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Abstract. We observed the discharge phenomena in a cavitation bubble induced by

liquid-phase laser ablation. A remarkable result was the deformation of the cavitation

bubble. The formation of a swelling was observed from the cavitation bubble when

the gas-liquid boundary reached a close distance from a needle electrode. The growth

direction of the swelling was perpendicular to the gas-liquid boundary. The discharge

toward the center of the target occurred when the swelling connected the electrode and

the cavitation bubble. These experimental results suggest the perpendicular electric

field to the gas-liquid boundary of the cavitation bubble. In other words, the cavitation

bubble induced by liquid-phase laser ablation is conductive and it has free charges.

1. Introduction

This work has two backgrounds. One is the growing interest in electrical discharges

involving liquid phases [1–3]. Electrical discharges with liquids are categorized into

two types. The first type is gas-phase discharges in contact with liquids. This is

realized by employing a plasma jet [4–8] which is placed above the liquid surface or

by using the liquid surface as an electrode of the discharge [9–16]. The second type is

electrical discharges in bubbles in liquids. A widely used method is just depositing an

electrical power into a liquid [17–23]. The power deposition into the liquid produces

bubbles via the Joule heating, and plasmas are produced in the bubbles by electrical

discharges. The second type can enhance the contacting surface between the plasma and

the liquid, resulting in the efficient transport of radicals produced in the plasma to the

liquid. However, just depositing the power into the liquid has difficulty in fundamental

investigations on discharge mechanisms in bubbles, since the thermal production of

bubbles occurs randomly. A bubble produced at a fixed position and a fixed timing

is useful to carry out the efficient investigation on the discharge phenomena in a

bubble [24–27].

Another background is an open question about the colloidal solution synthesized

by liquid-phase laser ablation. Recently, liquid-phase laser ablation is utilized for
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synthesizing various nanoparticles without using chemicals [28,29]. In this technique, a

solid-state target installed in a liquid is irradiated by intense laser pulses [30]. Atomic

and molecular species are ejected from the target by the laser irradiation, resulting in

the formation of nanoparticles that are stored in the liquid as the form of a colloidal

solution [31,32]. The open question is related to the fact that the colloidal solution thus

synthesized has a high zeta potential. This means nanoparticles have a large amount of

electrical charges, but the origin of the charges has not been clarified yet.

In this work, we observed electrical discharges in a cavitation bubble induced

by liquid-phase laser ablation. The cavitation bubble is a remarkable phenomenon

of liquid-phase laser ablation, and is induced as a result of the abrupt formation

of a laser-produced plasma in the liquid [33–35]. The cavitation bubble has the

dynamics of expansion, shrinkage, and collapse. Since the position and the timing

of the bubble formation are determined strictly by the irradiation of the laser pulse,

it is useful for the fundamental investigation on discharge phenomena in bubbles. The

present experimental results depict the discharge processes between an electrode and the

ablation target via the cavitation bubble. In addition, the experimental results indicate

that the electric field is perpendicular to the gas-liquid boundary of the cavitation

bubble. In other words, the cavitation bubble induced by liquid-phase laser ablation

stores a large amount of free charges. The experimental results are consistent with

a model calculation which assumes free charges on the gas-liquid boundary. Since it

has been shown that the growth field of nanoparticles in liquid-phase laser ablation is

the inside of the cavitation bubble [36–40], it is suggested that the origin of the high

zeta potential of the colloidal solution synthesized by liquid-phase laser ablation is the

electrical charges stored in the cavitation bubble.

2. Experimental method

Figure 1(a) shows the experimental apparatus. In this apparatus, a Nd:YAG laser was

used for generating a cavitation bubble in water, while an electrical discharge was formed

in the cavitation bubble. We prepared a rectangular vessel which was filled with distilled

water at room temperature. The water had neutral pH, and its electrical conductivity

was estimated to be 1.6×10−3 S/m. A titanium or alumina (Al2O3) target was attached

on a target holder which was installed in water. The target holder was connected to a

motor and was rotated to disperse the ablation point. The target holder was electrically

grounded. The target was irradiated by focused Nd:YAG laser pulses at a wavelength

of 1.06 µm from the normal direction. The duration of the Nd:YAG laser pulse was

roughly 10 ns. The region in front of the ablation point was illuminated by a metal

halide lamp, and the pattern of the transmitted lamp light was captured using a high-

speed camera. This shadowgraph imaging gave us the location of the cavitation bubble

and the temporal variation of the bubble size after the irradiation of the Nd:YAG laser

pulse.

We installed a needle electrode at a distance from the ablation point as shown in
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Fig. 1(b). The tip of the electrode was separated from the gas-liquid boundary of the

cavitation bubble, even when the bubble size became maximum. The electrode was a

molybdenum rod with a diameter of 0.3 mm. The molybdenum rod was covered with

an alumina tube, and the length of the molybdenum rod exposed to water was 2 mm.

The needle electrode was connected to a dc or pulsed power supply via a resistance of

50 kΩ. The maximum current of the dc power supply was 100 mA, and the maximum

power of the pulsed power supply was 300 W. The discharge occurred between the

needle electrode and the target via the cavitation bubble. The optical emission from

the discharge channel was captured using the same high-speed camera as that used in the

shadowgraph imaging. The electrical potentials at the both sides of the resistance were

measured using high-voltage probes, and the current passing through the electrode was

obtained from the difference in the two potentials and the magnitude of the resistance.

3. Results

Figure 2 shows the temporal variation of the radius of the cavitation bubble. A titanium

target was used in this experiment, and the energy of the laser pulse was 230 mJ. The

radius shown in Fig. 2 is defined by the distance between the target surface and the

leading edge of the cavitation bubble. The horizontal axis in Fig. 2 is the delay time

tD after the irradiation of the Nd:YAG laser pulse. As shown in Fig. 2, the bubble

radius expanded rapidly after the irradiation of the Nd:YAG laser pulse. The expansion

speed was decelerated with tD. The bubble began to shrink after the maximum size at

a delay time of tD ≃ 280 µs, and the bubble size became minimum at tD ≃ 580 µs. This

phenomenon is called the collapse of the cavitation bubble. It is noted here that the

size of the collapsed cavitation bubble is not identified in this experiment because of

the insufficient temporal resolution (25 µs) of the high-speed movie captured at a flame

rate of 40 kHz. The second cavitation bubble with a smaller radius was formed after

the collapse. In addition, the third cavitation bubble was formed after the collapse of

the second cavitation bubble.

The discharge between the needle electrode and the titanium target is depicted

in Fig. 3(a). The pictures show the shadows of the cavitation bubble and the needle

electrode, in addition to the discharge channel which is seen as the bright spot in the

pictures. The time below each picture shows the delay time tD after the irradiation

of the Nd:YAG laser pulse. A dc power supply at a voltage of 5 kV was used in this

experiment. The discharge gap is represented by a switch in the equivalent circuit shown

in Fig. 3(b). The resistance through the plasma is represented by Rp, while RET shows

the resistance between the electrode and the target through water and the cavitation

bubble. Figure 3(c) shows the temporal variation of the current which was obtained

from the difference between the potentials VA and VB. The roman numbers illustrated

in Fig. 3(c) correspond to the delay times of the pictures shown in Fig. 3(a). The

electrode voltage (VB) was decreased to 0.6 kV during the discharge, and the electrical

energy consumed by Rp was estimated to be ∼ 10 mJ.
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As shown in Fig. 3(a), the distance between the electrode and the gas-liquid

boundary of the cavitation bubble became shorter with the delay time because of the

expansion of the cavitation bubble. The distance between the tip of the electrode and

the nearest gas-liquid boundary was approximately 1.5 mm at tD = 50 µs as shown in

picture (i) of Fig. 3(a). It is noted here that the current shown in Fig. 3(c) increased

slightly in the period of 50 ≤ tD ≤ 165 µs. At a delay time of tD = 165 µs, when

the distance between the tip of the electrode and the nearest gas-liquid boundary was

approximately 0.4 mm, as shown in picture (ii) of Fig. 3(a), we observed the formation of

a swelling from the cavitation bubble. The swelling was lengthened toward the electrode.

We observed the discharge when the electrode and the cavitation bubble was connected

by the lengthened swelling, as show in picture (iii) of Fig. 3(a). As shown in Fig. 3(c),

the discharge stopped at tD = 510 µs, when the cavitation bubble and the electrode was

separated by water as shown in picture (v) of Fig. 3(a).

Figure 4 shows the discharge channels when the tip of the electrode was positioned

at three different points. The target was a titanium plate. It is clearly shown in

Fig. 4 that the lengthening direction of the swelling was always perpendicular to the

gas-liquid boundary of the cavitation bubble. In addition, the discharge channel was

always perpendicular to the gas-liquid boundary, and the discharge channel connected

the electrode and the center of the cavitation bubble, even though a shorter discharge

length was possible if it was not directed to the center of the cavitation bubble.

Figure 5 shows a similar experimental result to that shown in Fig. 3, but in this case

we employed an alumina target and a pulsed power supply. The pulsed high voltage was

applied at tD = 107 µs, and we observed a spiky displacement current at this timing.

The current before the discharge was negligible as shown in Fig. 5(b) since the electrode

and the grounded target holder was almost insulated by the alumina target. As shown

in Fig. 5(a), we observed similar experimental results to those shown in Fig. 3, namely,

we observed the formation and the perpendicular lengthening of the swelling from the

cavitation bubble. The discharge channel was directed to the center of the cavitation

bubble. The pulsed power supply was not essential to obtain this experimental result.

Similar results were obtained when we used the dc power supply and the alumina target.

4. Discussion

The experimental results clearly show the deformation of the cavitation bubble at a close

distance (< 1 mm) between the tip of the electrode and the gas-liquid boundary. This is

completely different from the experimental results reported by Foster and Gucker [26,27].

They observed the discharge in a cavitation bubble produced by applying an ultrasonic

power to water. In their results, the cavitation bubble kept the spherical shape even

when a needle electrode is located at a close distance from the gas-liquid boundary. It

is speculated that the electric field in the experiment of Foster and Gucker was higher

than our experiment, since they observed the discharge in the bubble even though the

electrode was separated from the bubble by water. We believe that the most important
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difference of our experimental condition from the work by Foster and Gucker is the

method for producing the cavitation bubble.

The present experimental results suggest that the cavitation bubble produced by

liquid-phase laser ablation is conductive. An experimental result which suggests the

conductive cavitation bubble is shown in Fig. 3(c). We observed slight increase in the

current passing through RRT in the period of 50 ≤ tD ≤ 165 µs. In this period, the

cavitation bubble expanded as shown in Fig. 3(a). If we assume that the cavitation

bubble is not conductive, the electrical resistance RET between the electrode and the

target should become larger because of the increase in the path length through water.

However, experimental result shows the decrease in RET with tD, which reveals that a

part of the current passed through the cavitation bubble.

A more remarkable experimental result which suggests conductive cavitation bubble

is that both the lengthening of the swelling and the discharge channel were always

perpendicular to the gas-liquid boundary, as shown in Fig. 4. This result strongly

suggests that the gas-liquid boundary of the cavitation bubble works as a conductive

surface, and the electric field is perpendicular to the gas-liquid boundary. Another

possibility is the influence of the crater at the center of the cavitation bubble. The crater

is formed by the erosion of the target by laser ablation, and there is a possibility that

the crater enhances the electric field in the vicinity of it. To check the influence of the

ablation crater, we carried out the experiment shown in Fig. 6. In this experiment, we

formed a deep ablation crater by irradiating laser pulses before the discharge experiment.

The deep crater, which is shown by the red spot in Fig. 6, is located at a distance of 1.5

mm from the center of the cavitation bubble, and the distance between the electrode and

the deep crater is closer than that between the electrode and the center of the cavitation

bubble. As shown in Fig. 6, we observed the discharge channel toward the center of the

cavitation bubble even in this experimental condition. This means that the discharge

channel is not influenced by the crater. Therefore, the experimental result shown in

Fig. 4 suggests that the electric field is perpendicular to the gas-liquid boundary of the

cavitation bubble, and the gas-liquid boundary works as a conductive surface.

We have examined the possibility of the formation of the swelling from the

cavitation bubble by evaluating the two forces on the gas-liquid boundary. One is

the electrostatic pressure which is calculated as a function of the distance between the

gas-liquid boundary and the tip of the electrode, under the assumption that the gas-

liquid boundary of the cavitation bubble is conductive. Figure 7 shows the simplified

model which we used in the theoretical estimation of the electrostatic pressure. The

gas-liquid boundary is spherical in the reality, but we assume a flat boundary for the

sake of simplicity. This is a reasonable approximation when the bubble radius is much

longer than the distance between the electrode and the gas-liquid boundary. Negative

charges are induced on the gas-liquid boundary in Fig 7 if it is conductive, resulting in

the attractive force between the electrode and the gas-liquid boundary. The electrostatic

capacitance of the system shown in Fig. 7 is calculated by basic electrostatics, and is
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given by

C =
2πεl

ln
(

l
a

√
4d+l
4d+3l

) , (1)

where ε is the permittivity of water, d is the distance between the tip of the electrode

and the gas-liquid boundary, and l and a are the length and the radius of the electrode,

respectively (l = 2 mm and a = 0.15 mm). This approximated expression is valid when

a ≪ d, l. If we assume that the charges are concentrated at the tip of the electrode, the

electric field at the position O in Fig. 7 is approximated by

E =
CV

2πεd2
, (2)

where V is the applied voltage to the electrode. The electrostatic pressure is obtained

by

PE =
1

2
εE2. (3)

This pressure attracts the gas-liquid boundary toward the electrode.

The other force on the gas-liquid boundary is due to the difference between the

water pressure and the pressure inside the cavitation bubble. It is well known that

the pressure inside the expanded cavitation bubble is lower than the pressure in the

surrounding water [41], and the gas-liquid boundary is attracted toward the center of

the cavitation bubble. The pressure difference between the bubble and the water is

given by Rayleigh-Plesset equation [41], and is

PB − P0 = ρR(t)
d2R(t)

dt2
+

3

2

(
dR(t)

dt

)2

+
4ν

R(t)

dR(t)

dt
+

2S

R(t)
, (4)

where PB and P0 are the bubble and water pressures, respectively, R(t) denotes the

temporal variation of the bubble radius, and ρ, ν, and S are the weight density, the

kinematic viscosity coefficient, and the surface tension of water, respectively. The second

and third terms in the right hand side of Eq. (4) are negligible when the bubble size is

almost maximum because of the slow expansion speed (dR(t)/dt ≃ 0). In addition, the

first term dominates the forth one in the expanded bubble. Therefore, we can estimate

PB−P0, when the bubble size is almost maximum, by substituting the temporal variation

of R(t) shown in Fig. 2 into Eq. (4).

Figure 8 shows the relationship between PE and d. Here we assumed V = 5 kV. The

horizontal dotted line shows the value of P0 − PB. Although this is a rough estimation

on the basis of the aforementioned assumptions, Fig. 8 reveals the possibility of bubble

deformation when d ≃ 0.5 mm since the electrostatic pressure PE exceeds PB − P0.

This result roughly agrees with our experimental observation on the formation of the

swelling from the cavitation bubble. In other words, the assumption of the conductive

cavitation bubble explains the experimental observation. The amount of electrical

charges estimated by this calculation is 10−8 C, and the corresponding number of charges

is on the order of 1010. On the other hand, if the liquid-phase laser-ablation plasma

has an electron density of 1019 cm−3 [42], it has a total charges of 1015 if we assume
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a volume of 0.1 mm3. Therefore, 1010 charges are a realistic value as the residue from

the laser ablation plasma. It is noted finally that the charges are not provided from the

electrical ground, since we observed the similar experimental results when we employed

an alumina target, as shown in Fig. 5. The charges are considered to be originated from

the laser ablation plasma.

5. Conclusions

In this work, we observed the discharge phenomena in a cavitation bubble induced by

liquid-phase laser ablation. We observed the formation of a swelling from the cavitation

bubble at a close distance between the electrode and the gas-liquid boundary. The

discharge occurred when the swelling connected the electrode and the cavitation bubble.

The experimental results suggest that the cavitation bubble is conductive and it has free

charges. This may be a unique feature of the cavitation bubble induced by liquid-phase

laser ablation, since the deformation of the cavitation bubble is not observed when it is

produced by an ultrasonic power [26,27]. Since it has been found that the growth field of

nanoparticles in liquid-phase laser ablation is the inside of the cavitation bubble [36–40],

the present experimental results may explain the origin of the high zeta potential of the

colloidal solution synthesized by liquid-phase laser ablation.
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Figure captions

Fig.1 Experimental setup. (a) shows the whole of the apparatus and (b) illustrates the

geometry of the electrode, the target, and the cavitation bubble.

Fig.2 Temporal evolution of the radius of the cavitation bubble. The laser energy was

230 mJ.

Fig.3 (a) shows the electrode, the cavitation bubble, and the discharge channel observed

at five delay times after laser ablation. The simplified equivalent circuit is shown

in (b), and (c) is the temporal variation of the current which was obtained from

VA − VB in (b). The roman numbers illustrated in (c) correspond to those in (a).

Fig.4 Discharge channels observed at three different positions of the electrode.

Fig.5 (a) Discharge channel and (b) voltage and current waveforms when an alumina

target was employed.

Fig.6 Discharge channel when an ablation crater was located at the red spot in the

figure.

Fig.7 Simplified discharge geometry which was assumed in the theoretical calculation

of the electrostatic pressure.

Fig.8 Electrostatic pressure as a function of the distance between the tip of electrode

and the gas-liquid boundary of the cavitation bubble. The horizontal dotted line

shows the pressure difference between the cavitation bubble and water.
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Figure 1. Experimental setup. (a) shows the whole of the apparatus and (b) illustrates

the geometry of the electrode, the target, and the cavitation bubble.
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Figure 2. Temporal evolution of the radius of the cavitation bubble. The laser energy

was 230 mJ.
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Figure 3. (a) shows the electrode, the cavitation bubble, and the discharge channel

observed at five delay times after laser ablation. The simplified equivalent circuit is

shown in (b), and (c) is the temporal variation of the current which was obtained from

VA − VB in (b). The roman numbers illustrated in (c) correspond to those in (a).
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Figure 4. Discharge channels observed at three different positions of the electrode.
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Figure 5. (a) Discharge channel and (b) voltage and current waveforms when an

alumina target was employed.
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Figure 6. Discharge channel when an ablation crater was located at the red spot in

the figure.
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