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Preface to the first edition

This book is an advanced text for first or second year graduate students who have
had an introductory plasma course at some level. While largely self-contained,
so that it could precede a general introductory course, the full background of
kinetic theory and collisions is incomplete in this text, and the mathematical skills
required in the later chapters go beyond what is usually expected in a senior level
course. It may also be used as an adjunct to a more general text for those who
choose to emphasize plasma waves in a first year graduate course.

Despite the presumptuous title, this book is not the last word in plasma
waves, as there are many topics upon which entire books have been written,
several of which were partial sources for this book. It is comprehensive, however,
in the sense that few wave topics are not at least introduced, and it does not treat
every subject in an introductory manner. The general philosophy has been to
include the basic development and formulas for as many aspects of plasma waves
as possible, and develop more fully those topics which have not been treated
in other texts. This leads to nonuniform depth of coverage, but other texts are
presumably available for the instructor to expand on favorite topics. Because of
the uneven coverage, some may find their favorite topic treated either in a cavalier
fashion or not at all. In order to produce the book at a reasonable length and
price, however, | have attempted to include only a few examples after the general
development of each topic, leaving the instructor to develop other examples.
Some additional topics are included in the problems, but probably not enough to
indicate the breadth of possible applications. Answers to some of the problems are
included in appendix D, and an instructor may obtain a solutions manual directly
from the author.

Since my own background has been almost exclusively in laboratory plasma
physics, both theoretical and experimental, a large part of which has been fusion
related, the book is primarily addressed to this audience. As such, the original
ambition of making a book that ionospheric and astrophysical scientists could also
use is unsatisfied, but I believe there is much here from which the latter audience
may benefit, since not all of these topics are well covered in their literature.

This book has many beginnings!, starting from notes on a course by

I Since my own career has largely been devoted to wave heating for fusion applications, and hence
to the heating of deuterium, it could be said that the Genesis of this book is Deuteronomy.
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R W Gould, following through notes on a course I taught at the University of
Texas from Stix’s book (which is undoubtedly the book to which I am most
indebted), and culminating with a review article I wrote on mode conversion and
ion wave heating. But the determination to actually write the book came from
conversations with D Q Hwang, with whom I originally began to write the book.
We had determined the time was right for a general book on plasma waves, and |
took a six months sabbatical in 1987 at U C Davis, Livermore, so I could write it
with him. Unfortunately, the Livermore Laboratory did not permit him the time
to pursue this adventure, so he had to withdraw from the project, extending the
time an extra six months while I learned and wrote what was to have been his
contribution.

In addition to D Q Hwang, I would like to acknowledge the patience and
helpfulness of my colleagues, J-M Wersinger, J D Hanson and R F Gandy, who
have had to carry the major responsibility for our mutual projects during the
preparation of this book, and to my former student, Suwon Cho, who assisted
me and helped keep some of my research alive during this period. I would also
like to thank Walter Sadowski for stimulating and supporting the earlier review,
and for his patience and support during the preparation of this book. Finally, I
would like to thank Leslie Lamport and Donald Knuth for their development of
“TgXand TgX, respectively, without which I would never have attempted to write
this book, much less prepare it camera ready.

D Gary Swanson
Department of Physics
Auburn University, AL 36849-5311
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Preface to the second edition

In this second edition, a large number of errors have been corrected, most of
which were typos in the original edition, but some of which were actual errors or
very poor representations. In addition, absorption is included as a new section in
inhomogeneous plasmas. In nearly all cases, the figures are improved so that they
are real plots whereas some of the originals were merely topologically correct.
Many more figures are included where parameter ranges may be so broad that
a single figure fails to build intuition adequately. The appendices are expanded,
especially for the relativistic plasma dispersion functions.

D Gary Swanson

Department of Physics

Auburn University, AL 36849-5311
16 September 2002
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Chapter 1

Introduction

1.1 Properties of plasmas

The plasma state is a characterization of matter where long range electromagnetic
interactions dominate the short range interatomic or intermolecular forces among
a large number of particles. Plasmas are generally high temperature entities, and
some of the properties of a plasma are connected with thermal effects, and among
the wave types we shall discuss are sound waves. We define the thermal speed to
be the most probable speed in a Maxwellian distribution,

v =/ Jj=e,i (1.1

for electrons or ions.! In addition to the thermal speeds for electrons and ions,
however, there are two other fundamental parameters which characterize a plasma
in the absence of a magnetic field, and these are the plasma frequency and the
Debye length. The plasma frequency is the oscillation frequency of a simple
unmagnetized plasma when the charge distribution is locally perturbed from its
equilibrium, and is given for electrons by

nee?

Wpe = (1.2)

MmMe€Q ’
The Debye length is the distance a thermal particle travels during a plasma period.
Its definition is
eoKT, Ve
De = =—.
‘ nee?  2wp,

In fact, unless an assembly of charged particles is large enough that it is many
Debye lengths in size, and of such a density that there are many particles in a

(1.3)

1 Many authors delete the factor of two in their definition of thermal speed. The definition here differs
from vy by only 13% instead of the 60% difference without the factor of two.
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Debye sphere, we do not call the assembly a plasma. It is thus apparent that
plasma waves are fundamental to the very definition of a plasma.

1.1.1 Unmagnetized plasmas

Unmagnetized plasmas are generally the first to be studied because they are
isotropic, i.e. the properties are the same in all directions. The waves that such a
plasma will support are either high frequency electromagnetic waves which see
the plasma as a simple dielectric due to the response of the electrons to the wave
(by comparison the ions are generally immobile), or sound-type waves. In a cold
plasma, these latter waves become a simple oscillation at the plasma frequency,
below which the electromagnetic waves do not propagate. In a thermal plasma,
however, there are sound-like waves near this frequency, and in a plasma with
disparate electron and ion temperatures with 7, > T;, there is even a kind of
hybrid sound wave that depends on the electron temperature and the ion mass.
These waves even damp through a non-dissipative process. While these several
kinds of behavior are already much more complicated than waves in ordinary
fluids, they are very simple compared to the complexities added by a magnetic
field. Even the kinds of nonlinearities in this simple plasma are richer in both
diversity and complexity than in fluid dynamics where only averages over the
velocity distribution are analyzed. Compared to ordinary fluids, plasmas even
have an additional kind of turbulence, called microturbulence, which has many
kinds of sources.

1.1.2 Magnetized plasmas

The addition of magnetic field effects to the subject of plasma waves adds a host
of new phenomena, among which are: anisotropy, since there is now a preferred
direction; new kinds of transverse waves existing only in magnetized plasmas,
which we call Alfvén waves; finite Larmor orbit effects due to thermal motions
about the magnetic field lines; and many other kinds of waves which are either
totally new or greatly modified. Because of the anisotropy, the description of
these effects is inevitably complicated algebraically, and this tends sometimes
to obscure the physics. We shall, however, try to give the general descriptions,
which are formidable, and show enough special cases to illustrate the richness
of wave phenomena which are found in a magnetized plasma. Even in a cold
plasma where thermal effects are absent, the number of wave types added by
the inclusion of the magnetic field is large, and wave types vary greatly with the
angle of propagation with respect to the magnetic field. We find waves which
are guided by the magnetic field in certain frequency ranges, and cases where
the phase and group velocities are nearly normal to one another. Whereas in a
cold unmagnetized plasma, the only parameter that may lead to inhomogeneities
is the plasma density, the magnetic field not only adds a possible new source
of inhomogeneity, but the gradients may appear in different directions. Since

Copyright © 2003 IOP Publishing Ltd.



nearly all of the realistic plasmas, both in the laboratory and in ionospheric and
astrophysical plasmas, have a magnetic field, we shall expend considerable effort
studying these effects and attempt to sort out the somewhat bewildering array of
phenomena.

1.1.3 Thermal plasmas

When thermal effects are added to the cold plasma effects, the new phenomena
can be grouped into two general categories: acoustic wave phenomena due to
various kinds of sound waves; and kinetic phenomena due to the fact that in a
thermal or near thermal distribution, there are some particles moving at or near
the phase velocity. These particles have resonant interactions with the waves due
to their long interaction time with the wave. These interactions can lead to either
collisionless wave damping or to instabilities and wave growth. When coupled
with magnetic field effects, finite Larmor orbit effects lead to even more new
wave types and instabilities.

We shall first examine the wave types in a cold, magnetized plasma
in chapter 2, and then introduce the thermal effects, analyzing the acoustic
phenomena through the fluid model of a plasma in chapter 3, and the kinetic
effects in chapter 4. In the subsequent chapters, we shall examine the effects of
adding sharp boundaries, slowly varying inhomogeneities, and nonlinearities at
several levels, but will stop short of fully turbulent plasmas.

1.2 Plasma wave applications

Some of the earliest applications of plasma physics were related to gaseous
electronics and the study of positive columns for device applications. While
these investigations contributed significantly to the early development of plasma
physics, most of those applications have either been superseded by solid state
devices or involve no wave phenomena, and are hence of no interest in the
context of this book. We thus turn our attention to several applications which
both contributed to the development of the field, helping us to understand that
plasmas indeed form the ‘fourth state of matter’ and which are the active areas of
research today.

1.2.1 Plasma waves in ionospheric physics

It was apparent from the very early days of radio that some poorly understood
phenomenon was occurring in the upper atmosphere which was affecting radio
propagation in a nontrivial manner. By 1932, when Appleton published what
came to be known as the ‘Appleton—Hartree Dispersion Relation’ (which we
will henceforth refer to as the ‘Altar—Appleton Dispersion Relation’ for reasons
discussed in section 2.1), there was a significant amount of data indicating the
location and nature of the ionospheric plasma and many of the observed effects
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on radio wave propagation were understood. Those studies have continued to
uncover new phenomena and refine the picture of the ionosphere, and continue
to influence our communications through the ionosphere. Beginning with passive
characterization of the wave propagation characteristics of the ionosphere, we
have moved on to active modification of the ionosphere through nonlinear
plasma wave interactions, and we attempt to model the potential modifications
to the propagation characteristics which might follow a major disruption of the
ionosphere due either to a large solar flare or to human intervention.

1.2.2 Plasma waves in astrophysics

In astrophysics, plasma waves are ubiquitous, providing the basis for
understanding many types of energy transport and plasma instabilities, both linear
and nonlinear. Wave transport of both energy and momentum leads to plasma
heating and modification of the velocity distribution. Conversely, nonequilibrium
velocity distributions lead to plasma instabilities which convert particle energy
to wave energy then back to particle energy. While wave—particle interactions
may dominate the interest in astrophysical plasma waves, the propagation and
characterization of linear waves lie at the root of all nonlinear interactions, and
the various competing mechanisms for wave dissipation and wave generation or
growth must be thoroughly understood first. While the scale of astrophysical
plasmas is large, suggesting that uniform plasma theory might suffice, it is
the weakly inhomogeneous effects which transport waves through propagating
regions to a resonance region where the wave—particle effects lead to energy
exchange between the particles and waves, or else block the propagation through
a caustic or reflection layer.

1.2.3 Plasma waves in magnetized fusion plasmas

A major impetus for research in plasma waves has been the international effort
to realize controlled thermonuclear fusion. Since plasma waves determine the
magnetohydrodynamic (MHD) instability time scale, and fusion plasmas are
perennially fraught with micro-instabilities and the ensuing microturbulence,
understanding both linear and nonlinear instabilities has always been a driving
force in the development of wave theory. Plasma wave heating has also recently
come to the forefront, leading to even more refinement in wave theory as one tries
to model successfully the scenarios for using plasma waves to raise the plasma
temperature to ignition levels. This effort includes more detailed descriptions of
propagation in inhomogeneous plasmas as the wave energy must travel from the
edge to the center, and then more sophisticated models of the wave absorption
processes which finally transfer the wave energy to the plasma particles. The
emission of waves from hot plasmas is also used to measure the temperature
of thermal plasmas; and the use of the generalized Kirchhoff law (GKL) to
describe this phenomenon appears here for the first time in a textbook. The
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use of waves to generate a plasma current, where wave momentum is converted
to particle momentum through nonlinear wave—particle interactions, has led to
further developments in nonlinear theory. Many of the examples in this book
have potential magnetic fusion applications, but they are certainly not limited to
such a narrow scope.

1.2.4 Plasma waves in laser-produced plasmas

Another area where wave—plasma interactions drive the physics is the realm of
laser-produced plasmas, principally those related to inertial confinement fusion.
In this application, the electromagnetic waves are so intense that the plasma
response is not only nonlinear, but relativistic, as electrons can gain a reasonable
fraction of their rest energy in one cycle of the incident wave. In addition,
there are other kinds of nonlinearities which produce sideband waves and shock
waves. While these plasmas have no intrinsic magnetic field, wave-driven currents
sometimes produce one. In these plasmas, the steep gradients in the plasma
parameters stretch the weakly inhomogeneous models, and the strong fields lead
to strong nonlinearities, both areas which go beyond the scope of this book. While
some of the examples herein may give a qualitative guide to the kinds of behavior
to expect in such plasmas, the parameters are sufficiently extreme in many cases
that qualitatively different phenomena can and do occur.

1.3 Review of electromagnetic wave propagation

1.3.1 The Maxwell equations

The propagation of electromagnetic waves in all physical media for all frequency
ranges from zero frequency to gamma rays are governed by the Maxwell
equations. Moreover, we are particularly interested in wave propagation in a
material medium, namely a plasma, which is usually treated in a slightly different
manner from general dielectric media such as insulating materials. Throughout
this text, SI units will be employed so the field equations are:

oB
VXE=—— (1.4)
ot
oD
VXH:J—FW (1.5)
V-B=0 (1.6)
V.-D=p (1.7)

where all quantities are functions of space and time, e.g. J = J(r,t). These
quantities are the standard electromagnetic fields plus the current and charge
density.

(i) E is the electric field intensity in Volt/m or Newton/Coulomb.
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(ii)) D is the electric displacement vector or D = €E in a standard isotropic
dielectric medium characterized by a scalar dielectric permittivity. If the
medium is anisotropic, the medium is characterized by a tensor dielectric
permittivity, €, and D = € - E.

(iii) B is the magnetic induction in Tesla.

(iv) H is the magnetic intensity, and B and H are related by B = pH where
1 is the magnetic permeability of the medium. For plasmas, we shall take
W = po where g is the permeability of free space.

(v) p is the electrical charge density in Coulomb/m?.

(vi) J is the electrical current density in Ampere/m?.

As a consequence of these equations, the charge density o and the current
density J are related through the continuity equation:

v+ o (1.8)
ar = O .
Another relation which is very important in dealing with conductive media
such as plasmas (as we will show in subsequent chapters) is the conductivity o
which is defined such that

J=0-E (1.9)

where the dot product indicates that in general ¢ is a tensor which we shall
characterize either by a 3 x 3 matrix or as the scalar o. As will be demonstrated
in chapter 3, the physical properties of the medium are manifested through the
quantities €, u, and . In an isotropic medium, these are all scalar quantities,
denoted by €, i, o, while in an anisotropic medium they may all become tensors
denoted by €, i, 0.

In an insulating dielectric medium, another vector field is usually used to
relate the properties of the medium to the electric intensity, namely the electric
polarization P, where

P=¢cyx-E (1.10)

where x is the susceptibility tensor of the material. The convenience of defining
the electric susceptibility is to obtain a divergence-free electric displacement in
the medium or

V-D=0. (1.11)

Since the charges in the medium are bound, it is possible to write

p=-V.-P (1.12)

or from equation (1.7), we have
V.-(eE)=p=—-V-P (1.13)
V.-(eE + P)=0. (1.14)
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Now let D = ¢gE + P, and since D = € - E, we have
e =¢o(l+x) (1.15)

where x is in general a 3 x 3 matrix and | is the unit 3 x 3 matrix.

For a plasma, the currents are related to the various physical properties
of the medium and can be used to define an effective dielectric constant (or
tensor). External currents, however, must be dealt with explicitly, and may not be
incorporated into a characterization of the medium through an effective dielectric
constant. For a homogeneous plasma, we may Fourier transform in both time and
space so that the fields vary as exp(ik - r — iwt), so that we may define

D =¢E =¢E — J/iw = (g — 0 /iw)E (1.16)

where we have used equation (1.9) (scalar form) with the result

€=¢)—0/iw scalar dielectric permittivity (1.17)
€ =¢l —o/iw effective dielectric permittivity tensor ’
and in terms of the dimensionless dielectric constant, where € = ¢p K,
o . . .
K=1—— the effective dielectric constant (1.18)
iweg
o . . .
K=l-— the effective dielectric tensor. (1.19)
iweg

Thus a good conducting medium at low frequency, such as a plasma, or water
with an electrolyte, will have a very high dielectric constant as well. Hence the
dielectric constant of a medium is related to the polarizability of an insulator, as
in equation (1.15), or the mobility of the charges in a plasma, as will be shown in
chapter 2.

Problem 1.3.1. Incorporating the current into the dielectric constant. Show
that equation (1.16) comes from equation (1.5) where the current has been
incorporated into €.

1.3.2 Properties of the Helmholtz equation

Again let us consider electromagnetic waves in free space where o = 47 x 10~/
Henry/m and €y = 8.854 x 1072 Farad/m, or in a dielectric medium characterized
by a dielectric constant K. The speed of light may be written in terms of the
free space constants as l/c2 = up€g. We can combine equation (1.4) and
equation (1.5) for free space and obtain the general Helmholtz equation for free
space or use D = 9K E to represent the homogeneous, isotropic medium. We
use the various quantities used in section 1.3.1 to obtain

V x (VxE)+ aJ+KaZE 0 (1.20)
X X — — — = .
Ho c2 312
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where now J represents external currents, so with no external currents, we have
the Helmholtz or wave equation:

2

VX (VX E)+ ——
( ) c2 312

E =0. (1.21)
This result is valid either for free space, where K = 1 or in an insulating medium
or in a plasma which is represented by an effective dielectric constant.

If we use the vector identity

Vx(VxA)=V(V-A)— VA

and take the case V - E = 0 so that there is no net free charge, we have the
simplified wave equation

2. K 92 -

These same basic techniques can be used to write a wave equation for H as

2

K
Vx(VxH)+

where again J represents external currents, since internal currents have been
incorporated into K. Thus with no external currents, equation (1.23) is equivalent
to equation (1.22) so that E and H satisfy the same equation.

Let us first consider some simple cases of the wave equation. For simplicity,
consider only the scalar wave equation, equation (1.22), in a homogeneous,
isotropic, nondispersive medium. The most common solution of the scalar

equation
2
2 _
Vi agel =0
is the plane wave solution, or
f = Ael? = Aelkr—en (1.24)

since any other solution can be constructed by Fourier synthesis, so the solution
is a complex function with a scalar amplitude A and phase 6, where

0=k -r— ot (1.25)

Here, k is known as the wavevector, and w is the angular frequency, measured in
radians per second. The homogeneous assumption implies that k is not a function
of r, the isotropic assumption implies that it is not a function of direction, and
the nondispersive assumption implies that it is not a function of w. The surface
where 6 is a constant is known as the surface of constant phase, or if an observer
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moves with the wave in the k-direction, the phase is constant. Taking differentials
of equation (1.25), we have

80 =k - 6r — wit
and for constant phase we demand §6 = 0, so
0=k or — wit

which leads to
dr w

5 :mékzvp. (126)
The quantity v, is known as the phase velocity of the wave and points in the k-
direction, and its magnitude v, is the phase speed. The other physical quantities
of interest in the study of waves are the wavelength A and the period 7. The
wavelength is the distance traveled by the wave when the phase has increased by
27 with t constant, so that

= 2T (1.27)
k| '
and the period is the time elapsed for a 27 phase shift at constant r, or
2r
T=—. (1.28)
1)
The wave frequency is simply the inverse of t or
1 w
f=—=—. (1.29)
T 27

Another quantity that can be used to simplify the form of the wave equation is the
vector index of refraction n given by

n=—. (1.30)
w

The physical meaning of n = |n| is that it represents the ratio of the speed of light
in free space to the phase speed of the wave. Hence if n > 1, it means that the
phase speed of the wave is slower than the speed of light, and if n < 1, it means
it is faster. Using n, equation (1.22) becomes

nxmnxE)y—KE=0 (1.31)

and if V- E = 0 (which is typically true for transverse waves but not for
longitudinal waves), then this leads to

n—K=0=n=+VK. (1.32)
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The index of refraction for free space is thus n = %1 since K = 1 for free space,
and differs from unity for general media.

It is clear from the nature of the vector equations that whenever the medium
is not isotropic, the tensor character of the effective dielectric tensor will require
the index of refraction to be different in different directions, and the algebra will
be more formidable than shown here. Nevertheless, the Helmholtz equation may
be written for stationary (0K/d¢ = 0), homogeneous (dK/dr = 0), anisotropic
media as

nxmnxE)—K-E=0. (1.33)

In addition to the phase velocity, we will often need to know the velocity of
a wave packet which is called the group velocity. This velocity gives information
about the movement of energy and information, and may be either faster or
slower than the phase velocity, and frequently travels in a different direction. In a

homogeneous, isotropic plasma, the group velocity is given by
do (1.34)
Vg = — .
7 dk

and travels either parallel or antiparallel to the phase velocity. In more general
plasmas, the vector expression is

= — = Vo. 1.35
Ve = Ik k@ (1.35)

This phenomenon will be examined more thoroughly in chapter 2.

1.3.3 Conservation laws for electromagnetic fields

The flow of electromagnetic energy is a balance between the power leaving
a bounded volume through its surface, the power dissipated in the volume
(transferred to mechanical or other non-electromagnetic energy), and the energy
stored in the electromagnetic fields (E and H). It is this energy balance that is
the content of Poynting’s theorem. We begin with the definition of the Poynting
vector which describes the electromagnetic energy flux,

P=ExH (1.36)

along with equations (1.4) and (1.5). Taking the divergence of P and using the
vector identity,

V.- AxB)=—A-(VxB)+B-(VxA)
then
V-P=H - (VXE)—E-(VxH)
0B oD

- _H- - _E.J—E.—=. 1.37
ot 4 at (1.37)
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If we take the magnetic permeability u to be constant and the dielectric
permittivity € to be time independent, we may write this result as

aU
V.-P=———-J E (1.38)
ot
where U is an energy density given by
U=3E-D+iB-H (1.39)

and where D includes the loss-free portion of the dielectric tensor (the Hermitian
part of K) and J = —iwegK4 (where KA is the anti-Hermitian part of K).
The various terms in (1.38) and (1.39) simply reflect the different components
of the energy balance. The total energy balance can be found by integrating
equation (1.38) over a volume V bounded by a surface S so that by using the

divergence theorem
/V«PdV:%PdA
Vv N

0
%P-dA:——/ UdV—/ J-Eav. (1.40)
s at Jy v

From this equation, we identify the stored electromagnetic energy as being
comprised of an electric and a magnetic term, given in terms of the energy
densities (in Joule/m?)

we obtain

Ug=3E-D (1.41)
Uy =3B H (1.42)
and the volume-averaged power dissipation term is

D:/JoEdV. (1.43)
v

Integrating over the volume, the total field energy is

W:/ UEdV—i-/ Uy dV (1.44)
14 14

so the energy balance equation may be written as
aw
%P~dA=———D. (1.45)
S at

This conservation law, which is called Poynting’s theorem, indicates that the
energy flux through the surface, represented by the first term in equation (1.45), is
equal to the rate at which energy is lost in the volume, either by a decrease in the
stored energy or by dissipation. It is important to note that both Ug and Uy, are
nonlinear functions of the fields and thus for energy balance with material media
through wave interactions, the conservation laws will be nonlinear (see chapter 7).
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1.3.4 Conservation laws with Fourier amplitudes

In studying wave physics, the wave fields and other variables are generally
harmonic in both time and space, or very nearly so. For this reason it is common
to represent the wave fields in terms of the Fourier amplitudes which are complex
quantities. For a harmonic time dependence, for example, we let the electric field
be represented by .

E(1) = Re[E (w)e "]

where the hat reminds us that E is a complex number and is the Fourier amplitude
for E. Throughout the book we use Re to denote the real part and Im to denote the
imaginary part of whatever follows. While this recipe is rather obvious for linear
equations (multiply by e~'* and take the real part), it is less obvious for products
of two complex amplitudes. If we represent the product of any two functions of
time by [ A][ B] where this could represent the product of two scalars, a scalar and
a vector, or a scalar or vector product of two vectors, then we have

[A][B] = Re[Ae /| Re[Be ']
— %[Aefiwl + A*eiwt]%[éefiu)t + é*eiwl‘]
= JUAIBle 2 + [Al[B*] + [A*][B] + [A*][B*]e"").
While this time dependence is very cumbersome, if we ask for the time average

over a period rather than the instantaneous time behavior, then for real w this
reduces to

1 [° A A ~ A
= /O [A][B1dr = ;([Al[B*] + [A*][B))

3 Re(lA1[B*) (1.46)
where T = 27 /w. The complex Poynting vector is obtained from the set of curl
equations:

VxE= ia)uoﬁ V x E* = —ia),u,()ﬁ* (1.47)
Vx H=J—iweE V x H* = J* + iweo E* '
with the result
V(ExH +E*xH)=—(E-J"+E* ] (1.48)
If we integrate this over the volume, then the result may be expressed as
—fP-dS:D (1.49)
s
where
P =1Re(E x HY (1.50)
- %Re/V(E S JHdv (1.51)
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so we can identify P as the Poynting vector and D as the volume averaged
dissipation. Equation (1.49) tells us that the power flowing in through the surface
is equal to the rate of loss of power inside through dissipation. In the lossless
plasma, we shall find that Re(E . f *) = 0, so there is no dissipation and no net
power flow averaged over a cycle.

When o is complex, with ® = w, + iw;, then equation (1.48) has an
additional term such that

V(ExH +E*xH)=—(E-J*+E* J)—2wi(uwo|H|> + €| E|?) (1.52)

and this additional term represents the energy stored in the electromagnetic fields,
which can decay if the plasma is lossy or grow if the plasma is unstable.

1.3.5 Methods of geometric optics from WKB theory

In a stationary, infinite, homogeneous, isotropic medium, the wave equation,
equation (1.22), may be written as a scalar wave equation of the form,

dZ
a§+k2y=0 (1.53)

where k is the wavenumber, and n = kc/w is the index of refraction in the x-
direction. In an anisotropic medium, k depends on the direction, and there may
be more than one value of k to describe the propagation. The solutions are simple
plane waves, described by equation (1.24).

For an inhomogeneous (but still isotropic) plasma, however, the simple plane
wave solutions are only approximations to the actual solutions. If the medium
is sufficiently slowly varying, however, they represent a good starting point. If
we restrict our inhomogeneity to one dimension, then equation (1.53) can be

generalized to
2

Y oy =0 (1.54)
dx2 y= '

where now k(x) is determined by the properties of the medium and we require
k(x) to vary little over a wavelength. If we assume that the solution is nearly a
plane wave, then we can choose to represent the solution as an eikonal of the form

y(x) = A(x)elS® (1.55)

where A(x) is assumed to vary slowly while S(x) varies rapidly (S(x) = kx in
homogeneous media). If we insert this solution into equation (1.54), we find

[A” +2iA’S' + A(K? — §”° +iS")]e™S = 0
so the dominant terms (with no derivatives of A and neglecting S”) give

S = j—S = +k(x) S0 Sx) = :l:/x k(x")dx'. (1.56)
x
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To the next order, we keep A’ and S” but neglect A” to obtain

2iSA' +iS"A =0 with solution A= (1.57)

The eikonal solution of this simple wave equation is thus (through first order)

y(x) = \/%explij:i/x k(x') dx'i|. (1.58)

This method of dealing with wave equations of the type equation (1.54)
was introduced by Jeffreys [1] and developed for quantum mechanics and the
Schrodinger equation by Wentzel, Kramers, and Brillouin [2] and is commonly
called the WKB or WKBJ method. The method is sometimes taken to include
only this eikonal solution where the variation is slow, and sometimes taken to refer
to the matching of these solutions to solutions valid near a local cutoff (k(x.) = 0)
where the matching is done far enough from the cutoff that the eikonal solutions
are valid, but near enough that the local solution is still valid.

We shall find occasion to use solutions of this type in both one dimension and
in three dimensions where the waves are still nearly plane waves, but the direction
of the waves changes continuously in space as the wave propagates. The trajectory
of the group velocity is called a ray and the solution of the equations governing
the trajectory is called ray tracing. We will also need to find local solutions near
both cutoffs (k(x.) = 0) and resonances (k(x,) — o0) and back-to-back cutoffs
and resonances, since examples of all these types of behavior are encountered in
plasmas. These methods and their conditions for validity, along with numerous
examples, are described in chapter 6, but we shall occasionally refer to the eikonal
solutions in the intervening chapters.

1.4 Statistical mechanics of plasmas

A plasma is a collection of ionized gas particles such that the overall charge of
the system is zero and whose principal interactions between the particles are due
to the Coulomb interaction. We refer to the condition on the overall charge as the
quasineutrality condition, since we allow local or periodic deviations from exact
neutrality. The condition may be written

N
anqunee (1.59)
j=1

where n; is the ion charge density for species j and g; is the charge for that
species and the sum is over the N ionic species. We assume that the only
negatively charged particles are electrons, so that n, is the electron density. We
recognize that in some weakly ionized plasmas the possibility of negative ions
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would require changes in this and other conditions, since we always take the
electron mass to be much smaller than the ion mass and this would be violated if
negative ions constituted a nontrivial portion of the negative charge in the plasma.
In dusty plasmas, the right-hand side of equation (1.59) must be replaced by a
sum over the dust particles species that are typically highly charged.

Usually, plasmas are not in true thermal equilibrium, so that some standard
statistical mechanical methods cannot be applied. However, each particle species,
such as electrons and ions, closely approximates a local equilibrium state, so the
usual treatment of the plasma involves several species with independent thermal
equilibria. The conventional description of a thermal dynamic system is in terms
of its particle distribution function, f(r, v, t), where r is the configuration space
coordinate, v is the velocity space coordinate, and the combination is called the
phase space which is a space with six dimensions plus time. The distribution
function is an averaged quantity and is hence interpreted as a probability density
of finding a particle in a prescribed volume of the phase space.

The starting point of the statistical description of the plasma in phase space
is the Boltzmann equation with the interactions dominated by electromagnetic
forces. The statistical approach deals either with the description of a collection
of individual particles (a microscopic distribution) or with a description of
an average over a collection of particles (a macroscopic distribution). The
microscopic description of the particles involves a set of point charges located
at a point in phase space (r;, v;) so that the density of particles in this case can
be written as a function of the instantaneous location of each particle or

N
N1, 2, N, 1,02, oy, 1) = [ ] 81 — (01810 — v ()],
j=1

This description is complete but of little use since it requires knowledge of the
position and velocity of each particle in the phase space which may involve the
solution of 100 equations.

A more tractable description is the macroscopic distribution method where
a physical quantity is averaged over the microscopic distribution function
f(r, v, t). For example, the particle density in configuration space, n(r, t), is

n(r, 1) =/f(r, v, 1) d>v (1.60)

where we frequently use the abbreviated notation, d3v = dvydvydv,. The
averaging in velocity space is sometimes called the fluid model approach since the
various macroscopic moments of the distribution function correspond to treating
the plasma as a fluid and the various quantities as fluid elements. The first few
moments after equation (1.60) (the zeroth moment) are the momentum density
(the first moment)

mu:m/vfd3v (1.61)
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and the energy density (the second moment)

E= %m/v2fd3v. (1.62)

The evolution of the distribution function in phase space is governed by the
Boltzmann equation

of \Y F \% o 1.63
o UV ”f_(at)wu. (169
where F is the force due to electric and magnetic fields and V,, is the gradient
in velocity space. This is essentially a conservation law describing a trajectory
in phase space, and the collision term amounts to the annihilation of a particle
at one point and its corresponding creation at another point because the actual
trajectory appears discontinuous in phase space due to the (assumed) short range
of the collision. These collisions tend to relax the distribution function to thermal
equilibrium, but the collisions between different species which tend to bring the
entire plasma to thermal equilibrium are not included here. The collisional term
can be approximated in various ways, the simplest of which is to assume that it
vanishes in the collisionless model. The collisionless Boltzmann equation,

af q _

—+4+v-Vf+—(E+4+vxB)-V,f=0 (1.64)

at m
along with the Maxwell equations are called the Vlasov equations, although
occasionally equation (1.64) alone is referred to as the Vlasov equation. We shall
generally refer to equation (1.64) as the kinetic equation. Without any collisions,
of course, every phenomenon described by the Vlasov equations is reversible, so
no loss of information can occur within this simplest approximation. The simplest
nontrivial approximation to the collision term is the Krook model where

of _ B
(5), =70 = e

where v is the collision frequency and fy is the steady-state equilibrium
distribution function. In order to conserve particles in this model, we demand
[ h dvd3x = 0, where fi = f — fo, since f; will eventually decay away,
and any particles associated with f; will disappear. However, it will relax the
distribution towards equilibrium with an increase in entropy, so it does allow
irreversible processes and loss of information. If we speak of a true equilibrium
distribution function, then we necessarily must take fy to be a Maxwellian,
described by
fo(r,v) = Ae E/XT

where E' is the sum of the kinetic energy and the potential energy, £ = %mv2 +
qo(r), A is a normalization constant, X is Boltzmann’s constant, and 7 is the
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thermodynamic temperature. We will occasionally refer to other functions fy(v)
in later chapters, but the concept of temperature is unique to the Maxwellian
distribution and the alternative functions are used either to simplify a calculation
to demonstrate a point or represent a nonthermal distribution which may still be
stationary on the wave time scale. Moreover, the value of A is obtained by the
conservation of particles. If N is the total number of particles of the particular

species, then we have
N:A/d3x/d3vefE/KT

_ N
- [ dx [dPve E/RTS

Since, as we noted earlier, the various plasma species are not in thermal
equilibrium with one another, it is usually necessary to define a temperature
for each plasma species. It is quite common, for example, for the electron
temperature to be much higher than the ion temperature in an electron—ion plasma.
We occasionally will even refer to two temperatures for a single species, since
thermal effects for motion parallel to a magnetic field are very different from
motions perpendicular to the field, so a parallel temperature distinct from a
perpendicular temperature can be defined, but these only rarely are substantially
different from one another or else the plasma becomes unstable.

or
A

1.5 Overview of the plasma wave zoo

In the chapters ahead, the general trend is from simple to complex, but even in
the next chapter on cold plasmas, the anisotropy introduced by the magnetic field
will introduce great complexity. The general development begins with a cold,
infinite, homogeneous, and linear plasma, and then these constraints are relaxed
one by one. The anisotropy due to the magnetic field is so fundamental to so
many applications that it will be included throughout the linear development, but
few examples are given in the more complicated nonlinear chapters.

Chapter 2 introduces the basic dielectric tensor formalism with which we
deal with cold plasma waves propagating in a magnetized plasma. With no
thermal motions to complicate the picture, we discover the kinds of waves
which may propagate in different regions of parameter space, and their different
properties in different directions are so numerous we appear to be in a plasma
wave ‘zoo’, where we must identify and classify the various wave types carefully.
This is largely done through the Clemmon—Mullaly—Allis (CMA) diagram (you
may wish to turn to figure 2.8 while you read the remainder of this paragraph)
where boundaries or ‘fences’ keep each wave ‘animal’ in its own ‘cage’, so that
we can analyze one (or two since sometimes two waves share the same cage) at
a time. Without a magnetic field, there is a single ‘fence’ (the vertical line in
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figure 2.8) and on one side it is empty and on the other side there is only one
‘animal’ characterized by a sphere. With a magnetic field, there are suddenly 13
‘cages’, some with subregions inside! In these numerous regions, we may study
the taxonomy where the waves may be characterized as spheroids or lemniscoids
(two types), so that we may see relationships among the various subspecies in
our zoo. One ‘cage’ is still empty, some have only one inhabitant (spheroid
or lemniscoid), some have two spheroids while others have one of each (two
lemniscoids cannot occur simultaneously). The ‘fences’ have peculiar properties
also, since for some places one of the inhabitants can pass through one of the
fences while the other cannot.

We discover that phase and group velocities are more complicated in three-
dimensions with a magnetic field, and resonances which occur at specific angles
with respect to the magnetic field lead to resonance cones and interesting particle
motions. We also discover that some cages are so large that a wave near one
boundary appears so different from its twin at the other boundary that it merits a
new name. Thus it is not surprising that the nomenclature is a ‘zoo’ in its own
right, there being separate histories from different communities with their own
naming conventions which are quite incompatible, sometimes resulting in the
same name describing different waves and different names describing the same
wave.

In chapter 3, we introduce the first thermal corrections, where effectively we
allow the plasma to have a finite pressure and, later, drift velocities. These are
described through the fluid equations which require the phase velocity to be large
compared to the thermal velocity. This addition adds new animals to each cage,
the acoustic or sound waves, which are sometimes unique new wave types and
sometimes serve only to modify one of the cold plasma waves. Sometimes they
provide a coupling between different cold plasma waves, and these couplings are
generally found to be very dependent on angle. We try to organize these waves
through Stringer diagrams, since they refuse to be bound by the fences of the
cold plasma wave zoo. We also introduce collisions, though they could have been
introduced to cold plasmas. Finally, the introduction of drift velocities leads to a
variety of instabilities, so the classification of the types of instabilities is studied
here along with several examples.

The restriction on the phase velocity is removed in chapter 4 through the
use of kinetic theory, where we allow the effects of particles traveling near the
phase velocity to influence wave propagation and damping. The kinetic theory
treatment of plasma waves is the most comprehensive description, but also the
most complex. The fences of the CMA diagram may become fuzzy, and many
of the couplings in the Stringer diagrams are found to be effectively eliminated
through collisionless damping. Here we discover the effects of Landau damping,
where the slope of the distribution function at the phase velocity can lead either to
collisionless damping or instability. We explore the nature of this new damping
without collisions, since it may cause the wave to damp away, but without any
loss of information, characteristics which at first appear contradictory. The
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same basic phenomenon in a magnetized plasma leads to cyclotron damping,
and the effects of finite Larmor radii (usually but not always small compared
to the wavelength) lead to cyclotron harmonic effects and an entirely new set
of waves propagating nearly normally to the field which we call the Bernstein
modes after their discoverer. By now, we have expanded the zoo and modified
each of its species to such an extent that we can only look closely at the new
arrivals and a few representative cases. Although the development from kinetic
theory can treat any distribution function, the analysis is generally restricted to
Maxwellian distributions except for illustrative examples and for the relativistic
case. The general analysis for the relativistic case is included, with yet more new
phenomena, but we examine only a few examples where the relativistic effects
make a qualitative difference in the wave behavior, namely the appearance of
collisionless damping exactly normal to the field. Because of the relativistic mass
increase, even the fences move if the relativistic effects are strong enough, and
these effects have been observed in high intensity laser irradiation.

The addition of physical boundaries in chapter 5 restricts the spectrum of
wavevectors which was unbounded in the infinite plasma. We treat only uniform
plasmas within these boundaries, but point out an example where inhomogeneity
affects the result significantly. In the bounded plasma we find waveguide-type
cutoffs, discrete eigenmodes, geometry-dependent scattering resonances, and
surface waves that propagate in one dimension but decay in the radial direction.
While each wave type arises from one of the original animals in our zoo, it
takes on a new look in the bounded plasma. This chapter also includes a
discussion of mode orthogonality in a plasma-filled waveguide and the only
antenna calculation.

While we could consider chapter 5 to deal with plasmas with a step function
inhomogeneity (rapid change in plasma parameters over a wavelength), chapter 6
deals with weak inhomogeneities (small change in plasma parameters over a
wavelength). Following a wave through a slowly varying inhomogeneous plasma
amounts to following a trajectory through the plasma zoo, often crossing fences
(mode conversion) and occasionally passing through empty cages (tunneling).
Away from these boundaries, not all of which are CMA boundaries since many
of the transitions are from cold to hot plasma waves which did not appear in
the cold plasma, the description of waves by WKB theory is relatively easy in
one dimension. Most of the effort is then directed at the transitional coupling,
where there may be transmission (tunneling through a resonance to a wave of
the same type), reflection, mode conversion (to a wave of a different type), and
absorption. An inevitable companion of absorption is radiation, since the two are
coupled by Kirchhoff’s law, and in this edition, emission is discussed in detail
after generalizing Kirchhoff’s law to include the variety of plasma wave types
that are coupled in absorption and radiation zones. Beyond the one-dimensional
inhomogeneities, we examine the nontrivial extension of WKB theory to three
dimensions where the trajectory of the wave energy (following the group velocity)
is influenced by gradients of plasma parameters in arbitrary directions. Finally,
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we examine a class of instabilities called drift waves which arise from the fact that
an inhomogeneous plasma is not in equilibrium, and hence has a source of free
energy.

In the last two chapters, we finally relax the last restriction of linearity, and
first examine weakly nonlinear effects (chapter 7) that include the effects of waves
on the distribution function through quasilinear theory, and the resonant effects of
waves coupling with other waves to produce a third wave. Chapter 8 goes on to
treat stronger nonlinear effects, where we deal with solitary waves and solitons,
the effects of trapped particles, and finally the parametric instabilities. This
latter topic couples animals from the same or different cages through a variety
of possible nonlinear mechanisms, and is another zoo of its own because of the
many possible combinations. Here we only lay out some of the general framework
and examine a small (unmagnetized) corner of this zoo.
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Chapter 2

Waves in a cold uniform plasma

The ABCs of plasma waves are linear cold plasma waves in an infinite,
homogeneous plasma. The plasma is not isotropic, however, since the presence
of a magnetic field provides one preferred direction. Without the magnetic field,
the plasma may be represented by a simple dielectric constant and the only
wave solution is a simple electromagnetic wave that propagates above the plasma
frequency, wp.. This virtually trivial result will be included as a special case in
our treatment of the finite magnetic field case, but we begin immediately with
the more general and nontrivial case. By cold plasma, we mean a collection
of charged particles without any net charge, and the particles are at rest except
when they are induced to move through the action of the self-consistent electric
and magnetic fields of the wave or, in other words, the particles have no kinetic
thermal motion of their own.

In this chapter, we will examine several forms of the dispersion relation,
the function that relates the frequency and the wavevector, that characterizes each
wave type and leads to the labels for the various types. We will then examine
some of the general properties of these various types of waves and examine a
few special cases in more detail in order to illustrate the features of the various
categories.

The labeling may be the most confusing part of this chapter, and indeed
throughout the book, since there is virtually no overlap in the nomenclature used
by laboratory plasma physicists and that used in ionospheric and astrophysical
plasma waves. Even within these two major groups, there are sometimes several
distinct names for exactly the same wave, depending on the history of the wave
or the wave feature to be emphasized. For example, the fast Alfvén wave is the
compressional Alfvén wave is the magnetoacoustic wave is the whistler wave is
the ... (and the list goes on). Throughout the body of the text, the variety of names
for a single wave will be severely restricted, but as each wave is introduced,
or as a new aspect of the wave is unveiled, the multiplicity of names will be
noted, although exhaustive lists are both unlikely and unhelpful. Whenever one is
uncertain about which wave is referenced in the literature, it is best to determine
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which wave it is by noting its characteristics, since it even happens that different
groups use exactly the same names to mean totally different waves.

2.1 The cold plasma dispersion relation

The cold plasma dispersion relation (CPDR) was first published by Appleton
in two stages: the result in 1927 [3] and the derivation in 1932 [4]. Because
Hartree influenced the publication of the 1932 derivation, although he added
nothing to the result, it is sometimes called the Appleton—Hartree dispersion
relation. Following the historical study by Gillmor [5], however, where it was
discovered among Appleton’s own personal papers that Wilhelm Altar, while
working with Appleton, first calculated the dispersion relation in 1926, it would
be more appropriate to call it the Altar—Appleton dispersion relation. These early
forms neglected ion motions but did include electron—neutral collisions.

2.1.1 Equations of motion

The calculation begins with the equation of motion for a single particle of species
Jj in an electromagnetic field,

dv/
mjd—t'ij(E+vij) 2.1)
along with the Maxwell equations,
oB
VxE= —E
9E (2.2)
V X B=MO<J.+€OE>

and the expression for the total current,
J = nja;v;
J

where the sum is over the species. Since the plasma has been presumed to be
uniform and homogeneous in both space and time, we may Fourier transform
these equations or what is equivalent, assume that

E = Elei(k-r—wt)
B = By + Bjelkr—on (2.3)

v =1 ei(k»r —wt)

and By is the static magnetic field and is taken to be in the z-direction, and
|B1| <« |Bg|. With these inserted into equation (2.1), we may rewrite that
equation in linear form as

—iwmjvij = q;(E1 +vi; x Bo) (2.4)
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where the second order terms have been neglected because we have assumed the
waves are of sufficiently low amplitude that the linear approximation is valid. The
solution of equation (2.4) for the velocity is

iq .
Vyxj = m(a)Ex +i€jwc Ey)
cj
i .
vyj = #2( i€jwe Ex + wEy) (2.5)
m (w? —a)j)
i
vy = 4j E,.
mja)

Here we have introduced the definitions €; = ¢;/|q;| to denote the sign of the
charge for species j and w¢; = |q;|Bo/m; is the cyclotron frequency for species
! The first two of these may be simplified by introducing rotating coordinates
such that v4 = vy & ivy and E+ = E, £iE,. Then we may write both of these
components as
y=— (2.6)
m; (a) T € a)cj)

Similarly, the current density may be written as

Ji = 1602

(0) + 6] wq)

2.7)

J; =ieg Z %Ez

J
where w); is the plasma frequency for species j, given by

2

I’qu ;
a)i/. =" (2.8)

. mjeq

2.1.1.1 Particle motions

In Fourier transform space, integrating the velocity equations to obtain the
coordinates is done by simply dividing by —iw. For a simple case where
Ey, = E; = 0 so that E has only an x-component, we find

B q; Ex
Xj=————
mj(@? — o) (2.9)
eja)c,
Yji=—"_Xj

iw

so that in general, the trajectory is elliptical. For v <« wcj, we find x; < yj,
so the motion is principally across both the E and By directions. However, for

1 Some authors define w¢j = qjBo/mj so that it is negative for electrons.
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® > wcj, Xj > y; and the motion is principally parallel to the electric field.
In this latter case, we would call the particles unmagnetized, since the magnetic
influence is small. Since it is possible for the wave frequency to be well above the
ion cyclotron frequency at the same time it is well below the electron cyclotron
frequency, it is possible for ions to be effectively unmagnetized while electrons
are magnetized.

When w >~ w,;, then the linear solutions exhibit resonance effects with
large amplitudes, and at resonance, the radius increases uniformly in time and
no steady-state solution exists. In this vicinity, we expect the cold plasma
approximation to fail and either thermal, inhomogeneous, or nonlinear effects
to dominate the dynamics.

Problem 2.1.1. Cold plasma conductivity tensor.

(1) Derive the elements of the conductivity tensor ¢ where j = o - E.

(ii) Show that there is no dissipation associated with this conductivity. (Hint:
Show that Re(E* - j) = 0, and then note how this result demonstrates the
absence of dissipation, where E* is the complex conjugate of E.)

2.1.2 Cold plasma dielectric tensor
If we now combine the plasma current and the displacement current such that
Jj —iwegE = —iwegK - E

then the resulting equivalent dielectric tensor is given by

S —-iD 0 Ki Ky O
K=|iD § 0 |=| —-K2 K; O (2.10)
0 0o P 0 0 K3
where the dielectric tensor elements are defined by
w?.
K]ESE%(R—i—L):l—Z% (2.11)
T %
! €5 6i % 2.12)
iKb=D=5R—-L)= _— .
2 S(R—1L) Zw(wz—wg) (
J J
.
- _ _ _b
K3=P = 1 Z - (2.13)
J
>

Ki+iKh=R=S+D=1-Y — P (2.14)
; w(w+ €jwe)

2.

L (2.15)

w(w — €jwe;) ’

w
K]—iKZELES—Dzl—Z
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The two equivalent sets of tensor elements in equations (2.11) through (2.15)
are the familiar S, D, R, L, and P notation of Stix [6] and the cold plasma limit
of the more general dielectric tensor to be developed in later chapters. The Stix
labels are mnemonics for the Sum, Difference, Right, Left, and Plasma terms,
respectively. In the subsequent sections, we will occasionally use the Stix notation
to refer explicitly to the cold plasma terms only, while the more general notation
may refer either to the cold plasma limit or include warm or hot plasma terms.
The original Altar—Appleton dispersion relation neglected the ion terms, and the
simplified dielectric tensor elements were then given by

K =1 X
=712
iXy (2.16)
k=11
Kiy=1—X

where X = a)f,e Jo? and ¥ = wee/w, except that collisions were included in
the original work. The discussion of collisions is deferred until chapter 3. This
particular notation is common in discussing ionospheric phenomena, but is rarely
used to discuss laboratory plasma waves.

Problem 2.1.2. Zeros of D.

(i) Show that D cannot vanish at any frequency in a plasma with only one ion
species (only one g /m j ratio) and electrons with finite density and magnetic
field.

(i) Show that there is one zero in D for each additional ion species (different
qj/mj) added and that the zeros lie between each adjacent pair of ion
cyclotron frequencies. (Hint: Do not try to find these frequencies, only prove
that they exist.)

2.1.3 Forms of the dispersion relation

The Maxwell equations of equation (2.2) are now written as

ik x E =iwB
ik x B = —iweguoK - E 2.17)
with the resulting wave equation
nxmxE)+K-E=0 (2.18)
where ‘
n=-< (2.19)
w

is the index of refraction vector whose direction is the direction of the wavevector
k and whose magnitude is the index of refraction. If we now choose n to lie in
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the x—z plane, and since we have already chosen By to be in the z-direction, then
equation (2.18) becomes

S —n?cos?@ —iD  n*cosfsinf E,
iD S —n? 0 E, |=0 (2.20)
n? cos 6 sin & 0 P —n?sin®6 E,

where 0 is the angle between k and the z-axis. In order to have a nontrivial
solution, one requires that the determinant of coefficients vanish. This condition
gives the cold plasma dispersion relation (CPDR),

An*—Bn>+C=0 (2.21)
where
A= Ssin?0 + P cos?8
B = RLsin?6 + PS(1 + cos20) (2.22)
C = PRL.

The solutions of equation (2.21) may be written in either of two forms, first

as a quadratic in n2,
B+ F
2= F? = B> —4AC (2.23)
2A
where F2 may be written in the form,
F?2 = (RL — PS)?sin*6 + 4P?>D? cos* 6 (2.24)

or alternatively in terms of the angle,

P —R % —-1L)

tan?6 = — .
(Sn?2 — RLY(n? — P)

(2.25)

The general condition for a resonance, where n? — oo, or where A — 0, is given
by equation (2.23) or equation (2.25) as

tan’6 = —P /S general resonance condition (2.26)
and the general cutoff condition, where n = 0, is given by equation (2.21) as

C=PRL=0 general cutoff condition. 2.27)

We note some special cases at this point which we will take up in more detail in
the following sections.

(i) Propagation parallel to By, & = 0. (The numerator of equation (2.25) must
vanish.)

(@) P=K3z=0 plasma oscillations.
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(b) n?=R=K;+iK, wave with right-handed polarization.
(¢) n*=L=K;—iK> wave with left-handed polarization.
(i) Propagation perpendicular to By, 6 = n/2. (The denominator of
equation (2.25) must vanish.)
(a) n? =P =Kj ordinary wave.
(b) n? = RL/S = (K12 + K22)/K1 extraordinary wave.

Problem 2.1.3. Show that F? is positive definite, i.e. show that 2 may be written
in the form of equation (2.24).

2.2 The CMA diagram

Because of the number of different solutions and their behavior at various angles
and in different frequency bands, this simplest of plasma wave problems (cold
plasma only) has become significantly complicated. There are various ways of
tabulating the characteristics of the waves in various regions of parameter space,
and we shall include several. The starting point is the Clemmow—Mullaly—Allis
(CMA) diagram and the associated wave normal surface (WNS) topology. This
method of tabulating shows at a glance whether one or two waves (or none)
propagate, whether a resonance occurs, which wave is fast or slow, and shows
the connections between the right- and left-handed waves and the ordinary and
extraordinary waves as the angle changes from O to 7 /2.

As we establish conditions for the boundaries and determine the topology of
the WNSs for each region of the CMA diagram, we will also show dispersion
curves that represent selected slices through the CMA diagram, and offer
interpretations of the topological features.

2.2.1 Principal solutions—parallel propagation

We first define the principal resonances to be those which occur at 6 = 0 and
6 = m/2. The general condition for a resonance (n> — o0) is evident from
equation (2.25) which becomes

tan>6 = —P/S. (2.28)

Hence, for 6 — 0, we require S — oo since P = 0 is a cutoff. Since
S = %(R + L), this can be satisfied for either

R — oo (electron cyclotron resonance)

or
L — oo (ion cyclotron resonance).
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2.2.1.1 The right-handed wave

For a simple plasma of electrons and one ion species, the dispersion relation for
the right-handed wave, ”%e = R, which propagates parallel to By is given by
equation (2.14) as

2 2
@pi Dpe

2
np=R=1- — (2.29)
R o+ i) ol@— o)

so the resonance is clearly at @ = wc.. The cutoff frequency, where n> = R = 0,

is given by
172
_ Wee — Wi Wee + Wi 2 2 2.30
WR = > + ) +a)p (2.30)

where we have defined the composite quantity

2 _ 2 2
W), :a)pe-i—a)pi.

For low and high density limits, the cutoff frequency may be approximated by

2
w
1+ 2] R- toff—low densit
op ~ Wee ( + wé) wave cuto ow density 2.31)
wpe + %wce R-wave cutoff—high density

where we have assumed m, < m;, which is always valid except in electron—hole
or electron—positron plasmas (except that in partially ionized plasmas, electron
attachment may lead to negative ions with m_ ~ m).

For low and high frequencies, the index of refraction approaches the limits

a);i C2

1—|——2EF asw — 0
w”.

n ~ ci A (2.32)

2
Wi,

1 — > as w — o0.
w

where V4 is the Alfvén speed. The dispersion relation for the right-handed wave
is plotted for high and low density cases in figure 2.1.

2.2.1.2 The left-handed wave

The dispersion relation for the left-handed wave, ni = L, is also given by

equation (2.15) as

2 2
w> . wpe

n%:L:l— L -
o(w—wi) o+ we)

(2.33)
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Figure 2.1. Dispersion relation for R-wave: (a) high density case, w%,e /a)ge = 3; (b) low

density case, w%e/a)ge = 0.3 (m;j/me =5).

so the resonance in this case is clearly at w = w,;. The cutoff frequency, where

n? = L = 0is given by
o o\ 1/2
= 24 e 7 Bee 4 [(7(%[ 5 Ce) + w127j| . (2.34)
For low and high densities, the cutoff frequency may be approximated by
w2,

wei + L-wave cutoff—low density
wp >~ Wei (2.35)

Wpe — %wce L-wave cutoff—high density

where we have again assumed m, < m;.
For low and high frequencies, the index of refraction approaches the limits

w2

S =
n2 ~ Wi
L= 2

|- Zre

w2

asw — 0

(o
S %

(2.36)

as w — oQ.

The dispersion relation for the left-handed wave is plotted for high and low density
cases in figure 2.2. Except for the large difference between the two cyclotron
frequencies, it is apparent that the propagation characteristics are very similar
to the R-wave dispersion relation with identical asymptotes at low and high
frequency.

2.2.2 Principal solutions—perpendicular propagation

As6 — m/2, P/S — 00, and since P — o0 is a trivial solution (either o — 0,
so no wave at all, or w, — oo, which is impossible), we require S — 0. These
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Figure 2.2. Dispersion relation for L-wave: (a) high density case, w%e /a)ge = 3; (b) low
density case, %, /w2, = 0.3 (m;/me = 5).

resonances are called hybrid resonances because they generally involve some
combination of w, and w,. The solutions for perpendicular propagation are the
ordinary and extraordinary waves.>

2.2.2.1 The ordinary wave

The dispersion relation for the ordinary wave is the same as in an unmagnetized
plasma, and is given simply by

2 2 2

1) w?, )

2 pe pi p
ne =pP=1- — =1-—= 2.37
0 w? w? w? (2.37)

for a single-ion species plasma, and it is immediately apparent that this wave has
no dependence on the magnetic field at all. As will be shown later as we look at
the polarization of the various solutions, this wave has E parallel to By, so the
particles do not experience any effects of the magnetic field. It is clear that there
is no resonance and that the cutoff is at @ = w,. There is no propagation below
wp and n* — 1as w — oo, so the dispersion relation is very simple in a cold
plasma.

Problem 2.2.1. The ordinary wave. Show that for the ordinary wave (O-wave),
Vplg = ¢2, or that the product of the phase velocity and the group velocity is equal
to the square of the velocity of light. What does this imply about the relationship
between the phase velocity and the velocity of light for the O-wave?

Problem 2.2.2. Reflection from the ionosphere. Since AM broadcast (and ham
band) waves reflect from the ionosphere (w, > ), permitting long range

2 For space and ionospheric applications, their ordinary wave is our R-wave and our X-wave is their
Z-mode.
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communication, whereas FM waves propagate through the ionosphere, limiting
the range to line-of-sight, estimate the electron density in the ionosphere.

2.2.2.2  The extraordinary wave

The dispersion relation for the extraordinary wave, given by

»  RL L@+ 0c)(@ = o) = 0p]l(@ — 0ci) (@ + 0ce) — ;]
ny = — = (2.38)
N (@ — %) (@ — ©2,) + 0 (e wei — )

is the most complicated of these simplified dispersion relations, since neither the
resonances nor the cutoffs have simple expressions. The resonances are given by
the zeros of the denominator, which lead to the quadratic roots

1/2

2
2 2 2 2
w, + w: w, — W;
w? = ‘2 L4 ( ‘2 ) + o 07, (2.39)
where we have defined the composite frequencies
2_ 2 2 S
a)j:a)pj-i—a)cj ] =e,l.

One of the roots is simply given (neglecting m./m;) by w,, the Pythagorean sum
of the electron cyclotron frequency and the electron plasma frequency, namely

a)%/ = a)IZ7 . T wfe [upper hybrid resonance]. (2.40)

The extraordinary wave is sometimes called the Z-mode, especially in space
applications.

The other root is more complicated, but again neglecting terms of order
me/mi»

2
Whe + Wcewci

lower hybrid resonance 2.41
w%e ey ) [ y 1 (241)

2
Wy g = WeeWci (

so the lower hybrid resonance occurs at the geometric mean of the two cyclotron
frequencies in the high density limit and at w;, the Pythagorean sum of the ion
cyclotron frequency and the ion plasma frequency in the low density limit.

Problem 2.2.3. The hybrid resonances.

(i) Show that equations (2.38) and (2.39) are exact.

(i) Show that the given hybrid resonance frequencies are accurate to order
me/m;. (Hint: After factoring out (a)g - a)iz) /2 from the radical of
equation (2.39), expand the radical and show that all terms after the first
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Figure 2.3. Dispersion relation for the extraordinary wave (X-mode): (a) low density case,
w%e/wge = 0.3; (b) high density case, w%e/wge =3 (m;/me =95).

order term are higher order in m,/m;. Then show how the zero and first
order terms lead to the listed results.)

(iii) Show that the low density expression for the lower hybrid resonance is
the Pythagorean sum indicated.

The cutoffs for the extraordinary wave are given by the roots of the numerator
of equation (2.38), again leading to quadratic roots of the form

. 2 1/2 .
Wy = [(W) +a)12,j| 4 Pee — @l (2.42)

where two negative roots have been discarded. For the high density limit, the two
cutoffs are at

Wx ~ wpe = %wce X—wave cutoff—high density. (2.43)

For the low density limit, the two cutoffs are located at

2
(,l)pe
Wce

wy 5 X-wave cutoff—low density. (2.44)

e

Wee T

Wei +

Wee

The low frequency limit (w — 0) again leads us to the case

2 2
w”.

o l+ 2= s w0 (2.45)
o, Vi

as in the R- and L-wave cases. In the high frequency limit, n? — 1 as @ — oo.
With these features established, the dispersion relation for the extraordinary wave
is plotted in figure 2.3 for the low and high density cases.
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Figure 2.4. Principal axes and boundaries of the CMA diagram (to scale with m; /m, = 5).

2.2.3 CMA boundaries—cutoffs and resonances

Having established some of the features of the principal waves, we wish now to
plot the principal resonances and cutoffs as a function of density and magnetic
field. We use as the coordinates for this plot the normalized magnetic field,
wee/®w =Y, versus the density, a)f, /a)2 = X, where X and Y are the variables
in the Altar—Appleton dispersion relation. These axes are linear in density to the
right and linear in the magnetic field in the vertical direction. Noting first just the
principal boundaries, the electron and ion cyclotron frequencies and the plasma
frequency are the horizontal and vertical lines in figure 2.4.

It is clear from the spacing that this figure is not to scale for a real plasma
since the ratio, wee/w¢; > 1, is so large for realistic plasma parameters that the
two cyclotron resonances could not be shown in a reasonable fashion. Using
this distorted scale (m; = 5m,), we then add all of the principal resonances
and cutoffs. With the axes chosen to vary inversely with w, the high frequency
region is in the lower left corner, approaching the origin as @ — oo, and the low
frequency region is in the upper right section.

We note that the R = 0 boundary is a straight line with this choice of axes
(S = 0 would be a straight line if we used a)f,e /a)2 for the vertical axis, but it
lies above R = 0 in either case). It is easily shown that near the bottom of the
figure, L = 0 and R = 0 are described by X = 1 & Y, so both converge to
X =1 at the bottom. At ® = wc,, it may be shown that the L = 0 boundary
crosses the R — oo boundary at X = 2(m; — m,)/m; — 2 as m,/m; — O.
The two cutoffs have already been shown to approach their respective cyclotron
frequencies as w, — 0, so the paths of R = 0 and L = 0 are defined. The
upper hybrid resonance (the lower S = 0 curve) has the same end points as the
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R = 0 curve, and lies above it, so its character is determined. The lower hybrid
resonance (the upper S = 0 curve) approaches the ion cyclotron resonance in the
low density limit (the left edge), and the geometric mean ,/wc.w.; in the high
density limit, so it asymptotes to a value between the cyclotron resonances to
the right. It always lies above the L = 0 curve, so its character is determined.
The boundaries between propagating and nonpropagating waves for the principal
solutions are thus shown in figure 2.4. The significance of the RL = P S boundary
is that the distinction between the ordinary wave and the extraordinary wave is lost
since both have n> = P on this boundary where the solutions cross.

Problem 2.2.4. RL = PS and S = 0 boundary crossings.

(i) Prove that the RL = PSS boundary crosses the P = 0 axis at we./@w =
m;/m, — 1(exact).

(ii) Prove that wee /w0 — mi/m, — % for the RL = P S boundary as w, — 0
for m; > m,.

(iii) Prove that the S = 0 curve crosses the P = 0 boundary at wc./w =
mi/me — % for m; > m,.

2.2.4 Wave normal surface topology—spheroids and lemniscoids

The wave normal surfaces (WNSs) are plots of the phase velocity in each domain
of the CMA diagram. Their topological features are invariant inside each region
and change as each boundary is crossed. In order to establish the WNS topology
in each region and to establish the significance of the boundaries of the CMA
diagram, since they have been drawn only for & = 0, /2 while the dispersion
relation involves general angles, we will first prove some properties of the
solutions and the CMA diagram boundaries.

2.2.4.1 Theorems on WNS topology and CMA diagram boundaries
CMA Theorem 1. Inside any bounded volume of the CMA diagram, n # 0.

Proof. The condition for n = 0is PRL = 0 from equation (2.27) so this occurs
only for P =0, R =0, or L = 0, and these are all bounding surfaces.

CMA Theorem 2. If n — oo at any point inside a bounded volume, then there
exist angles 65 and m — 65 at every point inside the volume where n — oo.

Proof. The condition for resonance, tan’> § = — P/, is given by equation (2.26).
Since P and S are real and single-valued, if P/S is negative anywhere in a
volume, it is negative everywhere in the volume since both P and S can change
sign only at one of the boundaries (P is bounded for finite plasma density, so it
can only change signat P = 0. § = %(R + L) can change sign at S = 0 and
where R — oo or L — 00). For each value of P/S < 0, there exists an angle
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Ores and its supplement w — 6O.s Where n? = oo. We note that this angle cannot
equal O or r/2 except on the boundary.

CMA Theorem 3. For any real angle within an interval where n # 0 and bounded,
a single branch of n will be either real or imaginary throughout the interval.

Proof. From Problem 2.1.3, F? > 0, so n? is real everywhere, and hence n is
either purely real or imaginary, and can only change over the interval in & when
n? passes through 0 or co.

CMA Theorem 4. When n is real, it is symmetric about the z-axis (8 = 0) and
about the midplane (6 = 7/2).

Proof. The symmetry derives from the physics of the wave problem, since the
dispersion relation does not depend on the sign of By. The symmetry is apparent
from equation (2.22) where the coefficients in the dispersion relation depend only
on sin” @ and cos? §, both of which are symmetric about 0 and 7 /2.

CMA Theorem 5. Two solutions can coincide only at 6 = 0 or § = 7 /2, except
where RL = PS and PD = 0.

Proof. Solutions coincide only when F' = 0, from equation (2.23), which requires
PD = 0and RL = PS since each term in equation (2.24) is individually positive
definite. At this point they coincide at all angles.

With only one ion species, it may be noted that D # 0 (except for the
trivial case where n, — 0 or B9 — 0). For a multiple species CMA diagram,
an additional boundary should be added for each additional ion species to show
D = 0, particularly at the intersection with the RL = PS surface.

2.2.4.2 The wave normal surfaces (WNSs)

We form the WNSs by plotting the phase velocity, 1 = w/k = c/n, versus
6. The surfaces are of three types: spheroids, dumbbell lemniscoids, and wheel
lemniscoids.

Spheroids. If P and S have the same sign, then by theorem 2, u # 0
everywhere in the volume. By theorem 1, u cannot go to oo in the volume. Then
by theorem 3, if u is real anywhere, it is real everywhere. Topologically, then, this
is a spheroid. We do not distinguish between prolate and oblate spheroids.

Lemniscoids. If P/S < 0, then by theorem 2, at least one branch has u — 0
at 6,5 and its supplement everywhere in the volume. The cross generated near
u = 0 by these angles rotated about the vertical axis forms a pair of cones
touching vertex to vertex. By theorem 1, # cannot go to oo, and by theorem 2
cannot go to 0 at any other angle. Thus u is finite everywhere except at the vertex
of the cones. By theorem 3, u must be real inside the cones and imaginary outside
or vice versa. If it is real inside the cone, we have a dumbbell lemniscoid, and if
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Figure 2.5. The three topological varieties of wave normal surfaces.

it is real outside the cone, we have a wheel lemniscoid. These are illustrated in
figure 2.5.

In general, there are two solutions for u, and we must consider the
possibilities for the second solution. Clearly, if P/S > 0, there can only be
spheroids. From theorem 3, there can be either one, two, or none in this case.
From theorem 5, they cannot touch inside a region, so if there are two, they
are nested in the same order throughout the volume (except along the surface
RL = PS where they cross and the labels change).

For the case when P/S < 0, the second solution, if it has real u, is a spheroid.
This may be demonstrated by examining the dispersion relation in the vicinity of
6res Where A = 0 in equation (2.21). Using this condition to eliminate the n* term,
the remaining solution is given by

, B S?+4+D%cos’6
U~ =~

2.46
C RLS (246)

where we have used sin? 6 ~ —(P/S) cos2 6. This solution is nonzero within any
volume, so it represents a spheroid. We also note that if there is both a lemniscoid
and a spheroid in the same volume, the spheroid must enclose the lemniscoid by
theorem 5.

2.2.5 Labeling—Ileft and right, ordinary and extraordinary

One of the most confusing aspects of reading the plasma literature is the
nomenclature used to describe the various waves. Some of the confusion arose
when E Astrom [7] called the two low-frequency waves (upper right in the CMA
diagram) the ordinary and extraordinary waves because the former is a spheroid
(spherical as @ — 0). Later W P Allis [8] decided to call the solution n? =P
at 0 = /2 the ‘ordinary’ wave because it was unaffected by the magnetic field.
These two definitions remain in conflict and both are in present use. Without
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Figure 2.6. Clockwise rotation of the electric field.

the additional RL = PS boundary, the Allis notation even had the disadvantage
that the labels could change within a bounded volume, since X changes to O as
this boundary is crossed, but that difficulty has been removed with this additional
surface. Because the character of these various waves changes so much as one
goes from 6 = 0to & = m/2, it is difficult to choose a labeling system which
adequately describes a good physical property of the solutions over the entire
range of parameters within a bounded volume except for the fast and slow labels.
We thus will label the waves first in terms of their behavior at & = 0 and then at
6 = /2 as a separate label. Then we will discuss other possible schemes.

2.2.5.1 Polarization for propagation at 0 =0

We define the terms right-handed and left-handed in terms of the rotation of the
electric field vector as a wave propagates parallel to the magnetic field. If the
electric vector rotates clockwise as we look along the B-field direction, then this
is a right-handed wave, and the left-handed wave rotates counterclockwise. To see
what this implies, we consider a wave with complex E, and E that represents a
circularly polarized R-wave by requiring

Re(E,) = acos(—wt) = Re(ae™ ") (2.47)
Re(E,) = —asin(—wr) = Re(iae™*") )
and from figure 2.6, it is clear that the measurable fields represented by
equation (2.47) with real a rotate clockwise. Thus it follows that the phases of
the waves are given by

ik, =E, R-wave

iEy =—-FE, L-wave. (2.48)

In order to connect this result with the plasma waves, we note that the middle
equation of equation (2.20) leads to

Ex _ = +1 (2.49)
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by letting n> = R, L. This verifies our labeling of the waves as being right- or
left-handed. Even this labeling is not consistent as the angle varies, since if the
angle given by sin’ 6. = P/S is a real angle, then n> = § at that angle and the
polarization changes direction (see problem 2.2.5). Thus the polarization labels
apply only at 6 = 0.

The ordinary and extraordinary labels have no physical significance except
that the ordinary wave, with n? = P, is independent of the magnetic field, as
noted by Allis, and has no resonance. The extraordinary wave, in contrast, has
two resonances and depends strongly on both the magnetic field and the density.

The final label, which is the most useful topological designation since it
applies everywhere inside a volume and at all angles, is the fast (F) or slow (S)
label, which simply means that the fast wave has a higher phase velocity than
the slow wave. From theorem 5, this labeling is valid throughout the volume and
independent of the angle.

We can now establish which regions have which kinds of waves by noting
whether these principal solutions exist in the various regions and whether there is
aresonance (lemniscoid) in the region. Referring to figure 2.7, the shaded regions
show where the various quantities are negative, hence there can be no O-wave to
the right of the P = 0 boundary, no L-wave to the right of the L = 0 boundary
and below the L — oo line, and no R wave to the right of the R = 0 boundary
and below the R — oo line. In figure 2.7(d), the shaded regions must have a
lemniscoid, while the unshaded regions may have spheroids only, but need not
have any.

Problem 2.2.5. Change of polarization. Show that if the angle defined by
sin”f, = P/S is a real angle, then the polarization changes at that angle from
right to left or vice versa.

2.2.6 The CMA diagram for a one-ion species plasma

In order to fill in the regions of the CMA diagram with the appropriate WNSs,
and at the same time get a fuller appreciation of their structure, we will take a
tour through the diagram, filling in the surfaces and labels, using the properties
at the boundaries to enable us to resolve which is the appropriate label for which
surface.

2.2.6.1 Transitions across boundaries

We first establish the character of a boundary crossing, where by definition,
some wave either ceases to propagate or begins to propagate, or at least changes
labels. From the property that the phase velocity u = ¢/n, it follows that every
cutoff means the phase velocity for the wave experiencing the cutoff tends toward
infinity. For the same reasons, a wave experiencing a resonance has the phase
velocity approach zero, at least at the appropriate angle.
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Figure 2.7. (@) O-waves propagate in P regions. (b) L-waves propagate in L™ regions.
(c) R-waves propagate in R regions. (d) Spheroids only in (P/S)T regions. One
lemniscoid in (P/S)™ regions.

2.2.6.2 Touring the CMA diagram

We begin with the high frequency limit, which is the lower left-hand corner of
the CMA diagram, and we call this region 1. From figure 2.7(a), The O-wave
propagates in this region, and from figures 2.7(b) and 2.7(c), both the R- and L-
waves propagate. In fact, since in the extreme high frequency limit the plasma
does not respond at all, it is clear that two waves propagate in both directions, so
we must have the X-wave also. Using figure 2.7(d) establishes that S > 0, so
we can determine the same result from RL/S > 0. This same figure establishes
that there are spheroids only, and since both the R- and L-waves propagate, there
must be two spheroids, so the result may be established in many ways. We now
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use that fact that both the R- and X-waves have a cutoff at the R = 0 boundary,
sending the phase velocity to infinity, so the R—X spheroid must be the fast wave
and the L—O spheroid the slow wave, as in figure 2.8.

Crossing the R = 0 boundary to region 2, the R—X spheroid disappears as
both are cutoff, while the L—O spheroid is topologically unchanged.

Crossing the S = 0 boundary into region 3, there is now a lemniscoid from
figure 2.7(d), and since we passed through the extraordinary wave resonance, the
lemniscoid introduces an X-wave on the inside of the L—O spheroid, which is
again topologically unchanged. Because it is an X-wave lemniscoid, it is a wheel
lemniscoid, propagating at 0 = /2.

The transition as we cross the P = 0 boundary to region 4 is less
obvious, except that of course the O-wave disappears and the L-wave survives.
Figure 2.7(d) indicates that there is no lemniscoid, so a single L—X spheroid is
the only possibility.

Crossing the L = 0 boundary into region Sa, this is a cutoff for both the
L- and X-waves, so both disappear. There is no O- or R-wave either from
figures 2.7(a) and (b), so this region is empty and nothing propagates. Region
5b is distinct because we have crossed the RL = P boundary, but still nothing
propagates.

Crossing the R — oo boundary from region 3 to region 6a, the R-wave
begins to propagate, and is the slow wave. The X-wave continues to propagate
as this boundary is crossed, since the resonance is both in the numerator and
denominator, so the two spheroids have opposite labels from those in region 1.

Crossing the P = 0 boundary into region 7, there is now a lemniscoid from
figure 2.7(d), but both the R- and L-waves are unaffected. There is no O-wave
from figure 2.7(a), so the surviving spheroid must be an L—X spheroid.

Moving across the L = 0 boundary into region 8a, both the L- and X-waves
pass a cutoff, so the L—X spheroid has moved off to infinity and the dumbbell
lemniscoid of the R-wave is unchanged. The transition across the RL = PS
boundary into region 8b means nothing here, since there is neither an X- nor an
O-wave.

Moving from region 6a to 6b across the RL = P S boundary, however, does
make a nontrivial difference, since both an O- and X-wave are present. In this
case the O-wave is the fast wave in region 6a, and the X-wave is the fast wave in
region 6b.

Crossing the L = 0 boundary into region 9, the L—X spheroid moves off
to infinity, leaving the R—O spheroid only. We could also have reached this
conclusion by crossing the P = 0 boundary from region 8b, where the crossing
removes the lemniscoid and introduces the O-wave.

Crossing the S = 0 boundary into region 10, the R—O spheroid is unaffected,
but a lemniscoid is added from figure 2.7(d). The § = 0 boundary is a resonance
for the X-wave, so the X-wave now propagates as a wheel lemniscoid.

Moving up across the L — oo boundary into region 12, the R—O spheroid
is unaffected, while the L-wave is added, opening up the lemniscoid into the L—X
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Figure 2.8. CMA diagram with all boundaries and wave normal surfaces (to scale with
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spheroid which is the slow wave.

Moving now across the P = 0 boundary, the O-wave disappears and a
lemniscoid appears. Since the R-wave is still the fast wave compared to the L-
wave, the spheroid must be an R—X spheroid, and the L-wave is the dumbbell
lemniscoid.

Finally, crossing the L — oo boundary again into region 11, the R-X
spheroid is unchanged, but the L-wave lemniscoid shrinks and disappears.

An examination of figure 2.8, where all the WNSs are sketched, shows that
there are no two regions that have identical labeling except the trivial ones where
nothing propagates (5a and 5b) or where neither the O- nor X-wave is present (8a
and 8b).

2.2.6.3 Interpreting WNSs

In order to interpret these WNSs, the CMA diagram is sometimes likened to a
‘plasma pond’ where a pebble sends out ripples from a center. In such a case, the
WNSs represent the phase fronts or the patterns of the individual waves as they
radiate out from the disturbance. The outer perimeter of the waves propagates at
the group velocity, and the CMA diagram does not directly give information on
that part of the picture.

While figure 2.8 shows which regions have spheroids and lemniscoids, there
are usually significant changes in these spheroids and lemniscoids as one moves
around in a region, especially as one approaches a boundary. Some of this type
of variation is illustrated for a few regions in figure 2.9. In region 12, there
are only spheroids, but near the bottom of the region, approaching region 10,
the inner spheroid collapses to a lemniscoid as it crosses the lower boundary in
figure 2.9(a). Moving to the right toward region 13, however, the outer spheroid
tends toward infinity as the boundary is approached. After the crossing into region
13, a lemniscoid appears inside the surviving spheroid, and as one moves to the
upper right (MHD region), the pair of surfaces approaches the limiting form of
figure 2.25.

In the lower half of figure 2.9, we see the variations as we move around in
regions 1 through 4 (region 5 is empty). The scales for the phase velocity surfaces
differ only by a factor of two between the upper and lower sections, but the factor
would be much larger if the mass ratio (here only a factor of three) were more
realistic.

2.3 Phase and group velocity in three-dimensions
The concept of group velocity arises from the notion of a wave packet made

of a group of waves with a range of phase velocities but the amplitudes of the
components are grouped about a particular phase velocity. In the continuous
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Figure 2.9. Variation of the wave normal surfaces as they move around in various regions
of the CMA diagram with m;/m, = 3. (a) Spheroids in region 12 and combination
spheroids and lemniscoids in region 13, all to the same arbitrary scale. (b) Various wave
normal surfaces in regions 1, 2, 3 and 4 to the same scale (but half the scale of (a)). The
velocity of light circles are shown for reference.

spectrum case, this wave packet is represented by the integral,

3
y 7k

RS (2.50)

frn= f Alkye ="

where we require |A(k)| — 0 as |k — ko| becomes large with k¢ being the value
of k where the wave group is centered in k-space. If |[Ak|max is a measure of
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the spread in k about kg, then 1/|Ak|max is a measure of the size of the packet.
Introducing Ak = k — ko, then at time r = 0, the integral becomes

. . d3k .
f(r, O) — elk()'l‘ / A(k)elAk'l‘ — elk()'l‘l;v(r)
@2n)?
so the wave packet is some function of space localized about the origin with a
phase factor.
For the propagation in time, since we may expand

+ O(AK?)

w) = ko) + Ak - 22
ok |y,

where dw/0k|, is equivalent to Vi w(k) evaluated at ko, then for t > 0, we
obtain through first order in Ak,
. 3 d3k
f@r 1) = el("o**w”/ Akyexp |ink- [r— 22| ¢ —. (@251
ko (2m)
The structure of equation (2.51) is that of a phase factor and an amplitude
function. The leading phase factor determines the phase velocity to be

w

v, = — (2.52)
P kol

in the direction of kg. The principal contribution of the integral will occur near
where the quantity in parentheses vanishes since the remainder will phase mix
away. The position in space where this maximum occurs will move at the group
velocity which is defined as the velocity of the amplitude envelope maximum.
Hence,

Jw

 ,

SO Vgy = dw/0dky, etc. The higher order terms principally change the shape of the
wave packet, rather than its location.

v, = = Vio(h)lx, (2.53)

2.3.1 The one-dimensional case

In one dimension, the group velocity becomes simply v, = dw/dk and both
the phase velocity and the group velocity may be determined graphically from a
simple plot of the dispersion relation as shown in figure 2.10 which is plotted for
the simple dispersion relation

that may also be written in the form

w? = a)f, + K2c2.

Copyright © 2003 IOP Publishing Ltd.



N\

ceu,
*e

Figure 2.10. Phase and group velocity in one-dimension.

In this plot, the slope of the line from the origin to a point on the curve is the phase
velocity, and the slope of a line tangent to the curve at that point of intersection
is the group velocity. For this example, it is apparent that v, > ¢ and vy < c.
In fact, for this simple dispersion relation, v,v, = 2, so the inequalities apply
everywhere the wave propagates. For v < w), the wave is not propagating, k is
purely imaginary, and neither the phase velocity nor the group velocity is defined.

2.3.2 The three-dimensional case

For the more complicated case of 3-dimensional propagation, we can use the
symmetries of the spheroids and lemniscoids about the z-axis to represent the
phase and group velocity in terms of a polar plot. The coordinates and angles
are shown in figure 2.11(a) where 6 is the previously defined angle between the
magnetic axis and the k vector and « is the angle between the group velocity
and the phase velocity. The angle o may be determined by writing the frequency
in terms of the polar variables such that ® = w(k, 6) where the group velocity
becomes

R 1 dw
e+ - —
6

Jw

e 2 2.54
T e (2.54)

ve = Vi = k 96

k
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(o)

Figure 2.11. Phase and group velocity in three-dimensions: (@) definition of coordinates;
(D) polar plot of k(w, 0) versus 0; and (c) detail of (b) showing the directions of k, vg, &,
and éy.

where ¢y = k/|k| and éy is everywhere normal to é;. In view of this, the angle «

is given by
Ldw
0 component & 90 ‘ k 1 0k
tana = A = o = —E 3_9 . (255)
component % ‘9 »

From this last equality, we draw a sketch of k versus 6 in figure 2.11(b)
and note the direction of the phase velocity relative to the surface. From the
detailed construction of figure 2.11(c), it is apparent that traveling a distance k d¢
in the ¢ég direction from an arbitrary point on the surface, and then a distance
dk in the ¢, direction returns one to the surface. Thus the ¢y direction is at an
angle o below the surface. With both dk and k d9 positive, « is negative from
equation (2.55), so the group velocity angle is less than the phase velocity angle
in this example. Furthermore, since the phase velocity surface is at an angle «
from the ¢y direction, and v, is also at the angle « from the é; direction, it follows
that the group velocity is normal to the k-surface as noted in figure 2.11(c).

Problem 2.3.1. Group velocity angle. Show that equation (2.55) may be written
as

1 dv,
tang = — ——
v, 00

1 on?
22 96

w

(2.56)

w

2.3.3 Group velocity surfaces

It is possible to construct group velocity surfaces that are analogous to the wave
normal surfaces. Topologically, the group velocity surfaces are the same as the
WNSs, consisting of the same number of spheroids and lemniscoids in each
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region, since a spheroidal WNS will correspond to a spheroidal group velocity
surface, and similarly with a lemniscoidal surface. In order to better envision
the way a WNS may translate to a group velocity surface, however, figure 2.12
shows the group velocity surfaces that correspond to the wave normal surfaces in
figure 2.9. The expression for the group velocity surfaces may be obtained by first
writing the CPDR as

Dk, w(k,0),0] = An* — Bn> +C =0 (2.57)

from equations (2.21) and (2.22). We may then write

aD 0D dw oD 0D dw
— 4+ —=——=0 and —+——=0 (2.58)
ok dw 0k 00 Jw 00
so that 1
d oD (0D
o _ B (22 (2.59)
ok ok \ dw
and :
J oD (0D
o _ B (22 . (2.60)
a0 00 \ dw

The magnitude of the group velocity may then be obtained from
equation (2.54) as

2o (22Y (L@ _[(3DY | (1aDY | (aDNT o
&\ 9k kao) |\ ok k 96 o) '
Problem 2.3.2. Group velocity surfaces. Show that using equation (2.57),

equation (2.61) may be written as

A\ JA B 3B\’
16424+ [ — 4_(16AB+ — — | n?2 +4B%*+ | — 2
H +(89)}" ( * %0 ae)” TG ) [

c dA 9B aCc7?
[(w— — 4A> nt + <ZB — a)—) n? + a)—i|

B losio

w Jw
(2.62)

Problem 2.3.3. Group velocity surface components.

(1) Find expressions for all of the partial derivatives in equation (2.62) in
terms of 6, R, L, P, S, and their derivatives.

(i) Defining X = a)zz,/a)2 and Y = wee/w with u = m;/m, (remembering
that a)f, = a)f,e + a)zzn.), find expressions for wd P /9w, wdR /0w, wdL /dw,
and @3S/dw (using S = (R + L)) in terms of X, ¥, and 1.

(iii) Calculate and plot both the WNSs and the group velocity surfaces in
region 7 of the CMA diagram for X = 1.1, Y = 1.2 with u = 3.
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Figure 2.12. Variation of the group velocity surfaces as they move around in various
regions of the CMA diagram with m; /m. = 3. Each surface represents the group velocity
counterpart to the corresponding wave normal surface in figure 2.9. (a) Spheroids in region
12 and combination spheroids and lemniscoids in region 13, all to the same arbitrary scale.
(b) Various group velocity surfaces in regions 1, 2, 3 and 4 to the same scale (twice the
scale of (a)). Speed of light circles are shown for reference.

24 w(k,0) dispersion surfaces

Another way of representing the dispersion relation is to plot @ as a function of
k and 6. This is traditionally done with either & = 0, so the plot is of @ versus
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Figure 2.13. Surface plot of w; = w/w.; versus z; = kzc/w; to the left and for
xj = kxc/w.i to the right. This surface corresponds to the lemniscoid in region 13 of
the CMA diagram for an underdense plasma (wp/wce = 0.32).

ky, or with = 7 /2, so the plot is of w versus k. Written as a polynomial for
w(k, 8), the polynomial is fifth order in ?, and may be written:

o' — ¥ k2 + 0%, + a)gi + 3wf,)
+ o®[k* et + (2k2c2 + wf,)(wfe + wf,- + wa,) + (wlz, + wcewci)z]
— w4[k4c4(wge + a)gi + wlzj) + 2k%c? (a)lzJ + a)cea)ci)2
+ kzczcofJ (wfe + wfi — Weewei) (1 + cos? 0) + wi (wf, + wcewc,-)z]
+ 0K o) (0F, + 0F — Weewei) OS5 0 + Weewei (@ + Weewei)]
+ kzczwf,wcea)ci (a)f, + Weewei ) (1 4 cos 0))
— k*c*wf, w07 cos® 6 = 0. (2.63)

ce ’ct

2.4.1 Underdense case, @p/wc = 0.32

The fact that the CPDR is quadratic in n2, from equation (2.21), while quintic in
w? from equation (2.63) means that if a cut were made horizontally in a figure
such as figure 2.13, only two crossings would be encountered, while a vertical
cut would have five crossings. Figure 2.13 shows the surface for the slow or left-
handed Alfvén wave which is the lowest surface. In contrast, figure 2.14 shows
the opposite limit and corresponds to the spheroid from region 1 of figure 2.8
and on the left-hand face is the high frequency branch of the R-wave while
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Figure 2.14. Surface plot of w, = w/wce versus zo = k;c/wee to the left and for
Xe = kxc/wee to the right. This surface corresponds to the spheroid in region 1 of the
CMA diagram.

on the right-hand face it is the high frequency branch of the X-wave. The
rise at the back of the surface asymptotes to a cone that represents the velocity
of light. The value at the origin corresponds to the upper cutoff frequencies
WR/wee = wx [wee = 1.094 with @, /wee = 0.32 and m; /m, = 1836.

In between these two limits are three surfaces that represent the R- and L-
waves (along with plasma oscillations with P = 0) on the left-hand edge and the
X-and O-waves along the right-hand edge. The three surfaces are shown together
in figure 2.15 where the lowest surface begins as an R-wave on the left and an
X-wave on the right near the origin and then saturates at the plasma frequency
on the left. Exactly on the left-hand edge corresponds to k, = 0 so that the
R-wave is uncoupled to any other wave, but as soon as one moves to finite k.,
there is coupling near the plasma frequency. In order to illustrate this coupling,
we examine a simple plot near this edge in figure 2.16 that shows both the R-
and L-waves with boxes highlighting the regions where these cross the plasma
frequency. In figures 2.17 and 2.18 the boxes in figure 2.16 are magnified so one
can see the coupling as x; = kyc/wc, is varied from 0 (uncoupled case) to 0.002
(weakly coupled) to 0.02 where the coupling is evident. For k, > 0, then, the
branch that begins as an L-wave flattens and follows the plasma frequency for a
short distance and then follows the R-wave branch for higher frequencies. This
implies rapid changes in polarization from a left-handed wave to a longitudinal
wave to a right-handed wave where the changes become increasingly rapid as
ky — 0.

There is no corresponding coupling on the other edge where k, = 0. This is
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Figure 2.15. Surface plot of w, = w/wce versus ze = kzc/wee to the left and
Xe = kyc/wee to the right. These surfaces have two apparent confluences on the left
face where the R- and L-wave surfaces cross the P = 0 (plasma oscillations at w = wp)
surface.
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Figure 2.16. Coupling of the P-, R- and L-waves near kxy = 0. In this case, plasma
oscillations couple to the R- and L-waves with k; > 0. The coupling in the boxed areas
that is barely perceptible with kxc/wce = 0.02 is shown with the — - - — pattern. These
boxes are magnified in figures 2.17 and 2.18.

illustrated in figure 2.19 where the range of x, = kyc/w., is extended relative to
figure 2.16. In this case, the lower curve is simply the lower X-wave, the middle
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Figure 2.17. Magnified area of first box in figure 2.16. The full lines are the L-wave
and the plasma frequency, the dashed line is with kxyc/w¢e = 0.002, and — - - — is with
kxc/wee = 0.02.
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Figure 2.18. Magnified area of second box in figure 2.16. The full lines are the R-wave

and the plasma frequency, the dashed line is with kxyc/w¢e = 0.002, and — - - — is with
kxc/wee = 0.02.

curve is the O-wave, and the upper curve is the upper X-wave. The O- and upper
X-waves merge as ky, — oo and the phase velocity approaches the velocity of
light. The lower X-wave asymptotes to the upper hybrid resonance. The lowest
surface of figure 2.16 asymptotes to the lower hybrid resonance on the right edge,
and is not shown in figure 2.19.
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Figure 2.19. The right-hand edge of figure 2.15 shows the behavior of the O- and X-waves
with k; = 0 in an underdense plasma. On this edge, the X-waves and the O-wave remain
uncoupled.

2.4.2 Overdense case, @y /wce = 3.2

For the overdense case, some of the surfaces remain similar while others change
significantly. One of the coupling regions on the left-hand edge of figure 2.15
disappears, since the R-wave has a resonance below the plasma frequency and
hence never crosses the plasma frequency. The coupling of the L-wave at the
plasma frequency is similar, however, and is illustrated in figures 2.20(a) and (b),
where the latter figure expands the coupling region in the former.

The two lowest surfaces in the overdense case correspond to the lemniscoid
(figure 2.21) and the spheroid (figure 2.22) of region 13 of the CMA diagram.
The intermediate and higher frequencies of figure 2.22 correspond to the whistler
region while the low frequency section is the fast Alfvén wave.

The second lowest surface in figure 2.23, which begins near the origin as the
L-wave on the left, is remarkably flat over the entire surface, ranging from 2.74
to 3.29 over the range shown. The portion of the L-wave that continues above
the plasma frequency couples to the O-wave on the right. The top surface is the
R-wave on the left and the high frequency X-wave on the right, both of which
asymptote to the speed of light.
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Figure 2.20. (a) Coupling of the P- and L-waves near kx = 0 for an overdense plasma.
In this case, plasma oscillations couple to the L-wave only with k; > 0. The coupling

in the boxed area is imperceptible even with kyc/wee = 0.02. This box is magnified
in (b) where the lines are the L-wave and the plasma frequency, the dashed line is with
kxc/wce = 0.002, and — - - — is with kyc/wce = 0.02.

2.5 Examples of propagation at arbitrary 6

2.5.1 Low frequency waves

In the very low frequency limit, which corresponds to the upper right corner
of the CMA diagram, the dielectric tensor is simple enough that we can
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Figure 2.21. Surface plot of w; = w/w.; versus zo = kzc/wee to the left and
Xe = kyxc/wee to the right for the overdense case. This surface is similar to figure 2.13
except that the approach to the ion cyclotron frequency is much slower (note that ky and k;
are scaled to w¢e in this case). It corresponds to the lemniscoid in region 13 of the CMA
diagram.

Figure 2.22. Surface plot of w, = w/wce versus ze = kzc/wee to the left and
Xe = kxc/wce to the right for the overdense case. This surface is the right-handed wave
on the left-hand face and the low frequency branch of the X-wave on the right-hand face.
It corresponds to the spheroid in region 13 of the CMA diagram.
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Figure 2.23. Surface plot of w, = w/wce versus ze = kzc/wee to the left and
Xe = kxc/wee to the right for the overdense case. The lowest surface is the same surface
as in figure 2.22 The next two surfaces show the coupling of the L-wave with the plasma
frequency for k, > 0 on the left face that is illustrated in more detail in figures 2.20(a) and

b).

examine propagation at an arbitrary angle in order to gain further insight
into the propagation characteristics of a region which has one spheroid and
one lemniscoid. The approximation is that o <« @;, which is the MHD
approximation, since the waves are characteristic of a perfectly conducting fluid
in a magnetic field and are often called magnetohydrodynamic (MHD) waves.
Neglecting terms of order m./m;, the dielectric tensor elements are:

2 2 2
w . w w*.
Kex=8§=1+ 2plz+ 2p62:1+ gl
W, —w Wee — @ W
C2
= 1+—25KA (2.64)
VA
. iwciwlzn- iwcea)ie - iw C2
Ky =-1D = 7 o 2 N a2
(,()(Cl)ci w ) w(wce w ) a)Cl VA
~0 (2.65)
0’ + w? 2 o
K,=P=1--2__"°~ _ & Weilce
Y4 6()2 Vg 6()2
— 00 (2.66)
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so equation (2.20) reduces to the set of equations

(—n%cos’0 + KA)Ey =0
(—n® + KA)Ey =0 (2.67)
(0)E; =0.
The last equation is trivial, leading to E, = 0 (E; is of order m./m; compared to

the other fields, and hence neglected). The other two solutions we will investigate
individually.

2.5.1.1 Torsional Alfvén waves

The first solution, with E, # 0 and E, = 0, has the dispersion relation,

n*cos’0 = K (2.68)
leading to
2 a2
c“cos” 0
i = K ~ V2cos 6 (2.69)
if V4 < c. Using equation (2.56) with this result, we have
vy
tang = ——— = —tanf
vy 00
so @« = —6 and the group velocity is parallel to By. We can obtain this result
another way by noting from the Maxwell equations (2.17),
B k x E .
= = , €y
w y€y

for the wave magnetic field so the Poynting vector is

E x B .

P = = P.e;. (2.70)
Mo
The respective directions are illustrated in figure 2.24(a).

From the equation of motion, since w < w.;, we have E = —v x B so that

A E,

V=1vy6y = ——¢€

y€y By

Using this result in the continuity equation, we discover that

1w,
k-v= -

=—=0 2.71
Ng (2.71)

where p is the charge density, so there is no fluctuating charge with this wave. For
this reason we call it the shear Alfvén wave or the torsional Alfvén wave since the
magnetic field lines twist relative to one another but do not compress.
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k,v,

Figure 2.24. Relative directions for the phase velocity, group velocity, and particle
velocities for low-frequency Alfvén waves: (a) shear or torsional Alfvén wave; and (b)
compressional Alfvén wave.

For these very low frequencies, another intuitive derivation leads to this same
result [9]. If we imagine that the charged particles are ‘tied’ to a local magnetic
field line, in the sense that they can move along the field line but not across it, and
this is a good approximation for v < w,;, then the field lines have an effective
mass density. From the Maxwell stress tensor, the field lines are under tension/unit
area of Bg /o, so by analogy with waves on a stretched string,

T B?
v= |— = =Vy (2.72)
Pe H0Pm

where py is the mass/length of the string and p,,, ~ n;m; is the mass density of the
plasma. The analogy with waves on a stretched string also indicates the transverse
nature of the perturbation.

2.5.1.2 Compressional Alfvén waves

The second solution of equation (2.68) has Ey, # 0, E, = 0, and the dispersion
relation,
=K A (2.73)

so the phase velocity is given by
=~y (2.74)

Since there is no dependence on angle, « = 0 and the phase and group velocities
always point in the same direction. As in the torsional wave case, the result may
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vp = V4 cosf

vp = Va

Figure 2.25. Wave normal surfaces for low-frequency Alfvén waves. The dumbbell
lemniscoid is the shear or slow Alfvén wave and the outer sphere is the compressional
or fast Alfvén wave.

also be seen from the wave field,

k x E
B =
w

— B is in the x—z plane,

and hence the Poynting vector,

E x B
1244]

P = = Pié;

is parallel to the phase velocity as in figure 2.24(a) so the wave energy flows in
the direction of k.

Looking again at the particle motions, we find E = Eyé, = —v X B so
N Ey, .
V=uv,e = B—ex (v is normal to By, E)
0

so in this case k - v # 0 since k has a component along v. This means the
particles bunch so the magnetic field lines (tied to the particles) are compressed,
hence the name of compressional Alfvén waves. This wave is also called the fast
Alfvén wave, since the phase velocity is higher than the phase velocity for the
torsional wave. This is illustrated in the plot of the WNSs for the two waves in
figure 2.25 where all surfaces are spheres, but the slow or torsional wave dumbbell
lemniscoid is formed by two adjacent spheres and the fast or compressional wave
sphere surrounds both.

Just as the analogy between the torsional Alfvén wave and waves on a
stretched string gave a simple interpretation of the slow wave, a similar analogy
for the fast wave exists and gives some insight into its character. For this case we
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use the result from the Maxwell stress tensor that a magnetic field has an effective
pressure given by p,, = Bg /2. With the mass density again tied to the field
lines, the analogy with sound waves gives

BZ
p= T2 [ 20—y, (2.75)
Pm 2180 0m

where we have taken y = 2. This analogy gives the same Alfvén speed and
indicates both a longitudinal component to the motion and a possible connection
to ordinary sound waves, a connection that will be made explicit in the next
chapter. Also we see that while the pressure is isotropic, leading to the spherical
WNS, tension is highly directional so that the torsional wave energy propagates
along the magnetic field. Exciting a torsional wave is like ‘plucking’ a magnetic
field line, while exciting the compressional wave is like ‘squeezing’ a group of
field lines.

2.5.2 Intermediate frequency waves—whistlers

Tonospheric whistlers were discovered during the first World War while German
radio monitors were trying to intercept Allied radio transmissions [10]. Without
narrow band tuners, the whistlers occurred as declining tones in the audio
band. They were later traced to lightning and propagation in the ionosphere
and the magnetosphere [11]. In order to see the characteristics of this mode of
propagation, we first note that it occurs in regions 8a,b of the CMA diagram, and
to simplify the analysis, we assume that w.; <K @ K ®ce ~ Wpe, SO We are above
the lower hybrid resonance but well below the electron cyclotron resonance.

2.5.2.1 Propagation parallel to the magnetic field

Looking first at propagation along the field, the dispersion relation is

2 2 2 2
w* . w?, w* . w?,
n=R=1- Pt - pe ~1- 24 2
w(@+ o)  o(@— wc) 0] WWce
2
w
~ _P¢ (2.76)
WWce

so that k = wn/c = (wWpe/C)/W/Wee OT © = kzcza)ce/a)}z76 and the phase and
group velocities are

c wwee  kcrwee
V), = — =2 e
p 2 2

n Wpe Wpe

d 2kc?wee e
vg = o T gy, =0 [ Q2.77)
dk W Wpe
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This wave is very dispersive because both the phase and group velocities
vary as /o which causes high frequencies to propagate faster along the magnetic

field lines.

The whistlers in the audio range in the northern hemisphere are

most commonly caused by lightning strokes in the southern hemisphere (and vice
versa) which are guided by the earth’s magnetic field, and the dispersion led to
the detection of a declining tone which was heard as a whistle. Occasionally,
lightning strokes in the northern hemisphere which reflected from the conjugate
point in the southern hemisphere were detected, but were much fainter and had

slower declining tones in the whistle.

2.5.2.2 The guidance of whistler waves

In order to see that the waves are indeed guided by the earth’s field, we must
examine the direction of the group velocity. For this we need the approximate
dispersion relation for arbitrary angle. For this we first examine the ordering of
the dielectric tensor elements. For K, we may approximate

2 2 2 2
@pi “pe pi . “pe
Kp=l-—a - =l - =+ —
W™ — W, W™ — W, w Wee
so Ky is of the order of a)f,e/a)ge or less. For Ky,
i 2 , i 2 i2
i wci 1w}, Wee iwy,,
Ky = 2 N 2 N :
a)(a)ci — w*) a)(a)ce — w*) WWee

Then for K, we have

2 2 2
Ko =1— 20 O e
iz 0)2 (1)2

so we may order these such that |K ;| > |Kyy| > [Kiyl.
equation (2.20), we let E, — 0 because K,, = P is so much larger than the

other elements. Then the remaining determinant,
2

Ky —n cos? 0 Kyy —0
—Kyy Koy —n? |~
reduces to
n*cos? 0 = —Kﬁy =D’ (unless 0 >~ 7/2)
from which we obtain
k2w cos 6
w = 72
Whe

Looking at

(2.78)

From this result and equation (2.55), we can obtain the angle for the group’s

velocity angle as

190
k 960
dw

ok

ki —kc?we, sin Q/wf,e

tano = = 3 >
lo 2kc*wee cos 0 /wy,
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so v, always lies between By and v,,. The angle between By and v, is then given
by
tan 6

2 +tan2 4
which has a maximum since for small 6, tan(6 + «) ~ tan /2 while for larger 9,

tan(@ + ) ~ 1/tan0 — 0. Setting the derivative of tan(6 + «) with respect to 6
to 0, the maximum angle occurs for tan?® = 2 so

tan @ _ \/5 _ 1
2+tan26 242 /8

tan(d + o) = (2.80)

tan(f + &)max =

with the result,

o 1 o
(0 + @)max = tan 7 19.5°. (2.81)
In words, this means that the energy flows within a cone of 19.5° around By. In
the earth’s magnetosphere, the energy flow is not precisely along the magnetic
field due to the magnetic curvature, so the source of a whistler is not exactly at the
conjugate magnetic field point, but these points have been found to be relatively
close to the magnetic conjugate points, so the wave is strongly guided by the field.

Problem 2.5.1. The whistler wave.

(1) Fill in the steps leading to equation (2.81).

(i) Show that |vg| = (kc*wee/w?,)N/1+ 3 cos? 6.

(iii) Sketch the WNS lemniscoid and the corresponding polar plot of vg (6 +
o).

(iv) These approximate expressions are not valid as & — /2. What happens
in this limit?

2.6 Faraday rotation
An important feature of magnetoactive media is that they lead to Faraday rotation.

In order to analyze this feature of wave propagation, we shall limit the analysis to
6 = 0 where the Maxwell equations become:

—k.Ey = wBy
k:Ex =wB,y
2.82
_szy = _C%(KxxEx + nyEy) ( )
szx = _C%(_nyEx + KxxEy)'
We then define the rotating coordinates variables,
Ei =E, £iE,
By =B, +iB, (2.83)

Ki=K., +iK,y =R, L
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so that equation (2.82) can be reduced to

k,E+ = FiwBy
k;By = £(iw/c)ELK+. (2.34)
These may be solved to obtain the result
(n* — K+)E+ =0 (2.85)

which has two solutions.

(i) Suppose E, # 0. Thenn? = Land E_ = 0so E, = iEy, which
confirms our identification of this as the L-wave. The E4 field may then
be represented by

E+ = E.;,. exp I:l (gan —_ (,()t):l
c

where E+ is the complex amplitude.

(ii) Suppose E_ # 0. Then n’> = R and E; = 0 so E;, = —iE,, which
confirms our identification of this as the R-wave. The E_ field may then be
represented by

~ /W
E_=FE_exp [1 (—nRz — a)t)]
c
where again E_ is the complex amplitude.

Constructing the measurable fields, Ey and Ey, from these, we obtain

Re(E,) = Re (E+J2rE_) _1 Re{E+e[i(wan/c—wt)] 4 E_elitonrz/c=on]y
(2.86)
Re(E,) = Re (E+;E,) _ %Re{_i&re[i(wnu/cwz)] 1 iE_eli@nrz/e=enly

[\S]

i
If we now take Re[E} (0, t)] = 0 so that the electric field is aligned with the x-

axis at z = 0, then this demands that E+ —E_= Eo which we take to be real.
We may then factor out a common term and write the result as

A o
Re(E,) = Egcos <7n gz) Re [e‘(“’”z/c_“”)]
c
. An w i(wnz/c—wt)
Re(Ey) = Epsin T?Z Re [e : ] (2.87)

where
n=21(nL+ng)

An=n; —ng > 0.
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Figure 2.26. Faraday rotation of the electric field.

From this it is apparent that £, and E are being modulated by the sine and
cosine terms while the phase velocity of the composite wave is determined from
the exponential term which yields a phase velocity of v, = ¢/n. Choosing a point
of constant phase, the total electric field rotates in space as the wave propagates,
as shown in figure 2.26. If we take the angle of rotation to be ¢, then the rate of
rotation of the E-field vector is given by

dp d (Anow _a)( ) (2.88)
dz ~ dz ZCZ _2an R '

2.6.1 High frequency limit—region 1

In order to estimate the amount of Faraday rotation for frequencies @ > w¢, >
wci, we begin with the dispersion relations for the R-wave from equation (2.29)
and the L-wave from equation (2.33),

2 2 2 2

wo; @ whe Whye
nk,=1- P r o~ - B = (2.89)
w(wxwi) ol®Fwce) w w W
This dispersion relation is compared with the definitions
ng =@ F $An)? ~n* FnAn (2.90)
where the comparison yields the results
2
—2 wpe . .
nwo=1-—xI1 (approximately free space propagation)
2 (2.91)
nAn =~ An= pze Wee
0 o

These results, along with equation (2.88), then give the rate of rotation as

2
d¢ An w WheWce 2
—_— == X A°n.B 2.92
dz 2 ¢ 2w3c fe20 (2.92)
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where A is the free space wavelength. The total rotation angle then is given by

L
¢ o 12 / ne(z)Bo(2) dz. (2.93)
0

If the Faraday rotation is used as a diagnostic for estimating the magnetic
field in a plasma, it is preferable to use long wavelengths (since ¢ o A%), but one
must still keep w > wce ~ wpe in order to get a significant rotation. Since the
rotation is proportional to both density and magnetic field strength, one must be
known to determine the other, and some idea of the variation along the path is
necessary.

Simultaneous measurement of the phase can give some additional
information, since 77 differs some from unity. The phase is given by

2

L L o L
¢=9/ (1—ﬁ)dz:9/ pedzak/ ne(z) dz (2.94)
¢ Jo ¢ Jo 0

2w?

sincen ~ 1 — a)f,e /2w?. Thus measurement of both the phase and rotation can
give estimates of both the mean density and mean magnetic field along the path
of integration.

Problem 2.6.1. Faraday rotation. Estimate the electron density required to
produce 1 radian of Faraday rotation for a wave passing through the Crab nebula
if the path length is estimated to be L = 3 x 10'? m, the magnetic field is assumed
tobe B = 10~ T and the observation is made with A = 21 cm radiation.

2.6.2 Low frequency limit—region 13

Following a similar analysis to that used in the high frequency case, except that
now we assume o < w¢; < Wee ~ Wpe, the dispersion relations for the R- and
L-waves can be approximated by

2 wze ®
=14 —2 (13 2. (2.95)

WeeWci Wi

Hence, from our definition of 77 and An with |An| <« 7, we can compare terms in

2 2
w w w
WEAAn~ ] —2 4 P
Wee Wi Wcj WeeWci
and find
2 2
@ c
m=1+—"—=1+— =Ky (2.96)
WeeWci VA
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If V4 < c, as is often the case, then the 1 may be neglected in equation (2.96) so

that
_ c
n=—
Va
) 602 )
AAn= ——L° ~ — 72 (2.97)
Wej WeeWci Wei
_w
An=n—.
@cj

The rotation is then given by combining equations (2.88) and (2.97) to obtain

dp Ano 1w o

dz 2 ¢ 2w Va

ﬁwz (2.98)
= (constant)( 62 ) .
By

For the low frequency limit, then, the angle of rotation decreases as the
frequency or density gets small, and increases as By gets small, but one must
maintain w < wg;.

2.7 Plasma interferometry

The O-wave is often used as a plasma diagnostic to measure the plasma density,
either by itself or in conjunction with a Faraday rotation measurement so that both
the density and magnetic field may be determined.

By using a comparison between a wave traveling through a plasma and a
reference wave which does not travel through the plasma, the phase difference
can be used as a measure of the plasma density. We assume the signal through the
plasma may be represented by

Sy = Apelfrior
and the reference wave may be represented by
Sy = Apelfriet
and we measure the sum of these signals,
S=58 48 = (Ape? 4 Ael?r)e i, (2.99)

If we adjust the phase and amplitude of the reference signal so that S = 0 when
there is no plasma, then we require

Apz_ArzA ¢0=¢r
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where ¢ is the phase of the plasma path in vacuum. In general, the phase in the
plasma will depend on time as the density varies according to

L/2 L/2
¢(t)=/ kz(z,t)dz—/ kodz

L2 —L)2
w (L2
- —/ n(z 1) — 1]dz (2.100)
C J-L/2
L2 W2(z. 1
:9/ 1 "(Zz)—l dz.
c —L/2 w

2.7.1 Detecting the signal
If there is no attenuation in the plasma, then the detected signal may be expressed
as
S = A(e"? — Dehi!
— Aei%¢(ei%¢ _ e—i%¢)ei¢0—iwt
= 2iA sin L pel29ei0—ier

For microwave signals, the simplest detectors are generally square-law detectors,
so the received signal is

IS|* = 4A%sin 1¢. (2.101)

An example of a plasma whose density rises in time from zero density to a
maximum where @, > w and then falls again to zero is shown in figure 2.27.

2.7.2 Interpreting the signal when > ),

When the wave frequency is much greater than the maximum plasma frequency,
such as is the usual case when either optical or far infrared waves are employed,
then we may expand the root in equation (2.100) to obtain

a)zo L/2 w2L
op=-—2 fx)dz = —=2— «7Lxg (2.102)
2wc J_1n 2wc

where )¢ is the free space wavelength, n is the average plasma density, and
a)?, () = a);o f(2). Itis clear that to find the peak density, one must know the
profile f(z) and the column width L. If the column is cylindrical, one may
measure the phase shift at a series of chords and then use an Abel inversion to
obtain the profile (the frequency must be far enough above the maximum plasma
frequency that refractive effects do not distort the path along the various chords).
Otherwise one must make an independent measurement of the profile.
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Figure 2.27. Plasma density microwave interferometer: (a) plasma density (w%e /a)z)
versus ¢; (b) phase signal versus time; and (c¢) detected signal versus time.

2.7.3 Interpreting the signal when @ ~ w0

When the plasma frequency approaches, or even surpasses, the wave frequency,
then the expansion of the square root is a poor approximation and equation (2.102)
is inappropriate. Then the general expression from equation (2.100),

¢_2 L _w_f’of()_l d (2.103)
=), PRAS z .

is appropriate. This is trivial when f(z) = 1, —L/2 < z < L/2, but nontrivial
otherwise. It is sometimes possible to use the cutoff condition when w = w0 to
determine the column width L. At cutoff, the phase is

w L2
¢=—/ [\/l—f(z)—l]dz. (2.104)

C J-Lpn

For the trivial case (square plasma profile), we have ¢ = —wL/c, so if m =
|¢|/27 is the number of cycles (the example in figure 2.27(c) has ¢ = —6.37 at
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cutoff so m =~ 3.2) in the detected signal, then L = Aom. If, however, we assume
the density profile is parabolic, with f(z) = 1 — (2z/L)?, then L = 2xom. Thus
we see that the interpretation of the width depends on the profile and knowledge
of the width and phase shift can help to estimate the profile.

Problem 2.7.1. Phase shift with nonuniform density profile.

(i) Find an expression for the phase shift as a function of & = wpo/w < 1 for
a parabolic profile f(z) = 1 — (2z/L)>.
(ii) Find an expression for the phase shift as a function of & = wpp/w < 1
for a cosine profile, f(z) = cosz(nz/L).

2.8 Electrostatic waves

Electrostatic waves form a special subset of plasma waves where the wavelength
is short and the phase velocity is low. For these cases, the waves are longitudinal
and we may represent the electric field by a scalar potential so that

E = —V¢ = —iké. (2.105)

When the plasma charge and current are incorporated into the effective dielectric
tensor, then Gauss’ law inside the plasma gives from equation (1.11),

V-D=0
which reduces to the electrostatic dispersion relation (ESDR),
k-K-k=0. (2.106)
In cold plasmas, this dispersion relation reduces further to
k1K) +kjK3 =0 (2.107)

which is sufficiently simplified that many exact results may be readily obtained.
We recognize at once that for parallel propagation, this leads to K3 = P = 0 so
the plasma wave is clearly an electrostatic wave. For k* — 00, we previously had
the resonance condition of equation (2.26), but for electrostatic waves, we see that
this relationship is always true, and we can understand this as taking the large-k
limit of the dispersion relation. After examining the conditions for the validity
of this approximation, we examine a special case which will be treated now for a
cold uniform plasma but will be visited again in later chapters as other effects are
added.
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2.8.1 Validity conditions for the electrostatic approximation

Following Stix’ [6] general development we break the electric field vector into
parallel and perpendicular components with respect to k so that we may determine
how nearly longitudinal the wave is, such that

E:EH—FEL
where
nn-E)
Ej=———
I 2
nx(nxE)
Br=-—0—

which we insert into the wave equation, equation (2.18), in the form
nx@mx E)+K-E=0. (2.108)
If we take the scalar product of equation (2.108) with n, we obtain the result that
n-K-(Ey+Ep)=0

which reduces to the ESDR of equation (2.106) if |E|| > |E_|, which means
the electric field is dominantly longitudinal. Equation (2.105) indicates the wave
is exactly longitudinal, but we broaden the definition here to include the nearly
longitudinal field case. If we now take the scalar product of equation (2.108) with
E, then we may write the result as

(n* —KHE, =K-E|. (2.109)

We can see that for large enough n, |E||/|E)| can be made as small as one
chooses. From this comparison, we can give a sufficient condition for the validity
of the electrostatic approximation as

n* > |Kijl (2.110)

or that the index of refraction should be large compared to all of the dielectric
tensor elements. Thus the cyclotron resonances, where n? — oo because the
dielectric tensor elements tend toward infinity, are not necessarily electrostatic.
However, this is not a necessary condition, since plasma oscillations are
electrostatic, and n2 is not even defined in the cold plasma approximation for
this case.

Problem 2.8.1. Cold electrostatic waves. Show that near either hybrid resonance,
the waves are electrostatic.
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2.8.2 Lower hybrid waves

One example of electrostatic waves occurs when a wave is propagating close to
the lower hybrid resonance, since in this case k is large because of a zero in a
dielectric tensor element (K; = S =~ 0). We shall assume for this case that
wei K @ K Wce, Wpe s0 the dispersion relation, which we write as

ki = —kjK3/K,

where

becomes s s
kH Dpe@ee

K2 ~
L1 2 2 Y (2 2
(wpe + wce)(w - wLH)

2.111)

where
2 _ /(1 2 2
('ULH - U)cea)ct/( +a)ce/a)pe)'

Here we see that for fixed k|, k| grows arbitrarily large as we approach the hybrid
resonance, so the electrostatic approximation is validated.

This case has interesting behavior with respect to its phase and group
velocity. If we solve for w(k, 6), we find

Kaw?,w?, w?, w2,
W =y + L = 0f ol h (2.112)
kL(wpe + wce) (a)pe + wce)

so w does not depend explicitly on k. If we consider w(k||, k1 ), however, then we

find that
Jw _ i (a)2 — w%H>
k w
o T (2.113)

ok

2 2
dol 1 (ozom)
ok | K ki w
With the group velocity angle ¢ with respect to the magnetic field defined in this
case as 1
Jw Jw ok
tangg = — — =—— (2.114)
ok K ok Ky dky |,

then the group velocity is found to be precisely perpendicular to the phase
velocity.
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Another feature which will be important later is that if we consider k| to
be fixed, then the wave is a backward wave, in the sense that the phase velocity
and the group velocity are in opposite directions. If, however, k| is taken as fixed,
then it is a forward wave. This wave is frequently launched across a magnetic field
into a plasma of varying magnetic field and density in the perpendicular direction
but with no variation in the parallel direction, so k| is determined by the launch
structure only and the wave is taken to propagate nearly in the perpendicular
direction (but at a finite angle from perpendicular, since it does not propagate
at all with k) = 0) where it is a backward wave. The effects of the variation of
plasma parameters will be taken up in chapter 6.

2.8.3 Resonance cones

If one excites a wave in an anisotropic plasma from a point source, then the
radiation pattern is generally not symmetric in space, especially in those regions
of parameter space where the wave normal surfaces are lemniscoids, since waves
do not even propagate in all directions. In fact, in regions of the CMA diagram
which have resonance angles, the propagation is strongly influenced by the
resonance and has been shown both theoretically [12] and experimentally [13]
to give rise to resonance cones, so-called because virtually all of the wave energy
is propagated from the point source in cones with a fixed angle with respect to
the magnetic field. To see how this occurs, we again consider electrostatic waves
near the lower hybrid resonance.

We first represent the source as an oscillating point source described by
p(r,1) = 8(r)e ! so the spatial Fourier transform of the source is given by
p(k) = 1. This may be considered to be a Green function from which we
construct a distributed source, but as long as the source extent is small compared
to the distances where measurements are to be made, this provides an adequate
description of the source. The Fourier transform of the resulting potential is given
by Poisson’s equation so that

@ (k) = p(k)/eo D (KT . k) (2.115)

where D(k?, k) = k - K- k. In cylindrical coordinates in k-space with the axis
aligned with the magnetic field, the inverse Fourier transform gives

o0
— d3k<D k ik-r
o) = G /_ _Pkome
L Jo(k
- / dkzel"ﬂf dkLklM (2.116)
4r2ey J_oo 0 D(k%, kz)

where we have used the identity,

2
/ dl// elklp COS(I//—Q) — 2]_[ JO(kJ_,O)
0
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to do the integral over the angle ¥ in k-space and where the coordinates in
configuration space are p, 6, and z. Using the Bessel identity

Joto) = YHLP ) + HP ()]

where Hél)(x) and H(g2) (x) are Hankel functions of order zero of the first and
second kind, we may make the further change in the perpendicular integral such

that
00 00 (1) 00 (2
kJo(kp) 1 kHy (ko) 1 kHy~ (kp)
dk == dk———+ = dk————
0 DK 2 Jo D(k?) 2 Jo D(k?)
(1
1 [*° kH, (k
— _/ M (2.117)
2J 0 D(k?)
where we have used the reflection symmetry that Héz)(ze*i” ) = —Hél)(z) to

extend the range of the integral to [—o0, co]. In terms of the original variables,
the potential is then given by

(M
1 00 . 00 H (kJ_,O)

r=——[ dk e‘kzZ/ dky k2. 2.118

v 871’26()/00 LT DR k) @118)

Having extended the range of integration, we can now evaluate the second integral
by contour integration, closing in the upper half-plane where Hél) is small.
In general, this contour will pick up contributions from all of the zeros of the
dispersion relation which lie in the upper half-plane, but for electrostatic waves in
a cold plasma, there are only two poles. These are located at

ki ==kio k1o =k;+/—K3/K (2.119)

only one of which can be above the real axis. If we assume Im(k o) > O, then the
pole corresponding to the upper sign gives

(r) i /Oo dk, e** VY (k 1 0) (2.120)
r)= et . .
¢ 8mepK1 J_oo ¢ 0 ELOP
Now for general values of p, this is difficult to evaluate but for large |p|, we
may use the asymptotic form, Hél)(x) ~ J2/mxel®=7/ 5o the exponent in
equation (2.120) is approximately

dk1o

i(kzz + pkio) =i <kzz + kzwp) =ik;(z — pcote)
Z

where the middle step has used the expansion

k1o

kiotk,) = ko0
1o(kz) 10(0) + ok

k, +
k.=0
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Figure 2.28. Geometry of resonance cones for a lower hybrid wave showing cone angle 6,
for a point source at the origin. The z-axis is in the direction of By. (from reference [14]).

which is trivial for a cold plasma but important for warm plasmas, and the last
step has used equation (2.114). The integral is then a delta function, evaluating
the integrand at z = pcot¢ or at p = ztan¢. From the analysis leading to
equation (2.114), ¢ is the angle of the group velocity at resonance, so the only
disturbance far from the source occurs at this particular cone angle. The pole we
did not use earlier leads to a complementary cone in the negative z-direction, so
it yields no new information.

The conclusion of this section is that in frequency ranges where electrostatic
waves propagate with K1/K3 < 0, and we used lower hybrid waves as an example
of this, then the radiated energy far from the source is found only on cones whose

angle is given by
¢ =tan"' /=K /K3. (2.121)

This conclusion will of course be modified by real plasma effects, such as finite
temperature effects and weak inhomogeneities, but the resonance cone effect has
been observed where the response of a localized source peaks on these cones.
The thermal effects, among other things, tend to broaden the cone and even give
thermal interference fringes just inside of the cone angle [12,13]. These cones are
illustrated in figure 2.28 where the geometry is evident.

Problem 2.8.2. Resonance cones.
(i) Fill in the missing steps leading to equations (2.118) and (2.121).

(i) What if K1/K3 > 0? Show why this case has no resonance cones.

2.9 Particle motions near resonance

The motions of the electrons and ions for general cases are complicated and give
insight into the wave motion only in special cases. We have already treated
the particle motions for low-frequency Alfvén waves in section 2.5.1. In this
section we examine the particle motions near resonance, because the concept of
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resonance invariably suggests that something is singular and requires more careful
examination in order to understand the physics of the phenomenon. We will
examine this notion in more detail in chapter 6 where resonances are approached
in space in an inhomogeneous plasma but we look first at the principal resonances
in a cold, uniform plasma.

2.9.1 Lower hybrid resonance (high density case)

If we examine again the X-wave near the lower hybrid resonance, looking in
particular at the electric fields, currents, and particle motions, we note first from
the first equation of the set equation (2.20) that at 6 = /2,

SE, —iDE, =0 (2.122)

and since at resonance S = 0, and D # 0, we find that £, = 0, while E, # 0.
Then since the conductivity tensor component oy, = iweg(S — 1) — —iwep, and
since except at resonance, |S| > 1 in the high density limit, then we can take
|oxx| to be negligible compared to |oyy|. This leads to

Jy =0 Ex + 0y Ey >0 (2.123)
Jy= —oxyEx + 0o Ey #0 (2.124)
since both oy 2~ 0 and E}, = 0 in equation (2.123) lead to J, >~ 0 and o,y # 0
and E, # 0 in equation (2.124) lead to J,, # 0. We note at once from the charge

continuity equation that
k-j=wp=0 (2.125)

since k is perpendicular to j, with the result that there is no charge fluctuation in
this electrostatic (E = E.é., k = kye,) wave.
The electron equation of motion for this wave is

e e N
—ia)LHvez—m—(E—i-vexBo)=——E—a)ceve X é;. (2.126)
e e

The left-hand side of equation (2.126) is y/m./m; smaller than the second term
on the right, so we neglect it, with the result that

E+v.,xBy=0
so that v, is perpendicular to both E and By. Solving for the velocity, we obtain

E E
Vo= 2oy = Xp (2.127)
By m; We;

For ions, we have
. e e ~
—iwppgvi = —(E +v; x Bg) = —E 4+ w:iv; X e;. (2.128)
m; m;

1
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Figure 2.29. Electron and ion motions near the lower hybrid frequency.

In this equation, we can neglect the term involving w,; since it is small compared
towr g =~ Jweewei. Then,
e iE e iE,

V= — =— 5. (2.129)
m; wpLH m; WwpH

From these velocity estimates, it is apparent that the electrons have a much
larger velocity than the ions but in a different direction. The orbits are found by
dividing the velocities by —iwy, i, which does not change the ratio, so the electron
orbit is much larger than the ion orbit. We sketch these orbits in figure 2.29 where
it is apparent that the orbits are ellipses due to the terms of order </m,/m; which
were previously neglected.

From the figure it is apparent that the electron and ion currents cancel in
the x-direction and add in the y-direction. It is this absence of J, with finite E
simultaneously with the production of finite J, with no £y, component which is
unique to the hybrid resonances.

The energy of the electrons and the ions can be calculated1 from the

2

expressions for their respective velocities, with the result that ;m.v; =

%m,’viz. This equivalence of kinetic energy between the two species is another
characteristic of the lower hybrid resonance, and demonstrates in yet another way
its hybrid character.

In summary, we have seen that the lower hybrid resonance may lead to a
resonance in the index of refraction or the wavevector but no singularities have
been encountered in the particle motions.

Problem 2.9.1. Particle Orbits near the lower hybrid resonance. For a wave
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propagating at & = /2 near the lower hybrid resonance:

(i) Show that the particle orbits are ellipses and find the ratio of their major
and minor axes (in the high density limit).

(ii) Show that J, = iweg E, (not only at resonance).

(iii) Show that the kinetic energies of the electrons and ions are equal.

Problem 2.9.2. Particle orbits near the two-ion hybrid resonance. For a wave
propagating at & = /2 near the two-ion hybrid resonance (w.] < wjj < w2) in
a high density plasma of 50% hydrogen and 50% deuterium:

(1) Find the major and minor axes of the ion orbits.
(ii) Sketch the particle orbits.
(iii) Find the kinetic energies of each species.

2.9.2 Upper hybrid resonance

The particle motions near the upper hybrid resonance are even easier to analyze
than near the lower hybrid resonance, because we can neglect the ion motions
completely. The relation between the electric field components given by
equation (2.122) still applies to the upper hybrid resonance, and we still have
S — 0, so we also have Ex # 0 and E, = 0 for this case. Looking then at the
electron equation of motion,

. e ~
—lwypve = ——(Exéx + v. X By)
e

leads to the velocity component expressions,

ewyy E ewee E
vy = — s vy = Cezx (2.130)
imewsy, Mews,,
where we have used a)?]H -2, = a)f,e. From these we obtain the current
components,
Jy = iwyneoEx
Jy = — wce€oEx. (2.131)

It now becomes apparent from equation (2.131) that when we add the plasma
current to the displacement current, the x-component cancels and there will be no
source term for the x-component, a result similar to the lower hybrid case. We
again find no singularity in any of the particle motions, and we find relationships
between the currents and fields that are similar to those in the lower hybrid case.
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2.9.3 Cyclotron resonances

The particle motions at the cyclotron resonances are different from those at the
hybrid resonances, and must be treated differently. As an example of this kind of
resonance, we will examine the electron cyclotron resonance for the R-wave but
we will not take Fourier transforms. Looking only at the transverse motions of
the electrons, the components of the equations of motion give

dvy e

Dx _ g B 2.132
dr me( x T vy 0) ( )
vy ¢ g Bo) (2.133)
TR vy Bo). .

By taking the derivative of equation (2.132) and using equation (2.133)
to eliminate dv,/df, we may write the single second-order inhomogeneous
differential equation for vy,

dZUx 2 € dEx
i + WL, vy = - weeEy ). (2.134)
e

For the R-wave polarization, we take the electric field to be circularly polarized

such that
E = Eocos weet
Ey = Epsin wcet (2.135)
so equation (2.134) becomes
d2vx 5 2¢ Eqwee .
e + ;v = Te Sin weet. (2.136)

The homogeneous solution of equation (2.136) and the corresponding solution for
vy are given by

Uy = vo COS(weel + @)
vy = Vg Sin(weet + @) (2.137)

where vo and ¢ are arbitrary amplitude and phase constants, but the
inhomogeneous solutions are given by

Eo
Vy = — —Weel COSWeel (2.138)
Bo
Eo .
Uy = — —Wcel SINWeet (2.139)
By
so the magnitude of the velocity increases linearly in time. The kinetic energy is
given by
1 1 (eEgt)?
Emev2 = Emevé m, — voeEot cos ¢ (2.140)
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so the energy increases without bound in time and there is no steady-state solution.
This is why we avoided using the Fourier transform, since that method assumes
that steady-state amplitudes exist.

The conclusion from this section, then, is that cyclotron motions are truly
singular in uniform cold plasma theory without collisions, and we must look
either to collisions, thermal effects, inhomogeneity effects, or nonlinear effects
to resolve these singularities, since truly unbounded motions are unacceptable
physical solutions. We can easily imagine how an inhomogeneity in the magnetic
field might affect our result, since with a finite velocity in the z-direction, a
particle will spend only a finite time in the resonance region if the magnetic field
also varies in the z-direction.

Problem 2.9.3. Ion cyclotron resonance. Fill in the steps leading to the result of
equation (2.140) corresponding to the ion cyclotron resonance driven by an L-
wave.

Problem 2.9.4. Localized resonance. Suppose an electron drifts through the
resonance zone with a fixed v, where B(z) = Bo(l — z/L) = Bo(1 — v,t/L) =
Bo(1).

(i) Show that equations (2.132) and (2.133) may be written in dimensionless
coordinates as

dvy (1 'C)
— = —ygcosT —vy (1 ——
dr 0 Y o
dvy . T
—— = —ypSsInT + vy (1 ——)
dr o

where vgp = Eog/Bg and T = w.t.

(ii) Use the Mathematica program

a=110;

v0=1;

egone=vx’' [t]==-v0 Cos[t]-vy[t] (1-t/a);

egtwo=vy’ [t]==-v0 Sin[t]+vx[t] (1-t/a);

sol=NDSolve [{egone, egtwo,vx[-40] ==vy[-40]==.1},

{vx[tl,vyltl},{t,100}]
Plot [vx[t] "2+vy[t] "2 /. sol,{t,-40,100}]

to estimate the gain in the energy by finding the ratio of (v?)/ v% by trying
several values of vg.

This calculation is only illustrative of the energy gain, since the wave
amplitude should decay exponentially in z as it does not propagate above the
resonance. The assumption of constant v, is also a crude approximation since
there are forces due to the gradient in B. The real problem is highly nonlinear.
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Chapter 3

Waves in fluid plasmas

The analysis of cold plasma waves, although very complicated already, leaves out
all of the physics that relates to finite temperature effects. These effects may be
included in varying degrees of approximation, and it is instructive to include at
this stage only the simplest thermal correction terms through the inclusion of a
finite pressure term. This term appears in the fluid equations, which come from a
moment expansion of equation (1.63), the Boltzmann equation,

af df

—+v-Vf+A-V,f = — (3.1

ot dr coll.
where A is the acceleration due to electric and magnetic fields through the Lorentz
force. Introduced in chapter 1, this basic equation and its interpretation will be
discussed further in chapter 4.

Whereas in the cold plasma we talked about motions of individual particles
and then added up the motions of all of them to find the currents, in the
fluid plasma we describe the motion of a fluid element which is an average
over many particles of the same species and we assume that the separate fluid
elements for each species move freely among one another, except as collisions
exchange momentum between them. The averaging process we shall use here
is to expand the Boltzmann equation for each species in a velocity moment
expansion, truncating the expansion at some suitable level, depending on the
particular problem. Collisions, which were neglected in the cold plasma, will
be discussed in section 3.4. Instabilities which may arise from counterstreaming
fluid elements and their classification are included in section 3.5.

3.1 Moments of the distribution function

3.1.1 The moment equations

If we neglect collisions for the moment, then equation (3.1) can also be written as

0
Y@+ (AN =0 (3.2)
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since fV-v=_0and fV, - A = 0since r and v are independent variables. We
then introduce a scalar function of velocity, Q(v), and define the moment process
by an average over the velocity as

(Q(v)) = Q(v) averaged over velocity

v 1
_ 7foffd3U” = [oran (33)

where n(r) = f f(r,v)d3v is the density in configuration space.
If we now multiply equation (3.2) by Q and integrate over velocity, we have
f 3 3 3., —
Qad v+ | OV-vfd’v+ | OV,-Afd’v=0.

Since Q is a function of v only, this becomes

%/Qfd3v+v-/Qvfd3v+/QVv-Afd3v=O. (3.4)

The first term of equation (3.4) is simply d(n(Q))/d¢t while the second is
V - (n(Qu)). The third term expands to

/vi Af &= /[vv {(QAf) — fA-V,0]d%

= (QAf)-dS, — | fA-V,0d%v
SU

and the surface integral in velocity space vanishes because we assume the
distribution vanishes for v — o0o. We can then write equation (3.4) as

a
5, Q) + V- (n(Qv) —n{A -V, Q) =0. (3.5

3.1.1.1 Zeroth moment

Let Q = 1. Then (Q) = 1 and (Qv) = (v) = u where u is the mean or average
velocity of the fluid element. Then equation (3.5) leads to

0
a—lz + V- (nu) =0 the continuity equation. (3.6)

3.1.1.2 First moment

Let Q = muvy. Then (Q) = mu, and V,Q = mé,_ so (A - V, Q) = m{ay). This
leads to

%(nmux) + V- (nm(vvy)) — nmiay,) = 0.
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Now we let v = u + w, where w measures the perturbation from the average
velocity ((w) = 0). Then

(vuy) = (( + w) (ux + wy)) = vy + (Wwy).

We then call nm (ww) the stress tensor W. The last term is

nm{ay) :q/(E—i—v X B)xfd3v
=nq(E +u x B),

so that by taking all three such component equations from letting Q =
muvy, mvy, mv;, we obtain the first moment equation

0
5(nmu)+v-(nmuu)+V-\Il—nq(E+uxB):O. 3.7
This equation is generally written, using equation (3.6) and the identity
V - (nmuu) = nm(u - V)u + muV - (nu)

as

nml:z—l:+(u.V)u:|+V'\Il—nq(E+uXB):O. (3.8)

This is the first moment of the Boltzmann equation, and represents the
conservation of momentum in the plasma:

a
% (momentum density) + flux of momentum density = force density.

3.1.1.3 Higher moments

Equation (3.6) gave the evolution of n as a function of u, equation (3.8) gave
the evolution of u as a function of ¥, and to find the evolution of ¥, one needs
the next higher moment, etc. This process must be truncated in order to use the
moment equations. If we assume the higher rank tensor (which would appear in
the second moment equation) vanishes, then we may represent the stress tensor
by a scalar pressure so that V- W = Vp = V(nKT).

3.1.2 Longitudinal plasma oscillations from the moment equations

In order to both illustrate the moment expansion method and to resolve an
ambiguity in cold plasma waves, we shall investigate plasma oscillations in an
unmagnetized plasma. The ambiguity came about from the fact that P = 0 was
both a cutoff (PRL = 0 defined the cutoffs where n2 = 0) and a resonance
(tan?@ = —P/§ is the resonance condition, and & = 0 leads to P = 0). Part of
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this difficulty was that P = 0 leads to ® = w,, and no phase or group velocity
was defined since k was not involved.

For this case, we assume k is parallel to E, E = Ee, so that k = ké,, and
By = 0. The moment expansion for the «th moment is obtained by multiplying
the Boltzmann equation by v* and integrating:

o o (e.¢]
9 v“fdv—i—i/ v““fdv—i—gE/ v“%dvz().
o0 ox J_o m J_o 0

ot v

Integrating the last term by parts leads to

a [ E
— v fdv+—/ v fdo — “q= “‘1fdv =0. (3.9)
at J_ m J_so
We then define the various integral terms by
F@ = /v“f(v) dv (3.10)

where the velocity v = u + w is comprised of the average velocity, (v) = u, and
the random part, w. If we look at the first few moments, we find

FO =y

FU = nu

FO = nu? + M®

F® = +3uM® + M©®

F® = nu* + 6u>M® + 4uM® + M@

where we have introduced modified moments depending only on the random part
of v,

M@ E/w“f(v) dv. (3.11)

The first few of these moments are M@ = n, M = 0, and mM @ = p. Since
we wish to linearize the moment equations, and since « is a first order quantity,
we may write the linearized moments as

F@) — @0 +M(2k)
_ 2k — 1)!!nv, n )

o (3.12)
F(Zk-‘rl) (2k + 1)M(2k) + M(2k+l)
(2k +21]3”nv ii + kD (3.13)

where i = 7e!®¢=®) etc and we have used a Maxwellian distribution to obtain

_ 0 i (o — 1)1
M@ = J;v / wre W qyy = P — (202/2 ) (3.14)
t J—oco
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for even o with v; = /2kT /m and (—1)!! = 1. Itis evident from equations (3.12)
and (3.13) that for « even, there is a zero order and a first order term, while for «
odd, there are only first order terms.

We then write equation (3.9) in terms of the F(*) with the result

9 9
5F("‘Mr - I plath) _ qu Fle=D =, (3.15)
Z

Assuming E is first order and that n has both zero and first order terms, the
linearized moment equations for « = 0 through @« = 4 are (with 9/9, — ik
and 9/0t - —iw)

—iwn + iknu =0 a=0 (3.16)
w4+ kM —LiE=0 a=1 (3.17)
m

- 302 -
—iwh® + (%u n M(3>> —0 a=2 (318

30 - 3giv? -
—ia)( v +M<3>> Fikm® = 29" p «=3 (3.19)
2 2m

- 5l -
—in<4>+ik< Z”’ﬁ+M<5>> =0 a=4. (3.20)

The subsequent terms can be obtained from the two general expressions for o
even and o odd:

(a + Dy _

—ioM©® +ik[ TE +M("‘+1)i| =0  aeven(3.21)

1

allivy ! ~ o gallnvy ™
(o) (a+1) _ —
[ ez it M ] + ikM anEE =0 wodd (322)

We may then use equation (3.16), written as u = (w/k)n/n, to eliminate & in
equation (3.21) so that the pair may be written as

~ nn
—ia)|:M(°‘) %} kM) =0 aeven (3.23)

- Nip2?—! .
—iwM @ + kM@ + 02(0’77”1’)/2 (ciwi-LE) =0  aodd (324

By taking these equations two at a time, we may generate higher and higher
order approximations in a systematic manner. Defining

f E (3.25)

|||
3 IQ
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and using equation (3.24) with « = 1, we first obtain
~ ik ~
F=—=m®. (3.26)
n

Then taking the « = 2 and o = 3 cases together,

- - 3192
—wM0H4Mﬁ”+uw35ﬁ=o

- - 3Mav? .
—iwM® +ik M@ + T F
and eliminating M® between them, we find
. 3N ik (32 k% -
1+ —=)=—= i+ —=MP). 3.27
f(+dm> ﬁ( 2 " (327)
Continuing with two at a time, the result may be written as
. ik k"
Spf =—— ﬁ#wm—nﬁ+<—> MO+ (3.28)
n w
where equation (3.26) is the result for m = 0, equation (3.27) is the result for
m =1, and
m .
. 25+ D!
%@_2}357— 6> 1 (3.29)
j=0
where 8 = w/kv;. This equation of motion must now be solved along with
Poisson’s equation,
= qn
kE = —. (3.30)
€0

Using equation (3.30), we may write f as

i

F=—%

(w? — a)zz,)ﬁ.
Using this result along with equation (3.28) results in

2 2 2 M emt?
o =w,Su(0) +k <—> _— (3.31)
1) n
This is an asymptotic series in 6 with the remainder term set to zero for some m.
No matter how many terms are kept, there will never be any imaginary part. As
more terms are kept, & must be larger and larger since each term must be smaller
than the previous term.
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The lowest nontrivial approximation is to let M® = 0 to obtain

2 5 3 (v 2
w :a)pe 1+§ E (332)

which is called the Bohm—Gross dispersion relation! [15] (BGDR)~where we have
defined the electron thermal speed as vf = 2kT,/m,. Keeping M® but setting
M© — 0, the result is

o 3 /v \* 15 (v
w° =Wy, 1+ 3 <v—) + T (U_) (3.33)
P P

so it is apparent that the moment expansion is an expansion in the ratio of the

thermal velocity to the phase velocity. The BGDR now resolves the ambiguity in

cold plasma theory and supports the notion that P = 0 in cold plasma is a cutoff

rather than a resonance, since this dispersion relation describes a wave with a

cutoff at w,, that propagates near the electron thermal speed for high frequencies.

We have thus learned from this example that the fluid equations which are

based on moment expansions are valid as long as the phase velocity is large

compared to the thermal speed. When this approximation fails, then we must

solve the equations without expansion, and techniques for this approach will be
discussed in the next chapter.

Problem 3.1.1. Moment expansions.

(i) Zeroth order moments. Verify equation (3.14).

(i) Moment pairs. Fill in the steps leading to equations (3.23) and (3.24).
(iii) Fifth moment. Continue with the « = 4 and ¢ = 5 terms beyond
equation (3.27) and verify that equation (3.28) is valid for m = 2.

(iv) Using Poisson’s equation, complete the steps from equation (3.28) to
equation (3.31).

3.2 The fluid equations

Having used the notation in the previous section that v is an independent variable
and that u is the velocity of a fluid element, we now switch definitions to the more
traditional notation where the fluid velocity is denoted by v; since now it relates
to a specific species j. We shall also use the definition of the mass density as
pj = njmj which is the mass per unit volume for a fluid element of species j.
With these definitions, the fluid equations are:

ap; . .

B +V.-(pjvj)=2Z2; (continuity equation) (3.34)
1 Technically, the BGDR is equation (3.32) with @ = wp, in the correction term. This leads to
w? = w2, (1 + 3k?13,,) for the BGDR.

pe
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where Z; is the ionization rate for species j and
3le .
0j o + ;- V)v;j | =¢gjn;j(E+v; x B)—Vp; (momentum equation)

d
(3.35)
where collisions have been neglected for now. For particle conservation, the
ionization rates among the various species (including neutrals) must satisfy

Y zj=o0.
J
The linearized fluid equations are:
dp1

o7 +pojV-v1;=0 (continuity equation) (3.36)

where ionization has been neglected and

vy

o = gjnoj(E1 4+ v1j x Bg) — Vp1; (momentum equation) (3.37)

L0
since all zero order quantities are assumed to be constant in space and time and
we are taking Eg = vg; = O for the moment. We shall consider the effects due
to collisions and vp; # O later in this chapter, and consider Ey # 0 in chapter 6
when we deal with drift waves in inhomogeneous plasmas.

Problem 3.2.1. Fluid equations with zero order drifts and fields. Write the zeroth
and first order continuity and momentum equations when vg; # 0 and E¢ # 0.

3.3 Low frequency waves

The waves from the fluid equations conveniently break up into two regions when
m, < m;. For the high frequency waves, ion motions are completely neglected,
while in the low frequency region, we neglect terms of order m,/m;.

3.3.1 The low-frequency dispersion relation

Beginning with the linearized fluid equations for electrons and one species only
of singly charged ions, following Stringer’s development [16], we write for each
species the continuity equation

8 .
%‘F,OO]'V-I}U:O (3.38)
and the momentum equation
8U1j
poj 5 = gjnoj(E +v1; x Bg) — Vpy;. (3.39)
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By adding the momentum equations for electrons and ions, we obtain the

result
av X
PO =T X By—Vp (3.40)

where oo = poi + P0e, P = pi + pe, and
P0iV1i + POeV1e .
V= J = noe(vy; — vye).

P0i + Poe

The other fluid equation is obtained by multiplying each of the momentum
equations by gj/m; with g; = e, g. = —e, and adding, whereby the result may
be expressed as

—E+vxBy— — -~ Vp, (3.41)

where terms of order m,/m; have been neglected.
We next assume that all first order quantities vary as exp(ik - r — iwt) so that
the Maxwell equations lead to the wave equation

2
K2 (1 _ ];’7) E—kk E) = iouoj. (3.42)

Introducing the thermal speeds, defined by c? = y;KTj/mj, where y; is the ratio
of specific heats for species j and comes from the equation of state (an alternative
to truncating the moment equations), we may relate the pressure and density as
pj = c?plj so the continuity equations give

2 2 2
nom;cs (k - v; ics(k - v; i
pi = omic (k- vi) = gnomicy (k - vi) ~ SNOMCs p (3.43)
w w w
noc(m; + me) (1 — g)cZm; c?
_ MG TMi T Me) oy TGy G ) g
w we 2
noctm; (1 —g)cimi .
~— k- v—-——k-j (3.44)
w we
where
g= viT; 2= veKT, + yiKT; (3.45)
ViTi + veT, § me +m; '

and c; is called the ion acoustic speed.
If we now solve equation (3.40) for v, using equation (3.44) to eliminate p
we obtain

b el (E x By) — (k- E)(k x Bo)
* = oo k2c2 o0 ' o0

2 . 1 — 2
+C—S2(k'v)k—716°( 8 k. Bk
w noew
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but if v = u + (k- v)k, where u is any vector, then v = u + (k- u)k /(1 — ak?),
SO We may write

k.
b 1 [kz (1 + i) (E x Bo) — (k - E)(k x Bo)j|
w

@? 1100 2 — k22

iweo(1 — g)c?
_ S (k- Bk 3.46
noe(w? — kch)( ) ( )

where we have neglected w?/k?c? compared to unity. If we make this same
approximation in equation (3.42), then k - j = 0 and the last term in
equation (3.46) disappears, with the result

1 5 c2kk-
w

w1100 — k2c?

We then use this equation for v and equation (3.42) for j and equation (3.43) for
pi in equation (3.41) to obtain

2 w? i

K22 k2V3 ivi
(1+_C_ A)E + —AURE x &) — (k- E)(k x &)]
W5, Wi

V2 c? Vi e
+ (_/3 _ _2> (k- E)k + —g[szZ — (k- E)k;]e;
1) Wy, @

Ccl

K22 | Vi iVl —
Cs |: ME-(kxéZ)k =0

(3.48)

where V, is the Alfvén speed and where we have chosen By = Bpe,. We can
now multiply equation (3.48) successively by k, ¢, and k x é, to form the set of
equations which if its determinant of coefficients is set to zero,

k2v2 ik2V3(w? — gk*c?) kV3
—5—k; - 7122 I--
w wwci(w* — k=cy) @
|4 e ik Vi( = 9k L (3.49)
e wwei (@2 = k2d) “pe |
90 20 2172 2.2 ik2v?2
Vi g p ke D KVE (ke kVa
wwei w2, @ — k32 w? W
ci pe s “
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leads to the low frequency dispersion relation (LFDR),

] w? w? n k2c2 sin® @ 29 w? w?
— — cos“ 6 — -
k2 Vi WeeWci w? — k2€% k2 Vi WeeWci
w? cos?f

27 (3.50)
2
W

where 6 is the angle between the direction of propagation and the static magnetic
field. This dispersion relation is equivalent to that given by Stringer [16] and
Braginskii [17].

Problem 3.3.1. Fluid equations. Show that equation (3.41) may be written exactly
as
1

Et+vxBy—"1(1- V(pi +e€pe)
= vxBy——(l—€)— — ———V(pi+e
07 % 3t npe(lte) i ePe

ne 3]
noe2(l +¢) ot

where € = m./m;, so the approximation includes neglecting € p, compared to p;
as well as neglecting € compared to unity.

Problem 3.3.2. Derivation of the low frequency dispersion relation. Show that
equation (3.49) leads to equation (3.50).

3.3.2 Stringer diagrams of the LFDR

Plots of the LFDR which exhibit the character of the various waves in the low
frequency region have been given by Stringer [16]. In these plots, w/w,; is plotted
against kcg/w.; on logarithmic scales so that regions of constant phase velocity
appear as straight lines.

3.3.2.1 Overdense case

Figure 3.1 shows the three roots of the LFDR (full curves) in a low 8 hydrogen
plasma (c2/V3 = B = 0.01, m;/m, = 1836) which is overdense (wpe > wc,)
such that ¢/V4 = 10°. The general character for a broad range of angles is
represented by this plot at & = 7 /4. Since equation (3.50) is cubic in w?, there
are only three branches. In the following sections, we shall investigate some of
the special cases and transitions as well as the limits as & — Q or 8 — 7 /2.

We can identify the R—X wave as the branch beginning at O; where it is
a compressional Alfvén wave until A, after which it gradually changes slope
until B where it enters the whistler wave region until it reaches C where it has
a resonance. There is an apparent crossing of an ion acoustic branch at D. In
the original Stringer diagrams, these branches do not cross, since the ion acoustic
mode bends over and tends toward L while the first branch turns upward toward
E, but they are not resolvable from equation (3.50).

Copyright © 2003 IOP Publishing Ltd.



104 T 7

T T 757 1
w 2% ’ QQ//O ‘{/ £/
Wei (\W// Wee . . 0 /
——— T —"7 swecost Dz
&
10° ,’ G 7K 1
7 )
’ by
&
.’ D
’ S
102¢ s _
3 .
Y L
3 ///i N
101 - / ;QQ// -
By® ¢ Wpe /Wee = 23.3
Va/es =10, ¢/Va =10°
y 0 =45°, M/m = 1836
100 f—-—-=- We; €OS 0 ]
/A
10_1 | | 1
O0; 02 107! 10° 10* 102 103 104

kps = kcs/wci

Figure 3.1. Dispersion curves for an overdense plasma. Full curves are from the low
frequency dispersion relation, equation (3.50), while the dot-dash lines are from the warm
plasma dispersion relation, equation (3.78).

The torsional Alfvén wave runs from O, to F where it approaches the ion
cyclotron resonance at G, but for these parameters, it quickly couples to the ion-
acoustic branch at H and is a simple ion-acoustic wave from | to D where it
apparently crosses the first branch. The third branch that starts at O3 does not
occur in a cold plasma and is an ion sound wave below M and approaches a
resonance beyond P.

The warm plasma dispersion relation (WPDR), given by equation (3.78) with
both electron and ion terms, is shown in figures 3.1 and 3.2 by the dot-dash lines.
The corresponding roots of the WPDR generally follow those of the LFDR, but
several additional roots are shown (the WPDR with both ions and electrons is 15th
order in a)z, but many roots are virtual double roots, so only seven are distinct in
this case). One additional root begins near O3 as a magnetized ion sound wave
that experiences the resonance at the ion cyclotron resonance. Another begins at
the ion cyclotron frequency and then becomes an unmagnetized ion sound wave.
Yet another is a magnetized electron sound wave until it experiences the electron
cyclotron resonance. The highest frequency branch shown begins at the electron

Copyright © 2003 IOP Publishing Ltd.



10* T T T /1 f /}0«, I 74
w g E
Wei WUH N 4 Wee _‘\W)/ /'
e e ¢ e ¢ e & o+ ¢ - — 7 weecosd D 4
10% " 7 41
————— 7/ WpecosO :
102 b el e, - C S y
N o
o // 4 /4 D )
P ) /
’ % © K
’ . 7 Va/es =10°, ¢/Va = 10
0 =45°, M/m = 1836
10° Wei €OS O -
I | 1

10! 102 108 10*
sz:sz/wci

Figure 3.2. Dispersion curves for an underdense plasma. Full curves are from the low
frequency dispersion relation, equation (3.50), while the dot-dash lines are from the warm
plasma dispersion relation, equation (3.78). The box is magnified in figure 3.3.

cyclotron frequency and then follows the electron sound wave. Three more higher
modes are beyond the range of the figure.

One important difference between the LFDR and the WPDR is evident as
one follows the LFDR (full curve) above |. As this root approaches J, the WPDR
indicates a gradual transition from an ion acoustic wave to an ion sound wave, so
the LFDR is unreliable in describing this high frequency region.

3.3.2.2 Underdense case

For an underdense plasma (wpe < ce), the roots of both the LFDR and
the WPDR are shown in figure 3.2 where now we have c¢;/ V4 = 1073 and
¢/ V4 = 10. For this case, the first branch is little changed except that above
B the LFDR indicates that the phase velocity exceeds ¢ so the neglect of those
terms of order w/kc is not valid in this region. Here the LFDR continues to
the electron cyclotron resonance while the WPDR indicates that this root bends
over near C to follow the electron plasma frequency until it makes an additional
pair of transitions, first to the magnetized electron sound wave and finally to the
electron cyclotron frequency. The other significant deviation from the LFDR
is the transition from an ion acoustic wave to an ion sound wave in the region
between J and K which occurred at a much higher frequency in the overdense
case of figure 3.1. The figure is somewhat confusing near D, where it shows a
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Figure 3.3. Magnified area near N from the warm plasma dispersion relation in figure 3.2.

crossing of two LFDR roots, but as noted earlier, the rising branch has already
moved over to the ion sound root, so no crossing occurs near D. The crossing
does occur just to the right of D, and even the WPDR cannot distinguish between
a crossing and a transition (there are five separate roots in this vicinity, and some
are barely distinct, but no transition is evident even at high precision).

The third branch of the LFDR is basically unchanged from the overdense
case, since the acoustic waves are relatively insensitive to changes in the density.
The three additional high-frequency branches of the WPDR which were off scale
for the overdense case are seen here. The highest frequency branch makes a
transition to v, = ¢ at N which is seen more clearly in figure 3.3 which is a
magnification of the box in figure 3.2.

Two distinct roots are barely resolvable in the figure, the lower of which was
also present in the overdense case. The two lower branches begin to asymptote to
the velocity of light, but the upper one crosses the electron cyclotron resonance
while the lower one experiences the resonance, finally making a transition to the
electron sound wave.

Both figures 3.1 and 3.2 are similar to figures given by Stringer [16], but
differ in some important ways. Some transitions which occur slowly in the
original diagrams occur much more rapidly here or not at all, so the nature of
the transitions is less evident. Several transitions in the original figures are not
due to the equations given here.

The significance of a crossing of two roots as opposed to a transition with
roots avoiding one another is that a crossing indicates there is no coupling
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between the waves in that region, while a transition indicates there is coupling.
A purely longitudinal wave has no coupling to a purely transverse wave, so the
corresponding roots may cross, but even with a little mixture, a transition will
normally occur. The distinction is sharp in a uniform plasma, but with even
small inhomogeneities, the distinction becomes fuzzy, since partial transmission
(crossing or tunneling, see section 6.3) and partial conversion (transition or mode
conversion) is possible unless strong absorption occurs in the coupling region. For
the indicated crossings and transitions, however, one should recall that when the
phase velocity is near a thermal velocity, absorption is likely and kinetic theory is
required.

3.3.2.3 Electrostatic limit

When kAp, > 1, equation (3.50) is inaccurate because of the neglect of space
charge effects through the neglect of the k - j term. We could include this term
through the charge continuity equation, whereby k - j = wp = we(ni; —ni.), but
it is easier to use the electrostatic dispersion relation (ESDR) where the electric
field is derived from a scalar potential. The large-k limit, or low phase velocity
limit, leads us to the sufficient condition for the electrostatic approximation of
equation (2.110) which we found in chapter 2.

For this analysis, we may write the momentum equation for each species as

—iwmv; = q; [—ik <£+¢>+v, xBo} (3.51)
J

where ¢ is the scalar potential. This may be solved for the velocity components
with By = Bge, such that

1 - k2 + k2
k.v,=—<ﬂ+q,»<p) — k. (3.52)
wm;j \ no l—a)Cj/a)2

Then using the continuity equation and gas law (p; = c?,o] ;) for each species,
this may be written as

k2 k2 wqQ k2 k2
) 2 1 Kz _ wqj 1 Kz
k-vj |:1—cj (70)2_0)2 +w2):| = oy 70)2_0)2' +a)2 . (3.53)

cj cj

We may combine these expressions for each species through Poisson’s equation

npe
kg = L(kovi —k-v,)
weQ
and the result may be written as
- 1 n 1 1
K233, k2L, .0 2 sio 20
Di De kz)‘Di 1 — kzci %wi + %
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+ 212 2 2 ( sin’6 cos2 0
@i, [1 - e (5 + =50 |

(3.54)

where Ap; = cj/w);. This dispersion relation is quartic in w?, but one root is the
electron plasma wave and not a low frequency wave, so as long as w < kc., we
may neglect the last term and reduce the dispersion relation to a quadratic in w?.
This reduced dispersion relation may be used to plot the regions beyond D and H
in both figure 3.1 and figure 3.2, but only the LFDR and the WPDR are actually

plotted.

Problem 3.3.3. Electrostatic dispersion relation. Fill in the steps leading to
equation (3.54).

3.3.3 Approximate dispersion relations and transitions

The LFDR, equation (3.50), is cubic in @?, but by dividing up the parameter
space into several regions, one root can be eliminated or factored in each region,
reducing it to a quadratic, where we can more easily identify the properties of the
solutions.

3.3.3.1 MHD Region

For the very low frequency case, where w <« i, the right-hand side of
equation (3.50) may be neglected along with ? [ Weewei, SO it reduces to

(1 w? n k*c2 sin20> ( 29 w? ) 0 (3.55)
- cos” 6 — =0. .
2 2 2,2 2
k2VA w? — k*c? k2VA

The second factor gives the cold torsional wave root

w® =k>V3cos? 6 (3.56)

which is unaffected by the finite temperature terms. This branch is plotted from
O, to F in figures 3.1 and 3.2 where it reaches a transition at ;.
The remaining factor leads to the quadratic

ot — K2 (VE + Do +k*Victcos? 0 =0
with approximate roots (for ¢y < Vy)
w® =k*(V} 4 ¢Xsin?0) (3.57)

and
w® = k*c?cos? 6. (3.58)

This last root is a sound wave whose phase velocity is equal to the ion thermal
speed as it propagates along the magnetic field and does not propagate across the
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magnetic field (a dumbbell lemniscoid). It follows path O3 to M in figure 3.1 and
then approaches the resonance.

The first root, from equation (3.57), is more interesting, since now the cold
compressional wave is coupled to the ion acoustic wave. For this reason, this wave
that begins at Oy is often called the magnetoacoustic wave or the magnetosonic
wave since it is coupled to acoustic modes in the low frequency limit. It is clear
from the dispersion relation that the magnetoacoustic wave is equivalent to the
cold plasma compressional Alfvén wave when V4 > c;, and that the phase
and group velocities are parallel in that limit, but when Vj4 is comparable to
cs, then the phase and group velocities are no longer parallel, since the acoustic
wave component of the dispersion relation tends to guide the wave away from
the direction of the magnetic field. This same branch is thus partially guided
across the field at very low frequencies if acoustic effects are important, isotropic
if acoustic effects are negligible, and then at intermediate frequencies is guided
along the field as the whistler wave beyond B, and carries a variety of names,
depending on the approximation (V4 >> ¢s or V4 < c¢;), the frequency (0 < w¢;
or wei K w K wee), and the angle (R-wave for 8 = 0, X-wave for 6 = /2 up
to wr g ).

Problem 3.3.4. Magnetoacoustic wave.

(1) Find an expression for tano where « is the angle between the phase
velocity and the group velocity for the magnetoacoustic wave described by
equation (3.57).

(ii) Show that tan(6 + ) = (1 + ¢2/V3) tan#.

(>iii) Sketch « versus 6 for 0 < 6 < /2 for cg = 2Vy4.

(iv) For what angle 6,, is the ratio of the group velocity to the phase velocity
maximum (as a function of ¢/ V). Evaluate this angle for ¢, = 2Vy.

3.3.3.2 High phase velocity region

In this region, we assume v, > +/Vacy so we may neglect the kch/a)2 terms
compared to unity, with the resulting simpler quadratic dispersion relation,

2 2 2 2 2
1— w_z - cos2f — 2 5 = ¢ )= w—zcoszé?. (3.59)
kZVA WeeWci kZVA WeeWci w?;

If we introduce the quantity,

i . w¢2~i 1+ k2c? _ a)zi n me
R~ r2y2 2 T 2y2 .
k VA (l)pe k VA m;

then the roots of equation (3.59) may be expressed as

o = J R [14 o201 + R) £ VT +co? 01 + R —4cos” 0] (3.60)
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so the A-B transition occurs near where R cos’>6 ~ 1, or approximating R by
k2V/§/a)2 it is near

ci’
kVa >~ we secH.

Since R becomes large as we move up the curve beyond B, we may approximate

one root by
® >~ weiv R(1 + R cos? ) (3.61)

that for k <« wp./c leads to

2‘//%
cos @ (3.62)

Wci

w >~ Rw. cosf =~

which is the same as equation (2.78), the whistler dispersion relation. The limits
of validity for this case are that w¢; sec6/V4 < k < wpe/c, where the first
ensures that we are above the lower transition, and the second validates our
approximation for R. For the limit where k > w,./c, then R ~ m;/m,, and
the dispersion relation simplifies to

W > Wee COSH (3.63)

for cos? 6 > m,/m;. This dispersion relation is independent of k, and represents
a resonance as k — oo. Of course, as k gets very large, we leave the region of
validity of equation (3.59) as we move beyond C. Just as the LFDR failed in the
underdense case of figure 3.2, so this approximate analysis of the transition fails
in the underdense case.

The second root in this region is @ =~ ., which is the ion cyclotron
resonance for the torsional branch and is plotted from G to H in the diagrams.

3.3.3.3 Low phase velocity, low frequency region

In this region, we take v, < +/Vacs but also choose w < /wc.w¢i cosO so
that we may neglect both a)2/k2Vj and w?/weewei (R — 00 approx.) in
equation (3.50) to obtain

ot — (K + w2 + K clwl cos? 0 = 0. (3.64)

The roots are given by

=1 [k2cf = \/(k2c3 + w2)? — 4k2c2w?; cos? 9}

and the lower root, which we designate the electron-acoustic branch, may be
represented by

kegcosf { kcs cos 6 kps < 1 (3.65)

w =~ _T T k22 | wcosd kps > 1
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where p; = ¢ /wc; is almost the ion Larmor radius, and where the first expression
is valid between Oz and M and the second beyond M in figure 3.1 and the
transition occurs near kp; ~ 1. The phase velocity below M is numerically equal
to c;, but this is an accident, since ¢; and cg cos 6 (the proper expression for the
phase velocity of this lower curve) are equivalent when 6 = 45° and 7, = T;
as assumed here. For different temperatures or a different angle, the two phase
velocities would not coincide.

The upper root is

w? = w? + k*c? (3.66)

which gives the ion cyclotron resonance for kc; < w,;, the region between G
and H for kcg ~ w,.;, and the transition to the ion-acoustic branch near H which it
follows from | to D, where kc; > w; and v, = c;.

3.3.3.4 Low phase velocity, high frequency region

In this region, we also take v, < 4/Vacy but now choose @ > /w¢.w¢i cos 6 so
that we may neglect the cos® # term in the second factor of equation (3.50). Then
we may write the quadratic as

w* — [k2c2 4+ 0% R(1 + Rcos? 0)]w? + k*c2wZ R(1 4+ R)cos? 0 =0 (3.67)

Ccl

with roots

1
w? = —a)?l-Rz cos 0
2

. k?p? sec? 6 n sec’
R? R

172
(3.68)

( k?p2sec’d  sec’f )2 4k?p? sec? 0 tan’ 6
(|1- + +
R? R R3

The higher root of equation (3.68) is either the whistler dispersion relation
of equation (3.62) with k¢ < wp, or the cyclotron resonance of equation (3.63)
with k¢ > wp,. In order to find the higher frequency transitions for this branch,
we need the ESDR, equation (3.54).

The lower root gives w = kc; to lowest order unless kcg 3> wce cos 6, where
again we need to examine the ESDR for large k.

3.3.3.5 Electrostatic region

For the region which has both high frequency and large k, we may neglect w;
compared to w and also take w < k¢, (except where w >~ w,, cos 0). In this case
equation (3.54) reduces to

w? 1

=14+ —-—
k223, (w* — k2c?) K23, +43,)

(3.69)
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with solution

o =k* |1+ __ T (3.70)
Ti(1+k223))

This gives w = kcg for kAp, < 1 and w = kc¢; for kAp, > 1. The transition
occurs when kps ~ c¢/V4 which is equivalent to kAp, = 1. This transition
is evident in both figure 3.1 with koy = ¢/V4 = 10° and figure 3.2 with
kps = ¢/ V4 = 10. This transition is missing from the LFDR, but evident from
either the ESDR or the WPDR.

The other root behaves as w = wg. cosf as k — oo, which is the K to
L— oo branch in figure 3.1. This may be seen by multiplying equation (3.54) by
kz)»%)e and letting k> — oo (holding w fixed) whereupon the left-hand side tends
towards infinity as k222 .» the first term on the right tends toward zero, and the
second term also tends towards zero unless the denominator vanishes, so we have

20,2 2 2 inl

o (-, — ®7) w?, sin” 6

wZwaecosze—#:a)gecosze 1—“T . (37D
k=cg k=cz

3.3.4 Parallel and perpendicular propagation

The general character of the waves does not change greatly from our previous
results until 8 — 0 or & — /2. As the angle of propagation approaches zero,
the only significant change is that the transition regions become more localized
and the transitions become sharper so that the coupling between the cold plasma
waves and the thermal waves occurs only when the phase velocity is very close
to one of the acoustic speeds. At & = 0, the R- and L-waves are decoupled from
thermal motions, but the plasma wave (a high frequency mode) remains coupled.

As the angle 6 — /2, the lowest frequency branch is essentially unchanged
except that the resonant frequency w = w,; cos@ — 0 as cosf — 0.

The intermediate frequency branch, however, which is the shear Alfvén
wave at the low frequency end with w/k = V4 cos 6 never experiences the ion
cyclotron resonance when V4 cosf < ¢ and propagates relatively smoothly up
to its resonance at w = w¢, cos 8 K w¢. Where it makes a transition to resonance.

The higher frequency branch, which is the magnetoacoustic branch at low
frequencies, propagates at the Alfvén speed until it reaches the greater of w,, cos 6
or the lower hybrid frequency where it makes a transition over to the ion acoustic
wave with v, = ¢;, or in the extreme case, to ¢;.

3.3.5 High frequency waves

While some of the branches in the dispersion relations of the preceding section
were followed to higher frequency, there are several more branches which were
excluded in the LFDR of equation (3.50). The ESDR of equation (3.54) did not
use any low frequency approximation, however, so it continues to be valid at high
frequencies whenever the electrostatic approximation is appropriate.
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3.3.5.1 The warm plasma dispersion relation

For high frequencies, we may use the warm plasma dispersion relation (WPDR)
neglecting ion motions entirely. We do this by effectively letting m; — oo, which
is usually called the neglect of electron inertia. Using only the fluid equations
for electrons and deleting the subscript denoting the species (except for c.), the
linearized time and space harmonic fluid equations are

—iwp1 + poik - vy =0 (3.72)
and
—iwpov) = —eng(E + v; X By) — ik p (3.73)

along with the equation of state, p; = cgpl. These may be combined to give an
expression for the velocity as

e C2

vi = —(E + vy x Bo) + —% (k- v))k. (3.74)
1lwm w

Solving for the components of vy, we find, after some tedious algebra,

v = —2 i 22022 22 .
lx = - D[(a)Ex iwee Ey)(w k“c; cos”0) + wE k“c, cosf sin0]
im
e
Uy = ——[wEy(@0® — k*¢2) + iwee Ex (0* — k*c2 cos® 0)
imD
+ iwee Ezkzcg cos 6 sinf]
e
v = 7[sz(w2 — w2, — k*c2sin? 0) + k*c2 cos 0 sin O (WEx — iwce Ey)]
im
where D = 0?(0” — k*c2) — w2, (w® — k*>c2 cos® §). Using j = —npev) =0 - E
and K = | — ¢ /iwep, the dielectric tensor has the form
Kyx ny K,
K=| -k, K, K, (3.75)
sz _Kyz Kzz
where

@ (0* — kzcg cos? 0)

Kix = 1- ad D
iwcewfw (w?* — k2c§ cos? )
Kyy =
wD
2 .
a)pekzcg cos 6 sin 6
sz = -
D
2 2 2.2
w* (w0 — k=c?)
Kyy=1- _per el

D
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: 2 2.2 :
1wcewy, k“cg cos 6 sin @
wD

2 (2 2 2.2 2
wpe (0™ — wg, — k7c, sin” )
K= — .

D

Ky, = —

(3.76)

These dielectric tensor elements may easily be extended to include ions
(letting w.e — —w,;) by making a sum over species, but are very complicated for
general use, except that they are valid in both electrostatic and electromagnetic
regions. For cases where more than one ion species is involved, however, both
the one-fluid model and the WPDR are very complicated with simple dispersion
relations difficult to obtain, but the straightforwardness of the dielectric tensor
method may be preferred for numerical work. In figure 3.1, both ion and
electron terms are included for comparison with the LFDR using the WPDR,
equation (3.78), indicated by the dot-dash lines.

With this dielectric tensor, which has all nine components (although only six
are independent), the wave equation of equation (2.20) generalizes to

Ky —n%cos?0 Ky n2cosesin0+KxZ E.
—Kxy Ky —n® Ky; Ey 1=0
n?cos@sinf + K, —Ky; K., —n%sin’6 E,

(3.77)
where n = kc/w. The determinant of coefficients of equation (3.77) gives the
WPDR, which is considerably more complicated than the CPDR, but may be
written as

[(Kyx —n? cos® 0)(Kyy —n®) + K7 1K — n* sin® 0[K (Kyy — n*)+K},]
+ (2n% cos O sin 6 + Ky )[KxyKy, — Kio(Kyy —n?)]

+ KiyKy: Ky + K3 (Kyx — n* cos? 0) = 0. (3.78)

This WPDR is very formidable, but simplifies in certain limits. Its general form
is identical to that of the hot plasma dispersion relation (HPDR) which includes
finite temperature effects through kinetic theory and is the subject of chapter 4.

Problem 3.3.5. Derivation of the HFDR. Fill in the steps from equation (3.72) to
equations (3.76) and (3.78).

3.3.5.2 Parallel propagation

When 6 = 0, the tensor elements simplify greatly, such that K,y = K,y = §,
Kyy = —iD, Ky; = Ky; = 0, so the L- and R-waves are unchanged from the
cold plasma results (with m; — oo for the high frequency cases described here)
by the fluid pressure terms. There is only one change, namely that

w2

_ pe
Keg=1—-—— a2 (3.79)
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so the P = 0 root leads now to

o’ = o), + K (3.80)
which is equivalent to the BGDR for plasma waves if we take y, = 3 and the
thermal speed is small compared to the phase velocity.
3.3.5.3 Perpendicular propagation

When 6 — m/2, we have Ky, = K,; = 0 and now K;; = P so the ordinary
wave is unchanged, but

2
e
Ko =1- ﬁ"_kzcz
2 (@ — k2c2)
Ky =1- w(w R Er (3.81)
1a)cea)1276

K., =
T w(w? — @2, — k2c2)

so that the extraordinary wave (X-wave) is now glven by

,  KuKy + K3 (@ =~ 00 — o —K)) — w07,

Tx = Kyx N w?(w? — w2 — k%c2)
where the upper hybrid resonance has been eliminated by the thermal term. The
cutoff is unaffected by the thermal terms, so equations (2.42)—(2.44) are still valid
(for the higher frequency cutoff). The upper branch of the extraordinary wave
then propagates from its cutoff up to the upper hybrid resonance as in the cold
plasma X-wave, but when it reaches v, ~ kc,, it couples to the electron sound
wave.

(3.82)

3.3.5.4 Arbitrary angle

The general WPDR is very complicated, but it may be approximated in certain
regions. The cutoffs, of course, do not depend on the angle. Away from the
cutoffs, we may approximate the high frequency branch of the R—X wave by

2 2
2. 2 @pe(1 +cos™0) 2022
0 >~ wg, (1 + o, = w%e 202 + k“c; sin“ 0 (3.83)

provided the denominator is not too small. The O-P wave branch may be
approximated by a similar expression

2 — w?, + k2c2sin® 6

2 2511129 222 22 .2
w Na) 1+ + k“c”sin“ 6 + k“c; cos“ 6. (3.84)
W5,

These are sketched for an overdense plasma in figure 3.1 and for an underdense
plasma in figure 3.2.

Copyright © 2003 IOP Publishing Ltd.



3.3.6 Summary of fluid waves

The differences between the cold plasma waves and the fluid plasma waves may
now be seen to be due to the coupling of acoustic branches with the cold plasma
waves. The L, R, and X waves simply tend towards infinity as they approach
resonance, and the new feature is an acoustic wave with much lower phase
velocity than the Alfvén wave which would cross these resonances if there were
no coupling. The coupling, however, prevents a simple crossing and instead takes
each resonant cold wave and converts it to an acoustic wave, and the original
acoustic wave then converts to the resonant wave. Whether the acoustic wave
propagates at the ion acoustic speed ¢ or the ion thermal speed (or for the high
frequency branches, the electron thermal speed) is less obvious, and depends on
the details of the dispersion relation.

In a homogeneous plasma, these waves are all linearly independent and
energy does not couple from one branch to another in the transition regions.
In inhomogeneous plasmas, however, where a transition region is approached
in space, the waves are no longer independent and energy is coupled from one
branch to another. For example, wave energy originating on branch O3, the
low-frequency ion acoustic branch, may couple some energy across from L to
| by tunneling across the transition zone, and the remaining energy proceeds
along the normal branch towards M. We will discuss this kind of coupling in
chapter 6 where it is called linear mode conversion. One should not presume
that because the homogeneous solutions are no longer linearly independent that
linearly independent solutions no longer occur, but that the linearly independent
solutions are now composed of more than one branch, and the branching ratios
depend on which way the wave propagates.

We also note that each of the transition regions violates the conditions for the
validity of the fluid equations, except for the ion-acoustic-wave transitions with
T, > T;, since the moment expansion depended on the phase velocity being large
compared to the thermal speed. Thus we would expect significant modifications
of the dispersion relation near these regions from a full kinetic analysis, and we
shall see in chapter 4 that both collisionless damping and modification of the
dispersion do indeed occur when thermal effects are kept to higher order. The
value of the fluid equations thus lies more in their ability to indicate the kinds
of cold plasma wave—acoustic wave couplings that do occur than in an accurate
description of all the thermal effects.

3.4 Partially ionized plasmas and collisions

For partially ionized plasmas, two things must be considered in addition to those
things characteristic of the fully ionized, collisionless plasmas. First, in a partially
ionized plasma, ionizing collisions and charge-transfer collisions give rise to
creation and annihilation processes for individual species, so we need the creation
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rate Z; for each species, noting that conservation of particles requires
Y zj=o. (3.85)
J

Secondly, the neutral particles are neither influenced by the electric and magnetic
fields, nor do they contribute to them, so they only interact through collisions
among themselves and with other species of the plasma. This means we must
include a collision frequency for each species with every other species, and as they
exchange momentum among themselves, we must conserve the total momentum.
Thus we require

ZPj(Vji(vi —v;))=0 (3.86)
ji

where vj; is the collision frequency for particles of species j with particles of
species i (the reciprocal of the mean time for a particle of species j to make a
collision with a particle of species i). These depend on velocity and in general,

Viji ;é Vij.
3.4.1 Neutral collisions

3.4.1.1 Ion neutral charge exchange collisions

If we consider a case where the principal collisions are between ions and neutrals,
and consider only charge exchange collisions, which act like a head-on collision
between particles of equal mass, then the average in equation (3.86) is trivial and
the brackets may be dropped. We need the equation of motion for the neutrals,
which we take as the linearized momentum equation (neglecting neutral pressure
gradients) with collisional momentum transfer as

vy,

PnOW = n0(V; — V) Vpi. (3.87)

For harmonic time dependence, this may be solved for v,, as
vy, =0 /(1 —iwty) (3.88)

where t,,; is the reciprocal of v,;. Then using the equation of motion for the ions
with its collision term (again with harmonic time dependence)

—iwpiov; = enjo(E + v; x By) — Vp; + pio(vy, — v;)vin (3.89)

where vj, # v, but p,v,; = piviy to conserve momentum. Using this
relationship and equation (3.88), and assuming m, = m;, the collision term may
be combined with the left-hand term of equation (3.89) with the result written as

—iwpjyvi = enio(E + v; x Bg) — Vp; (3.90)
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where
* nno

Pip = Pi0 [1 + ol — ia)tni)i| . (3.91)
We can see from equation (3.91) that this pseudo-ion mass density reduces to the
usual ion mass density as v,; — 0 (t,; — 00), but becomes equal to the total ion
density plus neutral density either at low frequency or high collisionality. This
is due to the fact that when collisions are very frequent, the neutrals are dragged
along with the ions. In between, the pseudo-ion mass density is complex and leads
to damping of the wave motion. The form of the dispersion relation is unchanged
if one simply uses a pseudo-ion cyclotron frequency and a pseudo-ion plasma
frequency.

3.4.1.2 Electron—neutral collisions

For electron—neutral collisions, the neutral velocities may always be neglected, so
the electron momentum equation uses the Krook model of equation (1.65) with
the momentum equation becoming

av
Pe [a—; + v, - Vuei| = —ene(E 4+ v, X B) — Vpe — PeVeVen- (3.92)
Using harmonic time dependence in the linearized equation, this may be written

as
(v —iw)peve = —eno.(E + v, X B) — Vp, (3.93)

where we have dropped the subscript on the collision frequency as there is only
one involved. It would appear that one could simply replace ® — w + iv in
the cold plasma equations to include collisions, but there is an @ that comes
from the Maxwell equations which should not include the collision term, so the
replacement is rather for the mass term such that

me —> me(1 +1iv/w).

Using this kind of Krook model for both ions and electrons for a cold plasma,
the dielectric tensor elements which are the analogs of equations (2.11) through
(2.15) are:

2 .

1 ws (0 ~+1vj)
Ki=S=-(R+L)=1- Pl ' (3.94)
2 Xj: ol(@+iv))? — o]

2
1 €W W
iKy=D=-(R-L)=)Y_ e 2 (3.95)
2 N ol(w +1vj) —a)cj]
0)2-
Ki=P=1-Y — 8P 3.96
3 Z w(w+1v)) ( )
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Ki+iKyb=R=1-— P 3.97

! ? Z w(w~+1vj + €jwj) G97)
w?.

K| —iKy=L=1 _Z 2l (3.98)

w(w + ivj — Eja)cj) '

We can also keep the ionospheric notation of equation (2.16) for electrons only if

we let 5
[
=—F __ and e (3.99)
w(w +1v,) w + 1V,

These collisional corrections invariably contribute a negative imaginary part
to w, so they lead to decay in time, and since the plasma is passive (no free energy
in the previous models), the proper root for k leads to decay in space away from
a source.

Problem 3.4.1. Collisional damping of the L-wave. Neglecting electron
collisions and using the Krook model for the ions,

(i) Show that the dispersion relation for the L-wave for frequencies w ~
Wei < Ve K Wee 18 given by

a);i (w + 1v;)

ny ~ - .
@wei (0 + 1V — wei)

(ii) Assuming 2 / V/% > 1, v K wgi, and v; K | — w;l, find the damping
length for the L-wave (real ).

(iii) For the same assumptions, find the approximate decay time for the L-
wave (real k).

3.4.2 Electron-ion collisions

For electron—ion collisions, the simple Krook model is less adequate, since the
effective collision frequency is not an isotropic scalar quantity. For the basic
collision frequencies, Braginskii finds [18]

3Qn)Y2 Jmeed(KT)Y? 3.4 x 1017

, = - 3.100
fe In AeZn, In A Zno (3.100)
1202 Jmied(KT)Y? 2.1 x 103V/AT)?
T = - (3.101)
In Ae*Z4n; In AZ3ng

where SI units are used in the first expressions, and the temperatures are expressed
in eV in the simplified expressions with n, = ngp = Zn; and A is the atomic mass
number of the ion. The quantity A is approximately given by A >~ 9Np where
Np is the number of particles in a Debye sphere (some authors have slightly
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different coefficients, but since the dependence is only logarithmic, it matters
little).

In terms of these collision frequencies, the frictional drag for Z = 1 and
weeTe > 1 is expressed in terms of u = v, — v; by the quantity

MeNe

ru =

(0.5luy +uy) = —ne <ﬂ + ji) (3.102)

e o] oL

where the perpendicular and parallel conductivities are given by

nee*t,

oL =— o = 1.960]. (3.103)
me
For Z = 2 the coefficients 0.51(= 1/1.96) — 0.44(= 1/2.27), etc. Whenever
weeTe K 1, 01 increases to the value of o).

These expressions may be incorporated into the fluid equations either
by adding or subtracting the drag term of equation (3.102) to the individual
species terms, since the momentum gained by the ions from collisions with
electrons is equal and opposite the momentum gained by the electrons. Thus
equation (3.40) is unchanged since the drag term cancels, while equation (3.41)
becomes (neglecting m,./m; as before)

—E+vxBy— —— ——vp; =2 _I= (3.104)

Incorporating these into the LFDR, equation (3.50) becomes

. w? _ o(@+ivy) k2 sin® 6
k2 Vj WeeWci w? — kZCSZ

2

ci

X (COSZ 0 — w? _ ol +tiy sin? @ + v cos? 9)> w?
w

) = —cos’ 8
k VA WeeWci

(3.105)

where we have defined

ne? 1 ne? 1
V| = =71, V= =051, .
meo | meo|

Problem 3.4.2. LFDR with collisions.

(i) Show that the changes in equation (3.104) lead to the result of
equation (3.105).

(ii) Assuming v, v < o, find the corrections to equations (3.56), (3.57),
and (3.58).
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3.5 Amplifying waves and instabilities

3.5.1 Classification of instabilities

The literature of plasma physics includes innumerable examples of instabilities,
some of which involve gross motion of the plasma, such as MHD instabilities,
but for waves in plasmas, there are generally two classes of instabilities.
We shall restrict the discussion to these two classes and analyze the criteria
for distinguishing between them. The history of this problem is long, the
distinction between the two classes having been noted by Twiss [19], Landau
and Lifshitz [20], Sturrock [21], and by Briggs [22], whose development we shall
follow most closely.

3.5.1.1 Convective and absolute instabilities

Whenever we have a
Dk,w) =0 (3.106)

which has either complex k for real w, or complex w for real k, then the wave
may be described as either stable or unstable depending on whether the wave
grows or decays in space or time. Unfortunately, however, the distinction is not
always that simple, for there exist classes where a wave may grow in space but
decay in time at a fixed point. We shall use the nomenclature that a wave is
unstable if for some real k, with o = w, + iw; w has a positive imaginary
part, or w; > 0. We shall call a wave with complex k = k, + ik; for real w
an amplifying wave if the wave grows in space in the direction of energy flow
and evanescent if the wave decays in space in the direction of energy flow. It
is not sufficient to find only the sign of the imaginary part of k, since growth in
the direction of the phase velocity may be decay in the direction of the group
velocity, as for a backward wave. A further distinction is that if a finite source
(in space and time) leads to growth in time at every point in space, we call this
an absolute instability. A different kind of instability occurs when a growing
disturbance propagates in space (‘convects’) such that at a fixed point in space,
the wave eventually decays in time, and we call this a convective instability. This
distinction is clearly not observer independent, since an observer moving along
with the growing disturbance would see it growing everywhere, so it would appear
to him to be an absolute instability, while a stationary observer would call it a
convective instability. Examples of these two types of instabilities are illustrated
in figure 3.4 by showing snapshots at successive times for some hypothetical
unstable system with a pulsed local source.

Sturrock [21] concluded that the convective instability is essentially the same
type as the amplifying wave, so that spatial amplification is due to a form of
‘spatial instability’ of the system. We will see that this interpretation is borne out
in the following discussion.
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Figure 3.4. Evolution of a pulse disturbance in (a) an absolutely unstable system and (b) a
convectively unstable system.

3.5.1.2 Green’s function representation of localized sources

The analysis of the types of instability described in the previous section will
be implemented by the introduction of a localized source so that the physical
interpretation may be explicit. We shall assume the system is infinite and uniform
in the z-direction, but that the source is bounded so that g(z) = 1 for —a <z <a
and zero otherwise. Using Fourier transforms in space, a unit amplitude source in
this region can be represented by

o —ik ZSin ka
gk) = geMdz = ———. (3.107)
= k

In time, we shall use Laplace transforms so that we may represent a source
which vanishes for t < 0. The Laplace transforms will be described by

oo+io . d

ro= [ e’ (3.108)
—00+10

flw) = / f(n)e® de (3.109)
0

where the path of integration in equation (3.108) must lie above all the
singularities of f(w) in order to guarantee that f(t) = 0 for ¢t < 0.

In order to distinguish between amplifying and evanescent waves at some
real frequency wyp, we will assume a steady state source of the form

f(t) =e (3.110)

so that .
i

flw) = 3.111)

w—wy
The response of the plasma to the source, denoted by v (z,t), may be
represented in terms of a Green’s function of the form

Y(z,t) = / Giz—7,t—the@)f(')dZ dr (3.112)
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Figure 3.5. Analytic region of F(z, w).

or in terms of the transform of the Green’s function, G (k, w),
[e%e} dk oo+io
Yl = / / L6tk g @D @a3)
oo+1<7

This analysis can be generalized to include transverse effects, but these effects
do not influence the criteria we are trying to establish about the nature of the
instability.

3.5.1.3 Establishment of instability criteria

Treating the time and space problems separately for the moment, we may write
equation (3.113) as

oo+10 it dow
Yz, t) = / F(z,w) f(w)e — (3.114)
—o0-+io 27
with
> ik Ik
F(z,w)zf Gk, )50 (3.115)

where f(w) and g(k) are given by equations 3.111 and 3.107, respectively.

In order to establish causality, we require that F(z, w) be analytic in the
shaded region of figure 3.5, since we chose o to extend the path above all
singularities.

Interpretation of F(z, w). The z-dependence of the response is contained in the
function F'(z, w). Since the system is source free for |z| > a, the response must be
given in terms of the normal modes of the system or the undriven modes. These
are just the roots of the dispersion relation of equation (3.106), and the roots
represent poles in the Green function G (k, w) since G(k, w) « 1/D(k,w). By
inspection of equation (3.107), we can easily see that g(k)eke — 0as k — ioo
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for z > a, so it is possible to close the Fourier contour above and evaluate the
response as a sum of the residues, each one representing one of the normal modes.
In some cases, the poles may be replaced by singularities with a branch line,
representing a continuum of modes, and methods of treating these are discussed
by Briggs [22]. We can now express F'(z, ®) in terms of a sum:

ig[knp(w)] ik, z
F(z,w) = E et (3.116)
™ [%Gfl(k,a))]kzknp

where the sum is over the roots of the dispersion relation which lie in the upper-
half k-plane for some frequency w which lies on the Laplace contour of figure 3.5
(a),' =0 )

Analytic continuation. While the execution of the inverse Laplace integral along
the path prescribed will give the response in detail, it will be advantageous to
deform the contour since we only require asymptotic expressions. This may move
the contour into a region where F'(z, ) is not defined, so we wish to define its
analytic continuation. If we imagine the deformation of the Laplace contour to
occur by letting the real part of w stay fixed and varying only the imaginary part
wj, then the poles of the dispersion relation will describe a trajectory in the k-
plane. Providing these poles do not cross the real axis, then F(z, w) is still the
sum given in equation (3.116), with just slightly different values. When one of
these poles does cross the real k-axis, however, then we must define the analytic
continuation of F(z, w) in terms of the integral

I ik dk
F(z, w) =/ Gk, w)g(k)e"™* — 3.117)
C 21

where now the contour C is deformed so that all poles which were originally
below the contour remain below by deforming the contour over these poles, and
all poles which were originally above the contour remain above the contour by
deforming the contour to go under these poles. This means that the sum of
equation (3.116) is over those roots which were originally above the real k-axis
when w; = o, whether or not they remain above the axis when the Laplace
contour is deformed.

Criteria for amplifying and evanescent waves. When the Laplace contour is
deformed to just below the real axis, then we pick up the pole at wg so the time
asymptotic form of the response is

lim ¥ (z, 1) — F(z, wp)e @0 (3.118)
11— 00

and the spatial behavior is determined by F(z, ) for a real frequency. Since all
of the k;, » in the sum of equation (3.116) had a positive imaginary part (k; > 0),
these were evanescent, and providing they do not cross the real k-axis, they remain
evanescent. If, however, one of the roots does move below the real k-axis, as root
A does in figure 3.6, then we have an amplifying wave in space. Any root which
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Figure 3.6. (a) Contour C for analytic continuation and motion of the poles of G (k, ).
(b) Movement of the Laplace contour which results in the motion of the poles of G (k, w).

was originally below the axis was excluded from the sum for z > a and hence
does not lead to amplification. For the case when z < —a, however, the k-plane
contour closes below to enclose evanescent roots, so only those roots which move
above the real k-axis, such as root B in figure 3.6, are amplifying for z < —a.
The criterion for amplifying roots is then that a root of the dispersion relation
must cross the real k-axis as w; is reduced from o to zero. If it crosses from
above to below, it is amplifying for positive z, and if it crosses from below to
above, it is amplifying for negative z.

Absolute instabilities. There is one case where this simple prescription necessarily
fails, since if two poles merge, one coming from below and one coming from
above, the C contour can no longer pass between the poles. This merging would,
in general, occur with w; = o; > 0, and corresponds to a saddle point of the
dispersion relation so that dw/0k = 0 at w = ws. Expanding about this saddle
point, we may approximate

-1 ( )+1 82G71
CTEITY Tk

Wy ks

Gk, w) ~ 9 k — ky)?. (3.119)

If we use this result in equation (3.115), near w ~ wg; we obtain

. Figke)e™  glky)e?
F(z,w) = — ~
q*(ke —ks) — 2pg o — s

where one choice is for z > a and the other for z < —a and where

(3.120)

1
ke =k + L o — o
q
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Figure 3.7. Laplace contour with absolute instability.

aG~!
P’ = ” (3.121)
Wy
, 102G
T =75 2

s

Since the group velocity vanishes at the saddle point, the direction is immaterial.
We now note from equation (3.120) that F (z, w) has a branch point at = w;.
This branch point is not due simply to the existence of a saddle point, but due to
the convergence of the paths at the branch point from above and below, since if
both the merging roots came either from above or below, the contour C would not
include them.

This branch point must be carefully treated as we do the inverse Laplace
transform, since the contour must remain above the branch point as we deform
the contour down to the real w-axis. The deformed contour thus goes over the
branch point at w; and the pole at wq as in figure 3.7.

We note that the entire upper-half w-plane must be explored for the highest
such singularity, since it is the fastest growing mode which will dominate. The
time asymptotic response can now be evaluated as

g(kf)f(ws)ei(ksz_w“t) o eilws—o)t {4,
B P4 Lo Jo — w5 21
_ 8lky) f (wy) kD)

- 2 wit

Y(z, 1)

(3.122)

Although this expression has possible spatial growth or decay due to the
fact that & is in general complex, the absolute instability is characterized by the
positive imaginary part of w; which leads to growth everywhere in time.

Other kinds of unusual behavior, such as a triple pole at wy, ks, or p = 0,
or an essential singularity in the dispersion relation could occur, and have been
considered by Briggs [22], but these pathological cases do not effectively change
the criteria for stability or instability for reasonable plasma models.
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The close connection between convective instabilities and amplifying waves
has also been investigated by Sturrock [21] and Briggs [22] by considering the
propagation of a pulse disturbance at a finite velocity and it has been shown that a
system which supports convective but not absolute instabilities must have at least
one amplifying root of the dispersion relation.

Problem 3.5.1. Absolute instability. Verify the steps leading to equation (3.122)
when there is a saddle point in the dispersion relation.

3.5.1.4 Application of the criteria

Amplifying waves. The criteria established here for amplifying waves can be
summarized as follows [22].

To decide whether a given wave with a complex k = k&, + ik; for
some real w is amplifying or evanescent, determine whether or not
k; has a different sign when the frequency takes on a large positive
imaginary part.? If it does, then the wave is amplifying; otherwise, it is
an evanescent wave.

The physical picture of the change in sign comes from considering a source
which is localized in space, but growing exponentially in time. From causality,
we expect waves to decay away from the source, so that the effective ‘growth rate’
must eventually change sign for sufficiently rapid growth in time.

Since a source is rarely monochromatic in wavenumber (a bounded source
must have an infinite spectrum), it is generally necessary to find the maximum
growth rate, since even though the source amplitude for this most rapidly growing
component is small, it will eventually dominate. This phenomenon also modifies
our concept of group velocity in an amplifying medium, for although the group
velocity may be determined initially from the dominant wavenumber k in the
source, it eventually will be determined by the wavenumber with maximum
growth as it becomes the dominant component in the wave. In some cases,
this maximum growth may be obtained analytically, but in general one needs to
consider a mapping of a whole family of curves representing w(k) where each
member has constant @, and the imaginary part is reduced to zero, and the k-
plane mapping then shows not only which members cross the axis, but which has
the maximum growth rate, as in figure 3.8. We also note that each root of the
dispersion relation must be mapped separately, so that figure 3.8 represents only
one sheet of the complex plane mapping if the dispersion relation is higher order
than linear in w and k.

Absolute instabilities. This same mapping procedure also indicates the presence
of any absolute instabilities, except that the figure then appears as in figure 3.9,
and the criterion is summarized as [22]

2 Negative imaginary part in Briggs, since he uses j = —i, (electrical engineering notation)
everywhere.
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(5)
(a)

Figure 3.8. Mapping of w (k) for an amplifying wave for paths in (@) the k-plane and (b)
the w-plane.

W

12345

Figure 3.9. Mapping of w (k) for an absolute instability for paths in (@) the k-plane and (b)
the w-plane with the saddle point located at the e.

An absolute instability is obtained whenever there is a double root of
k for some complex w in the upper-half w-plane’ for which the two
merging roots come from different halves of the complex k-plane (upper
and lower) when w has a large positive imaginary part.

Since this criterion for merging roots is the same as for the existence of a
saddle point, the saddle point should be apparent from the mapping.

A physical picture of the restriction that the merging roots come from
opposite half-planes may be seen from considering a point source of a

3 Lower-half plane in Briggs, same reason as before.
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disturbance. If we consider the source to be growing in time at some complex
o whose growth rate is sufficiently large that all waves must decay away from the
source in space, as discussed earlier, then some of the roots will contribute to the
waves for z > 0 (k4) and some to the waves for z < 0 (k_). For the point source,
there will be some discontinuity at the origin in the wave amplitude in general, but
if it should happen that k4 = k_, there would be no discontinuity, and no source
required. Hence, if an w exists where wavenumbers k. and k_, each having come
from different half-planes, should merge, then this is a natural mode of the system
and needs no source, and the instability grows everywhere.

3.5.1.5 Cautions in using the criteria

These criteria are based on consideration of models of infinite systems, and some
kinds of boundary reflections may affect the conclusions. Two warnings are in
order:

(i) Itis not true that any system which supports an absolute instability is always
unstable. It is usually required that the system exceed some minimum length
(ks may be excluded by boundary conditions), as is the case for the backward
wave oscillator [23].

(ii) It is also not true that a bounded system which supports only convective
instabilities (amplifying waves) is stable. In the absence of reflections, this is
true, but with sufficient reflections, for example, an amplifier may be turned
into an oscillator, and grow everywhere.

3.5.2 Streaming instabilities

The simplest kind of plasma model which includes effects of zero-order particle
velocities is to include a drift velocity v, or a whole series of separate fluid
components, each with its own drift velocity vg;, which may approximate a zero-
order velocity distribution. When we model the plasma by a cold plasma as the
principal fluid and then add another component with a finite drift velocity, we
generally refer to the drifting component as a streaming component or as a beam.
In this section we shall consider several possibilities of streaming components
interacting with a cold or fluid plasma, and examine their stability characteristics.
In this chapter, we shall assume that both the plasma and beam are infinite in
extent, and include either boundaries in chapter 5 or inhomogeneous plasmas and
drift waves in chapter 6.

3.5.2.1 One-dimensional beam—plasma system

For our first example, we consider the cold electrostatic plasma wave with a
beam component as the source of free energy and neglect ion inertia. Using
equation (3.35) with a drift velocity vg for the beam component, the linearized
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momentum equation with B = p = 0 becomes

dv1p
00b o + vy -V | = —engpE (3.123)
or using the electrostatic potential E = —V¢ = —ik¢ for harmonic dependence,

equation (3.123) may be expressed as

enopkep
POpV1L = — . (3.124)
w — kv
Then using equation (3.34), the continuity equation,
9p1p
rr + V- (p1pv0 + popvip) =0
becomes
pobv1p = (@ — kvo) p1p/ k. (3.125)
Using this result along with equation (3.124), we solve for pp as
_ _ _enovk’e (3.126)
P1b = (@ —koo)?’ .

We combine this with a corresponding cold plasma background term (with vg =
0) through Poisson’s equation,

2 g2 €
Vip = kw—eo(nlp-i-mb)

where n1, represents the first-order density perturbation for the cold plasma
background. The resulting dispersion relation is

2 w2

w
Dwk)y=1—-L__" __ (3.127)
w? (o — kvg)?
where w,, is the plasma frequency for the cold background plasma component,
and wpy is the plasma frequency for the beam component.
This dispersion relation is quadratic in k, with roots

kvo=w |1+ (3.128)

so there are complex roots for @ < w,, one above the real k-axis and the other
below for real w. Letting @ have a large positive imaginary part (Jw| — o0) leads
to the roots

k>~ (w=£ wpp)/vo (3.129)
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so both roots are in the upper half-plane. Thus one root must have crossed the
axis and we have the condition for an amplifying wave. Both roots came from
the ‘downstream’ side (z — +00), so the wave grows in the direction the beam
travels, as we might expect.

We note in passing that there is an essential singularity in F'(z, ®) at w = w)
since @ — wp as k — oo. This implies that there will be undamped oscillations
at w, as well as at the driven frequency, but since the phase velocity approaches
zero, the inadequacy of the cold plasma model and the fluid equations makes this
result unreliable.

3.5.2.2 The two-stream instability

It is easy to generalize the dispersion relation of equation (3.127) to the case with
two interpenetrating beams by adding another beam component, denoting the two
beam velocities as v; and v and the two beam plasma frequencies as wp1 and
wp2, with the result

2 2 2
© “p

D(w, k) =1— -2 _ - .
(@, k) 2 (@—kv)? (w4 kn)?

(3.130)

One special case where we can get analytic results is to let wp1 = wp2 = wo
and v; = vy = vg. If we use the cold plasma notation that

2
= L
P_1—w2

then the solutions of equation (3.130) are

2
,
(k)2 :w2+7‘) i%,/w5+4pw2 (3.131)

so there is a double root or saddle point where a)(z) = —4Pw? or w? = a)?, - a)(z) /4.
For w, < wo/2, this leads to complex roots and an absolute instability. If we plot
the locus of k2 for pure imaginary e in the complex k>-plane with wp = 0, the
saddle point lies on the real k?-axis and branches off above and below the axis for
large w; and branches out along the real k2-axis for small w;, ending with one root
at the origin, and the other beyond the saddle point. In the k-plane, this means
there are two symmetric saddle points, one with k, > 0 and one with k, < 0, and
the branches for variable w; go either along the real k-axis or above and below the
axis, which is the sufficient condition for the absolute instability. Examples of the
trajectories for w, = 0.4wq for both k? and k are shown in figure 3.10 where the
two branches from above and below merge on the real axis at k,vo/wp = 0.52,
indicating an absolute instability.

If, however, w, > wo/2, then there is no saddle point in the upper-half w-
plane, so there cannot be an absolute instability. There are generally complex
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Figure 3.10. Locus of (a) k2 (w;) in the complex k2-plane and (b) k(w;) in the complex
k-plane from equation (3.131) for wp = .4wy.
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Figure 3.11. Absolute instability case with wp/wy = 0.6: (a) k; vo/wg versus wr/wop;
and (b) ki"'vo /o versus wy/wg. There is a discontinuity in slope where the radical of
equation (3.131) vanishes at w, = (a)%, — w5/4)1/2. kl."' has a pole at w, = 0.6wg and
vanishes beyond, while k;~ vanishes beyond w, = (Zw% + a)%,) 172,

roots of k for real w, however, from equation (3.130), so there is generally
a convective instability as illustrated in figure 3.11. The two complex roots
behave differently, since for k;r in figure 3.11(a), there is a pole when w, = w),
(P = 0). The other root has no pole, but the imaginary part extends over the range
0<w < (20)5 + a)?,)l/ 2. Although only positive imaginary parts are illustrated,
the negative roots are also present and equivalent in magnitude.

Another special case where we can get analytic results is the case where
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wp = 0 so equation (3.130) simplifies to

2 2

w w
| = L r2 (3.132)
(w—kv))? (o + kvo)?
with the densities and velocities not equal but related by
2 2 2
1) 1)
pl P2 _ %
— =5 == (3.133)
i ) Y
Then we define a mean velocity given by
1 1/1 1
—=——=-— (3.134)
) 2 \v; V2
and introduce the normalized variables x and y such that
x:ﬁ(w) k=2 4,0 (3.135)
wo \ V2 — V] vo vo
so that equation (3.132) reduces to
1 1
1 (3.136)

S e G

This equation is fourth order, but quadratic in either xZ or y?, so that

yE=x2 4+ 14+V1+4x2 (3.137)

There is a double root at x = +i/2, and from the discussion of the previous case,
this corresponds to an absolute instability. For 0 < x2 < 2, the lower branch has
complex y for real x, so we have amplifying waves in this region. For the upper
branch and for x2 > 2, the system is stable.

The interpretation of this result may be made more evident by plotting the
right-hand side of equation (3.132) versus k. In figure 3.12, the roots occur where
the curves cross the line at unity and the curves are drawn for v = 2v; so that
w = wox /3 and kvg/wg = x/3 4+ y. For a low frequency case with x = 1, shown
in figure 3.12(a), there are two real roots and two complex roots, one of which
corresponds to an amplifying wave and one to a decaying wave. In figure 3.12(b),
we have reached the critical frequency, x = ﬁ where the two inner roots have
coalesced to form a double root, but no instability since this occurs for real w and
k, and the merging roots do not come from opposite sides of the real k-axis. For
the high frequency case in figure 3.12(c), x = 2 and all four roots are real, the
two outer roots corresponding to the upper branch of equation (3.137) and the
two inner roots corresponding to the lower branch. This figure does not show the
absolute instability at x = i/2 or w; = wp/6, since it is plotted for real w. In
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Figure 3.12. Plots of the right-hand side of equation (3.136) with vp = 2v for (a) x = 1
(two real roots and two complex roots, one amplifying), (b) x = /2 (three stable roots),
and (¢) x = 2 (four stable roots).

figure 3.12(b), the double root corresponds to dw, /dk, = 0 and is at the bottom
of a sloping valley in complex w—k space, but the saddle point does not lie in the
real w—k plane.

The maximum growth rate for the amplifying wave occurs when y? is most
negative, or when x = ﬁ /2 and y = —i/2, so for the growing wave

ki max = —wo/2vp. (3.138)
Problem 3.5.2. Two-stream absolute instability.

(i) For @, = 0, sketch the locus of k2 as a function of w; with w, = 0,
showing the end points where w; = 0.

(ii) For the same case, sketch the loci in the complex k-plane, and hence prove
that this is an absolute instability.

(iii) For w, = wo/4, draw similar sketches as a function of w;, and note any
significant differences.

Problem 3.5.3. Two-stream amplifying wave growth rate. For w, = wy, find the
maximum growth rate in terms of wg and vy.

Problem 3.5.4. Unequal beams with w, = 0. When equation (3.133) is satisfied,
show that the transformations of equation (3.134) and equation (3.135) lead to
equations (3.136) and (3.137).

Problem 3.5.5. Unequal beams with w, # 0. The condition w, = 0 is
not necessary for the transformations of equations (3.134) and (3.135) when
equation (3.133) is true.

(i) If we define @ = (w)/wo)(v2 + v1)/(v2 — v1), show that the dispersion
relation is quadratic in y? with solution

v =x2 [1 4 (1 + V1 + 4x2 —4a2) /(x2 —a2)].
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(ii) Find the condition for an absolute instability.
(iii) Plot the maximum growth rate as a function of «, and find the maximum
value of o for which growth occurs (numerical problem).

3.6 Power and energy flow in fluid plasmas

When we have a warm plasma, the power and energy conservation theorems have
temperature-dependent terms, so we must examine these expressions anew. We
begin with the basic linearized fluid equations from section 3.2 and the Maxwell
equations. If we now multiply equation (3.36) by p1/po and sum over species,
take the scalar product of equation (3.37) with v; and sum over species, the scalar
product of equation (1.4) with H, the scalar product of equation (1.5) with —E
and then add all four, we obtain the result

V.- ExH—i—ZKTjn]jv]j
j

) 2 2 2
9 mjvij KT "M | poH” | eE
=3 ;nOJ 2 + ; 1o, ) + ) + )

(3.139)

In this expression, we can interpret the terms on the left as energy flux and
the terms on the right as stored energy. In each case, some of the energy and
flux is in the fields and some in the particles. In this case the kinetic flux (or the
acoustic power flow) is given by

T:ZKTjnljvlj (3.140)
J

and represents the energy flux carried by the particles, and the Poynting flux
represents the energy flux carried by the electromagnetic field. In longitudinal
or electrostatic waves, the Poynting flux vanishes, so the energy is carried by the
particle flux alone.

In equation (3.139) we have used the exact fields and fluid elements, whereas
in waves, we generally use Fourier amplitudes to represent these quantities. In
terms of the Fourier amplitudes (in time only, /0t — —iw), where each of the
first order quantities is, in general, complex, the equations become

noV - v =iwni (3.141)
KTVn, =iwmnov) + gnoE + gnovy x By (3.142)
V x E =iougH (3.143)
V x H=j—iwekE. (3.144)
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We wish now to examine the time-averaged power and energy flow, so we
consider w to be real. Then by taking the sum of the scalar product of
equation (3.141) with v} summed over species, the product of KTni/ng
multiplied by the complex conjugate of equation (3.142) summed over species,
the scalar product of H* with equation (3.143), less the scalar product of E with
the complex conjugate of equation (3.144), the result is

V| ExH +) pivj;
i

. |p1jl?
=iw [ > nojmjlvi PP =Y ==+ polHP — &0l E?
; ;PO
+ qunoj(vijvlyj — Uikijlxj)BU (3.145)
J

If we add equation (3.145) to its complex conjugate, the result may be
expressed by

V-P+T)=0 (3.146)
where
P=3(ExH +E" xH (3.147)
1
T=>3 2 (PLYj + P1jv)) (3.148)
J
and hence we have from Gauss’ law that P = —T when averaged over time if

there are no losses (w real).

When o is complex, or full thermal corrections are included, the simple
phasor analysis given here must be modified, and we treat these cases in
section 4.6. These results, however, already demonstrate that both particles and
fields contribute to the energy flux and the stored energy.
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Chapter 4

Kinetic theory of plasma waves

4.1 The basic equations

Unfortunately, the detailed derivation of the basic equations of the kinetic theory
of plasma waves is so complicated that it is beyond the scope of this book. For
a more detailed account, one should consult a specialized text such as that by
Montgomery and Tidman [24] or a more general plasma physics textbook. What
follows is rather a description of the basic equations rather than a derivation. The
point of the description is to indicate the content of the physics and mathematical
methods so that the limits of the validity of the zero order theory may be grasped
along with the directions one would go to include higher order terms and what
physics is contained in those terms.

4.1.1 The Boltzmann equation

When including thermal effects and other motions of the particles in a plasma, it
would seem that the usual Boltzmann equation,

dfir.0  of;
dt  or

d .
Vfj= g (4.1)

where f;(r,t) is the distribution function, would be a suitable starting point.
This equation is just the conservation of particles or probability density, where
the left-hand side gives the rate of change following the trajectory of a particle
in space and the right-hand side represents the rate at which trajectories are
terminated through collisions with corresponding new trajectories started so that
particles are conserved. These collisions are generally understood to be binary
collisions where particles make discontinuous jumps in velocity due to short-
range molecular forces. While in one sense this is not incorrect for plasmas, it
is not fruitful to use the Boltzmann equation in this form, since for long range
forces such as gravity and electromagnetism, the leading term on the right due to
long range forces needs to be separated out and treated differently. This was first
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shown for a collection of massive objects (stars in a galaxy), where the cumulative
effect of weak gravitational forces from a large number of distant masses is
generally more important than the infrequent close encounter with an individual
mass, providing the masses are dense enough. This same treatment extended to
plasmas [25] also shows that the cumulative effect of weak electromagnetic forces
due to many particles, represented by both the external electric and magnetic fields
and the self-consistent internal electric and magnetic fields is more important than
the occasional close collision resulting in a large deflection, providing there are
many particles in a Debye sphere. In fact, for plasmas, the discussion of collisions
leads to the conclusion that a 90° deflection is rarely due to a single encounter,
but rather an accumulation of many small deflections, and a collision time must
be interpreted not as the actual mean time between collisions, as in a gas, but as
the mean time required to accumulate a specified deflection, usually defined to be
90° [26]. In view of these considerations, we rewrite the Boltzmann equation as

dfj(r,v, 1) af, df;j

4.2
dr dt (4.2)

+v Vf,+ (E+uxB)Vf,

c

where now the term on the right is a nontrivial collision operator due to
correlations between nearby particles and the conservation law follows particles
in six-dimensional phase space. To this must be added the Maxwell equations, of
course, since the particles are sources for the internal fields.

4.1.2 Collisions and the Fokker-Planck equation

Whenever a plasma deviates from equilibrium, there are generally relaxation
processes which govern the return to equilibrium. The most common of these
processes is binary collisions, and the relaxation rate of a test particle distribution
toward the background distribution due to collisions with the various component
species of a plasma is given by Krall and Trivelpiece [27] as

B 1
Ur| _ > njv [—vv S (frVohj) + Vo - 2 (fr vg,)] (4.3)
j

at
where the repeated subscript i is summed over vy, vy, and v,, and

c

mr fi@) / , 3.
hy= L | L7 2 gi= | £i@)w—v|d
) v g g

q72"q]2'lnA mrm;
Yi= 22 Kj= .
dmeymy mr +m;

and T refers to the test particles and A = 9Np where Np is the number of
particles in a Debye sphere. The first term primarily leads to a drag on a moving
particle, tending to slow it down to the background mean velocity, and the second
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describes velocity space diffusion, which spreads the velocities throughout the
distribution. This form of the Fokker—Planck equation can be used to estimate
thermalization times, slowing down times of streaming particles, spreading of a
beam of particles, plasma conductivity, and diffusion rates. A more sophisticated
form of this equation, such as the Lenard—Balescu [28] equation, also includes
the dielectric properties of the plasma and shielding. The effects of collisions
and velocity space diffusion on plasma transport is reviewed by Hinton [29], but
these effects are beyond the scope of this book. Other versions of this basic
equation describe the evolution of a distribution function in the presence of a
driving radiofrequency field, whereby both resonant and nonresonant absorption
of wave energy will cause the distribution to evolve away from an equilibrium
distribution through quasilinear diffusion, discussed in chapter 7, unless the drag
forces are much stronger than the driving forces. It also describes the eventual
relaxation of an unstable distribution, initially through quasilinear diffusion, and
eventually through collisions, as in the bump-on-the-tail instability described in
section 7.2.5.

We summarize here several important effects of the collisions that we will
note again from time to time as the subject arises.

4.1.2.1 Relaxation

Clearly, collisions tend to relax a perturbed distribution function back toward
equilibrium (the existence of an equilibrium is assumed here, although a true
equilibrium is rare in a plasma) at some finite rate. In an anisotropic plasma,
the relaxation rates parallel and perpendicular to an external magnetic field may
differ.

4.1.2.2 Thermalization

This same process leads to thermalization of wave energy, or at least a tendency to
thermalize, since a steady-state finite amplitude wave may maintain a nonthermal
distribution indefinitely. Collisions add a dissipative term to the conductivity
tensor so that in general (j - E), averaged over a cycle, no longer vanishes as it
did in the cold collisionless plasma of chapter 3, with the dissipated wave energy
going into thermal energy.

4.1.2.3  Validity of linear theory

The interactions between the particles and fields in a plasma are generally
nonlinear, but linear descriptions have a bounded region of validity, usually
governed by collision processes. In this chapter, we will describe collisionless
damping processes, both Landau damping and cyclotron damping, the finite
Larmor orbit (FLR) analog of Landau damping, and these will be analyzed
with linear theory. Were it not for collisions, however, any finite amplitude
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would produce deviations from the linear damping, since particles get trapped in
traveling potential wells and eventually cease to exchange energy with the wave
on the average, and the wave damping ceases. If collisions remove particles from
these shallow potential wells before they ‘thermalize’ in the wells, then the linear
analysis gives an accurate representation of the waves. This topic will be analyzed
in more detail in chapters 7 and 8 where we treat nonlinear processes, but except
for these comments, collisions will be included explicitly for only one case in this
chapter, but it is understood that they implicitly underlie the linear theory.

4.1.3 BBGKY theory

The most suitable way of treating the effects of correlations is to begin with
an exact description and then proceed in a series of well defined steps to an
approximate representation of the general form of equation (4.2). The details
of this process are long and involved and beyond the scope of this book [30], but
an outline of the process with an indication of the type of approximations and
results is presented in order to give a clearer idea of the context in which the
kinetic theory of plasma waves is developed.

4.1.3.1 Exact microscopic theory for a many-body system

A complete and exact description of a plasma must describe the coordinate and
velocity of each particle of each species, where the total number of particles may
exceed 1020 particles. Describing each of these particles individually is called a
microscopic theory, and the function,

N;

nj(r,v,t) = Zé[r —ri(t)]6[v —v;(2)] 4.4)

i=1
is the microscopic distribution function for species j which has the property that
lim nj(r,v,t)drdv
ArAv—0

is either equal to unity if a particle is located at the point r, v, at time ¢, or zero
otherwise. These particles are sources for the microscopic electric and magnetic
fields, given by the Maxwell equations,

V.eE, = qu/nj(R,t)dv 4.5)
j
V-B,=0 (4.6)
VxE 9By 4.7)
X n= - 7 .
ot
1 0E
V x B, = ; (R, t)dv+ ——F 4.8
x By Mo;q,/vn,( ) vt 3, (4.8)
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where R is the abbreviation for the six-dimensional variable R = (r,v). The
subscript u reminds us that these are the microscopic fields.
To these equations describing the microscopic fields we add the equation of

motion for the individual particles

dr,~ dl),' qi ,

— = — =—(E/,+v;, xB 4.9

3 =Y a = Bt x B 4.9)
where the prime denotes that the fields experienced by particle i are due to all the
other particles so the sum in equation (4.4) is over all except particle i. Using
these equations of motion, we can then obtain the time evolution equation for the
microscopic distribution function as

0nj R 1 ni Rty + LB +vx B Vyni(R.1) = 0. (4.10)
at v - nj s m] © D X L . vnj . = U. .

This expression is a statement of the conservation of particles in phase space,
since it implies dn; (R, t)/dt = 0.

While these equations provide an exact description of the particle motions,
they are impractical and serve only as a suitable starting point for the averaging
process which leads us to the macroscopic distributions and fields.

Problem 4.1.1. The microscopic distribution function. Prove that the microscopic
distribution function evolves according to equation (4.10) using only the
equations of motion of equation (4.9) and the definitions.

4.1.3.2 Statistical theory for many-body systems—reduced distributions

Switching to the statistical approach, the system is described by a continuous
distribution function which enables one to calculate the probability that a particle
is to be found inside a specified volume of phase space, or within a specified
volume in configuration space traveling at a velocity within a specified volume
of velocity space, all at time ¢. This distribution function satisfies the Liouville
equation for the probability density function in 6N dimensional phase space,

dFy dFN JdFN 0FN
— " =" v —— + .
dr By Xl: X Xi:a’ I0;

which is a statement of the conservation of probability. Since Fy is a probability
density, it can be normalized to unity as

=0

/FN drjldrjz...derj driidrio ... drey, :/FN dry =1 “4.11)

where all species j, k, ... are included and dry represents the entire volume
for all particles. This distribution contains essentially the same information and
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complexity as the microscopic distribution function, except that it is generally
regarded as a continuous function of the variables whereas the microscopic
distribution is composed of delta functions.

Reduced functions, as the name implies, have less information and are
correspondingly easier to manipulate. The general construction of reduced
functions is implemented by integrating over the coordinates of all but one, two, or
n particles to produce one-body, two-body, or n-body functions of the coordinates.

Clearly, a one-body distribution function, depending on only six coordinates
plus time, is the simplest nontrivial description of the particles, giving the
probability of finding a particle of species £ in a phase space volume of dr; as
/v f fe(r, v, t)dr where f; is obtained from

fe(rer, ve1,t) = V/FN drepdrez .. .drey, l_[dl‘j1 . ..der/.. 4.12)
j#t

It is also clear that this has a reduced amount of information because it gives the
same probability of finding a particle of species ¢ at a particular point in phase
space regardless of the distance and sign of the nearest neighbor. In other words,
correlations between particles are completely ignored in the one-body functions.
In order to include such correlations, we need at least a two-body function. A two-
body function, where the two particles are of different species, would be defined
by

Sem(re1, rm1, 1) = VZ/ Fydrepdres ... dren, drgo drgs

codry, [ drji...drj;. (4.13)
j#tm

With this two-body distribution function, we have the joint or conditional
probability of finding one particle of species £ in one volume given that there
is another particle of species m in another specific volume. It still ignores the
specific locations of all the other particles, but does give a conditional probability
and hence includes some correlations. If the correlations were ignored, then we
would have f; ,, = f¢ fm. If higher order correlations were to be included, these
could be treated with three-body or n-body distributions, which have increasingly
more information, but become increasingly more complex.

The connection between the microscopic and the n-body distributions comes
from recognizing that the trajectories for the microscopic distribution depend
on initial conditions, and by taking an ensemble average, or by averaging
over possible initial conditions, the bumpiness of the microscopic distribution
function is smoothed out and we obtain the Fj probability distribution function.
Integrating this over all but one, two, or n particles then leads to the reduced one-
body, two-body, or n-body distributions above. This is still a formidable task,
and were it not for the fact that there is a convenient smallness parameter due to
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Debye shielding of individual particles, namely the reciprocal of the number of
particles in a Debye sphere,

L__3 (4.14)
Np — 4mni3, '

8

there would be little hope of finding any tractable results. Indeed, when the
opposite is true, namely when there are few particles in a Debye sphere, this
is called a strongly coupled plasma, and relatively few properties of this type of
plasma are known, especially the wave properties.

The method of solving for the distribution function when g < 1 invariably
involves fy,;, in solving for f;, and involves fi,,, in solving for f,,, etc. The
coupling may be written in terms of a correlation function which becomes more
complicated at each step and involves the next higher-order reduced distribution
function. This chain of equations is called the BBGKY hierarchy [30] of
equations, and the smallness of g provides the basis for truncating this hierarchy
since if the two-body correlation function is represented by the function gg,,, and
the three-body correlation function by g, then the ordering in g is such that

fo=0Q)
gem = O0(g) (4.15)
8tmn = O(gz)

so that higher order correlations become smaller and smaller as g becomes small.
If we neglect all correlations, we arrive at what is often called the collisionless
Boltzmann equation, which is identical to equation (4.2) without the right-hand
side. We recognize from this discussion that it should rather be called the
correlationless Boltzmann equation, since it is correlations that are neglected,
the collisionless nomenclature being more historical than functional.

One way to picture the difference between a collision and a deflection or
correlation is to imagine a trajectory in phase space of a neutral particle when it
encounters another neutral particle or a charged particle. Since it is not a Coulomb
collision, we take the trajectory to be discontinuous so that it ends abruptly at one
point in phase space (it is annihilated) and instantaneously appears at another
point in phase space (it is created). Although it is continuous in ordinary space, it
is discontinuous in velocity space and hence in phase space. A Coulomb collision,
however, is always continuous, as a charged particle makes a multitude of distant
encounters and a few close encounters as it is deflected. The trajectory may then
have numerous small bends and a few relatively sharp bends, but it is continuous.
The encounters between charged particles are accounted for by the correlations
between the particle locations and no collisions (discontinuous trajectories) occur.

4.1.4 The Vlasov equations

The first and simplest approximation is to keep only the zero order terms in g
by neglecting any effects due to correlations. This zero order equation, along
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with the Maxwell equations, are called the Vlasov equations, although frequently
this collisionless Boltzmann equation alone is referred to as the Vlasov equation.
In the singular, we prefer to reference this fundamental equation either as the
collisionless Boltzmann equation or as the kinetic equation, and refer to the
system of equations as the Vlasov equations.

The Vlasov equations, then, are comprised of the set,

af; j
g+v-ij+%(E+va)-vaj=0 (4.16)
J

for each species along with the Maxwell equations, with
p= Zq,//d3vf/
J
Jj= qu/d3vvfj
J

(4.17)

as the sources. This set of equations is nonlinear and its solutions in the
linear, quasilinear, and nonlinear approximation will comprise the majority of the
remainder of this book. We note that the microscopic equations, equation (4.8)
and equation (4.10), are linear but intractable because of the number of particles
that must be considered separately. The averaging process has introduced the
nonlinearity, but with suitable approximations, the reduced equations may be
solved.

4.2 Waves in a thermal, unmagnetized plasma

Using the Vlasov—Maxwell equations, both the limitations of cold plasma (no
finite temperature effects) and fluid plasma (phase velocity >> thermal velocity)
may finally be removed. In the unmagnetized plasma, the preferred direction
is the k direction, and motions of particles parallel and perpendicular to that
direction will have different effects. We will examine first the general propagation
problem in the unmagnetized plasma, but will focus particular attention on the
classic problem that serves to illustrate the most important effects of thermal
plasmas on waves. This classic case is the K,; = P = 0 solution of cold
plasma, or the Bohm—Gross solution of section 3.1.2 in the fluid plasma, namely
an electrostatic wave near the plasma frequency.

In order to pave the way for more complicated cases later, we are first going
to try a simple way to find the solution which will lead us to a dilemma because
the method is not well posed. We will then back up and start again with a more
carefully posed problem that will provide a recipe to be used with the simpler
method so that it may be used subsequently.
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4.2.1 Vlasov method

We first linearize the Vlasov equations by separating out zero and first order terms
that are assumed to vary as

fi = foj @) + fij@elr—en
E = + E eitkr—on (4.18)
B = + Blei(krfwt)

and v is now an independent variable so is not linearized. We choose the
normalization of the velocity distribution function so that | &S f } =nj. Using
these results in equations (4.16) and (4.17) along with the Maxwell equations,
and assuming only a single species of singly charged ions plus electrons so that
charge neutrality requires n; = n, = no, the equations to be solved are

—i(w—k.u)fl,-+%(151 tox B Vofo; =0 j=ei (4.19)
J

o= e/d3v(f1i = f1e)

j=e / Soo(fii — fio) (4.20)
ik x E| = iwB)
) . lw
ik x By = uoj — —2E1. “4.21)
c

Solving equation (4.19) for fi;(v), the current is given by
. 2/ 3 (E1+vx By) - (Vyfoi/mi + Vy foe/me)
j=e d’vv - .
i(w—k-v)
Assuming that the zero-order velocity distribution functions are isotropic

(depending only on (U)ZC + vf + v?)), then V, fy is in the direction of v so that
(v x By) - V, fo = 0 and the current simplifies to

4.22)

J=(0i +o0.) E (4.23)
where o; and o, are diagonal for k = ké, and
afo)
2 oJoj
Oine = Oy = 01 = [ @By T (4.24)
' ' im; w — kv,
2 foj
Ojes = 0j0 = —— [ v —T (4.25)
o im; w — kv,

Choosing fp;(v) to be Maxwellian, we find for o, after integrating over v, and
vy,

" __noez( me )% /‘X’ emevs/KT do 426)
T ime \27kT/) ) o w—kv, '
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Figure 4.1. Real (full curve) and imaginary (dashed curve) parts of the plasma dispersion
function for real ¢.

Now the difficulties begin. It is clear that the integral over v, has a pole
along the path of integration, at v, = w/k, and is hence undefined unless we
specify that the path should always go above or below the pole. At this point in
the problem, Vlasov chose to take the principal part of the integral, or the average
of the two paths above and below the pole [25]. This provides symmetry in time,
but ignores some of the physics. We shall examine one of the two paths, and try
to determine the implications of making one choice or the other after we see the
effects of our choice. Let us assume that Im(w) > 0, so that w has a small positive
imaginary part which puts the pole just above the path of integration. This choice
corresponds to ‘turning on’ the perturbation slowly from ¢+ — —oo, and happens
to coincide with the definition of the plasma dispersion function (PDF) which is
a tabulated function [31] defined by

1 o ¢’
Z@¢)=— —d
ﬁ —0o0 é - {
and whose properties are listed in appendix B. It is a complex analytic function
even for real argument and its behavior for real argument is shown in figure 4.1.
If we define vf = 2KT/m, then we find

noe2 w
o= 7 (2 (4.28)

lm]'kvj kvj

£ Im@)>0 4.27)

For oj¢, integrating by parts in the integral over v, and comparing with the
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derivative of the PDF (under the integral sign), leads to

oy = _N0Cw z/< @ ) (4.29)
= imjk2v]2_ kvj . .

From the conductivity tensor, we construct the dielectric tensor,

K=1|— L
iweg
such that
2 2
W w
Ko=1+-Pz( 2 )42 z( 2 (4.30)
wkv; kv; wkv, kv,
2 2
wo; ) Whe )
Ki=1--LL7(—)-L72—). 431
‘ k2v? <kvi) k?v? kv, “.31)

Problem 4.2.1. Properties of the plasma dispersion function (PDF).

(i) Prove from the definition of equation (4.27) that the PDF satisfies the
differential equation
Z'() = =201+ ¢ Z(©). (4.32)

(i) Expand the denominator of equation (4.27) to obtain the asymptotic
expansion of the PDF ({ — oo). Compare with the result in appendix B
and discuss why this simple expansion fails to get the imaginary part right.
(iii) Derive the power series expansion for the PDF from its definition and
its differential equation, and show that the series may be grouped into two
series, one of which may be summed to get an analytic expression.

(iv) If you were to make a numerical subroutine to evaluate the PDF for real
argument, using only the power series and the asymptotic series:

(a) show how to pick the crossover between the power series and asymptotic
series for optimum accuracy; and

(b) find the optimum crossover point for an eight-digit computer and for a
14-digit computer, and estimate the relative accuracy obtainable on the
two machines.

Problem 4.2.2. Cold plasma limit. Show that in the cold plasma limit (v, v; —
0), both K; and K, approach the same limit and that it is the cold plasma dielectric
constant.

4.2.1.1 Electrostatic wave

The dispersion relation for longitudinal electrostatic oscillations is simply P =
K., = K¢ = 0. The cold plasma limit is for v; — v, — 0, in which case the
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arguments of the Z-functions tend toward infinity. The asymptotic forms of the
PDF, listed in appendix B, vary for real argument as

gzt b L3
Z(¢) =ime {(1+2§2+4§4+ )

ool 315 (4.33)
PPN _

Z'(¢) = —2iJmee +p<1+?+4—§4+'-->.

Using the expansion for Z’ for the electron term (the ion terms are of order m,/m;

unless T, > T;, a case we will treat in section 4.2.5), the dispersion relation
becomes

2 2 2 2
w 3 w

Keml—-2l142(2) [ +20m22ep| - (22) =0 @34
w? 2\ v k2v2 v, Ve

or since v, /vp K 1,

2 3 2
® = wpe {1 n % (5—17) —iJT (Z—i) exp [— <1;—P) “ (4.35)

where we see that  ~ w), and Im(w) < 0! Unfortunately, our assumption about
the imaginary part of @ being positive has led to the conclusion that the imaginary
part is negative. It is not difficult to show that if we had chosen the imaginary
part to be negative, then the analysis would have led to a positive imaginary part!
There is no consistent solution, because the problem is ill-posed. While this seems
to justify the approach of Vlasov in keeping only the principal part, so that there
would be no imaginary part to w, the question of whether there is or is not any
damping of the wave was left unresolved. It did not stay unresolved for long,
however, since the solution was provided within a year by Landau, although the
result was disputed for over 20 years until unequivocally verified by experiment.

Although the relatively simple expressions for the real and imaginary parts
of w given by equation (4.35) are indicative of the behavior of the dispersion
relation for the electrostatic plasma wave, they are not highly accurate, and
even give the solution on the left in terms of v, = w/k, so they are not
complete. A procedure for making the solution more direct is to make successive
approximations. Writing w/wp. = w and kAp, = k (where )»%) . = v? /Za)E,e),

we may write v? /21}12, = «%2/w? so that for the real part of w, we have

n 20
wﬁ:Z(zzﬂ)n( d ) (4.36)
=0

Wn—1

where each denominator is expanded and each successive approximant is
truncated to order 2n. The first few are wg = 1, w% = 1+ 3«2 (the BGDR),
etc, leading to the explicit dispersion relation for the real part of w:

wr = wpell + 36% + 6ic* + 24k® + 180k® + O 19))1/2. (4.37)
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Figure 4.2. Real (a) and imaginary (b) parts of @ in the dispersion relation for the
electrostatic plasma wave. In each case, the exact curve is the full curve, the dotted curve
is the simplest approximation from equation (4.35), and the dashed curves are higher order
approximations (see text).

Even this procedure is flawed, however, since the imaginary part of @ has been
ignored. Even using the expression in equation (4.37) through eighth order, the
error reaches 1% at k = 0.333 and then rises rapidly. A comparison is shown
in figure 4.2(a) between the exact expression for w, /wp. (full curve) and w; (the
Bohm-Gross dispersion relation) (dotted curve) and w4 from equation (4.37). An
empirical formula for the real part of w,

B - 1.376 + 10.4¢* 4.38)
@r = ©pe 1+ 11163 '

is accurate to 0.2% for k < 0.6. This solution is not shown in figure 4.2(a)

because it is within a linewidth of the accurate solution over the entire range.
More accurate expressions for the imaginary part of @ are more difficult

to obtain. A much improved expression for w; is given by Stubbe and

Sukhorukov [32]:
T Wpe 1+ 3«2
R A - . 4.39
@i V 8 k3(1 + 3«2) °xp |: 2k? (4.39)

Figure 4.2(b) shows the exact behavior for w; (full curve), the simple expression
from equation (4.35) with v, /v, — 1/ V2K (dotted curve) and the more accurate
expression from equation (4.39) (dashed curve).

4.2.2 Landau solution

In 1946, Landau [33] recognized that the difficulty could be resolved by treating
the problem as an initial value problem rather than using the Fourier transform
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of Vlasov. Because of the importance of this and other related problems, we
follow the Landau development closely, but restrict our attention to longitudinal
plasma oscillations only and consider only the initial value problem in time rather
than include the time harmonic antenna problem (which is treated, however, in
Landau’s original paper). We will also neglect ion motions, since they play little
role (unless T, > T; as noted earlier), and since the ion terms are so similar in
form to the electron terms.

For the electrostatic case, k || E, so k x E = 0and E = —V¢. The
equations to be solved are then
af1
—tv- Vfl——E Vufo=0 (4.40)
ot Mme
V.E=Ve=_2[dBvp=_-"L, (4.41)
€0 €0

Taking the Fourier transform in space,

fitr,v,0) = f(v,0e*r

o(r.1) = g(n)ekr
the equations become, with k = ke,
>
W ik T+ Lo — g (4.42)
at Me dv,
Ro=-S|ddvf (4.43)
€0

where fp(v) is given and f (v, 0) = g(v) is the given initial perturbation.
For the initial value problem in time, it is convenient to use the Laplace
transform of the time variable,

o0
Xp(v, p) = / e P X (v, 1)ds (4.44)
0
and its inverse
o+100
: dp
X(v,t) = e’ X,(v, p)— (4.45)
o —ioo 27i

where o (o > 0) is to the right of all singularities of X ,. The Laplace transform
of the time derivative is

dx prt—
<E)p = pXp+ [Xe P57

The condition on o comes from the assumption that |f(v, 1| < |Me’?|, i.e. that
the growth of f is bounded, and that Re(p) > |y|. The Laplace transforms of
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equations (4.42) and (4.43) are:

. - o _ =
(p + ikvy) fp + lk Pay. = f(v,0) =g(v) (4.46)
Z
K@, = & 4.4
Qp = vfp 4.47)
@
from which we deduce that
. g(v) — =ik, g
Fo(v,k, p) = me TP 0v; (4.48)

(p +ikvy)
e , g — kg,
Pp=——5 d’v
€0k (p +ikvy)
—%fd% g(v)

_ (p+ikv;)
= 7 . (4.49)

2 3 vz
k |:1 + m 601k fd (p+ikv, )i|

We integrate first over v, and vy, using the notation,

glu) = / / g(v) dvy dy,
dfow) _ /°° /Oo dfo(v) do, dv,
du —cod—co OV

and we let v, — u. The remaining pair of equations is now one-dimensional,

fo

e -7~ d
g(u) — ik, Lo

Fo(u, k, p) = 4.50

Spu, k, p) (7 + ki) (4.50)
_e [0 gdu

Gpk, p) = €0 J00 (prhik) 4.51)

) dfo(u) du
k |:1 + meeolk f 00 (p+1ku) i|

The inverse transformation is

o +100 d o] dk .
@z, 1) =/ =L —ek PG (k. p). (4.52)
o—ico 271 J_o 2

The normal path of integration as defined in the complex p-plane is to the
right of all singularities as shown by the dashed line in figure 4.3. If, however,
we deform the contour far enough to the left, the large negative real part of
p eliminates the contribution from the vertical portion of the contour. Landau
proposed moving the path to the left, but keeping to the right of all singularities
and around all branch cuts as shown by the full path in figure 4.3. Since
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Figure 4.3. The Landau contour is moved to the left but remains to the right of all
singularities and branch points.

the vertical portion of the contour no longer contributes, only the singularities
(residues) and branch cuts need be evaluated. Consider the contribution from
singularities, assuming there are no branch cuts. Then,

dp
gk, 1) = ﬂleformed 27-[16 (0p(k, p)
contour

= > " (p = pépk, Pl p=p,- (4.53)

n

Due to the eP»’ factor, after a short time only the rightmost pole in the p-plane
will contribute to ¢ (k, 1), so the sum collapses to a single term.

In order to evaluate this remaining expression, we need to know ¢, in a
region where it was not defined, since it was defined for Re(p) > |y|, and we
need to know ¢, for Re(p) < |y|[. It is this point which led to the difficulties in
the Vlasov method. Here, however, we can study the analytic continuation (see
appendix A.2) of ¢, as we deform the contour. Since ¢, is the ratio of two terms,
we must investigate the numerator and denominator separately.

In the numerator of the expression for ¢, in equation (4.51), we may take
g(u) to be an entire function of u (no poles in the complex u-plane), so that the

integral,
i iek [ d
G (P :_le_/ gl du (4.54)
k € J_oou—1ip/k
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Figure 4.4. Paths above and below the singularity. Path (1) is the prescribed path.

can be evaluated by the residue theorem,

i i .
G (ﬁ) =G <£> + 2milg () lu=ip/k
k (1) k 2)

where the paths (1) and (2) are shown in figure 4.4.

The contour (1) is the prescribed contour, but note that it is equal to the
contour (2) plus a contribution from the pole. As Re(p) goes to negative values,
contour (2) remains analytic, and since g was assumed analytic, G(ip/k)(1) is
also always analytic provided we integrate under the pole (sometimes called the
Nautilus convention) as in figure 4.5. With this convention, the numerator is
always an entire function of p, or analytic everywhere.

Similar arguments apply to the denominator of ¢, since f (u) is also assumed
to be an entire function of u, or analytic. Thus the only poles of ¢, occur at the
zeros of the denominator, and there are no branch cuts.

The value of p that makes the denominator vanish is the value such that

62 00 dfo(u)
1+ / —du gy =0 Re(p) >0
me€oik J oo )P + iku
2 00 dfow) 29
— = 2 d
t o [ g SR S 0 Re(p) <0
Mme€oik J oo o) P + iku me€q(ik) du w=ip/k

where both integrals are along the real axis.

The principal value of an integral through an isolated singular point is the
average of the two integrals along paths just to either side of the point. We can
use the concept to combine these two equations into one that is valid for all values
of p:

1+ u— =0. (4.55)

e /°° o) e dfo(w)
meeoik@ —0o P+ iku meeok?  du u=ip/k
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Figure 4.5. Analytic continuation by deforming the path to remain below the pole when
Re(p) < 0.

If we now let ip = w and use equation (4.34) to approximate the principal
part, we may write this as

2 2

w 3

1— ’;"[1+-<2) +---]—iei:0 (4.56)

w 2 \vp

where 5
T d
¢ = “pe 4100 —0 4.57)
k du u=w/k

if we normalize | fodu = 1 (instead of [ fo du = ng). Then, breaking  into
real and imaginary parts, equation (4.56) becomes

(@r +iy)? = @), [1 + O(ve /)] + ie’e;
so if y < wy, then the imaginary part is given by

_ Lo mope dfo(w)
Ve = O T

(4.58)

u=wy/k

and the sign of the imaginary part depends on the slope of the distribution function
at the phase velocity.
If we take fp to be Maxwellian, then equation (4.55) becomes

L lexp(—u?/v2)] du

1+w§'esoifOo <
k" 7 J s w/k —u

2
w; W
+2\/Eikg%e—<w/k"e>2 =0. (4.59)
e
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Integrating by parts, this becomes

27,2 2
Dpe BOL  exp(—u~/vy) du +2ﬁiwpewe—(w/kve)2 =0. (4.60)
kzvg VT ) oo (—w/k)? k3vg’

For this case, the imaginary part of w is given (to lowest order) by

2 2
\/_ P" “r *(wr/kve) 4.61)

and the dispersion relation is equivalent to

“he (2 4.62
"t k)T (+62)

which is the same result we got by the Vlasov method.
Throughout this discussion, we have assumed that k > 0. If this is not the
case, then we must change our prescription. If £ < 0, then the pole lies below the

path of integration, so we must integrate over the pole (Byrd convention'). Only
the sign of the imaginary part changes, so that sometimes the PDF is written

1 o o= gg k
z (i) =—p / — ( >1f e (@/kve)?, (4.63)
kve) = VT o (g =)\

It may seem surprising that the same result is obtained by both the Vlasov
and Landau methods, but actually the Landau solution serves to justify the
assumption we made that w should have a small positive imaginary part in
the Vlasov method. The initial value problem and the assumption that the
perturbation was ‘turned on slowly’ from infinitely long ago both result in the
recipe that the velocity integral should go under the pole. The fact that w has a
negative imaginary part is now seen as resulting from the initial value problem,
guaranteeing that disturbances decay away if there are no sources of free energy,
and is called Landau damping. Having done this problem both ways, we can now
choose whichever is most convenient in the future as the meaning of the recipe is
now clear. When magnetic field effects are included, it will be much simpler to
use the Vlasov method with Fourier transforms in both time and space than to do
the initial value problem.

Problem 4.2.3. Landau damping with a Lorentzian distribution.

(i) Find the normalization constant A for the Lorentzian velocity distribution
function fo(u) = A/(v2 + u?).

1 Just as the Nautilus submarine first sailed under the North Pole, Admiral Byrd first flew over the
pole!
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(i) Find closed form expressions for both fp(u, k, p) and ¢, (k, p) with
g(w) = fo(u)Au with A a constant.

(>iii) Do the inverse Laplace transform for both f (u,k,t) and @(k,t) and
show that the potential ¢ decays in time but that f has a term that does
not decay in time.

4.2.3 A Physical picture of Landau damping

The physical interpretation of Landau damping, where information seems to be
lost without any collisions or other apparent randomizing interactions, requires
careful analysis at more than one level. While the treatment has been strictly
linear, it will become apparent that nonlinear effects must be brought in to fully
understand the nature of Landau damping, but that linear calculations can be used
to calculate the damping rate.

The history of this problem is long and surprising in many ways. Landau’s
1946 calculation was followed by years of active debate about the correctness
of the result. Although generally accepted, there were holdouts challenging the
validity of the result until unequivocal experimental results settled the accuracy
of Landau damping [34]. The acceptance of the mathematical result did not end
discussions about the interpretation of the collisionless damping, however, as
many physically appealing but technically incorrect explanations were given by
many, including this author. The following sections explore a recent analysis by
Stubbe and Sukhorukov [32] who give a critical look at the physics. The analysis
begins with a variation on the usual method of taking moments that includes the
kinetic effects.

4.2.3.1 Kinetic transport equations

The development of fluid-like moment equations that maintain the kinetic
information has been implemented by Stubbe [35]. The development begins in
the usual manner with the collisionless kinetic equation in one dimension,

af df g 9fo
— —+—F—=0
a0 T T u
where the zero-order velocity distribution is

No
ﬁl}t

Writing this in terms of the random component, w = u — vy, this becomes

ef(ufvo)z/vtz'

Sfo(w) =

0 n 0 n 0 7 2q Euwj
— +w— +vyg— = —Fuw
Jt 0z 08Z ! mv,2 0
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where fi = f — fo. Fourier transforming in space and time, so that 3/97 — —iow,
d0/0z — ik, fi — f,and E — E, we find

~  2igfo wE
f=—=

mvt a)/ — kw

where o' = w — kvy.
We then take moments such that

i = / fdw (4.64)
1 ~
U= o / fwdw (4.65)
and find
n 21qE
— = Z1 4.66
No = "m0 (4.66)
- Zin
V= — 2 = [1 —2Z3(¢)] (4.67)
mkv Uy
where ¢’ = '/kv, and the Z,,(¢) are generalized dispersion functions, defined
by
Z € Z n 7§
Z,(8) = dz +1\/_ { e (4.68)

so that Zo(¢) = Z(¢). The properties of the Z, are descrlbed in appendix B
where it is shown that 2Z3(¢) = 2¢Z»(¢) + 1.

It is now desired to extend our idea of moment equations so that they have
the information of fluid equations and reduce to them as { — oo, but retain the
kinetic information as well. To this end, we write the first two moment equations

as
IN N g (4.69)

at 9z '
0 _dp_p (4.70)

o om0 '
where N = N(z,t), v = v(z,t) and E = E(z,t). Equation (4.69) is
the continuity equation, and exact, so that Ry = 0 (as may be shown from

equations (4.66) and (4.67)). In order to determine R», however, we must first
write v from equation (4.67) as

v(z, 1) = e / do dk vel*z—eD 4.71)
= ﬁ / dwdk E[1 — 2Z3(¢")]e'*an 4.72)
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Taking z = vot, the exponent becomes kz — wt — (kvg — w)t = —w't, so that
we have

d i Ly
LA ! /da)dk W' ve 1! 4.73)
ot (2m)?
-4 / do dk E[1 — 2Z3(¢")]e " (4.74)
mQm)?
so that
ov q q / it ~
Ry=——-—FE = dodke ™' E( —2Z3) — E 4.75
2= T a2 wdke ' [E( 3) 1 (4.75)
= __1 / dodke " 75(E. (4.76)
2mm?

Since all Z,(¢) — 0 as ¢ — oo, it is apparent that R is a kinetic term that
vanishes asymptotically in the cold plasma limit. We can also use equation (4.66)
to eliminate E and write R, as

. 2 ~
Ry=—— /dw are=ie't K1 Z3&)
Q2m) No Z1(5")
Noting that
LN _ i / dodkem K
Ny 9z (2m)? No
the kinetic transport equations may be written in the form
IN N 4.77)
at dz '
3 214N
W _dp_Yu . o% (4.78)
at m 2 Ny 0z
where

[dodke " ki2Z3(¢")/ Z1()
r= [ dowdk ek '

In this form, it is clear that all of the kinetic effects are contained in the factor y
which has the limit y — 3 as ¢’ — oo which is the fluid limit and in the opposite
limit, y — 1 as ¢’ — 0, which is the subsonic limit. It is important to note that
this set of equations is an exact moment representation of the kinetic equation.
All of the kinetic effects are contained in the expression for y .

If we move back into the Fourier-transformed variables, the kinetic transport
equations become

it 4kt =0 (4.79)
n

. 2 ~ . 2 ~
kvi p _ikv; n

E= — = 4.80
2 p 2 'a (4.80)

—iwv —

3 |
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with y(¢) = 2G3(£)/G1(¢) so that M® = v2yii/2 from section 3.1.2. This
is now exact and includes both real and imaginary parts for the second moment
term. The fact that kinetic effects occur exclusively in y indicates that they are
independent of charge, and indeed such collisionless damping has been observed
in sound waves in a dilute gas (where collisions may be neglected) [36].

If we break up the frequency into real and imaginary parts so that @ =
wpr + iI" and the damping is weak, the damping rate may be written as

LR _ ﬁﬁ% (1 _ ;_2 + O(§R4)> e*§12< (4.81)

@ R

for large {g. It is apparent that this expression is again independent of charge and
only dependent on thermal effects. The fact that Landau damping does not depend
on the existence of charge has also been noted by Hammett and Perkins [37].
Their treatment obtained the result when ¢ is small but not the result when ¢ is
large.

4.2.3.2 Energy considerations for Landau damping

One point about the physics of Landau damping has already been made,
namely that it does not depend on charge and therefore is not a purely plasma
phenomenon. Since our most common explanations of the physics are in terms of
charges and electric fields, they are evidently deficient. In our search for a proper
description, we need to examine some of the energy balances involved. For this,
we will use the first three moment equations written as

v N0 g (4.82)
dr az '
9 1002 1 9
Wy . % (4.83)
ot 2 0z m mN 0z
ap av ad
— 4 2p— = — — 4.84
ar+ p8Z aZ(UP—i-f]) (4.84)

where the pressure p and heat flow ¢ are related to the moments M™ of
section 3.1.2 such that p = mM® and ¢ = M. For this analysis, these
equations are not fluid equations, but exact moments of the kinetic equation.
Along with these moment equations, we have the energy densities

wg = se0E? (4.85)
wg = Samv? (4.86)

where wg is the electrostatic energy density and wg is the kinetic energy
density. We need to add a third energy density related to the compressional
energy density, wc. If we consider a gas with a constant number of particles
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Nop in a container of volume V, then reducing the volume in the z-direction

requires work done on the gas dw = —pdV. Since dV/V = —dN/N, the
work may also be expressed as dW = —p(V/N)dN. Doing this work on
the gas increases its compressional energy by the amount dE¢c = dW. The
corresponding change in the compressional energy density, wc = Ec/V, is

dwc = (1/V)dEc — wcdV/V = (wc + p)dN/N. Then using the continuity
equation of equation (4.82),

dwe owe owc Jv
TR TR P
we obtain
wc dv d ( ) 4.87)
— = —p— — —(vwc). .
or ~ Poz 8z €
For the electrostatic energy density, the Maxwell equations give
awE
— =—jE 4.88
o1 J (4.88)
where j = Ngqv. For the wg term, we multiply equation (4.83) by Nmv to obtain
owg (p+ )8v tE a n Nmv3 (4.89)
— = wg)— —— | pv . .
ar P TUR G IR T\ 2

If we now average each of these terms over a wavelength, so that

1 Z+A
w(t) = x/ w(z, t)dz

the last terms in equations (4.87) and (4.89) vanish and the sum of equations (4.87)
through (4.89) is
dwy dwg n dwc

=0. (4.90)
dr dr dr
Extending now to second order, with
N =Ny+ N1+ N, 4.91)
v=uv] +n (4.92)
E=E+E (4.93)
p=po+p1+p2 (4.94)

the rates of change of the energy densities are given by

dwg _ dwgo _ Nom dv_l2

= = (4.95)
dt dr 2 dt
dwg dwg dE?
dwe _ Qwez _ €0 9% (4.96)
dr dt 2 dr
dwe dwca v 1 IN;

_ — 2 4.97
dr ar Py T NP .97

Copyright © 2003 IOP Publishing Ltd.



Two important observations follow from these equations: (1) the spatially
averaged energy densities contain no first-order contributions so that the physics
of Landau damping cannot be discovered from energy considerations; and (2) the
second-order energy terms are obtained from products of first order terms, so the
linear damping rate may be determined from a linear analysis.

4.2.3.3 A special case
A surprising result may be obtained from a special case where we set
Ni(z,t) = Noni(t) cos(kz — wprt) (4.98)

and assume weak damping, indicated by (1/n1)(dn1/dt) < wg. We then proceed
to calculate the various energy densities. First, from equations (4.85) and (4.96)
and Poisson’s equation given here by
oE N
En— =

0 9z qiN1

we find
dwg  Nomwy dn}

4k d?
which may also be written as
| dwg 1 dnj
wg dr n? dt’
Then, from equations (4.86), (4.95), and (4.82), written as
dN, dv

= _Np—
dt Odz

we find (assuming weak damping as noted earlier)

(4.99)

dwg _ Noma)%, di%
dt 4k ds?

or alternatively,
1 dwg 1 dn}
—_— = —. (4.100)
wg dt n% dr
Together, equations (4.99) and (4.100) show that both the electrostatic energy and
the kinetic energy have the same relative damping rates, and therefore they decay
together. A corresponding expression can be obtained from equations (4.97) and
(4.83) where the latter is used to express p in terms of v and E, with the result
dwec Nom , . dn?
— = — 4.101
d e @t eR) g (4101
but the result could just as easily have been obtained from equations (4.99) and
(4.100) along with equation (4.90), since it is not independent.
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4.2.3.4 Polytropic and nonpolytropic gases

We now consider a case where p and N are proportional and in phase (the
previous example has both in phase and out-of-phase terms), which is called a

polytropic gas. The polytropic coefficient, y, is defined by
d dN
£ _, (4.102)
p N

where y is complex in general, but may be real. For our first example, we choose
the relation to be
p=am v,2 N

where « is real. Then equation (4.97) becomes

dwe 29N
wce _ mvt aN 1.
dr No ot
Carrying on one step further with equation (4.98), we may write
dwec  Nom v? dn1
a4 Car

This result may be combined with equation (4.101) to find
dn?
(0% + a)f7 + ak2v’2)d_tl =0

The three wave energy terms represent the kinetic energy (a)%,), the electrostatic
energy (a)f,), and the compressional energy (ozkzvtz), and the perhaps surprising
result is that a (one constituent) polytropic gas is undamped.

If we generalize to a case where there is also an out-of-phase component,
making the gas nonpolytropic, such as

dN;
p= mv, aNy + ,8— (4.103)
then the results go over to
dwe _mvf | 0N EL : (4.104)
d N "o ot ’
Nom [ 5 zd 2.2 2 2
=7 ( Ko L 280 wipn? (4.105)
and )
dn
(g + @) + ak%?)d—t‘ = —2Bk* v win?. (4.106)
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We may identify the constants o and B from equation (4.80) as o =
Re(Z3/Z1) and B = —(1/w)Im(Z3/Z1). Assuming weak damping, where
¢ — CR, we have

a:Re<Z3(€R)> ﬂ:ilm(zﬂ’*)). (4.107)
Z1(¢R) WR Z1(¢R)

With our definitions of @ and B, y = 2Z3(¢gr)/Z1(Cr) = 2(a + iB) is the
polytropic coefficient (since p = va,2 /2). These relations lead us to the
damping rate of

Ldn ey (1 - ;2 + O(cR“)) et (4.108)

ny dr R

which is the asymptotic form for Landau damping, but is equally valid for a gas as
well as a plasma. This result shows that the energy lost through Landau damping
goes into the nonpolytropic part of the compressional energy. In conventional
discussions of Landau damping, compressional energy is traditionally ignored,
and so these discussions are unable to properly describe the physics of Landau
damping.

4.2.4 Conventional descriptions of Landau damping

The traditional description of the physics of Landau damping describes it as
being due to a transfer of energy between the kinetic energy of particles and the
electrostatic energy of the wave, making Landau damping a process unique to
a plasma. To the first approximation, the resulting damping rate is the classical
Landau rate, so this description has been propagated widely in textbooks. Since
we have noted earlier in several places that the phenomenon also occurs in neutral
gases and since we have concluded at the end of section 4.2.3.2 that second
order terms are required for energy balance and these must include compressional
energy as well as kinetic and electrostatic energy, we need to examine this matter
more closely. This section will conclude with a more nearly accurate picture of
the physics of Landau damping.

4.2.4.1 Electrostatic picture of Landau damping

The conventional analysis begins with a calculation of the kinetic energy of
particles in the wave frame, where the electric field E(x,t) = Egsin(kx — wt)
may be represented by

E = Eypsinkx.

We note already that the wave amplitude is taken to be constant even though the
point of the calculation is to find the decay rate of the amplitude, so there is an
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inconsistency already at the start. With this field, the rate of change of kinetic
energy can then be expressed by

dwK M2 dx 2 9f
d - 4.109
/,\/2 A / ) m v+ ) at’ ¢ )

The integration over space just gives the spatial average of the distribution
function, so equation (4.109) becomes

dwg o0 29f
W _10m [ o (04 2) 2 .110)
dr 2 J_x k/ ot
This time derivative of ? is obtained from the kinetic equation so that
af F)
A _ € posinkx L @.111)
ot m av

In order to solve this, we will linearize, taking f = fo + f1 with fy being the
unperturbed part of the distribution function that is uniform and hence makes no
contribution to equation (4.111). The linearized kinetic equation is

af1 oft e . dfo
- - = —_E kx— 4.112
at +U8x m 05t x8v ( )
with solution
eEp dfo
fix,v,t) = f1(v, 0) cos(kx —kvt ——[coskx —cos(kx —kvt)] (4.113)

mkv dv
for initial condition fi(x,v,0) = f1(v,0)coskx. This result may be used in
equation (4.111) to find

af 3 |eEy . 1
— = — | — fi(v,0)sinkvt + <
2m 2

(4.114)

ar v m v kv

eE0)2 o sinkvt:|

We now use equation (4.114) in equation (4.110), and integrate by parts to obtain
the rate of change of the kinetic energy density as

dwg Ey [®
% _ nez 0 ﬁmdvfl(v,O) (v—i—%) sin kvt
2E2 9 in kvt
e 0/ dv ﬁ(v+9) vl 4.115)
2m o 0V k kv

After several cycles, the first integral phase mixes away, decaying
exponentially in time (see problem 4.2.4), and the second integral is peaked
about v = 0 (in the wave frame). We can see here that the initial perturbation
is being carried away by streaming particles, dispersing the spatial coherence that
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supported the electric field. The second integral of equation (4.115) approaches a
delta function, of width Av ~ 1/kt so only those particles that are moving very
slowly in the wave frame contribute to the change in energy density. If we let the
peaked function sin kvt / kv — w§(kv), then the integral becomes

2

dwg ), 0
WK __ 2 o (4.116)
dr k% dv |,_o
where wg = %eoEé is the wave energy density. By balancing the wave and
particle energy by setting dwg/dt = —0wg/dt = —2T"wg, we establish the
linear damping rate as
2
w7y, 0
r, = L, 4.117)
2 k% ov,_, Jk

where now the distribution function is back in the laboratory frame so it is
evaluated at the phase velocity. This is the Landau formula, and yet it is based
on energy balance considerations that ignore the compressional energy and the
analysis is fundamentally nonlinear. What this calculation does provide is an
alternate insight into the process which includes an estimate of the time over
which linear Landau damping is valid, since the nonlinear analysis limits the
validity of the linear analysis. In the linear analysis, the particles are assumed to
be undeflected by the wave, but it is clear that there will be some trapped particles
for any finite Eg, and when particles begin to bounce in the potential well, this
analysis clearly fails. The bounce time, estimated from the small amplitude limit
of the equation of motion,

mX = —eEgsinkx 4.118)

leads to a bounce time of tp = (m/eEok)1/2, so linear theory can only be valid

for times ¢+ <« tp. For longer times and larger amplitudes, the analysis of the
trapped particles must be followed carefully, and this is found in section 8.3.

Problem 4.2.4. The electrostatic picture of landau damping.

(i) Show that equation (4.113) is a solution of equation (4.112).

(ii) Fill in the steps leading to equation (4.115).

(iii) Evaluate the first integral in equation (4.115) with fj (v, 0) a Maxwellian
distribution, showing that it vanishes as exp(—/ct2) (find «).

(iv) Evaluate the first integral in equation (4.115) with fi (v, 0) a Lorentzian
distribution, fi(v,0) = A/(W? + vg), and show that it vanishes as
exp(—kv.t). (Use contour methods.)

Problem 4.2.5. The ordinary wave in a hot unmagnetized plasma. For the cold
O-wave, problem 2.2.1, it was deduced that v,v, = ¢? so that the phase velocity
always exceeds the velocity of light. In terms of the physical picture of Landau
damping, what does this imply about the Landau damping of the O-wave from
this electrostatic picture?
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4.2.4.2  Electrostatic picture revisited

Looking at the problem in a slightly different way, we calculate the total kinetic
energy density from

_m 2 _ 1
WK—E u”f(u)du = wg +5p

and we know from equation (4.90) that it obeys the energy relation

dWx dwg dwe  dwg
kK _qwx Qe _dWE (4.119)
dr ar | dr dr

With a constant amplitude Eo, this leads to the same result as in equation (4.116),
which we may write as

dWe  2Jmw?
Wi _ 2VT9 3 -G, (4.120)
dt WR
We then postulate that the gain in total kinetic energy is balanced by a loss of total
wave energy w = wg + wWg + wc, so that

dw dw
e _ W (4.121)
dr dr
Then, taking I' = —(1/w)dw/dt, we have
F 3 2
— ~ F/npe 'k (4.122)

a)R_

where F' = (a)f, /w%)2w_5/w. This gives the correct Landau rate in the limit
¢r > 1 and for simple plasma waves where we have w >~ 2wg and wgr =~ wp.
This answer is consistent with equation (4.117) for a thermal plasma.
Unfortunately, the derivation of equation (4.122) is based on two mistakes.
The first, as noted previously, is based on the assumption that the amplitude is
constant, whereas the result indicates it is not, so it is inconsistent. If we were to
go back and let it vary slowly, so that Eg — E(¢), then equation (4.120) becomes

dWg 2\/7?0)127 3 2 1 dE;
- = ~RWE + 2(Wg + We) — —— 4.123
ar o CRe RWE + (wK-i-wc)E1 ; ( )
where now wg = %GOE%. The second mistake is that equation (4.121) was

used instead of equation (4.119). Correcting this error, however, leads us back to
equation (4.122). We thus have the unexpected result that we get the same answer
whether we do it right or wrong. The interpretation of these two approaches
is very different, however, since the incorrect equation (4.121) implies that the
total wave energy w has been converted into particle kinetic energy Wx, while
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the correct equation (4.119) gives a connection between the electrostatic energy
density and the kinetic energy density, but not much insight.

Our focus on the electrostatic wave energy density has left us with a false
impression that it is the principal element in the damping mechanism. In the case
of longitudinal plasma waves, it is a substantial part, but this is not always true for
related cases. Because the components of w all decay together, a correct estimate
of the decay rate of one component will always give a correct estimate of the
overall rate. If, however, the electrostatic component were an insignificant part of
the overall energy density, we would not imagine that a description of the physics
of that small component gives us an accurate picture of the physics of the overall
process.

Such a case occurs with ion acoustic waves described in the next section.
This example always has 7,/7; > 1 and the pertinent plasma frequency is
wpi. The quasineutral limit requires kz)»%) « 1 and we have the relations (see
equation (4.141))

T,

wg = k? ,.22—; = w3 k), (4.124)
1

WE _ 1,2,2

— =1k (4.125)

We still have F =~ 1 in this case, but now the electrostatic energy density is
negligibly small in the energy balance. This means that the energy balance
is principally between the kinetic energy density and the compressional energy
density. If the electrostatic component is negligible in this case, then it cannot
be the basis upon which our understanding of Landau damping rests. We must
therefore look elsewhere for our explanation, and we must keep in mind that the
correct description must be viable for gases as well as plasmas.

4.2.4.3 Thermal spreading picture of Landau damping

A term that is often used but rarely defined for the explanation of Landau
damping is phase mixing. One use of the word appeared after equation (4.115).
Problem 4.2.4 shows that for this kind of phase mixing, the decay is exponential as
the square of the time, which is much faster than Landau damping and unrelated
to it. For this reason, we eschew this term in our discussion. Another process
deals with the free-streaming of particles after an initial perturbation. While the
perturbation is remembered by the particles (until collisions eventually destroy
that memory), the particles travel in all three directions at close to their original
velocities, and in the process carry their information away so that the original
coherence of the wave is lost. This process is described as thermal spreading.

In order to show that the thermal spreading description gives an adequate
representation of the damping rate, we must embark on another lengthy analysis.
Here again, we generally follow the development of Stubbe and Sukhorukov [32].
We start with a linear one-dimensional perturbation and consider the quantities
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ni(z,t), vi(z,t), and pi(z,t), and choose a perturbed distribution function
f1(z, u, t) that produces these quantities through moments of the distribution
function, and let the density be perturbed by an undamped monochromatic plane
wave. The key point is that we construct a distribution at time ¢ by assuming
that free-streaming of the particles began at time + — v and average over T.
The resulting n and p| will be used to define a polytropic coefficient through
equation (4.102). The zero-order velocity distribution function is Maxwellian,

Sfow) =

n 27,2
0 e U /v;
TVt

and the first order distribution function is

2
fiu ) = folw) [—'“(Z’ 2 (—"z - —)
no v 2

,t ,t 2 ,t
X(PI(Z ) ni )>+ MUI(ZZ )] 4.126)
pPo no v;
It may be verified that integrating over u using the weight factors 1, u/ng, and

mu?, reproduces the moments n1(z, t), vi(z,t), and p1(z,t). We introduce the

plane wave by letting

nl(z, t) — ﬁei(kz—wt)
where 7 is a constant density. If the wave is to be undamped, we will need a real
polytropic coefficient y (see equation (4.102)). We also use the fact that v; and
np are connected by the continuity equation. With these last two assumptions,
equation (4.126) becomes

n u? 1 2uw i(kz—aot)
NGut)y=fo)— |1+ -D|5—5]+-—F= | (“I127)
ng vy 2 kv;

We now reinterpret equation (4.127) as the result of the free spreading that
began at an earlier time ¢ — 7, so that

fiz,u, 1) = fi(z —ut,u,t — 1) (4.128)
so that we have

= 2
1 2 . .
flGou 1) = fo(u)i 1+ -1 u_z R ”(; eitkz—on) gilo—ku)t
no vy 2 kv;
(4.129)

and we note that u now appears in the additional exponential term. Now we need
to take the moments with this distribution function to find n’l (z,1) and p'(z, 1).
The integrals are of the form

1 *© n—u?/v2i—ikut
On(t) = N _Oou e i du
na—t?/4  poo AN
= e X — T e ’ X .
el = =) e (4.130)
T —o0
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where t/ = kv;t. The two moments may then be written as
: - 1 st 72
' (z, 1, 1) = nel®aen [1 - %r’z - igr/} T4 (4131

— i(kz— 1 5 1
pi.t. ') = peltemen [7’ - (5 +30 - 1)> R s e

73
—ic <3r/ - %)} it =t/4, (4.132)

We can now obtain a new polytropic coefficient y’(t’) using n/(z,t, t’) and
p'1 (z,t, /), but we really want the average over all 7/, so we define y’ as

[y e e (3 - )]
I [ " Dz i;r’] eict' =12 /4 477

which can be written in terms of generalized Gordeyev integrals as

/

14

(4.133)

yilo(¢) — 220 Q) + Ltil@) +¢ (31 @) - %)
v = D (4.134)
ilo(¢) — R0 + 1 (©)

where

o0 . 5
1,(¢) = —i/ et T /4 g (4.135)
0

The Gordeyev integrals can in turn be written in terms of the generalized
dispersion functions, Z,(¢) (see appendix B.1.2). Writing 3’ in terms of the
Z,(Z), we have the exact result

23 —y)Zo(8) +4(y — DZ4(§) + 85 Z3(8)
2y = DZ2@) +4Z1@) + B = y)Zo(§)
Using the recursion relations Z4(¢) = ¢Z3(¢) and Z2(¢) = ¢Z1(¢) from

section B.1.2 to eliminate the Z4 and Z; terms, this simplifies somewhat to

Ay + 1DCZ3(5) +2B —y)EZ1(%)
y'(©¢) = . (4.136)
2y + DS Z1(0) + B —y)Zo(¢)
For the final step, we are reminded that for ¢ > 1, y — 3, so in this limit,
y’ takes the simple form

Y'(©¢) =

273(¢)
Z1(¢)

and this reproduces the damping of equation (4.81). We conclude this section
by noting that the thermal spreading picture provides a conceptual picture for
Landau damping for all ¢, is equally valid for both gases and plasmas, and for

Y'(¢) ~

(4.137)
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large ¢, gives a quantitative value for the damping rate. The analysis is also
manifestly linear, and thus must replace previous discussions for linear Landau
damping. The electrostatic arguments are pertinent as the wave amplitude gets
larger, however, and dominate the analysis for nonlinear Landau damping which
is treated in section 8.3.1

Problem 4.2.6. Thermal spreading.

(1) Verify that taking the first three moments of equation (4.126) with the
weights indicated produces n1(z, t), v1(z, t), and p1(z, t) as claimed.

(i) Fill in the steps between equations (4.127) and (4.132).

(iii) Use equations (4.131) and (4.132) and the Gordeyev integrals to obtain
equation (4.136).

4.2.5 Ion acoustic waves and ion Landau damping

For the previous examples, the ion motions have been neglected, since they
are usually unimportant. In the cold plasma limit this is due to the fact that
me/m; < 1. If we were to consider plasma oscillations near the electron plasma
frequency, the ions again only appear to the same order. Near the ion plasma
frequency, however, we must re-examine the case, since it is possible to consider a
case where the ions are cold (v; < v)), but the electrons are hot (v, > v,). When
the electron and ion temperatures are comparable, there is generally no oscillation,
since when one moves some of the ions to form a slight charge imbalance which
would induce the ions to oscillate, the period is so slow that electrons, being
so much more mobile, rush in to fill the charge imbalance before the ions can
respond. When the electron temperature is much higher than the ion temperature,
however, the electrons have too much momentum to slow down and fill in the
potential depressions, so some ion oscillations may occur.

4.2.5.1 Electron versus ion Landau damping

The dispersion relation for this case is the same as equation (4.62) except that we
now include the ion term:

2 2
[ ()

-2z (Z) -z (=)= (4.138)
k2v? kv; k?v2 kv,

1

The cold ion approximation means that we assume {; = w/kv; > 1, so we use
the large argument expansion for the Z’(¢;) term given by equation (4.33). For
the electron term, we assume ¢, = w/kv, < 1, so we need the power series
expansion from appendix B,

Z'@¢) =200 =202+ ) = 2i/me (A — 24 --). (4.139)
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Using these approximate expressions, the dispersion relation becomes

2

w0 4 g
- L+ = —2ivmgle™ | =0, (4.140)
a) g‘l

k22

Setting the real and imaginary parts to zero separately and using AZ .= v2 / pr i

we obtain
k*c? 3
1+ k%23, 1+ =
¢ w? §,~

k*c? [ 3T;
2 s L 2,2
= — |14+ (K2 )} (4.141)
r 2

14+ k223), T, ¢

or solving for w;,

and

w; ﬁ(i _2 , L
— = ——— (e Sir + —) (4.142)
wy 1+3/€ir

T, v,

where w = w, + iw; and ¢g = +/KT,/m; is the ion acoustic speed. We note
that if kAp, < 1, then the wave will travel at the ion acoustic speed, but then the
correction term for w, allows us to redefine ¢ so that

2 YeKT, + ¥iKT;
G- —

m;

with y, = 1 and y; = 3 and w, = kc,. This limit agrees with the ion acoustic
speed of equation (3.45) since m, < m;. A comparison of the exact real and
imaginary parts of w with the approximate formulas of equations (4.141) and
(4.142) are shown in figure 4.6. It is evident that w, given by equation (4.141) is
a good approximation, agreeing within 10% up to kAp, ~ 0.5. It is also apparent
that the imaginary part is much less accurate, deviating by a factor of two over the
range illustrated. In this example, ion Landau damping is dominant. Doubling the
electron temperature so that 7,/ T; = 20 increases the accuracy of both parts, the
real part reaching 7% difference at kAp, ~ 0.5 while the imaginary part ranges
from a factor of 1.15 to 1.65 above the exact result over the range illustrated. For
this temperature ratio, electron Landau damping dominates for kA p, < 0.4 while
ion Landau damping dominates for kAp, > 0.4.

Now if we define weak damping as less than 10% decrease in amplitude
per period, then this requires |w;| < w,/60. If we further look for ion Landau
damping to be dominant, such that the electron term in equation (4.142) is less
than 10% of the ion term, then §; > 2.7. These together require 7,/ T; > 70A1/3,
where A is the atomic mass number, so generally ion acoustic waves require
. > T;.

Instability of the ion acoustic wave. As shown in section 3.5, electrostatic waves
are subject to current driven instabilities. For the ion acoustic wave, we may add
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Figure 4.6. Real (a) and imaginary () parts of w for the ion-acoustic wave. The full curves
are exact solutions of equation (4.138) while the dashed curves are from equations (4.141)
and (4.142) with T,/ T; = 10, ng = 101 /m3, A = 39, and T; = 300 K.

a small drift velocity to the electrons, so that {, — (w — kvg)/kv, and from
equation (4.140), the imaginary part now may be solved as

, 2
@i _ _iz Ge 4 % (4.143)
o 1+3/22 2232

and if we set the right-hand side to zero for the instability threshold, we find

T,
0 _ 9 e (4.144)
Ve kv, T; kv;

1/2

_ 292 \r3 0t Me

=21+ k“Ap,)g; e %ir + <—2mi(1 +k2)»%)e)> . (4.145)
For the case with T,/T; = 20, this result agrees with the exact results within
4% for kAp. < 0.2 and the electron Landau damping term is comparable to
the ion Landau damping term. The sensitivity to drifts is evident from the
fact that vo/ve ~ 0.0036 with kAp, < 0.2 for this case. For the case with
T,/ T; = 10, equation (4.144) agrees with the exact results within about 40% for
kApe < 0.2. With this smaller temperature ratio, ion Landau damping dominates
and vo/v. ~ 0.034 so the threshold is strongly dependent on the temperature
ratio.

Problem 4.2.7. Current-driven instability. From the previous two examples,
estimate the current density required to drive the ion acoustic wave unstable (in
A/m?) for both T,/ T; = 10 and T,/ T; = 20.
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4.2.6 Effects of collisions on Landau damping

The analytic treatment of collisions in the context of Landau damping has been
problematical because of the difficulty of representing the collision frequency in
a kinetic treatment. Coulomb collisions have a significant range of velocities
where the cross section varies as v—>, and such behavior is generally intractable
in solving the kinetic equation. If one considers electron—neutral collisions,
however, an analytic collision operator can be formed, and even solved. For this
analysis, we assume at the outset that we are looking for waves that have the
dependence exp[i(kx — wt)], and our equations to be solved are the linearized
kinetic equation and Poisson’s equation,

of e dfo 9 KT, 3f

9 _ e 2 o 4.146

or TVx my 9w v <Uf+ e 90 (4.146)
OE o0
o2 raw (4.147)
ax € J_o

The collision term comes from Lenard and Bernstein [38] and has the properties
that it conserves particles and derives from a Fokker—Planck treatment of
collisions. The development that follows is due to Short and Simon [39], but
the notation is changed to be consistent with previous calculations.

We first change to dimensionless variables such that u=v/v, ¢ =w/ky,
g = f/no, go =72, n = a(dgo/ou), @ = wi,/k*v}, and p = v/kv;.
With these changes of variable, equations (4.146) and (4 147) become

s .0 L Lo
(u—g“)g(u)—n(u)/ g’)du =—1u£< > ) (4.148)

We next Fourier transform in velocity so that

1 [® .
Gw) =— / e g(u)du
NGz
so that equation (4.148) becomes
dG i i
i+ pw) =+ (e + Euw?) 6 = Lue " /4G(0). (4.149)
dw 2 2

Changing variables so that x = 1 + pw, equation (4.149) may be written (with
G(w) — H(x))as

dH [ 1 (x—=1\* i o 9 (;“u)
e s R L e

— ab(u) (1 _ l) =24 g (1)
X
(4.150)
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where
b(u) = — 4 ag =
w) =— an a(C, pu) = — — =.
2u? 2ur

Equation (4.150) is a first-order ordinary differential equation with solution
b@x—x?/2) .~ —b)2 Y L\ oy
H(x) = &>/~ C 4 abe /H(l)/ X 1== e dx'| 4.151)

0 X

where C is a constant of integration. We find g(u) from the inverse Fourier
transformation,

1 . 1 . ©
(u) - / ef”"”G(w) dw = —elu/,u/ eflux/,uH(x) dx.
g A/ 27'[ —00 A/ 27T,[L —00

Note that the first term in H (x) blows up as x — 0 as 1/x? with b > 0. This
means that for small u (large b), the inverse Fourier transform will not converge,
requiring that we set C = (. Evaluating the remaining expression for H (x) at
x = 1 and dividing by H (1), we have the consistency relation

1
1= abeb/ (x* — x¢ e P* dx (4.152)
0

which is our dispersion relation. The integrals may be expressed in terms of the
incomplete gamma function y (a, x) = f(f et~ 1 dz, such that

1
/ (x* —x He™ dx = [b~%a — b)y(a,b) — e ?1/b
0

where the recursion formula from appendix B has been used. The dispersion
relation may then be written as

l+a [1 - %(Z/LZ)”@’“)eb(“)y[a(g, 1), b(u)]i| =0 (4.153)

where the dependence of a and b on ¢ and w are again displayed. A form
more amenable to calculation my be obtained from the relation y(a,x) =
I'(a) — I'(a, x), where I'(a, x) = fxoo et~ dr and may be evaluated by the
continued fraction given in appendix B.

For very weak collisions, u is very small, and the numerical evaluation of
the roots becomes more and more difficult. It is possible to expand the dispersion
relation in a power series in u of the form

1+a [1 +Zu"fn(§):| =0 (4.154)

n=0
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Table 4.1. Roots of the dispersion relation as a function of u, the collisions term. Both
exact and approximate roots are shown for « = 9, where the approximate roots keep only
the first order term in . The bottom root is the Landau root.

1% ¢ (exact) ¢ (approx.)
0.1 2.5177324 — 0.12701011  2.5160641 — 0.1381947i
0.01 2.5428465 — 0.0622458i  2.5428231 — 0.0623408i

0.001 2.5455167 — 0.0556237i  2.5455164 — 0.05562461
0.0001 2.5457849 — 0.0549602i  2.5457855 — 0.0549601i
0.00001  2.5458124 — 0.05489371  2.5458124 — 0.0548937i
0 2.5458154 — 0.0548864i  2.5458154 — 0.0548864i

where Short and Simon [39] find

Jo(¢) =¢Z(&) (4.155)
fi(0) =ic[2(1 = 2 +iCZ()(3 — 2¢D)1/3. (4.156)

A table of roots for « = 9 for several values of u is given in table 4.1, where the
last entry with & = 0 is the Landau result. It is apparent that the damping rate for
the electric field increases as collisions increase. These values agree with those of
Ng et al [40] who used a different numerical scheme, except for the real part of ¢
for u = 0.01, which has a typographical error.

In problem 4.2.3, it was shown that the potential decays at the Landau rate
but that the distribution function has a component that does not decay away. In the
collisional environment, the perturbation to the distribution function will decay,
but at a slower rate than the potential. The calculation of this rate is beyond the
scope of this book, but an analysis of the decay rate in space away from a localized
antenna has been investigated by Short and Simon [39]. The differential decay
rates are crucial for the observation of plasma wave echoes where the potential of
one antenna decays away and the potential from a second antenna at a different
frequency and location also decays away, after which an echo is observed at yet
another frequency. This phenomenon is nonlinear, and discussed in section 7.3.1.

Problem 4.2.8. Collisional dispersion relation.

(i) Show that H(x) in equation (4.151) represents a solution to
equation (4.149).
(ii) Fill in the steps leading from equation (4.151) to equation (4.153).

4.3 Waves in a magnetized hot plasma

The calculation of the response of a hot plasma in a magnetic field to a wave
is considerably more formidable than the unmagnetized case. As was seen in
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section 3.3.5, all nine of the dielectric tensor components are nonzero when
thermal effects are included, and we shall find the symmetries of the tensor will
be even more involved when the full kinetic effects are included. This difficulty
relates to the additional effect that the zero order motions of electrons and ions
in a uniform magnetic field are spirals, drifting uniformly parallel to the field
while they execute circular motion at the cyclotron frequency with their individual
Larmor radii around a field line.

The technique we shall use was introduced in 1958 by J E Drummond [41],
R Z Sagdeev and V D Shafranov [42], and M N Rosenbluth and N Rostoker [43],
but we will follow the development of Stix [6] most closely. The idea of
the method is to find the perturbation of the distribution function due to the
wave by integrating along the unperturbed orbits. This is called the method of
characteristics, and we have effectively used it already, except in a trivial fashion,
since up to this point the unperturbed orbits were straight lines.

4.3.1 The evolution of the distribution function
We begin by describing a zero order trajectory by
rt) =rlr@),v(),1]
and calculate the rate of change of the distribution function along this trajectory

by

d ) af d af d
_f :_f _f_r _f_v 4.157)
dr | Jt or dt ov dt

where dr /df = v and dv/dt = a where a is the acceleration along the zero-order

trajectory
dv ¢
a=—=—v X By. (4.158)
dd m
We then write equation (4.157) as
d a
4 v Ly By -V S (4.159)

The zero-order distribution function, fp, is, of course, independent of r and ¢, so

afo _ dfo
dr ~ dr

— 4y By-V,fo=0. (4.160)

R m

The most general form of f that satisfies equation (4.160) is

Jo() = fo(vy, vz) (4.161)
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where vi = v)% + vf. Adding and subtracting the wave field terms in
equation (4.159) leads to
df

- {%+v.vf+i[E1+vx(Bo+Bl)]'va}
& Lot m

— L E +vxB)-Vf (4.162)
m

dr

and the term in curly brackets vanishes due to the collisionless Boltzmann
equation. If we now separate the distribution function into f = fy + fi, then

ar| _dh| 4

dt | dt | dt

=—%(E1+vx B)-V,f (4.163)
R

where the zero-order term vanishes by equation (4.160). This leaves us with a
total derivative of f1, so if we integrate equation (4.163) along r, we obtain

t
filr, v, 1) = —%/ [Ei(r', 1) + 0" x Bi(r',1)] - Vy fo(') dr' + fi(r, v, 10).
fo

(4.164)
The recipe we developed from the Vlasov—Landau analysis that @ should have a
positive imaginary part corresponds to growing waves in time, but it guarantees
that the waves vanish as #p — —oo, so if we change the lower limit in
equation (4.164) to —oo, we may neglect the effects of the initial conditions. This
is effectively equivalent to the Landau prescription of the initial value problem,
but will be easier to manipulate. The perturbed distribution function is then
described by

t
filr,v, 1) = 4 / [Ei(r',t) + v x Bi(r', )] - Vy fo(@')dt’  (4.165)
m J—oco

where we are to integrate along the trajectories, r(r’, v', t'), that end at r(r, v, 1)
whent — t.

Problem 4.3.1. Zero-order distribution function. Prove that any zero-order
distribution function having the form of equation (4.161) will satisfy
equation (4.160) as long as it is differentiable.

4.3.2 Integrating along the unperturbed orbits

In order to evaluate the integral of equation (4.165), we shall assume that the wave
electric and magnetic fields are of the form

E, = Eelkr'~or) (4.166)
B) = Belkr'—o) (4.167)
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so we may use the Maxwell equations to obtain

_ kX B _kXE Ggeror)

B; (4.168)

w w

so that equation (4.165) may be written as

/ /
SvxTvV K k—v-k ) Vv,fo(v/)ei(k-r/—wt’)_
1)
(4.169)
The trajectory that reaches r’ = r when ¢’ = t is governed by the equation
of motion from equation (4.158)

dv’ , .

57 = €V x o (4.170)
where € = ¢/|q| and we suppress all other species-specific notation until we
begin to combine each species’ contribution to the total current. The solution of
equation (4.170) that reaches v = v att’ = is

t
ﬁmmn=—1/ MEO+
m J-—co

U, = Uy COSWeT — €Vy SIN W T

v; = €Vy SINWeT + Vy COSW T (4.171)
/

v, =,

where T = ¢ — ¢’. Integrating these to find the zero order trajectory that ends at
r' =ratt =t, we find that

, Uy . €vy
X' =x— —sinw.t + (1 —cosw,.T)
Wc Wc
€y vy .
y=y-— (1 — coswT) — — sinw,T (4.172)
c @c
/
7 =27z —;T.

The phase factor in equation (4.169) becomes

iv
ik-r —iwt’ =ik -r —iot + —[—k, sinw,T — eky(1 — cosw,T)]
C
ivy . .
—[—kysinweT + €ky (1 — cos weT)] + i(w — k).
Wc

(4.173)

Because v and v, are constants of the motion, we know that fo(vl, v;) =
fo(vy, vy). If we now define

a

ai = foL (4.174)
vl

fo = fo, (4.175)
v,

Copyright © 2003 IOP Publishing Ltd.



then o o
0 v 0 v
Gor = = ol

dVy dvy v

Using these definitions, the remaining factor in equation (4.169) may be written
as

vVk—v -k ,
E<1+7>-Vv/fo(v)
w
(Exv+Ey}[f°L @g——hg}

kv, + kyv) v
Ez |:f0z R e <f0z - _Zf0i>j|
w V]

E E .k, — Ek v
= (Vx COS W T — €Vy SINW,T) [ xfoL + == £ (foZ — —ZfOJ_)i|
w on

vl
E Ek, — E.k
+ (€vy Sinw,T + vy COSWCT) [ v oL + 2= oY (foz — Kfm)}
V] w V]
+ E: fo. (4.176)

We complete the variable change by writing the integral in the form

' ) 00
fi(r,v, 1) =/ dr’ ... = e'(k"*"’t)/ dr...
—00 0

where we have factored out the leading terms of the phase factor and will
subsequently suppress this factor, interpreting the remaining integral as the
Fourier amplitude of the distribution function.

We conclude this section by noting that we need only integrate over T and
average the current density over velocity for some particular fo(v], v;) to obtain
the mean current density from

J =q/d3v vfi. (4.177)

From this current density, we can construct the effective dielectric tensor and
obtain the dispersion relation as in previous chapters.

4.3.3 General fo(vy, v;)

It is possible to execute the integral over t without specifying the zero-order
distribution function, fo(v,, v;). This is done most conveniently by using polar
coordinates for the velocity and wavevector such that

Uy = U] COS ¢ ky =k cosyr

vy = v sing ky =k sinys
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so that the phase factor of equation (4.173) may be written as

ei(k»r’—wt’) — ei(k»r—wt)e—ib[sin(rp—xp-i-ewcr)—sin(¢—¢)]+iar
00
— ei(k»rﬂut) Z I (b)Jn(b)ei(mﬂl)(¢>71//)ei(w7newﬂszvz)t
m,n=—00

(4.178)

where a = (w — k;v;), b = €k v /w., and we have used the Bessel identity

o0
elbsint — Z Ja(b)e". (4.179)

n=—0oo

Assuming that w has a positive imaginary part, the integral over T can now be done
immediately with the result (again suppressing the e®7=®") 5o that the result is
the Fourier amplitude)

. 00 00 i

1qg I (b)el(m—ﬂ)(¢—1//)
k’ 9 = -
filk, v, w) , Z Z (w — newe — k;vy)

m=—0o0 n=—00

nd,(b) k. _
X { b I:fOJ_+;(UJ_fOZ_UZfOJ_)i| (Excosy + Eysinvyr)
k; .
+iJ,(b) [ﬁu + Z(vlfoZ - szOJ.)j| (—Eysiny + Eycosy)
+J,(D) [foZ - newwc (foZ - ;)—ifm)] EZ} . (4.180)

In obtaining equation (4.180), we have used the Bessel identities

20
Jo—1(b) + Je41(b) = ?Je(b)
Je—1(b) — Jos1(b) = 2J5(b)

and letn &= 1 — £ so that, for example, with ¢ = 0,

o)
Z Jn(b)ei(m*”)¢*i”€wcf cos(¢ + €weT)

n=—0oo

Jn(b) I:ei(m—i—l—n)d)—i(n—l)éwcr n ei(m—l—n)¢—i(n+l)6wcr:|

32

2
n=—oo
o
=y Je1100) + Je-1(0) | im-typ-itewer
2
{=—00
>\ ¢ . .
= Z _Jg(b)el(m—f)(b—lfewcr.
Z=7oob
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Then for ¥ # 0,
cos(® — ¥ + €wct) > Tn(b)
cos( + €weT) — %Jn (b) cosyr — iJ/(b) sin 4.181)
Sin(¢ + ew,t) — %Jn (b) sinyr +1J/ (b) cos .

In order to complete the integrals over velocity to obtain the mean current density,
we note that the volume element of the integral is

2 00 00
/d3v=/ dq)/ UJ_dUJ_/ dv,
0 0 —00

and it is convenient to use the orthogonality integral over ¢ which takes the form
(for (vx), (vy), and (v;), respectively)

00 2 _ cos ¢
Z I (b)/ d¢el(m_n)(¢_w) { Sil‘l¢ }
0

m=—0oo 1
2In®) cosyr + iJ; (b) sin
=21 M iy — i) (b) cos ¢ - (4.182)
Jn (D)

Using these elements, the effective dielectric tensor may be expressed as

K +Si1‘121//K0 Ky —cosyrsinyyKg cosy K4 + sinKs
K=| —K;—cosysinyKy K| + cos? YKo sinyy K4 — cos ¥ K
cosy Kg — sin iy K7 sin K¢ + cos K7 K3
(4.183)
where

/ N2 22
KO—Z ’” Z /d2 LIEAC) b)) F| (4.184)

P bz(a)—neja)q k,v;)

n2Jx(b;)
K1—1+Z ”f Z /dz - / F.  (4.185)
b k;v;)

(0 —nejoc —k;

n=—0oo
Ju(b)J (b
Kz—lZ “hi Z / nn®NI O g (4.186)
it b](a)—neja)cj — k;v;)
T2 (b))
Ky=1+ ”f /d2 nJ F (4.187)
Z n;oo (w — nejwej — kyv;) ‘
J2(b)) V1
Ky = “y /dz Mon 20 r o 4188
4= Z H_ZOO bj(w—nejwej — kv;) v, ‘ ( )
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2 00
O Opj Jn(bj)Jy(bj) vy
Ks = —bL /d2 s 4.189
> 1; w Z U(a)—neja)cj—kzvz) v, © ( )

n=—oo

2 e} 2
i nJ-(b) v
K¢ = §i }: /dzvb_ — -’__ —=F_ (4190
e L j(w—nejoe; —k;v;) vy

wl & TN (b)) v
K7=12% Z /dzv(w o) —=F (4.191)
J

it —nejwej —kzvz) vy

where [ d?v =27 [%_dv, [;° vy dvy and

FiL=u, [—sz <1 - @> 4 Keve —8f°’}

v w w Jv

dfo;i nejwei (v, dfo;  9dfoi
FZZUZ[fO]—i- jc](_z ij_fO])i|’

v, w vy dvy v,

When the distribution function is isotropic (v dF/dv, = v,0F/dvy), then
K¢ = K4 and K7 = K5. Also, only the K1, K>, and K3 components survive in the
cold plasma limit, so all of the others are first order or higher in the temperature.

Problem 4.3.2. Polar coordinates in velocity space. Fill in the steps leading to
equations (4.178) and (4.181).

Problem 4.3.3. General tensor elements. Fill in the steps leading to any (except
K, = K3) of the composite tensor elements K;; in equation (4.183).

Problem 4.3.4. Sum rules.

(i) Using the Newberger sum rule [44],

i Jn (@) In—m (2) _ (=D"m

- Im-a(2)Ja(2) m=>0 (4.192)
a—n smimwa

n=—0oo

prove the identities

00 2 12 2
J
)3 @ _ e @) —a (4.193)
a—n sina
n=—oo
(.¢]
J/ 2 T
5 /15) = (4.194)
a—n sinmwa <
n=—oo
oo
Jn ()T
3 @@ a4 (4.195)
a—n sinmwa <
n=—oo
o
J.(2)J 1
Z n(2)J,(2) = 7 JQ(Z)JLa(Z) + - (4.196)
=, a—n sinwa <
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> nJ,Z2(Z) Ta

> = J@ @) —1 (4.197)
= a-n  sinma

0 2

> W@ T i), (4.198)
. a-n sinma

(ii) Show that the dielectric tensor elements of equations (4.184)—(4.191) can
be written in terms of eight alternative integrals without any Bessel function
sums by use of equations (4.193)—(4.198), the first four of which are:

aJ (b)J. . (b))
Ag = Z / it Nt by oy (4.199)
~ WWj sinma;
€jw p/ Ta; Ja,(b])-lfa,(b )
Al — 4.200
: Z WWej / b2 sinma; L ( )
€iw” . waid,. (bi)J  (b;)
=32 p]/dzv b Al ey o (4.201)
~ WWj bjsinma;
j
(4.202)

Al = v F,
+ waq/ b;

with aj = (a) — kZUZ)/Gja)Cj.
(iii) Show that four of the dielectric tensor elements may be alternatively

represented by

Kyx = 14 Agsin® ¢ + Ay cos> y — A | cos2y
Kyy =1 +Aocos2w+A1sin2w+ALcos2w

Ky = i42 + (A
Ky, =

—iA2 + 3 (A

— Ag)sin2y + A (i — sin2y)
— Ap)sin2y — A1 (i + sin2).

(4.203)
(4.204)
(4.205)
(4.206)

Problem 4.3.5. Isotropic distribution function. Prove that K4 = K¢ and Ks = K7
if the distribution function is isotropic.

4.3.4 Maxwellian distributions

When the distribution function is Maxwellian, the integrals over the perpendicular
and parallel velocities can be done in closed form (although an infinite sum
remains). We shall treat first only the perpendicular form of the distribution
function, leaving the parallel distribution function until later, so that

Jo(vi,vy) =
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where v? = 2KT | /m denotes the transverse thermal speed (we shall introduce
v¢, the longitudinal thermal speed later), and T'| is the perpendicular temperature.
It is unlikely that a plasma will ever be truly Maxwellian with different
perpendicular and parallel temperatures, but it is not so unlikely that the
perpendicular and parallel distributions will differ, especially if a wave is
preferentially heating one or the other, as is often the case. The deviation
from equilibrium will occasionally lead to instabilities, as we shall show in a
subsequent section.

4.3.4.1 Integrating over perpendicular velocities

It is possible to evaluate the integrals of equation (4.184) through
equation (4.191), but the preferred method is to return to an earlier step and
integrate over the perpendicular velocities before we integrate over t. With the
distribution function of equation (4.207), the Fourier amplitude of f; may be
expressed as

q o
fl(ks vsw) = - P / dT(Axe+AyUy +aZ)
0

M V;

2 2
. vy . vy .
X exp | —layvy — — —layvy — = +ilw —kzvz)tT
Uy Uy

(4.208)
where
1 .
ay = —lkysinw.t + €ky(1 — cosw,7)] (4.209)
@¢
1
ay = —lkysinw.t — €k (1 — cosw,7)] (4.210)
@¢
Ay = 0y COSW T + €ty SN, T 4.211)
Ay =y COSW:T — €y SINWT 4.212)
2F 2 k,Ey — ki E
w=-2pp e (re ) (BE2RE) O wan
v; v; w
2F 2 k,E, —kyE
ay = — = E, + <F/ + %F) <M) (4.214)
f vy w
a, = F'E,. (4.215)

Since we need to calculate the mean current density from equation (4.177), we
will require integrals over the perpendicular velocities of the type

Gn(a) =

/OO n . —iav—v2/v? d (4 216)
ve rdv .
ﬁvt —00
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which by completing the square are

Gola) = e~ v/ (4.217)
: 2

Gi(a) = e~ @™vi/4 (—%) (4.218)
2 2.4

Go(a) = e~ vil* (%f _ %) . (4.219)

Now each integral is of the form G, (ax)Gn(ay), so they all have the common
exponential factor exp[—(a)% + af)v,2 /4], which may be written as

2
(@®+ a§)%’ = A(1 — cOS @, T) (4.220)

where A = %kip% and p;, = vy /w, is the Larmor radius.
The pertinent integrals then lead to

q [* " _ivtz
(i)t = — dre” | —(Axax + Ayay) — ay 4.221)
m Jo 2
%) . 4 ) -
q 0] Ul‘ U; .
(e fl)L = — dre” | —(Axax + Ayay)ax + —(ayo; — Ay)
m Jo 4 2

(4.222)

g [® 'U4 02
oy e =L / dre? | L (Avar + Ayayay + Liaya, — A))
m Jo 4 2

(4.223)
where now, ¢ = i(w — k;v;)T — A(1 — cosw,.T), and
1
Axax + Ayay = w—[(axkx + ayky) sinwet + €(oyky — acky)(1 — cosweT)].
C

Problem 4.3.6. Maxwellian distribution.

(1) Fill in the steps leading to equation (4.208).
(i) Fill in the steps leading to equation (4.209) through equation (4.215).

Problem 4.3.7. Integrating over the perpendicular velocities.

(1) Verify equation (4.217) through equation (4.219).
(ii) Verify equation (4.220).
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4.3.4.2 Integrating over time.

In order to integrate over 7, it will be convenient to introduce another Bessel

identity,
o0

e)x COSW,T — Z In (}L)einwcr (4224)
n=—o0
where [,()) is the modified Bessel function of the first kind. We may use
this identity in a similar fashion to the other Bessel identity and its use in the
orthogonality relation of equation (4.182) to obtain

1

0 00 ) COS W, T
Z / dt I, (el @Fnoe—kevo)T sin .t
n=—o0 0 Sin w,T cos w,T
sin? wet
ily(A)
oo i) |
= > L () (4225
oo | A = L] | (@ F e = kevo)

LI () = n?1,(0)]

Using these relations in equation (4.221) through equation (4.223) accomplishes
the integral over time, and the results may be summarized as follows.

i) ivtzq et i kenly /) +iex_ (I, — I) — 2aza)cl,1/vt2
Nl =——7

chm oo o+ nw, — kZUZ
(4.2206)
(v fi)1 = vige” i kxnly + (Qeky — k_kyv7 /@) (In = 1)
xJ1/L Za)cm o )L(a) + nwe — kzvz)
(4.227)
ivtzq e X kynl, — ek, — Kk_kyv? Jw )M (I, — I))
(vfi)t = ——— Z
yJ1)L 2w.m Sy Mo + nw. — k;v;)
(4.228)
where Ky = ocky + ayky, ko = ayky — axky, kx = aynw. — azky, and

Ky = aynwe — ozky.

4.3.4.3 Integrating over the parallel velocity

In order to integrate over the parallel velocity distribution, we must specify
the form of the distribution, and we shall choose a shifted Maxwellian, or
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equivalently, a Maxwellian with a drift velocity such that

F — ; M 4.229
(vy) = N exp | — 3 (4.229)

Vg

where vy is the longitudinal thermal speed given by v% = 2KT)/m. Since oy, oy
and a; may be expressed in terms of F and F’, and since

Flo) = -2 W pg, )

the required integrals are all of the form

F ! /oo dy, e F @) 0.1.2 (4.230)
= v, —— =0,1,2. .
NV ‘o + nwe — kv, "
Changing variables to u = (v, — vg)/ve, these moments of F may be expressed
as
o m M2
(vo + uve)™e™ du
F, = 4.231

o (E) kwff - (4.231)

where ¢
i (4.232)

kzve

Using the definition of the plasma dispersion function of equation (4.27), the
required moments are

Fo(&n) = — X ) (4.233)
ZU¢
1[1,_, )
Fi(&n) = . [EZ (&) — —Z(Cn)i| (4.234)
b4 V¢
P = 2 (g” )Z(g)— % 76 4.235)
26n) = kz ) Ve n % n .
and using these, the integrals involving F’ are
foo d Fog 1 WA (4.236)
0 Uza) + nwe — k;v; ok Ue n .
o v F'(v;) 1
/_Oo dvzm = Tk (in ) Z'(tn). (4.237)

The total current density is finally constructed from

Jj= Z”jqj'/ dv [(vx fij)Léx + (vy fij)réy + v (fij)re].  (4.238)
; —00
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Problem 4.3.8. Parallel velocity integrals. Verify equations (4.234)—(4.237).

Problem 4.3.9. Lorentzian distribution. Evaluate the integrals corresponding to
equations (4.233)—(4.237) for the Lorentzian distribution function:

F(v;) = A/[(v; — v9)* + v7].

4.3.5 The dielectric tensor

From the current density of equation (4.238), all of the dielectric tensor elements
may be constructed from the mobility tensor, M, where (v i) = M j-Eby

— nidi m.
K=1+ Z TweoM-" (4.239)

The final forms are not unique, since

Z nl, = Z (I, —1)=0 (4.240)

n=—oo n=—oo

so certain terms can be added or subtracted. The general components may be
expressed as

ZO
0—22 wkwl ; A (In —U[( — ’>Z(cn,->

kzvgj Tii\ Z'(&nj
+ﬂ (1 — i) ﬂ (4.241)
w Tuj 2
o0 2 -
n k;vo;
K1—1+Z Z “ (1= =) Z@)
; a)k 7V oo j L w
kv T . (i) ]
+ﬂ (1 _ ﬂ) M (4.242)
@ Tj; 2]
X k,vg;
— ’ 290/ _
K = 12 — o ;mn(ln —1) [(1 - >Z<cn,>
kzvgj T\ Z'(¢nj
+4 (1 - i) 2 i) )} (4.243)
& ng/ o2
2 a—Xj o0
Ksm 1 w, e " Z I <a)+na)cj)
i a)kzvgj oo kzvgj

nog (v T | e
X”:1+ o (1 le):|z(§nj)
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L2t [, [ (Lnj) + 176’” (4.244)

T jvgj + nawe;j
kJ_(U et > nl, [nw:ivg;
Ka — pj iy <jY0j
4 Z k;waw,; Z Aj { Wy (&)
] k n=—oo h
T . . T . Z/ i
+|:i_nw_cf(1_i)i|ﬂ} (4.245)
hjj o Ty 2
klf] i Vo
Ks = IZ k a)wq Z (I = 1) { e Z(&nj)
+|:i_nw_cf(1_ﬂ)i|ﬂ} (4.246)
hjj o Ty 2
and K¢ = K4 and K7 = Ks, so the hot plasma dielectric tensor of

equation (4.183) reduces to the form

K + sin? v Ko Ky —cosysinyyKg cosyy K4 + sinyKs
K=| —K;—cosysinyKo K1 + cos® YKo sinyy K4 — cos Y Ks
cosY Kq —sinyyKs sinyy K4 + cos ¥ K5 K3
(4.247)
where k, = k) cosy and ky = k sin . The proof that K¢ = K4 and K7 = K,
where K¢ and K7 come from (v;) and K4 and K5 come from either (v,) or (vy)
is only apparent when the Bessel identities of equation (4.240) are used.

The dielectric tensor, which is not, in general, Hermitian, does have the
symmetry property that K;; (Bo) = Kji(—Bo) (wej = —w¢j), since K2(—Bp) =
—K>(Bo) and K5(—Bp) = —K5(Bp) while the other components are invariant,
and this is a general result from the Onsager relations.

It is customary to set ¥ = 0 so kxy = ki and k, = 0, which can be
accomplished by merely rotating the coordinate system, but the full symmetry
is more apparent in this presentation.

Special Case: Isotropic Maxwellian without Drifts. When vo; = O and T ; =
Tj;, then the tensor components simplify significantly, and may be represented
by

wz'e—)xj o
_ pJj o _

Ko = 2; wkzvj n;oo Ajn — 1,)Z(&nj) (4.248)

2 .—A; 00

w,ie n?l,

Ki=1 P 7 4.249
1 + Z (I)kzvj n:Zoo )\’J (glj) ( )

2 —Aj 00

X eja)pje J ,

Ky =i 2}: T wko; n;mn(ln — 1L,)Z (%)) (4.250)
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2 —A; o0
w’ .€
Ki=1-Y 2 1, Cni Z' (Cni 4.251
3 D n;oo wCnj Z (Lnj) (4.251)
klw2_ef)\j (e.¢] l’l]
K4 = it R— " 7/(c, 4.252
4 Z T _Z 7 2 ) (4.252)
J K n=—o K
kJ_G(I) e Aj
Ks = I, — 17 4.253
5= IZ kawq 1200( SYA(NE (4.253)

Problem 4.3.10. Cold plasma limits. For vp; = 0,

(i) Calculate the six dielectric tensor elements as 71 — 0, T} # 0.

(ii) Calculate the six dielectric tensor elements as 7 — 0, 7| # 0.

(iii) Calculate the six dielectric tensor elements as 7j, 7, — 0. Show that
this reduces to the cold plasma dielectric tensor. Does the order in which
these limits are taken matter?

4.3.6 The hot plasma dispersion relation

The vector wave equation of equation (2.18), when ky # 0 takes the form

Y — k? — kg Kxy + kxky Kz + kik; E,
Ky +hyky Ky — k2 — k2 Ky +kyks E, | =0 (4259
Kzx —+ kzkx sz + kzky Kz7 — ki EZ

where the various tensor elements are given in equation (4.247) and we define
Kj = (@*/cHK j- The dispersion relation is given by setting the determinant of
coefficients to zero, and it may be written either in terms of K;;, ny, ny, and n,
(dimensionless quantities), or in terms of «;;, ky, ky, and k; as written here.

While it is apparent that the components of the wave equation depend on 1,
the hot plasma dispersion relation (HPDR) does not, and may be written as

[y (y — ko +k3) + k313 + K3 [(y — k0 + k3 ey — 3]
+ ka(y — Ko 4+ k3) Rk Lk, + 1) — ks[yks + 22 (ki k; + k2)] =0
(4.255)

where we have introduced y = k? — k1.

Problem 4.3.11. HPDR. Show that the determinant of coefficients of equa-
tion (4.254) results in the hot plasma dispersion relation given by equa-
tion (4.255).
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4.3.7 Examples of hot plasma wave effects
4.3.7.1 Parallel propagation

For parallel propagation, k; = A = 0 and the tensor elements simplify since the
infinite sums reduce to either one or two terms. In addition, we find Ko = K4 =
Ks = 0, so the dispersion relation reduces to

¥+ k)3 =0 (4.256)

so the roots are k3 = 0, and kz2 = k1 &£ ikp. The first root is the plasma wave
which is unaffected by the magnetic field, so it is the case treated in section 4.2.5
with the dispersion relation of equation (4.138). The other two roots are the R-
and L-waves, whose dispersion relations reduce to

nk, =K1 ik,

_ 1L ' 1 Fe;
e p (59 (5]

where

k. k.
Zi = (1 ”°> Z(tar) + =t (1 = —) Z'(¢x0). (4.258)
w 2w Tj

The structure of this dispersion relation confirms the general character we
had observed with the cold plasma waves except that now resonance has a
different meaning. The R-wave is here seen to be a function of Z(¢1;) and
Z(Z—_1¢), and assuming that w > k;v;, then there is virtually no ion damping
associated with the R-wave since |¢1;| >> 1 and the ion damping is exponentially
small. Near the electron cyclotron resonance, however, |{_1.| =~ 0, and in this
limit Z(¢_1.) = i/7 so there is no longer any resonance at the electron cyclotron
frequency, but now there is strong damping. If we neglect drifts and anisotropic
temperature effects, and assume that |{_1,| is large, but not too large, then the
R-wave dispersion relation reduces to

k2 2 2 i/ 2 N 2
L B VT pe exp —(‘” w”) . (4259)

w? (W — Wee) wk, v,

Assuming weak damping such that w; < w,, the damping is approximately

wj Tw ;e Wy — Wee 2
_—~ = 77 €Xp | — (7) (4.260)
wy wrk;ve[2 + a)pewce/wr (wr — wee)*] kzve

which indicates the damping is exponentially small far from resonance, but as
resonance approaches, the exponential term grows but the denominator also
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grows, suggesting a maximum value of the damping rate before resonance is
reached. This is misleading, however, since the growing denominator depended
on the weak damping assumption and this is no longer valid where this growing
term dominates. In fact, it may be shown that for w, = w,, that w; > w,. Except
near this resonance, the damping is weak, so the cold plasma dispersion relation
is relevant except near resonance.

The transition to an electron acoustic wave is much more questionable,
however, since the transition does not occur until the influence of the resonance
has slowed the phase velocity to the neighborhood of the thermal velocity. In
order to see the difficulty more clearly, we write the dispersion relation including
the next higher order term in the expansion of the PDF. This leads to

2.2 2 2,2 3 2 2

1) w(w — wee) 2(w — wee)? wk; v, k;ve

4.261)
where now we can see that for the thermal term to become important, which is
a necessary condition for the acoustic branch, we require k;v./(w — wee) > 1
and before this happens we have entered or passed through the strong cyclotron
damping region. For waves dominated by the derivative of the PDF, Z’(¢), rather
than Z(¢), as was the case for the ion acoustic wave in section 4.2.5, there is a
weakly damped wave on the other side when || < 1, but such is not the case for
the R- or L-wave with T| = Tj.

Problem 4.3.12. Damping rate at resonance. Show that w; > w, for the R-wave
at Wy = wee-

4.3.7.2  Finite Larmor orbit effects

Considering the influence of a magnetic field on the hot plasma adds another
effect that is entirely independent of the Landau or cyclotron damping we have
discovered in the unmagnetized plasma or, in the case of parallel propagation,
in a magnetized plasma. These effects are generally called finite Larmor orbit
(FLR) effects and introduce two new general kinds of effects, one of which is
the addition of higher cyclotron harmonic effects, indicated by the infinite sums
in each of the dielectric tensor components, and the other a class of electrostatic
waves that have no counterpart in the cold plasma, and differ dramatically from
the warm plasma electrostatic waves we have already encountered. These latter
waves, which are commonly called Bernstein modes after I Bernstein because of
his analysis of the hot plasma electrostatic dispersion relation as k; — 0 [45],
will be treated in the next section. In this section, we investigate the lowest-order
FLR effects by treating A; = %ki p% jasa small parameter.

Before expanding the tensor elements in A ;, we first discuss the physics of
this new phenomenon. When the wavelength perpendicular to the magnetic field

Copyright © 2003 IOP Publishing Ltd.



d
(a) AL — o0 (b) AL =4pri

Figure 4.7. L-wave electric fields on an ion as it follows its orbit counterclockwise with
w = 2w (@) with k| = 0; (b) with k| py; = /2.

is infinite (k; = 0), then as each particle executes its circular orbit, it maintains
the same phase relation relative to the driving wave since the driving wave has no
spatial dependence across the orbit. If we consider a case where @ = 2w, and
k1 = 0, and follow an ion making a counterclockwise orbit beginning at point
a in figure 4.7(a) where the vectors indicate the direction of the wave’s electric
field at various points along the orbit, it is clear that the particle gains energy from
the wave at a where the motion and the field are parallel. Following it around,
it is moving perpendicular to the wave field at b, so it is neither accelerated nor
decelerated there. It is moving antiparallel to the wave field at ¢ so it is being
slowed down there, and the point d is essentially equivalent to b, where there is
no effect on the orbit. We can see that for this case, on the average, there is no
net effect at this frequency, so the particles and wave show no special effects. If,
however, we consider a case where the wavelength across the orbit is twice the
orbit diameter, the situation is as shown in figure 4.7(b) (with the wave traveling
to the right).

For this case, the phase is chosen so that the electric field is again parallel
to the motion at a, but now it is antiparallel at b, and parallel again at both ¢
and d. From the indicated directions for the wave field at the intermediate points,
it may be seen that the interaction nearly cancels on the upper half of the orbit,
while the ion is being accelerated continuously on the lower half of the orbit.
This difference is due to the fact that in the upper half of the orbit, the particle
is moving to the left and the wave is moving to the right, so the phase changes
rapidly, while in the lower half, the particle is moving in the same direction as
the wave and the particle nearly stays in phase with the wave field. For any finite
k1 there is a nonvanishing contribution at every harmonic when averaged over
the distribution, but for small k| pr, the interaction is progressively weaker as the
harmonic number increases.

Keeping only first order terms in the expansion parameter A; (not to be
confused with the perpendicular wavelength A in figure 4.7), the isotropic
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temperature tensor components of equation (4.248) through equation (4.253) are:
2 5

2w
Ko = Z wk’j /’ (Z(0) — 31Z@) + 2D (4.262)
J

K —1+X:2 = {[Z(C-1) + Z(@DI = 1) + AZ(E-2) + Z(82)]}
2Vj

(4.263)
2
€W
Ky = i;z&(—l“z“ D = ZEDI(L = 20) + A[Z(Z-2) — Z(22)]}
(4.264)
2

. A
Ky=1- Z wki’; ,- (£0Z' )1 =) + JE1 Z' D) + G Z @l
J

(4.265)

Ky = o VA A 4.266

4 22 ﬁa:k » (IEFAENF (4.266)
€jw p/

Ks = Z'(¢o) — 312’ A 4.267

5= 12 Vakv, { €0) — 3[Z' () + Z' ¢ DY ( )

From these expressions, several things are immediately evident. To zero
orderin A, it is apparent that only K1, K>, and K3 are nonzero, and they have no
cyclotron interactions above the fundamental resonance (which we shall call the
first harmonic so that n = 1 is the first harmonic, n = 2 is the second harmonic,
etc. Other authors sometimes use n = 1 as the fundamental, n = 2 as the first
harmonic, etc). From these it is easy to recover the cold plasma dielectric tensor
by using the large argument expansion of the PDF. It is also apparent that through
first order, only K; and K5 have an interaction at the second harmonic (n = £2).
Thus if one wanted to examine effects near the second harmonic, it would be
appropriate to neglect all other first-order terms in A ; except the harmonic terms,
because the harmonic resonant terms can be taken to be large near their resonance
(a large term multiplied by a small term could be considered zero order, while all
other first-order terms would be small by comparison). It follows that near these
harmonics, we only need K, K>, and K3.

Some comments about the order of K4 and Ks are in order since they
appear to be of order \/E in equations (4.266) and (4.267). That these are
properly considered as first order in A; is evident first by noting from the HPDR,
equation (4.255), that both K4 and K5 appear multiplied by k;k | or one another,
so their terms appear in the dispersion relation as first order in A ;. If we use the
large argument expansion for Z(¢) in equation (4.266) for K4, for example, we
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find 2 k2
Ky~ — Z (ng : l2sz
T (0" — o j)
and the expression for K5 is similar. This means that multiplying either by k k.
or by one another produces a term of the order of A ; in the HPDR. Hence we have

not included any higher-order terms for these components.

Problem 4.3.13. Third harmonic. Find the tensor elements corresponding to
equations (4.262) through (4.267) near the third harmonic. (Neglect n & 2 terms,
but go to order A2 for n =+ 3.)

4.4 Electrostatic waves

For hot plasmas, where the tensor elements are so formidable individually and the
dispersion relation virtually defies any analytic analysis for any but the simplest
cases, the simplifications of the electrostatic approximation make it even more
attractive than it was in either the cold or warm plasma approximations. The
general hot plasma electrostatic dispersion relation from equation (2.106) results
in

k3 i1 + 2k Lkzkeq + K2z = 0, (4.268)

While it is possible to combine the terms in the expressions for K, K3,
and K4 to simplify this dispersion relation, it will be useful for a large k|
approximation to begin again with the integrals over the unperturbed orbits.

We start with the electrostatic restriction that wB; = k x E; = 0 so the
Fourier transform of the electric field may be represented by E = —ikg. Then
equation (4.221) reduces to
o0 FkZ
(fi)1 = _ﬂ/ dr e? (—i Sin e — ikZF/> . (4.269)
m Jo We

Integrating over time, this becomes

—A o0 F 2
(file = _aee Z (” i +kZF/) _hw (4.270)

m Awe w~+ nwe — kv
. (e + nw, zVz

and finally, integrating over the parallel velocity distribution, this becomes

2qpe ™ o o+ nw.(1 =T/ Ty) — kzvo
()= 3 |1+ o1 S22 | In ().
mvy 2" kzve
4.271)
Then we use Poisson’s equation,
P 1
¢ 0 =—c eo;nojqﬂfu)
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to obtain the hot plasma electrostatic dispersion relation

i n=—o0 kzvej

202 e M X2 w~+nwei(1 =Ty /TL;) — k;voi
U I )
J
X In) = 0. (4.272)

Problem 4.4.1. The hot plasma electrostatic dispersion relation. Show that the
hot plasma electrostatic dispersion relation of equation (4.272) (with T, = T and
vo; = 0) can be obtained from the general hot plasma dielectric tensor elements.
First show that k-K-k = 0leads to equation (4.268). Then use the tensor elements
from equations (4.248) through (4.253) for T, = T} and vp; = 0. (Hint: A Bessel
identity is required.)

4.4.1 Perpendicular propagation-Bernstein modes

We have seen a variety of hot plasma effects due to Landau and cyclotron
damping, but another important result has no damping associated with it at all, and
this is the case for perpendicularly propagating electrostatic waves. As k; — 0,
the dispersion relation reduces to

o 2
2 _ 2 =k n
kKl =Y 2kpe 121,1])2__”2 (4.273)
j n=1 J
where again k%)j = Zw;j /vjz. is the Debye wavenumber and v; = o/w;.

This dispersion relation has a resonance at every harmonic of both cyclotron
frequencies but the ‘strength’ of the resonance indicated by 1, (2 ;) becomes small
for large n. We also note that there is no absorption here to damp out the wave
at resonance. Within the framework of the collisionless theory outlined in this
chapter, these resonances remain unresolved.

Examining equation (4.273) for small A; (which means A, <« 1 since
Ae/ri = Tem./Tim; < 1), we shall approximate I,,(A) =~ (1/2)"/n! and
consider cold electrons. In this case, the dispersion relation can be approximated
by

Vi o1 Aj 322

_A _ + + + ...
¢z v2—1 v2—-4 8(2-9)

(4.274)

where we have neglected m,./m; and taken e = 1. If we investigate the
behavior near v >~ 2, letting v = 2 in the nonresonant terms, then to lowest

order,
2 3hi (4.275)
V=2-— .
4(1 - 3V3/c?)
so the wave propagates below the second harmonic, and for large A;, the
dispersion relation approaches the fundamental. This is shown in figure 4.8(a)
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Figure 4.8. Ion Bernstein wave dispersion relations: (a) the first few modes with
® K oL (@5 /w2, = 10); (b) higher order modes near wy i (pe/wee = 0.1).

where the dispersion relation falls away from v = 2 with linear slope for small
Aj.
Using the same technique near v 2~ 3, the result to lowest order is
22
v=3- —Lt 4.276
2(1 —8V3/c?) ( )

so this wave begins with zero slope in figure 4.8(a) and then falls toward v = 2
as A; gets large. We can generalize this analysis to

(n? — Har!
v=n— 4.277)
20 (n — DI[1 — (n2 — 1)V3/c?]

so for the higher harmonics, v deviates less and less from the resonance for fixed
X, but eventually approaches the next lower harmonic.

For sufficiently high harmonics, or for sufficiently low density, however, the
character of these dispersion curves changes, since for A; = 0, equation (4.273)
reduces to
w? w?;

LA (4.278)

1=
2 2 2
w we, o’ —w o

which is the condition for the hybrid resonances. Hence one curve begins at
vV = wpg/we for A; = 0 and then falls to the next lower harmonic as A; — oo.
The wave whose dispersion curve starts at the next higher resonance then lies
above the resonance, rising to a maximum at some finite A; (but below the next
higher resonance) and then falls back to the same resonance as A; — co. This
behavior is illustrated in figure 4.8(b).

Copyright © 2003 IOP Publishing Ltd.



4.4.2 High-order Bernstein modes

Whenever the perpendicular wavelength gets very short (or k) gets large), the
Bessel function sum is a tedious representation since many terms are required for
large A. This situation occurs for lower hybrid waves, where the approach to the
hybrid resonance leads to large values of A;. There are two ways of treating this
case, and it is instructive to examine both.

4.4.2.1 Unmagnetized ions

First, if k1 p; > 1, then an individual particle follows a nearly straight line over
a single perpendicular wavelength, and during that portion of its orbit when it is
traveling parallel to the wave, it may interact resonantly with the wave and one
might expect Landau damping of the wave. This approximation is equivalent to
ignoring the magnetic field entirely, but we still speak of the electrons as being
magnetized with only the ions being unmagnetized. The electrostatic dispersion
relation for this case, with cold electrons (A, < 1, w/k;v. > 1), becomes

2 2 2
w5, w5, k3. w
k§<1— w"z‘)+ki <1+w§‘)—%z’(k—w):0 (4.279)

ce

where we note that the electron terms distinguish between parallel and
perpendicular directions, but the ion term does not. If we then take the limit
as k;, — 0, there is still Landau damping through the ion term, depending on the
argument | = w/kJ v;. This conflicts with the general electrostatic dispersion
relation, equation (4.272), where there were no imaginary parts with k;, = 0, and
hence no damping of any kind. Obviously, there is some transition between these
two cases, since if we let the magnetic field approach zero, Landau damping must
eventually occur at any angle, but if we allow particles to execute their full Larmor
orbits, the damping disappears. From the physical picture of Landau damping,
where thermal spreading leads to the disappearance of the wave, this would
imply that if the wave is completely damped before the particle orbit deviates
significantly from a straight line, we would expect to observe Landau damping.
However, it may be shown that as particles execute the remainder of their orbits,
however slowly, the wave is reconstructed and there is no net damping. In order
to observe this Landau damping, then, it is necessary that the usually neglected
collisions be frequent enough that the particles lose their phase information before
completing their Larmor orbits, or w.;7; < 1 where 7; is the mean ion collision
time (this limit is overly stringent, since phase information is generally lost before
particles make 90° deflections, on the average).

Problem 4.4.2. The unmagnetized ion dispersion relation.

(i) Show that in the cold ion limit of equation (4.279) that w = wr g.
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(i1) Show that in keeping the first warm ion term in equation (4.279), there
are two branches of the dispersion relation, and sketch them (w versus &,
k, as a parameter).

4.4.2.2 The large-A dispersion relation

The other way to understand this problem, without assuming the ions are
unmagnetized, is to find another way to treat the Bessel sum so that some analytic
function can guide us in this limit. For this analysis, we shall assume the electrons
are again cold and separate out the cold electron terms with the result,

2 2
w w
2 pe 2 pe
k; (1_ a)z)—i_kl(l—i_a)z)
ce

o0
+ mw;;
Kp Y et |14+ -z (LR |~ 0. 4280
+ Kp; € ' ( )[ +szi kv, ( )

m=—0o0

By adding and subtracting the leading asymptotic term for Z (Z(¢) — Z(¢) +
1/¢ — 1/¢) and regrouping the terms, the ion sum can be written exactly as

o]

00 2 00 /
w m*ly vinZ (&m)
E Iy |1 Z =2 E L E :
Z m |: + szi ({m)i| V2 — m2 z 2(1) + m)
m=—00 m=1 m=—00

where v = w/wg;.

The single-ended sum has most of the dispersive information, and the sum
involving the PDF is important only near each harmonic. We may thus make the
approximation that the absorption is due to only a single resonant term and reduce
that sum over m to the one term at m = —n where n is the integer closest to v.
The other sum we define by

2

S 00
F, 0 =20 Iy = 14iv [ e P0mesativeg, (4281
m=1 Vz - m2 0

where we have used the identity Zf;,o:_oo e *I,() = 1 and equation (4.224)
and Im(v) > 0 in establishing the second equality. At this point, we have simply
backed up from the Bessel sum to the integral over time, but now we wish to
evaluate F (v, A) by asymptotic methods instead of using the Bessel sums. To this

end, we define our largeness parameter k = +/v2 + A2 so that

o0
F(v,1) =1 +ive™* / @ g (4.282)
0

where

A .V
h(z) = —cosz+1i—z.
K K
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Figure 4.9. Saddle points and modified contour for evaluating F (v, 1).

The saddle points occur where h'(z) = 0, or at

. V4K
1log( > n even
A
—ilog(v;':l{> n odd

so an infinite number of saddle points are located above and below the real z-axis
as shown in figure 4.9 for real A and v.

The lower saddle points can be shown to be exponentially small for large
real k, so we will deform the path from along the real axis to go up along the
imaginary axis to the first saddle point, and then turn and go to infinity, crossing
half of the first saddle point and all of the remaining saddle points above the axis.
Each saddle point of the integral of equation (4.282) contributes a term

2 . .
T, = | L exp [K —vlog (#)} 2T — 2 [ (e (4.283)
K

where the latter equality comes from the large order expression for Bessel
functions of fractional order. The total contribution from the saddle points is
then

0 = nmw +

1 =
Z T, =27 1,(\) (5 + Z e2”1"”> =iml,(}) cotmv (4.284)
n=1

where the geometric series has been summed. The factor of 1/2 in the sum comes
from crossing only the right-hand half of the first saddle point.

For the integral from the origin to the first saddle point along the imaginary
axis, we note that at the end point = log[(v + x)/A] =~ v/A <K 1 since we take
both v and X large but A > v, but with a? = v2/2k, we take a to be of order unity
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(1 < a < 10). Then we may approximate cosz ~ 1 — z2/2 so that the integral

becomes
in . v 2
iv/ ghleosz—D+ivzg, ~ _/ exp (y_2 - J’) dy
A 0 4a

a
= —2ae_“2/ egzdé
b

—alpZ(a) — " pZ(h)] (4.285)
= a[Z(a) — "~ Z(b)] (4.286)

where vz = iy, € = a — y/2a, and b = a(l — An/v) ~ v2/61% < 1. The
expressions in equation (4.285) came from equation (B.26), and we note that they
represent the principal part of each Z-function, so there is no imaginary part (for
real a and b). Each term in equation (4.286) has an imaginary part, but the sum
does not. Since b < 1, it is convenient to discard that term and use the principal
part notation, g Z(a), for the remaining term.

We can finally combine the vertical segment with the saddle point
contributions with the result

F(,2) = —1pZ'(a) — wvcotmve ™I, (1). (4.287)

The dispersion relation then may be written without any sums as

2 2 2
w w k%, w
22 I —l Kl 22e) Dy 2
: ( o | T w2, 2 ¥4 kv

ve I,(V)
2(v —n)

= kzD,- [nv cotrve *I,(\) + Z/(gn):|

(4.288)

since a = w/k_v;.

We note several things about this large-A dispersion relation. First, if we
neglect the resonant terms (the terms involving the Bessel functions), then there is
no damping, but the dispersion relation is precisely the same as the unmagnetized
dispersion relation except for the damping. This illustrates that there is no
damping due to unmagnetized effects, although the dispersive behavior away from
the resonances is well described by this simpler dispersion relation. Any damping
comes only from the resonant term, and that only when k; # 0. Second, there
appears to be a singularity as v — n, but both harmonic terms are resonant and the
singularity cancels, so the dispersion relation is well behaved at the singularity.
This may be seen by letting v = n + § with § small so that 7v cotwrv ~ 1+ n/8
and expanding [, about I, so that the last two terms reduce to

ve I, (1)

> Z'(Gop) = e M (MG Z () (4.289)
(v—n)

—TTV cotnve_)‘lv A) —
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which is nonsingular. Thirdly, numerical solutions of this dispersion relation show
that the cold lower hybrid wave is uncoupled to these harmonic resonances, but
the upper, warm branch, does couple to these ion Bernstein modes, with a region
of nonpropagation at each harmonic resonance. Finally, if we were to imagine a
wave propagating through a plasma with a very slowly varying magnetic field, so
that the propagating wave passed through a series of these harmonic resonances,
the warm wave would have to tunnel through a layer at each resonance, losing
energy at each harmonic, and the net effect of this loss over a series of harmonics
is equivalent to unmagnetized ion Landau damping. For this case, however, when
k; — 0, there is no true damping, but the wave energy is mode converted out of
the warm lower hybrid wave into the several ion Bernstein modes. The process of
mode conversion is discussed in chapter 6.

Problem 4.4.3. The large-A dispersion relation.

(i) Prove equation (4.281).

(ii) Do the saddle point integrals to establish equation (4.283). (Fill in the
steps from equation (4.282) to equation (4.283).)

(ii1) Do the integral along the imaginary axis to establish equation (4.286).
(iv) For v = 40, » = 100, evaluate a, b, 1, ebz_”zZ(b)/Z(a)(principal part),
and discuss the validity of the various approximations made earlier.

Problem 4.4.4. Extensions for A < 0 or complex. Evaluate the contribution from
the sum over the saddle points that lie below the axis, and show that these may be
represented by the additional term in F (v, 1):

Fwv,\)=---—1v cscnve*AKU(k).

With this additional term, the dispersion relation may be extended to complex and
negative values of A (where this term dominates).

Problem 4.4.5. Resonant damping term. Fill in the missing steps leading to
equation (4.289).

4.5 Velocity space instabilities

4.5.1 Anisotropic temperature

While it is often difficult to do anything more than estimate the damping or growth
rate when the imaginary part of w is much smaller than the real part, there is
one case where we can calculate exactly the threshold condition, or the marginal
stability condition. For either the R- or L-wave, only one species contributes any
damping or growth, and the condition that w be exactly real is that Z_; from
equation (4.258) have no imaginary part. The imaginary part of Z_; may be
written as

k T\ o — kovo —
[1 ko <1 _ _i> w} Tt =0, (4.290)
w
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With vg = 0, since we are considering only the anisotropic temperature effects
here, this leads to the marginal stability condition

wn = (1 — —) we. (4.291)
Instability occurs when Im(Z_1) < 0 or whenever v < w,,, provided that k; is
real. To check this, we note that for = w,,,

Z, = k;ve 2

4.292
7 (4.292)

which is purely real, and the dispersion relation for the R-wave, from
equation (4.257) (neglecting the ion term), is

20 2 LY, o (TL
g =i (1-70) +epe (7 1) (4.293)

Thus, with T\ > Tj, the wave is propagating and it does become unstable beyond
the marginal condition. This implies that for any 7’| > Tj, the plasma is unstable,
but unless w ~ w,, the growth rate is very small as the exponent is very large.
In practical terms, the anisotropy must be very large, in which case the marginal
frequency may approach the cyclotron frequency closely enough to get significant
effects.

Another way in which this effect of marginal stability may be perceived is
the occurrence of a transition from strong absorption to transparency in plasma
heating experiments using either electron or ion cyclotron waves. In this scenario,
we imagine, for example, an L-wave propagating toward resonance in a very
slowly decreasing magnetic field that is termed a ‘magnetic beach’ [46]. If we
imagine that any wave energy absorbed leads to increasing 7 only, then the wave
is absorbed very weakly far from resonance, but more strongly as resonance is
approached. This stronger absorption increases T , raising w,, to @ whereupon
the plasma absorbs no further wave energy. Of course, as w approaches w,,
the transparency condition requires 7] — 00, so some absorption must always
occur. It is clear from this example that this type of wave heating could never
lead to an instability unless the plasma with higher 7| drifted back towards the
source at higher magnetic field, a result that is unlikely due to the magnetic
mirror effect which would confine the higher 7| plasma particles to the lower
field region. In an interesting experiment on the Model C Stellarator, an L-wave
was launched in a predominantly hydrogen plasma with a deuterium minority that
was locally resonant in a narrow depression in the magnetic field (v >~ w.g/2
so no significant hydrogen absorption occurred). Since the mirror was only a
few percent deep, it was possible to raise the Tp  to nearly a hundred times the
average temperature, trapping this small population in the mirror in the process
[47].
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Problem 4.5.1. Anisotropic temperature instability.

(i) Fill in the steps leading to equations (4.291) and (4.293).
(ii) Estimate the maximum k; /k;, with wee/kzpve = 3, wpe/wee = 2, for
T,/Ty=2and T, /T = 10.

4.6 Conservation of energy and power flow

In vacuum, we saw in chapter 1 that energy conservation and power flow
were related by the Maxwell equations, and that the energy was stored in the
electromagnetic wave fields, and the power flow given by the Poynting vector
was dependent only on the fields. Then in chapter 3 we discovered that the
plasma particles contributed both to the power flow and to the stored energy.
In this section, we use a more general formalism to include the effects of the
plasma and the effects of dissipation through an anti-Hermitian component of
the dielectric tensor and/or the effects of a complex frequency. We treat first the
temporal problem, where we obtain the stored energy density and the effects of
dissipation. We then examine in more detail the concept of group velocity, and
obtain the kinetic flux component of the power flow.

4.6.1 Poynting’s theorem for kinetic waves

When the angular frequency o is assumed to have an imaginary part, especially
in the case where this imaginary part may vary slowly in time to represent the
slow turning on of the wave, the steady-state results of chapter 1 are not the most
fruitful for understanding energy density and power flow. Using the more general
representation of a wave field amplitude by

t
A(t):Re[A(a))e’w(’)] b(1) = / o) df’ (4.294)

the general product of two vectors may be represented by

([AI[B1e™ 29O 4 ([Al[B*|+[A*1[B])e2% ) +[A*][ B*1e¢" ).
(4.295)

[Al[B] =

FN.

If we now take w; <« w, and integrate over a period ' = 27 /w,, then

1 (T t i (0 .
T / exp [ —2i / w(1) d;’} dr ~ 91O igo)
T Jo oo or(0)

This means both the first and last terms in equation (4.295) may be neglected so
that a general product of this type reduces to

[A][B] = L([A[B*] + [A*|[B))e*¥®. (4.296)
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Using these expressions, the complex Poynting vector is represented by
P =YE x B + E* x H)e*® (4.297)

and the conservation law from the Maxwell equations,

V.-(E x H) H B + E oD
. X = — P o
dt ot
becomes W
V-P=———— (4.298)
ot
where
ow

= = HH - (—ioB)* + H* - (—iwB) + E - (—iweK - E)*
+ E* - (—iwegK - E)]e21®

= 12winoH - H* + wieoE* - (K+K') - E + 0,60 E* - (iK' —iK) - E]
x e29i(®) (4.299)

where we have used E - (K- E)* = E* . K" . E and K' is the Hermitian adjoint
of K given by K = K*. We define the Hermitian and anti-Hermitian portions of
K by
1 1
Ki=S(K+ KH and K, = (K- K.
i
It is apparent from equation (4.299) that if w is real and K is Hermitian, there
is no loss, so any dissipation must arise from the anti-Hermitian portion of the
dielectric tensor or the imaginary part of w.
If we now expand the dielectric tensor about the real part of w, we find that

oK
Kw) = K(w,) + —| iwj +---
dw |,
so that
oK
Ky, () = Kj, (y) + a_h iwi 4 - (4.300)
o |,
. Lt oK),
—iK(w) + iK' (0™) = 2K, (w;) + 2w; v + .. (4.301)
o |,

and the energy term of equation (4.299) becomes

w1 A N .
— = 2| 2w;( poH - B* + oE* - — (0K - E
” 4[ wl(ﬂo + €0 aw(w ) . >

+ 20,60 E* - Ky(oy) - E] 2% (4.302)
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and we can identify the total energy as being comprised of the stored energy,

1 A A A 0
Wo= - | uoH - H* + ¢gE* - — (0Ky)
4 ow

: Ej| (4.303)

and a dissipative term associated with the anti-Hermitian part of K. We can also
see that some of the stored energy is electromagnetic or electrostatic, and some is
in the particle kinetic energy, even in the cold plasma.

It is often useful to relate these two terms through the quality factor, which
is given by the ratio of the stored energy to the energy lost per cycle, or

oWo  poH - H* + E* - 3(wKp)/dw|o, - E

= aW /ot (loss) 2e0E* - Ky(wy) - E

(4.304)

so that a high Q indicates that the stored energy lasts many cycles and a low Q
may mean that there is very little energy circulating, as if it were all absorbed
on a single pass, or nearly so. Since in subsequent discussions, we deal nearly
universally with the amplitudes, we will delete the hat from now on, but recall the
recipe when questions about power or energy are desired.

Problem 4.6.1. Power and energy.

(1) Fill in the steps leading to equation (4.296).
(ii) Fill in the steps leading to equation (4.302) and justify equation (4.303).

Problem 4.6.2. Stored energy. Show that for simple cold plasma oscillations
(w = w)) that the electrostatic stored energy is equal to the particle kinetic energy.

4.6.2 Group velocity and kinetic flux

We have already discussed group velocity in the cold plasma in section 2.3,
but now in the context of a hot plasma, we need to re-examine and extend the
discussion to include the power flow due the particles, which we call the kinetic
flux. For this discussion, we restrict ourselves to a lossfree plasma and introduce
the Maxwell operator, M, which represents the Maxwell wave equation, such that

1
" dpow

M. E kx(kxE)Jr“’TeoKh.E (4.305)

and the wave equation is then simply
M. E =0. (4.306)
The Hermitian adjoint of equation (4.306) is

E* M =E* M=0 (4.307)
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where the last equality holds for real w and real k in which case M is Hermitian.
The idea at this point is to make small displacements in w, k, and in

the plasma parameters, or what is essentially a variational calculation, and the

extremum will yield the group velocity. The perturbed wave equation is

M .E =0 (4.308)
but if the perturbations are small, then we can expand
oM oM
M =M + dwo— + 8k - — + SM.
+ a)aw + ok +

We now take the scalar product of E* with equation (4.308) and use
equation (4.307) to obtain

ow ok

where 0/0k = Vi. Since the perturbation is small, the differences between E and
E’ lead to second order corrections, so we may write, to first order,

B (0 + 8k S0 +oM) B =0

oM oM
E* |Sw—+38k-— +5M|-E=0. (4.309)
ow ok
Examining each of the terms in equation (4.309) separately, we find
oM -1 9
B 2L E = E*. kxkxE) +2E . L (K, - E
dw 42 g 4 dw
1 a
=—|uwoH* - H + ¢gE* - — (wK}p) - E
4 dw
=W (4.310)
oM 1 weg 0
E'-— E= —-—(E*xH+ExHY+E*-——(K) - E
ok JE xH+ExH)+ 2 ak( )
=—-P-T (4.311)
where 9
wEQ
T=-—E"—(Kp,)-E. 4.312
1 ak( i) ( )

The vector T is the kinetic flux for the hot plasma, and represents the
generalization of the kinetic flux of equation (3.148). From the form of
equation (4.312), it is apparent that 7 = 0 in a cold plasma or any other case
where K does not depend on k. In the thermal or streaming plasma, this term
represents the power flow carried by the particles themselves, and is essential for
the conservation of energy.

The final term in equation (4.309) is given by

€ ¥ € T
= £ %[m — K- E+ E*- %[% + @K' E
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where we have broken the right-hand side into anti-Hermitian and Hermitian
components. Referring back to equation (4.299), we have

ow

-6M - E_—(S
2 ot

) + Hermitian terms (4.313)
loss

and for this term the changes are due only to variations in the plasma parameters.
Since the Hermitian terms represent reactive or oscillating terms, and not energy
flow, we will neglect them and write equation (4.309) as

i W
Wodw — (P +T) - 8k + =5 < ) = 0. (4.314)
2 ot loss

For the discussion of group velocity, we are not concerned with losses,
provided they are small, in which case the last term in equation (4.314) may be
ignored and the result written as

o P+T energy flux
V= — = = —. (4.315)
Sk Wo energy density

If, however, one wishes to consider losses, then another relationship can be
derived from equation (4.314) for the temporal decay of the wave (§k = 0) where

i1 W
Sw=—=—356|— 4.316)
2Wo 1 Jioss

and for the spatial decay, we have the corresponding relationship (5w = 0)

i d
(P+T)- 8k——8< W) . (4.317)
ot loss

We find then from equation (4.314) the three basic components involved in
energy conservation, namely the transport of energy in the direction of the group
velocity, given in equation (4.315), and the temporal and spatial decay of wave
energy through dissipation, indicated by equations (4.316) and (4.317). Together,
these give a good picture of the transport of energy, and the expressions for Wy,
P, and T give the balance between electromagnetic stored energy and power flow
and the kinetic components of each.

Problem 4.6.3. lon-acoustic-wave energy balance. For the ion acoustic wave
whose dispersion relation is given in equation (4.140),

(i) find the electromagnetic and kinetic components of the energy density;
(ii) find the electromagnetic and kinetic components of the power flow;
(iii) find the temporal decay rate; and

(iv) find the spatial decay rate.
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4.7 Relativistic plasma effects

While some plasmas are relatively hot, in that thermal effects beyond those
included through the pressure term are important, few plasmas are truly
relativistic such that the mean thermal speed begins to approach the speed of light.
However, some relativistic effects occur at relatively low temperatures when one
encounters cyclotron fundamental and harmonic resonances and k; — 0. In fact,
the typical argument of the PDF, ¢, = (w — nw.)/kjjv| is indeterminate as both
the numerator and denominator may approach zero at cyclotron harmonics with
ky = 0. Since the behavior of the PDF is dramatically different as £, — 0 or
& — 00, we need to consider the physics more carefully, since the mathematics
suggests some discontinuous behavior in this region of parameter space, and we
suspect there is no such discontinuity in the physical world.

The fundamental weakness in our model is that we have taken the cyclotron
frequency to be a simple constant, independent of velocity, whereas from
special relativity, we know that this is not so, since we should write w, =
q Bo/ym. In the integral over velocity, then, the singularity in the denominator is
significantly changed, and the numerator of ¢, effectively never vanishes. Thus
the indeterminate nature of the appropriate limit to take as kj — 0 is resolved,
since it is possible to impose kj = 0 externally, but the cyclotron harmonic
resonances are broadened to some finite (though frequently small) extent and
prevent the argument of the PDF from vanishing.

It would seem from the previous discussion that since hot plasma theory has
already indicated that k) = O implies no absorption, even at cyclotron harmonics,
and the relativistic corrections appear to lead to large arguments for the PDF in
this limit, that there is still no absorption. This, however, is not the case, and in
fact the absorption at k| = 0 is considerably stronger than one might guess, since
nontrivial absorption is encountered at the electron cyclotron fundamental and
harmonics at temperatures of only a few keV. In order to see how this comes about,
we will review the development of the relativistic dielectric tensor, including only
electrons, and eventually pay particular attention to the k| = O case.

4.7.1 The relativistic dielectric tensor

In this section, we follow the development of Trubnikov [48] for the general
development of the dielectric tensor, and present an outline of the derivation,
noting the similarities to and differences from the hot plasma derivation.

We begin with the relativistic collisionless Boltzmann equation, and shall
assume again that we may Fourier transform in both time and space, taking w to
have a small positive imaginary part when it becomes necessary to resolve the
singularity in the momentum integrals and guarantee convergence. The kinetic
equation is

af

E-FU'Vf‘f‘fI[EI+UX(BO+BI)]'fo:0 (4.318)
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where the zero-order distribution is an equilibrium distribution given by

fo = Ae €/KT /fo(p) Sp=ny E=\/p2r+mit  (4319)

We note that the Boltzmann equation is unchanged except that now the
distribution function is a function of momentum rather than velocity. The
distribution function is of the standard form, except that now the energy is the
relativistic total energy (or relativistic kinetic energy by redefining the constant
A).

At this point, we take the usual coordinate system, with By = Bgé,, and
choose k. = kx (ky = 0) and use cylindrical coordinates in momentum space
such that p, = p cos¢, py = p. sin¢. We then choose to write the first-order
distribution function in terms of another function, defined by

fitr, p,ty =€ fo(p)@(p) (4.320)
so that with p = ymv, the first-order Boltzmann equation becomes

i(kypy +k1picos)
ym
+-L(px By -V, fi =0 @321)
]/m

—iwf] +

fi+q(E1+vxBy)-V,fo

since (p x By) - V), fo = 0 along the unperturbed orbit. Then we note that

foc’p
foo:_lCTg SO (vxBy)-Vpfo=0
and
Ji
\% — V d
pf1= ICTE f1 + =
o)
; od
L (p x Bo) -V fi = — S fpeilhr—en 2
ym Y 99
(where € = —1 for electrons as before) and
fogE - p
V,fo= 11— %
pfo ymKT

since £ = ymc? (and we have dropped the subscript on E). Using these relations,
equation (4.321) may be written as

k k G -E
i(V_w_ 121+ lPLCOS¢>¢+___P (4.322)

€we mew, 3¢  BokT'
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This is a first-order differential equation whose solution may be written as

1. . ¢ .
d(p) = __B Tel(a¢>fbsm¢)/ e*l(d’l//*bsll’l W)(p . E)‘// dy (4.323)
oK ®

witha = yw/ew. — k| p|/mewe, b = kipi/emwe, and (p - E)y = pE; +
pL(Excosy + Eysinyr). We may now let ¢g — —oo and be guaranteed of
convergence since we have assumed that o has a positive imaginary part. Using
the variable change ¥ = ¢ — &, this result may also be written as

@(p) =

o
eia’;‘—ib[sin(&'—¢)+sin¢] E)y_s dE. 4.324
BokT /O (p-E)p—z dE ( )

The current is then given by
qj [ fo(p)®;(p)
Jk, ) = qu/vflj(k,a))d3p = Zm—{/yi/pd%. (4.325)
j e J

We may now proceed in either of the two directions we discussed in
section 4.3.3, where we integrated over t first, or in section 4.3.4 where we did
some of the velocity integrals first. In this case we integrate over £ first and find
that ®(p) may be written as

®(p) = KLT(MIX(QS)EX +pLLy(PEy + pyl(P)E:) (4.326)
with
I($) = i 7U’Ziz)ijg)(b) gitr=mo 4.327)
Iy($) = i 71”1(?_17;?) eltn=m9¢ (4.328)
L(¢) = i Wei(""’”"’ (4.329)

where b= p v, and p = p/mjcsothaty; = (1 + 12 and v, = nw/ew..

We next integrate over ¢, but because of the complexity of the several dielectric
tensor components, we will calculate only K, and then list the results for the
complete tensor. From equation (1.19), this component is given by

i
Kix=1+ Trx

weQ

L+ 1410, /Ood /Oo d /Zﬂdqb
= P prdpyL
; GOmjw47Tm§C(’CTj)2K2(,U«j)BO o 0 0
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oo

e Mivi ., 1 (D)nJy (D) i(m—n)¢
X Z p7 cos We

m,n=—00 J

e HjYi

=1+ / dp / p1rdp1
Z we,a)cj 47‘[[(2(,[1,]) Pi p

Z Pln./n(b) Z Jm(b)/ 1(m n)¢COS¢d¢

o b(n — a)
e HjYi
=1 d dp
+ Z WE j U)Cj ZKZ(I/L/) / pH/ pL PL
piny(b) 1
X Z < n ) — (4.330)
n=—0oo

where ; = mjc2/ICTj and we have used

o]

2
Y ) f €9 cos ¢ dg = [ Jy—1(b) + Ju1 (b)) =
0

m=—00

27nJ, (b)
—

(4.331)

The remaining components may be obtained with the integrals

o]

2
Z I (b)/ e singdp = — in[Jy—1(b) — Jus1(b)] = —27iJ} (b)
0

m=—0o0

(4.332)

e¢]

2
> Inb) / el "= 4 = 277 J,,(b) (4.333)
0

m=—0o0

so that including only the electron component of the dielectric tensor (only
electrons are assumed to be relativistic), we may write

pc e HMeYe
Kij = 8ij — 2 2K2(Me) dPH dPi pPL
x (4.334)
n;oo —nyp| + NWee /W
where

2

Pt =" 2w 4335

xx = 3 JnWLPL (4.335)
Vi

ipin _ -
P, = — P}, = T-]n(VJ_pJ_)Jy/,(VJ_pJ_) (4.336)
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pH

Pl =PI = J (vipL) (4.337)
P! = _iJ’z(val) (4.338)
Pl = — P& =ipypLn(vipi)y(vifpL) (4.339)
Pl = piJ7(vipL). (4.340)

This representation is equivalent to that of Brambilla [49], except for notation
such that his Q. = ew, = —w,, for electrons. If we change the definition of v
to be positive so that v; = n w/wc., then we must change the signs of Py, and
P)’fZ in equations (4.337) and (4.339), respectively.

Problem 4.7.1. Normalization constant. Find the normalization constant A for
fo(p). (Answer. A = nou/4m(me)*Ka(p).)

Problem 4.7.2. Calculating ®(¢). Integrate equation (4.324) over & using the
Bessel identity (4.179) and show that the result is given by equation (4.326) along
with equations (4.327) through (4.329).

4.7.2 The relativistic dielectric tensor without sums

We may use the Newberger sum rules from equation (4.192) and equations (4.193)
through (4.198) to eliminate the sums and cast the sums of the P,.’jl. into the
following form:

00 n 2
P, 1 Ta _ _

Z — = [ - Jaipi)J_q(wipy) — ai| (4.341)

—~ a+n v{ | sinwa
n=—oo

- P;ly 1ﬁJ_ wa _ , _ a

Z = s Jawip)J ,(vipl) + ———| (4.342)
:z_—ooa+” V) |sinma ViplL

— Pl pj[ 7a

D= Jaip)J-a(vipr) —1 (4.343)

a—+n v) Lsinmwa

n=—od

o Pn B

yy =2 /

Z P - ﬂ} (4.344)
S a+n [ sinta ¢ a V2 52

. P;lz PR 7T _ , _ 1

Y e mipyps | dai )T (L pL) + ——— | (4.345)
P o sinma VipL

o

P}l _ T
Z = Pﬁ Jaipi)J-a(ipl) (4.346)
a—+n sinTa
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where now a = (w/wce)(Ye — np)) and v, = njw/we.. The dielectric tensor
then assumes the form
w2

Kij = 8ij — Pe 2K2(Me) / de/ dpi pre "e¥eIl;; +ion term (4.347)

where
Mo = — . [ a0 -ah) 1] (4.348)
ni(a+n|pjw/we) Lsinwa
i b
My = — My = —— a4 [ 0 ), (b) + 1} (4.349)
n(a+npjo/wc) wa
wp| Ta
M, =1, =— Ja(b)J_a(b) — 1| (4.350
A “ Ween 1 (a + n) pjw/wee) [sinna a(0)J-a(®) ] ( )
1 7b?
M, = _ — Ib)J () +a (4.351)
yy l’li(a‘i_nﬂpﬂw/wce) [ mrima a a
M, = — T, = — iwp| 0 By (k)1
e YT weeny (a+nypyw/wee) [ sinwa T
(4.352)
0)2ﬁ2 p
M., = I Ja(b)J_a(b) (4.353)

w2, (a+ n|pjo/we) sinma
wherenowb = v p].

Problem 4.7.3. Off-diagonal tensor elements. Pick one of the off-diagonal
dielectric tensor elements, and verify it is given by equation (4.347) along with
either (4.349), (4.350), or (4.352), starting from equation (4.325).

4.7.3 The weakly relativistic dielectric tensor

In this section, we return to equation (4.325) and integrate over the momenta first
instead of the phase. We can obtain another expression via the identity,

/2 2
L/ dp e—s«/l+p2—ir»p _ Ki(vs=4r7)

T /1 + p2 /SZ + r2
and its derivative where K, is the modified Bessel function of the second kind of
order n. The dielectric tensor is then given by

K>(WR R+ K3(v/R)
_|+Z€]wwq o / { Ti— =5 Tz] (4.355)

where

I(s.r) = (4.354)

2
.,
R = (,u — i€ ) +2vJ2_(1 —cosé) + vﬁ§2
€jWcj
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where v| = njw/€jw.j, and

cosé —siné O

Ti=| siné cosé& O (4.356)
0 0 1
and
vi sin? & —vi sin&(1 — cos &) vivésiné
T, = sz_ sin&(1 — cosé&) —vJ2_(1 — cos€)? viv§(l —cosé)
vy sing —v V&l —cosé) vﬁ§2
4.357)

Up to this point, the analysis is exact, but it is valuable only for numerical
integration of the tensor components. In the weakly relativistic limit, we follow
the development of Shkarofsky [51] and take . > 1 (u; is generally so large
that relativistic effects are negligible, so that the ion contributions will be ignored
from this point on and and we shall delete the subscript on w). Since this
quantity appears in the argument of the modified Bessel function, we can use
the asymptotic limit so that K, (x) >~ /m/2xe™*. If we also take the limit of
small A = %ki ,0% = vi /1L, then we can simplify the expression for R such that

1 [ igo V' v\ o :
R2=pu (l—i-—) —i—(—) 3 + A(1 —cosé)
HWce 2
. 2 2 _%
A= [(1+1s_w> () éz] |
MUWce 158

Now we will need to keep the A(1 — cos&) term in the exponential of the
K, terms, because the oscillating phase in the exponent is important, but it
is safe to neglect it otherwise since 4 > A. This approximation leads to
kic2 /RY Za)fe = A except in the exponent. For the oscillating exponential term,
we will use equation (4.224) to write

where

e¢]

e = N L (A)e (4.358)
n=—0oo
m .
cosge % = N I(A)e ™ (4.359)
n=—0oo

and other similar results as in equation (4.225). Then by changing variables to
t = —Ew/pwee so that v/ R becomes

VR = ul(1 = in* +n}i®]> + Al — cos€)
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and exp(—in&) — exp(inv,t) with v, = nuwc./w, then the weakly relativistic
dielectric tensor may be written as

K—I—i—l—u Z /

Nexplu — ul(1 = in® +nf’)2 i)

n=—00 [(1 _11)2+”‘|t2]4
(4.360)
where
kik
T3 = [(1 —i? +nf2 T 4 2 1<? T(b) (4.361)
WWe v,
with
2l —in(I] — I,) 0
TO = |in() — L) 4260, - 1)) 0 (4.362)
0 0 I, (1 +ky a%,)
0 0 nly
A
V=10 0 W - |. (4.363)
Mho —i(I — Iy) 0

For small A, we can write this in terms of the F, function that is defined by

1
oo exp{u — ul(1 —ir)? + n?1212 + iv,1}
Fy(on.ny) = —i / a2 ” (4.364)

. g
[(1—in?+ nﬁﬂ] )
although the most common definition is a further approximation in the smallness

of nﬁ given by

_ ™ explizat — ar?/(1 —in)]
fq(z"’“):_lfo dr T iy (4.365)

where z;, = w4+ v, = U(w + nwee)/w and a = %,unﬁ This generalized weakly
relativistic dispersion function is real for z,, > a and complex for z,, < a. Some
of its characteristics are shown in figure 4.10 for ¢ = 1 and in figure 4.11 for
a = 5. Its mathematical properties are given in appendix B in section B.3.

Then for the case for small A, assuming the same dispersion function for
each power of A, the dielectric tensor elements are given by

w _ n-l
Kix >~ 1— w—';,w A 2; T" [Fut3/2(zn. @) + Fusz2(z—n, a)] (4.366)
n=
Kx - Zn(l - n+3/2(Zn’ a) — n+3/2(Z ns (1)]

(4.367)
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Figure 4.10. Generalized weakly relativistic dispersion function, F (z, a) for half-integral
g and a = 1, showing both real (full curves) and imaginary (dashed curves) parts.

Figure 4.11. Generalized weakly relativistic dispersion function, F (z, a) for half-integral
g and a = 5, showing both real (full curves) and imaginary (dashed curves) parts.
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wZ 00
K..~1- w_g’ue*k Z L {1 — 4a) Fyss/2(zn. )
n=—00
+2alFns3/2(zn, @) + Fug1/2(zn. a)l} (4.368)
w2
Kyy = Kux + —3ue™" 2 {(lo = 1D F5p2(, @)

+Z(1 L) [Fuss/2(zn. @) + Furs2(z—n, a)]} (4.369)
Ky — —He ”H”LZ [Futs/2(zn @) = Fui3j2(zn. )
n+5/2(2—n, a) + fn+3/z(z_,,, a)] (4.370)
2
w

Ky~ —i—2pnynie™ {(I = 10)Fra(p, @)
wa,

C

+ Uy = 1) [Fursp@ns @ + Fuyspan, a>]} 4.371)

n=1

where Kyy = —Kyy, K;x = Ky, K;y = —Ky;, and 21+ = p(w £ nwe,)/w and
now the argument of [, is A (which is independent of 7) instead of A (which is a
function of 1).

4.7.4 Moderately relativistic expressions

When one keeps higher order terms in the Bessel function expansions, higher-
order dispersion functions should be used for those terms since A appeared inside
the integral of equation (4.360). In fact, if we define the function of A associated
with Ky as fyx(n, 1) such that

xx,n

2.2 o
frx(m, X)) = —5 = E_ A (4.372)
then we could write a more nearly precise expression for K, as

Keo=1- —u Z Z a®) W[ Firspan @) + Fiyspzon )], (4.373)
n=1 k=0

Although this is a doubly infinite sum, usually only an n = 1 and perhaps one
other n needs to be included, and k = 0 through £ = 3 will usually suffice unless
A is approaching unity, in which case an exact treatment is needed. Extending this
same type of expansion to the other dielectric tensor terms leads to the moderately
relativistic approximation.
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As an example of the moderately relativistic expressions, the expression for
K through order A3 is given by

w? 1 A
Kio=1-—tu {—[fS(Zl,a) + Fs(z-1,a)] = 5[F1(z1,0) + Fi1(z-1, a)]
1) 202 2 272 2

512 723

+ —[Fo(z1,a) + Fo(z—1,a)] — ——=[Fu(z1,a) + Fu(z—1,a)]
16 =~ 2 2 48 2 2
A 22

+ =[F1(z2,a) + F1(z-2,a)] — —[Fo(z2,a) + Fo(z-2,a)]
22 2 2 2 3
723 32

+ —[Fu(z,a)+Fu(z—2,a)l + —I[Fo(z3,a) + Fo(z—3,a)]
24 2 2 16 2 2

323 3
— —[Fu(z3,a)+Fuiz_3, a)l+ —[Fu(zs,a) + Fu(z—s,a)l ;.
16 2 2 24 2 2

(4.374)

This expression is better than the weakly relativistic approximation, but not exact.
This approximation still uses the asymptotic form of K> (w) and is still based on
the smallness of nﬁ for the F, (zx, a).

Problem 4.7.4. Moderately relativistic K.y and Kyy. Work out the moderately
relativistic expression for K,, and K,, corresponding to equation (4.374)
(through order 13).

A further simplification we examine for both the weakly relativistic and the
moderately relativistic approximations is the n — 0 limit (or the ¢ — 0 limit),

where
00 eizt
,0) = F, = —i —d 4.375
Fyz,0) = Fy(2) 1/0 T (4.375)

and for g = % we have the relationship to the PDF (see equation (B.40))

o0 eizt 1
iF = ——dt = —Z( . 4.376
i, /O TR (iv72) (4.376)

This weakly relativistic dispersion function, often referred to as the Dnestrovskii
function, is illustrated in figure 4.12. Other properties are listed in section B.2.
The higher order functions may be obtained from the recursion formula,

(g—DF;)=1-2F;-1(2) (4.377)
and the analytic continuation for Imw < 0 is given by the properties of the PDF.

Also, in this limit, K, = K;x = K,; = K;, = 0, so the leading terms here are
the only terms, not merely the dominant terms.
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Figure 4.12. Weakly relativistic dispersion function, Fy(z) for half-integral g, showing
both real (full curves) and imaginary (dashed curves) parts.

4.7.5 Exact expressions with n) = 0

It is possible to obtain the exact dielectric tensor expressions in terms of a few
relatively simple integrals when n; = 0. For this analysis, we return to the
dielectric tensor elements without sums given in section 4.7.2. Although the
dielectric tensor terms are complicated, since the order of the Bessel functions is
not integral in the general case, by changing into polar coordinates in momentum
space, the integrals over the angle can be done analytically, leaving us with either
a single integral for each n or even with a single integral for the sum over n. The
derivation for K, will be worked out in detail, while the others will be left as an
exercise.
With n; = 0, we may write an exact expression for K, as

(,()2 i
Kam1- 5y rp

n=1

S

where each term in the sum is given by

2u? n? (7 o0 J2(v, psin@
Fo = M ”—2/ o sinG/ dp p e*W%. (4.378)
Kz () vy Jo 0 y: —nfwz/w

After integrating over the angle using equation (B.68), equation (4.378) may be
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expressed as

w _ MZ 12 /oo 5 ﬁZC*M)’
T Kwviee+ o T pE - pl

D" Fa(n+ yin+3.2n+1: —b?)

(4.379)

where y(p) = 1+ p2, p? = n*w?/o* — 1, and b* = pip?, since vy =

niw/w. = 5/ . Alternatively, using the Newberger sum rule, we have a single
expression for the sum as

MZ b4 ) 00 B _Ze—p,y wa

Fix do sinf dpp 5

0 0

2K> () YV wcvy
x [ T8 5wy psind)J_a(vy psind) — 1] (4.380)
simnima

where a = wy /w,. Integrating this expression over the angle (see equation (B.73)
in appendix B), the result may be expressed as

2
w p K
2 2

2
a)nJ_

Kex=1- [11(z, &, p) — 1] (4.381)

where [ is the integral (not a Bessel function)

H © 2 - 1 3 2
Il(Z7A'7M):—/ dpp € HV2F3(_,1;_,1 _a11+a7_)"u’p )
Ko () Jo N

(4.382)
The dependence on z = z—, = u(l — nw./w) is through a(z) = ny /(1 —
z/n). The integrands utilize the hypergeometric functions that are defined by
equations (B.66) and (B.67).

Problem 4.7.5. Remaining exact tensor elements. Show that the remaining
dielectric tensor elements with 7 = 0 may be written as

2
K —iﬁi[l( Aop) = I3z, A, ) + 1] (4.383)
Xy — a)22n2 ZZa 7“ 3Z, ,I/L .
1
2
w
K.=1- w—;’m(z,k, L) (4.384)
_ @) 2
Ky = Koo — —5 [+ 150 ) = bz ] (4.385)
w ”L
where
u o0 _
Dz, A, p) = M /0 dp p*e 2 F3(3, 1: 3,1 —a,a; —aup?)  (4.386)
W o _
Iz, A, ) = Kz(u)/o dp p*e ™2 F3(X, 15 3, —a, 1 + a; —app?) (4.387)
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Iy(z, Ay 1) = Kz(M) 3(1 )2F3(%, ;3,1 —a, 1 +a; —up?
(4.388)
)‘Mz [e’s) p4efp.y | 5 5
Is(z, A, ) = ps—2F3(5,2;5,2 —a,a; —Aup).
K>(w) Jo 3a(a—1) E

(4.389)

Problem 4.7.6. Hypergeometric function identity. Prove that I¢ = I, — 1 where

ple 1y
Ie(z, A, ) = / 2F3(3,1, ,2—a,1+a;—kup2).
K> (u) @—1n- 72702

The imaginary parts of the tensor elements may be obtained rather directly
by examining the poles of the integrands. In this section, we simplify the notation
by dropping the electron subscript, and note that the pole in equation (4.379) is at
p = pn. Evaluating the integral at this pole yields
MZ 2 e Hnwe /wb2n+1 F
TR @ i | 20T

Im[F™] = n+3,2n+1; —b2) (4.390)
where b2 = pr(n?w? /a) 1). This expression is exact, but in order to compare
it with the weakly relativistic approximation, we take e Ko () ~ +/m/2u, so
that the exponential term becomes e*. If we write the corresponding weakly
relativistic expression as Wg), and examine the imaginary part, we find, using

equation (B.48),
2.—A —1.z
Im[Wg)] _ _hnZe I, m(—z)1""e*
A INC)
where ¢ = n + % then expanding both the Bessel function terms and

the hypergeometric function, the ratio of the exact to the weakly relativistic
expression may be written as

Im[FY] 1+rz/g+---
m(w™] 1=14+¢gr*/Q2q—1D+---

(4.391)

From this ratio, we observe first that the exact expression is a function of the
product, Az, not a function of A multiplied by a function of z as the weakly
relativistic expression indicates. Secondly, we see that the higher order terms
in the Bessel function expansion do not improve the accuracy, so this justifies the
truncation of the Bessel functions to the lowest order terms in equations (4.366)
through (4.371). There is another interesting feature observable in comparing
these imaginary parts in figure 4.13 for two different values of lambda. After
factoring out some leading factors, it is apparent that the peak of the exact
expressions always exceeds the peak of the weak expression, but for large negative
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Figure 4.13. Im(—Fyy) versus z with u = 50 for the exact (full curves), moderately
relativistic (dashed curves), and weakly relativistic case (dotted curves) with n = 0 for
(@) A =1.0and (b) A = 0.2.

z, the weak expression exceeds the exact expression. In fact, if one approximates
bﬁ = —Az(2 — z/u) >~ —2)z, then the integral

o0 T
/ dre*x!/2 / do J2 (\/ZAx sin 9) sinf = JVTe M) (4392)
0 0

guarantees that each curve has equal area. Similar identities exist for the other
dielectric terms. It is also apparent that the moderately relativistic approximation
(with terms through %) is much better than the weakly relativistic case with
A = 1, but the difference is small for small A.

Problem 4.7.7. Weakly relativistic identities.

(1) Use equation (4.392) to prove that the integrals over z for Im[ K, (z)] for
the exact result and the weakly relativistic result are identical.
(i1) Use the identity

o0 T
2 / dxe x>/ / d J2(V/22x sin ) cos® 0 sin@ = /e 11, (1)
0

0
(4.393)
to prove that the integrals over z for Im[ K, (z)] for the exact result and the
weakly relativistic result are identical.

When p is not so large and A is of order unity or greater, the deviations
from the weakly relativistic approximation are significant and the differences
between K and K, are no longer ignorable. A strongly relativistic case where
@ = 20 and A = 1 is illustrated in figure 4.14(a) for Fy in the exact and two
approximations and in figure 4.14(b) for Fy, and Fy, for the exact case only. It is
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Figure 4.14. Plots of (a) the real and imaginary parts of Fyy for the exact, moderately
relativistic, and weakly relativistic approximations for . = 20 and A = 1 and (b) the exact
real and imaginary parts of Fyy and Fyy.

apparent that the exact and moderately relativistic cases are still close, but that the
weakly relativistic approximation is no longer reliable. Figure 4.14(a) also shows
the effects from the third and fourth harmonics which occur at z = u/3 = 6.67
forn =3 andatz = u/2 = 10 forn = 4.

4.7.6 The relativistic X-wave

The exact X-wave dispersion relation with n = 0 is

Ko K,y + K2,
nf =2 (4.394)
K.X.X
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Figure 4.15. Variation of A with z for the X-mode with © = 50 and w? /w%, =4
(from [52]).

This case leads to no damping at all in the nonrelativistic theory, so the relativistic
effects are especially apparent. Figure 4.15 shows an example dispersion relation
with u = 50 (T, ~ 10 keV) illustrating the differences between using the
exact relativistic tensor components and the weakly and moderately relativistic
expressions.

For this comparison, we let ?/ a)f, = 4 and solve for A in the neighborhood
of the second harmonic (z = 0 corresponds to @ = 2w,), assuming that the
variation in z is due to changes in the magnetic field only. The dispersion is
plotted for five separate cases. The cold plasma result is a simple curve showing
no significant features near the second harmonic, while the nonrelativistic hot
plasma case shows no absorption, but it does indicate a mode conversion region
(see section 6.3.3). The exact result and the moderately relativistic cases nearly
overlay one another while the weakly relativistic case shows that even with p
large and A small, the differences are significant in the dispersion relation. The
peak of the imaginary part of A for the weakly relativistic case is approximately
half the value for the exact case while the peak imaginary parts of Fyy, Fy,, and
Fyy are about 3.7% low for A = 0.05. For the moderately relativistic case, the
peak imaginary part of A is only 5.5% below the exact value while the individual
component differences are less than 2.5% low for A = 0.05.
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Chapter 5

Bounded homogeneous plasmas

5.1 Introduction

The principal effect of boundaries on plasma waves is to restrict the spectrum of
k to a discrete spectrum as in a waveguide problem instead of the continuous
spectrum of the infinite, homogeneous plasma. Boundaries also introduce
excitation or scattering resonances that are not present in the unbounded plasma.
The oldest of these effects was described by Tonks [53] as he scattered
electromagnetic waves from a plasma column, discovering a scattering resonance
near the plasma frequency. Later studies were made of space charge waves and
surface waves on plasma columns [54] and plasma-filled waveguides [55-57].
Numerous other examples have been described and demonstrated, but these
examples will be used to demonstrate the method of approach and some of the
fundamental characteristics of waves in bounded plasmas.

5.2 Boundary conditions

The usual boundary conditions we shall encounter are either a conducting wall
or a boundary between the plasma and either vacuum or a dielectric (such as
glass). These boundary conditions are generally taken as abrupt, and we use
jump conditions to relate the fields on opposite sides of the discontinuity. This
is never precise, since real plasmas do not have sharp boundaries. In general, as
the plasma approaches either a conductor or a dielectric, the density falls either
gradually, dominated by a variety of transport phenomena such as electron and
ion diffusion, ionization, and recombination, or it falls off rather abruptly, so
that a large change occurs in a few Debye lengths. Even in this latter case,
the Debye length is ill-defined in this transition layer, since it is dependent on
both density and temperature, both of which are changing rapidly. The use of
any kind of refined model of the boundary generally requires either an arbitrary
assumption about the profile and/or considerable numerical work. In this book,
we shall treat only the sharp boundary cases because they illustrate the principal
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effects of boundaries, offer analytic solutions, and generally agree well with
most experiments, although we shall note one case where the inhomogeneity was
crucial to the understanding of the phenomena. We thus restrict our attention to
waves whose wavelength is long compared to the thickness of the boundary layer.
Whenever the wavelength is short compared to the layer thickness, we treat these
cases as an inhomogeneous plasma, and discuss them in the next chapter. For the
in-between cases, the typical recourse is to solve the equations numerically.

5.2.1 Conducting boundary

The simplest case, by far, is the conducting boundary because the condition in
a cold plasma is simply that the tangential electric field must vanish at a perfect
conductor. This may be written as

E/(a)=0 5.1

where the conducting wall is at a. This case is simplest because this condition
is usually easy to apply and eliminates matching to any other fields beyond the
boundary.

For hot plasmas, however, this is not so simple, because we must also
prescribe boundary conditions on the velocity. The most straightforward
condition for either a metallic or dielectric boundary is specular reflection, where
the particle bounces off the wall with equal angles of incidence and reflection.
One way to deal with this kind of boundary is to imagine a virtual plasma on the
other side of the boundary such that for every particle crossing the boundary,
one emerges from the virtual plasma as if the original particle had reflected,
conserving particles and requiring Jp,(a) = 0 where J), is the particle current
normal to the boundary. Then one needs only to imagine an infinite number of
such slabs that are periodic in the slab width, and one has an infinite, uniform
plasma which is simply periodic. The advantages of this kind of approach,
however, are more than offset by their unreality, since specular reflection is
probably an event of low likelihood, and nontrivial electric fields in the sheath
region (a few Debye lengths wide) distort the particle motions, not to mention
the fact that this assumes the temperature is uniform all the way to the wall. One
other way to treat this problem is to assume that the magnetic field is parallel to the
boundary and infinite in magnitude (or effectively so), in which case the particles
move only parallel to the boundary, and only wave fields must be matched at the
boundary. When the magnetic field is oblique to the boundary, there are no simple
recipes.

5.2.2 Plasma-vacuum (or dielectric) interface

The boundary conditions used at the plasma—vacuum interface, or at an interface
between a plasma and an isotropic, insulating dielectric (such as glass), are
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derived from the integral form of the Maxwell equations, and using E, as a unit
vector normal to the surface, pointing away from the plasma, are:

E, x (E, —E,) =0 (5.2)
E, (B,—B,)=0 (5.3)
E, x (H, — H,) = i (5.4)
E,- (D, — D)) = py (5.5)

where we denote either vacuum or an isotropic dielectric by the subscript v, and
Js 1s the surface current density and pg is the surface charge density. Now
equation (5.3) is not independent of equation (5.2), as one may see from the
component of the Maxwell equation,

E, (Vx E)=iwE, - B

which involves only the tangential components of E. Usually neither the
surface charge density nor the surface current density are specified, so neither
equation (5.4) nor equation (5.5) are of much use alone, but the surface continuity
equation,

s

Vs s+ - =0 (5.6)

where V; has only those components that lie in the surface, may be used to
combine these two into an alternative condition,

E, -[o(Dy, — Dp) +k x (H, — H,)] = 0. (5.7)

This is an identity (the vacuum and the plasma terms vanish independently at any
radius), so there is no condition at the boundary to apply.

One might try a rigid wall boundary condition, where the normal component
of the velocity must vanish at the boundary, but for a cold plasma this requires the
tangential component of E that is perpendicular to the magnetic field to vanish,
which we have already specified as continuous, and requiring it to vanish at the
plasma—vacuum boundary again leads to an indeterminate expression (the plasma-
dependent coefficients vanish, leaving the wave amplitudes unspecified).

In order to close the set of equations, the usual boundary condition added is
the ideal dielectric boundary condition, which is to demand that both the surface
currents and surface charge density vanish identically. We write this as

E, x (B, — B) = 0. (5.8)

Equations (5.2) and (5.8) then form the boundary conditions for the ideal
dielectric model. This is not a trivial boundary condition, since for a single wave
in the plasma (incident plus reflected, or standing wave normal to the surface,
characterized by a single value of k] ), the condition of equation (5.2) requires
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ps # 0 (see problem 5.2.2). This condition thus implies that there must be two
waves and that they are coupled. The second wave is characterized by the same
wavenumber parallel to the surface, but distinct in k) . The second value, which
we shall denote k| », is derived from the cold plasma dispersion relation, which is
quadratic in ki, so choosing k| | or k, determines the value of k;,. If ki 1 >0
(propagating radially), the second root is frequently evanescent radially, so it is
localized near the surface, in which case a surface wave is required to satisfy the
ideal dielectric boundary condition.

For electrostatic waves, we take the potential to be continuous, and E,, .
(Dy — Dp) = 0. Equation (5.3) is not appropriate for electrostatic waves since
they are assumed to have no wave magnetic field at all, and hence neither surface
currents nor surface charges.

We note that in calculating the normal component of the displacement vector,
the dielectric tensor elements are the ones given previously only if the magnetic
field is parallel to the interface and oriented in the z-direction. When the
magnetic field direction is oblique to the interface, then the usual dielectric tensor
must be rotated, but this is rarely necessary, since plasma—vacuum interfaces are
frequently magnetic surfaces.

Problem 5.2.1. Surfaces charges and currents. Show that equation (5.7) may be
derived from equations (5.4)—(5.6).

Problem 5.2.2. Surface charge density at plasma—vacuum interface. Show that
equation (5.2) leads to a discontinuity in D, and hence to a surface charge density
for a single wave. Find an expression for py if n, = 0 where the z-direction is the
direction of the magnetic field and lies in the surface and the x-direction is normal
to the surface. Express p; in terms of E, ny, n;, and the cold plasma dielectric
tensor elements.

Problem 5.2.3. Second value of k. Find an expression for kiz in terms of kil,
the cold plasma dielectric tensor elements, and kzz. (Hint: Look either for their
sum or their product.) Assume the magnetic field is parallel to the boundary.

5.3 Unmagnetized plasmas

5.3.1 Scattering from a plasma column

When an electromagnetic wave scatters from a plasma column, it will generally
excite plasma waves in the column, and whenever those plasma waves fit the
plasma column so as to represent standing waves, the scattering amplitude
exhibits a plasma column resonance. These resonances in the absence of a
magnetic field are called the Tonks—Dattner resonances, and were first described
by Tonks [53] and later described in more detail by Dattner [58] who showed
they had a dipole character (dominantly linear rather than radial). In addition
to verifying the general representation of a plasma by a dielectric constant, the
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Figure 5.1. Schematic diagram of waveguide and mercury discharge plasma column used
in the experiment to measure plasma column resonances.

Generator | —> | Attenuator —> | Detector

£,

B,

Figure 5.2. Wave fields for idealized experiment: A >> a.

rather widely separated series of resonances also led to the verification of the
Bohm-Gross dispersion relation (BGDR) [15], which included the lowest-order
thermal corrections to the cold unmagnetized plasma. The final understanding
of these resonances required the inclusion of inhomogeneous plasma effects [59]
and Landau damping [60].

The experimental arrangement is depicted in figure 5.1 where it is assumed
that an electromagnetic wave is incident from the left and whose wavelength is
large compared to the size of the plasma column. The wave coordinates for the
idealized experiment are represented by figure 5.2 and the column coordinates by
figure 5.3 where the glass envelope is ignored.

5.3.1.1 Cold plasma dielectric constant model

We use the electrostatic approximation, E = —V¢, where the potential must
satisfy Poisson’s equation,

V- eVy = —pext. (5.9)
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Figure 5.3. Coordinates for plasma column.

Here, € is the uniform plasma dielectric constant and the plasma is assumed to
have no external charge, so ¢ must satisfy Laplace’s equation inside and outside
the plasma column. Assuming no z-dependence, the solution in cylindrical
coordinates is

o
9= (Apr™ + Bur~")(Cy cosmf + Dy, sinmo).

m=0

The condition that the potential inside the plasma be regular at the origin demands
that B, = 0. Because the incident wave has only an E, component, § = 0 must
be equivalent to 6 = 7 so C,,, = 0. Thus inside the plasma, we have

o0
0 = Z Apr™ sinm. (5.10)

m=1

Outside the plasma, the potential must reduce to the potential of the incident and
scattered waves as r — 00 so we require the outside potential to be of the form

o0
0o = Z Byur ™ sinm® + Ejper sin 6. (5.11)
m=1

The values of A,, and B,, must be obtained by matching boundary conditions at
the plasma surface at r = a where the boundary conditions are that the normal
component of D = € E and the tangential component of E be continuous. These
requirements at r = a lead to the relations

0¢; d

k) = % (5.12)
or |, oar |,
pi(a) = go(a) (5.13)
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where € = €pK. Using the orthogonality of the trigonometric functions, these

lead to the relations
2Einc

C1+K (5.14)
A+K)Ay=0 m>2

Aj

where K =1 — w?, /a)z. The dominant mode (A1) becomes large (resonant) as
1 4+ K — 0 so that the resonant frequency is given by

d)
7

The fact that the resonance occurs at @),/ /2 rather than at the plasma frequency
is a consequence of the finite geometry and the cylindrical coordinate system. For
a spherical plasma, the resonance occurs at @ = wp/ ﬁ .

The existence of such a resonance in the column leads to several conclusions.
First, near the resonance, the amplitude of the electric field in the plasma will be
large and hence the motions of the plasma particles will be correspondingly large.
Secondly, these moving charges will radiate, or scatter the incident radiation.
Finally, this scattering of radiation will lead to reflection, so the reflection peak
will correspond to the column resonance. It is generally the peak in the reflected
power that is measured in the experiments.

While this simple analysis was sufficient to describe the main resonance, or
that resonance which has the largest reflection coefficient, there appeared in the
experiments a series of resonances that remained unexplained for many years.
The multiplicity of resonances is evident in figure 5.4 where as the current in the
discharge tube was varied, varying the plasma frequency, the absorption spectrum
(from transmission measurements) shows several resonances in addition to the
main resonance.

(5.15)

w =

Problem 5.3.1. Spherical Tonks—Dattner resonances. Show that in spherical
coordinates, the cold plasma resonance occurs at w = w/ V3.

Problem 5.3.2. Glass boundary effect. If the plasma column of radius a is
surrounded by a glass tube of dielectric constant K, from radius a to radius b and
then there is a split conducting cylinder at radius ¢ with potential £Vj applied to
the halves, show that the resonance occurs at @ = wp/+/1 + Kegr and find the
expression for Kegr in terms of a, b, ¢, and K.

5.3.1.2  Warm plasma model

Efforts to explain the multiple resonances with a dielectric model with only
a density profile were unsuccessful, generally leading to the conclusion that
scattering would occur at all frequencies and no multiple resonances would occur.
Gould [61] first suggested that finite temperature effects might lead to multiple
resonances.
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Figure 5.4. Typical absorption spectrum. The frequency is held constant and the electron
density is varied by varying the discharge current. (From [59].)

For this analysis, we begin with the fluid equations from chapter 3, using
equations (3.34) and (3.35) for electrons with a scalar pressure,

on,
£V (100) = 0 (5.16)
v
— 4+ (- -V)v= (—neeE — Vp). (5.17)
dat MeNe
Then using Poisson’s equation,
V-E =p/ey (5.18)
with E = —Vg, we proceed to separate out the zero and first order quantities

with the assumption that the zero order density is constant. Thus

ne =ng +nie™ '
—iwt

v=ve _
E=Ey+ E e
p=po+pre”
where po = noKT and p; = yn1KT and we take y = 3. The zero order equation
gives
Vpo = —enoEo
so Eg = 0. The first order equations are:
—iwny +noV-v1 =0 (5.19)
—ilwmengv; = —noeE1 — Vpq (5.20)
e
V-E| =——nj. (5.21)
€0
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Taking the divergence of equation (5.20), eliminating V - v with equation (5.19)
and using equation (5.21) and writing the result in terms of the potential ¢, the
result may be expressed as

(V2 4+ k) V30 =0 (5.22)

where k2 is given by

= (”2 1) (5.23)
=2\ 2 ] ’
YAp \@p

Equation (5.23) is the usual BGDR, where Ap is the Debye length.
Solutions to equation (5.22) are easily seen to be solutions of the second
order equations
Vi1 =0 (5.24)

and
(V2 + k%) = 0. (5.25)

Equation (5.24) describes the transverse waves (with infinite wavelength) while
equation (5.25) describes the longitudinal (plasma) waves.

Two of the four solutions of these equations are singular at the origin and
must be discarded. One of the arbitrary constants is simply an amplitude which
we shall leave arbitrary. For the potential, then, we take

o0
g1 =Y Dp(r)sinmo (5.26)
m=1
where
r\m I (k1)
b, =A,, (- By,——. 5.27
m m (a) + m J,n(ka) ( )

The boundary condition here is that the radial current must vanish at the edge of
the plasma which, from equation (5.20), leads to

VO |r=a = V)\2va2q)m|r=a
which, in turn, leads to

2 /
J,, (k
O Bk D,
wy, I (ka)

mA, = —

For boundary conditions at the plasma edge, we require the normal displacement
and the potential to be continuous (mode by mode), and to make the effect
of a dielectric more apparent, we shall assume the region surrounding the
plasma column to be entirely glass of dielectric constant Keg (a glass wall of
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finite thickness and constant K, may be represented by an effective Kef—see
problem 5.3.2). The potential outside is given by equation (5.11), written as

a
r

e m
9= Cu (—) sinmo + Einer sin 6. (5.28)
m=1

Then the boundary conditions require

mA J! (ka) By kal (ka) w?
CD, — m B, k m — ~m m 1 — —
m(@) Bk k)~ a Tyka) 2
m
= Keff (_;Cm + Einc(slm) (5.29)

where §;; is the Kronecker delta and

w? kalJ) (ka)
Sp@)=An+Byn=Buy|l - —5—-—7—

a)zz, mJy, (ka)
= Cp + Eincadim (5.30)

so we may eliminate C,, and solve for B,, with the result

Einca (1 + %) S1m
ka ‘11;1 (ka) 1 w? 1 w? kd/,;,t(ka) ’
Kert mina) 1~ o2 ) T4 7 02 mi e

The condition for resonance is, of course, that the denominator vanish, resulting
in the resonance condition

2 2
miya) _ o | (“’——1) 53

katy(ka) — @2 Ker \ 3

By =

(5.31)

which must be solved simultaneously with the BGDR. To show the relationship
to the cold plasma result, this may be rearranged as

a9 Ketim J (ka)
1+ Kegr kald), (ka)

where m = 1 for the dipole resonances. It may be seen from this form of the
dispersion relation that all resonances are higher than the cold plasma case. In
fact, the lowest frequency solution is for k — 0, which leads to v = w,. All
other solutions for k > 0 lead to w > w, so the main resonance needs a different

(5.33)

analysis.
The Main resonance. For the main dipole resonance (m = 1), where we expect
w < wp, equation (5.23) indicates that k% < 0 so we define t2 = —k? so that the

potential in the plasma is described by
Ii(zr)
"Ti(za)’

<I>1=A1£+B (5.34)
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Following the same procedures as before, this leads to a similar dispersion

relation,
2
0] Kegsl
W = —0 || 4 2D (za) (5.35)
1+ Kegr tal|(ra)

which must be solved simultaneously with

2
»* = »? |:1—3 (ta)]

so we expect ta to be large since Ap/a is assumed to be very small. In the large
argument limit, /1 (x) =~ Il’ (x), so the transcendental terms approximately cancel,
leading to a cubic equation in ta. For some typical experimental parameters with
a*/A3) = 10, Kegr = 2.1, this leads to ta ~ 14.5 and »* = 0.37w3, which
is only slightly above the cold plasma result of w? = 0.320)?,, and close to the
experimental result of w? = 0.42(0)?,).

The Higher resonances. The first rootis k — 0 with w = w,. When k # 0, the
resonance condition is transcendental, but approximate solutions may be found
for larger values of x = ka near the roots of J{(x). If we take x = xo — €, with
J 1’ (x0) = 0, then the BGDR may be written as

2 2 )‘2D 2
0"~ w), 1+3?x0

and the resonance condition, using J{(xo — €) ~ (1 — 1/x§) J1(x0), is

2
[0 Ko
w? >~ d 1+ eff
I + Keft xp€(1 — l/xO)

SO
Keff
xo(l — 1/x)[Kefr + (1 + Kef)343, /a®x}

This leads to x = 0,5.2,84,... and frequencies a)z/a)f, =
1.0,1.08,1.21, ..., which are more closely spaced than experiment shows
(w?/ (a)f,) = 1.0, 1.5,...). Combining these uniform warm plasma results, the
estimated frequencies are w? /a)f, = 0.37,1.00, 1.08, ..., while the experiment
shows a)z/(a)zz,) = 0.42,1.0,1.5, ..., and the higher resonances are even more

widely spread. Thus, although the finite temperature model does lead to the
multiplicity of resonances, it does not give a quantitative result.

The discrepancy is resolved when one finally includes radial density
gradients as well as the temperature effects. In order to understand this additional
effect, we can examine the /ocal wavenumber, given by

K@) = [0 — o (r)]/(3ICT/m) (5.36)

Copyright © 2003 IOP Publishing Ltd.



30 T T T T T TT1T1] T T T T T T T1T1] T T T T T T 17T

W T TUBE NO. 1 - DIPOLE 4
w2y | Tw = 0.5 cm |
Keg =21

Te =3¢eV 7

10 N
océ)o Fo® 4
O axg 1
[elecr Yooy
0 1 Lol 1 ool I L
10? 10 10 10°
rw/(AD)

Figure 5.5. Comparison of theoretical and experimental results for dipole resonances on a
plasma column. (From [59].)

In the low density regions, @ > w, and the wave is propagating, but when
® < wp, the wave is nonpropagating, so the wave is confined to the outer
portion of the plasma in a varying density profile, reflecting at the radius r. where
w = wp(rc). An approximate way of expressing the new resonance condition is

a
/ k(rydr =6, n=1,2,3,... (5.37)
re

where the 6, differ by approximately 7. This is closer to agreement with
experiment and indicates that this is an important effect. Numerical calculations
by Parker et al [59] achieved good agreement with experiment for both dipole
and quadrupole resonances over a relatively wide range of a?/ )»%) using the finite
temperature and density variations with an analysis substantially the same as that
given here except for the density variation. This agreement is shown in figure 5.5
for the main resonance and the first two thermal modes.

The final chapter was added by Baldwin [60] who showed another effect,
namely that strong Landau damping of the wave would occur near the plasma
boundary due to thermal effects, seeming to imply that the waves would be
absorbed rather than resonate. This effect is due to the fact that the fluid equations
require the phase velocity to greatly exceed the thermal speed, and while well
satisfied near the turning point as k — 0, the phase velocity approaches the
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Figure 5.6. Schematic diagram of waveguide partially filled with cold plasma.

thermal speed at the plasma edge as the density approaches zero, and the wave
damps through Landau damping. The fact that resonances still occur is due
entirely to the fact that the wave energy is transferred to particles that reflect
at the static potential barrier at the wall and reconstruct the wave as they re-
enter the plasma. This effect was dramatically demonstrated in studies with
a weak magnetic field where it was expected that the resonances would split
by the gyrofrequency, but in fact by the time the two peaks could barely be
resolved on the main resonance, the higher resonances were washed away and
the main resonance was greatly broadened, as if strongly damped. This can
easily be understood when one realizes that the small amount of curvature in the
Larmor orbits of the electrons would dramatically affect the efficiency of the wave
reconstruction due to the spread in phase. This interpretation also gives strong
evidence that Landau damping is reversible (see chapters 4 and 7), indicating that
even though the waves may completely damp out, the information remains in the
particles until collisions or some other randomizing process is able to destroy it.

Problem 5.3.3. Estimates of the Tonks—Dattner Resonances.  Estimate the
frequencies of the three lowest resonances for Keif = 2.1 and a? /k% = 500
and compare these with the data in figure 5.5.

5.3.2 Surface waves in a partially-filled plasma waveguide

For the case where By = 0, the dielectric tensor reduces to a scalar and the
electrostatic approximation is no longer necessary to simplify the problem. We
consider a case where the plasma is cold and uniform out to radius @ and vacuum
from radius « to radius b where there is a conducting waveguide. This geometry
is sketched in figure 5.6.

In this case, the wave equation with dielectric constant 1 — wi J? in the
plasma is the same for both By, and E1,, and is given by

2 2
2 w @p 2 Ey; _
{Vl+|:c_2<1_¥>—kj|}<3u)_0 O<r<a  (538)
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and in the vacuum region the wave equation is

w? E
v?2 i ) =0 b. 5.39
|:l+(c2 <Blz) a<r< ( )

Since the wave fields may be derived from either E, or Bi,, we refer to
the corresponding wave fields as E-modes or B-modes, respectively. In the case
of circular symmetry, they are uncoupled, but for the more general case, a linear
combination of the two modes is necessary to satisfy boundary conditions. The
two uncoupled solutions are distinct because the boundary conditions at the wall
are different. We shall investigate only the cylindrically symmetric solutions in
this example.

For waves with v, < ¢ (k > o/c), the cylindrically symmetric solution for
the E-mode that is regular at the origin may be written as

Io(zr) cilkz—or)

0 <
Ei.= 1\ "Io(xa) ' =r=d (5.40)
(Blo(zor) + CKo(tor))elka—en a<r<b
where
2 2
R Sl (5.41)
C C
2 2 w?
5 =k* — = (5.42)

and B and C may be obtained by the boundary conditions which require the
tangential E to be continuous at ¢ and to vanish at b. This results in

Io(zor) Ko(tob) — Io(tob) Ko(zor) eilkz—or)
Io(zoa) Ko(tob) — Io(Tob) Ko(Toa)

Ei,=A

In these expressions, Iy and K are the modified Bessel functions of the first and
second kind, and Ko(x) is singular at the origin. Imposing the final boundary
condition that tangential B given by

iw(l — a)f,/a)z) dEq,

0<r<a

2.2 d
B — .t r 5.44
o iw dEq; d<r<b ( )

22
tyc? dr

be continuous at the boundary leads to the dispersion relation

(5.45)

(1 wi) I Ii(za) 1 Ii(z0a)Ko(tob) + Io(tob) K1(toa)
0)2

~ w? ) taly(ra)  wa lo(t0a)Ko(tob) — lo(tob) Ko(toa)”
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One approximate solution of equation (5.45) may be obtained by allowing

b/a — oo. In this case, since Ip(x) o e¢* and Ko(x) ox e ™ as x — 00, we

require B = 0 in equation (5.40), and the dispersion relation simplifies to
| _ @ __1a Ki(na) Io(ta)

w? t0a Ko(tpa) Ii(ta) (5:46)

and it is plotted in figure 5.7 for various values of wpa/c. The saturation for
large k may be obtained by assuming tpa to be large in which case the dispersion
relation may be simplified even further to

2 w2 -
K== 1+(—§— ) . (5.47)
w

In this form, it may be seen that k — oo as w — wp/ V2 so that these surface
waves represent traveling waves on the plasma column and the Tonks—Dattner
resonances represent the v, = w/k — 0 limit. In the opposite limit, v, — ¢
as k becomes small. In the high density limit, as w,a/c becomes large, v, — c,
but in this case it was shown by Trivelpiece and Gould [54] that the wave energy
becomes highly localized near the plasma boundary and the plasma behaves much
like a conductor. These surface waves are commonly referred to as Trivelpiece—
Gould modes.

There are no corresponding B-modes with v, < c, but there are B-modes

with v, > ¢ such thatw >  [k?c? + w%,. For this case,

AJo(kr)eike=en r<a
B, = ) (5.48)
’ [BJo(kor) + CYo(kpor)leitke—en a<r<b
lz)—AJl (kJ_r)ei(kZ’*‘“t) r<a
Eip = i(j ' (5.49)
T [BJilkLor) +CYy (kpor)lel®=e) q<r<b
10

where
2 2
w” — W
B=—=L k>0
2
c
2
2 W 2
kLO_?_k >O.
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Figure 5.7. Dispersion relation for surface waves on an unmagnetized plasma column of
radius a. Full curves are for b/a — oo (from [54]), while dashed curves are for b/a = 1.5.

Problem 5.3.4. Wave equations in plasma and vacuum. Verify equations (5.38)
and (5.39).

Problem 5.3.5. Surface wave dispersion relation. Fill in the steps leading to
equation (5.47).

Problem 5.3.6. B-mode dispersion relation. Find the dispersion relation for the
B-mode with v, > ¢ starting with equations (5.48) and (5.49).

Problem 5.3.7. The unbounded finite column. For wya/c = 1 and tpa = 2, find
w/wp and ka and sketch E, (r)/ E,(0) as a function of r /a for the case b/a — oo.

5.4 Electrostatic waves on a plasma column in a magnetic
field

Before launching into the general plasma-filled waveguide problem, we first
consider electrostatic waves, also called slow waves because their phase velocity
is low, or space charge waves since the charge density fluctuates. This
simplification is unnecessary as B — oo or B — 0, but is useful for intermediate
cases. Assuming charge neutrality in a cold plasma, Poisson’s equation becomes

V-eoK- Vo =0 (5.50)
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with a cold magnetized plasma dielectric tensor of the form of equation (2.10):

Ki Koy O
K= —-K, K;i O . (5.51)
0 0 K3

Assuming a wavelike potential, i.e. ¢ = @1 (r)elkz=eD " then equation (5.50)
becomes
(K1V3 — K3kD)g1 =0 (5.52)

where Vi = V? — 32/98z>. Solutions in cylindrical coordinates are

o0
01 = Y [Ann(kir) + By Yp(kpr)leltetmo=en (5.53)
m=0
with X
K3 = —kf;? (5.54)

and since we wish to have regular solutions at » = 0, we must have B,, = 0. For
a conducting waveguide, we require the tangential field to vanish at the wall at
r = a, so we must have

Jnkia) =0 SO kia = pmv (5.55)

where p;,, is the vth zero of the Bessel function of order m.

The electrostatic approximation is valid near the electron plasma frequency
and the electron cyclotron frequency for sufficiently small a, so we will neglect
the ion motion in K and K3. The dispersion relation for the space charge waves

is then given by
2 1— (1)2 (1)2
(p'"”) _ o lmener (5.56)
k;a 1+ w5, /(w7 —®)

The dispersion relation for these electrostatic waves is shown in figure 5.8
for wp > wee and w, < wce. It is apparent that the higher frequency branch
begins at the upper hybrid resonance and ends at the higher of w, or w¢.. This
upper branch is a backward wave, since w decreases with increasing k. The lower
branch propagates down to zero frequency, but in that limit, the ion motion must
be included.

It is interesting to note that as By — 0, the higher frequency branch reduces
to the plasma resonance, ® = w,, and the lower branch collapses, so that no
propagation can occur in an unmagnetized plasma column in a waveguide. With a
vacuum layer between the plasma and the conducting wall, however, propagation
again becomes possible in this limit. The waves in this case are called surface
waves because they carry most of the wave energy in the vacuum region and
may only penetrate a short distance into the plasma. The characteristics of these
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Figure 5.8. Dispersion relations for electrostatic waves for the cases (a) wce > wp and (b)
wp > wee With kj a = 3.83.

surface waves were demonstrated by Trivelpiece and Gould [54] on a plasma
column similar to that used in the scattering resonance experiments.

Problem 5.4.1. The effects of ion motions. Derive and sketch the dispersion
relation for low frequencies where ion motions are important. Label any new
resonances or cutoffs on the sketch.

Problem 5.4.2. Effects of a vacuum layer. Consider a vacuum layer between the
plasma radius a and the conducting wall radius b.

(i) Derive the dispersion relation for this case.

(i) Show that propagation can occur for the case By — 0.

(iii) Sketch the dispersion relations for By # 0 and for By = 0.

(iv) Derive an expression for the power flow in this problem and sketch the
power flow as a function of radius.

(v) Note any cases where the electrostatic approximation fails.

5.5 Cold plasma-filled waveguide

5.5.1 The dispersion relation

For our most general example, the plasma model is a uniform cold magnetized
plasma in a cylindrical conducting waveguide and the restrictions of the previous
cases are removed. In this case, the plasma is represented by a dielectric tensor of
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the form of equation (5.51),

K K, O
K= —-K>» K1 O (5.57)
0 0 Kj3

and for convenience we again define the related tensor

2 k1 k2 O
w
K= -2 «© 0 |. (5.58)
¢ 0 0 «3

The electric fields are assumed to propagate down the waveguide in the z-
direction, so the wave fields may be represented by the expression

E = E(r)elkestmo=en, (5.59)

With this dependence, 9/00 — im, 0/dz — ik;, and 3/0t — —iw so that the
components of the Maxwell equations

V x E =iwB
VxB=—"K-E
c
may be written as
im . .
(VX E),=—E, —ik;Eg =iwB, (5.60)
r
d
(Vx E)g =ik, E, — d—EZ = iwBy (5.61)
r
1d im .
(Vx E), =——(rEyp) — —E, =iwB, (5.62)
rdr r
im . i
(VxB), = TBZ — ik, By = —;(qu, + k2 Eg) (5.63)
d i
(Vx B)g =ik,B, — —B; = ——(—k2E, + k1 Ep) (5.64)
dr w
1d im i
(VxB),=—-—(Bp) — —B = ——(3E). (5.65)
rdr r w

We will solve this set of equations by solving first for the transverse
components in terms of E, and B,. For example, solving equation (5.60) for
iB, and using this in equation (5.64) and rearranging, we obtain

k d
k2Ey +yEg = %EZ tio B; (5.66)

where y = kz2 — k1. Similarly, solving equation (5.61) for iBg and using the result
in equation (5.63), the result may be expressed as

d
VE, —iEg = "2 B — ik, —E.. (5.67)
r dr
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These two equations may then be solved for E, and Ey with the result expressed

as
E, =aV,E,+bV B, +cée, xV, E,+deé, x VB, (5.68)
where V) =V —¢,0/0z, E; = E — ¢,E, and the coefficients are given by
ik ik i i
a=——2 = R o P2 = Y (569
y2+/<2 )/2+K2 y2+/<2 y2+

Similar methods lead to the expression for the transverse B:
B, = pV,E,+aViB,+qé; x VIE, +ce; x V1 B, (5.70)

where )
ikZic i(k1y —«3)
p=——° q= 72 (5.71)
w(J/ +3) o(y?+«3)

These expressions for the transverse components may now be substituted
into equation (5.62) with the result

¢ViE, +dV3B, —iwB, =0 (5.72)

and into equation (5.65) with the result
5 5 k3
cVJ_BZ—i-qVJ_EZ—i-;EZ =0. (5.73)

These two equations are coupled, and lead to a fourth order equation in either
B, or E,. The fourth order equations are obtained by taking the Vi of both
equations (5.72) and (5.73), eliminating Vi B, between them (to find the equation
for E;) and eliminating ViBZ from the result from equation (5.73) so that the
equation for E, may be written as

(2 — qd)V* idi3 '\ .2 .
¢ —qd)V]E;, + |iwg — —a) VIE;, —k3E; =0. (5.74)

The equation for B, is obtained similarly, with the result
2 4 idis
(¢ —qd)V|B, + 1a)q—— VJ_B —x3B;, =0 (5.75)
1)
so the two equations are identical.

Because the coefficients are constants, the fourth order equations can also be
written as

E
(V2 + K2 )(V2 +k2,) ( 5 ) =0 (5.76)
Z
where kil and kb are the two solutions of the quadratic equation
2 4 idk3
(c” —qd)k] — 1a)q—7 kJ_—K3—O (5.77)
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Since the two factors commute in a uniform plasma, it must be that each factor
has solutions which are regular at the origin of the form

oo
O(r0)= Y Amlnkrr)e™

m=—00

so that B; must be simply proportional to E, such that B, = & and E; = a®
with « a constant. Then the general solutions are of the form

o
B(r,0,2,0) = Y AplJn(kiir) + tnJm(kiar)]e®etm=en (5,78

m=—0oQ

o
E.(r,0,2,0)= Y Aplaindn(kiir) + aomTn I (kiar)]eleetmd=en
m=—0oQ

(5.79)

where o1 and ap are the roots of the quadratic equation for o which may be
obtained by using B, = ® and E, = a® in equation (5.72) and equation (5.73)
and letting the determinant of coefficients of ® and Vicb vanish. The relationship
between o and k; may be obtained from equation (5.72) by noting from
equation (5.76) that VJZ_CID = —kiCID, with the result

LR =12 (5.80)
LT dtaje J= '
The quadratic is written most conveniently from equation (5.77) in terms of
k| as
K1k2 IC2
(y* +i3) |:)/2+K22+ykf_+ KL (V—K—2+ki)j| =0 (5.81)
3 1

which must be solved simultaneously with the boundary value problem.

The first factor in equation (5.81) does not vanish by assumption, since it
was in the denominator of all the factors of equation (5.69) and equation (5.71).
If it should vanish, then we must rederive the subsequent expressions, and it may
be shown that it leads to a transverse electro magnetic (TEM) mode (no E, or
B;) that requires a central conductor in order to satisfy the boundary conditions.
These effectively represent the coaxial cable modes, and do not exist in a simply
connected waveguide.

The remaining factor,

G2+ 3+ + K k(y +K3) — k31 =0 (5.82)

is the dispersion relation for a cold uniform plasma and is identical to the infinite
cold plasma dispersion relation of equation (2.21) except that now & is subject
to boundary conditions.
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Problem 5.5.1. Derive the expressions for a, b, ¢, d, p, and g of equations (5.69)
and (5.71) and prove that pd —ac = 0and ab + c¢d = 0.

5.5.2 Wave fields and boundary conditions

The fully coupled electric and magnetic field components for the plasma-filled
waveguide are given by

E= )% En(ret=tmi=en (5.83)
m v

B =% B (retztmi=en (5.84)
m v

where the summation over v is over the various roots of the transcendental
dispersion relation—boundary condition pair for fixed azimuthal mode number .
In the following expressions, the v subscript is suppressed, but it would normally
appear with the quantities k| | and k| » and all quantities which involve these. The
components of the fields then are given by

B = AnlJm(k1r) + Tt I (k127)] (5.85)

J! (k J (k
B, :iszm|: (kir) v, 7 ( ur)}
k1o

L k1A [ 5 Jma;nm o Jmazur)}
k k
11 12

J (kiir) o pa J, (kur)i|
ki1 kio

ki1

5.86
rk;Kk2 ( )

iK1 Ap

B@m = I:,Bl

koKko

(5.87)

m

mkz A | Jm(kL1r) Jm(k12r)
- k2 k2
11 12

r

wk1A

En= Z(B1Im(k11r) + T Badm (ki2r)] (5.88)
kokok3
iwA J (k J(k

. — @An [81 o (KL1r) t 8 i J_Z"):|

K2 11 12

(5.89)

m 2

2
r k7 12

 mwAy [Jm(km) Jm(kur)}

k2

ri2 11 12

A I (k I (k
Egy = _mw m |:31 nz(ler)+Tm52 m ( l2”)i|

I (kyyr) g (kur)} (5.90)

—iwA U +t
wm|: ki1 " ki
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where

IC2

and y = k? — K.

The boundary conditions in this case are very simple when the plasma
completely fills the waveguide, since the tangential E must vanish at the wall
at radius a. This leads to the two conditions

BrIm(kria) + tmPaIm(ki2a) =0 (5.91)
J! (k J! (k i I (k I (k
w(k11a) v, m(k12a) _ im 5 m(2lla)+z_m52 m(ZLZCl) '
ki kio aky k1, k7,
(5.92)

Eliminating t,, between these two conditions, the result may be written as

ims, 1 Jy(kia)  imé 1 J(ki2a)
K aopy kuiprImkinia) ki yakaBy kiaBe Im(kina)

(5.93)

Equations (5.93) and (5.82) represent a transcendental pair of equations which
must be solved numerically where the values of k| | and k| ; are determined from
the quadratic roots of equation (5.82). Before examining some of the cases that
exhibit the transcendental character, we will again look at some special cases.

Problem 5.5.2. Field components in cylindrical coordinates. Using the various
definitions and the dispersion relation equation (5.82), show that the field
components are of the form given in equations (5.85) through (5.90).

Problem 5.5.3. Waveguide cutoff frequencies. For the waveguide cutoff problem,
the coupled modes simplify and there are two separate cutoff frequencies.

(i) Show that at cutoff, the dispersion relation can be factored as
(k? + k3 — k1k3) (3 — k) = 0.

(ii) Show that for the circularly symmetric modes, the fields are uncoupled,
i.e. that the first factor (case 1) is associated with B;, Ep, and E, and the
second factor (case 2) is associated with £, and By.

(iii) Find the boundary condition and the values of k| for each case (m = 0).
(iv) Find expressions for the cutoff frequency for each case and show that
one is equivalent to the infinite magnetic field case. For case 1, find explicit
expressions for the cutoff frequency for

(a) low frequency, w ~ w¢i, 2> V2 and

(b) high frequency, w ~ wce ~ Wpe.
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5.5.3 MHD approximation—e» < w.;

For frequencies well below the ion cyclotron frequency, K; and K, are
approximately related as

w w
Kr~—K|— 0 as — =0
Wei Wci

so we can neglect . In this case, the dispersion relation can be factored into

k2
(y +k%) (y + t:‘) . (5.94)

The fact that the dispersion relation may be factored is an indication that equations
(5.72) and (5.73) are uncoupled. In this case it is due to the fact that ¢ — 0 as
Ky — 0, so they become

dV2 B, —iwB, =0 (5.95)
qV3IE, + Mg —o. (5.96)
w

The transverse wavenumber from equation (5.95) is
i
ki:—gw =—y (with kp — 0)

so that
y+k1 =0 (5.97)

is the dispersion relation for this case. The wave is a TE mode, since there is no
E, component. The boundary condition is only on Ey, namely

Eg(a) < J,,(kia) =0 ) kia = p,, (5.98)

and the dispersion relation can then be written in the form

2
wda 2
(k:a)® = (V—A> — Pho (5.99)
where the approximation,
2

P/
-2 T 2
oy Vi

has been used. This dispersion relation is identical to that of electromagnetic
waves in an empty cylindrical waveguide except that the effective dielectric
constant is Keff = c2/ Vﬁ.

The cutoff frequencies are given by

weo = k1 Va = pl,, Va/a. (5.100)
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For circularly symmetric modes, Jj(x) = —Ji(x), so p,, = pn =
3.83,7.01,10.17, ..., etc. For the lowest cutoff frequency, however, one must
choose m = =1, since the lowest root of J{(x) = 01is p}, = 1.84.

The second factor of equation (5.94) corresponds to equation (5.96) so the
waves are transverse magnetic (TM) modes (no B, component) and the boundary
condition is on E; which is given by

E.(a) x Jy(k1a) =0 SO kia= pmy (5.101)

and the dispersion relation is

2 2
y=—S2 s & %[H(”m”)] (5.102)

[

K3 f Wpea

if wp; > w¢;. The dispersion relation is the same as the electrostatic dispersion
relation except that the electrostatic case demands |ki/K3| > 1 which is
always satisfied for sufficiently small a. The electrostatic case leads to k? ~
(w? /wcewci)ki at low frequency. It should be noted that equation (5.102) has
no cutoff, so TM modes propagate down to zero frequency. These waves are the
slow Alfvén waves that exhibit the ion cyclotron resonance. Their absence of any
waveguide cutoff is due to their torsional character and the fact that the group
velocity is parallel to the waveguide, minimizing any wall interactions.

Problem 5.5.4. TE and TM modes in the MHD limit. Find expressions for all
the field components for these two MHD cases, and show that the TE modes are
compressional and the TM modes are torsional (i.e. that the static magnetic field
is either compressed or twisted). Sketch the field patterns for the lowest m = 1
mode for each case.

5.5.4 Intermediate frequency case—w ™~ w,; < ®p

When o >~ w,;, another approximation can be made by assuming that |ki /3| K
1. We also note that in this frequency range, «3 =~ —a)lf,/c2 and k] >~ kp =~ a)2/Vj
unless w is too close to w,;. Then k1 /k3 >~ m,/m; so the approximation is called
the neglect of electron inertia and we take k3 — oo. In this case the dispersion
relation simplifies to

yr4id+yki =0 (5.103)

or writing this another way,
k2 =k — 3kT £1GKD)? — 312 (5.104)

so there are two branches for the same k| . From equation (5.88), k3 — 0o means
E, — 0, so the boundary condition is only on Eg and both solutions are TE
modes. For circularly symmetric modes, we have

Ep(a) x Ji(kia)=0 so ki = pi/a. (5.105)
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Figure 5.9. The transition from TM to TE for the torsional Alfvén wave in a conducting
waveguide. (From [55].)

When we compare the results with the MHD approximation w/w.; — 0, we get
disagreement as both here are TE modes and the MHD approximation yielded
one TE mode and one TM mode, and one of the values of k| appears to change
from 3.83/a to 2.405/a as w/w.; — 0. This can be understood by observing that

_kBiky  wei ki Va (kic g
Kkik, o o

E;
‘— (5.106)

Ey

Wpe

so for sufficiently low frequency, E, > Ejy, so that the boundary condition is
dominated by E,. However, for kic/wp. < 1, there is a range of frequencies
below the ion cyclotron frequency where Ey > E;, so the Ey component
dominates the boundary condition. Thus the transition does occur at some
intermediate (but low) frequency, and the full transcendental set of equations
must be solved to find the crossover. An example of the transition is shown in
figure 5.9. In order to get a better picture of the dispersion characteristics in
this frequency range, we first let @ — w,; so that x| and k> become large. Since
K1 — a)2/V§(l —a)2/a)§i) and kp — i(a)/a)ci)lcl,/c12+/c22 — a)4/V§(l —a)2/a)§i)
so the dominant terms in the dispersion relation all have the same resonant
denominator, and the approximate solutions are

LI il -k fast w (5.107)
- ast wave .

z 2 V/% 1 Vi

5 2

ki — — slow wave. (5.108)
' VA (I —w/w)

These dispersion relations are plotted in figure 5.10, and show the resonance for
the slow Alfvén wave and the breaking away of the fast Alfvén wave from the
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Figure 5.10. The dispersion relation for the fast and slow Alfvén waves in a conducting
waveguide.

Alfvén distribution function speed at higher frequency. In this approximation, the
cutoff frequency is still given by equation (5.100) if ¢2/ Vf% > 1.

5.5.5 Mode orthogonality and power flow

In this section, the plasma is assumed to be cold as before, but it may be lossy,
so that the dielectric tensor may not be Hermitian. We then choose to solve the
Maxwell equations for E, B, E and B where the tilde fields satisfy the Maxwell
equations with K, the transpose of K (for the lossless case, (K), . (K)’;l) Then
for each individual mode that satisfies the appropriate dispersion relation and
boundary conditions, we have

V x E, =ioB, V x E, =iwB,
i ) o (5.109)
Vx By =-—K-E, Vx By =-5K-E,

where the subscripts © and v each indicate the combination of a radial and an
azimuthal mode. We now examine the vector identity,

V-(E,xB)=B,-VxE,—E,-VxB,
—iwB, - B, + = E, -K-E,. (5.110)
C
Similarly,

V-(E,xB,)=B,-VxE,—E,-VxB,

Copyright © 2003 IOP Publishing Ltd.



~ iw
2

=iwB, -B,+ —E, K-E, (5.111)

c
and subtracting equation (5.111) from equation (5.110), we obtain

- - 1w -~ . -
V-(EMXBV—EVXBM)=—2(EM-K-EU—EV-K-EM)EO. (5.112)
C

The quantity in the last parentheses is identically zero for any two vectors and any
tensor, so it is a tensor identity. Now from Gauss’ theorem,

/ V-(E,xB,—E,xB,)dV = (E,xB,—E,xB,)-dS =0 (5.113)
Vol Surf

where we choose the surface of the volume as the cylindrical waveguide boundary
and two circular ends, one at z; and one at z. We note that (E x B) - ¢, involves
either E, By or Eg B,, but since both Ey and E; vanish at the conducting boundary,
the waveguide surface contribution to the integral vanishes. The contribution at
each end involves (E x B) - ¢, which has Ey B, and E, By or only transverse ()
components of the fields. Factoring the z-dependence out of the integral, we have

[ei("”“rkz“)z‘ - ei(k”‘JrkZ“)“]/ (ELy x By, — E1, x Byy)-6:dS=0.

Area
(5.114)
Assuming z1 # 72, we find that the integral over a cross section is zero unless
kzy = —kzy, 50
/ (Eiyx By —E1y x BLy)-&:dS = Pesy ¢ (5.115)
Area b N

which is the basic orthogonality integral.
Now the Maxwell equations are invariant under a reflection (k, — —k;) if

E,(—k;) = — Ei(k;)
By (—k;) = B (k;)
E (—k;) = E;(k;)
B (—k;) = — B;(k;)
K.x(—k;) = — K;x(k;) (= 0in the cold plasma)

and we can use these reflection symmetries to write the orthogonality integral in
a different way, letting k;, — —k;,, so that

/ (Eiy x By, — (—EyL,)) x Bi,)-é,dS = Qudi, i (5.116)
Area b

ra

Adding the two integrals leads to the simpler result

2/ (EJ_,u X BJ_V) . éZ dS = P,uak_‘ _]z— + Qﬂak.‘ ];7 . (5117)
Area > Kz Kz

Copyright © 2003 IOP Publishing Ltd.



We note at this point that K can be obtained from K by changing the sign of the
static magnetic field (By — — Bp), which in a cold plasma changes K, — —K>.
Therefore the dispersion relation, which is a function of K22 only, is unchanged
for K — R and its solutions must be unchanged, so k;, = I;Z,,. Thus we can
again simplify equation (5.117) as

2/ (Eiy x B1y)-6.dS = Pudi, ., + Quble, k- (5.118)
Area

Then we note from equations (5.86) and (5.87) that (using double subscripts to
denote both the azimuthal mode number m and the radial mode numbers u and

V)

Brmy = Br(fm)v and é@mv = _BG(fm)v (5.119)

so the orthogonality integral,

2r  pa
2/ / (ErmuBva - EQmp,Brmv)r drdf = Puakw,—kz,, + Quakw,kw
0 0

using equation (5.119), becomes

a
477/ (ErmuBQ(—m)v + E(-?muBr(—m)v)r dr = _(Puakm,fkw + Quakm,kw)'
0
(5.120)
When u = v, the orthogonality relation yields the power flow down the
waveguide. When the plasma is lossless, then K = K*, and the tilde is replaced
everywhere by the complex conjugate operator.

5.5.6 Antenna problems
5.5.6.1 Excitation coefficient for a current loop

Here we consider a loop of radius b inside a waveguide of radius a, with b < a,
carrying a current / in the z = 0 plane. See figure 5.11 for the geometry of the
loop and figure 5.12 for the field it produces in its immediate vicinity.

If the loop is circularly symmetric, it will excite only circularly symmetric
modes, and we will treat only this case although the extension to arbitrary 6-
dependence is not greatly different.

If we now examine the symmetries as z — 0, then any field component of
the form F (k, z) = A(k)e'* has the symmetries represented by

F(k,—2) = A(k)e ™ = A(—=k)e'¥* = F(—k, 2) (5.121)

and since we will be letting z — 0, we will denote the fields by F (£k) instead of
F(£z). We now define the jump condition which is defined by

[B]= lim [B1(z) — BL(—2)] (5.122)
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Figure 5.12. Magnetic fields produced by a current loop.

so that using equation (5.121) this may be written as

[B1] = [B,(k) — B, (—k)1é, + [Ba (k) — Bg(—k)1ég
= [B, (k) — B,(—k)1é, + [~ By (k) + By(k)1ég (5.123)
= uold(r — b)e,

where we have used I§r = B, I§9 = —By, and B (—k) = — B (k) in the second
line and Ampere’s law in the third line. We also examine the quantity

B (k) + BL(—k) = [B,(k) + B, (=k)1é, + [ By (k) + Ba(—k)1ég
= [By(k) — Br(k)]er — [Bo(k) — Bo(—k)]eg
=0 (5.124)
where we have used the same symmetries as before for the vanishing of the B,
component, and again used Ampere’s law for the vanishing of the By component.
It is presumed here that each field component is a sum over all the radial modes

in order to completely describe the fields of the loop.
Now we can construct the products needed for the orthogonality integral:

(Eiy+E1,) x [BL(k) — BL(—)] = (E1, + E1,) x pol8(r — b)é,
(Eiy—E ) x [BL(k)+ BL(—k)]=0
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and adding these we obtain

(Eiy+ E1,) x [Bi(k) — BL(—k)]+ (E1, — E1y) x [BL(k) + BL(—k)]
=2(E1, x Bl + E1, x B1) = —2u0l Eg,8(r — b)é,
(5.125)

providing A = Ay. Integrating over the cross section, then, we obtain
/ (EJ_MXEJ_+EJ_MXBJ_)'éZdS=—/ wol Egu8(r —b)dS (5.126)
Area Area

and using the orthogonality relation and the delta function, this reduces to
a 2
—471/ (ErpBoy + EguBrp)rdr = —[,L()bEQM(b)/ 1(6)de.  (5.127)
0 0

If the loop current is independent of 8, then the integral on the right is fo2 TI1do =
27 8m0 and only circularly symmetric modes are excited. Introducing the notation
that E,, = A,&, and By, = A,B,,, equation (5.127) allows us to find the
amplitude for each mode A, as

A — wolb&, (b)
B2 [ (ErpBoy + EouBr)r dr’

(5.128)

The impedance of the loop antenna is then directly obtained from Vy =
2nbEy = I Z where the resistance R = Re(Z) and the inductance L = Im(Z2).
This leads to the expression

2 Z uonbzggu
S Jo ErBoy + EouBryyr dr

(5.129)

Problem 5.5.5. Excitation coefficient symmetry. Show that if Au # A, the
integral in equation (5.128) is equal to ZAMAM/(AM + AM). Then show that in
fact, A, = Ay.

5.5.6.2 Low frequency, compressional mode excitation

In order to avoid the complexity of the coupled mode expressions, we assume
o K ¢ (the MHD approximation) so that the simpler orthogonality relations of
Bessel functions can be used. In this case, for the compressional mode, By — 0,
so [ Bg] is not needed. We still have

[B/] = pold(r —b)
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from the general treatment. The dispersion relation from equations (5.97) and
(5.99) may be written as

2
w
2= 2
zZv 2 ERY
Vi
with the boundary condition from equation (5.98) for circularly symmetric modes

being given by
kiya =3.83,7,01,....

The principal fields are B,, B;, and Ejy. In particular,

ikzy
Byy = ———A,Ji(kLyr)
kLv
SO A
i .
B (x2)=F Z ]ij_ - Ji (kJ_vr)elkzvlz‘
" v

for k;, > 0. Then the jump condition gives
ik A
[Bl=-2)" i) = nold(r = b).
v v

In order to use the orthogonality properties of Ji (k1,7), we multiply by J; (k1 ,r)
and integrate:

a a ikZVAV
ol | Jitki,r)8(r —byrdr =-2%" N1k i (krr dr
0 b YO0 dv

which reduces to

ik, Apa®

pol Ji(k1ub)b = — Jg (k1 a)

Lu
due to the Bessel function orthogonality relations,

2
a a
/ Jn (k1 r) Ik L pr)rdr = { E[Ji;z(kJ-Ma)]z H=v
0 0 w#v

if Jy(k1ya) = Jy(kiva) = 0. The excitation coefficient is then given by

_ipolbkyy Ji(kyb)

= . (5.130)
g kzuaz Joz(kiua)
The B, component of the field can then be written as
inolb kivJi(k1vb -
B.(r, 2, w) = 1“{;)2 Z LJikLy )Jo(klvr)el(kzuz—wt) (5.131)

kzvj()z(kJ_va)

Y
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where k?v = (a)2 — a)ﬁ) / Vj where w, = k1, V4 is the cutoff frequency for radial
mode v. Itis possible to adjust b to eliminate one radial mode, but in general there
are an infinite number of modes.

Problem 5.5.6. Compressional mode excitation coefficients. Find the ratio b/a
which will eliminate the second radial mode, and then calculate the relative
amplitudes of the next three radial modes (v = 3,4, 5) relative to the lowest
mode. Assume w = 6w;j.

5.5.6.3 Impulse response

For this same MHD case, it is instructive to examine the time dependence of the
response for a given input instead of looking only at the steady state response
of equation (5.131). Since k;, depends on w, a nonsinusoidal disturbance will
be distorted as it propagates down the waveguide. For a specific example, we
consider the response to an impulse so that we assume the current has the time

dependence
I(1) = 15(1) =/ femion 22
oo 2
We then construct B,(r,z,t) by superposition and do the inverse Fourier
transform,
Ib —~kiyJi(kiyb ellkvi=an) g
B.(rz.1) = Moz iv2 1(kLy )J (klvr)/
a ~  JykLva —ikzy ik 27

and using the dispersion relation for k;, (), the integral is tabulated with the
result

e
/oo etesme do _ : Jonf =2/ VD) 1>/ Va (5.132)
—00

—ikyy 27 0 t <z/Vy.

Each radial mode has a similar time dependence, each of which is of the form
shown in figure 5.13, and the total B; is the sum of such terms. We can understand
the response by noting first that v, < V4 always, so nothing can appear before
the Alfvén transit time ¢ = z/ V4. Then the high frequencies appear first and give
the sharp initial rise, and then, since vg — 0 as the frequency nears the cutoff
frequency, the long time behavior exhibits an oscillation which approaches the
cutoff frequency since for large arguments,

Jo(wyt) ~ e @+ 1.
For realistic waveguides where there is some loss going down the guide, the

higher modes damp more quickly and round off the sharp rise, and the long time
behavior is dominated by the cutoff frequency of the lowest mode.
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Figure 5.13. Impulse response for a single radial mode for the compressional Alfvén wave

(MHD approximation).

Compressional wave antenna Compressional wave probe

5 . 4 :
Torsional wave antenna Torsional wave detector

Figure 5.14. Schematic diagram of an experiment for Alfvén wave measurements. The
electrodes at each end launch and detect the m = 0 torsional Alfvén wave since E, is
dominant while the loop antenna and B; probe launch and detect the m = 0 compressional
Alfvén wave where B; is dominant.

5.5.7 Experiments in plasma-filled waveguides
5.5.7.1 Torsional wave experiments

Although some early measurements of the Alfvén wave were made by Lehnert
in liquid sodium [62], the damping was so strong that the results were marginal
at best in demonstrating the wave characteristics. Definitive measurements were
made by Wilcox et al [63], who measured the propagation in a copper tube filled
with cold (~1 eV) plasma immersed in a magnetic field. The configuration was
similar to the one shown in figure 5.14 where the wave was launched by applying
a voltage between the central electrode and the wall, producing an E, and a By.
Wilcox et al measured the propagation speed and observed reflections from the
far end of the tube, which in their case had a matching electrode at both ends.

Copyright © 2003 IOP Publishing Ltd.



A
V

ta

%
§.\)\

\UNADS
\// \«/ N4

— s
Sl
\.

. 2

Figure 5.15. Impulse response for the fast wave in a plasma-filled waveguide; full
curve, experimental results (from photograph, where the upper trace is the driving signal);
dot-dashed curve, theoretical response (from ‘best fit’ parameters). The horizontal scale is
0.2 ps/division. (From [55].)

5.5.7.2  Compressional wave experiments

Using a similar device to the one used by Wilcox et al, the more dramatic effects
of the waveguide on fast wave propagation was observed by Swanson et al [55],
and Jephcott and Malein [56]. In these experiments, the source was either a
near impulse (a critically damped sine wave) [55] or a pulsed oscillator [56].
Because these measurements were done near the ion cyclotron frequency, the
impulse response deviated from figure 5.13 because the higher frequencies arrived
faster than V4 (see figure 5.10), and because the damping was strong enough
that the long time amplitude was exponentially decaying rather than varying as
t~1/2. This is evident in equation (5.15) where the peak amplitude arrived near
the Alfvén transit time (f4 = z/V4) and the final observed frequency was very
nearly the waveguide cutoff frequency.

One great advantage of finding the impulse response is that the Fourier
transform of the impulse response is the dispersion relation. The Fourier
transform of figure 5.15 is shown in figure 5.16 where both the phase (@ versus
k;) and amplitude are shown. The dispersion relation is shown compared with
an analytical model including electron—ion collisions and ion—neutral collisions
and the full transcendental boundary conditions. The collisions prevent a sharp
cutoff, but there is general agreement with the theoretical model which is based on
‘best fit” parameters for the percentage ionization, electron temperature, and the
ion—neutral cross section. Using these parameters, an expected impulse response
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Figure 5.16. Fourier transform of the measured impulse response where k, = 8’ +ia’: (a)
dispersion relation for the fast wave; (b) attenuation factor versus frequency. (From [55].)

was calculated and is shown in the dot-dash pattern of figure 5.15. The amplitude
plot (figure 5.16(b) shows that the largest amplitude was observed near the cutoff
frequency, as can be seen in the excitation coefficient in equation (5.131) which
is inversely proportional to k, so that the amplitude peaks at cutoff. The radius
of the antenna loop in the experiment was designed to eliminate the second radial
mode, but due to plasma nonuniformities, the amplitude measurements show a
small amount of the second mode and a significant amount of the third radial
mode as evidenced by the absorption minima at each cutoff frequency.

5.5.7.3 Cavity modes

When the length of the waveguide is bounded, then boundary conditions on &,
also exist, and restrict the solutions to eigenfrequencies where the waves are
standing waves in all directions. While all plasma-filled waveguides have finite
dimensions, most linear devices have sufficiently strong damping that cavity
modes are not observed. In a tokamak, however, the wave damping may be very
low, and cavity modes have been observed [64]. In this case, the waveguide
is bent around to close on itself, and though this requires a nonuniform By
and nonuniform density, the cylindrical waveguide analysis is quite pertinent to
these experiments, except that the antennas are invariably outside the plasma
in a vacuum sheath region, and the excitation coefficients are more difficult to
calculate. Both high order azimuthal modes (toroidal direction, so 2w Rok, = ¢,
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£ =0,1,2,...) and radial modes have been observed, many with very high O
(very low loss).

5.6 Conducting wall with vacuum layer, m = 0, 1

For this case, we need to match the fields in the plasma to the vacuum fields,
which are derived from an equation like equation (5.76) except that now there is
only one factor, and the dispersion relation is simple. Thus we have

wj+ﬁ)<21):0 (5.133)
V4
and

2 2 w?

Since k; is the same inside and outside the plasma, then unless k; — 0, we usually
will have ki < 0 in the vacuum region. Thus we define

w2

2 2 2
rP=—ii=k- (5.135)

so that solutions of equation (5.133) will be of the form

o0
Er.z.0)= Y [Buln(Tr) + CpKp(Tr)lelsstimizion (s 136)

m=—0oQ

o0
Bi(r,z,0) = Y [Dpln(Tr) 4 FpKp(Tr)estmeion(5.137)

m=—00

where I,,,(Tr) and K,,(Tr) are the modified Bessel functions of the first and
second kind, respectively, of order m. The TE modes, whose transverse fields
are derived from equation (5.137), are independent of the TM modes, whose
transverse fields are derived from equation (5.136), except when they are coupled
through the boundary conditions to the plasma modes. The transverse fields are
given by (suppressing the common phase factor)

mk; iw , ,
Ey = ﬁ[BmIm(Tr) + Cn K (Tr)] + 7 Pl (T7) + Fu K, (T7)]
iw , , mk;
By = — T—cZ[BmIm(Tr) + Cu K, (Tr)] + 72, PmIn(Tr) + Fyp K (TT)].

If we set the plasma radius at a, where we require Ey, By, E,, and B, to be
continuous (B = uoH, so H; is continuous in the ideal dielectric model), and the
conducting wall to be at radius b, where E, and Ey must vanish, then we have six
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conditions with six unknowns (A, T, Bm, Cm, D, and Fy,). Although we can
immediately obtain
/7
Cn = =B 11<m ((];IZ)) Fm = =D 1?7 ((TTIZ))

m m
from the condition at the conducting wall, this is still a formidable set, and
effectively requires numerical analysis to investigate the implications of adding
the vacuum layer.

Because of the complexity of the results possible for this case, we only
summarize the findings of Paoloni [65], who first investigated the character of
the m = +1, 0, —1 modes in the intermediate frequency range, i.e. in the vicinity
of the ion cyclotron frequency and below. If we define the cutoff frequency for
the fast wave to be

weo =k Vs kL= qZ” (5.138)

then for the lowest radial mode, he found that

Ppo1 < qo1 < P11 (5.139)
P11 < q-11 < po2 (5.140)

but g1 — O for relatively small vacuum layers. This means that the m = +1 fast
wave has no cutoff frequency when the vacuum layer exceeds a few centimeters.
The other azimuthal modes behave as one might expect, with only slight effects
due to the vacuum layer, but this one mode is very different. He also found that the
slow wave was essentially insensitive to boundary conditions, with the dispersion
relation being indistinguishable for the three cases m = 0, £1.

Generally, radial dependences of the m = 0 transverse fields for the fast
waves are the same as for the slow waves, but the fast wave is everywhere right-
handed and the slow wave is everywhere left-handed. For the slow wave, the
m = —1 wave is left-hand polarized at low frequencies, while the m = +1 wave
is right-hand polarized on axis, switching polarization about midway to the outer
radius, but both cases become totally left-handed as @ — w,;. At resonance, the
m = —1 slow wave peaks on the axis, while the m = +1 slow wave has a null on
the axis.

Problem 5.6.1. Boundary condition for vacuum layer in a conducting waveguide.
Find the boundary condition for the case with a uniform plasma out to radius
a and vacuum from a to b where there is a conducting waveguide. This may
be accomplished by first eliminating the vacuum field coefficients from the
conditions on By(a) and Eg(a), then writing each of these expressions with A,,
factored out as B(k11) = 1, B(k12) and E(k11) = Tty E(k12), then eliminating
T, to find an expression of the form U(k 1) — U(k12) = 0. The problem then
is to find a suitable form for U (k). The actual numerical solution then can be
found by finding a root of this transcendental function of k] 1, since the choice of
ki1 — k; — ko through equation (5.82). (Nontrivial problem.)
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5.7 Infinite magnetic field approximation

5.7.1 Cold plasma-filled waveguide in an infinite magnetic field

The approximation of an infinite magnetic field simplifies the problem of wave
propagation to essentially a one-dimensional problem and allows the application
of simple boundary conditions. Experimentally, Landau damping has been
measured in magnetized plasmas because the desired plasma properties were
easier to obtain, but with w., > wp., which we approximate by considering
the field to be infinite. In this case the Maxwell equations for the wave fields are

V x E| = ioB, (5.141)
Vx B = ——2K-E (5.142)
C
V.B =0 (5.143)
V. eoK- Ey = 0. (5.144)

In this special case, as By — o0, the dielectric tensor is especially simple,

10 o0
K| 01! sz (5.145)
)4
00 1-2%

since there are no transverse motions across the field. Taking the curl of
equation (5.141) and substituting in equation (5.142), we obtain

2 w?
V(V-E) - V’E; = —K-E|. (5.146)
C

Using equation (5.145) in equation (5.144), we find

2
1)

V'K'E1=V'|:érEr+99E9+éZEZ (1——§>:|
1)

2

wy, JE
=V'E1——§ L= (5.147)
o> 0z
so that the z-component of equation (5.146) is
2 2 PN
5 10} Wy wy, 0°E,
\Y EZ+c_2<1_¥> EZ_E P (5.148)
Assuming now a wave field of the form
E.(r,0,2,1) = E.(r,0, k;, w)elk:i7D (5.149)
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equation (5.148) becomes
2 2
2 w 2 “p
|:Vl+<c—2—kz> (I_E)} E.=0 (5.150)
with solutions that are regular at the origin given by

o0
E; =) ApJn(kpr)eitztmo=en (5.151)
m=0

2 2
2 ‘0 2 “p
kl=<c—2—k2> (1—3). (5.152)

The boundary condition at the vacuum wall, which is taken to be a perfectly
conducting waveguide, is that the tangential electric field vanish at r = a, so
the boundary condition requires

where

Jn(kra) =0 so kia= pmuy. (5.153)

Using this result, the dispersion relation may be conveniently written as

2.2 2
w-a Pmv

2 1 _ 2.2
c la)p/a)

(kya)?* = (5.154)

The dispersion relation of equation (5.154) is plotted in figure 5.17 where
a number of things should be noted. The upper propagating branch of the
dispersion relation represents ordinary waveguide modes which are altered only
slightly by the presence of the plasma by raising the waveguide cutoff frequency
for each mode from the empty waveguide cutoff frequency wy = pmvc/a to
w = (a)(z) + a);)l/ 2. The lower propagating branch represents plasma waves
in the finite waveguide. The cold plasma dispersion relation for plasma waves
in an infinite medium is nondispersive with @ = w,, but the boundaries have
introduced the dispersive effects.

Problem 5.7.1. The Poynting vector profile. Find an expression for the Poynting
vector in this problem, and sketch the power flow as a function of radius for
m=0,v=12.

Problem 5.7.2. Thermal corrections. Find the dispersion relation corresponding
to equation (5.154) for a warm fluid plasma where p; = yn KT with y = 3.
Sketch this dispersion relation for a >> Ap.
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Figure 5.17. Dispersion relation for a cylindrical waveguide as By — oo.

5.7.2 Hot plasma-filled waveguide

Our last example of bounded plasmas adds the effects of a hot plasma, but
in the limit of an infinite magnetic field. This reduces the problem to one
dimension in velocity space, since only parallel particle motions are possible,
while remaining three-dimensional in configuration space subject to boundary
conditions. Because the boundary puts no restriction on the parallel motion,
only electromagnetic boundary conditions are appropriate, and considering only
a plasma-filled waveguide, we will require the tangential E fields to vanish at the
wall radius.

We shall consider the Landau-type problem with an initial value problem in
time. We shall ignore the initial conditions at the beginning, matching the normal
mode fields to an actual perturbation later. While the electric field may have
other components, only the E, component will be of interest since the motion
of the particles is one-dimensional. We will follow the general development of
Kuehl [66], but use the notation of chapter 4. Taking the Fourier transforms in
space, such that

fi(r,v,0) = f(r,0,k, v, 1)e**
E(r,t) = E(r,0,k, 1)e*
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the kinetic equation becomes

af .+ e =df
Y ke, - LB,
or TikvS =B

(5.155)
The Maxwell wave equation,

V(V.E)—V’E = 9j _19E
TR T 2
along with

., 0p
eV-E=p and Vo]—l—E—O
can be used to write a relation in terms of E and j only. After taking the Laplace

transform in time as in equation (4.44), the z-component of the wave equation
becomes

2 2\ 7§
- J
(Vi—kz—%>Ep=(k2+p_)_p

5 (5.156)
c? | peo

where E p 18 the Laplace transform of E,and J » 1s the corresponding transform

of the z-component of the current density. The transformed kinetic equation

becomes

oo ez 3
(p +ikvy) fp — ZE =

— =0. 5.157
”auz ( )
From equation (5.157), the transformed current density is given by
~ 00 ~
Jp= —enof vy fp duy,
—00
/o
- - Vras
- eowf,Ep/ _ gy, (5.158)
_oo P +ikv,
which may be written in the form
7 2 /o
J ~ w, [ .
IRy ol A R — (5.159)
peo k2 J_oo v, —ip/k
Using this result in equation (5.156), we may write the resulting equation as
r’ -
Vi-|K¥+5 K |E,=0 (5.160)
c
where
w2 oo 3{:0
K:l——p/ — v, (5.161)
k2 J_oo v, —ip/k
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The solution of equation (5.160) that is regular at the origin is

Ep =" Apu(kimr)e™ (5.162)

m

where k|, is related to K, k, and p by the dispersion relation
»?
K, + |+ | K=0. (5.163)
c

We now take for an initial condition a z-directed azimuthally symmetric
electric field that is localized in the vicinity of z = 0 and is impressed on the
plasma at the waveguide wall radius r = b. It is turned on at + = 0 and is
harmonic in time subsequently with angular frequency w so that the perturbation
can be represented by

E.(r,0,2,1) = Eo(2)8(r —b)e ™ 1 >0. (5.164)

Then the transformed initial condition is
Eo(k)

E bk, p) = .
p( p) »+io

(5.165)

Since there is no 6 dependence, we know already that only the m = 0 term,
Jo(kr), will contribute, so we drop the subscript on k. Then matching the field
at r = b determines the constant so that

- Eo(k)Jo(k
Eyrk, p) = —2Whotkir) (5.166)
(p +iw)Jo(kLb)

At long times after the perturbation is turned on, the Laplace transform is
easily done, since only the contribution near the pole at p = —iw will survive as
the other contributions will damp away in time, leaving

- Eo(k)Jo(k ;
Ey(r k., 1) = Me_m (5.167)
Jo(k D)
where now K and k are determined at p = —iw. The inverse Fourier transform

is much more difficult now, however, since with w having a positive imaginary
part (since p had a positive real part), the pole in the velocity integral of
equation (5.159) is either above the v, axis for k > 0 or below the axis for k < 0.
Hence we must break the inverse Fourier transform into two pieces, such that

—iwt 0 Jo(k™ .
Ez(r, 2, t) = © / Eo(k)()(i{r)elkz dk
V2 | J—o Jo(k | b)

% Sk
Eg(k) ek dk 5.168
+/O of )Jo(kirb)e ( )
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where kjf represents the cases where the pole lies above or below the v, axis. The
dispersion relation then becomes

2
K4 <k2 - “’—2) K*f=0 (5.169)
c
where
a)f,e w
Kt=1- 2 ZZ’ (—) (5.170)
V3 kv,
2
w ~ w
K- =1-L7(—). 5.171
k202 (kve) ( )

Since both Z’ and Z' are entire functions, we can now let w be purely real, and it
will be taken as such in the remaining discussion.

For large z, the principal contributions to the response will come from the
poles of the integrands, or where kfb = poy and pg, is the vth root of the zero-
order Bessel function. An additional contribution comes from a saddle point of
the integrals, and was included in the discussion by Landau [33], but is generally
not the dominant term. We also note that in this case, the root of equation (5.169)
with K~ is just the negative of the root with K+, so we will not need to investigate
the two cases separately. Thus equation (5.169) becomes

2 2
pov )2 2 @ Ppe [ @
k“——)|1—- Z'|— )| =0. 5.172
( b + ( cz) [ k20?2 <kve>j| ( )
There are two general classes of solutions for equation (5.172); those with
w/kve > 1, where K ~ 1 — a)f, Jw?* and we have the cold plasma result of

equation (5.154), and the case with (w/kv,) < 1, where we can neglect (a)/c)2
compared to k2. For this latter case, there are no weakly damped solutions. The
only simple root is for « = 0 where from equation (5.172),

2
Pov )2 2 2wpe
— ) +k+——=0
( b v2

e
with a purely imaginary solution
(ki/kp) = [1+ (pov/kpb)*1'"2. (5.173)

Problem 5.7.3. Lorentzian plasma in an infinite field waveguide. Find the roots
of equation (5.172) for the Lorentzian distribution, fo(v) = v,/ TL’(UZZ + vf).

Problem 5.7.4. Approximate solution. For ki /kp = 0.1 and k3 /kp = 0.3,
estimate k/kp at @ = w (real and imaginary parts) and compare these with
the cold plasma result.
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Chapter 6

Waves in inhomogeneous plasmas

6.1 Introduction

The uniform plasmas of the previous chapters are idealizations which are rarely
realized, although in some bounded regions, the approximation may be very good.
We can generally assume a plasma is uniform if the plasma parameters vary little
over a wavelength. In most laboratory plasmas, however, and over the vast regions
of space, densities and magnetic fields vary to such an extent that it is sometimes
difficult to estimate from uniform plasma theory where the wave energy will go
and whether it will reach specified regions. It is very common to cross boundaries
in the CMA diagram in inhomogeneous plasmas, either traveling up or down due
to changes in the magnetic field, or laterally due to changes in density, or both.
The questions to be addressed in this chapter relate to where the wave energy
goes in a slowly varying medium, and what happens in those regions where
geometric optics or WKB theory breaks down. The analysis of these special
regions includes the effects of reflection at cutoffs, and absorption and mode
conversion at resonances. Finite density gradients also give rise to electric fields
and drift waves, along with new drift and gradient-driven instabilities. In many
instances, these various effects can be separated and dealt with one at a time, but
there are important cases where a combination of effects occur, several of which
are simultaneously important, and each individual technique breaks down. We
will generally discuss these effects in isolation, although the analysis of a cutoff
resonance pair usually includes both mode conversion and absorption and will be
treated as a single problem.

6.2 WKB method for one-dimensional inhomogeneities

As an illustration of the method used in treating one-dimensional inhomo-
geneities, we consider an unmagnetized plasma with only a density variation.
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The wave equation,

V(V-E)=V?E + —— = —pug— 6.1)
C

depends only on variations in the plasma density through the plasma current, so
we let ng = nop(x). Since all equilibrium quantities are independent of y and z, we
can Fourier transform in those directions and assume harmonic time dependence.
Then d
V = éy— + éyiky + ¢é;ik and — = —iw
Tae T 3t

but another simplification is possible since the plasma is isotropic, since then
one can rotate the coordinate system about the x-axis until the wave has no k;
component. Then the current may be derived from the equations of motion for
ions and electrons

avj . .
m.,'?:qu j=i,e
and
J = eno(x)(vi — v)

with the result that

. 2 .
. 1ng(x)e 1€
jo~ ino@e” — ), ()E
wht, )

where wf,e (x) = no(x)e? /me€o. Then the z-component of equation (6.1), which
is not coupled to the other components, is

@, 2, (xX) @
—<@—k},) EZ+|: R E,=0.

This can then be cast into the WKB form of equation (1.54):

where y(x) = E;(x) and
w? — w2 (x
K (x) = TP"() — k3. (6.3)

If it is assumed that k*(x) is slowly varying, then the eikonal or WKB method
(see section 1.3.5) allows us to find good approximations to the exact solutions in
rather general form.

For k(x) = constant, the solution is trivial and of the form

y — Aleikx +A26_ikx

Copyright © 2003 IOP Publishing Ltd.



and represents waves traveling to the left and to the right. Looking for solutions
which are similar to the uniform result, we assume an eikonal solution of the form

y(x) = A(x)el? ™ (6.4)

where A(x) is assumed to be a slowly varying amplitude and v (x) is the eikonal,
arapidly varying phase such that ¥’ (x) = %k(x). In order to determine the limits
of validity of this method, we choose the upper sign and insert equation (6.4) into
equation (6.2), first noting the derivatives

y' = ikAeV + A'elV
y' = —k*AelV +2ikA'el + ik’ Ae'V + A”elV
so that equation (6.2) becomes
A" +2ikA’ +ik'A = 0. (6.5)

If A” is assumed small, then to lowest order, A(x) = 1//k(x), and the complete
solution is written (for either sign) as

y(x) = exp [ +i /X k(x") dx'i|. (6.6)

Ap
Vk(x)
Taking this as the zero order result, we assume the solution is modified by
the correction term,

A(x) = [1+n(x)]/vk(x)

where again we assume that 7 is slowly varying so that we neglect ” when this
is inserted into equation (6.5). The result may be expressed as

" n2
v _1E-i
4 1K
I+ 41+ Ty
so that
] kK 6.7)
T=4e '
The condition for validity may thus be written as || < 1 or as
1 dk
- k 6.8
‘k ol < (6.8)

which means that the change of wavelength over a wavelength should be small.
This approximation fails when k — 0 or when k" — o0, or whenever the wave
approaches either a cutoff or a resonance.

Problem 6.2.1. WKB approximation. Show what approximations must be made
to establish equation (6.7) and show that equation (6.8) is equivalent to saying the
amplitude must vary little over a wavelength.
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6.2.1 Behavior near a cutoff

The behavior near a cutoff is important enough to justify further analysis, and
was analyzed so long ago that it is considered by many to be part of the
WKB formalism rather than restricted to the condition of equation (6.8). In the
neighborhood of the cutoff, we expand k2 (x) about the cutoff,

K2(x) = K(xo0) + %k%x) (x = x0) + Ox — x0)?

X0

where k2(xg) = 0 defines xo and we define the coefficient such that k2(x) =
B%(x — x0). Then the result of equation (6.6) is valid whenever |x — xg| > B2/3.
The behavior near the cutoff must come from the solution of the differential
equation, however, since the approximations always fail sufficiently close to
cutoff. The differential equation may be written as

&y |
@"',3 (x —x0)y=0
which by means of the variable change z = —B%/3(x — xg) can be written
Y'—zy=0 (6.9)

which is the Airy equation.
The solutions of the Airy equation are well known [67] and may be
represented by the two independent solutions

v(z) = C1 Ai(z) + C2 Bi(z)

which have the asymptotic forms

. 1 _
. 1 . b4 b4
Ai(—z) = W [sm ({ + Z) — cos ({ + Z)] (6.11)
) 1
Bi(z) = Wef (6.12)
. 1 . b4 b4
Bi(—z) = W [sm (g + Z> + cos ({,’ + Z)] (6.13)
where { = %z3/ 2. These asymptotic solutions must be matched to the

approximate eikonal solutions which represent incoming and outgoing waves,
which are given by equation (6.6) as

Aq 12 8(x—x0)3/2 Ay —i2B(x—x0)32
y(x)zme3 0 +me 3 0 x > xo (6.14)
Bt gl By 3Bl
y(x) = Wes 0 | |1/4e 3 0 x <xgp. (6.15)
X — X0 X — X0
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Now as z — oo (x — —00), Bi(z) — o0, so in an unbounded plasma, we
must require Co = 0. Then simplifying the expression for Ai(—z) and writing the
result in terms of x, using ¢ = —%,B(x —x0)%/2,

2 \!/2 V2 me /4 2
Ai(—z) ~ | — Sing = —————————sin| = —x0)Y?| (6.16
so we require A» = —Aj. This principal result indicates that there is total

reflection, since the amplitudes of the incoming and outgoing waves are the same.
The asymptotic expressions, once far from the cutoff, can be matched onto more
realistic expressions for k(x) than the linear ones, and the phase of the reflected
wave at a distant point estimated.

The matching implied here between the asymptotic forms of the Airy
function solutions and the WKB solutions requires that there be a finite region
of overlap where both approximations are simultaneously valid. The conditions
for validity are shown in figure 6.1. When the exact expression for k2 (x) is linear,
the overlapping region is unbounded, of course, but for any other variation, there
is some limit when the linear approximation fails. If the real variation of k2(x)
deviates substantially from linear before the WKB expressions are valid, then
there may be no overlap, so that accurate matching may not always be possible.

Whenever the plasma is bounded, either due to the fact that there is a definite
plasma edge, or due to the density or field not changing monotonically so that
another cutoff is nearby, both the Ai(z) and Bi(z) functions must be used to
satisfy the boundary conditions or connection formulas. The back-to-back cutoff
problem, where two cutoffs occur a finite distance apart and the wave is not
propagating between the cutoffs, is treated in the following section. This situation
leads to tunneling and only partial reflection.

Problem 6.2.2. Validity of linear matching to WKB solutions. Suppose the density
variation in equation (6.3) is such that

I 1
ey =k [(——— — = ).
x) 0<1+eax 2)

(i) Find the linear form of k%(x) near the cutoff and find the value of u =
ax /2 where the linear expression deviates from the exact expression by 10%.
(i1) Assuming |¢| = 3 is large enough for the asymptotic forms of the Airy
function to be valid, find an expression for u at this point.
(iii) Show that

1 dk o

k2dx  2ko(2coshu)!/2(sinhu)3/2"

(iv) If this last quantity must be less than 0.1 for the validity of the WKB
approximation, show that for sufficiently small «/ kg, valid matching may
always be obtained (i.e. that || > 3, that the linear expression is within 10%
and |k’/k?| < 0.1, all for the same ).
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Figure 6.1. Validity conditions for matching the asymptotic forms of the inner functions
and the outer WKB approximants. The cross-hatched regions indicate the range of validity
of the linear approximation (between —x; and x; ) and the circles indicate the region of
validity of WKB. (@) Finite overlap case, so the matching is valid. (b) No overlap case, so
the matching is inaccurate.

(v) As o/ kg decreases, the accuracy of the matching increases. Using the
value of u from part (i) where the linear expression is within 10%, find the
value of o/ ko where both ¢ > 3 and |k’/k?| < 0.1. Repeat for the linear
variation within 5% and |k’/ k2| < 0.05.

6.2.2 Tunneling between back-to-back cutoffs

For our first example of tunneling, we consider a case where a cold
electromagnetic wave in an unmagnetized plasma is propagating in the low
density portions of a plasma column where @ > w, but near the center of the
column, the density rises so that w, > w in the center. A schematic diagram of
the situation is shown in figure 6.2 where cutoff occurs at both a and b.

In order to analyze this situation, we need the coupling formulas for the Airy
functions where k(x) = ki (x) in the propagating region where k2(x) > 0 and
k(x) = ika(x) in the nonpropagating region where k%(x) < 0. For large x, these
are given by the two following cases.
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Figure 6.2. Plots of density variation and k2 (x) showing where the wave propagates
(k(x) = ki(x) for x < a and x > b) and where it is evanescent (Im[k(x)] = kp(x)
fora < x < b).

Case I, barrier on the right:

2 a , /_z # B X ) )
e ([ e =5) = gggen(- [ ew)
1 . a , /_z _ 1 X ) ,
WSHl(/X ki(x") dx 4)<—> mexp(/ﬂ kz(x)dx).

Case II, barrier on the left:

1 b o 5 N .
T (- eoe) = e ([ aeoe-5)

1 b / , 1 ) x , ) .
e ([ ee) — - e ([Tuer e =)

We then use these connection formulas to construct a solution that represents
an incoming wave from the left, such that

_i /“k(/)d/_l +i' /“k(/)d/_l
y"mc‘”(x HE 4) ms‘“(x HE 4)
A * B *
VI = 5 =D ( —/a kz(x’)dx/) B h (/a kz(x’)dx/)
A b b
zz—mexp(—/ kz(x/)dx'+/ kz(x/)dx/)
B b b
_ﬁexp(/ kz(x')dx'—/ kz(x/)dx/)

Ae™ fab ko (x") dx’ X ) Lo
= — ————sin ki(x)dx' — —
Vil N (/b 1(x) 4)
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b ’ /
2B [ ko (x) dx x
_EPE T cos /kl(x’)dx’—z

Vki b 4

Ae™" . el® Ae™" . e 1o
=1 +iBe —1 —iBe
(5 +ime) i (5 i)

where ¢ (x) = [ ki(x')dx' — /4, n = fab ka(x)dx,and [ = fab — fxb. For an
outgoing wave only in region III, we require Ae~" = 4iBe" to eliminate the e ~'¢
term. The result in region III is therefore

iAe™" 4,
= e”.
VIl 2\/];

In order to relate the solution in region III to the solution in region I, we note that
¢ (x) increases with increasing x, while f; k(x") dx’ decreases with increasing
x. This means that fxa k(x")dx’ ~ —¢ + A¢ (although there is no phase shift
between a and b, k(—x) may differ from k(x) so there may be an accumulated
phase shift for large x). Then eliminating B in region I leads to

A o o
_ —ig+iA¢ ip—iA¢p
= € +e +
M= TG
A+IB iy ing LAZ 1B igting

2Vkt 2k

AefiA¢> 67271 0 AeiA¢ e7277 0
= 1+ e’ + 1-— e 6.18
2k 4 2k 4 ( )

so the transmission and reflection coefficients may be written as

(6.17)

(e I9HIAD _ gig—ingy

1

= m (6.19)
n_ 1a—m2

_ 3D (6.20)

(e + tem?’

This leads to R = 1—T, and for thick enough barriers that e 2" < 1, T simplifies
toT =e 2.

Problem 6.2.3. Transmission and reflection coefficients.

(i) Show that equations (6.17) and (6.18) lead to equations (6.19) and (6.20).
(ii) Show that R + T = 1 for any 7.

6.2.3 Behavior near an isolated resonance

The analysis of resonances is intrinsically more difficult than the analysis of
cutoffs, because the physics of what resolves the resonance must be included
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Figure 6.3. Dispersion relation for a wave approaching the lower hybrid resonance in a
finite temperature plasma. (From [68].)

in order to obtain physically meaningful results. While effects of losses are
invariably important near resonances, the effects of collisions in high temperature
plasmas frequently are so weak as to be insignificant if any other effects are
involved. While collisions may be the only effect in cold plasmas which could
resolve resonances, thermal effects are frequently more important than collisions.
This was demonstrated by Stix [68] when he investigated the nature of the lower
hybrid resonance in a finite temperature plasma. He discovered that rather than
approach a true pole as the wave approached the resonance, the k>(x) for the
wave doubled back and continued on a warm backward wave branch, illustrated
in figure 6.3, leading to the phenomenon of mode conversion where a wave of one
type (mode) is linearly coupled to a wave of another type (mode). The example
shown actually has a second mode-conversion point where it mode converts into
a forward wave once again. The phenomenon can be understood in terms of
Huygen’s principle, where the wave can be thought of as shaking the plasma at a
particular frequency and wavenumber at each point. If there are two waves that
have the same wavenumber and matching phase velocity at that point, the excited
plasma will excite both waves and transfer some energy between the waves. It
is even possible for oppositely directed group velocities to be coupled, provided
the phase velocities are in the same direction, and for all of the wave energy to be
transferred from one mode to the other so that the wave energy flow turns around
without reflecting where we define reflection as being due to wave energy coming
back on the incident branch or mode.
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Figure 6.4. Dispersion relation for the Wasow equation when A2 >0.

The simplest model which can represent two types of coupled waves
traveling in either direction is a fourth-order wave equation (since there are two
kinds of waves with each having two components traveling in opposite directions),
and the isolated resonance may be modeled by the Wasow equation,

YU+ 22zy" + By) =0 6.21)

which was first analyzed by Wasow [69] and generalized by Rabenstein [70] to
include a first derivative term and complex coefficients. The eikonal analysis of
this equation yields a quadratic for k(z),

k= 22zk* + 228 =0 (6.22)

with asymptotic solutions k2(z) ~ A%z, B/z. This approximate dispersion relation
is shown in figure 6.4 where the same general features of the turning point
connecting the incoming and outgoing solutions are evident as in the numerical
dispersion relation, but the linear asymptotes allow analytic solutions. The WKB
type of analysis leads to asymptotic expressions of the form z!/* exp(£2iv/Bz)
and z7>/* exp(£2irz>/2/3). The difficulty is that the connections between these
is not obvious until the differential equation has been solved exactly and the
coupling established by the asymptotic forms of the exact solutions.
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The solutions for this problem are tabulated [71], and the pertinent
connection formula is

—(ﬁz)1/4e72“/7ﬁz <« '3 *i(%kz3/2+%)+i /ﬂ,BZHl(Z) (2\/&) (623)

N3/25/4°

where the Hankel function term varies as exp(—2i./Bz). The general techniques
for solving this kind of problem are developed in section 6.3.2. The conclusion
from this connection formula is that the incident cold wave, represented by
the Hankel function term, is coupled to the warm wave, represented by the
exp(—2i)»z3/ 2 /3) term, both on the right-hand side, and that there is no reflection.
The fact that both phase terms are negative is indicative of the fact that the phase
velocities match at the turning point, but in this case, the group velocities do not
as they travel in opposite directions. The scenario is that the wave energy on the
cold branch is totally mode converted to the warm branch which propagates back
away from the hybrid resonance layer. The exponentially decaying term for x < O
carries no energy on that side unless a boundary is nearby.

6.2.4 Behavior near a resonance—cutoff pair

The nonuniform plasma medium allows a wide variety of possibilities for cutoffs,
resonances, back-to-back cutoffs, and resonance—cutoff pairs. The tunneling
through the nonpropagating region between back-to-back cutoffs can be estimated
by connecting solutions of the Airy type, but the tunneling through the region
between a cutoff and a resonance requires considerably more analysis. The
simplest model for k%(x) of such a cutoff-resonance pair is shown in figure 6.5
along with the amplitude reflection and tunneling coefficients from the analysis
of Budden [72] who analyzed the wave equation, equation (6.2), with

R =1 (1+ ) (6.24)

where n = wkoa/2. This is commonly called the Budden equation. The arrows
in the figure indicate the direction of an incident wave with its corresponding
amplitude transmission and reflection coefficients.

The results by Budden established that there was no reflection when the
wave approached the tunneling layer from the resonance side, but that there
was reflection when the cutoff was encountered first. It also established that
the tunneling coefficient was symmetric, i.e. the same from both sides. The
difficulties with the Budden results are evident when one tries to establish power
balance, since in both cases, R% 4+ T? < 1. This indicates that not all the energy
is accounted for in the outgoing waves, and since there is no physical absorption
mechanism, the failure to conserve energy is problematical.
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Figure 6.5. Spatial variation of k2 (x) for a tunneling problem with a resonance at x = 0
and a cutoff at x = —a.

6.3 Mode conversion theory

Mode conversion theory was developed to deal with resonances in inhomoge-
neous plasmas, taking into account the influence of the merging of two different
types of wave modes along with tunneling, reflection, conversion, and absorption.
The method is nontrivial in its mathematical sophistication, but it incorporates a
substantial amount of physics and is involved in virtually every type of plasma
wave energy absorption except Landau damping and collisional damping.

6.3.1 The mode conversion theorem

It may appear that the necessity of using these mode conversion equations is
relatively rare, and that simpler models might be able to adequately represent
the physics of resonances, but except for certain order-reduction schemes, it is
easily proved this is not so in the Mode Conversion Theorem [73].

Theorem I. In an inhomogeneous plasma, linear mode conversion is always
involved to some extent in resolving every plasma resonance.

Proof. Consider a general dispersion relation of the form D(k, z) = 0. Expand
this about k., the turning point, and obtain the result

192D

aD
D(k, 7) = Dlke(2), D h—ky 4 222
(k, 2) [kc(2), z] + ok kC( o)+ > 92

k —ke)> 4+ Ok — ko).

ke
(6.25)
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The turning point is where the group velocity vanishes, or where v, = dw/dk =
(@D/dk)/(0D/dw) = 0, so the first order term vanishes because of the choice of
k.. Then if we neglect the higher order terms, the result can be written in the form

D(k,2) = P() + Q@) (k —ko)* =0
so by defining a shifted k by k — k. = k;, the dispersion relation is

k2 =—P(z)/Q(z)

and P(zg) = 0 is a cutoff and Q(zg) = 0 is a resonance. In the event that Q(z)
vanishes, however, it does not represent a true resonance since then the neglected
higher order terms in equation (6.25) dominate the expression for k;. Even if zg
is not on the real axis, implying that Q(z) never truly vanishes for any real z, the
magnitude of the second order term must still be compared with the higher order
terms before the relative importance of the various terms can be established. The
next higher order term is commonly a fourth order term (since all the odd order
terms may vanish if the first order term vanishes), and any such equation with a
higher order term is a mode conversion equation. g

An important qualifier in the theorem is the statement ‘to some extent’, since
absorption may decrease the coupling to the mode converted wave. Essentially,
if zg is close to the real axis, then mode conversion is significant, while just the
opposite is true as zg moves far from the real axis.

6.3.2 Solution of the tunneling equation

The additional physics which is required to resolve this problem is to be found
in mode conversion, the same general kind of process which occurred in the
isolated resonance. The appropriate wave equation in this case is also a fourth
order equation similar to equation (6.21) with the addition of only one term

YUy + WP+ )y =0 (6.26)

which we call the tunneling equation. This equation was first analyzed by Erokhin
[74] and later by Ngan and Swanson [75] in applying it to the tunneling problem at
the ion cyclotron harmonic, both for the case y > —1. The solution for y < —1
was analyzed by Faulconer [76]. This is a very general equation, since every
fourth order equation with only constant and linear coefficients of the form,

VU 4 (a2 4 bax)y" + (ag + box)y =0 6.27)

can be cast into the form of equation (6.26) if by # O or into the form of
equation (6.21) if bgp = 0.

Equations of the form of equation (6.26) or equation (6.27) along with
equation (6.21) are special cases of a class of nth-order differential equations that
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have constant and linear coefficients and which represent coupled waves. The
general analysis of these equations is tedious [77], but relatively straightforward.
The following example demonstrates the various arguments and calculations in
the process and allows one to see the interaction back and forth between the
mathematics and the physics in solving the problem.

Problem 6.3.1. Changing to dimensionless variables. Assume x = a(z — zo) in
the previous equation and find expressions for «, zg, A, and y for the case by # 0.
If by = 0, find the corresponding expressions for equation (6.21) (find g instead

of y).

Problem 6.3.2. The case for \* < 0.
(i) Plot the dispersion curve corresponding to figure 6.4 for A> = —A(Z) where
A2 > 0 in equation (6.22).
(ii) Plot the dispersion curve for the tunneling equation when 1> < 0 and
¥y < —1 in equation (6.34) by also letting z — —x so that A2z — A%x.
Sketch on the curves which are incoming and outgoing waves (i.e. is e'*

incoming or outgoing on the left, etc). Is this slow wave a backward or a
forward wave?

6.3.2.1 The exact solution

Equation (6.26) can be solved exactly by using Laplace’s method, namely
assuming the solution can be written as a Laplace integral of the form,

y(2) = / e k< £ (k) dk (6.28)
C

where C represents some contour in the complex k-plane. Inserting this into
equation (6.26) and integrating by parts, the result may be written as

/ [(k* + 2ikA% + ) f(k) +ir2(k2 — 1) f/(k)]e %2 dk
C

+i 21—k fke ™ e =0 (6.29)
so if the integrand vanishes everywhere and the quantity (1 — k2) f (k)e k¢
vanishes at the end points of the contour, then this satisfies the original equation.
This demands that f(k) be a solution of the first order differential equation,

Sk ilk* + 2ikA% + y)
fky — A2k —1)
so the solution for y(z) is given by

, ik ik
y(z) = / exp | —ikz + — + =
c

3A2 A

in in
_ <1 + ;) Intk +1) — <1 — —) In(k — 1)] dk (6.30)

T
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Figure 6.6. General contours for the tunneling equation: (a) k-plane contours; (b) u-plane
contours.

where
_nw(l+y)
1=

and 7 is called the funneling factor. Using f (k) in the end point expression, it
is clear that the k> term dominates and that the end points must approach infinity
along the directions /6, 57 /6, and —m/2. It is also apparent that there are
branch points at k = 1, so we draw a branch cut between these branch points
as indicated in figure 6.6(a). Since this is a fourth order equation, there must
be four linearly independent solutions represented by four independent contours
and a possible basis set is also shown in figure 6.6(a). This technique has been
extended to nth order equations where the highest order coefficient is constant
and all subsequent coefficients are constant plus linear by Gambier et al [77] and
is sometimes referred to as the GSS theory.

In order to eliminate the difficulties of dealing with the branch points and the
branch cut, it is possible to make a variable change from k£ — itanu. The exact
solution in this case is

1 tanu 14y
y(@) = Cexp Sy tanu + TV R + —z U du (6.32)

so the end points in this case are located where tan® u — —oo which places them
atu = 2n+ Dn/2, n = 0, %1, £2, ... and these points must be approached
along the angles 0, £27/3. A set of possible contours for this case is illustrated
in figure 6.6(b), where not all the contours are independent (e.g. C1+Co = C3). It
is worth noting that since tan u is periodic with period 7 that the effect of shifting
from u to u + 7 is equivalent to simply multiplying the integral by e*2" so that
the various Riemannian sheets in the complex k-plane have been laid out along
the real axis of the u-plane. The amplitude transmission coefficient will turn out

(6.31)
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to be simply e, so the connection from one sheet to another in the k-plane, or
from one node to another in the u-plane, is the dominant feature in establishing
the various transmission, reflection, and conversion coefficients.

6.3.2.2 Saddle point approximations

The task at this point is to establish the asymptotic forms of the solutions for the
various contours, and this is done by using the method of steepest descents or the
saddle point method. For this analysis, it is convenient to cast the integral into the
form,

y(z) = / e dy (6.33)

where z is the asymptotic parameter, and expand h(u) = (1 — 1/A%z) tanu +
tan’ u/312z + (2n/mz)u about the various saddle points. These are located
wherever h’'(ug) = 0. Writing this condition in terms of k> = — tan® uo we
obtain the familiar result,

k* =222k 42224+ =0 (6.34)

which is the same result as that which would be obtained from WKB analysis.
This dispersion curve, shown in figure 6.7, should be compared with figure 6.5,
where the cutoff is still apparent, but the resonance is now evidently a turning
point where mode conversion takes place. Evaluating this for large |z|, the
asymptotic roots are located where

, i - i/Az z>0
ks ~ 0%z — 1) u32(2n+1)5:l:
tan~ ! (A/=2) z<0

4)?
en+DZ+1m < >0
1+y 1/2 2 2 1+y
kf ~ 4+ <1 + 3 ) uf >
A2z i |42z
nw + —In z<0
2 l+y
with n = 0, £1, £2, ..., and where k; and u, refer to the slow wave solutions

and k¢ and u ¢ refer to the fast wave solutions. In this context, fast and slow are
purely relative to one another, such that k; > ky, as it could be that the fast wave
here could be an electrostatic wave that is a slow wave in some other context.

The individual saddle-point contributions are calculated by factoring out
the leading constant factor exp[zh(up)] from the integral, keeping only the
second order term, and integrating over the saddle point in such a direction that
zh” (up)u? < 0 and the resulting integral yields

1/2
yi:[%} U= s (6.35)
Z u;
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Figure 6.7. Dispersion relation for tunneling equation when y > —1.

where ¢ is the crossing angle. This method gives a good approximation for the
slow wave, where the contribution comes only from the immediate neighborhood
of the saddle point as |z| — oo, with the result

T

v (2, .3
sizmexp +i gkz + 1 zZ— 00 (6.36)

where s+ is multiplied by e*" if the real part of u, is /2. For z — —o0, the

results are
VT 2. 30
o4 = W exXp 5)\.|Z|

i 2
o_ ﬁexp <_§)\‘|Z|3/2>

= 232|574

7 — —00. (6.37)

6.3.2.3 The fast-wave approximate solution

For the fast-wave saddle point, the use of equation (6.35) is inaccurate because
even as |z| — oo, the contribution to this integral is spread and many higher
order terms are necessary to represent the integral. For this integral, it is better to
go back into the k representation and expand about the singular points. Letting
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k + 1 = «at in equation (6.30) and expanding about ¢t = 0, keeping zero and first
order terms, the solution can be cast into the form

= expliz— 2 (1= in(2
y(z) = exp[lz— 2 —( — ﬂ) n(— )i|

. 2% 1 i
x /C(m)<1+“7/”> exp [at <—iz + )\_; +5- ;—D} adt (6.38)

where the contour starts where z — —ioo, circles the origin counterclockwise,
and returns (on a different Riemannian sheet). This is equivalent to the Hankel
integral (see appendix B),

11 / (=) "fe " dt (6.39)
re) 2z Je '

where the contour begins as t — 00 + i€, circles the origin counterclockwise and
ends as t — 0o — ie. By letting

21 N in 17!
= |17 — — — — —_—
I R
and ¢ = 1 4 in/m, this leads to the result

Tie /2
- ' +in/n)

4
20— — 41
g

. in
e 1 —1In
f+ Xp|:Z+JT )L2

| 4
+1‘ - W} (6.40)

and f_ = f} and each must be multiplied by the same e*" if the real part of uf
is £m/2.

Except for the constants associated with these solutions, we could obtain the
same asymptotic forms from the WKB formulas, but now we are in a position
to find all the coupling coefficients, because all of the relative amplitudes can be
determined exactly by using the appropriate contours and picking up the relevant
saddle point contributions from each saddle we cross. This is facilitated by
examining the location, orientation, and labeling of all the saddle points for both
positive and negative z. These are shown in figure 6.8(a) for z — oo and in
figure 6.8(b) for z - —o0.

6.3.2.4 Incoming and outgoing wave identification

The final step before constructing the solutions is to establish which waves are
traveling in which direction. The fast waves are simple enough, with the fy ~ ez
so that it represents a wave traveling in the positive z direction, or from left to right
in figure 6.7. Similarly, the f_ solution represents a wave traveling from right to
left, or in the negative z direction. The slow wave solutions are less obvious,
and, in general, one must return to the physical model and introduce a small
amount of damping to establish the direction of energy flow, or do an analysis
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Figure 6.8. Saddle points and contours in the u-plane: (a) for z — oo and (b) for
Z —> —OQ.

of the relative directions of the phase and group velocities. For this example, it
may be established that the slow wave is a backward wave, in that its phase and
group velocities are in opposite directions. Thus, the s_ solution has a phase
velocity from right to left, but the group velocity is from left to right, so it is
an outgoing wave in the sense of energy flow. Similarly, s is an incoming wave.
For negative z, o_ is exponentially decaying away from the tunneling layer, while
o4+ is exponentially growing, and must be avoided for any physically meaningful
solution in an unbounded medium.

6.3.2.5 Solution yi, fast wave incident from the right

With these numerous preliminaries out of the way, we now can construct the
contours for a physically relevant problem. We consider first a fast wave incident
from the right, so the incident wave is an f_ term. This means the solution
must cross an f_ saddle point and we choose one at +7/2 so the contribution
is €7 f_. Now we must terminate the contour at either £ /2 on the real axis,
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and the steepest descent paths require that terminating at angles /3 demands
a crossing of the s1 saddle points, respectively. We must avoid the s crossing
since that is an incoming wave, so we choose an s_ crossing. It might be imagined
from looking only at figure 6.8(«a) that one could also choose to terminate along
the real axis, but the contour must have the same topology for negative z and the
contour terminating along the real axis must cross the o in figure 6.8(b). Thus
we are restricted to the —mr /3 approach angle, and the contour then terminates at
both —7/2 and at 7 /2, crossing two slow wave saddle points along the way, the
one on the left multiplied by e ™" and the one on the right by e”. This contour is
labeled Cj in figure 6.8(a) and must have the same topology (start and end at the
same points and same number of axis crossings) in figure 6.8(b). This requires the
simple C contour with only an f_ crossing for negative z, so we can immediately
establish the connection formula

foe—yr—elf —el(l—e s, (6.41)

The f_ term on the left is clearly the transmitted wave and hence the transmission
coefficient is given by T = e™"7. We label the coefficient of the s_ term as
the conversion coefficient relative to the incident term having unit amplitude
(e.g. multiplying equation (6.41) by e™" so the incident term is simply f_.) so
C; = —(1 — e~2"). Because the contour never crossed an f saddle in either
figure, the reflection coefficient is identically zero.

Except for the addition of the conversion coefficient, we recognize that this
result is identical with the Budden result except that the Budden tunneling factor
was g = my /2% so the tunneling factors agree only if y >> 1. The relationship
to the Budden equation may be noted by observing that if one drops the fourth
derivative term in equation (6.26) and divides by A%z, we obtain the Budden
equation except that we have let z = kox.

An approximation which reduces the problem to a second order equation that
still successfully obtains the proper tunneling factor has been found [78], but the
wave solutions fail to exhibit the proper asymptotic form for the slow wave and it
is not easily generalized to include absorption.

6.3.2.6 Solution y;, fast wave incident from the left

The second solution, representing a fast wave incident from the left, is more
complicated because the contour must cross an incident wave fy saddle in
figure 6.8(b) but still end at angle —7/3 in order to avoid an incoming slow
wave or a growing wave. The crossing points are the o_ saddle points, but it
is ambiguous from figure 6.8(b) which way to turn after crossing the axis. If we
were to terminate the contour which crosses the real axis between —m/2 and 7 /2
by turning immediately to the right into the nearest end point in figure 6.8(b),
the implication of this termination in figure 6.8(«a) is that the contour must first
cross the e” f_ saddle point which represents an incoming wave on that side.
Thus this contour must rather turn to the left and cross the f_ saddle point before
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terminating at —m /2. The other end of the contour, which must cross the real axis
to the left of —m/2 in figure 6.8(b), must also bear to the left after crossing the
axis and cross the e 2" f_ saddle point before terminating at —37/2 for the same
reasons. The contour C», then, with the starting point chosen at —m /2, crosses
the f_ saddle point in figure 6.8(b) in the positive sense, then the e’o_ saddle in
the positive sense, the f saddle in the negative sense (the positive directions are
all taken to lie in the first or fourth quadrants), the e 7o_ saddle in the negative
sense and finally the e =27 f_ saddle in the negative sense. Starting from the same
point in figure 6.8(a), we first cross the e~ 7s_ saddle in the positive sense, then
the real axis (the steepest descent path would end at —7/2 along the real axis,
but we immediately reverse direction and head back out and up, thus avoiding
any difficulty with the exponentially growing solutions), then the e™7 f} saddle
in the negative sense, then the real axis again between —m/2 and —37/2 and
finally cross the e =37s_ saddle in the negative sense before terminating at —37 /2.
Collecting these components, the connection formula is given by

— i+ (A —e 2N (fodelo ) « yr— —e Tf +e (1 —e Ms_. (6.42)

Comparing the incident f5 term on the left with the transmitted f5 term on
the right, the transmission coefficient is again T = e~ 7. The f_ term on the left
is the reflected term, so R, = —(1 — e_2’7), and the s_ term on the right is the
converted term, so Cr = —e~7(1 — 6_2’7). Except for the conversion term again,
this result is the same as the result from the Budden equation. The important
difference between the Budden result and the results of the tunneling equation is
that now it is possible to conserve energy since the energy neither reflected nor
transmitted is converted.

To demonstrate this, we note that the tunneling equation has the conserved
quantity

P — w///l////* + w///,l//* _ w//w/* + y,l///w* —c.C. (643)

from which can be obtained the asymptotic expressions for each wave type,

P(s+) P(f+) 5
. —r(l—e
2ir2 e~ Td=e

so that the connection formula for solution yy,
et R f- < —y2 > Tofy + Cos—

becomes
P(fi)+ R3P(f-) = TiP(f1) + C3P(s-).

Using the asymptotic expressions and dividing by P ( f), this becomes the power
conservation law,
RZ+T?+pC*=1 (6.44)

with p = (1 — e 2")~!, and this expression is valid for either solution. This
conservation law is a property of the tunneling equation, and its relevance to
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Table 6.1. Tunneling equation connection formulas between asymptotic forms for large
|z with 14+ y > 0.

7 — —00 Yo Z— 00

elo_ yo o el(fy—sy—f-+s2)

f- y;  elf_ —el(l —e 2M)s_
(I—e™N(f-+elo)—fr  y» —eTfy+eT(1l—eMs_
f-—+elo_ vz elfy —elsy +e s_

f——e ot ys e s

power conservation must be independently shown by relating ¥ and its derivatives
to P (fast wave) and T (slow wave). Within the limits of the approximations made
that led to the tunneling equation, it does correspond to power conservation.

A similar conserved quantity exists for equation (6.21) of the form

P =y — )»2,31//1//* —c.c. (6.45)

but without any reflection or transmission, the results are trivial, indicating total
mode conversion.

Problem 6.3.3. Conservation laws.

(i) Prove that the quantities P in equations (6.43) and (6.45) are conserved
(i.e. show that P’ = 0 for each case).

(ii) Evaluate the asymptotic forms of P(f+) and P (s+) from the expressions
given by equations (6.40) and (6.36).

(iii) Prove p is the same for solution yj.

6.3.2.7 Tunneling equation summary

Using similar methods, a third solution, y3, that represents an incident slow wave
can be constructed which has a reflected slow-wave component and converted
fast-wave components on both sides. The fourth solution, y4, includes an
exponentially growing term to form a complete set of solutions. The connection
formulas are summarized in table 6.1 and the reflection, transmission, and
conversion coefficients for both amplitude and power are summarized in table 6.2.
A fifth solution that is not independent, since it is given by yp = y3 — y1, is added
for convenience.

Problem 6.3.4. Connection formulas for the case y < —1. Find the tables

corresponding to tables 6.1 and 6.2 for the case with y < —1. Note for this
case that it generally occurs from the case where A2 = —ké so that z — —z
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Table 6.2. Amplitude and energy coefficients for the tunneling equation with 1 4+ y > 0.
For this case, p = (1 — e~ 21~ L,

Transmission  Reflection Conversion
T] =e Rl =0 Cl = —(1 — e_zrl)
T2 =21 |R>=0 pICIP =1—e"2
Ty=e Ry=—(1-¢e21)  Cy=—-e"1(1—e"2)
P =e?" Ry = (1= p|Cyff =211 —e 2|
T3 =0 R3 = —6_2’7 C; = —1

C3— = —e_n
T2 =0 [RsP=e* ICH12/p=1—e 21

IC3 12/p =e721(1 —e™2M)

brings us back to the basic form but now the phase and group velocities of the fast
waves are in opposite directions.

Problem 6.3.5. The Wasow equation, equation (6.21) for A*> > 0.

(i) Find the exact integral solution corresponding to equation (6.30).

(i1) Find the end points in the k-plane and sketch four independent contours.

(iii) Find the saddle points as 7 — oo and as z — —o0.

(iv) Find the saddle point contribution for each saddle point, then locate and
label each saddle point on the k-planes for large positive z and large negative
z, and indicate the crossing angles.

(v) Determine which are incoming, outgoing, fast, slow, growing, decaying,

etc.

(vi) Find the contour that leads to equation (6.23).

6.3.3

Mode conversion examples

6.3.3.1 The second harmonic of the ion cyclotron frequency

In cold plasma theory, there is no interaction at the various cyclotron harmonics
above the fundamental, and for k; = O this interaction vanishes even in a hot
plasma, but FLR effects do lead to interactions at each of the harmonics when
k1 # 0. From chapter 4, the relevant dielectric tensor components are:

2

wle M X p2p ()
Ki=1 pi #Z "y 6.46
= 2 T, A (6.46)
L2 =k o0 i
iw?* . i 1w .
Ky =—L—— 3" nll,0) = ,ODIZ(G) — —2=  (647)
ok Vi n=—00 e
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(1)2-6_)”. oo

Ko=—rm D kilhGa) = LGDIZ () (6.48)
n=—oo

where we have taken Cl)ce > 2wei ~ w, e K Aj K 1 s0 the electrons are taken
to be cold, A; = kJ_le, and &, = (w 4 nw¢i)/ k;v;. To simplify the dispersion
relation, we neglect electron inertia (and neglect electron Landau damping in the
process), assuming 3 — 00, so the dispersion relation for the hot plasma from
equation (4.255) is

(k2 — k1) (k2 — k1 — 20 + k) + k3 = 0. (6.49)

Expanding about w = 2w.o, assuming that |¢,| > 1 for all n exceptn = —2,
and keeping only first order terms in A;, these tensor elements simplify to

il L Mo 0, (6.50)
K1 — | ——— + = _ .
! Vill—w?/e? 8k 2
& © M9 20 6.51)
Kn >X1— | ————7«+— .
PTVE wa(T—w2/e) | 8k T
2 2
w 0] 1
Vi g 1 — ooy

We now let the magnetic field vary with x so that the resonance is localized
and can be approached in space. Assuming that w,; = wo(l + x/L) where
L is the scale length for the variation (L=Rg in a toroidal field), then {_» =
—2(w/k;vi)x/L. We keep only zero order terms, but assume that X; L/x is of
zero order as the ratio of two small terms. Making the further definition that
F = —¢Z(¢), so that asymptotically F — 1, the dispersion relation can be put
into the form,

1 BiLF 1  BiLF 2 BiLF 2
2 i 2 2 i 2 2 2
p-+ - — D +—-———-D“+D — — D =0
< 3 4x ) (p 3 4x ) (3 4x )
(6.53)

where 8; = vl.2 / Vj is the ratio of the ion thermal pressure to the magnetic pressure
and we have defined the wavenumbers normalized to the Alfvén speed by the
relations p = k;Va/w and D = k) V4/w. Rearranging equation (6.53) as a
quadratic in D?, we find

1 1 4x 1 4x
p*_ |22 _ 2 . 2\ M | p2 -2\ 2 -0
[ <3 p>+(3+p>mF} ) ETE
(6.54)
At this point we identify the algebraic equation in k; with a differential

equation in x, the inverse of the previous analyses where we have identified an
algebraic expression as resulting from a differential equation using the WKB
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method. This introduces ambiguities, of course, since it is not immediately
apparent (nor is it in fact true) that the differential operator associated with D
operates only the field quantity £, (if the magnetic field is taken to be in the z
direction) since here D commutes with everything but a differential operator does
not. Ignoring this detail for the moment, however, we let k; — —id/dx along
with the variable change into dimensionless variables z — zo = uxw/Va, so

oy [2E=P) | GEPAE— VAl
,LL2 ,BiLFa)y,3
N (L = P+ pHdz —z20)Va
,BiLFa)pﬁ

y=0 (6.55)

and this is identical to equation (6.26) if we assume F = 1 and define

2 2GHP) R GG =P+
wpi LB; 113 3+ p? (6.56)
y =—2%20 = —2(3 + pH/(1 + p?) ta=(20—2)/k

where k = u+/Bik; L. The tunneling factor is

_ moplL w T wpiL

=T Gr T T

Bi as p— 0. (6.57)

Strictly speaking, this analysis is valid only in the limit p — 0 since then
F — 1 and the ambiguities disappear. When p # 0, however, the tunneling
equation with absorption may be written as

YA+ W+ )y =A@ — 2000 = /P +9)  (6.58)

and although the right-hand side does vanish as z~! asymptotically, it vanishes
identically only for p = 0. The localized absorption term on the right is
thus connected to cyclotron absorption and gives a prescription for the modified
coupling. This equation is only tractable numerically, but it has been proved
analytically [79, 80] that the transmission is unaffected by absorption, so that
equation (6.57) is valid for all p such that 4> > 0, and that the reflection
coefficient Ry = O still and that R, = —(1 — e’”’)e”‘2 to high accuracy for
the pure second harmonic case [73]. No analytic forms are apparent for C; and
C3 with absorption, but both approach zero exponentially as k gets large.
Whenever mode conversion occurs, it is useful to identify the converted
wave, and in this case it is the ion Bernstein wave described in section 4.4. There
are Bernstein modes between all harmonics of both the electron and ion cyclotron
frequencies, but these are typically heavily Landau damped unless &, is small,
meaning the wave must propagate nearly perpendicular to the direction of the
magnetic field. Although the phase velocity is nearly across the field, the group
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velocity for these waves is nearly parallel to the magnetic field. In most realistic
plasmas, even the small deviations from the one-dimensional approximation made
here are sufficient to couple k; and k so that as k| grows on the mode converted
branch, the wave is typically electron Landau damped.

Problem 6.3.6. Tunneling equation with absorption.  Beginning with the
expressions in chapter 4, fill in the missing steps leading to equation (6.58).

6.3.3.2 The two-ion hybrid resonance

Since the concept of a pure single-ion species plasma is only an idealization
of the real world, and since many interesting plasmas have more than one ion
species, it is important to examine the effects of multiple ion species. The two-
ion hybrid resonance (where in cold plasma, S = 0 between the two ion cyclotron
frequencies) is the principal new effect, in addition of course to the new cyclotron
resonance for each new species and its harmonics.

Since the inclusion of absorption effects prevents any analytical results
anyway, we will ignore the effects of absorption by assuming k, = 0. This is,
in fact, consistent with the definition of the hybrid resonance, but there is still a
resonance with k, # 0 except that it is slightly shifted. This assumption allows
us to always take the asymptotic forms of the plasma dispersion function, so that
the plasma is effectively cold in the direction parallel to the magnetic field. We
include FLR effects, however, through the inclusion of terms in A; and let ., — O.
We also neglect electron inertia, so k3 — 00.

With these assumptions and approximations, and assuming that neither
fundamental is at the harmonic of the other ion species (nondegenerate case),
the relevant dielectric tensor elements may be written to first orderin A;, i = 1, 2,

2 2 2 2
. w? . a)pl(l — A1) a)pz(l —A2) a)pl)\'l wpzkz
1= 5
2 2 2 2 2 2 2 2 2
c W —w W —w do?, —w 4wy —w
(6.59)
2 ww? ww?
N 1 2
Ky =i— = ~+ - 5) (6.60)
| w1z —0°) w0, —o

where the electron term has been incorporated into the expression for x2 and
neglected in x1. The majority species is species 1, and the minority species is
species 2 such that o = a)iz /a)ﬁ71 < 1 which is effectively the density ratio. We
choose x = 0 at the minority fundamental, so that ® = w29, and the hybrid
resonance occurs where 1 (xg) = 0. The variation of the magnetic field is given
by wei = wcio/ (14 x /L) with the gradient normal to the field direction. The FLR
terms are required to resolve the resonance since 1 is already a first order quantity
in ;. For «7, however, the first order terms in A; are unimportant, but the first
order terms in x /L determine the cutoff, so they will be kept. Since the location
of the two-ion hybrid resonance depends on both the concentration of each ion
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species and on their charge-to-mass ratio, we define u = w2 /we1 = qgomi/q1ms
for the mass ratio. Defining the temperature ratio by 6 = T,/ T, the dielectric
tensor elements may be approximated by

2

o (I=2xy) a(l —22)
K1 =—5 2 2 2
2 1/ +x/L)> =1 1/0+x/L)> -1
+ M + oh2 6.61)
4/u>(1+x/L)2 =1 4/(1+x/L)2—1 :
o? 1 L 1 L
2 1/ +x/L)2 =1 " 1/0+x/L)>—1
where A1 = k2KTi/miw? and A2 = (q10/q2p)r1. The two-ion hybrid

resonance occurs at x = xg where k1 = 0 with Ay = Ay = 0 (cold plasma),
so we find first that
(1+38) = Lol

= =€
L 1+«
with the result that the resonance is located at
xXr/L = /e — 1. (6.63)

It follows from equation (6.63) that if © > 1 so that € < 1 that xg < 0, while
for u < 1sothate > 1, xg > 0 so that the resonance may occur on either side
of the minority fundamental, and switches sides if the minority and majority are
interchanged.

If we now linearize in x /L, expanding about the resonance location so that

(1+x/L)* ~e(1+8)

then § = 2(x — xg)/+/€L. The linearized dielectric tensor elements may then be
expressed as

2 2.2
w k5 c
o =L |:A5 -4 B] (6.64)
C wpl
2
. wpl
iy = —5-(C + D9) (6.65)
C
where
A=x1+ax
3p11’e? 3pre?

B =
2(1 — p2e)(d — pu2e)  2(1—€)d—e)

3
u o
C=An
¢ 1—;1,26+1—6
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D=uxi+ax2+C/2
X = ule/(1 = pley’
x2=¢€/(1—e)?
where B; = 2uon;kT;/ Bg are the ratios of the plasma pressures to the magnetic

pressure.
The dispersion relation with k3 — oo and k;, = 0 is

ki1 —k3) +13 =0

which leads to a quadratic in kf, = k3 c? /");1’
Bkj —8Ak, — C(C +2D8) =0 (6.66)

where only the dominant terms have been kept. The character of the solutions of
this quadratic equation changes dramatically when B = 0, which occurs when
0 =6, = m@4 — 6)/m1(4//£2 — €). Whenever 0 is in the vicinity of 6.,
some of the previous approximations become suspect. An example is given in
figure 6.9 where the first two cases have minority *He in D with § < 6, in
figure 6.9(a) and 6 > 6, in figure 6.9(b). In each case, the majority density is
ny = 10%/m3, ny/n; = 0.1, the magnetic field is 1.0 T, and Ty = 1.0 keV. The
last two cases reverse minority and majority, with 8 < 6, in figure 6.9(c) and
6 > 6. in figure 6.9(d). Along with the solutions of equation (6.66), which are
dashed, solutions with exact Bessel function expressions through n = 3 without
linearization are shown by the full curves. It is evident that in addition to the
shift of the resonance by reversing the minority/majority ratio and the change
of topology from the change in 6, there are significant deviations between the
linearized and nearly exact expressions, especially when 6 is close to 6.. For
example, with 6 = 4 (/6. = 1.16), the upper branch of figure 6.9(b) still curves
back in the nearly exact case, as in figure 6.9(a), while the lower branch does not.
It is interesting to note that if one were to use minority rf heating, where most of
the wave energy goes to the minority species, the increasing minority temperature
may change the topology of the mode conversion process as 6 ranges from below
6. to above 6. in the u > 1 case (figures 6.9(a) and (b)), but not for the u© < 1
case since 6, < 1.

Equation (6.66) is transformed into a differential equation by letting k; —
—i(d/dx), becoming the tunneling equation with the substitution z — z9 = «x/L
(where « has the same sign as B which is positive for (u — 1)(0/6, — 1) > 0 and
negative for (u — 1)(0/6, — 1) < 0) and

A2 = (6.67
wp1L /2¢|B|(CD)3/2
y = — A%/4ABD? (6.68)
2 752
o L“2CcD
= -T2 s, (6.69)
C
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Figure 6.9. Two-ion hybrid, with (@) minority 3He in D with 6 = 2, (b) minority 3He in
D with 6 = 5, (¢) minority D in 3He with & = 0.25, (d) minority D in 3He with @ = 0.5.
The full curves include higher order terms in x and A; while the dashed curves are linear

in x and first order in %;. (From [81].)
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Since typically |y| >> 1 for the two-ion hybrid resonance, the tunneling factor is
given by

(6.70)

5 12
Ty moplL [(—C) e}
n ~ .

T2 4c 2AD

We note that the transmission coefficient is independent of the temperature ratio,
6, so the topological change does not affect the transmission. With y large in this
problem, varying as 1/8;, the Budden tunneling factor is accurate in this example,
while it failed badly in the previous example where y < 0.

Whereas the tunneling factor for the second harmonic of the ion cyclotron
is frequently small, being proportional to f;, so that little energy is absorbed or
converted for low to moderate temperature plasmas, the two-ion hybrid resonance
tunneling factor is typically large. Furthermore, except for the minority species
case where the resonance is close to the fundamental of the minority species, there
is little absorption, so the mode-converted wave is strongly excited. Because of
the difficulty of detecting the mode converted wave in high temperature plasmas,
the experimental verification of this aspect of mode conversion theory went
unresolved for many years, but wave scattering experiments eventually detected
the slow wave and from the measured dispersion relation were even able to
determine the ion temperature [82].

Problem 6.3.7. Two-ion hybrid resonance tunneling—budden equation. Since
the Budden equation is appropriate for the two-ion hybrid tunneling problem,
one may use cold plasma equations in a general form to estimate the tunneling.
Show that the tunneling factor from the Budden equation may be represented by
n = mwkoa/2 where the mean wavenumber k¢ and layer width a are given by

, o? wl(L—nD(R—nDllo
ko =—% d 2
¢ E(S_n”)l()
—(L —=nH)(R=nHlo
a =

SI(L —nD (R —nDlo

where the resonance is defined to occur at x = 0. (See [83] for applications.)

6.3.3.3 The electron cyclotron fundamental and harmonic

For the cold plasma, the ordinary wave does not have any dependence on the
magnetic field and the extraordinary wave experiences the upper hybrid resonance
but no cyclotron resonances. For the hot plasma, however, the ordinary wave does
experience a resonance at the cyclotron fundamental and the extraordinary wave
experiences a resonance at the electron cyclotron harmonic through the finite
Larmor orbit terms of equations (4.184)—(4.187). We shall examine these two
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examples of mode conversion and tunneling separately, but both originate from
the hot plasma dispersion relation with k; = 0 which may be factored as

(k2 — Kk3) (k% + 163 + 2x0Kc1 — k1k3) = 0. (6.71)

The first factor is the O-mode dispersion relation and the second factor gives the
X-mode dispersion relation.

6.3.3.4 The ordinary mode at the electron cyclotron fundamental

For this case, we assume w 2~ wc > wp. With a variation in magnetic
field characterized by w.e = w(1 4+ x/L). With k;, = 0, then the quantity
nZ'(&n)/ kzve = 1/(w + nwee). The x-variation leads to @ — w,, = —wx/L
so through second order in A., the dispersion relation k3 = ki is given by

w

L wiee‘“ oG+ 10 (2= L) = 2500
K3_C2 C2 0 e 1 e 2 x 32 e

2 2 2 2
w Wy, N Wpe (AeL _ A6L> _ ki

12

c? 2\ 2x 2x

where the ions are neglected, A, < 1 and L/x > 1. If we multiply by x/L and
use Ao = %ki p% o this becomes a quadratic in ki, namely,

2 4 2 2 2 2
2,07, x Wit ' =%\ x
pe ck4l+(__ pePLe ki_ 721"’ Z =0

8c2 L 4c2 c L

which we convert to a differential equation by letting k| — —i(d/dx),

2 2 _ 2

yiv_,’_(%_%%)yﬂ_w%y:o. (6.72)
'OLe wpepLe wpepLe

If we make the usual variable change here to cast this into the form of the

tunneling equation, then we find A2 < 0, so we instead let kox = zo — z so

the positive and negative axes are reversed. Then we obtain the usual tunneling

equation with

2 2 2 2
o8¢ M men) Y (o
T2 ot L3 T w2 0% LK 0~ c2 )
wpepLe 0 wpepLe 0
2
y=—-—Xio=—>55 (6.74)
kOpLe
and thus the tunneling factor is given by

2 2

1 Whe P
=% ;’2”‘ :% pZZLekOL (6.75)

Copyright © 2003 IOP Publishing Ltd.



kQ A2:2:—'y

3F T2 e
R*=0 —
pC*=1-T2

T2 = 2
— < RP=-(1-T?%?
pC* =T?*(1-T?)

Branch 1 Branch 2
0 /

v

Figure 6.10. Dispersion relation for tunneling equation when 1 + y < 0.

since 1 + y < 0as y ~ —1/A.. In this case, the converted wave propagates
through the resonance layer rather than back from it. The dispersion curve is
illustrated in figure 6.10 and the connection formulas are given in table 6.3 (where
yo = e~ 2"y3 — y, in this case) and the coupling coefficients in table 6.4. For this
case, we note that there is still no reflection from the resonance side, and that the
group velocity directions have changed since x o« —z. It may appear that there
is no turning point in this problem since the group velocity does not appear to
vanish anywhere, but mathematically the turning point is off the real axis and all
the same couplings still occur.

6.3.3.5 The extraordinary mode at the electron cyclotron harmonic

In the hot plasma dispersion relation for the X-mode, we need expressions for
k0, k1 and k7, but the first order terms in A, are not resonant at w = 2w, in
ko so we will examine only the two dominant components. Again using k;, = 0
so that Z(&,)/k;ve = —1/(w + nwe.), and letting 2w, = w(l + x/L) so that
w — 2we, = —wx /L, the tensor components may be represented by

o’ . 4 2L 6.76)
=" “N\37 o '
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Table 6.3. Tunneling equation connection formulas between asymptotic forms for large

lzland 1 +y < O.

7—> —X Yn 77— X

e o yo o f+—f-+e M- —s4)

el fi yio fr el —e sy

e f—eM(1—eMo_  yy  fo—(1—e2N)(fy —eTsy)
e"f_+e o_ y3  f+tels— —e sy

el(f+ —o4) va o €lsy

Table 6.4. Amplitude and energy coefficients for the tunneling equation with 1 + y < 0.

For this case, p = (1 — e~ 21~ L,
Transmission  Reflection Conversion
Ty =e™" R =0 Ci=1—e2
TP =e"21 |Ri|>=0 pICI > =1—e"21
Ty=e" Ry = —(1 —e™21) Cy=e (1 —e2M)
TP =e21 Ryl =(1—e2N2  p|Ca? = 21(1 —e2)
3=0 Ry = —e=21 C;‘ =e
c; =1
17312 =0 |R3|? = e~ ICS 12/p=e21(1 —e™2)
IC3P/p=1—e2
2
w” (2 AL
Kn=ila— | = — 6.77
2 (3 2x ) ©.77)

where o = wf,e Jw? and w.. = w/2 except in the resonant second harmonic term.
The dispersion relation is then

2 2
RL l—a—2x.L 1 —2a/3
2 = w_z_ _ w_z[ a( < /)11 —2a/3) 6.78)
c- S c Il —a(3 —2.L/2x)
which can be rearranged into a quadratic in ki as
2
2 4 4
a-[E0-3)-(5) ]
c 3 3 a'OLeL
2 40
— (1 =2a) <1 _ —“> 22— (6.79)
3 ) apj L
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This can be converted into a fourth-order differential equation in the usual way
and with variable change kox = z9 — z, into the tunneling equation with

2 43 —4a) (1 —20)(3 — 2a)4e?
© 3ap?, Lkl 3api,clLk]

SO

5 (1 —2a)(3 —2a)
ko =

c2(3 — 4a)
23 —4
22z = ﬁ =y (6.80)

where 1 +y < Ofora < 1/2 (o = 1/2is the R = 0 cutoff), so that the tunneling
factor is given by

T

2

1 3-2 2
—H/‘ _Z[w} koL. (6.81)

A2 |2 3 — 4a)2c

This dispersion relation is qualitatively the same as for the O-mode at
fundamental resonance, since the converted wave again converts through the layer
rather than convert back from the resonance layer.

Problem 6.3.8. X-mode tunneling. When 3/4 < a < 3/2 between the § = 0
upper hybrid resonance and the L = 0 cutoff, show that this corresponds to the
y > —1 case for the X-mode at the harmonic resonance.

6.3.4 Conservation of energy

The conservation of energy in inhomogeneous plasmas is much more difficult
to establish than it is for uniform plasmas. While the various mode conversion
equations suggest that energy is conserved and that all incident wave energy which
is neither transmitted nor reflected is converted, it cannot be proved for any of the
previous examples since the conserved quantities of equations (6.43) and (6.45)
are not identical to the conservation of energy. This is due to the fact that for
the slow waves, their primary energy content is in their kinetic flux rather than
their Poynting flux, although the fast-wave energy flux terms can be related to
Poynting’s vector.

In order to get the kinetic flux correct for the slow wave, Kuehl [84]
demonstrated that the relevant fourth order equation had to include the odd
order derivatives in the coupled wave equation which was derived directly from
the Vlasov equations without first taking the Fourier transform. This method
eliminates the problem we identified earlier where the inverse Fourier transform
left ambiguous whether the derivatives acted only on the field variables or also
on the equilibrium variables. In order to get the energy content correct, it was
demonstrated that the derivatives of the equilibrium quantities are crucial. We
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will show first a specific example where the correct form of the coupled wave
equation is derived for tunneling at the ion cyclotron harmonic [85], and then
calculate the appropriate expression for the kinetic and electromagnetic flux as a
special case of a more general method due to Colestock and Kashuba [86].

6.3.4.1 Direct integration of the Vlasov equations

For this problem, we break the distribution function into zero and first order
quantities, assuming the zero order distribution function is isotropic (which means
we neglect drift velocities), and we assume all equilibrium quantities are uniform
in the z-direction, which is the direction of By, and in the y-direction which
is perpendicular both to the magnetic field and its gradient, which is in the
x-direction. In this case, the zero order equation,

0 .
vxa—{? +weiv xe;-Vyfop=0
is satisfied identically. The first order equation, assuming exp(ikz — wt)

dependence, is given by

. af1 af1 a1 2qfo
_1(w_kvz)f1+vx%+wci <Uy£ - vxa—f;) = 290 () B tuyEy) (682)

mivi
where vl.2 = 2KT;/m; and fj is Maxwellian. Changing variables to v, = v} cos ¢
and vy = v sin ¢, equation (6.82) becomes

af ,<a)—kvz) v cos¢ df] 2v] fo <cos¢Ex+sin¢Ey>
- 41 fl - - =
a¢p By

wei  0x v?

Wci ;

(6.83)
which may be integrated at once to

we  0x v2 By

fi =e i8¢ /¢ 20’ |:vl cosqb/% _ 2uLfo (cosq)’Ex + sin¢/Ey) i’
l
(6.84)
with Q = (w — kv;)/w.;. This is an integral equation, and we will solve it by

successive approximation, expanding f; in the series,

2
0 VL . VL 2
fi=FO4 f1(>+< )1<>+...
Wi

Wci

and we will keep only through second order. Formally, the expansion appears
divergent, since v, is an unbounded variable of integration, but we shall only
consider integrals over a Maxwellian velocity distribution as in section 4.3.4,
so the real expansion parameter is the mean Larmor radius, (v )/w.;, which is
presumed to be small.
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Inside the integrand, the df]/0dx term is already first order, so this term is
represented adequately by zero and first order terms as

(O] (D
0 a 0
fi (f1 ) |

ax  ox Lox \ wu

Doing the various integrals, the results are:

f] 2

m,'Ul-

7O weiqu1 fo o N 1 B E, —iE,
L ome? o+ 2w —kv,  w—kv, | 9x \ @+ o, — kv,

i

—2i¢ 1 d E. +iE

e

+ + ===y (6.86)
w—2wei —kv,  ®—kv;) 0x \w— w,i — kv,

© _ iqv] fo |:(Ex — iEy)ei(p n (Ex + iE}*)e_i¢] (6.85)

 + we — kv, o — we — kv

O _ @3quL fo e ¢ N e o
1 4imivi2 o —we; —kv,  ©— 3w — kv,
0 1 a E. +1iE,
X — — al Y (6.87)
0x | wei(w — 2w — kvy) 0x \w — wei — kv,
where only the resonant terms (w ~ 2w,;) are kept in fl(l) in going to second

order.
The average velocities are obtained by integrating over ¢, v), and v,
according to

(vy) /27‘[ /oo /OO cos ¢
= d vy dv dv . .
{ (vy) A ¢ ovdu [ 2 Ji sin ¢
The velocity expansion is similar to the expansion of f1, namely

() = () + oL D) + p7 (vP) + -

with pr = v;/wci, so that to zero order,

i) | _ _ng . | |
: <v;0)> = Imkv; [Z(Cl)(Ex —1iEy) +{ 1 }Z({l)(Ex +1Ey)}

(6.88)
where ¢, = (w+nw.;)/kv; and Z(¢,) is the plasma dispersion function. The first
order terms do not contribute to the final result, and for the second order terms,
only the resonant terms are kept and the kv, terms will be dropped except for
the  — 2w, — kv, term, since only harmonic damping will be significant. With
these restrictions, the second order term in equation (6.87) can be integrated over
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velocities to obtain

2 .
i@y = @y = M (@ ) 9 12@) 9 (ExtiEy
X y dmkv; \w —wei | 0x | we 0x \ @ — we;

where now we have replaced {_» — ¢ since it is the only remaining argument
of the plasma dispersion function. Using the magnetic field variation 2w, =

w(l +x/L), then ¢ = —wx/Lkv; and the second order average becomes
0@y = @y = "
—1(v,”) = (v)7) =
* Y 4mkv,'
E. +iE, E,+iE
7 E" E") — w 7' X y X Y
x[ O] +iE) = -2/ [ =+ =5

where at this final stage, terms of order x/L have been neglected after the
derivatives were taken.

The results of this expansion can be represented either as a current or as an
equivalent dielectric tensor. Writing the result as dielectric tensor components,
the result is

2 2 2 2
Oy 9 Z'@)  @peid o d
Ki=1 a n - = — 7)) — 6.89
1 + PR + 42 BL2  dwky dx (g)dx (6.89)
: 2 i 2 2 2
lows: . 1w -Z’(;) w07 d d
Ky = r_ 4+ Z - L= — 7)) — 6.90
2 a)ci(a)gl. — w?) 4(1)31. k2L2 4wkv; dx (g)dx ( )

where now the dielectric tensor elements are operators due to the nonlocal nature
of the dielectric tensor. The wave equation then may be written as

k2c?
Ki—— | Ex+ K3E, =0 (6.91)
w
Kc? ? d?

If K1 and K> commute, then this may be written as an equation in Ey only as

kZCZ k2C2 C2 d2 5
Ki—— )| Ki =+ 55 | By + K3E, =0, (6.93)

Since the commutator is proportional to the quantity (d/dx)(K> — iKp)
which involves taking only the cold plasma terms to be constant, we assume
equation (6.93) to be the relevant equation. Using the previous definitions, the
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energy-conserving tunneling equation becomes

d[2(4>d3E>}+[16(%+1’2>@ 1 dZ({):|d2Ey 20%(G = P?)
dx3

a pi w L dx dx? V[%
d dE, 81+ pAH kv, 1dZ(©)
—|z)—= — PP 2 EN =0 (694
X{dx[(g)dx}—i_[ ,0[% a)+L dx y ( )

where p = kV4/w as before. This equation now has odd order terms, and it is
clear that even as k — 0 it does not reduce to the standard tunneling equation.
The fields associated with this equation, however, can be shown to conserve
energy, as shown in the next section. If Z({) were treated as a constant, as is
effectively assumed in the Fourier transforms which led to the tunneling equation
with only even order terms, this would reduce to that case and the standard
tunneling equation as k — 0. This more complicated equation can only be treated
numerically, however, even as k — 0, with the conclusion that the results are
substantially identical to those obtained from the corresponding equation with
only even order terms in the transmission, reflection, and conversion coefficients,
but that the asymptotic electric fields are significantly different for the slow wave
and the total wave fields and absorption profiles change in the coupling region.

Problem 6.3.9. The energy-conserving tunneling equation. Let k — 0 in
equation (6.94) and then:

(i) Show that the odd order terms persist.

(ii) Change to the dimensionless variables of equation (6.56) and use the
normalized scale length £ = puwL/ V4.

(iii) Eliminate the third derivative term by letting Ey = u® and choosing u
so that the third derivative term vanishes.

(iv) Find the asymptotic form of the equation for ® (neglect terms now with
coefficients that vanish asymptotically), and show that one odd order term
persists.

(v) Find the asymptotic forms of E\ for both the fast and the slow wave
solutions. (Hint: Reference [71] may be useful for this generalized tunneling
equation for ®.)

6.3.4.2 Energy flux and energy conservation

In this section, we develop the expressions for the Poynting flux, the kinetic flux,
and the loss terms by using Poynting’s theorem. We begin by writing down the
Maxwell equations for harmonic time dependence,

V x E =iwB V x E* = —iwB*
. ] (6.95)
V x B = uo(j — iwegE) V x B* = uo(j* +iweg E™).
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We then examine the divergence of the complex Poynting vector,

E x B* 1. V x B*
V. =—B* VXE—-E.
Mo Hno Ho

=B B_E.j —iwqE - E*

o
and since the time average over a cycle of the real part of the Poynting vector is
given by

1 E x B*
S=-Re (6.96)
2 Mo
then it follows that
V-8 =—1Re(E-j* (6.97)

with j = o - E and 6* = iwep(K* — 1) is the conductivity tensor. Then if we
define

QO =1Re(E jH)=Px)+V -Tkx)
we may write our conservation law in the form
V-(S+T)=-P.

From the form of this expression, it is clear that since S is the electromagnetic
flux, then T is also a flux which we designate the kinetic flux and represents
the power carried by the coherent motions of the particles in the plasma. From
Poynting’s theorem, P represents the loss term.

In order to evaluate these expressions, we write out

1weg

0= T ReliE - (K —1)- E] = (B K- E* —cc)

where c.c. stands for the complex conjugate of the preceding function. Now the
dielectric tensor of equation (6.90) can be represented by

where Kg is the cold plasma dielectric tensor and K is the hot plasma correction

given by
1 1
Kn = ( i1 >KH

where Ky = —wf,l.p§2(g)/4wku,~ andK), = dKy /dx. Then E-Ko-E*—c.c = 0,

and since
1 i E
* * X %
e (L) (5 )-ee
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then we may write

(K:I/ - K}.[)
L

E -K' E*—cc. = |E4+*+ (K — K3DIEL

d E. K E.*
+a( +KyE," —cc)

so that finally we can identify terms and obtain

1wey
4
%6 Im(E* Ky E.) (6.99)

T,

(E4+K{E," —cc)

iweg [ 1
P = e |:z(K*/ — K}/)|E+|2 + (Ky — K}‘;)|Eg_|2i|

we
== Im(K | E+1* — Ky|EL ) (6.100)

1
S = —Re(E x B")
20

Im(E}Eé, — EfE|é,) + L(|Ex|2 +1Ey[}é, (6.101)
How 2o
where the last result was obtained by expanding equation (6.95).

From these results, it is evident that the principal electromagnetic flux is due
to the E, component while the kinetic flux due to the £ component. Since
Ky ~ 1/z as z — oo, the fast wave kinetic flux vanishes asymptotically
since it is dominated by E, whose amplitude is asymptotically constant. Thus
we have shown that the fast wave is an electromagnetic wave, dominated by
the electromagnetic flux. The slow wave solutions of equation (6.94) vary as
E; ~ z//%exp(—2irz3/2/3) so that for the slow wave solutions the kinetic flux
is asymptotically constant while the electromagnetic flux vanishes. The slow
wave solutions of equation (6.26), however, do satisfy the conservation law of
equation (6.43) without the odd order terms, but fail to conserve the kinetic flux
which falls off as 1/z in that case. Thus we have shown that the existence of a
conservation law is not equivalent to the conservation of energy unless a direct
connection between the two can be established. From numerical solutions of
both equation (6.55), which is the generalization of the tunneling equation to
include absorption but not the odd order terms, and equation (6.94) which includes
both, the reflection coefficients are found to be equivalent and the conversion
coefficients are close but not exactly the same.

Problem 6.3.10. Kinetic flux and power conservation.

(i) Derive an exact expression for £ in terms of Ey and its derivatives from
equation (6.92).
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(i) From the results of problem 6.3.9 for Ey, show that the slow wave kinetic
flux is asymptotically constant.

(iii) If the solution of equation (6.26) is used for Ey, show that the kinetic
flux vanishes asymptotically.

6.4 Absorption and emission

Radiation from a plasma, by which we mean electromagnetic radiation, is
necessarily from an inhomogeneous (or at least bounded) plasma since in the
uniform plasma, there is nowhere for the radiation to go which is ‘outside’. The
most important reasons for examining radiation or emission theory is to either
measure the radiation for diagnostic purposes or to estimate the energy loss rate
for power balance purposes. There are sources of radiation in many plasmas
from atomic processes, especially from highly stripped atoms, but in this section
we will deal only with the emission due to the thermal character of the plasma,
and since the plasma is inhomogeneous, the source will be localized into a layer
within which the plasma is assumed to be slowly varying. The fundamental
approach is to calculate the absorption and then extract the emission from an
application of Kirchhoff’s law. Although this topic is not new, and textbooks exist
on this topic (e.g. see Bekefi [87]), the proper treatment of Kirchhoff’s law as it
relates to emission from cyclotron resonance layers is relatively recent [80, 88].
This is because the mode conversion phenomenon changes our picture of the
absorption process such that absorption affects only the reflected and converted
branches while the transmission coefficient is independent of absorption. It is
surprising that traditional estimates of emission have been based exclusively on
calculations of the transmission coefficient, the only parameter that is independent
of absorption.

6.4.1 Generalized Kirchhoff’s law

Emission and absorption are intimately related through the fluctuation—dissipation
theorem. Therefore, it is to be expected that the emission along any of the
principal branches will be related to the absorption along the corresponding
branch.

For an example problem, we choose an ion harmonic resonance where
1 + y > 0. From the dispersion relation illustrated in figure 6.7, we let power
densities I1, I>, and I3 be incident along the corresponding branches (incidence
on branch 1 is from the right, incidence on branch 2 is from the left and incidence
on branch 3 is from above) and let the power emitted along each branch be
E1, E>, and Es3, respectively. Then an assumption of equilibrium requires that
the incoming and outgoing power must balance branch by branch (asymptotic
independence), such that

I = E1 + |R\ L + |12 I + €|C31 12 13 (6.102)
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L = Ey + T\ 1) + |Ro|* 1 + ¢|C32 | I3 (6.103)
L= Es+ |R3|* I3 + |C13)° 1 /& + |Cas|* 1o /e (6.104)

wheree =1 —e 2,

If it is further assumed that the system is in thermal equilibrium with
perfectly absorbing walls, where both the plasma and walls are at the same
temperature, then it is required by equipartition that

I =L =13=1Ipp (6.105)

where Ipp is the blackbody radiation intensity. We may solve for the emitted
power on each branch to obtain

Ei=(—|Ti* = |Ri|* —¢|C311P) s (6.106)
Ey=(1—|T)® = |Ra*> — €|C32|P) Ipp (6.107)
Ez=(1—|Rs3|* — [C131*/e — |Ca31?/e) I 5. (6.108)

Using the reciprocity relations that state that the fractional power between any
two branches is the same in either direction, these equations reduce to the general
result

Ey = Arlpp (6.109)

where the absorption is given by

Ar=1—|T11> = |Ri* = |C15*/¢
Ay =1—|Ta)> = |Raf* — |C3* /e
Az =1—|Rs* — e|C31* — e|Cal

Equation (6.109) is called the generalized Kirchhoff’s law (GKL) since it
relates emission and absorption on each branch.

The proof may be extended from a local proof, requiring walls of the same
temperature as the plasma, to a global proof by removing the walls to infinity so
that there are only outgoing waves. In this case, the emission must be unchanged
provided there is some nonradiative source of energy to maintain equilibrium,
such as collisions, because the individual solutions representing incoming waves
and the solution representing the radiation are linearly independent.

6.4.2 Absorption and mode conversion

In order to evaluate the emission from equation (6.109), it is necessary to know
the effects of absorption on the scattering coefficients which up to this point are
known only without absorption. Generally speaking, these coefficients can only
be obtained numerically, but a few are known analytically. In this section we
outline the procedures that have proven effective in determining these coefficients,
but the details are found elsewhere [80].
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6.4.2.1 Green’s function method

While the GKL applies to all cases where there is both mode conversion and
tunneling, there are subtle differences in the methods with 1 4+ y > 0 and with
1 4+ y < 0, so the development that follows is for a pure ion second harmonic
case. The objective then is to solve equation (6.58) by using a Green function
such that

¥ (2) =/ G_(z,x)g(x,l//)dx+/ Gi(z,x)g(x, ¥)dx (6.110)

where the G4 (z, x) form the Green function that is constructed from the adjoint
solutions of the tunneling equation which satisfy ¥ = y” + y and the sink term is

g(x, ¥) = 22(x — xo)[1 — 1/F @)W + ). (6.111)
The adjoint functions satisfy the adjoint tunneling equation,
Y 4 A2 +22%Y + (W22 4+ 9)Y =0 6.112)

which was obtained by integrating equation (6.110) by parts. G4(z,x) and
G _(z, x) are linear functions of Y (x) of the form

Gi(z,x) = Ax()Y1(x) + Bx(2)Y2(x) + C£(2)¥3(x) + D+ (2)Ya(x)

where the z-dependent coefficients may be determined from boundary conditions.
The resulting solutions may be written as

V(@) = yk(@) + 21 /e + ya@ Iy + 1@ L Je + yo (@I, (6.113)

where yop = y3 — y1 has been introduced for convenience, and the integrals are
over a semi-infinite range defined by

Z

_ 1
I (2) = W/ Yj(x)g(x, ¥) dx (6.114)

—00

1 o
L0 =5 [ Vet 6.115)

6.4.2.2  Scattering coefficients with absorption

The scattering coefficients may be expressed in terms of the /; integrals over the
infinite range and are given in table 6.5.

While in general, the /j; integrals must be calculated numerically, it has
been proved that I1; = I12 = I = 0 identically [79], so that T = T, = e™"
always and R; = 0. For the coefficients that do depend on damping, the typical
behavior is for the reflection and conversion coefficients to decrease exponentially
as |R2|2 = R%OG_ZD‘R"2 where Ryg = 1—e~2" is the value without absorption, « is
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Table 6.5. Scattering coefficients with absorption for the tunneling equation with

1+y>0.
Transmission Reflection Conversion
Ty =e "1+ 1Dy/e) Ry=-e21I/e Ci3=—e+e 2y
hh=e "1+ 112/e) Ry=—(e+Dn/e) Cy3 = —e" (e + I3p)
I3=0 Ry=—e"21(1+133) C31=—(1—eM3/e)

C3p = —e7 (1 + Ip3/e)

the normalized parallel wavenumber, and o is dependent on plasma parameters.
The conversion coefficients have a similar character. For a single-ion component
plasma, g = 1 within 1%, but for multiple-ion species, there is no simple
approximation.

The results are similar for absorption/emission at the electron cyclotron
harmonic for the X-mode, but some interesting auxiliary effects influence the
emission. First, the electrons are weakly relativistic at even modest temperatures,
so the sink term in equation (6.111) must be replaced by the appropriate
relativistic expression. Second, the mode-converted branch is typically absorbed
very close to the resonance layer because the Bernstein mode turns around and
returns to the resonance layer where it is completely absorbed. The consequence
is that since a perfect absorber is a blackbody emitter, we must consider the
emitted blackbody radiation which traces the same path to the mode conversion
layer as an incident slow wave which then mode converts some of its power to an
electromagnetic wave, and though incoherent with the direct emission, it adds to
the overall radiation. The total emission on branches 1 or 2 is therefore given by

Ei=(1—e " —|Ci3/)Ipp(T) +|C31|*Ipp(T") (6.116)
Ey=(1—e 2" — |Ra|*> — |Ca3|D)Ipp(T) + |C32*Ip(T")  (6.117)

where the original layer is at temperature 7 and the other blackbody layer is
at temperature T7’. These expressions are also simplified so that the |Cl-j|2
represents the power converted from branch i to branch j. It is evident that if
the temperatures are equal (or very nearly equal), the conversion terms cancel,
and the results simplify to

Ey=(1—eNipg (6.118)
Ey=(—e¢ —|Ra|))Ipp (6.119)
where the first result is completely independent of the strength of absorption,
depending only on the asymptotic parameter n which depends only on cold

plasma parameters. Equation (6.118) is exactly the same result commonly
used for electron cyclotron emission where mode conversion is ignored and
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the finite transmission is presumed to be due to absorption processes. In the
simpler analysis that neglects mode conversion, however, the emission is always
symmetric, but we see from equation (6.119) that the symmetry between the high
magnetic field side emission and the low magnetic field side emission is broken
if Ry # 0. It has been shown that if the parameter, £7, > 1000 where ¢ is the
dimensionless length £ = wL/c with L the scale length of the magnetic field
variation, and the temperature is in keV, then R; is small enough that neglecting
it produces less than 1% error [80]. If, however, £T, < 500 and X = a)f, /a)2 is
not small, the error in estimating the temperature can exceed a factor of two.

Problem 6.4.1. Green’s function.

(i) Show that by using equation (6.58) in equation (6.110) and integrating by
parts that the Green function must satisfy the adjoint equation.

(i1) Show that the G (z, x) and G_(z, x) and their derivatives must satisfy
certain jump conditions of the form Ggf) (z,24) — G (z,z-) = gy and find
gn forn = 0 throughn = 3.

6.5 WKB Method for three-dimensional inhomogeneous
plasmas—ray tracing

6.5.1 The ray equations

When the variation in the equilibrium parameters is no longer restricted to one
dimension, then there are no longer any simple invariants, and the direction of the
group velocity, or of the wave packet, is less obvious. There is a generalization
of the WKB method, however, which will answer this question and give a
prescription for following a wave packet and its energy density [89,90].

We begin with the Maxwell equations

V x B i + 1 9F (6.120)
X = —_—_ .
moj+ 55
dB
VXxE=— — (6.121)
at
where we define
E = ae'’ (6.122)
B = be'V (6.123)
VY = k(r, 1) (6.124)
)
a_*t” = o0 (6.125)

and we assume that k, w, a, and b are slowly varying in space and time. At this
point, we recognize that v is just the eikonal of WKB theory generalized to three
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dimensions. Then expanding the space and time derivatives,

V x B=¢eY(V xb+ik x b) (6.126)
VxE:ei’p(an—i—ikxa) (6.127)
OB ., (b
— =V <— - ia)b) (6.128)
at at
dE ., (0
02 v <—a — ia)a) (6.129)
at at
j=¢ev%( a+Kla) (6.130)

where 04 is the anti-Hermitian component of the conductivity tensor and K{a}
is related to the anti-Hermitian component of the dielectric tensor which is a
function of the loss terms in the plasma and to the nonlocal terms in the dielectric
tensor. If we assume the loss terms and nonlocal terms are of order § compared
to the dominant terms, then K{a} is of order § compared to o4 (since the anti-
Hermitian terms in o correspond to the Hermitian terms in K and vice versa).
Expanding in order § for the remaining quantities so that

a=a0+8a1+52a2...
b=by+8b +8b,...

then the ordering is such that

K{a} is of order § compared to o4
V X a is of order § compared to ik x a
V x b is of order § compared to ik x b

a .
m is of order § compared to — iwa

b
o is of order § compared to — iwb

where the first relation is due to weak damping and the others are due to the slow
variation of @ and b. Then the zero order equations from equation (6.121) are

i[kxbo+%ao+uoia/‘.ao]=o (6.131)
ik x ao — wbo] = 0 (6.132)

and the first order equations are

. . 1 da
i6 [k x b1 + s)—2a1 + poio A .al] =34 [,uOK{a} —V x by + c_Z_atO}
(6.133)

ab
5[k x aj — wby] = — 8 [v X ag -+ a—t‘)} . (6.134)
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Now equation (6.132) gives bg = k x a/w and this result in equation (6.131)

gives
kx(kxa
(70) + + ,uolcr -ap=0
)
which may also be written as
K22 2 A
e.aos[l(1——§)+c—2kk+m— ay =0 (6.135)
1) 1) weo

and det |e| = 0 is the dispersion relation with no losses (o only). We may denote
this dispersion relation in many ways, such as

det|e| = Dk, w,r,t) =0 (6.136)
or as
w=Q(k,r,t1). (6.137)
Now from the definitions of equation (6.125), we may establish that
8k 0
—( Y) = —V(a—jf) =-—Vo

which leads to ok
Vo + i =0. (6.138)

We may also establish that
Vo = Q; + (Vk) - Q

where the last term is the dyadic

(Vk) - Qf = EVk + — 0% Vky + @sz
Oky oky ok,
and the subscript means the derivative holding the other variables fixed so that
Qr 4+ (V) - @ + % =0. (6.139)

Now taking k, r, and ¢ as the independent variables, we may write
equation (6.136) as
Dk, wk,r,t),r,t) =0

and then it follows that

3D+3D8a) 0 Du+ Do = 0

[R— — Or =

ok | 9w ok kT otk

aD 8D

L% 0 or D 4+D,Q =0 (6.140)
or Jdw or

D 9D dw

i =0 D; +D,Q; =0.

or 9w or of R
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Using these, then equation (6.139) may be written as

ok D,
Vk) - Q — =—-Q,=—. 6.141
( ) K+ a1 r D, ( )
Now at this point we introduce the concept of rays or trajectories defined by the
group velocity v, = dw/dk = Q such that

dr D
T o=k (6.142)
dr D,

Since these rays follow the direction of the group velocity, they represent
the trajectory of a wave packet in the inhomogeneous medium. Using

equation (6.142), equation (6.141) can be written as

ok dr dk D, dk

— Y — = =—Q, =L == (6.143)
ot dr dr D, dt

where we have used the symmetry of the dyadic so that (Vk) - Qi = Qf - (Vk).
If we then consider the evolution of D along the ray by examining

dD_D dk+D dr+D dw+D _0
a  Far "dt “dt e
then the first two terms cancel so
dw D, dQ
—_—=—— or — = Q. (6.144)
dr D, dr

This set of equations represents a set of Hamiltonian equations with Q2 playing the
role of the Hamiltonian. By rescaling the variable along the trajectory to 7, such
that D, = dt/dr, then these three equations may be written in the compact form,

dk
— =D, (6.145)
dr
dr
— = — Dy (6.146)
dr
dw
— = — Ds. (6.147)
dr

The trajectories so defined are the characteristics of the wave equation and are
used to follow the power flow.

Problem 6.5.1. Analytic two-dimensional ray tracing. Consider the dispersion
relation,
2 11232 2 2 —
D = (ky +ky)” — axk; +bky+c+dx+ey =0.

(i) Solve the ray equations to find x(7) and y(t) with k)% >d/a.
(>ii) Sketch k% versus x for d = 0 and at least two values of yg as a parameter.
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6.5.2 The inhomogeneous plasma dispersion relation

The numerous dispersion relations for cold plasmas, warm plasmas, hot plasmas,
etc, have all had one common feature, namely that the z-axis has been in the
direction of the magnetic field (if any). In the inhomogeneous plasma, the
magnetic field may vary in direction so that except at a point, the magnetic field
points in an arbitrary direction. If the magnetic field is curved, it may still be
possible to keep the dispersion relation simple if the field always follows one of
the coordinates, such as in a simple toroidal field (with no shear) where the field
is in the ¢-direction. In general, however, with a fixed coordinate system, the
dielectric tensor has all nine components nonzero and the dispersion relation is
somewhat more complicated than our previous examples.
To find the weakly inhomogeneous dispersion relation, we consider only the
cold plasma case, where the equations of motion may be written as
—iw Vjx

—Wcjz Wcjy

qj
Wejz;  —lw  —wejx vjy | = p— Ey (6.148)
Wejy  Wcjx —iw Vjz J E,

2
where wej; = qjB:/mj, wejy = qjBy/mj, wcjz = qjB:/mj, and wy; =
wfj LT a)gjy + wfj .- Solving for the velocity components, we find for the mobility
tensor,

iq;
vj=—-T, - E (6.149)
I e
where
W2 — w2 . ,
ojx 10Wej; — WejxWcjy _ WejxWcjz + lwwcjy
2 _ 2 2 _ 2 2 _ 2
w* — w; w* — W w* — w;
. 02 — w2 .
T _ 1wwej; + WcjxWcjy cjy 1wWcjx — WejyWejz
J - B 2 2 2 2 2
w* — w; w* — w; w* — wg;
‘ _ W — 2
1WWejy — WejxWcejz 1WWcjx + WcjyWcjz cjz
w? — »? w? — »? w? — »?

cj

cj

cj

and using the usual transformation to the dielectric tensor from the mobility

tensor, we have

Z”./ijj —iwegE = —iweoK - E

J

so the general form for K is
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The dielectric tensor components may then be written as

2 2 2 2 2 2
@pi [@” — wcix] WpelW™ — Wgey)
Ky =1- ST T 53 5 (6.151)
oo — ;] w*(w* — wz,)
2 2 2
wy; [w” — a)Cl.y] a)ﬁ,e(a)2 - a)gey)
Kyy=1- > s — — 5.5 5 (6.152)
o [w* — w5 ] w*(w* — ws,)
2 2 2
@pi [@” — wciz] w}%e(wz - w?ez)
K= R Y] > (6.153)
w?[w? — ;] w*(w* — wz,)
% wii[wcichiy — iwwei] w%e (Wcex Weey + iwweez)
Ky =Ky, = 22 2 Y
w?lw* — w5 ] o (w* — wz,)
(6.154)
% a)zz,i[a)cixa)ciz + ia)a)ciy] a)f,e (Weex Weez — ia)a)cey)
Koo =Ko = 2 2 2.2 _ .2
o [w* — w;] - (w* — wz,)
(6.155)
" wii[wd)’wdl — lwweix] w%g (wceya)cez + iwweey)
Ky, =Kz = 2 2 2.2 _ .2
wlw* — 0] w*(w* — ws,)
(6.156)
and where now we have taken w¢jx = |g|Br/mj, k = x,y,z, so that all of

the cyclotron frequencies are taken to be positive if the corresponding magnetic
field component is positive. Without collisions, the tensor is Hermitian, but with
collisions, all nine components are distinct.

Because of the inhomogeneity, we cannot rotate the coordinate system about
the field direction, so the dispersion relation becomes

{[Kex — (5 4+ nD)Kyy — (nF +nD)] = | Ky + neny K — (3 +13)]
— [Kyx — (3 + nD]IKyz + nyn; |
—[Kyy = (nF +n)1| Ky + nen.|?
+ 2Re[(Kyy + niny)(Ky: + nyn) (K, + nene)] = 0. (6.157)

If collisions or collisionless damping are included, then the dielectric tensor is no
longer Hermitian, and the dispersion relation is even longer, since no longer can
we use K;; = K;‘l. to simplify the expression.

6.5.3 The amplitude equations

From the first order terms, after considerable vector manipulation given in
appendix C, an expression for the amplitude may be obtained of the form
dUu 1 o

EZ—UV'O)k—Ea())k‘O' - ag (6158)
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where U is the energy density in the wave from the Hermitian portion of the
dielectric tensor (anti-Hermitian part of the conductivity tensor). Clearly, the
V - wy term represents the effects of convergence or divergence of a ray bundle, or
focusing. When this term becomes large, the WKB formalism eventually breaks
down. When the divergence term is small or vanishes, then the o term, which
represents losses due to dissipation, dominates the changes in energy density.

Another limit to the validity of the ray tracing equations has to do with the
fact that the rays are presumed to be single rays. The determinant of the dielectric
tensor generally has two roots for a cold plasma and more for a hot plasma, and if
two of the roots begin to coalesce, then the ray tracing theory breaks down. While
the ray tracing will continue as long as the two roots do not exactly coincide, the
energy flow is split between two nearby roots, and hence both the rays and the
amplitudes are invalid near such a coalescence. The greater problem is with the
amplitudes, since the divergence of the group velocity is effectively sampling the
vicinity near the ray, while the ray equations effectively sample only along the ray.
Thus, even though a ray may experience a mode conversion at a coalescence of
two roots, entering the region on one root and leaving on another, following a valid
ray after the encounter, it is possible that most of the energy may have transferred
to the other ray. Such problems are outside the suitable domain for geometric
optics, and fall in the mode conversion domain where full wave solutions in
the coalescence region are found and then matched to WKB solutions where ray
tracing and geometric optics are once again valid.

6.6 Drift waves and instabilities

6.6.1 Introduction—drift waves

Whenever there is a gradient in one of the equilibrium parameters, it generally
leads to crossed electric and magnetic fields that allow the propagation of drift
waves. The literature is extensive in the kinds of instabilities that may arise from
these gradients [91,92], and it is beyond the scope of this book to investigate all
of them, so again we will examine some of the basic principles and illustrate with
a few examples. The literature is difficult to survey because there are examples
of collisionless drift instabilities from a kinetic equation, there are collisional or
dissipative drift instabilities from the fluid equations, and some use a mixture
of both. There is no unified theory of drift instabilities, and hence there is
also no unified nomenclature for the various instabilities, and while the various
approximations are commonly very specific, they may not always be consistent,
and the results are sometimes abstract in the sense that a consistent set of plasma
parameters is not always invoked. For example, one case in which simplifications
and approximations were made in order to get an analytic result for the instability
growth rate was subsequently found to be stable when a more nearly complete
model was analyzed. Because the literature is so vast and complicated, we shall
only show a few examples of the various types of analysis and a small set of the
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known drift instabilities.

In order to see some of the nature of the problem without extensive analysis,
we first begin with a case of electrons and ions in the long wavelength limit
(k2 < k%) so that n, = n;) using the fluid equations and examine low-frequency
electrostatic waves. If we neglect electron inertia (m, — 0) in the momentum
equation, then we have the balance between the pressure gradient and the electric
field as

g KT, on,

e =
0x ne 0X

whose solution is n, = exp(ep/KT,). We shall assume the potential varies as
@ ~ ey~ and that the density perturbations are given by

n; =ne =ngexplep/kT,) = ng + nie = no + noe/KT,.
The equation of motion for ions is

—iwm;v; = e(E +v; x By) ~0

since @ < wc;. Hence, vix =~ Ey /By = —iky@/Bg. The ion continuity equation
gives
. dn
—iwn; + vix—— =0
dx

and using the expressions for nj; and v;y, this may be solved for w as

kKT, 1dng
= = 6.159
@ eBy ng dx @e ( )

Usually no(x) decreases with increasing x, so normally o} > 0. The wave travels
in the direction of Vng x By with phase velocity c;ps/L, where ¢, is the ion
acoustic speed, p; = ¢ /w; is like an ion Larmor radius, except it depends on 7,
rather than 7;, and L, is the scale length of the density variation.

One way of thinking about the source of free energy for this instability is to
realize that the density gradient tends to establish a radial electric field to balance
the diffusion rates, and this radial field sets the plasma into rotation due to the
E x By drift. As we saw in chapter 3, drifting plasmas are frequently unstable.
In this case, a cylindrical plasma leads to waves rotating with an azimuthal mode
number ky, ~ 27m/r, so the waves may be localized about a radius where m
is an integer. These drifting low-frequency waves are susceptible to a variety of
instabilities.

6.6.2 The drift resistive instability

For this example we shall generalize somewhat the previous elementary
analysis, but still use the long wavelength approximation and the electrostatic
approximation, but with E = E(x) expli(kyy + k;z — wt)]. This allows the wave
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to propagate parallel to the magnetic field in addition to its drift perpendicular to
both the field and the gradient. Then using the fluid equation for electrons with
collisions,

av
menoa_: = —npe(E + v, x Bo) — Vp, — mengve; v,

we find from the z-component (with @ < ve; <K w¢,) that

_ingekzp — ikzn KT,

Vez =

(6.160)

MenQVej
The electron continuity equation is
. dno .
—iwn, + vexa +ing(kxVex + kyvey + kzv.7) =0
and we have taken a WKB form for E(x) so that k, is a slowly varying function
of x. Then for @ < wce, Vex = Ey/Bp and v.y ~ —E, /By, we may solve the

continuity equation for v, and equate it to the expression in equation (6.160) and
write the result in the form

w ik KT, \ ne ik, ky 1 dng
—+ — =eg - —— ).
k; MeVei J NO MeVej k;eBony dx

Then this may be written as

ne ep (1 — iwimevei [ k2KT,)

— = - . (6.161)
no KT (1 —iomeve;/k2KT,)
For the ions, we assume w < w,; but keep first order terms, so that
E, iw Ey
Vix = —= — ———
By w: Bo
E, iw E,
Viy = — — — ——
By  w: Bo
ieE,
Vj; = .
miw
Then the ion continuity equation,
dn
—iwn; + vix—o +ingk - v; =0
dx
leads to
2.2
n; ep (w) kics )
— = — + —k 6.162
no KT, ( 10 w? LPs ( )
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where we neglected a term of order iwj;ky/wc;ky compared to unity. Equating
equation (6.161) to equation (6.162) leads to the dispersion relation,

w* k2c? 1M Vp;
1l— =+ (K2p2— 25 )[1-—&)=0. 6.163
w + ( LPs w? kglCTe ( )

This dispersion relation may be written as a quadratic equation,

k2c?
o +iws [ 14k 07 — = |0 — iwfw; =0 (6.164)
w

where

. 29 - 1/2
lwg 2 2 kzcs 410)g
w=——"|1+kip: — 1—1]1-—
) ( 1 Ps w2 ) |: ws(1 + kipsz _ kgcg/w2)2
(6.165)
kzc‘2 2

and its maximum growth rate occurs when w} >~ w; (1 + k3 p? — L ) at which

point
_ w;(0.618 +0.300i)
1+ k2 p2 — K22 /w?

Problem 6.6.1. Drift instability growth rate. We define

*
4w;

ws(1 + k3 p2 — k2c2/w?)?

o

(i) Show that with  fixed that Im(w) has a maximum as a function of «.
(i) Show that for o < 1,

o~ of(1 +ia/4) (1 + k3 p2 — k22 o)™

and fora > 1,
* . 2 2 2 22 2\—1
o~ w,(14+1) ;(1 +kip; —kici/w™) .

(iii) Find «,,, for maximum growth rate.
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6.6.3 Kinetic theory of drift waves

In order to include collisionless plasmas and the effects of resonant particles along
with nonuniform distribution functions, we need to use extensions of the kinetic
theory of chapter 4. In this expanded formalism, we will include gradients in
temperature, magnetic field, density, and curvature of the magnetic field. Because
of the additional complexity which these additional effects add to the problem,
we will restrict ourselves to electrostatic waves, but electromagnetic drift waves
also occur. In this list, we have distinguished between magnetic field gradients,
which we take to come from currents inside the plasma, such as that caused by
finite B effects where V x H = j and the magnetic field gradient is related to
a density gradient such that (1/B)dB/dx ~ B(1/n)dn/dx. Curvature effects
are taken to be due to external currents, so that inside the plasma V x B = 0,
and we represent the inertial response to these curvature effects in terms of a
‘gravitational’ potential where g = (2v 1+ vz) /R, wherein R, is the radius of
curvature of the magnetic field. When a combination of these gradients occur,
they could, in principle, act in different directions, but because most gradients
occur normal to the flux surfaces, we shall assume they all occur in the x-direction
with the magnetic field in the usual z-direction, so drifts commonly are in the y-
direction. In this section, we shall generally follow the review by Krall [92], but
use the conventions and notation of our earlier chapters.

6.6.3.1 The equilibrium distribution function

Our basic set of equations are the familiar Vlasov equations, except that with the
electrostatic approximation, these are

8f]+v Vfi+ |:g+—(E+va)]vaj:0 (6.166)
g = —géy, and Poisson’s equation
eoV.E:qu/d3vfj. (6.167)
j
Our zero-order distribution function, fo(v, x), must satisfy
afoj qj _
L +(g+—vxBgy) Vy,fo; =0. (6.168)
mij

In order to guarantee this, we must construct fp; from the constants of the motion,

£ = %mjvz—i—mjgx
py =mjvy +qjAy =m;(vy +€jwejx)

Pz =m;jv;
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which are the energy and the two components of the momentum perpendicular
to the gradients, and we have assumed weak gradients in estimating the vector
potential Ay. The weak gradients may then be used again to write the zero-order
distribution function in the form

2 2 2/.,2
noe” VLT28N vimvz/vy Vy€; , v} v?
foj = 2.2 l+(x+— )€+ +d.—
b Utjvej a)Cj j /

(6.169)
where vtzj =2KT,j/m; and vf/. = 2KTj/m;. We identify the various constants
by evaluating '

_ 2
nj = /d%foj = noe” U1 4 x(e' + 81 + 18,)]
_ 2
nikTy ;= /d%(%mvi)foj = nokTije /[ + x(¢' + 251 + 18,)]
_ 2
niKT); = /d%(%mv?)foj = LnokT;e 28Vl + x(' + 8.1 + 38,)]

so that we may find

1 dT|
TL":T”(IJ“SM):ML:T_LK
Ty~ g 40y = 6, = — 90
7= ¢ ‘T dx
ldn/ , 1 , ldnj 1
— = ) 58, >€ = ——= =8, —55,.
nj dx € oLt a0 ¢ nj dx 17 2%

Problem 6.6.2. Constants of the motion. Verify that any function of the constants
of the motion, fo(€, py, p;), satisfies equation (6.168).

6.6.3.2 Integrating over the unperturbed orbits

If we now examine the evolution of the perturbed distribution function in a fashion
similar to section 4.3.2, then we may write for the first order terms

d 0
Wy vpit (g4 LoxB) - Vs =~ LB +v % B - Vi
dr at m m
(6.170)
where we have used equations (6.166) and (6.168). Then, assuming the
perturbation vanishes for sufficiently long times in the past, we may integrate
directly to obtain

t
fir,v,0 = —1/ A LE (', 1)+ By (', )]V folE, pys po) (6.171)
mJ_—«
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where we integrate along the unperturbed orbit defined by

dr’ dv’
v = P q

= — - =1 x By
dr dr m

with v'(t/ = t) = v and ' (¢’ = 1) = r and where now By = Bo(1 + x/Lp) and
B; = 0 in the electrostatic approximation.

The unperturbed orbit equations are similar to the case without drifts except
for the drift terms, such that

VU, = Uy COSWCT — €Vy SIN W T

v/y = €V, SINWCT + Uy COS W, T — €8/we + ev? 2w Lp (6.172)
/

v =,

for the velocities and the displacements are given by

€
X =x+ (1 = coswer) — X sinw,t (6.173)
c We
/ €Ux Uy . 2
y=y-— (1 —coswet) — —sinw.t + €gt/w; — €v|t/2w:Lp (6.174)
c Wc
=z vt (6.175)

and T = 1 — t’ as before. We have neglected some oscillating terms of the order
of the drift speed varying as sin(2w. T + ¢) in these expressions. Since the plasma
is not uniform in the x-direction, we shall not Fourier analyze in that direction,
and in fact we shall restrict our case to E1, = 0, which is a low-8 limit. Then the
phase term becomes

ievyky ivyky
ik-r' —iot =ik -r —iwt — ——2(1 — cos w,T) — 2 sinw,t
We We
. ekyg Ui
+ilw—kv, + +o*—= ) (6.176)
We vj

Now the drift velocities are proportional to the velocity squared, so that, for
example, the drift frequency from g is not a constant, but given by

ke 2 2
€kyE = w, (v_l v_f) (6.177)

2 2
, : :
c 21)] V5

where w, = ekyvjz. /¢ R¢. Also, the gradient B drift is velocity dependent, being

proportional to vi, so for the integrals over perpendicular velocities, we shall
introduce the combined drift frequency,
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The integrals over the perpendicular velocities are then all of the form

Glag,m) = — foo ’ Y g tior ) d
ag,Nn) = —— viexp|l —— —1a,v +1wgTt— v
RATNZ SN W %

=e /2 f(ay, n)/Jaq (6.178)

where ¢ = x,y, Ay = agvjz./Z(xd, ag = 1 —iwgt, and a, = (eky/w)(1 —
coswet), ay = (ky/w:)sinwet, so Ay + Ay, = 2A(l — cosw.7)/ag, and
f(ay,0) = 1. This time we need through n = 4, so we list the results as

| iaqvf ) v% |
s = —_—— s = — — A
f (aq ) 2ay f (aq ) 20501( q)
f(ag,3) ia[’U?( 344)  flag,4) Y (3 — 62, +212)
dg, = 7 \ T q dg, = T2 - q
4ozd 4ozd 9

so that the products are of the form

G(ayx,n)G(ay, m)

_ flax,n) f(ay, m) ox |:_A(1 - cosa)ct)j|
o 1 —iwgt P 1 —iwgt ’

The form of these results with wy; # O prevents any further exact analysis,
so we will make an approximation based on the smallness of wy. Since 7 is
unbounded, it would appear that wy7 cannot be treated as a perturbation, but by
examining the integral over the parallel velocities first, we will demonstrate that
it is effectively small. For this demonstration, the parallel velocity integrals are of

the form
1 /oo : v22+' kv, + i d
viexp| ——= +ilw—kv, +w,— | 7| dv
o ) p v? 72Uz gvf z

Ur_zeiwr—(kzv_;r)2/4ag 00 ik,v;iT "
= \/— (n+1)/2 / Cixz T Zz/j dx 179
T, —o0 %8

where oy = 1 — iwgt. From this expression, it is clear that the integrand of the
integral over t will be exponentially small for k;v;7 > 1. If we imagine then that
the 7 integral is ‘cut off” at 79 where, say, k;v;j7o = 4, then wyt0 = 4wy /k;v;.
Hence, if we take wy/k;v; < 1 (this guarantees also that w, /k,v; < 1), then we
may treat wy T as a perturbation. This approximation thus assumes that before w; t
reaches order unity, the other terms in the integrand have made the contribution
from the range 1/wy < t < oo of no consequence. Treating wyT now as a small
quantity, we will back up and do the 7 integral first before doing the average over
parallel velocities.
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Using the electrostatic approximation in equation (6.171), the average over
perpendicular velocities of the Fourier amplitude of f1; may be written as

(fik, v, w)) 1 lie*/o dre?o(k - Vy fo(x', v) 1

m

_ afolx. ) /OO dr e®o((ho)1 + € (hn) L
m 0

81 (hi)1 +68:(hz) 1)1 +iwaT) (6.180)
where now fy(x, v,) = (no/ﬁvj)efegx”zz)/”.%, and

A COSW,T
= — kv, T
. 1 —iwyt

2

2

j

2
v

~1 (a) +wg— — kzvz> T+ AcosweT(1 +iwgT)

V4

j

and
k3 2i 2wy
(ho)1 = —5 sinwet + — | kv, —wg— — —(1 = fa)
Wy otdvj V5 oy
iek
(hn)L = x(ho)L — yz (g — COS W, T + A sin® weT)
w0
eky . UZZ
+ ——sinwct | kv; —wg— — wa (2 — fa)
(Op1e4 V7
J
ky
(hi)1 = —)3 {kyxsinw.t(2 —ag — fa) +i€[2 — ag(1 + coswcT)
o0
3+4 A
+ag fa (2 + cosw.T + SHAcoswer + — sin? a)ct)“
o o

2.2
ozdvj

C

(kyv; + wg — wgv? [ 2) |: €ky ”2 ]
+ 2ix(1 — fa) + 2 smwct(Z fa)
Qg

2wq 24 €ky U2
- ix 0+ f7)+ —3fs+
a;o;‘u% f fd dwg( f fd)
2 2
Wol €kyv
8 Z Dix + —7 5 sinw,
advj (o7/] C

where f; = A(1 —cosw,T)/ay.
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The next step is to integrate over t, where each component integral may be
written in the form

f(wcf)

o
Iye :/ dr exp[i(a)+a)gvzz/v —kv,)T —A(l —cos w.T) (1 +iwgT)]
0

a
(6. 181)
Expanding ozf = (1—iwgt) ™% ~ 14ilwy, then the integral can be represented,
using the Bessel function identity equation (4.224), by

If@ —e —A Z I, ()\)/ dr el(w+nw(+wgv2/v —k;v;—Awg)T

n=—0oo

x Z " I Ouwa 7)) f(wet)(1 4 lwgT). (6.182)

m=—o0
For small A and small wgt, we need only keep m = 0, 1, so for the second sum

1
Z " T g 7)™ OT ~ 1 — Ayt Sin weT.

m=—1
The integrals of equation (6.181) are then of the form

o]

oo .
Ife = Z In(k)/ dr """ (1 4+ lwyt — Mgt sinw, ) f (w.T)
n=—oo 0
- Z Jnt (6.183)
wn
n=—oo

with w, = w+nw: +wg vz2 / vf —k,v;, and these integrals may be performed with
the pertinent terms given in table 6.6.

The final step is to average over the parallel velocities, where each integral
may be written as

1 * vie —vi/v;
Hrm = dv, 6.184
" NEZy ./oo (w + nw, +a)gU2/U — kv,)m+] ( )

Here again, the exponential guarantees that there is little contribution from large
values of v;, so again we can treat w, as a small parameter and expand the
denominator. Then with ¢, = (@ + nw.)/k;v;, the integrals are all of the form

(_l)m dm wg d <
Hm= b | Fob 5 = Frn [+ 0
"7 (kpup)mm! Az kot dg,

2
C ,) (6.185)
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Table 6.6. Representation of trigonometric functions by corresponding Bessel functions
as defined by equation (6.183) with g, = 1 — (n + H)wg/wy.

f(wcT) Jne
1 ilngne
COS W T il gne + iwgnly /wp
2i I

cosZ we T 11”gng + 1a)a;Ln (1,/1 - %

3 /// iwg | Ay ,  In 12 6],/1/
cos T + — + L ——)|1-=)+—

@e Ent Zoy { > T\ TR 22 Y

Sinwe T Ingng + I/

1,
COS W T SinweT % (1/ — —n> gne + —(21” /)

where
F ! / © _ ue Y d (6.186)
"V ) 0+ nwe — kv, vz ’
- /2 r—2k)
(—v2) ! « 1 d
— = > z 6.187
k2" h“wﬂ@%@f%(Q) ( )

whose first few terms may be written as

1
Z({n) Fl _Z (gn)

Fy=—
07 Tk, 2k

v v2 )
F=-L¢7 Fa=——L[1-¢27 .
2 2kz Cn (é'n) 3 2kz [ §n (é-n)]

6.6.3.3 The dispersion relation

At this point, after developing terms consistently through first order in wq/k,v;,
the inclusion of these terms in general formulas is too cumbersome, so from this
point on, we will neglect these terms. For problems with curvature (g # 0) these
terms must be kept in (ho), but one frequently neglects the other corrections in 8 |
or §; for these problems. The corrections for (k) are included as a problem.

Assembling now the pieces, the averages over velocities of the several terms
are:

2er o
(ho) = —5= 3 Inll +6Z(&)]
J

n=—oo
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Li—1! + w(Iy—1"
) = xthoy—e 3 K [ e )}

n=—00 kzv;
e_k ! /
(hi)= —— Z 260y = I+ 20 Z (&) + X 1nZ' (¢n)
Jj n=—o00
n ! /
— —I[nl, —ni(l, — In)]Z (é‘n)
€ky
ekyv; 2 d ) & /
e ) i oV Sy ) ) M V4
ko [ AT a2 | Un = 12

(he)=e > xIl1 = 06 Z' (¢n)]

n=—0oo

1

Aw
+ — { [1 I + r(Iy— IV Z (¢n)—n I, [1-¢2 Z (Q)]}
€ky | kv

With these expressions, the dispersion relation can finally be written as

k2+z "*Zl(x)[ o )]

n=—0oo

= =D @€ () + 8L (hi)j + 8: () ). (6.188)
j

Problem 6.6.3. Gravitational corrections for (ho). Work out the first order terms
in wg and wy in (ho).

6.6.3.4 The universal instability

A very important special case of drift instabilities is that due to the density
gradient alone in the range where |w/k;v.| < 1 and |w/k;v;| > 1. For this
case we will keep first order terms in A; and let A, — O,seté; =5, =x =0
and use w.; > w. With these restrictions and approximations, equation (6.188)
reduces to

2, 2% 203, 205,
K4 2 4 0,201 + (= ]+ G2+ L
v V; v

e i i

kye’ 2 kye'w 12”
=—— 7@+ —2 (1= A)Z(&)
WeekzVe wcikz Vi

where {; = w/k;v;. If we now multiply by a)z)»%) . and neglect kzkzD . compared
to 1, the result may be written as

? (1 4+ k2 p2) + (@ — )8 Z (&) — (1 = 1) (K22 + ww) =0 (6.189)
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where ¢ is the ion acoustic speed and p; = c¢g/wci. With ¢, small, Z(g,) ~
iv/mT — 28, so if we let = w, + iy with o, ~ o} so that k;c;, < w, and

y < wy, then

1=

.~ wj(izl) (6.190)
(1 + k7 p2)
2

k

y ~ Jrw! li’fz (1 42T/ T,). (6.191)
1 J’_kips

This instability is called the universal drift instability because it requires only
a density gradient, a finite Larmor radius, and electron Landau damping, all of
which are universally present in magnetized plasmas.

Problem 6.6.4. The universal drift instability. Fill in the steps leading to
equations (6.189)—(6.191).
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Chapter 7

Quasilinear theory

7.1 Introduction

In the preceding chapters, we have considered a variety of plasma wave
phenomena where waves are treated linearly, so that particles and waves have
a self-consistent motion, but the effects of the finite wave amplitudes has been
neglected. For some externally excited waves, where the wave amplitude can be
maintained low, this is often adequate, but for unstable waves, where the linear
theory indicates wave amplitude growth, the amplitude will eventually become
large enough to affect the zero-order distribution function and couple the primary
wave to other waves. When this leads to a large number of finite amplitude waves,
or a broad spectrum of waves, the plasma has become turbulent and nonlinear
effects may dominate.

In hydrodynamic theory, the turbulent state is particularly difficult because
the various nonlinear couplings are characteristically strong, so it is difficult to
isolate the various nonlinear couplings. In a plasma, however, this is frequently
not the case, since the nonlinearly induced waves are frequently excited with small
amplitudes, and unless these waves are also unstable, we may have a case of weak
turbulence. As a first approximation, then, we may consider the different modes to
be independent, and then add the coupling at various levels and focus our attention
on one phenomenon at a time.

In the first approximation, the nonlinear coupling coefficients between
various linear modes change slowly in time, and this is the domain of weak
turbulence theory. The fundamental smallness parameter in this expansion is
the ratio of the wave energy density to the plasma energy density. This theory
began with the work of Drummond and Pines [93] and Vedenov et al [94], and
was developed further by Kadomtsev [95] and Kennel and Engelmann [96], while
more complete treatments are given by Davidson [97] and Galeev and Sagdeev
[98].

Weak turbulence theory is generally broken into three types of interactions:
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(i) Quasilinear wave—particle interactions. This is generally a resonant wave—
particle process where w = k - v without any magnetic field, or where
w — nw, = k;v; in a magnetic field. This interaction is due to a group
of particles that remain in phase with the wave over many cycles and have
time to exchange energy with the wave, resulting in slow changes in the
distribution function which may be attributed to a diffusion process called
quasilinear diffusion. Because of the resonance nature of the interaction, this
is a kinetic process, and gives rise to phenomena such as plateau formation
on the distribution function, and general distortions of the distribution
function such as tail formation.

(ii) Nonlinear wave-wave interactions. Sometimes also called wave-wave
scattering, this process is resonant among the waves such that

Zw,:o Zk,:o
i

i

where w; and k; are the frequencies and wavevectors of the participating
waves. For this case, there are no particle resonances involved, so a fluid
approach may suffice. One of the most important examples of this kind
of interaction is the class of parametric instabilities where two waves beat
together to interact with a third, and above a certain threshold, the interaction
goes unstable. We leave this class of nonlinear interactions to the final
chapter in section 8.4.

(iii) Nonlinear wave—particle-wave interactions. This process is also resonant,
but here the particles keep constant phase relative to the beat frequency of
two waves, so that the resonance condition is w; — wp = (k1 — kp) - v. This
process is also a kinetic process, and gives rise to phenomena such as plasma
wave echoes.

All of these resonance conditions can be viewed as arising from the
conservation of energy and momentum, so it will not be surprising when we find
these conservation laws built into the various nonlinear formalisms. There are
also quantum analogs to each of these three processes, but the quantum approach
is generally much more complicated than a direct perturbation expansion.

7.2 Quasilinear theory

7.2.1 Basic equations

Quasilinear theory was developed to treat weak turbulence observed in
nonequilibrium plasmas. Due to the non-Maxwellian nature of a turbulent plasma,
a spectrum of electromagnetic waves is generated from local charge separations
or particle currents. This spectrum of waves, known as fluctuations, can then
interact with the plasma through Landau processes described in chapter 4. On a
short enough time scale, such that t < tp = /m /ek2@y, where Tp is the bounce
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time for a particle in the electrostatic potential well of the wave, the linear Landau
theory is adequate. However, as illustrated in section 4.2.3, the kinetic energy
gain of the particles is proportional to the slope of the zero-order distribution
function, dfo/dv]y=y,. This implies that the damping or growth rate of the wave
is independent of time even on the longer time scale over which the first-order
distribution function changes since the zero-order distribution is unaffected by
the growth of the first-order distribution function. At some time, this clearly fails
to describe the physics of wave—particle interaction if the first order distribution
function grows to be a non-negligible perturbation on the zero order distribution.

It is the purpose of quasilinear theory to address the time evolution of the
zero-order distribution function fy. Moreover, we will show that this theory
conserves energy and momentum between the wave and the particle distribution
function. Another useful aspect of quasilinear theory is the interaction of the
particles with an externally imposed wave such as in wave heating of a plasma or
driving a macroscopic current in a plasma with waves. We should be cautious in
applying these results, since these wave damping or wave growth processes are
collisionless, so the final state of the distribution function will not be Maxwellian.
The treatment of only one nonlinear effect at a time for a non-Maxwellian
distribution may occasionally lead to a serious error, especially as the amplitude
grows, since somewhere one crosses the boundary from weak turbulence to strong
turbulence. One rather surprising experimental observation is that the quasilinear
description of the wave—particle interaction is quite good even for fairly large
amplitude waves.

For simplicity, we shall first restrict our discussion to the case of an
unmagnetized plasma and develop the more general case later. This will enable
us to bring out the physical processes more clearly without the mathematical
complexity added by the magnetic field. Furthermore, the one-dimensional
problem will be applicable to wave—particle interactions along a magnetic field
where the Lorentz force is negligible.

The basic procedure of developing the one-dimensional quasilinear
equations is the same as the treatment of the linear Landau case given in
chapter 4. Here, however, the quasilinear approximation implies that the
distribution function is allowed to evolve nonlinearly while the wave is calculated
using the linear method of chapter 4. The distribution function is assumed to
be locally uniform in space, but approach zero as one tends toward infinity, or
f(x — Z£oo,v,t) = 0. We again assume there are no zero order electric
or magnetic fields and use the Vlasov equations for electrons only (assuming a
uniform, stationary ion background to cancel all zero-order electric fields). Thus

we have 5 5 5
O L e g (7.1)
ot ox m, Ov

where the distribution function is assumed to have the properties

f,v.0) = folv, 1) + fi(x, v, 1) (7.2)
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% gk ”
file 1) = f 9K 7k, v, ek (73)
oo 2T

o0

dg -~ .

E(x.1) = / —quq(q,t)e'qx (7.4)
oo 2T

where now the zero-order distribution function depends on time and the tilde
denotes the Fourier-transformed quantity. We will denote the average over space
by

1 L/2
(f) = lim —/ dx f (7.5)
so the first order perturbations average to zero so that

(f) = fo(v, 1) (7.6)
(E) =0. (7.7)

We note that the zero-order distribution function is a function of time, and the
average of the second term of equation (7.1) is eliminated by the boundary

condition L

) 1 )

f lim / dx —f =0 (7.8)
9x L%oo L) pp ox

since f(x — xo0) = 0 so we have a nonlinear equation for the time evolution
of the zero-order distribution function from averaging equation (7.1),

—fo(v 1) = Ef1 (7.9)
where
L/2 © dk % (
(Efi) = lim —/ / / qu el (7.10)
L—oo L L/2

We will integrate over the space coordinates first and use the identity

o0
/ KDY 4y = 278(k + q)
—0Q0

SO
o0 dk
(Ef1) = hm - dq fE 8k + q) (7.11)
and then integrating over g, we have nothmg unless g = —k so
1 © dk .
(Eft) = — Sk E_k(7) (7.12)
Loo J_oo 21

where we have introduced the abbreviated notation limy o0 1/L = 1/L .
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As we have seen in chapter 4, the linear solution for fk is

. ¢Ex  3fo
Ji(v, 1) = ————— (7.13)
me(p + ikv) dv
so we have the time evolution of fy(v, t) in terms of Ek as
o (e 9 1 /°° dk ExE_yx 9fo (7.14)
at \me/) 0V Lso J_oo 27 (p +ikv) dv° '

The form of equation (7.14) is that of a diffusion equation with the spatial
coordinate replaced by the velocity, or

fo 9 0
90 _ 9 p 2 7.15
or = avl a0 (7.15)

where

D

2 00 i A
dk EvE_
¢ / kZ—k (7.16)

- m2Leo J_oo 27 p +ikv’
If we separate the integral of equation (7.16) into the principal part and a pole
term as was done in equation (4.55), where

lim —— = 2 _izs)
b—0a +1ib a

then equation (7.16) becomes two parts: a principal part and a resonant term. If
we let p = y — iw, we have

2 00 285
o _ 0 e / dk |:i50 (EkE_k) + 78(w — kU)EkE_kj| %

t  dumileo J_oo 27 w — kv v
(7.17)
The two terms in equation (7.17) contribute differently to the wave—particle
interaction. Since the principal part does not involve the particle with velocity
v = w/k, it is nonresonant and has only a weak effect.

7.2.2 Conservation laws

The basic conservation laws in weak turbulence theory are direct consequences
of the kinetic equation, but we wish to show that even in the multicomponent
environment of weak turbulence that the conservation of momentum and energy
are explicitly conserved. We first note the trivial case, where the normalization of
the velocity distribution function is invariant, since

d afo;
— [ d i= | dv—==0 7.18
dt/ v foj / v ar ( )
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from equation (7.15) for the one-dimensional case we are treating here, and j
denotes the species.

Momentum conservation is less trivial, since it requires a sum over wave
momentum and particle species. For electrostatic waves, this is relatively simple,
since the waves carry no momentum, and the rate of change of particle momentum
density is given by

d _ afo;
a;l’j(l)= ;"j /dv" »

_ vy njq; / / CEPEY, af a19)
ey mjLeo J_ (p* + ikv) Jv

where the middle result was obtained by integrating by parts and the last
expression from equation (7.16), and the sum ) _ , is over the spectrum of unstable

waves, with p* = p¥ —iw} and y* > 0. From Poisson’s equation and
equation (7.13), however, the dispersion relation for electrostatic waves (see also
equation (4.55)) is

afO]

P]
1= Z / s 1kv (7.20)

so equation (7.19) becomes
d > dk
— P;(t) = 2i — Wk 7.21
thi:zU 1;/_00271 B (7.21)

where W = 60|E1‘:|2/2Loo is the wave energy density since E%, = E}'*. Then,
since W is even in k and k is odd, the integral vanishes and momentum density
is conserved.

For the conservation of energy density, we examine

d 1= 2 ~ 3fo;
azjnjmj/dvv fi= _anmj/dvajW
J J
(ikv)ik o

—QZ/dekZ / S +1kv

Then we let ikv — (ikv + p%) — p® in the numerator, and use equation (7.20) to

obtain 4 db
EZ%ﬁjm,/dmﬁf, = —22/ e (7.22)
J o
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since p*, = p¢*. We then use the fact that the energy density varies in time as

awe
at

= 2P0 WY (7.23)

so that we may write equation (7.22) in the form
d 1_ dk
E[Zinjmj/dv v’ fj +Z/5W/’3} =0 (7.24)
j a

which demonstrates that the sum of the particle energy and wave energy is
conserved.

For the more general problem of electromagnetic waves in the presence of a
static magnetic field, the demonstration is much more involved, since the waves
carry both momentum and energy in general, and the dispersion relation is much
more formidable, so it will not be given here, but the conservation laws still follow
from the kinetic equation.

Problem 7.2.1. Conservation of momentum density.

(1) Fill in the steps between the first part of equation (7.19) and
equation (7.21).
(i) Fill in the steps leading to equation (7.24).

7.2.3 Velocity space diffusion in a magnetic field

While the simplified theory given here outlined the methods of quasilinear theory,
it can only be applied to the case with no magnetic field or the case with
an infinite magnetic field. In order to examine the more interesting problems
associated with wave heating or current drive, it is necessary to include the
effects of magnetic fields, since wave heating usually uses either electron or ion
cyclotron fundamental or harmonic resonances, and current drive (the generation
of unidirectional currents by transferring wave momentum to selected particles)
usually employs waves that only propagate in magnetized plasmas.

When the effects of a magnetic field are included, the problem is no longer
one-dimensional, so we now need for the Fourier transforms of the basic variables,

frov,0) = fo(v,1) + fi(r,v,1) (7.25)
1= LS nelkr 7.26)
fl(rsvs — [Oomfk(vv )e ( .
B 00 d3q g
E(x,t)— '/_Oowth(t)e (727)
B 00 d3q 5 igr
B(X, t) = '/_Oo WBq (t)e (728)
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and again (f) = fo(v, t) where now the average is over the volume V.

We begin the analysis looking for the fast (wave) time scale, and then use
the quasilinear diffusion equation to analyze the slow time scale evolution of fj.
Following the development of Kennel and Engelmann [96] we choose to analyze
this problem in cylindrical coordinates in velocity space and wavevector space,
establishing By to be in the z-direction, so that

Uy = V] COS¢ vy = v sing
ky =k cosyr ky =k, siny.

It is clear that the dispersion properties do not depend on v, since there are only
two directions specified, that of the magnetic field and of the wavevector k. Due to
asymmetric initial or boundary conditions, however, a physical problem may have
such dependence. Hence, if there were no asymmetries in the physical problem,
we could let ¥ = 0 with no loss of generality.

Itis also convenient to use rotating coordinates for the wave field components
in the form

In this representation, E* and E~ represent left- and right-handed waves,
respectively, for Rew > 0. If Rew < 0, the polarizations are reversed. In these
rotating coordinates, the additional phase shift s can be included by rotating an
additional angle, so that the electric field vector for a specific k can be represented
by Ek = (E;'e_i‘/’, Ek_ei‘/’, E,!).

Using these in the Fourier-transformed kinetic equation, the result may be
written as

00 37/

A~ A 1 ~ ~ A o~
Ly fx = Pxfo+ 3 ﬁw W(Pk—k/fk’ + P fre—t') (7.29)

where we have introduced the operators

A 0 d

Ly = 3 + i[k;v, + k1v] cos(¢p — )] — ea)cﬁ (7.30)

A €e - - ad

Pr=——FEr+vxBy) —. (7.31)
m av

We note that the convolution term in equation (7.29) has been explicitly
symmetrized. This term is second order in the amplitude (hence the convolution
form), and represents wave—-wave or mode—mode coupling which will be
neglected in this quasilinear treatment since we are primarily interested in the
slow development of fo(¢) from quasilinear diffusion. We now need to solve the
linear wave problem on the fast time scale, where the relation between k and wy
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is determined from the dispersion relation of equation (4.255) with the dielectric
tensor elements of section 4.3.3 for an arbitrary distribution function.

If we now let 9/0t — —iwy where wy is the complex wave frequency, then
equation (7.29) is a first-order differential equation in ¢ if we neglect the second-
order convolution terms, with solution

e = (I:k,wk)_lﬁkfo
_ —i[(wr — kyv)¢p — kvl sin(¢p — )]
= exp o
¢ . _ r_ . r_ R
X/ dg’ exp{l[(wk k;v)$ eal)cuu sin(¢’ — ¥)] } Pfo.

(7.32)

It is assumed that wy has a positive imaginary part so that the integral converges.
This appears to limit the discussion to unstable modes since Im wy, > 0, but it can
be extended to damped modes by analytic continuation.

In order to express 13k more explicitly, we use the Bessel function identity of
equation (4.179) in order to express the operator (ik,wk)_l as

e¢]

A I J; —i — . —k
(Lk,wk)il _ _ Z mJn exp [l(n — )y (wf — mew, zvz)¢j|
€EWe €Wc
n,m=—00
¢ i — —k /
% / do’ exp |:1(a)k newce V)9 i| (7.33)
€W

where the argument of the Bessel functionis k| v, /€w,, and we use the Maxwell
equations to eliminate the wave magnetic fields from Py, with the result

. - (. kK El .
P, = _41 |:e (EI:e”//Glt_FﬂH—i_
m 2 )%
emi—w) (. Kk El.
— (Efe™ G, kA~
+— TeT VG + o
ik~ . .0 ~i 0
L (EfeW — ErelVy— + Bl T 7.34
+2wk( k k )8¢+ K90, ( )
where
Gro i kg
P =
av vy d ,
LovLOP ok (7.35)
~ L ad ad v, 0
H S =v,— —v,— &£

“dv = v, vy %
This completes the problem of solving for f; in terms of fy and the wave fields
and polarizations.
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For the evolution of fy(¢), we use the space-averaged kinetic equation,
which, after Fourier transformation and again symmetrizing the convolution

terms, is
afo afo 1 / NES SN 1A A 14
e = — | ——[Pi(L P+ Pr(L_ P
oy T €@ 06 2V (2n)3[ k(Lkw)” P+ Pr(L_kw_,) klfo

_ ! d3k1§ D 7.36
—E/W( x + D_p) fo (7.36)

where the linear expression for f; has been substituted into the convolution terms,
and we again use the abbreviated form limy_,, 1/V = 1/V. This formally
completes the derivation of the evolution of the zero-order distribution function
from quasilinear theory and the quasilinear diffusion operators, Dy and D_y, are
explicit, but very complicated.

Problem 7.2.2. Solving the linearized kinetic equation.

(i) Show that e(luation (7.32) is the solution of the linearized Vlasov equation.
(i) Show that Py has the form given by equation (7.34).
(iii) Show that H* vanishes for isotropic distributions.

7.2.3.1 Gyroperiod expansion

It is fruitful to introduce a small parameter in order to simplify some of the
complications in our treatment. If we limit ourselves to time scales that are
long compared to the gyroperiod, and length scales that are long compared to
the Larmor radius, then many simplifications occur. We note that this also limits
us to instabilities whose growth over a gyroperiod is small. This approximation
immediately smooths out any inhomogeneities in the ¢ distribution, since all
particles make so many orbits on the macroscopic time scales. It is possible that
the first order distribution, fk may have rapid variations due to the waves, but
the space-averaged fp(¢) must vary slowly. We make the dependence explicit by
defining

€ 1
fo=f0+—rV+o0 <—2> . (7.37)
e w?

Substituting equation (7.37) into equation (7.36), and keeping only the lowest
order terms, we find simply
0
afy”
d¢
since we assume the wave background produces only a slow variation in time.
This result already tells us several things about the ¢-dependence of the
diffusion process. It says that the lowest-order spatially averaged distribution
function is independent of the phase ¢ because it has to make many gyro-orbits
before it can diffuse enough to be significant. The corresponding diffusion in

=0 (7.38)
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velocity space is therefore two-dimensional, since 9 fo(o) /d¢ always vanishes.
A corollary of this is that if the excited wave spectrum is axially symmetric
in k-space, the diffusion is intrinsically two-dimensional, and the initial axial
symmetry is preserved for all times.

The zero order equation (7.38) still leaves the time dependence of f ©
undetermined, so we must go to the next order to find

0) )]
Ay~ 3f 0)
= +D_ . 7.39
a1 / 203 (Dx /o (7.39)
If we now demand that all fo(”) be exactly periodic in ¢, so that averaging
over the period [0, 27r] in ¢ eliminates all of the higher order terms, then we can
obtain a Larmor phase-averaged equation of the form

af(o) 1 27 d3k R )

Tor T am ), d¢/m(Dk+ D_p)fy - (7.40)
Since now only the ¢-independent term is left, we can delete the superscript
notation. This also greatly simplifies the linear portion of the problem, so that
now we may write (with 3/d¢ — 0 from equation (7.38) in equations (7.34) and
(7.35) so that the & terms and notation disappear for Gy and H)

. g ] eilm=—m)(@—) . i
== Y = EnkGr+ WE Ry fo (141

w — new, — k,v
m,n=—00 k ¢ vz

where &, i is defined by
Enk = ME eV Iy + Efe™V I, ) (7.42)

and K n.k 18 the operator

A

ENWe
Kn,k

3 .
Fes H. (7.43)

WEVL

Equation (7.41) is equivalent to equation (4.180), and can be used to generate the
linear dielectric tensor and dispersion relation through equation (4.177).

In order to evaluate those terms involving the —k subscript, we note the
symmetry relations for the variable v, where —k = (kL, —k;, ¥ + ) so that
E_y = E; and B_; = By, so that

E‘i‘ke*i(vﬂrﬂ) - _ (EN'I;eil//)*
B4 = (e
E' = (E)*
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These relations, along with w_j = —wy}, lead to P = (Po)*, forx = (fi)*, and
lA),k = (ﬁk)*. Hence the quasilinear term in equation (7.40) is pure real.

Averaging over ¢ at this point, we note that 9/d¢ from equations (7.34)
and (7.35) in the first operator of lA)ik operates not only on fj, but that we can
replace eti%19/0¢p — +e®¥ and i9/9¢ — O. Using these relations and the
earlier symmetry relations, we may write the averaged first operator P_y of Dy
(operating on fk of equation (7.41)) as

. ~ *
. @V (. . ki E! .
Pi=— 9 |: El-cl-efn//(;l-l- + et S5
m 2 o)

eio—w) (kBN o
= | EfeGi + kA ) 4 (B | (744
+ > v Gy + or + (Ep) 30 ( )

Z

where now
A N a)k—kvv
G:ZGk-F £ <
RV
A v
HY"=H+ =.
vl

Noting now that the only remaining ¢-dependence is the simple exponential phase
which leads to a Kronecker delta function, collapsing the double sum to a single
sum, we may write equation (7.40) in the form

d ad 0
o _ 9 (p.2% (7.45)
at av av
where the quasilinear diffusion tensor is given by the dyadic
2 X 3 :
q 1 d’k i
D=—-— — k)’ 7.46
2V / @) wx — new, — koo, k) (k) (740

with

Z

k Wi A ~
an k = gn,k_z [<_ - vz) EUL + UJ_EZi|
Wk k

Newe

+E)J, [EZ + (.Ey, —v LEZ)} . (7.47)
wEv L

Again, as in chapter 4, we could eliminate the Bessel function sum by use of the
Newberger sum rule.

Since all of these expressions depend on the relation between wy and k, any
actual solutions for the quasilinear diffusion must include the solution of the linear
dispersion relation for the given fy which relates them. This is a difficult problem,
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since in these cases, the Maxwellian distribution is suitable only for a zero-order
trial solution, if that, so that generally each component of the dielectric tensor
is a combination of formidable integrals and transcendental functions. In some
specific cases, the solution may simplify because either the specific wave branches
are given along with their polarization, or because the problem is one-dimensional
and many terms vanish. For example, with waves propagating exactly parallel to
the magnetic field, we have k; = 0 and the waves are either right-handed, as in
the fast Alfvén wave (the whistler wave at higher frequencies), or left-handed, as
in the slow or torsional Alfvén wave, or electrostatic wave. Each of these cases
reduces the complexity substantially, but represents a severely restricted problem
which may not be representative of the physics of quasilinear diffusion.

Problem 7.2.3. Zero order equation. Justify equation (7.38).

Problem 7.2.4. Averaging over ¢. Show that in the average over ¢, integrating
the terms involving /3¢ by parts in the first operator of Dy leads to the recipes
et1%i9/0¢p — +e™? andid/9¢ — 0 in obtaining equation (7.44).

7.2.3.2 Electrostatic case

When all the waves in the weak turbulence spectrum are slow waves such that we
may use the electrostatic approximation, E = —ik¢, then

2

1
or | fedo =1 ki >

0 +newc d
a)k—ea)c—kvz dv,  kyvy dvg

n=—oo
(7.48)
Using this expression, the diffusion tensor may be described by

3 S22
q d’k 1/, ok |
= — b, xb 7.49

T m? Z Voo / 27)3 wy — newe — kyv, mk Ok (7.49)

since a, x = —i@g Jnby x With

Newe

by = E, +kE,. (7.50)

vl

If we define wy = w,i + iyg, then we may write equation (7.49) in terms of its
real part only as

2 x 3 21~ 12
q 1 d’k Vi Jyy |9k
iy o / 2 bubux (1.51)
:Z,oo )T

2m)3 (wrk — newe — k;v;)? + Vi

since the imaginary contribution vanishes.

Problem 7.2.5. Electrostatic quasilinear diffusion tensor. ~ Show that equa-
tion (7.46) reduces to equation (7.49) if E = —ik¢.
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7.2.4 H-theorem for quasilinear theory

One of the purposes of quasilinear theory is to study the effects of saturation
of growing waves by the modification of the distribution function by the waves
themselves. One way of addressing this problem is to examine the positive

definite functional H,
H= %Z/d% (foj)? (7.52)
j

where the sum is over the species j. Integrating by parts, we find that d H /df may

be written
dH /o foi
Byl
- v

dt ov
61, a3k
B Z Z / (2m)3
J ] n=—0oo
9 2
« |20, Ye . <0. (753
dv j (wrk —n€joc; — kv )= + v

Then, since H is positive definite, and dH /dr is negative definite, it follows that
H must decrease monotonically with time until it reaches some time asymptotic
limit. This limit corresponds to a zero in dH /d¢, which implies a marginally
stable state, since there is neither growth nor decay.

As an alternative to marginal stability, we consider the possibility of a
domain in k-space where yy is positive and we have dH /df = 0. Then, since
each term in dH /dt is positive definite, it follows that

9fo
Wk = (EnxGr + T E K10 fo =0 (7.54)

for all v and 7 in the domain of k, which from equation (7.41) implies that fz = 0
so that there are no waves at all in that region, which is contradictory. Hence, the
asymptotic state implies marginal stability for all waves.

7.2.4.1 Plateau formation and resonant diffusion

In developing this argument, we avoided taking y; — 0%, first, so that we did
not distinguish between resonant (wr — new, — k;v, = 0) and nonresonant
diffusion. If, however, we consider the limit y;, — O first, then we may discuss
the formation of the quasilinear plateau, at which point the wave growth ceases.
In this limit, equation (7.46) becomes

p_Td’ L[ &% . N 755
- m2 Z oo/(zn,):; (C()k—né(,()c— ZUZ)(an,k) (an,k) ( . )
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where now

~ k ~
g = (En K+ — E”J ) <n€w€ B, + =2 Ez). (7.56)
Wk ()3

A sufficient condition for the steady state case, which leads both to dH /dfr = 0
and dfp/dt = 0 is that

9o
ank - 3_]:) = (En K+ _ElJn> kaO =0.
or more simply,
A k , a a
Gufom (2 ) 20, 20 (7.57)
Wk kz 3UJ_ 31)2

and this condition is required everywhere in velocity space where the diffusion
tensor is nonzero. For one particular value of k (or of k), this is satisfied by the
characteristics of G, such that

(v; — a)k/kz)2 + vi = constant (7.58)

orif fo = fol(v. —wi/k:)*+ vi] in that region of velocity space. This represents
curves of constant particle energy in the wave frame moving at the parallel phase
velocity.

If only one value of k were excited, then the single wave characteristics
would be a set of concentric circles in velocity space, with the origin displaced
by the parallel phase velocity of the wave. Once this distribution was established,
there would be no further diffusion, and particles would have bounded energies.
When multiple waves are excited, however, and this is the general case considered
by quasilinear theory, these characteristics intersect, and for a broad spectrum of
waves, the single wave condition cannot be satisfied except for the trivial solution
that fy be constant. The intersection of the characteristics allows individual
particles to move from one set to another, and may lead to unbounded energies.

If we restrict our attention to either the zero magnetic field case, or the
infinite magnetic field case, then the Landau resonance at v, = wy/k, restricts
the parallel motion, so the surfaces are restricted to constant v;. Then if the
spectrum of k is bounded, so that we can define a vy, and a corresponding
Umin, Where these are the maximum and minimum parallel phase velocities of
the excited spectrum of waves, then we only require the distribution function to
be flat over that range of v,. This flat region in figure 7.1 is called a plateau
region, and is the limit condition of quasilinear diffusion. On longer, collisional
time scales, this plateau will be changed back towards an equilibrium distribution,
but quasilinear theory by itself does not evolve toward equilibrium, since it ends
in a state with finite amplitude, steady state waves.

When the magnetic field is finite, the problem is much more complicated
unless we restrict our attention to k; = 0 modes, where the waves are purely
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Figure 7.1. Quasilinear plateau between the end points of the k, spectrum.

right-handed or left-handed, and the characteristics may not intersect. In general,
however, more general k-vectors are excited, and true plateaus do not exist,
but quasi-plateaus, through the coupling of quasilinear diffusion with a Fokker—
Planck analysis including collisions, are possible, but do not admit analytic
solutions.

7.2.5 Weak bump-on-the-tail instability

One of the simplest instabilities that leads to quasilinear diffusion and to plateau
formation is the weak beam—plasma instability, or since in this case the weak
beam is taken to be spread out in velocity and hence adds a gentle bump on the
tail of the distribution function, it is also called the bump-on-the-tail instability.
We require both that the magnitude of the bump be small and that it be spread out
in order to use quasilinear theory. Otherwise, the bump leads to strong turbulence,
and the approximations we have used fail long before the plateau is reached.
For simplicity, we shall consider an unmagnetized plasma (we could also use
the infinite magnetic field limit) in order to make the problem one-dimensional.
The initial distribution is illustrated in figure 7.2 where the two velocities v; and
vy denote the limits where unstable waves occur.

We can see from figure 7.2 some of the quasilinear processes that must
evolve as waves grow in the unstable region between v; and v, since from
equation (4.58), yx is proportional to the slope of the distribution function, and
hence positive in this range. The first step is for the waves to grow to sufficient
amplitude that quasilinear diffusion begins to change the distribution function,
tending to flatten the distribution in the positive slope (resonant) region due to
resonant diffusion. Lowering the level at the upper end and raising the level at
the lower end, however, extends the region of instability unless the regions for
v > v and v < v are simultaneously lowered and raised, respectively, but
these are initially in the nonresonant diffusion region. Resonant diffusion alone,
then, would tend to broaden the resonant region until the plateau indicated was
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Figure 7.2. Bump-on-tail distribution showing initial unstable region and eventual plateau.

reached, at which point resonant diffusion ceases. The indicated plateau is only
suggestive, however, since it was drawn to conserve energy, but fails to conserve
momentum. In order to conserve both, the entire distribution must be shifted by
various amounts, and this requires nonresonant diffusion processes.

7.2.5.1 Resonant diffusion

Looking more carefully at these processes, we have, from equation (4.58), that
the growth rate, for >~ w., may be represented by

2
w0
i =~ "gkﬁ : (7.59)
27 kBT 90 [y

Thus, for the velocity range v < v < vy, since wpe/k1 = v1 and wpe/ky == v,
there is a range of k, ko < k < kj (or —k; < k < —kp since w_; = —a),f

where waves grow in time. At time O, this leads to a growth spectrum illustrated
in figure 7.3(a) and a low wave energy spectrum shown in figure 7.3(b). As the
wave energy density grows according to equation (7.23), the resonant diffusion
coefficient builds as shown in figure 7.3(c), since

2 2 © dk 2
pr==° / ST —kv)W = - W (0) (7.60)
om

- 2 2
eoms J_oo 27 Zv

leading to changes in the distribution function which will tend to reduce yx. As
the plateau develops, eventually yx < 0 everywhere as in the lower curve of
figure 7.3(a).

7.2.5.2 Nonresonant diffusion

Generally speaking, nonresonant diffusion is much weaker than resonant
diffusion, but it acts on many more particles, so the net effects may be of the
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Figure 7.3. (a) Initial and asymptotic growth rate spectrum; (b) wave energy density
spectrum; and (c) quasilinear diffusion coefficient at general time .

same order of magnitude. The nonresonant diffusion coefficient for our one-
dimensional example is given by the principal part of equation (7.17) as

o 2 /°° k%
~eom? | o 27 k (wy — kv)?

2 > dk
x> - / YWk
nme J_oo 27
1 9 [ dk

[

e 9t ) oo 2 (7.61)
where the first approximation is valid for speeds much less than the phase velocity
and kz)»%) <« 1, and the second uses equation (7.23). That D" « D" is apparent
from the fact that D" ~ 1 Wy while D" ~ W.

Now since from equation (7.61), D" is independent of v, then the velocity
diffusion equation becomes

3fo(v. 1) 0?

——— L =D 1 7.62
” 5o fo(v.) (7.62)

which may also be written as

fowv.1) 1 9?

P Ty WA LIL (7.65)

by changing variables to t(t) = (1/nm) ffooo Wi (t) dk. This is the standard form
of the diffusion equation, whose solution may be written for an arbitrary initial
distribution fjy(v, (0)) in terms of the Green function as

So(v, 7(1)) = /dv’ o', TG, v, T(1)) (7.64)

G man = [ me NP mew = |
W,v, @) = @) — 7 (0] exp _2[t(t)—r(0)] - (7:09)
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If the zero order distribution is Maxwellian (in the nonresonant region), the
solution of equation (7.64) is especially simple, and takes the form

me 12 mev?
Jfo(v, 1) = { } exp

2n[KT, + (1) — 1(0)] 2[KT, + (1) —t(O)] |
(7.66)
From the form of the solution of equation (7.66) and from the general
character of diffusion equations, the evolution of the distribution function in the
nonresonant region takes the form of a broadening of the distribution function,
as one might expect from the conversion of wave energy to particle energy. The
energy gain per particle is

1 1 1 [ dk
5KTe —» KT + = = [Wik(c0) — Wi (0)].
2 2 nJ_ oo 21
The additional energy is due to the change in t(¢), such that if we define the
quantity AW = ffooo[Wk (00) — Wk(0)]dk /2, the change in energy for the
resonant particles may be found from equation (7.15) with equation (7.60) and the
change for the nonresonant particles from equation (7.62) with equation (7.61),
so that the results may be summarized as

A(ﬁ/dv %mevzfo) = —2AW (7.67)

nr
A(fz / dv tmev? f0> =+ AW. (7.68)

These results lead to the interpretation that the resonant electrons lose two units
of energy for every unit of energy the nonresonant electrons gain, the extra unit
of energy going to the waves, so the resonant particles have both heated the main
bulk of the plasma and increased the energy density of the wave fluctuations.

At this point, we cannot calculate in detail the form of the distribution
function as it evolves without doing a numerical calculation. We can, however,
indicate the basic form of the evolved distribution as the plateau forms and
the distribution broadens by also noting that the conservation of momentum
requires that as the resonant electrons lose momentum (they fall back on
the average in order to fill in the depression in f(v)), the bulk electrons
must gain momentum, shifting the main distribution slightly to the right in
figure 7.2. Assuming the distribution will remain relatively smooth (since
diffusion processes always tend to smooth transition regions), we sketch the
general form of the asymptotic distribution function in figure 7.4 where the
broadening and shifts are exaggerated.

We conclude this section by noting that although the distribution eventually
is modified so that it is everywhere stable or marginally stable, it is not an
equilibrium distribution and there remain finite amplitude waves in the marginally
stable regions of the wave spectrum as a remnant of the originally unstable
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Figure 7.4. Original bump-on-tail distribution (full curve) and time asymptotic form of
fo(v, co)(dotted curve).

distribution. It remains for collisional effects to finally relax the distribution
towards an equilibrium. We also note that while only quasilinear effects have
been considered in this section, there are inevitably other nonlinear wave—wave
interactions also which will modify these conclusions somewhat.

Problem 7.2.6. The nonresonant diffusion equation. Show that the general
solution of equation (7.64) and the specific solution of equation (7.66) are both
solutions of equation (7.63).

Problem 7.2.7. Energy gain and loss. Verify equation (7.67) for the resonant
electrons and equation (7.68) for the nonresonant electrons.

7.2.6 Effects of collisions

In the restricted domain of quasilinear theory outlined in the previous sections,
it has been assumed that the plasma is collisionless. In cases where the growth
rates of the instabilities are large enough that quasilinear diffusion modifies the
distribution on a time scale which is short compared to the collision time scale,
this neglect is reasonable. In the latter phases of the plateau formation, however,
there always comes a stage where collisions become important because the
growth rates decrease monotonically. When collisions are included, the evolution
equation becomes the Fokker—Planck equation,

dfi _ AN A
E_;C(ﬁ’fj)—i_av (D 3v> (7.69)

where C(f;, fj) denotes the collision operator between species i and j, and is
taken to be of the form given by Landau [99]:

8 .
CUfis = =" S/ (7.70)
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m; v m; 0v

In general, the sum over species includes collisions between particles of the
same species (electron—electron or ion—ion) as well as collisions between different
species (electron—ion).

We can get an idea of the possible domain where collisions become
important if we treat a particularly simple case, where we use equation (7.60) for
the quasilinear diffusion coefficient and represent the electron—electron collisions
only through the approximate operator in the resonant region as

d2
C(fo, fo) ~ vv%@(fM - fo)

where fjs is a Maxwellian distribution and v is the collision frequency, while v,
is not the true mean velocity, but is of that order. The important feature to notice
is that the collision term depends on the second derivative of the deviation of the
distribution function from equilibrium. If we assume that the quasilinear term
approximately balances the collision term, then

dafo

0
D— 2_ — ~0
ov Ty ov (fo = fum)

so that

2 W 1
a_foz[wiw’” v | Om (1.72)

v vvﬁmev,2 av

Using this expression in the Landau damping formula equation (7.59) indicates
that the damping rate is roughly

e k !
d W’“} (1.73)

Ve =YL |:1 + —>

V. nmev;

so that both the ratio of the wave frequency (w ~ w),) to the collision frequency

and the ratio of the wave energy density to the particle energy density influence

the deviation of the growth rate from the Landau rate. It is apparent from

equation (7.73) that either a low wave energy density or a large (relatively
speaking) collision frequency reduces the quasilinear effects.

7.3 Nonlinear wave—particle—wave applications

7.3.1 Plasma wave echoes

Plasma wave echoes, described by Gould et al [100], are fundamentally a
nonlinear response to two different impulses separated in time by an interval
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7. The analysis is based on weak turbulence theory which couples wave modes
through weak nonlinear interactions. Before calculating the echo response, we
discuss the problem in its simplest terms in order to understand the fundamental
physics involved.

The echo phenomenon is a classic example which demonstrates the
‘memory’ of the plasma. We are familiar with the fact that an impulse in time
(or space) will lead to Landau damping of the plasma wave potential, but there
remains an undamped perturbation of the distribution function. The echo is a
means of adding another perturbation to this undecayed perturbation (making it
a second order perturbation) so that the stored information can be momentarily
(or locally) recovered. This can be understood by imagining an undamped
first-order perturbation varying as expliwi(—t + x/v)] that was produced at
x = 0 at frequency w;. Downstream, after the potential perturbation has
Landau damped away, another perturbation varying as exp(iwz [t — (x — £/v)]) is
introduced a distance ¢ from the first, so the second order perturbation varies
as exp{i[(w2 — w1) + w2f/v + (w1 — wz)x/v]}. Now at the position given
by ¢ = Lwy/(wy — wi), the integral over velocity will not phase mix as the
exponential has no v-dependence there. Hence, at this position, a second order
potential will be generated at frequency w3 = wy — wy. For a distribution over
velocities, this echo will have finite extent in space. For the temporal echo, the
echo occurs at t/ = kpt/k3 where 7 is the delay between two impulses with
wavenumbers k1 and kp and k3 = kp — k1. We will calculate the temporal echo
case, but the fundamental phenomenon is the same in either time or space.

This phenomenon is not unique to plasmas, as spin echoes and numerous
other examples have been found in other fields. The ability to generate an
echo is dependent, of course, on the retention of the original information, and
if collisions, though weak enough to be ignored in the Landau damping of the
potentials, are sufficiently frequent to damp the perturbation before the echo
can form, then the echo will not be observed. When collisions are ignorable,
however, the echo provides a dramatic demonstration that Landau damping does
not represent a loss of information, since long after the potential has died away,
the information is recoverable. Landau damping is then seen rather as carrying
the initial perturbation in velocity space, where it is undamped until collisions
randomize the information, and the velocity spread distributes the perturbation in
configuration space so that the potential dies away.

7.3.1.1 Basic equations
We begin the analysis with the kinetic equation, equation (7.1), for electrons,

assuming a uniform, stationary background of ions. For this case, we assume a
zero order distribution that is time independent, or

f=Jfow)+ filx,v,1)
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with the initial condition f7(x, v, 0) = 0. We then expand f] in a Fourier series
in space and examine the kth component, such that

fi 3 3
ai + ikvfi = —Ekﬁ ZEk 4 f" (7.74)

where the nonlinear term is the discrete sum analog of the convolution integral of
equation (7.12). The Laplace transform in time then leads to

o ifo e o' +ioo 3fy(p)
(p +ikv) fi(p) = —Ek(P)— +— / = Ex—q(p — p)——
e o' —ico 271 av

(7.75)

where now we have a convolution integral from the product term. Assuming the

field is electrostatic, we also have Ex(p) = —ik@(p) so equation (7.75) becomes
7 e g(p) 9o

fk(p) = — k—i
me (p + ikv) v
o’ +ioco d k — S —pH s l
e / l.( 9Pk 7(17 p) 3fq(p) (7.76)
Me o'—ico 271 p +ikv v

7.3.1.2  The source potential

The sources for the echo are assumed to be impulses at time 0 and time t with
wavenumbers k1 and k», respectively, so that the source potential is

Pext = @1 €08(k1X)8(wpet) + @2 cos(kax) S[wp.(t — T)]. (1.77)

The sources of the potential in the plasma are due to the external field and the
density fluctuations, so from Poisson’s equation, we have

P
V2(ﬂ =—+ V2§0<axt
€0
and taking Fourier and Laplace transforms of this, we find

oo

—— i 8 Stk 8 pe
e ) o 2 +0k, k1)+2 e (8k ey 8k, —ky )™ .
(7.7

where the sum of the Kronecker delta functions comes from transforming
cos(ky »x) and the 1 /w,. and e™P* /w,. terms come from the Laplace transforms.

Pk(p) = —

7.3.1.3 The echo potential

Now the echo will, in general, occur at a wavenumber different from either k; or
k2, so we are looking for a potential of the form gy, (t). Using equation (7.78), we
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have the simple result

o]

P (p) = dv fi, () (7.79)

k%éo —00
and from equation (7.76) we find
me(p + ik3v) dv

5 /”iw W' k=g o3
Me S~ Jo'—ioo i p 4 ik PP P

fk3 (P) =

Inserting this result into equation (7.79) and solving for ¢, (p), we can write the

result as
2 o/ +ico / 00 : £
_ ® dp itk3 —q) 3 fq(p)
pre / q
S — ~ - V——————— — - - 4
o) = e ) - /o/—ioo 271 ) G ik 1 PP T,
(7.80)
where
B [ 4
etk,p)=1-— / dv 2. (7.81)
k2 ) B4

Now to obtain a response, @, must couple to either @k, or ¢, or both, so in
the sum over g, k3 — g must be either k1 or =k for a nonvanishing response (to
lowest order). Let us examine k3 = ko — k1 and include the lowest order terms.
These terms will occur when ¢ = k; and ¢ = —k;. These will be the only second
order terms that couple to ¢4y, or ¢+y,. Since the terms in equation (7.81) are
already second order for lowest order in @, 4 and fq, we need these latter terms
only to first order. For ¢ = k», k3 — g = —k1, so we need ¢_¢, (p — p’) and
sz (p"). From equations (7.78) and (7.76) (to first order), these are

e¢]

~ / ne ~ / @1
Pt (p=—pP)= — 75— dv o (p—p)+ 55— (7.82)
kl €0 J—o00 Za)pe
x ikie ¢—x,(p—p') 3fo
fonp—p)=——"————. (7.83)
me (p— p’ —ikjv) ov
Solving this pair for $_, (p — p’), we obtain
~ @1
G-t (p—p) = : (7.84)
! pre(_klap_p/)
For sz (p”), we use equations (7.76) and (7.78) again to obtain the result
- —ikyegae™P'T afo
Jio(p) = — (7.85)

2mewpee(ka, p)(p' +ikov) dv -
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When g = —ki, then k3 — g = k2, and we find by similar methods

—(p—pNHr
~ @€
o(p—p) = (7.86)
Pl = b 2wpee(ka, p— p')
and " 5
Fon () = il __ (7.87)

2mewpee(—ky, p')(p' — ik1v) v
Inserting equations (7.84)—(7.87) into equation (7.80), we find

5 (1) —ekikyp192 /“/HOO dp’ /‘°° d
ks (P) = ———5— == v
Pl TP 4mek§ o'—ico 271 J_o

e pT 9 2fo
X J—
(p + ik3v)e(—ky, p — p)e(ka, p’) dv \ (p' + ik2v)

e (p )4 )f a %fl?
+ - — -
(p +ik3v)e(ka, p — p')e(=kyi, p') dv \ (p’ —ikiv)

so to find gy, (), we do the inverse Laplace transform with the result

ekikop19n o'+ico dp ot qp 1
Dz @)= —

dmk? o/ico 271 Jo_ine 271 €(k3, p)(p + ik3v)

5 eP! p't i %_7:?
€(—ky, p — pe(ka, p") ov \ (p’ +ikav)

ePt—0)+p't 9 dfo
+ P I
€(ka, p — p)e(=ky1, p) dv \ (p’ —ikiv)

Integrating by parts in the velocity integrals, this becomes

_ ekikagign o' Fico dp’ (7™ dp B
@iy (1) = 4mek2 / /7100 i )i i 90
eptfp/r
) €(k3, p)(p + ik3v)? [e(—kl, p — pelka, p)(p' + ikav)
ePt—D)+p'T
T e p = phe(—n, PO - iklv)] 7:89)

7.3.1.4 Evaluating the inverse Laplace integrals

WEe first do the p’ integral by closing the contour in figure 7.5 on the side that will
produce a vanishingly small exponential. For the first term in equation (7.88),
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Figure 7.5. Path in the p’-plane.

which varies as e_p/f, we must close to the right, so we enclose no pole (since we

assume 7 to be larger than the Landau decay time of either of the initial waves,

only the poles at ikv; and —ikv, will contribute at a later time). For the second

term which varies as ep/f, we must close to the left and hence enclose the pole at
ikvy with the result

ekikaprpy [ oo dp

D1 (1) = —72] dv/ e

4dm k3 —00 o—ico 2mi dv

ik3ep(t—r)+ik]vr

X .
e(ks, p)(p + ik3v)?e(ka, p — ikiv)e(—ky, ik1v)

(7.89)

For the p integral, we must examine two cases. If ¢ < 7, then we must close
to the right and include no pole, hence ¢y, (f) ~ 0 fort < 7. Fort > 7, we close
to the left and pick up the double pole of —ik3v to obtain

eki1kog12 /Ood iksek1vr 9,
— vV————————
dmek?  Jooo  €(=ki,ikiv) v

P ePt—1)
X — - . (7.90)
op | €(ks, p)e(kz, p —ikiv) |
p=—ikzv

Now all three terms in the expanded partial derivative have the same exponent so
the total exponentis —ik3v(r — T — k17/k3) or —ikzv(t — t’) where t’ = kot /k3.
In general, the integral over velocity will phase mix to zero except where t >~ 1’.
At this point in time, the largest of the terms in the derivative is the derivative of
the exponential, since the other terms still relate to Landau decay times and those
terms are presumably small at this time, so neglecting the other terms, we have

Ples @)= -

1) ~ _ ikt /w gikav(t=7) ofo
P T e L R, ke ks, —ikav)e (ka, —ikv) Bv
(7.91)
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7.3.1.5 Doing the velocity integral

We now need to know where the poles of the integrand are, so we note that

2

@
€(ks, —ikzv) = 1 — ’f/

ks J-

© dv Afp(v)

- - Im(v) >0
xV —v 0Jv

where the condition on the imaginary part of v comes from figure 7.6 where the
contour specified that the path went to the right (positive real part) of —ikzv. If
we choose a Maxwellian, fo = (1//7ve) exp(—v2/v§), then

2
w

e(ks, —ikyv) = 1 — L5 7' (i) (7.92)
k3ve Ve
2
w

ek, —ikov) = 1 = == 7' (i) (7.93)
kzve Ve
2
w ~

e(—ki, k) = 1 - =57 (3) (7.94)
k1“e Ve

where the path for Z’ is defined to go over the pole while the path for Z goes under
the pole since the sign of the real part is determined by the sign of k. If we now
assume that the zeros of the dielectric functions are where v > v, then expanding
the plasma dispersion function in equation (7.92) with v = v3 >~ w,./ k3, we find

3 ivT 1
k3vs =~ wpe | 1 + =k222 — exp | — 7.95
303 pe |: 2 3D 2\/5](;)»% p( 2k32,)\.2D)i| ( )

where v? /wf,e = 213, and Ap is the Debye length, and we obtain a similar result
for k. For ki, the result is similar except that kv has a positive imaginary part.
Hence we have established that the poles associated with k> and k3 are in the
lower half-plane and that the pole associated with k; is in the upper half-plane as
shown in figure 7.7.
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Figure 7.7. Poles and specified path in the v-plane.

We now wish to perform the integral of equation (7.91) by the residue
method and close the contour where the exponential will give a vanishing
component for finite (¢ — t’). We first note that 9fy/dv will generally diverge for
either positive or negative imaginary part of v, but the divergent factor is canceled
either by a similar factor in €(—k1, ikjv) when closing above and from either
€(ks, —ik3v) or € (kp, —ikpv) when closing below. Hence for the case t — 7/ < 0,
we must close above and thus pick up the pole from the zero of €(—ky, ikjv)
which we designate v. Thus for the case for r < t’, equation (7.91) gives

ek3kapr2m T Yo |, e-iksvrt=1)

TNOES ; ; ‘ - .
’ Amek?  e(ka, —ikavi)e ks, —iksv) [ e(—k1, ik1v)]u—y,

For t > 7/, we close below and pick up poles at both v, and vs:
) B_f() efik3v2(t7r’)
ﬂek1k2(p1(p2‘r v |y,
2m k3 e(—ky, ikjv)e (k3, —ik3va)[1-€ (ka, —ikav)]u—y,

Yy (1) =

%_fO e—ik3v3(t—1")

v

+ : ”3' 5 ' . (7.96)
€(—k1, ikjv3)e(ka, —ikav3)[ ;€ (k3, —ik3v)]y=0;

We now take the case where the echo is largest, namely where k3 ~ k1 so
that k> ~ 2k3. Now if we define k;v; = w; —1iy;, so that y; represents the damping
rate for the k; root, then y» >> y3 so the only important term in equation (7.96) is
the v = v3 root. From equation (7.95), we have

o VTope

~ —1/2k2)2). 7.97
23/2](;)\‘% exp( / 3 D) ( 9 )

w3 >~ wpe(l + %k%k%) V3

Problem 7.3.1. Plasma wave echo damping. Show that y» > y3.
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7.3.1.6  Putting the pieces together
Assembling the components, we find using equation (7.97) that

ofy
v

2
_ —2y3k3
Tw3wh,

(7.98)

v=U3

Then evaluating € (kp, —ikpv3) and €(—k1, ikjv3), noting that v3 is defined by
k%v? = a)f,eZ/(v3/ve), we find that

2
w
elha, —ikov3) = 1 — L7/ (B = ky (ko + k3) /K2 (7.99)
k22 v, 2
2% €
k? 1 k2
e(—ky,ikjvz) ~ 1 — el (1 +4i w-) =3 (k% — k3 —413—3’3) (7.100)
1 3 1 @3
ka k
- (kl ks — 411;;2) (7.101)

where we may not neglect the imaginary part compared to the real part in
equation (7.100), since k; ~ k3 and the real part may be very small. In this
case the echo is nearly resonant. The final result was obtained using k12 - k% =
ko (k1 — k3). Finally, we note that

2
d v
—e(k3y, —ik3v) = Dpe gr (2 7.102
81}6(3 ik3v) . () ( )

3Ve Ve

which leads to

9 2% i
2 ethky, —iksv)| =2 (1- ;’2& (7.103)
av v=s w3 k AD e

where we have used equation (7.97). Neglecting the imaginary part at this step,
we can now combine these several expressions to obtain the result

€Y1y k?k%vg(y3t)e—y3(t—r’)_iw3(t—1—/)

@iy (1) = 02 N (7.104)
eVq 2k3a)12w(k2 + k3) (k] — k3 — 41k§w§>
Now we should write k3v3 = Z£w3 — iy3, since both yield poles when

€(k3, —ikzvz) = 0. If we sum over these two solutions, then we obtain the final
results fort > 1’

2e@1¢) yﬂk?k%)ﬁ)e’”(”f/) cos[as(t — ') +§']

Yy (1) = B 21/2
) 4k3y3
k3(ka +k3) | (k1 — k3)* + | 55

(7.105)

mevg
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Figure 7.8. Third order echo. The transmitter probes were separated by 40 cm and the
receivers were tuned to the indicated frequencies. (From [101].)

with tan 8’ = —4k2y3/ka (ki — k3)ws, and for t < 7/,

2egipr y1thik3ae” MBIk =0 cos[ w1k / ki) (T — 1) + 8]

mev? 21/2

Pl @) =
2
k3(ky + k1) [(kl — k3% + (‘Z‘—;)

(7.106)

where tan 8’ = —4k2y1 /ka (k1 — k3)or.
From equation (7.105), it is apparent that the growth rate of the echo is
given by y1k3/k; while the decay rate is given by y3. The growth of the echo
is dependent on both k| and k3, but once created at time t’, it decays with a decay
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rate determined by its own characteristic wavenumber k3.

In a classic experiment where these results were adapted to spatial decay
with a finite spacing between launching antennas, each driven at a different
frequency, rather than temporal decay with a time interval between sources,
the principal features of the echo were verified [101]. As seen in figure 7.8,
the individual sources had decayed away and subsequently the third order echo
was reconstructed with appropriate growth and decay lengths. The experiments
detected both second and third order echoes, where higher order echoes occur at a
distance ¢’ = (nw; /w3)€ with w3 = mwy —nwy, where m and n relate to the order
in perturbation theory that each term appears. The basic frequency and position
relationships were verified over a wide range of frequencies (110-280 MHz) and
separations (10—60 cm).

Problem 7.3.2. Plasma wave echo.

(1) Fill in the steps leading to equations (7.98), (7.99), (7.101), and (7.103).
(i) Show that equation (7.105) and equation (7.106) follow from
equation (7.104) when summed over £w3.
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Chapter 8

Finite amplitude plasma waves

8.1 Nonlinear mechanisms in plasmas

Beyond the weakly nonlinear effects described by quasilinear diffusion and weak
turbulence, there are several well-documented nonlinear effects that lead to very
different types of behavior. In the strongly nonlinear limit, shock waves may
occur when the wave energy density is comparable to or exceeds the plasma
energy density. Some of these can be described by solitary waves, and in the lower
but significant amplitude limit, some of these solitary waves relax to solitons
which have unique particle-like and stability properties.

Another area where nonlinear effects exhibit new features is due to trapped
particles. In section 4.2.3, we outlined a weakly nonlinear picture of trapped
particles to help us to understand Landau damping, but when the amplitude gets
large, the trapped particles begin to bounce on short time scales relative to the
Landau damping rate, and these particles will severely modify the energy balance
between particles and waves and hence the damping rate. In the large amplitude
limit, the damping eventually ceases, and the distribution function is modified in
the vicinity of the phase velocity to support these stationary waves.

The final nonlinear effect we consider is the class of parametric instabilities
where a driven pump wave, above a certain threshold, will interact with other
normal modes in the plasma through the beating of the pump wave with a normal
mode to produce a third wave, typically at a much lower frequency. The number
of such instabilities in plasmas is legion, since nearly every linear wave type we
have considered can beat with another of the same type or with every other wave
type, and the third wave does not even have to be resonant if the pump amplitude
is high enough.

Before considering these three topics, we examine another nonlinear effect
that plays a role in several of them.
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8.1.1 Ponderomotive effects

When waves travel in a plasma, particularly when the plasma or the wave
amplitude is not homogeneous, the wave amplitude itself can effectively modify
the plasma density profile through the ponderomotive force. One of the
consequences of this ponderomotive force is that a localized wave can effectively
expel plasma from the vicinity of the wave amplitude maximum, and this may
tend to make the wave even more localized, leading to a trough in the plasma that
is called a caviton. We give here a brief derivation of the pondermotive force and
its associated potential. Applications in both solitons and parametric instabilities
follow in subsequent sections.

In an inhomogeneous, high frequency field, the motion of an electron may
be divided into two parts which describe the high frequency oscillation about an
effective center of oscillation, and the relatively slow motion of this oscillation
center. If we take the electric field to be given by E(x,f) = Eo(x) coswt, and
imagine that the amplitude is increasing in the positive x-direction, then as the
electron moves into the stronger field, it will be accelerated more strongly back
toward the oscillation center. However, as it moves toward the weaker field as x
goes negative, it receives a weaker restoring force. On the average, then, it will
experience a slow drift toward the weaker field as if under the influence of a steady
or slowly varying force, while at the same time experiencing the rapid oscillation
at the high frequency.

In order to make this more nearly quantitative, we examine the equation of
motion for a charged particle in an inhomogeneous electric field:

mi = qEo(r) coswt. 8.1)

We will separate the motion into a slow motion and a fast motion such that
r = ro + r; where (r) = ry is the average over the fast time scale, or over
the period, T = 27 /w. ro hence describes the oscillation center. r1 describes the
rapidly oscillating motion, and is determined by

m¥r] = q Eg cos wt (8.2)
where Eg = E((rp). The solution is simply
ri = —(qgEo/maw?) cos wr. (8.3)

For the slow variation, we will expand Eo(r) about r( such that the equation
of motion becomes

m(Fy + ¥1) = q[Eo + (r1 - V)Eg] cos wt (8.4)
and we wish to average this over a period such that

mry = g(ricoswt) - VEy. (8.5)
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Using equation (8.3) for 1, the average is simply (r cos wt) = —q Eo/2mw?, so
equation (8.5) becomes

2 q2

meV(Eg). (8.6)

Fo = — Ey-VEy=—
mro ) 0 0 4

mw?

The ponderomotive force and its associated ponderomotive potential, then, are

given by
q* 2
9 2
Vr = e B0 ®8

If inhomogeneous magnetic fields are included, there is a drift of the guiding
center in addition to the motion from the ponderomotive force, but the
ponderomotive force is unchanged.

8.2 Solitary waves and solitons

When the amplitude of a wave is not small, there are a variety of effects that
may result due to the finite amplitude effects, several of which are important in
laboratory and astrophysical plasmas. Considering only the dispersive effects and
neglecting possible coupling to other waves, we begin with a simple model for
solitary waves in a one-dimensional, field-free plasma.

8.2.1 Ion-acoustic solitary wave

We shall assume the ions to be cold, but the electrons will have a finite
temperature. We begin with the fluid equations of continuity, equation (3.34),
and momentum, equation (3.35),

on + inv =0
ot 9z
av av q ¢ 1 ap
9t "9z moz nmoz
and Poisson’s equation,
92 e
3—Z2 = —6—0(”1' —Te).

For electrons, m, is taken to be so small that we can neglect the left-hand side
of the momentum equation, and then letting p, = n.KT, (assumed isothermal
because of the high electron mobility), we obtain

e dp 1 0n,
KT, 3z  n, 0z

(8.9)
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with solution
ne = nge?/*Te (8.10)

Assuming now a wavelike solution so that all functions may be written as a
function of § = z — Ut, then 9/0t — —Ud/0& and 0/9z — 3/0&, so the
continuity equation for ions becomes

—Un} + n;v' + vn; = 0 and integrating, n; (v — U) = constant

where the prime denotes the derivative with respect to the argument, and the
momentum equation becomes

e 1 e
—UV + vv' = ——¢' and integrating, — Uv + —v> = ——¢ + constant
m; 2 m;

which is the conservation of energy, and we set this last constant to zero. Solving
for v, we find

. 2e 1/2
v=U=x|U"——¢
m;

so that the ion density is given by

no
n; =
_ 2ep
m;U?
and Poisson’s equation gives
2
d_w__@ ;_ ep/KT, 8.11
5 = e (8.11)
d&¢ €0 1— 2ep
m;U?

Then using the change of variable, n = dp/d&, we may write

d? d d [n?
Lo =— (L (8.12)
d¢ do de \ 2

where now we can separate variables and integrate, with the result

2
2
o [m,-U2 ( 1 - egz - 1) + KT, (/e — 1)] (8.13)

2 ) m;

where the constant terms are chosen so that n — 0 as ¢ — 0. Now solitary wave
solutions do not exist for all values of ¢ and U. It is clear from equation (8.13)
that ep < m; U?/2 for a meaningful solution.

If we consider v(p) = —n?/2 to be a ‘pseudopotential’ with ¢ the
‘coordinate’ and & the ‘time’, then equation (8.12) has the form of an equation
of motion for a particle moving in a ‘pseudopotential well’,

de  du(p)
de2 ~ de
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and we need a potential well for v(¢) with two zero crossings for a ‘bound’
(localized) solution. From equation (8.12), v/ = 0 at ¢ = 0 and from
equation (8.13) we have v(p) = 0 at ¢ = 0, so we require another zero crossing
for a solitary wave. Using the parameter o = U?/ c? with cS2 = KT /m;, then for
a < 1, v increases monotonically with ¢, so there is no second zero crossing. For
o > a > 1 with o, =~ 2.5, there is a well with two zero crossings, while for
o > o, there is a well but without a second zero. Thus there exist solitary wave
solutions of this type only for Mach numbers 1 < M < ,/a. where the Mach
number is defined as M = U/c; and c; is the ion acoustic speed.

Problem 8.2.1. The solitary wave ‘pseudopotential’. Sketch v(¢) versus ¢ for
valuesof ¢ < 1,1 < o < ., and @ > «, and determine «. to show the features
described earlier.

Problem 8.2.2. Small (but finite) amplitude solitary wave solution.

(i) Show that if one expands equation (8.11) or equation (8.13) for small ¢
that there is a solution of the form ¢ = g,,sech’(£/A).
(i) Find £, A and U in terms of ¢y,.

The ion-acoustic solitary wave described earlier is only one example among
many for solitary waves which include shocks and other nonlinear waves. A
special subset of these cases are solitons where two (or n) solitary waves can
collide and maintain their identity. Because of their unusual stability and other
properties (infinite number of conservation laws, solvable by linear methods via
the inverse scattering technique [102, 103], etc) this subset is of sufficient interest
to examine a systematic derivation of the relevant nonlinear wave equation for the
same basic case given earlier, but without the assumption of solitary waves until
the basic nonlinear partial differential equation is established.

8.2.2 The Korteweg—de Vries (KdV) equation

Although there are many different nonlinear partial differential equations that give
rise to solitons, there is one soliton equation which is generic to many different
kinds of waves. The Korteweg—de Vries equation, which was shown in 1896 to
describe shallow water waves, has turned out to be the key to understanding many
types of waves and the key to solving these nonlinear PDEs by the method of
inverse scattering. The general form of the KdV equation is

ur +auug +buggg =0 (8.14)

where a and b are constants (the classical form has a = 6 and b = 1), and
the subscripts denote partial derivatives (e.g. u; = du/dt). The nonlinearity is
evident from the middle term. We may note that the first two terms typically come
from the first two terms of the momentum equation, equation (3.8), so that 7 and
& usually represent normalized time and space variables, respectively. The third
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term of equation (8.14) is a dispersive term, and we elucidate its form and indicate
its generality by examining the form of a very simple dispersion relation.

Neglecting damping, the simple dispersion relation for the ion acoustic wave
is given by equation (4.141) which we may write as

o = tkeg(1 — k223, /24 - ) (8.15)

which to the order indicated is representative in form of the dispersion relations
of a great many waves that are characterized by a constant phase velocity in the
long wavelength limit and some dispersion. Neglecting the higher order terms,
we can identify the term on the left as coming from 9/d¢, and the first term on
the right as coming from d/dx (with the characteristic speed being amplitude
dependent if we compare term by term with equation (8.14)). The second term
on the right is proportional to k3, so it represents a third-order spatial derivative
as we find in the KdV equation. The importance of this dispersive term must
not be underestimated, since if it were neglected in equation (8.14), then the
peak amplitude would grow and speed up, eventually leading to wave breaking
where the peak overtakes the trough, and the wave becomes multiple valued. The
dispersive term limits this growth and the tradeoff between the tendency to peak
from the nonlinear term and the tendency to spread due to the dispersive term
leads to the stable character of solitons.

The single soliton solution of equation (8.14) may be simply found by
assuming that a stationary solution exists in some rest frame moving at velocity
U. Assuming then that u = u(& — U) leads to an ordinary differential equation,
and the boundary conditions that limg|.oc u = 0 along with all its derivatives
allows the solution to be found.

Problem 8.2.3. Soliton solution of the KdV equation.

(1) Assuming # = u(n) with n = & — Ur, write the ordinary differential
equation representing the soliton solution of equation (8.14).

(ii) Integrate this equation once and evaluate the integration constant if
limm\—mo u=20.

(iii) Make a variable change as in equation (8.12) and integrate to find the one
soliton solution of the KdV equation.

8.2.3 Ion acoustic solitons

The proof that ion acoustic waves are KdV solitons follows the development
of Washimi and Taniuti [104] where we begin with the same equations as in
the previous section. We then normalize the variables, defining n = n;/no,
u = vi/cs, X = z/Ap, T = cst/Ap, and ® = ep/KT,. Then the ion fluid
equations become

an ad
DA = .1
Y + o (nu) =0 (8.16)
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ou ou 0P

—tu—= - —. (8.17)
at ax ax
The normalized electron density from equation (8.10) is n, = exp(®P), so
Poisson’s equation becomes
72 _ o (8.18)
— =e" —n. .
ax2

We now linearize these equations to see the general behavior of the solutions,
which leads to the ion acoustic waves of section 4.2.5 with w =~ k¢ K
wpi(unnormalized), but will return to the nonlinear set. To this end, we let
d/0t - —iw, d/dx — ik,n =1+ n,and n, = 1 + n,. These lead to

—iwn + iku =0 = u = wkn
. . w w? .
—lou = —kd = & = Eu = k—zn

2
k2d>=ﬁ—d>=>k2=%:w2(1+a)2+w4+...)
—

since ? < 1 (w is normalized to wpi) and w/k >~ 1 (normalized). Thus

3

kx—a)t:a)x—i—%a)x—wr:w(x—r)—i—%aﬁx

3

so it is advantageous to introduce new variables n = w(x — 1), £ = w’x, and a
smallness parameter € = w? so that
kx —wt ~ ' Px — 1)+ 12 = + L& (8.19)

These variable changes lead to

o ana 0 5 5
_mo 90 apd  pd

9x  odxon  axd9E  an €
3 a9 9t D

O _md 90 apd

dt dtadn Ot 0 an

Using these in equations (8.16) through (8.18) and expanding to second orderin €,

n=1+enV 4@ 4 ...
u=eu +eu? ...
®=edW 420 4.

then one obtains to first order,

anD  u® g
an  on  on

(8.20)
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which leads to nV = 4 = o = ¢. Then to second order,

on® ou® _ oull 4 9 nOuDy = ¢ + (@)
—_ = —I(n u =
on  on  9E oy ¢ L

ou® ap®@ ou® N (1)814(1)
— u

o o~ oE = ¢z + oy
q)(z) . n(2) _ aZcD(l) B ((D(l))z _ ¢ . l¢2
an? 2 mo

and we can eliminate the second order quantities if we differentiate the last
equation with respect to 1, and then add all three equations, with the result

b5 + Py + 3y =0 (8.21)

which is the KdV equation witha = 1 and b = %

The KdV equation is more than an ordinary solitary-wave equation since it
has been proved that individual solitary waves survive collisions and hence these
are called solitons to indicate their particle-like behavior. The KdV equation
and other soliton equations may be solved by the method of inverse scattering
which is a method of solving the nonlinear partial differential equations for
arbitrary initial conditions by linear methods. The solution via inverse scattering
for the KdV equation is discussed by Davidson [97], but for a more complete
discussion of this method and its application to other soliton equations, Ablowitz
and Segur [102] and Lamb [103] are useful references. Through this formalism,
it has been possible to show that the solitary waves are indeed normal modes
and that arbitrary perturbations invariably relax to these solitary waves and the
remainder ‘radiates’ away. Analytic N-soliton solutions are also known and there
are an infinite number of conservation laws associated with the KdV equation and
other soliton equations.

Problem 8.2.4. lon acoustic solitons.

(i) Show by direct substitution that equation (8.21) has solutions of the form
¢ = Asech’[k(n — UE)].

(ii) Find expressions for k(A) and U (A).
(iii) Find the corresponding equation for the potential ¢ in terms of the
original variables z and ¢ and the amplitude ¢, .

8.2.4 Alfvén wave solitons

In addition to ion acoustic solitons, which have been experimentally observed
to survive collisions, nonlinear Alfvén waves also are characterized by the KdV
equation. This is due to the fact that they propagate near the Alfvén speed at
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low frequency and long wavelength, and, especially begin to show dispersion at
higher frequencies and one begins to have finite w/w.;. The fast Alfvén waves
were shown to satisfy the KdV equation by Gardner and Morikawa [105] and the
slow waves by Morton [106].

Problem 8.2.5. Alfvén wave soliton solutions. In [106], Alfvén waves are shown
to be governed by the KdV equation in the weak nonlinear limit. Fill in the
missing steps in that paper leading to equation (4.5). Then find a solution for

Bél) in unnormalized form.

8.2.5 Nonlinear Schrodinger equation

The nonlinear Schrodinger equation describes a nonlinear wave where the wave
amplitude is large enough to modify the dispersion relation by changing the
parameters of the medium. Also called the Zakharov—Shabat equation after
the authors who showed it to be a soliton and found the inverse scattering
solution [107], its solution is an envelope soliton where the wave packet envelope
has the soliton character where the medium is modified, and the complex phase
term propagates at the wave phase velocity.
We begin with the assumption of a plane wave of the form

Aei(k'l‘—wt) + A*e—i(k'l‘—wl) (8.22)
and a nonlinear dispersion relation
D(w, k, |A]*) =0 (8.23)

where it has been assumed that the nonlinearity depends on the amplitude of
the wave and not on the phase. This kind of nonlinearity is quite typical of
the ponderomotive force (see section 8.1.1). We also presume the medium is
homogeneous and isotropic in the absence of the wave, so D and A are scalar
quantities. We assume the nonlinear effects will result in a slow modulation of
the wave amplitude about an average amplitude Ag, so we expand w and k, which
represent the time and space differential operators, about the fast variation values,
so that equation (8.23) becomes a differential equation for the slowly varying
amplitude:

)
D |:a) + 15, k—iVv, |A(r, t)|21| A=0. (8.24)

Assuming that the differential operators are small (w > 9/9d¢, k > V) and
|A%| — |Ag|? < |Ao|?, this may be expanded to obtain

Do 9D 1 3°D V2 1 (A1 = |Aol®) D v lazo
i—— —i— -V == : - =0.
dw ot ok 2 9kdk oA 2
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Dividing by d D/dw, this may be written as
(9 .2 2 24—
i 8t+vg-v A—P:V°A+ Q(AI" —A|)A=0 (8.25)

where v, = —(3D/0k)/(0D/dw) = dw/dk is the group velocity and

1dv, 1 d%w
T 2%k  20kdk

aD [(aD\! dw
Q=m(£) = TolAl

We can see that Q represents the nonlinear frequency shift due to the finite wave

amplitude. If we now shift to the wave frame moving with the group velocity,

so that § = r — v,t, we then obtain the three-dimensional nonlinear Schrodinger
equation

L0A

1_

ot

We note a difficulty with names at this point, since the one-dimensional

version of equation (8.26),

+P:VA+ QAP —1AHA =0. (8.26)

i%+P82—A+Q(|A|2—|A HA=0 (8.27)
o1 9E2 ora= '
is commonly called the nonlinear Schrodinger equation. The Zakharov—Shabat
equation, however, whose solutions are solitons, has Ag = 0, and is also called the
nonlinear Schrodinger equation, although the character of the solutions is quite
different.

8.2.5.1 Linear stability of the nonlinear Schrodinger equation

We first consider the linear stability of equation (8.27) by considering a small
perturbation of the form A — Ayp = x + iy and linearize, separating the real and
imaginary parts so that we have

2

L0 Y 01 =0 (8.28)
ar T gg2
i p2y_, (8.29)
ot 02 '

and with
x = xo sin(k§ — Q1) y = ygcos(k& — Qt)

the dispersion relation is

Q% = P2* — 2P QK| Ag)*. (8.30)
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In order for an instability to occur, Im 2 # 0), it is clear that we must have
PQ > 0 and the wavenumber must satisfy 0 < x2 < 2Q|Ag|?/P, with the
maximum growth rate occurring for « = \/Q|Ag|?/P where the growth rate is

(Im ) max = O] Ao|*. (8.31)

The implication of this linear instability is that provided PQ > 0, there
exists a range of ¥ where the wave amplitude will grow. This leads to a collapse
where the amplitude will grow until all of the plasma has been expelled due to
the ponderomotive force, resulting in a density cavity, or cavifon. For a driven
wave, then, it is expected that the wave will collapse, but the severe modification
of the plasma may decouple the driven pump wave, so that effectively Ag — 0 in
which case the equation becomes the soliton equation that is stable. These general
characteristics are borne out in numerical simulations and experiments.

Problem 8.2.6. Nonlinear Schrodinger equation.

(i) Fill in the steps leading to equations (8.30) and (8.31).
(i) Show that equations (8.28) and (8.29) require Re Ap > Im Ayp.

8.2.5.2 Soliton solutions of the Zakharov—Shabat equation

Here we wish to establish the form of the solitons from the Zakharov—Shabat
equation
i, + Puge + Qlul>u =0 (8.32)

where the subscript indicates a partial derivative. We assume a wave packet
solution of the form
u=e*EDPIK (& — vy1)]. (8.33)

We note from & — v;,t =x— (vg + v;’,)t that v;’, represents the excess velocity
of the wave packet over the linear group velocity. Inserting equation (8.33) into
equation (8.32) and separating the real and imaginary parts results in

kv, ® + P(k2®" — k*®) + Qd* =0 (8.34)
—iK®' (v, —2Pk) =0 (8.35)

where @’ represents the derivative of ® with respect to its argument, so the
wavenumber is k = v;’, /2P. We may write equation (8.34) as

1d
EE@/)Z —ad —2bd° (8.36)

where
a=(k*—kv,)/PK* b= Q/2PK>.
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Separating variables and doing the first integral, a localized solution leads to

K(S—v't)—v/diq)——Lsech_l Vbe
77 ) oa—bpd2  Ja Va

with solution

®(&, 1) = v/a/bsech[/aK (§ — V1]
= ®,, sech[K (§ — vigt)] (8.37)

soa = land b = 1/®;, resulting in K = ®,,/0/2P and v, = (v}/2) —

m>
<I>,2nQP/ v;’,. We note again that v, represents the phase velocity relative to the
linear group velocity. The normal form for the Zakharov—Shabat equation has
P =1land Q =2sothat K = ®p, k = v}/2,and v, = (v} /2) — 2P}, /v}.

8.2.5.3 Nonlinear plasma wave instability

In this section, we consider a driven plasma wave with v =~ wp., where
the amplitude is large enough that the ponderomotive force causes a nonlinear
frequency shift. Beginning with the fluid equations (through the third moment)
for the electrons along with Poisson’s equation, we obtain

fie(@ — ), — 3k707) + w3, (8.38)

This was obtained on the fast time scale of the driven frequency. The
ponderomotive effects occur on a longer time scale, and on this slow time scale,
the momentum equations lead to

eE >~ — KT i (@)
me 0x \ ng

O chia(ﬁ,->

where on the slow time scale n, >~ n;, cf, = K(T, + T;)/m;, and ¢ is the

ponderomotive potential from the high-frequency electron motion. This leads

to
no

ng=—

4 (8.39)

m;c?
which, in turn, leads to the nonlinear dispersion relation

2

¢ 2
|E+ Eol* =0 (8.40)

3
©? — w3 — —kzvg —
2 dmm;

pe
N
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where E( represents the uniform amplitude of the high-frequency driven wave and
E represents the slowly varying wave amplitude, and we have taken wy >~ wpe.
This dispersion relation is of the form of equation (8.23) so we may immediately
write

AE 302 3’E e? ) )
S UE+Eo|* = E+Eoli_o)(E+Eo) = S(t) (8:41)

il s, ¢
at 4wy dx%  Bwomem;c?

where S(t) represents the coupling between the source antenna and the plasma,
since if the instability is strong enough, the source may be decoupled from the
plasma wave and S(¢) — 0. The k = 0 component of |E 4 Ey| is subtracted out
because it represents the spatially homogeneous part of the electric field and hence
does not contribute to the ponderomotive force. This equation was first derived
by Morales ef al [108] who demonstrated in numerical simulations that the driven
wave collapses into cavitons. The instability is called the oscillating two-stream
instability (OTSI), and is a parametric instability (see section 8.4.2) which couples
two plasma waves and an ion-acoustic wave, hence the appearance of ¢;. Once
the plasma is decoupled from the source, the nonlinear Schrodinger equation may
relax to the Zakharov—Shabat equation, so the final state of the caviton is a soliton.
In fact, it has been shown that yet another nonlinear soliton equation describes
both the collapse and the decoupling, so that one can be assured that cavitons are
solitons [109].

Problem 8.2.7. Nonlinear Schrodinger equation example. Calculate P and Q
from the dispersion relation (8.40) and estimate the maximum growth rate of the
instability.

8.3 Trapped particle effects

8.3.1 Nonlinear Landau damping

A celebrated example of the effects of trapped particles is the calculation
of nonlinear Landau damping. In the linear treatment of section 4.2.2, the
effects of resonant particles were already apparent in the limit of vanishing
amplitude, giving rise to either growth or damping depending on the slope of
the distribution function at the phase velocity of the wave. When one considers
the finite amplitude of the wave, as in section 4.2.3, it is clear that some of the
particles traveling near the phase velocity will be trapped and oscillate in the
quasistationary potential well of the wave. Others will be nearly trapped, but will
also exchange energy with the wave. To make matters even more complicated, as
the wave amplitude initially falls at the linear rate, some of the initially trapped
particles will become untrapped. As will be shown, the amplitude will actually
oscillate some if the initial amplitude is sufficiently large, so there is both trapping
and untrapping going on as the amplitude evolves and the energy sloshes back and
forth between wave field energy and particle energy. For a sufficiently large initial
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Figure 8.1. Potential well and particle motions in the wave frame.

amplitude, the wave finally settles down to a steady but finite amplitude where the
zero-order distribution function is modified.

8.3.1.1 Particle motions in a constant wave field

In order to grasp first some of the physical principles and important parameters,
we begin with the assumption of a driven sinusoidal electrostatic traveling wave
field of infinite extent imposed on a plasma. In the wave frame, however, the
field is a stationary potential well, so we represent the traveling wave field
E(x,t) = Egsin(kx — wt) by its wave frame counterpart

E(x) = Epsinkx (8.42)

where Ej is constant, and examine particles whose velocity is nearly v, = w/k,
or v ~ 0 in the wave frame. If we describe the trajectory of an electron by x,(f),
then its equation of motion is that given in equation (4.118):

d? e )

—Xe(t) = —— Eg sin[kx.(?)]. (8.43)
dr? me

The solution for Eg — 0 is, of course, trivial, leading to free-streaming solutions

of the form x,(t) = x + vt where x and v are the initial position and velocity

respectively.

Equation (8.43) is identical in form to the equation of motion for a finite
amplitude pendulum, whose solutions lead to an expression for the period in terms
of an elliptic integral, but for small amplitudes about the bottom of the potential
well, it is clear that the ‘bounce’ period is given by

5 = wy' = /me/ekEy. (8.44)

Particles traveling sufficiently close to the phase velocity that their kinetic
energy, as measured in the wave frame, is less than e £/ k will be unable to climb
out of the potential well, illustrated in figure 8.1, and so will make periodic orbits.
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Particles with wave frame energy greater than e Ey/k will be slowed down and
speeded up by the wave, but will continue to pass over each successive potential
hill, as shown above the well in figure 8.1. If, however, the amplitude is not steady,
but varies slowly, then as long as the amplitude varies little over a bounce period,
the motions of the trapped and untrapped particles will be affected little unless
they are very close to the boundary (where the bounce time approaches infinity
so any variation is relatively fast). The slowly varying condition, which limits the
validity of the following analysis, is

1 dEg

. 8.45
Eo di < wp (8.45)

This condition limits the number of particles that change from trapped to
untrapped, and vice versa, to a small fraction of the affected particles.

The slowly varying condition is related to the Landau damping rate, which
from equation (4.61) may be approximated by

\/? ®pe ( 1 3) (5.46)
VL ma X 55 — 5 .
8 k3Ap, 2k20y, 2

where we use the long wavelength limit for plasma waves such that a),% ~
a)f,e(l + 3k2k2De). It is convenient to define 7; = |yz|~!, and the plasma period
T, = a);el so that the weak damping condition is 7, < 77 and the slowly varying
condition is Tp < 7. We combine these, requiring that the wave period be short

compared to the bounce period, so that the general validity condition is

T, L1 KL 1L (8.47)

If kApe is not small, then there is no environment where the slowly varying
condition is valid. If the bounce period approaches the wave period, then the
assumption of a sinusoidal variation is very restrictive, since in general nonlinear
effects will distort the wave for a general distribution function. Although
there exists a distribution function that is consistent with a large amplitude
sinusoidal wave, the distribution is not Maxwellian. We will return to this case in
section 8.3.2, but it is not typical. These conditions imply both a minimum and
a maximum amplitude for nonlinear Landau damping. We will examine some of
the qualitative effects of violating these conditions at the end of this section.

Problem 8.3.1. Exact bounce time. Solve equation (8.43) exactly for the bounce
period without making x, small.

(i) Using the variable change of equation (8.12), with dx./d¢ = v,, separate
variables to do the first integral with the integration constant representing
the amplitude x,, where v, = 0 (the turning point), showing that the critical
energy for periodic motion is e Eo/ k.
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(ii) Using the definition of v,, separate variables again to solve for the bounce
period in terms of a definite integral over [0, x,,].

(ii1) Using trigonometric identities, cast the integral into the form of an
elliptic integral and show that as the amplitude is small, the full period is
27‘[/0)3 .

Problem 8.3.2. Limits of validity.

(i) Show that equation (8.47) fails if kA p, approaches unity.

(ii) Find kA p, where 1007, = 1073 = 7.

(iii) Find kA p, where 91, = 31p = 7/.

(iv) Find e E¢/ k in terms of KT, for cases (ii) and (iii) where Emax = Emin.

8.3.1.2 Exact trajectories of trapped and nearly trapped electrons

When the linear theory fails, as it inevitably does for any finite amplitude wave,
we need to treat the trapped and nearly trapped particles carefully. In this section,
we follow O’Neil [110] and Davidson [97] where we solve

(i) equation (8.43) exactly for both trapped and untrapped particles for constant
Eo; and then

(ii) solve for the slow variation of Eg from the conservation of energy (particle
energy plus wave energy).

We wish to solve for the distribution in the wave frame variables where the
evolution of f,(x, v, r) is obtained from

0 0 0
— fe(x,v,8) + v— fo(x, v, 1) — iEo sinkx — fo(x,v,1) =0. (8.48)
Jat 0x me av

Using the method of characteristics, we write this from the Liouville theorem as

ife[xe(l')v ve(7), 7] =0 (8.49)
dr

where x.(7) and v, (7) are the particle orbits in the wave field E¢ sin kx and are

solutions of

d? E
;‘;g” = — =L sinlkr. (1)) (8.50)

The solutions we need are the orbits that satisfy the end point conditions

xe(t=t)=x V(T =1) = 0.
From equation (8.49), we have

Sfelxe(T), ve(7), T] = constant (independent of 7) (8.51)
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and by evaluating equation (8.51) at t = ¢ and 7 = 0, we have

Je(x,v.1) = fel[xe(0), ve(0), 0] (8.52)

which expresses f.(x, v, t) in terms of the initial distribution.
Following the first step of problem 8.3.1, the first integral gives

d 2 ¢E
Me —x.(T)| — €=0 cos[kx.(t)] = W = constant. (8.53)
2 |dr k

Changing variables to £(t) = kx.(tr)/2 and K2 = 2¢Ey/ (kW + eEp) where we
take k > 0 and Eg > 0 without loss of generality, then equation (8.53) becomes

d 2 1 s
[Eg(t)} - @Uﬂc sin? £(7)). (8.54)

The solution of equation (8.54) may be written in terms of the incomplete elliptic
integral of the first kind, F (x, z), where

z d /

F(x, 2) E/ = (8.55)
0 v1—«k2sin?z/

The case k*> < 1—untrapped particles. When W > eEq/k, then k*> < 1 and

the particles are untrapped. In this case, the solution of equation (8.54) may be
written as

Fle,E(0)] = Fle, E@)] = (r — 1) /kTp. (8.56)
At T = 0, this reduces to

Flx,kxo/2] — Flk, kx /2] = —t/k1p (8.57)
and this determines xo = x.(0) implicitly. This can be inverted to give the explicit
dependence

sinkxo = 2sn[F(k, &) — t/ktp, k]en[F (k, &) — t/kTp, K] (8.58)

where sn and cn are Jacobi elliptic functions. Using this result in equation (8.54),
we may then solve for v, (0) with the result

2

\/ 1 — k2 sin’[kx.(0)/2]. (8.59)
ki B

v.(0) =

These expressions may then be used in equation (8.52) to express f.(x, v,?) in
terms of the initial conditions. The phase space trajectories of these particles are
shown in figure 8.2 where they lie outside the shaded area.

The case k* > 1—trapped particles. When —eEo/k < W < eEg/k, thenk? > 1
and the particles are trapped. In this case, it is convenient to introduce the variable
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Figure 8.2. Constant energy surfaces in phase space (x, v) for the electrons.

¢ (7) such that sin[¢ (T)] = « sin[£(7)]. With this variable change, equation (8.54)

becomes )
d b o an?
[dtﬁf)} = p [«* —sin” ¢(7)] (8.60)
with solution
F[1/k,¢(t)] — F[l/x, (0] = (r —1)/7B. (8.61)

At T = 0, this reduces to
F[1/k, 8] — F[1/k, ()] = —t/t8 (8.62)

which again implicitly determines x.(0) = (k/2) sin~! [« L sin o] for the trapped
electrons. Again inverting,

sinkxo = 2/k)sn[F(1/k,¢) —t/tp, 1 /x]ldn[F(1/k, &) —t/tp, 1/k] (8.63)

where dn is another Jacobi elliptic function. We can again use equation (8.59) for
ve(0) in terms of x,(0). The trajectories for the trapped particles are illustrated
by the closed loops in the shaded area of figure 8.2, where each closed contour
represents the motion of a particle characterized by a particular total energy
W= %mev2 — (eEp/k) coskx.

Problem 8.3.3. Solving the equations of motion. Fill in the steps leading to
equations (8.58) and (8.63).

8.3.1.3 Conservation of energy

In order to estimate the slow variation of the amplitude, we look at the
exact energy conservation expression which follows from the Vlasov—Maxwell
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equations, so that we have

w/k 2
3[/ dxM / dx/ vt Smev fe(x. v, z)]_o (8.64)
dt —/k —/k

If we assume the wave field varies as E(x,t) = Eo()sin(kx — wt), this
conservation law expressed in the wave frame becomes

d [7/k e E2(t
m dxoio()sinzkx

w/k 00 1 o\2 9
- de | du= ( —) )
/_H/k /_oo vpme (Ut ) gl

Averaging first over space, this reduces further to

@ =1 o2 9
— = —/_oo dogm, (v n ;) ()@, (8.65)

where £(¢t) = eoEg(t) /4 is the spatially averaged electrostatic energy density,
and (f.)(v, t) is the spatially averaged distribution, defined by

k w/k
(fe)(v, 1) = ;/ dx fo(x,v,1). (8.66)

—n/k

We now need an expression for df,/dt which, from equation (8.52), is
related to an initial condition that we take to be of the form

fe(x,v,0) = fo(v) + fi(v,0)coskx (8.67)

which is consistent at least with the linear problem. Then using dx./dt =
—03x.,/9T = —v, and dv,/dt = (e/m.) Eq sinkx, at T = 0, we obtain

0 d
Z foxvt) = | Egsinkx'—[ fo() + fi (v, 0) coskx']
dt me ov’

+ kv’ fi(v', 0) sinkx'} , (8.68)

=x¢(0),v'=0,(0) *

We expect the principal contribution to equation (8.65) to come from the
neighborhood of v = 0, since these are the trapped or nearly trapped particles.
In the other limit, when W > e E/ k, the orbits are nearly straight lines in phase
space, and x,(0) ~ x — vt and v,(0) ~ v in which case the only variation with
x in equation (8.68) is simple sinusoidal, and when averaged over a period these
terms vanish. If we do an ordering of the various terms in the smallness of v and
7, /7B, then it can be shown that the dominant term in equation (8.68) is [110]

_fe(x 1y~ 0O B0 )] [1 +0 (:—”ﬂ . (8.69)
B

v |,—o Me
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At this point, the expressions for sin[kx.(0)] from equation (8.58) for the
untrapped particles and equation (8.63) for the trapped particles, and the
subsequent integration of equation (8.65) with equation (8.69) for the time
derivative of the distribution function leads to

%E (1) =2y ()E®) (8.70)
where
O
(2n + D2k sin[(2n + 1)t /2F15]
F2(1 4+ g2t (1 + g~ 2 1) } (8.71)
and

g=eF'IF F=F(, 1/2) F’EF(\/l—K{n/z).

The details of this calculation [110] are long and tedious, but the results allow us
to get some insights into the nature of the nonlinear effects.

First, we note that the first term in the curly brackets of equation (8.71) is
due to the untrapped electrons and that the second term is due to the trapped
electrons. At short times, ¢t < tp, the untrapped electrons dominate and lead
to y(t) ~ yr so initially the amplitude follows the linear decay (or growth
if the distribution is initially unstable) rate. This is to be expected, since the
bounce effects require roughly a bounce period to become important. When they
do become important, the wave energy density ceases to decay as the bouncing
particles begin to reconstruct the wave. This is illustrated in figure 8.3 where the
energy density is seen to oscillate several times before finally settling down to a
finite amplitude that is lower than the original amplitude. Since it may be shown

that
o 64 [! I1TE = K )
dty@W|=yetg— | dky 7| = — 55|+ [E+ & —DF]
0 T Jo K b/ 4F T

~ O(tg/tL) (8.72)
where £ = E(k, %n) is the complete elliptic integral of the first kind and the
final amplitude is given approximately by Eg(co) ~ Eo(0)[1 — (zp/tr)] (in
figure 8.3, with 7p/7p = 0.1, fooo y(t)dt =~ —0.2). In the fully saturated
wave, the trapped particles with differing bounce periods have completely lost
their original coherence with the wave and as many are giving energy to the
wave as taking energy from the wave. The distribution function is now distinctly
different from the original distribution, and was known long before the nonlinear
decay problem was solved as the self-consistent distribution associated with BGK
waves, which we describe in the next section.

Copyright © 2003 IOP Publishing Ltd.



1.0

Eo(t)
Eo(0)

1

0.8

0.7
0 5 10 15 20 4, 25

Figure 8.3. Amplitude variation of the electric field with 7 /tg = 10. Note the suppressed
Zero.

Problem 8.3.4. Approximate damping rates. Following O’Neil [110], use the
expressions of equations (8.71) and (8.72) to prove

@) y (@) ~ yL fort <« tp and
(ii) fooo dry(t) ~ O(yLtp).

8.3.1.4 Other nonlinear effects

Although finite amplitude damping appears to be due only to the modification
of Landau damping by the trapped particles, cyclotron damping is also akin to
Landau damping, except that it occurs in a rotating reference frame. Indeed,
large-amplitude cyclotron damping also occurs and is similar to that previously
sketched out, although the analysis is somewhat more formidable [111].

Because we have considered only one nonlinear effect, the energy oscillation
and decay pattern of figure 8.3 is never precisely observed. One of the observed
nonlinearities that interfere with this picture is due to wave—particle-wave
interactions when the bounce period is an integral multiple of the wave period.
Particles with this period will, after a fixed number of oscillations in the well,
come back in phase with the wave and have a resonant interaction. This group
of particles can also lead to sidebands or daughter waves at frequencies that are
submultiples of the wave frequency. These exchanges modify the energy content
of the primary wave, and hence the evolution will differ from that pictured.

If one considered lowering the amplitude to avoid these other nonlinearities,
then the validity conditions begin to fail, and it is worthwhile to note the behavior
when this begins to happen. We could begin to get an idea of the changes when the
amplitude is lowered by considering that the bounce period, previously considered
to be constant, is now taken as tp = tg(t), where tg(¢) is calculated from the
instantaneous value of Eo(¢). This is only a first step, since it still completely
ignores the transitions from trapped to untrapped and vice versa. This case can be
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Figure 8.4. Integral of the damping coefficient with y; 7y as a parameter.

solved as an integral equation [112] where

t —1/2
tp(t) = /e [ekEo(O) exp < / y () dz’)] (8.73)
0

so y () appears both inside and outside the integral. When this expression is
solved for various values of E((0), as the initial amplitude is lowered, it takes
longer (of course the nominal bounce time is longer) to oscillate and oscillates
fewer times before settling down to a BGK mode at a much lower amplitude.
Eventually a critical amplitude is reached where there are no oscillations at all
and the decay is smooth until the saturation is reached. Below this amplitude,
the wave continues to decay forever, but the rate is slower than for the linear
case. This behavior is illustrated in figure 8.4 where we show the integral of the
damping coefficient as a function of time, where the time is normalized to the
initial bounce period tp = 75(0), and the parameter is y to. It is apparent the
critical level in this simplified case is near y; 79 = 0.6.

The neglect of the effects of the trapping—untrapping transitions becomes a
larger and larger error as the initial amplitude decreases. Clearly, as the amplitude
is lowered, more trapped particles are dumped out of the well, and become
untrapped. The inclusion of these effects must involve numerical codes, and these
show the same qualitative features as the previous integral equation method, but
the separatrix between the oscillatory and steady decay cases occurs for somewhat
higher initial amplitudes. For example, more detailed numerical calculations by
Canosa and Gazdag [113] indicate the transition from oscillatory to monotonic
decay is closer to yr 79 = 0.5.

Another effect that accompanies nonlinear damping is the nonlinear
frequency shift. Because of the conservation of both energy and momentum, the
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change of energy of the trapped particles must be balanced by the change of the
total wave energy, and in the wave frame, this energy must be proportional to the
frequency shift. This effect is found to oscillate as the amplitude does, saturating
asymptotically to [114]

8Q(c0) = — 1.639 (8.74)
_(eEo\'"? fwpn\2 (9% fo e\ !
0= <W> (%) (52 (@) ®.7%)
Up

where € is the dielectric constant for linear plasma oscillations.

8.3.2 Bernstein—-Greene-Kruskal (BGK) modes

We have alluded to the fact that there exist exact solutions for finite amplitude
sinusoidal waves, where the distribution function is modified from an equilibrium
distribution to support these waves. In fact, any wave profile, periodic or not,
can be established by a suitable modification of the distribution function. For
example, a single Gaussian pulse could be established as well as a periodic square
wave. These large amplitude waves are stationary in the wave frame, and referred
to as Bernstein—Greene—Kruskal (BGK) waves [115].

We are looking for nonlinear electrostatic waves that are stationary in the
wave frame, so the basic equations to be solved are

u—f,(x v+ L E(x)—fj(x ) =0 (8.76)
—E( )—Zq’/ dv £;(x. v) 8.77)

where the wave frame variables are related to the laboratory frame variables
through x = x’ — vot’ and v = v/ — vy where vy is the phase velocity of the
wave. The coordinate and velocity variables are related through the conservation

of energy
W = mjv? 4+ qjo () (8.78)
where ¢(x) is the electrostatic potential from E(x) = —d¢(x)/dx, so the
distribution function can be written in terms of W; and v as
fi =HQ@) [ W)+ H(=v) [ (W)) (8.79)

where H (x) is the Heaviside step function, defined such that H (x) = 1 forx > 0
and H (x) = 0 for x < 0. Equation (8.79) satisfies equation (8.76) if

fFW) =7 W) gjdmin < W) < ¢jPmax- (8.80)

Equation (8.80) simply states that for the trapped particles, lying between the
absolute minimum and maximum potential energies, there cannot be any net
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momentum in the wave frame, so the distributions must match. For the untrapped
particles, there is no such limitation.

If we now take Poisson’s equation, equation (8.77), and use equation (8.78)
to express dv in terms of W, such that

dy — dw;
2mj(Wj —q;¢)
then we obtain
2 TWH+ (W
§:§==_ /l f Wp + 1; W) (8.81)
dx V2m;(W; —q;$)

This equation relates the potential to the distribution function, but it can be
regarded either as determining the potential function for a given distribution
function, or the other way around, determining the distribution function for a
given potential function.

8.3.2.1 Solving for the potential

We make a first step by introducing a pseudopotential, multiplying equation (8.81)
by d¢/dx and integrating once to

1(a¢>2
— (=) + V(¢) = constant (8.82)
2 \ox

where the pseudopotential V (¢) is given by

1 o0
Vigr=—Y_— [ dW;Lf (W) + f; (Wp)1/2(W; —q;¢)/m;. (8.83)
- €0 Jo;0 J J

We may then solve equation (8.82) in terms of the quadrature

(¢ do
— Xy = +—— S A — 8.84
RN N OB ¢

where ¢g = ¢ (xp) and x¢ is a point where d¢/dx = 0. This gives the implicit
relationship of the potential to the coordinate for a specific distribution function.

Problem 8.3.5. BGK distributions.

(i) Show that equation (8.80) is a solution of equation (8.76).
(i) Fill in the steps leading to equation (8.84).
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8.3.2.2 Solving for the distribution function

If we suppose that the distribution functions for the ions and the untrapped
electrons are specified, along with a specific potential that may or may not be
periodic, then we can solve for the trapped-electron distribution function. If we
define the trapped electron term from equation (8.81) to be

_ —€Pmin feT (We)
g(ed) = /_e¢ We W 129 (8:83)

then Poisson’s equation may be written as

¢ [ LD+ S (W]
eox  Jop 1 2mi(Wi —ed)

_ / > LfF(Wo) + £ (Wo)]

gled) =

dw,
—ePmin V2me (W, + e)

(8.86)

where £ is the trapped-electron distribution function. From equation (8.80), f./
for We < —edmin is related to f, by [,/ (We) = f,F(We) + f;~ (We) = 21 (We).
The solution to this integral equation is

2mg [~V dw  dg(W)

T
W,) =
fe ( c) T e¢min ,7—W — We dW

We < —ePmin (8.87)

with the condition that g(e¢min) = 0, and that feT be nonnegative.

Problem 8.3.6. Trapped particle solution. Prove by direct substitution that
equation (8.87) is a solution of equation (8.86).
8.3.2.3 BGK example—sinusoidal wave

If we assume the electrostatic potential is a simple sinusoidal wave, described by
¢ (x) = o sinkx (8.88)

and then assume that both the ions and untrapped electrons are monoenergetic
beams of particles moving to the left (in the wave frame) with sufficient energy
that neither are trapped by the potential such that

ffwn=0 (8.89)
Sim (Wi) = njoy/2m;(Wio + ego)S(W; — Wip) Wio > ego  (8.90)
fEWe) =0 (8.91)

fe_(We) = NeOvy 2me(Weo — egpp)8(We — Wep) Weo > ep  (8.92)
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where n;0, 1.0, Wio, and W, are constants. From their respective contributions
to equation (8.81), the corresponding charge densities are

[ Wiotego 17

ni(x) =njo [m} (8.93)
Usin Weo —ego 1'/°

n¥ ) = neo [7%0 - (x)} . (8.94)

From the form of equation (8.93), we note that n;q is the minimum value of n;,
whereas from equation (8.94), n.q is the maximum value of nf,j, and these maxima
and minima occur at kx = £ /2, £37/2,.... Using these expressions, g(e¢)
from equation (8.86) becomes

€ok? [ Wio + ego }1/2 0[ Weo — edo
— e

12
glep) = —e—2€¢ + 1o m m} . (8.95)

From this result we can obtain dg/dW and insert this into equation (8.87) to obtain
the trapped-electron distribution function,

V2 2e0k? ;
ﬂme /€¢0 —w, (_ €0 + nio neo ) (8.96)

VHUAE

+
e? Wio+We  Wepo — W,

for all W, < e¢o. The auxiliary conditions put some constraints on the various
constants, since g(—e¢gp) = 60k2¢0/e + njo — neo = 0 and the condition that
feT (W,) be nonnegative leads to

2e0k? nio ne0
— + >
e? Wio + W, Weo — W,

0 (8.97)

and the two combined lead to

nio(Wio + We + edo) _ neo(Weo — W, — Jego) .
Wio + W, Weo — W,

0. (8.98)

Problem 8.3.7. BGK example.

(1) Fill in the missing steps for this example.
(ii) Show that n;o > n,g is a sufficient condition for equation (8.98).
(iii) Sketch n;(x), nf] (x), and g(e¢) as a function of x over a full period.

8.4 Parametric instabilities
Parametric instabilities are not unique to plasmas, as they relate to any oscillatory

system where one of the parameters (hence parametric) is modulated at an
appropriate frequency. A simple system is that of a child’s swing, whose period
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depends on the length of the swing from its support, and the parametric instability
occurs when the child lengthens or shortens the effective length twice each period.
This modulation at twice the natural frequency leads to growth of the fundamental
oscillation, through what is commonly called ‘pumping’. A similar situation was
described by Lord Rayleigh in 1883 [116] where a tuning fork was attached to
one end of a stretched string and tuned to twice the natural frequency of the string.
The modulation of the tension at twice the natural frequency led to an increased
amplitude in the string’s oscillation through the parametric instability.

A rather extensive review of parametric instabilities in plasmas, including
magnetized and unmagnetized plasmas, inhomogeneous and uniform plasmas,
for linear and nonlinear electrostatic and electromagnetic waves, is given by Kaw
et al [117]. This section is intended to be an introduction to some of these
topics in order to establish the fundamentals of parametric instabilities with a
few examples, and as such abstracts some of the topics from this review.

Quite generally, parametric excitations require a minimal set of common
characteristics:

(i) Matching condition: The modulation and the natural oscillation should
satisfy a phase matching condition, such as wT = nmw,n =1, 2, ... where o
is the natural frequency and 7 is the period of the modulation. The previous
examples have n = 1.

(i) Threshold: Instability or amplification occurs only when the amplitude of
the modulation exceeds a critical value.

(iii) Frequency locking: The frequencies of the amplified oscillations are
determined by the modulation frequency rather than the natural frequency.
For the previous examples for n = 1, amplification is at frequency 7/ T (the
natural frequency), but for n = 2, amplification occurs at 27r/ T (the natural
frequency again) and at zero frequency.

The matching and frequency locking conditions follow from the intrinsic
nonlinearity of the multiple frequency system, and can be viewed either as coming
from conservation of energy and momentum or as coming from the resonance
conditions of the weak turbulence analysis such that

Wy = w; + ws (8.99)
ko = ki + K, (8.100)

where the subscripts 0, i, s stand for pump, idler and signal, respectively. The
instability occurs when the pump exceeds a certain threshold and the idler and
signal waves grow. In general, we assume that the idler and signal represent waves
that satisfy a dispersion relation in a plasma and are weakly damped modes, but
this is not a strict requirement. When one of the waves is highly damped, we call
it a quasimode, and numerous important applications involve quasimodes. From
the nonlinear nature of the coupling, it is apparent that energy can be drawn from
the pump wave and diverted to the idler and signal waves, or daughter waves.
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This process can become so efficient that as a pump wave propagates, it loses
energy to the daughter waves until it is depleted to the extent that it falls below
threshold. Among the various effects which limit this efficiency of coupling
are: finite wavelength effects, where the phase matching conditions cannot be
satisfied everywhere; finite pump extent, where the daughter waves grow only to
a finite value because they propagate beyond the extent of the pump; and nonlinear
effects, where saturation may occur due to quasilinear effects changing the decay
and amplification rates, or to nonlinear frequency shifts that modify the matching
condition.

In order to sort out this somewhat bewildering array of possible effects, we
will examine a few basic models that illustrate the fundamental phenomena, and
then apply the principles thus discovered to a few specific plasma problems.

8.4.1 The modulated harmonic oscillator model

We consider first a damped oscillator described by

LR Y @ 4ydx =0 (8.101)
_ B — X = .

az T Yo

which has the simple solution x = A exp(—i2t — ppt) if Q and yy are constants
and represent the frequency and damping rate of the oscillator. If, however, we
take the frequency to be modulated at frequency wog, such that

Q% = Q2(1 — 2e cos wor) (8.102)

where € is the natural frequency and wg and € the pump frequency and amplitude
of the modulation, respectively, then the transformation x () = e~ "’ y(¢) brings
equation (8.101) into the form

d?y

it Q2(1 — 2e coswot)y =0 (8.103)

which is the Mathieu equation. All of the characteristics of the parametric

instability are contained in the properties of Mathieu functions, but since these

are neither trivial nor commonly known, it is more instructive to examine the

properties of equation (8.103) by a perturbational analysis assuming that the

damping decrement, yy/ €20, and modulation amplitude, €, are both small.
Taking the Fourier transform of equation (8.103) leads to

D(0)F () = €Q3[F (@ + wp) + X (w — wp)] (8.104)

where
D(w) = —” — 2iwy + Q3 + 12

The convolution integral has led to a function of @ being coupled to the response
at frequencies w + wp. We examine two special cases.
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8.4.1.1 Casel: wg > 2R

If we choose w =~ Q, then the first term on the right-hand side of equation (8.104)
represents the response at ~3€2q, so is far from resonant. The second term on
the right gives a response at frequency w — wp >~ —Sp, so this term is nearly
resonant. Keeping only the resonant term, we need X (w — wgp) which we obtain
from equation (8.104) to be

D(w — wp)x(w — wp) == eQ%i(a)) (8.105)
then the dispersion relation becomes
D(w)D(w — wp) = €22, (8.106)
Making simple resonant approximations for the D(w),

D(w) = — (0 + Q0 +iyo) (@ — Q0o + iyo)
—2Q0(w — Qo + iyp)
D(w — wp) ~ 2R (w — wy + o + 1y0)

12

the dispersion relation may be written as
(@ — Qo +iy0)(@— Qo — A +iy) + 1@ =0 (8.107)

where A = wp — 2 is the frequency mismatch. Then using the definition
w = Qo + 6 + iy, where § is the real frequency shift and y is the growth rate,
separating the real and imaginary parts of equation (8.107) results in

86— A)— (¥ +10)* + 35 =0 (8.108)
(28 =A)y+y)=0 (8.109)

so there are two types of solutions from equation (8.109):

(i) Damped zolution: y = —yp. This describes damped oscillations with

frequencies given by
1 / 2
s§==(Aax,/A%?—e2Q5
2

which requires A2 > GZQ%, or that the frequency mismatch be sufficiently
large or the modulation amplitude be sufficiently small.

(i) Locked solution: § = A /2. This describes frequency locked oscillations
since Rew = § + Q¢ = wp/2 so that the frequency is independent of the
natural frequency. Then from equation (8.108), this root gives

1
y =—y0:|:§,/62S2%—A2 (8.110)
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which is complementary to the other case in the sense that this case requires
A% < 629(2). The more weakly damped root of equation (8.110) becomes
unstable when

2> (A +4y3)/ Q3 (8.111)

so this is the parametric instability and equation (8.111) gives the threshold
as a function of the mismatch. The maximum growth rate occurs when
A = 0, where the minimum threshold and maximum growth rate are given
by

€min = 2Y0/ Q20 (8.112)
Ymax = — Y0 + €S20/2. (8.113)

We note that in the limit as yp — 0, there is no threshold, so an infinitesimal
excitation can drive the instability.

84.1.2 Casell: wg >~ Qo

For this case, we expect the coupling near @ ~ 0 which is the difference
frequency. The coupling from the symmetric forms of equation (8.105),

D(w + wp)X (0 £ wp) ~ €37 (w)

leads to the dispersion relation,

€2} [ 1 1 }
= + ) (8.114)
D(w) | D(w+wp) D(w— wo)

Using the approximation D(w £ wg) =~ F2Q(w £ A +1iyp), where the frequency
mismatch is given in this case by A = wg — 0, and approximating D(w) by
D(0), equation (8.114) simplifies to

€2Q 1 1
1= — — - . (8.115)
2 wo—A+iyy oo+ A+ip

Separating this into real and imaginary parts, with v = w, + iy,

w2 — A= (y +1)? = 2Q0A (8.116)
wr(y +y0) =0. (8.117)

Again there are two types of solution:

(i) Damped solution: y = —yp, o, = £/ A(A + €2Qy). This solution requires
either A > QO or A < —e2Qy.
(ii) Locked solution. For this case,

o =0  y=—ptV—A +e2Q0) (8.118)
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so —€2Q0 < A < 0. For this case, a growing solution occurs whenever the
threshold is exceeded, given by

2> (2 + AY)/AQ. (8.119)
The minimum threshold occurs when A = —yg and is given by
€min = v/ 2¥0/ 0. (8.120)
The maximum growth rate occurs when A = —e2$2/2 and is given by
Ymax = — 0 + €2Q0/2. (8.121)

Comparing these several results, each case has a damped solution and a
locked solution, and there is a threshold for the instability. In case I, the threshold
is lower and the growth rate is higher than the corresponding case II solution. In
case I, the minimum threshold and the maximum growth rate occur for the same
mismatch, while the maximum growth rate for case II is amplitude dependent.
Examples of both these cases are to be found in plasmas.

Problem 8.4.1. Growth rates and thresholds. Fill in the missing steps leading to
equations (8.112), (8.113), (8.120), and (8.121).

8.4.2 Excitation of coupled mode oscillations

The previous simple example had only one natural frequency, but plasmas are
characterized by numerous natural frequencies. We shall choose as an example
a case where the two natural frequencies are far apart, with the pump frequency
close to the higher frequency. When the sum of the two natural frequencies nearly
equals the pump frequency, then both kinds of instabilities, cases I and II, may be
excited.

For the special case of a uniform pump, the natural oscillations are described
by

2
Loxy = % + 2;/5% b @+ yDx =0  s=1,2. (8.122)

We assume the frequencies wy; and damping rates y; are both constant. We choose
to denote the lower frequency as w;. The pump field is described by

Z(t) = 2€ cos wot (8.123)

with € constant. This pump field couples x1(#) and x> (¢) through the nonlinear
interaction. We assume the coupling is of the form

Lix1(@®) = M Z(1)xp(1) (8.124)
Lox2(t) = A Z(t)x1() (8.125)
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where the Ay are constants. We can imagine the pump and the high frequency
producing a modulation at their beat frequency, and if this forced oscillation
resonates with the low frequency, then we expect a resonant energy transfer when

wy >~ w] + w). (8.126)
Taking the Fourier transforms of equations (8.124) and (8.125), we find

Di(0)¥1(w) = Me[F2(w + wo) + Xo(w — wp)]  (8.127)
Da(w + wp)ia(w + o) = AelF1 (@) + 1 (@ + 2w0)] (8.128)

where D (0) = —w? —2iwys +a)52 + ysz. From equation (8.127) we see that X (w)
couples with X2 (w % wp), which through equation (8.128) couples with X (w) and
X (w = 2wyp), the latter of which is nonresonant and can be neglected. We need to
keep both x> (w & wg), however, since for w ~ w; <K wp, both may be near +w>.
The dispersion relation is then given by

Aro€? 1 1
_ M [ n } (8.129)
Di(w) [ D2(w+ wo)  Da(w — wo)
which is similar to equation (8.114). For weak coupling, (|]A12¢2| < 1), one or
more of the denominators must be nearly resonant, or

Di@)~0 or Dyw+wy)>~0 or Dy(w—ap) ~0. (8.130)

From comparison with equation (8.114), two of the denominators must be
resonant for the instability, so the two possible cases are:

(i) Di(w) ~0and Dry(w + wg) >~ 0 or Dr(w — wg) >~ 0.
(ii)) Dy(w + wo) >~ 0 and Dr(w — wg) =~ 0.

The first case corresponds to case I in the previous section by comparison with
equation (8.106) (in the limit as w; — w2 — wp/2). The second case
corresponds to case II by comparing equation (8.129) to equation (8.114) (in
the limit as wp — wp). Making resonant approximations for D (w %+ wg) with
A = wp — wy, but not approximating D1 (w) since w may differ significantly from
+w1, equation (8.129) reduces to

AAze? 1 1
a)2+21wy1—w12—)/2= 142€ ( — ) (8.131)

w2 w+A+iyy w—A+ipy

Again defining @ = w, + iy and separating the real and imaginary parts, we
obtain

o} —ol =+ )’ + 0] — A% = (v + 1) 1/F(y. o) =0 (8.132)
orly + i = (¥ +72)/F(y, o) =0 (8.133)
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where

F(wp.y) = #[(wr F A+ (7 + 1)@ — A2+ (v + )2, (8.134)

From this there are two solutions:

(1) o, = 0 is the purely growing mode instability since w is purely imaginary.
The oscillating two-stream instability (OTSI) is the best known example that
occurs when a plasma is driven by a uniform pump close to the electron
plasma frequency.

2) wr #0and y + y1 = (y + y»2)/F(wr, y) which corresponds to the decay
instability. This describes the decay of the pump wave into two lower
frequency waves (idler and signal). This is the most common case, and has
numerous examples in plasma physics.

Problem 8.4.2. Thresholds and growth rates:

(i) The purely growing instability (case (1) above)

(a) Show that the threshold condition may be written as

IhiA2le2 = 2wimays. (8.135)

min
(b) Show that the maximum growth rate condition is
w0 = w2 — (Ymax + ¥2)- (8.136)
(c) Show that near threshold,

min

Mhol(€? — €2
[A1A2|(e” —€l.) (8.137)

Ymax =

2w2(w? +2y172)

(ii) The decay instability (case (2) above)
(a) Show that the threshold enmi, as a function of the offset A, is given by

s oyino |, . F2nym ol +yi— A2
min = 447+ 5 (8.138)
Ahirz 1+ 72)

and hence vanishes when either y; or y» is zero.
(b) Show that w.(A), the real part of the frequency at threshold, is given by

2 2 2 2
o] + y1A° + +
CL)C(A)::E\/V2 1 TV Yinr 7/27/1' (8.139)

Yi+ 2

(c) Find A, €nin, and w, for the limiting cases w; > y; and w1 K y».
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8.4.3 Effects of finite pump wavelength
For this case we replace equation (8.123) by
Z(r,t) =2ecos(ky - r — wot) (8.140)

and must now Fourier transform in both space and time, so that equations (8.127)
and (8.128) become
Dy (w, B)X1(w, k) = €[A] T2(w + w0, k + ko) + Ay F2(@ — wo, k — ko)]
(8.141)
Da(w % wy, k £ ko)iar(w £ o, k £ ko) = erFFi(w, k) (8.142)
where now wg and y; are the frequency and damping rate for a wave with

wavevector k for an uncoupled wave. The dispersion relation corresponding to
equation (8.129) is then

€? g ATAS
1= n
Di(w, k) | Da(w+ wo, k +ko)  Dar(w— wo, k — ko)

} . (8.143)

We solve equation (8.143) in the same way in which we solved equation (8.129),
but now it is more complicated. In order to keep the arguments clear, we take
)»T)J = A A, > 0. Separating the real and imaginary parts as before, we now

find that
Wf — @} = (y +yD? =A% — (@ — 2 + (v + ¥ 1/ F(y, o —10) (8.144)
wr(y + 1) = (@0 =Wy + )/ F(y, 0 — 1) (8.145)
where now
= ok + ko) — wr(k — ko) (8.146)
A = wp — {w2) (8.147)
(@2) = 3lw2(k + ko) + w2(k — ko)] (8.148)

and we have used the approximation that || < (wz). It is convenient to recast
equations (8.144) and (8.145) by eliminating F(y, w, — ) between them to obtain

or (Y DA% — (@, — )? + (1 +72)] = (@ — ) (¥ +y2)[w? —wf — (y +71)°]

(8.149)
and eliminating the A? terms from F(y, w, — p) leads to
Ax [0 — o} — (¥ + y1)*]?
= w0 — WY+ + ) 4+ ——s 5 (8.150)
(@2) oy (y +y1)

where ¥k = ezkf){ = ezkfkg. Equation (8.149) has three roots for w,, where
for u > 0,

M w,>p ) p>w,>0 () o <0 (8.151)
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where each root is labeled. Since ¥ > 0, equation (8.150) indicates that modes
I and III both occur when A > 0, and mode II corresponds to A < 0. The
uniform pump case (i« = 0) shows that mode II is the purely growing mode and
the other two are decay type modes. For this case with u # 0, however, there is
no longer any purely growing mode. When . > w1, then the frequency of mode
I becomes nonresonant and we have a quasimode. For u # 0, the threshold can
be substantially reduced for w, ~ w1, and the growth rate well above threshold
can be significantly increased.

Problem 8.4.3. Coupled equations. Show that equations (8.149) and (8.150)
follow from equations (8.144) and (8.145). (Hint: writing (8.144) and (8.145)
asA=B/Fand C = D/F, with F = ({()/Ax)ETE~, and using A? = B+42,
show that EY E~ = B2 +4D?2)

Problem 8.4.4. Resonant decay. When w, is resonant (D1 (w, k) =~ 0), show that
the growth rate and threshold are given by

1
Y=z [—(m + )+ \/(Vl -2+ } (8.152)

K
2 Wy {wy)

and
Ko = 4w {(w2) Y172 (8.153)

(Hint: Show that equation (8.149) leads to A ~ w, — w.)

8.4.4 Unmagnetized plasma examples

In the unmagnetized plasma, the principal wave is the ordinary wave from
equation (2.37), where the dispersion relation may be written as

D(w,k) = w5, + k*c* — (@ —iv,)>  (photons) (8.154)

where v, is due to collisional damping since there is no Landau damping.
The plasma wave dispersion relation may be obtained from equation (3.32) or
equation (4.56) and may be written as

D(w,k) = w5, + 3k°v; — (@ —iyp)>  (plasmons) (8.155)
where
\/? Gpe_o : 3 (8.156)
= [— Xp| —— — = .
VRS, P T w2

from equation (4.61). The ion-acoustic wave dispersion relation comes from
equation (4.141), written as

2.2
kec;

D(w, k) = ————
( ) 1+k2)\‘2De

—(w — iya)2 (phonons) (8.157)
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where kA p, < 1 and

3/2

T,

Vo= = | 24 (L) e T2Ti | 4y, (8.158)
8 m; T;

from equation (4.142) plus a collisional term. In each case, the name for the
quantized excitation is given as a convenient label to designate the appropriate
wave type.

8.4.4.1 Case 1—The pump is a plasma wave

For this case, wy satisfies equation (8.155) with wavevector ky. If k || ko,
(otherwise )»T){ # Al A, ), then

L 3kkovz 3K

2wo 4o
With A < 0, this is mode II where u > w, > 0. We note two special cases:

(a) When u > w) =~ o, then equation (8.149) requires that A? ~ uz
so that k ~ 2ko ~ 2(k — ko). In this case, a plasmon has decayed
into another plasmon (w, from equation (8.155)) and a phonon (w; from
equation (8.157)). This is an example where an electron plasma wave is
backscattered by an ion wave since kg — k ~ —ko.

(b) Another limiting case is when u >~ w1 =~ w,, in which case equation (8.149)
leads to A% ~ 0, so k% must be small. In this limit, ko & k ~ kg, so this case
represents forward scattering.

8.4.4.2 Case 2—The pump is an electromagnetic wave
Here we note four special cases:

(a) When the pump frequency is just above the plasma frequency, it may decay
into a plasmon (w2) and a phonon (w; = wp — wy K wp). Since all three
waves are different, (photon— plasmon+phonon), this is just a decay process
that damps the pump.

(b) Instead of decaying into a plasmon and a phonon when the pump frequency
is just above the plasma frequency, it can also decay into another photon
(a scattered electromagnetic wave) and a phonon. This type of scattering is
called Brillouin scattering.

(c) When the pump frequency is higher such that wy > 2w, then it may decay
into another photon (a scattered electromagnetic wave) and a plasmon. This
type of scattering is called Raman scattering.

(d) For the special case of wy = 2w, the photon may decay into two plasmons.

In order to examine any of these cases in more detail, we must first examine
some of the physics that goes into the amplitude (¢) and coupling coefficients (A1
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and Ap). For an electromagnetic wave pump, we take the electric field amplitude
to be
Eo(r,t) = 2Epeycos(ky - r — wot) (8.159)

from which we find the electron velocity to be
vy = var + vy
where vOi = $ieE6t/mea)o and
EF = EoéoexplLi(ko - r — wot)]. (8.160)

This driven velocity of the electrons multiplied by the density fluctuation of a
daughter wave generates a current density which drives waves at the sum and
difference frequencies of the velocity and density fluctuations. From the wave
equation, driven waves satisfy

2y @ i ]
k I_C_ZK_kk .E:la),u()_]pump

or casting this result into the form of equation (8.142), we have

i ok
Do(wst, ks) - EX (i, ks) = —a)f,MEOi (8.161)

no
where w+ = w £+ wg and k4 = k & ko, and we have assumed wy > w;. Because
D; is a tensor, the inversion of equation (8.161) is nontrivial, but one form of the
inversion may be written as

W2 fie(, k) |:(ki x E)? (ke - EgF)Z]

E* . Ef =
0 + +
DZt Dze

8.162
e (8.162)

where Dy, and Dy, are the transverse and longitudinal dispersion functions given
by

Dziz =ki?c? — wiKi(ws, ky) (photons)

Décg = —wi+Ke(o+, kt) (plasmons)

and K, and K, are given by equation (4.31).

The low-frequency density fluctuations, 7. (w, k), result from the beating
of the high and low frequency waves, forming a nonuniform wave field. This
inhomogeneous field in turn drives a low frequency perturbation through the
ponderomotive force. The ponderomotive potential from equation (8.8) uses the
low-frequency beat component of the electric fields, such that

2 |Ey E* E |
v = il PR (8.163)
dme |wp w4 -
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The low frequency components, with @ < wyp, then lead to

2
e
v = —Z(EJ.E*JFEO—.EU (8.164)
mewg
In order to calculate the electron density fluctuations due to the
ponderomotive potential, the linearized kinetic equation for electrons gives
af1

1
— 4+v-Vfi+—(Vo—-V¢¥) -Vyfo =0 (8.165)
ot Me

and taking Fourier and Laplace transforms, we have

e = /_Oo fiddv = —2’:3;6 ((,5 - &/e) 7). (8.166)

The ions do not respond to the ponderomotive potential, so the ion density and
Poisson’s equation become

il =~ G7'(%)
s .
i ZICT,'(p i
P P
k“p = (n; — ne).
€0

If we represent the dielectric constant from equation (4.138) in terms of the
electron and ion susceptibilities as

K=1+X6+Xl

where
2 2.
_ pe —1 R 4 /(s
Xe = _kZUEZ (g@) Xi = k2vlzz (é‘l)
we finally obtain for the perturbed electron density,
k? 1+ x) ~
fip = _Mw_ (8.167)

Ke?

It is convenient to rearrange this, using equation (8.164), so that

1 1 k¢
—+ Al = — Ef -E-+E; -E*
(Xe 1+Xi> ‘ mewé( 0 o ED

which can be put into the form of equation (8.141) where D; represents either a
plasmon or a phonon, such that

2 12

w* k“€o
Di(w. biio(w, k) = — =——(Ef -E~ + E; - EY)  (plasmon)
mewy

2 12
a)pl.k €0

Di(w, k)n.(w, k) = —
1( )6( ) mea)é(l—‘,—k2)L2De)

(Ef -E-+E, -E') (phonon).
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Table 8.1. Threshold parameter « for several combinations of daughter waves for an
electromagnetic pump wave.

Case D1 D> K

(c) Raman plasmon  photon kzw%e (k+ x vo)2 / ki

(b) Brillouin ~ phonon  photon kzwii(ki x v0)2 /(1 + k225, )k
(d) decay plasmon  plasmon kza)ée(kj: . uo)2 / ki

(a) decay phonon plasmon k2a)pl-(k:|: . vo)z/(l + kz)%e)ki

From these results and equation (8.161) along with equation (8.162), we
find that the threshold parameters for several cases may be expressed in terms of
vo = eEy/m.wy as in table 8.1.

Problem 8.4.5. The threshold parameter. Find A%, k2i and fill in the missing steps
from equation (8.165) to fill in the values of table 8.1.

8.4.4.3 Brillouin scattering

For this case, D; is a photon dispersion function and D; is a phonon dispersion
function, so x = (k/ki)zw;i(k_ x v9)%/(1 + kzkzDe), since k ~ 2ky making
k™ the resonant mode. For the photon case, with wp ~ w; ~ wp., we have
w =~ kkoc*/wo, A ~ —k*c?/wg (so case II again from equation (8.151)), and
withw; = 0 —w, , p —w; = kzcz/wo. In the resonant scattering case, w >~ wj,
so the threshold condition from equation (8.150) or equation (8.153) with y = 0
is

kvg sin® 0 = 4y, yamiwo(1 + k*Ag,,) /@), (8.168)

where 0 is related to the angle between k_ and vy (sin6 = 1 if k_ L vg). The

corresponding growth rate just above threshold (from equation (8.152)) is
a)iikzvg sin? @

dorwoya (1 + k223))

y=-n+ (8.169)

fory > y» ~ v,.

Problem 8.4.6. Maximum growth rate. Show that the maximum growth rate for
Brillouin scattering is given by

wpikvg sin 6

Vmax = .
JJorwo (1 + kz)\zDe)

This is maximized when k ~ 2k( (backscattering). For kgAp. < 1, show that
this maximum growth rate is given by ymax = wpivo/+/cswo/2ko.
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8.4.4.4 Resonant raman scattering

In this example, a photon is scattered off a plasmon rather than a phonon. Hence,
D represents a plasma wave from equation (8.155), and D, an electromagnetic
wave from equation (8.154). Again for this case, k — kg is the resonant root, so
K = (k/k_)za)f,e(k_ x v9)? = kzv%a)f,e sin> @’ from table 8.1 where 6 again
represents an angle between k and vg. Also for this case, w — u ~ A (from
wo = w1 + , ). The threshold is then given by equation (8.153) as

k2v(2) sin® 0’ = Aypy2{w2)/wpe (8.170)

and the minimum threshold is for k ~ 2k (backscattering) and 6’ = 7/2, when
k%v% = ypy2{w2)/wpe. The gain just above threshold from equation (8.152)
(resonant case) is

a)pekzvg sinZ 9’

8.171
4(w2)Vp ( )

y=—-n+

Problem 8.4.7. Raman example. With wy = 3wpe, ve/wpe. = 0.01, and v, /c =
0.05, find the daughter wave frequencies, the threshold for Raman scattering
(v0/¢)min, and maximum growth rate (Vmax/®pe). (Hint: Let k = ako and find o
from wp = w; + w1.)
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Appendix A

Complex variables

It is not the intention of this discussion of complex variables to give a full treatise
on the subject, as this is covered in numerous textbooks. What follows is rather an
indication of how the theorems and properties of analytic functions can be used
to solve the kinds of problems which appear in the body of the text. In each case,
we give some of the general principles, and then illustrate the technique with an
example.

A.1 Contour integrals

Many of the integrals in this book are conveniently evaluated by the use of contour
integrals, which are based on the Cauchy integral theorem. In its simplest form,
this theorem states that

f(@)

c<—20

dz = 2mif(z0) (A1)

if f(z) is an analytic function everywhere inside the closed contour C (which is
traversed in the counterclockwise direction). Since the path integral of an analytic
function is independent of the path, we are free to deform paths to suit ourselves
unless they encounter a pole, whereupon the Cauchy integral theorem tells us
what the contribution is from circumnavigating the pole. More generally, for a
function which may have a series of poles, we may write the result in terms of the
residues at the poles:!

f F(z)dz = 27i Zresk (A2)
C

k

where for simple poles the residues are given by

resy = lim (z — zx) F (2).
Z—>Zk

! These are rumored to be due to Cauchy’s dog, who went around leaving residues at every pole.
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By simple poles, we mean that F(z) may be written as

N

-1
Fz) = f(z)[]"[(z —Zk)i|

k=1

where f(z) is analytic and all of the z; are distinct(no higher order poles). If there
are higher order poles, then the residue from a pole of order N is given by

1 N—-1

;
(N — 1)l e>5 dzN—1

resy = [(z — z0)V F(2)].

We illustrate some of the methods by evaluating a nontrivial integral by
contour methods. We wish to evaluate

® cosaz
I = ——dz=5L+ 1
/_oo a*+z4

1 o0 eiaz
I == —d
! 2_/_Ooa4+z4 ¢

1 o0 efio:z
L=~ ——d
g 2];ma4+Z4 ¢

where « is real and positive. In order to use the contour method, we must close
the contour, and we do this on a semicircle above or below the real axis, and let
the radius of this semicircle approach infinity. We choose whether to close above
or below depending upon which will give us a vanishing contribution in the limit
as the radius gets large. For this case, we have broken the cos ¢z term into two
exponentials because the original expression blows up both above and below (as
z — =ioo), while the first exponential vanishes as z — ioco so that we may close
above, and the second vanishes as z — —ico so we may close below. These
two cases are shown in figure A.1 along with the location of the poles located at
z=x+iy= ay/—1.

The contour of I; clearly encloses z1 and z;, and the contour of I clearly
encloses z3 and z4, SO

eiocz dz
I =
(z—z1)(z —z22)(z —z3)(z — z4)
eiazl eiaZ2
=2mi +
(z1 —22)(z1 —23)(z1 —z4) (22 —21)(22 — 23)(22 — 24)
o —aa/ﬁ( aa . aa)
= ——¢ COS — + SIn —
V243 V2 V2
—ioczd
b e z

(z—z1)(@z—22)(z —23)(z — 24)
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2 X X1 2 X X1

3 X X 4 3 x X 4

(a) (%)

Figure A.1. (a) Contour for /1, closing above. (b) Contour for /5, closing below.

- e iaz3 N e iazy
(23 —z1)(z3 —22)(z3 —24) (24 —21)(24 — 22) (24 — 23)

T _aa)3 < aa i aa)
= ——¢ COS — + SIn —
V2a3 V2 V2

where for I, we have the negative of the sum of the residues because the contour
goes clockwise (the portion of the contour between —oo and oo must be in the
sense of the original integral in both cases). The final result is then (letting
a = +/2b for convenience of expression)

o0
I = / de = le_"‘b(cosozb+sinozb).
oo 4b* + x4 2b*

A.2 Analytic continuation

In some cases, a function may be analytic in a specific domain, or contain a
finite number of poles in that domain, but its properties in another domain are
not initially known. For example, a function may be specified everywhere in the
upper half-plane, or to the right or left of a vertical line in the complex plane,
and the character of the function may be of interest in the undefined region. The
specification of the properties of the function in the undefined region is called the
analytic continuation of the function.

Suppose a function is defined, for example, by an integral over a specified
contour C with the argument of the function establishing the location of a pole
or poles relative to the specified contour, and the argument is defined only in
a specified domain (e.g. real part positive, imaginary part greater than some
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minimum value, etc). The analytic continuation would then give the recipe for
establishing the value of the function as the argument leaves the specified domain.
If none of the poles crosses the specified contour as the argument varies, then the
analytic continuation is trivial, as the function is still analytic over that enlarged
domain. If one of the poles crosses the specified contour, however, we must
deform the contour so that the pole remains on the same side of the deformed
contour as if the pole found the contour impenetrable and pushed the contour
ahead of it. As long as the pole is not allowed to cross the contour, the integral
along the deformed contour represents the analytic continuation of the integral
into the originally undefined domain.

An example of analytic continuation is shown in figure 4.3 on page 139
where the original contour was defined to be to the right of o, or that Re p > o,
as shown in the dashed curve. For the case shown, the analytic continuation, as
the path is moved over to the left for convenience, is represented by the deformed
contour which may not cross the pole in the left-hand half-plane so must double
back in the neighborhood of the pole, leaving it to the left of the contour, and
similarly must not cross the branch point, keeping both the branch point and
branch cut to the left of the deformed contour. For this example, we effectively
continued o from positive and finite to negative and unbounded, making the
evaluation of an integral over p trivial along the deformed contour, needing only
to pick up contributions from circling the pole via the Cauchy integral theorem
and from looping around the branch point, if any.

A.3 The method of steepest descents—saddle point method

The method of steepest descents, or the saddle point method which is the same
thing, is a very powerful method for finding asymptotic expressions for integrals,
and the recipe for the steepest descent contributions to an integral is relatively
straightforward, but there is invariably a great deal of thought which must be given
to the setting up of the problem before applying the recipe. This analysis which
precedes the application of the recipe generally requires a good understanding of
the physics of the problem (or it will lead to such an understanding), for each of
the saddle points, if there are more than one, has an interpretation which must
be understood if the proper evaluation is to take place. In this section, we shall
first determine the recipe, and then do two examples to illustrate the method. The
contour integrals in chapter 6 will then serve as further examples which both use
and describe the method.

A.3.1 Steepest descents with saddle points along the real axis

A simple but relatively general example of the method may be illustrated by the
integral

B
F(t) = / ! gy (A.3)
A
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where i (x) has a maximum (or several maxima) somewhere in the range [A, B].
In this problem, we are looking for an approximate expression for the integral in
the limit where ¢ is large, so we are looking for an asymptotic expression for F' ().

We begin by expanding 4 (x) in a series about the maximum (if there are
several maxima, we treat them one at a time), such that

(0)( —xo)2+h (xo0)

5 TR G

h(x) = h(xo) + h'(x0)(x — x0) +

and we choose xg to be the maximum such that 4’ (xo) = hy = 0 and h”(xp) =
hy < 0 (if by = 0, then require 2y’ = 0 and hf)” < 0). Then we have

B thw
F(1) = etho/ ezth (x—x0)2 [1 + —(x —x())
A

31
¢ iv
+— = xo)t 4| d (Ad)
41 0 '
" iv
:ezhofoo el | 4 Mo thy B thy 4

oo 3! 41

1 (thy 2 6

w [ 2m \ a3y (2 VP
=¢€ 7 + "4 7
|t 41 4 gt
th/// 15f 7/2
A6
< 31 ) 8 <|h”|r> i (A0

/ tho hiv V4K
_ v2me [1+ 0o, ] +O<ti2>] (A7)

[|hg|t]1/2 8|h6’|2t 24|h6|3t

In equation (A.4) we have treated all the terms above " as small and expanded
the exponent about the maximum. In equation (A.5), the largeness of ¢ in the
exponent guarantees that the principal contribution to the integral comes from
the immediate vicinity of the maximum, since the width of the Gaussian gets
narrower as ¢ gets large, so we extend the limits of integration to infinity with little
error. After performing these integrals, we collect the terms in equation (A.7), and
note that all odd terms in u# vanish, leaving only two terms of order 1/¢ from which
we can estimate the range of validity of the approximations involved. In general,
¢t must be large enough that the correction terms are small.

If the maximum should occur at an end point, then the extension is
straightforward, since the integral would then be only semi-infinite, and we may
even have /' (0) < 0, so the small terms are of order th” (0), etc.
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The asymptotic narrowing of the Gaussian in the integral, in addition to the
extension of the limits of integration to infinity, permits another variation which
is frequently useful. If the original integral is, instead of equation (A.3), of the
form

B
an=/’anMmZ
A

then the region near the maximum may be considered to be like a delta function,
effectively evaluating g(x) at that point and then moving it outside the integral,
so that the result, following the same general procedures, may be expressed as

G(I)_Letho g+i g_(/)/+ 1 hévg()+hm/+%
gl 2 |57 2 | mgl T R\ 4 080 T4y

+o<%>} (A8)

Unfortunately, there is no unique way to determine which part of an
integrand belongs to g(u#) and which part belong to A (u) in the exponent, but
generally any slowly varying function may be included in g(u), while h(u)
includes as much as possible without becoming too complicated.

The gamma function demonstrates these arguments, such that

o0
r(r+1)=/ eu'dt > —1 (A.9)
0

has an integrand which has a maximum value, but this maximum depends on ¢ so
that ug = ¢t. We write the integrand as e “u’ = exp(—u + tInu) = exp[th(u)]
so h(u) = Inu — u/t. Evaluating the various derivatives of i (u) and evaluating
them at u = ¢, equation (A.7) gives

1
I +1) =+2nttle™ [1+E+~} (A.10)

which is the Stirling formula for the large argument approximation to the gamma
function.

Problem A.3.1. Modified bessel function. Show that

o0
Ky(z) = / e 2Nt cosh(vr) dt
0
2 2 2
T, 4v-—1 (v —1(Ev°-9)
V2:°© [JF 8z * 21(8z2)2 *
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A.3.2 Saddle point method

In the complex plane, the statement of the problem is more general, such that we
wish to evaluate

F(t) = f $(z,1)dz (A.11)
P

and P represents some path from a point A to a point B in the complex plane. We
solve this problem in two steps:

(i) Find the best path between the prescribed end points. This involves scheming
and conjecturing. This is the hard part.

(ii) Execution of the integral. This is easy. Simply add the contributions from
each saddle point (and perhaps from the end points).

A.3.2.1 General considerations

Suppose we only want an upper bound, which may be described by

|[F ()] < /P l¢(z, )| |dz| < £pmaxp|p(z,1)]

where € p is the distance along the path and maxp|¢(z, t)| is the maximum along
the path. A better estimate may be found by choosing a different path with the
same end points which does not leave the region of analyticity of ¢ (z, t). All such
paths are admissible, and we label such paths C such that

|F ()| < €cmaxcle(z, 1)]

and we wish to choose C to minimize £{cmaXxc|¢(z, 1)|.

Now if ¢(z) behaves violently, then ¢¢ is unimportant, as the dominant
contribution will come from short sections of the path. If ¢(z) is not violent,
then the saddle point method is of little use. Hence we ignore ¢¢ and look for a
path C where maxc|¢(z)| is minimal (if it exists). The strategy is to find a path
from A to B along an admissible path C, the highest point of which is either an
end point or a saddle point.

A.3.2.2  Steepest descent path

If the highest point is a saddle point, then we wish to cross it such as to minimize
the path length. Thus we wish to use the steepest ascent and steepest descent,
deforming the path as necessary to cross at the right point at the proper angle.
Suppose that in the neighborhood of the saddle point, ¥'(¢) = 0. (Analytic
function theory guarantees us that ¥’ = 0 is a saddle point if ¥ is analytic.) Then

Y@ =¥+ OG-+
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(and if ¥"(¢) = 0, go to ¥"'(¢), etc). Then define an axis by a straight line
through the saddle point oriented such that

v(0)(z — £)* < 0 and real.

We then let ¥/ (¢) = [ (¢)|e' %" and define ax = (z — ¢) = xel ¥
where |@| = 1. Then argvy/” + 2arga = 7 guarantees the exponent will be
real and negative along the path through the saddle at the angle defined by arg «.
Solving for this crossing angle,

I
arga = % — 5 arg(y”). (A.12)

A.3.2.3 A general but simple case

We now take the case of evaluating

B
F(r) = / g(2)e!"d dz (A.13)
A

where g(z) and h(z) are analytic in a domain that includes A and B, which are
independent of . Then we assume there exists a point ¢ in the domain where
h'(¢) = 0 and where h”(¢) # 0. In this case, ¢ is a saddle point of 4(z), but not
of g(z), but this is sufficient provided g(z) is slowly varying near the saddle point
of h(z). Then with z = ¢ + ax with x real,

B
F(t) = / 2( + ax)eEreny qx
A

and
h( +ax) = h() + h" ()P x* + - -

SO

B
F(t) = aefhog()/ e~ /2 4y 1 O(1 /1)
A

— %e’ho[go + f/t+00/)]  ast—> oo (A.14)
0

provided g(¢) = go # 0 where K™ (¢) = h(()”) and where

fo g @ g (L SCBET) g
20hgl 1Ryl 8 \° 3|hy| 2 |

We note that o = expli(5 — % arg h())] and that th 2= —|thg).
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A.3.3 Spatial Landau damping example

In addition to the temporal Landau damping found in chapter 4, Landau showed
that for spatial decay there is an additional term [33], whose inverse Laplace
transform leads to an integral of the form

F(x)= / g g (Im(x) > 0).
0

The positive imaginary part of x guarantees a maximum along the real axis, but
the saddle point is displaced from the axis. Assuming g (k) is slowly varying, we
find from the exponent that ikx — w?/k*v? = xh(k) gives

2
hk) =ik — e (A.15)
2 2
W k) =i+ ﬁ (A.16)
Y 6w?

We find then from equations (A. 16) and (A.12) that the saddle points and crossing
angles are located at kg = koe'® where

¢_n 5w T
66 2
T 2

a=—,—,0
3°3

It is easy at this step to insert these pieces into equation (A.14) to obtain a
result, but we have three different saddle points to choose from. Choosing the
right saddle point(s) and the right sign is usually the hard part. For this example,
it is relatively easy since only one saddle point is in the right half of the k-plane,
as shown in figure A.2 and the path should quite obviously be deformed to cross
over this saddle point as in the figure, and the crossing is in the positive sense, so
the result is

2 /mgk 13 3 w23 i
Fx) = % (;)—v) exp [—5 (%) (1 —iv3) + %} . (A18)

There is no contribution from the end points, so for large x, the spatial damping is
exponential, but the exponential factor is not linear in x as one might expect from
the time decay problem, but varies as x2/3.
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®

Figure A.2. Deformed contour for spatial Landau damping.

Problem A.3.2. Spatial Landau damping integral.

(1) Fill in the steps leading to equation (A.18).

(ii) Assuming g(k) is a constant, calculate f; and from that estimate the
minimum value of |x| for which the asymptotic expression is useful, i.e.
where f1(x)/x < go/3.

When there are many saddle points, and especially when there are branch
points and their associated branch cuts, the proper contour is the hardest part of
the problem, as it requires the determination of the proper contour which connects
the given end points without crossing any branch cuts. Occasionally, as in the
contours of chapter 6, the physical interpretation of each saddle point must be
determined before the proper contour can be established, and although the end
point is given, it may have to be approached at a specified angle so that one
stays on a path which has no contribution except at the saddle points. Finally,
if the function should be so perverse near its saddle point that it does not steepen
and narrow even as the asymptotic parameter gets large, as in the case of the f1
saddle points in figure 6.8 on page 275, then the steepest descents methods are
not useful for the magnitude and phase of the contribution, but may still be useful
in identifying the proper contour.
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Appendix B

Special functions in plasma physics

B.1 Plasma dispersion function, Z(¢)

The plasma dispersion function is a commonly occurring function in thermal
plasmas and is related to the error function for complex arguments and some other
representations which occur commonly in the literature. Tabulated by Fried and
Conte [31], we list here its properties and show its relationships to other common
functions.

B.1.1 Properties of the plasma dispersion function

Definition of the plasma dispersion function:

1™ et dg
Z()=— Im(¢) > 0. (B.1)
TJ) oo §—¢
Differential equation:
Z'(¢) = =201+ ¢ Z©)]. (B.2)

Power series:

20 =iV} — 9 e
n=0 ~

r(2+1)

2 ) 4 4 (—2)"{2’1
—2;[1—§; + st 3.1]. (B.3)

Cn+DC2n—1)---

Continued fraction expansion:

1
'Y 1-3

2 3
Z(¢) =
T+e-3 42— 408+

(B.4)
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This expression converges poorly as ¢ approaches the real axis, but is very good
for Im(¢) > 1.

Asymptotic series:

N
1 Qn-—DN" . 2
Z@)= —=Y ———" tio/me’¢ (B.5)
¢ ;0 ¢
1 1 3 2
- — — 4= 4. i ¢
= (1 + 2 + 7 + > +ios/me (B.6)
where (—1)!! = 1, N indicates the series truncates when successive terms no

longer decrease in magnitude, and

1 Im@)=0

0 Im() >0
- :
2 Im(¢) <O.

The discontinuity due to the Stokes’ phenomenon in the asymptotic series
indicates an uncertainty of the same magnitude as the discontinuity in the
asymptotic series expansion, since the smallest term is of the same order of
magnitude as the pole term. For the asymptotic expansion, the imaginary part
of Z(¢) is exact only for real ¢.

Symmetry relations:

Z(—¢) = 2iyme ™ — Z(7)
Z(¢*) = [Z(¢) — 2iy/me < T* (B.7)
7() = Z(¢) — 2iymet  for Im(¢) <O.

Zeros of Z(¢): An infinite number of zeros are located close to the negative 45°
lines as illustrated in figure B.1 where the first three zeros are shown. The first
five zeros are located at

g1 = £1.991466835— 1.354810 1231 (B.8)
g = £2.691149 024 — 2.177 044 9061 (B.9)
{3 = £3.235330868 — 2.784 387 613i (B.10)
4 = £3.697309702 — 3.287410789i (B.11)
{5 = £4.106107 271 — 3.725 948 7291. (B.12)
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3.0

35

Figure B.1. Contours for |[Z(x + iy)| = 0.1,0.2,0.3,0.4,0.5,0.7, 1, 2, 3, 10, 100 for
x > 0. The altitude contours are symmetric for x < 0 but the phase is not, tending toward
0° on the negative x-axis. The phase (- - -) is shown every 15° except in the vicinity of the
zeros where the interval is 30°.
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B.1.2 Generalized dispersion functions and the Gordeyev integrals
The generalized Gordeyev integrals may be defined by
[e'¢) ) )
L,(¢) = —i/ et T /A g (B.13)
0

where Ip(¢) is Gordeyev’s integral. This integral is related to the generalized
dispersion functions, defined by

e
Zn(¢) = —P/ dz +i J_mg”e—f (B.14)
(where C is the integration path that goes through the singularity) through the
relations Ip(¢) = —Zo(¢) = —Z(¢). The integrals of various orders are related
by
R 1(9)
L(¢) = (=" ar (B.15)
and the Z, (¢) are related by
dZ,({)
C;’f = 27,1 (©) + 1 Zu 1 (0. (B.16)
The Z,(¢) also have a recursion formula given by
(n — DY
Zny1(8) = $Zn(8) + —;77—¢n (B.17)

on/2

where ¢, = 1 for even n and ¢, = 0 for odd n. Several relations to the plasma
dispersion function are

Zo(¢) = Z(¢) (B.18)
Z1(¢) = —5Z'(©) (B.19)
20 = — %z/(c) (B.20)

1-273(0) = ¢*Z'(©) (B.21)

2230 _ 52 2 (B.22)
Z1(¢) Z/(¢)

B.1.2.1 Asymptotic series

The asymptotic expression for odd # is

N .
Zon_1(¢) = _Zw +iaﬁ%{2n_le_§2 (B.23)

n+j 20+
Jj=0 2
where N (¢) truncates the series when the terms no longer decrease in magnitude.

The series with even n follows from equation (B.17) where Z5,,(¢) = ¢ Z2,—1()
for n > 0 while for n = 0, one uses equation (B.5).
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B.1.2.2 Power series

For small arguments, one begins with equation (B.3) for Zo(¢) = Z(¢) as
the starting point, and then equation (B.17) is used for higher n. Because the
combination 2Z3/Z appears together on some occasions, its series varies as

273(¢) _
Z1(%)

1 —iv/me + @ —m) +i(r —3)JTd + 0. (B.24)

B.1.3 Relation to the error function for complex argument

We begin the analysis by examining the commonly occurring integral

[ fow)d
I= B Re(p) > 0 (B.25)

where the distribution function is a Maxwellian described by

fow) = —= v

v) = exp| ——
0= rw TP\ T2
and vo = /2KT /m. If we write

1 00 .
— / e(pFikv)r 44
p +ikv 0

then the original integral becomes

o0 o0
;Mo / dr efpt/ du o=V /03— pikvr
ﬁUO 0 —o0

Completing the square in the velocity integral, we obtain

2
00 oo $10y2
=2 / dt e"’"k”g’z/“/ dv exp —Lz v+ gt
ﬁvo 0 —00 LA 2

o 2.2
— nO/ dr e—pt—kvot /4.
0

Completing the square again with p = —ikvox so that Im(x) > 0, then
o
0

Then let kvot /2 — ix = u so that

0
I = %e’”2 /oo e du = @e)‘z(/ e du + ﬁ)
—ix

kvo —ix kvo 2
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and with the final variable change, we let i = t so that equation (B.25) may be

written as
2 %
_ oV e—x2(1 4L / e dt) (B.26)
kU() ﬁ 0

and x = ip/kvg or x = w/kvg if p = —iw so that Im(w) > 0. Equation (B.26)
is in the form of the error function for a complex argument [71] such that

no/m

kvo

I = w(x)

and w(x) is the tabulated function. Comparing this with the plasma dispersion
function in chapter 4, we see that

Z(x) = ivTw(x) = iv/me ™ Erfe(—ix). (B.27)

B.1.4 Relation to the Y function

In Russian literature, the complex error function is tabulated as the ¥ function

where '
Y(2) Eiﬁze_zz(l + % /O e dz) (B.28)
so that
Y =ivmzw(z)
=zZ(2). (B.29)

Because the plasma dispersion function satisfies the differential equation
Z'(¢) = =201+ ¢ Z(©)]

both the plasma dispersion function and its derivative may be simply expressed
by means of the Y function as

Z(&)=Y()/¢ (B.30)
Z'@¢)= =2[1+YQ)l (B.31)

B.1.5 Relation to the W function

Another equivalent function, similar to the Y function is the W function, which is
defined by [118]

W(y) =

1 00 ye=x*/2
dx Im(y) > 0. (B.32)
\/2]‘[ /—oo X =Yy Y
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If weletx = \/Eé , this becomes

W(y) = / gt (B.33)
y .
N y/«/—
so it is related to the Z function either by
y y Lo, (>
Wy =1+—-—-Z <—> =—-Z (—) (B.34)
SOV R W) A AW
or letting y = +/2¢, by
W(W20) = 1+02) = —32/4). (B.35)
The W function satisfies the differential equation
dw W -1
— = —yW. (B.36)
dy y

B.2 Weakly relativistic plasma dispersion function, F;(z)

The weakly relativistic dispersion function (sometimes called the Dnestrovskii
function) is defined by

. o0 elZI
Fy(z) = —1/0 mdr. (B.37)

B.2.1 Relation to other functions

The properties of this function were described by Dnestrovskii et al [50], and its
relation to other functions was noted by Lazzaro et al [119]. It is equivalent to the
confluent hypergeometric function of the second kind by

F@=v1,2-¢.2=2""%.q.2) (B.38)
and this allows us to identify it with the error function so that for ¢ = %,
F% (x) = /7 /xe*[1 — erf(/x)] (B.39)

which establishes the connection noted by Shkarofsky [51] between F,(z) and
the plasma dispersion function.

oo eizt
Integrating F, by parts for g > 5, we find
q—3/2
p—1
Fy= Z (—r4 + YT Rz (BA)

I'(q) I'(q )
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B.2.2 Properties of F;(z)

A useful recursion relation for finding the properties of the higher order functions
is

(g — I)Fq(Z) =1- Zqul (B.42)

so the first few of the functions are

Zi(i/\{z) z>0

_ Z

Fy = e Y (B.43)
vz

F; = - Z'(iv/7) (B.44)

Fs =311 —22'(v2)). (B.45)

For a large argument, the weakly relativistic dispersion function with half-
integer order varies as

1L =DV + q)
Fp)~=Y ———2  N+gq<[ (B.46)
= Tz
:l(l_ZJr‘l(qj_”_...), (B.47)
Z Z e

It is thus real for real argument.

For small arguments, we first note that for F 1 the function is real for positive
real argument, since Z(¢) is pure imaginary for pure imaginary { = i,/z. For
z < 0, however, i,/Z is real, and Z(¢) is complex for real argument. Then using
equation (B.41) for g > %, we may approximate

1 im(—z)9 le?
Fy(2) ~ - B.48
e e O (349

where the imaginary part is exact for z < 0 from equation (B.41).

B.3 Generalized relativistic plasma dispersion function,
Fq(z,a)

The weakly relativistic dispersion function F (z) is for perpendicular propagation
only, while the generalized function F(z, a) includes the effects of a parallel
component through the parameter a = %;mﬁ and z;, = u(l 4+ nw./w) where

w=KT,/mec>.
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B.3.1 Properties of F,(z, a)

Definition:
Fyza) = —i /0 ™ expliat _(laizi/,(;_ nldr (B.49)
Limiting form:
Jim Fy(zn, a) = =Z (&) /ny B (B.50)
Recursion formula:
aFgi2(z,a) =1+ (a —2)Fy(z,a) — qF441(z, a). (B.51)

Differential equations:

0F,(z,a)
qaz =TFy(z,a) — Fy_i(z, a)
0F,(z,a)
T g—1(z,a) = 2F4(z,a) + Fyy1(z, a).
Asymptotic form:
1 +1)+2 +1 +2)+6(g+1
fq(z’a):_[l_ngq(q 2) a q(g+1(q 3) (g )a+”}
Z Z Z
A A A A
[1__1+_;__;+74_..} (B.52)
Z Z Z Z Z

where Ag = 1, A1(g) = ¢, and the higher A, are found from the recursion
relation:

Ant1(g) = qAn(g + 1) +a[An(g +2) — An(q)].

B.3.2 Relation to Z(¢)

! 1 * .
Flz.a) = W[z(ﬁ+1m)—z (Va+ivi—a)] z>a
2 _2m[z(f—m)+z(_f_m)] ea

(B.53)
[Z(Va+ivzi—a)+Z" (Va+ivVz—a)] z>a

[Z(Va-Va-z2)=Z(-Va-Va-2)] z<a
(B.54)

]—'%(z,a) = 2\/_
57
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B.4 Gamma function, I'(z)

Definition: The gamma function, which for integer values is related to the
factorial function, is defined by the integral

o
I'iz) = / letar Rez > 0. (B.55)
0

Useful relations: Integrating by parts, it is easy to establish the recursion
formula
F'z+1) =zI'(z) (B.56)

which for integer values becomes
F'h+1)=n! (B.57)

since I'(1) = 1. Some useful special values and relations are

1
r(z)=vz TU+iprd—iy)=—2—_.
2 sinhmy

Asymptotic expressions: For large arguments, Stirling’s formula gives

1 1 1
I'(z) =2n7°72 — —_———t ). B.58
(z) =27z exp( z+ 22~ 3605 + ) ( )

For large half-integer values, it is convenient to use the alternate formula

A 1 7
(Z * 2) e exP( ©7 24 T 28800 ) 3

Hankel’s contour integral:
1 i

- _ N\ 2.t
T = o /;( H)"fe!dt (lz] < 00). (B.60)

The path of integration C starts at +oc on the real axis, circles the origin in the
counterclockwise direction and returns to the starting point.

Incomplete gamma functions y(a,x) and I'(a,x): The incomplete gamma
functions are defined by

1
y(a,x) = / e 'x? Tdx Re(a) > 0 (B.61)
0

I'a,x)=T(a)—y(a,x)= /w e x4 dx. (B.62)

X
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The recursion formula is
y@a+1,x)=ay(a,x)—x% . (B.63)

The continued fraction expansion for I'(a, x) is
I'(a,x) =e*x“ (—————) x > 0. (B.64)
X

The error with this continued fraction does not decrease monotonically until a
large number of terms is used, so it must be used with care. Also its accuracy is
sensitive to relatively small changes in a. For large | x|, the asymptotic expression
is

Jarg| 3
ar < —.
8=

(B.65)

—1  (@a—D@=2
F(a,z)~ezz“‘[l+a ezl )+~}

z 72

B.5 Generalized hypergeometric functions

The generalized hypergeometric functions used in chapter 4 are defined by the
power series

_ T () i Fa+k)

1Fa(as i, bai x) = =5 05 £ T(by + kT (by + k) k!
(B.66)
T'(b)T(b)T (b
2F3(ar, az; by, ba, b3; x) = %
5 i C(a; + k)T (ap + k) ﬁ
P C(b1 + k)T (by + k)T (b3 +k) k!
(B.67)

B.5.1 Integrals leading to hypergeometric functions of the first type

Integrals over the angle that lead to the hypergeometric functions of the first type,
1F2(ar; by, by, x), are:

T
/ sinO[J,, (b sin 6)]* d6
0

267" Fy(n+ Sin+ 3,20+ 1; —b?)
B @2n 41!

(B.68)
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T
/ sin? 0.J, (b sin0)J/ (b sin ) do
0

_ PV Fx(n+ Yin+ 3,20, —b?)
Qn+ )2n — 1)!
b By(n + 350 + 3, 2n + 25 —b?)
2n+3)2n+ 1!

(B.69)

g
/sinZGJn(bsin@)]n_l(bsiné)dG
0

26> Fy(n + 33 m + 3. 205 —b?)

@2n + 1)2n — D!

(B.70)

o
/ sin’ @[ J,_1 (bsinO]* do

0
4nb? 2 Fy(n — Lin + %, 2n — 1; —b?)
B @2n+DH2n —1)!
42" Fy(n + in + 3, 2n; —b?)
2n+3)2n+1)2n — 1)!

(B.71)
g
/ sin @ cos” O[ J, (b sin6)]> do
0

20"\ Fx(n43in+ 3,20+ 1; —b?)
- (2n+3)2n +1)!

(B.72)

B.5.2 Integrals leading to hypergeometric functions of the second type
Integrals over the angle that lead to the hypergeometric functions of the second
type, 2F3(ai1, az; bi, by, b3, x), are:

b4
/ sin@J,(bsin0)J_,(bsind) do
0

2sinma 1 3 2
= Bl =, 1;=,1—a,14+a;-b (B.73)
Ta 2 2

T
/ sin® 0.J,(bsin0)J’ ,(bsin6) do
0

bsinma 3 5 2
=——2F|-,1;,2—-a,14+a;-b
3ma(a —1) 2 2
sinwa 1 3 2
R 2 F3 5,1; 5,—a,1+a;—b (B.74)
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T
sin® 0 J, (b sin 0)Jy_q (b sin 0) do

S—

- _37ta(a— 1) 23
T

sin? @ J,_1(bsin0)J_q(bsind) do

2bsinma 3 .5 5
5,1;5,2—a,1+a;—b (B.75)

S~

2sinmwa 1 3
— F _71;_71— s ’—b2 B.76
—5 2 3(2 5 a,a ) (B.76)

e

sin® @ J,_1(bsin0)Ji_q(bsind) do

4si 1.5
= T (=222 a a; —b? (B.77)
ama—10 2 \272

S—

g
sin 6 cos? 6.J,(bsin0)J_,(bsin0) do

S~

_ 2sinma P 1 1'5 i L da b2 (B.78)
- 3a7_[ 2173 27 127 ay a, . .
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Appendix C

The amplitude equations of geometric
optics

In this appendix, we take an alternate approach to the equations of geometric
optics in a slowly varying medium, and derive a specific set of amplitude
equations which are ultimately equivalent to those in section 6 but more
symmetric formally. The analysis here uses some of the formalism of
Bernstein [90], but follows more closely the development of Bravo-Ortega [120].

C.1 The current density

We begin with the general expression for a nonlocal current density, where a
disturbance at r”, t” induces a current at r, ¢ through the nonlocal conductivity
such that

Jr, t)_/d3 ”/ dt"6(r—r",t —1"; 1(r+r) 2(t+t N-E@”, ")

(C.1)
where in this appendix, we use the hat to denote a tensor. We note that in a
homogeneous plasma, the difference terms remain, but the mean location and time
terms disappear so that we expect relatively rapid variation from the difference
terms and relatively slow variation from the mean terms. As in section 6.5, we
represent the wave electric field as

E(r,t) = a(r,)eV) (C.2)
where Y (r, t) is called the eikonal from which we define
ad
k(r,t) =Vy(r,rt) w(r,t) = —ax//(r, t). (C.3)

The phase function here is rapidly varying (over the scale length of a wavelength
and period of the wave) and a is slowly varying (over the scale length of the
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plasma inhomogeneity) by assumption. Since geometric optics is essentially a
local theory, the nonlocal effects in space and time will be treated to lowest
nontrivial order. For simplicity, we introduce the change of variable

rr=r—r" {=1t-1"
so the current density becomes

o0
: J A
J(r,t):/d3r// dt’cr(r’,t’;r—%r’,t—%t/)~a(r—r’,t—t’)e”/’(’*r”*t).
0

(C4)
We now expand the slow time dependence only in the conductivity tensor, so that

1 1,0 o
s’ tsr—3r't— 1) = (1 - Er' -V — EI'E +-- ) (', t'r, 0

d
air —r',t—1t) = (1—r’~V—t’E+~')a

0
1/f(r—r’,t—t’):1/f—r/ok+t’a)+t/r’~5k
1/ / 1/2a
_r. Wk — —t'"—
Tk =S ge Tt

Using the relation from equation (C.3) that 9k /97 = —Vw, along with the tensor
identity for general tensor B,

V- (¢ABjj) = (A- ¢+ ¢V -A+PA-V)B;;
from which we obtain
V. [ei(wt/,k.r/)r/a_] — ei(wt/,ky/){r/ V6 + i[t’r’ Vo —r - (r/ . V)k]&}

we may write the current density as

J = ei‘ﬁ(r,f){ /d3r1/00 dt/ei(wt’—k-r/)I:a_ a—&- (r/ -Va +t/a_a>i|
0 ot
- E[E/d%’/m dr’ ei(“’”—k-”/&} ‘a
2| ot 0
1 o0 H ! !
_ —[V . /d3r// dt, e1(wt —k»r)r/6i| . a}'
2 0

We note that a is outside the integrals since it depends on r, ¢ only.

We now define a Fourier transform in space and a Laplace transform in time
such that

o0
67k, w; r, 1) E/d3r’/ dt’ i@’ ks (C.5)
0
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so that

oo
A~ 1 /_ . 4 A~
ivaT — /d3r1/ dt/ el(wt k-r )r/
0

&
00T

(@]

i = /d3r// dr’ e’ —kr) s
Jw 0

Using this transform and the notation ¢ - (r

the tensor k& defined by

K-a

V)a = r'6 : Va, and introducing

V. (V ) d 35T \V .y 30’1‘ Jda (C 6)
or)——— || -a—i o a— ——

2 T 91 oo vr do 0t

the current density may be expressed as

Jr,t) = 61 + k) - ae?D

(C.7)
C.2 The wave equation

Using the current density from the previous section, we wish to solve the wave
equation

V x(VxE)+ 182E+ 03] (C.8)
c? 912 ot
Then using equation (C.2) for E and equation (C.7) for J, the wave equation may
be expressed as

2

= —{Vx(Vxa)+ilk x (Vxa)+V x (k xa)]
1 | 8%a . 8a+8( )+a(é )

X— atz l[wa ga)a E 'a}

+_ K-

(C.9)

Q>
1
‘ .
[\)

éz — (kk — K*D) + 1 +

SHLSE

C.3 The amplitude equation

At this point we introduce the ordering where the amplitude has a dominant term
and perturbations at various orders, so that we may write

a_a0+8a1+82a2+
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where § is a small expansion parameter. We now note that the quantities a, k,
and w are zero order quantities while V and % (and hence k) are first order in 8.
The zero order equation is then trivial since everything on the right-hand side of
equation (C.9) is first order or higher. Hence,

€-ap=0 (C.10)
from which the basic ray equations were derived. The first order equation follows
immediately as

2
¢-a1 =i5[k x (V x ap) + V x (k x ap)]
[0}

1 dagy
_E[ W_F_( aO)+—(Q aO)i|

— L wk-a (C.11)
€0w

Expanding £ and using vector identities (and deleting the 0 subscript since it is no
longer ambiguous) and the additional identities,

, ( 2k)A Jkk
we=|lo—c"—|I4+c"—+0
w

w
dwé Sk2\ - L kk 90
- 1 A B A g
dw ( el ) a)2+ dw
c? N
Vi(wé) : Va = —[-2(k-V)a+Va-k+kV-al+ V0 : Va
w
. 2¢2 A
V. [Vi(wé)]-a=—[Vk-a—aV -k]1+V - (ViQ)-a
w
2

~ S V@k) -a + k- V)o -2k - V)(wa)]
w

d [d@d)] _ 2 20 |0 (80
E[ dw }_ o3 Kk =KD +|:8t<8a)):|

2
~ Sk Vo)l — Vo - 1) —k(Vo - D]
[0))

this may also be written as

. A . 1 A d(wé) da 9 d(wé)
iwe - ay =—Vk(a)e):Va—§V~[Vk(a)e)]~a+ —1—2 N

dw ot 3 dw
(C.12)

The solution of the amplitude equations is implicit in equation (C.12), but
this is still very difficult to solve in this form. In order to simplify the form of the
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solution, we introduce b, the null vector of € which is defined such that
b=b".¢= (C.13)
Multiplying equation (C.12) on the left by —2b7, we introduce the quantity
= —2iwb" - ¢-a
— —2pt. {—vk(wé) :Va— 1V [Vi(é)]-a

+8(a)e) da + 9 3(wé)
-a
do 9t 2|dt dw

B I(wé) . . N
- 8t[8w b}+V [Vi(wé) : abt]

3@ [a_azbT ob

at 3t

} + Vi(@é) : [(Va)b" —aVb'].
w

To avoid the complicated vector notation at this point, we introduce dummy
indices such that

vV i=1,2,3
2 _1as . (C.14)
0x; Y i=4
8 Vk l: 1,2,3
! dw

in which case the amplitude equation becomes

+

, 5 Y wen) {5 ab'!

S0 b* (we k) N (we k) eyt _ge—2 ). (C.16)
0x; 0k; dk; dx; Oxi

From equation (C.13), b;a)bejkak =0so0

o 9 R + 0(wejk)
b b = — |ayb! =0 C.17
ax 9k - (b;wbejrar) = ox; [ak i ok } (C.17)
and I = 0, so we also have

§

A(we; 9 b
Ywej) (Bak e 0N g (C.18)

ok; ox; 0x;

If we now separate @ = oA and b’ = BT where « and 8 represent the amplitude
and A and BT are unit vectors, then equation (C.17) becomes

d

I = [(xﬂ (a)ejkAkB )i| =0. (C.19)
8xl
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Since any factor multiplying the dispersion relation may be considered equivalent
to a dispersion relation, so long as the distance along the ray characterized by the
parameter 7 is properly defined, we choose to define the dispersion relation as

D = we ,-kAkB; (C.20)

so that equation (C.19) becomes

= 2D3eh) ﬂ— (@> 0.

aki 8xi akl
The corresponding parameter 7 is defined then as

aD 0
aki 8xi

d
d

so that we obtain

d(ap) o (DY _
de +aﬁ8_xi (3_ki>_0

or equivalently

d 9 (oD
S nap= -2 (2], c21
ar meh = <8k,~> €.2h

An alternate expression can be obtained from equation (C.18) such that

+
3 (we k) i, 0 ap 0 AL IB;

L= AB (B— —a— B’ — Ap—

2 3% ¥B; (B ox; a8Xi +ap | B; i oy

T T
aD a 9A 0B, 0B, 3A
. .

aki 8xi aki 8xi

77 9x; ak 0x;

ad ad a
o] 222

9 L0AL D 0B]
+ ap (a)e,kB ) — (a)ejkAk)

From b7 - é = ,BGJkBT =0and € - a = awe;A; = 0, the last terms vanish, and
dividing by a8, we have

d « dAL 9B 9B} oA,
we; —L2k) (C22)

—In- =
dt B ok; 3x, dk; Ox;
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Combining equations (C.21) and (C.22), the amplitude equations acquire their
final symmetric form,

T T
d 3 [dD 9A, 9B; 0B, 9A
e = < )—wejk( kG ISR (c03)

dr _S_xi a_kl aki 8xi aki 8xi

4 g o (DY, 0AL 0B] B! ya, o
—Inpg‘=——|— WEj — . .
dr ax; \ ok; I\ ok; ox; ok ox;

We note that the first term in each expression is the four-dimensional divergence
of the group velocity, and the Poisson brackets vanish for Hermitian dielectric
tensors since then a = b*.

We conclude the amplitude equations by noting that the components of a are
obtained from the minors of € with respect to any row and b' is determined from
the minors of € with respect to any column. Hence

€20€33 — €23€32
a x| e3e31 — €21€33 (C.25)
€21€32 — €22€3]

and
b o [(exa€33 — €x3€32), (€13€32 — €12€33), (€12€23 — €13€22)]. (C.26)

Normalizing these vectors yields the unit vectors.

C.4 Energy density conservation

In order to cast the amplitude equations in a more useful form, we may recast
equation (C.21) as

d 1 ,88D \Y% (C.27)
—In{af— | =-V- )
dr ow @k

where wx = dr/dr is the group velocity. If we then add equation (C.27) to its
complex conjugate, and define the energy density I/ by

9D
U=2LRe(apZ=
2 w

then the energy density conservation law is

1 dU
—— = —Re(V- C.28
7 e(V - wk) (C.28)
whose solution is
t
U = Uy exp |: - / dt’ Re(V -a)k)i|. (C.29)
0
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In the weak damping limit, it is useful to separate the energy density into
the principal part which comes from the anti-Hermitian part of & (the Hermitian
part of €), and the small part of order § which comes from the Hermitian part of
6. Letting i/ = U 4 Uy where Uy is the small absorptive term, we may write
equation (C.28) as

dU dUy
— =2 _w+unv-
& o (U+Upnp)V - wk

~ — UV -wk +iowUyg.

The energy density due the Hermitian part of the dielectric tensor is to lowest
order given by

i
Uy ~—a*-6".a
=% 7
so the result may be written as
dU R
o = ~UV-wg — 1a*-6" -a. (C.30)
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Appendix D

Answers to selected problems

Chapter 2 Waves in a cold uniform plasma

Problem 2.1.2. Zeros of D.

(i) With only one ion species,

2 2
Wei W WeeWhpe
D= 2 2y 2 >y =0
o —ow;) o —og)
so we have
2,2 2 2 2 2 2
W (a)pia)ci — wcea)pe) = W Oci Wy — WpeWeeWy; = 0
because of charge neutrality. Hence either ® = 0 or a)f”. = wf,e = 0 or

wei = wee = 0, all of which are forbidden by the problem statement.

(ii) Near each ion cyclotron resonance, the term in D due to that species
will dominate sufficiently close to the resonance and will change sign as one
passes through the resonance. This requires D to be positive just above each ion
resonance and negative just below each ion resonance, and hence D must pass
through zero between each adjacent pair of resonances.

Problem 2.2.1. The ordinary wave. From the dispersion relation for the O-wave,
n?=1- a)lz,/a)z, we may solve for w:

w= 1/a)ﬁ, + k2c2

so the phase velocity is
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Similarly, the group velocity is given by

_ w kc?

ok /w%) + k2¢2
so the product is v, v, = 2.

Problem 2.2.5. Change of polarization. Letting sin?@ = P/S, then the
coefficients of equation (2.22) become

Vg

A=PQ2—P/S)
B=RLP/S+ PSQ2—P/S)
C = PRL

and since the polarization changes when n”> = S from equation (2.49), we try this
in equation (2.21) to get

P2 — P/S)S® —[RLP/S+ PS(2 — P/S)]S+ PRL =0

so n> = S is a solution and E, changes sign at that angle along with the

polarization.

Problem 2.5.1. The whistler wave.

(1) Beginning with equation (2.79),

L3, kc2wee sin@ /w3, 1

tana = = — P — —_tan6
dw 2kc2 0/w? 2
Stlo C wee €080 /wy,

SO

d tan 6 _ 2+ tan2 0) sec26 — tan 6 (2 tan 0 sec? 0) —0
do \ 2 +tan260 ) (2 + tan2 6)2 B

so tan” @ = 2 and the rest follows from the text.
(i) The magnitude of the group velocity is given from equation (2.54) by

o | \? n 10w
v, = — -
8 dk |, k 86
(iii) The plots are shown in figure D.1.
(iv) Eventually, as & — /2, it reaches the angle where tan>6, = —P/S >
1, so the wave ceases to propagate and v, — 0. The wave normal surfaces are not

quite the perfect circles, then, that they appear to be in figure D.1 and the polar
plot of v, has a narrow tail reaching to the origin.

2 2
k
) = c;)“’\/l +3cos?6
k

a)pe
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9 \v, ¢m=19.5°

(a) (0)

Figure D.1. (a) Wave normal surfaces v, (6) and (b) group velocity polar plot, vg(¢)
where ¢ = 6 + «, for the whistler mode.

Problem 2.6.1 Faraday rotation.

wr, =9.16 x 10° > i1 = 2.8 x 10°/m’.

Problem 2.7.1. Phase shift with nonuniform density profile.

®

(i)
4

c
where E is the complete elliptic integral of the second kind.
Problem 2.8.1 Cold electrostatic waves. Since for the X-Wave, the dispersion

relation is

n>=RL/S

and the hybrid resonances occur where S — 0, then near the hybrid resonances,
n* — oo and neither P nor S is getting large. Thus the sufficient condition is

satisfied.
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Chapter 3 Waves in fluid plasmas

Problem 3.4.2. Low frequency dispersion relation with collisions.
(ii) equation (3.56) becomes

ik2C2

202

w>kVpcosh|1—
pe

(€) sin? 6 + € cos® 9)j|

equation (3.57) becomes
w? = K[V} + ¢} sin” 0](1 — ik*c?e) Jw,)

and equation (3.58) is unchanged to lowest order.

Chapter 4 Kinetic theory of plasma waves

Problem 4.2.1. Properties of the plasma dispersion function.

(iv)(b) For an eight-digit machine, ¢, = 3.3 for 4.7 digits accuracy. For the
14-digit machine, ¢, = 4.3 for 7.8 digits accuracy.
Problem 4.2.3. Landau damping with a Lorentzian distribution.

(1) A =nove/m.
(i1) The potential and distribution function are given by

ia)a)?,eAmeve (p + kv,)

P D)= i t kv)? k]
y B g(u) B Za)f,eve(P + kve)
ol P = {1 k@? +v)I(p +kve)> + @] |

(iii) The potential is thus given by
L2
- lwws, Amgv
ok, 1) = 717;]{2 £ ghuet cos(@pet).

The distribution function is more complicated, but is given by
~ . 202 v
f = guye ik |:1 — %ek(u2 + vez):|

2g(u)a)f,evez

—kvet Wpe .
e " | cos(wpet) — —————— sin(wpet
k(uz + Ug) [ ( pe ) . ( pe )}

k(ve — iu)

where A = k(ve — iu)/[k%(ve — iu)? + w?,e], so the leading term does not decay
in time but the second term does.
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Problem 4.2.4. The electrostatic picture of Landau damping.

(iii) I = nokt exp[—(kv,t/2)*] coswt. So k = (kv,/2)%.

(iv) I = nokte kv’ cos wt.
Problem 4.2.5. The ordinary wave in a hot unmagnetized plasma. Even with
the hot plasma corrections, v, > ¢, so there cannot be any Landau damping
of the type we have considered here. The theory here will imply some, since a
Maxwellian has finite (but exponentially small) amplitude even for v, > c, but the
physical picture tells us this is a weakness in our analysis. A relativistic analysis
requires a momentum distribution, f(p) ~ exp(— p%/2mokT) with v < ¢, and
results in only slight changes in phase velocity.

Problem 4.3.9 Lorentz distribution.

(i) With vg £ 0, Fy, = (v — ive)™ /k;ve (&, + 1), and

*  F'(v)dv, 1
/;oo o+ nwe — k;v; - kzvg(é'n +1)2
/OO v F'(v;) do, _ {n+vo/ve
00 @+ nwe — kv, B kzve(En +1)2

(i1) With vy = 0, simply let v9 — 0 in the previous expressions.
Note that these results are equivalent to letting Z(&,) — —1/(¢, +1

Problem 4.3.10. Cold plasma limits.
(1) AsT, — 0,A — 0,s0

Ko — 0

K1—>1+Z ” { [Z@41)) + Z(@-1)]
. z J

kv
+ 4

o Y7 ) + 2 ,-)]}

ZZ/

KZ_HZa)k W}{ Z(&-1j) = Z(ppl+ [Z (- 1/)—Z(€+1/)]}

2
.
Kz —1— 2 7' (coi) +
3 E wkzwj{foj (%o;)

L N7 )
4k2wwcj [(w a)q)Z ({71])
—(w+ wcj)Z/(§+1j)]}

kLa)2
Ky — —22 T 2[2 (@51)) + Z'(6-1))]
J
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1
KS_HZ ’zkf’fz[z C11)) — Z'(G—1)))-

(ii)) As T — 0, v¢ — 0, so in this limit, Z(&;)/k;ve — —1/(0 + nw;)
and Z/(gnj)/(kzvg)2 — 1/(w+ nwcj)z, and the tensor elements become

2 A=A 00 2 2
K0—>2prje ! Z ALy — 1) 14 kv ;
7 w N @+ no w(w + nwcj)
2 a—ij 00 2 2
PR Dl ity gt S I LY
I w = Aj(w + nwej) w(w + nwcj)
X Zea) e Aj i ”(I,Q—In) - kz2 vy
2—)1
n ® + nwej w(w + nwcj)
0)2
o R
n=—0oo /

—Aj o0
Ko % bt > o
2w? Wej = Aj(w+ nwej)

X 2 o=\ 00 ,
) .,a)pjkzklv“e i L =1
ks iy >
- 20w, o + nog;

n=—0oo
(iii) Taking 7 — O last, or first taking 7| = T} = T and then taking
T — 0, one recovers the cold plasma terms (and Ko = K4 = K5 = 0). The order
does not matter.

Problem 4.4.2. The unmagnetized ion dispersion relation.

(ii) Keeping the first warm plasma term, the result may be written as a
quadratic in w? of the form

aw* —bo? —c=0

with
a= k +kJ_(l+a) e/a)“)
b= k +k
c= %k4v2wi,

Since a, b, and ¢ are all positive, one of the roots for w? is negative, so that o is
imaginary for these roots. The other root is given approximately by
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/wo

Figure D.2. Plot of ki versus fractional deviation from lower hybrid frequency, A /wq
with k2 = 1076,5 x 1076, 2 x 1075, 5 x 1075 as a parameter with v/ = 1074,
Wpe = 2wee, and m;/me = 1836.

2 1+ puk 31+ Ic)zkzzvl.2
T kAt T 2(1 + pr)k?

where = m;/m, = 1836,k = k2/k},and @ = w},, /@7, so thatwf = w2, /(1+
«). Letting @ = wg + A, then for k; = 0, this leads to A /wg = %kf_v%/wg. For
k, # 0, we have

A KL 3(1 + k)2 kzzvi2

o~ 2Al+e/A+al | k(+km) of

Figure D.2 plots ki versus A /wq for several values of kzz.

Problem 4.4.3 The large-) dispersion relation.

(iv) For v = 40, » = 100, a = 2.828, b = 0.0705 ~ av?/61> =
0.075, n = 0.390 ~ v/A = 0.4, so the worst approximation is 6.4% error.

ebz_“ZZ(a)/Z(b) = 9.1 x 1074, hence it is neglectable. Since maximum of z
is in, coshy = 1.07605 and 1 + n2/2 = 1.07702 so error is of the order of 0.1%.
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Chapter 5 Bounded plasmas

Problem 5.2.2. Surface charge density at the plasma—vacuum interface.

K3 1
ps=¢€ | — — — |nE;.

Nxp Nxv

Problem 5.2.3. Second value of k| .
K3
Kk, =07+ K22)K_l

2
K K
K+, = —J/<1+—3)+—2

K1 K1

Problem 5.3.2. Glass boundary effect.

oo | e+ DB +a%) — (Kg = D(b* + a’c?)
R Ky + DB — a?) — (Kg — )(b* —a2c2) |

Problem 5.3.3. Estimates of the Tonks—Dattner resonances. We treat each
resonance separately:

(i) For the main resonance, w?> = 0.390)?,. This compares with w? = 0.540)?,
from figure 5.5.

(ii) For the first resonance, ka = 0 and w = @, compared with w? = 1.260)?,
from figure 5.5.

(iii) For the second resonance, ka = xg — €, xo = 1.83, € >~ (.76, leading to
w? = 1.00690)?,. This compares with > = 1.890)?, from figure 5.5.
Problem 5.3.7. The unbounded finite column. 1 — a)f,/a)2 = —1.9677 which
leads to w = 0.5805w, and Ta = 2.236. The values of Ei,(r)/A for r/a =
0.0,0.5,1.0, 1.5, 2.0are 0.370, 0.506, 1.0, 0.305, 0.098 respectively so E1,(r) is
sketched in figure D.3.

Problem 5.4.1. The effects of ion motions.

kja 2 1+ a)f,e/(a)ge —w?) + a)?,i/(a)?i —o?)
Pnv N 1- w%/wZ )
Since wp g > w.; always, the lower branch of the dispersion relation is modified

(showing only the modifications to the lower branch, as the upper branches are
unchanged) as in figure D 4.

Problem 5.5.3. Waveguide cutoff frequencies.

(iii) For the first case (B, # 0), Eg(a) = 0so J; = —Ji(kra) = 0, so
kia = p;y, = 3.83,7.01,.... For the second case (E, # 0), E,(a) = 0 so
kia = po, =2.405,5.52,....
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0.0

Figure D.3. Sketch of E,(r) for an unmagnetized plasma column of radius a with
t9a =2 and wpa/c = 1.

| | )
8.00 0.05 0.10 0.15 0.20 0.25

kya/pny

Figure D.4. Lower branch of the dispersion relation for electrostatic waves for the case
where ion motions are important. This example has m; /m, = 10 and wii /a)?i =2.52.

(iv) The cutoff frequency is given by

1
o = o), + 1k + wf) £ (K P — wF)? + 40,002

2 . .
For the second case, k3 = K = ‘;’—2(1 — a)f,/aﬂ) $0 w? = a)f,e + kic2 which is

the same as the infinite magnetic field case.

Problem 5.5.6. Compressional mode excitation coefficients. b/a = p11/p12 =
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Table D.1. Amplitude ratios for fast wave modes for loop excitation.

n Pin An/Aq
2 7.01 0

3 10.17 —-4.52
4  13.32 1.96
5 1647 11.01

3.83/7.01 = 0.546. For the relative amplitudes, the ratio is given by

1/2
An _ P 35 J(piap11/p12) I3 (p11)
Ar o pu \36 - p1,/pi, N(ph/p12)  J3(pin)

so the ratios are given in table D.1.

Problem 5.6.1. Boundary condition for vacuum layer in a conducting waveguide.

Ukp 1) — Uk, 2) =0

where .
: 2 2
I (kyja) n g(Ta) 1'"[(K1—%)()’+kL./)—K2]
ij Jm(ija) Tg(Ta) aK2T2kij

Ukrj) = .
Bilnkij@) | @ f'(Ta) | imkiky (4 T2
kijIntkija) & i TFTa) T a T2 K

where in the vacuum region, we defined

I, (Th)
K (Th)
I/ (Tb)
K/ (Tb)

E;y = By [Inz(Tr) - Km(Tr):| =B, f(Tr)

B,y = Dy, [Iin(Tr) - Km(Tr):| = Dpg(Tr).

Problem 5.7.1. The Poynting vector profile. See figure D.5.
S. = wkjeol APKLLJ1 (kP /y .

Problem 5.7.2. Thermal corrections. The dispersion relation is

2
L7 g2 2 w? — kjv?
2

where v; = ykgT/m,.. This dispersion relation has the same cutoff as
figure 5.17, but there is no longer a resonance. The slope near the origin is
unchanged, but now as k|| gets large, there remains a finite slope of w/kj =~ vy

which is the sound speed. See figure D.6.
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Figure D.6. Dispersion relation for the plasma-filled waveguide in an infinite magnetic
field with finite temperature. For this example, wg = wp and ¢/vs = 6.

Chapter 6 Inhomogeneous plasmas
Problem 6.2.1. WKB approximation. The approximations are that |”| can be

ignored, that
1k K\
(&)

243

and finally that |k/k?| < 1.
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Problem 6.2.2. Validity of linear matching to WKB solutions.
(i) K (x) = akdx /4 + O(x?).
(i) u = 337,
(iii) 2kdk/dx = Yak3 sech? u, so

1 dk _ o
k2dx ~ ko(coshu)/2(2sinhu)3/2"

(iv) The condition |¢| > 3 may be written

(Airy asymptotic condition) (D.1)

and the limit on &’/ k% may be written
kﬁ < 0.1(coshu)/2(2sinhu)>’>  (WKB condition) (D.2)
0

and these are both monotonically increasing functions of u, so there always exists
a value of «/ ko which is small enough for validity for any value of u.

(v) The percentage error between the linear approximation and the exact
expression may be found from

k2 (u) — 3ku

x 100% = |1 — uctnhu| x 100%. (D.3)
k2 (u)

% error =

Calculating the percentage error from equation (D.3), the Airy limit on ¢/ ko from
equation (D.1) and the WKB limit from equation (D.2), all as a function of u, the
results may be expressed as in table D.2, and then plotting the smaller limit versus
the error, the result may be expressed as in figure D.7. Hence if one limits the error
in the linear approximation, one limits the value of «/ko where the matching is
valid.

Problem 6.3.1. Changing to dimensionless variables. For by # 0, A2 =
b2 1631, 20 = aob/? /b3"%, and y = by (agh bo) /b2
5> /by T zo = axby' T /by, and y = ba(aoba — axbo) /by

For bg = 0, 12 = bs, 20 = a2 /b, and B = ag/bs.

Problem 6.3.2. The case for > < 0.

(i) The roots of k* + A%zkz - A%ﬁ = 0 are plotted in figure D.8.
(ii) The roots of k* — )»Sxkz + kéx — yo = 0 are plotted in figure D.9.
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Table D.2. Errors in wkb matching.

u % Error  Airy limit WKB limit

0.1 0.33 0.010 0.009
0.2 1.3 0.028 0.026
0.3 3.0 0.052 0.049
0.4 53 0.080 0.077
0.5 8.2 0.111 0.113
0.6 11.7 0.146 0.156
0.7 158 0.184 0.209
0.8 205 0.225 0.274
0.3
(&) -
0 / max . PR
02+ -~
PR
P
=
0.1
0.0 1 | | |
0 5 10 15 o error 20

Figure D.7. o/ kg limits versus percentage error: dashes, from WKB condition; full curve,
from Airy asymptotic condition.

Problem 6.3.3. Conservation laws.

(ii) The expression for P(s4) is straightforward, and is dominated by the
first term only in the asymptotic limit. For the fast wave, the first two terms
cancel and the last two add so that

P(fr) — F2i(1 + p)| fel* = F2mir*(1 — e~

where the identity |T(1 £ iy)|? = y/ sinh 7y has been used.
(iii) The connection formula for solution y; is

T'f- <—e Ty > f_+Cis—
so the conserved quantities give

TEP(f-) = P(f-) + CIP(s-)
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Figure D.8. Dispersion relation for 12 < 0 for Wasow equation with M=-28=1

5 302 (3
2N0% /:’,, 3
k2 [ ~© i 13, '
8 - TN

Figure D.9. Dispersion relation for A2 <0and 1+ y < 0 for the tunneling equation with
A2=-2y=-2

or
TP =1+C}/(1—e ) =1+ pC?

s0 p = (1 —e~21)~! as for solution y;.

Problem 6.3.4. Connection formulas for the case y < —1. The solution
equation (6.32) is still exact, but it is now convenient to use n = 5|1 +y |/22 > 0.
But the location and orientation of the fast-wave saddle points is different. The
saddle points are located where i’ (ug) = 0 with ug = uys,us. Hence,

2
tanu ; = j:i(l——n)
: Tz
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Figure D.10. Saddle points and asymptotic contours for solutions of the tunneling equation
with 14y < 0; (a) locations and paths as z — —o0; and (b) locations and paths as z — oo.

i |42
nt £+ —1In z>0
2 l+y
Ltf=
i 42
en+1DZ + 1 ) z<o0
2 2 1+vy

so that the saddle points and asymptotic contours for z — =00 are given
in figure D.10, and the corresponding solutions in table 6.3 and the coupling
coefficients in table 6.4. In order to construct the relevant contours, it must be
noted that e'? is still incoming from the left and e~i% is incoming from the right

(z > 0). This is because switching from x = —a(z — zo) switches both the phase
velocity and the group velocity for the fast waves, but now the outgoing slow
wave is sy.
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Problem 6.3.5. The Wasow equation for A* > 0.

(i) The exact solution is

@) / oy BN L
= [ exp|—i — — — | — dk.
V= P\ 5 7% e

(ii) The end point condition is

ik i
—ik - =
exp<1z—i—3)\2 k)c

so the contours must end where |k| — oo along the angles 7 /6, 57/6, or —7 /2
with an additional end point at the origin, approached along the positive imaginary
axis (for 8 > 0). The contours are sketched in figure D.11.

(iii) The saddle points are located approximately at +X./z and at ++/B/z as
7z — oo and at ii+/|z] and Zi/B/|z] as z — —oo (see figure D.12).

(iv) The fast-wave saddle point contributions from kg ~ =+./B/z are not
accurate because of the singularity at the origin near the saddle point. Using the
integral expression for the Hankel function [67]

5 i oco—im .
H]( )(x) — _/ gXsinht—t g,

T J-co

=0

with suitable variable changes (let k — iu first, 0 < u < oo for f_, then neglect
13 term in exponent (why?), and in the Hankel integral, let 1 = In(27/x), and
compare), the result is

2
fo=—Jz/prH?® (2,//3z) .
As 7 - —o00, the slow-wave saddle points at kg = Fil+/|z]| lead to

Ned (_ 2A|z|3/2)

== e P T

T <2A|z|3/2>

sy = Wexp 3

respectively.  For the fast wave contributions from ky = =£i/B/z, the
corresponding results vary as

fr o /Bl (2VBID)  and  f- o /BIEIK: (2V/BI)

(v) For z — oo, f_ is an incoming fast wave and f is outgoing. For
the slow waves, s_ is outgoing and s is incoming. As z — —oo, s— and f_
are decaying away from the resonance and s+ and f are growing slow and fast
waves respectively.

(vi) The contours are sketched in figure D.12.
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Figure D.11. Independent contours for the Wasow equation in the k-plane.

k-plane (decay)
(in) (out)| (in) (out) (decay)
D8
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Figure D.12. Saddle points and contour for (a) z — oo and (b) z - —o0.

Problem 6.3.9. The energy-conserving tunneling equation. As k — 0, { — oo,
s0 Z(¢) »> —1/¢ = —kv;i /(0w — 2w¢i) = kviL/wx.

(i) In this limit, factoring out kv; /w, the result is
1 [16(% +pHx 1 20%(5 - pz)]

”
E ¥

Ei,v ——E" 4+
Yox prL Lx V2

y

2073 —pY) , 202G —pH) 80+ pHx 1
——— Bt V2 2 Ix Ey=0
Vix A PL X

which still has all the odd derivative terms.
(ii) With Ey = u¢, the differential equation becomes

" + 38" + 2" + fi¢) + fop =0
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with

ou’ 3 N 16(% + p?)x N 20%(% = p?)

T U ux piL V2
e a3 203+ pHxw’ 2072 - p?) <2_u/ ~ l)
! u ux o3 Lu V2 u x
uiv u" 16(% + p2)xu// 4(02(% _ p2) u u
fo=" -y D + LN S
u ux o7 Lu Vi xXu

160*(1 + p) (3 = pP)x
LViri

so we require u’/u = 1/4x so that u = xl/4,

111 anging variables to z — zo = uxw/ V4, this becomes
(iii) Changi iabl Va4, thisb
¢iv+)»2Z¢//+%)»2¢/+()»2Z+)/)¢:0

where terms in (z — z9)~! or smaller have been discarded for the asymptotic
equation. Note that even though the first and third derivative coefficients were
asymptotically vanishing in the original equation for Ey, the substitution that
formally eliminated the third derivative resulted in a nonvanishing coefficient for
the first derivative term.

(iv) From the Handbook of Plasma Physics [71], we have the case with
o= %, and the fast and slow wave solutions vary as

) 1 /2
s_ ~ (W) 27 exp | =12 Sr~ tv exp(iz)
3 22z
so for the slow wave, g~z ! exp(—2irz¥/?/3) so E, ~ z73/*exp(—2irz3/2/3).
For the fast wave, since ¢ ~ 7z~ /4 exp(=iz), then E y ~ exp(Ziz).

Problem 6.3.10. Kinetic flux and power conservation.

@
E 24 ! @ iE
= ———— |iE,.
kz_t;)_zszxz y

(i) From problem 6.3.9 and the result above, E; -~ E;’ ~
zl/4exp(—ZiAz3/2/3). Hence, Eff:E+ ~ z and since Ky ~ 1/z, then
E¥Ky E{ ~ constant.

(iii) With & = 0, Ey ~ EJ ~ z7"/*exp(—2irz¥?/3). Hence, EFEy ~
constant and since Ky ~ 1/z, then EY Ky E{ ~ 1/z.
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Figure D.13. V (®) versus ® for (@) « = 0.5, (b) @ = 2.0, and (¢) @ = 3.0.

Problem 6.6.1. Drift instability growth rate.

(iii) Maximum growth rate occurs when «,, = 4.12.

Chapter 7 Weak turbulence theory
Problem 7.3.1. Plasma wave echo damping.

n_ Kool 1
vk 2k303, 2k303

V2 1 . 3
— X~ —€eX .
s 8 P\ 8k

Since wave 2 is presumed to be weakly damped, 1/2k§)»%) > 8 s0 1/8k§)»%) > 8,
and y2/y3 > 10°.

so since ky >~ 2k3,

Chapter 8 Nonlinear plasma waves

Problem 8.2.1. The solitary wave ‘pseudopotential’. If we define ® = e¢/KT,,
then we may write the pseudopotential v(®) as

w(d) = —”O;ZT" |:a (,/1 _ %‘D — 1) +e® - 1]

so we can plot v versus @ for the three cases which are shown in figures D.13(a)-
(c).

o, must satisfy

—ae+e%?—1=0

whose root is o, = 2.513.
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Problem 8.2.2. Small (but finite) amplitude solitary wave solution. £ = 2,
A = 2xp/JT—=T1/a(®,,), and ®,, = epy /KT, = 3a(a — 1)/(3 — a?) with
1 <a? < 3, or inverting,

1+ V1+40,(1+ Pn/3)

(@) = 20+ bn/3)

so that U = cso/a (D).

Problem 8.2.4. Ion acoustic solitons.

(i) k = JAJ6,U = A/3.
(iii) ¢ = ¢ sech?[K (x — v6)] with v = ¢; /(1 — D /3), K = /P /6(1 —
CI)m/?’)/)‘D~
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