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Chapter One

Introduction




1. Introduction:

1.1. Gas Discharge Phenomena:

Discharge can be created by applying a potential difference between two
electrodes in a gaseous medium. Electric field generated between these two
electrodes (anode and cathode) causes ionization of neutral gas particles and
creates a conducting path. This phenomenon is called breakdown of the gaseous
medium [1].

Electric field lines between the anode and the cathode depend on the
geometry of the electrodes. The simplest configuration, where the electric field
is almost uniform, is two plane electrodes with a small gap in between
compared to the size of electrodes. Figure 1.1 shows voltage-current
characteristics of a DC low pressure electrical discharge with plane electrodes
[1,2]. Dark discharge region is where discharge formation begins, however the
discharge does not contain enough energized particles to lead to breakdown
formation.

This discharge is dark because there are no energy level transitions of electrons
causing visible light emission. During background ionization regime of the dark
discharge, individual ions and electrons created by cosmic rays and other forms
of natural ionizing radiation are swept out by increasing voltage; during
saturation regime, all the background ionized charged particles are removed

and moreover electrons do not have enough energy to cause ionization [3].
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Figure 1.1: I-V characteristic gas discharge [1].

Townsend regime is where ionization caused by electric field starts, and the
current increases exponentially with the increasing voltage. Between Townsend
regime and the breakdown, corona discharges may occur as a result of local
electric field concentrations on the electrode surfaces around sharp edges.
Corona discharges can be visible or dark depending on the level of current

supplied [3].

Glow discharge region is one of the main interests of this research. This region
starts with the breakdown and ends with the arc formation. Glow discharge will

be explained in detail in the next section.

Processes leading to the breakdown and glow discharge formation can be
classified into two groups: (a) Gas processes in which ionization by electron
and ion collisions is effective; (b) cathode processes in which electrons are
liberated from the cathode. Cathode processes are also called secondary
processes where electron emission is effective. Experimental results in the

literature indicate that the cathode material affects the breakdown phenomenon



and play a major role in breakdown formation. Secondary processes can be
caused by different types of energy radiations like photoelectric emission where
light energy contributes to electron release, or thermionic emission where
thermal energy is main cause of electron emission, or field emission where

emission due to electric field occurs [1,3].

Arc discharges region are intense, highly luminous, and high current density
discharges. High current densities up to kilo amperes per square centimeter are
easily achieved by arc discharges; however their concentrated nature causes

high erosion rates of the electrodes [4].

1.2. Glow Discharge:

The glow discharge is a luminous low pressure discharge which has
widespread industrial applications like analytical chemistry, micro-electronics
fabrication, lasers, and lamps [2]. For the electrical discharge structure
mentioned in previous section; current increases exponentially with applied
voltage up to the breakdown voltage. At the breakdown voltage, if the current
supplied through the voltage source is sufficient, the gas will breakdown
leading to the glow discharge regime. Figure 1.2, represent an ideal sketch

showing the regions of the normal glow discharge [1].
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Figure 1.2: Regions of normal glow discharge [1].



The glow discharge can be divided into several categories:
Cathode: Electrically conducting metal whose secondary electron

emission coefficient is very important for the discharge formation.

Aston Dark Space: Next to the right of cathode, Aston dark space is a
thin dark region which contains slow electrons that are too low in energy to
excite the gas.

Cathode Glow: Bright region close to the cathode with high ion number

density, this region may cling to cathode and block Aston dark space.

Cathode Dark Space: Dark region to the right of cathode glow with high

ion density and positive space charge.

Cathode Region: Most of the voltage drop across the discharge appears

between cathode and the right of the cathode dark space. This region is called
cathode region and the voltage drop in this region is referred as cathode fall.
Most of the power dissipation occurs in this region. Length of this region is
adjusted so that minimum power dissipation can be achieved.

Negative Glow: The brightest region with intense excitation of atoms.

Electrons accelerated in the cathode region produce light emitting processes.
This region is usually longer than the cathode glow.

Faraday Dark Space: Electron number density decreases in this region.

Net space charge is very low and electric field is small.

Positive Column: This region is quasi-neutral. As the length of the

discharge tube is increased at constant pressure, length of cathode region
remains constant. Positive column is a long, uniform glow.

Anode Glow: Bright region close to anode that is not always present.

Anode Dark Space: Dark region next to anode with high negative space

charge.

During the normal glow discharge operation both the voltage across the
electrodes and the current density through the plasma remain almost constant
while the current delivered by the supply increases. This regime continues until



the plasma covers the entire cathode surface in order to deliver total current at
constant current density. After this point both the voltage and the current
density increase significantly leading to the abnormal glow discharge. At the
end of the abnormal glow regime, the electrodes become sufficiently hot and
the cathode emits electrons thermionically. If power source can supply
sufficient current, glow-to-arc transition occurs at this point.

Glow discharge is the self-sustained continuous DC discharge consisting of a
cold cathode, which emits electrons as a result of secondary emission mostly

induced by positive ions [5].
1.3. Mechanism of Breakdown of Gases:

At normal temperature and pressure, the gases are excellent insulators. At
higher electric fields, charged particles may gain sufficient energy between
collisions to cause ionization on impact with neutral molecules. It is known that
during an elastic collision, an electron loses little energy and rapidly builds up
its kinetic energy which is supplied by an external electric field. On the other
hand, during elastic collision, a large part of the Kinetic energy is transformed
into potential energy by ionizing the molecule struck by the electron. lonization
by electron impact under strong electric field is the most important process
leading to breakdown of gases [5, 6]. The electron gains energy due to
acceleration in the electric field, where elastic collisions are the most dominant
in low kinetic energy till reaching to sufficient kinetic energy to cause inelastic
collisions making ionization in the medium, which will flow the current
between the two electrodes:
e+ A—- A" + e+ e (Inelastic collisions) and e+ A - A* + e (excitation)
where A represents a neutral atom or molecule in the gas, A+ is the positive ion

and A*excited atom [6].



1.3.1. Townsend Mechanism:

The variation of current as a function of voltage was studied firstly by
Townsend (1939) [7]. He considered a two parallel electrodes having gas as an
insulating medium and separated by a distance d as shown in figure 1.3. When
no electric field is set up between the electrodes, a state of equilibrium exists
between electrons and positive ions generation due to the decay processes. This
state of equilibrium will be disturbed the moment a high electric field is
applied. He found that the current at first increases proportionally as the voltage
Is increased and then remains constant, at |, which corresponds to the saturation

current. At still higher voltages, the current increases exponentially.

A 5
d } dx
""""""""""""""""""""" <«
________ 1_______________________________$_____

Figure 1.3: Two parallel electrodes [7].
The Variation i VUIITVIIL WU WU TuUulivuavi v \IUII.ULU\: IV JiiIvyvyviil in figure 1-4- The

exponential increase in current is due to ionization of gas by electron collision.
As the voltage increases | increases and hence the electrons are accelerated
more and more and between collisions these acquire higher kinetic energy and,

therefore, knock out more and more electrons [7].



Current

Figure 1.4: Current vs. voltage relationship developed by Townsend [7].

To explain the exponential rise in current, Townsend introduced a coefficient a
known as Townsend'’s first ionization coefficient and is defined as the number
of electrons produced by an electron per unit length of path in the direction of
field. Let ny be the number of electrons leaving the cathode and when these
have moved through a distance x from the cathode, these become n. Now when
these n electrons move through a distance dx they produce additional dn

electrons due to collision. Therefore,

Integrating this equation over the distance d, from cathode to anode gives:
- od
N (1-2)

In terms of current at the anode:

where |y is the current leaving the cathode.

The term e* is called the electron avalanche and it represents the number of

electrons produced by one electron in travelling from cathode to anode.



The ionization coefficient is actually dependent on the electron energy
distribution in a gas, which depends only on E/P, where E is the applied

electric field and P is the gas pressure. Therefore the relation can be written as

[8]:

a E

Townsend suggested that a second mechanism must be affecting the current. He
postulated that the additional current must be due to the presence of positive
ions and the photons. The positive ions will liberate electrons by collision with
gas molecules and by bombardment against the cathode. Similarly, the photons
will also release electrons after collision with gas molecules and from the
cathode after photon impact. Townsend suggested (y) known as Townsend
second ionization coefficient which is defined as the number of electrons
released from cathode per incident positive ion, the steady state current,
equation (1-3), accounting for both Townsend coefficients, can be rewritten as
[7,8]:

I = IO —l—y(ead—]_)

Experimental values for y have been determined from equation (1-5) for
known values of E, P, gap distance, and a. Values for y are highly dependent on
cathode surface properties. Low work function materials will produce greater
emissions. The value of y is small at low values of E/P and higher at greater
values of E/P. This is to be expected since at high values of E/P there will be a
greater number of positive ions and photons with energies high enough to eject
electrons from the cathode [5,7].

v
e(Pd)F(ﬁ)

I=IO

1y (e(pd>F(p—Vd)_ 1



As the gap voltage increases, the electrode current at the anode increases
according to equation (1-5). The current will increase until at some point the

denominator of equation. (1- 5) becomes zero, or

At this point, equation (1-5) predicts that the electrode current becomes
infinite. This is defined as the transition from self-sustained discharge to
breakdown.

Theoretically, the value of the current becomes infinite, but in practice it is
limited by the external circuit and voltage drop across the gap. A self-sustaining
discharge occurs when the number of ion pairs produced in the gap by the
passage of one electron avalanche is large enough that the resulting positive
ions, on bombarding the cathode, are able to release one secondary electron and
cause a repetition of the avalanche process. The discharge may also be self-

sustaining as a result of the secondary electron photoemission process [7].

1.4 Paschen's Law:

Paschen’s law stating that the amount of potential difference required for
a gas to breakdown is a function of pressure and gap distance product (pd).
Vireackdown= F (pd) .............. (]'6)

It was first stated by F. Paschen in his paper at 1889.
If there exists different lengths of discharge paths between anode and cathode,

Paschen minimum can occur at long-paths for low-pressures and short-paths for
high pressures. The shape of Paschen's curve indicates two different pd

product values for the same breakdown voltage, one on the right-hand side, and
one on the left-hand side of Paschen minimum. High power plasma switches

aiming to hold-off very high voltages are developed on both sides of Paschen



curve, indicating either high or low pressure range operation. Thyratrons and

pseudo sparks operate on the left-hand side of the Paschen's curve [9,10].
In general, the equations for breakdown are given by:

Breakdown voltage:

Bpd
Voreakdown = m ............ .(1-6)
Breakdown field strength:
— Bp
Ebreakdown -_ (C+ln F(pd)) ............... (1'7)
where:
A
cC = T |eeeeeeeeeecnenns (1-8)
ln(1+;)

where v is the secondary ionization coefficient, for air :
A=15cm™Torr *,B=365 Vem™ Torr*and y= 102 ,hence ¢=1.18.

Figure 1.5 shows the breakdown voltage as a function of pd product [9]:

vV, Vacuum
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Figure 1.5: Paschen’s curve [9].



1.5 Review of Pulsed Power Switches:

Pulsed power systems are the technology of storing energy in capacitive or
inductive form over a relatively long period of time (usually milliseconds to
minutes) and then discharging it into a load over a much shorter time period
(usually ps to ns) as an electrical energy by closing or opening power switches.
Power generation, power switches, pulse forming network, and the load are the

major components of a pulsed power system.

Many types of high voltage and nanosecond pulse generators are
commercially available currently. However, the performance of these
generators varies broadly and they should be chosen according to load
requirements, such as output voltage, pulse width, rise time, repetition rate, and
peak power. The fundamental purpose of all pulsed power system is to convert
a low-power, long-time input into a high-power short-time output [6].

In simplest terms, a pulsed power system includes an energy storage stage, a
load, and a pulse forming stage between these two stages as shown in figure
1.6. The pulse forming stage can be a single high power switch that transfers
the stored energy to the load or a more complex system based on a network of

high power switches.

Energy Fulse
Storage | Forming » Load
Stage

Figure 1.6: Pulsed power system block diagram
Power switches, between the storage devices and the loads, play an
indispensable role in the generation of pulsed power. The shape, rise time, and
magnitude of the generator output pulse depend strongly on the properties of
the power switches. Moreover, the maximum power capacity and power density

that the power switches could handle also limit the performance of pulse



generators. Switches are generally categorized into closing switches for
capacitive storage devices and opening switches for discharging inductive
storage devices.

Gas switches and semiconductor switches are two common types of closing
switches. Gas switches are highly employed in high power pulse generators.
They are easy to use, can handle relatively large currents, and can be also
triggered accurately. Several kinds of gas switches such as ignitron, thyratron,
pseudospark switch, and spark gap are reported in literature [6,7]. Their

operating gas pressure and hold-off voltage ranges are shown in Figure 1.7.

1001

Volage [kV]
Vacuum spark gap

10° 10° 10" 10° 10' 10° 10° 10 10° 10
Pressure [Pa]

Figure 1.7: Range of gas pressure and operating voltages for different types of gas
switches [6]

Among these, pseudospark switch taking advantage of hollow cathode effect
stands out because of its reduced electrode erosion, high power capability, and
long lifetime. Generally the operation of pseudospark switch is described in
four different periods: pre-discharge, hollow cathode discharge, high current

super-emissive discharge, and the decay of the discharge plasma [6,8]. In order



to make use of the pseudospark discharge, a precise triggering system is

required for the switch.

Although the specific terminology of the pulsed power switch is sometimes
different, the parameters that are used to evaluate the switch performances have

much in common. The regular switch parameters are described below [12]:

Hold-off Voltage: The maximum voltage that can be provided between the

electrodes of the switch without breakdown. It is also called stand-off voltage,

self-breakdown voltage or blocking voltage sometimes. The

value of the hold-off voltage is determined by the medium property between the
electrodes and the dielectric strength of the insulating envelope outside the
switch. In some special cases, the switch is charged up rapidly in pulse mode
with voltage higher than the DC hold-off voltage, which is called over-voltage
[12].

Peak Current: The highest current conducting capability of the switch. The

usual units are amperes (A), or kilo amperes (kA). It is limited by the medium
conducting property and the geometry of the electrodes. Especially in the gas
switch, the hollow structure of the switch cathode improves the peak current.
The hollow cathode mode of the pseudospark switch will be discussed in detail

later.

Delay Time: The time interval between the application of a trigger command
and the initiation of switch conduction. This time interval is composed of
processes which involve the generation of the initial charge carriers and the pre-
breakdown phases to establish conducting channels between the electrodes. In
addition, the inductance of the switch itself and the pulsed power system also

increases the delay time of the switching.



Jitter Time: The statistical variations of the delay time. This time is usually
measured in ns or us. The sufficient energy is required to accelerate the carriers
and transport them to the gap to establish “switch-on” and sustain the
conduction. Because the initial charge will have some initial velocity
distribution, some of the carriers will cross the gap later than others, resulting in
switching “jitters”. Thus, the initial conditions are very important and some

switches use “keep alive” discharges, lasers or electron beams to reduce jitters

[12].

These devices help to insure consistent behavior of the initiation process,

particularly when timing is critical.

Recovery Time : The time for the recovery of the dielectric properties of the
switch so that voltage can be reapplied at some rate (dV/dt). The recovery
process relates to the plasma kinetic characteristics of the conducting medium
which include the charge density, mobility, temperature, recombination,

attachment, mean free paths, and applied fields, etc [11].

Forward Drop : The voltage drop across the switch impedance during the “turn

on” phase. When the switches work for high current or high frequency
operations, the heat problem caused by the forward drop becomes serious, and a

cooling system is necessary[12].

Repetition Rate : The rate at which the switch can be operated without

degradation of characteristics. The usual units are Hertz (Hz) or kilohertz

(kHz). The rate is limited by the switch recovery time and forward drop.

Life Time: The number of operation times, sometimes called “shots”, beyond

which the switch cannot work properly [12].



The definitions of those switch parameters above could be a guide when we
choose and design switches for the real applications. These parameters are

commonly mentioned for switch characterization evaluations.

As mentioned in the introduction, high power switches are the most
Important components of the pulse forming stage of a pulsed power system.
They are used to transfer large amounts of stored energy as high amplitude,
short duration pulse to the load. Therefore, they must meet high voltage/current
and short rise/recovery time requirements of the load. These requirements are
usually voltages between several tens of kilovolts to megavolts and rise times
as short as nanoseconds up to microseconds. Plasma switches have been used
for their good transition properties and high voltage stand-off (hold-off)
capabilities for decades in pulsed power systems. Closing plasma switches like
gas filled spark gaps, ignitrons, thyratrons are reviewed in literature in detail
[13, 14].

Solid-state switches are also finding increasing applications in pulsed power
systems with their compact house-keeping requirements and long lifetimes.
However, their limited hold-off voltage and peak current capabilities are still
making them unable to handle the parameters of large pulsed power systems.
Closing solid-state switches when operated within specifications have very long
lifetimes, however one-time formation of an arc is catastrophic unlike plasma
switches where this will only cause reduction of lifetime [15]. Table 1.1
summarizes some parameters for primary gas-phase closing switches like spark
gaps, thyratrons and pseudo sparks as well as solid-state closing switches like

thyristor.



Table (1-1): Summary of Gas-Phase and Semiconductor Switches for Pulsed Power

Applications [15]

Switch Hold-off Voltage Peak Current (kA) Forward Drop (V)
(kV)
Spark Gap 100 10 to >1000 20
Thyratron 30 1-10 150
Pseudospark 35 5-100 200
Thyristor 1-5 1to 50 2

1.5.1. Spark Gaps:

Self-breakdown spark gaps can be described as the simplest closing
switches with two electrodes inserted in a gaseous medium. Upon application
of required voltage, transition of the gas from a good insulator to a good
conductor (open to close) is achieved [15].

In order to achieve better estimation of delay, and to be able to synchronize
spark gaps in series or in parallel, several trigger mechanisms can be used.
Triggered spark gaps include spark gaps that utilize a trigger electrode between
anode and cathode, electron beam triggered spark gaps and laser triggered gas
filled spark gaps [13]. Spark gaps can hold-off very high voltages and currents;
however, arc formation can be very erosive at high currents, thus altering
electrode characteristics. As a result, repeatability and lifetime are main

limitations for this type of switches [15].
1.5.2. Thyratrons:
Although first idea for thyratron was stated as early as 1918’s [16],

hydrogen thyratrons have emerged during World War Il as an input switch for

power modulators for radars, and other applications. Hydrogen thyratron was




developed by Germeshausen. Thyratrons are low-pressure plasma switches
with a typical geometry as shown in Figure 1.8.

Thyratrons work on the left-hand side of the Paschen curve which provides
high stand-off voltages. Upon application of a positive trigger pulse to the grid,
plasma formation is achieved in the grid-cathode region. This leads to closing
of the switch by initiating the breakdown in grid-anode region and later

connecting these two regions of plasmas [17].

Figure 1.8: Geometry of a hydrogen thyratron [17]

Recovery of the switch is usually achieved by starting deionization by
keeping the anode voltage slightly negative. Thermionic cathodes which require
external heating are used to increase peak current levels. High lifetime

specifications are achieved by usage of hydrogen reservoir [12].

Early thyratrons used mercury vapor as filling gas which was replaced by
hydrogen because of two big advantages. First, cathode destruction voltage for

hydrogen is much higher which improves standoff voltage and lifetime



parameters. Second, it has much lighter ionic mass which means much less
recovery time and higher repetition rates. However, hydrogen has the
disadvantage of being a chemically active atom which causes unwanted
impurities in the gas. Hydrogen reservoirs containing metal hydrides which
lead to reversible reaction with hydrogen as a function of temperature are the
solution to this problem. These reservoirs accompany a heater to control the
mentioned reversible reaction [14]. Later many improvements like ceramic
envelope and multi gap thyratrons have led to very high power ratings with
hydrogen thyratrons.

One of the most important advantages of hydrogen thyratrons is their long
lifetimes. This is due to glow discharge operation rather than arc which is the
case for spark gaps. Glow discharge operation causes less erosion because of its
diffused nature. Although thyratrons could not achieve high peak currents of
spark gaps, they are still very widely used because of their very high repetition
rate capabilities and long lifetimes in many repetitive pulsed power applications
[18].

1.5.3. Pseudospark Switch (PSS):

Pseudosparks are low pressure plasma switches similar to thyratrons but
with much higher current rise capability. Usually, higher current densities cause
shorter lifetimes due to electrode erosion. However, because of special
properties of the pseudospark discharge, which can prevent arcing at very high
current densities; these switches have lifetimes comparable to thyratrons [19].

Pseudosparks when first discovered [20] were regarded as intense
electron beam generators. Later they attracted attention as high power switches
with very short current rise times as well as high current peaks and long
lifetimes. Moreover, low pressure operation providing short recovery times

and, therefore, high repetition rates are attractive [21].



Pseudosparks have a special axisymmetric hollow cathode-hollow anode
structure. At low pressures, mean free path of electrons is very long compared
to the distance between the electrodes. Therefore, most of the electrons released
at cathode arrive to anode without undergoing any ionizing collisions, which is
the reason for increased breakdown voltage at low pressures (left-hand side of
Paschen curve).

However, hollow geometry of electrodes provides other possible lengths of
discharge paths between anode and cathode thus decreasing breakdown voltage
as a result of hollow cathode effect [21,22]. Figure 1.9 shows electric field lines
at the axis of hollow cathode- hollow anode geometry causing breakdown

voltage drop at this region.

Catlhode

Figure 1.9: Electric field lines on the axis of a typical pseudospark geometry [23].
1.6. Mechanism and Configuration of Pseudo Spark Discharge:

The pseudo spark discharge was first discovered in the late 1970’s, as an
axially symmetric, high voltage gas discharge operating at low pressure regime
located on the left hand side of the Paschen curve as illustrated in Figure 1.10
[23], which is based on the principles of a hollow cathode discharge. The
fundamental discharge configuration consists of planar anode and cathode, or

multi-gap electrodes, as illustrated in Figure 1.11. The central hole in the



middle of the electrodes makes the effective distance of the discharge path a
maximum in the region of the bore hole on the axial center of electrodes and
cathode cavity. Thus the gas discharge is concentrated in the region around the
axis of the central holes [24]. Then the high electric field (10° V/m)
concentrated in the central axis across the electrode gap and the charge carrier
multiplication taking place in the hollow cathode causes the final ignition of
high voltage high current gas breakdown. According to the previous research
works [25], the pseudo spark discharge with a hollow cathode configuration can

be divided into five different processes as illustrated in Figure 1.11.
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Figure 1.10: Gas breakdown curve (Paschen'’s curve) under various pressure

regions [22].
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Figure 1.11: Different stages in pseudo spark discharge.

1.6.1 Pre-discharge:

This stage is the initiation of pseudo spark discharge. The pseudo spark
discharge originates from the large charge carrier multiplication in the region of
hollow cathode. Thus the electrons released from the hollow cathode region
generated by the particle impact or photo-effect depending on the trigger type
cause a strong avalanche growth in the cathode backspace and accelerated into
the gap between anode and cathode. Then dense plasma emerges at the center

path in the inter gap region as illustrated in Figure 1.11 [24].

1.6.2. Hollow Cathode Discharge:

In some research work, the hollow cathode discharge (phase Il in Figure
1.11) and bore hole phase (phase Ill in Figure 1.11 are assumed to be one
phase, since they are both characterized by ionization enhancement in the gap
region and plasma propagation from cathode region toward anode space [25].
In this phase, the charge multiplication is further enhanced and the hollow
cathode phase is filled with plasma working as a virtual cathode for the electron
extraction from the cathode backspace. The extracted electrons from cathode

backspace are accelerated and propagated under the effect of electric field



potential in the inter gap region between anode and cathode. This phase is
characterized by the start of electron emission from pseudo spark discharge.
Additionally, the voltage breakdown across the pseudo spark gap and increase
in discharge current can be easily observed by electrical measurements in this
phase [26].

1.6.3. High Current Main Discharge:

This phase is of great interest in gas switching applications due to its
capability to establish high current of kA within very short time of 10°-107
seconds, leading to a current rising rate of 10*°-10** A/second. The mechanism
for pseudo spark to achieve such a high current is still not well determined. In
the work of Hartmann [27], the high current pseudo spark discharge is assumed
to be a form of super dense glow discharge. In [27], gas particles are released
from the cathode surface by ion impact and thermal desorption. The electrode
surface is then heated by ion impact to a temperature of 3000-4000 K within
30-100 ns. Additionally, an estimation of field-enhanced thermionic electron
emission (Schottky emission) was presented in [27] to show its capability to
deliver the measured high current density. However, in some other works, the
parameters of high current in pseudo spark are assumed to be mainly
determined by the external circuit consisting of trigger, capacitance and

inductance, and pulse charging mode.

1.6.4 Decay of Plasma:

At this stage, the decay and recovery of plasma in pseudo spark is of
specific interest due to their effect on the recovery strength and repetition rate
of pseudo spark device. When the time interval between single shot of pseudo
spark discharge exceeds the limit of decay and recovery time of plasma in

given pseudo spark device, residual ionization in the gap can cause the



discharge to become unstable and breakdown of the gas occurs at lower
voltages, i.e., during charging of the storage capacitors. During this phase, the
main processes that remove the residual ionization in the pseudo spark device
are plasma bulk recombination and diffusion toward the wall [28]. The research
work presented in [29] shows that the bipolar diffusion of electrons inside the
hollow cathode is the main limiting factor for the decay and recovery time of
pseudo spark discharge. And the recovery time of pseudo spark device
presented in [29] is fitted as a function of hollow cathode length and radius of

gas volume in the given configuration:
2.405 T
tooe & [( > )2+(E) TR (1-9)

where t. 1S the minimum limit of recovery time for a pseudo spark device, r

is the radius of gas vessel volume in the given device, and L is the length of

hollow cathode.

1.7. Literature Review:

Pseudospark discharge was first discovered in 1979 by Christiansen and
Schultheiss [20] they designed electrical switches involving axially symmetric
hollow electrodes at low pressure of H, gas to produce an electron beam with a
current density for more than 10° A/cm” at 140 A total current . The design by
D. Bloess, et al (1982) [30] suggests a basic model to describe and explain the
initialization and the growth of the pseudospark discharge process in two
phases (single-gap and multi-gap chambers) , and generate pinched electron
beams with peak current up to 5kAwith FWHM pulse of 2ns to 20 ns and
densities greater than 10° A/cm®.

G. Mechtersheimer, et al [31] in 1986 developed a pseudospark switch
triggered by a pulsed low pressure of N, gas discharge, this switch works at

high repetition rates of 100 kHz and fast rates of current rise time of up to



5*10"A/s. After that K. Frank et al (1988) [32] demonstrated in their
experiments that for several key high-power switching performance factors, the
pseudospark and BLT switches are superior to either high-pressure spark gap
switches or thyratrons or, in some cases, both. And the high performance has
been demonstrated in peak current (>100 kA), current rate of rise (>10" A/s),
switching precision, trigger efficiency, current reversal (100%), and recovery
time. In 1989 a numerical modeling based on large parameters has been carried
out to investigate the plasma formation in the hollow cathode region of the
pseudospark discharge by P.Choi, et al [23]. Results show that a combination
of varying ionization rates due to the field geometry and differing mobility of
electrons and ions, leads to the formation of a highly localized space-charge
field on axis behind the hollow cathode. Also, in 1989 C. Kozlik, et al [33]
designed a pseudospark high-power switch for hold off voltages and peak
current of 40 kV and 25kA respectively. Their results show the capability of
switching pulse energies of up to 40J at a current rise rate of 8x10"A/s and a
current reversal of up to 95%.

G. Babst and M. Schwertl in 1992 [34] used a pseudospark switch to drive a
copper-vapor laser with an input power of 3-7 kKW at a repetition rate of 5-7
kHz. Their results show that no decrease in electrical data was observed in
comparison with a thyratron it replaced. Switch performance after 60 h of
operation (> 10° pulses) shows that further development could lead to a simple
alternative for thyratrons.

The results presented by V.D. Bochkov, et al (1995) [35] showed that the use
of a blocking electrode offers the possibility of increasing the upper limit of the
operating pressure for the pseudospark switch with the static breakdown
voltage kept at the level of 20 kV and of obtaining operating regimes where the
delay time weakly depends on the gas pressure. In 1996, V.D. Bochkov et al
[36] presented their results of development of high-voltage switching device
that depends on a low pressure discharge with a cold cathode. The emergence



of this switch was associated with the necessity to increase the commutation
current in a classical hydrogen thyratron with a hot cathode, and the design of
the new switch can be considered in some respects as an advancement of
thyratron design.

A special design of pseudospark switch in which a high-emissivity insert is
placed in the cathode cavity is described by Yu. D. Korolev, et al in 2002 [37].
They proved that the essential advantage of the switch with the high emissivity
material is that the main discharge burning voltage of the switch (with the
forward voltage drop) decreases.

In 2005 A. W. Cross, generated high brightness electron beams from a
pseudospark discharge. Further beam experiments can be carried out to
generate both short (<1 ns) and long (~100 ns) duration electron beam pulses
[38]. The electric strength recovery process in the pseudospark switch in xenon
and oxygen has been investigated by Yu.D. Korolev, et al (2006). Their results
showed, that different blocking schemes application increase the pulse
repetition rate up to 10 kHz [39]. K. Frank, et al (2007) constructed multi-gap
pseudospark switches, which can handle reliably the specifications of the pulse
forming network (PFN) for the injection/extraction kicker magnet system of the

future heavy ion synchrotron accelerator complex SIS100/300[40].

D.V. Bochkov, et al (2009) constructed SN-thyratron and achieved a goal to
have principally novel switches, combining the best features of thyratrons,
vacuum and spark gaps, solid state switches. The operation of SN-thyratron
with high cathode (and/or anode) potential improves the characteristics of the
switches, and in particular, extends operating environmental temperature range,
improves stability and, simplifies circuitry [41]. Pseudospark switches were
developed by B. L. Meena, et al (2010) in demountable setup with single gap
for 25 kV hold off voltages and 5 kA peak currents respectively [42]. A small



sized plasma jet (¢28 mm—-60 mm) has been developed by M. Watanabe, et al
(2011) using a modified pseudo-spark discharge with 2 kA peak current [43].

N. Kumar, et al (2012) designed and developed pseudospark based electron
gun, and this pseudospark discharge has been found to be a promising source of
high brightness and high intensity electron beam pulses. The experimental
investigation was carried out on axial and radial variations of the beam current

inside the drift space of the gun [44].

In 2013 Y. D. Korolev, et al, gave a summary of the experimental data as
applied to high-current pseudospark switches and the interpretation of the

processes in the stages of dense and super-dense glow discharge [45].

1.8. Thesis Aim:

The aim of this work is to design and construct a high power pseudospark
switch (PSS), and study its characteristics to be used later to run high power
lasers. In this research, design of electrodes, fabrication, processing and

switching behavior of the PSS are presented and discussed.
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2. Construction and Measuring Technique:
2.1. Introduction:

To understand how the pseudospark switch functions, we have to start with
the "Paschen curve". The gas becomes conductive when it is converted into
plasma. Plasmas are formed when energy is put into a collection of molecules
faster than energy lost by radiation when the cations and electrons
recombine. Recombination of the cations and electrons causes energy to be

released as light; this is how fluorescent lights and neon signs work [30].

In a simple atmospheric pressure spark gap, as the potential difference between
the electrodes is increased (or as the distance between the electrodes is
decreased), electrons start to be emitted by the cathode and travel to the
anode. As they travel, some of the electrons will collide with gas molecules,
knocking electrons loose and forming cations and more free electrons. Near the
electrodes, where the concentration of traveling electrons is highest, a faint
glow caused by the recombination of ions and electrons will become
visible. This glow is called a corona discharge and removes energy from the
ionized gas at a high enough rate to prevent the formation of plasma. At higher
voltages (or smaller gaps) the energy put into the molecules by electron
collision exceeds the ability of the corona discharge to dissipate the energy and
plasma is formed. The electric field between the electrodes will then separate
the cations and electrons. The electrons will flow towards the anode, while the
cations will flow towards the cathode. When the cations impact the cathode,

they recombine with electrons from the surface of the cathode,



completing the electric circuit. In an atmospheric pressure spark gap, the flow
of cations and electrons tends to be confined to a fairly narrow channel which is
called a spark. At the point on the cathode where the spark connects, a large
amount of heat is generated by the impacting cations, damaging the electrode
surface (more current = more damage). Electrons impacting the anode surface
do not cause much damage, since they are thousands of times lighter than the

cations and thus have much less kinetic energy (1/2 mv?) [30,46].

The pseudo spark switches are used in pulsed laser systems such as (TEA-
CO, laser system) as a low frequency switch or single shot system. But it is
sufficient use for high frequency pulsed system, it can work under different
frequencies with range (1 Hz - 40 kHz). Also the pseudospark switch has high
hold off voltage for spark gap doesn't exceed few millimeters which maks it

better than the thyratron and the classic spark gap switches [47,48].

The proposed design of the switch under study can be applied to many gases
without a significant change in the parameters of discharge for example,
possibly to use Ar, Ne, He as monoatomic gases and N,, H, as diatomic gases,

as well as mixing of these gases in a very reliable manner.

We will address other basic parameters that affect the operation of the switch in

the following paragraphs.
2.1.1. Type and Pressure of the Gas:

From Paschen's curve described in chapter one the region of pseudospark
pressure falls within the confined boundary between (P.d~10° -7mbar.mm)
where P is the pressure of gas and d is the distance between electrodes. While
the classic spark gap works in high pressure region (right hand side of

Paschen's curve), the effect of the gas type in this region is very significant [9].



It has been observed that the classic spark gap using inert gases for this
purpose because the inert gases possesses high breakdown voltage that work is
happening in a high pressure region. Therefore, it can be concluded that the
diatomic gases be more appropriate in the pseudo spark switch operation. These
gases have small ionization energy, so the breakdown of such gases giving a
high abundance of electrons leads to increasing the current, but the current

pulse width will be larger than that of inert gas switches [49,50].
2.1.2. The Distance Between the Electrodes:

The pseudo spark switch operates within the range of very low pressure,
leading to a rise in breakdown voltage for electrical discharge events and high
hold off voltage as well. So, the distance between the poles is usually not more
than several millimeters. This means that the distance (d) has a significant
effect on the stability of discharge, as well as on the breakdown voltage
depending upon the region of the breakdown in Paschen's curve giving more

stable and more fixed stability discharging.

Most of the studies in this field suggest that the central hole diameter must not
exceed the distance between the electrodes [51]. That's where the discharge is
more systematic when we achieve this condition. In the present work the
diameter of the central hole is selected to be in harmony with the distance

between the electrodes.

2.1.3. Matching Electrodes Axes:

Many experiments show matching that the axes of the poles has a significant
influence on the work of the switch and the stability of the discharge even on

the jitter time, and on the specification of the measured pulse current flowing



through the switch [51]. In the case of a mismatch of axes arc-type discharge
may distort the current pulse flowing and thus affects the shape of the current
pulse and transmitted energy pulse from critical damping discharge to
oscillation discharge. The central hole in the electrodes makes the effective
distance of the discharge path a maximum in the region of the bore hole on the
axial center of the electrodes and cathode cavity. It has been observed that the
electrodes match has a clear effect on the jitter time. So we should consider this
point in design, to reduce the differences in the axes matching. It should be
taken into account the system as a whole is to have coaxial surfaces and is,
smooth, free from manufacturing defects, leakages and clean of dust and
impurities [51,52].

2.2. Construction Procedure of Pseudo Spark Switch Chamber:

The design of switch chamber is compared with that of previous
researches to manufacture models with good specifications based on a simple
model for a single stage spark gap [52]. The pseudospark switch system has
been constructed after studying and considering many designs, we reached to a

simple, reliable design which is unigue compared with other previous designs.

2.2.1. Construction of Electrodes Chamber:
1.The anode:

It is a hollow dispenser of stainless steel with a central hole in its lower base,
which allows the plasma discharge to pass through the cathode [53]. The upper
base of the cylinder contains a metal ring from the same material to attach the

anode via install screws with insulating material (Teflon) to avoid the case of



electrical conductivity between the poles. The dimensions of our pseudo spark
chamber are illustrated in table 2.1.

2. The cathode:

It is quite similar to the anode cylinder, but it has a slot to allow the gas
discharge through the side of the lower base and welded with KF-16 link for
tight gas inlet. In addition to that the center of the cathode contains a slot of 10

mm width to insert spark plug of the trigger unit as shown in figure (2.1).

Figure 2.1: Plug of trigger unit

3. The main gap:

The main gap spacing is comparable to the bore hole diameter and can be
determined from the thickness of the insulating material between the poles,
which must have very high isolation to avoid breakdown. A glazing ceramic is
used in our work, since it can withstand the high hold off voltage (more than
15kV dc and 35 kV peak pulse voltage at around 2.2 kHz)



Table 2.1: The geometrical dimension of stain less steel pseudospark
chamber

Geometric dimensions of the PS chamber

Gap distance - 5mm
Electrode thickness 2mm
Central hole of the electron path 3mm
Inner diameter of the electrodes 65mm
Outer diameter of the electrodes 69mm

Length of hollow cathode & hollow anode 65mm

Width of groove 2mm

Depth of groove 3mm

The distance from the tip of the plug to the | 5mm
cathode hole

O-ring diameter 3mm
Plug slot diamter 17mm
Distance between plug and KF-16 link 19mm
Diameter of the gas pump slot 3mm
The length of the link gear 10mm

The diameter of the upper and lower rings 110mm

Figure 2.2 shows the schematic drawing of single-gap pseudospark chamber.
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Figure 2.2: The schematic drawing of single-gap pseudospark chamber.



2.2.2. The Insulator Choice:

The insulator used in our design is a glazed ceramic 70 mm in diameter
and 3.5 mm in thickness. Glazing ceramics share many properties with both
glasses and ceramics and have interesting properties like zero porosity, high
strength, low thermal expansion, high temperature stability, high chemical
durability, high resistivity, high breakdown voltage and high thermal
conductivity to dispread the heat rapidly [54].

2.2.3. O-Ring Rubber Groove Design:

The groove on the two surfaces of anode and cathode is about 2mm in
diameter but the o-ring used in our design is about 3mm in diameter, so only
1/3 from the o-ring being outside the groove i.e. Imm from the diameter o-ring.
Also 16% from 1mm goes for vacuum pressing, so only 0.84 mm remains and
from two sides (0.84+0.84)mm, we get 1.68mm which is the Vacuum
Accuracy [55]. Now, all of dimensions of maximum main gap spacing are, 1.68

mm + 3.5mm (insulator's thickness).
2.3. The Vacuum Pumping System and Gas Flow Controller:

The pseudospark switch is operated under the vacuum level of 10 mbar.
The whole experimental system was evacuated down to 10 mbar by a two
stage rotary vane vacuum pump 2.9 m¥h (Pfeiffer) within 10 minutes. The
pressure was measured by analog Pirani gauge (Alcatel Palll) as shown in

figure 2.3:
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Figure 2.3 Vacuum pump and Pirani gauge.

We used Argon gas for discharging; such gas enters into the vacuum system
through a mass flow controller. The mass flow rate of Argon can be adjusted
accurately to control the operating pressure in vacuum system. The gas pressure
of the chamber can be controlled at a very slow rate less than Q = 1.5

mbar.ml/min according to equation (2-1) [26,56]:
d
Q = Vd—’; oot e oo e e e (271)

where Q is the flow rate (mbar.ml/min), V the volume of chamber (liter), dp is

the pressure difference (mbar) at the time difference dt (min).

2.4. The Electrical Circuits:
2.4.1. A Pseudo Spark Switch:

A pseudospark switch represents one of the most important elements of
circuit controlling the electrical discharge in pulsed lasers. It is one of the best
switches that withstand high voltage of more than (30 kV) and peak pulse
current up to 5 KA with a rise time not exceeding several nanoseconds
[49,56]. These characteristics are related to the main discharge parameters and
ways to construct primary ionization triggered circuit and electronic accessories

and gas pressure.



2.4.2. Trigger Circuit:
1. 555-Timer Circuit (Master-Slave):

The switch needs to trigger one of the poles with the desired frequency, to
open and close the course of the stream, compatible with synchronous
resonance circuit. The trigger circuit consists of two complementary
LM555CN type. The LM555CN is a highly stable device for generating
accurate time delays or oscillation. In the time delay mode of operation (mono
stable), the time is precisely controlled by one external resistor and capacitor.
For a stable operation as an oscillator, the free running frequency and duty
cycle are accurately controlled with two external resistors and one capacitor.
The circuit must be triggered and reset on falling waveforms, where the desired

frequency can be calculated from equation (2-2) [57]:

f= 1.44
"~ (R{+2R,)C

for a stable 555 oscillator the time of charge ¢; and time discharge tz are given
by the equations (2-3):
t,=0.693 (R1+R,)C & t,=0.693R,C ....ceeveene, (2-3)

During each cycle capacitor C charges up through both timing
resistors, R1 and R2, but discharges itself only through resistor R2.The other
side of R2 is connected to the discharge terminal, pin 7. As a result the positive
square pulse width of about 3us with frequancy 2kHz is controlled by 1M Q
variable resistor as shown in figure 2.4 (a) and (b). The pulse width is
calculated by the values of the capacitor and resistor. This pulse-phase type has
been applied to Darlington pair circuit using 100 VVdc on one of the collectors

of the two transistors.
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Figure 2.4. Master-slave 555-timer trigger circuit (a) schematic
drawing (b) Photograph picture

2.The Power Transistor Circuit:

A very simple highly accurate reliable power circuit has been used in the
trigger circuit as shown in figuer 2.5(a) and (b) . This power circuit consists of
a Darlington pair of two tranisistors, one of 135-BD type to deriving the other
transistor BU209 type [58]. The applied voltage at the collector-emitter
terminal is 100 dc volt and current 0.3A. This power circuit connected with
tigger transformer (TR-180B EG&G type) 1kV:25kV to get the trigger pulse



which is used as ignitor to breaking down the gas to create the main breakdown
current pulse.

The oscillator circuit has been separated from the base of 135-BD by a
resistance of 2.2 kQ to protect the electrical circuit. The use of Darlington pair
gives a pulse of a desirable specification, also protects the circuit from a long
period current flow which raises the temperature and then damages the circuit
[59,60].
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Figure 2.5 Darlington pair circuit with the pulse transformer
(a) schematic drawing (b) Photographic picture



2.4.3. The Main Electrical Circuits:
1. High voltage power supply:

The circuit designed for this work consists of a transformer of 10 kV,
DC power supply and current of 0.5 A, the value of voltage is controlled
through varic. A set of 14 kV diodes have been used as rectifier to convert the
alternating current into a direct current. The designed power supply appyling a
continuous high voltage to the anode of the Pseudospark chamber and it was

working efficiently for several hours.
2. Charging resonant circuit:

Charging resonant circuit consists of an air core coil (L= 0.36H) with
resistance which does not exceed 30 Q, its inert diameter is 0.284 m, 0.292 m
for outer diameter and 0.23m length. Since the wire gauge is 20, so the
increase in diameter of the coil is 1.7 mm for the two sides because the wire
diameter is 0.85 mm. The coil contains 1334 turns with six layers. So, the
value of its inductance can be calculateed by equation (2-4) of the multilayers
coil [61]:

31.6 N2r?
6r1+9l+10(r6—1”1)

L(uH) =

where :

N: no. of turns
r.: radius of the 1% layer (m)
rs: radius of the 6™ layer (m) [last one]

I: length of coil (m)



This coil has many advantages, first chocking the current to certain value for
gradual charging of the capacitor. The chocking of the current will induce
inductive voltage that will be rise to be doubled with second pulse cycle as

shown in figuer 2.6.
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Figure 2.6. Doubling voltage pulse due to multilayer air core coil.

The storage energy in the coil is U, = 1/2 LI*> which will be added to main
energy from the power supply U = 1/2 CV?pc + 1/2 LI% This amount of energy
will appears as (2V,).

Such coil consists of six layers each layer contains about 220 - 222 turn and
is isolated by electrical insulator . When resonant circuit shown in figure 2.7
works, the voltage reaches more than 20 kV between the layers of the coil.
The inductance of coil calculated from equation (2-4), according to the values

of its dimensions, is equal to 0.38 Henry.

The measured value by multimeter is 0.36 Henry. From values of capacitance
and inductance, the applicable frequency range is found to be equal to 6.6 kHz,
so that the trigger pulse frequency 2.2 kHz is suitable for operation. The coil is

made in our labrotary.



The parallel high voltage hold off diode connecting with capacitor is to ensure
no voltage goes inversely back to the power supply because the capacitor in the
resonant circuit is charged to more than the value of power supply voltage.
Also, in this circuit three capacitors of 0.5nF have been connected once in
parallel and once in series to obtaine different values of capacity (0.1, 0.25, 0.5,

1 and 1.5 nF) to study their effect on current waveform, rise time, and current
pulse shape [51,62].
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Figure 2.7: The main discharge circuit diagram



3. Analysis of the Electrical Circuit:
Figure 2.8 shows the two parts of charge and discharge circuit.

The charge part: Through LC- circuit the capacitor is charged through the coil

at resonant time within the range of required frequency and must be compatible

with the charging time where applicable [63]:

£=2mVLC  .coocevoieeee e (2-5)
where :
t : charging time (sec)
L :inductance of coil (H)
C : charging capacitor (nF)

Now, as L=0.36 H and C=1.5nF and f.x = 6.6 kHz, the average charging current
IS given by,

| = CV* g oveveeeeeneeeennns (2-6)

From the last equation for V = 18.5 kV, the current is within the range of power
supply (I ~ 0.2 A), the maximum power extracted from the power supply will be

less than 2kW, while our power supply designed for 5kW.

discharge circuit
H U, Trans former charging circuit H.U.Probe  1; cer nit
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Figure 2.8 The charge and discharge part circuit



The discharge part: From the LRC-circuit the time of discharge can be calculated

also from the equation (2-5), but in this time L will represent the inductance of
the Pseudo-spark discharge part including the inductance of the earthing wires in
to the ground. Its value is calculated from the anode voltage and current

waveform using the relation below [64,65]:

VxtrwHuMm
L —_ —
Ipeak

where V is the anode voltage, I,eax IS the peak current pulse and t is FWHM of the

current pulsed width. The reactance X, of the Pseudo-spark switch (PSS) is

easily found from the relation:

From the values of L and C we can find the time of discharge and the discharge

current from the equations (2-5) and (2-6).
2.5. Dummy Load and Shunt Resistor:

For our experiment we need two important apparatuses, dummy load for
discharging the current through and shunt resistor to measure the current pulse

through digital oscilloscope.

1-Dummy load: To determine the reactance of the Pseudo-spark switch and
that of earthing wire to the ground we use a non-inductive dummy load instead
of using conventional coil test circuit, this new technique gives us a good
approach to find the accurate value of the inductance for the PSS. In this work
our dummy load is made from char cool graphite material.

2- Shunt resistor: It is also called Current View Resistor (CVR). A shunt
resistor is a high precision device used to measure DC and AC currents in an
electrical circuit. Shunt resistors are used to measure high currents that would



potentially damage an ammeter or any device except precise or through

Rogowski coil.

2.6. The measurements and calculations of reactance and impedance of the

system:
1- With dummy load:

Inductive reactance X, is a measure of the obstruction of inductance to
current and it varies with the frequency of the electrical signal, it is measured in
ohms. The inductance L of the PSS has been calculated from equation (2-7) and it
is equal to 241 nH. The reactance of the PSS has been calculated from equation
(2-8), and it is X pssy = 3.3 mQ, which is very applicable to our high power

switch.

XL (total) = Xi(pss)T XL (dummy load) » XL(dummy load )= Z€r0 Where the dummy load is non-
inductive (L=0).

hence: XL (total) = XL(PSS) = 3.3mQ2.

Impedance (Z) is a measure of the overall opposition of a circuit to current, it

consists of two components reactance and pure resistance [66].

Z - \/ngotal + Xf(total) .................... (2'9)

where Ry 1S the resistance of the system which is equal to the sum of earth
resistance and dummy load resistance, Rita= Raummy 10ad +Reartn, @S Well as the
stray resistance due to wires and their connections, its value is very low and can
be neglected. The earth resistance has been measured by using earth tester
(KYORITSU-type, 4105A model) as shown in figure 2.9. Rgummy 10ad = 32 Q and



Rearth =3.97 Q, hence the Ry, = 35.97 Q. Therefore, we can easily find Z which is
equal to 35.97Q).

DIGITAL EARTH TESTER
MODEL 4105A

Pirani gauge

Figure 2.10 The system circuit with dummy load.

2- With air core coil:



Figure (2.11) shows the connection of an air core coil (L= 24uH, R=0.15 Q)
instead of the dummy load to determine L, R, X, and Z of the (PSS). From the
damping oscillation of the current waveform that was obtained during the

operation, the current equation can be written as [67]:

where Ip is the 1% peak value of the current pulse.
514A = 770A exp (-o. (0.8us) , or

a = 0.5x10° sec?, which represents the dumping factor.
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Figure 2.11: The system circuit with air core coil
w =27/,  since T=1lps then ®=6.28*10°sec™.

The inductance of the PSS is calculated from:



Hence: L =750 nH

and the PSS resistance is given by:

From above equation it is found that R = 0.75 Q. The reactance of the PSS can
be calculated from equation (2-8). Hence, X (pss) = 10.3 mQ and it is good for the

high power switch.

The total reactance of the system is:

XL otat) = Xi(pssyt Xieoity »and X coiny= 0.3 .
Hence,

XL (totaty = 0.310Q.

From equation (2-9), and in the same way as in dummy load calculations, we can
obtain the resistance of the system (Ry) Which is equal to the sum of earth

resistance, PSS-resistance and coil resistance:

Riota= Rpss + Reoil ¥Rearth = 0.75+0.15+3.97 = 4.72 Q. Therefore, we can easily
find Z which is equal to ~4.73 Q.

2.7. The Erosion of the Electrodes:

The erosion of the two electrodes depends on their material; the electrons which

can hit the edges of the holes can make erosion in the material if the kinetic



energy is higher than the work function of the material. The anode voltage
reaching around 30 KV can accelerate electrons, their energy is sufficient to make

erosion.

When the central hole diameter ranges between 3-5 mm this will lead to
change the cutoff voltage which cuts the current. This change will generate large
effect on jitter time. Hence, the choice of the electrode material has a great effect
on increasing the reliability of the switch and improving the voltage and current
pulse parameters [63]. In this work stain less steel was used as electrodes, which
seems to be good selection for high reliability characterized by withstanding
high temperatures and low erosion rate. The discharge current pulse width has a
significant effect on the electrode erosion. Due to the increases in pulse width,
the accumulation time of energy increases; this will raise the temperature of the
zone around the hole. Therefore, the erosion appears in the central hole of the

electrodes as shown in figure 2.12 (a) and (b), after 100 hr. operation.

®) (@)

Figure 2.12: The erosion of the two electrodes (a) cathode (b) anode

2.8. Construction of Shunt Resistor:

A shunt resistor is a high precision device used to measure DC and transient

current in an electrical circuit. Shunt resistors are used to measure high currents



that would potentially damage an ammeter. This could be a result of the
magnitude of the current passing through the circuit or the possibility of current
spikes [68]. A shunt resistor typically looks different from a normal resistor,
having two large terminals with one or more strips of metal connecting them. It
works by measuring the voltage drop across a known resistance value. If the
value of the shunt resistor is known, the potential across it can be measured via
the voltage probe then the pulse that will appear at the oscilloscope screen
represents the current pulse. Hence the current passing through the resistor will
be affected by the resistor value and the induced inductance that may appear
due to the resistor material itself. Moreover, not any small resistor can be used
as current view resistor (CVR) unless it has very low inductance. For instance
if the inductance of such a shunt resistor is in the range of 1nH, and the current
pule rise time is of about 100ps then the value of the reactance will be around
60Q, so the power dissipation will be very high, moreover, the high

inductance will distort the current pulse shape as well.

One of the major advantages of using such non-inductance resistor is the
fact that it doesn't have any effect on the pulse shape behavior and the current
rise time which are the most critical parameters. Such a high frequency circuit,
reaches more than 10 GHz, the existence of inductance will rise rapidly due to
rising frequency and then it affects the pulse shape. Moreover, it seems that the
peak current pulse and its rise time cannot be seen by any other tool or
measuring device without distortion, except the CVR of precise parameters
[69].

2.8.1. Design Considerations:

Several parameters are important to specify a shunt resistor. The resistance
value is given by the voltage drop at the maximum current rating. The

important parameters include the temperature coefficient of resistance and the


http://www.resistorguide.com/temperature-coefficient-of-resistance/

power rating. The power rating indicates the amount of electrical power that the
resistor can dissipate at a given ambient temperature without damaging or

changing the other resistor parameters [68,70].

Our design of shunt resistor is made of a large number of graphite rods
(pencil rods) which is a diamagnetic material, these rod are connected in
parallel with each other by using graphite paste on two stainless steel sheets of
each rod shielded by PVC sleeve to avoid contacting between the rods and to
keep them parallel as well. These sheets are fixed on a piece of wood as shown

in figure 2.13.

@1

Figure 2.13: Shunt resistor aesign.

It is important to choose the position of the shunt in the circuit. When the
circuit shares a common ground with the measurement device, often it is the
shunt is placed as close to the ground as possible. Other ways more wire
lengthening more inductance will rise in the high frequency, high voltage
circuit. This design of current shunt resistor seems more reliable and accurate
than other means of measurements duo to its precise and fixed parameters, the
longtime of operation as well as its simplicity (any one can build it in the
laboratory), and affordability. The resistance of one graphite rod is equal to r =1

Q), measured by using the voltmeter. By adding around 140 piece of these rods


http://www.resistorguide.com/fundamentals/resistor-characteristics/power-rating/

in parallel and connecting them together as shown in figure 3.1, the equivalent
resistance will be equal to R=7.142 mQ, which is a sufficient value for a shunt
resistor to detect peak current of few kilo amperes and a high voltage up to

few tenths of kilo volts without affecting other measuring devices such as

oscilloscope. The equivalent resistor can be calculated from equation:

The value of the shunt resistor has been measured by a simple electrical circuit
shown in figure 2.14. The current and the voltage applied by a high precision

electronic power supply have been measured using accurate multi-meter device.

By taking many measurements of current flow and voltage applied through the

shunt resistor, one can calculate the average value of R.

power supply

Figure 2.14: Simple electrical circuit to measure the
resistance of the shunt resistor.

2.8.2. Result and Discussion:

The peak current pulse and its rise time are greatly affected by stray reactance
of the resistors. Therefore the object of this design is to provide a non-inductive
resistor which is simple, cheap and reliable [71, 72]. Moreover, the simple
design of our CVR can withstand high current due to temperature stability, it

can be used for high frequency pulse lasers. From the relation between the



voltage and current we can find the resistance of the shunt as shown in figure
2.15:

25.00

20.00 —

V (mV)

¢ R=V/I=slope=8.267 m ohm

0.00

0.00 1.00 2.00 3.00

1 (A)

Fiagure 2.15: The value of CVR from I-V linear

From the above figure the value of Ry, is equal to 8.267mQ, it is seen that this
experimental value approaches theoretical value that is calculated from
equation (3-1) Reg= Rep= 7.142mQ. Also, Ry, is measured by LRC-meter
device and gives value equal 6.68 mQ. Moreover, it's obvious that the carbon
paste adds some additional resistance to the value of the carbon rods. The main
value of the shunt resistor is calculated by taking the average value of the three

above readings which is equal 7.363m{).
The shunt resistor was tested to measure high currents in two ways:

First, it was tested through the applying DC voltage up to 50 volts with 1=15 A,
then by using the relation P = IV it was found to afford high power (P = 750W).
After operated for many hours, it was found that the value of current and

voltage remains unchanged. This means that we have a current view resistant



(CVR) which is not affected by those parameters so, no change appears in its
internal temperature and the value of resistance remains constant. The power

dissipated through this resistor is about 1.6W by applying the equation:
Paisspated = I°R = (15)° X7.363mQ = 1.656 watt

This means that the dissipated power is very small if compared with the energy
afforded by the resistance.

Second, shunt resistor was tested at the system of pseudo spark plasma switch
to measure the current switch. It has been connected to measure the high
current pulses at voltages passing through it for more than six hours using a
high -voltage probe and digital storage oscilloscope. The current value of more
than (1.5 kA) has been measured using CVR without being affected by the
values of current and resistance and without raising temperature as shown in

figure below:
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Figure 2.16: The current pulse of peak 1.575 kA measured by shunt resistor



Our CVR used in the PSS experiment has withstood more than 3.5kV as will be
shown in chapter 4. We have designed and manufactured shunt resistance or the
so-called current view resistor CVR of a diamagnetic graphite material to
measure short rise time current pulse. Because the energy dissipated during the
resistor is very small, it doesn't have effect on its value at the passage of current
through it. Such a non-inductive resistance gives an excellent result for

measuring high currents without being affected.
2.9. Dummy Load Manufacturing:

Non inductive dummy load resistors are a must for bench testing in many
devices such as audio amplifiers, load speaker and most importantly in
switching mode device circuit testing i.e. Thyratron, spark gap, pseudo-spark

gap circuits and as tanner in antenna radar circuit as well [73,74].

The problem in such circuits is that they operate at high frequencies, thus any
tinny amount of inductance in the medium of the resistor can rapidly increase
the reactance that is created due to the inductance of the material. This problem
initiates the idea to find a reliable, non-inductive, high power and variable

resistor.

The design and construction is very simple and can be done in any laboratory if

the experimenter desires.
2.9.1. Design and Consideration:

In our design a 5kg activated carbon powder has been used, the grain size of the
powder ranged from (1-0.5) mm, a plastic pipe of 30 cm in diameter and 40 cm

in length has been used as a container for the powder.

Two discs of aluminum were manufactured as a plug to close the two ends of

the pipe tightly. Lower disc was pasted by using strong glue and the upper disc



plug of the plastic pipe container was screwed on the pipe to press the powder.
Hence changing the value of the resistance of carbon powder depends on more
pressing the powder to achieve minimum value of the dummy load resistance

as shown in figure 2.17.

Upper Aluminum disc

Electrical

terminal

pd

Carbon powder

Lower Aluimnum disc

Figure 2.17: The dummy load design

After filling the plastic pipe with carbon and closing it with a screw
aluminum disc to squeeze the activated carbon inside the pipe, a multi-meter

device has been used to measure the resistance of the dummy load.

Therefore, pressing at carbon more reduces the length of the carbon column
(20cm). Thus resistance decreases and vice versa, the dummy load resistance is

increased by releasing the press on the carbon column inside the plastic pipe.
2.9.2. Results and Discussion:

For certain carbon powder grain size, it is found the value of dummy load

resistance obeys the empirical formula, R & P™ where P is the pressure applied



by the Aluminum disc screw (see figure 2.18). The two aluminum discs of the

dummy load have been linked to the terminals with good electrical conductors.

48

Dummy load resistance (ohm)

28 30 32 34 36
Carbon column length (cm)

Figure 2.18: The dummy load resistance as a function of
carbon column length
From figure 3.6 the fitting linear relation y=a x + b gives the constant a which

represents the constant of an empirical formula R o P then this relation will

beR=19P"

Also, the resistance of the dummy load has been found by a simple electrical
circuit shown in figure 3.2, by measuring the voltage drop from the power

supply using a multi-meter, and then applying Ohm's law.

Many readings of current flow through the dummy load have been taken to
calculate the value of R for dummy load resistor. From plotting a graph
between the voltage and current as shown in figure 2.19 it is found the value of

Raummy 1S equal to 30.9 €, it is seen that this experimental value approaches



measuring value (Rgummy= 32.1€Q) using multi-meter device, concluding that
these two values are true.

1.00

dummy load resistance=slope=30.9 ohm
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Current (A)

0.40 —
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Figure 2.19: The value of resistance of the dummy load from
1-V linear relationship



Chapter Three

Results, Discussion and Conclusions




3. Results, Discussion and Conclusions:

3.1. Introduction:

As stated earlier, the primary objective of this work is to design and
construct pseudo spark switch (PSS) that has a scope for future improvement
depending on the requirements of the specific applications.

In order to reach the final objective stated above, a series of experiments
under different conditions have been done to operate PSS. To obtain a
desirable operation of PSS system, many parameters were measured such as:
breakdown voltage of used gas, trigger pulse shape, applied voltage to anode,
current waveform, and rise time (at different values of high voltage capacitor).
Also, the jitter time for the current peak to peak has been measured. All the
presented experimental results in the following sections represent multi-shots
mode. The current data is measured through shunt resistor. Both voltage and
current data are collected by an oscilloscope through a USB cable and recorded
by a computer.

Our results are compared with the results of the other pseudospark switches

designed by many researches.

3.2. The trigger pulse shape:

Data are acquired by a high speed oscilloscope with 300 MHz bandwidth, 2
GS/s sampling rate. With the aid of high power probe (Tektronix 1:1000
attenuation, 3 pF input capacitance, 20kV DC, 40 kV peak, 4 ns usable rise
time) one can measure the high voltage pulses easily. At low gas pressure, the
single electrons are not able to initiate the breakdown process in electrode
system. A considerable pre-breakdown electron flow is required for this

purpose. Hence a trigger unit which is placed in the cathode cavity, is needed to



provide a sufficient electrons flow into the main gap to ignite the main
discharging.

The positive square pulse produced from the master-slave 555-timer (explained
in chapter 2) is shown in figure 3.1 (a) and (b) with ~3psec in width, 2.2 kHz in
frequency, 13.7V and 0.75mA in current.
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Figure 3.1: Square trigger pulse (a) Graphical picture (b) Oscilloscope picture.



The above square pulse has been applied to the trigger transformer, and gives
pulse with positive and negative parts as shown in figure 3.2, the positive part
Is to ignite the main discharge. The negative part of the trigger pulse appears to
be very useful; it can be used as a negative biasing to cutoff the tail of the main
discharge current pulse. This leads to shorting the recovery time for the next

pulse. The output trigger pulse is ~1.623kV in peak and frequency of 2.2 kHz.
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Figure 3.2: Trigger pulse shape at the electrode (a) Graphical picture (b)
Oscilloscope picture.



In reference [75] the design of multi-gap pseudospark switch is triggered by
applying a ~4 kV positive voltage pulse to the wire (thin tungsten wire 0.25mm
in diameter) trigger electrode as shown in figure 3.3. Thin wire discharges have
been used for many years in diverse applications. But for very reliable plasma
generators a plug igniter is used in our design. Although the plasma density
generated by plug igniter discharges is somewhat limited due to the low
dissipation allowed by the plug, it is adequate to trigger the device with
reasonably short delay time. The switch closed at ~1ps, while our trigger pulse

closes the single-gap switch at ~3ps.
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Figure 3.3: Trigger voltage at the electrode [75]. de

Figure 3.4 shows the frequency of the trigger pulse (~2.2 kHz) and it represents
the reputation rate of PSS operation. It can be used as a criterion for the
classification of the switch mode operation whether it is single shot or multi-

shots. Our switch has been operated in multi-shots mode.
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Figure 3.4: Oscilloscope picture of repetition rate of PSS operation,.

3.3. The Breakdown Voltage of the Gas:

In order to obtain the operation region of PSS design, breakdown
characteristics of the switch are measured. A practical breakdown voltage of
Argon gas as a function of the pressure is shown in figure 3.5; it obeys the
Paschen's law for Argon gas. It is seen that the breakdown voltage of Ar
decreases with increasing the pressure values until reaching the minimum value
of the curve and p =1.2 mbar at Vyeax = 3 KV for charging capacitor C=1.5nF,
then the values of Vs InCrease with increasing the pressure values. For values
of p > (pP)min, €lectrons crossing the gap makes more frequent collisions with
gas molecules than at (p)min, but the energy gained between collisions is lower.
Hence, to maintain the desired ionization more voltage has to be applied. But,
for p < (p)min, €lectron may cross the gap without even making a collision or
making only less number of collisions. Hence, more voltage has to be applied
for breakdown to occur. Comparing it with the result published in reference
[42] shown in figure 3.6 one can say that our results are very comparable with
it.



From the breakdown characteristics of the switch, we select 0.3~ 1 mbar

operating pressure for safe hold off of 18.5 kV operating voltage.
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Figure 3.5: Breakdown characteristic of the PSS as a function of gas pressure.

Breakdown Voltage (KV)
|

a T T T T T T T T T T
30 40 50 B0 TD g0 ap

Pressure (Pascal)

Figure 3.6. Breakdown voltages of Argon gas [42].



In reference [42] the breakdown test is done at different pressures to find out a
suitable hold-off voltage for single stage PSS and it was found to be 25 kV
breakdown voltage at 30 Pascal (1mbar=100Pa).

3.4. Pseudo Spark Switch Characteristic:
3.4.1. Anode Voltage Waveform:

Figure 3.7 shows the anode voltage waveform resulting from the operation
of pseudospark switch, as described in chapter two, under pressure of 0.4mbar.
During the increase in voltage applied to the anode electrode of the PSS until
reach in 8.5kV and due to the multi-layer air core coil, the applied voltage has
been doubled reaching nearly 18.5kV. The high voltage capacitor (0.125nF) is
charging continuously until the electric field strength between anode and
cathode is high enough to reach the “breakdown” value at the given pressure,
then the conducting plasma discharge forms between anode and cathode.
Charge is carried through the plasma until the energy storage by the capacitors
Is drained, at which point the plasma discharge appeatrs.

Since, the value of capacitor is very small, the inductance of the system
has been dominated in the RLC discharge circuit (as mentioned in chapter two).
This case will convert the discharge circuit to oscillation mode and a negative
current will appear due to the negative impedance of the system. As a result
voltages backward contribution, due to the passage of the current in the system
across the discharge chamber, will inversely charge the capacitor with voltage
raising to more than 1.6 times the charging voltage, hence the anode voltage
reaches nearly 29.2kV.

By comparing the result with that of reference [75] who described the design,
construction and preliminary operation of an advanced multi-gap Pseudospark

switch under single mode of operation shown in figure 3.8.
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Figure 3.7: Oscilloscope picture of anode voltage, 10kV/div with 200us/div
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Figure 3.8: Anoade voltage showing the voltage rises
to 1.5 times the charging voltage [75].

It is found pseudo spark discharge has many unique properties. It is a pulsed
gas discharge that can obtain tens to hundreds of kV voltage and kA discharge
current during total time of discharge of tens to hundreds ns, and several ns rise
time. The physical volume of pseudospark device, including the discharge gap
and hollow cathode, is few tens of cm®. These characteristics make it suitable
for a variety of applications, including high power switches and high energy e-
beam sources. Most of the reported applications, especially the switch

applications and laser oscillation, require the knowledge of time-dependent



characteristics of the discharge formation and development, which reveals a
number of complex phenomena that are explained in chapter one. The temporal
development of a pseudospark discharge can be separated into four different
phases. The voltage-current characteristic that is built-up of the highly
conductive plasma of the discharge is of great interest because that part of the
discharge is most closely associated with its applicability in a pulsed power
system.

The experimental data on discharge voltage which illustrate the principle
of pseudospark operation are shown in figure 3.9, with 8.5kV applied voltage
and 0.4 mbar Argon gas pressure. The main electrodes gap d =5 mm is formed

by two the electrodes with a diameter of central bore hole D =3 mm.
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Figure 3.9: Anode voltage waveform of PSS.
In figure 3.9 phase | represent the maximum charging voltage value of the
capacitor through the chock coil. The end of the time should be larger than the

time of frequency domain. It is seen the stability of anode voltage and total



plasma vanish in the relaxation time. Because of excess space charge of the

positive ions, a potential hump region appears near the anode.

A quasi-steady phase Il is established, this phase is associated with a hollow-
cathode dense glow discharge and represents the time between the igniter
which is made by trigger plug through the gas in the hollow cathode and the
appearance of the main discharge; it is named the delay time which depends on
many parameters such as the type and pressure of gas and the values of the
voltage/ current of trigger pulse. Normally, it doesn't exceed 40 ns. In our work

it is about 11ns as shown in figure 3.14 later.

The phase Il transits to phase Il that is called bore-hole phase. The electrons
released from the hollow cathode region generated by the particle impact
depending on the trigger type cause a strong avalanche growth in the cathode
backspace and accelerated into the gap between anode and cathode. It
represents the time of current rise from 10% to 90% and it should be minimum
value, in our work we have reached less than 13 ns. Then dense plasma
emerges at the center path in the inter gap region.

Phase VI represents the time domain of current pass through the PSS. Phase VI
is the relaxation plasma time where recharging of the capacitor should be
started. It is seen that the voltage waveform doesn't have noisy characteristic

compared to the other plasma switches as shown in figure 3.10 [45, 77].
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Figure 3.10: Current and voltage waveform illustrating the different "€
temporal stages of discharge development [45].

3.4.2 Conduction Current Waveform of PSS:

Figure 3.11 shows the voltage, current and power waveforms under 0.4
mbar Argon gas pressure, it is seen that the peak current reaches, 3.6kA, with
rise time 11 ns when the dc voltage is about 29.2kV. The current rate dl/dt is
about 2*10™ A/sec, for 0.125nF discharge capacitor used. Also, the power curve

has 75 MW in first peak and ~23 MW in second peak, the last one is due to the

two negative peaks of current and anode voltage.

The time duration between 75 ns and 100 ns is the main discharge starting from
increase in discharge current. After the voltage breakdown, the current and the
voltage signals show damped oscillations, which is the typical characteristic of

self-sustained pulsed gas discharges initiated from a hollow cathode discharge

(HCD) [78].
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Figure 3.11: Voltage and current waveform of pseudo-spark switch.

In figure 3.11, Phase | is a slow current increasing phase and phase Il is the fast
high current build-up phase. These two different phases can be more clearly
presented by time-dependent dI(t)/dt illustrated in figure 3.12. As shown in
Figure 3.12, starting from 60 ns, the dI(t)/dt has a comparatively slow and flat
current rising rate until 80 ns, from 0.425x10° A/sec to 2x10° A/sec within 20
ns. After that the temporal current rising rate keeps a fast increasing trend on
the rising edge of the discharge current until reaching a maximum, increasing
from 3.1x10° A/sec to 3.62x10"° A/sec in 18 ns.
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Figure 3.12: Discharge current and time-dependent dI(t)/d(t).

Compared with results of reference [42], shown in figure 3.13 which shows
design of pseudo spark switch with single gap for 25 kV hold off voltages and 5
KA peak currents respectively, our results are better than the results of ref.[42]
because the resulting current pulse width is 40 ns, while in figure 3.13 the

pulse width is about 1.5 ps. Moreover, the current rise time of our pulse is 11ns

as shown in figure 4.14, and the current rise time of ref.[42] is ~0.6 ps.

Discharg Current (kA)



Figure 3.13: Switch characteristic at 23kV & 7kA [Green : ChZ2,
2KA/dlv. Current : Yellow:Chl1, 10kV/div, Voltage][42].
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Figure 3.14: Switching characteristics of our results at 29.2 kV & 3.6 kA [Yellow: Ch-2,
750A/div, Current, Blue: Ch-1, 10kV/div, Voltage].

It is important to make a systematic comparison between the experimental data
on the pseudo spark switch characteristics under different conditions of
operation. Thus, one has to choose the gas pressure and charging capacitor

values that would be an excellent comparison for PSS operation from the high



power switch point of view. Table 3.1 shows the characteristics of pseudo spark

switch under different conditions.

Table 3.1: The pseudo spark switch characteristics under
different conditions of operation.

Applied Gas C=0.125 C=0.25 C=0.5 c=1 C=15
Voltages | Pressure (nF) (nF) (nF) (nF) (nF)
(kV) (mbar)
Anode Peak Anode Peak Anode Peak Anode Peak Anode Peak
voltage | Current J| voltage | Current J| voltage | Current j| voltage | Current J| voltage | Current
(kv) (kA) (kv) (kA) (kv) (kA) (kv) (kA) (kv) (kA)
4.5 1 125 | 1.78 10 1.5 8 10471) 6.5 0.8 5.3 |0.314
6.5 09 (185 | 24 17 2 16 | 143 || 12 1.2 | 10.5 | 1.02
7.5 0.6 26 3 21 24 |1 185 | 1.88 || 15 14501135 | 1.2
8.5 0.4 29 3.6 25 3.2 22 26 || 185 | 1.8 16 1.5
9.5 0.3 _ ~ ~ ~ 25 | 32 |[215] 2.1 || 185 | 1.85

Figure 3.15 (a) and (b) shows the voltage/current waveform under 0.4mbar

Argon gas pressure, 0.5 nF high voltage capacitor and 8.5 kV dc applied

voltage. It is seen that, for capacitor used greater than 0.125nF such as 0.5nF in

figure 3.15, the negative current peak will decrease, with increasing the positive

full width half maximum current pulse (FWHM) (~85ns), this is due to the long

time of discharging for high capacitor value.
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Figure 3.15: Switching Characteristics at 22 kV & 2.6 kA. (a) Graphical picture (b)
Oscilloscope picture [Yellow: Ch-2, 1kA/div, Current; Blue: Ch-1, 6.5kV/div, Voltage].



3.5. Current Pulse Parameters:

3.5.1 The Rise Time:

The current rise time is measured as the time difference between a specified
low value and a specified high value (10% -90%) i.e. between the voltage drop
and the maximum peak current. Shorter current rise time is a desirable
parameter in a switch operation. The rise time results of different anode
voltages are plotted at various values of charging capacitor (0.125, 0.25, 0.5, 1

and 1.5) nF as shown in Figure 3.16.
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Figure 4.16: The current rise time as a function of anode voltages at different values

of capacitor.

From figure 4.16 shows that the current rise time decreases as anode voltage
increases for all values of the capacitors, and it is inversely proportional with
charging voltages. Our new design of PSS record a very short rise time 11 ns
for 29kV discharge voltage for 0.125 nF capacitor. The high current rise
time~100ns has been recorded at 5.3kV discharging voltage for 1.5 nF
capacitor.



With the aid of current shunt resistor or (CVR) as mentioned in chapter three,
the discharge current has been measured at different values of capacitor. The
current rise time is plotted as a function of peak current at different values of

capacitance as shown in figure 4.17.
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Figure 3.17: The current rise time as a function of peak current at different values of

capacitor.

Figure 3.17 shows the current rise time decreases as the peak current
increases at various values of capacitance. Also it is seen that at C=
0.125, 0.25 and 0.5 nF, the curves of the rise time are overlapping and
approximately have values smaller than the rise time values at C =1land
1.5 nF. This means that the smaller capacitor value gives shorter rise time and

pulsed width at the same value of applied voltage.



The behavior of the current rise time at different values of capacitance with

constant charging voltage 25 kV is shown in figure 3.18 under 0.3 mbar gas
pressure.
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Figure 3.18: The current rise time at different capacitance values with constant

charging voltage.

The increase in capacitor values for constant charging voltage, increase the
current rise time and vice versa.

3.5.2. The Effect of Capacitor Values:

The 1-V characteristics of PSS operation have been considered. Figure 3.19

shows the discharge current as a function of the anode voltage at various values
of capacitor.
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Figure 3.19: I-V characteristics of PSS at various values of charging capacitor.

Discharge current is found to be increasing with respect to anode charging
voltage irrespective of the value of capacitance. At low values of charging
capacitor (0.125, 0.25, 0.5) nF, the voltages have maximum values of more
than 25 kV with maximum current of more than 3kA, and minimum values >
7.5 kV with minimum current > 1kA. While the maximum values of voltages
are < 20 kV for capacitor of values (1, 1.5) nF in spite of similar applied
voltages to all values of capacitance. This is because the excess charging

voltage returns to low capacitors, causing the additional anode voltage up to
25kV.

Reference [44] designed and developed the pseudo spark switch to generate
electron beam. Their results of |-V characteristic behavior are similar to our
results as show in figure 3.20:
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Figure 3.20: -V characteristics of PSS [44]. §

The effect of charging capacitor on the discharge current is shown in figure
3.21. It is seen that the current decreases with respect to capacitance value at

constant applied voltage. This is due to the over voltage values that come from
the chocking current in system circuit.
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Figure 3.21: The current as a function of charging capacitor at a constant applied voltage



3.5.3. Jitter Time:

Jitter time is generally defined as any timing displacement (or error)
referenced to the timing of an ideal signal. In other words, it is a signal
associated with conventional waveform signal. In statistics based classification
jitter time is split into two big categories: one is the deterministic jitter (DJ),
and the other is the random jitter (RJ) [79]. From figure 3.22, one can measure
DJ and RJ, (DJ= W, - 1) and (RJ= (0, —0,)/2) the o is the values of the far left o
and far right o, Gaussian tails may and may not be the same. The total RJ value
should be the average of these two, and DJ is the distance between two peaks of

far left p, and far right p, Gaussian tails.

Events
Z
El
=
&
3
8

Jitter

Figure 3.22: Jitter time measuring of two pulses [79].

Two pulses of current under the same condition have been recorded with
constant pressure 1lmbar, applied voltage 4.5kV and charging capacitor
0.125nF. The deterministic jitter time (DJ), and the random jitter time (RJ) have
been measured for these two pulses as shown in figure 3.23, it is found that
DJ=%10 ns and RJ=+ 30 ns.



Whenever the jitter time of the pulse current is small, pulse shape has the best
specifications and is desirable.
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Figure 3.23: Current pulse shape at pressure gas 1mbar, anode voltage 12.5kV&

charging capacitance 0.125nF.

3.5.4. The Inductance of the PSS:

The inductance of the pseudospark switch has been calculated from equation
(2-7) with the aid current pulse produced for PSS operation with dummy load

connection as seen in figure 2.11, Lpss= 241 nH.

Also, the inductance of the PSS is measured with air core coil connection as
seen in figure 2.12. With the aid of equations in chapter two and the data on the
current pulse shape show in figure 3.24, such as peak current of 1% pulse,
frequency and the time between the two successive pulses, the inductance of

the PSS has been measured and it was found equal to 750 nH.



Figure 3.24: Damping oscillation of current pulse due to air core coil connection.

3.6. Conclusions:

1. The new single-gap pseudo spark switch that is designed and fabricated
as a high voltage, high current switch, gives a good results in terms of
the current rise time and jitter time compared with that of other
researches.

2. The appropriate operating pressure range of the switch that is 3 mm main
gap is found to be ~ (0.3- 1 mbar) with Argon gas. This result shows that
it follows Paschen's law, and the breakdown voltage is independent of
the type of material, it depends on the type and pressure of the gas as
well as the geometrical design of the chamber.

3. A new design of trigger circuit gives a typical trigger pulse with positive
and negative parts. The negative part has a great effect on reducing the
recovery time of plasma; it helps to cut off the unwanted current tail for
the main discharge which will increase the ability of the device to work

at higher repetition rate.



4. A non-inductive shunt resistor that as made in our laboratory gives an
excellent result for measuring high currents without being affected.

5. The reliability of the work depends on the steadfastness of the insulating
material in front of the high voltages; hence, we must use an insulating
material with a high breakdown voltage. Also, reliable long life operation
IS expected to be made possible by the elimination of overvoltage

breakdown across the anode.

3.7. Suggestions for Future Work:

The following topics are put forward for future investigations within the

framework of the present research:

1- Future studies aim to improve the performance of the pseudospark switch
with respect to generation of short rise time (< 1 ns) high quality current
pulses for different gases such as H,, He and also coupling gases.

2- Future experiments should be made in which the pseudospark switch
generates high current to be used to generate electron, ion beams and
microwaves.

3- Modulating the system to multi-gap pseudo spark switch for high-current
pulses of up to 30 KA.

4- Pseudospark Switch can be used for running a copper-vapor laser instead
of thyratron and also for running nitrogen laser instead of spark-gap

switch.
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