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Preface

The purpose of this book is to address the growing recognition of the need for
plasma physics in astrophysics. In fact, astrophysics has contributed to the growth of
plasma physics, especially in the field of plasma waves. During the last decade, plas-
ma physics, or more appropriately, plasma science, has witnessed an explosive
growth in two areas: pulsed-power technology and space physics. Both have led to
knowledge that is mutual and complementary, and the material in this book largely
derives from these new discoveries and their application to astrophysics. With the
passage of the Voyager spacecraft in 1989, Neptune was transformed from an astro-
nomical object to a space science object. In our solar system, only Pluto remains
unvisited. In this decade of exploration, the solar system has become recognized as
the primary plasma laboratory in which plasma processes of great generality and
astronomical significance can be studied in situ. By the 1960s, with the discovery of
the earth’s natural plasmas, the Van Allen radiation belts, and the solar wind, it was
already clear that future understanding of the earth and sun would be expressed in
terms of plasmas. Today plasma is recognized as the key element to understanding
the generation of magnetic fields in planets, stars, and galaxies; phenomena occur-
ring in stellar atmospheres, in the interstellar and intergalactic media, in radio galax-
ies, in quasars, and in active galactic nuclei; and the acceleration and transport of
cosmic rays. There are convincing arguments for the view that the clouds out of
which galaxies form and stars condense are ionized: The problem of the formation
and structure of these clouds and bodies, therefore, naturally belongs to the field of
cosmic plasmas as well as astrophysics. Each has traditionally been pursued indepen-
dently. Only recently has there been a tendency to view them as a unified discipline.

Together these problems form what is called The Plasma Universe, the basis for
this book. The material presented dwells basically on the known properties of matter
in the plasma state. Some of the interesting topics in contemporary astrophysics such
as discordant redshifts and other cosmological issues are not discussed here. The
interested reader will be referred to the IEEE Transactions on Plasma Science, Spe-
cial Issues on Space and Cosmic Plasmas (December 1986, April 1989, and February
1990), and Laser and Particle Beams (August 1988).

This book is organized into eight chapters. Chapter 1 is an introduction to the
fundamental physics of cosmic plasmas. An attempt is made to review the known
properties of plasmas from the laboratory scale to the Hubble distance. Chapter 2
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starts the application of basic plasma theory to astrophysical plasmas in the study of
magnetic-field-aligned (Birkeland) currents and charged particle beams. Chapter 3
covers magnetism in plasma and the Biot-Savart force law, while Chapter 4 concen-
trates on electric fields in space and cosmic plasmas. Chapters 5, 6, and 7 survey
double layers, synchrotron radiation, and energy transport in plasmas, respectively.
Chapter 8 covers the particle-in-cell simulation of astrophysical plasmas. Found
throughout the book are examples that apply the material of the chapter or section to
specific problems.

At the end of the book are appendixes highlighting topics that are often not
covered in plasma physics or in astrophysics texts, or else are well-documented to the
point that a short condensation suffices. Appendix A covers transmission line con-
cepts in space plasmas. Appendix B is a condensation of the polarization properties
of plasma waves. In Appendix C dusty and grain plasmas are discussed.

A list of references is given for each chapter. These are divided into parts: General
references give a list of papers and books that cover the general aspects and that
often give a more thorough treatment of the subjects covered, and special or special-
ized references document the sources for specific topics.

As far as possible, the equations are written to conform to SI regulations, but
since this book deals with the plasma universe whose elements transcend many
disciplines, from laboratory controlled fusion experiments to cosmology, a multitude
of non-SI units are used. For example, it is customary in the laboratory to state
densities in particles per cubic centimeter and magnetic induction in gauss, rather
than in particles per cubic meter and tesla, as used in space plasmas. Likewise, units
of light-years and parsecs are more meaningful to describe the dimensions of galax-
ies and clusters of galaxies than are meters. To aid visualization, both SI and familiar
units are often given in the text.

This book could not have been written without the help and encouragement of
many friends and colleagues. I am grateful to my collaborators at the Royal Institute
of Technology, Stockholm, whose work I have freely drawn upon: Drs. C.-G. Filt-
hammar, P. Carlqvist, M. Raadu, L. Block, N. Brenning, S. Torvén, L. Lindberg,
and M. Bohm. I am appreciative to my colleagues at Los Alamos: Drs. S. Gitomer,
G. Nickel, R. Faehl, R. Shannahan, A. Greene, M. Jones, G. Gisler, B. Freeman, R.
Keinigs, J. Borovosky, E. Lindman, A. Cox, and D. Lemons. Thanks are also due to
Drs. H. Kuehl, A. Dessler, T. Potemra, G. Reber, R. Beck, P. Marmet, W. Bostick, V.
Nardi, F. Gratton, B. Meierovich, A. Crusius-Witzel, N. Rostocker, T. Eastman, J.-
P. Vigier, E. Witalis, E. Wollman and N. Salingaros. I am especially indebted to O.
Buneman, J. Green, C. Snell, W. Peter, E. Lerner, and H. Alfvén for their constant
encouragement. Last, my wife, Glenda, and children, Sarah, Galvin, and Mathias,
should not be forgotten for the time given to complete this book.

Los Alamos, New Mexico Anthony L. Peratt
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1. Cosmic Plasma Fundamentals

1.1 Plasma

Plasma consists of electrically charged particles that respond collectively to electromagnetic
forces. The charged particles are usually clouds or beams of electrons or ions, or a mixture of
electrons and ions, but also can be charged grains or dust particles. Plasma is also created when
a gas is brought to a temperature that is comparable to or higher than that in the interior of stars.
At these temperatures, all light atoms are stripped of their electrons, and the gas is reduced to its
constituent parts: positively charged bare nuclei and negatively charged free electrons. The name
plasma is also properly applied to ionized gases at lower temperatures where a considerable
fraction of neutral atoms or molecules are present.

‘While all matter is subject to gravitational forces, the positively charged nuclei, or ions, and
the negatively charged electrons of plasmas react strongly to electromagnetic forces, as formu-
lated by Oliver Heaviside (1850-1925),' but now called Maxwell’ s Equations, after James Clerk
Maxwell (1831-1879),’

(1.1

%—?:—VXE

aD _ . (1.2
T-V><H—,|

V-D=p (1.3)
V-B=0 (1.9

and the equation of motion due to Hendrik Antoon Lorentz (1853-1928),

d =q(E+vxB); 4L=v;
dt(mv) q(E+vxB); o v;

(1.5)

The quantities D = ¢E and B = mH are the constitutive relations between the electric field E and
the displacement D and the magnetic induction B and magnetic intensity H, m and e are the
permeability and permittivity of the mediam, respectively, and r and j are the charge and current
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densities, respectively.> The mass and charge of the particle obeying the force law (1.5) are mand
q, respectively. )

Because of their strong interaction with electromagnetism, plasmas display a complexity in
structure and motion that far exceeds that found in matter in the gaseous, liquid, or solid states.
For this reason, plasmas, especially their electrodynamic properties, are far from understood.
Irving Langmuir (1881-1957), the electrical engineer and Nobel chemist, coined the term plasma
in 1923, probably borrowing the term from medical science to describe the collective motions that
gave an almost lifelike behavior to the ion and electron regions with which he experimented.
Langmuir was also the first to note the separation of plasma into cell-like regions separated by
charged particle sheathes. Today, this cellular structure is observed wherever plasmas with dif-
ferent densities, temperatures, or magnetic field strengths come in contact.

Plasmas need not be neutral (i.e., balanced in number densities of electrons and ions). Indeed,
the study of pure electron plasmas and even positron plasmas, as well as the electric fields that form
when electrons and ions separate, are among the most interesting topics in plasma research today.

In addition to cellular morphology, plasmas often display a filamentary structure. This
structure derives from the fact that plasma, because of its free electrons, is a good conductor of
electricity, far exceeding the conducting properties of metals such as copper or gold. Wherever
charged particles flow in a neutralizing mediam, such as free electrons in a background of ions,
the charged particle flow or current produces a ring of magnetic field around the current, pinching
the current into filamentary strands of conducting currents.

Matterinthe plasmastate can range in temperature from hundreds of thousands of electronvolts
(1eV=11,605 degrees absolute) to just one-hundredth of an electronvolt. In density, plasmas may
be tenuous, with just a few electrons present in a million cubic centimeters, or they may be dense,
with more than 10% electrons packed per cubic centimeter (Figure 1.1).

Nearly all the matter in the universe exists in the plasma state, occurring predominantly in
this form in the Sun and stars and in interstellar space. Auroras, lightning, and welding arcs are
also plasmas. Plasmas exist in neon and fluorescent tubes, in the sea of electrons that moves freely
within energy bands in the crystalline structure of metallic solids, and in many other objects.

Plasmas are prodigious producers of electromagnetic radiation.

1.2 The Physical Sizes and Characteristics of Plasmas in the Universe
1.2.1 Plasmas on Earth

On the earth, plasmas are found with dimensions of microns to meters, that is, sizes spanning six
orders of magnitude. The magnetic fields associated with these plasmas range from about 0.5
gauss (the earth’s ambient field) to megagauss field strengths. Plasma lifetimes on earth span 12
to 19 orders of magnitude: Laser produced plasmas have properties measurable in picoseconds,
pulsed power plasmas have nanosecond to microsecond lifetimes (Figure 1.2), and magnetically
confined fusion oriented plasmas persist for appreciable fractions of a second. Quiescent plasma
sources, including fluorescent light sources, continuously produce plasmas whose lifetimes may
be measured in hours, weeks, or years, depending on the cleanliness of the ionization system or
the integrity of the cathode and anode discharge surfaces.
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Figure 1.1. The remarkable range of temperatures and densities of plasmas is illustrated by this chart. In
comparison, solids, liquids, and gases exist over a very small range of temperatures and pressures. In “solid”
metals, the electrons that carry an electric current exist as a plasma within the more rigid crystal structure.

Lightning is a natural plasma resulting from electrical discharges in the earth’s lower tropo-
sphere (Figure 1.3). Such flashes are usually associated with cumulonimbus clouds but also occur
insnow and dust storms, active volcanos, nuclear explosions, and ground fracturing. The maximum
time duration of a lightning flash is about 2 s in which peak currents as high as 200 kA can occur.
The conversion from air molecules to a singly ionized plasma occurs in a few microseconds, with
hundreds of megajoules of energy dissipated and plasma temperatures reaching 3 eV. The dis-
charge channel avalanches at about one-tenth the speed of light, and the high current carrying core
expands to a diumeter of a few centimeters. The total length of the discharge is typically 2—3 km,
although cloud-to-cloud discharges can be appreciably longer. Lightning has been observed on
Jupiter, Saturn, Uranus, and Venus [Borucki 1989]. The energy released in a single flash on earth,
Venus, and Jupiter is typically 6 x 108 J, 2 x 10" J, and 2.5 x 10'? J, respectively.

Nuclear driven atmospheric plasmas were a notable exception to the generally short-lived
energetic plasmas on earth. For exumple, the 1.4 megaton (5.9 x 10" J) Starfish detonation, 400
km above Johnston Island, on July 9, 1962, generated plasma from which artificial Van Allen belts
of electrons circulating the earth were created. These electrons, bound at about 1.2 earth—radii in
a0.175 Gfield, produced synchrotron radiation whose decay constant exceeded 100 days (Figure
1.4).
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Figure 1.2. Filamentary plasma structure produced by “exploding” titanium wires within a 10 terawatt pulsed-
power generator. The photograph was taken with a pin-hole X ray camera.

1.2.2 Near-Earth Plasmas

The earth’s ionosphere and magnetosphere constitute a cosmic plasma system that is readily
available for extensive and detailed in situ observation and even active experimentation. Its
usefulness as a source of understanding of cosmic plasmas is enhanced by the fact that it contains
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Figure 1.3. Cloud to ground lightning on earth (5 min exposure). The discharge channel may be 20% ionized
plasma. The potential difference between the lower portion of the cloud and earth is in excess of 10 MV. The
bright line at the lower right is the Santa Fe-Los Alamos highway (courtesy of Henry Ortega, Santa Fe, New
Mexico).

arich variety of plasma populations with densities ranging from more than 10°cm to less than
1072 cm3, and temperatures from about 0.1 eV to more than 10 keV.

The earth’s magnetosphere is that region of space defined by the interaction of the solar wind
with the earth’s dipole-like magnetic field. Itextends fromapproximately 100km above the earth’s
surface, where the proton neutral atom collision frequency is equal to the proton gyrofrequency,
to about ten earth radii (~63,800 km) in the sunward direction and to several hundred earth radii
in the anti-sunward direction. It is shown schematically in Figure 1.5.

First detected by radio waves and then by radar, the ionosphere is a layered plasma region
closest to the surface of the earth whose properties change continuously during a full day (Figure
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Figure 1.4. Starfish event. Artificial aurora produced by plasma particles streaming along the earth’s magnetic
field lines. Picture taken from a Los Alamos KC-135 aircraft 3 min after the July 9, 1962, 1.4-megaton 400-
km-altitude nuclear detonation above Johnston Island. The event produced a degradation of radio communi-
cations over large areas of the Pacific and an intense equatorial tube of synchrotron emitting electrons having
a decay constant of 100 days. The brightest background object (mark) at the top, left-hand corner is the star
Antares, while the right-hand-most object is 8-Centauri. The burst point is two-thirds of the way up the lower
plasma striation.

1.6). Firsttobe identified was alayer of molecularionization, called the E layer. This region extends
over a height range of 90140 km and may have a nominal density of 10° cm™ during periods of
low solaractivity. A D region underlies this with anominal daytime density of 10° cm™. Overlying
the E region is the F layer of ionization, the major layer of the ionosphere, starting at about 140
km. In the height range 100-150km, strong electric currents are generated by a process analogous
tothat of aconventional electric generator, ordynamo. The region, inconsequence, is often termed
thedynamoregion and may have densities of 10°cm3. The F layermay extend 1,000km in altitude
where it eventually merges with the plasmas of the magnetopause and solar wind.
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Figure 1.5. Earth’s magnetosphere. Ions and electrons in the solar wind (left) impinge against the magneto-
sphere, distorting the field lines and creating a bow shock and the various regions shown.

The interaction of the supersonic solar wind with the intrinsic dipole magnetic field of the
earth forms the magnetosphere whose boundary, called the magnetopause, separates interplan-
etary and geophysical magnetic fields and plasma environments. Upstream of the magnetopause
a collisionless bow shock is formed in the solar wind-magnetosphere interaction process. At the
bow shock the solar wind becomes thermalized and subsonic and continues its flow around the
magnetosphere as magnetosheath plasma, ultimately rejoining the undisturbed solar wind.

In the anti-solar direction, observations show that the earth’s magnetic field is stretched out
in an elongated geomagnetic tail to distances of several hundred earth radii. The field lines of the
geomagnetic tail intersect the earth at high latitudes (~60°—75°) in both the northern and southern
hemisphere (polar homs), near the geomagnetic poles. Topologically, the geomagnetic tail
roughly consists of oppositely directed field lines separated by a “neutral” sheet of nearly zero
magnetic field. Surrounding the neutral sheet is a plasma of “hot” particles having a temperature
of 1-10 keV, density of ~0.01-1 cm™, and a bulk flow velocity of a few tens to a few hundreds
ofkms.

Deep within the magnetosphere is the plasmasphere, apopulationof cold (S1 €V)iono-spheric
ions and electrons corotating with the earth. Table 1.1 lists some typical values of parameters in
the earth’s magnetosphere.
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Figure 1.6. Daytime ionosphere at low latitudes and low solar activity.

1.2.3 Plasmas in the Solar System

The space environment around the various planetary satellites and rings in the solar systemiis filled
with plasma such as the solar wind, solar and galactic cosmic rays (high energy charged particles),
and particles trapped in the planetary magnetospheres. The first in situ observations of plasma and
energetic particle populations in the magnetospheres of Jupiter, Satun, Uranus, Neptune, and
Titan were made by the Voyager 1 and 2 spacecraft from 1979 to 1989. Interplanetary spacecraft
have identified magnetospheres around Mercury, Venus, Jupiter, Saturn, Uranus, and Neptune
(e.g., Figure 1.7).

Comets also have “magnetospheres” as depicted in Figure 1.8. The cometosheath, a region
extending about 1.1 x 10° km (for Comet Halley), consists of decelerated plasma of density
102 < n, < 4x103 andtemperature T, ~ 1.5 eV. The peak magnetic field strength found in Comet
Halley was 700800 mG.

Excluding the Sun, the largest organized structures found in the solar system are the plasma
tori around Jupiter and Saturn. The Jupiter-lo plasma torus (Figure 1.9) is primarily filled with
sulphur ions at a density of 3 x 10° cm (Section 4.6.2) An immense weakly ionized hydrogen
plasma torus has been found to encircle Saturn, with an outer diameter 25 times the radius of the
planet and an inner diameter of about fifteen Saturn radii.
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