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Preface

The present text is based on a general introductory course for undergraduate
students, given annually since 1989 at the Royal Institute of Technology (IKTH).

Following a strong student interest in space-related science and technology the
course was developed at the Department of Plasma Physics of the Alfvén Laboratory,
KTH. It constitutes the first of a group of courses arranged for students wishing to
specialize in space-related subjects.

Stockholm, August 2001 Carl-Gunne Falthammar
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1. Introductory Survey

1.1. The Role of Space Observations

Since rocket technology made it possible to place scientific instruments in
space, our possibilities of observation have expanded in two essential respects:

(1) New Spectral Ranges

Information about distant celestial bodies used to reach us only within two
very limited wavelength bands of the electromagnetic spectrum, namely the visual
band, about 380 — 780 nm (3800 — 7800 A), and the high frequency end of the
shortwave radio frequency range. Only within these “windows” can the radiation
pass through the atmosphere and be observed at the Earth’s surface, see Fig. 1.1.1.
All information carried by infrared, ultraviolet, X-ray and gamma-ray waves was

excluded.
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Figure 1.1.1. Atmospheric absorption in different wavelength ranges. The
curve shows the altitude above sea level to which the radiation can pene-
trate.
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(2) Measurements in situ

Direct measurements in space have made it possible to acquire knowledge of
physical conditions that cannot be detected remotely. For example, electric and
magnetic fields, as well as the extremely thin, and therefore invisible, matter, the
space plasma, can only be observed by means of direct measurements on the spot,
in situ. It is only thanks to such measurements that we have learned about these
quantities, their structure and other properties, and about the complicated physical
processes that take place in the space plasma.

The new information obtained from space age observations has drastically
changed our concepts of the near-Earth space environment as well as of the universe
as a whole. This introductory chapter will give a brief survey of these new concepts.

1.2. The New Concept of Space

Before the space age our concept of outer space was a very simple one. Space
was assumed to be essentially a vacuum, whose content of matter was limited to the
extremely high energy particles that constitute the cosmic radiation (Chapter 9).
(The cosmic radiation represents a material density of only about 3 - 10717 particles
per m*.)

In conformity with this view it was further believed that (other than the ra-
diation fields of stellar light and cosmic radio noise) the only electromagnetic fields
in space were the magnetostatic fields that originate from electric currents in the
interiors of the Earth and other celestial bodies. According to a well-known the-
orem in electromagnetism the magnetic field from a bounded current distribution
becomes more and more dipole-like with increasing distance from the source. The
Earth’s magnetic field is very nearly a dipole field at the Earth's surface. It was
assumed to become increasingly dipole-like with increasing distance from the Earth
(Fig. 1.2.1a). As the strength of a dipole field decreases as the inverse third power
of radial distance, it should soon become negligibly small.

One of the great pioneers of space research, Carl Stormer, analysed the orbits
of electrically charged particles in the geomagnetic dipole field (Stormer, 1913, 1955,
see e.g. Alfvén and Féalthammar 1963, pp. 43-46). His intention was to explain the
aurora (“Northern lights”), but the results are mainly applicable to orbits of cosmic
rays.

One of Stérmer’s findings was that in a magnetic dipole field there exist so-
called forbidden regions. In such a region an electrically charged particle can remain
trapped indefinitely. By reversing time in the equations of motion of the particle, it
can be shown that there is also no way the particle can get into the forbidden region
from outside. It was therefore taken for granted that also in the real geomagnetic
field there were no such trapped particles.

The first surprise encountered when the satellite Explorer 1 was sent into space
was that Stormer’s forbidden regions - instead of being empty — contained such a
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Figure 1.2.1a. Space in the 1950’s: A structureless vacuum threaded by
a rapidly diminishing magnetic field.

Figur 1.2.1b. Space in the 1960’s: A deformed geomagnetic field with
radiation belts (Van Allen belts) of high energy magnetically trapped par-
ticles.

profusion of high energy trapped particles that they constitute what we now know
as the Earth’s radiation belts (Van Allen—belts). The radiation was so intense that
the satellite’s Geiger counter was saturated and therefore gave zero reading at high
altitudes.

As for the Earth’s magnetic field, it was found that, in accordance with the text
book, it became increasingly dipole-like with increasing distance from the Earth.
But at a distance of about 10 Earth radii from the Earth there was a new surprise:
the magnetic field changed abruptly, often to the opposite direction. This “discon-
tinuity” (not always equally pronounced), which was long referred to as the Cahill
discontinuity after its discoverer, is, as we now know, the boundary between the
Earth’s magnetic field and an external, interplanetary, magnetic field. Continued
mapping of the Earth’s magnetic field by means of satellite-borne magnetometers
showed that it was severely deformed and confined to a cavity in space, as shown in
Fig. 1.2.1 b. This cavity, to which the dominating influence of the Earth’s magnetic
field is confined, is now called the magnetosphere.

The discovery of the radiation belts was followed by extensive exploration of
the occurrence and properties of high energy trapped particles. The original two Van
Allen Belts were followed by a multitude of trapped particle populations, which were
found to fill large parts of the magnetosphere. But for a long time (largely for lack of
suitable detector technology) no measurements were made of what we now know to
be the most important component of matter in the magnetosphere, namely plasma
consisting of particles with energy much lower than that of radiation belt particles.
These plasma particles have energies in the keV range or below, corresponding to
an equivalent temperature of 107 K or less. (Equivalent temperature can be defined
by (3/2)kT,, = W = eV, where W is the particles’ average energy in Joule and V
its voltage equivalent, k is Boltzmann’s constant, k = 1.38 - 107 J/K, and e is the
electron charge, e = 1.602 - 107! C. The ratio e/k is 11609 K/volt.)
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With increasingly sophisticated measurements more and more of the complex-
ity of the magnetosphere emerged. We now know that the magnetosphere is richly
structured (Fig. 1.2.1c) and contains a multitude of plasma populations, whose
temperatures cover more than six powers of ten, from about 1000 K in parts of
the ionosphere (Chapter 3) to (equivalent) temperatures more than 10" K (particle
energies of several MeV) in parts of the radiation belts. Their densities also cover
more than six powers of ten. Thus, the number of particles per unit volume varies
from more than 102 m~3 in the F-layer of the ionosphere to 10* or less in parts of
the polar plumes of the magnetosphere.

Trapped
particles

Figure 1.2.1c. Present-day space: A richly structured magnetosphere,
containing a multitude of plasma populations, in which complicated plasma
processes take place. The manifestations of these processes range from
natural phenomena such as the aurora (Northern lights) to consequences
such as damage to conmtmunications satellites and disturbances in Earth—
bound electrical systems.

But even after the “modern” concept of the magnetosphere was well established
(including many of the plasma regions shown in Fig. 1.2.1c), there still prevailed a
serious misconception about matter in space. It was taken for granted, that the ions
observed in the magnetosphere were hydrogen nuclei (protons), i.e. that the plasma
filling the magnetosphere was a hydrogen plasma from the sun, carried to the vicinity
of the Earth as a solar wind (Chapter 6). Only rather recently, after the chemical
composition was also measured, it was realized that large parts of the magnetosphere
is sometimes dominated by oxygen plasma expelled from the ionosphere (with the
Earth’s own atmosphere as the ultimate source). This discovery implies, among
other things, that in the space plasma around the Earth, there exist efficient but
still incompletely understood mechanisms of chemical separation, probably driven
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by electric fields and/or plasma waves. The existence of these mechanisms can have
far-reaching consequences also for the understanding of plasmas in remote parts of
the universe, which can never be reached for direct measurements.

One reason why the Earth’s magnetosphere is so interesting from a physics
point of view, is the abovementioned rich variety of plasma populations. But even
more important is the fact that in these plasma populations there occur a multitude
of plasma physical processes that are of fundamental importance for the understand-
ing of the behaviour of matter in the plasma state. The reason for this is, in its
turn, that the relatively cool and dense plasma of the ionosphere, which constitutes
the lower boundary of the magnetosphere, is tied by friction to the Earth’s upper
atmosphere, whereas the outer, hotter parts of the magnetosphere have a strong
dynamic coupling to the solar wind plasma that streams past it. The interaction
between the outer and inner parts of the magnetosphere takes place primarily by
electric currents (a few million Ampéres) along the geomagnetic field lines. These
currents provide exchange of both energy and momentum. But in addition they
cause, both directly (by the exchange of charge carriers) and indirectly (as a con-
sequernce of instabilities), an exchange of matter (plasma), which is highly selective
and leads to the abovementioned chemical separation.

We now know that practically all matter in the universe is in the plasma state,
which can be considered the fourth state of matter, as described in section 1.3. The
properties of matter in the plasma state are still unknown in important respects.
This is particularly true for the kinds of plasma that are present in space. The
background is the following.

On the basis of experiments in “cool” and weakly ionized plasmas — the only
ones that could be produced at that time — the so—called classical plasma theory had
been developed already in the 1950’s. It was a generalization of the ordinary kinetic
theory of gases, where the electric and magnetic forces on the charged particles had
been included. Although, for technical reasons, it had not been possible to test the
theory at very high temperatures, it was assumed to have general validity. It was on
the basis of this theory that, in the 1950, it was predicted that energy production
through thermonuclear fusion would be a reality witin 15 years. Thermonuclear
fusion requires that the fuel has a temperature of about a hundred million K, and
great resources were created to'produce and confine extremely hot plasma. As soon
as experiments with hot plasma became possible, it was found that it did not behave
as expected but exhibited one “anomalous” phenomenon after the other. It became
necessary to start again from the beginning, with theory and experiment progressing
hand in hand.

At about the same time it became possible to study space plasmas by means
of instruments carried on rockets and satellites. Fusion research and space research
together opened the era of what we now call modern plasma physics. This branch of
science is still in a stage of intense basic research, with many fundamental problems
still unsolved.

The development of the new concept of the universe, which has been acquired
through space research, can be characterised as a transition from an “Optical Uni-
verse” (derived from information carried by visible light) to a “Plasma Universe”
(which emerges when the whole electromagnetic spectrum is used). A popular de-
cription of this “change of paradigm” has been given by Alfvén (1986).
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A consequence of the new paradigm is that investigations that can be carried
out in the neighbourhood of the Earth, are also of fundamental importance to as-
trophysics, because they provide a more reliable basis for the physical interpretation
of astrophysical observations (Falthammar et al. 1978; Alfvén 1981; Falthammar
1988a,b). As the plasma state must have dominated also during the evolution of the
universe to its present state, this has consequences also for cosmogony (the science of
the origin and evolution of planet and satellite systems) and cosmology (the science
of the origin and evolution of the universe) (Alfvén 1981; Falthammar 1989b).

1.3. The Plasma State

The States of Aggregation

Matter can exist in three different states of aggregation: the solid, liquid and
gaseous states. These are characterised by different average energy per particle
(atom or molecule). Solid matter has the lowest energy content, gaseous matter the
highest. The orders of magnitude of the energy per particle are illustrated in Fig.
1.3.1 by the example of water. Transition energies are given in electron volts per
molecule (1 eV = 1.602 - 10719 J).

Temperature
)
PLASMA STATE Example: Water
H—=H"+ e™: 13.6 eV/atom
lonisation 104- 10K lonization energy 5
0O — 0"+ g™ 12.5 eV/atom
GASEOUS
Dissociation Dissociation energy ca 5 eV
STATE
Boiling point—»| 373K \ Vaporization energy 0.42 eV/molecule
LIQUID 0-100 C:  0.08 eV/molecule
STATE
Melting point —| 273 K Melting energy 0.06 eV/molecule
SOLID STATE

Figure 1.3.1. Comparison of transition temperatures and transition ener-
gies for the transitions solid — liquid, liquid - gas and gas — plasma.
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If matter in the gaseous state is further heated, molecules will be dissociated,
and, when the thermal motion becomes violent enough, more and more atoms will
be split into their electrically charged constituents, electrons and positive ions —
the gas becomes ionized and transformed to a plasma. As shown in Fig. 1.3.1,
rather large amounts of energy per particle are then involved. To ionize an oxygen
or hydrogen atom takes about 13 eV, which is more than two hundred times the
melting energy and more than thirty times the vaporization energy.

Transitions between the three states of aggregation occur at transition temper-
atures, melting and boiling points, which at a given pressure are very well-defined.
In contrast, the temperature required for ionization of a gas is not well-defined. The
transition from unionized to ionized state takes place gradually over a large temper-
ature interval. Furthermore, ionization is often due to other causes than heat, for
exmple electron impact or short wave electromagnetic radiation.

Sometimes the plasma state is referred to as a state of aggregation of its own,
the fourth state of matter. From a strict thermodynamic point of view this termi-
nology is somewhat inappropriate, since the transition between gas and plasma is so
different from the genuine phase transitions melting and boiling. On the other hand,
the presence of electrically charged particles causes the plasma to have drastically
different properties than an unionized gas. From that point of view the plasma does
deserve the status of a state of aggregation.

The name plasma derives from the greek word plassein, which means “to
shape”. It was introduced by Irving Langmuir to denote the positive column of
a gaseous discharge, where the “plasma” is a luminous region, whose extent adjusts
itself to available space. In modern terminology plasma simply means ionized gas
(except for the meanings the word has in other branches of science, such as medicine
and solid state physics).

QOccurrence

In our daily environment the three “ordinary” states of matter dominate, and
natural plasma is met with only occasionally. One example of natural plasma is a
lightning discharge, where température can rise to 25 000 K and lead to an ionization
degree of 80 %. Another example is meteor tracks, (the plasma properties of which
can be used for communication purposes by reflexion of radio waves).

For the universe as a whole, the opposite is true. Solid, liquid and gaseous
matter exists on cold celestial bodies, such as planets, satellites, asteroids, comets,
meteoroids and other small bodies, down to microscopic dust grains. But all these
celestial bodies togeteher represent only a vanishingly small part of the matter in
the universe. Vastly more mass resides in stars on one hand and diffuse interstellar
matter on the other, in both cases in the plasma state.
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Definition

Since the number of charged particles — both in absolute and relative terms
can vary within wide limits, one may ask what is required for matter to count as
plasma.

The answer to this question depends not only on the density of charged parti-
cles but also on the relevant dimension of the phenomenon concerned. An astronaut
in interplanetary space, where there are only 1 — 10 electron-ion pairs per cm®, will
experience his surroundings as a nearly perfect vaccuum. But in their large-scale
streaming around the Earth and other planets, these charged particles constitute
the solar wind, which behaves like a continuum and can be described in terms of
equations similar to those of gas dynamics, although more complicated.

It can be shown that a crucial parameter for determining whether plasma
conditions prevail is the Debye length, Ap, which is defined by

ok T
Ap = 4 - & 69y/T,/n. m (1.3.1)

nee?

where n, is the number of electrons per m? and 7, is the electron temperature in K.
In phenomena with a characteristic length /. matter behaves essentially as a plasma
if

le> Ap (1.3.2)

otherwise not. Sometimes it is also required that the number of charged particles in
a sphere with radius Ap, the Debye sphere, is large, e.g. nA}, > 1, This is, however,
is usually trivially satisfied.

In the above-mentioned case of the solar wind one finds that Ap is of the
order of magnitude of ten meters. Thus phenomena in the above mentioned astro-
naut’s local surroundings do not satisfy the condition /. 3> Ap, while the large-scale
streaming of the solar wind does so with a large margin.

Quasineutrality ;

In a plasma the positive and negative charges must balance each other very
closely, except in very small regions. This property of the plasma is called quasineu-
trality. It can be shown that the relative unbalance An/n must satisfy the condition

An/n < (Ap/i.)? (1.4.5)

The reason is that a greater charge imbalance would create unreasonably large
electric fields. Since in a plasma, by definition, /. 3> Ap quasineutrality implies an
extremely close balance between positive and negative charges.

Complexity

The complicated behaviour of matter in the plasma state is based on the
motion of the electrically charged particles that constitute its key ingredient.
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In an ordinary gas each particle {(atom or molecule) moves in ballistic, practi-
cally rectilinear, orbits between nearly instantaneous collisions, at which the direc-
tion and speed of the motion changes, so that the particle enters another rectilinear
orbit. This simple behaviour is a result of the atomic forces having an extremely
short range.

In a plasma the orbits of the (charged) particles are instead extremely compli-
cated. This is so for two main reasons:

1) The electrostatic force between electrically charged particles decreases only as
the square of the distance between them, and therefore has a very long range.
This means that every particle at every instant of time interacts electrostati-
cally with many, usually thousands of, other particles.

Fortunately it is possible (see for example Alfvén and Falthammar 1963 section
4.3) to define an “equivalent” collision cross section, by means of which the mutual
interaction between the charged particles can be described as if it were made up of
ordinary collisions. It would lead too far to discuss this in the present context, and
here will only be given an example: For the interaction of an electron with positive
ions with the charge number Z, the equivalent cross section, Se,, is given by

Seq =08 10‘922111A/Tf (1.3.4)

where the so-called Coulomb logarithm, InA, is of the order of magnitude 10 and
varies only slowly with density and temperature.

Comparing the equivalent cross section, S, with the collision cross section for
collisions between neutral atoms and molecules, which is of the order of 1071m?, one
finds that at moderate temperatures (of the order of ten thousand K) the (equivalent)
cross section is much larger for charged particles than for neutrals. An important
consequence of this is that a plasma can behave as if it were almost fully ionized
already at ionization degrees of a few percent or even tenths of percent.

2) Even apart from the mutual interaction of the particles, the charged particles
have a complicated motion, because they are influenced by the magnetic fields
that are present in practically all space plasmas.

A particle with charge g and velocity v perpendicular to a magnetic field B is
subject to the force gv x B, which has the magnitude gvB and is directed transverse
to both v and B. It therefore moves in a circle with a certain radius g, such that
the magnetic force gvB is balanced by the centrifugal force mv?/g. From this it is
found that the gyro radius g is given by

o =mv/qB (1.8.5)

As the particle usually also has a velocity component parallel to the magnetic
field, the resulting total motion describes a spiral on the surface of a circular cylinder
with its axis parallel to the local magnetic field.

Thanks to a perturbation method, described in sections 3.7 and 4.8, this mo-
tion, too, can be described in a convenient way.
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New Kinds of Waves

In the plasma state matter can carry many kinds of waves. The simplest of
these are the magnetohydrodynamic waves, nowadays called Alfvén waves after their
discoverer (Alfvén 1942).

These waves, which are possible because of the combination of deformability
and electric conductivity, are the result of a coupling between the electromagnetic
field and the motion of matter. The propagation speed that characterizes these
waves, the Alfvén velocity, V4, is in a plasma often more important than the velocity
of sound. It is given by the expression

V‘l = B/ v/ /—L(]pm (136)

where p,, is the mass density and B the magnetic field strength.

Another example of waves in a plasma is that of whistler waves, by means of
which the first indications of plasma in outer space (beyond the ionosphere) were
found (Chapter 4).

A theoretical analysis of waves in magnetized plasma, with whistler waves as
a special case, is given in section 3.9.

“Frozen-in Magnetic Field Lines”

Another manifestation of the coupling between material motion and magnetic
fields is the law of “frozen-in magnetic field lines”. This is valid if the electric
conductivity is sufficiently high. What it implies is that the deformation of the
medium and the change of the magnetic field follow each other in such a way that, if
two elements of the medium are connected by a common field line at some instant,
they are so connected at any other time, no matter how much the medium and the
field have been deformed. This is illustrated in Fig. 1.3.2. (A derivation of the law
and its conditions for validity are given in section 6.3.)

222

TIME 1, TIME t»

Figure 1.3.2. “Freezing-in" of magnetic field lines implies that elements
of matter that are at some instant, ¢;, connected by a common magnetic
field line, are so connected at any ather instant of time, ¢s.
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The law of frozen-in magnetic field lines leads to a drastically simplified de-
seription of many plasma physical phenomena. In space plasma the condition of
validity is usually satisfied with a wide margin. But it has also been found that the
condition for “freezing-in” can be violated by local electric fields along the magnetic
field lines. Some of today’s most interesting scientific problems in the field of space
plasma physics are related to such electric fields. They occur for example above
the aurora (section 4.5) and are an important prerequisite for acceleration of the
auroral primary particles (i.e. the particles, mostly electrons, which by impinging
on the upper atmosphere cause the aurora).

Inhomogeneity

From laboratory experiments it is a well-known fact, that plasma carrying
electric current has a pronounced tendency to develop inhomogeneities, especially
filamentary structures. A consequence of this is that mathematical models that, for
reasons of simplicity, assume a homogeneous plasma, easily become misleading.

There are many examples of cosmical plasmas that have a filamentary structure
(comet tails, prominences, the solar corona, gas nebulae etc.) and the filamentary
structure is often associated with electric currents.

A new kind if inhomogeneity, which was not foreseen from laboratory experi-
ments but was only discovered from in situ measurements in space, is the remarkable
tendency of the space plasma to form distinct regions, separated by surprisingly
well-defined boundary surfaces, which often coincide with electric surface currents.
Examples are the magnetopause (section 4.1) and the interplanetary current sheet
(section 6.1). In other words, the space plasma has a pronounced tendency to form
cellular structures (Alfvén 1981).

1.4. Regions of Space

The presentation in this book will follow a “geographic” sequence, beginning
at the Earth. Thus the first topic will be the atmosphere (Chapter 2), although
only its uppermost part can be consider to be part of outer space. Knowledge of the
properties of the atmosphere is important as a background for study of the technical
means of space research (balloons, sounding rockets and satellites).

The uppermost layers of the atmosphere are ionized, mainly by the short-
wavelength part of the solar radiation (ultraviolet light, and soft X-rays), to some
extent also by particle precipitation, including cosmic radiation. This ionized part
of the atmosphere constitutes the ionosphere (Chapter 3). The ionosphere, which
begins at less than 100 km above the surface of the Earth, constitutes the closest
region of the cosmic plasma, which from there extends throughout the universe.

The region of space that is penetrated by the Earth’s magnetic field forms
a rather well-defined volume, the magnetosphere (Chapter 4). Its lower boundary
is the ionosphere, which by friction is tied to, and rotates with, the Earth’s atmo-
sphere. The outer reaches of the magnetosphere are under the influence of a dynamic
coupling with the interplanetary plasma.
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The cause cf the limited reach of the Earth’s magnetic field is the solar wind
(Chapter 6), which streams through the whole solar system with a speed of 300 -
900 km/s. As the solar wind also contains a “frozen—in” magnetic field, it acts as
a so—called magnetohydrodynamic (MHD) generator, which drives electric currents
of several mega—ampére through the magnetosphere to and from the Earth’s atmo-
sphere, causing auroras and geomagnetic storms. In front of the magnetosphere,
which constitutes an obstacle to the (supersonic) solar wind, there is formed a bow
shock analogous to the shock wave in front of a supersonic aircraft. This one, how-
ever, is a so-called “collisionless” shock wave — a never before observed physical
phenomenon.

The source of the solar wind is the sun’s outermost atmosphere, the corona.
The sun (Chapter 5) is entirely a plasma. At its center the temperature is sufficiently
high (about 15 million K) to sustain thermonuclear reactions, which release a power
of about 4 - 10 W. By convection and radiative transport the energy reaches the
surface, where most of it is emitted as radiation into space, and the temperature
sinks to about 6 000 K. As a consequence of not yet fully understood processees,
the temperature rises again outwards and in the corona it reaches about 2 - 10° K,
which is enough to cause the omnidirectional outflow that becomes the solar wind.

The solar wind penetrates the entire interplanetary space (Chapter 6) and
reaches far beyond it. How far is not known with certainty. The region of space
engulfed by the solar wind is called the heliosphere (the sun’s “magnetosphere”) and
its outer border the heliopause.

Just as the Earth’s magnetosphere is an obstacle in the flow of the solar wind,
the same is true for the other planets in the solar system, and for satellites (moons)
outside the magnetospheres of their host planets. Therefore, magnetized planets
are surrounded by magnetospheres, which can, however, be very different from that
of the Earth. At planets or moons without a magnetic field of their own, the solar
wind interacts directly with the unprotected atmosphere (if there is one) or the solid
surface (as in the case of the Earth’s moon). Magnetospheres and ionospheres other
than those of the Earth are also treated in Chapter 4.

Like the sun, all stars are in the plasma state, and if they are hot enough, they
surround themselves with stellar winds. Even beyond the reach of the solar wind
(and stellar winds) space is filled with an interstellar plasma, which, penetrated by
a weak interstellar magnetic field, fills our entire galaxy, the Milky Way. The same
is true for other galaxies. Stellar and interstellar plasma is treated in Chapter 7.

Even outside the galaxies there is a thin plasma. This intergalactic plasma
(Chapter 8), is also magnetized and in some cases contains super-relativistic elec-
trons.

The cosmic radiation can be considered as an extremely high energy subpop-
ulation of the cosmic plasma. It is treated in Chapter 9.

A useful tool for clarifying the physical properties of the space plasma is to not
only passively observe phenomena that take place spontaneously in space, but to
also perform active experiments, that is to introduce controlled perturbations and
observe the response of the system. Thus, one can utilize space as a laboratory.
Some examples of this are given in Chapter 10.



2. The Atmosphere

The pictures in this chapter are, unless otherwise stated, from the Handbook
of Geophysics and the Space Environment (1985).

2.1. Origin

The main ingredient of the atmosphere, nitrogen (78 % in the troposphere)
originates from volcanic activity and denitrification of decaying organic substances.
It is removed from the atmosphere by lightning discharges, certain photochemical
processes and by the life processes of microbes. The oxygen (20.9 %) is produced
mainly through the photosynthesis of plants and removed by oxidation processes,
such as the decomposition of minerals, combustion and the respiration of organisms.
Most of the atmospheric components undergo a circulation. The residence time in
the atmosphere can be very different, for example a couple of weeks for water vapour
and 100 000 years for argon (0.9 %). Helium and hydrogen, on the other hand, are
lost into space as a non-negligible fraction of their atoms or molecules reach escape
velocity (11.3 km/s).

2.2. The Standard Atmosphere

For use in aeronautical and space activities WMO (World Meteorological Orga-
nization) has defined a “Standard Atmosphere”. It is described as “A hypothetical
vertical distribution of atmospheric temperature, pressure and density, which by
international agreement and for historical reasons, is roughly representative of year—
round midlatitude conditions. {Typical usages are as a basis for pressure altimeter
calibrations, aircraft performance calculations, aircraft and rocket design, ballistic
tables and meteorological diagrams. The air is assumed to obey the perfect gas law,
and the hydrostatic equation, which, taken together, relate temperature, pressure
and density with geopotential.”

The standard atmosphere in use at present is USSA76 (U S Standard Atmo-
sphere 1976). For rocket and satellite applications COESA (Committe on Extention
to the Standard Atmosphere) has made the following addition:

“The atmosphere shall also be considered to rotate with the Earth, and be an
average over the diurnal cycle, semiannual variation, and the range of conditions
from active to quiet geomagnetic, and active to quiet sunspot conditions. Above the
turbopause (about 110 km) generalized forms of the hydrostatic equations apply.”

It is important to remember that the real atmosphere varies with time and
place and therefore always deviates more or less from the Standard Atmosphere.

The density and pressure of the Standard Atmosphere decrease with altitude
as shown in Fig. 2.1. The temperature variation up to 100 km altitude is shown
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in Fig. 2.2. There are also marked the atmospheric layers, which are described in
more detail below. As can be seen in the figure, the temperature distribution at
high altitudes is different in different years. This is due to differences in the solar
radiation, which varies with the 11—year solar cycle (Chapter 5).
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Figure 2.1. Altitude variation of pressure in the Standard Atmosphere.

The solar cycle variations are even more pronounced at higher altitudes. This is
clearly evident in Fig. 2.3, which shows the temperature distribution in the interval
up to 300 km for years with, respectively, low and high solar activity. The years
shown in the figure are, however, no extreme cases. The temperature above 200 km
can vary from 600 K at solar minimum to 2 000 K at solar maximum.

What is shown in Fig. 2.3 is the “kinetic” temperature. At high altitudes
(above about 70 km) the atmosphere is not in local thermodynamic equilibrium,
(LTE). It is appropriate to use the concept of kinetic temperature, which is defined
in terms of the mean energy of the air molecules. A kinetic temperature T means
that the mean energy of the molecules is the same as it would have been, if the air
had been in thermodynamic equilibrium at the temperature T, that is 3£7°/2. Thus

the root mean square velocity is
3ET
fng = T =—— (2.2.1a)
m



100 T Tr 1 i I I I I I T
Ry i
901 The:lfmci)sphere _
- —E— — Mesopause -
(o] S -
70 -
~ Mesosphere -
T 60 _
5/ | =

Q

3 501 y -
i _ -
40 &
30~ Stratosphere =
201~ =
10} _X_t -
- Troposphere -

| | | 1 1 1 | |

180 200 220 240 260 280
Temperature (K)
Figure 2.2. Altitude variation of temperature in the Standard Atmosphere
in the altitude interval 0-100 km.

300 x
250~ Low -
solar activity
= 2001 High 1

€ solar

1 activity

S 150 _

2 Heterasphere

< 100 Tharmosphere ~ 7
Mesosphere

= Stratosphere Homosphere |
Troposphere
e i PP |
0 500 1000 1500 2000

Kinetic temperature (K)
Figure 2.3. Altitude variation of temperature in the Standard Atmo-
sphere, altitude interval 0-300 Lkm.

where m is the mean molecular mass and & is Boltzmann’s constant, £ = 1.38 -
1072J/K. In the context of collision and transport processes the more relevant
quantity is the linear average velocity
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These velocities are of the same order of magnitude as the sound speed, which
is given by

where v = 1.4 is the ratio between the air’s specific heat at constant pressure and
at constant volume.
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Figure 2.4. Variation of sound speed in the Standard Atmosphere, interval
0-90 km. ‘

The altitude variation of the sound speed up to about 100 km, Fig. 2.4, is
therefore very similar to that of the temperature, because the mean molecular mass
is nearly constant. On the other hand, the latter decreases rapidly at altitudes
above 110 km, as Fig. 2.5 shows. This, of course, reflects the composition of the
atmosphere, which is shown in Fig. 2.6 for the altitude range 0 — 1000 km. Below
about 110 km the composition of the atmosphere is rather homogeneous as a result
of turbulent motion mixing the ingredients. Therefore the region below about 110
km is called the homosphere, the region above is called the heterosphere and the
boundary between them the turbopause. In the heterosphere molecular oxygen and
nitrogen decrease, so that atomic oxygen dominates in the 200 km to 600 km altitude
interval. Above that atomic hydrogen and helium take over.
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2.3. Scale Height

In hydrostatic equilibrium the gravitational force, which for a volume element
with density p,,., is equal to gp,, and directed downward, is balanced by the pressure
force —dp/dz (where g is the acceleration of gravity, 9.8 m/s* and z is the altitude
coordinate, positive upward). Thus

dp

LB 92.3.1
- = 9P (2.3.1)

The pressure is related to the absolute temperature T' by the general gas law,
p = RTp,/M, where R is the general gas constant (8.314 J/mol-K) and M the
molar mass (that is, the mass of one mol of the substance, which is the same as
the molecular mass, m, times Avogadro’s constant, A = 6.02217-10* particles per
mol). If the temperature were constant, —dp/dz = gp, = —(RT/M)dp,,/dz, and
thus dp,,/dz = —(gM /RT)py, from which it follows by integration that

pm = const. e” UM = const, e~/ (2.3.2)

where H = RT/gM has the dimension of length and represents the altitude incre-
ment that is required for the density to decrease by a factor e. The parameter H is
called scale height. As R = Ak, and M = Am, where k is Boltzmann's constant (&
= 1.38:107% J/K), and m is the molecular mass, Avogadro’s number cancels out,
and the following alternative expression is found for the scale height

H = RT/gM = kT /gm (2:3:3)

In the homosphere the mean molar mass is 0.029 kg/mol. At a temperature
of 293 K (20° C) the scale height becomes about 10 km. As the temperature varies
strongly with altitude, the real large—scale distribution is far from exponential, and
the concept of scale height can only be applied locally.

Above the turbopause the components of the atmosphere assume individual
height distributions determined by diffusive equilibrium. Each one has its own scale
height, H,=RT/gM,, where z designates the molecular species (oxygen, nitrogen,
etc.)

Knowledge about the higher atmospheric layers has of course increased greatly
as a result of space research. An early method of investigating the upper atmosphere
was the so-called sound grenade method. From a high altitude rocket a number of
explosive packages were ejected and detonated at different altitudes. Differences
in the arrival time at the ground of the sound from the different explosions gave
information about the sound speed in the height interval concerned.

The density of air at high altitudes is of course important for the life span of
satellites. An early example is the Echo—satellite, an electrically conducting balloon
constituting a passive radio wave reflector. Its life span turned out to be considerably
shorter than expected, the reason being that the density of helium at high altitudes
had been underestimated. We now know that, typically, the altitude region 1000 —
3000 km is dominated by helium and above that by hydrogen (Fig. 2.7), but great
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Figure 2.7. Relative distribution of the main components of the atmo-
sphere in the altitude range 30 — 10 000 km (Bolin 1969).

variations occur in the altitude distributions. The hydrogen—-dominated uppermost
part of the atmosphere is sometimes called the geocorona.

2.4. Structure of the Atmosphere

The atmosphere is usually divided into a number of different layers character-
ized by different physical conditions. Above has already been mentioned a division
based on fransport processes, namely turbulent mixing in the homosphere and dif-
fusive equilibrium in the heterosphere.

The most important division is based on the thermal conditions. The corre-
sponding atmospheric layers, which are marked in Fig. 2.2, are the following.

The region where weather takes place extends from ground level to about 10
km altitude and is called the troposphere. As Fig. 2.2 shows, the temperature
decreases about linearly with altitude, about 7°C per kilometer to about —60° C
at the upper boundary of the troposphere, the tropopause. Large deviations from
this mean variation occur, for example depending on the content of water vapour at
different altitudes.

In the next layer, the siratosphere, the temperature is first constant in a layer
of about 10 km thickness and then rises until the upper boundary of the strato-
sphere, the stratopause, at an altitude of about 45 km. In the next higher layer, the
mesosphere, the temperature falls again and at its upper boundary, the mesopause,
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it reaches its lowest value, about —90°C. At even greater altitudes, in the thermo-
sphere, the temperature rises again and now to much higher values, as shown in Fig.
2.3. In this region no thermodynamic equilibrium prevails, and the temperatures
quoted are the previously defined “kinetic” temperatures. As the density of the
atmospliere decreases, the collisions between the air molecules become increasingly
rare. The distance, the mean free path, that a molecule in average moves between
two successive collisions, increases in the way shown in Fig. 2.8.

At sufficiently high altitudes the collisions become so few that the atoms and
molecules move in unperturbed ballistic orbits. This outermost region of the at-
mosphere is called the ezosphere. Its lower boundary, the ezobase, is located at an
altitude of about 500 — 1000 km.

For most of the particles the ballistic orbits are segments of ellipses with the
center of the Earth at one of the foci, and the particle falls repeatedly below the
exobase and undergoes a collision. But in a few cases these collisions give the particle
a speed exceeding the escape velocity, that is the minimum speed required to leave
the gravitational field of the Earth (11.3 km/s). The orbit then becomes a branch
of a hyperbola, and the particle escapes into space.

As an example of how the real atmosphere can deviate from the Standard
Atmosphere, Fig. 2.9 shows the result of a rocket experiment, “CAMP” for deter-
mination of the temperature around the mesopause.
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2.5. Solar Radiation

The energy flux from the Sun that reaches the uppermost atmosphere of the
Earth is called the Sun’s (total) #rradiance. Its average value, corrected for seasonal
variations in the Sun—Earth distance, is called the solar constant. Its value has been
determined to be 1373 & 20 W/m? (Frohlich, 1977). How the energy is distributed
between different parts of the solar spectrum is shown in Fig. 2.10, which shows the
irradiance as a function of wavelength. (For environmental tests of space vehicles
this spectrum is simulated in test chambers by means of suitable artificial light
sources. )

The Solar Cycle, which is described in Chapter 5, influences the Sun’s irradi-
ance mainly in the ultraviolet region (Fig. 2.11), where a relatively small part of
the total energy is radiated. As the UV radiation is absorbed already in the upper
atmosphere, it is mainly the upper atmospheric layers that are influenced by the
solar cycle, as can be seen from Fig. 2.3.
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2.6. Electric Conductivity

The electric conductivity of the atmosphere, which is very low at the surface
of the Earth (10" - 107" S/m) grows with altitude. In the altitude interval
10 — 90 km the variation is approximately exponential for six powers of ten with
a scale height of 7 — 8 km (Hale et al. 1981). A consequence of this altitude
distribution of atmospheric conductivity is that large-scale horizontal electric fields
in the ionosphere penetrate with little attenuation to an altitude of about 30 km.
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This means that balloon-borne electrometers can be used to measure the large—
scale horizontal electric field in the ionosphere, which has been used in international
research projects with balloon launches from Scandinavia and from Antarctica. An
empirical model of atmospheric conductivity up to 40 km altitude is given in Fig.
2.12. Of course, the actual distribution of conductivity at a given time or place
varies. But even large deviations from the exponential distribution cause only small
errors in the determination of the ionospheric electric field, provided the balloons
oo high enough.
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Figure 2.12. Electric conductivity of the atmosphere in the altitude in-
terval 0-40 km, empirical model (Makino and Ogawa 1984). The solid and
dashed curves apply to latitudes of of 0 and 40, respectively.
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3. The Ionosphere

3.1. History

The existence of an electrically conducting layer in the upper atmosphere was
suggested in 1883 (by Stewart) in order to explain the daily variations of the Earth’s
magnetic field. In 1902 Kennelly and Heaviside used the same hypothesis to explain
Marconi’s successtul experiments with transatlantic radio communication. After the
validity of the hypothesis had been proved experimentally by Appleton and Barnett
by means of reflection of radio waves, this conducting layer was for a long time called
the Kennelly—Heaviside-layer.

The main reason why the upper atmosphere is electrically conducting is that
the radiation of the sun at wavelengths less than 2 400 A (ultraviolet and soft X-
rays) ionizes air molecules. To some extent particle radiation from outer space also
contributes. Particle radiation with energies of the order of a few keV is especially
important as the direct cause of the aurora (Chapter 4.5). The so-called cosmic
radiation (Chapter 9) with extremely high energy is responsible for ionization in the
lowest altitude range, about 70 km.

The electron density of the ionosphere has a maximum at an altitude of about
950 km. The formation of a maximum can be understood by the following qualitative
argument. At very high altitude the solar radiation has its full intensity, but the
density of the atmosphere is very small. Thus there are few particles to ionize, and
the electron density becomes small. With decreasing altitude there are more and
more atmospleric particles for the radiation to ionize, and therefore the electron
density increases. But it also means that the intensity of the radiation decreases
as more and more of it is absorbed. When the decrease of intensity just balances
the increase of atmospheric density, 2 maximum is reached, and from there the
electron density decreases with decreasing altitude until all of the ionizing radiation
is absorbed. A quantitative calculation, given in a later section (3.5), leads to a
characteristic electron density profile called the Chapman distribution.

In reality the electron density distribution becomes more complicated because
different molecules are ionized at different altitudes. As a result, the ionosphere can
be divided into a number of layers, as discussed below (in 3.2).

Even before the Space Age the ionosphere was studied by means of ground
based ionosondes, radio transmitters whose signals were reflected by the ionospheric
layers. A radio wave with a certain frequency, f, is reflected at an altitude, where
the electron density reaches a certain value (as described in section 3.4). The higher
the transmitted frequency, the higher density, and the higher altitude the wave can
reach before being reflected. By measuring the time delay of the reflected signals a
function of frequency it is thus possible to calculate the electron density as a function
of altitude.

Tt is customary to represent the reflected signal in a so—called ionogram, where
the frequency, which is a measure of the electron density at the reflection level, is
plotted on the horizontal axis and the delay, which is a measure of the altitude
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of the reflection level, on the vertical axis. The strength of the reflected signal is

represented by the degree of blackening. An example of an ionogram is given in Fig.
3.1.1.
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Figure 3.1.1. Example of an ionogram.

This method can only give information about the electron density below the
density maximum, because signals with frequencies corresponding to the topside
electron density never get there because they are reflected below. It is therefore
only by means of space technology that it has become possible to study the electron
density distribution in the topside ionosphere. This was first done by sounding
the ionosphere from above by means of satellite-borne ionosondes using the same
principle as the ground-based ones.

Nowadays it is, however, possible to study the whole ionosphere even from
the ground using a technique called incoherent scattering or Thomson scattering.
This technique makes use of the fact that each individual charged particle scatters
radio waves. As the effective scattering cross section is small (for an electron it is
1),
the reflected signal is very weal, so that large transmitter and receiver antennas are

5
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8mr? /3, where 7, is the classical electron radius 7, = e fdmegm,c® = 2.82 - 107

needed. The first facility for probing the ionosphere by means of incoherent seat.
tering was built at Jicamarca in Peru in the early 1960s (with a transmitted power
of 6 MW and 9 216 receiver dipoles distributed over an arca of 84 000 m?*). Nowa-
days there are several incoherent scatter facilities around the world, including one
in Northern Scandinavia, namely EISCAT (European Incoherent Scatter Scientific
Association), with ground stations in Kiruna, Tromsé and Sodankyla.
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This technique is very powerful, and from the spectrum of the reflected wave
it is possible to determine not only electron density but also ion temperature, ion
species, velocity of the plasma, ion collision frequency and strength of the magnetic
field. A description of the technique has been given by Folkestad (1979,1981).
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3.2. The Tonospheric Layers

The actual structure of the ionosphere is the result of an interplay between
the spectral distribution of the incident radiation and the occurrence of different
molecular species in the upper atmosphere. The positive charges that neutralize
the electrons are therefore carried by different kinds of positive ions at different
altitudes. It is customary to distinguish four different ionospheric layers, D, E, F1
and F2 . Sometimes the lowest part of the D layer, below 70 km altitude, which
is mainly caused by cosmic radiation, is counted as a separate layer, the C layer.
Table 3.2.1 summarizes the typical altitudes, electron densities, ion contents and
dominating causes of ionization. Although posive ios dominate, the lower part of
the ionosphere also contains negative ions (such as NOg, NOjz, O and COj. For
example, Krankkowsky et al. measured NO; and COj densities of the order of
10 cm™,

Layer D E F, F,
Altitude (km) 60-85 85-140 140-200 200 -ca 1500
Nighttime electron <102 2 108 — 2-5-10°
density (cm™)
Daytime electron 10° 1-2-10°| 2 -5-10° 0.5 - 2-10°
density (cm™)
lon species NO* O; NO O2+ NO" O; o" O " He H*
Cause of Lyman o Lyman 3 uv uv
ionization (1215 A) (1025 A)

X-rays

Table 3.2.1. The ionospheric layers.

Typical electron density profiles for day and night, respectively, are shown
in Fig. 3.2.1. As mentioned in section 2.5, the sun’s shortwave radiation varies
considerably with the so—called solar cycle (Chapter 5). How the ionosphere is
influenced by this is also shown in Fig. 3.2.1.

As the most important cause of ionization, the solar radiation, only is present
in daytime, the electron density distribution also becomes different in daytime and
at night, as can be seen in the differences between Figures 3.2.1 a and b.

As seen in Fig. 3.2.1b, most of the D, E and F1 layers disappears at night.
As the D layer, where the collision frequency, and therefore the absorption of radio
waves, is relatively high, disappears at night, at the same time as the F'2 layer largely
remains, long distance shortwave communications over large distances (by repeated
reflections against the ionosphere and the ground) are favoured at night. (The D
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layer can, however, also act as a reflector, namely for obliquely incident long radio
waves, which, because of their low frequency, do not penetrate deep into the layer.)

As the density of the background atmosphere (and hence the collision frequency
of electrons against neutrals) is very different in the different ionospheric layers, these
have very different properties in terms of, for example, electrical conductivity and



§ 3.2 29

1000 \I_\I IIIII\ T T T T 1700 i f T T TTT7T T T 1T 7 TTTT
N \
900 v .
Voo \ D ——— Solar maximum
1 B A ay i
800 N — ——— Solar minimum
. \ .
\\ \ \ O Solar maximum
700 M g

----------- Solar minimum
; N\
iy \
6800 e
S N\
500 o
e N
e\
M

Altitude (km)

400 ! |
N \
300 ’/Tl._.,\\ )
......... AT \
200 i e ._f\._é\_\_hﬁ\
100
O ] | I ] 1 | | 1 [ 1 Ll
10 102 103 104 105

Callision frequency for electrons (s "
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propagation of radio waves. Fig. 3.2.2 shows the altitude variation of collision
frequency for daytime and nighttime at high and low solar activity.

Especially in the upper ionospheric layers the electrical conductivity is very
different in different directions relative to the magnetic field. In other words, the
ionospheric plasma at high altitudes has a very anisotropic conductivity. An electric
field in one direction usually drives an electric current in a different direction. One
must therefore distinguish between three different electrical conduectivities. They
are defined as follows (cf. Fig. 3.2.3)

1. Parallell conductivity, oy, i.e. the conductivity in the direction parallel to the
magnetic field.

2. The Pedersen conductivity, op, the conductivity parallell to the component of
the electric field that is perpendicular to the magnetic field.

3. The Hall conductivity, oy, the conductivity perpendicular to both the electric
and magnetic fields (counted positive in the direction opposite to the vector
product E x B).

A theoretical analysis of the electrical conductivity is given in section 3.8.
There 1t is also shown that the three conductivities can be regarded as components
of a conductivity tensor.

The three conductivities depend on both electron and ion collision frequences,
and their values as functions of altitude are shown in Fig. 3.2.4. Note that in
the upper layers, the parallel conductivity is several powers of ten greater than the
others, which are of mutually comparable magnitude.

The ionosphere merges without a sharp boundary into the magnetosphere.
It is therefore a matter of definition where to consider the ionosphere to end. A
common definition, used in Table 3.2.1, is that it ends at a level of 1 000 — 2 000 km
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ip E,
Figure 3.2.3. Definition of Pedersen, Hall and parallel current.
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Figure 3.2.4a. Altitude variation of the parallel conductivity in the iono-
sphere (Hanson 1965).

altitude, above which the hydrogen ion is the dominating ion species during average
conditions (from which great deviations occur).
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sphere (Hanson 1965).
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3.3. Tonospheric Disturbances

Various kinds of solar activity, especially so—called solar flares, which are de-
scribed in Chapter 5, lead to enhanced radiation, which can cause strong tonospheric
disturbances. These disturbances occur with different time delays relative to the so-
lar flare depending on which product of the flare is the cause. They can be divided
into three principal categories described below.

Principal Category I: Sudden Ionospheric Disturbances, SID

This type of disturbance is caused by an intensification of the short wave
electromagnetic radiation of the sun and therefore starts at the same time as the
visible light reaches the Earth. The duration of the disturbance can vary from a few
minutes to about an hour. The four most important disturbances of this category
are:

1) Sudden Short-Wave Fadeout, SSWF

Radio reception in the frequency range 5-20 MHz (15-60 m wavelength) be-

comes difficult or impossible. The reason is enhanced ionization in the D layer,

which leads to abnormally large absorption, because the collision frequency is

high in this layer (cf. the section on radio wave propagation, 3.4).

Sudden Cosmic Noise Absorption, SCNA

The radio noise from outer space, which is routinely recorded in the wavelength

range 6-17 m, is reduced due to the increased absorption in the D layer.

3) Sudden Phase Anomaly, SPA
Radio signals in the long wave band with oblique incidence can, for reasons
mentioned in section 3.2, be reflected from the D layer. A sudden increase
of ionization in the lowest ionospheric layers causes an equally sudden change
of the reflection altitude and hence of the path length and the phase of the
carrier wave. This is registered as part of the routine recording of the state of
the ionosphere.

(A
—

4) Sudden Enhancement of Atmospherics, SEA
Atmospherics in the long wavelength band caused by lightning discharges make
themselves felt at greater distances because of the increased reflexion capability
of the D layer for obliquely incident long wavelength waves. This is manifested
in a higher level of atmospherics. Routine registration is usually done at wave-
lengths of about 10 km.

Principal Category II: Polar Cap Absorption, PCA

This kind of disturbances is caused by particle radiation from the solar flare.
The particles are mainly protons and have energies in the range from a few MeV to
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hundreds of MeV. They reach the Earth about 24 hours after the solar flare. Unlike
the electromagnetic radiation, the particles are influenced by the Earth’s magnetic
field, and a consequence of this is that they can reach the ionosphere only in certain
regions around the magnetic poles.

Where they do arrive, these particles cause ionization at very low altitudes,
even down to 50 km, and cause a heavy absorption of radio waves, except for ex-
tremely large wavelengths, 10-30 km, whose propagation is instead enhanced. In
spite of the fact that the solar flare itself has a short duration, (of the order of 15
minutes, cf. Chapter 5) and in spite of the fact that an ion pair created at these low
altitudes recombines very rapidly, the disturbed state of the ionosphere can prevail
for several days, in exceptional cases even a week. The reason is believed to be that
the cloud of energetic particles is trapped in the interplanetary magnetic field and
leaks out only slowly.

Principal Category III: Ionospheric Disturbances Associated with Geomagnetic Storms

In addition to electromagnetic radiation and high energy particles the solar
flare also produces a stream of magnetized plasma, which, with a speed of nearly
1 000 km per second flows through interplanetary space — a kind of intensified
solar wind (cf. Chapter 6). When this plasma reaches the vicinity of the Earth, a
complicated interaction with the Earth's magnetic field takes place, which, among
other things, leads to magnetic storms and enhanced auroras as described in section
4.5. The auroras cause a strongly enhanced local ionization in those regions of the
ionosphere that are hit by the auroral particle fluxes.
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3.4. Radio Wave Propagation in the Ionosphere

In this section is given a brief orientation. A detailed analysis is given in
section 3.9.

Terminology

The terminology for radio wave frequencies is summarized in Table 3.4.1.

Radio wave bands

Ferequency band Wavelength Notation
20 Hz - 3 kHz > 100 km ELF (Extremely Low Frequency)
3 kHz - 30 kHz 100 km - 10 km VLF (Very Low Frequency)
30 kHz - 300 kHz 10 km -1 km LF (Low Frequency/Long Wave)
300 kHz - 3 MHz 1km-100m MF (Medium Frequency/Medium Wave)
3MHz - 30 MHz 100m -10m HF (High Frequency/Short Wave)
30 MHz - 300 MHz 10m-1m VHF (Very High Frequency)
300 MHz - 3 GHz 1m - 10cm UHF (Ultra High Frequency)
3 GHz - 30 GHz 10cm - 1cm SHF (Super High Frequency)
30 GHz - 300 GHz iecm - 1mm EHF (Extremely High Frequency)

Table 3.4.1. The radio wave bands (alter Tascione 1988).

L]

Frequency parameters

The propagation of radio waves in the ionosphere is influenced by certain
natural frequencies that characterize the medium itself. The most important of
these are the electron gyro frequency, f,., the ton gyro frequency, f,, the collision
frequency of the electrons, v., and the plasma frequency, f..

The collision frequency of the electrons is simply the average number of times
per second a given electron collides with another particle. The other frequencies are
defined below. In the expressions given have also been included notations for the
corresponding angular frequencies (denoted by the symbol w).
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Three more, often used, frequency parameters are the ton plasma freguency,
[oi, the lower hybrid frequency, fu, , and the upper hybrid frequency, f.. , which are

defined as follows
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Collision Frequency and Damping

As shown in Fig. 3.2.2, the collision frequency of the electrons is a couple
of powers of ten higher in the D layer than in the upper layers. As a consequence,
electrons that are set in motion by a radio wave will lose part of the energy imparted
to it instead of giving it back to the wave. Therefore the wave is damped. In the
upper ionospheric layers the damping of radio waves is much weaker because of the
much lower collision frequency.

Phase and Group Velocity

The phase velocity is the velocity with which the phase of a radio wave of a
single frequency propagates.

The group velocity is the velocity with which a wave packet composed of waves
with more than one frequency propagates. The group velocity is also the velocity
with which the energy of the wave packet propagates and therefore the velocity at
which information kan be transmitted. The group velocity can, as shown by the
theory of relativity, never exceed the velocity of light. On the other hand, the phase
velocity may well do so.

A radio wave in an unmagnetized plasma has a phase velocity given by the
expression

c

-y

(3.4.7)
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Ugr = C\/ 1- j?c/fz (348)

Thus the product vy, - vy is equal to ¢, In other words, the geometric mean
value between the phase and group velocities is equal to the velocity of light.

Just as in optics one can define an index of refraction for radio waves, which
is simply given by

whereas the group velocity is

n = c/Upn (3.4.9)

Just as in optics total reflection can occur, if a wave with an angle of incidence
«, encounters a boundary to a medium with higher phase velocity (lower index of
refraction), and vy /vy < cosa. Although there are no sharp boundaries in the
ionosphere, the phase velocity can change rapidly when f,./f approaches 1. As a
result, a radio wave with a frequency f, propagating at an angle a to the vertical,
is reflected at the level, where the critcal frequency, f.., given by

for= ) Ve (3.4.10)

CcoS o ’

(where n, is measured in electrons per m?), equals the frequency of the wave.

For the D layer, where the electron density is approximately 10° m™3, the
critical frequency for vertical incidence is about 300 kHz, whereas at the I layer
maximum (with electron densities of more than 10'? m™) it can be between 10 and
30 MHz.

In the context of using ionosondes, the quantitative translation of the iono-
grams into altitude profiles of electron density requires that corrections are made
for the actual, curved, propagation path of the wave and for the actual variations
of electron density along it, as well as for the influence of the geomagnetic field on
the propagation.

A more comprehensive treatment of radio wave propagation is given in section
3.9. Here will only be given a few simple results.

A radio wave propagating parallel to the geomagnetic field can be split into two
circularly polarized components, whose electric field vectors, seen in the direction of
the magnetic field, rotate in, respectively, the right-hand and left-hand sense. These
two partial waves have different phase velocities, namely

c
v = (3.4.11a)
1 e
P2 f e
for the left-hand rotating wave, and
g
YR = = (3.4.11b)
1 ;;c

TP = e
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for the right-hand rotating one.

As the circularly polarized partial waves, which together constitute the plane
polarized wave, propagate with different velocities, their relative phase changes con-
tinually during the propagation. Together they still form a plane polarized wave,
but its plane of polarization rotates as a consequence of the changing phase relation
of the partial waves. This rotation of the plane of polarization is called Faraday
rotation and can be used for measuring path-integrated electron density in the iono-
sphere and other space plasmas.

In the case f, < f it is found from (3.4.11a) and (3.4.11b) that the phase
change per unit length, {2y, becomes

Qo= ~fLfp/f* radians/m (34.12)
C

If, instead, the radio wave propagates transverse to the magnetic field, it is split
into an ordinary wave, whose electric field oscillates parallel to the magnetic field,
and eztra ordinary wave, whose electric field oscillates transverse to the magnetic
field. Their respective phase velocities are

g = = (3.4.13a)
_ e
n ¢ (3.4.13b)
.\/1_f3e_(f2_fge)
f2 (f2 - f]?h.)

As radio communication via satellite requires that the radio waves can pen-
etrate the density maximum of the ionosphere, frequencies exceeding the critical
frequency of the F layer maximum are required. Therefore frequencies in the UHF
or SHF bands are used (cf. Table 3.4.1).

However, not even these waves are entirely uninfluenced by the ionosphere they
have to pass through. The most important disturbing effect on their propagation
comes from rapid spatial electron density variations along their propagation path
(mostly around the F layer maximum betwen 225 and 400 km altitude) and it leads
to so—called scintillation, i.e. rapid, usually random, variations in amplitude and/or
phase. The most important cause is considered to be a kind of F layer irregularities
extended parallel to the magnetic fleld, a phenomenon, which is called spread-F,
and is most pronounced at low latitudes.
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3.5 Radiative Ionisation in an Exponential Atmosphere

To illustrate the physics behind the origin and overall structure-of the iono-
sphere we shall quantitatively analyze the ionization equilibrium in an exponential
atmosphere under the influence of ionizing radiation, and derive the so-called Chap-
man profile (Chapman 1931). It is worth noting, however that this profile was de-
rived and published by Pedersen (1927) a few years earlier, so that Pedersen profile
would have been a more proper name.

Assume:

1) An exponential atmosphere, i.c. a neutral gas density given by the expression

n, = n[)e_:/H (351)

The fact that a plane isothermal atmosphere is thus distributed has already

been shown in section 2.3, eq. (2.3.2).

Vertically incident ionizing radiation (at wave lengths shorter than 2400 A, for

example ultraviolet light and X-rays) with the intensity /o above the atmo-

sphere.

3) Ionisation coefficient, a; , recombination coefficient, a, , and absorption coef-
ficient, a,, are constant.

[SNe]
—

Because of absorption the radiation intensity diminishes according to the equa-
tion

dl
— = Ina0, (3.5.2)

o

The number of ionizations per unit of time and volume is

g= alny (3.5.3)

The electron density, 1., in equilibrium is determined by the balance between ion-

ization and recombination,
2
= g (3.5.4)

Clombination of (3.5.1) and (3.5.2) and integration gives

—Hagnpe /1

I'= eonst. € (3.5.5)

where the constant of integration is determined by the condition that I = f;, when
= Oy B

/1

Fe I“ e—Hu,.rmrz“ (356)
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Inserting (3.5.1) and (3.5.6) into (3.5.3) and application of the condition ¢ =7

leads by means of (3.5.4) to the result
5 L
- . _ —=l I
N, { J nye =/ H I()G Ha,npe }

a,.

By differentiation it is seen that n, has a maximum at the level

Zriar = H 1“((1”7?.[).[{)
By counting altitude from this level, u.e. by the substitution
£ = 3 - Z’Hﬂ'.l'

one finds that

% 1—¢/H=e 81
Ny = Ne mox G-( ¢/ )

which is the formula for the so—called Chapman profile.
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Figure 3.5.1. The Chapman profile (Hargreaves 1979).

(3.5.7)

(3.5.8)

(3.5.9)

(3.5.10)

The shape of the profile reflects the facts, already mentionad in section 3.1,
that at high altitude there is a high radiation intensity but few particles to ionize.
At low altitude there are many particles but little radiation left. Somewhere in

between there must be a maximum of the product In, in the equation (3.5.3) and

thereby for the production of clectrons.

The real ionosphere has the more complicated structure described in section

3.2, because the atmosphere is composed by several gases, which interact by complex

photochemical processes, and the sun’s radiation containg a variety of wavelengths.
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3.6 Diffusive Equilibrium in Multicomponent Plasma

The electrically charged particles in the ionosphere are light negative electrons
and much heavier positive ions, the latter of several different species. If these par-
ticles, like those in the neutral atmosphere, were to assume altitude distributions
determined by the balance between thermal motion, which tries to cause upward ex-
pansion, and gravity, which holds the particles back, the light electrons would have
a very different altitude distribution from the heavy ions. This would lead to a sepa-
ration of positive and negative charges (the former dominating below and the latter
above). However, even a tiny separation of positive and negative charges creates an
electric field , which prevents further separation. This upward-directed electric field
males sure that the positive and negative charges very nearly balance each other
not only totally but also locally in each volume element (quasi-neutrality).

How close this balance is can be shown by using Poissons equation to estimate
the maximum relative imbalance. For the F layer with an electron density of more
than 10 m~* and a thickness of more than a hundred kilometers, one finds that a
relative unbalance of An/n would give a potential drop of 2 - 101*An/n volt. For
the potential not to exceed the voltage equivalent of the particles’ thermal energy,
which is a fraction of a volt, the relative charge imbalance has to be less than one in
10%. This illustrates the concept of quasineutrality, which was discussed in section
1.3.

The electric field needed to keep this balance has a potential of the order of
kT /e, i.e. a fraction of a volt. With a height scale of 100 km, this implies a field
strength of the order of microvolts per meter, as will be shown quantitatively below.
This vertical upward electric field is called the Rosseland Field.

With an argument like that just given, it is possible to derive the condition
An/n < (Ap/l.)* given above in section 1.3. To illustrate the interplay between
gravitation, diffusion and electrostatic forces we shall give a general analysis of the
equilibrium of a multicomponent plasma with an arbitrary number of ion species,
numbered 1,2,...,N under the assumption that the ion and electron populations are
each isothermal (but not necessarily at the same temperature). For simplicity we also
assume that the ions are singly charged. Generalization to arbitrary charge numbers
Z and different temperatures Tj;. for different ion species is straightforward.

The equation of pressure balance is for the electrons:

dp, dn,
d]i' = kTsd—z = (—m.g — eE)n, (3.6.1)
and for each of the ion species:
dp;; dn; .
5;7 = kﬂ% = (—mijg + eE)nij, ] = 1, 2, ..N (362)
Balance of charges requires:
va

ne= Y ni (3.6.3)

i=1
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Summation of (3.6.2) over j gives
d N N
sz’E Znij = (—myg +ek) Z Nij
=1 j=1

which after division with Zjvzl n;; and application of (3.6.3) can be written

1 dn,
KT =2 — g+ eE (3.6.4)

N, dz

where the local mean ion mass m; is

AIF
1 T T
‘7=Z£%Li (3.6.5)
Z!‘ s
Jj=1""]
Thus one has 1 d
kﬂa£?=—mgﬂeE (3.6.1)
1 dn
k'I;— = = _—i E 0.
g =g te (3.6.6)
1 dny;
KT —29 = _miig+eE (3.6.2)
i dz
From (3.6.1) and (3.6.6) the strength of the electric field can be calculated
1 Mile — c’I:' —i Tc
_ A Tle— ity T (3.6.7)

~ e T+T ° & T+T,

and we can confirm that it is of the order of magnitude 1 uV/m as estimated before.
Insertion of (3.6.7) into (3.6.2) gives for the density, n;;, of a particular ion species,
k,

1 dﬂ.ij _ _mijg T — mcﬂ g
n,;,- dz kﬂ TE + 'T; ]C‘.’Ft

From the expression (3.6.8) for the altitude distribution of a particular ion
species it can be seen that, if more than one ion species is present, the density need
not vary monotonically for all the species. Ions that have a mass smaller than about,
half the local mean ion mass (or more precisely m;; < ;1. /(L. + T7)) increases its
density upwards to the level where the mean ion mass m; decreased so much that
mi; = m:I./(T. + T;). Only after that does the density of the ion species concerned
decrease with altitude.

In the special case where only one ion species is present, it follows from (3.6.8)
that

(3.6.8)

2 mygdz
n; = const. € Jo 7T = const. e~ (3.6.9)
where the scale height H is
k(T, +T;
= Mt T) (3.6.10)
mig

In the absence of electrostatic forces ions with mass m; and temperature 7;
would have had the scale height H; = kT:;/m;g and electrons with mass m, and
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temperature 7, the much greater scale height H, = kT./m.g. The result of the
electrostatic forces is that both ions and electrons are forced to have a common
scale height given by (3.6.10). When T, = T;,

H=2H; < H, (3.6.11)

i.e. the "compromise” scale height is much closer to the "free” scale height of the
ions than to that of the electrons. In other words, the height distribution is mainly

determined by the heavier species, i.e. the ions.
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3.7 Motion of Charged Particles in Electric and Magnetic Fields

The complicated behaviour of a magnetized plasma is a result of the complex
motion of the charged particles. In a neutral gas the atoms and molecules move in
practically straight ballistic orbits between practically instantaneous collisions and
unaffected by electric as well as magnetic fields.

In a plasma the orbits of the charged particles are influenced not only by
collisions but also, and at all times, by the electric and magnetic fields that are
virtually always present in the plasma.

In this section the motion of charged particles in electric and magnetic fields

will be briefly described.

The gyration

Consider a particle with charge ¢ and mass m, moving with the velocity v in
a homogeneous magnetic field B. [ts motion is illustrated in Fig. 3.7.1.

Gyro center

/4\\
S

HDirection of motion
Positive
particle

=

Direction of current

Direction of motion

D
— Direction of current

-t

Negative
particle

Figure 3.7.1. Unperturbed motion of an electrically charged particle in a
liomogeneous magnetic field.

Transverse to the magnetic field it performs a circular motion with constant
angular velocity, the gyro (angular) frequency, w,, and corresponding frequency, the
gyro frequency, fg.

These are easily calculated from the condition that the magnetic force, qu, B,
must balance the centrifugal force mv?; /p. From this it follows directly the expression
for the gyro radius
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muv
0= 3.7.1
I G7)
and since f, = vy /27p, it follows that
1 1 |¢|B
fo=—w, = —m (3.7.2)

2r ¢ 2m m

Seen in the direction of the magnetic field vector, negative particles rotate
clockwise and positive particles anticlockwise.

In both cases the particle motion represents an electric current circulating
anticlockwise around the magnetic field vector and thus generates a magnetic field,
which, within the gyro circle, is directed opposite to the primary magnetic field (cf.
Fig. 3.7.1).

If account is taken of the directions of the forces and motions, it is found that
the gyro radius can be expressed as

_mva

where the vector p represents the distance and direction from the instantaneous
position of the particle to the center of the gyro circle (cf. Fig. 3.7.1)..

(3.7.3)

The magnetic moment

The circular current has a magnetic moment directed opposite to the primary
magnetic field and is therefore called diamagnetic moment, whose magnitude is the
product of the area of the gyro circle (mg®) and the average current (gqf,), carried
by the gyrating particle. Thus the diamagnetic moment, y, is given by

p=muv] /2B (3.7.4)

Along the magnetic field the particle moves with the constant velocity v.
Therefore the resulting motion becomes a spiral as illustrated in Fig. 3.7.1. The
center of the circle, the gyro center moves at constant speed along the axis of the
spiral.

Influence of an electric field

Consider next the influence of an electric field, E.

Its component along the magnetic field has the only consequence that the
motion becomes accelerated or decelerated.

The electric field component transverse to the magnetic field, E,, has a very
different effect, namely that the particle drifts transverse to both the electric and
magnetic field.

The simple explanation is that because of the electric field, the gyrating particle
will have a somewhat greater energy, and hence larger gyro radius at one side of
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the circle than the other. Therefore the circle does not close, and the particle drifts
sideways as illustrated in Fig. 3.7.2.

The magnitude of the drift velocity transverse to the magnetic field is

u, =E,/B (8:7.9)

or in vector form,

u, = E x B/B? (3.7.10)

A straightforward way to prove this is the following. The equation of motion
in the combined electric and magnetic fields is
dv

ey = g(vx B)+¢E (3.7.11)

Split the velocity vector v (transverse to B) into a sum of an initially unknown
average velocity, u; and a superposed periodic velocity v/, i.e.

Vi =LIL+V3_ (3712)
By inserting (3.7.12) into (3.7.11) one finds

I
d
m% = ¢(v' x B) +¢E, +qu; x B — m% (3.7.13)

If the electric and magnetic fields are assumed constant in time and space, the last
term in (3.7.13) is zero, and we obtain

dv’

m (Ftl—) =q(v' xB) +¢E, +qu, xB (3.7.14)
If we now form the time average of this equation, terms containing v’ disappear,

because v’ is periodic, and hence has the average zero. Then there only remains

0=¢gE, +qu, xB (3.7.15)

If we divide by g, and the équation is vector multiplied by B, we find by means
of the vector identity a x (b x ¢) = b(a-c) —c(a-b) that

O=B><E+B><(ulXB)=—E><B+uJ_B2—B(uL-B) (3716)

As u, - B = 0 division by B* yields the expression (3.7.10) for the drift motion
transverse to the magnetic field.
Along the magnetic field the particle is not affected by any magnetic force.
If the electric field, E, has a component, Ej, along the magnetic field, the particle
performs an accelerated motion in this direction, and the acceleration is given by
d’UH _ i

k| O 5 kst
7 —E) (3.7.17)
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Influence of a non—electric force

If the charge of the particle is g, a mechanical force, F, for example gravitation
or an inertial force, has the same effect as an electric force given by E = F/q.

It produces corresponding drift motions, which are illustrated in Fig 3.7.2, and
which can be calculated by replacing E by F/q in (3.7.10) and (3.7.17), i.e.

u, =F x B/qB’ (3.7.18)
and p .
a2

7= (3.7.19)

Note that the transverse drift due to an electric field is in the same direction
for positive and negative particles, but the opposite if the drift is due to a mechanical
force, F.

Influence of a magnetic field gradient

If the magnetic field strength has a gradient transverse to B, a drift motion
results, because according to (3.7.1) the gyro radius is smaller where the magnetic
field is strong and larger where the magnetic field strength is small, as illustrated in
Fig, 372

A quantitative expression for the drift motion due to a magnetic field gradient
can be derived by noting that the gyrating particle, because of its diamagnetic
moment, x4 (3.7.4), is influenced by a magnetic force, which in average over the gyro
orbit is given by

F, = —pgrad B (3.7.20)

Thus this average force is the same as the force from an electric field F, /q.
Therefore it follows, in analogy with (3.7.10) and (3.7.17) that the transverse drift
is given by .

L B2

and the motion along the magnetic field by

p B _ pu
=(—-grad B — = B x grad B 3.7.21
u ( p gra ) X PEE X gra ( )

d
(_‘_") — —F(grad BY, (3.7.22)

m
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Figure 3.7.2. Drift motions of electrically charged particles in a homoge-
neous magnetic field, under the influence of forces or gradients transverse
to the magnetic field (after Alfvén and Falthammar, 1963).
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3.8 Electrical Conductivity in Magnetized Plasma

The charged particles that constitute the key ingredients of any plasma interact
mutually by electrostatic forces (Coulomb forces), which have a long range, usually
much larger than the average inter-particle distance, so that at every instant each
particle is influenced by a large number of other particles. Furthermore, the charged
particles, by charge separation, create secondary electric fields, by means of which
they execute a collective interaction of a much more efficient, but also much more
complicated, kind than binary collisions.

A detailed discussion of these complex processes will not be given here. We
shall only note, that the description of the simultaneous many-body interaction of
the charged particles can formally be reduced to an equivalent binary formalism
by introducing an equivalent “collision cross section for distant encounters”, and
corresponding “collision frequencies”, which allow treating Coulomb collisions as if
they were binary.

3.8.1 Macroscopic Equations for Magnetized Plasma

A macroscopic description is characterized by relating the motion of all par-
ticles (of a certain kind) in a volume element in the plasma to the forces acting on
these particles. For a strongly collision-dominated plasma one can sometimes use a
one-fluid model, where all the particles in a volume element are assumed to move
together with a common (mean) velocity. For thinner plasma, such as that in the
ionosphere, and many other parts of space, it is appropriate to use a description,
where neutral gas, electron gas, and (one or more) ion gas(es) constitute fluids,
which move relative to each other, i.e. a three(or more)-fluid model. In one and the
same volume element, electrons, ions, and neutral-gas particles can have different
velocities, v,, v;, och v,.

Quasineutrality requires that the densities of ions and electrons, n. and n;, are
(essentially) equal (we assume here singly charged ions) and this common density
can be denoted n. The equations of motion for the electron, ion and neutral gases
are

dve
ﬂmcd—‘; = —ne[E + v, x B] — grad p. — nMeVen (Ve — Vi) — nMelei (Ve — ;)
(3.8.1)
dv,-
nm— = = ne[E + v; x B] — grad p; — nmvi, (vi — v,) + nmeve(ve — vi)
(3.8.2)
dvy,
M= = = grad p, + nmele, (ve — v,) + nmavi (v, — vy,) (3.8.3)

where v,,, v, and v,; are the “effective” collision frequencies for exchange of mo-
mentum by, respectively, electron—neutral, ion—neutral- and electron—ion collisions.
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Here it has, for simplicity, been assumed only one species of ions and one
species of neutral gas. Cleneralization in this respect is straightforward.

3.8.2 The Generalized Ohm’s Law

When v, and v; are nearly equal, which is often the case, (even when strong
electric currents dow), it is often useful to replace them with their weighted average
velocity, i.e. the joint mass velocity of the ion— and electron gases,

m; Vi + M.V,
V= — (384)
i + e

and a measure of their differential velocity; namely the electric current density,

i =en(v; — ve) (3.8.5)

For substitution in (3.8.1) and (3.8.2) we can invert (3.8.4) and (3.8.5) to

M . m, 1
Vi=v4 ——— i v+ —— (3.8.6)
en(m; + M) m; en
Mg P 1
Vv, =V————<18V— — 380
en(m; + me) en ( )
P = (M + M) (3.8.8)

From the equations (3.8.1) - (3.8.3) one can now derive on one hand an equa-
tion for the mass velocity, v, which is quite complicated and will not be discussed

here, and on the other an equation for the current density i.
The latter constitutes the Generalized Ohm’s Law and can be written

if m, O

i
!l CixB+— =Ey 3.8.9
o i 6‘.'?.1 } ne? ot 2 (E:8:9)
where !
1 m,, ,
Ej=E+vxB+ —(gradp, — —gradp;) + f{v — Vi) (3.8.10)
e m;

and the conductivity o and the friction factor /A are given by the expressions

ne- 1 ne’
g=— = (3.8.11)

He S
MMy Vei + Ven =+ ,,T::Vin Ml

where in the right hand term has been introduced a composite electron collision

frequency
Me
Ve = Vi + Ven -+ ﬂ_t‘ufn. (3812@)

and

6 = _e_:(y(_’n - Vin.) (38126)
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The Generalized Ohm’s Law is in its general form fairly complicated. Buf it
still has one “simple” property: it still represents a local relation between macro-
scopic quantities. In even thinner space plasma, e.g. in the magnetosphere, even
this local property can be lost.

In various application the general form of Ohm’s law can often be simplified
in ways that depend on the circumstances. If the simplification can go so far that
only the first term remains on the left hand side of (3.8.9) and only the first term
on the right hand side of (3.8.10), it is reduced to the ordinary Ohm’s law.

3.8.3 Anisotropic Conductivity. The Conductivity Tensor.

It is clear from the form of the Generalized Ohm’s Law that an electric field
in one direction need not produce a current in the same direction. Because of the
influence of the magnetic field, which makes it easy for electrons to move along the
magnetic field but difficult to move across it, an asymmetry is present even when
non-electric terms, such as pressure gradients, can be neglected.

A case that is important in the ionosphere is that where one can disregard
pressure gradients and time derivatives in the Generalized Ohm’s Law. One can
then solve (3.8.9) for the components of the electric current density. It is suitable
to choose these components in the way defined in Fig. 3.2.3, namely:

(1) the component parallel to the component (E, )of the electric field that is trans-
verse to the magnetic field, the Pedersen current (density)

(2) the component transverse to both the magnetic and electric fields, the Hall
current (density) and

(3) the component parallel to the magnetic field, the parallel current (density).

After some vector manipulations starting from the basic equations (3.8.1) —
(3.8.3) one can derive the following simple relations between the components of the
electric field and current densities:

ip = UPEJ_ (3.8.13(1,)
iy =0yl (3.8.13b)
’z‘;" = 0’||E|| (3.8.13{3)
where
: 2 L (3.8.14a)
a O¢ O; 0. A
F 1 dewlorl 14w "
—_ wﬂcTC o wgiTz'
OH = Oeq 72 ol E (3.8.14b)
o) = 0.+ 0; (3.8.14c)
where o, = e’nr./m., 0; = egn'rt-/mi and 7. och 7; are effective collision times

(inverses of effective collision frequencies) for electrons and ions.
The equations (3.8.14a) — (3.8.14c) can be condensed into one single tensor
equation,
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i=g E (3.8.15)

where, with a suitable choice of coordinate directions, the conductivity tensor o

takes the simple form

og=|—oy op 0O (3.8.16)

3.8.4 The Cowling conductivity

Tn some cases the Hall current is prevented from flowing, e.g. because the
conductive region is limited to a band-like region, extended in the direction of the
applied electric field, as in Fig. 3.8.1. This situation can prevail, for example, in the
bands of enhanced ionization created by auroral arcs (cl. section 4.5).

i -
b o, E,
4 _
©B
i3 -
5 - .
ap E
4 :
oy £y a, £,
© -
HE =
EOT
n _t
: !
+ E;

Fipure 3.8.1 1 the Mall current is prevented from Howing, for cxample
by the conductive region heing limited Lo a hand extended in the divection
of the applied electric i2id o anterization field is formed. which leads to an

crhineed offeetive v cre s CCtowiiee onduciivin

When, as in Fig. 3.8.1., the Hall current driven by the primary clectrice field.
5y, i.e. oy sy, reaches the sides of the condueting band, and cannot continue. the
sides of the band are charged, so that a secondary clectric ficld, the polarizalion
Jield, 12y, is Tormed and grows, until its Podersen current. apfdp precisely balances
oy Eg. which implies that 19, = (o fopila.

The electric Geld component, £9) also drives o Hall corrent, ayp ldy, which adds
(o the Pedersen current of the primary electric field. The s ol these Lwo cirrents

i

a

= O‘ = Ol‘.i ] P -4
b = opliy + oy ( ‘ bn) = (Uj’ + ”) o (3.8.17)
}J
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The resulting “effective” conductivity is called the Cowling conductivity and
is thus given by the expression

) 9
@ & .
oo =op+ L =op(1+2 (3.8.18)
(T}’ O—}‘}

In the ionosphere the quotient oy /ap is often 3 — 4, i.e. oc about a power of
ten larger than ap.
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3.9 The Appleton-Hartree—Equation

In this section we will derive a fundamental equation for the study of the
propagation of electromagnetic waves in the ionosphere. The equation, named after
the English scientists Appleton and Hartree, also has important applications in the
magnetosphere and in other parts of space. It is based on the following assumptions:

1). The motion of the ions can be disregarded. This assumption is justified at
frequencies much higher than the gyro frequency because the ions are much
heavier than the electrons.

. The motion of the electrons is described by the equation

o
~—r

met = —eF — el X By — vem.T (3.9.1)

where r is the instantaneous position vector of an electron relative to its average
position and By is an unperturbed homogeneous magnetic field (which is locally
a good approximation for the geomagnetic field). The wave magnetic field b,
which is much weaker, is neglected in the equation of motion, and v, is the
* effective collision frequency of the electrons. The value of v, in the ionosphere

is shown in Fig 3.2.2.
3). The electric and magnetic fields of the wave, E and b obey the Maxwell equa-
tions
dD
ot s —— 9.2
rot h = — (3.9.2)
db
ot K= —— 9.
ro o (3.9.3)
where
X b = uyh (3.9.4)
D=c¢E-+P (3.9.5)

and the polarization, P, of the medium (electric dipole moment per unit vol-
ume), is given by the expression

P = —ner (3.9.6)

4). The waves are plane, i.e. the quantities representing the wave vary as (the real
part of) the factor

ei(u.'{,—f.‘.:) ' (307)
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This means that the coordinate system has been oriented in such a way that
the wave number vector k is directed along the z—axis. Of the quantities in the
exponential the angular frequency, w = 2 f, is a real number, whereas the wave
number, k can be a complex number.

From the form of (3.9.7) there follow the simple differentiation rules:

o
57 = (3.9.8)
% = —ik (3.9.9)

Already from the Maxwell equations (3.9.2) and (3.9.3), which in component
form read,

ikh, =iwD, (3.9.2a)
—ikh, =iw D, (3.9.20)
0=iwD, (3.9.2¢)
ikE, = —iwb, (3.9.3a)
—ikE, = —iwb, (3.9.3b)
0=—iwb: (3.9.3¢)
and the relation pgeg = ¢ it follows that:
a) the indez of refraction, n, defined as
g c ck
n=—= = 3.9.10
v (w/k)  w ( )
is given by the expression
, D, D, P, P,
P TE =1 =14 —= 3.9.11
" ED-E|:r E(JEy + EUEr * EOE;; ( )

b) the wave is transversal in the vectors D and b (because D. =b, =0 ).
In general it is, however, not transversal in E.

¢) Epb, + Eyby + Eb. =0ie. E-b=0.
Note, however, that this does not mean that ELb. For ELlb it is required
that Re (E) - Re (b) = 0, which is in general notf true.

The polarization, o, of the wave is defined as
0= — (3.9.12)
It can easily be shown that a real-valued p corresponds to linear polarization of the

wave and p = =i to circular polarization of the wave. (Other values of p correspond
to elliptic polarization).
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The polariation, P, of the medium (plasma) has been defined in (3.9.6). If the
differentiation rules (3.9.8) and (3.9.9) are applied to (3.9.1), and the vector P is
introduced by means of (3.9.6), the result is

P P P
"m,c(iu))2 = —¢B —¢ciw x By — vomeiw
—Ne€ —N,€e —Nee
ft;
Ne€> Ve eBy By
— E=(1—-i—)P+1 -—xP 3.9.1
mewg ( ’ w ) ¥ Tmcw BU ( 3)
If now the electron plasma frequency
o f e’ (3.9.14)
Wype = 2T [pe = .
T P 0T
and the electron gyro frequency
. GBU
wyc = 27(—fg(1 = ?TT (3915)
are introduced, (3.9.13) can be written in the simple form
g : ge
—€y (ﬂ) E = (1 — ’I-L"/'E)P -i-'l:wj B() x P (3916)
w w W

where By is a unit vector in the direction of the primary magnetic field. This
equation gives the relation between E and P and thereby (by virtue of (3.9.4))
between E and D. By solving (3.9.16) with respect to the components of P and
using (3.9.15) one can calculate the components of the dielectric tensor €, which is

defined by

D =¢E (3.9.17)

The explicit expression [or € is, however, not needed here.
If we introduce the notations standardized by URSI (Union Radio—Scientifique
Internationale), namely

Fo (@Y T
x = . ) (3.9.18)
S (3.9.19)

w

] 3.9.20)

- (3.9.2

U=1—-i2

=1-i-" (3.9.21)

- 9.2

(3.9.16) takes the even simpler form
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—E()XE =PU—-iY xP (3922)

Since until now we have defined only one of the coordinate axes (namely z
parallell to k), we can, without loss of generality, further choose Y parallel to the

T — z—-plane.
The longitudinal and transverse components of Y are Y, and Y7 . Then the

components of (3.9.22) become

—E(]_X:JE';E = UR;; + ?YL.P?', (3923&.)
—eaX B, = —iYi P, + UP, +iY7 P (3.9.23b)
—XE. = —iYyP, + UP. (3.9.23¢)

As. according to (3.9.2¢) and (3.9.5), E: = —P. /e, (3.9.23c) gives

iV
P, =-—=P 3.9.24
= U _ .X u ( )
If P. is substituted using (3.9.24) and the wave polarization g using (3.9.12),
(3.9.23 a) and (3.9.23 b) become

_ﬁl)JYEI = (U -+ ,(_JIYL)PL (3925(],)
—@XE, ={—iY; +oU — oV¢/(U = X)} P (3.9.250)

which combine to
ot —ipYA{(U - X)Yi}+1=0 (3.9.26)

The equation for the wave polarisalion, (3.9.26), shows that in general two
different polarizations are possible.

The index of refraction, n, is, according to (3.9.11) and (3.9.25a) given by the
expression '

5 X
fir =1~ T iav, (3.9.27)

Except in the case Y, = 0 the two values of the wave polarization correspond
to different values of the refraction index n. This means that the magnetized plasma
is birefringent .

For waves propagating parallel to the magnetic ficld Yy = 0 and (3.9.26) give
o = +4 which means two oppositely circularly polarised wave components.

I the roots of (3.9.26) are inserted into (3.9.27), the explicit form of the Apple-
ton—Hartree—equation is obtained:

.{Y(U _.X)
U(U — X) - 3v2 £ {1V} + Y2(U - X)?}?

n'=1- (3.9.28)
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The expression thus derived for the index of refraction describes the propaga-
tion of plane electromagnetic waves. From this can be derived for example the phase
velocity and damping as follows. By means of the definition n = ck/w, (3.9.10), the
exponential factor (3.9.7) can be written:

ei(wﬂ—k:) — eiw(f.—:Re(k)/w)E:-:Im(k)

— eir.u(f.— 2 Re(n)) G% Im(n)

s eiw(t—:/vph)e*:/zu (3929)
where
S - w (3.9.30)
"™~ Re(n)  Re(k) -
1
. L _ (3.9.31)

Cwim(n)  Im(k)

Phase velocity and damping are thus related to, respectively, the real and
imaginary parts of the index of refraction.

By considering a wave packet of superposed waves of the form (3.9.7) in a
narrow band of frequency and wave number, it can be shown that the group velocity,
Uy, is given by the expression

dw
oy = ————— 3.9.32
Vo = JRe(R) 8]
which can also be written
1
(3.9.32a)

U T ey
i (i)

/ / / A(k)eilet- btk g dle . (3.9.33)

For a wave packet

where

k=kX+kEJ+kiE (3.9.34)
one has correspondingly

Ow 0w . Ow

Vgr = Xa—k, + ya_fﬁy + ZE'E (3.9.35)
which is usually written symbolically as
dw
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From the general Appleton-Hartree-equation (3.9.28) it is easy to derive the
special results mentioned in section 3.4.

Example 1: Unmagnetized (w,. = 0) and collisionless (v, = 0) plasma.

For a wave with the angular frequency w » w. it follows from (3.9.28),
(3.9.30) and (3.9.31) that

[ c

Uph = = (3937)
\/i - (wpc/w)z \/ 1- (f])f!/f)z
Zp = 0O (3938)
Furthermore,
dw
Ygr ﬁ
_ 1
i v 3
dw \ vy
=cy/1 — (wpefw)
= /1= (fpe/ ) (3.9.39)

As before we can note that the phase velocity is greater than the velocity of
light, the group velocity less than the velocity of light and their geometric
mean equal o the velocity of light:

Vg Uph = C (3.0.40)

Example 2. Longitudinal propagation (Y; = 0). In the case
wyefw € Lie |V [« 1), vjw < 1(ie. Z=0), and w > wy(i.e. X <1)

Serial expansion retaining only the first order terms: wy/w and v./w yields

by means of {3.9.28), (3.9.30) and (3.9.31)

"= \/1 - ——j—'b’"— (3.9.41)
W= o Wy,

in agreement with (3.4.11a) and (3.4.11h).

The plus and minus signs, respectively, correspond to the two different wave
polarizations, which according to (3.4.26) are i (circularly polarized waves).
From the difference between the corresponding phase velocities, for example,
the above-mentioned Faraday rotalion can be calenlated.

If, instead, we consider transverse propagation (Y, = 0) the special cases
(3.4.13a) and (3.4.13D) follow from (3.9.28).
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Example 3: Whistler waves

A particularly interesting mode of propagation is the so-called whistler mode
mentioned in section 4.1.
Consider longitudinally propagating waves, i.e. Y7 = 0, in a plasma where
the collision frequency, v, is very small, so that U = 1 is very well satisfied.
Then (3.9.27) takes the simple form
5 X
=1 = ——== 3.9.42
l+ipY ( )

According to (3.9.26) the condition Yr = 0 has as a consequence that the
wave polarization p has the values i. If the frequency, w, of the wave is
much less than the gyro frequency, wy,, it follows that

l<Y <X (3.9.43)

Substitution into (3.9.42) shows that it is only the polarization o = +i that
gives a positive value to n®. (p = —i gives n® < 0, which means that n is
imaginary and the wave cannot propagate). With g = +i (3.9.42) becomes

(wpr:/w)z G ""’;2:.93

= ]_ E ~
? g wyefw =1 wlwye — w)

(3.9.44)

As, according to (3.9.10) n = ck/w, the following expressions are obtained
for phase and group velocity.
* Phase velocity:

w e/ w{wye — W)

¢
ry=—=—=——_ 3.9.45
=T T Whe ( 5)
Group velocity:
duw 1 ¢ Qey/w(wy, —w)? .
Ugr = 7 =ioE =iy = 4 (3946)
de £ S=(wn) Whe Wye
Thus the travel time of the signal becomes
P 1/ WpeWye ‘ =
T(w) = — | ————=tds (3.9.47)
2¢ ) Vwlwge —w)?
or, expressed in terms of [requencies instead of angular frequencies,
: Lo Jedue
T f)=— | —]——= R s L (3.9.48)
2(. V .tr(qu' - Jr);

where the inlegral is to be evaluated along the path of the signal.
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4. The Magnetosphere

4.1 The Geomagnetic Field

The Near Field

The geomagnetic field derives from electric current systems in the interior of
the Earth. At the Earth’s surface it is approximately a dipole field. The field lines
of the dipole field (i.e. lines which are everywhere parallel to the local magnetic field
vector) has the simple form shown in Fig. 1.2a. The field is rotationally symmetric
around the dipole axis.

The axis of the Earth’s dipole field does not coincide with the rotational axis
but forms an angle of about 11 ° with it. If the geomagnetic field is approximated by
a dipole at the center of the Earth its axis cuts the Earth’s surface in two antipodal
points situated at 78.3°N, 69.0°W, respectively 78.3°5, 111.0°E. The geomagnetic
field, is, however, not exactly dipolar, and a better approximation is an eccentric
dipole which is displaced 342 km from the Earth’s center in the direction 6.5°N,
161.8°FE and with an axis which cuts the Earth’s surface at the points 80.1°N, 82.7°W,
resp 76.3°S, 121.2°E.

The poles on the Earth's surface of the real geomagnetic field, i.e. the points
on the Earth’s surface where the magnetic field is precisely vertical — the dip-poles —
do not coincide with any of the poles of the dipole approximation but are located
at 75°N, 101°W, resp. 67°3, 143°L,.

The strength of the geomagnetic fields is 62 T (0.62 Gauss) at the poles and
31 uT (0.31 Gauss) at the magnetic equator.

The direction of the geomagnetic field is such that the magnetic pole located
in the Northern hemisphere is a magnetic south pole and vice versa.

A quantitative mathematical description of the geomagnetic field is given in
Section 4.6.

L]

The Distant Field

According to a well-known law of electromagnetism, the magnetic field of a
closed current system becomes more and more dipole-like with increasing distance
from the current system. As the geomagnetic field already at the Earth’s surface is
very nearly dipolar, oue would expect that this would hold more and more precisely
with increasing distance [rom the Earth.

Since the strength of the dipole field is inversely proportional to the cube of
the distance from the center, one would also expect that the geomagnetic field would
relatively rapidly approach zero.

The expectation that the geomagnetic field should become increasingly dipole—
like at higher altitudes was initially confirmed, when measurements were made by



§ 4.1 61

means of satellites. But when the satellites reached distances of many Earth radii,
there was a surprise. In the direction of the Sun the field strength started to increase
again and at a distance of about ten Earth radii it changed drastically. Often the
magnetic field suddenly changed from its regular direction to the opposite with about
the same field strength. The location of this sudden change was initially called the
Cahill discontinuity after its discoverer. It is now called the magnetopause, since
we know that it constitutes the boundary between the geomagnetic field (with field
lines which come from the interior of the Earth and return there) and an external
magnetic field, the sources of which are electric currents in interplanetary space and
the field lines of which connect to the Sun.

The discovery of the magnetopause is an example of a discovery which could
only be made by measurements in situ and not through remote observations.

In the direction away from the Sun the geomagnetic field becomes more and
more radial and extends to very large distances (cf. Fig. 1.2.1c and Section 4.2).

We now know that the reason for the drastic deformation of the geomagnetic
field is electric currents which are caused by a plasma flow from the Sun, the solar
wind which is treated in Chapter 6. The result is that the geomagnetic field is
limited to a cavity in the solar wind. The region of space which is dominated by the
geomagnetic field is called the magnetosphere.

Matter Outside the Ionosphere

The occurrence of matter even beyond the ionosphere was discovered as a
consequence of a certain type of interferences in telephone lines. They consisted of
whistling sounds and are nowadays called “whistlers”. They were explained by the
physicist Barkhausen (known from magnetism) who showed that they are caused
by audiofrequency electromagnetic waves which are excited by lightening discharges
and then propagate along geomagnetic field lines between the two hemispheres of
the Earth (Fig. 4.1.1). They propagate in a special wave mode, called whistler
mode, which has been described in Section 3.9. In this mode waves of different
frequencies propagate at different velocities. From a given lightening discharge,
waves in the medium frequenc{f range arrive first and later waves with higher and
lower frequencies (cf. Fig.4.1.1). Hence the whistling sound.

Whistler waves are usually registered in a diagram with the arrival time on
the horizontal axis, the frequency on the vertical axis and intensity represented by
blackening, known as sonagram. An example is shown in Fig. 4.1.2.

The time required for propagation from one hemisphere to the other is accord-
ing to (3.9.47)
1 fgr:fpc

T(f) B .Q_C V f(fgr:_f)3

The integral is to be evaluated along a geomagnetic field line. For a given field
line the function f,(s) is also given. For a given density distribution, i.e. a given
fue(s), and if Ty is plotted against frequency in the way shown in Fig. 4.1.3, the
result is a curve which looks similar to a whistler sonagram. It has a minimum at a
certain frequency, the nose frequency, fu.

ds (4.1.1)
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Figure 4.1.1. Audiofrequency electromagnetic waves from lightening dis-
charges can propagate along geomagnetic field lines in a mode where low
and high frequencies propagate more slowly than waves of medium frecuuen-

cies.
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Figure 4.1.3. The path of a whistler signal in the magnetosphere and the
relation between [requency and travel time from A to B
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One can show that even for widely different assumptions about the density
distribution the following simple relation between the nose frequency, f,, and the
electron gyro frequency at the peak of the field line (fe0) is valid :

fgc() ~ 25fn (412)

Thus one can directly from a sonagram read off f, and thereby determine fg.
(This is true for “nose whistlers”, i.e. whistlers where the minimum falls within the
registered frequency range.) Since the magnetic field is well-known (practically a
dipole field) in the regions where whistlers occur, one can thereby also determine
which magnetic field line the signal has followed. Thus the function fy.(s) is known,
and one can through analysis of the sonagram determine which function f.(s), i.e.
which electron density distribution, n.(s), that gives a T'(f) which agrees with the
observed sonagram.

Using many whistlers which have propagated along different field lines one
can reconstruct the whole density distribution. An early example of such a calcu-
lated density distribution is given in Fig. 4.1.4. In this particular case the density
distribution is represented by the function

-

Ne = @eﬁ-‘“ﬁ (4.1.3)
(with r in BEarth radii and n. in cm™). Already in 1963 it was discovered by
analysis of whistlers that the normal density distribution often terminated abruptly
at a (variable) distance of between about 3 and 6 Earth radii. At this boundary,
nowadays called the plasmapause (Section 4.2), the density drops to low values (of
the order of 1 cm™ or even less).

10 I I ! I .
1 2 3 4 5 6 Earth radii

Figure 4.1.4. Example of electron density distribution in the equatorial
plane derived from whistler data. (Pope 1962).
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4.2 The Structure of the Magnetosphere

After many years of research, which has repeatedly led to surprising results,
the structure and the material content of the magnetosphere are now essentially
known.

The most important parts of the magnetosphere are illustrated in Fig.4.2.1.

Trapped
pargglas

Magnelopause
& Jmricurrentf

Figure 4.2.1. The Magnetosphere

The magnetopause is the outer boundary of the magnetosphere. On the sun-
ward side it is located at a distdance which ig usually about 10 Earth radii, however,
this location can vary by several Earth radii outwards and inwards depending on
the strength of the solar wind and the direction of its magnetic field. Occasionally
it even reaches inside the geostationary satellite orbit at about 6.6 Farth radii dis-
tance from the Earth’s center, or 36 000 km above the Earth’s surface, where many
meteorological satellites and communication satellites are located. On the night side
it extends to unknown distances of at least hundreds of Earth radii.

A couple of Earth radii ahead of the magnetopause is the bow shock, a shock
front analogous to the bow shock ahead of a supersonic aircraft. It arises because
the magnetosphere constitutes an obstacle in the supersonic flow of the solar wind,
whose speed, 300 — 900 km/s, is greater than both the speed of sound (about 50
km/s) and the other relevant signal speed, the Alfvén velocity (ca 40 km/s), cf.
(1.3.5).

From a physical point of view, however, the bow shock of the magnetosphere
is remarkable for the following reason: All shock waves known from ordinary gas
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dynamics exist thanks to the binary collisions between the molecules of the gas, and
their thickness is related to the mean free path of the molecules between collisions.
In the solar wind the mean free path is about 10" m (a distance comparable to
the distance between the Sun and the Earth!), i.e. the solar wind particles are
practically “collisionless”. In spite of this a bow shock is created in front of the
magnetosphere. The existence of collisionless shock waves had been theoretically
predicted but never experimentally observed. The bow shock of the magnetosphere
is the first experimental proof of the existence of the phenomenon.

Like other shock waves the bow shock of the magnetosphere represents a tran-
sition between supersonic and subsonic flow. Thus, inside the bow shock there is a
region of subsonically flowing plasma. This region is called the magnetosheath. In
the magnetosheath the plasma flows around the obstacle, the magnetosphere. Where
the flow bifurcates in the middle of the front of the magnetosphere a stagnation point
is formed.

The nightside extended magnetic field lines form the magnetotail. At the
border between the oppositely directed magnetic field lines from the northern and
southern hemispheres respectively the magnetic field changes direction. At this
border surface, the neutral sheet, the magnetic field strength almost passes zero, but
not quite, because there is a small but finite normal component of the magnetic
field, which connects the northern magnetic field lines to the southern.

In the magnetosphere there are a number of well defined plasma populations.

Nearest to the Earth, on magnetic field lines originating at low and middle
geomagnetic latitudes, there is a comparatively dense plasma, which forms the plas-
masphere. This plasma is a kind of continuation of the ionosphere underneath it
and from which it is formed by diffusive transport from high density region. The
temperature is essentially the same as in the ionosphere, i.e. some thousands of
K, except in the outermost regions, and the density decreases gradually from iono-
spheric densities to values of 10 — 100 particles per cubic centimetre.

The outer boundary of the plasmasphere, the plasmapause, can sometimes be
very sharp (less than one Earth radius thick) but sometimes much more diffuse.
During geomagnetically disturbed conditions, the outer parts of the plasmasphere
are removed through a convection enforced from the outside, which causes the plas-
masphere to shrink and get a sharp boundary. Subsequently the emptied regions
become refilled through diffusion of new plasma from the ionosphere below, making
the border again diffuse.

Outside the plasmapause, especially on the dayside, the plasma density can
sink to very low values. This region of low density is usually called the trough.

Because of its relatively good coupling to the underlying ionosphere, the plasma
sphere participates in the rotation of the Earth, it corotates, Sometimes, however,
the outermost parts deviate substantially from corotation.

At higher latitudes on the nightside there is a large region, the plasmasheet,
which is filled with a much higher energy plasma, the equivalent temperature of
which is of the order of millions of degrees. The plasma sheet boundary layer toward
higher latitudes is closely related to the processes that cause the aurora (Section 4.5
below). Magnetic field lines at latitudes higher than the plasmasheet form the polar
plumes, of the magnetosphere, where the density of matter is extremely low, 1/100
em ™ or less.
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Inside the front and flanks of the magnetosphere there is a region with a thick-
ness of a couple of Earth radii, which is filled with a plasma which at least partly
originates in the magnetosheath outside. This entry layer is a result of the still un-
explained processes by which plasma from the outside penetrates the magnetopause.
Inside the magnetopause on the field lines that are bent toward the nightside there is
a corresponding region, discovered relatively late, which is called the plasma mantle.

As for the plasma that fills the magnetosphere it was assumed until recently
that — except for the plasmasphere which is of ionospheric origin — it consisted of
a hydrogen plasma from the solar wind and thus ultimately from the Sun. Not
until the 1970’s was it surprisingly discovered that during disturbed periods of time
there is even on high latitudes so strong an outflow of ions from the ionosphere that
large parts of the magnetosphere are dominated by plasma of terrestrial origin (from
the ionosphere and thus ultimately from the atmosphere). What was particularly
surprising was that this plasma often was dominated by oxygen ions, in spite of
the fact that the uppermost ionosphere is dominated by helium and hydrogen. The
reason for this is that the still unexplained mechanisms that cause the plasma outflow
are strongly selective and represent one or more previously completely unknown
separation mechanisms.
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4.3 The Earth’s Radiation Belts

A Scandinavian pioneer in auroral researcl, the Norwegian Carl Stormer, per-
formed extensive calculations on the motions of charged particles in a magnetic
dipole field (as a model of the Earth’s magnetic field). His primary interest was par-
ticle orbits which from outer space lead down to the auroral zone. But he also found
that there existed particle orbits, which were limited to closed regions in space. A
particle in such an orbit is magnetically trapped during indefinite time within an an-
gular region around the dipole axis (Stérmer, 1955). Since the equations of motion
are valid both backwards and forwards in time, it follows that it is also impossible
for a particle to enter into such a region from the outside. These regions were there-
fore called “forbidden regions”. It was consequently supposed that there would be
no particles in such orbits.

In the 1950’s F. Singer speculated on the possibility that the forbidden regions
might still contain particles. Possible reasons could be perturbations of the magnetic
field, collisions between particles or injection through nuclear reactions caused by
cosmic radiation. These ideas were, however, not published and not paid attention
to. -

Earth’s magnetic
axis

9 10 Eanh
radii

Figure 4.3.1. Intensily contours for the original Van Allen belts (Van
Allen and Frauk 1959).

When the American satellite Explorer 1 was launched, it also contained an ex-
periment by Professor James Van Allen at the University of lowa. It was based on a
Geiger-Miiller-tube for measuring cosmic radiation. As expected the observations
confirmed an increase of intensity with altitude (becausc of the decreasing atmo-
spheric absorption) and a theoretically predicted maximum the Pfotzer mazimurn,
resulting from a high yield of secondary particles in a certain altitude range. Above
that the intensity ought to approach a constant level corresponding to the flux of
cosmic radiation in free space. Instead the counting rate of the Geiger-Miiller—tube
fell to zero. This remarkable result was found to be the consequence of the satellite
being hit by so intense a particle flux that the Geiger-Miiller-tube was blocked. This
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was the discovery of the innermost of the Earth’s radiation belts or the Van Allen
belts (Fig. 4.3.1). These radiation belts constitute an important danger to satellite-
borne electronics, which must be made radiation resistant and/or be surrounded by
radiation shielding.

This inner radiation belt turned out to consist of protons with energies of
above 30 MeV and fluxes of the order of 10" em™%s~!. It was later found that
these protons derived from neutrons, which had been formed by the incidence of
cosmic rays against the ionosphere, ejected back into space and decayed, whereby
the released proton was trapped in the magnetic field. This source came to be known
as CRAND (Cosmic Ray Albedo Neutron Decay, cf. Chapter 9).

Later satellites, Explorer IV and Pioneer III, found an outer belt, which was
found to consist of electrons with energies of above 1.5 MeV and very variable fluxes.
The variations arise because the particles are subject to complicated transport and
loss processes, which will not be dealt with in detail here (but somewhat touched
on in Section 4.8). Measured fluxes of electrons above 1 MeV and protons above 10
MeV are shown in Figs. 4.3.2 and 4.3.3.

Later, when the measurements were extended to lower and lower energies,
it was found that practically the whole magnetosphere except for the outermost
parts, contains magnetically trapped particles, electrons as well as protons, of many
different energies. At energies of a few keV and lower the particles become too
sensitive to electric perturbation fields to be able to stay magnetically trapped (as
will be more closely described in Section 4.8) (Van Allen and Frank 1959).

25
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Figure 4.3.2. Intensity contours for electrons above 1 MeV (Daly 1988).

A detailed description of the radiation environment in space is found in Hand-
book of Geophysics and the Space Environment (1985). For actual calculations of
radiation doses in given satellite orbits one can, however, make use of a computer
program, ESA-Base, which is available free of charge from the European Space
Organisation, ESA, via the European Space Science and Technology Centre (ES-
TEC) in Noordwijk, Holland.
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Figure 4.3.3. Intensity contours for protons above 10 MeV (Daly 1988).
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4.4 Dynamics of the Magnetosphere

Pressure Balance

Since the cause of the deformation of the geomagnetic field is the solar wind,
one can expect that its extent on the frontside is determined by the dynamic pressure
of the solar wind. This is proportional to the density of the solar wind, p,,, and to
the square of its How velocity, v, and is given by the expression

Py = PmUQ (441)

The capability of the magnetic field to resist the pressure is proportional to the
square of the magnetic field strength. For a dipole field with the magnetic moment
a the field strength in the equatorial plane at radius r is given by

5= (52) 1 (4.4.2)

dg /3

One can therefore expect that pressure balance, and thereby the location of
the dayside border of the magnetosphere, should occur at a radius where

2 moay 177
PV = (Iﬂ'—)ﬁ /ZIU,()

A complete calculation taking into account also the curvature of the boundary
gives the result (Axford, 1964)

3 :
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where K is a numerical factor of the order of magnitude 1. This result has been

found to describe reasonably well the distance to the dayside magnetopause, (the

standoff distance). \

Since the solar wind pressure, like other parameters characterizing the solar
wind, varies within wide limits, so does the extent of the dayside magnetosphere.
Usually the distance [rom the center of the Barth to the dayside magnetopause is
§ — 12 Barth radii. There are, however, also much greater variations, and several
cases are known, where the magnetopause has come inside the orbit of geostationary
satellites (at an altitude of 36 000 km, 4.e. about 6.6 Earth radii from the center of
the Earth).

The continual variations in the position of the magnetopause are typical for
the variability of the magnetosphere in general. In fact, it is likely that the magne-
tosphere never assumes true equilibrium state before some new change occurs. The
magnetosphere is, in other words, a strongly dynamic system.
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Plasma Entry

Although the magnetopause, at least on the dayside, is a well-defined border
between the geomagnetic and the interplanetary fields, plasma from the solar wind
enters into magnetosphere. How the entry of the plasma takes place is not yet fully
clarified, but it seems to be a matter of dynamic rather than stationary processes.
For example it has been found that the electric field at the magnetopause exhibits
great fluctuations, which in general completely overshadow the much smaller average
value. There are reasons to believe that these fluctuations play a decisive role for
plasma transport through the magnetopause, but there exists no generally accepted
theory of how this occurs.

Energy Balance

The cross section area of the magnetosphere transverse to the flow direction
of the solar wind is about 20 by 20 Earth radii, i.e. about 10'® m?. With an energy
density of about 7-107!® Jm=* and a speed of 320 km/s the solar wind delivers a
power of about 2-107* Wm™2, which means that over the whole cross sectional area
of the magnetosphere about 2 - 10! W is available.

What part of the solar wind energy is actually delivered to the magnetosphere
is, however, very variable. During geomagnetically quiet conditions only some per
cent of the available power is absorbed. In connections with magnetic storms with
associated auroral activity the power fed into the magnetosphere can increase tenfold
or more.

It was soon found that the power fed into the magnetosphere had little relation
to the speed or the dynamic pressure of the solar wind, and thus to the available
power. On the other hand it turned out to be strongly dependent on the direction
of the interplanetary magnetic field and hence of the interplanetary electric field.
When the interplanetary magnetic field is directed southward, i.e. opposite to the
geomagnetic field in the equatorial plane, the energy injection becomes strong. This
case corresponds to an electric field directed from the morning side of the magneto-
sphere to its evening side (positive E,). When the interplanetary magnetic field is
directed northward i.e. parallel to the geomagnetic field in the equatorial plane, the
energy injection becomes weak. An example of this relation is shown in Fig. 4.4.1.

It is a well-known result from electromagnetic theory that an electric conductor
moving in a magnetic field gives rise to an electric field (this is the basic principle for
all electric generators). Since the solar wind is electrically conducting, it gives rise
to an electric field perpendicular to both its directional motion and the magnetic
field. Since it moves radially outwards from the sun, the southward interplanetary
magnetic field means that the electric field is directed from the morning side to the
evening side of the magnetosphere (dawn—-to-dusk). The solar wind therefore acts as
a magnetohydrodynamic (MHD) generator with an electromotive force of the order
of 100 kV.

What has been said above about the energy release can then be formulated
in such a way that the energy release is large when the electric field component in
the direction from morning to evening is positive, small when it is negative. In the
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Figure 4.4.1. Power released in the magnetosphere as a function of the
y—-component of the interplanetary electric field (Burton et al. 1975). the
rate of change of the geomagnetic field at the Earth is used as a measure
of the energy injection rate.

light of this Fig. 4.4.1 means that the magnetosphere behaves almost precisely as if
it were a simple rectifier with its “conduction direction” from morning to evening,

This is a surprising fact considering that the energy release is a result of an
interplay between processes so complicated that one is still very far from being able
to describe them theoretically.

Geomagnetic Disturbances

Disturbances in the geomagnetic field are strongest and most common in the
auroral zone, i.e. the annular region around each geomagnetic pole where auroras
are most frequent (cf. Section 4.5).

The disturbances are usually strongest in the horizontal component (H) and
can become more than 1000 nT. (The traditional units for the geomagnetic field are
1 Gauss = 10~* T, and 1 gamma = 1 nT.) Since the geomagnetic field at the Earth’s
surface (apart from local anomalies) is between 0.32 and 0.62 Gauss (between 32
and 62 xT) the change in the tatal magnetic field vector is fairly small both in terms
of magnitude and direction. On the other hand, at high latitudes the horizontal
component of the magnetic field is rather small (about 13 uT at ESRANGE in
Kiruna). A disturbance of the order of 1000 nT therefore represents about 8 per
cent of the horizontal component in the auroral zone.

At magnetic observatories on the Earth’s surface the geomagnetic field is reg-
istered routinely. A large number of such observatories deliver their records, magne-
tograms, to a number of World Data Centers, which in turn deliver data on request.

Magnetospheric storms and Substorms

Periods of time when the geomagnetic field is strongly disturbed are tradition-
ally called geomagnetic storms. They are associated with strong auroral activity. As
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observed at the Earth’s surface at low latitudes a major magnetic storm is character-
ized by characteristic variations in the horizontal component of the magnetic field.
These variations are often characterized in terms of three phases as schematically
shown in Fig. 4.4.2. During a growth phase with a duration of a few hours the
change of the H-component is positive. The main phase starts with an often abrupt
negative change, which can be hundreds of nT and is followed by a slow recovery
phase with a duration of some days.

At high latitudes, and especially in and near the auroral oval, the variations
of the magnetic field are much stronger and more irregular in both space and time
due to strong local current systems.

A closer analysis of geomagnetic disturbances has led to the identification of a
basic element of the geomagnetic storm, which is called substorm. What is observed
at the Earth’s surface is only a manifestation of a large scale phenomenon that really
takes place in the outer magnetosphere. This phenomenon is called magnetospheric
substorm (Akasofu, 1972).

From the point of view of the magnetosphere the most characteristic feature
of the substorm is a certain type of change of the structure of the magnetic field.
During a growth phase the geomagnetic field lines on the night side are deformed
in such a way that they are pulled out to a more and more tail-like shape, which
means that strong electric currents directed from the morning to the evening side of
the magnetosphere (the cross—tail current) are built up, and that magnetic energy
is stored in the deformed magnetic field. At the start, “breakup”, of the substorm
the shape of the magnetic field suddenly changes to a more dipole-like form. This
means that the cross-tail magnetospheric currents decrease. Instead, strong electric
currents occur in the ionosphere of the auroral oval and cause the decrease of the
H-component observed at the Earth’s surface. It is generally agreed that what
happens is that the cross-tail current is “short-circuited” via the ionosphere and
that the reason for this is a large-scale instability in the magnetosphere. There are,
however, very divided opinions about the nature of this instability.

» Time

Horizontal
Component

1 week !

. Recovery
phase

Figure 4.4.2. The variation of the horizontal component of the geomag-
netic field at the Earth’s surface during a magnetic storm (Tascione 1988).
The unit v (1 v+ = 1 nT) is commonly used in the context of magnetic
storms.
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- 4.5 The Aurora

The most striking expression of the dynamics of the magnetosphere is the
phenomenon of the aurora.

Early Concepts of the Aurora

The aurora has fascinated man since time immemorial and given rise to various
myths about its origin. Fig. 4.5.1 illustrates a Laplandish myth about the origin of
the aurora.

,ff:‘cl. e ' P '

—— ' et
Figure 4.5.1. The origin of the aurora according to a Laplandish myth
(after Eather 1980}.

At lower latitudes, where the aurora is rare it has sometimes caused great
excitement. A famous aurora occurred in AD 79 above [taly and led to the dispatch
of soldiers from Rome to Ostia, which was thought to be on fire.

The phenomenon also interested Aristotle, who was of the opinion that it
arose from movements in a “fire sphere” between the Moon and the Earth. This
explanation is said to have been generally accepted until the 16th century. Genuine
scientific research on the aurora started with the Swedish scientist Anders Celsius,
who showed that there existed a relation between the occurrence of sunspots and of
auroras.
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Scandinavian Pioneers

Also later, and even in our time, Scandinavians have played a prominent role
in auroral research. This has a very natural explanation, because among all the
areas of the Earth where the aurora is common, it is the Northern Scandinavian
sector of the auroral zone that has the most favourable climate.

The foremost Scandinavian pioneers in this field of research are Kristian Birke-
land (1867-1917), Carl Stérmer (1874-1957) and Hannes Alfvén (1908). Kristian
Birkeland made experiments in order to simulate the aurora in the laboratory. He
used a magnetized sphere, “terrella” (diminutive form of the Latin word terra = the
Earth) as a model of the Earth and showed that electrons from a cathode reached the
terrella in annular regions reminiscent of the Northern and Southern auroral zones.
Birkeland also predicted that the aurora had to do with electric currents flowing
between the Earth and outer space. Since in those times space was considered
to be a vacuum, Birkeland’s theories were not taken seriously until satellite-borne
measurements showed their correctness. (The same Birkeland also invented the
Birkeland—-Eyde—process for production of salpetre from the nitrogen of the air.)

Carl Stérmer was the first to determine the altitude of the aurora by pho-
togrammetric methods. His most important contribution was, however, very com-
prehensive calculations of the orbits of charged particles in magnetic fields — a task
which before the era of computers was extremely laborious.

The Swedish scientist Hannes Alfvén has made outstanding pioneer contribu-
tions both within auroral research and within many other areas of cosmical physics.
One such contribution was the development of the perturbation theory which pro-
vided an extreme simplification of some of the most complicated calculations of
particle orbits in electric and magnetic flelds. (This theory is discussed in Sec-
tion 4.8.) Another pioneer contribution by Alfvén was the discovery of an entirely
new kind of waves, the magnetohydrodynamic waves (Section 1.3), nowadays called
Alfvén waves. For some of his achievements he was awarded the 1970 Nobel prize
for physics.

Auroral Forms

The aurora takes many different forms. Some of them are illustrated in Fig.
4.5.2. The most important auroral forms are homogeneous arcs (with a sharp lower
border and a more diffuse upper limit), arcs with ray structure (are often formed
when a homogenous arc increases in intensity), curteins (curtain-like wavy belts of
light, sometimes with ray structure), rays (luminous structures with a great alti-
tude variation parallel to the local direction of the geomagnetic field, often rapidly
disappearing and reappearing). In the evening and early night there are most of-
ten quiet, nearly motionless, auroral arcs which extend hundreds of kilometers in
the east—west direction. Later in the night there are often auroral arcs that can
exhibit rapid changes and motions. On the morning side there are usually diffuse
and pulsating auroral forms.

When aurora occurs in magnetic zenith (i.e. around the geomagnetic field line
through the position of the observer) it forms a corona (Fig. 4.5.2).

The colour of the aurora is usually yellow—green because of the dominating
spectral line 5577 A (from oxygen atoms). Sometimes red colours occur. (Weak
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auroras look white to the eye because the most light-sensitive sensors in the retina
cannot distinguish colours.)

Figure 4.5.2. Examples of auroral forms (Eather 1980): a) Homogeneous
arcs, b) Arcs with ray structure, ¢) Curtains, d) Corona.

Occurrence

Auroras occur mainly in two annular regions around the geomagnetic poles,
the northern and southern auroral zones. Their locations are shown in Fig. 4.5.3.
They are defined as the areas where in average over a long time the probability of
occurrence of aurora is the greatest.

The geographic distribution at a given instant in time is, however, a different
one and represented by the auroral oval. This is also an annular region but eccentric
with respect to the magnetic pole, namely displaced toward the nightside as shown
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Figure 4.5.3. The northern and southern auroral zones (after Filthammar
1972),

Figure 4.5.4. The northern auroral oval photographed (in ultraviolet
light) from the American satellite Dynamics Explorer at a time when the
USA is located under the nightside of the oval (Frank och Craven 1988.
Fig. 3).

in Fig. 4.5.4. This eccentric oval is essentially fixed in space while the Earth rotates
under it.

In the auroral oval, and between the auroral oval and space, electric currents
of the order of magnitude 1 MA flow. The auroral current system is shown schemat-
ically in Fig. 4.5.6.
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Figure 4.5.5. Aurora north of Scandinavia photographed with the Amer-
ican satellite DMSP (after Eather 1980).

Electric currents
to and from
auroral aval, the
Birkeland currents

Auroral
electrojet

Auroral oval

Figure 4.5.6. Sketch of the auroral electric current system (after Lanze-
rotti 1988). The currents that flows along the magnetic field lines to and
from the auroral oval are called Birkeland currents

In contrast to the auroral zone, which is fixed in magnitude and shape (since
it represents a long time average), the auroral oval varies both in radius and width.
The higher the geomagnetic activity the wider and broader the auroral oval becomes.
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During quiet conditions it shrinks, but never to zero. Within the auroral oval the
individual auroral forms move, usually westward, in the early night and eastward
in late night. These motions reflect a general flow of the magnetospheric plasma in
the direction toward the Sun, associated with a general electric field directed from
the morning side to the evening side of the magnetosphere.

During magnetospheric substorms (Section 4.4) the distribution of the aurora
undergoes rapid changes in the ways illustrated in Fig. 4.5.7.

T = 30 min.-1 hour T = 1-2 hours

Figure 4.5.7. Schematic representation of the variations in the distribu-
tion of auroras during a substorm (Akasofu 1964).
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A typical substorm can be described as follows. Before the substorm the au-
rora mainly forms quiet arcs. The dynamic phase starts with southernmost arc
increasing in intensity and then after 5 to 10 minutes, “breaking-up”, i.e. intensi-
fying, spreading and undergoing rapid motions, at the same time as the whole oval
widens towards lower latitudes. Eventually the aurora gets fragmented, weakened
and finally retreats to its previous distribution. Also the individual auroral forms
undergo dramatic changes as shown in Fig. 4.5.8. minutes

Figure 4.5.8. Aurora photographed from the ground with a fish-eye-lens.
The time interval between two subsequent pictures is 4 minutes (Hones
1986).



Figure 4.5.9. Sequence of UV-pictures from the satellite Dynamics Ex-
plorer, showing the variations of the auroral oval during a substorm (Frank
and Craven 1988).

With the American satellite Dynamics Explorer it has been possible to directly
photograph the auroral ovals in their entirety and their variation during a substorm.
An example is shown in Fig. 4.5.9.

Physics of the Aurora

The direct cause of the aurora is that energetic particles, mainly electrons
with energies of a few k eV, precipitate into the upper atmosphere and excite its
molecules, which in turn emit light. This has been known for a long time.

The difficult problem concerning the aurora is, however, how these particles get
their energy. Long ago Alfvén (1958) proposed that the auroral electrons get their
energy by falling through an electric potential structure, electric double layer (&L,
below) with a potential drop of a few kV. At that time it was, however, considered
unthinkable that electric fields of this kind could occur in space. It was thought that
plasma in space, which is electricaly conducting, would immediately “short-circuit”
such a potential drop. Alfvén’s suggestion was therefore not taken seriously.
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When instruments carried on sounding rockets and satellites made it possible
to conduct direct measurements of the particles that cause the aurora it was, how-
ever, found that their angular distribution and energy spectra strongly indicated
that they had indeed undergone electrostatic acceleration (Mcllwain 1960, Albert
1967, Evans 1968). Since then an increasingly overwhelming amount of data from
rocket and satellite experiments have given a further support of the conclusion that
Alfvén’s idea was essentially correct, and that electrostatic acceleration along the
geomagnetic field plays an essential role for the auroral process, even if the process
in its entirety is complex and also includes various kinds of wave—particle interac-
tion (Falthammar 1983, 1985). The observations include both electrons accelerated
downward toward the atmosphere and ions accelerated upwards and in addition
“active” experiments with artificial ion clouds. The conclusion is also supported
by direct measurements of electric fields, even if the component most important in
this context, the one parallel to the magnetic field, still is technically very hard to
measure.

Since charged particles move freely along magnetic field lines, it is the electric
field component along the magnetic field that is particularly important for particle
acceleration. It is, however, also this component that according to classical plasma
theory must be zero (“the short-circuiting effect”). We know, however, now that
there are mechanisms which make it possible for this component to be different from
zero and sufficiently large to be of importance for an acceleration. For a review of
possible mechanisms, see Falthammar (1978) and for reviews of observations of
electric field parallel to the magnetic field see Falthammar (1985, 1986).

The initial result of electrostatic acceleration is a velocity distribution which
is unstable and gives rise to various kinds of plasma waves, which modify the distri-
bution.

The first identified mechanism for supporting electric fields along magnetic
field lines, known as parallel electric fields, was a phenomenon called anomalous
resistivity. It arises because the electric current drives plasma instabilities, which
lead to intense Auctuating electric fields (“turbulent” wave fields) which strongly
impede the motion of the current-carrying electrons. The result can be an effective
resistivity many thousand times larger than what would be calculated from classical
formulas based on ordinary binary collisions.

It has been found later that a very different phenomenon, called electric double
layer, seems to be more important than anomalous resistivity. The electric double
layer, too, is the result of plasma instabilities, but with an entirely different end
state, namely that of one or more local potential drops with an extent of only
some tenths of Debye lengths (cf. Section 1.3), which in the ionosphere can be as
little as a few decimetres. The double layer phenomenon is very difficult to treat
theoretically. A promising tool that has been used lately is numerical simulations
using supercomputers. Experimentally the phenomenon is well-known and has also
had technical importance (long ago in mercury rectifiers and more recently in certain
laser discharges).

It is customary to distinguish between weak and strong double layers. The
former has a potential drop which is comparable with the voltage equivalent of the
electron temperature, i.e. kT, /e, while the latter has a voltage drop which exceeds
this value by a large factor.
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Because of their small spatial dimensions and because they can vary strongly
in time the electric double layers are hard to observe directly in space, but a number
of indications of their existence have been found. One kind of weak double layers
have, however, been directly observed. It has been possible to observe them because
they are numerous and move rapidly along the magnetic field lines so that they
have a great probability of passing and be observed by a satellite. They were first
discovered by the American satellite S3-3 (Temerin et al. 1982) and have later
been studied by the Swedish satellite Viking (Bostrom et al. 1987). Although each
individual double layer has a small voltage drop (a fraction of a volt) they are so
many that together they are estimated to be able to support a total voltage drop of
several kV (Hudson et al. 1983).

Fig. 4.5.10. illustrates schematically how the acceleration of the auroral parti-
cles is now generally envisaged. The electric equipotentials, indicated as solid lines
in the figure, are not stationary but exhibit rapid irregular variations in time and
space. Associated with this basic process are a number of complicated and still
largely unknown processes, which lead to the great complexity characterizing the
auroral phenomenon.

Accelerated
electrons

abions N }g -
Y 1=

Satellite orbit
at about 1 HE

Figure 4.5.10. The acceleration ol auroral particles is still incompletely
understood. It is generally considered that electric fields with components
along the magnetic field and varying irregularly in time and space, play an
important role. (Chiu et al. 1983).
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4.6. Mathematical Models of the Geomagnetic Field

The Geomagnetic Field at the Earth’s Surface

The geomagnetic field at the Earth’s surface is approximately a dipole field.
The field lines from a magnetic dipole has the simple form previously illustrated in
Fig. 1.2.1a.

Figure 4.6.1. Geometry of the dipole field.

In spherical coordinates, r, €, ¢ (see Fig. 4.6.1.) the components of a dipole
field can be written

R 3
B, =B, (TL) cos 0 (4.6.1a)
By = B, (£ & 7 b
Bo=5\+ sin (4.6.1b)
B¢, =0 (4.6.16)

and the magnitude of the field strength

3
2\ VI 2
B=|B|=/B?+B}+Bl=B, (J_}) *"SQ (4.6.2)

where B, is the polar magnetic field at the radius ..
The component equations {4.6.2) can be combined into the vector expression

B = —grad® (4.6.3)

where the scalar potential ® is given by the expression

o= (“z:r'sr) (4.6.4)
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the vector a represents the dipole moment in terms of magnitude (a = 2 7B, R3/ 1)
and direction, and r is radius vector from the dipole to the field point.

At the Earth’s surface, i.e. at 1 = R, = 6378.4 km, the magnetic field strength
at the magnetic poles is B, = 62 uT (0.62 Gauss) and at the magnetic equator
B,/2 = 31 pT (0.31 Gauss). Thus the magnetic dipole moment is a = 8 - 10* Am®.
The magnetic pole in the Earth’s northern hemisphere is a magnetic south pole, and
vice versa.

For an accurate mathematical model of the geomagnetic field at the Earth’s
surface one can use a spherical harmonic series expansion, where the scalar magnetic
potential ® in the equation (4.6.3) is replaced by a scalar potential, ¥, given by the
expression

R, n+l m=n
= H Z (?L) . Z (g cosmg + ' sinmg) Py (cos ) (4.6.5)
n m=0

where g™ and A™ are empirically determined multipole coefficients and P;* are the
associated Legendre functions.

The associated Legendre functions form a complete, orthogonal system of funec-
tions, and an expression of the form (4.6.5) can, if a sufficient number of terms are
included, represent with arbitrary accuracy any magnetic field with only internal
sources. The coefficients were originally determined from earthbound measurements.
In more recent years satellites in low circular orbits have been used for determining
them. The latest and most accurate mapping of the geomagnetic field near the
Earth’s surface has been made the satellite project Magsat.

Field Lines

The field lines of a magnetic field (sometimes inappropriately called lines of
force) are lines which in every point are tangent to the local magnetic field vector.
The field lines of an arbitrary magnetic field, B, can therefore be calculated from
the differential equations defined by

ds = konst. B (4.6.6)

where ds is the vector line element of the field line. In Cartesian coordinates this

equation can be written
dz/B, = dy/B, = dz/B; (4.6.60)

and in spherical coordinates
dr/B, = rdf/By = rsinfd¢/ B, (4.6.6¢)
Applied to the dipole field (4.6.1), (4.6.6¢) gives
dr/B, = rdf/ By

or explicitly
1
dr/cosf = rdﬁ/; sinf
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(1
dr /T = 2cosfdf/ sin 6

which can be integrated to

logr = 2logsin § + konst.

and written
r = konst. sin’@ (4.6.7).

which is the equation for the field lines of a magnetic dipole

The Magnetic Field in the Magnetosphere

With increasing distance from the Earth’s surface the higher terms in (4.6.5)
diminish, and the dipole term becomes dominant. At the distance of a few Earth
radii, however, new and increasingly large deviations from the dipole field occur.
These are due to external currents and can therefore not be described by the equation
(4.6.5). The scalar potential must then have the more general form

m=n Rc n+t1 .
U =R, Z{ Z (HT—) (g™ cosma + h' sinme) P, (cos 6)

m=0

m=n n -
Y (%) (Y™ cos img + kI sin mg) Py*(cos 9)} (4.6.8)

m=1

where the first sum is identical with that in (4.6.5) (all terms of which decrease with
increasing r). The new terms (all of which grow with ), represent a contribution
from external currents. -

However, in the outer magnetosphere not only internal and external sources
come in to play but also currents in the magnetospheric plasma itself. Then a scalar
magnetic potential does not apply.

A number of mathematical models have been developed on the basis of com-
prehensive satellite-borne magnetic field measurements in the magnetosphere. Since
the real magnetic field varies with time, the parameters of the models have to be ad-
justable so as to apply in a given situation, e.g. for a given value of the magnetopause
stand-off distance.

Among the most compreliensive magnetic field models can be mentioned the
one developed by Tsyganenko (1987, 1989). (In these papers are also given refercnces
to other models.). Fig. 4.6.2 shows an example of the field lines of the magnetic
field according to the Tsyganenko model.

Even if the newer theoretical models give a rather good representation of the
local magnetic field vector at a given point under given conditions, magnetic field
lines calculated from these models are still subject to considerable uncertainty. The
reason is that when the field line equation for (4.6.6) is integrated, the deviations of
the model from the real field can accumulate, and the resulting error in the path of
the feld line can be considerable. This certainly makes it difficult to relate phenom-
ena observed in the ionosphere to their counterparts in the outer magnetosphere.
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Figure 4.6.2. The shape of the magnetosphere according to Tsyganenko's
(1987) model.
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4.7. Field Transformations

According to the theory of relativity, both electric and magnetic fields depend
on the state of motion of the observer. If an observer, at rest relative to a coordinate
system S, observes an electric field E and a magnetic field B, an observer at rest
relative to a different coordinate system, S/, will observe a different electric field
E' and a different magnetic field B’. If the system S’ moves relative to S with the
velocity u (which is assumed to be constant in order that the special theory of
relativity should be valid), the following relations hold between the field observed
components transverse to the direction of relative motion

E+uxB
BF=—"""— 4.7.1
V1—u?/e ( )
o e PR (4.7.2)

(Panofsky and Phillips 1962, p. 330). In space physics it is usually true that the
relative velocity, u, between different observers is such that u < c and E < ¢B.
Therefore the transformations formulas (4.7.1) and (4.7.2) are simplified to:

E=E+uxB (4.7.3)

B'=B (4.7.4)

i.e. the electric, but not the magnetic field depends on the state of motion of the
observer. In other words, while the magnetic field is unique, it is meaningless to
speak of the electric field if one does not also define the state of motion of the
coordinate system to which it is referred. This is important in the magnetosphere
where one sometimes wants to use a coordinate system following the rotation of
the Earth and sometimes a non-rotating (inertial) system. Examples of this will be
given later. \

The non-relativistic formulas (4.7.3) and (4.7.4) can easily be derived in the
following way.

Consider an electrically charged particle with mass m and charge ¢ (including
sign) which (relative to the coordinate system S) moves with a velocity v in the
presence of an electric field E and a magnetic field B. It is then acted on by an
electric force Fg = ¢E and a magnetic force F,, = ¢v x B, i.e. its equation of
motion is

mz—;r =qgE+qvxB (4.7.5)

Let, as before, S’ be another coordinate system moving relative to S with a
velocity u.

If v/ denotes the velocity vector of the particle in the coordinate system S’
then
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v=u+vV (4.7.6)
and since u is constant,

dv'  dv

@ (4.7.7)

If (4.7.6) and (4.7.7) are substituted into (4.7.5) one finds

dv’'

m—d?=qE—l—q(u+v’)xB

=qE+uxB)+gv xB (4.7.8)

On the other hand, it is true by definition that in the system S’

!

m—- = gE' + ¢qv' x B’ (4.7.9)
Comparison between (4.7.8) and (4.7.9) immediately gives the transformation
formulas (4.7.3) and (4.7.4).

Examples

A case where the field transformations have practical importance is in the
context of measuring electric fields in space by means of rockets and satellites. A
sounding rocket launched from a high latitude rocket range, for example ESRANGE,
moves with a velocity whose component transverse to the magnetic field (about 40
pT) is of the order of a couple of hundred m/s. The electric field, E', measured by the
rocket instrument, therefore differs from the electric field, E, in a coordinate system
fixed to the Earth by about 200-0.4-10~* V/m = 8 mV/m. As, in a quiet ionosphere,
E itself can be less than this, the difference between E' and E is very important.
The importance of the field transformations becomes even more pronounced in the
context of measurements by means of satellites, because of their greater velocity (7
km/s or more). At high latitudes, where the magnetic field forms a large angle with
the satellite orbit, the term u x B, i.e. the difference between the field measured
by the satellite and the field measured in a system fixed to the Earth, can be over
200 mV/m. This means that in most cases the field measured by the satellite is
mostly due to the motion of the satellite itself. The electric field, E, in the system
fixed to the Earth is thus obtained by subtraction of one large vector (u x B) from
another, nearly equally large vector, E', and this puts stringent requirements on the
precision of the measurement of E' in order to obtain an acceptable precision in the
determination of E.

Another example has to do with the rotation of the Earth. In spite of the
fact that this is not a uniform motion, the transformation of the electric fields can
be made by means of local transformations according to (4.7.3). If E denotes the
electric field in a coordinate system fixed in space and E' the field in a system
following the rotation of the Earth, the following relation holds
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E=FE+(wxr)xB (4.7.10)

where w is the rotation vector of the Earth and r the radius from the Earth’s center.
At auroral latitudes the term (w x ) x B is of the order of magnitude 7 mV/m. This
means, among other things, that when describing the electric potential distribution
in the auroral ionosphere it is necessary to define whether it is related to a rotating
(Earth-fixed) or non-rotating system.

Considering the electrical potential over the whole ionosphere of the Earth,
one finds that the integral from the pole to the equator of the term (w x r) x B is
as large as about 90 kV. Thus even if there were no electric fields in a coordinate
system fixed to the Earth, an observer fixed in space (non-rotating) would find that
the poles have a (positive) potential of about 90 kV relative to the equator.
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4.8. Motion of Magnetically Trapped Particles

In Section 3.7 it was described how electrically charged particles move in a
magnetic field, and how a drift motion arises under the influence of electrical or
other forces or a gradient of the magnetic field strength. The various types of drift
motions transverse to the magnetic field have been summarized in Fig. 3.7.2..

Here we will describe tlie motion in an inhomogeneous magnetic field, especially
with application to magnetically trapped particles. (For a more complete treatment,
see e.g. Alfvén and Filthammar 1963 or Félthammar 1973a.)

Gradient Drift

In the case of a homogeneous magnetic field the magnetic force on the particle
integrated over one gyration, is precisely zero. In an inhomogeneous magnetic field,
on the other hand, the integral has a finite value. If the variation is slow, one can, as
already mentioned in Section 3.7, show that the average force, F, is given in terms
of magnitude and direction by the expression

F=—pgrad B (4.8.1)

where g is the diamagnetic (gyro)moment derived in Section 3.7, which is given by
(3.7.4).

If we first consider the motion transverse to the magnetic field, we find that
the average force (4.8.1) is the same as the particle would experience in an electric
field F/q. We can therefore apply the formula (3.7.10) for drift motion in an electric
field (u = E x B/B?) and find that the drift motion due to a magnetic field gradient
becomes i B

u, = E(gradB) =T (4.8.2)

If the magnetic field lines :ZLI'@ curved, the particle will, as a result of its motion
along the curved field lines be subject to a centrifugal force. If the velocity com-
ponent along the magnetic field is v, the centrifugal force is F, = m’uﬁ /R, where
R is the radius of the curvature of the field line, and gives rise to a curvature drift,
or centrifugal drift similar to that which an electric field of the strength F,/q would
give, i.e. .

mj

Ule = BB

One can show that in a current free magnetic field (rot B = 0), the gradient drift
and the curvature drift can be combined and written

(4.8.3)

22 B
wp =— (1 -+ —2") %(grad B) x 5 (4.8.4)

(Alfvén and Filthammar 1963, p. 34)



§ 4.8, 92

Magnetic mirroring

The comparison with electric field holds true also along the magnetic field
lines. In that direction the particle therefore performs an accelerated motion just as
it would have done in an electric field F'/q, i.e.

du I "

How the net force in the direction along the magnetic field arises can be qualitatively
seen from the fact that the gradient in the direction of the magnetic field by necessity
implies that the magnetic field lines come closer to each other in this direction, i.e.
the magnetic field lines converge, see Fig. 4.8.1. Magnetic field lines on opposite
sides of the gyro circle are therefore not entirely parallel and give the magnetic
force a finite component transverse to the plane of the gyro circle. The force is so
directed that it tends to expel the particle from the region with stronger magnetic
field. fig.sp. 4.8.1 Illustration of the origin of net force in the case of a magnetic
field gradient

Az
Gyro orbit
AB / B
lgrad B

Figure 4.8.1. Illustration of the origin of net force in the case of a magnetic
field gradient in the direction of the field.

If the magnetic field gradient is strong enough, the particle moving toward the
stronger magnetic field will be decelerated and forced to turn. If the magnetic field
lines converge in both directions from the position of the particle it can under certain
circumstances be trapped between the these regions of stronger magnetic field, which
because of their ability of reversing the direction of motion of the particles are called



§ 4.8, 03

Figure 4.8.2. Particle trapped between magnetic mirrors.

“magnetic mirrors”, as illustrated in Fig. 4.8.2. The motion of a particle trapped
between magnetic mirrors in the geomagnetic field is illustrated in Fig. 4.8.4.

The longitudinal oscillation

Particles trapped between two magnetic mirrors oscillate periodically back
and forth between the magnetic mirrors (Fig. 4.8.3b) with a certain period, the
longitudinal period, T;.

The Azimuthal drift

A particle which is trapped longitudinally between two mirrors also usually
performs an azimuthal drift motion consisting of a gradient drift and a curvature
drift. If the drift orbit is closed, as illustrated in Fig. 4.8.3 (c), this motion, too, is
periodic.

Figure 4.8.3. The three types of periodic motion gyration, longitudinal
oscillation and azimuthal drift.
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R Orbit of trapped particle

Mirror point

Figure 4.8.4. The orbit of a magnetically trapped particle in the geomag-
netic field.

One can show that if [, denotes a characteristic dimension of the spatial vari-
ation of the magnetic field, the three periods, the gyroperiod, T,, the longitudinal
period, T} the azimuthal period, T,, have the following relative magnitudes:

To:Ti: Ty = (l/0)’: (l/0) : 1 (4.8.6)

where p is the gyroradius.

Adiabatic invariance

An important concept in the theory of magnetically trapped particles is adia-
batic invariance.

The classic example of an adiabatic invariant is the ratio of energy to frequency
of an oscillating pendulum. If the length of the pendulum is changed slowly (so that
the relative change during each individual oscillation period is small), this ratio is
almost unchanged — even after the accumulated change of the pendulum length has
become large — and the change in energy can be made arbitrarily small by changing
the pendulum length sufficiently slowly. In this case the ratio of energy to frequency
of the pendulum is an adiabatic invariant.

The Magnetic Moment — the First Adiabatic Invariant

It can be shown that the magnetic moment p, which according to (3.7.4) is

given by the expression
p=muv’ /2B (4.8.7)

is an adiabatic invariant, also called the first adiabatic invariant.

No matter how much B changes, also v, , and the corresponding kinetic energy,
W, change just in such a way that p remains very nearly unchanged, provided that
the change takes place so slowly that the relative change during each individual
gyration period is small. This is true whether the change is caused by the magnetic
field, B, varying in time or the particle drifting into a region with a different value
of B. How strong this invarariance is can be illustrated by the following theorem
(see e.g. Northrop 1963) : when the “parameter of slowness”, ¢ (for example the
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relative change of B per gyro period), tends to zero, the change in u tends to zero
more Tapidly than any finite power of 4.

The longitudinal Invariant — the Second Adiabatic Invariant

Just as there is an adiabatic invariant corresponding to the periodic gyro mo-
tion, the magnetic moment, there exists an adiabatic invariant corresponding to the
longitudinal oscillation, namely the longitudinal invariant or the second adiabatic
invariant, J, which is defined by

o = jé muy| ds (4.8.8)

The condition for its conservation is that the magnetic mirror field changes very
little during each individual longitudinal oscillation period.

The Flux Invariant — the Third Adiabatic Invariant

It can be shown that there also exists an adiabatic invariant corresponding to
the periodic azimuthal drift, the third invariant, which is equal to the magnetic fluz,
@,, enclosed by the drift orbit. It is therefore called the fluz invariant. Like in the
previous cases, the condition for invariance is that the changes are slow relative to
the drift period.

Since, as is apparent from (4.8.6), the periods T}, T; and T, are very different
in length, the three adiabatic invariants are very differently sensitive to disturbances
(®, most, u least). For magnetically trapped particles in the magnetosphere, it is
often true that the first and second invariants, but not the third, are conserved.

Loss Cone

In order to determine quéntitatively the condition for magnetic trapping we
can use the fact that the magnetic moment, y, is an adiabatic invariant. This means
that as long as the magnetic field along the orbit of the particle changes slowly in
the sense that the change is small during any individual gyro period, the magnetic
moment retains its value even if the total change of the magnetic field is large. This
is true whether the change of the magnetic field is due to a pure time variation or
due to the particle moving in an inhomogeneous magnetic field.

If the angle between the velocity vector and the magnetic field, called pitch

angle, is denoted by a and the magnitude of the velocity vector by v (v = , /vﬁ + ),
the expression for the magnetic moment (3.7.4) can be written
9 2 .. 92
_omu]  musint

=58 =7 2B 483)

Since the energy of the particle is conserved (because the force is transverse to the
motion), the magnitude of the velocity, v, is constant too.
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For a particle with the moment g, which at a point with the magnetic field
strength B has the pitch angle o, o will increase with the strength of the magnetic
field. The strongest magnetic field, Byqq, that the particle can penetrate into, is
given by the condition that o reaches the value of 90 degrees (which means that the
particle turns around), ¢.e.

¥ 5. 2
_omutsinta  mw- 1
=738 ~ 2By
Biwsz= B/ sin” @ (4.8.10)

Conversely this means that if the magnetic mirror field has the maximum field
strength, Bpa:, it can trap all particles which at the field strength B have a pitch
angle larger than

o = ap = arcsin v/ B/ Bz (4.8.11)

Particles with smaller pitch angle than o will penetrate the mirror. The expression
(4.8.11) thus defines a cone in velocity space, the loss cone, which separates trapped
from non—trapped particles.

Adiabatic Acceleration

Since the expressions for the first two invariants contain the velocity of the
particle, one can use the invariance to change the velocity of the particle and hence
its energy. From (4.8.7) it follows that an increase of B leads to an increase of
the velocity component v, and thereby the corresponding part of the energy, Wy,
since the adiabatic invariant g is unchanged. Thus one can accelerate the gyrating
particle simply by increasing B slowly. This is called betatron acceleration and is a
form of adiabatic acceleration.

Similarly it is seen from (4.8.8) that if the magnetic field is changed in such a
way that the distance between the magnetic mirrors, i.e. the length of the integration
path in (4.8.8), decreases, v must instead increase for the adiabatic invariant J to
be unchanged. Thus one can accelerate a particle by deforming the magnetic field in
such a way that the magnetic mirrors approach each other (or by using an electric
field to force the particle to drift into the region where the magnetic mirrors are
closer to each other). This is called the Fermi acceleration after the Italian nuclear
physicist Fermi, who suggested this mechanism in order to explain how the cosmic
radiation obtains its energy.

A third kind of adiabatic acceleration, correspondiing to the third invariant,
does not exist, since the expression for this invariant does not involve the energy of
the particle.
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Period Invariant | Acceleration
Gyration Tg i Betatron
acceleration
Longitudinal T J Fermi
oscillation acceleration
Azimuthal Ta dy ---
drift

Table 4.8.1. Periodicities, adiabatic invariants and adiabatic accelera-
tions.

The periodic motions and the corresponding adiabatic invariants and adiabatic
accelerations are summarized in Table 4.8.1.

When one first tried to describe the spatial distribution of the magnetically
trapped particles in the Earth’s radiation belts, it turned out to be extremely com-
plicated, due to the deviation of the geomagnetic field from an ideal dipole shape.
This problem was solved in a brilliant way by Carl Mcllwain (1961, 1966), who
introduced the coordinate system based on the adiabatic invariants. In this coordi-
nate system the coordinate surfaces used are (1) the surfaces B = const and (2) the
surfaces that a particle generates through its longitudinal oscillation and azimuthal
drift. The latter are labeled by a parameter, which in a dipole field is equal to the
equatorial radius of the drift surface, measured in Earth radii. To each such L-value,
as it is called, there corresponds an invaeriant latitude, A, given by

1 = Lcos’A (4.8.12)

In a dipole field A is equal to the latitude where the field lines of the drift shell cut
the Earth’s surface. :

This coordinate system is now routinely used everywhere as computer pro-
grams are available for transformation between the ordinary spatial coordinates and
the B-L-system (cf. Fig. 4.8.5).

Radial Diffusion

The fact that fluctuations of the geomagnetic field, and — even more impor-
tant — time—dependent electric fields, disturb the motion of magnetically trapped
particles, causes a form of diffusion, which is a fundamental prerequisite for the ex-
istence of large parts of the radiation belts. The perturbations are usually sufficient
to violate the third invariant but not the first two. The perturbed drift orbits do
not entirely close but are displaced randomly outwards or inwards. The result is a
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Figure 4.8.5. Relation between the B-L-coordinates and the spherical
coordinates, 7, and  (McIlwain 1961).

“random walk” in the L-parameter, and hence a radial diffusion. Particles are sup-
plied from the outside, while particles sufficiently close to the Earth are lost through
absorption or other loss processes. Thus there is a source on the outside and a sink
in the interior. This leads to a net inward transport of energetic particles, which in
this way refill the radiation belts.
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4.9. Other Magnetospheres

Like the Earth other magnetized planets and satellites are surrounded by mag-
netospheres. Magnetospheres also occur around other astrophysical objects. A brief
survey will be given below.

Direct measurements by means of space probes have now been made near most
of the planets in our own solar system. Among the most important of these space
probes are the two Voyager probes. Both were launched from Cape Canaveral in
Florida in 1977, Voyager 2 on the 20th of August and Voyager 1 on the 5th of
September. (Voyager 1, which followed a faster trajectory, was the one to arrive
first.) The Voyager probes, whose appearence and equipment are shown in Fig.
4.9.1, have functioned well for more than a decade, an impressive achievement.
probes

Voyager 1 has, after passing Saturn, left the solar system and is on its way
into interstellar space. Voyager 2 has made close encounters with Jupiter, Saturn
and Uranus, and passed by Neptune on the 25th of August 1989, at 05.00 UTC.
The orbits of the Voyager probes and their passage times are shown in Fig. 4.9.2.
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Figure 4.9.1. Structure and equipment of the Voyager space probes (Stone
1983).
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VOYAGER 1
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Figure 4.9.2. The orbits of the Voyager probes.

100

Radius Spin Equatorial field | Magnetic axis Polarity relative Typical magneto-
Earth period strength (uT) direction relative to Earth’s pause distance
radii (days) to spin axis (planetary radii)
Mercury | 0.38 58.6 0.35 10° Same 1.1
Venus 0.95 243 <0.03 - - 1.1
Earth 1.0 1 31 11.5° Same 10
Mars 0.53 1.02 0.065 - Opposite ?
Jupiter 11.18 0.411 410 10° Opposite 60-100
Saturn 9.42 0.44 40 <1° Opposite 20-25
Uranus 3.84 0.72 23 60° Opposite 18-25
Neptune | 3.93 0.74 20-150" 47° Opposite 267

*) The magnetic field differs greatly from a dipole field. The numbers represent
maximum and minimum strength at the planetary surface

**) Based on single passage
Table 4.9.1. Magnetic parameters of the planets (Lanzerotti and Krimigis
1985, Ness el al. 1989).

The main characteristics of the planctary magnetic fields are summarized in

Table 4.9.1.
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Figure 4.9.3. Orientations of the magnetic dipoles of the major planets
(Lanzerotti and Uberoi 1989).

Fig. 4.9.3 shows the orientation of the magnetic dipoles of the Earth and of
the planets Jupiter, Saturn and Uranus.

Mercury

The fact that Mercury, in spite of its slow rotation (rotation period equivalent
to 58.6 Earth rotation periods) has a magnetic field which was discovered with the
Mariner space probe that went to Venus and Mercury (Ness 1979). Because it is
also located closer to the Sun, and therefore in a denser solar wind than the Earth,
its magnetopause is located less than a planetary radius above its surface. Since
Mercury does not have any appreciable atmosphere, it also lacks an ionosphere.
At the passage through the magnetotail of Mercury, Mariner measured showers of
electrons, both low energy electrons and those of energy in range 70 — 300 keV.

Venus

Venus has no intrinsic magnetic field, and therefore no magnetosphere of the
kind that the Earth has. On the other hand it has an ionosphere, and the border
bhetween the solar wind and the ionosphere, the ionopause, is what is entered in the
column “magnetopause” in Table 4.9.1. Just as there is a bow shock in front of a
magnetopause there is also a bow shock in front of Venus’ ionopause. Venus also
has a magnetotail (formed by maguetic field from the solar wind), which extends
to at least 10 Venus radii and has a Hlamentary structure. The interaction of the
solar wind with Venus is therefore similar to its interaction with comets and with
the Saturn—satellite Titan, which has an atmosphere but no magnetic field.
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Mars

There are still different opinions about the intrinsic magnetic field of Mars and
about its possible magnetosphere. There are some indications that the solar wind
interacts with an ionosphere in the upper parts of the thin planetary atmosphere.
The absence of a strong magnetic field has been proposed as an explanation for the
Mars atmosphere being so thin, the original atmosphere has largely been carried
away by the solar wind.

Jupiter

The largest planet of the solar system has also the largest magnetosphere of
the solar system. It extends 60 — 100 Jupiter radii in the direction toward the Sun
and at least 5 astronomical units (about 11 000 Jupiter radii) on the night side. If
Jupiter’s magnetosphere were visible from the Earth, it would subtend a solid angle
about ten times greater than the Sun, in spite of the fact that it is located more than
four times as far away. (Even with its high velocity of about 10 km/s the space probe
Voyager 2, needed 32 days to travel through parts of Jupiter’s magnetosphere.)

The size of Jupiter's magnetosphere is not entirely a result of the strong plan-
etary magnetic field. The magnetosphere contains large amounts of plasma, which
in large parts of the magnetosphere follows the rotation of the planet. The pressure
of the plasma and the centrifugal force from its rotation plays the most important
role in the pressure balance with the solar wind.

Callisto's orbit
@;ﬁ Plasma disc
lo's plasma

Hot torus
plasma

Solar wind
—

o

p—
1.40 -10%m

Figure 4.9.4. Sketch of Jupiter's magnetosphere (Lanzerotti and Uberoi
1989).
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In the case of Jupiter, five of the satellites, among them the Galileian satellites
(Io, Europa, Ganymede and Callisto) orbit within the magnetosphere. The mag-
netospheric plasma corotating with the planet sweeps past these satellites in the
same way as the solar wind sweeps around the planets of the solar system. In this
context the plasma phenomenon the “critical velocity” (described in Section 6.4) is
considered to play a role for the formation of an ionosphere around the satellite Io
(Cloutier et al. 1978).

The relative motion between the magnetospheric plasma and the satellite Io
corresponds to an electric field with a potential difference of about 400 kV across the
satellite. This field drives electric currents along the magnetic field lines between Io
and Jupiter’s ionosphere. According to magnetic field measurements made with the
space probe Voyager 1 these currents have a strength of about 1 MA.

Figure 4.9.5. Aurora (upper left corner) on the planet Jupiter pho-
tographed with the space probe Voyager 1 (Soderblom et al. 1979). The
spots to the right are lightning.

The violent volcanic activity on Io injects on the average 1000 kg of gases per
second and creates a ring of plasma near the orbit of Io (Io’s “plasma torus”). The
magnetospheric density is in some regions so large (about 2 000 ion pairs per cm™?)
that the corotation is locally strongly reduced because of the load. Further out,
where density again is lower, corotation is essentially maintained all the way to the
magnetopause,

Even high-energy ions (30 keV to over 100 MeV) and electrons (a few keV to
over 40 MeV) occur copiously in Jupiter’s magnetosphere and even leak out from
it. For example, electrons leaking from Jupiter’s magnetosphere, constitute most of
what until 1974 was considered to be the electron component below 30 MeV of the
cosmic radiation (cf. chapter 9).
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Intense Auxes of electrons above 10 MeV and ions above 100 MeV in the inner
magnetosphere of Jupiter drive plasma instabilities, which give rise to intense radio
wave emission, mostly in the 10 MHz-range, decameter waves (see Fig. 4.9.6) and
make Jupiter a very strong radio source.
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Figure 4.9.6. Radio emission from the planets (Lanzerotti and Krimigis
1985).

In essence the mass and energy balance in the magnetosphere of Jupiter is
as follows: Io contributes 2-10%® ion pairs/s (sulphur, oxygen, sodium, calcium)
and a power of 2.10"2 W. Jupiter’s upper atmosphere contributes 10* ion pairs /s
(hydrogen) and 3-10™ W. The contribution of the solar wind is estimated at 10°*
ionpairs/s (mostly hydrogen) and perhaps 3-10™ W. Thus the dominating contribu-
tions to the energy balance conie from the rotation of the planet (which, however,
is not appreciably influenced by this energy loss). This implies a similarity between
the magnetosphere of Jupiter and those of pulsars (Chapter 7). Part of the hot
plasma of the magnetosphere is lost by way of a plasma wind which streams out
along Jupiter’s magnetotail. With a speed exceeding that of the solar wind this
“planetary wind” transports about 2-10* ions/s and a power of about 2:108 W.

Also the aurora on Jupiter, which is believed to dissipate 2:10"° W in the form
of precipitating ions, is driven by the rotation of the planet.

Since plasma from the planet or its satellites is present practically all the way
out to the magnetopause, one may say that the plasmasphere of Jupiter occupies
essentially the whole magnetosphere.
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Saturn

The magnetic field of Saturn is surprisingly weak, with a surface field strength
about as great as that of the Earth, see Table 4.9.1. Voyager 1 and Voyager 2 have
found plasma with energies of 20-55 eV in quantities which indicate that the plasma
pressure is greater than the magnetic field pressure. If so, this means that the magne-
tosphere of the Saturn is more similar to Jupiter’s than to the Earth’s. (The relative
plasma pressure is usually expressed in terms of the f-value: 3 = p/ (B?/2p). Thus
in the magnetosphere of Saturn J is greater than 1).

Also high energy magnetically trapped radiation (50 MeV protons) has been
observed and is considered to originate from the neutron albedo of the Saturn at-
mosphere (cf. Chapter 9).

The physical processes in the magnetosphere of Saturn are further complicated
by the fact that not only some of the satellites but also the rings of Saturn are located
within the magnetosphere and give rise to both sources and sinks of particles and to
interactions between plasma gas, dust particles and larger solid bodies. For example
the A and B rings act as absorbers and stop energetic particles from diffusing closer
to the planet (about in the same way as a “limiter” in a fusion plasma experiment).

In terms of chemical composition the magnetosphere of Saturn consists of
mainly hydrogen, ozygen and nitrogen. (The oxygen derives mainly from sputtering
at the icy surfaces of the satellite.) The nitrogen—dominated atmosphere of the
Saturn satellite Titan is considered also to contribute to the plasma content of
the Saturn magnetosphere. (On the dayside of Saturn, Titan is sometimes within,
sometimes outside the magnetopause, depending on the strength of the solar wind,
on the nightside it is always within.)

The aurora at Saturn, discovered through UV-measurements from Voyager 1,
appears to have an intensity corresponding to that of the earthly auroras.

Uranus

Uranus deviates from all the other planets by its rotation axis being almost
in the orbital plane. It had been expected that also the magnetic axis would be
likewise oriented. But one of the discoveries made by Voyager 2 was that the dipole
moment of Uranus forms an angle of almost 60 degrees with the planet’s spin axis.

The magnetosphere of Uranus was found to be filled with hydrogen ions (and
equally many electrons). The plasma density is not particularly high and the S—value
low. There are indications of radiation belts close to the planet. But since Voyager
2 did not come sufficiently close to reach them, the indications are still unconfirmed.
Voyager 2 detected UV-radiation that indicated auroral activity which (at the time)
was somewhat weaker than on Saturn and on the Earth.

Neptune

Before the Neptune passage of Voyager 2, which took place on the 25th of
August 1989, almost nothing was known about the magnetosphere of Neptune. A



§ 4.9. 106

Radiation

Solar wind baiae . Plasma sheet

SUN

1.40 -10%m

Figure 4.9.7. Sketch ol the magnetosphere of Uranus (after Lanzerotti
and Uberoi 1089).

summary of what the results from Voyager 2 revealed about it has been given by
Krimigis (1990).

The magnetopause was passed at about 26 planetary radii. On the basis of
magnetometer data from the only passage through the magnetosphere one has made
a theoretical model of the magnetic field (Ness et al. 1989). It deviates strongly
from a centered dipole and the field strength at the planetary surface varies within
wide limits, about 20-150 pT. Tts polarity relative to the rotation axis is opposite to
that of the Earth, and the angle between them is about 47°. It has been possible to
confirm that Neptune has radiation belts of both electrons and protons (Krimigis el
al. 1989). The plasma in the n}agnetosphere is dominated by protons, but contains
also ions of atomic nitrogen (Belcher et al. 1989). According to Krimigis (1990)
only a small part of the plasma comes from the solar wind. (The atomic hydrogen
ions, for example, may come [rom the npper atmosplere of Triton.)

Comets

The comets have no intrinsic magnetic feld. On the other hand, magnetic
structures are formed as a consequence of the “frozen-in” magnetic field lines (cf.
Chapter 6 and Fig. 4.9.8.) being “hung up” on the comets coma (from Greek come
= hair) - the diffuse gaseous envelope surrounding the nucleous of the comet.

During its recent passage (March 1986) the famous Halley’s comet was ob-
served with no less than six space probes. Four of them, the Soviet Vega 1 and Vega
2, the Japanese Suisei and the European Giotto, passed the sunlit side at distances
from 600 to 15 000 km. The Japanese probe Sakigake and the international ICE
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Figure 4.9.8. Formation of a cometary tail through the “frozen-in" mag-
netic field lines of the solar wind being “hung up” on the comets coma
(after Alfvén, 1957).

(International Cometary Explorer) gathered data at greater distances upstream of
the comet. Giotto, which was equipped with protection against dust particles passed
as close as 600 km from the comet with a speed of 68.4 km/s and penetrated inside
the contact surface (“ionopause”) between the solar wind and the cometary coma.
One also found a bow shock in front of the ionopause. Fig. 4.9.9 shows a sketech of
the environment of Halley’s comet based on the measurements of the space probes,
especially Giotto’s, and Fig. 4.9.10 shows the cometary nucleus itself photographed
by Giotto.
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Figure 4.9.9. The “magnetosphere” of the comet Halley (Balsiger et al.
1988).

The comets are believed to come from a giant cloud (Oort’s cloud) of fragments
from the formation of the solar system (see for example Weissman 1987). The OQort
cloud is considered to have a radius about 50 000 times that of the Earth’s orbit
around the Sun. When a clump of matter in this cloud is perturbed in its orbit so
that it passes close to the Sun, it becomes a comet.
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Figure 4.9.10. Photo, from the space probe Giotto, of the nucleus of
Halley's comet (after Balsiger et al. 1988).

The Heliosphere

Just as plasma pressure and centrifugal force extends Jupiter's magnetosphere,
it is supposed that the solar wind causes the formation of a magnetosphere around
the Sun and the solar system — the heliosphere (Fig. 4.9.11). Its boundary is located
where the dynamic pressure of the solar wind becomes too weak to push away the
interstellar medium and its magnetic field. It is expected that at that location a
standing shock wave is formed, at which the solar wind velocity abruptly decreases
from supersonic to subsonic. In the interaction between the solar wind and the
interstellar medium it is also believed that the critical velocity (see Section 6.4)
plays a role.

Solar wind Heliospheric
shock front interface region

Heliosphare

afoms i / Solar wind

;\\/’/”:\d’\_/,///f’/////’//»—f

1 1 | i
200 0 200 400 600 800 1000
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Figure 4.9.11. Sketch of the heliosphere (after Paresce and Bowyer 1986).

It is not known where the outer border of the heliosphere — the heliopause —is
located, but it is usually expected to be at a distance of about 100 astronomic units
(i.e. about 1.5-10'3 m). If the Voyager probes remain functional long enough, they
may provide the answer.
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Pulsars

The pulsars (cf. Chapter 7) are believed to be neutron stars with extremely
strong magnetic fields (10 T or more at the surface) and therefore equipped with
magnetospheres, which are the subject of intense theorizing. In pulsars, however,
matter is in states so extreme, and so vastly different from anything we know exper-
imentally, that any theory must be viewed with great caution. Experiences from the
exploration of the Earth’s own magnetosphere should inspire caution not to confuse
theoretical models with reality.

PULSARS

Beam of radio waves

Plasma at rest

Beam of radic waves

Figure 4.9.12. Pulsar atmosphere as usually envisaged
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5. The Sun

The Sun, which by its energy production is a prerequisite for the existence of
life on Earth, is a comparatively small star of spectral class G (see Chapter 7). Like
all other stars it consists of matter in the plasma state. Because the Sun is so close,
it is possible to study in detail the manifold of physical phenomena that take place
in this plasma. Since these have important consequences for space activities around
the Earth we will here give a brief description of basic facts about the Sun and the
solar activity.

Size, Mass and Power

The Sun’s diameter, 1.39 - 10° m, is about 109 times that of the Earth. Its
mass, which is 2 - 10% kg, corresponds to about 333 000 Earth masses. Thus the
average density is about 1.4 g/ecm?® (the corresponding number for the Earth is 5.5
g/cm®). The total power released by the sun is 4 - 10% W.

Thermonuclear Fusion Reactions

The source of the Sun’s energy is nuclear reactions in its interior, namely
thermonuclear fusion reactions, in which hydrogen nuclei combine to form helium
nucle The reaction rates are strongly temperature dependent and take place mainly
inside about 0.25 solar radii, where the temperature is highest. The temperature at
the center of the Sun is considered to be about 15 million K. The transformation
of hydrogen to helium takes place by way of cyclic nuclear reactions, of which the
most important is considered to be the so-called proton cycle:

(HY +  HY = (D?+ et + e (efectron neutrino)
\D? + H! — ,He? + v (gamma quantum)
oHe? +,He® — ;Het + 2,H?

The resulting reaction is thus a synthesis of helium from hydrogen:
4,H! — ,He' + 2e™ + 2u, + 2y

This reaction implies transformation of mass into energy. The energy is found
both as kinetic energy of the material reaction products (the helium nuclei and the
positrons), and in the neutrinos and the gamma radiation. According to Einstein’s
well-known relation E = m.c*, the release of the 4-10°® W mentioned above implies
that the Sun uses up 4 million tons of its mass every second. This is, however,
negligible in relation to the total mass of the Sun. (On the other hand, it is not
entirely negligible in relation to the hydrogen reserve in the inner parts of the Sun
where the reactions take place, and this plays a role in the evolution of the Sun on
the time scale of billions of years.)
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In spite of the impressive total power of the sun, the power release per unit
mass is very moderate. Even in the central parts it is only of the order of mW /kg.
This can be compared with the power released in the human body, which is of the
order of W/kg. The reason is that fusion reactions between ordinary hydrogen—nuclei
take place slowly, even at high temperatures. They are therefore useless for energy
production on the Earth, where the hope is instead attached to heavy hydrogen,
i.e. deuterium and tritium, the fusion reactions of which occur much more rapidly.
The reason why the fusion of light hydrogen functions so well heating in the sun
is simply the sun’s enormous size, which both allows confinement of the plasma by
means of its own gravitation, and causes the integrated power to be very large.

Energy Transport

From the source in the solar interior the energy is transported outward through
a combination of several processes. Ordinary heat conduction plays a certain role,
but is not dominating at any level. Nearest to the source radiative transport, domi-
nates, i.e. emission and absorption of photons (mainly in the X ray and gamma ray
wavelength range). In the upper layers of the Sun convective transport dominates, in
which heat is transported by violent convective motions (which at the Sun’s surface
is visibly manifested in the form of granulation).
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Figure 5.1. The interior of the Sun (
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Temperature and density decrease gradually outwards and at half the solar
radius are, respectively, 3 million degrees and 1 g/ cm®. A density comparable to
the air density at the Earth’s surface is reached at about 0.9 solar radii, where
the temperature is a couple of hundred thousand degrees. The visible solar surface
represents the level where the mean free path of the photons becomes so large that
they can reach directly into space. At this level the temperature drops rapidly
because of radiative losses. In this region, the photosphere, the temperature falls
from about 6 000 K to about 4 600 K.

The Solar Atmosphere

The photosphere (“light”sphere), whose thickness is some hundred kilometers,
consitutes the lowest layer of the solar atmosphere. It has a granular structure
(see Fig. 5.2), which is called granulation and reflects a cellular convection with
convection cells of the order of magnitude of 300 — 1 800 km and a life time of 1 —
10 minutes. The temperature difference between light and dark photospleric areas
is about 100 K.

\u

At the upper boundary of the photosphere the lowest temperature of the solar
atmosphere is found, see Fig. 5.3.

Immediately above the photosphere is the chromosphere ( “colour” sphere), which
has its name from the fact that during solar eclipse it appears reddish. It is in this
region, about 10 000 — 15 000 km deep, that the solar spectrum obtains its charac-
teristic absorption lines, the Fraunhofer lines. In the chromosphere the temperature
rises again so as to reach about 1 million degrees at the border of the corona. The
apparently strange fact, that the temperature rises outward from the Sun — in the
same direction as the energy transport — is considered to arise because turbulent
motions in the lower solar atmosphere generate waves — sound waves and Alfvén
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Figure 5.3. Distribution of average temperature in the solar atmosphere
(Athay 1976).

waves — which at higher levels transform to shock waves and release their energy in
the form of heat in the ambient medium.

The Corona (“crown”) is much fainter than the chromosphere and can only
be observed during eclipse conditions or by means of a special instrument, the co-
ronagraph, which efficiently shields the light from the photosphere. In the corona
the temperature rises further to more than 2 million degrees. (Since there is no
local thermodynamic equilibirum, we are here talking about kinetic temperature, cf.
Section 2.2.). The high temperatures are derived from spectroscopic measurements.
Initially it was difficult to identify the spectral lines of the corona, and one was
inclined to believe that they derived from an element unknown on Earth, which was
given the name coronium, until' the Swedish astronomer Edlén in 1941 showed that
they came from known elements in highly ionized states. (For example the so—called
green corona line with the wavelength 5303 A comes from 13-fold ionized iron.)

The density of the corona, which at an altitude of one solar radius above the
photosphere is about 107!¥ g/cm?, decreases without sharp border to the low values
characterizing the solar wind, 10~ — 107% g/cm®. The corona usually exhibits a
pronounced ray structure, which probably is related to an inhomogeneous magnetic
field. By means of radio astronomy methods this ray structure can be traced tens
of solar radii into space. The structure of the corona varies in a characteristic way
with the solar cycle (see below). Fig. 5.4 shows the typical appearance of the corona
at the sunspot maximum and the sunspot minimum.
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Figure 5.4. The solar corona at (a) sunspot maximum, (b) sunspot mini-
mum (Menzel 1959).

The Sun’s Magnetic Field

Magnetic fields on the Sun were first observed by Hale (1908) in sunspots (cf.
below) and the Sun’s general magnetic field was discovered a decade later(Hale ef
al. 1918) by means of the Zeeman effect. From measurements with the Zeeman
effect one finds that average magnetic field of the Sun is weak, 1 — 3 Gauss. It
was however pointed out by Hannes Alfvén (Alfvén and Falthammar 1963), that
the Sun’s magnetic field can be largely hidden in thin magnetic “flux ropes”, with
dimensions less than the resolution of the Zeeman effect measurements. It has
later been found that measurements with higher resolution have revealed strong
local magnetic fields, but measurements with even higher resolution are likely to be
necessary before one can with certainty determine the Sun’s total magnetic flux.

The polarity of the general magnetic field is opposite in the northern and in
the southern hemisphere of the Sun, and this polarity changes in a 22-year cycle
(cf. below under solar activity).

Rotation of the Sun

The Sun rotates with a period of about 27 days. It does not, however, rotate
like a rigid body but exhibits a differential rotation with a maximum angular velocity
at the equator. The rotational period at a certian latitude, A, can approximately be
calculated from the expression

25/(1 — 0.19sin*)) (5.1)

(Alfvén 1950, p. 111). An explanation, also proposed by Hannes Alfvén, of the
differential rotation is that the early Sun lost angular momentum to the surrounding
interplanetary plasma by means of electric currents along magnetic field lines from
the Sun. Since the Sun’s polar areas are magnetically coupled with larger and more
distant volumes of interplanetary plasma, they should also have been subjected to
the greatest loss of angular momentum.
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Solar Activity

In spite of the fact that the energy supply from the interior of the Sun is
continous, there occur on the solar surface and in its vicinity a number of phenomena,
termed solar activity, which is very unevenly distributed in space and exhibits strong
time variation. These disturbances lead to emission of both electromagnetic and
corpuscular radiation, which must be taken into account because of their potentially
dangererous consequences for both men and instruments in orbit around the Earth.
Some of the most important kinds of solar activity will be briefly described below.

Figure 5.5. Sunspots

Sunspots are areas which have a low temperature compared to the surrounding
photosphere (about 1 000 ~1 500 K lower) and therefore appear darker. (Fig. 5.5).
The size of the sunspots vary from 100 km to about 100 000 km (the ones larger
than 50 000 km can be observed with a naked eye). Often the sunspots consist
of an inner part, the umbra (from lat. wmbra = shadow) and an outer, somewhaf
brighter ring, the penumbra (from lat. paene = nearly), see Fig. 5.6. In many
cases, however, penumbra is absent, and this is especially true for small sunspots.
In the penumbra outward motions with a velocity of a few km/s are common — the
so-called Evershed—effect. These motions appear to be part of a circulation which
closes through upward motions outside the penumbra and at lower level back into
the umbra. (There are also small penumbraless spots called “pores”).

The sunspots usually appear in pairs (sometimes in more complicated patterns)
and are penetrated by strong magnetic fields — up to 0.4 T have been measured (by
means of the Zeeman effect on the spectral lines of the Sun’s light). The strong
magnetic fields are the cause of the lower temperature of the sunspots because they
impede the heat transport. The two spots in a sunspot pair have opposite magnetic
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Figure 5.6. Close—up of a sunspot

polarity. The lifetime of the sunspots is usually a couple of weeks. (The above-
mentioned pores, on the other hand, live only 10 — 60 minutes.)

Plages are areas in the chromosphere with increased emission as a consequence
of higher temperature and density than the surroundings. (The explanation of the
name is that early observers associated these brighter areas with white beaches.)
The area is initially small, but grows and can reach a couple of per cent of the solar
surface. These areas usually also have stronger magnetic fields, 200 — 500 Gauss
(0.02 - 0.05 T) than the 1 — 3 Gauss that are typical of their surroundings. Within
the plage area a fine structure of spots and extended shapes with a size of a few
hundred km can be distinguished.

Figure 5.7. Plages (Bruzek and Durant 1977).

Spicules are filamentary plasma structures which penetrate through the chro-
mosphere at a speed of about 30 km/s and which, when seen at the edge of the Sun,
look like a forest. Individual spicules are about 1 000 km wide and up to 10 000
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Figure 5.8. Spicules (Handbook of Geophysics and the Space Environment
1985).

Figure 5.9. Fibrilles (Bruzek and Durant 1977).

km high. They have a temperature of 10 000 — 20 000 K and a lifetime of about 10
minutes.

Fibrilles are horizontal chromospheric plasma filaments, 1 000 — 2 000 km wide
and about 10 000 km long, which often extend between the sunspots in a sunspot
pair much like iron filings between magnetic poles. Their life time is 10 — 20 minutes.

Faculae are structures with enhanced emission of white light. They occur in the
photosphere often together with chromospheric plages and precursors of sunspots.
The faculae are long-lived and often remain even when the sunspot which they have
preceded is already gone.

Prominences are a very prominent phenomenon on the Sun. They are veils of
plasma which extend outward from the Sun’s surface or arise as arc-like structures
above it, see Fig. 5.11. Their length is often 200 000 km while width and height are
of the order of 6 000 and 40 000 km respectively. From an observational point of view
they appear as filaments — dark if seen against the photosphere, bright if observed at
the Sun’'s rim with the dark space as a background. The prominences appear to be
ejected from the Sun’s surface, but recordings show that in quiet prominences the
motion of the matter is downward along the magnetically controlled structures. One
distinguishes between quiet and eruptive prominences. The latter are characterized,
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Figure 5.10. Faculae (Bruzek and Durant 1977).

Figure 5.11. Prominences (Bruzek and Durant 1977).

as the name implies, by outward motions which can reach a speed of hundreds of
km/s.

The solar eruption or the flare is the most important kind of solar activity from
the point of view of space activity. It is a sudden local intensification of radiation
from the Sun. It often occurs in connection with pairs or groups of sun spots. Fig.
5.12 shows an example of a solar flare. A solar flare can, in the time span of some
minutes, release energy of the order of 10?2 — 10% J. While the emission of visible
light increases only a few per cent, and which does not substantially influence the
total irradiance of the Sun, the increase of shortwave radiation is dramatic. In the
X-ray wavelength range emission can increase ten thousandfold.

In addition to the effects that a flare has on the ionosphere and which has
been described in Section 3.3, it drastically influences the space environment in the
Earth’s vicinity, among other things through the energetic particles, mainly protons,
which it emits, and which constitute a danger to both humans and electronics in
spacecrafts. Solar flares are classified on the basis of their surface, measured in
millionths of the surface of the solar hemisphere, in five classes of importance. These
are defined in the table below.
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Figure 5.12. Solar flare (Big Bear Solar Observatory, August 7, 1972).

im;:l;ﬁ‘orretzaarlwce "mpi\]rI%?‘utlpls" Square degrees
S < 100 <20
1 100 - 250 2.1-5.1
2 250 - 600 52-12.4
3 600 - 1200 12.5-24.7
4 > 1200 > 24.7

Table 5.1. Classification of solar flares. The area is expressed in millionths
of the hemisphere. (Bruzek and Durant 1977, p. 84).

The mechanism of solar flares is not yet definitely understood. It is, however,
generally believed that what happens is a sudden transformation of magnetically
stored energy to kinetic energy of charged particles, which in turn causes the elec-
tromagnetic radiation. A particular difficulty is that the plasma of the solar at-
mosphere is a good electric conductor, which makes it very hard to rapidly release
magnetic energy.

A possible explanation, proposed by Hannes Alfvén and his collaborators at
the Royal Institute of Technology in Stockholm, is that in the current circuit which
is the source of the magnetic field, there is created one or more electric double layers
with a very high voltage. When the inductance of the circuit forces the current to
flow through this voltage drop, all the current carriers are accelerated to an energy
corresponding to the voltage drop (which they subsequently share through collisions
with other particles and with the electromagnetic radiation field). For a current
circuit of the size of a sun spot group the inductance has been estimated at 10
—~ 1 000 H and the magnetic energy at 10 J. This energy can be released in the
time span characteristic of the solar flare if the voltage drop of the double layers
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is 10" — 10! V. This also turns out to correspond well to the energy of the most
energetic particles in a solar flare (Carlqvist 1969, 1986).

The Solar Cycle

The occurrence of sunspots exhibits a periodic variation, the solar cycle, with
a period of about 11 years. From a minimum the activity rises in about 4 years to
a maximum and subsequently decreases during about 7 years to a new minimum.
(The length of the solar cycle can vary between 7 and 13 years.) Individual solar
cycles are counted from minimum to minimum. The present solar cycle which began
in September 1988 has been given the number 22.

Sunspot number
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Figure 5.13. The longtime variation of the sunspot number (Robinson
1987).

If the occurrence of sunspots is presented in a diagram with time on the hori-
zontal axis and latitude on the vertical axis, the diagram gets an appearance which
is illustrated in Fig. 5.14, and therefore is called butterfly diagram. The diagram
shows that at the beginning of a new solar cycle the sun spots appear at about 40°
latitude. Subsequently they appear at lower and lower latitudes until at the end of
the cycle they appear close to the Equator.

Different solar cycles can be very different. In historical time very large varia-
tions have occurred. There are documents that indicate that during a period of 70
years, 1645-1715, almost no solar activity at all occured (the Maunder—minimum),
cf. Fig. 5.13. As a measure of solar activity it is customary to use a weighted combi-
nation of the number of sunspots and the number of sunspot groups. This “sunspot
number” is published regularly in astronomical journals. The greatest sunspot ac-
tivity registered until now occurred during the 1957-58 maximum (which coincided
with the International Geophysical Year) with a sunspot number exceeding 200.
During a sunspot minimum sunspots may be entirely absent for several days.
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Figure 5.14. Butterfly diagram showing the distribution of sunspots dur-
ing the solar cycles 15-20 (Robinson 1987).

The general solar magnetic field mentioned before has different polarity during
subsequent solar cycles. If the magnetic field polarity is taken into account as well as
the sun spot activity, one ends up with a periodicity of 22 years instead of 11-years.
During the present solar cycle the polarity is negative in the northern hemisphere,
which means that the direction of the magnetic field is into the Sun in the northern

hemisphere.
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6. Interplanetary Space

6.1. The Solar Wind

Interplanetary space is filled with a thin plasma, the solar wind, which contin-
ually streams out of the Sun and traverses the solar system at a speed of 300 — 900
km/s. The solar wind is the link between phenomena on the Sun and their effects
on the environment of the Earth, especially magnetic storms and auroras.

The Comets as Solar Wind Probes

The first prediction of a continual outflow of plasma (“Korpuskularstrahlung”)
from the Sun was made by Biermann on the basis of observations of cometary tails,
see e.g. Biermann and Liist (1963). A certain type of cometary tails, Type I, consist
of ionized gases, i.e. plasma (mainly CO,, N3, CO3 och CH™). As distinguished
from cometary tails of Type II, which consist of dust particles and have a curvature
which reflects the orbital motion of the comet, the plasma tails are straight because
coupling to the solar wind plasma causes them to rapidly accelerate to so high
a radial velocity that the orbital velocity becomes negligible. Detailed study of
inhomogeneities in the tails reveals accelerations radially from the Sun of up to 10
m/s”. It was in order to explain these rapid accelerations that it was found necessary
to introduce the assumption of a plasma wind from the Sun, which tears with it the
ionized but not the unionized cometary products.

A remaining problem, however, is how the gas can be ionized so rapidly. Cal-
culations show that the Sun’s electromagnetic radiation is insufficient for this, and
the particle radiation does little to ionize, since collisions with neutral gas particles
are very few. A probable explanation is a plasma phenomenon called the critical
velocity (cf. Section 6.4).

Origin of the Solar Wind

The plasma flow from the Sun may seem to be a simple consequence of the
energy supply to the corona, which is reflected in its high temperature (over 2 million
degrees). A remarkable fact is, however, that the flow becomes supersonic, both with
respect to the ordinary sound speed and with respect to the other important signal
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velocity, the Alfvén velocity (described in Section 1.3). It is well known from gas
dynamics that in order to cause a streaming gas to reach supersonic speed, it is
necessary to use a special device, called i.e. Laval-nozzle, where the cross-section of
the flow has a minimum. It is at this minimum cross-section that the transition from
subsonic to supersonic flow can take place. The solar corona is not equipped with a
Laval-nozzle. It can, however, be shown (Section 6.2) that the Sun’s gravitational
field adds to the equations of motion of the plasma a term that is formally similar to
the one that describes the effects of the Laval-nozzle. The resulting equations have
solutions that describe a transition from subsonic to supersonic flow at a distance
of a couple of solar radii.

This does not, however, solve the entire problem concerning the acceleration of
the solar wind. The elegant gas dynamic analogy needs to be amended by taking into
account the fact that the solar wind like other cosmic plasmas, is inhomogeneous and
that electrodynamic forces can play an important, maybe completely dominating,
role (Carlqvist and Alfvén 1980).

Properties of the Solar Wind

On the basis of measurements by means of space probes the properties of the
solar wind are since long well known. Typical values of density, velocity, particle
fAlux, energy flux, temperature and magnetic field at the Earths orbit are summarized
in Table 6.1.1.

Proton density § - 18°m™ (8 cm"S)

Solar wind velocity 3.2 - 10° m/s (320 km/s)
Proton flux 24 -10® m?. g’

Kinetic energy flux 22 . 10™ wW/m? (0.22 mW/m?)
Proton temperature 4 -10%K

Electron temperature 10°K

Magnetic field strength 5nT

Table 6.1.1. Typical solar wind parameters (Falthammar 1973a).

As can be seen from the table, the electron and proton temperatures are differ-
ent, which is a common occurrence in dilute cosmical plasmas, because the collisions
are few and collisions between particles of different mass are less efficient for exchange
of momentum than collisions between particles of equal mass.
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Energy density of massmotion 1
Thermal energy density of protons 1/120
Thermal energy density of electrons 1/50
Magnetic energy density 1/70

Table 6.1.2. Relative energy densities in the solar wind at the orbit of the
Earth (Falthammar 1973).
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Figure 6.1.1. Histogram of the occurrence frequency of different values of
the solar wind (a) velocity, (b) density, (c) proton temperature and (d) mag-
netic field strength (Hundhausen et al. 1970 (a-c), Ness 1969.

From the values in Table 6.1.1 one can calculate the energy density relations
in the solar wind. These are summarized in Table 6.1.2.

An important property of the solar wind, that is not obvious from the table is
its great variability. This can instead be appreciated from Fig. 6.1.1, which shows
the relative occurrence of different values of the main physical parameters.

In terms of chemical composition the solar wind consists mainly of hydrogen
(protons). The second largest constituent is helium (in the form of He®*, i.e. alpha
particles). The helium content is usually about 5 % but can occasionally rise to more
than 20 %. The variations reflect still unknown chemical separation processes in the
solar plasma, possibly related to the ones discovered in the Earth’s ionosphere—
magnetosphere system (cf. Section 1.1).
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The Interplanetary Magnetic Field

If the interplanetary magnetic field derived only from currents in the Sun, it
would rapidly decrease and have a completely negligible strength at the Earth’s
orbit. In reality it is maintained by electric currents in the solar wind itself and
even at the Earth’s orbit it has the strength of several nT, as shown in Table 6.1.1.

The large-scale properties of the interplanetary magnetic field can be simply
derived from the famous law of magnetohydrodynamics, the law of frozen-in mag-
netic field lines (Section 1.3). This implies that in a medium of sufficiently large
electrical conductivity the magnetic field and the material motion are mutually cou-
pled, as if the magnetic fields were tied to the medium (“frozen-in”). This condition
which was illustrated in Fig. 1.3.2, implies, in rigorous formulation, that if two ele-
ments of the medium are on a common magnetic field line at some instant of time,
they will be on a common field line at any other instant of time, however much the
magnetic field is deformed in between the elements, provided that the condition for
the frozen-in condition has been satisfied all the time along the part of the mag-
netic field line that connects the two plamsa elements. The condition for freezing-in
(which is well satisfied in the solar wind) and the derivation of the law is given in
Section 6.3.

Figure 6.1.2. Spiral-shaped magnetic field line generated by the radial
motion of the solar wind combined with the Sun's rotation

When the condition of frozen-in field lines is valid, the ratio of energy densities
of the material motion and of the magnetic field determines which of them controls
the other. If the magnetic field energy dominates, the structure and motion of the
plasma is adjusted accordingly. (An example of this case is the ray structures in
the aurora.) If the moving material has a much higher energy density than the
magnetic field (as in the case of in the solar wind, see Table 6.1.2) the magnetic field
follows the former essentially without resistance. However, if the energy densities
are comparable there is a mutual interaction.

If this law is applied to the radial motion of the solar wind combined with the
rotation of the Sun, it is found that the magnetic field must be pulled out into a
spiral shape, as illustrated in Fig. 6.1.2.

The spiral angle 7 is determined by the condition that tant = wgr/u, where
wy is the angular velocity of the Sun and w is the radial velocity of the solar wind.
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The resulting shape is an Archimedes spiral. At the Earth’s orbit the angle % is
about 45°.

For completeness it should be pointed out that the solar wind is not always
precisely radial. Fluctuations in its direction of up to 10°occur. Furthermore, be-
cause of the Earth’s orbital motion around the Sun with a speed of about 30 km/s,
even a radially streaming solar wind appears to come from a direction which deviates
somewhat toward the morning side. This aberration is about 5°and approximately
inversely proportional to the solar wind velocity.

The spiral form just derived describes very well the average direction of the
interplanetary magnetic field. However, the frozen-in magnetic field contains a great
deal of irregularities, and the instantaneous magnetic field at a given point therefore
varies over the full 360° angular range, as the polar histogram in Fig. 6.1.3 shows.

w =180°

Figure 6.1.3. Polar histogram showing the relative occurrence frequency
of different directions of the ecliptic component of the solar wind magnetic
field. {Ness and Wilcox 1964).

The deviations from the average field also imply that interplanetary magnetic
field often has a component transverse to the ecliptic plane, i.e. transverse to the
orbital plane of the Earth. As mentioned in Section 4.4, this component plays a
decisive role for the interaction of the solar wind with the Earth’s magnetosphere.

5

The Interplanetary Current Sheet

Since, according to Maxwell’s equations, the divergence of the magnetic field
is zero, the magnetic flux out of the Sun must be precisely equal to the flux into
the Sun. The interplanetary magnetic field must therefore be alternatively outward
and inward directed. It has been found that there is a large-scale regularity in these
changes of direction. The first measurments, which took place near the ecliptic
plane, showed that there were “sectors” in which the magnetic field was preferentially
inward respectively outward directed. As expected, this “sector structure” followed
the Sun’s rotation, since the polarity of the magnetic field line is determined by
the conditions on the particular part of the Sun’s surface where it has its footpoint.
These sectors change slowly with time (on a time scale of weeks or months) and
their number was sometimes two, sometimes four, and sometimes the pattern was
more irregular.
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Later it was found that it is not a matter of sectors. Instead the explanation
is that the solar wind magnetic fields is not divided into sectors. It only appears
that way when observation are limited to the ecliptic plane. The three-dimensioned
structure is such that opposite magnetic polarities prevail above and below a wavy
boundary surface as shown in Fig. 6.1.4. A space probe in the ecliptic plane will
therefore be located alternately in regions of outward and inward directed magnetic
field, depending on the phase of the solar rotation. The changing number and extents
of the various “sectors” are simply a result of the wavy boundary surface changing

its shape.
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Figure 6.1.4. Sketch of the interplanetary current sheet (after Friedman
1986).

Since the magnetic field direction is opposite on the two sides of the boundary
surface, there must, according to the Maxwell equation curlB = pyi, flow an electric
current along this surface. (For a typical field strength of 5 nT the current density,
integrated over the thickness of the boundary surface, is about 1072 A/m.

Mach Number

Since the solar wind is electrically conducting and penetrated by a magnetic
field, it can also propagate Alfvén waves (cf. Section 1.3). As a consequence, in
the solar wind the Alfvén velocity is a signal velocity as important as the velocity
of sound, and one has to consider two different Mach numbers, the ordinary Mach
number, which is the ratio between the solar wind velocity and the local sound
velocity, and the Alfvén-Mach number, which is the ratio between the solar wind
velocity, u, and the local Alfvén velocity, V4. From the values in Table 6.1.1 the
following typical values can be calculated:

Sound velocity

vkT,

My

Vs = = 35km/s (6.1.1)
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Mach number
M= ’M/VS ~9 (612)

Alfvén velocity

B
Vy=———— ~40km/s (6.1.3)

A/ ,u(]nmp
Alfvén—Mach number

My =u/Vy~8 (6.1.4)

The Electric Field

As shown in Section 4.7, the electric field depends on the state of motion of
the observer. We can use this to calculate the electric field in interplanetary space.

As the solar wind plasma is a good electric conductor, the electric field, E', in
the reference frame of the plasma itself must be zero. If we denote the electric field
in a fixed coordinate system by E, the following relation should hold

E=E+uxB=0

1.e.

E=-uxB (6.1.5)

For typical values of the solar wind velocity and magnetic field the magnitude
of E is about 2 mV/m at the Earth’s orbit. Its direction fluctuates with the changes
of direction of the magnetic field (whereas the velocity vector u always is nearly
radial). As mentioned in Section 4.4, an electric field directed from the morning
side toward the evening side of the Earth’s magnetosphere corresponds to a strong
interaction between the solar wind and the magnetosphere (“the rectifier” effect).

As in many other contexts, it is also true for the solar wind that the energy
density of the electric field is very small. The ratio of electrical and magnetic energy
is given by

5

B2 BN’ ju\?
B2 = €pflo (-B—) = (E) sin® 1) (6.1.6)

where u is the solar wind velocity, ¢ the velocity of light and % is the angle between
B and u. (F/B is simply the solar wind velocity component transverse to the
magnetic field.)

The solar wind can be considered as a cosmical MHD-generator. Over an
area of the size of the cross section of the magnetosphere the solar wind electric
field has a potential drop of hundreds of kilovolts, which represents the electromo-
tive force of the solar wind. In the case of strong coupling (southward directed
interplanetary magnetic field, see Section 4.4) electric currents flow to and from the
Earth's environment and feed part of the energy from the generator to the interior
of the magnetosphere, where it is dissipated partly in the form of energy of charged
particles, e.g. in radiation belts and polar auroras, partly as Ohmic heating in the
ionosphere of the auroral ovals.
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6.2. Gas Dynamic Solar Wind Analogy

The remarkable fact that the solar wind is supersonic can, according to one
theory, be explained by a gas dynamic analogy, where the Sun’s gravitation plays
the same role as the Laval-nozzle plays for example in a gas turbine. This theory is

sketched below.
Start from the equations of continuity for mass, momentum and energy. For
a Laval-nozzle, whose cross-section, S, varies with the axial coordinate, z, these

equations become

d
— = 2.
7 (pmuS(2)) =0 (6.2.1)
du dp
Py 2.2
P g dx 2.2
2 o/p1) =0 (6.2.3)
d:E m

where p,,, u and p are mass density, velocity and pressure, and v = C,/C, is the
ratio between the specific heat at constant pressure and at constant temperature.

If one combines (6.2.1) — (6.2.3) and introduces the Mach number M, which
is given by the expression

(¥ u
M=—_= 6.2.4
Vs P L
Pm
one finds that the dependence of the Mach number on the axial coordinate, z, is

described by the equation

hr?_ T2 _ .
M?—1dM =(1+7 1M~) 1dS _

IM?  dz 2 S dz
As a transition from subsonic (M < 1) to supersonic (M > 1) flow requires that
the factor M? —1 on the left hand changes sign, the factor dS/dz on the right hand
side must also change sign, which it does at the throat of the Laval-nozzle.

For the solar wind the continuity equations (6.2.1) — (6.2.3) have the form

d 2
§(pmur‘) =0 (6.2.6)
du dp  Gmgpn
= 2.
p"nudT d?‘ Tg (6- 7)

2 (wlo) =0 (6:28)
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where mg is the solar mass (2 - 10% kg) and G the gravitational constant (6.673-107"

Nm?/kg?).
The equations (6.2.6) — (6.2.8) can be combined to
d [u? v p  Gmg
Y . [ = o
dr(2+7—1pm T v (6.2.9)

If also the Mach number defined by (6.2.4) is introduced here, a differential equation
is obtained which describes the dependence of the Mach number on the radius r,
namely

-

M2 — 1dM* _ (1+'y—1

9
1) F(r 2,
e M ) F(r) (6.2.10)

where the factor #(r) is given by

2 5—3vyGmg

o v—12r2E

1+ Gmg
2?‘E0

and Fj is a constant (equal to the quantity in parenthesis in (6.2.9)) that represents
the energy per unit of mass (Holzer and Axford 1970).

Obviously the equations (6.2.5) and (6.2.10) are entirely analogous, and the
factor F(r) in the case of solar wind corresponds to the factor S~'(dS/dx) which
is in the case of the Laval-nozzle. Without the gravitational term the factor F(r)
would not be able to change signs, and transition from subsonic to supersonic flow
would be impossible. With the gravitational term present, such a change of signs
takes place, and the equation (6.2.10) has solutions where M goes from M < 1 to
M > 1 (Holzer and Axford 1970). Examples of solutions of (6.2.10) are shown in

Fig. 6.2.1.
Nl
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Figure 6.2.1. Graphic representation of solutions to (6.2.10), given as
the relation between the square of the Mach number and the dimensionless
radius, £ (Holzer and Axford 1970).
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6.3 Frozen—in Magnetic Field Lines

In connection with the discovery of the magnetohydrodynamic waves Alfvén
(1940) noted that the motion of the matter and the deformation of the magnetic
field were coupled in such a way that the magnetic field lines appeared to “follow”
the motion of the matter in the way illustrated in Fig. 1.3.2. He gave this behaviour
the name “frozen-in magnetic field lines”. Below will be given a general derivation
of the law and of its conditions of validity.

Let B be the magnetic field and v the velocity field with respect to a fixed
coordinate system, and E the electric field in the system. Denote by E' the electric
field in a (local) coordinate system, following the motion of the medium. As the
electric field that enters in Ohm’s law is the field in the rest frame of the medium,
equation (4.7.3) implies

i=0E =c(E+vxB) (6.3.1)

where i is the current density and ¢ the conductivity. If this relation is combined
with the Maxwell equations

rot B= /.L(]i (632)
0B
rot E = —E (633)

where the displacement term is neglected in (6.3.2), one finds

B_B =, (L rot rot B — rot (v x B))
ot LoT

1
=rot (v x B) + —div grad B (6.3.4)
Hoo

If I, is a characteristic length aqd v. a characteristic velocity, the relative magnitude
between the second last and the last term in (6.3.4) can be written

Rm = ,LL(]O'[:(_-U,_- (635)

This ratio is usually called the magnetic Reynold number. If R, < 1, (6.3.4)
becomes 9B I

—_— = ——-d‘ o B .J.
5 = oo iv grad (6.3.6)

which has the form of a diffusion equation, with the diffusion constant

D= L (6.3.7)

Hoo

The case that interests us here is the opposite, when

Ry > 1 (6.3.8)
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so that (6.3.4) is reduced to

OB
i rot (v x B) (6.3.9)

which has the following interesting consequence.

Consider the magnetic flux @ through a surface with the edge contour C which
follows the motion of the plasma. Since the motion of the plasma is in general
different at different points along C, this contour becomes deformed during the
motion. The total change per unit time of magnetic flux through the surface is
therefore the sum of one part which depends on the time derivative of the magnetic
field at points inside the contour and another which depends on the fact that the
contour moves so as to cut across magnetic field lines. The latter contribution is
given locally by the product v x B. The total change of flux per unit time therefore
becomes (see Fig. 6.3.1)

dq} f — dS-I—jIg(vxds)-B
/ — -dS — j{(va)-ds
// (————rot v xB)) - dS (6.3.10)

It

Figure 6.3.1. Illustration of the derivation of the law of flux conservation.

We then find that when the condition (6.3.8) is fulfilled so that the relation
(6.3.9) holds, the right hand sidg of (6.3.10) vanishes identically, and the flux through
the contour remains unchanged. This fluz conservation also implies field line con-
servation, i.e. that volume elements of the medium which at one instant of time are
located on a common magnetic field line, will be on a common magnetic field line
at any other instant of time. This can be seen from the fact that any field line can
be defined by the intersection between two surfaces which at all points are parallel
to the local magnetic field vector. As the magnetic flux at any surface following the
medium is unchanged, the two surfaces defining the field line will retain the prop-
erty of being everywhere parallel to the magnetic field and hence always to define a
magnetic field line.
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6.4. The Critical Velocity

There occurs in the solar wind interaction with the coma of comets the phe-
nomenon called the “critical velocity” or the critical ionization velocity (CIV). This
phenomenon implies that a strong interaction takes place between the solar wind
and the neutral gas in its way, in spite of the fact that the mean free path for
collisions is so long that the interaction ought to be negligible.

The Hypothesis

The planets around the Sun are located at distance from the Sun, which form
a famous series, known as Titius—Bode’s law: If one forms the number series 0, 3, G,
12, 24, etc. and adds 4 to each of these numbers, a new number series, 4, 7, 10, 16,
28, etc. is obtained. It is found that this number series approximately represents
the relative orbital radii of the planets.

As part of the theory of the origin of planets around the Sun and satellites
around certain planets, Hannes Alfvén (1942) introduced the hypothesis that neutral
gas falling in toward the early Sun was ionized and thereby stopped by the solar
magnetic field, when the velocity of the fall reached a certain “critical velocity”,
specific for each kind of particles. He found that the orbital radii of the planets as
well as of the satellites could be explained rather well, if it was assumed that the
critical velocity was that at which the kinetic energy of the neutral gas particles was
equal to their ionization energy, i.e.

MUz /2 = eVi (6.4.1)

where m is the mass of the neutral gas particle. For hydrogen with the ionization
energy 13.4 eV the critical velocity is 5.1 - 10* m/s. Heavy alkali metals have low
critical velocity. For Ba, with an ionization energy of 5.2 eV and mass number 137,
it is 2.7 - 10° m/s.

There was, however, no theoretical reason why the hypothetical strong interac-
tion should take place when (6.4.1) was fulfilled. In the collision between an incident
and a resident particle, it is the energy in the common center of gravity system of
the two particles that is important. When (6.4.1) holds, the energy in the fixed
system is equal to the ionization energy, but in the center of gravity system it is by
necessity less. (If the relative velocity is v, and the particles are equally heavy, each
particle has a velocity v/2, relative to the common center of gravity. In the center
of gravity system, therefore, each has the energy m(v/2)?/2, and the sum of their
energies is (1/2)-muv?/2. If one of the particles is lighter, the energy in the center of
gravity system becomes even less.) It should therefore be energetically impossible
to achieve ionization. For this reason Alfvén’s cosmogonic theory was generally not
taken seriously.

(Cosmogony is the science of the origin and evolution of the solar system,
(cf. cosmology = the science of the origin and evolution of the Universe.) Alfvén
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has emphasized that a theory of the origin of the planets must also be able to
explain the origin of the satellite systems around certain planets, and has coined the
word “hetegony” (from Greek hetdr = companion).

Experimental Confirmation

Nevertheless, a few years later it was discovered, in an experiment at the Royal
Institute of Technology, that the theoretically “impossible” interaction actually took
place (Fahleson 1961). In this experiment a plasma was forced to rotate through
a background of stationary neutral gas. With increasing power input the speed of
rotation could be increased but only up to a certain limit, which could not then be
exceeded until so much power was applied that the ionization became complete, and
there was no neutral gas left to interact with. This velocity limit was found to be
the one given in Section 6.4.1.

After this first experimental confirmation, the phenomenon was observed in
a number of different experimental configurations, but remained unexplained. A
Series of experiments have been performed at the Royal Institute of Technology,
aimed at observing the phenomenon in as pure form as possible. Fig. 6.4.1 shows
the result of such an experiment, where a plasma moving at supercritical velocity
meets a neutral gas cloud, which is so thin that interaction should be negligible.
The velocity is rapidly braked to a value equal to v as soon as the plasma hits
the neutral gas.

v,’\.rO 3
¥ _{ Vg = 470 km/s
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Figure 6.4.1. When the relative velocity between plasma and neutral gas
exceeds a certain critical velocity, rapid braking and violent ionization takes
place which cannot be explained by classical theory. The picture shows how
a plasma moving with supercritical velocity encounters a neutral gas cloud
and is rapidly braked to a velocity clase to theoretical critical velocity (after
Danielsson and Brenning 1975).
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Explanation

On the basis of the experiments it has been possible to essentially clarify what
happens (Raadu 1978): When the relative velocity between plasma and neutral gas
reaches the critical velocity, an instability occurs which leads to strong electric field
fluctuations, which transfers energy from the relative motion (between ions and
neutral gas) to the electrons of the plasma. These can now in turn easily ionize
the neutral gas particles. In order to trigger the instability it is sufficient that there
exists the slightest ionization (e.g. as a result of cosmic radiation), which then grows
like an avalanche. Certain problems remain, however, still to be solved (Brenning
och Axnis 1988).

Critical Velocity in Space Plasma

The fact that the critical velocity phenomenon occurs even in space plasma was
discovered by an accident in the context of the Apollo program. When Apollo XIII
had to return to Earth prematurely after an accident, the carrier rocket continued
toward the Moon. When it hit the lunar surface with great force, dust and gas
clouds were formed, which expanded out into the solar wind. Instruments left on the
lunar surface by Apollo XII then showed a strongly enhanced Aux of energetic ions.
These were ions which were formed from the neutral gas cloud and subsequently
accelerated in the electric field of the solar wind. The acceleration was expected,
but what was surprising was that such a large part of the neutral gas cloud had
become ionized. Analysis showed that the only explanation appeared to be the
critical velocity phenomenon. (The solar wind velocity, 300 — 900 km/s, exceeds
greatly the critical velocity for all ion species concerned. )

Interaction with Comets

It is of course to be expected that the critical velocity should also play a role
when the solar wind encounters the comas of comets. The conclusion that this
is the case has strong support from data from space probes, which have allowed
observations of comets at close range (Galeev et al. 1986).

Interaction with the Interstellar Medium

Similarly critical velocity is considered to play a role for the interaction of the
solar wind with the interstellar medium (Petelski et al. 1980), i.e. at the boundary
of the heliosphere, the heliopause, but this is yet to be confirmed experimentally.
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Active Experiments in Space Plasma

The phenomenon can nowadays also be studied in a controlled way by means
of what are usually called active experiments in the vicinity of Earth, as is described
more in detail in Chapter 10.
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7. Stellar and Interstellar Plasma

Like the Sun, all stars consist of plasma. They also contribute plasma to
interstellar space, partly by the outflux of plasma from certain stars and partly by
short—wave electromagnetic radiaton ionizing the surrounding interstellar medium.

Here follows a brief summary of some basic facts about the stars.

Brightness of Stars

The brightness of celestial objects as seen from the Earth is measured by
a quantity m, called the apparent magnitude. Already classical astronomers like
Hipparchus (190-125 B.C.) and Ptolemy (A.D. 100-178) used a classification system
where the brightest stars were said to be of the first magnitude while the faintest
stars visible to the naked eye were given the sixth magnitude. Due to the logaritmic
sensitivity of the eye, the magnitude scale from one to six was roughly logaritmic.
In modern terminology a difference of five magnitudes corresponds to a brightness
ratio of one hundred which means that 1 magnitude is egvivalent to a brightness
ratio of 100'/% ~ 2.512. The apparent magnitude is then given by

M = —2.5 log (apparent brightness) + const. (7.1)

where the constant is chosen according to a certain convention. This give
Polaris (the Pole star) an apparent magnitude of m = 2.0 and Sirius, the brightest
star in the sky, m = —1.5. If applied to the full Moon and the Sun this measure
becomes -12.7 and -26.8, respectively. It is to be noticed that the fainter the object
appears to be, the larger is the apparent magnitude. The faintest celestial objects
observed with modern techniques have apparent magnitudes in excess of 29.

The apparent magnitude of a celestial object depends on both its intrinsic
luminosity and its distance from the Earth. To get a measure of the intrinsic lu-
minosity of an object one has defined the absolute magnitude, M, as the apparent
magnitude the object would haye if observed at a distance of 10 parsec (pc) (1 pc
= 3.26 light years; definitions, see Appendix). One then finds that the Sun is of
abolute magnitude M = 4.8, Sirius is M = 1.0, while Polaris is M = —5.1.

Above we have been speaking of visual magnitudes, the brightness as seen by
the normal eye. The photographic plate has a different colour sensitivity and hence
register the celestial object differently. This gives the photographic magnitudes. By
using filters one may also observe in different wavelength regimes, like infrared and
ultraviolet, and each of these has its own magnitude system.

Spectral Classes

Stars with different surface temperature emit light with different spectral char-
acteristics. On the basis of this, the stars have been grouped into spectral classes,
denoted by the following letters.

O0,B,AF,G Kand M
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and their subclasses denoted by attached numbers. Thus, spectral class O represents
the hotest stars (surface temperature more than 20 000 K) and M the coolest (surface
temperature about 3 000 K).

The Hertzsprung—Russell Diagram

If the stars are placed in a diagram with the surface temperature on the hori-
zontal axis and light emission on the vertical axis, a diagram called the Hertzsprung—-
Russell diagram is obtained. An example is shown in Fig. 7.1.

0 BO,IB2 B5 B8 B9 A0 A2A3 A5 FO F2 F5 F8 GO G5 KO K2 K5 M
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Figure 7.1. Hertzsprung-Russell diagram (after Wallenqvist 1958).

The position of stars in the Hertzsprung-Russell diagram can be used for
classification, illustrated in Fig. 7.2.

The Sun

The Sun is located in the middle of the Hertzsprung—Russell diagram, in what
is called the main sequence. During its evolution from birth to death the star
describes a certain trajectory in the diagram.

Magnetic Stars

A particularly interesting category of stars is that of magnetic stars, which are
characterized by their extremely strong magnetic fields (more than 3.4 T has been
measured in the star HD 215441). They are usually found among rapidly rotating
A-stars with a surface temperature of more than 10 000 K. The observed magnetic
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Figure 7.2. Classification of stars (after Wallenqvist 1958).

field strength usually shows large time variations (periodic or irregular) probably
connected with the stars rotation.

Pulsars

The pulsars are objects which emit short (about 1 ms) pulses of radio emission,
which recur strictly periodically with a recurrence frequency, which can vary between
a few thousands of a second and a few seconds. In the cases where pulsars have
been identified optically, it has been found that they coincide with the remnants of
supernovas. (The most famous is the 30 ms pulsar in the Crab nebula, the result of
the supernova in AD 1054.)

The pulsars are considered to be neutron stars, i.e. stars made up of nuclear
matter (about 55 % neutrons ahd 45 % protons) with a mass of about 10°7 neutron
masses (about equal to the Sun’s mass) and a radius of about 10 km, i.e. a density
of more than 10" g/cm?.

Stellar Wind Regions

Since a large part of the stars are hotter than the Sun, one must expect that
they, too, emit plasma in the form of stellar winds and surround themselves with
“astrospheres” corresponding to the Sun’s heliosphere. These regions are thus pop-
ulated with hot plasma directly from the star concerned.
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Interstellar Matter

The stellar system, The Milky Way, of which our Sun is a part, is a spiral
galazy, whose diameter in the plane of the spiral is about 100 000 light years (10%
m) and transverse to it about 10 000 light years (10*® m). It contains about 10
stars, the average distance between them being about 10 light years (10'7 m).

The fact that there is also matter between the stars manifests itself in absorp-
tion lines in the stellar spectra, in some cases it also manifests itself through the
reemission of light from strong stars (gas or reflection nebulae).

The occurrence of hydrogen gas can be mapped by using the 21-cm-line in the
radio spectrum of hydrogen. Also molecular hydrogen exists, which manifests itself
by emission of a spectral line (A = 2.6 mm) which is excited in the CO-molecule in
collisions with molecular hydrogen (Morris and Richard 1982).

In our own galaxy the total amount of atomic and molecular hydrogen are
nearly equal (Sanders et al. 1984) but differently distributed. (Molecular hydrogen
is dominant in the inner part of the galaxy, and concentrated to clouds with 1-30
solar masses, 20-80 parsec).

Interstellar matter, too, is in the plasma state, although often cool and weakly
ionized (small relative number of charged particles). However, even when only a
very small fraction of the particles is ionized, the macroscopic behaviour of the
medium becomes in many important respects similar to that of the plasma. This
is because the charged particles interact with long-range forces (the Coulomb force)
and therefore usually have a much greater effective collision cross—section than the
neutral gas particles (cf. Section 1.3).

Because of the great average distance between the stars, the above-mentioned
stellar wind regions can only constitute a vanishingly small part of interstellar space.
Much larger volumes are ionized as a consequence of the short-wave radiation of the
stars. In interstellar space there are two types of interstellar plasma environments,
called HI- and HIl-regions respectively.

HIl-regions are formed as a result of the radiation from a star in the UV and
X-ray ranges. The ionization is nearly complete, the density about 1 cm™ in the
spiral arms of the galaxy, considerably less outside. The temperature is estimated
at 10 000 K. Around stars of spectral classes O and B, HIl-regions can extend to
50— 500 light years. L

HI-regions are found outside the reach of the stellar UV-radiation. The density
is about the same as in the Hll-regions, but the temperature can be as low as about
50 K, and as a consequence the dominating element, the hydrogen gas, is unionized,
while certain other elements, i.e. Ca, are ionized, so that the gas still constitutes a
plasma.

The interstellar plasma participates in the rotation of the galaxy (with a period
of the order of 2-10® years) and in addition exhibits irregular (“turbulent”) motions
with velocities of the order of magnitude of 10 km/s.

Interstellar Magnetic Fields

The interstellar plasma, too, is magnetized, which means that it carries electric
currents. The existence of an interstellar magnetic field was suggested in 1937
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by Alfvén to explain the isotropi of cosmic radiation, and has since been evoked
in theories of the acceleration of the cosmic radiation. Early observations of the
polarisation of star light was interpreted as a result of the interstellar magnetic
field (magnetic dust grains become lined up by the magnetic field). An important
method for mapping interstellar magnetic fields is analysis of the Faraday rotation
(cf. Section 3.4) of the radio emission from pulsars. Out of this one has estimated
that the large-scale magnetic field has a typical strength of 0.2 — 0.3 nT and that
the magnitude of the fluctuations is about 0.2 nT. Similar conditions have been
found in other galaxies. A survey of the interstellar magnetic field has been given
by Ruzmaikin et al. (1988)



8. Intergalactic Plasma

Space between the galaxies is called intergalactic space. The average distance
between galaxies is estimated to be about 10 million light years (10* m). The part
of the universe that is until now observed is sometimes referred to as the metagalazy,
implying that other similar entities exist. The contribution of the stars to the average
mass of the metagalactic space is estimated at less than one proton mass per cubic
meter. There is, however, also diffuse intergalactic matter, among other things in
the form of material bridges between neighbouring galaxies. Recently diffuse arches
have been detected which surround galactic groups and have dimensions of more
than 300 000 light years (Robinson 1987).

The discovery that there is intergalactic plasma and that it is magnetized
was made by radio astronomical means. It was found that certain galaxies are
surrounded by a halo of radio noise in the frequency range around 100 MHz. The
surprising explanation of the radio noise was proposed by Alfvén and Herlofson
(1950), namely that it is syncrotron radiation from superrelativistic electrons. In
the weak magnetic field, about 0.3 nT, in which they move, the non-relativistic gyro
frequency is only about 8 Hz. In this case, however, the electrons have extremely
high energy, about 3 GeV. Therefore they have a relativistic mass about 6 000 times
as large as their rest mass, and a gyro frequency of only about 0.0015 Hz. In spite
of this they radiate in the 100 MHz range! This is because a relativistic electron
emits most of its radiation at frequencies which exceed the gyro frequency by a
factor (m/my)?. This is because the radiation is emitted in a narrow cone around
the instantancous direction of motion of the electron. The higher the energy the
smaller is the opening angle of the instantaneous emission cone. A fixed observer
therefore sees the radiation as brief “flashes” each time he happens to be in this
narrow cone around the instantaneous direction of the tangent to the electron orbit.

Since there are electrons outside the galaxies, there must also be positive parti-
cles, probably protons, otherwise unreasonably large electric fields would be created.

Based on the redshift of the spectra of distant galaxies, interpreted as a Doppler
effect, one has found that the galaxies move away from us with a velocity propor-
tional to the distance. The proportionality factor is the Hubble parameter (about
50 km/s per 1 million parsec (Schechter 1986)). Velocities of above 90 per cent of
the velocity of light have been observed. The common interpretation of the redshift
is that the visible Universe expands uniformly which explains the proportionality
between distance and velocity.

It has been pointed out by Alfvén (see for example Alfvén 1981, Chapter IV:9),
that one cannot be sure that metagalactic space consists of ordinary matter only.
It is known from the physics of elementary particles that there is a symmetry be-
tween particles (the proton, the electron etc) and antiparticles (the antiproton, the
positron ete). A corresponding symmetry should therefore exist between matter
(consisting of particles) and antimatter (consisting of antiparticles). In a theory
of the Universe as a whole it is therefore unsatisfactory to assume that ordinary
matter, koino matter (from Greek koinos = common), should have an exceptional
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place, as the case is in previous cosmological theories. A theory of the metagalaxy
has therefore been proposed by Klein and Alfvén (for a summary see Alfvén 1965,
and for a popular presentation Alfvén 1966). In this it is emphasized that the meta-
galaxy is not necessarily equal to the Universe as a whole, which may possibly be
infinite both in time and space. In this theory the metagalaxy is assumed to consist
of a dilute plasma of both koino matter and antimatter — an ambiplasina (from lat.
ambi = double). This ambiplasma contracts under the influence of its own gravity,
and the density increases. At a density of about 0.01 particles cm™ the pressure
of the radiation from the annihilation becomes so large that it brakes the contrac-
tion and turns it into the expansion that is still going on. During some phase of
the evolution of the metagalaxy, there have also, under the influence of electromag-
netic forces, occurred separation processes, which have led to local concentrations
of koino respectively antimatter (which finally become purely koino or antimatter
because the minority species is destroyed by annihilation). At the boundaries be-
tween matter and antimatter there are formed hot boundary layers, partly analogous
to the Leidenfrost-layer that protects a drop of water on a (sufficiently) hot plate.
Therefore each individual star consists of either only matter (like our Sun) or only
antimatter. Whether a certain star (or a certain galaxy) consists of matter or anti-
matter cannot be immediately determined, because the radiation that is emitted by
atoms respectively antiatoms is precisely the same. Different suggestions have been
made about how to determine whether the Universe contains antimatter (e.g. if one
could observe spectral lines of protonium, 7.e. atoms consisting of one proton and
one antiproton), but at the present time the problem is still unsolved.

It has previously been thought that the Universe was rather homogenous on
the large scale. Recently, however, it has been discovered that there are essential
inhomgeneities (Burns 1986) on scales of tenths of megaparsec (1 megaparsec =
3.26-10° light years ~ 3 - 10** m). This is a difficulty (see for e.g. Maddox 1989,
Lerner 1990) for the Big-Bang-theory (see e.g. Weinberg 1977) of the origin of the
Universe , and a support for the opinion that also electromagnetic forces must be
considered in comsmological theories (see e.g. Alfvén 1981).



§ 0. 144

9. Cosmic Radiation

The cosmic radiation consists of extermely high energy particles — energies
above 10% eV has been observed. (The lower limit of what is called cosmic radiation
is somewhat arbitrary but is usually put at 10® ¢V.) Like the particle radiation in
the Earth’s radiation belts it constitutes a risk factor for both humans and electronic
systems which are in space for an extended period of time.

Rigidity

Even at the high energies characterizing the cosmic radiation the particle orbits
are influenced by the Earth’s magnetic field. (Even at 10° eV energy, where the
primary radiation has its maximum, the orbital radius of curvature in the inner
part of the magnetosphere is of the order of 10 000 km, and the radiation can
approach the Earth only from certain directions. This was used in the early space
age to draw qualitative conclusions of the outer parts of the geomagnetic field.) In
cosmic ray research one has therefore traditionally used a measure of energy, called
rigidity, which represents the resistance of the particle to magnetic deflection.

If a particle with the charge ¢ = Ze and relativistic velocity moves transverse
to a magnetic field with strength B the orbital radius of curvature becomes

R=p/eZB (9.1)

where p is the relativistic momentum, which is related to the total energy F and
the rest mass my acccording to

E = (p°c + mic')? (9.2)

Since the orbital radius of curvature is proportional to p and inversely proportional
to Z, p/Z, or any number proportional to this ratio, is a measure of the particle’s
capability to withstand magnetic deflection. One has chosen to define rigidity, P,

as
P =ypc/eZ (9.3)

The relation between rigidity and kinetic energy per nucleon in the most important
part of the cosmic ray energy spectrum is shown in Fig. 9.1.

Spectra

The energy spectrum of the cosmic radiation can be represented in various
different ways. The differential spectrum in a certain direction is the number of par-
ticles per unit of time, energy, solid angle and surface area, which passes a surface
perpendicular to this direction. This flux usually given in the unit (MeV /nucleon) ™
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steradian”'m~2s~!. The integrated spectrum is correspondingly the number per unit
of solid angle and time of particles above a certain energy and is measured in stera-
dian ~'m~3s71.

For determining the extent of protection needed in the context of space activ-
ities it is usually sufficient to know the omnidirectional spectrum. This, too, can be
given either as a differential spectrum or as an integrated spectrum and is obtained
from the spectra mentioned above by integrating over solid angle.

For transforming spectra to radiation doses behind specified radiation shields
there are computer programs which are published (Seltzer 1980).
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Figure 9.1. Relation between rigidity and kinetic energy per nucleon.
(After Handbook of Geophysics and the Space Environment 1985)

The Primary Cosmic Radiation

During its passage through the atmosphere (and through radiation shields) the
cosmic radiation produces secondary particles because collisions with other particles
lead to nuclear reactions. The cosmic radiation at the Earth’s surface is therefore
different than above the Earth atmosphere. The latter is called the primary cosmic
radiation.

The primary cosmic radiation at the Earth’s orbit consists of 83 % protons,
13 % alfa particles, 1 % atomic nuclei with charge numbers greater than 2 and 3 %
electrons.

Spectra of the two most important components in the primary cosmic radiation
are shown in Fig. 9.2.

Solar Cycle Variations

The ability of the cosmic radiation to reach the orbit of the Earth is influenced
by the state in interplanetary space, since this contains magnetic fields. At high
solar activity the cosmic radiation is noticeably shielded and this gives rise to a
solar cycle variation of the cosmic radiation which is illustrated in Fig. 9.3.
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Figure 9.2. Differential energy spectra for protons and alpha particles.
The proton spectrum in this figure has been multiplied by a factor of 5 in
order to separate the curves (After Handbook of Geophysics and the Space
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Figure 9.3. Solar cycle variation in the cosmic radiation as observed at the
Earth’s surface (After Handbook of Geophysics and the Space Environment

1985.)

Variations on Short Time Scales

Small variations also occur on short time scales. A 27-day periodic variation
with an amplitude of a few per cent is caused by the fact that the state of the solar
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wind in the vicinity of the position of the Earth is related to the solar rotation,
which has a periodicity of 27 days.

At a given point on the surface of the Earth’s daily variation is observed with
an amplitude of some tenths to a few per cent, which depends on the position of the
place relative to the average direction of the interplanetary magnetic field. (Also a
small 12-hour variation, usually less than 0.1 % occurs.)

Transient variations occur as a result of solar flares. An important type is
called “Forbush decrease” (after its discoverer, the American Scott Forbush). It can
cause reductions in the cosmic ray intensity by a few to a couple of tenths of per cent
(up to 35 % has been observerved). This phenomenon is considered to be caused
by rapidly moving magnetized solar wind plasma, temporarily sweeping away the
cosmic radiation.

There are also increases as a result of particles emitted from the Sun (improp-
erly called “solar cosmic rays”) and as a result of shock waves acceleration of cosmic
rays which are already present in interplanetary space.

Secondary Particles

The production of secondary particles begins at about 55 km altitude above
the Earth’s surface and reaches a maximum, called the Pfotzer-mazimum at about
20 km. The secondary particles include protons, neutrons and mesons. (For example
the integrated flux of y-mesons has a maximum of about 400 m~2 s~! steradian!
at an atmospheric depth of 200 g/cm®. Computer programs have been published
for calculating the secondary radiation at a given place and at a given atmospheric
depth (O’Brien 1970, 1979). Data on the secondary radiation has been compiled by

Allkover and Grieder (1984).

The Neutron Albedo

Among the secondary particles of cosmic radiation neutrons are of particular
interest for the following reason. Some of the neutrons that are formed in the atmo-
sphere have such directions of motion that they are thrown out into space. The flux
into space of neutrons created by the cosmic radiation is called the neutron albedo.
(Albedo = equal to the ratio between the light diffusely reflected by an illuminated
body and the incident light; the name derives from lat. albus = white.) Some of the
albedo neutrons decay during their flight through the magnetosphere and the re-
sulting protons become magnetically trapped. They constitute an important source
(the first identified one) of the Earth’s inner radiation belt.

Origin of the Cosmic Radiation

Except for protons from the Sun and electrons from Jupiter the origin of the
cosmic radiation is still a matter of scientific debate. One of the best known theories
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was proposed by Enrico Fermi. A magnetically trapped particle which is “squeezed”
between two “magnetic mirrors” (cf. Section 4.8) increases its energy. This is called
Fermi acceleration (cf. 4.8). The energy increase that can be achieved is, however,
limited by the fact that the particle will sooner or later escape from the mirror. In
order to reach the energies characteristic of cosmic radiation a multi—-step proccess
is needed. Fermi proposed that the cosmic ray particles are accelerated to their high
energies through repeated collisions with “magnetic mirrors” which are “frozen—in”
(ct. Chapter 6) in the interstellar plasma and moves with it. On reflexion against
an approaching mirror the particle gains energy much like a ping—pong ball that is
reflected by a racket. When reflected against a receding mirror the particle loses
energy. It can be shown that the statistical net result of many random collisions
will be successive increase of energy.

Whereas the cosmic radiation used to be generally considered to be of galac-
tic origin, Hannes Alfvén has proposed that it may be largely produced within the
heliosphere by a process called magnetic pumping. This is a combination of be-
tatron acceleration(cf. 4.8) and elastic scattering. It takes place in the following
way. Since the magnetic moment is an invariant, the kinetic energy of the par-
ticle motion transverse to the magnetic field will vary in direct proportion to the
strength of this magnetic field according to (3.7.4). This process cannot provide
any accumulated energy gain, because the energy gained is lost when the magnetic
field strength returns to its old value. If, however, it is combined with elastic scat-
tering, the following happens. When the magnetic field strength increases, part of
the particles kinetic energy which corresponds to the motion transverse to the mag-
netic field, increases, but not that part of the energy that corresponds to the motion
along the magnetic field. The elastic scattering, however, tends to distribute the
kinetic energy equally between three degrees of freedom in the motion, and there-
fore transmits part of the “perpendicular” energy to “parallel” energy, which does
not decrease when the field strength decreases. When the decrease of the magnetic
field strength has taken place, energy is instead transfered to the “perpendicular”
energy, which further increases when the magnetic field again increases. In this way
it is possible, like in the case of stochastic Fermi acceleration, to increase the energy
of the particles indefinitely. The “gedankenexperiment” (thought—experiment) just
described is designed for a particularly simple kind of time variation, but it can be
shown that a systematic increase of energy takes place even for an arbitrary time
variation (see e.g. Alfvén and Falthammar 1963, Section 2.7.4).
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10. Space as a Laboratory

As mentioned already in the introductory chapter the vicinity of the Earth (the
ionosphere and the magnetosphere) contain a rich variety of plasma populations with
very different temperatures and densities. The density varies from more than 10
m~ (numerical density) at the maximum of the ionospheric F layer to less than 10*
m™ in the polar plumes of the magnetosphere, and (the equivalent) temperature
from less than 1 000 K in the E layer of the magnetosphere to more than 10° K in the
radiation belts of the Earth. A consequence of this variety is a profusion of natural
plasma physical processes take place and in addition conditions are favourable for
“active experiments”, where artificial particle or wave populations are injected and
the response of the space plasma is studied.

Since the natural physical conditions in space have now been largely explored
(“the exploration phase”) interest has grown in gaining a deeper understanding
of the physics of the space plasma by means of active experiments (“the physics

phase”).
Most active experiments performed so far can be divided into four main groups:

Injection of artificial clouds of plasma or neutral gas
Injection of particle beams of electrons or ions

Study of the effect of spacecraft on the ambient plasma
Injection of waves.

L N

A few examples of such experiments will be given below. An up-to-date col-
lection of papers on such experiments has been edited by Haerendel and Mendillo

(1988).

Injection of Artificial Gas or Ion Clouds

The earliest use of artiﬁci‘éﬂ ion clouds was measurements of electric fields in
the ionosphere. By detonating the mixture of an explosive and barium or strontium
(both of which have low ionization energy) in a sunlit part of the ionosphere a
gas cloud was formed which became ionized by the solar radiation. The freshly
formed barium or strontium ions immeditely started drifting under the influence of
the electric field according to the formula (3.7.10). Since the magnetic field in the
ionosphere is well known, one can use observations of the motion of the ion clouds
to directly calculate the electric field. The determination of the motion of the ion
cloud is further facilitated by the fact that one can at the same time observe the
still unionized atoms of the cloud, the motion of which is not influenced by either
the magnetic or the electric field. This was the first method of measuring electric
fields in the ionosphere, but it has been used to a rather limited extent, since it can
only be used in regions with special light conditions, namely near the terminator,
and does not allow high time and space resolution.
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In another early application of artificial clouds the shaped charge technique was
used to inject barium clouds with very high velocity (10 km/s) along the geomagnetic
field. With this method a very important discovery was made in 1976 (Haerendel
1976), which is illustrated in Fig. 10.1. It was found that about 700 seconds after
the release at an altitude of about 7 000 km, the ion cloud suddenly was subjected
to a sudden velocity change corresponding to an energy increase of about 7 keV per
particle. The only explanation of this is that the cloud passes through a region with
an electric field along the magnetic field lines. This provided undeniable proof that
such fields exist in the space plasma. Such fields, the existence of which were long
doubted, are considered to play an important role in the space plasma, among other
things for the acceleration of the auroral primary particles (cf. Section 4.5).
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Figure 10.1. Motion of Ba" clouds along the geomagnetic field (Haerenclel
et al. 1976).

3

An ambitious international project for active experiments on magnetospheric
scale was performed in 1984/85 — the AMPTE-project (Active Magnetospheric Par-
ticle Tracer Experiment), which included three different satellites and several exper-
iments.

One of these experiments consisted of injection of lithium ions in front of the
magnetopause. The idea was that these ions, which do not occur naturally in space
in any appreciable quantity, might be detected inside the magnetosphere and reveal
something about the mechanism for plasma penetration from the solar wind into
the magnetosphere. It was, however, not possible to detect any lithium ions within
the magnetosphere.

Another experiment consisted of injection of a number of barium clouds (each
with about 10% barium atoms) in the solar wind to simulate what happens in the
diffuse gas envelope of the comet (koma, from Greek kome = hair). The explosion
formed, as expected, a magnetic cavity by forcing aside the surrounding solar wind
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plasma with its frozen-in magnetic field. But several unexpected phenomena were
observed. Perhaps the most interesting was that the surrounding magnetic field
returned to the cavity in a very short time, a few seconds to a few minutes, which
was many times faster than expected according to theoretical predictions. This
is one example among many which illustrates how observations and exeriments in
space have shown that the behaviour of matter in the plasma state can substantially
deviate from what classical theories prescribe.

By means of suitable gases that cause strong electron absorption temporary
“holes” have been punched in the ionosphere (even the exhaust gases from the rocket
motors of the space shuttle can be used for this purpose.) This has been used both
to make possible radio observations in frequencies that do not normally penetrate
through the ionosphere, and to study the reestablishment of the ionospheric layers.

A particularly interesting category of experiments uses the ionospheric plasma
for study of “the critical-velocity” phenomenon (cf. Section 6.4). This kind of
experiments which are performed with a participation of scientists at the Royal
Institute of Technology, will be described in a separate section later.

Injection of Particle Beams

Most experiments with particle beams have been used to study the plasma
instabilities which such beams give rise to by their motion through the background
plasma. They have also been used to produce artificial aurora and to look for electric
potential barriers (for example electric double layers, cf. Section 4.5) in space.

Electron beams have been used on the European satellites GEOS 1 and GEOS 2
to measure electric fields by emiting an electron beam, which is received by detec-
tors on the same satellite. The time, place and angle of incidence of the returning
beam contains information on the electric field in the surrounding of the satellite.
A German research group at the Max Planck Institut fiir Extraterrestrische Physik
in Munich will use a further sophisticated version of this experiment on the next
Swedish scientific satellite, Freja (see Chapter 11), and on the satellites in the ESA—
project Cluster.

Attempts to develop an ion beam technique for measuring electric fields from
sounding rocket in the ionosphere are being made in Japan.

Influence of Spacecraft on Ambient Plasma

Several studies have been made of the plasma wake behind rockets and even
larger spacecraft, such as the space shuttle. One such experiment used small sub-
sidiary satellite “in orbit” around the space shuttle.

A more ambitious project of this kind is the Tether-project, which uses a
“tethered” satellite, which will be connected with the space shuttle with a cable of
a length of up to one hundred kilometers. Two kinds of experiments will be made.
In one of them the subsidiary satellite is hanging under the space shuttle in a cable
20 km long, whereby it can reach down to levels where the atmospheric friction is
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too large for free-flying satellites. In the other it will be hanging upwards from the
space shuttle in a cable of 100 km length. In this case the orbital motion across
the geomagnetic field will induce an emf of many kilovolts between the ends of the
cable and drive currents along the geomagnetic field lines to and from the underlying
ionosphere. One can in principle also force a current in the opposite direction, and
thereby add kinetic energy to the space shuttle.

Injection of Waves

Injection of radio waves of high intensity from transmitters on the ground has
been used for local heating of the ionosphere and study of subsequent behaviour.

Microwaves emitted from spacecraft have been used to trigger various plasma
instabilites in the ambient plasma.

Radio waves from satellites can also be used both for local density measurement
and for remote sensing of plasma discontinuities, such as the plasmapause.

The CRIT-Experiments — an Example of Plasma Experiment in Space

One of the most intricate problems in modern plasma physics has been the
phenomenon “critical velocity” in the interaction between plasma and neutral gas.
The problem and its background is described in Section 6.4. The fact that the phe-
nomenon occurs also in the near—Earth space plasma was demonstrated for the first
time by Haerendel (1982), but it has also failed to occur in other similar experiments.

The CRIT project

430 km /

Figure 10.2. The CRIT-experiment
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The CRIT-project, a collaborative project between scientific groups at Uni-
versity of Alabama, University of Alaska, Cornell University, Max Planck Institute
and the Royal Institute of Technology, is the most comprehensive experiment so far.
The experiment, which is illustrated in Fig 10.2, is performed in such a way that
a rocket with double instrument payloads (“mother-daughter”) is launched to an
altitude of about 430 km from NASA:s rocket range on Wallops Island in Virginia.
During the upleg of the flight the smaller instrumented payload the “daughter” is
separated in such a way that at the same time as it moves away, it always stays on
the same magnetic field line as the main payload. During the upleg of the flight
the main payload is turned by means of attitude controlling gas jets in such a way
that its axis form a suitable angle to the magnetic field. After that two cannisters
of barium-doped shaped charges are injected. When they have reached suitable dis-
tances (a few kilometers) from the instrumented payload, the charges are detonated,
first one and then the other, in the direction of the instrumented payload, which
will then be located in the middle of the region where the artificial barium clouds
interact with the surrounding ionosphere. At the same time as the main payload
measures electric and magnetic fields, waves and particles in the interaction region
itself, the daughter payload checks what happens further away along the same mag-
netic field line, for example passage of energetic particles or Alfvén waves from the
region of interaction.

The first experiment in this project was performed on the 13th of May 1986 and
revealed the occurrence of still unexplained very strong (700 mV/m) electric fields
along the geomagnetic field lines. In order to explain these, numerical simulations
with a supercomputer are being performed at the computer center in Linkoping.

A second experiment was performed on the 4th of May 1989 and has given
equally interesting results which are still being analyzed at the institutions involved.

Experiments in the space plasma have often revealed that conclusions built on
purely theoretical calculations can be dramatically misleading. One conclusion of
this is that it is only by first understanding the space plasma in the available parts
of space that one can hope to correctly interpret astrophysical observations which
take place in regions that are far beyond the reach of direct measurements.
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Appendix

Natural constants

Name Notation Value

Universal gas constant R 8.314 J/(mol-K)
Avogadro’s number A 6.022 - 10® particles/mole
Boltzmann’s constant k 1.381-107% J/K
Permittivity of free space € 8.854-1071% ~ % F/m
Electrone charge e 1.602-107* C
Electrone mass M 9.109 - 1073 kg

Gravity constant G 6.673 - 1071 N-m?/kg’
Velocity of light in vacuum ¢ 2.998 - 108 m/s
Permeability of free space Lo 47 -107" H/m

Proton mass m, 1.673 - 107 kg
Common units

Unit, Notation Value

Astronomic unit AU 1.496 - 101 m

Gamma v 1 Ip

Gauss G o=

Earth’s radius Ra 6.378 - 10° m

Light-year 9.461-10® m

Parsec pc 3.086-10' m

168



Index of notations

Symbol Quantity Section
a Magnetic dipole moment 4.6
Qg Absorption coeflicient 3.5
a; Ionisation coefficient 3.9
ar Recombination coefficient 38
A Avogadros constant, 2.3
b Magnetic flux density 3.9
B Magnetic flux density 1.3
B Unit vector in the direction of the magnetic field 3.9
B, Magnetic polar field strength 4.6
c Velocity of light in vacuum 3.1
Cp Specific heat at constant pressure 6.2
Cy Specific heat at constant volume 6.2
B Diffusion constant 6.3
D Electric displacement 3.9
ds Vector line element 4.6
e Electron charge (absolute value) 1.2
e Base of natural logaritnm (2.718...) 2.3
E Energy 9
E Electric field 3.2
Eqsf Effective electric field 3.8
Ey Energy per unit mass 6.2
E, Primary electric field 3.8
E, Secondary electric field (Polarisation field) 3.8
E) Parallell (to the magnetic field) electric field 3.7
E, Perpendicular (to the magnetic field) electric field 3.7
f Frequency | 3.1
For Critical frequency 3.4
T Electron gyro frequency 3.4
gi Ton gyro frequency 3.4
fin Lower hybrid frequency 3.4
T Nose frequency 4.1
- Electron plasma frequency 3.4
o, Ion plasma frequency Sl
Tk Upper hybrid frequency 3.4
F Force 3.7
F Average force 4.8
E, Centrifugal force (absolute value) 4.8
Fj Force component along magnetic field 3.7
Fg Electric force 4.7
F., Magnetic force 3.7
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Numerical factor
Acceleration of gravity
Multipole coefficient
Gravitational constant
Magnetic field
Multipole coefficient
Scale height

Scale height of electrons
Scale height of ions
Imaginary unit

Hall current density

Pedersen current density

Total current density

Current density along magnetic field

Current density vector
Radiation intensity
Light intensity

Longitudinal invariant (Second invariant)

Boltzmann’s constant
Wave vector

Numeric factor
Characteristic length
L-value

Mean molecular mass
Particle mass
Flectron mass

Ion mass

Local average ion mass
Proton mass

Rest mass

Sun’s mass

Mach number
Magnitude \
Molar mass
Alfvén-Mach number
Plasma density

Index of refraction
Electron density

Ton density

Neutral gas density
Pressure

Dynamic pressure

Electron partial pressure

Ion partial pressure

Neutral gas partial pressure

Momentum
Rigidity

6.2
2.3
4.6
6.2
3.9
4.6
23
3.6
3.6
3.9
3.8
3.8
3.8
3.8
3.8
3.5

4.8
1.2
3.9
4.4
1.3
4.8
2.2
3.7
3.1
3.4
3.6
6.1

6.2
6.1

2.3
6.1
1.3
3.4
1.3
3.6
3.5
2.3
4.4
3.6
3.6
3.8
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Legendre function

Electric polarisation (Dipole moment per unit volyme)
Electric charge

Ionisation rate

lon charge

Geocentric distance

Recombination rate

Spherical position coordinate

Position vector

Classical electron radius

Universal gas constant

Radius of curvature

Earth’s radius

Magnetic Reynolds number

Cross section

Equivalent collision cross section

Time coordinate

Absolute temperature

Azimutal period

Electron temperature

Equivalent temperature

Gyro period

Ion temperature

Longitudinal period

Relative velocity between coordinate systems
Solar wind radial velocity

Drift velocity

Transverse (to the magnetic field) velocity
Dimensionsless attenuation (URSI notation)
Velocity

Weighted mass velocity

Critical velocity

Phase velocity of extraordinary wave mode
Phase velocity of left hand polarized wave mode
Phase velocity of ordinary wave mode
Phase velocity of right hand polarized wave mode
Root mean square velocity

Linear average velocity

Velocity along magnetic field

Electron velocity

Phase velocity

Group velocity

Ion velocity

Neutral gas velocity

Velocity transverse to magnetic field

Alfvén velocity

Ionisation potential

4.6
3.9
3.7
3.5
3.4
4.1
3.5
4.6
3.9
3.1
2.3
4.8
4.6
6.3
6.2
1.3

2.2

A

4.8
1.3
1.2
4.8
3.6
4.8
4.7
6.1
3.7
3.7
3.9
3.7
3.8
6.4
3.4
3.4
3.4
3.4

22
2.2

s

3.7
3.8
3.4
3.4
3.8
3.8
34
1.3
6.4
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OH

Sound velocity

Average energy

Cartesian coordinate

Dimensionsless frequency (URSI notation)
Cartesian coordinate

Dimensionless vector along magnetic field (URSI notation)
Cartesion coordinate

Depth of penetration

Charge number

Dimensionless frequency (URSI notation)
Angle of incidence

Pitch angle

Loss cone angle

Friction factor

Beta value (ratio between kinetic and magnetic pressure)
Ratio between Cp and Cy

Multipole coefficient

Slowness parameter

Permittivity of free space

Spherical coordinate (polar angle)
Multipole coeflicient

Latitude

Debye length

Invariant latitude

Parameter in the Coulomb logaritm (In A)
Magnetic moment (First invariant)
Permeability of free space

Elektron collision frequency

Effective electron-ion collision frequency
Effective electron-neutral collision frequency
Effective ion-neutral collision frequency
Wave polarisation

Gyro radius \

Density

Conductivity tensor

Cowling conductivity

Electron conductivity

Hall conductivity

lon conductivity

Pedersen conductivity

Conductivity along magnetic field
Effective electron collision time

Effective ion collision time

Spherical coordinate

Magnetic flux

Scalar magnetic potential

Magnetic flux (Third invariant)

=
S AN

3.9

3.9
1.3
3.9
3.4
4.8
4.8
3.8
4.9
2.2

S04

4.6
4.8
1.3
4.6
4.6

1.3
4.8
1.3
3.7
1.3
3.4
3.8
3.8
3.8
3.9
g
1.3
3.8
3.8
3.8
3.2
3.8
3.2
3.2
3.8
3.8
4.6
6.3
4.6
4.8



Wyh

Dimensionless altitude coordinate
Spiral angle

Scalar magnetic potential

Angular velocity vector

Angular frequency

Gyro angular frequency

Electron gyro angular frequency
Ion gyro angular frequency

Lower hybrid angular frequency
Electron plasma angular frequency
Ion plasma angular frequency
Sun’s angular rotation velocity
Upper hybrid angular frequency
Phase rotation per unit path length

3.5
6.1
4.6
4.7
3.4

“3.0

3.4
3.4
3.4
3.4
3.4
6.1
3.4
3.4
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