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Unit1 Gas Discharge Phenomena

Historically, the term gas discharge refers to the discharge of a plate capacitor through the air gap.
Generally, air is a rather good insulator but if the electric field in the gap is high enough, the gas
becomes ionized and short-circuits the capacitor gap. Nowadays, any current flow through ionized
gas is called ‘gas discharge’. The ionized gas is usually luminous, therefore expressions like ‘the
discharge ignites’ or ‘burns’ are very often in use. Electric discharges can create a low temperature
plasma locally. In contrast to high temperature plasmas as in stars or fusion reactors that exist due to
heating and magnetic confinement, low temperature plasmas exist under nonequilibrium conditions,
etc., due to an externally applied electric field. They generically are inhomogeneous in space and
time and form a variety of a spatio-temporal patterns.

Gas discharge (plasma) physics is a wilderness. Nevertheless, we made an attempt to classify
discharges using (and introducing) the terminology typical for this field. As a next step of this
introductory chapter, we concentrate on a DC driven gas discharge explaining its current-voltage
characteristics and different discharge modes. Furthermore, we discuss the mechanism of the
Townsend breakdown in general form to illustrate how two ionization mechanisms together can
create a stationary discharge. Finally at the end of this chapter, an overview of the microscopic
processes responsible for the generation and annihilation of charge carriers is presented. The accent

is put only on the processes which we actually use in our modeling of the experiments.

1.1 Classification of Discharges

Gas discharge physics is an interesting and very complex field with a huge amount of experimental data
and theoretical models. There is a variety of known discharge types. Among the parameters
characterizing the gas discharge are the gas type, its pressure and temperature, spatial dimensions and the
shape of the discharge region, presence and composition of electrodes and boundaries, and the kind of
energy supply. Internally, a gas discharge is characterized by the electric field and its homogeneity, the
ionization rate, energy distribution of particles, spatial distribution of charge carriers, and dominant
processes in the plasma. The variety of discharge properties makes a complete and strict classification of
gas discharges on the basis of one or two parameters impossible. Though multiple classifications based
on specific points of view coexist. First of all, a discharge can be classified according to its temporal
characteristics (steady or transient) and dominant processes like space charge effects or heating. The
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glow discharge glow discharge is an example of a stationary type where space charge effects are
essential (while in a Townsend discharge they can be neglected). If heating starts to play a dominant
role, the stationary discharge that will develop is an arc and the transient is lightning.

The dominant mechanism of electron reproduction can also characterize the discharge. One can
distinguish between either an external ionization source for a non-self-sustaining discharge or
gamma and alpha modes for a self-sustaining discharge. On the other hand, the frequency range of
the applied fields can serve as a classification:

* DC, low-frequency, and pulsed fields (excluding very short pulses).

« radio-frequency fields (f~ 10°~10°Hz).

« microwave fields (f~10°-10""Hz).

* optical fields.

We have seen that the frequency of the externally imposed electric field can be varied over a huge
range giving rise to (pulsed) DC, AC, capacitively coupled plasmas (CCP), inductively coupled
plasmas (ICP), plasmas induced by micro waves (MIPs) and (laser) light produced plasmas (LIP).
Basically all technological plasmas (gas discharges) are created by an electric field which primarily
affects the electrons resulting in different charge and currents distributions. By increasing the
frequency of the applied electric field the role of the electrodes is reduced since the electrons are
basically bounced forward and backward, not having the time to enter a (electrode) wall. In this
thesis we focus on a DC situation, thus we are devoted to phenomena where electrodes play an
important role. It is always instructive to start with a DC treatment, since space charge-, glow- and
arc- like conditions can be found in ICP, MIP etc. as well.

1.2 Current-voltage Characteristics of DC Discharge

DC discharges are commonly classified on the basis of the current-voltage characteristic of the gas
discharge of which a typical example is given in Fig. 1-2. The presented situation corresponds to a
discharge in a long tube at relatively low values of the pressure. The tube can be filled with various
gases. Two metal electrodes are inserted at the ends of the tube and connected to DC power supply
via a series resistor as can be seen in Fig. 1-1. This is classical experimental setup which serves well
to study many different types of discharges.

U,

Fig. 1-1 Classical experimental setup for the investigation of different modes of a DC discharge
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The steady state of the discharge is defined as the crossing point of the current-voltage
characteristics and the load line of the external circuit, which consist of a power supply and a
resistor in series. Depending on the applied voltage U, and the resistance R, the load line can
intersect the current-voltage characteristic in different regimes therefore defining which mode of the
discharge will develop. In this thesis, we will operate in the regime of Townsend to glow discharge
and corresponding current-voltage characteristics can have different shape than the one presented
here in Fig. 1-2.

Voltage

o Current log(7)
Fig.1-2 A semi-log plot of a gas discharge current-voltage characteristics

Different discharge modes are marked with gray vertical bands and denoted with abbreviations: N
for Non-self-sustaining discharge; T for Townsend discharge; SG, G, and AG for subnormal glow
discharge, glow discharge, and abnormal glow discharge, respectively; A for arc discharge. Load
line defines the operating mode studied in this thesis.

1.2.1 Non-self-sustaining Discharge

If the applied voltage is below the breakdown threshold, no visible effects are produced though a
very small current can be measured. The gas is practically an insulator and current is carried by
charged particles which are always present due to cosmic rays or other ionizing agents (like the
natural radioactivity). This discharge is not self-sustaining which means that it would extinguish if
all ionizing agents were removed. Non-self-sustaining discharge corresponds to the region at the
very beginning, of extremely steep voltage growth in the current range denoted as N in Fig. 1-2.
One can see that the current density saturates quickly while the voltage increases. Saturation
corresponds to the situation where all electrons and ions generated in the gas volume are collected
by the electrodes, therefore the current is limited by the rate of ionization.

1.2.2 Townsend Discharge

With further increase of the voltage, after the threshold of simple charge reproduction (1.2) is
reached, stationary state of gas discharge is broken and the current grows exponentially several
orders of magnitude at nearly constant voltage. The limiting factor for this growth is the resistance
of the external circuit. If the external impedance is high enough, the load line of the external circuit
crosses the current-voltage characteristics in region T (Fig. 1-2). This discharge regime is known as
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the Townsend discharge. Avalanches develop in the entire volume of the gas and leave behind traces
with positive ions which drift slowly due to a low mobility, towards the cathode. Electrons have a
high mobility and move very fast to the anode. Thus, non-compensated positive space charge is
formed in the gas volume. However, the current in Townsend discharge is so small that the space
charge is negligible and does not distort the electric field in the gap. The Townsend discharge, also
called dark discharge, is characterized by a weak luminosity and a low ionization rate of the gas.

1.2.3 Glow Discharge

Increasing the external voltage or reducing the load resistance, the current increase and the crossing
point can be located in the region of glow discharge G (Fig. 1-2). The charge density in glow
discharge is substantially higher than in Townsend discharge and the field of space charge cannot be
neglected. The electric field distribution along the gas gap is strongly inhomogeneous and the
discharge may have a complex longitudinal structure. Due to higher current than in the Townsend
mode, the positive space charge becomes larger. It partially screens the cathode so that the field near
the cathode becomes stronger and that far from the cathode weaker than in the case of a
homogeneous breakdown field. The drop of avalanche amplification in the rest of the gas gap
behind the cathode region is easily compensated by amplification growth in the cathode region of
the strong field. In the steady state, the field is concentrated near the cathode and avalanches
develop there. In the rest of the gap between the electrodes the field is very weak and practically no
ionization occurs. The electrons born in avalanches near the cathode drift slowly through this region
gradually gaining energy from the field and exciting the neutral particles of gas. Due to the glow of
excited atoms, the discharge is referred to as a ‘glow discharge’. The existence of the cathode layer
with a strong field, where the charge multiplication and reproduction, necessary for self-sustaining
discharge occurs, is the essential attribute of a glow discharge.

The region of constant weak electric field is referred to as the positive column. There, electrons
with a low mean energy are drifting slowly to the anode. However, some of them have a high
energy and they are responsible for the ionization in the column, which compensates the electron
losses. Weak luminosity of the positive column is produced by a small amount of these highly
energetic electrons, which are present in the electron energy spectrum. Sometimes, the emitted light
is not homogeneous, but has a periodic layered structure composed of striations. The positive
column may have a different length and becomes shorter or disappears completely if the electrodes
are shifted towards each other. ’

The efficiency of ionization depends strongly on the electric field. The field concentration near the
cathode can make the ionization so effective that the total voltage (including the voltage drop on the
positive column) required for a self-sustaining glow discharge can be lower than that for Townsend
discharge with a homogeneous field and ionization in the entire gas volume. This explains the
falling of the current-voltage characteristic by the transition from Townsend to the glow discharge
(Fig. 1-2). However, in some other range of parameters (much smaller pd for instance), transition
from Townsend to glow discharge has monotonically increasing current-voltage characteristics.
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The current range of glow discharge can be orders of magnitude wide, whereas the required voltage
remains nearly constant. The remarkable property of glow discharge to keep a so-called ‘normal’
current density is responsible for this adaptivity. As the discharge current varies, the normal current
density at the cathode is preserved and the occupied area at the cathode is changed. If the current is
decreased (for instance, by an increased ohmic load in series with gas), the current spot at the
cathode contracts until its size becomes comparable with the thickness of the cathode layer. The
electron losses from the current channel become larger, and a higher voltage is necessary to support
the discharge: the subnormal glow discharge (region SG in Fig. 1-2) takes place. If the current of a
normal glow discharge keeps growing, the entire cathode area will be covered with the discharge of
the normal current density. This is a 3D explanation for a plateau in the normal glow discharge region.
Further increase of the current by increasing the voltage results in the growing of the current density.
This is the transition to abnormal glow discharge (region AG in Fig. 1-2).

1.2.4 Transition to Arc Discharge

In the abnormal glow discharge, the required voltage grows rapidly with the current density, and
becomes high enough to produce substantial heating of the cathode. The thermal ionic emission
from the cathode grows, resulting in more electron avalanches. This leads to a higher density of
charge carriers, i.e., to lower resistance, and, consequently to higher currents. When the current
reaches approximately a value of 1 A glow discharge cascades down to an arc discharge The
current-voltage characteristics falls (see the region A in Fig. 1-1) and the arc needs only tens of
volts for support. The arc releases large thermal power and can destroy the glass tube.

Since this thesis focus on the transition from Townsend to glow discharge, the arc discharge is not
discussed further.

1.3 Townsend Breakdown

The primary element of the often very complicated breakdown process is the electron avalanche,
which develops in gas when an electric field of sufficient strength is applied. An avalanche begins
with a small number of seed electrons that appear accidentally, e.g., due to cosmic rays. An electron
picks up energy in the electric field. Having reached an energy higher than the ionization potential,
the electron ionizes an atom or a molecule, thereby losing its energy. The two slow electrons
resulting from this process are in turn accelerated in the field and ionize two atoms or molecules.
Thus, an exponential growth of the number of electrons and ions takes place. The breakdown is
essentially a threshold process. It occurs only when the field exceeds a certain critical value. By a
gradual increase of the field under the threshold value, no noticeable changes in the state of the gas
can be observed. By reaching the breakdown field, ionization rises dramatically, a current through
the gas can be detected, and a light emission can be seen. Such a behavior is a consequence of the
steep dependence of the rate of atomic ionization by electron impact on the field strength. But, on
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the other side, avalanche is slowed down by electron energy losses and by the loss of electrons
themselves. Electrons lose energy to excite electron states of atoms and molecules, and molecular
vibration and rotation. Electrons also lose energy in the electric field if they move against the drift
direction after elastic collisions. These will lead to an obstruction of the accumulation of electron
energy. Diffusion leads to the removal of electrons from the field (e.g., precipitation on the walls),
attachment in electronegative gases leads to direct electron losses, and the drift of electrons to the
anode also removes them from the discharge. Because of the low electron density, the
recombination rate at this stage is low as well, and practically does not contribute in the removal of
electrons. The electron losses are breaking chains in the multiplication chain reaction. The
breakdown threshold is determined by the relation between creation and removal of electrons. The
electronic current at the anode can be calculated as an exponentially amplified electronic current at
the cathode

i, =i, e (1-1)

where: a is Townsend’s ionization coefficient, d is the distance between electrodes and i, is the
electron current at the cathode.

The first Townsend coefficient a describes the multiplication rate and represents the number of
ionization events performed by an electron in a 1 cm path along the field. It can be defined as a
function of the reduced field (E/N) or, in the case of a constant temperature, (E/p), where E is the
electric field, N is the concentration of neutral gas particles, and p is the pressure. Strictly speaking,
the first Townsend coefficient depends on the mean energy of the electrons, and not on the electric
field. However, for a field with small gradients, i.e., for a field which can be considered as constant
on the mean ionization length of electrons, the assumption a = f(E/N) is valid.

Electron avalanche leaves behind positive ions, which drift slowly to the cathode. The ion current at

the cathode includes all ions generated in the avalanche
i(' = ila = i()(' = iO('(e”d = 1) ( 1-2)

This is the primary process in the volume of the discharge. The secondary process is the generation
of secondary electrons at the cathode with the help of the particles generated in the primary gas
ionization process. Especially important is the generation of secondary electrons by ion
bombardment of the cathode.

The ratio of the emitted electrons and impacting ions is called y—the secondary emission
coefficient.

The secondary electrons are then multiplied in the gas gap and the electron current at the anode is
i, =yie® =y(e™ —1)-iy.e™ (1-3)

Each electron avalanche is amplified by the factor

b="22 = y(e™ 1) (1-4)

la
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The stationary current is then determined by the limit of geometric progression
iOread

et
1-y(e*™ -1)

(1-5)
An equation of this type was first derived by Townsend in 1902. For a non-self sustaining current,
the denominator in Equation (1-5) is positive and less than one.

With a voltage increase, @ grows until the denominator in Equation (1-5) becomes equal to
zero and then negative. The current cannot be stationary at this point and the formula becomes
meaningless.

In the case of y (¢®—1) >1, the number of secondary electrons is larger than that of primary
electrons. The exponential growth of their number is then guaranteed. The external source of
electrons is no longer necessary and the discharge becomes self-sustaining. The condition for

initiating a self-sustaining discharge describes the simple reproduction of electrons.
7 -1 =1
or
ad=In(1/y+1) (1-6)

The transition of non-self sustaining to self-sustaining discharge can be interpreted as the onset of
breakdown. The threshold voltage Uy, which corresponds to the condition of a steady self-sustained
current in the homogeneous field

E=Uyld 1-7
is considered as the breakdown voltage. Breakdown voltage U, (and corresponding breakdown field

E}) depends on the gas type, the pressure, the width of the discharge gap and the material of the
cathode. Explicit expressions are

_ B(pd) E, B C A

N = =ln—— (1-8)
C+1npd p C+Inpd In(1/y+1)

derived by inserting the Townsend approximation a(E) = Ap exp(—Bp/|E|) into the ignition equation
(1-2). The breakdown voltage, calculated in that way, with an experimentally determined constants
A and B, usually gives a satisfactory agreement with the experiment.

Experimental curves expressing the dependence of the breakdown voltage on discharge system
parameters as gas pressure and the distance between the electrodes, are called Paschen curves. The

curves have a clear minimum which means that a minimal breakdown voltage for the discharge gap
exists.

According to Equation (1-8), the parameters of this minimum point are
(pd),. = %ln(l/7+ 1)[£j =B, (U),, =§ln(1/;/+ ) (1-9)

where: e =2.72 is the base of Natural logarithm. These expressions together with the experimental

Paschen curves, can be used for the estimation of the secondary emission coefficient, since only the
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value of (E/p)min does not depend on the cathode material. That value corresponds to the point
(Stoletov’s) where ionization capabilities of electrons are at a maximum.

At the left-hand branch and right-hand branch of the Paschen curve different physics is taking place.
At the left-hand side, the steep increase of the breakdown voltage towards lower pd values
corresponds to the transition to vacuum breakdown. Electrons there experience fewer collisions on
their way to the anode and the ionization efficiency a has to be very high, i.e., a high electric field is
necessary to maintain the process. To the right of the minimum, the breakdown voltage grows as
well. In this case electrons have many collisions but their ionization efficiency is low due to either a
lower electric field (if the distance between electrodes d becomes larger) or a shorter mean free path
(if the gas pressure p becomes higher). This similarity law is valid for a rather broad range of
pressure and distance between the electrodes.

Strictly speaking, the voltage necessary for the breakdown should be slightly higher than U, in
order to ensure the expanded reproduction of electrons. The current and ionization in the gas will
then increase until the growth is stopped by recombination or the ohmic resistance of the circuit. As
the current increases, the resistance accepts a progressively greater part of the supply voltage, the
voltage on the electrodes decreases until it reaches U, and the current becomes stationary. The
characteristic retardation time of the breakdown is on the order of 10~ to 107s. It consists of the
statistical time of waiting for a seed electron and of the breakdown development time, which
depends on both the electron multiplication rate and the characteristic time between two consequent
generations of secondary electrons.

Multiple avalanches may develop simultaneously and each avalanche spreads transversally. due to
electron diffusion, so that new avalanches can sfart at different spots of the cathode. As a result, the
Townsend breakdown most often involves the entire volume of the gap in a diffuse manner. This is
the clear difference from the other breakdown mechanisms.

1.4 Production and Loss of Charges in a Gas

There are two different categories of elementary discharge processes, namely volume processes
and wall processes. To the volume processes where new charge carriers are generated, belong
direct electron impact ionization, photoionization, Penning ionization (important in a gas mixture)
and associative ionization (important in the inert gases). Volume processes where the number of
free electrons decrease are attachment and recombination. The excitation process also belongs to
volume processes but it does not change the number of charged particles directly, but slows down
the electrons. An excitation process occurs if the electron energy is big enough to bring the atom
into an excited state. The excited atom may later participate in ionization processes or undergo a
transition to the ground state with emission of a photon which is usually the reason of discharge
glow.

In the atomic gases, the most important volume process is the ionization by electron impact. In the
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simplest case, it occurs if the electron has obtained from an electric field more energy than
necessary to ionize the neutral atom and can be described by the formula

A+e > A" +2e
Attachment of an electron to a neutral atom or molecule leads to a generation of negative ions. This
process plays an important role in electronegative gases, such as O,, Cl,, and SFs. It decreases the
concentration of electrons and thus influences the development of avalanches. Negative ions have
very low mobility and practically do not take part in excitation or ionization processes. This leads
macroscopically to a higher breakdown field, therefore these gases are often used as insulators.
Discharge is very sensitive to this process and even a small amount of oxygen or water vapor in the
discharge gap leads to a strong increase of the breakdown voltage.
The most important wall processes are the removal of charge carriers from the gas volume and the
generation of secondary charge carriers.
For the generation of secondary charge carriers, electron emission from wall (electrode) surfaces is
important and there is a large variety of electron emission mechanisms which will not be discussed.
Secondary electrons can also be emitted under the influence of various particles: Positive ions,
excited atoms, electrons, and photons. Secondary emission from a cold cathode produces
breakdown of the discharge gap and also sustain a small DC current that is incapable of substantial
heating of the cathode or of creating such a strong field at the cathode that thermionic or field
emission develops. The most important secondary emission process is the ion-electron emission. It
is characterized by the second Townsend coefficient » The number of secondary electrons emitted
per incident positive ion. The kinetic energy of ions is practically the same as that of neutral
particles (on the order of 10~ eV) and is insufficient to knock out an electron. The energy necessary
for an electron to escape is obtained by the neutralization of the ion. The electric field of an ion on a
distance comparable to atomic dimensions is very strong and transforms the potential well on the
surface into a low and very narrow potential barrier. An electron from the body (metal,
semiconductor or dielectric) tunnels to the ion and neutralizes it. The released recombination energy
may be then spent on the emission of a second electron.
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