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Empirical model of the Io plasma torus: 
Voyager measurements 

Fr•n B•genM 
Dep•rtment of Astrophysical, Planetary •nd Atmospheric Sciences, University of Color.do, 
Boulder 

Abstract. We present • description of pl•sm• conditions in the Io pl•sm• torus, 
between 5 •nd 10 R•, based on Voyager i observations obtained in M•rch 1979. 
The model includes updated •nMyses of Pl•sm• Science (PLS) d•t• obtained Mong 
the spacecraft trajectory •s well •s Ultraviolet Spectrometer (UVS) observations 
of composition m•de remotely from Jupiter. The pl•sm• characteristics observed 
Mong the sp•cecrMt trajectory h•ve been extrapolated Mong m•gnetic field lines by 
numerically solving the equations of diffusive equilibrium to produce r•diM profiles 
of plasm• properties •t the centrifugM equator •s well •s m•ps of the densities of 
the m•jor ionic species in • meridian plane. The diffusive equilibrium distribution 
of plasma along m•gnetic field lines depends mainly on Tll. Unfortunately, we only 
h•ve measurements of Tx •nd must m•ke •ssumptions •bout the thermal anisotropy 
of the plasma. We •ssume the thermM populations and the supr•thermM electrons 
to be isotropic. The suprathermal ions h•ve probably been recently picked-up and 
are expected to be highly anisotropic. V•rying the thermal anisotropy of the hot 
ions between A=T•./Tii-1 to 5 h•s • minor effect on the pl•sm• m•ps but m•kes • 
significant difference to the fr•ction of hot ions in the pl•sm• when integrated over 
• complete shell of m•gnetic flux. We h•ve found that the vertical extrapolation 
of plasm• density is insensitive to the geometry of different magnetic field models 
except inside 5 R3 (where the plasma scale height is comparable to uncertainties in 
the location of the centrifugal equator) and outside 8 R• (where the magnetospheric 
current sheet significantly perturbs the magnetic field). The r•diM profile of flux 
tube content (NL •) exhibits the s•me "precipice", "ledge," •nd "ramp" features 
as previous studies •s well as confirming small -scMe features which indicate local 
sources of plasma in the cold torus and near the orbit of Europa. The obserwtions 
of O ++ and molecular (SO2 + or S2 +) ions inside 5.4 Rj, far from Io, in a region of 
cold dense plasma, remain difficult to explain, indicating either strong temporal 
variability in the Io plasm• source or a strong source of plasma, possibly from the 
dissociation of dust, inside Io's orbit. Further evidence of • Europa source are the 
decrease in the r•tio of sulfur to oxygen ions and the increase in plasma temperature 
outside 8 R3. 

Introduction 

The toroidal cloud of plasma surrounding the orbit of 
Io was first detected from ground-based observations of 
optical line emissions from S + ions [Kupo et el., 1976]. 
The Voyager 1 flyby of Jupiter in 1979 provided de- 
tailed measurements of the Io plasma torus both from 
the strong emisõions in the EUV, observed remotely By 
the Voyager Ultraviolet Spectrometer (UVS) [Broadfoot 
et el., 1979], as well as in situ measurements made by 
the the Plasma Science (PLS) instrument [Bridge et 
el., 1979]. Each of these techniques for measuring the 
plasma properties in the torus has its pros and cons. 
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The remote sensing techniques provide good tempo- 
ral and spatial coverage but suffer from being integral 
measurements along the line of sight as well as being 
dependent on accurate atomic data and calibration of 
the instrument for interpretation of the spectra. The 
in situ observations provide detailed measurements of 
the velocity distribution but suffer from limited spatial 
and temporal coverage as well as poor determination 
of parameters for individual ionic species in the warm 
region of the torus where the spectral peaks for differ- 
ent species overlap. Since these two data sets are com- 
plementary, there is considerable benefit in combining 
them to construct a better description of the plasma 
conditions in the torus. The UVS scans of the torus 

show that, to first order, the torus is longitudinally sym- 
metric, with the strongest gradients in the vertical and 
radial directions. 
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The first two-dimensional (2D) model of the torus was 
given by [Bagenal et a/.,1980], who used the ion temper- 
ature determinations from inbound Vogager I measure- 
ments with a simple expression for an exponential scale 
height distribution and extrapolated the in situ ion den- 
sity measurements along dipolar magnetic field lines. A 
little later, Bagenal and Sullivian [1981] replaced the ex- 
ponential scale height distribution by a diffusive equi- 
librium density distribution along magnetic field lines 
in Io torus. They assumed that the plasma would dif- 
fr:•e along magnetic field lines under centrifugal, grav- 
itational, pressure gradient and ambipolar electrostatic 
forces until a steady state was reached. They solved 
the equilibrium distribution for each plasma species in 
a meridian plane numerically. 

Bagenal and Sullivan [1981] used the high-Mach num- 
ber approximation for the response of the P LS detector 
to estimate the local electron density, ion composition 
and temperature along the spacecraft trajectory. These 
local measurements were extrapolated along dipolar 
magnetic field lines, under the assumption of longitudi- 
nal symmetry, to produce a 2D map of electron density 
in a meridian plane. This original map of the torus was 
incorporated by Divine and Garrett [1983] in an empiri- 
cal description of the plasma environment of the Jovian 
magnetosphere necessary for designing the Galileo mis- 
sion. 

Bagenal et al. [1985] reported a factor of 2 error in the 
ion temperatures published by Bagenal and Sullivan, 
[1981]. They recalculated the 2D density map with the 
higher temperatures, producing a torus that was more 
extended latitudinally (v• increase in scale height to 
first order). 

Since 1985, we have reanalyzed the PLS data using 
the full response of the detectors to low Mach num- 
ber plasma flows. This has allowed better determina- 
tion of the electron density and temperature [Sittler and 
$trobel, 1987] and the ion temperature [Sagehal, 1989]. 
While the ion composition is well determined in the in- 
ner torus region (<5.7 R j) where the plasma is cold 
[Bagenal 1985], the ion composition is poorly deter- 
mined from PLS measurements between 5.7 and 11 Rj. 

In this paper we report on a new model of the plasma 
torus based on the P LS measurements of electron den- 

sity, electron temperature [$ittler and Strobel, 1987] and 
ion temperature [Bagenal, 1989] plus the Voyager UVS 
determination of ion composition (D. E. Shemansky, 
personal communication, 1991) [Bagenal et al., 1992]. 

As before, the plasma conditions are extrapolated 
from the spacecraft location (close to the centrifugal 
equator) along magnetic field lines under the assump- 
tion of diffusive equilibrium. We start with a descrip- 
tion of the extrapolation technique which involves nu- 
merical solution of 13 simultaneous equations. In a 
later paper, (Y. Mei, R. M. Thorne and F. Bagenal, 
"Analytical model for the density distribution in the Io 
plasma torus", submitted Journal of Geophysical Re- 
search, 1994, hereafter referred to as Paper 2) we give an 
analytical approximation that is valid for regions where 
the electrons are colder than the ions. 

After describing the data used in the model, we dis- 
cuss the radial profiles of plasma density at the cen- 
trifugal equator. These equatorial densities have then 
been extrapolated over a grid in the meridian plane to 
make 2D maps of electron and plasma density. Finally, 
we discuss how we have integrated the plasma density 
over a flux tube to derive profiles of the total flux tube 
content and composition. 

Model 

Method 

The method for calculating the spatial distribution 
of plasma in the torus is similar to that used before by 
Bagenal and Sullivan [1981] (following work by Angerami 
and Thomas [1964], on the Earth's magnetosphere) and 
as discussed in more detail in Paper 2. The plasma is as- 
sumed to be in diffusive equilibrium so that the spatial 
distribution in the direction of the magnetic field can 
be described by parallel force balance. With a single 
spacecraft passage through the torus it is not possible to 
separate radial and longitudinal variations. While lon- 
gitudinal variations have been observed [e.g.,Morgan, 
1985; Dessler and Sandel, 1992], we assume that the 
variations observed along the spacecraft trajectory are 
due to radial structure. We hope that this numerical 
model of a longitudinally-symmetric torus will be a use- 
ful reference for future studies of longitudinal, as well 
as temporal variations. 

Under the conditions of diffusive equilibrium, the 
density (n.) of each species (with mass ma, charge q. 
and parallel Tall and perpendicular Tax temperatures) 
can be written as a function of distance along the field 
$• 

(1) 

where 

y•. (I) 1 -- (1 - Tax )log( B 
1 rna qa 

- po - 
(for derivation of this equation see Paper 2). Each po- 
tential •j is referenced to the centrifugal equator (at 
so), where the distance from Jupiter's rotation axis, 
p, has the maximum value for the magnetic field line. 
The electrostatic potential (I)E is assumed to be zero at 
the centrifugal equator. B is the local magnetic field 
strength and f•j is the rotation rate of Jupiter. Equa- 
tion (1) is solved numerically for N species under the 
constraint of local charge neutrality, •'-'-a naqa - O, de- 
termining na and q)E. A total of 13 species is included 
in the model' thermal populations of e-, S +, S ++, 
S +++ , O +, O ++ , H +, Na +, SO2 + as well as suprather- 
mal populations of eh-, Sh +, Sh ++ and Oh + , ß 
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Unfortunately, there are no direct measurements of 
Tii. Both ground-based spectroscopic observations and 
the Voyager P LS instruments essentially measure Tax. 
Thus we must make assumptions about the tempera- 
ture anisotropy of each species (Aa - Tañ/Ta[[). For 
conditions in the torus, isotropization by collisions is 
very rapid for cold electrons (r e ~5 min at 5 eV), 
slower for hot electrons (r e ~2 days at 400 eV) and 
very slow for ions (v i ~50 days at 60 eV [see Book, 
1986, p. 33]). These time scales should be compared 
with estimates for radial transport that vary between 
1-10 days [Richardson and Siscoe, 1981] and 80-150 
days [Shemansky, 1988]. It is clearly reasonable to as- 
sume that the thermal electrons are isotropic. Sittier 
and Strobel [1987] argue that variations in the pres- 
sure of hot electrons measured at different latitudes on 

the inbound and outbound legs of the Voyager I tra- 
jectory through the torus imply that the suprathermal 
electrons are highly anisotropic (Tñ >> Tll ). Since in- 
bound/outbound differences could be due to longitudi- 
nal variations and our model is not very sensitive to the 
hot electron anisotropy, we have assumed Tñ =Tll for the 
suprathermal electrons. For the ions, Smith and $tro- 
bel [1985] calculated the velocity diffusion due to colli- 
sions between ions that start as pick up ions and found 
that the perpendicular velocity distribution of each ion 
species developed a quasi-thermal core with a nonther- 
mal high-energy tail unless the life time in the torus was 
less than ~6 days. Smith and Slrobel [1985] ignored the 
velocity distribution parallel to the field, arguing that 
pitch angle scattering due to wave-particle interactions 
is a small effect. The tilt of the magnetic dipole in- 
troduces a finite initial velocity parallel to the field so 
that Viipickup--7.5 , 15 eV for O +, S + ions [Siscoe, 1977]. 
Relaxation of such ions due to collisions with a back- 

ground plasma of, say, Til=60 eV occurs quite rapidly 
(• -*few hours [see Book, 19S6, p. 32]). The problem 
is that we do not know Tii for even the bulk of the ions. 
For our model, the thermal populations are assumed to 
have isotropic velocity distributions with T•ñ=Tall (so 
that the first, magnetic mirror term in equation (2) is 
zero). We have investigated the effects on the model 
of these suprathermal ions having a thermal anisotropy 
A- Tax/Tall equal to 1-5. 

To solve the set of equations (1), we require the den- 
sity and temperature of all species plus the anisotropy 
of the hot ions at a set of reference points So. We 
have started with the plasma measurements taken by 
the Voyager 1 P LS instrument during the inbound pas- 
sage through the torus, from 10 to 5 R•, between 0400 
and 1100 on March 6, 1979. During this period the Voy- 
ager 1 spacecraft remained close to Jupiter's equatorial 
plane (ascending from-1.2 to 5.80 System III latitude) 
with changes in System III longitude from 50 to 2400 
(due mainly to Jupiter's rotation). Because of the 9.60 
tilt of Jupiter's dipole axis with respect to the planet's 
rotation axis, the spacecraft's centrifugal latitude oscil- 
lated by approximately 2/3x9.6- 6.40 with a 10-hour 
period. As the spacecraft traversed the torus the cen- 
trifugal latitude rose from -70 at 10 R• to a maximum 

of 1.40 at 6 Rj and then decreased to-20 at 4.9 Rj. 
The PLS instrument is a set of modulated-grid Fara- 

day cups which measure fluxes of ions and electrons 
in the energy-per-charge range of 10 to 5950 V (de- 
scribed by Bridge el al., [1977]. The PLS electron 
measurements in the torus are described by Sillier and 
Strob½l [1987]. Estimates of density and temperature of 
the thermal "core" and the suprathermal "halo" elec- 
tron populations were obtained throughout the magne- 
tosphere except in the inner region of the torus (<5.7 
R•), where the energy of the bulk of the electrons fell 
below the 10 eV threshold of the instrument. The val- 

ues used in this paper are from fitting the low energy 
part of the electron spectrum with Maxwellian distri- 
butions [Sittier and Strobel, 1987]. For examples of 
electron spectra in the torus, see Belcher [1983]. The 
temperatures of the suprathermal population shown in 
Figure 5 of Sittier and Strobel [1987], derived from mo- 
ment integration of the whole electron spectrum, are 
rather higher. While the contribution of the suprather- 
mal electrons is not important for the latitudinal distri- 
bution of plasma, we point out that they can be criti- 
cal for estimates of emission intensities and ionization 

rates. To measure the properties of the ions, the P LS 
ion detectors need to be directed towards the plasma 
flow and hence ion measurements were only possible on 
the inbound passage through the torus, when the de- 
tectors faced the cotoration direction. Analysis of the 
measured ion energy-per-charge spectra obtained in the 
plasma torus is complicated by several factors: (1) the 
large number of ionic species known to be present, in- 
cluding two dominant ions, S ++ and O +, which share 
the same mass/charge ratio, and cannot be separated 
by an energy/charge detector; (2) the instrument was 
optimized for measuring the supersonic flow of the so- 
lar wind and has a complex response to transsonic flows 
that are found in some regions of the torus; (3) when 
the plasma is warm, the spectral peaks of different ionic 
species overlap. These difficulties in determining the 
ion properties in the torus are discussed by Bagenal 
and Sullivan [1981] (but see correction in Bagenal et 
al., [1985] and Bagenal [1989]). When the plasma is 
supersonic, as in the cold region of the torus inside 5.6 
Ra, the ion properties (density, temperature, and flow 
velocity of each species) are well determined from the 
spectra [Bagenal, 1985, 1989]. 

Unable to resolve the difficulties in determining the 
plasma composition from the P LS data in the warm 
region of the torus, we have turned to remote obser- 
vations of EUV emissions from the torus obtained by 
the UVS instrument [Broadfoot et al, 1979] a few days 
before Voyager I passed through the torus. As Voy- 
ager 1 approached Jupiter, the UVS instrument scanned 
east-west across the torus obtaining spectra of emissions 
between 550 and 1200 •. Shemansky (D.E. Sheman- 
sky, personal communication, 1991) derived the plasma 
composition at 0.5 Ra radial intervals between 5.75 and 
8.25 Ra by averaging and fitting spectra from these 
scans [Bagenal et al., 1992]. The sources and accuracy 
of data for the torus model are summarized in Table 1. 
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Table 1. Input to Plasma Toms Model 

Component Quantity Location, Rj Accuracy, % Data Source Reference 

Thermal electrons ne, Te >5.7 

<5.7 

10-15 PLS electron detector 

ne~ 10 PLS ion detector, assuming 

Te~20 ne= Eni Z. and Te=Ti ' I 

s&s 

B 

Halo electrons neh, Teh >5.7 ~50 PLS electron detector S&S 

Thermal ions ni/ne <5.7 ~10 PLS ion detector B 

5.75-8.25 15-40' UV S spectra DES 
>8.25 ~30 PLS ions in plamasheet (>11 R j) McN 

T i <5.7 10 Tzi PLS ion spectra, B 
>5.7 ~20 T#i --- Tzi B 

Suprathermal ions nih / n e <5.7 20 PLS ion detector B 
>5.7 50 PLS ion detector B 

T i <5.7 20 Tzi PLS ion detector B 
>5.7 50 T#i ---T_d /Ai, where Ai=l-10 

S&S, Sittler and Strobel [1987]; B, Bagenal [1985], Bagenal [1989] and this paper; DES D.E. Shermansky (personal 
communication 1991) and Bagenal et al. [ 1992]; and McN, McNutt et al. [1981]. 

*Uncertainties in the UVS composition increase from about 15% at 5.25 Rj to about 40% at 8.25 Rj. 

Input Values 

Thermal plasma. Figure la shows radial profiles 
of electron density, measured at the spacecraft. The 
smooth, model profile (solid line) closely follows the Sit- 
tler and Strobel profile (dashed line). A full set of PLS 
measurements is made every 96 s. For the torus model 
we have varied the sampling in the radial direction to 
match major features in the density profile. The elec- 
tron density in the vicinity of the spacecraft was also 
derived by Warwick et al. [1979] from the frequency of 
upper hybrid emission observed by the Planetary Radio 
Astronomy (PRA)instrument (dotted line). The two 
sets of values agree very closely (<10%) except out- 
side 7.5 R j, where the 20% difference remains within 
the uncertainty of the P RA measurements. The three 
peaks, at 5.9, 5.7, and 5.3 Rj, are features common to 
all profiles. 

In Figure 1, the temperatures of the thermal com- 
ponents of the plasma are plotted. The warm, outer 
torus is clearly separated from the cold, inner torus by 
the drop, by a factor of 5, in the ion temperature be- 
tween 5.7 and 5.6 Rj. The "notch" at 5.6 Rj is real, 
the localized temperature minimum being evident from 
the PLS ion spectra (see Figure 2 of Bagenal [1985]). 
Outside 5.7 Rj the electrons are generally about a fac- 
tor of 10 colder than the ions while inside 5.7 Rj, the 
electrons are too cold to be measured by the PLS instru- 
ment [Sittier and $trobel, 1987]. Following Sittier and 
$trobel [1987] we assume that the ion temperature is 
an upper limit for the electron temperature so we have 
run the electron profile into the ion temperature profile 

because the collisional equilibration time is sufficiently 
short that we expect 2q = T, inside 5.4 Rj (r,i ~1 day 
[see Book, 1986, p. 34]. Note that the general increase 
in temperature of both the ions and electrons >5.7 Rj 
is contrary to one's expectation that the plasma should 
cool as it expands on diffusing outwards, away from the 
source near Io. We shall return to this enigma later. 
Similarly, the outer part of the electron temperature 
profile could be interpreted in terms of either an en- 
hanced energy source between 7.5 and 8 Rj or perhaps 
a loss of electron energy associated with fresh sources 
of plasma (the pick up process produces cold electrons) 
near the orbit of Europa at 9.4 Rj. 

Suprathermal Plasma. Figure 2 illustrates the 
properties of the suprathermal populations. Through- 
out the torus the hot electron population remains less 
than a few percent of the total electron density and 
with temperatures of 100-400 eV. For most purposes 
this population can be completely ignored. 

The suprathermal ions, which are about 10 times hot- 
ter than the thermal ions form a distinct nonthermal 

tail to the ion energy spectra [see Bagenal, 1989; Bage- 
hal et al., 1992]. The composition of these hot ions is 
quite unknown and, correspondingly, their temperature 
and density can only be estimated to 30-50% accuracy. 
These suprathermal ions form > 10% of the ion popula- 
tion outside 5.4 Rj. Inside 5.4 Rj they remain clearly 
visible in the spectra but drop to a few percent. The 
enhancement to 20% between 5.6 and 5.4 Rj is curious. 
This is inside the sharp drop in ion temperature (Fig- 
ure lb) and located in the middle of the dip in electron 
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Figure 1. Properties of the thermal plasma components. (a) Electron density measured at the 
Voyager 1 spacecraft from PRA measurements by Warwick et al., [1979] (dotted line); and from 
PLS electron measurements by Sillier and Slrobel [1987] (dashed line). The values used in the 
current model are shown by a solid line. The x axis is the radial distance from the center of 
Jupiter to the spacecraft. (b) Temperatures measured at the Voyager I spacecraft by the PLS 
instrument. The x axis is the radial distance to the centrifugal equator of the field line that 
passed through the spacecraft. 

density (Figure la). The actual density of hot ions is 
not enhanced, only the amount relative to the thermal 
population whose density is depressed in this region. 

The obvious source of these suprathermal ions is local 
pick up. The pick up process produces velocity distri- 
butions which are initially highly anisotropic [Siscoe, 
1977]. In the perpendicular direction the pick up ions 
form a gyrotropic, mono-energetic beam with the local 
corotarion energy. In the parallel direction there is only 
a small spread in velocity due to the tilt of the magnetic 
field. The P LS instrument only measures the dispersion 
in velocity space in the direction in which the detec- 
tors are pointed, more or less perpendicular to the local 
magnetic field in the magnetosphere. The local pickup 
energies for O + and S + ions (dash-dot lines) are shown 
with the estimated profile of Tñ for the suprathermal 

ions (solid line) in Figure 2a. The rough correspondence 
of these profiles suggests that the suprathermal ions are 
indeed local pickup ions which have been cooled in the 
torus (where the density is high) and heated outside 
(perhaps by mixing with an inwardly diffusing hot pop- 
ulation from the middle magnetosphere by the same, 
as yet unknown, mechanism that heats the plasma in 
the middle magnetosphere). The parallel temperature 
of the hot population is completely unknown. For this 
study we have experimented with anisotropy values be- 
tween I and 10, taking a value of 5 for the standard 
model. 

Magnetic Field Models 

Since the centrifugal equator is the plane of symme- 
try for the vertical distribution of plasma, it is more 
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Fiõure 2. ?roperties of the suprathermal plasma components. (a) ?erpenclicu]ar temperatures 
oœ the hot io,• (•olid line) •acl electrons (clotted line) measured by the ?LS instrument. ?lie ions 
are assumed to have a thermal anisotrop¾ of 5, so that T.L -- 5•11. ?lie dash-dot lines show the 
energies of locally picked up O + and $+ ions. (b) the ratio oœ the clensit¾ oœ hot ions and electrons 
to the total electron density. Both x axes are the radial distance to the centriœugal equator oœ the 
field line that passed through the spacecraft. 

convenient to have profiles of plasma quantities at the 
centrifugal equator than at a particular spacecraft loca- 
tion. For the simple geometry of a tilted dipole there is 
a direct mapping from the spacecraft to the centrifugal 
equator. To find the equator with more complex field 
models, we numerically integrate along the field from 
the spacecraft until we find the location farthest from 
the rotation axis. At the 5-10 Rj distances of the torus, 
the non-dipolar contributions to Jupiter's magnetic field 
are small so that the field lines of the GSFC 04 and 

06 models [Connerney, 1992] are close to a dipole in 
shape. The mapping from the spacecraft (at radial dis- 
tance Rsc) to the centrifugal equator (at radial distance 
Rcent) is similar for the different models, as illustrated 
in Figure 3. In the middle magnetosphere, currents due 
to drifting energetic particles produce strong perturba- 
tions in the magnetic field. Connerney et al. (1982) 
matched Pioneer and Voyager magnetometer data with 
an azimuthal current sheet 5 Rj thick, centered on 

the magnetic equator and extending from 5 to 50 Rj. 
When the magnetic field due to the current sheet is 
added to Jupiter's internal field, the net magnetic field 
in the torus is weaker and field lines are stretched out 

from a dipole. Figure 3 shows how adding the current 
sheet has little effect inside 8 Rj (where the spacecraft 
was close to the equator and where the current sheet is 
weaker). Outside 8 R• the radial distance to the cen- 
trifugal equator (Reent) is as much as 0.6 R• greater 
than Rse in this region, where the spacecraft was well 
below the equator and the field due to the current sheet 
becomes significant. The net result of including the cur- 
rent sheet magnetic field in the model is that when the 
observed plasma densities are extrapolated to the cen- 
trifugal equator the radial profile is stretched out (i.e. 
flattened) beyond 8 Re. 

In addition to the magnetic field geometry, the den- 
sity extrapolation is obviously very sensitive to how far 
one is extrapolating the data. The scale height approxi- 
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Figure 3. The additional radial distance to the centrifugal equator for field lines that intersected 
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been included. The corresponding distance for the offset tilted dipole is given with a dashed line. 

marion to the vertical distribution, which is only strictly 
valid for a single ion species, gives a useful reference. We 
,calculate the scale height for S + ions 

- ( + z,c) 

= 0.64 (• (1 + ZiC)/Ai) 

where C = T,/•, Zi is the charge state and Ai is the 
mass number. We have plotted in Figure 4 the ver- 
tical distance z, of the spacecraft from the centrifu- 
gal equator, relative to the S + scale height, H, along 
the spacecraft trajectory through the torus. Through- 
out the torus the spacecraft remained less than a scale 
height away from the centrifugal equator, except inside 

i . ! 

Z/H Along Vl Trojectory 
I ' ' ' I 

.,•.-•' f--• "'•' :--';'-•......• 

........ ' ,, •'• .... m. •:%•.• • ' 
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RADIAL DISTANCE of VOYAGER 1 JR J] 
lo 

Figure 4. The ratio of the vertical distance of the Voyager I spacecraft from the centrifugal 
equator to the local scale height of S + ions. The solid line is for a dipole field. The dashed 
(dotted) lines correspond to the 04 (06) magnetic field models. For the bolder lines the current 
sheet has been included. 
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5.3 R j, where the combination of increasing the value 
of z and decreasing H (due to the dropping ion temper- 
ature) results in rapidly increasing z/H. Thus, inside 5 
R j, to extrapolate the spacecraft densities to the equa- 
tor, not only are we extrapolating over more than a 
scale height but the value of z varies significantly with 
magnetic field model. The consequence of this sensi- 
tivity to z/H is shown in Figure 5, where we compare 
the measured density at the spacecraft (s/c) with the 
extrapolated densities at the centrifugal equator for the 
04 and 06 magnetic field models, with and without the 
current sheet. While Figure 5 illustrates the effect of the 
current sheet flattening the radial profile beyond 8 
it is the differences between the 04 and 06 models that 

produces radically different density profiles inside 5.1 
Rj. 

This sensitivity of the vertical location of the cen- 
trifugal equator to the magnetic field geometry in the 
cold torus is also dramatically illustrated by the ground- 
based observations of SII emissions which show the cold 

torus to be distinctly "warped". In the long run, mea- 
surements of the warp will provide constraints for mag- 
netic field models. For this study, we have restricted the 
model to radial distances greater than 5.0 R• because 
of the strong dependence on magnetic field geometry 
farther in. The high and inwardly rising densities pre- 
dicted by the 06 model are probably unrealistic. As 
a working compromise, we have used the 04 plus cur- 
rent sheet magnetic field model as the standard for this 
paper. 

Plasma Conditions at the Centrifugal 
Equator 

Major Ion Composition 

Using the 04 magnetic field with current sheet [Con- 
nerney et al., 1982; Connerney, 1992], we have extrap- 
olated the plasma conditions at the spacecraft (summa- 
rized in Table i and Figures 1 and 2) to the centrifugal 
equator. The resulting density profiles for the electrons 
and the major ion species are given in Figure 6. It is 
perhaps easier to obtain a sense of the composition of 
the torus by examining charge fractions for these species 
and various ratios (Figure 7). 

Inside 5.6 Ra the ionic composition is well-determined 
by the PLS experiment so that the model profiles are 
close to those published by Bagenal (1985). Small dif- 
ferences are due to the more recent analysis incorporat- 
ing a more detailed description of the response of the 
detector and including suprathermal ions (for example, 
see the fit to a spectrum in Figure i of Bagenal et al., 
[1992]. Composition is dominated by S + and O + ions in 
this cold region of the inner torus. The few percent of 
O ++ ions are clearly evident in the spectrum. The very 
existence of as much doubly ionized material in such a 
cold plasma, let alone the enhancement between 5.3 and 
5.0 Ra, remains an important unresolved issue. Com- 
position of the warm torus plasma, derived by D.E. She- 
mansky from the UVS emission spectra at 5.75 Ra and 

beyond, is radically different. O + dominates at 40% of 
the charge fraction, followed by S ++ at 17% and about 
10% S +. This composition is similar to that derived 
for the warm torus from observations of UV emissions 

made by the International Ultraviolet Explorer [Moos 
et al., 1985], the Hopkins Ultraviolet Telescope [Moos 
et al., 1991] and the Hubble Space Telescope [McGrath 
et al., 1993]. We have taken D.E. Shemansky's (model) 
value of 1.3% for the mixing ratio of O ++ in the warm 
torus which is consistent with the HUT detection [Moos 
et al., 1991] but lower than Thomas' [1993] recent mea- 
surement of [O++]/ne-3.4%. 

As reported by Bagenal et al. [1992], at the outer 
boundary of the torus (7.5 R j), at the same location as 
the sharp rise in Te, the amount of more highly ionized 
material increases (particularly, O ++ but also S +++). 
Overall, there is a dramatic change in the ratio of the 
total amount of sulfur ions to total oxygen ions (S/O) 
from a maximum value of 3 in the cold torus at 5.3 Ra 
to a value of 0.6 in the warm torus, dropping to 0.2 
outside. This is hard to explain with the simple idea 
of SO2 gas from Io as the sole source of plasma. The 
enhanced oxygen abundance near the orbit of Europa 
and the sputtering of water ice as a source of O + ions 
was pointed out by Bagenal et al. [1992] and more ex- 
tensively discussed by $chreier et al. [1993]. Similarly, 
one has to consider the possibility of sulfur being added 
to, or oxygen being removed from, the cold torus. 

Minor Ion Composition 

The detection of an ion with a mass/charge ratio of 
64 (possibly S2 + or SO2 +) was first reported by Bagenal 
and Sullivan [1981] and discussed extensively by Bage- 
hal [1985]. The spectral peak is only visible between 
5.35 and 5.1 R,t and corresponds to a density of SO2 + or 
S2 + of only 0.5% n,. There may be more molecular ions 
farther out than 5.35 Ra but they were not detectable 
above the background of suprathermal ions. Inside 5.1 
Rj the spacecraft was dipping farther below the cen- 
trifugal equator, to which the heavy molecular ions are 
very tightly confined. The problem posed by the detec- 
tion of molecular ions is how they could have survived 
without dissociation if they have traveled through the 
dense region of the torus from Io. 

The strong emission from the cloud of neutral sodium 
atoms that has been observed for the past 20 years sug- 
gests that there should also be sodium ions in the torus. 
There were no clearly identified peaks in the Voyager 
PLS spectra at mass/charge- 23. Upper limits to the 
sodium ion abundance could be placed at values <3% to 
fit the spectrum between the spectral peaks at A/Z=16 
and 32. 

Finally, there remains the issue of protons. Protons 
comprise a significant fraction (20-50%) of the plasma 
in the middle magnetosphere [McNutt et al., 1981]. In 
the torus, coporating protons have dropped below the 
10-eV energy threshold of the PLS detector. Never- 
theless, in the cold torus, where the spectral peaks are 
well resolved, an upper limit of ...0.5% can be placed 
on the proton density from the part of the distribution 
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that extends above 10 eV (see spectrum of Bagenal et 
a!., [1992]). Tokar e! al. [1981] placed limits of 10-15% 
on the proton density in the warm torus by comparing 
the dispersion of whistlers that had traveled through 
the torus with the Bagenal and Sullivan [1981] model 
of the torus. Repeating such a study using the current 
model would require a reduction in the proton compo- 
sition. For the current model, we have assumed that 
protons comprise about 10% of the density in the warm 
torus. 

Two-Dimensional Distribution 

While the equatorial profiles were derived using the 
specific magnetic field geometry along the Voyager 1 
trajectory, to generate a 2D model of the plasma distri- 
bution in the torus that can be more generally applied 
we have chosen the geometry of a dipolaf magnetic field 

at System III longitude of 292 ø (where the magnetic, 
centrifugal and rotational equators coincide). 

Major Species 

The equatorial profiles have been extrapolated over a 
grid to make maps of the densities of the major species 
in the meridional plane shown in Figure $. Similar 
density maps were published by Bagenal and Sullivan 
[1981]. The overall structure remains the same with a 
vertically-extended warm torus, a cold inner torus and 
the dense "ribbon" between 5.7 and 5.9 Rj. However, 
there are significant differences due to the new model 
(1) correcting the factor of 2 error in 5• by Bagenal 
and Sullivan [1981] [see Bagenal el a!., 1985]; (2) us- 
ing the UVS composition in the warm torus region; (3) 
including the suprathermal ion population; (4) includ- 
ing the current sheet magnetic field when extrapolating 
densities from the spacecraft to the centrifugal equa- 
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tor. The electron density map that has perhaps been 
used the most extensively to date is the one that was 
published by Bagenal et al. [1985] in which the first 
of the above problems was addressed. For comparison, 
we have overlaid the electron densities from the new 

model on the Bagenal et al. [1985] map in Figure 9, 

using the same contour values. Apart from the effect 
of using the symmetric field geometry of 2920 longitude 
(rather than the field geometry corresponding to the 
changing longitude along the spacecraft trajectory) the 
only significant changes are higher densities extending 
to higher latitudes in the ribbon region (5.7-5.9 R j) and 
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dashed line. 

higher density at the equator >8 Rj (due to inclusion 
of the current sheet). It is important to keep in mind 
the uncertainties in the extrapolation method and the 
inaccuracies of the measurements when examining these 
contour maps. While the values are probably accurate 
to about 10% at the equator, the reliability is probably 
no better than 50% by 4-2 

Stone et al. [1992] obtained local electron densities 
from radio emissions detected by the Ulysses space craft 
when it traversed the Io torus in February 1992. The 
Ulysses measurements agree with the Voyager model 
quite well near the equator (8 R j) but lower densities 
were measured above and below the equator [Stone et 
ai., 1992]. While such differences might be due to lon- 
gitudinal or temporal variations, it would be interesting 
to see if the two data sets can be reconciled by making 
the "thermal" ions anisoropic (Tii << Tñ). 

For comparison with observations of emissions from 
the torus, it is more useful to have maps of the product 
n,ni (though one must be cautious because radiation 
efficiencies of different lines also depend on T,, which 
varies considerably between 5 and 10 /i•j). Figure 10 
shows maps of n,ni/1000 (using the same contour val- 
ues as Figure 9). The n,ni maps are much more similar 
for different species than the ni maps in Figure 8. There 
is less spread both vertically and radially outwards, es- 
pecially for O ++, O +, S +++, and S ++. Note that the 
neni maps enhance the "ribbon" feature between 5.7 
and 5.9/i•j for all the ionic species and the double max- 
ima of O ++ density off the centrifugal equator in the 
cold torus is not present in the neni(O ++) map. 

Minor Species 

Figures 8 and 10 only show the major ionic species. 
The minor ions (mostly H +) only contribute 10% of the 

electron density at the equator. Because of its low mass, 
H + is spread fairly evenly throughout the region and 
contributes 50% of the density 1.5 Rj above the equa- 
tor. While the SO2 + and/or S2 + molecular ions comprise 
only a very small fraction of the plasma, it is interest- 
ing, nevertheless, to examine their spatial distribution. 
Figure 11 is a contour map of the small region in the 
cold torus where the molecular ions were observed. Out- 

side 5.35 Rj we have left the contours open because 
the density may be substantial, even though we were 
not able to detect the molecular ions. Note that these 

heavy molecular ions are very tightly confined to the 
equator (H-0.15 Rj at 5.3 Rj) and it would be easy for 
a spacecraft flying throughout the torus to miss them 
entirely. In Figure 11 we show the Voyager I trajectory 
as well as the predicted path of the Galileo spacecraft on 
its inbound passage through the torus when extensive 
plasma measurements will be made. 

Flux Tube Content 

For studies of plasma transport in the magnetosphere 
it is useful to calculate the total number of ions per 
shell of magnetic flux, N [Siscoe 1978]. For dipolar 
magnetic field geometry, where L is the radial distance 
of a magnetic field line at the magnetic equator, the 
relevant quantity is 

NiL 2 - 4•rR.•L 4 ni (0) cos?0 dO 

which we calculate numerically from the symmetric 
(292 ø) plasma model 

NiL 2 -- 8 X 1028L 4 E"i (0) cos70 AOj 
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where the centrifugal latitude, •, is incremented in steps 
of AO i -- 0.1 ø to a maximum latitude of 33 ø. The as- 
sumption that the shape of the magnetic field is dipolaf 
is probably quite reasonable throughout the 5-10 Rj 
region but the volume per unit flux is probably un- 
derestimated (by on the order of 20%) beyond 8 R j, 
where the current sheet magnetic field becomes sig- 
nificant. We have not taken this effect into account. 

We have considered, however, the effects of using equa- 
torial density profiles derived from different magnetic 
field models. Figure 12 shows that the effect of differ- 
ent models is negligible except outside 8 Rz, where the 
flattened density profiles of the sheet models produces 
correspondingly enhanced values of the total NLt. 

For comparison with previous profiles we show the 
NL :• profile from the standard model (with A=5 and 
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the O4+sheet magnetic field) in Figure 13. The smoothed 
profile used to delineate various dynamic regions by 
Siscoe et al. [1981] has been added (thin line). The 
new model has made very little difference to the over- 
all shape of the profile; the "precipice" (<5.7 Rj), the 

"ledge" (5.7 to 7.5 Rj), and the "ramp" regions re- 
main as before. Siscoe et al. [1981] propose that if 
the main source of plasma is confined to near Io's orbit 
(5.92 R,t) then the steepness of slope in the NL 2 profile 
corresponded (inversely) to the rate of radial diffusion. 
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Figure 12. Radial profiles of total flux tube content calculated using different magnetic field 
models. (A=5 for all cases). 
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previous radial profile published by Siscoe el al. [1981]. A radial profile of a power law with 
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Thus, the precipice indicates slow inward diffusion in 
the cold torus (radial transport being inhibited by the 
centrifugal potential) while the gentle slope of the ledge 
indicates rapid outward diffusion (enhanced by the cen- 
trifugal potential)/J. $iscoe et al. [19Sl] proposed that in 
the ramp region outward diffusion was inhibited by the 
outward pressure gradient of energetic (>10 eV) parti- 
cles that form Jupiter's ring current outside 8 Rj. In 
the new model the ramp region starts at 7.5 rather than 

7 Rj and the enhanced NL • farther out supports the 
idea that Europa (at 9.4 Ra) may be a source of plasma. 

In the ledge region of the warm torus the NL • profile 
remains close to a power law with an index of a=2. The 
NL • profile inside 6 Ra is very similar to the published 
by Bagenal [19S5]. The maximum value of NL • is still 
at 5.7 Ra, which indicates the source of plasma must be 
distributed well inwards of Io's orbit (5.92 Ra). Linker 
et al. [19S5] have modeled how Io's neutral clouds can 
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Figure 14. Radial profiles of total flux tube content (solid lines) compared with flux tube content 
of hot ions (dashed lines) for thermal anisotropies of A=5 (bold) and A=I. 
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Figure 15. Integrated flux tube charge fractions for A=5 (solid lines) and A=I (dotted line) 
compared with equatorial values (bold). 

extend inwards to produce a source of plasma in this 
region. The issue of why there should be a 20% dip at 
5.8 R j, even more distinct in the new model, remains 
a mystery. Similarly, the change in slope between 5.6 
and 5.4 Rj is clearly demonstrated in the new model, 
perhaps even suggesting a local maximum at 5.3 R•. 
This is further evidence that there are local sources of 

plasma in the cold torus [Baõenal 1985]. 
To illustrate the effect on the N L 2 profile of the 

suprathermal ion population, we show profiles for differ- 
ence values of the hot ion thermal anisotropy in Figure 
14. Even when A=I, and the hot ions are not confined 
by the magnetic mirror force, they make a minor con- 

tribution to the total flux tube content except between 
5.4 and 5.6 R• and in the outermost region. It should 
be noted, however, that the N L 2 profile for the hot ions 
outside 6 R• is flatter than the total N L 2 profile, sug- 
gesting an enhanced source of hot material outside the 
torus. 

Finally, we have compared in Figures 15 and 16 the 
plasma composition at the centrifugal equator (thick 
solid lines) with the flux tube-integrated composition 
for A=5 (thin solid lines) and A=I (dashed lines). For 
the thermal population, there is little change when in- 
tegrated over the flux tube except for O ++, which is 
spread out to high latitudes in the cold torus so that 
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Figure 16. Integrated flux tube composition ratios for l=5 (solid lines) and l=l (dotted line) 
compared with equatorial values (bold). 

the integrated flux tube charge fraction is increased (to 
10%). When considering the composition ratios in Fig- 
ure 16, it is notable that the flux tube S/O ratio is re- 
duced by 50% over the values at the centrifugal equator 
due to the lighter oxygen ions being less confined ver- 
tically. Integration over the flux tube makes the issue 
of the presence of O++ in the cold torus much worse, 
with O++/O + increasing from 10 to 20%. 

The bottom panel of Figure 16 illustrates the effect 
of the thermal anisotropy on the contribution of hot 
ions to the flux tube content, particularly in the cold 
torus where making A=i pushes the hot ion fraction 
over 30%. 

Summary 

Model 

We have presented a description of plasma conditions 
in the Io plasma torus, between 5 and 10 R j, based on 
Voyager I observations. The model includes updated 
analysis of PLS data obtained along the spacecraft 
trajectory as well as UVS observations of the plasma 
composition made remotely while Voyager approached 
Jupiter. The PLS electron measurements provide the 
density and temperature of the thermal and suprather- 
mal electrons throughout the region except inside 5.6 
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Rj where there are few electrons above the 10 eV energy 
threshold of the instrument. The PLS ion data have 

been analyzed using the detailed response of the detec- 
tor to transsonic flow and provide Tñ for the thermal 
and suprathermal ion populations throughout the torus. 
Inside 5.6 Rj and in the middle magnetospheric plasma 
sheet (>11 Rj) the densities of each ionic species are 
well determined from the PLS ion measurements. In 
the warm torus (5.75-8.25 R•), where the PLS ion in- 
strument cannot distinguish separate ionic species, we 
have taken the composition determined by D.E. She- 
mansky from the Voyager I UVS measurements (pub- 
lished by Bagenal et al., [1992]). The plasma charac- 
teristics observed at the Voyager spacecraft have been 
extrapolated along magnetic field lines by numerically 
solving the equations of diffusive equilibrium, producing 
radial profiles of density, temperature and composition 
at the centrifugal equator as well as maps of density and 
composition in the meridian plane. On investigating 
how the extrapolation is affected by the use of differ- 
ent magnetic field models, we find that the results are 
not very sensitive to the field model used except inside 
5 R• (where the small scale height of the cold plasma 
produces a strong sensitivity to accurate determination 
of the location of the centrifugal equator) and outside 8 
Rj (where the magnetic field due to the magnetospheric 
current sheet becomes significant). 

With no direct measurements of T[i , we have had to 
make some assumptions about the thermal anisotropy 
of each species in order to determine the diffusive equi- 
librium distribution of density. We have assumed that 
the thermal ions and electrons are isotropic and that the 
suprathermal ions have an anisotropy of A-Tñ/T[i-1 
to 5. 

Results 

The resulting 2D maps of density in the torus are sim- 
ilar to those of Bagenal and Sullivan [1981] and Bagenal 
et al. [1985]. The major change (illustrated in Figure 9) 
is that the electron density is distributed farther from 
the equator in the ribbon region (5.7 to 5.9 R j) due to 
the presence of hot ions. 

Similarly, the profile of total flux tube content (Fig- 
ure 13) has not changed radically from Siscoe et al. 
[1981], exhibiting the precipice, ledge, and ramp re- 
gions. Smaller features, a 20% dip at 5.8 Rj and a 
local peak at 5.3 Rj persist. While the large scale fea- 
tures confirm that the main source of plasma must be 
near Io's orbit with radial transport preferably outwards 
[Richardson and Siscoe, 1981], the smaller features are 
evidence of sources inside the cold torus [Bagena11985] 
and near the orbit of Europa [Wu et al., 1978; Inlrili- 
gator and Miller, 1982; Bagenal 1989; Schreier el al., 
1993]. 

Changing the thermal anisotropy of the hot ions does 
not change the properties of the torus model very much 
except that anisotropies as low as A-Tñ/T[i=I produce 
high proportions of hot ions when integrated over the 
whole flux tube (20% overall, increasing to nearly 30% 
between 5.4 and 5.6 R j). 

The characteristics of regions between 5 and 10 R• 
can be summarized as follows' 

The inner torus 5-5.4 R•. The plasma is cold 
(~1 eV) with few suprathermal ions or electrons. The 
composition is dominated by S q. and Oq. with small, 
but as yet unexplained, quantities of O ++ and SO•. 

The precipice region 5.4-5.6 R•. There are sharp 
changes in the slope of NL 2 and in the composition. 
The suprathermal ions comprise >10% of the density. 

The ribbon region 5.6-6 R•. Here are the high- 
est densities (>3000 cm-3). The temperature and com- 
position are similar to the rest of the warm torus. 

The ledge region 6-7.5 Rj. This is the uni- 
form region of the warm torus, where there are gradual 
changes in density, composition, and temperature. 

The ramp region > 7.5 R•. There is a drop in 
NL •, perhaps due to impoundment of the torus mate- 
rial by the middle magnetospheric ring current. The 
current sheet begins to affect the magnetic field. The 
ions change in composition towards higher ionization 
state and higher oxygen fraction. Suprathermal ions 
are diffusing inwards. Europa is a possible source of 
plasma in this region. 

Issues 

The Io plasma torus can no longer be simply de- 
scribed by a single source of plasma near Io's orbit with 
preferential outward diffusion. There are clearly dis- 
tributed sources •5.6 and >7.5. The question is how 
can these sources of plasma, presumably neutrals from 
Io and Europa, become so distributed. In particular, 
it is hard for SO• or S• molecules to have survived the 
high electron densities near Io and travel inwards to 
where the molecular ions are observed at 5.3 R•. One 
possibility that needs to be investigated is that small 
dust grains from Io slowly spiral inwards and are slowly 
eroded away, producing SO• or S• molecules (M. Ho- 
ranyi, personal communication, 1993). The possibil- 
ity that Europa could be a source of plasma first arose 
from examination of Pioneer 10 UV observations [ Wu et 
al., 1978] and Pioneer 10 plasma data [Iniriligalor and 
Miller, 1982]. Bagenal [1989] and Bagenal et al. [1992] 
argue that Voyager observations of higher plasma tem- 
peratures and enhanced oxygen composition support a 
Europa source. Recently, $chreier e! al.'s [1993] theo- 
retical models suggest that the Europa source is prob- 
ably less than the Io source by a factor of 10 but could 
produce significant changes in composition and temper- 
ature. 

The development of a model of the torus is ham- 
pered by not knowing the parallel temperature of the 
species. The measurements from plasma instrument of 
Galileo will be particularly important in this regard be- 
cause of its capability of measuring three-dimensional 
ion distributions. In the meantime, it would be inter- 
esting to quantitatively compare the torus model with 
the vertical distributions of emissions from various ion 

species. The Galileo plasma instrument will also be able 
to distinguish the mass/charge ratios of suprathermal 
ions, measuring ion fluxes up to 50 keV [Frank et al., 
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1992]. It will be important to determine the source of 
these suprathermal ions (whether purely local pick up or 
other acceleration mechanisms) and to model how the 
distributions evolve due to collisions or wave-particle 
interactions. 

The model presented in this paper is a starting point 
for developing more complex models that include longi- 
tudinal and local time variations as well as being a ref- 
erence for monitoring temporal variability of the torus. 
Perhaps the most critical issue for understanding the 
Io plasma torus is the nature of radial transport of 
plasma. Until we can describe the radial transport pro- 
cess(es), it is difficult to give quantitative interpreta- 
tions of radial profiles of plasma properties or develop 
quantitative models of the torus chemistry. Ultimately, 
we need a proper model of the chemistry of the torus 
which includes (1) an adequate number of species (prob- 
ably 10 or so); (2) impact ionization, charge-exchange, 
and recombination reactions; (3) a full description of 
radiative processes with accurate atomic data; (4) non- 
thermal distributions for the ions; (5) spatial variations 
in at least two dimensions; (6) distributed sources of 
plasma; (7) inward diffusion of hot ions from the plasma 
sheet; and (8) acceleration of outwardly diffusing ma- 
terial. The homogeneous models of the chemistry and 
radiation from the torus published by Barbosa et al. 
[1983], Smilh and Strobel [1985] and Shemansky [1988] 
are important steps in this direction. 
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