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Picosecond discharges and
stick-slip friction at a moving
meniscus of mercury on glass

R. Budakian, K. Weninger, R. A. Hiller, S. J. Putterman

strated that swirling mercury in an evacuated flask generates
light'*. He emphasized that this *barometer light' “has not been
explained since its discovery about 30 years ago™ by Picard®. Here
we revisit this phenomenon and find that the repetitive emission
of light from mercury moving over glass is accompanied by the
collective picosecond transfer of large numbers of electrons.
When brought into contact with mercury, the glass acquires a
net charge. This charge separation provides a force which, in our
experiment in a rotating flask, drags mercury against gravity in
the direction of the motion of the glass. Eventually the edge of the
mercury slips relative to the glass, accompanied by a picosecond
electrical discharge and a flash of light. This repetitive build-up
and discharge of static electricity thus gives rise to stick—slip
motion. The statistics of the intervals between events and their
respective magnitudes are history-dependent and are not yet
understood.

Figure 1 shows a photograph of the apparatus used for these
measurements. A cylindrical glass cell is sealed and mounted so that
its axis lies in the horizontal plane perpendicular to the direction of
gravity. It is filled to —10% of its volume with mercury and in this
case sealed in a neon gas atmosphere at a pressure of 340 torr. In our
experiments this cell is rotated about its axis at a constant speed. As
seen in the photograph light is emitted all along the line of contact of
the mercury and the glass on the side where the glass leaves the
mercury. Rough estimates indicate a power of 20 n'W per centimetre
of meniscus at a speed of rotation of 1cms™ at the wall. This
emission is easily seen with the unaided eye.

Figure 1 Photograph of the “barometer Bght”, which is the orange line af light
generated at the intersection af the marcury meniscus and the wall of the ratating
glass cylinder, The rotation speed is 307s™"; the oylinder is made from Supracil
with a wall thickness of 1 mm, alength of Scm, and an outer diameter of 2 cm. The
call is filled with 15 ml of mercury and above the mercury is neon gas at 340tarr.
The light is emitted an the side where the wall laaves the marcury, With dimmed
ambéent lighting this effect is easily seen with the unaided eye, provided that the
mercury is properly cleaned. Each black Delrin endcap is joined to the glass with
an O-ring seal, We note that the Delrin-mercury interface also emits light.
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Measurements were carried out using (1) a photomultiplier tube
to resolve the temporal properties of the light, (2) a video camera to
follow the line of contact between the mercury and glass, and (3) a
capacitor (consisting of the 1-mm-diameter central conductor of an
RG58 coaxial cable, with the shield cut parallel to the tip, pointing at
the meniscus from the outside of the cell) to measure the charge
transfer. The data shown in Fig. 2 were obtained using a nitrogen
atmosphere (110 torr) above the mercury. In Fig. 2a, circles show
the time dependence of the height of a 3-mm segment of the line of
contact of the mercury and the glass; the electrical signals recorded
by the capacitor are shown by vertical lines in this figure. Our key
finding is that between electrical discharge events the mercury is
moving in the direction of the glass (Fig. 2a) with a constant
vertical velocity and that every discharge event, (which can have
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Figure 2 Correlation betwean stick-slip friction and picosecond electrical
discharges at a glass-mercury imerface. The Supracil cell is sealed with nitrogen
at 110torr and s ratated at 357 by 8 stepper mator acting through a 10 1 gear
reduction, The meniscus mation in a 3 mm = 2 mm ragion is magnified =20 and
imaged by a Cohu CCD camara, In a, circles indicate the meniscus height as a
functicn of time as read off the digitized frames which are acquired at the rate of
30 pers, Also shown in a, keyed 1o the right-hand vertical axis, are the elecirical
discharges recorded by the capacitor probe placed near the region of the call
being imaged. The discharge from the wire is here broadened in time using a
100 K2 terminating resistos, and digitized to memory at 4 kHz, The key conclusion
1o be drawn from the data in this figure is that macroscopic stick-slip events are
always accompanied by collective electrical discharges and, as shown in b, the
timescals for the slectrical events is measured in picoseconds. To obtain the
picosecond resolution displayed b the instantanecus voltage was acaguired with a
Tektronc: 6848 digital oscilloscope warking at 5 = 107 samples per second with a
G0 termination, The lower trace in a indicated by the triangles displays the
suface mation when a deuterium lamp illuminates the anfire surface with
broadband ultraviolet light. In this case bath electrical dischargas and the stick-
slip maotion are suppressaed. Tha inget in b shows a gualitative measure of the
=100 ps hydrodynamic timescale for meniscus motion to be completed after the
discharge avent (indicated by the arrow). A position-sensitive photodector
records laser light scattered off the mensscus (for this data the rotation rate is
6°&7'). The timescale for light emission by the nitrogen gas that hes been excited
by the: edectrical discharge is determined by a photomuttiphar tubsa (pomt.) with 8
rige time of 650 ps as shown in e Light is collected from the mercury-glass
irterface using a 800-m silica fibre which then channels it the photodetecton
which is sulficiently ramaved so as to minimize cross-talk between its ancde and
the: electrical discharge.
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an instrument-limited rise time of 375 ps; Fig. 2b) is followed by a
sudden fall in the height of the mercury. The scattering of laser light
directed at the curved meniscus indicates that the hydrodynamic
response of the fluid surface to the discharge-triggered slip (indi-
cated by the arrow in Fig. 2b inset) takes ~ 100 ps to be completed.

Our picture of the process is as follows: as portions of the glass
come into contact with the mercury, electrons hop to sites on the
glass where they remain as the glass separates from the mercury.
This trapped static charge exerts a force on its image in the mercury
which is strong enough to drag the fluid along until a sudden
discharge releases this force, allowing the mercury to fall. Acquisi-
tion of the signal shown in Fig, 2b is made possible by the fact that
the separated charge induces an image charge on the capacitor
probe as well as in the mercury. When the discharge occurs, the
capacitor discharges to ground through a 502 resistor, producing
the voltage plotted in Fig. 2b. According to this measurement, a
charge Q of ~ 10" electrons is trapped in the square millimetre being
probed.

Consistent with this picture is the response of the surface of the

| mercury when it is exposed to strong ultraviolet illumination from a

| deuterium lamp. In this case the photoelectric effect prevents the

charge separation required for friction between the mercury and the
rotating glass wall, and the fluid remains at rest. At least for this
system stick—slip friction has its origins in static electricity, a view
which has in general been ruled out™. Whether our results have a
more general application to the wide range of systems that display
stick—slip friction™” (and to the related phenomenon of polishing®)
remains to be seen.

The effect of surface contaminants on interactions at a mercury—
dielectric interface® " has been known for a long time'. In our
experiments all solid surfaces are cleaned with acetone. Dripping the
mercury through acetone is sufficient to render the light-emitting
state attainable, To reprodicibly observe the effects reported here we
allowed drops of mercury from a pipette to fall through a 25%
solution of (15.8 M) nitric acid in water™. Il the mercury-glass
system is exposed to air for several days, the size of the individual
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| Figure 3 Plot of discharge events in terms of the time 1o the next event and its

strength. The distribution of discharge events is abtained for a, 3 Supracil guanz
cell sealed with nitrogen at N0t rotating at 52" and b, the same arrangamant
[rotating at#* 57" but subjectad 1 iluminationwith uliravialet light. The intensity of
ilumination is substantially less than was used 0 suppress stick-slip friction n
Fig. 2a, Ineis displayed the digtribution for events generated by a 1-om-long glass
capillary of 2-mm outer diameter fused over platinum wire which oscillatas
vartically st 10 Hz in a pool of mercury in a 200t neon stmosphare, Inaand bithe
signal across 1 MG is amplified and low-pass-filered before being digitized. The
noise level after filtering the 80 Hz component is ona-seventh of the trigger level,
Duata is acguired for ~1 b and the rate of (the smaller events in b is over ten times
greater than in a, In ¢ is dizplayed the result of 7200 events, In all panels, the
density al points is highest for red and lowest for purple,
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discharge events increases at first. For still older mercury the
“barometer light” disappears, an effect which delayed the accep-
tance of Bernoulli’s demonstrations'.

The barometer light can be compared to sonoluminescence™ " in
that each involves the conversion of mechanical stress (rotation or
sound) into light. The spectra, however, are different: the latter are
broad band without lines, and the former are dominated by the
emission lines of the surrounding gas™ ", The phenomena are
similar in that both are triggered by a collective picosecond process.

Figure 3a shows the distribution of the size of events as a function
of the time between them. These data indicate that a longer time
between events implies a larger size for the next event, characteristic
of earthquake statistics" ', By summing all possible discharge sizes
Qfor a fixed time tbetween events, one finds that the probability per
second of the next event has the form [l."']'z,'ll:‘xp{—ﬁ"f,ll where
7= 60ms, From the rotation rate {5°s™") and the cell diameter,
this lifetime determines a characteristic length { = 50 pm. Assum-
ing that { determines the surface charge density (o = (") makes
the observed electrical discharge consistent with the well known
equations of gas-discharge physics"*. That is, the resulting
electric field E = ofe; where g is the electrical permittivity of
vacuum, is sufficient to accelerate an electron to the ionization
energy x of a gas atom, typically 10 ¢V, in a mean free path I (that is,
eEl = x, where ¢ is the charge on an electron, 1= (p,/p) pm, py is
1 atm, and p is the gas pressure in the cell). The collisions between
the accelerated electrons and the surrounding gas leave the atoms/
molecules in excited states. Light-emitting transitions from these
states have lifetimes ranging well into nanoseconds, as shown in
Fig. 2c. Although the existence of the discharge is consistent with
established theory we propose that the following processes remain
unexplained: (1} the mechanism of charge transfer from mercury to
the glass™* (tunnelling has been suggested™*); (2) the distribution
of the excess charge on the glass (that is, the characteristic length {)
which accounts for the ‘static cling, discharge and slip events; and
(3) the picosecond quenching of the charge separation.

In Fig. 3b we show the distribution of events for the case where
the fluid is illuminated with ultraviolet light that is strong enough to
affect the motion but is not as intense as was used to suppress
friction as shown in Fig. 2a. In this case the illumination can
be adjusted so that the events are markovian. The intrinsic
process that controls the distribution gives in Fig. 3b has the form
(#1127 )exp(—ti7) with a lifetime 7 of 3 ms (so without ultraviolet

illumination there are fewer but larger events). The distribution of |
the charge amplitude of intrinsic events (obtained by plotting as a |

histogram all values of  shown in Fig. 3b) quickly rises to a
maximum at (, = 10°¢and then decays as exp(~2()/ (). Finally, as
part of our effort to control this phenomenon, we have vibrated in
the vertical direction a glass capillary which has one end immersed
in a pool of mercury. In the centre of the capillary is a wire which
generates signals as high as 30V (across 50 2) with picosecond rise
times that are again instrument-limited. Shown in Fig. 3¢ is the

distribution of events for this means of using triboelectricity to |

generate a string of picosecond electrical pulses.

Contact electrification in this cell is also affected by the gas
pressure. When reduced to the range of 30mtorr the light
emission becomes diffuse and more characteristic of a corona
discharge™ and in such an atmosphere the stick—slip friction is
eliminated. The nature of friction between glass and mercury at
lower pressures (say 5 mtorr)—where well controlled experiments™
have shown that large charge separations can build up as a result of
the contact between surfaces—is beyond the capabilities of our
current experiment.

Our measurements show that far mercury sliding on glass, stick—-
slip friction is due to the build-up of electric charge and its
subsequent neutralization on a picosecond timescale, Small fluid
velocities can generate a continuous stream of events (20 cyelings of
charge per second at 2 minutes per revolution), This may be an ideal
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system to study contact electrification and the formative time of
sparks’ ™. We propose that picosecond frictional-electricity may
yvield a useful characteristic of surfaces, One can wonder if liquid
helium rubbing against caesium would display these effects. [
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