


The experiment is conducted at room temperature and at low pressure (10.1 kPa=0.1 atm),
implying large bubbles with long collapse times and thus increased spatio-temporal resolution.

2. Results and Discussion
A sequence of images showing a cavitation bubble collapsing in the vicinity of a free surface
is shown in Figure 1. The bubble is initially spherical, yet upon reaching its maximum size
(Rmax � 5:3 mm) it distorts to an egg-like shape while pushing liquid above it and deforming
the free surface (frame 1 in Figure 1). The bubble then starts its collapse, during which a jet
forms from the top of the bubble directed away from the free surface with a maximum speed of
8.2 m/s and an average width of 1 mm. The tip of the jet obtains an interesting \mushroom
cap"-shape, which we believe is a result of interface instabilities. Figure 2 provides a more
detailed visualization on the jet within the bubble, disclosing this peculiar jet shape in frames
1-4. The cap has a diameter of 2 mm. The jet then pierces the bubble well before the moment
of collapse and entrains a pocket of the bubble's enclosed gases { this is the vapor-jet mentioned
in Section 1. We discover that the boundary of this pocket has a complex shape, with a step
leading from a diameter of 2.8 mm to 3.8 mm (frame 4 in Figure 1). These two diameters are
associated with the jet and the \mushroom cap" diameters respectively. The inner part is the
actual jet pushing the vapor whereas the outer part, which quickly slows down and smoothens
out, is being pushed by the thin cap.

Figure 1: The collapse and rebound of a laser-induced cavitation bubble collapsing near a free
surface. The frames are from timest = 1:36; 1:96;2:33;2:60;2:74 and 3:40 ms after the bubble
generation. See video in ref. [5].

The interface of the bubble quickly becomes opaque after the jet has pierced the opposite
bubble wall. This is due to the shooting of micro-droplets onto the interface, which forms
capillary waves on the bubble wall. These micro-droplets resulting from a crown generated
within the bubble at the jet impact (frames 1-4 in Figure 2, bottom row). The jet impact occurs
at spectacular Reynolds and Weber numbers (Re � 104 and W e � 103 { note that the bubble
interface velocity at the moment of impact is 1.5 m/s), providing conditions similar to those
in investigations of a droplet impacting a at free surface where the formation of a high-speed
\ejecta"-sheet has been reported [6]. An ejecta-sheet is a thin jet that emerges rapidly after
the impact horizontally between a drop and the free surface. For a su�ciently energetic impact
(We > 500) this sheet disintegrates into tiny droplets [7].

The ejected micro-droplets mainly perturb the bubble boundary in the lower part of the
bubble, near the impact point (last frame in Figure 3). However, as the collapse of the bubble
continues, every point of its surface gets eventually sucked into the jet as shown theoretically
in ref. [8]. By this process, the capillary surface perturbations that formed at the bottom of
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Figure 2: Visualization of jet impact within the collapsing cavitation bubble. First frame taken
2.25 ms after bubble generation. Inter-frame time 26�s.

the bubble end up covering the entire bubble surface, including the jet. As a consequence, the
bubble-jet system becomes less transparent to light and more di�cult to observe.

It should be noted that mathematically the bubble maintains a spherical topology, as opposed
to a toroidal one, until the vapor jet pocket detaches from the main bubble. At this moment, the
bubble separates into two pockets, a torus associated with the main bubble, and a cylindrical
pocket, still of spherical topology, associated with the jet (see frame 5 in Figure 1). These two
bubble parts collapse individually with the cylindrical part breaking again into tori during its
collapse. The initial micro-jet is still present within the rebound bubble, but it is barely visible
due to the non-transparent interface of the rebound reminiscent of an upside-down mushroom
cloud (frame 6 in Figure 1).

Figure 3 shows the evolution of the bubble radius with time from the bubble generation to
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Figure 3: Time evolution of bubble radius in (a) horizontal and (b) vertical direction for the main
bubble and the vapor pocket, compared with the Rayleigh-Plesset solution for a spherical bubble
with Rmax = RX = 5:25 mm and p1 = 0:1atm = 10:15 kPa, thus �p = p1 � pvapor = 8:10 kPa.
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its collapse and �rst rebound. The bubble radius is measured separately in the horizontal (X)
and vertical (Y) direction, since the bubble evolves into a shape that is not a sphere. These
radii are calculated from the measured diameters,RX = DX=2 andRY = DY =2. Such a choice
allows us to compare the measured bubble size with the Rayleigh-Plesset model describing the
radial evolution of a corresponding spherical bubble [9]. In Figure 3b there is a region in time
where the exact size of the bubble is di�cult to extract due to the bubble being partly covered
by the free surface. It is evident that the shrinking of the main bubble is accelerated after the
jet impact at t = 2:32 ms (see the radius gradient change in Figure 3b), making it collapse faster
than the Rayleigh model would predict. This is explained by part of the bubble contents being
pushed away by the jet and participating in the growth of the external vapor pocket. The two
bubbles collapse individually with a time di�erence of � 60�s, and the vapor pocket breaks up
further during its collapse, releasing several individual tori.

A �nal feature worth discussing is the low velocity of the jet inside our bubble. We �nd typical
values around 8.2 m/s, which are signi�cantly smaller than usually reported values around 50-
150 m/s [8]. This di�erence is, however, explainable by our low pressure settings of 0.1 atm and
the close proximity of the bubble to the free surface, corresponding to a stand-o� parameter
 = h=Rmax = 0:56, where h is the distance of the initial bubble centre to the free surface. In
fact, empirical models suggest jet velocities aroundUJ = � (�p=�) 1/2 [8], where � p = p1 � pvapor
is the driving pressure, � is the density of the liquid, and � is a constant, numerically found to
be around � � 2:5{3 for  = 0:56 [10]. Using this constant, we then predict jet velocities of
7.1{8.6 m/s, consistent with our measurements.

3. Conclusion
The dynamics of the micro-jet impact within a laser-generated cavitation bubble collapsing in
the vicinity of a free surface has been experimentally studied using high-speed imaging. Low
pressure conditions and large bubble energies (obtained with a focussed laser) provide large and
slowly moving bubbles and therefore excellent temporal and spatial resolutions to investigate
detailed features of the collapse. The \mushroom cap"-shape of the jet tip, the crown-splash
forming at the jet impact within the bubble and the micro-droplet shooting on the interface
were discovered.
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