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Effect of Approach Speed and Electrode Geometry on Electrostatic Discharges off Floating
Dielectrics
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Electrostatic discharges are measured and characterized off floating dielectrics with no nearby ground plane.
Solid cylinders composed of PTFE or PMMA are charged triboelectrically in atmospheric air under controlled
humidity and discharged through an approaching grounded electrode with embedded current-viewing resistor.
The electrode tip geometry and approach speed are varied, two spheres of varying diameter and a cone-type
electrode, and 20 to 100 mm/s were used, respectively. Additionally, radiated fields are captured via a B-dot
field sensor to asses its characteristics with a probe response flat to approximately 2.6 GHz. While in ground-
backed dielectric film or sheet geometries, higher approach speeds result in shorter arc lengths and lower current,
it was found with the floating dielectrics that the inverse occurs with higher approach speeds exhibiting longer
arcs with higher peak current amplitudes. It is elucidated that the field distribution on the curved surface with no
nearby ground plane is the governing factor. The electric field between the dielectric and approaching electrode
is examined with spherical electrodes exhibiting higher electric field magnitudes that are fairly uniform within
the gap. A custom apparatus designed to perform these experiments is described.

I. INTRODUCTION 40
50
51
Electrostatic discharge (ESD) and surface poten- sz

tials have been and are studied extensively due to the in-
herent danger to delicate electronic systems. ESD generally 53
starts with charging of a dielectric or other surface commonly 54
through triboelectric charging whereby two similar or dissimi- 55
lar materials are rubbed against each other exchanging charges 5¢
[1]. As an example, removing a dielectric object from foam 57
padding may generate several kV on the surface of the di- 58
electric which then discharges to nearby conductive objects. 5°
While the underlying physics behind the triboelectric effect ¢°
is not fully understood [2], the relative magnitude of this ef- ¢
fect may be characterized in a triboelectric series which ranks 62
a material’s ability or propensity to exchange and accumu- ®3
late charges and in which polarity [3]. Polytetraflouroethy- ¢+
lene (PTFE) - a commonly used material in scientific and ®®
chemical processes - is often observed to exhibit a strongly ¢®
negative charging characteristic, however, other common ma- ¢
terials such as polyamides, polyethylenes, and rubbers can 8
also be highly charged via tribology. The maxmimum sur- *°
face potential, and consequently charge density, is primarily 7
goverened by the breakdown strength of the surrounding gas, 7
approximately 30 kV/cm for atmospheric air, which corre- 72
sponds to a maximum surface charge density of approximately 7
2-3 nC/ecm?. Discharges from these charged surfaces exhibit 74
short rise times with pulsed currents, and as such it is im-75
portant to evaluate both the charging and discharge character- 7®

isitics to determine safe operating conventions and/or storage 77
78

79
80

* ben.esser@ttu.edu 8

conditions. Of interest for this study is the case where a di-
electric is in a "floating’ configuration whereby no ground ex-
ists close enough to influence the electric field between charge
and discharge electrode.

Surface charge distributions and electrostatic dis-
charges on dielectrics with a grounded backing or on metal
objects, as illustrated in Fig. 1 (a and b), have been previously
studied [4-8]. However, there exists a gap in data for cases
where the dielectric has no well-defined ground either as a
backing plane or otherwise nearby as illustrated in Fig. 1 (c).
In the first case (a), a positive or negative charge upon the
surface of the dielectric creates a field between itself and the
grounded backplane and electrode. This grounded backing
creates a high field within the dielectric with the consequence
of potentially supporting higher surface charge densities. In
the second case (b) the metal object has a homogenous charge
distribution. Surface charges, due to the electric field, redis-
tribute to some extent. On metal surfaces, with high surface
conductivity, the charge redistributes homogenously, however
dielectrics with low surface conductivity do not allow for such
redistribution with charges largely remaining where they were
deposited. Frequently, studies use two metallic electrodes to
measure electrostatic discharges as a form of approximation
using either transmission line or RC discharge models of di-
electrics or the human body [9-12]. In such cases there exists
an explicit ground reference which would be difficult to de-
fine for a large, isolated, floating piece of dielectric. Since
ground is far removed, the capacitance from ground to elec-
trode through the dielectric is low compared to the capacitance
between the charged surface and the approaching electrode.
As such, the field generated within the gap between the di-
electric and electrode is purely due to the surface charge itself.
Additionally, without a grounded backing behind a thinner di-
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electric, the electric field magnitudes are lower. More pre-
cisely, in the floating dielectric case, the electric field within
the bulk dielectric is lower whereas the field on the air side is
higher. Either way, the surface charge density in (c) is much
lower than (a).

An apparatus for measuring surface potential dis-
tributions and discharge currents was developed. The user
sets the discharge electrode approach speed from 10 to 100
mm/s, and the developing discharge current is recorded via a
current viewing resistor (CVR). The discharge electrodes are
interchangeable. Higher approach speeds were studied else-
where in the context of ESD generators, up to 1,000 mm/s for
a metal/metal sphere/plane geometry [13, 14]. However, there
is a general lack of data for ESD from a floating dielectric
surface with an approaching electrode, as is presented here.
To keep the geometric complexity low, rotationally symmet-
ric objects, particularly cylindrical ones, are used as the start-
ing point to study the ESD behavior of floating dielectrics.
PTFE was chosen as the primary material of interest as it
achieves high surface potentials through triboelectric charg-ss
ing compared to other materials. And as it is hydrophobic,
water does not absorb into the bulk in addition to having high
surface resistivity [1, 3, 15]. This ensures clean, reproducibleise
surface conditions to use for testing. 140

141

Starting with the initial electrostatic energy in the..
charged system, the various energy loss paths for an ESDi,;
event are of particular interest. In simple terms, charge is €ivaa
ther conducted to ground through the approaching, grounded,.s
electrode, energy is lost in establishing the discharge plasmagase
or lost to energy in radiated fields [9, 10, 16]. A scan of the.,
surface, with the probe response deconvolved, may be used
to find the surface charge on a dielectric[17-20]. Whichevenas
loss mechanism is dominant drives the choice of diagnosticsuas
included in the setup. For the testing conditions presentedso
here a CVR, B-dot probe, and electrostatic voltmeter are useds:
to measure the discharge current, radiated field, and surfacess:
potential. 153

154

Determining the charge lost to discharge conduc-ss
tion to ground through the ambient air is achieved throughse
the CVR whose output is captured on an oscilloscope. In posts,
processing, the charge conducted to ground is simply the timess
integral of the current. One may then subtract this conductedso
charge from the total charge on the material from which is lefteo
the charge remaining on the surface. Some energy is lost toe:
establishing the arc as well as to radiated fields. This is thens.
compared to the initial and after discharge surface potentiales
maps to determine the charge lost from the surface. Lastlysea
one finds that spark length is dependent upon the speed of ap-
proach with higher speeds leading to longer arcs for the samees
voltage. Longer sparks, in general, require more energy toee
form. That is, a longer spark requires a greater volume of gasie
to be ionized to form a conductive channel [10]. As such ames
optical distance meter was added to the discharge arm to de-ee
termine the spark length at the moment of discharge initiationazo
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FIG. 1. Configurations for ESD and surface charge measurements:
a.) Traditional dielectric ESD measurement setup, b.) Discharge
measurements for metal objects which have a homogenous charge
distribution, c.) presented ESD measurement for ’floating’ di-
electrics with not necessarily homogenous charge distributions.

II. EXPERIMENTAL SYSTEM

The experimental system consists of a probe for sur-
face potential measurement, a discharge probe, a field probe,
and charging mechanism are placed as shown in Fig. 2. A
Trek 341B (£ 20 kV)meter with 3455ET end-viewing field-
nulling probe with a 5 ms to 20 kV step response is used for
potential measurements; a 0.1 Q 7&M SSDN-10 CVR with
>2 GHz bandwidth and 0.18 ns risetime is used for discharg-
ing; lastly a Prodyn Model B-100D B-Dot probe with 2.6 GHz
bandwidth is used for field measurements.

The dielectric cylinder is held by a rotating assem-
bly such that its axis of symmetry is oriented vertically. Two
linear actuators assembled in right angles allow for R and Z
movement of the probes. Each linear actuator consists of a lin-
ear rail, frame, and a NEMA 11 (28 mm frame) stepper motor
with a T6x1 lead screw. The discharge R axis has a NEMA 17
motor and a T6x2 lead screw to increase the maximum speed
available to over 100 mm/s. Two of these movements are used
to move both the voltmeter probe and the discharge probe. A
total of five stepper motors and drivers are used, two for each
movement arm and one for the rotational axis. These five step-
per motors are driven and controlled via a commercially avail-
able 3D printer control board. The B-Dot probe is placed just
under the dielectric cylinder directly below the electrode to
capture the radiated magnetic fields from the discharge. It is
oriented in the assumed direction of radiated magnetic fields,
i.e. perpendicular to the discharge.

Optical laser displacement sensors (Fastus CD22
series) are placed on each of the horizontal arms to give dis-
tance measurements for both discharges and surface potential
readings. The CD22 sensor is of sufficient measuring speed
as to not skew the distance measurements. The Trek 3455ET
probe specifies a 3 mm £1 mm spacing for optimal readings.
In Fig.2 the optical sensors are mounted to the top of the CVR
and voltmeter arms.
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FIG. 2. Overview of measurement setup - top/side and side view,,,
- with rotating dielectric in center (a) with electrostatic probe (f)hg
CVR discharge probe (e), field probe (h), and charging mechanism2 .
(g). Components: a: dielectric, b: laser distance sensor, c: verti-

cal movement axes, d: horizontal (r) movement axes, e: CVR with "
electrode, f: electrostatic voltmeter probe, g: triboelectric charging?

mechanism, h: B-Dot probe. 223
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Charging of the dielectrics is performed via a strip™°
of microfiber cloth or rabbit fur attached to the shaft of a mo>*"
tor spinning at up to 100 RPM. The strip contacts the dielec**
tric and transfers charge triboelectrically. The movement sys>*°
tem and dielectric are placed within a large Acrylic (PMMA)
enclosure - approx. 1.2x1.2x0.9 meters - with dry air feed2
that enables humidity adjustment and temperature monitor-
ing. The flow of dry air is controlled to achieve as low as 7
3% relative humidity (RH). The large-sized enclosure was se=>
lected to approximate open-air conditions as closely as possi-m
ble while also providing the space needed for any future stud-"
ies. All time domain signals - CVR output, B-Dot probe out-zs‘5
put, and distance sensor output - are recorded on a Key51ght
MSOX6004A 20 GSa/s oscilloscope. e

III. DISCHARGE CHARACTERISTICS

243
244

245
The movement system described above was used to

run a series of discharges off the PTFE cylinder in dry (lessas
than 10 %RH) air with varying approach speeds of the dis—zasr
charge electrode. Large and small (18.8 and 9.5 mm respec-as
tively) brass discharge spheres and a brass conical electrodess
were used. The microfiber cloth is used to charge the dielec=so
tric triboelectrically as close as possible to saturation. In the

PTFE dielectric case, the aforementioned microfiber cloth iss:
used to charge inducing a negative charge on the surface. Ap-sz
proach speed was varied from 20 to 100 mm/s. The PTFEss
cylinder was given a smooth machined surface prior to the ex-2ss
periment with isopropyl alcohol cleaning performed at eachess
electrode change. Humidity was kept constant at approxi-zse

mately 7.5 percent for the data shown with a dwell time be-
fore each experiment of several hours to allow the dielectric
and other surfaces to fully release any water layers or other
adsorbates prior to discharges being performed.

Some typical discharge waveforms are presented in
Fig. 3 for PTFE with both the small and large spherical elec-
trodes with an approach speed of 35 mm/s. Fig. 4 summarizes
the results for a set of 300 discharges taken off the PTFE cylin-
der with the three electrode geometries. On average, the rate
of rise, peak current, and distance increase slightly with in-
creasing approach speed. Electrons are bound to the dielectric
surface with some energy which must be overcome at which
point they are released into the gap between the electrode and
dielectric. Due to the electric field they are attracted to the
approaching grounded electrode. These electrons are acceler-
ated thereby gaining energy potentially sufficient to ionize the
air within the gap and also establish a luminous channel via
electron impact excitation of N»/O,. It should be noted that
throughout the experiment the PTFE cylinder was incremen-
tally rotated to avoid discharging from the same spot every
time. After each discharge the cylinder was rotated 90 degrees
and after each full rotation an additional 10 degrees. This ap-
proach avoids biasing of the data due to possible difference in
surface properties along the cylinder’s circumference in addi-
tion to avoiding any possible surface conditioning due to the
discharges, although such effects are likely minimal consid-
ering the low energies, ~40 uJ, contained within these dis-
charges.

A few observations may be made from Fig. 4 versus
approach speed. Firstly, current decreases with electrode or
tip radius which follows typical discharge physics as related to
field enhancement. Secondly, the rate of rise (dI/dt) is affected
more by the electrode shape than approach speed with the data
for the two spherical electrodes coinciding. Thirdly, discharge
distance, peak current, and the rate of rise increase with in-
creasing approach speed. Lastly, charge transferred remains
fairly flat versus approach speed. Each of the four metrics
exhibit undulations with respect to approach speed with the
two spherical electrodes being close in shape to each other, in
particular dI/dt amplitudes are essentially identical. The con-
ical electrode dI/dt exhibits a shape seemingly inverted from
the spheres. There are likely different physical mechanmisms
coming into and out of play as approach speed changes and
will require further investigation.

The relatively small error shown here indicates that
the tribelectric charging method used here was reasonably re-
peatable, before each discharge the dielectric was charged for
a set duration, 10 s, with the cloth rotated at the same consis-
tent speed for all discharges.

While the data shows trends versus approach speed,
additional dependencies are observed with the ESD distance
as the principle parameter, Fig. 5. Namely, longer distances
exhibit higher current amplitudes. Further, with increasing
distance the peak current and charge transferred increase indi-
cating that longer discharges have a lower arc resistance and
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are thereby able to transfer more charge. Or rather, less energy
was used in establishing the conducting channel and more
charge is conducted away. Meanwhile rate of rise (dI/dt) re-
mains fairly constant. Similar to before, the results from the
conical electrode are not copasetic with the spherical indicat-
ing a different discharge mechanism is at play. The conical
electrode has a much higher field enhancement factor com-
pared to either spherical electrode in addition to having a dif-
fering shape.

To further investigate these trends a electrostatic
field simulation was conducted in COMSOL with the three
electrodes placed at their respective average discharge dis-
tances at 30 mm/s, cf Fig. 4, from a cylinder with a gaus-
sian surface charge on its surface. A gaussian distribution
was selected to somewhat mimic the charge seen in exper-
iments. With a negative surface charge the electrodes are
positive and as such should - and does - follow breakdown
physics applicable to such geometries [21-23]. At the aver-
age ESD distances, the electric field amplitude at the electrode
is highest for the conical electrode, with the small and large
spheres exhibiting reduced field levels, in that order, Fig. 6.
However, this order is reversed for the mid-gap field and the
sphere surface field. One also finds that the electrode sur-
face field is 16, 40, and 130% higher at the electrode com-
pared to the dielectric surface for the large, small, and con-
ical electrodes, respectively. From these observations, one
may reasonably conclude that the ESD is initiated at the elec-
trode rather than the charged dielectric. If this is the case,
one further infers that the discharge-initiating electron must
be sourced from the gaseous ions in the ESD gap, forming a
positive streamer [24, 25] propagating towards the dielectric
surface charge. Upon the streamer head’s arrival at the sur-
face, surface charges are released through the increased field
amplitude and/or photonic processes. Detailed modeling will
be necessary to capture the dominant processes more quanti-
tatively.

In either case, the increasing discharge distance
with approach speed is hypothesized to occur due to the finite
ion-mobility in the air gap. While small ions have mobilities
in the range of one to three cm? V! s, or 100 to 300 mm/ms
in a 10 kV/cm field, larger ions exhibit lower mobilities - as
low as 0.0004 cm? V! s7! [26]. These ion velocities are com-
parable with the tested approach speed range. As such, it i$?
conceivable that ions needed to initiate the ESD are simply?3
removed from the gap in the case of the slower-moving elec**
trode. In other words, a portion of the negative ions is pre-3*
sumed to drift toward the approaching positive electrode to*¢
give up their charge at the electrode surface without furthe*®
effect. In the case of the faster-moving electrode, more ions
must then be available in the volume, increasing the probabil-
ity of discharge initiation via electron field detachment, thus
effectively producing a statistically significant, larger ESD?**?
distance.

The slight increase in peak current with approachszs
speed is an interesting result here and is likely related to theszs
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FIG. 3. ESD discharges from a PTFE cylinder (negatively charged)
with small and large spherical electrodes at 35 mm/s.
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FIG. 4. Averages of measured results for discharges off PTFE cylin-
der at 20 to 100 mm/s, negatively charged. Each data point contains
minimum ten individual discharges. Ijc.x: peak ESD current ampli-
tude, dgsp: probe distance from the surface at which ESD occured,
Q: charge transferred in the discharge (time integrated probe current).
Large and small sphere are 18.8 and 9.6 mm, respectively. Cone tip
radius about 0.5 mm with 90° cone angle.

increase in dI/dt. While slight, the increased dI/dt indicates
tighter bunching of the electrons as they cross the air gap and
reach the electrode. Once a sheet of electrons leaves the sur-
face of the dielectric the field within the gap is assumed to
increase due to the effectively shorter distance between elec-
trode and charges.

A. Acrylic

To evaluate differences between the different charge
polarities, additional tests were run with a PMMA (Acrylic)
cylinder, which charges positively when triboelectrically
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FIG. 7. Measured discharge current and B-dot output from PMMA
cylinder with large spherical electrode approaching at 35 mm/s.
Note: PMMA charges positively with microfiber.

TABLE I. Comparison of discharge characteristics for PTFE and
PMMA at 40 and 35 mm/s, respectively.

PTFE |PMMA

Lpeak (A) 0.53 0.18
dI/dt peak (A/s)|[ 1.21-10° [ 5.7-108
Qesp (C) 2.97-10%[1.3-10°

charged with the microfiber however to a lower potential of
approximately 8 kV. A representative waveform for a dis-
charge from the acrylic cylinder at 35 mm/s probe approach
speed is depicted in Fig. 7 using the large spherical electrode.
The current and B-dot output are, of course, opposite polarity
from the PTFE discharges since PMMA charges positively.
For a series of nine shots, the average peak current, peak
dI/dt, and charge transferred are compared to PTFE in Table I.
Due in part to the lower surface potential the discharge cur-
rent and charge transferred are lower. The dl/dt is approx-
imately halved whereas initial charge is approximately one
third lower than PTFE. Current and radiated field signatures
are comparable indicating similar physical processes within
the discharges.

IV. IMAGING ESD

Using an ICCD camera electrostatic discharges may
be imaged in air. The light output of discharges off floating di-
electrics in air is faint and estimated to be mainly in the UV
region from the N, second positive system which is known to
be the most prevalent for pulsed discharges in air at 337 nm
[27]. An Andor ICCD with 50 mm primary and additional
macro lens was used to focus upon the discharge to fill as
much of the frame as possible. The shutter was opened for 3
seconds with a multiplier plate gain of 3500. The PTFE cylin-
der was charged by hand with microfiber and then brought to-
wards the grounded discharge electrode. Figure 8 shows one
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FIG. 8. Time integrated image of ESD event with large sphericalo
electrode (left) and PTFE cylinder (right). The image contains ap-
proximately a 25 mm field of view. Distance between electrode
and surface approximately 8 mm at the moment of discharge. At-
mospheric air with 10% relative humidity. Surface triboelectrically
charged by hand with a microfiber cloth. The relative intensity scalg,,
is shown to the right.

such image, fairly typical of many discharges taken. Of note:::
is the light emitted from the surface from what appears like,

branching along the surface along with a light emitting chan-,
nel. Within this region electrons gain sufficient energy to ex-,
cite air molecules and thus emit light, however electrons likely,
are traversing the gap outside of this channel as well. It is
unclear where the initiating electron comes from in these dis-,,
charges, additionally the role of photon processes is unclear,,
It is speculated that electrons jump’ off the surface of the di- ,
electric in a sheet which is accelerated towards the electrode, ,
with those towards the center picking up sufficient energy to,
ionize the air. Given the short nature of these discharges there,,
may not be any photon feedback present and the current seen,
at the electrode is purely due to the sheet of electrons travers-,
ing the gap leaving an excited channel in their wake. A further,

analysis will be topic of future study.
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V. MAPPING

424
Scanning of a surface can be achieved in several

ways. The decision of how to move the probe along the suras
face ultimately makes little difference in terms of results, how-aze
ever certain methods are quicker to implement. In the sys=r
tem presented here scanning layer by layer is quickly and eas-zs
ily implemented. Specifically, a layer is scanned at a certairuzo
Z position then the probe is moved up some predetermined:so
amount, the next layer is scanned, and so on until the top ofas:
the area is reached. The total number of points ultimately de-ss:
termines how much time a scan requires and a balance mustss
be found between resolution and time. Based on the desiresa
to reduce programming complexity the system is configured:ss

such that the rotational axis steps between angles with a pause
at each point where a voltage measurement is taken. Scans
of 3600 points, such as the scan presented in the next sec-
tion, take approximately 15 minutes during which time charge
can decay on the surface. We note that clean PTFE in a dry
environment exhibits little charge decay in air with relative
humidity below 20%. Tests have shown that the charge de-
cays typically by a mere 5% within 30 min primarily due to
the recombination of surface charges with naturally occurring
background ions. Hence, a 15 min scan is not an issue. Other
materials, for instance PMMA or particularly polyamides, ex-
hibit faster decay even in dry environments and in such cases
the scan time would present an issue. Given the high speed
of the Trek probe (over 25 Hz), it is possible, however, to
scan a layer in one continuous motion and take an oscilloscope
recording from the probe. Thus, scan times of one minute or
less are conceivable with the presented method.

A. Mapping Results

With the mapping system presented output maps of
the surface potential are generated, one such reproduced in
Fig. 9 of a 91 mm diameter PTFE cylinder where the full
360° were scanned for a 40 mm vertical slice. A total of 3600
points were measured - 180 rotationally (2° per point), and
20 in the Z direction (2 mm per point) for the scans shown
here. The surface was charged with microfiber cloth in a dry
environemnt (<10% RH), scanned (Fig. 9 (a)), and then dis-
charged with a 19 mm diameter discharge sphere with an ap-
proach speed of 35 mm/s. Lastly, another scan, Fig. 9 (b), was
performed after the discharge to show the area discharged on
the surface. The Trek 341B voltmeter is limited to £20 kV
and with triboelectrically charged dielectrics easily exceed-
ing this value the maps do show a flat top in areas charged
higher than this potential. As such, a coaxial capacitive probe
was developed to measure higher surface voltages albeit with
a lower resolution - 2 mm versus ~0.5 mm (Trek) with decon-
volution [20]. To estimate the charge lost during the discharge
event, the surface potential maps are evaluated in COMSOL
to find the surface charge which may then be integrated to find
total charge on the surface both before and after a discharge.
In the case shown here, total charge before was 23.1 nC, and
9.8 nC after the discharge indicating that 13.3 nC was lost.

If one assumes a maximum surface charge density
of 3 nC-cm™ then the time integration of the discharge cur-
rent can be used to estimate the area discharged on the sur-
face, i.e. A= [I(t)dt/3[nC/cm?]. For the example in Fig. 9
approximately 4 cm? was affected or ~12 nC of charge. As
Fig. 4 shows, the charge captured by the CVR varies depend-
ing upon the size of the electrode, with larger electrodes cap-
turing less charge than it’s smaller counterpart. So while the
large sphere ’sees’ a larger surface area, the lower fields result
in lower current and thus lower charge transferred. While not
reproduced here, the current waveform for this test contained
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FIG. 9. Surface potential maps on PTFE charged with microfibenss
cloth before, and after a discharge with 19 mm brass discharge spheressa
approached at 35 mm/s. Horizontal axis shows circumferencial po4gs

sition 1n mm. 486
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approximately 13 nC of charge, i.e. most of the charge within -

the discharge is conducted to ground. 480

490

With the measured surface potential as input, an,

electrostatic simulation allows determining the energy in the ,

system before and after the ESD event. For the case shown,
here the total electrostatic energy was 288 nJ before the dis-, ,
charge and dropped to 154 nJ after, this corresponds to a loss _
of 134 nJ. This lost energy likely was lost into the gas via,
electron collision causing rotational, vibrational, or electronic“97
excitation of the gas, the latter of which is observed in the lu-, .
minous channel. One may also take the current waveforms,
and with an /2 - R relationship, find the total energy deposited
into the CVR. For the conical, large, and small spheres at,
30 mm/s - from the data set presented earlier - 0.24, 0.54,
and 0.76 nJ respectively were deposited in the CVR. This is,,
approximately two orders of magnitude lower than the be,,
fore/after energy on the surface. The next section explores,,
the energy losses in more detail.

B. Energy Losses 508

509

510

As mentioned, energy is lost in the system to three::

main mechanisms; as direct electromagnetic, EM, radiations2
losses to the gas due to electron-molecule collisions (caussis

ing gas heating or light emission), and conduction to ground
through the CVR. From above, the total energy lost during the
example discharge, cf. Fig. 9, is approximately 130 uJ. If the
N, second positive system is assumed to be the strongest ra-
diating transition in the air discharge[28], gas losses may be
estimated via the ICCD images taken of discharges. To start,
the solid-angle of the lens is calculated to be approximately
0.88 sr, or 7% of the total 47 sphere. With an overall ICCD
gain of 474 and an e per count of 4.6, the total light emit-
ted may be calculated by integration with an assumed average
wavelength of 337 nm for the light emission from N,. To find
the total energy lost to the gas, the maximum efficiency - i.e.
the ratio of output light energy versus input energy - of the
N2 second positive system, 2.1-10 for low pressure [27], is
used. This results in a minimum energy (quenching of excited
state is unknown and neglected here) of 2 - 10 uJ lost to the
discharge plasma from the images taken in this study.

The low light production indicates that little ion-
ization is present where N2 requires approximately 11 eV
to be excited into the second positive system but 15.6 eV to
ionize [29]. This second positive system emission is easily
detectable with most scientific cameras and primarily stems
from excitation rather than ionization. Oxygen has a lower
ionization energy at approximately 12 eV [30] however is also
electronegative and may scavenge electrons into O,-. Consid-
ering the charge lost on the surface is similar to the charge
conducted to ground, as presented earlier with surface poten-
tial mapping and current integration, and low light production
due to excitation there is little ionization or attachment events
within the gap.

Next, the radiated energy is estimated from B-dot
waveform captured, Fig. 10. Through integration the H-field
is found which, by approximating the ESD path and the dis-
charge electrode as a short dipole, applied to a dipole radi-
ation pattern. Since the discharge is relatively straight and
short, this approximation gives a general idea of radiation
characteristics. It is assumed that the measured H-field is at
a point where the maximum field occurs, namely Hp, which
gives H = Hysin(8)¢ from which the E-field may be found,
E = [1/jwer]V x H. Power is then P = [1/2][E x H"|
which may be integrated in space and time to find total en-
ergy. For the range of waveforms examined, total radiated
power ranged from 25 to 120 uJ.

Lastly, energy lost to the CVR is straightforward to
calculate through integration of the current waveforms via I° *
R, which is on the order of 1010 J.

It should be noted that the figures presented for both
plasma losses and EM radiation losses are worst case fig-
ures. Meaning, the N2 second positive system efficiency is
a maximum value and does not consider additional gas losses
- quenching via collisions; and the EM figures are somewhat
inflated due to cable pickup within the setup that may not be
fully eliminated. With this in mind, a COMSOL simulation
with idealized RC discharge current waveform with a peak of
0.7 A produces a maximum H-field of 10'® A/m which corre-
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waveform, d) spectrogram of B-dot output. san

543

sponds to a B-dot output on the order of p'V. The waveforms
captured in this study often exhibit oscillations in the current
which radiate more efficiently - H being linear with ® - than a
clean RC discharge with controlled rise. Additionally, the en-
ergy lost to light production does not include energy lost to the
plasma. That is to say, EM radiation is a directly measurable
and quantifiable loss whereas light emission is a secondary*®
consequence of plasma losses and one may surmise that EM*°
and plasma losses are of similar magnitude or, as a conser-
vative estimate, of the same order. However, further study is
needed to confirm these hypotheses.

VI. CONCLUSION

An apparatus capable of measuring the potential
surface distributions, discharge current and distance, and ra-
diated fields was introduced and utilized to examine the ef-
fect of approach speed and electrode geometry on electrostatic
discharges off floating materials. Comparing spherical elec-
trodes, smaller diameters generally yielded higher peak cur-
rents, higher charge transfer to ground, and longer discharge
lengths. Notably, the field strength at the electrode surface
was approximately constant at close to 30 kV/cm, indepen-
dent of the electrode sphere radii, which differed by a factor
of two. Similarly, a conical, sharp-tip electrode with large
field enhancement produced the longest discharges. However,
the lowest current and charge was transferred, which is argued
to be due to the very low field levels mid-gap for the coni-
cal electrode (less than 50% from the spherical electrode case
when comparing mid-gap fields). Plasma discharge imaging
and recording of radiated fields enabled estimating the energy
given off by ESD, with a major portion lost to radiated EM
fields and plasma losses, i.e. elastic and inelastic electron col-
lisions in the gas.
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