
Fig. 6. The meridian plane containing the Uranian rotation axis (the vertical axis of the figure) and 
magnetic dipole. Dipole lines of force, with L-shell designations, and the inferred lobelike plasmasphere 
(stippled region) are shown. 

cubic centimeter, but the radiation at both 78.0- and 97.2-kHz gyro emission surfaces 
78.0 and 58.8 kHz is generated close to the is about 0.2 R U  in the region of interest. In 
same point in space and yet escapes. A rough one possible source region this radial height 
estimate of the plasma density gradient is projects (on the plane perpendicular to the 
possible. The height difference between the line of sight) to a much smaller value, 

perhaps about 0.05 RU, over which the 
density declines to (78197)~ or 0.65 of its 
value at the position where the 97.2-kHz 
radiation was blocked. This decline, if it 
were to continue linearly, would produce a 
zero-density plasma within 0.15 RU.  Out- 
side this L shell, the plasma density was so 
low that even 58.2-kHz radiation was 
scarcely affected. The corresponding plasma 
density is therefore much less than 42 elec- 
trons per cubic centimeter. 

A sharply defined plasma cloud, called the 
plasmasphere, surrounds Earth (5 ) .  Earth's 
plasmapause is controlled by a dawn-to- 
dusk electric field across the magnetosphere 
and its tail. By analogy, we would expect 
that plasma outside the Uranian plasma- 
sphere moves under control of convecting 
tubes of magnetic force. These tubes ulti- 
mately would interact with the magneto- 
spheric boundary. The plasma inside the 
Uranian plasmasphere would be controlled 
by the planet's rotation. The crossover re- 
gion from external to internal control 
would, according to this expectation, create 
the sharp plasmapause that we may have 
detected. 
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First Plasma Wave Observations at Uranus 

Radio emissions from Uranus were detected by the Voyager 2 plasma wave instrument 
about 5 days before closest approach at frequencies of 31.1 and 56.2 kilohertz. About 
10 hours before closest approach the bow shock was identified by an abrupt broad- 
band burst of electrostatic turbulence at a radial distance of 23.5 Uranus radii. Once 
Voyager was inside the magnetosphere, strong whistler-mode hiss and chorus emis- 
sions were observed at radial distances less than about 8 Uranus radii, in the same 
region where the energetic particle instruments detected intense fluxes of energetic 
electrons. Various other plasma 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 micrometer-sized dust particles on the 
spacecraft. The maximum impact rate was about 30 to 50 impacts per second, and the 
north-south thickness of the impact region was about 4000 kilometers. 

T HE VOYAGER 2 FLYBY OF URANUS (PWS) instrument ( I ) ,  beginning with the 
on 24 January 1986 revealed that the first detection of radio emissions from Ura- 
planet has a large and unusual mag- nus and ending with results obtained a few 

netosphere. Here we present an overview of days after closest approach. 
the principal results from the plasma wave Radio emissions. Because radio emissions 

escaping from the magnetosphere were ex- 
~ec ted  to ~rovide the first clear indication of 
a planetary magnetic field (2 ) ,  the detection 
of radio bursts was an important objective as 
Voyager approached ~ r k u s .  In contrast to 
the situation at Jupiter and Saturn, radio 
emissions were not observed until the space- 
craft was close to the   la net. The first clear 
radio emissions from Uranus were detected 
by the PWS instrument on 19 January 
1986, only about 5 days before closest ap- 
proach, at frequencies of 31.1 and 56.2 kHz 
(Fig. 1). At this time Voyager was at a radial 
distance of about 275 Uranus radii (Ru). 
The emission is strongest in the 31.1-kHz 
channel and is highly variable, with numer- 
ous sporadic bursts on time scales of seconds 
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and minutes. Sporadic emissions of this type 
are apparently rare, because several days 
elatxed before another com~arabk radio 

I 

burst was detected. 
A second type of radio emission was 

detected a few days later, about 18 hours 
before closest approach. This radio emission 

L L 

has much smoother temporal variations and 
can be seen in the 4-day overview plot of 
Fig. 2 at 17.8, 31.1, and 56.2 kHz. The 
emission exceeded the receiver noise level at 
about 40 RU on the inbound pass, reached 
maximum intensity near closest approach (at 
about 1800 s~acecraft event time on 24 
January), and dropped below the receiver 
noise level at about 40 RU on the outbound 
pass. Similar radio emissions were also 
detected up to much higher frequencies 
(-800 kHz) by the planetary radio as- 
tronomy experiment (3). Because of the 
smooth spec&um 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 detect- 
ed during the outbound pass on the night- 
side of Uranus. This radio emission is com- 
posed of numerous narrow bandwidth (a 
kew percent) components centered around'5 
kHz and can be seen in the 5.62-kHz chan- 
nel on 25 and 26 January (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 frequency. 
Therefore, the waves must be propagating 
in the free space electromagnetic mode. Al- 
though not as steady, the radiation has many 
similarities to the narrowband electromag- 
netic emissions at Jupiter and Saturn (5-8). 
The Jovian and Saturnian emissions are be- 
lieved to be produced by mode conversion 
from electrostatic waves near the electron 
cyclotron frequency (9). If the emissions 
from Uranus are generated at a frequency 
near the electron cyclotron frequency, then 
on the basis of the magnetic field model 
provided by the MAG team (10) the source 
is located at a radial distance near the orbit 
of Miranda. 

Upstream waves, bow shock, and maBneto- 
pause. The first clear evidence of upstream 
haves associated with the bow shock of 
Uranus occurred at 0550 spacecraft event 
time on 23 January, when a strong burst of 
electron plasma osdlations was detected in 
the 1.78-kHz channel (Fig. 3). These waves 
are produced by electrons escaping into the 
solar wind from the bow shock and are a 
well-known feature of the upstream solar 
wind at Earth, Jupiter, and Saturn (6, 11, 
12'). Electron ~ la sma  oscillations occurred 
on' and off for \bout 1 day until the space- 

Fig. 1. The first radio emission 10-16 

from Uranus detected by Voyager Radio emission 56.2 k ~ z  

2. The instrument noise level is - I I 
about lo-'' W m-2 Hz-' I 
threshold is somewhat uncertain 
because of a problem in the space- 
craft data system). Horizontal scale : o-, , ] 
designates spacecraft event time. 

0400 0500 0600 0700 
19 January I 9 8 6  

craft finally crossed the bow shock at 0728 
on 24 January, at a radial distance of about 
23.5 RU. The bow shock is easily identified 
in these data by the abrupt broadband burst 
of electrostatic turbulence from about 0728 
to 0735 spacecraft event time. The location 
of the shock is consistent with the location 
identified by the MAG (10) and PLS (13) 
instruments. Although the solar wind densi- 
ty is unusually high, the overall characteris- 
tics of the electrostatic turbulence are similar 
to other planetary bow shocks (7). Plasma 
wave turbulence is believed to play an im- 
portant part in energy dissipation in colli- 
sionless shocks. 

Downstream of the shock, the electric 
field intensities dropped to low levels 
throughout the magnetosheath, similar to 
the situation at Jupiter and Saturn. The 
MAG data show that the magnetopause, 
which marks the entry of Voyager 2 into the 
magnetosphere, occurred at 1007 (10). The 

only observable plasma wave effect at the 
magnetopause was 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 (12). 

Magnetosphere. After Voyager crossed the 
magnetopause, the plasma wave intensities 
remained relatively low until the spacecraft 
reached the inner region of the magneto- 
sphere at radial distances less than about 8 
RU (Fig. 4). The inner magnetosphere is 
characterized by strong whistler-mode emis- 
sions that occur below the electron cyclo- 
tron frequency (f, = 28 B Hz, where B is 
the magnetic field strength) and extend al- 
most continuously from about 1520 on the 
inbound pass, through the region near clos- 
est approach, to about 2110 on the out- 
bound pass. These waves were identified as 
whistler-mode emissions on the basis of the 

Magnetopause  Magnetopause 
S h o c k 2  1 F Ring plane 1 Shocks3 - 9  

31.1 Radio - - 6 
17.8 - 8 
10.0 - 6 
5.62 - 6 

2 3.1 I -.- -8  c 

I I I I I 
24 January 25 January  26 January 27 January 

Fig. 2. A 16-channel overview plot of the electric field (E) intensities from the PWS instrument. This 4- 
day plot covers the period from shortly before the inbound shock crossing to shortly after the first 
outbound shock crossing. The solid line labeled& gives the electron cyclotron frequency, computed 
from a model provided by Ness and colleagues ( lo) .  
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frequency range, which is always below the 
electron cyclotron frequency, and compari- 
sons to similar broadband spectrograms at 
Earth, Jupiter, and Saturn. T o  illustrate 
these comparisons, we obtained six 10-sec- 
ond spectrograms of the broadband data 
which are shown in Fig. 5. These spectro- 
grams were obtained from short segments of 
the electric field waveform that were digi- 
tized at a high rate (28,800 samples per 
second) on the spacecraft, transmitted to the 
ground, and then Fourier-transformed to 
produce spectrograms. Spectrograms A, B, 
C, and F in Fig. 5 show a type of whistler- 
mode emission known as hiss. Whistler- 
mode hiss has relatively little spectral struc- 
ture and occurs in the plasmasphere at 
Earth, in 10's plasma torus at Jupiter, and in 
the magnetosphere of Saturn (6, 12, 14). 
Figure 5B shows another type of whistler- 
mode emission known as chorus. Chorus 
consists of many discrete tones, usually ris- 
ing in frequency with increasing time, and 
also occurs in the magnetospheres of Earth, 
Jupiter, and Saturn (6, 15). 

Chorus and hiss are both believed to be 
produced by cyclotron resonance interac- 
tions with energetic electrons. The free ener- 
gy source comes from the anisotropy pro- 
duced by the loss cone in the distribution of 
trapped electrons. For many years whistler- 
mode emissions have been thought to play 
an important role in planetary radiation 
belts because they cause pitch angle scatter- 
ing, eventually precipitating the particles 
into the atmosphere. Because the wave in- 
tensities increase rapidly as the number of 
resonant particles increases, this loss mecha- 
nism limits the maximum electron flux in the 
radiation belt (16). The electron precipita- 
tion into the atmosphere can also produce 
auroral light emissions. 

It is useful to estimate the resonance 
energies for the whistler-mode emissions 
observed in the magnetosphere of Uranus. 
For the chorus emissions in Fig. 5B (at 
1802, the electron resonance energy for 
parallel propagation is about 240 keV if an 
electron density of about 0.4 cm-3 is as- 
sumed. This electron density is based on 
initial estimates from the PLS instrument 
(13). For the hiss in Fig. 5F (at 2035), the 
electron resonance energy is about 60 keV if 
an electron density of 0.3 cm-3 is assumed. 
In both cases the resonance energies are in a 
region of the energy spectrum where the 
LECP instrument detected intense fluxes of 
trapped electrons (1 7). These electrons pre- 
sumably provide the free energy source for 
the waves. The hiss emission became partic- 
ularly intense on the outbound pass near 
2000 (Fig. 4), with maximum broadband 
electric field amplitudes of 1.9 mV m-'. The 
reason for the intensification in this region is 
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Fig. 3. An expanded-scale plot of Fig. 2 showing 
upstream electron plasma oscillations and the 
burst of plasma wave turbulence at the inbound 
shock crossing. Horizontal scale designates space- 
craft event time. 

not known because 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 elec- 
trons, thereby possibly accounting for the 
ultraviolet emissions observed on the night- 
side of Uranus (18). 

In addition to the whistler-mode emis- 
sions, various other plasma waves were ob- 
served 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 (Fig. 2), slightly above 
the electron cyclotron frequency. These 
emissions are almost certainly electrostatic 
3&/2 electron cyclotron waves, similar to the 
electrostatic e~kctron cyclotron waves ob- 
served at Earth, Jupiter, and Saturn (6, 12, 
19). Two other unusual types of emissions 
can be seen at frequencies &om a few hun- 
dred hertz to about 1 kHz in Fig. 5, D and E 
(at 1920 and 1947). Inspection of the 16- 
channel plot in Fig. 4 shows that the entire 
region from about 1910 to 1930 has many 
intense bursts similar to those in Fig. 5D. 
This region is also remarkably devoid of 
whistler-mode hiss. We have n; clear identi- 
fication of the plasma wave mode responsi- 
ble for these bursts. Comparison with the 
MAG (10) and LECP (17) data suggests 
that this region may be associated with 
Miranda's L shell. 

The outbound pass through the magneto- 
tail was characterized by low plasma wave 
intensities. The only clearly identifiable plas- 
ma wave emissions were at frequencies be- 
low 100 Hz from about 0130 to 0330 on 25 
January (Fig. 2). The outbound magneto- 
pause crossing was also characterized by low 

+ t + +  + + -2  

- - Whistler-mode - -6  

1 , emissions - - 6  
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2 4  January 1986  
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Fig. 4. A 16-channel plot showing the electric field (E) intensities in the inner region of the 
magnetosphere. The broad region of noise below the electron cyclotron frequency [f,, solid line ( l o ) ]  is 
caused by whistler-mode emissions. The intense burst of low-frequency noise at about 1715 spacecraft 
event time is caused by dust impacts. The circled letters at the top correspond to spectra in Fig. 5. 
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Fig. 5. A series of broadband frequency-time specttograms for selected regions in Fig. 4. Hiss and 
chorus are both whistler-mode emissions. The plasma wave mode responsible for the emissions in (D) 
and (E) has not been identified. 

intensities. Several bow shock crossings 
were observed during the outbound pass, all 
with characteristics similar to those shown 
in Fig. 3. After Voyager exited the magneto- 
sphere, sporadic bursts of electron plasma 
oscillations were observed in the solar wind 
for a period of several weeks. These waves 
are believed to be caused by electrons 
streaming outward, away from the shock, 
along the interplanetary magnetic field. 

Rirg plane. As the spacecraft passed 
through the ring plane at about 1715 on 24 
January, an intense burst of low-frequency 
noise coincided almost exactly with the time 
of the ring plane crossing. This noise, which 
lasted about 6 minutes, can be seen in Fig. 4 
at frequencies below about 1 kHz, increas- 
ing in intensity with decreasing frequency. 
The characteristics of this noise are similar 
to the noise observed during the Voyager 2 
ring plane crossing at Saturn, when many 
micrometer-sized dust particles struck the 
spacecraft (8, 20). Investigation of the 
broadband data at the Uranus ring plane 
confirms that the noise is caused by dust 
impacts. The waveform from the broadband 
receiver (Fig. 6) consists of impulses lasting 
a few milliseconds and is similar to that for 
the dust impacts at Saturn. At the time of 
maximum intensity, around 1715: 30, the 
impact rate is about 30 to 50 impacts per 
second as judged from initial estimates. 

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 
(21) show that when a small particle strikes a 
solid surface at a high velocity the partide is 
instantly vaporized and ionized, producing a 
small cloud of plasma that expands away 

0 5 10 15 20 
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Fig. 6. A voltage waveform from the broadband 
receiver, showing two dust impacts detected near 
the ring plane crossing (1716 spacecraft event 
time on 24 January). 

from the impact site. As the plasma cloud 
sweeps over the electric antenna, some of 
the charge is collected by the antenna, there- 
by causing a voltage pulse. Laboratory mea- 
surements show that the charge released is 
directly proportional to the mass of the 
particle. The pulse amplitude is therefore 
proportional to the mass. 

Because Voyager 2 passed through the 
ring plane at about 4.5 RU, well beyond the 
visible rings, the dust impacts detected by 
the PWS instrument are not directly associ- 
ated with the rings. It is possible, of course, 
that these dust particles may represent a 
disklike extension of the visible ring system 
out to where Voyager crossed the ring 
plane. Miranda could be another possible 
source. As judged from the similarity to the 
dust impacts at Saturn, the impacts at Ura- 
nus are probably caused by particles in the 
micrometer size range. 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 
spacecraft. From nominal values, the maxi- 
mum number density is about particles 
per cubic meter. From the duration we 
estimate the north-south thickness, L, of the 

dust impact region to be about 4000 km. 
The columnar number density, nL, is then 
on the order of a few thousand partides per 
square meter. For micrometer-sized particles 
this number density is too small to be 
detected with the imaging system. 
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