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ABSTRACT

Chapter 1 as introduction outlines the research background, problem identification and
research objectives. Pulsed Power generation method has been shown and Atmospheric
pressure discharge as one of the potential applications of pulsed power energy has
introduced. Chapter 2 talks about Linear Transformer Driver (LTD) as a compact Pulsed
Power Generator. LTD concept, Circuit and Structure haven been shown. It has been
explained that why Field Programmable Gate Array (FPGA) has been selected as LTD
control signal source. In chapter 3, FPGA and LTD combined system have been used for
some experiments to show the flexibility of this system. Different type of control signals
provided by FPGA has been delivered to LTD. It has been shown that by providing
proper control signals we can have arbitrary output in the load. Experimental setup and
result has been shown. In chapter 4, we used our LTD to control the waveform of Pulsed
Atmospheric Discharge. This kind of discharge load is known for its time-varying
impedance where constant voltage usually does not result in constant current. If the
applied voltage amplitude is sustained, it will expand the discharge plasma and quickly
form a low impedance channel between the electrodes and discharge current increases
significantly. So far, the most typical way of avoiding this impedance collapse is to
terminate the applied voltage and finish the pulse before the current gets out of control.
We manually adjusted the LTD control signals through FPGA without changing LTD
charging voltage to change the applied voltage. The experimental results have proved that
the current of a discharge load can be arbitrarily controlled, to a certain extent, by

properly adjusting the applied voltage. We could keep the current amplitude in certain



values of 40, 30, 20, 10 A with pulse width of 100 ns. We also demonstrated the current
drawing by this method. We could control the current arbitrarily in a step up and step
down manner. This kind of current waveform control should have significant implications
for various applications of discharge-generated plasmas. In chapter 5, we have used our
LTD-type pulsed voltage generator to study the influence of a pulsed atmospheric
discharge on the behavior of the following pulse for consecutive operation. Since
applications of pulsed atmospheric discharge require repetitive operation, it is always
important to know and to understand the effect a pulsed discharge can create in the gas
that may result in different behavior of the next pulse following it. Taking advantage of
the output flexibility of the LTD, we have studied gas discharge behavior by applying
two consecutive pulses to a coaxial discharge load consisting of a wire and a pipe. The
experimental results have shown that the discharge current of the second pulse is always
lower than that of the first pulse for the same voltage amplitude, when the two pulses are
too close to each other (< 100 ps). In order to provide a physical interpretation of this
effect, we have looked into the influence of residual positive charge that is created and
littered in the gas by the first discharge. A one-dimensional model has been built in order
to solve for the electric field distribution. The calculation results have indicated a
significant drop of the electric field when the residual charge has been taken into account,
offering a qualitative explanation for the experimental results. In other words, it can be
physically interpreted that the first pulsed discharge has left some positive charge in the
gas that plays a role in weakening the electric field when the second pulsed voltage is
applied. The findings obtained by this study will help us understand the fundamental

characteristics of pulsed atmospheric discharge.
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1 CHAPTER I: INTRODUCTION

1.1 Background

1.1.1 Pulsed Power Technology

Pulsed Power is a certain amount of electrical energy released in a very short time. It
has applications in many industrial and defense-related fields, owing to its unique
characteristics in both power and time domains. Pulsed power is usually generated by the
method of pulse compression where high power is achieved by compressing the time
width of a required amount of energy. Over the last decades, various pulsed-power
technologies have been developed for generating pulsed power of different energy and
power levels. In the meantime, it has been realized that a high-power pulse can be
obtained by synchronously releasing many lower power pulses to a common load. In
other words, a required peak power can be obtained by adding up enough numbers of
small pulses if they are synchronized. Linear transformer driver (LTD) is a pulsed-power

generation scheme based on this concept [1].

1.1.1.1 Compressing energy and releasing it in a very short time

Pulsed power is the term used to describe the science and technology of accumulating
energy over a relatively long period of time and releasing it very quickly, thus increasing
the instantaneous power. Steady accumulation of energy, followed by its rapid release
can result in the delivery of a larger amount of instantaneous power over a shorter period

of time, although the total energy is the same. Energy is can be stored many different



ways.  Electrostatic Fields (Capacitors), magnetic fields (Inductors), Mechanical
Energy (through large flywheels connected to special purpose high current alternators),

Chemical Energy (high-current lead-acid batteries, or explosives) (Fig. 1-1) [2].

[ = = = = - - N
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SR T I

Pulse Generator

Fig. 1-1. Typical pulsed power system.

In following example the difference between releasing the energy in 1s and 1ps is

shown. Releasing 1kJ energy in shorter time (1ps) provides peak power of 1GW (Fig. 1-

2) [2].

Power Power

1GW

out

1kW ;

v
4

ls t —>lps<——'t

Fig. 1-2. Definition of pulsed power energy by example.
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Pulsed power is usually generated by the method of pulse compression where high
power is achieved by compressing the time width of a required amount of energy. Over
the last decades, various pulsed-power technologies have been developed for generating

pulsed power of different energy and power levels [2].

Historically, from very large pulsed power generators to desktop pulsed systems, the
basic principle of pulse compression remained unchanged. Although these pulsed power
sources have played important roles in experiments for scientific studies and industrial
applications, their limitations have also been realized over the years. For example, the
control of pulsed power compression process requires unavoidably switches that must be
fast enough and powerful enough. The limitations of these switches usually set the upper
limit of the output of a pulsed power system. In addition, the pulse compression method
requires multiple energy storage components, which directly affects the system
compactness. Furthermore, the pulse compression process offers very limited flexibility

in the output waveform variation [3].

1.1.1.2 Synchronize energy and power adding

In the meantime, it has been realized that a high-power pulse can be obtained by
synchronously releasing many lower power pulses to a common load. In other words, a
required peak power can be obtained by adding up enough numbers of small pulses if
they are synchronized. Linear transformer driver (LTD) is a pulsed-power generation

scheme based on this concept [4].

Linear Transformer Driver (LTD) is a relatively new concept for pulsed-power

generation. In the LTD scheme, the pulsed power is generated by a large number of



synchronized basic circuits, each consists of a capacitor (or capacitors) and a switch. The
required Output power and output impedance of a system are obtained by connecting
these basic circuits in parallel (for the current) and by adding their output inductively (for
the voltage). Compared with traditional pulsed-power generation methods, LTD has the
important features in stress breakup and modularity, which offer the possibility of
building very large petawatt-class pulsed-power machines required by inertial fusion
studies. On the other hand, compact repetitive pulsed-power technology has been under
development for decades, aiming at industrial applications such as pollution control, laser
pumping, and new type of particle accelerators. Here, power semiconductor devices are
commonly used as the switches in order to achieve operation stability, compactness, and
high repetition rate. However, these switches usually determine the system Output power
and repetition rate. The reason is that the switching devices usually carry the heaviest
burden of the whole system. From this point of view, the LTD features stated earlier,
namely, stress breakup and modularity, are also very attractive to compact pulsed-power
generation.Therefore, it looks meaningful to adapt the LTD concept to the needs of
compact pulsed power. In this case, miniature LTD modules can be made of solid-state
elements. In principle, arbitrary Output power and output impedance can be obtained by
connecting necessary numbers of modules in parallel and in series, as in large LTD-based
pulsed-power generators. The equivalent circuit of an LTD generator is shown in Fig. 1-3
each circuit unit consists of a capacitor and a switch. A certain number of such units are
connected in parallel to form a module, and a certain number of such modules are added

up inductively to form a stack. Furthermore, such stacks can be connected in different



ways so that, in principle, arbitrary output voltage and current can be realized by using

appropriate combinations of units, modules, and stacks [4].
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Fig. 1-3. Equivalent circuit of LTD generator

One of the potential applications that may require relatively precise waveform control
is plasma generation by pulsed atmospheric discharge. It is known that pulsed gas
discharge under atmospheric pressure is characterized by its time-varying impedance
behavior. For this reason, a well-controlled time history of the applied voltage which is
one of the greatest features of LTD may allow us to manipulate the discharge current

during the process of pulsed atmospheric discharge [5].



1.1.2 Atmospheric Pressure Discharge

Atmospheric pressure discharge is an electrical discharge which is happening on the
atmospheric pressure. An electrical discharge results from the creation of a conducting
path between two points of different electrical potential in the medium in which the
points are immersed. If the supply of electrical charge is continuous, the discharge is
permanent, but otherwise it is temporary, and serves to equalize the potentials. Usually,
the medium is a gas, often the atmosphere, and the potential difference is a large one,
from a few hundred volts to millions of volts. If the two points are separated by a
vacuum, there can be no discharge. The transfer of matter between the two points is
necessary, since only matter can carry electric charge. This matter is usually electrons,
each carrying a charge of 4.803 x 10" esu. Electrons are very light, 9.109 x 10% g, and
so can be moved with little effort. However, ions can also carry charge, although they are
more than 1836 times heavier, and sometimes are important carriers. Where both
electrons and ions are available, however, the electrons carry the majority of the current.
lons can be positively or negatively charged, usually positively, and carry small multiples
of the electronic charge. The two termini of a discharge are at different potentials. The
higher, or positive, potential is at the anode, while the lower, or negative, potential is at
the cathode. For a discharge to occur, there must usually be a source of electrons at the
cathode, and the nature of this source controls the form of the discharge. Cosmic rays and
natural radioactivity continually produce a small number of electrons and ions in all gases
at the surface of the earth, and this gives air a small conductivity. The electrons will
migrate to the anode, the ions to the cathode, and a small current will flow. This current

has no visible effects, and can be detected and measured only with difficulty, but is



always present. Any charged body attracts charges of the opposite sign that sooner or
later will neutralize its charge, though the usual reason for the loss of charge is
conduction over the surface of the supports of the body, which is normally far greater
than the small space current from the ions and electrons normally present in the air. More
copious sources of electrons are necessary for a good discharge. One source is the
photoelectric effect. Photons can also be absorbed by a molecule, which gives up an
electron and becomes a positive ion. The photon energy hv must be greater than the
energy required to free the electron, the work function. Electrons already in the discharge,
such as the random electrons produced by cosmic rays and radioactivity, can add to their
number by ionizing gas molecules by collision. Each ionizing collision produces a new
electron, and a positive ion that moves the other way, an ion pair. An electron cannot do
this unless it has acquired sufficient kinetic energy by being accelerated in an electric
field. If an electron frees another by an ionizing collision, then these two can both free
additional electrons, and so on. This creates an electron avalanche, which may send a
burst of electrons toward the anode, leaving in their wake a cloud of slow positive ions
that will make their way to the cathode. The net result is to multiply the original electron
current, an effect used in gas phototubes to increase the photocurrent for a given amount
of light. This does not start a sustained discharge, but merely increases the current that
otherwise would be available. This type of discharge produces little light, so it is called
a dark or Townsend discharge, after the man who studied them in detail first. Fig. 1-4 [6]
shows electrical discharge in different regimes. That cloud of positive ions will sooner or
later collide with the cathode. It is rather unlikely for a positive ion to snatch an electron

from the few that are available while it is moving through the gas. Recombination is a



very difficult process, since only one particle is the outcome, rather than the three

particles that come out of an ionization, so it is hard to conserve both momentum and

energy [6] [7] [8].
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Fig. 1-4. Summary of Electric Discharge Regimes.

Therefore, most of the positive ions created in an electron avalanche reach a surface
eventually, and they are driven to the cathode by the electric field. When they arrive, they
recombine at the surface, and in some cases eject an electron. For Ne on an Fe cathode,
one out of about every 45 ions produces an electron. However, if the electron avalanche
produces more than 45 electrons, then there will be sufficient positive ions to replace the
electron that originally left the cathode (or came in from elsewhere). Now the discharge

produces its own electrons, without relying on cosmic rays or natural radioactivity, and



becomes self-maintained. This is a significant event in the life of a discharge, and usually
means that the discharge becomes evident through light or noise. The potential between
anode and cathode at which this occurs is called the sparking potential Vs. Now the
whole path between anode and cathode becomes conducting because of the electrons and
ions distributed along it. Unless something limits the current, such as the disappearance
of the potential difference, it increases rapidly and without bounds. The ion bombardment
heats up the cathode surface, which becomes incandescent, and begins to emit electrons
thermionically, without reference to the number of ions coming in or the efficiency of the
electron avalanche. Any spot that becomes hotter than its neighbor, tends to become even
hotter as the extra thermionic electrons attract the positive ions to the spot. This, the final
state of the discharge, is called an arc. The name came from the way the path of the
discharge, when arranged to be horizontal, rose in a flaming arch, or arc. It requires very
little potential difference to support the arc, mainly just enough to keep the path of the
discharge supplied with ions to replace those lost in various ways. A lightning stroke is
an example of such a discharge, but with anode and cathode that are quite different from
those in a carbon arc light. In the carbon arc light, the discharge is started by drawing the
carbons apart, which produces an arc at once, since the discharge does not have the
difficult task of establishing a conducting path over a great distance, as in lightning. An
arc is also produced whenever an electric circuit is interrupted, and must be extinguished
before it does any damage. The nature of a discharge depends, as we have seen, on the
method for supplying electrons at the cathode, and on how the discharge is confined. The
lightning stroke, and the carbon arc, are both unconfined arcs. The lightning stroke draws

its electrons from the cloud, its cathode, and transmits them to the earth, its anode. The



carbon arc obtains its electrons from the cathode spot on the negative carbon, which it
heats to incandescence. Both are self-confined, the surface of the conducting channel
arranging itself so that the net outward current is zero. A discharge between metal
electrodes in a glass tube that gets its electrons from positive-ion bombardment of the
cathode, and is confined by the glass walls, is called a glow discharge. Glow discharges
are useful and convenient to study, so their properties are very familiar, if not those of the
majority of discharges. A discharge may exist in the vicinity of a sharp point, or other
place with a small radius of curvature where the electric field is increased significantly
from its average value. A negative potential on the point makes it a cathode, while the
anode is an indefinite volume in the surrounding gas. A positive potential makes it an
anode, and attracts electrons from an indefinite surrounding volume, which becomes the
cathode. These two discharges look quite different with constant potentials, but with
alternating current the opposites succeed one another and make an average impression. If
the discharge occurs at about atmospheric pressure, it is called corona. In any discharge,
multiple processes compete at the electrodes and in the gas, so explanations and theories
can become subjects of dispute. Also, the variety of phenomena in discharges is very rich
and depends on many factors, such as purity and surface preparation, which are difficult
to quantify. The whole variety cannot be mentioned here, only what is typical under
reasonable assumptions. There is great scope for thought and reasoning in this field,

which makes it fascinating, along with the beauty of the phenomena [9] [10] [11] [12].
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In addition, an electrical discharge is plasma, which is an ionized gas. Plasmas are
sustained if there is a continuous source of energy to maintain the required degree of
ionization and overcome the recombination events that lead to extinction of the
discharge. Atmospheric discharges are thus difficult to maintain as they require a large
amount of energy. In Table 1-1 [13] shows the characteristics of the various atmospheric
plasma sources in terms of plasma properties (electron temperature and density, gas
temperature) and working conditions (power supply, gas flow). The nature of the plasma

gas is important since it influences the plasma temperature.
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Table 1-1. Characteristics of atmospheric plasma sources

Excitation

Source

Industrialized sources
DC/Low frequency Arc torch

Pulsed DC/Low
frequency

Radio frequency

Pulsed radio
frequency

Microwave

Still in laboratory development sources

DC

Radio frequency

Plasmatreat

Corona

DBD

ICP

IST

Cyrannus

Microplasma
APPJ

Cold plasma
torch

Hollow cathode

Microplasma
CCuP

Plasma properties

T.=T,= 8000~
14,000 Ks
n. = 102—10% m*

T, <700 K

T. = 40,000-60,000
K

T, < 400 K
Ne = 10%-10" m-®

T. = 10,000-100,000
K

T, < 700 K

ne = 10~10% m-*
T.=T, = 6000-
11,000 K¢

Ne = 102-10% m-®

T, <400 K

Ty < 700K

T.=10,000-20,000
Ks, m, 1

T, < 600 K
n. = 107-10* m-?
T. = 10,000-20,000
KS,I

T, <700 K

n. = 107-10"* m=3

T. =3000-11,000 K*
T, <800 K

n. = 107-10"®* m-3

T. =1850-2300 K

12

Operating conditions

Gas. Ar/He

Gas flow. 10-150 slm
Power. 10-100 kW
Gas. air

Gas flow. 117 slm

Gas. air

Some 100 W

Plasma gas. 5-40 sIm

Gas. Ar/He

Gas flow. 10-200 sIm
Power. 50-700 kW

Gas. surrounding air
No gas flow
Power. 20 kW

Gas. Ar/O,
Power. 6 kw

Power. 500 V; 250 uA
Gas. O, /He

Gas flow. 50-90 slm
Power. some 100 W
Gas. Ar

Gas flow < 1 sim
Power. 100 W

Gas. Ar, He

Gas flow < 2 sim
Power. some 100 W
Gas. Ar

Gas flow. < 0.2 slm



Excitation

Microwave

Source

TIA

MTD

MPJ

MPT

Baeva et al.

Sugiyama et al.

Plasma properties

T. = 13,000-14,000
K s

n = 2400-2900 K¢
n.=10*m-—3
T.=17,000-20,000
Ks
T, =1500-4000 K*
n. = 10*°-10* m-3
T.=12,000-17,000
Ks
T, =5000-10,000 K*
ne= 102 m-3
T.=16,000-18,000
Ks
T, = 3000-3500 K*
ne ~ 10°-10* m-3
T. = 7000 K®
T, = 7000 K*

n.=10*m=:3

T.=90,000 K*

T, = 1000 K
n.=10"m=3
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Operating conditions
Power. 5-25W

Gas. He

Gas flow. 2—6 slm
Power. 100 W-2 kW
Gas. N,

Gas flow. 1-3 slm
Power. 100 W—-400 W
Gas. Ar

Gas flow. 2—7 slm
Power. 2-5 kW
Gas. Ar

Gas flow < 1 sim
Power. some 100 W
Resonant cavity
Pulsed MW power
supply

Gas. N,

Gas flow. 30 slm
Power. 800 W

Ignition by perovskite
powder

Gas. Ar/H,
Gas flow. 0.3-1.2 sIm
Power. some 100 W



1.1.2.1 Applications of the various atmospheric plasma sources
Atmospheric pressure plasma is capable of treating many different surface types and
materials such as plastic, metals, glass, ceramic and hybrid materials. Since they do not
require chambers, it is much easier to incorporate atmospheric pressure plasma machines
into automated industrial manufacturing lines. This is a vital capability since plasma
technology is becoming more widely used in many industries. Unfortunately, these
atmospheric pressure plasma treatments are limited to 2-dimensinal surfaces whereas
low-pressure plasma systems are capable of treating 3-dimensional objects of most
shapes. Atmospheric pressure plasma can also be used in the small scale. Devices called
plasma pens are atmospheric pressure plasma systems that are handheld and capable of
very detailed surface activation and cleaning. There are different kinds of applications for
atmospheric plasma as Spectroscopic analysis, Gas treatments (Cleaning, Synthesis),
Material processing (Surfaces treatments, Surface cleaning, Surface etching, Surface
activation, Bulk material treatments, Powder treatment, Toxic wastes treatment, Material

machining, Metallurgy, Lamps, etc...[13].
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1.1.3 Pulsed Corona Discharge

In this study, the electrode of atmospheric discharge load arrangement has a typical
corona discharge configuration. The corona discharge plasma is being generated between
two electrodes by applying high voltage pulses in atmospheric pressure. Pulsed corona
discharge as one of the efficient type of atmospheric pressure plasma sources has many

different industrial application.

Corona discharges are relatively low power electrical dis- charges that take place at or
near atmospheric pressure. The corona is invariably generated by strong electric fields
associ- ated with small diameter wires, needles, or sharp edges on an electrode. Corona
takes its name (“crown”) from mariner’s observation of discharges from their ships’
masts during electrical storms. The corona appears as a faint filamentary discharge
radiating outward from the discharge electrode. Because the corona is relatively easy to
establish, it has had wide application in a variety of processes. Corona process
applications emphasize one of two aspects of the discharge. The ions produced or the
energetic electrons producing the plasma. The ion identities depend on the polarity of the
discharge and the characteristics of the gas mixture, specifically on the electron attaching
species. The electron energies depend on the gas characteristics and on the method of
generating the corona. In general, in an application using ions, the corona induced plasma
zone will occupy a small fraction of the total process volume, while a process using the

electrons will fill most of the volume with the plasma [14] [15].

15



1.1.3.1 Type of Corona Discharge

Corona discharges exist in several forms, depending on the polarity of the field and
the electrode geometrical con- figurations. For positive corona in the needle-plate
electrode configuration, discharges start with burst pulse corona and proceed to the
streamer corona, glow corona, and spark dis- charge as the applied voltage increases. For
negative corona in the same geometry, the initial form will be the Trichel pulse corona,
followed by pulseless corona and spark discharge as the applied voltage increases. For a
wire-pipe or wire-plate electrode configuration, corona generated at a positive wire
electrode may appear as a tight sheath around the electrode or as a streamer moving away
from the electrode. Corona generated at negative electrodes may take the form of a
general, rapidly moving glow or it may be concentrated into small active spots called
“tufts” or “beads.” Negative corona generally propagates by impact ionization of the gas
molecules. Positive corona depends more on photoionization for its propagation. The
positive streamer, for example, may advance at as much as one percent of the speed of
light. In either case, the ultraviolet photon flux from ion-electron recombination is quite
large. The positive sheath form is known as a Hermstein’s glow and is similar to the
discharge (at lower pressures) in a Geiger tube. It is characterized by a steady current at a
fixed voltage, quiet operation, and almost no sparking. The positive streamer corona is a
discharge confined to a narrow channel which originates at the electrode. It produces an
unsteady current (because the streamer is repetitive), is quite noisy, and is the direct
precursor to a spark. Once streamers form at an electrode, the sparking potential has
almost been reached. The negative glow usually requires clean, smooth electrodes to

form. The glow is made up of individual electron avalanches which trigger successive
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avalanches at nearby locations. The total current from the electrode is relatively steady,
but it is composed of many tiny pulses. The discharge is noisy and the sparking potential
is high compared with the positive streamer corona. The glow often changes with time
into the tuft form, a process associated with the formation of more efficient mechanisms
of generating successive avalanches. The tuft corona is also noisy and has a similar
sparking potential to the glow form. The average current is steady, but is composed of
tiny pulses like the glow corona. The tuft corona is more spatially inhomogeneous than
the glow corona. Differences between negative tuft and glow coronas have been
investigated recently. The corona discharge is usually space-charge limited in magnitude,
since the plasma emits ions of one polarity that accumulate in the inter electrode space.
This gives the corona a positive resistance characteristic. Increases in current require
higher voltages to drive them. If the current in the discharge is raised sufficiently,
additional current-carrying species will be produced and spark discharges will result. The
spark is usually characterized by a negative resistance characteristic, but the transition

from corona discharge to spark discharge is not sharply defined [15].

Pulsed corona discharges can be applied in the form of discrete pulses, typically with
lengths in the order of ns to microseconds. Because a pulsed discharge can operate at
much higher peak voltages and peak currents for the same average power as in a d.c.
glow discharge, higher instantaneous sputtering, ionization and excitation can be
expected, and hence better efficiencies (e.g. better sensitivities for analytical
spectrochemistry). This is because the basic plasma phenomena, such as excitation and

ionization, are highly non-linearly dependent on field strength [16].
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For the same reason, also in the semiconductor industry, pulsed power operation has
emerged as a promising technique for reducing charge-induced damage and etches profile
distortion, which is associated with continuous discharges. Another advantage of pulsed
technology glow discharges compared to radio frequency technology is the simpler
method of up-scaling due to reduced impedance matching network and electromagnetic

interference problems, and the lower price of power supplies for larger reactors.

As far as basic plasma processes are concerned, a pulsed discharge is very similar to a
d.c. discharge. It can be considered as a short d.c. discharge, followed by a generally
longer afterglow, in which the discharge burns out before the next pulse starts. It should
be mentioned that non-LTE is facilitated in pulsed discharges, because there is no
excessive heating so that the gas temperature is lower than the electron temperature.
Moreover, there is also non-chemical equilibrium because ionization (fragmentation)

occurs on a different time-scale compared to recombination (on vs. off period) [17].

1.2 Diagnostics

1.2.1 FPGA as LTD Control Signal Source

In the first part of this study, we have tried to develop control system of Linear
Transformer Driver (LTD) for its best performance. The used LTD is a compact pulsed
power generator based on modularity performance. These modules can be controlled
individually, in groups or all in a same manner. Based on load characteristic and desired
output, proper control signals need to be delivered to the modules. The first challenge
was to find a proper, compact control signal source for LTD. This source should be
flexible, fast, and compact with ability of producing multiple outputs for different
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numbers of modules. We have found FPGA device as a perfect match for this kind of
usage. We developed the hardware of system and developed the FPGA program to be

matched with our needs.

1.2.2 Pulsed Atmospheric Discharge

There are two main issues which are being addressed, explored and explained by
experiments and designed model. Also new method is included to solve the problem in

1st case. The problems are:

e Significant current increase in discharge process in case of applying longer

voltage pulse.

e Current leakage in repetitive operation of pulsed atmospheric discharge

1.2.2.1 Instable plasma and time-varying impedance of atmospheric
discharges

Non-equilibrium plasma has some advantages over thermal equilibrium. It is easier to
apply electromagnetic fields than to uniformly heat and confine plasma. However,
electromagnetic fields naturally transport charged species whose concentrations and
energies therefore naturally vary in space, particularly, close to the walls of the container.
Generically, the species in such a plasma are not in thermal equilibrium. And it is energy
efficient to not feed energy equally into all degrees of freedom within a gas or plasma,
such as into the thermal displacement, rotation, and vibration of neutral molecules, but
only into those degrees of freedom that can efficiently create the desired final reaction
products for the particular application. Therefore it is frequently preferable to accelerate

only electrons to high velocities and let them excite and ionize molecules by impact while
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keeping the gas cold. If the electron energy distribution is appropriate, some reactions can
be triggered very specifically [18]. Non-equilibrium plasmas are characterized by charged

species with a much higher kinetic energy than neutral species [19].

This is why study and explorer of plasma behavior in this case is more complicated than
the thermal equilibrium plasma. The pulsed atmospheric discharge is known for its time-
varying impedance where constant voltage usually does not result in constant current.
High electric field is causing rapid development of plasma near to the main electrode
when longer voltage pulses are being applied. There are some investigation on boundary
layer control [20] or impedance calculation and matching [21] but researches on plasma
generation and its current control method in pulsed atmospheric discharge using pulsed
power generators are rare and hard to find. This research is going to investigate this
problem and offer a solution by using Solid-State Linear Transformer Driver (LTD) and

Field Programmable Gate Array (FPGA).

1.2.2.2 Current leakage in repetitive operation of pulsed atmospheric
discharge

The other phenomenon which has been explored in this study is about consecutive
operation of pulsed atmospheric discharge. Repetitive operation of atmospheric pressure
discharge has a significant role on system efficiency [22] and it is needed for many
applications [23] therefore study and explore the phenomena is highly desirable research.
This research has done an investigation with its own method on the mentioned issue.
During the experiment the space charge effect has been observed on the following pulses

as leakage current in a consecutive operation.
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In a pulsed corona discharge the wire electrode (anode) is positive (positive corona),
so the newly created negative charges are strongly attracted and falls to the wire electrode
and produce by impacts destructive effects, the positive charges are on their side repelled
toward the pipe electrode. They create a sort of positive cloud in the region immediately
outside the glow which is on its side quasi neutral (ionization area). The electric cloud
creates a field which is turned in its left side toward the anode and in its right side toward
the cathode. The effect of the cloud is to reduce the field in the wire side and this is why

it can be called the screening effect (Fig. 1-5) [ 24].

This topic has been discussed in some researches [25] [26] but in this research to
explorer this positive charges effects we have designed a model which allow us to
calculate the electric filed in two states, without positive residual charge and with positive
residual charge. Finally, it has provided a physical interpretation of this effect from a

different perspective.

Sharp electrode Round elecirode
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Fig. 1-5. (a) State without positive residual charges. (b) State with residual charge (screening effect).
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1.3 Research Objectives

We have developed a relatively new type of pulsed voltage generator by using a
circuit scheme called linear transformer driver (LTD). This research is going to show that
for a solid-state LTD system, different modules can be switched at different timings so
that the output voltage waveform can be shaped by adding together the individual output
of all modules. This feature offers the possibility of arbitrary waveform composition
through proper control of each LTD module without changing any hardware of the
system. An ideal device for carrying out such kind of multichannel timing control is the
field-programmable gate array (FPGA) which, if properly programmed, can provide

enough number of independent signals timed with the internal clock.

One of the potential applications that may require relatively precise waveform control
is plasma generation by pulsed atmospheric discharge. It is known that pulsed gas
discharge under atmospheric pressure is characterized by its time-varying impedance
behavior. The motion of the electrons near the ionization front is shown to be responsible

for the propagation of the ionization front.

Also it has been investigated that the properties of the discharge plasma depend
strongly on the characteristics of the input voltage pulses, i.e., voltage strength, pulse
width and rise time. It is also shown that the stationary corona discharge without
accompanying arc breakdown can be created by appropriately selecting the voltage pulse

parameters for a given reactor geometry [27].

Therefore waveform control of this kind of application is very important. This paper

reports a delicate experiment where LTD is operated by using a FPGA so that its output
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voltage waveform can be adjusted in an arbitrary manner. As a result, the current
waveform obtained on the discharge load can be controlled precisely to meet the
requirement of the applications. This kind of the waveform control is expected to have
significant impact on the industrial applications of atmospheric discharge. The

experimental system and results are shown by details in this part of study.

Also we have tested the LTD-type pulsed voltage generator with a pair of coaxially
configured electrodes and demonstrated load impedance control by carrying out voltage
waveform control. In this part of research, we have used our LTD-type pulsed voltage
generator to study the influence of a pulsed atmospheric discharge on the behavior of the
following pulse for consecutive operation. Since applications of pulsed atmospheric
discharge require repetitive operation, it is always important to know and to understand
the effect a pulsed discharge can create in the gas that may result in different behavior of
the next pulse following it. This research is going to prepare a physical interpretation on

this topic by its designed model.
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2 CHAPTER II: LINEAR TRANSFORMER DRIVER
(LTD)

2.1 LTD Concept

2.1.1 Power Adding

The linear transformer driver (LTD) method of pulsed power generation is a different
approach from that of pulse compression. By adding up a large number of low-power
pulses, one can obtain a relatively high-power pulse, as shown in Fig. 2-1 In this case,
since no switch is required to handle the total Output power, there is no fundamental limit
on the Output power of the system. An LTD-based pulsed power system is usually more
compact compared with a pulse compression system of the same output level because it
does not require intermediate energy storage components. However, to achieve best

power adding, the timing of all small pulses must be perfectly synchronized.
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Fig. 2-1. Power adding concept.
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2.1.2 Power Shaping

The concept of power adding of LTD can be further extended to that of pulse shaping.
By adding small pulses to each other with adequate relative timing, one can obtain a
desired output waveform, as shown in Fig. 2-2. In other words, by intentionally
desynchronizing the small pulses of LTD with adequate timing control, we can shape a
pulse using small pieces. The capability of pulse shaping enables flexible variation of

output waveform and optimization of generator performance.
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Fig. 2-2. Pulse shaping concept.
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2.2 LTD Circuit, Structure and Principal
Compared with a traditional pulse-compression scheme, pulsed-power generation by

LTD has advantages in the following respects.
1) There is virtually no physical limit on the output parameters of a system.

2) An LTD-based pulsed-power system can be constructed by using

premanufactured modules.

3) It allows controlled time variation of output voltage, current, and source

impedance during the pulse.

Large LTDs using spark gap switches have been studied for many years, aiming at
potential applications to inertial fusion drivers. On the other hand, compact LTDs based
on solid-state switches are also under development for industrial purposes. Compared
with large LTDs, solid-state LTDs have advantages in high repetition rate and switching
OFF capability. A series of studies has been carried out to demonstrate the uniqueness
and usefulness of solid-state LTD. An LTD module using 24 metal-oxide—semiconductor
field-effect transistors (MOSFETS) has been developed to study the essential behavior of
the module. In this paper, an LTD stack consisting of 30 modules has been developed and

used to study both power adding and pulse shaping.

2.2.1 MOSFET-Based LTD Module

The front-view photograph of the solid-state LTD module is shown in Fig. 2-3 and its
main components are listed in Table 2-1.
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Fig. 2-3. LTD module front-view

Table 2-1. Major devices in each Module

MOSFET IXYS IXFT6N10OF |1000V,6A(DC) 24
Driver IC Microchip MCP1407 4.5~18V,6A 25
Capacitor Murata GRM55DR73A| 1kV,100nF 72
. . f

Magnetic Core Sichuan L|_yuan 1K107 130mm (?D) % 1

Electronics 5mm
Optic receiver HITACHI DR9300 DC~50Mb/s 1
Diode Semikron SKA3/17 1700V,3A(DC) 4
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The equivalent circuit of the LTD module is shown in Fig. 2-4. The operation
principle of the module is summarized as follows. The control signal is delivered to the
module through an optic fiber. It is received by an optic receiver and amplified by a
driver integrated circuit (IC) before being sent in parallel to all 24 driver ICs of the
MOSFETs. The 24 MOSFETSs are switched simultaneously generating pulsed output
voltage between the top and bottom electrodes on the inner side of the circular module.
The magnetic core prevents significant current leakage through the case of the module.
Therefore, when many modules are stacked together, the output voltages generated by all
modules are added up as the system output between the top electrode of the highest
module and the bottom electrode of the lowest module. Protection diodes are connected
between the output electrodes, as observed in Fig. 2-4. These diodes play an important
role in protecting the module from external reverse voltage. It is important to note that
these diodes can effectively bypass the circuit current driven by other modules when the
local MOSFETSs are not switched ON, allowing different switching timings of different

modules.

Magnetic MOSFET
Core Driver

e,

Protection f
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Fig. 2-4. Equivalent of LTD module circuit.
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2.2.2 Pulse Generator as a Control Signal Source of LTD

LTD concept is based on pierces synchronization of pulses which is highly desirable
by using fast, compact and flexible control signals. Therefore the control signal source is

very important device on this stage.

MOSFET gate circuit is shown in Fig. 2-5 which in this case, control signals are
provided by a pulse generator. As it was told before, one of the most significant
advantages of LTD is pulse shaping which can be obtained by using different numbers of
modules with different synchronization time. Pulse generators are very limited in this
case because of their limited output channels. Also they are heavy and outputs are limited

by manual inputs.

DG535 Pulse
Generator

Optical i
Input '_]
12-V DC |_°
Inmput Diri
p 'TC"‘?" s :| MOSFET

! 1 —
Optic Driver Driver

Receiver IC 1c — : MOSFET

J
1]

ny
nver L o] 4 MOSFET
IC |

—

Fig. 2-5. Circuit diagram for MOSFET gate control on each module
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In Fig. 2-6 [4] time relation between signals in LTD is shown when a pulse generator is

used for control signal source. Upper waveform is signal control waveform.

T T v T

Before optic fiber
5 Vidiv

l:j'_

After optic fiber
5 Vidiv

9

MOSFET gate
12 V/div

Load voltage
500 V/div

-

0 300 200 600 800
Time (ns)

Fig. 2-6. Time relation between signals in LTD
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2.2.3 Field Programmable Gate Array (FPGA) as Control Signal
Source of LTD

In the other side, the field-programmable gate array (FPGA) is a semiconductor
device that can be programmed after manufacturing. Instead of being restricted to any
predetermined hardware function, an FPGA allows you to program product features and
functions, adapt to new standards, and reconfigure hardware for specific applications
even after the product has been installed in the field—hence the name "field-
programmable”. User can use an FPGA to implement any logical function that an
application-specific integrated circuit (ASIC) could perform, but the ability to update the
functionality after shipping offers advantages for many applications [28]. Multiple 1/0

pins, clock speed variation and functionality are significant specifications of FPGAs.

Fig. 2-7, shows a simple comparison between specifications of pulse generator and

FPGA as signal sources for LTD.

The LTD stack consisting 30 modules. Those modules can be controlled as one group,
groups or individually based on the application request. Therefore in each case different

type of control signals are needed.

For example if modules outputs are needed individually, each module should run with
their own dedicated control signals. It means 30 different control signals for 30 modules

are needed. In these case multiple IN/OUT pins of FPGA are very useful. Also the
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programmability of FPGA helps us to change the control signals specification based on

the output request, easily and quickly.

In Fig. 2-8, control signals from FPGA’s I/O pins are being delivered to the main
driver IC by optic fibers. After the amplifying, these control transfer to the MOSFET’s

gate through a driver IC.

CONTROL SIGNAL SOURCES
DG535 DELAY/PULSE GENERATOR DEONANO-FPGA
A) 4 OUTPUTS DELAY/PULSE A) 80 OUTPUT SIGNAL-DELAY/PULSES AT

THE SAME TIME
B) COMPACT AND EASY TO MOVE

B) BIG AND HEAVY DEVICE

Fig. 2-7. Comparing of FPGA with Pulse Generator for LTD control.
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Fig. 2-8. FPGA 1/O pins with its connection to gate circuit of MOSFETS.
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2.2.3.1 DEO-Nano Cyclone IV FPGA

DEO-Nano is used FPGA for this study. Its top view and block diagram are shown in
Fig. 2-9 and Fig. 2-10 [29] respectively. There are many parts in this FPGA for many

different usage purposes but the main components that are important to us are.
e Three 50MHz clock sources from the clock generator
e Two 40- 1/O pin expansion header with diode protection

e 5 fractional PLLs

With using 50 MHz FPGA clock we can provide control signals with pulse width of
20 ns but with using PLL function we could increase the clock speed up to 200 MHz. In

this case the provided control signals widths are 5 ns.

Also using the two 40 1/0 pins header can give us 80 output pins which in our study

we only need 30 of them.
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Fig. 2-9. DEO-Nano top view.
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Fig. 2-10. DEO-Nano block diagram
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3 CHAPTER Ill: LTD AND FPGA COMBINED
SYSTEM

3.1 LTD Performance with Using FPGA Control Signals
Thirty LTD modules are stacked together, as shown in Fig. 3-1 [5]. A conducting
sheet on the inner surface of a polyester pipe (5 mm in thickness) located at the center is
connected with the bottom electrode of the lowest module. This conducting sheet works
as a center conductor bringing the bottom potential to the top so that the output voltage of
the stack is applied on the load resistors connected between it and the top electrode of the

highest module.
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Fig. 3-1. LTD stack with 30 modules.
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The LTD stack has a diameter of ~30 cm and a height of~35 cm excluding the load
resistors. It weighs about 23 kg. A continuous dc of 2 A is used for magnetic flux
restoration through a wire winding of two turns around the whole stack. Very large
blocking inductors are used to isolate the current source from the winding. The output of
the LTD stack is diagnosed by measuring the output voltage across the load resistors
using a high-voltage probe (PHV 4002). A digital oscilloscope (Tektronix TDS7104) is
used for data recording. Fig. 3-2 [4] shows the waveforms of output voltage obtained
with different charging voltages. It is seen that, as the charging voltage is increased from
100 V to 1 kV, the peak output voltage increases from ~3 t0~29 kV, confirming the

voltage multiplication by inductive voltage adding.

Output Voltage (kV)

-100 0 100 200 300
Time (ns)

Fig. 3-2. Typical waveforms of the output voltage, obtained with different charging voltages.
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Our LTD stack is capable of generating pulsed voltage up to 30 kV with maximum
current of 300 A and pulse length variable in the range of 60~200 ns. It is noted that the
output is ended by switching-OFF of the MOSFETs and the capacitors are far from
complete discharge after one pulse. In this case, the circuit inductance has minor effects

and the output voltage nearly equals that of the capacitors.

Fig. 3-3 [5], shows the waveforms of output voltage obtained with different pulse
length of the control signal, when all 30 signals are synchronized. As the pulse length of
the control signal is increased from 60 to 200 ns, the full width at half-maximum of the
output-voltage pulse increased from ~50 to ~170 ns, indicating that the output pulse
width can be continuously varied by changing the pulse length of the control signal.
However, this pulse width variation is apparently limited within a certain range by two
factors. On the shorter end, it is limited by the rise time of the system and, on the longer
end, it is limited by the saturation of the magnetic cores. For example, for the case of 60
ns, the output is switched OFF before reaching its maximum. On the other hand, for the
case of 200ns, the output pulse length is not sufficiently longer than that of 180 ns,
indicating possible core saturation. Therefore, in principle, the shorter limit can be
reduced by improving the switching performance and the longer limit can be raised by
decreasing the operation voltage per module or by increasing the size of the magnetic
cores. Finally, it should be added that the capacitance is large enough so that it does not

have any effects on the pulse width except for a slight voltage droop during the pulse.

38



Output Voltage (kV)
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Fig. 3-3. LTD output voltage obtained by different pulse length of control signal.
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3.1.1 30 Modules with Control Signals with Same Timing

The control signals are generated using a FPGA board (Altera Cyclone 1V), which has
80 output pins. In this experiment, 30 of these output pins are used to control our 30 LTD
modules individually. Each pin is linked with one of the modules through an optic fiber.
By properly programming the FPGA board, we can send ON/OFF command to each
module at any timing defined by the internal clock of 50 MHz. In this experiment all
modules receive control signals with same timing specification (same ON and OFF
timing). In Fig. 3-4 this process is illustrated. By prices synchronization, power adding is

done for all 30 modules energy.

 Module #30
Module #29
M odule #28
M odule #27
M odule #26
M odule #25
M odule #24
Module #23
Module #22
M odule #21
Module #20
Module #13
Module #18
Module #17

M odule #16

—
y Module #15
" ; Module #14

———— Module #13

Module #12
Module #11
Module #10
Module #3
Module #8 LTD stack consisting thirty modules
M odule #7

Module #6

M odule #5

M odule #4

M odule #3

Module #2

M odule #1

Synchronous
pulses

Fig. 3-4. LTD output energy illustration when modules are switched in a same timing manner.
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In Fig. 3-5, LTD output when modules are switched with control signals with same

timing is shown.

LTD input parameters: Charging voltage 1 [kV], Input current 74 [mA], Frequency

100 [Hz], Pulse width 80 [ns], Resistance 117.5 [Q]

35 ~

30 A

[
w
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Output (kV)
=
ul

10
5
0
100 200 300 400 500 600 700 800 900
-5
Time (ns)

Fig. 3-5. LTD output when modules are switched in a same timing manner.
LTD output parameters: Output peak voltage ~ 29 [kV], Rise time 38 [ns], Fall time

37 [ns], FWHM 65 [ns], Pulse energy ~ 501 [mJ/pulse], Pulse No 1, Output power ~ 50

[W], Efficiency ~ 68%
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3.1.2 30 Modules with Three Groups of Control Signals with Different
Timing

In this experiment releasing of 3 groups of control signal with different timing and
results is shown. Here control signals are released in 3 different timing groups and
therefore LTD’s output energy is divided in 3 parts. Each group of control signals is
leading switching process of 10 LTD modules. Therefore LTD’s output would be 3

pulses with energy of 10 modules (Fig. 3-6).

Module #30

Module #29

Module #28 P

Module #27

Module #26

Module #25

Meodule #24

Module #23 E
Meodule #22
Module #21
Module #20
Module #19
Module #18
Module #17
Module #16
Module #15
Module #14
Module #13
Module #12
Module #11
Module #10 .
Module #9 t
Module #8

Medule #7

Module #6

Meodule #5

Module #4

Module #3

Meodule #2

Module #1

Fig. 3-6. LTD output energy illustration in a 3 different control signal timing.
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In Fig. 3-7, LTD output in a system with 3 groups of control signal with different

timing is shown.

LTD input parameters: Charging voltage 1 [kV], Input current 42 [mA], Frequency

100 [Hz], Pulse width 80 [ns], Resistance 117.5 [Q2], Input power 42 [W]

12

S

=)
|

.
1

Output (kV)

0 \WJQ.W .

200 400 600 800 1000

Time (ns)
Fig. 3-7. LTD output with three group of control signal with different timing.
LTD output parameters: Output peak voltage ~10.12 [kV], Rise time 24 [ns], Fall

time. 30 [ns], FWHM 72 [ns], Pulse energy 60[mJ/pulse], Pulse No 3, Output power 19

[W], Efficiency 45%
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3.1.3 30 Modules with Arbitrary Control Signal Timing

This is an example of pulse shaping using FPGA-controlled LTD system. It shows that
we can obtain an expected output voltage on the load by control of switching time of
necessary number of modules. Here we have 3 different control signals group with
different timing which control switching process of different modules. First group of
control signals is leading 20 modules switching process; second and third group of
control signals are leading switching process of 5 modules. We could obtain an output
with 3 pulses with 20, 5 and 5 modules voltage amplitude. Arbitrary output would be

obtaining by proper releasing of control signals for switching process (Fig. 3-8).

Module #30

Module #29

Module #28

Module #27

Module #26

Module #25

Module #24

Module #23 P
Module #22
Module #21
Mcodule #20
Module #19
Module #18
Module #17
Module #16
Module #15
Module #14
Module #13
Module #12
Module #11
Module #10
Module #9
Medule #3 t
Module #7

Module #6

Module #5

Module #4

Module #3

Module #2

= Module #1

Fig. 3-8. LTD output energy illustration for desired pulses.
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In Fig. 3-9, LTD output in a system with 3 groups of control signal for desired output

pulses is shown.

LTD input parameters: Charging voltage 1 [KV], Input current 52 [mA], Frequency

100 [Hz], Pulse width 80 [ns], Resistance 117.5 [Q2], Input power. 52 [W]

25 -

i

[y
L
|

Output (kV)
=
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200 400 600 800 1000

|

Time (ns)

Fig. 3-9. LTD output for optional control signals timing.

LTD output parameters: Output peak voltage ~ 19.61 — 5.38 — 5.38 [kV], Rise time 29
—21-21[ns], Fall time. 32 —24 — 24 [ns], FWHM. 71 - 74 - 74 [ns], Pulse energy. 232

— 17 — 17 [mJ/pulse], Pulse No. 3, Output power 23 — 2 - 2 [W], Efficiency 51%
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3.1.4 LTD output for 10 Control of Control Signal with Different
Timing

In the following experiments FPGA design is developed to produce 10 control signals
groups for 30 modules of LTD. It means every 3 modules of LTD are controlled by one
group of control signals with same timing. Therefore we could obtain an output with 10
pulses. Every pulse shows the output energy of 3 LTD modules. In Fig. 3-10, LTD output

in a system with 10 groups of control signal with different timing is shown.

LTD input parameters: Charging voltage 1 [kV], Input current 32 [mA], Frequency

100 [Hz], Pulse width 80 [ns], Resistance 117.5 [Q], Input power 32 [W]

NN NN
A A S e

Time (ns)
Fig. 3-10. LTD output for 10 groups of control signals with different timing.

LTD output parameters: Output peak voltage ~ 3.26 [kV], Rise time 21 [ns], Fall time.

21 [ns], FWHM 71 [ns], Pulse energy 6 [mJ/pulse], Pulse No 10, Output power 6.5 [W],

Efficiency 20%
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3.1.5 LTD Output for 15 Groups of Control Signal with Different
Timing

In the following experiments FPGA design is developed to produce 15 control signals
group for 30 modules of LTD. It means every 2 modules of LTD are controlled by one
group of control signals with same timing. Therefore we could obtain an output with 10
pulses. Every pulse shows the output energy of 2 LTD modules. In Fig. 3-11, LTD output

in a system with 15 groups of control signal with different timing is shown.

LTD input parameters: Charging voltage 1 [kV], Input current 32 [mA], Frequency.

100 [Hz], Pulse width 80 [ns], Resistance 117.5 [Q], Input power 32 [W]

2.5
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st VLN RV RA LY b, .
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Output (kV)
=

Time (ns)
Fig. 3-11. LTD output for 15 groups of control signals with different timing.

LTD output parameters: Output peak voltage ~ 2.18 [kV], Rise time 21 [ns], Fall time.

21 [ns], FWHM 71 [ns], Pulse energy 3 [mJ/pulse], Pulse No 15, Output power 4.31

[W], Efficiency. 13%
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3.1.6 LTD Output for Control Signal with Different timing for 30
Modules

In this experiment modules are switched at different timings, their output voltages are
still added up on the axis of time. This is proved by switching all 30 modules at different
times from one another, generating a burst of 1-kV output pulses, one by each module, as

shown in Fig. 3-12.

LTD input parameters: Charging voltage 1 [kV], Input current 29 [mA] Frequency.
100 [Hz], Pulse width 80 [ns], Resistance 117.5 [Q], Input power 29 [W]
1.2

1 -
0.8

I

Output (kv)

02 © 10 11

Time (us)

Fig. 3-12. LTD output for 30 control signals with different timing.

LTD output parameters: Output peak voltage ~ 1 [kV], Rise time 24 [ns], Fall time.

23 [ns], FWHM 70 [ns], Pulse energy 1 [mJ/pulse], Pulse No. 30, Output power 2 [W],

Efficiency 7%.
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3.1.7 Efficiency Analysis

The total switching current is higher than the load current due to eddy current loss of
the magnetic core. In this part switching current in different situation (timing group of
control signals) has been measured and compared with load current. The difference
between switching current and load current considered to be the eddy current loss of the
core which flowed through the cavity case and shown as Rc. It is appeared in parallel to a

load resistor during discharge as it is shown in Fig. 3-13.

ALY )

AW

(@) (b)

Fig. 3-13. (a) Equivalent circuit of a module, (b) Same circuit which is showing the equivalent total
core resistance Rc as parallel to Rload.

R.- =k pEy
p: resistivity of the core
S: total cross-sectional area ofthe core
k: dimensionless coefficient
d: thickness ofiron tape
L:the circumference ofthe core
For example when there is only one group of modules and all of modules are being
switched ON and OFF at the same time, In repetitive operation of 100 Hz with charging
voltage of 1 kV, the average Input current is measured to be ~ 74 mA, with which we find

the discharge coulomb of 74 uC/pulse. Then, with the pulse width of 70 ns, the average
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discharge current during each pulse is estimated to be ~352 A. The difference between
this value and the load current of ~ 247 A is considered to be the eddy current loss of the
core, which flowed through the cavity case. It is assumed that the eddy current loss of the
magnetic core can be represented by an equivalent resistor of Rc. In this case, our
experimental results have indicated a value of Rc ~257-Q for the core we have used,
which is in parallel with our load resistor of 117.5 Q. Consequently, the total discharge

current is calculated to be ~365 A for output voltage of ~29 kV.

The peak Output power to the 117.5-Q load reaches ~7.15 MW with output energy of
~ 0.49 J/pulse. At a pulse repetition rate of 100 Hz, the charging current of the primary
power supply reached~74 mA, giving an input power ~ 74 W. A system efficiency is
therefore obtained to be ~68% by dividing the average Output power by the input power.
But in case of multiple output pulses which cause lower output voltage, efficiency will

decrease.

But when all modules are being switched in different timing, for the same charging
voltage of 1 kV and Input current of 29 mA, input power is ~ 29 W. With 1 kV output
voltage the Output power reaches to ~ 8.5 KW with output energy of 0.58 mJ/pulse and
at the repetition rate of 100 Hz in presence of 30 pulses output energy will be ~2 J. This
gives a system efficiency of ~ 7%. Therefore we can say that when the load impedance is
constant, the system efficiency decreases for lower output voltage. The reason is that, for
lower output voltage, the output current decreases, while the magnetizing loss on the core

is nearly proportional to the operation voltage of each module.
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In Fig. 3-14, output Pulse energy and its relation to efficiency are shown. As it is

shown when output voltage decrease the system efficiency also decrease.
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Fig. 3-14. Efficiency and control signal group relation.
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4 CHAPTER IV: WAVEFORM CONTROL OF
ATMOSPHERIC PREASSURE DISCHARGE
USING LTD

4.1 Overview

Pulsed atmospheric discharge has potential applications to plasma generation for many
kinds of industrial processes. It is considered to be more flexible and more efficient
compared with conventional RF or microwave discharge. It can omit dielectric barrier,
which is essential for continuous high frequency discharge to prevent arc transition, by
using very short pulse that does not give the arc enough time to develop. Pulsed
atmospheric discharge is characterized by its time-varying impedance, which is a result
of rapid plasma development between the electrodes. This study is going to explain a new
method which allows us to adjust the applied voltage properly and control the discharge

current behavior and keep it in a certain extent.

4.2 Waveform Control of Atmospheric Discharge

Discharge process begins with creating high electric field near to the main electrode.
At the beginning, a very high voltage is required to cause a breakdown in the cold gas
and to initiate a discharge current. However, if this voltage amplitude is sustained, it will
expand the discharge plasma and quickly form a low impedance channel between the
electrodes. So far, the most typical way of avoiding this impedance collapse is to

terminate the applied voltage and finish the pulse before the current gets out of control. It
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is clear that properties of the discharge plasma highly depend on the characteristics of the
input voltage pulses, i.e., voltage amplitude, pulse width and rise time. By using the
solid-state LTD pulse shaping advantage (Fig. 4-1), we can expect a certain level of
current control by adjusting the applied voltage amplitude without terminating it. The
basic consideration is that an increase in voltage tends to increase the discharge current,
while a decrease in voltage tends to decrease the current. Therefore, in principle, we can
adjust the discharge current by varying the applied voltage. In other words, by
synthesizing a proper voltage waveform, we can create an arbitrary current waveform for

a given discharge load.

p
t P
P
. >t Pulse shaping .
t
p

B,

Fig. 4-1. Pulse shaping for arbitrary control.
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4.2.1 Experimental Setup

As an example to demonstrate the pulse shaping using LTD, we have used our LTD
stack to drive the atmospheric discharge between a wire and a coaxial cylinder. The
copper wire has a diameter of 1 mm, and it is 10 mm away from the stainless steel outer
conductor. Load picture and its schematic are shown in Fig. 4-2. Experimental picture is

shown in Fig. 4-3.

-

(+) *

Y

(@)

(b)

Fig. 4-2. (a) Atmospheric discharge load configuration. (b) Load picture.
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3. Experimental setup.

Fig. 4
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4.2.2 Phenomena Observation

As the first experiment a voltage pulse of 15 kV, 40 ns applied to the load. Output
voltage is shown in Fig. 4-4. As it is observable, when the applied voltage pulse is short,

the discharge current is relatively low and stays in a certain level.

LA IR LA LA DL |

1 l L I 'l I Il I 1 I 1
0 50 100 150 200 250 300

Time (ns)

Fig. 4-4. Load voltage and current waveform when applied voltage is 15 kV, 40 ns.
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When same voltage arrangement is applied in a longer period of time, 15 kV, 100 ns,
the discharge current increases significantly due to plasma development near the center

electrode (Fig. 4-5).

Voltage (kV)
o &) S

Current (A)
N w B (&)}
o o o (=]

-
o O

0 50 100 150 200 250 300

Time (ns)

Fig. 4-5. Load voltage and current waveform when applied voltage is 15 kV, 100 ns.

Therefore, to suppress the peak load current, we can decrease the load voltage for the
later part of the pulse. It is obvious that the high-voltage spike at the beginning is
necessary to initiate the breakdown. However, sustaining the discharge usually requires a
lower voltage, and our LTD stack is a perfect generator to shape the voltage pulse. The

following experiments are good example of this kind of adjustment method.
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4.2.3 Current Waveform by Voltage Adjustment, 40 A, 100 ns

Fig. 4-6, shows a typical result obtained when the discharge current was aimed at
constant value of 40 A. It was obtained by manually adjusting the LTD control signals,
through FPGA, without changing LTD charging voltage. This result gives a relatively

constant discharge current near 40 A which lasted for more than 100 ns.

From Fig. 4-6, we see that 18 modules were turned ON at the beginning, which is
required to initiate the gas breakdown and to bring the discharge current to ~ 40 A. After
40 ns, three modules were turned OFF in order to avoid current overshooting. However,
since the remaining output voltage is apparently not enough to sustain a constant current,
appropriate numbers of LTD modules were switched ON at appropriate times, resulting

in nearly constant discharge current.

It should be noted that in this kind of control method, there is no need for any change
in hardware of system. As it was showed, all the voltage adjustment is being done with

FPGA and its control signals.

Similar experiments have been carried out for targeting current at 30, 20, and 10 A,

and the results are shown in the Figures 4-7, 4-8 and 4-9 respectively.
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Fig. 4-6. (a) Time variation of LTD control signals. (b) Waveforms of load voltage and current,

obtained with LTD charging voltage of 734 V.
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Fig. 4-7. Waveforms of load voltage and current, obtained with LTD for 30 A targeted current.
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Fig. 4-8. Waveforms of load voltage and current, obtained with LTD for 20 A targeted current.
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Fig. 4-9. Waveforms of load voltage and current, obtained with LTD for 10 A targeted current.
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4.2.4 Atmospheric Discharge Load Impedance Analysis

Gas discharge under atmospheric pressure is characterized by its dynamic impedance
variation. In the other word, time-varying impedance behavior is one of their
specifications. So far we have shown that with a well-controlled time history of the
applied voltage we can control the discharge current of the load. In Fig. 4-10, load
impedance waveform, dividing the voltage with the current is shown for each targeted

current. It can be seen the load impedance is controlled in a certain level.
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Fig. 4-10. Corresponding load impedance seen from LTD, obtained while aiming the current at (a)
10A, (b) 20A, (c) 30A, and (d) 40A, respectively.
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4.2.5 Flexible Current Control, Step up

In this experiment using the by carrying out delicate voltage waveform adjustment, we
tried to “draw” the current curve in a way that we wish. We have released the control

signals of FPGA to have a step-up current from ~10 A to ~30 A.

Result is shown in Fig 4-11. As control signals show, at the ending part of the pulse

where we need a higher discharge current most of module are ON.
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Fig. 4-11. Control signals of FPGA and Voltage and Current waveform of load in ~10 A to ~30 A
step-up current control.
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4.2.6 Flexible Current Control, Step down

In Fig. 4-12 LTD modules are switched ON and OFF for a step-down current drawing.

As it can be seen, current will decrease form ~30 A step to ~ 10 A step.

This current drawing is being done only by FPGA control signal adjustment. It could
be count as a creditable advantage because there is not any need for hardware change for

desired output.
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Fig. 4-12. Control signals of FPGA and Voltage and Current waveform of load in ~30 A to ~10 A
step-down current control.
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5 CHAPTER V: STUDY OF ATMOSPHERIC
DISCHARGE BY USING LTD

5.1 Overview

Pulsed Atmospheric discharge is known for its activity in generating large amount of
radicals that are being used in environmental, medical, and biological applications.
Compared with other gas discharge processes, such as radio-frequency or microwave
discharge, pulsed atmospheric discharge is characterized by its flexibility and
controllability. In addition, it can omit the dielectric barrier which is sometimes

considered as a very essential component for gas discharge apparatus.

Pulsed atmospheric discharge usually starts from spatially partial breakdown initiated
by electric field concentration due to the electrode geometry. The discharge sends
streamers to a much wider area between the electrodes resulting in volumes of active
species. The number and the behavior of the streamers depend very much on the
amplitude and the rise-time of the electric field. In addition, depending on the external
circuit, the development of the streamers may affect the temporal variation of the

amplitude of the applied voltage.

When using pulsed atmospheric discharge for plasma radical production, as it has been
expected by many industrial applications, it is important to maintain a certain level of the
electric-field intensity in order to achieve effective acceleration of the electrons. On the

other hand, gas discharge under relatively high pressure tends to migrate toward plasma
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channel formation which significantly increases the conductivity of the medium and
lowers the gap voltage due to circuit effect. This problem is usually dealt with by
keeping the voltage pulse short enough so that the discharge is terminated before the load
impedance collapses. Therefore, the performance and efficiency of pulsed atmospheric

discharge depend on the output characteristics of pulsed voltage generator.

We have developed a relatively new type of pulsed voltage generator by using a
circuit scheme called linear transformer driver (LTD). It has been proved to be unique in
output flexibility especially on waveform control. We have tested the LTD-type pulsed
voltage generator with a pair of coaxially configured electrodes and demonstrated load

impedance control by carrying out voltage waveform control.

In this chapter, we have used our LTD-type pulsed voltage generator to study the
influence of a pulsed atmospheric discharge on the behavior of the following pulse for
consecutive operation. Since applications of pulsed atmospheric discharge require
repetitive operation, it is always important to know and to understand the effect a pulsed
discharge can create in the gas that may result in different behavior of the next pulse

following it.
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5.2 Experimental Phenomena

The discharge load is the same as that we have used in the previous experiments. As
shown in Fig. 5-1 (a), it consists of a pair of coaxially configured electrodes, a wire of 1
mm in diameter and a pipe of 20 mm in inner diameter. Both are made of stainless steel
with length of 320 mm. The pulsed power source applies positive voltage on the wire so

that discharge occurs in the region near the wire, as seen in Fig. 5-1 (b).

The pulsed high voltage is generated by using an LTD-type generator. It consists of
many modules and it generates pulsed high voltage by adding the output voltage of all
modules through pulse transformers. Each module is formed by many unit circuits
connected in parallel, each of which consists of a capacitor and a switch. The basic
concept of LTD is that it generates pulsed power by synchronizing many small pulses and
by adding them together both voltage-wise and current-wise. This scheme is significantly
different from traditional approach where short pulse of relatively high power is

generated by compressing a long pulse of relatively low power.

£~
N
@_ -
@ (b)

Fig. 5-1. (a) Electrode’s configuration. (b) Time integrated end-view photograph.
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Experimental setup is shown in Fig. 5-2. The LTD system used in this experiment has
been reported in previous chapters. It has 30 modules and each module has 24 unit
circuits that use MOSFETS as switches. It is capable of generating pulsed voltage up to
30 kV with maximum current of 300 A, and pulse length variable in the range of 60~200
ns. By properly switching different modules, we can easily change the output voltage
and the interval between consecutive pulses, as we need to do for the following

experiments.

i
FPGA

{Control signal ) LTD
(Pulsed power
generator)

N

-

Feedbackloop

Fig. 5-2. Experimental setup for study on consecutive operation of Atmospheric Discharge.
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5.2.1 Two Consecutive 15 kV, 50 ns Pulse with Time Interval of 150
ns

We applied the output voltage of the LTD to the discharge load. When the voltage
amplitude is above a certain value, a discharge current can be observed. Fig. 5-3 shows
the waveforms of voltage and current, when two almost identical voltage pulses were
applied with a time interval of 150 ns. However, a difference in the discharge current is

clearly identified. From Fig. 5-3, we can see that the peak current of the second pulse is

evidently lower than that of the first pulse.

15

-
o

Voltage (kV)

[$)]

Time (ns)

Fig. 5-3. Voltage and current waveforms for double pulse discharge with interval of 150 ns, for about
same voltage amplitude.
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5.2.2 Voltage Adjustment for Same Current Peak

Considering the current leakage in the second pulse in pervious experiment, to identify
the phenomena we have increased the amplitude of the second pulse until its peak current
reaches that of the first pulse, and the result is shown in Fig. 5-4. These results show that
there is a difference in the initial state, between two pulses, when the voltage is applied.
In other words, the first pulse has caused a change in the gas state so that the second

discharge behaved differently from the first one.
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Fig. 5-4. Voltage and current waveforms for double pulse discharge with interval of 150 ns, for about
same peak current obtained by a higher voltage of the second pulse.
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5.2.3 Two Consecutive 15 kV, 50 ns Pulse in Different Time intervals

To find an explanation for this current leakage in the second pulse, these identical

voltage pulses applied in different time intervals to observe the results.

In Fig. 5-5 time interval between pulses is 2 ms. In this case, current amplitudes are
almost same. This is confirming that the initial states depend on the time. In the other

words, in short time intervals some reasons are affecting the discharge process and cause

a leakage in next pulses.
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Fig. 5-5. Voltage and current waveforms for double pulse discharge with interval of 2 ms.
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The results for different time intervals are summarized in Fig. 5-6, by comparing the
peak current of two pulses. We can see that the current ratio (12/11) increased from ~0.55

to ~0.95 when the time interval is increased from 150 ns to 100 ps.
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Fig. 5-6. Ratio of peak current of the second pulse to that of the first pulse, for different pulse intervals.
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5.3 Physical Explanation

5.3.1 Discharge Process

Free electrons formed naturally in the inter-electrode space are accelerated towards the
positive corona electrode by the electric field. In the vicinity of the high-voltage electrode
surface, the electric field intensity reaches a critical level. Partial discharge initiates
streamers that penetrate through the gas toward the cathode (pipe electrode), while the
negative electrons carry the current to the anode (wire electrode). In this region, named
ionization region, inelastic collisions of electrons and neutral gas molecules result in
electrons breaking free of the molecules. This process creates free electrons and positive
ions, which in turn are accelerated by the Coulomb force and produce further pairs of

electrons and cations, in the so-called electron avalanche (Fig. 5-7).

By full development of streamers between the electrodes, the discharge phase
transforms to a glow-like discharge with a large flow of current in the plasma channel
produced by their propagation. In this case, discharge process can be categorized in two
stages. The first one is the ‘streamer discharge’, in the other word ‘primary streamer’
discharge and it is followed by a ‘glow-like discharge’ which can be called also
‘secondary streamer’ discharge initiating by threshold voltage. The velocity of streamers
increases with increasing applied voltage to the wire. Strong influence on the motion of
the streamers head because of higher conductivity plasma channel between wire and

streamers head can be a possible explanation [30].
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Fig. 5-7. Discharge process illustration in pulsed atmospheric discharge.
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Near the corona electrode, electrons have average energies high enough to sustain their
net production; however, at an increasing distance, the ionization rate decreases and the
attachment rate increases. The location where the ionization rate equals the attachment
rate defines the boundary of the ionization region. All newly produced electrons attach to
molecules to form anions. This boundary lies very close to the high-voltage electrode.
Beyond the ionization region, the field strength is insufficient to produce collision-
induced electron-ion pairs and only ions of the same polarity as the corona electrode are

present.

Depending on the type of energy supply and amount of energy transferred to the
plasma, the properties of plasma change in term of electronic density or temperature.
Pulsed power supply induces Non-local thermodynamic equilibrium plasmas. After the
pulse, however, positive charges carried by the ions remain in the gas. A positive space
charge due to the heavy and slow ions remains at the back. It has a very slow movement,
especially because of rapidly decreasing applied field at the tip of the anode. This results
in weakening of the resultant electric field in the region infront of the tip due to like
polarity space charge at the positive electrode. They reside in the area where most of the
discharge occurred, i.e. the area near the wire, until they dissipate by diffusion and
recombination. It is the presence of this positive charge that may have caused the
phenomena which we observed in the previous sections. In order to give a qualitative
explanation, we have compared the electric field distribution for cases with and without

the residual charge.
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5.4 Qualitative Explanation by Designhing a Model

This qualitative model is going to prepare a physical interpretation of current leakage
phenomena in following pulses in a consecutive operation mode by comparing the

electric field in different cases, without residual charges and with residual charges.
We calculate electric field in both cases and compare the effect of this residual charge.

5.4.1 Electric Field without Positive Residual Charge

In Fig. 5-8 our one-dimensional model for calculating the electric filed in this state is

shown.

ra. Wire radius

ra . linner surface of pipe radius
r . Radius of calculated electric
field

Fig. 5-8. One-Dimensional model for calculating the electric field before first pulse.

To find the needed density and field we need to consider.

e The connection between electric field and charge density
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e Dependency of the field intensity from potential gradient

E=—-Vg

In case of wire inside and coaxial to a cylindrical collector, problem can be expressed
in cylindrical coordinates as one-dimensional and all parameters depend only on radius.

Which we can write.

Considering no residual charges before the first pulse and positive voltage on the wire

finally we reach to an equation for electric field and potential depend on the radius.
po=10
@) =0
() ="V,
We can calculate the field:

1d(r.E) _0
rod,

Cy
r.E=C,E=—
r
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In Fig. 5-9 calculated electric filed in state of without of residual charges has been

graphed.
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Fig. 5-9. Electric field when there is no residual charge before 1st pulse.
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5.4.2 Electric Field with Positive Residual Charge

The model for the calculation is illustrated in Fig. 5-10 which shows the cross-
sectional area between two electrodes. To represent the residual ions, we have added a
layer of positive charge on the surface of the wire indicated as region 1 in Fig. 5-10 and
the remaining volume between the gap is denoted as region 2. For simplicity, we assume
the charge density is constant so that we can solve the one-dimensional Poisson equation

analytically for given boundary conditions.

Fig. 5-10. One-dimensional model for calculating the electric field distribution between the
electrodes, where ra,rb and rc are radii of pipe inner, residual charge layer and wire surfaces
respectively. Regions 1 and 2 denote the regions with and without the residual charge.
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We have to consider that, the pulse is too short that there is no time for the ions to
follow the push of the applied electric field. Only the elections are sucked away by the
positive electrode (the wire). In addition, the electrode configuration forms a very
nonuniform electric-field distribution so that most of the charged particles are produced
near the wire electrode. Because of that our model has a positive charge layer near the

wire.

To calculate the electric field we have to consider the boundary conditions between

region 1 and 2.

General conditions

p(ra) =10
e(re) =V,
Boundary conditions
P15 = D7
E; = EF,
= Region 2
C
E=-
r
ra
@=Ciln—



= Regionl

p+0
r C
2eg T
rp G, rp
- | Ed, = (—+—)dr=—+Cl +C
® f " J‘ZED r 4g, 3T La
7.°p
= 1z, + Cylnr. + C,
7.2p

For finding Czand Cy constant we use the boundary conditions.

QL = @
=Cyln—
Py .
'Ci!—a——b2 + C3lnr, + C
n n
1 ] 150 3 b 4

2
T, TP
C‘l- = Clln_a_

Tp €0

— C;lnm,

And considering:
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Then we use C4 equations to find the C1 and C3.
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By using this above equation we can find C1 and then C3.
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The results are shown in Fig. 5-11. In the calculation, we have assumed that the ion

layer has a total charge of 224 nC and a thickness of 3 mm.

120

100
- == Region @ ceoce Region@

80

60 N

Electric Field (kV/cm)

40 S

20 ®°e

0.0005 0.001 0.002 0.004 0.008 0.01

r(m)

Fig. 5-11. Electric field calculation with residual charge.
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5.4.3 Effect of Residual Charge on Electric Field

The calculation results shown in Fig. 5-12 indicate that the positive residual charge
around the inner electrode (the anode) leads to a decrease of the electric field intensity
near the wire electrode compared with that obtained without the residual charge. In other
words, since the breakdown starts from the high-field area, the discharge threshold for the

case without residual charge is lower than that with residual charge.
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Fig. 5-12. Calculation results of radial electric-field intensity with and without the residual charge, for gap
voltage of 15 kV.
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Although this calculation cannot quantitatively explain the leakage current in short
time intervals, it does offer a physical interpretation for the phenomena observed in the

experiments.

Finally, if the phenomenon is indeed caused by the residual charge left by the previous
discharge, the experimental results tell us that it takes approximately 100 us for the

residual charge to disappear before the second discharge gets back to normal.

First, in the calculation of Fig. 5-10, we have assumed a total charge of 224 nC in a
cylindrical volume of radius 3 mm and length 320 mm. It corresponds to a particle
density of ~ 10™ /em®, for single-charged ions. Considering the gas molecule density of
~ 10" /cm® under atmospheric pressure, the average degree of ionization is therefore
estimated to be on the order of 10, Although this value is relatively low compared with
most plasmas, the lack of negative electrons gives rise to strong space-charge induced
electric field. This space-charge effect is the cause of the difference between two
electric-field profiles shown in Fig. 5-12. Second, the thermal diffusion of the ions is
heavily hampered by the high-density gas molecules. However, the ion drift velocity is
proportional to the intensity of the electric field. Theoretically, ion drift velocity can
reach the order of 10° m/s under an electric field of 10* V/cm which is the estimated
space-charge field on the cylinder surface. Therefore, the ion expansion process is
dominated by the electric field generated by the residual charge itself. Nevertheless,
since the actual drifting is affected by many other factors, and the electric-field intensity
depends very much on the location, quantitative solution for the drifting equations of the

residual charge requires a complicated procedure.
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6 CONCLUSION

FPGA is a compact device with high capability for usage in Pulsed Power

Technology.

FPGA design has been studied, made and developed for different aspects of
pulsed power energy like as pulse width modulation, pulse delay and pulse

selection.

Digital feedback by FPGA was conducted and was shown that due FPGA
capabilities, very fast feedback process is achievable. In studied circuit delay was

measured as 5 ns.

LTD specification has been analyzed and FPGA and Pulse Generator usage in
LTD has been compared. It is found that FPGA as compact, fast and having

multiple outputs is absolutely better option for pulse output control of LTD.

FPGA is used to provide control signal 1~30 different timing group and
transferred to LTD. Results for 1, 3, 6, 10, 15, 30 groups of control signal with
different timing has been analyzed and recorded. It is shown that with conducting

different control signal FPGA arbitrary output in LTD is achievable.

It was understood with increasing of groups of control signals with different

timing power efficiency will decrease because of energy losses in magnetic core.
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LTD is expected to become a compact pulsed-power generator for industrial
applications and LTD’s ability in waveform control is shown by several

experiments.

We have used an LTD system consisting of 30 modules, each of them uses 24
power MOSFETs as switches. All LTD modules are controlled by an FPGA
board so that each module can be switched ON and OFF at arbitrary timings

defined by the FPGA clock.

The large number of modules and their arbitrary switching times allow us to
shape the output voltage waveform by using proper control signals. This is
important for applications where the performance is sensitive to the waveform,

such as pulsed atmospheric discharge.

We have reported a demonstration experiment for waveform control of a
discharge load driven by LTD. The experimental results show that, by properly
adjusting the applied voltage, the discharge current behavior can be controlled, to
a certain extent, so that we can keep the current value near 10, 20, 30, or 40 A.
We can also force the current to jump from one of these values to another, during

the pulse.

Pulsed atmospheric discharge has been studied by using a coaxial discharge load
consisting of a wire and a metal pipe, without dielectric barrier between them.
Special attention has been paid to the current amplitude when high-voltage pulses

are applied to the electrodes. The high-voltage pulses have been generated by
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using an LTD-type pulsed voltage generator which is known for its output
flexibility. The experimental results have indicated that, when two consecutive
pulses are applied, the peak current associated with the second pulse is clearly
smaller than that of the first pulse, especially for the cases with pulse interval less
than 100 ps. This phenomenon is not observed when the pulse interval is
increased to 2 ms. It looked as if the first pulse has left some kind of effect in the

gas that ceases in less than two milliseconds.

In order to provide a physical interpretation of this effect, we have looked into
the influence of residual positive charge that is created and littered in the gas by
the first discharge. A one-dimensional model has been built in order to solve for
the electric field distribution. The calculation results have indicated a significant
drop of the electric field when the residual charge has been taken into account,

offering a qualitative explanation for the experimental results.

In other words, it can be physically interpreted that the first pulsed discharge has
left some positive charge in the gas that plays a role in weakening the electric
field when the second pulsed voltage is applied. The discharge load we have used
has a typical corona discharge configuration, where the electric field distribution

is extremely nonuniform.

When the voltage is applied, the initial breakdown occurs only in a limited
volume where the field intensity is above the threshold. The discharge creates

large amount of charged particles, positive ions and negative electrons, in the gas
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while electrons are quickly removed by the electric field generating an electric
current. However, the positive ions remain in the gas for a much longer time than
that of electrons. This research has indirectly provided an experimental evidence

for the existence of the positive residual charge.

This research has presented a phenomenological study for pulsed discharge under

atmospheric pressure.
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/ FUTURE WORK

Automatic feedback system for waveform control of LTD considering load

characteristics.

Study on longer or negative pulses and carry out the experiments to analyze the

pulse leakage phenomena in the second pulse.

Study on how to reduce the effect of residual positive charges in on the second

pulse.
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