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Effect of ultrasonic cavitation on sound pressure at the fundamental, second harmonic, and first 

ultraharmonic frequencies was investigated from low to high ultrasonic intensities. The driving 

frequencies were 22, 304, and 488 kHz. Sound pressure was measured using a needle-type 

hydrophone and ultrasonic cavitation was estimated from the broadband integrated pressure 

(BIP). With increasing square root of electric power applied to a transducer, the sound pressure 

at the fundamental frequency linearly increased initially, dropped at approximately the electric 

power of cavitation inception, and afterward increased again. The sound pressure at the second 

harmonic frequency was detected just below the electric power of cavitation inception. The first 

ultraharmonic component appeared at around the electric power of cavitation inception at 304 

and 488 kHz. However, at 22 kHz, the first ultraharmonic component appeared at a higher 

electric power than that of cavitation inception.  
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1. Introduction 
High-intensity ultrasound in liquid has practical applications such as ultrasonic cleaning, 

homogenization,1) and atomization,2,3) and has potential applications in extraction,4) 

emulsification,5) crystallization,6) sonochemical reactions,7-9) droplet coalescence,10) 

pharmaceutical processing,11) and therapy.12-15) The evaluation of sound intensity in liquid is 

important for the development of ultrasonic devices. Sound intensity was evaluated by, for 

example, sound pressure measurement,16) radiation force measurement,17)  and calorimetry.18) 

Among these techniques, sound pressure measurement has been proposed as a particularly 

effective method to obtain the spatial distribution of sound pressure.19) For example, the 

measurement of sound pressure distribution in a cleaner is important to analyze the nonuniform 

sound field when continuous ultrasound is irradiated and a standing wave is formed.20) In sound 

pressure measurement, a hydrophone is normally used. As the sound intensity in liquid increases, 

small bubbles occur, grow, and collapse. The collapse of bubbles induces high temperature, high 

pressure, and high liquid velocity near the bubbles. This phenomenon is called ultrasonic 

cavitation. Since a hydrophone easily breaks owing to ultrasonic cavitation, the sound pressure 

measurement using a continuous wave at a high sound intensity has not been sufficiently 

conducted in a wide range of driving ultrasonic frequencies. Recently, our group has developed 

a tough needle-type hydrophone fabricated by a hydrothermal synthesis method. This 

hydrophone can measure high sound pressures in a wide range of ultrasonic frequencies within 

which a high-intensity continuous ultrasound is irradiated and many cavitation bubbles occur.21-

22)  

Theoretically, sound intensity is proportional to the effective electric input power applied to 

a transducer.23) Thus, sound pressure is proportional to square root of electric input power. 

However, Neppiras reported that the sound pressure received from a microphone decreased 

rapidly in the vicinity of the applied sound pressure of cavitation inception.16) He detected the 

cavitation inception from the appearance of broadband noise. He also measured the subharmonic 

(fundamental frequency divided by integer) component and reported that the subharmonic signal 

drastically arose in the vicinity of the applied sound pressure of cavitation inception, and visible 

bubbles were observed. Broadband noise has been utilized by several researchers to detect 

cavitation generation.24-26) Additionally, the harmonic frequency (integer multiples of 

fundamental frequency) component has been used as an indicator of bubble generation.27) The 



 

 

3 

 

effect of driving frequency on the relationship between the broadband noise and the sound 

pressures of the fundamental, harmonic, and subharmonic frequencies was little investigated. 

For the evaluation of an ultrasonic apparatus, it is important to measure the sound pressures 

of some components in the presence of cavitation bubbles. In this study, a broadband integrated 

pressure (BIP) was used to estimate the broadband noise. The BIP and sound pressures at the 

fundamental (f1), second harmonic (f2), and first ultraharmonic (1.5 multiples of fundamental, 

f1.5) frequencies were measured using a tough needle-type hydrophone with increasing effective 

input power applied to a transducer. The driving frequencies of the transducer were 22, 304, and 

488 kHz. To visualize bubbles in the presence of cavitation, ultrasonic diagnostic equipment 

was used.  

 

2. Experimental methods  
2.1 Apparatus 

The experimental apparatus for the measurement of sound pressure and broadband noise is 

shown in Fig. 1. The vessel was made from stainless steel. The inner diameter of the vessel was 

56.8 mm. A Langevin transducer and disc transducers were selectively used at low and high 

driving frequencies, respectively. A Langevin transducer 45 mm in diameter at 22 kHz, and disc 

transducers 50 mm in diameter at 304 and 488 kHz were used. The transducer was fixed at the 

bottom of the vessel, and ultrasound was irradiated onto the water in the vessel. A fan was 

attached to cool the transducer. A water bath was used to control the sample temperature at 298 

K. 

To measure sound pressure in a wide range of frequencies, the tough needle-type hydrophone 

(Honda Electronics HUS-200S) was submerged into water at the position of highest sound 

pressure. The hydrophone position was precisely adjusted by an XYZ-axis stage and a stage 

controller (Sigmakoki SHOT-204). The hydrophone was connected to a spectrum analyzer (HP 

8595E) through a preamplifier (Honda Electronics HUS-200A). The preamplifier was used to 

convert impedance. The electric power applied to the transducer was calculated from the voltage 

of both ends of the transducer measured using an oscilloscope (Tektronix TDS3014B) and 

current through the transducer measured using a current probe (Tektronix TCP202). The 

effective electric power was transferred to a personal computer via a general-purpose interface 

bus (GPIB). A continuous sinusoidal wave signal was generated by a signal generator (NF 
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WF1974) and amplified by a power amplifier (E&I 1040L). The output waveform amplitude of 

the signal generator was set by the personal computer via GPIB. At 22 kHz, an impedance 

matching circuit was connected between the amplifier and the transducer. To keep the electric 

power applied to the transducer constant, the amplitude of the signal was controlled using a 

program (Honda Electronics) and the personal computer.  

It is reported that a hysteresis effect was observed in sound pressures at harmonic and 

subharmonic frequencies, and broadband noise when the sound intensity changed.27) In order to 

inhibit the hysteresis effect, sound pressure measurement was carried out by increasing the 

electric power applied to the transducer. The sample was air-saturated distilled water. The 

sample volume was 100 mL. Before the measurement was performed, the resonance condition 

of the water in the vessel was set by adjusting driving frequency.  

 

2.2. BIP and sound pressures at fundamental, harmonic, and ultraharmonic 

frequencies 

In this study, BIP was utilized as the broadband noise to estimate the ultrasonic cavitation 

generated in water. Figure 2 shows an example of a sound pressure spectrum at a driving 

frequency of 304 kHz measured using the tough needle-type hydrophone when the effective 

electric input power applied to the transducer is 4 W. This hydrophone was calibrated sound 

pressure in the frequency range from 20 kHz to 20 MHz. BIP was calculated using the following 

equation: 

 
BIP = � [𝑃𝑃S(𝑓𝑓) − 𝑃𝑃N(𝑓𝑓)] 𝑑𝑑𝑓𝑓

𝑓𝑓e

𝑓𝑓s
 , (1) 

  

where PS(f) represents the broadband sound pressures excluding the fundamental, harmonic, 

subharmonic, and ultraharmonic components, and PN(f) represents the sound pressures of the 

background noise. The start frequency of the integration region fs was decided as 20 kHz and 

the end frequency fe was 20 MHz for all driving frequencies. The BIP is the shaded area in Fig. 

2. It is noted that the unit of sound pressure is dB. 

Acoustic signals at the fundamental, second harmonic and first ultraharmonic frequencies 

were obtained using the tough needle-type hydrophone, preamplifier, and spectrum analyzer. 

The signals were converted to sound pressure.  
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3. Results and discussion 
3.1. Sound pressure at fundamental frequency and BIP at low electric power 

Figure 3 shows the sound pressure at the fundamental frequency and the BIP as functions of the 

square root of the effective electric power applied to the transducer. The broadband noise has 

been used as an indicator of ultrasonic cavitation. The broadband noise is generated by the 

temporal fluctuation in the number of bubbles owing to the fragmentation of cavitation bubbles 

of various sizes. The shockwaves emitted from cavitation bubbles are also detected by a 

hydrophone as vibrations, which provides the broadband noise component.28,29) In Fig. 3(a), the 

driving frequency is 22 kHz and the electric power changes from 0 to 9 W. As the square root 

of the electric power increases, the sound pressure at the fundamental frequency becomes 

proportional to the square root of electric input power. This linear increment agrees with 

theory.23) The electric power at which the BIP starts to appear is defined as the electric power 

of cavitation inception. In the vicinity of the square root of the electric power of cavitation 

inception, the sound pressure at the fundamental frequency, however, instantaneously decreases. 

A similar trend of unstable changes in sound pressure was reported by Neppiras.16) The sound 

pressure decreased notably around cavitation inception. Attenuation by cavitation bubbles 

explained the decrease in sound pressure at the fundamental frequency. The BIP increases with 

electric power above the electric power of cavitation inception. 

In the case of 304 kHz, a similar trend of changes in sound pressure at the fundamental 

frequency and the BIP as 22 kHz is observed. In Fig. 3(b), the driving frequency is 488 kHz. 

The sound pressure at the fundamental frequency drops drastically in the vicinity of the electric 

power of cavitation inception and becomes almost zero. It is considered that numerous 

cavitation bubbles were generated in water.  

To clarify the existence of bubbles in water under ultrasonic irradiation, ultrasonic diagnostic 

equipment (Honda Electronics HS–2100) with a 10 MHz probe (Honda Electronics HLS–

513M) was used. This equipment enables the visualization of fine bubbles with several ten 

micrometers in diameter. Figure 4(a) shows an experimental setting for the bubble observation. 

The ultrasound irradiation system was the same as that for the measurement of sound pressure. 

Ultrasound was irradiated horizontally by an immersed transducer. The probe was located 

between the hydrophone and the transducer. To reflect ultrasound at the same proportion at the 
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water surface, a polystyrene foam reflector was used. 

Figures 4(b) and 4(c) show images of the ultrasonic diagnostic equipment in water when the 

driving frequency is 488 kHz and the effective electric power applied to the transducer is 1 W. 

In the absence of ultrasonic irradiation, the image in Fig. 4(b) is black as a whole, which implies 

that no bubbles exist in water. On the other hand, in the presence of ultrasound irradiation, many 

white dots indicating bubbles in water are observed in Fig. 4(c), and the horizontal interval of 

dots corresponds to one half of ultrasonic wavelength in water. This result indicates the presence 

of many bubbles trapped in standing waves of ultrasound. Since the ultrasound at a high 

frequency has a short wavelength, the number density of bubbles is high in water. Bubbles might 

be attached onto the hydrophone surface. These bubbles largely obstruct the detection of sound 

pressure. This is the reason why the sound pressure at a fundamental frequency of 488 kHz 

drastically dropped above the electric power of cavitation inception. 

 

3.2. Sound pressure at fundamental frequency and BIP at high electric power 

Figure 5 shows the sound pressure at the fundamental frequency and the BIP as functions of the 

square root of the effective electric power applied to the transducer when the electric power 

changes from 0 to 100 W. In Fig. 5(a), the driving frequency is 22 kHz. As square root of electric 

power increases, the sound pressure at the fundamental frequency linearly increases initially, 

decreases around cavitation inception and then increases again. However at a very high electric 

power, the sound pressure no longer increases and becomes unstable. The BIP rises above the 

square root of the electric power of cavitation inception and also does not increase at a very high 

electric power.  

The effective measurement range of this hydrophone was investigated in degassed water. The 

sound pressure at the fundamental frequency increased linearly with increasing square root of 

the electric power applied to the transducer until the sound pressure reached approximately 8 

MPa.30) From this result, it is clear that the sound pressure in Fig. 5(a) is within the effective 

measurement range. To check the conversion efficiency of the transducer from electric power 

to ultrasonic power above the electric power of cavitation inception, the ultrasonic power in 

water was measured by calorimetry.18) The ultrasonic power was proportional to the effective 

electric power applied to the transducer at high electric powers. This result means that the 

electric power applied to the transducer is properly converted into ultrasonic power under these 
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experimental conditions. 

Cavitation bubbles at low driving frequencies are larger than those at high driving 

frequencies.31-33) The instability of sound pressure at a high electric power might be explained 

by the existence of large bubbles in water and on the hydrophone surface. Consequently, the 

existence of those large bubbles enhances scattering and absorbance of ultrasound in water.  

In Fig. 5(b), the driving frequency is 488 kHz. Both the sound pressure at the fundamental 

frequency and BIP increase with electric power above the cavitation inception. At a high electric 

power, the sound pressure in the reflected wave is significantly lower than that in the incident 

wave owing to ultrasonic attenuation by a great amount of cavitation bubbles and water and this 

enhances an acoustic radiation force. The ultrasonic attenuation is enhanced with increasing 

driving frequency. From these facts, trapped bubbles on the hydrophone surface and in standing 

waves are mostly removed by the acoustic radiation force. Therefore, the sound pressure 

increases again at a high electric power.  

However, at a high electric power, in Figs. 5(a) and 5(b), the sound pressures are lower than 

the values extrapolated from the linear relationship between the sound pressure at the 

fundamental frequency and the square root of the electric power below the square root of the 

electric power of cavitation inception. This can be explained by the absorption and scattering 

caused by bubbles in water.  

 

3.3. Sound pressure at the second harmonic and first ultraharmonic frequencies  

Figure 6 shows the sound pressures at the second harmonic (f2) and first ultraharmonic (f1.5) 

frequencies as functions of the square root of the effective electric power applied to the 

transducer. In Fig. 6(a), at 22 kHz, as the square root of the electric power increases, the sound 

pressure at the second harmonic frequency is zero initially and increases. The square root of the 

electric power of inception of the second harmonic frequency is slightly lower than that of 

cavitation inception. Harmonic signals are derived from nonlinear oscillations of stable bubbles 

in water.16) When the driving frequency is above 1 MHz, the nonlinear propagation of ultrasound 

affects the harmonic signals.29) In this study, the effect of nonlinear propagation of ultrasound is 

small. As the electric power applied to the transducer increases, bubbles occur at first, then 

oscillate with ultrasound, and collapse at a high electric power, that is, ultrasonic cavitation is 

generated. This explains why the second harmonic component of sound pressure appears below 
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the electric power of cavitation inception. 

The generation of half-order subharmonics is mainly attributed to the sound waves from 

relatively large bubbles, which oscillate with a doubled period of driving frequency.29) From a 

Fourier series, the spectrum of any arbitrary periodic function with doubled period of driving 

frequency consists of the half-order subharmonics and ultraharmonics (integer multiples of 

subharmonics excluding the fundamental and harmonics) such as the first ultraharmonic, f1.5. 

At first, the sound pressure at the first ultraharmonic frequency is zero, and then with increasing 

electric power, it increases at a relatively high electric power. The square root of the electric 

power of inception of the first ultraharmonic is higher than that of cavitation inception. From 

this result, it is thought that there are few relatively large bubbles oscillating with a doubled 

period in the vicinity of the electric power of cavitation inception, and large bubbles are formed 

by coalescence of bubbles at a high electric power.  

When the driving frequencies are 304 and 488 kHz, as shown in Figs. 6(b) and 6(c), 

respectively, the electric power of inception of the second harmonic is lower than that of 

cavitation inception. The same behavior is observed at 22 kHz, as shown in Fig. 6(a). However, 

the square root of the electric power of cavitation inception of the first ultraharmonic at 304 kHz 

is slightly higher than that of cavitation inception, and the square root of the electric power of 

inception of the first ultraharmonic at 488 kHz is almost the same as that of cavitation inception. 

From these results, at a higher driving frequency, it is considered that large bubbles easily form 

at the electric power of cavitation inception. At 488 kHz, the sound pressures at the second 

harmonic and first ultraharmonic frequencies are small where the square root of electric power 

is from 0.5 to 1.5 W0.5. This is because the number density of bubbles is high and many 

cavitation bubbles are trapped at the standing waves, as shown in Fig. 3(b). 

 

4. Conclusions 
In this study, we investigated how the ultrasonic cavitation affects the sound pressures at the 

fundamental, second harmonic, and first ultraharmonic frequencies, and BIP using the tough 

needle-type hydrophone. For the fundamental frequency, sound pressure increased linearly with 

increasing square root of the effective electric power when there were no cavitation bubbles in 

water. On the other hand, sound pressure drastically decreased at around the electric power of 

cavitation inception because of ultrasonic attenuation, caused by numerous bubbles trapped in 



 

 

9 

 

standing waves and on the hydrophone surface. Above the electric power of cavitation inception, 

sound pressure increased again. The possible reason is that trapped bubbles were mostly 

removed by the acoustic radiation force. However, at a high electric power, the sound pressure 

was lower than the value extrapolated from the linear relationship between the sound pressure 

at the fundamental frequency and the square root of electric power below the electric power of 

cavitation inception.  

For the second harmonic signal, the electric power of inception was relatively lower than that 

of cavitation inception. This means that stable bubbles are generated at a lower electric power 

than cavitation bubbles. The first ultraharmonic component was detected near the electric power 

of cavitation inception at 304 and 488 kHz, and above that at 22 kHz. It is considered that at 

low driving frequencies, relatively large bubbles that oscillate with a doubled period were few 

at the electric power of cavitation inception and large bubbles were formed by coalescence of 

bubbles at a high electric power.  
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Figure Captions 
Fig. 1. Experimental setting for measurement of sound pressure and the broadband noise. 

 

Fig. 2. Example of sound pressure spectrum at a driving frequency of 304 kHz and an electric 

power of 4 W. 

 

Fig. 3. Sound pressure at the fundamental frequency and BIP as functions of the square root of 

the effective electric power applied to the transducer in low-electric-power range at driving 

frequencies of (a) 22 and (b) 488 kHz. 

 

Fig. 4. (a) Experimental setting for the bubble observation and images obtained using ultrasonic 

diagnostic equipment in water (b) without and (c) with ultrasonic irradiation at a driving 

frequency of 488 kHz and an electric power of 1 W. 

 

Fig. 5. Sound pressure at the fundamental frequency and BIP as functions of the square root of 

the effective electric power applied to the transducer when the effective electric power was 

changed from 0 to 100 W. The driving frequencies were (a) 22 and (b) 488 kHz. 

 

Fig. 6. Sound pressures at the second harmonic and first ultraharmonic frequencies as functions 

of the square root of the effective electric power applied to the transducer at the driving 

frequencies of (a) 22, (b) 304, and (c) 488 kHz. 
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Fig.3(a). 
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Fig.3(b). 
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Fig.4. 
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Fig.5(a). 
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Fig. 5(b). 
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Fig. 6(a). 
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Fig. 6(b). 
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Fig. 6(c). 
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