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PREFACE

Non-equilibrium atmospheric pressure plasma jets (APPJs) are of intense
interest in current low-temperature plasma research because of their
immense potential for material processing and biomedical applications.
The plasma jets generate plasma plumes in open space while providing a
significant number of active species, such as radicals, electrons, and ions.
Thus, they can be used for direct treatment of materials or living tissues.
One of the prerequisites to the biomedical applications is that the plume
should be near room temperature and carry a low current under moderate
voltage. Depending on the jet configuration and the electrical excitation,
the plasma characteristics including heat, charged particle, electric field,
and chemically active species may differ significantly. Other important
parameters of importance in these studies are the kind of utilized working
gas and gas flow rate.

Physically, the breakdown mechanism of APPJs depends strongly on the
electron multiplication, which controls the transition from Townsend
breakdown to streamer breakdown and finally to glow discharge region.
The mobility of charged species in the electric field depend on the gas
properties, the gas type determines the electron multiplication and the
breakdown mechanism as well as the discharge mode. In addition,
different working gases produce different plasma species resulting in
different interactions with the targets.

In this research work, the electrical characterization of DBD based APPJ
has been done for three electrode arrangements namely, ring electrode, pin
electrode and floating helix electrode configurations. In this set of
experiments the influence of electrical parameters such as supply voltage
and supply frequency on the peak discharge current, power consumed in
the plasma and jet length have been analyzed. The results help in
optimizing the power consumption in the discharge with longer jet lengths.

From the results of the electrical characterization of these above
mentioned electrode configurations, the optimum operating ranges have
been established which may help in generation of plasma jet without
arcing and without any physical damage to the tube, which could occur
due to excessive thermal heat dissipation. The developed cold APPJ of
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greater lengths may be useful for different biological or other
technological applications

Both simulation and experimental results of the developed dielectric
barrier discharge based Argon plasma jet in ring electrode configuration
shows that the plasma parameters (i.e., electron density, electron
temperature, electrical potential) increase with increase in supply
frequency and supply voltage under static gas condition and with flow of
Argon gas. The values of electron density, electron temperature and
electric potential by varying the applied supply voltage and frequency
have been calculated using the simulation module and results clearly
indicate that discharge is progressing in the glow discharge region (see
Fig.4.6, 4.9 & 4.12) for both cases of static discharge condition and with
flow of Argon gas. However at all supply frequency and applied voltages,
the electron density and electron temperature values are lower under
flowing Argon gas conditions due to the lesser availability of electrons
compared to the static gas conditions. From our experimental results of
ring electrode it is observed at combinations of higher supply voltages and
frequency the power consumed reaches a highest value of 1.27 W at 5.5
kV, 25 kHz, with peak discharge current of 144 mA. It is also found from
experimental results that for an average power consumption of 0.5W- 0.9
W the tube should be operated between optimum range of 3.5-4.5 kV &
15-20 kHz. It is further observed the power is lost in heating of dielectric
material & heating of Argon gas atoms beyond a supply voltage of 5.5 kV
irrespective of supply frequency.

Both simulation and experimental results of the developed dielectric
barrier discharge based argon plasma jet in pin electrode configuration
shows that the plasma parameters (i.e., electron density, electron
temperature, electrical potential) increase with increase in frequency and
supply voltage for both static condition and with flow of Argon gas. Our
experimental results support this fact. It is also observed that at all supply
frequencies (10-25 kHz) there is peak consumption of power, occurring
for applied voltage between 5.5-6.5 kV. This fact is supported by the
increase in peak discharge current value from 232 mA at 5.5 kV to 416
mA at 6.5 kV. Hence at combinations of higher supply voltages and
frequency the power consumed reaches a highest value of 1.06 W at 6.5
kV, 25 kHz, which could occur due to multiple streamer formation. As a
consequence the supplied power is lost in thermal dissipation of the
dielectric tube leading to heating. It is concluded that for this kind of cold
plasma jet generation with an average power consumption and peak
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discharge current value of ~ 0.65 W and 232 mA, the device should be
operated between optimum range of 4.5-5.5 kV and 15-25 kHz.

From the comparative analysis of the results of the floating helix and
floating end ring electrode experiments with Ar/He/Ar+N, gases, it is
clearly seen that the maximum power consumed by this helix electrode
configuration with end ring is 19 W for (Ar+N,) mixture as compared to
only few mW for Argon or Helium gas (With end ring). This may be
attributed to lower breakdown voltage of Ar/He in comparison to
molecular gas N, which needs higher input energy for dissociation of
nitrogen molecule to nitrogen atoms. It has been experimentally observed
that for this kind of cold plasma jet (Ar+N,) generation, average power
consumed is~ 6.5 W with peak discharge current value of ~ 1 A. The
optimum range of operation of such a device is 7.5-8.5 kV at applied
frequency of 15-25 kHz. Since the current is in the range of Ampere so
this Ar+N, based plasma can be used for surface modification applications
and not for biomedical applications as it could damage the living tissue.

Besides the V-I characteristics of these different electrode configurations
for DBD based APPJ, jet lengths have been studied as a function of supply
voltage, supply frequency and quartz sleeve put at the end of quartz tube.
The jet length has been studied for both with sleeve and without sleeve. It
has been observed that floating helix electrode configuration operating
with helium consumes least power around few mW and may be a potential
device for biological applications. The jet generated using mixture of Ar +
N, shall be rich in excited active species and may be a useful device for
surface cleaning and modifications.

The jet length has been studied for both with sleeve and without sleeve for
pin electrode and ring electrode. The maximum jet length obtained for ring
electrode and pin electrode configurations with quartz sleeve are 29 mm
and 26 mm respectively. In floating helix electrode configuration,
maximum jet length of 42 mm has been obtained for Helium gas (With
end ring) at 6 kV/25 kHz due to penning ionization process in comparison
to jet lengths of only 32 mm for Argon gas (With end ring) and jet length
of only 26 mm for Ar+N, mixture (With end ring) for the same applied
conditions.

The presented analysis in this book may help in establishing optimum
range of operation for a cold plasma jet without arcing and without any
physical damage to the electrodes. Furthermore, experimental results
establish the significance of type of working gas on the power
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consumption as well as on the jet length obtained. These developed cold
DBD based APPJ’s of larger lengths may be useful to diverse biological
applications and surface treatments.

In this research work, a novel electrode design of double floating electrode
helix electrode configuration has helped in reducing the power
consumption in the range of mW instead of Watts. The jet length has also
been enhanced using this novel double floating electrode configuration.
The practical applications of the developed floating electrode DBD with
longer jet lengths and lower power operations may be realized for the
direct plasma treatment on skin and other suitable biomedical applications.
The mixed gas APPJ may be useful for surface cleaning and modification
and other technological applications.






CHAPTER ONE

INTRODUCTION

1.1 Introduction

The term plasma is used to express a wide variety of macroscopically
neutral substances that contain free electrons and ionized atoms or
molecules, which demonstrate collective behavior due to long-range
coulomb forces. Not all media with charged particles can be termed as
plasmas.

1.2 Plasma

Plasma is a state of matter consisting of a mixture of positively- and
negatively-charged particles, neutral particles and the excited state of
atoms and molecules. Owing to self-generated electric fields plasmas are
quasi-neutral, so that the positive and negative charge densities are almost
the same, except over a small characteristic length scale (the Debye
length). Plasma occurs naturally or can be produced artificially in a
laboratory by the application of an electric field to gas and by the process
of electron impact, and gas breakdown may occur leading to plasma
formation [1, 2]. Plasma is an ionized gas. Ionized implies that at least one
electron is free and not bound to an atom or molecule, thus changing the
molecules or atoms into positively charged ions. First and foremost, the
condition of Debye’s sphere has to be satisfied which determines the
quasi-neutrality state. The free electrical charges like electrons and ions
make plasma electrically conductive (this electrical conductivity is
sometimes greater than that of copper or gold), respond strongly to
electromagnetic fields and are very interactive internally. This is because
plasma becomes a very intriguing area from both a physical and chemical
perspective. As the temperature starts increasing, molecules start to
acquire more energy that results in matter transformation. All types of
ionized gas should not be termed as plasma (there is inherently some
minor degree of ionization in any gas). lonized gas is frequently termed as
plasma once it is electrically neutral in large volume (the electron density
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is counterbalanced by positive ions) and comprises a large number of the
electrically charged particles, necessary to collectively impact its electrical
properties and behavior. A source of energy is essential to remove
electrons from atoms to create a plasma. Various origins of this energy
could be electrical, light (intense visible light from a laser or nuclear
fission, ultraviolet light), or thermal. Plasma can be augmented and
directed by magnetic and electric fields that permit it to be applied and
controlled. Without sufficient sustaining power, the plasma would
recombine into neutral gas. Plasma can also be successfully created in
laboratories. These technological plasmas are chiefly produced by passing
electrical current into a gas. They are divided into two main groups:
thermal and non-thermal plasma. As in gas, the plasma temperature is also
defined by the average kinetic energy of the charged or neutral particle,
atom, or molecule. Hence plasma, as a multicomponent system, possesses
the ability to appear at multiple temperatures. In electric discharges that
are utilized for plasma generation in the laboratories, energy acquired from
the electric field is initially accumulated by electrons between collisions.
This energy is then transmitted via other collisions from the electrons to
the heavy particles, resulting in the loss of part of their energy. As the
electrons are considerably lighter than the heavy particles, they lose only a
minor part of their energy (Joule heating). This is essentially the reason
that electron temperature in plasma is at the beginning higher than heavy
particle temperature [1, 2].

1.3 Types of Gaseous Discharges

The electrical discharges could be performed in various gases with a very
extensive range of gas pressure where currents can reach up to 10° A. The
discharge current may alternate at high/low frequency, with the steady-
state having a shorter duration. A typical V-I characteristic of electrical
discharge is depicted in Fig. 1.1. The characteristics of discharge can be
listed with respect to the appearance and mechanism of ionization as listed
below:

(1) Townsend or dark discharge;
(2) Glow discharge;

(3) Abnormal glow discharge; and
(4) Arc discharge.

The spark and corona discharge will also be discussed here.
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1.3.1 Townsend Discharge

The Townsend discharge is generally referred to as a non-self-sustained
discharge as it is identified by its low current (I <I0® A). It is an invisible
discharge as the excited species density which produces visible light is
little. As it is regarded as a discharge which is non-self-sustaining, it needs
an external ionizing agent (high temperature/radiation) to create electrons
in the gas or from the cathode.
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Fig. 1.1 V-I characteristics of an electric discharge [2]

If the Townsend discharge current is increased by an increase in the
voltage of supply or by reducing the resistance, the current would rise
rapidly by several orders within some time. This point of breakdown relies
on the pressure of the gas, the gas type, and the distance between the
electrodes. Once breakdown is initiated, the discharge will acquire the
appearance of glow/arc-based gas conditions and the circuit.

1.3.2 Glow Discharge

As this type of gas discharge is associated with large brightness which is
due to the visible light emitted as a result of excitation collisions of
electrons with sufficient energy, hence it is often referred to as glow
discharge. Further, the ionization process plays a pivotal role in balancing
the loss of ions from a glow discharge in an equilibrium condition with an
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equivalent gain of the same. Generally, glow discharge is initiated between
2 cold plane metal electrodes in a cylindrically shaped vessel of a few tens
of millimeter radius that is filled with gas at a pressure of 0.1-1 mb. The
visible light and the 1 mA current, produced from the discharge are spread
throughout the tube length as shown in Fig. 1.2 (a). At high pressures
>100 mb the cathode glow and the Aston dark space are not seen clearly.
When the pressure reduces, the Faraday dark space and the negative glow
spread out at the cost of the positive column which could vanish entirely.
Glow discharges find their application in lighting devices such as
fluorescent lamps, neon lights, and plasma televisions. Detailed
examination of this glow with spectroscopy can divulge data about the
atomic interactions happening in the gas, thus glow discharges find their
application in both analytical chemistry and plasma physics. Glow
discharges are also implemented in sputtering (a surface treatment
method).
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Fig. 1.2 Normal glow discharge [2]
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For a gas pressure of more than 0.1 mb, it is observed that the negative
regions diminish in the direction of the cathode. For pressure greater
than100 mb, only the Faraday dark space is seen visibly. It is observed that
the positive column most often occupies the gap that remains, but
contraction happens in radial directions at high pressure. If the separation
distances in-between the electrodes reduce, then the positive column
would reduce in the same proportion without impacting the variation in
size of the other zones. The voltage distribution of the glow discharge is
depicted in Fig. 1.2(c). The voltage does not change in a linear fashion
with the distance from the electrodes as a result of the space-charge effect
(Fig. 1.2 (e)). The discharge voltage primarily consists of; V. = voltage of
cathode fall, V, = anode fall voltage, and V,, = voltage drop in the positive
column. The cathode fall voltage is high and varies from 100 V up to 450
V, which signifies that an electric field is high through this region as
depicted in Fig. 1.2 (d). The voltage of the positive column changes
linearly with respect to its length and hence, the electric field is almost
constant along its length. The anode fall voltage is dependent on the gas
type and it is the same as the first ionization potential of the gas. The
current of this discharge type is primarily electronic instead of being ionic
because of the higher mobility that electrons possess. The net charge
density and the current density all along the discharge are seen in Figs. 1.2
(e) and (f). The conduction process occurring in a glow discharge and its
distribution of the net charge density, emitted light, voltage, and current
density have been broadly described. A glow discharge is predominantly
generated at low pressure, but it is known that it can be sustained at high
pressure up to atmospheric pressure. The discharge in this pressure range
is typically referred to as high-pressure glow discharge.

1.3.3 Abnormal Glow Discharge

As the value of current rises in a low-pressure DC electrical discharge
tube, then voltage rises gradually near the normal glow region; however,
as it goes near point G on the V-I characteristics as shown in Fig. 1.1,
voltage increases quickly. This increase happens as the plasma entirely
covers the cathode surface. The single way to raise the total current is to
let more current flow through the cathode region by raising its voltage,
causing a departure away from the Paschen minimum in the region of the
cathode. Aside from being extremely luminous, the abnormal glow
discharge is very similar to the normal glow discharge, but at times the
structures near the cathode combine jointly to give a greater/less uniform
luminous intensity all along the complete discharge between the anode and
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cathode. With the increase of current and voltage, the cathode current
density also increases, eventually to a condition where cathode surface
heating leads to incandescence. Under the condition of the cathode heating
up and being hot enough for the emission of electrons thermionically,
discharge will proceed towards the arc regime, provided the power supply
has low internal impedance.

1.3.4 Arc Discharge

The three distinctive characteristic features of an arc discharge which are
not seen in other forms of discharge are low cathode fall, high luminosity,
and relatively high current density. The arc discharge is a self-sustaining
discharge, it has a comparatively small cathode potential of nearly 10 V,
comparable to the ionization or excitation potential of atoms. This
characteristic differentiates the arc discharge from the glow discharge,
where the cathode fall is approximately 100 V. The small cathode fall
region is resultant of mechanisms of cathode emission that differ from
those in the glow discharge. These mechanisms possess the capacity to
deliver a larger electron current from the cathode, nearly equal to the total
discharge current. This aspect removes the necessity of a significant
augmentation of the electron current, whose function is accomplished by
the high cathode fall in glow discharges. An arc cathode releases electrons
predominantly due to thermionic emission, although some electrons may
also be released as field electrons depending on the material of the
electrode. The arc discharge is indicated by large currents of 1 to 10° A,
higher than the current in a glow discharge of 10 to 10" A. The cathode
current density in arc discharge is considerably greater than that of glow
discharges. It may be 100 Amp/cm” and can go up to some tens of 10°
Amp/cm’. Arc cathodes collect a large amount of energy from the current
and attain high temperature, either just locally or over the entire cathode
area typically for short intervals of time. The cathode may be affected by
vaporization. The emission spectrum of the cathode region in a glow
discharge overlaps with the spectrum of the gas which the discharge burns,
but on the other hand, the arc spectra depict the lines of vapor of the
electrode material. The brightness of the arc column is very high compared
to other modes of discharge and is utilized in the illumination field.

1.3.5 Spark Discharge

A spark discharge occurs at a voltage higher than the threshold breakdown
level at atmospheric pressure and above. The discharge phenomenon is a
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swift transitory process such as lightning on a giant scale. Miniature
lightning is something like a spark in a laboratory. A streamer progresses
at high voltage towards the electrode and forms a conducting pathway
between the electrodes. If the current is low, conductivity will decrease. If
there is high current it will cause thermal heating of gas, reduce its density
and further increase its conductivity. The growth of the current depends on
the type of pulse power circuit used. The current can be many orders of
magnitude higher than the corona. This kind of discharge is termed the
spark discharge. The main dissimilarity between the streamer and the
spark is that the plasma of the spark travels towards the thermal plasma,
whereas in the streamer channel the gas remains nearly at room
temperature. Short discharges produce a spark, which actually stops before
they are resolved into arcs. The sparks tend to expand from the high field
strength points, i.e. tips. Sparking destroys such tips. If the energy of the
sparks is inadequate, the plasma resistivity will surround the tips and the
conditioning of the gap is achieved. The violent spark will destroy the high
field strength site or even destroy the electrodes [1].

1.3.6 Corona Discharge

When there is a uniform electric field, a steady rise in voltage across a gap
results in the breakdown of the gap in the form of a spark without
preliminary discharge. However, when the field is non-uniform, a surge in
voltage will instantaneously result in a localized discharge in the gas to
appear at points with the concentrated electric field intensity. This type of
discharge is termed as corona discharge. A corona is a distinctive
phenomenon of Townsend dark discharge. The characteristics of corona
discharges are faintly luminous, transitory, and audible. A corona
discharge happens in the high electric field region near edges and sharp
points. Corona discharges are present in numerous forms that are
dependent on the electrode’s geometrical configurations and polarity of
the field. The electrode polarity where the electric field is high indicates
two types of corona: the positive corona (the high electric field region is
situated around the anode) and the negative corona (the high electric field
is focused around the cathode). The ionization in the negative corona is
triggered by multiple avalanches which do not arise in the case of the
positive corona as the electric field at the cathode is principally too low. It
indicates that here the ionization processes are connected to the
development of so-called positive streamers. The electric field is sharply
non-uniform. The field near one or both electrodes has to be much higher
than the rest of the gas. This phenomenon happens close to edges, sharp
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points or small diameter wires that turn into a low power plasma source. In
the corona, the electron temperature is normally about 1 eV and the gas
temperature is near to room temperature. These kinds of devices are
mainly implemented to provide sufficient adhesion in the treatment of
polymer materials.

1.4 Plasma Classification

Plasma is a more or less ionized gas. It is regarded as the fourth state of
matter excluding, liquid, solid and gas. In reality, more than 99 per cent of
existing matter of the present cosmos is in the plasma state. From a
macroscopic viewpoint, plasma is considered to be electrically neutral.
Nevertheless, plasma is observed to be conductive electrically and it
contains numerous free charge carriers. Two important parameters for the
classification of plasma are electron density and electron temperature (see
Fig. 1.3). Generally, plasmas are divided into two categories;

% 3

Eleciron Temparature (o)
3

Fig. 1.3 Plasma classification [1]

plasma in thermal equilibrium (thermal plasma) and plasma in non-
thermal equilibrium (cold plasma). In thermal plasma, chemical reactions
and transitions are dominated by collisions. Furthermore, collision
processes are micro-reversible in the case of thermal plasma, indicative of
the fact that this collision is balanced by its inverse (kinetic balance, de-
excitation or excitation, recombination or ionization). Hence, in thermal
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plasma, the electron temperature is identical to the gas temperature. Cold
plasma is characterized by two temperatures: the temperature of the
electron (T.) and the temperature of the heavy particle (Ty,). As there is a
large difference in mass among heavy particles and electrons, the
temperature of plasma depends on Ty. In cold plasmas, the de-excitation
rate of the atom caused by electrons is usually smaller than the radiative
de-excitation rate caused by electrons. Consequently, in cold plasma, the
density distribution of excited atoms is likely to move away from the
Boltzmann distribution, indicating that the temperature of the gas is much
less in comparison to the temperature of the electron.

1.4.1 Thermal Plasmas

Plasma comprises molecules/neutral gas atoms, electrons (¢) and ions (i).
As stated earlier, in thermal plasmas, the gas is basically heated to a high
temperature that would partly or fully ionize it. Thus, all the species of gas
(electrons, ions, and neutrals) are in thermal equilibrium with one another.
In thermal plasma, all its components (ions, electrons, and neutral
particles) have a comparable temperature that ranges between 10° and 10*
K. Chemical processes and ionization in those plasmas are estimated by
temperature (and indirectly with the help of electric fields using Joule
heating). The gas pressure is typically near to atmospheric pressure. A
substantial portion of the gas particles is ionized. Plasma processing via
atmospheric-pressure plasma has been beneficial in a wide range of
applications so far. Atmospheric-pressure plasma has been largely used to
increase or activate surface reactions and further it is applied for metal
recovery, waste treatment, and welding. Thermal plasma is naturally
available, for example, solar plasma. The chief source of thermal plasma
made in laboratories is arc discharge. It is produced at high pressure
though external circuit resistance is low. This is termed as thermal arc
discharge and it is positioned between two electrodes. Thermal arcs
generally display high currents and voltages of the order of tens of volts.
They yield large amounts of thermal energy at very high temperatures
(10,000 K). Arcs are also used alongside gas flow to create high-
temperature plasma jets.

Thermal plasmas are widely employed in the processing of materials as
they possess high-energy densities and are capable of heating and melting;
further, in certain conditions they are also used to vaporize the material to
be treated. Thermal plasmas are also increasingly used as a source of
reactive species at high temperatures in the plasma chemical synthesis of
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high-purity materials. The most widely employed plasma-generating
device for processing is dc and RF plasma torches. They generate a plasma
jet at high temperature in which the material to be processed can be
injected for vaporization and melting.

1.4.2 Non-Equilibrium Cold Plasmas

Atmospheric-pressure non-equilibrium cold plasmas have various
advantages in comparison to traditional low-pressure static gas discharges.
Fig. 1.4 depicts the consequence of gas pressure on the temperature of the
electron (T.) and the temperature of the gas (T,). It is observed that at a
low pressure ranging from 10 to 107 kPa, the temperature of the gas is
far less in comparison with the temperature of the electron. The heavy
particles get ionized or excited during collisions with electrons which are
inelastic. These inelastic collisions do not increase the heavy particle
temperature. But at higher gas pressure the collisions happening inside the
plasma tend to increase. They result in plasma chemistry (occurring as a
result of inelastic collisions) and heavy particle heating (as a result of
collisions that are elastic in nature). So, the difference between the
temperature of electrons and the temperature of gas reduces; the plasma
state is near a state of thermal equilibrium. Preventing the heavier particles
from getting heated is vital to produce cold plasma at atmospheric
pressure. It has already been established that the feeding power density
influences the plasma state to a great extent. Specifically, a feeding power
low density or a pulsed power supply generates cold plasma at
atmospheric pressure [1, 2]. The electron temperature is on the higher side
in comparison to the heavy particle temperature. It varies from 10* to 10°
K, whereas ions and neutral constituents, and processed materials are at
around a few hundred Kelvins. Chemical processes and ionization in these
kinds of plasmas are estimated by electron temperature and also, they are
insensitive to the temperature of the gas. Such kinds of plasmas are
commonly generated in an extensive range of pressures from a very low
value of Pascal to the order of ten atmosphere. The pressure essential for
the discharge operation relies on the power supply and the electrode
configuration. These plasmas which are weakly ionized can be produced
by different kinds of pulsed discharge systems [1].



