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Ulysses Radio Occultation Observations of the lo 
Plasma Torus During the Jupiter Encounter 

M. K. Bird, S. W. Asmar, J. P. Brenkle, P. Edenhofer, 0. Funke, 
M. Patzold, H. Volland 

Radio signals from Ulysses were used to probe the lo plasma torus (IPT) shortly after the 
spacecraft's closest approach to Jupiter. The frequencies of the two downlinks at S-band 
(2.3 gigahertz) and X-band (8.4 gigahertz) were recorded, differenced, and integrated in 
order to derive the columnar electron density of the IPT. The measurements agree qual- 
itatively with contemporary models of the IPT based on Voyager data, but significant 
differences are apparent as well. The overall level of the IPT electron density is approx- 
imately the same as the prediction, implying that the amount of gas (or plasma) injected 
from lo is similar to that observed during the Voyager era. On the other hand, the IPT seems 
to be less extended out of the centrifugal equator, implying a smaller plasma temperature 
than predicted. 

T h e  Ulysses spacecraft was occulted by the 
IPT during its Jupiter encounter on 8 Feb- 
ruary 1992. The Ulysses dual-frequency ra- 
dio subsystem used by the Ulysses Solar 
Corona Experiment (SCE) , which was pri- 
marily intended for coronal radio sounding 
investigations and was used during the solar 
conjunction from July to September 1991 
( I ) ,  was utilized to measure the electron 
content (column density) of the IPT. The 
IPT during the Ulysses flyby at Jupiter was 
found to be slightly higher in peak electron 
density but slightly lower in mean electron 
content than predicted by the Voyager- 
based models. The unique Ulysses occulta- 
tion geometry was favorable for discriminat- 
ing between contributions from the sections 
of the IPT in front of and behind Jupiter, 
res~ectivelv. Initial analvsis of the electron 
content profile indicates that these two 
contributions are quite different, implying 
longitudinal asymmetry of the IPT. 

The first two spacecraft to fly behind the 
IPT, Pioneer 10 and Pioneer 11, transmit- 
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ted only a single S-band downlink. The 
Doppler shifts of this radio signal caused by 
the occultation of the IPT are now known 
to be =10 mHz, a value too small to be 
easily distinguished from other nondisper- 
sive perturbations in frequency. Dual-fre- 
quency occultations of the IPT occurred 
during the Jupiter flybys of Voyager 1 and 
Voyager 2 (5 March and 9 July 1979, 
respectively). A clear signature of the IPT 
was obtained at the Voyager 1 flyby (2). 
After corrections for the terrestrial iono- 
sphere had been removed, a peak electron 
content of some 60 hexems (3) was attrib- 
uted to the IPT (4). A more comprehen- 
sive analysis of the data (5), undertaken 
with the goal of deriving a more precise 
mass determination of the Galilean 
moons, revealed the IPT on the ingress 
and egress legs of both Voyager trajecto- 
ries. The IPT electron content measured 
during the Voyager 2 flyby has not been 
analyzed in detail (6). 

It is known that the IPT plane of sym- 
metry is the "centrifugal equator," a plane 
lying between the rotational equator and 
the magnetic equator (7-9). For this work, 
it was assumed that the centrifugal equator 
was tilted by 6.5" with respect to the Jovian 
rotational equator. This is 2/3c-w, where c-w = 
9.8" k 0.3" is the dipole tilt angle (9). 
Because the plasma is forced to corotate 

with the Jovian magnetic field, the IPT 
wobbles synchronously about Jupiter with 
the planet's rotation. In order to more 
effectively display the relation of the IPT to 
the Ulysses spacecraft and its radio ray path 
to Earth, Fig. 1 shows three orthogonal 
views of the Jupiter flyby geometry near the 
time of Jupiter closest approach UCA) in a 
nonrotating "centrifugal" coordinate sys- 
tem. The IPT is stationary in this reference 
frame. 

The z axis of Fig. 1 is perpendicular to 
the centrifugal equatorial plane. With 2 a 
unit vector along the z axis, the y axis is 
chosen perpendicular to the 2 axis and 
perpendicular to the Jupiter-Earth vector 
rJE, such that 9 is given by 4 x rJE/rJE. The 
remaining x axis points such that the x ,  y ,  
and z axes form an orthogonal triad with 
origin at Jupiter's center. The stylized IPT 
in Fig. 1 is roughly defined by the electron 
density contour of N, = 1000 electrons per 
cubic centimeter. For simplicity, it is taken 
here to be a symmetric ring, centered on 
Jupiter, with maximum plasma density at a 
Jovian distance of 5.5 Jovian radii (RJ). The 
cross section of the IPT was taken to be 
elliptical; the radial thickness d, = 2 RJ and 
the latitudinal thickness d, = 1 RJ. The ray 
paths to Earth are all parallel to the x-z 
plane, but they change slope in this coor- 
dinate system because of the above men- 
tioned wobble (seen best in Fig. IB). An 
isometric view of the IPT occultation in 
this coordinate system from a vantage point 
above the centrifugal equator may be found 
in the SCE instrument description ( I ) .  

The timing of the flyby was such that the 
ray path first penetrated the IPT in front of 
Jupiter and then the section closer to 
Ulysses in back of Jupiter. This situation 
was not fortuitous. Various mission restric- 
tions were imposed on the Ulysses flyby 
trajectory at Jupiter in order to assure safe 
passage of the spacecraft and an optimum 
postencounter heliocentric trajectory. 
These restrictions precluded a radio occul- 
tation by Jupiter itself. It was also impossi- 
ble to design a flyby through the IPT den- 
sity maximum that would still comply with 
the safety requirement that the Ulysses 
perijove be greater than 6 RJ. An occulta- 
tion of the spacecraft by the IPT, however, 
could "hardly be avoided." Another re- 
quirement stipulated that the energetic par- 
ticle radiation fluence on the Ulysses space- 
craft be a minimum. This was accomplished 
by minimizing the travel time through the 
IPT, that is, by choosing the encounter 
time such that the motion of the IPT was 
opposite to that of the spacecraft. Ulysses 
thus flew quickly through the Jovian cen- 
trifugal equator, just grazing the outer edge 
of the IPT. The total time spent in the IPT 
sector behind Jupiter, for both in situ and 
radio sounding measurements, was only 
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about 1 hour. The frontside IPT, on the 
other hand, was moving south in the same 
direction as Ulysses during the occultation 
and could be detected in the radio occulta- 
tion data for about 5.5 hours. 

Another view of the Ulvsses traiectorv 
in the centrifugal coordinate system, super- 
imposed on a contour plot of the IPT 
electron density distribution according to a 
model from Bagenal (1 0), is presented in 
Fig. 2. The radio ray paths assume an 
unusual form in Fig. 2, moving left from 
Ulvsses to a minimum value of o. where , , 
they reverse and continue on to Earth, 
exiting at the right. The ray path segment 
from the turning point to Ulysses (Earth) 

\+I*] 
I , . l , l l . I . I . . l l l l . l l l  

15 10 5 0 -5 -10 
~(Jovian radii) 

15 10 5 0 -,5 -1 0 
~(Jovian radii) 

I . , . .  . I .  . , . . . . , . . . .  I 1  

-10 -5 0 5 10 
y (Jovian radii) 

Fig. 1. Orthogonal views of the Ulysses space- 
craft trajectory and radio ray paths to Earth 
during the Jupiter flyby. (A) View from the 
positive z axis in an IPT-stationary centrifugal 
coordinate system. (B) View from the positive y 
axis. (C) View from the positive x axis. The 
projected position of Ulysses along its trajecto- 
ry is given by the dots that indicate the time (in 
hours) with respect to the time of JCA, 12:38 
UT, ground received time. The radio ray paths 
from Ulysses to Earth, shown for each hour 
beginning at JCA and ending at JCA + 8 hours, 
are drawn as follows: in front of the IPT, solid 
lines; behind the IPT, not drawn; inside the IPT, 
dashed lines. 

passes through space behind (in front of) 
Jupiter. For example, the ray path denoted 
for the JCA + 2 hours misses the IPT 
behind Jupiter but is beginning to traverse 
the central region of the IPT in front of 
Jupiter. The minimum offset of the Ulysses 
radio ray path from Jupiter occurred at 
15 : 12 universal time (UT) , approximately 
2.5 hours after JCA. 

The IPT occultation occurred for the 
most part in the interval from JCA + 2 
hours to JCA + 7.5 hours and was covered 
in its entirety by the 70-m National Aero- 
nautics and Space Administration Deep 
Space Network (DSN) station DSS 43 at 
Tidbinbilla, Australia. Dual-frequency 
Doppler was recorded at a rate of 1 sample 
per second. Simultaneous observations of 
both downlinks were made at the 34-m 
station DSS 42 at the same DSN complex, 
but at the reduced sample rate of 1 min-I. 
Virtually identical data were obtained until 
problems with the recording system at DSS 
43 necessitated switching the high sample 
rate over to DSS 42. Overlap coverage was 
provided by the preceding station DSS 14 
at Goldstone, California (until the end of 
Ulysses track at time t = JCA + 2 hours), 
as well as by the succeeding station DSS 63 
at Madrid, Spain (Ulysses track start at t = 
JCA + 7.5 hours). 

One significant geometrical advantage 
that Ulysses had over ,Voyager 1 and Voy- 
ager 2 was that the Jupiter flyby occurred 
close to solar opposition. The sun-Earth- 
probe (SEP) angle was 157". This meant 
that possible disturbances due to fluctua- 
tions in electron content from non-Jovian 
sources, namely, the interplanetary medi- 
um (IPM) and the terrestrial ionosphere, 
would be greatly reduced. Variations in the 
electron content in the IPM are reduced at 
opposition not only because the interplan- 
etary ray path is shorter and has a larger 
mean distance from the sun, but also be- 

cause the view direction is close to the solar 
wind velocity vector. Changes in interplan- 
etary electron density are therefore con- 
vected along the signal ray path rather than 
through it. 

The local time of JCA at DSS 43 was 
22:38 hours, so that the IPT occultation 
took place during nighttime at the ground 
station. The electron content of the iono- 
sphere over the Australian DSN complex in 
the direction of Ulysses can be compensat- 
ed with the use of a model developed at the 
Jet Propulsion Laboratory for interplanetary 
navigation (I I). Application of this iono- 
spheric calibration is a prerequisite for de- 
riving the changes in electron content due 
to extraterrestrial ~lasmas. The ionos~heric 
electron content along the Ulysses line of 
sight at all DSN complexes on the day of 
the Jupiter encounter is shown in Fig. 3. 
The time scale of ionospheric variations is 
typically longer than the 5.5-hour duration 
of the IPT occultation. Nevertheless, a 
total excursion of -40 hexems could be 
attributed to the terrestrial ionosphere at 
DSS 43 during the IPT occultation (see Fig. 
3). The diurnal variation of the terrestrial 
ionos~here attained its minimum in elec- 
tron content at about the same time that 
the IPT reached its maximum. Even though - 
a significant ionospheric variation is pre- 
sent, large-amplitude ionospheric fluctua- 
tions that could be mistaken for the IPT 
can be excluded. 

In order to measure small chanees in the " 
electron content along the Ulysses signal 
ray path, the preferred radio subsystem con- 
figuration is S-band uplink, and S/X-band 
(dual-frequency) downlink, both downlinks 
being phase coherent with the uplink. This 
is the standard radio subsystem configura- 
tion for the SCE investigation. Although it 
was thought to be conceivably possible to 
extract the IPT signature using only the 
primary telemetry link at X-band, an esti- 

Fig. 2. Ulysses trajectory in the 6 

centrifugal coordinate system. 
The position of Ulysses is plotted 
as a function of distance from the 4 
centrifugal equator (z) and dis- 
tance from the centrifugal z axis 
(p) in this rotating meridian plane 
projection. The numbers near the , 
solid dots along the trajectory re- 5 
fer to time in hours with respect to 
JCA. Projections of the radio ray 3 0 

path from Ulysses to Earth in this 8 
plane are indicated for the three 
times +2, +4, and +6 hours. -2 

Contours of equal electron densi- 
ty (electrons per cubic centime- 1 , , , , , , ,  

I PT 

ter) in the IPT according to the 
numer~cal model of Bagenal (10) -4 

are superimposed. -8 
6 10 12 

p (Jovian radii) 
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mated 100-fold increase in sensitivity could 
be gained with the use of the dual-frequen- 
cy technique (12). One drawback to dual- 
frequency operations, however, is the high- 
er power consumption (the S-band trans- 
mitter requires 35 W of dc power). In fact, 
the technical feasibilitv of the IPT occulta- 
tion experiment was in doubt as Ulysses 
approached Jupiter because it was unclear 
whether the predicted available power 
would suffice for dual-frequency operations 
during the flyby. 

Radio-sounding techniques for remote 
sensing of ionized media along the propaga- 
tion path between Ulysses and ground sta- 
tion can be applied to the solar corona 
(1 3), but also virtually to any other plane- 
tary plasma (14). The specific approach 
used to extract the electron content of the 
IPT is outlined here for completeness. 

For coherent operation of the Ulysses 
radio subsystem, the received downlink fre- 
quency fd can be expressed as: 

where k is the transponder turnaround ratio, 
which is equal to 2401221 for S-band up/S- 
band down; and 8801221 for S-band up/X- 
band down; f, is the uplink frequency 
(21 11.6 MHz for Ulysses); Sf,, is a small 
deviation from nominal uplink frequency 
due to oscillator instability; So is the predict- 
ed topocentric radial velocity from the com- 
puted trajectory; SSo is the residual toppcen- 
tric radial velocity not included in So; I",, is 

~ ' r I ~ ' ~ l ~ ~ ~ l ~ ~ ~ / ~ J ~ I ~ ~ ~  

\ 
8 February 1992 

I 

DSS 63 -++ DSS43 
DSS 63 

- 2 0 ~ 3 ~ c 1 ~ ~ ~ ' ~ ~ 1 1 ~ ~ ~ 1 ~ ~ ~ 1 c ~ ~ ~  
0 4 8 i.2 16 20 24 

Ground recelved time (UT) 

Fig. 3. Ionospheric electron content calibrations. 
Faraday rotation measurements from geosta- 
tionary satellites are used to compute iono- 
spheric calibrations for deep space tracking 
applications (1 1 ) .  The four individual curves 
show the calibrated ionospheric electron con- 
tent (in hexems) along the Ulysses ray path to all 
DSN stations on the day of the Jupiter encoun- 
ter. The actual times of each Ulysses tracking 
pass are indicated along the bottom of the plot. 

the time derivative of the total electron 
content along the uplink (u) or downlink 
(d) , respectively; and c is the speed of light. 
The X-band to S-band downlink frequency 
ratio is fx/fs = kx/k, = 1113. 

The first and third terms of Eq. 1 are 
known and are subtracted from the received 
frequency to obtain a "frequency residual" 
containing contributions from such sources 
as oscillator instabilities, intervening plas- 
ma, and trajectory errors. It is often conve- 
nient to integrate the frequency residuals to 
obtain the residual phase, a quantity direct- 
ly proportional to changes in the electron 
content along the signal ray path. If both S- 
and X-band downlinks are available. one 
obtains two observable phases m, and m,: 

with 

p = Siodt and I,,,d = / ~ . d s , , , ~  (4) I 
where N, is the electron density, integrated 
to yield the columnar electron content 
along the uplink (u) and downlink (d) ray 
paths, respectively. The frequency depen- 
dence of Eqs. 2 and 3 may be exploited to 
isolate the phase changes due to plasma 
along the downlink by computing the linear 
combination: 

The differential phase Sm, is governed 
exclusively by the plasma. All nondisper- 
sive effects on the Doppler shift due to 
oscillator drift or trajectory errors are elim- 
inated. The differential phase (Eq. 5) is 
expressed in cycles at S-band for all other 
parameters in SI units. If the electron con- 
tent is expressed in "hexems," then Eq. 5 
can be written as: 

Id (hexems) = 

1.843SmS (cycles at S-band) (6) 
The sensitivity of the SIX-band Doppler 
measurements with Ulysses has been esti- 
mated to be -2 10" at S-band ( I ) ,  which 
from Eq. 6 translates to 20.05 hexem. This 
is more than a factor of 1000 less than the 
actually measured peak electron content 
from the IPT. 

The differential frequency measurements 
recorded at the Australian DSN complex 
during encounter and the subsequently de- 
rived electron content of the IPT are shown 
in Fig. 4, A and B, respectively. The data 
are presented here as a function of ground 
received time rather than the conventional 
spacecraft event time used by the Ulysses in 
situ investigations. In order to avoid mis- 

understandings in timing, most references 
to features in the observations and other 
events will be given in terms of their rela- 
tion to JCA. 

We calculated simulated values of elec- 
tron content and plotted them in Fig. 4 for 
the IPT models of Baeenal ( 1  0)  and Divine- " \ ,  

Garrett (15) by integrating along the signal 
ray paths. Considering the limited range of 
the in situ data used for the models, it is 
remarkable that they produce such an ac- 
curate prediction for the IPT electron con- 
tent profile during the Ulysses flyby. 

The Ulysses measurements displayed in 
Fig. 4 were processed as follows: (i) The 
differential frequency residuals Sf, - (311 1) 
Sf, were recorded directly. (ii) The result- 
ant differential frequency residuals were 
corrected for the known spin bias (16) by 
removal of a constant offset. (iii) The spin- 
compensated differential frequency residu- 
als were integrated, beginning at 12:OO UT, 
to obtain the chanee in total electron con- " 
tent from that starting point. (iv) The 
contribution to the total electron content 
from Earth's ionosphere (1 1) was subtracted 

-20 " " "  

12 13 14 15 16 17 18 19 20 21 
Ground received time iUTl 

Fig. 4. IPT electron content during the Ulysses 
Jupiter flyby. (A) Differential frequency mea- 
surements after removal of spin bias (16). (B) 
Differential phase, the integral of (A), after re- 
moval of contributions from Earth's ionosphere 
and the interplanetary medium. The observa- 
tions are plotted at l-min intervals, each point 
being an average over 60 measurements taken 
at a sample rate of 1 s-'. The data from DSS 43 
and DSS 42 were spliced together at 18:30 UT 
owing to Doppler recording anomalies at DSS 
43 Solid curve: actual measurements. Dash- 
dotted curve, simulated IPT electron. content 
uslng the Bagenal model (10) and Integrating 
along the radio ray paths as indicated in Fig. 2. 
Dash-triple dotted curve: Simulated IPT electron 
content using the Divine-Garrett model (15). 
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satisfactorily with the background 
trend observed in the Doppler 

Fig. 5. Electron content between 3 300 I I I I 

Day of year, ground received time (UT) 

Ulysses and ground station ob- 
tained from dual-frequency rang- 8 250 

measurements and was removed in order to obtain the IPT signature displayed in Fig. 4 

- 

to obtain the electron content from extra- 
terrestrial sources alone. (v) In order to 
remove long-term changes in the back- 
ground electron content from the inter- 
planetary medium, we detrended the result- 
ant curve by removing a linear background 
contribution. Only pre- and postocculta- 
tion time segments were used to establish 
the background baseline. 

Figure 5 shows the dual-frequency rang- 
ing measurements between Ulysses and 
Earth during the days around Jupiter en- 
counter (day of year 39 corresponds to 8 
February). The time of the IPT occultation 
and the estimated peak IPT electron con- 
tent (60 hexems) are indicated in Fig. 5 by 
the box labeled "IPT." It was known that 
ranging measurements would not be sensi- 
tive enough to measure plasma variations of 
the IPT; the typical error bars in Fig. 5 are 
of the order of the peak IPT, electron 
content. These ranging data, however, do 
give a rough measure of the absolute elec- 
tron content in the IPM, rather than just 
the changes in electron content. The val- 
ues lie between 100 and 150 hexems, quite 
typical for a propagation path length of 
4.48 astronomical units (AU) near opposi- 
tion. There is an apparent upward trend in 
electron content on encounter day that was 
removed in step (v) to produce the final 
IPT electron content profile of Fig. 4. 

Some obvious differences between the 
radio occultation measurements and the 
model simulations may be noted. Whereas 
the observed IPT electron content profile 
attains a peak of 65 hexems at 16:57 UT 
(JCA + 4h 19"), the models predict that 
an absolute maximum of -50 hexems 
should be seen about 10 min later. Al- 
though two peaks are clearly distinguished 
in the measurements, they are not well 
separated in the model simulations. Finally, 
the rise in IPT electron content occurs 
much more steeply than the predictions. 
The inferred smaller extent of the IPT out 
of the centrifugal equator would imply that 
the (ion) temperature is less than predicted. 

The relative maximum observed at 
16:29 UT (JCA + 3h 51") is attributed to 

ing observations before and after f. 

JCA. Ranging during the IPT oc- S 2 0 0  - 
cultation was suppressed, pri- E 
marily to improve the signal-to- 150 - 
noise ratio of the S-band carrier X 

I : 01 i 
signal. The interplanetary medium '0° - - 

during the Jupiter encounter in- 5 50 creased from -1 00 to -1 50 hex- 5 
- 

ems during the IPT occultation. 5 0 This linear increase correlates 36 37 38 39 40 41 

the Ulysses ray path passing through the 
IPT in front of Jupiter. The IPT sector 
probed at this time was centered at magnet- 
ic longitude A,,, = 50". The position of this 
sector at this time was only about 2 R, in 
the direction of corotation from 10, the 
proven source of the plasma in the IPT (7, 
9). The absolute maximum recorded 30 
min later occurs when the center of the IPT 
behind Jupiter is probed by the ray path at 
magnetic longitudes near A,,, = 310'. The 
timing of this maximum correlates very well 
with in situ measurements from the Unified 
Radio and Plasma Wave (URAP) investi- 
gation on Ulysses (1 7). The peak electron 
density recorded by URAP along the Ulys- 
ses trajectory was slightly higher than the 
model predictions, consistent with the elec- 
tron content observations reported here. 

The slight negative excursion of the 
measurements for the first 2 hours of data in 
Fig. 4 reflects the changes in electron con- 
tent not related to the IPT, starting at 
12:OO UT. The magnitude of this fluctua- 
tion (-5 hexems) is estimated to be of the 
order of the systematic error associated with 
the profile in Fig. 4. The small relative 
maximum observed at 14:52 UT is most 
probably of Jovian origin. The possibility of 
its being an ionospheric disturbance is ex- 
cluded because the same feature was ob- 
served simultaneously at the DSN stations 
in Australia and California. The data also 
display a plateau-like region of nearly con- 
stant electron content (=20 hexems) start- 
ing at about 18:OO UT and lasting for about 
90 min. The enhanced IPT electron con- 
tent in this interval is attributed to the 
geometry of the occultation, in particular, 
to the proximity of the Ulysses ray path to 
the west ansa of the IPT. The Ulysses radio 
ray path remained almost stationary in z 
just below the IPT in front of Jupiter (Fig. 
l ) ,  passing under the ansa at approximately 
19:30 UT (JCA + 7"). A ray path passing 
through the ansa is most favorable for pro- 
ducing a maximum in the IPT electron 
content orofile. 

We made certain modifications to the 
Bagenal model in an attempt to find what 

parametric changes would lead to a better 
reuresentation of the radio occultation 
data. Variable parameters introduced were 
the following: (i) the z coordinate of max- 
imum electron density (affecting the timing 
of the peak electron content), (ii) the 
overall level of electron density (affecting 
the height of the electron content peak), 
and (iii) the scale height of the electron 
density falloff away from the centrifugal 
equator (affecting the slope of the electron 
content profiles during ingress and egress). 

The principal finding of this parametric 
study was that a satisfactory fit to the 
observed profile could not be generated 
with an azimuthally symmetric IPT. Initial 
results indicate that significantly different 
parameter sets may be necessary for the IPT 
on opposite sides of Jupiter. One possible 
exulanation for the difference would be a 
density maximum arising from a magnetic 
anomaly as proposed by Dessler and Hill 
(18). It is also consistent with reported 
longitudinal asymmetries in ground-based 
line emission observations of ionized sulfur 
(19). A quantitative description of these 
simulations with modified models of the IPT 
will be presented in subsequent publications. 

The Ulysses IPT occultation experiment 
has verified the accessibility of the IPT to 
radio science techniques usually applied to 
planetary atmospheres and ionospheres. It 
is hoped that these investigations can be 
continued with the Galileo spacecraft at its 
frequent IPT occultation opportunities dur- 
ing the Jovian orbital tour beginning in late 
1995 (20). 

REFERENCESANDNOTES 

1. M. K. Bird etal., Astron. Astrophys. Supp. Ser. 92, 
425 (1 992); M. Patzold etal., in Solar Wind Seven, 
E. Marsch and R. Schwenn, Eds. (Pergamon, 
Oxford, 1992), pp. 237-240. 

2. V. R. Eshleman et al., Science 206, 959 (1979); 
ibid. 204, 976 (1979). 

3. The "hexem" (1016 electrons per square meter) is 
a convenient unit for columnarelectron density. 

4. G. S. Levy, D. W. Green, H. N. Royden, G. E. Wood, 
G. L. Tyler, J. Geophys. Res. 86, 8467 (1981). 

5. J. K. Campbell and S. P. Synnott, Astron. J. 90, 
364 (1 985) 

6. J. K. Campbell and R. F. Sunseri, Eos 66, 947 
(1985); J. K. Campbell, unpublished memoran- 
dum (Jet Propulsion Laboratory, Pasadena, CA). 

7. J. W. Belcher, in Physics of the Jovian Magneto- 
sphere, A. J. Dessler, Ed. (Cambridge Univ. 
Press, Cambridge, 1983), chap. 3; R. A. Brown, 
C. B. Pitcher, D. F. Strobel, ibid., chap. 6. 

8. T. W. Hill, A. J. Dessler, F. C. Michel, Geophys. 
Res. Lett. I ,  3 (1 974) 

9. T. W. Hill, A. J. Dessler, C. K. Goertz, in Physics of 
the Jovian Magnetosphere, A. J. Dessler, Ed. 
(Cambridge Univ. Press, Cambridge, 1983), 
chap. 10; A. J. Dessler, ibid., appendix B. 

10. F. Bagenal, R. L. McNutt, Jr., J. W. Belcher, H. S. 
Bridge, J. D. Sullivan, J. Geophys. Res. 90, 1755 
(1985); F. Bagenal and J. D. Sullivan, ibid. 86, 
8447 (1981); F. Bagenal and J. D. Sullivan, Geo- 
phys. Res. Lett. 7, 41 (1 980). 

11. "DSN tracking system interfaces: Media calibration 
data interface" (Jet Propulsion Laboratory Internal 
Document 820-13, Rev. A, Pasadena, CA, 1985). 

12. A much more difficult measurement could still 

1534 SCIENCE VOL. 257 11 SEPTEMBER 1992 



Plasma Composition in Jupiter's Magnetosphere: 
Initial Results from the Solar Wind 

Ion Composition Spectrometer 
J. Geiss, G. Gloeckler, H. Balsiger, L A. Fisk, 

A. B. Galvin, F. Gliem, D. C. Hamilton, F. M. Ipavich, S. Livi, 
U. Mall, K. W. Ogilvie, R. von Steiger, B. Wilken 

The ion composition in the Jovian environment was investigated with the Solar Wind Ion 
Composition Spectrometer on board Ulysses. A hot tenuous plasma was observed through
out the outer and middle magnetosphere. In some regions two thermally different compo
nents were identified. Oxygen and sulfur ions with several different charge states, from the 
volcanic satellite lo, make the largest contribution to the mass density of the hot plasma, even 
at high latitude. Solar wind particles were observed in all regions investigated. Ions from 
Jupiter's ionosphere were abundant in the middle magnetosphere, particularly in the high-
latitude region on the dusk side, which was traversed for the first time. 

have been attempted in the event that only the 
X-band downlink, coherent with the S-band up
link, were available. In this case the IPT signature 
would be imposed on the S-band uplink and then 
transponded to ground at the standard DSN fre
quency turnaround ratio of 880/221. If we com
pare the X-band received frequency with an orbit-
corrected frequency prediction, it is still technical
ly possible to extract the subtle phase shift ex
pected from the IPT. For all practical purposes, 
however, the Doppler shifts expected from the 
gravitational perturbations of the Jovian moons 
and higher moments of Jupiter's gravity field 
would all tend to mask the desired signal. 

13. M. K. Bird and P. Edenhofer, in Physics of the 
Inner Heliosphere, R. Schwenn and E. Marsch, 
Eds. (Springer-Verlag, Heidelberg, 1990), vol. 1, 
chap. 2; M. K. Bird, Space Sci. Rev. 33, 99 (1982). 

14. G. L Tyler, Proc. IEEE 75, 1404 (1987). 
15. N. Divine and H. B. Garrett, J. Geophys. Res. 88, 

6889 (1983). 
16. It can be shown that the differential frequency 

residual will have a small bias due to the spin of 
the spacecraft. For the Ulysses S/X-band system, 
the bias from the nominal 5-rpm spacecraft rota-
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1 he interaction of the solar wind with 
planets, the moon, or comets takes on 
different forms, and comparative studies of 
these interactions are an important part of 
space plasma physics and solar system 
research. For example, the main energy 
for magnetospheric processes is believed to 
be supplied by the solar wind in the case of 
Earth but by the planet's rotation in the 
case of Jupiter (I, 2). In fact, the Jovian 
magnetosphere is characterized by signifi
cant plasma pressures and strong centrifu
gal forces resulting from the fast rotation 
of the planet, its strong magnetic field, 
and a large abundance of heavy ions from 
the volcanic satellite lo. With the Solar 
Wind Ion Composition Spectrometer 
(SWICS) on board Ulysses, we obtained 
representative and comprehensive data on 
the plasma composition in the Jovian 
magnetosphere, allowing us to study 
sources and transport of different ion spe
cies. This information also enables us to 
determine the mass loading in the rotating 
magnetic field of Jupiter, which in turn 
determines the effect of centrifugal forces 
on the overall geometry and dynamics of 
the Jovian magnetosphere. In this report 
we give a preliminary account of our 
findings. 

The design of SWICS, its capabilities, 
operational modes, and performance in 
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flight are described in (3). The instrument 
combines energy-per-charge separation by 
an electrostatic analyzer (0.6 to 60 keV/e), 
acceleration (23 kV), time-of-flight mea
surement, and determination of total ener
gy with solid-state detectors. For an ion 
producing a triple coincidence (two time-
of-flight and one solid-state detector sig
nals), this technique allows the determina
tion of its mass (M) and charge (q) sepa
rately so that different ion species can be 
distinguished even if they have equal M/q 
ratios. A double coincidence (time-of-flight 
only) permits only measurement of the M/q 
ratio (4). The coincidence methods used 
suppress background, an important feature 
in the strong radiation fields of the Jovian 
magnetosphere (5). 

SWICS is optimized for solar wind con
ditions. The collimator accepts ions arriving 
in a cone of 60° half-width around the spin 
axis pointing toward Earth. Thus, SWICS 
covered only a part of the angular distribu
tion of the magnetospheric ions. In particu
lar, it viewed the corotation direction only 
on the outbound, dusk, high-latitude path. 

Figure 1 gives an overview of the ion 
populations from 0.6 to 60 keV/e we en
countered in the Jovian environment. The 
bow-shock crossings are readily recogniz
able in the SWICS data: the count rates for 
H + and He 2 + were reduced in the magne-
tosheath because there, in the high-temper
ature, low-speed environment, our instru
ment did not cover the whole energy range 
and angular distribution of these ions as it 
does in the highly supersonic solar wind. 
The multiple entries into and exits out of 
the magnetosphere were marked by the 
prompt appearance and disappearance of S 
and low-charge O ions, as well as by in
creased background counts caused by pene
trating electrons in the individual detec
tors. For instance, the short excursion back 
into the magnetosheath (actually, a mixed 
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