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Plasma Observations Near Jupiter: 
Initial Results from Voyager 2 

Abstract. The first of at least nine bow shock crossings observed on the inbound 
pass of Voyager 2 occurred at 98.8 Jupiter radii (Rj) with final entry into the magne- 
tosphere at 62 Rj. On both the inbound and outbound passes the plasma showed a 
tendency to move in the direction of corotation, as was observed on the inbound pass 
of Voyager 1. Positive ion densities and electron intensities observed by Voyager 2 
are comparable within a factor of 2 to those seen by Voyager I at the same radial 
distance from Jupiter; the composition of the magnetospheric plasma is again domi- 
nated by heavy ions with a ratio of mass density relative to hydrogen of about 100/1. 
A series of dropouts of plasma intensity near Ganymede may be related to a complex 
interaction between Ganymede and the magnetospheric plasma. From the planetary 
spin modulation of the intensity of plasma electrons it is inferred that the plasma 
sheet is centered at the dipole magnetic equator out to a distance of 40 to 50 Rj and 
deviates from it toward the rotational equator at larger distances. The longitudinal 
excursion of the plasma sheet lags behind the rotating dipole by a phase angle that 
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sheet is centered at the dipole magnetic equator out to a distance of 40 to 50 Rj and 
deviates from it toward the rotational equator at larger distances. The longitudinal 
excursion of the plasma sheet lags behind the rotating dipole by a phase angle that 
increases with increasing radial distance. 

This is a preliminary report of results 
obtained by the Voyager plasma experi- 
ment during the encounter of Voyager 2 
with Jupiter from about 100 Rj before 
periapsis to about 300 Rj after periapsis. 
The instrument is identical to that flown 
on Voyager 1 (1) and has been described 
in detail in (2). We discuss here (i) the 
crossings of the bow shock and magneto- 
pause observed on the inbound and out- 
bound passes, (ii) the radial variation of 
plasma properties in the magnetosphere, 
(iii) variations in plasma properties near 
Ganymede, (iv) corotation and composi- 
tion of the plasma in the dayside magne- 
tosphere, and (v) plasma sheet crossings 
observed on the inbound and outbound 
passes. 

It is interesting to compare the Voy- 
ager 2 results with those of Voyager 1, 
and in this regard some differences be- 
tween the trajectories of the two space- 
craft should be borne in mind as well as 
some limitations of the preliminary anal- 
ysis used for both data sets. Figure 1 
shows the trajectories of the two space- 
craft projected onto the equatorial plane 
of Jupiter. The closest approach to Jupi- 
ter was 4.9 Rj for Voyager 1 and 10.1 R 
for Voyager 2. A second significant dif- 
ference is the angle between the asymp- 
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tote to the outbound trajectory and the 
Jupiter-sun line, - 115? for Voyager 1 
and - 133? for Voyager 2. As a con- 

sequence of these differences in the tra- 
jectory, Voyager 2 did not penetrate the 
dense plasma of the Io torus and data 
were obtained only in the region referred 
to in (I) as the outer magnetosphere. It is 
apparent from Fig. 1 that the trajectory 
of Voyager 2 was better suited to study a 
possible Jovian magnetotail than that of 
Voyager 1 and this fact is evident in 
some observations discussed below. 

A detailed analysis of the positive ion 
and electron data obtained during the 
Voyager encounters with Jupiter is in 
progress, but definitive results for 
plasma parameters will not be available 
for some time. We have used a crude 
first-order analysis that gives a lower 
limit for the number density of positive 
ions and a good estimate of the variation 
of the electron intensity with distance. 
The ion densities in this report and in (/) 
should be taken as lower limits since two 
important effects have been neglected in 
the preliminary analysis: first, the geo- 
metrical response which depends on the 
Mach number and direction of the flow 
has been treated in a very approximate 
way and, second, calculation of the num- 
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ber density, n, depends on the composi- 
tion of the ions. We have computed n as- 
suming that the positive ions are pro- 
tons, but most of the low-energy ions 
have A/Z* > 8 (3) (A is atomic mass num- 
ber and Z* is effective charge number); 
hence the actual density has been under- 
estimated by about a factor of 3. The 
positive ion number densities and elec- 
tron intensities computed in this way for 
Voyager 1 and 2 are believed to be di- 
rectly comparable, and relative values at 
the same radial distance are probably ac- 
curate to better than a factor of 2. 

Table 1 includes all boundary cross- 
ings separated by an interval greater than 
96 seconds that occurred on the inbound 
pass, and is complete for the outbound 
pass to 1703 UT on day 215. Many of the 
observed bow shock crossings, as well 
as all the bow shock crossings observed 
by Voyager 1, were of the laminar type. 
However, the first bow shock crossing 
observed by Voyager 2 was of the pulsa- 
tion type (4); as expected for a pulsation 
shock, wave disturbances were observed 
upstream of the shock. These upstream 
waves had periods of the order of 5 min- 
utes and were evident in the plasma den- 
sity and other parameters. 

The number of boundary crossings 
was large, and it was not possible to 
show individual events along the trajec- 
tory plot of Fig. 1. Thus the locations of 
the first and last bow shock crossings ob- 
served along the inbound trajectory of 
Voyager 2 are shown on the appropriate 
trace in Fig. 1, and the first and last mag- 
netopause crossings are shown in a simi- 
lar way. For comparison, similar first 
and last locations of the boundaries seen 
during the Voyager I encounter are in- 
dicated on the Voyager 1 trajectory. 
Data for magnetopause and shock cross- 
ings observed on the outbound trajectory 
of Voyager 2 are not yet complete; the 
first magnetopause and shock crossings 
are shown but there may be additional 
crossings after day 215. Although there 
are boundary layer effects, normal mag- 
netosheath plasma is observed on the 
outbound pass; for example on day 206 
at 1030 UT the shocked solar wind in the 
magnetosheath had an ion number den- 
sity of 0.7 cm-3, a flow speed of 325 km/ 
sec from 15? east of the spacecraft-sun 
line, a thermal speed of - 100 km/sec, 
and a momentum flux density of - 770 
eV/cm3. Most of the ions in the magneto- 
sheath are protons. 

All the magnetopause crossings, with 
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All the magnetopause crossings, with 
the exception of two during the out- 
bound pass, occurred at subspacecraft 
system III (1965.0) longitudes ranging 
from 225? to 33?, with 9 out of 14 cross- 

ings in the range 225? to 351?, in fair 
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agreement with the prediction of 
290? + 65? by Dessler and Vasyliunas 
(5). Because this prediction was not veri- 
fied by Voyager 1-in fact, all the Voy- 
ager 1 magnetopause crossings lay out- 
side the predicted range (/)-it is not 
clear whether this is more than a statisti- 
cal fluke. 

The dynamic pressure of the incident 
solar wind during the Voyager 2 encoun- 
ter has been predicted by using data from 
Voyager 1. We have not yet attempted to 
predict boundary crossings with these 
data, but because it is of general interest 
the pressure profile is reproduced in Fig. 
2. A typical delay time from Voyager 2 to 
Voyager 1 is about 42 hours. 

The variation of positive ion "number 
density" as a function of radial distance 
for the inbound pass of Voyager 1 was 
shown in figure 3 of (1); the result for 
Voyager 2 computed in the same way is, 
within a factor of 2, indistinguishable 
from the curve for Voyager 1. Minor dif- 
ferences are caused by the current sheet 
crossings occurring at different radial 
distances on the two trajectories. Inside 
35 Rj on the inbound pass of Voyager 2 
our lower limit for the number density of 
protons and heavy ions was comparable 
to electron densities reported by Gurnett 
et al. (6) on the basis of results from the 
plasma wave experiment. A similar re- 
sult was obtained on Voyager 1. 

Both sets of positive ion data were ob- 
tained mainly from the D sensor, which 
was mounted on the spacecraft so that a 
corotating supersonic plasma would flow 
directly into the sensor; that is, the 
plasma velocity vector would be nearly 
parallel to the axis of symmetry of the 
detector. During most of the inbound 
magnetospheric passes of Voyager 1 and 
2, signals were observed in the D sensor 
and not in the A, B, and C sensors of the 
main cluster, indicating a general tenden- 
cy of the low-energy magnetospheric 
plasma in the sunward hemisphere to 
move in the direction of corotation. 
These observations do not show that 
there is no other component of veloc- 
ity-inward, outward, or along the 
field-but they do show that there exists 
a component in the direction of corota- 
tion, shown by further analysis (1, 7) to 
be comparable to or smaller than that ex- 
pected on the basis of rigid corotation of 
field and plasma. 

Figure 3 shows the variation of low- 
energy electrons with distance. The data 
are for the inbound passes and the curve 
for Voyager 1 has been displaced upward 
by two decades to avoid confusion of the 
data sets. Crossings of the magnetic di- 
pole equator are indicated by arrows; 
there are more crossings for Voyager 2 
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Fig. 1. Voyager 2 and 1 trajectories during their encounters with Jupiter. The trajectories 
of the spacecraft and the orbits of Callisto (C) and Ganymede (G) are shown as projections 
onto the equatorial plane of Jupiter. Tick marks are shown every 2 days. Bars on the trajectories 
labeled S indicate the first and last bow shock crossings observed on the inbound and outbound 
portions of the trajectory; bars labeled M have a similar meaning for crossings of the magneto- 
pause. Distances are in units of Jupiter radii where 1 Rj = 71,398 km. 

Table 1. Bow shock (S) and magnetosphere (M) boundaries observed by the Voyager plasma 
experiment (DOY, day of year; 1 January is day 1). 

Spacecraft event time 
Boun- 
dary* DOY Hours and Dis- System III 

minutes tance (Rj) longitude 

Inbound pass 
S-Sh 183 1619 98.8 99? 
S-Ip 183 1622 98.8 100? 
S-Sh 183 1643 98.6 113? 
S-Ip 183 1650 98.5 117? 
S-Sh 183 1651 98.5 118? 
S-Ip 183 1924 97.3 210? 
S-Sh 184 1736 86.6 294? 
M-Mst 185 2335 71.7 299? 
M-Sh 186 0113 70.9 358? 
S-Ip 186 0519 68.8 146? 
S-Sh 186 0955 66.5 312? 
M-Ms 186 1843 61.9 270? 

Outbound pass 
M-Sh > 204 1522 > 169.1 

< 204 2340 < 172.8 
M-Ms 205 - 0135 - 173.7 - 107? 
M-Sh 205 - 0516 - 175.3 ~ 235? 
M-Ms 205 0559 175.6 262? 
M-Sh 205 0927 177.1 26? 
M-Ms 206 0051 183.9 225? 
M-Sh 206 0409 185.3 345? 
M-Ms 208 - 1837 212.5 90? 
M-Sh > 212 1733 > 253.1 

< 213 0605 < 258.4 
M-Ms 213 ~ 1515 262.3 359? 
M-Sh 213 - 1545 262.5 17? 
M-Ms 215 0621 278.8 337? 
M-Sh 215 0722 279.2 14? 
M-Ms 215 0733 279.3 21? 
M-Sh 215 0754 279.4 33? 
S-Ip 215 1441 282.3 279? 
S-Sh 215 1625 283.0 342? 
S-Ip 215 1703 283.3 5? 

*After the boundary crossing the spacecraft was in the: Ip, solar wind; Sh, magnetosheath; or Ms, magneto- 
sphere, as indicated. tThe period between day 185 at 2335 and day 186 at 0113 UT includes about ten 
magnetopause crossings or near crossings. 
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Fig. 2 (left). The solar wind pressure at Voyager 2 predicted on the MAGNETIC DIPOLE I 
basis of solar wind data measured at Voyager 1. Voyager 2 time is the 3 EQUATOR 

spacecraft event time at Voyager 2; CA, closest approach. The pres- 
sure is in units of 10-10 dyne/cm2. Fig. 3 (right). Electron "in- 
tensities" observed during the inbound passes of Voyager 1 and 2 as a ......... 
function of radial distance. The abscissa gives the zenocentric dis- 0 10 20 30 
tance in units of Jupiter radii; the ordinate gives the measured current DISTANCE (Rj) 

produced by plasma electrons in the energy interval 10 to 140 eV. The upper curve refers to Voyager 1 and has been offset vertically by two 
orders of magnitude (note the broken scale on the ordinate). Arrows indicate crossings of the equatorial plane of the magnetic dipole. 

because of its lower speed. Superficially 
at least, the two curves are remarkably 
similar; the intensities of low-energy 
electrons measured by Voyager 1 and 2 
appear to be roughly equal at the same 
radial distance. Moreover, this is also 
true on the outbound pass out to at least 
30 R,. 

A possible difference between the data 
sets is evident in the large short-time de- 
creases in density that occur in both the 
positive ion and the electron data of 
Voyager 2. These decreases occur on the 
inbound pass between 40 and 20 R, and 
represent signal "dropouts" to the noise 
level of the instrument. They were not 
seen on Voyager 1 and their origin is not 
yet understood. 

In contrast, the signal decreases be- 
tween 17 and 12 Rj show quantitative 
differences from those just discussed and 
may be related to a Ganymede wake as 
suggested by Ness et al. (8). To visualize 
the experimental situation more clearly 
we show in Fig. 4 the regions of depleted 
plasma in a Ganymede-centered isomet- 
ric projection. The spacecraft passed 17 
Ganymede radii (RG) downstream of 
Ganymede in the sense of corotational 
flow and 18 RG below the Ganymede or- 
bital plane. Figure 4 shows that the cen- 
tral plasma dropout is almost precisely at 
the expected position (in the orbital 
plane projection) of the Ganymede 
wake, and the others occur nearly sym- 
metrically on both sides out to a lateral 
distance of about 60 RG (2.2 Rj). The 
close spatial association of the dropouts 
with the location of Ganymede and the 
fact that they have not been observed 
elsewhere strongly suggest that the drop- 
outs are a feature of the interaction of 
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Ganymede with the magnetospheric 
plasma. They could, of course, represent 
either a true absorption of particles or a 
shift of the energy spectrum to unobserv- 
able values. However, the interaction 
must be considerably more complicated 
than simple formation of a cavity by ab- 
sorption (as, for example, the interaction 
of the moon with the solar wind) if it is to 
produce the observed large effects at dis- 
tances of up to 60 RG from the expected 
wake axis. 

A major result of the Voyager 1 en- 
counter was that throughout the Jovian 
magnetosphere the plasma is composed 
of various atomic and molecular species 
moving in the general direction of coro- 
tation (1, 3, 7); the Voyager 2 observa- 
tions support and extend that result. A 
high-resolution (M mode) spectrum from 
Voyager 2 is shown in Fig. 5. This spec- 
trum was taken at 22 Rj on the inbound 
pass at a magnetic latitude of -7.7? and 
is atypical in that it shows well-resolved 
peaks, that is, the plasma is unusually 
cold. This spectrum was analyzed by fit- 
ting it to a sum of convected isotropic 
Maxwellian distribution functions with a 
common component of velocity along 
the sensor axis. We obtain an acceptable 
fit to this spectrum if the sum includes 
components atA/Z* = 1, 2, 8, 102/3, and 
16; limits for the contribution to the sum 
from components at A/Z* = 4, 23, and 
32 have not yet been established. The A/ 
Z* = 2 component, shown by the shoul- 
der at about 400 V, is probably He2+ 
which has not been seen in any Voyager 
1 spectra that we have yet analyzed. A 
comparison of this spectrum and its anal- 
ysis with a Voyager 1 spectrum taken in 
essentially the same location 4 months 

earlier shows that the ion kinetic temper- 
ature measured by Voyager 2 is about 
three times higher than that seen with 
Voyager 1. This difference may reflect a 
temporal change or possibly the approxi- 
mately 0.8? difference in latitude be- 
tween the spacecraft. The highly re- 
solved positive ion spectra occasionally 
seen within 30 Rj on Voyager 1 were not 
observed on Voyager 2. In agreement 
with the Voyager 1 results (3), the mass 
density of the magnetospheric plasma 
seen with Voyager 2 is dominated by 
heavy ions with a ratio of about 100/1 rel- 
ative to hydrogen. 

The fit to the data of Fig. 5 gives a 
common component of velocity for all 
species of - 210 km/sec, which is signifi- 
cantly below the value of - 263 km/sec 
expected on the basis of exact corota- 
tion. This result is in good agreement 
with the Voyager 1 observations report- 
ed by McNutt et al. (7) that between 11 
and 22 Rj the proton bulk speed into the 
D sensor was consistently less than the 
corotation value. A theoretical inter- 
pretion of these results has been given by 
Hill (8a). A similar analysis has been car- 
ried out on low-resolution (L mode) 
Voyager 2 spectra between 18 and 25 Rj 
inbound and around 23 Rj outbound (in 
the latter case the spacecraft was reori- 
ented so that the D sensor faced into 
the corotation direction); the results con- 
cering corotation are essentially the 
same as those of (7) and furthermore 
confirm the - 100/1 mass density ratio of 
heavy ions to hydrogen obtained from 
the spectrum of Fig. 5. 

Superimposed on the overall radial 
profile of the plasma electron and ion in- 
tensities is a modulation by the rotation 
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of Jupiter, peak intensities being ob- 
served once or twice per rotation period. 
The simplest interpretation associates 
the peak intensities with the spacecraft's 
traversals of a region of enhanced 
plasma intensity (often called the plasma 
sheet) which is centered around the cur- 
rent sheet and hence lies in a surface 
whose normal is tilted by an angle Xc 
from the planet's rotation axis; if the 
spacecraft latitude X is less in magnitude 
than Xc, two crossings of the plasma 
sheet (or current sheet) per planetary ro- 
tation are expected, at longitudes (b giv- 
en by the two roots of the equation 

cos () - 8) = cot Xc tan X (1) 
If IX > Xc, only an approach to the 
plasma sheet once per rotation, without 
a crossing, is expected. The phase angle 
6 is constant if the center of the plasma 
sheet lies rigidly in the dipole magnetic 
equatorial plane; 8 = 22? in system III 
(1965.0) coordinates for the 04 model (9). 
However, if the information about the 
rocking magnetic dipole propagates to 
the outer magnetosphere at a finite speed 
(10, 11) 8 will increase with increasing 
radial distance; from an empirical fit to 
the Pioneer 10 outward pass, Kivelson 
et al. (10) found for R > 14 Rj that 
5 = 22? + 0.85? (R - 14). 

Modulation of the plasma electron in- 
tensity with peaks occurring twice per 
planetary rotation was observed during 
the inbound passes of both Voyager 1 
and 2, out to approximately 80 Rj during 
the outbound pass of Voyager 1 (1) and 
out to some 80 to 100 Rj during the out- 
bound pass of Voyager 2. Here we pre- 
sent an analysis of the combined data set 
from all four Voyager passes. Crossings 
of the center of the plasma sheet were 
identified by peaks in the 140- to 6000-eV 
electron intensity, to an estimated accu- 
racy of 1/2 hour in time or approxi- 
mately ?20? in longitude. For each (non- 
overlapping) pair of crossings, the aver- 
age and the difference of the two 
longitudes were computed. It is readily 
shown that the average of the two roots 
of Eq. 1 is equal to 8, while their dif- 
ference AOb is independent of 8 and is re- 
lated to the maximum latitude Xc of the 
current sheet or plasma sheet center by 

to distances 80 to 100 Rj, the difference 
between the model and any one observa- 
tion never exceeding the observational 
uncertainty. (The curve K is simply a 
representation of the Kivelson et al. for- 
mula and is not a fit to the present data 
set.) For the two inbound passes, five of 
the six points are in good agreement with 
either the K or the R models; the dif- 
ference between the two models is slight 
over the limited range of radial distances 
covered by the inbound passes. 

Figure 6B shows the maximum lati- 
tude Xc reached by the center of the 
plasma sheet during a planetary rotation, 
calculated from the observed differences 
of longitudes for each pair of crossings 
by means of Eq. 2. The error bars shown 
correspond to the ?20? uncertainty in 
identifying the longitude of a crossing. 
(Large error bars are associated with val- 
ues of AO\ near 180?, which occur typi- 
cally at low spacecraft latitudes; three in- 
bound points with error bars exceeding 
50? have been omitted from the figure.) 
Out to a distance of about 40 to 50 Rj, the 
inferred maximum latitudes are generally 
consistent, given the large error bars, 
with a dipole tilt of 9.6?. Beyond 50 Rj, 
the maximum latitudes are lower than 
9.6?, as noted already for Voyager 1 in 
(I); the Voyager 2 results are remarkable 
in displaying a nearly constant maximum 
latitude 5? + 1? from 55 Rj to 95 Rj. 

Beyond 90 Rj, adjacent pairs of plasma 
sheet crossings are observed only spo- 
radically or not at all, suggesting that Xc 
lies below the latitude of the spacecraft 
(shown by the lines marked V1 and V2 
for Voyager 1 and Voyager 2, respective- 
ly). 

It thus appears that the plasma sheet is 
fairly well centered about the magnetic 
dipole equatorial plane out to about 40 to 
50 Rj, but beyond that distance it tilts out 
of that plane toward lower latitudes, that 
is, closer to the rotational equatorial 
plane. A simple model for such a config- 
uration is a "hinged" sheet (12, 13) that 
coincides with the magnetic equator out 
to a fixed distance R and then becomes 
parallel to the rotational equator. The 
maximum latitudes predicted by this 
model for the hinge distances R = 40, 
60, and 80 Rj are shown by dotted lines 
in Fig. 6B. The model with R = 40 Rj 
provides a fairly reasonable (although far 
from perfect) fit to the data set as a 
whole. 

Possible reasons for the deviation of 
the plasma sheet or current sheet out of 
the magnetic dipole equator have been 
mentioned (1). Another possibility that 
has been suggested is a solar wind inter- 
action leading to the formation of a mag- 
netotail similar to that of the earth's mag- 
netosphere, so that the plasma sheet at 
large distances should be aligned with 

cos (Az/2) = cot cX tan X 

Figure 6A shows the average longitude 
of each pair as a function of radial dis- 
tance, compared with the prediction 
based on a rigid current sheet model (R) 
and on the mouel of Kivelson et al. (10) 
(K). For both the Voyager 1 and 2 out- 
bound passes, the agreement with the 
Kivelson model is excellent all the way 
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Fig. 4. Isometric view of the Voyager 2 trajectory near Ganymede. The solid line represents the 
trajectory in space; boxes indicate the locations of the observed plasma dropouts. The dashed 
line is the projection of the trajectory on the orbital plane of Ganymede; 27.1 RG = 1 Rj. 
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(2) 



solar wind flow; that Voyager 1 did pass 
through a Jovian magnetotail was argued 
by Ness et al. (14) on the basis of magnet- 
ic field observations. Another possibility 
is centrifugal effects, which would tend 
to bring the distant plasma sheet closer 
to alignment with the rotational equator. 
Simple theories for the structure of a 
static, centrifugally dominated current 
sheet have been given by Hill et al. (15) 
and by Goertz (16). These theories pre- 
dict a maximum latitude not less than 
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6.4?, but in view of their many sim- 
plifications [for example, assumption of 
a dipolar field and neglect of the finite 
propagation effects implied by the exper- 
imentally verified model of Kivelson et 
al. (10)] it is not clear whether the dis- 
crepancy with the 5? + 1? observed by 
Voyager 2 is serious; furthermore, pos- 
sible dynamical effects such as centrifu- 
gal instability [see, for example, Hill and 
Michel (17)] have not been quantitatively 
modeled. A distinction between solar 

Fig. 5. The energy per 
charge spectrum ob- 
tained by the D sen- 
sor on day 189 at 1921 
UT when the space- 
craft was at 22 Rj and 
at a magnetic latitude 
of -7.7?. The heavy 
arrow labeled Corota- 
tion marks the ex- 

_ pected location of a 
peak that would be 
produced by protons 

<- ~_ ~ moving with the geo- 
l--L-L - metrically expected 

X-L _ - corotation velocity. 
The light arrows mark 
the locations of var- 
ious A/Z* values, as- 

6000 suming the lowest 
peak is due to pro- 
tons. 

K 

* I 
Fig. 6. (A) The aver- 
age longitude of pairs 

R of plasma sheet cross- 
ings as a function of 

>ound Inbound radial distance, for all 
Ar IL Voyager passes. The 

uncertainty in each 
* ? point of + 20? is in- 

dicated by the error 
bar in the upper right. 

D 120 (B) Maximum latitude 
(measured from the 
rotational equator) 
reached by the center 
of the plasma sheet 
during one planetary 
rotation, inferred 

/Dipole from the longitude 
............. ....... difference in pairs of 

'.."'"~ . plasma sheet cross- 
'''..... ings, as a function of 

radial distance. See 

?i _- --"-_, VI text for further de- 
**.?T ---. V 2 tails. 
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wind and centrifugal effects is difficult to 
make on geometrical grounds, since the 
solar wind flow direction is, within a few 
degrees, parallel to Jupiter's rotational 
equator. 
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