
PLANETARY SAMPLING: IN SITU ANALYSIS 61 5 

ing a German-supplied version of the alpha proton-x-rny analyzer 
and a neutron detection device. The US is curren tl y developing a soil 
oxidant detec1ion experiment based upon chemical interaction of thin 
coat ings on fiber optic cables. monitored for changes by reflection of 
light-emi tting diode pulses. In 1996 a snrnll instrumented rover will be 
sent. and the heavily instrumented French/Rus.~ian bal loon will be 
launched . 

Comets 

For several years a group of composition analytical instruments have 
been under development for a comet rendezvous mission. specifically 
for the canceled 'CRAF" mission by NASA. A number of experi­
ments qualify as i11 sim sampling devices. These include three 
instruments which individually collect dust grains in the coma for 
various types of analyses. The CI DEX instrument is a combinat i(ln 
gas chromatograph (two pyrolysis ovens and four GC columns, each 
using metastable helium ionization detectors) and x-ray lluoresccncc 
spectromeler (x-ray tube and 1'"'Cm exci tation sources, with a cooled 
high-resolut ion Si solid state detector). The CoMA instrument. 
supplied by German investigators. is a secondary ion mass spectro· 
meter (SrMS) instrument, using a liquid metal ion source and a 
folded path TOFMS (Zscheeg et al .. 1992). The SEMPA is a 
minialllrized electron microscope for imaging individual microscopic 
dust particles. wi th secondary electron detector and H gl1 x-ray 
Nuorescence detector (Conley et al., 1983). In addition. the COD EM 
instrument can monitor the Aux, particle size distril1ution. clcctro­
st<1tic charge and velocity vector of coma du~!. A neutral g<IS and ion 
mass spectrometer (NGJMS) is based upon quadrupole MS designs 
used in Earth-orbiting spacecraft. 

A Penetrator device to have been rocketed into the nucleus from 
the CRA F spacecraft bus is designed to contain a gamma-ray 
spectrometer and a thermal/compositional analyzer for ices and low­
temperature materials via differential scanning calorimetry (DSC) 
and evolved gas analysis (Gooding. 1989) using GC. 

Titan 
The Cassini mission (q.v.) to Saturn will include 1he Huygens probe 
(q.v.). which will descend through the atmosphere of Titan. 
A lthough the primary objective of the mission is to obtain atmo­
spheric dara. the probe may survive landing (or splashdown) and be 
able to transmit data for several minutes. Onboard is a Surface 
Science Package designed by British scientists (Zarnecki et al., 1992). 
IL includes an accelerometer, inclinometer , thermal and acoustic 
properties devices. a flotation level device. permittivity measurement 
device and refractometer. Through these measurements it wi ll be 
possible to infer the characteristics and possibly the composition of an 
ocean. Originally part of this package was an x-ray fluorescence 
analyzer using Si(Li) and 55Fc and HJ\ICd isotope sources. Although 
selected on the basis of scientific merit. this portion of the experiment 
was beyond US budget constraints and is not being implemented. 

Opportunities and options 

Future i11 s itu planetary experiments can indude a great diversity of 
instruments. Based upon previous developments it is expected that x­
ray, alpha, gamma ray, neutron, and mass spectrometers wil l be 
strong candidates for most future missions. Gas chromatographs and 
ion mass spectrometers are under advanced development , and 
GCMS combinations cannot be ruled out in spite of complexity. 
Exci ting new developments in thermal analyzers, including differen­
tial scanning calorimeters and evolved gas analyzer systems, are 
under way for space application. Aqueous chemistry measurements 
capita lize on developments in solid state microchemical sensor 
technology. Mossbauer spectroscopy has been shown to have excel­
lent potential for in si111 mineralogical analyses on both the moon and 
Mars (Agres ti et al .. 1992). 

Because of the apparent geological diversity of Venus, a number of 
locations are candidates for future lander missions to determine the 
chemica l composition of major geological units. These missions arc 
technically very difficult because of unusually harsh environmental 
conditions and the nominally short l ifetimes of landers. 

X-ray and gamma-ray instruments are high priority for futu re 
missions where they arc applicable. particularly polar orbiters. Both 
can also be operated on the ground, but !hen the x-ray would of 
course take advantage of artificia l st imulat ion sources to increase 

sens1tmty. Likewise. artificial neutron activat ion ror gamma spec­
trosctlpy ha~ been advocated and studied. 

Advantages of sample return 

For many scient ific objectives, only returning samples to Earth will 
do, as noted above. This leads to more cost ly and extended missions. 
because of the multiplicity of events and usually the need for two 
separate spacecraft (outbound and return) . Nonetheless. both the 
Soviet Union and United States have accomplished sample return 
from the Moon. 

The array of complex, sophisticated measurements feasible only in 
laboratories on Earth certainl y include isotopic rat io measurements 
and ultrat race element analyses (parts per billion or per trillion): 
transmission electron microscopy and atomic force imaging; Auger 
spectroscopy and two-step laser ion mass spectrometry; magnetic 
susceptibility and remnant magnetization; radiogen ic nuclides assay 
and cosmic ray track etchings. These are. of course, only a few 
examples. As new techniques are deve l,ipcd. the value of prist ine 
samples in reserve increases enormously. For example. the Apollo 
rewrned samples are only approximately 10% analyzed. yet still 
provide valuable research material fo r scientists and scientists in 
training all over the world and have been subjected · to many 
analytical techniques that were not even avai lable in the 1960s and 
1970s when the samples were acquired. 

However. the value of returned samples is much more than just the 
abil ity to ::iccomplish intricate procedures lL~ ing advanced, often 
finicky equipment. The quantity of data that can be generated and 
the number of scientists that can be involved in highly product ive 
laboratory work can be increased by factors of tens to hundreds over 
that from spacebornc instruments. for the same science expenditures. 
In addition. new discoveries can be quickly verified by independent 
investigators. the foundation of the scientific method. Col laborat ive 
research combine~ a number of laboratories with their specialized 
techniques in studying the same or similar samples lo magnify 
synergistically the understanding of the origin and history of the 
materials. Such collaborations have been responsible for innumer· 
able recent scientific advances. 

[! must be remembered. of course, that there arc many types of 
measurements that must be made in siw, even given lhe ability to 
return samples. Examples of this would be the detection and 
characterization of fragile components (e.g. highly reactive oxidants 
in Martian soil and atmosphere). samples too large to return (e.g. 
bedrock or sediment beds) and species that arc transient (photoche­
mical species) and would reacc with natural materials during the 
return trip. A lso. samples will be ~ubjected to a variety of unnatural 
(for them) environments during the rigors of the return fl ight. 
including higher temperatures, mechanical shocks. vibration and 
exposure to deep space radiation. In addi tion, the quantity of sample 
that can be practically returned from deep space on unmanned 
missions is typically of the order of 11 kg or less. The variety that can 
be achieved within this is significant i f adequate sampling tools are 
included, such as chipping devices or coring drills. It is also strongly 
advisable to include compositional analysis instrumentation to screen 
samples in order to (I) determine i f the samples chosen for return 
include a good representat ion of t.he major components and (2) 
assure the return of unusual materials. Sample return missions arc 
intrinsically challenging: they are also lhe ultimate reward for 
planetary sampling science. 

Benton C. Clark 
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PLANETARY TORUS 

Since the first observation of neutral sodium around the Jovian 
satellite Io (Brown, 1974), the subsequent identification of a neutral 
clo11d ex tending along the orbit of Jo, which followed it in its rotation 
around Jupiter (Matson et al. 1978), and the discovery of ionized 
sulfur and oxygen tori surrounding Jo"s orbit (Kupo, Meckler and 
Eviatar , 1976; Pilcher and Morgan, 1979), a significant number of 
planetary tori have been discovered in the vicinity ()f the satellites of 
the giant planets Jupiter, Saturn and Neptune. TI1ese t0ri may consist 
of e ithe r neutral o r io nized species. They may completely surround 

the planet or may only consist of partial arcs; they may follow the 
satellite's orbit or lie in a different plane. However, planetary tori are 
found only around magnetized planets, with satellites e mbedded in 
the magnetosphere. This indicates that, despite chis wide variety of 
morphological and physical diffe rences , the planetary tori are a single 
class of planetary obje.cts. Reviewing the various tori observed so far, 
we will show that their differences are related to the composi tional 
characteristics of the satellite, the dynamical characteristics of the 
planetary magnetosphere and the geometry of the satellite-magnetic 
field system. 

Origin of planetary to ri 

The interaction between a satellite, its neutral e nvironment , its 
plasma torus and the magnetosphere is based on feedback loops 
which insure the stability of the system. Suppose a satellite exists in a 
magne tosphe re without an initial plasma population (this simplified 
scenario is in fact not realistic, since some plasma from the solar wind 
and from the planetary ionosphere is always present in a magneto­
sphere). Molecules and grains can be sputtered out fron1 the surface 
of the satellite or from an atmosphere by micrometeroid impact, by 
collisions with high-energy particles from the magnetosphere, by 
photosputtering, and by thermal escape of gas from an atmosphere. 
This type of source provides neutral gas in the vicinity of the satellite, 
roughly corotating with it. The fastest molecules can escape the 
satel lite's gravitational field and flow into a toroidal volume around 
its orbit under the planet's gravity, forming a neutral torus (or a 
neutral torus segment depending on their lifetime). This neutral gas 
begins to be ionized, essentially by photoionization and interaction 
with the particles of the radiation belts. Although produced at a slow 
rate , these fresh ly created ions behave as a plasma 'frozen' into the 
planetary magnetic field and are dragged by the field lines intn 
rotation. This is commonly called the 'pick-up' phenomenon. The 
magnetic field lines rotate roughly at the planet's velocity ('coro­
tatio n") , i.e. significantly faster than the satellite on its Keplerian 
orbit, so that the newly picked up ions acquire an energy close to the 
corotation energy (in the range of several tens to a few hundred eV, 
depending essentially on the mass of the ion and the radial distance of 
the pick-up). Under the combined effect of the gravitational and 
centrifugal forces, the ions remain confined close to the centrifugal 
equatorial plane between the ro tational and the magnetic equatorial 
planes (Richardson, Eviatar and Siscoe, 1986, and references therein). 
A fraction of these corotating ions impact their source satellite or its 
atmosphere and increase the population of neutrals in the corona and 
in the neutral cloud. Another fraction collide with electrons and 
energize them such that they become a new significant source of 
ionization of the neutrals, in addition to the initial phutoionization. If 
this feedback loop (illustrated in Figure P16 for the case of lo) is 
efficient enough, the ne utral cloud and the plasma can theoretically 
become self-supporting (Evia tar, Kennel and Neugebauer, 1978; 
Huang and Siscoe, 1987). 

This oversimplified scenario does not take into account the neces­
sary balance between plasma torus sources and losses required to 
attain a steady state equilibrium, nor the interactions of the tori with 
the surrounding magnetosphere (Figure Pl 7). The hot ions can be 
lost to the torus by charge exchange with thermal neutrals, mainly 
from the neutral clouds. This results in the production of a thermal 
ion, immediately picked up by the magnetic neld , and of a fast 
neutral which leaves [he system at the corotation velocity. These 
neutrals arc a significant source of plasma for the distant magneto­
sphere, where a fraction can be ionized aga in (Barbosa and Eviatar, 
1986), and even for the interplanetary medium: a sodium nebula has 
recently been discovered around .Jupiter extending beyond 400 RJ 
(Flynn, Mendi llo and Baumgardner, 1992). The density of the torus 
is not affected, and the net effect concerns main ly the composition 
(the new ion can be different from the initial one) and the energy 
budget. Plasma can also be lost by recombination and radial lransport 
into the magnetosphere. Centrifugally driven transport of heavy ion 
plasma controls the steady state To p lasma torus and is a major source 
of plasma in the magnetosphere of Jupiter (Siscoe and Summers, 
1981). Radial transport also seems to play a major role in the control 
of the Triton torus- Neptune magncrosphere system (Richardson et 
al., 1991) . At Uranus convective transport , exteroaJly driven by the 
solar wind, removes any plasma from the sate llites, and prevents the 
formation of a plasma torus (Vasyliunas, 1986). By contrast, the 
density of the ·water group ' plasma torus surrounding Dione and 
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Figure Pt 6 Schematic view of the atmosphere and sodium cloud of 
lo. To the left: Io's vicinity (the Hill sphere is the e ffective limit of 
Io's gravity). To the right, the neutral sodium cloud contour. The 
arrows represent the corotating plasma, traveling at 75 km s-

1 
past 

the neutrals that orbit Jupiter at 17 km s- 1
• The cloud lies 

preferentially Inside Io's orbit because the plasma is cooler there 
and less able to ioni:ze the sodium atoms. Inside Io's orbit the 
cloud extends forward only, because atoms closer to Jupiter travel 
faster than lo. (f rom Schneider, Smyth and McGrath, 1989.) 

Tethys is controlled by recombination (Richardson. Eviatar and 
Siscoe. 1986). 

Finally, a plasma torus can also act as a ~ink for high-energy 
rnagnetospheric particles (among which some originally came from 
the torus plasma itself). The dense cold plasma of the torus favors 
resonant interact ion of the particles with electromagnetic waves, 
resu I ting in pitch-angle diffusion, p recipitatio n along field lines into 
the planetary high-latitude atmosphere and, ultimate ly , excitation of 
auroral emissions (Goertz , 1980; Thorne. 1983; Prange, 1991; and 
refere nces the rein). 

Observational techniques 

Remote sensing by optical emissions 
Although so far only applicable to the study of the lo torus (because 
of insufficient brightness of the other tori), remote sensing from 
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ground-based telescopes is the most widely used tool for the study of 
planetary tori. It is through the detection of the D resonance doublet 
of sodium in the spectrum of lo that the lo sodium cloud was 
discovered in 1972 (Brown, 1974); all the information on the neutral 
and ionized lo tori was derived from ob>crvation of their optical 
emissions until the Voyager encounters in 1979. Remote sensing from 
space has also been widely used fro m 1979 o n , with the observations 
of the Ultraviolet Spectrometer (UVS) during the Voyager 1 and 2 
encounters with 1he Jupiter and Saturn systems, and of the Earth 
orbiting International Ultraviolet Explorer ( IUE), still in operation, 
and since 1992, of the Hubble Space Telescope (HST) and of the 
Extreme Ultraviolet Explorer (EUVE). The neutral emission lines 
are due to resonance scattering of allowed transitions from the solar 
lines. whereas the emissions from the ionized species arc excited by 
collisions with electrons. Remote imaging of the tori emission gives 
access to the morphology of the tori (the interpretation of the many 
'asymmetries' of the lo tori and of their temporal variation has been 
fundamental in 1he understanding of the system). High-resolution 
spectroscopy provides information on the composit ion, density, 
temperature and thermodynamical equilibrium (by the study of the 
line intensity ratios), and on the velocity fields by the observation of 
Doppler shifts. 

In add ition, informalion o n the integrated e lectron density in the 
lo torus has also been obtained by radio occultation techniques on 
the Voyager and Ulysses missions. 

In situ measurements of plasma parameters 
The deep space missions to the giant planets included instrumen· 
tation dedicated to the measurement of the charged particle distribu­
tion functions (density. composition, energy, ftow direction, temper· 
ature) in various energy ranges, and in particular below a few keV. 
The In sir11 determination of the plasma frequency by the electromag· 
netic wave analyzers also provided the total plasma density. This has 
been the only means of ide ntification and characterization of the 
d istant or tenuous tori , whose emissions are too faint to be observed. 
such as the inner plasma torus in the magnetosphere of Saturn or the 
suspected Europa torus at Jupiter. Although no t directly detected by 
the Voyager spacecraft , the Triton partial to rus has been recognized 
by the ana lysis of the ions it has released in the 'nearby' magnetos· 
phere. 

A large body of information has been obta ined on the fo plasma 
tori by comparing the in siru measurements of the Voyagers with the 
optical data . Similarly. the recent crossing of the torus by Ulysses has 
already begun to provide new and valuable data, in particular far 
from the equatorial plane, which can be correlated to remote 
observations (sec Ulysses mission). 

Figure P1 7 Coupling between the lo ton, the atmosphere and the magnetosphere of Jupiter. (From Bagenal t989.) 
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lo tori: a model study of satellite-magnetosphere 
interactions 

lo (4 '.). the innermost Galilc:111 \<1tdlitc of Jupiter. expcric11l'c~ 
>trong time 'ariable gra\'itatiunal effect-, from Jupiter and Gany­
mc<le. resulting in tidal heating :ind volcani,m. The volcanic activ ity 
w:i' fiN d i ~covcrcd by imaging wuh Voyager in 1979. and provides to 
the tori mainly sulfur and oxygen. at :1 total rate of around 10, kg s 1 

(:1 few 10"' atoms s- 1). with tra~<:s tif sodium and potassium. Thi~ 
give<; lo a wcll-devdoped a1111osphcrc and iono<:phere. The resulting 
1ori arc the densest and the brightc>t in the solar o;ystcm. They arc 
c;l'ily ob>-crvable from Earth and thcv have been visi1ed three time' 
hy deep >Pllt'C missions. C'on,cqucntl y ;1 large hody of data has been 
gm he red on the lo tori. and an intcm.c 1l11:orc1ic:il effort of madding 
" taking place. making the lo tori a reference model for planetary 
tori 

Neutral clouds and tori 

The oh<>crvaiion> and the physic• of the neutral lo clouds h;1ve 
produced a large body of litcr;11urc. including many review papers 
(Schn..:idcr. Smyth and Mc(ira1h. 19X9: Thoma~. 1992; also McNutt . 
IWI). 

lo has a significant atmosphere of SO, (with a column densi ty 
or 101' 10 1017 cm- ~). with some ncul rn l sulfur and oxygen 
( 101

' crn '). Thrl)ugh th.: mccha11b1n' dciailcd above. part or these 
neutrals cscarc and give ri~e to ;i neutral cloud extending along 1he 
orbit of lo. a l roughly six Jovian r:idii (R,) from Juritcr. However, 
thco;c neutral clouds are extremely tcnuou~ and their resonance lines 

very faint (a r.:" raylcigh~ or lc~~). Although sodium is a very minor 
con\tituent in the atmC!Sphcre of lo ( 1()1' cm '). it<> re~onance D lines 
at "' 5890 -58% A ;ire extremely bright (thousand' of rayleigh> in the 
vicinity of lo). The sodium cloud ha~ hccn used a' a model to study 
the ncu1r:il tori . 

The 'banana-,haped' 'odium cloud extends over several tens of 
degree<> along Io's orbit in the ro1<1tio11al cqua1orial plane (Figure 
Pl .'i). Its , izc i> l imi ted by the lifet ime elf ~odinm atoms arwin,1 
ionitation (a few hours in 1hc cqu;itorial plane). Models of ils exact 
>hape de-pend in particular on the di,tribution or the ve locity or the 
eM:aping moms and of 1he ionizing electrons (Smyth and Combi, 
1988) Ry contr:1st. the l ifetime of neutral oxygen and sulfur is much 
longer (tens of hours). giving ri:.e to complete neutral tori. 

An ca~t-we~1 <1Symmc1ry is present in the emission strength 
mca,ured near lo~ \\·ith an exec~' uf - 20°~ al western ~lonention . 
Thi\ ha~ been anrihuted to solur radiation pre,~ure effecis. or to an 
a'ymmctric atmospheric shielding of the ,urface of lo to particle 
impact. It wa~ :1ho ob~erwd that tlu: cm"'ion i> '1rongcs1 on tht' ~ide 
of lo opposite to the Jm ian magnetic equator (a north-south 
a'ymmetry modulated with a 13 h period). This ha<> been explained 
by an increased ioni;:ation of the neutral~ hy the plasma torus 
part icle~ 1Vhich lie in the centrifugal cqun tori:il plane. ahout 5° from 
1hc orbi tal plane of lo in the din;ctio11 of the magnetic equator. 
Final ly. the intensi ty varic' al"' as a fu11e1inn of heliocentric orhit;t l 
longi1udc, due to !he· variation of the solar flux when !he resonance 
line i' ' hi fled along 1hc gradient 1>1 the large •olar Fraunhofer line. an 
dfcct not related to the phy;ics of the ')Siem itself. Characteristic 
f,1st j~·h of neutral ,eiuium (JU 1o 100 J..m s 1

) arc regularly observed 
c~wping from the cloud of 'low •odium (Figure PIR). They arc no" 

Figure P Ill (.round-based ob,erva t ion~ ol thC' lo tori. Top: the S' (,ultur) p l11s111.1 torus. rhe bnght narmw fCJ lure extending on both side' 
1>1 the equatorial plane is the 'ribbon' (innN edge of !he warm toru,). rhc cold torus, extending planetwards, is 'eparated from the ribbon 
by an emission gap. Bottom: the Na cloud of slow sodium (elongated !>pol ahead or lo) and a torus of frc'h Na atoms jusl charge 
1·~~hanged from pi<.:ked-up ions (faint bcn1 traci:'). The bright spol 111 the left panel, conneded to the sodium cloud, is the solar flux 
' C'.lltered by lo. Jupiter's light (center panl'll ha' been attenuatf'd by an ab,orbing film in both pictures. (N.i\\. Schneider, personal 
communicat1on.l 
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Figure P19 A ground-ba!>ed composite image of the Jovian environment in the 01-02 lines of neutral sodium lrom a series of drift scan 
spedra. The sodium nebula is evident in Jupiter's equatorial plane (tilted bys• at the time of the observations), extending 10 several 
hundred Jovian radii in the interplanetary space. As in the case of the tori, an east-west asymmetry is visible. The dark region centered on 
Jupiter comes from the intensifier being turned off, lo avoid damage due to light from Jupiter's bright disk. (From Flynn, Mendillo and 
Baumgardner, 1992.) 

attributed to dissociative recombination of fresh sodium-bearing ions 
in the plasma torus, and are a source of logcnic neutrals in the Jovian 
magnetosphere and the interplanetary medium (Barbosa and Eviatar 
1986; Flynn. Mendillo and Baumgardner 1992), as shown on Figure 
P19. 

Plasm a t ori 

The remote optical observations and in siw plasma measurements 
have both given evidence of high plasma density in a toroidal region 
between 5 and 7.5-8 R1 from Jupiter. centered on the centrifugal 
equator, with a thickness scale height or "" 1 RJ. Both techniques 
have ident ified two main regions (Figures Pl 7 and P20). The inner or 
·cold' torus is dominated by singly ionized species (O•, s•). and the 
corresponding electron temperature is of the order of Io• K. It is 
located inside Io's orbit with a peak density of about 1000 cm- ' at the 
distance or"" 5.3 R1• and i~ closely confined to the equatorial plane. 
In the outer or ·warm' toru~ multiple ionization dominates 
(S++ ,O+< ,s3+), and the electron temperature is ... 6 x 10-S K. The 
warm torus in fact e~tends in"ards beyond Io's orbit. and one can 
define a third region. the ·warm inner toruf confined between 5.7 
and 5.9 R,. where the peak dcn~ity. "'3 x 10' cm- 3 • exceeds by a 
factor of three the peak density in the outer torus (at 6 R,). This 
narrow region had been independent ly observed as a very bright 
feature in the ground-based images and called the 'ribbon·. Efforts 
have been concentrated in the past decade on modeling of the 
Voyager data (Bagenal and Sullivan. 1981), or the optical images 
(e.g. Morgan. 1985) and of the thermodynamical equilibrium of the 
species (e.g. Smith and Strobel. 1985), in order to ascertain the 
characteristics or the lo tori from the observations. Recent reviews of 
such studies can be found in Strohel (1989), Bagenal (1989). Thomas 
{1992) and Spencer and Schneider {1996). 
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Figure P20 lsocontours ol the ion density in the lo tori in a 
meridional plane derived from the plasma probe and UV 
spedrometer on Voyager. The large area on the right is the warm 
outer torus. The small secondary maKimum on the left is the cold 
torus. The warm inner torus, or 'ribbon ', observable from ground· 
based telescopes, is the region of sharp density gradients in 
between. The dashed line represents Voyager trajectory through 
the torus. CF. Bagenal, per~onal communication.) 
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The Io plasma torus radiates copious amounts of energy in the 
EUV, UV and visible lines through e lectron impact. At the epoch of 
the Voya~er encounters, the total radiated power was of the order of 
3-6 x 101 W. The traditional energy source (pick-up of fresh ions) is 
insufficient to fuel this power loss. To solve this 'energy crisis', it has 
been p roposed that part of the high-energy magnetospherie ions 
diffuse inward into the hot torus and transfer their ene rgy to electrons 
by collision (Smith et al., 1988). An alternative (or complementary) 
magnetospheric source of energy to the warm torus has been 
proposed in the form of a flow of hot ionospheric electrons secondary 
to the precipitation of rnagnetospheric particles in the outer ,torus 
(e.g. T horne, 1983). These theories partly conflict with the early 
theories of a self-sustaining torus. Finally, the o uter torus seems to be 
a sink for high-energy magnetospheric particles (Gehrels and Stone, 
1983; Prange, 1991), presumably through pitch-angle diffusion. 
Reviews of the complex coupling of the outer lo to rus with the Jovian 
magnetosphere can be found in Thorne ( 1983) and Bagenal (1989). 

Torus properti~ vary with longitude, latitude and local time. 
These variations, mostly poorly understood so far , stimulate theoreti· 
cal studies on the interaction of the torus with the magnetosphere . A 
local time asymmetry in the EUV brightness of the to rus, with 
maximum intensity at western elongation, has been attributed to a 
variation in eleciron temperature. The existence of a dawn-to-dusk 
e lectric field across the magnetosphere has been proposed to account 
for this increased electron temperature (Barbosa and Kivelson, 1983; 
Goertz and Ip, 1984). 

Periodic longitudinal variations in the brightness of the short-lived 
species (such as s•1) have been reponed with maxima near 180-250", 
not supported by the in situ Voyager measurements of total plasma 
density. These variations seemed to be better o rganized in a coordi­
nate system rotating 3% slower than ·system Ill' (corotating with the 
magnetic field), giving rise to controversial interpretations. The very 
recent identification of denser plasma bubbles rotating in the inne r 
and outer plasma tori by the radio experiment onboard the Ulysses 
spacecraft (Reiner et al. , 1993) might provide an explanation of this 
phenomenon. Recently the radial distance of the torus from Jupiter 
has also been found to vary with longitude , roughly in phase with the 
variation of the surface magnetic field. A dawn-to-dusk asymmetry of 
this effect is also observed. 

Finally, it is worth noting that the Io plasma tori were optically very 
faint at the epoch of the Pioneer encounters (1973-74). This consider­
ab le long-term variotion of torus activity may be related to a similar 
variation of the Jovian UV auroral activity, which was hardly 
detectable by the Pioneer spectrometers, and reached tens to 
hundreds of kilorayleighs since the beginning of the 1980s. 

Other planetary tori 

Among the magnetized planets of the solar system, only Jupiter, 
Saturn and Neptune possess planetary tori. Mercury does not have a 
sate llite. The Earth 's Moon, in addition to releasing little matter 
thro ugh surface sputtering, orbits at a distance of 60 R. from Earth , 
and spends less than 10% of its orbital period in the planet's 
magnetotai l. By controst, Uranus has five large sa tellites embedded 
in the magnetosphere, between 5 and 23 Ru· Tees seem to be present 
on all of them, and they must be sources of water and other volatiles. 
However, the motion of the plasma in the Uranian magnetosphere is 
cont rolled by solar wind-driven convection, rather than by corotation 
as in the case of Jupiter, and the odd geometry of the system (the axis 
of rotation is close to the ecliptic plane and, at the time of the Voyager 
flyby in 1986, sunward di rected; the magnetic axis is tilted by ""' 57° 
from the rotation axis , and rotating in "' 17 h) results in an efficient 
sweeping out of the satellite plasma within a few hours , preventing 
the formation o f any plasma torus (Vasyliunas, 1986; Richardson et 
al .. 1991), and hence of any self-sustain ing neutral torus. 

Jupiter 

The existence of a plasma torus generated by the icy satellite Europa 
has long been suspected. but until recent ly there was no conclusive 
evidence of its existence. Very recent reanalysis of Voyager data now 
indicate the presence o f hot, freshly picked-up ions in the vicinity of 
the orbit of Europa (.., 9.5 R,), an excess of o ++ with respect to sulfur 
and the presence of H30 \ confirming the inference of a torus of 
'water group' ions (Bagen al et al., 1992). This species can be expected 
from sputtering of the surface, but alternatively might confirm the 

role of tidal heating in exciting 'geyser-like' activity as suggested in 
Howell and Sinton (1989). 

Saturn 

One of the major differences between the magnetospheres of Jupiter 
and Saturn is the absence at Saturn of an lo-like satellite able to 
outgas large amounts of volatiles in the dense inner magnetosphere. 
By contrast, small ic) satellites and rings can release smaller amounts 
o f 'wate r-group' molecules in the inner magnetosphere (by sputtering 
and micromcteorid impact). The one satellite with an atmosphere 
and a significant gas o utput is Titan, which orbits at 20 R. , well 
outside the main plasma bodies of the magnetosphere. 

Essentially all observational information on the magnetosphere of 
Saturn comes from the Pioneer and Voyager encounters. This 
explains why, despite a large amount of data analysis and theoretical 
work, many unsolved questions remain still. The information comes 
from the in situ particle and wave data and, for the neutral Titan torus 
only, from remote sensing with the Voyager 1and2 UVS instrument. 
Figure P2 l indicates schematically the location of the main neutral 
and plasma tori in the magnetosphere of Saturn. Recent work and 
reviews on the state of the art can be found in Richardson and Eviatar 
(1988), Eviatar , Podo lak and Richardson (1990), McNutt (1991), Tp 
(1992) and Gombosi (1992). 

Titan torus 
As early as 1973 McDonough and Brice predicted the existence of a 
measurable neutral hydrogen torus in the vicinity of Titan's orbit. 
Although this was based on an erroneous composition of Titan's 
atmosphere , the Voyager I UVS ins trument detected a 100 raleigh 
Lyman ex emission from an extended region inside Titan's o rbit 
(Broadfoot er al. , 198 1) . This was interpreted as resonance scattering 
of solar Lyman et by an atomic hydrogen torus, o f average density 
10-20 cm-),"" ± 3-10 R. thick, and extending radially from 8 to 25 R, 
in the equatorial plane, consistent with a Titanogenic origin. From 
the discovery by Voyager of a thick atmosphere, composed mainly of 
molecular nitrogen and methane (with surface pressure-= I bar , and 
column densities > 1016 cm- 2 near the exobasc), considerable effor1s 
focused on the modeling of such a torus. Photodissociation and 
electron impact dissociation of CH, and N2 provide mainly hot atomic 
hydrogen and nitrogen (Hand N). A large fraction can escape Titan's 
gravity. Model estimates of the escape rates for each species have 
been derived in the range 2 x 10i6 to 3 x 1027 atoms s- 1 with escape 
velocities of a few kilometers per second (Strobel and Shemansky, 
1981; Barbosa, 1987; Ip, 1992, and references therei:i) . A colocated 
H2 torus (undetectable so far) of similar density (a few tens per cubic 
centimeter) and a N torus, about five times fainter, are also 
predic:!:d. The existence of local time asymmetries due to solar 
pressure effects are also discussed. 

Ionization of the neutrals in these tori must provide ke V picked up 
H • and N+ ions (Eviatar , Podolak and Richardson, 1990; Barbosa, 
1987; Gombosi, 1992). Warm, keV 'light' and ' heavy' ions in partial 
corotation, presumably H• and N+, have been observed by the 
plasma probes on Pioneer 11, and Voyager l and 2 , with low densities 
,.. 0. 1 to 1 cm-3 o utward of 8 R, (Lazarus and McNutt, 1983). 
Barbosa (1987) argues that this faint N+- Titan torus, like the lo 
plasma torus at Jupiler, is a major plasma source for the magnetos­
phere, supplying energy for the observed auroral precipitation. 

This 10 year old. well-documented picture o f the Titan hydrogen 
torus (and other associated tori) might suffer major changes in the 
near fulure: Shemansky and Hall (1992) have reanalysed Voyager I 
and 2 UVS data . They state that Lyman a emission is distribu ted 
throughout the whole magnetosphere of Saturn inside the orbit of 
Titan; that the hydrogen atoms originate from Saturn's exosphere; 
and that any Titanogenic H torus would contribute at most 30 
rayleighs of Lyman a , and fill the 18.5- 20.5 R, region only. 

Inner plasma tori 
In the inner magnetosophere the moons Enceladus (4 R.), Tethys 
(4.9 R,), Dione (6.2 R,) and Rhea (8.7 R,) have icy surfaces from 
which neutrals can be sputtered out. These neutrals can be disso­
ciated or ionized. Removal of these ions from the tori as fast neutrals 
can occur from charge exchange or recombination at Tethys and 
Dione, or by transport processes at Rhea. TI1e net result is the 
formation of tori containing H , Hi. 0 , OH, H10 and~. and their 
ions. The Pioneer and Voyager plasma probes indeed measured a 
mixed proton and water-group ion plasma (O+, OH+ and H20 • ) 
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figure P2t Schematic representation of the magnetosphere of Saturn with the locatton of the main neutral and plasma ton. The icy 
satellites are identified by their initial: Mimas (M), Enceladus (E), Tethys (T) , Dione (0 ) and Rhea (R). (From Sittler, Ogilvie and Scudder, 
1983.) 

between 2.7 R, (closest approach) and== 7 R,. The plasma is roughly 
corotating with the magnetic field (energies ,.. 100 cV), and is 
strongly confined to the equatorial plane with a half-width of the 
heavy ion tori .;; I R, (with a somewhat lar~er thickness for 

0

the 
protons). Heavy ions densities of== 20-40 cm· were observed near 
the equatorial plane at tile orbits of Tethys and Dione, increasing to 
.., 150-200 cm- 1 near the rings at 2.8 R, (Lazarus and McNutt, 1983l. 
The average heavy ion and proton density is roughly 12 and 2 cm· . 
respectively in the Tethys and Dione torus, and .. 2 cm· 1 for both in 
the Rhea torus (Richardson. Eviatar and Siscoe, 1986). The presence 
of tenuous ne utral ton of densities == 2-8 cm- 1 was theoretically 
predicted from these observations. As in the ca~e of the Titan torus, 
part of this p1c1ure. and of the corresponding models, may be 
overthrown by 1he receni remote de1ection (wi1h HST) of neut ral O H 
in the vicini1y of 1he orbit of Thetys with a density of 160 cm-1, more 
than 20 times 1he previous estimates (Shemansky et al., 1993). 

Ring hydrogen torus 
An early indication of the presence of an a1omic hydrogen torus 
surrounding the rings of Saturn has been oblained via the detec1ion of 
Lyman a emission with a rocket flight and wilh Copernicus (Weiser. 
Vitz. and Moos, 1977; Barker et al., 1980). The observalion of 360 R 
of Lyman a by UVS during the Voyager I fly by confirmed the 
existence of a neurral hydrogen ring torus. The H average dcnsi1y 
should be 600 cm- ' if distributed in a torus of circular cross section of 
radius I R5• This hydrogen was supposed IO originate from spu1tering 
of the ices in the ring material. However, 1he recent suggestion of a 
large exo~pheric source of a1omic hydrogen filling the whole magne­
tosphere (sec above) , if confirmed, could probably also account for 
1hese observations without the need of an extra ring torus. 

Neptune 
Triton torus 
The presence of ni1rogen and methane frosts on Triton (at 14 R,,, from 
Neptune), and the indication of a sizable magnetosphere, was 
inferred from TR spectroscopy and microwave observations a few 
years before the Voyager 2 encoumer with Neptune. This analogy 
with Titan led Dclitsky, Eviatar and Richardson (1989) 10 predict 1he 
exis1ence of a measurable Triton plasma 1orus. The fly by of Neplune 
on 25 August 1989 found only indirect evidence of such a 1orus 
(whose density v.as below the detection 1hreshold or the plasma 
de1ectors) . in 1he form of the detection of H • and N• ions inside 
Tri1on·s orbit. and of the observalion of a faint , longitudinally 

asymmelric UV aurora. The discovery of the unexpec1cd magnetic 
field geome1ry (dipole axis lilted by 47° from 1he planet's spin axis, 
and center offse t hy .., 0.5 RN), combined with the inclination of the 
orbit of Triton by 22°, revealed a novel configuration, with Triwn's 
o rbit crossing a wide range of magnetic L shells from L = 14 in the 
magnetic equatorial plane, 10 more than 100 at high la1i1udc (the 
Mcilwain parnme1er L of a magnetic field line is the equatorial 
distance of the equivalent dipole field line, expressed in planecary 
radii : a magnetic L shell is the locus of the field lines wi1h the same L 

Triton's 
orbit 

Plasma equat7 

Rotation of plasma 
arcs and equator 

figure P22 Formation of two torus segments (plasma arcs) in 
Neptune's plasma equator. Triton's orbit, ti lted by • 22° from 
Neptune's spin equator, intersects magnetic field lines from l "'14 
(near the plasma equator, tilted == 40" from the spin equator) to L 
= 100 (at high latitude). The subsequent ionized species are more 
confined and denser close to the minimum l flux tube, intersected 
in the longitude range 14a-210" and 310-325°. (From Broadfoot et 
al. 1989, copyright 1993 by permission American Astronomical 
Society.) 
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parameter obtained by rotation around the planet). The subsequent 
formation of arcs of plasma in the centrifugal equator was inferre d by 
Broadfoot et al. ( 1989). These arc~ arc longitudinally limited to the 
intersections of Triton's orbit with the minimum L shells, 14 to 15 
(Figure P22), and could explain the morphology of the auroras. 
Voyager 2 also revealed the e xistence of a thick atmosphere (14 µbar 
at surface level), dominated by Ni. with traces of CH. and H 2 and of a 
dense ionosphere (with a peak density of "'4 x 10" cm- J, and 
composed primarily of • ). Richardson et al. ( 1991) estimate that a 
neutral 1-1 cloud, similar to Titan's H torus, must form by thermal 
escape along Triton's orbit, ex tending inwards to L = 8, with averar,c 
density of"' 500 cm-~ (other estimates range from 30 to 1000 cm- ). 
The ionization of this torus could provide the source of the H' 'light 
ions' observed beyond L = 8, wherca~ the 'heavy' N+ ions observed 
would be directly injected from the ionosphere at Triton. These 
estimates are consistent with the plasma measurements inside 
L - 13. By contrast. Richardson et al. (1991) could not find in the 
plasma data any confirmation of the longitudinal asymmetry of the 
plasma torus. However, the observations in the magnetosphere of 
Neptune have intrinsic limitations, and they are still very recent. 
Additional analysis and theoretical studies to come might change the 
present picture. 

Renee Prange 
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PLANETESIMAL 

According to the Chambcrlin-Moullon planetesimal hypothesis 
(q.v.), the "planetesimal~' were identified as solid particles ranging 
from dust sized (hence "dust-cloud hypothesis') to meteorite sized. 
Today, the term planetesimal is usually taken to include asteroids and 
even larger protoplanetary bodies ( Lissauer, 1993). Chamberlin and 
Moulton (1900) developed the concept of a 'near-miss' encounter 
between two ~tars (an idea proposed earlier in 1745 by G.L.L. 
Buffon, 1707-1788), in which a large tidal protuberance, 'filament'. 
or ·solar nebula ' in a fla11ened disk. was generated from the surface of 
the major star that was dest ined 10 become our Sun. In Buffon·s 
suggestion the collision was between a comet and the star. In the 
Chamberlin-Moulton model a series of violent eruptions created 
clouds of hot matter accelerated by the passing star. As the droplets 
cooled they became solid 'planetesimals' which possessed a high 
angular momentum. lnterparticle collisions began and progressively 
built up into planet-sized bodies (see Planetary rotation). Stars have 
now been observed surrounded by what appear to be protoplanetary 
disks. These appear to consist of a mixture of gas and condensed 
matter, for which certain meteorites seem to offer the best geochem­
ical model. While the rocky, inner (terrestrial -type) planets seemed 
to have accumulated in ever-larger pairs of planetesimal to proto­
planet dimensions (Wetherill , 1989. 1990; Lis~auer 1993). the Jovian 
planets seem to call for a two-stage growth. cu lminating in the 
gravitational capture of their gigantic gas envelopes. 

What was the origina l nature of planctesimols7 The Chamberlin­
Moulton model of hot droplets is no longer acceptab le (Safronov, 
1969). The trail seems to lead to the inters te llar dust that has been 
identified and spectroscopica lly analyzed (Greenberg, 1988). Two 
types of this dust are recognized: ( 1) highly diffuse clouds without 
volatiles like water; and (2) the protosolar nebulae which include dust 
particles mantled with volatiles of H~O. C02• etc. 

Three stages appear (Greenberg and Hage, 1991): (1) a silicate 
core with an organic refracting mantle (about 0.25 µ.m in diameter) : 
(2) a 'precometary grain ' on which there is a cover of ices. mainly 
H?O; and (3) a cluster o f the above forming a porous, low-density 
'coma grain' (I µm or more in diameter). In interstellar space the ices 
of simple chemical compounds are subjected to UV radiation, so· 
called 'photoprocessing'. building up a variety of complex hydrocar· 
bons (and depleting the free oxygen available). 

It was postulated by Kuiper in 195 I that there should be a close-in 
disklike ring of planetesimals somewhere out from Neptune. In this 
Kuiper belt a very large. asteroid-~ized body was identified in 1992 
(reported in Science, 257. 1865), some 200 km in diameter, and 
approximately 1.6 x I09 km beyond Neptune. Short-period comets 
could originate from this belt. Others appear to be low-volatile 
fragments of planetoid disruption. 

In what is called the 'outer solar system' ii seems inevitable that 
there should be dirfusion of planetesimals tha t did not get caught up 
in the gravitational sweeping of the circumsolar disk during the 
accretion stage. Besides the Kuiper disk (at< 500 AU), there is also 

the Oon cloud (at < 5 x IO' AU) which orbits the solar system and 
seems to be the ~ource of the long-period comets. Stern (1990) 
postulates that in both of these vast clouds there is a 'substantial 
population· of asteroids and protoplanetary bodies of the order of 
1000 km in diameter. 

Slo"'. accretion of planetesimals was necessary in the Eanh·s 
formattve stages to accommodate the initial cooling requfred. The 
Earth's surface has always been cool (at least for the last 4 billion 
years. as shown by evidence of erosion by running water and 
sedimentation in bodies of standing, liquid water) . All the geochem­
ical components in the present Earth must have been present at the 
planetesimal stage: as Urey pointed out, volatile elements like 
bismuth, for example, would have been driven off by any overall 
melting. Volatile diffusion ('outgassing') has led to the progressive 
growth of the hydrosphere and atmosphere. Climatically. the Earth 
has. since about 4 billion years ago, always maintained the same 
mean surface temperature (about 20 ± 5°C), although the record 
shows cyclical recurrence of ice age~ alternating with long intervals of 
more benign character. Occasional impacts by planetesimals or small 
asteroids have never been so catastrophic as to disturb the essential 
equilibrium required for terrest rial geological and biological evolu­
tion. 

Rhodes W. Fairbridgc 
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PLASMA 

A plasma is comprised of discrete electrically charged particles which 
are coupled through the long-range Coulomb potential so that they 
behave collectively. For a plasma system to exhibit this collective 
behavior (rather than each particle being unaffected by other 
charges) it must contain a sufficiently large number of particles. 
Formally. there must be a large number of panicles within a sphere 
with radius equal to a Debye length , the scale length for the 
electrostatic screening potential, 

>-D = (kT,e/ 11.q/ )'n 
where T., q, are n, are the electron temperature, charge and density; 
k is the Boltzmann constant; e0 is the dielectric constant in free space . 
Thus the condition that particles behave collectively as a plasma is 
N0 = "37r>.30 >> 1. On scale lengths larger than a Debye length, the 
plasma is electrically neutral when the number density of positive 
ions is on average equal to the electron number density. 

The simplest plasma consists of electrons and one species of ions, 
protons (I·I• ), for example. More complex plasmas include several 
different ion species. neutral atoms and molecules. Solar system 
plasmas can be categorized by their sources: the solar wind, iono­
spheres. magnet0spheres and comets. The solar wind is comprised of 
electrons and protons (the ionized part of the Sun's hydrogen 
atmosphere) which have sufficient energy lo escape the Sun's gravity. 
Solar radiation photoionizes neutral atoms and molecules in plane­
tary atmospheres to form, in most cases, an ionosphere with ion 
species reflecting the composition of the neutral atmosphere, mainly 
H+ in the case of the giant planets and o+, Ot and NO+ in the case 
of the Earth. An ionosphere can be simply described as a layer of 
ionization where the rate of photoionization balances the rate of 
recombination of the electrons and ions. Below the ionosphere layer, 
where the densities are higher, the recombination rate is higher and 
fewer ionizing photons penetrate. Above this layer the neutral 
densities and hence the source of particles for ionization, decrease. 
Magnetospheric plasmas, controlled by planetary magnetic fields, can 
have several sources which we discuss below. As a comet moves on its 
eccentric orbit towards the inner solar system, the escaping neutral 
gases form a very large cloud which is ionized by solar photons (and 
by solar wind impact) to form a very extended p lasma tail of e lectrons 
and co•, H 20+ and OH+ ions (see Comet). 

In hot, tenuous plasmas collisions between particles a re very rare , 
so that the plasma is primarily affected by electric and magnetic 
fields . In cold, dense plasmas collisions become important; one also 
has to consider ionization, charge exchange and recombination 
processes. While one expects cold , dense, collision-dominated plas­
mas to be in thermal equilibrium, even hot, tenuous plasmas in space 
are generally found not far from equilibrium, i.e. their part icle 
distribution functions a re observed to be approximately Maxwellian 
( tho ugh the ion and electron populations often have different 
temperatures). This fact is remarkable considering that the source 
mechanisms tend to produce particles with an initially very narrow 
range in energy. and timescales for equilibration by means of 
Coulomb col lisions are usually much longer than transport times­
cales. At the same time, space plasmas support a variety of plasma 
waves which have various energy sources and cover a wide range of 
frequencies. Interactions between these waves and particle popula­
tions are thought to be responsible for bringing the bulk of the plasma 
towards thermal equilibrium as well as accelerating or scattering 
particles at higher energies. In addition to the thermal populations 
(which make up the bulk of the plasma by number density) , all 
planetary magnctosphcres contain populations of energetic particles 
which often dominate the energy density (Priest, 1985; Parks, 1991). 

Plasma measurements 
The most direct method of measuring the properties of plasmas in 
space is by placing a plasma detector on a spacecraft which flies 

through the plasma. By making the electric potential of a detector 
positive or negative, electrons or ions are correspondingly attracted 
or repelled. The electric potentials of a series of grids or metal 
surfaces arc designed so that charged particle~ are guided through the 
instrument selecting only particles within a specific range of energy 
per unit charge (E!Q) (see Thermal plasma instrumentation). By 
varying the potential~, the spectrum of the particles' E!Q can be 
measured , ranging from a few ''olts to tens of kilovolts. If al l the 
charged particles are of the same known species (e.g. electrons, 
protons), the E!Q spectrum is a direct measure of the velocity 
distribution of the particles. By pointing detectors in different 
directions , full three-dimensional velocity distributions can be mea­
sured in seconds. The velocity distributions of different ionic species 
can be measured with an e lectrostatic instrument if their spectral 
peaks are well separated in £/Q. Unfortunately, there are many 
space plasmas where the dominant species have the same or similar 
mass per charge ratios (e.g. o• and S ... in Jupiter's magnetosphere, 
or water dissociation products H,o+, OH+, etc.) such that their E!Q 
spectra overlap. To separate these ion species it is necessary to add a 
deflecting magnet to the electrostatic analyzer. or to measure the 
time each particle takes to traverse a chamber in the instrument 
(Young, 1989; Young ec al .. 1989; Barne ec al. 1989) 

While plasma detectors provide detailed information about the 
particles' velocity distribution, from which bulk parameters such as 
density, temperature and flow velocity are derived. the plasma 
properties are only measured in the vicinity of the spacecraft. With 
the few existing spacecrart it is impossible to measure the changing 
properties of the many different plasmas in the solar system. Some of 
the most interesting space plasmas, however, can be remotely 
monitored by observing emissions of electromagnetic radiation. 
Dense plasmas, such as Jupiter's plasma torus, comet tails , Venus' 
ionosphere and the solar corona, have collisionally excited line 
emissions at optical or UV wavelengths. Similarly, when magnetos­
pheric particles bombard the planets' polar atmospheres, various 
auroral emissions are generated from radio to x-ray wavelengths. 
Thus our knowledge of space plasmas is based on combining the 
remote sensing of plasma phenomena with spacecraft measurements 
which provide 'ground truth' details of the particles' velocity disl-ribu­
tion as well as the local electric and magnetic fields that may be 
interacting with the plasma. 

Obstacles in a flowing plasma 

By the time plasma from the Sun reaches the planets its kinetic 
energy is largely bulk motion (i.e. the flow is supersonic) and. as the 
interplanetary magnetic field (IMF) is weak, the solar wind is supcr­
Alfvenic (i .e. the solar wind speed is greater than the speed of Atfven 
waves, magnetohydrodynamic waves that can propagate in a magne­
tized, collisionless medium). The fact that the solar wind is super­
sonic means that genera lly lhere is a bow shock upstream of the 
obstacle. The plasma is slowed down and heated as it passes through 
the shock and hence the flow around the obstacle is then sub- or 
trans-~onic. In contrast to the solar wind, plasma flows in planetary 
magnetospheres span wide ranges of sonic and Alfvenic Mach 
numbers. a consideration that must he kept in mind when comparing 
plasma interactions of different planetary satellites (e .g. the sonic/ 
Alfven Mach numbers for the flow nea r lo. T itan and Triton are 2/ 
0.15, 0.612 and 1/0.2 respectively; Neubauer , Luttgen and Ness, 1991). 

With regard to the characteristics of the obstacle, it is convenient to 
consider first the two extreme situations where the object is taken to 
be either a perfect insulator or a perfect conductor. It is then 
necessary to consider the effects of finite conductivity. since planetary 
bodies have effective conductivity in a range between these two 
ext remes. 

Non-conducting object 

A magnetic field diffuses through an object wilh a time scale -rd 

- µ.0 0'L2, where Lis the size and O' the el'ectrical conductivity of the 
body. If this diffusive timescale is much less than the timescale for 
changes in the ambient magnetic field. the field passes through the 
body largely unperturbed. For a magnetic field 'frozen' into a plasma 
flowing at a characteristic speed V the object sees the field change 
over the convective timescale -r. - Ll\1. Hence the magnetic interac­
tion is weak for a non-conducting body with low magnetic Reynolds 
number (Rm= -ri-r. = µ.,, r;LV << 1). 
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Although the magnetic field readi ly diffuses through the non­
conducting body, the plasma particles obviously cannot penetrate the 
body and are therefore absorbed. Because the flowing plasma is 
absorbed on the upstream surface there is a cavity behind the object 
and a wake is formed downstream as the plasma expands into the 
low-pressure region (Figure P23a). The Earth's Moon and most of 
the icy satellite~ of the outer planets are non-conductors and hence 
simple absorbers of the !lowing plasma in which they are embedded. 

Perfectly conducting object 
When there is a relative motion V' between a magnetized plasma and 
a conducting body the Lorentz elechic field E = -V' x B drives a 
current J = <T E in the object (Figure 23b ). The current in the body in 
turn produces a perturbation in the background magnetic field . Since 
the magnetized plasma is high ly anisotropic (with parallel conductiv­
ity cr1 >> a ) the current is carried away from'the flanks of the object 
along the -magnetic field. In the magnetohydrodynamic (MHD) 
regime the plasma is coupled to the magnetic field and hence the 

plasma flow is also perturbed by the conducting body. In the case of a 
perfect conductor (i.e. R., »I) the resulting motion of the plasma in 
the tube of magnetic llux that intersects the body exactly matches the 
motion of the conductor. The surrounding plasma is then deflected 
around the body in a manner similar to incompressible hydrodynamic 
l1ow around a cylinder with essentially no wake downstream. The 
perturbations in the magnetic field (b) and the plasma flow (v) are an 
Alfvenic disturbance, which propagates a long the ambient magnetic 
field with a characteristic speed of 

VA = 81(µ,,p)'" 

and satisfies the Alfven relation v!VA = ±b!B_ (where the sign 
corresponds to propagation parallel or antiparallel to the ambient 
magnetic field). One can consider these Alfvcn waves to be carrying 
field-a ligned currents that complete the electrical circuit that flows 
through the object. If the object has a substantial ionosphere (with a 
conductance on the order of I mho). such as in the cases of Venus, 
Mars, Titan and lo, these currents flow through the ionosphere rather 
than the solid object. To firs1 order, Jupiter's moon Io can be 
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described as a conducting object embedded m magnetospheric 
plasma flow (Belche r, 1987). 

Partially conducting object 

When the object has a finite conductivity the Aow perturbation is 
insufficient to deflect the surrounding plasma to flow around the body 
and hence some is absorbed (Figure P23c). The plasma How is 
reduced near the object and the magnetic fie ld being 'hung up· in the 
stagnant flow. Since the magnetic field far from the object continues 
to be convected in the unperturbed t1ow the magnetic field lines 
become bent or 'draped' over the object to form a magnetic Wil or 
wake downstream. 

Object with an atmosphere 

On the daysidc of all objects having an atmosphere , the Sun's 
ultraviolet emissions ionize some of the neutral atoms. For objects 
that arc embedded in a magnctospheric plasma (e.g. Titan, Triton 
and lo), ionization by particle impact may also be s ignificant. In any 
case, the degree of ionization determines the conductivity of the 
upper atmnSphere (ionosphere) and thus affects the nature of the 
interaction of the object with the plasma in which it is immersed. In 
the case of a planet with a dense ionosphere (CT-+ oo or effectively 
<I > - I mho) the solar wind magnetic field is excluded and the flow 
is diverted around the flanks of the body (the case at Mars and 
Venus, to first order). Similar situations are found at Titan, Triton 
and lo, except that there is no bow shock for the sub· or trans-sonic 
magnetospheric flows. The boundary between the ionosphere and the 
surrounding plasma, the ionopause, is located where the combined 
magnetic and ram pressure of the external plasma is balanced by the 
particle pressure (P) in the ionosphere (Figure P24a). When the 
ionization is weak ((T -+ 0) the magnetic field and plasma flow are 
dragged through the resistive ionosphere, causing a substantial 
downstream wake. 

We must further consider the consequences of the ionization of any 
neutral material extending out into the streaming plasma. On 
ionization the particle 'sees' the Lorentz electric field and is acceler· 
ated up to the ambient flow. The momentum gained by the newly 
<:reated ions comes from the surrounding plasma which correspond· 
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Figure P24 The interaction of a flowing magnetized plasma <Vsw) 
with an object possessing (a) an atmosphere of surface pressure P0 
and scale height H; (b) a magnetic field. The bow shock (BS) and 
magnetopause (MP) are shown. 

ingly lo~es momentum. This effect is called 'mass loading' and 
contributes to the local deceleration of the flow and the draping of 
field lines over an object with a substantial atmosphere (e.g. comets, 
Venus and Titan; Luhmann, 1986; Luhmann er al., 1992; Cheng and 
Johnson. 1989.) 

Magnetized object 
Wdl before Biermann (1957) provided cometary evidence of a 
persistent solar wind. Chapman and Ferraro (1931) considered how a 
strongly magnetized body would deflect a flow of particles from the 
Sun and made an estimate of the location of the magnetopausc· 
stagnation point - the boundary between the magnetosphere in the 
direction of the Sun. They proposed that a dipolar magnetic field (of 
strength 80 at the planet 's equatoria l radius R.) would 'stand off' the 
flow to a distance RrF, where the external ram pressure of the solar 
wind balances the internal pressure of the planet's magnetic field 
(Figure 24b ): 

Rci, I RP = ~ ( R/ I 2 IL(! p, .. V,}}116 (P8) 
where p,. and V, .. are the ion mass, density and flow speed of the 
solar wind. The dimensionless factor~ - 1.3 corrects for the various 
oversimplifications in, the above description (Siscoc, 1979). The 
observe.d magnctopause stand-off distances, Rm, are found to be 
~'Ompatible with the values RcF calculated using observed upstream 
conditions (sec Table P8) except in the case of Jupiter where Rm is 
observed to be highly variable with an average value about twice the 
nominal value, owing to the presence of interior plasma with a 
pressure comparable to the magnetic field pressure. 

The term magnetosphere was coined by Gold (1959) to describe 
the region of space where in the principal forces on a plasma arc 
electrodynamic in nature and are a result of the planet's magnetic 
field. 

Plasma sources 
The main source of plasma in the solar system is clearly the Sun. The 
solar corona, the upper atmosphere of the Sun (which has been 
heated by some, as yet undetermined, process to temperatures of 1-2 
million K~.,streams away from the Sun at a more or less steady rate o f 
109 kg s- m equal numbers (8 x 103s s-1

) of electrons and ions. 
Magnetospheres contain considerable amounts of plasma from vari­
ous sources (Figure P25). Table P9 describes the primar)' and 
secondary sources of plasma for the six planetary magnetospheres. 

First, the magoetopausc is not entirely plasma-tight. Whenever the 
TMF has a component antiparallel to the planetary magnetic field , 
magnetic reconnection is likely to occur and solar wind plasma will 
leak into the magnetosphere across the magnetopause. Solar wind 
material is identified in the magnetosphere by its energy and 
characteristic composition of protons (H+) with - 4% alpha particles 
(He++) and trace heavy ions. 

Second, although ionospheric plasma is generally cold and gravita· 
tionally bound to the planet, a small fraction has sufficient energy to 
escape up magnetic field lines and into the magnetosphere. Iono­
spheric plasma has a composition that renects the composition of the 
planet's atmosphere (e.g. o+ for the Earth, H+ for the outer 
planets). 

Third, the interaction of magnetospheric plasma with any natural 
satellites that are embedded in the magnetosphere can generate 
significant quantities of plasma. The ionization of the outermost 
layers of a satellite atmosphere by the impacting plasma flqw can be a 
major source of plasma (nearly I metric ton per second in the case of 
Io). Energetic particle sputtering of the satellite surface or atmos· 
phere produces less energetic ions directly, or an extensive cloud of 
neutral atoms which are eventual ly ionized far from the satellite. The 
distributed sources of water-product ions (totaling·- 2 kg s- 1) in the 
magnetosphere of Saturn suggest that energetic particle sputte ring of 
the icy satellites, particularly Rhea, Dione and Tethys, is an import· 
ant process. Although the. sputtering process, which removes at most 
a few microns of surface ice per thousand years , is probably 
insignificant in geological terms. sputtering has important conse­
quences for the optical properties of the surface (Cheng and Johnson , 
1989). 

Plasma flows 
Magnetospheric configuration is generally well described by mag­
netohydrodynamic theory (MBD) in which the magnetic field can be 
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Table P8 Properties of the solar wind ancf planetary magnetic fields 

Mercury Earth Jupiter" Sar um• Uranus• Neptune• 

Distance, ap1 ••• , (AU) 0.31--0.47 lb 5.2 9.5 19 30 
Solar wind density (cm ') 35-80 8 0.3 0.1 0.02 0.008 
Radius, R r1ane1 (km) 2439 6373 71 398 60 330 25 559 24 764 
Magnetic moment/Me."" 4 x lo-" 1 • 20 000 (i()() 50 25 
Surface magnetic field 80 (gauss) 3 x 10-3 0.31 4.28 0.22 0 .23 0.14 
Rcpd 1.4-1.6 RM 10 RE 42 R1 19 Rs 25 R u 24 R,. 
Observed size of magnetosphere 1.4 RM 8-12 RE 50-100 R, 16-22 Rs 18 Ru 23-26 RN 

• Magneric field characteristics from Acuna and Ness (1976), Conncrncy. (1987. 1991). 
• I AU = 1.5 x 10" km. 
' Mr;,,.. = 7:906 x 101' gauss cm1 = 7.906 x 1015 T m 1• 

" Rcr is calcularcd using equation (PB) for typical solar wind conditions or p,w-(8 amu cm 3)/a'.i., .. and V,.- 400 km s-•. 
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-
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Ss • Satellites lnteracllon with 
Magnetospherlc plasma 

Figure P2S Sources of magnetospheric plasma. 

considered to be frozen into the plasma flow. Thus we need to 
consider the processes controlling magnetospheric flows . The two 
largest sources of momentum in planetary magnetospheres are the 
planet's rotation and the solar wind. The nature of any large-scale 
circulation of material in the magnetosphere depends on which 
momentum source is tapped. For planetary magnetospheres, coro­
tation of plasma with the planet is a useful first approximation, with 
any departures from strict corotation occurring when certain con­
ditions break down. l t may be helpful to think of pl'asma in the 
magnetosphere as mass that is coupled by means of magnetic field 
lines to a giant flywheel (the planet) with the ionosphere acting as the 
clutch. 

O>rotation 
For magnetospheric plasma to rotate with the planet, the first two 
conditions are that the upper region of the neutral atmosphere must 
corotate with the planet and must be closely coupled to the iono­
sphere by collisions. The electrical conductivity of the ionosphere CT; 

is large so that in a corotating ionosphere (with velocity \I') any 
horizontal currents (perpendicular to the local magnetic field) are 
given by Ohm's law, 

hi= a' (E' + V' x 8) 
Just above the ionosphere the conductivity perpendicular to the 
magnetic field in the (collision-fre~) magnetosphere, CT~ m, is cssen-

tially zero and because the plasma particles are far more mobile in the 
direction of the local magnetic ~eld, the parallel conductivity ui"' is 
large. Therefore, n1agnetic field lines can be considered to be 
equipotcnlials (E•B = 0) in the magnetosphere and the electric field 
in the magnetosphere (£"' = -V"' x B) can be mapped into the 
ionosphere (Figure P26a). Because the ionosphere is relatively thin, 
the electric field £"'just above the ionosphere is the same as E' so that 
we can write 

/.!..1 = rt ('0 - V"') x 8 

The condition for corotation of the magnetospheric plasma is that the 
ratio Ji/u1 is sufficiently small that 

V"'=V=flX r 

For a dipolar magnetic field that is aligned with the rotation axis, the 
corotational electric field (in the equatorial plane) is therefore radial 
with magnirude £ 00 = n B,/r2. 

It is clear that large ionospheric conductivities facilitate corotation. 
The large; ""Im also means that any currents in the magnetosphere that 
result from mechanical stresses on the plasma are directly coupled by 
field-aligned currents to the ionosphere. Thus corotation breaks 
down when mechanical stresses on the magnetospberic plasma drive 
ionospheric currents which are sufficiently large that the ratio I la' 
becomes significant. Such conditions might occur in regions of the 
magnetosphere where there are large increases in mass density due to 
local ionization of neutral material, where there arc strong radial 
motions of the plasma or where there are sharp gradients in plasma 
pressure. When the magnetosphere imposes too large a load, the 
ionospheric dutch begins to slip. 

Solar wind convection 

Next let us consider how the momentum of the solar wind may be 
harnessed by processes occurring near the magnetopause where the 
e"ternal interplanetary magnetic field (B1i.u:) interconnects with the 
planetary magnetic field . Figure P26b shows that at the poles the 
planetary magnetic field lines are open to the solar wind. The solar 
wind drives a plasma flow across the polar caps and the field lines 
from the polar region move in the direction of the solar wind flow, 
being pulled by the solar wind over the poles and back into the 
extended magnetotail. Conservation of flux requires that field lines 
are further cut and reconnected in the tail. 

The MHD condition of the field being frozen to the flow can be 
written as E + V x B = 0 which allows the convection electric field to 
be written 

£.., = -Tl V,w X BIMF 

where Tl is the efficiency of the reconnection process in harnessing the 
solar wind momentum, - 0.1 for the Earth. In simple magneto­
spheric models E., is assumed constant throughout the magneto­
sphere. The corresponding circulation is given by the E x 8 drift, 

V..,, ~ Tl V.., (B1Mrf80 ) (r/Rp)l 

After being carried tailward at high latitudes, 1he plasma then drifts 
towards the equatorial plane and eventually returns in a sunward flow 
to the dayside magnetopausc. 

Comparison of the corresponding electric fields indicates whether 
the magnetospheric circulation is driven primarily by the solar wind 
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Table P9 Plasma characte ris1ics of planetary magnetospheres 

Maximum dcnsi1 y (cm 3
) 

Primary sources 

Secondary sources 

Source s1reng1h (ions s ') 
(kg s- ') 

Lifetime 
Plasma mo1ion 

' Inside plasmasphcrc. 
1' O ut>ide plasmasphcrc. 
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Figure P26 Large-scale magnetospheric circulation driven by (a) planetary rolalion; (b) the solar wind. (The magnetic field B, the solar wind 
flow V, the motional electric field E and the induced current J a re given by arrows. fi labels the planet's spin axis. The symbols ® and 0 
indicate arrows pointing into and o ut of the fii;u re respectively). 

or by the planet's rotation. Since £ 00 is proportional IO R' 2 and E.., is 
constant, it seems reasonable to expect that corotation dominates 
close to the planet while solar wind driven convectio n dominates 
outside a critical distance. 

R, = (08.,/'T) v ... B 1 .. F)
112 

This simply says that magne tospheres of rapidly rotating planets 
with strong magnet ic fields are dominated by ro tation while the solar 
wind controls the plas ma ftow in smaller magnetospheres of slowly 
rotating planets (Dessler, 1983; Hill and Dcssle r , 1991; Parks. 1991). 

Plasma loss processes 

For the planets with plasma transport driven by the solar wind, 
magnctospheric plasma is removed and carried away in the solar wind 
quite rapidly, on timescales of minutes (in the case of Mercury) to 
several days (in the case of Uranus). In rotation dominated magncto­
sphcrcs radial transport of plasma is slow so that high plasma 
densities build up (Table P9) and o ther loss mechan isms can be 
significant. In particular , charge exchange occurs between coro1ating 
ions and neutral material (e.g. spuuered neutral clouds around 
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Figure P27 Orientalions o f the planets and their magnetic fields. 

sa tellites and rings, or the extended neutral atmospheres of the giant 
planets). As a result of the charge-exchange process the corotating 
ion becomes ncutralizc.:d 'o that it is no longer confined by the 
planet's magnetic field. The neutralized ion has maintained most of 
its corotational momentum and hence escapes from the planet. Such 
a wind of escaping fast neutral sodium atoms has been observed 
extending to several hundred Jovian radii (Mendillo et al .. 1990). 
Charge exchange is al~o a dominant Io's proceS$ in the magnetos­
phere of Saturn (Cheng and Johnson. 1989). 

Plasma properties at the planets 

Solar wind plasma 
The solar wind is the outward expamion of the solar corona (Van 
Allen, 1990; Pizzo, Holzer and Sime, 1988; Marsch and Schwcnn. 
1992). At Earth's orbit and beyond, the solar wind has an average 
speed of about 400 km ~- 1 • The density of particles (mainly electrons 
and protons) is observed to dccrca~. from values of about 3-10 cm-3 

at the Earth as the inverse ;quarc of the distance from the Sun. 
consistent with a steady radia l expansion of the sola r gas into a 
spherical volume, reaching va lue' of 0.005 cm 3 at Neptune (Table 
PS). 

The solar wind speed. while varying between about 300 and 
700 km s- •. always greatly exceeds the speed of waves characteristic 
of a low density, magnetized and completely ionized gas (MHD or 
Alfvcn waves). Thus a shock is formed upstream of an obstacle (such 
as a planetary magnetosphere) chut is imposed on the super-A lfvcnic 
solar wind flow . A planetary bow shock can be described in fluid 
tenns as a discontinuity in bulk parameters of the solar wind plasma 
in which mass, mumencum and energy are conserved. Entropy, 
however , increases as the flow traverses the shock. with the solar 
wind plasma being decelerated and heated so that the flow can be 
dcflccccd around the magnetosphere (see Shock wave). Thus a shock 
requires dissipative processes and the presence of a magnetic field 
allows dissipation to occur on a scale much smaller than a collisional 
scale length. Although planetary bow shocks do not play a significant 
role in magnetospheric proce~se~. the crossings of spacecraft through 
planetary bow shocks have provided an opportunity to study the 
exotic plasma physics of high Mach number collisionless shocks that 
cannot be produced in a laboratory (Russell. Hoppe and Livesey, 
1982: Sla\in et al .. 1985; Bagenal et al .. 1987; Moses ec al., 1990). 

Magnetospheric plasmas 
Spacecraft have explored the plasma environments of all the planets 
except Pluto. With the exception of Venus and Mars. all these planets 
have significant magnetic fields and magnctosphercs. In the cases of 
Venus and Mars the solar wind interaction with ionospheres is 
confined to a small region close to the planet where the ~olar wind 
pla~ma b deflected a round the planet, picking up o· iom from the 
upper layers of the planet's atmo<.phere (Luhmann. 1986; Luhmann 
eta/., 1992). Given the roughly constant ~olarwind speed, the size of 

a planet's magnetosphere (f?,.) depends only on the ambient solar 
wind density and the planet's magnetic field !see equation (PS)]. Thus 
we expect a planet with a strong magnetic field to have a large 
magnetosphere. and even rhe weak lields of Uranus and Neptune 
produce modcratc-si1ed magnetosphcrcs in the tenuous solar wind of 
the outer solar system (sec Magnetospheres of the outer planets). 
Table PS shows that the measured sizes of planetary magnctospheres 
generally agree quite well with the theoretical Rcr values. Jupiter is 
the only notable exception, where the plasma pressure inside the 
magnetosphere is sufficient to 'innate' further the magnetosphere. 
This makes the magnetosphere of Jupiter a huge object - about 1000 
times the volume of the Sun. with a ta il that extends at least 6 AU in 
the direction a"'ay from the Sun, beyond the orbit of Saturn. lf the 
Jovian magnetosphere were vi~ible from Earth. its angular size would 
be twice that of the Sun, even though it is at least four times farther 
away. The magnctospheres of the other giant planets arc much more 
modest (while still dwarfing that of the Earth). having a similar scale 
of about 20 times the planetary radius, comparable to the size of the 
Sun. With only a weak magnetic field and being embedded in the 
denser solar wind close to the Sun, Mercury has a very small 
magnetosphere (Russell. Baker and Slavin. 1988: see Mercury: 
magnetic field and magnetosphere). 

While the si2e of a planetary magnetosphere depends on the 
strength of a planet's magnetic field, the configuration and internal 
dynamics depend on the field orientation (illustrated in Figure P26) 
which is described by two angles: the tilt of the magnetic field with 
respect to the planet's spin axis and the angle between the planet's 
spin axis and the solar wind direction (which is generally within a few 
degrees of being radia lly outward from the Sun). Since the direction 
of the spin axis with respect to the solar wind direction only varies 
over a planetary year (many Earth years for the outer planets). and 
the planet's magnetic field is assumed to vary only on geological 
timescales, these two angles are constant for the purposes of 
describing the magnetospheric configuration at a particular epoch. 
Earth, Jupiter and Saturn have both small dipole tilts and small 
obliquities. This means that the orientation of the magnetic field with 
respect to the solar wind docs not vary appreciably over a planetary 
rotation period and that seasonal effects are small. Thus Earth, 
Jupiter and Saturn have symmetric and quasi-stationary magneto­
spheres, with Earth and Jupiter each exhibiting only a small wobble 
due to their - 10" dipole tilts. lo contrast, the large dipole tilt angles 
of Uranus and Neptune mean that the orientation of their magnetic 
fields with respect to the interplanetary medium varies considerably 
over a planetary rotation period. resulting in highly asymmetric and 
time-variable magnetosphcrcs. Furthe rmore, Uranus' large obliquity 
means that the configuration of its magnetosphere will have strong 
seasonal changes over its 84-year orbit. 

Table P9 summarizes the basic characteristielt of plasmas measured 
in the magnetosphcres of the planets which have detectable magnetic 
fields. The composiuon of the ionic ~pecies indicates the sources of 
magnetospheric plasma: satellites in the cases of Jupiter. Saturn and 
Neptune; the planet'~ iono~phere in the cases of Earth and Uranus. 
In the magnetosphcres where pla~ma motions are driven by the solar 
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wind, solar wind plasma enters the magnetosphere, becoming the 
primary source of plasma in the ca~e of Mercury's small magneto­
sphere and secondary plasma sources at Earth, Uranus and Neptune. 
In the magnetospheres where plasma flows are dominated by the 
planet's rotation (Jupiter , Saturn and within the Earth's plasma­
sphere), the plasma is confined by the planer's strong magnetic field 
for many days so that substantial dens ities are accumulated . 

Thus we can identify three ca tegories of planetary magneto­
spheres: 

I. the large, symmetric and rotation-dominated magnetosphercs of 
Jupiter and Salum; 

2. the small magnetosphere of Mercury where the only source of 
plasma is the solar wind which drives rapid circulation of material 
through the magnetosphere; and 

3. rhe moderate-sized and highly asymmetric magnetospheres of 
Uranus and Neptune, whose constantly changing configuration 
doc~ not allow substantial densities of plasma to build up. The 
Earth's magnetosphere is an intere~ting hybrid of the first two 
types, with a dense corotating plasmasphcrc close to the planet 
and tenuous plasma, circulated by the solar wind driven convec­
tion, in the outer region (Bagenal, 1992; Russell, Bake r and 
Slavin , 1988; Parks, 1990). 

Fran Bagena l 
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PLASMA WAVE 

A plasma is an electrically neutral mixture of electrons and ions in 
which the kinetic energy greatly exceeds the interaction energy 
between the particles. Plasmas a rc produced (1) by collisions when· 
ever a gas is heated to over a few thousand degrees, and (2) by 
photoionization, for example by ultraviolet radiation from the Sun. 
P lasmas arc destroyed by recombination. Because of the very low 
densit ies that exist in interplanetary space and the correspondingly 
low recombination rates, almost all of the material that exists 
between the Sun and the planets is a plasma. This includes the solar 
corona, which is the hot ionized outer atmosphere of the Sun; the 
solar wind, which is an ionized gas streaming outward from the Sun at 
supe rsonic speeds; planetary magnetospheres, which are hot ener­
getic plasmas surrounding planets with strong magnetic fields; and 
planetary ionospheres, which are layers of ionized gas in the upper 
regions of planetary atmospheres. 

As in any fluid. waves can propagate throug h a plasma. Because of 
the electrical character of the plasma medium, plasma waves arc very 
complex. Some of these waves have electric and magnetic fields, and 
arc similar to the electromagnetic waves in free space. These are 
called e lectromagnetic waves. Others arc more like sound waves and 
have no magnetic field. These arc called electrostatic waves, since the 
electric fie.!_d can _be derived from the gradient of an electrostatic 
potential (E = - V cj>). Usually, electromagnet ic wa\•es have propaga­
tion ~peeds near the speed of light, whereas electrostatic waves have 
propagation speeds near the speed of sound. 

In most space plasmas the collision frequencies are very low. This 
type of plasma. with essentially zero collision frequency and infinite 
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Table Pl 0 The most common plasma wave modes 

Plasma wave mode 

Free-spaced (L.0) mode 
Free-space (R.X) mode 
Electron plasma oscillations 

(Langmuir waves) 
Z mode 

Electron cyclotron waves 

Whistler mode 

Ion-acoustic mode 

Electrostatic ion cyclotron 
waves 

Frequency range 

Bands near w "" (11 + 'h)wcc 

w < Min {we., w?<} 

Bands near w "" (11 + 'h )wc; 

Electromagnctid 
electrostatic 

Electromagnetic 
Electromagnetic 
Electrostatic 

Electromagnetic, 
e lectrostatic near wuHR 

Electrostat ic 

Electromagnetic, 
electrostatic near wLHR 

Electrostatic 

Electrostatic 

Polarization 

L 
R 

R for w > "'r• 
L for w > Wpe 

R 

Free energy source 

Beam. loss cone 
Beam, loss cone 
Beam 

Beam 

Ring distribution 
(electrons) 

Loss cone, beam above 
W1,.H1< 

Drift between electrons 
and ions 

Electromagnetic ion 
cyclotron waves 

Ul <<Wei Electromagnetic L 

Ring distribution (ions) 
field-aligned currents 

Pressure anisotropies 

mean free path, is called a collisionless plasma. The absence of 
collisions effectively eliminates the basic mechanism of e ne rgy and 
moment um exchange that normally exists between particles in a 
fluid . Under th is circumstance, waves provide the primary mechan­
ism for energy and momentum exchange. Waves then play a role 
somewhm similar to collisions in an ordinary gas. Whenever a 
~ufficiently large deviation from thermal equilibrium occurs. waves 
grow spontaneously in the plasma. The non-equilibrium feature that 
gives rise to the wave gro\\th b called a free energysourec. Examples 
of free energy sources are beams and anisotropies in the velocity 
distribution of the particles. Once genera ted, the waves are even­
rnally reabsorbed via a process known as collisionless dam ping. The 
wnve growth and damping lead to an energy imd momentum 
exchange. From very general principles it can be s hown that the 
energy and momentum exchange acts to drive the pla~ma toward 
thermal equilibrium. very similar to collisions in an ordinary fluid. 
Waves therefore play a crucial role in maintaining the equilibrium 
state of the plasma. 

Many different plasma wave modes exist in a pla~ma. particularly if 
the plasma has a magnetic field. These wave mode~ are usually 
associated with certain characteristic frequencies. The two primary 
characteristic frequencies of a plasma are the plasma frequency wP 
:ind the cyclotron frequency w,. A plasma frequency and a cyclotro n 
frequency can be defined for each species present in the plasma. The 
electron p lasma frequency is given by 

w,.. = ( $!:; )112 (P9) 

where e is the electronic charge,"• is the electron number density. Eo 
is the permiuivity of free ~pace and m, is the electron mass. The 
electron plasma frequency is the characteristic oscillation frequency 
that occurs whenever electrons are perturbed from their equilibr ium 
position in the p lasma. The e lectron cyclotron frequency is given by 

eB 
w« = m, (PlO) 

where 8 is the magnetic field . The electron cyclotron frequency is the 
characteristic rotation frequency that occurs whcnev('r an electron 
has a component of velocity perpendicular to the magnetic field. 
Comparable equations for the ion plasma frequency and ion cyclo­
tron frequency are obtained by changing (e) to (i) in equations (P9) 
and (PIO). In addi tion to the electron and ion plasma frequencies and 
cyclotron frequencies, it is convenient to define four additiona l 
characteristic frequencies. These a rc: the upper hybrid resonance 
frequency, 

wuHR • (w2,,. + w?.,,)112 

the lower hybrid resonance frequency, 

(Pl 1) 

the r ight-hand cut-off, 

"'R~o = wo/2 + (( w,,!2)2 + w2 ,,.,)112 

and the left-hand cut-off. 

wL-o = .....,..fl + ((w • .12)2 + w2
.,.)

112 

(P12) 

(P13) 

(P14) 

The relationships that these characteristic frequencies have to the 
various wave modes that exist in a plasma arc summarized in Table 
PIO. This table lists the commonly accepted name of the mode, the 
frequency range over which the mode can propagate, the 
elcctromagnet idelectrostatic characte r o f the mode, the polarization 
(R.L) with respect to the magnetic field (when applicable) and the 
free energy source lhat can cause wave growth . It should be noted 
that Table P lO only app lies to a plasma consisting of electrons and 
one positive ion species. If more than one positive ion species is 
present, then additional modes appear between adjacent pairs of ion 
cyclotron frequencies. For a funher detailed discussion of the wave 
modes that can exist in a plasma, sec Stix (1962) or Krall and 
Trivelpiece (1973). 

lnslrumentation 

Space plasma wave measurements have been carried out by 
spacecraft-borne instrumentation for over 30 years. The first instru­
ments specifically designed to study naturally occurring space plasma 
waves were launched on the Eanh-orbiting Alouette I and lnjun Ill 
satellites in 1962 (Barrington and Belrose, 1963; Gurnett and O'Brien. 
1964). Since then many different types of plasma wave instruments 
have flown on Earth-orbiting and interplanetary spacecraft. These 
instruments usually have several characteristics in common. In orde r 
to distinguish between electromagnetic waves and e lectrostatic 
waves, both electric and magnetic fields must be measured. (The 
absence of a wave magnetic field indicates the wave is e lectrosta tic. ) 
Electric fields are usually detected by an electric dipole antenna that 
extends in opposite directions from the center of the spacecraft , as 
illustrated in Figure P28. The quantity measured is the voltage 
difference . .l V = V2 - V 1• between the two antenna clements. The 
electric field component along the axis of the antenna is then given by 
E = AVll.n, where I,,, is a quantity called the effective length. For 
wavelengths A longer than the tip-to-tip length L of the antenna, the 
effective length is given by f, 11 = L/2. A wide range of electric 
antenna lengths can be used, ranging from a fraction of a meter to 
over 200 m. Because the meas ured voltage Ll V increases with the 
antenM length, longer antennas arc generally preferred since they 
give better sensitivity. A variety of mechanisms are u~d to extend 
the antenna. One technique uses centrifugal force to pull a fine wire 
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LOOP MAGNETIC 
AN TENNA 

,I 

Figure P28 A typical antenna geometry lor detecting space plasma 
waves. Electric fields are usually detected by an electric dipole 
antenna, and magnetic fields are detected by either a loop antenna 
or a search coil magnetometer. 

radially outward from a fishing- reel type of dispenser in the space­
c raft. T his technique only works on spinni ng spacecraft. Another 
technique uses a motor-driven dev ice to extrude a th in metal tape 
through a guide to form a rigid meta l tube. This type of an tenna 
works equally well on both spinning and non-spinning spacecraft. 
Sometimes small metal spheres with internal high impedance ampli­
fiers arc placed on the ends of the antenna to sense the potential in 
the plasma (Fahleson. 1967). In this case, the effective length is the 
center-to-center distance between the spheres. 

Wave magnetic fields arc usually detected using the magnetic 
induction principle. wherein a voltage is induced in a coil of wire by a 
time-varying magnetic field. The voltage induced is given b) 
V = Nd<l>Jdt. where <I> = AB is the magnetic flux through the coil, N 
b the number of turns, A is the cross-sectional area and B is the 
magnetic field strength. Two types of magnetic sensors are used. The 
first type is a loop ontc nna . Usu;11ly a loop antenna consists of a single 
turn, which minimizes the inductance and gives the maximum 
bandwid th . A transform er is usually used to couple the antenna to 
1hc e lectronics. The second type is a scnrch coil magnetometer. which 
consists of a high-permeability rod surrounded by a sensing coil. The 
high-permeabi lity rod acts to concentrate the magnetic Rux through 
the coil, thereby increasing the sensitivity. Generally, loop antennas 
provide better sensitivities at highe r frequencies, particularly above a 
few ten~ or kilohertz, whereas search coils provide better sensitivities 
at lower frequencies. below a few hundred hertz. To reduce interfer­
ence from electrical systems on the spacecraft, magnetic field anten­
nas must be mounted on booms away from the spacecraft body, as 
illustrated in Figure P28. In some cases multiple axis antennas are 
also u~ed. Full three-axis measurements give information on the 
direction of propagation of a wave 

The signa ls from the e lectr ic and magnetic antennas can be 
processed in a va riety of ways. A typica l block d iagram o f a plasma 
wave instrument is shown in Figure P29. Usua lly the antennas are 
connected to preamplifie rs located close to the ante nnas. The 
prcamplifiers are designed to provide low noise levels and to optimize 
the transmission of signals from the antennas to the main electronics 
package. The frcquenc}' range over which the antenna/preamplifier 
system muM operate extends from the lowest characteristic frequen­
cic' of interest (usually f0 ) to the highest frequencies of interest (/r< or 
/..). For planetary plasma wave investigations, this frequency range 
typically extend~ from a few hertz to a few megahertz. 

Two different techniques are emplO)ed to process signals from 
electric and magnetic field sensors. In the first technique an on board 
spectrum analyzer is used to generate spectrum amplitudes at a series 
of frequencies. f,, fi . .. .. f •. A spectrum analyzer of this type is 
shown in the top portion of the block d iagram in Figure P29. The 
purpose of the onboard spectrum analysis is to provide continuous 
low-resolu tion survey sp-cctrums using relatively modest te le metry 
rates, typically a few hund red bits per second. In the second 
technique a wideband receiver is used to transmit electric or magnetic 
field waveforms directly to the ground. T he onboard signal process­
ing is minimal, and the spectrum processing (Fourier analysis) is 
performed by ground·based computers. A wideband receiver is 
shown at the bottom of the block diagram in Figure P29. The main 
purpose of the wideband receiver is to limit the bandwidth of the 
signal and to control the amplitude of the signal by means of an 
automatic gain control. The waveform transmbsion can be either 
analog o r digital. The advantage of the waveform measurements is 
the very high resolution. Since the entire waveform is transmitted, 
the resolution in freq uency and time is limited only by the uncertainty 
principle (AwAt = I). TI1e disadvantage is that the telemetry rates are 
extremely high, often several hundred kb its per second or more . For 
th is reason , wideband waveform transmissions a re often of limited 
du ra tion (60 s or less), thereby restricting the waveform measure· 
mcnts to a few specific samples. ra the r than continuous coverage. In 
this respect the onboard spectrum ana lysis and the wideband tech­
nique arc complementary. The spectrum analyzer provides conti­
nuous low-resolution survey measurements , and the wideband 
receiver provides high-resolution spectrums for selected time inter· 
val~. 

Observations 
Spacecraft plasma wave observations have now been obtained at 
seven planets (Venus, Earth, Mars. Jupiter. Saturn, Uranus and 
Neptune). The most extensive measurements have been performed 
in the vicinity of Earth. Since the first such measurements in 1962 
many spacecraft have provided plasma wave measurements in Earth 
orbi t. T h1;;se spacecra ft have explored most of the near-Earth 
environment, with trajectories ranging from low-al titude orbits near 
the Earth. to high ly eccentric orbits extending well beyond the orbit 
of the Moon. Plasma wave observa tions at the other planets are much 
more limited, and it is these measurements that will be emphasized 
here, since they arc at the frontier of present day research. Of the 
various ~pacecraft that have flown to the other planets, the Voyager l 
and 2 mission to the giant planets, Jupiter. Saturn. Uranus and 
Neptune. has probably contributed the most to our expanding 
knowledge of space plasma waves. The giant planets, like the Earth, 
have s tro ng magnetic fields and intense radiation belts, which make 
them a rich source of plasma waves. F'or the initial Voyager reports of 
plasma wave observations at the giant planets, see Scarf, Gurnett and 
Kurth ( 1979), Scarf et al. (1982). Gurnett, Kurth and Scarf (1979a, 
1981) and Gurnett et al. (1986, 1989). T he only other spacecraft tha t 
has provided plasma wave measure ments at the gian t planets is 
Ulysses, which flew by Jup iter in 1992. F'or the initial report of the 
Ulysses plasma wave observa tions, sec Stone et al. ( 1992). The 
remaining two planets, Venus a nd Mars, have negligible internal 
magnetic fields a nd therefore fewer types of plasma wave pheno ­
mena. The first measure ments of plasma waves in the vicinity or 
Vcnu.~ were provided by the Pioneer Venus spacecraft , which was 
placed in orbit around Venus on 4 December 1979. The first report 
on the Pioneer Venus plasma wave observations was given by Scarf, 
Taylor and Green (1979). The only other ~pacecraft that has provided 
plasma wave observations in the vicinity of Venus is Galileo, which 
flew by Venus on 10 February 1990. For a report on the Galileo 
Vcnu..~ plasma wave observations, sec Gurnett et al. (1991). At Mars 
the first, and onl y, plasma wave measurements were obtained by the 
Phobos 2 spacecraft, which was placed in orbit around Mars on 29 
January 1989. An initial report on the Phobos 2 plasma wave 
observatio ns is give n by Grard et al. ( 1991). 

Since there are so many planets to review, no atte mpt will be made 
to describe the observations in detail at each planet. Instead, the 
observations will be organized according to the various types of 
plasma waves observed, ordered according to decreasing distance 
from the planet. starting from the Sunward side of the planet, and 
ending in the region near the closest approach. No discussion is given 
of electromagnetic radiation that can escape to great distances from 
the planet. since these waves are u.~ually regarded as radio astronomi-
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cal emissions. For a review of planetary radio cmi5sions see Gurnell 
(1992). 

Electron plasma oscillations and ion acoustic waves 
The solar wind flows outward from the Sun at a nearly constanl speed 
of aboul 400 km s- 1. At lhis speed the solar wind flow is supersonic. 
When the solar wind encounters a large object such as a planet. a 
shock wave is formed, very similar to the shock wave thm forms 
up~tream of an airplane in supersonic flight. This shock is called the 
bow shock. The approximate shape of the ~hock is shown in Figure 
P30. If the planet has no internal magnetic field, as in the case of 
Venus and Mars. the planet and its surrounding a tmosphere and 
ionosphere act a~ the obstacle. The radial distance to the nose of the 

Figure P30 A skelch of the various boundarie s and regions lhat 
occur in the solar wind upstream of a planel. Since lhe sola r wind 
is supersomc, a ~hock wave forms upstream of the planet . 
Electrons and ions energized al the shock escape upstream inlo 
regions known as lhe eleclron foreshock and the ion forcshock. 

shock i~ then only s lightly larger than the radius of the plane!. If the 
planet has a ~trong internal magnetic fie ld , as in the ca~c of the Earth 
and the giant plane ts, the magnetic fie ld acts as the obstacle. The 
position of the shock is then controlled by the strength of the 
planetary magnetic field . The interface between the solar wind and 
the planetary magnetic field is called the magnetopause (Figure P30). 
At Jupiter. for example , the nose of the shock i~ typically at 80 to 
120 R, (where R, is the radius of the planet), and the magnetopause is 
at 50 to 70 R,. 

At the shock the plasma is strongly heated and some of the 
electrons and ions escape upstream into the solar wind. Because the 
escaping particles are guided along the magne11c field lines by 
magnetic forces, these particles are confined to a region upstream of 
the shock called the foreshock. Usually the escaping electrons have 
very high speeds. typically 10' to 10-' km s- 1

, which is much greater 
than the ~ofar wind speed. At these very high velocities , the region 
accessible to the backstreaming electrons is essentially delineated by 
the magnetic field lines rangent to the shock (Figure P30). This region 
is called the electron foreshock. The escaping ions. because of their 
higher mass, have much lower velocities, more nearly comparable to 
the solar wind speed . The region accessible to the backs treaming ions 
is the refore angled backwa rd substantially from the 1angcnt field fine 
(Figure P30). This region is ca lled the io n foreshock . 

Because the backstreaming electrons constitute a beam, these 
particles can exci te electron plasma oscillations. also sometimes 
called Langmuir waves (T able P9). Electron plasma oscilla tions 
excited by electrons streaming into the solar wind were first disco­
vered by Scarf et al. (1971) upstream of the Earth·~ bow shock. Since 
then similar electron plasma oscillatio ns have been discove red a1 
Venus and Mars and at all four of 1he giant planets. A multichannel 
plot illustrating the occurrence of electron pla~ma osci llatio ns 
upstream of Jupite r's bow s hock is shown in Figure P31. These data 
arc from the low-ra te spectrum analyzer onboard Voy11ger I. The 
enhanced emissions in the 5.62-kHz channel from about 12: 18 to 
12 : 27 UT arc electron plasma osci llations. The electron plasma 
frequency f .. during thi s interval was abou1 5.5 to 6.0 kH1.. The onset 
of the plasma oscillations at 12 : 18 UT corresponds to the cnming of 
the 1angent fie ld fine , and the termination a t 12: 27 UT corresponds 
10 the cro~~ing of the bow shock . 

The frequcnc} of Uf>"lream electron pla~ma o~cillations generally 
decreases "ith increasing distance from the Sun. A~ can be \ccn from 
equation (P9). the electron plasma frequency 1~ propor1ional to the 
square root of 1he electron density. Since the solar wind density 
varic' roughly a' llR'. where R is the di,tancc from 1hc Sun. the 
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Figure PJ2 A high-resolution frequency- time spectrogram of ion 
acoustic waves observed in the solar wind upstream of the Earth's 
magnetosphere. These waves are produced by energetic <- 10 keV) 
ions escaping into the solar wind from the bow shock. 

electron plasma frequency varies roughly as llR. At Venus the 
electron plasma frequency is typically about 30 kHz, whereas at 
Neptune the electron plasma frequency is about 700 Hz. The electric 
field strength of the plasma oscillations also decreases with increasing 
distance from the Sun. At Venus :ind Earth the peak field strengths 
are about I mV m-1• whereas at Neptune the peak field strengths arc 
about 30 to 100 µ.V m- •. 

In addition to electron plasma oscillations, another type of wave 
also occurs upstream of planetary bow ~hocks. 1l1ese waves were first 
detected upstream of the Earth's bow shock by Scarf el al. ( 1970) and 
are ca lled ion acoustic waves (Gurnctl and Frank, 1978). Ton acoustic 
waves are very similar to sound waves in an ordinary gas and arc 
driven by ions escaping from the shock. Since these waves are driven 
by ions, they are confined tu the ion foreshock. A wideband 
spectrogram of ion acoustic waves detected by the Voyager 1 
spacecraft upstream of Jupiter's bow shock is shown in Figure P32. 
As can be seen, the ion acoustic waves have relatively narrow 
bandwidths and switch on and off abruptly. The abrupt onsets and 

terminations indicate that the mode b very close to marginal 
instability. The peak frequencies of the ion acoustic waves (- 2 kHz) 
arc well below the electron plasma frequency ifr- - 5 kHz) but still 
above the ion plasma frequency (fp; - 120 Hz). As can be seen from 
Table P9, the ion acoustic mode can only propagate at frequencies 
below the ion plasma frequency. This uiscrcpancy is bel ieved to occur 
because the waves ~ave very short wavelengths. thereby introducing 
Doppler shifts due to the motion of the solar wind. For a wave of 
wavelength>- and frequency fin the p lasma rest fn1me. the frequency 
r detected in the spacecraft rest frame is given by 

v, .. f =I+ T co~ O,, (Pl.5) 

where V.,.. is the solar wind speed and 9,. 1s the angle between the 
propagation vector f and the solar wind velocity. The shortest 
wavelength that can exist in a plasma is x,,,,. = 2'TIX0 . where X0 is a 
characteristic length called the Debye length. For the plasma para­
meters that exist in the solar wind up~tream of Jupiter, the shortest 
wavelength is about Am•• <= 240 m. The maximum Doppler shift. 
which is given by the second term on the right-hand side of equation 
(P l 1), is then about 1.7 kHz, which is comparable to the highest 
frequencies observed. Ion acoustic waves have only been reported 
upstream of the bow shocks at Earth, M ars and Jupiter. For unknown 
reasons, possibly due to instrumental limitation, ion acoustic waves 
have not been observed upstream of the bow shocks at Venus, 
Saturn. Uranus or Neptune. 

The bow shock crossings at Venus, Earth , Mars. and all four of the 
i;iant planetl> can be easil y identi fied in the plasma wave data by an 
intense broadband burst of electric field noise at the shock. This noise 
was first discovered in the Earth's bow shock by Fredricks et 'II. 
(1968). A wideband freque:icy-time spectrogram showing the shock­
relatcd electric field noise observed during the Voyager 1 crossing of 
Jupiter"s bow shock is given in Figure P33. This is the same shock 
crossing shown in Figure P3 I. Note the electron plasma oscillations at 
- 6 kHz. increasing slowly in frequency as the spacecraft approaches 
the shock. The electric field noise at the shock extends up to a 
frequency of about 3 kHz and has a pc:ik broadband intensity of 
about I mV m- 1

• This noise is believed to be caused by solar wind 
ions that are magnetically reflected by the shock , thereby forming a 
gyrating ion beam that excites electrostatic waves via a two-stream 
instability. Currents flowing along the shock surface may also in some 
cases contribute to the generation of electrostatic waves. Earlier it 
was thought that these electrostat ic waves played the dominant role 
in heating the plasma at collisionless shocks (Fredricks et al .• 1968). 
However, more recent studies by Scudder et al. (1986) and others 
suggest that these waves probably act only to thermalizc the panicle 
distribution, and that other processes. such as acceleration by quasi­
sta tic electric fields and magnetic reflection, are primarily responsible 
for converting the directed solar wind Oow mto a heated distribution 
at the shock. 

Trapp ed continuum radiation 

After the shock, the next boundary of interest is the magnetopause. 
This boundary forms the effective obstacle for the solar wind ftow 
around the planet and is shown by a dashed line in Figure P30. 
Because the planetary magnetic field provides most of the pressure 
inside of the magnetosphere, an abrupt drop in the plasma density 
occurs at the magnetopausc, thereby forming a low-density magneto­
sphcric cavity. Since the electron plasma frequency is lower in the 
magnetosphere than in the solar wind, electromagnetic rad iation can 
be trapped in the magnetospheric cavity. This trapped radiation was 
first discovered in the Earth's magnetosphere by Gurnett and Shaw 
( 1973) and is ca lled continuum radiation. Since then, trapped 
continuum radiation has been observed at three of the giant planets, 
Jupiter, Saturn and Uranus. No trapped continuum radiation was 
observed at Neptune, probably because the Voyager plasma wave 
instrument did not have sufficient sensitivity to detect this radiation at 
Neptune. The trapped continuum radia tion at Jupiter is one of 
the most intense emissions observed at any of the planets. Since no 
magnetospheric cavity exists at Venus and Mars, trapped continuum 
radiation cannot occur at either of thc~e planets. For a review 
of continuum radiation in planetary magnctosphcrcs see Kunh 
(199 1). 

An example of trapped continuum radiation is shown in Figure 
P34. This spectrogram shows the Voyager I crossing of the magneto-
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Figure P33 The Voyager 1 inbound crossing ol Jupiter's bow shock. An abrupt burst ol broadband electric field noise can be seen at the 
~hock. This noise is believed to be caused by ion beams gyrating back into 1he solar wind from lhe shock. Electron plasma oscillations can 
also be seen upstream of the shock. 
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Figure P34 The inbound Voyager 1 crossing of Jupiter's magnetopause. The intense band ol noise from about 2 to 7 kHz is continuum 
radiation trapped in the low-density magnctosphcnc cavity. The low-frequency cut-off ol the continuum radiation is at the electron plasma 
frequency, fp~· 

pau~c at Jupiter The con1inuum radiation con~ists of the dark band 
of noise extending upward from ab-Out I kH1 . gradually fading into 
the receiver bai:kground noi-;e above about 7 kH7. The sharp. low­
frcqucncy cut-off of the radiation at /P< is believed to be cauwd by the 
rcllcction of free ~pace (L,0) mode electromagnetic waves ::it 1he 
loc;1l electron plu~ma frequency./\~ can be seen from Table PIO, the 

free space L.O mode can only propagate at frequencies f >fr<· Free 
~pace (R.X) mode radiation is al~o most likely prc<:ent However. 1he 
low-frequency cut-off of the R- X mode is alway\ above ff'<' ~o the L­
O mode determines the low-frequency cu t--0ff. The monoronic 
dccrea-;e in the low-frequency cur-off, from abou16.210 1.8 kHl over 
a period of abou1 20 s, is caused by the rapidly declining pl;i~rna 
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density as the spacecraf1 passes through the magnctopausc. Note 
from equation (P9) that the e leclron plasma frequency is pro­
portional to the square root of the electron density. The thickness of 
the magnetopause is controlled mainly by the cyclotron radius of 
magnetoshcath ions as they gyrate into the region of strong field 
inside the magnetosphere. Continuum radiation comparable to 
Figure P33 is observed th roughoul 1he magnelospheric cavi ty of 
Jupiter. Once generated, the radiation is believed to undergo 
repeated reOections from the walls of the cavity. eventually building 
up to an equilibrium level throughout the cavity. Small random 
Doppler shifts caused by repeated reflections from the walls of the 
magnetospheric cavity, which are continuously in motion. are 
believed to spread the radiation into a nearly continuous spectrum, 
hence the term continuum. 

Electron cyclotron and upper hybrid waves 

For the magnetized plane1s, lhe magnetic field within the magnetos­
phere is generally much stronger than in the solar wind. The e lectron 
cyclotron frequency then plays an important role in controlling the 
types of waves that are generated. In the Earth ·s magnetosphere it 
has been known for many years that stro ng electrostatic emissions are 
genera1ed near harmonics of the electron cyclotron frequency (Ken­
nel er al., 1970; Shaw and Gurnett, 1975). These emissions arc part of 
a band structure that is often referred to as electron cyclotron waves 
(Table PI 0). The free energy source of these waves consists of 
electrons with a loss cone or ring type of distribution function. Loss· 
cone velocity distribu1ions are a characteristic feature of planetary 
radiation belts-. Charged particles moving within a well-defined cone 
or angles around the magnetic field (the loss cone) strike the 
atmosphere and arc lost from the system, thereby producing a hole in 
the particle velocity distribution. 

Electron cyclotron waves are found in the magnetosphere of the 
Earth and all the giant planets. T)'pically these waves are most 
intense near half-integral harmonics (n + 'h)/ .. of the electron 
cyclotron frequency. Usually the (11 + 'h)f, .. waves occur in two 
distinct frequency ranges, the first near low-order half-integra l 
harmonics of the electron cyclotron frequency (i.e. fzf~, *-fee, etc.), 
and the second near the upper hybrid resonance frequency . when 
(11 + 'h)f, - /uHR· The low-order harmonics arc often called electron 
cyclotron harmonic (ECH ) waves. and the emis.~ion~ near the upper 
hybrid frequency are called upper hybrid resomince (UHR) waves. 
The emission frequencies depend in a complicated way o n the 
densities and temperatures of the cold and hot components of the 
pla~ma, and arc almost never exactly at (n + Vz)J. ... The half-integral 

notation, f.2, ~. etc., is mainly just a convenient label to identify the 
emission band. 

A spectrogram illustrating examples of low-order (:12,~ and h) 
ECH emissions in the magnetosphere of Saturn is shown in Figure 
P35. The emission frequencies in this case are slightly above the 
electron cyclotron harmonics. Considerable fine structure can be seen 
within the emission bands. Electron cyclotron harmonic emissions of 
this type are typical of all the ECH observations at the giant planets. 
Usually, the emissions arc strongest in a narrow band slightly above 
the electron cyclotron harmonics. A spectrogram illustrating an 
example of U HR emissions in the outer region of Jupiter's magneto­
sphere is shown in Figure P36. The UHR emissions in this case 
consist of very sharply defined bands near the lower edge of the 
trapped continuum radiation. The bands switch on and off as plasma 
density variations cause the upper hybrid resonance frequency to 
sweep past half-integral harmonics of the e lectron cyclotron fre­
quency. Strong emissions occur whenever the condition 
(11 + Vz)/,., ""f uHR is satisfied. The frequency spacing between the 
bands is roughly the electron cyclotron frequency. 

A striking characteristic of both the ECH and UHR waves is their 
close confinement to the magnetic equator. Figure P37a shows a 
multichannel plot of electric field intensities from the Voyager I pass 
through the inner region of the Jovian magnetosphere. The ECH and 
UHR emission~ are identified by circles. Figure P37b shows the 
magnetic latitude ~m· The magnetic latitude oscillates up and down 
due to the rotation of Jupiter's magnetic dipole field, which is tilted at 
an angle of about 10° with respect 10 the rotational axis. As can be 
seen, the ECH and UHR waves occur in sharply localized regions 
centered almoM exactly on the magnetic equator crossings. This 
narrow confinement to a region only I or 2 degrees from the magnetic 
equator is a characteristic feature of all the ECH and UHR o bser­
vations at the giant p lanets. A similar effect a lso occurs in the Earth's 
magnetosphere, although not as dramatically as at the gianl planets. 

The reason that the ECH and UHR waves are confined to a narrow 
region near 1he magnetic equator is still a subject of investigation. 
Based on terrestrial studies it is believed that two factors are 
responsible. First, it is known tha1 the electrons responsible for 
generating the waves have pitch angles near 90°. Due to the laws 
governing the motion of trapped radiation belt particles (conser­
vation of the first and second adiabatic invariants), particles with 
pitch angles near 90" arc closely confined to the vicinity or 1hc 
magnetic equatorial plane. Since thb type of highly ani~otropic 
velocity distribution (with pitch angles near 90°) is required to 
generate the ECH and UHR waves , large wave growth can only 
occur near the magnetic equator. Second, ray tracing studies show 
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that the electron cyclotron waves tend to be guided along the 
magnetic cc1uator. This guiding effect i' believed to confine the wave 
growth to a narrow region along the magnetic equatorial plane. 

One may ask what role these electrostatic waves play in the 
magneto:.phercs of the giant planer... In the terrestrial magneto­
sphere, for many years ii has hecn thought that electron cyclotron 
waves contro l the loss of trapped radiation belt electrons by scatter­
ing particles into the loss cone (Kennel ~'al., 1970). It seems likely 
that si1i1i lar processes are opera tive at the giant planets. Unfo1tu11a­
t..:ly. adequate measurements arc not available from the V oy<1ger 
plasni.1 data in the proper electron energy range (a few hundred eV to 
several tens of keV) to evaluate this loss mechanism. In the Earth's 
magnetosphere. UH R emission> arc also bclie~cd to be a source of 
free-space electromagnetic radiation. The generation mechani<;m is 
believed to involve a mode conversion process by " hich UHR waves 
arc con,·ertcd to c.scaping electromagnetic (L. 0 mode) radiation. 
111e mode conversion process can be either linear (Jones. 1980) or 
nonl ineilf (Melrose. 1981). Trapped continuum radiation is thought 
to he produced by this n1odc conver<ion proce~s (Kurth. 1991 ). 

Whistler-mode emissions 

Whb tlers arc one of the oldest and best -known tcrrest.rial plasma 
wave phenomena. Whistlers were lirst ob<crved by ground-based 
radio.n.:ccivers (Barkhauscn , 1919). The modern theory of whistlers 
w:i< fi rst proposed hy Storey ( 1953). A ccording to Storcy's theory. 
low-frequency electromagnetic radiation from a lightning discharge is 
guided along the magnetic field lines through the magnetospheric 
pla,ma. Because of the peculiar nature of electromagnetic wave 
propagation at frequencies below the eh;ctron cyclotron frequency. 
the higher frequencies propagate fa,cer th<in the lower frequencies. 
Tirn,. the broadband impulsive signal produced by a lightning flash is 
converted into a whistling tone. hence the term ·whistler'. The 
plasma wave mode involved in the propagation of whistlers is called 
the whi~tlt:r mode. Whist ler-mode w<1vc~ arc right-hand polarized 
anti propagate at frequencies below either J:. or/,,.,. whichever is 
smaller (sec Table PIO). The whistler mode is highly nnisotropic and 
has a n m1bcr of unusual characteristics. one of which is that the index 
of rcfr;oction goes to infini ty along a cone of di rections called the 
rcsonan:e cone (Stix, 1962). This highly anisot ropic characteristic 
account~ for the fact chat the wave energy i~ guided approximately 
along the magnetic field (sec Whist ler) . 

In addit'on to lightning-generated whistlers. whistler-mode waves 
can al\o be ~pontaneously generated in a mai:nctized plasmas. These 
waves are called whistler-mode cmii>Sion~. Whistler-mode emissions 
arc a common feature of the terre~trial magnetosphere and occur in 
the magneto~phcrcs of all the giant planet!>. These emissions arc 
mmrtl} generated in the inner region~ of the magnetosphere where 
the lo>S cone in the trapped energetic electron distribution provide~ 
;in effeccivc free energy source. From very gcm:ral principles (Brice, 
1\164). it can be shown that the growth of whistler-mode waves leads 
to a decrease in the pi tch angle of resonant electrons. thereby driving 
the particles toward the loss cone. The growth of whistler-mode 
waves i~ widely believed to be the dominant mechanism responsible 
for the loss of energetic electrons from planetary rad iation belts. In a 
c:l:a~sic paper Kennel and Pe1schek ( 1966) <.howed that the growth of 
whistler-mode waves puts an upper limit on the energetic electron 
intensities that can exist in planctnry radiation belts. 

A representative spectrum of whistler-mode emissions in the inner 
region of J upitcr"s magnecospherc is ~hown in Figure P38a. This 
'pcctrum was obtained in the lo pla~ma toru,. which is a dense toru\ 
of plasma produced by gases escaping from Jupitcr·s moon lo (sec 
Planetary Torus) . The plasma in the lo toru~ is extremely energetic 
;md produces very intense whistler-mode emissions. among the most 
intense ever observed in a planetar} magneto>phcre. Two types of 
emission!> arc observed. ca lled 'hi~,· ~nd 'chorus'. The hiss is an 
cs~cn 1i ally structureless emission . When the hiss signals arc played 
through ;m <iutlio speaker. they make a steady hissing sound. hence 
the term 'hiss.' According to curren t ideas, whistler-mode hiss is 
believed to represent a fuiiy developed turbulent ~pcctrum in which 
the w;ivc grow1h and loss has achieved a ~ccady <Hite equilibrium . In 
con tr<i't to the whistler-mode hiss. ·chorus emissions arc highly 
~lructurcd. A wideband frequency- time spectrogram of chorus is 
<hown in Figure P39. The term ·choru<' is an old term (Allcock . 
1957). and has its origins in the term "da\\n choru~· which refers to the 
'>Ound< made by a roo<ting flock of hird< at da} break. The reason< fo r 
the complex spectral structure. usually con,isting of many discrete 
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Figure P38 (al An electric field Sp('Ctrum of whistler-mode hiss and 
choru~ emi~~ion~ in Jupiter's lo torus. Cbl The energy W1 of 
electrons that are in cyclotron resonance with these waves. The 
hiss tends lo interact with very energet ic electrons (- 100 to 
1000 kcV), whereas the chorus interacts with much lower energies 
c- 1 to 10 keVI. 

narrowband tones nsmg in frequency. is poorly understood. The 
current view is that the waves grow to such large ilmplitudes that local 
nonlinenr processes play a dominant role in con trolling the evolution 
of the wave. Computer simulations show that particles i rappcd in the 
wave lie ltl produce isolated wave packets. each of which evolves 
somewhat diffc1cntly in time and space. 

II is instructive to comment on the electron energies involved in the 
generation of hiss and chorus. Whistler-mode wave growth proceeds 
via n resonant process in which a constant force i~ experienced by a 
particle undergoing cyclotron motion along J magnetic field line. 
thereby leading to a deceleration (or acceleration) of the particle and 
a gro" th (or damping) of the wave. This process is called cyclotron 
resonance. The general condition for cyclc>tron resonance is 

W llW. 

"llR<' = kn (Pio) 

where v
11
u" is the parallel resonance vcloci1y (the symhol II rd.: r.; to 

the component paralle l to chc magnetic fie ld), w is the wave 
frequency, k1 is the parallel component of the wave vector and /1 is an 
in teger. For whistler-moue waves. the 11 = I term is usually most 
important. This resonance is called the lirst order cyclo tron reson­
ance and occurs when both the wave and the particles (electrons) arc 
rotating in the right-hand ~en~e with re,pcct to the magnetic field . 
From the propagation characteri,t ics of the wave. w(k). one can 
calculacc the parallel energy w1 of the rcwnant electron'. The 
parallel rcsomincc energy for wh"tlcr mode o:mi<<ions at Jupiter i~ 
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Figure P39 A h1gh-resolu11on frequency- time spe<:lrogram of chorus emission~. Thc;c emission~ ar<' highly structured and oft<'n consist of 
narrowband tones n~ing in frequency with incrPasing lime. Chorus often has a s harp notch in lhc ;pcclrum at o ne-ha lf of the clcciron 
<ydolron frequency, r"n. 

\htmn in Figure PJ8b. A' can be seen. the resonance energ} 
dccrca'c' rapidly "ith incrca,ing frequency. The cncrg) of the 
clcc:1rorn. intcrac1ing with the hiss tends tO be ~cry high. 100 lO 
IOOO kcV. whereas the energ} of 1hc electrons intcrac1ing with the 
choru' tends to be much lower, 1-10 keY. Thb I rend. for hiss to 
re,onalc w11h high cncrgic~ and chorus to resonate with low energies. 
i' typical of whistler-mode cmiS!.ions at all of the giant planets. 

In addi tion IU E<lflh. three of the giant planets. Jupiter. Saturn and 
Uranus, have intense whi,1lcr-modc hi•s and chorus cmis~ions. These 
emi~'>ion~ occur in !he inner regions of the magnclo>phcrc where the 
trapped radiation belt electron intensities arc the highc~I. The 
.:xi,tcncc of whistler-mode cmi,,ions at Neptune i; unclear. Some 
'er} weal. cmbsion; wcr.: observed in the spectrum analyzer data 
1hat arc probably whi\tler-modc his•. Howe,er. no chorus was 
ob,crvcd in any of the w ideh.tnd data. The ab,crtle or chorus at 
Ncpl unc could be due Ill the low radiation belt intcn,ities. which 
were I he lowc't of any of 1hc giant planets. It can be ' hown that the 
growth rate of whistler-mode emissions increase~ in dircc1 propomon 
to the i111cnsi1y of the resonant electron The extremely low whistler­
mndc emission intensities at Nepl une could therefore be clue w the 
low radiatron belt electron int1.:n<;i1ics. On the other hand. the 
;pacccrnft did not pass thn>Ugh the equatorial region of the radiation 
belt "here the highe't "a"c amplitudes would be expected. Thus. it 
m<•> he 1hat strong \\hi,1ler-mode emission' uere present in 1he 
magncto<phcrc of Neptune. but 1hc ~pacecraft did not pa<;.~ through 
the rroper region to observe thC'>e waves. 

A 1hird type of whistler mode emission a lso occurs in p lanetary 
m<1gnctm.phcrc,. Thi~ cm i~'ion occurs in the auroral regions and is 
ca lled auroral hiss. Aurora l hi'' is a nearly structurele•s emission and 
is be lieved to propagate at wave normal angle; near the resonance 
cone. Near the resonance cone the whisrler mode is very nearly 
clcctro~Utlic. with small magnetic fields. short wavelengths and low 
propagation ;peed;,. Thc'c \hort-wavelengrh. quJ,i-clcctrostatic. 
whi\llcr-mode wa,·c~ arc \Ometimc' called lower hybrid waves. since 
the~ become complctel) clectro;tatic at the lowcr·hybnd rc;,onancc 
frequency.Ji f{R· Because ol the low propagation velocity. auroral hiss 
can he e~citcd by beam;.. very 'oimilar lo electron pla~ma osci llnr ions. 
Auroral his' has been extcr1'ivcly \ludied in the ~anh's magneto­
'flhcrc. where ii has been \ hnwn I ha r rhc emissions arc produced by 
1he same elecrron beams 1ha1 produce the auroral light emission, 
hence 1he term ·auroral hi~,.- /\umral hiss has a l\O been Ob\er\'cd al 
Jupiter by Voyager I (Gurne11 <'/al .. 1979) and by Ulr\cs (Stone et 
al . 1992). In both ca":' 1hc 1tk111ifica1ion 1va;, ba-.cd on 1hc ~imilarit) 

to 1errc~1rial auroral hi" and not on a direct corrclarion wi1h the 
aurora on Jupiter. No aurornl hi~5 was ohscf\cd at Saturn. Uranus or 

cptunc. most likcl} becall!>c the •pacccrah did nor pass through the 
proper region lo obsef\e ;uch cmis>ions. 

Eleclrostatic ion cyclotron waves 

Electro;iali<" ion cyt'lotron waves occur '" discrclt' hanth hctween 
harmonics of the ion cyc ln1 r1)11 frequency (Table PI 0). very 'imilar 
w electron cyclotron w;1ve'>. which occur between hurmonics of rhe 
electron cyclorron frequenc) One of the unique feature> of the 
elcc1ro,ia ric ion cyclotron mode is rhat it i~ driven un~tablc b} 
rela11vcl} weak field line cum.:ms Thi; feature led Kindel and Kennel 
( 1971) to predic1 that clcctro,latic ion C}clotron "a'c' \\ould be 
produced h) field-aligned current' over the Eanh·, <tUroral rcgt0ns. 
The exr~tcnce of such wave~ wa<. 'llb,cquently confirmed hy Kininer. 
Kelley and Mozer. (1978). U\ing dma from the 1x>lar nrbi1 ing S3-3 
sa1ell11c. A rcprcscnta1ivc 'pcctrurn of electrostatic ion cydu1rnn waves 
ob,crved ::.long !he Earth\ auroral field lines is show in Figure P-lO. 
Strong enhancemen ts can be 'C'Cn jtm above the lowest three harmonics 
of the proton (H ') cyclo1ro11 frequency. Original!)' ii wa' thought 1har 
these wave> were driven by tieltl-01ligned cu~cnb. Howc,c r. mor.: 
recent \IUd1c~ suggest that thco;c wave; are produced b) ion beam' 
accelera1ed upward along the auroral field lines l:>y the same qua'>i·static 
electric field, 1hat produce the electron prccipi1ation re,pon\iblc for Lhc 
aurora . Elcctrostaric ion cyclo1ron wave~ arc al'-0 sometimes observed 
near the magnetic equatorial r l.111e. These wave' arc believed 10 be 
driven by energetic ions trapped near the magnetic equaior. 

Observations of e lcctro;rnric ion cyclot ron wave' in 0 1hcr planet­
ary rnagnciospheres arc very limilcd. Since the Voyager spacecraft 
did nol ra~~ through the high-la1 i1ude auroral region:. at 1hc giant 
planets. with the possible exception of Neptune. no opponunit} 
existed to search for electro~iatrc ton cyclotron wave~ driven b) 
auroral processes. Barbo~1 and Kurth (1990) have rntcrpreted a 
narrow band of low-frequency wave~ observed rn the cold plasma 
torus <It Jupiter as electrostatic inn cyclotron waves . They ~ugge,t rhat 
the'c wnves arc produced by ;1 charge-exchange interaction between 
neutral gas emissions from volcanoes on lo and 1hc rapid ly rotat ing lo 
plasma torus. which is locked 10 the rota1ion of Jupiter. Thi< chargc­
cxdrangc process produce; a ring· 1ype ion uistrihurion c~omciimcs 
called pick-up ions) and i' exrcc1ed 10 provide a very effccli\'C free 
energy ~ourcc for generating electrostatic ion cyclotron wa,e;. 
BarbO\a and Kurth ( 1990) have also interpreted a band <ti low-
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Figure P40 An electri c field spectrum of electros tatic ion cyclotron 
waves observed on the Earth's magnetosphere by the 53-3 
'pacecrah. These wave~ occur between harmonics of the proton 
cyclotron frequency (f,11 ') and are driven by currents flo"~ng along 
the auroral field lines. (Kintner, Kelley and Moler, 1978;° copyright 
American Geophysical Union.) 

frequency e lectric lic ld 11\J i~c in Neptune's magnc tuspla:re as electro­
static ion cyclo tron waves. also driven by the same charge-exchange 
process. Unfortunately. in neither case is it possible to confirm the 
e lectrostatic character of the waves. so the ident ification of the mode 
i~ not comolete lv certain. 

Electromagnetic ion cyclotron waves 

Electromagnetic ion cyclotron waves arc \'cry similar to whistlcr­
modc waves. except th ~H they arc left-hand pol.irizcd and propagate 
below the ion cyclmron frequency (T11ble PIO). Since the ion 
cyclotron frequency is much lo we r than the e lectron cyclotron 
frequency [equation (PI O)! . ion cyclotron waves necessarily occur at 
extremely low frequencies. typically a few hundred hertz or less. 
Since 1hc wave field of an electromagnetic ion cyclotron wave rotates 
in the same sense a~ positive ions (i.e. left-hand with respect to the 
magnetic field), these waves interact st rongly with positively charged 
ions. Almost all of the ions observed in planetary magnetosphercs are 
positively charged. The cyclotro n resonance condition is identical 10 
equation ( P1 6). except that (e) is replaced by (i). Electro magnetic ion 
cyclotron waves arc d riven unstable by a loss cone in the energe tic ion 
distribution. Since a loss cone is always present in a planetary 
radiation bell, the growth of these waves provide~ a mechanism for 
scattering energetic ions into the loss cone. thereby controlling the 
loss of radiation belt ions. 

Despite the intense theoretical interest in the generation of 

e lectromagnetic ion cyclotron waves in planetary magnctosphcres. 
re lat ive ly few observations are available. The first re port of spo111an­
co11s ly generated electromagnetic ion cyclotron waves in the Earth's 
magne tosphe re was by Taylor , Parndy and Cahill ( 1975). These <Jnd 
other subsequent observations (Kintner, Ke lley and Mozer, 1977; 
Roux er al .. 1982) have ~hown that electromagnetic ion cyclotro n 
waves are generated in the Earth's radiation bell during magnetic 
)tom1s. when intense fluxes of energetic (10 to 100 keV) ions arc 
1111ec1cd deep into the inner regions of the magm.:to~phere. Electro­
magne tic ion cyclotron wave) have also been observed a t Jupite r by 
Thorne and Scarf ( 1984) using Voyager I measurements, and by 
Stone et al. ( 1992) using Ulysses measureme nts. In both cases intense 
wav1.:s we re observed nt frequencies below the proton cyclotron 
freq ue ncy. The Ulysses observations arc part icularly important 
because the magnetic field of the wave was measured, which confirms 
that the waves arc electromagnetic and not electrostatic (Voyager 
had only an e lectric antenna). The ion prccipllation produced by 
thc)e waves is believed to be responsible for the e xtreme ultraviolet 
(EUV) aurora at Jupiter (Thorne and Moses. 1983). Using Voyager2 
Neptune data, Gurnett et al. ( 1989) reported ob ervations of a strong 
band of e lectric fie ld nobc at eptunc al frequencies below the 
pro to n cyclotron frequency. This band of electric field noise was 
tcntutively identi fied as e lectromagnetic ion cyclotro n waves. How­
e ver. since no wave magnetic. field measurement~ were available. ii 
wus not possible to establish definitely the mode o f propagation . 

Conclusion 

This re"iew has described the primary types of plasma waves 
obi.crved in the vicinity of the planets Venus , Mars. Earth, Jupiter, 
Saturn . Uranus and Neptune. T hese observations are summarized in 
Table Pl I. By necess ity we have no t attempted to describe the 
detailed nature of the observa tions at each plm1et. For a more 
d etailed description , sec the review by Ku rth and Gumen (1991). In 
making comparisons between these planets it must be recogn ized that 
the observations arc in many cases incomplete. particularly at Uranus 
and Neptune, where the available data arc limited to only one pass by 
the planet. At the giant planets almost no information is available at 
high magnetic latitudes, a region that we know from terrestrial 
observations has many complex aurora-related plasma wave emissions. 
No plasma wave observations have been obamed at Me rcury and Pluto. 
Thus there are very significan t gaps in our knowledge. It is likely to be 
many years before these gaps are filled . The mo1>t promising missions 
for future plasma wave investigations arc Galileo. which is to o rhit 
.J upiter in late 19'>5, and Cas.~ini . which is to orbit Saturn early in the 
21~t century; both spacecraft include plasma wave 111strumcnts. 

Donald A . Gurnett 
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PLATE TECTONICS 

The Earth's solid surface behaves in most places as if it were divided 
into a number of a lmost rigid 'plates'. Any horizontal motion of a 
rigid plate o n a spherical Earth is necessarily a rotation about an axis 
through the center. This axis cuts the surface at the 'pole of rotation'. 
The plates move relative to one another over the asthenosphere 
(q.v.) at speeds of the order of 10-100 mm per year. Two good 
modern textbooks on the subject are Cox and Hart (1986) and Fowler 
( 1990). 

Figure P41 is a map of shallow earthquakes, which mark the plate 
boundaries well in the oceans but less so in continental areas. At mid­
()cean ridges ( Figure P42) the ocean is typically 2.5 km shallower 
than average; the plates are moving apart ; hot , soft asthenosphere 
rises and turns into hard. cold sea Roor; and there are only shallow 
earthquakes. The opposite sides of oceanic plates usually have 
·subduction zones· where the plates bend and go down into the 
mantle . These zones a re marked by trenches several kilometers 
deeper than normal ocean nearby; by earthquakes which are shallow 
near the trenches , and become deeper with distance away from them; 
and by lines of andesitic volcanoes above the earthquakes 
1~200 km deep. 
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Figure P41 Earthquakes over magnitude 5.5 and shallower than 20 km, from the USCS Global Hypocenter Data Base. Larger + marks 
indicate largei earthquakes. 

Continental plate collision zones arc marked in the same way as 
subduct ion zones in Figure P42; the difference is that ocean plates 
subduct, to depths of at least several hundred kilometers, whereas 
continental plates do not. They normally pile up in a mountain range 
instead; the largest example is the Himalayas. At transform faults , 
the remaining type of plate boundary, one plate slides horizontal ly 
past the other, with lit tle or no rising or sinking of·crustal material. 

All plate boundaries arc seismically active: subduction zones the 
most, transform faults less so (there may even be continuously 
creeping segment~ with no earthquakes, as in parts of the San 
Andreas fau lt in California}, and ridges least of all. 

Figure P43 is a schematic. true-sca le cross-section of a typical 
region of the Earth: showing a subduction zone, a ridge and parts of 
three plates. On this scale oceans and mountains are invisible, and 
only the most violent volcanic eruptions throw ash high enough to be 
seen. 

No two experts in the field would be likely to show exactly the same 
map of the plates. For example, DeMets et al. (1990) separale the 
Indian and Australian plates along a nearly east-west line between 
the Carlsberg and Central Indian ridges, and do not show the Scotia 
or Sandwich plates as separate from the Antarctic. (The "Sandwich 
plate is the small D-shaped area just east of the Scotia plate in Figure 
P42.) Other authors show more 'mieroplates', e.g., separating an 
Adriatic plate from the African and Eurasian plates (Anderson, 
1987), or the Carol ine basin from the Pacific plate (Weissel and 
Anderson, 1978), or inserting Easter and Juan Fernandez micro· 
plates on the Nazca-Pacilic plate boundary (H ey et al., 1985). The 
location of both dashed boundaries in Figure P42 is controversia l. 

In continental regions being compressed by plate motion, the 
deformation may be so widespread that i t is doubtfttl whether the 
concept of plate behavior is useful at al l. Molnar and Tapponnicr 
( 1975) suggested that the eastward motion of Tibet and nearby areas 
is better explained in terms of plastic flow throughout the region. ;is 
India continues to be pushed north into it . For people trying to 
understand the Earth as a whole, plate tec tonics is a useful large-scale 
model. Even for those concentrat ing on a deforming region like Tibet 

or New Zealand, plate tccwnics provides al least the boundary 
condi tions at a large distance, and helps to explain why the deforma­
tion occurs. 

History 
Plate tectonics appeared during the 1960s as a synthesis of much 
previous work. T he histmy is well described by Cox (1973) and 
Emiliani ( 1981 ) . References for this secrion not l isted below can be 
found in one or other of those books. Both show the subject as a fine 
example of how major changes occur in scientific undersianding. 

The general idea of currents inside the Earth leading to sur face 
displacements dates back to the 19th century. In the ear ly 20th 
century Wegener introduced Lhe concept of dri fting continems, which 
neatly explained a variety of topographic, sedimentological , paleon­
tological, botanical and zoological observations. Wegener had no 
convincing driving mechanism, however. and so failed to convince 
many people (except in the southern hemisphere, where the field 
evidence for formn connect ions of continents now separated was 
much stronge.r than in the northern hemisphere). 

Hills (1934) drew the analogy between froth floating on boi ling j am 
and moving continents floating on the mantle of the Earth. in each 
case the driving mechanism being thermal convection. Jeffreys ( 1934) 
admiued that this son of driving mechanism would avoid his earlier 
obj ect ion (on mechanical grounds) to continents ploughing their way 
across basaltic ocean floors . Both authors thought that such move­
ments had stopped early in the history of the Earth. 

T he seismological results of Gutenberg and Richter (1949) did not 
immediately lead to the emergence of plate tecwnics, in spite of their 
maps which were very l ike Figures P4 1 and P42. mainly because 
oceanic geology was too l illlc known at the time. Neither did the 
work of Runcorn in 1962 on paleomagnctism (q.v.). He and many 
others deduced polar wander paths from observations of the direction 
( in three dimensions) in which dated rocks in different parts of the 
world are found to be magnetized. From land-based paleomagnetic 
work the major conclusion was that about 200 mill ion years ago the 


