
Table 2. Positions of flux minima for electron 
energies greater than 1.1 MeV compared to posi- 
tions of satellite L shells. 

Satellite Position of minimum 

Mini- Cen- Offset dipole L 
mum tered 

Name L dipole 1"- Out- 
shell L bound bound 

Miranda 5.0 5.6 5.2 5.2 
Ariel 7.4 7.9 7.6 7.6 
Umbriel 10.3 10.6 10.8 10.2 

(10). When the rotation period was also 
allowed to vary, the best-fit period obtained 
was 17.4 hours, and with the 17.4-hour 
period, the best-fit orientation of the dipole 
was the same to within 0. lo in both tilt angle 
and direction. Because we have only three 
feature pairs to use in the model fit, the 
assignment of formal uncertainties is diffi- 
cult. However, as illustrated in Fig. 5, the 
best-fit values of both the tilt angle and the 
tilt direction are well determined (probably 
to better than 0.5" and lo, respectively), and 
the rotation period is determined to better 
than 0.5 hour. 

The tilt angle, tilt direction longitude, and 
rotation rate were determined independent 
of the results obtained by Ness (2) and 
Wanvick (11) and their colleagues from 
their analysis of Voyager 2 data. The param- 
eters of the resulting models are in good 
agreement, even though the magnetometer 
model also includes an offset from the center 
of Uranus. Our analysis provides an inde- 
pendent measurement of the large tilt angle 
and direction of the lowest order (dipole) 
term as well as of the rotation period of the 
planetary interior. 

The large angle between the magnetic 
dipole and rotation axes causes each satellite 
to sweep out a wide range in L during each 
half-rotation of Uranus (Fig. 1). Absorption 
of charged particles, however, is most effec- 
tive near the minimum L shell of each 
satellite. There are two reasons for this 
effect: (i) each satellite spends most of its 
time in the band of L shells near its mini- 
mum, and (ii) when a satellite is not near its 
minimum L shell, it is at higher latitudes and 
cannot absorb particles that mirror at small- 
er magnetic latitudes. Thus the minima in 
the particle absorption signatures are expect- 
ed to occur near the minimum L shell of 
each satellite. 

As illustrated in Table 2, however, the L 
shells where absorption signature minima 
were observed were generally outside these 
expected locations. With the centered dipole 
model, these deviations were 0.3 to 0.6 in L, 
increasing toward smaller values of L; with 

the offset dipole model (2), the deviations 
were significantly smaller (0.2 in L), except 
at Umbriel. These results suggest that high- 
order moments of the field are imoortant to 
the field geometry. 

As shown in Table 2, the offset dipole 
model does not accuratelv describe the elec- 
tron drift shell at ~ m b r i i l ,  perhaps because 
Umbriel is at a distance from Uranus where 
external contributions to the field are irnoor- 
tant. The inbound-outbound asymmetry in 
the position of Umbriel's signature is in the 
same direction as the drift shell asvmmetrv 
expected from dayside compression of the 
magnetosphere. Further analysis of these 
results will lead to better values of the 
internal and external components of the 
magnetic field at Uranus. 
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The Magnetosphere of Uranus: Hot Plasma and 
Radiation Environment 

The low-energy charged-particle (LECP) instrument on Voyager 2 measured low- 
energy electrons and ions near and within the magnetosphere of Uranus. Initial 
analysis of the LECP measurements has revealed the following. (i) The magnetospher- 
ic particle population consists principally of protons and electrons having energies to at 
least 4 and 1.2 megaelectron volts, respectively, with electron intensities substantially 
exceeding proton intensities at a given energy. (ii) The intensity profile for both 
particle species shows evidence that the particles were swept by planetary satellites out 
to at least the orbit of Titania. (iii) The ion and electron spectra may be described by a 
Maxwellian core at low energies (less than about 200 kiloelectron volts) and a power 
law at high energies (greater than about 590 kiloelectron volts; exponent y, 3 to 10) 
except inside the orbit of Miranda, where power-law spectra (y approximately 1.1 and 
3.1 for electrons and protons, respectively) are observed. (iv) At ion energies between 
0.6 and 1 megaelectron volt per nucleon, the composition is dominated by protons 
with a minor fraction (about of molecular hydrogen; the lower limit for the ratio 
of hydrogen to helium is greater than lo4. (v) The proton population is sufficiently 
intense that fluences greater than 1016 per square centimeter can accumulate in lo4 to 
lo5 years; such fluences are sufficient to polymerize carbon monoxide and methane 
ice surfaces. The overall morphology of Uranus' magnetosphere resembles that of 
Jupiter, as evidenced by the fact that the spacecraft crossed the plasma sheet through 
the dawn magnetosheath twice per planetary rotation period (17.3 hours). Uranus' 
magnetosphere differs from that of Jupiter and of Saturn in that the plasma P is at 
most 0.1 rather than 1. Therefore, little distortion of the field is expected from particle 
loading at distances less than about 15 Uranus radii. 
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S TUDIES OF MAGNETOSPHERES IN 

the solar system are a central objective 
of planetary exploration and have 

greatly enhanced understanding of astro- 
physical plasmas (1). Voyager 2 carried the 
low-energy charged-particle (LECP) experi- 
ment, whose scientific objectives are to de- 
termine the intensity, energy spectra, com- 
position, angular distributions, and spatial 
and temporal characteristics of ions (E 2 28 
keV) and electrons (E 2 22 keV). The large 
tilt of Uranus' magnetic dipole axis (-60") 
(2) with respect to the rotation axis, the 
rapid planetary rotation (17.3 hours) (3 ) ,  
and the five major satellites within the mag- 
netosphere present an intriguing magneto- 
spheric configuration. 

The LECP instrument has two sensor 
systems: the low-energy particle telescope 
and the low-energy magnetospheric particle 
analyzer, both of which have a large number 
of solid-state detectors arranged in telescope 
configurations that can be used in various 
coincidence-anticoincidence arrangements 
(4). Individual angular distributions during 
the instrument's passage through Uranus' 
magnetosphere were obtained every 12.8 
minutes by rotating the detector apertures 
through eight 45" sectors in two complete 
scans which lasted a total of 96 seconds. At 
all other times throughout the encounter, 
the instrument was held stationary in sector 
7 (4), viewing the general direction of ex- 
pected magnetosphere corotation or toward 
the dawn magnetosphere. Continuous step- 
ping of the instrument was resumed approx- 
imately 18 hours after closest approach, 
with one full 360" scan made every 384 
seconds. 

Overview. Figure 1 shows the count rate 
of a~~roximatelv 28-keV ions measured for 

' I  

10 days surrounding closest approach of the 
spacecraft to the planet. A general increase 
in particle activity began on day 21, with an 
obvious particle enhancement starting at a 
distance of about 140 Uranus radii (Rv, or 
25,600 km) early on day 22 and lasting 
approximately 12 hours. The activity coi- 
tinued to increase on day 23 with several 
enhancements upstream; on day 24 there 
was a large increase (by a factor of about 
100) just before the bow shock encounter. 
Although an interplanetary component was 
generally present from the solar direction, 
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specific enhancements showed predominant 
flow from the direction of the planet. The 
large increases before the bow shock en- 
counter suggest that the magnetosphere 
may well have extended to beyond 30 Ru at 
earlier times ( 5 ) .  

The ion intensity increased to lo3 times 
the interplanetary intensities after the space- 
craft crossed the magnetopause (Fig. 1). 
Significant structure was seen in the flux 
inside the magnetosphere. The count rate 
dropped to nearly interplanetary levels be- 
fore the end of day 24; three encounters 
with the plasma sheet were observed on day 
25, coincident with the reported neutral 
sheet crossings (2). Even after Voyager 
crossed the nominal magnetopause early on 
day 26, increases in ion intensities were 
observed on days 26 and 27. These increases 
suggest that additional encounters of the 
plasma sheet may have occurred before the 
outbound bow shock crossings. 

Figure 2 shows an overview of most 
LECP channels for about 30 hours sur- 
rounding closest approach. The parameter 
L, the equatorial crossing radius of a dipole 
field line in units of Ru, was calculated from 
the field model of Ness and colleagues (2). 
Upstream activity for low-energy ions 
(shown explicitly in Fig. 1) is evident, as is 
the corresponding activity in the intensity of 
energetic electrons. A small, 1-hour en- 
hancement in the low-energy electrons and 
ions follows the bow shock (BS) crossing. 
The magnetopause (first M) entry is more 

Fig. 1. Intensity of low-energy ions 
(28 to 43 keV) as a function of 
spacecraft event time during the 
Uranus encounter. Ion enhance- 
ments began early on day 21, be- 
fore bow shock (BS) and magneto- 
pause (MP) crossings. After the 
sharp decrease in count rate near 
2300 on day 24, there are four 
encounters with the plasma sheet 
(PS). Times of nominal magnetic 
dipole equator crossings are shown 
by heavy bars marked (E). Tick 
marks indicating the planetary rota- 
tion period (17.3 hours) are noted 
on the line below the curve; the 
phase was chosen to coincide with 
the first magnetotail neutral sheet 
crossing. Several bow shock cross- 
ings occurred from day 27 through 
day 29 (2). Ion intensities did not 
return to interplanetary back- 
ground levels until the middle of 
day 30. 

distinctive in the case of the electrons than 
for the ions. A shoulder appears at the 
minimum L-shell crossing of Titania (T) for 
both the energetic protons ( Z  100 keV) and 
intermediate-energy electrons (2200 keV) . 
Distinct absorption features appear at the 
minimum L-shell crossings of all the major 
satellites. 

The sharp drop-off at most energies for 
both ions and electrons occurred in the 
vicinity of the outbound L-shell crossing at 
Titania. Some low-energy ions were present 
outside this L shell, but their intensities 
approached background at the nominal lo- 
cation of Oberon's L shell. Distinct increases 
in the spectra of the low-energy ions at 
about 0300 and 0600 spacecraft event time 
on 25 January and of the electrons at about 
0630 suggest encounters of Voyager with 
the magnetospheric plasma sheet. A crossing 
at abou: 1200 spacecraft event time on the 
same day (Fig. 1) shows some evidence of 
plasma outflow. 

Satellite s&atures. Using the offset tilted 
dipole magnetic field model of Ness and 
colleagues (2), we computed L values 
throughout the encounter and plotted the 
data against this parameter in Fig. 3, which 
shows the inbound and outbound trajector- 
ies for selected ion and electron channels. 
Intensities of electrons (top cunle) during 
the outbound trajectory were mostly higher 
inside Ariel's orbit than during the inbound 
trajectory because of the spacecraft's prox- 
imity to the magnetic equator (inset). Ap- 

Radia l  d i s t a n c e  ( R u )  
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parent satellite signatures near the orbits of 
Miranda, Ariel, and Umbriel are evident 
during both segments of the trajectory. The 
absorption signatures, however, do not ap- 
pear to coincide with the nominal L-shell 
values of the satellites inbound and out- 
bound: fbr example, the minimum at the 
orbit of Ariel outbound occurs exactly at the 
nominal value (L - 7.4), whereas the in- 
bound minimum occurs at L - 7.2. The 
minimum for the Umbriel signature occurs 

at L - 10.8 inbound and at L - 10.2 out- 
bound, bracketing the nominal value 
(L - 10.4). These discrepancies may well 
be related to uncertainties in the field mo- 
del. 

The inbound-outbound asymmetry is 
substantially greater for ions inside the orbit 
of Ariel in a similar energy range, as shown 
in the second set of curves in Fig. 3. Here 
satellite "microsignatures" (absorption due 
to a recent satellite encounter) may also be 

present at L - 7.2 and possibly at L - 8.6. 
On the outbound trajectory, there are inten- 
sity features dose to the orbits of both 
Miranda and Ariel but no dear signature at 
the orbit of Umbriel. The Ariel features, 
however, do not seem to coincide with the 
signatures in the electron intensity profile. 

The third and fourth curves in Fig. 3 
show the L profile of 61- to 112-keV elec- 
trons and 43- to 80-keV ions, respectively, 
with apparent features close to the orbits of 

Fig. 2. Spectrograms of energetic ions (A) and electrons (C) from 0000 
spacecraft event time on day 24 through 1000 on day 25. The bow shock contamination of some channels by hi h energy electrons. (B) Intensity-time 
(BS), magnetopause (first M), and minimum satellite L-shell (0, T, U, A, a c e s  for protons of about 40 keV (w&e curve) and 1 MeV (orange owe).  
M) crossing times are shown on the tops of these anels. The electron fluxes The radial distance of the spacecraft from the center of the planet is indicated 
are generally much greater than the proton Iuxes at a given energy at the top of this panel. (D) Intensity-time traces for electrons of about 22 
throughout the encounter (note the different color-scaling levels for protons keV (white curve) and 480 keV (orange curve). The first encounter of the 
and electrons to the right of the figure). The low-energy proton data magnetotail plasma sheet peaked at approximately 0600 spacecraft event 
surrounding dosest approach have been deleted because of substantial time on day 25. 
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Miranda and Ariel inbound but no such 
features anywhere on the outbound trajec- 
tory. The intensity outbound decreases 
sharply at L - 16.5, just inside the orbit of 
Titania; there is a large inbound-outbound 
asymmetry outside L - 16. 

Spectra. Figure 4 shows electron (A) and 
ion (B) spectra for selected periods. The 
lower of the two electron spectra in Fig. 4A, 

maneuver 

l o o k  10-1 
4 0 8 0 120 16 0 20 0 

L shell 

Fig. 3. Electron and proton count rates as a 
function of L for selected energy channels. (Inset) 
Voyager 2's trajectory in magnetic latitude as a 
function of L computed from the model of Ness 
and co-workers (2). Note the dayside-nightside 
asymmetrics in particle intensities at large L values 
(16 to 20) for low-energy electrons and ions. 

sampled between the L shells of Ariel and 
Umbriel, shows a power-law tail with 
y - 2.7. The subtle roll-off at lower ener- 
gies suggests a Maxwellian core [kT - 15 
keV (k, Boltzmann's constant; T, tempera- 
ture in kelvins)]. The other electron spec- 
trum. sampled inside the L shell of Miranda. 
is haid an2 can be characterized by a simple 
power law with y - 1.1. Because such a 
spectrum cannot be generated readily by 
simple inward diffusion, a cosmic ray albedo 
neutron decay source is an obvious candi- 
date, provided that a sharp cutoff exists 
somewhat beyond the LECP energy cover- 
age (-1.2 MeV). The full ion spectrum 
shows a Maxwellian core (kT - 35 keV) 
much more clearly than the corresponding 
electron spectrum. At higher energies the 
ion spectra all show nonthermal tails. The 
spectrum becomes substantially harder in- 
side the orbit of Miranda. 

Composition. The LECP instrument sepa- 
rated the ion species at energies greater than 
about 0.6 MeV per nucleon during the 
encounter (6). Only one species other than 
protons, molecular hydrogen (presumably 
ionized), was identified above that energy. 
The 1-hour ion mass histogram in Fig. 5 
(characteristic of the full encounter) shows 
the H1 events appearing as a shoulder on the 
large proton peak. H3 and 4 ~ e  ions, both of 
which were observed at Jupiter and Saturn, 
are absent; no more than one or two counts 
from these species was measured during the 
entire encounter. The H2:H abundance is 
approximately 1 : lo3 during the period 
shown and is even lower in other parts of 
the magnetosphere. Upper limits of 1 in lo4 
protons can be placed on the H3 and 4 ~ e  
ions. These relative abundances are much 
lower than those observed at Jupiter and 
Saturn ( 7 ) .  

Dzscussion. It is of interest to compare the 
energetic particle populations in the magne- 
tosphere of Uranus, Jupiter, and Saturn as 
studied by the LECP instrument. The ap- 
parent periodicity in plasma sheet encoun- 
ters, modulated by Uranus' rotation period, 
is reminiscent of Jupiter's magnetosphere, 
although only a few cycles are evident at 
Uranus because of the rapidity of the instru- 
ment's passage through the much smaller 
magnetosphere. Such a periodicity was also 
detected in electron spectral indices at Sat- 
urn (8). Furthermore, Uranian plasma sheet 
encounters were apparently observed in en- 
ergetic ion channels when the outbound 
spacecraft was presumably in the magneto- 
sheath and even as it crossed in and out of 
the bow shock from 27 through 29 January. 
In addition. modulation of the proton inten- 
sities upstrdam of the planet, blfore encoun- 
ter of the bow shock, seems to be generally 
in phase with the planetary rotation period. 

The directionality of the ions and the pres- 
ence of energetic electrons in these upstiearn " 
particle increases (Fig. 2) indicates that the 
observed upstream ions originated from 
within the planetary magnetosphere, as is 
the case at Jupiter (9)  and probably Saturn 
and Earth (10, 11 ). 

A second important characteristic of the 
Uranian energetic particle intensities is the 
effect of their having been swept by plane- 
tary satellites embedded within the magnet- 
osphere. The satellite absorption signatures 
in the radiation belts are complicated by the 
tilt of the dipole moment with respect to the 
rotation axis. A particular satellite sweeps 
particles from its minimum (equatorial) L 

1830-1845 SCET :y: 1 

Energy i keV i  

Fig. 4. Electron (A) and proton (B) spectra at 
selected locations within the Uranian magneto- 
sphere. The electron and ion spectra sampled 
inside the orbit of Miranda were fit with power- 
law forms (fits represented by solid lines). Abbre- 
viation: SCET, spacecraft event time. 
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value to values extending beyond the mag- 
netosphere. This effect must be included in 
identifying a specific absorption feature with 
a particular planetary satellite. Figure 3, for 
example, shows that the absorption of ener- 
getic electrons at the orbit of Ariel seems to 
be substantially inward of the apparent ab- 
sorption for energetic protons in a similar 
energy range. This apparent discrepancy is 
not readily explainable and may be related to 
the location of the satellite with respect to 
the spacecraft. 

Absorption signatures are nearly absent in 
the low-energy electron flux and, to a lesser 
extent, the low-energy ion flux. The electron 
observations can be attributed to resonant 
sweeping, whereby electrons of the appro- 
priate energy have an azimuthal drift period 
nearly equal to the satellite orbital period; 
such electrons are not effectively swept by 
the satellite. The resonant electron energies 
here are roughly 50 to 100 keV, similar to 
the energies of LECP electron channels in 
which satellite absorvtion is not evident. 
Obviously this effect does not account for 
the lack of such signatures in the low-energy 
ion channels. Losses due to charge exchange 
may, however, be important for the low- 
energy ions. 

The energy spectra of protons measured 
in the magnetosphere of Uranus have shapes 
similar to those observed at both Jupiter and 
Saturn; the spectra are ofien characterized 
by a power law at the higher energies but 
roll off at lower energies (5200 keV), which 
suggests Maxwellian cores. The tempera- 
tures inferred from the Maxwellian fits are 
similar to those found at Jupiter and Saturn 
[kT - 10 to 50 keV (5, 12)]. At high ener- 
gies, the spectra are extremely steep, with 
power-law exponents in the range of 3 to 
10. The maximum ion intensities at Uranus 
are much lower than those measured at 
Jupiter or Earth and are comparable to those 
at Saturn. Initial estimates show that the 
plasma P (ratio of particle pressure to mag- 
netic field pressure) for the LECP-measured 
ions is at most approximately 0.1 at Ls 15, 
which is a factor of about 10 less than the 
ratio observed at Jupiter and Saturn (5, 12). 
Since the pressures of the low-energy plasma 
are similarly small (13), it is likely that the 
magnetic field of Uranus is relatively undis- 
torted by particle stresses, in contrast with 
the case at Jupiter and Saturn. 

The population of energetic ions is essen- 
tially completely dominated by protons, 
with a very small fraction of Hz ions. If this 
measured composition persists at lower en- 
ergies as well, &en the magnetosphere plas- 
ma population will be dominated by an 
internal source, with a relatively unimpor- 
tant solar wind source. It is likklv thatthe 
extended hydrogen atmosphere identified 

24  J a n u a r y  1986 
1000, I I I I 

Fig. 5. Logarithmic histogram of pulse height- 
analyzed events in the low-energy particle tele- 
scope detector system. The shoulder to the right 
of the proton distribution indicates H2 ions in the 
magnetosphere of Uranus. 

by the Voyager 2 W S  instrument (14) is 
also evidence for an atmospheric source of 
the magnetospheric plasma. 

Energetic protons in the magnetosphere 
continuously bombard the surfaces of the 
Uranian moons and presumably the plane- 
tary rings close to the planet, with total 
fluences of order 1016 cm-2 in a period of 
only lo4 to 10' years. Laboratory studies of 
the irradiation of methane ice by protons 

and helium ions with energies of approxi- 
mately 10 to 2000 keV show that such 
fluences produce significant darkening and 
polymerization of the surface (15). Similar 
modification of carbon monoxide ice sur- 
faces is observed, although it proceeds at 
only a few percent of the rate for methane 
ice. Darkening of pure water ice is not 
observed. Particle-produced polymerization 
can greatly reduce the albedos of exposed 
surfaces in which carbon-bearing ices are 
present. Particle modification of Uranian ice 
surfaces may explain the low albedos of 
Uranian ring particles and dark areas of the 
moons, provided that methane and carbon 
monoxide ices are present in addition to 
water ice. 

Figure 6 shows an overview sketch of the 
Uranian magnetosphere as revealed by Voy- 
ager 2. The magnetosphere is large enough 
to include at least four of the major satellites 
nearly al l  of the time. A nightside aurora is 
present (14), for which particle precipitation 
may be important, as was predicted (16). 
The most important new aspect of the mag- 
netosphere is the large tilt of the magnetic 
axis relative to the rotation axis, contrary to 
predictions made before encounter (1 7). 

The Uranian magnetosphere presents a 
number of unsolved mysteries. One is the 
electroglow (14). Another is the indication 
that ice sputtering on the Uranian moons 
may provide a source of water comparable 
to that found at Saturn if heavy ions are 
abundant at energies near or above 10 keV 

Fig. 6. Overview sketch of the Uranian magnetosphere, showing bow shock and magnetopause, 
boundary layer, dayside cusp, satellite plane, plasma sheet (shaded), radiation belts, effects of satellite 
sweeping, and extended hydrogen atmosphere around Uranus. The magnetic and rotation axes are 
marked. 
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per nucleus (16) even though oxygen ions 
have not yet been detected by the LECP or 
the plasma science experiments (13). This 
may mean that oxygen ions are not efficient- 
ly accelerated to energies ( 2 0 . 6  MeV per 
nucleon) at which composition data are 
available or that oxygen ions are preferen- 
tially lost. 

The Uranian magnetosphere may be char- 
acterized by an efficient mechanism for pref- 
erentially removing energetic ions, as op- 
posed to electrons, from the radiation belts, 
even though loss rates due to sweeping by 
satellites are comparable for ions and elec- 
trons at energies observed by the LECP 
instrument. One candidate mechanism is 
charge exchange in an extended hydrogen 
atmosphere if one is present (14); another is 
wave-particle interactions. Preferential ion 
loss is supported by the observation that the 
energetic ion p is substantially less than that 
found at Saturn, whereas the electron P is 
comparable to Saturnian values. The total 
plasma P is then much less than 1, so that 

particle stresses do not greatly distort the 
field at Uranus. Since large day-night asym- 
metries are observed in the radiation belts 
outside the orbit of Umbriel, there may be a 
significantly nondipolar magnetic field at 
these distances in which magnetopause cur- 
rents take an important part. 
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Within distances to Uranus of about 6 x lo6 kilometers (inbound) and 35 x lo6 
kilometers (outbound), the planetary radio astronomy experiment aboard Voyager 2 
detected a wide variety of radio emissions. The emission was modulated in a period of 
17.24 2 0.01 hours, which is identified as the rotation period of Uranus' magnetic 
field. Of the two poles where the axis of the off-center magnetic dipole (measured by 
the magnetometer experiment aboard Voyager 2) meets the planetary surface, the one 
closer to dipole center is now located on the nightside of the planet. The radio emission 
generally had maximum power and bandwidth when this pole was tipped toward the 
spacecraft. When the spacecraft entered the nightside hemisphere, which contains the 
stronger surface magnetic pole, the bandwidth increased dramatically and thereafter 
remained large. Dynamically evolving radio events of various kinds embedded in these 
emissions suggest a Uranian magnetosphere rich in magnetohydrodynamic phenome- 

R ADIO EMISSIONS FROM URANUS 
were first detected through analysis 
of planetary radio astronomy 

(PRA) (1) data taken during the 5 days 
before Voyager 2's closest approach to the 
planet. In Fig. 1, a periodically varying 
signal is clearly present in the upper 58.8- 
kHz and upper 78.0-kHz channels as the 
spacecraft approached Uranus. The plane- 
tary signals, which wcre most intense in the 
upper channel, increased in amplitude as the 
spacecraft neared closest approach; strong 
spacecraft interference can be recognized by 
its shape as a function of time in both the 
upper and the lower channels for each fre- 

quency. No planetary signals occur at 39.6 
kHz except near closest approach and, possi- 
bly, at DOY 19.2. This signal appears also at 
58.8 H z  and in both upper and lower 
channels. Many similar, intense signals ap- 
pear before closest approach at 58.8, 78.0, 
and 97.2 kHz, but we cannot identify with 
surety any of these as planetary signals. 
Emission was relatively weak in the 97.2- 
kHz channels until the spacecraft was near 
closest approach. The emission before en- 
counter probably extended continuously 
from about 40 to 100 H z .  

Opposite states of circular polarization 
appear in upper and lower channels of the 

PRA instrument. The relation of upper or 
lower channel to polarization sense reversed 
near closest approach, when the direction to 
the source through the plane of the 
antenna. In the usual definition for radio 
science, the upper channel at each frequency 
is polarized in the left-hand sense before and 
in the right-hand sense after closest ap- 
proach. Before closest approach, the emis- 
sion was strongest in the upper channel for 
each frequency at which emission occurred; 
after closest approach, the emission was 
generally strongest in the lower channel for 
each frequency. With some important ex- 
ceptions, the emissions were therefore left- 
h&d polarized throughout encounter. 

~ i g &  2 shows overview dynamic spectra 
covering the 4-day period near closest ap- 
proach. The great increase and subseqllent 
decrease in intensity is apparent at most 
frequencies, and there was an enormous 
extension in emission bandwidth to higher 
frequencies (up to 800 kHz) that began just 
before closest approach. This high-frequen- 
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