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been lost in the form of shockwave, noise and light. It also means 

that the surface energy worked more to make the bubble 

spherical and the effect is the loss of the bubble energy. This can 

be confirmed by the jet formation at the first rebound, which is 

due to the gravity. 

 

Back to the 30mJ case, 28.8% of the bubble energy has been 

used to the second rebound. During the second rebound, jet is 

formed since the initial energy cannot withstand the effect of 

gravity. At the first rebound, bubble had energy enough to 

maintain expand spherically even at the gravity is pushing the 

boundary. To scale the volume of the jet, the theory has been 

adopted from the reference[20]. 

 

 

 

 

Fig. 4.6 Energy partition for both cases 
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The kinetic energy of the jet is  
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The angle 𝜃 is the polar angle. The equation is from the 

assumption that the jet is at the z axis. 

 

= 2𝜋|𝛻𝑝| ∫ 𝑓𝑅3𝑑𝑅
𝑅

0

,  𝑤ℎ𝑒𝑟𝑒 𝑓 ∝
𝑅

𝑅𝑚𝑎𝑥
 

 

∝ |𝛻𝑝|𝑅𝑚𝑎𝑥
4  

 

The kinetic energy is also from the definition, 
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𝑣  is the spatially averaged jet velocity and m is the jet mass. 

 

Assuming the jet volume is the function of the energy 

partition, 
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The normalized jet volume becomes the function of 𝑅𝑚𝑎𝑥 at 

the same experimental condition. The proportionality factor was 

interpolated varying pressure level(𝑝∞), liquid and gravity(𝛻𝑝). 

The factor was 5.4 from the research. 

 

For the 30mJ case, the proportionality factor for the 

normalized jet volume for the second rebound jet was 1123. For 

the 42.6mJ case, the value for the normalized jet volume for the 

first rebound jet was 1275. The result exceeded the previous 

result, however, the two values are similar. The difference is 

thought to derive from the insufficient temporal resolution of the 

measurement. The similar values seem to mean the universality 

of the jet formation. 
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Chapter 5. Conclusions 

 

Laser pulse energy has been controlled via a half wave plate 

and polarizing beam splitter. The accurate control in laser pulse 

energy has not been done for bubble generation research. This 

reduced the pulse to pulse energy variation, beam profile 

fluctuation at the focus, and enhanced the stableness of the 

location of the focus. The method enabled imaging series of 

bubbles at different delays.  

 

Mirror based Schlieren imaging of bubble lifetime has been 

conducted for the first time. Shockwave speed in water is order 

of 2000m/s, the thick front could be detected well. To observe 

the bubble far away, teleconverter plus zoom lens could be used. 

The method has not been used for observation of the bubble. 

 

Normalized bubble lifetime far from boundaries for first 

oscillation collapsed to a Rayleigh solution. This means the first 

oscillation is explained by the pressure effect.  

 

At 30mJ, spherical rebound at the first rebound has been 

observed for the first time. To explain the result, Weber number 

and Bond number have been introduced. Explanation itself is new, 

and could analyze the spherical rebound from the energy analysis. 

The exact values for generating the spherical rebound at the first 
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rebound could not be obtained, however, smaller radius which 

means linearly smaller Weber number and Bond number squared, 

could be the main constant.  

 

At 30mJ case, spherical rebound at the first rebound did not 

result in jet but the second rebound resulted in jet. However, the 

normalized jet volume from the both cases matched and this 

means there is universality for the jet.  
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