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Foreword

I am pleased to write a Foreword to this book by Professor D. K. Kalluri, who has
been a friend since I first became aware of his work in 1992. In that year, Professor
C. J. Joshi of the University of California Los Angeles and co-workers were under-
taking a series of experiments, based on ideas developed by a number of theorists,
to study the frequency shift of radiation by moving ionization fronts in plasmas.
This work was closely related to that which Professor Kalluri had been doing for
many years, and so we arranged for him to spend the summer of 1992 in Berkeley.
In this way, a fruitful collaboration and a good friendship were initiated.

The transformation of an electromagnetic wave by an inhomogeneous medium
is discussed in many books. The Doppler effect, which is a frequency change due
to a moving boundary, is also a standard topic in many books. However, the trans-
formation of the frequency of an electromagnetic wave by a general time-varying
medium is rarely discussed. The frequency change in a nonmoving media is contrary
to the usual experience of wave change. Because of his background in electrical
engineering and electromagnetics, Professor Kalluri could weave, in a unique way,
this topic of current research interest into a book on Electromagnetics of Complex
Media varying in space and time. By using simple ideal models, he has focused on
the effect of the time-varying parameters in conjunction with one or more additional
kinds of complexities in the properties of the medium, and thus made the subject
more accessible.

The reader can be assured that Professor Kalluri is highly competent to write
this book, for he has contributed original research papers on the frequency shifting
of electromagnetic radiation using a transient magnetized plasma. He has expertise,
and many publications, dealing with moving media, the use of Laplace transforms
to study the effect of boundaries on transient solution, the generation of a down-
shifted wave whose frequency can be controlled by the strength of a static magnetic
field (transformation of a whistler wave), and the turning-off of the external magnetic
field (which showed that an original whistler wave is converted into a wiggler
magnetic field). In short, the book that follows is written by a highly competent
author who treats important subjects. I hope the reader will enjoy it as much as I have.

Andrew M. Sessler
Berkeley, California
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Preface

After careful thought I have developed two graduate courses in electromagnetics,
each with a different focus. One of them assumes a simple electromagnetic medium,
a medium described by scalar permittivity (€), permeability (), and conductivity
(o). The geometrical effect, due to the shape and the size of the boundaries, is the
main focus. There are many excellent textbooks, for example, Advanced Electro-
magnetics by Balanis, to serve the needs of this course.

Recent advances in material science suggest that materials can be synthesized
with any desired electromagnetic properties. The optimum properties for a given
application must be understood and sought. To facilitate developing such an appre-
ciation in our graduate students, I have developed another course called the “Elec-
tromagnetics of Complex Media.” The focus here is to bring out the major effects
due to each kind of complexity in the medium properties. The medium is considered
complex if any of the electromagnetic parameters €, |1, and'© are not scalar constants.
If the parameters are functions of signal frequency, we have temporal dispersion. If
~ the parameters are tensors, we have anisotropy. If the parameters are functions of
position, we have inhomogeneity. A plasma column in the presence of a static
magnetic field is at once dispersive, anisotropic, and inhomogeneous. For this reason,
I have chosen plasma as the basic medium to illustrate some aspects of the trans-
formation of an electromagnetic wave by a complex medium.

An additional aspect of medium complexity that is of current research interest
arises out of the time-varying parameters of the medium. Powerful lasers that
produce ultrashort pulses for ionizing gases into plasmas can permit fast changes in
the dielectric constant of a medium. An idealization of this process is called the
sudden creation of the plasma or sudden switching of the medium. More practical
processes require a model of a time-varying plasma with an arbitrary rise time.

The early chapters of this book use a mathematical model that usually has one
kind of complexity. The medium is often assumed to be unbounded in space or has
a simple plane boundary. The field variables and the parameters are often assumed
to vary in one spatial coordinate. This eliminates the use of heavy mathematics and
permits the focus to be on the effect. The last chapter, however, has a section on the
use of the finite-difference time-domain method for the numerical simulation of
three-dimensional problems.

The main effect of switching a medium is to shift the frequency of the source
wave. The frequency change is contrary to the usual experience of wave change we
find. The exception is the Doppler effect, which is a frequency change caused by a
moving boundary. The moving boundary is a particular case of a time-varying
medium.

The primary title indicates that this book will serve the needs of students who
study electromagnetics as a basis for a number of disciplines that use “complex



materials.” Examples are electro-optics, plasma science and engineering, microwave
engineering, and solid-state devices. The aspects of electromagnetic wave transfor-
mation by a complex medium that are emphasized in the book are

dispersive medium

tunneling of power through a plasma slab by evanescent waves
characteristic waves in an anisotropic medium

transient medium and frequency shifting

Green’s function for unlike anisotropic media

perturbation technique for unlike anisotropic media

adiabatic analysis for modified source wave

NoawmsewNe-

All the above topics use one-dimensional models.

The following topics are covered briefly in this book: (1) chiral media, (2) surface
waves, and (3) periodic media. The topics that are not covered include (1) nonlinear
media, (2) parametric instabilities, and (3) random media. I hope to include these
topics in the future in an expanded version of the book to serve a two-semester
course or to give a choice of topics for a one-semester course.

Problems are added at the end of the book for the benefit of those who would
like to use the book as a textbook. The background needed is a one-semester
undergraduate electromagnetics course that includes a discussion of plane waves in
a simple medium. With this background, a senior undergraduate student or a first-
year graduate student can easily follow the book. The solution manual for the
problems is available. -

The secondary title of the book emphasizes the viewpoint of frequency change
and is intended to draw the attention of new researchers who wish to have a quick
primer on the theory of using magnetoplasmas for coherent generation of tunable
radiation. I hope the book will stimulate experimental and additional theoretical and
numerical work on the remarkable effects that can be obtained by the temporal and
spatial modification of the magnetoplasma parameters. A large part of the book
contains research published by a number of people, including the author of this
book, in recent issues of several research journals. Particular attention is drawn to
the reprints given in Appendixes B through H. The book also contains a number of
unpublished results.

The Rationalized MKS system of units is used throughout the book. The har-
monic time and space variations are denoted by exp(jor) and exp(—jkz), respectively.
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'I Isotropic Plasma:
Dispersive Medium

1.1 INTRODUCTION

Plasma is a quasineutral mixture of charged particles and neutral particles. It is
characterized by two independent parameters for each of the particle species: the
particle density N and the temperature 7. Plasma physics deals with such mixtures,
and there is a vast amount of literature on this topic. A few references of direct
interest to the reader of this book are given at the end of this chapter. References
1-3 deal with modeling of a magnetized plasma as an electromagnetic medium. The
models are adequate in exploring some of the applications in which the medium can
be considered to have time-invariant electromagnetic parameters.

There are some applications for which the thermal effects are unimportant; such
a plasma is called a cold plasma. A Lorentz plasma' is a further simplification of
the medium. In this model it is assumed that the electrons interact with each other
only through collective space charge forces and that the heavy positive ions and
neutral particles are at rest. The positive ions serve as a background that ensures the
overall charge neutrality of the mixture. In this book the Lorentz plasma will be the
dominant model used to explore the major effects of a nonperiodically time-varying
electron density profile N(f). Departure from the model will be made only when
necessary to bring in other relevant effects. References 1 and 2 show the approxi-
mations made to arrive at the Lorentz plasma model.

1.2 BASIC FIELD EQUATIONS FOR A COLD ISOTROPIC PLASMA

The electric field E(r,?), the magnetic field H(r,f), and the velocity field v(r,#) of the
electrons in the isotropic Lorentz plasma satisfy the following equations:

oH
VXE=—u,—, 1.1
XE=—,— (1.1)
JE
VxH=¢,— : 2
X eOat +J (1.2)
dv
—=—gE, 1.3
mo =4 (1.3)

where J is the free-electron current density in the plasma, g is the absolute value of
the charge of an electron, and m is the mass of an electron. The relation between



2 Electromagnetics of Complex Media

the current density and the electric field in the plasma will depend on the ionization
process*7 that creates the plasma. Assume that the electron density profile N(¢) in
the plasma is known and that the created electrons have zero velocity at the instant
of their birth, then from Equation 1.3 the velocity at ¢ of the electrons born at ¢; is
given by

v,(r,f)= —%J"E(r, 7)dr. (1.4)

The change in current density at ¢ due to the electrons born at ¢; can be computed
as follows:

AJ(r,t) =—gANv,(r,2). (1.5)

Here AN, is the electron density added at ¢; and is given by

oN
AN, = [EL As,. | (1.6)

Therefore, the current density is given by (see Appendix A)
2 pt t .
3(e,1)= q—j 9N(r,7) d‘cJ E(r, o)doc+ J(r, ). 17
m Jo a7 T
The expression for J may be simplified (see Appendix A):
!
J(r,t)= eojm;(r, 7)E(r,7)dt + J(r,0). (1.8)
0

Here, ®? is the square of the plasma frequency proportional to the electron density
N and is given by

2
_4'N(r.1)
(D:(l',t)——m-e—o——. (19)

See Reference 1 for a physical explanation of the term plasma frequency. By
differentiating Equation 1.8 a differential equation for J is obtained:

% =g, (r,1)E(r,2). (1.10)



