tentative identification is possible for the
four major absorption regions labeled in
Fig. 8. The features M, N, and O would
likely be due to absorption by 1989N3 and
the 53k ring combined, 1989N4, and
1989N2, respectively, whereas the feature P
corresponds to the 1989N1 signature la-
beled as I in Fig. 1a. Given that the features
occur at L values equal to the orbital radii of
the absorbers, a smooth variation of L with
time is obtained and shown by the dashed
curve in Fig. 1b for the time period from
0430 to 1510. More detailed comparisons
will be required to evaluate the consistency
of such an L dependence with the magnetic
field observations.
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First Plasma Wave Observations at Neptune

D. A. GurNEerT, W. S. KUrTH, R. L. POYNTER, L. J. GRANROTH,
I. H. Cairns, W. M. MACEK,* S. L. MosEgs, F. V. CORONITI,

C. F. KENNEL, D. D. BARBOSA

The Voyager 2 plasma wave instrument detected many familiar plasma waves during
the encounter with Neptune, including electron plasma oscillations in the solar wind
upstream of the bow shock, electrostatic turbulence at the bow shock, and chorus, hiss,
electron cyclotron waves, and upper hybrid resonance waves in the inner magneto-
sphere. Low-frequency radio emissions, believed to be generated by mode conversion
from the upper hybrid resonance emissions, were also observed propagating outward
in a disklike beam along the magnetic equatorial plane. At the two ring plane crossings
many small micrometer-sized dust particles were detected striking the spacecraft. The
maximum impact rates were about 280 impacts per second at the inbound ring plane
crossing, and about 110 impacts per second at the outbound ring plane crossing. Most
of the particles are concentrated in a dense disk, about 1000 kilometers thick, centered
on the equatorial plane. However, a broader, more tenuous distribution also extends
many tens of thousands of kilometers from the equatorial plane, including over the

northern polar region.

HE VOYAGER 2 FLYBY OF NEPTUNE

on 25 August 1989 revealed that

Neptune has a large and complex
magnetosphere. In this report we present
the first observations of plasma waves and
low-frequency radio emissions in the vicini-
ty of Neptune. The plasma wave (PWS)
instrument on Voyager is designed to mea-
sure the electric field of plasma waves and
radio emissions in the frequency range from
10 Hz to 56.2 kHz. Further information on
this instrument is given by Scarf and Gur-
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nett (1). To provide a framework for pre-
senting the results, the observations are de-
scribed approximately in the order in which
the phenomena occurred, starting with low-
frequency radio emissions detected during
the approach to Neptune, and ending with
observations during the outbound leg in the
vicinity of Neptune’s moon, Triton.

Radio emissions. Although the planetary
radio astronomy instrument started to de-
tect radio emissions at high frequencies
(>100 kHz) as much as 30 days before

closest approach (2), the plasma wave in-
strument did not detect radio emissions at
low frequencies (<100 kHz) until only a
few days before closest approach. Even then
the intensities were very weak. The low-
frequency radio emissions can be seen in the
5.62- through 56.2-kHz channels of Fig. 1,
which shows an overview of the PWS elec-
tric field intensities during a 32-hour inter-
val centered on closest approach. The radio
emission intensities gradually increase as the
spacecraft approaches the planet, reach a
broad irregular peak around closest ap-
proach, and then gradually decrease as the
spacecraft recedes from the planet. The low-
frequency limit of the radio emission spec-
trum is about 5 kHz. At high frequencies
the spectrum continues smoothly into the
frequency range of the planetary radio as-
tronomy instrument, with no evidence of a
high-frequency cutoff. Wideband waveform
measurements, which provide very high
spectral resolution over the frequency range
from 50 Hz to 12 kHz show that the
spectrum is usually smooth and continuous,
very similar to continuum radiation in
Earth’s magnetosphere (3). In a few cases,
narrowband components can be seen with
bandwidths of a few percent or less.

In addition to the radial distance depen-
dence evident in Fig. 1, the radio emission
intensity is also modulated by the rotation of
the planet. This modulation pattern is difhi-
cult to analyze near closest approach because
of the close proximity to the source and the
rapid longitudinal motion of the spacecraft.
The best measurements of the rotational
modulation are obtained far from the planet,
particularly on the outbound leg. The basic
pattern is illustrated in Fig. 2, which shows
the intensity variations in the 17.8-kHz
channel from 27 to 30 August, at a radial
distance of 140 to 315 Neptune radii (1
Ry = 24,762 km). The intensity scale in
this plot has been expanded to show signals
just above threshold. The modulation pat-
tern consists of two bursts every 16 hours.
The 16-hour period is consistent with the
16-hour rotation period determined by the
planetary radio astronomy instrument (2).
The two-pulse-per-rotation pattern is be-
lieved to arise from a disklike beaming ge-
ometry, with the plane of the disk tilted with
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respect to the equatorial plane of the planet.
In Fig. 2 the radio emission bursts are
compared with the magnetic equator cross-
ings obtained from the offset tilted dipole
(OTD) model of Neptune’s magnetic field
(4). These comparisons show that the sym-
metry plane of the radio emission disk lies
almost exactly along the magnetic equatorial
plane. The latitudinal beamwidth at 17.8
kHz is estimated to be about +15°. Inspec-
tion reveals that a null occurs in each burst,
which indicates that the beam may have two
lobes, one north and the other south of the
magnetic equator.

Upstream waves, bow shock, and magneto-
pause. The first evidence of plasma waves
associated with the bow shock of Neptune’s
magnetosphere occurred at 1055 spacecraft
event time (SCET) on 24 August 1989,
while the spacecraft was still in the solar
wind upstream of the planet. At this time
weak sporadic electron plasma oscillations
started to occur in the 562-Hz channel of
the plasma wave spectrum analyzer. These
oscillations continued for about 1/2 hour
and then disappeared. About 1!/, hours
later, at 1252 SCET, the electron plasma
oscillations reappeared, this time stronger
(~100 wV/m) and more steady. These plas-
ma oscillations can be seen in the 562-Hz
channel of Fig. 1. From similar observations
at other planets (5-8), it is known that
electron plasma oscillations are produced by
suprathermal electrons escaping into the so-
lar wind from the bow shock. Because the
electrons are guided along the solar wind
magnetic field, the presence of these waves
indicated that the spacecraft was magnetical-
ly connected to the bow shock. Further-
more, the relatively high intensities suggest-
ed that the spacecraft must be relatively close
to the shock. Indeed, about 1%/, hours later,
at 1435 SCET, the plasma wave instrument
detected an intense broadband burst of

Fig. 2. Periodic bursts of radio 10

noise at 17.8 kHz associated with 7§, i | 1p%283r | | i
the rotation of Neptune. The rota- T | ) ) i
tional period (upper row of arrows) g Magnetic equator crossings
is about 16 hours, with two bursts =
of noise per rotation. Times for the %
magnetic equator crossings (lower &
row of arrows) are based on the 5
OTD model (4). H
a
SCET 28 Aug. 29 Aug. 30 Aug.
| | | |
150 R, 200 R, 250 R, 300 R,

noise that signaled the arrival of the shock.
The electric field intensities in this region are
shown in greater detail in Fig. 3. The shock
can be clearly identified by the abrupt
broadband burst of electric field noise in the
10- to 178-Hz channels from about 1435 to
1448 SCET. The shock transition region is
relatively thick and has a corresponding
signature in the magnetic field (4) and plas-
ma (9) data at a radial distance from the
center of the planet of about 35.0 R.
After the shock crossing, the plasma wave
electric field intensities dropped to the in-
strument noise level as the spacecraft entered
the magnetosheath, similar to the magneto-
sheaths at Jupiter, Saturn, and Uranus (6-
8), which were also very quiet. The magne-
tometer (4) and plasma (9) instruments
showed that the spacecraft crossed the mag-
netopause into the magnetosphere during
the interval from about 1800 to 1930
SCET. No signature of the magnetopause
crossing was evident in the plasma wave
data. This situation is in sharp contrast to
Jupiter, Saturn, and Uranus, where the mag-
netopause can be identified by continuum
radiation trapped in the low-density cavity
formed by the magnetosphere. If trapped
continuum radiation exists in Neptune’s
magnetosphere, then it must be weak, below
the detection threshold of the instrument.
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fep give the electron and g 78 Electron plasma 71 .\ -6 :g
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Ring plane. At the ring plane crossing of
Saturn it was discovered that the plasma
wave instrument and planetary radio astron-
omy instrument could detect small, microm-
cter-sized dust particles striking the space-
craft (10). When a small particle strikes the
spacecraft at a velocity exceeding a few
kilometers per second, the particle is instant-
ly vaporized and heated to a high tempera-
ture, producing a cloud of ionized gas that
expands away from the impact site. As the
ionized gas cloud contacts the electric anten-
na, some of the charge is collected by the
antenna, thereby causing a voltage pulse.
Laboratory experiments show that the
charge released is proportional to the mass
of the dust particle. The amplitude of the
voltage pulse is therefore proportional to the
mass of the impacting particle.

Since Neptune was known to have a ring
system, it was anticipated that the plasma
wave instrument would detect dust impacts
at the ring plane crossings. Indeed this was
the case. Two ring plane crossings occurred
during the Neptune flyby, one on the in-
bound leg shortly before closest approach,
and the other on the outbound leg shortly
after closest approach. The locations of the
two ring plane crossings are indicated at the
top of Fig. 1. At each ring plane an intense
broadband burst of noise can be seen in
nearly all channels, extending from below 10
Hz to above 10 kHz. This noise is caused by
dust impacts on the spacecraft. The peak
intensity detected at the inbound and out-
bound ring plane crossings occurred at
0253:19 = 4 s and 0516:07 = 4 s SCET,
respectively. Two components can be seen.
The most intense component is sharply
peaked at the ring plane and has a duration
of about 10 min. The second weaker com-
ponent extends over a broad region, begin-
ning about 1 hour before the first ring plane
crossing and ending about 1 hour after the
second ring plane crossing. Impact noise
was even detected over the polar region,
between the two ring plane crossings. These
data suggest that a dense, thin disk of dust
about 1000 km thick exists along the equa-
torial plane, surrounded by a tenuous halo
extending many tens of thousands of kilom-
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eters on either side of the equatorial plane.
To provide higher resolution of the dust
impacts, a series of wideband plasma wave
frames was collected at each of the ring
plane crossings. These frames give 48-s sam-
ples of the antenna voltage waveform at a
sample rate of 28,800 samples per second. A
typical impact waveform is shown in Fig. 4.
The general characteristics of the waveforms
are similar to those observed at Saturn and
Uranus. Based on these similarities we as-
sume that the particles detected at Neptune
are of similar size (that is, diameters of a few
micrometers or less). Further study will be
required to more accurately determine the
mass and size distribution. Because individ-
ual impacts can be detected, accurate mea-
surements can be made of the impact rate as
the spacecraft passed through the ring plane.
During the inbound ring plane crossing the
maximum impact rate was about 280 im-
pacts per second, and during the outbound
ring plane crossing the maximum impact
rate was about 110 impacts per second. By
using the nominal values for the spacecraft
velocity and cross-sectional area of the
spacecraft, we find that these impact rates
imply maximum number densities on the
order of 10~ particles per cubic meter.
Inner magnetosphere. The plasma wave in-
tensities in the inner magnetosphere are
summarized in Fig. 5, which shows a spec-
trogram for a 10-hour period centered on
closest approach. The intensities in this re-
gion are generally quite low, and tend to be
dominated by radio emissions at high fre-
quencies and dust impact noise at low fre-
quencies. A brief well-defined narrowband
emission can be seen in the 3.11-kHz chan-
nel at about 0025 SCET on the inbound leg,
and again in the 1.78-kHz channel at about
0800 SCET on the outbound leg. From
similar observations at Jupiter, Saturn, and
Uranus (6-8), these emissions are identified
as electrostatic upper hybrid resonance
(UHR) waves. UHR waves occur at the

upper hybrid resonance frequency, which is
given by fuur = (f2e + f2.)"2, where f is
the electron cyclotron frequency ( f. = 28B
Hz, where B is the magnetic field strength in
nanotesla), and f,. is the electron plasma
frequency ( fre = 9000V'N Hz, where N is
the electron density in electrons per cubic
centimeter). Comparisons with the magne-
tometer data (4) show that the UHR waves
are located very close to the magnetic equa-
tor, which is consistent with similar observa-
tions at Jupiter, Saturn, and Uranus (6-8).
Because the electron cyclotron frequency
can be computed from the magnetic field
measurements (3), the UHR emission fre-
quency provides a direct measurement of the
electron density. The electron densities are
0.12 em™ at 0025 SCET and 0.04 cm ™ at
0800 SCET. Enhanced electric field intensi-
ties can also be seen in Fig. 5 slightly above
the electron cyclotron frequency at 0025
and 0800 SCET, in the same region where
the UHR emissions occur. These emissions
are believed to be electrostatic electron cy-
clotron waves. Electron cyclotron waves oc-
cur near half-integral harmonics of the elec-
tron frequency (that is, 3f.¢/2, 5f../2, and so
on) and are generated by the same type of
equatorially trapped electron distributions
that produce the UHR emissions.

The low-frequency radio emissions reach
maximum intensity at about the same time
that the UHR emissions occur (that is, near
the magnetic equator) (Fig. 5). For many
years it has been known that planetary radio
emissions can be produced in the free space
left-hand ordinary (L-O) wave mode by
mode conversion from electrostatic UHR
waves (11). These observations therefore
lead us to believe that the low-frequency
continuum-like radio emissions are generat-
ed by mode conversion from the equatorial
UHR emissions. This conclusion is further
supported by the fact that the radio emis-
sions continue smoothly across the electron
cyclotron frequency, which shows that they
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Fig. 4. An antenna voltage waveform of a dust
impact detected by the plasma wave wideband
receiver near the first ring plane crossing.

are propagating in the L-O mode.

Near closest approach, around 0400
SCET and shortly thereafter, numerous
complex radio and plasma wave emissions
can be seen extending across the entire
spectrum. The analysis of these waves is
complicated by the nondipolar nature of the
magnetic field (4) and by large uncertainties
in the electron densities. The spacecraft co-
ordinates are also changing rapidly in this
region. For example, the magnetic latitude
(Am) from the OTD magnetic field model
varies from near the magnetic pole
(Am = 76.4°) to the magnetic equator
(Am = 0°) in less than 1 hour, from 0339 to
0421 SCET. A series of high-resolution
wideband frames was obtained shortly after
closest approach, which greatly aided the
interpretation of the data. Some of these
frames are illustrated in Fig. 6, which shows
a mosaic of twelve 48-s wideband spectro-
grams extending from 0405:36 to 0433:36
SCET. The most prominent feature in these
spectrograms is a narrowband emission
slightly above 3 kHz that extends across the
entire time interval. The frequency of the
emission increases slightly, from about 3.3
kHz at the beginning to about 3.8 kHz at
the end. Since this frequency is well below
the electron cyclotron frequency, which var-
ies from about 215 to 55 kHz during this
period (4), the emission could be a whistler-
mode emission. However, the near constan-
cy of the emission frequency over such a
large range of magnetic latitudes makes us
believe that this interpretation is unlikely.
More likely, the signal is caused by a radio
emission that has propagated to the space-
craft from a remote source at a frequency
above the local electron plasma frequency
(that is, the free space L-O mode). Some-
what similar narrowband radio emissions
have been observed at Saturn (7). A more
likely candidate for a whistler-mode emis-
sion can be seen below 1 kHz in the frames
beginning at 0411:23, 0412:47, and
0415:11 SCET. These emissions have spec-
tral features similar to whistler-mode hiss
and chorus in other planetary magneto-
spheres (6-8). If these emissions are whis-
tler-mode waves, they are most likely gener-
ated by cyclotron resonance interactions
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with energetic electrons trapped in Nep-
tune’s radiation belt (12).

Strong emissions are present in the fre-
quency range from about 10 to 31 Hz
around closest approach (Fig. 5). These
emissions are below the proton cyclotron
frequency and are in a frequency range
where they could be attributed to electro-
static or electromagnetic ion cyclotron
waves. If these emissions are ion cyclotron
waves, they may play an important role in
the scattering and loss of energetic ions from
the radiation belt.

A search was also conducted for signals
called “whistlers” that are generated by
lightning. Whistlers produced by terrestrial
lightning have been studied for many years
in Earth’s magnetosphere (13). Similar sig-
nals from Jovian lightning were also ob-
served by Voyager 1 in the magnetosphere
of Jupiter (6). Although several events were

UHR Radio Ring

emission emissions plane CA
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0.1 Whistler-mode
; noise

0.01
SCET 0000 0200 0400
ARy 111 5.85 1.20
-19.5° -11.5° 73.3°

detected in the magnetosphere of Neptune
with characteristics similar to whistlers, the
dispersion of these signals proved to be so
large (20,000 s'?) that they are not believed
to have originated from lightming. Such
large dispersions would require path lengths
and plasma densities that are much larger
than anything plausible in the Neptunian
magnetosphere. Further study is required to
determine the origin of these signals.
Triton. During the outbound leg, numer-
ous brief bursts of broadband electric field
noise were observed at frequencies from 10
to 100 Hz during the period of approach to
Triton from about 0820 to 0910 SCET on
25 August at radial distances ranging from
12.4 to 14.5 Ry (Fig. 1). No comparable
noise bursts were observed in the same
radial distance range on the inbound leg.
Some of these bursts are caused by interfer-
ence from the spacecraft attitude control

Ring
plane

Radio
emissions

UHR
emission

It:lg10 E (V/m)

lon cyclotron
waves?

0600 0800
6.24 11.52
-7.60° -14.9°

thrusters. However, it is not clear that all of
the noise bursts in this region can be attrib-
uted to thruster firings and other known
interference effects. > Since these emissions
occur in the vicinity of Triton, they could
possibly be caused by an interaction of
Triton’s atmosphere with the magneto-
sphere of Neptune, similar to the interaction
of Saturn’s moon, Titan, with the magneto-
sphere of Saturn (7).

On strictly geometric grounds, the flyby
of Triton is not favorable for detecting an
interaction of Triton with the magneto-
sphere of Neptune. The radial distance at
closest approach to Triton (0910 SCET) is
29.4 Triton radii, which is quite large. Fur-
thermore, for a corotating magnetosphere,
the flow velocity is such that the spacecraft
passed upstream of Triton, which is not
suitable for detecting wake effects. Despite
these unfavorable conditions, there have
been cases where satellite interaction effects
have been observed in highly unusual geom-
etries because of the long distance propaga-
tion of Alfvén waves and other effects (14).
Further study and comparisons with data
from other instruments will be needed to
determine if any of these noise bursts could
be associated with Triton.

25 August 1989

Fig. 5. A frequency-time spectrogram summarizing the electric field intensities observed in the inner
magnetosphere with the use of measurements from the 16-channel spectrum analyzer. The intensities
have been averaged and smoothed to produce a continuous spectrum. The profiles of f.. and f, are
derived from the magnetic field data (4), as in Fig. 1.
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Voyager Planetary Radio Astronomy at Neptune
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Detection of very intense short radio bursts from Neptune was possible as early as 30
days before closest approach and at least 22 days after closest approach. The bursts lay
at frequencies in the range 100 to 1300 kilohertz, were narrowband and strongly
polarized, and presumably originated in southern polar regions of the planet. Episodes
of smooth emissions in the frequency range from 20 to 865 kilohertz were detected
during an interval of at least 10 days around closest approach. The bursts and the
smooth emissions can be described in terms of rotation in a period of 16.11 % 0.05
hours. The bursts came at regular intervals throughout the encounter, including
episodes both before and after closest approach. The smooth emissions showed a half-
cycle phase shift between the five episodes before and after closest approach. This
experiment detected the foreshock of Neptune’s magnetosphere and the impacts of
dust at the times of ring-plane crossings and also near the time of closest approach.
Finally, there is no evidence for Neptunian electrostatic discharges.

E FIRST DETECTED NEPTUNE RA-

dio bursts on the 229th day of

the year 1989 (DOY 229), in the
frequency range 700 to 850 kHz. When we
reexamined earlier data, we could trace
bursts back as far as DOY 207 and as
recently as DOY 259 in data complete
through DOY 264. The radiation was very
intense, narrowband, bursty, and strongly
polarized. It was immediately obvious that
the bursts were recurring at intervals of 16
hours with some missing episodes. Figure 1
shows the most intense episode of these
bursts. They were eventually seen through-
out the low-band spectrum, from 100 kHz
to its upper limit at 1326 kHz. The intensity
of the bursts did not vary as the inverse
square of the distance to Neptune. No

bursts appeared at higher frequencies than
1326 kHz, which, however, does not neces-
sarily imply that the bursts have a natural
cutoff frequency of 1.3 MHz. The threshold
detection level for bursts at higher frequen-
cies is nominally 23 dB higher than at lower
frequencies.

Much interference, often of a rather subtle
nature, occurs in this frequency range, and
at periods commensurable with Earth’s day,
24 hours. It was therefore important to
confirm by independent means, as far as
possible, that these bursts were produced by
Neptune.

We found such evidence in two ways:
starting on DOY 229, we also detected
smooth emissions at lower frequencies.
Their recurrence period was also close to 16
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hours. Second, episodes of bursty emission
immediately after closest approach were ob-
served to have different apparent polariza-
tion (before correction for the effects of the
instrument) but, after correction for instru-
mental characteristics, the same true polar-
ization as before closest approach. When the
planetary radio astronomy (PRA) antennas
are oriented so that the source direction lies
along the positive direction normal to their
electrical plane (close to the physical plane of
the two monopoles), the PRA instrument
measures apparent polarization nearly equal
to the true polarization of the incident wave
(“true” polarization). The positive direction
is on the side of the spacecraft away from the
direction in which the telemetry dish beams
its radiation; as Voyager approached Nep-
tune, Neptune lay nominally in the hemi-
sphere containing the positive direction. For
a source in the opposite direction, along the
negative direction, the opposite sign of po-
larization is measured (“false” polarization).
When the source is closer to the electrical
plane, the measured polarization depends on
the characteristics of the incoming wave.
Strongly circularly polarized radiation will
in most cases appear to have weaker polar-
ization. These factors exclude the possibility
that the bursts were an artifact.

The bursts were strongly polarized in the
true left-hand sense both before and after
closest approach. Because the spacecraft ap-
proached Neptune at a latitude of about
30°S, and because burst polarization has at
other planets usually indicated that the burst
mode was extraordinary, in the magne-
toionic sense of the word, we suggested that
the magnetic fields in the burst sources lying
close to Neptune’s surface in polar regions
of the southern hemisphere point toward
the surface. The reason that we assumed the
burst emission source is close to the surface
was that the 1.3-MHz emission gives us a
field strength of 0.46 G in the source; if the
source were as high as one planetary radius
(Rn) above the planet’s surface, the result-
ing planetary dipole strength would have
been much greater than any prior estimates
(3.7 G-RY)). If the field of Neptune has a
strong dipole component, then we may con-
clude that the dipole lies in the same relation
to the planetary rotation axis as do the
dipole fields of Jupiter, Saturn, and Uranus,
but opposite that relation for Earth. This is
the orientation of Neptune’s dipole found
by Voyager’s magnetometry (MAG) team
(4) from field measurements taken outside
of a sphere of four Neptune radii centered
on the planet. These two determinations
therefore suggest that the dipole field is
larger than the higher order fields even close
to Neptune’s surface.

The periodicity of the bursts can be inter-
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