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Abstract.\JRadio emissions from Uranus were detected by the Voyager
2 plasma wave instrument about 5 days before closest approach at fre~
quencies of 31.1 and 56.2 kHz. The bow shock was identified by an
abrupt broadband burst of electrostatic turbulence about 10 hours before
closest approach at a radial distance of 23.5 Ry. Once inside of the
iU

magnetosphere strong whistler-mode hiss and chorus emissions were

gbserved at radial distances less than about 8 RU; in the same region

where the energetic particle instruments detected intense fluxes of

energetic electrons. A variety of other plasma waves, such as 3f./2

(£ .‘.h‘.r

electron cyclotron waves, were also observed in this same region. At
the ring plane crossing the plasma wave instrument detected a large
number of impulsive events that are interpreted as impacts of micron-
sized dust particles on the spacecraft. The maximum impact rate was
about 20 to 30 impacts/sec, and the north-south thickness of the impact

region was about 4,000 km.

The Voyager 2 flyby of Uranus on January 24, 1986, revealed that

Uranus has a large and highly unusual magnetosphere. In'this paper we

present: an overview of the principal results from the plasma wave
instrument, starting with the first detection of radio emissions from

Uranus, and ending a few days after closest approach. KE? provide a

*

framework for organizing the observations, the results are grouped into
related topics, ordered more or less according to the sequence in which
the observations were made. For a description of the Voyager plasma

wave instrument, see Scarf and Gurnett (1).
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Radio Emissions. Since radio emissions escaping from the magneto- ! ;
;; sphere were expected to provide the first clear indication of a planetary 5;
3 magnetic field (2), the detection of radio bursts was an important objec- Jk
A tive as Voyager approached Uranus. In contrast to Jupiter and Saturn, ::
) radio emissions were not observed until the spacecraft was very close to E}ﬁ
: the planet. The first clear radio emissions from Uranus were detected by E7;
» the plasma wave instrument on January 19, 1986, only about 5 days before
closest approach. At this time Voyager was at a radial distance of about i:;
_E 275 Uranian radii (Rp) from Uranus. This first radio emission is illus- ;i:
trated in Fig. 1, which shows the intensities in two frequency channels, ?%Z‘
; 3l.1 and 56.2 kHz. The emission is strongest in the 3l.1-kHz channel, SE
‘; and highly variable, with numerous sporadic bursts on time scales of E?E
y seconds and minutes. Sporadic emissions of this type are apparently jf
quite rare, because several days elapsed before another comparable radio ) ESE_
o
t burst was detected. ;gﬁ
A second type of radio emission was detected a few days later, about Lk;
& S
. 18 hours before closest approach. This radio emission has much smoother :{i
temporal variations and can be seen in the four-day overview plot of Fig. E;;
P
2 at 17.8, 3l.1 and 56.2 kHz. The emission exceeded the receiver noise _:§§
level at about 40 Ry on the inbound pass, reached maximum intensity near :l .
. closest approach, at about 1800 spacecraft event time (SCET) on January E?;
. [Py

24, and dropped below the receiver noise level at about 40 Ry on the out-
bound pass. This same radio emission was also detected up to much higher
frequencies, approximately 800 kHz, by the planetary radio astronomy
experiment (3). Because of the smooth spectrum and slow temporal varia-

tions, this radio emission appears to be similar to escaping continuum

radiation at Earth (4).




A third type of radio emission was detected during the outbound pass
on the nightside of Uranus. This radio emission 1is composed of numerous
very narrow bandwidth (few %) components centered around 5 kHz, and can
be seen in the 5.62-kHz channel on January 25 and 26 (see Fig. 2). This
narrowband emission varies sporadically on time scales as short as a few
seconds and was detected on and off for about 6 days after closest
approach. The frequency is well above the local electron plasma fre-
quency, so the waves must be propagating in the free space electromag-
netic mode. Although not as steady, the radiation has many similarities
to the narrowband electromagnetic emissions observed at Jupiter and
Saturn (5). The Jovian and Saturnian narrowband emissions are believed
to be produced by mode conversion from electrostatic waves near the elec-
tron cyclotron frequency (6). If the rnirrowband emissions from Uranus
are generated at a frequency near the electron cyclotron frequency, then
based on the magnetic field model provided by the magnetometer team (7)
the source would be located at a radial distance near the orbit of the
moon Miranda.

Upstream Waves, Bow Shock and Magnetopause. The first clear evi-

dence of upstream waves associated with the bow shock of Uranus occurred
at 0550 SCET on January 23, when a strong burst of electron plasma oscil~
lations was detected in the 1.78-kHz channel. These waves are produced
by electrons escaping Iinto the solar wind from the bow shock and are a
well-known feature of the upstream solar wind at Earth, Jupiter and
Saturn (8). Electron plasma oscillations occurred on and off for about a
day until the spacecraft finally crossed the bow shock at 0728 SCET on
The plasma wave

January 24, at a radial distance of about 23.5 Ry.

intensities near the shock are shown in Fig. 3. The bow shock is easily
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identified in these data by the abrupt broadband burst of electrostatic
turbulence from about 0728 to 0735 SCET. The location of the shock is
consistent with the shock identified by the magnetometer (7) and plasma
(9) instruments. Although the solar wind density is unusually high, the
overall characteristics of the electrostatic turbulence are very similar
to other planetary bow shocks (10). Plasma wave turbulence is believed
to play an important role in energy dissipation at collisionless shocks.

Downstream of the shock the electric field intensities dropped to
very low levels throughout the magnetosheath, very similar to Jupiter and
Saturn. The magnetometer data show that the magnetopause, which marks
the entry into the magnetosphere, occurred at 1007 SCET (7). The only
observable plasma wave effect at the magnetopause is a slight increase in
the electric field intensities at 1.78 kHz. This increase is apparently
due to electromagnetic radiation trapped in the low density cavity formed
by the magnetosphere, similar to the trapped continuum radiation at

Jupiter (11).

Magnetosphere. After crossing the magnetopause the plasma wave

intensities remained relatively low until the spacecraft reached the
inner region of the magnetosphere at radial distances less than about 8
Rys A l6-channel plot of the plasma wave intensities Iin the inner region
of the magnetosphere is shown in Fig. 4. The electron cyclotron fre-
quency 1is indicated by the solid line, which was derived from a model
provided by the magnetic field investigators (7). The electron cyclotron
frequency is given by f. = 28 B Hz, where B is the magnetic field
strength in nanoteslas. The inner magnetosphere is characterized by

strong whistler-mode emissions. These emissions occur below the electron
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cyclotron frequency and extend almost continuously from about 1520 SCET
on the inbound pass, through the region near closest approach, to about
2110 SCET on the outbound pass. The identification of these waves as
whistler-mode emissions is based on the frequency range, which is always
below the electron cyclotron frequency, and on comparisons of wideband
spectrograms with similar spectrograms at Earth, Jupiter and Saturn. To
illustrate these comparisons, six l0-second spectrograms of the wideband
data are shown in Fig. 5. These "snapshots™ were obtained from short
segments of the electric field waveform that were digitized at a high
rate (28,800 samples/sec) on the spacecraft, transmitted to the ground,
then Fourier transformed to produce spectrograms. The labels A through F
indicate the location of each of the spectrograms in Fig. 4. Spectro-
grams A, B, C and F show a type of whistler—-mode emission known as hiss.
Whistler-mode hiss has relatively little spectral structure and occurs in
the plasmasphere at Earth, in the Io plasma torus at Jupiter and in the
magnetosphere of Saturn (12). Spectrogram B shows another type of
whistler-mode emission known as chorus. Chorus consists of many discrete
tones, usually rising in frequency with increasing time, and also occurs
in the magnetospheres of Earth, Jupiter and Saturn (13).

Chorus and hiss are both believed to be produced by cyclotron reso-
nance interactions with energetic electrons. The free energy source
comes from the anisotropy produced by the loss cone in the trapped elec-
tron distribution. For many years whistler-mode emissions have been
thought to play an important role in planetary radiation belts because
they cause pitch-angle scattering, eventually precipitating the particles

into the atmosphere. Because the wave intensities increase rapidly as
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the number of resonant particles increases this loss mechanism limits the
maximum electron flux in the radiation belt (l4). The electron precipi-
tation into the atmosphere can also produce auroral light emissfions.

It is useful to estimate the resonance energies for the whistler-
mode emissions observed in the magnetosphere of Uranus. For the chorus
emissions in spectrogram B at 1802 SCET the electron resonance energy for
parallel propagation is about 240 keV, assuming an electron density of
about 0.4 cm™3. This electron density is based on preliminary estimates
from the plasma instrument (9). For the hiss in spectrogram F at 2035
SCET the electron resonance energy is about 60 keV, assuming an electron
density of 0.3 em™3. In both cases the resonance energies are in a
region of the energy spectrum where the energetic charged particle
instrument detected intense fluxes of trapped electrons (15). These
electrons presumably provide the free energy source for the waves. The
hiss emission became particularly intense on the outbound pass near 2000
SCET (see Fig. 4), with maximum broadband electric field amplitudes of
1.9 mV/me The reason for the intensification in this region is not
known, since comparable intensities were not observed on the same L-
shells on the inbound pass. In any case the large wave Intensities
should produce rapid pitch-angle scattering and precipitation of trapped
electrons, thereby possibly accounting for the UV emissions observed on
the nightside of Uranus (16),

In addition to the whistler-mode emissions a variety of other plasma
waves were observed in the inner magnetosphere. On the inbound pass

strong emissions can be seen in the 1.,00- and 1.78-kHz channels from

about 1240 to 1320 SCET (see Fig. 2), slightly above the electron
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cyclotron frequency. These emissions are almost certainly electrostatic .!;

LS

3f./2 electron cyclotron waves, similar to the electrostatic electron Egi

cyclotron waves observed at Earth, Jupiter and Saturn (17). Two other 325

unusual types of emissions can be seen at frequencies from a few hundred ':

Hz to about one kllz in spectrograms D and E of Fig. 6 at 1920 and 1947 1

‘ SCET. Inspection of the l6-channel plot in Fig. 4 shows that the entire

| region from about 1910 to 1930 SCET has many intense bursts similar to ii;'
those in spectrogram D. This region is also remarkably devoid of ?‘

whistler-mode hiss. At present we have no clear identification of the ub

i plasma wave mode responsible for these bursts. Comparison with the mag- ?i;

netic field (7) and energetic particle data (15) suggests that this

region may be associated with the Miranda L-shell.
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The outbound pass through the magnetotail was characterized by very

r O Y 0
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: low plasma wave intensities. The only clearly identifiable plasma wave gi\:
E emissions were at frequencies below 100 Hz from about 0130 to 0330 SCET EEE.
! on January 25 (see Fig. 2). The outbound magnetopause crossing was also s
E very quiet. Several shock crossings were observed during the outbound
: pass, all with characteristics similar to Fig. 3. After exiting the mag-
' netosphere sporadic bursts of electron plasma oscillations were observed EE;

in the solar wind for a period of several weeks. These waves are :'E
R believed to be caused by electrons streaming outward away from the shock ; i
b R
1 along the interplanetary magnetic field. ’ f
E Ring plane. As the spacecraft passed through the ring plane at gﬁ;
E about 1715 SCET on January 24, an intense burst of low frequency noise Z;E,
! was observed, centered almost exactly on the ring plane crossing. This _
E noise, which lasted about 6 minutes, can be seen in Fig. 4 at frequencies Eﬁ%
: #
_: :
S i A T L NN e N e T TN N e




below about 1 kHz, increasing in intensity with decreasing frequency.

The characteristics of this noise are very similar to those associated
with the Voyager 2 ring plane crossing at Saturn, where we detected many
small micron-sized dust particles striking the spacecraft (18). Investi-
gation of the wideband data at the Uranus ring plane confirms that the
noise {s caused by dust impacts. An example of the waveform from the
wideband receiver is shown in Fig. 6. The waveform is seen to consist of
short impulses, lasting a few milliseconds, very similar to the dust
impacts at Saturn. At the time of maximum intensity, around 1715:30
SCET, a preliminary estimate indicates that the impact rate is about 20
to 30 impacts/sec.

As presently understood, the impulsive voltage produced by a dust
impact is caused by the charge released when a particle strikes the
spacecraft. Laboratory measurements (19) show that when a small particle
strikes a solid surface at a high velocity the particle is instantly
vaporized and ionized, producing a small cloud of plasma that expands
away from the impact site. As the plasma cloud sweeps over the electric
antenna, some of the charge is collected by the antenna, thereby causing
a voltage pulse. Laboratory measurements show that the charge released
is directly proportional to the mass of the particle. The pulse
amplitude is therefore proportional to the mass.

Since Vovager 2 passed through the ring plane at about 4.5 Ry, well
beyond the visible rings, the dust {mpacts detected by the plasma wave
instrument are not directly associated with the rings. 1t is possible,
of course, that these dust particles may represent a disk-like extension

of the visible ring system out to where Voyager crossed the ring plane.
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Miranda could be another possible source. Based on the similarity to the

A
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dust impacts at Saturn, the impacts detected at Uranus are probably

oy
L "
Ly

L
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P
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caused by particles in the micron size range. Further analysis will be

o0

needed to determine an accurate mass and size distribution. The number
density, n, can be estimated from the relation R = nUA, where R is the

counting rate, U is the spacecraft speed, and A is the area of the space-

craft. Using nominal values, the maximum number density is about 1073

particles/m3. From the duration we estimate the north-south thickness,

L, of the dust impact region to be about 4,000 km. The columnar number
density, nL, is then on the order of a few thousand particles/mz. For _T?f
micron~sized particles this number density is probably too small to be ff;::

detected with the imaging system.
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Figure Captions ?{,
Fig. l. The first radio emission from Uranus detected by Voyager 2. The ivx\
A
PR
spacecraft at this time was at a radial distance of about 275 =
Ry. The instrument noise level is about 10718 yates m~?Hz. &:E:
oS
This threshold is somewhat uncertain because of a problem in the H:i-
spacecraft data system. )
Fig. 2. A l6-channel overview plot of the electric field intensities :i:;
from the plasma wave instrument. This 4-day plot covers the :?i’
A&
period from shortly before the inbound shock crossing to shortly e

after the first outbound shock crossing. The solid line labeled
f. gives the electron cyclotron frequency, computed from a model
provided by the magnetic field investigators (7).

Fig. 3. An expanded scale plot showing upstream electron plasma oscilla-~
tions and the burst of plasma wave turbulence at the inbound

shock crossing.
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Fige. 4. A l6-channel plot showing the electric field intensities in

the inner region of the magnetosphere. The broad region of

noise below the electron cyclotron frequency, f., is caused by

whistler-mode emissions. The intense burst of low frequency

noise at about 1715 SCET is caused by dust impacts.

Fig. 5. A series of wideband frequency-time spectrograms for selected

regions in Fig. 4. Hiss and chorus are both whistler-mode

emissions. The plasma wave mode responsible for the emissions

in spectrograms D and E have not been identified.

Fig. 6. A voltage waveform from the wideband receiver showing two

dust impacts detected near the ring plane crossing.
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