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Charge localization on a polymer surface measured by triboelectrically induced x-ray emission
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The means by which charge is exchanged between two surfaces that have been brought into contact is perhaps
the longest standing unsolved problem in physics. To this day, it is debated as to whether charging is due to
electrons or ions. Contact electrification is such a singular process that it lies beyond the scope of density
functional theory and other ab initio theories of material structure. We present a new method for studying
the fundamental processes that underlie triboelectrification, based upon the structure of x-ray emission from
the interface of separating surfaces. Our measurement of the x-ray spectrum emitted from lead rolling against
various thicknesses of unplasticized polyvinyl chloride (uPVC) on top of a grounded conductor indicate that
triboelectrification, like turbulence, extends over a broad range of length scales. We observe millimeter-scale
charge-patching, which indicates the feasibility of building MEMS x-ray sources.
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I. INTRODUCTION

Continuous media that are driven off-equilibrium display
remarkable energy focusing effects. In sonoluminescence, a
bubble concentrates the energy density of a standing sound
wave by 12 orders of magnitude to create picosecond flashes
of ultraviolet light.! When adhesive tape is peeled from a
roll with a force of only 2 N, nanosecond x-ray pulses are
emitted from the vertex with a flux that is sufficient to expose
a photograph in seconds.” X-ray emission from surfaces in
contact has its origins in triboelectrification: the ubiquitous
phenomenon whereby charge is exchanged when two materials
are brought into and out of contact. Triboelectrification is a
process fundamental to lightning,® xerography,* barometer
light,>® and explosive powder ignition.” Although contact
electrification has been studied for over two thousand years,8
its explanation in terms of an ab initio theory is lacking to
such an extent that it is still contested as to whether the primary
charge entity is an ion” or an electron.'? In this paper, we report
a method that employs x-ray emission from triboelectrically
charged surfaces to probe the unknowns of triboelectrification,
finding that the charge is organized into macroscopic patches
at millimeter-length scales.

Contact electrification can yield charge densities as high
as 10'3 e/cm?, as reported by Harper'' and Horn.'> Under
vacuum, where discharge is suppressed, pairs of triboelectri-
cally charged surfaces have been shown to produce x-rays
up to 40 keV in energy.>'*"'® The emission of nanosecond
x-ray pulses (with total pulse energy up to 10 GeV) has
been interpreted as originating from charge densities of
o ~ 102 e/cm?."7 The electric field near such a charge
density is ~ 10° V/cm. The 40-keV photon spectrum emitted
from tribocharged surfaces implies an accelerating distance
of about 400 um. Can triboelectrification be used to reach
higher photon energies by increasing the separation d between
contacting materials that are subsequently separated? If charge
is uniformly distributed on the surface, the potential V
available to generate photons from a discharge of electrons
would be
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Experiments with triboelectrically charged plates (such as
in Refs. 16 and 18) found that at a fixed separation, the spectral
density was unchanged as the flux decreased by an order of
magnitude. One interpretation is that the materials do not
acquire a uniform charge distribution. In fact, localization of
triboelectric charge has been demonstrated at the submicron
scale under atmospheric conditions.'>?’ Here, we use x-ray
emission from contact electrification to probe the distribution
of surface charge, revealing localization of charge even at
millimeter-length scales.

II. EXPERIMENTAL

Figure 1 shows the vacuum apparatus used to explore
correlations between x-ray emission and triboelectrification.
Two aluminum rollers of 36.83-mm diameter were mounted
in contact, with a force of 1 N. One roller was driven using
a DC motor at a steady angular velocity of 5.87 rad/s,
while the second roller was free to rotate about a parallel
axis, driven by frictional contact with the first roller. To
ensure good contact, the driven roller was tapered to a
width of 3.18 mm at its periphery and coated in lead (Pb,
cleaned with acetone and ethanol) bringing its diameter to
37.15 mm. The other roller was 12.7 mm wide, onto which
integer layers of a 19-mm-wide pressure sensitive adhesive
(PSA) tape (3M Scotch brand 600) were wound adhesive
side down. The tape consists of an unplasticized polyvinyl
chloride (uPVC) film with an acrylic-based adhesive. At
pressures below ~10 mTorr, the combination of lead and
PSA tape provides a highly reliable, if rather unconventional,
triboelectric x-ray generator. Pb acquires a large net-positive
charge with respect to uPVC, which becomes net-negatively
charged.?! Bremsstrahlung radiation (x-rays) is generated as
electrons are accelerated across the uPVC-Pb gap and into
the lead.

The rolling apparatus and a solid state x-ray detector
(Amptek XR-100T-CdTe) were placed in a vacuum chamber,
evacuated to 5 mTorr. The detector input window (25 mm?)
was positioned perpendicular to and between 30 and 60 mm
from the vertex of the contacting rollers. The detector was
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FIG. 1. Apparatus used to investigate nonuniform triboelectric
charge distributions. All dimensions are in mm. A lead-coated roller
is driven by a DC motor, while contacting a freely rotatable uPVC
tape-coated roller. Under vacuum (< 10 mTorr), x-rays are generated
from the interface of the two rollers.

placed further away for high-flux events, and closer for
low-flux events. To avoid pile-up of x-ray photons (possible
from nanosecond x-ray pulses'”), a 0.56-mm-thick tungsten
sheet, with a 0.69-mm-diameter pinhole, was placed in front
of the 25-mm? detector; the detection area was reduced to
0.369 mm?. Data were acquired by computer via a data
acquisition board (National Instruments PXI-1033) at 1 MHz
in six hundred 1-s windows. Data were processed using
in-house software.

Roller systems are known to slowly acquire triboelectric
charge before reaching a steady state.’>?* Under vacuum
conditions, the slow build-up of charge results in an initiation
period during which the x-ray flux fluctuates violently (though
the x-ray spectrum remains unchanged). Accordingly, the data
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FIG. 2. Mean x-ray flux as a function of dielectric layer thickness,
corrected for detector efficiency and solid angle sampled. Error bars
represent the standard deviation about the mean. The inset shows the
data for thin layers of tape, with the flux an order of magnitude lower.
Left axis denotes flux by time; right axis denotes flux by contact area
exposed.
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reported here were taken 10 minutes after the rollers began
rotating, when the emission had reached a steady state.

By changing the thickness of a dielectric layer via the
number of winds of PSA tape (~50 um per layer), it was
found that both the flux (Fig. 2) and energy (Fig. 3) of x-rays
could be varied.

III. RESULTS

Figure 2 shows the mean number of x-ray photons recorded
per second as a function of dielectric layer thickness; the error
bars represent the standard deviation about the mean. There is
arapid increase in the production of x-rays when a thickness of
about 0.7 mm is reached. As further layers of tape are applied,
the x-ray flux continues to rise (rising the most rapidly at
~(0.95 mm) before plateauing from around 1.2 mm.

The spectral envelope was also observed to change as a
function of dielectric layer thickness (Fig. 3), with thinner
layers providing lower energy photons. With a thick enough
dielectric layer (>~0.5 mm), it is possible to stimulate the
L, and Lg lines of Pb. Figure 4 shows the high-energy
cut-off of the x-ray spectra as a function of dielectric layer
thickness, which is equated with the maximum field available
to accelerate charge across the uPVC-Pb gap. The cut-off
energy rises with dielectric layer thickness and saturates
at ~40 keV.

The experiment was repeated a number of times to confirm
the result. While the magnitude of the flux was observed to
change between repeats by up to a factor of five, the shape
of the flux as a function of uPVC layer thickness remained
unchanged. The same spectrum was consistently produced for
a given thickness of uPVC.

An additional experiment was carried out in which the
12.7-mm-wide aluminum roller was replaced with an insu-
lating one made of nylon 6,6 having identical dimensions.
The experiment was repeated using the nylon roller and
multiple layers of tape. In Fig. 5, it can be seen that x-rays
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FIG. 3. Energy spectra of the photons emitted from different
thicknesses of uPVC tape rolling against lead in a 5-mTorr vacuum.
Data are corrected for detector efficiency and solid angle sampled.
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FIG. 4. High-energy cut-off of the x-ray spectrum as a function
of dielectric layer thickness. At thicker layers (> ~1 mm), the energy
cut-off saturates at ~40 keV. For thin layers (< ~0.4 mm), the cut-off
energy reduces with thickness. Vi« and Vi, from Eqgs. (4) and (5)
are also shown, fitted to the “Thin Roller” data. “Wide Roller” data
are from an identical experiment but with the lead roller being four
times wider.

emitted from the nylon roller system have flux and spectra that
change little with PSA tape thickness. The extent to which
the grounding plane screens the triboelectrically generated
accelerating potential for thin layers of uPVC tape is apparent
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FIG. 5. Data for x-ray photons generated by Pb rolling against
uPVC tape wound onto a nylon 6,6 roller of identical dimensions to
those shown in Fig. 1. Left figure: Mean x-ray flux as a function of
dielectric layer thickness. Error bars represent the standard deviation
about the mean. The flux changes little with dielectric layer thickness.
Right figure: Energy spectra for three different layer thicknesses. The
recorded spectra have been scaled to similar magnitudes in order to
show the equivalence of the spectral envelope at differing dielectric
layer thicknesses.
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FIG. 6. Disk of charge in the presence of media, to model the
triboelectric charge on the surface of uPVC tape. (a) Disk of charge
on the surface of a dielectric material; this represents the thick film
limit. (b) Disk of charge set off from the surface of a conductor
by a distance z; this represents the thin film limit. (c) Electrostatic
equivalent of (b), the conductor is replaced with an identically sized
disk with opposite charge, a distance 2z from the original charge disk.

from a comparison of Figs. 2, 3, and 5. The screening of the
field reduces both x-ray flux and energy.

IV. INTERPRETATION

We interpret the data of Figs. 3-5 as resulting from patches
of localized charge on the surface of the uPVC tape. To obtain
a scale for the size of a localized charge patch, an electrostatic
model is applied to calculate how the position of a grounding
plane (aluminum roller) affects the field generated by a disk of
charge. The maximum potential at the surface of the disk can
be equated with the peak x-ray energy measured.

For an isolated disk of charge, density o, radius R, the
potential at a distance x along a perpendicular axis is

V= —zieo(m Vs 2)

hence, the potential at the surface of the disk is

Vo — e’ 3)

The presence of media changes the potential at the surface
of the disk; two cases were therefore considered, as illustrated
in Fig. 6.

In the first case, for a thick layer of tape, we model the
disk of charge on the surface of a semi-infinite dielectric,
with relative permittivity € [Fig. 6(a)]. The presence of the
dielectric layer screens the charge, and reduces the potential
at the surface of the disk to

2
e+1
In the second case, for thin layers of tape, the dielectric layer is
neglected, and the disk is set off from a grounded conducting
plane by a distance z [Fig. 6(b)]. z is the thickness of the tape
layer. The conducting plane is replaced with an image charge
disk [Fig. 6(c)] that reduces the potential at the surface of the
original disk to
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From Fig. 4, Viax ~40 kV. The relative permittivity of
uPVCis 3;?* hence, V) ~80kV. Using data at z = 0.15 mm for
the thin layer approximation, Vi, was measured to be ~13kV,
implying a disk radius of R ~1.68 mm. Considering Vj again,
with R = 1.68 mm, the charge density is ~5 x 10'! e/cm?.
Equations (4) and (5) are plotted in Fig. 4, with the given values
of R and o; the data are consistent with a triboelectrically
induced charge localized to a ~1-mm region.

With the calculated disk diameter being so similar to the
width of the Pb-coated roller, an additional experiment was
performed to check whether the calculated disk size was
geometry-imposed. The x-ray spectrum was measured for
uPVC tape thicknesses of 0.15 and 1.25 mm rolling against a
12.7-mm-wide Pb-coated roller. As shown in Fig. 4, the x-ray
cut-off energy was the same as that measured using the 3.18-
mm-wide Pb-coated roller. The patch radius (R ~ 1.68 mm)
is not due to the width of the Pb-coated roller.

The charge localization (R) and density (o) are likely
material properties of the uPVC tape, and are not affected
by the external field because the forces at the molecular
scale are much larger. Accordingly, under the current model,
higher energy x-rays should be achievable with materials that
provide a larger R or ¢ under contact electrification. Finding
or engineering such materials is a clear goal for development
of higher energy, triboelectrically driven MEMS-type x-ray
devices.'®

V. CONTEXT

Charge localization on the millimeter scale is four orders of
magnitude larger than the scale of charge localization reported
elsewhere.'® We propose that in addition to charge localization
at tens and hundreds of nanometers, as reported in Ref. 19,
organization persists up to at least millimeter lengthscales.
It is, however, the larger scale millimeter localization that is
responsible for the electric fields large enough to accelerate
charged particles to x-ray energies. Our data provide further ev-
idence for the multiscale nature of triboelectrification; similar
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multiscale behavior has been reported for surface roughness,
which could contribute to localization of charge.?>~2

Charge densities to be expected from triboelectrification
under atmospheric pressure are usually ~10°-10'° e/cm?,!!
while Ref. 19 reports localized charge densities of
~10"3 e/cm?”. The net charge density reported here under vac-
uum lies within this range. When the local charge is averaged
over a larger surface, the apparent density reduces. Conversely,
if the millimeter-scale patches are composed of very high-
density charge localized to sub-micron scales, a smaller
net-charge density over the millimeter scale is expected.

VI. SUMMARY

Rolling lead against uPVC tape in a 5-mTorr vacuum
provides a consistent source of triboelectrically generated
x-rays. By changing the thickness of the uPVC layer on a
grounded conductor, the x-ray flux and spectrum change,
with thinner layers providing less flux and lower energy
photons. For layers of uPVC greater than ~1 mm, the peak
x-ray energy saturates at ~40 keV. It is concluded that
the charge on the surface of the uPVC layer is localized
to millimeter-scale regions of higher charge density than
normally expected from triboelectrification. While there are
reports of localization simultaneously at the nanoscale and
microscale, we provide evidence for additional localization at
the milliscale. Interactions over the milliscale are responsible
for the discharge to x-rays. From a practical perspective, a
charge density of ~ 5 x 10'! e/cm? over a 2-mm? area implies
apotential Vj of ~40kV, allowing construction of MEMS-type
devices to be possible with 40 kV pixel.
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