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Plasma Physics Lecture One

1.1 Occurrence of Plasma in Nature:

It is now believed that the universe is made of 69 % dark energy, 27
% dark matter, and 1 % normal matter. All that we can see in the sky is the
part of normal matter that is in the plasma state, emitting radiation. Plasma
in physics, not to be confused with blood plasma, is an “ionized” gas in
which at least one of the electrons in an atom has been stripped free, leaving
a positively charged nucleus, called an ion. Sometimes plasma is called the
“fourth state of matter.” When a solid is heated, it becomes a liquid.
Heating a liquid turns it into a gas. Upon further heating, the gas is ionized
into a plasma. Since a plasma is made of ions
and electrons, which are charged, electric fields are rampant everywhere,
and particles “collide” not just when they bump into one another, but even
at a distance where they can feel their electric fields. Hydrodynamics,
which describes the flow of water through pipes, say, or the flow around
boats in yacht races, or the behavior of airplane wings, is already a
complicated subject. Adding the electric fields of a plasma greatly expands
the range of possible motions, especially in the presence of magnetic fields.
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Plasma usually exists only in a vacuum. Otherwise, air will cool the plasma
so that the ions and electrons will recombine into normal neutral atoms. In
the laboratory, we need to pump the air out of a vacuum chamber. In the
vacuum of space, however, much of the gas is in the plasma state, and we
can see it. Stellar interiors and atmospheres, gaseous nebulas, and entire
galaxies can be seen because they are in the plasma state. On earth,
however, our atmosphere limits our experience with plasmas to a few
examples: the flash of a lightning bolt, the soft glow of the Aurora Borealis,
the light of a fluorescent tube, or the pixels of a plasma TV. We live in a
small part of the universe where plasmas do not occur naturally; otherwise,
we would not be alive.
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The reason for this can be seen from the Saha equation, which tells us the

amount of ionization to be expected in a gas in thermal equilibrium:

n; T2
— 2 2.4x 102 —— e UilKT e e e e e e (1)

n, n;
Here ni and nn are, respectively, the density (number per m®) of ionized
atoms and of neutral atoms, T is the gas temperature in K° K is
Boltzmann’s constant, and U; is the ionization energy of the gas—that is,
the number of joules required to remove the outermost electron from an
atom.
For ordinary air at room temperature, we may take n,=3 x 10°m=3, T =300
K° and Ui=14.5 eV (for nitrogen), where 1eV=1.6x10"°J. The fractional
ionization ni/(nn + ni)=ni/ns predicted by Eq. (1) is ridiculously low:

n;

”n (2)

As the temperature is raised, the degree of ionization remains low until U;
Is only a few times KT. Then ni/n, rises abruptly, and the gas is in a plasma
state. Further increase in temperature makes n, less than n;, and the plasma
eventually becomes fully ionized. This is the reason plasmas exist in
astronomical bodies with temperatures of millions of degrees, but not on
the earth. Life could not easily coexist with a plasma at least, plasma of the
type we are talking about. The natural occurrence of plasmas at high
temperatures is the reason for the designation “the fourth state of matter.”
Although we do not intend to emphasize the Saha equation, we should

point out its physical meaning. Atoms in a gas have a spread of thermal
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Plasma Physics Lecture One

energies, and an atom is ionized when, by chance, it suffers a collision of
high enough energy to knock out an electron. In a cold gas, such energetic
collisions occur infrequently, since an atom must be accelerated to much
higher than the average energy by a series of “favorable” collisions. The
exponential factor in Eq. (1) expresses the fact that the number of fast
atoms falls exponentially with U; /K'T. Once an atom is ionized, it remains
charged until it meets an electron; it then very likely recombines with the
electron to become neutral again. The recombination rate clearly depends
on the density of electrons, which we can take as equal to n;. The
equilibrium ion fraction, therefore, should decrease with n;; and this is the
reason for the factor ni* on the right-hand side of Eq. (1). The plasma in
the interstellar medium owes its existence to the low value of n; (about 1
per cm?), and hence the low recombination rate.
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Nn=3x10%®° m?3
T =27+273 =300 K°
Ui=14.5 eV, where 1eV=1.6x1071J.
So, nilnn= 10122
dauall 2la 333 ) jall :\AJJth\ ‘_gj PrEON| QJJJLGSMP)AL@_\SS}M,;\MM\ 0l g
L) (s Ny (0 S 5iS) 1 @S5 Laie 5 cplil) 48U 3 jall a0 slai 0 2
aa s Lol s 8 AU alaa) 085 a3 o A eda s ¢ LIS duia
ATl Lehrandi o) g A g dall ada (8 La 3N (585 o) L Alle 355l s Sl o s 5 el
sl (30 99 % (o Cum (s8I 8 salall e gpd YT AT & Lol o | salell dayl )
las e 50 cilayn 8 0 5S5 S0 853 g gl 50l alaea () Lo 3O Alls 8 a
B _yaiusall aalaill Clglae wie 434S salall <l A Gl cillae & gand mans Cuny
la Ualeal g gl 3l Jnal) Jga clliadle
5ol adlda ja coal )y LIS ala ol A

Bl s o e Wl & sadiall Cilapual) (S5 834 5.2
- Boal Cla ) gl Al Gl dpsaal) AU olais 3

Gleseadl Zpanal) UK 8 latil) Gla o (585 45 gadiall Slasual) 285 4530 5 4
G 138 5 ) AU W 5 glad 98 ) jall ds 5o g a8 )b o3 ylaiaa 334 Hl1 oda () K3 - Alalatall

(Exp (€)) 255



Plasma Physics Lecture One

1.2 Definition of Plasma:

Any ionized gas cannot be called a plasma, of course; there is always
some small degree of ionization in any gas. A useful definition is as
follows: A plasma is a quasineutral gas of charged and neutral particles
which exhibits collective behavior we must now define “quasineutral” and
“collective behavior.” The meaning of quasineutrality.

What is meant by “collective behavior” is as follows.

Consider the forces acting on a molecule of, say, ordinary air. Since the
molecule is neutral, there is no net electromagnetic force on it, and the force
of gravity is negligible. The molecule moves undisturbed until it makes a
collision with another molecule, and these collisions control the particle’s
motion. A macroscopic force applied to a neutral gas, such as from a
loudspeaker generating sound waves, is transmitted to the individual atoms
by collisions. The situation is totally different in a plasma, which has
charged particles. As these charges move around, they can generate local
concentrations of positive or negative charge, which give rise to electric

fields. Motion of charges also generates currents, and hence magnetic

fields. These fields affect the motion of other charged particles far away.

Fig. 1: Illustrating the long range of electrostatic forces in a plasma.
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Let us consider the effect on each other of two slightly charged regions of
plasma separated by a distance r (Fig. 1). The Coulomb force between A
and B diminishes as 1/r2. However, for a given solid angle (that is, Ar/r
=constant), the volume of plasma in B that can affect A increases as r°.
Therefore, elements of plasma exert a force on one another even at large
distances. It is this long-ranged Coulomb force that gives the plasma a large
repertoire of possible motions and enriches the field of study known as
plasma physics. In fact, the most interesting results concern so-called
“collisionless” plasmas, in which the long-range electromagnetic forces are
so much larger than the forces due to ordinary local collisions that the latter
can be neglected altogether. By “collective behavior” we mean motions
that depend not only on local conditions but on the state of the plasma in
remote regions as well. The word “plasma” seems to be a misnomer. It
comes from the Greek miaopa, -atog, To—, which means something
molded or fabricated. Because of collective behavior, a plasma does not
tend to conform to external influences; rather, it often behaves as if it had
a mind of its own.
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1.3 Historical summary:

The noble prize winning American Chemist Irving Langmuir first used
the term plasma to describe an ionized gas in 1927. He was reminded of
the way blood plasma carries red and white corpuscles by the way an
electrified fluid carries electrons and ions. Langmuir developed the theory
of plasma sheaths: the boundary layers which form between ionized
plasmas and solid surfaces. He also discovered that certain regions of a
plasma discharge tube exhibit periodic variations of the electron density,
which we nowadays term Langmuir's waves. This was the genesis of
plasma physics. Interestingly enough, Langmuir's research nowadays
forms the theoretical basis of most plasma processing techniques for
fabricating circuits. After Langmuir, plasma research gradually spread in

other directions, of which five are particularly significant.

1- The development of radio broadcasting led to the discovery of the earth's
ionosphere, a layer of partially ionized gas in the upper atmosphere. This
layer is responsible for the fact that radio signals can be received when the
transmitter is over the horizon. That leads to develop the theory of
electromagnetic wave propagation through non- uniform magnetized
plasma.

2- Astrophysicists quickly recognized that much of universe consists of
plasma, and, thus, that a better understanding of astrophysical phenomena
requires a better grasp of plasma physics.

3- The creation of hydrogen bomb in 1952 generated a great deal of interest
in controlled thermonuclear fusion as a possible power source for the
future.

4- James A. Van Allen's discovery in 1958 of Van Allen radiation belts
surrounding the earth opened up the field of the space plasma physics.
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5- Finally, the development of high powered laser in 1960's opened up the
field of laser plasma physics.
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Plasma Physics Lecture One

1.4 lonization and Recombination:

A gas to become conductor, its neutral molecules or atoms must be

converted into ions. lonization may be effected by short-wave radiation,
I.e. by ultraviolet, x-ray and gamma rays, and also by alpha, beta, and
cosmic rays. Electrical conduction due to external radiation is sometimes
called non-self maintaining conduction.
To investigate a gas of volume ¥V and number of molecules Ny, the
molecule concentration, is no=No/V. We denote the ions like sign by N;,
their concentration is n; =N/V. The ratio of the number of ions to the total
number of molecules is called ionization coefficient, a=Ni/No=n/no. In
non self maintaining conduction, the ionization coefficient of gases is
usually very low: ¢ =~ 10 12— 10 10,

The number of neutral (non-ionized) molecules is:

Nn = NO - Ni = NO (1 - 0() ~ NO (3)

And the same is true of the concentration nn~ no.
Suppose that the action of some kind of rays during the time At produces

in volume V, a number of ions:
AN; = BN, At = BN,At = [n,VAt ROV | |

Where B is the second ionization coefficient, which depends on the energy
of the ionizer. The ionization process is accompanied by reverse process,
the recombination of ions. In the latter, a neutral atoms or molecule is

formed when a positive ion collides with an electron. Hence:

AN,oe = YN;2ALJV =yn;2 VAE e e (5)
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Where y is the recombination coefficient, which depends upon the kind of
gas being ionized.

When a certain time has elapsed after the beginning of ionization, the rate
of recombination AN-../At becomes equal to the rate of ionization AN/At,
and a dynamic equilibrium is established in the gas. This state corresponds
to a definite ion concentration which can be found by equating expressions
(4) and (3). Thus:
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2.1. Methods of ionizing air or gas:
2.1.1. Particle Impact lonization.

2.1.2. Thermal lonization.

2.1.3. Nuclear Emission.

2.1.4. Photo or Irradiative lonization.
2.1.5. Electric Field lonization:

(a) Arc Discharge lonization.

(b) Corona Discharge lonization.

2.1.1. Particle Impact lonization:

When an atom is struck by a particle, such as an electron or an ion,
it can lose or gain a charge depending on the amount of energy transferred
in the impact. This energy has to exceed the ionization energy Ei expressed
in eV, where e (1.6 x 10"*® Coulombs) is the absolute value of the charge
of an electron. In the case of electron impacts, the electron can be absorbed
by the atom or it can cause the atom to lose electrons or just excite the
valence electrons of the atom. An electron source is required to generate
enough electrons to ionize the gas and sustain the electrons so that they last
long enough to cause ionization and the electrons have to be accelerated by
means of an electric or magnetic field. Electrons released in the ionization
process can produce secondary ionization if their energies are high enough.
In place of electrons, ions can be accelerated and made to collide with and
ionize atoms. lons are heavier particles and therefore require much more
effort to accelerate to attain the required ionization energy. This can be
done in a particle accelerator or by means of strong electric or magnetic
fields. Nuclear reactions emit ions that have high energies that can be used
In ionization of gases. However this is not a safe approach for a study of

ionization for supersonic flows.
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2.1.2 Thermal lonization:

All matter above 10,000 K exists in the plasma state. And fire is
filled with ions and free radicals. If a gas is heated to suitably high
temperatures the energies of the gas constituents become high enough to
induce ionization within the medium. The requirement of such high
temperatures and the problem of contaminants in air make this an

Impractical approach for this study.
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2.1.3. Nuclear Emission:

Fusion reactions involving hydrogen emit H" and He* ions with very
high energies in the order of MeV. Fission reactions of heavier atoms
release high energy ions that can cause secondary ionization. However,
this method of ionization would not be feasible for a small scale laboratory

study. They cannot be adapted safely for application in a shock tunnel.
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2.1.4. Photo or Irradiative lonization:

An ionisable atom can be ionized by the impact of a photon if the
photon's energy (hv) exceeds the ionization energy of the atom. Ultraviolet
rays, X-rays and gamma rays are preferred for photo ionization. However,
if the photon energy is far greater than the threshold ionization energy, the
probability of ionization decreases. The degree of ionization is also lower
for this method. Due to this fact and also the difficulty in adapting this
technique to work in a shock tunnel, it is not viable for ionization of
supersonic air.
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2.1.5. Electric Field lonization:

This method involves passing the gas in between ionized electrodes.
When the atoms or molecules come in contact with the surface of the metal
electrodes, they lose or gain a charge subject to the polarity of the electrode.
However, the electric field density has to be as high as a few kV/m to
Initiate ionization. The geometry of the electrodes is also important as
electric fields around sharp objects and metallic surfaces with low radii of
curvature are stronger than around blunt bodies. As the intensity of the
electric field is increased, the particles approaching the electrode is ionized
before reaching it. The rate of ionization falls off as the intensity of the
electric field is decreased. It is thought that at higher pressures and
velocities of air, higher electric field strengths will be required. Electric
field ionization is preferred because it is easy to generate and control high
electric fields in the lab. Geometries of the electrodes can be varied and
manufactured as desired. When the intensity of the electric field increases
beyond the breakdown potential of the gas« an arc discharge takes place.
This is characterized by a heavy flow of current through the gas between
the electrodes and high dissipation of energy in the form of heat followed
immediately by a loud exploding sound. Although this method can yield
high concentration of ions and higher charges of the ions (2+, 3+, 4+ or
higher charges), it is not favored because of damage to the electrode and
apparatus, electrode heating, instability of the arcs and the high energy
dissipation. Corona discharge is on the other hand, a low energy discharge
that produces lower density ionization at the cost of a few mW of power.
It is for this reason of low power consumption that this method of
ionization has been adopted for this study

 I: Townsend discharge, below the breakdown voltage. At low
voltages, the only current is that due to the generation of charge carriers in
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the gas by cosmic rays or other sources of ionizing radiation. As the applied
voltage is increased, the free electrons carrying the current gain enough
energy to cause further ionization, causing an electron avalanche. In this
regime, the current increases from femtoamperes to microamperes, i.e. by
nine orders of magnitude, for very little further increase in voltage. The
voltage-current characteristics begins tapering off near the breakdown
voltage and the glow becomes visible.

* II: glow discharge, which occurs once the breakdown voltage is
reached. The voltage across the electrodes suddenly drops and the current
increases to milliampere range. At lower currents, the voltage across the
tube is almost current-independent; this is used in glow discharge voltage-
regulator tubes. At lower currents, the area of the electrodes covered by the
glow discharge is proportional to the current. At higher currents the normal
glow turns into abnormal glow, the voltage across the tube gradually
increases, and the glow discharge covers more and more of the surface of
the electrodes. Low-power switching (glow-discharge thyratrons), voltage
stabilization, and lighting applications (e.g. Nixie tubes, decatrons, neon
lamps) operate in this region.

 [11: (a) Arc Discharge lonization, which occurs in the ampere
range of the current; the voltage across the tube drops with increasing
current. High-current switching tubes, e.g. triggered spark gap, ignitron,
thyratron and krytron (and its vacuum tube derivate, sprytron, using
vacuum arc), high-power mercury-arc valves and high-power light sources,
e.g. mercury-vapor lamps and metal halide lamps, operate in this range.
Glow discharge is facilitated by electrons striking the gas atoms and
ionizing them. For formation of glow discharge, the mean free path of the
electrons has to be reasonably long but shorter than the distance between
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the electrodes; glow discharges therefore do not readily occur at both too
low and too high gas pressures.

The breakdown voltage for the glow discharge depends
nonlinearly on the product of gas pressure and electrode distance according
to Paschen's law. For a certain pressure x distance value, there is a lowest
breakdown voltage. The increase of strike voltage for shorter electrode
distances is related to too long mean free path of the electrons in
comparison with the electrode distance. A small amount of a radioactive
element may be added into the tube, either as a separate piece of material
(e.g. nickel-63 in krytrons) or as addition to the alloy of the electrodes (e.g.
thorium), to preionize the gas and increase the reliability of electrical
breakdown and glow or arc discharge ignition. A gaseous radioactive
isotope, e.g. krypton-85, can also be used. Ignition electrodes and
keepalive discharge electrodes can also be employed. The E/N ratio
between the electric field E and the concentration of neutral particles N is
often used, because the mean energy of electrons (and therefore many other
properties of discharge) is a function of E/N. Increasing the electric
intensity E by some factor g has the same consequences as lowering gas

density N by factor q.
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Fig.1. An overview of the different electric discharge regimes possible.
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Corona Discharge

Corona is derived from the French word for crown. Corona has been
known for centuries by mankind, and often had supernatural properties
ascribed to it. In Europe, it was known as St. EImo's fire, named after St.
Erasmus, the patron saint of sailors because it was often seen by sailors as
a bluish-white flame on top of masts and sails of ships, often after a
thunder storm, and was thus seen as a good sign from the gods. It was
reportedly seen by many sailors throughout history, including Julius
Caesar, Magellan, Columbus and Charles Darwin, on his voyage aboard
the H.M.S. Beagle. William Shakespeare even mentioned it in his play
"The Tempest." Corona is also seen on aircraft wing tips, propellers and
antennae. Corona discharge is seen as a faint glow around high voltage
conductors, especially on transmission lines around broken strands.
Corona discharge is used in air purifiers to clean air by ionizing the air.
Ozone is a by-product of corona discharge and it is used to kill microbes
and neutralize airborne contaminants. Corona discharge on transmission
line cause power loss and damage to the conductors and degrade the
insulators. Thus power companies spend large sums of money to detect
corona discharge on transmission lines and prevent them. Corona discharge
on transmission lines has been known to cause radio frequency noise that
interferes with communication signals. High frequency antennas are often
fitted with a ball at the top to avoid ending in a sharp tip that is prone to

corona discharge.
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(b) Corona Discharge lonization:

Corona ionizers use strong electric fields created by applying high
voltage to a sharp ionizing point to move the electrons. Due to the decay
of trace radioactive elements in soil and air, a few free electrons are always
present in the atmosphere. Creation of a high positive electric field
accelerates these electrons toward the ionizing point. They collide with air
molecules and knock out more electrons on the way, leaving behind many
molecules that have lost electrons and become positive ions in a high
positive electric field. This field repels them from the ionizing point,
presumably toward the area where they are needed for charge
neutralization. Similarly, a negative electric field sends free electrons away
from the ionizing point into collisions with gas molecules that generate
more free electrons that are captured by neutral gas molecules near the
ionizing point. The negative ions created are repelled by the negative
electric field.
2¢n Tl Gyob e a gl ol 4y 58 Al 568 ¥l aaiiey :COroNa il
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3.1. The Concept of Temperature:

A gas in thermal equilibrium has particles of all velocities.

P
-2 . 1
i
>
-
f e \
If a sufficiently large number of collisions occurred between these particles
the most probable distribution of these velocities is known as the Maxwell
Distribution
For simplicity let's consider a gas in which the particles can move in only
one direction (e.g. charged particles in a strong magnetic field). The one

dimensional Maxwell Distribution is given by:

1.z
F@)=Ae 2™ 5 (D)
Where
e fdv is the number of particles per m3 with velocity between u and
v+ dv,

R %muz is the kinetic energy,

e K is Boltzmann’s constant.
e The density N or number of particles per m3, given by

N = A FRIIR s s s D)

A is a normalization constant related to density
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m
2nKT

A= N( ) LAY (. )

The width of the distribution is characterized by a parameter T we call

the Temperature.

Gaussian functions,

_|m
kT
T is related to the average kinetic energy Eav.
_ [Sogmv? f@)dv
E,, = " ) av - (4)
We will define the thermal (most probable) velocity as:
E,, = ~;~HT ......... (per degree of freedom)......... (§),
And
Epy = EKT ver e .. (per3degree of freedom) ........ (6),
Vin = G2 e T)
Substituting eq. (5 ) in eq. (1) we get.
VZ
= A BED|l = m ] ecrercereronnsrecnassaasscssancassncsssosasnes
fv) exp( V‘rn) (8)
Defining
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F0)=A XD (-Y2) e (10)

Substituting in eq. (4) and multiplying and dividing v by vrn to form Y:

Integrating the numerator by parts:

J Y pr( Y- )]}(ﬂ = [—%cxp( —YIJY]: —Ji~%cxp(—}’2)d}’ I (12)
=4[ exp(-¥*)dV =}x

N \/T [2kTJ” e
Zay |2 AL
E =%mA‘gm%‘/;= 27kT \ m =%kT '''''''''''' (13)

av N N

(Average Kkinetic energy in one dimension)

Maxwell’s velocity distribution in three dimensions can be written as

flv.,v.,v)

X2 yr 2
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The average kinetic energy is:

A I”i%m(vf +V+ w:) exp [— Yl + v+, ]f’k'!'} dv,dv,dv,

/Lj”: exp [— JA m(vf - vf. +V, )f’k'['] dv.dv dv,

av

The expression is symmetric in vy, vy, V, since the Maxwell distribution is

isotropic:

3 [y expl-m2 ], [exp - m (12 2 T] g,
e A j exp - Y mv’ /'kT) dvﬁ”exp I— Jm (‘H +y )/'kTJ dv dv,

(Average kinetic energy in Three Dimensions)

Since T is so closely relate to Eav it is common in plasma physics to give
the temperature in units of energy. To avoid confusion in the number of
dimensions involved it is not Eay but the energy corresponding to kTe that

is used to denote temperature.
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. i 1.6 107"] v
For kT=1eV=1610") F=—""_° _11.600°K
38 107 1/°K

leV < 11,600 K

By 2 eV usually we mean: KT =2 eV — Eay = 3 eV in three dimensions.

It is interesting that a plasma can have several temperatures at the same
time. It often happens the ions and the electrons have separate Maxwellian
distributions with different temperatures T; and T,. This can come about
because the collision rate among ions or among electrons themselves is
larger than the rate of collision between an ion and an electron. Then each
species can be in its own thermal equilibrium, but the plasma may not last
long enough for the two temperatures to equalize. When there is a
magnetic field B, even a single species, say ions, can have two
temperatures this is because the forces acting on an ion along B are
different from those acting perpendicular to B (due to the Lorentz force).
The components of velocity perpendicular to B and parallel to B may the
belong to different Maxwellian distributions with temperatures T, and T
People are usually amazed to learn that the electron temperature inside a
fluorescent light bulb is about 20000°K. “it doesn’t feel that hot”. Of
course, the heat capacity must also be taken into account. The density of
electrons inside a fluorescent tube is much less than that of a gas at
atmospheric pressure, and the total amount of heat transferred to the wall
by electrons striking it at their thermal velocities is not that great. Many
laboratory plasmas have temperatures of the order of 1000000°k
(100 eV), but at densities of 1011 — 10° per m3, the heating of the walls

IS not a serious consideration.
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3.2. Plasma as State of Matter
Plasma is a state of matter that is often thought of as a subset of
gases, but the two states behave very differently. Like gases, plasmas have
no fixed shape or volume, and are less dense than solids or liquids. But
unlike ordinary gases, plasmas are made up of atoms in which some or all
of the electrons have been stripped away and positively charged nuclei,
called ions, roam freely. "A gas is made of neutral molecules and atoms,"
. That is, the number of negatively charged electrons equals the number of
positively charged protons. "Plasma is a charged gas, with strong Coulomb
[or electrostatic] interactions,”. Atoms or molecules can acquire a positive
or negative electrical charge when they gain or lose electrons. This process
Is called ionization. Plasma makes up the sun and stars, and it is the most
common state of matter in the universe as a whole. [Jesse Emspak]
Charged particles in conducting gas result from detachment electrons from
atoms or molecules. In order to understand the conditions for the existence

of such a system, we compare it with an ordinary chemical system. Let us
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consider, for example, atmospheric air, consisting mainly of nitrogen and
oxygen molecules. At high temperatures, along with the nitrogen and
oxygen, nitrogen oxides can be formed. The following chemical

equilibrium is maintained in air[Boris M. Smirnov]

N, + Oz & 2NO - 41.5 kecal/mol.} ..................(129)

The sign <> means that the process can proceed either in the forward or in
the reverse direction. According to Le Chatelier's principle, an increase in
the temperature of the air leads to an increase in the concentration of the
NO molecules.

A similar situation takes place in the case of formation of charged particles
in a gas, but this process requires a high temperature. For example, the

ionization equilibrium for nitrogen molecules has the form:

N, < N7 + e-360 kcal /mol .Y,

Thus, the chemical and ionization equilibriums are analogues, but
ionization of atoms and molecule proceeds at temperatures higher than that
of chemical transformation. Table(1)shows contains examples of chemical

and lonization Equilibrium.
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Table 1. Temperatures Corresponding to Dissociation of 0.1% of

Molecules or lonization of 0.1% of Atoms at a Pressure of 1 atm

Chemical Equilibrium T, K lonization T, K
Equilibrium

2C022C0O+0; 1550 HyoH*+e 7500

H.<2H 1900 HeeHe*+e 12000

02620 2050 CsoCs'+e 2500

N2e2N 4500

2H202H2+02 1800

This table gives the temperatures at which 0.1% of molecules are
dissociated in the case of chemical equilibrium or 0.1% of atoms are
ionized for ionization equilibrium. The pressure of the gas is 1 atm. Thus,
a weakly ionized gas, which we shall call a plasma, has an analogy with a
chemically active gas. Therefore, though a plasma has characteristic
properties which we shall describe, it is not really a new form or state of
matter as is often asserted.

In most actual cases plasma is a weakly ionized gas with a small degree of
ionization. Table (2) gives some examples of real plasma and their
parameters the number of densities of electrons (N,) and of atoms (N ),
the temperature (or the average of energy) of electrons (T,), and the gas

temperature (T 4).
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Table 2: Parameters of Some Plasma

Types of Plasma | Ne (cm3) | Na(cm®) Te( K) To(K)
Sun's 1013 10Y 6000 6000
photosphere

E-layer of 10° 1013 250 250
ionosphere

He-Ne laser 3x10H 2x10%° 3x10* 400
Argon laser 1013 101 10° 10°

If the temperatures of electrons and neutral particles are identical, the
plasma is called equilibrium plasma; in the opposite case we have non-
equilibrium plasma.
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N, + 0, & 2NO - 41.5 kcal/mol.
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4.1. Self and Non-self-Maintaining Discharges:

To investigate this process let as consider the phenomena occurring

in an ionization chamber of the type shown in figure(1).

pds AT
il S
In=Lulator _|_.
Anode —— l—
e v 5} :
P fo!
’ b | [
R | | e i
e oo ae. S5 N RSN

Chamber
[cathode]

Figure (1): lonization chamber.

The body of the vessel containing the gas usually serves as the cathode.
The anode is a rod which is insulated from the body by some good
insulator. Hard radiation, such as x,y or cosmic rays, penetrates the walls
of the chamber. Soft radiation, such as beta or alpha particles, is admitted
through a special window.

The potential over the electrodes ranges from several hundred to several
thousand volts depending upon the design of the chamber. Varying the
potential difference and measuring the corresponding current we plot a

current- voltage characteristic of the gas discharge as in figure (2).
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v

0 o1 92 ®3 ®

Figure (2): The I-V characteristic of the gas discharge.

Portion 0-1-2-3 is called the region of non self- maintaining gas discharge;
region 3- 4 represents the transition to a self- maintaining discharge
(plasma). In the region of weak currents (portion 0-1) the characteristic
curve is approximately linear. Therefore, Ohm's law holds here. In portions
1-2 Ohm's law no longer holds and current increases at lower rate than the
potential. Finally, in portion 2-3, the current is independent of potential.
This is the so-called saturation current i,.

The sudden large jump in current (in figure (2)) can be due only to the fact
that ion concentration increases with a jump at potential differences
aboveg;. The cause of the abrupt jump is collision ionization of the gas.
Certain energy Ej;,,, of an amount depending on the chemical nature of the
gas is required to ionize an atom or molecule. This energy is E;,,, =
13.6 eV for atoms of hydrogen and 14.5 eV for oxygen. If the kinetic
energy of the particle colliding with a molecule exceeds the ionization

energy, the molecule may be ionized in an inelastic collision.
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Both the positive ions and the electrons move in a field of the same
strength, but the mean free path of the electron is much longer than of
the ion and the mass of the electron is much smaller than that of the ion.
So that, free electrons play the main role in collision ionization.

Let the mass and momentum of the ionizing particle be m and p, and let
the molecule of mass M be at rest before the inelastic collision. The change

in the internal energy is equal to the loss of kinetic energy. Thus

p? p? M

Ay =k =y = 5= s = ke

(D

Where k is the energy of the ionizing particle before the collision and k4
after the collision. The mass of the ion is equal to the mass of the molecule
and therefore AE, = k/2. The mass of the molecule is several thousand
times more than the mass of the electron. So that, in equation (1), the
fraction M/M + m = 1 and AE, = k. Thus, even with the same Kinetic
energy, the electron is twice as effective as the ion for ionizing molecules.
The process of collision ionization is insufficient by itself to initiate a self
maintaining discharge. Such a discharge can be achieved only if processes
occurring in the gas during discharge continuously produce more electrons
that participate in collision ionization after being accelerated. There can be
several such processes. Sometimes they act simultaneously; sometimes one
of them begins to play a predominant role. This depends upon the pressure
of the gas, its temperature, and the field strength. The most important of
these processes are the following:

1-Thermionic emission from the cathode occurs when the cathode is at a

high temperature. This is the process that initiates an arc discharge.

2-Secondary electron emission from the cathode is observed if the kinetic
energy of the positive ions is sufficient to free electrons from the cathode

by collision. This process provides for a glow discharge.

3
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3-Thermal ionization: of the gas takes place when the kinetic energy of

the gas molecules exceeds the ionization energy. Thus KT > E;,,,.

4- Photo ionization: of the gas occurs as the result of short- wave
ultraviolet or x-radiation. A molecule of gas absorbs a portion of energy
which greater than the ionization energy. Then it ejects an electron and
converted into positive ion.
At a high degree of ionization an ionized gas is actually a special state of
matter, distinguished from the gaseous, liquid and crystalline states. This
(the fourth state of matter) is called plasma.
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4.2. The Saha Equation
The Boltzmann factor Eqg. (2) describes the distribution of the

internal states of an atom or the free states of the Maxwell-Boltzmann gas.
Now we seek for a thermodynamic description of the equilibrium between

atoms and ions.

Where Wi and Wi are the relative population of the energy states , gi and
gk are the degeneracies of the states i and k, i.e., the number of substates
with the same energy. The exponential of the form exp(—W/ksT )
determines how many atoms have overcome the energy barrier W; — W
between the states i and k.

Another example for a Boltzmann distribution is the Maxwell-Boltzmann
velocity distribution of free particles.

Thermal equilibrium conditions of a plasma are typically found in the

interior of stars or in the electric arc discharges used for street and stadium
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illumination. The thermodynamic equilibrium state is characterized by the
detailed balancing of each process with its reciprocal process. Here we
consider the balance of electron impact ionization and three-body

recombination

e+ A=A"+2e

It would seem that we live in the 1% of the universe in which plasmas don't
occur naturally. The reason for this can be seen from Saha equation, which

tells us the amount of ionization to be expected in a gas in thermal

equilibrium:
. T3/2 U.
n; _ 2 4 x 1{]21 ( ) e_ﬁ ‘ ....................... (4)
n, n;

Here n; and n,, are respectively, the density (number per m?3) of ionized
atoms and neutral atoms, T is the gas temperature in Kelvin, K is
Boltzmann's constant, U; is the ionization energy of the gas. For ordinary
air at room temperature, we may take n, =~ 3 X 102>m3,T =
300 K,and U; = 14.5 eV (for nitrogen) where 1eV = 1.6 x 1071,
The fractional ionization (n; /n,, + n;) = n;/n, predicted by equation (4)
is ridiculously low: n; /n,, ~ 107122,

As the temperature is raised, the degree of ionization remains low until U;
is only a few times KT. Then n;/n,, rises abruptly, and the gas is in a
plasma state. Further increase in temperature makes an n,, less than n;, and
the plasma eventually becomes fully ionized. This is the reason plasmas

exist in astronomical bodies with temperatures of millions of degrees, but
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not on the earth. The natural occurrence of plasmas at high temperature is
the reason for the designation (the fourth state of matter.)

We should point out the physical meaning of Saha equation as: atoms in a
gas have a spread of thermal energies, and an atom is ionized when, by
chance, it suffers a collision of high enough energy to knock out an
electron. In a cold gas such energetic collisions occur infrequently, since
an atom must be accelerated to much higher than average by series of
collisions. The exponential factor in equation (4) expresses the fact that
number of fast atoms falls exponentially with U;/KT. Once an atom is
ionized, it remains charged until it meets an electron to become neutral
again. The recombination rate clearly depends on the density of electrons,
which we can take as equal to n;; and this is the reason for the factor n;*

on the right hand side of equation (4).

4.3. Paschen’s Law and “The “Paschen Curve”

Paschen's law is an equation that gives the breakdown voltage, that
Is, the voltage necessary to start a discharge or electric arc, between two
electrodes in a gas as a function of pressure and gap length. It is named
after Friedrich Paschen who discovered it empirically in 1889 Paschen
studied the breakdown voltage of various gases between parallel metal
plates as the gas pressure and gap distance were varied with a constant gap
length, the voltage necessary to arc across the gap decreased as the pressure
was reduced and then increased gradually, exceeding its original value.
With a constant pressure, the voltage needed to cause an arc reduced as the
gap size was reduced but only to a point. As the gap was reduced further,
the voltage required to cause an arc began to rise and again exceeded its

original value.
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For a given gas, the voltage is a function only of the product of the pressure
and gap length. The curve he found of voltage versus the pressure-gap
length product (right) is called Paschen's curve. He found an equation that
fit these curves, which is now called Paschen's law. At higher pressures
and gap lengths, the breakdown voltage is approximately proportional to
the product of pressure and gap length, and the term Paschen's law is
sometimes used to refer to this simpler relation. However, this is only

roughly true, over a limited range of the curve.

Early vacuum experimenters found a rather surprising behavior. An arc
would sometimes take place in a long irregular path rather than at the
minimal distance between the electrodes. For example, in air, at a pressure
of one atmosphere, the distance for minimal breakdown voltage is about
7.5 um. The voltage required to arc this distance is 327 V, which is
insufficient to ignite the arcs for gaps that are either wider or narrower. For
a 3.5 um gap, the required voltage is 533 V, nearly twice as much. If 500 V
were applied, it would not be sufficient to arc at the 2.85 um distance, but

would arc at a 7.5 um distance.

Paschen found that breakdown voltage was described by the equation

Bpd
In( Apd) — In [111(1 + L)] ................................ ()

HE

Vs =

where Vg is the breakdown voltage in volts ,P is the pressure in pascals d is
the gap distance in meters,y,, IS the secondary-electron-
emission coefficient (the number of secondary electrons produced per
incident positive ion), A is the saturation ionization in the gas at a
particular E/P (electric field/pressure), and B is related to the excitation

and ionization energies.
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The constants A and B are determined experimentally and found to be

roughly constant over a restricted range of E /P for any given gas.

For example, air with an E /P in the range of 450 to 7500 V/(kPa-cm), A =
112.50 (kPa-cm)! and B = 2737.50 V/(kPa-cm).

The graph of this equation is the Paschen curve. By differentiating it with
respect to Pd and setting the derivative to zero, the minimal voltage can be

found. This yields

Figure 3 Shows Paschen curves obtained for Helium, Neon, Argon,
Hydrogen and Nitrogen, using the expression for the breakdown voltsge as
a function of the parameters A,B that interpolate the first Townsend

coefficient.

10
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Figure (3): Shows Paschen curves obtained for Helium, Neon, Argon,
Hydrogen and Nitrogen, using the expression for the breakdown voltsge as
a function of the parameters A,B that interpolate the first Townsend

coefficient.
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5-Important Plasma Properties:
5.1 Debye Shielding:

One of the most important properties of a plasma is the shielding of
every charge in the plasma by a cloud of oppositely charged particles, the
Debye shielding. A fundamental characteristic of the behavior of plasma is
its ability to shield out electric potentials that are applied to it. Suppose we
tried to put an electric field inside a plasma by inserting two charged balls

connected to a battery (Fig. 5-1).

I Probes

Figure (5-1) Debye Shielding.
The balls would attract particles of the opposite charge, and almost
immediately a cloud of ions would surround the negative ball and a cloud
of electrons would surround the positive ball. (We assume that a layer of
dielectric keeps the plasma from actually recombining on the surface, or
that the battery is large enough to maintain the potential in spite of this.) If
the plasma were cold and there were no thermal motions, there would be
just as many charges in the cloud as in the ball, the shielding would be
perfect, and no electric field would be present in the body of the plasma
outside of the clouds. On the other hand, if the temperature is finite, those

particles that are at the edge of the cloud, where the electric field is weak,
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have enough thermal energy to escape from the electrostatic potential well.
The “edge” of the cloud then occurs at the radius where the potential energy
Is approximately equal to the thermal energy KT of the particles, and the
shielding is not complete. Potentials of the order of KT/e can leak into the
plasma and cause finite electric fields to exist there.

Let us compute the approximate thickness of such a charge cloud. Imagine
that the potential ¢ on the plane x=0 is held at a value ¢, by a perfectly
transparent grid (Fig. 5.2).

Fig. (5.2) Potential distribution near a grid in a plasma.

We wish to compute@(x). For simplicity, we assume that the ion-electron
mass ratio M /m is large enough that the inertia of the ions prevents them

from moving. Poisson's equation in one dimension is:

2 azp
&Vep = €052 = —e(M; — M) v ver v v e e (1)

Note: (Z=1)
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If the density far away is n., we have n; = n.. In the presence of a

potential energy g@, the electron distribution function is

1
fu) = Ae”GMEHO/KTe L (2)

This equation tells us that: there are fewer particles at places where the
potential energy is large, since not all particles have enough energy to get
there. Integrating f(u) over u, setting g = —e, and noting that n,( where

® — 0)= n. Then one can write:

Ne = N KTe i  (3)

Note: the region near the grid does not contribute much to the shield.

Substituting for n; and n, in equation (1), we have

d?¢ 0
— = eNy <eKTe — 1) VR €

€0 dx?

In the region where |e@/KT,| < 1, we can expand the exponential a

Taylor series:

azep e@
goﬁ_en“’{(l-*_x_n-*_ (KTe) +---)—1} ...... (5)

Or

d?e _ e
Eoﬁ_en“{me-l_z(me) +} ...... (6)

Keeping only the linear terms in equation(6), one can write

d?p _ nee?
€0 2 = KT, 7/ NN
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1

Defining A, = (S"KTe)E e (8),

nez

Where n stands for n,,, we can solve equation (8) as follows:

a0 _ (1)2
dx? - AD (p

R
0 D
do 1
o4 (=
[ Q=S ax

Smp=+—+c
Ap

X

- Q= i(eE e"'),e"' = 0,

-0 =@,e*l/
So that, the solution of equation (2) is

B =@ge /A o (9)

The quantity of Debye length, A,, is a measure of the shielding distance
or thickness of the sheath.

It is the electron temperature which is used in the definition of A, because
the electrons being more mobile than the ions. Generally do the shielding
by moving so as to create a surplus or deficit of negative charge. Only in

special situations is this not true. There are other useful forms of A:

4
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1

Ap = 69 (%)E m, T in Kelvin

Ap =7430(-0)Y2 m, TineV — J... (10)

We are now in a position to define a quasi-neutrality, if the dimension L of
a system are much larger than A, then whenever local concentration of
charge arise or external potentials are introduced into the system, these are
shielded out in a distance short compared with L, leaving the bulk of the
plasma free of large electric potentials or fields. The plasma is quasi-
neutral; that is, neutral enough so that one can take n; = n, = n is a
common density called the plasma density, but not so neutral that all the
interesting electromagnetic forces vanish.

A criterion for an ionized gas to be plasma is that it be dense enough that
Ap is much smaller than L.

The phenomenon of Debye shielding also occurs in single species systems
such as the electron streamers in klystrons and magnetrons or the proton

beam in a cyclotron.

H.W: in a steady situation, both the ions and the electrons will follow the
Boltzmann relation = nye~%/K7i,j = e = i. For the case of infinite

transparent grid charged to potential ¢, show that:

2
-2 ne 1 1
a- A - +
b €0 (KTe KT;

).

b- The Aj is determined by the temperature of the colder species.
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Figure (5-1) Debye Shielding.
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5.2The Plasma Parameter:
The picture of Debye shielding that we have given above is valid

only if there are enough particles in the sheath. Clearly, if there are only
one or two particles in the sheath region, Debye shielding would not be
statistically valid concept. Using equation (10), one can compute the

number Njof particles in a Debye sphere:

3
2

4 T
Np=nzmap =138 X10°—7 o (11)
nz

T in Kelvin. In additional to A, < L collective behavior requires

S I ¢ V)|

Lo L) adlalaa
e el A Glasall (e 8K Lo dlia IS 1Y) Ladd Alled o 5<5 Debye «as b)) ga )
Debye caaa (558 Ol ¢ Gl dihia 8 add (3 o sl aa) g e @llia (IS 1) 4l el
e 8 Np Slasall sie vy 0 (S ¢ (10) Ualaall aladiinly Gileas] lAla 1 gia

-:Debye
3
4 3 6T2
Np = n§ Ay =1.38 X 10 T e e (11)
n2
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5.3 Criteria For Plasma:

We have given two conditions that an ionized gas must satisfy to be
called a plasma. A third condition has to do with collisions. The weakly
ionized gas in a jet exhaust, for example, does not qualify as a plasma
because the charged particles collide so frequently with neutral atoms that
their motion is controlled by ordinary hydrodynamic forces rather than by
electromagnetic forces. If w is the frequency of typical plasma oscillations
and t is the mean time between collisions with neutral atoms, we require
wT > 1 for the gas to behave like a plasma rather than as neutral gas.

So that, the three conditions a plasma must satisfy are:

1- Quasi- neutrality , 1, < L, the Debye length must be much less than
the dimension of the plasma.

2- Collective behavior,N, >»>> 1, the number of particles in a Debye
sphere is enough in the sheath. i.e. much more than one.

3- Collisionality, > 1, there are enough ionization to be the collisions
so frequently between charged particles and their motion controlled
by electromagnetic forces.

Example: compute Apand Njfor the following cases:

a- A glow discharge with n = 101m~3,KT, = 2eV.
b- The earth's ionosphere, with n = 10'?2m~3,KT, = 0.1eV.
c- A @ —pinch, withn = 1023m~3,KT, = 800eV.

Solution : we have

1/2

£oKT, KT
W = (Tez) =740
3

And Np=nimi}=138 x10°5

n2
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So that

2

a- Ap = 7430(1016)1/2 =10"*m

Np = 1.38 x 1010

0.1
1012

b- Ap = 7430(—>)? = 2.3 x 1073m

N, = 5.4 x 1010

c- Ap = 7430(2) /% = 6.6 X 107"

Np = 1.2 x 1011
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3.4 The Ideal Plasma:

A plasma whose properties are similar to those of a gas is called an
ideal plasma; each particle of plasma will follow a straight trajectory as a
free particle most of the time. These free- particle intervals will
occasionally be punctuated by strong interaction of motion. This situation
obtains if the mean interaction potential of the particle with the neighbors
Is small compared to the mean kinetic energy of the particle. This is the
customary description of the gaseous state of a system, and a plasma that
also satisfies this description is called an ideal plasma.
The Coulomb interaction potential between two charged particles has the
absolute value |U(R)| = e?/R, where e is the charge of an electron or
singly charged ion and R is the distance between interacting particles. Thus

the interaction potential at the mean distance between particles
1
(RO ~N, 3) is equal to |U]| ~ ezNem, and because the mean thermal

energy of the particles is of the order of T (the plasma temperature

expressed in energy units), the condition for a plasma to be ideal is

__ Nee®
=5

3 TR ¢ & )

Where y is called the ideal plasma parameter.

H.W:
1. Typical fusion reactor: n=10° m3, T=30,000 K. Find A, andNj,

2. Typical fusion experiments: n=10'° m=3, T=100 k , Find A, , N, and y.

14
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6. Methods of Plasma Generation:

The most widely used method for plasma generation utilizes the
electrical breakdown of a neutral gas in the presence of an external electric
field. Charge carriers accelerated in the electric field couple their energy
into the plasma via collisions with other particles. Electrons retain most of
their energy in elastic collisions with atoms and molecules because of their
small mass and transfer their energy primarily in inelastic collisions.
Discharges are classified as dc discharges, ac discharges, or pulsed
discharges on the basis of the temporal behaviour of the sustaining electric
field. The spatial and temporal characteristics of a plasma depend to a large
degree on the particular application for which the plasma will be used

A gas-discharge plasma is a common form of plasma which can
have a variety of parameters. It can be either stationary or pulsed,
depending on the character of the field. An external electric field may cause
electrical breakdown of gas, which then generates different forms of
plasma depending on the conditions of process. After the external electric
field is switched off, the plasma decays as a result of recombination of
electrons with ions, and special diffusion of the plasma occurs. Plasma in
these conditions is called an after glow plasma, and is used for study of
recombination and diffusion processes involving charged and excited
atoms.

A convenient way to generate plasma uses resonant radiation, that is
radiation whose wavelength corresponds to the energy of atomic
transitions in the atoms constituting the excited gas. As a result of the
excitation of the gas, a high density of excited atoms is formed, and
collision of these atoms leads to formation of free electrons. Thus the
atomic excitation in the gas leads to its ionization and to plasma generation.

This plasma is called a photoresonant plasma. This plasma has various
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application: it is used for generation of multi charged ions, as acoustic
waves, and so on.

A laser plasma is created by laser irradiation of a surface and is

characterized by parameters such as the laser power and the time duration
of the process. In particular, if a short (nanosecond) laser pulse is focused
onto a surface, material evaporates from the surface in the form of a
plasma. If the neodymium laser is used, the evolving plasma screens the
radiation, and subsequent laser radiation goes to heating the plasma. As a
result, the temperature of the plasma reaches tens electron volts, and this
plasma can be used as a source of X-ray radiation or as a source of an X-
ray laser. Laser pulses can be compressed and shorted to =~2x107*s. This
makes possible the generation of a plasma during very short times, and it
permits the study of fast plasma processes.
A widely used method of plasma generation is based on the passage of
electron beam through a gas. Secondary electrons can then be used for
certain process. For example, in excimer laser, secondary electrons are
accelerated by an external electric field for generation of excited molecules
with short life time. The electron beam as a source of ionization is
convenient for excimer and chemical lasers because the ionization lasts
such a short time.

A chemical method of plasma generation is the use of flames. The
chemical energy of reagents is spent on formation of radicals or excited
particles, and chemoionization process with participation of active
particles generate charged particles. The transformation of chemical
energy into the energy of ionized particles is not efficient, so the degree of
ionization in flames is small. Plasma can be created under the action of
fluxes of ions or neutrons when they pass through a gas. lonization near

the Earth’s surface results from the decay of radioactive elements which
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are found in the Earth’s crust. Ionization processes and the formation of an
ionized gas in the upper atmosphere of the Earth are caused by energetic
radiation from the sun. Thus, methods of plasma generation are many and
varied, and lead to the formation of different of plasmas. So that, a plasma
Is a uniquely useful tool for a variety of applications.
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6.1. Gaseous Discharge:

For discussion, we consider a gas to be contained in an insulating
tube such that shown below, figure (1). Into each end of the tube is inserted
an electrode. Between these electrodes is connected a power supply in
series with a suitable resistance for controlling the discharge current. The

gas pressure and composition may be varied.

-+
L=
Cathode Negative Positve  Anode
glow glow column glow
Aston | Cathode  Faraday Anode
dark dark dark dark
space | space space space

Cathode

Figure (1): A discharge tube.
Once there are ions and electrons in the gas, the situation becomes
complicated. Under the action of the applied electric field, the ions and
electrons move in opposite directions through the gas. Both the ions and
electrons suffer two different types of collisions, elastic and inelastic.
These differ in that the kinetic of the colliding particles is conserved in an

5
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elastic but not in an inelastic collisions. In inelastic collisions the change
in Kinetic is compensated by a change in the internal energy of one or both
of the colliding particles.

Because of their greater mass, the ions do not acquire much velocity either
from the applied field or from the electrons. What energy they have is
easily transferred to the neutral gas atoms. The electrons, on the other hand,
acquire and maintain their velocities easily and can thus contribute to
further ionization and excitation by inelastic collision processes.

If the voltage drop across the discharge tube is sufficient great, the
discharge becomes self-sustaining. The transition between the non-self-
sustaining and the self-sustaining discharge is shown in figure (2) to occur
for currents of order of 101! amperes. The term Townsend discharge is

often applied to a discharge operating between points 2 and 3 of figure (2).

A
TOWNSEND
DARK

DISCHARGE

SUBNORMAL ABNORMAL
GLOW cLow |

1 2} \\ DISCHARGE DISCHARGE } 5

N

: \N 3 6GLow g4
|

\TRANSITIONAL
\,, DISCHARGE
|

RANGE

VOLTAGE

l
|
|
______ T TRANSITIONAL| I :
| RANGE | P\ !
| I | | |  ARC
| | : | \:
______ A, U SRS BN . S
} f } % '
10° 10* 107 1

CURRENT [A]

Figure (2): Average electric field as a function of current density for a

gaseous discharge.
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In the Townsend discharge described the electric field is more or less
uniform across the tube. However, if the discharge current is allowed to
increase by decreasing the series resistance, ions being to collect in the
neighborhood of the cathode. This positive space charge tends to
concentrate the applied field over a shorter distance. In the absence of the
current limiting resistance, it would cause an escalating increase in current
and ionization. When the current is allowed to increase to a few milli-
amperes, the total voltage across the tube reaches a minimum. This low
voltage region between 3 and 4 of the characteristic curve of figure (2)
represents the glow discharge. As the current of the normal glow discharge
increased, more and more of cathode area involved in the discharge, then
additional current can be drawn only if accompanied by a corresponding in
the voltage. This so-called abnormal glow discharge is shown between 4
and 5. Finally, the energy deposited at the cathode by positive ions is great
enough that thermal emission of electrons being to occur. Then the voltage
across the discharge can drop to very low value characteristic of an arc
discharge. is shown between 5 and 6

A gaseous discharge can also be formed by the application of alternating
fields to the gas. The frequency of the applied field is of the order of

megacycle per second or higher.
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Cathode Negative Positive
glow glow column
Aston |Cathode| Faraday
dark dark dark
space | space space

I |
Cathode| || n—

Figure (1): A discharge tube.
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Figure (2): Average electric field as a function of current density for

a gaseous discharge.
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6.2. Glow Discharge:

The physical appearance and properties of the glow discharge are
markedly different from those of the Townsend discharge. Figure (3)
shows a sketch of a discharge tube operating in this mode together with
plots of potential and net space charge distributions. This discharge is
virtually wholly maintained by the secondary electrons produced by
positive ion bombardment of the cathode. The various regions of luminous
and dark spaces in the glow discharge are reasonably well understood; the

following is very brief account of them.

=+
* »
Cathode” Negative Paositive Anade ( a )
glow glaw colurmn glow
Aston | Cathode Faraday Anode
dark dark dark darkﬂ
space | space space space,
| >,
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i
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emission '\ r\ = ”. ( b }
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|
[}
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I ]
| ]
M i i
\ | i
Electric I =1 ( d )
field ; / i
I
|
lon I -"r ( e )
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. i
//F\ |
Electran ~
dansity ’ H i q‘ ( f }
1 ¥

Figure (3): The physical appearance of a glow discharge and the

potential and net space charge distribution within it.
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Secondary electrons produced by ion bombardment accumulate in
the “Aston dark space” and some of them recombine with in coming
positive ions to form the cathode glow at the outer edge of this dark space.
Other electrons from the Aston dark space move through the cathode glow
without being captured and are accelerated in the Crookes dark space by
the positive ion space charge. Sufficient energy is gained in the Crookes
dark space to cause inelastic collisions and excitation of the gas to produce
the negative glow. The anode edge of the negative glow signals the point
at which the electron energy is too low to produce further excitation. The
electrons are further accelerated in the Faraday dark space and produce
the positive column that extends almost to the anode. In the positive
column the net space charge is zero. The positive column is a plasma.
The number of the electrons in the positive column plasma is controlled by
an additional factor beyond those described above, namely, loss to the
walls of the tube. Since the current is constant along the positive column
and is carried largely by electrons, the loss of electrons to the walls must

be balanced by corresponding gains from ionization within column.
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6.3. Plasma Diagnostics:

Diagnostics for determining quantities such as n, KTe, Vs, etc. that
we have taken for granted so far can be remote or local.
Remote methods do not require insertion of an object into the plasma, but
they do require at least one window for access. Local diagnostics measure
the plasma properties at one point in the plasma by insertion of a probe of
one type or another there. Remote methods depend on some sort of
radiation, so the win- window has to be made of a material that is
transparent to the wavelength being used. Sometimes quartz or sapphire

windows are needed.
6.3.1REMOTE DIAGNOSTICS:

1. Optical spectroscopy:

One common remote diagnostic is optical emission spectroscopy
(OES). In OES, visible light is usually collected by a lens and focused onto
the slit of a spectrometer. The detector can be a photodiode, a
photomultiplier, or an optical multichannel analyzer (OMA). With a
photodiode, interference filters are used to isolate a particular spectral line.
Optical radiation can also be used to image a plasma in the light of a
particular spectral line using an interference filter and a sensitive CCD
camera as shown in figure (4). By comparing the intensities of different
spectral lines, one can determine not only the atomic species present but

also the electron temperature, density, and the ionization fraction.
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Figure (4) Optical emission spectroscopy (OES)

2. Microwave interferometer:

Another useful remote diagnostic is microwave interferometer. A
beam of microwave radiation is launched by a horn antenna into a plasma
through a window. The basic idea behind this diagnostic scheme is as
follows. The plasma acts like a dielectric medium to electromagnetic
radiation, and a wave propagating through the plasma will suffer a change

in phase. Interferometer setup is shown below, figure (5).

L =266 mm ‘

d =136 mm

[ . @ |
>y -10A 0 10A LA

Figure (5): Interferometer setup.
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3. Laser Induced Fluorescence (LIF):

This diagnostic is both non-invasive and local because it uses
intersecting beam paths. Furthermore, it is the only way to measure Ti
without using a large energy analyzer. One laser, tuned to a particular
transition, is used to raise ions to an excited state along one path through
the plasma. The excited ions fluoresce, giving off light at another
frequency, and this light is collected by a lens focused to one part of the
path, providing the localization. Doppler broadening of the line yields the
ion velocity spread in a particular direction. The equipment is large,
expensive, and difficult to set up, so that it is available in a relatively few

laboratories. Is shown below, figure (6).

TR . P=25*102mbar

under vacuum

Sﬁectro
] & s
iy P \/\

Laplop Optical fiber

| <N
7 NEYAG laser
wavelength= 1064 nm

rotery outlet

Figure (6) Laser Induced Fluorescence (LIF)
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6.3.2. Local Diagnostics: Langmuir Probes:

The fundamental plasma parameters can be determined by placing
a small conducting probe into the plasma and observing the current to the
probe as a function of the difference between the probe and plasma space
potentials. The plasma space potential is just the potential difference of the
plasma volume with respect to the vessel wall (anode). It arises from an
initial imbalance in electron and ion loss rates and depends in part upon
anode surface conditions, and filament emission current. Langmuir probe
can be used to determine the values of the ion and electron densities, the
electron temperature, and the electron distribution function. This method
involves the measurement of electron and ion currents to a probe as
different voltages are applied to the probe. This yields a curve called the

probe characteristic of the plasma.as shown in figure (7).

Probe
Tip

Vbias . -

Plasma Chamber

Figure (7). Langmuir Probes.

Sometimes, a double probe can be used. A double probe consists of two
electrodes of equal surface area, separated by a small distance and

immersed in the plasma.
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» Other Local diagnostics:
1. Magnetic probes. 2. Energy analyzers.

3. RF current probe. 4. Plasma oscillation probe.
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7-Plasma as Collection of Individual Particles:

7-1Single-Particle Motions:

Plasma behave sometimes like fluids, and sometimes like a
collection of individual particles. The first step in learning how to deal with
this schizophrenic personality is to understand how single particles behave
in electric and magnetic fields. This study differs from next ones in that
the E and B fields are assumed to prescribed and not affected by the
charged particles.

Uniform E and B fields:
First.: if E=0

In this case, a charged particle has a simple cyclotron gyration. The
equation of maotion is:

dv = X B 1
mdt =q cenveeeen een e e e (1)

<

The right hand side of equation (1) is:

X y z
q’l_jXB:qvx vy, v,
B, B, B,

= q(%(v,B, —v,B,) - y(v,B, — v,B,) + 2(v,B, — v,B,))

Taking Z to be the direction of B,i.e. B, = BZ, B, = 0,B, = 0 and let:

dv, _ . dvy, . dv,

v, , =v,, v
dt X dt y dt z
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So that, one can write:

mv, = qBv,, mv, = —qBv,, mv, =0
.. aB
= b=+ 10, =~ (),
.. B .
vy =T, = (L B2y [ e (2)

This describes a simple harmonic oscillator at the cyclotron frequency,

which we define to be:
B
w, =18 3)

w, is always non-negative. B is measured in tesla, or webers/m?, a unit
equal to 10* gauss. Then one can solve equation (2) and give the solution

as.

vx,y — vle(ilwctﬂé'x,y)

The + denoting the sign of g. We may chose the phase &, so that:
V,=v, et =% e (4A)

Where v, is a positive constant denoting the speed in the plane

perpendicular to B. Then with equation (2) and its solution, one can write:

v, = qﬂB +wi p. = +iv, et =y . ... .. .. (4b)

Integrating once again, we have:

.V ] 4 i
X—x9g=—i—=e@ y—y,= iw—le""ct N ¢ )
[

Wc

We define the Larmor radius to be:

— Vv, __mvy,
TL S o T g e e e e e e e (6)
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Taking the real part of equation (5), we have:
X—Xg=riSinw.t, y—yo=xr,cosw.t....... (7)

This describes a circular orbit a guiding center (x,,y,) which is fixed
(figure (1)). The direction of the gyration is always such that the magnetic
field generated by the charged particle is opposite to the externally imposed
field. Plasma particles, therefore, tend to reduce the magnetic field, and

plasmas are diamagnetic.

B Guiding Center

electron
ion

Figure (1): Larmor orbits in a magnetic field.

In addition to this motion, there is an arbitrary velocity v, a long B which
is not affected by B. Therefore the trajectory of charged particle in space

is, in general, a helix.

Second: if E have a finite value,

Now, if we allow an electric field to be present, the motion will be
found to be sum of two motions; the usual circular Larmor gyration plus a
drift of the guiding center. The equation of motion, now, is:

dv

m_ = q(E+VXB)........(8)
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Let E lies in x — z plane, so that E,, = 0. The z- component of velocity is:

dv, q
dt = mEz
m

Because the component of (v X E) in z direction is zero. By integrating,

z- velocity component is:

qE
mz £+ Vg0 cor v eee e ere e o (9)

v, =

This is a straightforward acceleration along B. The transverse components

of equation (8) using equation (2) are:

dv, q

ot T mEx B Oy

d

% =0+ w.v, AU @ (| )

Differentiating, we have (for constant E).

v, = —wiv,
i, = Fo (LE, + = —w?(Z+v,) 11
UMES wc(m T o) =—w; o T Uy )| e ..(11)

One can write this as:

d? Ex\ _ 2 Ey
vy +5) =0t (v, +3)
So that equation (11) is reduced to equation (2) if we replace v, v, by v, +

E" . Then in same way one can write the solution of equation (11) as:
v, = v, et

v, = tiv, e — % IV ¢ V)
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The Larmor motion is the same as before, but there is superimposed a drift

vy Of the guiding center in the y-direction (for E, > 0) as in figure (2).

0 electron
Figure (2): particle drifts in crossed electric and magnetic fields.

To obtain a general formula for v,., we can solve equation (8) in vector
from. We may omit m%. Since it is a case of f, = —f,,. Then equation

(8) becomes:

qQE+7XB)=0>E+DXB=0 ............ (13)

Taking the cross product with B, we have:
ExB+(vxB)xB=0 »ExB=Bx(vxB)

Where A X (B X C) =B(A-C)— C(A-B) so that, one can write:

EXB=B*%—B(¥ B) .o eee e (14)

The transverse components of this equation are:

Vige = gz = VE orvon v oo oo s s s (15)
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We define this to be v, the electric field drift of the guiding center. In
magnitude, this drift is:

Vg ) m NPT & 1)

- B(tesla) :

It is important to note that vy is independent of g, m and v, . The reason
Is obvious from the following physical picture. In the first half cycle of the
ion’s orbit in figure (2), it gains energy from the electric field and increases
in v,and, hence, in .. In the second half-cycle, it loses energy and
decrease in ;. This difference in r; on the left and right sides of the orbit
in figure (2) causes the drift vz. A negative electron gyrates in the opposite
direction but also gains energy in the opposite direction; it ends up drifting

in the same direction as an ion.

Gravitational Field:
The foregoing result can be applied to other forces by replacing gE
in the equation of motion (8) by a general force F.The guiding center drift

caused by F is then:

_ 1FxB (17
If F is the force of gravity mg, there is a drift:
. mgxB
= — e e (18
’Dg q B2 ( )

This is similar to the drift vy in that it is perpendicular to both the force
and B, but it differs in one important respect. The drift v, changes sign
with the particle’s charge. Under a gravitational force, ions and electrons
drift in opposite directions, so there is a net current density in the plasma

given by:



Plasma Physics Lecture Seven

g xB
BZ

j=nM+m) I L))

The physical reason for this drift (figure (3)) is again the change in Larmor
radius as the particle gains and losses energy in the gravitational field. Now
the electrons gyrate in the opposite direction sense to the ions, but the force
on them is in the same direction, so the drift is in the opposite direction.
The magnitude of v, is usually negligible, but when the lines of forces are
curved, there is an effective gravitational force due to centrifugal force.
This force, which is not negligible, is the basis of a plasma instability called

gravitational instability, which has nothing to do with real gravity.

S
®B

ion electron

Figure (3): the drift of gyrating particle in a gravitational field.

Example: Compute r; for the following case in v is negligible:

a- A10 — keVelectron in the earth’s magnetic field of 5 x 107° T.

b- A solar wind proton with streaming velocity 300 km/sec, B = 5 X
107°T.

c- A 1—keVHe" ion in the solar atmosphere near a sunspot, where
B =5x1072T.
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1

) 1 2E\2 mv
Solution: E = ~mvi = v, = (—) T, = —=
2 m eB
1
2x10%)(1.6x10719)12 m
a- v, = [@a0)ext )] =593 x 107 -
9.1x1073 sec.

_ (9.11x10731)(5.93x107)
LT T dex10-19)(5x10-5) 6.75m

b- HW.
c- HW.

Example: Show that vgis the same for two ions of equal mass and charge

but different energies.

Solution: let g, is the initial energy, ry, 1, are the Larmore radii as shown.

S>
€, = €9 + eEr is the energy at (1)

€, = €, — eEr, is the energy at (2) @ |
_ 2 _ 261'2 i :
or 61’2 = €y i eErl’Z, also vllz = : '
Now, we are asked to make the approximation i E— !
L fe—
1 1 > |
r _ Vi1g _ M”J-1,2 _ ﬂ(ZeLZ)E _ ﬂ(ZEOieET'Lz)E | Ty 7 :

127 ., = eB ~eB\ M ) ~ eB M

Let % = (). is the cyclotron frequency of the ion. Then,

1
1 (2€0\2 eE 2
T2 = 9—(7) (1 + —TLZ)
C
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For small E, expand the square root in a Taylor series:

1
1 (2 60)7<1+1eE )
iy =—|—— —
127\ M —2¢gy M2
1 1
— 1 (%%0)2 1eE 1 (2€0)2
_QC(M) lliZEOQC(M)]
i 1
— 1 (%%0)2 1eE 1 (2€0)2
Or rl_QC(M) [1+2eonc(M)]’and

1 1
ry = L (250) [1 _1eE1 (Zi)]
Q. \ M 2600\ M
Thus, one can write

r r _eE 1 (ZEO)_ 2eE
1727 02\ M/ ™ mMa?

Independent of €,. The guiding center moves a distance 2(r; — ) in a

time i—” . S0 that

C

szc) 4eE 1 2E

= 2(r, — — - _Z=
Vge = 2(ry = 12) (211 MQ.2nt nB

Or, approximately, where the facture % would be 1 if we did not make the

crude approximation.
_E
vgc = E

Thus, the guiding center drift is independent of the ion energy €.
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153 dall Claswad) (1 de ganasS Lo SUI
Single-Particle Motions 8 iall cilaywal) 45 ;2

Al Clapal) (o) s 8 580 Blaaly wilal) iy iy (& Ll L aa 5
03 Al Sy 5 pusslaline 5 Al 5eS S¥lae A Laila 5aa) sie (55 Lo 3O (52 jaall)
e s G Yl

L 5 Lo 3oLl o) ginl Lgaal (i (al j2 Y dua A <l Lo e adaglus aida -1
b Leleliig AV Gandl o lpvany cilamal) A8 a5l Jads Lo o) 3 Llals A gile -2
A adiall Cilapnadl Aot Uil Lale ddaliall ciyiaal)

<l Ll ML 5 aeadl A4S a e oot il il dagda 46 jea 5 ) 5 peall e o8 Sl
YUl 538 3 g sl At JSS LU 3 Caaas il

:Lorenz Force ju s 56

Al ¢ oanbling Jlae 5l lseS Jlae 8 doaii il jeS At e 35l 5580 o
L bl Ll e Aal (668 La BG4 gaiall Clapasal)

s Jaad) 1
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bl Jlaal) 2
\AJL\MB}SJ V Z\L)MZ\S);:LAI\ QM‘J&MM\ Jladll )3‘9:\
F F=q(VxB)

iy g uablindl Jladll o g2 3 sl
Jadl le A3 e e oy 38 priaanl) (5

/\ B 13 Jh bl Ny i Al ) 3| pualiandl
Jladll e gagae slaily oS

i g <l Jlaal) 3
(ol S Jlae gl dpuailing g4 S cVlan 3 7 e gy ¢ (gl ] i 1
S i peilan inll e gl () 4 5 ) casind

F=q (E+VxB)

Aaliile dnilitg g 4uily 1S c¥laa (& aral) A4S o

E=0 A4l g

die o sadiall o) ¢ g i Al 50 A8 ey 4 padial) dapenl) o e A oda
Oy Apnlaling 58 & 3 i5all 358l () (50 Jlose 2% Al uhaling Jlae Jahro2al 5
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(1) el (e e cailal) 221,

X §y 1z
qUXB=q|V Vy Y
B, B, B,

= q(#(v,B, - v,B,) - §(nB, - v,B,) + £(v,B, - v,B,))

(Z) slail 3 raabalizall Jlnall (S]]
(X,Y) slaily 3 58l LS yo 22 2

A
Magnetic Electron B —_ BZ

field line

Yy
dvy dvy dﬁz—v
de X7 g X! dt  Z

12
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mv, = qBv,
i, = —gBU,. » cons o (2)
meZ =0 )

1(2) Aalad diiiall 38l

qbB qB\? 3
Uy = —, = — (—) v,
e i sy s s (3)
qB qB
b=t == () v,
__lglB
We =" s (D)

bl 4.\‘ uall) ((l)c) U‘ Bl M\a - )\ﬁa $y ce}ﬂ}&u\ .)J_)ZMM @J\M\
’ m

(Web/m) ol g (10°) g g (Tesla) = (B) ol il 3 il ings 4 S5Y
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: 1553 ¢ alall Jald Simple Harmonic Motion dass 8 5 c-siia &S ja Jiai (3) Alokas

- Wel —
v, =0 e =% (5)

B ok gogeadl s gy DY) iy
U AV vy 203 (3) ka0
m 1
Uy Sty B =i (6) Ladll ¢ o5 o Jo5 45 JmY) o
@B Tw
(5) Aakaa oy, Aiia (- g
vy = 4iv e = ... (7)
 ax sl Y1 asi (7) 5 (5) osbbadl JalSiyg
v
X-x,= -i-‘;le""f‘\
vJ_C iw.f } """"" (8)
-y =+—=pW
y=Yo =l
p=t=—t Larmer Radius o)) ki ciuai
we  qlB

(8) Ldkna o il il ¢ ol Ly
X=X, =1 sinw.t
0_ L i S (9)
y =y, = tr, cosw,t

{Xa, Yo) e sl gl Ll dp g Jsa e 2 i« 2t i Al Jl Badl
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guiding center

y (xo,y0)
®B
X
E / B -q (electron)
+q (1on)
ke Jaa (A ¥ i

Figure (1): Larmor orbits in a magnetic field.

No magnetic field

F_:=q(E/-|'-ﬁxl§) ff?; i
F=qixB

Jaadl 3520 (B) ¢ rumhlita Jlae (g% (A) 14 sadial) dasal) AS a Gy J2i
.g-‘-“.éhm‘
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Larmor radius » N Jké dal
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Ey=0 0585 Sy ((X-Z) 6 simsall b gy s oS Jaall (S
(A Vg Ayl A8 je (8

m? = q(E +VX B)V_ (v X E) in z direction is zero
l 2
So ﬂ = iEZ

. m

(s Z oladbide yull AS je 8 Jalsilly

1

B oVl 35 de i 3 a 4
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¢

Z

) : o ion electron
Figure (2): particle drifts in crossed electric and magnetic fields.
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ion electron

Figure (3): the drift of gyrating particle in a gravitational field.
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