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Plasma physics

The term plasma is used to describe awide variety of macroscopically neutral
substances containing free e ectrons and ionized atoms or molecules, which exhibit
collective behavior due to the long- range coulomb forces. Not all media containing
charged particles, however, can be classified as plasmas.

For a collection of interacting charged and neutral particlesto exhibit plasma
behavior it must satisfy certain conditions, or criteria, for plasma existence.

The word plasma comes from the Greek and means ‘something molded’. It was
applied for the first time by to criteria Tonks and Langmuir, in 1929,to describe the
Inner region , remote from the boundaries, of a glowing ionized gas produced by
electric discharge in atube ,theionized gas as a whole remaining electrically
neutral.

From a scientific point of view, matter in the known universeis often classified in
terms of four states: solid, liquid, gaseous, and plasma .The basic distinction
between solids, liquids, and gases lies in the difference between the strength of the
bonds that hold their constituent particles together. These binding forces are
relatively strong in asolid, weak in aliquid, and essentially almost absent in the
gaseous state.

Whether a given substance is found in one of these states depends on the random
kinetic energy (thermal energy) of its atoms or molecules, that is, on its temperatur:
.the equilibrium between this particle thermal energy and the interparticle binding
forces determines the state.

By heating asolid or liquid substance the atoms or molecules more thermal kinetic
energy until they are able to overcome the binding potential energy .thisleadsto
phase transitions, which occur at a constant temperature for a given pressure. The
amount of energy required for the phase transition is called the latent heat.

If the sufficient energy is provided, amolecular gas will gradually dissociate into a
atomic gas as a result of collisions between those particles whose thermal kinetic
energy exceeds the molecular binding energy.

At sufficiently elevated temperatures an increasing fractions of the atoms will
posses enough kinetic energy to over come, by collisions, the binding energy of the
outermost orbital electrons, and an ionized gas or plasmaresults. However, this
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transition from gas to plasmais not a phase transition in the thermodynamic sense,
since it occurs gradually with increasing temperature.

Plasma production :

A plasma can be produced by raising the temperature of a substance until a
reasonably high fractional ionization is obtained. Under thermodynamic equilibriur
conditions the degree of ionization and the electron temperature are closely related.
Thisrelation is given by the saha equation.

é 3 /2 U
AN. T _U/ -
€1 @r4x10 > — e /U
~ @r 0 ;
e 8|

Heren, and n, are respectively ,the density (number per cm®) of ionized atoms and
of neutral atoms,T isthe gas temperaturein K,k is Boltzmann's constant ,and U; i
the ionization energy of the gas

Although plasmasin local thermodynamic are found in many placesin nature, as
the case for many astrophysical plasmas, they are not very common in the
laboratory.

Plasmas can also be generated by ionization processes that raise the degree of

ioni zation much above its thermal equilibrium value .there are many different
methods of creating plasmasin the laboratory and , depending on the method , the
plasma may have a high or low density ,high or low temperature, it may be steady
or transient ,stable or unstable ,and so on .in what follows ,a brief description is
presented of the most commonly known processes of photoionization and e ectric
discharge in gases

In the photoionizatio n process, ionization occurs by absorption of incident photons
whose energy is equal to or greater than the ionization potential of the absorbing
atom.



The excess energy of the photon istransformed into kinetic energy of the e ectron-
ion pair formed. For example, the ionization potential energy for the outermost
electron of hydrogen is 13.6 ev , which can be supplied by radiation of wavelength
smaller than about 910A i.e. in the far ultraviolet. lonization can also be produced
by x-ray or gammarays, which have much smaller wavelengths .the ionosphere, fo
example, is natural photoionized plasma.

In agasdischarge, an electric field is applied across the ionized gas, which
accelerates the free electrons to energies sufficiently high to ionize other atoms by
collisions. One characteristic of this processis that the applied electric field
transfers energy much more efficiently to the light electrons than to the relatively
heavy ions. The electron temperature in gas discharges is therefore usually higher
than the ion temperature, since the transfer of thermal energy from the electrons to
the heavier particlesisvery slow.

When the ionizing source is turned off, ionization decreases gradually
because of recombination until it reaches an equilibrium value
consistent with the temperature of the medium .In the laboratory the
recombination usually occurs so fast that the plasma completely
disappears in a small fraction of a second.

lonization

e EM Recombination

R e
'B—t}@



Occurrence of Plasmas:

Gas Discharges: Fluorescent Lights, Spark gaps, arcs, welding,
lightingControlled Fusionlonosphere: lonized belt surrounding
earthinterplanetary Medium: Magnetospheres of planets and starts

. Solar Wind.Stellar Astrophysics: Stars. Pulsars. adiationprocesses.
lon Propulsion: Advanced space drives, etc.&

Space Technology Interaction of Spacecraft with environmentGas
Lasers:
Plasma discharge pumped lasers: CO2, He, Ne, HCN.

Materials Processing: Surface treatment for hardening. Crystal

Growing.

Semiconductor Processing:

lon beam doping, plasma etching & sputtering.Solid State

Plasmas: Behavior of semiconductors.



Collective behaviour:

Plasma contains a charged particles, as these charges moves around,
they can generate local concentrations of positive or negative charges,
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. By collective behaviour we mean motions that depend

not only on local conditions but on the state of the plasma in remote
regions as well.

Concept of temperature:

A gas in thermal equilibrium has particles of all velocities, and the most
probable distribution of these velocities is known as the maxwellian
distribution.

The one —dimensional maxwellian distribution is given by

fw=A exp-1/2mu’/KT

F=is the number of particles per cm® with velocity between u and
u+du

1/2mu®= kinetic energy

K = boltzmann~s constant

The density n , number of particles per cm®is given by

n= of (u)du



The width of the distribution is characterized by the constant t which is the
temperature.
The average kinetic energy of particles is

+¥ )
o 1/2mu“f(u)du

av ¥
of(u)du
- ¥

The kinetic energy is thermal so

1/2mvin’= KT

Vin= (2K T/m)*?

and let y: U/Vth

f(u) =A exp(-u®/vin)

¥
1/ 2mv,*A Gpxp(- y?) y?dy
-¥

E =

av

¥
Avth C\?Xp(' yz)dy
- ¥



ceV'y’dy by parts

¥

ove Y ydy=[- 1/ 2exp(- y)Iyl¥, - ¢ Lexp(- y?)dy
-¥
¥

=1 pxp(- y?*)dy
¥

Cancelling the integrals, we have

1/ 2mAv3thl

2=1/4mv,° :%KT

av Avy,

Thus the average kinetic energyis kT
In three dimensions
Ea=3/2kT

The general result is that E,, equals 1/2KT per degree of freedom

1 ev=11600 k

By a 2-ev plasma we mean that kT=2ev or E 5,=3 ev in three dimensions.

It is interesting that plasma can have several temperatures at the same time
it often happens that the ions and the electrons have separate different
temperature T; and Te

DEBY SHIELDING :

afundamental characteristic of the behaviour of a plasma its ability to shielc
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. 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. if the plasma were cold and thert
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 out side of clouds.

Let us compute the approximate thickness of such a charge cloud.

Poisons equation in one dimension is

Poisson’s Equation N o= ‘;2 ‘f =- %(n -n,) (z=1)
X (]

Electron Density ne =n  exp(e@/KTe.)

d’® _en
VeI [exp(e ®P/KT)-1]

We can expand the exponential in a Taylor series

d’® en, e® 1
= +
dx* & [KTe E(

Keeping only the linear terms

ed

Y +.. ...
KT.

2
d2¢_n¥e

dx 2 EKT

e.KT
| D :( 2 )1/2
ne

The quantity Ap , called the debye length ,is a measure of the shielding distance or
thickness of the sheath.we can also write the debye length as



A=6.9(T/N)¥*> com ,Tin k°

Ao=740 (KT/n)¥? |em, KT inev

asthe density isincreased , Ap decreases,

as KT increase Ap isincreased

If the dimensions of a system are much larger than Ap ,than whenever local
concentrations 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
plasmafree of large electric potentials or fields. out side of the sheath on thewall o
on an obstacle, @ isvery small, and n;is equal to ne, typically ,to better than one
part in 10° . It takes only a small charge imbalance to give rise to potentials of the
order of KT/e . The plasmais (quasineutral ); that is ,neutral enough so that one car
take ni=n<~n ,where n isacommon density called the plasma density ,but not so
neutral that al the interesting electromagnetic forces vanisn.

Debye sphere

Np=n 4/3m Ap°

Which is a sphere of radius debye length

The plasma frequency:

The fact that plasma particles behave collectively means that plasmas can
support awide variety of wave motions and oscillations. One such basic
oscillation arises if agroup of eectronsis dightly displaced from their
equilibrium positions. The displaced electrons feel an el ectrostatic force seeking
to return them to their equilibrium positions but upon arrival there they now have
akinetic energy equal to the potential energy of their initial displacement. The
electrons overshoot, reconvert their kinetic energy to potential energy and a
simple oscillation is set up. The frequency of this fundamental oscillationis
known as the plasma frequency and is defined by



1

IHHE m

MF - ]
E0TT .

where n isthe mean plasma density and m is the electron mass.

Criteriafor plasmas:

1- Ap«l
2- Np»1
3- Wnl

Where w is the frequency of plasma oscillations and t is the mean time between
collisions with neutral atoms,
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