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Magpetic Fields at Uranus (RMS) deviation for 7 days aropnd encoun- 
ter. Bow shock and magnetopause crossings 
are indicated; times and corresponding dis- 

NORMAN J?. NESS, MARIO H. A c ~ A ,  KENNETH W. BEHANNON, tances are given in Table 1. These bound- 
LEONARD F. BURLAGA, JOHN E. P. CONNERNEY, RONALD P. LEPPING, aries were identified with initial and, at 
FRITZ M. NEUBAUER times, incomplete data and are not final. The 

boundary crossings were used jointly to 
The mapetic field experiment on the Voyager 2 spacecraft revealed a strong planetary determine approximations to the global 
magnetic field of Uranus and an associated magnetosphere and fully developed bipolar boundaries (Fig. 2). 
magnetic tail. The detached bow shock wave in the solar wind supersonic flow was The most unexpected and exciting result 
observed upstream at 23.7 Uranus radii (1 RU = 25,600 km) and the magnetopause from this investigation is that Uranus' mag- 
boundary at 18.0 RU, near the planet-sun line. A maximum magnetic field of 413 netic dipole is tilted far (60") from the 
nanotesla was observed at 4.19 RU, just before closest approach. Initial analyses reveal rotation axis; thus the magnetopause and 
that the planetary magnetic field is well represented by that of a dipole offset from the bow shock contours vary with time as the 
center of the planet by 0.3 RU. The angle between Uranus' angular msmentum vector planet and its field rotate, even for a con- 
and the dipole moment vector has the surprisingly large value of 60 degrees. Thus, in stant external solar wind pressure. Two sets 
an astrophysical context, the field of Uranus may be described as that of an oblique of various possible boundary profiles are 
rotator. The dipole moment of 0.23 gauss R$, combined with the large spatial offset, shown in Fig. 2. At the time of the inbound 
leads to minimum and maximum magnetic fields on the surface of the planet of magnetapause crossirg, the spacecraft was 
approximately 0.1 and 1.1 gauss, respectively. The rotation period of the magnetic at a magnetic colatitude (u,) of about 49"; 
field and hence that of the interior of the planet is estimated to be 17.29 * 0.10 hours; therefore (ignoring second-arder effects) the 
the magnetotail rotates about the planet-sun line with the same period. The Iqge offset field pressure just within the magnetopause 
and tilt lead to auroral zones far from the planetary rotation axis poles, Tbe rings and was then only 0.57 of its value at cr, = 0" at 
the moons are embedded deep within the magnetosphere, and, because of the large the same distance from Uranus. This en- 
dipole tilt, they will have a profound and diurnally vary& influence as absorbers of abled the magnetopause near the spacecraft 
the trapped radiation belt particles. to assume the relatively closer position to 

the planet at that time. Because of this 

A N INTRINSIC PLANETARY MAGNETIC ic field were uncertain because of the ab- azimuthal asymmetry (about the xo axis in 
field and magnetosphere at Uranus sence of nonthermal radio emissions ( 4 ) .  Fig. 2) of the internal field pressure, a 
was discovered during the close ap- Observations since 1979 of hydrogen Ly- smooth bulge occurs on the magnetopause 

proach by Voyager 2 on 24 January 1986. man a emission by the International Ultra- near its intersection with an extension of the 
The instrumentation (1) for magnetic field violet Explorer were interpreted as being dipole axis, this position rotates with the 
measurements, which was used for the pre- due to precipitating charged particles, which planet. The bulge is estimated to be about a 
vious encounters with Jupiter and Saturn implied the presence of an active magneto- 10% to 15% effect. After encounter, the 
(2), operated normally throughout the en- sphere (5); there was no consensus on this solar wind proton density and speed 
counter. The instrument automatically interpretation, however (6). Our data and changed only slightly from their values be- 
changes range as required by the measured analysis have clarified a wide range of con- fore encounter (13). Therefore, the ratio of 
field. The minimum quantization step size is jectures concerning the characteristics of the subsolar magnetopause distances before and 
20.002 nT in the lowest range ( 2 8  nT full magnetic field and magnetosphere of Ura- after encounter, which presumably scales 
scale), increasing to rt0.51 nT in the nus (7-12). mversely as the 116-power law of momen- 
22100-nT range used near closest ap- The magnetopause and bow shock bound- tum flux [as at Earth (14)], was treated as 
proach. Vector measurements were ob- arzes: Models and overnew. Figure 1 shows constant. 
tained at a sampling rate of 16.67 Hz and the magnitude of the magnetic field and the On the basis of our knowledge of Earth's 
were subsequently averaged over 1.92, 9.6, associated pythagorean root-mean-square magnetopause shape (15, 16), the lower 
and 48 seconds, 8 and 16 minutes, and 1 4 

hour for this study. 
Because of the large inclination (97.8") of BS(2) BS(3)BS BS 

the planet's equator to its orbital plane and 4 4 1  1 
that of Voyager 2's trajectory at encounter, m$ 

e 

the spacecraft covered a wide range of plan- a a @ %q'yhz.'<-is,3c"s.; .. '* 
etocentric latitude (from +59" to -78") +*y# 
during the 45 hours that it was withln the 
magnetosphere and magnetotail of the plan- loo 
et. There were no close encounters with any 
Uranian moon as by Voyager 1 at Titan (3). 
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Table 1. Bow shock (BS) and magnetopause 
(MP) boundaries q d  neutral sheet (NS) cross- 
ings. 

Center Planeto- 
Time centric Boundary (davlhours: distance 

Closest 24117:58:24 4.2 
approach 

NS 1 25/06: 59 28.7 
NS2 25112:31 40.6 
NS3 25122: 09 60.8 
NS (partial) 26100:OO 64.7 

*1 Ru = 25,600 km. tPanial crossings between 
24109:47: 25 and 24110:07: 10. +Time uncertain be- 
cause of data gaps. 

magnetopause was modeled with an ellipse 
and the upper magnetopause with a circle 
near the planet, smoothly connected at a 
point on the near tail boundary by a straight 
line of shallow slope (representing the tail 
boundary). The slope (tan 1.9") of that line 
was chosen to equal that of the observed tail 
field just within the magnetopause. The 
derived normal to the inbound magneto- 
pause surface was used as a constraint on the 
lower curve. The lower bow shock of Fig. 2 
was also modeled by an ellipse and the upper 
bow shock with a circle close to the nose, 
matched to a straight line (representing the 
cross section of a shock Mach cone). The 
slope (tan 3.4") was chosen to be that 
expected for the cold, fast solar wind at 19 
astronomical units impinging on a blunt 
obstacle. The magnetosonic Mach number 
was estimated to be about 17. The two sets 
of bow shock and magnetopause curves 
were modeled such that they coincided at 
the subsolar point. Aberration due to plane- 
tary motion is small (<lo) .  The resulting 
subsolar magnetopause and bow shock dis- 
tances are 17.8 and 22.5 Uranus radii (RU), 
respectively. In the xo = 0 plane, which is 
nearly coplanar with that in which the plan- 
et's moons orbit, the magnetopause extend- 
ed to between 25 and 33 R u  during encoun- 
ter. Since Oberon's orbital radius is 22.9 
RU, all the known moons have orbits that 
are usually within the magnetosphere in this 
phase of the Uranian year and, to a slightly 
lesser extent, throughout its year. 

Planetary magnetic field and rotation rate. of higher order (octupole) contributions. 
Upon Voyager 2's entry into the Uranian For an initial model of the Uranian mag- 
magnetosphere, the observed magnetic field netic field, we adopted an offset, tilted di- 
magnitude was approximately 7 nT (Fig. 1). pole (OTD) representation. This model is 
The observed field magnitude then in- particularly well suited for initial studies of 
creased steadily to a maximum of 413 nT at charged particle motions in the magneto- 
1756 spacecraft event time on day 24, just 2 sphere. The best fitting OTD model has 
minutes before closest approach (at 4.19 been derived by varying the location of the 
RU).  The field intensity then steadily de- magnetic dipole to obtain a minimum RMS 
creased to 8 nT by 0200 on day 25. Within residual while also allowing the orientation 
12Ru  ofthe planet, the subspacecraft longi- and magnitude of the dipole to vary. The 
tude varied by a full 360" cycle as the OTD model so obtained has a moment of 
latitude changed from +52" to -78". These 0.23 GR: and the positive pole tilted 60" 
wide ranges were particularly advantageous from the rotation axis toward 48"W longi- 
for the analysis and characterization of the tude, where longitude increases with time as 
planet's internal magnetic field. seen from an inertially fixed point; this 

Initial analyses established that the mag- magnetic moment is close to one estimated 
netic dipole axis was tilted by a large angle by Van Allen (17) based on comparative 
with respect to the rotation axis. These planetology. The longitude of the spacecraft 
results were obtained by a spherical harmon- at 1800 of day 24 in this planet-centered 
ic analysis (IlE1) to first order in internal coordinate system was 302"W. The OTD is 
terms (centered internal dipole) and to first located at h = -0.02 Ru ,  Ay = +0.02 
order in external terms (uniform external Ru, and & r - 0.3 1 Ru ,  with positive z in 
field). However, in fitting 10-qinute seg- the direction of the planetary angular mo- 
ments of data, a systematic drift (with time) mentum vector. This OTD model fits the 
of the dipole axis longitude was obtained, magnetic field observations within 12 Ru,  
This implied that the rotation rate of the with an RMS residual of 2.4 nT (Fig. 3). 
observed magnetic field was about 2" per A diagram of the magnetic field config- 
hour less than that (23.12" per hour) adopt- uration is shown in Fig. 4. The magnetic 
ed by the Voyager project well before en- field intepsity on the planet's surface ranges 
counter. Spherical harmonic analyses to sec- from a low of about 0.1 G on the sunlit 
ond order in internal field (dipole plus quad- hemisphere to a maximum of about 1.1 G 
rupole) and first order in external field on the dark hemisphere. This 1 0 : l  differ- 
(I2E1) resulted in a significantly better fit to ence in surface field magnitude is far greater 
the observations (0.92 nT RMS for distance than that of either Jupiter or Saturn (18) and 
less than 12 RU)  and a minimum in the should lead to significant hemispherical dif- 
RMS residuals corresponding to a rotation ferences in the altitude profiles of trapped 
period of 17.29 i 0.1 hours compared to and precipitating radiation belt particles. As 
the period of 15.57 hours selected before shown in Fig. 4, the positive pole intersects 
encounter. The magnitude of the quadru- the surface at + 15.2", 47.7"W and the 
pole field in our initial analyses is substan- negative pole at -44.2", 227.5"W. 
tial, and its contribution to the surface field The magnetotail. The magnetosphere of 
of Uranus may be comparable to, or even 
larger than, that of the dipole. There is also 
evidence in the magnetic field observations Fig. 2. Voyager 2's trajectory 

through the Uranian magneto- 
-100 R"  sphere and representations of the 

planetary bow shock and magneto- 
pause boundaries. The plane of 
projection is the Uranian orbital 
plane (xo-yo), where + l o  is sunward 
and io = ko x lo. The lower 
boundary curves are based on the 
observed inbound crossing loca- 
tions, and the upper curyes repre- 
sent boundary shapes expected in 
the region yo < 0 about 5.5 hours 
later, when the planetary magnetic 
dipole (then near the xo-yo plane) 
exerts increased internal field pres- 
sure on the yo < 0 portion of the 
magnetopause. The vectors along 
the trajectory are hourly averaged 
components of the magnetospheric 
field, scaled logarithmically. The 
circled numbers represent the three 
sequential transversals of the bipo- 
lar magnetic tail neutral sheet. 
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Fig. 3. Comparison of observed and modeled 
magnetic field intensity near , ehcounter (from 
magnetosphere entry tb exit) The RMS residual 
for this least-squares fit between 1300 and 2300 
spacecraft event time (range < 12 RU) is 2 4 nT. 

Uranus has a fully developed maglietotail 
that is similar tb Earth's in many of its 
characteristics. Voyager 2 was in the night- 
side magnetosphere tail region for 3 1 hours. 
The observed magnetic field direction was " 
consistent with a progressive sweeping back 
of the planetary hagnetic field by the solar 
wind to form ;two-lobed, bipolar magnetic 
tail (Fig. 2). After Voyager 2's closest ap- 
proach, the tail field rapidly approached an 
alignment either parallel or antiparallel to 
the planet-sun line out to the firstmagneto- 
pause crossing at a radial distance of 79 R U  
(xo = -67 RU) .  The estimated radius of the 
magnetic tail at that time was 42 RU.  Figufe 
2 indicates, with circled numerals, three 
complete ci-ossings of the magnetotail field 
reveisal region (plasma current sheet) sepa- 
rating the two lobes. The associated de- 
creases in magnitude at the sheet crossings 
are illustrated in Fig. 1 and the crossing 
times are given in Table 1. Our initial 
analysis supports the conclusion that, within 
the region observed by Voyager 2, the tail 
rotates with the dipole motion but with 
slight ( ~ 5 . 5 " )  helical twisting, significantly 
less than that proposed (8, 10, 11). Voyager 
2 observed tail lobes of both polarities and 
the current sheet on both sides of the tail 
resulting from this rotation. 

~ i g u r e  5 presents a view looking toward 
Uranus of the trajectory in the tail in the y-z 
plane in solar magnetosphert (SM) coordi- 
nates. The SM coordinates are right-hand- 
ed; iSM is toward the sun, and the plane 
XSM-ZSM rotates to contain the dipole axis. 
The dashed curve through the shket cross- 
ings is a possible sheet geometry. Through 

statistical analysis, Fairfield (19) found that 
the shape of Earth's neutral sheet is well 
represeited by an ellipse. With only three 
crossings observed at Uranus, a rigorous 
curve fitting is not justified. The crossings 
are consistent with the parabola y s ~  = 
i- 12(9 - z ~ ~ ) " ~ ,  giving an origin offset by 
9 R U  along the +zSM axis. Taking this as the 
height of the hinge point of the current 
sheet gives an estimated hinge point dis- 
tance of about 18 R U  along the extended 
magnetic equator in the midnight meridian 
plane. This is equal to the distance to the 
dayside magnetopause boundary found by 
Voyager 2. A similar equality has been 
found at Earth, where the stagnation point 
magnetopause distance and hinge point dis- 
tance are both approximately 11 Earth radii 
on average (15, 19). The slze of the diamag- 
netic decreases in field magnitude that occur 
at the neutral sheet crossines can be used to " 
estimate the plasma sheet thickness; the 
initial estimate at the center of the tail is 10 
RU, increasing toward the flanks of the tail. 
This is approximately 25% of the tall radius 
and agrees well with the structure observed 
at Earth (20). 

Initial analysis of the variation in magnet- 
ic field magnitude with increasing distance 
from Uranus in the tail indicates that, to a 
radial distance of about 25 R U  (up to the 
first current sheet traversal), the field de- 
creased as a dipole. A markedly different 
gradient was observed beyond 25 RU, with 
intensity decreasing with distance XSM along 
the planet-sun line as xih6, compared with 
values at Earth between xi$3 to xi$' (21). 
No clear difference in field strength between 
the niro lobes was apparent In this snidy. 

Interatitions of the moons in the Uranian 
magnetosphere. The size of the Uranian mag- 
netosphere (18 R U  sunward) observed by 
Voyager indicates that even the outermost 
moon Oberon (at 22.9 R u )  will spend a 
large fraction of its orbit inside the magne- 

--L \, Lines of force 

Flg. 4. Diagram of the OTD field lines in the 
meridian plane containing the OTD axis and 
rotation axis, illustrating the effects of the large 
angular (and spatial) offset from the rotation axis 
(and center) of Uranus. 

Fig. 5. The outbound Voyager 2 trajectory pro- 
jected onto the solar magnetosphere y-z plane 
with a polarity indication of the lobe in which the 
spacecraft was located (+ field was away from the 
planet). Since zsM rotates with the Uranian mag- 
netic dipole, the spacecraft appears to trace out a 
spiral. Complete current sheet crossings are num- 
bered as in Fig. 1. A model neutral sheet shape in 
cross section is given by the dashed curve. For 
reference, a circle is drawn with radius equal to 
the magnetopause crossing distance, assuming 
that the xsM axis is coincident with the tail axis. 
Conservation of magnetic flux requires the actual 
tail axis to be displaced in the +zsM direction. The 
apparent angular displacement of the position of 
the symmetry axis of the estimated neutral sheet 
(dashed curve) from the z,, axis is consistent with 
the slight helical twist found for the tail field lines 
(see text). 

tosphere. The large tilt of the magnetic 
dipole axis leads to a dvnamic situation in 
which the moons traverse a wide range of 
magnetic latitudes and longitudes. In so 
doing, the moons can effectively sweep up 
the trapped energetic charged particles from 
the magnetosphere (22). The relative posi- 
tions of Voyager 2 and the mc IS can 
appropriately be described in t , of a 
well-known radiation belt coordi stem 
called (B, L)  (23). The parameter :nits 
of planetary radi) miasures thc ietlc 
equatorlal distance to a field 1 bout 
whlch energetic charged partlclt {rate, 
and B 1s the minlmurn magnetlc fie inten- 
sity along a specific field hne. In the degen- 
eratlvely simple case of a dipole, we choose 
the origln to coinclde with the location of 
the OTD and L to specify the positions of 
Voyager 2 and the moons. 

Figure 6 illustrates the paths in L space 
followed by Voyager 2, Mlranda, Ariel, 
Umbr~el, and Tltania as hnctions of space- 
craft event time. The moons sweep through 
the magnetosphere in a complei way &d 
can absorb (22) radiation belt particles with 
the same L, creating a dynamic magneto- 
spheric structure. Particle absorption signa- 
tures are usually associated with the bound- 
aries of the L space swept out by a particular 
moon. However, we emphasize the antici- 
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Fig. 6. Positions near encounter of 

m 4 0  
Voyager 2 and the innermost four 
moons m terms of the magnetic L- = 2 0  - 1 shell parameter as functions of ? spacecraft event time. The space- 

--I craft magnetic latitude is included 
I at the top. The time intervals when - Voyager was within the minimum 
I L shell for each moon are indcated 

at the bottom as solid bars. The 
instantaneous L-shell intersections 
are denoted by (+).  

Titania + 

Umbriel + -  - - - - + 

Ariel + - - - - - I - +  

Miranda + -  - - - - - - - - - - -  - - + 
I I I 1 I I I I 1 

10 1 2  14  1 8  1 8  2 0  2 2  0 0  0 2  

2 4  Jan. 1988 2 5  Jan. 

pated need to consider the instantaneous L 
of both Voyager 2 and that moon because 
the drift periods of trapped particles can be 
short relative to the orbital periods of the 
moons. In fact, different energies and species 
of trapped particles have different drift peri- 
ods, so that a proper interpretation of ener- 
getic particle observations requires detailed 
considerations. In Fig. 6 there is even an L- 
shell coupling between the moons as well as 
multiple candidates for absorption features. 
The predicted absorption regions based on 
the OTD model and indicated in Fig. 6 are 
in reasonable agreement with Voyager 2's 
radiation belt measurements (24). 

The foot of the field lines threading Mi- 
randa and connecting it to Uranus' surface " 
tracts elliptical loci around the magnetic 
poles. The northern or sunlit ellipse extends 
approximately 65" in longitude and 32" in 
latitude, and the southern or darkside ellipse 
extends 55" in longitude and 20" in latitude. 
Footmint loci associated with more distant 
moons, as well as a possible "auroral zone," 
are proportionately smaller and fall within 
~ i r a n d a ' s  foot~rint  locus. The actual loca- 
tions of these loci, especially those in the 
weak-field sunlit hemisphere, may be some- 
what different becausehe used our simpli- 
fied OTD model. 

The interaction between a moon and the 
surrounding magnetospheric plasma de- 

pends on the properties of the moons and of 
the local magnetoplasma. If we assume rigid 
corotation, all flows past the Uranian moons 
are sub-Alfvknic because the plasma P, mea- 
suring the ratio of local energy density of 
particles to magnetic field energy density, is 
substantially less than 1 (13). No atmo- 
sphere has been observed around any of the 
moons, although a tenuous atmosphere due 
to sputtering and the accommodation of 
exospheric hydrogen can be expected (25); 
internal activity, such as volcanism, could 
also contribute to such an atmosphere. How- 
ever, these atmospheres are not dense enough 
to produce an 10-type interaction (26). If the 
moons have no atmosphere and have high 
internal resistivity, the interactions will be 
superficially similar to the solar wind interac- 
tion with Earth's moon (27). Thus a shadow 
region should form, with small magnetic field 
perturbations and dimensions not much more 
than a moon diameter perpendicular to the 
magnetic field direction. 

The moons and rings of Uranus are sub- 
jected to large, time-varying magnetic fields, 
particularly at and within the orbit ofMiran- 
da. It may be an important factor in the 
motions of very small particles in and be- 
tween the rings if they are charged electrical- 
ly. This could also be significant if the 
internal conductivity of the moon were high 
enough to permit electromagnetic induction 

to play an important role (28). The distor- 
tion of the ambient magnetic field near a 
moon with strong induction effects should 
have at least two consequences that are 
observable at large distances. Energetic par- 
ticles with gyroradii much less than the 
moon's radius should experience reduced 
absorption. In addition, Alfvkn waves will 
be launched along the field lines, eventually 
leading to coupling and energy transfer with 
the Uranian atmosphere-ionosphere system. 
The amount of induced current in the 
moon's interior may be sufficient to provide 
an important energy source through resist- 
ive (Joule) heating. This "AC" heating effect 
is different from the "DC" heating, such as 
at 10 (26), that is due to the corotating 
magnetospheric field. At Miranda, the AC 
induction process may be much more im- 
portant than the DC process. 

Implzcations: The i~ternal structure of Ura- 
nus. An active dynamo mechanism (29) 
rather than any permanent magnetization 
seems to be the most plausible way to 
explain the Uranian magnetic field. The 
question then immediately arises: At what 
radial range in the interior is a dynamo 
operating? Models of the interior of Uranus 
suggest a three-layer, spherically symmetric 
structure (30). The upper molecular layer 
consists mostly of hydrogen and includes 
the transition to the Uranian atmosphere. It 
is followed by an intermediate "oceanic" 
layer consisting of water and admixtures of 
other constituents. At the center is a "rockv" 
core containing mostly magnesium silicates 
and iron. 

Several possibilities for the location of the 
Uranian dynamo region follow a priori from 
the requirement that an electrically conduct- 
ing fluid must be present (31). The conduc- 
tivity in the upper hydrogen layer must be 
too small to allow a dynamo. The first 
possibility is in the oceanic layer, where a 
lower limit for the conductivity may be lo3 
rnho m-' [the conductivity of high-pressure 
water (32)l. This value may be enhanced by 
the addition of constituents such as anions 
and cations leached out of the rockv core. 
Another possibility is in the lower parts of 
the "oceanic" layer, where a liquid, metalli- 
cally conducting system with composition 
H-C-N-0 and conductivity 10' mho m-' 
may exist. A third possibility is the forma- 
tion of a liquid iron inner core through 
differentiation of the rocky core, similar to 
Earth's, with lo6  rnho m-' conductivity. A 
necessarv condition for a dvnamo to be 
active in any region is that there be sufficient 
energy available to balance the Joule dissipa- 
tion in the dynamo region. A lower limit can 
be obtained from the Joule dissipation of the 
lowest order, free-decay mode in a sphere. 
In the "economic" Busse dynamo (33), a 
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toroidal and a poloidal field of the same 
magnitude exist. Our estimates of the dyna- 
mo Joule dissipation suggest that the lower 
oceanic layer is slightly preferred because of 
a good compromise between a large radius 
and low resistivity. 

We also can consider applying the scaling 
law for a Busse dynamo. Here we must note 
that other dynamo models generally address 
planetary fields with small tilts. For a Busse 
dynamo, the dipole moment is proportional 
to R ~ ,  where R is the radius of the conduct- 
ing dynamo region. With a rotation period 
of 17.3 hours for Uranus and calibration of 
the constant at Earth, we find that a dynamo 
in the lower "oceanic" part of Uranus is also 
most consistent with our results. 

The possibility that we may be observing 
a polarity reversal, well known for the case 
of the terrestrial magnetic field (34) or the 
more general case of a nonsteady dynamo 
(35), cannot be ignored; the relatively large 
quadrupole components implied in our ini- 
tial OTD field representation suggest that 
we consider this possibility. The observed 
large offset of the equivalent dipole is a 
question about which we can only speculate. 
Does it mean that the interior structure 
departs substantially from spherical syrnme- 
try? Or is it only the dynamo system that 
does? Is this due to a catastrophic collisional 
event subsequent to the formation of the 
planet, intimately related to its large and 
anomalous obliquity to the ecliptic? The 
continued study of these data may provide 
clues to the answer. 
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Plasma Observations Near Uranus: Initial Results 
from Voyager 2 

Extensive measurements of low-energy positive ions and electrons in the vicinity of 
Uranus have revealed a fully developed magnetosphere. The magnetospheric plasma 
has a warm component with a temperature of 4 to 50 electron volts and a peak density 
of roughly 2 protons per cubic centimeter, and a hot component, with a temperature of 
a few kiloelectron volts and a peak density of roughly 0.1 proton per cubic centimeter. 
The warm component is observed both inside and outside of L = 5, whereas the hot 
component is excluded from the region inside of that L shell. Possible sources of the 
plasma in the magnetosphere are the extended hydrogen corona, the solar wind, and 
the ionosphere. The Uranian moons do not appear to be a significant plasma source. 
The boundary of the hot plasma component at L = 5 may be associated either with 
Miranda or with the inner limit of a deeply penetrating, solar wind-driven magneto- 
spheric convection system. The Voyager 2 spacecraft repeatedly encountered the 
plasma sheet in the magnetotail at locations that are consistent with a geometric model 
for the plasma sheet similar to that at Earth. 

EFORE THE VOYAGER 2 FLYBY, 
nothing was known about the plas- 
ma environment of Uranus or about 

the interaction between the planet and the 
solar wind. Various speculative models had 
been proposed (1-6) that were based on 
differing assumptions about plasma process- 
es and on estimates of the planetary magnet- 
ic field that ranged from 0 G to more than 

10 G. We now describe Voyager 2's obser- 
vations of the spatial distribution and physi- 
cal properties of the plasma near Uranus. 

The Voyager plasma science (PLS) ex- 
periment (7) detects positive ions and elec- 
trons with energies-per-charge from 10 V to 
6 kV. Figure 1 shows an overview of ion 
and electron fluxes measured near Uranus 
along the spacecraft trajectory, which is il- 
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