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Abstract

Electronics operating in a partial vacuum may eepee a gaseous breakdown when
strong electric fields are present. The breakdowhiage for a gas decreases as the pressure
decreases from atmospheric conditions and reachesiaum. After this minimum breakdown
voltage, it starts to increase as pressure furdleereases for a given fixed electrode spacing.
This idea was first expressed in the early 190§ sPlschen Law. An increase in operating
frequency can also cause a breakdown to occumedrlapplied voltage levels. In this work, the
breakdown characteristics for Argon are studiepartial vacuum from 0.1 Torr to 3 Torr. First,
a dc analysis is performed for electrodes with pplane and point-point geometries. A pressure
sweep analysis is then performed for the sameretiEigeometries with a unipolar pulsed signal
for fixed frequency in the range of 20-200 kHz wéhixed duty cycle of 50%. A frequency
sweep is then performed for a range of fixed pmesstrom 0.1 Torr to 3 Torr. Lastly, a duty
cycle sweep is performed from 10% to 90% for thenesarange of fixed pressures and
frequencies. Data is captured during each gaseeakdown event for analysis. The breakdown
voltage characteristics are discussed as a funadfothe applied signal and environmental

pressure.
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Chapter 1: Introduction and Background

1.1  Need for Research

Normally, air acts as an excellent insulator, lnuder strong electric fields, it may begin
to ionize and conduct electrical current in tharfasf a discharge. If the field strength becomes
high enough, a breakdown may occur, producing dgiitsecharge. This highly ionized gas is
known as plasma, and is a good conductor, allowimgyge to easily pass across the applied
voltage. Partial discharges and corona are gdype@hsidered a problem because they present
energy loss in power systems and the spectral cbo#® be a source of interference for nearby
electronics (EMI). These effects can further depeilato a major problem at the component
level, causing insulation deterioration and comporiailure; and, in some cases they can turn
into fully developed, highly conductive arc, whichn cause a total electrical breakdown of the
system.

Applications in space exploration and the aerospadustry are requiring higher power
demands with higher voltage levels and increasiaguency rates. The new generation of flight
and space exploration vehicles is likely to utilidgher voltages than the traditional 28 V dc for
onboard power distribution. Basically these increggpower demands mean either increasing
the voltage of the power supply or the currentisBahg P=1V. Increasing the current would
mean larger and heavier wires and interconnectsedsing size and weight are generally two
things that are to be avoided in flight vehiclesefiefore designers opt to increase voltage ratings

to raise the power transfer. However, at low pressua voltage increase could lead to power



loss through corona or lead to breakdown, whicHdtcdamage the power system. This is due to
the fact that air at 1 atmosphere (760 Torr) issaered a good insulator; but, at lower
pressures, air does not act as such a good insulato

The availability of switching power supplies opérgtat higher intermediate frequencies
makes it important to consider the effects of tHagler operating frequencies on the formation
of corona and gaseous breakdown in partial vacuamditons. Switched-mode power supplies
(SMPS) switch a power transistor between saturatr@hcutoff with a variable duty cycle whose
average is the desired output voltage. DC-DC cdakgralso use a switching mechanism to
obtain the desired dc voltage at the output. Tisyséems operate at much higher frequencies
than that of conventional 60 Hz power systems,ardisually in excess of 20 kHz [1].

The effects of the voltage signals used in suckepsystems need to be studied in a
partial vacuum environment to better understandpaedict their operation. In particular, it will
be beneficial to know what will happen to the bikakn voltage as pressure is varied and
frequency is varied for a square pulse train. Sirty it is important to know what the effects are
if the duty cycle is varied at typical pressureattmay be encountered in an electronic system
operating in a low pressure environment. Currenligre is little data for breakdown of Argon in
the 20 kHz to 200 kHz range. In a previous worleakdown characteristics of Helium and
Nitrogen were gathered under the same experimentalitions as presented in this work [2].
Although Argon is not a very common gas encount@mezkerospace applications, comparison of
the breakdown characteristics for Argon to thosetbér gases can help to gain understanding of

the breakdown mechanisms associated with kHz pwiskalges in low pressure environments.



1.2  Air asan Insulator

Air is probably the most common insulator in ugday. In power transmission systems,
power lines are separated by sufficient distancprévent arcing between them. Air surrounds
all electrical equipment, and is in direct contadth electrical components such as terminal
blocks, switches, and interconnects on circuit 8eaApart from being all around us, the other
advantage of air as an insulator is that it isf“eedtoring” meaning that after a breakdown, it
will return to its previous state of being a goadality insulator [3]. This is in contrast to a sbli
dielectric, which will remain damaged after a bi@kn has occurred through the material.

For air at 1 atmosphere, the dielectric strengtBOi®00 V/cm. Dielectric strength is the
theoretical maximum electrical field that the dattec can withstand before breaking down and
conducting a current. So, when 30 kV/cm is applietiveen two electrodes in air at atmospheric
pressure, a breakdown will occur. For comparisbs, dielectric strength for Kapton is 7700
volts per mil, which comes out to roughly 3 millidticm [4]. So Kapton has about 100 times the
dielectric strength of air. This is a rough compan since, as will be discussed later, a very
small current may actually flow in air for smallpdied fields.

Consider the case for two electrodes, an anodeaaraithode, separated by a distadce
Although the dielectric strength of air is 30,000cm at 1 atm, a change in pressprevill
change its dielectric properties. If the pressugrelecreased, then the breakdown voltage will
decrease to a value where the breakdown voltagd&it a minimum. Any further decrease in
pressure will cause the breakdown voltage to is@ed@his phenomenon is very important, and

is expressed in Paschen Law, which will be disaigsenore detail later.



1.3  Breakdown Mechanisms

An electrical discharge across an electrode gapether be a partial breakdown, where
corona effect may be observed where the electiiedl is the highest, or a breakdown. Refer to
Figure 1.1 below. For an electrode gap with no ree voltage supplied, there will be
background ionization in the air due to cosmic ragd radiation. Close to Earth’s surface, there
are approximately 1000 ion-electron pairs per cud@ntimeter. If the gap voltage is slightly
increased to maybe a few tens of volts, a very Isamabunt of current will flow. This is because
the free electrons will drift in the air towardsetlanode before they can recombine. Further
voltage increase will produce no more current. Cheent will be saturated because the rate of
ionization in the air is constant so the currerinisted to about 18°A. The current can only be
sustained by an external ionizing mechanism. Herrédason, the current is said to be non-self-

sustaining. More electrons need to be ionized tagencrease in current [3, 5].
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Figure 1.1: Voltage-current relationship for gaseous disch@ée



As voltage is increased out of the saturationmegithere will be an exponential rise in
current, and it will be on the order of micro-amphis is known as the Townsend regime. More
increase in voltage will cause a corona dischamere the electrode surfaces may glow at the
areas of highest electric field. This effect is stime observable on high voltage power
transmission lines and is generally not desirainleesit represents a power loss.

In the corona region, there is a point at whicfurher increase in voltage will cause
what is referred to as a breakdown. The voltagesacthe gap will suddenly drop and a larger
current, on the order of 1mA, will flow. A conduati, electrically neutral, plasma will form
between the electrodes and this region is knowmth@glow discharge region. The first part of
the region is normal glow. The small change inagdt in this region will produce a large change
in current because the “cathode fall” will tendrégulate the voltage to a constant value. Note
that if the voltage is decreased then we will bekhia townsend region; but, the |-V path back
will not be the same as the path that was takegetanto the glow discharge region. This is
known as a hysteresis curve.

At the glow discharge region, if the voltage ustlier increased, the discharge will enter
the abnormal glow region. Here, the current inae&s not exponential and requires a
considerable increase in voltage. This is becaus@lsma starts to cover the entire cathode, so
the plasma is not restricted to just the gap imvbeh the electrodes. The voltage may increase up
to a point where if the applied voltage is increaary more, the gap voltage will abruptly fall to
a very small amount and a highly conductive ard Wfm across the channel. The voltage
across the gap becomes very low as the currenhesamto amps and even hundreds or
thousands of amps, depending on the power suppbuboapability and the value of the current

limiting resistor [5, 7].



A current-limiting resistor is always placed inries with the electrode gap. This is
simply, a high-voltage resistor designed to linkie tcurrent to a certain value if a highly-
conductive arc forms across the gap. So, for examyien the gap goes from the dark discharge
region to the glow discharge region, the drop m\bltage level across the gap corresponds to a

voltage increase in the current-limiting resistor.

1.4  Townsend Mechanism

As previously mentioned, a current on the orderl6f®> A can be obtained from
background ionization. If the voltage is increabagh enough, the gap will enter the Townsend
region, and the current will be on the order of 1é#r a Townsend discharge to occur there
must be an electron avalanche. Avalanches areutidamental building blocks for all types of
discharges and breakdowns. When an electric feeldpplied across a gap, the electrons will
follow the field lines toward the anode. If an ¢tea gains enough energy, it may ionize a gas
atom or molecule by colliding with it. In this s#tion, positive ions will be formed and the
newly generated free electron together with th&alnelectron that collided with the molecule
will proceed along the field lines and repeat thecpss many times. At a distancérom the
cathode, the number of ionized electrons will hawereased tan,. We may now write an
equation relating the change in electrons that heeen ionized to the change in distance from

the cathode [3].

dn(x) = an,dx (1)



The term alpha in the above equation is Townsefitbs ionization coefficient. It is
defined as the number of ionizing collisions magebd electron on average as it travels 1cm in
the direction of the electric field. The natureetdéctron collisions is a statistical process aral th
term alpha is just an average value for the nurobernizations per unit length of electron drift
along the field. In a uniform field, alpha is caast ng is the initial number of electrons emitted
from the cathode. It turns out that the numberletteons at distanceis given in the equation
below.

n(x) = nyexp (ax) (2)

As can be seen, equation 2 is an exponential fumciihis makes sense because an avalanche
produces ionizations at an exponential rate dueldotron impact process. So the number of
ionizations at a distancefrom the cathode is the product of the initial nembf electrons and
the exponential of the ionization rate, alpha, iplidd by the distance from the cathode.

It is important to remember that unlike a metahdawactor, where the positive ions are
bound together in a lattice-like structure, in 8@ @ ions may move. Even though they acquire
much less velocity than free electrons, due tortheich greater mass, they will still react to
electric field lines. When positive ions hit theleade surface, they may cause electrons from the
cathode surface to combine with them and, in soases; pull more than enough electrons from
the cathode surface. Sometimes they may crashtheteathode surface hard enough to knock
entire atoms out of the cathode surface. This mwknas sputtering. This effect is due to a
process called secondary ionization. Secondargabion usually happens at a much smaller rate
than first ionization and is expressed by the terrifthe number of secondary electrons at the

cathode, beta, created by the first avalanchesengby the equation below [3].



B =v(e™ —1)n, (3)
If this process is not regulated, the ionizatiorogats will continue to form successi

avalanches until there is a breakdov

15 Glow Discharge

When an electrodgap is in the Townsendischarge region and tteppliedvoltage is
increased past threshofbint E shown in Figure 1, the gap will enter the glow dischar
region where the gayoltage is much less than in the Townsend regiod,the current is no\
on the order of ImA. Thigresholdvoltage is known as the breakdown volti V4. This is the
main quantity we are intested in finding durinour experimentationThe term glow discharc
was so named because parts of the discharge anmeolusn Thedistribution of the various are.

of glow discharge ishown below in Figure 1.

Aston Anode
Dark Negative Faraday Positive Anode Dark
Space Glow Space Column Glow Space
(AD) . (NG) (FS) (PC) (AG) (AD)

| |

Cathode v

Anode

+

Cathode *Cathode
Glow  Dark Space

N /)

>
X (distance)

Figure 1.2: The gbw discharge regions for a baparallel plate electrodeonfiguratior.



Figure 1.2 shows the luminous and dark spacesfahat during a glow discharge for a
simple parallel plate setup. There are basicalty tmain luminous regions, the cathode glow and
negative glow. Cathode glow appears to be on ttienda surface. Negative glow forms between
a dark space and Faraday space and is the bragfittez two luminous regions. Anode glow may
also form on the anode surface. As can be seenfiguore 1.2, most of the voltage is across the
region between the cathode and negative glow ¢alswn as Crookes space), and this drop in
potential energy is referred to as cathode falisTis because a space charge of positive ions
accumulates directly in front of the cathode. Resitons strike the cathode surface, releasing
electrons. The electrons will travel from the catdo the anode and must pass through this
cloud of positive ions. Passing through this regioats a lot of potential energy, as some of the
electrons will recombine with the positive ionsi,biwrhen the remaining electrons make it out,
they will have sufficient energy to ionize moleculend excite other electrons to generate light
emission. This ionization region is the negativengregion and is typically the brightest plasma
in the normal glow. It should be noted that thénode fall voltage in the normal glow region is
mainly dependent on the gas and cathode mategdl ltss only slightly dependent on pressure.

After electrons pass through the negative glovioreghey move towards the anode quite
slowly because they no longer have the energyrtzeoany more molecules; they used up most
of their energy in the negative glow region. Thagion is the Faraday dark space which extends
from the negative glow to the positive column. Ehé no light emission in this space. The
anode tends to repel positive ions in the posittlemn. There forms a thin space in between the
anode and positive column known as a sheath. Taatk is a space charge of electrons and is
from where the anode draws the electron curreng Vditage across this sheath is called the

anode fall and is usually much less than the calialdl[7, 8, 9, 10].



If the current is increased out of the normal glegion, the cathode fall potential will
increase and become abnormal. The electrons egtéra negative glow region do so with
higher velocity. The borders between glow regionsd aark regions become more sharply
distinguishable and glow tends to cover the catheddace as the Aston dark space is
compressed. Actually, all of the dark space is a@sged because the ionization regions are
becoming larger. This effect is noticeable durirgeziments as the glow will cover much of the
electrode area and most of the gap space. If wlagcreased too much past this point, an arc

breakdown will occur. This will be avoided durirgetexperiments [7].

16  Paschen Law

Paschen law is used to express the breakdown eodaga function of the product of
pressurep and distancel (electrode spacing). Basically, there is a prodpdt of pressure and
distance that will give the minimum breakdown vgégor a given gas. Any deviation above or
below thispd value will result in a higher breakdown voltage.isTs because at really low
pressures, there are very few particles in the Hie mean free path is large so electron
collisions are relatively infrequent, making it dar for an electron avalanche to occur.
Therefore, the applied voltage must be very highoton a conducting channel. Increasing
pressure above the point where the minimum breakdesitage occurs causes an increasing
breakdown voltage because there are so many jearticl the air that the effective dielectric
strength has increased so that it takes a highg®lto ionize them.

Equations 4 and 5 explain that the breakdown veltdg,, is a function of pressure and

distance. In equation & andb are gas specific constants. They modify the shdpkeocurve

10



over a range opd values. Figure 1.3 shows what a typical PaschewneComght look like for

some various gases [11].

Vya = F(pd) (4)
_ _a(pa)
o In(pd)+b (5)

Temperaure: 300 K (23 C)

10000 Electrodes: Parallel Plates
Frequency: 400 Hz

2000

(Volts -rm

0 1000

800
600
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200

0.2 0.5 1 2 5 10 20 50 100 200 500
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Figure 1.3: Paschen Curves for various gases [2].

1.7  Streamer Mechanism

There is another breakdown theory, aside from s@nd mechanism, known as streamer,
or channel mechanism. There has been much disauasido which mechanism governs the
breakdown process but now both mechanisms are teccepoperate under their own favorable
conditions. Under some effects, such as cororsgeis that both mechanisms may operate. The

avalanche process is intrinsic to both mechanidrbseakdown.
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Townsend mechanism seems to govern only at lonwdderatepd values, less than 200
Torr-cm. For largepd values say over 4000 Torr-cm, Townsend theory dussseem to
accurately describe the breakdown event. Lightmsngne such example. Streamer theory states
that a thin ionized channel, or a streamer, fomomfthe anode to the cathode due to the primary
and intense avalanche which leaves a thin charfn@sitive ions. When the avalanche crosses
the gap, the electrons are swept into the anodettengositive ions remain in a cone-shaped
volume extending across the gap. A dense spacegelii@id is concentrated near the anode but
the density is less everywhere in the gap. Thesgasunding the avalanche has photo-electrons
produced by the photons emitted from the denselizénl gas that makes up the avalanche stem.
These photo-electrons initiate auxiliary avalanciwbsch are directed by the external field as
well as the space-charge field. Positive ionsheftind by these avalanches branch off, lengthen,
and intensify the space charge of the main avaatmivard the cathode. The process continues
and develops a self-propagating channel which willend from the anode to the cathode.
Eventually, a path of highly ionized gas forms adactive bridge across the entire gap [5]. It is
important to note that thaed value during the experiments presented in this wiorkot exceed 3

Torr-cm so townsend mechanism gives an adequateipkesn of the breakdown process.

1.8  Uniform and Non-uniform Fields

All of the effects of breakdown discussed can leapfor electrodes with uniform or non-
uniform fields. The difference is where the effeate most likely to happen. Getting an idea of
the fields for different electrode configurationglivinelp predict where a breakdown is most

likely to occur.
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Consider two electrodeseparated by some distance. Their electric figldsimay loo}
something like whats shown in Figurel.4 The electric field lines are perpendicular to
electrode surfacesnd parallel to each other. They p from the positive plate to the negat

plate. This figure ignores fringing effithat may take place at the edges.

+ + + + + + + +
11
V T

3
V E=~ d
3

Figure 1.4: Electricfield lines for parallel plate electrode configuoa [12].

Not many realife situations have electrodes that produce aoumifelectric field. It i<
more likely thatfor a practical electrode configuraticthere will be a nontniform field. For this
breakdown study, a point-fmeint setup and poi-to-plane setup will be used. The electric fie
for these setups are not uniform. To get an ideaviwdit the field will look like, compute
simulation was performed. Results were obtaifor both electrode setupsd are shown in
Figures 1.5 and 1.6\ote that for simulation purpos, the wiresconnecting to the anode a
cathode are not shown. In the experimental setppear wire is actually connected to the
opposite the tip of thpoint electrode and the end opposite of the platéhie plane electroc

In Figure 1.5the lines represent the equipotential lines &edshades of color repres:
the electric field strength, with blue correspomyia lower E fiel, and red correspondirto the
highest E field. Notice that the highest E fielccaxs where the equipotential lines are n

closely spaced. This corresponds to the red rdggtween the tip of the anode and the surfac
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the cathode. Sharp points and edges tend to prohecdighest electric fields because the
gradient of the equipotential lines is very higlsath areas. One can also notice a little peaking

of E field around the corners of the cathode aratlan

Shaded Plot
|E| smoothed
i

G7853.3
702851
527169
351487
175806
123802

Figure 1.5: Computer simulation of electric fields for pointpoint setup [13].

Figure 1.6 is the simulation for the point-to-gorlectrode configuration. Here, the
electric field is highest in between the electrtige where the equipotential line gradient is the
highest. During experiments, the areas on the reldes with high fields tend to have the

brightest glow.
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Figure 1.6: Computer simulation of electric fields for pointdane setup [13].

1.9 CoronaDischarge
1.9.1. Corona Basics

Corona discharge takes place immediately priorh® Ibreakdown. The breakdown
voltage is also known as the corona initiation ag#, shown as point E in Figure 1.1. When
breakdown occurs across the entire gap, thereowidl glow discharge. After breakdown occurs,
the voltage must be decreased to the extinctiotagelto stop corona from forming. The path to
the extinction voltage follows the hysteresis cuared the extinction voltage corresponds to
point D.

Corona discharges will occur only if the field tsasply non-uniform, meaning the field-

strength near one or both of the electrodes is nlugjer than elsewhere in the gap. Therefore,
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corona is most likely to occur at sharp edges antppwhere the electric field is the highest.
Corona discharge is a self-sustained electricalhdigye where an electrical field confines the
ionization processes to regions close to high-figliectrodes or insulation. So the ionization
process does not bridge the electrode gap [14].

There are two types of coronas discussed in litezga namely, positive and negative
coronas. Which type of corona that will be formeddependent on the polarity of the applied
voltage, grounded anode or grounded cathode. Eoexberiments presented in this study, the
cathode is grounded. Therefore the type of corbatirhay form during experiments should be
positive corona since the power supply will be song a positive voltage with respect to

ground.

1.9.2. Positive Corona

Before positive corona forms, there is a smalliaegurrounding the anode where the
electric field strength is high enough to ionize thas by collision. If a free electron is driven
towards the anode, an electron avalanche will od2uring this process, more and more positive
ions are formed. The positive ions near the ane@ataally form an extension of the anode, a
streamer, directed towards the cathode. Meanwbdepndary avalanches are directed towards
the large cloud of ions in front of the anode. hsscondary avalanches are streamers and if the
gap voltage is further increased a cloud of electmmay form directly in front of the anode. This
forms a glow on the anode and is visible. If thétage is increased too much past this point,
then this equilibrium condition will be disturbedcha breakdown will occur, where conductive

plasma will span the electrode gap [3, 9, 15].
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1.9.3. Negative Corona

Just prior to corona formation, the electronshat ¢athode experience a rapid pulsating
mode known as Trichel pulse corona. Each one dfetiprilses correspond to a major electron
avalanche in the ionization zone, which extendmftbe cathode surface to a distance where the
electric field becomes too weak for ionization kollision to overcome electron attachment.
Beyond this distance, an increasing number of &mhizlectrons get attached to the gas
molecules and produce negative ions that drift agkayly from the cathode towards the anode.
If the voltage is further increased, the Trichelsps increase at a more frequent rate towards a

critical value where a steady negative glow is fedn3, 15].

1.10 AC Effects

Electrode gaps under an ac signal will behave rdiffily than those under a dc
signal application. The application of an ac sigmalans that the electric field reverses polarity
during every cycle. The 60 Hz sine wave that igptied by power companies to the mains is one
such example. This signal reverses polarity siktyes per second. At higher frequencies, the
electrons in the gap will oscillate at an increggiate. Some of them may fail to reach the anode
during the half cycle in which they were ionizedh they will remain in the gap and tend to
neutralize positive ions. Pfeiffer proposed in Wwark on breakdown at 75 kHz to MHz range
that this effect governs the behavior of partidesing the breakdown process. This could be
why breakdown voltage tends to decrease as thedmay is increased [8]. In another work, it
was found that the breakdown voltage decreaseshadréquency increases, and that the

breakdown voltage decreases when an ac signapiedwersus a dc signal [2].
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1.11 Breakdown Under an Impulse Voltage

For the case of steady or slowly varying electietds, an initiatory electron can be easily
found from natural sources such as cosmic raysetactiment from negative ions. However,
during an impulse voltage of short duration, apprately 1 us or less, there may not be an
initiatory “seed” electron available to start theakanche process. Therefore a higher voltage is

required to start the breakdown process for an Isgptinan for a low frequency signal [3].

1.12 Unipolar Pulsed Breakdown

For a unipolar pulsed signal, as shown in Figure there is no field reversal as in the ac
situation. The applied voltage is from zero to squositive value. Charges will experience a
force upon them for the high duration of the pusd experience no force on them when the
signal falls to zero. This may cause the breakdoweltage to decrease. Note that this is the type
of signal that will be applied to the experimentsgented in this work, not an ac signal, because

the polarity of the applied signal never reverses.

Voltage(v)

(o)

Time(s)

-a

Figure 1.7: Unipolar pulse train voltage signal
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In a previous work, it was found that the breakdoxeltage decreases as the pulse train
frequency increases for Helium and Nitrogen [2gWusly collected data for Helium is shown
in Figure 1.8. However, the rate of decrease wsrent for the two gases. For Helium, the
trend seems to match the decreasing double-expah&miction. For Nitrogen, the trend seems
to match a decreasing linear function. This diffeemay be accounted to the fact that Nitrogen
is molecular and Helium is atomic. Experimentaladaéeds to be collected for Argon to help
draw conclusions and see if the type of gas detersnivhat kind of trend-lines will result during

a frequency sweep.

200 _‘ ................................................................................................. De
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Figure 1.8: Data for Helium conducted for point-point elecieczbtup (d=1cm) [2]
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Chapter 2: Experimental Objectives

The purpose of this experiment is to observe tleakdown characteristics for Argon for
dc and repetitive pulse train applied voltage dgrfar two different electrode geometries.
Breakdown studies will be performed for a pointralasetup and a point-point setup. The dc
breakdown effects will be observed for varying prtes. The effect of a unipolar pulse train with
varying frequency on breakdown voltage for an etet gap will be observed over a range of
pressures. The effect of varying the duty cycleafaiven pulse train on breakdown voltage will
also be observed over a range of frequencies asdyes. So, in summary, it is desired to know
what will happen to the breakdown voltage of Argmnpressure, frequency, and duty cycle is
varied. This information will allow conclusions be drawn upon the effectiveness of Argon as
an insulator under different conditions.

This work will study the formation of plasma andeatpt to draw conclusions and see
how well the results match Paschen Law. By holdiveggap distance constant, we canpseby
varying the pressure and observing the breakdovtage The resulting plots should show data

trends similar to Paschen curves.
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Chapter 3: Experimental Procedure

3.1 Experimental Setup

To accomplish the tasks mentioned above, an expatahsetup as shown in Figure 3.1
is utilized. The setup consists of an electrodaufexplaced inside a cylindrical vacuum chamber,
equipped with gas inlet/outlet valves, capable udtaining pressure as low as 40 milliTorr.
Diagnostics equipment, including a high-voltageberocurrent probe, and photo-multiplier tube
(PMT), is installed in the setup. Data acquisitemuipment, including a Tektronix oscilloscope
connected to a PC, is used to record data frondiignostics equipment. Electrical connections
to the electrodes are made through sealed gask#ts vacuum chamber. Pressure is controlled
inside the chamber by the valve installed in betwtte vacuum pump and the gas inlet port on

the chamber.

Voltage Probe

AN ‘
Oscilloscope
nn 3
Electrodes l—J —
N HO)
_J l_ l 1 Data Acquisition
HV Pulse Generator Oscilloscope “§ — Current Probe

Figure 3.1: Basic experimental setup
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A CVC SDC-100 high-voltage dc power supply is u$edthe dc experiments. The
maximum current capability for this power supply’80mA. It is internally limited by a current-
limiting resistor. Since we are mostly interestedhe transition from the dark discharge to glow
discharge region, the current should never reach athigh value. The breakdown study with a
pulse train of varying frequency will be set upvasdl. The HV dc power supply is connected to
a DEI PVX-415 pulse generator along with a smalpbimde square wave from a BK Precision
function generator. The DEI “pulser”’ basically atke a gated switch, where a small square
wave signal from the function generator is useddai® the much larger dc voltage. The resulting
output from the pulse generator is square-waveeptrsin capable of high voltage, varying
frequency, and varying duty cycle.

In order to capture the data during the experimentiata acquisition system has been set
up. A high voltage Tektronix 1000x voltage prolme conjunction with a Tektronix digital
oscilloscope is used to record the electrode g#pg® Also connected to the oscilloscope is the
PMT and current probe. The PMT responds to lighissimn and is used to trigger the scope at
the time of breakdown. The current probe is usetiettfy that a plasma channel has indeed
formed at the time of breakdown. The data captorethe oscilloscope is downloaded onto a PC
through a GPIB data acquisition port. The datalkected in Tektronix acquisition software and

then imported into Excel spreadsheets. Data arsalyshen performed on the collected data.
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3.2  Argon asthe Operating Gas

Argon will be the principal gas used in all expeents.Breakdown studies have been
performed in previous work for Helium and Nitrogé@y 16]. As previously mentioned, in order
to understand how the atomic and molecular progerifect the breakdown voltage, data for
Argon is desired. Therefore, Argon is the gas ténest for this work.

It is possible that air from outside the vacuummnshar may leak inside. However this
amount leaking in should be sufficiently low sutlatt Argon is established as the main gas in
the chamber. Before experiments are performed,cti@nber is purged by inserting a large
amount of Argon and then pumping out most of it. otite desired pressure is then set by
controlling the gas inlet valve which regulates flogy of Argon. The experiments are performed
between 0.1 Torr and 3 Torr. Actually, there wik la small flow of Argon during the
experiments. This ensures that any contaminangiegtfrom outside the chamber or produced
from sputtering of the electrode surface will bea@wated, so that there will be nearly pure

Argon in the chamber.

3.3  TheElectrode Geometries

Two different electrode geometries are used fos #xperiment. One is a point-plane
configuration and the other is a point-point coafagion. Refer to Figure 3.2 to view the point-
plane configuration with an electrode spacing 8fén. The plate is made out of copper and the
point is made out of stainless steel. This configan is used to simulate a conductor edge or
point above a ground plane. Note that the planeomhected to earth ground and the point is

connected to the high side of power supply.
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Figure 3.2: Point-plane setup with electrode spacing of 0.9 cm

The point-point configuration is used to simul&e connectors, such as those in a
wiring harness that may not be connected but argedo each other. The electrode spacing for
the point-point setup is 1 cm. This setup incluthes very sharp electrodes made out of stainless
steel as can be seen in Figure 3.3. The estimgteddius for these electrodes is 0.25 mm and a
close-up picture can be seen in Figure 3.4. Nae gbmetimes, the pointed electrode tips need
to be sharpened and polished. This is due to ttetiat during breakdown events, sputtering can
erode the electrode tips and make them more rourflsd, the tips can become discolored or
burned looking which can cause an increase in thakidown voltage since a damaged tip is not
as good of a conductor as a tip with a smooth atidhed surface. This issue will be discussed
more in the results section for the point-pointemxments. The close up image in Figure 3.4 is

just after sharpening and polishing. The tip appéaibe fairly sharp.
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Figure 3.3: Point-point setup with electrode spacing of 1 cm

Figure 3.4: Close up image of the pointed electrode tip

34  Experimental Sets

Four different kinds of tests are performed focrealectrode configuration geometry.
The first test is a dc pressure sweep, which id asea baseline comparison. This type of applied
signal is shown in Figure 3.5(a). The next test [gressure sweep with three fixed frequencies
with 50% cycle, as shown in Table 3.1. The thirsk ie a fixed pressure frequency sweep for
frequency values shown in Table 3.2. The duty cheles is also kept at 50%. The last test is a
duty cycle sweep, and it includes pressure andiéegy values as shown in Table 3.3. The pulse

train signal is represented by Figure 3.5(b) ardettpuation for duty cycle is given below.
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Figure 3.5: dc (a) and unipolar pulse train (b) voltage signals

Table 3.1: Pressure Sweep Experiments

Frequency Pressure Sweep

Point to Plane 20kHz

Setup 50kHz
100kHz 0.1Torr to 2.4 Torr

Point to Paint 20kHz

Setup 50kHz

100kHz
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Table 3.2: FrequencySweep Experiments

Pressure Frequency Sweep

Point to Plane 400mTorr

Setup 800mTorr

1.2Torr 20kHz to 200kHz

Point to Point 400mTorr

Setup 800mTorr

1.2Torr

Table 3.3: Duty Cycle Experiments

Pressure Frequency Duty Cycle

20kHz

400mTorr 50kHz

Point to Plane 100kHz

Setup 20kHz

800mTorr 50kHz

100kHzZ 10%-90%

20kHz

400mTorr 50kHz

Point to Paint 100kHz

Setup 20kHz

800mTorr 50kHz

100kHz
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For all experiments, one of the variables (press@mequency, or duty cycle) is
incrementally swept from a minimum to a maximunotserve the breakdown effect. At each
increment, three to five tests are done and the idataptured for analysis. The three to five sets
of data at each increment are then averaged to #osingle data point for as will be shown in

Chapter 4.

For pressure sweep experiments, the pressumerementally swept from 0.1 Torr to 3.0
Torr. However, for some tests, the breakdown veltggts very high above 2 Torr, so the last
test might be at that pressure. This is becaustheapressure increases aboveptealue that
gives the minimum breakdown voltage, the breakdewaltage will become higher and higher.
When this happens the glow becomes more concethteatd more intense. In order to avoid

damaging the electrodes, some experimental tetstsnsgy stop at 2.0 Torr.
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Chapter 4: Experimental Results and Discussion

Experimental results for the point-plane and ppioint setups are presented. The dc
analysis is performed. Figure 4.1 shows a samptheotaptured data for one test at the time of
breakdown during a dc experiment. The gap voltageapproximately 375 volts prior to
breakdown. When the breakdown occurs, the gap geltalls to approximately 225 volts and
then levels out at 250 volts. The breakdown evepgpkns in about 10 to 20 us. The light
emission is also shown in Figure 4.1. Once theka®@an event occurs, visible light is formed,
as an indication that the electrode gap has gama the dark discharge region to the glow
discharge region, and plasma has been formed. tNateghe data shown for the light emission
has been scaled so that it can be seen in relatitime gap voltage. The data captured for the

light emission is actually much less in magnitude.
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Figure 4.1: Breakdown waveform for dc analysis.

After the dc analysis has been performed, theeptrsin experiments can take place.
Figures 4.2(a) and (b) show a sample of capturad dé@m one of the pressure sweep
experiments. The pulse magnitude in Figure 4.2¢arhmes 400 volts prior to breakdown and
then drops to well below 300 volts. This along witle light emission data (not shown here) is
an indication that the breakdown event has indemiroed. Figure 4.2(b) shows the current
waveform captured by the current probe. Prior ®akdown, the current appears to be nearly
zero. There is some noise due to radiated emisgions other electrical equipment (lights,
vacuum pump, etc). However, notice that at appraxety 250 ps, a square wave pulse train is
visible. This matches the same time the gap voltdgg occurs in Figure 4.2(a). So, a
measurable amount of current, on the order of @lecaf milliamps, occurs once the breakdown

event takes place and a plasma channel is forrpadnsg the electrode gap.
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Figure4.2: Captured Voltage (a) and Current (b) waveformsrduunipolar pulse train

experiment.

Figures 4.3(a) and (b) are images of the electradter breakdown. Notice how the
plasma glow is very bright at the pointed surfadesrigure 4.3(a), the negative glow is very
bright on the cathode surface, the copper platetrelde, and bright at the tip of the point

electrode. Notice in Figure 4.3(b) how the glow basered much of the electrodes. This is an
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indication that the electrode gap is in the abndrgiaw region. As the applied voltage is
increased, the scope will trigger at the time @didown, which is immediately prior to the time
the gap enters the glow region. So these imagegratmbly captured well after the time of
breakdown but they give an idea as to where thetradefield is the highest. These images

correspond to the electric field simulations showRigures 1.5 and 1.6.

(b)

Figure 4.3: Images for the plasma formed during experimentshfempoint-plane(a) and point-

point(b) electrode configurations
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4.1: Point-Plane Experiments

4.1.1: Breakdown Resultsfor dc signal

The dc analysis for the point-plane setup is showkigure 4.4. The overall shape of the
curve is similar to a Paschen curve as expectedhéfow pressure, 0.1 Torr, the breakdown
voltage is very high, in excess of 450 volts. Asgsure is swept from 0.1 Torr to the 3 Torr, the
breakdown voltage decreases to a minimum at appaiely 0.5 Torr. The corresponding
breakdown voltage at this pressure is about 36@s.vdlote that the data point at 1 Torr is
actually the lowest voltage but it appears to bamomaly, since it does not really fit the rest of
the data. As can be seen in Figure 4.4, the preggays a huge role in the breakdown voltage
because an increase from 0.1 Torr to 0.5 Torr tegulowering the breakdown voltage by about
100 volts. As pressure is increased above 0.5 Tbe,overall trend shows an increasing

breakdown voltage, which is as expected. At 3 Ttber,breakdown voltage reaches 525 volts.
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Figure 4.4: dc analysis for point-plane electrode configuration
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4.1.2: Pressure Sweep Breakdown Results

The results for the 20 kHz fixed frequency pressuveep is shown in Figure 4.5. Notice
that the minimum breakdown voltage is considerabbg than that for the dc breakdown. The
minimum breakdown voltage is 325 volts for a 20 kpldse train. This agrees with earlier
observations that the dc breakdown should be higinen that for a pulse train with fixed

frequency. The breakdown voltage is about 11% |daethe pulse train than the dc signal.
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Figure 4.5: 20kHz Pressure Sweep for point-plane electrodeigoration

Figure 4.6 shows the data for the 50 kHz fixed diertepy pressure sweep experiment. The
minimum breakdown is about 315 volts. Figure 450ahows that the minimum breakdown
voltage is about 315 volts. This value is less thzat for the 20 kHz experiment, which is
expected since it agrees with earlier observattbas the breakdown voltage decreases as the

frequency is increased.
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Figure 4.6: 50 kHz Pressure Sweep for point-plane electrodégumation

Figure 4.7 shows the 100 kHz pressure sweep ewrpetal data. On average, the
breakdown voltage appears to be less from 0.1 fbotr.4 Torr when compared to the 50 kHz
data. This supports the claim that frequency iselisgly determinate on breakdown voltage.
However, notice that past, 1.4 Torr, the breakdowaltage increases at a faster rate for 100 kHz
data than for the 50 kHz data. It is undeterminég this happens. Perhaps this could be due to
hotspots that can form on the electrode surfaceggef pressure can cause an intense glow that
could be forming on spots on the copper plate atieem directly across the point electrode. This

may be affecting the breakdown voltage.
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Figure4.7: 100 kHz Pressure Sweep for point-plane electrodéguration

4.1.3. Frequency Sweep Breakdown Results

After the pressure sweep is performed, the frequesweep at fixed pressure is
performed for the point-plane electrode configunatiFigure 4.8 shows the frequency sweep at
400 milliTorr. From 20 kHz to 200 kHz, the breakdowoltage falls from 340 volts to 305 volts.

This is a significant difference, about a 10% diropreakdown voltage.
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Figure 4.8: 400 milliTorr Frequency sweep for point-plane elede configuration

At 0.8 Torr, there is only a slight overall degean breakdown voltage as the frequency

is swept as shown in Figure 4.9. The 1.2 Torr fezmy sweep in Figure 4.10 shows even less of

a decreasing trend. This could be due to instagslidr hot spots at higher pressures.
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Figure 4.9: 800 milliTorr Frequency sweep for point-plane elede configuration
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Figure4.10: 1.2 Torr Frequency sweep for point-plane electimmi#iguration

4.1.3. Duty Cycle Sweep Breakdown Results

The duty cycle sweep for fixed pressure and fraques then performed. Figure 4.11 is
for the duty cycle sweep at 0.4 Torr and 20 kHzr &dow duty cycle of 10%, the signal
resembles an impulse. The breakdown voltage redjdoe this duty cycle is relatively high.
Once the duty cycle is increased past this pdm#,lireakdown voltage begins to decrease to a
minimum at 40%. The breakdown voltage increases tmaximum at 90%. At 90%, the
breakdown voltage is large, due to the fact thatdity cycle resembles almost a dc signal. The
breakdown voltage here is 355 volts, which is \doge to the 360 volts at 0.4 Torr shown in the
dc breakdown data in Figure 4.4. The breakdownageltfor a dc signal should be larger than
that for a time-varying voltage signal as previgushted. In Figure 4.12, the 50 kHz data, there
is a substantial difference between the minimunakaewn voltage at 30% and the maximum at

90%. The breakdown voltage drops by nearly 13% filoenrmaximum to the minimum. The data
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at 20 kHz and 100 kHz shows that a 7-8% decreaser®drom the breakdown voltage at 90%

duty cycle and the minimum breakdown voltage.
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Figure4.11: Duty Cycle sweep for 20 kHz and 400 milliTorr fasipt-plane setup
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Figure 4.12: Duty Cycle sweep for 50 kHz and 400 milliTorr favipt-plane setup
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Figure 4.13: Duty Cycle sweep for 100 kHz and 400 milliTorr fasint-plane setup

The duty cycle sweep is also performed at 1.2 .Teigure 4.14 shows a very high
breakdown voltage at 50%. It seems to be an anoamalyit is undetermined why the breakdown
voltage is so high for this point. Besides the pah 50%, the plot shows a decrease in
breakdown voltage from 10% to 20%. Then the breakdeoltage gradually rises towards the
90% mark. Figure 4.15 also shows a relatively Higiakdown voltage at 50%. Perhaps there is
some special effect that is happening at 50%. Bedidat point, the 50 kHz data roughly follows

the trend for 20 kHz in Figure 4.14.
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Figure 4.14: Duty Cycle sweep for 20 kHz and 1.2 Torr for pgadne setup
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Figure 4.15: Duty Cycle sweep for 50 kHz and 1.2 Torr for pqone setup

For the duty cycle sweep at 1.2 Torr shown in Fegli16, the breakdown voltage was

high at 20% and then dropped by about 15 volt9% & 40 %. There was then a breakdown

voltage increase from 50% to 80%. The breakdowtagel dropped slightly from 80% to 90%.
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Figure 4.16: Duty Cycle sweep for 100 kHz and 1.2 Torr for pgtdane setup
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4.2: Point to Point Experiments

4.2.1: Breakdown Resultsfor dc signal
The dc analysis is shown in Figure 4.17. The divstepe of the curve is similar to a

Paschen curve. The minimum breakdown voltage iscxppately 460 volts.

1000
900
800
700
600

¢ * o ¢
500 e ebteess
400

300
200
100
0 T T . .

0 500 1000 1500 2000 2500 3000

Breakdown Voltage (v)

point-point, dc

Pressure (milliTorr)

Figure4.17: dc breakdown results for point-point electrode apfation

4.2.2: Pressure Sweep Breakdown Results

The pressure sweep for a fixed frequency pulse 8620 kHz is shown below in Figure
4.18. Note that for the pressure sweeps for thatgmmint electrode configuration, data was
collected at 20 kHz, 50 kHz, and 100 kHz. Then elextrodes were re-surfaced on the tips.
Once the tips were sharpened and polished, it haslight effect on the breakdown
characteristics. The 20 kHz experiment was perfdragain with the re-surfaced setup to see the
effect. The breakdown voltage increased some becausharper tip may have been not as

rounded and smooth as it previously was. As carsden in the Figure 4.18, the voltage
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difference between the two setups was as high a®lf0in some places. This indicates that the
sharpness of the electrode tips plays an importdaton the breakdown voltage. However, all
other experiments for point-point electrodes wesaedwith the same re-surfaced setup with the
sharpened and polished tips. So comparisons camabde with all of the data for the re-surfaced

setup, including the dc data, which was also peréal with the re-surfaced electrodes.
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Figure 4.18: 20 kHz Pressure sweep for point-point setup witia fiar the worn electrodes and

the re-surfaced electrodes

For 20 kHz breakdown data on the re-surfaced sshgwn in Figure 4.19, the minimum
breakdown voltage is about 400 volts, which is @tsvlower than the minimum breakdown
voltage for the dc analysis. So the minimum breakdwgoltage is 13% less for the 20 kHz pulse

train than for dc.
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Figure 4.19: 20 kHz Pressure sweep for point-point setup (réasad electrodes)

For figures 4.20 and 4.21, it appears that thamum breakdown voltage actually goes
up as frequency is increased from 50 kHz to 100. KHizs is probably due to increasing wear on

the electrode tips which prompted the need to réase the electrodes.
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Figure 4.20: 50 kHz Pressure sweep for point-point setup (wtenteodes)
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Figure4.21: 100 kHz Pressure sweep for point-point setup (vetentrodes)

4.2.3: Frequency Sweep Breakdown Results

The frequency sweep for 0.4 Torr is shown belowFigure 4.22 and it shows a

decreasing trend for the breakdown voltage as etifumof frequency. The data at 0.8 Torr and

1.2 Torr show a similar trend as shown in Figur&34and 4.24. So all of the frequency sweep

data indicates an overall decrease in breakdowag®las the frequency is increased. The data at

1.2 Torr shows about a 10% decrease in breakdowageoas the frequency is increased from

20 kHz to 200 kHz. This inverse relationship betwé&equency and breakdown voltage is as

expected.
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Figure 4.22: Frequency sweep at 400 milliTorr for point-poiré@tode configuration
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Figure 4.23: Frequency sweep at 800 milliTorr for point-poirg@lode configuration
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Figure 4.24: Frequencysweep at 1.2 Torr for point-point electrode confajion

4.2.4: Duty Cycle Sweep Breakdown Results

The duty cycle analysis is performed for the p@ioint electrode configuration. For the

400 milliTorr duty cycle experiments at 20 kHz, amoin Figure 4.25, the breakdown voltage

seems to stay at 420 to 440 volts from 10 to 4@%hein decreases to a minimum of 375 volts at

60%. The breakdown voltage then increases to 448 ab 90%. So the breakdown voltage

decreases by almost 15% from a 90% duty cycle % @0ty cycle.
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Figure 4.25: Duty cycle sweep at 20 kHz and 400 milliTorr foingepoint setup

For the experiments at 50 kHz and 100 kHz, the mmunh breakdown voltage occurs at

20 % and increases above and below this valueh@srsin Figures 4.26 and 4.27. At 50 kHz,

there is a difference in breakdown voltage of abf@uvolts from the minimum value to the value

at 90%. At 100 kHz, the voltage difference is abshitvolts. So in these cases, a change in duty

cycle can have a 13-17% decrease in breakdowngeolta
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Figure 4.26: Duty cycle sweep at 50 kHz and 400 milliTorr foingepoint setup
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Figure 4.27: Duty cycle sweep at 100 kHz and 400 milliTorr faing-point setup

The duty cycle sweeps at 800 milliTorr show a samitend as the data for 400 milliTorr.
The breakdown voltage is high at low duty cyclethign decreases to a minimum as the duty
cycle is increased. Then, as the duty cycle appem®0%, the breakdown voltage increases.
The minimum breakdown voltage appears to be at #0920 kHz and 50 kHz as shown in
Figures 4.28 and 4.29. At 50 kHz, the breakdowmaga at 10% is about 455 volts. At 20% duty
cycle, it falls by about 100 volts, yielding a 22%crease. At 90% duty cycle, the breakdown
voltage increases from the minimum by 19% to 44Qsvdhere appears to be a substantial

change in the breakdown voltage based on the gutg.c
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Figure 4.28: Duty cycle sweep at 20 kHz and 800 milliTorr foliqdepoint setup
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Figure 4.29: Duty cycle sweep at 50 kHz and 800 milliTorr foliqdepoint setup

For 100 kHz, the breakdown voltage stays nearhstant from 20 % to 60 %, around

405 volts and then rises towards 90% to almost v&l@s. The percent decrease from the
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maximum to minimum breakdown voltage is 10%. Theakdown voltage at the extremes, 10%

and 90% is expected to be higher than everywhses sb the data generally supports this claim.
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Figure 4.30: Duty cycle sweep at 100 kHz and 800 milliTorr faing-point setup
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Conclusions and Future Work

The experimental results presented some integeBtidings and confirmed some earlier
theories on breakdown in kHz range. In both caeeghe point-plane and point-point electrode
configurations, the dc data presents a higher bi@ak voltage when compared to the pulse
train experimental results. The breakdown voltagereiases by over 10% for both electrode
configurations.

All of the pressure sweep plots show a trend hat agreement with Paschen law. A
minimum breakdown voltage was observed where abgtantial increase of pressure above or
below this point results in a higher breakdown agét. Comparison of the fixed frequency
pressure sweeps of the point-plane experiments ghawthe minimum breakdown voltage
decreases as the frequency is increased. This kefgsort the claim that breakdown voltage
decreases as the frequency increases. The samearsonpwas harder to make for the point-
point pressure sweep data, since some of the peesaeeps were performed on worn electrode
tips. However, the frequency sweeps for the pooitHp experiments proved to be quite
conclusive.

The frequency sweeps, especially those for thatgpmint data, show a clear inverse
relationship between frequency and breakdown veltddne frequency can have a significant
impact on the breakdown voltage for an electrode. da decrease in breakdown voltage of

nearly 10% is observed in some of the experimeddtd as the frequency was swept from 20
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kHz to 200 kHz. This supports earlier observationghe frequency dependence of breakdown
voltage.

The duty cycle test shows that as duty cycle ieased from 10% to 90%, the
breakdown voltage starts high at 10%, decreasasrtimimum at somewhere between 20 to 60%
and then increases up to 90%. At 10%, the breakdesltage is relatively high because the
signal resembles an impulse, which is thought tpuire a higher breakdown voltage than a
repetitive signal with higher duty cycle. At 90%getbreakdown voltage is large due to the fact
that this duty cycle almost resembles a dc sighia¢ breakdown voltage for a dc signal should
be larger than that for a time-varying voltage aigithe decrease in breakdown voltage from the
maximum to the minimum is as between 10-20% in mases.

With the data collected for Argon in this worktdte work could include analyzing the
data for the Argon experiments alongside thoseNitnogen and Helium. This work could be
used to better understand the mechanisms causeakdown. The effect of the type of gas,
whether atomic or molecular, as well as the weighthe particles, can be studied to better

understand the breakdown mechanism.
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