water

0.026
Glass

0.6 / 317  ~ 16.5/30* 1.3 – 2.8

(Chong-Fu et al. 2008)  > 0.3
various

0.025
Glass

– 15,4/6 –

(CHEN Qi-Dai and CHEN 
Qi-Dai 2004)

1000
glycerin

0.026
Glass

0.6 / 318 3,6—17/7 – 26* 0.8 – 3.0

(Dular and Coutier-Delgo-
sha 2013)

500
water

0.03
Acrylic glass

0.7/495 20/15—19 0.5—2

(Williams P. R. et al. 1999)  < 0.2
water

0.021
PC

1 / 1385 – / 1.2 –

(Williams et al. 1997a) –
water

0.021
PC

0.5/172 7.5/– –

(Wu et al. 2005) 1000
various

0.027
Glass

0.5/– 20—25/ ~ 10 1.7

(Chen and Wang 2005) 1000
water

0.026
Glass

0.7/370 17.5 – 32/13.2 – 33.6 1.2 – 2.8
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2.2 � Energy deposition techniques

Generation of vaporous voids with energy deposition can be 
achieved with electrical discharge or optical techniques. The 
former is the consequence of high electrical fields in the liq-
uid (Avila et al. 2015) and the latter optical breakdown and/
or stress confinement of the liquid (Quinto-Su et al. 2008). 
Stress confinement predicts the energy deposition will be 
much faster than the mechanical or thermal relaxation in the 
system, as is the optical breakdown caused by absorption 
at the focal point. With both techniques, the initial pulsed 
energy deposition onto a small focused volume produces hot 
non-thermal plasma in the liquid (Jiang et al. 2014; Lazic 
and Jovićević 2014; Horikoshi and Serpone 2017), which 
drives the bubble nucleation and growth. Plasma generation 
in liquids is itself a dynamic, transient and complex process 
still under investigation (Bruggeman et al. 2016). Plasma 
expansion in dense, weakly compressible media (such as 
liquids) is inhibited, causing higher temperatures and pres-
sure than in compressible gaseous media. Therefore, for a 
liquid environment, there is a tendency for the energy to be 
transferred into mechanical energy, so the creation of com-
pression wave, followed by a tension trailing wave, leads 
to vapor bubble generation (Lazic and Jovićević 2014). As 
the excited electrons create hot non-thermal plasma, the fol-
lowing expansion of the hot plasma/gas bubble (Yan and 
Chrisey 2012; Lazic and Jovićević 2014) is similar for laser- 
and spark-driven techniques (Sato et al. 2013). At Rmax, the 
bubble reaches thermodynamic equilibrium and follows the 
theoretical collapse dynamics of an empty void (Sato et al. 
2013). As the plasma is generally hard to produce in liq-
uids, both techniques are interesting also from the point of 
view of plasma research (Lazic and Jovićević 2014). Bub-
ble rebounds typical for plasma-induced bubbles indicate 
that some of the content is uncondensed gas, either oxygen 
and hydrogen from water splitting or degassed gas from the 
liquid during growth (Lew et al. 2007). Several rebounds 
are typical for this type of generation. However, compared 
to ultrasound sources, HV arc discharge-generated bubbles 
have the advantage of producing bubbles mostly made of 
vapor (Buogo and Cannelli 2002). This should hold also 
for laser-induced bubbles, as the underlying principle for 
their generation is similar, at least from a fluid dynamics 
standpoint.

2.2.1 � Electrical discharge

Underwater spark discharges are used in various applica-
tions, ranging from environmental (Locke 2012; Jiang et al. 
2014), nanomaterial production (Chen et al. 2015), medicine 
(Sunka et al. 2004), high-voltage transformers or switches 
(Lewis 1994) and bubble dynamics studies (Vokurka 1988; 
Buogo et al. 2009). Due to its simple application, it is a 

popular method for inducing an impulsive sound source, as 
a spherical bubble will nicely approximate a zeroth-order 
acoustic radiator (Buogo et al. 2009), making it interesting 
for deep sea prospecting (Cannelli et al. 1990), minesweep-
ing (Fry et al. 1999), oceanic seismic exploration (Sun et al. 
2009). Essentially there are three parts to the process: the 
pre-breakdown streamer formation (~ ns), the spark dis-
charge (ns to ≤ ms) and the following bubble growth and 
collapse (µs to ms) (Buogo et al. 2009). The pre-breakdown 
period, which is the time the streamers span the electrode 
gap and before the spark production in the vapor channel 
(Rond et al. 2018). It is a subject of research for decades, 
with implications in high-voltage transformers and switches, 
as the mechanism of initiation and propagation for this pro-
cess are still not well understood.

A typical spark-induced cavitation setup will include two 
electrodes submerged in a liquid. Commonly a capacitor 
discharge is introduced over the electrodes, establishing a 
conductive channel between them filled with non-thermal 
plasma (Jiang et al. 2014; Horikoshi and Serpone 2017). 
As the plasma channel heats up, an intense current will 
flow through the channel causing extreme local heating and 
subsequent evaporation and vapor bubble growth (Vokurka 
1988). Electrical discharge techniques can be roughly 
divided into high- and low-voltage methods, each having 
their pro and cons.

2.2.1.1  High‑voltage discharge  A first rough categorization 
of high-voltage-induced bubbles can be by either corona-
like or arc discharge. A very fast (sub-ns) HVD (high-
voltage discharge) can in fact lead to corona-like discharge 
(considered a partial discharge (Bruggeman et  al. 2016)) 
without the formation of a bubble (Pongrác et al. 2019), as 
the bubble growth is usually in the µs range and the dissipa-
tion energy in liquids is relatively quick. The pre-breakdown 
phase change is believed to originate from nanosized voids 
created by electrostriction effect of the local high electric 
fields needed to create and sustain an electronic avalanche in 
liquids. However, coronal discharge has gained interest as a 
cost-effective alternative to pulsed arc discharge for oceanic 
seismic exploration and hydro-acoustic research (Huang 
et  al. 2014). Bubble generation in this case is an electro-
thermal effect by Joule heating (Huang et al. 2015). Plasma 
generation can occur at either anode, cathode or both elec-
trodes. As the water around the tip evaporates due to the 
high-density current at the electrode tip, the remaining 
energy will go toward plasma generation in the vapor or at 
the gas–liquid interface (Huang et al. 2014). The electrode 
configuration is often a pin to plate, with the plate being the 
conductive metallic housing and a sharp needle acting as the 
pin, around which high electric fields will form the corona-
like discharge (Jiang et al. 2014). Similarly, the pulsed arc 
discharge is initiated by a highly non-uniform el. field at the 
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electrode tips. A pre-breakdown cavity is formed by a com-
bination of Joule heating of the liquid (Atrazhev et al. 2010), 
electron emission (Atrazhev et al. 2010) and electromechan-
ical rupture of the liquid (Lewis 1996). The low permittivity 
of the gaseous void and the high electrical field therein trig-
ger the ionization process at the gas–liquid interface (Sun 
et al. 2016). Plasma streamers extending to the bulk liquid 
and onto the opposite electrode bridge the interelectrode gap 
and which develops into a plasma channel (Timoshkin et al. 
2006). The time-varying resistance of the plasma channel 
determines the temporal energy dissipation in the cavity 
(Timoshkin et al. 2006). The relatively low temperature of 
the plasma leads to an initially high resistance, dropping as 
it heats up. Rapidly the energy is deposited into the plasma 
channel, leading to high temperatures and pressure of the 
highly conductive ionized gas. The explosive expansion 
can generate pressure waves. As the bubble is assumed to 
reach thermodynamic equilibrium at maximum radius (Sato 
et al. 2013), the subsequent collapse caused by the hydro-
static pressure is said to mimic the Rayleigh collapse for the 
empty void (Buogo and Cannelli 2002). An estimation of 
the transferred energy to the vapor bubble can be calculated 
from the Rmax (bubble maximum radius) (Buogo et al. 2009; 
Sato et  al. 2013; Zhang et  al. 2016a), with the equation 
Eb =

4

3
�p0R

3
max

 , with p0 being the ambient pressure. Typi-
cal parameters used in HVD bubble techniques are listed 
in Table 2, reviewing arc and coronal discharges. Often the 
high-voltage source will charge a small capacitor to provide 
a pulsed discharge. An alternative low-energy setup uses a 
simple 2.3 kV piezoelectric spark discharge from a lighter to 
induce a hemispherical vapor bubble by (Avila et al. 2015; 
Gonzalez-Avila et  al. 2020). In our experiment, we used 
a larger, 16 kV piezoelectric spark generator and tungsten 
electrodes, demonstrating that a reliable, safe and cheap 
spherical bubble generator can be obtained. Similar to the 
pulsed laser-induced bubble, the underlying principles for 
bubble production is stress confinement, as the fast energy 
deposition creates driving pressure waves.

2.2.1.2  Low‑voltage discharge  As the name suggest, the 
LVD (low-voltage discharge) uses a voltage range that is 
much safer for the operator (< 60 V), and is a preferred bub-
ble generation technique for several authors (Turangan et al. 
2006; Lew et al. 2007; Khoo et al. 2009; Fong et al. 2009; 
Pain et al. 2012; Gong et al. 2012; Goh et al. 2013; Luo et al. 
2018). In the low-voltage discharge case, the electrodes in 
contact essentially create a scenario where the highest resis-
tivity of the circuit is at the electrode contact, due to the 
smallest conducting cross section. The dissipated energy 
from the capacitor discharge—Ec—creates the spark, which 
in turn causes heating and vaporization, expanding the bub-
ble to due to the high internal pressure and temperature. This 
is a highly energetic event which frequently causes fragmen-

tation or breaking of the electrodes, needing repositioning 
after each discharge, which may lead to inconsistencies if 
not properly set up. The discharge event is much longer than 
that with HV and is usually visually present during much 
of the bubble growth, which can interfere with observa-
tions, especially during the initial phase [20]. As the content 
expands and cools, eventually the inner pressure in the bub-
ble will be far below ambient pressure, due to the inertia of 
the growing interphase and a collapse due to ambient pres-
sure will ensue. The different parameters used for the LVD 
from the literature are shown in Table  3. Bubbles range 
from 2 and 5 mm with lifetimes of a few ms. The electrodes 
used are typically copper wires from a typical multi-strand 
0.1–0.15-mm-diameter wire, with 30–100  V (Luo et  al. 
2018) potential, which in the range for a typical laboratory 
power supply is used to charge the capacitors circuit through 
a “pull up” resistance of about 1kΩ. These are commonly 
a few thousand µF. A typical electric circuit for LV elec-
trical discharge technique will encompass a charging, dis-
charging, sparking, storage subsections. The charging and 
discharging relays are used to fill and empty the capacitor(s) 
in the storage section, while the sparking section will intro-
duce the stored el. energy to the electrodes and induce a 
bubble. We use a low-voltage discharge circuit much like 
the one used in (Goh et al. 2013), described in “Experimen-
tal setup” section. Multiple electrode setups exploring bub-
ble interactions have been employed by (Khoo et al. 2009; 
Fong et al. 2009), for studying bubble–bubble interactions, 
with and without phase shifted bubble dynamics.

2.2.2 � Optical techniques

Optical techniques are least intrusive and invasive of all 
the methods studied, since no electrodes or nucleation sites 
are needed, and as such are likely to produce homogeneous 
nucleation. When the laser pulse is focused on a solid–liquid 
interface, the process is called ablation. The absorption of 
the laser takes place on the surface, vaporizing material and 
forming a hemispherical bubble (Lam et al. 2016). An exten-
sive review on pulsed laser ablation in liquids (PLAL) is 
available at (Yan and Chrisey 2012). Other studies focus on 
the bubble formation stage of this multi-scale phenomenon 
and their influence on micro- or nanomaterial production 
(Lam et al. 2016; Reich et al. 2017). When the light in the 
bulk liquid, plasma formation via the multi-photon ioniza-
tion is said to occur with fast (fs) high-photon-density pulsed 
excitation and with the use of very pure liquids, cascade ion-
ization is more common for longer pulse times (ns) (Lazic 
and Jovićević 2014). While both are fast enough to initiate 
the cavitation events, the effect of the different ionizations 
process is not clear, it should have limited influence beyond 
inducing stress confinement; the plasma generation is in the 
fs–ns, while the bubble lifetime usually in µs–ms range.
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2.2.2.1  Pulsed laser‑induced cavitation  The pulsed deliv-
ery of photons to the focal spot increases the photon den-
sity both temporally and spatially, and facilitates the plasma 
formation by dielectric breakdown, which initiates homo-
geneous nucleation of the liquid and makes the pulsed laser 
a reliable and repeatable bubble generator. Table 4 shows 
some of the typical parameters from the literature, for pulsed 
laser-induced cavitation. Some users prefer parabolic mir-
rors to lenses, as they improve the focus by avoiding aber-
ration and refraction, while achieving high focus angles and 
with it a compact plasma volume, leading to spherical bub-
bles (Tinguely et al. 2012; Sinibaldi et al. 2019). However, 
modern quality optics and low M numbers of the laser beam 
profile should minimize or alleviate these problems and 
allow for much lower laser powers to be used for reliable 
vapor bubble generation (Table  4). Optical breakdown or 
thermal stress confinement is usually named as the underly-
ing principles for bubble generation (Quinto-Su et al. 2008). 
The partition of energy in a collapsing laser-induced bubble 
was studied by (Vogel et al. 1999; Tinguely et al. 2012). It 
was found that in microgravity conditions the partition of 
energy between the shock wave formation and the rebound 
is governed by a single non-dimensional parameter, involv-
ing fluid physical properties, ambient pressure and the non-
condensed gas pressure. Moreover, even the hydrostatic dif-
ference around the bubble was shown to affect the spherical 
collapse and cause jetting, for larger bubbles (Supponen 
et  al. 2019). Therefore, even with this method, a perfect, 

“theory-like” collapse requires special conditions (zero G 
experiments). Nonetheless, of all our techniques, it is clos-
est to perfect, from a bubble dynamics standpoint, and is 
therefore considered the benchmark, especially for small 
bubbles.

2.2.2.2  Photothermal bubbles  Thermo-cavitation, pho-
tothermal or plasmonic bubbles, all these names are 
related terms, used for the generation of vapor bubbles by 
a surface or liquid absorption, reaching spinodal condi-
tions in the liquid (superheating), creating metastable con-
ditions and leading to explosive vaporization. Although 
this is essentially bringing the liquid to boiling, it is still 
often termed cavitation as it produces a rapid cavitation-
like growth and collapse. The thermo-cavitation phenom-
enon occurs as a continuous wave (CW) laser is focused 
in light-absorbing liquids (Padilla-Martinez et al. 2014), 
instead of more commonly used pulsed laser sources. The 
technique does not produce plasma, from which the bub-
ble would typically grow, but it locally heats up the liquid 
to the spinodal limit, making it sensitive to density fluc-
tuations (becoming metastable) and inducing explosive 
vaporization. It is a cheaper alternative due to the lower 
price of CW laser light source and, however, usually needs 
absorbing media in the liquid to be efficient. Recently, so-
called plasmonic bubbles, named after the surface plas-
monic effect (combined oscillation of electrons in metal-
lic nanoparticles), are used to generate them, as enhanced 

Table 3   Overview of parameters for the low-voltage electrical discharge (LVD) method for bubble generation, from different sources. Data 
marked with asterisk (*) are not provided by the authors of the reference, but are approximated from the corresponding article for comparison

Reference Voltage [V] Capacitance 
[mF]

Electrode 
diameter 
[mm]

Electrode mate-
rial

Bubble max 
radius [mm]

Bubble 
lifetimes 
[ms]

Ec–Deposited 
energy [J]

Eb–Bubble 
energy, first 
oscillation [J]

Lew et al. 
(2007)

55 3.3 + 2 × 1.0 0.11 Copper 3.6–5.2 1–1.5 0.0275–0.1457* 0.0018–0.0523*

Goh et al. 
(2013)

60 2.2 + 4.7 0.1 Tinned copper 4.5 1.3 0.207* 0.0376*

Khoo et al. 
(2009)

55 3.3 + 2 × 1.0 0.11 Copper alloy 3–5 1–1.5 0.1457* 0.0113–0.0523*

Gong et al. 
(2012)

60 6.9 0.1 Copper 5 1.2 0.207* 0.0523*

Pain et al. 
(2012)

60 5.5 0.5 – 5 0.8–4.1 0.165* 0.0523*

Luo et al. 
(2018)

0–100 2 × 4.0 0.15 Copper 5–12 1.2–3.2 0.4* 0.0523–0.724*

Turangan et al. 
(2006)

55 3.3 + 2 × 1.0 0.11 Copper alloy 2.8–3.5 0.9 0.1457* 0.0092–0.0179*

Fong et al. 
(2009)

57 3.3 0.117 Copper alloy 3–5 1–1.1 0.094* 0.0113–0.0523*

Kannan et al. 
(2018)

180 – 0.1 Copper alloy 12.4 3.8 – 0.788*

Xu et al. (2019) 80 – 0.1 Copper alloy 8.0 2.08 – 0.211*
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absorption of visible light can be achieved. For this rea-
son, it has become a popular technique to study nucleation 
mechanism and growth dynamics of vapor bubbles (Wang 
et al. 2017, 2018; Zaytsev et al. 2020). Using CW lasers, 
nanoparticles can be heated up quickly (ns-µs range) and 
to high temperatures, causing explosive growth of photo-
thermal bubbles. Similarly, an optical fiber can be used to 
generate bubbles at the  fiber–liquid interphase, as intense 
laser light is absorbed and rapidly heats up the liquid. 

Depending on the light source, the bubble generation at 
the fiber tip can be either thermal (CW with absorptive 
coating tip) or stress confinement (short pulsed lasers), 
with studies often linked to medical procedures (Moham-
madzadeh et al. 2016). However, as all these methods have 
so far been limited to surface or near surface bubble gen-
eration, they are not suitable for generating spherical bub-
bles in bulk liquid, and are therefore not included in the 
scope of this study.

Table 4   Overview of parameters for the pulsed laser-induced cavitation bubbles, from different sources

Data marked with asterisk (*) are not provided by the authors of the reference, but are approximated from the corresponding article for compari-
son

Reference Laser type and wave-
length

Focusing optics Energy per pulse 
[mJ/pulse]/duration 
[ns]

Bubble radius [µm]/
lifetime [µs]

Bubble energy, 
first oscillation 
[µJ]

Sato et al. (2013) Nd:YAG Q-swiched 
(532 nm)

– 3.2–10.6/5 1000/220* 420*

Hellman et al. (2007) Nd:YAG Q-swiched 
(532 nm)

40x, NA 0.8 or 20 × NA 
0.5 objective

20–25/6 230 × 110 × 50/50 0. 53*

Quinto-Su et al. (2008) Nd:YAG Q-swiched 
(532 nm)

20 × NA 0.75 Objective 0.26–0.335/6 20–50/5 0.0033–0.052*

Vogel et al. (1994) Nd:YAG Q-swiched 
(1064 nm)

Ophtalmic lens 
Rodenstock RAK NA 
0.41–0.47

0.05–20/0.03 and 6 0.2–2.2/18–201 3.3–5000

Vogel et al. (1996) Nd:YAG Q-swiched 
(1064 nm)

Ophtalmic lens 
Rodenstock RYK NA 
0.32–0.50

0.05–10/0.03 and 6 0.225–1.82/20–167 4.7–2500

Sinibaldi et al. (2019) Nd:YAG Q-swiched 
(532 nm)

Parabolic mirror 
f = 54,45 mm, NA 
0.2–0.8

5–25/8 1300–2000/240–380 500–3500*

Zhang et al. (2019) Nd:YAG Q-swiched 
(532 nm)

– 0.115/8 620–1140/80–110 89–550*

Tinguely et al. (2012) Nd:YAG Q-swiched 
(532 nm)

Parabolic mirror 
f = 54.5 mm, NA 0.8

55–230/8 2000–5600/1000–3500
(varying amb. pressure)

2000–11,000

Ohl (2002b) Nd:YAG Q-swiched 
(1064 nm)

– 10–30/8 600–1800/ > 50 90–2440*

Li et al. (2017) Nd:YAG Q-swiched 
(532 nm)

63 × objective
(ZEISS LD plan neo-

fluar)

 ~ 0.01/5 50 / ~ 4 (confined 
volume)

0.052*

Zwaan et al. (2007) Nd:YAG Q-swiched 
(532 nm)

40 × objective
(CF 40 Carl ZEISS)

5–50/6 43/7 0.033*

Dijkink and Ohl (2008) Nd:YAG Q-swiched 
(532 nm)

10 × NA 0.25
objective

10–50/6 50/ ~ 10 0.052*

Quinto-Su et al. (2009) Nd:YAG Q-swiched 
(532 nm)

20 × NA 0.7
Objective

-/6 60/11–18 0.09*

Akhatov et al. (2001) Nd:YAG Q-swiched 
(1064 nm)

– 20/8 500–3000/ ~ 100 52.3–11.3*

Brujan (2008) Nd:YAG Q-swiched 
(1064 nm)

Lens NA 0.48* -/6 400/ ~ 80 26.8

Oguri and Ando (2018) Nd:YAG Q-swiched 
(532 and 1064 nm)

40 × NA 0.6 objective 1.4/6 – –

Brujan and Vogel 
(2006)

Nd:YAG Q-swiched 
(1064 nm)

Lens NA 0.7* 1–10/6 1700/300 26.7–2057*

Quinto-Su et al. (2014) Nd:YAG Q-swiched 
(532 nm)

40 × NA 0.8 water 
immersion objective

0.001–0.009/6 10 – 35/10 0. 00,042–0. 018*
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2.3 � Rayleigh–Plesset model

The Rayleigh–Plesset equation (RPE) is derived from first 
principles and is often used to model the bubble dynamics in 
idealized cases (Leighton 2007):

where the left side term defines the pressure conditions in 
the bubble (pb) and the surrounding infinite liquid (p∞). 
The first and the second right side terms give the inertia of 
the bubble, the third term defines the viscosity (νl) and the 
fourth defines the surface tension effects (γ). The model is 
based on several assumptions (Prosperetti 1982): The bub-
ble interphase is perfectly spherical throughout the growth/
collapse, with homogeneous bubble content, and no body 
forces acting on bubble during its lifetime. The liquid sur-
rounding the bubble is infinite and considered incompress-
ible, with isothermal conditions applying. The driving force 
acts on the interface of the bubble, with bulk liquid viscosity 
and interfacial tension assumed constant. It is derived from 
Bernoulli’s theorem/conservation laws and was originally 
developed to describe the collapse of an empty cavity in an 
infinite incompressible liquid. This initial simplification is 
the so-called Rayleigh collapse model, where the bubble 
collapses under the instantaneous pressure change in the liq-
uid. The Rayleigh collapse model simplifications allow us to 
approximate the bubble collapse time (τc) from its maximum 
size and the ambient pressure, via the Rayleigh collapse time 
equation (Brennen 1995):

where the Rmax is the maximum bubble radius, ρl is the 
density of the liquid and the liquid ambient (p0) and vapor 
pressure (pv).

Although there are many assumptions to the RPE, it has 
been often times demonstrated to adequately model bubble 
dynamics in experimental and real-world settings. There are 
more elaborate models developed for specialized applications, 
but the simplification allows it to be a robust model for dynam-
ics of a spherical vapor bubble collapse. As the RPE has no 
closed-form solution, it is often tackled numerically. However, 
there have also been several analytical solutions proposed 
(Kudryashov and Sinelshchikov 2014, 2015; Mancas and Rosu 
2016); for our purpose, we used an accurate analytical solution 
for the bubble dynamics, offered by (Obreschkow et al. 2012).

pv(t) − p∞(t)

�l

= R
d2R

dt2
+

3

2

(

dR

dt

)2

+
4�l

R

dR

dt
+

2�

�lR
,

�c = 0.915∗Rmax

√

�l∕
(

p0 − pv
)

,

3 � Experimental setup

We used four different vapor bubble generation tech-
niques, each producing bubbles by a specific mechanism. 
The TAM, HVD and LVD methods were modified com-
pared to previous experimental setups, while the pulsed 
laser-induced techniques is used as a benchmark technique 
and as such remains unmodified. Compared to the previ-
ous spring powered design (Dular and Coutier-Delgosha 
2013), the TAM method uses pneumatic propulsion with 
a quick release mechanism, which has shown much better 
tunability and repeatability of the produced bubbles. Fur-
thermore, the bubble nucleation system has been modified, 
using a thin needle attached to the bottom of the moving 
tube. This helps to maintain bubble sphericity, as there 
is no relative motion between the nucleation site and the 
liquid. Several tube end fittings were tested in order to 
tackle the unwanted nucleation on the tube walls, which 
perturb the natural bubbles dynamics. This has extended 
the usable range of the device, as it has been one of the 
most problematic issues with the technique. An accelerom-
eter was used to determine the deceleration encountered at 
impact. The LVD was based on the design of (Goh et al. 
2013), but modified to allow for selectable capacitance in 
addition to varying voltage. This allows for greater con-
trol of the energy delivered in a single discharge. Lastly, 
the piezoelectric HVD technique was used with tungsten 
electrodes, allowing bubbles to be discharged in bulk liq-
uid, as opposed to previously reported experimental setups 
(Avila et al. 2015), which were limited to hemispherical 
(at wall) bubbles. The implementation of the electrodes 
also allowed for the bubble size to be controlled, via the 
interelectrode gap, giving the HVD technique an element 
of tunability it lacked beforehand. Although a more pow-
erful piezoelectric sparker was used, the method remains 
very much user safe, due to the low energy involved in a 
single discharge, as opposed to the capacitor based HVD 
circuits.

The liquid (except for the tube arrest method) was 
placed in a rectangular glass container, 90 × 90 × 90 mm in 
size as shown in Fig. 3, filled to about 2/3 height with dis-
tilled water, unless otherwise specified. For the electrical 
discharge techniques, the electrodes could be positioned in 
x, y and z directions with a micropositioning system and 
were electrically isolated throughout. High-speed images 
were recorded of the resulting bubble dynamics with the 
Photron Fastcam SA-Z 2100 K-M-64 GB and the AS-F VR 
Micro-Nikkor 105 mm camera objective, with backlight 
illumination provided by a LED. For measurements of the 
LVD 95,000 or 150000FPS were used, while recordings 
for HVD and laser discharges 400000FPS always using 
250 ns shutter speed. For laser-induced breakdown, the 
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same shutter speed was used, only at 210,000 or 480,000 
FPS, while for acquisition with the tube arrest method was 
at 100000FPS and 1 µs shutter. Distilled water was used 
as the working liquid, at 25 °C and ambient pressure p0. 
Degassing was performed for the tube arrest method, as 
it prevents or minimizes nucleation on the vessel walls. 
For experiments with varying electrical conductivity, NaCl 
was added to distilled water. Conductivity was measured 
with the HQ430D Multi-Parameter Meter from HACH. 
Temperature was monitored with a K-type thermocouple.

3.1 � High‑voltage discharge

A simple piezoelectric igniter (CBS-PZ-G158 16 kV-B4 
from Conrad electronic SE) was used to produce a 16 kV 
pulsed spark discharge in the low-conductivity distilled 
water. A spring-loaded mechanical design ensures a 
repeatable strike on the piezoelectric ceramic actuator. 
This setup is a considerably cheaper alternative to the 
costly high-voltage supply and circuitry typically needed 
for high-voltage discharge studies (Avila et al. 2015). The 
low-energy piezoelectric discharge can simplify the setup 
by providing a pulsed high-voltage source, with the disad-
vantage of the loss of voltage control. The capacitance of 
the piezosparker was estimated at roughly 30pF. Tungsten 
carbide needles were used for the electrodes, as they can 
withstand the high temperatures generated at the spark dis-
charge and limit the erosion of the electrode material. The 
electrodes used are tungsten needles RS-6065 from Roboz 
surgical instrument co., with a 500 µm stem, tapering off 
to a micron-sized sharp tip. The electrodes were coated 
with nail polish, except at the conical tip where they are 
in contact with the bubbles.

3.2 � Low‑voltage discharge

A setup, similar to the one used in (Goh et al. 2013), was 
modified to allow a selectable capacitance of the electrical 
circuit (Fig. 4). It contains a transistor, which controls the 
charging and discharging of the capacitor bank. One 6800 
µF and three 2200 µF capacitors (± 20%) can be individually 
engaged by mechanical switches, offering 7 different capac-
ity settings. The sparking circuitry allows for a rapid release 
of the stored energy in the capacitors to the electrodes. As 
the electrodes are in contact, the smallest cross section in 
the circuit is the contact point. The MOSFET (IXFH75N10 
from IXYS semiconductors) releases the current in roughly 
100 ns, a bubble appears due to Joule heating at this point. 
The discharge lasts between 0.3 and 0.8 ms, depending on 
the voltage and capacitance settings. A 2231A-30–3 power 
supply from Keithley was used for the charging voltage 
between 20 and 60 V. A typical 155 µm copper wire was 
used for the electrodes with the tips crossed over for contact.

3.3 � Pulsed laser method

A similar setup was used as in (Horvat et al. 2018) and was 
used for the pulsed laser experiment, shown in Fig. 5. A 
liquid container (a) with the wall integrated focusing lens 
(b) with the numerical aperture value of 0.23 was used, 
which helps minimize losses in the optical system. The beam 
expander (b), splitter (c) and attenuator condition the laser 
beam from the 1064 nm Q-switched Nd:YAG pulsed laser 
source (e), which has a pulse duration in ns range and up to 
15 mJ with minimum attenuation. Laser pulses energy is 
measured at (f), assuring the variance is kept below 1.5%. A 
trigger photodiode (g) is used to synchronize the laser pulse 
and the high-speed camera (i).

Fig. 3   Laser a and LVD/HVD 
b induced bubble experimental 
liquid container, lens, electrode 
positioning and image acquisi-
tion. Laser-induced bubbles 
are produced by the focused 
laser light, while for the two 
electrical discharge methods, 
electrodes are used. The LVD 
copper electrodes are in con-
tact, while the HVD tungsten 
electrodes have a small gap in 
between. Backlight illumination 
is used for the image acquisition
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3.4 � Tube arrest method

Several modifications were implemented in our tube arrest 
setup, compared to traditional configurations. Firstly, we 
used compressed air to power the tube into motion, as 
opposed to the spring powered devices. Pneumatic cylinders 
can provide a controllable impact speed without a signifi-
cant bounce back seen with the spring-loaded devices. As 
most modern laboratories have a compressed air source, this 
does not present a huge cost increase for the setup. Further-
more, the travel length can be adjusted, so the velocity of 
the tube just before impact can be monitored by the driving 
pressure or the travel distance. The nucleation point was 
also addressed, as it is a key feature for bubble dynamics. 
In our setup, a shorter nucleation rod was mounted at the 
bottom of the tube, so the liquid and wall velocity are equal. 
While this has the disadvantage of hindering observation, 

it can help with the bubble shape, which otherwise tend to 
become ellipsoid in typical top suspended nucleation rods. 
An acrylic glass tube of 50 mm outer and 40 mm inner 
diameter was used for the liquid container, as it provides an 
optimal balance between rigidity, transparency and impact 
strength for the liquid vessel.

At the top of the device, a threaded stop cap can be 
adjusted and locked into position by tightening the nut, 
thereby fixing the tube travel distance (Fig. 6(A)). The tube 
guides (B) maintain the tube (C) on a straight trajectory 
during movement. Acrylic glass was found to be the most 
suitable material for a tube this size, while glass is too brit-
tle and polycarbonate to flexible. As the triggering mecha-
nism releases (D) the force, stored in the two pneumatic 
cylinders (E) (φ = 50 mm) under the set pressure, the tube 
is propelled toward the stop cap and brought to an abrupt 
stop. From this point onwards, the mechanism, previously 
described in Fig. 2, takes over and drives the bubble gen-
eration with an ab initio tension wave. Many options were 
tested for the tube end (F), such as glass borosilicate bottles 
and acrylic plugs; however, the best results were shown for 
a rigid rubber cork (F-1) with the hypodermic needle (F-2), 
coated by polyurethane coating (F-3) to prevent nucleation 
on surface of the rubber. The stainless steel needle was 20 
G 0.90 × 70 mm, containing a smaller 30 G 0.3 × 12 mm 
needle, and a syringe valve (F-4) was placed below, allowing 
us to reform the nucleation bubble after each event, while 
stopping the gas inflow during bubble growth. An air bubble 
was pushed through the needle before each recording. An 
acrylic glass container filled with water was used to sub-
merge the tube end in order to minimize optical aberrations, 
when imaging through the curved tube wall. The tube was 
filled to 70 cm with distilled water, before being degassed 
for at least 10 min, with a vacuum pump. The tube travel was 
3 to 4 mm, which showed better results, compared to long 
travel distances. A Brüel and Kjær 2635 charge amplifier, 

Fig. 4   Low-voltage discharge electrical circuitry, based on experimental setup in (Goh et al. 2013), modified with 4 capacitor options for vari-
able capacitance

Fig. 5   Pulsed laser experimental setup and its components: a liquid 
container, b beam expander and focusing optics, c beam splitters, d 
attenuator, e Q-swiched 1064  nm Nd:YAG laser, f energy meter, g 
trigger photodiode, h computer, i high-speed camera. A similar setup 
was used as in (Horvat et al. 2018)
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along with the 4387 accelerometer (G) mounted on the tube 
housing, was used to monitor the impact deceleration. A 
1.5-l reservoir for compressed air is mounted before the 
cylinders, to provide ample gas supply close to the cylinder 
inlets (omitted in figure for clarity).

4 � Results

The four commonly used methods for producing a single 
transient spherical vapor bubble in bulk liquid are shown 
in Fig. 7a–d, where we can see the bubble growth, collapse 
and the first rebound for all four bubble methods discussed. 
The initial conditions (R0) are displayed, along with the 
bubbles shown at half (R1/2), full (Rmax) and collapse radii 
(Rc). All methods are capable of producing spherical bub-
bles throughout the first oscillation, despite the presence of 
electrodes and the nucleation needle. The growth (τg) and 
the collapse (τc) periods present the bubble lifetime of the 
first oscillation (τ). For all but the laser (d) technique, the 
following rebounds are distorted by the perturbation of the 
solid surfaces (Rmax,2). The electrical discharge methods can 
often form two rebound bubbles, due to the bubble breakup 

and jetting in the direction of the electrodes, shown in Fig. 7f 
at maximum rebound radius. The methods compared herein 
are driven by different physical principles, as covered in the 
theoretical background chapter, and are thus governed by 
parameters specific to each method. Figure 8 shows the bub-
ble maximum volume (Vmax) produced by the tube arrest 
method at different impact deceleration values. The four 
points are at 0.5, 1, 1.5 and 2 bar driving pressure applied to 
the two pneumatic cylinders. Nucleation was limited to the 
needle point for all cases except the last point, where occa-
sionally a second bubble would appear at the point where the 
needle enters the tube. Bubble growth was not observed for 
values below 1000 m/s2, for the current experimental setup. 
At higher decelerations, the bubble tends to be deformed 
by surface instabilities and has been observed to produce 
jets from the nucleation tube, deforming the bubble shape 
as seen in Fig. 7e. Bubbles show extended growth times at 
lower and moderate deceleration values, as the Rmax occurs 
at roughly 2/3 of the bubble lifetime, shown in Fig. 7a. At 
the higher range, the normalized growth time is shortened, 
perhaps due to the accompanying bubble interference. An 
isochronous case is difficult to achieve with this method, 
due to the recoiled initial tension wave affecting the bubble, 
throughout its lifetime.

Figure 9a shows the variable parameters determining 
the LVD bubble maximum size. For LVD, the voltage and 
capacitance were varied, at fixed 4400µF capacitance for 
the former and 40 V voltage supply for the latter. This is in 
accordance with the energy stored in the capacitor, which 
increases linearly with capacitance and follows the square 
root trend for increasing voltage. From Fig. 7b, we can see 
the growth time is also elongated for the LVD, owing to 
the extended spark discharge, which cannot be considered 
pulsed in respect to the bubble lifetime, as the discharge can 
be seen at half, and even maximum bubble radius. On the 
other hand, for HVD the initial energy pulse, as shown in 
Fig. 7c at R0, will drive the bubble growth and collapse. For 
HVD, the electrode gap was gradually increased from 50 to 
500 µm in 50 µm increments. Figure 9b shows the useful 
range between 50 and 300 µm, while discharge can occur up 
to 450 µm with less than 100% sparking success rate. HVD 
shows the normalized growth times (τg/τ) slightly elongated 
at shorter electrode gaps, leveling out at isochronous growth 
and collapse periods up to 300 µm electrode gap and stays 
level for the rest of the range.

We also tested the suitability of the HVD and LVD tech-
niques in el. conductive water, as is can be important for 
various fields, for example studying erosion in tap/salt water 
or studies in biological tissues interactions, which require 
isotonic conditions to be representable. Water electrolytic 
conductivity effect on bubble size is shown in Fig. 9c.  For 
LVD bubbles, we used 4400µF capacitance and 40 V for 
bubble generation, while the HVD interelectrode gap was 

Fig. 6   Tube arrest experimental setup with listed components: a the 
adjustable stop cap with nut, b metallic bracket with Teflon tube 
guides, c acrylic tube, d mechanical triggering mechanism, e pneu-
matic cylinders (one on each side), f tube end: F-1) rubber cork, F-2) 
nucleation needle, F-3) polyurethane coating, F-4) valve, g acceler-
ometer
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Fig. 7   Typical bubble dynamics of the four different methods: a 
tube arrest method (TAM) bubble, b low- (LVD) and c high-voltage 
discharge (HVD) bubble, d laser-induced bubble. Bubble series a 
through d display the layout before vapor generation (R0), the bubbles 
at half maximum (R1/2) and maximum size (Rmax; TAM = 4.34 mm, 
LVD = 2.6  mm, HVD = 0.66  mm, LASER = 0.86  mm), at collapse 

(Rc), and at the maximum rebound radius (Rmax,2). e Surface insta-
bilities and jets that can occur with TAM. f Double bubble rebound 
for HVD. g Electrode breakup and the non-spherical bubble collapse 
often seen with LVD. h Laser-induced bubble in tap water with small 
bubbles nucleating on impurities, driven by the initial shockwave

Fig. 8   Vmax—bubble maximum 
volume (right) and the corre-
sponding τg/τTAM—normalized 
growth times (left) at different 
impact decelerations, generated 
with TAM—tube arrest method. 
The dashed line presents the 
idealized isochronous growth 
and collapse period (RPE case)
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100 µm, both at 25 °C. Electrolytic conductivity seems to 
play a critical role with the HVD, as with the current setup 
it only generates bubbles below 20µS/cm water conductivity. 
An electrically non-conductive 0.8 M saccharose solution 
was tested and successfully produced a discharge, making it 
a viable option for use with biological samples (preventing 
osmotic shock). The LVD is much less affected by the el. 
conductivity of the solution, as the electrodes are in contact, 
and the energy is dissipated to the liquid by joule heating. 
This makes it useful practically throughout the conductiv-
ity range of saline solution, from distilled water to saturated 
NaCl solution; however, the frequent electrode disintegra-
tion has to be considered as samples might get contaminated 
by the electrode fragments (Fig. 7g). Little influence on the 
bubble size was observed down to 10mS/cm and after that a 
bubble radius decline was observed, while maintaining dis-
charge capability throughout the range. Figure 9d shows the 
temperature influence on bubble size and its growth period 

in relation to the bubble lifetime. Firstly, we can see that 
for the LVD the bubble volume is, as expected, increasing 
with rising liquid temperature, due to increasing vapor pres-
sure facilitating the phase transition. Surprisingly, this is not 
the case for HVD, where the bubble does not show a rising 
trend. Furthermore, we can see that the normalized growth 
times (τg/τ) for both techniques are similar in trend, but at 
very different values. LVD produces much longer (τg/τ ≈ 
0.6–0.65) growth periods compared to HVD (τg/τ ≈ 0.5), 
where the latter are very close to the idealized Rayleigh 
model (τg/τ = 0.5). Both peak at low and ambient tempera-
tures and do not show a significant rise with the increasing 
liquid temperatures. Moreover, the peak bubble volumes 
seem inversely proportional the normalized growth times. 

In Fig. 10, we see that for the reference laser-based tech-
nique, a constant 30% fraction of available laser pulse energy 
(EL) is assumed to be deposited in the induced bubble. 
However, the observed relation shows that the radius grows 

Fig. 9    a LVD bubble size with varying voltage (left Y axis) and 
capacitance (right Y axis), b HVD bubble volume (left Y axis) and 
successful bubble production percentage as well as the normalized 
bubble growth time (right Y axis) with varying interelectrode dis-
tance, c LVD and HVD bubble size at different water electrical con-
ductivity, d LVD and HVD bubble size (left Y axis) and the τg/τ—

normalized growth time (right Y axis–growth/lifetime ratio) with 
varying water temperature. Each point is averaged over 5 (LVD) or 
10 (HVD) bubble measurement events. For b and d, the dashed line 
shows the ideal bubble growth time from the Rayleigh–Plesset equa-
tion, with isochronous τg growth and τc collapse times
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slightly faster with relation Rmax ∝ E
1∕2.6

L
 . This implies that 

a slightly larger fraction of laser pulse energy is deposited in 
the bubble with increasing pulse energy–a result consistent 
with observations in (Vogel et al. 1999). Bubble lifetimes 
follow the RPE curve (τLASER = 0.5); therefore, the data are 
omitted from graphs for clarity. Water electrical conductiv-
ity as a parameter for laser-induced bubble generation was 
not studied, because it is not expected to have any influ-
ence. However, water purity effects were briefly analyzed 
for tap water, distilled water and ultrapure water (R > 18 
MΩ/cm). Difference in bubble radius was not observed due 
to insufficient image resolution, while difference in bubble 
lifetime is possible to observe at high framerate. Bubbles 
generated in ultrapure water had approximately 3 µs longer 
lifetime than bubbles in distilled water, which in turn have 
approximately 4 µs longer lifetime compared to bubbles in 

tap water. Additionally, when distilled or tap water is used, 
small bubbles are generated due to laser pulse absorption on 
impurities and expanded by the negative pressure shockwave 
(Fig. 7h). These bubbles are not present for experiments in 
ultrapure or distilled water (Fig. 7d). The bubble radius 
evolution in regards to the bubble lifetime for each method 
compared is presented in Fig. 11. For the TAM case (blue 
line), the bubble temporal evolution curve follows the RPE 
predicted shape with a somewhat extended growth phase. 
Furthermore, it displays the lifetime roughly 4.7 times the 
predicted lifetime for a bubble its size, which is twice the 
Rayleigh collapse time, defined in Sect. 2.3. This is not the 
case for the laser-induced and HVD methods, as they follow 
the RPE evolution for an empty void (within experimental 
error), while LVD again shows an obvious elongation of 
the growth cycle. On the same graph, we can observe the 
sphericity at each timestep, which for all methods follow 
reasonably well the spherical bubble trend for the first bub-
ble oscillation. Bubble circularity or in our case sphericity 
(as bubble symmetry is assumed in the horizontal axis) is 
evaluated on the isoperimetric quotient, which is the ratio of 
the area (A) and perimeter (P); 4πA/P2, sometimes termed 
compactness measure of a shape. If the bubble is perfectly 
spherical the value amounts to 1, anything below is increas-
ingly aspherical. This allows us to roughly evaluate whether 
the bubbles follow one of the assumptions made in the RPE, 
which is the perfect sphericity, throughout its lifetime. For 
the rebounds, bubbles start to deform for all methods, with 
least perturbation seen on the laser-induced bubbles. Fig-
ure 12 shows the plot of the bubbles recorded series at 
25 °C and 1 atm conditions, for all four methods. We plot-
ted the bubble maximum radii and their lifetimes, reported 
or approximated from the literature and from the results of 
the current study, for all before mentioned techniques. The 
data from our study encompass all the bubbles measured 

Fig. 10   Laser-induced bubble radius at different laser pulse energies

Fig. 11   Typical bubble dynamics for each method. The solid lines 
are the R/Rmax values (left axis), and the dashed lines are the corre-
sponding sphericity values (right axis) over time, normalized to the 

predicted Rayleigh lifetime for the particular bubble size (τ/τRay). The 
tube arrest method is shown in separate window, as the bubble life-
time (τ/τRay) is significantly longer compared to other methods
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in different experiments for the various parameters (volt-
age, capacitance, electrode gap), in order to give an idea 
of the range of bubble size that can be expected from these 
techniques. Many different methods and experimental set-
ups were used, so some discrepancies might occur due to 
approximations and/or inaccurate reporting from the litera-
ture. Expected bubble size and lifetime ranges are marked 
by the colored arrows corresponding to the technique, with 
the values tabulated in Tables 1, 2, 3 and 4 for each method 
group. The theoretically predicted lifetime (τRay) is twice 
the Rayleigh collapse time and is marked with the dashed 
line. HVD and laser-induced bubbles tend to follow its trend, 
while LVD shows longer lifetimes than predicted, with the 
exception of the 20 and 30 V discharges (two empty green 
symbols on the dashed line). This discrepancy is even more 
prominent, for the TAM bubbles from the literature, as some 
at the higher range of the bubble size deviate considerably. 

5 � Discussion

5.1 � Tube arrest method

Mechanical repeatability of the impact and liquid and 
surface quality are critical for repeatable results with 
TAM. In the current setup seems to have a usable range 
1000–7000 m/s2, with bubble control up to 3000 m/ss. From 
3000 to 7000 m/ss, the surface instabilities and jetting from 
the needle can occur, perturbing the bubble dynamics, as 
shown in Fig. 7e. Beyond the usable range, accompanying 

nucleation can occur on the walls or in the liquid, perturbing 
the main bubble, while below this value the bubble forma-
tion is rarely observed. Thorough degassing and the use of 
hydrophilic surfaces in contact with water should extend the 
working range, as water would tend to nucleate less. How-
ever, by increasing the primary bubble even further, it could 
become limited by the tube walls. Therefore, the desired 
bubble radius range should be considered in the planning 
stage, so the appropriate tube diameter can be selected. For 
the TAM, the lifetimes are extended considerably compare 
to theory, due to the initial pressure wave recoils traveling 
up and down the tube liquid column, affecting the bubble 
dynamics and probably causing the instabilities which are 
often seen on the bubble surface (Fig. 7e). The surface insta-
bilities can occur in the collapse phase of the bubble and 
which makes it difficult to determine the finite dynamics 
of the interphase, crucial for analysis of the jet formation. 
For a typical TAM bubble, several pressure wave passes 
would occur in its lifetime (3–5 ms), as every millisecond 
of bubble lifetime corresponds to the wave encountering 
the bubble approximately two times. For most of the range 
achieved with this technique, we can say that the growth 
phase presents up to 2/3 of the bubble lifetime, while the for 
the largest bubbles we start to see collapse phase elongation 
(Fig. 8). The extended bubble lifetime, when comparing to 
the theoretically expected lifetime of a bubble its size (τ/
τRay), suggests that the combined effect of the traveling pres-
sure waves in the tube amount to an effective pressure the 
bubble experiences, significantly below ambient pressure, 
even though the tube is open to the environment. Prolonged 

Fig. 12   Bubble lifetime 
compared to bubble maximum 
radius, from the literature (full 
symbols) and current study 
(empty symbols). The dashed 
line presents the predicted 
lifetime of the bubbles at ambi-
ent pressure and temperature. 
The colored arrows represent 
the reported range for each 
technique
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lifetimes seem to be a common trend as shown in Fig. 12, 
as all reported TAM bubbles are above the predicted bubble 
Rayleigh lifetime. This also means the average velocity of 
the bubble interface is slower, which should be considered 
when studying bubble–structure interactions.

5.2 � Low‑ and high‑voltage discharge

LVD bubble size is governed by the stored energy in the 
capacitor Ec = 1∕2CV2 , where C is the capacity of the cir-
cuit and V the supplied voltage, as shown in Fig. 9a. This 
seems to be the factor influencing bubble size, as the bubbles 
formed by increasing the capacitance of our storing circuit 
seem to increase linearly, while with increasing voltage, the 
bubble sizes follow the square root trend. Testing beyond 
60 V was not undertaken, as it starts becoming dangerous 
for the user (safety one of the hallmarks of the technique) 
and is also the range of a typical benchtop power supply. 
For HVD, the main mechanism controlling bubble size was 
shown to be the interelectrode gap, as the voltage of the 
discharge cannot be moderated with our experimental setup. 
In Fig. 9b, we show a useful range between 50 and 300 µm, 
with discharges beyond this point becoming increasingly 
less likely. The bubble growth time can be assumed equal to 
the collapse time throughout the electrode gap range, mean-
ing the bubbles follow the RPE bubble dynamics.

A notable limitation for HVD is the liquid electrolytic 
conductivity as it limits its use to distilled water or non-con-
ductive solutions. If the liquid contains too much charge car-
riers, the electric field cannot build up, meaning the plasma 
formation and stress confinement, driving the bubble forma-
tion, will not take place. This is shown in Fig. 9c, as the bub-
ble radius starts decreasing at roughly 3µS/cm, as the ions 
are added to distilled water and stop producing bubbles alto-
gether above 22µS/cm for our setup at 100 µm electrode gap. 
The discharge capability was tested with a 0.8 M saccharose 
solutions, which might be useful for cellular interaction stud-
ies, offering a viable substitute for saline solutions, usually 
used for preventing osmotic shock on biological tissues. For 
LVD, however, we see that it produces bubbles throughout 
the range, and it is only at high conductivity values that 
gas bubbles were seen appearing along the electrodes, most 
likely due to electrolysis of water. This means a portion of 
the energy from the capacitor went to bubble formation, and 
a consequent drop of bubble radius is observed. Laser and 
TAM methods were not tested for liquid conductivity effects 
as the mechanism for bubble generation is not expected to 
be affected by this parameter.

Liquid temperature effects on bubble maximum radius, 
presented in Fig.  9d, show LVD bubbles getting larger 
with increasing temperature, while HVD bubbles do not 
vary significantly in the same temperature range. This is 
unexpected; as the vapor pressure of water increases with 

temperature, one would expect the bubble size to increase 
accordingly. Yet, an increase in the el. conductivity accom-
panying the temperature increase could be suppressing the 
bubble growth at the same time the vapor pressure increase 
is augmenting it, summing to roughly zero net effect. Inter-
estingly, when the liquid temperature effects are observed, 
the variations in the normalized growth time for both LVD 
and HVD follow the same trend, even when the bubble 
radii do not. We cannot offer a satisfactory explanation for 
this observation. Moreover, in the HVD case the normal-
ized growth times seem to be inversely linked to the bubble 
diameter, while for LVD the vapor pressure increase effects 
dominate. Figure 9d also shows discrepancies for the LVD 
bubble, as longer normalized growth times. Here the spark 
is typically observed throughout the growth period and is 
much longer than ns discharge typical for HVD. This is most 
likely the reason we observe the prolonged bubble growth 
period with this method. The discharge continues to heat the 
bubble content during growth, causing the expansion not 
to follow the timelines defined by the Rayleigh model for 
the growth and collapse of an empty void in infinite liquid. 
With proper equipment, the discharge times could be con-
trolled and shortened to mimic energy impulses reminiscent 
to pulsed excitation techniques.

5.3 � Laser‑induced method

The benchmark technique, the laser-induced bubbles was 
not given as much scrutiny, as there are many reports on 
the topic in the literature. For the laser-generated bubbles, 
bubble volume is proportional to laser energy. Therefore, 
radius is expected to grow proportional to as a cube root 
of energy, while actual growth observed is slightly faster, 
implying that a slightly greater proportion of laser energy is 
absorbed in liquid at higher pulse energy. Bubbles generated 
by the method show high reproducibility in bubble size and 
lifetime, even if ordinary distilled water is used. Ultrapure 
water offers even slightly better conditions for bubble gen-
eration as impurities that could facilitate nucleation are 
removed, in turn avoiding small bubbles expanded by the 
negative pressure shockwave (Fig. 7g). Temperature effects 
on laser-induced bubbles was addressed in several previous 
studies and found the expected increase in the maximum 
radius with increased liquid temperature (Barbaglia and 
Bonetto 2004; Liu et al. 2011, 2013); however, one study 
found the same trend for near wall collapses and a decreas-
ing Rmax with increasing temperature for bulk liquid bubbles 
(Zhang et al. 2019), while using a different laser wavelength. 
Overall, the laser-induced bubble generation is commonly 
used in the field as it provides reliable, versatile and close to 
perfect transient vapor bubbles. The bubble size range spans 
from about 10 µm to a few mm and is easily tuneable by the 
applied pulse energy and optical densities filters if needed. 
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The down side is the hazardous and expensive equipment 
required for bubble generation, as well as the limitation 
imposed by the optics working distance.

6 � Overview and recommendations

The ranges of bubble radii and lifetimes that can be expected 
for the different methods are indicated by the color-coordi-
nated arrows in Fig. 12. For individual techniques, the data 
are tabulated in Tables 1, 2, 3, 4. Care must be taken when 
comparing our result to those from the literature, as there 
are diverse bubble generation methods included. Also, due 
to ambiguous reporting of Rmax, lifetimes and the experi-
mental conditions, there are a few points placed below the 
predicted lifetime for the bubble size (dashed line), which is 
indicated for ambient pressure and 25 °C. Either increased 
hydrostatic or system pressure will shorten bubble lifetimes 
with respect to its Rmax. For HVD, the bubble range spans 
almost three orders of magnitude. Low-power piezoelectric 
discharges, like the one used in our experimental setup, and 
the only similar method to our knowledge (Avila et al. 2015; 
Gonzalez-Avila et al. 2020), are showing comparable results. 
For high-power discharges, the techniques show accordance 
with the predicted lifetimes, even when large bubbles are 
produced. This does not hold for TAM, where the density 
fluctuations in the tube and the relatively long discharge, 
respectively, cause longer bubble lifetimes. From the results 
of Fig. 12, we can conclude that most of TAM users do not 
achieve Rayleigh-like collapse, while often reporting RPE-
like bubble radius evolution. The large laser-induced bubble 
from the literature falls far from the Rayleigh lifetime, as the 
reported dimensions and times are observed below ambient 
pressure. It is shown on the graph to demonstrate the higher 
range of the laser-induced bubbles that can be produced. For 
LVD, the collapse phase is in accordance with RPE, while 
shortening the discharge time could alleviate the growth 
phase elongation. For HVD and laser-induced bubble, how-
ever, the lifetimes are in agreement with the RPE predicted 
times as shown in Fig. 9b and more so in Figs. 11 and 12.

In Table 5, we can see and overview of the methods used 
to produce individual vapor bubbles. We focused on tech-
niques able to produce spherical individual transient bubbles 
in bulk liquid; however, all of these methods could be used 
for near wall implosion studies. The pulsed laser-induced 
breakdown is the least intrusive and invasive method of the 
four, as the focusing elements may be outside the liquid res-
ervoir, not disturbing the bubble dynamics. Furthermore, 
due to the absence of nuclei, it is likely that the induced 
bubbles stem from homogeneous nucleation, when ultrapure 
liquids are used. Their sphericity throughout the bubble life-
time is nearly perfect and bubble lifetimes are in accord-
ance with theory for bubbles their size. However, it does 

require expensive equipment to obtain these “perfect” bub-
bles. Also, when considering the health risks associated with 
using high-power lasers, and the limitation placed on the 
technique due to the short working distances of the optics, 
it becomes clear that the laser-induced bubbles might not 
always be the optimal choice, when making single transient 
bubble experiments. The other three methods used all have 
either electrodes or the nucleation bubble rod, assuring het-
erogeneous nucleation. Considering electrode size compared 
to the bubble maximum size (~ mm–cm) with the spark dis-
charge techniques, it seems that the electrodes generally do 
not influence the sphericity of the bubble during the first 
growth and collapse. This is true until the very last phase of 
the collapse, where the solid surfaces finally cause the non-
spherical collapse and jetting away from the electrodes, but 
therefore effecting the rebound bubble. The largest bubbles 
are produced with TAM (alongside high-powered HVD) and 
are more sensitive to perturbations, due to lower surface ten-
sion and the liquid motion relative to the stationary nuclea-
tion rod. This usually deforms the growing bubble and is 
perhaps the biggest shortfall of the technique. The simplest 
way to fix this problem is to mount the rod to the tube itself, 
as was done in our experimental setup, by doing so we lose 
an observation axis from below the tube. It could foreseeably 
be replaced altogether with a less intrusive way of generating 
nucleation sites (focused CW laser). An interesting solution 
was utilized by (Williams et al. 1997b) with the TAM; by 
introducing a small air bubble at the bottom and allowing it 
to rise to the target site, the method could function without 
the nucleation bubble rod. An important advantage of the 
TAM is its suitability to study temperature effects of the 
phase transition phenomenon. As cavitation is theoretically 
an isothermal process, there might be issues when energy 
deposition techniques are used, which can significantly heat 
the microenvironment around the formed bubble. Laser- and 
spark-induced bubbles at maximum radius are generally con-
sidered in thermodynamic equilibrium, and the bubble col-
lapse dynamics are said not be affected by the initial energy 
deposition (Sato et al. 2013) and are therefore considered to 
be apt in most cases for cavitation research. However, the 
TAM should be considered when studying bubble generation 
and effects in the growth phase (Dular and Coutier-Delgosha 
2013), as it does not rely on a concentrated energy deposi-
tion initiating the growth. Furthermore, energy deposition 
techniques, which are based on initial plasma expansion, 
should generally not be used for studying chemical produc-
tion of cavitation bubbles due to inherent radical and active 
chemical species production of the plasma (Sato et al. 2013). 
Although most radicals by their nature do not have long half-
lives, they can survive for times in the range of the bubble 
lifetime. Moreover, radical recombination can form stable 
reactive species, like hydrogen peroxide, which can outlive 
bubble lifetimes by many timescales.
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When bubble size control and/or simultaneous multiple 
bubble generation is key to the experimental setup, then 
perhaps the use of the LVD technique might outweigh its 
shortfalls. Without controllable discharge times, the bub-
ble growth in LVD techniques deviates from RPE bubble 
dynamics. Electrode breakup in each discharge can become 
tedious for the repositioning and can affect reproducibility. 
Less electromagnetic interference (Goh et al. 2013; Zhang 
et al. 2018), ease of bubble size control, user safety and 
multi-electrode discharge possibilities are the positive attrib-
utes of these technique. Also, if the method is not properly 
designed it can suffer from mechanical switching problems, 
which can lead to problems with reproducibility due to the 
contact bounce effect. With the use of a MOSFET, we can 
eliminate drawbacks of mechanical switching, while also 
taking advantage of the fast opening (Goh et al. 2013) and 
potentially pulse time regulation. As the piezoelectric HVD 
used in this article and laser-induced techniques produce 
bubbles following the RPE and also roughly the same size, 
they could be interchangeable in some cases if the water con-
ductivity is in the discharging range of HVD. Both bubbles 
originate from plasma-generated nucleus and continue with 
almost identical dynamics to the end of the first oscillation, 
after which the similarities end. A drastically cheaper and 
safer setup, with easy implementation, as well as compara-
ble reproducibility makes the use of piezoelectric sparkers 
a viable option; however, for precise bubble size control a 
micropositioning system is needed.

Several other options are available when hemispherical 
bubbles and periodic bubble excitation is viable. These are 
also presented in Table 5. When pulsed lasers are focused 
on a solid surface, the plasma will be formed on the inter-
face, often accompanied by ablation of the solid material. 
This produces a hemispherical bubble, following the RPE, 
and is often studied for nanomaterial production (Lam et al. 
2016). CW lasers can be used with many methods to heat up 
the liquid to the spinodal limit and induce nucleation. This 
is used for medical applications and for basic research of 
bubble nucleation and growth; however, in addition to form-
ing hemispherical bubbles it is also a quasi-periodic, as the 
bubbles will repeatedly nucleate as long as the CW laser is 
applied to the target. Also, as the spinodal temperatures are 
reached quickly with this method, the metastability of water 
introduces an element of randomness to the nucleation, so 
precise control and synchronization can be problematic. 
Spherical bubbles can be trapped by antinodes in acoustic 
fields, but by its nature the excitation will be periodic, not 
transient. Although some interesting insights have been dis-
covered by studying plasma in the collapse phase of stable 
gas bubble oscillations showing periodic sonoluminescent 
properties, this technique is generally not used for studying 
bubble interactions, as positioning of the bubbles is difficult 
if not impossible. The high-power HVD discharges are also 

a good source for studying plasma in liquids and electrical 
breakdown of liquids. Spherical bubbles can be produced 
and have been shown to be good zeroth-order acoustic emit-
ters, but due to the large bubbles produced, it can be difficult 
to control the shape as the surface tension effects lessen, 
which can affect sphericity. Also, the high-power voltage 
equipment expensive and heightened protective measures 
have to be used. Overall, the methods in Table 5, not cov-
ered in the scope of the study, either are not able to produce 
spherical transient bubbles or are impractical for such appli-
cations. As we show in our work, each of the techniques has 
its positive and negative aspects. It remains at the discretion 
of the user to choose the correct one, based on the limitation 
of the experimental setup and the physics of the phenom-
enon being explored.

7 � Conclusions

Four vapor bubble generation methods were tested for their 
governing parameters, as well as the bubble response to 
liquid temperature and electrolytic conductivity. General 
overview of the mechanisms behind each bubble generation 
technique along with examples of simple and effective meth-
ods for vapor bubble generation are presented in detail. The 
bubble production repeatability and the sphericity through-
out the bubble lifetime are evaluated for each method. Bub-
ble lifetime in accordance with the Rayleigh model and the 
isochronal conditions of the growth and collapse period 
are evaluated. Results for each method were compared to 
the results from similar experimental techniques in the lit-
erature, giving the characteristic range of bubble sizes and 
lifetimes expected for each technique. Laser and low-energy 
high-voltage discharge bubbles found to be Rayleigh-like 
throughout their lifetime, while low-voltage discharge 
and the tube arrest method can both suffer from elongated 
growth periods. Energy deposition-based techniques are also 
simple to implement for studies involving bubble dynamics 
and bubble–structure interactions. However, bubbles gener-
ated by energy deposition, based on initial plasma generation 
are not good approximation for cavitation bubble chemical 
production, due to the initial plasma. Thermal effect studies 
should not be based on these methods as well, but rather 
on tension-based techniques, like the tube arrest method, to 
avoid the temperature perturbation from the initial energy 
pulse. We also suggest future improvements for the tech-
niques used, to allow the reader to make an informed deci-
sion on the experimental setup, when studying single cavita-
tion bubble dynamics.
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