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ABSTRACT

Electrostatic discharge has been studied for many years, but due to the complexity of the dynamics, sparks
are still a rich subject of investigation. In the presence of a strong electric field, random seed electrons lead
to avalanche breakdown. As the electrons begin to shield the field, a streamer forms producing a conductive
channel. The main arc carries the bulk of the stored charge and energy across the channel. A shock wave
propagates outwards as the charge depletes, leaving a conductive ionized core behind.

This dissertation describes a multi-faceted approach to experimentally explore the dynamics of spark
discharges during many of these phases. In literature, there are several commonly used models that relate
the nonlinear spark resistance to the integrated current, each of which makes different assumptions about
energy dissipation in the spark. The validity range of the models is explored by measuring the spark resistance
and observing the plasma conditions.

Indirect electrical measurements provide information on the time-dependent spark resistance and on how
energy transferred to a series ‘victim’ resistive load scales with gap length, capacitance, and victim load
size. These measurements generally show good agreement with the Rompe and Weizel model, put forth in
1944. A novel dual storage capacitor design was implemented to measure the longer time scale resistance.
For the first time to our knowledge, these measurements show that the channel remains conducive for over
150u s, well after most of the direct emission has disappeared. Direct optical emission measurements give
detailed information on the species evolution and the spark plasma’s channel size. Finally, performing 2-color
interferometry measurements provides information about shock expansion in the gas and also informs on the
degree of ionization and the time-dependent size of the conductive channel.

Since knowing physical limits for how much damaging energy can be transferred to a device or a com-
bustible system is crucial for safety analysis, this work provides information valuable to those concerned with
quantifying risks. For those who are developing models and simulations of these complicated phenomena,

the measurements give important benchmarks to help test their validity.
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CHAPTER 1

INTRODUCTION
‘A o & 1T & "o & 0& 0 ng, o o
n& 0 N& 0& oM’ o '[1].

Static charge, electrostatic discharge and charging mechanisms have all been studied for a long time.
In the above quote, Diogenes Laertius recalls that Aristotle and Hippias linked Thales of Miletus to the
triboelectric e ect, a charging mechanism. Thales made inanimate objects move after rubbing charge onto
amber [2]. Thales is the earliest person mentioned in the literature to have played with electrostatics with
sources dating back to the 58th Olympiad [3]. The story of Thales' electrostatic experiments is often taken
to be the beginning of the history of electrostatics. However, no actual notation in the literature states
he did anything but relate the interaction of charges with a philosophy of the soul [2] (see Appendix G).
The rst scienti c observations of electric discharges were recorded in the 1600s. Electric discharges were
observed from friction-charged insulated conductors when they lost their charge [4].

A better-known tale is that of Benjamin Franklin, who, in the mid-18th century, drew a link between
laboratory sparks and lightning [5]. Using a Leyden jar, Benjamin Franklin theorized the existence of
positive and negative electricity. At the same time, other philosophers attributed the electrical attraction
and repulsion to a vapor or e uvium released by a charged body. A Leyden jar is a bottle partially lled with
water with a wire running into the water. The Leyden jar can act like a capacitor and store charge between
the water and a conductive surface on the outside of the jar. Benjamin Franklin argued that the shocks
produced by the human holding the jar and touching the wire consisted of a uid that rushed through them
to Il the void. Alessandro Volta redesigned the Leyden jar into the electrophore by replacing the glass jar
with a resinous mixture that can be charged through friction. Using a conductive shield with an insulating
handle, Volta could charge the shield through direct contact with the resin and produce discharges at will.
The invention of the electrophore and condensers gave electricians the fundamental concepts of capacitance,
inductance and tension (before they knew what a potential di erence was) [6]. In the 19th century, the
scienti ¢ study of sparks or gas discharges was inseparable from atomic physics [4, 5].

With the development of the electrical power industry, spark discharges became a problem for many new
technologies. In particular, short-circuiting could damage transmission lines and other equipment, leading to
power cuts. Spark discharges are a source of extra costs for the electrical power industry; tangible costs from

product damage or safety precautions and intangible costs of losing customers due to damage or unreliability



in product supply. The short-circuiting through air was called a “breakdown' and led to the study of spark
breakdown and spark discharge. Breakdown of air is possible by using a high-frequency electromagnetic
eld; the scope of this dissertation will focus on discharge started by a static electric eld, hence the term
electrostatic discharge

Electrostatic discharge (ESD) events are easy to observe at home, at work, or in nature. When two
objects with oppositely charged surfaces are brought in close proximity to one another, the resulting high
electric eld causes a gas breakdown between the objects. When a substantial amount of charge is stored,
the ESD can ionize the air to produce a plasma lament. Sources that build static electricity and give rise to
a potential di erence and ESD events can be found everywhere. Pets, cars, household electronics, synthetic
clothing and carpets are all sources for generating static electricity. The ESD events that humans might hear
and feel are about 3000 V [7]. Fortunately for anyone who experiences these everyday ESD events, they are
typically more annoying than dangerous. Although these low-energy discharges are a nuisance to humans,
ESD events can pose a severe threat to electronics and a signi cant risk in the presence of ammable or
explosive materials. The current and charge transfer to a person that results from ESDs have not caused
loss of life directly. But these ESDs have posed a danger around sensitive or ammable materials leading to
events that have led to the loss of life and destruction of property.

The ESDs primarily referenced thus far are on the order of 1-35 kV holding around 0.3 C. The most
dramatic and magni cent forms of ESD have yet to be mentioned: lightning and aurora borealis. Lightning
is a naturally occurring discharge caused by friction and currents in clouds, and particle showers lead to
aurora borealis. A lightning ash can light up the entire sky with jagged white streaks from the cloud to
the ground or cloud to cloud. The magnitude of those charges and voltages are around the 10's of coulombs
and 300 MV [8]. These are orders of magnitude greater than typical human body discharge. While the
ESDs discussed in this dissertation share some phenomenology with lightning, smaller-scale sparks will be
the topic of the experiments.

The current pulse resulting from ESD presents a hazard to sensitive devices and materials. Such a
surge can lead to unsafe situations, damage, disasters and economic loss [9]. In the early 1400s, there were
static control procedures to prevent ESD ignition at gunpowder stores [10]. As electronics advanced, they
became smaller and more sensitive to ESDs. Small current bursts and voltages are able to damage these
semiconductor devices [9, 11, 12]. ESDs are hazardous when they can cause unintended ignition of ammable
or combustible materials [13{17], petroleum products [18, 19], dust particles [20{22], detonations [23{25],
and failure of electronics such as medical devices [9, 26]. A current pulse caused by a spark is a quick,
sub-microsecond pulse that poses a danger to electrically sensitive devices, ammable materials and humans

at large with potentially damaging or unsafe results.



Electrostatic discharge, while long-studied, is a complicated process that still needs to be fully understood.
The physics of ESDs include uid dynamics, plasma physics, chemistry and electromagnetism, making it a
challenging event to describe in theory and models. An ESD is a plasma lament with high conductivity that
closes the circuit between the two charged objects. The lament allows charge to transfer, which neutralizes
the charge di erential between the objects. This lament is more commonly known as a spark. The notion
of spark will henceforth be used interchangeably with ESD. Understanding the formation of ESDs, most
importantly, the energy transfer through a spark is essential when working with sensitive devices or systems.
The funding group at Los Alamos National Laboratory (LANL) has expressed an interest in scenarios in
which ESDs form from the charge that has accumulated on an object which is not electrically connected to a
circuit. The latter object could be a tool, a person, a cart, etcetera. These ESD events are limited in charge
and energy by the circuit capacitance, and they are near-thershold such that a fraction of the molecules are
ionized. The electrostatic discharge research group at the Colorado School of Mines (Mines) studies ESDs
as the initiating event for hazardous scenarios, which involve electrically sensitive devices, ammable or
explosive materials, or space discharges. Threshold ESDs are one of the many electric discharges of interest
in research. Other areas of interest include laser-induced breakdown spectroscopy [27, 28], nanosecond
repetitive pulsed plasmas for use in hydrogen production, surface treatment, or pollutant abatement [29{34],
the e ciency of combustion engine spark plugs [32, 35{38], and spark switches [39{41].

The research focus for the Mines research group is on physics-based modeling and experiments to deter-
mine how much energy can be delivered through a spark from both conductive as well as dielectric-charged
objects to realistic victim loads. The overarching goal is to develop models that can be used to generate
appropriately conservative and defensible ESD pro les by means of simulations and ultimately to identify
possibly hazardous scenarios. To reach this goal, work is being done to develop realistic models that capture
the complicated physics and are computationally tractable. For these models, there is a need to understand
the essential physical mechanisms, to understand the relative importance of the dissipative energy channels
in the spark, and to identify di erent discharge regimes.

Experiments are undertaken to identify phenomena to guide improved models and simulations, to test
the scaling of simpler models, to identify limits, and to provide a “ground truth' for what is happening in
speci ¢ scenarios that can be tested in the models. This dissertation focuses on the experimental work that
supports the research focus of the Mines ESD group. The ndings of these indirect and direct diagnostics
on ESDs are presented here for the completion of a Doctor of Philosophy degree from the Colorado School
of Mines Department of Physics.

Experimental tools have been designed to validate developed models and identify any missing elements.

The work done for this dissertation has focused on the development of such diagnostics for randomly occurring



threshold ESD events. The experiments aim to develop diagnostics with which to measure quantities that
the models, such as particle densities, current traces, shock velocities and energy transfer, also calculate. The
experimental work assists in the development of simpler, computationally-e cient models that accurately
capture the essential physics.

The experimental tools and diagnostics development are based on the following ve fundamental research
guestions. (1) How much energy can be delivered to a victim load via a spark discharge, and what factors
determine how much energy is delivered to a victim load? (2) How long does the channel stay conductive?
(3) What are the most crucial energy sinks? (4) What kinetics or species are most important to consider in
a model? Could a simpler lumped model capture the dynamics? (5) What is the electron density, and how
does the radius of the conductive channel evolve?

Chapter 2 provides an overview of electrostatic discharge in terms of plasma physics, circuits and ESD
resistance models. After introducing the formation and dynamics of ESDs, Chapter 3 will introduce the
circuit layout, experimental setups and optical imaging system used for the data collection. This third
chapter will explain the evolution of the discharge circuit from the initial build in the summer of 2019
through the last system set up in 2023. Additionally, the probes that were chosen to work with for the
experiments, and other equipment, such as cameras and lasers, that were utilized are described.

The rst indirect measurement is described in detail in Chapter 4, which explains and presents the
evolution of the conductivity in the discharge channel. The nonlinear ESD resistance is measured at the
peak of the energy transfer and when the plasma channel disappears. Voltage and current traces enable
these resistance measurements, and the minimum resistance of the ESD is compared to a simple resistance
model.

Chapter 5 focuses on the rst question listed above, i.e. the amount of energy transferred through an
ESD to a victim load. Circuit parameters are changed to determine how much energy gets delivered to
the victim load through an ESD. These energy measurements are made by collecting voltage and current
traces through the circuit. Circuit parameters at play are capacitors, electrode geometries and victim load
resistance.

The rst of the direct measurements are presented in Chapter 6, which seeks to help identify the kinetics
and species generation that takes place during an ESD event by utilizing spectroscopy. The ESD spectral
radiation can convey much information about the plasma: the broadband emission can estimate the plasma
temperature during the early phases, and line emission and line width show the evolution of species during the
di erent plasma phases. Measuring the emission through a scanning monochromator provides the spectrum
from pre- to post-ESD events. Analysis of this spectrum assists in identifying key species to include in

simpli ed models.



The resistance of the ESD is measurable with the current and voltage traces, but that does not result
in knowledge about the structure of the plasma. In Chapter 7, imaging techniques are used to learn more
about the ESD spatial properties. One of those techniques is two-color interferometry, which measures the
electron and neutral density pro les of the ESD event. Two-color interferometry provides insight into the
evolution of the channel radius, electron density, and neutral density pro les that can be used to set model
parameters.

Knowing the physical limits for how much damaging energy can be transferred to a device or a com-
bustible system is crucial for safety analysis. By providing the background, measurement techniques and
data, the content of this dissertation presents and provides information valuable to those concerned with
quantifying risks. For those who are developing models and simulations of these complicated phenomena,

the measurements give important benchmarks to help test their validity.



CHAPTER 2
BACKGROUND

Electric discharge, also called gas or spark discharge, is a physical process where gas can carry electrical
currents [4, 5, 42]. Under normal pressures and room temperatures, most gases are electrically insulating,
and electric breakdown must occur for a gas to carry a current. Electric breakdown is usually driven by a
strong electric eld that helps ionize the neutral atoms and molecules. The gas conditions (temperature,
pressure and composition), along with the geometry and material of the electrodes, can lead to di erent types
of electrical discharges. There is a long history of theoretical and experimental studies for understanding
the natural occurrence and potential applications of electric discharge. When discharges are caused by elds
that do not have an electromagnetic dependence, the event is labeled as electtatic discharge.

Electrostatic discharge (ESD) occurs when the eld strength between two conductors is high enough to
create a conductive channel between them. Electric discharges come in many shapes and sizes determined
by the initial conditions: glow discharge, arc discharge, Townsend's dark discharge, corona discharge and
spark discharge are some examples. Among these, many more discharges are studied. Within the branch
of ESD, there are corona, brush, propagating brush and arc discharges. Corona discharge only appears in
a nonuniform electric eld with one electrode that has a dimension much smaller than the gap length (for
example, a needle above a grounded plane). A glow will form around the small electrode where the electric
eld is strongest as the voltage is slowly raised. The gas becomes ionized in a small volume around the sharp
electrode and glows blue and violet. Further away from the electrode, the eld strength drops rapidly, and
the discharge becomes di use and does not extend to the other surface [5]. Brush discharge occurs with
curved electrodes (5-20 mm radius) close to a at ground plane. In that situation, a breakdown channel can
form, but the channel will fan out and does not reach the opposing electrode, similar to a corona discharge.
A propagating brush discharge occurs when a grounded object approaches a charged insulator attached to
a grounded surface on the opposing side [43].

Capacitive, arc, or spark discharges occur between charged objects through a single discharge channel
that neutralizes the charge di erence between the two objects. As mentioned earlier, the focus of the research

here is on ESD in the category of charge-limited spark discharge.
2.1 The Life-Cycle of an Electrostatic Discharge

An ESD is a multifaceted and complex phenomenon consisting of a transformation from a single electron
leaping the gap between two oppositely charged objects into a conducting channel. The lifetime of an ESD

event is illustrated in Figure 2.1. A charged object in the presence of a grounded plane gives rise to an



electric eld distribution that initiates an ESD. (a)-(b) shows how the electric eld shapes and strengthens
as a positively charged sphere approaches a grounded surface. As the sphere approaches the grounded plane,
(c)-(d) an electron avalanche occurs, followed by the formation of a streamer (e)-(f) and resulting in the (g)

arc discharge and shock wave.

Figure 2.1 A representation of the lifecycle of an electrostatic discharge; as a positively charged sphere
moves towards a grounded plane (a)-(b) the electric eld enhances as the object gets closer. The ESD is
initiated by the release of an electron which starts an (c)-(d) electron avalanche. The electron avalanche
turns into a (e)-(f) streamer which starts to form a channel to connect the objects. Once the streamer
makes contact with the sphere and plane, an (g) arc forms, which pushes out a shock wave.

2.1.1 Charging

Walking through a carpeted living room and opening the door, getting out of a car and closing the door,
or taking o a sweater are a few of the events that lead to ESDs daily. Any of these events lead to a nite
displacement of charge left on the body. Charge generation processes allow a charge to accumulate on a body,
increasing the electric potential's magnitude. The charge comes in positive and negative polarity, and both
polarities can give rise to ESD events. The magnitude of charge developed and stored on an object depends
on the charge generation process, the material characteristics of the object and any dissipative sources.

The triboelectric e ect, inductive charging and conductive charging are the three major charge-generation
processes. The triboelectric e ect is the most common source of electrostatic buildup on surfaces. Tribo-
electric charging is the process in which two objects, of which at least one is an insulator, end with charged
surfaces through contact or rubbing. Charges on an insulator cannot neutralize because they are not free to
move as on a conductor.

Inductive charging involves a charged object and a conductive object. At rst, the conductive object is
within reach of the electric eld generated by the charged object. The electric eld causes a charge separation
on the conductive object. If the latter object is grounded, the charge being “pushed away' will leave this
object. When this object is ungrounded, it will remain charged when the electric eld from the other object

is removed. This type of charging commonly occurs with monitors and other electronic devices.



Conductive charging is the charging of conductive materials through direct contact. When separated,
two conductive objects will end up at the same polarity and voltage. These three charging mechanisms lead

to a charge imbalance, which can initiate ESD events.
2.1.2 Electrostatic Field Distribution

An imbalance of charge on an object gives rise to an electric eld. Consider the sphere and plane in
Figure 2.1. When the two oppositely charged objects are brought close together, the electric eld strength
can be enhanced to su ciently high levels to cause a rapid transfer of charge, known as electric discharge. The
presence of the electric eld causes a breakdown of the gas between the objects [5]. Most often, the objects'
approach speed would be slow regarding charge mobility. Therefore, the electric elds are approximated to
be quasi-static at the moment of discharge, hence naming the event Electatatic Discharge.

When two oppositely charged objects approach each other and ample charge is stored on the surface, the
electric eld breakdown can ionize a highly conductive channel in the gas between the objects, generating
a plasma lament [5]. The plasma is an electrically conductive bridge between the electrodes, capable of
carrying a rapid current pulse that neutralizes the charge di erential between the objects. The plasma is
formed through dielectric breakdown of the gas. In air, this plasma is known as a spark [44, 45].

The point at which an electron avalanche can occur is when the electric eld reaches a point above the
ionization threshold, Ey, in V/m. The electrode geometry can signi cantly a ect the voltage and charge
required for a breakdown to occur. The eld will be uniform between two parallel plates, and the charge
will spread evenly over the electrodes. If one of the planes is replaced with a needle, all the charge on the
needle will move toward the closest point between the electrodes. Leading to substantial eld enhancement
at the needle tip, which in turn leads to breakdown at a lower voltage for the same gap length as applied to
parallel plate electrodes. Paschen's law, which dates back to the 19th century, describes the dependence of
the breakdown threshold. Friedrich Paschen's empirical equation describes the breakdown voltage regarding
distance, d, and gas pressurep. As shown in Figure 2.2, Paschen curves are usually a function of the
pressure-distancepd.

Figure 2.2 shows the Paschen curves for four di erent gasses, clearly showing a gas dependency of the
ignition potential (breakdown voltage). Each curve shows a minimum breakdown strength for somepd. For
pd below that point, the overall lack of particles makes it more challenging to ionize and start a breakdown
at low pressures. The Paschen curves climb to the right of thegpd minimum, indicating that longer gap
lengths and higher-pressure environments require a higher voltage for breakdown to occur. Similarly, the
electrode materials and electrode geometries impact the breakdown voltage. Figure 2.3 shows the electric

eld strength and vectors between two spheres, a sphere and plane, and a needle and plane electrode setup.



Figure 2.2 Paschen curves for various gases over a wide rangepaf (pressure-distance) values created from
the Paschen Law and constants presented in [4]. The Paschen curves show that the breakdown voltage is
unique at a given pd value for a particular gas.

In each case represented in Figure 2.3, the upper electrode is at a high voltage and the bottom electrode
is grounded. The eld strength between the two spheres and the sphere-plane electrodes are on a similar
order of magnitude at this gap length of 4 mm. There is signi cant eld enhancement around the needle,
attributed to the smaller diameter compared to the gap length. These graphics were produced by Calvin

Bavor in COMSOL and are shown here with his permission in Appendix H.

(a) Sphere-sphere (b) Sphere-plane (c) Needle-plane

Figure 2.3 COMSOL generated electric eld maps that show the eld structure between three sets of
electrodes. The electric eld strength between the spheres and sphere-plane show a similar strength
structure at the center of the gap, while the needle-plane shows strong eld enhancement around the needle
tip. The vectors in (a) and (b) are scaled linearly with strength, and in (c), they are normalized.

2.1.3 Avalanche Breakdown

The start of any breakdown begins with an individual electron avalanche. Let a system (as in Figure 2.1)
have an electric eld between two electrodes due to a charge di erence. As the electrodes approach each

other, the electric eld exceeds the breakdown threshold at some point between them. Any free electrons



in the gap will be accelerated to the anode by the electric eld. The electron-neutral collisions lead to the
heating of the particles and produce a thermal electron energy distribution.

The thermal tail in the electron energy distribution represents the electrons that have high enough
energy to ionize atoms through collisions, releasing secondary electrons. The collisional ionization produces
increasingly more electrons, adding to the thermal electron energy distribution. Having more high-energy
electrons causes an exponential increase in the electron density. The exponential increase will have the form
e? , where is proportional to the electric eld strength and z is the distance along the gap.

The population of ions and electrons increases as the electrons keep moving toward the anode, leaving
a relatively immobile ion population and excited molecules in their path. The ions and excited molecules

remain relatively stationary due to the di erence in drift velocities compared with electrons.
2.1.4 Streamer Phase

A streamer is a weakly ionized channel formed by the primary avalanche. There must be su cient
ampli cation for the electron avalanche to become a streamer. As the avalanche reaches the anode, the
streamer starts at the location of maximum space charge and propagates toward the cathode. This streamer
is a cathode-directed or positive streamer. Sometimes, the initial electron avalanche turns into a streamer
mid-gap and grows toward both electrodes. The electron density in a streamer is high enough that the
electric eld can be locally screened, moving the strongest potential di erence down to the other electrode.

It is theorized that there is photoionization at the front of the streamer due to the excited atoms. These
excited atoms emit ultraviolet (UV) radiation, which pre-ionizes the gas at the head of the streamer. This
produces secondary avalanches that are pulled into the tail of the streamer resulting in a quasineutral plasma.
The streamer is a conductive plasma that can pull charge to its tip. The electric eld is greatly enhanced at

the tip of the streamer, bringing the strongest electric eld down to the cathode.
2.2 Arc Phase

When a streamer connects the anode and cathode, the degree of ionization rapidly increases, forming a
spark or arc. The arc rapidly increases the electrical current, and the charge di erence between the electrodes
begins to neutralize itself. The high current density locally heats the atoms, molecules and ions. In a charge-
limited discharge, most of the charge and energy are transferred between the electrodes in the initial arc
phase. These arcs are typically named sparks. When there is a more signi cant amount of stored charge,
as in the case of a large external capacitor or spark switches, the current can be delivered over an extended

period of time.
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The electric eld accelerates the electrons, and through electron collisions with the heavy species, raises
the electron temperature. The pressure that drives channel expansion at rst is from the electrons dragging
out the ions through the Coulomb force. As the plasma is thermalized, however, the high temperature of
the heavy species results in a hydrodynamic expansion of the plasma channel radius. The plasma pushes on
the neutrals to produce a shock wave. In the observations presented here, it is seen that this shock wave in
the neutral gas moves out faster than the plasma. Over time, the shock wave propagates out and turns into
a sound wave to produce a cracking sound that an observer can hear.

Since the bulk of the charge and energy transfer through the gap occurs during the arc phase, it is
primarily this phase that can be modeled as a circuit. In the measurements presented here, the resistance
is seen to change quickly to stabilize to a minimum value. The latter part of the discharge follows a linear

RLC circuit response.
2.2.1 Recombination Phase

After the charge is neutralized and depleted, the ESD plasma channel will recombine. The electrons can
recombine with positive ions or attach to neutral molecules to produce negative ions. The excited molecules
produce an observable spectral response as they de-excite back to their ground state. Eventually, the channel

ceases to be conductive.
2.3 Elementary Processes at Work in Electrostatic Discharge Plasmas

Plasma physics is its own scienti ¢ subdiscipline with a large body of literature. Some principles of
plasma theory are discussed here for use later in this dissertation. The physics presented here follows along

with introductory plasma physics texts [46, 47] and course notes [48].
2.3.1 Plasma Physics

When gas is ionized, either partially or fully, it becomes a plasma. As mentioned earlier in this chapter,
the electric eld interacts most directly with the lighter electrons, raising their temperature. The ionization
energy of the species in air ranges from 12.8v (O,) to 15.6 eV (N ;). The average electron thermal energy
can be considerably lower than these values for signi cant ionization to take place, since there are large
numbers of high-energy electrons in the tail of the Maxwell-Boltzmann energy distribution. Collisional
ionization occurs on the sub-ns time scale, for times longer than this, the degree of ionization is in thermal
equilibrium with the electron temperature. In this regime, the Saha equation can be used to relate the

number densities of ionized and neutral atoms in a plasma using Boltzmann statistics [49],

_a_ giexp (Ua  Up)

b Ob ke T 1)
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Here is the number densities in statesa and b, with statistical weights g connected to the energied) .
The constant kg is the Boltzmann constant and T is the gas temperature. In the case thata and b relate to
the rst ionization state (subscript i) and the neutral atoms (subscript n), the ratio of the statistical weights

can be found to be

. 3=2
SoLo2meel Tz oy (2.2)
n i

where h is Planck's constant, ; is the number density of the ions, andmg is the mass of an electron. In
this situation, U, = U; U, is the ionization energy. Using the approximation of the statistical weights from

(2.2), the Saha equation can be estimated as

L 24 1021T—_e Ui =koT . (2.3)

n |

with ; inm 3 and T in Kelvin. When the gas temperature rises and the energy increases on the order of
U,, the ionization becomes non-negligible and the gas becomes a plasma. Figure 2.4 shows the ionization
fraction, ;= =( i+ )= = , versus temperature for various pressures in nitrogen. The expression
for the ionization fraction can be found in Fundamentals of Plasma Physics text, Section 7.6 [49]. The label

I =log( o), where , is the total number desity. The plot illustrates that the ionization fraction can be
quite high at modest temperatures: at 1 atmosphere of density, the ionization fraction is 0.5 fo =0:15U; .

The fraction of ionization is lower at a given temperature as the density is increased.

Figure 2.4 The degree of ionization as a function of temperature for various number densities. Here the
ionization energy is set toU, = 15:75 eV for nitrogen. At the same temperature, the ionization fraction is
lower as the density increases. The labdl is equivalent to the log of the neutral pressure. At higher
densities, much higher temperatures are required to reach saturation.
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Figure 2.5 A simple plasma cube representation. A disturbance moves the electronsx to the left, leaving
a similar volume of positive charge on the right. The displacement of the electrons induces an electric eld
between the electrons and ions. The electric eld leads to an oscillation of the electrons around the ions
when they are released.

One of the important properties of a plasma is its natural oscillation frequency. Let a plasma, composed
of electrons and ions, be represented by a simple box as shown in Figure 2.5. Suppose an event moves the
center of mass of the electrons, shifting it away from the cube's center, x, to the left. The electron shift
leads to a region with a net negative charge from the electrons, a central region with no net charge, and a
region with a net positive charge due to the ions. An electric eld arises between the regions of accumulated
electrons on one side of the box and positive ions on the other. Let x pK where A is the area of the
slab, such that boundary conditions may be ignored for the point of interest here. Then the situation is
similar to that of an in nite parallel plate capacitor, where the grouping of electrons and ions form each
their own plate. The electric eld, E, can be found using Gauss' law. The symmetry of the plasma box
indicates there is noy or z dependence, and the eld dependence is okr. Allow for the displacement in the

electrons to be small such that x = dx,

dE € e
E=— = = .
dX Il0 lI0 1

(2.4)

where ", is the permittivity of free space. The volume charge density, = e ¢, where e is the charge of an
electron and . is the electron density. The divergence of the electric eld leads to a derivative only in the
x-direction because the electric eld is in the direction of ®. The change in the electric eld, dE, due to a

small change in the displacement of the electronsix, form (2.4), is

dx: (2.5)
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To get to the electric eld, the integral is taken for both sides of the equation,

E = X: (2.6)

Notice that the electric eld is uniform between the slabs and depends on the density and thickness of
displacement, not the area.
The electron slab is released from the disrupting event. Since the eld is uniform at locationx, all
electrons feel an electrostatic force that will pull them toward the positive ions. The equation of motion is
dve d? x

e
F=mea=me—p= = Me-oy = €E= -
[0}

( ®); (2.7)

where v, is the electron velocity. The equation of motion follows the relationship of a simple harmonic
oscillator such as a spring which holds the relation in (2.8). By directly comparing the angular frequency
from a spring and its equation of motion to the equation of motion for the electrons, the electron angular
frequency can be found. A spring has a spring constantks, with the equation of motion and the angular

frequency! , as

ma= KkeX; 12 = %: (2.8)

In direct comparison, using the equation of motion from (2.7), the associated angular frequency is

3= 2 (2.9)
The angular frequency! , is known as the plasma frequency. It is the frequency with which electrons oscillate
around an inhomogeneous charge distribution.

The plasma frequency is also important for the propagation of electromagnetic (E&M) waves traveling

through a plasma.

idzE(r;t) o dj(r;t)
5 =

2 .
r “E(r;t) a2 o gt

(2.10)

is the dispersion relationship for traveling E&M waves with spatial, r, and time dependence,t. In the
equation, c is the speed of light, , is the permeability of free space and = ¢€Ve is the current density.
Let E andj have an space and time dependence as ex( r !t )), where k is the wave vector andi = P 1

is the imaginary unit. Taking the derivatives in (2.10) with this spatial and temporal dependence results in
9 12 . .
k“E + ?E = il (2.12)

Allowing for the same spatial and time dependence forve and E in (2.7),
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ime! ve = €E: (2.12)

Solving for the velocity above, the current density can be written in terms of the electric eld,

P - eezE_."
J = e®Ve=1I mg! =l

2
'k,

me! -

(2.13)

The last step makes use of the equation fot g in (2.9). In the equation of the current density j, the coe -
cient in front of E is purely imaginary. Having an imaginary current indicates a high-frequency resistivity.
Substituting j into (2.11), there are solutions to the wave equation with non-vanishing electrical elds only
if
!

2
'pE

1

1 2
KE+ ZE= il o 1'%

All terms are proportional to the electric eld. Removing the electric eld leads to the dispersion relationship

(2.14)

@+l gl (2.15)

The free space permittivity and permeability are related to the speed of light through , o = 1=. Writing

the dispersion relation in terms ofk, ! s andc,
kP 12=15 (2.16)

If I, goes to zero, the vacuum dispersion relationship is found. The wave vectok, is related to the phase

velocity v through ! = v =k.

¢ ;72 +1a=12 (2.17)

wherec=v is de ned to be a medium's refractive index,n. The refractive index of a medium is a dimensionless
number that indicated how light bends or refracts when entering a material. Making this substitution rewrites

the equation as

n+ 2 =1: (2.18)

n= 1 £ : (2.19)

The refractive index n in plasma is always less than one and depends on the ratio of the plasma frequency
to the electric eld frequency. The refractive index should decrease with an increase in electron density.
Allow ! to be set by a laser. In the case that! >! |, the refractive index is real and less than 1, the

plasma will act as a lossless dielectric that is optically thin. When! =1, the refractive index would equal
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0; this would mean there is no wave that travels, only an oscillation. Finally, if! <! , both n and k would
be imaginary, the wave would not propagate through but penetrate into the plasma and decay exponentially

over the skin depth. In this situation, the electromagnetic wave is re ected.
2.3.1.1 Partially lonized Plasma

In an experiment, assume that the laser frequency is su ciently large so that! I'p,in (2.19), and the

refractive index can be approximated to the rst term of a Taylor series expansion. Letf ( ) =(1 )2,

where = ',—p 2, the Taylor series expansion is
) 0! , 1 R 50 .
p= _I(O) =1 > + _I(O) ! such that; (2.20)
i=0 b i=2 a
1 117
1 5 = 1 572 (2.21)

Using (2.9), ! S can be represented in terms of the electron density, mass, charge and permittivity of free
space. The angular frequency , oscillation frequency f, and wavelength of a laser are related through

I =2 f = 2 Knowing this, the refractive index of the plasma np from 2.19 can be written as

— (2.22)

Up to now, n, has been representing a fully ionized plasma. To calculate the refractive index for partially
ionized air, the electron number density can be expressed in terms of an ionization fraction,;, the total
density of neutrals and ions, p;, and the number density of standard temperature and pressure (STP) gas,
Nam , such that ¢ = ipt Nam and

e2 2 2

np=1 i Pt Natm 17 ome 2—=1 iPt NamTe

5 (2.23)

% re is obtained by setting

A grouping of constants is denoted as the classical electron radiug, =
a Coulomb energy equal to the electron's rest energy. It is used as a convenient way to make radiation-related
expressions more compact. To assist the treatise of interferometry in Chapter 7ne( )= Namre 2=(2 )
is de ned to be the plasma index deviation from 1 for an electron number density that is equal to the atomic

number density at 1 atm. The refractive index due to the plasma in partially ionized air is
np(r; )=1+ i(Np(r)ne( ): (2.24)

In neutral air, the refractive index is the neutral ambient density, 5, times the refractive index change

from 1 atm pressure, n 4( ). The neutral density can be expressed in terms of ionization fraction and total
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pressure, ; = (1 i(rN)pe(r). The refractive index for neutral air and plasma can be combined to nd the

refractive index in a volume of partially ionized air.

Nair () = No(r; )+ np(r; )
=1+ i(n)p(r) na(C )+ i(Npe(r) ne( ) (2.25)

wherep;(r) is the total heavy particle density that should be 1 in undisturbed neutral air and ; the ionization

fraction.
2.3.1.2 Collision Rates

In weakly ionized plasmas, the ionization fraction is low, and there will be more collisions between an
electron and a neutral molecule than between two electrons. Let the particle in the center of Figure 2.5 be
subject to the force in equation (2.7). The force equation can be used to approximate the drift velocity of
the electrons,vp [4, 5], as

eE
= = E: 2.26
Vp —— eE; (2.26)

where . is the electron mobility. The collision frequency, n is the frequency necessary for momentum

transfer. The frequency of elastic collisions, , is related to , through
m= ¢(1 cos): (2.27)
Here, cos is the mean of the scattering angle cosine. Relating (2.26) and (2.27), the collision frequency is
¢ = NaV ¢ (2.28)

The frequency of elastic collisions is determined by the number of molecules in a volunié,, the thermal
velocity v, and the scattering cross section .. , is assumed to be independent of the velocityp, and the
electron energyUe = %mevé, and is usually determined through experimental data. vp v in moderate
eld strengths, this means that the drift velocity is small compared to the random velocity and vp depends
on the eld to number density ratio, E=Nj,.

The mobility of the ions is orders of magnitude smaller than the electron mobility, which means that the
ions make a small contribution to the electric current, assuming . However, their contribution to
the current must be considered when the ion density, i, is much larger than the electron density. Assuming

similar ion and electron densities, the current densityj is

j= e e =€ E=E; (2.29)
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and conductivity  is

e, e:rfe: (2.30)
e m

The conductivity in a weakly ionized gas is proportional to the ionization fraction. The rate of work done

on an electron by the electric eld is
h eEvi = eEvp: (2.312)
The angular braces indicate the averaging over the velocity. The energy released is
eEvp o= E 2= |jE: (2.32)

On average, an electron colliding with an immobile molecule would gain energy

E E2
=W %; (2.33)
m e m

per e ective collision and would lose a portion of the energy to the molecule, = 2m¢=M, where M is the

mass of the molecule. Those gain and loss factors lead to the energy rate equation

dUs _  eEve

dt m

Ue m: (2.34)

In molecular gas, electrons can excite the vibrational states of the molecules. The energy loss would be larger
than , but on average, it is still a small portion of the total energy transfer. At higher energies, the electrons
can excite the electronic states and ionize the gas molecules. lonizing the gas would make the electrons lose
much of their energy, and (2.34) would become less applicable. At higher energy conditions, where electrons
carry tens of electron volts (€V), inelastic energy losses exceed elastic losses for the electrons changing the
energy loss in (2.34). Using the coordinate changdx = vedt, the energy equation is approximated as

dUe
dx

= eE(X) L(Ue)= E 2= jE: (2.35)

The inelastic losses are grouped intd. (Ue), which is the function of inelastic losses for ionizing and exciting

various molecular levels. The functionL (Ue) has the structure

X
L= Na il + Na C;kUk; (236)
k

where ., and U, are the various molecules' respective cross-section and excitation potential. Mathematical
models of plasmas that seek to describe inelastic collisions involve very complicated equations.
In the derivation of the refractive index of plasma, an assumption was made that the plasma is collision-

less. The collisions between charged particles and heavy elements would cause wave damping. Considering
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electron collisions, (2.13) would take the form [50]

dj .

Gt omi= o! SE; (2.37)

and the current density would change to,

" |2
ji= —*P E E: (2.38)

i! m
Following a similar step process as above, the refractive index can be found with a dependence on the collision
frequency . Considering the collisions, the conductivity will be complex, making the wave vector and the

refractive index complex. The refractive index takes the form

[
1 2 h i 1=

n= 1 —Pf _ 1 il—m ; (2.39)

3N

Considering collisions makes the plasma refractive index more di cult to write in terms of p; and ;. In the
threshold ESD experiment, the collisions are considered to be negligible because !, so the refractive

index is taken to be (2.19).
2.3.1.3 lonization Rates

The main production of charged particles in ESD in gas comes from the ionization of atoms or molecules
through electron collision. The ionization rate, or number of ion-producing events in a one cri volume per

second, is [5]

Z

d 1

dte = NaV i(Ue)Ne(Ue)dUe = kiNa e = i et (2.40)
) U,

Here ; is the cross-section of ionization by electrons with energyJe, Ne(Ue) is the energy distribution
function, k; is the ionization rate constant, where ; = kjN, is the ionization frequency. On the integral
limits, U, is the ionization potential. At a constant ionization frequency, the electron density would grow
in an avalanche manner, = ¢oexp( it), where o is the initial electron density, and assuming there
is an absence of electron losses. The electron avalanche grows both in time and space. As more electrons
are generated, they travel at the same drift velocity, vp . This allows us to de ne a spatial growth rate, or

electron gain factor
= —i; such that i= Vp: (2.41)
Vp

If E is a constant electric eld pointing in the z direction, the electron avalanche will grow exponentially in

the direction of motion,

e = eoez . (2.42)
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Where the growth constant is
= Ape BE: (2.43)

In most cases , ve and ; are found experimentally. Above, (2.43) is written in the form of Townsend's
semi-empirical formula for estimating . The constants A and B are used to t experimental data, E is the

electric eld and p is the pressure [5].
2.3.2 Plasma Chemistry

Historically the ESD models use energy-based connections between resistance and current to develop
plasma models.Kinetic models focus on predicting the time evolution of ions and neutrals of many di erent
species throughout the lifetime of a spark. The chemical organization within a plasma is known as plasma
chemistry. Plasmas are multi-component systems with charged particles (electrons and ions), active atoms
and photons. Each type of particle has its speci c role in plasma-chemical kinetics. Kinetic models often
consist of solving some form of population equations, calculating rate coe cients, or retrieving data from
tables for chemical reactions to keep track of the various species.

Electrons gain energy faster from acceleration in the electric eld than the heavier ions. The electrons
distribute the energy toward the other species through collisions. These collisions will a ect the density,
temperature and energy distribution function of the electrons, ions and the neutral particles. When heated,
the ions can make signi cant contributions to the kinetics as they can carry high momentum and can suppress
activation barriers of chemical reactions. Molecules in a plasma can absorb energy from collisions through
vibrational excitation and dissociation. Excitation of atoms and molecules can radiate energy from the
system by giving o photons through radiative relaxation.

Tracking the di erent populations while the system evolves involves solving a system of rate equations
[51]. These rate equations solve for the number density in terms of some production or loss coe cient that
is dependent on the population size. Every population of species can have multiple interactions, some of
which add to the population and others remove the population. When density pressures start to be present
in the plasma, the spatial ux of the particles will also have to be accounted for in the rate equations.

It is impossible to give a complete overview of the complexity of kinetic models within the scope of
this dissertation. Note that kinetic models seek to address the most important species presented in ESD
events. Each species is characterized by a distribution function that depends on velocity and location,
with the potential for time dependence. Furthermore, there is the possibility for the transfer of energy
between the di erent species. Most kinetic models have Boltzmann transport equations for each species,

which are coupled through collisional interactions [51]. If a speci ¢ species is charged, they also interact with
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the electromagnetic elds in the systems. Consequently, the Boltzmann equations must be coupled with
Maxwell's equations. As one can imagine, the complexity of kinetic models snowballs with the number of
species in the model. Many of these kinetic models are zero-dimensional and address only the local driving

eld at one position.
2.3.3 Hydrodynamic Expansion and Shock Waves

The hydrodynamic behavior of ESDs and other discharges have been extensively studied, especially for
lightning and other long gap length discharges [5]. When the arc phase of the discharge starts, there is a
quick increase in the heavy species temperaturely, due to the electron-ion and electron-neutral collisions.
The quick increase in temperature leads to a pressure gradient between the areas with and without plasma.
The pressure di erential causes the plasma channel to expand and increase in radius. The rapid, energetic
expansion leads to a shock wave, which causes a small audible cracking sound when discharging to a door
knob and causes the loud thunder when lightning strikes.

In hydrodynamic models, there are separate equations for the mass (density), momentum and energy,
along with an equation of state that closes the system of equations by relating pressure, density and temper-
ature. Hydrodynamic or uid-based models describe plasma as a multi- uid system with electrons, ions and
neutrals, each of which is described with its own set of equations and potential coupling terms (di usion,
viscosity, ionization and recombination). Compressible, inviscid Euler equations for mass, momentum and

energy conservation usually represent the uid behavior. This set of equations is:

D%

- = 0, .

ot % U (2.44)
Du r pe

—_— = n 2.4
Dt % and (2.45)
DE Pt

—= = + — :

Dt % YT w (2.46)

Here% u and E are the uid mass density, uid velocity and internal energy per unit mass. p; and Dare the
total pressure and heat input power per unit volume [52]. TheDD—t denotes the material derivative @@t+ ur.
The heat source is proportional to the Joule heating, and (2.44)-(2.46) must be closed with an equation of
state which links the total pressure to other thermodynamic variables in the plasma volume, such as the
uid mass density or heavy species temperature.

Magno-hydrodynamic equations must be used if the electrons and ions are treated independently (instead
of a single charge-neutral uid). These hydrodynamic equations combine the Maxwell equations with the

uid equations. In that case, the species are a ected by externally applied elds and the space-charge eld

that develops within the plasma. Linking Maxwell and uid equations requires the solutions to Poisson's
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equation to be coupled to the hydrodynamic equations. Furthermore, compared with thermodynamic uids,

a plasma is a reactive medium involving species generation and destruction. Allowing for species generation
and destruction provides another set of equations to keep track of the consistency between species populations
[51].

Due to the complexity of a hydrodynamic model for plasmas, many early models were created based
on assumptions that allow simpli cations of the equations. These simpli cations include a current density
dependent only on radius and time, which reduces the problem to a 1D radial form of the Euler equation
[52, 53]; or considering only the early stages of the spark formation while treating the electrons, ions and
neutrals separately in their 1D radial model [54]; assuming ideal gas equations of state [55, 56]; and 2D

axisymmetric models [57, 58].
2.4 The Circuit Perspective

Models exist to predict and describe a physical process in mathematical terms. Angnodel aims to capture
the essential features of a physical phenomenon. ESD events are complicated, and in an attempt somulate
the events, electromagnetism, plasma physics, kinetic theory, statistical mechanics and hydrodynamics must
be considered [4]. In the long history of ESD research, various researchers dedicated their studies to ESDs
and documented their work in books; Loeb and Meek [59], Meek and Craggs [60], Bazelyan and Raizer [5].

An initial approach to modeling ESDs was to capture the resistance of the spark in terms of an integral
over the current squared. The ESD event was treated as a circuit to make such resistance models. Here to
follow is a reminder of circuits before mentioning more about models. In the treatise above, reference was
made to an ESD plasma as closing a circuit and carrying a current. This begs the question, why can an
ESD discharge be treated as a circuit element? Basic electric circuits and their components are introduced
rst to address this question. This subsection combines knowledge from the books: Practical Electronics for
Inventors [61] and The Art of Electronics [62].

In circuits, there are two quantities to keep track of, a voltage and a current, which are usually a function
of time. Voltage, V in volts, represents the energy required to move a unit of positive charge from a more
negative point to a more positive point, or in other words, from a low to a higher potential. The current,
| in amps, is the ow rate of electric charge that passes a given point in the circuit. Circuit elements are
the link between voltage and current. The resistor,R in ohms, is the simplest circuit element, with a linear

relationship between voltage and current known as Ohm's Law:

V = IR: (2.47)
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Resistors are passive two-terminal devices that resist the ow of current. Resistors do not recognize the
polarity of the circuit and allow current to ow in either direction. There are many rules, tips and tricks to
learn about resistors in circuits, but Ohm's law is a good place to start. As the resistance of a wire is used to
estimate the resistance of an ESD lament, it is presented in (2.48). For a wire, of lengthhg, cross-sectional
area A, and conductivity , the resistance is

h
Ry = TS: (2.48)

A thicker wire has a lower resistance, whereas a longer wire has a higher resistance. The conductivity is
the ease with which electrons can move through the material, such that a larger conductance reduces the
resistance.

The following circuit element is a capacitor. A capacitor, C with its capacity measured in farads, is a
passive two-terminal device that can store charge and energy. There are many geometries that can serve as a
capacitor, all with the same structure; inside a capacitor, there are two conductors separated by a dielectric
or insulator. An applied voltage gives rise to a potential di erence and electric eld across the insulator.
The electric eld causes an accumulation of a positive charge on one conductor and a negative charge on
the conductor on the other side of the capacitor. The charge accumulation acts much like a rechargeable

battery. The stored charge

Q=_Cyv; (2.49)
the stored energy
1 2
Uc = ECV ; (2.50)
and the current from a capacitor
dv
| = C—; 2,51
dt’ ( )

are represented here withQ being the charge,C capacitance,V voltage, Uc stored energy andl the current.
The conductors, connected to either terminal of the device, allow charge and currentto ow freely. Unlike

a regular battery, capacitors are able to discharge the charge in a fraction of the time. The dielectric or

insulator is a nonconduction material (glass, ceramic, plastic, air, paper, etc) that prevents electrical contact

between the two conductors internally in the capacitor. A standalone capacitor would maintain the charge

di erence when disconnected from a voltage source. When a load is connected between the terminals of the

capacitor, the stored energy will ow from the capacitor through the load. For a parallel plate capacitor,

the capacitance is based on the area of the plate&, the distance between the platesd and the permittivity
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" of the dielectric that lls the space between the plates. The capacitance is

"A
Cp= g

(2.52)
The capacitance of the parallel plates decreases as they separate from each other and increases with the
cross-sectional area of the plates. Larger surface areas can store more charge.

Inductors, L measured in Henrys, are another type of passive two-terminal circuit elements that are
closely related to capacitors: inductors are also capable of storing energy. Inductors are also known as
reactors because they resist or "dampen' changes in the current in a circuit. For an inductor, the rate
of change in current is proportional to the voltage applied across the device, (2.53). Both inductors and
capacitors require a time-evolving current or voltage to be useful in a circuit. Inductors, frequently depicted
by coiled wire, store energy in magnetic elds. When a current ows through the coiled wire, a magnetic

eld arises, and the system's geometry could give rise to a powerful magnetic eld that resists change to

this current and can store energy. The relationship between voltagey, across an inductor,L, with applied

current |, is
dl
V=L—; 2.
i (253)
and the stored energyU, for the inductor is
1 2
U= S % (2.54)

For a straight wire with diameter D, when it is laid out in a straight line of length hg, the partial self-
inductance is [63]

2h
Lwire = 27hs In ?S . (255)

Here, is 3=4 at low frequency and 1 at high frequency. For a loop of wire that makes a circuit with a
diameter of , the inductance is [64]

4
Lioop 32 1In o ; (2.56)

in nH. More complex, non-passive, multi-terminal circuit elements exist, but resistors, capacitors and in-
ductors are the three circuit elements needed to make a simple ESD model. The conductive path between
circuit elements is made of a conductor known as a wire. The circuit element symbols used to describe the
circuit are shown in Figure 2.6, along with the symbol for ground and a voltage source.

Besides knowing the essential elements of circuits, it is also helpful to know some rules that govern the
voltages and currents in a complete circuit. The rst is Kirchho 's current law (KCL) which states that the

sum of currents into a junction in a circuit equals the sum of currents out of that same point, i.e., charge
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(a) Resistor (b) Capacitor (c) Inductor (d) Wire (e) Ground (f) Voltage source

Figure 2.6 Common circuit elements that depict a ESD circuit.

must be conserved. Such a point on the circuit is commonly referred to as a node. By this rule, all elements
in series between two nodes would have the same current.

The second circuit law is Kirchho 's voltage law (KVL). KVL states that the voltage drop across two
parallel branches must be equal. Another way of looking at this is that the sum of the voltage drops around
a closed loop in a circuit must be zero.

Apart from the Kirchho laws, there is the notion of power in a circuit element. The power consumed
by a circuit element is the product between the voltage across and the current through that element. Using
Ohm's law, there are two other equivalent expressions for resistive elements:

V2
P=VI=I°R= —:
R

(2.57)
A way to comprehend this equation is as an amount of energy per charge (V) times the amount of charge
over time (), which results in an amount of energy over time, also known as power. Power is measured in
watts, represented byP.

These are the fundamental circuit elements, characteristics, and governing rules that will be used in the
description of the experimental circuit in Chapter 3. Besides being able to interpret the circuit diagram and

comprehend the setup, Chapter 3 requires mathematical equations that describe the dynamical behavior of

particular circuits. Those equations are provided in the following sections.
2.4.1 Underdamped RLC Circuit

A simple circuit can be used to explain the temporal dynamics of an RLC circuit. Figure 2.7 shows the
RLC circuit with a resistor R, inductor L, capacitor C and switch S. The switch is open and closes at time
t = 0. Before the switch closes, the capacitor is charged to some voltagé,.

The initial conditions for the system can be summed up as,

V(0) = V,; and (2.58)
1(0)=0: (2.59)
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Figure 2.7 Simple RLC circuit with switch S, resistor R, inductor L and capacitor C.

Once the switch is closed, the circuit is complete, and the charged capacitor can discharge through the resistor
and inductor. Using the voltage-current relations for resistors (2.47), capacitors (2.51), and inductors (2.53),

KVL states, for t O:
1 Z
+ RI(t)+ c I () dt: (2.60)

dl(t)
0=L

dt
By taking the derivative with respect to time of the whole equation, the relationship can be rewritten in
standard form,

I RdI() 1,
0= "+ Tog * T (2.61)

which is a linear second-order homogeneous di erential equation. Solutions to such equations take the form
of I (t) = lge! . Substitution of the example solution into the di erential equation gives

R 1

= 2+ — o+ 2.62
0 L LC (2.62)
The solutions to this equation are
r—— r—
R R 1 R [ R2C
S % ar c- oz Pt a (269)

wherei = P ~ 1. Either value of is a solution to the di erential equation, providing a general equation for

current
I(t) = e '+ Ie 2% (2.64)

The initial conditions presented in (2.59) determine the |; and |, values,

_ Vo

1= 1= ﬁ: (265)

The magnitude for I; and I, are derived from the fact that the voltage drop across each element at =0 is

the same, so (2.53) provides the factor in (2.65). Substitutions of; and |, into the general solution provides
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the time-dependent current in terms of 1, », the initial stored voltage, and inductance of the system as

Vo
(1 2L

So far, the derivation has yet to specify whether the circuit is under-, critically- or over-damped. Suppose

I(t) = (e tt e?2ly: (2.66)

the circuit is underdamped. In an underdamped circuit, att = 0, all the energy is stored in the capacitor.

As the current increases, some energy gets dissipated in the resistor, and some energy gets stored in the
inductor until all energy is depleted from the capacitor. From this point, the energy that is now stored in

the inductor is released through a current in the opposite direction. The charge ows back on the capacitor,
other than the energy dissipated through the resistor. The energy sloshes back and forth in such a manner
until it is all dissipated by the resistor. The relationship, R>  4L=C, holds for an underdamped circuit.

The quantities from (2.63) can be written as

% il; (2.67)
where the quantity ! is introduced as the angular frequency. The angular frequency is
r—
1 R2C
l=p— 1 : 2.68
= a0 (2.68)
Placing (2.67) into (2.66):
_ VW it it Rt= 2L .
I(t) = L (¢ e " e : (2.69)
Using Euler's equation to simplify the expression,
_ Vo Rt= 2L i .
I(t) = Te sin('t ): (2.70)

The current for an underdamped circuit is oscillatory, sin('t ) from the energy sloshing between a capacitor
and inductor. It has an amplitude that decreases exponentially with time, e R=2- due to the resistor that

dissipates some energy each cycle.
2.4.2 Charging RC Circuit

A similar mathematical approach can be taken to nd the time-dependent current of a charging RC
circuit. Take the circuit in Figure 2.7, and replace the inductor with a power supply that supplies Vs volts.
Using KVL, a linear rst-order homogeneous di erential equation can be found that leads to the solution,

I (t) = %e =RC (2.71)

The product RC is the circuit's time constant; the unit of Ohm times Farad is a second. It is a rule of
thumb that a capacitor will charge or discharge to within 1% of the nal value within ve-time constants.

The RLC circuit analyzed above showed that the signal decays with &-=; time constant.
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2.5 Modeling Electrostatic Discharge as a Circuit

ESD safety guides and handbooks describe ESD events from a circuit analysis perspective providing
human body models, machine models and charged device models [9]. Most circuit simulation programs are
based on the Simulation Program with Integrated Circuit Emphasis (SPICE), developed by the University
of California, Berkeley. SPICE simulates the behavior of complex circuits with both linear and nonlinear
circuit component options. Each circuit element can be modeled independently but only captures what is
provided. If a resistor is said to have resistanceR, the model will not see the nonlinear changes as long as
that is not explicitly modeled as well [9]. To capture the ESD events accurately with a circuit model requires
great care to implement the high current response of each element, and most of the time, they cannot capture

the failure points of the victim loads.
2.5.1 Nonlinear Resistance Models

An ESD can have resistance, inductance and capacitance associated with it. Getting the resistance as
a function of time will be key to producing accurate circuit models. Pioneers such as Toepler, Rompe and
Weizel, and Braginskii started looking at a way to capture the transient resistance of a plasma channel based
on the ESD current pro les.

Toepler developed his spark model in the early 20th century [65, 66], which relates the resistance of the
ESD to the radiofrequency (RF) radiation from the plasma. In his formula, shown in (2.75), the resistance
is directly proportional to the ESD length times the Toepler coe cient and inversely proportional to the
event's current. The Toepler coe cient, 7, is gas specic and is found by tting the calculated resistance
to experimental data. The coe cient, 1, is related to the spatial growth rate presented back in (2.41).

Take the starting point to be the growth rate of an electron avalanche in spatial growth, as in (2.40),

d
dte = 1 E & (2.72)
In terms of a circuit, the conductivity is = e ¢ . Using this form of , the growth rate in . can be
written as
d .
ot = T € (2.73)
with solutions for
z t
= 1 e J()d: (2.74)
to
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Taking the resistance of a wire, (2.48), with lengthhg, the resistance of the spark with this conductivity can
be expressed as
h h
Rs(t) = R = Re :
e l()Ad 1o I()d

The non-linear resistance depends on the inverse of the integral over the current. Bluhm [67] derived a

(2.75)

similar spark model.

Rompe and Weizel (RW), Vlasbs and Braginskii developed models on di erent assumptions about the
energy balance in the ESD plasma channel [68{70]. The Rompe-Weizel model, (2.84), is most applicable for
this dissertation, as it applies to the case where the gas is partially ionized. It is based on the assumption
that the internal energy in the plasma (ionization and excitation energy) is increased by Joule heating while

maintaining constant electron temperature at a constant channel radius.
3
U= U + ékBTe e= Ue e (2.76)

where U is the internal energy density, and U represents the e ective ionization energy which is the
ionization energy U, plus the energy from heating. The electron density rate of change can be derived from

knowing = e ¢ .. The rstlaw of thermodynamics states

A plY = A%, 277
Here, U is the total internal energy such that U = U=V, Qy is the total heat input such that diQy = P = IV,
p is the pressure di erence between the channel and the surroundings, and = E is the current density.
The volume of a wire with length hs and radiusrs isV = h sr2. Using these relations (2.77) can be written
as

du 2 drg
FEA AR

P2
=jR= E2= 1. (2.78)
In the case that the channel expansion is expected to link to the resistance‘,’d% would be considered.

The RW model assumes that the energy goes into the internal energy of the system, §§5 = 0. Using this,
(2.78) can be simpli ed to

du_ . d .

j2
ot - Ve T

= E?=1-ze . E% (2.79)

Here, U from (2.76) is substituted into the equation. The equation can be written to solve for the rate of

change in the electron density,

d e oE?
dte = Uei el (2.80)
e
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Taking similar steps as in the Toepler approach, the equivalent version of (2.73) is

d _}dz_ejz'

2 =2 = 2.81
dt 2 dt Ue (2.81)
The equation is integrated to solve for (t),
S T S —27-
O= 2 5= j2()d = 2ar  j2()d: (2.82)
e to to
The Rompe-Weizel constant is de ned as
€ e
aR = —; 2.83
v (2.83)

which relates electron mobility to the e ective cost of producing electrons. The non-linear ESD resistance,

as derived through the RW model, can be related to the resistance of a wire (2.48),

h h h
Re() = - = R == R = (2.84)
A 2ar  j?()d 2ag  12( )d
The current is | = jJA. Note that R is independent of the area of the channel, in contrast to what is seen

in a wire resistor [68].

Where the Rompe-Weizel model allows the electron density to vary, Vlasbs assumes that the gas is fully
ionized, and the energy from Joule heating goes into the electron temperature, which varies at a constant
electron density and radius [69]. From the Vlasbs-Spitzer model, the nonlinear resistance depends on the
integral over the current squared, as

2 155 4 35 Zy 3=5
Rs(t)= hs —2 e . 12( )d : (2.85)

The Braginskii model [70] assumes that the energy added to the plasma channel through Joule heating
is composed of the internal energy of the plasma and the work done by the expanding plasma channel. The
Braginskii model allows the channel's radius to expand due to gas heating under constant internal pressure.

From the Braginskii model, the nonlinear resistance depends on the integral over the current raised to the

2=3, as

% =3 hs

R(t) = R——:
4 2 . 12=%dt

(2.86)

Kushner et al. [71, 72] took another analytical approach by assuming that the plasma channel is in local
thermodynamic equilibrium, the channel expands hydrodynamically, and the conductivity is proportional to
T3%2, T is the plasma temperature.

These simpler models attribute the time-varying spark resistance to integrals over the ESD current pro le.

The exponents di er depending on the dominant mechanism for the energy sink and physical assumptions.
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Toepler and Rompe-Weizel assumed a patrtially-ionized channel with constant electron mobility. Since the
Rompe-Weizel model is based on energy conservation, it is somewhat more physically based than the Toepler
model. Vlasbs assumes a fully ionized channel at a constant radius, while Braginskii allows for gas expansion

at constant conductivity.
2.6 Developing Electrostatic Discharge Models with Experimental Validation

Given all the complex physical and mathematical demands, di erent models have been developed in
the past century to describe the development, evolution and impact of ESDs. These include circuit, ESD
resistance, kinetic and hydrodynamic models. The historic models were developed starting with an energy-
based connection between the spark resistance and the current pro le. Developing more ab initio models
that account for more detailed plasma physics is possible.

To fully understand electrostatic discharge and capture it in a model, various areas of physics and
chemistry must be considered. Combined models have been created using circuit, kinetic and hydrodynamic
models to capture discharge physics more accurately. Models that include more physics (e.g., combining
hydrodynamic and kinetic models) are more complicated and require more computing power. The research
goal at Mines is to develop models that capture more physics than simple models while simultaneously
saving on computational power. Including all the details (all chemical reactions and interactions) would be
computationally expensive, if possible. Experiments with quantitative measurements can identify the most
critical processes, helping validate simpli ed models that save on computational power.

Finding the most draining energy sinks is key to checking which resistance model is most accurate. To
support the simpli cation of kinetic models, species generated from an ESD must be identi ed. Studying
ow dynamics in a plasma channel and shock wave speeds provides instrumental information for the devel-
opment of hydrodynamic models. The experimental work performed for this dissertation aims to develop
and implement measuring techniques to obtain these various types of information.

Electrical measurements (voltage and current), spectroscopic measurements, and imaging techniques have
been used to collect information from ESD events over a vast parameter space. The parameter space accounts
for variations in the discharge energy, electrode geometries and victim load size over a range of discharge
gap lengths. Some of the work performed in this study has been done in the past without the technology
accessible today. Today's oscilloscopes have higher bandwidth and more data sampling powers leading to
better resolutions of electrical traces. Instead of running out of Im and having to develop Im to see the
results, digital cameras with better pixel and time resolution have been invented and are utilized in these

studies.
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CHAPTER 3
EXPERIMENTAL DESIGN AND METHODS

An ESD event arises from an applied voltage that causes a rapid current discharge through a dielectric
between two objects. To prevent undergraduate students the struggle of walking over carpets and touching
doorknobs to gather all the data, a circuit was developed to produce the ESD events more regularly and in
a controlled environment. The circuits have a spark gap made up of two electrodes that are separated by
a gas. This chapter starts with the circuit layout and diagram and then describes the three main stages of
the circuit from the beginning of the project in the spring of 2019 till the end of spring 2023. The following

section introduces the di erent imaging techniques, lasers and cameras used for data collection.
3.1 The Circuit Layout

Each discharge circuit used and designed for these experimental measurements follows the same circuit
structure. To initiate an ESD, there must be a charge across a dielectric (i.e. an insulator). This charge
is provided by a high-voltage power supply with voltageVs. The power supply charges up the capacitance
of the spark gap between the electrodesSG, as well as an external capacitor,Cy. The spark gap is in
series with a resistive load, and together they are in parallel with the external capacitor. The series load
to the spark gap is called the victim load, R,. The victim load is the resistive element in the circuit that
dissipates some, if not most, of the energy. The discharge circuit is shown in Figure 3.1. The circuit has
additional elements: a voltage probeV, resistanceR, and resistanceRg . The current limiting resistor, R,
in combination with the external capacitor, determines the charging speed. The bleed-o resistorRg, is a

safety measure to remove any residual charge left on the system when turned o .

Figure 3.1 Electrostatic discharge circuit comprised of a charging circuit in blue (thin), a safety circuit in
gray (thick), and the discharge circuit in black.
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The ESD circuit is composed of a charging circuit, a safety circuit and the discharge circuit. These three
circuits have di erent time constants. The charging circuit, in light blue with thin line thickness, consists of
the power supply and current limiting resistor. As discussed in Section 2.4.1 on time constants, the charging
time depends onR, Cy, which is much larger than the duration of the discharge. Because the charging
circuit response is much slower than the discharge circuit, it can be assumed that no charge is added to the
electrodes during an ESD event. The safety circuit consists of the bleed-o resistor and a voltage probe,
both shown in light gray with the tick outline. The voltage probe is a Fluke 80K-40 high voltage probe
(HVP) connected to a digital multimeter (DMM). The DMM shows the voltage across the spark gap with
1000:1 division at any given time, indicating if the circuit is on or o. The resistance of the HVP and the
DMM amounts to 1 G, and together they act as a second bleed-o resistor. The safety circuit has a much
slower response time than the discharge circuits. In conclusion, as the response times of the charging circuit
and safety circuit are much slower than a discharging spark, the discharge circuit shown in black determines
the spark behavior.

A few di erent types of power supplies have been used over the years. The initial circuits used a Bertan
power supply, Model 377P, with a maximum voltage of 7.5 kV. A TDK-Lambda Americas Model 500A-
40KV-POS power supply was acquired for higher gap lengths. The 500A-40KV-POS is a positive capacitor
switching power supply that operates at 50.8 kHz and charges 500 J/s on average. The power supply has a
maximum voltage of +40 kV, a maximum current supply of 400 A, and a maximum power of 500 W. The
500A-40KV-POS power supply has a ripple voltage due to the switching nature of the device.

The current limiting resistor has always been from the Ohmite line of high-voltage resistors rated to
40 or 50 kV. A table of these resistors and their properties is shown in Appendix A. The current limiting
resistor has most regularly been 100 M unless otherwise stated. The current-limiting resistor determines
the charging speed and partially blocks the current drawn from the power supply during the discharge. If
the external capacitor is 100 or 700 pF, theR, C, charging time constant is 10 or 70 ms.

A current viewing resistor (CVR) takes the role of the victim load, R,. The CVRs used are from the
SSDN series by T&M Research Products, Inc. The CVR resistances available for these experiments are
0.005, 0.015, 0.10, 0.25 and 0.50 , of which the 0.10 CVR is most commonly used. Appendix A has the
table that lists the properties of the CVRs, Table A.1.

3.2 Open Air System

The open-air system (OAS) refers to the rst discharge system constructed in 2019. The OAS has the
electrodes out in the open air. The spark gap unit in this circuit is an SG-40-H model from Ross Engineering

Corporation. The electrodes are two 3.75 cm diameter graphite spheres, with one electrode attached to a
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threaded rod to change the gap length.

The rst circuit was built on a metallic breadboard as shown in Figure 3.2. The external capacitors used
in these initial experiments were from Specap Inc., ranging from 50 nF to 0.1 mF, listed in Table A.5. The
current and voltage traces were collected on a Tektronix DPO 2012 oscilloscope with 100 MHz bandwidth,
two input channels and 1 Giga-samples per second (GS/s). The rst data sets indicated that attenuators,
as discussed later in Section 3.7.1, were needed because the peak values measured by the CVR fell outside

the oscilloscope range limits.

Figure 3.2 OAS version 1: The system is built on top of a metallic breadboard using the Ross Engineering
Corp. spark gap and the Tektronix HVP. Here R was 20 M, C, was a Specap capacitor, and the DPO
2012 oscilloscope was used.

Switching between the di erent Specap capacitors impacted the current and voltage trace structures.
There were clear indications that the capacitors had a non-negligible parasitic resistance and inductance.
Each electrical component is expected to have parasitic parameters that are not in the description such that
practical components deviate from theoretical components. Real resistors will have some inductance and
capacitance, and capacitors will have some resistance and inductance. Note that the Specap capacitors used
in this work have particularly high parasitic inductance and resistance values.

The second version of the circuit was built with the same spark gap but with di erent capacitors and a
di erent power supply. Figure 3.3 shows an illustration of the rebuild of the OAS. The spark gap was rotated
9(° to a vertical alignment to improve optical access. The whole circuit was moved to a wooden table with
a Pegboard replacing the breadboard. All components that are used to mount optics are metallic, and to

be on the side of caution, replicas were made in plastic (Delrin). These precautions were taken since this
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was the rst time anyone in the research group had worked with high voltage. In version two of the OAS,
everything around the spark gap was chosen to have low conductance (wood, plastic) to prevent unwanted

arcing and produce ESDs above 7.5 kV.

Figure 3.3 OAS version 2: The system is built on top of a wooden table and breadboard using the Ross
Engineering Corp. spark gap. Both the Tektronix and Cal Test HVP were used. HereR_ was 100 M, Cy
was a TDK capacitor, and the MSO64 oscilloscope was used.

The oscilloscope used in the OAS V2 and later was the 4-channel MSO64 Tektronix oscilloscope. The
oscilloscope can take 25 GS/s with a 2.5 GHz bandwidth. The external capacitors were replaced with
capacitors from the TDK UHV series. These TDK capacitors are ceramic, made from Z5T dielectric, and
are rated for 40-50 kV. The UHV series was chosen for its low equivalent series resistance (ESR). Unlike the
wire lead Specap capacitors, these TDK capacitors have M4 and M5 mounting screw terminals. See Table A.6
for information on the capacitors utilized. The OAS was mainly operated with the 700 pF capacitor, whereas
the symmetric vacuum chamber (described below) mostly used 100 and 200 pF capacitors.

The di erence in the inductance between the rst and second versions of the OAS system can clearly be
seen in Figure 3.4, which compares the current from either version of the OAS system. The most signi cant
change in the oscillation frequency was seen when the external capacitor was switched to having low ESR.

From the current traces, it is clear that there is a di erence in the RLC response of the two systems.
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Figure 3.4 Current traces from the rst and second versions of the OAS system. The big di erence between
the circuits are the external capacitor and circuit geometry, which signi cantly a ects the RLC response.

3.2.1 Inductance Testing

Every ESD circuit is built using a spark gap, resistors, a capacitor and wires, with no additional inductance
intentionally added to the system. However, the current and voltage trace in Figure 3.4 show that the
system has an underdamped RLC response, indicating a presence of substantial inductance. The oscillation
frequency can be found by aqpplying a Fast Fourier Transform (FFT) to the current traces. In a system

. . R2C
whereRC L, the quantity 1 RLC 1 and the angular frequency depends oh and C. The angular

frequency! from (2.68), is related to the oscillation frequencyf as,

2f =1 = po (3.1)

LC’
Since no element was inserted into the system to add inductance, the inherent circuit inductance must
originate from a circuit element or the circuit geometry. The circuit inductance can be calculated from the
measured oscillation frequencyf ,

1

-7 @ryc

(3.2)

knowing the circuit capacitance. To check what circuit parameters primarily in uenced the inductance, the
external capacitor was varied and the circuit geometry was altered. A TDK 700 pF and a Vishay 500 pF
capacitor were used to vary the capacitance. Both capacitors are listed as low ESR, but their actual values
are not provided. In the OAS, current and voltage traces were collected for one gap length witlC, as 500,

700, and 1200 (500 in parallel with 700) pF.
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The current traces are shown in Figure 3.5(a). The di erent stored energies clearly cause a di erence in
peak current while keeping the breakdown voltage within a tolerance. Figure 3.5(b) shows the FFT of the
current traces up to 20 MHz, with peak oscillation frequency at 7.10, 6.07 and 4.63 MHz for the 500, 700
and 1200 pF, respectively.

(a) OSA Current Traces with Di er External Capacitors (b) FFT Frequency Components of the Current

Figure 3.5 Comparing the e ects of system inductance with a change in the external capacitors. The
current traces are analyzed through FFT analysis to see their frequency components.

The peak frequencies and the circuit capacitance nd the circuit inductance to be 0.99, 0.98 and 0.98
H. These minor variations in the inductance, with di erent Cy values and manufacturers, indicate that

the capacitors are not the system's most signi cant source of inductance. The added inductance due to the
di erent capacitors is constant among these elements and falls within the noise of the inductance calculations.

Another circuit variable is the geometry. The wires that connect all the components are able to fold in
every way they want. The discharge circuit geometry concerns the connection between the spark gap, CVR
and Cy, with the most exible connection being betweenC, and ground. The “loop' geometry was varied by
changing the wire length betweenCy and ground, with the second run being half the area of the rst run.
In the two geometries, the height was kept the same (39.5 cm) and the width was halved from 17 cm to 8.5
cm. Using the OAS with the same gap andCy, FFT analysis was performed on the current traces shown in
Figure 3.6.

The inductance of the circuits was measured to be 0.95H for the larger area with a peak frequency of 6.15
MHz and 0.71 H for the smaller area with a peak frequency of 7.10 MHz. Theoretically, if the circuit loop
had been perfectly circular, the inductance of the circuits would have been 1.30 and 0.87H, respectively,

for similar cross-sectional areas 2.55 and (2.56). It can be concluded from the inductance analysis that the
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geometry and return to the ground can add substantial unintended inductance to the system. Using the
circuit symmetry as a design basis, a new ESD gap was designed to have low system inductance, using

symmetric current connections like a coax cable.

(a) OSA Current Traces with Geometries (b) FFT Frequency Components of the Current

Figure 3.6 Comparing the inductance of the OSA system with a change in geometry by means of FFT
analysis.

3.3 Symmetric Vacuum Chamber

The data from the inductance tests on the OAS led to the design of a symmetric vacuum chamber
(SVC). The design requirements were that the system has to have a variable gap length, allow for optical
access, be a closed environment to control the gas composition, allow for a variety of electrodes, and have
symmetric current paths to the ground in order to minimize unintended inductance. The ESD team developed
the concept of the SVC chamber, and the author developed the design, made the 3D CAD drawings and
supervised fabrication. A fellow student, Forrest Doherty, modeled the inductance of the system using
COMSOL. The SVC system was manufactured by the Mines Physics Department machine shop starting in
mid-2020, right after the height of the COVID pandemic con nement. The manufacturing of the system was
nished in late 2020, with initial testing in early 2021.

The SVC system is illustrated in Figure 3.7. The SVC body and return to the ground are made of
brass. Brass was chosen over other metals, such as aluminum, as it tends not to oxidize as quickly. Thus the
electrical connections stay in good condition over a more extended period of time. The return to the ground
from both the CVR and C, are made to be symmetric. The CVR, the spark gap and the external capacitor

run vertically through the grounded brass body. The spark gap cathode is mounted on a threaded rod so
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