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shaped oscillation of the droplet increases
drastically9, triggering a signal to a fast
flashlamp that fires after a predefined delay,
Dt, and is recorded by a digital microscope
as a still image of the droplet. This process
is repeated with subsequent droplets, using
increasing delay times. 

These microscopic images of the 
disintegration process of our levitated
microdroplets are reproduced in Fig. 1a–f.
During the first 150 ms, the droplet stretch-
es from a sphere into an ellipsoid, as pre-
dicted by Rayleigh (Fig. 1a). It then
develops two sharp tips on the poles of the
ellipsoid (Fig. 1b). Almost instantaneously
after tip formation, a fine jet of liquid is
ejected from both tips in opposite direc-
tions (Fig. 1c). This jet later disintegrates
into fine droplets (Fig. 1d) that are repelled
from the mother droplet by Coulomb
repulsion. The tip edges disappear after the
ejection of the jet (Fig. 1e), and the barrel-
shaped parent droplet then contracts until
it regains spherical symmetry after about
210 ms (Fig. 1f). 

During the jet’s disintegration, roughly
100 small daughter droplets are formed,
which carry 33% of the total charge and
constitute about 0.3% of the mass of the
mother droplet. The diameter of the jet is
determined from higher-resolution images
to be 1.5 mm: the droplets generated during
disintegration are of roughly the same size
and are themselves close to a fissility of
Xfrag41 and so presumably undergo a
Rayleigh instability soon afterwards.

As this behaviour is independent of the
levitator voltage, we argue that it must 
correspond closely to that of free, highly
charged droplets. But, in contrast to Lord
Rayleigh’s prediction, we observed the jets
at a fissility of unity, indicating that
renewed investigation will be necessary to
explain the complex hydrodynamics of this
century-old problem.
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(known as Rayleigh jets) “whose fineness,
however, has a limit”1. Although this 
conjecture has since been examined both
experimentally2–4 and theoretically5,6, the
mechanics of the break-up of these charged
droplets and the details of the jets’ fineness
remain unclear.

We used high-speed microscopic images
to observe the disintegration of droplets
charged to the Rayleigh limit and the 
production of Rayleigh jets. In our experi-
mental set-up, a charged droplet of ethylene
glycol is produced by using a piezo-driven
nozzle and is suspended in an electro-
dynamic levitator; the droplet is illuminated
by an unfocused He–Ne laser and the
mass/charge ratio and the radius of the
droplet are determined in real time by
analysis of the scattered light7,8.

At the moment of injection, the droplet
radius, a0, is 58 mm and its charge is about
3.3 picocoulombs. It subsequently shrinks
through evaporation of neutral molecules,
reaching the Rayleigh limit of stability at a
radius of about 24 mm. Just before this
point, the amplitude of the quadrupole-

Coulomb fission

Rayleigh jets from
levitated microdroplets

Electrified droplets are generated in
thunderstorm clouds, as well as in
technological applications such as ink-

jet printing and electrospray ionization, 
but they become unstable when charged
beyond the Rayleigh limit1. Here we record
the dynamics of the disintegration process
by examining levitated droplets under 
high-speed microscopy. These images may
help to explain one of the oldest unsolved
problems in experimental and theoretical
physics. 

Lord Rayleigh showed that the spherical
shape of a drop of radius a0, surface tension
s and charge Q, remains stable as long as
the fissility X4Q2/(64p2e0sa0

3) does not
exceed unity1. As X approaches unity, the
quadrupole deformation is the first to
become unstable; when X increases beyond
unity, however, an instability occurs that is
associated with the formation of fine jets

Figure 1 High-speed imaging of the disintegration of a levitated droplet charged to the Rayleigh limit. The droplet (radius, 24 mm) is

imaged on a vertical charge-coupled-device array to determine and control its vertical position in the levitator, and on a photomultiplier

that detects instability-onset, quadrupole-shaped oscillations of the droplet. These oscillations trigger a signal to a flashlamp that fires

after a predefined delay, Dt. The image is observed through a microscope with a long working distance (Mitutoyo). a–f, Microscopic

images taken at Dt values (in ms) of: a, 140; b, 150; c, 155; d, 160; e, 180, and f, 210. The droplet changes from a sphere to an 

ellipsoid (a), tips appear at the poles (b) and a fine jet of liquid is ejected from each tip (c); the jets disintegrate (d) and the elliptical 

droplet reassumes a spherical shape (e, f). Further experimental details are available from the authors. Scale bar, 100 mm.
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