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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. 

T h e  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 (1,  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 10. 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 

J Gelss, H. Balsiger, U. Mall, R. von Steiger, 
Physikalisches Institut, Universitat Bern, 3012 Bern, 
Sw~tzerland. 

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 

u 

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 ~oint ine  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 Tovian environment. The 
bow-shock crossings are readily recogniz- 
able in the SWICS data: the count rates for 
Hf and HeZf were reduced in the magne- 
tosheath because there, in the high-temper- 
ature, low-speed environment, our instru- 
ment did not cover the whole energV range -. 

G. Gloeckler, A B. Galvin, D. C Hamilton, F. M, and angular distribution of these ions as it 
Ipavich, Department of Physics, Un~versity of Mary- 
land, College Park, MD 20742. does in the highly supersonic solar wind. 
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omie, 341 1 Katlenburg-Lindau, Germany. 
K. W Og~lvie. National Aeronautics and Space Admin- 

trating elections in the individual' detec- 

istration, Goddard Space Flight Center, Greenbelt, tors. instance, the short back 
MD 20770. into the magnetosheath (actually, a mixed 

SCIENCE VOL. 257 11 SEPTEMBER 1992 1535 



plasma region) on the inbound path be- 
tween -96 and -87 Jovian radii (R,) was 
marked by a decrease in Iogenic ions and an 
increase in solar wind H+ and He2+. Io- 
genic S and 0 ions were abundant every- 
where in the magnetosphere, even during 
the period when Ulysses reentered the mag- 
netosphere on the outbound pass at high 
southern latitude at a distance from Jupiter 
as large as 115 to 125 R, (6). 

From general plasma characteristics 
(Fig. l), we determined when Ulysses was 
inside the magnetosphere proper (excluding 

Fig. 1. Plot of the counting 
rates (lo5 count/min - 1 
cm-9 of 0.6 to 60 keV1 
charge H+ (top panel), 
He2+ (middle panel), and 
the sum of 0+, CP+, S2+, 
S3+, and S4+ (bottom pan- 
el) ions versus radial dis- 
tance (1 R, = 71,372 km) 
from Jupiter, measured in 
the Earth-pointing 120" 
field of view of SWICS. The 
horizontal bars at the top of 
the upper panel indicate 
the extent of interplanetary 
(thinnest bar), magneto- 
sheath, magnetosphere, 
and mixed plasma (thick- 
est bar) regions, respec- 
tivelv. near Ju~iter: the dot- 

the mixed plasma regions) and chose for our 
initial analysis seven pure magnetospheric 
regions along Ulysses' path (Table 1). Data 
on the angles between the magnetic field 
(7) (B field) and spin axis are included in 
Table 1, to indicate our ability to see 
field-aligned ion streams. In Fig. 2 the ion 
population in the magnetosphere is com- 
pared with a typical solar wind ion popula- 
tion. Triple coincidence pulse height 
events are presented in an M versus Mlq 
scatter plot, and double coincidences are 
shown below in an M/q spectrum. Whereas 

ted vertical lines 'in each 
panel are placed at 10-hour intervals starting at the beginning of day 33. The gap (1 0 - R, inbound 
to - 14 R, outbound) near closest approach (6.3 R,) is due to the reduced sensitivity to which 
SWICS was configured in order to prevent damage of the microchannel plates from the intense 
penetrating electron fluxes. Low charge-state S and 0 ions from lo were observed throughout the 
entire magnetosphere as well as in the mixed plasma regions in the outer magnetosphere. While 
He+ of solar wind origin penetrates deep into the magnetosphere, its flux was greatly reduced in the 
innermost region (130 R,) investigated. For H+ and the 0 + S ions, on the other hand, relatively high 
fluxes showing 10-hour periodicity were observed in the middle magnetosphere. 

Flg. 2. Mass versus masslcharge 
matrix of solar wind (top) and Ju- 
piter magnetosphere plasma 
(bottom). The triple coincidence 
rates (TCR) are color-coded in 
the upper part of the panels, while 
the double coincidence rates 
(DCR), for which no mass infor- 
mation was available, are given 
as histograms below. The Jupiter 
data are the sum over all periods 
IN1 through OUT4, and the solar 
wind data were collected well af- 
ter the encounter on days 57 to 
76, March 1992. The change in 
charge state and elemental com- 
position is striking. Since raw 
counts are given, abundance ra- 
tios cannot be estimated from this 
figure. 

Ma- w c- 
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a considerable fraction of ions with two or 
more charges produced triple coincidences, 
singly charged ions registered mainly as 
double coincidences. Thus, 0+ and espe- 
cially S+ were rare in the M versus M/q 
plot. H+ and He2+ were also suppressed by 
our priority scheme. With calibration data, 
the detection efficiencies for t r i~le  and dou- 
ble coincidences as well as the differences in 
priority can be corrected to obtain ion 
abundance ratios. Figure 2 shows the excel- 
lent Mlq separation of the instrument and 
the degree of mass separation between S 
and 0 ions. Although there was some 
overlap between 02+ and S4+ and between 
0+ and S2+, the amount of spillover can be 
corrected. In Fig. 3 the triple coincidences 
are divided into two mass ranges, one con- 
taining primarily 0 and the other primarily 
S, with only limited "cross contamination" 
that can be readily evaluated. 

The strikine difference between the solar - 
wind and magnetospheric compositions 
(Fig. 2) was essentially due to the high 
abundance of Iogenic S and 0 ions in 
Jupiter's magnetosphere. Also, the charge 
state distributions of the two ion popula- 
tions were totally different. Whereas the 
solar wind ions were nearly equilibrated in 
the - lo6 K environment of the low corona 

" 
1 10 

Masdcharge (amule) 

Flg. 3. Masslcharge spectra [in atomic mass 
units (amus) per electron charge (e)] of triple 
coincidence ions in Jupiter's magnetosphere. 
(A) Mass range 20 to 50 amus, showing mostly 
the S2+ to S5+ ions. In these spectra S+ ions 
were very rare because they are quite ineffi- 
cient in producing a triple coincidence. (8) 
Mass range 10 to 20 amus, showing mostly the 
four low-charge states of oxygen. Brackets 
indicate trace amounts of these ions. 



(8), the average charges of the S and 0 ions 
in the magnetosphere remained far below the 
values that would have corresponded to an 
equilibrium with the ambient electron gas. 

Three phase space density plots of H+ 

0 20 40 60 
(keV/e) 

Fig. 4. Distribution functions of H +  in three time 
intervals during the Jupiter encounter. We ob- 
served a multitemperature plasma composed 
of a hot component above E/q = 10 keV with a 
temperature of kT = 10 keV and a warm com- 
ponent at low E/q with a temperature of kT = 1 
to 3 keV. The hot component fills the entire 
magnetosphere traversed by Ulysses with a 
density of a few times cm?, while the 
warm component is more variable: it was less 
abundant inbound than outbound and for H +  
was absent in the innermost magnetospheric 
regions investigated (OUT1 through OUT2). (A) 
IN2 through IN3: solid line, kT = 2.4 keV (n = 

-0.00032 ~ m - ~ ) ;  dotted line, kT = 11.5 keV (n 
= 0.00016 ~ m - ~ ) .  (8) OUTl through OUT2: 
solid line, kT = 7.9 keV (n = 0.0015 c m 3 ) .  (C) 
OUT3 through OUT4: solid Ilne, kT = 1.2 keV (n 
= 0.0022 ~ m - ~ ) ;  dashed line, kT = 10.3 keV (n 
= 0.00027 ~ m - ~ ) ;  dotted line, kT = 3.1 keV (n 
= 0.0016 c m 3 ) .  

appear i n  Fig. 4, each covering two adja- 
cent regions defined in Table 1. From such 
plots, densities, temperatures, and other 
moments can be derived, and the possible 
presence of thermally different components 
of an ion species becomes apparent. The  
number densities and temperatures given 
are indicative only; they were calculated 
based on  the assumption of isotropic and 
spatially uniform velocity distributions. For 
H+ (as well as for other species) there are 
two or three thermally different components 
(Fig. 4). The energy coverage of SWICS was 
sufficient to investigate the "hot" (- 10 keV) 
and "warm" (-1 keV) components of the 
plasma (Fig. 4). W e  expect improved densi- 
ty and temperature estimates and to investi- 
gate field-aligned ion streaming or corota- 
tion by analyzing the arrival directions of 
individual ion species. 

The  M/q spectra measured in the seven 

selected magnetospheric regions appear in  
Fig. 5. The  O+ + SZ+, S3+, and 02+ ions 
produced the three dominant peaks i n  the 
M/q range. Undoubtedly their origin was 
10, because S - 0  compounds are major com- 
ponents i n  the gases liberated from this 
satellite (9, 10). Our data confirm the 
widespread and large abundance of Iogenic 
ions found by the Voyager Plasma Experi- 
ment (1 1 ) . Whereas the Voyager cold plas- 
ma composition data inside and near the 10 
torus are unique, Ulysses-SWICS has pro- 
vided us with new information on  the 
composition of the hot plasma in the mid- 
dle and outer magnetosphere. In all these 
regions, S and 0 ions of different charge 
states could be distinguished (see also Figs. 
2 and 3 ) ,  which will allow us to derive 
abundance ratios of these important ions 
throughout the magnetosphere. Moreover, 
by virtue of Ulysses' trajectory SWICS has 

Fig. 5. The massicharge 
spectra obtained in the sev- 
en selected regions (Table 
1). Plotted are sums of the 
double and triple coinci- 3 
dence PHA counts correct- 2 
ed for the bias introduced by 1 

our priority scheme. These o 
data must be corrected for 6 
background and efficiencies 5 
to derive abundance ratios. 
logenic ions dominated in 
the massicharge range of 4 2 : to 36 presented. 

Table 1. Summary of time intervals for which data were analyzed; SCET, spacecraft event time. Table 2. Ions of different sources in Jupiter's 
magnetosphere. 

Data 
interval Time interval (SCET) Distance to B Field (7) Angle between 

Jupiter (R,) (nT) spin axis and 
B direction (") (7) 

IN1 
I N2 
IN3 
OUTl 
OUT2 
OUT3 
OUT4 

Solar w~nd H + ,  He2+, 06+ 
Jupiter H + ,  (Hz t ,  Hz+)* 
10 O+ , 0 2 +  , 0 3 +  , (04+), 

(Na+, K2+) ,  S+,  
s2+ +3+ s4+ , (SS+) 

Icy satell~tes (H,o+', H,o+) 
Source undeter- He+ 

m~ned 

*Tentative identifications in parentheses (water group 
ions and K2+ are actually alternatives). 
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Fig. 6. Flux ratios of H+/He2+ in the magneto- 
spheric plasma derived from ions that were 
classified on board as Matrix Element and 
Matrix Rate events by SWICS. Double and triple 
coincidences were used for H + ,  but for He2+ 
only triple coincidences were used, to give an 
unambiguous distinction from H:. Because 
there are no energy spectra for the triple coin- 
cidence He2+ data, we give two limiting values 
for H+IHe2+, assuming that the ions had either 
the same energylcharge (open circles) or the 
same energylmass (filled circles) spectrum. 
Space between dashed lines, solar wind level. 
For the range, zero represents the point of 
closest approach. 

provided us with the first composition data 
in the high-latitude regions on the dusk side 
(OUT1 to OUT4), and these data demon- 
strate the omnipresence of a strong Iogenic 
plasma component in the entire middle and 
outer magnetosphere at all latitudes (see 
also Fig. 1). Although we cannot report 
now on the relative abundance of S+, there 
seem to be no striking systematic differences 
in the relative abundances of the major 
Iogenic ions Of  + S2+. S3+. and 02+ - 
along the entire magnetospheric path of 
Ulysses. Outside the torus region, large- 
scale mixing, loss from the magnetospheric 
reservoir, or both, seem faster than electron 
stripping (1 2). 

Neutral Na and K clouds were observed 
in the 10 torus (13), and Na ions were 
detected at medium (14) and high (15) 
energies in the magnetosphere. We have 
tentatively identified Na+: its abundance 
was low, less than 5% relative to the sum of 
the 0 ions. There may be a trace of K2+, 
but we cannot readily distinguish it from 
water group ions. 

The He2+ ion is our best indicator for 
the presence of solar wind ions in the 
magnetospheric plasma. We do not expect 
a significant fraction of this ion to come 
from the Tovian ionomhere because the 
abundance of its progenitor, He+, is kept 
relatively low there by reactions with H2 
(15). We found a finite abundance of He2+ 
in all seven magnetospheric regions (Figs. 1 

and 6 and Table I) ,  indicating that there is 
a significant solar wind component in the 
plasma throughout the outer and middle 
maenetos~here. - 

Ions from Jupiter's ionosphere are not 
easv to distinguish from solar wind ions. 
because the sun and Jupiter have much the 
same chemical composition. The low-ener- 
gy charged particle investigation on the 
Voyager spacecraft discovered H: and H: 
among the energetic particles (>ZOO keV 
per nucleon), hitherto the most direct dem- 
onstration of an ionospheric component in 
the Jovian magnetosphere (1 7). We have 
tentatively identified H: and H: in region 
OUT2 and we also found traces of HeC, 
some or most of which might have come 
from Jupiter (other possible contributions 
are He ions of interstellar origin or charge- 
exchanged solar wind a particles). Howev- 
er, we can best estimate the relative abun- 
dance of ionospheric material in the Jovian 
magnetosphere from H+/He2+ observa- 
tions. This method has been successfully 
applied in the magnetosphere of Earth, 
where detailed analyses of energy distribu- 
tions showed that the H+/He2+ ratio of the 
solar component in various magnetospheric 
regions is similar to the solar wind value 
(18). The H+/He2+ flux ratios found in the 
Jovian magnetosphere are shown in Fig. 6. 
Although these data are preliminary and we 
hope to improve them, the variations 
shown in Fig. 6 are real. Whereas the 
H+/He2+ ratios in the outer regions (IN1, 
OUT3, and OUT4) approached the normal 
solar wind values, they increased systemat- 
ically with decreasing distance from Jupiter. 
In the OUT1 region H+/He2+ was far 
above the range of typical solar wind val- 
ues, which leads us to conclude that most of 
the H here stems from the Jovian iono- 
sphere. It is likely that the H in regions 
IN2, IN3, and OUT2 contains a significant 
Jovian component as well. Because H+ is 
the most abundant species in the solar wind 
and Jupiter's ionospheric plasma, our data 
imply that both are important as sources of 
the magnetospheric plasma, with the solar 
wind contributing more to the outer regions 
and Jupiter more to the inner regions. 

Io may not be the only moon to supply 
ions to Jupiter's magnetosphere. Sputtering 
could liberate components of the icy mate- 
rial from Europa or other Galilean satellites 
(19). It has been suggested that water group 
ions are abundant in the Saturnian mag- 
netosphere (ZO), but such ions have not 
been found in the Jovian magnetosphere. 
We have tentatively identified the water 
group ions H 2 0 + ,  H30C,  or both: in many 
regions we observed a pronounced shoulder 
above the S2+-O+ peak (see also Fig. 5) at 
an Mlq of about 18 to 19. The shoulder 
could be due to the water group ions, but 
we would not exclude a contribution from 

low-chareed metals such as K2+ (21). - \ ,  

Ion species unambiguously identified so 
far are listed in Table 2. Material from three 
sources, the solar wind, the planet Jupiter, 
and the volcanic satellite Io, can be traced 
by source-specific ions. Significant amounts 
of solar wind and Iogenic particles were 
found in all regions we investigated, prov- 
ing that solar wind plasma penetrates deep 
into the magnetosphere and that Iogenic 
ions advance to its outer reaches at both 
low and high latitudes. Jovian ions were 
more abundant than solar wind ions in the 
inner regions and less abundant in the outer 
regions. These findings place constraints on 
models of plasma circulation, radial trans- 
port, and loss from the magnetosphere. The 
Iogenic ions dominate the mass density, 
and consequently the average ionic mass is 
high in all investigated regions at low and 
high latitudes. This identification of ion 
masses is needed for DroDer assessment of 

L .  

the centrifugal and pressure terms in the 
stress balance equation [see also (2)]. 
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Jupiter's Magnetosphere: Plasma Description 
from the Ulysses Flyby 

Samuel J. Bame,* Bruce L. Barraclough, William C. Feldman, 
Galen R. Gisler, John T. Gosling, David J. McComas, 
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Plasma observations at Jupiter show that the outer regions of the Jovian magnetosphere 
are remarkably similar to those of Earth. Bow-shock precursor electrons and ions were 
detected in the upstream solar wind, as at Earth. Plasma changes across the bow shock 
and properties of the magnetosheath electrons were much like those at Earth, indicating 
that similar processes are operating. A boundary layer populated by a varying mixture of 
solar wind and magnetospheric plasmas was found inside the magnetopause, again as at 
Earth. In the middle magnetosphere, large electron density excursions were detected with 
a 10-hour periodicity as planetary rotation carried the tilted plasma sheet past Ulysses. 
Deep in the magnetosphere, Ulysses crossed a region, tentatively described as magnet- 
ically connected to the Jovian polar cap on one end and to the interplanetary magnetic field 
on the other. In the inner magnetosphere and lo torus, where corotation plays a dominant 
role, measurements could not be made because of extreme background rates from pen- 
etrating radiation belt particles. 

During the Ulysses flyby of Jupiter, analogs 
of the familiar plasma regions and bound- 
aries found in Earth's magnetospheric sys- 
tem were observed, including upstream 
electron and ion precursors of the bow 
shock, bow shock, magnetosheath, magne- 
topause and its boundary layer, outer and 
middle magnetosphere, and plasma sheet. 
With the exceptions of the larger scale of 
the Jovian system, its higher rotation rate, 
and the Dresence of the Io torus. the simi- 
larities between features in the magneto- 
s ~ h e r e  of the lovian svstem and of the 
tkrrestrial system are striking. Finding these 
similarities reinforces the idea that these 
features are common astrophysical phenom- 
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ena that can be expected in other similar 
systems that may be inaccessible to space 
probes. These observations supplement and 
extend those of the earlier Pioneer (1)  and 
Voyager (2) flyby missions because Ulysses 
flew during a different time era, along a 
different encounter trajectory ( 3 ) ,  and car- 
ried instrumentation having different capa- 
bilities. Here, we report an overview of the 
observations made with the Ulysses solar 
wind plasma experiment. 

Because the velocity distributions of ions 
and electrons in the solar wind are very 
different, the experiment contains two 
spectrometers (4) to characterize them in- 
dependently in three dimensions: one for 
the beam-like ions and one for the omnidi- 
rectional electrons. Detailed descriptions of 
the instruments are given elsewhere (5). 
Even though not ideally suited for magneto- 
spheric observations, the instruments mea- 
sured many of the plasma features of the 
Jovian magnetosphere during the entire 
15-day flyby except for the day of closest 

approach. The electron resulrs are displayed 
in a color-coded spectrogram of energy dis- 
tributions in Fig. 1; Fig. 2, A and B, 
presents a plot of electron density and 
temDerature Darameters with various fea- 
tures of the encounter identified. The sum- 
mary chart in Fig. 3 shows the flight path of 
Ulysses with magnetospheric features locat- 
ed along the trajectory. Spectrograms for 
both electrons and ions from two intervals 
on the outbound leg are shown with time 
expanded in Figs. 4 and 5. A summary log 
of the entry and exit times of the various 
plasma regions is presented in Table 1 with 
boundary identifications. More precise 
boundary locations will be determined later 
from a joint analysis of plasma and field (6) 
observations. 

At 17:33 U T  (universal time) on day 33 
(2 February 1992), an abrupt appearance in 
the Fig. 1 spectrogram of a broad band of 
yellow extending to energies above 100 eV 
marks a single inbound crossing of the bow - - 
shock, where the solar wind.electrons were 
heated and compressed. An ion spectro- 
gram (not presented here) shows that the 
solar wind proton and helium ions were 
similarly heated, compressed, and deflect- 
ed. A model consistent with past flyby 
results predicts a bow shock at -80 Jupiter 
radii (RJ) for average solar wind conditions. 
Instead, this crossing, located in Fig. 3, 
occurred at 113 RJ as the magnetosphere 
expanded in response to a measured factor 
of 10 decrease of solar wind dynamic pres- 
sure during the day before the crossing. 
Quantitative electron density and tempera- 
ture (T) jumps at the shock are -0.06 to 
-0.15 electron cmP3 and -1.6 x lo5 to 
-1.3 x lo6 K, respectively. The amount of 
heating at this crossing and other crossings 
during the flyby shows that AT scales as the 
change in flow velocity (AV) in the same 
manner as at Earth. This fact. combined 
with the fact that the downstream electron 
distributions had the flattened t o ~ s  charac- 
teristic of distributions downstream from 
Earth's bow shock, suggests a heating mech- 
anism at Jupiter like that at Earth. Figure 3 
also locates several upstream episodes of 
interplanetary magnetic field (IMF) con- 
nection to the bow shock, observed at 
Jupiter for the first time in three-dimension- 
al distributions of the solar wind electron 
velocity. Connection events have been ob- 
served many times at Earth (7) and also at 
comet Giacobini-Zinner (8). When con- 
nected, a flux of hot electrons from the 
shock streams sunward along the IMF, 
counterflowine against the usual electron - - 
heat flux from the hot solar corona. 

From previous flybys it was expected that 
nearly a day would be required for Ulysses 
to cross the magnetosheath into the mag- 
netosphere. Instead, this crossing, identi- 
fied in the spectrogram in Fig. I by the 
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