
m%*TJ&r$ ̂ ^x, ^m^^^f^m^^ § 

indicates that they have significantly larg­
er gyroradii resulting from lower ionization 
states. 
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Plasma Observations at lo with the 
Galileo Spacecraft 

L A. Frank,* W. R. Paterson, K. L Ackerson, V. M. Vasyliunas, 
.F. V. Coroniti, S. J. Bolton 

Plasma measurements made during the flyby of lo on 7 December 1995 with the Galileo 
spacecraft plasma analyzers reveal that the spacecraft unexpectedly passed directly 
through the ionosphere of lo. The ionosphere is identified by a dense plasma that is at 
rest with respect tQ lo. This plasma is cool relative to those encountered outside the 
ionosphere. The composition of the ionospheric plasmas includes 0 + + , 0 + and S + + , 
S+ , and S0 2

+ ions. The plasma conditions at lo appear to account for the decrease in 
the magnetic field, without the need to assume that lo has a magnetized interior. 

1 heoretical models of the interactions of 
Jupiter's moon, lo, with the co-rotating 
magnetic field and plasma of Jupiter's 
magnetosphere (1) tried to explain mag­
netically field-aligned currents as resulting 
from a conducting lo interior and possibly 
from an extended ionosphere of lo and the 
closure of these currents in the jovian 
ionosphere. Earth-based observations of 
Io-controlled radio emissions (2) and the 
detection of a neutral Na cloud (3) and a 
torus of ionized S (4) provided impetus for 
the theoretical studies. Further consider­
ations of the interaction of lo with Jupi­
ter's magnetosphere found that the cur­
rents should not propagate parallel to the 
jovian magnetic field in the lo rest frame 
but at an angle determined by the local 
Alfven speed (5). This geometry is com­
monly referred to as "Alfven wings." Di­
rect measurements of the perturbations of 
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the jovian magnetic field in the vicinity of 
lo (6) were made by the Voyager 1 space­
craft at about 11 lo radii (RIo) below lo. 
The magnetic perturbations were inter­
preted in terms of field-aligned currents in 
excess of 106 A. The discovery of active 
volcanic plumes (7) provided direct evi­
dence that the gas and ion environment 
near the surface of lo is dynamic. The 
Galileo spacecraft has now provided addi­
tional in situ observations at lo, at a clos­
est approach altitude of about 0.5 RIo (900 
km). 

The Galileo Plasma Analyzer (PLS) 
was designed to determine the plasma den­
sities, ion composition, and flow velocities 
of the jovian plasmas (8) as the Galileo 
spacecraft flew past lo. The plasma is flow­
ing in the co-rotational direction with a 
speed of about 45 km s_1 beyond 4 RIo, 
which is slower than the 57 km s_1 speed 
expected for rigid co-rotational motion of 
the jovian plasma. The largest uncertain­
ties in this initial evaluation of flow speed, 
— 5 to +15 km s_1, are due to the uncer­
tainties associated with the determination 
of ion composition. Further analysis will 
be required to determine whether the 
slower observed speed is due to mass load­
ing or to inaccuracies in the initial assess­
ment of the ion composition. At altitudes 

of about 1 RIo, the flow velocities (Fig. 1) 
exhibit the signature of a classical wake for 
which the plasma is flowing into a void. 
The increased speed is due to the interac­
tion of the jovian plasma with the neutral 
particles of Io's atmosphere—that is, the 
exchange of charges between the plasma 
ions and the neutrals and the acceleration 
of these newly born ions by the convec­
tion electric fields. 

The detection of a plasma at rest rela­
tive to lo during closest approach at 
17:45:46 UT was not expected. The upper 
limit for the flows at this time (Fig. 1) is 
< 1 km s_1. At closest approach, the ion 
densities increase to 18,000 (±4000) cm -3 

and the ion temperatures decrease to 
about 1.3 X 105 K. For comparison, the 
densities and temperatures of the undis­
turbed torus flows at 17:35 UT are 3600 
(±400) cm"3 and 1.2 X 106 K, respective­
ly. The ion temperatures adjacent to the 
ionospheric encounter are higher than 
those of the torus, about 3 X 106 to 5 X 
106 K, due to the charge-exchange mech­
anism. During the periods 17:42 to 17:44 
UT and 17:48 to 17:50 UT, the spacecraft 
is located in the dayside and nightside 
wakes, respectively. The ion temperatures 
and energy densities are lower in the 
nightside wake, but they indicate that 
there is not a large local-time dependence 
for the neutral atmosphere densities as a 
function of altitude. 

The PLS was programmed to determine 
the composition of plasma that was flow­
ing in the direction of a classical wake (8). 
In the cool ionospheric plasma, at rest 
with respect to lo, the spacecraft ram 
speed was high enough to give the ions a 
different direction of arrival at the PLS. 
Nevertheless, we were able to determine 
the composition of the heavier ions (Ta­
ble 1). Some mechanism must be respon­
sible for the containment of the ions in 
the ionosphere. Otherwise the convection 
electric fields can be expected to sweep 
these ions downstream. Indeed, the ther­
mal velocities of the cool ions are still 
sufficiently high, about 10 km s_1 relative 
to their escape speed from the surface of lo 

Table 1. Estimates of plasma composition near 
closest approach to lo at 17:46 UT on 7 Decem­
ber 1995. The E/Q is 40 to 66 volts, and the 
percentage is given for the number densities. 
Mass is given in atomic mass units. 

Mass/unit 
charge Ions Percent 

8 
16 
32 
64 

0 + + 

0 + , S + + 

S+ 

S02
+ 

15 (±5) 
50 (±10) 
30 (±5) 
5 (±2) 
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of 2.6 k ~ n  s-', that the ionosphere is not 
gravitationally bound. The bulk flows 
closing on the wake axis (Fig. 1)  may 
provide some inertial forces for containing 
the ionosphere but are unlikely to force 
the ions to remain at rest relative to 10. 
The primary candidate for containment is 
the neutral atmosphere of Io. The ions will 
be contained if they experience at least 
one collision with a neutral atom or mol- 
ecule during a gyroperiod in the local mag- 
netic field. The corresponding minimum 
neutral densities are about lo9 cm-3 (9). 
This density is higher than the upper lim- 
its derived.$om remote observations of 
about lo7 cm-3 (10). However, the present 
in situ measurements indicate greater vol- 
canic activity for 10, on the basis of sig- 
nificantly larger torus densities relative to 
those seen during the Voyager flyby of 
Jupiter. The Galileo spacecraft may have 
fortuitously detected a transiently thick- 
ened 10 atmosohere. 

The perturbations of the jovian magnet- 
ic fields in the vicinitv of 10, as observed bv 
Galileo, have been interpreted, in the ab- 
sence of the aresent ulasma data, as evi- 
dence that 10 hab a magnetized interior 
(1 1 ). Voyager plasma measurements and 
the assumption that Io has a thin iono- 
sphere were used for the plasma conditions. 

y (lo radii) 
-4 0 

Jupiter 

Perpendicular / to 10 omit 

- 
-4 0 4 

y (lo radii) 

Fig. 1. Plasma flow velocities projected onto the 
designated two planes as observed along the Gali- 
leo spacecraft trajectory in the vicinity of lo. A sim- 
ple Cartesian coordinate system is chosen for 
these f~rst results, with y toward Jupiter; z perpen- 
dicular to lo's orbit; and x nearly, but not exactly, in 
the direction of the co-rotational flow of Jupiter's 
plasmas. The lo radius is 181 5 km. The plasma 
velocity is computed for an average WQ of 16 
atomic mass units. The plasma flow velocities are 
shown with about 1 -min time resolution. The plas- 
ma flows are given in the rest frame of lo. 

Neubauer (5) has derived a relation be- . . 
tween the maximum current flowing 
through 10 and an ionosphere, if any, for 
zero internal resistance for this unipolar 
generator. This current is proportional to 
V,B, R' , ,  pol i2 for small AlfvCn Mach nun-  
bers, where V,, is the plasma bulk speed -57 
km s ~ ' ,  R',<, is the radius of the Io system 
(solid body and ionosphere), Bo is the un- 
perturbed jovian magnetic field, and pc, is 
the unperturbed Io torus mass density. The 
relevant AlfvCn Mach number MA is given 
by V,,/V, ;= 0.4, where the AlfvCn speed 
V, = B,/(p, - 140 kms-', where po 
is the vacuum permeability = 4 n  x 
Ns2C-l. At closest amroach, the magne- 

u 

tometer recorded a decrease of about 500 
nT  relative to the unperturbed jovian field. 
The perturbation is primarily in the f z .  
direction (Fig. I ) ,  indicating a current flow- 
ing from the Jupiter-facing side of 10 to the 
side facing away from Jupiter. With the 
plasma parameters taken from the Voyager 
spacecraft and the assumption of a thin 
ionosahere, onlv about 250 nT  of the aer- 
turbaiion could' be accounted for by Lthe 
ulasma interaction ( 1 1 ). Hence, it was con- . . 
cluded that 10 may have internal magne- 
tism. However, our measurements of the 
torus mass densities are about two times 
greater. In addition, a thick ionosphere is 
present. So the magnetic perturbation due 
to the plasma interaction is -500 nT  and is 
equal to the value measured by the magne- 
tometer. The magnetometer records larger 
decreases. 600 to 700 nT (1 1 ) .  in the re- ~ , ,  

gions of high plasma pressures adjacent to 
closest approach (Fig. 2). However, the gra- 
dients in the plasma pressure in these re- 
gions give rise to currents that augment 
those associated with direct interaction. 
Our estimates of these currents give current 
densities of -3 x to -5 x A/m2, 
total currents in the range of lo6 A, and 

I o5 

Q. 

17:30 17:40 17:50 18:00 
Spacecraft event time (UT) 

Fig. 2. From top to bottom are shown the plasma 
number densities, ion temperatures, and plasma 
pressures in the vicinity of lo. 

magnetic perturbations between 100 to 200 
nT, depending on the spatial geometry of 
the energy densities. Thus, there is no con- 
vincing evidence that 10 is endowed with a 
magnetic moment. 

REFERENCES AND NOTES 

1. J. H. Piddngton and J. F. Drake, Nature 217, 935 
(1 968); P. Goldreich and D. Lynden-Bell, Astrophys. 
J. 156, 59 (1 969); D. A. Gurnett, ibid. 175, 525 
(1972); A. J. Desser and T. W. Hill, ibid. 227, 664 
(1 979). 

2. E. K. Bigg, Nature 203, 1008 (1 964). 
3. R. A. Brown, in Exploration of the Planetary System, 

A. Woszczyk and C. Iwaniszewska, Eds. (Reidel, 
Dordrecht. Netherlands, 19741, DD. 527-531. 

4. 1. Kupo, Y. Mekier, A. ~viata;, ~ s t r o ~ h ~ s .  J. Lett. 
205, L51 (1 976). 

5. F. M. Neubauer, J. Geophys. Res. 85, 1171 (1980); 
D. J. Southwood, M. G. Kivelson, R. J. Walker, J. A. 
Slavin, ibid., p. 5959. 

6. N. F. Ness et a/. , Science 204, 982 (1 979). 
7. L. A. Morabito, S. P. Synnott, P. N. Kupferman, S. A. 

Collins, ibid., p. 972. 
8 L A. Frank, K. L.Ackerson, J.A. Lee, M. R. English, 

G L Pickett, Space Sci. Rev. 60, 283 (1 992). The 
plasma analyzer conssts of a set of nested spher- 
ical-segment plates supplied with a programmed 
series of voltages that provide energy-per-unit 
charge (EIQ) analyses of positive ions and elec- 
trons, separately and simultaneously. Multiple sen- 
sors at the exit apertures of these electrostatic an- 
alyzers allow determ~naton of the lattude of the 
direction of arrival of the charged particles with 
respect to the spacecraft axis. The rotation about 
the spacecraft axis allows the analyzers to sample 
the full range of azimuths for the arriv~ng pariicle 
trajectories. Thus, all directions of arrival for the 
charged particles are covered. Typically, the num- 
ber of directions for arrival is programmed to be 56. 
For each direction of arrival EIQ, samples at 32 to 
64 logar~thmically spaced values are taken in the 
EIQ range from 0.9 V to 52 kV. In addition, three 
miniature magnetic spectrometers are positioned 
at the exit apertures of the electrostatic analyzers 
for the positive ions. The angular coverage of these 
mass spectrometers is three partial ranges of par- 
ticle arrival latitudes. For a gven value of WQ, the 
magnetic fields in the mass spectrometers are varied 
In order to obtan a mass-per-unt charge (M/Q) ana- 
yss of the composton 0+ and S++ Ions, two of the 
major Ions in lo's torus, cannot be dent~f~ed sepa- 
rately w~th the plasma lnstrumentaton The temporal 
resoluton for gain~ng complete determnat~on of the 
plasma dstributions IS Ihmted by the rotat~on perod 
of the spacecraft platform, about 20 s. 

9. The gyrofrequency n the ambent magnetic field 
durng closest approach to lo is about 1 s- ' .  The 
ion-neutral collision frequency for momentum 
transfer for SO, is about n,  where n is the 
neutral dens~ty, Independent of temperature [as 
given by P. M. Banks and G. Kockarts, Aeronomy, 
Part A (Academ~c Press, London, 1973), pp. 
217-2191, W~th  the assumpton that the gyrofre- 
quency IS about equal to the collis~on frequency as 
the minimum requirement for decoupling the Ion 
motion from the magnetc f~eld, the correspondng 
neutral densty is 10%m-3. 

10. For the Na observatons, see N. M. Schneder, D. M. 
Hunten, W. K. Wells, A. B. Schultz, U. Fink, Astro- 
phys. J. 368,298 (1991) and J. K. Wilson and N. M. 
Schneder, /carus 11 1,31 (1 994); for the SO, obser- 
vations, see D. F. Strobel, X. Zhu, M. E. Summers, 
ibid., p. 18, and G. E. Ballester et a/., ibid., p. 2. 

11. M. G. Kivelson eta/. , Science 273, 337 ( I  996). 
12. We thank the Galileo project personnel at the Jet 

Propulsion Laboratory for obtaning the plasma ob- 
setvatons. The research at the Universty of Iowa was 
supported n part by the Jet Propulsion Laboratory 
under contract JPL-958778, 

6 September 1996; accepted 20 September 1996 

SCIENCE VOL. 274 18 OCTOBER 1996 


