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Principles of Plasma Physics for Engineers and Scientists

This unified introduction provides the tools and techniques needed
to analyze plasmas, and connects plasma phenomena to other fields
of study. Combining mathematical rigor with qualitative explana-
tions, and linking theory to practice with example problems, this is
a perfect textbook for senior undergraduate and graduate students
taking a one-semester introductory course in plasma physics.

For the first time, material is presented in the context of unifying
principles, illustrated using organizational charts, and structured
in a successive progression from single-particle motion to kinetic
theory and average values, through to the collective phenomena of
waves in plasma. This provides students with a stronger understand-
ing of the topics covered, their interconnections, and when different
types of plasma models are applicable. Furthermore, mathematical
derivations are rigorous yet concise, so physical understanding is
not lost in lengthy mathematical treatments. Worked examples illus-
trate practical applications of theory, and students can test their new
knowledge with 90 end-of-chapter problems.
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I have been teaching Introductory Plasma Physics to senior under-
graduates and beginning graduate students for many years, and I
find the level of the presentation of material, the order that the
topics are presented, and the overall length of the book to be an
excellent match for my needs in a textbook.

David Hammer, Cornell University

The authors have done an excellent job in introducing the vast scope
of plasma physics for basic plasma physics courses. The schematic
illustrations and flow charts used are especially helpful in under-
standing the complexities involved in the hierarchal nature of plas-
mas. Mathematics is kept at just the right level for the intended
readers and the descriptions of the physical processes are clear.
Although this book is targeted to advanced undergraduate or begin-
ning graduate students, it will be a good addition to the personal
library of every plasma physicist.

Gurudas Ganguli, Naval Research Laboratory

This new book provides an excellent summary of the basic processes
occurring in plasmas together with a comprehensive introduction to
the mathematical formulation of fluid (MHD) and kinetic theory. It
provides an excellent introduction to the subject suitable for senior
undergraduate students or entry-level graduate students.

Richard M. Thorne, University of California at Los Angeles
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Preface

This book is intended to provide a general introduction to plasma
phenomena at a level appropriate for advanced undergraduate stu-
dents or beginning graduate students. The reader is expected to
have had exposure to basic electromagnetic principles including
Maxwell’s equations and the propagation of plane waves in free
space. Despite its importance in both science and engineering the
body of literature on plasma physics is often not easily accessible to
the non-specialist, let alone the beginner. The diversity of topics and
applications in plasma physics has created a field that is fragmented
by topic-specific assumptions and rarely presented in a unified man-
ner with clarity. In this book we strive to provide a foundation for
understanding a wide range of plasma phenomena and applications.
The text organization is a successive progression through intercon-
nected physical models, allowing diverse topics to be presented in
the context of unifying principles. The presentation of material is
intended to be compact yet thorough, giving the reader the neces-
sary tools for further specialized study. We have sought a balance
between mathematical rigor championed by theorists and practical
considerations important to experimenters and engineers. Consider-
able effort has been made to provide explanations that yield physical
insight and illustrations of concepts through relevent examples from
science and technology.

The material presented in this book was initially put together
as class notes for the EE356 Elementary Plasma Physics course,
newly introduced and taught by one of us (USI) at Stanford Uni-
versity in the spring quarter of 1998. The course was then taught
regularly every other year, for graduate students from the depart-
ments of FElectrical Engineering, Materials Science, Mechanical
Engineering, Applied Physics, and Physics. Over the years, several

xiii



Xiv

Preface

PhD students, including Nikolai Lehtinen, Georgios Veronis, Jacob
Bortnik, Michael Chevalier, Timothy Chevalier, and Prajwal
Kulkarni, contributed to the course in their work as teaching assis-
tants. The course was co-taught by Prajwal Kulkarni and one of us
(MG) in the Spring of 2008, and by Brant Carlson in the Spring
of 2010. We offer our thanks to each of these colleagues for their
enthusiastic help and contributions, as well as to the many students
enrolled in the course who helped improve its content with their
contributions.

More generally, we owe considerable gratitude to all the other
researchers and students of the Very Low Frequency Group at
Stanford University who have been a source of valuable feedback
and expertise, and to our administrative assistants, Shaolan Min
and Helen Wentong Niu, for their contributions. We would like
specifically to acknowledge Dr. Prajwal Kulkarni, for his pedagogi-
cal insights that have helped shape this text, and Dr. Brant Carlson,
for valuable help in editing the manuscript.



CHAPTER

Introduction

This text concerns the basic elementary physics of plasmas, which
are a special class of gases made up of a large number of electrons
and ionized atoms and molecules, in addition to neutral atoms
and molecules as are present in a normal (non-ionized) gas. The
most important distinction between a plasma and a normal gas is
the fact that mutual Coulomb interactions between charged par-
ticles are important in the dynamics of a plasma and cannot be
disregarded. When a neutral gas is raised to a sufficiently high
temperature, or when it is subjected to electric fields of sufficient
intensity, the atoms and molecules of the gas may become ionized,
electrons being stripped off by collisions as a result of the heightened
thermal agitation of the particles. Ionization in gases can also be
produced as a result of illumination with ultraviolet light or X-rays,
by bombarding the substance with energetic electrons and ions, or in
other ways. When a gas is ionized, even to a rather small degree, its
dynamical behavior is typically dominated by the electromagnetic
forces acting on the free ions and electrons, and it begins to conduct
electricity. The charged particles in such an ionized gas interact with
electromagnetic fields, and the organized motions of these charge
carriers (e.g., electric currents, fluctuations in charge density) can in
turn produce electromagnetic fields. The ability of an ionized gas
to sustain electric current is particularly important in the presence
of a magnetic field. The presence of mobile charged particles in a
magnetic field yields a Lorentz force gv x B. When applied to a
collection of particles this force leads to an electromagnetic body
force J x B which can dominate the gas dynamics. As a result, the
most novel and spectacular behavior of plasmas is exhibited in the
context of their interaction with a magnetic field.

During the 1920s, I. Langmuir and colleagues first showed that
characteristic electrical oscillations of very high frequency can exist
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in an ionized gas that is neutral or quasi-neutral, and introduced
the terms plasma and plasma oscillations,' in recognition of the fact
that these oscillations resembled those of jelly-like substances [1, 2].
When subjected to a static electric field, the charge carriers in an
ionized gas rapidly redistribute themselves in such a way that most
of the gas is shielded from the field, in a manner quite similar to the
redistribution of charge which occurs within a metallic conductor
placed in an electric field, resulting in zero electric field everywhere
inside. Langmuir gave the name “plasma” specifically to the rela-
tively field-free regions of the ionized gas, which are not influenced
by the boundaries. Near the boundaries, typically metallic surfaces
held at prescribed potentials, strong space-charge fields exist in a
transition region Langmuir termed the plasma sheath. The sheath
region has properties that differ from the plasma, since the motions
of charged particles within the sheath are predominantly influenced
by the potential of the boundary. The particles in the sheath form
an electrical screen between the plasma and the boundary. We will
find later that the screening distance is a function of the density of
charged particles and of their temperature.

The plasma medium is often referred to as the fourth state of
matter, since it has properties profoundly different from those of
the gaseous, liquid, and solid states. All states of matter represent
different degrees of organization, corresponding to certain values of
binding energy. In the solid state, the important quantity is the bind-
ing energy of molecules in a crystal. If the average kinetic energy of
a molecule exceeds the binding energy (typically a fraction of an
electron volt), the crystal structure breaks up, either into a liquid
or directly into a gas (e.g., iodine). Similarly, a certain minimum
kinetic energy is required in order to break the bonds of the van der
Waals forces in order for a liquid to change into a gas. In order
for matter to make the transition to its fourth state and exist as
a plasma, the kinetic energy per plasma particle must exceed the
ionizing potential of atoms (typically a few electron volts). Thus,
the state of matter is basically determined by the average kinetic
energy per particle. Using water as a convenient example, we note
that at low temperatures the bond between the H>O molecules holds
them tightly together against the low energy of molecular motion,
so that the matter is in the solid state (ice). At room temperature, the

' The word “plasma” first appeared as a scientific term in 1839 when the Czech biologist
J. Purkynie coined the term “protoplasma” to describe the jelly-like medium containing a
large number of floating particles which make up the nuclei of the cells. The word
“plasma” thus means a mold or form, and is also used for the liquid part of blood in
which corpuscules are suspended.
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increased molecular energy permits more widespread movements
and currents of molecular motion, and we have the liquid state
(water). Since the particle motions are random, not all particles have
the same energy, with the more energetic ones escaping from the
liquid surface to form a vapor above it. As the temperature of the
water is further increased, a larger fraction of molecules escapes,
until the whole substance is in the gaseous phase (steam). If steam is
subjected to further thermal heating, illumination by UV or X-rays,
or bombardment by energetic particles, it becomes ionized (plasma).

Although by far most of the Universe is ionized and is therefore
in a plasma state, on our planet plasmas have to be generated by spe-
cial processes and under special conditions. While we live in a bubble
of essentially non-ionized gas in the midst of an otherwise ionized
environment, examples of partially ionized gases or plasmas, includ-
ing fire, lightning, and the aurora borealis have long been part of
our natural environment. It is in this connection that early natural
philosophers held that the material Universe is built of four “roots,”
earth, water, air, and fire, curiously resembling our modern termi-
nology of solid, liquid, gas, and plasma states of matter. A transient
plasma exists in the Earth’s atmosphere every time a lightning stroke
occurs, but is clearly not very much at home and is short-lived.
Early work on electrical discharges included generation of electric
sparks by rubbing a large rotating sphere of sulphur against a cloth
[3], production of sparks by harnessing atmospheric electricity in
rather hazardous experiments [4], and studies of dust patterns left
by a spark discharge passing through the surface of an insulator
[5]. However, it was only when electrical and vacuum techniques
were developed to the point where long-lived and relatively stable
electrical discharges were available that the physics of ionized gases
emerged as a field of study. In 1879, W. Crookes published the results
of his investigations of discharges at low pressure and remarked:
“The phenomena in these exhausted tubes reveal to physical science
a new world, a world where matter may exist in a fourth state ...”
[6]. A rich period of discoveries followed, leading to Langmuir’s
coining of the word “plasma” in 1929, and continuing into the
present as a most fascinating branch of physics.

Although a plasma is often considered to be the fourth state
of matter, it has many properties in common with the gaseous
state. At the same time, the plasma is an ionized gas in which the
long range of Coulomb forces gives rise to collective interaction
effects, resembling a fluid with a density higher than that of a gas.
In its most general sense, a plasma is any state of matter which
contains enough free, charged particles for its dynamical behavior
to be dominated by electromagnetic forces. Plasma physics therefore
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encompasses the solid state, since electrons in metals and semi-
conductors fall into this category [7]. However, the redistribution
of charge and the screening of the inner regions of a metal occur
extremely quickly (typically ~10=1° s) as a result of the very high
density of free charges. Most applications of plasma physics are
concerned with ionized gases. It turns out that a very low degree of
ionization is sufficient for a gas to exhibit electromagnetic properties
and behave as a plasma: a gas achieves an electrical conductivity of
about half its possible maximum at about 0.1% ionization and has a
conductivity nearly equal to that of a fully ionized gas at 1% ioniza-
tion. The degree of ionization can be defined as the ratio N,/(N, +
N,), where N, is the electron density and N, is the density of neutral
molecules. (Since most plasmas are macroscopically neutral, as we
will see later, the density of positive ions is equal to the density of
electrons, i.e., N; = N,.) As an example, the degree of ionization in a
fluorescent tube is ~107>, with N, ~ 1022 m—3 and N, ~ 10! m—3.
Typically, a gas is considered to be a weakly (strongly) ionized gas
if the degree of ionization is less than (greater than) 10~

The behavior of weakly ionized plasmas differs significantly from
that of strongly ionized plasmas. In a plasma with a low density of
charged particles (i.e., low value of N,), the effect of the presence
of neutral particles overshadows the Coulomb interactions between
charged particles. The charged particles collide more often with
neutrals than they interact (via the Coulomb repulsion force) with
other charged particles, inhibiting collective plasma effects. As the
degree of ionization increases, collisions with neutrals become less
and less important and Coulomb interactions become increasingly
important. In a fully ionized plasma, all particles are subject to
Coulomb collisions.

The Sun and the stars are hot enough to be almost completely
ionized, with enormous densities (N, ~ 103 m—3), and the inter-
stellar gas is sparse enough to be almost completely ionized as a
result of stellar radiation. Starting at about 60 km altitude the Sun
bathes our atmosphere in a variety of radiations and the energy in the
ultraviolet part of the spectrum is absorbed by atmospheric gas. In
the process, significant numbers of air molecules and atoms receive
enough energy to become ionized. The resulting free electrons and
positive ions constitute the ionosphere. Maximum ionization density
occurs in the F-region of the ionosphere at about 350 km altitude,
where N, ~ 10'2 m~3. With atmospheric density at 350 km altitude
being N, ~ 3.3 x 10!* m~3, the degree of ionization is ~1072. At
even higher altitudes, the air is thin enough so that it is almost
completely ionized, and the motion of charged particles is dominated
by the Earth’s magneticfield, in a region known as the magnetosphere.
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Plasmas have various uses in technology because of their unique
electrical properties and ability to influence chemical processes.
Artificial plasmas are generated by application of heat or strong
electric fields. Ultraviolet radiation from plasmas is used in light-
ing and plasma display panels. The plasma state opens a whole
new regime of chemistry not typically accessible to normal gases.
Plasmas play a key role in processing materials, including those
related to the production of integrated circuits. Plasmas can also
be used to process waste, selectively kill bacteria and viruses, and
weld materials. Achieving controlled thermonuclear fusion, which
holds promise as an abundant and clean energy source, is essentially
a plasma physics problem. Thus plasma physics is essential both to
understanding the basic processes of our planet and to advancing
important technological applications.

One of the most important properties of a plasma is its tendency
to remain electrically neutral, i.e., to balance positive and negative
free charge (N, >~ NV;) in any given macroscopic volume element.
A slight imbalance in local charge densities gives rise to strong
electrostatic forces that act in the direction of restoring neutrality.
This property arises from the large charge-to-mass ratio (¢./m,) of
electrons, so that any significant imbalance of charge gives rise to an
electric field of sufficient magnitude to drag a neutralizing cloud of
electrons into the positively charged region. If a plasma is subjected
to an applied electric field, the free charges adjust so that the major
part of the plasma is shielded from the applied field. In order to be
considered a plasma, an ionized gas must have a sufficiently large
number of charged particles to shield itself electrostatically within a
distance smaller than other lengths of physical interest. The quan-
titative measure of this screening distance is the so-called Debye
length, discussed below. We will see that the screening distance is
proportional to Ne_l/ 2 A simple analogy can be made with a person
entering a forest. Beyond a certain distance within the forest there
are enough trees to screen the edge of the forest from view. However,
if the trees are too far apart and the forest is too small, the person
may never lose sight of the edge, in which case such a group of trees
would not be called a forest.

At first thought the fourth state of matter may appear to be
the simplest to study since the elementary fundamental laws of
charged-particle motion are perfectly known, i.e., classical elec-
tromagnetic theory (Maxwell’s equations) and the Lorentz force
equation.” However, analyses of plasma effects are much more

2 Gravitational forces are much smaller than electromagnetic forces on earthly scales. The
momenta (p = mv) of free electrons and ions in typical plasmas are usually high and
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complicated, for a number of reasons: (i) Although the various
movements of individual particles are all governed by the electro-
magnetic fields in which they move, these fields are themselves often
greatly modified by the presence and motion of the particles. (ii)
Atomic processes such as ionization, excitation, recombination, and
charge exchange come into play and compete with one another in
a complicated manner, with complicated dependencies on particle
energies and densities. (iii) The fact that charged particles move
results in a variety of transport phenomena arising from both short-
and long-range Coulomb interactions between various particles. (iv)
The long-range Coulomb forces give rise to a number of collective
phenomena, including electrostatic oscillations and instabilities. (v)
Most plasmas, and in particular hot plasmas, are typically confined
in a magnetic field, with which they are strongly coupled. We may
think that in spite of these difficulties it should be possible to solve
the equation of motion for each and every particle. We could then
find the electric and magnetic fields as functions of space and time
by solving Maxwell’s equations with the source terms (charged
density p and current density J) specified using the position and
velocity vectors of all particles in the system. This type of approach
is the domain of the discipline known as computer simulation of
plasmas. However, noting that any natural plasma environment
(such as the Earth’s ionosphere) may contain >102° particles, one
has a tremendous accounting problem, with too much information
to keep track of.

The fundamental equations governing the behavior of a plasma
with freely mobile, non-relativistic particles can be summarized as
follows:

9D
VxH=J+ %

i _ 4 (E1v, xB

. B a = m (E+vi xB)
Initial VxE= _%7 E.B ! ml
and N V-D=p | = N7 E qi - Initial
boundary V.B=0 J, p | AV conditions

.. pidad
conditions B=uH J = NG E qivi
D =¢E ar

For gaseous plasmas, the medium is essentially free space
(aside from freely mobile charged particles, which are separately

their densities relatively low, so that the de Broglie wavelengths (A, = /1/p, where

h ~ 6.6 x 1073* J's is Planck’s constant) are much smaller than the mean interparticle
distance, so that quantum effects are negligible, except for some types of collisions
between particles. As an example, electrons with 1 eV energy have A, ~ 1.2 nm, while the
interparticle distance even for an extremely high electron density of N, ~ 1012 em—3 is
~10~* cm = 10° nm 1.2 nm.



Figure 1.1 Hierarchy of
approaches to plasma
phenomena.
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accounted for), so that we have u = up and € = ¢y. An equation
of motion such as the one above specifying the particle acceler-
ation dv/dt in terms of the fields E and B, exists for each and
every positively or negatively charged particle in the plasma. For
known fields E(r, ¢) and B(r, ¢) and specified initial conditions, these
motion equations can be uniquely solved to determine the positions
and velocities of every particle. However, the particle motions and
locations lead to charge accumulations and current densities, i.e., p
and J, which in turn modify the electric and magnetic fields. The
charge and current densities are obtained from discrete charges by
averaging over a macroscopically small volume AV, which never-
theless contains many individual particles, so that it makes sense
to talk about continuous distribution of “density” of current and
charge. Such averaging is appropriate, since the electric and mag-
netic fields in Maxwell’s equations are also macroscopic fields, suit-
ably averaged over both space and time.’

Given the complexity of plasma behavior, the field of plasma
physics is best described as a web of overlapping models, each
based on a set of assumptions and approximations that make a lim-
ited range of behavior analytically and computationally tractable.
A conceptual view of the hierarchy of plasma models/approaches
to plasma behavior that will be covered in this text is shown in
Figure 1.1. We will begin with the determination of individual
particle trajectories in the presence of electric and magnetic fields.
Subsequently, it will be shown that the large number of charged
particles in a plasma facilitates the use of statistical techniques

3 Such averaging is assumed to be done over spatial scales that are microscopically large
(i.e., contain many individual particles) but which are nevertheless much smaller than any
other relevant dimension in the context of a given application, or over time periods much
shorter than the resolution of any measuring instrument.
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such as plasma kinetic theory, where the plasma is described by a
velocity-space distribution function. Quite often, the kinetic-theory
approach retains more information than we really want about a
plasma and a fluid approach is better suited, in which only macro-
scopic variables (e.g., density, temperature, and pressure) are kept.
The combination of fluid theory with Maxwell’s equations forms
the basis of the field of magnetohydrodynamics (MHD), which is
often used to describe the bulk properties and collective behavior of
plasmas.

The remainder of this chapter reviews important physical con-
cepts and introduces basic properties of plasmas.

1.1 Speed, energy, and temperature

The kinetic energy of a particle of mass m moving with a speed u
is E = %muz. For an assembly of N particles with different kinetic
energies, the average energy E,, per particle is given as

1 N
Eav = ﬁv Zlm,ulz
i=

However, there are other ways of measuring the average energy of
an assembly of particles. We will see later that for any gas in ther-
mal equilibrium at temperature 7, the average energy per particle
is 3kg T/2, where kg = 1.38 x 1072 JK~! is Boltzmann’s constant
and T is the absolute temperature. A gas in thermal equilibrium has
particles with all speeds, and the most probable distribution of these
is the so-called Maxwellian (or Maxwell-Boltzmann) distribution,
which in a one-dimensional system is given by

1 mu?

f(u) = Ae 58T,

where f(u)du is the number of particles per unit volume with
velocity in the range u to u + du. The multiplier 4 can be deter-
mined by noting that the total density N of particles can be found

from f(u):
Nz/oof(u)du — A:N/anBT’

where we have used the fact that [° e’ d; = 7 /a. The
width of the velocity distribution is characterized by the constant
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temperature 7. The average kinetic energy of the particles can be
calculated from f'(u) as follows:

ffooo %muzf(u)du
7o fwdu

Upon integration of the numerator by parts, we have Ey, = %kB T.

Ew = (1-1)

Extending this result to three dimensions, we find that Ey, = %kB T,
or %kBT per degree of freedom.

With E,, = 3kgT a gas at 1 K corresponds to an average energy
of 2.07 x 10723 J per particle. Often it is more convenient to meas-
ure particle energy in terms of electron volts (eV). If a particle has
an electric charge equal in magnitude to the electronic charge ¢, =
—1.602 x 10712 C, and is accelerated through a potential difference
of 1V, it has an energy of 1.602 x 10~!° J. This unit of energy is
defined as an electron volt, commonly abbreviated as 1 eV. Thus, to

express energy in terms of eV, we must divide the kinetic energy in
I by |ge| = 1.602 x 10712 C. Hence we have

mu2

B 2|gel

The unit of eV is particularly useful in dealing with charged par-
ticles, since it directly indicates the potential necessary to produce a
singly charged particle of some particular energy.

It is often convenient to express the temperature of a gas in
thermodynamic equilibrium in units of energy (eV). Typically,
the energy corresponding to kg7 is used to denote the tempera-
ture. Using kg7 =1 eV = 1.6 x 10717 J, the conversion factor is
1 eV=11600K. Thus, when we refer to a 0.5 eV plasma we mean
that kg7 = 0.5 eV, or a plasma temperature of 7" = 5800 K, or
an average energy (in three dimensions) of E,, = %kBT =0.75¢V.
Thus a plasma at a temperature of 300 K has an average energy of
0.0388 eV, and a plasma with 10 keV average energy is at a temper-
ature of T = 7.75 x 107 K. With reference to our earlier discussion
of the plasma state coming into being at sufficiently high temper-
ature for the material to be ionized, the temperature required to
form plasmas from pure substances in thermal equilibrium ranges
from ~4000 K for cesium (initially used by Langmuir) to ~20 000 K
for elements such as helium which are particularly difficult to
ionize.

It should be noted that temperature is an equilibrium concept,
and we may not always be faced with equilibrium situations. In such
cases, a true temperature cannot always be assigned, although we

eV.
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may still use the term in the sense of average energy. (Note that the
average energy can always be calculated for any given distribution
using a procedure similar to that given in (1.1).) It should also be
noted that by temperature we mean the quantity sometimes called
“kinetic temperature,” simply the state of energy of the particles.
A high value of T does not necessarily mean a lot of heat, since
the latter also depends on heat capacity, determined also by the
number of particles. As an example, the electron kinetic temperature
inside a fluorescent lamp is ~11 000 K but it does not feel nearly as
“hot” when one holds the tube while it is lit. The reason is that the
free-electron density inside the tube is much less that the number of
particles in a gas at atmospheric pressure, so that the total amount
of heat transferred to the walls by the impact of electrons is low.

A plasma can have several temperatures at the same time, since
often the ions and electrons have separate Maxwellian distributions
(of different widths) corresponding to temperatures, respectively,
of T; and T;. Such equilibria can arise because the collision rate
among ions or electrons themselves is larger than that between
ions and electrons. Although each species can thus have its own
thermal equilibrium, in time the tendency would be for the tem-
peratures to equalize. In a magnetized plasma (i.e., a plasma under
the influence of a strong magnetic field), even a single species can
have two different temperatures, since the Lorentz forces acting on
it along the magnetic field are different than those perpendicular
to the field. These different temperatures, typically denoted 7; and
T; 1 , respectively correspond to Maxwellian distributions of electron
velocities along and perpendicular to the magnetic field.

1.2 Quasi-neutrality and plasma oscillations

It was mentioned above that a most fundamental property of a
plasma is its tendency to remain electrically neutral and that any
small change in local neutrality resulting from charge separation
leads to large electric fields which pull electrons back to their origi-
nal positions. Because of their inertia, the electrons which are pulled
back typically oscillate about the initially charged region. However,
since this oscillation is typically at a rather high frequency, quasi-
neutrality is preserved on a time-average basis.

In this section, we briefly describe the dynamics of this oscilla-
tory behavior of a plasma, which will be studied in detail in later
chapters. Consider a steady initial state in which there is a uniform
number density N, = Ny of electrons, neutralized by an equal



Figure 1.2 A simple plasma
slab. The positively charged
region consists of atoms which
have lost one electron, while the
negatively charged region has
excess electrons.
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number of ions, i.e., N; = N, = Ny. We further assume that the
plasma is “cold,” meaning that the thermal motion of electrons
and ions can be neglected. We now perturb this system by trans-
ferring a group of electrons (assumed for simplicity to be in a
one-dimensional slab) from a given region of space to a nearby
region, leaving net positive charge behind (i.e., the ions), as shown
in Figure 1.2. This local charge separation gives rise to an electric
field E, which exerts a force on the electrons and ions. Since the
electrons are much lighter than the ions, we make the safe assump-
tion that the electrons move much faster and hence the motion
of the ions can be neglected. The electric field E acts to reduce
the charge separation by pulling the electrons back to their initial
locations. The electrons are thus accelerated back to their initial
positions. However, as they acquire kinetic energy in this process,
their inertia carries them past their neutral positions. The plasma
once again becomes non-neutral, and again an electric field is set up
(now pointing in a direction opposite to that shown in Figure 1.2)
to retard their motion. Now the electrons accelerate to the right and
go past their equilibrium positions as a result of their inertia, and
once again the charge displacement depicted in Figure 1.2 is set up.
In the absence of any damping (due, for example, to collisions of
the electrons with ions or other electrons), this oscillatory motion
would continue forever. In relatively tenuous (low-density) plasmas,
collisional damping can be neglected, so any slight disturbance of
the system leads to the oscillation process just described.

We now consider the frequency of this oscillation. Intuitively, we
expect that the restoring electric force depends on the amount of
charge displaced, i.e., the charge ¢, times the density or number
of electrons per volume. Since the inertia of a particle depends
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on its mass, the oscillation frequency should also depend on the
electron mass m,. The equation of motion for a single electron in
the presence of only an electric field E is given by

d*x
meﬁ = quXa (12)

where x is the direction parallel to the electric field, as shown in
Figure 1.2. Consider Gauss’s law, applied to a closed, rectangular,
box-shaped surface as indicated in Figure 1.2, noting that only the
boundary of the surface in the x—y plane is shown:

%E-ds:g,
S €0

where Q is the total charge contained within the closed surface S.
If the equilibrium density of the electrons is N,, we must have
O = AxN,q., where Ais the cross-sectional area, and x denotes the
displacement of the electrons. Assuming that « is the dimension of
the rectangular-box surface in the y direction and that the depth of
the box 1s Az, we have

Az N, N,
fE.ds:_aAEngzw L g = Nede
S €0 €0 €0
Substituting back into Equation (1.2), we have
—+—x=0 — =0. 1.3
mMe a2 + Eomex — prs —|—a)px ( )

The solution of this equation is time-harmonic at a frequency

wp =/ Neq?/(€om,). In other words,

x = Cjcos (wpt) + Crsin (wpt),

where C| and C, are constants to be determined by initial condi-
tions. Equation (1.3) describes the displacement for free oscillations
of the simple plasma slab of Figure 1.2. However, our simplified
analysis indicates that any disturbances from equilibrium oscillate
at an angular frequency ), which is called the plasma frequency or
specifically the electron plasma frequency:

Neq?
eome |

Plasma frequency |w, = (1.4)

It is interesting to note that the plasma oscillations as derived above
appear to be entirely local, so that a disturbance does not propa-
gate away. In reality, plasma oscillations do propagate as a result
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of finite boundaries and thermal effects, as we will see later. One
way to think about this is to consider the fact that as thermally
agitated electrons stream into adjacent layers of the plasma they
carry information about the disturbance (not necessarily through
collisions like acoustic waves in a neutral gas but actually via
the electric field). The thermal effects can be accounted for by
adding an appropriate pressure-gradient term on the right-hand
side of (1.2).

In a partially ionized gas where collisions (of electrons and ions
with neutrals) is important, plasma oscillations can only develop if
the mean free time 7, between collisions is long enough compared
to the oscillation period, or w,7, > 1. This condition is sometimes
noted as a criterion for an ionized gas to be considered a plasma.
However, in some applications, for example at the lower altitudes
of the Earth’s ionosphere, it is precisely the collisions that lead to
some of the most interesting physical effects. Also, there are many
other electromagnetic and electrostatic wave modes that can exist in
a plasma over a very broad range of frequencies, so that one is not
always interested only in plasma oscillations. In general, whether a
plasma exhibits the collective wave effects in question depends on a
comparison between the frequency of interest (w) and t,.

1.3 Debye shielding

Electron plasma oscillations as discussed above are excited as a
result of the effort of the plasma to assert its neutrality in response
to a macroscopic perturbation of its essentially neutral equilibrium
state. The macroscopic electrical neutrality of the plasma is thus
preserved on average over the short time period of these oscilla-
tions. Since there are no charge separations, the plasma cannot
sustain macroscopic electric fields. On the other hand, if a plasma
is deliberately subjected to an external electric field, its free charges
redistribute so that the major part of the plasma is shielded from the
field. Suppose that the equilibrium state of the plasma is disturbed
by the imposition of an electric field due to an external charged
particle 4+ Q. This electric field may also be that of one of the plasma
particles isolated for observation. We now wish to examine the
mechanism by which the plasma strives to re-establish its macro-
scopic electrical neutrality in the presence of this disturbing electric
field.

Suppose that we immerse the test particle + Q within an initially
uniform plasma at time ¢ = 0, such that N; = N, = Ny. The initial
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net charge density is thus zero and the electric potential is that due
to a single test charge,

0

dmeg 1

o(r) = :
where we have assumed the test charge to be placed at the origin
of our spherical coordinate system. Since the ions in the plasma are
repelled by the test charge and the electrons are attracted to it, the
freely mobile electrons and ions in the plasma in time rearrange
themselves in a new equilibrium distribution which takes account of
the presence of the test charge. However, the ions move much more
slowly than the electrons, so we can assume that their motion on
the time scale of our experiment can be neglected. The ion density
thus remains the same as before, i.e., N; = Ny. However, the density
of electrons near the test charge increases (N, > M), so that the
new potential distribution @ (r) must be evaluated using Poisson’s
equation:

VZCID(r):—ﬁ:—qe(Ne_Ni)’ (1.5)

€0 €0

where we have taken note of the fact that the excess free charge
density p = g.(N, — N;). We will see later that under equilibrium
conditions in the presence of an electrostatic potential ®(r) (due
to the action of an externally applied conservative electric field E),
a non-uniform distribution of particles is established in a plasma,
with the number density of the particles given by

N(@) = Noe—q‘b(r)/kB T

According to this, the electron density distribution in our spheri-
cally symmetric system is given by

No(r) = Noe 9@/ kel (1.6)

so that, in thermal equilibrium, the electron density is greatest at
those locations where the electric potential ®(r) is highest. Since
T. is the electron temperature, we note that the density variation is
greater when the electron gas is cold than when it is hot. Substituting
(1.6) into the spherical coordinate version of (1.5), we have

1 d 2d<D geNo —qeP(r)

— (=) == -1 0. (1.7

r2dr (r dr ) €0 |:exp< kg T 1047
This equation is non-linear and must be integrated numerically.

However, an approximate solution can be obtained by assuming
that the perturbing electrostatic potential is weak, i.e., |¢.®| < kg T,
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in which case we can express the exponential in (1.7) as a power
series and retain only the first two terms. We then have

1 d [ ,do Nog? o) 1 o)
—— |\ — >~ | — r) = — 7
r2dr dr eokp T, AZD ’

where A, known as the Debye length or Debye shielding length,

1s defined as
[e€ok T,
Debye length | A, = . (1.8)
P Noq?

It is useful to note that A, = w;, ' /kg T;/m,.
The solution of the simplified form of (1.7) can be shown to be

d(r) = [ ! 2] e b, (1.9)

dreg 1

We note that as r — 0 the potential is essentially that of a free
charge in free space, whereas for r > A, the potential ®(r) — 0
falls much faster than it does for a point charge in free space. While
the Coulomb force in vacuum is relatively long-range, in a plasma
this force extends only about a Debye length from the source, as a
result of the Debye shielding cloud. For a positive test charge, the
shielding cloud contains an excess of electrons. Using Gauss’s law,
it can be shown that the net charge within the shielding cloud is
equal and opposite to that of the test charge. The size of the shield-
ing cloud increases as the electron temperature increases, because
electrons with greater kinetic energy are better able to overcome
the Coulomb attraction associated with the potential. Also, Aj is
smaller for a denser plasma because more electrons (per unit vol-
ume) are available to populate the shielding cloud.

Example 1-1 Debye length and plasma frequency

Compute the Debyelength for the plasma foundina typical plasma
television cell with the following parameters: N, =10" m~3,
kT = 1 eV. The cell dimensions are on the order of 100 um and
the plasma is excited using a 250 V signal at 100 kHz.

Solution: To determine the Debye length we need first to find the
temperature in Kelvin and then use (1.8). Using the conversion
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factor of 1 eV = 11600 K we easily get the plasma temperature
and can apply Equation (1.8) as follows:

eokpTe

Ap = Noa?
04
(885 x 10712.C2mJ)(1.38 x 10-2 JK~1)(11 600 K)

B \/ (1019 m—3)(1.602 x 10-19 C)2
=235%107%m = 2.35 um.

Not surprisingly, the Debye length is much smaller than the phys-
ical dimensions of the system. To calculate the plasma frequency
we can use Equation (1.4):

wp =/ NogZ/(€ome) (1.10)

/ (1019 m=3)(1.602 x 1019 C)2
(8.85 x 1012 C2mJ (9.1 x 10731 kg)

=179 GHz

(1.11)

Thus the plasma frequency is much higher than the driving fre-
quency of the electronics, which prevents the most basic plasma
instabilities from developing. The plasma in a plasma television
cell emits UV radiation which when incident on a phosphor
coating on the cell is converted to either red, blue, or green light
depending on the phosphor.

We can note from (1.9) that the potential very near the test charge
is very large (owing to the r~! term) so that the condition |g,®| <«
kg T is not likely to be valid. However, this is not a serious limitation
since the main purpose of our development is to find the order of
magnitude of the distance from the test particle where the potential
becomes vanishingly small. A useful numerical expression for A is
Ap = 69/1;/ Ny, with T; in units of K and Ny in units of m~3. In
the topside ionosphere of the Earth we have 7, ~ 1000 K and Ny ~
10! m—3, so that Ap 22 0.007 m. Thus, the Debye length is much
smaller than the spatial scales relevant to the ionosphere, which is
of the order hundreds of kilometers. In the solar wind near 1 AU, we
have 7, ~ 10° K and Ny ~ 107 m~3, so that A, ~ 7 m, again much
smaller than the physical dimensions of the system.

The values of Debye length are generally quite small. If the
dimension L of a physical system is much larger than A, then local
concentrations of charge that arise for one reason or another, or
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Figure 1.3 Range of
temperature, electron density,
and Debye length for typical
plasma phenomena in nature
and in technological
applications. Only phenomena
to the left of the quantum
degeneracy line are considered
plasmas and can be treated with
formulations from classical
physics.

Electron density (m™)

external potentials introduced to the system (e.g., potentials applied
on walls), are shielded out in a distance short compared to L, leaving
the bulk of the plasma free of large electric potentials or fields.
Outside of the sheath on the wall or on an obstacle, VZ® is small
and we have N, >~ N;, typically to a very high degree of accuracy.
The plasma is thus said to be quasi-neutral, so that Ny >~ N, >~ N,
and Np is a common density that can be referred to as the plasma
density. An important criterion for an ionized gas to be a plasma is
that it be dense enough so that L > A,.

Each particle in a plasma can act as a test charge and carry its
own shielding cloud. The concept of Debye shielding developed
above requires the presence of a sufficiently large number of par-
ticles so that “density” can be defined in a statistically meaningful
way. A useful parameter in this connection is the number of particles
in a Debye sphere, given as

~

N 4ral ] 138 x 109 1072
= V0 = s
D 3 NS/Z

where 7; is in K. Thus, a second criterion for an ionized gas to be
considered a plasma is that N, > 1.

Figure 1.3 shows the ranges of temperature, electron density, and
Debye length for typical plasmas found in nature and in technologi-
cal applications. Also shown in Figure 1.3 is the separation between
the quantum and classical regimes. Quantum effects need to be
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taken into account when the uncertainty in an electron’s position
is comparable to the average distance to the nearest electron.* All
plasma phenomena covered in this text are treated using approaches
from classical physics, and quantum effects can be neglected. This
is not the case for many solid electrical conductors such as metals,
where electron densities are too high for traditional plasma models
to be applicable.

1-1.

1-2.

1-3.

1-5.

Compute A, and N, for the following cases: (a) a glow discharge,
N, =10 m=3, kg T, = 2 ¢V; (b) the Earth’s ionosphere, N, =
1012 m=3, kg T, = 0.1 eV; (c) a fusion machine, N, = 10%3 m~3,
kg T, = 9 keV.

Calculate the average velocity of nitrogen molecules at room
temperature assuming three degrees of freedom.

Calculate and plot the electrostatic potential and electric field
of a test particle of charge 4+ Q in free space and in a plasma of
number density Ny and temperature 7. Label the distance axis
of your plot in units of Debye length.

. A metal sphere of radius r = a with charge Q is placed in a

neutral plasma with number density Ny and temperature 7.
Calculate the effective capacitance of the system. Compare this
to the capacitance of the same sphere placed in free space.

Consider two infinite, parallel plates located at x = +d, kept at
a potential of ® = 0. The space between the plates is uniformly
filled with a gas at density N of particles of charge ¢. (a)
Using Poisson’s equation, show that the potential distribution
between the plates is ®(x) = [Ng/(2€0)1(d*> — x%). (b) Show
that for d > A, the energy needed to transport a particle from
one of the plates to the midpoint (i.e., x = 0) is greater than the
average kinetic energy of the particles. (Assume a Maxwellian
distribution of particle speeds.)

4 The uncertainty in an electron’s position is given by the Heisenberg uncertainty principle,

h
ApAx > —,
4

where Ap and Ax are the uncertainties in momentum and position, respectively, and 7 is
Planck’s constant, 6.626 x 1073475,
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Depending on the density of charged particles, a plasma behaves
either as a fluid, with collective effects being dominant, or as a
collection of individual particles. In dense plasmas, the electrical
forces between particles couple them to each other and to the
electromagnetic fields, which affects their motions. In rarefied plas-
mas, the charged particles do not interact with one another and
their motions do not constitute a large enough current to signifi-
cantly affect the electromagnetic fields; under these conditions, the
motion of each particle can be treated independently of any other,
by solving the Lorentz force equation for prescribed electric and
magnetic fields, a procedure known as the single-particle approach.
In magnetized plasmas under the influence of an external static or
slowly varying magnetic field the single-particle approach is only
applicable if the external magnetic field is quite strong compared
to the magnetic field produced by the electric current arising from
the particle motions. The single-particle approach is applicable to
investigating high-energy particles in the Earth’s radiation belts and
the solar corona, and also in practical devices such as cathode ray
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tubes and traveling-wave amplifiers. Although the single-particle
approach may only be valid in special circumstances, understanding
the individual particle motions is also an important first step in
understanding the collective behavior of plasmas. Accordingly, in
this chapter we will study single-particle motions, where the funda-
mental equation of motion for the particles under the influence of
the Lorentz force is given by

mg =qg(E+vxB), 2.1)

where m is the particle mass and v is its velocity. While we only
consider non-relativistic motion (|v| < ¢),' the above equation is
valid for the relativistic case if we simply replace m with m =
my (1 — vz/cz)_l/z, where myq is the rest mass and v = |v|. More
commonly, the relativistic version of Equation (2.1) is written in
terms of the particle momentum p = myv, rather than velocity v.

2.1 Motion in a uniform B field: gyration

We start by considering the simplest cases of motion in uniform
fields. When a particle is under the influence of a static electric field
that is uniform in space, the particle simply moves with a constant
acceleration along the direction of the field, and this case does not
warrant further study. On the other hand, the motion of a charged
particle under the influence of a static and uniform magnetic field is
of fundamental interest, and is studied in this section. With only a
static and uniform magnetic field present, Equation (2.1) reduces to

d
m d—: =qv x B. (2.2)
Taking the dot-product of (2.2) with v, we have
d
v-md—‘tl:v-q(va)
1 d(v-v)
- — . B
ms qlv-(vxB)]

d [ mv?
(== ) =0
dz<2> ’

By the same token, we neglect any radiation produced by the acceleration of charged
particles. At non-relativistic velocities, such radiation is quite negligible; the radiated
electric field at a distance R from the particle is proportional to q2a2 / (¢ R?), where qis
the charge of the particle, ¢ is the speed of light in free space, and «a is the acceleration.
For a discussion at an appropriate level, see Chapter 8 of [1].

1
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where v = |v| is the particle speed and where we have noted that
(v x B) is perpendicular to v so that the right-hand side is zero.
It is clear that a static magnetic field cannot change the kinetic
energy of the particle, since the force is always perpendicular to
the direction of motion. Note that this is true even for a spatially
non-uniform field, since the derivation above did not use the fact
that the field is uniform in space. We first consider the case of a
magnetic field configuration consisting of field lines that are straight
and parallel, with the magnetic field intensity constant in time and
space. Later on, we will allow the magnetic field intensity to vary
in the plane perpendicular to the field, while continuing to assume
that the field lines are straight and parallel. We can decompose the
particle velocity into its components parallel and perpendicular to
the magnetic field, i.e.,

V=V + VL,
in which case we can rewrite (2.2) as
dvi —dvy

q
oL 49 B
ar T T B

since v x B = 0. This equation can be split into two equations in
terms of v and v, respectively:

dV||
— =0 — v =constant
dt
dvi ¢
—_ == B).
I =, L xB)

It is clear from the above that the magnetic field has no effect on
the motion of the particle in the direction along it, and that it only
affects the particle velocity in the direction perpendicular to it. To
examine the character of the perpendicular motion, consider a static
magnetic field oriented along the z axis, i.e., B =z B. We can write
(2.2) in component form as

dvy

mW = ¢ Bv, (2.3a)
dv

md—ly = —q Bvy (2.3b)
dv,
— =0. 2.3

m 7 (2.3¢)

The component of the velocity parallel to the magnetic field is often
denoted as v = v. and is constant since the Lorentz force ¢ (v x B)
is perpendicular to Z. To determine the time variations of vy and v,,



Figure 2.1 Motion of a particle
in a magnetic field. A particle
with positive charge g and
velocity v experiences a force
gV x B in the presence of a
magnetic field B.
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we can take the second derivatives of (2.3a) and (2.3b) and substi-
tute to find

dzv 2
dl; + @?vy =0 (2.4a)
vy 5
e + wivy, =0, (2.4b)
where w, = —gB/m is the gyrofrequency or cyclotron frequency.
Cyclotron frequency . (2.5)

Note that . is an angular frequency (units of radm~!) and can
be positive or negative, depending on the sign of ¢g. A positive
value of w, in a right-handed coordinate system indicates that the
sense of rotation is along the direction of positive ¢, where ¢ is the
cylindrical coordinate azimuthal angle, measured from the x axis
as shown in Figure 2.1. The solution of (2.4) is in the form of a
harmonic motion, given by

vy = vy cos(wct + V) (2.6a)
vy, = v sin(wet + ) (2.6b)
vz =1, (2.60)

where v is some arbitrary phase angle which defines the orientation
of the particle velocity at # = 0, and v = ,/v3 4 v is the constant

speed in the plane perpendicular to B. To appreciate the above
result physically, consider the coordinate system and the forces on
the particle (assumed to have a positive charge ¢) as shown in
Figure 2.1, at different points along its orbit. It is clear that the
particle experiences a v x B force directed inward at all times, which



24

Single-particle motion

balances the centrifugal force, resulting in a circular motion. For a
z-directed magnetic field, electrons rotate in the right-hand sense,
i.e., have a positive value of w,; in other words, if the thumb points in
the direction of the magnetic field, the fingers rotate in the direction
of the electron motion. The radius of the circular trajectory can be
determined by considering the fact that the v x B force is balanced
by the centripetal force, so that we have

2
muvy

—mv, v

=qgvxB=quiB — |r.= ,
qB We

where r. is called the gyroradius or Larmor radius.> Note that the
magnitude of the particle velocity remains constant, since the mag-
netic field force is at all times perpendicular to the motion. The
magnetic field cannot change the kinetic energy of the particle; how-
ever, it does change the direction of its momentum. It is important
to note that the gyrofrequency w, of the charged particle does not
depend on its velocity (or kinetic energy) and is only a function of
the intensity of the magnetic field. Particles with higher velocities
(and thus higher energies) orbit in circles with larger radii but com-
plete one revolution in the same time as particles with lower veloc-
ities which orbit in smaller circles. Particles with larger masses also
orbit in circles with larger radii, but they complete one revolution in
a longer time compared to those with smaller masses. A convenient
expression for the gyrofrequency f. (in Hz) for electrons is

fro=2¢ ~ 2.8 x 10°B,
2
where B is in units of G (note that 10*G=1T or Wbm™?2). As an
example, the Earth’s magnetic field at the surface is of the order of
~0.5 G, corresponding to a gyrofrequency of f.. >~ 1.4 MHz.

The particle position as a function of time can be found by inte-
grating (2.6):

X =resin(wet + ) + (xg — resinyr) (2.7a)
y = —rccos(wet + ) + (Yo + recosyr) (2.7b)
z =20+ vt, (2.7¢)

where xp, 1y, and zg are the coordinates of the location of the par-
ticle at = 0 and v is simply the phase with respect to a particular

2 By the convention we have chosen, r. can take a negative value. This is a mathematical
formalism that allows for writing the expressions for particle trajectories for either
positive or negative charges in compact form. The gyroradius should always be
interpreted as a real physical distance.



Figure 2.2 Electron

guiding-center motion in a

magnetic field B =z B.
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time of origin. Equations (2.7) show that the particle moves in a
circular orbit perpendicular to B with an angular frequency w,
and radius r. about a guiding center rg = Xx0 + yyo + 2(z0 + v 1).
The concept of a guiding center is useful in considering particle
motion in inhomogeneous fields, since the gyration is often much
more rapid than the motion of the guiding center. Note from (2.6)
that in the present case, the guiding center simply moves linearly
along z at a uniform speed v, although the particle motion itself
is helical, as shown in Figure 2.2. The pitch angle of the helix is
defined as

Pitch angle |« = tan~! <U—L) ) (2.8)
Y|

Itis interesting to note that for both positive and negative charges,
the particle gyration constitutes an electric current in the —¢ direc-
tion (i.e., opposite to the direction of the fingers of the right hand
when the thumb points in the direction of the 4z axis). The mag-
netic moment associated with such a current loop is given by p =
current x area or

2
Magnetic moment |y = (‘& ) <nrcz) =ML . 2.9
2 2B
—_—— ——
current area

Note that the direction of the magnetic field generated by the gyra-
tion is opposite to that of the external field. Thus, freely mobile
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particles in a plasma respond to an external magnetic field with
a tendency to reduce the total magnetic field. In other words, a
plasma is a diamagnetic medium and has a tendency to exclude
magnetic fields, as we will see in further detail later, in the context
of discussions of magnetohydrodynamics and magnetic pressure in
Chapter 6.

When electric and magnetic fields are both present, the particle
motion is found to be a superposition of gyrating motion in the
plane perpendicular to the magnetic field and a drift of the guiding
center in the direction parallel to B. Assuming once again that the
magnetic field is in the z direction, i.e., B =z B, we decompose the
electric field E into its components parallel and perpendicular to B:

E=EJ_-|—2E|| =)A(EL+2EH,

where we have taken the electric field to be in the x direction,
with no loss of generality. Noting that we can also decompose the
particle velocity into its two components, i.e., v(¢) = v, (¢) + zv-(1),
the equation of motion can be written as

d
m% =¢g(XE| +v) xXZB) (2.10a)
dv)
— =qE. 2.10b
m—" = qEj (2.10b)

Equation (2.10b) simply indicates constant acceleration along B.
For the transverse component, we seek a solution of the form

V(1) = Vg + Vac(2), (2.11)

where v, is a constant velocity and vy is the alternating component.
Using (2.11) in (2.10a) we have

mdvac
dt

=q(XE| + Vg XZB+ Vac X ZB). (2.12)

We know from the previous section that the left-hand side and the
last term on the right-hand side in (2.12) simply describe circular



Figure 2.3 Particle drifts in
crossed E and B fields. The
negatively charged particle is
assumed to have the same
velocity (v | ) as the positively
charged one but a smaller mass
and therefore a smaller
gyroradius. The E x B drift
speed |v, | for both particles is
the same.
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motion (gyration) at a rate w. = —gB/m. Thus, if we choose v, such
that the first two terms on the right-hand side of (2.12) cancel, i.e.,
A A ExB
XE| +vyxzZB=0 — |v;= 2 I (2.13)
then (2.12) reduces to the form
dv, .
d;‘C = (Vac X 2B, (2.14)

which, as mentioned, simply describes rotation at a frequency w, =
—gB/m. Note that we can use E rather than E; in (2.13) since
ZE; x B = 0. Thus, we see that the particle motion in the presence
of electric and magnetic fields is given by

V(1) = zv| (1) + Vg + Vac(2), (2.15)

consisting of steady acceleration along B, uniform drift velocity
v perpendicular to both B and E, and gyration. Taking the time
average of v(7) over one gyroperiod (7T, = 27 /w,.), we have

e
(v) = f/o v(t)dt = Zv) + v,

showing that v, = (E x B)/ B? is the average perpendicular velocity.
It is interesting to note that the drift velocity v, is independent of ¢,
m, and v; = |v_|. The reason can be seen from a physical picture of
the drift, as shown in Figure 2.3. As the positively charged particle
moves downward (against the electric field) during the first half of
its cycle, it loses energy and its r, decreases. In the second half of its
cycle, it regains this energy as it now moves in the direction of the
electric field. The acceleration and deceleration of the particle cause

o)



28

Single-particle motion

its instantaneous gyroradius to change. This difference in the radius
of curvature of its orbit between the top and the bottom of its orbit
is the reason for the drift v.. A negatively charged particle gyrates
in the opposite direction but also gains/loses energy in the opposite
direction as compared to the positively charged particle. Since we
have assumed the negatively charged particle to be lighter, it has a
smaller gyroradius r.. However, its gyrofrequency is larger and the
two effects cancel each other out, resulting in the same drift velocity.
Two particles of the same mass but different energy (i.e., different
%mvi or vy ) have the same gyrofrequency w., and although the
one with the higher velocity has a higher . and hence gains more
energy from E in a half-cycle, the fractional change in r, for a given
change in energy is smaller, so that the two effects cancel out and
v;. 1s independent of v, . The basic source of the E x B drift derived
above is the component of electric field perpendicular to B. It is
clear from the above procedure that any other constant transverse
force F, acting on a particle gyrating in a constant magnetic field
would produce a drift perpendicular to both F, and B, with the
drift velocity given by

Fi/q) xB
Vp = ——— |.

. = (2.16)

Example 2-1 Hall thruster

A Hall thruster is a spacecraft propulsion device that relies on
E x B drift to circulate energetic electrons in a chamber. The
electrons are used to ionize heavier atoms, typically Xe (atomic
mass = 2.2 x 1072% kg), which are then accelerated by the electric
field and escape the engine, yielding thrust. The efficiency of
the Hall thruster relies on the fact that the electrons are largely
trapped in the E x B drift and are therefore not accelerated by
the electric field in the opposite direction of the ions. Consider a
simplified implementation of a Hall thruster with axial symmetry
and E along the axis and radial B, as shown in Figure 2.4.
The E field is maintained by a potential difference of 300 V
across the chamber. Assuming that the electrons in the chamber
have energies of 15 eV, calculate the amplitude of the minimum
magnetic field necessary so that the gyroradius is 10 times less
than the radial dimension of the chamber. Calculate the E x B
drift speed of the electrons for this magnetic field. Also calculate
the maximum exit speed and show that the Xe ions will not
experience E x B drift inside the chamber.
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15 cm
300V

Figure 2.4 Basic geometry of a Hall thruster. Electrons orbit the chamber in a E x B drift, ionizing
heavier ions which are expelled, yielding thrust.

Solution: The electron total velocity can be obtained directly
from the energy E,:

~19 -1
o [E_ asenaexiotyevh o
Me 9.1 x 1031 kg

The magnetic field necessary to make the gyroradius 0.5 cm is
then given by

meve (9.1 x 10731 kg)(2.6 x 10° ms™")
qre (1.6 x 10~19 C)(0.005 m)

where we have assumed the upper limit of the perpendicular
velocity (v = v). The electric field in the chamber is given by
E = (300 V)/(0.15 m) =2 kVm~!. We can now calculate the
E x B drift using Equation (2.13), taking note that the fields are
orthogonal everywhere in the chamber:
VE_EBLZB %—77x105ms

The maximum kinetic energy of the Xe ions, assuming a +¢,
charge is accelerated along the entire 300 V potential, is given
by Ex. = (300 V)(¢.) = 300 eV. The velocity is now obtained as

before:
3 2EX€ 2(300 eV)(1.6 x 10-19 JeV—1)
v 22 x 1025 kg

—21><104ms

B= = 2.6 mT,
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The gyroradius for the Xe ions is

L _mxevr (22 1072 kg)(2.1 x 10* ms~!)
‘T ¢B (1.6 x10712.C)(0.0026 T)

The electrons can execute a circular drift motion because their
gyroradius is much smaller than the dimensions of the chamber.
The ions also experience E x B drift but their gyroradius is so
large that before they are able to execute a single gyration their
trajectory takes them out of the chamber, where they no longer
experience the electric and magnetic fields. In effect, because of
their large mass and the small size of the chamber, the ions move
independently of the magnetic field.

=11m>5cm.

2.3 Particle motion in non-uniform B fields

Both naturally occurring plasmas and those encountered in many
applications may exist in the presence of magnetic fields that do not
vary appreciably in time but which vary with one or more coordi-
nates of space, making such fields non-uniform or inhomogeneous.
An important example of a non-uniform magnetic field is the so-
called magnetic-mirror configuration which is commonly used to
confine plasmas, and is also the mechanism by which energetic
particles are trapped in the Earth’s radiation belts. Assuming the
absence of an electric field, and no temporal variations of the mag-
netic field,’ the kinetic energy of the particle must remain zero, since
the magnetic force is at all times perpendicular to the motion of
the particles, as discussed in Section 2.1. In general, exact analytical
solutions for charged-particle motions in a non-uniform magnetic
field cannot be found. However, one very important configuration
that can be studied analytically is the case in which the gyroradius r,
is much smaller than the spatial scales over which the magnetic field
varies. In such cases, the motion of the particle can be decomposed
into the fast gyromotion plus some type of relatively slow drift
motion. The slow drift is associated with the motion of the guiding
center, and the separation of its motion from the rapid gyration is
similar to the simplest case analyzed in Section 2.1, where we saw
that the guiding center simply moved linearly along the magnetic

3 Note that any time variation of the magnetic field would lead to an electric field via
Faraday’s law, i.e., V x E = —9B/d¢, which can in turn accelerate the particles.



Figure 2.5 Particle drifts due to
a magnetic field gradient.

2.3.1 Gradient drift
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field as the particle executed its complicated gyromotion. We now
examine particle motion in different types of non-uniform magnetic
fields, assuming the presence of only one type of inhomogeneity in
each case.

We first consider a magnetic field with intensity varying in a direc-
tion perpendicular to the magnetic field vector. Without loss of
generality, let B(y) = zB-(y), as depicted in Figure 2.5. Since the
field strength has a non-zero gradient V B. in the y direction, we
note that the local gyroradius r. (i.e., the radius of curvature of the
particle orbit) is large in regions where B is small, and vice versa.
Thus, on physical grounds alone, we expect a positive charge to
drift to the left and a negative charge to drift to the right. To find
an expression for the particle drift velocity, we take advantage of
expression (2.16), which gives the drift velocity for any force perpen-
dicular to the B field. For the field geometry depicted in Figure 2.5,
this means a force in either the x or the y direction. Since we started
with the premise that the gyration was much more rapid than the
relatively slow drift, it is appropriate to determine the net resultant
force averaged over one gyroperiod. The force perpendicular to B is
the Lorentz force given by

F=gq(vxB)= )A(quBz — YquxB:

R 0B- . 0B-
= Xqvy BO‘*‘J’W — Yqvx B0+y8y ,
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where we have expanded B.(y) into a Taylor series around the
guiding center of the particle (taken with no loss of generality to
be at x, = 0and y, = 0),* with By being the magnetic field intensity
at the guiding center and y the distance from the guiding center. In
other words, we have written

0B.

B.(2)= B+ yoe -

dy
and neglected higher-order terms. We thus have the two transverse
components of the Lorentz force as

0B.
Fy =qv, (Bo—i—y ) (2.17a)
dy
0B.
Fy, = —quy (B() +y 5 > . (2.17b)

We wish to determine (Fy) and (F)), where the brackets denote
averaging over one gyroperiod. To do this, we can assume that
the particles by and large follow the orbits for a uniform field, as
determined in Section 2.1 (see Equations (2.6) and (2.7)), i.e.,

Xe = resin(wet + ) (2.18a)
Ve = —rccos(wet + ) (2.18b)
vy = v cos(w.t + ) (2.18c)
vy = vy sin(wct + ¥), (2.18d)

where w, has the same sign as g (i.e., is negative for electrons).
Substituting in (2.17a) and (2.17b) we have

0B
F. = quv, sin(w.t + V) |:Bo — recos(wet + V) 3 ] (2.19a)
Y

0B-
Fy, = —qv, cos(wct + ¥) |:Bo — recos(wqt + w)a—“i| . (2.19b)
y

The average of Fy over one gyroperiod (27 /w.) is zero, since it
contains the product of sine and cosine terms. The averaging of F),

4 In the more general case this expansion can be written as
B=By+ @ V)By+---,

where By is the field at the guiding center and r is the position vector, with the origin
chosen as the guiding center.



2.3.2 Curvature drift

2.3 Particle motion in non-uniform B fields 33

has the product of a cosine with a cosine which results in a factor
of % We thus have

quire 0B; mv3 9B,
(Fy> = = - .
2 dy 2B 0y

(2.20)

Note that the direction of (F)) does not depend on the charge of the
particle. The drift velocity is then, from Equation (2.16),

F B F Y 7ZB. 2 0B,
yo = FL/OxB _{F)y <28 mvi 0B o, 0
B2 qB? 2gB: 0y

where the subscript V indicates that the drift velocity is due to the
gradient drift. The gradient drift is often written as VB to empha-
size that it arises from a gradient in the magnetic field. Since the
magnetic field direction was chosen arbitrarily, we can write (2.21)
more generally as

. mviB x VB
2 B

vy (2.22)

for any magnetic field B = BB. The corresponding, more general
expression for the perpendicular gradient force Fy is

1 2
M 24
Fv=-2"Ltyp-_"Lyp (2.23)
B B

where W, is the perpendicular kinetic energy of the particle.
Equation (2.22) exhibits the dependencies that we expect on a
physical basis. Electrons and ions drift in opposite directions and
the drift velocity is proportional to the perpendicular energy of the
particle, W, = %mvi Faster particles drift faster, since they have
a larger gyroradius and their orbits span a larger range of the field
inhomogeneity.

When particles gyrate rapidly while moving along a magnetic field
line which is curved, as depicted in Figure 2.6, they experience a cen-
trifugal force perpendicular to the magnetic field, which produces a
drift as defined by (2.16). Assuming once again that the spatial scale
of the curvature is much larger than the gyroradius, we can focus
our attention on the motion of the guiding center. The outward
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Figure 2.6 Curvature drift.
Particle drift in a curved
magnetic field.
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centrifugal force in the frame of reference moving with the guiding
center at a velocity v is given by

R
Fo = mvﬁFg, (2.24)
C

where R, is the vector pointing radially outward from the center of
the circle described by the local curvature of the field and R, has a
magnitude equal to the radius of curvature. Using the force given in
(2.24) in (2.16) we find the curvature drift velocity to be

_ (F/g) x B _ MV R, xB

= . 2.25

In vacuum, curvature drift cannot by itself be the only drift since
the curl of the magnetic field must be zero, i.e., Vx B=0. In
other words, curvature in a magnetic field necessitates a gradient
in the magnetic field. Considering cylindrical coordinates with B =
By (r)¢, we must then have

El

(V xB) la(B) 0 B, A
X > = ——|r = e = —
T i ? L

where Ais a constant. The gradient of B is then 0By /0r = — A4/ r2 =
—B,/r. More generally, we can write the resulting gradient as
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Figure 2.7 Longitudinal drift of
radiation belt electrons. Note
that the direction of the Earth's
magnetic field By is from south
to north.
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V = — (B/R?) R,. Thus, the total drift due to both gradient and
curvature effects can be written as

1 ,\ BxVB
2)X— (2.26)

2
Vtotal = VR +VV - (U” + EUJ_ w BZ .
c

An example of gradient plus curvature drift is the longitudinal drift
of radiation belt electrons around the Earth (see Figure 2.7). Note
that the direction of the Earth’s magnetic field is from south to
north.

It is interesting to note that gradient and curvature drift velocities
are both inversely proportional to the charge ¢, so that electrons and
ions drift in opposite directions. The oppositely directed drifts of
electrons and ions leads to a transverse current. The gradient-drift
current is given by

Jv = Nlgel[(vv)i — (Vv)e]
N
= F[(Wl)i + (WL0)el(B x VB),

where N = N; = N, is the plasma density and W, = %mvi is the
perpendicular particle energy. Note that the gradient-drift current
Jv flows in a direction perpendicular to both the magnetic field and
its gradient. Similarly, the different directional curvature drifts of
the electrons and ions lead to a curvature drift current given by

JR = N|gel[(VR)i — (VR)e]

N
= W[(%)l + (I/Vll)e)](Rc x B),
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where W) = %mvﬁ is the parallel particle energy. The curvature drift
current Jg flows in a direction perpendicular to both the magnetic
field and its curvature. In the Earth’s magnetosphere, the gradient
and curvature drift currents described above create a large-scale
current called the ring current, the magnitude of which can exceed
several million amperes during moderately sized magnetic storms,
when the number of particles in the ring current region increases.
The ring current produces a magnetic field that decreases the Earth’s
field within the drift orbits of the particles. This effect is observed
as a major decrease in the geomagnetic field during magnetic
storms.

2.3.3 Other gradients of B

We have presented particle motion in non-uniform magnetic fields
with particular types of inhomogeneities. The various spatial gra-
dients of the magnetic field can be summarized in tensor or dyadic
notation as

0By 0Bx 0B\7
ax 8_y 0z
vp_|PB B 0B
0x ay a0z
0B. 0B. 0B
| dx 0y daz |

Note that only eight of the nine components of VB are independent,
since the condition V - B = 0 allows us to determine one of the diag-
onal terms in terms of the other two. In regions where there are no
currents (J = 0), we must also have V x B = 0, imposing additional
restrictions on the various components of VB. The diagonal terms
are sometimes referred to as the divergence terms and represent
gradients along the B direction, i.e., V|| B, one of which (9B./9z) is
responsible for the mirror effect discussed in the following section.
The terms dB./9x and dB./dy are known as the gradient terms and
represent transverse gradients (V B) responsible for the gradient
drift studied in Section 2.3.1. The terms 0By/dz and 0B, /dz are
known as the curvature terms and represent change of direction of
B, i.e., curvature, and were studied in Section 2.3.2. The remaining
terms, dBy/dy and dB,/dx, are known as the shear terms and repre-
sent twisting of the magnetic field lines; these are not important in
particle motion.
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2.4 Adiabatic invariance of the magnetic moment

Figure 2.8 Drift of a particle in
a magnetic mirror configuration.

In Section 2.1, we recognized that a gyrating particle constitutes an
electric current loop with a magnetic dipole moment given by u =
mvi /(2 B). In this section, we demonstrate that this quantity has a
remarkable tendency to be conserved (i.e., to be invariant), in spite
of spatial or temporal changes in the magnetic field intensity, as long
as the changes in B are small over a gyroradius or gyroperiod. This
kind of constancy of a variable is termed adiabatic invariance, to dis-
tinguish such quantities from those that may be absolute invariants,
such as total charge, energy, or momentum in a physical system.
Consider a particle gyrating in a magnetic field oriented primarily in
the z direction but varying in intensity as a function of z, as depicted
in Figure 2.8. Assume the field to be azimuthally symmetric, so that
there is no ¢ component (i.e., By = 0) and no variation of any of
the quantities in ¢ (i.e., (-)/d¢ = 0). As the particle gyrates around
B with a perpendicular velocity v, while moving along it at vj, we
are primarily concerned with the motion of its guiding center, which
moves along the z axis. The force acting on the particle during this
motion can be found from (2.23) by noting that the magnetic field
has a non-zero gradient in the z direction. We have

" smvi 8B WL 9B 0B
- B- 9z B- 9z Maz'

(2.27)

Alternatively, the force F. can be found directly from the Lorentz
force equation. The z component of the Lorentz force results from
qvy x Bor

F.=qv, xB=gquv, B, (2.28)
BZ
B, B
B X
v \
= ) N
> 1 <
g [
B L y
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where B, can be found using the fact that we must have V- B = 0,
so that

19 0B. r 9B

-—(rB 0 B ~ —— , 2.29
rar(r r)+8z - " 2 0z ( )

assuming that 9B./dz does not vary significantly with r. In other
words, the total magnetic field in the case of the converging field-
line geometry of Figure 2.8 must be given by

B = Bt + Bz

Evaluating B, as given in (2.29) at r = r. and substituting in (2.28)
we find the same expression for F. as in (2.27). With F. determined,
we can examine the variations of the parallel and perpendicular
energies of the particle as its guiding center moves along z. Consider
the total energy of the particle,

W=Ww_+ W,

which must remain constant in the absence of electric fields, so that
we have

dwy dwj
— 4+ —=0. 2.30
dt + dt ( )

Noting that W) = u B, the time rate of change of the transverse
energy can be written as

dw, d(uB) dB du dB du
T T T T PRI T

(2.31)

where we have noted that the dB/dt term is simply the variation
of the magnetic field as seen by the particle as its guiding cen-
ter moves to new locations, so that this term can be written as
dB/dt = (dz/dt)(0B/9z) = v|(0B/dz). The rate of change of the
parallel energy W] is determined by the force F. via the equation
of motion:

L
dt -
dv B dB
dt dz
dv dB
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1
d(z’””ﬁ) dB
@ T
dw dB
— = =V . 2.32
77 VI (2.32)
Substituting (2.32) and (2.31) into (2.30) we find
dB du dB du
—+ B— — — =0 — =0,
I TP T = T

which indicates that the magnetic moment p is an invariant of
the particle motion. Note from (2.31) and (2.32) that the particle’s
perpendicular energy increases, while its parallel energy decreases,
as it moves toward regions of higher B, so that dB/dz > 0. As the
particle moves into regions of higher and higher B, its parallel veloc-
ity vj eventually reduces to zero, and it “reflects” back, moving in
the other direction. In an asymmetric magnetic field geometry, e.g.,
a dipole magnetic field like that of the Earth and other magnetized
planets, the particle would then encounter a similar convergence of
magnetic field lines at the other end of the system, from which it
would also reflect, thereby becoming forever trapped in a “magnetic
bottle.” Until now we have assumed that the magnetic field exhibits
no temporal changes, so that dB/d¢ = 0 and there are no induced
electric fields. However, the magnetic moment w is still conserved
when there are time variations, as long as those variations occur
slowly in comparison to the gyroperiod of the particles. Noting that
temporal variations of the magnetic field would create a spatially
varying electric field via Faraday’s law, —0B/dt = V x E, let us
consider the change in perpendicular energy W, due to an electric
field. Consider the equation of motion under the influence of the
Lorentz force,

md ve+vp
dt
and take the dot-product of this equation with v, to find

dw,
dt

=q[E+ (v. +v)) xB],

=qE-vy),
where we have used the fact that W, = %mvi The increase in

particle energy over one gyration can be found by averaging over
a gyroperiod:

T
AW, = 61/ (E-v)dt,
0
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where 7, = 2 /w.. Assuming that the field changes slowly, the par-
ticle orbit is not perturbed significantly, and we can replace the
integration in time with a line integral over the unperturbed circular
orbit. In other words,

B

AWqufE-dl=q/(VxE)-ds=—q/—-ds,
C S g ot

where dl is a line element along the closed gyro-orbit C, while
ds is a surface element over the surface S enclosed by the gyro-
orbit. For changes much slower than the gyroperiod, we can replace
oB/dt with w.A B/(27), A B being the average change during one
gyroperiod. We thus have

1
AW, = Eqa)crfAB = uwAB, (2.33)

using previously derived expressions for w,, 1., and . However, we
know from (2.31) that

AW, = uAB+ BAu. (2.34)

Comparing (2.33) and (2.34) we find that Ap = 0, indicating that
the magnetic moment is invariant even when particles are acceler-
ated in the electric field induced by slow temporal variations in the
magnetic field.

Example 2-2 Plasma confinement using magnetic mirrors
Effective confinement of a high-energy plasma is a central issue in
achieving controlled thermonuclear fusion. One of the simplest
confinement schemes is that of a magnetic mirror. Consider the
magnetic mirror configuration shown in Figure 2.9, with axial
magnetic field given by

B(z) = By(1 + 827).
Calculate the mirror point (reflection point) for an electron with
velocity v located initially at z = 0 with an initial pitch angle «.
Solution: The initial parallel and perpendicular components of
the velocity are accessible through the pitch angle:

v, =vsin(ap), v, = vcos(a).
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Figure 2.9 Dual magnetic mirror geometry for plasma confinement.

As the electron moves within the magnetic mirror configura-
tion, both the magnetic moment (u) and total kinetic energy (W)
are conserved, making their initial values and their values at the
mirror point (z,,) equal:

Wo= Wi, 1o = tm-
Working first with the kinetic energy,
W = W
gme (R, +38,) = 3me (2, +44,)
vio + vﬁo = viﬂ + vﬁm
vio + vﬁo = vim,

since vy, = 0 at the mirror point. Turning now to the conserva-
tion of the magnetic moment, we have

Mo = Um
2 2
mvy muy

2By 2By (1+6z2)

2 2
s m (UJ_O + vllo)
mv = -——
Lo (1 + 82,2”)

2 2 2 2
Ul (1 + 82’") = VI, T
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2 o2 2
V10Zm = Vi,
Vllo
Im = ———
'UJ_O\/S
1
I — —————=.
" tan(ao)\/g

The mirror point is shown to depend only on the magnetic field
gradient § and the initial pitch angle «g. Plasma confinement will
be explored again in Chapter 6.

2.5 Particle motion in time-varying electric fields

We have seen the basic dynamics and drifts of particles in non-
uniform magnetic fields in the absence of electric fields. In Sec-
tion 2.2 we showed that particle motion in the presence of static and
uniform crossed electric and magnetic fields consists of a gyration
superimposed on a drift at velocity vg. In this section we con-
sider particle motion in a combination of static magnetic and time-
varying electric fields. We separately discuss the two limiting cases
of slow temporal variations and temporal variations at frequencies
comparable to the electron-cyclotron frequency w. = —q.|B|/m,.
In the former case, we find that the slow temporal variation of
E leads to an additional drift called the “polarization drift.” In
the latter case, we find that an alternating electric field generates
alternating currents not only in its own direction but also in other
directions, a fundamental anisotropy of a magnetized plasma.

2.5.1 Polarization drift: slowly varying E field

Consider the fundamental equation of motion (2.1), repeated here:

e y®+vxB)
m— = v x B).
a1
We can decompose this equation into its two components in terms

of v, and v. We have

d

m% — g(E, +v) xB) (2.35)
d

ml — 4. (2.36)
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Once again noting that (2.36) simply denotes acceleration along B,
we focus our attention on (2.35). Dividing both sides of (2.35) by ¢
and taking the cross-product of both sides with B/ B2, we have

d B E B B
mavL _ oL +(vaB)xﬁ

g dt BT R

delX B _ELXB VL(B-B)_FB(VL-B)

g dt = B> B B? B?

mdle B E, xB VL(B-B)+B(VL-B)

g dt ~ B2 B B? B?

deJ_ B EJ_XB

e X = ——— — 0, 2.37
;i B j7 vi+ (2.37)

where we have used the vector identity
FxG) xC=-F(C-G)+G(C-F

and noted that B- B = B? and that v, - B = 0. We now follow
a procedure similar to that in Section 2.2 (see Equation (2.11))
and decompose the perpendicular velocity v, into its various
components:

V1 = Vac + VE + Vp, (2.38)

where v, is the component representing gyromotion, vg isthe E x B
drift velocity found in Section 2.3, and v,, is the additional drift that
results from the temporal variation of E considered here. Substitut-
ing (2.37) into (2.38) we find

m [ dvae dvg dvp 17 E;. xB

g8 [ * BT B B = T e
(2.39a)

m [ dvae dvg dvp T

ﬁ_d[ XB+WXB+EXB-:—V30—VP, (239b)

where we have noted from Section 2.2 that vg = (E| x B)/B?. The
first term on the left and the first term on the right simply represent
gyromotion, just as one would have in the absence of an electric

5 In fact, what we have found above is intuitively obvious (i.e., without using any vector
identity) when we are dealing with the cross-product of two vectors which are orthogonal
to one another. The resultant cross-product, which is necessarily orthogonal to both
vectors, can be crossed into any one of the original vectors to obtain the other one, with
the appropriate polarity (sign) and magnitudes accounted for. In the case in hand, we
have (v) x B) x (B/B?) = —v, .
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field. The third term on the right is of second order, since it concerns
the variation with time of the polarization drift velocity which we
are to determine. Thus, we are left with

m dVE % ~ _y
gB? dt - °
m d(vg xB)
gB?>  dt - "
m d(-E;) v
gB2 dr ~ P
m dEJ_
— =V, 2.40
gB? dt r (2.40)

where we have used the fact that vg x B=[(E, x B)/B*] x B =
—E, . Thus we see that a slow temporal variation of E; leads to
an additional drift which is superimposed on the E x B drift. This
drift is called the polarization drift and is qualitatively different in
nature from the E x B drift. While the E x B drift velocity vg is
independent of the particle mass and charge, the polarization drift
velocity is larger for heavier particles, and is in opposite directions
for electrons and for ions. When the electric field intensity increases
in time (dE | /dt > 0), the ions drift in the direction of the electric
field and the electrons in the opposite direction, both picking up
energy during the process. (This energy is precisely what is needed
to account for the additional drift energy %mv% due to the increased
value of the electric field.) Similarly, decreasing the electric field
results in an energy loss for the particles. Note that the E x B drift
velocity vg is perpendicular to E and hence does not lead to energy
exchange between the field and the particle (when averaged over a
gyroperiod). Since electrons and ions drift in opposite directions,
the polarization drift creates a polarization current in the plasma,

given by
N@m; +m,) dE |
Jp = Nlge| [(Vp)i - (Vp)e] = l 5 : : (2.41)
B dt
Since m; > m,, the polarization current is largely carried by
the ions.

2.5.2 Particle motion in static B and arbitrary E fields

We now consider particle motion in the presence of a static and
uniform magnetic field. Without loss of generality, we assume the
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time variation of the electric field to be harmonic with angular
frequency w:

E(t) = Ee/”, (2.42)

where E is a complex constant. Note that since the fundamental
equation of motion (2.1) is linear, any other arbitrary time vari-
ations of the electric field can be synthesized as a summation of
terms similar to (2.42), corresponding to all possible values of w.
The equation of motion is simply given by (2.1) with the electric
field from (2.42):

d .

md—: =¢q(Ee/”" +v x B). (2.43)
Encouraged by the success of the methodology used in Sections 2.2
and 2.5.1, we proceed by decomposing the velocity vector into two

parts:
V=V + vee! ", (2.44)

where vy, contains no time variations with the angular frequency
o and is in fact that part of the motion determined by the static
magnetic field B. In other words, vy, is the same velocity component
that we denoted as v, in Sections 2.2 and 2.5.1. The second term
represents the velocity component that results from the electric
field, and is therefore in general a function of angular frequency
w. Substituting (2.44) into (2.43) we have

— 4+ jwvee-iw[ = %[Ee"m + Vm % B+ (vee/?") x B]. (2.45)
This vector equation is in fact a superposition of two equations. The
terms that do not contain the periodicity w are

dvpy q
Ym 4 B
dt me %

and simply define the gyration motion at the cyclotron frequency
w,. The terms containing the forced oscillation at frequency w are

[ja)ve + lB X Ve] = 2E
m m

[jw + %Bx] Ve = %E. (2.46)

To solve for ve, we can operate on both sides by [jw — (¢/m)Bx] to
obtain
L

[—232 - a)z:| Ve — L (B-voB= 1 [ja) — in] E, (247
m m m
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where we have once again used the vector identity cited in
Section 2.5.1:

Bx (Bxve)=BB-v.)—ve(B-B) =BB-ve) —ve B>. (2.48)

We can now decompose the vector v into its components parallel
and perpendicular to B:

Ve = Ve + Ve”. (249)
Substituting (2.49) into (2.47) yields

Ve| = —i 1 E|| (2.50&)
® m
@ — Bx]E
Vo, = LU (qz/ m) ZX] L (2.50b)
m Cl)c —
where w, = —¢|B|/m is the cyclotron frequency. The cross-product

in (2.50b) indicates that the particle motion occurs in directions
other than E. For a Cartesian coordinate system with the static
magnetic field oriented in the z direction, i.e., B=12zB, (2.50) can
be manipulated to express the three velocity components in terms
of the three components of the driving electric field. Expressed in
matrix form, we can write the result as

[ Jwlq/m)  wc(q/m) ]
02— 2 02— a2 0
o a/m) jolg/m) o
wclqg/m) jo(q/m
vy | = wcz_wz P 0 E,[. (250
V2 c c . Ez
0 0 _Jlg/m)
L w .

We see that in the direction along the magnetic field, the particle
motion is 90° out of phase with the forcing electric field, as evi-
denced by the factor of j. In the plane perpendicular to B, v, and
vy, are each influenced by both E and E,. Likewise, an electric field
confined to either the x or y direction drives motion in both x and
y directions. This coupling of effects across orthogonal directions
is known as anisotropy, and in the context of plasmas is a direct
result of the Lorentz force (Equation (2.1)). As we proceed beyond
treatment of single particles to discuss collective effects such as
currents and waves in later chapters, we will see that anisotropy is a
fundamental feature of a magnetized plasma.

An interesting situation occurs when the driving frequency of the
electric field is equal to the cyclotron frequency (w = w.). For this
case, Equation (2.51) fails to provide a steady-state solution. This
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situation is known as cyclotron resonance, and it can be shown that
the solution for the perpendicular velocity, including the cyclotron
gyration, (see [2]) is

¢

Viesl = Vi + i (EJ_ —-J X EJ_) tel @, (2.52)
2m

lwel

Examination of Equation (2.52) shows that under conditions of
cyclotron resonance the particle velocity can increase indefinitely
with time ¢, as is illustrated in the example below.

Example 2-3 Cyclotron resonance

For a static magnetic field oriented in the z direction (B = Byz),
find the perpendicular velocity of an electron and an ion under
the influence of an electric field E¢ that is right-hand circularly
polarized in the x—y plane, with time variation at the cyclotron
frequency.

Solution: Since the electric field has time variation at the
cyclotron frequency, we need to use Equation (2.52). A right-
hand circularly polarized wave implies

E(t) = Eycos(w:)X + Eysin(w.1)y,
which is written in phasor notation as
E(n) = (Eok — j Egy)e’™ " = E /""",

For the electron, w, is positive so |w.| = w, and plugging this into
Equation (2.52) yields

Viest = Vo + 5 [Eo% — JEo§ — 2 x (Eo% — jEof)lte/™
=V + %[Eof( — JEoY — (jz x EyX) + (jz x jEogy)lte/ !
= Vi -+ LBk — J B — j Eof + EoRlte/*

= v + L1 Eok — j Eogltel®!.
m

Taking the real part yields

Ey . Ey . N
Viesl = Vip + —1cos(w )X + — 1t sin(w,1)y.
qm qm
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We can further evaluate v, using Equation (2.6) with & = 0:
Ey . Ey . A
Vies. = Vi + (v + —1 ) cos(w.)X + | v + —1 ) sin(w,2)y,
qm qm

which is seen to be circular motion at an increasing rate. This
phenomenon can be used to increase the speed and hence the
kinetic energy of the particles in a plasma. If the applied electric
field is that of an electromagnetic wave, the procedure is called
radio-frequency heating of a plasma by cyclotron resonance.

It should be noted that, even in the absence of the plasma, a
fluctuating electric field such as that given in (2.42) cannot exist
without its associated magnetic field, as given by V x H = ¢pdE/d1,
which we implicitly neglected in considering the particle motion. We
will see later that this is indeed an excellent assumption, since the
magnetic fields associated with electromagnetic waves are typically
much smaller than the static magnetic field B and thus produce only
a second-order perturbation of the particle motion.

In this chapter we examined the motion of individual charged
particles under the influence of electric and magnetic fields. The
fundamental equation that governs this behavior is that of the
Lorentz force, F = gE + ¢gv x B. With only a magnetic field present
the movement of charged particles is restricted to circular motion
known as gyration in a direction perpendicular to the magnetic
field plus uninhibited motion along the magnetic field. The center
of the circular motion is known as the guiding center, and it is
often more convenient to describe the motion of the guiding center
than of the actual particle. The addition of a static electric field
causes particles with both positive and negative charges to drift in a
direction perpendicular to both the magnetic and the electric fields.
Similar drifts are created by any force perpendicular to the magnetic
field, or even by a gradient in the magnetic field. The fundamental
reason for the drifts is that the gyroradius changes over the course
of a particle gyration and thus slightly deforms the simple circular
motion in the plane perpendicular to the magnetic field.

Although examining the motion of individual charged parti-
cles does not fall within the strict definition of plasma physics,
such an undertaking is relevant to many applications, including
plasma propulsion devices and energetic particles trapped in the
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Earth’s radiation belts. Moreover, familiarity with the behavior of
single particles is a valuable source of intuition for more compli-
cated plasma behavior that will be explored in the remainder of
the text.

2-1.

Compute the gyroradius and cyclotron frequency for the fol-
lowing plasma configurations: (a) A 100 keV electron with
pitch angle of 20° in the Earth’s radiation belts, which are
located at altitudes of 7000-24 000 km. The Earth’s magnetic
field at these altitudes is in the range of 1 uT. (b) A 2.5 MeV
He™™ particle in a 7 T fusion reactor.

. Consider a particle of mass m and charge ¢ moving in the

presence of constant and uniform electromagnetic fields given
by E = Eyy and B = Byz. Assume that the particle starts from
rest and at the origin. Find an expression for the trajectory,
x(#) and y(¢), of the particle, and plot it.

. A Bainbridge mass spectrometer separates ions according to

their mass-to-charge ratio. The ions first enter a velocity selec-
tor with perpendicular electric and magnetic fields in which
only ions with a particular velocity can pass through in a
straight line (not a complex drift). Find the magnitude of the
velocity that is “selected,” in terms of the applied E and B
fields. Note that this is a special case of the general E x B
drift.

Photographic

film \

Velocity selector
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2-4.

2-5.

2-6.

2-7.

Consider a particle of charge ¢ and mass m moving in the
neighborhood of an infinitely long straight filamentary wire
carrying a constant current / and extended along the z axis.
At time ¢ = 0, the particle is at z = 0 and at a radial distance
from the wire of r = rg, and has a velocity v = v parallel to
the wire. (a) Determine and plot the trajectory (i.e., the spatial
path followed by the particle as time progresses) of the parti-
cle. (b) Assuming the magnitude of the current to be such that
guo = m2m, ro =1 m, and vy = 0.5 ms~!, find the location
of the particle (i.e., numerical values of its coordinates r and z)
att =2s.

For a basic Hall thruster, as discussed in Example 2-1, but
with an electric field of 250 V and a magnetic field of 2.5
mT: (a) What is the exit velocity of the xenon ions and the
E x B drift velocity for the electrons? (b) If the ionization
efficiency of the xenon is 90%, what must the total mass
consumption rate from the thruster be in order to achieve a
thrust of 0.08 N? (¢c) What would the equivalent mass flow rate
be if a chemical rocket were used instead of the Hall thruster?
Assume that the maximum exit velocity for a chemical rocket
is 6kms™!.

The Earth’s magnetic field can be accurately approximated
as that of a dipole. The strength of the magnetic field in
the equatorial plane is given by the formula (in cylindrical
coordinates)

Rg

3
) <;3 (in units of T),
.

B(r)=3.1x107 <
where r is measured from the center of the Earth and Rg is the
radius of the Earth. Consider a proton and an electron at the
equatorial plane at a distance of 4 Earth radii. The electron
and the proton each have total kinetic energy of 10 keV and
pitch angle of 90°. (a) Find the drift velocity of the electron
and the proton. (b) What is the combined contribution to the
ring current of the electron and the proton?

Consider a magnetic-bottle geometry in a laboratory, with
magnetic field given by B= By[1 + (z/ag)2], where By=2.5T
and ap = 1.2 m, and z =0 is taken to be at the center of
the device. The total length of the magnetic bottle is 5m.
(a) Find the loss-cone pitch angle «;, for the magnetic bottle.
(b) Consider a proton with a kinetic energy of 1 eV and a pitch
angle of 15° at z = 0. Make plots of the following quantities
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versus z: (1) magnetic field versus distance, (2) perpendicular
(v1) and parallel (v)) velocities, (3) instantaneous pitch angle
a(z), (4) kinetic energy, and (5) magnetic moment.

2-8. Consider a magnetic field primarily in the z direction,
expressed as B.(z) = By(1 — koz). A particle with charge ¢
and kinetic energy %mv2 is gyrating initially at the origin of
a cylindrical coordinate system with its guiding center on the
z axis and moving in the positive z direction. Find the initial
pitch angle (at z = 0) that the particle must have in order
to be detected by a ring-shaped particle detector located at
z= Zand r = R and centered on the z axis, as shown in the
diagram below. The magnetic field configuration is such that
| Zk| < 1. Express the answer in terms of Z, R, By, ko, and the
fundamental properties of the particle.

z=0 z=7
L L CEE P LT E TP TP PP Femmmn- > B
-
.
R
L [ X
“ QY

Detector

2-9. An electron gyrates in a constant and uniform magnetic field
with B = 0.1z T and v; = 0. A uniform electric field is slowly
introduced into the system, with E; = 0.17§ Vm~!. At 1 =0,
the guiding center of the electron is located at the origin.
(a) Calculate the displacement of the guiding center of the
electron due only to polarization drift at # = 10s. (b) What
is the displacement of the guiding center at + = 10s due to
E x B drift? (¢c) At t = 10, the electric field switches to E; =
E;(10) — 0.17§ Vm~!. Repeat parts (a) and (b) at z = 20s. (d)
At t = 10, what is the work that has been done by the field
on each particle (i.e., [ ¢E - dl), and what is the kinetic energy
of the E x B drift? This problem is intended to illustrate that
the slowly increasing electric field is the agent which imparts
energy to the particle, which is then stored as kinetic energy
in the E x B drift.

2-10. Given a spatially varying magnetic field of the form
B(x,2) = By [azX + (1 + ax)i],
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2-11.

where « is a positive constant: (a) Determine and make a plot
of the locus of points in the x—z plane where a charged particle
with v = v 4+ v can exist without experiencing any drift. (b)
Given that the magnetic field lines will follow the equation
Z—:f = %, plot the magnetic field lines and explain the result
of part Za).

Consider a rectangular coordinate system with z vertically
upward. A slab of charge-neutral plasma is infinite in the y
and z directions but is bounded in the x direction between
Xx = +a. A gravitational field g = —gz and a magnetic field
B = y B are present. Assume that B is sufficiently strong that
all particle motion can be analyzed in terms of drift motions.
(a) Describe the motions of electrons and ions in the x direc-
tion. Determine the rate of accumulation of surface charge
(0p/0t) on the surfaces of the slab. (b) Determine the electric
field component E, which develops as a result of the surface
charge, and find an expression for the time-dependent E x B
drift motion in the z direction. (c) Determine the polariza-
tion drift motion in the x direction. (d) What is the resultant
acceleration of the slab due to the presence of the gravitational
field?
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3rd edn (Philadelphia: Saunders College Publishing, 1995), 274-6.

[2] J. A. Bittencourt, Fundamentals of Plasma Physics, 3rd edn (New York:
Springer-Verlag, 2004), 106-8.
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Our examination of single-particle behavior in the previous chapter
provided our first insight into plasma behavior. We have seen that
particles execute gyrating motions along magnetic fields while drift-
ing across the magnetic field, owing to a variety of mechanisms.
In these analyses, we have implicitly assumed the electric and mag-
netic fields to be separately specified, without discussing the specific
sources for the fields. Such an assumption exemplifies the limitations
of the single-particle approach. While a static magnetic is typically
imposed for confinement or heating of plasmas, or is naturally
present as in a magnetized planetary body, an external electric field
in general cannot be sustained in a plasma, as a result of the Debye
shielding discussed in Chapter 1. Non-zero electric fields in a plasma
generally arise self-consistently as a result of the collective motion
of many plasma particles. Furthermore, the parameters modeled in
single-particle analyses (e.g., particle position and velocity) are in

53
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general not measurable and cannot be related to observations. The
measurable quantities, such as the bulk plasma velocity and particle
density, cannot easily be derived from the single-particle param-
eters, the dependencies on which are rather complicated. There is
thus a practical need to describe the behavior of large quantities of
particles.

Most plasma physics problems can be treated in a useful manner
using meaningful statistics and averages over a large number of
individual particles. The most common scheme for describing such
bulk or macroscopic behavior is the fluid approach, whereby the
the plasma is described in terms of fluid equations, appropriately
modified to account for electromagnetic forces. In using a fluid treat-
ment, one is not concerned with the motions of individual particles
but rather focuses on the collective properties (e.g., density, average
velocity) at fixed points in space. Two different fluid descriptions
of plasmas are discussed in Chapters 5 and 6. However, in order
to be able to make the jump from individual particle motions to
useful averages (as called for in a fluid approach), it is necessary to
first have a description of the particle population. Since, as has been
mentioned before, keeping track of the large numbers of individual
particles is not possible even with advanced supercomputers, an
effective alternative is to describe the positions and velocities of
plasma particles using a probability distribution function. Describ-
ing a plasma using a distribution function is known as plasma
kinetic theory and is the subject of this chapter. As is illustrated
in the hierarchical chart above, kinetic theory forms the foundation
of the majority of approaches to plasma phenomena.

Plasma kinetic theory is based on concepts originally developed
to describe the dynamical behavior of neutral gases, namely a veloc-
ity distribution function describing the number of particles in any
given point in space and having a particular set of component veloc-
ities, and an integro-differential equation, known as the Boltzmann
equation, which describes the time variation of this distribution
function. It is the most fundamental description of the plasma
state, and is in fact the only means at our disposal for analysis
of non-equilibrium plasmas. For the vast majority of applications
involving plasmas under quasi-equilibrium conditions, simplified
equations (i.e., fluid equations) derived from the Boltzmann equa-
tion can be used, and measurable quantities (e.g., density, velocity,
temperature) can be obtained as suitable averages of the velocity
distribution function. We start with a brief review of properties
of gases and continue by introducing the concept of the velocity
distribution function as a means for statistical characterization of
plasma dynamics. We then discuss methods by which average values
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of particle properties can be derived from this distribution function.
After deriving the Boltzmann equation from fundamental princi-
ples, we introduce the particular distribution function known as the
Maxwell-Boltzmann distribution, which any gas in thermal equilib-
rium attains given enough time, in the absence of external forces.

3.2 Comparison of properties of gases and plasmas

Kinetic theory of plasmas makes maximum use of the analogy
between a plasma and an ordinary neutral gas. The two parameters
which characterize the physical state of a gas are the density of
molecules Ny and the temperature 7. The mean kinetic energy of the
particles depends only on the temperature (see Section 1.1), while
the pressure is proportional to both the density and the temperature.
For gases in thermal equilibrium, the pressure p is related to Ny and
T by

p = NokpT, (3.1

where kg is Boltzmann’s constant.! When a gas is in thermal equi-
librium at a certain temperature 7, the individual gas molecules
do not all have the same energy. On the contrary, it can be shown
theoretically, and measured experimentally, that the molecules have
widely different velocities, ranging from zero to very large values.
In the mid-1890s, J. C. Maxwell showed that the number of gas
molecules which have speeds lying in the range between v and
v + dv is given by

N@) = sze_mvz/(szT)Av, (3.2)

where the coefficient 4 can be determined on the basis that the
number of molecules per unit volume is equal to the density Np.
Summing over all possible particle velocities, which is in effect an
integration, we find

37172
Ny = foo Avte ™ D gy g Ny 2(m .
0 7 \kgT

1 Equation (3.1) describes only one of many possible thermodynamic equations of state,

known in this case as the isothermal equation of state. We will see other types of state
equations in the following chapter.
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Figure 3.1 A gas in thermal
equilibrium. (a) Maxwellian
distribution of particle speeds

in a gas in thermal equilibrium.
(b) Random motion of a neutral
gas molecule under the
influence of elastic collisions. (c)
Trajectory of a charged particle
in a plasma under the influence
of Coulomb collisions.
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This speed distribution function is shown in Figure 3.1a. The
maximum of this function occurs at v = +/kgT/m, indicating that
this is the most probable speed for any given molecule. Another
feature is the very rapid decrease in the number of molecules at low
velocities and very high velocities. Figure 3.1b shows the random
thermal motion of a particular gas molecule. Each break in this
curve is a result of an elastic collision of the molecule with some
other molecule of the gas. The duration of each collision is very
small compared to the time between collisions. The elementary
kinetic theory of gases is based on the assumption that after a
collision the particle can, with equal probability, continue in any
direction, regardless of its initial momentum. The mean (or average)
length of the straight-line sections making up the zig-zag path of the
molecules in a gas is known as the mean free path, generally denoted
by A. The average time taken by a molecule to traverse a straight-
line section is known as the mean time between collisions and is
denoted by 7. The mean collision frequency, or the average number
of collisions experienced by the particle per second, is then v = v~ .

Since plasmas are basically ionized gases, we can expect many of
the concepts discussed above to apply when we consider a collection
of charged (rather than neutral) particles. This expectation is borne
out to some degree, but important differences exist, especially in
the nature of “collisions” between particles. In gases, the length
scales of the system are often much larger than the mean free path
and the time scales involved are much longer than the mean time
between collisions. Under such conditions, the gas attains thermal
equilibrium on a much finer scale of length and time than the spatial
and temporal variations of macroscopic variables (e.g., pressure,
temperature) so that these variables can be accurately described by
a fluid treatment. The fundamental reason for this is the very short
range of action of the forces between neutral molecules (i.e., the
particles have to essentially touch one another, at atomic distances
of ~10~8 cm).
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In plasmas, the interaction between particles is via Coulomb
forces, which are long-range and relatively weak, compared to
direct-impact collisions. Therefore, the path of a charged particle
in a plasma is quite different from the zig-zag path of a neutral gas
molecule shown in Figure 3.1b. The path of the charged particles is
smoother and cannot readily be resolved into straight-line segments
which begin and end at points at which collisions take place. Each
individual particle moves under the influence of the average electric
field due to all of the other particles and its motion is subject to
continuous fluctuations in magnitude and direction. This average
field is generally weak, so that the particle motion resembles the ran-
dom walk of a person in a desert at night, as shown in Figure 3.1c.
Another way to look at the difference between the motions
described in Figures 3.1b and 3.1c is to note that the long-range
Coulomb forces actually allow the particles to avoid collisions.
A useful analogy can be made by observing large numbers of stu-
dents on bicycles rapidly streaming through a busy plaza, skillfully
avoiding collisions with all but an occasional few of the many other
cyclists. As a result of the reduced number of collisions, establish-
ment of thermal equilibrium is slower in plasmas than in neutral
gases, and many physical processes can occur over time scales which
are faster than the relaxation time to equilibrium. As a result, non-
equilibrium distributions are more often encountered in plasmas,
and must be analyzed with a kinetic treatment.

3.3 Velocity distribution function

We start by assuming that the location of each particle is docu-
mented by a position vector r drawn from the origin to the physical
point at which the particle resides. In other words, we have

r=Xxx+yy+1iz. (3.3)

We consider a small elemental volume dr = dxdydz, also denoted
as d3r. Note that dr is not a vector, but simply represents a three-
dimensional volume element. Note that the volume element dr must
be large enough to contain a great number of particles, but small
enough so that macroscopic quantities such as pressure, temper-
ature, and velocity vary only slightly within this element. As an
example, a cube 0.01 mm on each side of a gas at standard tem-
perature and pressure contains ~10'° molecules, and knowledge
of macroscopic quantities with a spatial resolution of 0.01 mm is
certainly sufficient in most applications. Let the linear velocity of
the particle be
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V= Xvy + yv, + Zv- (3.4)

so that the particle speed is |v| = v = /v2 + v% + v2. In analogy
with configuration space, we think of the components vy, vy, and
v as being coordinates in velocity space. Thus the velocity vector v
documents the location of the particle in this velocity space. For
the sake of compactness, it is often convenient to introduce the
concept of phase space, defined by the six coordinates x, y, z, vy, vy,
and v;. Thus, the position r and the velocity v of a particle at any
given time can be represented as a point in this six-dimensional
space. Now consider a time interval dt, centered around the time of
observation ¢, which is long enough compared to the mean time the
particle takes to traverse the volume element dr (if it is not scattered
by collisions) but short enough compared to the time scales of
variations of the macroscopic parameters. As an example, at a mean
molecular velocity of hundreds of m s~! for a gas at standard tem-
perature and pressure, a particle travels 0.01 mm in less than 1077 s,
and variations over such time scales are rarely of interest in gas
dynamics. The number of particles in the elemental volume dr, when
averaged over the time interval d¢, is then simply given by N(r, #)dr,
where N(r, ) is the number density of the particles, regardless of the
shape of the volume element dr. To each of the N(r, f)dr particles
contained in the volume dr corresponds a point in velocity space,
which is denoted by the velocity point v and which represents the
velocity of this particle in the volume dr at the considered instant
of time (i.e., in the time interval d7 centered around the observation
time 7). The distribution of these velocity points varies with time as a
result of collisions and of the particle flux through dr (i.e., particles
entering or leaving the elemental volume dr). In the same manner
that we defined a particle density in configuration space, we may
statistically define a density of the Ndr points in velocity space. This
density, proportional to dr and a function of r and ¢ as well as v,
is denoted f(r,v, t)dr. With this definition, the probable number
of particles found at time ¢ in the element dr, possessing velocities
between v and v+ dv, is f(r,v, t)drdv. The function f(r,v,?) is
called the velocity distribution function and is the probable density
of representative points in the six-dimensional phase space. Note
that if the number of velocity points f(r, v, t)drdv contained in the
elemental volume dv is summed up over all possible velocities, we
obtain the total number N(r, ¢)dr of velocity points in the entire
velocity space. Thus, it follows that

N, t) = /OO fx, v, t)dv = ///OO S, v, Hdvydv,dv..  (3.5)
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It is obvious that the distribution function f'(r, v, #) must be finite,
continuous, and positive for all values of 7 and that it must approach
zero as the speed v tends to infinity. The velocity distribution
function representation of the plasma is quite general. Inhomo-
geneous plasmas, in which physical quantities depend on location,
are described by distribution functions f(r, v, #) which are explicit
functions of r, whereas distribution functions for homogeneous
plasmas do not depend on r and are only functions of v and ¢. In
anisotropic plasmas, f(r,v,?) is dependent on the orientation of
the velocity vector v, while in isotropic plasmas, f(r,v,?) is not
dependent on the direction of v. The velocity distribution func-
tion representation of a plasma retains the full statistical informa-
tion on all of the particles and hence is a microscopic description.
However, often the most important use of the velocity distribution
function f(r,v, ) is that macroscopic (i.e., ensemble average) values
of various plasma parameters (e.g., density, flux, current) can be
obtained from f(r, v, ¢). Consider any property g(r, v, ¢) of a par-
ticle. The value of this quantity averaged over all velocities is then
given by

gav(r, 1) = (g(r,v, 1)) = /g(r, v,1) f(r,v,t)dv. (3.6)

N(r, 1)

Example 3-1 Phase-space distribution function

Consider a system of particles confined to a cube with side
length sg centered at the origin. The particles are uniformly
distributed in the cube with velocities given by the distribution
function

. S0 .
f(r,v,t)ng—v[z, lvi| < Cy, |l|<5 (i=x,y,2)

=0 otherwise.

Find the number density N of the particles and of the average
particle kinetic energy, and plot the distribution function in spa-
tial and velocity coordinates.

Solution: Using Equation (3.5) we can find the particle density as

No(r, t) = /f/_oo S, v, Hdvydvydv;
/// C2 — v (Cg > (C2 — 7 )dvxdvydw
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Figure 3.2 Plots of distribution function discussed in Example 3-1.
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The kinetic energy of a single particle is $mv? = 1m(v2 + v +v?)

and by applying Equation (3.6) we can find the average kinetic
energy of all the particles:

L ! @1 a0, )
<§mv >: Fo.///_coim(vx—i_vy—i_%) (—vx+C0)
X (—vi + Cé) (—v? + Cg) dvydvydv;
3
_om (4G _mG
2N\ 15 250

The distribution function is shown in the six plots in Figure 3.2,
corresponding to the six dimensions of phase space.

3.4 The Boltzmann equation

How the velocity distribution function f(r, v, ¢) evolves in time is
described by the Boltzmann equation. The positions of the particles
will vary in time because of their non-zero velocities. The velocities



Figure 3.3 Phase space for a
one-dimensional velocity
distribution function. The
particles are shown as
negatively charged electrons as
an example; the same process is
valid for every distinct particle
population.
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will in turn vary in the presence of acceleration which is the result
of any forces acting on the particles. In this straightforward man-
ner, the representative points in phase space move as a function
of time. We start by deducing the Boltzmann equation for a one-
dimensional velocity distribution function, which depends on the
position coordinate x, the velocity coordinate vy, and time ¢. The
corresponding two-dimensional phase space is shown in Figure 3.3.

Consider a time interval d¢ which is long compared to the average
time interval of interaction between any two particles, so that most
interactions which begin in the interval d¢ are completed in the same
interval. On the other hand, we must have d¢ short enough com-
pared to the average time between interactions so that each particle
interacts at most once with another particle in the interval d¢. Under
these conditions, the trajectory of a particle may be composed of
segments where only the external forces act, joined by very short
trajectories during which there is interaction between particles. It is
only under these conditions that the Boltzmann equation is valid.

If the external force acting on a particle is F = X F, its accelera-
tion is a = XF/m. As particles drift in phase space under the action
of the macroscopic force Fy, they flow into and out of the fixed two-
dimensional “volume” dxdv, shown in Figure 3.3. The distribution
function can be derived on the basis of conservation of particles,
considering the net flow of particles into and out of the volume
through each of its four faces in a time interval d:

o f(x, vy, 1) dxay(x, vy, t)dt particles flow in through side 1
(from the shaded region below).

These particles have been accelerated so that they have velocities
within the box.
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o f(x, vy + dvuy, t)dxay(x, vy + dvy, t) dt  particles flow out
through side 2.

These particles have been accelerated to velocities greater than those
inside the box.

e f(x, vy, 1) dvyvydt particles flow in through side 3 (from the
shaded region on the left).

These particles have moved into the box from positions on the left.
e f(x+dx, vy, t)dvyvydt particles flow out through side 4.

These particles have moved out of the box to positions on the right.

Note that a, = dvy/dt and vy = dx/dt.

So far we have accounted for changes in the distribution function
arising from intrinsic motion of the particles or from external forces.
In addition, in the time interval dt, the particles in the range dx
at x interact or collide at most once with other particles and have
their velocities changed. Velocities of some of the particles which
were in the range dv, at vy change to other values so they leave
the two-dimensional volume, while velocities of some other particles
outside the range dv, at v, now fall within the range. Note that
such collisions can nearly instantaneously change the velocity of
the particle, but not its position. Until we are ready to be specific
about the nature of the collisions and their effectiveness in moving
particles in phase space, we schematically represent the resultant
net gain or loss of particles due to this process by a collision term
given by

af . . .
<8_]t() dxdvydt particles flow in as a result of collisions.
coll

The total number of particles in the velocity space volume element
dxdvy is given by f(x, vy, t) dxdvy. The time rate of change of
the number of particles is determined by the difference between the
number of particles flowing into and out of the two-dimensional
volume:

0
E [f(xv UX’ t) dXde]
= [f(x, vy, £) ax(x, vy, t) — f(X, vx +dvy, Dax(x, vx+dvy, t)] dx

+ [ f(x, vy, D) vy — f(x+dx, vy, 1) vy] doy+ (8—f> dxdvy.
at coll
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Dividing by dx dv, we have

0 __9 _ 0 o
Ef(x’ Uy, 1) = ax(fvx) v, (fax) + (E)I)co]]‘ (3.7

Noting that v, and x are independent variables, and assuming that
the force F is independent of the velocity vy so that a, is indepen-
dent of v, we can write

- - = 3.8
+ vy + Y (3.8)

af af Fy of af

9t “dx  m vy ( )coll’
where we have substituted a, = Fy/m. Note that the assumption
of F, being independent of v, is not restrictive, especially in view
of the fact that the external force in the case of plasmas is almost
always the Lorentz force, F = g[E + v x B], so that Fy is in fact
not dependent on v, (see Equation (3.12b)). It is clear from the
above discussion that the Boltzmann equation is a statement of the
conservation of the number of representative points in phase space.
By following the same procedure as above for an elemental volume
drdv = dxdydzdv.dv,dv. in six-dimensional phase space, we can
derive the three-dimensional Boltzmann equation:

Boltzmann | 9 F af
equation gf(r, v, l) + (V . VI') f(rs v, t) + [(E) . VV:| f(r7 v, [) = (E)Coll ’
3.9
where
a a d
Vi=X—+y—+7— 3.10
r X8x+y8y+zaz (3.10a)
d 0 0
Vv=X—+V— +12 , 3.10b
Y Xavx+y8vy+zavz ( )
so that the second and third terms in (3.9) are
0 a a
(V-Vr)f(r,v,l)=vx—f+vy—f—|—vz—f (3.11a)
ax ay az
F F. 0 F, 0 F. 9
—)-v f(r,v,t):—x—f+—y—f+—‘ f. (3.11b)
m m 0vy m dvy,  m Jv;
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Note that in the plasma context, the force acting on the particles is
the Lorentz force, given by

F =¢[E+v x B] (3.12a)
Fx=qEx+qvy B. —quv: By (3.12b)
Fy=qEy +qv: Bc —qvx B: (3.12¢)
F. = qE: + q vy By — q vy By, (3.12d)

where the electric field E and the magnetic field B are continuous
macroscopic fields obtained by averaging over an elemental volume
whose dimensions are large enough to contain a large number of
particles but small enough compared to the spatial scale of vari-
ation of the physical quantities of interest. Note that since each
component of F is independent of the corresponding component of
particle velocity v, the transition we made from (3.7) to (3.8) is valid.
Although we still are far from having an explicit expression for the
collision term on the right-hand side, we can note that it is generally
possible to express (3 f/d1)co1 as an appropriately weighted multiple
integral of f(r, v, t). Thus, the Boltzmann equation (3.9) is in gen-
eral an integro-differential equation. In a typical plasma there are
at least three different species of particles, for example, electrons,
ions, and neutrals. The Boltzmann equation (3.9) is separately valid
for each species, each being characterized by a different distribution
function f;(r,v, 7). Since only electromagnetic forces are consid-
ered, the Boltzmann equation for the neutrals does not have the
force term. The three Boltzmann equations for electrons, ions, and
neutrals are coupled through the collision term. For example, the
collision term in the Boltzmann equation for electrons contains the
velocity distribution functions of the ions and neutrals as well as
that for electrons.

3.5 The Maxwell-Boltzmann distribution

In the previous sections we introduced the concepts of velocity
space, the six-dimensional phase space, and the distribution func-
tion as a means of specifying the probable locations and velocity
components of an assembly of particles. We have also derived the
Boltzmann equation as a mathematical statement of the conserva-
tion of particles. The Boltzmann equation is the very foundation of
kinetic theory. It is not specific to plasmas but is valid for any gas
under equilibrium or non-equilibrium conditions. The logical next
step is to investigate possible solutions to the Boltzmann equation.
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Given enough time, any collection of freely mobile charged or
neutral particles will reach an equilibrium state. Consider a gas
of particles suddenly introduced into a bounded volume (e.g., a
container with walls). Depending on how the particles were intro-
duced, they may initially be located in specific positions (e.g., the
corner from which they were introduced) and may have velocities
predominantly in one direction, so that the probability of finding
particles at other locations and with velocities in other directions is
low. In other words, the distribution function f is initially inhomo-
geneous (a function of r) and anisotropic (a function of the direction
of v). As time progresses, and as a result of collisional interactions
between particles and between particles and the walls, the particle
distribution function evolves toward a homogeneous one, so that
it is equally probable to find particles anywhere in the container.
Furthermore, the velocities of particles passing through any point
in the volume become uniformly distributed in all directions, so
that the distribution function f becomes isotropic. If the container
is maintained at a constant temperature, the gas eventually attains
thermal equilibrium with its temperature equal to that of the con-
tainer. Under thermal equilibrium conditions, a homogeneous gas
with no external forces attains a specific homogeneous and isotropic
distribution known as the Maxwell-Boltzmann distribution. An
example of a homogeneous but anisotropic distribution function
representing a gas of Ny electrons all moving in a given direction
with a speed vy is the so-called beam-like distribution given by

Soeam (1, V. 1) = fpeam (V) = No 8 (vx — vp) 3(vy) 8(vz), (3.13)

where §(x) is the Dirac delta function. It can easily be shown by
substitution that (3.13) is a solution of the Boltzmann equation.
However, although a distribution function f(r, Vv, 1) = fpeam (V) sat-
isfies the Boltzmann equation at any given time, the distribution
f does not stay the same in time but instead evolves toward a
Maxwell-Boltzmann distribution. An example of a homogeneous
and isotropic distribution function which also cannot remain in
effect as a function of time is the so-called shell distribution, rep-
resenting a uniform gas of particles moving in all directions with
equal probability (i.e., isotropic) but all with the same speed vy, i.c.,

Sehell @, ¥, 1) = fepen (V) = AS8(v — vp), (3.14)

where v = |v| = | /v} + v} + v2. Equation (3.14) is solution of the

Boltzmann equation at a given time, but if the distribution func-
tion of a gas f(r,v,7) is equal to fshey (V) at any given time,
it cannot remain equal to it and must evolve in time toward a
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Maxwell-Boltzmann distribution. We stated above that a homo-
geneous gas with no external forces attains the Maxwell-Boltzmann
distribution under thermal equilibrium (or steady-state) conditions.
Mathematically, these conditions can be represented by v- Vy =0
(homogeneous), (F/m) - Vy = 0 (no external forces), and df/dt = 0
(steady-state), reducing the Boltzmann equation (3.8) to

0 d
0+0+0= (l) N (—f> — 0. (3.15)
at coll at coll

In words, (3.15) states that, under equilibrium conditions, in any
given time interval d¢ as many particles enter an elemental volume
in phase space as a result of collisions as leave. By considering
the mechanics of two-particle collisions in which total energy is
conserved under conditions specified by (3.15), it can be shown
[1, 2] that the particle distribution function must necessarily be the
Maxwell-Boltzmann distribution. The Maxwell-Boltzmann distri-
bution has the general form

f,v, ) = f(v) = Ce™®", (3.16)

where C and « are positive constants (independent of r and v) and
v = /v + v} + v? is the particle speed. The physical parameters of
the gas, such as the particle number density Ny and temperature 7,
can be derived from (3.16), as we show below. Note that both N

and T are constants at all points in space (i.e., they are independent
of r).

The total number of particles in the system can be obtained by
integrating (3.16) over the entire phase space. Since f does not
depend on r, this means simply that we integrate (3.16) over velocity
space. Using spherical coordinates as appropriate here, the elemen-
tal volume dv in velocity space is dv = v? sin dvdfd¢, and we have

2r pm OO )
N = / / f Ce™""v2dv sin 0dodd
0 0 JO

o0 2
=/ 47 Cv2e™ " dv
0
w 3
Mo=c(y)

> Cc=N(2)

a
T

[S1[%}
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where we have used the fact that

/0 et dg = ,/#. (3.17)

Having determined C, we can rewrite (3.16) as

2

f) = Ny (%)% eV

Note that the constant « is yet to be determined. It represents the
width of the distribution function, and is thus related to the average
kinetic energy of particles, or temperature.

The temperature of a gas in thermal equilibrium was defined in
Chapter 1 in terms of the average kinetic energy of the particles
constituting it. The distribution function representation of a plasma
allows us to readily calculate the average values of any physical
property of the individual particles. Let us first consider the average
value of the component of the particle kinetic energy due to its
motion in the x direction, i.e., %mv% The number of velocity points
in the elemental volume dv around the position vector v in velocity
space is f(r, v, t)drdv. Thus, the value of %mv% summed over all the

velocity points in the volume element dv is %mvi f(,v, t)drdv. The
total value of this quantity summed over all velocity points in vel-
ocity space can be found by integrating over all possible velocities:

dr/ Emvxf(r, v, 1)dy.

—0o0

To find the average value of the quantity %mvi we simply divide by

the total number of velocity points, N(r, #)dr, with N(r, ¢) related to
f(r,v,t)asin (3.5):

LIS Bl B
<2mvx> = NeD) /_OO 2mvxf(r, v, 1)dv. (3.18)

For the specific distribution function (3.16) we have

1 1 00 proo o0 3
—mv% = — / / / —mv)chO (ﬁ) ’
2 N Jooo )00 S0 2 T

(222
X v)zce “(”X”Lvﬁvz)dvxdvydvz
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—00 —00 —00

where we have used (3.17) and the fact that

;o= )

Since the distribution (3.16) is isotropic, we must have

()= gl = )=

3 e3¢} o0
m/a\s 2 2 9
= —<—> v%e “xdv, e v, e v,
2 \m ’
m

(3.19)

The average total kinetic energy of the particles is then given by

%m<v2> = %m(vi—l— vi + v?) = z—r:.

As mentioned in Chapter 1, the temperature 7 of a gas in thermal

equilibrium is defined by the relation

3 1 3
Averageenergy:EkBT — Em(vz):EkBT — a

m

T’

Substituting into (3.16) gives the Maxwell-Boltzmann distribution,

written in terms of the physical parameters Ny and 7%

distribution

3
Maxwell-Boltzmann fw)= N0< m )2 e_muz/(szT) i

2 kg T

(3.20)

The distribution function described by (3.20) is the only steady-
state distribution possible for a homogeneous (constant density N
everywhere) gas in thermal equilibrium (fixed temperature 7) in
the absence of external forces. All other distributions approach that
given in (3.16) as time evolves. The distribution function (3.20) is
referred to either as the Maxwell-Boltzmann distribution or as the

Maxwellian distribution.

3.5.3 Velocity in one dimension and speed

Having defined the Maxwellian distribution in Equation (3.20),
we can find the distribution for one component of the velocity
by integrating over the remaining components. For example, the

distribution of velocities in the x direction is given by



Figure 3.4 Distribution of
velocity in one direction. The
distribution function for particle
velocity in one direction in a
Maxwell-Boltzmann distribution
is the well-known Gaussian
distribution, with a standard

deviation of \/kg T/m.
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Flox) = f / F)dvydo;

3

5 00

— N m 2 e—mvi/(ZkBT) / e—mvf,/(ZkB T)dvy
27Tk]3 T —00

o 2
% / e—mU;/(ZkB T)de
—00

1

m 2 2
- N —mvx/(ZkBT)’ 321
0 (2nkBT) ¢ (3:21)

where we have used the fact that each of the integrals is equal
to (2mkgT/m)'/2. By symmetry, the expression in Equation (3.21)
applies to any of the velocity components and can be readily iden-
tified as a Gaussian or normal distribution, with zero mean and
a standard deviation of /kg7T/m. Equation (3.21) is plotted in
Figure 3.4 in units of 4/kg T/m. It is worth noting that the Gaussian
distribution is the most important distribution in statistics; accord-
ing to the central limit theorem the distribution of the sum of a large
number of random events will always approach such a distribution.
In this connection, it is to be expected that each of the velocity com-
ponents in a Maxwell-Boltzmann distribution will have a Gaussian
distribution since the average velocity of particles in a gas or plasma
is the sum of many random motions and interactions. It is this
statistical convergence that underpins the fact that the Maxwell—
Boltzmann distribution is the most probable distribution for a gas
at equilibrium.

We can also find useful expressions for the distribution of particle
speeds v = |v|. For this purpose it is useful to once again define
velocity space in polar coordinates (v, 6, ¢) instead of Cartesian
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Figure 3.5 Velocity space.

A two-dimensional view of
velocity space for Cartesian and
spherical coordinates. The
shaded area represents a
spherical shell containing
particles with velocities with
magnitudes between v and

v +dv.
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coordinates (vy, vy, v;). A two-dimensional slice through velocity
space for both coordinate systems is shown in Figure 3.5. Com-
pleting the transformation requires replacing the differential volume
element dv = dvydv,dv, = v2 sin 0d6d¢pdv and changing the limits
of integration. To access only the magnitude of velocity we need to
integrate over all # and ¢:

2r pw
Nep(v) = /O /0 f()v?sin0dode

3
2
= N()4T[ <2kII;nTT[) UZe—mvz/(sz T)’ (322)

which is identical to (3.2) and is plotted in Figure 3.1a. The
most probable speed of the particles is given by vmax = +/2kp T/m.
Although it was written specifically for the kinetic energy %mvi,
Equation (3.18) also shows how we can find the average value of
any other physical quantity. For example, we can find the average
velocity (v) of particles by simply replacing %mvi with v under the
integrand in (3.18):

m % > . ~ A —mv?/ kg T)
W= Gt (Rvx + vy +2v:) e P dvydvydv: =0,
—00

since the integrands are clearly odd functions. The fact that the
average value of velocities in a Maxwellian distribution is zero
simply indicates that there are no preferred directions for particle
motion. The average speed of the particles can be found using
the speed distribution (3.22) and determining an average similar to
that in (3.18):
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(v = Niof_oovasp(v)dv

3 1
— 4 m 2 /Oo Uvze_mvz/(szT)dv _ SkBT 2
2kgTm oo am )

where we have used the fact that

o0 —as? 1
/0 e ds = 33 (3.23)

Similarly, it can be shown that the root-mean-square (rms) velocity
of particles in a Maxwellian distribution is given by

kg T) 5

m

Urms = (U2> = (

3.5.4 Degree of ionization: the Saha equation

Under the equilibrium conditions of the Maxwell-Boltzmann dis-
tribution it is also possible to estimate the degree of ionization of a
gas at a given average temperature. It was noted in Chapter 1 that
the ionization of individual atoms and molecules typically requires
thermal energies of greater than 20000 K. However, when a gas
is in thermal equilibrium a considerable degree of ionization still
occurs, even if the mean temperature of the gas is far below the
ionization energy. This is because even a low-temperature gas at
equilibrium contains a small but finite number of particles with very
high velocities, in the “tail” of the Maxwellian distribution. The
degree of ionization is determined by the balance between ioniza-
tion by collision with high-energy particles and recombination. The
exact solution of the problem, which takes into account quantum
mechanical aspects, is known as the Saha equation:

- Ni 1 TP Ut
Saha equation |— = 2.405 x 10*! —— ¢~ U/®D) | (324)
N, N;

n i

where N; is the density of ionized atoms, N, is the density of neu-
trals, and U is the ionization energy. The action of recombination is
manifested in the presence of »; in the denominator on the right-
hand side. An ion—electron pair quickly recombines when in close
proximity, and because of quasi-neutrality their densities can be
approximated as being equal (N, >~ N;). Thus the higher the density
of ions, the smaller the equilibrium degree of ionization, making
it much easier to sustain a plasma state in gases at low densities.
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Nevertheless, gases in equilibrium at temperatures of only a few
thousand degrees can have a significant degree of ionization, as
illustrated in Example 3-2.

Example 3-2 Ionization fraction of air

Estimate the degree of ionization of air at 1 atm pressure and
room temperature (300 K). Repeat the calculation for a temper-
ature of 8000 K. The main component of air is nitrogen, with an
ionization potential of 14.5 eV.

Solution: We first find the total density of particles, N;,;, com-
prising neutral atoms N,, ions N;, and electrons N,. Since the
number of ions and electrons will be equal, N;,; = 2N; + N,,.
Given the pressure and temperature, the total density can be
found using the ideal gas law:

p = NotkgT
p
Ny = ——
L ke T

(1 atm)(101 325 Pa/atm)
(1.38 x 10-23 JJK) (300 K)

(1 atm)(101 325 Pa/atm)
(1.38 x 10=23 J/K) (8000 K)

We can now use the Saha equation, noting that N, = N;,; — 2 N;:

Nipi(T=300K) = =24x%x 10" m™3

=92x10¥m™3

Nio:(T=8000K) =

. 3/2
N oo S e~ U/t
Niot — 2N; Ni
sz 21 3/2 —U
— L =24 x10¥ 732 U/T) —
Niot — 2N;

N? 428 N; = S Nioy = 0.
This is a simple quadratic in N;, with positive solution given by

Ni = =S ++/ S+ S Nios.

For T = 300 K we have
S, = 2.4 x 102! 73/2 ¢~ U/t
=24 x 10*! (300 K)*/2

o« (145 eV)(1.6x10712 J/eV)1/[(1.38x 1072 J/K) (300 K)]

=528 x 107219,
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yielding
Ni
Ni + Ny
which is a fraction so incredibly low as to be negligible, with no

observable plasma effects. The higher temperature case, on the
other hand, yields

~ 10712

S, =1.28 x 10'3

N.
——— =10.0012,
Ni + Ny
which shows that a significant portion of the atoms are ionized
even though the average temperature is much less than 1 eV.

3.5.5 Shifted Maxwellian distribution

A simple generalization of the equilibrium distribution function
allows us to represent a plasma which is in thermal equilibrium but
which is streaming at a velocity vo = Xvy9 + YJvy0 + Zv-o. For such a
gas with a non-zero average velocity the distribution function is the
so-called shifted or drifting Maxwellian distribution, given by

3
2 2 2 2
Uy, Uy, V2) = N e_(m/(ZkBT)[(Ux_UA{)) +(Wy—v,0) +(v2—v20) ]
f( x> Uy ) 0(27Tk]3 T)

It can be readily shown that the average values of the component
velocities are given by the components of vy. In other words, we
have

(vx) = vy or,in general, (v) = vy.

3.6 The Vlasov equation

Now that we are more used to conversing about six-dimensional
phase space, it is useful to reconsider the derivation of the Boltz-
mann equation. In this connection, it is important to note that the
position and velocity variables are completely independent, i.e., the
instantaneous velocity of a particle is not a function of its position.
Thus, the set of six numbers X, y, z, vy, vy, v- merely represent a
six-dimensional coordinate space. For the sake of the following
discussion, let us consider an assembly of non-interacting particles
(i.e., no collisions). Consider a small volume element in phase space,
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written compactly as drdv. Assume that the surface area of this
volume in configuration space is ds,, whereas that in velocity space
is ds,. We now impose conservation of particles: the rate of change
of the number of particles in the volume element is equal to the net
flux of particles into the volume. In configuration space the flux is

dr :
fE ds, = fv-ds,.
In velocity space the flux is
dv
fE ~dsy = fa-ds,.
Hence we have
0
Efdrdv = —fv-ds,dv— fa-dsydr.
Using the divergence theorem, (V - G)dv = G - ds, we can write
0
Efdrdv = —Vi - (fv)drdv — V, - (fa)dvdr.

Further assuming that the acceleration a (and thus the force F = ma)
is not a function of v, we find the collisionless Boltzmann equation

if—|—(v-Vr)f—|—(£-Vv)f:O. (3.25)
at m

As written above in terms of a general force F, the Boltzmann equa-
tion is quite general and valid for both neutral gases and plasmas.
For plasmas, the operative force of interest is the Lorentz force,
which when substituted gives

Vlasov af q -
equation a + (V- V) f+ I’l_1 [(E + v X B) . Vv] f =0\ (326)

Equation (3.26), the collisionless Boltzmann equation with F
replaced by the Lorentz force, is known as the Vlasov equation, and
is one of the most important equations of plasma physics. Maxwell’s
equations describing the fields E(r, #) and B(r, ) and the Vlasov
equation represent a complete set of self-consistent equations. In
this connection, it should be noted that from the point of view of
an individual particle, the fields B and E in (3.26) represent the
fields due to the rest of the plasma plus any externally applied fields.
The current and charge density terms in Maxwell’s equations can of
course be expressed in terms of the particle velocity as follows:
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I 1) =" qiN(r, Dui(x, 1) (3.27a)

p(r.0) =Y qiNi(x,0), (3.27b)

where u; = (v;) is the fluid velocity and the summation is to be
carried over all particle species. In some specialized cases, e.g.,
in very-high-temperature plasmas, particle velocities may be high
enough that relativistic effects may need to be taken into account.
In such cases, (3.20) is valid if we replace the velocity v with the
momentum p. Note that the momentum p of a particle is given by

mov
NS
where my is the rest mass and c is the speed of light. The Vlasov
equation can then be written as

af
ot

p:mv:

+(%.Vr>f+%[(E+%XB)-Vp]fz(). (3.28)

3.6.1 The convective derivative in physical space and in phase space

A concept that sets the stage for describing a plasma as a fluid
(to be explored in later chapters) and also provides another angle
for analysis of the Vlasov equation is the convective derivative. The
equation of motion for a single particle is simply given by Newton’s
second law of motion,
dv

" T
where F is any general force. In Equation (3.29) the derivative is
taken at the position of the particle, and changes are measured with
respect to a stationary reference frame. If we now want to consider
a collection of particles, under the assumptions that all particles are
the same and that the net effects of collisions are minimal, we can
simply multiply both sides of Equation (3.29) by the particle density,
yielding

F, (3.29)

Nm— = NF, 3.30
T (3.30)
where u is the average velocity of the particles that make up a finite
fluid element. Equation (3.30) is still in the stationary reference
frame and must be evaluated at the position of the moving particles
(or fluid elements), which makes it inconvenient to use. It would be
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much more useful to have an expression in which the derivatives
could be evaluated at a fixed position but could apply directly to
all the particles within a larger volume of interest. This can be
accomplished by shifting to a reference frame that moves along
with the fluid elements. Since such a derivative expresses changes
as experienced within a moving coordinate system, it is known
as a convective derivative or total time derivative. The key to the
utility of the convective derivative is that representing a collection of
individual particles as a fluid element means that all the particles
previously defined only at single points are now represented by
a continuous function (extending in all spatial dimensions) at a
specific set of coordinates. From a reference frame moving with the
fluid, observation of a change in any property associated with the
mobile fluid element can result either from the property changing
in time or from the fluid element moving into a region where the
property is different. A useful analogy is to imagine an automobile
moving on a crowded motorway with the property of interest being
the density of traffic. The traffic density observed by the driver
can change either because of more cars entering or leaving the
motorway at his location or because the driver arrives at a more or
less crowded section of the motorway. Cars entering the motorway
represent a local change in traffic, while the driver driving into
traffic is change experienced by moving against a traffic gradient.
If we first consider movement in only one dimension and take A
to be any property of a fluid element (such as traffic density in the
example above) we can write the total change experienced by the
fluid element as

dA(x, t) 0A n 0A dx 0A n 0A
_—mmm —_—— v T,
dt ot dxdt ot “ox

where the last term on the right-hand side represents changes in A
experienced by the fluid element as a result of movement into spatial
regions where A is different. Generalizing the expression to three
dimensions, we can express the convective derivative as

. . dA  9A
Convective derivative Friairn + (v-V)A| (3.31)

The total time derivative of any physical property of a fluid in
motion can be decomposed into two such components. For exam-
ple, consider the time derivative of the number density N(x, ¢) in a
fluid flowing with velocity v:
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dN ON 0ONJdx OoNdy OJNoIz
— ==ttt —=+—=
dt at dx ot dy ot 0z ot
dN 0N

= L (v VoN. 32
= (VN (3.32)

The first term, 0 N/d¢, is the explicit variation of density with time,
while the second term, (v - Vi) N, is the variation due to the motion
of the fluid. At a point moving with the fluid, the density can be
varying simply because of the existing spatial variation of density
as the fluid elements move into new regions of physical space. In
an analogous manner, we can interpret the collisionless Boltzmann
equation (3.25) as the total derivative of the distribution function
in phase space. In this connection, we should note that the phase
space is simply a six-dimensional coordinate system of independent
variables, so that we can write

df_af df ox dfady odfdz df dvy Of dvy, Af dv.
dt 9t  9x ot dy dt 9z dt  Jdvy Ot dv, ot ov, ot

=%f+(v‘vr)f+(@'vv)f-

dt
Thus the collisionless Boltzmann equation (3.25) can be simply
stated as
af
— =0, 3.33
7 (3.33)

i.e., the total derivative of the distribution function f is always zero
for a collisionless assembly of particles. In other words, as a particle
moves around in phase space, it sees a constant f in its local frame.
This fundamental result is known as Liouville’s theorem.

3.7 Equivalence of the particle equations of motion and the Vlasov equation

We noted above that the particle equation of motion and the Vlasov
equation are fundamentally equivalent. One result of this equiv-
alence is that any function of any physical quantity that remains
constant during the particle’s motion is a solution of the Vlasov
equation. This result is known as Jeans’s theorem, first stated by
Jeans in connection with stellar dynamics.” We can demonstrate

2 See [3]. In this connection, note that the kinetic description of galaxies as a “gas”
consisting of stars instead of molecules has similarities with the kinetic theory of plasmas.
Since collisions between stars in galaxies are rather rare, the evolution of the distribution
function of stars in phase space can be described by a continuity equation similar to the
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this very general result by considering the Vlasov equation (3.26)
and its simple form given in (3.33). Suppose that the macroscopic
electromagnetic fields E and B are known. The position and velocity
of each particle in the system are then completely determined at all
times as a solution of (2.1) for a given initial position ry = X¢; +
Y& + z¢3 and initial velocity vo = XZ3 + ¥¢4 + &6 of the particle,
where ¢; are constants. Thus, the position r(7) and the velocity v(z)
of the particle can be written as functions of these six constants ¢;:

r=r(,...,%,1?) (3.34a)
v=v(1,...,8,1). (3.34b)

Note that the actual functional forms of r and v depend on E(r, 7)
and B(r, 7), which in turn must be self-consistently determined via
a simultaneous solution of Maxwell’s equations (with the current
density and charge terms given by (3.27)) and the Vlasov equation.
Equation (3.34) represents a relationship between the six constants
¢; and six components of the combined vectors r and v at any
given ¢. In principle, we can invert this relationship and write the
six constants ¢; as functions of r, v, and ¢:

1 =2a(,v, 1) (3.35a)
0= 0(r, v, 1) (3.35b)

(..)
g6 = L6(r, v, 1). (3.35)

Note that as the values of r and v change with time during the
particle motion, the values of ¢; remain constant. Now consider an
arbitrary distribution function which depends only onr, v, and 7, in
terms of functional combinations specified in (3.35). In other words,
consider a distribution function of the form

f(l', v, [) =g(;17'-~’§6)7 (336)

where g is an arbitrary function. Substituting (3.36) into (3.33) and
using the chain rule of differentiation, we have

6
dg dg di
28 N S8 %y, 3.37
dt P ag; dt ( )

one we derive in this chapter as the zeroth-order moment of the Boltzmann equation (see
Chapter 4 for more on moments of the Boltzmann equation). Note that in the case of
stars, each star interacts with the rest of the stars in the galaxy via the local gravitational
potential established as a result of the collective gravitational effects of all the stars.
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showing that the Vlasov equation is satisfied for arbitrary g, since
the ¢; are constants and their total derivative is by definition zero.
Thus, (3.36) is a solution of Vlasov’s equation regardless of the
nature of the dg/d¢; terms. In other words, any function of the
constants of motion of a particle is a solution of the Vlasov equa-
tion, a result which is known as Jeans’s theorem. As an example,
consider a plasma in the absence of an electric field, i.e., E = 0.
In this case, there can be no acceleration of any particle and its
energy remains constant, so %mv2 is a constant of motion. Thus,
any function of %mv2 is a solution of the Vlasov equation, e.g., the

Maxwell-Boltzmann distribution, f(v) = e—mv?/(2ksT).

Expanding on this concept, we can find the equilibrium distribu-
tion function for a gas in the presence of an external conservative
force. A conservative force is one that can be written as a gradient
of a scalar potential. This is another way of saying that the action of
such a force is reversible and leads directly to a change in potential
energy. Gravity and the electric and magnetic forces of the Lorentz
force are conservative forces. Frictional and drag forces, on the other
hand, are not conservative since they lead to a loss of kinetic energy
that cannot be retrieved. Under the action of a conservative force,
the sum of the potential and kinetic energies of particles should
therefore be a constant of motion. If the force is specified in terms
of a potential energy U(r) by

F(r) = —VU()

then the equilibrium distribution function of a gas in the presence
of this force is given by

3
2 (1,2
Jr=" (2anBT> e< o U)/(kBT)’ (3.38)

which is the unperturbed Maxwell-Boltzmann distribution of
Equation (3.20), multiplied by a correction term e~ Y®/%87T known
as the Boltzmann factor. We can now consider the problem of a
plasma in the presence of an electrostatic field. If there is an electro-
static field E(r) present it can be specified by an electrostatic poten-
tial ®(r). The Boltzmann factor in this case is simply e~ 7®®/ksT
making the distribution function

3
m 2 (—lmvz—qob)/(kBT)
= N 2 .
S ) 0<2nkBT> e
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The number density for this situation, obtained by integrating over
velocity space, is

N@) = Noe(—fI‘D(r))/(kB T)’ (3.39)

which is the expression that was used in Chapter 1 (Equation (1.6))
to derive the Debye length.

In this chapter we introduced kinetic theory, the description of a
plasma using a probability distribution function f(r, v, #) describing
the likelihood of finding particles at a given position, at a given
velocity, and at a given time. Employing a probability distribution
function is a logical way to proceed from discussing single-particle
motions, as was done in Chapter 2, to the description of the col-
lective behavior of the particles that make up a plasma. In kinetic
theory a plasma is described in a six-dimensional phase-space coor-
dinate system with three spatial dimensions (x, y, z) and three
velocity dimensions (vy, vy, v;). The way a particle distribution
changes under the influence of external forces is described by the
Boltzmann equation. Derivation of the Boltzmann equation follows
from the fact that velocity changes will originate from the Lorentz
force and position changes can be derived from velocities. If we
neglect collisions, the Boltzmann equation reduces to the Vlasov
equation. In a limiting case, the Vlasov equation can be interpreted
as stating that, without external forces or collisions, the distribution
function (as measured by a total derivative) in fact does not change,
which is an intuitively pleasing result.

In the second half of the chapter we discussed the most probable
distribution function that a plasma will assume under equilibrium.
This is the Maxwell-Boltzmann distribution, which all plasmas and
gases will approach, given enough time, if there is no net energy
flow into or out of the system. The Maxwell-Boltzmann distribu-
tion is prevalent in many applications of plasma physics and has
remarkable properties. At the same time there are many applica-
tions where a Maxwell-Boltzmann distribution cannot be assumed
nor be observed. It is important to emphasize that kinetic theory,
including the Boltzmann and Vlasov equations, is general and can
be applied to all plasma distributions. Plasma fluid theories, dis-
cussed in the following chapters, follow directly from kinetic theory
but are not as general and are applicable only to situations where
equilibrium or quasi-equilibrium conditions can be assumed.
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3-1.

3-3.

3-5.

Write down the distribution function for the following cases:
(a) two infinite particle beams each with density Ny moving
in opposite directions along the x axis at a speed of v; (b)
an infinite particle population with all speeds less than the
maximum speed v, being equally probable.

. Calculate the average number density N(x, 7) and the average

kinetic energy (%mv2> for the following distribution functions:
@ (xr, v, 1) = Kod (v2)8 (vy — v0)8 (v2); (b)f (r, v, 1) = (A —v3)
(A% - vf)(A(z) — v?) for |vi| < Ay (i = x, y, 2).

The electrons inside a system of two coaxial magnetic mir-
rors can be described by the so-called loss-cone distribution
function,

3 2

- 4\2 1 2 2 v
0= (2) o (B ew] -5 - 1]

T ajap \o] o OCH

where v and v) denote the electron velocities in the direc-
tions perpendicular and parallel to the magnetic bottle axis,
respectively, and where ai = 2kpT| /m, and aﬁ = 2k T/ me.
(a) Determine the number density of electrons Ny in the
magnetic bottle. (b) Determine the average perpendicular and
parallel energies.

. Given a particle distribution function of the form

A

3
Ae=/% | 1 + cos T v<v
S = [ (% -
0

V>
where vy is a constant and v = |v|: (a) Determine the con-
stant A, given that the particle number density at x = 0 is Np.
(b) If an application requires that the spatial dependence
of f remain constant, how could the spatial distribution be
maintained? Give a quantitative description of the proposed
scheme.

Consider an equilibrium (Maxwellian) plasma with electron
temperature 7, and electron density N, immersed in a con-
stant uniform magnetic field B. (a) Find an expression for
(), the average value of the magnetic moment of the elec-
tron due to its gyration around B, where u = mevi /(2B).
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3-6.

3-7.

3-8.

3-10.

(b) For B=5x 107> T and T, = 300 K, compare the magni-
tude of (i) to the spin magnetic moment up of the electron,
which is called the Bohr magneton and is given by
_ Igelh

drm,’

"B

where & = 6.626 x 1073% J s is Planck’s constant.

In some plasmas confined in tokamak machines, distinct pop-
ulations of energetic ions are created which do not have a
Maxwellian distribution function. An example is the so-called
“slowing-down” distribution, given by
A <
—— V=<1
Sion = v3i+ad s
0 v > )

where vy is the velocity at which the energetic ions are created
(by fusion reactions) and « is a constant determined by the
rate of collisions. (a) Determine the constant A4 if the average
ion density is A;. (b) Determine vy, the most probable value
of v for this distribution.

Use direct substitution to show that a distribution function of
the form

f=1(m?/2+4q9)

is a steady-state solution of the Boltzmann equation, where
¢ is an electric potential. Assume only one dimension and
neglect collisions.

Use the Saha equation to show that the solar wind, which
is an electron and proton plasma, must be almost com-
pletely ionized. The electron density of the solar wind is
3.5 x 10°m~3 and the temperature is 10° K. The ionization
potential of hydrogen is 13.6¢V.

. A candle flame has a maximum temperature of ~1600 K.

Find the degree of ionization of the flame and discuss whether
any plasma properties can be observed. Also find the Debye
length.

A cylindrical hot-water heater, initally OFF, has a vertical
temperature gradient of 50°C m~! increasing from bottom to
top. The heat source surrounding the cylinder is turned ON,
increasing the temperature at a rate of 1°Cs™!. What will be
the temperature change experienced by a rock, dropped into
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the water at the top of the cylinder, that falls to the bottom at
a speed of 0.5 ms~1? The rock is dropped in at the same time
the heater is turned ON.
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Moments of the Boltzmann
equation
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Moments of Boltzmann
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In deriving the Boltzmann equation in Chapter 3, we did not use
any physical principle other than the equation of motion relating the
particle acceleration to the Lorentz force. The rest of the derivation
was simply a matter of keeping a tally of the number of particles
into and out of a volume element in phase space. We also saw how
useful macroscopic information could be obtained by integrating
over the distribution function in velocity space. For example, the
number density is

N, t) = / f(r,v, t)dv. 4.1
The mean plasma velocity or “fluid” velocity is
1
ur, 1) = (v) = Ne D) /vf(r, v, t)dv. 4.2)
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In general, the average value of any quantity Q(r, v, ) is given by

1
N, 1)

All integrals are to be taken over the entire velocity space. It is
clear that knowing the distribution function gives one access to
nearly all relevant information in a plasma, even though the exact
trajectories of the constituent particles are not known. Under long-
term equilibrium conditions, the distribution function will become
the Maxwell-Boltzmann distribution. In principle the distribution
for non-equilibrium situations can be obtained by solving the
Boltzmann equation directly. Unfortunately, solving the Boltzmann
equation is usually not straightforward. Fortunately, however, we
are often not interested in the details of the particle distribution
function but simply need to know the macroscopic quantities (e.g.,
number density of particles, mean velocity, etc.) in physical (or con-
figuration) space. In other words, we seek the distribution only in
order to integrate over it and obtain the desired macroscopic values.
In this chapter we will show that under certain assumptions it is
not necessary to obtain the actual distribution function if one is
only interested in the macroscopic values. Instead of first solving
the Boltzmann (or Vlasov) equation for the distribution function
and then integrating, it is possible to first take appropriate integrals
over the Boltzmann equation and then solve for the quantities of
interest. This approach is referred to as “taking the moments of
the Boltzmann equation.” The resulting equations are known as
the macroscopic transport equations, and form the foundation of
plasma fluid theory.

The basic procedure for deriving macroscopic equations from
the Boltzmann equation involves multiplying it by powers of the
velocity vector v and integrating over velocity space. It is important
to realize that in performing such an integration we intrinsically
lose information on the details of the velocity distribution. This
is a further simplification of the type we have been making since
considering single-particle motions. In Chapter 3 we gave up knowl-
edge of individual particle trajectories and contented ourselves with
a description of likely positions and velocities. Here we will cede
information on the velocity distribution in order to obtain single-
value macroscopic quantities.

To carry out the necessary integrations, we need to know some-
thing about the behavior of the distribution function at large values
of |v|. Since no particle can have infinite velocity, it is physically
reasonable to assume that f falls off rapidly as |v| — oco. This
assumption ensures that the various surface integrals containing

Q(r, 1) =(Q) /Qf(r, v, t)dv. 4.3)
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f in the integrand vanish when extended over a sphere of radius
[v]| = oo in velocity space.

4.2 The zeroth-order moment: continuity equation

The first of these transport equations is the continuity equation,
which in fact is a statement of conservation of charge and mass.
To evaluate the zeroth-order moment, we multiply (3.9) by v* = 1
and integrate to find

/%dv—l—/(v-vr)fdv

+1/[(E+va).vv]fdv=/(8—f) dv, (4.4)
m at coll

where we note that dv = dvydv,dv.. We separately examine below
each term of (4.4). Recalling (3.5), we can see that the first term is

0 B
3 / f(, v, Hdv = EN(I’ 0, (4.5)

whereas the second term is

/(V-Vr)fdv=/vx%fdv-l—/vy;—yfdv—l-/w%fdv

a ) a
_ﬁfvxfdv—i-@/vyfdv—k&/vzfdv

= Vi - [N(r, 1)(v)]
= V; - [N(r, Hu(r, 1)], (4.6)

where u(r, ) is the average plasma velocity or “fluid” velocity, and
where we have used the fact that v, and x are independent variables.
Note that in deriving the above we have used the fact that v and r
are independent variables, so that the operator V, can be taken out
of the integral on the variables dv. For the third term in (4.4), let us
consider the E and B terms separately. We have

/(E-vv)fdv=/vv-(fE)dv=7§SU fE.-ds, =0, (4.7)

where we have used the divergence theorem in velocity space (i.e.,
Sy 1s the area enclosing the velocity space volume over which we
integrate). The surface integral in (4.7) vanishes because when we
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take the surface to infinity its area increases as v, while any physical
distribution function approaches zero much more quickly (e.g., a

Maxwellian distribution goes as e‘”z). The B term is

f[(va)-Vv]fdv=va-[f(va)]dv—fva-(va)dv

=% f(va)-dsv—/va-(va)dv=0,
S
(4.8)

where we have used the fact that
V(@aA)=A-Va+aV-A

for any scalar ¢ and vector A. The first term in (4.8) vanishes for
the same reason as (4.7), while the second term vanishes because
(v x B) is always perpendicular to Vy, i.e., any given component of
the magnetic force is independent of the velocity component in the
same direction. The collision term in (4.4) also vanishes, i.e.,

() eafre]ee o

if we assume that the total number of particles of the species con-
sidered must remain constant as collisions proceed. In other words,
the coordinates of the particles in configuration space are unaltered
by collisions, or equivalently, the number density of particles in an
element of volume in configuration space cannot be changed by
collisions.! Collisions displace particles in velocity space but do not
alter their density in configuration space. Combining our results in
(4.5)—(4.9), we arrive at the continuity equation,

Continuity equation for
mass or charge transport

%N(r, 1)+ Vi [N, Hu(r, )] =0},

(4.10)

which is simply a statement of the conservation of particles.
Equation (4.10) can be simply deduced from basic fluid-dynamical
principles by considering the average flow of particles in and out

We are for now implicitly neglecting recombination or ionization events, which can result
in the removal of particles from the distribution or the creation of new particles. For
example, electrons can recombine with ions, leading to the removal of one electron and
one ion from their respective distributions, while creating a new neutral molecule, thus
changing the distribution function of the neutrals. We will consider these processes in
Section 4.2.1.
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of an enclosed volume. In this context, the first term represents the
rate of change of particle concentration within the volume, while
the second term represents the divergence of particles or the flow of
particles out of the volume. The continuity equation simply states
that these two processes must balance under the stated assumption
that no new particles are created or destroyed. By multiplying (4.10)
by m or ¢, we can obtain the equations describing conservation
of mass or charge, respectively. The similarity of the continuity
equations for mass and charge so obtained implies that the quantity
I'= mNu is analogous to electric current density J =¢ Nu. Indeed,
I =m Nu is known as the particle current, more commonly referred
to as “flux.”

4.2.1 Closer consideration of collisions and conservation of particles

In the previous section it was assumed that the total number of
of particles of any type does not change. Under this assumption
collisions do not affect the continuity equation. It is important to
note, however, that the number of charged particles is not always
conserved in an ionized gas. In a partially ionized gas consisting of
electrons, ions, and neutrals, various mechanisms can lead to loss
or gain of particles. These processes are naturally described within
the paradigm of collisions since such particle-particle interactions
require a collision of some sort.

Collision phenomena can be broadly divided into two categories,
elastic and inelastic. In elastic collisions, mass, momentum, and
energy are conserved and there is neither creation nor annihilation
of particles. An elastic collision is one between hard spheres, anal-
ogous to that between two steel balls; they do not change shape or
gain mass, but simply exchange momentum and energy. This is the
type of collision that was considered in Equation (4.9).

In an inelastic collision between two particles, either or both
of the particles may have their internal states changed and the
total number of particles may increase or decrease. The collision
between a bullet and a wall into which it is embedded on impact
is an example of an inelastic collision. In inelastic collisions, an
electron may recombine with an ion to form a neutral atom, or it
may attach itself to a neutral particle to form a much heavier (than
an electron) negative ion. Collisions may also raise the energy state
of electrons in an atom so that new electrons are stripped off, in
a process referred to as ionization. If only one species of positive
ions is present in a plasma, then the rate of recombination is pro-
portional to numbers of both electrons and ions, which are equal
because of macroscopic neutrality of the plasma. Thus, the loss
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rate due to recombination processes is given by —a N2, where « is
the recombination rate, usually determined experimentally. The rate
of electron attachment is proportional to the number densities of
electrons and neutral particles. However, in a weakly ionized gas
the neutral density can be considered to be constant, so that the
loss rate due to attachment processes is given by —v, N, where v,
is the attachment rate. The rate at which electrons are added to
the system as a result of ionization is given by +v; N, where v; is
the ionization rate. Thus, a more general version of the continuity
equation (4.10) is

AN
¥+v-[Nu]:—aN2—vaN+u,~N. (4.11)

Example 4-1 Electron density in the ionosphere: day versus night

Above an altitude of about 80 km the upper atmosphere contains
significant numbers of free electrons and ions because of ioniza-
tion by the Sun and cosmic rays. This lowest region of ionization
is known as the ionospheric D-region, and its properties change
remarkably between day and night. At night the ionization rate,
which is due only to cosmic rays, is v;,,,,,, = 0.007s~!. During
the day the Sun’s rays are responsible for photoionization at a
rate of v; ,,, = 0.44 s~!. The electron—ion recombination rate is

a = 10719 m3 s~ and the attachment rate is v, = 0.0018s~! for
both day and night. Ignoring any flow, find the ambient (steady-
state) electron densities for night and day.

Solution: We can use the steady-state version of Equation (4.11)
with zero fluid velocity, in which all % =0andu=0:

Vi — Vg
N, =

o
The ionization rate during the day is vig,, = Vi, + Viegguie =

0.447s~! and during the night it is Vipight = Vicosmie = 0-007 s,
making the ambient electron densities
0.447 — 0.002) s~
Ne(day) = ( 0-T0 13 s_)ls =445%x 10° m™3
0.007 — 0.002) s~
No(night) = & IS 500 % 107 m=>,

1010 m3 s—1
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4.3 The first-order moment: momentum transport equation

The first-order moment of the Boltzmann equation is obtained by
multiplying (3.9) by m v and integrating to find

m/vé;—{dv—i- m/v(V-Vr)de-i-(I/V[(E‘i‘VXB)‘Vv]fd"

af
()

The first term gives

m% v f(r,v,t) dv:m%[N(r, Hu(r, 1)], (4.13)

where we have used (4.2). Next consider the third term, substituting
G =(E+vxB):

0
0V,

f] dv.
(4.14)

d 0
q/v[G-Vv]fdv= q / [va—f—l—va—f+sz
0V vy

We can examine each term of (4.14) separately; integrating by parts,
we find

0 i)
q/va—fdv=q/Gxdvyde/v—fdvx
0V 0V

=q /Gxdvydvz [vf'io—ffaixvdvx}

d
= —q /Gx fa—vXVdUXdedvz

0
I

N D) < [va]>, (4.15)

where we have once again observed that the distribution f would
vanish much faster than |v| as v, — oo. Noting that the other terms
of (4.14) will reduce to similar expressions, we can write

q/v[G-Vdfdv: —gN(, t) (Vy - (GV)), (4.16)
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where the term (Gv) is a tensor product or dyad.” Using the
property

V-(GY)=Vv(V-G)+(G-V)yv,

we have

Vv (Gv) =v [

0Gy 0G, 0G;
dvy vy v

=0 since G; is independent of v;

d 0 0
Gyx—+G6G,—+G-—
+ | “ov, + yavy + “8UJ v

A aUx Bvx aUx
=X | Gy— G,— + G;
X8vx + yavy TG v,
B =0 since v; is independent of v;
. ov ov v
+§ | G246, + G
vy v, dv:
—— ——— —
=0 =0

2 The tensor product or dyad AB of two vectors is defined as

AyBy AxBy AcB:
AB=| AyB; AyB, AyB:
A:By A-B, A-B.

The tensor dot-product is itself a vector, defined as

AxBx AxBy AxB: Cx
(AB) - C= | AyBx AyBy, AyB: Cy
A:Bx A:By A-B: C.

AcBy AyBy AxB:
C-(AB) =[Cx Cy C:]| AyBx AyBy AyB:
A:By A:By A:B:
With these definitions, it can be shown that
(AB)-C=AB-C) =(C-BA
C-(AB)=(C-A)B

V. (AB) =B(V-A) + (A- V)B.
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G + G G7
T vy 0V yavy “8v7

=0

. . Ovy vy
—26. % 156 26.2% _ g, 417
ROy, TY Oy 205 @-17)

where the derivatives of the components of G are zero because G;
is independent of ¥}, and all cross-derivatives are zero because all
v; and v; are independent of v; for i # j. We can therefore rewrite
(4.16) as

—g N, 1)(Vy - (GV)) = =g N(r, 1) (G) = —g N(r, 1) ((E + v x B))
= —gN(, 1) (E+ux B). (4.18)

This is the final form of the third term of (4.12). We are now ready
to consider the second term of (4.12). Noting that r and v are
independent variables, we have

m/v(v-Vr)fdv

=m/Vr-(fvv)dv:mVr-/fvvdV=mV~[N(vv)],

where vv is once again a tensor product. At this point, it is useful
to separate the velocity v into an average (i.e., fluid) velocity u and a
random (thermal) velocity w, i.e., v = u + w. We then have

mVy - [Ny ] =m V- (Nuu) + m V- [N(ww)]
+ m Vy - Nu(w) + (w)u]. (4.19)

The final term on the right-hand side of (4.19) is zero, since (w) = 0.
The first term in (4.19) can be written as

mVy - (Nuu) = muVy - [Nu] + m N[u - Vi]u. (4.20)

The second term on the right-hand side of (4.19) contains the
quantity m N (w w), which has dimensions of energy density (J m~3),
or force per unit area, or pressure. This quantity is defined as the
pressure tensor or dyad and is denoted by W:

Pxx Pxy Pxz
W =mN(WW) = | pyx Pyy Dy |5.
Pzx Pzy Pzz



Figure 4.1 Pressure tensor.

(a) Components of the pressure
tensor on three orthogonal
planes. (b) Differential element
of volume to illustrate
momentum flux.
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Note that W is in fact a measure of the thermal motion in a fluid. If
all particles moved with the same steady velocity v, we would have
w = 0 and thus ¥ = 0 (i.e., a “cold” plasma). The components of ¥
represent transport of momentum. For example, the top row of W,
namely pyy, pxy, and p,., represents the three velocity components
of the x component of momentum. The three rows of W together
constitute a set of three flux vectors associated with momentum
transfer. Noting that py, = mN(ww,) and p,, = mN(w,wy) =
Dxy. it is clear that W is a symmetric tensor, with only six indepen-
dent components. The diagonal components of this tensor have the
meaning of normal pressure, e.g., py is the force per unit area in the
x direction exerted on a plane surface in the gas normal to the x axis.
The off-diagonal elements represent the shearing stresses, €.g., pyy 1s
the force per unit area in the x direction exerted on a plane surface
perpendicular to the y axis. In an ordinary fluid, the off-diagonal
elements are associated with viscosity arising from the interaction
of the fluid with the walls of pipes or other confining boundaries.
In plasmas similar effects can occur because of the gyrating motion
of the particles, transverse to the bulk fluid motion. To appreciate
the significance of the components of the pressure tensor, we can
consider the pressure across three orthogonal planes at some point
A in the gas, as shown in Figure 4.1a. In this context, it is useful
to remember that pressure is simply force per unit area, which is
also the rate of transfer of momentum. In other words, pressure in
a fundamental sense is momentum flux and can as such be defined
at any point without actually having a physical surface.

6&

z X
<+ +
s 0 7z

-

p Xz
V2 dz
Dxx Pxy <v— v
X
Pz A dy
dx
pzx pzy z
| Pyz|
p rx pyy x
y

Sy

(a) (b)
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Collecting all the terms of (4.12) together (i.e., (4.13), (4.18), and
(4.20)) we have

9 [Nu] +muV; - [ Nu]

m_
at

—|—mN[u-Vr]u+V-\IJ—qN(E+uxB):/mv(a—f> dv.

coll

The collision term will be denoted by S;; and represents the rate
of change of momentum density due to collisions between different
plasma species i and j. Note that collisions between like particles
cannot produce a net momentum change of that species since the
total average momentum of the species will remain unchanged.
Upon further manipulation, and using (4.10), we can derive the final
version of the momentum transport equation:

0
m&[Nu] + muV, - [Nu] +m N[u - Vi]u

=—V-\IJ+QN(E+HXB)+S,']'

d oN
mNa—l; +mu¥ + muV; - (Nu) +m N[u- Vi]u

:—V-‘I—‘—FQN(E—FUXB)—FSU’

0 oN
mNa—l[l +m N[u - V;]Ju+u [W + mV; - (Nu)i|

mN % =0 (continuity equation)

=-V.- U+ gNE+uxB)+S;;

Momentum Ju
transport mNid— ==V U +gNE+uxB)+S;|.
(force balance) !

4.21)

Equation (4.21) is a statement of conservation of momentum and
represents the force balance in this component of the plasma. Note
that there is an equation like (4.21) for each of the plasma species as
represented by the subscript i. The left-hand side of Equation (4.21)
can be recognized as the familiar mass-times-acceleration term,
where the acceleration in question is that of a fluid element. The
terms on the right-hand side represent forces arising from pressure,
the Lorentz force, and collisions, respectively.
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4.3.1 The pressure and collision terms

Fundamentally, the momentum density (i.e., mu) of a fluid element
can change not only because of external forces acting on the par-
ticles that constitute the fluid but also because of motion in and
out of the element of particles which carry momentum with them.
Consider (with the help of Figure 4.1b) the flux in the x direction of
y-directed momentum. This flux is given by the number of particles
per unit area per second passing through the surface of constant x,
times the momentum in the y direction, mv,, carried by each par-
ticle. The differential number of particles in the phase space element
dvdr is simply f'(r, v)dvdr. This element of phase space “empties
out” in the x direction in a time interval d¢ = dx/vy. The differential
number of particles carried per second across the surface of con-
stant x by this element of phase space is fdvdr/dt = v, fdvdydz.
These specific particles carry y-directed momentum mv,, so that
the differential amount of momentum flux in this direction carried
per second across a surface of constant x by this element of phase
space is mvyvy fdvdydz. To obtain the total momentum flux, i.e.,
the total quantity of y-directed momentum crossing a surface of
constant x per unit area per second, we divide out the differen-
tial area dydz and integrate over velocity space. The total flux of
y-directed momentum in the x direction becomes f mvyvy fdv,
which is simply the ensemble average, m N{v,v,). The rate of change
of y-directed momentum, averaged over all the particles, is then
given as the divergence of fluxes of momentum across the various
surfaces of the volume element. In other words,

d(mNu,) 0
o~ ax ()
a
— @ (mN(vyvy)) — (mN(vyvz)),

which is simply the y component of the —V - W term in (4.21).
In general, Equation (4.21) is only useful in those cases where the
distribution of random velocities is sufficiently well behaved that
the pressure tensor W can be represented in a relatively simple
way. In the simplest case, the distribution of random velocities
w is isotropic, so that the diagonal entries of W vanish, and the
three diagonal entries are all equal to one another. In such a case
we have

V.W=Vp,
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where p is the scalar pressure.’ In another simplification of the
pressure tensor, the off-diagonal entries vanish but the diagonal
entries are all different. This situation may arise in the absence of
collisions, when compression of the gas increases the root-mean-
square random velocity in that direction without affecting the mean
velocities in the other directions. Similar effects can also occur in
magnetized plasmas. Neglecting collisions and assuming isotropic
conditions, the momentum transport equation can be written in its
simplest form as

5
mN [8—‘; + (- Vr)u] =-Vp+¢NE+uxB), (422)

which is reminiscent of the Navier—Stokes equation of ordinary fluid
mechanics,

ou
. [E . Vr)u:| = Vot mw Vi (4.23)

where pp is the mass density and vy is the kinematic viscosity
coefficient. The similarity of (4.22) and (4.23) is the basis for the
fluid treatments of plasmas, which we will study in the next few
chapters.

The collision term S;; represents the total momentum transferred
(gained) by species i via its collisions with species j. If there is
only one species this term will by definition be zero since, as stated
before, the total momentum change per unit volume for a given
particle species will not be changed by collisions between same-
species particles. However, a plasma contains ions and electrons
and can also contain large populations of neutral molecules. If we
consider only elastic collisions, we can approximate the collision

Note that the general form of V - W is

dpxx dpyx pzx

Pxx Pxy Pxz ax T dy + 752

(9 9 9 _ | 9pxp pyy apzy
V-¥= [Bx ay 32} Pyx Pyy Pyz | = | 55— + a3y + NEn
ox Py Pas pxz  pyz | pzz

Pzx Pzy Pz ax T ay + 52

Since p = pxx= pyy= pzz, the above expression reduces to
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term as proportional to the difference between the particle species’
mean velocities:

S,‘j = — ZmNivij(u,- — llj). (424)
J
The v;; term is called the collision frequency between particles of
type i and j, and has units of s~'. Equation (4.24) can be used
when the difference in mean velocities is not too great and when
each particle species has a Maxwell-Boltzmann velocity distribu-
tion. A further simplification can be made if the dominant colli-
sion process is between electrons and neutral molecules. This is the
case in low-pressure gas discharges and in the lower heights of the
ionosphere. The neutral particles are assumed to be stationary on
average (u; = 0), and if we consider only one neutral species the
momentum transport equation can be reduced to
mNi—?:qNE—Vp—vau, (4.25)
where the background magnetic field is assumed to be negligible, as
is the case in highly collisional plasmas (see Problem 4-3).

Example 4-2 Fluorescent lamp

Common fluorescent lamps contain a low-pressure plasma
called a glow discharge. As shown in Figure 4.2, the gas in the
tube is partially ionized by the application of a voltage across the
electrodes. The free electrons then impact a small population of
mercury atoms, causing ultraviolet (UV) radiation. When the UV

Sheath
Cathode  / Anode

— ’/ +
( Positive column (low-pressure plasma) )

T,~11000K N,~5x 107 m™

120 V+

0 4—A

1 mm 120 cm

Figure 4.2 Simplified fluorescent lamp. A fluorescent lamp uses a low-pressure plasma to excite
UV radiation that illuminates a phosphorous coating on the glass tube. The electric field in the main
discharge is close to constant but has a sharp gradient near the cathode. Such lamps operate in the AC
mode so anode and cathode switch during each cycle.
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rays hit the phosphorous coating on the tube, white light is
emitted. The majority of gas molecules in the tube remain as
neutrals. Although the behavior of a glow discharge can be very
complex, the main features in a typical lamp include a small
plasma sheath around the cathode that is devoid of electrons, and
a larger region of constant electric field known as the positive
column that is responsible for most of the UV generation. The
sheath is formed because the electrons are more mobile and are
repelled from the cathode.* Almost all of the current flowing
through the lamp is carried by electrons. Assuming the simpli-
fied model shown in Figure 4.2 and the following operational
parameters, find the electric field in the positive column and the
magnitude of the electron pressure term at the edge of the sheath
region under steady-state conditions: power = 40 W; voltage =
120V; length = 120 cm; diameter = 3.6cm; N, = 5 x 1017 m™3;
Ngqs (argon) = 1023 m=3; 7, = 11000 K. The collision frequency
between electrons and argon atoms can be estimated at v =
Ny (2.58 x 10712 77996 1225 x 1023 72-%) Hz [3].

Solution: Since the neutral density is much greater than the elec-
tron density we can use Equation (4.25). Within the positive
column the electron temperature and density are constant so the
pressure term (V p) is zero, and for steady-state conditions there
are no changes in time. Equation (4.25) thus simplifies to
Epc = me_‘)u’
q

where E . is the electric field in the positive column. The collision
frequency can be evaluated as

v =10%12.58 x 10712 (11 000)~%-%
+2.25x 1073 (11000021 =4 x 10° s~ 1.

The mean fluid velocity u will depend on the total current 7
flowing through the tube:

I=P/V=(40W)/(120 V) = 333 mA.

Assuming a uniform current density J = I/ A4, where A is
the area of the tube cross-section, we can evaluate u as

4 A more accurate description of a fluorescent lamp includes a total of six separate
regions: the cathode dark space (sheath), negative glow, Faraday dark space, positive

column, anode glow, and anode dark space [1, 2].
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J (0.333 A)
gN,  (0.001 m2)(1.6 x 10~19 C)(5 x 1017 m—3)

u =

—4163ms~ .

Plugging in to the expression for electric field above yields:
E,c =93.84 Vm~!.

At the positive column-sheath boundary there will be a density
gradient in the electron population since there are virtually no
electrons in the sheath region. The density gradient will create
a non-zero pressure term (V p) which will need to be balanced
by a stronger electric field in this region. We can obtain a crude
estimate of Eg, the electric field in the sheath, by dividing the
remaining voltage drop (outside of the positive column) by the
width of the sheath (1 mm):

~ 120V —(0.9384 V/cm)(119.9 cm)

— 7486 Vm~ L.
1 mm

E,

Using Equation (4.25) again we have
Vp =gNE; — me Novu = (1.6 x 10712)(5 x 1017)(6000)
—(9.1x 107315 x 10'7)(4 x 10%)(4163) = 591.3 Nm >,

where variations in other parameters have been neglected for
simplicity.

4.4 The second-order moment: energy transport equation

The second-order moment of the Boltzmann equation, i.e., the
equation of energy conservation, is obtained by multiplying (3.9)
by %mv2 and integrating over velocity space. For ease of discussion
we will not present the derivation here but will instead refer the
interested reader to Appendix A. The energy-conservation equation
can be written in several forms, one of which is

3 [Nimu i| + V. |:N§m(u u)i| — Ng(E -u)

_m [ »(df
=3 f u <8t)coudu’ (4.26)

Scoll
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which can be interpreted in a manner quite similar to (4.10) and
(4.21), i.e., the first term is the rate of change of energy density,
the second is the energy loss rate per volume element due to the
energy flux (or heat transfer), and the third is the power fed into the
system by the electric field (i.e., E - J), noting that no work is done
by the magnetic field. Note also that the collision term is non-zero
since energy transfer between species occurs in collisions, although
the total energy in the system is conserved. The energy-conservation
equation can be also written as

[ 3 Nm(w?)] 1 2
For an isotropic plasma the pressure tensor W reduces to the scalar
pressure p; considering that the average energy of the plasma is
%m(w W)= 3k T and using p= NkgT, we find %p: %Nm(w -W),
which is the energy density (in Jm™>). The energy conservation
equation then reduces to

a(3 3
%+V.<§pu)—pv-u+v‘q:Scoll~ (427)

The quantity % pu represents the flow of energy density at the

fluid velocity, or the macroscopic energy flux (in units of Wm™?2).
The third term, pV - u (in Wm™?), represents the heating or cool-
ing of the fluid due to compression or expansion of its volume.
The new quantity q is the heat-flow (or heat-flux) vector (in
W m~2), which represents microscopic energy flux and is related
to the particle random velocity by q = (N/2)m(w?w). For steady-
state, low-pressure discharges, the macroscopic energy flux is
balanced against the collisional processes, resulting in a simpler
equation,

3
V- (5 pu) = Scoll- (4.28)

4.5 Systems of macroscopic equations: cold- and warm-plasma models

It is worthwhile to review the moments of the Boltzmann equation
that we have derived so far. Each of the moments is a transport
equation describing the dynamics of a quantity associated with a
given power of v:
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Continuity equation ON B
mass or charge transport | g7 + V- [Nul=0| (4.29)

Momentum
transport

2
mN|:a—l;+(u-V)u] = V.U +gNE+uxB)+S;

(4.30)

Energy d I 5 1 P _m [ 5 (3f
transport E[Nimu TV Nyt = No(E-u) = 5/u ot coudu

Seoll

4.31)

We could in principle proceed by evaluating higher and higher-
order moments of the Boltzmann equation. However, moments
that involve the third or higher powers of the particle velocity v
lack simple physical meaning and are generally useful in only spe-
cialized cases. Accordingly, we will not evaluate or discuss higher-
order moments. The equations of conservation of particle number,
momentum, and energy are useful in making general statements
about plasmas, but they cannot be considered as a closed system of
plasma equations. It is worth remembering that our motivation in
finding the moments of the Boltzmann equation was to avoid having
to solve this equation directly for the velocity space distribution
function f(r,v, t). So instead of attempting to solve for f(r,v,t)
explicitly, we set out to determine its moments. In calculating each
moment of the Boltzmann equation, however, we always obtained
an equation that contained the next moment. In the zeroth-order
moment the change in particle density was expressed as a function
of the mean fluid velocity. In the first-order moment, the change
in mean fluid velocity was expressed as a function of the pressure
tensor. The second-order moment is an expression for the change
in the pressure tensor, but brings in a new heat-flow term. Every
time we obtain a new equation a new unknown appears, so that
the number of equations is never sufficient for the determination
of all the macroscopic quantities. The number of unknowns always
exceeds the number of equations. Because of this, it is necessary to
truncate the system of equations at some point in the hierarchy of
moments by making simplifying assumptions. Among the several
different sets of macroscopic equations used to describe plasma
dynamics, the two most commonly used are the so-called cold-
plasma and warm-plasma models, briefly described below.
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4.5.1 The cold-plasma model

The simplest set of macroscopic equations can be obtained by intro-
ducing the truncation at the momentum-transfer equation, (4.30).
The physical assumption adopted is to neglect the thermal motions
of the particles, which is achieved by setting the kinetic pres-
sure tensor to zero, i.e., ¥ = 0. The only remaining macroscopic
variables are then the number density N and fluid velocity u, which
are described by the two equations

IN
- +V-[Nul=0 (4.32a)

ad
mN |:a_ltl + (u- V)u:| =gNE+uxB)+S;;. (4.32b)

In general, a suitable method for evaluation of the collision term
Sij is needed in order for (4.32) to be useful in analysis of plasma
dynamics. One common method is to view the collisions as an
impediment to motion, causing a rate of decrease in momentum
as determined by an “effective” collision frequency, in which case
we use

S,‘j =—m Nl)effll.

4.5.2 The warm-plasma model

An alternative set of macroscopic equations is obtained by intro-
ducing truncation at the energy-conservation equation. Thermal
motions are accounted for but it is assumed that the kinetic pressure
tensor is diagonal, with equal diagonal terms, so that V- W = Vp.
Physically, this means that viscous forces are neglected. We then
have

N

e +V-[Nu]=0 (4.33a)

mN [% + (u- V)ui| =—-Vp+gNE+uxB)+S;;. (4.33b)
The system (4.33) still does not form a closed set, since the
scalar pressure is now a third variable. In principle, the energy-
conservation equation (4.27) is needed to determine p, but it
contains a fourth unknown, q. However, it is often possible to
truncate the system of equations at this point by adopting simpli-
fying assumptions which either make the energy-transport equation
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unnecessary or reduce it to simpler forms expressed in terms of p.’
The simplest method of truncation is to assume a thermodynamic
equation of state in order to relate p to the number density N. The
actual form of the equation of state varies from case to case. The
two most common equations of state are the so-called isothermal
and adiabatic ones. The isothermal equation of state is

p=NkgT or Vp=kgTVN, (4.34)

and holds for relatively slow time variations, allowing temperatures
to reach equilibrium. In this case, the plasma fluid can exchange
energy with its surroundings, and the simpler version of the energy-
conservation equation, (4.28), is also required. Alternatively, we can
use the adiabatic equation of state given by

\% VN
pN7V=C or YP_ y—,
p N

where C is a constant and y is the ratio of specific heat at constant
pressure to that at constant volume. Typically, y = 1 4+ 2/n4, where
ng 1s the number of degrees of freedom. The adiabatic relation
holds for fast time variations, as in the case of plasma waves, when
the plasma fluid does not exchange energy with its surroundings;
thus a separate energy-conservation equation is not needed, since
it leads to (4.34). The use of the adiabatic gas law to close the
system of equations is equivalent to assuming that there is no energy
interchange due to collisional interactions and that there is no heat
flow. In cases where the explicit use of the energy conservation
equation is required, the heat-flow (or heat-flux) vector q would be
the outstanding unknown, and we would need to adopt a physical
assumption in order to close the system of moment equations. For
electrons, the approximation most commonly used is one which is
derived from thermodynamics:

q=—-KVT,

(4.35)

where K is the thermal conductivity.

In this chapter we set out to avoid solving the Boltzmann equa-
tion for the velocity distribution function since this is often not
straightforward and since the averages obtained by integrating over

5 For simplifications particularly suited to ionospheric and magnetospheric plasmas, see
Section 2.4.5 of [4].
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Moments of the Boltzmann equation

the distribution function are more useful in practical applications.
Instead, we set out to solve for the moments of the distribution,
which are averages of different powers of particle velocity. The
moments of the distribution function represent average quantities
such as particle density (zeroth-order moment) and mean veloc-
ity (first-order moment) and kinetic energy (third-order moment).
These average bulk quantities are the primary variables in modeling
a plasma as a fluid, which we will discuss in the next chapters.
Taking any moment of the Boltzmann equation yields an expression
that contains the next-highest moment. In principle, the velocity
distribution function is known once we know all of its moments.
However, finding a large number of successively higher moments is
not practical.

The power of the moment approach lies in truncating a finite
set of moment equations using an approximation for the highest
moment appearing in the system. Such a truncation yields a
closed set of equations that can be solved, and are known as a
plasma model. We presented two of the most commonly used
plasma models: the cold- and warm-plasma approximations. In the
cold-plasma model, thermal motions are assumed to be negligible,
which means that the pressure term in the moment equations is
equal to zero. In the warm-plasma model, thermal motions are
taken into account using either an isothermal or an adiabatic
approximation, and the heat-flow term is set to be zero. In the
warm-plasma model the pressure term is a scalar value like that
used to describe non-ionized gases. Although not covered in this
text, it is possible to develop more complicated plasma models
where truncation is done at higher-level moments.

4-1. Using the ionospheric parameters given in Example 4-1, use a
numerical technique to find how much time after sunrise it will
take the electron density to change from its nighttime ambient
value to its daytime value. Make a plot of the electron density
versus time. You may ignore any plasma flows.

4-2. Inalaboratory plasma experiment a plasma density of 10! m—3

is created by a rapid burst of ultraviolet radiation. The plasma
density is observed to decay to half of its original value in
10ms. Find the value of the recombination coefficient v,
assuming that attachment is negligible.

4-3. The strength of the Earth’s magnetic field at the surface is
approximately 30 uT. Show that this field has a negligible
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4-4.

4-5.

4-6.

4-7.

(1]
(2]
(3]

(4]

effect on the physics of the fluorescent lamp discussed in
Example 4.2.

For the fluorescent lamp discussed in Example 4.2, calculate
the Debye length for the electrons in the positive column region
and compare it to the dimensions of the lamp.

An engineer proposes to double the length of the 120 cm fluor-
escent lamp in Example 4-2. If making the tube longer causes
the electric field in the positive column to drop by a factor of
two, calculate the power the lamp will draw if the electron and
gas density, temperature, and voltage all remain the same.

Consider the one-dimensional plasma configuration shown
below, which is clearly not in equilibrium. Calculate an electric
field that could be used to maintain the density profile, assum-
ing mobile electrons and stationary ions.

108 m™3

Plasma density

! !
0 lcm 99 cm 100 cm
Distance

Consider a 200Vm~! electric field applied to a partially
ionized plasma with an electron density of 10> m—3. The
effective collision frequency for the electrons is 3.5 GHz. Using
the cold-plasma model and ignoring ion motion, (a) find the
steady-state electron fluid velocity; (b) use the energy trans-
port equation to find the energy dissipated, ignoring convective
terms and interactions with other species.
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In this chapter we begin the treatment of plasmas using fluid
theory. Practically speaking, a fluid approach is nothing more than
a description of the dynamics of bulk properties of a plasma, and
in this context can be characterized as a rather crude description
of a medium that is composed of very large numbers of individ-
ual particles. However, despite its inherent simplifications, the fluid
approach is remarkably successful in describing plasma behavior
and is perhaps the most widely used treatment of plasma phenom-
ena. Most of the remaining topics in this text, with the exception
of hot plasmas, are founded on a fluid description. Fluid theory
follows directly from the moments of the Boltzmann equation that
were derived in the previous chapter. We begin by presenting a
description of a plasma as two interpenetrating fluids of electrons
and ions. In Chapter 6 a single-fluid description will be introduced.
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5.2 Complete set of two-fluid equations

Using a truncated set of moment equations, we can write the com-
plete set of electrodynamic equations consisting of the continuity
and momentum equations (4.29) and (4.30) and Maxwell’s equa-
tions. For simplicity, we consider a fully ionized, isotropic (i.c.,
V - ¥ = Vp), and collisionless (i.e., Sje or Sg; = 0) plasma with only
two species: electrons and ions. We have

ou
e Ne |:8_[e + (ue - V)uei| = —Vpe+geNe(E+u, x B) (5.1a)
311,'
m; N; 5 T ;- V)u; | ==Vpi+ ¢ N;(E+u; xB)  (5.1b)
B
VXxE=—— 5.1
X a7 (5.1¢)
eV -E = Nig; + Negqe (5.1d)
—_————
P
1 E
— V x B = N;jgiu; + Negele + €9— (5.1e)
Mo ot
J
V-B=0 (5.1f)
N,
S TV New] =0 (5.1g)
oN;
81’ +V.[Nu]l=0 (5.1h)
pe =kIeN, or p,= CeNez/ (5.11)
pi=kgTiN; or p;=GN/. (5.1))

Note that the velocities in question are those of fluid elements
expressed as u, as opposed to the velocities of individual particles
expressed as v in previous chapters. The system in (5.1) constitutes
four vector equations ((5.1)a, b, ¢, ) plus six scalar ones, amounting
to a total of 18 scalar equations. On the other hand, Equations
(5.1) contain four scalar unknowns (pe, pi, N, N;), and four vector
unknowns (u;, u., E, B), amounting to a total of 16 unknowns.
However, one of the two continuity equations (5.1g) and (5.1h) is
redundant, since it can be derived by using the other and (5.1d),
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together with the divergence of (5.1¢). Also, (5.1f) is redundant,
since it can be derived from (5.1c). Thus, we actually have 16 scalar
equations and 16 scalar unknowns, providing a self-consistent set
of equations that describe the dynamics of the electron and ion
fluids under the influence of electromagnetic fields in a fully ionized,
collisionless, isotropic, two-species plasma. The two-fluid model
described by these equations is applicable to the dynamics of the
plasma on all time scales, ranging from the rapid motions of elec-
trons (e. g., plasma oscillations at frequencies comparable to @), =

 Neg?2/ (eome)), and the much slower motions of ions (occurring at

time scales comparable to 1/w;, where w,; = ,/Mqiz/(eom[)). We
will use Equations (5.1) in later chapters to derive the properties
of electromagnetic waves which exist in such plasmas over a wide
range of frequencies. Here, we will consider two interesting aspects
of fluid motions, namely fluid drifts perpendicular to B and parallel
pressure balance.

Example 5-1 Plasma discharge for IC manufacture

The manufacture of integrated circuits (IC) involves etching with
plasmas, typically produced between two electrodes, as shown
in Figure 5.1 [1]. The time-averaged electron and ion densi-
ties between the electrode plates are shown in the graph; we
approximate their distribution using the following polynomial
expressions:

Ni(x) = 1016 [(—6.803 x 108) X (1.361 x 107) 3
+ (—9.809 x 104) 2 +300.6x + 0.712: m=3

No(x) = 1016 [(—17.69 x 108) 4 (3.538 x 107> 2

4 (—25.43 x 104) X%+ 774.0x +0.207 | m~3,

where x is in units of m. Calculate and plot the time-averaged
electric field and potential across the plasma, assuming both
electrode plates are at zero potential.

Solution: To find the electric field we need to use Equation (5.1d),
whose one-dimensional form is

dE,
EOd_ = M(X)Q[ + Ne(x)qe-
X
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Figure 5.1 Basic setup for RF-induced plasma etching of integrated circuits. The bottom panel shows
time-averaged electron and ion densities.

Integrating and plugging in the polynomial expressions yields

|Qe| /X []vl(x/) - ]Ve(xl)] dx/
€0 Jo

Ex(x) =

— 1.808 x 108 [2.177 x 108x° — 5.443 x 10%x* +5.207

%1043 — 236722 + 0.503x] +CoVm

We find the constant Cy by noting that the electric field in the cen-
ter of the discharge where the electron and ion densities are equal
must be zero E.(0.5cm) = 0. This yields Cy = —6.958 x 10%.
The potential can be found in a straightforward manner using
d—f = — E and performing another integration. Plots of the elec-
tric field and potential are shown in Figure 5.2. The regions
near the electrodes where the ion and electron densities diverge
are known as the sheath regions and result from higher electron
mobility. See Chapters 1 and 4 for an introduction to the concept
of the plasma sheath, and Chapter 13 for a quantitative discus-
sion of the subject.
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Figure 5.2 Electric field and potential for plasma discharge shown in Figure 5.1 and discussed in
Example 5-1.

5.3 Fluid drifts perpendicular to B

In Chapter 2 we considered the various drift motions of the guid-
ing center of individual particles perpendicular to an applied mag-
netic field B. Since fluid elements contain many individual particles,
we would expect that they would exhibit the drifts perpendicular to
B whenever such drifts are experienced by the individual guiding
centers. This expectation is true for the E x B and curvature drifts,
but not for the gradient drift; furthermore, an additional type of
drift called diamagnetic drift occurs for fluid elements as a result of
the Vp term. Examining the drift motions using fluid theory is very
instructive for deeper understanding of the fluid approach. Consider
the momentum equation valid for each of the species:

mN[%+(u-V)u:| =—-Vp+gNE+u x B). (5.2)

Considering drifts which are slow compared to the time scale cor-
responding to the gyrofrequency w.,' and neglecting second-order
terms, (5.2) reduces to

0~¢gN[E+u, xB]—Vp, (5.3)

where we have noted that u x B= (u. +uj) x B=u; x B. We
now take the cross-product of (5.3) with B to find

0=¢gN[ExB+ @, xB)xB]-VpxB

I If we consider variations of fluid velocity u at a frequency w, the first term on the

left-hand side of (5.2) is of order m N|du/dt| = m N(jwu) while the last term on the right
is of order |¢ Nu x B| = ¢ NuB, so that the ratio of the two terms is (w/w¢).



Figure 5.3 Diamagnetic drift.
(a) Cylindrical plasma column.
(b) Gyromotion of ions in the
presence of a density gradient.

5.3 Fluid drifts perpendicular to B m

(a) (b)

0=¢gN[ExB+B@u;-B)—u;, (B-B)]—VpxB

E xB Vp xB
O INB = UE + Udja,
where we have used the usual identity (A x B) x C=B(A-C) —
C (A - B). Thus we see that the fluid elements experience E x B drift
given by the same expression as was found for individual particles
in Chapter 2. Additionally, we see that there is a new drift, the
diamagnetic drift, given by

VpxB

Diamagnetic drift | ugj, = — INB

(5.4)

The diamagnetic drift is in opposite directions for electrons and
for ions, and in a cylindrical plasma (see Figure 5.3) gives rise to
currents that tend to reduce the magnetic field inside the plasma,
which is why this phenomenon is referred to as “diamagnetic.”

The physical interpretation of diamagnetic drift is shown in
Figure 5.3b. For this case we have assumed a constant-temperature
plasma so that the pressure gradient V p manifests itself as a density
gradient V N. There are a larger number of particles at higher values
of y, as indicated by the larger number of gyrating particles per unit
area in Figure 5.3b. We note that, through any fixed volume element
such as the shaded region shown, there are more ions moving to the
left than to the right, amounting to a drift of the fluid element, even
though the guiding centers of individual particles are stationary.

The diamagnetic drifts of ions and electrons in opposite direc-
tions give rise to a diamagnetic current given by

B x V(pi + pe)

B2 '
For an isothermal (p = kg T'N) plasma with N;= N, = N, the dia-
magnetic current is given by

Jdia = Nigiugia, — Neqeldia, = (5.5)

Bx VN

Jaia = (kg Ti + kpTe) —

(5.6)
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Figure 5.4 VB drift in the fluid
model. The guiding centers drift
but the fluid elements do not.

Multiple-fluid theory of plasmas
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The fluid treatment will also yield the curvature drift since the
centrifugal force will be felt by all the particles in a fluid element as
they move around a bend in the magnetic field. The curvature drift
can be obtained by adding a term

(Fe) = (Nmof) / R. = NkgTj /R,

which is the fluid analog to Equation (2.24). However, the gradient
drift (VB) does not exist in the fluid picture. In a reversed symmetry
to diamagnetic drift, for gradient drift there is no fluid drift even
though there is a drift of individual guiding centers. The lack of
a fluid drift in the presence of a magnetic field gradient can most
casily be seen by considering the motion of the two particles in
Figure 5.4. Since there is no electric field the gyroradius changes
only because of the gradient of B. Since the magnetic field alone
cannot change the energy of the particle, the particle velocities in the
fluid element marked by the boxes in the figure will cancel exactly.
Since the fluid picture assumes an even distribution of particles in
each local element defined by N, all fluid elements at all positions
will have a net zero velocity if there is no density gradient.

The seeming contradiction between the fluid model and the
single-particle approach begs the question of which model is more
correct. It is important to realize that both the single-particle and
the fluid pictures are simplified models of complex interactions. The
single-particle approach tracks a single particle, in complete isola-
tion, which is not realistic. The fluid approach, on the other hand,
gives us net average values over a small but finite volume. Both
approaches are approximations to full knowledge of all parameters
and variables. In the physical sciences the highest measure of cor-
rectness is agreement with observations, and in this context the pre-
ferred model depends on the situation. There are situations where
particle densities are very small (e.g., in the high-energy particle
populations of the Earth’s radiation belts) and the single-particle
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approach is appropriate since collective effects are negligible. How-
ever, in most practical situations plasma densities are high enough
that the fluid approach exhibits better agreement with observations
over any reasonable volume of interest. For such cases a comparison
can be made to electrical current flowing in a simple wire or resistor.
An individual electron in such a wire or resistor could have an
extremely complicated trajectory, with multiple changes in direction
and velocity, yet the collective behavior of the current is accurately
described by Ohm’s law (V' = I R). Therefore, outside specialized
situations the fluid approach is more reliable even though it yields
results that can seem counterintuitive at first.

5.4 Parallel pressure balance

We now consider the component of the momentum equation (5.2)
which is parallel to the magnetic field B = Bz. Neglecting the con-
vective term, we have

au ap
mN — ~qgNE, — —.

at dz
This shows that the fluid element is accelerated along B under the
combined influence of electrostatic force and the pressure-gradient
force. When these two forces are balanced, the fluid experiences
no acceleration, i.e., du./d¢t=0. Assuming a constant temperature
T along the field line, and expressing the parallel electric field as
the negative gradient of an electrostatic potential (£, = —9®/dz),
we can write this pressure balance condition as

(5.7)

0=—gN— —kgT—. (5.8)
Integrating, we find

q®+kgTIn N =constant — N=N) exp[kL;)}, (5.9)
B

which is the so-called Boltzmann factor for electrons that we saw
earlier in Equations (1.6) and (3.39), and which is the equilibrium
solution of the Boltzmann equation in the presence of an external
force. Physically this result reaffirms the strong tendency of the
plasma to remain electrically neutral as a result of the very small
charge-to-mass ratio of the electrons. Electrons have a tendency to
move rapidly in response to an external force (e.g., an electrostatic
potential gradient); however, once they begin to leave a region they
leave behind large ion charges, producing electric fields which pull
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them back, with the final distribution of electrons being determined
by the balance between eclectrostatic and pressure (or density)-
gradient forces.

In this chapter we introduced the two-fluid model of a plasma,
which consists of the truncated moment equations and Maxwell’s
equations. Application of the model to drift motions yielded similar
results to the single-particle approach described in Chapter 2 in
that E x B drift and curvature drift also exist in the fluid model.
The fluid description also yields a new drift motion, called diamag-
netic drift, which cannot be obtained in the single-particle approach
since it is based on a density gradient. At the same time the fluid
model does not yield a drift perpendicular to a static magnetic field
gradient. The next two chapters explore a single-fluid approach
to plasma, but we will return to the two-fluid model and use it
to describe plasma conductivity, diffusion, and wave behavior in
subsequent chapters.

5-1. An isothermal plasma is confined between the planes x==a
in a magnetic field B = Byz. The density distribution is N(x)=
No(1 — x2/a?). (a) Derive an expression for the electron dia-
magnetic drift velocity ugi,, as a function of x. (b) Draw a
diagram showing the density profile and the direction of ug;,,
on both sides of the midplane if B points out of the paper.
(c) Evaluate ugiy, for x=a/2, By =02 T, kgT;=2 €V, and
a=4cm.

5-2. A cylindrically symmetric plasma column of radius r = a
extends along the z axis and is immersed in a uniform mag-
netic field B = 2By. The plasma is under the influence of an
electrostatic potential @ () so that

N, = Noe_(Ie‘D/(kBT)’
and the plasma density varies radially as
No(r) = Noe /4.

Determine the E x B and diamagnetic drift velocities and com-
pare their relative magnitudes.
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5-3. Consider a partially ionized plasma with density N = 10'2 m~3
through which a 100 V m~! electric field is applied. Calcu-
late the total current density if the electron—neutral collision
frequency is 3 GHz and the ion—neutral collision frequency is
5 GHz.

5-4. Draw a diagram similar to Figure 5.4 but for the trajectory
of two ions experiencing an E x B drift. Explain why the two
trajectories will not cancel out for the E x B drift even though
they do so for the gradient drift.

[1] M. A. Lieberman and A. J. Lichtenberg, Principles of Plasma Discharges
and Materials Processing (New York: John Wiley & Sons, 1994), 1-22.
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In the previous chapter a multiple-fluid description of a plasma
was introduced, in which electrons and various species of ions were
governed by separate continuity and force equations. However,
under certain conditions it is appropriate to consider the entire
plasma population as a single fluid without differentiating between
ions or even between ions and electrons. This approach, known as
magnetohydrodynamics (abbreviated MHD), is in general a method
for modeling highly conductive fluids (of which salt water and
mercury are additional examples). As will be shown, the single-fluid
approach to plasmas is appropriate for dealing with slowly varying
conditions when the plasma is highly ionized (i.e., neutrals do not
play a role) and electrons and ions are forced to act in unison,
either because of frequent collisions or by the action of a strong
external magnetic field. The MHD description of a plasma is very
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useful for describing a wide range of plasma behavior and illustrates
important results not easily obtained from multiple-fluid models.
Certain plasma phenomena, notably in fusion and space physics, are
modeled exclusively using a single-fluid treatment, making MHD
one of the most important subfields in plasma physics.

6.2 Single-fluid equations for a fully ionized plasma

We begin by showing how the multiple-fluid equations presented in
Chapter 5 can be combined into a set of equations for a single meta-
fluid. Assuming for simplicity a two-species plasma of electrons and
a single type of ions, the corresponding electron and ion equations

are
at" +V-[Nou]=0 (6.1a)
ou
me Ne |:8_: + (ue - V)ue] =—-V -V, +g.N,(E+u, xB) + Sei
(6.1b)
and
oN;
a[’ + V- [Nul=0 (6.2a)
ou;
mi N; [a_f + (u; vm] = =V W +¢; Ni(E+u; x B) + S,
(6.2b)

where the subscripts e and i indicate, respectively, the quantities
associated with electrons and with ions. The collision term Sg; (S;e)
represents the total momentum transferred to the electrons (ions)
per unit volume per unit time by collisional interactions with the
ions (electrons). For a fully ionized two-species plasma with no
neutral gas, the total momentum must be conserved in collisional
interactions between the two species, i.¢.,

Sei = —Se- (6.3)

In view of the substantial difference between the electron and
ion masses, we expect that the characteristic time scales of the
phenomena described by (6.1) and (6.2) will be substantially
different. The characteristic frequencies of the plasma, such as
plasma frequency or cyclotron frequency, are much larger for
electrons than for ions. In general, the separate set of equations
(6.1) and (6.2) must be solved simultaneously in order to properly
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account for the coupling between ion and electron motions. Such
coupling often leads to non-linear effects, which we will discuss
briefly in later chapters.

When we deal with plasma phenomena that are large-scale (L >
Ap) and have relatively low frequencies (0 < wpe and o <K wee),
the plasma is on the average electrically neutral (N; >~ N,) and the
movement of electrons independently of ions is not important. In
such cases, if is useful to treat the plasma as a single conduct-
ing fluid whose inertia is provided primarily by the mass of the
ions. In this regime, the dynamics of the plasma is no different
than any other conductive fluid, for example, liquid mercury. The
macroscopic variables of the electrons and the ions are lumped
together to obtain macroscopic parameters describing the ionized
gas as a whole, instead of two separate constituents. The govern-
ing equations for the new set of macroscopic parameters can be
obtained by combining the constituent equations (6.1) and (6.2).
We first define appropriate macroscopic parameters for the plasma
fluid:

Mass density Pm = Nom, + Nym; (6.4a)

Electric current J = Nggeue + Nigiu; (6.4b)
: Nemeu, + Nimju;

Mass velocit Uy, = 6.4c

y m Ny + Nom; ( )

Total pressure tensor V=Y, + W, (6.4d)

Note that if the plasma were only partially ionized, (6.4a), (6.4c),
and (6.4d) should also contain terms corresponding to neutral par-
ticles. Also, in such a case (6.3) would no longer be true. Retain-
ing the assumption of full ionization, however, we now proceed to
obtain the macroscopic equations for the single-fluid plasma. This
exercise will be nothing more than making linear combinations of
(6.1) and (6.2). To make the analysis tractable we will first neglect
the (u- V)u term in (6.1b) and (6.2b). This can be justified on the
grounds that we are primarily dealing with small perturbations for
which the fluid velocity (u) multiplied by any gradients (the u-V
operator) is assumed to be negligible. Along the same lines, we also
distinguish between values that are perturbed and those that are
assumed to remain relatively constant, denoting the latter with an
additional “0” subscript. This simplification results in the following
momentum equations for electrons and ions:
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ou

meNeoa—: ~ =V W, +goNpo(E+u, xB)+S¢; (6.52)
311,'

miNiOE ~ =V -¥; 4+ ¢g;No(E+u; x B)+S;.. (6.5b)

6.2.1 Equations of mass and charge conservation

To obtain the equation of continuity of electric current (i.e., the
equation of charge conservation), we multiply (6.1a) and (6.2a)
respectively by ¢, and ¢;, and add. We find

ap
—4+V-J=0| 6.6
o T (6.6)

where J is the electric current density, given by
J = Neogeue + Niogiu, (6.7)
while p is the electric charge density,
p = Nege + Nigi. (6.8)

By multiplying (6.1a) and (6.2a) respectively by m, and m;, we find
the equation of mass conservation, namely

0

% + pmoV - um =0}, (6.9)
where

Pmo = Neome + Niom; (6.10)

is the single-fluid mass density and uy, is the linearized fluid mass
velocity

Nemeue + Nimju;

. 6.11)
Neome + Njom;

Um

6.2.2 Equation of motion

The equation of motion for the bulk plasma gas can be obtained by
adding the individual momentum transport equations (6.1b) and
(6.2b). We find
ol
(Neome + Niomi) 57

==V . (Ve + V) + (Neoge + Niogi) E+J x By. (6.12)
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Note that we have taken advantage (6.3). The second term on the
right is proportional to the ambient value of the electric charge
density, po = N.o¢e + Niogi, which is zero since the plasma is
macroscopically neutral. We thus arrive at the equation of motion

Ju
(Neome + Niom;) 8—;“ = -V (Y, +¥)+IxBy| (6.13)
—_—————

Pm0

which is identical to the general equation of motion for an arbitrary
conducting fluid, such as mercury, if we substitute for the mass
density pm = Ny,om. + Njom; and the total pressure tensor W =
W, + ¥;. Note that for an isotropic plasma we have V- ¥ = Vp,
so that the first term on the right in (4.30) is the negative gradient of
the total pressure p = p. + p;.

6.2.3 Generalized Ohm's law

The final single-fluid equation describes the variation of current
density J, and is obtained by multiplying Equations (6.1b) and
(6.2b) respectively by g./m,. and ¢;/m;, and adding them together.
Since ¢, and ¢; are opposite in sign, this amounts to the difference
between the two momentum equations:

aJ . Nog2  Niog?
at Mme m; Me m;
Neog? Niog? ) .
+ ( 0y, 4 210 u,-> «Bo+ 28+ dis. (6.14)
ne m; me m;

Noting that for an electrically neutral plasma we have |g, Nyo| >
|gi Nigl, we can use (6.7) and (6.11) to rewrite (6.14):!

0J : Neog? | Niod;
P gy, Ty gy (Lq"+ﬂ> (E+up x By)
; (q— ; ﬁ) (J x Bo) + (ﬁ - ﬂ) Sei (6.15)
e m; me mi

1 Using pmo = Negme + Nigmj and pg = Negge + Niogi. We can write

m;po — 4i Pm0 and N = —MeP) + GePmo
AL L g = ——————— T

Neo = - K K I ’
qemj — (iMme qemj — (qiMe
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We now make further approximations, noting that the ion mass m;
is much larger than the electron mass m,, so (q./m.) > (qi/m;),
and that (Nyog2/me) > (Niog?/m;). We can also assume that the
plasma is near thermal equilibrium, so that the kinetic pressures
of electrons and of ions are of similar magnitude (i.e., ¥, >~;),
so that (g./me)W¥, > (¢i/m;)V;. With these assumptions, (6.15)
reduces to

aJ qe NeOQ?

9o ey g, 4 2 g4y« By + 290 x By) + LS,
ot me me me ne

(6.16)

We are now forced to deal with the collision term S,;, which has
so far not been related to macroscopic parameters. Solely on phys-
ical grounds, it is reasonable to expect that the total momentum
transferred to the electrons per unit volume per unit time (as a
result of collisions with ions) is proportional to the relative average
velocity difference between the species (u; — u,). Since the collisions
in a fully ionized plasma are Coulomb collisions, we expect Sg;
to be proportional to the Coulomb force or g.q; = g2, as well as
being proportional to the density of electrons N,y and the density
of scattering centers N;o = N.o. Thus we can write

from which it follows that

me mj

2 Nog?
Neode Niodi: _ <g+ﬂ> po— Jedi

me  m; Meh;

which for a macroscopically neutral plasma (g~ 0) reduces to

2
Neot? , Niodi . dged .
me mj Mmem;
Using a similar procedure, the simultaneous solution of (6.4b) and (6.4c) for u, and u;
results in

Pm0 mj
Ue = p 2 —J—gjum
memiNe0<ﬁ - m—') £0
e 1
m
u = £mo - |:—7EJ+er “mj| .
Iﬂgl?liNe()(:’{Te — ZTI) 0
e 1

Using the above equations, we can write
Neog? | Niog} de | G dedi
e+ —L =5+ 2L ) T 22 g un.
Mme mj; Mme mj i

Using these relationships in (6.14) leads to (6.15).
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Sei = 1¢* N7 (u; — up), (6.17)

where 1 is a constant of proportionality known as the specific
resistivity of the plasma. It will become clear below that n has
dimensions of resistivity (i.e., 2m or VmA™!). It is often useful
to express resistivity in terms of a collision frequency ve;:

MeVei
Nqu2

7’]:

where vg; is the so-called collision frequency for momentum transfer
from the ions to the electrons. Note that v is not necessarily the
actual rate at which collisions between particles occur; its function
is in fact more as a “fudge factor,” accounting for those aspects
of the collision process that we do not explicitly account for, such
as collision cross-sections, effectiveness of momentum transfer, etc.
Noting that ¢; = —¢. and N,y = N;9, we can use (6.7) to rewrite
(6.17) as

J = Nooge(Ue —0;)  — Sei = — Neogend. (618)

More generally, as we will show later, a magnetized plasma is
anisotropic, so that the resistivity is a tensor (7_7) and we can write

Sei = —Neoge 1 - J. (6.19)

Substituting in (6.16), we arrive at the so-called generalized Ohm’s
law:

2J Neog? Neod
7=_&v.\pe+ﬂ (E+umxBo)+& (JXBO)—M?}I’J-
Jat Mo me me me

(6.20)

For a steady current in a uniform plasma with no static magnetic
field, we have dJ/dt = 0, V- ¥ = 0, and By = 0, and the resistivity
tensor reduces to a scalar so that (6.19) becomes

1

n
underscoring our use of “generalized Ohm’s law” for (6.20) and
“resistivity” for n. The electric field E can be found explicitly from

(6.20):

J x B() V.w < m oJ
E=—-uy xBy— + ‘+ 7 =R
—_— Neoge Neoge ~— Neoge 0t
motional E — ~—~— ohmic loss —

Hall effect ambipolar electron inertia

(6.21)
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On the right-hand side, the first term is the motional electric field
term, associated with the frame of reference of the fluid. In a frame
of reference moving with the fluid at the speed up,, the electric field
does not include this term and is given by E' = E + uy, x By. The
second term is the so-called Hall effect term and is often neglected.
The third term is the so-called ambipolar polarization term and
describes the electric field that arises from gradients in plasma den-
sity along the magnetic field. The fourth term is the ohmic loss
(or Joule heating) term, and the last term can be interpreted as
the contribution of electron inertia to the current flow. Also note
from (6.20) that for a collisionless plasma the resistivity is zero and
the conductivity is infinite, and the plasma fluid behaves much like
mercury or other liquid metal. Equations (6.6), (6.9), (6.13), and
(6.20) are the fundamental equations for the treatment of a plasma
as a single conducting fluid. They form the basis of magnetohydro-
dynamics and the related concepts of “frozen-in” magnetic field
lines and magnetic pressure (see Sections 6.4 and 6.5).

6.3 Magnetohydrodynamics plasma model

Magnetohydrodynamics is a powerful tool for representating the
dynamics of many different types of plasma phenomena, ranging
from the generation and evolution of magnetic fields within stellar
interiors to the magnetic confinement of thermonuclear plasmas.
MHD is particularly useful in modeling large-scale, relatively low-
frequency plasma phenomena for which the plasma can be treated
as a single conducting fluid. At a more general level, MHD is a
framework for the description of the dynamics of an electrically
conducting fluid (e.g., mercury) in the presence of a magnetic field,
either externally applied or produced by a current flowing in the
fluid. As noted above, the fundamental equations of MHD are (6.6),
(6.9), (6.13), and (6.20), coupled with Maxwell’s equations.

A single-fluid description of a plasma is only valid if the plasma
is collision-dominated, since only then are the particles restricted
in their motions sticking together so that their motion may be
represented by that of the local center of mass, superimposed on
an isotropic distribution of velocities. If the plasma is not collision-
dominated, particles nearby in space at any given time may have
completely different velocity vectors and fly away in different direc-
tions to remote parts of the plasma, in which case the motion of the
local center of mass does not correspond to any real mass motion.
While this is generally the case, collisionless plasmas under the



124 Single-fluid theory of plasmas: magnetohydrodynamics

influence of a very strong magnetic field can also be described in
the context of a single-fluid model. This is because if the magnetic
field is sufficiently strong, and its variation in space and time is slow,
we know from Chapter 2 that the particles are forced into nearly
circular orbits around a drifting guiding center. The main motion
of the guiding center (due to electric-field-driven drift) is common
to all particles, and can be viewed as the local mass motion, while
the gyrating motion of particles is similar to an isotropic veloc-
ity distribution. In other words, the resultant effect of the strong
magnetic field is similar to that of collisions. Although we can thus
accept that there might be “thermal equilibrium” in the transverse
direction, the motions in the parallel direction remain far from equi-
librium, resulting in an anisotropic pressure tensor. At first we will
exclusively consider application of MHD to collision-dominated
plasmas. Many of the concepts to be developed can be extended
to collisionless plasmas with a strong magnetic field, as we will see
in the final sections of the chapter.

In a collision-dominated plasma, the particles species are in a
Maxwellian state. By adopting an MHD description, we are implic-
itly interested in slow variations, so that thermal equilibrium can
be established over time scales of interest. Furthermore, the spatial
scales of interest are assumed to be much larger than the Debye
length, so that the plasma can be assumed to be macroscopically
neutral.

6.4 Simplified MHD equations

The single-fluid equations derived above here are reproduced
(Equations (6.9), (6.13), (6.20)):

9pm
—_— Viouy=0
Y, + Pmo m

3J Noog?
9 ey gy, BVe g4y« B)
at Me M,

2
1o (g Deote sy
me e
At this point, we make several simplifying approximations. First,
we consider only isotropic fluids, so that V- W = Vp, where p is
the scalar pressure, and the plasma resistivity tensor (7_7) reduces
to the scalar resistivity n. Second, we neglect the Hall effect and
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the ambipolar polarization terms in the generalized Ohm’s law,
since these are only important under special circumstances. We
also neglect the dJ/d¢ term in (6.20), since for low frequencies the
time variations are small (note, however, that we are retaining the
time-varying terms in other MHD equations). The generalized
Ohm’s law then reduces to

Noog? Neog?
0= (g 4y, x B) — —e

e me

nJ — J=oE+u, xB),
(6.22)

where o = 1/5. Note that we can write (6.22) as J = o E/, where
E' = (E + uy, x B) is the electric field felt by an observer (or a par-
ticle) moving with the fluid element. The simplified MHD equations
can thus be written as

J=0(E+unxB) | (6.232)

o 9
Simplified 9Pm + pmoV - g = 0 (6.23b)
MHD equations dt
ad
om —;‘;“ — _Vp+JIxB | (623

We consider only highly conducting fluids, since most MHD plas-
mas resemble fluids with very large (nearly infinite) conductivity.
Equations (6.23) are complemented by Maxwell’s equations, gov-
erning the electromagnetic fields. Since we are considering fluids of
high conductivity, we neglect displacement currents (compared to
conduction currents) and also assume that there is no accumulation
of space charge inside the fluid (i.e., p = 0). Maxwell’s equations
then reduce to

V x B=uod (6.24a)
oB
Reduced Maxwells | V x E = mrn (6.24b)
equations
E=0 (6.24c¢)
B=0. (6.24d)

The description of the fluid behavior is still not complete until we
specify the relationship between p and density N. This relationship
is the equation of state; we adopt the adiabatic assumption given in
(4.35), which can also be expressed as

d

= (pea”)=0. (6.25)
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Equations (6.22) through (6.25) form a closed system which can be
solved for any of the fluid or electromagnetic variables. It is common
to eliminate the electric field and reduce the number of variables to
four, namely pp, Uy, p, and B. Using (6.24a) together with (6.23c¢)
we can write

du 1 B2 B-V)B
Pm— m =-Vp+—(VxB)xB=-V|p+ —I—( ) ,
ot o 20 7

(6.26)

where we have used the identity
(VxB)xB=-Bx(VxB)=—-B-B)V+(B-V)B.
Some further manipulation? is needed to prove the equality

—(VxB)xB_—V( )—FM
w 20 1o

or (VxB)xB=-1V B>+ (B-V)B.

2 We first note the component form of the second term on the right,

1l a a . 0 By d By 0By
B-V)IB=|By—+By,— + B.— | B=X|B B B
( ) |: xax+ }3 + 3:| X|: A + ya + “32]

+Y0 T,

while the component form of the V B2 term on the right is

+ LT,

2 9B> 9B

2 2, p2 ., p2) _ o 9B y 5
VB:V(B B2 B,): 98 77

%+ B + B: X[ax+ax T

We now examine the component form of the left-hand side:

X y Z

(VxB) xB=|0B: 8B 9Bc 9B 9B, 9B

ay 9z a9z ax ax ay

By B, B.
| 9B 3 By 9By 9By 9B, 3B
—%| B 4B l2x g OO0 g 9P g 00 p .
XN e Sy g Yaox x| T
L [(B-V)B],
liB-v)B 19B2 10B} 19B? §i--- )+
=Xl 3%y T29x 2ax [ Y z
N 1 N N
(VxB) xB=% fE[VBz]x+[(B-V)B]X}+y{~~}+z{~~-} Q.E.D.
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Substituting (6.22) in (6.24b) and using (6.24a) and (6.24d), we
find

aB J V’B
—=Vx<umxB——>=Vx(umxB)+—, (6.27)
at o —_———— WO

flow
diffusion

where we have used
V x (V x B) = V(V - B) — V?B,

with V - B = 0 from (6.24d). Equations (6.23b), (6.24d), (6.26), and
(6.27) are sufficient to solve for the four variables pp, Uy, p, and B.
Equation (6.27) expresses the sensitivity of the magnetic field to
plasma fluid motion (flow term) and plasma conductivity (diffu-
sion term). For a perfectly conducting fluid (o = 00) (6.27) can be
written as
oB

3 = V x (up x B). (6.28)

Note that for 0 = 0o (6.22) reduces to
E=E+u, xB=0, (6.29)

as expected since the electric field within a perfect conductor must
be zero. The validity of (6.28) is based on the fact that we can neglect
the second term in the parentheses in (6.27). This term is negligible if

J

‘—‘ < |upy x BJ.

o

With displacement currents neglected, (6.24a) is valid and we can
write

IBJ = o L|J],

where L is a characteristic dimension of the system. Thus, the
inequality above is equivalent to

Rv = oum|po L > 1,

where Ry is a quantity often referred to as the magnetic Reynolds
number by analogy with the hydrodynamic Reynolds number, which
also scales with L and uy,. The Reynolds number is very useful
in determining whether a system is diffusion- or flow-dominated.
When Ry > 1, flow dominates and the magnetig field simply moves
with the flow, as shown in the next section.
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6.4.1 Frozen-in magnetic flux lines

Figure 6.1 lllustration of the
“frozen-in” concept. A highly
conducting fluid in motion acts

to transport magnetic field lines.

An interesting application of MHD equations in general and of
(6.28) in particular is the demonstration that the lines of magnetic
flux are frozen into a perfectly conducting fluid and are thus trans-
ported with it. Note that Equation (6.28) describes the coupling
between the magnetic field and the fluid motion for a perfectly
conducting fluid. Consider an arbitrary surface S enclosed by a
contour C, as shown in Figure 6.1. We can write the integral of
(6.28) over this arbitrary surface as

i/B.ds:/[VX(umXB)]'dS
at Js S

ad
—/B-ds:f;(umxB)-dl
it Js C

]
—fB-ds—f(umxB)-dlzo, (6.30)
ot S C

where we have used Stokes’s theorem. Equation (6.30) can be
written as

%4.% B (un xdl) =0 (6.31a)
at C

d
- (/SB : ds> — 0, (6.31b)

ds = (uy, x d)dt




Figure 6.2 In a MHD plasma
with infinite conductivity, two
points on the same field line
remain on the same field line
even though they move with the
fluid.
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{\

(u, +Auy)dt

P, B()

Au, = (dr - Viu,

where 1 is the magnetic flux.® The first term in (6.31a) represents
the rate of change of flux through the fixed surface S, while the
second is the additional increment of flux swept out per unit time
by the movement of the periphery with the local fluid velocity up,.
The left-hand side of (6.31a) is thus the total rate of change of flux
through a “material” surface fixed to and moving with the fluid, as
restated in (6.31b). Hence (6.31) is a statement of the constancy of
magnetic flux through any material surface in a perfectly conducting
fluid. Another way of stating this is to say that the field line is
attached to or “frozen in” the fluid and moves with it. We can also
arrive at the same result by considering two points P; and P, on a
field line and showing that they remain on the same field line as they
move with the fluid. Using the identity

Vx@UupyxB)=uy(V-B)+ B V)uy, —B(V-uy) — (uy - V)B,

taking advantage of our earlier definition of the convective deriva-
tive (3.31), and noting (6.24c), we can write (6.28) as

ccii_I:_(um-V)B=O+(B-V)um—B(V-um)—(llm'V)B

aB/dt

cj{—]? =B - Vu, —B(V -uy). (6.32)
Let Py and P, be any two neighboring points on the same magnetic
field line, with the distance between them represented by the vector
dr, as shown in Figure 6.2. If the points are on the same magnetic
field line, then by definition dr x B = 0 since dr and B are parallel
vectors. So P; and P> remaining on the same magnetic field line even
as they move with the fluid is the equivalent of dr x B not changing

3 We have used the identity B - (um x dl) = —(up x B) - dl.
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and remaining equal to zero. In other words, % [dr x B] must equal
zero. We can break down this derivative as follows:

_d(dr) dB

%[dr x B] x B+ dr x T (6.33)

If P; and P, move with the fluid velocity un (r, ¢), then the rate of
change of the vector dr is due to the non-uniformity of uy, and is
(dr - V)upy,. Thus we have
d(dr)
dt
Using (6.34) and (6.32), Equation (6.33) becomes

= (dr- V)uy,. (6.34)

%[dpr]:(dr-V)um xB+dr x[(B-V)uy —B(V-uy)]

(6.35a)
=(dr - V)uyn x B+dr x (B-V)uy, —dr x B(V -up)

(6.35b)
=B -Vuy x dr+dr x (B-V)uy (6.35¢)
=0, (6.35d)

where because the last term in (6.35b) is zero dr x B = 0. Likewise,
the fact that dr and B are parallel allows them to be interchanged in
the first term in (6.35b); the two terms in (6.35¢) then cancel since
they are equal and opposite. Thus, if P; and P, were initially on the
same line of force, they will remain on it.

The concept of magnetic lines of force is an abstraction, and
in general no identity can be attached to these lines. However, we
can very conveniently regard the lines as attached to and convected
with the fluid. The “frozen-in” concept implies that all particles
and all magnetic flux contained in a certain flux tube at a certain
instant stay inside the flux tube at all instants, independent of any
motion of the flux tube or any change in the form of its bounding
surface. Additional insight into the concept of frozen-in field lines
can be found by seeing it as a manifestation of Lenz’s law for elec-
tromagnetic induction. Lenz’s law applies to the classic experiment
of electrodynamics in which a conductor is moved across a static
magnetic field. The law states that a current is induced in the moving
conductor so as to oppose the change in magnetic flux through the
conductor. In the limit where the conductor is a continuous plasma
with infinite conductivity, the induced currents prohibit any change
in magnetic flux, thus transporting the same constant magnetic field
lines with the plasma.
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Example 6-1 The solar wind

A prominent example of the frozen-in field concept occurs in the
interaction of the solar wind with the interplanetary magnetic
field (IMF). Both the IMF and the solar wind originate from the
Sun. The solar wind is a highly conducting plasma with density
~10"m™3 and fluid speed of ug = 350 km s~! in an outward
radial direction. The IMF is generally in the plane of the Earth’s
orbit and, because of the Sun’s rotation and the frozen-in field
concept as driven by the solar wind, its field lines take on a spiral
shape as shown in Figure 6.3. Given that the angular velocity
of the Sun’s rotation is @ = 2.7 x 107 radians s~!, calculate the
spiral angle ¥ shown in Figure 6.3.

Solution: The spiral angle is given by

.
tan(¥) = -2,

Usw

where r is the radial distance from the Sun, equal to 149.6 x 10° m.

(149.6 x 10° m)(2.7 x 10~® rads™")

tan(¥) = 35% 105ms |

W =49°,

Figure 6.3 Interplanetary magnetic field lines frozen in the solar wind plasma result in a spiral shape.
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During periods of solar disturbance, the solar wind speed is
known to increase to 600—700 kms™!, which changes the spiral
angle sometimes called the “garden hose” angle).

6.4.2 Diffusion of magnetic field lines

When Ry = o|up|uno L < 1, the diffusion term in Equation (6.27)
dominates and the expression reduces to

2

B = V—B (6.36)
at oo

Equation (6.36) is an expression for a magnetic field in a stationary
but imperfect (o0 < oo) conductor, in which the magnetic field is
shown to decay with time. A characteristic decay time 1, for the
magnetic field can be obtained by approximating the spatial and
time derivatives:

B
10B/3t| ~ —
Tp
B
o~ £,
L2
where L is the characteristic length. Substituting the above expres-
sions in Equation (6.36) yields
T, = L2 oo
For ordinary conductors the decay time is very small. For example,
for a copper sphere of radius 1 m, 7, is less than 10 s. On the other

hand, for the Earth’s core, which is considered to be molten iron,
the decay time is around 10 000 years.

6.5 Force balance in MHD

In the previous sections we derived the fundamental MHD equa-
tions and applied them to the concepts of frozen-in magnetic flux
and diffusion of the magnetic field. In this section we apply the
MHD formulation to study the forces exerted by a magnetic field
in a fluid, and the related concept of magnetic pressure. Before we
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proceed, we list the MHD equations with the inclusion of collision
and gravitational terms of importance for space plasmas:

9Pm

W + pmV Uy = 0 (6.37)
15)1 ey
Pm a7 =V U+ J x B+ pmg — pmVefilm (6.38)
0B V2B
— =V X @Up xB)+ —, (6.39)
flow o
diffusion

where g is the gravitational acceleration vector and veg is an effec-
tive collision frequency representing collisions of charged species
(electrons and ions, but mostly electrons) with neutrals, which are
assumed to be stationary. In our discussions below, we will neglect
the gravitational and collision terms and assume an isotropic fluid,
so that (6.38) becomes

oy,

where p is the total pressure. Note that (6.39) was derived from the
simplified version of Ohm’s law, namely (Equation (6.22))

J=0(FE 4+ uy x B),

and Maxwell’s equation (6.24a). The approximations we made in
arriving at (6.22) were not fully justified, and in fact it is often
difficult to quantitatively justify neglecting the J x B and dJ/0d¢
terms and the isotropic pressure tensor (see [1]). However, consider
the comparison between the —V p and uy, x B terms in (6.20):

qup‘ 2%m <U2> , Vih
me ~ Me 3 ‘\th ~ Vth ~ |um| (6 41)
042  Neg? - 3Luple. L7
¢ (upm x B) lum | B ¥
e me ¢

where we have assumed Vp ~ pL~!, with L being the scale height
of the system, and used p = N,kgT = Ne%me (vZ), as well as r, =
muy/(ge B). vy 1s the magnitude of the random thermal motion,
previously denoted as w, i.e., vy, = |w|. Thus, the pressure term
is negligible in Ohm’s law when L > r. and vy, < |up| or, more
precisely, when (L/r.) > (v/|um|). This condition is well justified
in most cases for which an MHD treatment is used, when the
scale sizes are very large and the particle thermal motions can be
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neglected in comparison to the drift motions. For example, the solar
wind speed uy, is of order 300 to 1400kms~—', while the electron
thermal velocity vy, is comparable, and obviously L > r.. Note that
neglecting the —Vp term in (6.20) does not mean that it is also
dropped in (6.40). In fact, as we will see in the following sections, the
—Vp term in (6.40) is quite comparable to the J x B term, which it
balances under conditions of equilibrium.

We now consider the forces that a magnetic field exerts on a fluid
in which it is present. It is obvious that magnetic fields can carry
forces in a medium; for example, consider the force-density term
that appears in (6.40):

Fn=J xB.

Since current density and magnetic field are related through (6.24a),
knowledge of J is not necessary for determining the magnetic force
Fn, at any given point, as long as we know the field at adjacent
points, so that we can determine its curl. Using (6.24a) and (6.26),
we can write

2

1 1 B
Fn=—(VxB)xB=—(B-V)B—V (6.42)
Mo o 2

o
where we have used the same vector identity as we used in arriving
at (6.26). The magnetic force Fy, is the fundamental force which
sets a conducting fluid in motion (by accelerating it, as described
by (6.40)) when it is in the presence of a magnetic field. This force,
acting via (6.40), and Equation (6.39), which describes how the
motion of the fluid in turn causes the field to evolve in time, describe
the manner in which most large-scale plasma dynamics occur. To
better understand the physical nature of the magnetic force Fp, it is
useful to expand it into its components parallel and perpendicular
to the magnetic field. Of particular interest is the term p, B V)B,
associated with the rate of change observed in the magnetic field as
we move along it (note that B - V simply selects the projection of the
V operator along B). Denoting by s the distance along the field line,
we can write

0
B-V)=B_—,
as

where B is the local intensity of B, i.e., B = |B|. Note that the vector
B may change both in intensity and in direction. We can write B as
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B = Bb, where b is the unit vector locally in the direction of the
magnetic field. We then have

1 1 9 - 1| _9B. ab
—(B-V)B=—B—(Bb)=— | B—b+ B>—
Mo Mo as 0 0

.9 [ B B2 db

=b— (—) +——  (6.43a)
-0 [ B? B? n

— b= (—) + 20 (6.43D)

The second term on the right in (6.43) originates from the change
in the direction of the magnetic field as we move along it and must
thus be related to the local radius of curvature R, of the field lines.
As shown in Figure 6.4, this term is a vector in the direction locally
normal to the field line and has a magnitude inversely proportional
to the radius of curvature, as given in (6.43b). The first term in
(6.43b) is equal in magnitude and opposite in sign to the component
along the field of the last term in (6.42). To better see this, it is
convenient to separate the V operator into its components parallel
and perpendicular to the field line, i.e.,

~ 0
VZV”‘FVL:ba‘{‘VLv

where we have observed that V, = b(3/ds). We can then rewrite
(6.42) as
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BZ
Fp=—@B -V)B-V—o
1o
.3 [ B? B’ i B2 .0 [ B2
=bh—— |+ —— -V, [ — ]| -b— [ —
as \ 210 o Re 210 ds \ 2uo
B% i B2
F,=— 2 _v (2. (6.44)
o Re 210

Equation (6.44) indicates that the magnetic field exerts two types of
force on the fluid. First we observe that there is no component of
the force along B, as expected from the fact that the force is given
by J x B. In the plane normal to the field, there is a magnetic force:
a perpendicular magnetic pressure which acts to drive the fluid away
from regions of high magnetic field (just as the kinetic pressure term
—Vp in (6.40) drives the fluid away from regions of high pressure).
The additional transverse force Rc_1 (B?/110)i points locally toward
the center of curvature of the field line (Figure 6.4). This force
pushes the fluid in the direction of the radius of curvature, acting
as a tension. Since the magnetic flux is frozen in (see Section 6.4.1),
the resulting fluid motion would pull the magnetic field line with it,
thus acting to straighten the line. This tension force works much as
if the field lines were elastic cords pulling against the fluid, having
a tendency to reduce their curvature. This rubber band or elastic
cord-like behavior of the magnetic field lines is precisely what leads
to hydromagnetic wave motion in a magnetized fluid, which we will
study in later chapters.

The magnetic body forces described above are not specific to
plasmas or fluids. Rather, the case considered here is a special case
of the more general and advanced topic of electromagnetic stresses
and strains exerted on any medium by electric and magnetic fields.*
In general, the body forces exerted on the medium are given by the

<> <>
divergence of the stress tensor T, i.e., F = V - T. The magnetic part
of the electromagnetic stress tensor is given by

B2—-B%/2 BB, By B.
< 1
Tm=— By By B} — B*/2 ByB. |, (6.45)
10
B. By B.B, B2 — B*)2

4 Fora thorough discussion of this topic, see Chapter 2 of [2] or Chapters 6 and 10 of [3].
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<>
sometimes written in terms of its entries as [Tm]i; = p, 1[B,- B; —

81-]-82/2], where §;; =0 for i #j and é;; =1 for i =j. It is
useful to rewrite (6.40) at this point, in order to compare the
kinetic pressure gradient term and the magnetic force density term.
We have

d
pm%=—Vp+JxB

=-V-U+4+V Ty
- V.U _V.y, (6.46)

where we have introduced a magnetic pressure tensor Wy, which

works in (6.40) in exactly the same manner as the kinetic pressure

tensor, and which is the negative of the magnetic part of the elec-
<>

tromagnetic stress tensor, i.e., ¥y, = —T,. For the special case of
a unidirectional static magnetic field B = z B, the magnetic pressure
tensor is diagonal and given by

| B2 0 0
Un=—1| 0 B2 0 : (6.47)
1o
0 0 —B)2

In fact, (6.47) constitutes a general expression for the magnetic
pressure tensor in any local magnetic coordinate system, where the
first two coordinates are perpendicular to B and the third coordinate
is along B. We can interpret (6.47) as indicating that the stress
caused by the magnetic field is in the form of an isotropic (same
in all three directions) magnetic pressure B2/(2u0) and a tension
of B%/ug along the magnetic field lines. Note that tension along
the magnetic field lines is consistent with the force acting along n
in Figure 6.4, tending to straighten the field lines. In general, the
magnetic force can be written as

B2 1
Fn=-V|(— |+ —V-(BB), (6.48)
210 Ko

where BB is a tensor, defined in the usual manner (see footnote 2 in
Chapter 4).
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6.6 Magnetohydrostatics

An important class of problems involves cases when the plasma
fluid is stationary, or nearly stationary, so that uy, ~ 0, and static,
so that all time derivatives are zero. In this case Equation (6.40) can
be written as

0=-Vp+JxB, (6.49)

Our interest in this section is to comment on plasma confinement,
which is a central issue in controlled fusion experiments where
highly energetic charged particles are forced to collide and trigger
nuclear fusion reactions. In such experiments a hydrostatic equi-
librium is determined by the balance between kinetic and magnetic
pressure. In static equilibrium we thus have

JxB=Vp (6.50)

or, eliminating J using (6.24a),
1
—(VxB)xB=Vp, (6.51)
1o

which can further be written as
B? 1
\YJ (p + —) =—(B-V)B, (6.52)
210 Ko

where we see once again that the magnetic pressure B2/(2u0) plays
the same role as kinetic pressure p, while the term on the right-
hand side describes the forces caused by curvature of the field lines.
In general, we can show from (6.50) that

J-Vp=0 and B-Vp =0, (6.53)

which states that pressure gradients cannot exist in the direction
of magnetic fields or currents. In other words, the surfaces with
p = constant are both magnetic surfaces (i.e., they are made up
of magnetic field lines) and current surfaces (i.e., they are made of
current flow lines). Note that it follows from (6.24a) that

v.J=0. (6.54)

Since both B and J are divergence-free, the magnetic field as well
as the current lines either extend to infinity or must close on
themselves. The magnetic and current surfaces with p = constant
take the form either of tubes extending to infinity or of toroids.
Equations (6.50), (6.54), and (6.24d) are the key magnetohydro-
static equations, constituting the solution of the more general
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magnetohydrodynamic (MHD) equations for the special case of
uy, = 0 and isotropic pressure. In the general case, the fluid plasma
current required for equilibrium can be found by multiplying (6.50)
by B:

Vp=JxB
BxVp=Bx(JxB)=(B-BJ—J-BB
B x Vp = B*(J, + Jjb) — (Jjb- Bb) Bb
B x Vp = BJ, + J; B*b — J; B*b

BxVp
L=

which is the “diamagnetic current” that we saw earlier, in Equation
(5.5). The parallel component of the current can be determined
using (6.54). We have

VI=0 - V-JL+Jb=0

k)

V-J, +V 48]
‘J_+ . B

=0

V-J¢+ﬁ V-B+B -V ﬂ—:0
5y Bl

V-J,+B-V ﬂ =0
B .

In most cases, the perpendicular current is divergence-free
(no temporal variations of net charge density in the transverse
plane) so that Jj can be zero. We now discuss some special equi-
librium configurations.

Consider a system of magnetic field lines which are straight and
parallel, for example, generated by an external solenoid of infinite
length. We have B = B(x, y)Z, i.e., the intensity of the magnetic field
does not vary in the direction of the field lines. This configuration,
shown in Figure 6.5, is called the 6-pinch configuration.

Noting that the right-hand side of (6.52) vanishes, we have

BZ
Vip+—]=0. (6.55)
210
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Figure 6.5 The #-pinch
configuration.

The beta parameter
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i) ’

/
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Vp \
f \

We also note that (6.24d) is automatically satisfied, i.e., V- B = 0.
According to (6.55), the magnetic field is reduced in the region
occupied by the plasma, a particularly good example of the general
diamagnetism of a plasma.’ Assuming a bounded plasma column,
if the distribution of the fluid pressure p(x, y) is given, the magnetic
pressure can be determined from (6.55). If the intensity of the field
outside the fluid is By, then the maximum pressure which can be
confined i pmax = Bg /(2up). For the special case where a finite
region may be filled with plasma of uniform pressure pmax (With
no fluid anywhere else), a sharp boundary exists between a region
of no fluid with magnetic field strength By and a region in which the
magnetic field is zero.

We see from the above that hydrodynamic equilibrium is determined
by the balance between kinetic and magnetic pressure. The ratio
of the plasma pressure to the magnetic field pressure (the latter
normally measured either outside the plasma or at its boundary)
is usually denoted by 8 and referred to as the beta parameter:

2uop
B = 2

(6.56)

The quantity 8 is a measure of the degree to which a magnetic field
holds a plasma in equilibrium. In a low-8 plasma, the force balance
is mainly between different magnetic forces. At 8 ~ 1, magnetic
and pressure forces are nearly in balance, whereas for 8 > 1 the
magnetic field plays a minor role in the plasma dynamics. Mag-
netically confined laboratory plasmas tend to have beta values in
the range of a few percent, while astrophysical plasmas can have
values approaching unity or even 8 > 1. Examples of both low- and

5 The fundamental reason for the diamagnetism of a plasma is that the individual particle
motions give rise to currents which induce a magnetic flux in a direction opposite to the
applied magnetic field. The electric current depends on the number density of the
charged particles and on their velocities. The kinetic pressure also depends on these same
parameters. Thus, as the kinetic pressure increases; the electric current increases; so does
the induced magnetic flux, and thus the diamagnetic effect.
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Figure 6.6 The cylindrical /N SN\
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high-beta plasmas are encountered in the Earth’s magnetosphere
and ionosphere.

6.6.2 The cylindrical pinch

Another interesting configuration of hydrostatic equilibrium with a
structure of infinite extent is the so-called cylindrical pinch geom-
etry. For this configuration, the magnetic field is azimuthal (i.e., By
only), while the plasma current is axial (i.e., J. only) and is the
source of the magnetic field; see Figure 6.6. Since the magnetic
field is curved in this case, the pressure balance equation must
include the term on the right-hand side of (6.52), which describes
the tension of the field lines which confine the plasma. Using
(6.44), the radial component of the pressure balance equation (6.52)

becomes
) B? B?
—|lp+=—]+—=0, (6.57)
ar 210 Hor

since (B-V)B simplifies to (Bd,%%)Bd)qB = —%Béf.ﬁ Integrating
(6.57) from 0 to r we find

de. (6.58)

B2(r) 1 (" B()
pr) = po— —2— - /0 2

20 o ¢

where pg = p (r = 0) is the maximum pressure, located at the center
of the column. An infinite number of possible equilibria can satisfy
(6.58). As an example, consider the case of a plasma carrying a
uniform current, i.e.,

Ji <
o r=a (6.59)

0 r>a

Jz(r) = {

6 The geometry of ¢ and d¢ /3¢ is the same as that of b and 95/ds as shown in Figure 6.4.
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constituting a total plasma current of I = wa?Jy. With the current
density defined, the magnetic field can simply be determined by
Ampere’s law:

By(r) = %, r<a, (6.60)

where By = By (r = a). Substituting in (6.58) and carrying out the
integral, we find that it is precisely equal to the second term in (6.58),
so the pressure within the plasma is given by

B2r? B uol?

p(r) = po— ugaz > m= = gaa (66D

since the pressure p(r) must vanish at the edge of the column, i.e.,
at r = a. The condition (6.61) is known as the pinch condition,
describing a magnetically self-confined, current-carrying plasma.
Note that in the case of the cylindrical pinch, the plasma current
provides the entire magnetic field, unlike the 6-pinch where the mag-
netic field is provided externally. Establishing a cylindrical pinch can
be accomplished by applying a very large voltage difference using
electrodes, and driving the current in the plasma. Both the pressure
gradient and the magnetic field are proportional to . Although the
static configuration of the cylindrical pinch appears ideal for plasma
confinement, it can be shown both theoretically and experimentally
that this configuration is highly unstable to small perturbations. In
general, any departure from the delicate equilibrium of magneto-
hydrostatic confinement schemes leads to growth of the original
perturbations and disintegration of the plasma geometry. Although
discussion of stability is beyond the scope of this text, it is important
to note that the challenge in confining high-energy plasmas has been
one of the main obstacles to achieving controlled thermonuclear
fusion.’

Example 6-2 Tokamak

The Joint European Torus (JET) is a tokamak-style plasma-
confinement machine that has an axial magnetic field applied
externally by toroidal coils as well as an azimuthal field created
by the internal plasma current. The net result is a twisted field
geometry, shown in Figure 6.7, that increases plasma stability.
The tokamak can be modeled as an infinitely long cylinder.
The externally applied field in the JET achieves a maximum value

7 A discussion of confinement instability at an introductory level can be found in
Chapter 13 of [4].
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Figure 6.7 Tokamak plasma-confinement system, consisting of an externally applied field (Bz) and a
field resulting from the plasma current (B ). The resulting field (Bpet) has a helical shape.

of 3.45 T at the plasma boundary at r = @ = 1.2 m and is esti-
mated to be 20% lower at the center of the cylinder.® If the
total axial plasma current is / = 3.2 MA and assumed to be
uniformly distributed, find the maximum plasma pressure at the
center (r = 0).

Solution: We start with Equation (6.52), which for the case of a
magnetic field with both B, and B, components reduces to

3 B2 + B? B?
_(_ By

ar 210 Ko
Integrating yields
B B2 BX0) [ Bi(p)
Py = p(0) = 50— =y —/ 2 .

2o 2o 2p0 0o P
B 1
For a uniform current By (r) = —Or, where By = ML,
a 2ra

1 (uolr\> B> BX0) 1 [polr\’
p<r>=p<0>——(—2> — = - — (25
2uo \2ma 210 20 2uo \2ma

B BX0) 1 [uolr\®
= p(0) — —= = :
P =p 210 * 2o Mo (277612)

8 Note that this is a diamagnetic effect in which the plasma acts to reduce the

externally applied field, as was seen with the 6-pinch.
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Evaluating at r =« and noting that p(a) =0 and B.(0) =
0.8 B.(a), we have

0.36B2(0)  pol?

0= p) —
PO 210 4m2a?

wol>  0.36B2(0)
0) = =2
PO 4r2q2 + 210

(4 x 107132 x 1092 0.36(3.45)
B 472(1.2) 24 x 10-7)

p(0)

p(0) = 1.824 x 10° Pa.

6.7 Collisionless plasmas with strong magnetic field

It was mentioned above that the MHD formulation is strictly appli-
cable only in collision-dominated plasmas, since the particles have
to stay together in order for us to reasonably assign a velocity
to their “center of mass.” It turns out, however, that the MHD
formulation can also be applied successfully to the dynamics of col-
lisionless plasmas under the influence of strong magnetic fields, in
which the gyrofrequency is much larger than the collision frequency.
In this case, the effect of the magnetic field replaces to a certain
extent the role of collisions in maintaining a local equilibrium, by
not allowing particles to “stray” significantly in phase space in the
transverse direction. An important distinction between collision-
driven and magnetic field-driven local equilibria is that the magnetic
field does not exert any force in the direction parallel to the field
lines. The magnetic field thus makes the pressure exerted by the
plasma anisotropic, i.e., different in directions parallel or perpen-
dicular to the magnetic field. In the previous sections we treated the
effect of the magnetic field as magnetic forces acting on a plasma
with isotropic pressure. In the case of the strong magnetic field it is
more appropriate to include the effect of the magnetic field directly
in the pressure term. The notion of combining kinetic and magnetic
pressure effects was alluded to in the discussion of Equation (6.46).
Here we present a more thorough treatment and include certain
approximations that must be made in order to have a closed set of
MHD equations.



6.7 Collisionless plasmas with strong magnetic field 145

We start by observing that in the regime of high gyrofrequency
(i.e., high magnetic field), particle kinetic energies are divided
equally between the two perpendicular directions, but not neces-
sarily along B. Thus we expect the kinetic pressure tensor to be
diagonal as expressed in a local coordinate system, with the third
coordinate along B:

pt 0 0
< (BB)
V=10 pi O0|=piI+(p—p1) B (6.62)
0 0 p

<>
where I is the identity matrix and BB represents a tensor product.
The momentum equation (4.30) can be reduced by using the tensor
identity given in footnote 2 of Chapter 4. We have

< BB
=_v‘(PLI>—V‘|:(P||—PL)%:|+JXB

B
_ _VpJ_—V'{(B‘V) [(Pn —Iu)ﬁ}

B
+ [(m —Pi)—z](V-B)} +JxB
=

=0

B
=-Vp, —V. {(B'V) |:(p _pl)ﬁ]

1
+ —(VxB)xB
o

—_——
using (6.24a), i.e., VxB=puoJ

B
=—-Vp, —V. {(B-V) |:(P _pi)ﬁ]

1
+ M_ [(B-V)B—(B:-B)V]
0
using (VxC)xD=-Dx(VxC)=(D-V)C-(C-D)V
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B
=—-Vp, —V- {(B V) [(1) - Pi)ﬁ]

l (7))
+—|®B-v)B-V(=-B
1o 2

duy B B (p—p0)B
mg =7V (PHzTLO)“B‘V) [%_T]'
(6.63)

Note that (6.63) can be rewritten in tensor form by simply combining
(6.62) and (6.47). Equations (6.37), (6.63), and Maxwell’s equations
(6.24) are an almost-complete system of equations for the unknowns
E, B, pn, p;, p1, and up, if we can express pp in terms of p; and
p1. The two equations of state relating pny to the parallel and
perpendicular scalar pressures are known as the double adiabatic
approximation or the Chew—Goldberger—Low (CGL) equations [5].
To zeroth order, the velocity distribution is isotropic in the per-
pendicular plane and in the longitudinal direction, so that we can
use the two- and one-dimensional versions of the adiabatic equa-
tion of state introduced in Section 4.6, provided there is no energy
transport from one region of the plasma to another. With this basic
assumption, which we make in truncating the series of moments of
the Boltzmann equation at the heat-flow equation, we have

Pupi

o

= constant (6.64)

which takes the place of the adiabatic energy conservation equation
for isotropic plasmas. The second equation of state can be obtained
by recognizing the connection between the magnetic field strength
and the perpendicular component of particle energy. Since the mag-
netic moment is conserved, we can write

2
<me> = p—lB = constant. (6.65)

B Pm

6.7.1 Mirror equilibrium

The possibility of an anisotropic plasma pressure allows for stable
confinement of plasmas in the so-called mirror configuration.
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Consider the component of the static equilibrium equation (6.50)
along the field vector:

b-UxB) =b-Vp

A

0=b-Vp. (6.66)
Taking B = 2B, we have

ap

9z
indicating that the plasma pressure must be constant along the field
lines under equilibrium conditions. According to this, there cannot
be any gradient of plasma pressure (and thus density) along the field
lines, so magnetic field configurations with field lines that extend
outside the region of the plasma cannot confine a plasma with
isotropic pressure. On the other hand, based on our analyses of
particle motions in earlier sections, we know well that the particles
can be trapped quite effectively in a mirror geometry. This dilemma
is resolved by noting that the plasma pressure in such cases must be
anisotropic, with the pressure tensor given by (6.62):

0,

pt 0 0 - (BB)
V=10 p O ZPJ_I+(P\|_PJ_)F-
0 0 p

The more general form of the equilibrium equation (6.66) is
0=h-VU, (6.67)

which on manipulation (and using V - B=0) reduces to

O=B-Vp|| + |:17L_l—?1’|i| b-VB
apy  [pL—p) 9B

0= — —_ | —. 6.68
0z +[ B 0z (6:68)

Many different solutions of (6.68) are possible, as long as p; > py.
Typically, both p; and p| decrease with distance z away from the
central confinement region (at which B is a minimum).

It is worth mentioning that, in the mirror geometry above, the
magnetic field lines cannot be strictly parallel to the z axis and

have a simultaneous parallel gradient (% + 0). As can be seen

in Figure 6.8, the parallel gradient causes a finite curvature of the
field lines, requiring B to have components in the X and y directions,
as was shown in Figure 2.8 in Chapter 2. The fundamental force



148

Figure 6.8 Equilibrium in
magnetic “mirror” configuration.

6.8 Summary
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at work in the mirror confinement is still the Lorentz force. The
strength of the MHD approach and anisotropic pressure formula-
tion is that the complex geometry and multiple particle trajectories
can be ignored. The field lines can be treated as approximately paral-
lel, and the problem reduces to a balance of macroscopic quantities
as shown in Equation (6.68).

Magnetohydrodynamics (MHD) is an important subfield of plasma
physics involving the treatment of a plasma as a single conducting
fluid. The MHD plasma model is appropriate for low-frequency
phenomena when the plasma is highly conductive and dense. The
principal applications of MHD are in astrophysics and laboratory
plasma confinement. A key requirement for applicability of the
single-fluid approach is that the various plasma species are forced
to act in unison under the influence of either frequent collisions or
a strong magnetic field. The fundamental equations of MHD are
derived by combining the individual fluid equations for each plasma
species into a single set. Along with Maxwell’s equations and an
appropriate equation of state, the MHD equations form a closed set
of expressions for the macroscopic parameters of total charge and
mass densities, the mean fluid velocity, and the magnetic field. The
MHD model is effective in describing complex phenomena that are
not easily accessible using other plasma models. A remarkable prop-
erty of an MHD plasma is the concept of frozen-in magnetic field
lines, in which magnetic field lines are forced to remain unchanged
in the highly conducting plasma and are therefore transported as
part of a mobile fluid. Likewise, the MHD formalism illustrates
the effects of magnetic forces exerted on a plasma. The action
of magnetic forces leads to the concept of a magnetic pressure.
Balance between magnetic and kinetic pressures allows for equi-
librium configurations of plasma confinement. MHD plasmas also
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host a variety of wave phenomena that will be explored in later
chapters.

6-1.

6-3.

6-4.

Calculate the spiral angle (¥ in Figure 6.3) that the interplan-
etary magnetic field makes at the Earth for a solar wind speed
Usw = 750 km 5! occurring during a solar disturbance.

. An axial magnetic field B = Byz is applied externally to a

cylindrical plasma column of radius a in magnetohydrostatic
equilibrium and with a pressure profile given by

pr) = po [cos (,2,_;)]2

(a) What is the maximum value of pg in terms of By? (b)
Find an expression for B(r), the magnetic field magnitude as
a function of the radius. (c) Calculate J(r), the current density
in the plasma column.

Consider the cylindrical tokamak equilibrium described in
Example 6-2. Show that for low plasma pressures p(0) <
Bq% /210 the tokamak becomes paramagnetic, meaning that B.
will be stronger at the center than at the edge of the plasma.

The Earth’s magnetic field in space exhibits a sharp boundary
known as the magnetopause, resulting from the solar wind
exerting pressure on the Earth’s magnetic field, distorting its
shape. Without the effect of the solar wind, the Earth’s unper-
turbed field is close to that of a dipole, and in the equatorial
plane can be approximated by

Re\° .
Br(r) = By (TE) 7

as a function of radial distance r from the Earth’s center,
where R is the radius of the Earth. (a) Find an expression for
the magnetopause distance if the solar wind exerts a pressure
of pyti2,, where pg, and ug, are the solar wind mass density
and speed, respectively. (b) At the magnetopause the solar
wind pressure equals the magnetic pressure of the perturbed
field. Repeat part (a) but with the inclusion of the additional
magnetic pressure exerted by the solar wind as a result of
the frozen-in field concept. The magnetic pressure of the solar
wind is expressed as B2/ (240).
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6-5

6-6.

6-7.

. Consider a toroidal implementation of a 8-pinch with the mean

radius of the torus r,, being much larger than the radius of
the cylindrical section a. The magnetic field applied by external
coils along the axis of the torus is given by the expression
B=¢ Boa
r

Examine the type of charge separation that occurs because of
the inhomogeneity of the By field in the r direction. What is
the direction of the E x B drift, where E is the electric field
induced by the charge separation? Comment on whether the
resultant effects of the gradient, curvature, and E x B drifts

work to prevent confinement of a plasma in the magnetic field
of the toroid.

A cylindrical confined plasma column of radius a contains
a coaxial magnetic field B = ZBy. The plasma has a pressure
profile of
r
D = pocos (—) .
2a

(a) Calculate the maximum value of pg. (b) Find an expression
for the diamagnetic current.

The minimum density N and confinement time 7, of a plasma
necessary for achieving controlled thermonuclear fusion is
given by the Lawson criterion, N7, < 10 m—3s. For a plasma
confined in a #-pinch configuration, with a maximum applied
magnetic field stength of 10T, what is the minimum confine-
ment time that will satisfy the Lawson criterion?

. The Yamato 1 is an MHD propulsion ship that uses an applied

magnetic field and direct electric current passed through sea-
water to propel the vessel. The applied magnetic field is 4 T.
The spacing between the electrodes that drive the DC current
is 175 mm and the total power dissipated is 3600 kW, yielding a
force of 16 kN. Calculate the voltage that is applied across the
electrodes.
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Having outlined the different approaches to plasma phenomena,
in this chapter we present a closer examination of the effects of
particle collisions, which were mentioned only in passing in pre-
vious chapters. Although the physics of particle collisions occurs
on the scale of individual particles, the collective effects of such
collisions are manifested in the macroscopic parameters of plas-
mas, e.g., plasma conductivity. In general, plasmas can be clas-
sified into two types, collisional and collisionless. In collisionless
plasmas, the collisional encounters between the constituents of the
plasma gas are so infrequent that their effects on plasma dynamics
can be neglected. Most of the plasma in the Earth’s near-space
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environment, except at altitudes below ~500 km above the surface,
can be treated as collisionless. In collisional plasmas, which are
common in many technological applications, collisions occur fre-
quently enough that the resultant momentum exchange between
the particles is significant and may even dominate the plasma
behavior.

Collisions facilitate various transport processes in a plasma. Con-
sider a plasma with a spatial inhomogeneity, for example with a
plasma density N that varies in space. As a result of their ther-
mal motions, electrons collide with other particles. Although each
electron individually moves at random, the collisions generate a ten-
dency for the population to drift away from the high-density regions.
Similar drift would occur if the spatial inhomogeneity involved
a variation of plasma temperature with space. This type of drift
of particles in inhomogeneous plasmas, facilitated by collisions, is
called diffusion. If the spatial inhomogeneity provides a pressure
or density gradient in a prescribed direction, the presence of such
a drift makes the velocity distribution function anisotropic. How-
ever, such a non-equilibrium state of affairs can only be temporary;
given enough time, an equilibrium should be reached, the average
drift velocity goes to zero, and the distribution function becomes
isotropic.

In the presence of an external force, such as an electric field, such
drift of electrons (and ions) can occur even if the plasma is homo-
geneous. This type of drift is exactly analogous to conduction in
an ordinary conductor. Individually the electrons move at random
because of their finite temperature but, on the average, they drift
in the direction opposite to the electric field. The parameter which
describes the drift of particles in a plasma under the influence of
an external electric field E is mobility, given by u = |u|/E. Since
the electrons have mass and carry charge, their drift corresponds
to transport of mass and the conduction of electricity, i.e., electric
current.

In an inhomogeneous plasma under the influence of an external
field, particle transport is due to both diffusion and mobility. These
two transport processes can be separated only if the average velocity
due to the external electric field is small compared to the thermal
velocity. It should be noted that since the electrons have kinetic
energy, their drift also results in the transport of energy and con-
duction of heat; however, as before, we assume no significant energy
or heat transport within the plasma, amounting to truncation of
the moments of the Boltzmann equation, as discussed in previous
chapters.
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Collisional plasmas can be further divided into two classes, partially
ionized plasmas and fully ionized plasmas. In partially or weakly
ionized plasmas, there exists a large background of relatively large
neutral constituents, while fully ionized plasmas consist of only elec-
trons and ions. In weakly ionized plasmas, the dominant collisional
process is between electrons and neutrals, involving essentially head-
on encounters, while in fully ionized plasmas the collisions are
encounters between charged particles, governed by the Coulomb
interaction force. In this section we briefly consider collisions with
neutrals and those between charged particles.

7.2.1 Weakly ionized plasmas

Neutral particles in a weakly ionized plasma impede the motion
of charged particles by their simple presence as heavy, compact
obstacles. When an electron (or an ion) collides with a neutral atom,
it may lose all of its momentum or only part of it, depending on the
angle at which it rebounds. The probability of momentum loss can
be expressed in terms of the equivalent molecular cross-section oy
of the neutral atom. The electron—neutral collision frequency vep
(the number of collisions per second) is then proportional to the
number density N, of neutral particles, the average (over velocity
space) velocity (v), and oy,. In other words,

Ven = Nyon(v). (7.1)

The molecular cross-section can be approximated as o, = wa?,
with ¢ being the radius of the nuclei, so that we can often take
on 2~ 10719 m?2. An average over velocity space is needed since par-
ticles with different velocities may have different individual collision
frequencies. In the most general cases, the cross-section oy, may itself
be a function of the velocity of the incident particle. Although the
particle collision frequency v is the only parameter that we will use
in our analysis of conductivity and diffusion processes, it is useful
to note some related quantities in passing. The so-called mean free
path ¢, given by

1
Aen = ———,

Nyon(v)

is the average distance a particle travels before having a collision.
The mean time t between collisions is given by T = N0 (v).
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7.2.2 Fully ionized plasmas: Coulomb collisions

Figure 7.1 Orbit of an electron
undergoing a Coulomb collision
with an ion.

In fully ionized plasmas, all collisions are between charged particles
which interact by means of their electric Coulomb fields. Because
of the long range of Coulomb forces, charged particles approaching
one another are deflected at interparticle distances much larger than
the atomic radius. In effect, the Coulomb interaction enhances the
cross-section of the colliding particles; however, it also means that
most particles will suffer only small-angle deflections. In a suffi-
ciently dense plasma, the Coulomb potential is screened and the
electric field is approximately confined to a Debye sphere, and we
might think that the effective cross-section is approximately equal
to nklz). However, this is not accurate since particles with sufficient
energy can penetrate the Debye sphere. Since the potential increases
steeply with distance into the Debye sphere, most of the deflection
occurs inside the sphere, with small-angle deflections being much
more likely than large-angle ones. The Coulomb collision frequency
in a fully ionized plasma can be written in a form identical to (7.1).
The electron—ion collision frequency is given by

Vei = NeOc(Ve), (7.2)

where we note that the total ion density N; = N, because of charge
neutrality. In order to estimate the numerical value of v, we must
determine the Coulomb scattering cross-section o, on the basis of
the microphysics of the collision. In the following, we present a
simplified order-of-magnitude derivation of o, for the case of an
electron colliding with a positively charged ion. Consider the situ-
ation shown in Figure 7.1, with an electron approaching a single
heavy ion. To a first approximation, we can consider the ion to be at
rest, with the electron trajectory deflected as a result of its attraction
toward the ion. In a fully ionized plasma, the plasma temperature is
high enough that the ion cannot trap the electron, which will simply
move around the ion and escape, usually with a small deflection
angle x. The electron orbit is in fact a hyperbola, which can be
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approximated as straight lines at large distances from the ion. The
distance of closest approach in the absence of Coulomb attraction,
denoted by rg, is known as the impact parameter. The Coulomb

force between the electron and the singly charged ion (¢; = —¢.) is
2
e
F.=— . 7.3
¢ drregr? (7-3)

This force is felt by the electron only during an approximate average
time 7. >~ ro/v., when it passes near the ion. The Coulomb collision
cross-section o is given by o, = nrg. The change in momentum
experienced by the electron during this time is given by

2
de

A(mev,) = | Fete| = Ireovurg’
e

(7.4)
From a detailed examination of the probability of large- versus
small-angle collisions, the change in momentum A (m,v.) can be
expressed as a fraction of the particle momentum m,v., and it can
be shown (see [1]) that

V204, (ke T\ "3
o pe (kB 6) InA, (7.5)

el = 64 N,

nie

where 7, appears when we replace v, with (v.) and use %me (vg) =

%kB 1., and where A = Ne)% is the so-called plasma parameter. The
quantity In A is sometimes referred to as the Coulomb logarithm;
in most plasmas, since A is a very large number the value of In A is
in the range of 10 to 30. Using the definitions of various quantities,
equation (7.5) can be simplified as

wpe In A
s —_— 7.6
Vel 64 A (7.6)
The corresponding mean free path can be written as
A
Aei = ﬂ ~ 64T Ap—— (7.7

Vei InA’

from which we can see that the ratio of the mean free path to the
Debye length is a very large number in a typical plasma. Coulomb
collisions also occur between electrons and electrons and between
ions and ions. However, collisions between like particles (particles
with the same mass) do not lead to diffusion, since for each ion
which random-walks in one direction there is another ion which
moves in the opposite direction, so that the center of mass of the
two colliding ions does not move. Collisions between like particles
serve to equilibriate their velocities via momentum exchange, so
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that particles of the same species assume a well-defined average
temperature. The temperatures of particles of differing masses can
remain different for much longer times.

7.2.3 Specific resistivity

In Chapter 6, Equation (6.17) we expressed the electron—ion colli-
sion term in the generalized Ohm’s law as

Sei = ng2 N2 (u; —u,)

and noted that the constant of proportionality n was known as the
specific resistivity of the plasma. Alternatively, the loss of momen-
tum due to collisions can be expressed in terms of the collision
frequency (i.e., the number of collisions per second) v, as

Sei = Me Nevei(u; — ue), (7.8)

which implicitly assumes that the electrons lose all of their relative
momentum in collisions with the much heavier ions. Comparison of
(7.8) and (6.17) indicates that

MeV

Neg?

Specific resistivity |n = (7.9)

The relation (7.9) is valid for weakly ionized or fully ionized plas-
mas, as long as we use the appropriate collision frequency. In
other words, for weakly ionized plasmas we can replace v with
the electron—neutral collision frequency vey, while for fully ionized
plasmas v is equal to the electron—ion collision frequency ve. For
a fully ionized plasma we can use (7.6) to write an expression for
the resistivity in terms only of the parameter A and the plasma
frequency wpe:

n o~ ;ln_z\ (7.10)

6dmeg wpe A

This resistivity of an isotropic, fully ionized plasma is referred to
as the Spitzer resistivity. It is interesting to note that smce a)pe is

directly proportional to N; 2 while A is proportional to N, 2,' and

1 From Chapter 1 we have

eokpTe

Wpe = “ and ip = .
’ Me€q Neqe2

1
With A = M , A is proportional to N
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since In A is roughly a constant, the Spitzer resistivity is independent
of plasma density. This can be understood as follows: if we increase
the plasma density by adding more charge carriers we do get an
increase in current, but we also increase the collision frequency and
the frictional drag, which decreases the drift velocity of the charge
carriers.

In a weakly ionized plasma, the collision term in the electron
momentum equation (4.30) can in general be written as

ou
— + (u, - vm] = -V ¥, +¢q,N,(E+u, x B)

me N, [ a7

+ = meNovej(ue —uj).  (7.11)

Sej

The dominant collision process in weakly ionized plasmas is
between electrons and neutrals. To first order the rate of momentum
transfer to electrons as a result of collisions with neutrals can be
described as above, with the summation carried over all the neutral
species j. The key assumptions under which we write (7.11) are
that the number density of the neutral particles is much larger than
the electron density N, and that the mass of a neutral particle is
essentially infinite (compared to m1.), so that the entire momentum
of an electron is lost in its collision with the neutral particle. If ve;
is the number per second (i.e., frequency) of such collisions, the
average (over the ensemble) rate of loss of momentum of a fluid
element containing N, electrons is then ve;jm, Neu,. If the plasma is
assumed to be isotropic, with the neutrals typically assumed to be
stationary (u; = 0), the momentum transport equation reduces to

0
me N, [% + (u- V)u:| =¢qgeNe(E+u, x B) — Vp —m,N,vu,,

du/dt
(7.12)

where v = ve 1S an effective collision frequency that is the sum of
the different ve;, and is no longer necessarily the actual number of
collisions per second with any neutral constituent. We typically drop
the subscript “eff” for brevity, and will simply refer to this quantity
as v in the rest of this chapter and later on when we discuss the role
of collisional processes in electromagnetic wave propagation in plas-
mas. Typically, the electron—neutral collision frequency in weakly
ionized plasmas is a function of the electron temperature and
the neutral density; application-specific examples of such functions
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are presented in Example 4-2 of Chapter 4 and Example 7-1 in
this chapter.

7.3 Plasma conductivity

7.3.1 DC conductivity

With the collision frequency determined as given in (7.1) or (7.6),
the transport of each particle species is governed by the momentum
transport equation for that species, which for electrons is given by
(7.12). In this section we focus our attention on the phenomenon of
conduction in homogeneous plasmas (i.e., V - ¥ = 0). The pressure-
gradient term will be considered in the next chapter, when we study
diffusion processes. To determine expressions for the conductivity
of the plasma medium, we alternatively consider DC (9/d¢ = 0)
and AC cases (quantities varying harmonically as ¢/®’), and relate
the current density J and the electric field E, with J = ¢, N.u,.
For convenience and brevity, we neglect the contribution of ion
motion to the electrical conductivity, essentially assuming the much
heavier ions to be immobile, i.e., u; = 0. Later we will see that the
inclusion of ion motions is actually quite straightforward. We start
by linearizing the momentum equation (7.12), by assuming that
the electric field E and fluid velocity u, are small-signal quantities,
while the magnetic field and electron density exhibit small-signal
variations around large steady values. In other words,

BZBO"‘BI, Ne:Nf30+Ne1,

where subscript “1” indicates small variations while subscript “0”
indicates background (ambient) values. Note that we have Eg = 0
and u,9 = 0, so that E = E| and u, = u,. The linearized version of
(7.12) is obtained by neglecting all terms involving products of any
two small-signal quantities. We find

ou,
meNeoa—t‘ ~ ¢eNoo(E + 1, x Bg) — me Nogv . (7.13)

In the following we will often denote N, simply by N,.

We consider DC conductivity of the plasma under the influence
of an applied electric field which is constant in time and spatially
uniform. In such a case we have 3/9¢ = 0, so that (7.13) reduces to

0~ geNo(E +u, x Bg) — m, N,v u,. (7.14)
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In the case of an isotropic plasma with no magnetic field (By = 0),
we see that the electric field force is balanced by the collision term:

_ 4K
mev'

ge NeE =~ myNovu, —  u, (7.15)
The electric current density associated with this motion of the elec-
tron fluid is

Nqu E

MV
——
Odc

J=¢.Nou, — J= (7.16)

so that the DC conductivity of an unmagnetized (isotropic)
plasma is

DC conductivity |ogc = (7.17)

The electron mobility . is defined as the ratio of the fluid velocity
to the applied electric field:

_ | ge
|E| mev

e . (7.18)
As we saw in previous chapters, the presence of a static magnetic
field By makes the plasma anisotropic, with electric current flow in
directions other than that of the applied electric field, thus requiring
that the conductivity be expressed as a tensor. From (7.14) we have

geNe(E +u, x By) @ meNovu, —

2
Neq;
MeV
——
Odc

J=q.Nou, = (E +u, x By), (7.19)

which is a simplified form of the generalized Ohm’s law (6.20) that
we also encountered as Equation (6.22). We now seek to write J in

terms of E using a tensor conductivity o
J=0E (7.20)

To determine &, we align our coordinate system so that the z axis is
along the magnetic field, i.e., By = zBy. From (7.19) we have

B,
Ocho(J % %) = 0g.E + odc Bo

J= od E +
¢ ge Ne qe Ne

(RJy —§4),  (7.21)



7.3 Plasma conductivity 161

which can be written in component form as

Wee

Jx = Uchx + _Jy (7.2221)
Vv
Wee
Jy = O'dCEy - TJX (722b)
J. =04 E:-, (7.22¢)

where w¢. = goBy/m.. We can combine (7.22a) and (7.22b) to
rewrite (7.22) as

Jo = wz”—jvz g Ex + szHz oacEy (7.23a)
—VWee v2

Jy = W odc Ex + W odcEy (7.23b)

L. = o4 Es, (7.23¢)

which can be expressed in tensor form as

O'ch2 OdcVWce
3 7 5 5 0 0
Jx We, + V7 W +V Ey oL OH E,
Jy = | —0dcVWce O'dcv2 0 Ey =|-og oL O Ey )
2 2 2 2
JZ Wee +v Wee +v E~ 0 0 o| EZ
| 0 0 odC_ <~
o
P

(7.24)

where o = oy4.. The various entries in o represent the conductivity
of the magnetized plasma for current flow in various directions, as
shown in Figure 7.2. The parallel conductivity (also referred to as the
longitudinal conductivity) is equal to the DC conductivity and rep-
resents current flow in the direction parallel to By. The conductivity
labeled o, the so-called Pedersen conductivity, represents current
flow along the component of the electric field which is normal to
the magnetic field, while the Hall conductivity oy represents current
flow in the direction perpendicular to both E and By. Note that for
By = 0 we have w.. = 0, so that 0| = o4., and og = 0, so that the

.. <~
tensor conductivity o reduces to the scalar oyc.
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Figure 7.2 Current flows in an
anisotropic magnetoplasma. The
electric field is decomposed into
its components parallel and
perpendicular to By.
Current-flow directions are
represented by the components
of 5.

-E x B,
(o)

Example 7-1 Ionospheric heating

The HAARP? ionospheric heating facility in Gakona, Alaska,
can change the conductivity of the overhead plasma in the lower
ionospheric D-region (altitude 75-95 km) by heating the elec-
trons with high-power (3.6 MW) radio waves in the 2-9 MHz
band. The Earth’s magnetic field at an altitude of 85 km has an
intensity of 54 uT, the daytime electron density is 10° m—3, and
the electron—neutral collision frequency is a function of temper-
ature, given by

ven(Tp) = 5278/ Tg + 27521, — 0.31 T2 (units of Hz).

If HAARP can change the electron temperature from 200 K to
600 K, calculate the change in conductivity for all parts of the
DC conductivity tensor.

Solution: The DC conductivity tensor is given by Equation (7.24):

_ ) _
OdcV OdcV®ce
2 2 2 2
Wi, +v° wi, +v o, ou O
<>
0 = | —0dcV®ce Udcv2 =|—-og oL O
2 2 2 2
a)ce+v wce+v 0 0 O’||
i 0 0 odc |

> HAARP stands for High Frequency Active Auroral Research Program.
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Wee = e B/me =

The change in conductivity is given by Ao = & (200 K) —
g(600 K). The collision frequency (v = ven) and o4 both change
with temperature. Evaluating all parameters,

_ (1.6 x 10719)(54 x 1079)
9.1 x 1031

Ven(200 K) = 6.13 x 10° Hz

Ven (600 K) = 1.67 x 10° Hz

N.q2 (10%)(1.6 x 10719)2
200 K) = —¢1e —
ode( )= oy T 01 x 10-30(6.13 x 105)
=459 % 107> Sm™!
N,q? 109)(1.6 x 10719)2
00 (600 K) = Yede _ (106 x )

mev (9.1 x 10-31)(1.67 x 10)

—1.68x10°Sm™!,

which allows evaluation of Ao :

Ao, =(1.88x1077) —(4.96 x 1077) = —3.08 x 1077 Sm™!
Aoy = (293 x 107%) — (2.85 x 107%) = 8.08 x 1078 Sm™!

Aoj = (4.59 x 107°) — (1.68 x 107°) =2.91 x 107> Sm™".

=9.57 x 10°rads™!
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We now consider the conductivity of the magnetized plasma for an
applied electric field which is time-harmonic in nature, i.e., varying
as ¢/®', The linearized momentum equation (7.13) can then be

written

Jjomeu, = ¢.(E +u, x Bg) — mevu,, (7.25)

which can be rewritten

0~ ge(E+4+u, x B) —m,(v + jo)u,. (7.26)
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This is identical to (7.14) if we make the substitution v — (v + jw).
Thus, the entries of the AC conductivity tensor can be obtained
directly by making this same substitution:

v+ jw)? oqc

= 7.27
M Ry S ey (727
on — (v + jw)wee 0dc (7.27b)
T o+ ol |
NegZ(v — j
Odc = 0| = ede v Ja)) (7.270)

m%(v2 +w?)

7.3.3 Conductivity with ion motion

Although we have so far neglected ion motions for the sake of
simplicity, the inclusion of ion effects is quite straightforward. Basi-
cally, ion motions contribute to the current density in an additive
manner, i.€.,

J = Negewe + Y Neqiug,
k

where the summation is over the different types of ions, each having
their own charge, density, and fluid velocity. Thus, for a plasma
composed of electrons and several species of ions, the components
of the conductivity tensor become

@2, (v + jo) @ (Vk + jo)
oL = € ——+ > —— (7.28a)
| e+ jo)* + g, S (v + jw)? 4wy
i a);ewce a)f)kw()k i
oH = € Ko+ ) m—— | (7.28b)
_(Ve+]60) +a)ce k (Uk+]a)) +a)()k_
B 2 2
w w
pe pk
oj=e | —2— 4+ —2Z& | 7.28¢
T e+ o) ;(Vk+]a))i| (7280

where w,r and w are, respectively, the ion-plasma and ion-
cyclotron frequencies of the various ion species. Note that the DC
conductivity with ion motion included can be obtained by simply
setting w = 0 in Equation (7.28).
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In this chapter we explored particle collisions in partially and fully
ionized plasmas. In weakly ionized plasmas the dominant collision
process is between electrons and neutral molecules, while in fully
ionized plasmas collisions are governed by Coulomb forces. In both
cases the collisions can be represented by an effective collision
frequency which is a function of average particle velocity and an
equivalent cross-section. Having an expression for plasma collisions
allows us to calculate plasma conductivity by finding the relation
between the current density (J) and the electric field (E), which can
be done for DC (d/9¢ = 0) and AC (quantities varying harmonically
as e/®!) cases. The presence of a static magnetic field introduces
anisotropy and requires that the conductivity be expressed as a
tensor.

7-1. Consider a toroidal plasma-confinement system in which a
current is driven in a fully ionized plasma by an electric field
applied along B, which is azimuthal — along the toroid. What is
the intensity of the electric field that must be applied in order to
drive a total current of 150 kA if the plasma has a temperature
of kg = 400 eV and a cross-sectional area of 85 cm?>?

7-2. Estimate the mean free path of electrons in an atmospheric-
pressure glow discharge (weakly ionized plasma).

7-3. Calculate the specific resistivity of a fully ionized plasma of
density N = 10'2 m—3 and temperature 1 keV.

7-4. Consider a fully ionized electron—proton plasma in a fusion
reactor with density N = 10*! m—3 and temperature of 10 keV.
(a) Find the electron—ion collision frequency. (b) Find the
impact parameter ro and compare it to the radius of a proton,
which is approximately 10~1° m.

7-5. Evaluate the change in the AC conductivity tensor in the
ionosphere created by the HAARP HF heater described in
Example 7-1, if the frequency in question is 2 kHz.

7-6. Measurements using a rocket indicate that horizontal and ver-
tical electric fields (i.e., the X and Z components) in the iono-
sphere at 130 km altitude are ~0.5mV m~! and ~10 mV m~!,
respectively, while the Pedersen and Hall conductivities at
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this altitude are measured as o, ~ 3 x 10* S m~! and oy ~
4 x 10*, respectively. The Earth’s magnetic field at that alti-
tude is By = z3 x 107> T. (a) Calculate the collision frequency
v, electron-cyclotron frequency w, and DC conductivity oyc.
(b) Estimate the magnitude of the three components of the
ionospheric current density J.
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[1] J. A. Bittencourt, Fundamentals of Plasma Physics, 3rd edn (New York:
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Diffusion is the term used to describe plasma motion due to a
non-uniform distribution of charged particles or a non-uniform
distribution of temperature in a plasma. When a charged particle
collides with another particle (either charged or neutral), its velocity
vector undergoes an abrupt change, causing the particle to move
from one collisionless orbit to another. After many such collisions,
the particle would have wandered a significant distance away from
its original location. In a uniform plasma, this process would not
have caused net migration of particles since, on average, another
particle would have moved into the original location of the first
particle. In an inhomogeneous plasma, however, the result of the
collisional motion is a net migration of particles from high-density
regions to low-density regions, i.e., diffusion. Diffusion is a random-
walk process. The particles take one step at a time, each step being
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(on average) Ax, and the time between steps being Az. Consider
very many similar particles all starting initially at position x = 0.
As time passes, the average position of the particles is not expected
to change, so that the quantity (x) remains zero. However, on prob-
abilistic grounds alone it can be shown that (x?), the variance of the
particle position, increases linearly with time:

(Ax)?

d[(x¥)]  (Ax)? 2
dt At - = IR @1

indicating that the root-mean-square spread in the positions of the
particles increases as /7. We will show below that (8.1) is the
natural solution of the diffusion equation for plasmas. The basic
cause of diffusion is the F'=—V p force, which in diffusive motion is
balanced by the frictional drag force due to collisions. The amount
of diffusion that we have in a given case, or the diffusivity of a
plasma, is described by the so-called diffusion coefficient, D, which
is defined as the multiplier in front of the concentration gradient.
Consider the momentum equation at steady state, with the pressure-
gradient force balanced by the frictional drag:

0~—-Vp—-—mNvu — FENuz—kB—TVN, 8.2)

ZZ
D

where we have introduced the quantity I, the flux of particles.”
Using the continuity equation (4.29) and (8.2) we obtain the so-
called diffusion equation, which governs the time evolution of parti-
cle density:

oN oN
W—FV-(NU):O — E—FV-F:O. (83)

1 For this purpose, we can consider a total of n random steps, &k of which are to the right

(i.e., involve increases in x) and n — k to the left. While the probability of each unique
sequence of n steps is 27", the total number of sequences which involve k steps to the
right is n!/[k!(n — k)!], meaning that the probability of having k steps (out of ) to the
right is B, (k) =2""n!/[k!(n — k)!]. After taking the n steps in a time =nA¢, the net
distance traveled by the particle is x=kAx — (n — k) Ax = (2k — n) Ax. The ensemble
average of the quantity x is then given as

n 2—]’! | Ax 2
<X2> = (AX)Z Z(Zk - 1’1)2 wa =n (AX)Z = |:(AX[):| 1,
k=0
By (k)

where some degree of manipulation can be used to show that the summation is simply
equal to n.

The equation I' = — DV N is known as Fick’s first law of organized motions, relating the
flux of a species of particles to the gradient of density.
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Substituting (8.2) in (8.3) we obtain the diffusion equation

oN

Diffusion equation T DV*N|, (8.4)
the one-dimensional version of which is
ON N

— =D——. 8.5

ot 9x2 ®.5)

For the case when all of the particles start at x=0 at =0, the exact
solution of this equation is

A2 1/2
N(x, [)Z[M} e~/ @4D), (8.6)

The ensemble average of the square of the spread in particle posi-
tions is then

1
(x%) = ~ / X*N(x,t)dx=2D1. (8.7)
Comparing (8.7) and (8.1) we see that
(Ax)?
= . 8.8
2At ®8

On a heuristic basis, we expect the diffusion coefficient to be related
to the time interval between collisions, t =v~!, and to Ax, the
ensemble average distance traveled between collisions, often called
the mean free path, A. Thus, it makes sense that D is proportional to
(Ax)?/At, or vA2. Since the mean free path is obtained by dividing
the average velocity by the mean time between collisions, and since
the average velocity squared is related to temperature, we see that D
is also proportional to kg T'At/m. In magnetized plasmas, charged
particles move freely along the magnetic field, unimpeded except for
collisions. If there are density gradients along B, diffusion will occur
in the same manner as in an unmagnetized plasma, since B does not
affect the motion along B. Accordingly, we would expect the parallel
diffusion coefficient D, to be proportional to kg 7/ (mv).

Note that for diffusion along the magnetic field, as well as for
diffusion in an unmagnetized plasma, collisions impede transport.
On the other hand, for diffusion across the magnetic field, collisions
facilitate transport. If there were no collisions, particles would not
migrate across B and would simply continue to gyrate indefinitely
about the same field line. There may of course be drifts across
B due to gradients, curvature, or electric fields perpendicular to
B; however, in practice these are often arranged to form closed
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drift orbits within a bounded plasma. For example, in a cylindri-
cal plasma column the electric field and the gradients are in the
radial direction, so that the drifts are in the azimuthal (¢) direction
and do not carry the particles away from the plasma. When there
are collisions, on the other hand, particles migrate across B by a
random-walk process. Assuming that particles complete at least one
gyration before colliding, we will show later that the step size in
their random walk is no longer A but rather the gyroradius r., and
that the perpendicular diffusion coefficient D, is proportional to
vr2. The role of the collision frequency v is reversed between D,
and D, , as expected on the basis that collisions are the only means
for perpendicular diffusion. In the following, we separately consider
diffusion in weakly and fully ionized plasmas.

8.2 Diffusion in weakly ionized plasmas

We first consider diffusion in the absence of a magnetic field, real-
izing that the same analysis is valid for diffusion along B in a
magnetized plasma. We then discuss diffusion across the B field.

8.2.1 Ambipolar diffusion in an unmagnetized plasma

The fluid equation of motion including collisions, valid for each

species, is
du ou
mNEZMN E%—(u-V)u =qE - Vp —mNvu. (8.9)

We assume that v is a known constant. First consider steady-state
conditions such that du/dz = 0. If u is sufficiently small, or v is
sufficiently large, we may assume that a fluid element will not move
into regions of different E or V p within a time 7 = v~!, so that the
convective term in (8.9) can also be neglected. We can then write

1 kyT VN
u= — (E—kgTVN) = L g BL YT (8.10)
mNv my mv N
—— T
m

where we have also assumed an isothermal plasma (i.e., p = NkgT).
Note that we have identified the coefficients in front of the two
motion components respectively as the mobility u and the diffu-
sion coefficient D. The relationship between mobility and diffusion
coefficient is known as the Einstein relation:

_ 4D

= 8.11
T (8.11)

7
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In diffusion processes we are typically concerned with the flux I' of
particles given by

[ = Nu= uNE— DVN. (8.12)

It can be seen from (8.10) that the diffusion coefficient is inversely
proportional to the particle mass m. One might then think that the
electrons would diffuse much more quickly than the ions. However,
in a plasma, which must remain charge-neutral to a very high
degree of accuracy, net motion of electrons and ions at separate
rates cannot occur. If the plasma is to remain neutral, the fluxes
of electrons and ions will somehow adjust themselves so that the
two species diffuse at the same rate. The means of this adjustment
is the electric field which arises as soon as a slight charge imbalance
occurs. In unmagnetized plasmas, or for diffusion along the field in a
magnetized plasma, the electrons undergo faster diffusion and tend
to leave the ions behind, creating an electric field directed outward
from the plasma, of such a magnitude that the preferential loss of
electrons is impeded, although the loss of ions will necessarily be
enhanced by the same electric field. For diffusion across the B field,
we expect the ions to migrate more rapidly in view of their much
larger gyroradii. The resultant electric field should thus be inwardly
directed, i.e., toward the region of highest plasma density, to impede
the preferential loss of ions. The process which involves the simul-
taneous migration of electrons and ions in a plasma is referred
to as ambipolar diffusion. The electric field required for ambipolar
diffusion can be found by setting ', = I';, which in view of charge
neutrality in turn means u, = u;. We then have, from (8.12),

D,— D, VN

wiNE— DiVN=—-u,NE—- D,VN — E=—+7—
wi+pe N

The flux of particles is then given by (note that I' = I'; = T',)

D; — D, Dy + 1o D;
TPy pyn = HiDe DGy (g 14y
Wi + e i+ e

—_—_—

D,

F'=pu

identifying D, as the ambipolar diffusion coefficient.

Ambipolar (unmagnetized) D wiDe + e D;
a= |

diffusion coefficient i+ (8.15)

In studying the diffusion of a plasma, for example to determine
how a plasma created in a container decays by diffusion to the
walls, the governing equations are the continuity equation and the
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equation of motion. Our neglect of the fluid velocity time derivative
in the equation of motion, but not in the continuity equation, is
the equivalent of assuming that diffusion is a slow process, which
is usually the case. Specifically, if the characteristic time scale of
diffusion 7p 3> v = v~! then the du/d¢ term can be neglected.
Noting that u. > u; (assuming that electron and ion tem-

peratures are equal, and noting that the thermal velocities are
i | . . 1
proportional to m™ 2, we can see that v is proportional to m™ 2, so

. . 1 .
w = q/(mv) is also proportional to m™2), we can write D, as

~ T
Da:Di+ﬂDe=Di+FeDizzDi. (8.16)
e I

Thus the effect of the ambipolar electric field is to enhance the
diffusion of ions by a factor of two.

8.2.2 Free diffusion across a magnetic field

We now consider the case of a weakly ionized plasma in a magnetic
field. Since the diffusion in the parallel direction is the same as
for an unmagnetized plasma, we only consider the perpendicular
component of motion. We have
du 1

mNW =goNE+u; xB)—kgTVN —mNvu;. (8.17)
Once again considering steady-state conditions (d/d¢ = 0), and
neglecting the convective term, and after separating u into its
components and some algebra (similar to that in Section 5.3), it can
be shown that

VN HUE +up
N t o ——5—5—,
w2y

UJ_:,LLJ_E—DJ_ (818)
where ug = (E x B)/B? and up = —(Vp x B)/(¢ NB?) are respec-
tively the E x B and diamagnetic drift velocities. The perpendicular
mobility and diffusion coefficient are given by

kg T/ (mv)

_ (g/mv)
14+ w22’

= and D, =
R +

(8.19)
Note that (8.18) applies separately for each species. Note that the
perpendicular motion of particles is composed of two parts: the
usual drifts, which are impeded by collisions, and the mobility
and diffusion drifts along the gradients in electric potential and
particle density. These drifts have the same form as in the case
for no magnetic field, but the coefficients u and D are reduced by
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the factor 1 + w?t?. When w2t « 1 the magnetic field has little
effect on diffusion. On the other hand, when w?7? >> 1 the magnetic
field significantly retards the rate of diffusion across B. In the limit
w27? > 1 we have

NkBTU

D ~ (8.20)

ma?
confirming our heuristic expectation that the role of collision fre-
quency in the diffusion is reversed with respect to the case in an
unmagnetized plasma. In other words, D, is proportional to v,
since collisions are needed for migration. To first order, we can write

(8.20) as
kgTv r2
~ ~ .2 'c ~ .2
DL_—z_ th— Y XTIV,
mwg Vth

indicating that diffusion across the magnetic field is a random walk
with a step length r., rather than the mean free path A.

Note that (8.17) can also be rewritten in tensor form for both
parallel and perpendicular components, as

F=-v. [75 N] , (8.21)
where
. D, Dg O
D=|-Dg Dy O (8.22)
0 0 D,

is the tensor diffusion coefficient, analogous to the conductivity
tensor discussed in Chapter 7 (see Equation (7.24)). The additional
components are

kg T w kg T/ (mv?)

Dy=—, Dn=——""55—

my I +oit
Just as in the case of the conductivity tensor, the Dy components
of the diffusion tensor represent flow in directions perpendicular to
the magnetic field but also perpendicular to the direction of density
gradients.

Ambipolar diffusion across B
Since the diffusion and mobility coefficients are anisotropic, the
problem of ambipolar diffusion in a magnetic field is not straight-
forward. Consider, for example, particle fluxes across B. Since D is
larger for ions, a transverse electric field would be set up so as to aid
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electron diffusion and retard ion diffusion. However, this electric
field can be short-circuited by an imbalance of fluxes parallel to
B: the negative charge that stays behind because ions diffuse faster
in the transverse direction can be taken away by rapid diffusion of
electrons along B. In other words, although the total diffusion must
be ambipolar, the transverse portion does not need to be ambipolar.
Whether the diffusion across B or along B is dominant depends
on the particular configuration of the plasma and experimental
conditions. In plasmas trapped in a mirror geometry, the loss of
electrons along B is typically much faster than the loss of ions across
the field lines. In closed plasma configurations (e.g., a toroid) there
is no possibility of escape along the field lines and the cross-field loss
of ions is the dominant factor.

8.3 Diffusion in fully ionized plasmas

The case of diffusion in fully ionized plasmas can best be studied
by considering the plasma as a single conducting fluid. At steady
state, the magnetic and pressure-gradient forces are balanced so
that, from (6.23c), we have

0~—-Vp+JxB. (8.23)
Also valid is (6.22):

J=0(E +uxB).
Taking the cross-product of (6.22) with B gives

JxB=0(ExB— B%u,) ExB_Vp
xB=o x B — B u -  u = -,
+ TR o

!(—/

Ug

(8.24)

indicating that the plasma fluid drifts at a velocity (E x B)/B? while
diffusing under the influence of the pressure gradient. The flux due
to diffusion is given as

NV p

' =~Nu =— .
1 1 s

(8.25)

For a two-fluid plasma consisting of electrons and ions, we have

P = pe+ pi = Nkg(1o + Tp),
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so that
Nkg(T; + T;)
e Tl y
oB?

—_— ——
Dy

r, = N=—D, VN, (8.26)

thus identifying the so-called classical diffusion coefficient for a fully
ionized plasma.

Classical diffusion D Nkg(T, + T;)
| =

(magnetized, fully ionized plasma) o B2 (8.27)

Note that this type of diffusion in a fully ionized plasma is inher-
ently ambipolar, since we have assumed the quasi-neutrality con-
dition (V - J = 0) so that the electrons and ions stay together and
diffuse together.

As can be seen, the classical diffusion coefficient has an inverse-
square dependence on the magnetic field B. However, in experi-
ments on plasma confinement D has been found to have a depen-
dence of 1/B, leading to much faster diffusion (decay) of plasma
densities than predicted by the the analysis above. This anomalous
diffusion was first noted by Bohm, who came up with the following
empirical formula:

.. - kg1,
Bohm (empirical) diffusion |D; = Dg = Bl |
16¢. B

(8.28)

The Bohm diffusion coefficient is an experimental result. It is believed
that the disparity between the Bohm and classical coefficients is
caused by plasma turbulence, a subject that is beyond the scope of
this text.

In this chapter we investigated diffusion, the motion of plasmas
due to density and temperature gradients. We showed that such
motion is proportional to the density gradient, multiplied by an
appropriate diffusion coefficient derived from the fluid equation of
motion and continuity equation. For partially ionized plasmas a
diffusion coefficient can be calculated separately for each species,
but quasi-neutrality requires that oppositely charged particles move
at the same rate, yielding an effective of ambipolar diffusion rate.
Fully ionized plasmas are treated with a single-fluid model that is
inherently ambipolar. A key difference between diffusion in mag-
netized and unmagnetized plasmas is the role of collisions. In the
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absence of a magnetic field (or along magnetic field lines), collisions
generally impede movement. In movement across a magnetic field,
however, collisions facilitate transport by interrupting the indefinite
gyration that would otherwise occur.

8-1. A cylindrical, fully ionized plasma column has a density distri-

bution of
},2
N=N, (1 — —2>
a

where @ = 10 cm and Ny = 10" m 3. If kg T, = 100 eV, kg T; = 0,
and the axial magnetic field By is 1 T: (a) What are the values
of the Bohm and classical diffusion coeflicients? (b) What is
the ratio of the two diffusion coefficients? (c) What will be
the characteristic diffusion time and loss rate from the plasma
column?

8-2. At relatively high altitudes in the Earth’s ionosphere, electron
density varies with altitude as

No(z) ~ 10°e %/ H ¢m—3,

where the scale height H ~ 300 km and the electron tem-
perature is approximately 7, ~ 3.5 x 10° K. Estimate the
ambipolar electric field associated with this density profile,
and estimate the associated departure from charge neutrality
(i.e., find |N; — N,|/ N,, where N; is the ion density). State all
assumptions.

8-3. The electron—neutral collision cross-section for 2 eV electrons
in He is oep = 6na§, where ap ~ 0.53 x 1078 cm is the radius
of the first Bohr orbit of the hydrogen atom. The ion—neutral
collision cross-section can be assumed to be approximately the
same, 1.€., ojp = 0en. A very long cylindrical plasma column of
radius ro = 1 cm has He pressure of 1 Torr (at room temper-
ature), kg7, =2 eV, and kgT; = 0.1 eV.> A magnetic field of
magnitude B = 0.2 T is aligned along the column. The general
solution of the diffusion equation in cylindrical coordinates is
given by

31 Torr = 133.322 Pa.
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8-5.

Noe_t/tdf() [\/;_Td] r <ro
0 r >

N(@r, 1) =

where 14 is the diffusion time, D is the diffusion coefficient, and
Jo(¢) is the Bessel function of the first kind and zeroth order,
which is known to have a first zero at { = 2.405 (Jy(2.405) =0).
(a) Considering only diffusion across the field lines, use
Equation (8.15) to define the perpendicular ambipolar diffu-
sion coefficient D, and determine its numerical value. Since
the column is very long you can assume that the normally
confounding effects of simultancous parallel diffusion can be
neglected. (b) Show that D, can be approximated by the free-
electron diffusion coefficient D, | .

. Explain the different roles played by collisions in diffusion in

fully ionized plasmas across and along the magnetic field.

Estimate the ambipolar diffusion coefficient for a partially ion-
ized plasma with electron temperature of 1 eV, ion temperature
of 0.1 eV, and collision frequency with neutrals for both ions
and electrons of 3 GHz.
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An ionized gas is capable of a wide variety of oscillatory motions,
which can in general be exceedingly complex. The subject of waves
in plasmas is important not only because the natural dynamical
motions of plasmas often lead to waves but also because waves
are often used to excite, perturb, or probe plasmas. Waves are
also important because they carry energy from the surface of a
plasma (where the waves may have been excited) into the bulk of
the plasma, where the waves may be absorbed and, for example,
heat the plasma. The study of the propagation, linear and non-
linear, of electrostatic and electromagnetic waves constitutes a large
portion of the discipline of plasma physics. In our presentation,
we will limit ourselves exclusively to purely sinusoidal phenomena
and relatively small oscillations so that the relevant fluid equa-
tions can be “linearized” by ignoring terms which are “second-
order” in the perturbed quantities. The waves we consider here are
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plane waves propagating in an unbounded, homogeneous, and time-
independent medium. Understanding these simple oscillations will
give us insight into the more complicated wave phenomena which
may occur. Also, in spite of the idealized nature of such plane waves,
they have been found extremely useful in interpreting experimental
observations. In fact, early observations of a rich variety of waves in
the Earth’s ionosphere provided the stimulus for the development
of many important aspects of plasma-wave theory. In this and the
following two chapters, we will discuss three different types of waves
in a plasma: electrostatic waves, electromagnetic waves, and hydro-
magnetic waves. The fundamental equations that we will solve for
all types of waves are Maxwell’s equations, from which the following
wave equation can be derived:

VZE—Me? =u0—+5w. 9.1)

To determine E, we must solve (9.1) together with the momentum
transport and continuity equations derived in Chapters 5 and 6,
which relate E and B to the fluid velocity u and the density N,
which in turn are related to the current density J and the charge
density p by

J@.0) =) qiN(r, Duir, 1) (9.22)

P =) qiNi(r. 1), (9.2b)

where the summations are over distinct particle species. Waves
in plasmas are most often treated with the multiple-fluid plasma
model presented in Chapter 5. Notable exceptions are hydrodynamic
waves, which are based on a single-fluid treatment (see Chapter 11),
and waves in hot plasmas, which require working directly with the
distribution function (see Chapter 12).

The different types of waves are obtained by applying different
simplifying assumptions. If E and J are parallel to the direction
of wave propagation, electrostatic restoring forces are present, and
such longitudinal waves are called electrostatic waves. In electron
oscillations of this type the frequency is so large that the positive
ions are not affected (because of their inertia), while in positive-ion
oscillations the frequency is so low that the electrons can be assumed
to be in equilibrium at all times in accordance with the Maxwell—-
Boltzmann distribution.
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When the clectric field E is perpendicular to the wave propaga-
tion direction, we have transverse waves which are electromagnetic.
The electrons in the plasma interfere with the transverse electro-
magnetic waves, and increase their phase velocity. In the absence of
a static magnetic field, electromagnetic waves at a given frequency
can only propagate through a plasma if the electron density is
lower than a given value. The presence of an external magnetic field
removes this requirement as new, lower-frequency modes emerge, as
discussed in Chapter 10.

Hydromagnetic or MHD waves can occur only in the presence
of a magnetic field, and then only for frequencies small com-
pared to the cyclotron frequency of the ions. In a hydromag-
netic wave, the positive ions provide the inertia of the oscillation,
while the restoring forces are largely magnetic, resulting from
the J x B term in the momentum equation. These oscillations
may be regarded as waves in the lines of magnetic force, which
behave as stretched strings and which are “loaded” with charged
particles.

9.2 General properties of small-amplitude waves

Our purpose is to analyze the properties of waves of small amplitude
superimposed on a background uniform and unbounded plasma.
The background (or ambient) values of the quantities N, u, p, E,
and B will be denoted by subscript “0” (e.g., By or Ny), while the
perturbation quantities will be denoted by subscript “1” (i.e., By
or Np). However, we will exclusively consider the cases in which
there is no steady fluid motion and no imposed external electric
field, so that up = 0 and Ey = 0. It is clear from (9.2a) that we then
have Jo = 0. Thus we do not need the subscripts for u, E, and J, and
we have

N=MN+M (9.3a)
P = po+ pi (9.3b)
B =By + By, (9.3¢)

where Ny, po, and By are constants which do not vary with space or
time. Neglecting collisions, and also assuming an adiabatic equation
of state (4.35), we can write the linearized versions of the fluid
equations (valid for each species separately, as discussed before) as
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N,
3%+Awﬁu=0 (9.42)
ou
Nomg =gMN(E +u x By) — Vp; (9.4b)
1 N
M = ke TN, (9.4c)
1 No

where we have assumed each species to be a perfect isothermal
gas at some temperature 7 (which could be different for electrons
and for ions), so that py = NpkgT. Characteristics of plasma waves
are determined by solving (9.4) and (9.2) together with Maxwell’s
equations, repeated here:

oE

V x By = nod + 605 (9.5a)
9B
VxE=-"1 (9.5b)
3t
v.E=2 (9.5¢)
€0
V-B; =0, (9.5d)

where the ambient value of the charge density p is also zero as a
result of the macroscopic charge neutrality of the plasma. To study
plane waves in plasmas, we search for solutions of the linearized
fluid equations and Maxwell’s equations in which all perturbation
quantities vary proportional to

el @i=kn) 9.6)

More precisely, each physical quantity (e.g., the electric field or the
electron density perturbation) is represented by a complex phasor

(e.g., E(r) or p(r)) given by

E(r) = Ece /%" or MN(r) = Nee /%", 9.7)
where E¢ is a complex vector constant and N is a complex scalar
constant. The actual physical quantities (e.g., £(r, ) or Ni(r, 1))

can be obtained from their associated phasors by the following
operation:

EQJ)E7a{anﬂ”} or Nunzzne{Nunemﬁ. (9.8)
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Under these conditions, Maxwell’s equations can be rewritten' as

k x B = juod — weguoE (9.9a)
k x E = wB (9.9b)
k-E= 22} (9.9¢)
€0
k-B; =0, (9.9d)
while the fluid equations become
joN; — jNok-u=0 (9.10a)
Nom jou = gNy(E +u x Bg) — Vpy (9.10b)
p1 = ykpTNi. (9.10c)

It should be noted that the equation of continuity of electric
current,

2—'(;:0 or k-J=uwp, (9.11)
is contained in Maxwell’s equations (9.9), and is also implied by
(9.4a). In studying plasma waves, we will usually not use (9.11)
or (9.9¢), for reasons previously mentioned, namely that charge
neutrality is preserved to a very large degree. One exception to
this occurs when we study longitudinal waves, i.e., waves for which
E, By, u, and J are all parallel to the wave propagation direction.
Since we then have k x E = 0, we must have B; = 0, and (9.9d) is
redundant. With k x B; = 0, (9.9a) becomes equivalent to (9.9¢).
In such cases, it becomes more natural to use (9.9¢) since this can be
interpreted as Maxwell’s equations having been reduced to Poisson’s
equation. Note that for transverse waves, the electric and magnetic
fields are both perpendicular to the propagation direction k (B is

v-J+

' Note for example that

E=FEce /¥ - VxXE@® =V x Ece /KT = —E x Ve /KT

— _Ec X f‘i + S’i + ii e_j(kxx+k)7)’+kzz)
ax ay dz

= —F x [_](’A( ky + §’ky + ik;)] e*j(kxx+/f}vJ’+/(:Z)
= —E¢ x (—jk)e /KT = —jk x Ece /KT

VxE@) = —jk x Ece /¥ = —jk x Er).
E(r)
r

Similarly, it can be shown that V- E = — jk - E.
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always perpendicular to k on account of (9.9d)). For such waves,
the charge density p must vanish according to (9.9c). Transverse
waves are similar in many ways to uniform plane electromagnetic
waves in free space, except for various cutoffs and resonances, as
we will see later. In general, our goal in plasma-wave analysis is to
obtain a relationship between the wave number k& = |k| and the wave
frequency w. This relationship is called the dispersion relation for the
particular wave under study. Under the assumption of sinusoidal
variation of quantities in time and space, the dispersion relation
becomes the last remaining unknown. It is easy to see that solutions
of the form (9.6) represent plane electromagnetic waves propagating
with a phase velocity

v, = (9.12)

w
k’

while the group velocity, being the velocity with which energy or
information can travel, is given by

dw
Vg = R (9.13)

9.3 Waves in non-magnetized plasmas

We first investigate waves that can propagate in non-magnetized
plasmas, so that By = 0. These include plasma oscillations, which
are localized and can hardly be called “waves,” transverse electron
plasma waves which have an electromagnetic character, and longitu-
dinal electrostatic electron and ion waves which are similar to sound
waves in a gas.

9.3.1 Plasma oscillations

We have already seen (Chapter 1) how plasma oscillations arise from
the natural tendency of the plasma to maintain charge neutrality.
In the context of the formalism that we now have for the study of
plasma waves, we can arrive at the same conclusions as we did in
Chapter 1 by adopting the cold-plasma assumptions, so that 7' = 0,
and consider only the motion of the electrons, assuming the ions to
be stationary. Equation (9.10b) then reduces to

me joue = ¢E. (9.14)
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Taking the divergence of (9.14) and using (9.4a) (after replacing

d/0t with jw) we find
Noge Nog?
M="2V.E - p=Ng=—v.E  ©I5
mew mew

We now look for a longitudinal wave so that V - E # (0. Combining
(9.15) and (9.5¢) we find that is necessary to have
R\ 2

w = =W
M€ pe

(9.16)

where w,,. is the electron plasma frequency. This result indicates
that all quantities (E, n1, p, u) oscillate in time at a frequency ..
The electron gas is compressed and rarefied in a manner similar to
compressional sound waves, but the restoring force is the electric
field E set up by charge separation, rather than pressure. In arriving
at (9.16), it was not necessary to assume a particular spatial form
of the disturbance, i.e., the wave number k did not appear in the
derivation, indicating that the plasma oscillates at the frequency w .
regardless of the size of the disturbed region. Since w and k are not
related, the group velocity vy = 0. Thus, disturbances in the form of
plasma oscillations do not propagate away from the locale in which
they occur. Indeed, this phenomena is referred to as an “oscillation”
rather than a “wave.” We also note here that the assumption that the
ions are stationary is in no way a severe restriction on our solution
for plasma oscillations. In fact, as is shown in an exercise left to the
reader at the end of this chapter, inclusion of ion motions simply
brings in a slight correction to the oscillation frequency, namely

2 2 2 2 2 m
» =0, =0, + o, =0, <1+;f’). (9.17)

1

9.3.2 Transverse electromagnetic waves

To search for transverse waves for which V - E = 0, it is not possible
to use (9.15) or (9.5c). However, we can find wave solutions by fol-
lowing the usual procedure of working with the two curl equations
(9.9a) and (9.9b). The current density J needed in (9.9a) can be
written as

Nog?
Me jw

J = MNygeu, = E, (9.18)
where we have used (9.14). Since transverse waves are similar in
nature to uniform plane waves in ordinary dielectric media, it is
convenient to define an electric flux density vector D, so that the
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right-hand side of (9.9a) can be written as —uowD, as in simple
dielectrics. We have

—owuoD = juod — weguoE — D = €K, (9.19)

where the effective dielectric constant is

Nog? w?
eﬁ=m0——ﬂ%>=mc— f) (9.20)
€0Mew 1)

With this definition the two Maxwell’s equations (9.5a) and (9.5b)
can be written as

V xB; =jouyergE (9.21a)
V x E = —jwBy. (9.21b)

Since these equations are identical to Maxwell’s equations for simple
dielectric media, transverse uniform plane-wave solutions for sim-
ple dielectric media must also be valid in a plasma as long as we
make the substitution € — ¢. The refractive index of such waves is
simply given as /€, so that we have’

2 2
Ezc_%ﬁ- (9.22)
w

It can be noted from (9.22) that u < 1, indicating that the phase
velocity of the transverse plasma waves is greater than the speed
of light in free space ¢. However, we can easily see that the group
velocity vy = /v p and is thus less than c. It can also be noted from
(9.22) that for @ < wp, the refractive index is imaginary, as is the
wave number k, given by

n

J

Thus, ® = wp. is the cutoff frequency at which k = 0, v,, is infinite,
and the group velocity vy = 0. Sinusoidal excitations at frequencies
below w,, do not propagate in a plasma and are rapidly attenu-
ated. Such waves are called evanescent. The relationship between
o and k is plotted in Figure 9.1 for real values of w (i.e., prop-
agating waves). Also shown is the dispersion relation for waves
in free space, which follows a straight line, w = ck. Note that for

2 Short of symbols, we choose to use u for refractive index, not to be confused with
magnetic moment, also denoted with p in earlier chapters.
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Figure 9.1 Dispersion relation
for electromagnetic waves in

a non-magnetized plasma
(solid line) and in free space
(dashed line).

Introduction to waves in plasmas

A,

k

high frequencies (@ > w),) electromagnetic wave propagation in a
plasma approaches that in free space. The physical interpretation of
this convergence is that at such high frequencies the wave fields vary
too fast for the plasma electrons (let alone the ions) to respond to
the wave and affect its propagation. For a high-frequency wave, the
plasma becomes transparent.

Total reflection from free space-plasma interface

An interesting and important consequence of the fact that uniform
plane waves can only propagate in a plasma at frequencies w > w) is
the total reflection of a uniform plane wave at the interface between
a dielectric and a plasma medium or an ionized region. A natural
example of such an interface is that between free space and the
Earth’s ionosphere, although the electron density in the ionosphere
increases relatively gradually with height so that the interface is not
a single sharp interface between two media. It is this type of reflec-
tion that makes radio waves “bounce” off the ionosphere, making
long-range radio communication possible. Reflection occurs when
w < wp. For the ionosphere, the peak value of f), is approximately
10 MHz; thus, AM radio broadcast frequencies are reflected from
the ionospheric conducting layer. Microwave, television, and FM
radio signals are typically above 40 MHz, and are thus easily trans-
mitted through the conducting ionospheric layer with no reflection.
To illustrate the basic concept of total reflection at such an interface,
we consider a single sharp interface between free space and an ion-
ized region (characterized by plasma frequency w)), as illustrated in
Figure 9.2.

Assuming that the incident wave in Figure 9.2 has a frequency
w, and that the ionized region behaves as a dielectric with dielectric



Figure 9.2 Reflection from free
space-plasma interface. Normal
incidence at a sharp interface
between free space and an
ionized medium (plasma)
characterized by a plasma
frequency of wp.
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constant €. = €,/1 — a)%, / w?, the reflection and transmission coef-

ficients (I and 7, respectively) for the case of normal incidence are
given by expressions similar to those for reflection from the interface
between two ordinary dielectrics, namely

SN

F_\/a_\/a_\/e_o_\/e()(l_w%)/wz)_a)— (1)2—(1)

\/a+\/€_2 \/€_0+\/€0<1_w%)/(1)2) w + (1)2—(1)%
(9.24a)
2 2
Vel @ (9.24b)

T = = :
Vet e o+ Jo? — w3

For w > wp, we note from the above that both I" and t are real and
that portions of the incident wave energy are accordingly reflected
and transmitted. However, for o < w,, I' becomes imaginary, in
which case we can write it as

w—J <w%—w2)

w+J <w%}—a)2)

r = = le/?r, (9.25)

We note that (9.25) is similar in form to the reflection coefficients
Iy and Iy for total internal reflection upon oblique incidence at a
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dielectric interface. This similarity indicates that an electromagnetic
wave passing from free space into a plasma with w < w), is thus
totally reflected, even at normal incidence. The amplitude of the
reflected wave is equal to that of the incident wave but the wave
acquires phase on reflection, so that the phase of the reflected wave
is different from that of the incident one by an amount ¢r which
depends on frequency, as given in (9.25). Note that the transmission
coefficient t also becomes complex, so that the transmitted wave
is also out of phase with the incident wave. More importantly, the
transmitted wave is evanescent and decays rapidly with distance in
the z direction, and carries no real power since for v < w), the intrin-
sic impedance 1, of the plasma is purely imaginary, ensuring that
the electric and magnetic fields of the wave in the ionized medium
are 90° out of phase.

Some electromagnetic power will always be lost in a plasma because
the electrons frequently collide with gas molecules, ions, and even
other electrons. These collisions cause electromagnetic power to be
transformed into heat. For w > w,, the collisions cause the wave to
be attenuated with distance as e~ %, For w < w, the losses due to
collisions cause total reflection (discussed above) to become partial
reflection. Collisional effects may be taken into account by including
the collisional friction term in the equation of motion (9.14):

v
QeE = jomeUe + MeVUe = jowm, (1 - ]5) Ue, (926)

where v is the effective collision frequency of electrons with other
particles, in units of s~1. With the collision term included, we can
once again eliminate u, to obtain

Ng¢2E

V x H= jweE + o
jome(1- =)
w

or

) X
VxH=jwe|l- — | E,
1—jZ

where X = wf, Jw* and Z = v/w. Note that X and Z are dimen-
sionless quantities. The effective permittivity of the plasma with
collisions is thus

X .
Eeff=€0(1— 1—jZ) = € — J€upr
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As is the case for lossy dielectrics, the imaginary part € ; represents
power loss and attenuation of the wave. The expressions for uniform
plane waves in a collisional plasma can be obtained by using the
general form of uniform plane waves in a lossy medium represented
by o, €, and pu, by replacing € with €/ and o with wej;.

9.3.3 Electrostatic electron and ion waves

The presence of a pressure gradient causes the stationary plasma
oscillations to propagate away, as electrons streaming into adjacent
layers of the plasma carry information about the oscillations in the
disturbed region. The plasma oscillations then properly become a
plasma wave. In addition, the pressure gradient causes the ions to
communicate with one another (i.e., to transmit vibrations to one
another), not through collisions, as is the case for acoustic waves
in a gas, but through the electric field. This coordinated motion of
the ions leads to waves, which are necessarily low-frequency waves,
owing to the large mass of the ions. We can include the effects of
pressure by means of the Vp; term in (9.10b). Using (9.10a) and
(9.10c) to eliminate p; and N; we have

V(—Jjk - ). (9.27)

This new version of (9.14) is valid for both electrons and ions, which
in general can have different temperatures 7, and 7;. First we note
in passing that the new term in (9.27) has no effect on the transverse
waves (i.e., waves with k- E = 0) since for these E, J, and u are
perpendicular to k, so that, by definition, k- u = 0. On the other
hand, longitudinal waves are affected, since for them all of the vector
quantities are parallel to k. By the same token, we can reduce our
equations to their single-dimensional forms. Noting that for such
waves the magnetic field is identically zero, we can observe from
(9.9a) that £ = —J/(jeow), and noting that J = Ng.(—u; + u,),
we can write

_ Jqe
€ow
Using (9.28) in (9.27) we find

E

(—u; +up). (9.28)

—{qe vks Ekz

u = —FE + > U (9.29a)
m;jw m;w
kg To 2
w= 2 gy BT, (9.29b)

m;jw Mew
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Eliminating E we can write
u(0? - 02 — &R + wlu, =0 (9.30a)

u(0? = 0h, = A J2) + 0l =0, (9.30b)
where ¢y = ykgT/m is the speed of sound waves in an adiabatic
gas at a temperature 7. Eliminating u, /u; from the above equations
results in a dispersion relation which is quadratic in w? in terms of
k?. Although this equation can be solved exactly, results simplify if
we take advantage of the fact that m; > m, and assume that the
electron and ion temperatures are comparable, so that ¢;; and ¢,
are also of the same order. Under those conditions, one of the solu-
tions of (9.30), characterized by |u;| < |u.| and valid for relatively
small &, is

o = 0, + I =l (14 7bR), (9.31)

where Ap = ,/eokTe/(Nog2) is the Debye length. It is apparent
from (9.31) that it constitutes a modification of the plasma oscil-
lations in which electric-field and pressure-gradient restoring forces
work together, resulting in a plasma oscillation combined with an
acoustic wave. The second solution of (9.30), again assuming rela-
tively small %, is

2 2
w | @Gt 03 C  ykp(To + T)
vy = — 5 > ~ , (9.32)
k W, + ©pe mi

which is characterized by u; >~ u, so that E >~ 0. It appears that this
is simply an acoustic wave, with the speed determined by the total
pressure of the two species and the mass of the ions. It is interesting
to note that this ion acoustic wave exists even when the ion tem-
perature is zero, in which case the phase velocity is determined by
the electron temperature (which determines the electric field) and
ion mass. We will see later (Chapter 12) that when Apk is large a
new phenomenon, called Landau damping, appears and leads to
the dissipation of the electron plasma waves even in the absence of
collisions.

9-1. Derive the plasma frequency with ion motion included, as
shown in Equation (9.17).
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9-2.

9-3.

9-5.

9-6.

9-7.

9-8.

A pulsar emits a broad spectrum of electromagnetic radiation,
which is detected with a receiver tuned to the vicinity of f = 75
MHz. Because of dispersion in group velocity caused by the
interstellar plasma, the observed frequency during each pulse
drifts at a rate given by df/dt = —4.5 MHzs™!. (a) If the
interstellar magnetic field is negligible and w? > w%, show that
df/dt ~ —(c/r)(f3/j§), where f), is the plasma frequency, r is
the distance to the pulsar, and c¢ is the speed of light. (b) If the
average electron density in interstellar space is 2 x 10° m~3,
how far away is the pulsar? (1 parsec = 3 x 10'® m)

Calculate the additional phase acquired by a 1420 kHz AM

radio wave reflected from a free space—plasma interface if the

plasma density is 10! m~3.

. Find the reflection coefficient for reflection from a sharp

plasma boundary with a density of 10! m=3 and an effective
electron collision frequency of 2 GHz.

Although during normal conditions waves with frequencies of
1 GHz can pass through the Earth’s ionosphere and are thus
suitable for communications with satellites, large solar flares
can greatly increase the ionospheric plasma density and disrupt
communications. Calculate the minumim ionospheric plasma
density that would lead to a communication blackout for an
Earth-satellite link operating at 1 GHz.

Calculate the phase velocity of electrostatic waves for a 10 eV
equilibrium plasma assuming three degrees of freedom and
relatively small k.

Find the phase and group velocities for electrostatic waves
propagating in a uniform plasma with density Ny = 10'® m—3
if the wavelength and frequency of the waves are observed to
be 1.2 GHz and 1.1 cm, respectively. The motion of ions can be
neglected.

Consider an over-the-horizon (OTH) radar that uses reflection
of waves from the ionosphere to achieve greater than line-of-
site range. The radar is intended to reflect waves from the
ionosheric F-region, which is at an altitude of ~300km and
has an electron density of around 10'! m~3. (a) Assuming a
spherical Earth with a radius of 6370 km, find the maximum
range of the radar using a single ionospheric reflection. (b)
What frequency should the radar operate at and what will be
the scale of target that it will be able to detect? You can ignore
the effects of ionization layers in the ionosphere at altitudes
below the F-region.
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In this chapter we continue using the multiple-fluid model to investi-
gate wave phenomena, now examining the effect of a static magnetic
field on waves in cold plasmas. The basic principles and fundamen-
tal equations on which we base our study of waves in plasmas are
documented in Chapter 9. In particular, we saw that it is useful
to represent the presence of the plasma medium (i.e., the plasma
convection current J which results from the motion of the plasma
fluid driven by the E and B; fields via the momentum transport
equation) in terms of an effective permittivity €.q, which for the case
of an isotropic (non-magnetized) plasma is given by

The conductivity o is defined by the relationship between the
current density and the electric field, J = o E. In the more general
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case of the magnetized plasmas to be studied in this chapter, and
based on our previous findings of the effect of a magnetic field, we

expect the plasma conductivity to be a tensor, i.e., (;_;,, yielding an
effective permittivity for the plasma which also, in general, must be

a tensor, é_;, related to the conductivity tensor by

p=1+—" (10.1)

where we now drop the use of the subscript “eff” and instead use

the subscript “p” to indicate that the permittivity and conductivity
tensors are properties of the “plasma” medium.

10.2 The dispersion relation

Using the equivalent permittivity concept, the initial aim of our
analysis of uniform plane plasma waves will be to reduce Maxwell’s
equations to

k x B; = —wpuo€oé, - E (10.2a)
k x E = 0B, (10.2b)
k-, - E=0 (10.2¢)
k-B, =0, (10.2d)

where the tensor dot-product in (10.2¢) is to be carried out as shown
in Chapter 4." From (10.2a) and (10.2b) we can obtain the wave
equation

a)2<—>
kX(kXE)+—26pE:0
c

2
k(k-E)— (k- E+ 25 & E=0
C

<>

2
kk-E)-KE+ & E=o0. (10.3)
C

1 In other words,

€1 €12 &1 [ Ex
<
k'Ep'EE[kx ky kz] €1 €2 e3||Ey|.

€31 €3 €33 LE:
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It should be noted that a similar wave equation can be written for
the magnetic field perturbation By ; however, it is customary to work
with the electric field E since all plasma waves have an electric field
but some may have B; = 0. The typical procedure is to expand
(10.3) in terms of all three orthogonal electric field components.
For a non-trivial wave solution, the determinant of the coefficients
of this equation must vanish. This condition leads to an algebraic
expression known as the dispersion relation:

D (k, ) = 0. (10.4)

In unbounded plasmas, (10.4) permits a continuum of normal wave
modes. In bounded plasmas, only a discrete set of solutions may be
possible, analogous to a discrete set of normal-mode solutions in
metallic or dielectric waveguides. We will find it useful to study two
principal wave modes, transverse (k_LE) and longitudinal (k || E).
Transverse waves (k - E = 0) are described by

0)2 <~
E - —¢é,-E=0, (10.5)
C

whereas longitudinal waves (k x E = 0) are described by
ép-E=0 or k-, -k=0, (10.6)

where the second term is effectively Poisson’s equation (to see this
note that E = jk®, where @ is the electrostatic potential). At this
point it is useful to note that all of our analysis of waves in plasmas
involves examination of time-harmonic uniform plane waves with
all perturbation quantities varying as

el @i=kn) (10.7)

The dispersion relation (10.4) does not always give purely real time-
harmonic solutions and may instead indicate damping or instabil-
ity; the solution of (10.4) for a given real wave number k = k. + jO
may be a complex frequency, w, + jw;, and the solution of (10.4)
for a given real frequency w, 4+ jO may be a complex wave number,
k + jki. Solutions with w; < 0 grow exponentially at all points in
space, while those with k; < 0 may grow exponentially if there is
energy available for wave growth. Note that for evanescent waves
in passive systems such as metallic waveguides, cases with k; < 0
are automatically deemed physically unrealizable;” however, in a

2 For example, for a rectangular waveguide the dispersion relation is

wcz, + k262 = a)z,
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complicated plasma system with the possibility of free energy in
the system, growth can occur up to the limits of our linearization
approximations. In this and the following chapter we will concen-
trate on understanding the variety of possible wave modes in a
plasma and will not discuss instabilities.

10.3 Waves in magnetized plasmas

We start with Maxwell’s equations for time-harmonic uniform plane
waves as given in (9.9), repeated here,

k x By = juod — weouoE

k x E = wB
k-E= ﬂ
€0
k-B; =0,
along with the momentum equation
m Ny jou=gNy(E+u x Bp) (10.8)
and the definition of electric current
I 1) = qiN(r, i (r, 0). (10.9)
i

We begin by considering an infinite, cold, collisionless, and homo-
geneous plasma, although we will occasionally relax the first three
assumptions and examine the effects of boundaries, temperature,
and collisions. We will not consider inhomogeneous plasmas. In
this context, note that by a homogeneous plasma we mean that the
ambient density Ny and temperature 7j (and thus the pressure pg)
are constant as a function of space; the perturbation quantities Ny,
Ti, and p; vary sinusoidally in the manner described by (10.7) as
do all the other quantities. We also initially consider only electron
motions, assuming the ions to be stationary; however, we will later
(in Chapter 11) relax this assumption and account for ion motions.
Our goal is to work with (9.9), (10.8), and (10.9) to write the wave

equation (10.3), thus identifying é_,), By definition we have

where w, is the cutoff frequency. At a frequency w below the cutoff frequency we have

k=0 and k% jc 2 w? — 2,

and the solution corresponding to growth is dropped on physical grounds.
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< J
€p-E=

~_ +E. (10.10)
Jjweo

For future reference, it should be noted that if ion motions were
included, the J above would simply be a summation ) J over the

different species, as indicated in (10.9). Using (10.8), (10.9), and
(10.10) we have

2

J N w J x 1z
= 0%( ke )<E+uexBo)=—(—’2’>E+(ﬁ) =
w

Jwey  jwey \ jom,

where we have assumed the static magnetic field to be in the z
direction. We can expand (10.11) into its components:

2
J w J
x =_<—’2’) Ex-l—(&)—y (10.12a)
Jjwe 1) W/ we)
S (@ E (“") Ix (10.12b)
jwey w? g W/ weQ '
2
~ w
(2 . (10.12¢)
Jwe w?

Equation (10.12) can be solved to find

2 2
Jx wy . [ W¢ wy
— Ey — (-) E, (10.13
Jwey a)z—a)g x—J w a)z—wg v ( 2)
Jy “)% ¢ w%}
S E (-) E. (10.13b
Jweg w? — w? r IS w?—w? " ( )
2
~ w
o % g, (10.13c)
Jjweg w?

where the reader should recognize that the derivation is the same as
that for the AC conductivity tensor in Equation (7.27), albeit with
no collisions. Substitution in (10.10) gives

€1 —jex O E,
ép-E=|jex e O||E | (10.14)



Figure 10.1 Coordinate system
for propagation at an angle 6 to
By. We choose the z axis to be
aligned with B and rotate the
x and y axes so that k is in the
x-z plane, without any loss of
generality.
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where
2 2
_ “p _ (@ @p _ @p
GJ_—l—ﬁ, €Ex = —ﬁ, GH—I——Z.
w* — W o/ w — w: w
(10.15)

We see from (10.14) that Ey and E), are coupled together through
the static magnetic field (w.). Note that the E£. component is un-
affected by the magnetic field, and that as w, — 0 we recover the
equivalent permittivity for an isotropic plasma, i.e., €, =¢,. We
now need to use (10.14) and the wave equation (10.3) to obtain the
dispersion relation. As a first step, we write out the wave equation
(10.3) in terms of its x, y, and z components. We have

kx(ky Ex +kyEy +kE.)
wZ
- <k§+ky2+k22)Ex+Z(GLEx—jéxEy)=0 (10.16a)
2 2 2 w2
- <kx +ky +kz)Ey+?(€LEx+j€><Ey)=0 (1016b)

kz(kxEx + kyEy + szz)
2 2 2 w?
- <kx + ky + kz )EZ + C_ZEHEZ = 0. (10.16¢)

Without any loss of generality, we can orient our coordinate
system as shown in Figure 10.1 so that the propagation vector lies
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in one of the principal planes, say the x—z plane, so that k), = 0.
Equation (10.16) then reduces to

D . kekoc? ]

LT A T 5
jex er—(B+R2) % 0 E,|=0. (10.17)
kk-c? . B £,

L T2 1T

It is convenient to introduce the refractive index u = kc/w = v/v,
and rewrite (10.17) as

€ —plcos’d —jex  pu*sinBcosd E.
J€x €l —u? 0 E,|=0. (10.18)
u?sin @ cos @ 0 € — pursin’ 6 E:

For a non-trivial solution, i.e., Ey, Ey, E. # 0, the determinant of
the coefficient matrix must vanish. Setting determinant equal to
zero gives the dispersion relation we have been looking for, now
determined for propagation with refractive index u, at an angle 6
to the static magnetic field By. The determinant is a biquadratic in
w and can be written in the following alternative forms:

=+ el = e~ )

2
tan“ 6 = (10.19)
2 2
(#* =€) [ern = (el —€d)]
or
122 (w%,/a)z)
Appleton— | u” = R 1— ; 7
Har tr.ee w? sin® 6 w? sin® 6 w? 5
equation 1— + + — cos” 6
2 (a)2 — w%) 2 <w2 - a)%,) @
(10.20)

Equation (10.20) is the well-known Appleton—Hartree equation,
the fundamental equation of magnetoionic theory, which deals
with electromagnetic wave propagation in homogeneous magne-
tized plasmas.

10.3.1 Principal modes

Before considering propagation at arbitrary angles, it is use-
ful to examine the properties of the principal modes, i.e., those
propagating either parallel (§ = 0) or perpendicular (6 = 7/2) to
the magnetic field By.
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Parallel propagation (¢ = 0)
From (10.18) we have

2

€L — M —J€x 0 E,
jex er—wu? 0| | Ey|=0, (10.21)
O 0 E” EZ

and (10.19) directly indicates three solutions,

6” = 0 (10223)
u =€ + ey (10.22b)
uz =€] — €y, (10.22¢)

each of which we will examine separately. The solution indicated
by (10.22a) is the plasma oscillations that we have seen before in
Chapter 9. We have

a)Z
qE-=(1--2)E =0 (10.23)

w

which represents longitudinal waves at a frequency w and arbitrary
wave number k. Since the only electric field is E. || k, it follows
that k x E = 0, implying in turn that B; = 0, and that E= -V ®,
i.e., the electric field is derivable from a scalar potential. Since
k-E = jp/ey #0, there is space charge associated with these
oscillations. Note that the group velocity is zero, so that these
oscillations remain localized in space. The solutions indicated by
(10.22b) and (10.22c) are polarized waves. The origin of these
waves is immediately clear on examination of (10.21). The E, and
E, components are coupled together by the magnetic field. The
relation MZ = ¢, *+ ey implies that

FexEx— jexE, =0 — — =F]. (10.24)

These modes are consequently right- or left-hand circularly
polarized, depending on the sign. According to the usual IEEE
convention, defining polarization on the basis of the right-hand
rule, with the motion of the tip of the electric field vector being
counter-clockwise when viewed looking toward the —z direction,
the wave is said to be right-hand (RH) circularly polarized. An easy
way to remember this convention is to use your right hand with the
thumb pointing in the direction of propagation (in this case the +z
direction); if the electric field moves in the direction of your other
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Figure 10.2 Dispersion
diagram for parallel propagation
of electromagnetic waves in a
magnetized plasma. The branch
marked P corresponds to
plasma oscillations.
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u>1

Y=

fingers, then the wave is polarized in the right-handed sense.’ The
dispersion relations for the polarized modes are

poRE e e @ @
w? w? —wg w w? —wg w(w £ w.)
(10.25)

The corresponding w—k diagrams are sketched in Figure 10.2.
Note that the RH wave has two branches, the lower of which shows
an electron-cyclotron resonance for w — w,. This branch is often
termed the whistler mode, and is very important in the Earth’s iono-
sphere and radiation belts as well as in certain materials-processing
applications. It is also referred to as the electron-cyclotron mode.

Note that for both of the polarized waves we have E_Lk (k x E#0
and k - E = 0), so we can deduce that B; # 0, but p = 0. Thus, the
Poynting vector for these transverse waves is non-zero, and the wave
propagates without space charge. The plasma manifests itself via J,
which flows in planes normal to k and B.

The two cutoff frequencies (i.e., the frequencies for which £ = 0)
for the parallel propagation case indicated in Figure 10.2 can be
found from (10.25) by setting the left-hand side equal to zero, and
are given by

3 The right-hand rule described here is the IEEE convention. Amazingly enough, there is
considerable disagreement on how to define the sense of polarization of a wave. Most
physicists, as well as scientists and engineers specializing in optics, prefer to have the
thumb pointing to where the wave is coming from, exactly opposite to the IEEE
convention. A further source of confusion is the preference of physicists for using e~/®?
instead of /!, which of course reverses the sense of rotation. In view of these
ambiguities, it would be wise in any given case to carefully examine the actual sense of
rotation of the electric field (r, r) by determining the field vector orientation in space at
two specific times, such as wf = 0 and wt = /2.
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5\ 172

or = [+ % + % (10.262)
S\ 172

oL = [+ % - % (10.26b)

with the subscripts signifying the fact that wy is the cutoff frequency
for the left-hand mode, and vice versa for wgr. It should be noted
that wr — wp. = w,, and that in Figure 10.2 we have chosen the
plasma parameters such that w, > w..

The fact that the propagation constant and therefore the phase
velocity is different for the RH and LH circularly polarized waves
causes the plane of polarization of a linearly polarized wave to
rotate as the wave propagates through the medium.* This result can
be easily seen by decomposing the linearly polarized wave into a
sum of LH and RH circularly polarized components and solving
separately for the propagation of each component. At z = 0, con-
sider the electric field of a linearly polarized wave propagating in
the z direction to be

E = XE| e/,

so that the plane of polarization includes the x axis. The complex
amplitude of this wave can be written as

Eo . E
E=7(X—Jy)+7(X+Jy),

where the first term is the RH circularly polarized component and
the second term is the LH circularly polarized component. After the
component waves propagate in the magnetoplasma for a distance d,
we have, at z = d,

E : E .
E= R = jfe /el St jge /i,

4 This phenomenon is called Faraday rotation. It was Faraday who discovered in 1845 that
on passing a plane polarized ray of light through a piece of glass in the direction of the
lines of force of an imposed magnetic field, the plane of polarization was rotated by an
amount proportional to the thickness of the glass traversed and the strength of the
magnetic field [1]. The interaction between the wave and the bound electrons within the
glass material is more complex than the interaction with a free electron plasma
considered here; nevertheless, the presence of a static magnetic field imposes a
preferential direction for the electrons and makes the medium anisotropic.



202

Waves in cold magnetized plasmas

which can be rewritten as

E = Eje/fruthind/2

X {f(cos |:—(kRH ;kLH)di| — ysin [—(kRH ;kLH)d:“. (10.27)

This is a linearly polarized wave, but with the plane of polarization
making an angle of 6 with the x axis, where

E kry — kLn)d
O = tan~! =2 = —tan"!{tan M
E. 2

_ (kru — kLr)d
=

Thus, it appears that the plane of polarization rotates by an amount
Or = (krg — kLy)/2 per unit distance. The wave propagates with
an effective propagation constant of (kryg + kL) /2, as is apparent
from the e~/ *RuFALH4/2 term in Equation (10.27), and undergoes
rotation at the same time. Note that this phenomena would occur
only for frequencies where both the LH and RH components would
be propagating; from Figure 10.2 and the related discussion, this
would happen for @ > wg. It is interesting to express the rotation
in terms of the physical parameters of the plasma. Using the defini-
tions of w, and w. we find

(10.28)

3
191" B0

T amZenw?
2msepw=c

where ¢ is the speed of light in free space. If the electron density
varies with distance and if By is approximately constant, the net
rotation is given by

o |9 Bo: /N(z)dz

2m260w

where the integration is along the entire propagation path. For
signals in the several hundred MHz range propagating in the
Earth’s ionosphere, most of the Faraday rotation occurs in the
90-1000 km altitude range. Measurements of the total electron con-
tent (in a 1 m? column extending through the most highly ionized
part of the ionosphere) are made regularly using satellite-to-Earth
transmissions.’

5 For further information, see [2].
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Perpendicular propagation (60 = 7/2)

Figure 10.3 Dispersion diagram
for perpendicular propagation.
The ordinary (0) and
extraordinary (E) branches are
marked.

For propagation perpendicular to the magnetic field we have, from
(10.18),

€L —Jjex 0 E.
jex €1 —p? 0 E,|=0. (10.29)
0 0 e —u?| | E:
From (10.19) we can directly see two solutions:
n? = (10.30a)
W2 = o< (10.30b)
€1

The mode represented by (10.30a) is called the ordinary mode,
since its propagation is not affected by the magnetic field. E. is
completely decoupled from Ey and E,. This means that this wave
has the same properties as the transverse electromagnetic wave
in a non-magnetized plasma with u || E. Since the Lorentz force
u x Bp =0, the ordinary mode is uncoupled from the magnetic
field Bg. Note that the transverse electromagnetic wave in a non-
magnetized plasma is purely transverse (i.e., k LE), while for the
ordinary wave which occurs for kL By we have E || By and thus E_Lk.
Since k LE, we have k x E # 0, and k - E = 0. Thus, there is a non-
zero Poynting vector, but zero space charge. The dispersion relation
is shown in Figure 10.3.

The mode represented by (10.30b) has some extraordinary prop-
erties, and is thus called the extraordinary mode. The electric field
for this mode is perpendicular to By, with E, and E, coupled
together. Since one component (Ey) is in the direction of propa-
gation (note that k is perpendicular to By, so k = Xky), we have

4

\ Ao
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k - E # 0, so that there is space charge associated with this wave.
From (10.29) we can write

Ex L€x . wcwi
- =J—=1]

—_—, 10.31
E, €L a)(a)2 —a)%l) ( )

where oy = /03 + @? is the upper hybrid frequency. 1t is clear

from (10.31) that the extraordinary wave is in general elliptically
polarized in the plane of propagation.® At w = wy we have a reso-
nance, with the wave number k approaching infinity and hence the
wavelength approaching zero. The physical meaning of a resonance
is discussed below. The extraordinary wave has both transverse (i.c.,
E)) and longitudinal (i.e., Ey) components, the relative magnitudes
of which depend on frequency, as is clear from (10.31). When w is
very close to wy, we can see from (10.31) that Ey > E,, so that the
wave is longitudinal (k || E) and electrostatic. For other frequencies,
the magnitudes of the two components are comparable so that
the wave is a mixed longitudinal-transverse mode, tending to be
transverse electromagnetic for 4 < 1 and longitudinal electrostatic
for « > 1. In this connection, it is useful to write (10.30b) for the
extraordinary mode as

k2 2 wz wz _ wz
W=t =1--2 L | (1032
w W™ | @2 — (wf, + w%)

It is clear from (10.32) that u = 1 when w = ), regardless of the
value of w,, as long as w, # 0.

A few words on the nature of cutoffs and resonances are in order
here. Cutoffs and resonances are important because they define
the passbands and stopbands for wave propagation in a plasma.
As an example, consider the extraordinary wave branches shown
in Figure 10.3. With the plasma parameters chosen for this case,
wH > wp, Waves can propagate in the frequency ranges o, < @ < wy
and w > wg, but a stopband exists in the range wy < @ < wr. The
cutoffs are at the frequencies where the dispersion relation reduces
to k= 0; as we saw for the case of propagation in an isotropic
plasma (Chapter 9), generally wave energy approaching a plasma
region in which the wave frequency is in a stopband is fully reflected
or refracted depending on the geometry and the inhomogeneities
involved.

6 Note that this is different from the wave polarization for transverse electromagnetic
waves in simple dielectric media, where we are more used to looking at polarization as
the temporal behavior of the electric field in the direction transverse to k.
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Resonances are quite different than cutoffs. At a resonance, the
dispersion relation reduces to k — oo, meaning that the wave-
length goes to zero. When k — oo, the wave phase velocity goes to
zero, and the wavefronts “pile up.” Generally waves become non-
propagating and purely electrostatic near resonances. We can see
graphically from Figure 10.3 that as w — wy, the group velocity
(v¢ = dw/dk, i.e., the slope of the dispersion curve) also goes to
zero. Consider a generator sending waves into a plasma, for exam-
ple by propagating down a density or magnetic field gradient so
that < wpy = ,/w? + @? in the propagation region but ® = wy
in the resonance region. The energy sent by the generator would
continue to pile up in the region of resonance and build up wave
energy density, until some process beyond the applicability of our
linearized cold-plasma theory takes over. Resonances are in fact
more complicated; depending on the particle distribution function,
the wave can either give energy to the particles and become damped,
or extract energy and momentum from the particles and grow. The
fundamental point here is that, with the wavelength being nearly
zero, the wave spatial scales become comparable to the spatial scales
of the particles (e.g., gyroradii) so that the wave can drastically affect
the orbits of individual particles.

10.3.2 Oblique propagation at an arbitrary angle 6

The case of propagation at an arbitrary angle 6 is best studied
using (10.20). We see that there are always two values of u? for
any given frequency, i.e., just two modes. In general these modes
are elliptically polarized, and have strong space charge only when
u > 1and k x E >~ 0, i.e.,, when the modes are slow compared to
the velocity of light and are approximately longitudinal waves.

It can be seen easily from Figure 10.4 that the principal modes
for & = 0 and 6 = 7/2 are the limiting cases of general propagation
at an arbitrary angle 6. Using (10.20), it can be seen that the cutoff
frequencies wgr, wr, and w, are independent of #. The cutoffs are
determined by

01 <a)%/a)2>
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Figure 10.4 Dispersion diagram
for oblique propagation. The
principal mode branches
corresponding to & = 0 (solid
lines) and & = 7 /2 (dashed
lines) are indicated. For any
arbitrary angle 9, the dispersion
curve lies between these two
principal branches.
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k

The resonances, on the other hand, are found from

1/2
) )
0=1— w? sin” 0 w? sin” 0 —i—w—gcosze
2 <a)2 — a)%,) 2 (w2 — w%) w?
(10.33)

and are clearly functions of 6. We can see from Figure 10.4 and
from (10.33) that the resonance frequency of the whistler mode
changes from w = w, for 6 = 0 to zero (actually the mode ceases
to exist) for § = 7/2. At any arbitrary propagation angle 6, the
resonance frequency for the whistler mode is given by wres =
w, cos 6. Alternatively, for any given wave frequency w, the so-called
resonance-cone angle is given by cos(6res) = w/w,.. For the dense-
plasma (i.e., w, > w.) case illustrated in Figure 10.4, the resonance
of the extraordinary wave moves from the upper hybrid resonance
frequency for perpendicular propagation (6 = 7 /2) to the plasma
frequency for parallel propagation. It should be noted that, for all
angles 6, we have u =1 at = w,. In studying oblique propaga-
tion, it is sometimes convenient to simplify the Appleton—Hartree
equation (10.20) by making the so-called quasi-parallel assumption,
which is applicable in cases for which the angle 6 is relatively small.
For this case, (10.20) reduces to
2 22
wr~1-— “r for M« 2 cos,
w(w £ o cos ) 2(602_&%) w

(10.34)

which can be compared directly to (10.25). Alternatively, for propa-
gation at relatively high angles it may be useful to adopt the quasi-
perpendicular approximation, in which case (10.20) reduces to
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2 2 2
w w” —w
pr~1-— —g P for
o7 | w2 — (a)%, + w? sin® 0)
2 i
sin” 6
@e > 2 cos6, (10.35)

2 (cuz —a)f)) @

which can be directly compared to (10.30a) and (10.32). We can
note that the refractive indices for the quasi-parallel and quasi-
perpendicular approximations are simply the principal modes, with
By replaced by its component along the wave vector k, respectively
Bycos6 or Bysinf.

The presence of a static magnetic field was shown to have a pro-
found effect on the propagation of electromagnetic waves in a
plasma. The primary effect of the magnetic field is to couple the
orthogonal components of the wave electric field to one another.
With the exception of the ordinary mode, all electromagnetic waves
in a magnetized plasma have coupled transverse electric field com-
ponents, which gives rise to circular or elliptical polarization of the
wave. In contrast to the single branch of the dispersion relation
for non-magnetized plasmas, waves in a magnetized plasma exhibit
multiple modes of propagation that depend on the direction of
propagation with respect to the magnetic field and the wave polar-
ization. The existence of multiple propagation modes for a single
frequency leads to observable and scientifically useful effects such
as Faraday rotation.

10-1. A transmitter satellite (Tx) and a receiver satellite (Rx) are on
opposite ends of a large volume of cold plasma of unknown
dimension and density. A static uniform magnetic field is
as shown in the diagram overleaf. The strength of the mag-
netic field is such that the electron-cyclotron frequency is
observed to be 6 kHz. The transmitter sends two linearly
polarized EM signals at two frequencies, 68 kHz and 58 kHz.
The 68 kHz signal arrives at the receiver linearly polarized but
with a Faraday rotation of 5°. The 58 kHz signal arrives LH
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10-2.

10-3.

10-4.

10-5.

10-6.

circularly polarized. Assuming that the plasma density is
uniform across the volume, determine the upper and lower
bounds of the plasma’s lateral dimension ¢ and density N.
Justify your answer using an appropriate dispersion (w—k)
diagram.

By
58kHz
Tx }‘ Rx
VAVAVAVAV/N | Plasma
68 kHz N

A
v

Consider wave propagation parallel to the static magnetic
field in a plasma with the following parameters: f, = 1 MHz,
fee = 100 kHz. Determine the distance which a 10 MHz wave
needs to travel in order for the electric field to rotate by /6
radians.

Find the group velocity for a 3 kHz whistler-mode wave prop-
agating parallel to the magnetic field with cyclotron frequency
of 7 kHz and plasma density of 4 x 108 m—3.

Find an expression for the group velocity of the whistler mode
and make a plot of group velocity versus frequency. Normal-
ize the frequency axis of your plot in units of the electron-
cyclotron frequnecy w,., and the velocity axis in units of the
speed of light c.

Find an analytic expression for the frequency at which the
group velocity whistler mode is maximum. This is the so-
called “nose frequency” of a whistler.

Microwaves of frequency 30 GHz propagating in the z direc-
tion are sent through a plasma slab that is infinite in the
x—y plane and 10 cm thick in the z direction. The plasma
density in the slab is Ny = 3.0 x 10'® m=3. The slab also has a
magnetic field of 1.05 T oriented in the x direction. Calculate
the number of wavelengths in the slab if the impinging waves
have electric fields oriented in (a) the x direction and (b) the y
direction.
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10-7. LH circularly polarized waves are propagating along a uni-
form magnetic field into a plasma with steadily increasing
density. The magnitude of the magnetic field is 0.2 T. At what
density will the waves reach a cutoff if their frequency is
2.8 GHz?

References

[1] M. Faraday, On the magnetization of light and the illumination of
magnetic lines of force. Phil. Trans. R. Soc. London, 136 (1846), 1.
[2] K. Davies, lonospheric Radio (London: Peter Peregrinus, 1990).



CHAPTER

11.1 Introduction

Effects of collisions, ions, and
finite temperature on waves in
magnetized plasmas

The fundamental wave modes for a magnetized cold plasma were
outlined in Chapter 10. In the application of the cold-plasma, two-
fluid model, ions were assumed to be stationary and collisions and
electron thermal motions were neglected. In this chapter we inves-
tigate expected wave behavior when these simplifying assumptions
are relaxed: we will examine the effects of collisions, ion motion,
and finite temperature, and how the previously derived modes are
modified. We will show that collisions can be treated as a relatively
straightforward correction factor to cold-plasma wave modes. On
the other hand, for low-frequency phenomena where ion motions
are included, the plasma behavior approaches that of a single fluid
and new wave types are possible, appropriately called hydromag-
netic or MHD waves. Likewise, it will be shown that finite temper-
ature changes the fundamental stationary plasma oscillations into
propagating waves.

11.2 Effects of collisions

210

We mentioned in Chapter 9 that collisions can be taken into account
in a straightforward manner, simply by including the frictional
damping term in the momentum equation. While the analysis in
Chapter 9 was for non-magnetized plasmas, the same procedure can
be used for magnetized plasmas. The time-harmonic momentum
equation (9.10b) becomes

JomNou = g No(E 4+ u x Bg) — mNyvu
jwm (1l — jv/w)u = q(E +u x By), (11.1)
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where v is the collision frequency. The effect of the collisional drag
term is thus to replace the particle mass m by mey = m(1 — jv/w).
If the simple substitution of m — m(l — jv/w) is made in any of
the equations derived so far, the appropriate collisional form is
obtained. In general, this substitution will make all of the refractive
indices complex, leading to complex values of the wave number
k = k. — jk; and to corresponding wave solutions of the type

ej(wf*krr‘i’jkir) — efkl'rej(wtikrr), (1 12)

that is, exponential decay with distance, as one would expect as a
consequence of collisional losses. As an example, consider the RH
mode for parallel propagation in the absence of ion motion. Making
the substitution m, — m.(1 — jv/w) in (10.25) we find

o
Mzzkzczzl_ 1—jv/c - a)?)
w? we w(w— we — jv)
olw— ———
1—jv/c

(11.3)

We note that collisions are most effective near cyclotron resonance
(i.e., when w >~ w,, so that the jv term in the denominator is dom-
inant). They are also effective near the cutoff region (i.e., v >~ wr);
in fact, it can be shown that collisional damping is always strong
when the group velocity is low. In general, the Appleton—Hartree
refractive index expression, including the effect of collisions, is

given by

2,2
2 (wp/@?)

= v w?sin? 0
1—j—+ £

¢ w?sin® 0 ? w? v
N — w2 — i + | e = cos? 6
(0? — w2 — jwv) |:2(w2 iy —jcuv)i| + 2

(11.4)

11.3 Effects of positive ions

To include the effects of positive ions, we follow the same procedure
that we followed in deriving (10.14), (10.17), and (10.18), except that
the current J is now a summation of the currents of electrons and
of ions. For simplicity, we consider a two-fluid plasma, consisting
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of electrons and protons (i.e., ¢; = —¢q.). The definitions of the
component permittivities given in (10.15) are modified additively,
so that we have

2 2
w w? .
er=1—-| 55+ (11.5a)
™ — W, wz_a)ci
2 2
Wee Whe (wci> Wi
= () 2 (L) 2 11.5b
€x (a))a)z_a)ge w wz_wgi ( )
2 2
w w .
e =1 _[wf’; — ﬁ} (11.5¢)

We now investigate how these modifications will affect the principal
modes.

11.3.1 Parallel propagation (¢ = 0)

We examine the three modes analogous to (10.22):

(a) The plasma oscillations (¢, = 0) are not affected significantly,

since a)?,i/a)lzw =me/m; K 1.

(b) Concerning the RH polarized wave, we now have

w2

2 pe
i =1— . 11.6
RH (@ + w¢i) (@ — wee) ( )

It is clear that the RH mode will only be modified for frequen-
cies low enough to be comparable to w.;. The upper branch
of the RH mode is thus unaffected, while the lower branch is
modified. For o <« w,;, the refractive index tends to the value

2 2
w c
2 pre
Upy =1+ ~ —, (11.7)
RH WeeWci VA

where vy is the Alfvén speed, defined by

1/2
B (ww) <|(]e|BO \ge| By eome 1 )”2
vA:C 5 g

w2, me  mi  NogZ [no€o
12
Wee (Mg / Wej By
—c Te)  —¢ or —2__ (118
Wpe \ M; W pi v/ o Nomj

where we have assumed the typical situation with vp < c¢. This
wave mode is called the RH polarized shear Alfvén wave. Note
from (11.7) that in this low-frequency range neither the numer-
ator nor the denominator of the expression for u? can go to



Figure 11.1 Effect of positive
ions on wave propagation in a
cold magnetoplasma: parallel
propagation. The low-frequency
end of the RH whistler mode is
modified and a completely new
LH ion-cyclotron wave branch
appears.
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zero, meaning that there are no cutoffs or resonances. This is
not surprising, since the ions are left-handed, while the wave is
right-handed. As we increase the frequency, the RH polarized
shear Alfvén wave changes smoothly into a whistler-mode wave,
with its resonance at w = w... At the low-frequency end, the
RH polarized shear Alfvén wave combines with the new LH
polarized shear Alfvén mode described below and becomes
equivalent to a simple transverse wave propagating in a medium
with a large scalar dielectric constant or very low phase vel-
ocity v, 2 va. The new low-frequency RH branch is shown in
Figure 11.1.

(¢) The LH branch that we found by neglecting the effects of ions is

almost unchanged since it lies above w = wr,, which is typically
much larger than w.;. However, there is now a new branch of
propagation for w < w.; which is called the ion-cyclotron wave or
LH polarized shear Alfvén wave. The general dispersion relation
for the LH wave is

2
a)pe

ply=1- (11.9)

(@ — wei) (@ + wee) '

The low-frequency behavior is identical to that of the RH wave,
as given in (11.7). The fact that the RH and LH shear Alfvén
waves have the same dispersion relation means that, at these
low frequencies, linearly polarized Alfvén waves can exist, and
propagate, without Faraday rotation (see Figure 11.2). It should
be noted, however, that the LH mode clearly has a resonance
at w = w¢;, associated with LH ion-cyclotron motion. The new
low-frequency LH branch is shown in Figure 11.1.

The physical nature of the shear Alfvén waves described above

can be understood as follows. At the lowest frequencies (v <K w¢;)
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Figure 11.2 Qualitative
representation of sound and
MHD waves. Shading represents
areas of density concentration
and rarefaction. In accordance
with the highly conducting fluid
assumption of MHD, these
waves do not have an electric
field.
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(a) Sound waves (b) Shear Alfvén waves

I

(c) Longitudinal sound waves (d) Compressional Alfvén or
magnetosonic waves

A \ B 4 A 4 A

both the electrons and the ions execute E x By drift motion. The
magnetic field lines themselves are frozen into the plasma and move
with it at the same drift speed, vg = E x By /Bg. The circular polar-
ization of the wave electric field means that the field lines twist
like a helix around the z axis, which is why this mode is called
the shear Alfvén wave (or sometimes the torsional wave). The ions
provide the inertia for this wave, causing the field lines to continue to
move circularly, rather than come to rest. One characteristic of such
twisting motion is that V -u = 0, so that there is no compression
nor any pressure perturbations (p1); thus this wave is not affected by
the finite-temperature (or pressure-gradient) term in the momentum
equation.

At frequencies below w.; the traverse shear Alfvén wave is in
fact an MHD wave, where the magnetic field lines behave as elastic
cords under tension. In Section 11.3.4 it will be shown that this
wave behavior can be obtained directly from the MHD single-
fluid equations derived in Chapter 6. The wave motion is a fluc-
tuation between plasma density changes perpendicular to the
magnetic field and magnetic field line tension Bg /0. This wave
behavior is often compared to traverse vibrations of an elastic
string, and is illustrated in Figure 11.2b. Under the frozen-in field
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concept described in Chapter 6, the magnetic field lines act as
mass-loaded springs under tension, vibrating when the conducting
fluid is perturbed.

11.3.2 Perpendicular propagation (¢ = = /2)

As

in the absence of ions, we have ordinary and extraordinary

modes, as described by (10.30), with permittivities as given by (9.8).
We can make the following observations:

()

(b)

The ordinary mode is hardly modified, since € is not signifi-
cantly different. This mode has a cutoff frequency of w = w,,
and is characterized by a wave electric field parallel to By, i.e.,
E x By # 0. With the electric field only moving the ions along
By, the ion dynamics cannot produce any low-frequency effects.
Thus, the ordinary branch shown in Figure 10.3 is unchanged.
For the extraordinary branch, propagation near the upper
hybrid frequency is not significantly affected. However, a new
branch emerges, which has a resonance (¢; = 0) at the lower
hybrid frequency wy, given by

1 1

: +
2 2 2 .
(O Wi + wy; WeeWej

2 2 2 2

WeeWei <a)pi + wci) WeeWei (a)pl. + a)ci>

— Wiy = ~ .
h 2 2 2

a)pi + W, + WeiWee wpi + WeiWee

NS

(11.10)

For w « w.;, this mode has a phase velocity given by the
Alfvén speed. It has associated space charge, and finite k - u, so
that it compresses the plasma, which is why it is often called
a compressional Alfvén wave. Once again, since the plasma is
frozen into the field lines at the low hydromagnetic frequencies
considered here, the magnetic field is also compressed. The wave
propagates across the magnetic field, alternately compressing
and expanding it like the pressure in a sound wave, which is
why this mode is also often called the magnetosonic mode. For
the same reason, we expect this wave to be affected by finite
temperature effects, which we will study in the next section. The
new extraordinary wave branch corresponding to this mode is
shown in Figure 11.3. The basic propagation characteristics of
this MHD wave are shown in Figure 11.2d.
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Figure 11.3 Effect of positive
ions on wave propagation in a
cold magnetoplasma:
perpendicular propagation. The
ordinary mode is not affected
but a completely new
extraordinary magnetosonic
wave (or compressional Alfvén
wave) branch appears.

Figure 11.4 Effect of positive

ions on wave propagation in a
cold magnetoplasma: oblique
propagation.
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11.3.3 Oblique propagation (arbitrary 0)

The precise nature of the dispersion diagrams for oblique propa-
gation depends on the magnitude of w./w.; however, the general
behavior is as shown in Figure 11.4. In the low-frequency limit, i.c.,
o K w;, one branch has phase velocity va at all angles, while the
other, the ion-cyclotron branch, has v, = v cos6.

11.3.4 Hydromagnetic (MHD) waves

The Alfvén waves that we encountered with the inclusion of ion
motions are in fact natural solutions of the magnetohydrodynamic
equations (6.39) and (6.40). Such waves are physically caused by the
magnetic forces discussed in Chapter 6, including the component
of the magnetic force that tends to straighten out curved magnetic
field lines. To the degree that the MHD fluid is perfectly conducting,
the electric field within it is zero, so that the wave action (i.e., the
generation of one quantity by the other and vice versa) in such waves
is between the fluid velocity up, and the magnetic field B rather than
between electric field E and B;. Consider an unbounded conductive



11.3 Effects of positive ions 217

fluid embedded in a homogeneous magnetic field of magnitude By.
If we disturb this fluid by moving a column in a given direction with
velocity u, currents arise in order to set up the charge distribution
necessary to maintain a zero electric field. These currents interact
with the magnetic field and produce forces which impede the motion
of the column but also move adjacent layers, thus leading to wave
motion. We now show that these waves can be directly obtained
from the MHD equations (6.39) and (6.40).
Using (6.42) in (6.40) we have

du B? 1
pm—— =—-V|p+—|+—@B -V)B
at 210 "o

+—(By-V)B;, (IL11)
210 0

B 2
p+(BO+Bl)j| 1

linearized form

while from (6.39), for the case when flow dominates (nearly infinite
conductivity), we have

oB oB
E:Vx(umxB) — 8—t1=Vx(umxBo). (11.12)

linearized form

For simplicity, we will consider incompressible fluids,' with

d,
Viay =0 — %20 —  pm = pmo = constant. (11.13)

We can now expand (11.12) using a vector identity:
V x (uy x B) = (By - V)up
— (un-V)By +un(V-Bp)—By (V-up)
———— ——— ——

=0 (By = constant) =0 =0 from (11.13)
(11.14)
We thus have
B
8_[‘ = (By - V)up. (11.15)

Without further discussion, the potential for hydromagnetic wave
action can be seen by inspection of (11.11) and (11.15), where we see

Inclusion of compressibility complicates matters only slightly, since it can be shown that
hydromagnetic plane-wave equations for compressible fluids conveniently split into parts
that are parallel and perpendicular to B, the latter representing transverse Alfvén waves
while the former represents ordinary sound waves.
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that the time derivatives of the two quantities B; and uy, are related
to spatial derivatives of one another, very similar to (for example)
Maxwell’s equations, in which the time derivatives of electric and
magnetic fields are related to the spatial derivatives (in that case
curls) of one another. To proceed further, we select our coordinate
system so that (as before) By = z By, and seek uniform plane waves
propagating along By, i.e.,

ej(wlfkl‘) — ej(a)tsz)’ (1116)
where k = |k|. Note that by definition (i.e., for a uniform plane

wave) we have 9/dx = 0 and 9/9y = 0, so that (11.11) and (11.15)
reduce to

dum 9 (By + B)? 1 9B
— =g = |+ —B— 11.17
fmo at g az |:p+ 2140 :| + ;,L()BO dz ( )
— = B—=. 11.18
ot 0 0z ( )

Noting the divergence-free nature of both the magnetic field and
the fluid velocity (11.13), we must have

0um 0B

=0 and =0, (11.19)
az a9z

indicating that both of these quantities are uniform in space. Since
we are looking for wave-like solutions, we can take both of these
to be zero, i.e., uy- = 0 and By, = 0. Re-examination of (11.17)
indicates that the left-hand term and the second term on the right-
hand side do not have any components in the z direction, so that we
must have

9 (By + B)?
i = 7 |=o.
dz |:p + 20 :|

Our linearized equations (11.17) and (11.18) can now be written as

3llm Bo 3B1

_ (11.20)
ot Pmopo 0z

0B oty

— = By ——. 11.21
dt 0752 (11.21)

Combining after differentiation, we obtain wave equations which
can be contrasted with similar equations for uniform plane electro-
magnetic waves propagating in the z direction:
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28 1 9%E 92 B2 92
= m_ 20 _"fm (11.22)
ot ue 0z ot Pmopo 0z
PH 1 *H 9’B B> 3’B
R _L9A Lo S 00 (11.23)
at pe 9z at Pmopo 0z
1 B JI0PmO
vy . k=wJuE  va=-——r kA:M,
NG JE0Pm0 By
(11.24)

where € and 7 are respectively the total electric and total magnetic
fields. We see that hydromagnetic waves propagating along By are
very similar to uniform plane electromagnetic waves (also known
as transverse electromagnetic or TEM waves), with a phase velocity
independent of frequency and given by

B
Alfvén speed |vpq = ——2 | (11.25)

A/ H0LPm0

which, of course, is identical to the Alfvén speed for shear Alfvén
waves as given in (11.8). These hydromagnetic waves are indeed
one and the same with the shear Alfvén waves that we found in
Section 11.3 by taking the limit of the more general refractive index
for w <« w;. Note that there is no electric field for these waves, since
the electric field within the highly conducting fluid is nearly zero.
The wave action arises from a give-and-take between B; and up,,
rather than that between £ and H for an electromagnetic wave
(see Figure 11.2). Note that these waves are transverse, just like
TEM waves, since By and uy, do not have z components (see
(11.19)). However, it is clear from (11.20) (or (11.21)) that B; and
un are polarized in the same direction, as opposed to £ and #H
for TEM waves, which are perpendicular to one another. Note,
however, that the current J is perpendicular to both By and k, since
we have

| .
VxB =—J — kxB =21 (11.26)
Mo 240

Noting that both B; and k have the form given in (11.16), we can
rewrite (11.20) as

oB1 = Bykuym  — By = /100mo Um, (11.27)

which is indeed similar to |H| = [«//€]|€], so that the quantity
J/I0pmo may be loosely viewed as the intrinsic “impedance” of the
hydromagnetic fluid for shear (longitudinal) Alfvén waves.
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The above analysis assumes that the conductivity of the plasma
fluid is infinite, so that the (oo) ~' V2B term in (6.39) can be left out
of (11.12). The inclusion of finite but very large conductivity leads to
damping of the Alfvén waves, as would be expected. One interesting
difference between TEM waves and hydromagnetic waves is that
higher conductivity means less damping for the latter, while TEM
waves in a good conductor attenuate exponentially with distance in
accordance with a skin depth of § = (ugow)~1/2.

11.4 Effects of temperature

Following up on our general discussions in Chapter 9, finite tem-
perature effects can be included by using the pressure-gradient term
in the momentum equation. The relevant time-harmonic equations
are (9.10b) and (9.10c), repeated here:

Nom jou = gNy(E +u x By) — Vp (11.28a)
p1 = yksTNi; (11.28b)
substituting (11.28b) in (11.28a) and rearranging gives

yksTo
Nom

Jou+ VN = %(E+uxBo), (11.29)
valid, as before, for each plasma species. We do not expect cold-
plasma modes with zero space charge (N; = 0) to be greatly affected
by the inclusion of temperature and shall therefore concentrate on
the modes that are effectively longitudinal (i.e., k|| E). We consider
only the principal modes, to determine how they are modified and
whether there are any new branches of propagation.

11.4.1 Parallel propagation (¢ = 0)

The only longitudinal mode is plasma oscillations with E || By,
given by €, = 0. We see from (11.29) that the equation of motion
does not couple motions perpendicular to By. The z component for
electrons is given by

2 , kg T,
Jous + 22 (—jkN) = Lo = [TEBZ (1130
Ny M, Me

where ¢ is the speed of sound waves in the electron gas at tem-
perature 7,. This is identical to the equation of motion (9.14)




Figure 11.5 Effects of
temperature. (a) Parallel
propagation. (b) Perpendicular
propagation. Both diagrams are
for longitudinal waves (k || E)
and should not be confused with
the dispersion diagrams for
transverse waves (k_LE).
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for plasma oscillations in a cold plasma if we make the substi-
tution m, — m, (1 — k*c2,/w?). Thus, the modified expression for
€ = 0 iS

2
Whe

a=1l--—5—73
se

=0, (11.31)

which can be rearranged to give the dispersion relation
o’ = a)f,e o w%e (1 + )/ekz)»lz)). (11.32)

This is identical to (9.31) from Chapter 9, with Ap being the Debye
length. We thus see that the solutions for a non-magnetized plasma
obtained in Chapter 9 are simply special cases of the more gen-
eral magnetized-plasma case. This dispersion relation is plotted in
Figure 11.5a, showing how the plasma oscillations branch is modi-
fied for finite temperature. Note that the asymptotic phase velocity
at w — 00 1s v, = w/k = ¢5. Also note that the inclusion of finite
temperature effects makes the propagation k-dependent, and that
the group velocity is no longer zero. For a cold plasma, it was men-
tioned in Section 11.3 that inclusion of positive-ion motions had no
significant effect on the plasma oscillations. However, we know from
our discussions that finite temperature allows ions to communicate
with one another, leading to low-frequency ion acoustic waves. This
wave mode is a new branch that is brought about by finite temper-
ature. As before, the dispersion relation for the case which includes
ion motions can be obtained by simple additive modification of that
for the electron-only case. We thus have

a)2 0)2-
e|=1—|: L +2_1” . (11.33)

w? -k, o




222

Effects of collisions, ions, and finite temperature

Setting the above equal to zero gives two solutions, the first of which
is (11.32), slightly modified because of the ions. The second solution,
valid for ¢2, > ¢ and at much lower frequencies, is

w? w?, w* K22 + ot K2
1 pe pi 0 or 2 pi se pe si

2,2 2 2

kecs,  w? — k¢ Wphe

(11.34)

This branch is plotted in Figure 11.5a. We note that there is a reso-
nance at w = w,;, and a constant phase velocity, at low frequencies
(or small k), of

w w?)icsze + a)%?ecfi yks(T. + 1))
Vg = — ~ ,  (11.35)
k a)%e m;

which is identical to (9.32). Since this behavior is qualitatively simi-
lar to sound waves in an isothermal gas, these waves are referred to
as ion sound waves or ion acoustic waves (see Figure 11.2a).

11.4.2 Perpendicular propagation (¢ = n /2)

The only branch that exhibits space-charge effects is the extra-
ordinary branch near the upper hybrid frequency. The version of
€, modified as a result of finite temperature is

w2

el =1- e =0, (11.36)
w2 - kzcge - <a)ge + a)?)e)

so that the dispersion relation for this branch becomes
2 2 2 2.
W = <pr, + a)) + R (11.37)

this is sketched in Figure 11.5b. Inclusion of ion motions for perpen-
dicular propagation becomes complicated and needs to be studied
separately for different plasma regimes. One important result is that
the compressional Alfvén wave (i.e., the magnetosonic wave), which
has space charge associated with it, has its phase velocity modified

from va to ,/vi + v2, where vy is given by (11.35):

Finite-temperature B \/272
magnetosonic speed Um =/ VUx V5 | (11.38)
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In this chapter we examined the effects of collisions, positive ions,
and finite temperature on waves in magnetized plasmas. The effect
of collisions can be handled in a straightforward way by defining
an effective particle mass meg = m(1 — jv/w) that can be directly
substituted into previously derived equations for collisionless cold-
plasma wave modes. The inclusion of ions leads to new wave modes
at low frequencies near and below the ion-cyclotron frequency.
In the low-frequency limit, v < w¢;, the two-fluid plasma treatment
with ion motion yields the same results as that derived from the
single-fluid MHD equations. In such MHD waves the wave action
is a give-and-take between the background magnetic field and the
conducting fluid motion, instead of between electric and magnetic
fields as in electromagnetic waves.

11-1. It has been proposed that a solar power station be built in
space with huge panels of solar cells collecting sunlight con-
tinuously and transmitting the power to Earth in a microwave
beam at 30 cm wavelength. However, losses in the microwave
beam as it passes through the ionosphere are likely to be
problematic. Treating the ionosphere as a weakly ionized gas
with constant electron—neutral collision frequency, what frac-
tion of the beam power would be lost in traversing 100 km
of plasma with N, = 10! m—3 and N, = 10!1® m—3? Assume
the Earth’s magnetic field intensity at the altitudes of interest
to be ~50 uT. Also assume an electron temperature of 7, =~
3.5 x 103 K and an electron—neutral collision cross-section of
Oen =~ 10712 m2. State all other assumptions.

11-2. Derive an expression for Faraday rotation for electromagnetic
waves propagating parallel to the static magnetic field at fre-
quencies below the ion-cyclotron frequency. Use the derived
expression to determine the distance which a 1 Hz wave needs
to travel in order for the electric field to rotate by 7 /6 radians
if the plasma parameters are f, = 1 MHz and f., = 100 kHz.

11-3. Calculate the attenuation in dB km™! of a RH circularly
polarized “whistler-mode” wave at high latitudes in the
Earth’s ionosphere. Assume that the wave propagates parallel
to the Earth’s magnetic field, which is here close to vertical.
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11-6.

The strength of the geomagnetic field at this altitude is 50 uT,
the electron density is 10° m~3, and the electron—neutral
collision frequency is 10 MHz.

. Calculate the speed of a shear Alfvén wave for interstellar

space, where the electron density is N, = 107 m—3, and for
a magnetic field of B=10""T.

. Acoustic sound waves like those shown in Figure 11.2a obey

the adiabatic equation of state between pressure and density,
such that

Vp=ykgTVN = vsszN,

where p, m, and T are assumed to be bulk “total” quanti-
ties. For magnetosonic waves the total pressure is given by
p+ Bg/ (2140). Use the adiabatic relationship between total
pressure and density to show that the propagation speed for

magnetosonic waves at finite temperature is vy = ,/ v/i + 2,
as given in Equation (11.38).

An ambitious but naive student claims to be be able to con-
struct a simple communication system that can transfer infor-
mation faster than the speed of light. The student proposes
extending a tight rope (or solid bar) over many hundreds of
miles. When a person at one end tugs the bar or rope, the
receiver on the other end will instantaneously feel the tug
and register the communication signal with no delay. Explain
why the student’s logic is flawed and find the actual speed of
communication for such a system as a fraction of the speed of
light. Make reasonable assumptions about the material used
for the rope or bar.
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12.1 Introduction

Waves in hot plasmas

| Plasma phenomena

i

Single-particle Distribution Boltzmann
motion function equation

Moments of Boltzmann
equation

Single fluid . .
(MHD) Multiple fluids

Up to now, we have primarily been working with fluid equations,
derived by taking the first two moments of the Boltzmann equation.
All of our analysis of plasma wave phenomena in Chapters 9-11
was based on either the cold- or the warm-plasma approxima-
tions, sometimes with collisions also included. However, in the most
general cases when the plasmas cannot be adequately described by
moments and equations of state, it is necessary to solve Maxwell’s
equations simultaneously with the Boltzmann equation. Plasmas
that are far from an equilibrium state are called “hot” plasmas, the
simplest examples of which are beams. While there is some disagree-
ment among plasma researchers about which specific conditions
deserve to be denoted as “hot,” the preceding definition is the sim-
plest and most fundamental. In this context, we reiterate that in this
text we consider cold plasmas to be those for which the temperature

225



226

Waves in hot plasmas

is strictly zero, and warm plasmas to have non-zero temperatures
but still be treatable with a finite number of moment equations.

In this chapter we provide a preliminary discussion of waves
in collisionless hot plasmas, which means that we can replace the
equation of motion (which was used in previous chapters to relate
the E field to the fluid velocity u) by the Vlasov equation. This type
of analysis is sometimes called the Vlasov theory of plasma waves
and involves working directly with the velocity distribution function
and the Boltzmann equation.

12.2 Waves in a hot isotropic plasma

We consider an unbounded homogeneous plasma and ignore the
motions of the ions (i.e., we focus our attention on reasonably high-
frequency phenomena), although the ions do provide necessary pos-
itive neutralizing background. With Ny being the ambient density
of the ions, and with an equilibrium density of electrons, we start by
noting that the electrons are characterized by an initial equilibrium
velocity distribution function fy(v), which is not dependent on time
(equilibrium) nor on position (homogeneous). Initially, the electric
charge and current densities, and thus the macroscopic electric field,
are assumed to be zero. We first consider an isotropic plasma, with
no external magnetostatic field (i.e., By = 0). At time ¢t =0, we
assume that the plasma is slightly perturbed from its equilibrium
state so that at later times # > 0 the electrons are characterized by a
modified distribution function f'(r, v, f) given by

S, v, 0)= fom) + filx,v, 1), (12.1)

where f; is always small compared to fy (ie, |fi| < fo) and
fi(r,v, 1) =0 for ¢ < 0. Because of this perturbation, non-zero
electric charge and current densities arise which in turn give
rise to macroscopic electric and magnetic fields. The perturbation
fi(r,v, ) and the associated electromagnetic fields may decay in
time (with characteristic decay times and natural frequencies), in
which case the original state of the equilibrium is said to be stable.
Alternatively, it is possible that the perturbation and the associated
fields may increase in time, with characteristic growth rates, until
a new state of equilibrium is reached, or even indefinitely in time,
in which case the plasma is said to be unstable. As before, we will
seek time-harmonic plane-wave solutions for which the perturba-
tion quantities can vary as

el (@i=kD (12.2)
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but we will allow the frequency w to be complex, to represent the
decay of perturbations (w has a small negative imaginary part) or
growth of the wave in time (w has small positive imaginary part). To
start with, we note that the velocity distribution function f(r, v, t)
must satisfy the Vlasov equation:

of
at me
Note that E, B, and f| are perturbation quantities, and neglecting
second-order terms we have the linearized Vlasov equation:

N
at
Assuming that the equilibrium distribution function fy is isotropic,

its velocity-space gradient (i.e., Vy fp) is in the direction of velocity
l .
v, i.e.,

(12.3)

+(v- V)f+ (E+va) Vofo=0. (12.4)

_v dfo(V)
va( ) - dv

(12.5)

so that we have
[vxB]-Vyfo=0, (12.6)

indicating that, in the linear regime, the wave magnetic field has no
effect on the particle distribution. The final form of the linearized
Vlasov equation is thus

M v+ g v, fy =0, (12.7)
o1 e

Note that the electric field E is a first-order perturbation quantity
and can be calculated from f1 with the help of Poisson’s equation:

2 E_ = /fld3 (12.8)

To see this, consider each component, e.g.,

) /M) v g dfy()

vy dv vy v odv
—_———

chain rule

noting that v = (v% + v S+ v ) so that

1
W (2, 2 2)*2 Ux

== (v vy + v 2vy) = —,
Son 2(x+)+_ (Quy) = —

the same being true for the other velocity components. Note that (12.5) is only valid for
an isotropic distribution.
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where we have noted that the perturbation charge density is
given by

,0(1‘, Z) = quO + CIe / f’(r’ Va t)d3U = Qe / fi(rv V, l)d3v' (129)

Similarly the perturbation current density is given by

Jr, 1) = qe/vfl(r, v, 1) dv. (12.10)

Note that, since the equilibrium distribution function fy is known
(in most cases it is a Maxwellian distribution for a given tempera-
ture), Equations (12.7) and (12.8) are fully sufficient to determine
the two unknowns E and f;. We now look for perturbation solu-
tions of the form (12.2) so that all quantities (E, fi, etc.) vary in this
manner. The linearized Vlasov equation then becomes

Jofit) — jk Vi) + %E Vefo =0,  (12.11)

from which we can write the perturbed distribution function as

fi=—dt _deg. g, (12.12)
w—k-vm,

which describes the dependence of fi; on the electric field E. The
notable aspects of this dependence are the critical role played by the
velocity-space gradients of the unperturbed distribution function
fo and the denominator, which shows the potential for resonance
effects, to be discussed later. We also note that Poisson’s equation
(12.8) can be rewritten using (12.2) as

jk-Ezﬁfﬁd%. (12.13)
€0 Ju

12.2.1 Longitudinal waves (k || E)

We now exclusively consider longitudinal plasma waves with k || E,
so that k x E = 0, indicating that B = 0, so that the waves consid-
ered are electrostatic. Integrating (12.12) over velocity space and
noting that E = (k/ k) E, we have

- E V.
/ﬁd3v=jq—‘—k-/ o 3, (12.14)
v me k v Cl)—k'V
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Using (12.13) in (12.14) we have

Longitudinal

2

) 1 \V/

wave dispersion |1+ Qe _ . v/o v=0] (12.15)
. meeo k2 o —k-v

relation v

For a given fy(v), Equation (12.15) is a function of k and w, i.e., a
dispersion relation relating the wave number to the wave frequency.
Unfortunately, the denominator of the integrand appears to vanish
for certain values of v, so that the integral is not well defined. Choos-
ing, for example, a real value of k, this equation may yield different
values of w, unless a prescription is given as to how to integrate
around the pole. Note that, physically, this difficulty is caused by
electrons moving with exactly the phase velocity of the wave, since
for those electrons we have k-v = w. In general, it is necessary to
reformulate our approach from a search for normal-mode solutions
of the type given in (12.2) to an initial-value problem which might
be solved using Laplace transform methods and contour integration
in the complex plane. In this text, we will be largely content with dis-
cussing the results of such an analysis, which indicates that plasma
oscillations in a Maxwellian plasma are damped.

We can first examine the dispersion relation (12.15) to see whether
the results we obtained in previous chapters are borne out by this
more general solution. For this purpose, it is useful to rewrite (12.15)
by choosing our coordinate system so that the z axis is aligned with
the electric field E (which is aligned with k and J). Thus, for a non-
trivial solution we must have

/ af‘)/a” dv-dv,dvy = 0. (12.16)
eomek

Consider, for example, a cold plasma, for which we have
Jo(v) = Nod(v) = Nod(vyx)8(vy)8(vz). (12.17)
At this point, it is useful to note that

a( fo >= fo/ov: ke o

v, \w —k-v o—kv (w—kv)?

. (12.18)

derivative of f; times (w—k-v)~!

where we have simply applied the rule of differentiation for the
product of two functions, noting that k-v = kyvy + kyvy, + k-v. so
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that d(k-v)/dv. = k.. If we now integrate (12.18) with respect to v.
from —oo to +o00, we have

[ (e L [
oo 0V \w —k-v o Lo—kv (0—k-v)?

[a< fo )r _/OO [afo/avz+ k- fo }dv
v \w—k-v Uz:foo_ o lo—kv  (w—kv2]| "

o0 o
O=/ 0fo/dv: dvz—i-/ Adv

oo @ — K-V coo (—kW)2 T

dv

z

B foo 3fo/dv-

) w—kev
® ks
+ / ~—f6dvz,

oo (@ —k-V)2

where the left-hand side evaluates out to zero, both because fy tends
to zero (e.g., a Maxwellian distribution) and because kv. tends to
+o00 at v, = +00. We thus have

[ ofo/ov: [ kfo

oo w — kv oo (@ —KkW)2 7

and can rewrite (12.16) as

2
q; Jo(v)
1— dv.dv,dvy. 12.19

eome/v(a)—k-v)2 VzAyavx ( )

Substituting (12.17) for fy, and noting that ffoooé({)dg‘ =1, we
then have

Nog?

1 —
€0Mew?

=0 — o=wp, (12.20)
showing that the Vlasov theory fully reproduces the result we previ-
ously obtained using cold-plasma theory.

As the next step, we introduce an electron temperature low enough
so that no electrons can be found to travel above a certain speed. In
other words, a cutoff is introduced in the function fy(v) at a max-
imum speed vmax. In this case, for sufficiently small wave numbers
such that w/k > vmax, the integrand in the dispersion relation is well
behaved. Once again we find it convenient to use (12.19) and expand
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itin (k-v)/w (appropriate since we want an approximation valid for
small values of k) to find

2 k- k-v\?
| = 4o 2/[1+2(—V)+3<—V) +---}fo(V)d3v-
meegw= J, w w

(12.21)

Each of the terms on the right can be evaluated for a given
distribution function. The first term yields Ny, so that the result in
(12.20) is recovered. For an isotropic distribution, the integral with
the second term vanishes. Assuming an isotropic distribution and
retaining only the first three terms of (12.21) we find

o3 [ ((kev))?
1:0)—*; 1+3

p

21 2,2
:% 1+k<v>i| — [a)z]z—a)za)z—w;kz(vz)zo.
(12.22)

This is a quadratic equation in w?, the solution of which is

12
a)i + [a);‘) + 4w%)k2(v2)]

2
b b 2, 2 1/2

w w 4k~ (v
=7”i7”[1+ <2 q ~ w5 + (V) K, (12.23)

@p

2
1+2k20j;2)_% kzagz)] o
P 14

~0

where we have assumed that &% (v?) < wf) and used the “+” in the
“+” to find the solution corresponding to electron plasma waves.
Note that the choice of the “—” solution will give the dispersion
relation valid for frequencies in the vicinity of @ ;. For a Maxwellian
plasma with an electron temperature 7, we have

ks T,
o = o) + TR = )+ K, (12.24)
e

which is identical to (11.32) and (9.31), obtained earlier for warm-
plasma electron acoustic waves. Thus, we see once again that the
Vlasov formulation fully entails what we previously found with our
cold- and warm-plasma approximations. The phase velocity of these
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waves is very large, since we obtained the result by restricting to
small values of k. This is necessary so that there are no particles
in the perturbed distribution which travel with speeds close to the
wave phase velocity, thus ensuring that the integrand in (12.15) is
well behaved. Note, however, that the group velocity for these waves,
given by

do  ykpT, k Utzh

=, 12.25
Ve = dk — me @ vy ( )

is much smaller than the thermal speed. Thus, the velocity with
which perturbations propagate (i.e., vy) is quite small.

As before, it is useful to express the effects of the plasma as an effec-
tive permittivity for the plasma medium. For this purpose, we note
that the electric displacement D, the volume polarization density P,
and the relative dielectric permittivity are related by

D = ¢)E + P = €769 E. (12.26)
Taking the divergence of (12.26) we find
V-P
=1 . 12.27
€eff + V- E ( )

The polarization density P is produced as the response of the plasma
to the applied field. It is related to volume polarization charge
density by

V-P=—pp.

However, since the plasma has no net free charge under equilibrium
conditions, the polarization charge density is simply the local charge
density associated with the waves, i.e., p in (12.8). Using (12.8) and
(12.12) we can write

)
p=pp= qe/ﬁd3v _ /4 E/ Ofo/0v: dv-dvydvy. (12.28)

me y o — kv

Substituting this expression for p, in (12.27) and noting that
V-E = —jk-E we find

d/0/0v-
eefr(@, k) =1+ / fo/0v: dv-dvydvy (12.29)
eomek w — kv,

as the basic kinetic expression for the relative dielectric permittivity
of a plasma, for an electrostatic wave with frequency w and wave
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number k. Comparing (12.29) and (12.16), we see that electrostatic
normal modes satisfy the equation

eef(@, k) = 0. (12.30)

The physical interpretation of (12.30) and (12.26) is that although
the normal modes involve non-zero electric field E they produce
no overall electric displacement D in the plasma. This very general
result is entirely equivalent to our earliest result concerning elec-
trostatic plasma oscillations, namely that they were defined by the
relation €, = 0. Thus, the kinetic approach is a powerful extension
of our previous analyses, providing results fully consistent with our
earlier ones. The most striking aspect of kinetic theory, however,
is the fact that it predicts and entails plasma behavior that is not
brought out by the fluid formulations. One of the most important
results is the so-called Landau damping, which is investigated in the
next section.

Consider the effective permittivity derived above (Equation (12.29)):

2 3/0/dv-
eefr(w, k) =1+ 9e / fo/0v: dv-dvydv,.  (12.29)
ecomek J, w — kv

We know that electrostatic normal modes satisfy the relationship
Geff(a)a k) = 07

which is what we evaluated for the cold- and warm-plasma cases
treated in previous sections. In the general case, when the plasma
may have a non-trivial zeroth-order equilibrium distribution which
may contain particles with velocities close to the wave phase veloc-
ity, the integral in (12.29) must be evaluated using complex analysis,
i.e., contour integration in the complex plane. The additional con-
tribution to €. due to the pole at v. = w/k is an imaginary term,’

2
i jmq 90
Le(w, k) = — ¢ dvydvy,, (12.31
]éeff(w ) Eomek2/<avz)vz:w/k ety ( )

which is in addition to the real part €"(w, k), which corresponds
to expressions such as (12.21). In general, the normal modes are
described by

e =€ (0, k) + jez(w, k) = 0. (12.32)
2 The complex integration analysis required to obtain this expression involves application

of the residue theorem and an appropriate choice of integration contour, which is beyond
the scope of this text. Interested readers are pointed to discussions by other authors [1, 2].
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Typically, we can assume that |e_;| < |€"|, so that the wave charac-
teristics are predominantly determined by €" (w, k). Our goal is to
solve (12.32) for w, given the wave number k. we expect that o will
have a real part and a small imaginary part. We can write

w=o+jy. lyl<or. (12.33)
The time dependence of our field solutions then becomes
e/ = el (12.34)

so that a positive value of ¥ would correspond to damping (atten-
uation in time) of the wave that is at frequency w,. We now expand
(12.32) in a Taylor series around @ >~ w,, noting that |eéﬂ| <L |€"):

r . g . ae;ff(wa k)
eei(w, k) = elg(wr, k) + jebg — jy | ——— 4. =0.
Jw =,
(12.35)
Separating the real and imaginary parts of (12.35) we find
e(wr, k) =0, (12.36)

which gives solutions of the type obtained previously for propaga-
tion in a warm plasma, and

) € (or, k)
[aegﬁ(w,k)] '
w=wy

w

(12.37)

Substituting the particular expression for eéﬁ for longitudinal waves
in an isotropic plasma, i.e., (12.31), we find

—mq? 9
e aerﬂi]; 5 /(aﬁ) dvydv,. (12.38)
comek> [—eﬁ i ] v/ ve=o/k
w=wy

w

We note that the sign and magnitude of y are determined by
the velocity-space gradient of fy at v. = w,/k. For a Maxwellian
distribution, the slope of the distribution is always negative, so that
y 1is positive and longitudinal oscillations are necessarily damped.
This phenomenon is known as Landau damping, since it was first
shown by Landau in 1946. Note that this damping is not due to
collisions, but originates physically from the wave—particle inter-
action energy exchange between a wave propagating at a velocity
wy / k and particles traveling at speeds v. >~ w, / k. Since the particles
and wave move together, there is an opportunity for significant
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energy exchange. Particles moving slightly slower than the wave gain
energy and accelerate, while particles moving slightly faster than the
wave lose energy and give it up to the wave. Whether the wave is
damped or amplified will depend on the relative number of slower
and faster particles near the phase velocity, which is described by
the slope of the distribution function at this velocity v. = w,/k,
as mentioned above. For a Maxwellian plasma, with fo(v) as
given in (4.4), the damping rate can be shown (by substitution in
(12.38)) to be

1
_(T\2 32 @p _; 12.39
YMaxwellian — ( 8 ) ¢ (k)\.D)3 P |: 2(k)‘-D)2 :| ’ ( ‘ )

where Ap is the Debye length.

A common analogy with the Landau effect is the interaction of a
surfer riding an ocean wave. To harness wave energy a surfer must
first achieve a velocity close to that of the wave. This “resonance”
or “catching the wave” requirement is the reason surfers begin by
paddling with their hands while laying flat on the board. Once the
surfer and the wave are moving together, the surfer is carried and
accelerated by the wave. The acceleration (and also gravity) make
the surfer actually move ahead of the wave, and surfers can be seen
to make sharp turns to travel across the wave in order to remain
in resonance. In making such a maneuver the surfer actually gives
some kinetic energy back to the water, thus exhibiting both the
damping and amplification aspects of the resonant interaction. Fur-
ther discussion of Landau damping, and its physical interpretation,
are to be found in texts by Schmidt [3] and Stix [1].

12.2.2 Transverse waves

Up to now we have considered kinetic theory (or the Vlasov theory)
of plasma waves applicable to small perturbations of the equilib-
rium distribution of a “hot” plasma. Our starting point was to seek
time-harmonic plane-wave solutions of the form (Equation (12.2))

ol @=k1).

allowing the possibility that the frequency w may be complex, to
represent the decay of perturbations (w has a small negative imag-
inary part) or growth of the wave in time (w has a small positive
imaginary part). We then wrote down the linearized version of the
Vlasov equation (Equation (12.3)):

/i

N v i+ E®rvxB) -V fy=0,
at Me
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which was solved simultaneously with Poisson’s equation in order
to determine the relationship between w and k, i.e., the disper-
sion relation. This was appropriate since we confined our attention
exclusively to longitudinal waves with k || E, so that k x E = 0, but
k - E # 0, making Poisson’s equation the appropriate relationship
with which to relate the electric field and the perturbed distribution
/1. In this section, we consider transverse waves with k LE so that
k-E =0, but k x E #0. As we know from Chapter 9 (Section
9.3.2),in a cold plasma, transverse electromagnetic waves propagate
as long as the wave frequency is above w,, and the dispersion rela-
tion is (Equation (9.22))

2 % _ (1 _ w%e>

K= = w? |
Our starting point in considering transverse waves is the linearized
Vlasov equation (12.3). We retain the magnetic field term in order
to allow for equilibrium distributions f; which may be anisotropic.
In this connection, note once again that (12.5) is only valid for
isotropic distributions. For transverse waves, it is not possible to
use Poisson’s equation as a second equation relating the electric
and magnetic fields to fi, since k - E = 0. Instead, we work with
Maxwell’s equations,

oE
V xB=puod+ ;L()EOE (12.40)
oB
VXE=——. (12.41)
at

Taking the time derivative of (12.40) we have

dB aJ 3’E
VX —=uy— —. 12.42
X 5 = oyt ocoro— (12.42)

Substituting from (12.41) we find

aJ 9°E
Vx (VxE)=V(V-E)— V’E = — 10— — €oi0

~ o1 (124)

Using the assumed time and space dependence of the wave quanti-
ties as given in (12.2), we can split (12.43) into two equations,

aJ 9%E
—KkkE +kkE =0= _“Oa_z” — EOMO?Z“ (12.44)
aJ 92E
PE) = —po—= — eopo—a (12.45)

at a2’
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where we note that we are considering an isotropic plasma with
no static magnetic field, so that the || and L designations refer
simply to the direction of the wave vector k. Equation (12.44) clearly
describes the longitudinal electrostatic oscillations considered in the
previous section, whereas (12.45) describes the transverse waves.
We can select k to be in the z direction (i.e., k = zk) and take the
perpendicular electric field to be in the x direction, i.e., E; = XE.
Noting that the current J | is then given by

J, = qefvxfld%, (12.46)

and replacing time derivatives with jw, we find

(Fe? —?) E = _j‘f::’ f vy fid?v, (12.47)

where we have dropped the subscript L, so that the electric field
is understood to be the transverse field. Equation (12.47) relates
the electric field to the perturbed distribution function f;. We can
now write the linearized Vlasov equation (12.3) by imposing the
particular solution type we seek, as given by (12.2). We find

j(a)—k-v)fl+§(E+va)-vao=0. (12.48)
e
We can also write (12.41) as

k x E = wB. (12.49)

Substituting (12.49) into (12.48) and expressing the vectors in their
component form (noting that E = XE and that k = zk) we find

e [E—{—a)_lvx(kxE)].vao

N = ]m_e w—Kk-v
_ ;e Bo/0vy+ (KE[0) [v:dfo/9v: — v:0fo/9vd 1) 50
m@ w — kvz

Equation (12.50) describes the dependence of the perturbed particle
distribution on the wave electric field, and is equivalent to (12.12)
for longitudinal waves. Inserting (12.50) into (12.47) eliminates f
and FE and reveals the dispersion relation:

Transverse wave
dispersion 2 = o — 9 / (@ — kv)vedfo/dvs kv2dfo/dv- 2ol
relation me€o o — kv; ® — kv

(12.51)

If the equilibrium distribution does not have particles traveling at
speeds close to the phase velocity of the wave, (12.51) provides real
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solutions (real values of ) for any given real k, as longas w > w,,. In
fact, the cold-plasma dispersion relation of (9.22) can be obtained
from (12.51) by simply adopting a cold-plasma distribution as given
by (12.17). For this purpose, we can follow the same procedure that
we did for longitudinal waves, i.e., first integrate (12.51) by parts
and then substitute fo(v) = Npd(V) = Nod(vx)8(vy)8(v2). If fo(v)
contains particles traveling with velocity v. = w/k, the integrand
diverges and we have the same type of problem as we had for
longitudinal waves. In principle, a solution along the same lines
can be sought, and we might expect Landau damping of the waves.
However, this problem is much less serious for the transverse wave
than for the longitudinal wave. From our cold-plasma analysis
of the transverse mode, and directly from (9.22), we know that
the phase velocity for the transverse mode is v, = w/k > ¢. Most
typical plasmas will not have an appreciable number of particles at
velocities near ¢, and in fact the theory of relativity bounds v; by c.
However, resonant particles propagating near the phase velocity
of the wave are not the only possible source of wave growth or
damping, i.e., of complex frequency w with a small imaginary part.
Instabilities of the transverse mode can be caused by a large class of
non-thermal distribution functions. To study such instabilities, we
need to solve for w from (12.51) for given real k. For this purpose,
and as was done for the longitudinal wave (see (12.18)), it is useful
to integrate (12.51) by parts to find

2k? v2 fod?v
R = ? — o2 — e xJo4Y 12.52
CT T e ] (@ —ky? (1232

Consider, for example, an anisotropic distribution function

So(v) = 8(u)e(x, y), (12.53)

where ¢(x, y) is an arbitrary function. Substituting (12.53) in
(12.52) gives the dispersion relation:

wz—a)?) |:1+%:| = I2¢?
ot — <k202 + wi) w? — IPw? <v%> =0
- W= % {kzc2 + a)?, + |:(k262 + w%,)z + 4k2a)§, <vi>i|l/2}
(12.54)

We see that one of the roots is always negative for all values of
k, so that the corresponding values of @ represent exponentially
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growing solutions. In general, these unstable transverse waves occur
when the velocity distribution fy is anisotropic. If the distribution
is smeared out in v., only a limited set of k values leads to growing
waves. When the square average of the velocity v. approaches the
square average of the velocity vy, the instability disappears, as the
plasma becomes isotropic.

12.2.3 The two-stream instability

A particularly good example of wave growth (instability) which
occurs for non-Maxwellian equilibrium velocity distributions is the
case of two interpenetrating particle streams, either two oppositely
directed electron beams or an electron beam moving through a
stationary background of ions. To illustrate this instability, consider
the dispersion relation for longitudinal modes in a non-magnetized
plasma, i.e., Equation (12.16), repeated here:

q? /MWw
v

1
+ eomek J, o — kv,

dv.dvydvy =0, (12.55)

or its alternative form,

l_qS/w Jov)

€ome J oo (0 — kv:)?

dv.dvydv, = 0. (12.56)

For simplicity, let us assume two identical but oppositely directed
cold electron streams with velocities +vg. We can express such a
distribution as

JoW) = fo(vx, vy, v2) = %NO[(S(UZ —vp) + 8(vz + v0)18 (V)3 (vy).
(12.57)
Substituting (12.57) in (12.56) we find

D(w, k) =1 ! w% w% 0 12.58
@O=1"3 ok ork | T 2

The function D(w, k) is plotted versus w in Figure 12.1. In gen-
eral, the function is a quartic and always has four roots in w
(for given k). For short waves, |k| > «/i(a),,/vo), illustrated in
Figure 12.1 as Case A, there are four real roots (wi, w2, w3, w4)
so that the solutions are purely oscillatory. For long waves, |k| <
«/E(a)p /vo), illustrated as Case B in Figure 12.1, there are only
two real roots (w1, w4) and two complex conjugate roots (wy, w3)
one of which must have a negative imaginary part and must thus
lead to wave growth or instability. The condition for instability
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Figure 12.1 The roots of the Case A
dispersion relation for the D(w, k)
two-stream instability. A
[ :I —kv, 0 a)l = kvo
| |
\ [ |
4 T
O N @] @y o
I
! |
! |
! I
! I
! |
! |
! |
! |
! |
! 1
Case B

is k| < ﬁ(w,, /vo). It can be shown that the maximum growth
rate 1S @,/2 (see Problem 12-1 at the end of this chapter). The
phenomenon of exponentially growing oscillations in two streams
in relative motion is known as the two-stream instability. This insta-
bility prevents two oppositely directed uniform beams of electrons
from passing through each other, even if the electrons are neutral-
ized by a background of ions. The instability produces strong spatial
inhomogeneities, in which electrons are “bunched” together, ulti-
mately causing the energy of the electron beams to be significantly
dissipated into plasma waves.

12.3 Waves in a hot magnetized plasma

In the previous sections of this chapter, we derived the dispersion
relation for non-magnetized hot plasmas by simultaneous solution
of the linearized Vlasov equation and Maxwell’s equations (either
the k - E equation for longitudinal waves or the k x E equation
for transverse waves). For magnetized plasmas, we can basically
follow the same procedure, except that the relationship between
the current density J and the electric field E is now anisotropic.
The equivalent dielectric tensor that was obtained in magnetoionic
theory (i.e., the cold-plasma model) must now be determined from
the Vlasov equation instead of the simple Lorentz force equation
of motion. The solution of the general problem is a difficult task
indeed; accordingly, we restrict our attention to waves propagating
parallel to the static magnetic field, i.e., the case of § = 0. Our
starting point is the Vlasov equation. First, we realize that in the
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absence of any perturbations we have an equilibrium distribution
fo(v) which must satisfy the zeroth-order Vlasov equation,

i)
W0 vV fo+ 2410 4+ v x Bol - Vi fo = 0
ot Mme

040+ (vxBg)-Vyfy=0. (12.59)

Equation (12.59) indicates that the velocity-space gradient of fj
contains no components in the v x By direction. Since this is true for
any velocity vector v, the equilibrium distribution must be constant
on circles defined by v; = constant, so that its dependence on the
two transverse coordinates vy and v, (assuming B = ZB) can be
accounted for by its dependence on the single scalar quantity v; =

\/v2+ v2. Thus, we have
Jo¥) = folvx, vy, v2) = folve, vy. (12.60)

The fact that the equilibrium distribution is only a function of v,
and v, can also be deduced from the facts that these quantities
are constants of particle motion in a uniform magnetic field, and
that, from Section 3.7, any function of the constants of motion is a
solution of the Vlasov equation. With (12.59) in mind, the linearized
Vlasov equation for a magnetized plasma can be written as

3
iJr(v-vr)fl+ﬁ[EJrva]-vvfoJrﬁ(va)-vvfl:0.
8t mg me

(12.61)

Imposing the time-harmonic uniform plane-wave dependence of the
quantities (12.61) reduces this to

kv fi+ R vx Bl Ve fo+ L wx B) -V, fi = 0.
me me
(12.62)
Solving (12.62) together with Maxwell’s equations
k x E=wB
—Jjk x B = pod + jouoek,

while also noting that

J = qe/vfid3v,
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yields the following dispersion relation for parallel propagating
transverse waves (k || By and k LE):

2
vidvy dyy |,

R — ol 4 g2 /00 /OO (w — kv)dfo/dvy + kv dfo/0v
B me€o J—00 JO (0 — kv)) + o

(12.63)

where the upper and lower signs correspond respectively to the
right- and left-hand modes. Integrating the right-hand side by parts
yields the following alternative form:

1
2 — o qe /|: (@ — kvy) n L1 :|f0d3v.

M€ w—kyytow (0—kv+o)?

(12.64)

Note that, for a magnetized plasma, the denominator of the dis-
persion relation diverges if there are resonant particles which feel
the Doppler-shifted wave frequency as the cyclotron frequency in
their coordinate system. In such a case, the integration should be
carried out in the complex plane to bring out the contribution to
the integral from the vicinity of the pole.

As in previous cases, any given equilibrium distribution function
can be substituted into (12.63) or (12.64), to obtain the dispersion
relation between wave number k and frequency w. For isotropic
distributions fp(v), we know that (v x B) - Vy fo = 0, so that the
magnetic field of the wave has no influence on the particle motions
in the linear approximation. In such a case, it can be shown that
all terms in the numerators of (12.63) and (12.64) that contain k
disappear, so that

2
R = o2 — e / © _ hdPu. (12.65)

meey J @ — kv £ o,

In the absence of resonant particles, (12.65) yields a real value of
o for a given value of k. The presence of resonant particles, on the
other hand, leads to damping in a manner quite similar to Landau
damping. Instabilities (i.e., wave growth) in a hot magnetoplasma
can occur as a result of anisotropic particle distributions. To see
this, consider an equilibrium distribution given by

So(v) =8(vpe(vy), (12.66)

where ¢ is any arbitrary function. Substituting (12.66) into (12.64)
we find
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17,2
1p
R o — P 2 2 M) (12.67)

Solving for &2 from (12.67) we find

a)z(a) + a)c)2 — a)%,a)(a) + w.)

Ao+ w)? + 303 (v7)

K =

(12.68)

For k* — oo (i.e., in the vicinity of the resonance at w ~ w.) we have

wp (v1)

22 =0

o’ £ 200 + w? +

or

B 2 (2
i, (v
RH: vw=-w+ w2—(wg—|— p<i)

B 2 7.2\\1/2 w V2
LH: a):—i—a)ci wz_ (wcz_i_wp(vl)) :—i—a)cﬂ:] P (J_>

We find that the wave frequencies for both of the modes have
imaginary parts of both signs, the negative of which leads to wave
growth and instability. We note that growth and instability occur
when the real part of the wave frequency is near w,, i.e., resonance,
as expected based on earlier discussions (e.g., see the discussion at
the end of Section 10.3.1). Note that the presence of such effects
(e.g., damping or growth) was not visible to us within the context
of the cold- and warm-plasma models. We thus see once again the
generality of the Vlasov theory of plasma waves.

Two-stream instability for magnetized plasma
The parallel propagating mode in a magnetized plasma is also
unstable in the presence of currents through the plasma along the
magnetic field, for example in the form of particle beams. Consider
two counterstreaming beams containing particles with charges of
opposite polarity, moving with velocity v. = +vg. Neglecting the
thermal speeds and thus taking the particle distributions to be
delta functions as given in (12.57), and also making the simplifying
assumption that the masses of the positively and negatively charged



244

Waves in hot plasmas

particles are the same (i.e., a);; = w,, and wf = —w, ), we can show
from (12.64) that

k —k
D(w,k)=k2(:2—w2+w§|: @+ kvo —+ @~ i|:0.

w+kvy—w,  ©—kvy— w,

(12.69)

As in the case of the two-stream instability for non-magnetized
plasma, D(w, k) in general has four roots, two of which are always
real, while the other two can be complex, if
2
w, 2k
R (12.70)

c? we — kvg
thus (12.70) is the condition for stability. It can be shown that the
system is always stable if k > w./vy.

12.4 More on collisions in plasmas

Up to now, we have not discussed the effects of collisions on
plasma dynamics in any great detail, although it was under-
stood (Chapter 3) that collisions are the means by which thermal
equilibrium distributions (e.g., Maxwellian) are established and
maintained. We also noted in Chapter 6 that the magnetohydrody-
namic treatment of plasmas implicitly assumes collision-dominated
conditions, and in Chapters 7 and 8 that collisions are the under-
lying facilitating physical process for transport effects in plasmas,
whether that be via resistivity or diffusion.

In studying waves in cold and warm plasmas using fluid theory
(Chapters 9-11), we accounted for collisions in a phenomenological
manner, using a friction term in the momentum equations, with
an effective collision frequency. To include collisional effects in hot
plasmas, we would need to use the Boltzmann equation as our
starting point:

Lrwvars Emevcmvr= () azm

at me at coll
where the term (df/91).on represents the resultant gain or loss of
particles due to interactions between particles. Since collisions occur
between particles that are close to one another, their dynamics is
not likely to be accurately represented by the macroscopic aver-
aged self-consistent fields E and B. In fact, the actual constitution
of the (3f/91)con term can be quite involved, and is substantially
different for various types of collisions, such as electron—electron,
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electron—ion, electron—neutral, etc. Most expressions for (3f/9¢)col
involve integral functionals of f itself, so that (12.71) is actually
an integro-differential equation. Furthermore, the collision term
in the Boltzmann equation for one-plasma species, e.g., electrons,
includes the distribution functions of other species, thus coupling
the Boltzmann equations for different plasma species. Note that
this coupling is in addition to the coupling of the dynamics of
the different charged species via Maxwell’s equations and the
macroscopic fields E and B, the result of collective effects due to
all species.

If the form of (3f/d¢)con is known, the procedure one would
follow in analyzing the plasma dynamics (e.g., waves) is similar to
what we have used up to now. We assume a small perturbation to
be superimposed on an equilibrium distribution, i.e., /' = fo + f1,
where fj satisfies the zeroth-order equation in the absence of any
fields. (Note that this in fact dictates that the fy be a uniform
Maxwellian distribution.) We then consider time-harmonic pertur-
bations for fi, E, and B, and solve for a dispersion relation in
the same manner. Unfortunately, such a solution is prohibitively
complicated for any properly derived form of (3 f/9¢)cor-

Fortunately, though, solution of (12.71) with the collision term
is only warranted under rather unusual circumstances. In studying
high-frequency electromagnetic wave propagation in both natural
and laboratory plasmas, the thermal speed is usually unimportant
since the wave speed is high enough so that the magnetoionic theory,
with the collisions included via the momentum transport equation,
is sufficient. Note that the use of magnetoionic theory amounts to
neglecting the (v- V;) f term in (12.71). For low-frequency, large-
spatial-scale phenomena, collisions may well be dominant so that
a hydrodynamic treatment applies, in which case the left-hand side
of (12.71) is a small perturbation. For rarefied plasmas, collisions
occur seldom enough that the right-hand side is negligible, reducing
(12.71) to the Vlasov equation, so that all of our analyses in previous
sections of this chapter are valid, with the primary features being
Landau damping and cyclotron resonance effects. Circumstances in
which all of the terms in (12.71) are of comparable order arise very
seldom and, when they do, they often do not require results of great
accuracy. In most cases, all that is needed is to interpolate roughly
between hydrodynamic and collisionless regimes to see how features
of one give way to those of another as the collision frequency
is changed. Such analyses are usually facilitated by using simpler
formulas for (3f/d1)¢o1, arranged to have a similar mathematical
form (and order of magnitude) as the real Boltzmann collision
integral. We now discuss one such “model” for the collision term.
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12.4.1 The Krook collision model

The simplest model for the collision term, referred to as the Krook
collision term or the BGK model [4, 5], is

(%) = —verlf = fon). (12.72)
coll

where f, is a suitable Maxwellian distribution and veg is an empir-
ical effective collision frequency which can in general be velocity-
dependent but is usually taken to be a constant. The idea behind
(12.72) is that —ve f represents the rate of loss of particles, due
to collisions, from a differential element of phase space, while
+ver fm Tepresents the corresponding rate of gain of particles as
the end product of collisions. The main approximation involved
in writing (12.72), especially when veg is held constant, is that the
detailed statistics and dynamics of collisions are disregarded. Also
disregarded is the fact that the particle velocity after a collision is
correlated with that before.

The Maxwellian distribution fy, is specified by fixing the density,
mean velocity, and temperature, which depend in some way on f
itself as evaluated at the same point of physical space and at the
same time. Thus, (12.72) represents a purely local effect in which
particles are transferred abruptly across velocity space only, at a rate
vesf- The Krook collision model thus simulates the effect of close
binary collisions in which there is a substantial change in veloc-
ity, particularly applicable for electron—neutral collisions in weakly
ionized plasmas. Thinking of the collisions as a Poisson process,
occurring with probability vegd? in the time interval between ¢ and
t+dt, (12.72) tends to establish a Maxwellian distribution in a time
on the order of a few multiples of ve_ﬁl. When several species are
involved, we can extend (12.72) as follows:

o/’ T
()2l e

where f7 is the distribution function for the ith species, véjﬂ is the
effective collision rate between particles of the ith and jth type, and
/ol is a Maxwellian distribution of the ith species, the parameters
of which are determined by the local values of f* and f7. Note that
£ is known once its density, drift velocity, and temperature, i.c.,
N u/ and T are specified.

To analyze plasma dynamics in the presence of collisions, we need
to use the Krook collision model in the Boltzmann equation which
is to be solved simultaneously with Maxwell’s equations. As before,
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we will look for time-harmonic perturbations. In principle, we must
carry out such an analysis for every species, charged or neutral, with
the equations being coupled through the collision terms. As a simple
illustrative example, we consider the solution of (12.71) only for
electrons, with the positive ions forming a fixed background, and
with the only collisions being those between electrons and neutral
species. For simplicity, we take ( f — fiy) in (12.72) to have the same
density as f, zero mean velocity, and temperature equal to the ambi-
ent temperature. Taking f = fy + fi, where fy is the unperturbed
Maxwellian distribution, we have

N(r, ¢ v
Sm(r, v, 1) = w, (12.74)
No
where N = Ny + N; as before. The net effect of (12.74) is that
electrons lose momentum at a rate Nmvegu per unit volume,
exactly as assumed in cold magnetoionic theory. After linearization

we have
AN _NE D S
<E)COH = —V |:ﬁ (r.V, t) NO i| y (1275)

where, for convenience, we have dropped the subscript “eff” from v.

The first term on the right-hand side of (12.75) is very easy to
incorporate into our earlier analysis of waves in hot plasmas since
it only involves the replacement of angular frequency w by w — jv.
However, it is necessary to solve the full equation since, without the
last term, (12.75) does not conserve particles locally. Solving the full
equation (12.71), with (12.75) as the collision term and for time-
harmonic plane waves, we have

J@—jv—K-Vfi+ v xBo) - Vo fi + LBV, fo
Me Me

N
+ 2w x B) Vo = vt o
Me Ny

=0

J@—jv—Kk-Vfi+ v xBy)- Vo fi + LBV, fo +
M, me

N
- p— 12.76

where the wave magnetic field term reduces to zero since the distri-
bution f is necessarily isotropic, and the velocity-space gradient of
an isotropic distribution is in the direction of v, as shown previously.
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Considering for simplicity a non-magnetized plasma (i.e., By = 0),
we can solve for f] as

: N o,
LRV o+ v fo
M, Ny

fi=

jlw—jv—k-v)

which can then be solved simultaneously with Maxwell’s equations
(i.e., either the jk - E = p/¢p or the k x E = wB equations) in order
to obtain the dispersion relation between k and w. The net effect of
collisions with a stationary background is to introduce collisional
damping, in addition to Landau damping. For longitudinal waves,
plasma oscillations are heavily damped if v is comparable to w;
for transverse waves, the cyclotron resonance effect is lost if v is
comparable to w,.

In this chapter we presented the basic methodology for describing
wave phenomena in hot or non-equilibrium plasmas. It is impor-
tant to note that this is a different approach than that in previous
chapters (9-11), which was built upon the fluid equations (single-
or multiple-fluid versions) as derived from the moments of the
Boltzmann equation and including a truncating equation of state.
Unfortunately, plasmas far from equilibrium are not accurately
described by such bulk averages over the distribution function, and
it becomes necessary to work directly with the unintegrated Boltz-
mann equation and Maxwell’s equations. This approach, called the
Vlasov theory of plasmas, is general and powerful. Wave behavior
is still described by a dispersion relation as before, but this expres-
sion includes an appropriate integral over the distribution function
which can be specified. All the results from previous chapters can be
reproduced by plugging in the appropriate distribution function, as
was shown for the cases of a simple cold or warm plasma.

The power of the Vlasov approach is that for more complicated
distributions it exposes new physical effects that result chiefly from
particles being in resonance with the wave, for example moving at
the wave phase velocity. Wave growth and damping can be accu-
rately described, as integration over the poles of the distribution
leads to complex values of frequency. One of the many remarkable
results is Landau damping, a non-collisional wave attenuation. It
is worth mentioning that, in contrast to many other discoveries
in plasmas (and other fields), Landau damping was first described
theoretically and only later verified by experiment. This triumph of
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applied mathematics is a testament to the versatility of the Vlasov
theory of plasmas.

12-1.

12-2.

12-3.

12-4.

12-5.

Solve the dispersion relation for electrostatic oscillations for
two interpenetrating cold electron streams and show that the
roots of w are either real or imaginary, both coming in + pairs.
At which value of the wave number does the electrostatic two-
stream instability grow fastest? Prove that the growth rate of
the fastest instability is @, /2.

Consider an unmagnetized plasma with a fixed neutralizing
ion background. The one-dimensional electron distribution is
given by

a 1
‘f(‘)(U) = N]?;Uz +Cl2 + Nb8(v - UO),

where Ny = N, + Np and N < N,,. (a) Derive the dispersion
relation for high-frequency longitudinal perturbations. (b) In
the limit ¢ > w/k, show that a solution exists in which the
imaginary part of w is positive, i.e., growing oscillations.

A “bump-on-tail” instability occurs when a Maxwellian
plasma distribution is modified as shown below. Discuss the
implications for wave growth and damping for longitudinal
waves with phase velocities near vpymp.

Jv)

0 vbump

Explain why Landau resonance for longitudinal waves prop-
agating in a Maxwellian plasma always leads to damping and
not to wave growth.

A longitudinal wave is excited in a 10 eV plasma with density
Ny = 2 x 101 m~3. After the excitation is removed the wave
motion is observed to attenuate rapidly by Landau damping.
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Calculate how long it will take the amplitude to fall by a
factor of e.

12-6. Estimate the cyclotron damping that will occur for a RH
polarized 2 kHz wave with frequency in the vicinity of the
cyclotron frequency if the plasma has a temperature of 1 keV

and a density of 10~® m~—3.
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CHAPTER

13.1 Introduction

13.2 Particle flux

The plasma sheath and the
Langmuir probe

Practical plasmas are typically contained in a vacuum chamber of
finite size. When ions and electrons hit the walls, they recombine
and are lost. Since electrons have much higher thermal velocities
than the ions, one may at first expect that they would be lost faster,
leaving the otherwise neutral plasma with a net positive charge.
However, because of this tendency, the plasma develops a positive
potential with respect to the wall, which prevents most of the elec-
trons from reaching the wall. In equilibrium, a potential gradient
arises near the wall so that most of the electrons are reflected back
into the plasma, with the number reaching the wall being equal to
the corresponding number of positive ions reaching the wall. This
potential gradient cannot extend over large sections of the plasma,
since Debye shielding (Chapter 1) confines potential variations in a
plasma to a layer of the order of several Debye lengths in thickness.
This layer of potential gradient, which must exist on all walls with
which the plasma is in contact, is called the sheath. Within the
sheath, charge neutrality is not preserved, not even approximately,
since ¢ ® changes through the sheath by an amount comparable to
kg T In this chapter, we provide a simple treatment of the formation
and structure of the plasma sheath and discuss a simple but very
useful device, called the Langmuir probe, which is commonly used
to measure electron density and temperature.

In applications involving a material body immersed in a plasma, or
in studying the interaction between the walls of a container and a
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plasma, it is desirable to know the flux of particles arising from their
random motions. The particle flux is defined as the number of par-
ticles impinging on unit area of the body per unit time. If the velocity
distribution function is isotropic, the particle flux is independent
of the orientation of the area. We can thus find an expression for
the directed flux in any direction and know that it is the same in
any other direction. Consider, for example, the directed flux in the
+z direction, given by I' = N(v;), where the average is taken over
v: > 0 only. Noting that in spherical coordinates v. = v cos 6, where
v is the particle speed, and recalling the expression (4.4) for the
distribution function for a Maxwellian plasma, we have

3 T
m 5 p2n 0% oo
r.=N
: <2nkBT> fo /ofo !

x cos§ e~/ CkeT) 2 iy Odvdodg

—_——
dvydvydv;
1
1 1 8kp T\ 2
=_N<U>Z_N< B ) , (13.1)
4 4 Tm

where we have noted from Chapter 3 that the average speed for a
Maxwellian distribution is (v) = +/8kg T/ m.

13.3 Sheath characteristics

We begin with a qualitative discussion of the physical mechanism of
the formation of the plasma sheath. If the average energies of the
electrons and ions were equal, i.e., if

%me <v2> - %mi <v,.2>, (13.2)
then the average thermal speed of the electrons would be much
greater, by at least a factor of ~1800. However, in general, the
average thermal energy of the electrons is much larger than that for
the positive ions. The reason for this is that whenever there is an
electric field in the plasma, the electrons are rapidly accelerated and
lose a very small fraction (typically about 2m,/m;) of their energy in
collisions with ions or neutrals. When the electric field is removed,
the electrons and ions should eventually relax to an equilibrium
state in which the electron and ion temperatures (and hence the
average energies) are equal. However, the relaxation time is typically
very long so that the ions are almost never in thermal equilibrium.
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In practical laboratory plasmas, the energy to sustain the plasma is
generally the heating of the electrons by the plasma source, while
the ions are in thermal equilibrium with the background gas. The
electron temperature is then typically a few electron volts, while
the ions can be considered cold. In summary, the thermal speed
of electrons is typically larger than that of the ions, by a factor
much greater than ~+/1800. The particle fluxes impinging on the
container walls are given, from (13.1), by

L= gNelve). Tr = 3 Nifwr). (133)
It is apparent that, initially, the particle flux toward the wall
contributed by the electrons is much greater than that due to the
ions. As this large number of electrons impinges on the wall and
is lost from the plasma, the wall acquires a negative potential with
respect to the plasma. The negative potential works to stop the large
electron current: it repels the electrons while attracting the ions.
Eventually the wall potential acquires a value such that the electron
and ion fluxes are equalized, so that the net current is zero and
the walls, now charged to a floating negative potential, reach a
dynamical equilibrium with the plasma.

We now examine the sheath problem quantitatively by determin-
ing the wall potential ®,,j. For simplicity, we assume a planar or
one-dimensional sheath, assuming the wall to be on the z—y (i.e,
x = 0) plane, bounding the plasma in the region x > 0. Let the
potential distribution near the wall be ®(x), such that

®0) = by, and P(o0) = 0. (13.4)

Assuming that the electrons and ions are in thermal equilibrium
under the action of a conservative electric field E = —V®, and
assuming (for simplicity) that 7, >~ T;, the electron and ion number
densities are given by (1.6), i.e.,

No(x) = Nye 9@/ k) (13.52)

N;(x) = Nye 41 ®@/ D) (13.5b)

Note that these equations were also discussed in Chapter 3 and
represent unperturbed quantities (Ny) multiplied by a Boltzmann
factor resulting from the potential. Also note that, far away from
the wall (x — o0), (13.5) gives N, = N; = Ny, consistent with a
charge-neutral equilibrium plasma. One word of caution is in order
with respect to (13.5a) and (13.5b). The average velocity associated
with the Maxwell-Boltzmann distribution on which these equa-
tions are based is zero, yet in view of the negative wall potential,
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there must be a steady stream of particles toward the wall. Thus
Equations (13.5) do not take into account the drift velocity of the
particles. To properly solve the sheath problem, the particles can
be taken to have shifted Maxwellian distributions with u,, u; =0,
as defined in Chapter 3. However, the resulting expressions become
so complicated that only numerical solutions are possible. On the
other hand, results which hold remarkably well can be obtained via
an approximate analysis. To begin with, we note that the thermal
energy of the electrons is much larger than the energy associated
with the electron drift motion in the x direction, so that (13.5a) is
well justified. Equation (13.5b) does not hold, since the ions can be
assumed to be cold (7; = 0) and simply drifting (as a monoenergetic
beam) with a velocity ug, so that their motion is more suitably
treated using fluid equations. In view of the qualifications men-
tioned above, we will use two different approaches to analyze the
sheath potential: (i) taking (13.5b) to be true, and (ii) using fluid
equations to model the ion number density.

Taking (13.5a) and (13.5b) to be true, we can proceed to evaluate
®yan. Under equilibrium conditions, we have I', = I'; at the wall
(i.e., at x = 0), so that using (13.3), (13.4), (13.5a), (13.5b), and
(13.1), and noting that ¢; = —¢., we find

e de Dyart/ (kg T)
e

1

e @wai/(k T) m; \ 2
s N eZC[eq)wa]l/(kBT) o <_1) (136)

m}/z me
kg T ~

R S 1n(ﬁ). (13.7)
4q. ne

Near the wall the ratio of the magnitude of the potential energy
|ge DPwan| to the thermal energy kg 7" of a particle is given by

|ge Pwarl 1 mj
- =—In|{—). 13.8
kBT 4 n Me ( )

For a hydrogen ion (proton), this quantity is approximately 2, so
that the wall potential is of the same order of magnitude as the
average thermal energy of the plasma particles in electron volts.

As noted above, an improved estimate of the ion density can
be obtained by replacing (13.5b) with appropriate fluid equations,
noting that the ions move in the form of a monoenergetic beam
with a velocity u,. Under steady-state conditions, the continuity
equation reduces to
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du, S dN;
dx *dx

In writing down the momentum transport equation, we neglect

viscosity effects (i.e., V - ¥ = V p), magnetic field effects, and colli-

sions, and assume an isothermal plasma. Collisions can be neglected

since the plasma sheath thickness is much less than the mean free

path, and magnetic field can be neglected since the sheath thickness

is typically much smaller than the gyroradii. We then have
du kg T} dN; n d®(x)

midy—— =

dx N, dx T dx

4 (Niw) = (13.9)

(13.10)

where 7; is the ion temperature. We can further assume that the ions
are cold, so that 7; >~ 0; thus the first term on the right-hand side
of (13.10) can be neglected. More generally, using (13.9), we can
compare the magnitudes of the two terms on the right to conclude
that this ratio is (kg 7/(m;u3) < 1, indicating that the first term is
negligible. We thus have

duy dd(x)
Uy—— = . 13.11
miuy dx qe dx (13.11)
Integrating (13.9) and (13.11) we find
1
—m,-ui —¢e®(x) =C; and Njuy = C, (13.12)

2

where C; and C; are constants. We also note the boundary con-
ditions, namely that at x = oo we have ®(c0) =0, N; = Ny, and
U, = ug. With these we can find C; and C, and eliminate u, in
(13.12) to relate N; to ®(x):

_1
2qed><x)) 2

- (13.13)
miuo

Ni(x) = No (1 +
Using (13.5a) and (13.13), we can write Poisson’s equation within
the sheath
V2= P _ _4e(Ne = Ni)
) €0
1

d*®(x) __ Noge o—49:®/ (ke T) _ 1+2qe<b(x) e
dx? €0 miu(z) ’

—_—
Np(x) term

N;(x) term

(13.14)



256

The plasma sheath and the Langmuir probe

where the ion drift velocity far away from the sheath (i.e., ug) is
yet to be determined. Equation (13.14) is non-linear and in general
has to be solved numerically. However, based on the approximate
treatment in (13.8) we know that the potential energy |g.®(x)]
ranges from zero in the plasma to a value of order kg 7" on the wall.
Thus, near the outer edge of the sheath (i.e., the edge close to the
plasma), we must have a region in which |¢.®(x)| < kg T, as well as
|ge @ (x)] < miui. In this case, using a first-order Taylor expansion,
the sheath equation (13.14) reduces to

d2d(x)  D(x) kT \
—  h=xpl1- , 13.15
dx? h P mjuj ( )

where Ap is the Debye length. The solution of (13.15) consistent
with the boundary conditions (13.4) is

D(x) = Dyne ", (13.16)

where it is implied that the solution which is strictly valid near the
edge of the plasma sheath applies throughout the sheath. However,
as we will see below, the nature of the sheath potential near the wall
is quite different. Nevertheless, it is apparent from (13.15) that we
must have

kg T,
mj

ks T (mjug, or uo) (13.17)

in order for / to be real so that the potential increases monotonically
toward the wall. This condition is known as the Bohm sheath crite-
rion. In words, it states that the ions must enter the sheath region
with a minimum directed velocity, sometimes referred to as the
critical drift velocity. To give this directed velocity to the ions, there
must be a non-zero electric field in the plasma. Since the electron
density falls off exponentially with ¢, ®/(kgT) (i.e., (13.5a)), the
electron density can be neglected in the region of large potential
near the wall, in which case (13.14) can be written without the
electron density term:

_1
d*® N 2g.® ’
) _ _ Noge |y e (x) ‘ (13.18)
dx? €0 miu(z)
Upon manipulation it can be shown that
3
kgT; 4v/2 (q.® 2
1o ~ Ble \/_(‘h wall) 2 (13.19)

m 9 (pTyda? "
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where d is the approximate extent of the electron-free region. Upon
substitution we can write the ion current J; = —q, MNyug into the
wall as

Ji >~

1 3
4 (2 2 €0| Pwarl|2
_( Iqe|> €0l Pall (13.20)

9 m; d2 ’

which is the well-known Child-Langmuir law for a space-charge-
limited current in a planar diode. We thus see that the potential
variation in a plasma-wall system can be divided into three parts.
Nearest the wall, there is an electron-free region whose thickness d
is determined by (13.20). In (13.20) the ion current J is typically
determined by the ion production rate and ®y, is determined by
the equality of electron and ion fluxes. Next is a region with scale
length of about a Debye length, in which the electron density is
appreciable. Finally there is a region, typically with much larger
scale, which is known as the pre-sheath region, in which the ions
are accelerated to the required velocity uo by a potential drop of
%lqgl_lkg T.. Depending on the application, the scale length of the
pre-sheath region may be set by the size of the plasma, the mean
free path, or ionization (plasma production) mechanisms.

13.4 The Langmuir probe

The Langmuir or plasma probe is a practical instrument that has
been widely used to investigate plasmas in the laboratory and in
the space environment. This electrostatic device, first developed by
Langmuir and Mott-Smith, gives a measure of the temperature and
density of a plasma. A conducting probe, or electrode, is inserted
into the plasma and the current that flows through it is measured
for various potentials applied to the probe. When the surface of the
probe is a plane, the current as a function of potential yields a curve
like that shown in Figure 13.1.

When the probe is placed in the plasma, the plasma reacts by
shielding the probe potential, thus forming a sheath with thickness
on the order of a Debye length. When no current flows through
the probe, it stays at the negative floating potential ®,,, which
is the wall potential (@) discussed above. Under these equilib-
rium conditions, the number of electrons reaching the probe per
unit time is equal to the number of ions reaching the probe per
unit time, yielding no net current. If the probe potential is made
more negative than ®,,, electrons will be repelled and ions will be
attracted to the probe. Under the convention that current flowing
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Figure 13.1 Characteristic
current-potential curve for a
Langmuir probe.

The plasma sheath and the Langmuir probe

14 Electron saturation

e

Tons collected Electrons collected

away from the probe is positive, an applied potential less than @,
leads to a negative current J; that is carried only by ions. The
ions that make up J; are those that find themselves at the sheath
boundary and their number remains constant even if the poten-
tial is made even more negative, since the Debye length remains
unchanged.

If the applied potential is increased from the negative value of @,
the repulsion force on the electrons is decreased and the number
of electrons reaching the probe becomes greater than the number
of ions. When the probe potential is zero, meaning that there is no
electric field between the probe and the plasma, there is a net pos-
itive current J,9 made up primarily of electrons, which have much
higher thermal velocities than the ions. As the potential is increased
further, the electron current eventually saturates in a reverse of the
previous situation, in that all of the electrons at the sheath boundary
are collected by the probe. This region is known as the saturation
region.

Away from the saturation region the current due to electrons can
be expressed as

Jo = Jype e/ kD) (13.21)

using Equation (13.5a); J,g is the electron current for ® = 0. Using
(13.1) we can express J,( as

1

kpT\ 2

Joo = —qu<B—) . (13.22)
2nm

When @ < 0 the ions continue to fall into the negative potential of
the probe, making the ion current density J; constant in the negative
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potential region. Therefore, the probe current density in this region
can be expressed as

Jp = Jope 4e®/®D _ 1 for & < 0, (13.23)
which yields
_ d -1
T = kze [ﬁ [In(J, + Jl-)]] . (13.24)

Equation (13.24) permits the following procedure for determining
the electron temperature. First, a sufficiently large negative potential
is applied to the probe that J; can be determined directly.! Sec-
ond, the current—potential characteristic of the probe is obtained
and a plot is made of In(J, + J;) as a function of ®. This curve
has a straight-line portion that can be used to obtain the value
of % [ln(Jp + Ji)], and the temperature can be calculated from
Equation (13.24). The value of J,( is then determined by observing
the current at ® = 0, or at slightly higher potentials since the current
in the saturation region is fairly constant. With the temperature
and J,o determined, Equation (13.22) can be rearranged to give the
density:

1

_ 2 3

N= qeo (g—’;) . (13.25)
e

13-1. Show how Equation (13.15) is obtained from (13.14).

13-2. Estimate the ion current for a 0.1 mm sheath in a 1.2 eV
electron and ion plasma.

13-3. Estimate the sheath distance for a 40 W fluorescent lamp
operated at 120V with a plasma density of 5 x 10!7 m~3 and
a temperature of 1 eV. Assume that 99% of the current in the
lamp is carried by electrons.

13-4. The current-voltage characteristics of a plasma probe
inserted into a plasma contained by a magnetic mirror
machine are given below. The collecting area of the probe
is 0.644 cm?. All voltages are measured with respect to a
fixed reference potential. Determine the electron temperature

1" The observed total current in the probe is I, = Jp Ap, where A is the probe area.
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in the plasma, the electron number density, and the floating
potential of the probe.

I-V characteristics

Voltage Current

—30.0 -0.9
—18.5 —0.8
-8.0 —0.6
-3.0 —0.4
—0.5 —0.2
0.5 0.0
1.0 0.1
1.8 0.5
3.0 0.8
5.5 1.2
32.0 23
72.0 2.5

13-5. A plasma probe is connected to a circuit that can measure
the first and second derivatives of total current 1, = J, A with
respect to potential ¢, where A is the probe area. Show how
these two measurements can be used to estimate the electron
temperature directly.

13-6. Explain why a plasma probe with no voltage applied will
acquire a negative potential.

13-7. A satellite with very large solar collectors of area 1 km? is
in geostationary orbit in a 1 eV hydrogen plasma of density
105 m—3. During a solar event the satellite is bombarded by
energetic electrons which charge it to a potential of —2 kV.
Find the resulting damaging flux of ions on the solar collector.



Appendix A

Derivation of the second moment
of the Boltzmann equation

The second moment is obtained by multiplying the Boltzmann
equation (3.9) by %mv2 and integrating over velocity space:

m [ 293f @/2. : z/z .
2/11 8tdv+ 5 v7 (Vv Vr)fdv+2 v [(E4+vxB)-Vylfdv

_[mpe af
_/ 2 (8t>colldv (Al)

The first term is

m/ 291 4
d
=5 GZ/U fdv— /f :| (A.2a)
o[ 1

= _N§m<v2>:| (A.2b)
_ % :N%muz] , (A.20)

where the last term in (A.2a) is zero since v2 is independent of . The
second term is

%[/vzv.wdv]
:%[v.(/vvzfdv>—/fv-wzdv—ffvzv-vdv}

(A 3a)
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Appendix A Second moment of the Boltzmann equation

—v. (N%m<v2v)> (A.3b)

—v. (N%m(u%)) , (A.3¢)

where we have used the fact that the V-v and Vv? terms are
zero since velocity and spatial variables are independent. The third
term is

%/ 2[(E4v x B) - Vi fdv

= Uv (v B sl av— [ £ E+vxB)- iy

— / fv*Vy - (E+v x B)dv] (A.4a)
--1 / FE+vxB)- Vyldy (A.4b)
= —%N((E +vxB)- Vvv2> (A.4c)
_ —%N((E £vxB) Vy(v-v) (A.4d)
= —gN{((E+v xB)-(v-Vy)v) (A.de)
=—gN{(E+vxB)-v) (A.41)
=—¢gN(E V) (A.4g)
= —¢gN (E - u), (A.4h)

where the last integral in (A.4a) is zero since any Lorentz force com-

ponent F; is independent of the corresponding velocity component

v;. The first integral in (A.4a) is also zero since the distribution

function is zero at infinite velocity (see discussion of Equation (4.7)).
Combining all terms leads to (4.26):

I vl v | v hmza | - .
o7 [szu ]-l—V |:N2m<u u)i| Ng(E - u)

2 ot coll



Appendix B Useful vector relations

B.1 Definitions and identities

For vectors A, B, C, and D:
A-B=B-A= AB+ A,B,+ A.B.

N>

AxB=—-BxA= A-

B:

Z

X

B

X

gc \3; >

X

= (AyB: — A:B)R + (AvB: — A:B)§ + (A, By — A, By)i
A-BxC)=(AxB)-C=(CxA)-B
AxBxC)=(A-CB- (A BC
(AxB)xC)=(A-C)B— (B-C)A
V- AxB)=B-(VxA) —A-(VxB)
VAA-B)=(A-V)B+ (B -V)A+A x (VxB)+Bx (V x A)
Vx(AxB)=A(V-B)+ (B -V)A—B(V-A) — (A-V)B
Vx(VxA)=V(V-A)—(V-V)A

V. (V-A) =0
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264 Appendix B Useful vector relations

B.2 Relations in Cartesian coordinates

Orthogonal unit vectors:

X, §y, 1
Orthogonal line elements:
dx, dy, dz
Components of gradient of a scalar function :
ad
warg
X
oy
Vi), = —
(V) 3y
ad
Wwfrf
z

Divergence of a vector function A:
04 04 04,

X + _y + Z
ax | ay | oz

Components of curl of a vector function A:

V-A=

04, 04
(VxAy=——-—-2
ay az
04, 04
VXxA),=—-——
(VX Ay az 0x
04 04
(VxA).=—2—- 2=
ax ay

Laplacian of a scalar function :

SO s i
9x2 9y? 022

B.3 Relations in cylindrical coordinates

Orthogonal unit vectors:

Orthogonal line elements:

dr, rd¢, dz



B.4 Relations in spherical coordinates 265

Components of gradient of a scalar function :

0
Ww»=5¥

10
WW¢=H%

0
kazgg

Divergence of a vector function A:

_1a(rd,) 104y = 04:
Cror r d¢ dz

V-A

Components of curl of a vector function A:

104. 0
(VxA) =20
r 0¢ dz
04, 0A.
V x Ay = —
(VX A 0z or
10 1 04,
(¥ x A), = 120 A) 104
roor r d¢

Laplacian of a scalar function :

_1a<%>+1a2¢ 2y

"or ) T2 T a2

B.4 Relations in spherical coordinates

Orthogonal unit vectors:

Orthogonal line elements:

dr, rdf, rsinfd¢



266 Appendix B Useful vector relations

Components of gradient of a scalar function :

0
(V) = %
10
(Ve = ;%
1 Ay
Ve = Sino o9

Divergence of a vector function A:

V'AziarzAr N 1 d(sin 6 Ap) N 1 Ay
r2 or rsind 90 rsinf ¢
Components of curl of a vector function A:

1 8(sin9A¢)_ 1 04y

(VXA)r = . - .
rsinf a0 rsin@ d¢
1 A 10
(V x Ay = 1304
rsmmé d¢p r Or
10 104,
(V x Ay = AL
roar r 06

Laplacian of a scalar function :

19 (00 19 (. oy 1 0%y
Vz = — 2°7 - 60— -
V=0 (r or ) t Zsing 50 (Sm ae) t 2sinl 997



Index

acoustic waves, 189, 190, 214, 222
adiabatic equation of state, 103
adiabatic invariance, 37

Alfvén speed, 212, 219

Alfvén waves, see MHD waves
ambipolar diffusion, 1704
ambipolar polarization term, 123, 125
Appleton—Hartree equation, 198, 211
attachment, 88

beam distribution, 65
hot plasmas, 225, 239, 243
beta parameter, 140
BGK model, see Krook collision
model
Bohm diffusion, 175
Bohm sheath criterion, 256
Boltzmann equation, 604, 85
collisionless, 77
Boltzmann factor, 79, 113, 253
Boltzmann’s constant, 8
bump-on-tail instability, 249

Child-Langmuir law, 257
circular polarization, 199
classical diffusion coefficient, 175
cold-plasma model, 102, 229
collisionless damping, see Landau
damping
collisions, 62, 122, 154
collision frequency, 157, 158
Coulomb, 4, 121, 155
effect on Appleton—Hartree
equation, 211

effects on waves, 188, 210, 211

elastic, 88

electron—neutral, 98, 154, 158, 162

fully ionized plasmas, 155

in hot plasmas, 244-8

inelastic, 88

Krook collision model, 246

weakly ionized plasmas, 154, 158
conductivity, 159

AC, 163

DC, 159

Hall, 161

Pedersen, 161

with ion motion, 164
conservation of charge (MHD), 119
conservation of energy, 99
conservation of mass (MHD), 119
conservation of momentum, 94
conservation of particles, 87
conservative force, 79
continuity equation, 86, 87
convective derivative, 76
cross-section, 154, 155
curvature drift, 33

in fluid model, 112
cutoff, 185, 200, 204
cycloid trajectory, 27
cyclotron frequency, see gyrofrequency
cyclotron resonance, 468
cylindrical pinch, 141

Debye length, 5, 13-15, 80
diamagnetic drift, 111, 139
diamagnetism, 26, 139, 140
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Index

dielectric media, 185
diffusion, 153, 167-76
ambipolar, 170-4
Bohm diffusion, 175
classical (fully ionized), 175
Fick’s law, 168
fully ionized plasmas, 1745
role of collisions, 169-70
weakly ionized plasmas, 1704
diffusion coefficient, 168
tensor, 173
diffusion equation, 168
diffusion of magnetic field, 132
dispersion relation, 183, 193, 194
solving for, 198
distribution of speeds, 55

E x B drift, 26-30
in fluid model, 111
effective permittivity, 188, 192, 193,
232,233
Einstein relation, 170
electromagnetic waves, 180
in hot isotropic plasmas, 235-9
in hot magnetized plasmas, 240-3
in non-magnetized plasma, 185, 186
propagation oblique to B, 205-7, 216
propagation parallel to B, 199-202,
212-15
propagation perpendicular to B,
203-4, 215
electron volt, 9
electrostatic potential, 14, 79, 113, 194
electrostatic waves, 179, 189
energy
average, 8, 55
kinetic, 8
energy conservation equation, 100
energy-transport equation, 99
evanescent waves, 185, 188, 194
extraordinary mode, 203, 222
extraordinary wave, 203, 215

Faraday rotation, 201-2

Fick’s law, 168

first-order moment of Boltzmann
equation, 90

fluid velocity, 75, 86

fluorescent lamp, 10, 97

fourth state of matter, 2, 3, 5
frozen-in field lines, 128-32, 214, 215

“garden hose™ angle, 132
gradient drift
in fluid model, 112
single-particle motion, 31-3, 35
group velocity, 183
guiding center, 25
gyrofrequency, 23
gyroradius, 24

HAARP facility, 162

Hall conductivity, 161

Hall effect term, 123, 124

Hall thruster, 28-30

heat-flow vector, 100, 103

heat-flux vector, see heat-flow vector
helical motion, 25

hybrid frequency, 204, 215, 222

impact parameter, 156

index of refraction, 185

interplanetary magnetic field, 131

ion acoustic waves, 221, 222

ionization, 2

ionosphere, 4, 89, 162, 176, 186, 200

ions, effects on waves, 211

isothermal plasma approximation,
103

JET (Joint European Torus), 142

kinetic energy, 8, 60
average, 9
conservation, 100
Krook collision model, 246

Landau damping, 233-5
Langmuir probe, 257
Larmor radius, see gyroradius
Lawson criterion, 150
linear theory for small perturbations,
180
Liouville’s theorem, 77
longitudinal waves, 179, 221
in hot plasmas, 229
in warm plasmas, 189, 220
Lorentz force, 21, 94
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lossy dielectrics, 189
low-pressure discharges, 3, 89, 97, 100
lower hybrid frequency, 215

macroscopic equations,
derivation of, 85
magnetic bottle, 39
magnetic forces, 134
magnetic mirror, 30, 40, 41
magnetic moment, 25, 37-42
magnetic storms, 36, 132
magnetic tension, 136
magnetohydrodynamics (MHD), 8,
116-50
conservation of charge, 119
conservation of mass, 119
diffusion of magnetic field, 132
equation of motion, 120
frozen-in field lines, 128-32, 214
generalized Ohm’s law, 122
simplified equations, 125
waves, see MHD waves
magnetohydrostatics, 138-44
magnetoionic theory, 198
magnetosonic waves, see MHD waves
magnetosphere, 4, 36, 141
materials processing, 5, 108-9
Maxwell-Boltzmann distribution, 8§
shifted, 73
Maxwellian distribution, see
Maxwell-Boltzmann distribution
mean free path, 56, 154, 156
MHD waves, 180, 213-20
Alfvén waves, 212-15
magnetosonic waves, 214, 215
momentum transport equation, 90

Navier—Stokes equation, 96
number density, 66

Ohm’s law, generalized, 122
Ohm’s law, simplified, 133
ohmic loss, 123

ordinary mode, 203
ordinary wave, 215
over-the-horizon radar, 191

particle flux, 95, 168, 252
Pedersen conductivity, 161

269

permittivity, effective, 188, 192, 193,
232,233
phase space, 58, 59, 73
phase velocity, 183, 185
phasor notation, 181
photoionization, 89
pinch effect, 141, 142
pitch angle, 25
plasma confinement, 13944
plasma frequency, 10-13
propagating oscillations, 189, 221
plasma oscillations, see plasma
frequency
plasma parameter, 156, 157
plasma probe, see Langmuir probe
plasma propulsion, 28
plasma sheath, 109, 251
Poisson’s equation, 14, 194, 227, 228,
236, 255
polarization drift, 424
pressure, 8, 13, 55, 57,93, 114, 147
parallel, 113
pressure tensor, 92, 93, 95, 96, 100,
133
total pressure in MHD, 118

quasi-neutrality, 5, 10, 181

radiation belts, 20, 30, 112, 200
random walk, 57, 156, 167, 170
recombination, 88, 89
reflection coefficient, 187
refractive index, 185
resonances, 204

Reynolds number, 127

ring current, 36

Saha equation, 71-3

scalar pressure, 100, 102

second-order moment of Boltzmann
equation, 99

solar wind, 131, 132, 134

sound waves, see acoustic waves

specific resistivity, 122, 157

Spitzer resistivity, 157

temperature, 8—10, 55, 57, 67-8
conversion to eV, 9
effect on waves, 220
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Index

thermal conductivity, 103

thermonuclear fusion, 5, 123

theta (6) pinch, 139

time-harmonic uniform plane waves,
181, 194

tokamak, 142

transmission coefficient, 187, 188

two-stream instability, 239, 243

ultraviolet (UV) radiation, 97
upper hybrid frequency, 204, 215, 222

Van Allen belts, see radiation belts
vector identities, 263

Vlasov equation, 734

Vlasov theory of plasmas, 226

warm-plasma model, 102, 230
whistler mode, 200, 208
nose frequency, 208

zeroth-order moment of Boltzmann
equation, 86, 87
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