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Abstract. In this paper we investigate the initial sequence of events that lead to the 

fragmentation of a millimetre sized water droplets when interacting with a focused ns-laser 

pulse. The experimental results show complex processes that result from the reflection of an 

initial shock wave from plasma generation with the soft boundary of the levitating droplet; 

furthermore, when the reflected waves from the walls of the droplet refocus they leave behind a 

trail of microbubbles that later act as cavitation inception regions. Numerical simulations of a 

shock wave impacting and reflecting from a soft boundary are also reported; the simulated 

results show that the lowest pressure inside the droplet occurs at the equatorial plane. The 

results of the numerical model display good agreement with the experimental results both in 

time and in space.  

1.  Introduction 

The fragmentation, or breakdown of a liquid volume into smaller droplets, is commonly found both in 

nature (mist formation due to the shear of the wind with the ocean waves and in the fragmentation of 

lava when a volcano erupts) as well as in engineering applications (spray paint, irrigation processes, 

internal combustion engines and ink-jet printers to name a few); the interested reader can refer to the 

reviews by Villermaux [1] and Eggers and Villermaux [2]. Recently, interest has arisen due to a 

deeper understanding of the sheet formation required in the extreme ultraviolet light sources [3,4]. The 

droplet fragmentation from focused laser pulses is the result of a complex sequence of events and little 

studied so far in the literature. To shed more light we report in this work on the initial stage of the 

fragmentation process by performing experiments just a few microseconds after the starting of the 

events that lead to the fragmentation process of sub-millimeter liquid droplets. To study the 

fragmentation process we levitate the droplet with an acoustic field. 

 

2.  Experimental setup 

The experimental setup, depicted in figure 1a, consists of a Langevin-type transducer that is driven at 

its resonant frequency, fr = 27.4 kHz, and an aluminum block that acts as a reflector of the acoustic 

waves from the transducer. In our setup we used the acoustic radiation pressure to maintain a liquid 

droplet floating in air. Once the droplets are levitating between the transducer and the reflector a 

focused laser pulse from a Nd:YAG laser (Orion, New wave research, 532 nm, 6 ns pulse duration) is 

aimed at the droplet to fragment it. The initial stage of the fragmentation process is analyzed by 
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capturing single frames after specific delays, t, from the time of the laser pulse; the images are 

recorded with a digital 12bit CCD camera (Sensicam QE, 500 ns minimum exposure). The scene is 

illuminated with red fluorescence emission from a second laser of the same model. The laser beams 

and the CMOS camera are all synchronized with a pulse delay generator (BNC, Berkeley Scientific). 

For each droplet two images are taken, one just before the fragmentation and one that shows the 

fragments after a specific time delay. The experimental parameters relevant to this study are depicted 

in figure 1b. Each droplet is positioned in the acoustic field such that the laser impacts it 

approximately at the equatorial plane, at 1.01  y , where yyy R  , is the vertical 

excentricity paramerter, as can be seen in figure 1b.   

 

 
 

Figure 1. Experimental setup used for acoustic levitation and laser induced fragmentation of single 

millimetre-sized droplets. 

 

3.  Results 

Figures 2a-c show images recorded 1, 3 and 10 s after the laser is fired; here, the laser beam is 

generating a bubble at the right side of the droplet. During bubble expansion the thin film between the 

bubble and the atmosphere ruptures. Likely, the high pressure difference leads to shock wave emission 

and shear layers on the surface of the droplet. There small droplets are ejected, as can be seen from 

figure 2a; some of these small droplets travel even faster than the shock wave, visible as the circular 

object surrounding the droplet. the estimated velocity of the fastest droplets is 1360 ± 65 m/s         

                                                        . Due to their smallness we cannot resolve their 

size; expecting that they need to be sufficiently small to remain stable at these fast accelerations we 

can make an estimate; the capillary length, c, at an  acceleration, ax, imparted at t = 1 s is, 

xc a / , where  and  are the surface tension and the density of the liquid respectively; with  

= 72 x10
-3

 N/m,  = 1000 kg/m
3
 and the horizontal component of th      l  ’  v l c  y    ~       /   

this velocity is attained in 1s, thus the acceleration, ax ~ 10
3
/10

-6
 ~ 10

9
 m/s

2
; the capillary length of 

these fast traveling droplet fragments is ~ 200-300 nm. This is much smaller than the minimum 

features that can be resolve with the camera, i.e., 6.5 µm. Also, while the left side of the main droplet 

appears to be smooth the stretched droplet wall displays a rough surface with a complicated pattern. At 
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t = 3 s the fast ejected droplets are still flying faster than the shock wave, however, they are rapidly 

decelerating as in this case their speed has decreased to 820 m/s; finally, figure 2c depicts the state of 

the droplet 10 s after the laser is fired; at this t the droplet is significantly fragmented, the leading 

edge is thinner than in both figure 2a and 2b and we the shock wave has rebounded from the upper and 

lower walls. 

 

 
Figure 2. Fragmentation of a water droplet; single images captured at different time delays t; a) t = 

1 s, Rx = 198 m, Ry = 192 m; b) t = 3 s, Rx = 198 m, Ry = 192 m; b) t = 10 s, Rx = 163 m, 

Ry = 156 m.  

 

The small size of the droplet and fast times-scales make it difficult to understand what dynamic 

processes lead to fragmentation. In particular, small droplets show a variety of fragmentation patterns 

which we relate to the position and size of the initial vapour bubble generated. Next, we show 

experimental and numerical results which detail this initial stage. Therefore, we use larger droplets as 

they allow a better visualization of the bubble and shockwave dynamics within the droplet. 

 Figure 3a shows a sequence of images with the time of recording/simulation stated in in 

microseconds. The top image shows the experiment, while the lower is generated from a simulation of 

the acoustic wave propagation using a 3-dimensional finite element simulation of the linear wave 

equation in COMSOL. The wave is emitted from the surface of the bubble and modelled as a time 

dependent positive cycle from squared sine-function oscillating at 10MHz. The surfaces of the inner 

bubble and the droplet are perfect soft reflectors. The speed of sound is 1500 m/s and the CFL number 

is 0.2. In the first two experimental images, t = 0 and 0.1 s the shock wave is expanding spherically 

from the laser generated bubble, this is also reproduced numerically. At t = 0.4 s the shockwave is 

hidden in the curved parts of the droplet yet visible on the right (see arrow), the simulated image, t = 

0.5 s, shows that the wave is reflected from the free surface of the droplet leading to an inversion of 

the acoustic, due to the very large difference in the acoustic impedance of water and air the wave is 

almost entirely reflected back inside the droplet [5];, upon reflection the trailing part of the wave can 

put the surface of the droplet under tension and induce secondary c v                   l  ’       c  as 

has been observed before [6] . The reflected wave from the upper and lower portions of the droplet 

superimpose at the equatorial plane, as seen at t = 1.10 and 1.25 and 1.30 s; at t = 1.25 and 1.30 s 

a thin line of bubbles can be observed behind the point where the reflected waves merge; these 

cavitation bubbles may appear due to the encounter of shock waves propagating in opposite directions 

as has been reported before [7]; the numerical simulation also show good agreement with the location 

of the lowest pressure both in time and in space; in the last three experimental images at t = 1.35 and 

1.40 and 1.45 s the point at which the counter propagating waves meet moves to the right in each 

frame, with the trail of bubbles increasing from left to right; similar trend is observed in the simulated 

images where the point where the waves meet propagates to the right; the darkest region in these 

images corresponds to the lowest pressure. Figure 3b displays simulated images that correspond to the 

9th International Symposium on Cavitation (CAV2015) IOP Publishing
Journal of Physics: Conference Series 656 (2015) 012017 doi:10.1088/1742-6596/656/1/012017

3



 

 

 

 

 

 

images shown in figure 3a, however, the images portray a top view; surprisingly, the location where 

the lowest pressure values (most probable sites for cavitation inception) is not through the centre of the 

droplet but instead closed to its periphery. The image at the bottom, figure 3c, is a 3d representation of 

the simulated droplet with the location of the lowest pressure for all the time steps in the simulation.    

 

         

 
Figure 3. The position of the shock wave inside a levitated droplet and comparison with numerical 

simulations; a) side view; b) top view; c) position of lowest pressure during the wave propagation. The 

length of the bar in the lower left corner of the first image from the top is 500 m.    

 

4.  Conclusions 

Due to the reflection of the shock wave from the soft droplet boundary secondary cavitation is induced 

in a region confined close to the periphery of the droplet; the experimental results show good 

agreement with numerical simulations.  
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