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FOREWORD 

The space age began exactly 20 years ago with the launch of 
Sputnik I and Explorer I. The Explorer spacecraft discovered 
regions of trapped radiation around the earth--the van Allen 
belts. This was the beginning of the study of particles and 
fields in space, or space plasma physics. A large part of 
the effort in the early years of the space program was de
voted to the mapping of the magnetosphere, the measurements 
of time variations in particles and fields, and the explora
tion of the solar wind. 

From these studies a sophisticated empirical knowledge 
of phenomena in space plasma physics has emerged. With the 
attainment of this observational maturity in the field, NASA 
funding for space plasma physics has declined as priorities 
have shifted to other exploratory ventures. The present 
study of space plasma physics was therefore requested by 
NASA in order to obtain guidance for future directions in 
the subject. 

The study has involved a major effort on the part of a 
great many people working in space plasma physics. The Space 
Science Board formed a panel chaired by Stirling Colgate, 
composed for the most part of physicists expert in plasma 
physics but not especially knowledgeable about the space as
pects of plasmas~ the report of this panel constitutes the 
first part of Volume 1 of the report. The Committee on Space 
Physics of the Board was charged with the responsibility for 
soliciting technical review papers on a large number of topics 
in space plasma physics. These reviews are Volume 2 of the 
report~ they constitute a most valuable resource for those 
working in the field. From these reviews, two advocacy 
panels prepared overview position papers that served as re
source information for the Colgate panel and appear as Chap
ters 7 and 8 of Volume 1. 

The Colgate panel has recommended that future research 
in space plasma physics should involve a much closer inte
gration between theory and observation as is appropriate to 
the maturity of the field and in order to bring the research 
into closer contact with the mainstream of plasma physics 
research. The panel also concurred in the unified recom
mendations of the advocacy panels. 

The Space Science Board is most grateful to the many 
people who have devoted so much time and effort to carrying 
out this study. 

iii 

A. G. W. Cameron, Chairman 
Space Science Board 
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PREFACE 

This study was undertaken by a specially created committee 
of the Space Science Board of the National Research Council, 
at the request of the National Aeronautics and Space Admin
istration, in order to identify the future objectives of re
search in space plasma physics. 

The Space Science Board divided its study of plasmas in 
the solar system into four parts. The Study Committee on 
Space Plasma Physics, chaired by Stirling A. Colgate, con
sisted of six experts drawn from laboratory plasma physics 
and plasma astrophysics and the chairmen of three advocacy 
panels. Its function was to give an overall evaluation of 
the current status of solar-system plasma physics. The 
Study Committee on Space Plasma Physics was aided by three 
"advocacy" panels, whose members were practicing solar
system plasma physicists: a Panel on Plasma Physics of the 
Sun, chaired by E. N. Parker; a Panel on Solar System Mag
netohydrodynamics, chaired by C. F. Kennel; and a Panel on 
Solar System Plasma Processes, chaired by L. J. Lanzerotti. 
The Kennel and Lanzerotti panels dealt with plasma phenomena 
beyond the solar corona. Solar-system magnetohydrodynamics 
treated large-scale plasma phenomena in the solar wind and 
at the planets. Solar-system plasma processes considered 
those microscopic plasma problems that emerged from the study 
of the objects considered in solar-system magnetohydrody
namics and also considered the impacts of these processes on 
terrestrial science and technology. The solar-physics panel 
treated macroscopic and microscopic plasma processes occur
ring on the sun together and included many topics from what 
is conventionally called solar astronomy. 

Each member of the advocacy panels on solar-system mag
netohydrodynamics and solar-system plasma processes wrote a 
scientific review article on his specialty. Using these re
view articles as working papers, these two advocacy panels 
met to compose overview reports that summarized the salient 
points of the working papers ·and made recommendations. The 
Committee on Space Physics of the Space Science Board, chaired 
by R. A. Helliwell, appointed outside reviewers for each of 
the scientific review article~ and supervised the reviewing 
process. These working papers are the subject of this volume. 

v 
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1) Introduction 

The solar wind at 1 astronomical unit (All) is a fully ionized plasma, 

consisting primarily of electrons, protons, and alpha particles, which 

streams away from the sun at supersonic speeds. It is a nearby and 

accessible example of a cosmic plasma. Studies of the internal physical 

state of the solar wind are of scientific interest in their own right as 

well a~ for their relevance to several related physical and astrophysical 

disciplines. For example, such studies provide diagnostic information 

useful for placing constraints on theories of the coronal expansion. 

This information, is carried in part by the plasma ions and electrons and is 

evident in the characteristic shapes of particle velocity distributions at 1 

MT. It is also evident in the hydromagnetic wave field ~~ich consists 

primarily of large amplitude Alfv~n waves travelling away from the sun in 

the local solar wi~d rest frame. 

A second reason for interest in the solar wind is that it is convenient 

for studying the state and development of plasma turbulence in an 

astrophysical setting. The type and amplitude of the turbulence determines 

the rates at which processes such as magnetic field reconnection and particle 

acceleration proceed. It also regulates the efficiency with which the plasma 

conducts heat and transports linear and angular momentum. Studies of the 

kinetic state of the solar wind as it expands away from the sun are therefore 

of use in obtaining a quantitative understanding of the manner and rate at 

which a cosmic plasma evolves into a turbulent state as well as of the 

physics of turbulent processes postulated to be occurring in other 

astrophysical plasmas. 
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A third reason for studying the internal state of the solar wind is that 

the interplanetary medium near 1 AU provides a laboratory in which several 

(in general nonlinear) collisionless processes can be observed to occur. It 

is therefore possible to use solar wind observations to quantitatively test 

theories which hope to describe (and eventually allow a control over) the 

behaviour of laboratory fusion plasmas. In particular, they are of use for 

providing quantitative information concerning 1) the thresholds, nonlinear 

saturation mechanisms, and asymptotic wave levels of various plasma 

instabilities, 2) details of nonlinear Vlasov-Maxwell equilibria possible in 

collisionless plasmas, and 3) rates of energy and momentum transport within 

generally noisy, collisionless plasmas. Such information is essential for 

achieving the stable confinement of fusion plasmas in laboratory devices. 

For example, the physics of kinetic heat flux regulating mechanisms is only 

poorly understood, yet is very important for controlling end losses in 

magnetic confinement devices and for producing spherically symmetric pellet 

coronae while limiting the preheating of pellet targets in inertially 

confined devices. As will be detailed below, similar mechanisms may be 

active in the solar wind and are currently being explored both experimentally 

and theoretically. 

In addition, possible nonlinear equilibrium plasma configurations are 

largely unknown. However, a detailed knowledge of the various possible 

Vlasov-Maxwell equilibria is presently important to both laboratory and solar 

wind plasma research. Because of the large characteris~ic distances ininter

planetary space, the solar wind convects through a density scale height in about 104 
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proton gyro periods. As a result, there is generally more than enough time 

for it to reach a steady state with regard to its internal configuration. 

For comparison, a laboratory fusion device with a 50 kG magnetic field must 

4 confine a deuterium plasma for about 4 x 10 gyro periods if it is to 

operate stably for 1 msec; a minimum time estimated for economic operation. 

These periods are long compared to typical growth times of 

micro-instabilities driven by non-Maxwellian particle configurations which 

can possibly evolve because both the solar wind and laboratory fusion 

plasmas are at times collisionless. The interplanetary medium near 1 All 

therefore provides a laboratory for studying possible steady state 

configurations of a collisionless plasma. In contrast to the case in 

laboratory plasmas, very detailed, nonperturbing measurements are possible 

in the solar wind because at 1 AU, the Debye length (10m) is larger than an 

entire spacecraft. 

In this report we review some of the recent work on kinetic plasma 

processes active in the solar wind near 1 AU. The scope of this review will 

be confined to processes with ~~velengths shorter than about 10 proton 

gyroradii which are driven by non-Maxwellian particle velocity distributions. 

The very important and interesting problem of the origin of these distribu-

tions is not considered. The reason for this decision is twofold. First, 

although many plausible explanations of the evolution of solar wind particle 

velocity distributions with distance from the sun have been given, and many 

more are possible, no plasma processes have been firmly established because of an 

absence of information about the internal state of the low and intermediate 

corona. Second a review of longer wavelength fluctuation phenomena of solar 

origin, which most likely strongly affects the internal state of the solar 

14 wind near 1 AtT, is covered in an accompanying report. A description of 

solar wind particle velocity distributions is given first in section 2. 

This description is followed in sections 3 through 5 by reviews of three of the 
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many different kinetic phenomena driven by non-equilibrium particle con-

figurations which evolve in interplanetary space, In section 6 a brief 

description is given of a specific example of particle acceleration thought 

to occur in the solar wind near and beyond 1 AtT, Suggestions for future 

expansion of this research are given in section 7, 

Certain topics have been omitted because it would be premature to 

present them at their present stage of development. For example, the 

subjects of viscosity and angular momentum transport which are, at least in 

part, affected by processes considered in this review have not been included 

per se although they have important astrophysical application. In particular 

they are essential for understanding mechanisms 1) of angular momentum 

shedding in star formation, 2) of stellar spin down and 3) of interactions 

between binary stars which lead to substantial accretion and intense X-ray 

emission. Furthermore, although studies of interplanetary shocks and 

magnetic reconnection are of interest and have broad application, they are 

not reviewed here. Both subjects can be studied in far greater detail within 

38 72 the near earth environment and are reviewed in companion reports. ' 

2) Particle Velocity Distributions in the Solar Wind Near 1 AU . 
a) Electrons 

During quiet conditions, interplanetary electrons of solar origin are 

observed over a broad range of energies spanning the interval 0 < E < 100 

kev. 59 • 51 In order to quantify the free energy carried by solar wind 

electrons it is convenient to subdivide the entire energy range into three 

distinct subranges. For typical quiet conditions the lowest subrange extends 

from zero to about 60 eV, the intermediate range extends from about 60 eV to 

several keV, and the highest range covers the interval between several keV up 

to about 100 kev. 51 •23 
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A cut through a typical solar wind electron velocity distribution along 

the magnetic field direction, B, is shown in Fig. 1. 24 •59 •58 The measured 

distribution, f , is plotted using solid dots and the lines represent two e 

essentially hi-Maxwellian functions \mich fit the data best at low and 

intermediate electron energies r~spectively. The energy beyond which f 
. . e 

rises above the hi-Maxwellian function, f , that characterizes f well at low c e 

energies, marks the boundary between the low and intermediate electron-energy 

subranges. Although for this example, the hotter hi-Maxwellian is seen to 

represent the measured velocity distribution, fH = f - f , in the e c 

intermediate velocity range quite well, it is not a unique representation. A 

power law in energy, exponential in speed or some other analytic form may 

equally well describe fH. At times, however, the hi-Maxwellian fits to fH 

are definitely not acceptable. When the solar wind bulk speed is high, 

measured electron distributions are more strongly beamed (fH exhibits a large 

thermal anisotropy) along the magnetic field direction than can be 

accommodated by a single hi-Maxwellian function. 25 In fact recent, more 

detailed measurements of solar wind electron velocity distributions, indicate 

a better characterization of fH in terms of a superposition of two separate 

components; a nearly isotropic hot component and a strongly beamed component 

A 57 
travelling away from the sun but along B. Although this more complex 

characterization of fH is only required by two-dimensional measurements such 

as shown in Fig. 1 in the high speed solar wind, it is more general and 

therefore probably more useful for understanding the development of the 

internal state of solar wind electrons during most flow conditions. 

Within the energy range spanning the interval between several keV and 

100 keV during quiet conditions, interplanetary electron spectral intensities 

(electrons cm- 2 s-l sr-1keV-l) follow a power law dependence, dj/dE « E-& 

with spectral index, ~ ~ 3.5. 51 Although velocity distributions within this 
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energy range fit smoothly onto those measured at intermediate energies, the 

highest energy distributions are more isotropic. 

The above characterization of f allows a qualitative discussion of how e 

measured electron velocity distributions deviate from simple hi-Maxwellian 

functions. A quantitative discussion using two of the many possible ways of 

23 27 characterizing electron distributions is given elsewhere. ' Under 

appropriate circumstances, these deviations can become sources of free energy 

leading to instability. The salient deviations are as follows. Electrons in 

the intermediate energy range are always hotter than those in the low energy 

range. Although with present two-dimensional measurements it appears 

possible to characterize the intermediate range electrons in the low speed 

solar wind in terms of single hi-Maxwellian, bi-Lorentzian, or other 

similarly shaped functions, this is not the case in the high speed solar 

wind. At high speeds, measured electron distributions are more complex and 

require a description consisting of at least two separate components as 

mentioned earlier. Furthermore, hot and cold electron components move 

relative to one another along B in such a way that the net electron particle 

flux is zero in the frame of reference moving with the ions. In general, the 

hot component travels away from the sun faster than does the cold component. 

Although electrons in the highest energy range are generally distributed 

as a power law, occasionally a transient peak appears which moves from high 

to low energy with time (see e.g. Ref. 52). Peaks in the electron flux 

distributions near 1 AtT have been observed as high as 100 kev32 and as low as 

-6 kev, 39 These secondary peaks are generally associated with interplanetary Type III 
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radio bursts and are thought to arise because of the lLansient nature of the 

source at the sun. 10•81 •54 A one-dimensional schematic illustration of this 

process is given in Fig. 2. For this purpose it is assumed that at time T , 
0 

energy is deposited in a localized region near the base of the corona. The 

resultant electron heating produces an enhanced high energy extension on the 

coronal electron velocity distribution as shown in the top panel of the 

figure. At some location in interplanetary space a distance AR from the 

heating region, outwardly travelling electrons which were energized at time 

T0 , will be observed at time ti in the velocity interval above some lower 

limit, Vi. In the absence of significant scattering, velocity dispersion 

will therefore produce a peaked spectrum of heated electrons with a sharply 

cutoff lower velocity limit which depends on AR and Ti as Vi • AR/(Ti - T0 ). 

The total electron velocity distribution at AR will then consist of the sum 

of ambient low energy electrons and heated high energy electrons. A 

transient secondary electron peak should therefore appear at the speed Vi(ti) 

which decreases monotonically with increasing time as illustrated in the 

lower three panels of Fig. 2. 

b) Protons 

Proton velocity distributions, f , measured in the solar wind near 1 AU 
p 

range from isotropic Maxwellian to velocity resolved double streaming 

21 configurations. Most of the time, and especially during high speed flow 
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conditions, f cannot be described by models consisting of simple extensions 
p 

78 21 to a hi-Maxwellian shape which include a third velocity moment. • In fact 

a visual survey of measured proton distributions suggest that much of the 

time, they can be best described in terms of two unresolved, relatively 

drifting components, fp = fM + fB. Here the subscripts M and B refer to 

main and beam proton components respectively. Such a description is 

demonstrated in Fig. 3 for two representative proton distributions measured 

24 in the high speed solar wind. In the top two panels of Fig. 3, the squares 

give the measured velocity distribution integrated over velocities 

perpendicular to B, the solid triangles (circles) give the fit to fM(fB) in 

terms of hi-Maxwellian functions, and the open triangles give fM + fB. 

(Equally good fits are obtained if bi-Lorentzian instead of bi-~~xwellian 

24 functions are used. ) Two dimensional contours of both velocity 

distributions are drawn in the bottom half of the figure. 

Quantitative characteristics of the model fits typically obtained 

24 during high speed flows are given elsewhere. Of importance here, is a 

qualitative discussion of the nature and extent of the free energy carried 

by solar wind protons near 1 AU. This energy is carried mainly by a 

secondary proton beam convecting along B, relative to and faster than a main 

proton component. This motion is observed in association with a distortion 

of the velocity distribution of the main component such that its 

perpendicular temperature, TlM' is larger than its parallel temperature, 

T 21,12 
HM" In addition the beam is generally hotter than the main component 

and only weakly anisotropic. Although in a gross sense ~IB > TlB' most two 

dimensional contour diagrams show evidence that the beam as well as the main 
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component is being heated perpendicular to B. For example both contour 

diagrams in Fig. 3 show a pronounced perpendicular bowing at high proton 

energies. 

c) Alpha Particles 

Characteristics of alpha-particle velocity distributions measured in 

the solar wind near 1 All are known in far less detail than corresponding 

proton distributivns because they are, on the average, only a 5% 

constituent. Although striking examples of double streaming configurations 

7 have been observed on rare occasions most often alpha distributions appear 

as a single component convecting relative to and in general faster than the 

67 42 63 8 84 . protons. ' ' ' ' During h1gh speed flows, the drift speed of the alpha 

particles is such that they lie roughly, but slightly more than midway 

24 between the proton main and beam components in velocity space. In 

addition solar wind alpha particles are typically four times hotter than the 

67 27 protons near 1 All. ' 

3) The Regulation of Solar Wind Heat Flux Near 1 AU 

Electron heat conduction provides a major means of energy transport in 

collisionless plasmas. A thorough knowledge of all possible heat flux 

regulating mechanisms is therefore essential for understanding the behaviour 

of physical systems containing hot plasmas. Several processes capable of 

reducing the flux of heat transported through the solar wind have been 

suggested as applicable within 1 AU of the sun, Most of these processes are either 

non kinetic in nature or rely critically on assumed plasma conditions which 

may or may not apply to the inner solar wind. Since in the interest of 

brevity, the scope of this report is confined to reviewing only those 
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kinetic processes about which detailed plasma measurements are available, 

many of these suggested heat flux regulating mechanisms will not be 

covered. 
43 

A more comprehensive review can be found elsewhere. 

It now appears likely that at least one of many possible kinetic beat flux 

regulating mechanisms is active at times in the solar wind near 1 AlT. Solar 

wind plasma and field data can therefore be used to obtain a detailed and 

quantitative understanding of this and perhaps other such mechanisms. In 

the following paragraphs the strongest evidence indicating effective heat 

flux regulation near 1 AtT in the solar wind is first presented, This is 

followed by a review and critical discussion of possible mechanisms proposed 

to explain tbe measurements. 

As mentioned in Section 2a, below several keV energy, solar wind 

electron velocity distributions can be separated into two relatively 

convecting, distinct components, fc and fH. (Note though, that the bot 

component, fR' may often be complex and consist of two distinct parts; one 

57 Which is relatively isotropic and one which is strongly beamed. ) Heat 

transport in the solar wind near 1 AU appears to result mainly from the bulk 

motion of the bot electrons relativ~ to the plasma frame of reference, ~VH. 

Simultaneously, the cold electrons move opposite to ~VH with relative drift 

speed, ~V , in such a way that the net electrical current is zero within c 
23 experimental uncertainties. In other words, the solar wind beat flux, Q e' 

is observed to be proportional to both ~Vc and ~VH. Consequently, any 

kinetic mechanism capable of limiting either 6Vc or ~VH will also limit Qe. 
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Recent evidence strongly suggests that 6Vc and/or 6VH are limited by 

the local Alfv~n speed, VA' near 1 AU. Not only do variations in 6VH and 

6Vc follow variations in VA' but the average magnitudes of 6Vc and VA are 

closely equa1. 26 A remarkably clean example of correlated variations 

between 6Vc and VA occurring on a fine time scale is shown in Fig. 4. 

Even though the ratio, 6Vc/VA' is not constant throughout this particular 

12 hour period, inspection of the figure leaves little doubt that 

variations in 6Vc and VA are indeed related. An example indicating a 

correlation between 6Vc and VA over a longer time period is reproduced in 

26 Fig. 5. These examples as well as others have been interpreted to 

suggest that the Aflven speed is at times a pri~e regulating factor of 

the solar wind heat flux through the relation Q ~ 6 V ~ VA. 
e c 

Theoretical analyses of heat conduction in the solar 

wind30,69,G6,33,34 h h h if AV i 1 h b ave s own t at u c s ever arger t an a out VA' 

one of several microinstabilities may develop depending on the values of 

various plasma parameters. Assuming model velocity distributions 

consisting of two relatively convecting electron bi-Maxwellians and one 

proton hi-Maxwellian, the most important instabilities involve the 

Alfv~n, magnetosonic and whistler modes. Whereas the Alfv~n mode is 

driven unstable by the relative motion between the cold electrons and the 

ions, both the magnetosonic and whistler modes are driven unstable by the 

relative motion between the hot electrons and the ions. 33 , 34 

The following grossly simplified overview of solar wind heat 

conduction near 1 AtT can be synthesized from current measurements and 

ideas as follows. Near 1 AU, heat is carried primarily by electrons with 

energy greater than about 60 eV, Which move away from the sun relative to 
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the solar wind rest frame. This motion is accompanied by a return 

current of cold electrons in order to prevent a secular charge build up 

on the sun. As the entire plasma expands away from the sun, solar wind 

electrons traverse regions of ever decreasing Alfv~n speed so that at 

some location, ~Vc and/or ~VH become sufficiently large compared to VA 

that one or more of the beat flux instabilities become active, The 

effect of these instabilities must be to reduce continuously both ~V and c 

~VB in order to maintain a marginally stable state. If the instability 

interacts strongly only with the cold electrons thus reducing ~V , then c 

the interplanetary electrostatic potential must increase sufficiently to 

reduce ~VB (and hence the heat flux) in order to maintain a zero net 

electrical current. 69 •83 •23 •82 It is expected that this reduction is effected 

both by a direct deceleration of all weakly interacting electrons and a trapping 

of a small fraction of previously unbound, intermediate energy electrons. 

However, it is also possible that the instability interacts strongly with the 

2 35 hot electrons thus reducing both ~VH and the heat flux directly. ' In either 

case the flow of heat is continuously regulated by the ever decreasing magnitude 

of the Alfven speed. 

Because its phase speed is sufficiently high that solar wind ions 

cannot interact strongly with its oscillating fields, only the heat flux 

driven whistler mode has been identified tentatively in solar wind data. Thi~ 

identification has been made primarily in the low speed solar wind when 

the hot component anisotropy is generally small and fH can be adequately 

characterized as a single convecting component. Regulation by whistler 

waves is suggested because ~Vc appears to be correlated with VA only when 

the temperature anisotropy of the hot electrons is low; a result 

34 2 predicted by the linear theory of the whistler heat flux instability, ' 

This identification does not preclude the possibility that other 

Copyright © National Academy of Sciences. All rights reserved.

Space Plasma Physics: The Study of Solar-System Plasmas
http://www.nap.edu/catalog.php?record_id=18481

http://www.nap.edu/catalog.php?record_id=18481


780 

instabilities are also effective during these and other flow conditions, 

in regulating the flow of heat in interplanetary space. In fact this 

latter possibility is suggested by observations of correlated 6V -V 
c A 

variations in the high speed solar wind as shown in Fig. 5. 

Although the above overview seems reasonable and is consistent with 

current knowledge about solar wind electrons near 1 All, a few words of 

caution are in order. The shapes of both electron and ion velocity 

distributions are generally more complex than those assumed by 

theoretical analyses of heat flux regulating mechanisms. Since many of 

these mechanisms involve resonant instabilities which depend sensitively 

on the shapes of velocity distributions in the resonant velocity range, 

the physics of heat flux regulation may be considerably more complicated 

than the simple picture drawn above. For example, it is not known how 

effective the heat flux driven whistler instability will be in limiting 

6Vc and 6VH. Quasilinear theory predicts that growing whistler waves 

should only modify electron velocity distributions in a very small region 

35 of velocity space. Since the free energy available to these waves from 

such a region is small, in the absence of other active processes 

stabilization would then be expected to occur at a very low wave level. 

However, if low level stabilization actually occurs, then sufficient time 

is not available for the whistler heat flux instability to effectively 

limit 6VH and hence the heat flux. This result is contrary to 

observations. A further indication of the inadequacy of a simple minded 

picture of interplanetary heat flux regulation comes from measured shapes 

of solar wind electron distributions. In interplanetary space, electrons 
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above about 2 thermal speeds are generally collisionless (see e.g. Ref. 

27). It is therefore difficult to understand 1) why cold electron 

distributions are so nearly isotropic and Maxwellian out to about 2.5 

thermal speeds and 2) Why the bot electrons travelling back towards the 

sun exist at all and appear so isotropic, unless other processes are 

simultaneously active near 1 AU. t"e are thus led to speculate that the 

effectiveness of the whistler and other instabilities in limiting Q 
e 

requires either 1) the simultaneous action of other unrelated 

instabilities 2) generally noisy or turbulent plasma conditions driven by 

waves of solar origin, or 3) an inhomogeneous medium in which nonlocal 

processes are fundamentally important. Finally, even if sufficient time 

is available for the whistler or other instabilities to be effective in 

limiting ~VH near 1 AU, a full understanding of heat flux regulation 

requires clarification of the processes which determine the densities and 

26 temperatures of fH in relation to those of fc. It is likely that a 

basic understanding of the physics of heat conduction in the solar wind 

requires a fundamentally nonlinear and inhomogeneous theory in which the 

particle distributions maintain an equilibrium with self-consistent wave 

fields and continuously adjust to changing plasma conditions as the solar 

wind convects away from the sun. 
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4) Type-III Radio Emission 

Both the theory and observatior, of interplanetary Type III radio 

18 53 71 84 emission have been reviewed recently. ' ' ' These bursts consist of radio 

waves which drift in frequency from high values above 100 ~rnz to low values 

near about 10 kHz. It is now reasonably certain that they are excited at 

twice the local plasma frequency by solar generated electron beams with peak 

4 5 31 52 47 energy between 5 and 100 keV. ' ' ' ' These observations pose two basic 

theoretical problems. It is necessary 1) to understand the plasma mechanism 

which is responsible for converting the energy carried by an electron beam in 

a low density plasma into energy carried by plasma oscillations without 

disrupting the beam and 2) to understand the coupling mechanism which 

converts plasma waves to electromagnetic radio waves. Such an understanding 

is essential for proper data interpretation in much of radio astrophysics. 

The basic beam-plasma mechanism responsible for the production of 

longitudinal electrostatic plasma waves has been known for some time {see 

e.g. Refs. 71 and 53). However subsequent interactions between the waves and 

the exciter beam, as well as among the waves, which lead both to beam 

disruption and electromagnetic radio waves, are not very well understood. 

For example the most important nonlinear mechanisms which couple a plasma 

wave to ion density fluctuations and to other plasma waves do not scatter the 

13 pump radiation out of resonance with the initial electron beam. This fact 

has two important consequences. First the insufficiently scattered plasma 

radiation will react back on the electron distribution in such a way as to 

remove the free energy which drives plasma waves initially unstable. A 

marginally stable state will therefore be quickly established. Second, 
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excitation of electromagnetic radiation at twice the local plasma frequency 

is thought to require two plasma waves travelling in opposite directions. 

However, a recent three-dimensional calculation shows that the fastest 

growing wave-wave scattering process does not produce oppositely propagating 

13 64 plasma waves as was thought previously. 

A resolution of the beam disruption problem has been suggested in terms 

of spatially bounded and time dependent electron streams as illustrated in 

10 81 54 Fig. 2. ' ' If true, then plasma waves will be driven unstable in 

isolated locations in interplanetary space wherever secondary peaks in local 

electron velocity distributions happen to form. It is then expected that at 

the various sites of unstable wave growth, quasilinear relaxation processes 

will act quickly to establish marginally stable states leading to termination 

of local wave growth. This cycle will then be repeated at other locations in 

interplanetary space giving the appearance of a continuous and slow removal 

of energy from the solar generated electron streams. Recently, evidence 

consistent with this picture has been found using in situ plasma wave 

39 40 measurements. ' In particular, electron plasma oscillations with 

sufficient amplitudes to account for the intensity of observed radio waves 

are observed (although only rarely) in association with solar electron 

streams. Furthermore when such oscillations are measured they are observed 

to be intense and intermittent. However, due to as yet unexplained effects, 

these plasma ascillations have not been observed during the ti~e of rising 

intensity of electromagnetic waves. 

At present a theoretical resolution of the second difficulty bas no 

widespread acceptance although current research in this area is quite active. 

There appears to be no generally accepted mechanism capable of generating 

oppositely propagating electrostatic plasma waves Which subsequently couple 
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to form electromagnetic radio waves at twice the local plasma frequency. 

5) Ion Beam Regulation 

In the past, much theoretical effort (see e.g. reviews in Refs. 68 and 

43) has been expended towards understanding kinetic processes effective in 

46 62 limiting the overall thermal anisotropy of solar wind protons. ' These 

studies assumed that solar wind proton velocity distributions could be 

adequately characterized by hi-Maxwellian functions. F.owever, recent, more 

detailed measurements of solar wind proton velocity distributions have shown 

that the overall thermal anisotropy of solar wind protons is intimately 

21 associated ~dth two component proton configurations. Indeed, most of the 

time, proton distributions in the solar wind are complex and better described 

in terms of two relatively convecting components then in terms of a simple 

hi-Maxwellian (see discussion in section 2b and Ref. 24). An understanding 

of the radial evolution of the internal state of solar wind protons therefore 

seems to require at the least, a thorough knowledge of ion beam driven 

instabilities in addition to simple anisotropy driven instabilities. Even 

though a complete treatment of proton distribution shapes must include 

interactions with the entire solar wind wave field independent of origin, 

for reasons given in section 1 the following discussion concentrates only 

on kinetic ion beam regulation mechanisms active in the high speed solar wind 

near 1 AlT. A comprehensive review of other processes which may be effective 

in determining the internal state of solar wind protons near 1 AlT is given 

elsewhere. 68 , 43 , 14 

The initial approach taken towards understanding ion beam regulation 

relevant to solar wind plasma conditions, arbitrarily separates the problem 

into two parts. The first assumes various non-equilibrium two component ion 

configurations in the absence of significant wave fields. The stability 

60 61 48 66 limits of various plasma modes are then determined. ' ' ' Next, the 

second order effects of the growing waves on the initially unstable, 

Copyright © National Academy of Sciences. All rights reserved.

Space Plasma Physics: The Study of Solar-System Plasmas
http://www.nap.edu/catalog.php?record_id=18481

http://www.nap.edu/catalog.php?record_id=18481


785 

spatially averaged velocity distributions are calculated (see e.g. Chapter 12 

of Ref. 16 as well as references cited therein, and Ref. 36). This approach 

provides a description of the evolution of particle velocity distributions 

and fluctuating fields only during the initial stages of instability. In 

particular it determines neither the n~nlinear saturation mechanisms nor the 

Vlasov-Maxwell equilibria which are eventually established. A knowledge of 

the final stationary state requires an exact solution of the nonlinear 

Vlasov-Maxwell equations (see, e.g. Ref. 1 and references cited therein, as 

well as Refs. 15 and 3). 

The solar wind provides an excellent laboratory for studying, in 

quantitative and nonlinear detail, ion beam regulation in a collisionless, 

high e plasma (6 is the ratio of the particle pressure to the background 

magnetic field pressure). An overview of ion beam interactions in the 

high speed solar wind based on current measurements and ideas is synthesized 

in the following paragraphs. 

For reasons not yet fully understood interpenetrating proton streams are 

observed in interplanetary space. Since the solar wind expansion sets up 

conditions such that VA decreases with increasing distance above the coronal 

base, the relative velocity between interpenetrating proton streams should at 

some distance become comparable to VA. At this point, one of three possible 

modes will be driven unstable depending on the parallel e of the main proton 

60 61 
component, eM. ' If ~ ~ 0.35, then an obliquely propagating ion cyclotron 

instability will have the lowest threshold. This instability becomes more 

field aligned as TlM/TIIM increases. However if 0.35 ~ ~~ ~ 0.45, an oblique 

magnetosonic instability has the lowest threshold and above BM ~ 0,45 a field 

aligned magnetosonic instability has the lowest threshold. 
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The next step in the evolution of solar wind proton velocity 

distributions is, at present, not understood. Multidimensional theories have 

not yet been developed but are needed to determine the modifications of 

particle velocity distributions subject to the action of obliquely 

propagating, ion-cyclotron and magnetosonic waves. However, since for these 

distributions, free energy is carried by virtue of the relative streaming 

between beam and main proton components, it is expected that ion beam driven 

instabilities should cause perpendicular heating at the expense of relative 

convection energy. In other words, one expects a faster moving ion species 

to slow down, a slower moving species to speed up and (T1 /TII) of all ion 

components to increase. In particular the damping of ion-cyclotron waves 

should accelerate alpha-particles in the solar wind up towards the phase 

75 speed of the wave. 

It is not possible to determine the marginally stable states of proton 

beam driven instabilities from quasilinear theory. Instead, such a 

determination requires a fully nonlinear analysis. Since nonlinear analyses 

are very difficult, measured solar wind ion velocity distributions have been 

consulted for guidance. This procedure is expected to provide the desired 

solutions because as noted earlier, the time required for the solar wind to 

expand through a density scale height is long compared to typical e-folding 

growth times of ion-beam driven instabilities. Indeed, statistical studies 

of shapes of solar wind proton velocity distributions have indicated the 

existence of a preferred class of configurations that can be summarized by an 

20 empirical closure relation. A subsequent, more detailed investigation has 

led to the identification of a class of ion velocity configurations which are 
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exact, stationary solutions of the nonlinear Vlasov equation and Maxwell 

3 equations. These solutions support a nonlinear ion-cyclotron w~ve and 

remove the strong ion-cyclotron wave instability predicted by linear 

48 50 61 37 theory ' ' ' which was inconsistent with the persistence of observed 

proton and alpha-particle velocity distributions in the high speed solar 

wind. 12 , 24 Th~ theoretical and experimental proton velocity distributions 

consist of two interpenetrating beams convecting relative to one another 

along the average magnetic field direction, B • The higher density main 
0 

component travels slower than the nonlinear Alfv~n wave and has a thermal 

speed perpendicular to B which is larger than that parallel to B • The 
0 0 

lower density beam component travels faster than the wave and has a thermal 
~ A 

speed along B which is larger than that perpendicular to B • 
0 0 

Simultaneously, the alpha particles travel faster than the total proton rest 

frame in such a way that their speed is close to but slower (faster) than the 

wave phase speed if (T1 /TII)a is greater (less) than one. A schematic 

two-dimensional representation of the proton part of this configuration is 

shown in Fig. 6. 

6) In Situ Acceleration of Energetic Particles 

Viewed from a distance, the heliosphere must appear like a source of 

energetic particles. Most of these particles are injected with high energy 

into interplanetary space by acceleration mechanisms active in the lower 

solar atmosphere. However, several different experimental observations 

indicate that some of these particles are also accelerated by mechanisms 

active in interplanetary space (see e.g. Refs. 70, 6, 77, 49, 55 and 56). 
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All such mechanisms are of special interest because they provide clues as to 

the origin of galactic cosmic rays whtch carry a non-negligible fraction of 

73 the total energy density present in interstellar space, Furthermore one of 

our windows in astrophysics is in the form of high energy particles. An 

understanding of particle acceleration mechanisms will therefore help in 

understanding the physical conditions in the neighborhood of those 

astrophysical objects which are the major sources of these particles. 

One of the many possible acceleration mechanisms Which, by inference, 

must operate only in interplanetary space is presented in the next several 

paragraphs. This mechanism involves the acceleration of interstellar neutral 

atoms which penetrate into the heliosphere and become singly ionized by 

either photoionization or charge exchange collisions, Subsequent to 

ionization, a small fraction of these particles get accelerated by the solar 

wind up to energies of about 10 MeV per nucleon. 

Details of the interaction between interstellar neutral atoms and the 

sun have been reviewed elsewhere and so will not be repeated here (see 

reviews in Refs. 9, 74, 17 and 44). Instead, we will concentrate on the 

evolution of singly ionized interstellar atoms after their injection into the 

solar wind. + Particular attention is given to He because it is most abundant 

and should be representative of the heavier ions such as N+, 0+ and Ne+, 

+ The evolution of He velocity distributions subsequent to 

photoionization is not known. The anisotropic distribution shapes which 

19 should evolve in the absence of wave-particle interactions have been shown 

to be unstable. 79 •41 Since initial time scales for wave growth are short 

compared to the expansion time scale, it was postulated that He+ ions become 
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80 quickly incorporated into the solar ~ind. However a nonlinear analysis has 

not been made so that wave saturation levels and consequent energy and pitch 

angle diffusion times are not known. 76 It is therefore theoretically possible 

+ that in addition to the above suggestion, that the He ions 2) evolve 

19 76 adiabatically • , 3) become isotropized but not thermalized by subsequent 

76 wave-particle interactions , or 4) are accelerated by transit time damping 

28 29 of a spectrum of fast mode waves present in the. outer solar wind. • 

Only a meager amount of experimental information is presently available 

to settle this question. Significant concentrations of an ion identified as 

+ 11 He were first observed in two solar wind ion spectra. However a 

subsequent more comprehensive search of solar wind heavy ion spectra yielded 

only upper limits which were an order of magnitude lower than that expected 

+ 22 if interstellar He ions are quickly thermalized. Thus although it is 

possible that occasional solar wind conditions can lead to complete 

+ assimilation, most often He velocity distributions must remain diffuse. The 

first possible evolution sequence mentioned above can therefore not be 

dominant. On the other hand an anomalous component of energetic ions has 

been observed in interplanetary 
45,32,55 28 29 

space ; and plausibly interpreted • 

in terms of the acceleration of -4 a small fraction (10 ) of the initially low 

+ energy heavy ion population (including He ) of interstellar origin. These 

observations seem to favor alternative 4. However, since the number fraction 

of the ions actually observed with high energy is exceedingly small, a firm 

decision cannot be made at present. It is likely that the bulk of the ions 

evolve to some nonlinear stationary state characterized by a high energy 
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extension which is observable to energies up to 10 MeV per nucleon. Future 

observations which are capable of a unique identification of singly ionized 

heavy ion species will be necessary to settle this question. 

7) Summary and Suggested Future-Research 

Velocity distributions of solar wind electrons and ions are observed to 

be very complex near 1 AU. Although they depend ultimately on details of the 

internal state of the plasma in the low corona, they seem to respond to 
. 

variations in local plasma conditions indicating that often, enough time is 

available that nonlinear stationary states are locally established. 

Perturbations from these states excite a variety of instabilities in isolated 

locations which saturate quickly and nonlinearly to produce new stationary 

states. Three examples of this process were illustrated in Sections 3 

through 5. Sufficient data are not yet available to determine how velocity 

distributions of suprathermal ions of interstellar origin evolve in 

interplanetary space but they may evolve similarly. 

The physics of these and related problems not only have intrinsic 

interest but they have wide application. 1) An understanding of heat 

conduction regulating processes is important to both astrophysics and 

laboratory fusion research because both involve hot, fully ionized, 

collisionless plasmas. Not only may heat conduction be a major source of 

heat loss from the outer atmospheres of the sun and other stars, but also 

from plasmas magnetically confined in laboratory fusion devices as well as 

coronae surrounding pellet targets in inertially confined fusion devices. 

2) A detailed and quantitative understanding of radio emission mechanisms is 
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essential for interpreting radio astronomical measurements in terms of 

conditions and processes occurring within some astrophysical objects. 3) An 

understanding of the evolution and eventual stationary states of ion beams 

traversing hot tenuous plasmas is of particular interest to fusion research 

in that use of such beams has been suggested as one way of heating the 

ambient ions in two component Tokamak devices. In addition, a 

categorization of nonlinear Vlasov-Maxwell equilibria is of general interest 

to laboratory fusion research because of the necessity here of long time 

confinement for economical operation. 4) An understanding and assessment of 

the importance of all mechanisms leading to particle acceleration is 

important to the field of high energy astrophysics because information 

concerning conditions within some astrophysical objects comes in the form of 

high energy particles. In addition, galactic cosmic rays carry a 

significant amount of the total energy density which permeates interstellar 

space and so must be important both to the nature and dynamical evolution of 

the state of the intersellar gas. 

The successes achieved during the past five years in solar wind plasma 

physics point the way, in part, to future efforts. Specific suggested 

expansions of past work relevant to the topics discussed in this report 

include the following. 1) Measurement in three-dimensions of solar wind 

electron velocity distributions should be made on a fine velocity grid for 

all radial distances inside of 1 AU. In particular, measurements at radial 

distances as close to the sun as possible as well as over the polar regions 

will be important for understanding the dynamics of the coronal expansion. 

2) The heat flux driven whistler instability should be simulated on the 
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computer in order to understand its saturation mechanism as well as 

determine the final nonlinear stationary electron state. 3) A search through 

existing solar wind data should be made for the signatures of other kinetic 

processes capable of regulating the flow of heat in interplanetary space. 

Particular attention should be given to interactions with waves of solar 

origin as well as with those produced by ion driven instabilities. 4) F~gb 

time resolution measurements of the amplitude and k-vector orientation of 

plasma waves should be made in interplanetary space (preferably at two 

radial distances) to understand the mechanism of plasma wave excitation and 

conversion to produce Type III radio emissions. Time constants as short as 1 

msec may be necessary to detect the short plasma ~~ve bursts expected during 

the rising portion of these emissions. Si~ultaneous measurements of 

suprathermal electron velocity distributions should be made in three 

dimensions with as high a time resolution (snaphot time) as is practicable. 

It would be of interest to make these measurements simultaneously using two 

spacecraft with one as close to the sun as possible in order to study the 

beam evolution and understand the nonlinear saturation and electrostatic to 

electromagnetic wave conversion mechanisms. 5) lagh spectral resolution 

measurements of solar wind ion velocity distributions in conjunction with ion 

gyroradius and smaller scale ~~ve fields should be extended throughout the inner 

regions of interplanetary space in order to determine the origin and radial 

evolution of double ion streams. It is also important to assess the 

importance of such streams in the transfer of energy from the sun to 

interplanetary space. In this regard measurements both as close to the sun 

as is practicable as well as over the solar poles will be of special 

interest. 6) Theoretical work is needed in order to understand wave-wave 
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coupling mechanisms and their resulting coupling rates, for the general case 

of obliquely propagating electromagnetic waves. It would then be possible to 

understand the development of, and assess the importance of, this type of 

turbulence in the solar wind. In particular it is not known whether the 

magnetic irregularities so prominently observed in interplanetary space 

constitute a turbulent spectrum or just plasma noise, It 1.s also not known 

at what wavelengths energy is fed into the system. In addition, a 

theoretical effort is needed to extend present work on nonlinear 

Vlasov-•~ell equilibria to include the general case of a spectrum of 

obliquely propagating electromagnetic and electrostatic waves. 7) Detailed 

measurements in three dimensions should be made of the velocity distributions 

of as many of the solar wind minor ionic constituents as possible in order 

to probe the nature of the solar wind wave field. 8) Heasurements of ion 

velocity distributions which are capable of a unique identification of singly 

ionized suprathermal heavy ion species are needed in order to understand the 

processes which result in the acceleration of initially neutral atoms, 

injected into the solar wind from the local interstellar medium. 

In conclusion, the study of kinetic plasma processes active in the solar 

wind is a growing field of research which, in addition to its own intrinsic 

interest, has application to a wide range of laboratory fusion and 

astrophysics research problems. Recent progress, reviewed in the above 

sections, has demonstrated this fact. Such progress points the ~~y towards a 

continuing joint experimental and theoretical effort in understanding some 

very complex, collective processes, which can occur in any collisionless 

plasma whether it is produced in a laboratory fusion device or in some 

astrophysical setting. 
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FIGURE 1 A cut through a solar wind electron velocity distribution along the magnetic field direction. 
The two solid parabolas are the two hi-Maxwellian functions which best fit the low and intermediate energy 
electrons respectively. The vertical lines through the data points indicate the statistical plus digitization er
rors where they are larger than the plotting symbols. 

T2 FIGURE 2 A one-dimensional schematic il
lustration of how a secondary electron peak 
in interplanetary space can result from a sud
den and localized deposition of energy in the 
corona. The upper panel illustrates the effect 
of heating at time T 0 on coronal electron dis
tributions and the lower three panels trace 
the subsequent evolution of interplanetary 
electron distributions under the assumption 
of scatter free propagation of the heated 
electrons. 
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FIGURE 3 A plot of two typical proton 
velocity distributions measured during high 
speed solar wind flow conditions. The lower 
panels show the two dimensional contour 
diagrams of the measured distributions and 
the upper panels compare the best fit rela
tively convecting two component bi· 
Maxwellian model with the radially pro· 
jected data. The beam fits are represented 
by the solid circles, the main component 
fits are given by the solid triangles, the 
open triangles give the sum of beam and 
main component fits, and the measured 
distribution is plotted by the open squares. 
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period centered on the maximum speed 
gradient region at the front edge of a high 
speed stream. 
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FIGURE 5 Hourly averages of the same parameters plotted in Figure 4 showing their variation through a 
clean example of a high speed stream. The curve labelled ~.::l V H/Nc in this figure corresponds to that for 
.::l Vc in Figure 4. 

ECLIPTIC PLANE HIGH DENSITY 
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FIGURE 6 A schematic 2-dimensional representation of proton velocity distributions measured during 
high speed solar wind flow conditions. The r direction p~nts _!adially away from the sun and B0 is the 
direction of the background magnetic field. The vector, V M(V 8 ) is the bulk velocity of _the main (beam) 
proton component relative to a reference frame stationary with respect to the sun and V BM is their relative 
streaming velocity. The ellipses represent velocity contours of the same constant fraction of the peaks of 
each of the proton components. Since in actuality, the main component peak is substantially higher than 
the beam component peak (see Fig. 3), the two elliptical contours drawn here cannot be simply combinc:d 
to yield a contour of the total velocity distribution. The symmetry axes of both ellipses in three dimensions 
are aligned along B0 so !hat a 3-D contour of the m~ component is an oblate ellipsoid with a thermal 
speed perpendicular to 8 0 larger than that parallel to 8 0 (door knob shaped) and that of the beam compo
nent is a prolate ellipsoid with a thermal speed parallel to B0 larger than that perpendicular to 00 (cigar 
shaped). 
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INTRODUCTION 

A gas Tn motion must find a way of flowing around an impenetrable 

object in its path. Gas particles flowing directly into the object are 

reflected from it, i.e., they bounce off the object's surface, and in turn 

collide with other particles farther away, about as far as the mean free 

path; these collide with others, and so on, until a sufficient amount of 

the gas is deflected to form a flow pattern around the object. This suc

cessive colliding of particles is essentially the transmission of sound 

through the gas and the transmission travels at the natural sound speed 

in the gas, "warning" the gas that it is approaching an obstacle. 

But what if the gas is supersonic? That is, what if it flows toward 

the object at high speed, faster than sound can travel backward to warn 

of the oncoming barrJer? In that case the gas particles or, equivalently, 

the sound waves, pile up ahead of the object, forming a new object, a 

"shock" wave which is not impenetrable, but through which the gas can 

travel. On passing through the shock, however, the gas is slowed down and 

heated, i.e., the particles are scattered by collisions, so that between 

the shock and the original object the gas is no longer supersonic and flow. 

deflection can take place as it would have subsonically. 

But what if the gas is so tenuous as to be collisionless? And what if 

the gas is a plasma consisting almost entirely of ionized hydrogen, which 

is really two gases, one of protons, one of electrons? And what if the 

plasma is magnetized so that particle motion is related to the field and 

there is not one sound wave velocity but many types of waves with different 

velocities dependent on frequency and on direction in the plasma with respect 

to the magnetic field? 
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Then there is formed a collisionless, plasma shock: a new, "penetrable 

object" fashioned in a complex way by the interactions of charged particles, 

magnetic gradients, and wave electric fields. 

The problems posed in the preceding paragraphs are far from academic. 

The gas they describe is the solar wind that occupies the entire known solar 

system. Moreover, spacecraft instruments have disclosed a collisionless 

plasma shock in front of every one of the five planets visited so far, and 

still more of them are continually found traveling through the solar wind 

away from solar flares and ahead of certain plasma streams originated in the 

sun. The existence of others has been inferred in the solar atmosphere. The 

first importance of collisionless shocks derives therefore from· their ubiquity 

in the solar system, where few interactions with or within the solar wind or 

solar atmosphere can be conceptualized or comprehended without including an 

appropriate shock ''surface." 

Shocks are also of great value for study of their physical construction, 

however, which incorporates some of the fundamental processes common to 

plasmas. The paramount interest in plasmas in general, whether for under-· 

standing or application, in the laboratory, in near-earth environment, or · 

in astrophysical extrapOlations, lies in their responses to nonequilibrium, 

particularly nonlinear, conditions. The collisionless shock provides a 

nonlinear perturbation that "exercises" the gas flowing through it with 

many of the wave-particle calisthenics plasmas everywhere are expected to 

perfonm. Moreover, the collisionless shock~ space performs its exercises 

on such a large dimension that one or more spacecraft can make detailed mea

surements within its nonequilibrium scale length. This gives opportunity 

for really authoritative observations, almost 1 ike the idealized concept il-
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lustrated in the motion picture ''Fantastic Voyage" in which a crew pilots a 

microscopic craft among the cells of the human anatomy. 

Ordinarily, the discovery of so interesting an entity as a natural 

collisionless shock would be expected to inspire intensive study under the 

controlled conditions of the laboratory. There have indeed been laboratory

produced shocks and much has been learned from them. In this case, nowever, 

nature offers such an excellent observation site that much of the follow-up 

laboratory work is better done by spacecraft. There are of course advantages 

and disadvantages inherent in both laboratory and in spacecraft measurements. 

The advantage of doing shock experiments in a laboratory is the obvious one 

of control on conditions and consequent repeatability of the experimental 

measurements. Unhappily, finite dimensions and plasma 1 ifetimes place 

severe constraints on the ability to measure the full evolutionary charac

teristics of the shock. Also, density of the plasma customarily is so 

high that shock scale lengths are smaller than the dimension of the diagnostic 

probes used, thus obviating acquisition of space-resolved fine structures. 

The greatest advantage of spacecraft measurements Fn either the Earth's 

bow shock or interplanetary shocks is potential resolution of the fine structure 

by probes of dimensions much smaller than shock scale lengths. The offsetting 

disadvantage has been the restriction to single-point measurements of passing 

structures whose motion relative to the probe is usually unknown, so that 

ambiguous Doppler-shifted frequencies and scale lengths result. Further com

plications arise from unknown or poorly-known temporal changes in upstream 

plasma parameters, with the result that characteristics of magnetohydrodynamic 

(MHO) fluid elements in the shock cannot be connected to the real characteri

istics of the same fluid elements upstream at an earlier time. 
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The single-point restriction has been partially overcome by taking ad-

vantage of unplanned but advantageous conjunctions and separations of existing 

spacecraft to answer some of the large-scale (macroscopic) questions of shock 

structure. The main benefit has been characterization of the unshocked 

fluid element. Fortuitous conjunctions have not provided separation distances 

suitable for isolating microscopic phenomena. Even so, some inferences have 

been made about the modes of wave-particle interaction responsible for re-

arranging the MHO properties of the plasma within the shock transition layer. 

The 11exercises11 through which a perturbed plasma restores itself to 

equilibrium are a marvel of complex instabilities, meaning electric and 

electromagnetic wavemodes that grow and decay in such a way that their fields 

can deflect the ions and electrons of the plasma and establish new average 

MHO parameters of the gas without particles colliding mechanically or electrically. 

The growth, maintenance, and decay of the wavemodes depend on the numerous 

quantities it takes to characterize an ionized MHO gas. A few of these are 

the effective 11temperatures 11 Til and Tl parallel and perpendicular to the 

magnetic field !; their ratio T~/Tl; the ratio of electron to ion temperature 

T !T1; the average density N: N1 • N ; the ratio of thermal to magnetic 
e . · e 

energy density, S • SvNK(Ti+Te)/82 ; and the magnetosonic Mach number of the 

flowing gas, M • V/ICA 2+ c52 , where CA and c5 are the Alfven and sonic wave 

velocities. While a few inferences have been justified regarding the insta-

bilities occurring within some shock profiles under some upstream conditions, 

the complex of possible interactions has been but partially explored, and a 

full accounting of shock processes corresponding to all parameter sets has 

yet to be posted, let alone explained theoretically. 
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The following sections present the status of our knowledge of shock 

structure from a plasma physics point of view, based on direct observations 

in space. We do not cover the formation or propagation of extraterrestrial 

shocks via the fluid approximation and we do not intend or attempt a critical 

review of the details, arguments, or contributions that have yielded the 

picture we present. Our objective is a timely, reasonably documented picture 

of the colltstonless shock and our methods of observing It In space, In 

which image of the present and future of the subject can be discerned without 

spectacles. We begin by describing more technically the objects of our 

attention, and follow with a succinct history of the subject. We then des

cribe what is known of shock structures in space on both large and small 

scales by synopsizing the documented features of the Earth's bow shock sys

tem. The ensuing discussion touches on the properties of shocks elsewhere 

in the solar system and on· the. status of shock theory and then describes in 

some detail an example of how properties of the bow shock system are investi

gated with paired satellite measurements. We close with some recommendations 

for the future. 
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BRIEF HISTORY OF COLLISJONLESS SHOCK EXPERIENCE 

"Collisionless shock11 is a title applied, by analogy with the familiar 

irreversible shock In neutral gases, to the case of a plasma sufficiently 

tenuous such that any classically calculated mean-free-path for particle

particle (coulomb) collisions is much greater than the characteristic 

length of field, density, or velocity jumps usually associated with 11shock 

fronts. 11 Such colllsionless shocks can occur in a bewildering variety in 

both the laboratory and in space plasmas. This is because the structures 

of such plasma shocks can depend critically on the parameters of the 

plasma, e.g., magnitude of flow velocity, directions and magnitudes of 

intrinsic magnetic fields, details of upstream i_on and electron velocity 

distributions, plasma betas, and of course on the size and configuration 

of either obstacles to the flow or of sources of driver plasmas. In this 

review we deal only with hydromagnetic shocks; that is, we talk only about 

collisionless plasmas in which intrinsic magnetic fields are present and 

have an influence on shock structures that cannot be neglected. 

There are two types of collisionless shocks of interest here. One is 

a bow shock produced when an obstacle is placed in a 11supersonic" plasma 

flow. The obstacle may be a solid body, an intrinsic magnetosphere, or even 

a planetary ionosphere. The term 11supersonic11 may refer to the ratio of 

flow velocity to some characteristic velocity (sound, ion-acoustic, Alfven, 

magnetosonic, etc.) with which information about the presence of the obstacle 

would be transmitted upstream. 
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A second type of collisionless shock is produced by a secondary plasma 

(i.e., a driver plasma) injected into a primary plasma of different parame-

ters). The secondary plasma acts as a piston to produce shock waves in 

advance of it. Typical examples are interplanetary shocks produced by solar 

flare plasmas injected into the evaporating solar corona (solar wind). Such 

shocks, if they are configured to illuminate the earth, may command our attention 

by producing sudden commencements and sometimes magnetic storms which affect 

radio communications, power distribution networks, and even telephone networks, 

not to mention often deleterious effects in communications satellites. 

Apparently the first theoretical work on MHO shocks was done by~ 

Hoffman~ Teller14 who derived the MHO analog of the Ranklne-Hugoniot re

lations for gas-dynamic shocks. Montgomery60 investigated the development 

of MHO shocks from large amplitude Alfven waves. 

Papers by Zhigulev103 and Zhigulev ~ Romishevskii 104 appear to be the 

first serious conjectures that the continuous solar wind plasma, upon encounter-

ing the intrinsic magnetic field of ~he earth, should produce a standing bow 

shock front. No dissipation or entropy-changing mechanism was specified in 

any detail. 

General theoretical work on MHO collisionless shocks was published by 

Fishman, Kantrowitz~ Petschek25 , in which non-linear wave-wave interactions 

were postulated as a dissipation mechanism. In 1962, Axford7 and Kellog~5 

published independent papers postulating a bow shock around the earth due 

to a solar wind plasma flowing, at a speed greater than the Alfven speed, 

by earth's magnetospheric obstacle. 
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In 1961, ~. Hurwitz~ Kilb5 published a computer study of large-

amplitude compressional waves in collisionless, magnetized plasma, and pro-

duced shock-like solutions. They attributed dissipation to particle orbit-

crossings. 

The geophysically oriented theoretical work between about 1962 and 

1968 proceeded largely along the lines of the "gas dynamic analog," In 

which the collislonless MHO bow shock was studied grossly by reducing the 

MHO jump conditions for ~-' ~-· p and pressure to a set of jump conditions 

analogous to those for shocks in gases. An excellent bibliography of such 

efforts is contained in the review by Sprelter ~ Alksn~~ While such gas

dynamic analogs enjoyed great popularity and some success in predicting 

gross configurational characteristics of earth's bow shock, they were in-

capable of predicting any detailed structure, and in fact gave misleading 

information on parameters of the plasma flow behind (earthward of) the 

shock. Dissipation mechanisms remained a mystery, as did even gross struc-

tural properties of the real MHO shock. 

Meanwhile, other plasma physicists concerned themselves with theoret-

teal details of MHO collisionless shocks, for various reasons. Collision-

less shocks were proposed to heat CTR plasmas, so that joint Interest was 
56 

exhibited by both laboratory and space physicists. Kellogg , noting that 

magnetic field gradients inherent in the soliton solutions of Adlam ~ 
1 

Allen corresponded to currents which should produce unstable plasma oscil-

lations within the gradient (Langmuir waves, Buneman waves and ion-acoustic 

waves), postulated that such instabilities would produce turbulent wave-

particle interactions and consequent heating, a dissipation mechanism. 
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Sagdeev85 pursued this same reasoning. Tidman99 , 100 proposed ~th ion~ 

electron and ion-ion counterstreaming instabil !ties in magnetic field 

gradients as the dissipation mechanism and presented a partly quantita

tive but largely qual ltative model for earth's bow shock. 

In 1968 and 1969, theoreticians were presented for the first time with 

two experiments which indicated that microinstabilities were indeed present 

in shock structures, and were somehow important to dissipative mechanisms. 

The first of these almost simultaneous experimental results came from the 

plasma wave detector aboard NASA's Orbiting Geophysical Observatory (OG0-5). 

The second came from experiments in the TARANTULA device at Culham Labora-

tories in England under the direction of J. Paul. 

The OG0-5 results, published by Fredricks !!!l·34,35 showed clearly that 

-strong electrostatic waves were present in the larger magnetic field gradi-

ents within the structure of earth's bow shock. Because the probe size was 

small compared to local Oebye·lengths as well as gradient scale lengths, 

these experiments were quite conclusive. However, they suffered from some 

defects, such as inability to measure field polarization, and unknown 

Doppler shifting caused by relative motion between the spacecraft and the 

flowing solar wind. Also, it is clear that the shock structures themselves 

had intrinsic mo·tion. Although Fredricks !!!l.34 were forced to make 

some unverifiable interpretations of shock thickness to model their shock, 

the presence of electrostatic wave turbulence was unequivocally demonstrated. 

. 76,77 13 
The laboratory expertments by!!!!.!.!!!.!_. · and Ooughney !!. !.!_. 

also clearly showed electrostatic waves in magnetic field gradients in labora

tory shocks. Measurements were carried out by laser scattering diagnostics. 
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Unfortunately, the laser scattering came from a volume of dimensions compar-

able to the scale length of the magnetic gradient representing the shock 

front. This did not allow adequate spatial resolution In the experiment to 

determine unambiguously the exact electrostatic mode responsible for the 

observed turbulence. 

In spite of such drawbacks, these two results stimulated a significant 

theoretical thrust to investigate just what electrostatic instabilities 

could be produced by the current systems which produce the detailed mag

netic field profiles in MHO colltsionless shocks. This was further rein

forced by the publication of a more comprehensive study of selected bow 

shock structures made by instruments aboard OG0-5, and has been confirmed 

by instruments aboard subsequent flights, such as NASA's IMP-6,7,8 series, 

ESA's HEOS-1,2 and the USSR's Prognoz series. However, with respect to 

resolving exactly the details ~f the plasma wave modes responsible for shock 

dissipation mechanisms, little substantial has been added to the OG0-5 

results. The reason for this is that in order to advance the state of know

ledge further, coordinated measurements between two, or among several, 

satellites at known separation are required. A number of studies of such 

measurements have been conducted with relatively little impact on dissipation 

modes, but with appreciable success in defining the overall properties of 

shock structural forms. The next section summarizes the results to date. 
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EARTH'S BOW SHOCK SYSTEM 

Shock Macrostructure 

Figure 1 is a conceptual composite of the overall characteristics of 

the earth's bow shock system as we now perceive it in an imagined steady· 

state condition. The shock is defined in the figure by the signature of 

the magnetic field magnitude carried through It by the solar wind. The 

nominal shock is not planar, but curved, so that its relationship to a 

uniform solar wind flow with velocity ~SW' carrying uniform field ~SWat an 

average 45° angle to ~SW' is necessarily asymmetric. That is, the local 

normal of the nominal shock varies continuously from point to point In its 

orientation with respect to both the uniform upwind (unshocked) flow and the 

uniform field. 

The nomenclature attached to the shock in the figure is defined by the 

orientation of the local normal to the upstream field, with the guidance of 

theory and data from laboratory and space observations: perpendicular is 

taken to mean that the local orientation of 2 to !sw' represented by angle 

e 8, is within arctan (H /H.) 112 - 1~8 of 90°. This criterion is adopted n e 1 

directly from laboratory and theoretical nomenclature76 ' 101 and is associated 

with certain specialized shock properties which have not yet had comprehen-

sive verification in space. The orthogonal geometry at the left side of the 

shock in the figure, where enB • 0°, is called parallel, in agreement with 

h i I d • • 58 t eoret ca es1gnat1on • 

Every geometrical condition other than perpendicular was, before mea· 

surements in space, simply called oblique. All the remaining properties, 
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designations, and distinctions in Figure 1, excepting the standing whistlers, 

have therefore resulted from spacecraft observations. 

When SnB ~ So•, but~ so•, standing whistlers are observed upstream 
80 

from the bow shockp as in the laboratory , at least when S << l and the Mach 

b . 1 . h M < 322,SO num er IS ow; 1.e., wen - • When SnB falls below about so•, the 

character of the shock is altered radically. Empirical results from satel-

lite observations have therefore divided the shock into two broad cate-

gorles, quasi-perpendicular and quasi-parallel. Quasi-perpendicular shocks 

have a monotonic, sawtooth, or wave-step magnetic profile, and resemble the 

perpendicular shock In being sharply defined, although the ramp through 

which the field rises to its downstream level is thicker than in the very 

specialized perpendicular case. Quasi-parallel shocks have multigradient 

magnetic profiles, are thicker yet, and do not feature a clearly-definable 

boundary between upstream and downstream "field or plasma. 

The entire range of enB has been surveyed statistically by many shock 

passages with many satellites. The asterisks In Figure 1·, however, mark 

those more restricted parts of the range which have been observed at high-

resolution with comprehensive, but still Incomplete instrumentation and 

with two or more spacecraft at once. 

An enumeration of the qualifications to be attached to the very slm-

plifled Figure 1 serves as a virtual prescription for the next decade's 

study of shock structure in space. Before discussing these, the proton 

velocity distributions and the foreshock need to be mentioned. 
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The proton distributions are represented qualitatively by the small 

three-dimensional sketches scattered around Figure I. A simple, relatively 

cool anisotropic solar wind is shown at lower right, with its long axis 

parallel to @sw• since on average, TJ/Tl ~ 2 in many solar streams. A modi-

fied proton distribution, currently under study and still incompletely de-

fined, is attributed to the solar wind flowing through the foreshock at lower 

left, where a second group of high velocity return protons, reflected and 

possibly energized by the shock, is traveling away from it. The "foreshock," 

to be discussed in greater detail later, is a region attached to, indeed 

part of, the quasi-parallel structure in which protons (and electrons) re-

fleeted from the shock gradients into the solar wind interact with the in-

coming, unshocked plasma to generate magnetic waves of appreciable amplitude 

<~ 1/2 BSW peak-to-peak). The long dashed line represents the foreshock 

boundary, which follows the return-proton, guiding-center path resulting 

from the vector sum of the parallel component of ejection velocity and the 

drift velocity given by ~sw x ~sw· 

The flat-topped. heated, bimodal distribution found behind the typical 

high-S(~ 1), high-M(~ 5) quasi-perpendicular bow shock61 Is shown at upper 

right, while the sketch at upper left is intended to represent the multi

modal, undefined, but predominantly solar wind-like distribution in the 

quasi-parallel structure, of which fragmentary cross sections have been ob-

tained by the plasma detectors of several spacecraft. 

The question marks In Figure l accompany those characteristics of the 

depleted bow shock that represent reasonable extrapolations from measurement 

but are by no means established facts. The incompletely-determined issues 

are, explicitly, left to right: 
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1&2. What is a typical instantaneous velocity distribution within the 

quasi-parallel, or parallel, structure? Are return protons separable as a 

group? So far no plasma probe In the shock or magnetosheath has had the 

temporal or angular resolution to develop a reliable spectrum In velocity 

space. One source of difficulty is the variability of the field direction, 

because an~ anisotropy of the particles would be constantly changing dir

ection In phase with the large amplitude waves in the field, at periods 

of a few seconds. The best that has been established so far is that there 

is an average energy distribution in ~he parallel structure that's distin

guishable from either solar wind or quasi-perpendicular magnetosheath plasma49 . 

3&4. What, really, is the magnetic structure of the parallel shock? 

We know the multigradient profile becomes 2·RE or more thick, but does it 

really extend far upstream? Or downstream as far as the magnetopause? 

The principal difficulty here is that the IMF is seldom in a constant di-

rectlon for very long, and ·the establishment of an extensive wave region 

must take a finite time. We haven't had, knowingly, many opportunities to 

observe the parallel, or quasi-parallel, structure in steady state condition, 

let alone to do so·wtth adequate instrumentation. 
. . . 

5. What Is the true three-dimensional proton spectrum behind the quasi-

perpendicular structure? The post-shock proton distribution sketched at upper 

right is shown as essentially isotropic, but the true shape is undetermined. 

Isotropy Is improbable, particularly for the second peak of the bimodal dis-

tribution, which is most likely a high energy component in the ambient field 

direction. The direction is not always well-defined, however, and obser-

vatlonal distributions remain to be documented. 
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We may now return to the qualifications attached to Figure I. To begin with, 

the sketches represent somewhat mixed conditions, for illustrative purposes. 

The whole magnetic profile is drawn for essentially laminar conditions, i.e., 

for 8 and M both low, but the post-shock proton distribution, upper right, 

is most appropriate for a moderate S(S 1), supercritical M(~ 3) solar wind. 

In contrast, the distribution corresponding to the laminar case would show 

rather little thenmallzation and no secondary peak 3~ which is why It hasn•t 

been drawn. Further, when 8 is very high (~ 8), the monotonic nature of the 

quasi-perpendicular ramp is destroyed, at least on a fine time scale of 

seconds31 • For high Mach numbers, M ~ 5, the magnetic ramp is also more 

irregular than displayed here, but the demarkation between upstream and 

downstream states Is never in doubt as it always is in quasi-parallel cases. 

Mention of 8 and M provides the basis for the generalized qualification 

that the shock system exists in a multiparameter plasma in which every com-

bination of values affects shock structure on either the macro or micro-

scopic scale, or both. In addition, there are numerous physical properties 

of the plasma that simply do not appear in Figure 1, all of which are of 

great interest: electron spectra, Te/Ti, ~I±/Tl±' a-particle contributions, 

<E> wave spectra, <B> wave spectra, are some of these. Finally, the most 

important geometrical and temporal qualifications are not pictured at all: 

the figure Is drawn to represent the shock 1 s structure in a single plane 

derined by ~SW and ~SW' but all shocks in space are doubly curved in three

dimensional space. Moreover, every parameter characterizing the solar wind 

varies either continuously or sporadically so any picture of a shock in the 
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solar wind is soon replaced by another. Indeed shocks often Interact with 

each other as, for example when a fast-stream shock, tipped at some angle, 

sweeps past the earth, colliding and passing through the curved bow shock, 

first on one side, then on the other. No hint of such a dynamic situation 

Is indicated in the static, two-dimensional, limited-parameter drawing 

offered here. 

General Scheme 

The gross effects of H and a on shock structure are summarized in a 

classification scheme devised by Dobrowolny ~ Formisano17 • Some examples 

were Illustrated by Greenstadt43 and Fonmisano29, a~d some cases have been 

described I~ specialized reports. The classification is elaborated in 

Table I, with citations of detailed descriptions where available. 

In addition to the entries in the table, some perpendicular, or very 

nearly perpendicular, cases have been displayed in detail by Rodriguez~ 
81 82 Gurnett ' • Their examples would be summarized according to the same 

scheme as follows: 

Parameter Values 

a • I, HA > 3 

Plasma Conditions 

Wanm plasma, 
supercrltlcal 
mach number 

Name of Structure 

PERPENDICULAR, 
TURBULENT 

Features 

Sharp field grad-
ient followed by 
appreciable multi
gradient fluctuation. 

Proton distributions 
unspecified. 

For quasi-parallel geometry, the classifications. according to parame-

ter have not been clearly differentiated by observation, largely because of 

the difficulty in knowing whether any given spacecraft passage has encountered 
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a steady-state or a transient view of the shock. Only one study has produced 

generalizable details, as noted. The other cases are Isolated incidents, 

possibly of partially developed structures. Wherever no detailed study 

has been conducted, the parenthesized citation of the Asilomar report (41) 

provides at least an example of the corresponding case. 

In the table, the dividing value M ~ 3 is the experimentally-determined 

value approximating the critical Mach number known In laboratory shock 
76 

studies • Under q-para11e1 geometry, and for very highS, strictly local 

combinations of parameters may play an important role in defining the pro-

cesses taking place In local gradients. 

Microturbulence 

An overall description of the wave properties that have been inferred 

from a combination of statistical and case-history studies In the bow shock 

is sketched In Figure 2. Electromagnetic noise power P8, shown here in terms 

of magnetic field, increases with S to levels roughly an order of magnitude 

or more higher when S > 10 than when S ~ .1. Average electric wave strength 

<E> is seen at well over an order of magnitude higher at M = 10 than at 

M • 1, and peak fields in critical portions of quasi-perpendicular shocks 

may reach two orders higher than typical values in laminar shocks. 

The general outlines of Figure 2 result from numerous observations, 

published and unpublished, of varying degrees of depth. The asterisks and 

triangles mark the parameter combinations of particular examples that have 

been exhibited in one or more of the references in Table 1. Most of these 

have been studied with care so their places in the scheme are reasonably 
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reliable. The perpendicular cases of Rodriguez~ Gurnett81,82 are 

Included in the figure (circled asterisks). Clearly, the quasi-parallel 

division is not only undocumented, but largely undefined for warm and hot 

solar wtnd conditions. 

In dealing with waves, as with particles, energy distributions are 

important, so the hybrid quantities of Figure Z's vertical axes give an 

inadequate description of the shock profile. The magnetic power density 

must be Interpreted In terms of tts place in the total spectrum, whose form 
~ 8 -4 - . . .. 

varies from f-3 to f- ,73 • l,9 and whosa integrated power has been found 

to be about 4 x Jo·ll ergs/cm3 from 1 to 140 Hz71 and about x.4 x 10-l5 

3 82 ergs/em from .02 to 4.0 kHz • The vertical scale for P8 in Figure 2 applies 

at f • 10 Hz. Electrostatic waves are ~reated differently. The scale of 

<E> refers to the peak rms fteld strength for f S 3 kHz, because in the 

shock there is a noise maximum In this frequency range, formed by many dis

. 35 36 8\ crete frequencees ' ' • The noise seems to arise largely from ion-acoustic 

wave generation, some of which is undoubtedly responsible for electron heat-
66 

lng In the shock ramp 

The role of wave-spectral form in shock characterization can be ap-

preclated by viewing Ftgure 3. In the center, a magnetic profile along shock 

normal n is drawn for a typical supercrtttcal, essentially perpendicular, bow 

shock In a warm solar wind, with electron and proton velocity space distrl-

buttons superimposed. At left, sequences of magnetic, and, at right, se-

quences of electric, spectral "snapshots" tn the appropriate scale along ~ 
82 (guided by Figures 13 and 14 of Rodriguez~ Gurnett ).have been reproduced 

Copyright © National Academy of Sciences. All rights reserved.

Space Plasma Physics: The Study of Solar-System Plasmas
http://www.nap.edu/catalog.php?record_id=18481

http://www.nap.edu/catalog.php?record_id=18481


826 

from Figures 3 and 4 of Rodriquez~ Gurnett81 . The magnetic spectra at 

left show the sharp enhancement of electromagnetic noise corresponding to 

the main field gradient, but no Isolated peak In the measured range of 

frequencies. 

The electric wave noise at right is more complicated. Ahead of the main 

gradient, where there is a "foot" In the solar wind with associated small 

amplitude precursors, there Is also a clear wave resonance at about 10~ Hz 

marking the electron plasma wave frequency f corresponding to the uppe 

stream density. The resonance Is very likely associated with electrons 

streaming through the solar wind along @sw at the outer edge of the shock 

transition layer. Strictly speaking, this feature should be most apparent 

when ~SW is not exactly perpendicular to~, allowing electrons to stream 

outward ahead of the shock proper. 

Once the main (average) gradient In B Is encountered, the f noise pe 

at 10~ Hz vanishes and the lower frequency end of the spectrum becomes 

enhanced. Unlike the magnetic noise, however, the electric noise has a 

shoulder, or even a local maximum, between .1 and 1kHz, Indicating the 

presence of ion acoustic wave noise at the local proton frequency fpf" 

This characteristic of the electric spectra persists, at lower levels, 

into the downstream plasma. The differences between B and E spectral 

signatures motivated the different presentations of their scales In Figure 

2. 
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The particle velocity distributions, symbolized by the negative and 

positive signs in Figure 3, are altered by the shock In several ways. The 

electrons, hotter In the solar wind than the protons, are partially scattered 

in the foot of the ramp, but toward the rear of the field gradient, and 

beyond, they become rather uniformly scattered, giving the flat-topped 

cross section observed by Montgomery !l!l·6l. The protons begin in the 
. 

solar wind with 1I'Tl = 2, and are slowed slightly In the foot with some 

scattering of particles to higher energies. They become partially heated 

In the ramp and exhibit a secondary, high energy peak, and by the rear of 

the main gradient have been scattered to higher "temperature" than the 

electrons, but with a nonmaxwellian distribution featuring a high energy 

tail. The directional properties of the proton velocity distributions, I.e., 

their degree of anisotropy, are known only In the solar wind, so the sketches 

are illustrative rather than representational. In and behfnd the shock ramp, 

distributions represented by double, or even multiple bubbles, might be 

appropriate. 

Returning to Figure 2, the most Important message of the figure Is 

that mtcroscale magnetic and electric wave activity are somewhat independent 

of each other, but are both low for the bow shock in cold, low M solar wind 

flow and both high for the bow shock In hot, high M solar wind flow. The 

variation of P8 with S has not revealed any Inflections, but the Mach number 

dependence of <E> appears to undergo a significant change at M = 3. This Is 

a reasonable phenomenon to expect since In the absence of particle collisions 

it is plasma waves that presumably supply the electric fields needed to 

scatter and heat both electrons and protons In the shock transition, and the 

critical Mach number at which resistive dissipation by drift current insta-

btlittes becomes inadequate Is at M = 3. Thus when M > 3 either a different, 
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more potent wave mechanism or two separate mechanisms operate to produce 

higher dissipation than is required when H ~ 3. The investigations of 

Rodriguez and GurnettBl,BZ revealed that for perpendicular and quasi-perpen-

dicular shocks of supercritical magnetosonic Mach number, electric wave noise 

in the .02-4 kHz band tends to rise with T /T or, alternatively, since 
e P 

T doesn't change very much in the solar wind, tends to fall with increas
e 

ing T . Thus we know T /T plays its part in determining microscopic shock 
P e P 

structure, as expected, but it must be noted that the scatter in the cited 

correlations was large andsignificantwork is still to be done. Certainly 

the record of influence of this parameter must be extended to include the 

entire ranges of the other macroscopic parameters. Similar diagrams based 

on T /T, T 1/T.r etc. await the outcome of future investigations. 
e p p PJ. 

Foreshock 

One of the most interesting discoveries of space plasma physics has 

been the shock-generated region of particles, waves, and wave-particle inter-

actions that inhabit a vast volume of space outside the bow shock. The 

existence of such a region where ~SW is parallel to~ was broadly predicted 

by Ke11og~5, who modeled the regions in terms of whistler waves under station-

ary conditions. Experimental data, almost always describing transient con-

ditions, have disclosed a somewhat different picture that may include the 

developmental stages of Kellogg's model, but the latter has yet to be docu-

mented. We describe the observational results. 

Charged particles exist in the foot of the classical shock for various 

reasons: some have failed to negotiate the shock electric potential; some 
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have been reversed in direction by the enlarged field in the ramp gradient; 

some have been deflected by plasma waves in the shock transition. Many of 

these have guiding center velocity components opposite to, and greater in 

magnitude than, VSW' and can therefore leave the shock "upwind." These 

spiral around Bsw Into the solar wind with net motion outward away from the 

shock. As they do, they move, in the shock frame, according to the expres-

slon 

dV 
~-
dt 

where 0 Is the appropriate cyclotron frequency 10 •97 • The result Is a medi-c 

fled spiral trajectory displaced from ~SW In the shock frame, with net guid-

Ing center velocity ~r • ~U + ~d' where yd • ~ • 0, as shown in Figure 4(a). 

We designate th• upstream region occupied at any Instant by some species of 

particles and/or the waves- they excite the "foreshock." 

In practice, space physicists have formed the habit of representing the 

particles ·as leaving the shock with guiding center velocity pVSW along ~sw• 

while the field Itself is carried downstream with the particles, at speed 

Vsw·· The result is the same, as Figure 4 (a) Indicates, but the ar.tlficial 

P~sw + ~SW resolution of ~r' which arose from observations of waves rather 

than particles, has lent Itself more readily to experimental treatment. We 

expect this practice to decline as Improved particle detection mandates a 

more direct analysis of the foreshock's material constituents In tenms of 

their actual pitch angle velocities ~~ and ~l detenmined by plasma-physical 

processes in the shock. For the present, however, we shall continue to deal 

with ~r and eXF using experimental results on the value of p. 
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Since the vectors governing the foreshock are ~SW and ~SW' and the 

former is variable in time, the action at a given instant takes place in 

the infinite set of parallel planes containing the solar wind's flow velocity 

and its magnetic field. One of these planes is illustrated in Figure 4(b) 

for a sunward IMF oriented about 30° above the ecliptic. Electrons are 

hot, around 1.5 x 10 5 °K24 , and are the first to be affected at the outermost 

61 fringe of the shock • Their ~~ is high (p_ ~ 10) and they are not displaced 

very much from ~SW as they progress upstream24 . The negatives (dashes) in 

Figure 4(b) signify the region occupied by return electrons. Most return 

protons are appreciably slower than electrons (p+ = 2) and ~d is a large· 

part of ~r· · Return protons are therefore displaced considerably from ~sw· 

Their region is denoted by the pluses in Figure 4(b). 

Figure 4(b) displays the complexity of the foreshock to first order: 

there is an·electron foreshock and a proton foreshock. But there is also 

much more. There Is of course the three-dimensional foreshock consisting 

of the infinite set of planes intersecting the shock, parallel to the one 

depicted. There are also electrons and protons upstream with energies, i.e., 

velocities, differing from those described above, because there is a spec-

trum of each return species at any given point of origin in the shock. 

Further, these spectra may vary from point to point in the shock. In ad-

dition, return electrons and protons each generate waves in the oncoming 

solar wind by their interaction with it, and these waves are carried down-

stream with the plasma at doppler-shifted frequencies. The most prominent 

of these waves appear to be caused by the protons with p = 2. They are 

detected by magnetometers as quasi-sinusoidal oscillations of amplitude 

Copyright © National Academy of Sciences. All rights reserved.

Space Plasma Physics: The Study of Solar-System Plasmas
http://www.nap.edu/catalog.php?record_id=18481

http://www.nap.edu/catalog.php?record_id=18481


831 

about B5w'4 superposed on the IMF19 ,47 and are the principal phenomenon by 

which the foreshock has been studied and characterized. These waves constl-

tute what may be called the ULF foreshock. 

The varieties of particle energies and wave frequendes that have been 

detected outside the bow shock in the cislunar region have been enumerated 

i . 44 n a recent summary reveew • Here, we shall review newer results and des-

cribe the current outstanding issues Involving the foreshock. 

Two properties of the foreshock have been the subject of five recent 

studies. These properties are the variability of p and the interaction ef 

foreshock constituents with the solar wind. 

. 
A very curious result of early Investigation of upstream ULF waves and 

quasi-parallel structure was the reproducibility of the q-perpendicular to 

q-parallel transformation at the tangent point of the ULF foreshock boundary 

when the value p • 1.6 was used to compute the angle of the boundary 9XF • 
41,47 

arctan [p sin.eX8/(p cos 9XB - 1)] • However, most early observations 

were confined to the subsolar region of the appropriate B-X cross section. 

A dependence of p on position away from the subsolar point has emerged in 

a statistical study by Diodato ~!L·lS that covered most of the upstream 

region. Diodato ~!L· found that the overall best value wasp • 2 on the 

sunward (of the earth) side of the shock and that p increased with distance 

from the subsolar point. 

In application the Diodato !l!l· result means that when the passing 

orientation of !sw places the changeover point from local q-perpendicular 

to q-parallel structure toward either flank of the shock, the ULF foreshock 
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boundary, which is tangent to the shock at the changeover point, is a little 

moret forward (i.e., 8XF is a little Jess) than it would have been were p 

constant. Equivalently, the backstreaming protons assumed responsible for 

the forwardmost ULF waves are not displaced as much from ~SW when they 

originate near the flank as they are when they originate near the subsolar 

point. The most straightforward physical inferences are that either a 

larger proprotlon of return particle energy appears as ~I' or return par

ticles are more energetic along the flanks, or both. Figure S{a) shows the 

crude dependence of 8XF on 8XB implied by the Diodato!!!!· study. The 

broken and overlapping nature of the graph results from their study's 

division of data according to discrete ranges of eXT {defined In Figure S{b)). 

The second property of the fpreshock that has received experimental 

attention Is its influence on the solar wind. Unfortunately the newest 

results are In conflict with each other. If return particles Interact with 

8 19 33 35 36 88 the plasma to produce waves, as theory and observation suggest ' ' ' ' ' , 

then there ought to be some discernible effect of the Interaction on the 

particles themselves. In fact, we know that return electrons change the· 

heat flux in the electron foreshock, reversing Its direction and elevating 

24 Tel/Tel slightly by about nine percent • But what of the protons? 

A study by Feldman !l!l·23 set out to examine the thermal properties 

of the protons in the proton foreshock and discovered no temperature effect 

but a slightly lower thermal anisotropy. The data used for the study, 

however, dfd not include a magnetometer or return proton detector, so the 

direction of the electron heat flux was used as a guide to the ambient 

regime applicable to each data point. Since this criterion identifies only 
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the electron foreshock, at most an unknown fraction of the observations 

came from the proton foreshock as well. What is significant is that an 

anisotropy distinction was found even though the proton foreshock was mis-

identified in some cases. Presumably the effect would be more pronounced 

in an undiluted sample. 

~ ~ !!.: 6 and Formisano !!!2_ Amatl8 undertook statistical analyses 

of the solar winG proton properties associated with the ULF foreshock and 

reported what appeared to be distinguishable differences between N, V, and 

TIB2/N 2 in the foreshock and in the unperturbed solar wind. However, a 

16 very extensive statistical study by Diodato and Moreno involving almost 

11,000 hourly averages of data from four satellites, using both single and 

paired spacecraft observations, found ~significant differences between 

the foreshock and the undisturbed solar wind in speed, proton density, or 

proton temperature. Moreover, Diodato and Moreno demonstrated that an 

automatic biasing effect of variations in Non shock location could explain 

the apparent differences reported earlier. 

For the time being the ~omposition, behavior, and influence of the 

foreshock's various components remain open subjects of inquiry. In addition 

to the obvious need for further experimental results along the same lines as 

those already described, requirements for numerous other measurements and 

analyses can easily be generated with a few moment's thought. Most impor-

tant is the necessity for direct measurements of return particle characteris-

tics throughout the foreshock and for their correlation with local wave 

observations. 
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Besides detailing the upstream plasma interaction processes themselves, 

future investigation must discover the sources of return particles, their 

distributions, and the forces governing their creation. We have glibly 

referred to return particles in the foreshock after touching briefly at· 

the beginning of this section on the role played by the 11foot 11 of the shock 

in supplying them. But the foot accompanies quasi-perpendicular structure, 

whereas the foreshock, or foreshocks, exist upstream only from the quasi-

parallel structure. Where is the foot, or what takes Its place, In the 

q-parallel structure with its multiple gradients, Irregular profile, and 

quasi-periodic oscillations? Neither theory nor experiment, laboratory or 

extraterrestrial, has yet supplied answers to this question. 

Finally, the 11steady state11 question has yet to be explored even to 

the extent such exploration Is possible In the constantly varying solar 

wind. The character of quasi-parallel shock pulsations appears super-

flclally to be consistent with that of large-amplitude whistler-like waves, 

and we know a large portion of the whistler spectrum can propagate outward 

from the shock along !sw· There Is no reason at present to doubt that under 

stationary solar wind conditions a very extensive whistler foreshock should 

be evident where ana is small, as predicted by Kellogg55 . Further measure

ment and analysts should succeed In testing this picture at least to a 

satisfactory steady state approximation. 

Hagnetosheath 

The entire region between a detached bow shock and the obstacle it 

shields from a surrounding supersonic flow is not ordinarily thought of 

when referring to the post shock fluid. In the case of a magnetospheric 
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bow shock, however, such an extension of terms is unavoidable. Only in that 

section of a magnetospheric bow shock where quasi-perpendicular structure 

prevails can the traditional concept of average fluid properties just 

behind a shock 11front" be maintained as a basis for describing the post 

shock 11jump conditions. 11 Elsewhere, the downstream 11 turbulence11 appears 

to occur on an amplitude scale comparable to or greater than the nominal 

jump Itself and on a spatial scale that may extend the entire distance 

to the magnetopause. Speculations on the extent to which the magneto-

sheath, and even the magnetosphere, participates in quasi-parallel shock 

structure have been published before42 and are being actively investigated 

48 with available data resources , so we avoid repetition here and concentrate 

on issues related to shock mechanics. 

From a plasma-physical standpoint, the downstream regime is of inte-

rest for several reasons. If we think first In terms of isolating q-perpen-

dicular and q-parallel cases locally, there are two reasons immediately: 

1. The magnetosheath supplies the post-jump conditions needed to 

characterize the q-perpendicular shock. Moreover, the conditions must be 

catalogued for a wide range of each upstream parameter, and there are 

numerous parameters. 

2. The definitions of 11preshock" and 11post shock11 are parameter-

dependent In Individual cases. For example, the magnetic ramp, or gradient, 

I.e., the 11jump, 11 Is not strictly superposed on the density ramp. Especially 

in the cases of extreme parameter values such as very high betas or Mach 

numbers, a delayed or expanded particle redistribution mechanism may re-

quire appreciable post-shock data collection to deduce the physical processes 
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making up the shock profile. The electrons may be principally responsible 

for one shock subprofile and the protons for another. One model of proton 

64 heating at supercritical Hach numbers, for example , does not call for any 

prominent 11viscous11 dissipation instability in the ramp, so that plasma 

wavemode identification would be fruitless and only substantial particle 

observation well behind the principal magnetic ramp would allow verifi-

cation of this model. In the case of q-parallel structures, it appears 

that the magnetosheath !! the shock to some extent. We simply do not know 

at present just where the downstream, or post-shock regime begins. 

If we expand our inquiry beyond isolation of separate cases, we find 

two more penetrating reasons why magnetosheaths are Interesting to plasma-

shock investigators: 

3. Collisionless shocks in the solar wind are three-dimensional, 

with magnetic field lines connecting one region of the nominal surface, 

through the post shock standoff region, to the other 11side. 11 If one side 

is q-perpendlcular in a uniform field, the other side Is q-parallel. Hence 

there is the possibility of communication by field-aligned phenomena pro-

pagating from one part of the nonuniform shock to another through the 

downstream region. The three-dimensional shock favored by nature is an 

entity by Itself with a continuity of parameter changes differentiating 

it from the two-dimensional cases that might be found locally, reproduced 

In the laboratory, or approximated in theory. 

4. Finally, the most exciting reason of all, is the opportunity to 

observe transient plasma processes at high resolution. The magnetosphere 

Is the source of phenomena that communicate the presence of an obstacle 

-29-
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to the solar wind. The magnetosheath therefore is the location in which 

the processes originate that continuously form and reform the various shock 

structures in response to changing solar wind conditions. The dimensions 

of a typical magnetosheath, being on the order of many planetary radii, 

transform ephemeral phenomena that might take microseconds or nanoseconds 

In the laboratory Into finite events that can be recorded over intervals 

of seconds and minutes, with almost arbitrary precision. 

The reader will have perceived that the straightforward summary of 

physical results in the preceding sections has been replaced here by an 

undocumented discussion of justifications for obtaining physical results. 

This is because spacecraft data have not yet yielded generalizable results 

of plasma physical application except in a few instances. Results close 

behind the shock front have been described already in Figures 1 and 3 and 

in an earlier review4~. Deeper in the earth 1 s magnetosheath, the most 

pertinent results are, first, that ion acoustic wave noise continues to 

modify the solar wind electric wave spectrum well behind the quasi-perpen-

81 dicular magnetic ramp , and, second, that suprathermal protons of energy 

> 100 keV appear in sharp correlation with large amplitude magnetic field 

oscillations similar to those of q-parallel pulsations102 • 

Improvements In instrumentation and expanded data analysis will be 

necessary to catalogue magnetosheath properties and relate them to the 

bow shock. 
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PLANETARY SHOCKS 

----Four planets other than the earth have been found by direct measurements 

with spacecraft instruments to have identifiable bow shocks. These are 

Mercury, Venus, Mars, and Jupiter. In addition, there is evidence for a 

limb shock associated with the moon's wake. 

Four results regarding planetary shocks are of plasma-physical signi-

ficance. 

1. The overall classification of shock structures into quasi-perpendi-

cular and quasi-parallel categories is generalizable to shocks at least as 

widely spaced in the solar system as Mercury 71 and Mars 40 and apparently as far 

as Jupiter93 too. The local characteristics of shocks of both categories, with 

regard to magnetic field and electron behavior, are familiar from the earth's 

bow shock. 

2. The relatively swift passage of the respective mission spacecraft 

through their target magnetospheres has provided bilateral views of nonuni-

form bow shocks difficult to obtain at earth even with multiple spacecraft 

observations. Thus the coexistence of q-perpendicular and q-parallel structures 
. -------·- -- ---· --·- - ··-· - ·-· - .. - - ---·------ -- --- 67 68 -

on opposite faces of the no~inal shock has been demonstrated at Mercury ' , 
40 40 Venus , and Mars • The data from Mercury are particularly striking be-

cause the shock profile during the third pass of Mariner 10 was virtually 

a mirror image of the pass two years earlier, with the macrostructures en-

countered in reverse order because the interplanetary field orientation 

during the third pass was complementary to the orientation during the first 
---- -----···-
67,68,71,72 pass • 
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3. Each pair of bilateral shock views just cited has, of course, been 

part of a one-dimensional cross section of a corresponding magnetospn~_ 

solar wind interaction region. These planetary cross sections have there-

fore provided pictures of the extensive downstream regions of ·t-heir res-

pective shocks. A prominent, repeated feature has been the penetration of 

the q-parallel magnetic pulsations deep into their post shock magnetosheaths. 

Thus these planetary passes have served as principal sources for the in-

ference that the q-para11e1 shock and its downstream sheath are essentially 

inseparable, and that pulsation macrostructure stretches all the way from 

the magnetopause to some, as yet undefined, outer pulsation boundary. Hag-

netosheath involvement in q-parallel oscillatory stru-cture has yet to be 

systematically studied in the earth 1 s interaction region. 

4. The fourth result from probes to other bodies is that the solar 

system offers some unusual cases of special interest not to be found in the 

earth 1 s vicinity. One is the moon, which having no intrinsic field of di-

mension comparable to itself, but possessing small local conductive or mag-

netic anomalies, offers the opportunity to examine marginal collisionless 

91 shock formation and maintenance near the scale limits required by theory • 

A second case is Venus, where the obstacle in the solar wfnd 1 s path is 

neither a strong magnetosphere nor the absorptive surface of the planet 

Itself (or its atmosphere), but an induced magnetic field arising from cur-

rents in the ionosphere. Here, there is a possibility that the solar wind 
-------- --·- .. - - . --

is partially absorbed fn the upper atmosphere and that the shock may be so 

close to the ionosphere that the latter may be part of the downstream region, 

and shock effects could play a role in the planet's meteorological energy 

budget. Certainly Venus presents the prospect of displaying some unique 

plasma-shock phenomenology84 • 
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A third case Is Jupiter, whose magnetosphere may be so rotationally 

asymmetric, so tilted, and so rapidly revolving as to create wholly un

familiar nonunifonmities and asymmetries covering new areas of parameter 

space not seen elsewhere26 • Little data of significance to plasma shock 

study has yet been released, however. 

There is only one example of detailed study of an alien bow shock system 

from a plasma physical viewpoint. Fairfield and Behannon21 analyzed magnetic 

field data from Mariner 10 and found whistler waves propagating upstream from 

the shock as observed previously at the earth20 • They went further, however, 

and identified some of the waves in the Hermean magnetosheath as ion cyclo-

tron waves, a result yet to be achieved at the earth. 

ASTROGENIC SHOCKS 

All shock phenomenology described so far pertains to shocks formed by 

supermagnetoacoustic flow past large, effectively stationary obstacles. 

The other great class of shocks on space pertains to those formed In front 

of objects moving at supermagnetoacoustlc velocity through relatively slow, 

although nonstationary, plasma. The 11objects11 contemplated in this class 

are not solid bodies or their magnetospheres, but masses of plasma of suf

ficient density and conductivity to appear impenetrable to the background 

hydromagnetic gas through which they proceed. We shall call such an object 

a "driver plasma," or "driver gas," and Its shock a "driven shock," although 

we intend to Include In this category the "blast shock" which is very much 

detached from its driving source. 
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Driven shocks differ from planetary shocks in two major ways; scale 

and speed. The sources of driven shocks are activity centers on the sun 

and, by implication, on other stars, and stars themselves. Should these 

pulse or explode or, In the case of binaries, revolve at high enough orbital 

velocities, shocks would presumably be generated in the interstellar medium. 

The scale size of such shocks is therefore of heliospherfc or stellar, rather 

than magnetospheric, proportions. This means that wave-particle effects 

that may depend on tangential motion along a shock front have an immensely 

enlarged arena in which to operate. Thus, multiple charged particle ac~ 

celeration associated with a shock front could result in particles develop

ing cosmic ray energies before being released by local alterations in field 

or shock geometry to escape into the general interstellar environment. 

The speed of a driven shock will depend on the speed of the plasma 

piston that drives it. The latter varies depending on strength of the source 

and distance from the source, whereas the flow speed of the solar wind is 

essentially constant with distance from the sun after an initial acceleration 

in the outer corona. Although the absolute value of solar wind velocity 

changes as the source region changes, the nominal speed is a few hundred 

km/sec and usually varies by no more than a factor of about two to one. 

Piston plasmas and their shocks, in contrast, may race through the solar 

atmosphere or outward from the sun as fast as a few thousand km/sec, slowing 

appreciably as they progress outward through the solar system. Since shocks 

driven from solar flares or by high-speed streams have a wide range of 
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velocities, they may include both slow shocks and shocks of extreme Mach 

number which makes their observation worthwhile, if difficult, at customary 

data rates. Once again, however, particle acceleration is involved; to the 

extent that energy exchange between a shock and an individual ion contributes 

to the ion•s gain in energy, driven shocks have the potential of accelerating 

ions to much higher energies than do planetary shocks. 

The property of accelerating ions gives the subject of driven shocks 

a value for those concerned with high energy cosmic particles, because there 

is ample reason to believe that collisionless MHD shocks are commonplace in 

the astrophysical environment. The most primitive example would be the 

shock expected to exist in front of the heliosphere as a result of its 

motion in the galactic plane52. Presumably such shocks can be attributed to 

the myriad of stars later than FS where the existence of stellar winds is 

inferred79 . A more sophisticated example has been envisioned by Siscoe and 

Heinemann92, who have proposed that binary stellar winds might include oppos

ing shocks bracketing the contact discontinuity .between appropriately spaced 

star-pairs. Finally, the velocities of supernova ejecta and remnants may be 

as high as several thousands of km/sec and are quite likely to drive high 

Mach number shocks ahead,of them into the interstellar region 11 If such 

examples are multiplied, there are numberless opportunities for particles to 

be accelerated throughout the universe by shock waves of many origins. Study 

of the energization mechanism taking place in the solar system should have 

direct application to such astrophysical sources. 
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Locally, we know that accelerated particles are associated with the 

bow shock, but neither their origin nor the mechanism of thelr~productlon 

has been established. The subject has been discussed separately for elec

trons2•3 and for protons59. More to the point, there has been both analysis 

and observation of high energy ions in connection with inter~lanetary shocks, 

and this subject is currently under investlgation4•86 ,87. It has yet to 

be learned whether microscopic plasma physical processes play a dtrect role 

In the energization of particles by collistonless shocks or whether they 

are involved only indirectly in formation of the shocks themselves. If 

mtcroinstabillties are directly responsible, then the prospect opens that 

not only shocks, but any plasma interaction region where these phenomena 

can occur will become more accessible to analysis based on spacecraft in-

vestlgations. 
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DISCUSSION 

Recent Status of Theory. The experimentally-observed presence of electro

static turbulence which clearly correlates with the more macroscopic MHO 

structures in the bow shock has resulted in significant theoretical activity, 

especially in searches for electrostatic microinstabilities that could be 

driven by currents of one kind or another. 

The outstanding unanswered theoretical question concerning dissipative 

mechanisms in collisionless shocks is simply: what randomizes the protons 

across the shock? 

At first, it was thought that diamagnetic electron drift currents 

J • neV • L V x B "' ~8 
~o ~o 4~ ~s 

setting up a jump in field ~8 over a shock thickness ~S would produce 

Langmuir, 8uneman or ion-acoustic turbulence, and hence anomalous resistivity, 

and that ion-acoustic turbulence would cause the observed ion heating. How-

ever, quasilinear theory predicted only electron heating in such turbulence, 

and even though the formula has been successful at estimating magnetic ramp, 
66,51 

i.e., drift region, thicknesses , doubt has been cast upon this as the 

main dissipative mechanism (ion randomizer). 

- . . . -- . ~ - . - -- --
Furthermore, observations of OG0-5 data on bow shock crossings re-

vealed shock structures in which electrostatic turbulence appeared in many 

magnetic gradients, without randomization of the proton flow. 

A summary of all the known attempts to resolve this theoretical question 

by postulation of electrostatic or electromagnetic instabilities and conse

quent turbulence up to 1973 was given by Greenstadt and Fredricks 46. Their 
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conclusion was that electron heating in bow shock precursors by ele~trostatfc 

microinstabilities is qualitatively rather well understood, while the ion 

heating mechanism is not. The most reasonable coojecture they implied was 

that ion-ion sound instabilities are responsible for the observed rapid ion 

heating across most bow shocks. 

This latter conjecture has been put on a stronger basis in work by 

Galeev38, who reviews again the possible candidates. Galeev proposes that 

counterstreaming ions produce turbulence due to instabilities with frequen-

cies near the lower hybrid resonance. However, he points out that whether 

this mechanism is the correct one depends on verification by direct measure-

ment on future spacecraft missions. Furthermore, as amply documented in 

earlier sections of this review, there are obvious differences in the 

microscopic particle dynamics associated with the several morphological 

categories (perpendicular, quasi-perpendicular, quasi-etc.) of bow shock 

structures, so that exact identification of the microinst~bility responsible 

for the dissipative process in each case is not an easy task. 

It should be pointed out that measurements of lower hybrid resonance 

turbulence in the earth's bow shock structures have not been made in the past 

due to lack of instrumentation to cover the extremely low frequency electro-

static spectrum (fLHR- 10-20Hz). It ts hoped that this deficiency wtll 

be removed by proper choice of instrumentation on such missions as the ISEE 

spacecraft in the future. 

64. Horse has suggested an alternative model for proton heating In the 

earth's bow shock. He starts from the premise that plasma fluctuations 
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within the bow shock structure of sufficient amplitude have not yet been ob-

served. Morse then puts forth the hypothesis that the motion of Ions In 

the macroscopic field fluctuations In the shock and its downstream region 

Is sufficient to explain the observed broadening (and decrease of the 

average velocity) of the proton velocity distribution behind bow shocks, 

without introducing subshocks or wave instabilities as ion heating mecha-

nlsms. This idea is reminiscent of the ion "orbit-crossing" mechanism for 

ion randomization discussed by~!! !J.s ·and Morawetz 62 •63 • 

Shock Parameters in the Solar System. There need be little doubt that solar 

system plasma offers an arena in which shock investigations can proceed and 

theoretical estimates can be tested experimentally. The values of the 

principal upstream plasma parameters i~ which shocks may be found in the 

solar system between Mercury and Jupiter is displayed in Figure 6. In 6(a), 

parameters S, CMS' and MMS and the nominal quasi-perpendicular unit of thick

ness c/wpi are shown~ solar distance In astronomical units (AU) for a typi

cal solar wind speed of 400 km/sec, taken as constant at all distances In 

the solar equator. 

N • 7/r1 , T • 7 x 
p 

The parameters have been computed using the relations 

10~/r, T • 1.5 x 105/r1•5, and the Parker model for the e 
spherical field components: Br • Sl:f/2r1 , a, • Sl:f/2r, a9 • 0. The numbers 

typify the solar wind at 1 AU. Although some question arose for a time 

about the radial de~~e~~~~f a,12 ~83 , all the dependences used here have 

b d ed9,54,70,75 
now een ocument • 

The long, solid and dotted curves at top and bottom of 6(a) represent 

parameters of the solar wind independent of whether any. shocks exist there 
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or not. The Mach numbers, In contrast, depend on some assumption regarding 

shock and solar wind velocities. The long dashed curve shows the magneto-

sonic Mach number that would apply to a planetary, or cometary, shock sta-

tionary In a 400 Km/see solar wind at any r, but the circled points mark 

only theM-values at the permanent planets, identified by their Initials 

just above the horizontal coordinate line. The Q-turbulent/turbulent 

designation under the line denotes the category of planetary shock struc-

ture defined by the MMS and S combinations in the corresponding regions. 

The two shorter curves illustrate the Mach numbers of two solar flare 

shocks propagating into the assumed 400 Km/sec wind. They terminate at the 

lower end, of course, where MMS • 1. The declining velocity profiles from 

which the curves were computed were taken from two examples (Figures 15,16) 

18 of Dryer • Such shocks would be turbulent above MMS ~ 3, quasi-turbulent 

below. 

The dotted curve In 6(a) accounts for the third source of shocks in 

the solar wind, namely, stream-stream Interaction. Fast streams overtaking 

slower ones In the solar wind can evolve into compressed structures contain-

ing sufficient density to serve as 11bodles11 coursing through the wind, 

capable of generating shock pairs, one forward and one reverse. Such fast-

~ 3~~~9~ ~ stream shocks have been predicted , Inferred· , and demonstrated • 

The velocity differential between ~he fast plasma behind a stream's steep

ening fron.t and the slower plasma ahead of It falls In the range 40 to 
53 120 KID/sec and averages about 60 Km/sec , so the behavior of the magneto-

sonic velocity eMS implies that formation of a forward shock where ~V >eMS 

(I.e., MMS > 1) Is marglna~ for a 400 Km/sec background wind, but generally 
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most probable where CMS drops below 60 Km/sec, i.e., where r > 1.2 AU. 

Clearly, the Mach numbers of such shocks are unlikely to be supercritical, 

so the classification of almost all of them would be laminar out to large 

r-dtstances, where e << 1 would make them quasi-laminar, or quasi-turbulent 

nearer 1 AU where S ~ 1. They would be expected to be well defined and of 

relatively simple structure when observed. 

Figure 6(b) plots two more parameters determined by the IMF: its 

longitude angle 'a 
foreshock boundary 

• arctan (B,/Br)' for the sense away from the sun, and 
43 

angle 8XF arctan p sin 8X8/(p cos 8XB - 1) , as defined 

in Figure S(b). The aXF curve in 6(b) is dashed, since it really applies 

only at the planets, indicated by the circled points. The plotted vaiues 

were obtained by using p • 2 for the entire range of r 15 . Note that 

for purposes of illustration, the sense of B has been reversed in 6(c), so 

8XB • 'xa + 180°. The Importance of 8XB In 6(b) lies in its implications 

regarding the extent and location of the average foreshock at each planet. 

For the first three planets, the foreshock literally reaches out in front 

of its bowshock. since its forward boundary makes an acute angle with the 

X-axis. At Mars and Jupiter, however, and by Inference, beyond them, the 

foreshocks do not reach sunward of the subsolar points of their bow shocks, 

since aXF < 90°, but they may occupy a considerable region to the sides 

of the shock flanks. The trend in aXF also implies that, given the usual 

fluctuations of the IHF direction, there is a fair probability that the 

foreshocks of the inner planets will occupy their entire upstream regions a 

substantial fraction of the time, i.e., when aXB slews toward 0°. Equivalently, 

the sunward face of Mercury's shock should be expected to exhibit quasi-

parallel structure frequently. 
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One paramount feature of Figure 6 has been saved for final emphasis. 

At the right of 6(a) and (b), three vertical flags represent the ranges of 

S, MMS' and 'a that have been recorded by spacecraft at 1 AU. According to 

these, the bow shock system of the earth alone can occur in any combination 

of parameters, thus providing a rich table from which to select samples for 

the study of shock str~cture, both in tran~ient and steady-state conditions. 

In reality, not all combinations of the structural parameters are equally 

probable or equally observed. HighS, low M (quasi-turbulent) conditions 

are unusual for the earth's shock at 1 AU and would presumably be much more 

probable at Mercury. Laminar cases, on the other hand, are considerably 

more common than the curves in 6(a) would suggest. On balance, detailed 

study of the earth's shock system should, with patience, produce a full 

display of the structural panoply found among the planets. 

A Contemporary view of the multilocal approach to observations by spacecraft. 

The constellation of sensors needed for diligent examination of plasma 

shock systems in space Is suggested by the juxtaposed data plots of Figures 

7 and8. The figures show an overall view, at low resolution, of a sequence 

of encounters with interplanetary and bow shocks during two days of re

peated crossings by both IMP 7 and 8 on opposite sides of the magnetosphere. 

We call attention to certain highlights of these plots that illustrate 

major features of the most significant events. 

The fonmats of both figures are Identical. The four upper panels are 

from IMP-8, the five lower from IMP-7. The IMP-8 panels contain, beginning 
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at the top, one channel of the Iowa electric wave data, the ambient magnetic 

field magnitude 8, and the ambient field's longitude ~B and latitude AB 

tn solar ecliptic coordinates. Field measurements were made by the Goddard 

instrument. The inserts In the 8-panel show the relative positions In the 

ecliptic of the satellites and the field's projected orientation, together 

with nominal magnetopause and shock cross sections,during the time Intervals 

where the Inserts are placed. Details will be described below. 

The IMP-7 panels, continuing toward the bottom, contain views In four 

sectors, in the ecliptic, of low energy protons detected by Iowa's LEPEDEA 

experiment. The apex of each caret at left indicates the direction In which 

protons must be flowing to be detected In the corresponding sector. These 

directions coincide, counterclockwise, with the axes of the inserts in the 

8 panel. The last panel at the bottom represents the average energy density 

from a wide channel of the TRW electric wave experiment on IHP-7. Note 

that the narrower Iowa channel on IHP-8, top panel, falls at about the 

center of the TRW channel. Both are chosen as monitors of local ion acoustic 

noise, which predominates in and around the bow shock. Descriptions of the 
32,81,89 

various instruments can be found In references • 

Our principal interest in Figure 7 is the foreshock, but we note the 

Interplanetary shock of 1530, whose jump in 8 Is accompanied by a sudden 

increase In average VSW' a spread (thennaltzation) of its distribution 

(uppenmost LEPEDEA panel), and enhanced plasma wave noise at both space

craft. The triangle at bottom denotes the sudden commencement of a mag-

netic storm at the earth's surface. 
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The apparent discontinuity In a at left, around 0115, Is of unidentl-

fled character and will not be discussed. 

What Figure 7 shows very clearly is the control of the foreshock by 

the IHF orientation in three distinct intervals. The key factor was 'a' 

since Aa remained for the most part within 30° of the ecliptic. 

First Interval. Early in the day, until 0800, th~ IHF projection was 

directed from sunward to slightly west of the sun-earth line, i.e., 

'a~ 330-360°, as depleted by the small arrows in the first Insert. The 

wavy 1 ine F In the same Insert Is the forwardmost proton-foreshock b~ndary 

that applied during this early Interval. IHP-8 was obviously tn the fore

shock then, and we see that electric wave noise was enhanced (top panel) 

and that a oscillated as if upstream waves were present. 

Second interval. At about 0800 the IHF rotated Into the first quadrant, 

where It remained for several hours with 'a between 0 and ~5· (second Insert) 

and then gradually advanced past 90°. The result at 0800 was to shut IHP-8 

out of, and place IHP-7 within, the proton foreshock. We see that at IHP-8 

the enhanced electric noise subsided and a became very quiet, while at 

IHP-7, return protons made their appearance. These are represented by the 

dark green traces between 103 and 10~ eV In the second proton panel, lndi-

eating particles of those energies coming to IHP-7 from the shock to the 

right of It in the second insert. Shortly before 1600 UT, and slightly 

after the interplanetary shock of. 1530, when 'a had increased to about 70° 

(and there was also a swing away from·the ecliptic in Aa), as pictured by 
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the dotted arrow In the second Insert, the foreshock boundary (dotted wavy 

line) passed behind IMP-7 and the return protons disappeared. They re

appeared briefly at about 1730 coincident with a slight shift for a few 

minutes In IMF direction. 

Third Interval. After about 1745 electric wave noise became enhanced 

·again at IMP-8 and remained so until nearly the end of the day. The field

shock geometry for this ~nterval Is shown In the third Insert, where It is 

clearly seen that IMP-8 was outside the expected foreshock boundary. In 

this case the field projection was actually opposite the small arrows, which 

have been drawn for visual clarity and to emphasize the direction of possible 

particle velocities toward the satellite. It cannot now be stated with cer-

tainty whether the enlarged E-fleld amplitudes at IMP-8 were related to 

the bow shock or to changed interplanetary conditions, but we observe that 

the wavy foreshock boundary refers only to the region containing ~pro

tons with UU = 2 v5W and their associated ULF upstream waves. Faster pro

tons, !!!!, .... e ... le_c .... t-.r.-o.-ns.._, could have been streaming more closely along B to 

IMP-8 from the bow shock, causing the local VLF wave noise. This possibility 

Is favored by what we know of return electron behavior and by noting that 

proton velocities corresponding to the high energy end (10~ eV) of the 

green return proton traces urller at IMP-7 were adequate to convey tons 

to IMP-8 outside the depicted foreshock boundary In the third Insert. This 

possibility Is also compatible with the electric wave record at IMP-7, 

tn the bottaa panel. The noise level never seems to have dropped to a sus

tained background, or quiet, level during the 4th, even though we know IMP-7 

was sometimes outside the (slow proton) foreshock boundary, as drawn In the 
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first insert. However, even early in the day, electrons and high-speed 

protons could have been reaching IHP-7 from the shock. This is the meaning 

of the dashed lines in the first insert, and IHP-7's location may have kept 

it on IHF lines intersecting the shock the entire day. 

It remains only to note the short entry and exit of the bow shock 

Itself by "IHP-7 just before 2300, as detenmined from the thenmalization 

and deflection of p~tons and the sharp peak in plasma wave noise. 

We proceed to July 5th, in Figure 8. For this day, we cannot discuss 

the foreshock within the scope of the present report because the frequent, 

wide excursions of AB from 0° rendered ecliptic representations wholly 

inadequate. Of greater interest Is the sequence of shock encounters which 

illustrate the wealth of dtverse events and conditions that can occur in a 

single day in space. 

At the outset, IHP-7 encountered the bow shock and was enclosed by the 

magnetosheath for about 30 minutes between 0100 and 0130. The high B that 

prevailed at IHP-8 at the start of the day suggests that there was a low 

Mach number in the solar wind that brought the bow shock out to IHP-7, for 

when the field dropped later; IMP-7 remained in the solar wind several 

hours until it saw the shock closer to its nominal position at 1315. 

The insert in the IHP-8 B-panel shows the wide range of 'a during the 

hour and a half or so before the 1315 crossing. Of special interest is the 

swing of the IHF to the fourth quadrant at about 1245, the result of which 

was to make B essentially tangent to the bow shock in time to detenmine a 

nearly perpendicular crossing geometry at 1315. After that, AB was close 
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enough to -90° to keep the shock geometry nearly perpendicular while IMP-7 

was In the sheath behind it until about 1615 when the solar wind underwent 

a sudden change, best indicated in the figure by the discontinuity in B 

and A8• IMP-7 emerged gradually from what appears to have been a quasi

parallel shock and then, at 1715, began a two-hour series of irregular and 

noisy shock measurements the nature of which our information Is insufficient 

to define. It is clear, hawever, that the local magnetic geometry was quasi

parallel, and we see that {a) the average velocity of the solar wind was 

little changed, {b) thermalization was taking place but less intensely than 

behind the 1315 crossings, and {c) higher energy particles, up to about 

10 4 eV were being defl~cted into all sectors; this did not take place behind 

the 1315 crossing. 

- At 1930 a sudden-commencement interplanetary shock reached the vicinity 

of the earth and drove the bow shock inward, leaving IMP-7 again In the 

solar wind. The satellite reentered the bow shock at 2210 under conditions 

varying between quasi-perpendicular and quasi-parallel and remained in the 

magnetosheath through the end of the 5th. 

The IMP-8 data of 5 July featured electric wave activity which was low, 

with some sporadic enhancement through about 1630, and then increased for 

the remainder of the day. The cause of the noise amplification cannot be 

unambiguously identified here. It Is always necessary to be cautious about 

differentiating between interplanetary and foreshock effects. In this case, 

a very careful geometric analysis of the possible connecting field geometry 

to the bow shock would be necessary to determine the plausibility of return 
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electrons or high-speed protons, as factors in producing the amplified wave 

noise, so we cannot state now whether the plasma wave pattern on the Sth 

Is a continuation of the same processes that appeared to be operating on 

the 4th. 

The content and description of Figures 7 and 8 illustrate that two 

satellites and four Instruments are far from superfluous In reconstructing 

a sequence of physical processes surrounding the bow shock. Indeed, the 

absences of IMF data at IMP-7 and LEPEDEA data at IMP-8 from the figures 

are keenly felt. The fonner were unavailable because the instrument had 

previously ceased operating; the latter was available but had not yet been 

obtained for this report. Either would have served to clarify some of the 

event Identifications. From another point of view, however, the figures· 

demonstrate how comprehensive instrumentation pennlts analysis to proceed,· 

albeit cautiously, even though nominally essential measurements are.missing. 

The examples of Figures 7 and 8 also show the way In which space plasma 

behavior can be examined on a vast scale with devices of comparatively In

finitesimal dimensions and negligible Influence on the environment they 

sample. Finally, the figures expose the data techniques of the present and 

command the methodology of the future. The four plasma panels, for example, 

were selected from a still wider display of the solar wind's properties 

developed at Iowa to show the properties of the multidimensional solar 

wind In metric and velocity space In a manner rapidly understandable to 

the data analyst. The verbal description of the events of 4-S July, how-
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ever, underscores the upcoming need for equally routine display of there-

lationship among spacecraft locus, IMF orientation, and bow shock geometry 

in order to define the delicate control of the foreshock's components and 

the bow shock's structure by the IMF. 

RECOMMENDATIONS 

Future study of collisionless shock phenomena will be greatly aided by 

spacecraft programs designed for both geocentric and interplanetary orbits, 

if appropriate instrumentation is carried. In addition to conventional field 

and particle devices, high resolution, omnidirectional plasma detectors will 

be of great importance. 

The earth's bow shock will be the principal source of new, detailed 

measurement covering almost the whole range of sola~ wind parameter combina

tions. Details w111 be needed in both spatial and temporal dimensions. 

Table 2 displays the major categories of shock phenomena, the requirements 

for their Investigation, the sources for meeting these requirements, and 

the status of the sources at present. Multiple 1 istings under a single let

ter designation mean that coordinated, grouped requirements must be satis

fied as a unit, The table indicates that, for the most part, suitable space

craft instrumentation has been or is scheduled to be available, but that the 

status of software support and non-mission activities is in general under

supported, 

The most Important new recommendation outside the table is that a 

cluster of four closely-spaced vehicles be planned, giving three-dimensional 

spatial resolution with gyroradial-order separation, omnidirectional plasma 
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particle detection capability, high sampling rates, and an accompanying 

solar wind monitor In the sunward plasma, far upstream. 

Much of future progress, however, Is rooted In the past. Figures 7 

and 8 of the foregoing section illustrate, scandalously, the first published 

example of double measurements in the foreshock with the instrumentation 

shown. A commitment is urgently needed to recapture the investment In 

plasma physics lying idly in data warehouses throughout the nation. We 

recommend such a commitment. 

Further, It Is of great Importance that theoretical modeling of shock 

phenomena, most of which is years old, be encouraged to catch up with the 

rich store of observational information already published, Jet alone 

awaiting disclosure In data frelghtyards and tape libraries. One of the 

most promising avenues is numerical simulation, and we recommend dedlr 

cation of at least part of th• effort of one or more large computer faclll-

ties to the digital-modeling of shocks in space. 

Finally, we note that comprehension of physical phenomena are best 

completed when we can reproduce and manipulate them in the laboratory, and 

we recommend wholeheartedly that promising experimental work with tenuous, 

If not colllsionless, plasma shocks In laboratory apparatus be extended as 

far as possible Into the parameter domains found In space. 
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Values 

3 « I, 
1 ~ 3 

a< I, 
H ~ 3 

a::: I, 
H ~ 3 

a ::: 1 
H ~ 3 

a » I, 
H > 3 

Table I. Macroscopic Features of the Bow Shock by Parameter Class 

QUASI~PERPENDICULAR 

Plasma Name of Features Ref's Conc:llt ions Structure 

Cold plasma, LAMINAR Clean field jump, sometimes with 50 
low Hach damped periodic waves, no turbu-
number lence. 

Relatively little proton tempera-
ture jump CTp2/Tp1 ~ 2), max- 30 
welllan downstream distribution 

Cool plasma, QUASI- 'Clean field jump, downstream, nearly- (" 3) 
high Hach LAMINAR periodic waves, little turbulence 
number Appreciable proton temperature jump, 

bimodal distribution, nonmaxwelllan 
high energy tall downstream. 

Warm plasma, QUASI- Clean field jump, small-scale turbu- (lt3) 
low Hach TURBULENT lence. 
number Little proton temperature rise, max-

welllan downstream distribution. 

War• plasma, TURBULENT,Irregular field fluctuations obscuring 29 
high Hach definite average field jump. 
number Bimodal or multlmodal proton distrl-

Hot, high 
ve Joe lty 
plasma 

butlons, nonmaxwe111an downstream 

HIGH-BETAIIrregular field fluctuations of ex~ 31 
tremely high peak magnitude, possibly 
lowering a locally. 

Extensive precursor region with appreciable 
effect on approaching flow; proton distrl~ 
butlons unknown. 

I QUASI~PARALLEL 

Features Ref's 

Hultigradlent field transition ( lt3) 
with embedded, nearly-periodic 
wavetrains. 

Upstream waves with strong per-
. lod I c component, tens of sec-
onds period, unknown plasma 
d lstrl but ions. 

Hultlgradient field transition I lt9 
at least 2 Rf thick, with large 
amplitude pu ses; extensive 
foreshock. 

Little change In solar wind stream-
lng velocity; some heating with 
resulting non-maxwellian proton 
distributions differing from 
either solar wind or magneto-
sheath forms. 

I No known example. 

Hultigradlent, Irregular field (" 3) 
transition with large magnitude 
excursions, upstream waves. 

Unknown plasma distributions, 
but maxwellian deep In magneto-
sheath. 

(X) 

U1 
(X) 
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Table 2. Overview of Shock Study Expectations 

PMDD.IftOn ~~ee~u•r..,nu ~ourc:es ~tatus• 

1. lon..ther•llzatlon A. High resolution observations (< 10-sec Suitably-Instrumented S (ISEE-A,B) 
processes In q- cycles) new spacecraft I 

perpendicular a. Multidirectional plasma electron structure. and lon spectra 
b. Full-band plasma' EH wave spectra 
c. Tenth-second .agnetOMetry 
d. Hultldlrectlonal suprather.al par-

tlcla s~a 
e. Shock velocity monitor Subsa te 111te at S ( ISEE-A,B) 

I R.. separation 
,. f. Upstrea• parameter 110nltor Separate subsatelllte S (ISEE-A.BJ 

8. Quantitative theOretical modeling a. Theoretical analysis 
. "' b. Numerical simulation- N 

c. Experimental modeling Laboratory simulation N 

D. Coordinated reduction & analysis Intimate experimental & P (presently voluntary 
theoretical cooperation ' sporadic) 

2. Foreshock composition A. Low resolution observations (10- Suitably Instrumented S (IHP 1 s H,J; ISEE-

* 

& structure 60 sec cycles) old & new spacecraft A,B; ALSEP, et al., 

a. Multidirectional plasma electron data-bank opportu 
nltles largely 

' lon spectra unexplored) b. Full-band plasma & EH wave spectra 
c. 1-sec .agnetometry 
d. Hultldlrectlonal superthermal lon 

spectnl 
e. Hultllocal observations Widely-separated space- " (opportunItIes 

craft largely unexplored . . . . . . . . . . . . . . . . . . . . . . . . 
Status Code: S Satisfactory equipment or procedure exists, Is scheduled for use, and Is supported. 

P Partial equipment or procedure has been supported In past or Is available, but partially supported. 
H Hlnl•l or Inadequate equipment, procedure, or support Is available. 
N No equipment, procedure, or support Is available. 
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Ph ..... ···-··-·· R t -
f. Upstream parameter monitor 

• g. Coordinated reduction & analysis 

B. Implicit analytic support 

C. Theoretical modeling 

D. General data analysis 

I 
3. Comprehensive plasma A. Hedlum resolution observations ('1-100 
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FIGURE 1 Conceptualization of collisionless shock macrophenomenology as manifested in the earth's 
curved bow shock. Unshocked interplanetary field direction ~sw is indicated on the foreground field 
''platform." Field 11Uignitude is plotted vertically; field direction would be deflected somewhat in the 
~sw plane by the quasi-perpendicular shock, but would share the agitation of the magnitude in the quasi
parallel shock in all components. The superposed three-dimensional sketches represent solar wind proton 
thermal properties as number distributions in velocity space. 

'1 "a 10 (t/lll) . 

0 • Q - PERPENDICULAR EJ & Q - PARALLEL 

® PERPENDICULAR 

FIGURE 2 Conceptualization of bow shock rnicrophenomenology as represented by electromagnetic noise 
power density and plasma electric wave noise amplitude in the various shock structures determined by up
stream plasma parameters If and M. Individual symbols show the parameter combinations in which details 
have been documented in specific cases. The clear contours apply to quasi-perpendicular, the shaded (and 
truncated) contours to quasi-parallel, geometry. 
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FIGURE 3 Sequences of (electro) magnetic wave, left, electric plasma wave, right, and particle events, 
center, relative to typical quasi-perpendicular, supercritical magnetic profile plotted in the central block. 
Electron and proton distributions in velocity space are shown in the cold, fast solar wind, foreground, in 
the foot of the magnetic structure where the electrons are initially heated and the protons retarded and 
partially scattered, in the center of the principal magnetic gradient, or ramp (shaded) where the electrons 
are fully scattered and the protons partially heated and scattered to form a bimodal distribution, and fi
nally behind the magnetic front, where electrons and protons are both found heated and scattered into 
nonmaxwellian distributions. 

(o) 

(b) 

FIGURE 4 Geometry of return proton 
detection. (a) Particle guiding-centers in 
the plane of Ysw (ie., X) and ~sw ad
vance along ~sw at speed V 1 while drift
ing perpendicular to ~sw at speed V d, 

but resulting velocity Yr is treated as if 

Yr = pVsw~sw/Bsw + Ysw· (b) A cross 
section of the foreshock is formed in each 
~sw- Ysw plane by electrons and pro
tons streaming away from the shock ac
cording to the diagram in (a). 
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1. Introduction 

Magnetic-field reconnection has been proposed as a basic energy-con-

version process which may occur in many parts of the universe. Its primary 

function in the cosmic scheme is to prevent the build up of excessive amounts 

of magnetic energy in association with intense electric current sheets formed 

in highly conducting plasmas. The reconnection process is thought to cause 

a relaxation of such configurations, either partially or completely, and 

either continuously or sporadically, toward their lowest energy (current-free) 

state. The magnetic energyreleased during reconnection is converted into kinetic 

and internal energy of the plasma. The process causes the transfer of magnetic 

flux and plasma from topological cells with excessive flux to cells deficient 

in flux. This fact provides the basis for a precise definition of reconnection 

to be given in Section 3.4. Reconnection is also often referred to as magnetic 

field merging or magnetic field annihilation but, as will be seen, the three 

terms should not be used synonymously. 

Figures 1-5 show examples of cosmic current sheets where reconnection 
• 

may occur. Figure 1 represents the field produced by two photospheric dipoles 

which gradually move toward each other94 . In the absence of reconnection, 

a current sheet of increasing length forms between the dipoles in the highly 

conducting solar atmosphere above them. If reconnection suddenly sets in, 

the magnetic field may relax toward a potential one, as indicated in the last 

picture of the sequence. This represents a possible, perhaps even plausible, 
57 9'> mechanism for a solar flare·~ u. Figure 2 illustrates current-sheet formation 

caused by the ~tretching ofmagnetic loops on the sun during rapid plasma 

ejection14. Figure 3 shows current sheetS* separating interplanetary magnetic 

·sectors with different polarit/ 23• Figure 4 shows the magnetopause current 

* ----stretching of magnetic 1 oops on the sun during rapid plasma ejccti on 

Copyright © National Academy of Sciences. All rights reserved.

Space Plasma Physics: The Study of Solar-System Plasmas
http://www.nap.edu/catalog.php?record_id=18481

http://www.nap.edu/catalog.php?record_id=18481


881 

layer, formed as the solar wind presses the interplanetary magnetic field 

against the terrestrial field, as well as the tail current sheet, resulting 

directly from tangential stresses exerted by the solar wind on the magnetic 

field in the two tail lobes •. The topology shown in the figure was first 

proposed by Dungey32:· Figure 5 shows the magnetic field configuration 

expected for a rapidly spinning planetary magnetosphere such as that of 

Jupi ter48 .. 67• 

All of the above examples, and many possible other ones, such as 

supernova remnants 70 , accretion disks76.. and galactic dynamos 87 .. i 11 ustrate 

cosmic situations in which magnetic field reconnection may occur. However, 

we do not know with certainty that the process does in fact take place in 

any or all of these geometries. And if it does take place, we still do not 

know much in detail about its dynamics. Are both continuous and sporadic re

connection possible, and if so, what are the plasma parameters and geometries 

in which these two modes are to be expected? What are the conditions for 

onset of reconnection? What is the energy conversion rate? In spite of 

twenty years of theoretical effort, recently summarized in a brilliant manner 

by Vasyliunas118.. as well as several laboratory experiments10 .. 31 .. 84 .. 85 .. 114 

. • 4 42 43 and computer exper1ments " " .. no universal agreement exists concerning 

the answers to most of these basic questions. Even in the most recent liter

ature, opinions about the cosmic occurrence of the process range from full 

acceptance 118 to outright rejection 2"3. On the other hand, there is 

conclusive evidence that reconnection occurs in tokamaks and other fusion 

devices as an end product of the resistive tearing-mode instability 122 .. 120 .. 121 • 

One of the difficulties with the cosmic reconnection research effort to 

date is that to a la.rge extent it has lacked the detailed integration of 

theoretical and experimental work essential to the effective advancement of 

our knowledge concerning the process. On the one hand, an extensive but 
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rather abstract body of theoretical work exists118, concerned primarily 

with the steady-state process and utilizing the fluid description. The 

latter is likely to be inadequate for the analysis of certain critical 

aspects of the process. On the other hand, laboratory experimentslO,ll 

indicate the importance of sporadic reconnection. However, the plasma param-

eters in these experiments are sufficiently different from those prevailing 

in most cosmic applications so as to pose serious difficulties in the appli

cation of the laboratory results in cosmos. A wealth of indirect observational 

evidence in the terrestrial magnetosphere, both at the magnetopause and in 

the tail, suggests that if the process occurs, it is likely to do so sppradi-

cally rather than continuously. In current observational magnetospheric 

work, the reconnection process is often invoked to account for a great 

variety of observations but with little effort to check theoretical predictions 

in detail or to consider alternate interpretations .. The result is that the 

observational case for the occurrence of the process in the magnetosphere is 

not as solid as it might be. For other astrophysical applications, the situa-

tion is even worse. 

On balance, our best opportunity for learning about reconnection as a 

viable cosmic energy conversion process is likely to be in the earth's magneto-

sphere. It is difficult to account for the overall dynamic behavior of the 

magnetosphere without invoking time-dependent transfer of magnetic flux 

from closed to open field lines and vice versa. And such transfer is one 

of the principal features of the reconnection process. The magnetosphere 

offers the unique advantage of permitting in situ plasma and field observations 

with probes that are much smaller than relevant plasma length scales. Thus 

an intense magnetospheric observational program with a focus on reconnection, 

coupled with a theoretical effort aimed at the geometries and plasma parameters 
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prevailing at the magnetopause and in the magnetotail would seem to have high 

potential for success. What is learned about reconnection in the magneto

sphere may then be applied to other cosmic systems which do not permit in 

situ observations. It is seen that a research effort focused on magnetospheric 

reconnection is likely to lead to significant advances in our understanding 

of many other astrophysical and cosmic problems. 

It is the purpose of this paper to provide a concise qualitative summary 

of the present state of reconnection theory and observations, with special 

reference to the earth•s magnetosphere, and to bring into focus a number of 

specific problems and questions concerning the reconnection process in its 

magnetospheric application which should be studied both theoretically and 

observationally. The organization of the paper is as follows. First., a number 

of basic concepts are introduced via a qualitative discussion of steady two

dimensional reconnection in Section 2, and of possible nonsteady and/or three

dimensional configurations in Section 3. With this background, the more de

tailed technical discussion in subsequent sections can be presented in a com

pact fashion. Specifkally, Section 4 deals with the external flow region, 

which is usually described in terms of the fluid approximation. Section 5 

discusses one-fluid and two-fluid approaches to the.plasma dynamics in the 

diffusion region, which is the site of the field reconnection process itself, 

and in which plasma microinstabilities are likely to be important. Section 

6 discusses possible mechanisms for the generation of finite resistivity in 

the diffusion region and for the onset of reconnection. Section 7 contains a 

brief summary of present observational evidence for or against magnetospheric 

reconnection. Finally, Section 8 provides a summary of outstanding problems 

along with certain recommendations concerning the organization of future re-. . 

connection studies. 
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Three comments should be made about the scope of the paper. First, it 

does not attempt to provide a historical perspective. Rather it is organized 

to elucidate basic physical principles and recent significant approaches to 

the development of adequate theories of cosmic reconnection. Second, the 

paper does not attempt to cover all direct and indirect evidence for or 

against reconnection in the magnetosphere, on the sun, or elsewhere in cosmos. 

Third, the paper does not deal with applications in tokamaks and other labo

ratory devices where the physical boundary conditions are such that spatially 

periodic behavior results. It should be stressed, however, that vigorous 

interaction between fusion plasma physicists and cosmic physicists on the 

problem of reconnect~on is likely to be of substantial benefit to both groups. 
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2. Plane Steady-State Reconnection; A Qualitative Picture 

In order"to develop an understanding-of certain basic.fea.t.ures.of.magnetic 

field reconnection, it is desirable first to examine the simplest possible 

qualitative model of the process. To this end, consider the two-dimensional 

time-independent electromagnetic field configuration shown in Figure 6. The 

magnetic field B is confined to the :y plane and has a hyperbolic (X-type) 
,.. 

null point at the origin. An electric field of the formE = E a is present 
- o-

along the direction perpendicular to the plane of the figure. Since V x E = 0 

in a steady state, and since partial derivatives with respect to a are assumed 

to be zero, it follows that E0 is independent of z andy, i.e., the electric 

field is uniform. This electromagnetic field is imagined to be imbedded in 

an electrically conducting fluid or plasma. In the following subsections we 

examine several aspects of this physical model: flux transport~ external plasma 

dynamics, nature of the region around the magnetic null point, and electro

magnetic energy conversion. The discussion is qualitative. More detailed 

discussion of existing analyses is presented in later sections of the paper. 

2.1 Flux Transport 

It is well known8 "83 that E • B = 0 is a sufficient condition 

for the flux transport velocity £e =Ex ~B2 to move points which are on a 

given magnetic field line at one instant in such a way that they remain linked 

by a field line at all later times. For example, points which at a certain 

instant are located on field lines C1C2 and D1D2 in figure 6 will move in such 

a way that at a later time they are located on field lines C~C2 and D~D2, res-

pectively. Thus, a set of points, originally located on a field line and 

subsequently moving with £e• may be thought of as representing a 11 moving field . 
lir.e11 • This fact explains the use of the term flux tran-sport velocity for £e· 
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Note that the reconnection process may be discussed entirely without reference 

to moving field lines and that indeed the latter concept might become invalid 

if substantial electric fields parallel to the magnetic field should ~evelop. 

However, in the present simple model no such parallel fields occur except in 

the region very near the magnetic null. The use of the concept of moving 

field lines is then just another way of referring to the electric field E0 • 

In this model, the use of the term "reconnection" to describe the process is 

best understood in terms of moving field lines. As the lines C1C2 and D1D2 

move with~ toward each other through positions c~c~ and D~D~ they ultimately 

reach locations C1 "C2 " and D1 "D2 " where the lines meet at the origin. The sur-

faces through these lines and perpendicular to the plane of the figure are 

called separatrices, because they separate families of field lines of different 

topological origin. When the lines have reached this critical position, they 

appear to be cut and reconnected so that at still later times they are connected 

as C'l"D} 11 and c2••D2••, as shown in the figure. It is evident that the reconnec-

tion may be thought of as leading to a transport of magnetic flux from flux 

cells ([)and ~across the separatrices into cells ~ and ~· 

2.2 External Plasma Dynamics 

Up to this point the description of the reconn~ction process has con

tained no reference to plasma dynamics. Indeed, the process may well have been 

imagined to occur in a vacuum. In such an instance, or if the field configu

ration is imbedded in a weakly·conducting plasma, few restrictions exist on 

the magnitude of E, i.e., on the magnitude of v . And the magnetic field will 
0 ~ 

be equal to, or nearly equal to,_ a vacuum configuration with an angle a of 

nearly n/2 between the intersecting separatrices at the origin. The coupling 

between the electromagnetic field and the plasma is weak or absent. But in 
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virtually all cosmic applications of interest, the field configuration in 

Figure 6 would be imbedded in a plasma of high electrical conductivity. Indeed, 

in many cases Coulomb collisions may be considered entirely absent and the con

ductivity, if such a tenm is to be used, is associated with plasma turbulence 

and/or inertia and gyro effects, occurring near the magnetic null. Away from 

that point, the coupling between the B field and the plasma is strong and the 

plasma dynamics of the process will have dramatic effects in determining the 

detailed magnetic field configuration and perhaps in limiting the magnitude 

of the electric field E • We now outline some basic features of the plasma 
0 

dynamics of the reconnection process. 

First, it is observed that in a collision-free plasma the guiding centers 

of charged particles move with some velocity £o under the influence of the 

electromagnetic field in Figure 6. In the drift approximation, which is 

expected to be valid, except in the immediate vicinity of the origin, the 

component of £o parallel to the xy plane and perpendicular to~ is identical 

with the flux transport velocity Ee· Thus, in that plane, and as long as 

! · ~ = 0, the magnetic field lines may be thought of as moving with the 

plasma or vice versa. We note that the simplified magnetohydrodynamic des

cription also yields this result in the limit of an infinite electrical con

ductivity. The region away from the magnetic null in which plasma and fields 

move together is referred to as the convection region. Qualitatively the 

plasma motion is the one shown by the velocity arrows in Figure 6. Plasma 

approaches the origin along the positive and negative x axes and leaves along 

the positive and negative y axes. The motion may be the result of an external 

electric field E0 applied between capacitor plates at z = ± h. Alternatively, 

E0 may be a polarization field created by an impressed plasma flow, specified 

in terms of a prescribed inflow rate at large lxl values, say. The details 
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of the overall flow and field configuration will depend on these and other 

bou~dary conditions in a manner discussed in Section 4.1. However, all MHO. 

models are expected to have in common the occurrence of large-amplitude standing 

waves in which the plasma is accelerated into the exit flow along the ± y direc

tion, as shown in Figure 7. In incompressible analyses, these waves are Alfv~n 

waves; in compressible flow they are slow shocks approaching the switch-off 

limit. The -occurrence of these standing wave patterns is related to the fact 

that the propagation speed of these modes is very small in directions nearly 

perpendicular to the magnetic field. Thus, by arranging the angle between 

the wave normal and the upstream magnetic field to be sufficiently near 90°, 

the wave front can remain stationary even for very small inflow speeds along 

the ± x direction. The set of waves divides the flow field into two inflow 

regions and two outflow regions. These regions do not coincide exactly with 

the four flux cells in Figure 6. Because the separatrices are located upstream 

of the standing waves, parts of cells~ and ~overlap the inflow regions. 

The standing waves contain concentrated electric currents, directed 

along the a axis as shown in Figure 7. The i x ~force associated with these 

currents serves two purposes: it balances the difference in perpendicular 

momentum and in pressure of the plasma across the shock, and it accelerates 

th~ plasma in a direction tangential to the shock. It should be emphasized 

that currents are by no means confined to flowing only in the wave fronts. 

Distributed currents j 2 may occur throughout the flow field. In particular, 

as will be shown in Section 4.1, the current distribution in the inflow region 

may influence the reconnecti"on process in a crucial way. 

An approximate balance of the magnetic shear stress at the shock and the 

exit momentum flow* yields 

*In-this calculation it is assumed that the plasma has a negligible velocity 
component along they direction as it enters the shock. This assumption is 
not always valid. See Sections 4.1 and 4.2. 
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=-
llo 

2-1 

where P1 is the plasma density in the inflow. Further, v1 , 81 , and v2 , Bz, 

are inflow and outflow speeds and magnetic fields, respectively. They are 

related vh 
2-2 

If v1 is eliminated between equations {1) and (2}, we find 

2-3 

and 

2-4 

Thus it appears that, regardless of the inflow speed, the exit speed v2 is 

always of the order of the Alfv~n speed vA 1 , based on inflow conditions. Also, 

for fixed B1 , the magnitude of the magnetic field B 2 in the exit flow increases 

with increasing Alfv~n number MA 1 in the inflow. When MA 1 = 0, B2 = 0 and 

the configuration reduces to a current sheet. When MA 1 = 1 the two fields 

are approximately equal, i.e., B2 = 81. 

In steady-state reconnection models, the inflow Alfv~n number MA 1 is 

commonly used as a measure of the reconnection rate. 

For very small values of MA 1 ' and in a collision-less plasma, the plasma 

ejection along the ± y axis, postulated in the model in Figure 6, may become 

gradually replaced by an ejection at 2 = -hand 2 = +h, respectively, of 

el~ctrons and positive ions meandering in the current layer, as suggested by 

Alfven1 and discussed further by Cowley23. The charge separation 

effects in that case lead to an electric field E which is a function of the 
2 

~oordinate 2. This limit will not be dealt with in the present paper. 
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2.3 Region Near the Magnetic Null 

The preceding discussion has dealt with plasma motion away from 

the magnetic neutral point at the origin in Figure 6. Let us now briefly 

consider the region immediately adjacent to that point. As the origin is 

approached, the flux transport velocity £e tends to infinity. Thus it is 

evident that.the plasma can no longer move with £e in the xy plane. In fact, 

as the plasma approaches the origin from both sides it must be brought to 

rest for symmetry reasons. In hydrodynamic terms, the magnetic neutral point 

is also a double stagnation point. The region in which the plasma velocity 

deviates significantly from~ is referred to as the diffusion region; its 

dimensions are denoted by 2x* and 2y* as indicated in Figure 6. In this 

region finite conductivity effects of some type must come into play, allowing 

the current density to remain finite at the null point forE I 0. Three main 
0 

possibilities exist. 

(i) In a collisional plasma with large but finite electrical conductivity cr, 

the half width x* of the diffusion region is expected to adjust itself in such 

a way that a balance is established between the rate of magnetic flux con

vected into the diffusion region and the rate of diffusion of that flux 

through the semistagnant plasma in the diffusion region. The ratio of these 

two transport rates is measured by the magnetic Reynolds number R = ~ 0 av 1x*. m 

Thus we expect R ~ 1, i.e., x* is of the order of the resistive length: m 

2-5 

We note that x* decreases with increasing conductivity and increasing v1 . 

. Since v1 = vE = E0 /B 1 , B1 being the magnetic field at (x = ± x*, y = 0), 

increasing v 1 corresponds to increasing E0 , assuming B1 to remain fixed. 
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(ii) In a collision-free plasma one might expect the value of:* to be 

determined instead by the scale of the particle orbits near the null point. 

Four such scales may be of relevance: the electron and ion gyroradii and 

the electron and ion inertial lengths. Further discussion of these scales 

is presented in Section 5. An equivalent electrical conductivity may be 

imagined in th~s case, such that the effective residence time of a particle 

(an electron or an ion) replaces the usual collision time~ in the expression 

a= ne 2~/m (m =particle mass). This residence time is found to be inversely 

proportional to v1 so that:*- (~ 0av 1 )- 1 becomes independent of v1 and hence 

of Eo for fixed 81 • For further discussion, see section 6.1. 

(iii) In each of the above two cases, the current density or the gradients 

in the diffusion region may become sufficiently large to cause plasma micro

instabilities. The resulting plasma turbulence will lead to a reduction in 

the effective conductivity, as discussed in section 6.2. 

Whether the plasma dynamics in the diffusion region is described in a 

continuum fashion, i.e., by use of an effective conductivity, or in terms 

of individual particle orbits near the magnetic null point, it is easy to 

see that the net current I in the diffusion region will be along the positive 

a axis so that E • I > 0. Thus the diffusion region_, along with the entire 

shock system, acts as a dissipater of electromagnetic energy. 

We note that the overall conservation of mass in the diffusion region yields 

2-6 

which may be combined with 2-2 and 2-4 to yield 

2-7 
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Assuming the density ratio p2/p 1 to vary only moderately with NA 1 , we see 

that the diffusion region is very elongated along they axis for small NA 1 

values. Additionally, in a collisional plasma the thickness:* increases 

with decreasing MA 1 , as shown by equation 2-5: 

2-8 

-1 * -2 • Combining equations 2-7 and 2-8 it appears that:* - MA 1 , y - MA 1 1n a 

collisional plasma (case i) while:*_ canst., y*- MA 1 - 1 in a collision

free case dominated by inertial resistivity (case ii). 

Finally, we estimate the separatrix angle a in the outflow (see Figure 

6). Near the magnetic null point we may write 

: 2-9 
B = ay} 
By = b: 

where a and b are positive constants, and the angle a = 2 tan- 1/a/b. Esti

mating ay* : B2 and b:* : B1 we find by use of equation (7} 

a = 2 -1 ji;;* -1(:· E' -lc '£ ) tan IF;?: 2 tan \.Y*vpY: 2 tan lp; MA 1 
2-10 

indicating that the range of Alfv~n numbers MA 1 from zero to /p2/P 1 corresponds 

to an a range of zero to n/2. The latter value corresponds to b =a, i.e., to 

a current-free state because j = (b- a}/~ 0 • z 

2.4 Energy Conversion 

The reconnection model described in this section serves as a steady

state converter of electro~gnetic energy into plas,ma kinetic and internal 

energy. For example, the ~ate of electromagnetic energy flow into and out 

of the diffusion region may be estimated as follows: . 
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Inflow = 8y*h Eo 81/~o } 

Outflow= B:*kEo Bzl~o 

where the diffusion region has been taken to be a rectangular box with sides 

2y*, 2:* and 2h. Thus the net rate of inflow of electromagnetic energy is 

fl = 8y*h Eo Bd~o 1 - - ·--~ :&* 82) 
EN y* 81 

which upon use of equations 2-2 and 2-7 may be written 

2-11 

It is evident from this approximate expression that the energy conversion 

rate has a maximum at some value of the reconnection rate NA 1 intermediate 

between 0 and a maximum value, which in the present approximate set of rela

tions appears to be NA 1 = /p2/p1• Note that WEN= 0 both for NA = 0 and 
. 1 

for NA 1 = /p2/p1• For the latter value of NA 1 ' the configuration near the 

null is current-free and symmetric (b =a; -a= n/2}. In such circumstances 

one may expect /p 2/p 1 = 1. Thus NA 1 = 1 appears as a theoretical upper limit 

for the reconnection rate (based on plasma conditions at z. = z* y = 0}. It 

is, however, by no means assured that boundary conditions at large distances 

or plasma processes in the diffusion region will always permit this upper limit 

to be reached. 

The net rate of increase of kinetic energy of the plasma may be expressed 

as follows 

liKE • p,v1 By*h c~2 
- v; 

2
) • By*h ( ~~:) vA,MA 1 (1 - MA/) 2-12 

and conservation of energy :requires the diffe~ence WEM- WKE to be the rate 

of increase of the internal energy of the plasma, WI. This latter rate may . 
include thermal as well as nonthermal parts, for example- in the fonm of run-away 

electrons. 
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The analysis given above applies to the diffusion region. But usually 

on1y a minute part of the total energy conversion occurs there, the main part 

taking place in the shocks. In approximate terms, the formulas 2-11· and 2-12 

may be modified to be valid for the entire reconnection geometry by replacing 

y* by L, where 2L is the height of the total configuration, as shown in 

Figure 6. Also, all quantities bearing the subscript 1 (which are evaluated 

at x = x* y = 0) should be replaced by quantities bearing the subscript~, 

i.e., they should be evaluated at x >> x*, y = 0. Depending 

on the nature of the boundary conditions, the inflow may be.such that MA 
~ 

differs significantly from MA 1 (see Sections 4.1 and 4.2). 

The phrase magnetic field annihilation has been used to describe the 

reconnection process. In the light of the preceding discussion, this term 

appears appropriate only in the limit of small MA 1 values where the magnetic 

field B2 in the exit flow is small (or absent as in Alfv~n's model, mentioned 

earl i er1-' 23 } • Henceforth, annihilation will refer to situations where 

MA 1 is sufficiently small so that the diffusion region occupies the entire 

length of the current sheet, i.e., y* ~ L. · By combination of equations 2-7 

and 2-8 this is seen to occur for 0 < MA < I(P2/Pt)/(~ocrvA L). 
1 - 1 

In reconnection, energy conversion occurs on a time scale comparable to 

the Alfv~n wave time TA = L/vA 1 
(assuming the inflow regions to extend to 

lxl = L}, while in annihilation the scale is ITATD' TD being the time for 

purely resistive decay of a c~rrent sheet • - 2 1.e~, TD- ~ 0aL . TD is enormous 

in most cosmic applications, so that reconnection rather than annihilation 

is required to account for the rapid energy release in solar flares, geomag

netic substorms, etc. 
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3. Flux Transfer in Time-Dependent and Three Dimensional Configurations 

The two-dimensional steaqyreconnection model outlined in Section 2 is 

useful as a vehicle for introducing-certain basic aspects of reconnection. 

But it appears likely that in any real cosmic applications of the process, 

three-dimensional and temporal effects are important, perhaps even dominant. 

For this reason it is useful to consider briefly a few reconnection configu

rations which incorporate these effects. To date, the plasma dynamics asso

ciated with such geometries has not been dealt with in a substantial way, 

so that the discussion is confined mainly to the electromagnetic field topology 

and flux transfer aspects of the process. In the following subsections we 

describe the two-dimensional but time-dependent double inverse pinch configu

ration, a simplified steady-state three-dimensional magnetopause topology 

and a possible three-dimensional time-dependent magnetotail configu~ation. 

Finally, in Section 3.4, a general definition of reconnection is given. 

3.1 Plane Time-Dependent Geometry 

A plane vacuum magnetic field geometry associated with the double 

. . h 1 b . t 10 1nverse p1nc a oratory exper1men s is shown in Figure 8. The X type 

magnetic null point is again located at the origin. The magnetic field is 

maintained by the currents I in the two metal rods at the center of flux 

cells (I) and([), and a return current 2IJflowing in the plasma along an 

outer envelope, which coincides with the outermost field lines in flux cell 

~- In the experiments, the current I increases with time so that magnetic 

flux is generated continually at the two rods, i.e., in cells~ and~-

If we assume for a moment that no plasma is present, the flux in cell ~in

creases proportionately so that magnetic flux may be thought of as being . 
transported from the rods into cells Q) and 0 and from there across the 
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separatrix into cell (!). It is of interest to calculate the electric field 

responsible for this flux transport. The vector potential for the vacuum 

configuration is given by 

3-1 

where the rod separation is 2c, the minor diameter of the return-current en

velope is 2d, and the radii r 1 and r 2 are measured from the two rods as shown 

in Figure 8. Note that A = 0 at the envelope. In the experiment, the current 

I and the envelope diameter both increase with time; in a more general case, 

the rod separation might be imagined to depend upon time also. But for our 

purposes it suffices to consider the time variation of the current I and the 

diameter d. Then, the electric field is 

Since at each instant A remains constant on a magnetic field line, the in-a 

stantaneous electric field has the same value on a given field line but its 

value changes from one line to another. In particular, on the separatrix it 

has the va 1 ue 

Thus for increasing 

flux transport into 

current I and diameter d, E is positive 
z 

cell Q). 

3-2 

as required for 

In the presence of a plasma, the field configuration is modified as follows. 
' 

The electric field now dri.ves plasma currents· in the vicinity of the magnetic 

.null line, causing a fiel~ deformation of the type shown by the dashed lines 
. 

in Figure 8. The separatrix intersection angle a falls below its vacuum value 
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of n/2. These effects imply an excess of magnetic flux in cells (!)and ~· 

a 1eficiency in cell Q) •. compared to the vacuum configuration, which is the 

lowest energy state. Thus, a certain amount of free magnetic energy is stored 

in the system. However, at the same time a considerable amount of flux trans

port into cell 0 takes place. That is, rec.onnection occurs continuously*. 

The principal difference between the present case and the steady-state model 

in Section tis the spatial nonuniformity of the instantaneous electric field. 

This effect occurs because in the nonsteady case some of the flux transported 

in the xy plane is being deposited locally, causing a field magnitude increase 

at each point. Associated with this flux accumulation, a plasma compression 

must also occur. But this would appear. to be a relatively minor effect so 
. 

that the steady model in Section 2 may provide an adequate i·nstantaneous des-

cription of the flow away from the rods and the return envelope. Thus the 

essential qualitative features of the reconnection flow may be obtained by 

examination of a sequence of steady-state configurations. 

Impulsive flux transfe~ events are observed in the double inverse pinch 

experiments. It appears that,as the magnetic field and associated plasma cur

rents near the null point grow, anomalous resistivity associated with ion 

sound turbulence sets in abruptly with an associated rapid increase of elec

tric field and decrease of currents at the null point. The net result is a 

much more rapid flux transfer into cell ~and an associated relaxation of 

the entire magnetic field con~iguration towar.d its potential form with the 

separatrix intersection angle a increasing toward n/2. Evidently the stored 

·free magnetic energy described in the previous paragraph is being rapidly con-

verted into plasma energy. These events occur on a time scale much shorter 
• ,than that associated with I. Hence it is unlikely .that they may be described, 

*By contrast, Ref. 15 analyzes a hyperbolic-field collapse, where a decreases 
from n/2 to 0, without any reconnection. 
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even approximately, by a sequence of steady-state configurations. But the 

conditions for onset of such an event may perhaps be identified by examination 

of such a sequence. 

3.2 Steady Three-Dimensional Geometry 

A three-dimensional magnetic-field configuration of interest for 

steady-state .magnetopaus~ reconnection is obtained by the superposition of 

a dipole and a uniform field of arbitrary direction. This topology, showR 

in one cross section in Figure 9, has been discussed extensively in the litera-

ture24~32~127. Two hyperbolic magnetic null points X1 and X2 are formed 

in the plane containing the dipole moment vector and the uniform field vector. 

A basic topological property of such a null point is that many field lines 

enter it forming a separatrix surface and two single field lines leave it 

along directions out of that surface, or vice versa. The separatrix surfaces 

associated with X1 and X2 intersect along a circular ring located in a plane 

through the two points and perpendicular to the plane of Figure 9. This ring 

is referred to alternatively as a singular line, a reconnection or merging 

line, a critical line, an X line, or a separator line. At a chosen point on 

the ring the magnetic field does not vanish in general, but it is directed 

along the ring. Only a~ X1 and X2 is the field intensity zero. If the uni-. 

form field is exactly antiparallel to the dipole field a degenerate situation 

arises in which the magnetic field vanishes at each point on the ring. 

A schematic picture of the two separatrix surfaces is shown in Figure 10, 

in·a configuration that may be appropriate for magnetopause reconnection. 

The upper p~rt of the figure shows a view in the antisolar direction of field 

lines on the separatrix surface associated with the null point X2 ; the lower 

part shows the same view of the X 1 separatrix. The total picture is an overlay 
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of the two diagrams with the reconnection line connecting X1 and X2 • Part 

of the solar-wind electric field E8~ is impressed across the ronfiguration 

and must be sustained along the reconnection line. Thus, in the vicfnity of 

that line a strong electric field component is present along the magnetic 

field. Unless special circumstances exist, such parallel electric fields do 

not arise in highly conducting plasmas. However, it is believed that the 

field lines on the separatrix and its immediate vicinity bend to become nearly 

parallel to the reconnection line extremely close to that line,_.as shown in 

Figure 10. Thus parallel electric fields occur only within the diffusion 

region which surrounds the reconnection line and in which finite resistivity 

effects permit their presence. Figure 10 suggests that it may be possible to 

study reconnection in this geometry by use of a locally two-dimensional model 

which is then applied to each short segment of the reconnection line. Such 

a model will .be similar to that discussed in Section 2, but with an added 

magnetic field component B (x,y). Thus the reconnection of fields that are z . 
not antiparallel is obtained. Further discussion of such geometries is given 

in Section 4.4. The dynamics of the motion near the points X1 and X2 has not 

been studied to date. It may well be that these points mark the end points 

of a reconnection line segment on the front lobe of the magnetopause surface. 

Referring to Figure 5, which represents a cut through the earth's magneto-

sphere in the noon midnight meridional plane, it is seen that reconnection at 

the magnetopause, as described above, serves to transport magnetic flux from 

the interplanetary cell (!)and from the front-lobe magnetospheric cell ~ 

into the polar cap cells ~and ~· 

3.3 Time-Dependent Three-Dimensional Geometry 

As a final e~ample of reconnection geometries of cosmic interest, 
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consider the magnetic-field topology associated with the formation of a re-

connection bubble in the geomagnetic tail. The evolution of the field geom

etry in the noon-midnight meridional plane is shown in Figure 11. Note the 

formation of an X type and an o type neutral point. The bubble originally 

has a very small longitudinal dimension. As it grows in size in the no~n

midnight plane, it also occupies an increasing longitude sector. The actual 

three-dimensional magnetic field topology of such a bubble is not known, but 

it may be represented schematically by an X type and an 0 type null line as 

in Figure 12. The points A, X, B and o in that figure all emerge at the 

same place at the time of onset of reconnection. Subsequently they move apart 

as the reconnection process continues and the bubble grows. An electric field 

exists along the reconnection line AXB but none, or almost none, along · 

the 0 line AOB. This field presumably has an inductive and an electrostatic 

part which tend to cancel along AOB while adding along AXB. 

3.4 Definitions 

On the basis of the preceding discussion we now formalize the defi-

nition of several terms, used in the magnetic-field reconnection literature: 

(i) A separatrix is a surface in space which separates magnetic field lines 

belonging to different topological families. By necessity the separatrix is 

everywhere tangential to the magnetic field. The field lines constituting 

the surface originate at a hyperbolic neutral point in the field. 

(ii) A separator is the line of intersection between two separatrices or the 

line of intersection of one separatrix with itself. The separator is also 

called reconnection line, merging line, or X line. The terms neutral line, 

singular line, or critical line should be avoided, since they may refer to . . 
the O•type topology as well. 
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·(iii) The diffUsion region is a plasma channel, surrounding the separator, 

in which r~sistive diffusion, ca.used by collisional processes, tur~u-lence, 

or i11ertial effects, is important. In a highly conducting plasma, the dif

fusion region is imbedded in a much larger convection region, in which 

magnetized plasma moves toward and away from the separator, in the 

inflo~ and outflow regions, ·respectively, and in which dissipative effects 

are confined to shocks. 

(iv) Magnetic-fieLd reconnection is said to occur when an electric-field 

component E (induced or electrostatic) is present along a separator or a 
. 0 

macroscopic portion thereof. It is proposed that the term magnetic-field 

annihiLation be reserved for the case where the separator has degenerated (for 

dynamic purposes*) to a surface (e.g., the surface separating two half spaces 

containing antiparallel uni-directional fields). The term magnetic-fieLd 

merging may be taken to encompass both reconnection and annihilation. 

(v) The local instantaneous reconnection rate at a chosen point on a separator 

is measured by the instantaneous magnitude of the electric-field component E0 

along that line. It is desirable to express this rate in a nondimensional form 

by dividing the electric field by the product of a characteristic velocity and 

a characteristic magnetic field. The latter two quantities may be taken to be 

the Alfv~n speed vA and magnetic field Br at a chosen reference point, denoted 
r 

by the subscript r, in the inflow, such as (x = x*, y = 0) or (x = L, y* = 0). 

Since E /B represents a characteristic flow speed, the dimensionless reconneco r 

tion rate takes the form of an Alfv~n number: 

M: = Eo/Br 
o VA 

r 

In steady, two-dimensional (B = 0, ajaz = 0), models the electric field E is . z 0 

constant throughout the xy plane so that Er = E0 • With the reference point in 
*see comments in sections 2.4 and 6.1. 
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the convection region, and on the X axis where B% = 0, E0/B~ is then the plasma 

flc~ speed toward the separator at the reference point and M0 is the local 

Alfv~n number, M = MA • 
0 ~ 

In nonsteady flow, the electric field at the refer-

ence point, E , in general differs from E , and M ~ MA • 
~ 0 0 ~ 

Vasyliunas118 has defined magnetic merging as "the proc~ss whereby 

plasma flows across a surface that separates regions containing topologically 

different magnetic field lines"; he takes the magnitude of that flow as a meas

ure of the merging rate. For reconnection in a highly conducting plasma, such 

that R = p 0avL > > 1, the two definitions are essentially equivalent. How-m 

ever, the one adopted here, in terms of an electric field component 

along the separator works also for flows at arbitrary R • It corresponds to m 

the occurrence of flux rather than plasma transport across the separatrix, be~ 

cause flux transport is but an alternate way of referring to the electric field*. 

Note also that for the degenerate case of magnetic field annihilation there is 

no plasma flow across a separatrix. There is, however, an electric field and 

a corresponding magnetic flux transport. 

*This equivalence is seen most clearly119 by casting Faraday•s law into the 
form of a conservation equation, viz., in subscript notation, aB./at + a;ax. 
{E •• kEk) = 0, where E. "k is the antisymmetric (Levi-Civita) unit~tensor. J 
~J ~J 
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4. The Convection Region 

The plasma dynamics in the regions away from the immediate neighborhood 

of the reconnection line usually is described by use of continuum equations. 

Nonsteady solutions have not been found to date, which describe rapid con

figuration changes such as might be associated with impulsive flux transfer 

events in the double inverse pinch experiment (for a circuit model, see 

Bratenahl and Baum, 11 ). Three-dimensional solutions also have not been 

obtained. Hence the discussion in the present section is confined to steady

state plane reconnection. 

The incompressible assumpt1on corresponds to the limitS+~. where S 

is the ratio of plasma pressure to magnetic pressure. While this limit is 

invalid in most cosmic applications, it has the advantage of yielding simple 

analysis. Thus it provides an opportunity to study certain basic features of 

the reconnection flow wi.thout undue mathematical complications. We first des

cribe two incompressible reconnection flows with fundamentally different be

havior. Certain compressibility effects are considered in the second subsection. 

The third subsection discusses asymmetric reconnection configurations, perhaps 

applicable to the magnetopause. The fourth subsection deals with the recon

nection of magnetic fields that are not antiparallel, a common situation at 

the magnetopause. Finally, a partial single-particle model is discussed 

briefly. 

4.1 Two Incompressible Symmetric Flow Model~ 

Figure 13, reproduced from Vasyliunas 118~ shows a field and flow 

map for a reconnection model initiall.Y analyzed by Petschek90 and sub

sequently considerably refined and improved by Vasyliunas. The model contains 

·a s~t of four Alfv~n discontinuities which in compressible flow may be identified 
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as slow-mode shocks and across which the plasma is accelerated into the exit 

flow regions. Note that the plasma flow converges toward the z axis in the 

inflow and that the magnetic field intensity decreases on that axis for de

creasing lzl values. As pointed out by Vasyliunas, this behavior is charac

teristic of fast-mode expansion of the plasma as it approaches the reconnection 

line. Because the fast-mode propagation speed is infinite in the ;·ncompressible. 

limit, such expansion is by necessity an elliptic effect, that is, no standing 

expansion wavelets are possible. The maximum reconnection rate in this model 

corresponds to an Alfv~n number MA 1 of about one in the inflow just adjacent 

to the diffusion region. But because of the increase in flow speed and decrease 

in magnetic field associated with the fast-mode expansion, the Alfv~n number, 

MA , at large distances upstream is considerably less than unity. Values in 
CD 

the range .05 < MA < .2 for the maximum rate are obtained (see Ref. 118 Fig. 
CD 

12). Recently, Soward and Priest110 have reexamined Petschek's reconnection 

geometry by use of an asymptotic approach, valid away from the reconnection 

line. Their analysis in all essential respects supports the conclusions sum

marized above. 

Figure 14 also taken from Ref. 118~ shows a flow and field map for a 

different model 103, which is the sole nonsingular member of the similarity 

solutions derived by Yeh and Axford 131 • This model contains a second set 

of Alfv~n discontinuities located upstream of the slow shocks and originating 

at external corners in the flow, as shown in the figure. These discontinuities 

represent the incompressible limit of slow-mode expansion fans centered at the 

external corners. They cause a large deflection of the plasma flow away fr~m 

the x axis and a substantial increase in field.magnitude. It is now generally 

agreed that these discontinuities will not occur in any real situation. Rather . 
they represent a suitable mathematical lumping of slow-moae expansion effects 
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in the inflow. The maximum reconnection rate in this model* is MA 1 = (1 + 12). 

On the z axis this value remains constant, independent of lzl. However, this 

is a result of the lumping of the slow-mode effects. In a model where these 

effects are spread over the inflow region the value of MA on the z axis will 

decrease with decreasing 1%1 in association with a decrease in plasma velocity 

and an increase in magnetic field. Thus, in reality it is unlikely that the 

inflow into the diffusion region can occur at MA 1 as high as (1 + ~; more 

likely that value corresponds to the maximum MA at large 1%1 values. Fur-
w 

ther discussion of this point is given in Sections 4.2 and 5.1. 

The two models discussed above represent two extreme sets of conditions 

in the inflow: pure fast-mode and pure slow-mode expansion. In any real ap-

plication both effects may be present. Vasyliunas10 has pointed out that 

from a mathematical viewpoint the difference between the two models is related 

to the boundary conditions at large distances from the reconnection line. Far 

upstream, the fast-mode model is essentially current free and has a nearly 

uniform flow and magnetic field, while the slow-mode model contains substantial 

currents which bend the magnetic field lines and cause a deflection of the flow 

away from the% axis. Vasyliunas has further suggested that the former state 

of affairs may obtain when a demand for magnetic flux originates at the current 

sheet itself (the xy plane) or in the exit flow, as may be the case in the geo

magnetic tail, while the latter set of conditions may correspond to externally 

forced inflow such as at the magnetopause. In this context, it is worth noting 

that slow-mode expansion effects have been argued132 to be present outside 

*The estimates given in Section 2, viz., v2 ~ vA and (v 1) ~ vA assumed a 
1 max 1 

negligible flow component along they axis as the plasma enters the shock. 
Such a component is present in this model, the result being that the exit 

·flow speed v2 and the maximum inflow speed (v 1) both exceed vA by a 
factor (1 + 12). max 1 
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the subsolar magnetopause regardless of whether or not reconnection occurs 

there. 

4.2 Compressible Symmetric Models 

A detailed compressible analysis of the external region of Petschek's 

reconnection geometry is not available at present. On the other hand, the 

slow-mode expansion model has been extended to include compressibility effects. 

An isothermal analysis was given by Yeh and Dryer130. But the isothermal 

assumption leads to unacceptable entropy variations with decreasing entropy 

across the shocks and increasing entropy across the expansion waves. More 

recently, an analysis has been performed by Yang and Sonnerup125~ which 

assumes isentropic flow in the inflow and uses the ordinary jump relations for 

slow shocks. It is found that the expansion-wave discontinuities in the in

compressible solution do indeed dissolve into slow expansion fans centered 

at the external corners in the flow (see Figure 15). It might be thought that 

the reflection of these fans in the x axis, and the subsequent interaction of 

the reflected waves with the shocks, shown schematically in Figure 16, may be 

treated exactly by the method of characteristics. However, it is found that 

the flow from region (i) in the figure, across the last expansion wavelet and 

the innermost portion of the shock, cannot be dealt with without the inclusion 

of elliptic (fast-mode) effects. This is extremely difficult to do.. Thus, 

in the main part of their work, Yang and Sonnerup, after calculating the 

isentropic plasma and field changes across the fans, considered them to be 

lumped into a single discontinuity, i.e., they ignored the reflection altogether. 

While such a procedure is perhaps justified in a first attempt to study com

pressibility effects in the external flow, it nevertheless seriously limits 

the usefulness of the resulting solutions. The width of the slow expansion 

fans in the inflow increases dramatically with increasing compressibility, 
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i.e., with decreasing values of B1 : ~0p 1 /B 1 2 , so that for B1 = 1 the lumping 

of the fan into a single discontinuity is difficult to defend. Furthermore, 

except perhaps for very large B values, conditions immediately outside the 

diffusion region are not adequately represented so that the solution may not 

be used to provide external boundary conditions for compressible matched dif

fusion-region analyses. However, the analysis is valid at large distances 

from the originJand it is of interest to examine its predictions concerning 

flow and plasma conditions in the exit regions. When conditions typical of 

geomagnetic tail reconnection are substituted, flow speeds in the range of 

1000 km/s are calculated, in rough agreement*withobserved proton speeds in 

the tail during energy-release events 39~ 63 . The analysis also predicts 

exit flow speeds considerably greater than the fast-mode propagation speed so 

that standing transverse fast shocks may be present in the two exit flow regions, 

causing a decrease in flow speed and an associated increase in plasma density, 

temperature, and in the exit magnetic field. 

Yang and Sonnerup125 also calculated the change in plasma and flow prop

erties along the x axis in Figure 16, caused by the reflection of the slow 

expansion fan, but ignoring the elliptic effects mentioned earlier. The solid 

curve in Figure 17 shows the resulting relationship between the Alfven numbers 

MA and MA , in regions ([)and ~ of Figure 16, respectively. For comparison, 
1 ~ 

the corresponding relationship for the fast-mode model, developed by Soward 

and Priest110 
~ 

is shown by the dashed curves. It i~ evi~ent that the dif-

ferent distant boundary conditions for the fast-mode and the slow-mode models 

may lead to profoundly different inflow conditions into the diffusion region 
' 

for the two models . 

. *The agreement is however not sufficiently detailed to support this particular 
reconnection configuration over others. 
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4.3 Asymmetric Models 

A qualitative reconnection model for the asymmetric flow and field 

conditions existing at the magnetopause was first described by Levy et at. 72~ 91 • 

In this · -model. shown in Figure 18, the magnetosheath plasma is 

assumed to carry with it a compressed interplanetary magnetic field which 

is due south so that a field reversal results at the magnetopause (see Figure 

~. In impinging on the earth's field, the plasma encounters a wave system 

consisting of an intermediate wave (rotational discontinuity; large amplitude 

Alfv~n wave) followed by a narrow slow expansion fan. The intermediate wave, 

which marks the magnetopause, accomplishes the field direction reversal and 

an associated plasma acceleration parallel to the magnetopause and away from 

the reconnection line. The magnetic-field magnitude remains constant across 

this wave but it then increases to its higher magnetospheric value in the slow 

expansion fan across which the plasma pressure also is reduced to match the 

pressure in the magnetosphere, taken to be equal to zero in the model. The 

quantitative details of this model have not been worked out for fast-mode ex

pansion in the inflow. But for the incompressible slow-mode expansion model, 

various types .of asymmetries in the flow and field have been analyzed 

26~ 82~ 10~ Certain compressible counterparts of these geometries have 

been studied by Yang 124 by use of the procedure of lumping slow-mode effects 

in the inflow, discussed in Section 4.2. In particular, the case of vacuum 

conditions in the magnetosphere has been repo~ted in detai1 126• A typical 

resulting field and flow configuration is as shown in figure 18. The model pre

dicts the following features of the magnetic field: (i) a small magnetic 
• 

field component normal to the magnetopause; (ii) rotational behavior of the 

magnetic-field component tangential to the magnetopause; (iii) a gradual in-. 
crease in magnetic field intensity inside the magnetopause. In terms of plasma 
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flow, the model predicts: (i) flow of magnetosheath plasma nonmal to and 

across the magnetopause with speed equa 1 to the A 1 fv@n speed based on the 

normal magnetfc field component~ (ii) tangential acceleration of the·plasma 

to .speeds of the order of 500-750 km/s as it crosses the magnetopause; (iii) no 

change in plasma density or temperature as it crosses the magnetopause; (iv) an 

isentropic decrease in density and temperature and an associated velocity in

crease as the plasma expands in the slow expansion fan inside the magnetopause. 

To date, the predicted'plasma behavior has not been observed. At various times 

some but usually not all of the predicted magnetic signatures have been seen108• 

An example is shown in Figure 19. 

4.4 Reconnecting Fields Forming an Arbitrary Angle 

In his original paper on reconnection, Petschek90 observed that 

in incompressible two-dimensional reconnection flow, a constant magnetic field 

component B2 could be added to any solution without changing the flow or mag

netic field configuration in the xy plane (refer to Figure 6). Thus, it is 

possible to generate solutions that describe the reconnection of fields that 

form an arbitrary angle. This provides a link between the traditional cosmic 

reconnection models and the problems of reconnection in nearly force-free field 

configurations, such as the tokamak120~ 121~ 122. This procedure has provided 

the.basis of a number of attempts to describe the dependence of the cross

magnetospheric electric potential difference on magnetosheath field direction, 

assuming the former to be caused by magnetopause reconnection49, 58~ 59,107. 

The .result of these geometrical analyses is that the potential should have a 

principal angle dependence given by the function* 

(8 /8. - cosa)2 

f{a) = 1 + (8 /8~) 2 ~- 2(8 /B.)cosa 
0 ~ 0 ~ 

4-1 

*In Ref. 49 the functional dependence is {f(e))~ 
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where e denotes the angle between the magnetic field Bi in the magnetosphere 

and B0 in the magnetosheath. For cosa > B /B. no reconnection occurs* and 
- 0 1. 

f(9) : 0. Observation; 3indicate a low energy injection rate from.the solar 

wind into the magnetospheric ring current system when e < ~/2 ~ a result 

which appears compatible with Equation 4-1. Observation; 2 of the magneto-

spheric cusp location as a function of e also are in qualitative agree

ment with this equation. 
25 28 Recently, Cowley ~ has pointed out that incompressible solutions 

exist in which 8 3 is a function of z and y. Thus the assumption underlying 

Equation 4-1, of one and the same value of B3 on the magnetospheric and the 

magnetosheath side of a typical magnetopause reconnection model, may be invalid. 

It is noted that this assumption corresponds to a situation where the net 

current in the magnetopause (and in the diffusion region) is parallel to the 

separator. 

In the incompressible MHO approximation the equations describing the flow 

and field in thezy plane are completely uncoupled from the differential equations 

for the velocity component v and forB • However, as pointed out by Cowl ey25 ~ 
3 3 . 

an indirect coupling exists via the requirement that the line integral ~E·dZ=O 

for any closed loop which encircles the diffusion region. This requirement 

poses an additional constraint on the shape of the diffusion region, a constraint 

that does notarise when B = 0, or B = const., and that does not appear to be 
3 3 

automatically satisfied by the diffusion region of plane reconnection geometries. 

Thus it is not clear at the present time whether Cowley's criticism of Equation 4-1 

has a firm foundation in i ncompress i b 1 e ~1HD theory. But even if it doesn't, the 

use of a constant B3 in the real compressible magnetopause flow situation to 

construct reconnection geometries for arbitrary e values remains hypothetical. 

Further theoretical study of this problem· requires detailed analysis of 

*If the magnetosheath field magnitude exceeds the magnetosphere field, the 
subscripts o and i are to be interchanged. 

Copyright © National Academy of Sciences. All rights reserved.

Space Plasma Physics: The Study of Solar-System Plasmas
http://www.nap.edu/catalog.php?record_id=18481

http://www.nap.edu/catalog.php?record_id=18481


911 

compressible external and diffusion-region flows and appropriate matching 

of these.f.lows at the edge. of.the diffusion region •. 

4.5 Collisionless Model 

No complete or nearly complete collfsionless models for the exter

nal reconnection region have been developed to date. But certain partial . 

results have been obtained by Hil1 59• He suggests that for small S values 

the principal field reversal is accomplished by a current sheet located on 

they axfs, as shown in Figure 20. with only a small amount of field-line 

bending at the slow shocks. Hill does not treat the flow and field configu

rations in the inflow or in these weak shocks. Rather he assumes that, away 

from the magnetic null point at the origin, the field lines form an angle x 
with the current sheet. He then proceeds to discuss the properties of the 

sheet. One-dimensional self-consistent Vlasov equilibria of such sheets have 

been obtained numerically by Eastwood36~ 37 ; an approximate analytic theory 

using the adiabatic invariant34, 65, 104 associated with the meandering par-

ticle orbits in the sheet has also been given38. However, the result pri-

marily used by Hill is obtained directly from the overall stress balance at 

the sheet, without reference to the sheet structure: in a frame of reference 

sliding along they axis (see Figure20) with a speed such that the reconnection 

electric field E vanishes, the usual firehose limit must apply. Assuming 
0 

the magnetic moment of individual particles to be preserved, Hill shows that 

for inflow along the x axis* this condition may be expressed as a local re-

connection rate 

E 
0 . ~ 

v 8 = (1 - a) sinxcosx 
A 

4-2 

. 
*Hill •s analysis also includes an unspecified velocity component v of the 
incoming particles, which we have set equal to zero. Y 
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w~ere vA = Bl'l~oP and B are the Alfv~n speed and magnetic field, respectively, 

in the region adjacent to the current sheet. Further, the anisotropy factor 

a of the incident particles is defined by 

4-3 

Note that a = 0 corresponds to isotropic pressure, a = 1 to firehose conditions 

(taking account of the fact that the total plasma density p is twice the density, 

pin' of the incident particles). 

The preceding result is incomplete in that'the angle x must be a function 

of the reconnection rate. Also, the rate should refer to conditions on 

the z axis in the inflow region. Equation 4-2 is nevertheless interesting 

because it suggests that pressure anisotropy in the incoming plasma may be an 

important factor. In particular, it appears that reconnection may cease al-

together for a= 1. 

Using the same approach, Hill has also considered the case of reconnec

tion of fields of unequal magnitude and with a constant B component present. 
3 

He obtains the formula 4-1 for the angular dependence of the reconnection 

potential. 

The particle energization in a model of Hill's type is seen to be the 

direct result of inertia and gradient drifts in the current sheet, moving posi

tive ions in the direction of the reconnection electric field, electrons in 

the opposite direction. It is also important to note that the energized 

pl~sma will be streaming out nearly parallel to they axis, i.e., for small 

angles X• nearly parallel to the magnetic field on both sides of the current 

sheet. By contrast, the symmetric fluid dynamica1 models yield an exit 

plasma flow that is perpendicular to the weak magnetic field in the two exit 

flow regions. 
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5. Fluid Description of the Diffusion Region 

A complete theoretical treatment of the reconnection problem requires 

not only a self-consistent solution for the external flow. but also an 

internal, or diffusion-region, solution which describes the essential dis

sipative physical processes operating in that region, and which joins smoothly 

to the external solution. In the present section we review attempts to 

describe the diffusion region in terms of continuum equations which incor

porate effects of plasma microinstabilities, if any, by means of an effective 

conductivity a. 

A brief discussion of one-fluid theories is given in section 5.1. In 

magnetospheric applications of reconnection, the collisional resistive length 

(~ 0av 1 )- 1 is much smaller than relevant inner plasma scales, such as the 

electron inertial length. Thus one-fluid theory is directly applicable only 

if turbulent processes generate an effective resistive length which exceeds 

these inner scales. But even if that condition is not met, one-fluid theory 

serves the important purpose of providing an opportunity for a careful mathe

matical treatment in one region of plasma-parameter space. 

The two-fluid description of the diffusion region is dealt with in 

sections 5.2 and 5.3. The former discusses the impor~ance of the electron 

inertial length in determining the width 2x* of the diffusion region when no 

collisional or turbulent resistivity is present. In the latter section, the 

importance of Hall currents an9 of the ion-inertial length and gyroradius 

are discussed. 

5.1 One-Fluid Models 

Detailed studies of the flow and field configuration in the dif-. 
fusion region, using one-fluid magnetohydrodynamics, have utilized two 

Copyright © National Academy of Sciences. All rights reserved.

Space Plasma Physics: The Study of Solar-System Plasmas
http://www.nap.edu/catalog.php?record_id=18481

http://www.nap.edu/catalog.php?record_id=18481


914 

approaches: series expansion around the magnetic null point, and development 

of integral or "lumped" equations for the entire diffusion region. Addition

ally, certain exact solutions exist. 

Series expansions have been given by Priest and Cowley93 and by Cowley27• 

They found that in incompressible flow, and assuming analytic behavior 

at the null point, a plasma velocity of the form v = -k1z, v = k1y to lowest 
% y 

order yields a magnetic field behavior of the form B = k2y 3 B = k3z, i.e., 
% y 

the field-line configuration at the neutral point is chi-like ~) rather· 

than ex-like ()(). The latter type of configuration may however be obtained 

by assuming a third-order, rather than a first-order zero in v (z) at % = 0. 
% 

Furthermore, Yeh 128 has shown that the flow and field behavior near the null 

point need not be analytic. Logarithmic terms are possible in the expansion. 

Whether or not such terms are in fact present can be determined only by match-

ing of the series expansion solution to an appropriate external solution, 

which has not yet been done. It also appears that the inclusion of compres

sibility effects will invalidate the above-mentioned result of Priest and 

Cowley. Finally, Cowley27 has shown that series expansions yielding a 

non-constant field B2 (z,y) are possible. But the question of whether such 

solutions may be matched to corresponding external solutions with non-constant 

B (see Ref. 25) has not been resolved. z 

The first lumped analysis of the diffusion region was performed by 

Parker86 ·with application to Sweet's resistive current-sheet model 113 

of a solar flare. The analysis yielded the following expression for the 

reconnection rate in incompressible flow 

5-l . 
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This result is obtained directly from equations 2-5 and 2-7 with Pz • P1. 

Or~ginally, the formula was used withy~ replaced by L, the half-length of 

the current sheet. It then describes field annihilation (see section 2.4) 

and yields a value of NA 1 that is far too small to account for an energy-re- . 

lease time of the order of 103 sec in a solar flare, or for the observed 

potential difference of 20-100 kV across the terrestrial magnetosphere. Later 

Petschek 90 used the formula 5-l, now with 2y* representing the height of 

the diffusion region and withy~ « L, to describe the dtffusion-region flow 

in his model. The basic point made by Petschek is that equation 5-1 deter

mines, n6t the reconnection rate, but the height y~ of the diffusion ~egion. 

In agreement with the discussion in section 2.3, y~ is then seen to be pro

portional to NA 1- 2 • 

A more detailed lumped analysis was performed by Sonnerup103 in an 

attempt to develop a diffusion region solution for the slow-mode reconnection 

geometry in figure 14. The treatment is incomplete because it does not take 

account of the momentum balance. Additional criticism has been offered by 

Vasyliunas118 on the basis. that the model implicitly assumes an abrupt 

switch from finite to infinite electrical conductivity at the outer edge of 

the diffusion region. Considering the extreme simplification of the external 

flow in this model, with slow expansion effects lumped into a single discon

tinuity (see section 4.1 and figure 14), this latter criticism is probably 

not of serious consequence. Toe following qualitative results of the analysis 

are likely to remain valid for the slow-mode reconnection model in figure 14: 

(i) A relationship exists betwe.en MA 1 and the magnetic Reynolds number 

R :: J.loO'VA y* which is of the form given by Parker, equation 5-l, for small 
y 1 . 

values of MA, and which yields R =0 forMA·= {1+12"). Thus, the dimensions 
1 y 1 

of the diffusion region shrink toward zero as MA 1 approaches its maximum value. 
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(1i) When the slow-mode expansion in the inflow is concentrated into dis-

continuities as in figure 14, the increase in magnetic field and decrease in 

flow speed, described in ~eciions 4.1 and 4.2 must occur in the oute~ portions 

of the diffusion region. Thus, as the origin is approached along the ± : 

axis, the magnetic field first increases then decreases to zero while lvxl . 

decreases monotonically to zero. Thus, in the outer portion of the diffusion 

region the field behaves almost in a fnozen-in manner. This may account 
. 103 118 for the large diffusion region width x* found in the analys1s ~ • 

Two exact solutions exist which describe flow near the magnetic null 

point. Yeh 129 obtained shock-free similarity solutions by assuming resis

tivity and viscosity to increase linearly with distance from the origin. It 

is not clear how such assumptions can be reconciled with an exterior solution 

in which dissipative effects are confined to shoc~s. A different type of 

exact solution has been discussed by Priest and Sonnerup95~ 109 • It 

describes an incompressible two or three-dimensional MHO resistive stagnation

point flow at a current sheet. The field lines are straight and parallel to 

the current sheet. Thus, purely resistive magnetic field annihilation without 

reconnection occurs, as illustrated in Figure 21. These solutions represent 

a generalization of a case studied by Parker88. The resulting magnetic 

field profiles are shown in Figure 22. Three features are of interest. 

First, the characteristic width of the current layer is of the order of the 

resistive length as expected. Second, the frozen field condition applies at 

large lxl values and leads, to a gradual increase in the field magnitude IByl 

as lxl and lvxl decrease. :As resistivity effects become increasingly i.mpor

tant IB I reaches a maximum and then decreases to zero at x = 0. This is 
• y : 

precisely the behavior described in (ii) above. Third,.a nonconstant value 

of Ba is possible. 
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5.2 Two-Fluid Effects; Electron Scale Lengths 

In the two-fluid description of an electron-proton plasma, the 

ordinary Ohm•s law is replaced by a generalized form (see, e.g., Ross·f and 

Olbert98). 
• m a. 

E+vxB=J..+-.!..[..l:+v • (.;v+_v,_')] - - - a ne2 at - Jl.. st. 

5-2 
_lv.p +-1 .;xs 

ns- =e neJt.. -

As pointed out by Vasyliunas, the terms on the right-hand side may introduce 

a variety of plasma scale length•s into the problem. The first term yields , 

the resistive length\.= (J.J 0avt)- 1 ; the second set of terms yields the 

electron inertial length A6 = (m6/1Jone2)1k; the off-diagonal terms of the 

electron stress tensor term P yield the electron gyroradius; the last term, 
~ 

describing the Hall effect, yields (vA/v1)A. where A.= (m./].Jone2 )V2 is the. 
1. 1. 1. 

ion inertial length. The importance of the diagonal terms in ~ has not 

been studied; with isotropic pressure and isentropic flow, these terms are 

cancelled identically by an electrostati.c: field. 

To illustrate the effects of the electron inertia terms we now gener

alize the stagnation-point flows discussed by Sonnerup and Priest109 to 

include two-fluid effects. Assuming incompressible flow and diagonal stress 

tensors for ions and electrons, the flow and fields are of the form 

V = :. Xk1X + ~k2y + ~k32 } 

B = uB (x) + 28 (x) 
- w.:. y -3 

5-3 

where the quantities k1, k2 and k3 are constants such that k1 = k2 + k,. 

These assumptions 1ead to a Bernoulli-type pressure integral 

p = po - i p (k~x2 + k~y2 + k~32) - (2J.Jo)-l (By2 + 832) 
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of the momentum equation, and to the following components of the induction 

eq11ation (the curl of equation 5-2). 

A2 1c X Bill + (1c A2 - _l_}BII-
s 1 y 2 e lJoO y 

A 2 1c X BIll + ( 1c A 2 - _l_}B II -
e 1 2 3 e lJoO 2 

k1:cB 1 
- k2B = 0 1 y y 

k1:cB~ 1c,B8 = 0 
5-4 

It is seen that only the electron-inertial length and the resistive length 

appear in equations 5-4. The Hall current term in 5-2 is curl-free and 

is cancelled exactly by a Hall electric field E (:c). Thus the ion inertial 
% 

length does not appear. The solutions of equations 5-4 in the resistive 

limit are illustrated in Figure 22. In the inertial limit, the odd solutions 

are shown in Figure 23 for various values of a : 1c2/1c1. As expected, the 

width of the magnetic-field reversal region is now of the order of the elec

tron inertial length regardless of the flow rate. Further, it is observed 

that for a= 1, i.e., for plane flow, the current density is logarithmically 

infinite at :c = 0, a conclusion also drawn by Coroniti and Eviatar22• 

Thus some form of plasma microinstability or other effect by necessity must 

be present to reduce the current density to a fi.nite value. 

The off-diagonal terms in the electron pressure tensor will provide a 

finite electron gyroradius correction to the preceding results. When the 

electron gyroradius greatly exceeds A , it will replace the electron inertial e 
length as the minimum width of the 1ayer118. However, a detailed calcula-

tion of these effects is difficult because the appropriate form of the off-

diagonal pressure tensor terms is not known in a field reversal region of 

width comparable to the orbit scale. 

V 1• 118 asy 1unas 

diffusion region. 

pioneered the study of electron inertial effects in the 

In an approximate lumped analysis which neglected compres-

sibility (later included by Coroniti and Ev.iatar22 ), off-diagonal stress 
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tensor elements, and Hall-current effects, he showed that the diffusion region 

in the inertial limit (i.e., ne~lecting resistivity) is hyperbolic in shape 

with width 

5-5 

The exact analysis given here in all essential respects confirms Vasyliunas' 

results for small values of MA 2 y 2/A2 • It also provides magnetic field pro-
1 e 

files B (~) whereas Vasyliunas neglected B within the diffusion region. y . y 
Note that the formula (22) yields ~*(0) = A ; y* = A /MA , in agreement with e e 1 

the behavior quoted in section 2.3 (between equations 2-8 and 2-9). 

5.3 Two-Fluid Effects; Ion Scale lengths 

It is not clear how a diffusion region of the small physical dimen

sions implied by equation 5-5 can be joined to an external solution with slow 

shocks of thicknes~20 comparable to, or greater than, the ion inertial 

1 ength. Thus we are 1 ed to ask why the ion inertia 1 1 ength and the ion · gyroradi us 

did not appear in the previous analysis. The former is introduced via the 

Hall current term i x B/ne in equation 5~2. It may be cancelled by a Hall 

electric field only when it is curl free, which was the case for the stag

nation-point flow in section 5.2. The ion gyroradius is introduced via the 

off-diagonal terms in the ion pressure tensor. We now demonstrate that in 

plane reconnection flow these effects imply the presence of Hall-current 

components j and j as well as a macroscopic flow v (x,y) and a field 
X y . Z 

component B2 (x,y). Assuming ataz: 0 and omitting electron inertia and 

pressure terms for brevit¥. the z components of the momentum and induction 

equations are, respectively, 
avz avz a + ..!_- p + _1 (B 3Bz + B 3Bz) 5-6 

pvx ax + pvy ay = a~ pxz ay yz lJo ~ ax y ay 
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ava ava aBa aBa = - __ 1 __ V2B + 
(Bz a: + BY ay ) - (v: a: + vy ay ) ~oa a 

1 aja aja 
; (Bz a: + BY ay) s-7 

where the particle density n and the conductivity a have been assumed constant. 

In the second equation, the Hall term (the last term on the right) is seen 

to be of the form (B • ~ )/ne, i.e., it vanishes only when ·the current j~ - a ,.. 

remains constant along a field line. Otherwise it becomes a driving term in 

the second equation forcing values of v and B different from zero. Similar-a a 

ly, in the first equation it appears that the stress terms will usually force 

values of v and B different from zero. These terms are expected to introduce a a 

the ion gyroradius as a characteristic length into the problem. However, it 

is difficult to discuss these effects in detail, because the form of the 

stress terms in a thin field-reversal region is not known. Thus, we confine 

attention to the Hal1 current term, (B • Vja)/ne. While this term vanishes 

in the stagnation-point flow discussed in the previous section (and indeed 

along the x axis of any configuration), it cannot vanish throughout the dif

fusion region. We may estimate the magnitude of Ba by approximately equating 

the first term on the left and the second term on the right in equation S-7: 

aBz 1 aj a 
vx ax - ne 8x ax 

B /81 - A./x* a -z. 

where A. =. (m./~ 0 ne 2 )V2 is the ion inertial length. Thus it appears that 
1. 1. 

values of x* much less than).. would give rise to unacceptably high values 
1. . 

of B • A similar comparison between the terms B av /ax and (ne)- 1 B aj~/ax a x a x ... 

yields vIvA - >../x*. Again, x* « ).. leads to an unacceptable result. 
• a 1 -z. -z. 
Vasyliunas119 has pointed out that off-dfagonal electron pressure tensor 
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terms, not shown in equation 5-7,maypossibly cancel the Hall term. However, 

there seems to be no obvious physical reason to expect such a cancellation. 

And problems with the off-diagonal stress tensor terms in equation 5-6 would 

still remain. 

Detailed analysis of the effects described above is not available at 

present. However, a nonvanishing field component B2 (z~y) would imply the 

presence of Hall currents jz = ~ 0 - 1 asz~ay and jy = - ~o- 1 asz~a: 1n the dif

fusion region. The expected current flow and field pattern is shown schemat

ically in Figure 24. The behavior of the B and B components indicated in y 2 

the figure should be easy to identify in magnetic-field vector measurements 

from a satellite which crosses the diffusion region. 

The reason for the appearance of the Hall current component jz with the 

direction shown in figure 24 may be understood by noting that for a ~ ~ the 

generalized Ohm's law (equation 5-2)implies that apart from electron-inertia 

and gyroradius effects the magnetic field is frozen into the electron compo

nent of the plasma. Thus the electrons flowing toward z = 0 are brought to 

rest over a distance of the order of the electron inertial length or the 

electron gyroradius. If the ions are similarly brought to rest over a dis

tance comparable to the ion inertial length or the ion gyroradius,·a relative 

motion of electrons and ions results, leading to currents j in the direction 
% 

shown in the figure. Charge conservation then implies the presence of jy 

as shown. 

The a component of the force i x ~associated with the Hall currents 

also leads to an acceleration of the plasma in the ±a direction. This effect 

is caused by drift and meandering motion of the ions in the current sheet. It 

·.may be interpreted ~s an ion current in the layer. Indeed, if :* A., the 
~ 

principal current component j 2 is carried by the ions; if:* - Ae it is car

ried by the electrons. 
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It is evident that in the absence of plasma resistivity (classical or 

' turbulent) the electron length scales must play a significant role in the 

diffusion region structure. But from the preceding discussion it appears 

possible that the ion length scales may determine the overall width 2x* of 

the diffusion region while the electron length scales give the size of the 

detailed structures of j~ jy, and j 3 near x = 0. From the preceding discus

sion, it is concluded that, even without plasma turbulence, the electromag

netic structure of the diffusion region may be far more complicated than 

previously assumed. 
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6. Non-Fluid Effects in the Diffusion Region 

In magnetospheric and interplanetary applications of the reconnection 

process, collisional resistive effects in the diffusion region are negligible. 

Thus an effective resistivity in that region must derive either from inertia 

effects or from plasma turbulence. The former effects were dealt with in 

sections 5.2 and 5.3 from a fluid point of view. However, to develop a phys

ical understanding of inertial phenomena in the diffusion region, it is useful 

to obtain an approximate expression for the effective inertial conductivity. 

This is done in section 6.1. Section 6.2 examines plasma instabilities which 

may generate steady-state turbulence in the diffusion region, but with details 

provided only for the ion-acoustic instability. Section 6.3 discusses several 

threshold effects that might be of importance for the onset of reconnection 

and for the identification of situations in which reconnection may not occur. 

Particle acceleration in nonsteady reconnection is discussed in section 6.4. 

It will become quickly apparent that most of the material in this section 

is speculative in nature. Different processes may occur in different applica

tions. It appears that no systematic effort has been made to sort out which 

mechanisms dominate in different parts of plasma parameter space. 

In reading the present section, it will be useful to refer to the typical 

values of several physical parameters given in Table 1. 

6.1 Inertial Resistivity 

The concept of inertial resistivity was first discussed, in the 

context of magnetic field reconnection, by Speiser108. The basic idea is 

that a particle spends only a finite amount of time in the diffusion region and 

thus can pick up only a finite amount of energy from the electric field Eoa. 

The inertial conductivity is written as 

6-1 
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Table 1 Physical parameters for various reconnection sites. 

~ 
Laboratory Solar flare 

(pre-flare state) Interpl. 
(Argon ·Magneto- Magneto- sector y 
plasma) I II pause tail boundary 

-

Number density 
n1rm- 3J 1.5xl020 1021 1015 2 X 107 106 5 X 106 

I on temperature 1 olt 10 .. 106 106 107 5 X 105 
T. (OK) 

1.1 

Temperature ratio 1 1 1 .5 .1 1 T /T. e 1 1.1 

Magnetic field 
B1 (Weber m- 2 ) 

1 5 x lo- 2 lo- 2 3 x lo-• 1. 5 x 1 o-• 5 x 1 o-:) 

B. = 2~on1kT. /Bi 
1.1 1.1 

5.2 x lo-s • 14 3.5 X 10-lt 0.8 1.5 3.5 

Acozz= (~00collv 1 )- 1 (mJ 7.8 X lQ- 3 .40 2.0 X 10-6 1. 3 X lQ-It 4.2 x lo-s 8.0 X lQ-It 

Aturb= (~oaturbv1)-1(m) 5.9 X 10-2 .20 .94 2.5 X 105 5.6 X 105 1 .9 X 106 

Ae = (me/~on1e 2 )VZ(m) 4.3 X 10-lt 1. 7 x 1 o- .. 1 • 7 x 1 o- 1 1.2 X 103 5.3 X 103 2.4 X 103 

A. = (m./~ 0 n 1 e 2 )V2 (m) 1 . 2 x 1 o- 1 7.3 x 1 o- 3 7.2 5.1 X 1 Qlt 2.3 X 105 105 
1. 1. 

Notes: ( 1) 1 Weber/m2 = 1 0 .. gauss = 109 y 

(2} o- 1 .,., = 6.5 x 10 3 lnA/T · f2 (Spitzer112) 
co~~ @1 

(3) atuPb is given by equation 6-12. 
(4) v1 = .lvA = .1 B1/J~on1m· 

1 1. 

I 

I 
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where n is the average particle density in the diffusion region and Tis the 

effective time available for acceleration in the electric .field. The fonnula 

6-1 may be used with either the electron mass m a m8 or the ion mass m • mi 

depending on whether the diffusion region current is principally an electron 

current or an ion current. Both cases may be treated the same way so that the 

particle mass m will be left without a subscript. 

The average displacement, 6B, along the electric field E0 , of a particle 

in the diffusion region may be obtained from a simple mass balance over a box 

of dimensions ~· x 2y* x 62: 

6-2 

where v2 is the average particle speed along the electric field Eoz, and 

v3 = hzft. As before, the subscripts 1 and 2 refer to conditions at the 

points (x*,O) and (O,y*), respectively;· From the first equality in equa- · 

tion 6-2 we thus obtain 

6-3 

When this expression forT' is substituted into equation 6-1 there results 

6-4 

Thus the inertial conductivity is very high for low reconnection speeds, v1 , 

i.e., when the configuration approaches a current sheet. This is the be

havior referred to in section 2.3. 

Expressing the basic balance of field convection and diffusion as 

~oainertv1x* = 1, which is valid for small reconnection rates~ we find 
nl 

x* = -=- Al 6-5 n 

where Al is the inertial length Al = (m/~ 0n 1 e 2 ) 1P. Form= me this result 

is in agreement with Vasyliunas' formula (equation 5-5). See also Coroniti 

*With inertial resistivity, pure field annihilation is found to occur for 
0 < MA 1 ~ Al/L (compare section 2.4). 
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and Eviatar22. But the calculation. gives no clue as to whether the elec-

tron or the ion inertial length is to be used. 

It should be realized that the value of:* given by equation 6-5 repre

sents a lower limit. The calculation assumed the timeT available for free 

acceleration in the electric field to be equal to the residence time of a 

particle within the control box. In reality T must always be less than the 

residence time because the magnetic field does not vanish within the entire 

box. Thus the inertial conductivityis less than that given by equation 6-4. 

and:* is correspondingly larger than in equation 6-5 .• When diamagnetic 

currents become important, i.e., for B1 = 2~oP1/Bf > 1, it may be shown that 

:* gradually approaches a magnitude of the order of the gyroradius instead. 

The previous estimate of:* applies only for small values of the recon

nection rate. To understand this fact, we note that the expression ~oov1:*= 1, 

which was used in obtaining equation 6-5, derives directly from Ohm's law in 

the approximate form j 2 = aE0 = av 1B1 with j 2 ~ ~o- 1 aBY/ax ~ B1/~o:*. For 

large reconnection rates it becomes important to incorporate the term v x B 

in the electric field, as well as the curvature term aBx'ay in the expression 

for j . The latter effect leads to a multiplicative factor {1 - MA 2 p1/p2 ) on 
2 1 

the right-hand side of equation 6-5 {see equation 6-7 below) so .that the 

size of the diffusion region de~reases toward zero as the reconnection rate 

approaches its maximum value. Thus, for large reconnection rates, the requir

ed width of the diffusion region may be substantially less than the relevant 

plasma scale {the inertial length or gyroradius, depending on B1). It is dif

ficult to reconcile such a situation with the nature of the particle orbits in 

that region. Therefore, it is conceivable that steady-state reconnection with 

irertial resistivity as the dominant effect in the diffusion region is not pos

sible for large reconnection rates. 
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The average electrostatic particle energization in the diffusion region 

may be obtained directly from the first equality in 6-2: 
E 

- - -- 0 c ~ eAz Eo ill nev z~L-..:,..-
~ . a n1v1 

But we also have nev2 ill Ya = ~ 0 1 (asy~a.:- asztay). Approximating asy~a.: by 

B1!.:•, asztay by B2/y•, noting that B2/B1 = v1/vz = pz%•/PlY• we find 

6-7 

and from 6-6 

6-8 

where the relations Eo = v1B1 and v1/v 2 = v 1/vA 1 = MA 1 have been used. This 

formula agrees with equation 2-11. Maximum acceleration occurs for small 

reconnection rates and densities: formagnetosphericconditfons £- 1- 10 keV. 

It is emphasized that equation 6-8 represents the average energy gain. A 

small number of particles moving nearly along the reconnection line may gain 

larger amounts of energy in the electric field E0 • 

6.2 Plasma Turbulence 

A variety of plasma instabilities may serve to generate plasma 

turbulence in the diffusion region and an associated turbulent conductivity 

aturb" We now discuss such effects in an assumed quasi-steady state of re

connection. Onset effects are dealt with in section 6.3. 

The tearing instability, either in its collisional resistive version 

or in the collision-free electron-inertial version17~ 30~ 44~ 
61~ 69 has been studied intensely in the context of reconnection. It gen-

erates a pattern of alternating X type and o type magnetic neutral points in 

·a current sheet. But most analyses of this instability pertain to current

sheets with a vanishing magnetic-field component B% perpendicular to the 
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sheet. In other wor:-ds, in the present application either the reconnection 

rate MA 1 is very small or the magnetic field behavior in the diffusion region 

is chi-like <J(> rather than ex-iike C)(}, as discussed in section 5.1. 

Schindler 99 has pointed out that forB ~ 0 the collision-less tearing 
:& 

instability may still proceed as long as the gyro-period Tg = 2nm/eB: of a 

particle in the field B: exceeds the instability growth time To = (:•/vth) 

(:•/RLJ¥2 where vth is the thermal speed and RL the gyroradius. This condi

tion may be applied either to electrons (electron tearing} or ions (ion tear

ing). In rough terms, non gyrotropic behavior of the particles is required 

for these instabilities to be possible. While the nature or existence of 

steady-state tearing turbulence does not appear to have been establish-

ed, one cannot exclude the possibility that such turbulence could be of 

importance in the diffusion region 19,2l, 4?. 

Parker89 has suggested that interchange instability may serve to en-

hance the flow rates in Sweet's113 current sheet model. In the geomagnetic 

tail, the instability would be driven, not in the diffusion region itself, 

but rather by the pressure gradient and fie·ld curvature in the near-earth 

section of the tail plasma sheet (see figure 4}. A detailed analy-

sis, including the impeding effects of the ionosphere, has been given recently 

by Kan and Chao66. It indicates growth times of the order of a few hours 

with ionospheric coupling, a few minutes without such coupling. The situation 

relative to the level of steady-state turbulence is not clear. 

Huba et az64 have proposed that the lower-hybrid-drift instability 

may provide anomalous resistivity in the diffusion region. It appears that 

thethresholdfor this instability is sufficiently low to permit the diffusion 

region width to be of the order of the ion inertial length. 

Haerendel 50 has discussed the possibility that the electron-cyclotron 

Copyright © National Academy of Sciences. All rights reserved.

Space Plasma Physics: The Study of Solar-System Plasmas
http://www.nap.edu/catalog.php?record_id=18481

http://www.nap.edu/catalog.php?record_id=18481


929 

drift instability, which has a current threshold somewhat less than that of 

the ion-acous~ic instability~·may generate turbulence in a diffusion region 

of width 2:~ equal to a few electron-inertial lengths. However, its impor

tance has been questioned by Coroniti and Eviata.r22 · on the basis that th~ 

gyrocoherence required by the instability may not be available in the diffusion 

region. They also note that when the electron drift speed exceeds the thresh

old for the ion-acoustic instability the electron-cyclotron drift mode goes 

over nonlinearly to the ion-acoustic one. 

The ion-acoustic instability has been proposed 9~ 22~ 41~ 101 as a · 

likely agent for the generation of turbulence in the diffusion region. It 

will be dealt with in some detail in the remainder of this subsection. This 

is done for illustrative purposes and not as an indicator of a universal pre

ference for this particular mechanism. On the other hand, the ion-acoustic 

instability appears in fact to occur in laboratory reconnection experiments 9~ 85 • 

But it is probably not relevant to magnetospheric reconnection. 

For a current-driven instability such as the ion-acoustic one to occur, 

the current density in the diffusion region must exceed a certain minimum 

value, corresponding to a critical current velocity ve' i.e., j >neve. If 

Hall currents are present, as discussed in section 5.3, the total current 

must be considered. Here we shall confine attention to the component j 3 • 

According to equation 6-7 we then find 

B1 Pl 
jz = lJox* (1 - P2 M~l) > neve 6-9 

where, for the ion-acoustic instability 

v = ji!!i/f(T /'1' .) 
e me e 1. 

6-10. 

Combination of equations 6-9 and 6-10 yields 
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Pl 

:z:11/). < l'l:{f; (1 - - MA2 ) f(T IT.) 6-11 e - 1. Pz 1 e' · 1. 

where e. : 2~onkT./Bf. The function f(T IT.) is shown in Figure 25. It is 
1. 1. e' 1. 

seen that f(T IT.) is of the order unity forT = T. so that for small MA , 
;·1. e 1. 1 

and for e. of order unity or less, the critical diffusion region width is of 
1. . 

the order of the electron inertial length. For large va·lues of f3., :z:.ot must 
1. 

be considerably less than >.. suggesting that only a subportion of the dife 

fusion region may contain ion-acoustic turbulence (compare the logarithmic 

singularity in j at :z: = 0, discussed in section 5.2).Coroniti and Eviatar22 
z 

indicate a< 5 as a condition for their analysis to remain valid. For 

greater a values, the size of the turbulent region approaches the wave-length 

of the ion-acoustic turbulence. For MA 1 of order unity the diffusion region 

must also be very small for ion-acoustic turbulence to occur. 

For high temperature ratios T~Ti' the instability may occur for :z:.ot 

considerably larger than~ but probably not as large as>... (see figure 25). e 1. 

A large temperature ratio may perhaps be generated temporarily by electron 

run-away in a current sheet at the onset of reconnection (see next subsection). 

For example, in the double inverse pinch experiment the collisional resistive 

length considerably exceeds A (see Table l), so that run-away must occur to e 

initiate the ion-acoustic instability. But it appears unlikely that a large 

temperature ratio T~Ti could be sustained on a steady basis in a diffusion 

region of width much greater th~n A since most parts of such a region the 
e 

run-away would have to occur t~ansverse to a strong magnetic field. We con-

elude that steady-state ion-acoustic turbulence, driven by the current com

ponent j , is unlikely to be important unless the diffusion region width, 2x.ot, 
z . 

is of the order of the electron inertial length. At the same time it is ob-

served that the Hall current component jy discussed in section 5.3 (figure 24) 

may be sufficiently intense to drive the instability i.n parts of a diffusion 

Copyright © National Academy of Sciences. All rights reserved.

Space Plasma Physics: The Study of Solar-System Plasmas
http://www.nap.edu/catalog.php?record_id=18481

http://www.nap.edu/catalog.php?record_id=18481


931 

region of total width comparable to the ion inertial length. 
. 22 Coroniti and Eviatar . have examfned.the question of the turbulent 

saturation of the ion acoustic instability in detail. They conclude· that the 

current velocity will remain close to the threshold value given by equation 

6-10. The resulting weak steady-state turbulence is adjusted to give the 

value of turbulent conductivity required to satisfy Poaturbv1:* = 1 with :* 

given by the equality in equation 6-11. On the other hand, common estimates 

of the effective electrical conductivity associated with the ion-acoustic 

instability, in a state of turbulent saturation, such as (see, e.g., refer

ences 40~ and 115). 

- 2 1 02 lkT ./me J;;_· 
a = ~ (- '~- _!.) turb m w ( j/ne) T e pe e 

6-12 

where w = (ne 2/£ 0m J~. give a much too low value of the conductivity, even 
pe e 

at the critical current velocity j}ne = v0 • In other words, with reasonable 

reconnection speeds and with:* satisfying 6-11, one finds Poaturb v1:* c 1, 

which is impossible in a steady state. In Table 1, this fact is manifested 

by the inequality Aturb ~A6 , where Aturb is the turbulent resistive length. 

6.3 Onset of Rapid Reconnection 

There is ample observational evidence relating to solar flares, to 

the earth•s magnetotail, and to the double inverse pinch experiment, to in-
• 

dicate that occasionally rapid reconnection is switched on in an abrupt, al

most explosive manner. At the earth•s magnetopause, if reconnection actually 

oc.curs there, the switch-on appears more gentle and may be a direct conse

quence of the interplanetary field turning southward so that the angle between 

the reconnecting fields exceeds some critical value (compare section 4.4). 

·.It is natural to as~ume that the more explosive events might be associated 

with a plasma instability and/or an abrupt decrease in the effective con-
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ductivity in a current sheet or in the diffusion region of a slowly reconnect-

ing configuration. Five such possibilities, all speculative at present, are 

mentioned below: 

that the flash 

phase of a solar flare may be associated with a thermal instability. For 

example, explosive solutions of the electron energy equation, i.e., solu-

tions which yield an infinite temperature in a finite time, are known to occur 

when collisional Joule dissipation dominates the equation. This instability 

is not relevant for magnetospheric applications or for the upper solar atmos

phere (case II, in Table 1). 

lij_)_ Beta_thr~shold.!.. It may be hypothesized106 thatJ in a collision-free 

plasma,reconnection is suppressed for high B1 values but may occur for small 

B1. Thus, any current sheet in whichB1 decreases gradually from some initially 

large value may be converted to a rapidly reconnecting configuration when a 

critical B1 value is reached. In the geomagnetic tail, an abrupt decrease 

in B1 value occurs if the plasma sheet in which the tail current sheet is 

imbedded shrinks to a thickness equal to the current sheet thickness. On 

the other hand, at the subsolar magnetopause, lees71 and Zwan and Wolf132 

have described a magnetosheath plasma depletion mechanism {by escape along 

the magnetic field lines) which \'/Ould tend to maintain a value of B1 of order 

unity or less. The B1 threshold is not relevant to the double-inverse pinch 

laboratory experiment, and probably not to solar flares because B1 is small 

in these applications (Tabl.e 1). 

liiil_C~r~e~t~thr~shold.!.. 'Assume that a current sheet with little or no . 
reconnection gradually thins from an initial w'idth of an. ion gyroradius or 

more toward the electron inertial length, in response to an increased ext~rnal 
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total pressure, p1 + B¥/2~ 0 • In this process the current density in the sheet· 

increases gradually. When the threshold for onset of current-driven plasma 

instabilities is reached, e.g., for the ion-acoustic instability, when equa

tion 6-11 is satisfied, a reduction in effective electrical conductivity takes 

place in the layer. If this reduction occurs sufficiently rapidly, the induct

ance of the system will allow us to consider the current density initially to 

remain essentially unchanged. Instead an inductive electric field E3 (~,t) is 

developed within the sheet to maintain the current density. The magnitude of 

this electric field is larger, the larger the conductivity reduction. 

For a turbulent conductivity of the size used by Coroniti and Eviatar22, 

of the size usually estimated for steady-state reconnection. This 

electric field, which is initially confined to the current sheet, is subse

quently spread by fast-mode expansion waves propagating outward from the sheet 

as the configuration converts itself to one of steady or quasi-steady recon-

nection. 

If the conductivity is reduced to the level given by equation 6-12, E3 

may be one or two orders of magnitude larger than typical steady-state values. 

Smith102 has pointed out that the width ~~ of the current sheet must then 

increase. As pointed out in section 6.2, for reasonable flow rates we find 

lloaturbv1~* « 1 when ~,. :::! >.e and with a given by equation 6-12. Thus an 

increase in x* occurs in order to bring lloav 1x,. toward unity as required in 

a steady state. The rate -aBjat associated with the increase in x* is the 

principal source of E . But the main result of the increase in x* i~ that a 

condition 6-11 ultimately is violated so that the ion-acoustic instability 

. h d s . h1 02 h h h . 1 f 1s quenc e . m1t proposes t at t e process may t en repeat 1tse . 

A state of pulsating reconnection is established. See also Bratenahl and 

While the above arguments were given in terms of the ion-acoustic 
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instability, other mechanisms may produce similar effects. 

ii~)- Tearins!h~esh~ld. In a collision-free current sheet with a vanishing 

normal magnetic field component, electron tearing should be normally present, 

unless it is suppressed by some agent such as pressure anisotropy18 or 
. 60 

velocity shear . With a nonvanishing normal magnetic field component Bz' 

a threshold for the onset of collision-free tearing does exist, as mentioned 

in section 6.2. If IB:I is originally large, no tearing occurs. But as IB:I 
gradually decreases it will set in when the gyroperiod in Bz exceeds the growth 

time. Schindler99~ 100 has noted that this threshold may be exceeded for 

ions (but not electrons) in the geomagnetic tail current sheet during the thin

ning of that sheet which occurs in the expansive phase of the geomagnetic sub

storm. Since the tail at this time has free energy available for dissipation 

the ultimate result of the onset of ion tearing should be a large-scale re

laxation (via reconnection) of the tail towards a state of minimum free energy, 

rather than merely the generation of tearing turbulence in the sheet. Further 

development of the ion-tearing instability theory has been given by Galeev 
46 47 and Zeleny ~ . 

ivl_I~terchan~e_i~sta~ili!Y~ An abrupt onset of interchange turbulence in 

the geomagnetic tail66~89 may occur if the ionosphere becomes decoupled 

from the tail plasma sheet by the development of electric fields parallel to 

the magnetic lines of force. . 

6.4 Particle Acceleration 

One of the most important, and at the same time most poorly under

stood, aspects of magnetic-field reconnection is its presumed ability to . 
accelerate particles to high energies. Observations in the magnetospheric 
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tail indicate the occurrence of energetic electron and proton burst1,6B 
116 during times when reconnection may be going on. And it should be re

membered that our ability to observe reconnection on the sun and in the far 

reaches of cosmos depends critically on the generation of energetic particles 

and on the electromagnetic radiation they subsequently produce. 

Particle acceleration may occur either in turbulent small-scale electric 

fields or in the large-scale reconnection electric field E • Both types of 
a 

acceleration are expected to be operative principally in high-current regions: 

the diffusion region and the shocks. To discuss turbulent acceleration one 

must understand the nature of the dominant micro-processes in these regions. 

Since no such understanding is at hand,· the discussion in this section is 

confined to particle acceleration in the large-scale reconnection electric 

field. 

In many, but not all, cosmic applications, the total potential difference 

associated with a steady reconnection electric field is sufficiently high to 

account in principle for observed particle energies. However, it is only in 

the small diffusion region .that particles have the opportunity to move along 

the electric field for any considerable distance. And even there, most parti

cles have short residence times and undergo a correspondingly small energiza

tion, as shown by equation 6-8. Thus, steady-state reconnection does not 

appear to be an effective mechanism for the acceleration of particles to very 

high energies105. Additionally, in applications such as the geomagnetic 

t~il it is necessary to account for particle energies which exceed the steady

state cross-tail voltage by an order of magnitude or more. One is therefore 

led to consider the possibility of particle acceleration during nonsteadyrecon-
. 116 nect1on . Two ~ossible advantages are gained. First, the inductive elec-

tric fields may, in principle at least, become much stronger than the quasi-
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static ones during steady reconnection. Second, the nonconservative nature 

of E permits acceleration within more localized regions of space. For example, 

betatron acceleration to high en~rgy may occur in a small region of space where 

the particles experience a large increase in magnetic field intensity. By 

contrast electrostatic acceleration requires particles to move large distances 

along the separator. 

The lack of nonsteady reconnection models prevents a detailed analysis 

of particle acceleration. But the simple model given below may serve as an 

illustration of how electron energization might occur in the diffusion region. 

A resistively decaying one-dimensional current sheet, perhaps generated as 

described in section 6.3, may be crudely described by 

6-13 

where the sheet width x* is an increasing function of time and B1 is the con

stant field outside the sheet. Assuming no inflow into the sheet, the associat-. 

ed electric field is 

6-14 

The direction of this field is such· that it drives the particles toward the 

center of the current sheet (x=O). A particle accelerating freely at x=O in 

this electric field may be shown to gain an amount of energy given by 

I eB16:1:* 2 
!!.E. = mc 2 {11+(2ma-) - n 6-15 

provided it doesn't leave the system (at z = ±h) during the time it takes the 

current sheet to widen by 6x*. In the geomagnetic tail B0 ~ 20nt, and for 

6x* = 500 km equation 6-15 .. predicts a possible energy gain of 1.07 MeV for 
. 
electrons (protons would gain a similar amount of energy only if Ax*- 15000 km). 
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Since an electron in this energy range transverses the entire tail in less 

than a second, it would appear that· an unreasonably large value of ~~/dt is 

needed. But this is not necessarily so. If the widening current sheet is 

located along the separator AXB of the reconnection bubble in figure 12, elec

trons may be accelerated as they move from A to B along the separator AXB. 

They may then return from B to A by gradient drift in the vicinity of the o 

type neutral line BOA where the electric field vanishes. Subsequently they 

. reenter the acceleration region at A. By cycling electrons through this loop 

many times the energy gains predicted by equation 6-15 may be achieved even 

for small values of ~~/dt. 

The illustrative example discussed above emphasizes that it may be neces

sary to consider three-dimensional time-dependent configurations in order to 

account for particle acceleration in the reconnection process. For further 

illustrative calculations, see refs. 56~ 116 •. 
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7. Magnetospheric Evidence 

Much of the observational e~idence concerning the possible occurrence of 

reconnection in the magnetosphere has been summarized by Burch12• Relevant 

references may be found in his paper and are not, for the most part, repeated 

here. 

A large amount of evidence exists indicating a relationship of various 

magnetospheric activity indices to the southward component of the interplane

tary magnetic field. Also, spatial asymmetries in a variety of polar-cap 

processes appear to be correlated with the orientation of the interplanetary 

magnetic field. Such evidence is compatible with, but does not prove, the 

occurrence of reconnection at the magnetopause. This body of observations 

will not be discussed here. Instead, we focus, in section 7.1, on observa

tions relating directly to the transfer of magnetic flux from closed to open 

field lines, and vice versa, in the magnetosphere. If such transfer in fact 

occurs, reconnection of some form must take place. If not, there is no need 

for it. Section 7.2 contains a brief discussion of direct measurements of 

magnetic field and plasma in the vicinity of what may have been reconnection 

sites. 

7.1 Flux Transfer Evidence 

The case for the occurrence of flux transfer in the magnetosphere 

from closed to open field lines is based on four sets of observations, discus-

sed below: 

(i) Existence of open field lines in the tail. 

Anderson and Lin5 have studied the shadowing effects on solar elec-

·trons (~ > 20 kev~·produced by the moon when it is located in the geomagnetic 

tail. They provide persuasive evidence that a substantial amount of magnetic 
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flux in the two tail lobes occurs on open field lines, i.e., on lines that 

intersect the earth's surface 1n one place only. But the observations do 

not establish how large a fraction of the tail flux is on open lines at a 

given distance from the earth. Thus, it is not known for a fact how large 

a fraction of the earth's polar-cap field lines, i.e., lines emerging at 

latitudes above the auroral oval, that are open. A popularly held view is 

that all are open. But Heikkila53~ . questioning the soundness of this 

view, has drawn attention to observations by McDiarmid et al. 71~ 78 

which indicate the common occurrence of trapped particle pitch-angle distri

butions in the day-side cusp region as well as poleward of discrete auroral 

arcs. 

(ii) Flux erosion from the front-lobe magnetosphere. 

The magnetopause is observed to move closer to the earth when the inter

pl~netary field develops a southward component. At the same time, the day

side polar cusp moves to lower latitudes. These effects cannot be accounted 

for by simple compression of the magnetosphere. Maezawa79 has estimated 

that f~ux on closed field lines is removed from the magnetosphere front lobe 

in an amount estimated at about 108 weber during a typical event. Either this 

flux is transferred to open field lines in the polar cap by dayside magneto

pause reconnection or it is moved into the tail while remaining on closed 

field lines. In the latter case, the flux might be added to the lobe of 

closed field lines in the tail or it might possibly be placed on open field 

lines by reconnection at the tail magnetopause. The popularly held view is 

that the flux is transferred to open flux by reconnection somewhere on the 

dayside magnetopause. 
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(iii) Flux addition in the open tail lobes. 

A substantial body of evidence indicates that the magnetic field inten

sity in the tail starts to increase shortly after the onset of a southward 

component of the interplanetary magnetic field while at the same time the 

asymptotic tail cross secti~n increasesso. The observed concurrent 

gradual thinning of the tail plasma sheet {which is believed to contain the 

closed tail field lines) argues qgainst these effects being caused by an in

crease of flux on closed field lines in the tail. Rather they indicate an 

increase of flux on open field lines in the two tail lobes by an amount 

estimated at 1 - 2.5 x 108 weber. If the auroral oval (and the dayside 

cleft) is associated with the separatrix between closed and open field lines, 

the motion of this oval to lower latitudes following the southward turning 

of the interplanetary field62 supports this interpretation. But the 

evidence, while strong, is not conclusive. If closed field lines occur in 

the tail outside {i.e., above and below) the plasma sheet, the flux on open 

field lines could conceivably remain unchanged. 

{iv) Polar cap electric fields and convection. 

Electric field measurements55 in the polar ionosphere indicate an 

average voltage difference across the polar cap of the order of 65 kVolt, 

corresponding to a magnetic flux transport across the cap from dayside to 

nightside at a rate of about 2 x 108 weber/hour80. Ion flow measure-
52 ments over the polar cap·show flow patterns that carry particles and, 

unless E • B I 0, magnetic flux poleward across the day-side cleft in a 

narrow longitude sector. Most but not all of the flow in the cap region 

occurs near the equatorward edge of the cap adjacent to an abrupt flow re

versal, below which the return flow to the dayside occurs. While the exact 
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location of the separatrix between closed and open field is not known, it is 

difficult to locate it in such a way that these results do not imply a trans

fer of flux from closed to open field lines. 

In spite of the ambiguities in the interpretation of the observations 

listed above, their mutual consistency in terms of flux transfer rates is 

impressive and lends credence to the idea that flux transfer from closed to 

open field lines does occur in the magnetosphere. However, a far greater 

body of simultaneous observations by satellites at different locations in 

the magnetosphere needs to be examined in order to establish the validity of 

the idea in a conclusive manner. It is noted that on the average, any flux 

transfer from closed to open field lines must be balanced by a reverse trans

fer from open to closed lines. Tail reconnection, occurring sporadically in 

connection with the expansive phase of magnetic substorms, is thought to ac

complish this latter transfer but conclusive evidence is not available (see 

section 7.2). 

7.2 Measurements Near Reconnection Sites 

In a strict sense, direct evidence for reconnection consists of in-

situ observations of the hyperbolic magnetic field configuration associated 

with a separator and an electric field along that line. The electric field 

observation may convincingly be replaced by the observation of plasma energiz

ed in the reconnection process (compare sections 2.4 and 4.2). 

Hones et a1 63 have reported observations of proton fluxes and of mag-

netic fields in the geomagnetic tail at geocentric distances in the range of 

25-32 earth radii. They have found substorm events in which tailward proton 

flows at speeds up to 1000 km/s and an associated southward component of the 

magnetic field occurred during the storm expansion phase, followed by earth

ward flow and a northward field component during recovery. Such observations 
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are consistent with a separator moving tailward past the satellite. However, 

evidence concerning the magnetic-field component perpendicular to the tail 

current sheet is not entirely convincing unless the field is measured near 

the center of the sheet, which was not the case. And recently Lui et al?4,?S 

have challenged observations purporting to show the formation of a near 

earth reconnection line during substorms. Observations of proton jetting in 

the tail 39 , of energetic particle bursts6,BB, 98, and of lunar shadow 
' ?3 
patterns of electron fluxes , while generally compatible with tail recon-

nection, nevertheless cannot be claimed to provide unambiguous proof of the 

occurrence of the process. 

At the dayside magnetopause, magnetic field components perpendicular to 
108 the magnetopause have been observed , although not as a permanent feature 

not even when the magnetosheath field opposes the terrestrial one. The nar

row jets of energized plasma, predicted by magnetopause reconnection models 

(e.g., figure 19) and flowing nearly tangential to the magnetopause, have 

not been seen~ even though satellites such as HEOS 2 have had the right posi-

tion and attitude to observe them50, 51 . These facts along with recent 
. 29 35 observations of a plasma boundary layer inside the days1de magnetopause , 

suggest that .magnetopause reconnection, if it occurs, may be more sporad-

ic and more localized than originally expected. Furthermore, the possibility 

of reconnection in the cusps and elsewhere on the magnetopause surface, rather 

than near the sub-solar point, needs to be examined50. 

The absence of observations of plasma energized by dayside reconnection 

has led Heikkila54 : to ~uggest that no such reconnection occurs, i.e., 

that the magnetopause is a~ electrostatic equipotential. This suggestion is 
*However, a layer of energetic 7e1ictrons of unknown origin has been discovered 

• outside the tail magnetopause , . 

Copyright © National Academy of Sciences. All rights reserved.

Space Plasma Physics: The Study of Solar-System Plasmas
http://www.nap.edu/catalog.php?record_id=18481

http://www.nap.edu/catalog.php?record_id=18481


943 

difficult to reconcile with the presence of magnetic field components perpendic-

ular to the magnetopause, unless one is willing to accept potential differences 

of the order of 50 kvolt along field lines extending from the magnetopause into 

the solar wind; or unless one argues t~at such perpendicular components are 

never present over any substantial part of the dayside magnetopause. 
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8. Summary and Recommendations 

In this paper we have given a reasonably detailed descri~tion of the 

present status of our understanding of reconnection. The picture that 

emerges is of a process, simple in concept but extremely complicated and 

multifaceted in detail. Nonlinear magnetohydrodynamic processes in the 

external flow region, governed by distant boundary conditions, are coupled 

to non-linear microscopic plasma processes in the diffusion region in a 

manner not clearly understood. And it appears that reconnection may operate 

in entirely different ways for different plasma parameters and for differ

ent external boundary conditions. Steady reconnection may be allowed in 

some cases, forbidden in others, with intermediate situations involving 

impulsive or pulsative events. 

On the whole~ our theoretical and empirical knowledge of reconnection 

is poor. Yet the process plays a key role in solar-flare theory as well as 

in our present concept of the dynamic magnetosphere. And it appears as an 

unwanted feature in tokamaks and other fusion configurations. These facts, 

along with the potential importance of reconnection in other parts of cosmos, 

amply justify vigorous research efforts related to reconnection in the follow

ing five areas: solar-flare and astrophysical observations, magnetospheric 

observations, laboratory experiments, computer simulation, and analytical 

model building. The first area, while extremely important, is too broad to 

be commented upon here. In the remaining areas the following recommendations 

are made: 

Magnetospheric observations and experiments should include: 

(i) A coordinated program to establish {or deny) the occurrence of flux 

· transfer across separatrix surfaces, and to study other global consequences 

of reconnection. 
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(ii) Direct observations of magnetic field, plasma, energetic particles, 

anrl fluctuating as well as steady electric fields,·near magnetospheric recon

nection sites. Multi-satellite missions are needed to separate spatial and 

temporal effects. 

(iii) Perhaps active experiments, such as the release of barium clouds 

near reconnection sites. 

Laboratory experiments. The observation of impulsive flux transfer events 

and of ion-acoustic turbulence in the double inverse pinch experiment il

lustrates the importance of such experiments in shaping our understanding of 

reconnection. Yet, (excluding fusion devices) the double inverse pinch ap

pears to be the only operating reconnection experiment in the U.S. today. 

A substantially expanded laboratory program is needed with four principal 

goals: 

(i) Simulation of solar-flare reconnection. 

(ii) Simulation of magnetospheric reconnection. 

(iii) Study of basic plasma processes of importance in reconnection, such 
as slow-shocks and anomalous resistivity. 

(iv) Exploration of reconnection in plasma heating devices. 

Computer simulation provides a potentially very powerful tool for the study 

of reconnection. Magnetohydrodynamic codes, and ultimately self-consistent 

particle-fields codes should be developed. It is particularly important to 

build into such simulations the effects of in~rtial and anomalous resistivity 

in the diffusion region. 

Analytical models of reconnection should emphasize the following interrelated 

problems: 

(i) Nonsteady and three-dimensional effects. 

(ii) Plasma processes in the diffusion region. 
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(iii) Particle acceleration. 

(iv) Reconnection of fields that are not antiparallel. 

It is through vigorous activities in the aforementioned areas, and ef

fective interaction between scientists involved in them, that our understand

ing of the reconnection process may be most rapidly advanced. To bring about 

such a state of affairs, two proposals are made: 

(A) That a special working group be assembled with the charge of promot

ing effective research on all aspects of the reconnection problem and with 

membership drawn from the five research areas discussed above. 

{B) That NASA and other funding agencies develop coordinated programs 

of support for reconnection research. 

The importance of the reconnection concept is such that we can ·ill afford 

the present somewhat haphazard approach to its study. 
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FIGURE 2 Current-sheet formation 
caused by the stretching of magnetic loop 
on the sun (after Carmichael14 ). 
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FIGURE I Qualitative time sequence for two di
poles moving toward each other on the solar sur
face. A current sheet A-B develops during time 
O<.t<.t0 • Rapid reconnection sets in at t = t0 and 
relaxes the configuration toward a potential field 
in the short time et0 • 
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FIGURE 3 Sector structure of the interplanetary magnetic field in the ecliptic plane as observed by 
IMP-I in 1963. Positive and negative signs indicate the direction of the measured interplanetary magnetic 
field away and toward the sun, respectively (Wilcox and Ness123 ). 

FIGURE 4 The earth's magnetosphere with mag
netosheath magnetization due south. 
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FIGURE 6 Basic plane reconnection configura
tion. Solid lines are magnetic field lines; duhed 
lines are streamlines. The shaded region at the 
center is the diffusion region. 
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FIGURE 5 Magnetic field configurations for a 
rapidly spinning magnetosphere containing low
energy plasma (Gleeson and Axford48 ). 
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FIGURE 8 Field configuration in double inverse 
pinch experiment (after Bratenahl and Baum11 ). 

FIGURE 7 Configuration of slow MHD shocks in 
the reconnection geometry (after Petschek90 ). 
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FIGURE 9 Field lines in the plane of the neutral points X 1 and X 2 for a uniform magnetic field and a di
pole field (Cowley24 ). Dipole moment vector at right angles to the uniform field. 

FIGURE 10 Schematic of separatrix surfaces for 
magnetopause reconnection. Lower figure shows 
separatrix of the null point X 1 ; upper figure that 
of X 2 • The two figwes are to be superimposed. 
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FIGURE 12 Three-dimensional sketch of recon
nection bubble with the reconnection line along 
AXB and an 0-type magnetic null line along AOB. 
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FIGURE 11 Formation of reconnection bubble 
in the geomagnetic tail. Schematic of field config· 
uration in the noon-midnight meridional plane. 
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FIGURE 14 Slow-mode reconnection model with 
MA 1 = .5. (Vasyliunas118). Slow-mode expansion 
in the inflow is concentrated to waves from four 
external corners. 
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FIGURE 13 Petschek's reconnection model with 
MA = .1. Magnetic field lines (solid lines) and 
stre~lines (broken lines) are shown (Vasy
liunas118). Fast-mode expansion in the entry flow. 
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FIGURE 15 One quarter of a symmetric com
pressible slow-mode magnetic-field reconnection 
model forMA = 0.7 and (3 1 = 2J.Lo p 1 /B1 2 = 5 
(Yang and Sodnerup125 ). 
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FIGURE 16 Schematic showing "reflection" of 
slow mode expansion fan in the x axis (Yang and 
Sonnerup125 ). 
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FIGURE 18 Upper half of compressible slow· 
mode model of magnetopause reconnection for 
MA = .2 and 131 = 2p.0 pdB1 2 = 2. The inter· 
mediate wave (IW) marking the magnetopause is 
shown as a dashed line. The slow mode expansion 
fan (SEF) is shaded (Yang and Sonnerup126 ). 

FIGURE 17 Relationship between the inflow 
Alfven numbers M A., far upstream, and M A , 

adjacent to the diffusion region. Solid curves 1refer 
to slow-mode expansion model, 125 dashed curves 
to the Soward-Priest110 analysis of the fast-mode 
expansion model. 
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FIGURE 20 Hill's (53) collisionless reconnection 
model. The magnetic-field change across the slow 
shock becomes weak for {j = 21J.0 p/B2 -+ 0 with 
the principal field reversal occurring in a current 
layer at X= 0. 

FIGURE 19 Polar plots of magnetic field at 
the magnetopause. Left hand figure shows 
the field components B 1 and B2 tangential 
to the magnetopause during an OG0-5 
crossing; right hand figure shows the nearly 
constant magnetic-field component B 3 nor
mal to the magnetopause. The field is given 
in units of 'Y (I 'Y = lnt). Intermediate wave 
or rotational discontinuity is segment 
A 1 -A 2 of the left-hand trace; the slow 
expansion fan is segment A 2 -A 3 • The seg
ment A 3 -A 4 may be caused by a finite 
gyroradius effect not contained in the 
MHDmodel. 
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FIGURE 21 Magnetic field lines and streamlines for stagnation point flow, v = (-k 1x,k2y,k3z), at a current 
sheet. The diffusion-dominated region is shaded (Sonnerup and Priest109 ). -
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FIGURE 22 Nondimensional magnetic-field profiles J! = By(E0 y 1J.0 a/k 1 for the configuration in 
Figure 21 in the resistive limit (a= k 2 /k 1 ; k 3 = k 1 -k2 ). Plane stagnation point flow for a= 1, axisym
metric flow for a=~. The frozen-field profile for a= 1 is shown by dashed line (Sonnerup and Priest 109 ). 
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FIGURE 23 Nondimensiona1 magnetic-field pro· 
files for the configuration in Figure 21 in the elec
tron-inertial limit [a= k 2 /k 1 ; k 3 = k 1 -k:z; 
~e = (me/IJ.olle2 )Ya]. Plane stagnation-point flow 
for a= 1; axisymmetric flow for a= ~. The frozen
field proftle for a= 1 is shown by dashed line. 
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FIGURE 25 Function f(T.fT1) = (kT1/me)'la /v c 
where vc is the critical current velocity for onset 
of ion-acoustic instability (after Fredricks40). 
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FIGURE 24 Schematic picture of Hall current 
loops in the diffusion region. Also shown is the 
transverse magnetic field Bz(x,y) induced by 
these currents. 
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I. Introduction 

The earth's radiation belts consist of energetic electrons and ions 

(energies from <1 Kev to >100 MeV) trapped in the geomagnetic field on 

magnetic field lines with L-values from ~1.1 to ~10. (For the purposes 

here, L can be defined as the equatorial crossing of a magnetic field line 

measured in earth radii from the center of the earth.) Here we consider 

the basic plasma processes affecting trapped particles from ~1 keV to a 

few MeV. An excellent and more in depth review of theoretical concepts is 

given by Schulz37 , and a more complete review of research over the past 

few years is given by West48 • The very high energy (>30 MeV) trapped 

protons below L=2, not considered here, have been reviewed by lVhite50 

Research of the past five years is emphasized in this report. Readers are 

referred to the comprehensive treatment of the radiation belts by Schulz 

and Lanzerotti38 for earlier research . 

Trapped particles execute quasi-periodic motion which can be divided 

into three components, each component associated with an adiabatic invar-

iant. The three components of trapped particle motion are schematically 

illustrated in Figure 1, along with magnetospheric regions mentioned in 

this section. The particle gyration about field lines is associated with 

the first invariant M=pL2/2mB, where m is rest mass, p is momentum, and 

subscripts ".1" and "rr" refer to the components of vector quantities nor

mal and parallel to the geomagnetic field !· The gyrofrequency (often 

called the cyclotron frequency) is ~880/L3 kHz for non-relativistic elec-

trans and a factor of ~2000 less for protons. The bounce motion between 

mirror points is associated with the second invariant J=~p 11 ds, where the 

line integral is evaluated between mirror points along the field line about 
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which the particle gyrates. Typical bounce frequencies are ~0.3-10 Hz 

for electrons and ~.03-3 Hz for protons. The particle drift around the 

earth is associated with the third invariant ~ which is equal to the mag

netic flux enclosed by the drift orbit. Drift frequencies range from 

~0.0001-100 mHz. 

Particle collisions and interactions with plasma waves can cause vio

lation of these adiabatic invariants. Generally each interaction causes 

a small perturbation on a particle's trajectory, so that the net result 

of a large number of such interactions is diffusion in velocity or in po

sition. Violation of the first two invariants results in particle diffu

sion in pitch angle and energy. (The pitch angle a is given by tan a=v~/v 1 1, 

where v is velocity. Thus particles with equatorial pitch angles of 90° are 

confined to the geomagnetic equator, while particles with equatorial pitch 

angles approaching 0° and 180° mirror at increasingly higher latitudes. 

Particles with equatorial pitch angles sufficiently close to 0° and 180° 

strike the atmosphere and are lost from the radiation belts via collisions. 

Such particles are said to be in the loss cone. The loss cone is <1° wide 

in equatorial pitch angle in the outer regions of the radiation belts, 

and increases to a few tens of degrees wide at L<2.) Pitch angle diffusion 

into the loss cone is often an important loss process for radiation belt 

particles, while diffusion in energy can be an important particle energi-

zation process. 

Violation of the third invariant causes particles to diffuse to mag

netic field lines closer or further from the earth. Such radial diffu-

sion is an important source for much of the inner regions of the 
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radiation belts. Processes which cause radial diffusion generally con-

serve the first and second adiabatic invariants, so that particles which 

diffuse towards the earth are significantly energized due to the increase 

in B (conservation of M implies pJL2~B). In addition to diffusive particle 

sources and losses, direct energetic particle injection and loss results 

from processes such as energetic neutron decay and charge exchange with 

cold neutrals, and particles can be injected directly into the radiation 

belts from the geomagnetic tail and cusps by electric fields normal to B 

and from the ionosphere by electric fields parallel to ~-

The above plasma processes are all known to affect radiation belt 

particles. Several of them have been quantitatively studied for specific 

particle populations, and the results have been directly compared with 

satellite. particle observations. Such studies have generally considered 

only regions within the location of the plasmapause during periods of 

relatively low geomagnetic activity. 

The plasmapause is the outer boundary of the plasmasphere, a region 

of high cold plasma density (102-104 cm-3) extending from the equatorial 

and mid-latitude ionosphere and terminating relatively abruptly at field 

lines near L=4 to 6. Cold plasma densities outside the plasmapause are 

< -3 
~1 em • Outside the plasmapause, measured radiation belt particle fluxes 

vary considerably on time scales on the order of hours to days in response 

to variations in the level of geomagnetic activity, even during relatively 

quiet periods. On the other hand, only during large geomagnetic storms 

(~hich occur several times a year) does direct injection of particles 

affect radiation belt fluxes below L=4. Following such storms, 
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particle fluxes within the plasmasphere gradually return to their pre-

storm levels. An example of observed variations of radiation belt par-

ticles, in this case electrons at L=2, 3, 4 and 5, is shown in Figure 2 

for a one month period which included a relatively quiet period (Dec. 9-16), 

a large storm (Dec. 17), and a storm recovery (Dec. 17-Jan. 10). Notice 

the variability of the fluxes at L=5, the stability at the fluxes at L=2 

and 3, and the storm flux enhancement at L=3 followed by a recovery to 

pre-storm levels. 

Within the plasmasphere, well-defined plasma processes proceed essen-

tially continually for periods of weeks to months uninterupted by direct 

injections. This region is thus ideal for comparing radiation belt par-

ticle measurements with theoretical discriptions of plasma processes, 

and fortunately good measurement of the plasma energetic particle distri-

bution function are available from the Explorer 45 satellite. Beyond L=5, 

good measurements of the particle distribution function are not available. 

This, together with the variability of the fluxes, has resulted in our 

understanding of the processes controlling radiation belt particles being 

for more limited outside the plasmapause than within. 

II. General Comments on Particle Diffusion from Resonant Wave-Particle 

Interaction 

Considerable attention has been given to understanding the inter-

action of radiation belt particles with plasma waves. Such analyses 

have generally considered waves with frequencies on the order of the 

particle gyrofrequency, which can cause significant particle pitch angle 

diffusion, and waves with frequencies on the order of the particle drift 

frequency, which can cause significant radial diffusion. Resonance with 

35 42 . waves on the order of the bounce frequency ' has rece1ved consider-

ably less attention. 
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The conditions for resonance between waves of frequency w and par-

ticles of gyrofrequency n is given by: 

n=o ±1, ±2, ±3 

where k and v are the wave vector and the particle velocity. The dis-

persion relation for the wave mode under consideration relates ~ to w. 

The cyclotron harmonic resonances have the doppler shifted wave frequency 

equaling a harmonic of the particle gyrofrequency and are given by n=±l, 

±2, ••• , and the n=o Landau resonance has the wave parallel phase velo-

city w/k(t=v(l" All resonances result in particle diffusion in both 

pitch angle and energy. The cyclotron resonances can cause significant 

diffusion into the loss cone, while the Landau resonance results in 

dififusion solely in v 11 so that diffusion is primarily in energy at pitch 

angles near the loss cone. 

For simplicity, assume w<<n. Then the resonant parallel velocity 

for each cyclotron harmonic resonance vlt,n=nn/k 11aand for the Landau 

resonance v 11 , 0 =w/k 11 << jv 11 ,nl· Assuming waves propagate both up and 

down field lines, resonance at each harmonic occurs for both vll,n and 

-vll,n" Figure 3 illustrates the regions of cyclotron resonance in vel

ocity space for waves distributed over some band of k 11 •s. Relativistic 

effects are not included. Resonance at each cyclotron harmonic occurs 

over a band of vrt's and no cyclotron interaction occurs for v 11 less 

than a minimum vtl,min• That no cyclotron resonance occurs for v 11 less 

than a v does not depend on the assumption w<<n; hOl.rever the value 
t I ,min 

of vll,min depends upon the band of k 11 's over which wave energy is dis-

tributed, 

The simple picture in Figure 3 is modified somewhat in the radiation 

belts because the geomagnetic field is not homogeneous, and wave energy 

is generally distributed over some range of geomagnetic latitudes. 
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As a particle moves away from the equator along its bounce trajectory, 

the increasing geomagnetic field strength causes both the particle pitch 

angle and the parallel velocities vfl,n for resonance with the waves 

(for most waves modes) to increase. The effects of off-equatorial:_ 

interactions can be represented by Figure 3 by removing the upper v 11 

bounds of the resonant regions and re-labeling the axes as equatorial 

velocity. Thus cyclotron resonance occurs for all equatorial parallel 

2 2 
particle energies E { 1 =l/2mv l t greater than some minimmn value En ,min, 

so that particle diffusion into the loss cone occurs for all particle 

energies E>Ert, min' but not for E<Eif,min' 

As shall be seen in the example discussed later, equatorial par-

ticle measurements can show marked effects from cyclotron resonance at 

E11 >E 11 ,min but not for E1 1<E 1 1 ,min• and such observations have given 

strong support to specific wave-particle interactions which have been 

proposed as the dominant loss mechanism for specific populations of 

trapped particles. Given a proposed distribution of wave energy in the 

20 radiation belts, quasi-linear diffusion theory can be applied to 

obtain pitch angle and energy diffusion coefficients23 • 24 . These 

diffusion coefficients can then be used to calculate the distribution of 

19 22 trapped particles as a function of pitch angle , , and these calcula-

tions can be directly compared with particle measurements. 

The above approach for study resonant wave-particle interactions re-

quires knowledge of the wave distribution either from measurements directly 

within the radiation belts or from theoretical predictions. The more gen-

eral approach of self-consistently calculating the wave distribution and 
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particle diffusion rates is generally unreasonably difficult for the ra-

10 21 diation belts. Specific cases have been attempted ' , but sufficient 

sophistication to allow definitive comparison with particle observations 

has not been achieved. 

Fluctuations of large-scale magnetospheric electric fields with fre-

quencies equal to a harmonic of the particle drift frequency can cause 

radial diffusion. Such fluctuating electric fields are generally divided 

12 into two classes ; ll Electric fields induced by fluctuations in the 

geomagnetic field CYxE;0) 7 2) Fluctuations of the magnetospheric potential 

electric field for which Vx~=O. By attempting to make reasonable assumptions 

about the distribution of fluctuating fields, expressions for radial 

33 diffusion coefficients have been derived (e.g. Nakada and Mead , for 

2 magnetic fluctuations; Cornwall , for electric field fluctuations). 

Given radial diffusion coefficients and loss rates calculated from 

pitch angle diffusion coefficients, and including other processes such 

as those listed in Section I when relevant, radiation belt fluxes as a 

function of radial distance can be calculated. Such calculations can be 

compared directly, and as shall be seen, some of these comparisons have 

been remarkably successful. 

III. Plasma Processes and Comparisons with Observations 

1. Quiet-time electrons 

Valid measurements of radiation belt electrons within the plasma-

sphere are available for electron energies from ~30 keV to ~2 MeV. 

The interaction of these electrons with naturally occurring whistler-

mode waves is a well understood example of wave-particle interactions 

in the radiation belts. During geomagnetically quiet times, the 

electrons are distributed in two zones, inner zone fluxes peak near 

1=1.2-2, outer zone fluxes peak near 1=4-6, and the region of low 
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fluxes in between is called the electron slot. Electron interactions 

with whistler-mode waves have been studied in detail to explain the 

electron losses required to form the slot 28 • 

Satellite measurements have shown that a band of whistler-mode 

waves (called hiss) centered near a few hundred Hz exists nearly con-

tinually and are probably the dominant wave mode throughout the plasma-

36 45 
sphere ' These waves, which can readily propagate across magnetic 

26 field lines 1 are believed to be generated by radiation belt electrons 

45 46 in the outer region of the plasmasphere ' • The generated wave 

energy then propagates across field lines to all regions of the plasma-

sphere. 
28 

Pitch angle diffusion coefficients were calculated for electrons 

resonant with the observed distribution of plasmaspheric hiss. Using 

the calculated diffusion coefficients, prediction of electron pitch 

angle distributions and loss rates from diffusion into the loss cone 

were obtained. 

Examples of the calculated pitch-angle diffusion coefficients 

and equatorial pitch-angle distributions at L=4 are shown in Figure 4 

for 20 keV, 200 keV, and 2 MeV electrons. Cyclotron resonance occurs 

for equatorial pitch angles up to ~55° at 20 keV. Cyclotron resonance 

extends to increasing pitch angles with increasing electron energy, 

> 
since cyclotron resonance occurs for all E11 -EII,min independent of 

the electron energy. Landau resonance occurs only at pitch angles 

near 90°, but off-equatorial interactions cause the range of equa-

torial pitch angles affected by Landau resonance to overlap the pitch-
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angle range of cyclotron resonance. Note that the pitch-angle dif-

fusion rates are relatively low at values of E11 just below E, t,min' 

This slow diffusion manifests itself in the equatorial pitch-angle 

distributions as a region of large slope. Thus the equatorial distribu-

tions develop bumps surrounding 90° pitch angles, and this bump de-

creases in size and pitch angle extent with increasing electron energy. 

2 .-2 -4) Since E ~ B /N ~ L (for an equatorial electron density N ~ L , 
t ',min 

these bumps are also expected to decrease with increasing 1-value for 

a constant electron energy. 

Such pitch-angle distributions, with the expected variation with 

energy and L, were first observed on OG0-5 49 , and are now known 

to be a general feature of quiet-time radiation belt electrons 29 

_ Examples of West et al.'s observations are shown in Figure 5 (from 

28 Lyons et al. The theoretically predicted pitch angle distributions 

are shown as solid lines at the appropriate 1-values and energies. The 

calculations overestimate the magnitude of the 90° pitch angle bumps, 

but this could be corrected by reasonable alterations of the distribu-

tion of wave energy. However, no reasonable alteration of the wave dis-

tribution could change how the bumps vary with L and energy. 

Since Ell . increases with decreasing L, cyclotron resonance 
7m1n 

with the band.-limited hiss does not occur within the inner zone for 

the energies considered here. Coulomb collisions with the cold plasma-

spheric plasma thus become the dominant pitch angle diffusion mechanism 

< 
within the inner zone, becoming dominant at L-3 for 50 keV electrons 

< 
and L-2 for 350 keV electrons. Equatorial pitch angle distributions 

obtained by Explorer 45 clearly show the transition from pitch angle 
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diffusion dominated by wave-particle interactions at higher L to domina-

29 tion by Coulomb collisions at lower L . 

Using the calculations of diffusion rates for interactions with 

the hiss, and including the effects of Coulomb collisions in the 

inner zone, we have realistic predictions of particle loss rates 

as a function of electron energy and L throughout the plasmashphere. 

27 Lyons and Thorne balanced the calculated electron loss rates 

with radial diffusion to obtain an equilibrium structure of radia-

tion belt electrons throughout the plasmasphere. Radial diffusion 

was assumed to be driven by fluctuations of the magnetospheric po-

2 tential electric field as modeled by Cornwall • 

The resulting particle distribution function f for equator-

ially mirroring electrons as a function of L at constant first 

adiabatic invariant M is shown in the left-hand panel of Figure 6. 

Curves for the various values of M were all normalized to the same 

value at the plasmapause, here taken to be L=5.5. Since f must 

vanish at L=l, all the curves monotonically decrease with decreasing 

radial distance, and there is no sign of a two-zone structure. How-

ever, the curves at constant M were then used to obtain the differential 

2 unidirectional particle flux j=fp (p is momentuml as a function of L at 

tixed electron energy. A flux versus energy spectrum at L=5.5 based on 

observat~ons was used as the required boundary condition. The results 

are shown in the right panel of ~igure 6, and a two-zone structure 

appears as a consequence of radial diffusion from the plasmapause 

to a sink at L=l and of the increase in energy as an electron 

3 diffuses inwards (energy ~1/L for non-relativistic, 
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equatorially-mirroring electrons). The calculated slot moves in-

ward and becomes increasingly pronounced with increasing energy and 

the outer zone peak mover inward within the plasmasphere above 1 MeV 

in agreement with observation. A comparison between the calculated 

equilibrium electron structure and quiet-time observations of Pfitzer 

34 
et al. is given in Figure 7. 

During large geomagnetic storms, electrons are injected within 

the quiet time location of the plasmapause, and the equilibrium 

pitch angle distributions and radial structure are destroyed. How-

ever, Explorer 45 observations have shown that the pitch angle dis-

tribution and radial profiles gradually return to their pre-storm 

structure over a period of a few weeks 30 . It thus appears that the 

dominant, long-term-averaged, quiet-time source and loss processes 

for radiation belt electrons within the plasmasphere have been correctly 

identified and quantitatively evaluated. Variations of waves distribu-

tions and resulting diffusion rates over time scales of a day or less are 

not as well understood. 

2. Quiet-time ions 

Ions undergo cyclotron resonance with ion-cyclotron waves in 

much the same manner as do electrons with whistler-mode waves. 

While whistler waves have frequencies below the electron gyrofre-

quency and generally above the proton gyrofrequency, ion-cyclotron 

wave frequencies are below the proton gyrofrequency. However, our 

knowledge of the distribution of ion cyclotron waves within the 

plasmasphere is far less than our knowledge of the distribution of 

whistler-mode wave. This is because satellite instrumentation has 

been less sensitive at ion-cyclotron wave frequencies (generally 

< > 
-10Hz) than at whistler-mode frequencies (generally-100Hz). 
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Low altitude (several hundred km) satellite observations within the 

plasmasphere have found ions precipitating into the ionosphere during 

quiet times and during storms, implying that trapped ions are pitch 

13 16 angle diffused into the loss cone ' . However, the importance of 

such diffusion in determining radiation belt structure has been a sub-

ject of continuing research for the past several years. 

A significant advance in our understanding of the quiet time 

distribution of trapped protons has recently been achieved by Spjeld

vik 43 • He followed the approach of Cornwa113 and balanced radial 

2 diffusion as modelled by Cornwall with proton losses from charge 

exchange with the ambient neutral hydrogen geocorona and Coulomb col-

lisions. The outer boundary condition was taken from the observed ion 

fluxes from ATS-6 at L•6.6. His results are displayed in Figure 8 as 

energy spectra at various L-values for equatorially mirroring ions. The 

< 
circles and triangles at L-5.25 are equatorial ion observations from 

Explorer 45. Unfortunately, the lack of valid data prohibits comparison 

below 25 keV at L=4 to 5 and below 150 keV at L<4. However, the remark-

able agreement between the calculations and the observations implies 

that the dominant processes affecting the protons have been identified 

over the energy range of valid observations, and that wave-particle 

interactions are probably not important for equatorially mirroring 

protons at these energies. Spjeldvik considered only equatorially mir-

raring protons, and whether or not his results holds for non-equatorially 

mirroring protons is yet to be determined. 

Since the ion measurements can not distinguish between protons 

and other ions, the agreements in Figure 8 imply that the measured 
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ion fluxes were indeed dominated by protons, since the calculated 

radial diffusion and loss rates were obtained by assuming the par-

ticles were protons and the rates are significantly different for 

other ion species, However, the calculated proton spectra at L<4 

fall off markedly below 100 keV due to the fast charge exchange 

loss rates below 100 keV. It is unfortunate that valid measurements 

are not available below 100 keV, since Spjeldvik's calculations im-

ply that any significant ion fluxes below 100 keV may not be domi

< 
nated by protons. This range of energies at L-4 is discussed in 

more detail in the following section on the decay of the stormtime 

ring current. 

44 + Spjeldvik and Fritz performed a similar calculation for He 

++ and He . They compared their results to the very limited Ex-

plorer 45 He++ observations at 1-3 MeV. The comparison was fairly 

good, but sufficient observations for a definitive comparison are 

simply not yet available. 

Note that Lyons and Thorne27 , Spjeldvik43 , and Spjeldvik and 

Fritz44 all used radial diffusion rates as formulated by Cornwa11 2 

for fluctuations of the magnetospheric potential electric field. 

In addition, the magnitude of Cornwall's diffusion rates appear to 

1 7 be valid for the > 30 MeV protons below L=2 ' • It thus appears 

that Cornwall's formulation, which was based on very limited elec-

tric field observations, is remarkably accurate over a wide range 

of particle energies, L-values, and particle species. Without such 

a valid estimate of radial diffusion rates, attempts to explain the 

quiet-time structures of radiation belt particles within the plasma-

sphere would have been far less successful. 
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3. Decay of stormtime ring current ions 

During storms, electrons and ions are injected to L-values as low 

as 2 so that trapped particle fluxes become significantly enhanced over 

their quiet-time equilibrium values within the location of the 

quiet-time plasmapause. The drift of these particles around the 

earth forms a current, called the ring current, which causes a 

significant (50-400y) depression of the magnetic field at the 

earth's surface. While the decay of the electrons·is understood in 

terms of interactions with whistler-mode waves, the decay of the 

stormtime ring current ions is presently an active area of research. 

Even the composition of these ions, until recently believed to be 

mostly protons, is now being seriously questioned. 

Enhanced ion fluxes are observed from ~1 keV to ~200 keV during 

storms, and fortunately these fluxes are above the Explorer 45 back

ground levels so the valid measurements of equatorial pitch angle 

distributions and energy spectra are available over most of this 

energy range from L=2.5 to 5. 

Figure 9 shows Explorer 45 observations of the distribution 

function f of equatorially mirroring ions throughout the period of 

the large storm on Dec. 17, 1971. The quantity 2mf=j/E is shown ver

sus time for L=2.5, 3.0, ••• 5.0 for 8 representative ion energies 

where j is the measured ion flux. Dst, a measure of the magnetic de

pression on the ground, is also shown versus time. Every valid data 

point is shown from both inbound and outbound portions of Explorer 

45 orbits that are within ~8° of the geomagnetic equator. The pre

storm intensities at energies ~26 keV are upper limits to the true 

intensities because of an undetermined background count rate; however, 
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these data are included to emphasize the stormtime increase in par-

ticle intensities. 

In association with the December 17 storm main phase (the large 

decrease in Dst), the data show intensity increases at the lower ion 

> 
energies and, at L-4, intensity decreases at the higher energies. 

Some response to the sudden connnencement on December 16 is also evi-

dent. Following the storm, the particle intensities gradually re-

turn towards their pre-storm values. By December 21, Dst had nearly 

recovered, though some of the particle intensities remained near their 

stormtime values (e.g. 164 keV protons at 3.5 R ). Small intensity 
e 

variations at low E and high L occurred on December 22 along with a 

small decrease in Dst. 

The -decrease in f at the higher energies simply results from 

the conservation of M (M=E/B for equatorially mirroring ions). During 

the storm, B decreases so that particle energies decrease in order to 

conserve M. The decrease in particle energies, together with the over-

all decrease in f with increasing E, results in a decrease in f when mea-· 

sured at a fixed value of E. However no actual loss of high energy 

31 particles occurs On the other hand, the observed increase in f at 

the lower energies represents a net increase in the trapped ion popula-

tion, and this increase is a significant part of the stormtime ring 

current. 

Two processes are believed to be important in the decay of the 

9 stormtime ring current: charge exchange with neutral hydrogen and 

5 resonant interactions with ion-cyclotron waves The importance of 
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both of these processes has been tested by using Explorer 45 measure-

ments of equatorial pitch angle distributions. 

3.1 Interaction with ion-cyclotron waves 

Figures 10 and 11 show the equatorial pitch angle distri

butions, obtained ~16 hours (orbit 103) and ~24 hours (orbit 104) 

after the minimum Dst of the Dec. 17, 1971 storm. Observations 

from selected ion energy channels are shown every 0.4 in L from 

L=3.0 to 5.0. Notice the transition from relatively isotro-

pic pitch angle distributions at the lower energies to rounded 

distributions, peaked at 90° pitch angle, at the higher energies. 

The isotropic distributions show significant flux decreases when

ever the pitch angle scan of a measurement reaches the loss cone, 

implying the loss cones are nearly empty of particles. Such 

isotropic distributions with empty loss cones indicate a stably 

trapped particle populations undergoing negligible pitch angle 

diffusion into the loss cone. As the storm recovery progresses, 

the transition from flat to rounded pitch angle distributions 

shifts to lower energies, so that flat distributions become rounded. 

Note, for example, the pitch angle distributions in Figure 10 

and 11 for 14 keV at L=3.8, 26 keV at L=4.2, and 42 keV at L=4.6. 

Such rounding of the pitch angle distributions represents a loss 

of non-equatorially mirroring particles, and rounded distribu-

tions with fluxes monotonically increasing towards 90° pitch 

angle are expected under conditions of pitch angle diffusion 

into the loss cone. 
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For each L-value shown in Figures 10 and 11, the energy 

of the highest Explorer 45 energy channel showing a nearly 

isotropic pitch angle distribution was assumed to be E1 l,min 

(the minimum parallel ion energy subject to cyclotron reson-

ance with a band of waves), and the pitch angles corresponding 

to the chosen value of E11 was calculated for all higher energy 

channels. These pitch angles have been indicated by vertical 

ticks on the distributions. Distributions with ticks at 0° and 

180° give the chosen value of Ert,min, though these distributions 

are not shown at all L-values in the figures because of the use 

of only selected energy channels. Notice that to within the 

0 
accuracy of the pitch angle measurements (which is 22 for 

< 
-104 keV and 33~ for E>l04 keV), the pitch angle distributions 

are nearly isotropic between the ticks, i.e, for E1 1<E 1 l,min· 

At larger E11 (pitch angles approaching 0° and 180°), the dis-

tributions become rounded. For all L-values shown, the ticks 

quite accurately separate regions of nearly isotropic distribu-

tions at lower values of E1 1 from regions of rounded distribu

tions at higher values of E1 r· 

In order for an E1 1 • to be evident in the observed pitch 
,m~n 

angle distributions, pitch angle diffusion driven by resonant 

wave-particle interactions must have been the dominant loss 

process responsible for the rounding of the distributions. Such 

interactions are governed by the parallel particle velocity, 

while other loss processes are not organized by the parallel 
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velocity. Thus another loss process, if dominant, would have 

masked the ability to determine Elt,min" In addition, the ob

served values of EIJ,min satisfy the condition for cyclotron 

resonance with ion-cyclotron wave when realistic cold plasma den-

sities are assumed for the outer region of the plasmasphere during 

a storm recovery phase 18, 51, 52 Landau resonant diffus~on of 

the ions is probably of little importance for these waves, since 

wave energy at large wave normal angles is needed for such diffu-

6 sion and such wave energy is probably damped by low energy electrons • 

51 52 
Williams and Lyons ' concluded that the ion-cyclotron 

waves were amplified by the ring current particles as proposed by 

5 Cornwall et al. , and that the evolution of isotropic distributions 

to rounded distributions occurred as the cold plasma density in-

creased during the storm recovery phase. (The parallel energies for 

cyclotron resonance with ion-cyclotron waves E decrease with 
ll,r 

increasing cold plasma density, and during storms the cold plasma 

in the outer regions of the plasmasphere is severely depleted. 

This plasma is replenished from the ionosphere over a several day 

period following storms.) However, Williams and Lyons' argument 

does not explain how the isotropic distributions, which apparently 

were not undergoing diffusion, could become resonant with unstable 

waves. A sufficient pitch angle anisotropy is required to grow 

ion-cyclotron waves, and the isotropic distribution, even with the 

empty loss cones, have too small an anisotropy to grow waves. 
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18 Joselyn and Lyons suggested a resolution of this difficulty by 

by showing that waves growing off the equator can propagate towards 

the equator and resonate with the isotropic distributions. 

increases markedly away from the equator along field lines, so that 

we can find a frequency which resonates with rounded distributions 

off the equator (where E.1 1 >E . i ) but which resonates with 
,r ll,mn 

isotropic distributions near the equator (where E. <K ). 
II ,r J f.,min 

Joselyn and Lyons showed that as the plasma densities continually 

increase during the storm recovery, wave growth will occur at 

frequencies so that the minimum E at the equator will continu-
• • ,r 

ally decrease at the equator. Thus their calculations imply that 

E1 f,min should continually decrease as is observed. 

3.2 Inconsistency with proton charge exchange 

Tinsley 47 has noted that the charge exchange lifetimes for 

< equatorially mirroring protons at energies -30 keV should be on the 

order of hours. The loss rates from charge exchange should increase 

significantly with increasing mirror latitude for particles of a 

given energy on a given L-shell. This results from the decrease in 

mirror altitude with increasing mirror latitude together with the 

increase in neutral hydrogen density with decreasing altitude. 

25 Lyons and Evans have investigated the question of how the 

nearly isotropic pitch angle distributions at the lower energies in 

Figures 10 and 11 can remain isotropic when charge 
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exchange with neutral hydrogen should cause the loss rates to 

increase markedly for equatorial pitch angles increasing or de

creasing from 90°. In Figures 12 and 13 we compare the observed 

pitch angle distributions at L=3.0 and 3.5 with those expected to 

evolve from proton charge exchange with neutral hydrogen. Observa-

tiona are shown from the inbound portion of orbits 101, 102, ••• , 

106, which are ~a hours apart, with the observations from orbit 101 

being less than one hour following the minimum of Dst. 

The evolving pitch angle distributions predicted from 

charge exchange were obtained by neglecting possible sources 

and assuming an isotropic proton distribution at the time 

of the orbit 101 observations, which is taken to be t=O. 

Fluxes j at subsequent times were calculated from j~(-t/T ), ce 
47 

where the charge exchange lifetimes T are given by Tinsley ce 

These lifetimes were obtained from a recent neutral hydrogen 

density model using parameters for Dec., 1971. 

At both L-values, the charge exchange calculations predict 

that the pitch angle distributions for 2 and 10 keV protons will 

become greatly anisotropic in <8 hours. This dramatic rounding 

of the pitch angle distribution is not observed! At L=3.5, the 

observed distributions remain essentially isotropic, while at 

L=3.0 some rounding of the distributions occurs. This rounding 

is apparently the result of resonant interactions with ion-cyclo-

tron waves. T ~ 1 hour at L=3.5 for 20° pitch angle. ce 

Thus in order for there to be essentially no rounding of the 

pitch angle distribution in 40 hours, as is observed, a life

time ~0 hours is required. 
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In addition to the disagreement between the shapes 

of the pitch angle distributions, charge exchange predicts 

that even the 90° pitch angle fluxes should decay much more 

rapidly than is observed. This discrepancy is particularly 

dramatic at L=J. The comparisons presented here show that 

the ring current ions do ~ decay in a manner consistent with 

proton charge exchange with neutral hydrogen. Charge exchange 

< 
decay rates are far too rapid, especially for L~3.5 and for 

non-equatorially mirroring particles. Some form of pitch angle 

diffusion cannot account for the discrepancy in the shapes of the 

pitch angle distributions, since this would imply total loss rates 

even greater than those from charge exchange alone. 

25 Lyons and Evans concluded that neither a strong, 

eontinual proton source between L=J and 4 during the storm re-

covery nor a large error in the neutral hydrogen densities 

were a reasonable explanation for the observed discrepancy be-

tween the observations and the charge exchange predictions. 

They concluded that the most likely explanation was that the 

< < ring current at particle energies ~so keV and L~ was dominated 

by some ion other than protons during the storm recovery phase. 

Such ions must have much longer lifetimes for charge exchange 

> with hydrogen than do protons (~ factor ~0 appears to be re-

quired} in order to resolve the gross disagreement between the 

predicted and observed pitch angle distributions. A candidate 

ion, which has sufficiently long charge exchange lieftimes, is 

+ + He • Additional arguments that He may be the dominant ring cur-

rent ion during recovery phase, and calculations of charge ex

change lifetimes using recent hydrogen models, are given by 
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> 
At energies ~so keV, charge exchange lifetimes for 

He+ become longer than for H+, so that the above argument does not 

apply above 50 keY. Lyons and Evans' arguments also imply that 

< quiet ttme ring current ions below 50 keV at L~ should not be 

dominated by protons. 

39 40 Sharp et al. ' have presented mass spectrometer observa-

tions from a low altitude satellite showing significant 0+ and H+ 

< precipitating from the outer region of the ring current (L~) during 

the recovery of the Dec. 17, 1971 storm; however, precipitating 

fluxes below L=4 were generally undetectable. In addition, Smith 

41 and Bewtra have found that charge exchange can account for some 

features of the decay of equatorially-mirroring, ring current ions 

+ + + if a multi-component (H , He , and 0 ) plasma is assumed. However, 

the relative composition of the ring ions, and the relative roles 

of wave-particle interactions and charge exchange as loss 

mechanisms, is far from being resolved as a function of par-

ticle energy, L-value and time throughout a storm recovery. 

IV. Summary and Future Directions 

While the dominant particle source and loss processes have yet 

to be understood throughout most of the magnetosphere, significant 

quantitative understanding of the quiet-time structure of radiation 

> . > 
belt electrons (~30 keVl and equatorially-mirroring protons (~100 keV) 

within the plasmasphere has been obtained over the past several years. 

The dominant plasma processes affecting these particles apparently 

have been correctly identified and quantitatively evaluated, though 

exact quantitative agreements have yet to be obtained. In fact, for 

Copyright © National Academy of Sciences. All rights reserved.

Space Plasma Physics: The Study of Solar-System Plasmas
http://www.nap.edu/catalog.php?record_id=18481

http://www.nap.edu/catalog.php?record_id=18481


996 

the electrons we can now explain both the quiet-time structure and 

the post-storm decay be invoking the same processes, though the cause 

of the stormtime injections is still unknown. Such understanding has 

only been possible because of the availability of valid measurements 

of the equatorial pitch angle distributions as a function of radial 

distance and particle energy. Most of these observations have come 

from the equatorially orbiting Explorer 45 satellite, with some useful 

observations also obtained from OG0~5. Electrons with energies <30 keV 

have not yet been adequately studied, and the suggestion that harmonic 

15 
waves from ground power distribution networks may affect these electrons 

needs to be evaluated, 

The Explorer 45 equatorial pitch angle distributions of ions, in 

conjunction with some low altitude observations of precipitating ions, 

have also given us significant information on the post-storm decay of 

ring current ions. Effects of wave-particle interactions have been 

identified and strong evidence has been obtained that protons are not 

the dominant ion species throughout the ring current. However, pre

sently available observations will probably not allow the ring current 

decay problem to be completely solved. The distribution of wave energy 

is unknown from either observations or theory, since instrumentation 

has not been sufficiently sensitive to measure most of the wave energy 

below the proton gyrogrequency and we do not know the relative ion com

position of the ring current. Calculations of wave growth rates assum

ing a single ion species have yielded useful information; however the 

relative densities of different ion species are needed since one species 

may be unstable to wave growth over a range of frequencies while another 
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4 species may damp the same wave frequencies Even the effects of 

charge exchange, in principle a simple process to analyze, is currently 

a subject of debate. 

An extremely serious lack in our understanding of the radiation 

> belts exists outside the plasmasphere at L~5. The most intense ion 

and electron precipitation into the ionosphere occurs outside the quiet 

time plasmasphere at energies from ~1 to. ~100 keV (e.g. Hultqvist 17). 

Some of this precipitation is associated with bright auroral features and 

may result from acceleration by low altitude electric fields parallel 

11 to B • However, the vast majority of the observed particle precipita-

tion outside the plasmasphere appears to have been pitch angle scattered 

17 out of a trapped particle population • However, ~ equatorial measure-

•ents of the pitch angle distributions as a function of particle energy 

and radial distance exist for these particles. 

Energy spectra at one pitch angle and pitch angle distributions at 

one energy have been obtained at one L-value, 6.6, from the ATS satel-

lites at synchronous orbit. These observations have shown that the 

8 
radiation belt fluxes vary in association with geomagnetic activity 

and that electric fields along B may at times accelerate particles out 

of the ionosphere into the radiation belts 32 • However, identification 

and quantitative evaluation of the dominant source and loss processes 

outside the plasmapause will be impossible until equatorial pitch angle 

distributions as a function of particle energy and radial distance be-

come available. Hopefully, some of the concepts that have been success-

fully applied to the inner region of the radiation belts, particularly 
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those concepts associated with wave-particle interactions, will also 

be useful in understanding the region beyond L=S. However, available 

wave observations from outside L=S indicate that more attention will 

have to be given to non-linear interactions. Detailed non-linear 

phenomena, such as the VLF wave-electron interactions observed by Hel-

14 liwell and Katsufrakes may be important. 

The processes discussed here are probably not unique to the Earth's 

radiation belts, and attempts have been made to apply them to the Jovian 

radiation belts. We now have made crude measurements of Jovian radiation 

belt fluxes. However, only measurements of the total particle flux above 

several fixed energies are available (which necessitates numerical dif-

ferentiation of data to obtain a crude energy spectra). Until pitch 

angle distributions and good energy spectra become available from Jupiter, 

we will be unable to definitively identify which processes govern the 

distribution of Jovian trapped particles and to quantitatively analyze 

these processes. 
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FIGURE 1 Schematic illustration of the three components of trapped particle motion and relevant mag
~etospheric regions. 
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ABSTRACT 

A brief history of plasma wave observations in the Earth's 

magnetosphere is recounted and a classification of the identified 

plasma wave phenomena is presented. The existence of plasma waves is 

discussed in terms of the cha1•acteristic frequencies of the plasma, 

the energetic particle populations and the proposed generation mechanisms. 

Examples are given for which plasma waves have provided information 

about the plasma parameters and particle characteristics once a 

reasonable theory has been developed. Observational evidence and 

arguments by analogy to the observed Earth plasma wave processes are 

used to identify plasma waves that may be significant in other plane

tary magnetospheres. The similarities between the observed charac

teristics of the terrestrial kilometric radiation and radio bursts 

from Jupiter, Saturn and possibly Uranus are stressed. Important 

scientific problems concerning plasma wave processes in the solar system 

and beyond are identified and discussed. Models for solar flares, 

flare star radio outbursts and pulsars include elements which are also 

common to the models for magnetospheric radio bursts. Finally, a list

ing of the research and development in terms of instruments, missions, 

laboratory experiments, theory and computer simulations needed to make 

meaningful progress on the outstanding scientific problems of plasma 

wave research is given. 

Copyright © National Academy of Sciences. All rights reserved.

Space Plasma Physics: The Study of Solar-System Plasmas
http://www.nap.edu/catalog.php?record_id=18481

http://www.nap.edu/catalog.php?record_id=18481


1016 

1. INTRODUCTION 

The term plasma wave is used to denote all waves which are genera

ted in a plasma or which have their wave characteristics significantly 

modified by the presence of the plasma. These waves may be electro

magnetic, electrostatic or magnetosonic and are generated by the con

version of plasma electrical and particle kinetic energy into wave 

energy through a variety of plasma-particle processes.· In turn, these 

waves may interact with the particles and modify the particle popula

tions within the plasma. 

Plasma waves are generated in many natural plasma systems: 

planetary ionospheres and magnetospheres, the solar wind, the solar at

mosphere, interstellar space, stellar atmospheres, pulsars, flare stars, 

galaxies and quasars. An upper limit to the frequency range of plasma 

waves generated in these different systems is given approximately by 

the maximum frequency for which the plasma can respond to the presence 

of the wave fields -- the electron plasma frequency. Within the solar 

system this electron plasma frequency is 10 kHz for the solar wind, 

- 10 MHz for planetary ionospheres, and 10 GHz for the solar corona. 

In laboratory plasma devices it may range from 10 MHz to 10 GHz. Radio 

astronomy techniques are used to study plasma waves that have escaped 

solar and cosmic plasma systems from above the solar wind plasma fre

quency - 10 kHz to the millimeter wavelength range - 1000 GHz. Space 
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plasma wave instruments measure plasma waves generated locally in the 

plasma below the electron plasma frequency. 

The emphasis of this paper is placed on the review and interpre

tation of plasma wave observations made in the Earth's magnetosphere. 

Observations of plasma waves from other planetary magnetospheres and 

cosmic plasma systems are discussed and interpreted in analogy to the 

Earth's processes. In situ space instruments have provided a survey of 

the wave phenomena, plasma parameters and energetic particle character

istics throughout most of the Earth's magnetosphere. With this informa

tion it has been possible to classify plasma wave phenomena as to fre

quency range, wave mode, and region of occurrence within the magneto

sphere for both trapped and escaping waves. Some of the associated 

plasma and particle information with which to develop detailed theories 

of wave generation and propagation and of wave-particle interactions is 

also available. Gaps in the wave and particle information are to be 

filled in part by the ISEE Missions and the proposed Uynamics Explorer 

Missions. Less extensive in situ measurements are becoming available 

for the solar wind and the other planetary magnetospheres. Presently, 

however, most deductions about plasma wave processes in solar system 

plasmas other than the Earth's magnetosphere and in cosmic plasma systems 

are based on observations of escaping plasma waves and characteristics 

of IR, optical, UV, x-ray and y-ray emissions. Therefore, we take the 

approach that the interpretation of plasma wave phenomena in the Earth's 

magnetosphere together with existing experimental evidence, laboratory 

experiments, computer plasma simulations, and theoretical extensions can 

be used to evaluate plasma wave phenomena in other plasma systems. Also, 
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the magnetospare is itself a convenient plasma laboratory of cosmic 

scale in which to perform experiments, active and passive, related to 

plasma wave processes. 

In this paper a brief history of plasma wave observations in the 

Earth's magnetosphere is recounted and a classification of the identi

fied plasma wave phenomena is presented. The existence of plasma waves 

is discussed in terms of the characteristic frequencies of the plasma, 

the energetic particle populations, and the proposed generation mechan

isms. It is pointed out that plasma waves can provide information about 

the plasma parameters and particle characteristics once a reasonable 

theory has been developed for the plasma wave process. Observational 

evidence and arguments by analogy to Earth are used to identify plasma 

wave processes that may be significant in other planetary magnetospheres 

and cosmic plasma systems. Important scientific problems concerning 

plasma wave processes in the solar system and beyond are identified 

and discussed. Finally, a listing of the research and development in 

terms of instruments, missions, laboratory experiments, theory and 

computer simulations needed to make meaningful progress on the out

standing scientific problems is given. 
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2. THE MENAGERIE OF PLASMA WAVES 

2.1. Brief History of Observations 

Naturally occurring plasma waves associated with the Earth's 

ionosphere and magnetosphere have been observed and studied with ground

based instrumentation since the late 1800's. 47' 51 These phenomena in-

elude whistlers, hiss, chorus, discrete emissions and geomagnetic micro

pulsations (see Table 1). In 1894 Preece reported hearing what may have 

been whistlers and chorus associated with an auroral display by using a 

telephone receiver connected to a telegraph line. Rapid variations in 

the Earth's magnetic field, as measured with a magnetometer, were re-

ported by Terada in 1917. Interpretation of these early observations 

lead to the realization that the Earth had an extensive magnetic field, 

significant ionization to great distances and a population of energetic 

particles (at least after enhanced solar activity). 

In the years encompassing the International Geophysical Year (IGY), 

networks of magnetometers and of receivers in the VLF (3-30 kHz) fre-

quency range were set up at various places in the world to make syste-

matic measurements of these wave phenomena in terms of local time, 

latitude, magnetic conjugacy, solar activity and geomagnetic distur-

bances. From this intensive effort the detailed morphologies of the 

observed micropulsations, whistlers and VLF emissions were established 

and theories for interpreting these plasma waves were developed. Once 

the frequency-time dispersion relationship for whistlers was understood, 
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for example, it was possible to use whistlers to determine the electron 

density in the equatorial plane. From whistler measurements it was 

found that the radial electron density profile exhibited an abrupt order 

of magnitude decrease in the range of 3-6 earth radii. This region of 

density decrease is now identified as the plasmapause (PP in Figure 1) 

and the high density region at lower radial distances as the plasmasphere 

(PS in Figure 1). 

After the IGY it was well known that whistlers were generated by 

lightning discharges in the Earth's atmosphere and the dispersion charac

teristics were a result of propagation through the magnetospheric plasma 

approximately along magnetic field lines. The source mechanisms for 

micropulsations and the other VLF waves were not well understood but 

these waves were thought to be generated by energetic particles (elec

trons and ions) interacting with the plasma and plasma waves in the mag

netosphere. With the advent of scientific sounding rockets and of scien

tific satellites in 1957 it became possible to make measurements of the 

plasma waves (frequency spectrum, wave mode, wave vector), the plasma 

(density, ion species, temperature) and the energetic particles (energy 

spectrum, pitch angle distribution, ion species) within the ma~1etosphere 

itself. From these measurements it became possible to develop better 

theories of wave generation, propagation and interaction with particles. 

Vanguard III in 1959 carried a magnetometer with frequency re

sponse to 6 kHz with which the first satellite observations of whistlers 

and other VLF waves were made.47 Since that time a varlety of magneto

meters and plasma wave receivers have been carried to nearly all regions 
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of the Earth's magnetosphere and into the solar wind between 0.3 and 1 

astronomical units.83 Mbst of these instruments have measured the 

spectral characteristics of the waves using a single axis sensor -

search coil, magnetic loop or electric dipole antenna. From the 

spectral information and the change of orientation of the sensor with 

respect to the magnetic field, it has been possible to classify the 

observed waves as to frequency range and occurrence probability, and 

to deduce if the wave vector is nearly along the geomagnetic direction 

or not. On a few satellites (i.e., FRl, OGO 5, Injun 5, IMP 6) wave 

measurements have been obtained for more than one wave.component (of the 

possible 3 electric and 3 magnetic) simultaneously. From these measure-

menta it has been possible to specify the wave normal vector direction, 

the wave polarization or the component of the Poynting vector along the 

geomagnetic field to distinguish between upgoing and downgoing waves~3 

These methods have been applied particularly to micropulsations, hiss, 

chorus, saucers, upstream whistler mode waves and whistlers. For the 

non-thermal continuum and kilometric radiation which are not constrained 

to propagate along the geomagnetic field direction, it has been possible 

to use the nulls in the antenna pattern rotating with the spacecraft 

(i.e., RAE 1, IMP 6, IMP 7, Hawkeye 1) and the lunar occultation 

technique1 (RAE 2) to actually locate the source regions. 

2.2 Locations and Characteristics 

Based on the extensive rocket and satellite measurements, dis-

tinct plasma wave types have been identified in addition to those ob-

served on the ground. Figure 1 gives a noon-midnight cross-sectional 
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view of the magnetosphere with the magnetospheric regions identified. 

A detailed discussion of the magnetospheric configuration is given by 

Juan Roederer ("The Earth's Magnetosphere") in this report. Indicated 

in Figure 1 are the regions having the highest probability for observing 

the various types of plasma waves. In general, the noise types are 

similar in the north and south half of the magnetosphere (although not 

shown in Figure 1), however, the types of noise that occur in the 

different magnetospheric regions are somewhat distinct. This distinction 

is understandable because a particular plasma wave type is generated by 

a particular particle population nnder particular plasma conditions and 

these populations and conditions vary between regions in the magnetosphere. 

More detailed information about each type of plasma waye identified 

in the Earth's magnetosphere is given in Tables 1, 2, 3. Each table 

lists the noise type, its location in the magnetosphere, the frequency 

range for which it is observed, the characteristic frequency of the 

plasma associated with the waves, key literature references, a brief 

description of the important wave characteristics and a statement of 

the proposed source mechanism. Table 1 includes the electromagnetic 

plasma waves -- waves with a detectable magnetic field component. The 

geomagnetic micropulsations category includes a large class of phenomena 

both magnerohydrodynamic waves and transient disturbances-- associated with 

variations in the geomagnetic field. Because the wave periods and wave

lengths are long, these phenomena are best observed from the Earth. 

However, the ATS geostationary series of spacecraft have yielded meaning

ful observations near the equatorial plane. All the other wave types, 

except the trapped continuum and UHR noise are classified as whistler-
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mode waves because the wave characteristics can be described by the 

whistler dispersion relation for a plasma with a magnetic field. 

These waves tend to propagate along the magnetic field lines although 

in certain frequency ranges the waves can propagate across the field 

to populate regions remote from the source. Many of these waves can be 

observed only within the magnetosphere itself. The electron whistler 

classification includes a variety of types such as nose whistlers, 

m~tiple hop ducted whistlers, ion-cutoff whistlers, subprotonospheric 

whistlers, magnetically reflected whistlers and walking trace whistlers.83 

These are distinguished by their frequency-time characteristic due 

to propagatio~ differences. 

In Table 2 are listed the identified electrostatic plasma waves 

waves with an electric field but without a detectable magnetic field 

component. 43 These types of plasma waves are generally found in regions 

where collisions between the plasma and the neutral gas are important 

{Farley instabilities) or where there is a mixture of hot and cold 

plasma. These waves are entirely trapped within the plasma and generally 

are observed close to their region of generation because they generally 

have a low group velocity and are strongly damped. Two types of plasma 

waves have been observed to escape from the magnetosphere. These 

waves, listed in Table 3, are generated near the electron plasma fre-

quency and are observed to be propagating in an electromagnetic mode 

(perhaps by coupling from an:electrostatic mode) that can escape the 

plasma. Because of these waves, the Earth exists as a significant {109 

watts) source of radio emission within the solar system44• 
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Not all the waves observed in the magnetosphere are natural. 

Three types of waves given in Table 4 are man-made. The power system 

harmonic radiation is accidental but it apparently leads to wave growth 

and increased precipitation of trapped electrons within the magnetosphere. 

These induced effects may have some long term consequences as discussed 

by P. A. Sturrock in this report ("Impacts of Solar System Environment 

on Man and Man in the Environment"). The other waves are stimulated 

by a VLF transmitter and by a rocket-borne electron accelerator in 

order to study wave-particle interactions in the magnetosphere under 

somewhat controlled conditions. 
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3· GENERATION, PROPAGATION AND INTERACTION OF PLASMA WAVES 

Inte!pretation of simultaneous in situ plasma wave, plas:m.EI. and 

particle measurements in terms of the particular plasma wave processes 

is complicated by a number of factors: 

i. The observed plasma waves may be a combination of waves 

locally produced and of waves that have propagated from 

remote source regions, 

ii. Waves that have propagated to the observation point may have 

wave characteristics different from those in the source 

region due to reflection, refraction, wave-wave interactions 

and wave-particle interactions, 

iii. Waves and particles in the source region may be interacting 

strongly at the saturation limit of the instability, so that 

the particle distribution function has been modified into 

a nearly stable state. It is therefore difficult to 

associate the final state with the wave mode and the parti

cle distribution that caused the instability during the 

linear growth phase, 

iv. The observed particle distributions may be a superposition 

of the final state distribution and the distribution of 

particles newly injected into the source region, 
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v. In any series of observations with a single spacecraft it 

is usually difficult to separate the temporal and spatial 

variations of the measured parameters, and 

iv. A given satellite may not be suitably instrumented to measure 

all the desired parameters with sufficient dynamic range and 

time resolution. 

However, by modeling the plasma to solve for the possible wave 

modes and propagation characteristics, by collecting the data from a 

variety of instruments on various spacecraft and by comparing the 

measured features to theoretical predictions, computer simulations 

and laboratory experiments, it has been possible to identify certain 

wave modes, to classify the most likely wave generation mechanism, 

and to interpret the observed wave-particle interactions. 

3.1 Characteristic Plasma Wave Frequencies 

A plasma having electrons, ions and neutrals of finite tempera-

tures and permeated by a magnetic field can support a variety of elec-

tromagnetic, electrostatic and magnetosonic wave modes that cannot 

exist in free-space. The range of frequencies for which these various 

modes are observed to exist can be understood in terms of the frequencies 

characteristic of the plasma. To a first approximation these 

frequencies can be obtained from solutions to the wave equation for an 

infinite, homogeneous plasma with cold electrons and ions and a static 

t • f' ld umi l f th f (~ (! • X - wt)). 12' 102 magne ~c ~e ass ng p ane waves o e orm exp • 
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A representation of this solution is given in Figure 2 in terms 

of the index of refraction of the plasma 

n • cl~l/w 

where k is the wave vector and w is the angular wave frequency (w = 2nf) 

for the wave frequency f. With a magnetic field, the plasma is aniso-

tropic so that the solution depends also on the angle between the wave 

vector ! and the magnetic field which is called the wave normal angle. 

Those waves below the plasma frequency with the wave normal angle near 

0°1 have the wave energy primarily in the wave magnetic field and the 

waves are circularly polarized. Waves with wave normal angles near 90° 

tend to have their energy primarily in the electric field component 

and to be linearly polarized. The various resonance (n2 ~oo) and cutoff 

(n2 ~ 0) frequencies can be expressed in terms of the plasma wave fre-

quencies related to the electron density (N), ion species (mass = Mi) 

and magnetic field strength (B): 121 371102 

f; I electron plasma frequency ~ 9 X lo3 (N, electrons/cm3)112 Hz 

f~ 1 electron gyrofrequency ~ 2.8 X 106 (B, gauss) Hz 
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fLHR 1 low hybrid resonance frequency = 

fUHR 1 upper hybrid resonance frequency = 

Representative curves for the variations of some of these character-

istic frequencies with radial distance in the Earth's magnetosphere 

are shown in Figure 3 for an auroral field line and for a cut along 

the equatorial plane. Within the magnetosphere these charac~eristic 

frequencies can vary over three orders of magnitude. This variation 

accounts for the wide frequency range observed for a given plasma wave 

phenomenon. 

The cold plasma dispersion relation has been successful in 

describing the propagation characteristics of the plasma wave types 

listed in Tables 1 and 3. These are also listed on Figure 2. However, 

the magnetospheric background plasma has a finite temperature which m8¥ 

be different for electrons and ions and may range from 500°K to 107°K. 

When the thermal velocity becomes comparable to the wave phase velocity 

{c/n), the cold plasma description is no longer valid. Introducing 

thermal effects into the dispersion relation allows the possibility of 

electrostatic modes which occur near harmonics of the electron and ion 

gyrofrequencies and near the ion plasma frequency. Waves related to 

these modes are included in Table 2 and are listed in parentheses on 

Figure 2. 
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3.2 Generation Mechanisms 

A number of excellent books and articles exist which review 
33, 34, 43, 

our present deductions concerning wave generation mechanisms. 

47, 51, 88, 89, 107 A1 so, for each of the wave phenomena listed in 

Tables 1, 2 and 3 the proposed generation mechanism is given along with 

references to representative observational and theoretical papers. 

The energy source for ion cyclotron and electron whistlers is 

well identified with lightning discharges in the upper atmosphere. 

This energy is derived from solar heating of the atmosphere and the 

Earth's rotational motion which drives the wind systems to effect 

the differential charging between clouds and the Earth's surface. 

The momentary discharge current has frequency components extending to 

tens of megahertz in frequency. Under certain conditions some of this 

energy couples into the magnetosphere through the ionosphere and pro-

pagates in plasma wave modes associated with the electrons and with 

the ions. These whistler waves may be amplified or damped through 

electron and ion cyclotron resonances with the energetic particle popu-

lations. 

The energy for plasma waves generated internal to the magneto-

sphere comes ultimately from the solar wind flow past the Earth and the 

Earth's rotation. This energy is dispersed throughout the magneto-

sphere in terms of electric fields and particle kinetic energy and 

converted to wave energy through changes in the particle distribution 

functions. Particle distributions unstable to wave growth may exist at 

a given location in the magnetosphere due to processes such as plasma 

diffusion and convection across magnetic field lines, selective pitch 
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angle scattering into the atmospheric loss cone, energy selective 

gradient drifts, energy selective acceleration, resistive energy 

dissipation or mixture of hot and cold ionosphere and solar wind 

88 
plasmas. Such processes are discussed more in detail in the papers 

by Roederer, Lyons, Haerendel and Sonnerup {this report). 

The resulting non-Maxwellian distributions may be continuously 

unstable or perturbed into an unstable state under geomagnetic storm 

conditions. For the purpose of discussion in this paper we divide the 

proposed plasma wave generation mechanisms into two general categories: 

gyroresonance and streaming. 

3.2.1 Gyroresonance Instabilities 

Particle distributions that contain free energy in the component 

transverse to the magnetic field direction (anisotropic temperature 

distributions T J. > Til or loss cone distributions, for example) can give 

up energy to waves (and vice-versa) under the condition33 

f - ~I v11 /2TT + sf~ = 0 1 s = .:!:_11 .:!:_2, •••• 

In this expression kll and v11 are the wave vector and component of 

particle velocity parallel to the magnetic field direction, f is the 

wave frequency and f the ion or electron gyrofrequency around the g 

field line, and s gives the harmonic number. Interacting particles 

undergo pitch angle diffusion which may cause them to be precipitated 

into the atmosphere (see Lyons) or energy diffusion which results in a 

harder spectrum for locally trapped particles. 
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Waves associated with the ion cyclotron frequency (also called 

gyrofrequeney) are thought to be c~eated just inside the plasmapause 

boundar.y where energetic ions from the magnetotail are injected into 

the cold plasma of the plasmasphere. Even though these waves have not 

been definitely observed indirect identifications have been made, for 

exampl~ from ATS data.9 Strong theoretical arguments for their exis-

56 
tence can also be made. • It mB¥ be that the higher fre~ency micro-

pulsations (Pel and Pil) are also generated by this process just out

side the plasmapause boundary. 23, 5l Li~n's roar seems to be explained 

by this ion cyclotron resonance due to 10 keV protons streaming through 

the magnetosheath particularly during geomagnetic storm periods. 98 

Also ion cyclotron waves associated with streaming ions were observed 

in the polar cusp region with OGO 5.3° 

ELF hiss, chorus and discrete VLF emissions are electromagnetic 

wave phenomena which seem to result from the electron gyroresonance 

but under different conditions. ELF hiss is observed nearly continu-

ously throughout the plasmasphere but is thought to be generated by 

the trapped electron population in the outer radiation zone just in-

106 
side the plasmapause. Chorus, however, is generated in the region 

between the plasmapause and the magnetopause principally on the dayside 

of the Earth.during increased magnetic activity by electrons in the 

range of 5-i50 ke~3 and very near the equatorial plane on the night

side. l09 The sporadic occurrence of the chorus tones suggests that 

the necessary generation conditions are met sporadically in time or 

that the propagation paths are spatially distributed. The large 

Copyright © National Academy of Sciences. All rights reserved.

Space Plasma Physics: The Study of Solar-System Plasmas
http://www.nap.edu/catalog.php?record_id=18481

http://www.nap.edu/catalog.php?record_id=18481


1032 

amplitude and burst-like nature of chorus suggests a non-linear treat-

ment of the emission process. Discrete emissions are rather rare and 

their generation seems to be similar to chorus but to require special 

conditions so that particle bunches mving along the field lines can 

interact with the waves for an extended period and then repeat the 

interaction periodically. 47 Both ELF hiss and chorus are associated 

with electron precipitation process (see ~ons}. 

At the plasmapause boundary and beyond, electrostatic plasma 

waves with frequencies near 3/2 f-, 5/2 fg1 etc. have been observed 
g . 

particularly during magnetic storm time. Also, similar electrostatic 

electron cyclotron harmonic waves have been occasionally observed near 

the plasma sheet in the tail.45 These waves can occur in regions for 

which the particle distribution function increases with the perpen-

dicular velocity. This condition can be met by a loss-cone pitch 

angle distribution, by a beam or by large temperature anisotropy and 

a ratio of fp/f~ > 1. It may be that these waves control the precipi-
/ 

tation of moderate energy (1-10 keV) electrons in the outer magneto

sphere.33_ Direction finding measurements on the nonthermal continuum 

radiation found throughout the outer magnetosphere suggests that the 

source region is near the plasmapause boundary on the morning side. 

In some cases it is closely associated with the electrostatic electron 

cyclotron noise suggesting that the continuum electromagnetic noise has 

coupled from this electrostatic noise. It has also been suggested, 

however, that this noise is due to gyrosynchrotron radiation from the 

high energy radiation belt electrons (in analogy to the Jovian decimetric 

radiation}. 42 
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A doppler shifted electron cyclotron emission mechanism71 has 

been proposed for the kilometric radiation observed to be emitted 

along auroral field lines. 11 41 This emission is thought to result 

from the same energetic electrons which cause the auroral optical 

emissions. Both emission and amplification of the waves is required 

to explain the observed power levels representing 1~ of the particle 

energy flux. 41 Waves emitted by this process would be righthand 

polarized. 
71 

3.2.2 Streaming Instabilities 

Under this category we include the types of instabilities 

which are classed as current driven, beam, two-stream and drift 

wave. Common to these instabilities is a distribution function for 

which at least one component of the plasma is streaming through the 

other thermal and energetic components. As an example, the distribu-

tion may have a "bump on the tail" -- this distribution function, 

compared to a Maxwellian, has an enhanced population at some velocity 

different from the average velocity. This sort of distribution is 

unstable, according to the Penrose criterion, if there is a minimum 

in the distribution function F(v) at a velocity v* such that 

J+OO F(v)-F(v*) dv > 0 • 
-cc ( v-v* )2 · 

If this distribution is unstable then energy is extracted from the 

enhanced population with v> v*. In general, plasma waves are 

created with phase velocities near v*, the streaming velocity: 
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Note that for frequencies near resonances in the plasma 

(electron and ion cyclotron frequency, lower and upper hybrid fre

quency and plasma frequency) the index of refraction goes toward 

infinity giving a low phase velocity making possible the interaction 

with low energy particles. 

a) Current Driven. At the bow shock and magnetosheath, in the 

boundary layer of the tail plasma sheet and along auroral field 

lines, the few magnetometer and plasma particle probe measurements 

indicate the presence of field aligned currents and the presence of 

streaming ions (which may be carrying the current). The observed 

bow shock turbulence, tail broadband electrostatic noise and auroral 

field line turbulence have common features and may all plausibly be 

generated by an electrostatic ion cyclotron or an ion acoustic in-

stability associated with the streaming ions. The electromagnetic 

bow shock plasma waves and the magnetic noise bursts observed on 

auroral field lines and near the neutral sheet in the tail are in-

timately associated with the presence of the electrostatic noise. 

Either this electromagnetic noise is coupled from the electrostatic 

noise through a wave-wave interaction or this noise is generated directly 

by an electromagnetic instability associated with the field aligned 

33, 43,80, 88, 89 
currents. 

Instabilities related to currents moving across the field 

lines are possible in the ionosphere in the presence of collisions. 

As an example, collisions in the E-region provide sufficient electron 
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conductivity to support transverse electri~ fields and to cause the 

electrons to stream at an E/B drift velocity with respect to the 

neutrals (and ions). When this drift exceeds the ion-acoustic velo

city, an instability occurs producing observable electrostatic waves77 

and corresponding density fluctuations which are seen as echos on 

backscatter radars (see chapter by Farley). 

b) Beam. Particularly in the auroral regions, the precipitating 

energetic electrons (~ 15 keV) often constitute a field-aligned 

electron beam. This beam can emit plasma waves by the incoherent 

Cerenkov and cyclotron processes and the emitted waves can be 

further amplified by a coherent beam p~ocess. Noise bands are 

observed in the magnetosphere at the lower hybrid frequency fLHR64 and 

the upper hybrid frequency fUHR 7~ 
It seems that these noise phenomena can be understood as in-

. . 74, 105 
coherent Cerenkov rad1at1on due to rather low energy electrons. 

Also, it may be that at least the LHR noise band is due in part to 

trapped and dispersed electron whistler waves. 21 

VLF hiss and saucers (see Table 1) are found in nearly the same 

region of the low altitude (- 2000 km) auroral zone as illustrated 

with data from Injun 5 in Figure 4. The VLF hiss is associated with an 

intense flux of precipitating auroral electrons with energies in 

excess of 10 keV and also with an ELF noise band which is similar to 

lion's roar. 38 The saucers, however, have no apparent association with 

particles above 5 ev. 52 With Injun 5 the VLF hiss is found to be down-

ward propagating waves whereas the saucers are upward. It has been shown 
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that the VLF hiss spectral characteristics and power levels can be 

explained by amplified Cerenkov radiation due to this auroral electron 

beam at or below the region where the electrons are accelerated (3000 -

20,000 km).69 Saucers can be explained by assuming a source of supra-

thermal electrons of < 5 eV beamed upward. This beam produces amplified 

Cerenkov radiation at altitudes above 1000 km.52 

The kilometric radiation, emitted from auroral field lines1, 

may also result from the auroral electron beam and current system. A 

beam driven electromagnetic instability which operates in the presence 

of ion wave turbulence has been proposed. The instability saturation 

levels are consistent with the large observed power levels. Waves 

generated by this mechanism·would be lefthand polarized!9 

c) Two Stream. At the bow shock, solar wind ions and electrons 

are reflected to produce a counter-streaming (two-stream) distribution. 

These reflected ions may be the source of the whistler mode noise 

observed just below the ion gyrofrequency upstream of the bow shock 

in the solar wind. The noise band just below the electron gyrofre-

quency is identified with the reflected electrons as is the electro

static oscillations at the electron plasma frequency.36 The dynamics 

of the bow shock is discussed in detail by Greenstadt and Fredricks in 

this report. 

d) Drift Wave. Plasma can be given di~cted energy in regions where 

strong temperature or density gradients exist. Ion cyclotron waves are 

reported in the polar cusp region during a magnetic storm. They may be 

caused by a current driven ion cyclotron instability or by a density 

gradient drift instability. Fredricks33 suggests that the theoretical 
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work on electrostatic drift waves beyond the plasmapause leads to a 

source mechanism for Pc5 micropulsations. The Kelvin-Helmholtz in-

stability, resulting from a shear in the ian velocity parallel to the 

magnetic field lines at the cusp boundaries, may generate micropulsa

tions in the .07 to 30Hz range. 24 Farley (this report) discusses the 

role of gradient drift instabilities in the ionosphere. 

3·3 Wave Propagation Characteristics 

Plasma waves observed in the magnetosphere may have propagated 

away from the source region. The path of propagation depends on the 

detailed plasma and magnetic field distributions, on the initial 

wave normal direction!, on the wave mode and on the wave frequency. 55 

To illustrate the characteristics of plasma wave propagation, ray 

paths (direction of energy flow) for components of a magnetospherically 

reflected electron wh~tler are shown in Figure 5a and for continuum 

radiation trapped between the plasmapause and the magnetosheath in 

Figure 5b. From these figures it is seen that waves are not necessarily 

constrained to follow the magnetic field lines as energetic particles 

do. (However, whistler-mode waves may be trapped in field-aligned 

iom.zation ducts.) Therefore, waves generated by one particle population 

in one source region can propagate to an entirely different particle 

population region where they can interact to modify that population. 

To obtain the wave characteristics in the generation and wave-

particle interaction regions it is desirable to measure the wave 

characteristics at the point of observation and to trace the rays 
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forward and backward. The wave characteristics for simple waves have 

been determined from the amplitudes and phases of the various wave 

75, 93 components. These characteristics include the wave normal 

vector ! and Poynting vector ~· However, in most cases the wave field 

is a mixture of many different waves so that it is necessary to obtain 

a wave distribution function F(!, ~~ w) to fully describe the waves in 

analogy to the particle distribution functions. So far the problem 

has only been formulated but not developed to a useful stage. 103 

3.4 Consequences of Wave-Particle Interactions 

Detailed considerations of the magnetospheric plasma wave inter-

actions with the particle populations is given in the papers by Lyons, 

Greenstadt and Fredricks, Haerendel and Sonnerup in this report and in 

. . 33, 34, 47, 88, 89, 107 89 
a number of rev~ew art~cles. Scarf and Russell 

have developed a list of magnetospheric plasma processes which are known 

to involve or which probably involve plasma waves. This list is pre-

sented here to illustrate the variety and significance of wave-particle 

interactions: 

1. Mechanisms for ring-current decay and for precipitation 

of electrons and ions to form the diffuse aurora, 

2. Energy transfer and heating at the collisionless bow shock 

and at the field-aligned current regions within the m~eto-

sphere, 

3. Mechanisms that provide microscopic coherence and lead to the 

enormous electromagnetic radiation levels from regions above 

auroral arcs, 
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4. Dissipation mechanism in field-line merging regions, 

5· Source of anomalous resistivity or instabilities leading to 

potential double layers which support field-aligned electric 

fields responsible for the auroral particle acceleration 

process to form bright auroral arcs, 

6. Cause of viscous interactions that support the formation 

of the geomagnetic tail and the overall plasma convection 

pattern, 

7• Formation of SAR arcs, 

8. Cause of electron loss to form the energetic electron slot 

between the trapped radiation zones, and 

9· Scattering of particles from open cusp field lines to closed 

magnetic field lines. 

An example of one wave generation and wave-particle interaction system 

is illustrated in Figure 6. During geomagnetic storm times a hot ion 

ring current plasma is injected from the tail into the cold plasma-

spheric plasma. Ion cyclotron waves may be generated causing some of 

the ions to be precipitated into the atmosphere. The ion waves are 

damped as they propagate downward giving rise to a downward heat flux 

which may produce a stable auroral red (SAR) arc in the lower ionosphere. 

In order to further test the collection of possibilities for wave 

generation and wave interaction processes, controlled experiments 

within the magnetosphere are being carried out. A few details about 

the Siple VLF transmitter48' 49 and the Echo rocket electron gun and 

20 72 . argon ion source ' exper~ents are given in Table 4. The scheme 

for carrying out the Siple transmitter experiment is illustrated in 
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Figure 7 including the use of satellites such as the D,ynamics Explorer 

pair. Modulated waves in the range of 2 to 16 kHz are transmitted from 

Siple, Antarctica. These waves enter the ionosphere and propagate 

along flux tubes between L = 3 and L = 5· If an energetic electron 

population exists in the equatorial region, the waves may be amplified 

or may organize the electrons to emit a new wave at a slightly different 

frequency which changes with time. Wave growth can exceed 30 dB at 

the rate of 100 dB sec-1• The interacting electrons may be scattered 

into the loss cone and precipitate into the atmosphere. Satellites 

along the field line can be used to make careful measurements of the 

wave characteristics and of the particle distribution functions to 

provide details of the interaction. 
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4. DIAGNOSTICS WITH PlASMA WAVES 

Observations of naturally occurring plasma waves resulting from 

processes that are reasonably well understood have been used to 

obtain information on local plasma parameters and on remotely occurring 

plasma processes which is complementary to that obtained from other 

instrumentation. Measurements of ion and electron whistlers and of LHR 

and UHR noise have provided estimates of plasma density, ion species 

and temperature. Micropulsations are used as an indicator for changes 

in the structure of the plasmapause and magnetopause. The source 

regions for saucers, VLF hiss and kilometric radiation are thought to 

be associated with the regions of auroral particle acceleration and 

the presence of kilometric radiation is a good index of bright auroral 

arc activity. In addition active wave experiments such as performed 

with the topside so~ders, Siple and Echo, have been used to determine 

plasma parameters and to study wave-particle interactions. More 

sophisticated active wave experiments are planned. 

4.1 Plasma Parameters 

Compared to techniques using instruments such as Langmuir probes 

and mass spectrometers, determination of plasma parameters using wave 

techniques are less affected by satellite potential and sheath effects 

since the wave characteristics are established over a volume on the 

order of wavelength cubed which exceeds 1 km3. However, one must wait 
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for the wave phenomenon to occur or must stimulate and receive the 

appropriate waves. 

4.1.1 Ion and Electron Whistlers 

Ion cyclotron whistlers are observed to occur in the midlatitude 

ionosphere. From the frequency of coupling between the electron and 

ion whistler trace and the observed ion gyrofrequency it is possible to 

obtain the fractional concentration of the ions. From the shape of the 

ion whistler trace it is possible to estimate the ion number density 

and the ion temperature.3,92 The time of occurrence with respect to 

the causative lightning discharge and the frequency of the "nose" for 

the electron nose whistlers observed on the ground at mid- to high lati

tudes are used to drive the electron density distribution in the equa

torial plane. This technique is useful for locating the plasmapause 

as a function of local time nearly continuously. An example of the 

plasmapause location for three days in July 1963 is shown in Figure 8. 15 

4. L 2 r.lagnetohydrodynamic Waves 

Recently it has been demonstrated that measurement of the 

period and identification of the field line for geomagnetic micro

pulsations (at frequencies below the ion cyclotron frequency, see Table 1) 

can also give an estimate of the equatorial electron density near the 

plasmapause. It is found that an external driving force (possibly the 

solar wind) can cause the field lines to resonate and that this resonance 

frequency is dependent on the electron density distribution along the 

field line. The deduced density values are in good agreement with those 

from simultaneous nose whistler measurements. 112 
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4.1.3 LHR and UHR Noise Bands 

The lower hybrid resonance frequency depends on the effective 

ion mass, f- and f-. LHR noise bands are found at altitudes- 1000 km p g 

in the mid- to high latitudes. With measurements or estimates for 

f; and f~1 the mean ion mass, which depends on the fraction ion con

~~ centration1 has been derived over a wide latitude range. 1 The 

non-thermal continuum noise may be generated at the UHR frequency42• 

The observed low frequency cut-off of this noise is identified as the 

local plasma frequency f~. From measurements of this cutoff with IMP 6 
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it has been possible to obtain the total electron density in the hot 

plasma region outside the plasmapause. In fact the comparison of total 

density from the plasma wave measurements and the suprathermal ion 

density (88 to 38000 eV) shown in Figure 9 indicate that the plasma is 

almost entirely supratherma1. 40 

4.1.4 Wave Sounders 

By driving an antenna with a sweep-frequency signal and measuring 

the amplitude and time delay of the received waves it is possible to 

excite resonances in the local plasma and to observe waves reflected 

from distant density gradients. From this information, the local 

density and temperature as well as the density profile toward increasing 

density can be determined. Such topside sounder experiments have been 

performed with Alouette and ISIS, for example.3 Similar experiments 

are planned for the ISEE Mission and for AMPS Shuttle payloads. 86 

4.2 Plasma Processes 

Observations of propagating plasma waves can provide information 

on plasma processes remote to the point of observation: 

4.2.1 Micropulsations 

The period, amplitude and polarization of geomagnetic micropulsa-

tions have been used to deduce information about the interaction of the 

solar wind with the magnetosphere, the dimensions of the magnetosphere, 

and about streaming particles within the magnetosphere. Micropulsations 

in the Pel range (.02-5 sec. periods) are probably caused by cyclotron 

instabilities outside of the plasmapause. Micropulsations i-n the Pc2 to 

Pc5 range (5-600 sec. periods) depend both on particle instabilities 

Copyright © National Academy of Sciences. All rights reserved.

Space Plasma Physics: The Study of Solar-System Plasmas
http://www.nap.edu/catalog.php?record_id=18481

http://www.nap.edu/catalog.php?record_id=18481


1045 
lo8 

and field line resonance conditions in the vicinity of the plasmapause. 

For example, the location of the plasmapause boundary can be determined 

from a ch&in of micropulsation stations by measuring the polarization 

and period of Pc3 and Pc4 pulsations. The period increases with the 

increased plasmasphere extent because the length of the source field 

66 78 
line is increased giving a longer resonant period for these waves. 1 

4.2.2 Electron Whistlers 

By observing changes in the characteristics of nose whistlers 

as observed in Antartica and Canada on the time scale of "' 15 minutes, 

the cross-L plasma motions near the plasmapause have been inferred. 

P.lasma velocities of "' 100 m/sec corresponding to electric fields of 

- 0.1 mV/m are obtained. 17 

4.2.3 Saucers and VLF Hiss 

Both of these phenomena have a V-shaped frequency-time charac-

teristic as seen in Figure 4 and illustrated in Figure lOa. Ray paths 

between the source and the satellite that explain this shape are shown 

in Figure lOb. By modeling the auroral region and calculating ray 

paths similar to those in Figure lOb it has been possible to determine 

the approximate saucer source altitude and source region dimensions 

(10 km vertically by 0.5 km horizontally). The altitude distribution 

is seen to be above 1000 km and up to the satellite altitude. 52 A 

similar analysis of many VLF hiss events has not been carried out 

but one case from Injun 5 indicated a source region near 4000 km 

altitude.38 Since these waves are thought to be due to locally accel-

erated electrons, it is t~mpting to associate the acceleration region 
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with the noise source region. Saucers and VLF hiss are indicators 

of the acceleration process for which the acceleration region must be 

below or at the saucer source and above or at the hiss source altitude. 

4.2.4 Kilometric Radiation 

The presence of auroral kilometric radiation on the nightside of 

the earth has been shown to have a high correlation with bright auroral 

arc activity41 (but not with diffuse aurora) as exhibited in Figure 11. 

Also, the apparent source position of the kilometric radiation as ob

served by lunar occultations with RAE21 is illustrated in Figure 12. 

These source locations trace out an auroral field line region with an 

altitude range of 1 to 8 earth radii. Since the source mechanism for 

. 71 79 
kilometric radiation may also involve the auroral accelerated electrons, ' 

the presence of kilometric radiation may be used as an indicator of 

the acceleration region. 

4.2.5 Wave-Particle Experiments 

The Siple VLF transmitter and Echo particle gun experiments (see 

Table 4 and Section 3.4) are representative of active experiments 

which generate waves that carry information about the wave-particle 

plasma process. For example, the amplitude, growth rate and frequency 

changes of the waves stimulated by the Siple transmitter contain in-

formation about the energetic electron distribution function and 

bunching along the field line. 48 
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4.3 Plasma Waves Associated with Auroral Particle Acceleration 

As an example of plasma waves associated with significant plasma 

processes, we consider the auroral region. Based on the source region 

determinations far VLF hiss, saucers and kilometric ~iations as well 

as their observed associations with field aligned currents, field 

aligned fluxes of keV electrons, and bright auroral arcs in the night-

side auroral region, these phenomena may all be interpreted as part of 

the auroral plasma system as depicted in Figure 13. One interpretation 

is as follows: An emf drives a current along these auroral field 

lines which closes through the ionosphere. On the field lines for 

which electrons are driven downward, an electric field parallel to 

8 the field line may develop due to one or more processes -- anomalous 

resistivity, potential double layers, hot/cold plasma mixture or simply 

due to magnetic mirror forces on the electrons. These parallel elec-

tric fields can accelerate a fraction of the low energy electron 

population to keV energies which are observed below 3000 km and which 

cause the auroral arcs (see Haerendel, this report). Waves ge~erated 

as part of the acceleration mechanism or by the electron beam escape 

upward as kilometric radiation and downward as VLF hiss. The return 

current (~ 106 amps) is carried by large numbers of suprathermal elec

trons (~ 5 eV) on adjacent field lines and this low energy beam generates 

the upward propagating saucer waves. Further verification of this 

model may be carried out with the D,ynamics Explorer spacecraft -- one 

at low altitudes at the foot of the field lines and the other moving 

approximately along a field line through the acceleration/generation 

regions. 
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The most significant plasma wave emission from this auroral 

process is the kilometric radiation. This radiation covers a frequency 

range of 20 kHz to 2 MHz which escapes the magnetosphere with a maximum 

at - 200 kHz. This frequency of maximum emission is &~proximately 

the electron gyrofrequency at the observed source region (see Figure 3a). 

The radiation is beamed into a solid angle about the field line of - 3 

steradians with a total power of - 109 watts which is - 10% of the 

electron beam energy flux and - 1~ of the energy flux supplied by the 

solar wind. The noise is emitted as a superposition of short bursts in 

noise storms lasting up to sever&). hours41 (see Figure 11). As will 

be discussed in Section 5.1.2 many characteristics of the kilometric 

radiation are similar to those of the Jovian decametric radiation. 
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5· PLASMA WAVES IN arHER MAGNETOSPHERES AND COSMIC SYSTEMS 

Plasma wave instruments have been carried beyond the Earth's 

magnetosphere into the solar wind in the vicinity of the Earth by many 

spacecraft and to a distance of 0.3 AU by Helios 1 and 2. However, no 

plasma wave instruments have been included on either US or Soviet 

fly-by and lander missions to the planets (Mercury, Venus, Mars and 

Jupiter). Plasma wave instruments are included in the forthcoming 

Pioneer Venus and MJS (Jupiter, Saturn and possibly Uranus) Missions 

and are suggested for the Jupiter Orbiter Mission. At present the 

nature of plasma waves trapped in the magnetospheres of other planets 

as well as those is cosmic plasma systems must be inferred from the 

escaping waves observed by radio astronomy techniques and from plasma 

parameters that can be deduced from IR, optical, uv, x-ray and y-ray 

emissions. For the Jovian magnetosphere, we do have plasma energetic 

particle and magnetometer measurements performed with Pioneer 10 and 

11. Using the detailed interpretations of plasma wave processes in 

the Earth's magnetosphere along with the existing observational data, 

and results of laboratory experiments, computer simulations and 

theoretical developments it is possible to make predictions about plasma 

wave phenomena in other planetary magnetospheres and cosmic plasma 

systems. 
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5.1 Jupiter 

Jupiter is an intense radio emitter in two frequency ranges: 

the decimetric range (100 MHz - 10,000 MHz) due to synchrotron radiation 

from the trapped relativistic electrons and the decametric/hectometric 

range (500 kHz - 40 MHz) due in part to the motion of the moon Io 

through the Jovian magnetosphere probably stimulating emission 

similar to the terrestrial kilometric radiation. The existence of 

trapped plasma waves is inferred from those at the Earth and from the 

observed energetic particle characteristics. 

5.1.1 Decimetric Radiation 

A radiointerferometer map of the Jovian radiation at 21 em 

wavelength is shown in Figure 14. This emission pattern is consistent 

with this emission being due to synchrotron radiation by relativistic 

electrons trapped in a dipole magnetic field. 6 Northrop and Birmingham76 

used the electron fluxes and magnetic field directly observed by 

Pioneer 10 for the first time to calculate the expected synchrotron 

flux. This result agrees with the observed flux to within a factor of 

two. Klein62, however, demonstrates that the synchrotron flux is not 

constant but varies by ~ 30% over a fifteen year period and the flux 

variations at two wavelengths are different, as seen in Figure 15. 

The variations also do not follow the 10.7 em solar flux varia-

tions (indicator of solar activity) nor the square of Jupiter's distance 

from the sun suggesting that the relativistic electron flux is not 

controlled by the solar wind directly but probably is determined by 
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plasma processes within the magnetosphere itself. Some of these pro-

901 110 
cesses may involve plasma waves (see Section 5.1.3). 

5.1.2 Decametric Radiation 

Ground-based observations of the Jovian decametric (5-40 MHZ) 

radio bursts cover a period of 20 years. Recently satellite-borne 

receivers have extended the frequency range down to hectometric wave

lengths (0.5-5 MHz). 19 The many observational characteristics of 

th · ad· · h h b di d b u.mb f authors. 10' 18' 1s r 10 no1se p enomenon ave een scusse y a n er o 

l9, lll Only a summary of the most prominent features is given here 

with some interpretation. 

Bursts of radio noise from Jupiter are observed over the fre-

quency range of 0.5 to 40 MHz with a peak at- 9 MHz, as shown in 

Figure 16, although each burst may have an instantaneous bandwidth as 

narrow as 100 kHz. Bursts at different frequencies are not generally 

correlated. These bursts have durations in the tens of seconds range 

(L-bursts) and in the millisecond to tenths of seconds range (S-bursts) 

although burst structure on the microsecond scale has been observed. 

The L-burst duration is thought to be due to interplanetary scintillations 

(due to solar wind density irregularities) whereas the S-burst structure 

may represent the coherence time for the plasma instability or the 

time for a beam from the source to cross the Earth. Probably the most 

striking feature is that the probability of observing an intense burst 

(with a power of ~ 109 watts) depends jointly on the longitude of Jupiter 

facing the Earth (Central Meridian Longitude, A111) and the position 

of the moon Io in its orbit around Jupiter with respect to the Earth 
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(~10, where 180° places Io between the Earth and Jupiter). Figure 17 

is a plot of this probability which indicates the pronounced To

associated emission for the regions ~ ~ goo, ~- 110° (Source B); 

~- 240° 1 ~- 240° (Source A); and~~ 240°, ~- 330° (source C). 

Also a significant, but less probable, To-independent source at ~ -

250° is apparent. 10 It has been shown that the gross frequency-time 

character of a noise storm (lasting several hours) is surprisingly 

reproduceable for a given set of I and ~ over time periods of - 12 

years. This reproduceability, the frequency range of emission and the 

pronounced circular polarization of the bursts (up to 80% righthand 

polarized above 20 MHz, changing to lefthand below) is used to argue that 

the observed frequency is related to the electron gyrofrequency in the 

the source region. Magnetic field models based on the Pioneer 10 and 

11 measurements of the Jovian magnetic field are consistent with these 

deductions97 : the surface field in the northern hemisphere where the 

field line through Io intersects the ionosphere is - 14 gauss giving a 

gyrofrequency of ~ 40 MHz and the polarity of the magnetic dipole 

(opposite to that of the Earth) can explain the polarization sense. 

Radiointerferometer measurements of the apparent source size indicate 

an extremely small source region: - 400 km if spatially incoherent 

and ~ 4000 km if spatially coherent (like an antenna) compared to the 

Jovian radius of 70,000 km. Whatever the emission mechanism, it must 

be a collective process. 

Most effort has been expended in interpreting these observational 

characteristics for the most intense Io-related bursts. It is generally 
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accepted that the Io-related emission is generated by Io's motion 

through the Jovian magnetosphere at a.frequency related to the electron 

gyrofrequency (perhaps a harmonic). This radiation is generated as 

bursts in small source regions along the field lines connecting Io to 

Jupiter and is beamed by the source or by the allowed propagation 

paths (which may include wave-wave coupling) so that in only certain 

Io-Jupiter-Earth geometries are the bursts observable at earth. Smith99 

has recently reviewed the many models suggested for the Jovian deca-

metric emission in light of the Pioneer 10 and 11 measurements and 

the possible analogy to the terrestrial kilometric radiation. These 

models for the coupling of energy from Io's orbital motion to plasma 

waves include mechanisms by which Io generates large amplitude Alfv~n 

waves or whistlers, accelerates particles along the Io flux tube or 

sweeps up the existing energetic trapped particles. Smith concludes 

that at present no comprehensive theory exists but that acceleration of 

particles by plasma sheaths near Io95 appears to be a promising coupling 

mechanism and that most emission properties could be explained by an 

electron cyclotron instability 71 or parametric instability 79 due to 

the highly anisotropic distribution of these streaming electrons. 

Also Scart 87 has suggested that the emissions could be analogoJs to 

the 3/2 f~ e~ssions seen in the Earth's magnetosphere. Many of the 

fine scale features may be attributable to the propagation paths deter-

mined by the structure of the multipole magnetic field and the plasma 

distribution in the ma~1etosphere. 

A pictorial representation of the basic Io sheath-acceleration 

model94 is shown in Figure 18. Because of rapid rotation of Jupiter's 
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magnetosphere (- 10 hour period past Io) and the proximity of Io to 

Jupiter (6 RJ) it may be that a motional emf of up to 570 kV is 

developed across Io's ionosphere. (An ionosphere on Io was detected 

with the Pioneer 10 radio occultation experiment). This emf is 

thought to drive a current down the field lines connecting Io to the 

Jovian ionosphere and back up to Io for closure in the Io ionosphere. 

Plasma sheaths may form at or near Io {perhaps similar to the double 

layers described by Block and Falthammar8) to separate the plasma 

moving with Io from that moving with the Jovian magnetic field. A 

significant fraction of the motional emf may be dropped across these 

sheaths leading to the acceleration of electrons and ions to lDO keV 

energies. The streaming electrons carry up to 1013 watts of power 

compared to 109 watts for a large decametric burst. This model seems 

plausible based on the Pioneer 10 and 11 observations of order of magni-

tude increases in the flux of 100-500 keV electrons only on the field 

lines associated with Io. On comparing the models depicted in Figure 18 

and Figure 13 and the observed characteristics of the Jovian decametric 

and terrestrial kilometric emissions, the similarities are striking. 

These similarities are the basis for suggesting that the mechanisms 

may be the same and that perhaps this process is common in plasma 

t 57' 60' 71 J 95 sys ems. 

5.1.3 Trapped Plasma Waves 

No direct measurements of trapped plasma waves have yet been 

made in the Jovian magnetosphere. However, the measurements of Pioneer 

10 and 11 revealed sources of free energy in the plasma and energetic 
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particles which must lead to the generation of a variety of plasma 

waves similar to those at the Earth. The frequency range for these 

waves would be scaled by the relative plasma densities and magnetic 

field magnitude. Some examples of likely types of plasma waves are 

mentioned here. 

Greenstadt and Fredricks (in this report) have discussed the 

bow shock structure expected for Jupiter and the associated bow shock 

waves. If a current system of high energy electrons is driven by Io 

as suggested in Figure 18 then it is reasonable to expect whistler 

mode noise similar to VJ~ hiss and saucers from instabilities or ampli-

fication along the field lines in analogy to Figure 13. Sentman et a1. 90 

report significant pitch angle anisotropiesofthe relativisitic elec-

trons (> 20 MeV) which are apprently recirculating through the Jovian 

magnetosphere. They have assumed that whistler mode turbulence main-

tains this anisotropy in the range of 3 to 5 RJ and deduced the required 

cold plasma density in good agreement with the values derived from 

Pioneer 10 plasma measurements. 110 Barbosa and Coroniti5 considered 

this same instability and arrived at upper limits to the stably trapped 

flux in agreement with observed values. Also they estimated the lower 

limit amplitude for this whistler mode noise (probably like ELF hiss) 

-1/2 4 of- 0.5 my ~ where L- RJ. Another estimate for this noise 

amplitude based on particle data from Pioneers 10 and 11 gives - 2 my 

for a typical amplitude [Sentman and Goertz, private communication, 1977]. 

Maximum values at the Earth reach 30 my. 106 Outside of Io's orbit 

where the cold plasma density decreases below 10 cm-3 it is very likely 

that electrostatic waves are generated at the upper hybrid resonance 
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frequency and near odd-half harmonics of the electron gyrofrequency 

(3/2 f~, 5/2 f~, ••• ) according to Ashour-Abdalla and Kenne1. 4 At the 

Earth, the corresponding waves may cause particle precipitation leading 

to diffuse aurora. Also, the non-thermal continuum radiation may re-

sult from coupling of this electrostatic noise to an electromagnetic 

mode. The escaping component of such a process is a likely explanation 

for the non-Io-associated decametric radiation. Results from the plasma 

wave instrument on MJS are anxiously awaited to test these ideas and 

to identify other significant plasma wave processes in the Jovian mag-

netosphere. 

5.2 Other Planets 

Direct spacecraft measurements indicate that Venus and Mars do 

not have a magnetic dipole moment large enough to produce a magneto-

sphere. Siscoe (in this report) considers the nature of the inter-

action of the solar wind with these bodies. Although plasma waves may 

be generated as part of the interaction processes, measurements have 

not yet been made and the problem has been give~ little attention theoret-

ically. Arguments that Saturn, Uranus and Neptune may have a magnetic 

moment significant enough to produce an exterwi ve magnetosphere are 

reviewed by Siscoe {in this report) and by Van Allen. 110 These argu-

ments are based primarily on similarity of the planets to Jupiter in 

terms of rapid rotation and size and on the detection of hectometric 

bursts from Saturn and possibly Uranus. So far synchrotron emission has 

not been detected from these outer planets. Both magnetic field and 

energetic particle measurements at Saturn are forthcoming from Pioneer 11 
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on 1 September 1979 and MJS and possibly at Uranus with MJS. At 

present descriptions of plasma wave processes at these major planets 

are entirely based on analogies to the Earth assuming an extensive 

~netosphere with trapped plasma and energetic particle populations. 

5.2.1 Synchrotron Radiation 

In the case of Jupiter, detection and mapping of the decimetric 

synchrotron radiation provided definitive evidence for an extensive 

magnetosphere with a trapped energetic electron (> 10 MeV) population. 

Detections of synchrotron radiation from Saturn, Uranus or Neptune 

have not been reported. These measurements are difficult because the 

expected lower energy electrons and weaker magnetic fields imply that 

the emission frequencies would fall in the 102 to 103 MHz range where 

the galactic background noise level is high and the radiotelescope 

resolution is poor. Models for synchrotron emission from Saturn have 

68 58 
been studied by Luthey and for Uranus and Neptune by Kavanagh • 

An example of the situation for Uranus is shown in Figure 19. Measure-

ments above 1000 ~Iz trace out the 180°K black-body atmospheric emission 

curve whereas the synchrotron emission is expected to be significant 

below 1000 MHz. The 34 MHz presently achievable upper limit point is 

almost an order of magnitude above the model synchrotro~ flux levels. 9o 

Both Saturn and Uranus are uniquely different from Jupiter in character-

istics which may affect the emission of detectable synchrotron radiation: 

Saturn has a system of particulate rings which may preclude the possi-

bility of intense radiation belts close to the planet and Uranus may 

have a magnetic axis nearly aligned with its rotational axis which makes 
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an angle of 98° with the ecliptic plane normal. Since the spin axis 

of Uranus is currently pointing at - 40° to the direction of the sun 

and the synchrotron emission would be beamed in the equatorial plane 

(perpendicular to the magnetic axis), if emitted, it may not be beamed 

toward the Earth. Improved radio-astronomical techniques or measure-

ments closer to the planets themselves are required to possibly detect 

this radiation. 

5.2.2 Hectometric Radiation 

Using the spinning antenna on IMP 6, sporadic bursts of hecto

metric radiation attributable to ~aturn57 and possibly to Uranus11 have 

been reported. Typical spectra for these bursts are shown in Figure 16 

along with those of the terrestrial kilometric and the Jovian·decametric 

emissions. By assuming that the Saturn and Uranus peak emission fre-

quencies (1.1 and 0.5 MHz respectively) scale as the relative magnetic 

field strengths (as they do for the Earth and Jupiter) an estimate of 

the planetary surface magnetic field can be obtained. These values 

are compared in Table 5A to values predicted from a magnetic Bode's 

~~ ~ 
law ' with reasonable agreement. Kennel and Maggs have also 

used the observed power flux at Earth to compute the total power emitted 

assuming that it is beamed into a hemisphere (2n steradians). This 

power is then compared to an estimate of the power intercepted from the 

solar wind by the planetary magnetosphere and in Table 5B the ratio is 

calculated. Included, also, are the recent data for Uranus. 11 Calculated 

in this manner, the power ratios (conversion efficiency) increase from 

0.1~ at the Earth to 25~ at Uranus! Following this trend, Neptune would 
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be predicted to emit nearly 100% of the power received from the solar 

wind which would prOduce a power flux of l0-20 Wm - 2 Hz-l at the Earth. 

However, the radiation may not be beamed into 2n steradians as assumed 

by Kennel and Maggs. For the Earth the emission solid angle is - 2 

steradians and for Jupiter it is - 10-2 steradians leading to lower 

estimates of the emitted power as indicated in Table 5B. Using the 

Jovian efficiency of • ~~ Neptune would produce a power flux of 2 X 

-24 -2 -1 10 Wm Hz at Ea-rth. Of cm..1rse, it may be that the power source 

comes from the rotational energy loss of the planets and not from the 

solar wind. 

Detection of these hectometric bursts is significant in indicating 

the presence of magnetic fields nearly in agreement with the predicted 

values scaled from Jupiter and the existence of significant free energy 

from the plasma or particle populations. Because of the nature of the 

bursts it is tempting to conclude that the emission process is the same 

as for the Earth and Jupiter but the mechanism for coupling energy into 

this process is unresolved -- is it Earth-like coming from the solar 

wind flow past the magnetosphere or Jupiter-like coming from the 

planetary rotational energy via a close-in moon? Both Saturn and 

Uranus do have moons of appreciable size relatively close-in. Hopefully, 

measurements with MJS will resolve this question. 

5.3 Cosmic Systems 

Radio emissions from the solar chromosphere and corona and from 

cosmic plasma systems beyond the solar system are the result of plasma 

wave processes with the characteristic plasma frequencies scaled up 
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for the plasma number density and the magnetic field magnitude. Inter-

pretation of these processes must depend on the properties of processes 

studied in space and the laboratory with computer simulations and 

theories taking into account the different parameter regimes and rela-

tivistic effects. Three plasma processes, for example, have escaping 

plasma waves with characteristics that are somewhat similar to the es-

caping waves from the planetary magnetospheres. These wave phenomena 

are solar radio bursts, flare star radio outbursts and pulsar radio 

emissions. 

5.3.1 Solar Radio Bursts 

The energy for most solar radio emissions that are non-thermal 

(not due to thermal Bremsstrahlung} is thought to come from energetic 

electrons associated with solar flares. The most intense bursts and 

noise storms occur after some large optical flares in which electrons 

are found to be accelerated to> 10 MeV energies. One suggested accel

eration mechanism by Carlqvist14 is that of a doUble layer which is 

formed on interruption of the current flowing along the magnetic field 

lines linking sunspot regions on the solar surface. Stored magnetic 

energy is released across this potential region which accelerates 

particles to high energies causing electromagnetic emissions from x-ray 

to radio waveleneths, and particle as well as shock wave injections 

into the solar corona. In this model the double layer is thought to be 

similar to that possibly existing in the terrestrial auroral regions 

and in the vicinity of Io. Radio noise is produced by a variety of 

processes ranging from gyrosynchrotron emission from the highest energy 
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electrons in the chromosphere for the microwave bursts to plasma oscil-

lations driven by the outward streaming electrons in the corona for 

type III bursts. 63 

5.3.2 Flare Star Radio Outbursts 

A class of relatively close stars (dMe stars, dwarf, M-type with 

emission spectra) have been observed to include members which exhibit 

increases in optical brightness, especially in the uv, lasting for 

minutes. A few of these optical flare stars also have detectable radio 

outbursts which are associated with the optical flare within ~5 minutes:01 

An example from Wblf 424 is shown in Figure 20. These outbursts last 

from tens of seconds to tens of minutes and are highly polarized (6~) 

with both circular and linear components. In morphology, these out-

bursts are similar to solar microwave and type III bursts but the total 

energy released in an outburst is over two orders of magnitude greater 

than for a solar radio burst from a star that is about half the solar 

diameter. Some features of these flare stars may help explain the 

radio outburst characteristics: they are rapid rotators (several day 

period), they have large surface magnetic fields of ~ 20,000 gauss and 

many are part of binary star systems. A coherent synchrotron emission 

mechanism is likely. The short duration of the emission is suggestive 

of a rapid electron acceleration process similar to that for solar 

flares (with 102 more energy released) and/or to that for planetary 

p~rticle acceleration associated with the radio bursts. A double layer 

acceleration process could result from a current driven in the stellar 

~gnetosphere by the rapid rotation or by the rotation with respect to 

the companion star. 
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5·3·3 Pulsar Emission 

Pulsars are generally thought to be rapidly rotating (periods 

.03 to 10 seconds) neutron stars (10 km radius) with surface magnetic 

fields as high as 1012 gauss. In a model for pulsar emissions due 

to Sturrock104 field-aligned currents are driven along polar field 

lines due to the interaction of the rapidly rotating pulsar magneto-

sphere with the surrounding nebula. This current is carried by beams 

of electrons which have been accelerated to 1014 eV energies by a plasma 

sheath at the star surface. These electrons emit y-radiation which 

annihilates to produce an electron-positron plasma. The resulting high 

energy plasma may lead to a two-stream instability which breaks the 

current into current sheets. These current sheets may then radiate 

in the radio spectral range like single particles, with a large 

effective charge, moving along curved magnetic field lines. Observa-

tion of the radiation in the form of complex pulses depends on the 

relative orientation of the rotation and magnetic axes with respect 

to the line of sight. This model, shown in Figure 21 (from Kennel59) 

is also capable of explaining the y- and x-ray bursts observed from the 

Crab pulsar (CP 1919). Of interest for this pulsar emission model 

are the elements of sheath particle acceleration and current driven 

plasma wave instabilities which may be common to solar system pro-

cesses as well. 
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6. RECOM-iENDATIONS FOR CONTINUED PIASMA. WAVE RESEARCH 

In the previous sections the characteristics of observed plasma 

wave processes and the current interpretations regarding these processes 

have been reviewed. The wide variety of plasma wave types in the Earth's 

magnetosphere was emphasized since our information is most complete on 

these, but, known characteristics and suggested mechanisms for plane

tary and cosmic escaping plasma waves were also discussed. In this 

final section we summarize the major advances in plasma wBYe research 

during the past several years, identify the most significant problem 

areas to be emphasized and make recommendations for the future direction 

of this research. 

6.1 Recent Major Advances 

During the past several years, major advances in plasma wave re

search included the following: 

6.1.1 Development of a theory which describes the dynamics of the 

outer electron radiation zone in terms of diffusion rates, 

amplitude of ELF hiss, cold plasma density and p~e

cipitation fluxes. 

6.1.20bservations of electrostatic noise at the bow shock, mag

netosheath, cusp, tail, plasmapause, auroral field lines 

and the ionosphere -- all regions of significant wave-particle 

interactions related to many of the fundamental plasma pro

cesses listed in the next section. 

Copyright © National Academy of Sciences. All rights reserved.

Space Plasma Physics: The Study of Solar-System Plasmas
http://www.nap.edu/catalog.php?record_id=18481

http://www.nap.edu/catalog.php?record_id=18481


1064 

6.1.3 Discovery of the terrestrial kilometric radiation and de-

tailed measurements on location, beaming, and association 

with bright auroral arcs. 

6.1.4 Description of VLF hiss and saucers as coherent beam ampli

fication processes driven by the intense auroral field

aligned currents. 

6.1.5 Discovery that power system harmonics of 60Hz can leak into 

the magnetosphere and cause electron precipitation and that 

the active study of similar wave-particle and wave-wave 

interaction using the Siple VLF transmitter and electron 

beams injected from rockets can be carried o1t. 

6.1.6 Detection of hectometric radio bursts from Saturn and 

Uranus and realization that these bursts may result from 

processes similar to the Jovian decametric and terrestrial 

kiloruetric bursts which may also be similar to solar, flare 

star and pulsar emission mechanisms. 

6.2 Significant Re8earch Problems 

In my opinion research concerning the following plasma processes 

should be emphasized during the next decade. Examples of unanswered 

questions on the involvement of plasma waves in these processes are 

given: 

6.2.1 Energy transfer from the solar wind to the magnetosphere and 

heating at the bow shock. 

Greenstadt and Fredricks (this report) emphasize the role of 

plasma waves in the colli~ionless bow shock structure. It seems that 
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ion-acoustic waves are responsible for thermalizing the directed solar 

wind electron flow at the shock but the waves responsible for the ion 

heating have not been identified. It is suggested that electro-
' 

static waves near the lower hybrid resonance frequency produced by 

a counterstreaming ion distribution may be responsible. Measurea2nts 

af waves and particles in the bow shock region must be done by mother-

daughter spacecraft pairs (like !SEE) to account for the rapid spatial 

variations. 

6.2.2 Precipitation of electrons and ions from the trapped radiation 

regions to cause diffuse aurora. 

~ons (this report) thoroughly discusses the dynamics of the 

radiation belts. Electron diffusion and precipitation can be understood 

in terms of ELF hiss and to some extent chorus. Electrostatic electron 

cyclotron noise (3/2, 5/2 f-) is thought to be important also but its 
g 

spatial distribution and conditions for generation are not yet well 

enough documented, along with adequate partie!~ distribution function 

measurements, to assess its significance. Ion cyclotron noise has long 

been thought to control ion precipitation but as yet it has not been 

c~nclusively detected in the interaction region. Mbre specialized instru-

mentation may be required for future missions. 

6.2.3 Acceleration of electrons along auroral field lines causing 

bright auroral arcs and intense kilometric radio emissions. 

The evidence for field-aligned currents and field-aligned elec-

tric field regions is discussed by Haerendel (this report). Many mech-

anisms have been proposed to account for the intense beams of electrons 
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which carry most of this current at low altitudes and which cause 

bright auroral arcs. However, so far it has not been possible to 

identify the responsible mechanism because observations are required in 

the magnetosphere and because the various possibilities need more study 

through theoretical analysis, computer plasma simulation and laboratory 

plasma experiments. If anomalous resistivity is the cause then it is 

thought to be electrostatic ion cyclotron or ion acoustic plasma waves 

which cause the resistivity. If it is double layers then waves may be 

important to the formation but not the persistence of these layers and 

if it is a magnetic mirror effect then plasma waves may play only a 

secondary role. 

A good case has been made that the VLF hiss is Cerenkov emission 

amplified by the auroral electron beam and that the saucer emissions 

are due to the same process for a return current lower energy electron 

beam which has not yet been observed. Several completely different 

mechanisms (amplified electron cyclotron and parametric wave decay for 

example) have been suggested as the cause for the high power kilometric 

radiation. Measurements of the wave characteristics (especially polari

zation), plasma parameters and energetic particle distribution function 

in or near the source region are not yet available with which to identi

fy the specific plasma wave process. 

6.2.4 Energy dissipation in the magnetotail allowing field line merging 

which determines the magnetosphere shape and the plasma convection 

patterns. 

For the process of field line merging between the solar wind ru1d 

magnetosphere magnetic fields at the bow shock and along the magnetosheath 
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and for the process of field line reconnection in the tail region {see 

Sonnerup1 this report), an energy dissipation process is required. One 

likely suggestion is that energy is dissipated through the creation of 

electrostatic waves. Both broadband electrostatic noise and electro

static electron cyclotron emissions are observed in the regions where 

field line merging should be taking place. The detailed associations 

between field-aligned currents, changes in the magnetic field vectors, 

particle energization and the amplitudes of these waves have not yet 

been made to determine if the waves can provide the required localized 

resistivity. !SEE should provide some of these measurements. 

6.2.5 Energy transfer between the magnetosphere and atmosphere and 

heating in the ionosphere. 

Energy is transferred directly from the magnetosphere through 

the ionosphere into the atmosphere through precipitating particles, 

field-aligned and transverse current systems and by electric fields. 

Banks (this report) discusses a number of these coupling mechanisms. 

As with many plasma wave processes it is not known whether waves are 

instrumental in the particle acceleration, current resistivity or 

electric field penetration mechanisms or whether they are just by

products. Many of these questions should be answered by the continu~d 

Atmospheric Explorer and the Dynamics Explorer Missions. Sturrock 

(this volume) has mentioned several processes by which this energy 

coupling could affect the atmospheric weather systems. 
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6.2.6 Energization, diffusion and precipitation of energetic particles 

in the magnetospheres of other planetE• 

Some evidence for wave-particle interactions in the Jovian mag

netosphere was presented in Sections 5.1.1 and 5.1.3 and other characteristics 

are discussed by Lyons, Haerendel and by Kennel and Coroniti (this 

report). There is no doubt that trapped plasma waves exist in the Jovian 

magnetosphere with much the same variety as for the E~th. However, 

because of differences in the plasma distribution, density and tempera-

ture (- 100 eV) and because the particles are mildly relativisitic, 

different wave processes may dominate. MJS'77 will give the first clues 

on plasma waves and the wave-particle interactions at Jupiter, Saturn 

and possibly Uranus. However, missions such as the Jupiter Orbiter 

are required to obtain any detailed understanding of the plasma wave 

processes. 

6.2.7 Emissions of the intense radio bursts from Jupiter, Saturn 

and Uranus. 

As ind..i.cat Erl in Section 5, it is tempting to conclude that the 

mechanisms for planetary radio emissions are similar because they seem 

to scale with the supposed magnetic field in frequency and with the 

solar wind energy input in intensity. But, in fact, the details for the 

emission process of terrestrial kilometric radiation are unknown. 

Direct measurements with MJS(U) of beaming, polarization and intensity 

are definitely required along with measurements of any associated 

trapped plasma waves similar to saucers and VLF hiss, broadband electro

static noise and magnetic noise bursts as well as evidence for ~lectron 
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acceleration, electron beams, and field-aligned currents. It is 

desirable to determine if the current systems are driven by solar wind 

convection or by planetary rotation (with respect to a moon?). For 

example, if one argues that the Jupiter-Io situation is unique and 

that each planet should have a solar wind current system which causes 

radiation in addition, as at the Earth, then Jupiter may have a night

time decametric source of 1011-1013 watts which could explain the ob

served non-Io associated emissions by leakage to the dayside. 

6.2.8 Cascading and transport of energy within the solar wind. 

Observations of solar wind density, velocity and temperature 

parameters are reported by Feldman (this report). Observations of waves 

within the solar wind have been reported from the early Pioneers and IMP's 

near the Earth (1 AU). Pioneer 10 and 11 have extended measurements 

in the magnetometer frequency range to beyond 7 AU and Helios 1 and 2 

to 0.3 AU for a wide frequency range. Observed waves cover the ex-

pected spectrum (as in Figure 2) from long-period Alfv~n waves (like 

some micropulsations and ion cyclotron waves) to waves at twice the 

electron plasma frequency generated by electron beams from solar flares. 

However, it remains to identify the role of these waves in the trans-

port of energy from the solar atmosphere thr2ugh the chromosphere and 

corona and into the distant solar wind. For the solar wind it must be 

determined if the Alfven waves, for example, carry most of the energy 

from the photosphere and are dissipated to heat the corona and if the 

fluctuations in the plasma density (which lead to interplanetary scin

tillations of radio sources) are due to a wave-wave interaction process. 

Missions such as Helios and the proposed Out-of-Ecliptic are required 
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to determine the solar-solar wind energy balance and the significance 

of plasma wave processes to this balance. 

6.2.9 Emission of plasma waves from cosmic plasma systems such as 

the solar atmosphere, flare stars, pulsars, galaxies and quasar~ 

Examples given in Section 5.4 suggested that some cosmic plasma 

wave processes may be interpreted in terms of processes that can 

be well studied by passive and active experiments in the magneto

spheres of the Earth and, in the future, Jupiter. Once the local pro

cess is explained in terms of concrete physical principles, extensions 

in the theory, in laboratory experiments and in computer simulations 

can be made to better describe the particular cosmic plasma system. 

6.3 Future Direction 

I feel that future plasma wave research should emphasize the 

following: 

6.3.1 Completion of survey for plasma and plasma wave processes 

throughout the solar system 

Within the Earth's magnetosphere, the auroral and polar regions 

between 3000 km and 4 RE have not been surveyed. Auroral particle 

acceleration, kilometric wave emission and plasma convection pro

cesses occur in these regions. The proposed Dynamics Explorer Mission 

supplemented by IOEE and GEOS would provide much-needed measurements. 

Pioneer 11, Pioneer Venus, M.TS(U) will provide the necessary survey 

data for Venus, Jupiter, Saturn and possibly Uranus. However, a flyby 

of Neptune and Pluto, additional investigations at Mercury and orbiters 
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of Jupiter {as proposed), Saturn and Uranus are necessary to provide 

the detailed data on magnetospheric processes and their response to 

solar and solar wind variations. Data on plasma and plasma wave 

processes in the solar wind into 0.3 AU in the ecliptic are being 

collected by Helios 1 and 2. However, the solar heliosphere processes 

both closer to the sun and out of the ecliptic plane must be at least 

surveyed in order to develop theories for the dynamics of stellar 

magnetosphere G. 

6.3.2 More detailed measurements of electromagnetic and electro

static wave characteristics using multiple receivers and corre

lation of wave measurements with more detailed energetic 

particle and plasma measurements in the Earth's magnetosphere. 

A new level of plasma wave instrumentation and analysis technique 

needs to be developed to obtain more definitive plasma wave measurements. 

Storey and Lefeuvre 103 are developing the mathematical and data pro

cessing techniques to derive wave distribution functions f(~, ~, w) 

from measurements of the six electromagnetic wave components. Appro-

priate plasma wave instrumentation is to be flown on GEOS but these 

same measurements are also required elsewhere in the magnetosphere. 

Similar instrumentation and analysis methods need to be developed for 

determining the complete wave characteristics of electrostatic waves. 

GEOS will also carry an on-board correlator to produce spectrograms of 

a selectable frequency-time segment. This processor provides broadband 

data at a much lower data rate than would be required to transmit the 

analog data directly -- thus conserving telemetry as is required for 
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obtaining detailed spectral information from the solar wind and from plane-

tary magnetospheres. Satellite-to-satellite interferometry on plasma 

waves will be attempted for the first time between !SEE-A and !SEE-B. 

This technique may be particularly valuable for determining the spatial 

correlations of trapped plasma waves and the source locations (and 

source sizes) for escaping plasma waves such as the kilometric radiation. 

This more sophisticated instrumentation must be accompanied by simi-

larly sophisticated instruments for measuring the plasma parameters and 

particle distribution functions -- generally on pairs of spacecraft to 

be able to separate spatial from temporal variations. 

6.3.3 Development of active plasma experiments for further probing 

the magnetosphere under controlled conditions and for ~arrying 

out basic wave-particle experiments in the extensive magneto-

spheric plasma. 

Helliwe1148 reviews the techniques and results of VLF wave in-

jection into the magnetosphere in order to study wave stimulation and 

particle precipitation processes {see also Figure 7). The results to 

date suggest that more sophisticated experiments should be carried out 

in conjunction with in situ spacecraft that are capable of measuring the 

local wavefields -- original and stimulated -- and the detailed evolu-

tion of the particle distribution functions. Such experiments are 

planned in conjunction with ISEE and with the proposed DE (which is 

more suitable) but better experiments would include the VLF transmitter 

also on a spacecraft. The injected electron and ion beam experiments 

with the Echo rockets are examples of using the magnetosphere as a 
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laboratory plasma in which to produce controlled wave-particle processes 

20 {see Cartwright and Kellogg ) as well as to study the magnetosphere 

itself. A concentrated effort should be made to take advantage of the 

Shuttle launch capability to expand these laboratory experiments along 

the lines reviewed by Scart 86 for the Plasma Physics and Environmental 

Perturbation Laboratory (PPEPL) and the proposals for a series of 

Atmospheric, Magnetospheric and Plasma Physics {AMPS) payloads. 

Already it seems that Spacelab I will carry an electron gun with diag-

nostic instrumentation for waves, particles and optical emissions. 

However, it must be remembered that a laboratory carried by Shuttle can 

examine a limited plasma parameter range so that active experiments to 

the outer magnetosphere are also required. These can be launched from 

Shuttle or by conventional rocketry from Earth. 

6.3.4 Performance of laboratory plasma experiments, computer simu-

lations, and theoretical analyses that treat specific processes 

identified in the magnetosphere 

More emphasis ntust be placed on research efforts that comple-

ment the direct space measurements especially since the space experi-

ments are being designed to obtain more quantitative results on some 

well identified processes. Faithammar26 emphasizes the increasing 

need for laboratory plasma experiments. He suggests that these fall 

into two categories: (1) configuration simulation in which the geo-

metrical properties of a large system such as the magnetosphere or 

moon {terrella and lunella experiments) are modeled and (2) process 

simulation in which the local behavior of a real plasma exhibiting a 
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particular process of interest is studied. Some experiments relating 

to current flow and plasma convection in a dipole field {Birkeland 

currents); energy dissipation at a magnetic neutral line or point 

{neutral sheets and solar flares); anomalous resistivity, electric 

potentials in magnetic mirrors and electric double layers {particle 

acceleration in neutral sheet and on auroral field lines); and the pene

tration of plasma into a magnetic field region (bow shock) have been 

carried out. 

A few experiments related specifically to space plasma wave 

processes have been performed: An experiment by Bernstein, et al., 

with a large scale electron beam produced emissions at 3/2, 5/2, •••• 

harmonics of the electron gyrofrequency and at the electron plasma 

frequency? Other experiments, for example, designed to study large 

magnetic-field-aligned electric potentials and particle acceleration, 

produce ion acoustic turbulence and emissions below the electron 

gyrofrequency and above the electron plasma frequency which are 

similar to the plasma waves associated with the auroral acceleration 

regions. Further research is required to ascertain, quantitatively, 

the role that these waves play [s. Torv~n, personal communication]. 

Computer plasma simulations provide a powerful technique to 

study specific plasma phenomena in comparison with space measurements, 

laboratory results and theoretical predictions. Such compater plasmas 

can develop smoothly into non-linear states. Since one has information 

on the position of each particle and on the applied microscopic fields, 

diagnostic quantities can be computed to give the evaluation of the 
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plasma parameters, wave modes and particle distribution functions. 

Very few applications of this developing technique have been made 

specifically to space plasma problems. Goertz and Joyce35 did investi

gate the formation of an electrostatic double layer in one dimension, 

for example, which confirmed a number of the theoretical precictions 

but the diagnostics to identify the associated electrostatic plasma 

waves has not yet been carried out. The computer simulation technique 

is an important key to interpreting observed processes and to extra

polating these processes into other plasma regimes. 

The significant research problems identified in Section 6. 2 

provide a working list of problems to be attacked by theorists. 

"Solutions" to these problems require that the theorist be pr~vided 

with suitable results from space measurements, laboratory experiments 

and computer simulations. In order to obtain suitable data, the 

theorist needs to be involved in defining the space missions, in 

identifying the specific problems to be attacked, and in specifying 

the parameters to be measured. They also need to identify the computer 

and laboratory experiments to be carried out and the required parameters 

to be determined. 

6.3.5 Identification and interpretation of plasma wave processes from 

cosmic plasma systems seeking analogies and contrasts to solar 

system plasma processes. 

Plasma and plasma wave processes in other cosmic systems may 

operate from different sources of free energy and under different plasma 

conditions. Examination of these processes (from the escaping plasrra 
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wave information) is important in order to test the interpretation of 

solar system processes by extrapolation and to identify new processes 

which occur within the Universe. Such research provides the necessary 

cross-fertilization between solar system plasma physicists and astro

physicists. 
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7. CONCLUSION 

It is only in the neighborhood of the Earth that one can hope 

to ever thoroughly investigate a large number of plasma phenomena, 

within reasonable financial resources, to the point where the physical 

mechanisms are really understood. Once that is done other planetary 

and cosmic plasma can be understood much more easily (by analogy with 

the terrestrial magnetosphere) with limited information by remte 

sensing and perhaps a few in situ probe measurements. 
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Table 2. ELECTROSTATIC PLASMA WAVES 

REFERE!fCES WAVE PROPERl'IES 

45, 85 Broadb~~d emission consisting of dis-
crete bursts with V-shaped structure, 
k .1. ~0 • Associated with VLF hiss in 
same region and with AKR. 

31, 46 Broadband e~ssion consisting of dis-
~r~te bursts of V-shapcd structure. 
Associated · .. ith VLF hiss in sa~e region 
and 10i th AKR. 

~. 67, 77 Na.rrowband ELF emission at - 100 Hz. 
Broadband V~ emission < lO Lqz at 
hig!'lcr altitude. 

4, 29, 45 r;arrowband e'lllission near (n+l/2)f-
,..ith several hanllOnics observed g 
simultaneously. 

28, 36, 80, Broadband electrostatic noise. 
81 

36, 80, 81, l':l.I'row band electron :plasma oscilla-
&4 tions associated with electron heating. 

SOURCE MEeHAN lSMS 

Associated with streaoing protons 
(- keV). Ion cyclotron or :.en 
acoustic current driven instability. 

I 

Associated with regi::-ns o~ field-
aligned currents in cusp :~.n~ tail. 
Ion cyclotron or ion acouct:c in-
stability. 

PAll current instability fc!" electrons 
streaming through neutrals in collisio 
al plasma.. Associated wi~~ tr~~sverse 

·E-tields. 

Loss cone instabilit;r tor l-100 keV 
electrons in rarefied col·~ "la~:llll. 
Causes energetic electro:: p,-·:cipita-
tion. 

Ion two-stream ins tab ili ty :-- roduc ing 
ion acoustic waves. AsEc:iated with 
proton !:eating. 

Two-stre~~ instability fr~~ ~:pstre~in 
solar wind electrons (- l kcV) re-
1'lected froz:t bow shock. 
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F'f.E::C~Z?:O:l 

:::·.~:::~r,-:3.1 
C:·::.~::u·.:.::: I ?~:!:at!.o:: 

:..::::=.et!"~c 

?.a.:~ ~:i=~ 
: ;._ ·~: re..l or 
:e~=-~! t:-ie..l) 
(E? or 7M) 

LOCATION OBSERVED 
FR:::~:.TE!'ICY 

Outside ?la~~i20 ~~z-100 kHz 
pac:se 
:-:.ag,-,etosphere 

AU!"oral Field 120 kJ!z-2 ~!Hz 
Lines 

Table 3· ESCAPING PLASMA WAVES 

CPARACTERISTIC I REFERENCES 
FREQUENCY 

>. r; of solar 
w1.na. 

> r; or f; 

39, 42, 54 

1, 2, 41, 
71, 79 

WAVE PROPERTIES 

Weak electrc~~~etic broadband r~ise es
caping magnetosphere. Generated in 
rnorning and early afternoon. Associated 
with band3 of electrostatic cyclotron 
noise at plasmapause. 

Broadba~d noise bursts peaked ~ 200 kHz 
be~~ed into 2 stErad cone center~ on 
a:.:roe;al field lir.e at~ 2 R_E_ e:nitting 
~ 10• w. A•scciate1 with VL: hiss, ELF 
hiss, auroral turb·.J.len:e a:~d tail elec
trostatic noise. Generation ~ 2200 LT 
in ta!l and ~ 1200 LT in cusp. 

SOURCE MECHANISMS 

Gyrosynchrotron radiation fro= outer 
radiation belt electrons or :oupled 
from electrostatic ~'ves at plas=a
pause. 

Associated with discrete a·J.roral arcs, 
inverted-V electron events (f!eld ali
gned currents). Proposed: c:ppler 
shifted electron cyclotroc. ndiation 
> f- (R.H.) cr electron b~~. instabil 
ity~ f~ (L. H.) in presen~e of ion 
wave turbulence. 
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rn=:::O:·:ENO:N LOCATION CBSE!M:D -CHARACTERISTIC 
FR!ttUENCY' FREQUENCY 

Pc-·~r s:.·ste:n Plas:::.apshere kHz n x 120 Hz, 
t!a:=:=n:!.c !ladia- Bc'.ltldary, n ~ 25 
t!=!"! L~4 

Sip~e S~i=&ula- Pl.as:asphe:re 2 kHz-16 kHz Resonant with 
t!!! \-:.?' :::Us- BO'.l..'ldary electrons 
s!.~::s L ~ 3-5 

E!-ect.rc:: Bee: Io:-:osphere DC-12 Y.:-tz Various 
s~::::·..;.l!.ted 

E::.!:sions 

Table 4. MAlf-w.DE PIASl'A WAVES 

REFERENCES WAVE PROPERTIES 

50 Narrowband radiation at harmonics of 
the rectified 6o Hz, spaced by 120 Hz 
and- falling in kHz ra.'lge. Affects 
other emissions at close frequencies 

16, 48, 49 Narrowba.'ld emissions, risir~ or falling 
tones, stimulat~. and modified by 
transmitted \~ wave. 

20, 72 Waves sti=ulated by rocket-borne 
electron and argon guns: !Ed 2f~, 
and VLF and ELF whistler e 
frequencies. 

---- --

SOUII:E MECHANIS!oS 

Harmonic radiation can be a~pli-
tied by keV electrons at e(r~ator. 
Causes precipitation of ke'/ elec-
trons and may sti=ulate chorus 
emissions. 

100 kW transmitter at Siple, k'lt-
artica; growth of ~ 30 dB 'by c;rclo-
tron resonance with > 10 ke'." elec-
trona at equator. 

Electron gun 4-45 kV, 80 :::3. at 
0-180" pitch angles, argon cource 
of 50 V to neutralize rocke~. 
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1084 

Table 5A. PLANETARY RADIO BURSTS: 
COMPARISON OF ?EAK EMISSION FREQUENCIES* 

PIA NET PEAK FREQUENCY 1 MHz MAGNETIC FIELD, GAUSS FREQ/FIELD, 
OBSERVED PREDICTED OBSERVED BODE LAW MHz/GAUSS 

EARTH .25 0.62 0.40 

JUPITER 8 14.4N 0.56 
10.8S 

SATURN 1.1 2.4 4.8 (0.5) 

URANUS 0.5 0.8 1.6 (0.5) 

NEPI'UNE 0.6 1.3 (0.5) 

60 . ll 
*Adapted from Kennel and Maggs with Uranus observat1ons added. The 
predicted peak frequencies are obtained by multiplying the Bode Law pre
dicted magnetic field value by the average ratio of the observed peak fre
quency to polar field value for the Earth and Jupiter. 

Table 5B. PLANETARY RADIO BURSTS: 
COMPARISON OF PEAK POWER FLUXES* 

PLANET POHF:R F'LUX AT l F.f,l ITT~~.!) POh'E!~ IN POWER F'R01·1 :~OLAR M'I'IO F:~·ii:T"' 
EARTH, Vm-2 Hz- 2'1T STR, WATTS WIND, WATTS TO SOLAH W l..i.J 

EARTH 5 X 108 5 X lOll 1 X w-3 

JUPITER 2 X 10-19 1. 5 X 1012 5 X 10l3 3 X 10-2 
[lolOJ [2 X 10-4, 

SATURN 5 X 10-20 l.5x lOll 5 X 1012 4 X w-? 

URANUS 1.5 x w-20 l.Ox lOll 4 X lOll 2.5 X 10 
-1 

NEPTUNE (2 x lo- 24 to 1 x lo-20 )(1.5 x 1011 ) 1.5x lOll (2 X w-4 to 1) 

*Adapted from Kennel and ~~'1rrs00 with llranu:.· ob:;ervatic•nE 11 added. 
[ ] Total emitted power e~timate including beaming !'actor. 
( ) Scalinc; to Neptut11c l'r•Jra uthcr plaii<ets: The farther pla:Ict::: ::cern to hJ.V!:! incr. ·_.. 

efficiencies if the bf<tminr, is into 2TT st,..radian::;. How• ver, the conversion .,c~·;_ 

ciency for Jt,pitcr and lh0 l-:~,rth i:.: muC'h les~; when ncc.:•:mti:w for ll11: measur : 
l!camin:·. fact.,r;. 
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ESCAPING 
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80W SHOCK 
UPSTREAM WAl 
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TURBULENCE 
PLASMA OSCILLATI S 
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~ • PLASNASPHERE (ffi : PLASNAPAUSE 

__, 
FIELD ALIGNED 

-_CURRENTS 

FIGURE 1 Regions of plasma wave occurrence located in a noon-midnight meridian cross-section of the 
Earth's magnetosphere. 
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KILOMETRIC RADIATION 

NONTHERMAL CONTINUUM 

DISCRETE EMISSIONS 
UPSTREAM WHISTLER MODE WAVES 

CHORUS 

ELF HISS 

ELECTRON WHISTLERS 

MAGNETIC NOISE BURSTS 

ION CYCLOTRON WHISTLERS 
UPSTREAM WHISTLER MODE WAVES 

ION CYCLOTRON WAVES 

MICROPULSATIONS 

•-n 1 
WAVE NORMAL•o" 
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-------lm•ltg" !ELECTROSTATIC ELECTRON 
2 CYCLOTRON NOISEI 

UHR NOISE 

-------fp"IBOW SHOCK PLASMA OSCILLATIONS) 

(TAIL ELECTROSTATIC NOISE) 

------fp.IBOW SHOCK TURBULENCE! 

!AURORAL FIELD LINE TURBULENCE) 
LIONS ROAR 
LHR NOISE 
SAUCERS 
VLF HISS 

BOW SHOCK PLASMA WAVES 

!FARLEY INSTABILITIES) 

WAVE NORMAL·9CI" 

FIGURE 2 Association of plasma wave types with the characteristic frequencies of a plasma for wave nor
mal directions nearly along the geomagnetic field direction (0°) and nearly transverse (90°). The curves rep
resent the index of refraction, n, for the left- and right-hand (Land R) and the extraordinary and ordinary 
(X and 0) wave modes. Wave types in parentheses ( ) are electrostatic (adapted from Jones and Grard53 ). 
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f! 

I 

FIGURE 3b Dayside equatorial magne
tospheric model showing the radial vari
ation of the gyro, plasma, upPer hybrid 
and R-mode cutoff frequencies. Non
thermal continuum noise is found to be 
trapped in the low density region be
tween the plasmapause and the magne
tosheath (after Gumett and Shaw39 ). 

1087 

FIGURE 3a Polar magnetospheric model showing 
the variation of the electron plasma frequency f-' 
gyrofrequency fi and the cutoff frequency for ~e 
right-hand mode fR=o· Also indicated is the fre
quency range for the kilometric radiation which is 
consistent with the frequency range for which the 
3/2 f; electrostatic emission would be expected to 
exceed the right-hand mode cutoff (from Gur
nett41). 

ltf' 

RADIAL DISTANCE (fie) 

MAGNETOSHEATH I 901.AII 
WINO 
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LEPEDEA 'A ELECTRONS, REV 1403, DEC 2, 1968 
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72 .4 
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FIGURE 4 Frequency-time spectrogram of VLF hiss, saucer and ELF noise band (similar to lion's roar) 
associated with an intense auroral electron precipitation event evident on the energy-time spectrogram at 
-0406 UT observed by Injun 5 at- 2500 km altitude (from Gurnett and Frank38 ). 
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FIGURE Sa Examples !Of non-ducted electron 
whistler ray paths in the magnetosphere that make 
up a magnetospherically reflected (MR) whistler 
train. Note that the whistler energy can propagate 
across magnetic field lines (from Smith and 
Angerami 1 00 ). 

FIGURE Sb Examples of ray paths for non ther
mal continuum radiation which is trapped between 
the magnetopause and plasrnapause boundaries 
(from Jones and Grard55 ). 

FIGURE 6 Pictorial representation of the hot 
ring current plasma mixing with the cold plasma
sphere plasma to produce ion cyclotron waves at 
the plasmapause. These waves cause ion precipi· 
tation and damp as they propagate leading to a 
downward heat flux which produces stable au
roral red (SAR) arcs in the ionosphere (from 
Electrodynamics Explorer Final Study Team 
Report, NASA/GSFC, September 1976). 
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00 

FIGURE 9 Values for the total electron density 
outside the plasmapause derived from the non
thermal continuum spectral cutoff at the plasma 
frequency as observed with IMP 6 compared to 
the supra-thermal proton densities determined 
simultaneously (from Gumett and Frank40). 
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FLUX TUI[ 
INTU:.&C T I ON 
OJEaiCII 

FIGURE 7 Schematic drawing of VLF wave in
jection from the Siple, Antarctica, transmitter 
along the L ~ 4 field line toward the Roberval, 
Canada, conjugate point. These injected waves 
organize the energetic electrons to emit and am
plify waves at adjacent but variable frequencies in 
the equatorial region. These large amplitude waves 
cause electron precipitation (from Electrody
namics Explorer Final Study Team Report, NASA/ 
GSFC, September 1976). 

FIGURE 8 The location of the electron density 
knee (plasmapause boundary) as a function of 
local time and radial distance as deduced from 
the dispersion of electron whistlers for three 
days in July 1963 (from Carpenter15 ). 
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MIN{11,10} ·-----,;;: 
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'· -------------! -~--------------,9. 

~ ! 1·· --------------r--- -----
SPECTR<Y.iRAM CF' 

OBSERVED Et.IISSIOti FIGURE lOa Idealized frequency-time (distance) 
spectrogram of saucer emission extending in fre
quency from the local lower hybrid resonance 
frequency at the satellite to the lower of the elec
tron plasma or gyrofrequency (from Mosier and 
Gumett73 ) • 

---·····--·--·.!-----~---
'"• : ; I . 

' . . 
' ' ' 

U,fiLU'fC l8l _... -- I 

UMITING 
RAY PATHS 

h 

~· 1 
»H>>n. ;;;;;;;;mi...> ;;;;;; ;;;. '"nr I 

FIGURE lOb Representative ray paths for the 
saucer energy from a source below the satellite. 
Higher frequency components make a large angle 
to the source field lines (from Mosier and 
Gumett73 ). HORIZONTAL DISTANCE 

FIGURE IOc Distribution of saucer occurrence 
with height of the observing satellite. Generally 
the source region was deduced to be within I 00 km 
of the satellite by ray tracing downward (from 
James 52). 

Copyright © National Academy of Sciences. All rights reserved.

Space Plasma Physics: The Study of Solar-System Plasmas
http://www.nap.edu/catalog.php?record_id=18481

http://www.nap.edu/catalog.php?record_id=18481


1092 

_.,., _ ......... F ~-- -~ -'~·; 

:r b ::·. 
~· 

' c ,_ 
.· ..: 

- B /·~· 

r~:.,._il: :: .... ~ ~:-;2-::""' ... ~~:::~:""---·~>:~ ·~-- ... ---=~ ':'".;~· ~::-.::· ···:n;-r.-

:!' 

FIGURE 11 The amplitude of kilometric radiation at 178kHz for a 24 hour period (magnetically active) 
on 25 January 1973 and a sequence of DAPP auroral zone photographs taken during the same period. The 
kilometric radiation appears to be more closely related to the discrete auroral arcs than to the diffuse au
rora. On frames 1094 and 1096 both discrete and diffuse aurora are evident along with intense AKR. How
ever on frames 1095 and 1097 diffuse aurora is occurring but the AKR is absent (from Gumett41 ). 
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-lORe 

18 FEB. 1175 
17.5 MLT 

• -0915 U.T . 
• -1255 
• -1635 
0-2020 

FIGURE 12 Locations of the kilometric radiation source by lunar occultations with RAE 2 at several 
times during 18 February 1975. Note that the source regions trace out nightside auroral field lines (from 
Alexander and Kaiser1 ). 
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AURORAL (TERRESTRIAL ) 
KILOMETRIC RADIATION 

-200KHz 

ACCELERATION/ GENERATION 

REGION!> 3000KM ~ 

INVERTED-V 
PRECIPITATION ELECTRONS 

1-10 keV 

EARTH 
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EMF FROM 
SOLAR WIND? 
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1000- 3000 KM 

FIGURE 13 Conceptual view of auroral zone plasma wave phenomena and the associated parallel elec
tric field regions, precipitated and accelerated electrons and bright auroral arcs. Kilometric radiation 
(-200kHz) is an escaping plasma wave from 0.5-6 RE in altitude whereas the VLF hiss(- 3 kHz) is a 
downward propagating whistler-mode wave from nearly the same altitude range. Saucers(- 3 kHz) are 
upgoing whistler-mode waves from regions adjacent to the hiss. 
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FIGURE 14 Decimetric brightness distribution of 
Jupiter at 21.3 em for a central meridian longitude 
of 1 S0 • Note that this synchrotron radiation peaks 
on either side of the dark circle representing the 
optical disk (from Berge and Gullcis6 ). 

FIGURE IS A comparison of Jupiter's 
escaping radiation at two wavelengths 
(- 12 em and 21 em) with (a) the 10.7 
em solar radio flux Gagged curve) and 
{b) the square of Jupiter's distance from 
the sun (sine curve with adjusted phase) 
as a function of date. The large intensity 
variations are not correlated with solar 
or solar wind parameters directly but 
may be due to changes in the trapped 
electron distribution function and 
plasma parameters of the inner Jovian 
magnetosphere (adapted from Klein62 ). 
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FIGURE 16 Relative intensities of the ob
served escaping decametric/hectometric/kilo
metric radiation as a function of frequency for 
Jupiter, Saturn and Uranus and the Earth. A 
predicted range for Neptune (see Table S) is 
also indicated (adopted from Kaiser and 
Stone57 and Brown11 ). 
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FIGURE 17 Occurrence probability for Jovian 
decametric emission as a function of the Io or· 
bital position (1/110 ,1/1 = 180° is toward Earth) 
and the central median longitude of Jupiter 
).111 for two different time periods. Note par
ticularly the Io-associated regions near 1/1""" 90° 
and 240° and the Io-independent emission for 
). """ 240°-270° (from Boyzan and Douglas 1 0 ). 

JOVIAN MAINETIC 
FIELD LINES 
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IONOSPHERE --:~~,'.'.•.~· ~
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FIGURE 18 The Io-sheath-acceleration model. Io's rapid motion through the Jovian magnetic field sets up 
a motional potential of several hundred kilovolts. This potential is dropped across plasma sheaths in which 
electrons and ions can be accelerated to I 00 keV energies. The potential drives a beam of these high energy 
electrons (carrying up to 1013 watts) toward the Jovian atmosphere. By a plasma instability along the field 
lines decametric radiation is stimulated and amplified (adapted from Shawhan et Ill. 94). 
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FIGURE 20 Simultaneous detection of a radio 
(196 MHz and 318 MHz) and optical (ultraviolet) 
outburst from the flarestar Wolf 424 AB on 30 
January 1974. These outbursts contain orders of 
magnitude more energy than for a solar flare but 
the time scale (lO's seconds) and high degree of 
radio polarization (60%) suggest that the buic 
mechanisms may be similar (from Spangler and 
Moffett 1 01 ). 

FIGURE 19 Possibility of detecting synchrotron 
radiation from Uranus. Most observations are above 
1000 MHz and are consistent with the blackbody 
emission from a 180°K disk. Model calculations 
(shaded region) indicate that the emission should 
fall below 1000 MHz where radio telescopes are 
less sensitive. An upper limit measurement for 34 
MHz (from one of the largest low frequency radi~ 
telescopes) is indicated. larger radio telescopes or 
measurements closer to the planet are required 
(from Shawhan and Cronyn96 ). 

z.o 

'· Ul 

1.0 

....... ~ 
+I'll. .... _: ..... ··~··. ~ .,.. ... , ...... ~ . . ..... ·~,,- ':.--:: . ~~·\,_, .. :.· . . : . ,. 
·r 

.a r.u. 
1 

u-fll.TDI 
WOLF 424 All 

.... 117 ·-HJO 12442077. +I 

Copyright © National Academy of Sciences. All rights reserved.

Space Plasma Physics: The Study of Solar-System Plasmas
http://www.nap.edu/catalog.php?record_id=18481

http://www.nap.edu/catalog.php?record_id=18481


1098 

Last c/o~ 
fl~ld lm~ 

For Crab, Ee "' rf' PI 
£ 1 .. 10 .. ,, PI 

FIGURE 21 Sturrock's model of pulsars. Shown here is the pattern of currents flowing in and out of the 
polar cap of rotating magnetized neutron star whose dipole and spin axes are aligned. In this model the cur
rent is carried by beams of superrelativistic electrons, which emit curvature photons. When these photons 
propagate at a small angle to a superstrong magnetic field they can produce pairs which also radiate pho
tons, thereby breaking down the vacuum and populating the outer magnetosphere with plasma. The elec
tron-positron plasma is subjected to a two stream instability which produces emission in the radio spec
trum (from Kennel59 ). 
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THE IONOSPHERIC PLASMA 

Donald T. Farley 
School of Elect~ical Engineering 
Cornell University 
Ithaca NY 14853 

ABSTRACT - We consider the ionosphere here as a plasma,· aad only incidentally as 

part of the Earth's upper atmosphere. The long term stability and lack of walls 

in the ionosphere provide a1vantages over laboratory plasmas for some investigatio;1s. 

\~e shall -:oncentrate here on three areas of research: incoherent scatter, 

instabilities in the equatorial and auroral E regions, and instabilities in the 

equatorial F region. Several other topics will be mentioned briefly. Incoherent 

scatter research is based upon and strongly confirms linear kinetic plasma 

theory. The E- and F-region instabilities lead to plasma turbulence which can be 

conveniently studied in the ionosphere. The linear theories of these instabilities 

are now at least partly understood, particularly in the long wavelength regime. 

The nonlinear processes by which the turbulence develops are being actively 

investigated via a variety of experimental, theoretical, and computer simulation 

programs. Once a good correspondence between the observations in space and the 

simulations has been aclrleved, the latter should guide the development of non-

linear theories, which should have applications beyond those of space physics. 
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1. INTRODU~TION 

The ionosphere is by definition ionized and hence a plasma. It offers both 

advantages and disadvantages for the study of plasma processes. It has no walls, 

is usually in a reasonably steady state (sometimes even complete thermal equili

brium), and covers a wide region of parameter space: the temperature varies over 

at least an order of magnitude, the ionization density varies·over 3 or 4 orders 

of .. .magui tude, and the magnetic field and/or collisional processes are important 

for the ions and/or electrons in some regions but not in others. On the minus 

side, it is difficult (but not impossible) to do controlled experiments in the 

ionosphere. In most situations the parameters cannot be varied at will; one must 

settle for \vhat nature provides. This will probably be less true in the future, 

however, with the advent of the Space Shuttle. 

The motivation of most ionospheric research is of course to gain an understanding 

of the important processes controlling the behavior of the upper atmosphere. The 

existence of the ionosphere and its importance for radio communications was 

recognized shortly after the turn of the century, and even now in the age of satellite 

communication systems, the ionosphere continues to have a considerable impact 

upon commw1ications. We wish to understand the ionosphere, however, not only 

because of its effect upon radio propagation, but because it is a part of our 

environment. It is becoming increasingly clear that the whole atmosphere, 

including the uppermost parts, is more tightly coupled than was realized in the 

past. Processes in the lower atmosphere affect the upper and vice versa. The 

effect of tropospheric storms can be detected at altitudes of several hundred 

kilometers; the effect of magnetospheric and ionospheric processes on the lower 

atmosphere can apparently also be appreciable. The possible relationship between 

weather and the solar cycle is currently attracting considerable attention. 

Most of us who study the ionosphere are interested in plasma 

physics because the ionosphere is a plasma, and not vice versa. Here, 

however, we will adopt the opposite point of view and consider the ionosphere 
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to be a plasma which just happens to be part of the upper atmosphere. We will 

not concern ourselves witW such things as photochemistry and the production and 

loss of ionization, interactions with winds and gravity waves in the neutral 

atmosphere, general questions of morphology, etc. Instead we willecamine three 

particular areas in which the fields of plasma physics and ionospheric physics 

have closely impinged upon each other. These are (1) incoherent (sometimes called 

Thomson) scatter, which was first developed as an electromagnetic probing technique 

for the ionosphere but which has also been successfully used to study high temperature 

plasmas in the laboratory, (2) E region (NlOO km altitude) instabilities observed 

in the equatorial and auroral ionospheres, and (3) instabilities observed in the 

equatorial F region (~ 300 km altitude). A few other topics will also be briefly 

mentioned. 

Incoherent scatter, in addition to its use fullness as a probing technique, 

has provided perhaps the best detailed quantitative verification to date of the 

conventional linear kinetic theory of a "warm" plasma. Agreement between theory 

and observation is invariably within the experimental errors, which are sometimes 

less than one percent. ThPoretical explanations of the E- and F- region instabilities 

are now emerging and are based on theories originally developed to explain 

laboratory plasma phenomena. In the ionosphere one can study these instabilities 

in their fully developed "turbulent" state at leisure, so to speak, since the main 

characteristics of the plasma change only slowly, usually on time scales of minutes 

or hours. 

2. INCOHERENT SCATTER 

Incoherent scatter in its simplest form is simply the scattering from 

individual free electrons in a plasma. The fact that an electron will scatter 

electromagnetic radiation has of course been known for many decades, but the radar 

cross section of an electron is so small ("" 10_.28m2) that incoherent scatter (in 

which the signals from individual electrons are randomly distributed in phase so 
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that one adds powers rather than voltages to get the total signal) from the iono-

sphere was ignored for mariy' years. After all, the total cross section of even a 

12 3 
10 km cube of ionosphere with a density of the order of 10 electroas/m , which 

is a typical maximum density, is still only about 1 cm2, which is a pretty small 

target at an altitude of 300 km. Furthermore, the electron velocities should 

apparently introduce large Doppler shifts in the retun1ed signal, thereby 

broadening the bandwidth and making detection even more difficult. In 1958, how-

31 ever, Gordon pointed out that radars of that time had reached the state 

in which they could rather easily detect such weak scatter, provided that one used 

a really large antenna, an idea which led him to the construction of the Arecibo 

radar in Puerto Rico. Stimulated by Gordon's idea, Bowles 9 recorded the 

first measurement of incoherent scatter from the ionospl1ere using a S~IW, 4UIHz 

transmitter coupled to a hastily constructed 1024 dipole antenna array. 

From these beginnings incoherent scatter has been developed into an exceedingly 

powerful tool for probing the ionosphere from the ground and, perhaps to a some\o~hat 

lesser extent, has proved useful for studying laboratory plasma phenomena. Once 

the first ionospheric measurements were made, it was rapidly realized that one 

could not ignore the effect of the ions, as Gordon had done in his first 

preliminary calculations. For wavelengths longer than the Debye length 

(the usual case in ionospheric measurements), the ions play the main role 

in determining the shape of the spectrum of the scattered signal. A 

number of theorists 16 • 29 • 38 • 58 soon had independently developed 

the basic theory, using a variety of approaches to the calculation (but 

all arriving at the same result, happily). The calculations involve finding 

<I~N(k,w)l 2>, the expected mean square amplitude of density fluctuation waves with 

wave vector k and frequency w. The radar frequency and geometry determine ~· 

and w is the Doppler shift introduced by the scattering. At some point all the 
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theories invoke the Vlasov or Boltzmann-Vlasov equation, which most 

1 h . b k 12 . . . t. p asma p ySlcs text oo s • . po1nt out 1s an approx1ma 10n, 

since it involves a certain smoothing out of the microscopic electric fields. 

The equation is then lin~arized in the perturbations and one is soon faced with 

integrals of the form 

vaF (v)/3v 
J ~kv dv 

where F is the unperturbed distribution function of the ions or electrons, and 
0 

v is the component of velocity in the direction of ~-

For any reasonable distribution function, including a t.faxwellian for a plasma 

in thermal equilibrium, one must deal with the pole in this integral at v=w/k. 

The now universally accepted way to handle this pole was first described by 

Landau 47 = and leads to the familiar Landau damping of plasma waves. In the 

late 1950's and early 1960's,however, there was still some discussion as to whether 

or not Landau damping was a real phenomenon, and at least one theory of 

. h 15 1nco erent scatter was developed on the assumption that it was not (by 

integrating through the pole and taking the principal part of the integral rather 

than using an indented contour). The results of the latter theory, while similar 

to the others, were sufficienty different that experimental measurements of the 

shape of the spectrum of the scattered signal were soon able to show that the 

"Landau damped" theories were correct. The relevance ~f incoherent scatter 

research to some other aspects of the development of plasma physics 

5 theory is mentioned in a review by Bauer 

The theory leads to an expression for the radar scattering cross section a 
. 23 

of the plasma which is given below, in the notation of Farley 

(2-1) 

Here Te and Ti are the electron and ion temperatures, N is the electron density, 

-5 re is the classical electron radius (2. 82xl0 m), k is 4TT/A· d for backscatter, 
ra ar 
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AD is the Debye length, and ye and yi are electron and ion "admittance" functions 

that can be expressed in terms of the plasma dispersion function for Maxwellian 
'. 

velocity distributions when the magnetic field is unimportant. For ion mixtures 

y. must be replaced by an appropriate summation. TI1e effect of a magnetic field, 
1 

colliSions, relative drifts, and non-Maxwellian distributions can all be incorporated 

into the admittance terms. This theory shows, among other things, that when the 

Dchye term is much smaller than unity (the usual case in ionospheric measurements) 

the ions play the.dominant role in determining the spectrum of the scattered 

signal, even though it is of course the electrons that do the scattering. The 

Doppler 1vidth of the spectrum is usually determined by the ion rather than electron 

velocities and hence is more than two orders of magnitude (for oxygen ions) 

narrower than Gordon's 31 _ original prediction, making detection of the signal 

considerably simpler. 

Since 1960 the theory of incoherent scatter has been extended by the above 

mentioned authors and several others to include the effect of many other parameters 

of the ionos~tere. In many situations the original thermal equilibriu~ collision-

less, single ion species, non-magnetic theory is directly applicable to the iono-

spheric measurements, but in some it is not. The electron and ion te~pcratures 

may be different, collisions between ions and neutral particles may be important, 

the Earth's magnetic field may affect the scattering, more than one ion species 

may be present, the plasma as a whole may be moving, or the electrons and one 

or more species of ions may all be drifting at different mean velocities, the 

electrons may have a non-Maxwellian distribution, particularly a high energy "tail" 

caused by the production of photoelectrons, or the ions may even by non-Maxwellian, 

particularly in the auroral zone where the plasma drift velocities relative to 

the neutral particles can be very large. It seems inappropriate to list all the relevant 

18 20 21 5 references here; many of them can be found in reviews by Evans ' ' · and Bauer . 
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The theoretical work has been extremely successful. There is no unresolved 

disagreement between theo~y and experiment, and many of the theoretical results 

have beenverifiedto a high degree of accuracy- better than one percent in 

37 some cases. For example, Figure 1, taken from Hagen and Hsu shows a 

series of auto-correlation functions,.which are the Fourier transforms of 

the Doppler power spectra of the scattered signal, measured at the Arecibo 

Observatory in Puerto Rico at altitudes up to 1854 km. The fitted theoretical 

for 0+-H+ 1' on · 1 d I d · curves, mxtures, are p otte on t1e same axes, an 1n most cases 

the two cannot be distinguished. From such a fitting procedure the composition 

and temperature variations with time and altitude can be determined. Figure 2 

(f d h 36 ) rom Hagen an Be nke shows an example of recent high altitude wide 

bandwidth measurements at Arecibo which succeeded in me-suring the electronic 

component of the scatter from the ionosphere for the first time. Even 

6 ·more recently, Behnke a11d Hagen have reported the first observation 

of the lower hybrid or whistler resonance predicted by theory. 

The theory of incoherent scatter is very rich in the sense that so many 

parameters of geophysical interest can affect the scattered signal, particularly 

the spectrum of the signal. This often makes the data somewhat difficult to 

analyze, but on the other hand when the analysis is carried out it yrelds a 

great deal of information that is obtainable in almost no other way. The ionized 

particles in the upper atmosphere also serve as tracers to provide information 

about ambient electric fields ~md the dynamics of the neutral atmosphere. The 

incoherent scatter measurements of temperature, drift velocity, and collision 

frequency are most important in this application. Incoherent scatter observations 

in the ionosphere complement rocket and satellite in~itu measurements by providing 

very detailed monitoring of many parameters at a single geographical location over 

a range of altitudes extending from 80 km or below to several thousand km. · 

Incoherent scatter probing of laboratory plasmas is also carried out, but 

the technique does not seem to provide as powerful a tool in the laboratory as it 
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does in the ionosphere. The measurements are usually made with lasers with wave-

lengths much less than the Debye length (in contrast to the ionospheric case), 

and so the ions have no effect on the scatter. The data give a measure of the 

electron velocity distribution (i.e., temperature and density). The lab spectral 

data are generally of poorer quality than ionospheric data due to statistical 

considerations. Since the scatteringisastochastic process, one must average many 

samples to get accurate estimates of the statistical parameters, even if the 

signal-to-noise r~tio is very high. This averaging is generally easily done in 

the ionospheric case where changes in tile plasma characteristics are slow, but 

this is often not possible in the laboratory. In spite of all this, however, the 

lab measurements do yield results which are difficult to obtain in any other way. 

To summarize, soffie of the important consequences of incoherent scatter 

research to data are: 

1. The .extensive agreement between theory and ionospheric observations has 

provided a detailed quantitative verification of conventional kinetic plasma theory 

based on the linearized Vlasov equation. 

2. Incoherent scatter radar observations have become by far the most powerful 

ground-based technique for studying ionospheric behavior. Most of the important 

parameters of the ionospheric plasma can be measured over a wide range of altitudes, 

usually with good time resolution as well. Unfortunately, because of the expense 

there are only five observatories in the world now making these observations 

(with a sixth under construction in northern Scandanavia). 

3. Incoherent scatter probing of high temperature plasmas in the laboratory 

has been useful in measuring the electron temperatures. 

Looking towards the future, we can make the following predictions and 

recommendations: 

1. Theoretical research on the theory of incoherent scatter will continue, 
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but at a moderate level. The theory currently seems to be in very good shape. 

but new questions will un~qubtedly arise. particularly in connection with obser-

vations in the auroral zone and polar cap. regions in which we can expect at 

times to find highly non-equilibrium. non-Maxwellian ion and/or electron 

distributions. 

2. Incoherent scatter will continue to make important contributions to our 

understanding of ionospheric physics, particularly in polar latitudes. It is 

important to maintain and if possible upgrade the few existing observatories. 

It would also be highly desirable to build new facilities, such as the one 

19 which has been proposed for a region near L=4 (see Evans ), probably in the 

Northeastern United States and Canada (where auxiliary receiving sites are 

planned). TI1is project has been stalled in an adva~ced state of planning for 

several years now. Indian scientists arc eager to establish an observatory in 

their country, but lack the nesessary funds. It should be emphasized that although 

incoherent scatter radars are certainly not cheap, they are not really expensive 

when compared to the cost of major satellite programs. We obviously learn a 

great deal from satellites, but some phenomena cannot be studied effectively by 

them. Tidal variations in the upper atmosphere, for example, are particularly 

suited to study by incoherent scatter, but several observatories (the more the 

better) distributed over the globe must be operating simultaneously. 

3. Returning more to the area of plasma physics, incoherent scatter should 

continue to contribute to the theory of parametric instabilities in the 

. h 54 1onosp ere driven by powerful HF transmitters. Measurements at 

Arecibo during the past few years have given interesting results, but the geometry 

there is not ideal for this sort of study. A heating facility is planned in 

conjunction with the new Scandanavian incoherent scatter observatory, and hopefully 

we should learn a great deal when these begin operation. 
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4. The advent of the Space Shuttle will provide opportunities for various 

active experiments in the ionosphere. For many of these, incoherent scatter 
, . 

from the ground will doubtless provide convenient diagnostics. The opinion of 

most incoherent scatter experts is that it does not make sense to tr~ to do 

incoherent scatter observations from a satellite, even a very large one. 

3. E-REGION ELECTROJET PLASMA INSTABILITIES 

There are substantial ambient electric fields in the ionosphere. At middle 

and low latitudes these are produced by the dynamo action of neutral winds 

driving the charged particles across the Earth's magnetic field through collisional 

interactions. The neutral winds, in turn, are controlled by solar induced 

pressure gradients, tidal forces, coriolis effects, and even ion drag (representing 
. 

the work performed by the neutral wind in generating the electric fields). In 

polar and auroral latitudes, the electric fields are generated primarily through 

interactions between the magnetosphere and the solar wind and are transmitted 

do~1 into the lower ionosphere along the highly conducting magnetic field lines. 

These electric fields generate a worldwide system of currents which flow primarily 

in the E region at altitudes of the order of 100-120 km. These currents are 

particularly intense in two regions: (1) the magnetic equator where the magnetic 

field geometry leads to an unusually high conductivity perpendicular to the magnetic 

field, and (2) the auroral zone where the electric fields perpendicular to B are 

often very large. In both regions the currents lead to plasma instabilities 

which generate electron density perturbations which have been observed by radar 

and .in .6.UU. probing. These observations have motivated a very substantial 

amount of theoretical work. The instabilities in the two regions have obvious 

similarities, but there seem to be some puzzling differences as well. Since the 

equatorial case seems to be the better understood at the moment, we will consider 

it first. 
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Equator. At the equator typical east-west electric fields are of the order 

of l0-3V/m, which is fairly weak. However, at the equator the Hall current, which , . 
this field would normally produce, is vertical and inhibited, and a vertical 

polarization field builds up which is 10-20 times larter than the original 

driving field 1 . This in turn drives a horizontal Hall 

current which is due almost entirely to electron drift. The important region is 

characterized by v <<0 , v.>>O., where v . and n . are the electron and ion e e 1 1 e,1 e,1 

collision and Larmor frequencies. From another point of view, the effective 

east-west conductivity at the equator is approximately the Cowling conductivity 

2 2 (o2+o1)/o1 where o2 is the Hall conductivity, which is considerably larger in the 

electrojet region than the Pedersen conductivity o1. The resulting electron 

drifts are generally westward during the day and eastward at night, at velocities 

that are typically of the order of a few hundred m/s. The currents at night 

are very weak because of the low electron densities in the E region, but the 

electric fields and electron velocitie~ are as large as during the day. These 

electron velocities are much smaller than the electron thermal velocities but 

can at times exceed the ion acoustic velocity, which is essentially the ion thermal 

velocity and is roughly 350-400 m/s for typical temperature values. 

The close correlation between anomalous echoes from the E region seen at 

the equator with ionosondes (equatorial sporadic-E) and the strength of the 

electrojet current as measured with magnetometers was recognized many years 

so ago During the IGY (1957-58) a comprehensive study of equatorial 

scattering phenomena in both the E and F regions was carried out using several 

VHF forward scatter links in Peru (see Cohen and Bowles, 13 and references 

therein). In the early 196v's the work in Peru was resumed using frequency 

coherent VHF radars so that Doppler spectra of the electrojet echoes could be 

determined 10• The strong echoes showed a characteristic peak in the 

spectrum at a Doppler shift that corresponded closely to the ion-acoustic 
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velocity in the medium. This result led Farley 22 11 and Buneman to 

independently suggest that a type of two-stream plasma instability was the source 

of the irregularities responsible for the scattering. Because the current 

in this case is flowing perpendicular to the magnetic field, the instability 

threshold is greatly reduced from that of the ordinary collisionless plasma two-

stream instability, for which the relative ion-electron drift velocity must 

exceed the electron thermal velocity when T ~T., as in the ionosphere. In the e 1 

electrojet case the drift must only exceed the ion-acoustic velocity by a 

moderate amount to trigger unstable waves traveling perpendicular (or nearly so) 
49 

to the magnetic field. There \iere also early suggestions by Maeda et al. 

and Knox 46 that the gradient drift instability, first discussed by Simon 63 

in connection with laboratory plasmas, might also be inr~-.ortant for the 

electrojet case. These suggestions did not receive much acceptance at first 

.because they did not seem to deal successfully with VHF data. Subsequent 

research, however, has shown that this instability is also important. 

This early work reached some important conclu3ions but left many unanswered 

questions which are only now beginning to be resolved. Research continued during 

the 1960's and has accelerated during the 1970's, which have already seen the 

publication of over SO papers dealing with the electrojet instabilities. Radar 

diagnostic techniques have been greatly imp~oved, some rocket observations have 

been made, the linear theory of the instability (in both fluid and kinetic theory 

forms) has been extended and refined, numerous theoretical studies of various 

nonlinear effects have been carried out (although with only mixed success), some 

of the effects have been simulated in laboratory experiments, and work on computer 

simulations of the instabilities has begun. This latter work, in particular, seems 

to hold great promise for the future. 
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Even a brief discussion of all this work and/or a listing of all the references 

is not possible here. A short recent review of some of the material was given 

by Farley 24. The most recent radar work in Peru and the current status 

of some of the theoretical problems are described in a series of papers by 
26-28 Much of the theoretical work on nonlinear effects Fejer et al. 

done in the last few years is discussed and referenced in papers by Lee et a1. 48 , 

Rogister and Jamin 56 and Sato ~o. 

The main observed characteristics of the equatorial electrojet instability 

are as follO\\'S : 

1. There is a high correlation with the magnitude and direction of the electro-

jet current. The medium is unstable when the electrons flow westward during the 

day, or in either direction at night. 

2. The density irregularities are highly aligned with the magnetic field. 

3. The irregularities are observed over a wider altitude range at night 

than during the day. 

4. Echoes are obtained even with vertically pointing radars, implying 

unstable plasma waves with vertical ~-vectors (not simply a vertical component 

of~), even though the electrojet flows horizontally. 

5. Two distinct types of irregularities (plasma waves), with different 

thresholds of excitation, different k-spectra, and different radar Doppler 

spectra are observed. 

A few examples of the radar data ate shown in Figures 3-5. Figure 3 (from 

Cohen and Bowles, 14 ) shows a series of power spectra measured near noon in 

Peru, pointing the radar east and west from the zenith as well as vertical. The 

electrojet was strong during this period and the oblique spectra are good examples 

of "type 1" (so-called because they correspond to the strongest radar echoes at 

SO ~~z and hence were the first detected). The east and west spectra are nearly 

mirror images of each other and the spectra peak at essentially the same Doppler 
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shift for substantially different oblique zenith angles, in contrast to the 

behavior for "type 2" spectra for which the main Doppler shift is proportional 

to the sine of the zenith 'angle. Figure 4 (from Balsley and Farley 2) shows 

data obtained. at three radar frequencies, corresponding to plasma wavelengths 

of approximately 9, 3, and 1 meter, respectively. The 50 MHz data show most 

clearly the change from type 2 to type 1 spectra and back again as the electro-

jet streaming velocity first increases and then decreases. Figure 5 (from Fejer 

27 et al. ) shows a series of spectra obtained looking vertically at Jicamarca 
. 

using a narrow beam antenna, short pulses, and short integrations in order to 

get good spatial and temportal resolution. The "turbulent" character of the 

scatter is quite apparent. The shape of the spectra can change rapidly with 

both altitude and time. These and other data not shown indicate that the waves 

seen looking vertically can switch from predominantly up-going to down-going 

(or vice-versa) in times at least as short at 2 sees and altitude intervals at 

least as small as BOOm. 

The linear theory of the instability has been developed by numerous authors. 
27 

In the notation of Fejer et al. the results of the fluid development 

can be written as 

(3-1) 

(3-2) 

Here, wr and y are the real frequency and growth rate of the plasma wave, yd 
is the electron drift velocity (the ions are essentially at rest), ~is the wave 

vector, Cs is the ion~acoustic velocity, LN is the electron density gradient length 

(positive for density increasing with height), a is the recombination coefficient, 

and $ is v v1./0 n. for k!B but increases very rapidly when k departs from per-e e 1 - - -

pendicularity by more than 1° or so. The first two terms on the RHS of (3-2) 

dominate at short wavelengths and set a drift velocity threshold for instability 
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slightly above the acoustic velocity (since ~ in the region of most interest is 

0.2-0.4). This is the so-called two-stream instability which is thought to . . 
correspond to the type 1 irregularities. The last two terms in (3-2) are most 

important at long wavelei,gths and are thougt.t to be mainly responsible for the type 

2 irregularities; the third is the gradient-drift driving term and can be either 

stabilizing or destabilizing, depending upon the directions of the density gradient 

and drift velocity, and the last gives the chemical (recombination) damping rate, 

which is particularly small at night when the density is low. 

On the basis of this theory one can acc01.mt for characteristics 1-3 listed 

above, as well as some of the properties of the type 2 irregularities. One 

cannot explain the detailed shape of the Doppler spectra of the radar echoes or 

predict the amplitude of the unstable waves; both of these obviously depend upon 

nonlinear saturation mechanisms. Nor can vertically propa8ating unstable waves, 

for which the two driving terms go to zero, be accounted for. In particular, 

the Doppl~r spectra of the type 1 irregularities show a sharp peak at kr. , 
.s 

even when ~·Yd is apparently substantially larger than Cs. A perhaps even more 

fundamental problem is to account for the existence of two distinct types of 

irregulariites, since there is only one root of interest of the dispersion 

equation. Another question is that of anomalous resistivity: Is the conductivity 

of the electrojet region seriously affected when strong plasma waves are generated? 

In attempts to deal with some of these questions,various nonlinar processes 

such as quasi-linear effects, orbit diffusion, md mode coupling, combined in some 

cases with the effects of refraction and convection, have been investigated. 

Some or all of these processes undoubtedly are important, but because of the 

inevitable simplifications which are introduced into the models to make them 

mathematically tractable, the results to date have not been very successful in 

explaining the observations. All the nonlinear models, for example, assume a 
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horizontal laminar background electron drift, and hence cannot account for the 

vertically propagating waves. To cope with this problem Farley and Balsley 24a 

suggested a two (or more) 's'tage process in which the Jlledium, first develops 

large scale irregularities with associated "turbulent" gradients and electron 

drifts; these is turn can generate small scale irregularities (which are what the 

radar detects) with wave vectors in all directions. This idea was shown 

to be quantitatively reasonable by Sudan et a1. 64 , and shortly 

thereafter Sato 59 independently put forward a similar suggestion. 

This work stimulated interest in computer simulations of this turbulent 

coupling process. Numerical investigations of the electrojet processes were carried 

out as early as 1967 by Sato and Tsudf! but in my opinion at least, the first 

important computer simulations were those of McDonald et a1. 51 •52 . These 

showed that the turbulent process described above really takes place; small 

scale irregularities moving in a wide variety of directions can be generated via 

the cascading process when the linear theory described by (3-1) and (3-2) predicts 

that only large scale waves moving primarily horizontally will be unstable. 

Figure 6 shows the simulated development of the irregularities, using a SOxSO 

point grid with a spacing of l.Sm and a drift velocity of 100 m/s. It can be 

seen that the initial perturbation develops into a highly chaotic state within 

2.7 sees. This work which was begun at the Naval Resaerch Laboratory is now 

being extended at Cornell University. The early results of the Cornell 

simulations have already given good reproductions of radar observations of 

the type 2 irregularities. Figure 7 (from Keskinen et al. 44) 

shows a comparison between a simulated radar Doppler spectrum for 9.5 meter wave-

length waves and one ~f the spectra shown in Figure 4. 

The imp~rtance of the simulations is that they will provide an opportunity 

to carry out "controlled experiments" on the ionospheric processes. Once we are 

convinced that the numerical results truly reproduce what is going on in the iono-

sphere, we can vary the plasma parameters at will and study the effects, something 
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that cannot be done in the real ionosphere. Furthermore, the simulations permit .. 
perfect "probing" of all the plasma variables. The catch to all this of course 

is that the simulations always involve approximations and often cannot completely 

reproduce the natural phenomena, particularly over a large range of wavelengths. 

Nevertheless, tlte equatorial electrojet observations and simulations seem to 

provide one of the "cleanest" opportunities available for studying in detail an 

example of fully developed two-dimensional plasma turbulence. 

What are the prospects for the future in this area; where should future 

efforts be directed? 

1. As far as observations are concerned, joint comprehensive experiments will 

be of most value. We need rocket measurements of both the zero order and per-

turbation electron densit~es and electric fields,. together with simultaneous 

radar measurements at as many angles and wavelengths as possible. Campaigns 

of this sort are planned for Peru. 

2. The numerical simulation work should be continued and expanded. The most 

recent work referred to abov~ neglects ion inertia, for example, and thus is not valid 

for drift velpcities comparable to the acoustic velocity, the condition for gener~ting 

type 1 irregularities. The simulations also need to be extended to shorter wavelengths. 

3. If successful, the simulations should serve as a guide to more realistic 

semi-analytic theories of thenonlinearprocesses. Merely simulating a natural 

phenomenon is not of too much use if it does not lead to an improved understanding 

of the important physics involved. 

4. The simulations should be able to resolve the question of whether or not 

1 . . . S3a 
anoma ous res1st1v1ty· is important in the equatorial E region. 

Auroral zone. Turning. now briefly to the auroral zone E region, we find 

that our understanding of the plasma processes there is still in quite a primitive 

state. Measurements of the Doppler spectra of VHF radar signals scattered from 

auroral zone E region plasma waves 
8 

were first obtained in the 1950's 
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and recently a group from NOAA has been actively pursuing this sort of work 4•17 •32 - 34 • 

Sometimes the radar spectrai data look very similar to those obtained 

at the magnetic equator; it seems certain that the instability mechaRisms 

are related. The. auroral effects are much more variable than those at the equator, 

however, and the geometry is more difficult to untangle. Some spectra do not 

resemble anything seen at the equator. Furthermore, in contrast to the equatorial 

situation, in the auroral zone it is often difficult to know exactly what the 

electrojet current is doing. The theoretical situation is complicated by the 

fact that the magnetic field is nearly vertical, which means that differing 

altitudes with substantially differing plasma parameters (particularly the 

important collision to Larmor frequency ratios) are st~ongly coupled together. 

At the equator the altitudes are uncoupled. On the other hand, the induced 

polarization field that is an important factor in enhancing the equatorial 

current (and which may therefore perhaps be involved in the nonlinear saturation 

mechanisms) is not important in the auroral case. 

My feeling, which is not shared by everyone, is that a reasonable under-

standing of the E-region auroral zone plasma instabilities will only be achieved 

after the equatorial zone processes are more fully understood. In the meantime, 

though, the radar, rocket, and satellite observational programs should be 

continued, and combined wherever possible. These coordinated programs are 

even more essential in the auroral than in the equatorial case, since in the 

auoral medium we often have only a poor idea of the ambient conditions in 

which the instability is developing. All-sky photographs, satellite photographs, 

magnetometer data, satellite and rocket electric field and density measurements, 

together with radar data all contribute useful information to the total picture. 

A · h · f h 1 1 · · · 53a 1 · t 11 · th ga1n, t e quest1on o w at ro e anoma ous res1st1V1ty p ays 111 con ro 1ng e 

flow of current in the auroral zone is an important one that needs to be answered. 
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4. EQUATORIAL F-REGION INSTABILITIES 

The fact that radio waves are often strongly scattered by irregularities 

in the nighttime equatoriar ionosphere at altitudes of the order of 300 km or 

. 7 
more was d1scussed as long ago as 1938 by Booker and Wells. These irregularities 

also cause the unusually strong radio star and satellite signal scintillations 

observed at equatorial latitudes. Somewhat unexpectedly, strong fading of 

satellite transmissions sometimes occurs at frequencies as high as 4 and 6 GHz 65 , 

a result that must be considered in the design of communications 

systems. During the 30 some years following Booker and Wells' work the 

morphology of these irregularities was extensively studied and the propagation 

phenomena (how the irregularities might produce the observed radio effects, 

given that the irregularities exist) were reasonably well sorted out, but 

little progress was made in finding the source of the irregularities. Farley et 

a1. 25 reviewed most of the ideas that had been proposed up to that date and 

pointed out that none of them could explain the various observations, particularly 

those of VHF scatter from short wavelength (3m) irregularities over a very wide 

range of altitudes, including regions where the mean vertical electron density 

gradient was positive, negative, or zero. This insensitivity to the density 

gradient seemed at the time to rule out gravitational instabilities as a 

cause. Haerendel 3•35 pointed out that in any such theory one must really 

consider the total ionization within a magnetic flux tube, taking into 

account the curvature of the lines of force near the equator, and that 

this tctal coqtent can have an upward gradient even above the region 

of maximum el~ctron density in the F-region. Still, however, this idea .. 
could not explain thc_observations of irregularities as high as 1000 km or more. 

Until very recently, this F•region problem seemed particularly baffling 

because the equatorial F region is very well described and its relatively simple 

basic chemistry and dynamics are well understood. There arenosignificant 

currents flowing and apparently no important sources of free energy available 
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except those involving the mean density gradients. How then to account for the 

instabilities in regions of positive, negative, and zero vertical gradient? The .. 
resolution of this apparent dilemma seems quite simple in retrospect. The basic 

idea is that a Rayleigh-Taylor instability first develops in the region of the 

sharp density gradient on the bottomside of the nighttime F region; this grows 

to 1 arge ampli t~tdes and "bubbles" (i.e. • regions of low density) eventually 

detach themselves and move upward into regions of increasing density. Unless 

the "bubbles" break up or are otherwise dissipated, they can continue to rise 

through the entire F region until they reach an altitude where their density 

is equal to the ambient background, an altitude which could be as high as 1000 km 

or more. Smaller scale irregularities are presumed to form on the sharp edges 

of the bubbles. 

These ideas, which a.:.e now generally accepted, emerged at the 

1975 Gordon Conference on Space Plasma Physics, as a result of talks 

by M.C. Kelley and R.F. Woodman, and they are described in publicat~ons 

43 68 by Kelley et al. and Woodman and La Hoz . Figure 8, taken from the 

paper of Woodman and La Hoz, schematically illustrates the mechanism, 

using a three-fluid model in place of a continuous distribution of densities. 

The miudle fluid is assumed to be the heaviest, and the bottom fluid the 

lightest. Thus the lower interface is gravitationally unstable, but the 

upper interface initially stable. When the bubble reaches the upper interface, 

however, it is lighter than the upper fluid; hence the instability continues 

and the bubble continues to rise. 

Recently the first numerical simulations of this Rayleigh-Taylor "bubble" 

mechanism have been carried out by Scannapieco and Ossakow62 • and their results, 

which are illustrated in Figure 9, seem to confirm the model, although the growth 

times shown are too long. Faster growth rates would have been obtained if the 

bottoms ide of the anb i~nt F region had been placed at a higher altitude (as is 

observed~ where the ion-neutral collision frequency is lower. 
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There were a number of new experimental observations in the 1970's 

that led to these new insights. The satellite observations reported 
, . 39 

by Hanson and his colleagues showed that very substantial dis-

continuities in electron density do exist in the nighttime equatoria1 

F region. The "holes" or "bubbles" are quite apparent in the data. Spectral 

analysis of the observations showed that the irregularities spanned a range of 

wavelengths extending at least from tens of kilometers to hundreds of meters, 

with roughly a k- 2 spectral power law, suggesting some sort of turbulent decay 

68 
process. New radar observing techniques developed by Woodman and La Hoz 

and used for the SO t-D-Iz studies in Peru provided dramatic pictures of the spatial 

and temporal development of the uns.table region, at least for the short wave-

length irregularities. An example of such a display is. given in Figure 10. 

lfuat is shown is echo strength obtained using a vertically directed radar and 

plotted as a function of time anu altitude. Increasing darkness indicates 

increasing echo strength, on a logarithmic scale. Much of the detail unfortunately 

is difficult to reproduce; the original computer outputs and photographs cover 

about SO dB of dynamic range. Nevertheless, the rising "plumes" of irregularities 

and the complicated structure associated with the development of the instability 

are well illustrated in the figure. 

Another stimulus to the resolution of this equatorial problem has been the 

series of barium cloud release experiments carried out in the ionosphere over 

the last decade. We will not discuss these here in any detail, but the observed 

phenomena have similarities to the equatorial processes we have been considering. 

The barium clouds often develop striations that are highly aligned with the 

magnetic field and frequently break up into quite small scale sizes. Analytical 

work and numerical simulations have shown that the primary cause of the striations 

is a gradient-drift instability operating at long wavelengths, with subsequent 
43 

decay to shorter scale sizes. The observations reported by Kelley et al. 

included a barium cloud release, the fortuitous observation of a natural "bubble" 
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by the same rocket that released the barium, and radar observations that tracked 

the motion of the cloud and the natural irregularities. 

As a result of these'~arious recent developments, it appears that at long 

last the general nature oftheimportant instability processes operating in the 

equatorial F region is now largely understood, but many of the details are not. 

In particular, the mechanism for generating irregularities with wavelengths 

shorter than the ion Larmor radius still ~eeds to be worked out. Hudson ru1d 

Kennel 40 have suggested that a collisional drift mode instability may be 

responsible, but more work needs to be done. As in the case of the E~egion 

instabilities, more numerical simulation studies are planned which should help 

to guide future analytic theories. We have not even begun to try to sort out 

and interpret the complex velocity distributions within the unstable region 

68 
revealed by the SO ~1Hz re-lar spectral measurement? of WooJman and La llo: 

These Doppler spectra are sometiQes si~ple and sometimes complex, and can vary 

rapidly with both altitude and time. In addition, an "explosive" instability 

with growth and decay times of tens of milliseconds is sometimes seen. 

\'/hat are the next steps to be taken in resolving the many remaining problems? 

First of all, a series of coordinated equatorial measurements is being planned 

for Peru, where the large Jicamarca radar is located near a rocket range and 

satellite tracking facilities. The plan is to measure satellite scintillations 

on as many frequencies as possible (using especially the "wideband" satellite) 

to study the long wavelength modes, use rocket probes (and passing satellite 

probes, as available) to make ~n ~~measurements of the background and per

turbation densities and electric fields, and use the radar (perhaps with several 

beams) to map and study the regions of short wavelength instability. The radar 

will also be used as an on-line monitor to guide the timing of the rocket 

launches. Another idea currently in the planning state is to create an artificial 

"hole" or "bubble" in the nighttime F region over Peru by means of a rocket release 

__ .. 
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of H2 or water. The development of this artificial bubble would then be 

monitored by radar and perhaps additional rockets. The most ambitious and com

prehensive experimental program now in the planning stage is the proposed 

Equatorial Ionospheric Irregularity Study Satellite (EQUION). TI1is satellite 

will be instrumented to measure plasma density, temperature, and composition, 

energetic particle fluxes, optical emissions, and electrostatic and electro

magnetic waves. The electron density and temperature measurements will have 

unusually good spatial resolution (....,3m) in order to permit quantitative com

parison with 50 P.niz radar observations in Peru. This satellite, if funded, 

should make very important contributions to our understanding of the F-region 

instabilities. On the theoretical front, more simulation work is needed, more 

effort is needed in the short wavelength regime, where ~ow very little is really 

understood, a~d possible nonlinear saturation mechanisms need to be explored. 

Understanding the behavior of the k-spectrum of the irregularities is particularly 

important for understanding and predicting satellite scintillations and their 

dependence upon operating frequency (see Rufenach 57 , for example). 

There is an additional aspect of equatorial ionospheric research that is 

perhaps worth mentioning. The magnetic equator passes through developing 

countries (with the possible exception of Brazil), and hence research in these 

countries has the benefit of bringing local scientists into the mainstream of 

research in geophysics and plasma physics. Peruvian and Indian scientists, in 

particular, have made substantial contributions to the E-and F-region equatorial 

programs. 

5. OTHER TOPICS 

There are several additional topics that we should at least mention 

here. We have briefly alluded earlier to parametric instablities in the iono

·sphere induced by high power HF transmitters (see Perkins et al. 54 for a 

comprehensive discussion) and to instabilities observed following barium cloud 

releases in the ionosphere (see Goldman et al. 30 for recent work on simulating 
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the development of striations and for references to earlier work). Ott and 

Farley 53 pointed out that the anisotropic ion velocity distributions 

that can exist in the aurdral ionosphere, due to ion-neutral charge exhange 

collisions combined with a large ~x~ drift velocity, could be unstable to the 

Post-Rosenbluth 55 . b" . 11" b . 66 
~nsta ~l~ty. Recent sate 1te o servat~ons 

seem consistent with this prediction. 

Another important area of plasma research is concerned with high latitude 

processes which affect the ionosphere. Since these are really magnetospheric 

processes they wiil be discussed in deta~l elsewhere. Within a few thousand 

kilometers of the Earth's surface there is a complex and exciting region of 

plasma activity. Extremely strong radio emission occurs there with a po\ver output 

of the order of 109 watts, rivaling Jupiter as a radio source. The region is 

associated with auroral generation, and recent satellite observations and barium shaped 

charge releases indicate electric field componenus parallel to the magnetic 

field resulting in potential drops of many kilovolts. These releases, which 

have given graphic proof of the fvozen-in field concept, have thus also revealed 

the. existence of decoupling mechanisms. Field aligned currents associated with 

the aurora are certainly related to these potential drops and associated regions 

of anomalous resistivity. In ~itu ionospheric observations at high latitudes 

have shown that ion cyclotron waves are generated in regions of intense parallel 

41 currents Velocity shear instabilities have also been observed in the 

F-region near auroral arcs42 •45 •67 . 

6 • SUf.t.IARY 

The ionosphere, besides being an interesting part of our environment which 

plays an important role in worldwide communications, is a convenient place to 

·study certain aspects of plasma phsyics. In the last 15 years or so, there have 
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been a number of fruitful interactions between ionospheric plasma research and 

plasma research ~riginating in other areas. The technique of incoherent scatter 
, . 

has become an extremely powerful tool for ionospheric research because linear 

kinetic plasma theory has been able to successfully explain and interpret every 

aspect of the observations in terms of the ionospheric parameters. This succ~ss 

has of course also helped to put the kinetic !heory itself on very firm quantitative 

grounds. 

We have seen that there are a number of interesting plasma instabilities 

in the ionosphere which lead to the development of turbulent conditions which 

persist for minutes or evcu hours in a reasonably steady state. This persistence 

and the absence of wall effects make the phenomena in some respects easier to 

study than comparable laboratory effects. If we can achieve a full understanding 

of the ionospheric instabilities and resulting turbulenLe, there will be in-

evitable applications to other areas of plasma physics. 

Radar and ..i.n .&.U:U. studies of the ionospheric instabilities have nntil now, 

for the most part, been isolated from one another. Future work will hopefully 

involve more coordination, now that this is becoming feasible, due for example 

to the construction of rocket facilities in Peru. The future should see an 

increasing use of active experiments in the ionosphere. Some perturbing with 

high powered radio waves has been done, barium releases have been carried out, 

and some hydrogen releases are being tentatively planned, but with the advent 

of the Space Shuttle we should expect to see a great deal more activity on this 

front. 

The lineartheories of the primary instabilities in the equatorial E and 

F regions seem to be in reasonably good shape, but these can only begin to 

account for the observations. Recent efforts to simulate the instabilities with 

computers have given some very encouraging results and will be actively pursued 

in the future. Hopefully these will lead to a better understanding of the rmportant 

nonlinear limiting processes which determine the final saturation properties of 
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the turbulence. 

Other processes not considered in detail here, such as parametric instabilities 

and high latitude phenomena, particularly those associated with the aurora, 

also hold out exciting prospects for progress in plasma physics in t9e next 

decade. 
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FIGURE 1 Incoherent scatter auto-correlation function measurements made at Arecibo. The pulse length 
used was 2 ms and the integration time was 20 min. The experimental and fitted theoretical curves are 
plotted together, but the agreement is so good that the two often cannot be distinguished (after Hagen and 
Hsu37 ). 
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FIGURE 2 Incoherent scatter data from the ionosphere at Arecibo showing, for the first time, the elec
tronic as well as ionic portions of the spectrum. Due to the wide bandwidth and resulting low signal-to
noise ratio, a great deal of averaging in both time and space is required (after Hagen and Behnke36 ). 
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FIGURE 3 A series of power spectra of signals scattered from the equatorial electrojet near noon at Jica
marca, Peru at various angles east and west of vertical. The spectra are all normalized to unity maximum 
value and correspond to a relatively strong electrojet (from Cohen and Bowles14 ). 
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FIGURE 4 Doppler spectra from the equatorial electrojet obtained nearly simultaneously at Jicamarca 
at three radar frequencies. The mean local time of each 2.5 min integration is at the left of each curve. The 
phase velocity, rather than the Doppler shift, of the wave is plotted, and the spectra are all normalized as 
in Figure 3, although the maximum is not always shown. The spike that appears at the origin on several of 
the curves (and occasionally determines the normalization; e.g., 1416 at 146 MHz, although the spike is 
not shown) is due to detector bias and should be ignored (from Balsley and Farley2 ). 
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FIGURE 5 Power spectra from vertically propagating 3m electrojet irregularities. The scattering volume 
extended about 1.5 km in the horizontal direction and 0.8 km in the vertical. The integration time for each 
spectrum was 5.2 s, corresponding to an average of 32 spectral samples (from Fejer et al.28 ). 
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t = 1.28s t = 2.70s 
FIGURE 6 Computer simulation of the development of equatorial electrojet irregularities. The grid spac
ing (tic marks) is 1.5 min both the vertical and horizontal directions and B is normal to the plane of the 
figure. lsodensity contours spaced by 2.5% of the ambient density are shown at four selected times (from 
McDonald et al.52 ). 
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FIGURE 8 Schematic representation of a three 
density model of the ionosphere in which the mid
dle layer is the heaviest and the bottom layer the 
lightest. The bubble forms at the lower interface 
and propagates through the top layers (from 
Woodman and La Hoz68 ). 
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CONTRIBUTION TO NATIONAL ACADEMY OF SCIENCES 

SPACE PLASMA PHYSICS STUDY. 

UNDERSTANDING PLASMA INSTABILITIES IN SPACE: 

IONOSPHERIC RESEARCH AND COMMUNICATIONS APPLICATIONS 

F. W. Perkins 
National Center for Atmospheric Research* 

Instabilities are ubiquitous in space plasmas because they ofttimes pro-

vide the dissipation and transport which are demanded by the general 

large-scale features of plasma flow in the ionosphere and magnetosphere. 

Indeed, dissipation and transport by instabilitiea is a ~~ture which 

space plasuusshare with other large, n~nlinear systems; turbulent hydro

dynamic flows, geophysical fluid dynamics, astrophysical hydrodynamics 

and controlled fusion research. One of the major scientific challenges 

of the present era is to develop techniques to understand these large, 

nonlinear systems, especially the role of instabilities. The goal of 

this chapter is to set forth an approach to space physics which will not 

only provide an overall understanding of space plasmas, but also, in this 

process, take up problems of true intellectual significance in just how 

instabilities provide transport and dissipation in large scale flows. 

We shall point out how two-dimensional ionospheric plasma instabilities 

have both important similarities and differences with turbulence in 

neutral fluids. The interplay between the similarities and differences 

serves to increase our understanding of both the plasma and neutral 

fluid instabilities. 

*The National Center for Atmospheric Research is sponsored by the 
National Science Foundation. 
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It is also evident that a good understanding of the ionosphere is 

required if a model for the climatological effects of solar activity is 

ever to be devised, for it is in the ionosphere that the energy of solar 

disturbances affects neutral atmosphe~flows and chemistry. Lastly, we 

shall discuss how ionospheric instabilities affect various communica-

tions schemes. 

1. A Computational Framework for Understanding Space Plasmas 

The first issue to be addressed is what are the goals of Space 

Plasma Physics? There is almost general agreement, I believe, that the 

era of space exploration has past, except for planetary studies. Already, 

2 
an impressive empirical knowledge has been obtained which is adequate 

to describe the environment in which future space missions will fly, 

although the complicated interaction between a given environment and 

spacecraft electronics, etc. is still poorly understood. A new goal is 

required, and in my view, the new goal of Space Plasma Physics should be 

understanding. 

What form does one expect that understanding will take? I take the 

point of view that true understanding is expressed by theory which al-

lows us to predict the consequences of various-applied forces. But in· 

nonlinear systems, one should not expect understanding to take the form 

of simple equations, like the Schrodinger Equation. A more likely pros-

pect is that understanding of nonlinear, dynamical systems will be em-

bodied in a sequence of sophisticated computer codes, each of which deals 

with phenomena on particular spatial and temporal scales, with the re-

sults of small-scale codes parameterized in the large-scale codes. Hence 
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the nonlinear effects of instabilities will appear as viscosities, re-

sistivities, etc. in large-scale codes. By turning on and off the param-

eterization of an instability in a large-scale code, one can study how 

the sources of free energy develop which drive the instability in the 

first place. 

This brings us to another advantage of the computational approach 

to understanding space plasmas--identifying the driving mechanisms for 

plasma instabilities. In general, the growth time for instabilities is 

very short compared to the time-scales for evolution of the large-scale 

flow. Hence the instabilities are always observed in a nonlinear steady 

state, and linear stability calculations based on measured data, if 

done correctly, should always yield zero growth rate. Most of the 

stability calculations found in the space physics-literature are based 

on measured data, and hence should not· show strong destabilizing terms. 

But a computational program, which embodies only limited physics, can 

evolve into regimes wher$ small-scale processes, not described in the 

program, go unstable. Thus one can identify what aspect of the large-scale 

motion drives small-scale instabilities, and how strong these driving 

terms are. An excellent example of this type of approach is the recent 

work of Liewer and Krall on collisionless shocks!5 

Experiments, of course, play a major role in this approach to under-

standing space plasmas. First, they provide the initial data with which 

to start computational programs. The limited data combined with the 

limited capability of computers guarantee that one can not "put the 

magnetosphere on a computer" and expect an accurate detailed description 
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of the magnetospheric response. But one can hope for a much more quan-

titative cause-and-effect understanding. The second role of experiments 

is to normalize the computational programs to actual observations. In 

nonlinear systems, we can expect many sub-grid scale processes to be go-

ing on which must be parameterized, and it is only through comparison 

with observations that the success of the parameterization process can 

be determined. Conversely, attempts to normalize computational programs 

to observations will channel the observational efforts on the key issues 

where increased experimental sophistication will directly help achieve 

our goal of understanding. Lastly, experiments should continue to have 

the ability to discover unexpected process, because we can certainly. 

expect that in building a computational understanding there will be im-

portant processes overlooked in the first attempts. The recent discovery 

40 
of electrostatic shocks is a case in point. 

Calling for more theory and computational models has almost reached 

a motherhood status in space physics recently. But, all too often, 

theoretical programs can devote much time to relatively straightforward 

research and bypass the difficult problems of true intellectual signifi-

cance. The bulk of this chapter is devoted to describing how ionospheric 

research has in the past, and can in the future, progress towards a true 

understanding, taking up the difficult problems as they become germane, 

and developing the detailed ionospheric models which will be required in 

future climatological and magnetospheric studies. 

To summarize the above paragraphs: Space Plasma Physics should 

set a goal of understanding and the most likely form this understanding 

will take is a set of nonlinear dynamic computational programs. Experi-

ments provide three essential contributions: identifying the basic physi-

cal processes, providing initial data, and normalizing computational 

results. Experimental programs which entail the broadest set of measure-
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ment techniques should be emphasized, each geared towards a key plasma physics 

problem. 

2. The Impact of Space Plasma Physics 

The scientific challenge provided by the complicated nonlinear space 

plasma system is one of the major reasons for undertaking studies with 

ambitious goals. Methods developed for treating plasma turbulence, non-

linear viscosities and resistivities, magnetic field merging, etc. will 

find application in many.other fields of research and engineering. 

Achieving this impact, however, implies an aggressive program in space 

plasma theory with cross-ties to the other fields such as hydrodynamics, 

meteorology, oceanography, controlled fusion, etc. Currently, these 

other fields are providing the leadership in developing new theoretical 

methods and concepts. 

Communications systems which propagate through space plasmas are 

63 used increasingly for civilian and military purposes. Let us take a 

broad view of communications to include all forms of electromagnetic 

transmission of information: standard messages relayed via satellite, 

TV, satellite telemetry and other data, navigational signals, space track 

and ABM radars, and even raw energy from a satellite power station. 9 

Since most of these systems are already in use, the influence of space 

plasmas is felt on a day-to-day basis. We shall amplify this discussion 

later. 

A recent and discouraging development is that space might become 

an arena of "conventional" warfare because of the large number of space-

58 based military systems. Hence high-energy systems may be found in space, 

and if their performance depends on interaction with the space environ-

ment, a good theoretical understanding of space plasmas is called for to 

assess their chances of success. At the least, some sort of environmental 

impact will occur in systems tests. 

Copyright © National Academy of Sciences. All rights reserved.

Space Plasma Physics: The Study of Solar-System Plasmas
http://www.nap.edu/catalog.php?record_id=18481

http://www.nap.edu/catalog.php?record_id=18481


1160 

The role of the ionosphere as the site of the interaction between 

solar activity energy and the neutral atmosphere meteorology has already 

been stressed. 

3. Understanding of the Ionosphere 

Let us turn to the question: How far has our understanding of the 

ionosphere and ionospheric plasma instabilities in particular advanced? 

The answer to this question will be given within the framework set forth 

in the preceding paragraphs. Evidently there is a strong theoretical 

bias in this approach and it does the disservice of minimizing the impor

tance of experimental results. Hence, it should be clearly stated that 

the theoretical papers referred below all give careful attention to the 

experimental data which, in many cases, provided the theoretical puzzles 

in the first place. The references cited in the theoretical papers pro

vide a good guide to the experimental literature. 

The ionosphere is perhaps the best subject for the computational ap

proach to understanding space plasmas, principally because the magnetic 

field is very strong and magnetic perturbations can be safely ignored 

in ionospheric dynamics. Our framework for understanding the ionosphere 

contains four parts: (1) studies of ionospheric equilibria, (2) the 

stability at these equilibria, (3) nonlinear calculations of the satur

ation of instabilities, and (4) parameterization of the results of in

stability calculations in the large-scale equilibria studies. The 

reader should appreciate that all four parts are required in fields 

such as meteorology, communications channel modeling, and controlled fusion 

which demand a predictive capability for theory, not merely explanations. 

Let us examine how far understanding has progressed in each of these four 

areas. 
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3a. Ionospheric Equilibria. Of all the topics within space plasma 

physics, the "equilibria" of the ionosphere has perhaps the most advanced 

understanding. In this context, equilibria means states that change 

only on global dimensions in space and diurnal periods in time. One-
5,28,37,46,50,59,60 

dimen~ional computational models which calculate the evolution of 

the ionosphere as a function of height for a particular geographical 

coordinate have become quite sophisticated. Photoelectron transport, 

slowing down, airglow excitation, energetic electron precipitatiot?!and 

molecular and atomic reaction rates are all included. Nonetheless, cer-

tain external forces must be prescribed to have a well-posed model: 

neutral winds which can support (or push down) the F-region as well as 

create sporadic E-layers,37 the solar EUV flux which provides the ioniza-

tion, magnetospheric fluxes of plasma, heat, precipitating electrons, 

and electric current and the el~ctric fields which these fluxes generate. 

In high latitude ionospheres, joule heating by electric currents plays an 

important role.8 Resonantly scattered solar Lyman-a radiation is an essen-

60 tial element in nighttime ionosphere models. 

Within reasonable adjustments of these external parameters, the 

calculated ionospheric electron density profiles agree well with observed 

ones.19 •50 But often achieving good agreement forces one into adopting 

solar EUV fluxes that are twice the measured values,28 •50 perhaps an 

indication of·our uncertainty of their variation during the course of 

the solar cycle. These models are quite good at examining the response 

of the ionosphere to variations in the global neutral wind patterns and 

electric fields.28 Three-dimensional models, which are essential to 

achieving an understanding of the polar ionosphere where horizontal con-

33 
vection is important, have only reached a state of dimensional analysis. 

But one-dimensional models which allow the possibility of plasma outflow, 

6 
called the polar wind, are sophisticated. 
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3b. Stability of the Ionosphere. Although a careful reader can 

readily identify many areas in which improvements of the equilibria 

models is desirable, the thrust of this chapter is to ask: to what ex-

tent have these models been examined for stability with respect to small-

scale perturbations? Let us begin our answer by enumerating what types 

of equilibria are employed in the current models. We find (1) mechanical 

equilibrium, (2) thermal equilibrium, (3) chemical equilibrium, and (4) 

electrical equilibrium (i.e. the divergence of the current is zero). 

It appears as though there has been very little systematic effort 

to investigate the stability of the many ionospheric equilibria models 

in spite of experimental evidence for small-scale structures. Instead, 

most instability work has concentrated on a few very short-scale (1-10 

meter) instabilities discovered by radar backscatter measurements. Struc-

ture on the kilometer scale length which is studied by satellites,l,4,16,17,30,54,55 

auroral photographs and radiowave propagation studies (e.g., radio star 

scintillation) has received less theoretical attention, except for the 

equatorial ionosphere. 

Let us set forth some more specific suggestions on what types of 

instabilities might occur in the ionosphere and indicate whether or not 

any stability analyses have been performed. Turning first to the ques-

tion of mechanical equilibrium of the ionosphere, electric fields and 

neutral winds play an important role in controlling the height of the 

F-layer and in producing sporadic-E layers. Near the equator, the geom-

etry is appropriate for a classic ! x !/Rayleigh-Taylor instability on 

the bottomside ionosphere and stability analysis clearly predict insta- . 
bility. This instability is invoked as the cause of equatorial spread-F. JO,SG 

Mid-latitude nighttime F-regions are also unstable to support by neutral 
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winds although the growth rates are small unless the layer is high~2 

So far no stability analysis of sporadic-E layers has been performed in 

spite of history of experimental data which indicate small-scale struc-
27 

tures·. Sporadic-E layers are interesting because they involve a sub-

stantial variation in the chemical equilibrium from the background iono-

sphere. 20 The Farley-Buneman acoustic instability has long been recog-

nized as occurring in both the equatorial and auroral electrojet; its 

cause is the high-current required by the electrical equilibrium. Ion-cyclotron 
31 

instabilities which can be generated by parallel currents ·or ion beams44 have 

recently been detected by rocket experimentsJ9 The source of driving free 

energy is not yet clear, however. 
5 

Auroral arc models, which have very fast 

chemistry time scales as well as important electric currents, have yet to be 

20,22 
examined for instabilities other than the Farley instability. The gradient-

26 drift instability has been proposed to explain diffuse radio aurora but a 

stability analysis which deals satisfactorily with the high-latitude geom-

etry remains to be carried out. The supersonic flow of plasma through 

a neutral gas which occurs in high-latitude ionospheres can generate 

41 
microinstabilities if ion-neutral collisions are sufficiently frequent. 

The auroral zone F-region might well suffer this instability, but no 

experimental tests have yet been carried out. To my knowledge, there 

are no attempts to assess the thermal stability of a plasma where joule 

heating by either perpendicular ion currents or parallel electron cur-

rents plays an important role. For example, one can speculate that the 

very small-scale instabilities 4 , 2l observed in the equatorial F-region 

could be caused by a thermal instability produced by field-aligned cur-

rents flowing between hemispheres. 

Overall, most of the instability calculations have been motivated 
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by observations, and not by the question of whether equilibria models 

are stable. Even so, there remains the recently discovered shocks40 and an im-

pressive amount of ionospheric structure, especially at high-latitudes and short 

scales,39 that are still unexplained even in a linear stability analysis. 

For completeness one should also mention that man-made perturbations 

of the ionosphere such as barium clouds, satellite electron beam gener-

ators, radiowave modification, nuclear explosions, etc. have initiated 

many instabilities in the ionosphere. We shall take these up in a 

special discussion below. 

3c. Nonlinear Saturation of Instabilities: If the stability anal-

ysis are lagging equilibrium models and observations, then nonlinear 

studies of the identified instabilities is still more seriously behind. 

Essentially only equatorial Farley and gradient-drift instabilities have 

been studied. Perhaps the most successful nonlinear studies to date 

have been the application of the computational simulation method first developed 
66 

for barium clouds, to gradient-drift and Rayleigh-Taylor instabilities in the 

equatorial E- and F-re~ions.38,56 
38 

In the E-region, the computational result 

how daughter instabilities with vertically-oriented wave vectors were 

created by the nonlinear state of the primary instability which had an 

approximately horizontal wave vector. The results provide an understand

ing of radar and rocket data. The F-region studie;6 show how large-

scale density irregularities can occur and rise rapidly into the initially 

stable region in the post-sunset equatorial F-region. Again good ~gree-

ment with experiment is reported. 

The Farley acoustic instability has been studied only by analytic 

methods even though its two-dimensional nature suggests that computation-

al simulations would be straightforward. The most advanced analytic 

. 34,52 1 theor1es combine a number of previous approaches emp oying quasi-
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linear effects51 or strong turbulence models,64 and nonuniform geometry. 

While good agreement with experiment is claimed, it seems to me that a 

uniform medium instability should have a uniform bedium saturation 

mechanism and that computational simulation is a straightforward way to 

determine it. 

From the point of view of fundamental studies, the ionosphere pro-

vides a unique opportunity to study strong two-dimensional turbulence. 

The equations governing the evolution of two-dimensional structures bear 

a close resemblence to hydrodyn~~c equations. 66 I In these analogies, 

field-line-integrated plasma density or conductjvity takes on the role 

of vorticity while the electric potential serves as the stream function. 

The ionospheric turbulence shares with two-dimensional fluid turbulence 

the property that all moments of the vorticity are conserved, but the 

elliptic equation for the stream function is sufficiently different 

that steady-state vortices can not occur in ionospheric turbulence. 

The ionosphere has the advantage over neutral fluids in that turbulence 

remains two-dimensional so that the interplay between observations, 

38,56 . 52,53,64 
computer studies, and analytic closure theories can be 

quite close. 

3d. Influence of Instabilities on Large-Scale Phenomena. Here there 

are only a few scattered results. A paper by Fedder23 surveys what effects 

anomalous resistivity parallel to a magnetic field might have on auroral 

arc models. Several resistivity models were required, however, since the 

form of this resistivity is not yet clear. A nonlinear resistivity arising 

from the Farley-acoustic instability was calculated by Rogister and Jamin52 

but has not yet been utilized in global studies of the electrojet current 
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distribution. By and large, nonlinear studies of various instabilities have 

concentrated on properties of the instability itself, such as wavenumber 

spectrum, density fluctuation levels, etc. The studies generally do not 

produce effective resistivity formulas, turbulent diffusivities, enhanced 

joule heating rates, tee. which can be fed into equilibria models. Any 

understanding of how ionospheric instabilities effect the overall structure 

of the ionosphere must await future work. For example, auroral zone heating 

exerts a major influence on the meridional circulation of the neutral thermo

sphere. 14 If enhanced joule heating resulting from plasma instabilities 

occurs, then our model of the overall auroral zone heating could be in error. 
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3e. Increasing Our Understanding of Ionospheric Instabilities. 

Clearly a good theoretical representation of the equilibria which has 

withstood comparisons with experiment is the starting point for stability 

calculations. Both auroral arcs, where the electrical equilibrium is 

not clearly understoood, and, polar ionospheres where horizontal convec

tion is a key element require improved equilibrium models. Satellite 

measurements experiments most likely will continue to provide the best 

description of magnetospheric current sources in the ionosphere, but 

one must be careful in deciding whether the observations uniquely define 

high-latitude current systems, or are merely consistent with a proposed 

model. Indeed, both ionospheric and magnetospheric physics could 

greatly benefit from a measurement program which did uniquely define the 

spatial pattern of electric field and field-aligned current systems. Experi

ments to date have chiefly been concerned about whether field-aligned current 

exists.3,32 Irregularities in the polar and auroral F-regions are investigated 

principally by in situ satellite measurements. The Space Shuttle will ~ive ns 

the first opportunity to perform satellite-to-ground or satellite-to-satellite 

radar scattering experiments. Such observations could find out whether 

hitherto unobservable short-scale field-aligned instabilities exist in 

the auroral F-region as they do at the equator. Radar incoherent scatter 

studies of the auroral ionosphere will receive an important and needed 

boost with the operation of the European incoherent Rcatter facility. which will 

complement the very productive Chatanika facility in Alaska. 

Copyright © National Academy of Sciences. All rights reserved.

Space Plasma Physics: The Study of Solar-System Plasmas
http://www.nap.edu/catalog.php?record_id=18481

http://www.nap.edu/catalog.php?record_id=18481


1168 

Further, even radio wave scattering studies have concentrated on density 

fluctuations which vary rather slowly with time. The possibility of 

scattering with frequency shifts close to the lower hybrid frequency as 

the recent Ott and Farley41 instability predicts has been overlooked. 

Evidently, experiments will continue to be the essential element 

in providi~g magnetospheric boundary conditions for ionosphere studies. 

But I hope that the discussion above had made clear that our ability to 

understand ionospheric response to changing these boundary conditions is 

just in its infancy. At this stage, an increased effort in nonlinear 

computational models is the single most important step required to in

crease our understanding of ionospheric plasmas. And, as our increase 

in understanding of ionospheric physics is promulgated through the com

munity of magnetospheric scientists, perhaps the concept of the iono

sphere being just a passive linear resistor will be replaced by better 

models of its nonlinear response to magnetospheric current sources. 

4. The Equatorial Ionosphere - A Major Success 

A careful reader of the preceding section will have noted that the 

equatorial ionosphere enjoys the greatest understanding. The purpose of 

this paragraph is to bring this material together for special emphasis. 

The unique geometry of the equatorial ionosphere means that it must 

carry strong currents in the E-region,20 and have the density stratified 

in a direction orthogonal to the magnetic field.3D,J6 Currently developed 

methods of plasma stability analysis are particularly suitable to this 

geometri2°• 56 and the two-dimensional nature of the ensuing plasma tur-. 

bulence permits accurate computational studies of Rayleigh-Taylor type 
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instabilities. 30 , 56 Hence a rather detailed understanding of equatorial 

spread-F has emerged from the computational simulations and has been 

verified by measurements. 30 These results are significant not only in 

their contribution to ionospheric physics but also in that they repre-

sent a unique comparison between nonlinear Rayleigh-Taylor instability 

theory and experiment. Nonetheless, there is still room for improvement: 
34,51,52,64 

the analytic nonlinear theories of the current-driven Farley-

instability should be compared with truly definitive computational 

studies, comparable to those used for the Rayleigh-Taylor instability. 

5. Active Ionospheric Experiments 

A number of active experiments have been carried out in the ionosphere 

with unique and valuable scientific ramifications. Large barium releases 

have generated major perturbations in the ionospheric conductivity. The 
15,24,57,66 

computational models· developed to describe the evolution and striation 

of these barium clouds have lead directly to the computational models 

which have been so successful in modelling equatorial spread-F. 

The plasma instabilities which ensued when the ionosphere was 

illuminated by high power radio waves provided one of the first experi-

mental demonstrations of plasma heating via nonlinear processes as well 

as motivating important theoretical work on the anomalous absorption 

caused by these instabilities~5 The self-focusing instability of 

62 43 
high-power radio waves was also observed experimentally and theory 

suggests that ionospheric striation via self-focusing may be an important 

environmental impact of a satellite station. 9 power 

Electron beams launched by satellite borne electron guns provide 

interesting puzzles in the plasma physics of space-craft neutralizationf0 , 65 
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So far there has been insufficient analysis to turn these interesting 

observations into new concepts in plasma physics. The latest theoreti

cal work on neutralization is apparently that of Linson.36 

Altogether, a variety of interesting and new scientific concepts 

have emerged from active experiments in the ionosphere. On the other 

hand, the contributions which particular active experiments have made, while 

valuable and unique, appear to be one-shot affairs, and not a basis for con-

tinuing research. But the general technique of a sequence of new and well-

concei'led acti.ve experiments will teach us more about the ionosphere and 

magnetosphere than most passive observation programs. The reason is that a 

deeper and more thorough understanding-of space plasmas is required to 

predict the outcome of active experiments, rather than explain observations. 

Hence, if active ionospheric experiments are to continue to be of general 

intellectual significance, qualitatively new experiments must be invented. 

For example, the Space Shuttle could be used for hypersonic gas releases.18 

6. Communications Applications of Ionospheric Instabilities 

The unexpected influence of ionospheric structures on transionospheric 

satellite communications63links has lead to much research activity, a recent 

conference,25 and an even more recent review article.l3 Both measurements7 ,12,16, 

and nonlinear plasma instability calculations38,56 show that the wavenumber 

spectrum of ionospheric irregularities has a power-law form. From such ir-

regularity models, the effects on various properties of communications chan-
11,47-49 

nels have been calculated. The key role for plasma instability theory 

is to calculate the wavenumber spectrum of the irregularities so that one can 

obtain an understanding of how ionosphere effects on communications sc~le 

as a function of frequency as well as why and where instabilities occur. 
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1. Summary 

Although observations have shown that the ionosphere is subject to 

several plasma instabilities, I hope that this chapter makes clear that a 

comprehensive study of ionospheric instabilities, their reaction back on the 

sources of free energy, and their effects on communication systems is just 

beginning. Even the equilibria states of the ionosphere have been modelled 

only by one--dimensional codes, and these require neutral winds, solar UV flux, 

and global electric fields as input parameters. Three-dimensional equilibria 

models, requi·red for polar regions, have not yet been created. A theoreti

cal program to systematically study what instabilities can occur in the 

various equilibria states has not really commenced, and the nonlinear study 

of ionospheric instabilities is even further behind. Hence we can conclude 

that a truly profound understanding of the ionosphere as a dynamical system 

with turbulent transport processes awaits substantially more research. Much 

of this research will be of "true intellectual significance" in that it must 

necessarily take up basic questions of turbulence. The complementarity 

between ionospheric and hydrodynamic turbulence holds the promise of being 

able to achieve a deeper understanding of both of these phenomena. 

Acnowledgement: Discussions with R. G. Roble made substantive contributions 

to this chapter. I am also indebted to M. C. Kelly and S. L. Ossakow whose 

thoughtful reviews resulted in many improvements in the manuscript. 
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1. INTRODUCTION 

Naturally-occurring plasma processes in the space 

environment around the earth have produced visual spectacles 

for mankind in the form of the aurora since the polar regions 

were first visited and populated. With the growth of a 

technological civilization the auroral phenomenon assumed a more 

important role than that of a merely awesome display in the 

heavens. Its importanceoccurred because of the fact that many 

inventions and technical advances made use of the auroral

producing natural environment for their operation and/or 

were designed to function in an environment whose physical state 

is determined by little-understood processes. 

Early in this century, of course, it was the exis

tance of the ionosphere that made successful ~larconi 's lvireless 

transmissions over large distances. It was whistler waves, 

produced by lightning and propagating in the magnetosphere, that 

caused interference on early communications systems in the first 

~'iorld War. It has long been kno\m that drastic changes in the 

ionospheric conductivity produced by particle ejections from 

solar flares and by large magnetic storms would affect radio 

communications over a large portion of the globe. 

As the technical needs of society have begun to require 

the utili:ation of larger portions of the space around the 
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planet, including the placing of sophisticated systems into this 

space, the impacts of the environment on the systems have 

become ever more important considerations. In addition, new 

ground-based technologies can be influenced and affected by 

space plasma processes. It is not unreasonable to expect, as 

past experience shows, that as technology changes and advances, 

subtle and not-so-subtle physical processes in the environment 

(probably unthought of at present; see chapter by Sturrock, 

this volume) will be of importance in determining how the 

technology will be adapted for implementation. 

This chapter contains ten brief reports written by 

engineers and scientists who have been concerned with the 

implementation of science and technology under the constraints 

of the terrestrial space environment as it is presently known 

and understood. The subject areas were selected both because 

of their present technological and scientific importance as 

well as for their possible future interest in technological 

planning, 

Common themes occur in several of the reports. For 

example, whenever society has needed long conductors to accomplish 

a technical task, the waves and current systems of the ionosphere 

and magnetosphere have been found to produce undesired effects 

by inducing currents in the conductors. These effects may 

consist of disruptions of the conductors in power lines or 

of the cables used in long-haul communications. The effects 

may take the form of unwanted background that hampers corrosion 

engineering survey work on pipelines. 
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Ionospheric and magnetospheric current systems may 

produce unwanted effects on long conductors, but they are 

needed scientifically as the "source" systems for carrying out 

deep induction studies of the earth's crust and upper mantle, 

However, the scale size of these source systems must be known, 

and the dynamical nature of the ionosphere and magnetosphere 

must be considered during such studies. These same current 

systems, so necessary for scientific deep-induction studies, 

provide an unwanted background for geophysical prospecting 

work in the search for petroleum and mineral resources, 

The particles in the magnetosphere can affect space 

systems in a variety of ways. A concern since the discovery 

of the radiation belts has been the radiation damage of semi

conductor components and systems by high energy particles of 

magnetospheric and solar origin. However, the low energy particles 

also affect spacecraft systems by producing differential electrical 

charging, with subsequent electrical breakdowns and discharges 

on satellite surfaces. Satellite logic and control systems can 

be drastically altered by such discharges. 

The following reports do not, by any means, touch 

upon all of the technological and science areas that presently 

~e impacted by magnetospheric and ionospheric processes. They 

do, however, provide representative examples of the wide range 

of topics of current interest. Each individual section is 

identified as to its major contributor. 
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2. SCINTILLATIONS OP. COMMUNICATION S'il'ATELLITE SIGNALS AT 
GHz FREQUENCIES 
(R. R. Taur, COMSAT Laboratories, Clarksburg, MD 20734) 

2.1 Introduction 

Rapid fluctuations (scintillations) of radio frequency 

signals propagated through the ionosphere have long been a 

concern to all designers of communication systems, civilian as well 

as military. The scintillations occur at all frequencies, from 

the HF(3-30 MHz) on up. It was believed that by going to 

microwave frequencies (GHz and higher), in addition to increased 

communication bandwidth, the ionosphere would no longer be a problem 

because it is essentially non-absorbing at such frequencies. 

However, it was realized from the initial implementation 

of the INTELSAT network (using 4 and 6 GHz) that scintillations 

of the signal amplitudes (with peak-to-peak excursions ranging 

from 1 to 10 dB) are frequently reported from some earth stations 

located at low latitudes. Studies of the characteristics and 

patterns of the fl~ctuations led to the suggestion that they 

are produced by irregularities in the F-region (200-300 km) 

of the ionosphere (Craft and Westerlund, 1972; Taur 1973). Since 

that time, extensive experimental and theoretical investigations 

have been conducted to further understand and explain this 

phenomenon. 

The morphology of the satellite·signal characteristics 

is now reasonably. well mapped out as a result of the observational 

work. However, there is not yet an adequate theory that can 

satisfactorily relate io~ospheric scintillations at GHz frequencies 

Copyright © National Academy of Sciences. All rights reserved.

Space Plasma Physics: The Study of Solar-System Plasmas
http://www.nap.edu/catalog.php?record_id=18481

http://www.nap.edu/catalog.php?record_id=18481


1182 

to ionospheric scintillations ~VHF, (30-350 MHz) which have been 

studied for many years. This situation may be attributed 

to the difficulty of calculating the multiple scattering 

effects as well as a lack of detailed knowledge concerning 

the structure of ionospheric irregularities, whose production 

mechanism remains largely unknown. Nevertheless, it appears 

that with the current knowledge of the morphological be-

havior and statistics of the ionospheric scintillations, 

reasonable design margin requirements can be estimated for 

inclusion in satellite communications systems in order to 

ensure satisfactory performance of the systems (Taur, 1973). 

2.2 Characteristics of Ionospheric Scintillations 

2.2.1 Patterns of Occurrence 

Scintillations in the GHz frequency range 

occur principally between ±25° geomagnetic latitude near 

the years of maximum solar activity (Taur, 1973). Small 

amplitude signal fluctuations in the auroral zone have been 

reported by Pope and Fritz (1970). The boundary of the 

geomagnetic equatorial zone that produces scintillations 

appears to shrink with decreasing solar activity (Taur, 1974). 

Measurements were made in southeast Asia during 1975-1976 

to investigate the equatorial scintillation "boundary" during 

near-minimum solar activity. Preliminary results of data 

analyzed to date indicate that, during periods of minimum 

solar activity, the boundary is located at about ±20° geo

magnetic latitude. The variations of scintillations with 

latitude and longitude have not been established as yet due 

to the limited number of observing stations and satellites. 
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The scintillations are observed almost exclusively 

shortly after local ionospheric sunset during the months 

near equinox (Taur, 1973). As the number of sun spots de

creases, it has been observed that the total number of days 

on which scintillation is observed decreases accordingly. 

There is apparently no change in the diurnal pattern as the 

level of solar activity changes. 

2.2.2 Spectral Properties 

Figure 2.1 contains a typical power spectrum of 

ionospheric scintillation at 4 GHz. These data were taken 

from a scintillation event measured at the Hong Kong earth 

station in September 1973. It is seen that, for frequencies 

> 0.125 Hz, the spectrum rolls off with an average slope of 

f- 3. This implies that under weak scattering conditions the 

3-dimensional spatial power spectrum of the ionospheric electron 

density fluctuations should follow a power law proportional 

to f- 5 (Taur, 1976). The roll~off of the scintillation 

spectrum starting at about 0.125Hz indicates that the relative 

perpendicular velocity between the ionospheric irregularities 

and the signal wave path is about SO m/s. If it is assumed 

that the irregularities are mainly moving horizontally, the 

corresponding drift velocity should be about 150 m/s for a 

path elevation angle of about 20°. 
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During the weak scintillations, the scintillation 

index (defined as the normalized rms deviation in carrier 

power and which varies with wavelength A between 1.5 and 4 

GHz (Taur, 197~) changes to a A2 variation between 4 and 6 

GHz (Craft and Westerlund, 1972). Older theories would predict 

a frequency dependence of A1 · 5 under the assumption of a 

power-law size distribution of the ionospheric electron density 

under weak scattering conditions (Crane, 1975). 

2.3 Conclusions 

The effect of ionospheric scintillations on communi

cations satellite signals at GHz frequencies is morpho

logically defined to a reasonable extent with the exception of 

a few areas, such as frequency dependence and directional 

variations, for which more measurements should be made to 

verify existing postulates. The solar activity dependence 

and the seasonal and diurnal patterns of GHz scintillations 

have suggested that the irregularities are more likely to 

be produced when the ionosphere is dense and unstable. These 

findings, together with some reported differences between 

weak scintillation activities on easterly and westerly 

communications links, have led to the hypothesis of a sharp 

wedge-like irregular region in the ionosphere near the sunset 

line. However, there is as yet no theory that can satisfactorily 

explain the production mechanism of the ionospheric irregulari

ties that produce the scintillations in this frequency range. 
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In addition, there is little information pertaining 

to the thickness and spatial distribution of these irregularities. 

Such information is necessary for the development of a theory 

to correlate VHF and GHz scintillations (Warnik and Liu, 1974). 

The recent experimental and theoretical work on the Rayleigh-Taylor 

instability as related to spread-F conditions (Kelly et al., 1976; 

Scannapieco and Ossakow, 1976) could prove important in the 

ultimate understanding of GHz scintillations in the equatorial 

regions. 
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FIGURE 2.1 Power spectrum of 4 GHz ionospheric scintillation event measured at the Hong Kong earth 
station in September 1973. 
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3. MAGNETIC STORMS AND CABLE COMMUNICATIONS 

(C. W. Anderson, American Telephone and Telegraph Company, 

Basking Ridge, N.J. 07920) 

3.1 Introduction 

The correspondence between geomagnetic storms and 

difficulties on cable communications systems has been observed 

for many years, both on oceanic systems and land-based systems. 

The "great" geomagnetic storm of March 24, 1940 (Germaine, 1940) 

was reported to have rendered inoperative eighty percent of 

all long-distance telephones out of Minneapolis, Minnesota. 

During another "great" geomagnetic storm on February 10, 1958, 

(Winckler, 1959) Western Union experienced severe interruptions 

on its North Atlantic telegraph cables. At the same time 

the Bell System transatlantic cable from Clarenville, 

Newfoundland, to Oban, Scotland, had induced voltages estimated 

to be 2,650 volts. Although the transatlantic cable system 

was never entirely out of service, the effect of the time

varying earth potentials was to have voices transmitted in 

the eastward direction at alternately loud squawks and 

faint whispers while the westbound signal strengths remained 

near normal. Another "great" geomagnetic storm in terms 

of communication cable considerations occured on August 4, 1972 

(World Data Center Report, 1973) and provided the opportunity 

for a detailed study of ground induction effects on cable 

systems. 
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3.2 Geomagnetic Data Correlations 

The existence of the Solar Forecasting Center 

maintained by the Space Environmental Laboratory, NOAA, 

in Boulder, Colorado, makes attractive the notion of 

forecasting magnetic storms which will cause difficulties 

on cable communications systems. Forecasts of the geo

magnetic disturbance A index and its related Kp index, 

while useful for many activities, has not been found 

useful for predicting those large magnetic storms which 

will induce electric fields at the earth's surface greater 

than ~10 V/Km, the fields required for severe communications 

impairments (Anderson et al., 1974). For example, an 

investigation by Anderson (1974) showed that unexplained 

outages of the L-4 long haul cable system occurred on only 

8 of 24 days between January, 1969 and August, 1971 during 

which the Kp index was ±7 (in a quasilogarithmic scale of 

0 to 9) . 

The attempts to correlate the L-4 cable system 

outages with large Kp values have probably been frustrated 

because Kp is only a measure of the magnitude of the largest 

geomagnetic variation in a three hour interval and is not a 

measure of the time rate of change of the field. For 

example, Lanzerotti and Surkan (1974), through a statistical 

analysis of geomagnetic power spectra and Kp, concluded that 

there ''exist no one-to-one relationships between power level 
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and K indices" and that "no simple, single-valued function 

can relate the power level to the K index." A geomagnetic 

index based on geomagnetic fluctuation levels (6B/6t) 

would greatly assist engineers in making estimates of the 

effects of geomagnetic field-induced currents on a system

wide basis. 

3.3 Geomagnetic Disturbances 

The geomagnetic disturbances that are normally 

associated with power system problems are believed to be 

manifestations of the intensification of the auroral electro

jet giving rise to polar magnetic substorms (Albertson et 

al., 1973; Kisabeth and Rostoker, 1971). From a lack of 

sufficient geomagnetic data coverage it is not known if 

these types of disturbances have induced earth potentials 

large enough to produce the cable system problems reported 

in the past. However, such currents were not the cause 

of the problems during the August 4, 1972 storm when an 

extended (~30 minute) shutdown of a link in the Bell System 

long-haul coaxial cable (L-4) system occurred between 

Plano, Illinois, and Cascade, Iowa. A summary of the study 

by Anderson et al., (1974) is given here to demonstrate that 

for this occurrence, when reasonably good data were avail

able, the induced currents in the earth were produced by 

magnetospheric disturbances as opposed to solely ionospheric 

currents. 
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One minute scalings of ground-based magnetometer 

chart-recorded data were made from 14 geomagnetic observa

tories in Canada and the United States. These data were 

used to examine the development of the geomagnetic dis

turbance around the time of the L-4 cable outage (~2242UT 

on August 4, 1972). The rate of change of the magnetic field 

intensity and direction over North America for the one-minute 

interval 2241 to 2242UT is shown in Figure 3.1. The contours, 
-9 plotted at 200y/min levels (1 y = 10 Tesla), were con-

structed on the basis of linear interpolation between magnetic 

observatory-measured values. A large change in the field 

magnitude was recorded over western Canada at this time. 

The change and the development of the disturbance did not 

resemble an ionospheric current system (Anderson et al., 1974). 

At the time of the L-4 outage, two near-equatorial 

U. S. satellites, Explorer 45 and ATS-5, were over the 

Western Hemisphere and recorded magnetic field changes that 

signified the compression of the magnetopause to inside the 

spacecraft orbits at ~4 R altitude (Explorer 45) and ~5.5 e 

Re altitude (ATS-5). The crossings of the magnetopause 

occurred about two minutes apart at the two spacecraft, 

signifying large distortions in the boundary. A sketch of 

the equatorial plane view of the earth and the magnetospheric 

boundary at 2240UT and 2242UT is shown in Figure 3.2 together 

with the locations of the two spacecraft and four of the 

ground magnetic observatories 
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3.4 Induced Currents 

The estimated direction of the field change at 

the time of the L-4 outage (~70° with respect to the Plano

Cascade route) and its magnitude at Plano (~700y), both 

derived from Figure 3.2, were used together with a three

layer earth conductivity model to calculate the potential 

difference along the 242 km route. It was found that the 

calculated surface electric field of 7V/km along the 

Plano-Cascade cable was more than sufficient to cause a 

shutdown in the system, which was designed for earth 

potentials of 6.5 V/km ± 20%. 

The design limit arose from the basic powering 

scheme for the cable. The power system is grounded at one 

end and the voltages of the DC-DC converters are balanced 

so that the voltage to ground at the "floating ground" is 

zero. In the presence of slowly varying voltages, the 

floating ground has a threshold of 370V, above which, for 

protection, it becomes automatically grounded. The floating 

ground must be restored to its normal condition manually. 

3.5 Summary 

It is not known as yet exactly what type of 

mechanism produced the large magnetic variations on August 

4, 1972, but it appears they were associated with large 

assyrnetric distortions of the earth's magnetosphere, and 

hence large magnetopause currents, rather than the classic 

ionosphere currents. This area of investigation is 
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relatively undeveloped at present and, if pursued vigor-

ously, should be beneficial to further understanding of 

solar wind-magnetospheric interaction processes. 

The susceptibility of cable cornmunica.tion systems 

to geomagnetic storms has decreased over the years due to 

the phasing out of ground return cable systems. The major 

systems that would be (or might possibly be) affected are 

those that are DC powered from an earth ground. Efforts 

in the Bell System have now produced power regulation systems 

that can withstand earth potential variations up to 7.5 V/km 

without any noticeable transmission impairments. However, 

further work needs to be done op investigating the scale 

sizes of large geomagnetic disturbances and how these are 

related to the powering systems of transcontinental and 

transoceanic cables. 
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4. MAGNETOSPHERE IMPACTS ON GROUND-BASED POWER SYSTEMS 

(D. J. Williams, Space Environment Laboratory, NOAA, 

Boulder, Colorado, 

4.1 Introduction 

80302). 

One of the most dramatic manifestations of large 

scale magnetospheric plasma dynamics is the geomagnetic 

storm - a phenomenon identified as an intense worldwide 

decrease of the earth's surface magnetic field intensity 

produced by the sudden inward motion, and subsequent 

electric and magnetic field-produced drift, of the high 

altitude magnetospheric plasma. The impact of the geo

magnetic storm on an important operational ground-based 

system - the ground-based power distribution system - is 

discussed in this section. The relevance here of magneto

spheric research lies in the fact that our improved knowledge 

of the geomagnetic storm has allowed the power-distribution 

engineers to much better understand the reasons for their 

problems and thereby has guided future design work towards 

the most appropriate operational solutions. 

It has been known since at least the Second World 

War that geomagnetic storms can cause severe disturbances 

in the operations of communications and power-distribution 

systems. The power-distribution effects can vary from reduced 

operating efficiency and interrupted service to users to 

equipment damage. Such effects have been well-documented 

in the literature (Davidson 1940; Brooks, 1959; Slothower 

and Albertson, 1967; McKinnon, 1972; Albertson, et al., 1973). 
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For example, during the geomagnetic storm of March 24, 
. 

1940, transformer banks in several northeast United States 

power stations were taken out of service due to incorrect 

operation of differential relays. Electric service was

temporarily halted in portions of New England, New York, 

Eastern Pennsylvania, Minnesota, Quebec, and Ontario. 

During the February 9, 1958, magnetic storm Toronto, 

Canada, was plunged into a temporary blackout because of 

the tripping of circuit breakers in an Ontario transformer 

station. The development of the geomagnetic storm during 

the August 1972 solar flare activity (see also Section 3, 

above) was held responsible for the failure of a 230 KV 

power transformer at the British Columbia Hydro and Power 

Authority. 

4.2 Cause of Problem 

The cause of these disruptions of power-distribution 

systems is the induction of earth currents and resultant 

earth surface potentials during a geomagnetic storm. Cal-

culations (Kellogg, 1966; Albertson and van Baelen 1970) have 

shown (and observations·validate) that induced voltages up 

to 10 volts per mile can easily be generated during a geo

magnetic storm.. Induced vol tage·s of this magnitude can 

disturb systems containing long conductive lines with equip

ments which are interconnected and grounded at large 

separation distances. 
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4.3 Effects of Induced Currents 
. 

Arbitrary differential relay operation in power-

distribution systems during geomagnetic storms produces a 

judgmental problem in that system operators are unsure of 

whether or not the relay indication is of an induced trans

former effect or a real transformer malfunction. Standard 

operating procedure is to remove transformers from the 

distribution networks during cases of relay tripping in 

order that they may be inspected. A complete inspection 

takes a few days and is required in order to protect a 

valuable and sizeable commercial investment (power trans

formers cost in the $0.5 - 1.0 million range). Since the 

northeast U.S is supplied by a complex power grid stretching 

throughout the northeastern and northcentral United States, 

as well as southern Canada, the arbitrary loss of trans

formers within this network during a geomagnetic storm 

could conceivably result in a massive power blackout. The 

final understanding that geomagnetic activity is the cause 

of these relay perturbations has led to a reasonable oper-

ational procedure to significantly reduce potential hazards. 

Given prior knowledge of geomagnetic disturbances, operators 

now do not remove transformers from the supply network in 

the case of a relay trip during a geomagnetic storm. 

A more serious effect of geomagnetic storms is 

the current induced in the windings of power transformers 
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(Albertson, et al., 1973). The magnitude of these currents can 

be as high as 100 amps and can result in half-cycle saturation 

of the transformer core. Figure 4.1 shows examples of such 

induced currents. At the bottom of the figure is shown the 

world-wide magnetic activity index, Dst' ingammas (ly=lo- 9 ~esla) 

for the period 13 - 16 May, 1969. A geomagnetic storm begins 

at the end of 14 May. In the center of Figure 1 a magneto-

gram trace recorded at Great \ihale River in the auroral zone 

is shown on an expanded scale from the shaded time interval 

of the Dst plot. The rectangles placed above the magneto

gram trace show the time periods of induced currents in 

transformer windings and the magnitudes of the currents. 

Actual recordings of the induced currents are shown on an 

expanded scale in the upper right-hand corner of Figure 4.1 

for the interval 2100 UT 15 ~ay through 0200 UT 16 May for 

three power stations. The Philadelphia Electric Company 

Power Station at Delta, Pennsylvania (on nearly the same 

geomagnetic meridian as Great Whale River) shows an induced 

current of approximately 80 amps during this interval. 

Some direct consequences of currents causing half

cycle saturation of transformer cores are fluctuations in 

the distribution system voltages and internal locali:ed 

heating in the transformers themselves. Excess internal 

local heating produced by these induced currents may thermally 

degrade either the insulation of the transformer core 
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laminations or any major insulation adjacent to a structural 

steel path. Such thermal degradation is cumulative in 

nature and will contribute to an overall shorter insulation 

life expectancy. As lifetime considerations are a major 

element in the costing of electric power, this particular 

problem becomes very real to the everyday user of electricity. 

Possible means for reducing the induced current 

magnitudes are being studied and developed (Albertson, et al., 

1973). While future systems should have better protection 

features, it is unclear whether or not it will prove practi

cable to incorporate protective devices in the huge existing 

power network. Thus, the problems posed to ground-based 

power distribution systems by geomagnetic storms are quite 

real. While these problems can best be solved by power 

systems engineers, our continuing and advancing understanding 

of magnetospheric processes and how they effect geomagnetic 

storm development should be made available to operators of 

these systems in order that they may understand in a much 

more comprehensive way the input conditions defining their 

problems. 
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5. THE SPACE RADIATION ENVIRONMENT: EFFECTS ON SPACE 
SYSTEMS 

(G. A. Paulikas, Aerospace Corp., El Segundo, 

Calif., 90009). 

5.1 Introduction 

When Arthur C. Clarke proposed the concept of 

synchronous-orbiting communications satellites, he could 

not have anticipated that energetic particle radiation, 

trapped in the earth's magnetic field, would be one of 

the factors that designers of synchronous-orbiting space

craft would have to face. Similarly,designers of early 

concepts of space stations envisioned these stations to 

orbit the earth at an altitude of about 1000 miles - an 

orbit which we now know passes through the heart of the 

inner Van Allen radiation belt. Interestingly enough, 

the space station featured during the 1960's in Disney-

land's "Voyage to the Moon" was in just such an orbit and 

an entire generation of visitors were misled regarding the 

very real hazards to man and machines posed by energetic 

trapped radiation. 

Discovery of the Van Allen belts was the first 

major scientific result derived entirely from observations 

carried out on board spacecraft. Several generations of 

experiments, and many billions of data bits later, the 

scientific interest and practical applications derived 

from our knowledge about the trapped radiation continue 
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to make research on energetic particles in the magneto-

sphere exciting and rewarding. 

The phenomenology of the radiation belts and 

the relevant physical processes differ for different regions 

of space, and a full description of the practical benefits 

to be gained by an improved understanding of the space 

environment would be unduly complex for the present purpose. 

Accordingly, this section presents a description of the 

radiation environment at synchronous orbit (altitude ~s.6 

earth radii above the surface) and the effects of this 

radiation environment on the cost and capabilities of 

present and future space systems. 

5.2 Synchronous Altitude Environment 

The synchronous orbit, because of its obvious 

utility for terrestrial applications, is undoubtedly the 

single most heavily populated orbit in space. More than 

fifty spacecraft, spread over longitude, are flying in 

this orbit today, and the plans of various nations (Hearth, 

1976; Bekey and Mayer, 1976) emphasize an even heavier 

utilization of it for future communications, earth obser

vations, meteorology, and data relay spacecraft. In ad

dition to the practical uses of the orbit, it also happens 

that this altitude region is the location of a fascinating 

space plasma physics laboratory. The plasma pause, the 

extraterrestrial ring current, the boundary of the zone 
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of trapped energetic particles (and hence the approximate 

limits of access of solar particles) and the earthward 

terminus of the magnetotail plasma sheet, all meet and 

interact near this location. The study of the dynamics 

and interactions of the various plasmas with vastly 

different temperatures and densities and the development 

of an understanding of the processes which generate and 

transport energetic electrons and energetic protons is an 

area of research vital to economic utilization of 

synchronous-orbiting spacecraft. 

The trapped radiation environment at the 

synchronous orbit consists of electrons and protons 

(and higher atomic number particles) with energy spectra 

as exemplified in FigureS.!. These data may be considered 

representative although it is knownthat order-of-magnitude 

changes in intensity are very common. It is this vari

ability that provides both interesting problems to 

scientists and significant headaches to space system 

designers. Some of the problems known to occur when a 

spacecraft is immersed in this environment are sketched 

below. 

5.3 Impacts of the Environment 

The fluxes of low energy particles-electrons 

and protons with energies less than about 20 KeV - are 

sufficiently intense to cause degradation of thermal 
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control surfaces and exterior coatings; this portion of 

the particle energy spectra also determines whether the 

phenomenon of spacecraft charging (discussed in Section 6, 

below) occurs. The high specific ionization of protons 

in the hundredsof KeV to MeV energy interval makes mandatory 

the complete coverage of solar cells for protection. 

Trapped energetic electrons are the major cause of radiation 

damage to solar arrays as well as to semiconductor devices 

contained in the deep interior of a spacecraft. For 

example, a typical solar cell array of a spacecraft loses 

a few percent of the original power output per year of 

exposure (Figure 5.2). 

The useful lifetime of radiation sensitive devices 

such as computer memories, although these may be deeply 

buried in the interior of a spacecraft, are totally deter

mined by their accumulated radiation dose from trapped 

energetic electrons during periods of low solar activity, 

and by the sum of the dosage from trapped electrons and 

solar cosmic ray protons (and alpha particles) near the 

maximum in the solar cycle. The recent trend toward the 

use of large-scale integrated circuit semiconductor 

devices aboard spacecraft has served to reinforce the 

appreciation that modern electronics, although capable of 

spectacularly efficient performance, remain sensitive to 

radiation damage. Thus, a considerable premium is placed 
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on accurate knowledge of the environment so that quanti-

tative predictions of component lifetime (or necessary 

shielding weight) can be made. (The problem is magnified 

because mass market pressures, rather than considerations 

of radiation hardness, drive the semiconductor manufacturers.) 

Quantitative predictions of the space radiation 

environment at the accuracy desired by spacecraft designers 

elude space scientists. Order-of-magnitude variations in 

the electron and proton fluxes are commonly observed (Figure 5.3). 

The environment at synchronous altitude resembles, in its 

dynamic behavior, nothing as much as terrestrial weather, 

with the important qualification that all quantities must 

be plotted on logarithmic scales. The spacecraft designer 

calls for 10% predictions; the space scientists offer him 

factors of two in accuracy. A factor of two uncertainty in 

the expected radiation dose may mean a considerable uncer-

tainty in the expected lifetime. For a spacecraft costing 

$50 million, any increase in replenishment rate has formi-

dable fiscal implications. As a result, the designer over

designs and, in so doing, increases the costs above the 

minimum in order to compensate for the inadequate knowledge 

about the space environment. 

Uncertainties of a factor of two in the environ

ment lurk everywhere. For example, the fact that the geo

magnetic equatorial plane does not coincide with the 

geographical equatorial plane means that some longitudes 
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in the synchronous orbit are a more benign location than 

others - by about a factor of two. 

The radiation intensities also seem to fall off 

rather rapidly as one moves off the magnetic equator. It 

may thus be advantageous for some purposes to place a 

spacecraft into a slightly inclined synchronous orbit, 

purchasing in the process an improvement in the radiation 

environment at the expense of additional operational 

complexity. Solar activity, affecting the magnetosphere 

via the solar wind and the interplanetary magnetic field, 

causes both long term (11 years) and short term (days) 

changes in the energetic radiation environment. 

Research in the physics of the trapped energetic 

particles has long since passed the exploratory stage. We 

now fully appreciate that the trapped energetic particles 

are but the tail end of a broad distribution (Figure 5.1) whose 

evolution in time and space is governed by a complex of 

interactions with electromagnetic waves generated by space 

plasmas themselves. Some of the waves are generated by 

the local distribution of particles; other families of 

waves are generated by different particle populations in 

other regions of the magnetosphere and reach the region of 

interaction via complicated paths. Studies of wave-particle 

interactions have reached the level of sophistication and 

precision that experiments - i-n the laboratory sense of 

the word - to change the energetic particlepopulations 
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seem feasible using man-generated beams of properly 

tailored electromagnetic waves. While the practical 

effects of such experiments, if successful, may seem 

on the surface desirable - for example, sweeping the 

synchronous "corridor" free of energetic electrons -

no one has yet considered how an environmental impact 

statement for such a necessarily global experiment would 

be written. 

The contributions that solar cosmic ray protons 

make to the total radiation dose accumulated by a syn

chronous orbiting spacecraft were mentioned earlier and 

illustrated in Fig.s.z. It turns out that solar protons 

have surprisingly efficient access to this region of space 

and the radiation damage associated with a single major 

solar proton event may be comparable to the damage caused 

in several years of exposure to the trapped energetic 

electron population (Figure 5.2). The discoverv that even low 

energy solar particles can readily penetrate to the syn

chronous orbit was one of the surprising results returned 

by the first scientific experiment flown aboard a syn

chronous orbiting spacecraft (Lanzerotti, 1968). The 

earth's magnetic field is a far less effective shield than 

had been expected on the basis ~f simple calculations. It 

now appears that fully self-consistent calculations of 

solar cosmic ray trajectories, including models of the 
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geomagnetic field that realistically account for internal 

and external current systems and hydromagnetic wave popu

lations, are necessary in order to arrive at an agreement 

between theory and the experimental observations of solar 

cosmic ray access to, and diffusion in, the inner magneto-

sphere. 

It is clear that long-term studies of the radi

ation environment are necessary in order to develop a data 

base of sufficient spatial and temporal coverage to allow 

accurate specification of the radiation environment. 

Simultaneously, the development of an understanding of the 

physical processes governing the evolution of the space 

environment is necessary if we are ever to approach the 

predictive capability which we seek. 

5.4 Summary 

As noted in the scientific discussions, there 
are strong similarities and analogies between the work 

magnetospheric physicists must do in order to carry out 

analyses of the plasmas encountered in space and the re

search going on in other branches of plasma physics. For 

example, the processes governing the loss of particles from 

the radiation belts are far better understood than the 

processes which energize and transport the particles about 

the magnetosphere. The former, essentially involving 

wave-particle interactions, is concerned with resonances 
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between various families of electromagnetic waves and 

gyrating particles playing the key role in diffusing 

particles in pitch angle and hence out of the "containing" 

volume. The later processes - energization and transport -

are more akin to stochastic or hydromagnetic problems often 

encountered in laboratory work. Using detailed wave

particle interaction calculations, space scientists have 

obtained quite satisfactory agreement between the theoret

ically calculated and the experimentally observed structure 

of portions of the earth's radiation belts (Coroniti and 

Thorne, 1973). No comparable progress is yet visible in 

quantitatively calculating the generation and transport 

rates of energetic electrons; such an accomplishment would 

have clear and beneficial practical consequences. 

Looking toward the future, an enormous expansion 

is foreseen in the number of space systems designed to 

serve terrestrial applications and terrestrial customers. 

The large majority of earth-applications spacecraft are 

most efficient if located in geostationary orbit. A sample 

of the kind of synchronous-orbiting applications spacecraft 

which seem possible with only modest extrapolations of 

present technology can be found in reports edited by 

Hearth (1976) and in Berkey and Mayer (1976). It is clear 

that the investment in such space systems is likely to run 

into the tens of billions of dollars. For example, studies 
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of a Space Solar Power Station (SSPS, see Section 7, below) 

envisions solar arrays 50 square kilometers in area, costing 

$2 - $3 billion! The premium on a precise, quantitative 

understanding of the space environment and the impact of 

the environment on space systems is enormous. Even savings 

of fractions of a percent, derived as a result of better 

information regarding the energetic radiation (for example, 

extending the life of a spacecraft and thus decreasing the 

replenishment rate) translate directly into savings which 

run into the tens of millions of dollars. 
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FIGURE 5.1 Energy spectrum of trapped 
electrons and protons as observed in the 
synchronous orbit by experiments on ATS-6. 
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flux (o, 6 =electrons> 1.6 MeV; 0 =electrons> 
3.9 MeV) at the synchronous orbit (bottom traces) 
correlated with the direction of the interplanetary 
magnetic field and two geomagnetic disturbance 
indices (from Paulikas and Blake, 1976). DAY NUMBER, 1975 

Copyright © National Academy of Sciences. All rights reserved.

Space Plasma Physics: The Study of Solar-System Plasmas
http://www.nap.edu/catalog.php?record_id=18481

http://www.nap.edu/catalog.php?record_id=18481


1215 

6. ELECTROSTATIC CHARGING ON SPACECRAFT 

(S. DeForest, University of California, San Diego, 

La Jolla, Cal if. , 92037) 

6.1 Observations and Effects 

6.1.1 Scientific Problems 

An electrically isolated probe inserted in a 

plasma will generally assume a negative electrostatic 

potential with respect to the undisturbed plasma. The 

magnitude of this potential is of the order of the 

electron temperature expressed in electron volts. This 

is true for spacecraft inserted into natural plasmas as 

well as for probes in laboratory plasmas. Thus, potentials 

of a few volts are commonly observed on spacecraft in the 

plasmasphere(Whipple, 1974) but potentials greater than 

10,000 volts can be seen on spacecraft in the plasma sheet 

or in plasma cloud regions of the magnetosphere (DeForest, 

1972). The record observed to date is 19,000 volts 

measured on the synchronous orbit ATS-6 satellite during 

an eclipse of the sun on the satellite by the earth. 

All uncontrolled spacecraft charging compromises 

or ruins the measurement of low energy particles of all 

species. When the complication of photoelectrons and 

other locally-produced secondary particles are considered, 

a spacecraft can assume a slightly positive potential, but 

the plasma sheath surrounding the vehicle has a potential 

minimum (Whipple, 1975, Grard, 1972). Therefore, natural 
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plasma particles of both signs are excluded from direct 

measurement. This is a very serious problem since the 

low-energy particles that do reach a badly mounted instru

ment are locally-produced secondaries which reflect from 

the sheath potential minimum. These secondaries are only 

indirectly linked to the ambient natural flux. Their 

densities will vary, therefore, in a way that mimics the 

behavior of the ambient particles. 

Nearly all spacecraft have exteriors consisting 

of various insulators. This type of outer surface is 

usually desired for thermal control. However, the charge 

stored on different parts of the spacecraft can cause 

differential potentials of thousands of volts between in

sulating surfaces. In general, the sunlit side of a space

craft willbe held to near zero potential while the dark 

side charges negatively. For spacecraft at the important 

synchronous orbit, (see Section 5 abov~ this means that 

locally-produced electric fields of magnitude feW volts 

per meter can distort both particle and field measurements. 

6.1.2 Operational Problems 

The overall charge state of a spacecraft probably 

has minimal impact on operations. However, if the vehicle 

is charged negatively for long periods some increased sur

face degradation due to ion bombardment will be noticed. 

The major operational effect arises from differ

ential charging. Differential charging is produced by 
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exposed insulators or electrically floating conductors. 

Discharges from external vacuum-deposited aluminum (VDA) 

can remove the outer surface and thus degrade the thermal 

properties. Similarly, the outer surfaces of optical 

elements can be seriously affected. 

McPherson (1975) and Rosen (1975) have given 

convincing evidence that several different classes of 

spacecraft operating in synchronous orbit experience 

operating anomolies due to discharges produced by electro

static charging. A frequent occurrence is false commands 

being given by noise on the spacecraft command lines. In 

at least one case, total loss of an Air Force spacecraft 

most probably occurred because of extreme differential 

charging prolonged by an intense geomagnetic substorm. 

6.2 Understanding and Controlling Spacecraft Charging 

6.2.1 Understanding 

Theoretical and experimental studies are currently 

under way (McPherson, 1976) under sponsorship of several 

agencies to understand and control spacecraft charging. 

The level of understanding needed varies with the user. 

Scientifically, some investigators want to understand the 

phenomenon completely as an interesting plasma physics 

problem with far-reaching cosmological implications. 

Magnetospheric physicists would like to be able to measure 

uncontaminated natural plasmas. Practically, many systems 
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offices are trying to run operational spacecraft, and they 

simply want to fix the problem of extraneous commands -

with as little redesign of existing vehicles as possible. 

In general, an approach to understanding must 

begin with a reasonable model of the environment in which 

the vehicle is to operate. For many common orbits (syn

chronous in particular) insufficient data presently exist 

to specify the environment completely. For successful 

modeling and prediction, a complete distribution function 

from less than an electron volt to about 100 KeV is needed 

for all ion species and electrons. This must be known as 

a function of time and space. This requirement also implies 

a knowledge of local electric and magnetic fields. For 

example, Mcilwain (1976) has only rather recently demon

strated the existence of strongmagnetic field-aligned ion 

fluxes. No mass spectrometers have yet flown at synchronous 

orbit (although both the European Space Agency GEOS and the 

U. S. Air Force SCATR~ spacecraft will carry them). 

An understanding also involves knowledge of the 

response of various materials to the environment. This 

response includes photoelectron emission, particle back

scatter coefficients, and secondary electron production. 

Differences in these properties can create potential differ

ences between adjacent materials even when they are exposed 

to an identical environment. From the spacecraft charging 
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point of view, the best outer layer is a conductor, but 

frequently the spacecraft thermal constraints cannot be 

met with pure conductors. For other spacecraft parts, 

such as solar cells, making the outer layer conducting 

is prohibitively expensive, and is of dubious value if 

the conductor cannot withstand the radiation environment. 

6.2.2 Controlling 

Once the mechanism of charging is understood, 

it can be controlled by a careful selection of the space

craft external surfaces and their placement. This care 

will insure the health and design life of a spacecraft. 

However, design problems with the outer surfaces of space

craft optics may still exist. 

Scientific spacecraft which have as a prime 

mission the measurement of low energy particles will most 

probably have to carry some means of active control of 

the spacecraft potential. This control could be achieved 

by an electron gun or some other type of active device. 

In a few cases, there is the possibility of simply enclosing 

the entire spacecraft within a continuous conducting surface. 

6.3 Present and Future Impacts 

Just as the need for spacecraft magnetic cleanli

ness specifications has been known for some time, so now 

electrostatic cleanliness specifications are being proposed 

for spacecraft. The need for these specifications is 
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evident for scientific observations as well as for the 

reliable operation of many classes of space vehicles. 

Such a specification has been proposed for the NASA !SEE 

program and the Dynamics Explorer. 

In the future it can be expected that spacecraft 

construction will take into consideration the protection 

of electronic devices from environmentally-produced dis

charges. The principal way in which this will be accom

plished is through careful attention to details of grounding 

and to the development of new materials which will have 

thermal and electrical properties tailored to suit the 

needs of both the thermal design and the electrostatic 

specifications. McPherson (1976) has recently reviewed 

the work being done in this field. 

Another prospect for the future is active control 

of the potential by electron guns, ion accelerators, or 

other means. One current suggestion is to shine an ultra

violet light on the dark side of a spacecraft in order 

to eliminate differential charging. 

6.4 Other Spinoffs 

Cosmological Studies 

As mentioned above, spacecraft charging has 

cosmological implications. Many investigators are interested 

in the electrostatic charging of bodies in space by particles 

because of the implications for planet formation. There is 

obviously much carry-over from the study of spacecraft to 

celestial objects. 
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For large bodies, the effects of natural charging 

might be readily evident. For instance, dust migration by 

charging has been proposed as an explanation for the differ

ence in surface features between the front and back side of 

the moon (Grard, 1972). 

6.5 Summary 

Spacecraft can now be designed to withstand the 

effects of charging - after all, most of them do quite well 

most of the time anyway. For a scientific payload, great 

care must be taken to avoid spurious noise in the measured 

particle fluxes and the electric and magnetic field data. 

However, for many operational spacecraft the question be

comes one of probability and economics. What construction 

techniques will have the highest expected return (e.g., 

communications, weather observation, etc.) for the lowest 

price? An answer to that question requires a better under

standing of the environment and materials response before 

specific recommendations can be made to the spacecraft 

designer. 
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7. SPACE POWER SYSTEMS: IONOSPHERIC IMPACTS 
(B. K. Ching, The Aerospace Corporation, El Segundo, 
Ca., 90245) 

7.1 Introduction 

Among the prospects for meeting our country's 

energy needs in the 21st century, perhaps the boldest, and 

certainly the most exciting, are the space power systems. 

As currently envisioned, huge power stations, each capable 

of serving a large city, would orbit at geosynchronous 

altitude and transmit space-generated microwave power to 

earth. 

The impact of space power systems on the ionosphere, 

and conversely, of the ionosphere on the power systems, has 

not been treated with any depth in the many reviews that 

have been written on the power satellite concept (e.g., 

Glaser, 1977). Indeed, the microwave spectral region was 

selected for power transmission largely because of the 

atmosphere's transparency to such frequencies. Thus, it 

would seem that interactions between the beam and the 

medium would be of little or no consequence. Preliminary 

systems studies (Maynard et al., 1975), however, have iden-

tified potential ionospheric problems related to microwave 

transmission and vehicle exhaust products. Since such 

problems could have an impact on communications systems and 

other microwave transmission, they must be considered in the 

design and development of space power systems. 
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7.2 Microwave Transmission 

Baseline designs of power satellites call for 

an average flux through the atmosphere of about 100 W/m2 

in a beam approximately 7 km in diameter. Only about a 

thousandth of one percent of the energy in the beam will 

be absorbed in the ionosphere, and thus there will be 

virtually no impact on the transmitted power level. On 

the other hand, 0.001% corresponds to 1 mW/m2 , which is 

of the same order of magnitude as the solar energy con-
0 

tained in wavelengths shorter than 100 A (the extreme 

ultraviolet, EUV) that represents the ma.jor source of 

heat and ionization in the thermosphere and ionosphere. 

A comparison of solar EUV and microwave energy absorption 

rates in the upper atmosphere is shown in Figure 7.1. The 

microwave absorption profile does not reflect possible 

anomalous absorption, which might occur if the response 

of the medium to the additional energy input were to 

tri~ger further enhanced absorption and plasma instabilities. 

Microwave and EUV radiations interact in completely 

different ways with the atmosphere. The microwave photons 

are much less energetic than the solar radiation and are 

unable to produce ionization or dissociation. In fact, 

the solar EUV photons interact initially with the atmos-

pheric molecules and atoms, whereas the microwave radiation 

reacts with the ambient electrons. Despite this fundamental 
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difference, energy considerations alone suggest a 

potentially significant effect on the thermal state of 

the atmosphere-ionosphere system, at least in the vicinity 

of the microwave beam. 

Concern over potential microwave-induced 

perturbations of the ionosphere may be attributed in 

large part to the results of recent ground-based radio-

frequency ionospheric modification experiments (see the 

special issue of Radio Science, i (11), 1974). These 

experiments, conducted at input heater frequencies of a few 

to ten MHz, utilized power outputs of the order of a few 

2 tens of ~W/m . Assuming that the level for interactions 

scales as the square of the frequency, microwave-induced 

ionospheric effects would be expected to occur at power 

levels similar to those being considered for the space 

power systems. 

Although it is not presently known exactly what 

effects might be stimulated by high power microwave trans-

missions, some indication of what might result can be 

provided by the results of the recent RF ionospheric 

experiments. It is found that the energy absorbed from the 

heater beam by the ionospheric electrons raises the elec-

tron temperature. This electron heating results in a 

spatial redistribution of the electron density due to 

thermal expansion along the earth's magnetic field lines. 
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Since the electrons diffuse up field lines, the expansion 

results in a depletion in the electron density in the 

upper ionosphere. In contrast, in the lower ionosphere, 

the enhanced electron temperature lowers the rate of 

electron-ion recombination, resulting in an increase in 

the electron density. With increased power levels, 

plasma instabilities are excited that produce additional 

nonlinear absorption of the heater beam that results in the 

generation of field-aligned density irregularities. These 

irregularities give rise to various scattering phenomena, 

the outstanding example being spread-F. 

Of course, any modification of the ionosphere by 

the microwave beam of the space power system will likely be 

localized in extent and thus will probably not have an 

impact on a global-scale. The absorption of energy is ini

tially confined to the beam width (roughly 7 km), although 

subsequent interactions and the excitation of plasma 

instabilities will increase the sphere of influence beyond 

the limits set by the beam width. In the RF ionospheric 

heating experiments the recovery of the ionosphere to its 

normal state occurred fairly rapidly following the heater 

turn-off. For space power transmission systems, however, 

the power will be "on" for the lifetime of the satellite 

(perhaps 30-100 yrs.) and the beam position will be 

essentially fixed in geographic space (due to the use of 
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geosynchronous orbits). Thus, any perturbations induced 

by the beam will not be very effectively diluted as might 

be the case with a non-geostationary beam. Because of the 

coupling between the thermosphere and ionosphere, some 

changes may be induced in the neutral structure which 

would provide some "feedback" to the ionosphere. For 

example, enhancement of the neutral temperature within the 

beam would lead to changes in neutral composition, which, 

in turn, would affect the electron-ion recombination rate 

and hence the electron density. The heated column of air, 

which presents a discontinuity in the medium, could also 

give rise to atmospheric gravity waves. The wave features 

would be impressed on the ionized component. 

The possible effects of microwave transmission 

in the thermosphere and ionosphere are summarized in Table 

7.1. Whether any or all of these phenomena would occur as a 

result of space power systems is a question yet to be 

answered. A mitigating factor is that microwave frequencies 

are far-removed from ionospheric plasma frequencies. How-

ever, the high flux levels could be counter-active, par-

ticularly if they are sufficient to trigger instabilities 

in the plasma. 

7.3 Vehicle Exhaust 

The sheer size of a power satellite, 10 7-1o8kg, 

is indicative of the high level of vehicle activity that 
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will be needed to lift and assemble and then service and 

maintain a fleet of 50-100 power satellites. It is 

estimated that the equivalent of 10 shuttle launches per 

day will be necessary during the peak of the construction 

period (Williams, 197;). 

Advanced heavy lift launch vehicles will probably 

expel only water vapor when at ionos~heric altitudes (Beichel, 

1974). However, the expulsion of large quantities of water 

molecules can produce significant changes in the local 

ionospheric structure, as was strikingly demonstrated 

during the launch of Skylab 1 (Mendillo et al., 1975). 

Water molecules interact efficiently with atomic oxygen ions, 

resulting in increased rates of electron-ion recombination. 

In the case of Skylab 1 there was a substantial depletion 

(~50%) of the total electron content that persisted for 

several hours and encompassed a region on the order of 2000 km 

in diameter. 

Water vapor from booster engines could also 

affect the D-layer of the ionosphere, which is composed 

mainly of water cluster ions. The continual injection of 

water vapor in substantial amounts is likely to affect the 

ion formation rates and, hence, the properties of the layer. 

In addition to the launch vehicles, which ascend 

only to low earth orbit, orbit transfer vehicles will be 

needed to tug the assembled satellites to geosynchronous 

altitude. These transfer vehicles require a high-performance 

propulsion system, with the likely candidate being the solar-
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electric propulsion system. Such a system operates 

basically by the acceleration, and then expulsion, of a 

heavy, ionized metal. Preliminary studies have not 

indicated serious pollution problems in the ionsphere or 

magnetosphere; however, further investigation using 

realistic traffic models is necessary. 

7.4 Conclusions 

Considerations of ionospheric effects will no 

doubt influence decisions related to transmission power 

levels of space power systems as well as the propellants 

and propulsion systems necessary for placing the systems 

in orbit. Any modification of the ionosphere must be 

kept at levels tolerable to~her uses, such as communica

tions and radar systems. Realistic traffic models, 

including allowance for growth on an international basis, 

will be crucial for a sound assessment of the potential 

impacts. Since the power levels and the volume of space 

traffic will both be far greater than that encountered in 

present day operations, a vigorous program of theoretical 

and experimental investigation is required in order to 

provide the proper guidance in the design and development 

of space power systems. 
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Table 7.1 

Possible Effects of Microwave Propagation 

IONOSPHERE 

Electron temperature increase 

Electron density decrease in D-region, increase in 

F-region 

Modification of electron energy distribution 

Anomalous absorption and heating, leading to 

field-aligned irregularities and radio scattering 

phenomena 

THERMOSPHERE 

Neutral temperature increase 

Modification of relative composition 

Modification of airglow characteristics 

Excitation of atmospheric gravity waves 

MUTUAL COUPLING EFFECTS 

Neutral composition affects the electron-ion recombination 

rate 

Ion density affects the neutral wind system 

Neutral winds and gravity wave structure affect the 

ion distribution 
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8. DEEP EARTH INDUCTION STUDIES MAKING USE OF 
MAGNETOSPHERIC-IONOSPHERIC CURRENT SYSTEMS 
(D. I. Gough, University of Alberta, Edmonton, Alberta, 
Canada) 

8.1 Source Current Systems 

Time-varying electric currents in the magneto-

sphere and ionosphere induce secondary currents in the 

solid earth. The fields of the internal currents can be 

used in the study of conductive structures within the 

earth. From the standpoint of such induction studies, 

the sources of the current systems external to the solid 

earth are in the magnetosphere and ionosphere. 

Useful current systems, in order of increasing period, 

include those of magnetic pulsations, magnetospheric 

substorms, the daily geomagnetic variation, and the ring

current decay field Dst in magnetic storms. 

An important parameter in induction studies is 

the skin depth, the depth at which a field of period T 

falls to 1/e of its incident amplitude. In convenient 

units the skin depth is 30.2x 'To km where T is expressed 

in hours and the resistivity p is expressed in ohm-m. 

Resistivities of rocks in the crust and upper mantle range 

from less than 1 ohm-m to 104 ohm-m. Source fields can be 

characterized: (a) by their spectra; that is by the 

periods T at which they apply useful energy, and the 

corresponding effective depths of penetration in the e&rth; 

(b) by their spatial geometries. The spatial geometries 

Copyright © National Academy of Sciences. All rights reserved.

Space Plasma Physics: The Study of Solar-System Plasmas
http://www.nap.edu/catalog.php?record_id=18481

http://www.nap.edu/catalog.php?record_id=18481


1234 

of the magnetospheric and ionospheric sources can be compli-

cated and are different for the individual sources. 

Magnetic pulsations produce fields with periods 

up to a few minutes and with amplitudes of a few nanoteslas 

(nT). They are useful mainly in magnetotelluric study of 

the sedimentary rocks of the crus~ to depths of a few 

kilometers. These sources can be highly localized in the 

ionosphere/magnetosphere. 

Magnetospheric substorms are very important in 

carrying out induction studies by magnetometer arrays and 

by the magnetotelluric method. In low and middle latitudes 

substorms provide transient magnetic fields of order 20 nT 

in the period range 15 < T < 150 minutes. The geometry of 

the currents is complicated and is still undergoing active 

exploration (Rostoker, 1972, Kisabeth and Rostoke~, 1977). 

Present indications are that a westward ionospheric current 

~n the auroral oval joins magnetic field-alig~ed currents 

at its ends, which connect the ionospheric segment t8 ~ 

closure in the magnetosphere. ~his transient cur~ent system 

can be regarded as superimposed upon s:eady-state "soleonoidal" 

currents involving a southward ionospheric current !n the 

morning sector auroral zone and a northward ionospheric 

current in the evening sector, with sheets of field-~ligned 

c~rrent at the norther~ and southern l~T.~ts. 

In middle and low latitudes the magnetic stor~ 

source ~ield may change cnly smoothly and modera~ely across 
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a magnetometer array, and anomalous fields within the 

array can be identified with induced currents and in 

some cases can be quantitatively modeled. However, at 

the present time, in latitudes near the auroral zone the 

complicated source-field geometry encourages the use of 

arrays for the study of the external current systems 

rather than for induction studies of the solid earth. 

The daily variation dynamo (Matsushita, 1975) 

and its associated magnetic field produce a travelling 

wave with respect to the solid earth. At middle latitudes 

the Sq (quiet day) variation has spectral peaks at periods 

of 24, 12, 8 and 6 hours; on distributed days shorter 

periods are added to the spectrum. Even in a medium of 

resistivity 10 ohm-m, typical of the upper mantle, the 

skin depth at T=24h is 470 km, so the daily variation fields 

penetrate deeply into the upper mantle. At the dip equator 

the concentration of Sq currents in the equatorial electro

jet provides a narrow, linear localized current source use-

ful in induction studies at crustal and uppermost mantle 

depths. 

The spectrum of the Dst field, associated with 

the decay of the ring-current in the late stages of 

magnetic storms, contains useful energy at periods up to 

3 days and has been used in induction studies to depths of 

order 700 km (~ahiri and Price, 1939; Matsushita, 1975). 
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8.2 Techniques of Induction Studies 

Data from the world-wide network of geomagnetic 

observatories are used in the study of the radial varia-

tion of electrical conductivity, the principal planetary-

scale feature of the earth's electrical structure. The 

source fields are principally the daily variation, Dst' 

and fields of longer periods (Bailey, 1973). 

In the magnetotelluric method, sources such as 

magnetic pulsations and magnetospheric substorms provide 

-1 4 input in the period range 10 to 10 seconds or more, to 

a single station at which two orthogonal horizontal compo-

nents of magnetic field, Hx(T) and HY(T), and the corresponding 

electric field components E (T) and E (T) are recorded 
X y 

simultaneously. The magnetic field detectors are commonly 

coils or fluxgate magnetometers; the electric fields are 

detected as potential differences between separated grounded 

electrodes. At the surface of a half-space made of iso-

tropic plane layers, the apparent resistivity at a particular 

period T is 

pa = 0.2 T 
E 

X 

Hy 

2 2 

= 0.2 T 

(Cagniard, 1953) and Pa (T) can be fitted to layered models 

of p(depth) which are non-unique but may approximate the 

true structure. The real earth seldom resembles a set of 

isotropic plane layers, and in general magnetotel:uric data 
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define a resistivity tensor whose maximum and minimum values 

are interpreted in terms of resistive structure. A typical 

depth range for magnetotelluric soundings is from the sur-

face to 100 km depth. Contemporary magnetotelluric 

techniques are reviewed by Hermance (1973). 

In magnetometer array studies, an array of three

component magnetometers records magnetic fields in the period 

range 10-1440 minutes, at a number of points on the earth's 

surface. In studies reported to date, the number of magneto-

meters has ranged from four to eight, often placed along a 

straight line, or from 15 to 46 covering an area. The area 
6 2 covered was 10 km in the largest array yet used (Camfield 

et al., 1971). Large,two- dimensional arrays record a 

single magnetic event over the whole area, and highly con-

ductive structures can be mapped in terms of amplitudes and 

phases of spectral peaks supplied by the source field. In 

some cases the fields of internal, induced currents can be 

separated from those of the external source, and the interr.al 

~ields can be fitted to calculated fields from induction in 

model structures (Porath et al., 1970; Jones and Pascoe, 

1971). In all cases, anomalous conductors can be mapped 

with a precision limited by the magnetometer spacing and 

can be assigned maximum depths. 

An alternative approach to interpretation 

expresses the electromagnetic response of the earth, at 

Copyright © National Academy of Sciences. All rights reserved.

Space Plasma Physics: The Study of Solar-System Plasmas
http://www.nap.edu/catalog.php?record_id=18481

http://www.nap.edu/catalog.php?record_id=18481


1238 

each station, as a transfer function from the horizontal 

components (in which the external source field is largest) 

to the vertical component (in which the fields of internal, 

induced currents often predominate). Such transfer functions, 

calculated at several periods in which several variation 

events supply the inputs, allow adjacent small linear 

magnetometer arrays to be combined into a partial approxi

mation to a two-dimensional array. 

The problems of the quantitative interpretation 

of magnetometer arrays are severe (Gough, 1973a); one of 

the most serious is discussed here. This most intractable 

difficulty affects all types of investigation of the earth 

by electromagnetic induction, and therefore deserves 

mention. Anomalous cu~~ents in the region under study 

often flow in a long, highly conductive channel in the 

crust or upper mantle which connects large, unknown con

ductive volumes of the earth elsewhere to the area being 

studied. In such cases the induction may occur mainly in 

the large, distant conductors where the source field ~ay 

differ greatly from that recorded by the array. Such 

channelled-current anomalies are more numerous than those 

in which induction occurs mainly in the structures covered 

by the array, and are extremely difficult to interpret 

beyond the point of locating the conductive channel. An 

example is shown in ~he next section. 
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8.3 Some Representative Results 

The principal feature of the electrical resistivity 

within the Earth is a very rapid fall to values below 1 ohm-m 

in the depth range 400-800 km (Banks 1972). This increase 

in conductivity is certainly related to temperature but may 

be related also to pressure and to seismically observed 

phase changes at depths near 390 km and 650 km. Since the 

skin depth at p = 1 ohm-m for the 24 hour term in the 

daily variation is only 150 km, the fields of external 

current systems penetrate negligibly beyond a depth of 

~1000 km. In effect, electrical sounding using induction 

by magnetospheric-ionospheric currents is limited to the 

depth range 0-800 km. In the top 100 km the resistivity 

varies through four orders of magnitude, from 0.25 ohm-m for 

sea-water to 10 4 ohm-m for dry crystalline crustal rock. 

Local anomalies in geomagnetic variation fields 

represent currents induced in conductive structures within 

800 km of the earth's surface. Many of them can be classi-

fied as continental-edge anomalies, subduction-zone 

anomalies, the anomalies of western North America, rift 

valley anomalies or crustal anomalies. A review with many 

references up to 1973 has been given elsewhere (Gough, 1973b). 

Only later references are quoted here. 

Large anomalies, mainly in the vertical components 

of fields with periods lh ~ T ~ 24h, appear near continental 

edges. Largely, and in some cases wholly, these can be 
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ascribed to induced electric currents in the sea-water. 

There may also be a contribution due to a step in the 

conductive structure of the upper mantle below the continen

tal edge, but existing information is indecisive on this 

point. 

Prominent conductivitiy anomalies in zones of 

active subduction are known from magnetometer array studies 

in Honshu Island, Japan, and in the Peruvian Andes. These 

probably result from the ascent of molten material with 

ionic conductivity, from partial melting of the downgoing 

plate. No such conductor is found beneath the Andes of 

central Chile. 

Large magnetometer arrays have revealed complex 

conductive structures in the upper mantle under western 

North America: the results are summarized in Figure 8.1. 

Highly conductive mantle material estimated to be at least 

100 km thick underlies the Basin and Range Province, with 

still greater development below the Wasatch Fault Belt and 

the Southern Rockies. North of the line XX (near 43°N in 

the Figure) the conductive layer is much thinner ~10-20 km 

for p = 5 ohm-m. The electrical conductivity, the heat 

flow from beneath the crust, and seismic wave velocities 

in the upper mantle are correlated (Gough, 1974), and are 

all consistent with anomalously high temperatures producing 

partial melting in the upper mantle. 
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Local anomalies associated with induced currents 

in the upper mantle and crust have been discovered beneath 

the eastern Rift Valley of Kenya and have been studied by 

a magnetometer array and by the magnetotelluric method. 

High conductivities rise to crustal depths in Iceland and 

it is highly probable that an array study across a mid-ocean 

ridge would contribute to identifying the location of molten 

material. The technical problems of ocean-floor magneto

meter arrays have yet to be overcome, however. 

Local induction anomalies within continents are 

sometimes associated with sedimentary basins (Porath and 

Dziewonski, 1971) in which the conductivity is probably due 

to saline pore-water. In other cases long, very narrow 

anomalies of the channelled-current type seem to be related 

to fracture zones, in which graphite is commonly present. 

An example of a crustal a~omaly of this type is illustrated 

in Figure 8.2. This North American Central Plains conductive 

structure was discovered by a magnetometer array near the 

Black Hills of South Dakota and it was suggested that the 

currents might be channelled by graphite in metamorphic ~ocks 

of the basement (Camfield et al., 1971). A later array study 

(Alabi et al., 1975) mapped the structure from the Canadian 

Shield of Saskatchewan, where graphi~e sheets are common in 

exposed me~amorphic rocks in a large fracture zone, to another 

major fracture zone 1800 km to the south in Wyoming. The 
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conductive structure is believed to lie in a great fracture 

zone which may mark a continental collision 1.7 billion years 

old. Figure 8.2 shows how the induced currents perturb the 

field of a magnetospheric substorm, in the Fourier spectral 

term of period 68 minutes. 

Further references to the literature of induction 

studies using the current systems of the magnetosphere and 

ionosphere can be found in recent reviews by Frazer (1974) 

and Gough (1973b, 1974). 
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9. CONSIDERATIONS OF TELLURIC CURRENT EFFECTS ON PIPELINES 

9.1 Pipelines at Middle to Low Latitudes 
(A. W. Peabody, Ebasco Services, Inc., New York, N.Y., 
10006) 

9.1.1 Introduction 

The rapid expansion of the transmission pipeline 

industry in the decades following the nineteen thirties 

caused increasing attention to be devoted to controlling 

the corrosion of pipeline steel. One of the problems 

that faced pipeline corrosion enginee~s involved an unusual 

form of variable "stray" direct currents and potentials on 

the pipelines. These could not be correlated with stray 

direct currents and potentials of a man-made nature. The 

phenomenon became particularly apparent on long cross-

country electrically-continuous steel pipes which normally 

had a protective coating of an insulating material used 

to assist in the mitigation of corrosion effects. These 

pipelines were, in effect, long insulated electrical con-

ductors subject to inductive effects from variable magnetic 

fields (see, for example, Gideon et al., 1970). The 

nature of the non-man-made stray effects on pipelines was 

found to be similar to effects on long distance telegraph 

lines during magnetic storms associated with severe sunspot 

activities. As a result, any otherwise-unexplainable stray 

effects observed on pipelines by pipeline corrosion engineers 

came to be known as telluric current effects. 
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9.1.2 Corrosivity of Telluric Currents 

The frequency and severity of occurrence of 

telluric currents are quite erratic with, often, long 

"quiet" periods when there is no significant effects at 

all. Further, the pipeline locations where the telluric 

currents discharge to earth (with the resulting possible 

consumption of pipeline steel) tend to move from place to 

place with no long-term concentration of a corrosive effect 

at any one location. Both of these effects arise from the 

variable nature of geomagnetic activity (see, for example, 

Campbell, 1976). 

The pipeline corrosion effect arises from the 

discharge of current from the pipe to the ground through 

small holes in the non-conducting protective coating of 

the pipe. These holes develop from damage during the laying 

of the pipe. A short-term study of the peak valu~s of 

induced currents on pipelines in several states made by 

Gideon et al. (1970) showed typical values in the range of 

one ampere. Using extreme values of the exposed pipe area 

in the pipe coating, they found a negligible 10-7 ~/yr. 

corrosion for 0.5-0.75m diameter pipes (see also Campbell, 

1977). 

In addition to their e~ratic occurrer.ce pattern, 

telluric currents can reverse direction from time ~c time 

as well. This also ope~ates to reduce their ccrrosivity 
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compared to a steady, uninterrupted, unidirectional flow 

of direct current. McCollum and Ahlborn (1916) reported 

the corrosion rate as a function of period and their 

results are shown in Fig.9.1 (this work was carried out in 

connection with the operation of street railway systems). 

It can be seen from Fig. 9~that for telluric currents" 

with periods in the range of 5 mins. to several hours 

(typical of geomagnetic variations) that the conclusions 

of Gideon et al. (1970) would be reduced by ~75%. 

There has been some evidence to support the 

possibility of a concentration of telluric current dis

charge at a specific location where subsequent severe 

damage will result. One such instance, studied by the 

writer's associates in connection with an early 1940's 

examination of corrosion damage on a new pipeline system 

extending from the Atlantic to the Pacific across the Isthmus 

of Panama, found that currents reaching values in the order 

of 30 amperes would at times flow from ocean to ocean, 

with the direction of !low changing from time to time. 

Current discharge to earth occurred at the ocean terminals 

with corrosion failures developing on some terminal facili

:ies prior to being placed in service. The currents could 

not be related to man-made effe~ts. 

Alt~ough the writer does not have specific docu

mentation to the effect, he has been advised that there has 
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been at least one other location where known telluric 

current discharge effects at an ocean pipeline terminal 

have caused corrosion problems. From this very limited 

knowledge base, it does appear reasonable to ~pect a con-

centration·of the corrosion problem where a pipeline 

terminates at a location where the resistance to the flow 

of discharge currents would be very low. An ocean terminal 

is most apt to fulfill this condition. 

Because of the erratic nature of the telluric 

current effect, essentially no active corrective measures, 

such as the active ''cathodic protection" techniques 

(Peabody, 1967), are taken that are specifically directed 

towards the effects of telluric current activity. In the rare 

instances where a problem is identified (such as at an 

ocean terminal on a pipeline particularly subject to telluric 

effects), the telluric current can be drained from the 

pipe to earth through a separate grou~d connection designed 

for the purpose. 

9.1.2 Telluric Curren~s and Pipeline Corrosion 
Control 

When making field measurements to ascertain the 

level of cathodic protection on a pipeline, the cognizant 

corrosion engineer must make observations of pipeline-to-

earth potential and direct current flow measurements 

accurate to at least ±5 millivolts and ±100 milliamps, 

respectively. The inability to make observations to such 

levels of accuracy could result in misleading or completely 

meaningless data. Telluric current e~fects, wher. ac:ive, 
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have the capability of completely screening the true 

steady-state conditions. The writer has observed both 

pipeline potentials and currents of a telluric current 

origin which were several times the magnitude of the 

normal steady-state conditions. 

It is obvious that without advance warning 

of possible telluric current activity, pipeline corrosion 

survey work could be scheduled and performed at a time 

when the results obtained are meaningless insofar as 

interpretation of normal conditions are concerned. 

Recognizing this, the NOAA Space Environment Services 

Center in Boulder, Colorado, initiated regular publication 

of predictions for pipe-induced current activity (Campbell 

and Doeker, 1974). Pipeline corrosion engineers can obtain 

this information (updated daily) by telephone in order to 

plan their survey activities. Additionally, in order to 

make it possible to evaluate past incidents, the Space 

Environment Services Center periodically publishes past 

activity data in Materials Performance, a publication of the 

National Association of Corrosion Engineers. 

9.1.3 Summary 

The effect of telluric currents on pipelines at 

low and middle latitudes is more of a nuisance than a 

serious problem for corrosion. The nuisance arises from 

the telluric current interference with normal pipeline 
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corrosion survey engineering work. This problem is a 

sufficient nuisance to have caused the implementation of 

a regular service for predicting pi~in0uced current 

activity. 
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9.2 The Alaskan Pipeline* 
(W. H. Campbell, U. S. Geological Survey, Denver, 
Colo., 80225) 

9.2.1 Introduction 

Associated with every occasion that society 

finds reason to build long lines of conducting material 

there is a reawakened interest in the induced currents in 

these lines associated with geomagnetic disturbances (Burbank, 

1905). Typically such interest mounts near the 11-year 

maxium in geomagnetic activity (Bartels, 1963). 

The Alaska oil pipeline, a colossus in size 

with respect to those within the lower 48 states, traverses 

the auroral regions, regions in which the geomagnetic 

disturbance energy could be at least 100 times that 

troubling engineers in.the mid-U.S. (Campbell, 1973). 

The principal gec~agnetic disturbances seen at high lati-

tudes arise from currents within the ionized layers of the 

atmosphere about 100 km above the earth. The surface 

manifestations of these ionospheric currents are electric 

and magnetic fields which induce current flow in the 

conducting earth. Such current is channeled into regions 

of the highest conductivity, either of geologic origin or 

of man-made origin, as in the case of a pipeline. 

The Alaska oil pipeline (Raymer, 1976) is 

essentially a long, surface-grounded conductor extending 

from about 69.3° geomagnetic latitude at Prudhoe Bay on 

*Abstracted by the editor from Campbell (1977). 
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the Arctic Ocean, generally southward near the region of 

auroral zone maximum, to about 61.6° geomagnetic latitude 

at Valdez on the Pacific Ocean (Fig. 9.2). 

Assuming the pipe steel to have a resistivity of 

about 1.4 x 10-7 ohm-meters, the length to be 796.4 miles 

(1.28 x· 103km), the mean diameter 48 inches (1.22 m), and 

the mean wall thickness 0.512 inches (1.30 em), then the 

end-to-end resistance of the pipeline is 3.6 ohms. This 

assumes that the insulating connections at the 12 pumping 

stations are shorted by conducting jumpers. The resistance 

per unit length of pipe, Rm, is thus 2.81 x 10-6 ohm/m. 

9.2.2 Effects of the Auroral Currents 

Because of the high pipe conductivity with respect 

to the ground to which it is electrically connected via zinc 

grounding cables at regular intervals (~150m) and because 

the pipeline is long with respect to the scale of the inducing 

fields, the currents flowing in the pipeline will be just 

of that magnitude necessary to eliminate the induced electric 

field parallel to the pipeline. The Alaskan pipeline route 

runs generally in a geomagnetic north-south direction for 

the northern and southern sections and east-west in the 

central section (Fig. 9.2). The ducted induced electric 

fields that are of concern are those parallel to this pipe-

line route. At maximum they would represent the horizontal 

electric component EHor = ENS esc e, where e, the angle 
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between the horizontal electric field component and 

geomagnetic North, varies between about 1.0 and 1.6. 

The scale to the right side of Fig.9.3 gives the 

computed equivalent pipeline current for a geomagnetic 

east-west electric field parallel to the pipeline (left

hand scale) as a function of the period of the electric 

variations (Campbell, 1977). To obtain the equivalent 

horizontal components such values should be multiplied by 

esc e. The electric field values are deduced from analyses 

of magnetic field variations measured at several places 

along the pipeline route and then using a three-layer 

model of the earth to compute the induced electric field. 

The magnetic variation studies are carried out for different 

levels of geomagnetic disturbance as represented by the 

geomagnetic disturbance index Ap. 

The statistics of occurrence of Ap over several 

solar cycles show that 50% of the index values are ~7 or 

less (see, for example, Campbell, 1977). An Ap value of 7 

would correspond to currents near a 1-hr. period of ~2.7 

amps for the sample conditions of Fig. 9.3. Multiplied by 

esc e = 1.07 (for the average pipeline angle with respect 

to the auroral current system) a value of ~2.9 amps is 

obtained. This value represents a daily average current 

of ~1 amps (the average daily pipeline current level is 

about 1/3 the magnitude at the maximum auroral latitude 
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and about 1/5 the magnitude for an average of all stations 

along the pipeline). Individual surges in current amplitude 

between about 30 min. and 2 hr. could be about 5 to 10 times the 

size indicated in Fig. 9.3 (see Campbell, 1977), corresponding, in 

the above example, to individual fluctuations reaching ~14 amps. 

Similar calculations for small and large magnetic 

disturbance conditions (Ap ~ 52 and Ap > 150, values that can 

statistically occur approximately once every two months and 

every two years; see Campbell, 1977) give current surges 

~ 95 and~ 280 amps, respectively. Such large transient 

currents could cause problems at electronic monitoring and 

control points along the pipeline. 

The increased pipe area of the 1.2m Alaska pipe 

would reduce corrosion to ~0.4 to ~0.7 the values quoted 

in Section 9.1.2 from Gideon et al (1970) for a one-ampere 

current. Increasing the current by a factor of ten would 

mean that the comparable Alaskan corrosion should be 

< -6 
~ 10 m/yr., a truly negligible amount for a 1.3 em wall 

pipe thickness. In addition, the computed corrosion 

rate should be reduced by the appropriate factor show~ 

in Fig. 9.1. 

9.2.3 Summary 

Corrosion in the Alaskan pipeline from the 

auroral current system appears to be a negligible concern. 

However, it appears that large transient currents can be 
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established under geomagnetic disturbance conditions. 

These currents could greatly disturb, or prevent, 

corrosion survey engineering studies on the pipeline. 

They could also produce severe problems for the pipeline 

monitoring and control electronics. 
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10. PROBLEMS OF MAGNETIC FLUCTUATIONS IN GEOPHYSICAL 
EXPLORATION < 

(M: S. Reford, Geoterrex Ltd., Ottawa, Ontario, 
Canada) 

10.1 Introduction 

In exploration geophysics, magnetic surveys are 

conducted to obtain information about subsurface rocks. 

Most of the surveys involve measurements of the total 

intensity of the earth's magnetic field across the survey 

area. Of necessity, the measurements include time fluctua-

tions of the field, and one of the problems that must be 

dealt with is the separation of the unwanted time varia-

tions from the desired spatial variations. The nature and 

seriousness of the problem, and its solution, depend on the 

nature of the geophysical survey. 

Most magnetic surveys are made with airborne 

magnetometers, and probably more than one million line-k~s 

are flown every year all over the world. The most common 

objectives of a survey are to assist geological mapping and 

mineral exploration. Typically, a survey may involve flying 

lines one km apart, measuring the field intensity in units 

of one gamma (ly = 1 nanotesla), at intervals of one second, 

and compiling the results as contour maps with a basic 

contour interval of ten gammas. Greater precision than this 

is required in petroleum exploration surveys, which are 

aimed at determining the depth to the magnetic basement rocks 
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(buried beneath several kms of almost non-magnetic sedi-

mentary rocks) and at detecting local structures on the 

basement rock surface. High-resolution magnetometers 

measuring in units of 0.01 gammas are often used for such 

surveys, and local anomalies of one gamma relief may be 

important. 

Another type of survey is common over the oceans, 

where the structure of the oceanic crust is revealed by the 

magnetic anomaly patterns recorded in data obtained from 

towing magnetometers behind ships, and sometimes near the 

ocean bottom. Finally, there are ground magnetometer sur

veys, usually restricted today to local detailing of 

individual mineral prospects. 

Figure 10.1 shows a sample magnetic contour map from a 

high-resolution airborne survey in the Canadian Arctic. The 

contour interval is one gamma, with half-ga~~a contours 

in places, and the survey was flown with east-west lines one 

mile apart and north-south tie li~es three ~iles apart. 

Magnetic surveys such as this are interpreted in geologi:al 

te~ms, both from contour maps, and from profiles along the 

survey lines. 

10.2 Acauiring Survey Data 

The problems of time variations may be tackled at 

several stages of a survey. For a start, the problems are 

minimized by collecting data which includes the least 
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possible effects of fluctuations. Two very different 

approaches are used at present. One of these approaches 

is the measurement of the vertical magnetic gradient as 

well as the total field intensity. Gradiometers, measuring 

the difference in intensity between two high-resolution 

magnetometers, have been in regular survey use for ten 

years. Both magnetometers are affected equally by time 

fluctuations, leaving the measured gradient unaffected. 

However, the resolution of. such a gradiometer is a function 

of the vertical distance between the sensors, which cannot 

be increased much beyond 70m without introducing serious 

operational problems; i.e., noise effects from relative 

movement between the sensors in turbulent air. Within 

these limits gradiometer measurements solve the problem 

of time fluctuations, but do introduce other difficulties 

in its place. One of the major of these is the increased 

costs. Thus, gradiometer surveys represent a very small 

proportion of the total volume of magnetic survey work 

presently being done, and have only partially replaced 

total intensity surveys, even in petroleum exploration. 

A second approach is to use a fixed, ground-based 

magnetometer to record time fluctuations, and to accept 

survey data only when these fluctuations fall within 

specified limits. Since variations which are linear for a 

number of minutes can be corrected in leveling the data, the 
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specifications are keyed.to short periods. For instance, a 

specification in high-resolution petroleum surveys might be 

to reject data obtained when the ground magnetometer trace 

showed departures exceeding 2 gammas from any chord two 

minutes long. This type of specification works well in 

most parts of the world, but can be very difficult to apply 

where irregular fluctuations are common (for example, near 

the auroral zones) or in areas affected by the equatorial 

electrojet. If the application of such a specification is 

too rigid, an aircraft can wait forever on the ground for 

the ideal conditions which never arrive. It is better to 

obtain data, even though compromised, and re-fly certain 

lines to check for possible errors by comparison of results 

from both flights. 

A third approach might be suggested--to schedule 

surveys for periods when fluctuations are forecast to be 

minimal. Unfortunately, this is not very practical. Ex

p:oration and budget flows cannot be modified to fit the 

sunspot cycle. Also, many surveys involve a data collection 

period of one to three months, which is usually fixed by the 

optimum flying conditions. Forecasting of magentic fluctua

ions is no more certain than forecasting weather, and an 

unpredicted period of several weeks excessive magnetic 

activity is simply one of the hazards of working near the 

auroral zone. 
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10.3 Processing Survey Data 

Having obtained the survey data, fluctuations 

must be removed, as far as possible, in the subsequent 

data processing. Two approaches are generally used. 

First, the fixed ground magnetometer measurements may be 

subtracted from the airborne magnetometer measurements. 

For success, this pre-supposes certain conditions. 

Obviously, time synchronization between ground and mobile 

units must be good, and the ground magnetometer must be 

carefully sited to avoid man-made interference, such as 

trucks moving near the sensor. Second, the fluctuations at 

both places must be nearly identical. This makes it diffi

cult, if not impossible, to apply such a subtraction in 

many situations. The survey area may be several hundred 

kms away from the base station where the ground magneto

meter is established. Differences in the earth electrical 

conductivity at the base station and at the survey points 

are probably the most critical factor. For instance, 

fluctuations over resistive basement rocks are generally 

stronger and contain higher frequency components than those 

over a nearby sedimentary basin, or ocean. Additional com

plications occur along coastlines, where the conductivity 

contrast can increase the amplitudes of the fluctuations 

relative to points off the shore or island (Vacquier, 1972). 

At the present time, it does not seem practical to 

predict how successful subtraction may be in all circumstances, 

Copyright © National Academy of Sciences. All rights reserved.

Space Plasma Physics: The Study of Solar-System Plasmas
http://www.nap.edu/catalog.php?record_id=18481

http://www.nap.edu/catalog.php?record_id=18481


1265 

nor how many ground magnetometers would be needed at what 

locations for optimum results. Establishing independent 

recording ground magnetometers at remote locations can be 

very expensive. Hence, the m~thod is applied usually on a 

limited and empirical basis, and not in areas such as the 

auroral zones, where it is likely to introduce more 

problems than it solves. As a rule of thumb in middle 

latitudes, ground stations may be located so that the 

mobile magnetometer is not taken more than 200 kms away. 

The effect of subtraction is then tested on the mobile data: 

if recognizable fluctuations are removed, or at least 

reduced, by subtraction, then it may be applied at an early 

stage in the data processing. An example is shown in Fic~re 10.2, 

from a test aeromagnetic survey in the Gulf of Mexico aimed 

at detecting anomalies with a relief of less than two gammas. 

Both ground and airborne magnetometer (traces 1 and 3) showed 

"micropulsations" of about 0.5y relief, which were removed 

by subtracting ground from air measurements (trace b). 

Even if subtraction is applied, and more importantly 

if i~ is not, the survey data must be leveled together before 

it can be contoured. "Tie lines" are run for this purpose, 

usually perpendicular to the lines. At eact intersection of 

a line and tie line, the difference between ~he two magnetic 

measurements is calculated. These differences are ana~yzed, 

and adjustments are applied to reduce them to zero, at the 
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same time keeping the pattern of adjustments smooth along 

each line. In effect, the adjustments represent an attempt 

to reconstruct the time fluctuations. Study of the adjust

ments can show any lines of data which might be badly 

affected by erratic time fluctuations. 

The distance between tie lines is partly set with 

regard to errors that could arise from unrecognized time 

fluctuations (Reford and Summer, 1964). However, the tie 

lines improve the definition of magnetic gradients which are 

nearly parallel to the lines, and this consideration also 

affects the choice of tie line spacing. 

10.4 Discussion 

The problems of time fluctuations are more severe 

for marine than for airborne surveys for several reasons. 

Because of the differences in speed, the same fluctuation 

will be spread over a greater distance along the airborne 

measurements and will affect the true shape of magnetic 

anonalies proportionately less. Also, as a result of speed, 

the time elapsed between intersections is much smaller for 

airborne than for marine profiles, so that fluctuations will 

be better corrected in leveling the data together. Finally, 

as a practical consideration, marine magnetometers are most 

often used as auxiliary instruments, not the main survey 

tool, so that there may be little chance of repeating sur

vey lines affected by magnetic disturbances. 
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FIGURE 10.1 Total horizontal magnetic intensity contour map from a high resolution airborne survey in 
the Canadian Arctic. 
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FIGURE 10.2 Aeromagnetic survey over the Gulf of Mexico and ground "base" station data taken to help 
eliminate the magnetic fluctuations. 
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IMPACTS OF SOLAR SYSTEM ENVIRONMENT ON 
MAN AND MAN ON THE ENVIRONMENT 

by 

P.A. Sturrock 

The first seven chapters of this report review various plasma 

processes which are known to occur in the magnetosphere and the solar 

system. Some of the known technological effects of these plasma 

processes were discussed in the previous section. Any one who had been 

out of touch with these topics for more than a few years would no doubt 

be surprised at some of these effects. It was a distinct surprise 

when the association between magnetic storms and power outages was 

first realized. Moreover, it is unlikely that engineers planning cable 

communications or petroleum exploration realized, from the outset, that 

the functioning of their equipment might be affected by fluctuations 

of the geomagnetic field. 

This realization inevitably poses the following question: Are we 

now overlooking comparable effects? In other words, are there further 

important effects of the solar system environment on human life and 

technology or, conversely, does our terrestrial technology have 

significant effects beyond the known effects in the lower atmosphere 

for instance, effects upon the ionosphere, plasmasphere or magnetosphere? 

Such questions are among the most intriguing and challenging issues with 

which scientists may be faced. 

As with any other branch of science, one may initiate either an 

experimental (or observational) attack or a theoretical attack. In the 

first case, one looks for puzzling facts (or quasi-facts) which may 
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possibly be related to the search; in the latter case, one begins to 

speculate on consequences of present-day theoretical knowledge. Neither 

approach is by itself likely to yield firm new scientific information. 

To use a categorization of scientific activities proposed by Morrison1 , 

these approaches may yield only "new intelligence". The later 

stage, which he terms "consolidation of newly occupied territory", will 

typically involve mutually supportive observational and theoretical 

activities. 

Perhaps the most striking example of a possible effect of the type 

we are considering, which originated in analysis of observational data, 

is a possible association between solar variability and terrestrial 

weather and/or climate. Wilcox2 a o t e s that claims for a connection 

between the variable sun and the earth's weather can be found in well 

over 1,000 papers published during the past century, many of these 

papers written by illustrious scientists. Nevertheless, the subject 

has tended to remain on the fringes of respectable science. The near 

coincidence, for some 10 cycles, between severe drought in the high 

prairies and sunspot minima strikes some scientists as remarkable, but 

remains unimpressive to other scientists. Rightly or wrongly, scientists 

tend to ask "How can there possibly be a real cause-and-effect relation

ship?" 

An important development in the history of this controversy has 

been the work of Wilcox and his collaborators3 showing that there 

is an apparent association between the vorticity area index in the Northern 

Hemisphere and sector boundaries in the solar wind. Since this 

correlation occurs on the time scale of days, rather than decades, one 
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can accumulate within a few years far more evidence on this association 

than one could on an association between cycles with an 11-year or 

22-year period. Another important aspect of these findings is that 

one is associating a large-scale terrestrial index with an index of 

the near-earth environment. Such an association is valuable in any 

search for a causal chain of mechanisms relating solar variability to 

terrestrial weather. 

The attitude of funding agencies towards the more speculative areas 

of scientific research is crucial. If financial support is available. 

this in itself tends to make the topic respectable; in addition. it 

clearly facilitates further research which will lead eventually to a 

validation or refutation of these speculations. On the other hand. it 

is unlikely that a Federal agency funding scientific research will 

give an implicit stamp of approval to a subject which is considered 

by most scientists to be of dubious respectability. One way to break 

this mutually restrictive cycle is for an agency to appoint a committee 

charged with the responsibility of assessing the existing evidence. 

For instance. such a committee recently met at the request of NASA to 

study the relationship between solar activity and terrestrial weather4• 

This committee concluded that there is a 

prima facie case for influence of the sun on terrestrial weather on a 

time scale of a few days and made recommendations concerning research 

likely to lead to a more definitive evaluation. On the one hand. 

further statistical analysis of solar and terrestrial variables is 

desirable to evaluate the proposed 11-year and 22-year associations and 

to search for possible causal chains. On the other hand. theoretical 
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study and computer modeling are desirable to evaluate possible mechanisms 

which may be involved in a chain of mechanisms coupling variations of the 

sun's atmosphere to variations of the earth's atmosphere. 

Although study of the association between solar variability and 

terrestrial weather is in danger of becoming respectable, some other 

proposed correlations do not yet run this risk. For instance, a 

number of Russian scientists have claimed that there is a real associa-

tion between geomagnetic storms and the incidence of various human 

5 6 7 6 diseases ' ' • In particular, Gnevyshev and Novikova claim that 

there is a correlation between solar activity and both myocardial infarc-

tion and stroke. Since such an association, if real, might point to 

8 hitherto unrecognized hazards to human health, my colleaques and I have 

investigated this hypothesis in terms of U.S. data. We found no evidence 

for a correlation of the type proposed by Gnevyshev and Novikova. If 

further analyses show that the Russian claims are, nevertheless, well 

founded, it will be necessary to determine whether the effect is 

sensitive to geographical location or some other parameter which might 

distinguish the Soviet data from the u.s. data. 

9 Over forty years ago, Dull and Dull carried out an analysis 

claiming to demonstrate a relationship between the incidence of nervous 

and mental diseases and suicides, on the one hand, and magnetic sto~s 

on the other hand. 10 Friedman, Becker and Bachman decided to test 

the possibility of psychological disturbances associated with magnetic 

storms. They therefore searched for a correlation between daily 
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admissions to several psychiatric hospitals in New York State and 

magnetic activity in that area. The authors claim that their results 

show the existence of a statistically significant relationship between 

geomagnetic parameters and a gross measure of human disturbance. In 

11 a later article , t he s am e s c i en t i s t s s e a r c he d 

instead for a correlation between psychiatric hospital admissions 

and cosmic ray activity. Their claim is that cosmic ray indexes provide 

more significant parameters of geophysical events related to human 

behavior measures than do the more typical measures of geomagnetic 

activity, such as the K-index or Ap. These are provocative findings but, 

to the best of my knowledge, these important questions have not been 

pursued. 

Most scientific research is concerned with projects of fairly high 

probability of success and fairly low payoff. In deciding whether or 

not to study topics such as those so far mentioned in this chapter, 

a scientist must decide whether to invest any time and effort into a 

topic which may appear to have a low probability of success (in terms of 

proving beyond doubt the existence of a significant phenomenon), when 

success would imply a high "payoff" in the sense that the unequivocal 

demonstration of such an effect would be highly significant. The true 

importance may not be in the established association (there is little 

we can do to avoid magnetic storms!), but it would surely lead to new 

knowledge if the problem is pursued to the point that we have a complete 

understanding of the association. We may find, for instance, that 

certain electric or magnetic fluctuations have adverse effects (or 

possibly beneficial effects) on human beings. On the other hand, the 
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association may be due to some other unsuspected environmental changes 

which are associated with but different from electric and magnetic 

fluctuations. 

Scientists involved in the study of electromagnetic aspects of the 

earth's environment may also be alert to the inverse class of effects; 

possible effects on the ionosphere, plasmasphere and magnetosphere due 

to man's activities. We saw, in the preceding chapter, that magnetic 

storms have a si~icant influence on power systems. There is some 

evidence for the inverse process, disturbances of the magnetosphere by 

radiation from power lines. A recent search for such an effect has 

12 
been carried out by Dr. A. Fraser-Smith who has analyzed many 

years of geomagnetic data to see if the geomagnetic Ap index displays a 

weekly variation. His positive conclusion is that this index shows 

enhancement of approximately 7% at weekends, which one may reasonably 

associate with the fact that power consumption is lower (by 30%) on 

weekends. 

It has been known for some time that VLF chorus emissions are 

13 influenced by power line radiation • Since VLF electromagnetic waves 

play an important role in the precipitation of particles from the magneto-

14 15 sphere into the ionosphere ' , it is perhaps not too far-fetched to 

speculate that power line radiation may lead to precipitation which in 

turn produces ionospheric effects. Variations of the ionosphere can, of 

course, have important effects on radio communication systems. 

The effect of power line radiation on VLF properties of the magneto-

sphere seem to be quite subtle. It has recently been learned that the 

amplification of one VLF signal in a magnetospheric duct may be drastically 
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suppressed by the presence of another VLF signal. Not only may power line 

radiations directly influence the magnetosphere, but it may change the 

response of the magnetosphere to electromagnetic disturbances of natural 

origin. 

We have already witnessed large-scale changes in the earth's radiation 

belts due to human activity: namely, the "Starfish" experiment of 

exploding nuclear bombs above the ionosphere. Not only was the intensity 

of radiation in the inner belt substantially enhanced, but we discovered 

that this enhanced radiation took several years to decay. Substantially 
.... 

enhanced radiation may be a danger to astronauts. In addition, the 

enhanced rate of dumping of energetic particles into the ionosphere, 

which may follow such a perturbation of the radiation belts, is likely 

to cause changes in the D and E layers, and possibly magnetic pulsations 

which may interfere with power control systems and telephone communication 

systems. 

Such questions deserve careful study before related experiments 

are undertaken, such as the injection of high-energy particles into 

the magnetosphere by an AMPS type experiment, or the injection of 

large amounts of electromagnetic energy which may either precipitate 

large fluxes of magnetospheric particles into the ionosphere or 

accelerate ionospheric particles, some of which may migrate into the 

magnetosphere. Dr. Francis Perkins of Princeton University has recently 

made the specific suggestion that if 3 MW of radio power at 700 kHz 

were beamed upwards into the ionosphere, a large fraction would be absorbed 

at a height of about 1400 km, principally by accelerating electrons 

which would then be injected into the magnetosphere. 

It has recently been learned that explosive chemical combustion 

may have drastic effects on the ionosphere. In particular, an iono-
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spheric "hole" was produced as a result of the rocket burn which put the 

Skylab spacecraft into orbit. Will sLmilar, or possibly more drastic, 

perturbations be caused by rocket burns required to put the Space 

Shuttle into orbit or bring it down to earth? 

Intriguing scientific questions arise not only from the rational 

pursuit of existing knowledge, but also from the study of possible 

associations of seemingly unrelated variables, and from studying the 

implications of man's increasing capability to perturb his environment. 
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