
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 R4, 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 ofUranus 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 symme-
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
dues to the answer.
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Plasma Observations Near Uranus: Initial Results
from Voyager 2

H. S. BRIDGE, J. W. BELCHER, B. Coppi, A. J. LAZARUS, R. L. MCNUrr, JR.,
S. OLBERT, J. D. RICHARDSON, M. R. SANDS, R. S. SELESNICK, J. D. SULLIVAN,
R. E. HARTLE, K. W. OGILVIE, E. C. SrrTLER, JR., F. BAGENAL, R. S. WOLFF,
V. M. VASYLIUNAS, G. L. SISCoE, C. K. GOERTZ, A. EvATAR

Extensive measurements of low-energy positive ions and electrons in the vicinity of
Uranus have revealed a filly developed magnetosphere. The magnetospheric plasma
has a warm component with a temperature of4 to 50 electron volts and a peak density
ofroughly 2 protons per cubic centimeter, and a hot component, with a temperature of
a few kiloelectron volts and a peak density ofroughly 0.1 proton per cubic centimeter.
The warm component is observed both inside and outside ofL = 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.

B 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
bcen proposed (1-6) that were based on
differing assumptions about plasma process-
es and on estimates ofthe planctary 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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R. E. Hartle, K. W. Ogilvie, E. C. Sittler, Jr., NASA-Goddard Space Flight Center, Greenbelt, MD 20771.
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lustrated in Fig. 2. Uranus is found to have a
fully developed magnetosphere, with a bow
shock, a well-defined magnetopause, a com-
plicated plasma structure closer to the plan-
et, and an extended magnetotail on the
nightside (8-10). Our results concern (i) the
locations of the bow shock and the magne-
topause, (ii) the properties of plasma in the
inner magnetosphere, (iii) the configuration
of the plasma sheet in the magnetotail, and
(iv) possible plasma sources and transport
mechanisms.
Bow shock and magnetapause. The times

and solar wind conditions of the bow shock
and magnetopause crossings by Voyager 2
are listed in Table 1; the locations of the
bow shock and magnetopause are plotted in
Fig. 2 together with models representing
their surfaces. The model curves are conic
sections fitted to the first three boundary
crossings and constrained in shape to agree
with gas-dynamic analogs (11). The asymp-
totic width of the magnetotail is roughly 2.5
times the distance to the subsolar point;
thus the shape of the model magnetosphere
is blunter than that at Earth but similar to
that at Jupiter and at Saturn. The solar wind
ram pressure of 1.8 x 10-10 dyne cm-2
observed just before the first bow shock
crossing and the observed standoff distance
of 18.04 Uranus radii (Ru) correspond to a
pressure balance with a planetary magnetic

Radial dstlanco (RV)

a

0
U.S'I

w

24 Jan. 26 Jan. 26 Jan.

Fig. 1. Profiles of ion (top) and electron (bottom) fluxes (energy range, 10 eV to 1 keV for ions and
120 eV to 6 keV for electrons) measured by the PLS experiment along Voyager 2's trajectory through
the magnetosphere of Uranus; unit for flux is particles per square centimeter per second. The circled
numerals indicate features discussed in the text (key in legend to Fig. 4). All results are based on fluxes
observed above 6 x 104 cm-2 sec'-l (ions) and 2 x 10i cm-2 seCC- (electrons). Below these thresholds,
uncertainties due to variable noise levels require fiuher analysis. Abbreviation: MP, magnetopause.

Table 1. Bow shock (BS) and magnetopause
(MP) boundaries observed by the Voyager 2 PLS
experiment. Solar wind measurements are as fol-
lows. Normal: n = 0.025 cm-3, V = 430 km
sec 1, Tp = 0.5 eV; preshock: n = 0.05 cm-3,
V =450 km sec', Tp = 4.7 eV; outbound:
n =0.05 cm-3, V = 430 km sec-', Tp = 0.4 eV
(n, plasma density; V, velocity; Tp, proton tem-
perature).

Dis-
Spacecraft Radial tance

Bound- event dis- from
time

tne
sun-ary (day/hour: tance planet

minute) (Ru) line
(Ru)

Inbound pass
BS 24/07:28 23.66 10.0
MP 24/10:08 18.04 8.7

Outbound pass
MP 26/07:15 80.56 42.9
BS(out) 27/22:06 160.7 89.7
BS(in) 27/23:03 162.8 90.9
BS(out) 28/02:37 170.2 95.2
BS(in) 28/02:46 170.7 95.4
BS(out) 28/03:15 171.6 95.9
BS(in) 28/03:19 171.6 95.9
BS(out) 28/13:00 192.0 107.9
BS(in) 28/21:27 209.7 118.2
BS(out) 28/21:50 210.7 118.8
BS(in) 28/21:55 210.7 118.8
BS(out) 29/03:00 221.2 124.9
BS(in) Missing data
BS(out) 29/06:00 227.4 128.5

dipole moment of 0.21 G R?3, a value that is
in reasonable agreement with that inferred
from Voyager MAG observations (0.23 G
R3u) (8). Although the overall shape of the
magnetosphere is consistent with a gas dy-
namic description, measurements at the bow
shock reveal small-scale complexities. In par-
ticular, plasma parameters after the bow
shock exhibit damped oscillations with a
scale of roughly 0.5 Ru. Initial analysis of
the data indicates that the observed plasma
deceleration and heating are consistent with
a perpendicular shock in a plasma with a
high Mach number and a plasma X near 1.
Inner magnetosphere. The inner magneto-

sphere appears in the PLS measurements as
the region of high particle intensities mea-
sured between 16 hours (L = 7 inbound)
and 23 hours (L = 18 outbound) on 24
January. The color spectrogram in Fig. 3
shows the dramatic variations ofthe positive
ion and electron spectra in this region. The
particle distribution functions exhibit a
complex structure that can be roughly de-
scribed by three components: a warm popu-
lation (T 10 eV), a hot population
(T 700 eV to 3 keV), and a suprathermal
tail to the warm protons (mean energy 50
to 100 eV). All the PLS measurements are
consistent with the positive ions being pro-
tons corotating with the planet. There is no

9o

discernible signature of heavy ions (sput-
tered from the surfaces of the Uranian
moons) or of a particles. In contrast to the
plasma flows at Jupiter and Satum, the inner
magnetosphere flows are subsonic, and cen-
trifugal forces are too weak to confine the
plasma to low magnetic latitudes. The plas-
ma energy density sampled by the PLS
instrument is negligible compared to the
energy density of the magnetic field
(1 < 0.01) throughout the inner magneto-
sphere. Alfvin Mach numbers calculated

SO 0 -50 -100 -150 -200 -250
x (RU)

Fig. 2. Projection ofthe spacecraft trajectory onto
the orbital plane of Uranus, with bow shock and
magnetopause cross sections modeled from the
observed crossings. The shading indicates regions
where magnetosheath plasma was detected.
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from a dipole field model (8) and densities
consistent with our observations at the mini-
mum L shells of the satellites Oberon
(Lw. = 22.9), Titania (Lmin = 17.1), Um-
briel (Lmin = 10.4), Ariel (Lmi. = 7.5), and
Miranda (Lniin= 5.1) are 9 x 10-2,
3 x 10-2, 6 x 10-3, 2 x 10-3 and
3 x 10-3, rcspectively.

Figure 4 shows the trajectory of Voyager
2 plotted in magnetic coordinates from the
dipole field model of Ness and co-workers
(8). This coordinate system would organize
the plasma data if the inner magnetosphere
were axally symmetric about the magnetic
axs. The loop in the trajectory is a result of
the large tilt angle between the magnetc and
spin axes of the planet. The locations of
seven features in the electron and positive-
ion spectra that are indicative of changes in
the plasma morphology are denoted in Figs.
1, 3, and 4 (key in legend to Fig. 4). Figures
1 and 3 show remarkable asymmetry in the
plasma fluxes observed inbound and out-
bound. The PLS data indicate that the
spacecraft moved through three regions sep-
arated by distinct boundaries at points 3 and
4. As Voyager 2 approached Uranus, the
plasma fluxes began to rise soon after the
spacecraft crossed Ariel's minimum L shell.
The first indications of plasma were low
fluxes of hot protons that were soon fol-
lowed by a rise in electron density (point 1)
and a sharp increase in total ion flu (point
2). In this region the densities ofthe hot and
warm protons were comparable (up to
about 0.5 cmn3).
At the inbound plasma boundary (point

3; L 5.3), the hot proton fluxes decreased
by one order of magnitude in about 1
minute. Inside this boundary the warn pro-
ton fluxes fluctuated considerably (although
overall the density continued to increase),
reaching values of more than 2 can3 near
dosest approach. The proton temperature
varied between 4 and 50 eV but showed no
obvious trend with distance. In this inner-
most region, the electron fluxes decreased to
vcry low levels; a plausible explanation
would be that the electron temperature
dropped well below the 10-eV energy
threshold of the PLS nstrument.,
The outbound plasma boundary (point

4), inside Miranda's minimum L shell
(L 4.8), was characterized by a dramatic
increase in fluxes of hot electrons (Fig. 3).
The hot protons also reappeared at about
this time. An intense flux of 2- to 4-keV
electrons was encountered in the outbound
regon. This flux was apparently responsible
for the spacecrafts acquiring a large negative
potential (between points 5 and 6), which
accelerated warm protons into the PLS de-
:tectors and produced the stiking feature
visible in Fig. 3. Energy cutoffs in the
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Fig. 3. Encrgy-time spec ams of ion (top) and elctron (bottom) intensities measured in the iner
mgnCtore ofUranus. Te logarithmic energy range spans 10 eV to6 keV for ions and 120 eV to 6
keV for electrons. The color shading represents a logarithmic inecnsity scale, with the highest value
nasured shown in yellow. The cirded numerals indicate features discussed in the text (key in legend to
Fig. 4).

spectra indicate that the spacecraft potential
reached -400 V during solar occultation.
Although the charging ceased soon after the
spacecraft came out of solar occultation
(point 6), the hot electron flux persisted

8.0 ,

N

until point 7, where it suddenly dropped to
background levels [as did the energetic par-
ticle fluxes observed by LECP (9) and CRS
(10)]. Analysis of spectra in the charging
region shows that there is no "hidden"

, 'I. I ,.
2300

0.0 *. \ I | IU" . IIiGes

2.0 2 4. . 2 .0 4

42 400
/ \~~~/Lmin(Arlel)

/ ~~~~~~~~2000V7
- ~~~~~1900\

2.0 Manda) Sola occultation )
0.0 2.0 ~~4.0 6.0 8.0 10.0 12.00

VX2 ±_j,2 C~

Fig. 4. Trajectory of the spacecraft in magnetic coordinates corresponding to the offset, tilted dipole
model described by Ness and colleagues (8). The minimum magnetic L shells (L.in) of the sateites
Miranda, Arid, and Umbriel are shown. The cirded numerals correspond to the following features: 1,
elctron density rise (1620 spacecraft event time); 2, ion flux increase (1650); 3, plasma edge (1736); 4,
plama edge (1854); 5, charging begins (1929); 6,,charging ends (2152); 7, electron flux drop (2250).

REPORTS 9I

18 1



.~ 'n~ . h.

1/25 ~~~~~1/25 sheet

-20 V

-40-

-40 -20 0 20 40 0 -20 -40 -60 RU
y(Ru) x(Ru)

Fig. 5. Trajectory of Voyager 2 in solar magnetospheric coordinates. (A) y-z plane; (B) x-z plane.
Positions of the spacecraft are marked every hour. Periods of enhanced electron intensities associated
with the plasma sheet are shown in boxes; the shading corresponds to a model of the plasma sheet (see
text). The inner edge of the plasma sheet (B)
magnetosphere is not shown.

thermal ion component below the normal
energy range because the spacecraft charge
would have accelerated such a population
into the detectors.
Magnetotail and plasma sheet. As Voyager

traversed the nightside outer magneto-
sphere, the PLS instrument repeatedly ob-
served enhancements of electron and ion
fluxes (Fig. 1). We interpret these enhance-
ments to be passages of the spacecraft into
or through the plasma sheet. By analogy
with the magnetosphere ofEarth, we expect
the plasma sheet to form a quasi-planar
structure in the center of the magnetotail.
To the extent that the terrestrial analogy
applies, the plasma sheet observations
should be well organized in solar magncto-
spheric coordinates: x axis toward the sun, z
axis defined so that the planet's magnctic
dipole axis lies in the x-z plane, and y axis
completing a right-handed set (we adopt the
convention of tcrrcstrial magnetosphere
studies and let the magnetic dipole moment
have a negative z component). Figure 5
shows the trajectory ofVoyager 2 projected
onto the solar magnetospheric y-z plane (a
cross section of the magnetotail as viewed
from the sun) and onto the x-z plane (the
noon-midnight plane containing the solar
wind flow vector and the planetary magnctic
dipole). The portions of the trajectory
where the total electron flux (in the energy
range 140 eV to 6 keV) was enhanced are
indicated.
The observations made before 0 hours on

26 January (spacecraft event timc) are con-
sistent with a simple model of the plasma
sheet represented by the shading in Fig. 5:
the plasma sheet has a full thickness of about
10 Ru near the midnight meridian that

i is speculative, and the structure of the inner

increases to about 15 Ru at the sides, and its
central plane deviates from the magnetic
equatorial plane to become parallel to the
solar wind flow at tailward distances beyond
10 to 15 Ru. The plasma sheet is raised
above the solar magnetospheric x-y plane as
a result of the dipole tilt away from the z
axis. The configuration and dimensions of
this model largely correspond to a suitably
scaled average model of the terrestrial plas-
ma sheet. Because of the near-alignment of
the Uranian spin axis and the solar wind
flow during the present epoch, however, the
structure does not wobble up and down as
at Earth or Jupiter but instead rotates in
space approximately about the x axis.
The observations made after 0 hours on

26 January are no longer consistent with the
model described above: the plasma shect
(possibly not completely crossed) was ob-
served between 0 and 1 hours, considerably
above the expected position of the plasma
sheet, and a crossing was not observed
around 6 hours where it was expected.
There are at least three possible explanations
for the inconsistency: (i) because of the
proximity of the magnetopause, there may
be a tangential drag from the magneto-
sheath, tending to pull the plasma sheet up
at the left and down at the right ofFig. 5 (in
this figure, the magnetosheath plasma ap-
pears to rotate clockwise); (ii) the configura-
tion may change markedly (as a result of a
breakdown of corotation, for instance) at
distances beyond about 55 Ru; or (iii) the
configuration may undergo a major tempo-
ral change, possibly due to a change in solar
wind direction, at about 0 hours.
Plasma sourcs and tranpor. In the mag-

netospheres of the rapidly rotating planets

Jupiter and Saturn, the rotational motion of
the plasma effectively prevents a systematic
magnetospheric convection from penetrat-
ing the inner magnetosphere and allows
radial plasma transport only by relatively
slow diffusion processes. At Uranus, howev-
er, the near-alignment of the rotation axis
with the direction of the solar wind results
in a solar wind-driven magnetospheric con-
vection system that transports plasma sun-
ward throughout the magnetosphere (12).
Scaling from the terrestrial magnetosphere
(on the assumption of similar coupling
mechanisms) would give a typical magneto-
spheric convection potential of 20 kV and
an associated convection time scale of 40
hours (1). This or some other relatively
rapid transport mechanism may explain why
the moons of Uranus (unlike those of Sat-
urn or Jupiter) do not appear to be signifi-
cant sources of magnetospheric plasma: the
heavy ions may be removed too quickly to
allow a self-sustaining plasma torus to devel-
op (13).
Another consequence of magnetospheric

convection is that the solar wind may be a
significant source of magnetospheric plas-
ma. Protons of solar wind origin that are
convected inward from the vicinity of the
magnetopause or the magnetotail will be
heated by adiabatic compression to nearly
30 keV, above the energy range of the PLS
instrument. Solar wind electrons would be
heated to a few kiloelectron volts by this
process, which might be the source of the
hot electrons observed on the night side of
the inner magnetosphere.

Ionization of the extended neutral hydro-
gen corona observed around Uranus by the
UVS experiment (14) constitutes an impor-
tant and possibly the major source ofplasma
for the magnetosphere. Protons created
from this source initially have the local
rotational energy (0.4 eV at L = 5; 4 eV at
L = 10), and their energy increases or de-
creases adiabatically with subsequent inward
or outward transport. Thus the warm popu-
lation of particles in the inner magneto-
sphere could result from nearly local forma-
tion and inward transport over a relatively
small distance; in this case it is significant
that the warm component is observed only
at magnetic longitudes where the magneto-
spheric convection is expected to have an
inward flow component (12) and is absent
in the region where the convection should
be outward. Altematively, the warm popula-
tion could be produced by strictly local
ionization if there is a local mechanism for
raising the proton temperature. The hot
plasma population, if attributed to this
source, must result from ionization of hy-
drogen at large L shells and subsequent
adiabatic heating of the plasma as it is
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transported to the inner magnetosphere.
Injection of particles from the ionosphere

is another possible source of plasma. Precip-
itation of energetic charged particles into
the ionosphere forms secondary electrons
that should have energies of 20 to 40 eV
and, by electrostatically pulling out ions,
could provide an alternative source for the
warm population. Similar processes have
been discussed for other planets (15). Pho-
toelectrons also have energies of20 to 40 eV
and are another possible source of plasma.
The boundary implied by the "plasma

edge" observations (L 5) can be interpret-
ed in several ways. It may be the inner limit
ofmagnetospheric convection due to residu-
al effects of corotation associated with the
small angle (==7°) between Uranus' rotation
axis And the solar wind (12) or to shielding
by pressure gradient effects (16). The ex-
pected location of the convection limit in
either case depends on presently unknown

parameters, such as the ionospheric conduc-
tivity, but an L value of about 5 is not
implausible. Alternatively, the boundary
may be ascribed to plasma absorption by
Miranda and its location related to Miran-
da's minimum L value, although the consist-
ency with observations of the absorption
signatures (including the predicted precise
location) expected from this mechanism re-
mains among the unsettled questions.
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Energetic Charged Particles the Uranian
Magnetosphere
E. C. STONE, J. F. COOPER, A. C. CUMMINGS, F. B, MCDONALD,
J. H. TRINOR, N. LAL, R. MCGUIRE,* D. L. CHENETrE

During the encounter with Uranus, the cosmic ray system on Voyager 2 measured
significant fluxes of energetic electrons and protons in the regions of the planets
magnetosphere where these particles could be stably trapped. The radial distribution of
electrons with energies of megaelectron volts is strongly modulated by the sweeping
effects ofthe three major inner satellites Miranda, Ariel, and Umbriel. The phase space
density gradient of these electrons indicates that they are diffusing radiafly inward
from a source in the outer magnetosphere or magnetotail. Differences in the energy
spectra of protons having energies of approximately 1 to 8 megaelectron volts from
two different directions indicate a strong dependence on pitch angle. From the
locations of the absorption signatures observed in the electron flux, a centered dipole
model for the magnetic field ofUranus with a tilt of60.1 degrees has been derived, and
a rotation period of the planet of 17.4 hours has also been calculated. IThis model
provides independent confirmaton of more precise determinations made by other
Voyager experiments.

T HE VOYAGER 2 ENCOUNTER WITH
Uranus revealed a moderate-sized
magnetosphere surrounding this gi-

ant planet. Because the nature (or even the
presence) of this magnetosphere was un-
known before the encounter, the cosmic ray
system (CRS) (1) was cycled every 192
seconds between two configurations to pro-
vide observations over a wide range ofpossi-
ble intensities of trapped particles. The in-
strument functioned normally throughout
the encounter.
The trajectories at Uranus of the space-

craft, the satellites Miranda, Ariel, Umbriel,
Titania, and Oberon, and the e ring are
shown in Fig. 1 in a magnetic coordinate
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system based on the offset tilted dipole
model of the Uranian planetary magnetic
field (2). The spacecraft crossed the magnet-
ic equator once near 1321 spacecraft event
time and reached a minimumn L-shell value
of 4.6 at 1829 (3). Because of the 60° tilt of
the dipole relative to the rotation axis, the
satellites sweep across broad ranges of L
values and magnetic latitude as the planet
rotates.
Ekctron spatial distributions. The electron

absorption signatures of the three major
inner satellites are shown in Fig. 2; these
data were obtained from single detector
counting rates ofthree detectors in the CRS
instrument (4). The electron energy thresh-

olds and detector geometric factors were
estimated by analysis from the passive
shielding surrounding each detector and
from the energy deposit thresholds. The
baseline counting rates ofeach detector were
due to the interplanetary charged-particle
background, primarily galactic cosmic rays.
None of the counting rates displayed in Fig.
2 increased above background levels until
Voyager 2 was well inside the magneto-
sphere. Rates from the highest electron en-
ergies rose above background only inside
the orbit of Miranda. Although the space-
craft reached an L-shell value ofonly 4.6, the
rapid increase in the intensity ofhigh-energy
electrons ( 7.6 MeV, curve 2 in Fig. 2)
indicates an intense, high-energy radiation
environment inside the region probed by
Voyager 2.
At much lower electron energies, there are

large spatial gradients in the magnetospheric
flux in the outer magnetosphere (curve 1 in
Fig. 3). Analysis of electronic pulse height
data from the encounter and from calibra-
tions after Voyager 2 was launched shows
that this counting rate is dominated by the
pile-up of low-energy (>20 keV) electrons.
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