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Interfacial Instability Triggered Coulomb Crystallization of Charged Water Droplets
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We present experimental observations of two-dimensional macroscopic Coulomb crystals of charged
water droplets created on the surface of a thin layer of mineral oil that covers a volume of deionized
water. The crystallization process is triggered by an electrohydrodynamic instability of the oil-water
interface induced in the system by the simultaneous application of a corona discharge and a dc voltage
bias. The experimental scale sizes of the observed crystals agree well with quantitative theoretical
estimates of the interfacial instability. Our experiment also provides a novel and simple method for
creating long-lived ordered patterns that can serve as excellent systems for basic studies of strongly
coupled matter with potentially interesting applications.
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The study of Coulomb crystals is an active and current
area of research in a number of different branches of
physics including atomic and molecular physics [1], soft
condensed matter [2], and plasma physics [3]. These
organized structures are convenient systems for the in-
vestigation of basic issues related to strongly coupled
matter with a variety of applications [4]. Detailed knowl-
edge about their evolution dynamics and information on
the collective modes of the crystals can also provide
valuable insights for understanding fundamental ques-
tions related to dynamical pattern formation in driven
nonequilibrium systems. Coulomb crystals are formed
when the average Coulomb energy in a system of charged
particles exceeds the average thermal energy by a cer-
tain amount. The ratio of these two energies is quantified
by the Coulomb coupling parameter, defined as I' =
Q?/(4mepkgTA), where Q is the charge on a single par-
ticle, €, is the vacuum permitivity, 7 is the temperature,
kg is the Boltzmann constant, and A is the average
distance of separation between the particles. When I" >
1 the system is said to be in the strongly coupled Coulomb
(SCC) regime. In the presence of a confining field an SCC
system can display a rich variety of collective behavior
including transition to a crystalline state when I" exceeds
a critical value. One of the key questions of interest in the
study of transition phenomena is the underlying physical
process triggering the crystallization process. Avariety of
physical mechanisms have been identified in the past. In
colloidal systems, for example, order is induced by shear
flows, optical gradients, or electrophoretic forces. In
clouds of trapped ions, crystallization occurs when laser
cooling reduces the ion temperature to a very low value.
When micron sized dust particles are immersed in an
electron-ion plasma, the dust particles acquire a large
amount of charge, and if the dust temperature is reduced
through collisions with a background neutral gas a dust
crystal can emerge. In addition to cooling the charged
particles, one also needs to spatially confine them in order
for the crystals to form. Confinement is usually obtained
through the use of suitable electromagnetic field traps,

014501-1 0031-9007/04/93(1)/014501(4)$22.50

PACS numbers: 47.65.+a, 47.54.+r

often in a high vacuum environment. One of the most
commonly employed electromagnetic traps is the Paul
trap, which is traditionally used to trap ion clouds but in
more recent experiments has also been used to confine a
Coulomb crystal of charged oil drops [5].

In this Letter, we present experimental observations
on the evolution and formation of macroscopic two-
dimensional Coulomb crystals of charged water droplets
on the surface of a thin layer of mineral oil. The oil layer
initially covers a volume of deionized water and the whole
system is subjected to a corona discharge and a dc voltage
bias. By a controlled increase of the applied voltages an
instability is triggered in the system, which sets off a
dynamical process that results in the creation and charg-
ing of water droplets on the surface of the oil layer. We
identify the instability as an electrohydrodynamic insta-
bility of the oil-water interface [6—8] and show that the
spatial scale sizes of the patterns resulting from it agree
quite well with quantitative theoretical estimates of the
most unstable wavelength. The crystalline patterns of
water droplets, representing the nonlinear stationary state
of the system, range in size from a few millimeters to a
few centimeters and display a variety of symmetries and
patterns that can be selected by varying the external
voltages. The entire experiment is carried out at room
temperature and atmospheric pressure and without em-
ploying a conventional electromagnetic trap. The
Coulomb crystals, once formed, can be maintained in a
stable manner for several hours at a time.

A schematic of the experimental setup is shown in
Fig. 1. A metallic cylinder (with diameter 10 cm, height
5 cm, and a transparent glass bottom) is filled with
deionized water, which is topped by a thin layer (2—
3 mm depth) of mineral oil. An alternating high voltage
at 50 Hz frequency from a 20 kV, 200 mA ac power supply
is applied to a sharp needle (with a parabolic tip of 40 um
diameter) with respect to a grounded circular electrode
that is kept above the metallic cylinder with the help of an
insulating support. The distance between the sharp point
and the cylinder is varied between 1.5 to 3 cm. A 10 kV,

© 2004 The American Physical Society 014501-1



VOLUME 93, NUMBER 1

PHYSICAL REVIEW LETTERS

week ending
2 JULY 2004

Perspex
/Chomber
——Sharp Needle
HVAC

—
Grounded

Ring

Oil

Deionized

Water

Biased (+ve)

Cylinder

N ——Container

SRR

Glass
1 kW

Halogen
lamp

FIG. 1. Schematic representation of the experimental setup.

100 mA high voltage dc power supply is used to positively
bias the metallic cylinder with reference to a grounded
central metallic circular ring. A halogen lamp fixed about
30 cm below the glass bottom of the cylinder provides
proper illumination for viewing the pattern formation on
the surface of oil. Care is taken to avoid any heating of the
oil-water system by placing a thick perspex [Poly(methyl
methacrylate) (PMMA)] slab (not shown in the figure)
and a sufficient air gap between the lamp and the glass
bottom. The perspex slab is additionally air cooled. The
complete setup is enclosed in a perspex (PMMA) cham-
ber to avoid airflow disturbing the structures. A charge-
coupled device (CCD) camera, placed at an angle of about
20° from the vertical, is used to record the time evolution
of the emerging patterns. The experiment is carried out as
follows. For a fixed needle height (e.g., 1.5 cm above the
oil layer) we begin by applying only the ac voltage to the
system and progressively raising its value. When the ac
voltage reaches a critical value (about 1.6 kV), we observe
the onset of a Trichel corona discharge between the needle
and the grounded ring electrode in every negative cycle
of the applied voltage. The corona pulse shapes, charge,
and frequency are directly confirmed on a 500 MHz
oscilloscope that is connected by a 50 () transmission
line to the grounded ring with an additional 50 €} re-
sistance in series. The onset voltage for Trichel pulses in
our experiment is found to be practically independent
of the gap between the needle and oil layer in the range
of 1.5 to 3 cm. The measured value of 1.6 kV corresponds
to a maximum electric field that exceeds the value of
30 kV/cm in the region near the needle tip in agreement
with predicted theoretical values for avalanche buildup
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[9]. As we further increase the voltage we find a threshold
value at which the oil layer displays a slight rippling
activity in a tiny region immediately below the needle.
This threshold voltage Vi, is a function of the distance of
the needle from the oil layer and is found to be 2.7, 3.7,
4.6, and 5.5 kV for electrode distances (d) of 1.5, 2.0, 2.5,
and 3.0 cm, respectively. The threshold voltages corre-
spond to an average electric field value of E,,, = V/d =
1.8 kV/cm at the surface of the oil layer, which appears to
represent the minimum electric pressure necessary to
perturb the oil surface. However, this electric pressure
is not sufficient to produce the droplets and the formation
of crystals. For this we now turn on the dc voltage bias,
keeping the ac voltage at the threshold value, and observe
the enlargement of the rippling area, which appears as a
white turbulent spot. In this region the oil layer appears to
be pushed away and the water surface to be pulled up. The
turbulent activity is accompanied by surface flows with
near dipole shapes. At a certain critical size of the white
spot (and a corresponding value of the total applied
voltage) we observe the formation of water droplets
around the poles of the dipole pattern axis. These thresh-
old values V., of the voltage are 3, 6.5, and 8 kV ford =
1.5, 2.0, and 2.5 cm, respectively. The water droplets have
a spectrum of sizes and are separated at varying dis-
tances. They appear to randomly disappear or merge to
form bigger size droplets that gradually move to encircle
the central region. As the number of droplets increase
they achieve nearly similar sizes (within about =5% as
determined from an average over many sets of measure-
ments) and begin organizing themselves into a circular
area with an inherent hexagonal symmetry among them-
selves. The central bubbling region slowly diminishes and
disappears to give rise to a steady organized pattern of
water droplets. At this point the corona discharge ceases
(although the applied voltages are maintained at their
original values). The entire equilibrium is extremely
stable and can be observed for hours. If a drop gets
accidentally destroyed or the pattern is slightly per-
turbed, the corona activity resumes in that local region
to create additional drops and to restore the equilibrium.
In Fig. 2 we show a few of the intermediate steps in the
formation of the final structure of water droplets. A
typical large size Coulomb crystal of water droplets is
shown in the left panel of Fig. 3. The size of the structure
can be controlled by varying the applied voltages. We
have obtained crystals of varying sizes, including those
composed of only a few droplets that resemble unit hex-
agonal cells (see central panel of Fig. 3) or frequently
assume circular shell structures (see right panel of Fig. 3).
The final size of the droplets is found to be independent of
the applied voltage. The number of droplets in a crystal is
found to vary linearly as a function of the applied total
voltage. This is shown in Fig. 4 for three sets of observa-
tions taken for different values of the needle distance.
The fitted lines (solid lines) when extrapolated to inter-
cept the x axis give values of applied voltages that agree
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FIG. 2 (color online). Evolutionary stages of the crystal for-
mation. The pictures are taken at intervals of a few minutes
with the upper left snapshot being the earliest, followed by the
upper right, the lower left, and the lower right.

with the experimentally measured threshold voltages
(Vinres) for the onset of droplet formation. In Fig. 4 we
have also shown a plot of the area of the crystal as a
function of the applied voltage for one of the sets of
measurements (needle distance of 2 cm). This variation
too is found to be a linear function (the dashed line) of the
applied voltage, implying that the area of the crystal may
also be considered as an appropriate order parameter on
an equal footing with the number of droplets in a crystal.

The physical mechanism responsible for the formation
of the patterns appears to be a two-step process. The
corona discharge charges the oil surface negatively pri-
marily from the deposition of negative ions created in the
air due to the energetic electrons emitted from the sharp
tip. The free oil surface thereby acts as a virtual electrode
and with the application of the dc bias induces a strong
electric field in the liquid. The electric field renders the
oil-water interfacial layer unstable giving rise to electro-
hydrodynamic activity that is observed in the initial
stages of the experiment. The basic instability arises
from the interplay of two opposing forces—the stabiliz-
ing influence of the interfacial surface tension and the
destabilizing effect of the electric field that tends to draw
the water surface upwards in a rippled fashion. A char-
acteristic scale length of this linear instability can be
theoretically estimated [8,10] by taking a ratio of the
Laplace pressure to the electrostatic pressure and is given

by Apax = 50(62 - 61)2U2/(712€i/26;/2), where Ap,y 18

FIG. 3. Typical large scale crystal (left) and a few droplet
formations (middle and right).
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the wavelength of the fastest growing mode, €; and €,
are the dielectric constants of mineral oil and water,
respectively, ¥, is the interfacial tension of oil against
water, and U is the applied potential difference across the
oil layer. In our experiment we have €; = 4.0, €, = 80.0,
v12 = 23 dynes/cm, and U =~ 102V, which gives us
Amax = 1073 m. This value is in good agreement with
the observed spatial scale lengths of the average distances
between the water droplets in the crystalline patterns. We
should mention that the linear stage of the instability is
characterized by the presence of a large number of scale
lengths since there is a wide spectrum of unstable wave-
lengths. This accounts for the turbulent appearance of the
initial unstable region. Eventually the wavelength, which
has the maximum growth rate (denoted as Ap,,), out-
grows the other wavelengths leading to the establishment
of a basic scale length for the nonlinear phase. So the
process of disappearance or the merging of droplets in the
initial stages can be attributed to a transient phenomenon
representing the superposition of various unstable wave-
lengths. The formation of the pattern itself, usually with a
hexagonal symmetry, can be attributed to a Coulomb
crystallization process by considering the crests of the
unstable water layer, which have risen to the surface of the
oil layer, to behave as charged macroscopic water drop-
lets. The mutual Coulomb repulsion of the droplets is
opposed by the confining forces of the background oil
surface as well as the radial component of the equilibrium
electric field between the needle and the ring electrode. A
quantitative measure of the electric charge Q on each
droplet can be obtained by making use of the linear vari-
ation of the number of droplets with the applied voltage.
Since the droplets are nearly of uniform size, we can
therefore estimate Q to be C(V/N) where C is the capaci-
tance of the system (which we measure independently), V
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FIG. 4. Plots of number of droplets in a crystal (left ordinate,
fitted solid lines) and area of the crystal (right ordinate, fitted
dashed line) as a function of the applied voltage. The data sets
are for different electrode spacings, namely, 1.5 cm (¥), 2 cm
(A and +), and 2.5 cm (O).
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is the voltage, and N is the number of droplets in the
equilibrium structure. The average charge is found to be
about 10°e per droplet where e is the charge of an elec-
tron. Assuming the random kinetic energy of the droplets
to be that corresponding to the room temperature, we find
that the Coulomb parameter I' > 10°, and hence the
system, is in the strongly coupled regime. Thus all con-
ditions for the formation of Coulomb crystals appear to
be satisfied and to be consistent with our observations.
The most common symmetry pattern we observe in the
crystal is the hexagonal one but for formations with a
fewer number (N) of droplets we also observe a variety of
concentric shell patterns that are analogous to those ob-
served earlier in two-dimensional molecular dynamic
simulations [11] and subsequently investigated in dusty
plasma configurations [12]. The control parameters are
the applied voltages and the oil layer thickness that offer a
direct and simple means of generating different nonlinear
patterns. We have also experimented with different fluids
replacing the mineral oil with other dielectric liquids and
found similar results with interesting variations in the
dynamical evolution of the patterns. A detailed report on
these results will be given elsewhere.

In conclusion, we have experimentally delineated the
dynamical processes underlying the formation of large
scale two-dimensional Coulomb crystals in a simple bi-
fluid system consisting of a thin layer of oil resting on a
volume of deionized water. The crystal formation process
gets initiated when external dc and ac voltages applied to
the system exceed a critical value. While the entire evolu-
tionary process is quite complex, we are able to identify
some of the principal stages and contributory factors. The
triggering mechanism is an electrohydrodynamic insta-
bility of the oil-water interface that forces water droplets
to appear at the surface of the oil layer. The corona
discharge contributes towards the accumulation of large
amounts of charge on these droplets and the correspond-
ing rise in the Coulomb coupling parameter. A direct
measurement of the charge confirms that the system of
droplets is indeed in the strongly coupled regime. The
spatial scale lengths (lattice spacing) of the crystals are in
good quantitative agreement with the theoretically esti-
mated values of the most unstable wavelength of the
linear interfacial instability. The symmetry and sizes of
the crystals depend on the bias voltages and are easily
controllable. The crystals can also be maintained stably
for several hours. In this regard, it is worth pointing out
that, in addition to providing an insight into the symme-
try breaking instability that triggers pattern formation,
our experiment offers a simple and novel way of creat-
ing macroscale and long-lived Coulomb crystals in the
laboratory. The experimental findings also reveal some
interesting dynamical observations that merit future in-
vestigation. The constancy of the size of the droplets and
the agreement of the basic scale length of the interdroplet
distance with linear instability lengths are somewhat
surprising and need to be better understood from a fully

014501-4

nonlinear dynamical point of view. Our experimental
technique can be usefully employed for a variety of
such future investigations involving nonlinear studies of
interfacial instabilities, collective excitations in strongly
coupled matter, and controlled studies of phase transi-
tions in driven nonequilibrium systems.
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