
Introduction 
Solids, liquids and gases constitute the three weIl-known states of matter. 
But, comparatively recently, the properties of matter in a fourth and exceptionally unique 
state plasma have been subject to intensive studies. The term, plasma, was first used 
by two American physicists, Langmuir and Tanks in 1923. 
Plasma is an ionized state of matter in the solid, liquid or gaseous form, but the last-
mentioned one is the most studied. In contrast with an ordinary gas containing neutral 
molecules or atoms, plasma contains mostly charged particles and partly neutral 
particles; the charged particles are electrons and singly, or multiply-charged ions, in 
such numbers as to make the total charge zero, so that the plasma is electrically 
neutral. 
The electrons and ions in a plasma are completely free to move and hence can give rise 
to current, the main contributors to which are, however, electrons, due to their light and 
fast nature and the ions. Being heavy and slow, mainly provide a neutralizing 
background. Thus, although plasma is electrically neutral, it is electrically conducting; it 
is an electrically neutral conductor capable of interacting with electric and magnetic 
fields. 
Plasma is a gaseous conductor and also a conducting gas. The basic difference 
between a neutral gas and plasma arises due to the entirely different character of the 
interparticle forces in them In a neutral gas. This force is of Van der Waal’s type, that is, 
short-range and strong, whereas in a plasma. This force is of the Coulomb type, that is, 
long-range and weak at very large distances. As a result each particle of plasma can 
simultaneously interact in many ways with its innumerable 
immediate and distant neighbours. That is why plasma physics is rich with information, 
but complex in character and so on a rather hard nut to crack! 
Plasma is the most natural state of matter; most matter (~ 99%) m the universe 
(our earth being I notorious exception) is in this state. Examples are many, namely, the 
sun, Stars, Nebulae & the Milky Way etc. Each of them is vast plasma at high 
temperature. Nearer home, the ionosphere (sometimes called ‘the ratio roof of the 
earth’), lightning (which is transient plasma), solar wind, solar flare, aurona, Van Allen 
radiation belt (formed by electrons and protons trapped by the earth’s magnetic 
field) are natural geophysical plasmas.  
In recent years, interest in the study of research about the properties of plasma has 
been immensely aroused mainly due to two causes. One is space physics and the other 
is controlled thermonuclear fusion. In both of these fields, vigorous research is being 
carried out, with the hopes of these fields, vigorous research is being carried out, with 
the hopes of clarifying the obscurities about the origin of the universe as well as solving 
the problem of energy crisis for humanity. 
Although the ionised gas is up till now the principal medium used for research, some 
solids and liquids also are considered as plasmas. For example, the free electrons and 
holes in semiconductors constitute a plasma which exhibits the same type of oscillations 
and instabilities as a gaseous plasma. Certain liquids, like solutions of sodium in 
ammonia, also behave like plasmas. 
Characteristics of plasma 

. Plasma and an ordinary gas are fundamentally different with regard to the 
temperatures of their constituents. The average kinetic energy of the neutral molecules 



or atoms in a gas is the same and hence is their temperature, whereas the average 
kinetic energies of electrons, ions and neutral particles of plasma are generally different. 
The average kinetic energy of electrons is much greater than that of ions and the latter 
may be greater that of the neutrals. Hence, it is quite interesting that plasma is a mixture 
of its constituents at different temperatures at the same time. 
An ordinary gas is a good insulator at normal temperature and pressure; on the other 
hand, a plasma, with a sufficient degree of ionisation and sufficiently high temperature 
(~ 1 Kev) can become a conductor with its conductivity like that of copper (!). 
Electric and magnetic fields do not affect an ordinary gas, while they are the sole agents 
that control the behavior of the plasma, particularly the latter field being used for many 
of its advantages. 
In a plasma, even a small applied electric field can produce a large electric current due 
to its high electrical conductivity. This current, in turn, interacts with its own 
magnetic field. In an external magnetic field, plasma behaves like a diamagnetic 
substance. 
Plasma strongly reacts with electromagnetic waves, because it behaves like a dielectric 
medium with a high dielectric constant. Radio waves below a certain frequency, 
determined by the parameters of the particular plasma, are disallowed transmission. 
Reception of radio signals throughout the earth stations by ionospheric reflection is thus 
possible. 
As a whole, plasma is quasi-neutral, that is, almost neutral, which means that there 
cannot be any significant excess positive or negative charge accumulated at any point 
in it. 
Collisions 

When a particle of a gas or plasma happens to come near another particle (or several of 
them), the magnitude and/or direction of their velocities and sometimes even their 
internal energies may change, It is then said that a collision has taken place. Collisions 
play the main role In the kinetic theory of gases. Here, thermodynamic equilibrium or 
the steady state is attained through collisions only. In plasma, on the other hand, 
collision is secondary and is considered to be only a small perturbation. Collisions 
among molecules of a gas are like collisions between two billiard balls and, therefore, 
mostly binary, ternary collisions and also those among more than three particles, are 
extremely rare. In contrast, collisions between plasma particles are extremely rare. In 
contrast, collisions between plasma particles are of an entirely different character. Here, 
a single electron can simultaneously interact with many of its neighbors near and far, 
through the long-range coulomb field, as explained below : 
The force F acting between two neutral particles at a distance r varies probably as r-6 or 
r-7 (Van der Waal’s force). It is of short range, the limit of which is much less than the 
average distance between molecules. The molecules, then, can be regarded as free 
and collisions that occur due to their thermal motions are random, sudden and strong, 
because the force is weak enough to be neglected when the molecules are at the 
average molecular distance. But become suddenly very strong at touching distances 
(Fig. 8.13). This type of collision is “hard” and the angle of scattering may be quite large. 
For two charged particles,  
The nature of the path of the electron (or the ion) in a plasma is of an entirely different 
character. Here, due to the long-range Coulomb force, each charged particle can 



continuously and simultaneously interact with its innumerable neighbours. As a result, 
the path of a charged particle cannot be divided into straight lines, as were obtained for 
a gas molecule by joining two consecutive points where collisions occurred. The picture 
is all the more complicated when we consider the space and time variation of the 
internal field in the plasma. Thus, each particle of the plasma is always in the electric 
field produced by the rest of the electrons and ions. This electric field, again, is not 
static. lts magnitude and direction are incessantly changing. Fig. shows a typical spatial 
variation of this internal electric field in the plasma in a given direction (say in thex-
direction) and at a given time. However, on averaging over a long time, the 
average held (he to the random fluctuation will be zero, although this does not mean 
that the average field is entirely zero always and everywhere. Thus, the internal 
microf1eld inside the plasma, however small, constantly changes the magnitude and 
direction of the velocity of a charged particle. The intensity of the micro-field being small 
on the average and of long range, the change in the direction of motion of a charged 
particle occurs continuously, not abruptly. Hence, in this case, collisions are not sudden 
or strong and are, therefore, “soft”. The path of a charged probably resembles that 
shown in fig, as if a person is completely lost while journeying through a desert at dark 
night. The path of the particle changes its direction slowly and continuously due to 
repeated small deflections 
The Coulomb collision cross-section c is, according to Rutherford formula, proportional 
to v-4, so that the collision frequency v = nvσ varies as v-3 or as T-3/2where v = velocity, T 
= absolute temperature, n number of density. Thus with increase in T, v decreases, 
which is opposite to the situation for collisions with neutral particles. A collision less 
plasma is thus best achieved by increasing the temperature. 
Quite a new terms used in the kinetic theory of gases, e.g., mean free path, collision 
cross section, r.m.s. velocity, probability of collision, distribution function etc., have been 
adopted in plasma physics. 
Elastic collisions 

A collision, in which the total kinetic energy of the interacting particles remains 
unaltered, is known as the elastic collision. Therefore in this type of collision, the internal 
energies of the particles also remain the same. Such collisions may occur between two 
electrons, two ions an ion and m electron, an electron and a molecule or between two 
neutral molecules. 
Inelastic collisions 

Inelastic collision is one in which both the internal and kinetic energies of the interacting 
particles change. Almost all types of particles e.g., electrons, ions, atoms, molecules, 
ionised molecules or atoms, excited molecules or atoms, photons etc., can participate in 
this type of collision. 
Inelastic collisions may be of many kinds, e.g., excitation, ionisation, recombination. 
charge transfer, attachment, dissociation, de-excitation etc. The symbolic equations of 
these processes are given below: On the left side of the equation is the target particle 
followed by the test panic]: and on the right side, the resulting particles. The symbols 
‘*’,‘+’. ‘-’. ‘++’. As superscripts, represent excited, positive. Negative. Doubly positive 
particles respectively v, v' denote frequencies of photons and X, the third particle. If 
there is no superscript on the symbol it denotes a neutral particle. 
Surface phenomena 



The plasmas of the sun and stars are vast, while the dimensions of artificially produced 
laboratory, plasmas are negligible. The latter require containing vessels, on the internal 
walls of which many 
physical phenomena of significance may occur. The contribution of these phenomena is 
all the more important at low pressures. 
When the laboratory plasma comes in contact with the wall of the container, some of the 
principal processes that can occur are the following: 
(i) Thermionic emission 
(ii) photo-electric emission 
(iii) Electron emission by ions, excited atoms, metastable atoms as well as by neutral 
atoms and  
(vi) secondary electron emission by electrons, ions 6r excited atoms (Penning effect). 
Transport (or transfer) phenomena 
As in the kinetic theory of gases, various types of transport among particles in different 
regions of a non-uniform plasma may occur due to collisions. These are known as the 
transport of transfer phenomena. For example, concentration gradient between adjacent 
layers gives rise to the phenomenon of diffusion when transfer of particle number 
(density) occurs. Similarly, velocity gradient and temperature gradient between adjacent 
layers give rise to the phenomena of viscosity and conductivity, respectively, when 
transfer of momentum and thermal energy occur. 
In the case of transfer of energy between particles, an important point should be 
mentioned. Of the two particles taking part in the collision, if one is light and fast, and 
the other, heavy and slow, the transfer of energy between them is insignificant. It is like 
an attempt to accelerate a slow moving football by hitting it with a fast-moving ping-pong 
ball. Thus, when an electron (light and fast) of mass m and an ion (heavy and slow) of 
mass M collide, the fraction of energy transfer between them is given by  
 
Gas discharges 

An ordinary gas is nearly a perfect insulator, with its electrical conductivity normally too 
small to be considered, but in its fully ionised or plasma state, it becomes highly 
conducting (infact, in some analysis, the conductivity is assumed to be infinite). Such a 
large scale change in the electrical properties of a material medium is really surprising. 
In some cases again, the dynamical conductivity becomes negative ( for example, in the 
metastable states of the glow and arc discharges, dI/dV < 0, as discussed under (ii) and 
(iii) below). How can such peculiarities be accounted for? 
Creation of charge within a gas (loosely mentioned as ‘gas discharge’) is possible in a 
number of ways. In the various types of discharges, however, free charged particles and 
electric fields are common. The electric field can be applied by external as well as 
internal electrodes and can be steady or alternating with high or low frequency. Charges 
may be produced in the volume of the gas, on the internal wall of the containing vessel 
or on the electrode surfaces. 
Detailed discussion of gas discharges is not the objective of this book. But a brief 
mention of the characteristics of a few principal types of discharge may not 
be irrelevant. 
If the gas pressure within the discharge tube is within the range 10-4 m to 10-2m. Hg and 
the applied voltage V between the electrodes is slowly increased, a discharge will occur 



eventually when a current I, initially transient will pass through. The nature of the V -I 
characteristics 0f the discharge is typically as shown in Fig. It consists of three distinct 
sections: 
(i) Townsend discharge or dark discharge 

In the first part of this section, current is proportional to voltage, that is Ohm’s law is 
obeyed In the second part current remains nearly constant, although the voltage 
continues to increase This is known as the saturated current region. In these two parts, 
the discharge is not self-sustained, that is, the discharge cannot continue without an 
external agent. In the third part, with the further, increase in voltage, current increases, 
but then a region is found in which current continues to increase rapidly even if voltage 
remains essentially constant. This region is known as the townsend discharge. Since 
the current throughout this part is extremely small (less than 10-6 amp), there is 
practically no glow, which explains why it is also known as the dark discharge. This part 
of the discharge is self-maintained, where V~ 10-3 volts and I in the range 10-10 amp 
to 10-6 amp. 
(ii) Glow discharge 

In the region just beyond Townsend discharge, the V1 characteristics show a peculiar 
nature. The current continues to increase even if the voltage is reduced. This region, 
thus, constitutes a metastable state when dv/dI and hence the dynamic conductivity is 
negative. It is a transition zone between the townsend discharge and glow discharge, 
that immediately follows. In the glow discharge region, current continues increase at 
constant voltage and the values of V and I are, respectively, about 102 volts and 10-

4 amp and 10-2 amp. The glow discharge has been studied most extensively.  
(iii) Arc discharge 

In the last stage of the glow discharge, when the current is approximately between 10-2 
amp and I amp, yet another peculiarity appears in the V I characteristics. In the first part 
of this section, the characteristics are nearly linear, indicating validity of Ohm’s law. But 
with further increase in current, the voltage at first increases slightly, reaches a 
maximum and subsequently decreases again. The dynamical resistance (and hence the 
dynamical conductivity) is negative once more, indicating another metastable state and 
transition region. 
With further increase in current, the voltage reduces and reaches a steady value, 
independent of current. Although the current undergoes a large change from about 10 
amp to 103 amp, the voltage remains steady at about 1 volt. This region is known as the 
arc discharge, with high current, but low voltage. 
Thus, there exist three horizontal regions of the entire V I characteristics, each 
associated with one of the three types of discharge discussed above. In all of these 
regions, then, the dynamical resistance must be zero, that is, potential difference 
between the electrodes does not change at all even though the current changes 
independently through a large range. Hence in these three regions, the current is taken 
as an independent variable and the voltage a dependent one. On the other hand, in the 
nearly vertical region just preceding the Townsend discharge, the current remains 
nearly constant, although the voltage may vary independently by several orders. This is 
why the voltage is an independent variable here and the current a dependent one. 
Transition from the Townsend discharge, through the glow discharge, to the arc 
discharge, takes place according to various physical processes. But the explanation or 



a mathematical analysis of the entire V 1 characteristics has not been possible with the 
help of a single premise. Different theories apply for the different regions. From the point 
of view of theory, this seems to be a weak point. 
In framing theories, various parameters, namely, the gas pressure p, value of E/p, 
size, shape and nature of the electrodes and distance between them, impurity in the 
gas, frequency of the applied field etc., have been taken into account. The frequency of 
the field has a marked effect. 
For example, a theory which is valid at low frequency and high pressure, fails at high 
frequency and low pressure. In all the theories the pressure is an important parameter. 
Plasma diagnostics 

As in all the other sciences, various methods and instruments have been developed for 
research in plasma physics. None of the methods, however, are perfect or universal. 
With time, the instruments are nevertheless being made more and more sophisticated. 
Research about tools for research forms the main objective of plasma diagnostics. 
The different techniques that are applied to determine the various unknown quantities, 
like nature and number-density of panicles, their energy or speed, collision frequency, 
magnitude of the electric and magnetic fields etc., are named below: 
To know the nature of the panicles, optical spectroscope, mass spectroscope, 
scintillators, semi-conductors, photo-plates etc., are used. To measure the number-
density, different methods for neutral and charged particles are adopted. In the case of 
neutral particles measurement of pressure is enough (p = nKT). For this, ordinary 
manometer, ionisation gauge and thermal conductivity gauge are used. Recently, piezo-
electric gauge has been used for high pressures. For measurement of number-density 
of charged particles, Langmuir probe, electrostatic probe, microwave interferometer, 
microwave cavity, stark effect etc., are applied. 
If the particle speed is directional, it is measured by using Doppler effect, mass 
spectroscopy, calorimetry, scintillators, photo-plates and X-radiation, while random 
speed is measured with the help of the Langmuir probe, electromagnetic radiation etc. 
The magnitude of the electric field within the plasma is determined by Langmuir and 
electron probes and that of the magnetic field by magnetic probe and Hall Effect probe. 
Recently, the computer is being increasingly used for the understanding of plasma 
phenomena. In spite of the problems faced, the computer can successfully simulate 
plasma experiments and can be programmed to follow, in details, the motion of a large 
number of ions end electrons with given initial conditions, using Newton’s laws and 
Maxwell’s equations. Charge distribution, electrostatic potential and field etc., for 
various particle positions have thus been evaluated. 
Plasma waves and instabilities: confinement of plasma 
Waves of various descriptions can occur within plasma. It was penning (1926) who 
first discovered longitudinal waves in the plasma, theoretical explanation of which was 
provided by Langmuir and tonks (1929). These waves resemble sound waves in an 
ordinary gas, but the necessary restoring force is supplied by the Coulomb force 
between mm and electrons and not by the gas pressure. 
As the plasma is a good conductor, it can carry strong electric current, which, in turn, 
gives rise to a magnetic field. The latter, in general, changes with time, producing 
thereby an electric field governed by Faraday’s law. Again, due to high velocity of 
particles, their own electric fields change, which give rise to additional magnetic field 



(Maxwell’s displacement current). Interaction between the two fields produces 
transverse electromagnetic waves. 
Besides the longitudinal and transverse waves, many types of mixed waves are 
generated within the plasma, when it becomes anisotropic due to externally applied 
magnetic field. Existence of different types of waves within the plasma is necessary and 
important for plasma research, because, on the one hand, they are easy to observe and 
on the other, their theoretical background also is quite well-established. 
Just like shock waves arising from supersonic flow in a non-conducting fluid and 
consisting  of abrupt changes of pressure, density and stream velocity over a short 
distance (front thickness) of the order of a mean free path, magneto-hydrodynamic 
shock waves can occur in a plasma. However, the roles of sound speed and mean free 
path are taken over by Alfen speed and Debye length or cyclotron radius respectively. 
The structure of the shock front in plasma is complicated and non-linearly oscillating. 
Magnetic storms on the earth are caused by shock waves generated in the 
interplanetary plasma by a solar flare. 
If the wave frequency of a plane or any other type of wave in plasma happens to be 
complex, instabilities are said to occur. In plasma, instabilities are the rule rather than 
exception. Up still now, more than sixty types of instabilities have been identified. Some 
principal ones are : Kink, Sausage, Rayleigh-Taylor, Garden-hose or fire-hose, mirror, 
tearing mode, two-stream, 
universal, Simon, beam cyclotron, helical, ExB electrostatic, Kruskal-Shafranov, 
hydromagnetic etc. ' 
Due to instabilities, a hot plasma cannot be maintained for more than a few milliseconds 
during investigations in the laboratory. Research about instabilities and measures to 
prevent them have started everywhere extensively by a large army of top ranking 
physicists. Their all-out effort ' is to ‘pacify’ the plasma. 
In a strong magnetic field, the motion of charged particles is helical around the magnetic 
lines of force and hence diffusion perpendicular to the field can be restricted. It is then 
possible to separate the plasma from the side walls of the container. 
Thus, confinement of the plasma is achieved. In the thermonuclear fusion device, 
various combinations of electric and magnetic fields are used to confine the plasma at 
high temperature.  
 


