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A model of the Io plasma torus has been constructed using the in situ plasma measurements of Voy- 
ager 1. A sharp gradient in plasma temperature of-•.7 x 105 K R• -l at 5.7 R• divides the torus into two 
parts, a cold inner region, where the ions are closely confined to the centrifugal equator, and a warm 
outer region, which includes the orbit of Io and has a thickness scale height of 1 R•. The outer edge of the 
warm torus is defined by a drop in plasma density near 7.5 R•. The bulk motion of the plasma, i.e., the 
average velocity vector, is within 1% of the value expected on the basis of strict corotation in the inner 
part of the torus but probably deviates by 5 to 10% from ½orotation outside the torus. This breakdown 
from ½orotation may occur at the outer boundary of the warm torus. The energy per charge spectra show 
well-resolved peaks in the inner part of the torus but strongly overlapping peaks in the outer part. In the 
inner torus there is a significant variation in the abundances of different ionic species over' spatial scales 
< 104 km. However, in the plasma sheet of the middle magnetosphere the ionic composition appears to be 
uniform from 12 to 42 R• and is strongly dominated by ions with a ratio of atomic mass to charge of 16. 
These ions are most probably some combination of O + and S 2+ ions. One consequence of the observa- 
tion is that the Alfven speed is uniformly low in the outer part of the torus, with values less than 250 km 
S --1. 

INTRODUCTION 

The dominant feature of the inner magnetosphere of Jupi- 
ter is the dense torus of plasma associated with the satellite Io. 
The population of heavy ions found in this region has been 
both a major result and a major surprise of the Voyager 1 en- 
counter with Jupiter and is based on data of many experi- 
ments onboard the spacecraft. This paper presents the results 
of direct measurements of low-energy positive ions in Jupiter's 
inner magnetosphere within a radial distance from the planet 
of less than about 10 Jovian radii (R•) and compares the com- 
position of the ions observed in this region with that found in 
the middle magnetosphere (R < 42 R•). 

Prior to the encounter of Voyager 1 the only direct informa- 
tion about the properties and composition of plasma in the in- 
her Jovian magnetosphere came from measurements carried 
out on Pioneer 10 and 11 by the plasma probe and ultraviolet 
photometer. Neither of these instruments gave results which 
were interpreted in terms of a dense torus of heavy ions. The 
Pioneer 10 plasma instrument did detect low-energy positive 
ions, interpreted as protons, near Io's orbit [Frank et al., 1976]. 
Although it has subsequently been shown that these ions 
could not have been protons but were probably heavy ions 
coming from Io [Neugebauer and Eviatar, 1976; Goertz and 
Thompsen, 1979], the experiment did not provide hard evi- 
dence concerning the plasma environment near the orbit of 
Io. The Pioneer 10 observations of ultraviolet radiation from 

the torus were interpreted as relatively weak emission from 

[Kupo et al., 1976]. The optical radiation observed by Kupo et 
al. came from a region inside the orbit of Io (5.95 R•) and was 
first interpreted by Brown [1976] as originating from a dense 
ring of cold plasma in that region. Assuming local thermody- 
namic equilibrium, Brown deduced limits for the electron 
density and temperature of 10 (3'5+0'5) ½m -3 and 10 (4'4ñ0'6) K, re- 
spectively, while Mekler et al. [1977] concluded from the same 
observations ne ~ 500 ½m -3 and Te ~ 10 eV. Although these 
two sets of conclusions provoked considerable discussion at 
the time, they certainly mark the discovery of the plasma 
torus at Io. The emission from $+ has been observed inter- 

mittently from the ground since the initial observations and 
has shown variability on time scales from less than a day [Pil- 
cher, 1979] to more than months [Mekler and Eviatar, 1980]; 
variations with System III longitude are also reported [Morgan 
and Pilcher, 1978; Trauger et al., 1980; Trafion, 1980]. 

On March 5, 1979, the Voyager 1 spacecraft passed (Figure 
1) through both the outer (warm) and inner (cold) parts of the 
Io plasma torus and approached Jupiter to a periapsis dis- 
tance of 4.89 R•. The in situ plasma measurements showed 
that at the time of the encounter the outer part of the torus ex- 
tended from ~7.5 R• to 5.5 R•, was ~ 1.5 R• thick, and con- 
sisted of warm (~40 e¾) sulphur and oxygen ions [Bridge et 
al., 1979] and of predominantly cooler (of the order of 5 eV) 
electrons with a smaller (<~ 1%) population of hot (of the or- 
der of ~ 1 keV) electrons [Scudder et al., this issue]. The inner 
part of the torus extended inward from 5.5 R• to at least the 

atomic hydrogen [Carlson and Judge, 1974]. The strong emis- minimum distance reached by the spacecraft (4.89 Rj). In this 
sion from ionized sulphur and oxygen seen by the ultraviolet , region the plasma was closely confined to the centrifugal 
spectrometer on Voyager 1 [Broadfoot et al., 1979; Sandel et equator within 0.2 Rj and consisted of a cold (<1 eV) multi- 
al., 1979] was not observed by Pioneer 10, though Mekler and component plasma with positive charge density equivalent to 
Eviatar[1980]havesuggested that the Pioneer 10 UV observa- the order of 1000 electrons ½m -3 [Bagenal et al, 1980]. 
tions are consistent with a toms of oxygen and sulphur ions at Ground-based optical observations and the in situ plasma 
much lower densities than measured by Voyager. measurements of Pioneer 10 indicate significant amounts of 

On the other hand, ground-based optical observations of plasma inside this distance [Pilcher, 1979; Frank et al., 1976]. 
the region near Io and its orbit have revealed emission from Voyager 1 passed under Io at 1500 UT, passing through the 
neutral sodium [Brown, 1974] and from ionized sulphur, S + region where a neutral cloud of sodium normally surrounds 

Io. However, there was no discernible effect on the plasma 
Copyright ̧ 1981 by the American Geophysical Union. that can be ascribed to the neutral cloud. 
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Fig. 1. Trajectory of the Voyager 1 spacecraft through the inner 
magnetosphere projected onto the plane of the ecliptic. Voyager 1 tra- 
versed the outer (warm) torus (crosshatched) in the midafternoon in- 
bound and late evening outbound. The spacecraft moved through the 
inner (cold) torus (hatched) near closest approach. The extent of the 
cloud of neutral sodium atoms around Io is illustrated for 2000 UT. 

All the times are universal time (UT) on March 5, 1979. The orbit of 
Io for this period is also illustrated. 

In the inner (cold) toms the plasma flow was strictly corota- 
tional with Jupiter, whereas from 12 R/outward the plasma 
measurements in the dayside of the magnetosphere are incon- 
sistent with a flow that is strictly corotational [Bridge et al., 
1979; McNutt et al., 1979; McNutt and Belcher, this issue]. The 
plasma data discussed in this paper are most naturally inter- 
preted under the assumption that the warm toms plasma 
corotates out to about 7.5 R/but that strict corotation breaks 
down at this outer edge. This conclusion is in good agreement 
with that of Kaiser and Desch [1980], who find that the plasma 
at 8-9 Rj rotates around Jupiter at a rate 3-5% slower than the 
rotation of the planet. 

Initially, this paper discusses the details of positive ion mea- 
surements made in the inner magnetosphere; the analysis of 
those measurements to obtain plasma composition, flow 
speeds, and temperatures; and the assumptions made in the 
analysis. These results for the positive ions are then combined 
with the direct measurements of plasma electrons between 5.7 
and 9 R• [Scudder et al., this issue] and with a theoretical dis- 
tribution of plasma along dipolar magnetic field lines to con- 
struct a two-dimensional model of the plasma torus. The im- 
plications of the model about the nature of the plasma source 
at Io and about subsequent transport are discussed in later 
sections of this paper. Finally, in a preliminary investigation 
of the interaction of Io with the plasma toms, the speed of 
propagation for Alfven waves near Io has been calculated. 

MEASUREMENTS 

Instrument 

The Voyager plasma science instrument consists of a main 
sensor of three modulated-grid Faraday cups (A, B, C) sym- 
metrically positioned about an axis antiparallel to the space- 
craft Z axis, which generally points away from the earth, and 
a fourth cup (the side sensor, D) pointed at right angles to the 

Z axis. A full description of the instrument is given by Bridge 
et al. [1977]. Throughout most of the inbound leg of the tra- 
jectory, before 0500 UT on March 5, 1979, the side sensor was 
pointed into the azimuthal flow of plasma around Jupiter. As 
the spacecraft approached the planet, the viewing geometry 
changed rapidly so that after 0500 UT the main sensor was 
swept into the direction of corotational flow and then rapidly 
away after closest approach at 1204 UT. 

The response of the sensors to high sonic Mach number 
(>10) plasma flow at angles •<60 ø into the cups is pre- 
dominantly due to geometry [ Vasyliunas, 1971; see Belcher et 
al., 1980]. For flow at more oblique angles the response is 
more complex, and analysis of the data on the outbound leg 
through the torus is as yet incomplete, although it will be 
eventually extended to at least 1600 UT (7 R j). 

Positive ion measurements are made with each cup in the 
energy per charge range from 10 to 5950 V. In the high-reso- 
lution mode this voltage range is scanned in 128 steps with a 
resolution of--3.6%. The 128 steps are measured in 30.72 s 
with 96 s between adjacent scans. However, during the Jupiter 
encounter period, only 72 of the 128 steps were transmitted 
for any given 96-s measurement sequence. The two voltage 
ranges 10 to 750 V (steps 1 through 72) and 400 to 5950 V 
(steps 57 to 128) are transmitted alternately each 96 s. Hence it 
took 192 s to obtain a complete high-resolution spectrum. Any 
differences in the fluxes measured in the 16 overlapping chan- 
nels indicate variations in the ambient plasma within 96 s. 

Although the Voyager plasma detectors separate ions ac- 
cording to energy per charge, the addition of a velocity selec- 
tor converts the instrument into one which selects the ions in 

terms of mass per charge,/l/Z*. In much of the Jovian mag- 
netosphere the velocity selection is found by observation to be 
inherent; all ions corotate with the planetary magnetic field 
and have a common velocity perpendicular to, but not neces- 
sarily along, the field. In this circumstance, cold ions with dif- 
ferent values of/l/Z* appear as separate peaks in the energy 
per charge scan of the instrument. The derivation of plasma 
parameters in this case is particularly straightforward. 

Derivation of Plasma Parameters 

Consider a supersonic plasma in which all ions have the 
same average velocity but different values of atomic mass 
number to charge state,/l/Z*. In this case, different values of 
.d/Z* produce individual peaks in the energy per charge 
spectra and, providing that the spacecraft is uncharged, these 
peaks are separated by distances which are directly related to 
the different values of/l/Z*. 

A typical well-resolved spectrum from the C sensor at 5.3 
Rj is shown in Figure 2. The measured currents have been 
converted to a 'reduced' (one-dimensional) distribution func- 
tion, Fp, assuming all the particles are protons [see McNutt 
and Belcher, this issue]. If one assumes that all ions repre- 
sented by the peaks in Figure 2 are corotating with Jupiter, 
i.e., they have a common flow velocity •5 -- •1 x •, then the val- 
ues of A/Z* are uniquely determined. Assuming corotation, 
the dominant peaks in Figure 2 correspond to values of A/Z* 
of 8, 16, 32, and 64. A different assumption concerning the ve- 
locity would, of course, give different values of A/Z* which 
are, in general, impossible or implausible on physical grounds; 
thus the conclusion that the plasma in the cold region of the 
torus moves with the velocity of corotation rests on the phys- 
ical plausibility of the identifications of the spectral peaks in 
the spectrum of Figure 2 and in many similar spectra. 
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Fig. 2. An example of part of a high-resolution energy per charge 
spectrum from the inner (cold) torus showing peaks corresponding to 
ions with mass to charge ratios (A/Z*) of 8, 16, 32, and 64. Any 
protons (A/Z* = 1) would come below the voltage threshold of the 
instrument (10 V). This spectrum was made at 1016 UT. 

In this discussion we have assumed that the potential of the 
spacecraft is zero. In fact, the spacecraft charge is not zero, 
and a given peak in the energy per charge spectrum is dis- 
placed by an amount proportional to the spacecraft potential 
multiplied by A/Z*; i.e., the effect is greatest for lighter ions. 
A comparison of the location of the well-resolved peaks in the 
spectra at A/Z* values of 8, 16, and 32 indicates a spacecraft 
charge of 8 +_ 5 V in the inner torus. In the outer (warm) torus, 
where the spectral peaks overlap, it is not possible to measure 
the potential of the spacecraft directly. However, values as 
large as 40 V would introduce errors in relative abundances of 
the positive ionic species which would be smaller than the ac- 
tual uncertainties in their determination due to model depen- 
dences. The possibility of the spacecraft having a potential of 
a much greater magnitude is discounted because of the close 
agreement in the values of the total charge density as deter- 
mined by the plasma positive ion measurements with the val- 
ues determined from observations of plasma waves by the 
Planetary Radio Astronomy experiment (as illustrated below). 

Analysis of the resolved spectra in the cold region of the 
torus proceeds as follows. Each energy per charge spectrum is 
converted to the corresponding velocity distribution function 
and is analyzed using a simultaneous fit to a sum of convected 
isotropic Maxwellian distribution functions with the sum over 
the assumed values of A/Z*. It is assumed that all species 
have a common bulk velocity. Spectra with well-resolved 
peaks (such as that shown in Figure 2) are well fit by this pro- 
cedure assuming the peaks are at values of A/Z* -- 8, 16, 32, 
and 64. For each ionic species the fit determines the number 
density and thermal speed; it also determines for all species a 

common component of velocity in the direction normal to 
each plasma sensor. For those cases where simultaneous 
spectra are available from the A, B, and C sensors, this proce- 
dure yields three components of the plasma velocity vector 
and three independent measurements of density and thermal 
speed. 

Unfortunately, single peaks do not always correspond to a 
single ionic species, and the determination of kinetic temper- 
atures is complicated for this reason. The most troublesome 
example in the Io torus and throughout the magnetosphere is 
at A/Z* -- 16, the common ratio for S 2+ and O +. In this ex- 
ample and under the assumption that the ions are isothermal, 
the width of the O + peak is larger than that of the S 2+ peak, 
and the experimental data can be fitted by suitable proportions 
of the two ions. For the spectrum in Figure 2 this procedure 
yields the fit shown in Figure 3. A fit which separates S 2+ and 
O + is, of course, not possible if the thermal speeds of S 2+ and 
O + are equal. However, in the region where spectral peaks are 
well resolved, the peaks at A/Z* equal to 8 and 32 are pre- 
sumably dominated by 0 2+ and S + ions (although there could 
in principle be contributions from S 4+ and 02 + or SO22+, re- 
spectively). If the peaks at 8 and 32 correspond to 0 2+ and S + 
ions, then they appear to have equal temperatures. Therefore 
the data in the cold region of the torus have been analysed as- 
suming that the ions are isothermal, so that S 2+ and O + can be 
separated in the cold torus. 

Outside about 5.5 R• the ions are warmer. Individual peaks 
are usually not resolved, and there is no direct evidence that 
the plasma is isothermal or that it moves with the corotational 
velocity. Thus in the warm region of the torus the results of 
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Fig. 3. The energy per charge spectrum made in the C cup of the 
main sensor at 1016 UT (5.3 R•), March 5, 1979. The data are shown 
as a histogram, and the fit to the current in each measurement channel 
is shown by crosses. The individual Maxwe!lian distributions of each 
ion that make up the reduced proton distribution function of the fit 
are shown by the curved lines. 



8450 BAGENAL AND SULLIVAN: DIRECT PLASMA MEASUREMENTS IN Io TORUS 

[6 4 

0859'5 MARCH 1979 

z 55 ol 

g 

g 
o 

• 56 
x 

x 

3OO 

sol 

0 600 900 1200 

ENERGY PER CHARGE (VOLTS) 

Fig. 4a. The C cup energy per charge spectrum for 0859 UT on 
March 5, 1979 (6.0 R]), which has been fitted under the assumptio• 
that all the ions are corotating with Jupiter and have the same temper- 
ature. The data are shown as a histogram, and the fit to the current in 
each measurement channel is shown by crosses. The individual Max- 
wellian distributions of each ion that make up the reduced proton dis- 
tribution function of the fit are shown by the curved lines. 

plot. After 1000 UT in the cold inner torus, three peaks stand 
out in the energy per charge spectra at A/Z* -- 32, 16, and 8; 
the relative amplitudes of these peaks vary systematically; 
maximum values for the individual ionic species occurred at 
1030, 1050, and 1130 UT, respectively. Before 0930 UT in the 
outer torus the spectra are characterized by a single broad 
peak in F•, at about A/Z* -- 16. Noise due to interference 
from another instrument on the spacecraft causes the notch 
near 20 V in many of the 160 positive ion spectra displayed. 
The measured currents reached the saturation level for only 
one spectrum (at 0937 UT), which shows up as a spike at 300 
V in this figure (the saturated channels are not plotted). The 
back panel shows, as a function of time, the positive charge 
density determined from fits to each spectrum assuming only 
ions with A/Z* between 8 and 64 are present. The local max- 
ima in the charge density profile at 0902, 0924, and 1016 UT 
are labeled as peaks 1, 2 and 3, respectively. 

Charge Density 

To preserve local charge neutrality, the total positive charge 
density must equal the electron density; thus measurements of 
the positive charge density should equal the total electron 
number density assuming that the contribution of ions with 
A/Z* < 8 (i.e., ions below the energy per charge threshold of 
the instrument) is negligible. A radial profile out to 9 R• of the 
electron density determined from fits to the positive ion 
spectra and from the Planetary Radio Astronomy (PRA) ex- 
periment [Birmingham et al., this issue] is shown in Figure 6. 
There is close agreement between the two measurements over 
the entire region, indicating that most of the ions have A/Z* 
> 8. Again, the three local maxima are labeled as in the pre- 
vious figure. 

the fitting procedure depend critically on assumptions con- 
cerning (1) the composition, (2) the temperature, and (3) the 
bulk motion. The range of uncertainty in these parameters is, 
of course, limited by arguments of physical plausibility. Re- 
sults of the fitting procedure in the warm torus and the pos- 
sible range of parameters which are consistent with the data 
are discussed in detail in subsequent sections. An example of 
the fit to the data in this region is shown in Figure 4a (isother- 
mal) and Figure 4b (common thermal speed); for both cases it 
was assumed that the composition was represented by the five 
species shown in the figure and that the bulk motion was fully 
corotational. The results illustrate the sensitivity of the rela- 
tive abundances of S 3+ and 0 2+ to the thermal model used in 
the fit. 

Finally, it should be emphasized that the volume density of 
charge and the volume density of mass associated with a re- 
solved spectral peak at some value of A/Z* can be obtained 
directly from the analysis and that these quantities do not de- 
pend on ionic composition or charge state of the ions in the 
peak [Sullivan and Bagenal, 1979; McNutt and Belcher, this is- 
sue]. 
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GENERAL SURVEY OF THE DATA 

A comprehensive display of plasma data obtained in the 
torus between 7 and 5 R• (corresponding to the portion in the 
trajectory shown by the thickened line in Figure 1) is shown 
in the three-dimensional plot of Figure 5, where F•, is plotted 
against (spacecraft event) time and energy per charge. All of 
the 160 spectra obtained in this period are included in the 
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Fig. 4b. Same spectrum as Figure 4a with the fit made under the 
assumption that all the ions are again corotating but have a common 
thermal speed instead of being isothermal. 
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Fig. 5. A three-dimensional plot of reduced proton distribution function against energy per charge for spectral mea- 
surements made in the C cup of the main sensor between 0730 UT (7 R•) and 1145 UT (4.9 R•) on March 5, 1979. A total 
of 160 spectra are shown. Two spectra are omitted every 48 min, as the instrument was in a different measurement mode. 
Every tenth spectrum is emphasized with a darker line. The back panel shows the total positive charge density as a func- 
tion of time determined from fits to the corresponding spectra. 

The outer edge of the Io plasma torus is indicated by the 
rapid increase in density measured by both instruments as the 
spacecraft moved inside 7.5 R•. The density built up to a 
broad maximum around the orbit of Io at 5.95 R• (peak 1). 
The density then had a sharp peak of 3100 cm -3 at 5.7 R• 
(peak 2), well inside Io's L shell; PRA recorded a peak density 
of 3500 cm -3 around this time. However, there were few mea- 
surements of such large values, and these were all measured 
near 5.75 R•. The bulk of the core of the torus had a charge 
density from 1000 to 2000 cm -3. Radially inward of 5.7 R• the 
charge density dropped rapidly by a factor of ~5 to a value of 
~740 cm -3. As the spacecraft moved through the cold inner 
part of the torus, the charge density reached a second maxi- 
mum of 1740 cm -3 at 5.3 R• (peak 3) before rapidly decreasing 
by an order of magnitude as the spacecraft made its closest 
approach to Jupiter at 4.89 R•. 

Outside the torus (>7.5 R•) the value s of charge density de- 
termined from the positive ion measurements closely match 
electron densities directly measured by the plasma instrument 
[Scudder et al., this issue]. However, in the warm torus (5.7 to 
7.5 R•) the spacecraft probably has a small negative charge 
which introduces uncertainties in the determination of the 

electron density from the Plasma Science experiment electron 
data. In the cold inner torus the energy per charge of the bulk 

of the electrons was below the threshold of the plasma in- 
strument. 

Temperature 

In the inner torus, independent determinations of the ther- 
mal speed for each ionic species from the well-resolved peaks 
in the spectra from all three cups of the main sensor indicate 
that the positively charged component of the plasma is pre- 
dominantly isothermal at temperatures of a few electron volts 
or less. To interpret the spectra obtained in the outer part of 
the torus where the spectral peaks overlap, it is necessary to 
assume something about the thermal state of the plasma. The 
obvious association of the plasma torus with Io suggests that 
ions are produced by ionization of neutral atoms or molecules 
which have come from the satellite. When neutrals leave Io 

and are ionized, they experience a Lorentz force due to their 
motion relative to the corotating magnetic field; this force 
causes the ions to gyrate about the magnetic field at a speed 
equal to the magnitude of the neutral's initial velocity in the 
rest frame of the surrounding plasma and also causes the par- 
ticles' guiding centers to move with the field. $iscoe [1977] has 
considered the pickup process in detail and predicted a 'tin 
can' velocity space distribution for each ionic species pro- 
duced in this way. However, the observed torus densities are 
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Fig. 6. Radial profile of in situ measurements of charge density. 
The plasma science measurements (solid circles) are of the positive 
charge derived from fits to positive ion energy per charge spectra. The 
planetary radio astronomy data (triangles) from Birmingham et al. 
[this issue] are electron density determined from the cutoff frequency 
of plasma wave modes (the uncertainties in the PRA determinations 
are shown by vertical bars). 

much higher than those considered by Siscoe, so that colli- 
sions are consequently much more important. The effects of 
collisions over increasing time scales are first, to make the ve- 
locity distribution of each ionic species isotropic, second, to 
produce equipartition of energy for each species, and even- 
tually to produce equipartition of energy between ions of dif- 
ferent mass so that the plasma becomes isothermal. A sim- 
plistic model of an intermediate stage in this thermalization 
process has been made by giving the different ionic species a 
common 'thermal' speed. 

Figure 7 shows the radial temperature profile determined 
from fits to the data with uncertainty limits due to model de- 
pendencies. The average ion temperature is plotted for the 
common thermal speed models. The outer torus had a fairly 
constant temperature of (6 _+ 1.5) x 105 K (~50 eV), consid- 
erably less than that expected if the gyro-speed was equal to 
the full corotational value. The temperature slowly increased 
with distance from Jupiter in the inner magnetosphere, 
though further out in the middle magnetosphere there are 
considerable variations in plasma temperature including val- 
ues less than the temperatures in the outer torus [McNutt and 
Belcher, this issue]. Moving inward through the torus, the tem- 
perature decreased sharply inside 5.7 R•, dropping by a factor 
of 50 to less than 1 eV. This sharp transition is the division be- 
tween the inner (cold) torus and the outer (warm) torus and 
occurs in the same region that the plasma density decreased 
by a factor of 5. 

Throughout the torus, significant particle fluxes were de- 
tected at energies well above the energy of the bulk of the 
plasma. For example, Figure 8 shows the spectrum at 5.4 R• 
(1000 UT). This spectrum was previously presented by Sulli- 
van and Bagenal [1979] to illustrate the initial interpretation of 
these high-energy fluxes as small quantities of molecular ions 
with A?Z* ratios of ~ 104 and ~ 160. This interpretation was 
made under the assumptions that all the plasma had a com- 
mon bulk velocity and a single thermal state. An alternative 
interpretation is possible if the plasma is not characterized by 
a single thermal state. There is a sharp cutoff in the energy per 
charge spectrum above which the fluxes become negligible. 
This cutoff in the spectrum may be indicative of ions which 
have been recently ionized and hence have a non-Maxwellian 
distribution. This cutoff at 1400 V corresponds to the energy 
per charge of freshly ionized S + ions with a gyro-speed of 59 
kan s-' and a component of corotation into the sensor of 33 
kan s-'. Lighter ions such as oxygen would have lower cutoffs 
and may correspond to features in the spectra such as the 
shoulder previously interpreted as being due to ions with A/ 
Z* = 104. From 0937 UT (5.8 R•) onward until periapsis, all 
the spectra have a similar cutoff. Outside 5.8 R• (before 0937 
UT) the spectra do not have a high-energy cutoff below 6 
KeV. This absence of a cutoff suggests that in the outer region 
of the torus the plasma has gained energy via a mechanism 
other than recent ionization. Alternatively, it is possible that 
the high-energy tail might be due to very heavy ions with 
A/Z* > 300. 
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Fig. 7. Radial profile of ion temperature derived from fits to the 
positive ion energy per charge spectra. The crosses are from the fits 
where the ions are assumed to have the same temperature. With the 
common thermal speed model the average ion temperature has been 
calculated assuming the .4/Z* -- 16 spectral peak to be all S 2+ (solid 
circles) or all O + (open circles). 
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Bulk Motion 

In fitting the positive ion spectra, it is necessary to assume 
either a bulk flow or a particular composition. In the cold in- 
ner torus, assigning the three main peaks A?Z* ratios of 8, 16, 
and 32 suggests that the ions had the same average component 
of velocity into each sensor and that value was within 1% of 
the value expected for corotation (compare Figure 3). Since 
all three cups of the main sensor collected large fluxes at this 
time, the components of the bulk velocity of the plasma into 
each cup can be combined to construct the velocity vector of 
the plasma flow. When these in situ flow velocity measure- 
ments were combined with the local magnetic field measured 
by the Voyager magnetometer (iN. F. Ness, private communi- 
cation, 1979), the plasma had a small field-aligned component 
in the same direction as the magnetic field. Measurements of 
the plasma flow velocity vectors will be discussed in a future 
publication. 

Outside the toms at radial distances greater than 12 
there are several well-resolved peaks in the energy per charge 
spectra which could not be associated with any reasonable 
combination of A/Z* values if the plasma is taken to be coro- 
tating [Sullivan and Bagenal, 1979; McNutt et al., 1979; 
McNutt and Belcher, this issue]. Figure 9 shows the last high- 
resolution spectrum with well-resolved peaks which was ob- 
served at 11.8 R j, well before the spacecraft entered the toms. 
A consistent assignment of A/Z* ratios of 1, 8, 10273, 16, 23, 
and 32 indicates the plasma is moving at about 80% of the co- 
rotational speed. Therefore the assumption of full corotation 
of the plasma must break down somewhere between 5.4 and 
12 Rj. 

Between 5.5 and 9 Rj the energy per charge spectra of the 
positive ions (Figure 5) are generafly dominated by a single 
broad peak in F•,, and there is an additional uncertainty in any 
fitting procedure. In the fits to data taken in this region (com- 
pare Figure 4) the plasma has been assumed to be corotating, 
and the bulk speed was not a parameter of the fit. Allowing 
the bulk speed to be a free parameter of the fit in the warm 
toms produces values which are consistent with corotation, 
though deviations of up to 10% are not ruled out. Just outside 

the torus, if the component of bulk flow into the cup is made a 
free parameter in the fit, the resulting value is usually found 
up to 10% below the corotation value, though the fits are by 
no means unique. Figure 10 shows the fit to a spectrum at 
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Fig. 9. The energy percharge spectrum • the D cup (side sensor) 
at 0150 UT, March 5, 1979 (11.6 Rj). The position of the spectral peak 
due to ions •th A/Z* = 16 and a bulk velocity •rrespond•g to co- 
rotation is shown (by the arrows) to be at a •nsiderably higher en- 
ergy per charge than that detemined from the fit to the obse•ed 
spectrum. The data are shown as a •stogram, and the fit to the cur- 
rent in each measurement cha•el is shown by crosses. The individual 
Maxwellian distributions of each ion that make up the reduced proton 
distribution function of •e fit are shown by the cu•ed lines. 
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Fig. 10a. The energy per charge spectrum in the C cup at 0527 
UT, March 5, 1979 (8.6 Rj), which has been fitted assuming all the 
ions have the same thermal speed and have a bulk velocity corre- 
sponding to corotation with Jupiter. The data are shown as a histo- 
gram, and the fit to the current in each measurement channel is shown 
by crosses. The individual Maxwellian distributions of each ion that 
make up the reduced proton distribution function of the fit are shown 
by the curved lines. 

0527 hours (8.4 Rj) assuming the plasma flow is fully corota- 
tional (Figure 10a) and 90% of the corotational value (Figure 
10b). The corotational fit produces a larger proportion of 0 2+ 
ions than that found under the same assumptions closer to Ju- 
piter (e.g., at 0859 in Figure 4). Allowing a 10% deviation of 
the flow from full corotation produces a composition more 
similar to that at 0859. Following a similar procedure at 0720 
(7 R•), the fit with 90% corotational flow produced relatively 
large proportions of SO2 + ions. It seems quite reasonable that 
corotation should break down between 7 and 8 R•, as this re- 
gion coincides with the outer edge of the torus at 7.5 R•. Addi- 
tional evidence of the deviation of the plasma flow from coro- 
tation at 8-9 R• is found in the plasma wave observations of 
Kaiser and Desch [1980]. 

The plasma parameters discussed in this paper have been 
derived assuming full corotational flow between 5.4 and 7.5 
R j, allowing <10% deviation from corotation between 7.5 and 
9 R• and using the spectral peaks to determine flow speed in 
the remaining regions. 

Composition 

Throughout the inner magnetosphere there is considerable 
variation in the relative abundances of the different ionic spe- 
cies that compose the positively charged component of the 
plasma. The spectra in Figure 5 illustrate the varied nature of 
the plasma in the inner magnetosphere. For example, in the 
inner part of the torus a comparison of the spectrum in Figure 
11 taken at 4.96 R• with the spectrum in Figure 3 taken at 5.3 

R• shows the considerable variation in composition in the re- 
gion. The variability in relative abundance is less marked in 
the outer torus and further out in the plasma sheet of the 
middle magnetosphere. 

The existence of resolved spectra at both larger and smaller 
radial distances suggests that the broad spectral feature ob- 
served between 5.7 and 12 R• consists of the sum of peaks cor- 
responding to a similar set of ionic species. Ions at higher tem- 
peratures have wider distribution functions and hence may 
combine together to form a single broad spectral peak. There 
is additional evidence for the presence of several ionic species 
from the shoulder at higher energy per charge due to ions of 
A/Z* = 64 and from variations in the shape of the broad peak 
when the plasma cools sufficiently to make two peaks dis- 
cernible. If the single peak in the outer torus did in fact corre- 
spond to just one corotating ionic species, then it would have 
an A/Z* ratio of • 14 and a temperature of • 150 eV. How- 
ever, the distributions are poorly represented by a single Max- 
wellian function. The evidence for several different ionic spe- 
cies at these radial distances is consistent with observations of 

substantial intensities of ultraviolet radiation emited by S 3+, 
S 2+, and 0 2+ [Broadfoot et al., 1979] as well as the ground- 
based optical observations of S + and O + [Pileher, 1979; Pileher 
and Morgan, 1979]. 

Table 1 presents in situ densities of various ionic species de- 
termined from fits to energy per charge spectra at 4.96 and 5.3 
Rj (in the inner (cold) toms), 6.0 R• (in the warm (outer) 
toms), just outside the torus (8.6 R•), and at four of many lo- 
cations in the middle magnetosphere plasma sheet where 
there are well-resolved spectral peaks (11.8, 20, 28, and 42 R•). 
Each of these eight positive ion spectra is representative of the 
plasma in these respective regions. At 6.0 and 8.6 R• the re- 
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Fig. 10b. Same spectrum as Figure 10a fitted assuming the ion 
bulk velocity to be in the direction of corotation but only 90% of the 
corotational value. 
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Fig. 11. The energy per charge spectrum made in the C cup at 
1120 UT, March 5, 1979 (,-•5 Rj). The data are shown as a histogram, 
and the fit to the current in each measurement channel is shown by 
crosses. The individual Maxwellian distributions of each ion that 

make up the reduced proton distribution function of the fit are shown 
by the curved lines. 

•ults of fitting the spectra under each thermal model are tabu- 
lated. For example, the spectrum at 0859 in Figures 4a and 4b 
shows that both thermal models pick out the main peak at A/ 
Z* -- 16 as the dominant contributor. When all the ions are 

assumed to have a common thermal speed, the low-energy 
shoulder to the peak is best fitted with S 3+ at A/Z* -- 102/3 
rather than 0 2+ at A/Z* -- 8 as in the case of the common 
temperature assumption. The shoulder at higher energy 
per charge is largely at/l/Z* -- 32 (S + or 02 +) in both cases. If 
the A/Z* -- 16 peak in the common thermal speed fit is all 
S 2+, then the composition is almost entirely sulphur ions at a 
temperature of ~40 eV. Alternatively, if the peak at/l/Z* -- 
16 is all O +, the plasma would have a lower average temper- 
ature (~20 eV). The common temperature fit produces a tem- 
perature of 28 eV and includes both S 2+ and O +. 

The discussion above has been confined to the ionic species 
that dominate the plasma in number density. There is also 
evidence for various minor species. Sometimes there is a re- 
solved spectral peak such as the proton peak in Figure 8, the 
SO2 + peak in Figure 3, or the Na + peak in Figure 1 of Sullivan 
and Bagenal [1979]. At other times the minor species may pro- 
duce a shoulder on the edge of a spectral peak (for example, 
SO2+). Finally, upper limits can be put on the densities of ions 
which come between two resolved spectral peaks as illustrated 
for Na + and SO + in Figure 3. When fitting a gap in a spec- 
trum between two peaks, the minor ionic species is chosen for 
its plausibility. An upper limit for the density of any other 
ionic species with a similar/l/Z* ratio could be determined in 
the same way. 

In the middle magnetosphere, protons compose up to ~30% 
of the number density, their importance increasing with dis- 
tance away from the plasma sheets [McNutt and Belcher, this 
issue]. In the inner magnetosphere the kinetic energy of pro- 

TABLE 1. Composition of the Plasma in the Dayside Magnetosphere of Jupiter 

March 5 March 4 

March 3, 
1120 UT, 1016 UT, 0859 UT, 0527 UT, 0150 UT, 1550 UT, 0505 UT, 1031UT, 

A/Z* Ion 4.96R• 5.3 R• 6.0 R• 8.6 R• 11.7 R• 20 R• 28 R• 42 R• 

1 H + 
8 0 2+ 

10 S 3+ 

16 S 2+ 

16 O + 

23 Na + 
32 S + 

48 SO + 

64 SO2 + 

Vc 

2.2 0.21 0.06L 0.06L 

48 26 160 28 20 1.5 0.10* 0.03' 0.03' 
ß .. 26* 9* 

<5.6 <3.5 27 ... 0.5 0.6 0.09* 0.05' 0.04' 
170* ... 11' 

14 39 430 ... 19 2.2 0.39• 0.17• 0.10'• 
560 16t 12t 

350 250 130 34 ... 2.9 0.78• 0.35• 0.20• 
1100-• 32p 24p 

<21 <72 0.08* 0.05* 0.02* 
91 1100 430 8 28 1.4 0.09* 0.07* 

470* 11 * 23' 
<2 <8 

3.5 13 73 7 7 
8* 8* 8* 

62 66 75 108 148 251 351 527 
1.0 1.0 1.0 1.0 0.9 0.77 0.76 0.49 0.43 

L, determined from low-resolution spectra [McNutt and Belcher, this issue]. All densities (in cm -a) are derived from the isothermal model for 
the ions unless otherwise noted. Vc is in kilometers per second. 

*From constant thermal speed model. 
'•From constam thermal speed model when A/Z* = 16 spectral peak is assumed to be all S 2+. 
•:From constant thermal speed model when A/Z* = 16 spectral peak is assumed to be all O +. 
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tons is generally insufficient to produce measurable fluxes 
above the energy per charge threshold of the plasma in- 
strument. However, there are a few spectra before closest ap- 
proach (where the cold plasma flows directly into one of the 
cups) with a feature which might be the tail of a distribution 
function in the lowest channels, below the well-resolved A/Z* 
-- 8 spectral peak. If this feature corresponds to either H + or 
He '-+ ions with the same temperature as the heavy ions, then a 
fit to the data gives density estimates of • 16, or 1.8 cm -3. This 
is about 3%, or 0.4% of the total ion number density. These 
values should be regarded with extreme caution because the 
density is estimated from the tail of the distribution, since the 
data do not include the peak. 

The well-resolved spectral peaks tbund in cold regions of 
the middle magnetosphere suggest sodium ions form about 
10% of the ionic composition with densities a little less than 
those of ions with A/Z* -- 32. In the inner torus, filling the 
gap between the peaks at A/Z* = 16 and 32 with the appro- 
priate amount of A/Z* = 23 suggests that sodium is relatively 
less abundant closer in, forming less than -5% of the ion com- 
position. From the densities in the middle magnetosphere and 
a simplified model of steady state flux tube interchange diffu- 
sion [Siscoe, 1978], a sodium ion source strength of the order 
of 1025 ions s -l has been derived. This value is consistent with 

the calculations of Smyth and McElroy [1978] based on optical 
measurements of the neutral sodium gas cloud around Io. It 
should be noted that these relative abundances for sodium are 

measurements made along the spacecraft trajectory and that 
the variation in their value may be due to effects of magnetic 
latitude as well as radial distance. 

There is often a well-defined spectral peak corresponding to 
A/Z* = 64 (Figure 3) which is probably SO2 + (or maybe S2 +, 
which has the same A/Z* ratio). Fitting the A/Z* -- 64 peak 
at 5.3 Rj produces a density of - 13 cm -3, which is <1% of the 
ion population. When the plasma becomes too hot for sepa- 
rate spectral peaks, then the density of the ion with A/Z* = 64 
(taken to be SO2 +) can be found from a well-defined shoulder. 
The SO2 + density in the warm torus has a maximum value 
around Io's orbit of -8 cm -• (<1% of the ions) for the com- 
mon thermal speed model and ~73 cm -• (•5.5% of the ions) 
for the isothermal model. The relative abundance of SO2 + in- 
creased outside the torus to • 10% at 8.6 Rj before the A/Z*-- 
64 peak disappeared above the energy range of the in- 
strument. Filling the gap between the S + and SO2 + peaks in 
the 1016 UT spectrum (Figure 3) produces an upper limit of 8 
cm -• (-0.5% of the ions) for SO +. 

Finally, it should be noted that the upper limits on the den- 
sities of minor species discussed above are speculative and 
some of these spectral features could well be due to alternative 
minor ionic species to those suggested or due to non-Max- 
wellian components in the distribution of the major ions. 

SPATIAL VARIATION OF PLASMA PROPERTIES 

Model of the Toms 

A two-dimensional model of the torus can be constructed 

from the in situ density measurements made along the space- 
craft trajectory by assuming the distribution of plasma along 
the magnetic field lines. Warwick et al. [1979] took the elec- 
tron densities determined from radio data (PRA experiment) 
obtained on both inbound and outbound legs of the trajectory 
and drew contours of constant density in a meridional plane 
by assuming the torus to be symmetric both azimuthally and 
about the magnetic equator. Bagenal et aL [1980] inserted the 

ion temperature determinations from inbound measurements 
into a simple expression for an exponential scale height dis- 
tribution and extrapolated the in situ ion density measure- 
ments along dipolar magnetic field lines. Azimuthal symmetry 
was again used with mirror symmetry about the centrifugal 
equator to construct meridional contour maps of ion and elec- 
tron densities. In this paper the azimuthal symmetry assump- 
tion is removed, the maximum radial distance has been in- 
creased from 7 to 9 R•, and measurements of the temperature 
of the electron population [Scudder et al., this issue] have been 
included outside 5.7 R•. The resulting two-dimensional model 
of the torus reflects a more realistic geometry for the magnetic 
field and includes the significant interaction between the dif- 
ferent ionic species as well as their interaction with the elec- 
trons. 

The details of the method used to extrapolate the plasma 
measurements are discussed in the appendix. The exponential 
scale height distribution of Hill and Michel [1976], previously 
applied to some of the plasma data [Bagenal et al., 1980], has 
been replaced by expressions which include the electrostatic 
interaction between different ionic species. However, the con- 
cept of a 'scale height' is a useful one, so it has been used to 
give an approximate idea of how rapidly the density varies 
with distance from the centrifugal equator. 

A centered tilted dipole magnetic field has been used to de- 
termine the geometry of a field line in the meridional plane at 
the instantaneous longitude (System III) of the spacecraft at 
the time of each measurement on the inbound leg of the tra- 
jectory. Then the plasma density and temperature along the 
instantaneous field line is computed using the expressions de- 
rived in the appendix to extrapolate the local charge density. 
Finally, by linearly interpolating between the calculated den- 
sities, the plasma densities have been mapped out on a surface 
that makes a cross section of the toms. The surface includes 

the inbound spacecraft trajectory and the dipole magnetic 
field line associated with the location of the spacecraft at the 
time of each measurement. The resulting contour map of total 
charge density on this surface is shown in Figure 12 as a plot 
of density as a function of radial distance from the center of 
Jupiter and distance from the centrifugal symmetry surface 
(centrifugal equator). The apparent asymmetry about the cen- 
trifugal equator is due to the geometry of the tilted dipole. 
While both the inbound and outbound trajectories of the 
spacecraft are shown, the map is based solely on data ob- 
tained on the inbound pass. 

Outside the toms (>7.5 Rj) the plasma had a fairly uniform 
low density of ~ 100 cm-L As Voyager 1 moved radially in- 
ward, the density rapidly increased as the spacecraft entered 
the torus (at •7.5 R j) from below the centrifugal equator. Af- 
ter crossing the equator at •7.1 R j, the spacecraft remained 
less than 0.15 Rj above and traversed the core of the warm 
toms, passing over the small region of the peak torus density 
(-•3000 cm -3) at 5.8 Rj, which corresponds to the sharp spike 
(peak 2) in the in situ density profile (Figure 6). The plasma in 
the outer part of the toms was warmer and hence spread away 
from the equatorial maximum with an effective exponential 
scale height of • 1 Rj. Inside the sharp temperature drop at 5.7 
Rj the plasma was cold and hence closely confined to the cen- 
trifugal equator with an effective scale height of <0.2 Rj. The 
centrifugal equator was crossed again in the locality of the 
peak density in the inner torus at •5.3 Rj (peak 3). 

The two-part nature of the plasma toms is apparent in Fig- 
ure 12 and in the radial profiles of charge density (Figure 6) 
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Fig. 12. Contour map of positive charge density as a function of 
radial distance from the center of Jupiter and height from the centrif- 
ugal equator. The map has been constructed from plasma measure- 
ments made along the inbound spacecraft trajectory (dashed lines) by 
using a theoretical expression for the distribution of plasma along 
dipolar field lines. 

and ion temperature (Figure 7). Between the two parts of the 
toms the spacecraft passed through a transition region, where 
there was a sharp temperature gradient of ,•7 x 105 K Rj -•. 
The transition region around 5.5 Rj is also one of the three re- 
gions where whistler mode plasma waves were observed by 
the Voyager 1 plasma wave science (PWS) experiment [C, ur- 
nett et al., 1979]. The other two regions were at ,•6 Rj on both 
inbound and outbound legs of the trajectory. The measured 
frequency dispersion of the whistlers is largely determined by 
the density of electrons in the plasma through which these 
waves have propagated. Gurnett et al. [this issue] conclude that 
the dispersion of these whistlers suggests there are consid- 
erably more electrons between the point of measurement and 
the source of the whistlers in the ionosphere of Jupiter than 
are accounted for in this model of the toms. If there are addi- 

tional electrons, they could be associated with light ions such 
as protons which would not be as closely confined to the cen- 
trifugal equator as the heavy ions. These light ions would 
have larger effective scale heights so that they would form a 
small proportion of the plasma near the equator (where the 
measured total positive charge density is very close to the elec- 
tron density) but could dominate the ion composition closer to 
the planet. Determining the density of ions outside the toms 
region might give an estimate of the importance of the iono- 
sphere of Jupiter as a source of plasma for the magnetosphere. 

Radial Structure 

Although the plasma detector was less favorably oriented 
on the outbound traversal of the torus, considerable fluxes 
were measured. The global structure on the outbound pass 
was found to be very similar to the inbound (for a three-di- 
mensional plot of the outbound data analogous to Figure 5, 
see Belcher et al. [this issue]). Although a similar global struc- 
ture was indicated by both inbound and outbound passes 
through the torus, the lower density measured during the out- 
bound passage is due to the greater distance of the spacecraft 
from the centrifugal equator. This effect is especially notice- 
able in the inner torus, where the effective scale height is 
small. 

The magnitude and location of the three local density max- 
ima (peaks 1, 2, 3) and the location of the transition region 

and the outer boundary are shown in Table 2. The local den- 
sity maxima on the outbound trajectory have been found 
from the PRA and plasma profiles; peak 3 outbound does not 
correspond to the close approach to the Io flux tube [Belcher 
et al., this issue]. Although the radial distances of the first and 
second peaks vary by 0.2 R• between the inbound and out- 
bound passes, the L shells of the maxima nearly coincide 
when the offset of the magnetic dipole from the center of Jupi- 
ter is taken into account. If the offset of the field were ne- 

glected, then the electron densities determined by Birmingham 
et al. [this issue] would be larger than the values along the out- 
bound trajectory shown in Figure 12 by about a factor of 2 at 
,•6 Rj and to a lesser extent further out. The effect of includ- 
ing the dipole offset is to change the apparent outbound tra- 
jectory shown in Figure 12 with the result that the electron 
densities (Table 2) predicted from the inbound plasma data 
are in good agreement with those determined by Birmingham 
et al. [this issue]. 

Azimuthal Structure 

In the two-dimensional model of the torus of Figure 12 
there is no information about azimuthal structure because 

each measurement was made at a different System III longi- 
tude. With a more sophisticated analysis of the outbound 
plasma data, it will be possible to compare plasma parameters 
at the same L shell but at two System III longitudes as much 
as •170 ø apart and at two local times as much as 9 hours 
apart. 

Significant variations of plasma properties with System III 
longitude of Jupiter are evident from ground-based optical 
observations [Morgan and Pilcher, 1978; Trauger et al., 1980; 
Trafton, 1980]. The optical emission is mainly from S + ions in 
the cold region of the torus which were sampled by Voyager 1 
in a small range of System III longitudes. From many observa- 
tions made between 1976 and 1979, Trafton [1980] showed the 
emission to be enhanced as much as a factor of 5 at longitudes 
around ,•260 ø. Morgan and Pilcher [1978] saw increased emis- 
sion at similar longitudes in early 1978. However, Trauger et 
al. [1980] report that on a single night in 1976 there was a 
comparable depletion in the emission at -•280 ø System III lon- 
gitude which may reflect fluctuations in the plasma torus due 
to spurts of volcanic activity on Io. 

Longitudinal variations in the ultraviolet emissions from the 
outer (warm) torus are not evident from the Voyager data, 
though the experimenters report that the emission intensities 
from the dusk quadrant (local time) are enhanced by a factor 
of,•2 [Sandel, 1980]. As these variations in emission with Sys- 
tem III longitude and local time are not reflected in the plasma 
ion measurements, they may be caused by changes in the ther- 
mal properties of the electrons. 

Small-Scale Variations 

There are several occasions when the plasma was found to 
vary over a very short time scale. For example, saturated 
spectra were found for all three cups of the main sensor at 
0937, when the magnitude of the single spectral peak was de- 
creasing. Comparison of several spectra before and after 0937 
UT suggests that if this anomalous spectrum was due to a var- 
iation in plasma flow, then the major perturbation lasted for 
•< 100 s. There was also a considerable change in the character 
of the spectra as discussed above. 

If it was a feature corotating with the surrounding plasma, 
then this limited duration converts to a spatial scale of ,•5000 
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TABLE 2. Regions of the Torus 

Time L Shell 

UT LT R, R• 3, III, deg Centered Offset --3 
ne, cm Experiment* 

Outer boundary 
In bound 0630 1500 7.7 128 7.7 7.6 
Outbound --. 1700 2400 7.2 15 7.5 7.5 

Peak 1 (warm) 
Inbound 

Outbound 

Peak 2 (warm) 
Inbound 

Outbound 

Warm 

0902 1445 5.90 197 5.94 5.87 

1445 2245 5.70 317 5.79 5.89 

0924 1600 5.69 206 5.72 5.66 

1420 2200 5.49 307 5.55 5.64 

Transition region (cold) 
Inbound 0945 1630 5.5 215 5.5 5.5 
Outbound 1400 2210 5.3 300 5.4 5.5 

Cold 

Peak 3, 
Inbound (cold) 1016 1730 5.27 225 5.27 5.28 

2160 

2170 

15oo +_ 5ol- 
1650 

3130 
3500 

1600 _+ 50'[' 
1950 

1740 

1750 

PLS 
PRA 
PLS 
PRA 

PLS 
PRA 
PLS 
PRA 

PLS 
PRA 

*PLS Voyager I Plasma Science experiment. PRA, Voyager I Planetary Radio Astronomy experiment. 
•'Predicted by model of torus from measurements on the inbound leg of the trajectory. 

kin. The plasma was a little cooler just before and after the 
saturated spectrum, as a second spectral peak was briefly dis- 
cernible. While it is conceivable that a blob of newly ionized 
material oscillating about the centrifugal equator [Cummings 
et al., 1980] could have saturated the instrument, the sharp 
change in the high-energy tail in the spectrum at this time 
suggests the existence of a physical boundary. The transition 
region between the inner and outer regions of the torus and 
the changes in relative abundance of different ions in the in- 
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Fig. 13. Radial profile of the total number of ions per unit L shell 
constructed from in situ plasma measurements, assuming a dipole 
magnetic field and a simple exponential scale height distribution for 
the ions along the field lines. The uncertainties due to thermal-model 
dependencies are shown by the vertical bars. 

ner torus are additional examples of radical changes in the 
plasma over spatial scales of the order of 10 n kin. 

Phase Space Density 

To investigate the nature of diffusive transport of plasma, 
an estimate of phase space density has been calculated [Ba- 
genal et al., 1980; Richardson et al., 1980]. Figure 13 is a plot 
of the total number of ions in a unit L shell times L 2 (i.e., 
NL •) against radial distance from Jupiter. This figure shows 
that the total flux tube content had a maximum at ~5.7 R• 
and decreased monotonically radially inward from the peak. 
Although the charge density at the centrifugal equator has 
three local maxima at different radial distances, this single 
peak in the total content of a flux tube suggests transport by 
diffusion of plasma from a single source near Io [Richardson et 
al., 1980; Richardson and Siscoe, this issue]. Outside ~5.7 R• 
the flux tube content decreased more gradually with distance 
except around 7.5 R•, where the total number of ions dropped 
sharply at the outer edge of the torus. The rapid variations in 
the flux tube content at ~5.7 and ~7.5 R• probably indicate 
that radical changes in the diffusive transport of plasma occur 
at these L shells. Finally, small-scale (10 n kin) fluctuations in 
plasma parameters may be evidence of a flux tube interchange 
diffusion mechanism driven either by turbulence in Jupiter's 
atmosphere or the instability of magnetic field lines 'loaded' 
with heavy ions in a centrifugal potential [Siscoe and Sum- 
mers, this issue]. 

Composition 

Figure 14 presents contour maps of the densities of the ma- 
jor ionic species observed in the inner magnetosphere. The 
maps have been constructed in the same manner as Figure 11 
by taking the measurements made on the spacecraft trajectory 
and extrapolating them along dipolaf field lines. The four 
panels on the left (Figures 14a(i)-14a(iv)) are for the isother- 
mal model. The maps on the right (Figures 14b(i)-14b(iv)) 
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Fig. 14. Contour maps of ion number density for the major ionic species found in the inner magnetosphere of Jupiter. 
(a) Constructed from fits to the energy per charge spectra assuming the ions have the same temperature. (b) Similarly con- 
structed assuming the ions to be isothermal inside L -- 5.7 and to have a common thermal speed at larger L shells. 

have been made using parameters from a fit to the data as- 
suming the ions have the same temperature inside an L shell 
of 5.7 and have a common thermal speed outside L -- 5.7. 
Table 1 gives the composition at the spacecraft location for 
various radial distances. Table 3 gives the corresponding bulk 
plasma properties. 

The inner (cold) toms region seems to be very strongly 
dominated by ions with .,4/Z* -- 32 which are probably singly 
ionized sulphur. Table 1 shows a density of 1120 cm -3 for S + 
which was measured in the center of the inner toms at 5.3 Rj 
near the centrifugal equator (see Figure 14a(i) or b(i)). With 
the .,4/Z* -- 16 spectral peak being largely O + rather than S 2+ 
and the absence of S 3+ (<3 cm-3), the average charge state of 
the ions (Zi* of Table 3) is close to unity in this region. The 
predominance of sulphur is reflected in the average ion mass 

number •l, of 28 and a value of 3 for the ratio of the total 
number of sulphur ions to the total number of oxygen ions (S/ 
O) at 5.3 Rj (Table 3). 

Figure 14a(iv) illustrates how at 5.3 Rj the minor quantity 
of doubly ionized oxygen present has been drawn away from 
the equator by the field-aligned polarization electric field that 
has been set up by the predominant heavy sulphur ions which 
are held close to the equator by centrifugal forces. The elec- 
trons are too light to be affected much by centrifugal forces so 
they are only constrained by electrostatic interaction with the 
ions. Lighter ions of higher charge state are more easily pulled 
off the centrifugal equator with the electrons so their density 
distribution along the field lines has a larger effective scale 
height (the O + toms is thicker than that of S+). In a more ex- 
treme case, sufficient 0 2+ ions have been drawn along the 
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TABLE 3. Bulk Properties of the Plasma 

March 5 
March 4 

1120 UT, 1016 UT, 0859 UT, 0527 UT, 0150 UT, 1550 UT, 0505 UT, 
4.96 R• 5.3 R• 6.0 R• 8.6 R• 11.6 R• 20 R• 28 R• 

March 3, 
1031 UT, 

42 R• 

ne, cm -3 500 1700 1900 111 111 16.1 1.63 0.73 
Ni, cm -3 431 1630 1300 75 74 11.2 0.96* 0.43* 

1200' 61' 64* 1.3'• 0.60'• 
1760'• 77'• 77'• 

•.* 1.1 1.0 1.4 1.5 1.5 1.4 1.7' 1.7' 
1.7' 1.7' 1.7' 1.2, 1.2, 
1.2t 1.3t 1.4t 

T,, eV 5.0 10 10 11 20 24 
•i, eV 0.5 1.1 28 37 28 21 10' 24* 

38* 72* 65* 6.7'[' 18'l' 14'l' 
26t 60t 54t 

A•r 21 28 29 22 25 21 23* 25* 
32* 29* 34* 16'• 18 16'• 
22'• 23'• 24'• 

S?O 1 3 3 0.1 2 0.9 5.* 2.* 
1' 5* 0.2 t 0.2 t 0.2 t 

0.6t 6t 
V/Vc 1 1 1 0.90 0.77 0.76 0.49 0.43 

0.46 

0.25* 

0.35t 

1.8' 

1.Y!' 

21' 

22* 

4.* 

All numbers are derived from plasma parameters obtained using the isothermal model for the ions unless otherwise indicated. 
*From constant thermal speed model when A/Z* = 16 spectral peak is assumed to be all S 2+. 
'•From constant thermal speed model when A/Z* = 16 spectral peak is assumed to be all 0 +. 

field lines to form double maxima in their density distribution 
approximately 0.2 Rj away from the centrifugal equator. 

The predominance of heavy ions with lower ionization state 
near the centrifugal equator means that the composition mea- 
sured there is not typical of the whole of the toms. The aver- 
age ion mass number •1• and charge state 2i* decrease and in- 
crease, respectively, with distance from the centrifugal 
equator. Similarly, the S/O ratio decreases off the equator so 
that a summation of the ion densities along the 5.3 L shell 
suggests a value of ~2.4 for the ratio of the total amounts of 
sulphur and oxygen ions in the inner toms. 

In the outer (warm) toms the composition varies according 
to which thermal model is chosen. The isothermal model pro- 
duces a composition (fflustrated by the contour maps on the 
left of Figure 14) that is dominated by sulphur with com- 
parable quantities of sulphur ions in the first and second ioni- 
zation states (though there is little S3+). At 6.0 R•, S + and S 2+ 
ions composed 65% of the measured ion density, but because 
of their large effective scale heights, O + and 0 2+ become in- 
creasingly more important off the equator and dominate the 
composition at a height of +_0.8 Rj. Therefore when the ion 
densities are integrated along the L = 6.0 field line, the ratio 
of the amounts of sulphur and oxygen ions decreases from the 
in situ value of 5.3 to 2.0. Similarly, the average mass number 
•]• will be less than 28 and the average charge state •* greater 
than 1.5 when taken for a column through the toms instead of 
at the spacecraft location at 6.0 Rj near the centrifugal equa- 
tor. 

With the common thermal speed model the composition 
strongly depends on the relative proportions of O + and S 2+ 
contributing to the A/Z* = 16 spectral peak which cannot be 
determined from fits to the spectra. Figures 14b(ii) and 14b(iii) 
show the extreme case of only one of the two species being 
present. If there is no O +, then the outer (warm) toms would 
be totally dominated by sulphur for this model because the 
lower shoulder in the energy per charge spectra is pre- 
dominantly S 3+ rather than 0 2+ (see Figure 4 and Table 1 for 
example at 6.0 R j). On the other hand, if there is no S 2+ 
(which seems unlikely if S 3+ and S + are present), then O + be- 

comes by far the dominant ion, and the sulphur to oxygen 
abundance ratio is reduced to 0.6. 

The effective scale height for the distribution of ions away 
from the equator is mainly dependent on their thermal speed 
with a weaker dependence on charge state. This means for the 
constant thermal speed model the composition is roughly con- 
stant along field lines so that the in situ values of •*, •]•, and 
S?O given in Table 3 for 6.0 Rj are probably fairly typical of 
the whole of the outer toms. The values of •* and •]• reflect 
the change in S/O when either S 2+ or O + is removed. •]• is re- 
duced from 32 to 22 when S 2+ is replaced by O +. In the same 
way •* decreases from 1.7 to 1.2. These ranges in the values 
of S/O, •]•, and •* include the corresponding numbers for 
the isothermal model at 6.0 Rj. 

Outside the toms at 8.6 R j, setting the plasma flow speed at 
90% of the corotational value produces a composition similar 
to that found inside the toms. If the plasma was strictly coro- 
tating, then oxygen would have dominated the composition 
with an S?O ratio of •<1 for all thermal models. Setting the 
plasma flow speed at 90% of the corotational value changes 
the composition (Table 1) by more than doubling the amount 
of S +, including more S 3+, and reducing the density of 0 2+. 
The relative proportions of the different ionic species then be- 
come more typical of the source region at 6.0 Rj with similar 
values of S/O, •]•, and •i* for the corresponding thermal 
models. 

The composition in the middle magnetosphere plasma sheet 
(20-42 R j) again depends on the identification of the ionic 
species that is responsible for the dominant A/Z* -- 16 spec- 
tral peak. If the proportion of O + and S 2+ remains constant 
with distance, then the composition as a whole is uniform in 
the plasma sheet. For the two extreme cases of either O + or 
S 2+ dominating the composition, •]• would have a value of 19 
or 30, while •* would be either 1.2 or 2.0. 

Alfven Speed 

As mentioned above, the total mass density of the plasma is 
determined from positive ion energy per charge spectra inde- 
pendent of assumptions of composition. The mass density 
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measurements (p) can be combined with the magnitude of the 
magnetic field (B) to calculate a local Aftyen speed (I/'A = B/ 
(4rrp)•/2). At each point, the magnitude of the magnetic field 
has been determined from the Pioneer 04 model of Acura and 
Ness [1976]. Figure 15 shows a contour map of local Aftyen 
speed, constructed in a fashion similar to those in Figures 12 
and 14. A dipolar magnetic field geometry has been used to 
extrapolate the in situ plasma measurements and hence deter- 
mine the local mass density at different points along a field 
line. The resulting local Aftyen speed is uniformly low in the 
outer torus with minimum values of •<250 km s -• near the 

centrifugal equator. Above and below the toms the rapidly 
decreasing density and larger magnetic field produce a rapid 
increase in Aftyen speed. Io orbits Jupiter in a plane normal 
to the Jovian rotation axis but at a rate slower than the plan- 
etary rotation rate, so that the position of the satellite with re- 
spect to the centrifugal equator varies as shown in Figure 15. 
The Aftyen speed of the plasma in the vicinity of Io therefore 
varies by a factor of 2 with the System III longitude of the sat- 
ellite. 

The perturbations of magnetic field and plasma flow mea- 
sured when the Voyager 1 spacecraft passed beneath Io sug- 
gest that a standing Aftyen wave is generated near Io, making 
a current system connecting Io and the ionosphere of Jupiter 
[Acu•a et al., this issue; Belcher et al., this issue]. The large Aft- 
yen speeds outside the toms mean that the time for Alfven 
waves generated near Io to reach the ionosphere is largely de- 
termined by the length of the propagation path in the toms. 
This transit time will therefore be strongly modulated by the 
System III position of Io. Similarly, other properties of the 
propagating waves such as geometry and damping will also 
vary with longitude. The subsequent changes in the field- 
aligned current associated with the Alfven wave may explain 
the Io modulation of the decametric radiation [Gurnett and 
Goertz, 1981]. 

DISCUSSION 

The direct plasma measurements presented here describe 
the basic structure of the toms. The next task is to use this in- 

formation of the thermal state and spatial distribution to in- 
vestigate the nature of the source, transport mechanisms and 
energy balance of the plasma. 

Although the source for toms plasma appears to be Io, it is 
not clear exactly where the ionization takes place. The high- 
energy cutoff observed in spectra inside 5.7 R•, the existence 
of an extensive cloud of neutral sodium atoms, and the recent 
observations of neutral oxygen [Brown, 1980] near Io suggest 
that the sulphur and oxygen ions may come from clouds of 
neutral atoms. When picked up by the magnetic field, the 
freshly ionized particles would gain a gyro speed equal to the 
magnitude of the difference between the neutral atoms' origi- 
nal velocity and the local corotation velocity. At 6 R j, sulphur 
and oxygen ions would gain gyro energies of ~545 and ~270 
eV, respectively. Most of this energy would have to be re- 
moved from the ions to produce the observed temperatures of 
less than 30 eV for the bulk of the plasma. 

An alternative source mechanism could explain the low 
temperatures measured in the toms by producing ions which 
pick up smaller gyro energies. This would happen if the ioni- 
zation occurred close to Io, where currents generated in the 
complicated interaction of the magnetospheric plasma with 
the satellite reduced the local corotational electric field 

[Goertz, 1980]. The problem with such a localized source 
mechanism is that the Voyager ultraviolet measurements in- 
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Fig. 15. Contour map of local Alfven speed calculated from the 04 
magnetic field model [•lcu•a and Ness, 1976] and the total ion mass 
density, measured on the spacecraft trajectory and extrapolated along 
the field lines. 

dicated that there was no enhancement of emission in the vi- 

cinity of Io [Shemansky, 1980]. Similarly, any neutral clouds 
would have to be more extensive than the sodium cloud unless 

the freshly ionized material composes a small fraction of the 
total plasma in the toms. A localized source region would also 
be feasible if the initial source material was an ion such as 

SO2 + which does not generally emit at ultraviolet wavelengths 
and could subsequently dissociate further away from Io to 
produce the observed ionic species. 

The detection of an SO2 atmosphere by Pearl et al. [1979] 
and SO2 frost on the surface of Io [Fanale et al., 1979; Smythe 
et al., 1979] makes SO2 an obvious source material for the 
plasma toms. The characteristics of the dissociation and ioni- 
zation processes for SO2 are not well known. However, She- 
mansky [1980] and Kumar [1979] suggest they probably in- 
volve O2 and SO molecules and their ions, especially on the 
nightside of Io, where O2 may dominate the atmosphere [Ku- 
mar and Hunten, 1980]. The existence of intermediate dis- 
sociation products as well as the fact that oxygen is less read- 
ily ionized than sulphur may explain why more sulphur was 
observed in the toms than expected from the full dissociation 
and ionization of SO2. On the other hand, there is probably a 
significant amount of elemental sulphur on the surface of Io 
[Masursky et al., 1979]. There must be some mechanism such 
as sputtering for removing from Io material which is not a ma- 
jor constituent of the atmosphere because neutral sodium has 
been observed in the vicinity of Io for many years and sodium 
ions have been detected in the magnetosphere [Krimigis et al. 
1979; Vogt et al. 1979; Sullivan and Bagenal, 1979]. Therefore 
additional sulphur may be supplied to the toms by a similar 
process. 

The Voyager I ultraviolet spectrometer (UVS) detected 
emission at wavelengths associated with spectral lines of S 2+, 
S 3+, O '-+ and O + ions [Broadfoot et al., 1979; Sandel et al., 
1979]. By comparing emission strengths at different spectral 
lines it is possible to estimate the densities of the emitting ions 
as well as put limits on the densities of ions with spectral lines 
at wavelengths where the emission was low. Unfortunately, 
the spectrometer does not have sufficient resolution to distin- 
guish between some of the spectral lines which are found at 
similar wavelengths but correspond to different ionis species. 
At the present levels of uncertainty in both the UVS and 
plasma determinations of the densities of different ions the 
two measurements of composition are consistent [Shemansky, 
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Fig. 16. Contour map of the column density of S + ions con- 
structed using the constant thermal speed model and assuming that 
the plasma is azimuthally symmetric at any constant distance from 
the centrifugal equator. The local density is then integrated along a 
line of sight perpendicular to the rotation axis in a plane containing 
the magnetic dipole to produce a column density through the torus. 

1980]. However, the UVS results generally suggest there were 
more 0 2+ and S 3+ ions but less S + than inferred by the plasma 
instrument in the warm torus (for both thermal models). 

There are several important factors involved when the re- 
motely observed emission intensities are compared with in 
situ density measurements, The plasma electrons which col- 
lisionally excite the emitting ions have at least two com- 
ponents to their energy distribution [Scudder et al., this issue], 
making the inference of plasma parameters from emission 
strengths much more complicated. A more straightforward 
problem is that of geometry. All remote observations are in- 
tegrals of emission along a line of sight from the detector 
through the torus. The in situ plasma measurements suggest 
the plasma properties vary considerably along such a line. 
However, the torus appears to be optically thin so that most of 
the emission comes from the section of the line with the high- 
est density. If the aperture of the detector is a slit, then spatial 
resolution may be lost in the direction of the length of the slit. 
This is a particular problem with the Voyager ultraviolet ob- 
servations, where the slit was generally aligned with the rota- 
tion axis of Jupiter and covered a strip which was 0.25 R• long 
at best and generally much longer. Therefore the densities cal- 
culated from ultraviolet emission for a torus thickness of 2 R• 
underestimate the amount of S + which is more closely con- 
fined to the equator [Strobel, 1980]. 

Pilcher and Morgan [1980] have produced images of the S + 
emission which show the distribution of plasma in both radial 
and latitudinal directions. Peak intensities come from regions 
around 5 and 5.5 R• on the centrifugal equator which match 
the positions of the maximum column densities calculated 
from the in situ measurements shown in Figure 16. The col- 
umn density has been calculated assuming the plasma is uni- 
formly distributed around Jupiter at constant distances from 
the planet and from the centrifugal equator. Although the lo- 
cations of the density maxima are closer to Jupiter when the 
local density is integrated along a line (because of toms geom- 
etry), there remains a considerable quantity of sulphur outside 
6 R• which is not seen in the data of Pilcher and Morgan 
[1980]. Although molecular ions have small lifetimes against 
dissociation, this may be evidence of the presence of 02 + or 
SO22+ which cannot be distinguished from S + in the plasma 

data. On the other hand, it may just reflect radial changes in 
the electron properties [Scudder et aL, this issue]. 

The 'wedge' shape of the emitting S* cloud illustrated by 
the images of Pilcher and Morgan [1980] and deduced from 
earlier observations [Nash, 1979] indicate the temperature 
transition from the warm toms to the cold toms. In fact, 
plasma temperatures as low as •2 eV and densities of 3000 
cm -3 were predicted from the ground-based optical measure- 
ments as early as 1976 [Brown, 1976]. The O* emission ob- 
served by Pilcher and Morgan [1980] came from a region 
which is extended further away from the centrifugal equator 
than the region of sulphur emission. This is consistent with 
the ions having a similar temperature so that the oxygen ions 
have a larger effective scale height. However, the UVS obser- 
vation show no variation in the relative densities of 

S 3+' S 2+ '0 2+ with latitude, which may reflect either different 
source regions for the optical and ultraviolet emissions or a 
variation in plasma conditions with time [Broadfoot et al., 
1979; Sandel et al., 1979]. 

Although the spatial resolution of ground-based measure- 
ments is currently limited, monitoring large-scale spatial 
structure such as the variation of plasma properties with local 
time, system III longitude, or the location of Io may clarify 
the importance of magnetic field asymmetries [Desder and 
Hill, 1979] and the nature of Io's interaction with the magne- 
tospheric plasma. Similarly, the variation of plasma properties 
with time determined from ground-based studies is very im- 
portant for investigations of the nature of the source and for 
studies of the diffusion and energy balance of the plasma torus 
[Brown, 1976; Mekler and Eviatar, 1980]. 

To explain the radial temperature profile that is observed, it 
is necessary to consider the many factors in the total energy 
balance of the torus. The sources of energy are largely the 
newly ionized material as well as any currents or wave/par- 
ticle interactions in the torus or inwardly diffusing energetic 
particles. Energy is removed from the torus by radiation (ul- 
traviolet, optical, and radio), particle loss (precipitation into 
the ionosphere of Jupiter or to a small extent recombination), 
and transport into other parts of the magnetosphere via par- 
ticle diffusion. Therefore the main task of solving the energy 
balance for the torus plasma involves finding source and dif- 
fusion mechanisms which are consistent with the emitted radi- 

ation and observed plasma temperature as well as providing 
the correct mass to load the middle magnetosphere and slow 
down its rotation. To add to the complexity of the situation, 
all of these processes probably vary considerably with time, so 
it is not clear that a steady state description is realistic. 

However, a scenario may be postulated to explain the dis- 
tinct separation of the Io plasma torus into an inner (cold) re- 
gion and an outer (warm) region. If the fraction of ions pro- 
duced near Io which diffuses outward is considerably larger 
than the fraction which diffuses inward [Richardson and Sis- 
coe, this issue; Siscoe and Summers, this issue], then the few 
inwardly diffusing particles are transported slowly and so 
have time to cool by radiation. As the plasma cools, it be- 
comes more confined to the centrifugal equator. The resulting 
increase in the local density enhances the emission so that the 
plasma cools further. The combination of cooling and in- 
creased density possibly leads to a significant loss of ions by 
recombination. This runaway process would result in a sharp 
transition region between the regions of inward and outward 
diffusion. The plasma that rapidly diffuses outward does not 
have time to cool by radiation. The fact that the temperature 
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does not decrease with distance suggests that the expected adi- 
abatic cooling must be largely balanced by a heat source in 
the outer torus. Another consideration may be that the proc- 
esses that accelerate particles in the middle and outer magnet- 
osphere may also operate closer in toward Jupiter, maintain- 
ing a more uniform temperature in the outer torus. 

The suggestion of Cummings et al. [1980] for the observed 
spatial structure in the density profile as being due to latitudi- 
nally oscillating plasma blobs and a commalike region near Io 
does not account for the observed symmetry between the loca- 
tion of the inbound and outbound peaks and boundaries or 
the observed thermal profile. If the pickup of neutrals is the 
major source mechanism (as the observations might suggest), 
then the very localized source region proposed by Cummings 
et al. [1980] would appear to conflict with the diffuse nature of 
the neutral clouds. 

CONCLUSIONS 

There are places in the inner magnetosphere such as the in- 
her (cold) torus region where the Voyager 1 plasma measure- 
ments define the composition, density, temperature, distribu- 
tion, and dynamics of the plasma during the spacecraft flyby 
on March 5, 1979. In the remaining regions these quantities 

radial distance throughout the torus and particularly inside 
5.7 R•. This is in contrast to the plasma sheets in the middle 
magnetosphere which have a fairly constant composition over 
a large radial distance (20-42 R•). In the torus the composi- 
tion is dominated by sulphur unless 02 + is a major constitu- 
ent. The dominance of sulphur is inconsistent with the com- 
plete dissociation and ionization of SO2. 

5. The kinetic temperature of the bulk of the plasma 
throughout the torus is well below that expected if the ions 
were picked up by the magnetic field and had retained gyro- 
speeds equal to the speed of corotation. However, there is evi- 
dence that a small fraction of the ions do have energies corre- 
sponding to the full corotational value. 

6. The large mass density of the plasma in the torus pro- 
duces a region where the Affven speed is uniformly low (<250 
km s -l) surrounded by regions of much higher Affven speed. 

APPENDIX: THE DISTRIBUTION OF PLASMA 

ALONG MAGNETIC FIELD LINES 

To determine the variation of plasma density along a mag- 
netic field line in the Io plasma torus, several simplifying as- 
sumptions have been made. First of all, the system is taken to 
be in a steady state, since the characteristic time scale for dif- 

are not all uniquely determined, so it has been necessary to fusion is of the order of several days, while typical bounce pc- 
construct models based on the available data. A range of riods range from seconds for electrons to a few hours for cold, 
plasma parameters for the Io plasma torus has been deter- 
mined from the data and is presented in this paper. These pa- 
rameters can be tested to see if they are consistent with both 
direct observations of the electron number density by other 
instruments on the same spacecraft and indirect determina- 
tions of quantities such as the source strength, diffusion rates, 
the emission and propagation of electromagnetic waves, etc. 
There is a great wealth of information from the Voyager 1 
traversal of the inner magnetosphere which has by no means 
been fully tapped. The analysis of the plasma data alone is far 
from exhaustive, and the picture of the Io plasma torus should 
eventually be much clearer when the clues from different ob- 
servations are put together. 

The main features of the inner magnetosphere that have 
been determined from the Voyager plasma measurements are 
the following: 

1. There are two distinct regions of plasma torus. In the 
inner part (<5.5 Rj) the cold (<1 eV) plasma is closely con- 
fined to the centrifugal equator (density scale height of •0.2 
R j), and the ions appear to be isothermal. Between (5.5 to 7.5 
Rj) the plasma is warm (•30 eV) and forms a thick torus near 
the centrifugal equator (density scale height • 1 R j). Most of 
the electrons are a factor of 3 to 5 colder than the ions in this 

outer region. 
2. The transition region between the two parts of the toms 

is very narrow (+_0.1 Rj 'at 5.5 Rj). In this region the plasma 
temperature has a very steep gradient of •7 x 105 K R• -l. Al- 
though the equatorial density of the plasma has a local mini- 
mum at 5.5 R j, the total number of ions in a flux tube does 
not. The flux tube content decreases on either side of the 

single source region near Io's orbit with a much steeper gradi- 
ent inward than away from Jupiter. 

3. The outer edge of the toms at 7.5 Rj is probably where 
the plasma ceases strictly to corotate with Jupiter. This may 
also be the region where the flux tube mass becomes critically 
loaded with plasma triggering a more efficient mechanism for 
outward diffusion. 

4. The ionic composition of the plasma varies rapidly with 

heavy ions. Forces due to Coulomb collisions have also been 
ignored because except in the coldest and densest part of the 
torus, collisions are relatively infrequent. The electron popu- 
lation has been split into two components: a predominant one 
of cold thermal electrons and the other a minor proportion of 
hot electrons. These two components are treated separately, 
and any coupling that must occur between them is taken to be 
negligible. This steady state picture also ignores any loss of 
particles due to precipitation into the ionosphere of Jupiter. 
Such an assumption is probably reasonable in this case except 
for the hot electrons, which may have a significant loss cone. 

With the above assumptions the variation of plasma density 
along a magnetic field line is determined by the equilibrium 
pressure gradient which balances the combined forces of grav- 
itation, centrifugal acceleration, and a polarization electric 
field for all electrons and ions. The equation for the balance of 
field-aligned forces for each electron component is 

dPe 
- • = -m•nef + ngE (1) 

and for each ionic species there is a similar equation, 

dPi 
- • = -m•n.,f - Z,*ntqE (2) 

where Pe and Pi are the partial pressures of the electrons and 
each ionic species (0; me, mi, he, hi, Zi* correspond to mass, 
number density, and charge state; s is the distance along the 
field line; f is the 'gravitational' term which includes the ef- 
fects of centrifugal acceleration and can be determined for the 
simple geometry of a dipole magnetic field. 

These two sets of equations are coupled by the preservation 
of local charge neutrality, 

rte hø'+ rte cøld= E Z,*n, (3) 
i 

To discuss the properties of these expressions, it is helpful 
to consider the history of their application to magnetospheric 
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studies. Angerami and Thomas [1964] took a single electron 
component, assumed the ideal gas law, and set T,/Ti to be 
constant along each field line, so (3) became 

dP, Zi* dP• 
T•= • • (4) 

They then used (4) to couple (1) and (2) and hence relate the 
parallel electric field E to the gravitational term: 

Z m•iZi*Ci- m•n• • 
qE = • -- m+f (5) 

5] n•Z?:C + n• 
i 

where C• = T•/T• and m + is the effective ('temperature weigh- 
ted') ion mass. (For a single-ion species and C -- 1, m + is sim- 
ply mi/(Z•* + 1).) Substituting (5) back into (1) and (2) and 
integrating along the field line yield 

n.(s)T.(s) + ds, l n,(so) T,(so) exp [- Lo f 
n,(s)T,(s) 

n•(so)T,(so) --expl-f•o •(m•-Z•*m+) ds' 1 kT, f 

(6) 

(7) 

Angerami and Thomas [1964] used various models of temper- 
ature to solve (6) and (7) to determine the distribution of 
plasma from the earth's ionosphere and away from the planet 
along dipolar magnetic field lines. 

Gledhill [1967] was the first to apply these expressions to Ju- 
piter's magnetosphere. He showed that because of Jupiter's 
rapid rotation the centrifugal contribution will dominate the 
gravitational force so that a plasma with a single ionic species 
will find an equilibrium position at the furthest point along 
the field line from the rotational axis of the planet. Gledhill 
also noted that because of the 10 ø tilt of the magnetic axis 
with respect to the rotation axis, the equilibrium position is on 
a surface between the magnetic and rotational equatorial 
planes. Hill et al. [1974] have called this plane the 'centrifugal 
symmetry surface.' As true gravitational forces can be ne- 
glected at distances greater than 2 Rs [Michel and Sturrock, 
1974], the equilibrium position of the plasma is found where 
the sum of field-aligned components of the remaining forces 
become zero [Siscoe, 1977]: 

8B 

F-- -!• •-s - mgt=r cos (8 - a) cos 8 + Z*qE (8) 
The first term on the fight-hand side of (8) is the magnetic 
mirror force, where the magnetic moment !• = (m Vs)2/2B (V s 
is the gyro speed, • the rotation rate of Jupiter, r the radial 
distance, 8 the angle between the rotational equator and the 
tangent to the local magnetic field, and a the angle between 
the rotational and magnetic equatorial planes; see Figure 17). 
For a dipole geometry the magnetic mirror force can be ap- 
proximated by 

9 mV•=siaO 
Fm ----' T R,L cos • 8 (9) 

for low magnetic latitudes (8 •< 10 ø) [Siscoe, 1977]. Similarly, 
the centrifugal force becomes "• 

Fc -- 3 m•2RjL cos 2 0 cos (a - 0) cos 8 (10) 

The relative importance of these for ions is given by the ra- 
tio of the gyro energy K s to rotational energy K: 

Fm 3Ks = 3 Vs: (ll) 
Fc 2K 2•L•Rf 

(For full expression, see Cummings et al. [1980].) Therefore if 
the plasma is 'hot' and the gyro energy K s -- «m Vs • is large, 
then the equilibrium position will be where sin 0 -- 0, at the 
magnetic equator [Goertz, 1976]. On the other hand, for cold 
plasma the magnetic mirror force can be ignored and the 
equilibrium position is 00 -• a/3 [Hill et al., 1974]. For the 
Voyager plasma data analyzed in this paper, «Ks/K has a 
maximum value at 6.8-7.4 Rj of ~0.1 but is well below 0.05 in 
the rest of the toms. The magnetic mirror force is then negli- 
gible, and the centrifugal symmetry surface may be taken to 
be inclined at a/3 from the magnetic equatorial plane. The 
magnetic mirror force can also be neglected for electrons be- 
cause for small variations in latitude (+10 ø) the magnitude of 
the magnetic field does not change significantly compared 
with the electrostatic potential: 

AB Ack miAf 
• << ~ (12) 
B T, 

For the hot component of the electron population the mag- 
netic mirror force is more important. In fact, Scudder et al. 
[this issue] show that in the middle magnetosphere the local 
density maximum (of the hot component) is nearer the mag- 
netic rather than centrifugal equator. However, it will be illus- 
trated below that in the toms region the hot electrons play a 
very minor role in the spatial distribution of plasma. There- 
fore the gravitational term f is just due to the centrifugal force 
F½ (equation (10)) which can now be inserted into the ex- 
ponent of (6) and (7). These two sets of equations can be 
solved if the temperatures T, and T• are known as a function 
of s. The simplest case is to arbitrarily assume the temper- 
atures are constant along a field line. This is probably quite a 
reasonable assumption for a collisionless plasma dominated 
by the strong centrifugal forces on the heavy ions which vary 
quite rapidly with distance from the equator. If m +, T,, and Ti 
are constant along a field line, the exponents in (6) and (7) can 
be integrated along s. The result is an exponential scale height 
solution for the distribution of ions along a field line, in the 
region of small distance z -- r sin 8 from the centrifugal sym- 
metry surface: 

n•(z) I (m• - Z•*m+) 3gt2z ] no(z--O•--exp - kT• 2 ' 
-- exp I-(z/H) •1 (13) 

[Hill and Michel, 1976], where the scale height is H -- (2kT•/ 
3m*•) •/2, mi* -- (m• - Z,*m +) is the effective mass for the ions 
(which becomes m* -- m + -- m•/(Z•* + 1) for a single-ion spe- 
cies and Ti -- T3. The electrons have a similar distribution 
with m* -- m +. 

This exponential scale height distribution was used (with T, 
-- T•) by Bagenal et al. [1980] to construct a preliminary model 
of electron density structure in the toms. However, the valid- 
ity of the method hinges on the assumption that the effective 
mass is constant for a given field line. The effective mass will 
not vary if the composition is constant, i.e., a single ionic spe- 
cies predominates or most of the ions have a similar scale 
height. This assumption does not hold in the Io plasma toms, 
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• EQUATOR 

Fig. 17. Geometry of a tilted dipole magnetic field in a meridional plane. The angle between the tangent to the local 
magnetic field line and the projection of the rotational axis onto the meridional plane is shown by &. 

where there are comparable proportions of S +, S :+, S 3+, O +, 
and O :+ with different scale heights. Therefore it was neces- 
sary to return to the original equations (1) and (2) to derive 
the expression for the plasma distribution along the field line 
without eliminating the electric field. Under the steady state 
condition the parallel electric field can be expressed as a gra- 
dient of an electrostatic potential so that if the temperatures 
Te and Ti are taken to be constant for a given field line, then 
(1) and (2) can be integrated over s to give 

ne(s) I •b(s) - •b(So) l (14) ne(so) -- exp -q kTe ' 
and 

n,(s) I m/•2/'2 c0s2 0 q•(s) - q•(So).l (15) n,(So-• -- exp - kTi 2 -I- Z*q k T i 
that is, 

•o s •o' •2r2 fds= •2r cos (0 - a) cos&ds-• • cos 20 
As me << m,, the centrifugal term is neglected for electrons. 

In this paper, (14) and (15) have been combined with the 
condition of charge neutrality (equation (3)), 

•e høt -•- •e cøld • • Zi*•i 
i 

• an iterative procedure to detem•e the densities of each 
ion species n,(s) and of the electrons, n,(s), as well as the elec- 
trostatic potential •(s), with respect to a reference po•t So, the 
spacecraft location where n,(so), n,(so), T•, T, are measured. 
The values of n•, T•, and n, høt + nf ø•a are determ•ed from fits 
to the positive ion spectral measurements, while Tfi øt, T, •a, 
and richøt/he mid are determ•ed where possible from the elec- 
tron measurements. Outside •7 Rj the electron parameters 
are well determ•ed. Between 5.7 and 7 R j, • the warn toms, 
the spacecraft probably became s•ghtly negatively charged, 
which at present •troduces an unce•a•ty • the electron 
measurements (approx•ately a factor of 3 for Tfø•a). The un- 
ce•a•ties • the detem•ation of re høt and nfiøt/ne cø•d are •- 
signffic•t, as the large value of Tfi ø• makes ne høt a•ost con- 
stant along a field •e (see (14)) and because nfiøt/n.•a has a 

value of less than 1% in the torus. All of these uncertainties in 

the electron parameters have a smaller effect than the uncer- 
tainties in T, due to the two different thermal models used in 
the fit procedure in the warm torus. In the cold torus the elec- 
trons were not detected as they were below the energy per 
charge threshold of the instrument. Therefore inside 5.7 Rj all 
the electrons were arbitrarily assumed to be at the same tem- 
perature as the ions. 
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