Plasma State

Three states of matter, known as solid, liquid and gas, are generally

g .
known to a common person. Any one of these states can, in general,

be converted into another through the exchange of energy. In day-to-
day life, HoO molecule is a remarkable example, as it is found in all the
three states, as ice (solid), water (liquid) and steam (gas). Obviously, by
supplying energy to the matter, solid state can be converted into a liquid
one, and a liquid state into a gaseous one; for the reverse process, the
energy is extracted out from the matter. In some cases, it is possible to
convert solid state into a gaseous state. NH,Cl is example of such case.
Further supply of energy to a matter in the gaseous state, breaks the
molecules into its constituent atoms, and then the atoms are stripped off
Eheir'electrons producing, positive ions and negativay charged electrons.
The amount of energy required to liberate an electron from an atom is
known as the ionization potential'. This supplied energy may be in the

form of heat, radiation, due to collision or due to chemical reaction.
Ionization due to heat occurs at very high temperature of the order of

million Kelvin which can be produced in the laboratories. This state of

matter where charged as well as neutral particles exist simultaneously
is generally known as plasma. This term ‘plasma’ was first coined by
Langmuir in 1923. Thus, the plasma may be defined as the following:

/ Plasma is a quasi-neutral gas of charged and neutral particles which

ezhibit collective behaviour.

As the plasma is found in a natural form in a number of cosmic objects
and in the upper atmosphere of the earth, therefore, it is sometimes

'From an atom, having more than one electron, electrons may be liberated one
by one. Thus, an atoms can have several ionization potentials; each subsequent
ionization of an atom has larger value of ionization potential.
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defined as
the fourth state of maller.

When the gas is ionized, its dynamical hehavionr is influenced by the
external clectric and magnetic fields. Moreover, the separated charged
particles within the plasma give rise to new forces hetween the cop.
stituent particles. Thus, the properties of the plasma become quite
different from those of neutral atoms and molecules. In this chapter we

shall discuss some processes and properties of plasma.

1.1 Natural plasma

Natural plasma exists in some cosmic objects like interiors and atmo-
spheres of hot stars, planctary nebulae, regions of ionized hydrogen in
the interstellar medium, and the upper atmosphere of the earth. On the
earth, plasma can however be produced in the laboratories. The reason
for finding natural plasma in the cosmic objects and not at the earth
is due to the large differences in density and temperature in the two
regions. On the earth, the density is very large and temperature is very
low as compared to those in the cosmic objects. Some regions where
natural plasma is found are as the following.

1.1.1 Ionosphere

Streams of charged particles, known as solar wind, are being continu-
ously emitted by our sun. Some of these charged particles reach up to
the upper atmosphere of the earth. Moreover, intense radiations (y-rays,
x-rays, UV radiations) coming from the outer space ionize the upper at-
mosphere of the earth. This upper atmosphere of the earth is known
as the ionosphere. It is about 50 km above the earth's surface. Since
hazardous radiations (7-rays, x-rays, UV radiations) are absorbed in
the upper atmosphere of the carth, the earth's atmosphere thus plays
important role in our life by shiclding us from the hazardous radiations

coming from the outer space. This ionosphere is used for communication

purposes, as the radiations of frequency less than the plasma frequency
are reflected back by the plasma in the ionosphere .
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1.1.2 van Allen belts

The investigations made by satellites found two regions, known as the
van Allen radiation belts, which envelop the earth. One belt is at.a
distance of about 9700 km and second at 22,500 km from the surface
of the earth. The thickness of inner and outer belts is respectively

about 4800 km and 8000 km_ The belts contain charged particles (ions)
trapped between the magnetic lines of force.

1.1.3 Aurorae

Above the earth’s magnetic poles, the charged particles have free access
to the earth’s surface, as the lines of magnetic field are concentrated
towards the surface. These charged particles interact with the molecules
of the upper air, causing a glow from time to time. These glow are the
aurorae which are also known as the northern lights and southern lights.

1.1.4 Solar corona

Two strong emission lines at A 5303 A and 6374 A were found in the solar
atmosphere. Later on some more lines were found in the spectra of the
sun. These lines could not be assigned to any of the known atoms or their
singly ionized ions. Since the estimated temperature of the photosphere
around the sun is about 6000 K, scientists could expect either atoms or
their singly ionized ions in the solar atmosphere. In absence of any atom
to which these lines could be assigned, scientist coined a name coronium
to some unknown atom. No one knew about the physical properties
of this coronium, except to say that it was responsible for generation of
those unassigned lines. Later on, through laboratory studies at very high
temperatures it was found that these unknown lines could be generated
by highly ionized ions. For example, the lines at X 5303 A and 6374
A are generated by Fe XIV (thirteen times ionized iron, Fet13) and
Fe X (nine times ionized iron, Fe*?), respectively. Since these highly
ionized ions are produced at a temperature of million Kelvin, their was
no alternative but to accept that the temperature in the corona around
the sun is of million Kelvin.

—

In spite of energy losses due to radiation as well as conduction, the
temperature of corona is found maintained at million Kelvin. It is indeed
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a challenging task before the scientists to find out the source for th

t -
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coronal heating. Such coronae are found around a number of sta
Is.

1.1.5 Core of the sun

As an cexplanation of the source of energy in the sun, it ig now welj
tablished that in the core, the temperature is of the order of 15 >

’ . 21 19 milljq
K and the process of fusion of four hydrogen nuclei into a heli;ﬁ“n
. . _ nu.-
cleus is going on. Thus, the core of the sun is so hot that the Matte
T

there is in the plasma state. Besides the fusion of hydrogen nuclej ip

helium nucleus, in some stars, CNO cycle or triple a reactions are goina
on. Consequently, in the cores of the shining stars, the temperatyre igs
sufficiently high to maintain the nuclear reactions. Hence, the Materia)

in the cores of stars is in the plasma state.

1.1.6 HII regions

In some parts of the interstellar medium, temperature is so high t},
. .b--.—— 5 . at
the hydrogen gas is in the ionized state. These regions are generally

known as the Hil regions. These regions are either associated with e
evolved stars (stars in the late stage) or they form a big cloud in whic,
the process of star formation is going on.
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Other alternative expressions for electron temperature have been de-
rived by other scientists. However, T, is found proportional to (E/P)

up to 1.5 V/em mm Hg in argon and neon.

1. ebye shielding

A fundamental characteristic of plasma is that it can shield out electric
potentials that are applied to it. In order to understand it, let us put an
electric field inside a plasma by inserting two charged balls connected
to a battery (Figure 1.2). Here, we assume that a layer of dielectric
restricts the plasma from recombining on the surface or the battery 1s
large enough to maintain the potential in spite of recombination. Now,
the balls almost immediately would attract particles of opposite charge
and a cloud of positive ions would be formed around the negative ball
and a cloud of electrons would be formed around the positive ball.
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Figure 1.2: Shows two charged balls connected to a battery and inserted

. .
inside a plasma e = kT.
T~o 7\

In case the plasma is cold and there are no thermal motions of

— ~ 0
charged particles, the surrounding cloud in each case would have as L} )

many charges as there are in the ball. Thus, in the plasma, outside SR L
the clouds, there would be no electric field and the shielding is prefect.
On the other hand, if the plasma temperature is finite, the particles at
the edge of the cloud (there electric field is weak), have enough thermal
energy to escape from the electrostatic potential well. The edge of the
cloud is estimated to occur at the radial distance where the potential
energy is approximately equal to the thermal kinetic energy KT of the
particles. Consequently, the shielding is not complete.
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Let us caleulate the approximate thickness of such a charge cloud,

perfectly transparent lv grid (Figure
Now. onr objeet is to compute ¢(.r). For simplicity, we ASSUme

o M/m, (ratio of the mass of positively charged ion and thy

!

1.3). Here. is the distance measyreg
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that the rati
of election) is very high (infinite in the mathematical language), so that

the positively charged ions do not move but form a uniform backgroyn,

of positive charge through which the negatively charged electrons are
moving in the gas.(b:im-i.}m-situal.ion is spherically symmetric, we

._mm%btmmm—wrimkma?huhp we consider one-dimensiong|

Poisson equation
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Figure 1.3: Variation of potential as a function of distance.

Here, we have accounted for the hydrogen plasma, and hence the posi-
tively charged ions are protons. At large distance, density of protons is
equal to that of the electrons and is denoted by n. As the protons are
not moving, the density of protons n; is n everywhere. Thus,

- (1.8)
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In the presence of o potentinl energy ga( = —eo), the clectron distribu- ﬁ"’ _‘)‘( g i
tion lanction is
. - 2Ae KT
| —~N
J(u) = A "-“l’[ : (2,"' y® - ff.‘!)/l\"l}] (1.9) \ - ,L
',!'_A
where 7 is the electron tnn]nmhm u the velocity of electron. Electron M“"“"u: .
—_— : dishslabim

density s

ne = /ﬂ.L f(u) du

= [:\ A oxp[ - (;m, u? - rda)/l\"l;] c

e @
=4 oxp(rcb/h'T..)/ cxp( - Em,.uz/KT,) du
-00 2

- 4
= A exp(ed/KT,) ‘f sukilid
Me
At large distance
T — 00 ¢—0 Ne —n
2r KT,
(l.lO) — n=A e (:1_.,4)

Thus, equation (1.10) becomes
n, = n exp(e¢/KT,) (1.11)

Using equations (1.8), (1.9), and (1.11) in (1.7), we get

d2
034 = —¢[n—n exp(ed/KT,)
=en exp(eqb/KTe)"l] c'-/n*f;f _f_.’,
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Thus,

d‘!qb ne’

tl‘lr'2 - KT,.¢

where

r coKTo\1/2_
A ( ne? )
Solution of equation (1.12) ls/ K7 <. N’. -

¢=C exp( le/r\n) + D exp(’l'l//\l)) (

"

— T
A
Second part on the right side of this equation is not feasible as it shows 29= € -

unphysical situation of increase of potential with thc increase of distance.
Hence, the constant D is substituted equal to zero. Thus, we have

8 = C exp(~ lzl/A») (1.13)

At z = 0, we have ¢ = ¢9. Thus, C = qﬁg, and equation (1.13) becomes
6 = ¢o exp(~ Iz|/2p)

The parameter \p is known as the Debye length and is a measure of the
shielding distance or of the thickness of the sheath. Thus, Debye length
is the distance at which the potential drops by a factor e.
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