Fundamentals of Plasma Physics - Introduction

The subject ”Fundamentals of Plasma Physics” is dedicated to the application of physical
laws that you have learned in previous semesters to specific physical systems. We will need
knowledge of mechanics, electrodynamics, statistical physics and sometimes quantum mechanics.
We will not derive any new physical laws, but we will use known physical laws to describe a
specific type of physical system. We will become familiar with various methods of describing
plasma and apply them to describing specific phenomena that occur in plasma. Some of the
methods that you will learn are more general and can be applied to other physical systems.
Usually, we will not try to describe plasma as generally as possible, as Professor Kulhanek often
does in the subject Plasma Theory [1]. On the contrary, we will try to use the simplest methods
possible and use various physical assumptions that will allow us to more easily understand the
physical nature of individual phenomena and processes.

In this course, we will mainly focus on high-temperature plasma. We will assume that all
molecules are dissociated and therefore we will not consider molecular ions. The physics of
low-temperature plasma and discharges is taught by Dr. Nejdl in the course 12NIPL. Plasma
chemistry is studied, for example, at the Department of Surface and Plasma Physics of the
Faculty of Physics and Chemistry of Charles University in Troja.

In this lecture, we shall use SI units, but we shall often give the temperature values in energy
units eV or keV. However, especially in journal literature, you will often encounter the Gaussian
cgs system. However, in many places, it is customary to use units that do not belong to any
system, for example, the intensity of laser radiation is usually given in W /cm?.

1 Plasma definition

Different authors use different definitions of plasma depending on how large is a set of systems
they want to consider as plasma. The most general definition is probably the one from the book
[2].

Definition: Plasma is any statistical system that contains moving charged particles.

The term statistical system means a macroscopic system and therefore for its characteristic
dimension L and density of charged particles n the following must hold nL3 > 1. Even though
almost every macroscopic system contains some number of moving charged particles, it makes
sense to talk about plasma only if the influence of moving charged particles on the behavior of
the system is not negligible.

More often, the definition of plasma is based on its specific properties. For example, in the
book [3], there is the following definition.

Definition: A plasma is a quasineutral system of moving charged (and possibly also neutral)
particles that exhibits collective behavior.

This definition is narrower than the first one because it does not include systems that are
not macroscopically neutral, such as high-current beams of charged particles, and yet exhibit
collective behavior. Generally, such systems are often referred to as ”"non-neutral plasmas” [4].
Quasineutrality means that in volumes V' comparable to the volume of the entire system the
absolute value of the total charge is much smaller than the total charge of the positively charged
particles. The absolute value of the total charge of all negatively charged particles is therefore
approximately equal to the total charge of all positively charged particles.



Collective behavior is understood as processes in plasmas that are determined by the interac-
tion of plasma with macroscopic electromagnetic fields that the plasma itself creates as a result
of the non-zero charge and current densities present in it. Collective behavior is the opposite of
the binary interaction of individual charged particles. According to the above definition, collec-
tive action must be significant in plasma, but it does not have to dominate. Collective behavior
dominates in an ideal plasma. Collective behavior is the basic distinction between gas and ideal
plasma.

We will soon derive the conditions for quasi-neutrality and dominance of collective behavior.
The lecture will be devoted mainly to ideal plasmas. Methods for describing non-ideal plasmas
are more complex and are currently in the development phase.

2 Plasma formation - ionization processes

We will briefly introduce the processes that lead to the formation of mobile (free) charges in
physical systems.

2.1 Ionization by cosmic rays

Tonizing radiation is all around us, both photons and energetic particles with non-zero rest mass.
If the energy of the particle is greater than the ionization potential of the given atom (molecule),
then ionization can occur. For ionization by photons, we speak of photoionization, for energetic
particles with non-zero rest mass, we speak of collisional ionization. Of the stable elements,
cesium has the lowest ionization potential of 3.9 eV, but typical ionization potentials are several
times higher, for example, the nitrogen atom 14.5 eV, the Ny molecule 15.58 eV, the argon atom
15.76 eV. Photoionization of an argon atom is therefore possible only by vacuum ultraviolet
radiation with a wavelength less than 78.7 nm. !

As a result of the action of ionizing radiation, there is a certain amount of free mobile charges
in all substances around us. Even at low altitudes in the air in nature, about 10 free electrons
and positive ions are produced in 1 cm? per 1 s. Some of the electrons stick to molecules, and
negative ions are formed. Typically, in the open air at low altitudes, there are about 103 positive
ions per cm?, and the ratio of the number of positive to the number of negative ions is about
1.15. There are therefore about 150 free electrons per cm®. However, the above-mentioned
amount of free charges is too small to noticeably affect the dynamics of the air, which is why
we speak of air as a gas, and not as a plasma.

The situation is different in the high layers of the atmosphere. Around the Earth, from a
height of about 60 km to a height of about 500 km, the ionosphere extends, which is a layer
of plasma that is formed as a result of ionization by cosmic radiation (both electromagnetic
and corpuscular), the main source of which is the sun. The electron density is highest (about
10*2 m~=3) in the upper F-layer (above 200 km), where the electron temperature T, ~ 2000 K.
The ion temperature 7} is typically 2x lower here. 2

2.2 Electric field ionization (collisional avalanche)

If we apply a strong electric field to a gas, free electrons present there are accelerated, and
when they gain sufficient energy, ionization can occur during the collision by tearing off the

"We do not consider here multi-photon ionization by a strong optical field, which can only occur in a high-
intensity electromagnetic field.

2Due to the large ion-to-electron mass ratio, the energy transfer between electrons and ions is slow and their
temperatures can therefore differ significantly.



orbital electrons of neutral molecules and atoms. The electrons released by collisional ionization
(impact ionization) are again accelerated by the electric field and create an ionization avalanche.
Thus, an electric discharge is created, and the environment is then called a discharge plasma.

For example, in a glow discharge at a pressure of 1 Torr, the electron density is n. =
10" — 10'" m™3, and the electron temperature 7, ~ 10* K.

2.3 Ionization due to high temperature

The binding energy of the outer electrons in an atom/molecule is several eV and at a temperature
of 10* — 10° K, the thermal energy of the matter particles and the emitted photons is sufficient
for ionization. From the point of view of statistical physics, the process of ionization of a neutral
atom n is actually a chemical reaction

n =1+ e,

where ¢ denotes an ion and e an electron. The concentration of individual particle types in
thermodynamic equilibrium is calculated from the chemical equilibrium and is given by the
Saha equation
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where n., n; and n, are the densities of electrons, ions, and neutral atoms in m™3, T is the
temperature in K, 3 U; is the ionization potential and Boltzmann’s constant kp = 1.38 x
10723 J/K = 8.62 x 107° eV /K. At a temperature of T = 11600 K, kgT = 1 eV, and therefore
in energy units we give the temperature 7' = 1 eV. The temperature of the plasma is usually
high; therefore, the use of energy units eV and keV is practical. Another advantage is an easy
comparison of the temperature with ionization potentials, which are usually given in eV. At
higher temperatures, the plasma (except for hydrogen) is then ionized multiple times. We will
discuss the processes of ionization and recombination and thermodynamic equilibrium in more
detail in the chapter ” Atomic Physics of Plasmas”.

At atmospheric pressure, at a temperature of 0°C in pure argon * the density of atoms
(Loschmidt number) ng = 2.6868 x 10*> m™3 = n; + n, ~ n,, and according to (1), the
equilibrium ionization is n;/n, = 2.9 x 107146, Even for a temperature of 1 eV, for argon
ni/ny, = 0.004. Equilibrium ionization decreases with the square root of density for weakly
ionized plasmas.

2.4 Pressure ionization

At higher densities, the radius of the valence electron orbits can be 2 the distance between
atoms, and then ionization can occur even at room temperature.

In metals at room temperature, the density of free electrons is on the order of 102 m™3.
The Fermi energy Er of electrons at such a density is
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3Tn thermodynamic equilibrium, temperatures - electron Te, ion T}, neutral T;,, and radiation 7, must be equal
Te=T; =T, =1T,.

4We prefer to consider a monatomic gas here, because in polyatomic gases we would have to consider, in
addition to ionization, also the dissociation process. The dissociation energy is lower, but comparable to the
ionization energy, for example, for the N2 molecule, the dissociation potential is 9.79 eV.



and therefore the electron gas in metals is degenerate. The ratio © = T/ E is called degeneracy parameter.
For a degenerate electron gas (0 < 1), Er is a good estimate of the kinetic energy of an electron.
In semiconductors, the density of free electrons and holes is considerably lower.
A typical example of a plasma formed by pressure ionization is the interior of a burned-out
star. The interior of such a star is compressed to such a high density that the Fermi energy
of the electrons is > the binding energy of all electrons in the atom, and therefore the system
consists only of atomic nuclei and free electrons (the atoms are completely ionized).

3 One-component plasma approximation (OCP)

Due to the large ion-to-electron mass ratio, the properties of electrons and ions can differ sig-
nificantly, so it is sometimes useful to focus on one charge type. We are talking about the
one-component plasma (OCP) approximation, when a system of one type of charge is embedded
in a homogeneous background of neutralizing charge.
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Figure 1: Typical parameters of the electron component of some types of plasma (adapted from
[2]). IG stands for interstellar gas, N — gaseous nebula, I — ionosphere, GD — glow discharge, SA
— solar atmosphere, AD — arc discharge, SC — solar corona, AGN — active galactic nucleus, MF
— magnetic fusion, X — X-ray star, ICF — inertial fusion, SI — solar interior, M — metal, J — core
of Jovian planet, WD — white dwarf.

We now focus on the parameters of the electron component of the plasma and compare them



with some physical characteristics. At electron temperature 7, = 5.9 x 10° K, the electron
thermal energy is kg7, = mec?. At the electron density n. = 1.66 x 1036 m™3, the electron
Fermi energy is equal to mec?. The parameter 7 is the ratio of the average mutual distance of
free electrons R, to the Bohr radius ap.
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The average electron distance R, is equal to the Bohr radius ap for the electron density n., =
1.6 x 1030 m~3,

Figure 1 presents typical parameters of the electron component of some types of plasma.
Note that in the region of degenerate electron gas below the dashed black line, there are only
3 items - electron gas in metals, the core of a Jovian (large) planet, and a white dwarf. The
parameters of the electron gas in the center of the sun lie just above the line, and therefore it
is not degenerate, but in large stars, the density is higher, and the electron gas in their cores is
degenerate.

4 Coupling parameter, weakly and strongly coupled plasma

The coupling parameter I' for OCP is the ratio of the Coulomb energy at the mean distance
of the particles to their average kinetic energy max(kpT,, Fr). For degenerate electrons, the
coupling parameter is I'¢
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The coupling parameter of degenerate electrons thus decreases with density, and for electron
density n. > 1.6 x 103° m—3, electrons are not strongly coupled at any temperature. The Fermi
energy is defined for ions only if they are fermions. But even then, the Fermi energy is very
low because it is inversely proportional to the mass of the particle. Therefore, the degeneracy
of ions does not need to be considered.

For non-degenerate particles with charge Ze (for ions Z is the ionization multiplicity; for

electrons Z = —1), the coupling parameter is given by
Z2e? n 1/3 (105K
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where R is the average distance between particles of a given type, n and T are their density
and temperature, respectively. The coupling parameter of a non-degenerate plasma increases
with density and decreases with temperature. The electron gas is thus strongly coupled in the
parameter region forming the red-hatched triangle in the figure 1. The hydrogen ions are strongly
coupled everywhere below the blue line. This line shifts leftward and upward for multiply ionized
ions.

We will mostly focus here on non-degenerate plasma. Especially for multiply ionized plasma,
it is more likely that ions will be strongly coupled. Therefore, the ion coupling parameter I'; is
usually used as a measure of plasma coupling. An ion sphere with radius R;, where the atomic
nucleus at its center is surrounded by its associated bound and free electrons, is often used with
appropriate boundary conditions for atomic physics calculations of strongly coupled plasma.

However, we mostly focus on weakly coupled plasma. In it, the mutual potential energy of the
particles is small compared to their kinetic energy, and therefore its thermodynamic properties



approach that of a gas, and the equation of state can often be approximated by the equation of
state of an ideal gas.

5 Plasma properties

5.1 Quasineutrality

A system is quasineutral if, in volumes comparable to the cube of its characteristic dimension
L, its total charge is much smaller than the total amount of positive charge (and the absolute
value of the total negative charge).

Let us first look at the energy limit on the distance to which electrons and ions can sepa-
rate. It takes a certain amount of energy to separate charges of opposite sign from each other.
Macroscopic clouds of charges can only separate to a distance where all their thermal energy is
converted into potential energy.

Let us choose a simple physical model and ask what is the maximum thickness A of an
infinite planar layer of electrons that can shift its entire thickness relative to stationary ions at
the expense of their thermal energy? Thus, a planar capacitor is formed with an areal charge

Figure 2: Electron layer shift
density of o, and inside the capacitor, there is an electric field
o= —en.A, E=—-0/e,

where the electron charge is —e. At the maximum possible thickness, the potential energy U,
of the electron equals its thermal energy kT, (we assume non-degenerate electrons)
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where F is the force that acts on the electrons. This A is called the electron Debye length Ap.
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€0kBTe> ' (6)

)\De =A= ( 2

€°Ne

The electron Debye length increases with the square root of the electron temperature T, and
decreases with the square root of the electron density (concentration) n..

Thus, the plasma is quasineutral at distances that are significantly larger than the Debye

length. The condition for quasineutrality is the characteristic dimension L > Ap..



5.2 Debye screening

Each charge in a plasma is shielded because it attracts opposite charges and repels charges of
the same sign. We derive the shielding of the static charge in a plasma. °

We shall assume that the electron temperature T, may not be equal to the ion temperature
T; in general. This often happens in plasma because (as we show later) the energy transfer
between electrons and ions is very slow. Contrary to the textbook [3], we shall assume that
the plasma can be multiply ionized, and we will denote the mean ion charge by Z. Thus, the
electron charge is ¢¢ = —e and the ion charge is ¢; = Ze.

The electrostatic field around a charge gr placed at the origin is given by Poisson’s equation

P € ar /-
o= L = £ (- zn) - Lo (7)
At large distances, the effect of a point charge in a homogeneous plasma is negligible, and
therefore for r = oo we have n, = ng = Zn;. Without loss of generality, we can set ¢ = 0 at
infinity.

We will assume that the plasma is non-degenerate (7. > Ef) and we can therefore use
Boltzmann statistics for both electrons and ions. In Boltzmann statistics, the probability of
occupying a state is ~ exp(—U/kBT), where U is the energy of the given state. The equilibrium
electron and ion concentrations in the electrostatic field are therefore following

_ ep ) _Zey
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The same relations could also be derived from the force balance between the electric force and
the partial pressure gradients.

The electron and ion densities can now be substituted into the Poisson equation. We will
simplify the solution of the Poisson equation by linearization, assuming that the potential energy
is < kinetic. For |z| < 1is exp(z) ~ 1+ x and we rewrite equation (7) in spherical coordinates
for r # 0 in the form
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After substitution ¢ = @/r, the equation becomes d?@/dr? = $/A%. The potential of static
charge ¢r in the plasma is, therefore,

o(r) = 45?07« exp (—;’D) . (10)

At a Debye length distance Ap, the potential is shielded to 1/e of the vacuum value. The
shielding is the sum of the electron shielding with Ap. and the ion shielding with Ap;. The
Debye length Ap is

[kpTee kpTie kpTie
=) —92 ) BLec0 BLic0 BL:c0
= . = ;= = . 11
)\D AD@ + )\D’L )\De ’)’Le€2 ADZ \/Z2ni€2 \/ZneeQ ( )

For T, > T;/Z, the ionic shielding of the static charge dominates. For example, the static charges
are various probes placed in the plasma.

®Debye (and Hiickel) derived the shielding in the theory of electrolytes in 1923.



A shielding is also created around each charged particle in the plasma. However, this dy-
namic shielding usually does not reach the level of static shielding. Ions are heavy and adapt
slowly to the potential, so the ionic shielding of individual plasma particles is usually negligible.
For simplicity, we will continue to assume that binary interactions between individual charged
particles are shielded at a distance of the electron Debye length Ap,.

In deriving the charge shielding, we used 2 assumptions.

1. In the derivation, we used the densities of charged particles, which is possible with rea-
sonable accuracy only if the distances (in this case Ap) are large compared to the mean
distance between particles. Since ions hardly contribute to dynamic shielding, it is usually
required that the number of electrons Np in the electron Debye sphere be large
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The quantity Np is called plasma parameter. For Np > 1, Debye shielding is a collective
process.  Later, we will show that when this inequality is satisfied, the plasma is ideal.

2. When linearizing the Poisson equation, we assumed that the potential energy of charged
particles |ep| < their thermal energy kpT,. This is certainly not true in the immediate
vicinity of the origin, but the previous assumption does not hold there either. It is therefore
sufficient to assume that gp is so small that at the mean distance R, between electrons
the inequality holds.

5.3 Collective behavior

The term collective behavior refers to the interaction of particles using macroscopic electromag-
netic fields, as opposed to microscopic fields that particles use to interact with each other in
binary collisions.

Due to shielding, binary interactions in an ideal plasma are effective only up to the Debye
length distance; charged particles interact at greater distances only because of macroscopic
electromagnetic fields created by macroscopic collective charges and currents. Fluctuations with
a wavelength greater than the Debye length are predominantly collective in nature, whereas
short-wavelength fluctuations are predominantly caused by the motion of individual particles
with binary interaction dominating (for details, see the book [2]).

The strength (significance) of a certain type of interaction can be characterized by the speed
at which the given interaction changes the state of the system. The speed of change in the
system due to binary collisions is given by the collision frequency v.. As the collision frequency
V. increases, the importance of binary action increases.;

There are many collective motions in plasmas; the strength of a collective action is charac-
terized by the fastest of them. This is the motion of the electron cloud towards the ions due to
their mutual attraction. For simplicity, we will consider the ions as a homogeneous neutralizing
background. We will derive the dynamics of this motion using the simple model of planar charge
layers used above (see Fig. 2). The speed of the ordered motion of electrons is v = dA/dt and
the equation of motion for electrons is

dv e2n.A d?2A B e2n,
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SFor Np < 1, shielding also exists, but it is shielding by individual particles, and therefore its fluctuations are
large.



These oscillations are called plasma oscillations and their frequency

e2n,

(14)
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is called the electron plasma frequency.
The electron plasma frequency wp. characterizes the strength of collective action. Collective
behavior prevails when wpe > v.
The electron plasma frequency wy, the electron Debye length Ap. and the electron thermal
velocity v, satisfy the simple relation

UTe = V/ kBTe/me = wpe)\De .

To find out when collective behavior dominates, we now derive the collision frequency of
elastic collisions of charged particles.

5.4 Collision frequency of charged particles

For simplicity, we will assume that the component of the velocity vy of the incoming particle
in the direction of motion before the collision does not change (this is valid for large collision
parameters b, when there is only a small change in the direction of motion of the particle).
The perpendicular component of the particle’s momentum after the collision is obtained by

Figure 3: Schematics of a collision (7 unit vector in direction 7, b collision parameter)

integrating the force impulse
o
mUL:/ Fi(t)dt.
—0o0

The perpendicular component of the force is given by the relation
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where we used the relation » = b/sinf. The dependence of the perpendicular component

of the force F| on time is given by the time dependence of the angle . We assume that



the motion in the x direction is uniform, and therefore the time t is given by the relation
t=ux/vyg = —rcosf/vg = —bcosf/(vpsinf) and thus

q 40 < 3 q 9o T bo
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where by is the Landau length by = q qo/(2reqmug).

The collision parameter by corresponds to scattering at 90°, i.e., complete loss of the original
velocity direction. The effective cross section for scattering at angles > 90° is ¢ = Trb%. Note
that the effective cross section for Coulomb collisions decreases rapidly with velocity as vy 4

The collision frequency (for large-angle scattering) is then

10 4 90
3 (15)
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where ng is the density of scattering particles with charge qg.

5.4.1 Effect of small-angle scattering

The force acting on charges in an electrostatic field is a long-range force and therefore the sum of
many small-angle scatterings often dominates the large-angle scattering. We will be interested
in the collision frequency for the change in momentum of the particle. The loss of the original
velocity orientation is likely to occur through many small changes in the velocity vector before
a single collision with a large scattering angle occurs. The collision frequency for a change in
momentum is then defined as 1 over the average time it takes for a particle to lose its original
velocity orientation.

The history of a particle’s motion can be considered as a random walk in the velocity space.
Let us assume that the particle initially had a velocity in the z axis direction. If N collisions
occur in a certain time interval, then the change in, for example, the y component of the velocity
is given by the relation

Avy = Avy + Avyo + -+ - + Avyy

In this case, the mean values are (Av,) = (Avy) = 0. Since individual collisions can be
considered uncorrelated, the dispersion of the velocity v, is given by the relation

Dy, = ((Av,)*) = < (é Avm) 2> — ZN: ((auy)?) = N ((Avp)?)

i=1
For a single collision with collision parameter b,

212 279
_vybg _ vy b

(1) = (@u*) + ((d0)*) = T2 = ((Bon)*) =

The number of collisions with collision parameter b in the interval db is dN = ng vg 2wb db, and
thus the total dispersion of the perpendicular velocity component is given by

d ) db bm,
T <(Avy)t2ot> = anovg’ bg / 5 = anvg’ b% In bmj: )

We had to limit the diverging integral. The lower bound is given by the assumption of small-
angle scattering, which does not hold for collision parameters smaller than the Landau length
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bo. For large collision parameters, the assumption of Coulomb interaction between particles does
not hold, since Debye shielding applies here, so we choose b0 = Ape-

Let us denote the ratio of the electron Debye length and the Landau length for a collision
between electrons with thermal velocity v,

A 2we\ 202 3
De _ ZMEQADeMeVTe 2mne A, = §ND . (16)
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If the plasma parameter Np is large, then A is large. The quantity In A is called Coulomb logarithm.
It is the ratio of the collision frequency for momentum exchange given by collisions with small
scattering angles to the collision frequency given by scattering at angles greater than 90°.

The collision frequency for collisions of electrons with velocity vy with electrons is

4 4

8mnee 8mnee

Vee = 5 (1+InA) ~ InA . (17)
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The collision frequency of Coulomb collisions is ~ vy 3 and the mean free path is ~ vé, SO
relatively fast electrons at the end of the velocity distribution have few collisions and can travel
a relatively long distance without much change in direction. The collision frequency of electrons
with thermal velocity vy = vre = (kpTe/me)/? is called the effective collision frequency

2mneet 2mneel
Ve = 7T17/L§€ (I+InA)~ 7r17/L§e InA (18)
(4meg)?me’ “(kpTy)3/? (4eg)?me’ “(kpTe)3/2
The ratio of the effective collision frequency to the plasma frequency is
1 InA In(3Np/2
ve L A WBNp/2) oy Ny s (19)
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For large values of Np, the collective behavior characterized by the electron plasma frequency
wpe dominates the influence of binary interactions characterized by the collision frequency v..
Some phenomena can then be described in the collisionless plasma approximation.

A quasineutral plasma dominated by collective behavior is called ideal plasma.

5.4.2 Ratio of potential and kinetic energy

Let us now compare the potential energy W), of an electron in the field of another electron at
the mean distance R, = [3/(47n.)]"/3 with its kinetic energy W}, in a non-degenerate plasma

e

W 2 B eQné/S 3
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and thus
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(20)
In an ideal plasma, Np > 1 and the kinetic energy of the particles is therefore > their coupling
(mutual potential) energy. Ideal plasma is therefore weakly coupled. This makes an ideal plasma
more like a gas; we often speak of an ionized gas. The equation of state of an ideal gas is then
a good approximation to that of electrons in an ideal plasma. We often also use the equation of
state of an ideal gas for weakly bound (I'; < 1) ions in an ideal plasma.
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6 Example of the number of particles in the Debye sphere

This example is taken from the book [5]. We assume that T, = T; = T. Then the Debye length

1S
—1
/\—2 —92 / EokBT

The density of all particles is n = n;(Z +1). Then, the number of particles in the Debye sphere
as a function of the ion density n; and the temperature 7' is plotted in Fig.4.
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Figure 4: (a) Plasma from materials with high atomic number, where the mean ionization is
assumed to be Z = 0.63 /T, where T, is in eV. (b) Plasma from materials with low atomic
number, where the mean ionization is assumed to be Z = 4 (taken from [5]).

7 Examples of different types of plasma

Plasma in nature

e Ideal - discharges; ionosphere; solar wind; outer layers of stars; interstellar gas

e Ideal and non-ideal - interiors of stars (the center of the sun is almost an ideal plasma

p =150 g/cm?, T = 1.35 keV, I'; = ', = 0.14), plasma is non-ideal in the centers of more
massive stars

e Non-ideal - electron gas in metals (degenerate plasma), electrolytes, core of large planets

Plasma in the laboratory

e Ideal - discharges of various types (tubes, discharges for pumping gas lasers, pinchers,
capillary discharge); MHD generators; ion engines, laser plasma from gas targets

e Ideal and non-ideal - laser plasma from solid (or liquid) targets
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e Non-ideal - supercold plasma (by nonlinear photoionization of laser-cooled vapors, a
plasma with a temperature of about 1 K and an electron density of 10% -10° cm™3 was

generated )

The following table shows typical parameters of different types of plasma

Plasma type

[ ne ™) [T (eV) [wpe (51) | Ape (m) [ nedd, | vei (s71)

Interstellar gas 106 1 6 x 104 7 4x10°% | 7x107°
Gas nebula 10° 1 2 x 106 0.2 107 [ 6x1072
Solar corona 1015 100 2x10% | 2x1073 | 8 x 106 60
Solar atmosphere, 10%0 1 6 x 10 [ 7x 1077 40 2 x 107
gas discharge

Warm plasma 10%0 10 6x10" [2x107%] 10° 107
Hot plasma 10%0 100 | 6x 10" | 7x1076 | 4x10* | 4x10°
Thermonuclear plasma 10%! 104 2x 10”2 [2x107°| 107 5 x 10
Theta pinch 1072 100 6x10"2 [ 7x1077 [ 4x10% | 3 x10°
Dense magnetization. plasma 102 100 6x 10" | 7x1078 | 4x10% | 2 x 1019
Laser plasma 10%7 1000 | 2x 10 | 7x107° | 4 x 102 102

Although the typical densities of the above plasma types differ by up to 21 orders of magnitude
and the typical temperatures by up to 4 orders of magnitude, they all satisfy the conditions

NeApe > 1 and wpe > vg;.

Typical parameters of some types of plasma are plotted in Fig. 5.
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Figure 5: Parameters of different types of plasma
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