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Hot Plasma and Energetic Particles in Neptune’s
Magnetosphere

S. M. Krimiais, T. P. ARMSTRONG, W. 1. AXrFORD, C. O. BOSTROM,
A. F. CHENG, G. GLOECKLER, D. C. HamirTON, E. P. KEATH,
L. J. LanzerotTl, B. H. MAUK, J. A. VAN ALLEN

The low-energy charged particle (LECP) instrument on Voyager 2 measured within
the magnetosphere of Neptune energetic electrons (22 kiloelectron volts < E =< 20
megaelectron volts) and ions (28 keV < E < 150 MeV) in several energy channels,
including compositional information at higher (0.5 MeV per nucleon) energies,
using an array of solid-state detectors in various configurations. The results obtained
so far may be summarized as follows: (i) A variety of intensity, spectral, and anisotropy
features suggest that the satellite Triton is important in controlling the outer regions
of the Neptunian magnetosphere. These features include the absence of higher energy
(=150 keV) ions or electrons outside 14.4 Ry (where Ry = radius of Neptune), a
relative peak in the spectral index of low-energy electrons at Triton’s radial distance,
and a change of the proton spectrum from a power law with y = 3.8 outside, to a hot
Maxwellian (kT = 55 keV) inside the satellite’s orbit. (ii) Intensities decrease sharply at
all energies near the time of closest approach, the decreases being most extended in
time at the highest energies, reminiscent of a spacecraft’s traversal of Earth’s polar
regions at low altitudes; simultancously, several spikes of spectrally soft electrons and
protons were seen (power input ~ 5 X 107 ergs cm™2 s™') suggestive of auroral
processes at Neptune. (iii) Composition measurements revealed the presence of H, H;,
and He*, with relative abundances of 1300:1: 0.1, suggesting a Neptunian ionospheric
source for the trapped particle population. (iv) Plasma pressures at E = 28 keV are
maximum at the magnetic equator with § ~ 0.2, suggestive of a relatively empty
magnetosphere, similar to that of Uranus. (v) A potential signature of satellite
1989N1 was seen, both inbound and outbound; other possible signatures of the
moons and rings are evident in the data but cannot be positively identified in the
absence of an accurate magnetic-field model close to the planet. Other results include
the absence of upstream ion increases or energetic neutrals [particle intensity (j) < 2.8
x 107* cm™? 57! keV™! near 35 keV, at ~40 Ry] implying an upper limit to the
volume-averaged atomic H density at R < 6 Ry of =20 cm™; and an estimate of the
rate of darkening of methane ice at the location of 1989N1 ranging from ~10° years
(1-micrometer depth) to ~2 x 10° years (10-micrometers depth). Finally, the electron
fluxes at the orbit of Triton represent a power input of ~10° W into its atmosphere,
apparently accounting for the observed ultraviolet auroral emission; by contrast, the
precipitating electron (>22 keV) input on Neptune is ~3 x 107 W, surprisingly small
when compared to energy input into the atmosphere of Jupiter, Saturn, and Uranus.

well as the planetary rings. The LECP in-

T HE PRIMARY SCIENTIFIC OBJEC-
tives of the LECP investigation dur-
ing the encounter of Vogager 2 with
Neptune were to discover the nature of the
planet’s magnetosphere (if any), to measure
the intensity, energy spectra, composition,
angular distributions, and spatial and tem-
poral characteristics of magnetospheric ions
(E = 28 keV) and clectrons (E = 22 keV),
and to determine the nature and importance
of the interactions of these particle popula-
tions with Triton and with the subsequently
discovered Neptunian satellites N1-N6, as
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strument has two sensor systems: the low-
energy particle telescope (LEPT) and the
low-energy magnetospheric particle analyzer
(LEMPA), both of which have a large num-
ber of solid-state detectors that can be used
in various coincidence-anticoincidence con-
figurations. In order to obtain angular dis-
tributions, the detector heads are mounted
on a platform that rotates through 360° on
the three axis—oriented Voyager spacecraft.
One of the angular positions places the
sensors behind a 2-mm-thick aluminum

shield to obtain an accurate measure of
background. Because of several spacecraft
constraints during the Neptune encounter,
the detector heads were kept stationary ei-
ther in sector 1 or sector 7, with the excep-
tion of periodic (every 6 min) 360° scans of
48 s or 96 s in duration. These periodic
scans were interrupted during inbound and
outbound crossings of the planetary equato-
rial plane so that the instrument’s sensitive
detectors would be protected from the im-
pact of micron-sized particles co-orbiting
with the planet. Continuous, 360° scans of
the instrument, one scan per 6.4 min, were
used 12 hours before the closest approach
and resumed ~24 hours after periapsis. A
full description of the LECP instrument is
contained elsewhere (7).

Overview. The Voyager discovery of the
magnetosphere of Neptune, as recorded by
the LECP instrument, is summarized in Fig.
1, which shows a color spectrogram as a
function of spacecraft event time (SCET) of
the intensities of ions and electrons for a 2-
day period beginning on 24 August (day
236) at 1400 SCET. Before the inbound
bow shock (BS) crossing, there was no hint
of upstream ion activity, the first planet
encountered by Voyager where this was the
case (2). The absence at Neptune of clear,
BS-associated proton and electron enhance-
ments is also an unusual aspect of planetary
magnetosphere encounters by Voyager.
Further, there was only a modest increase in
the proton intensities at the magnetopause
(MP) and a marginal electron intensity in-
crease, both of which are unique in the
context of planetary magnetospheres investi-
gated by Voyager. Only low-energy (<150
keV) protons and electrons were present
outside the radial location of Triton, and
there were rapid increases in the intensities
of higher energy particles inside that satel-
lite’s orbit (Fig. 1). A clear dip in the
intensity of low-energy protons near the
radial location of Triton is evident, both
inbound and outbound. The peak intensity
of the lowest energy electrons occurs at
~2330 SCET on 24 August, substantially
carlier than the intensity peak for either the
high-energy electrons (~0100 SCET) or the
protons at any energy. Additional peaks in
the lowest energy electron intensities oc-
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curred at ~0315 SCET and again at ~0815
SCET, without corresponding intensity
peaks occurring in the ions or high-energy
electrons.

A most prominent feature in the spectro-
gram, particularly striking in the case of
protons, is the virtual dropout in the intensi-
ties near closest approach at ~0400 SCET.
In addition to the decrease in particle inten-
sities around closest approach, the anticipat-
ed particle onset after magnetopause cross-
ing did not occur until ~2000 SCET, and
there was a relative decrease at ~1215
SCET on 24 August, mostly evident in the
electron-intensity profile. This modulation
of the intensities at about half the planetary
rotation period of 16.1 hours suggests that
the spacecraft may well have entered the
magnetosphere at fairly high magnetic lad-
tudes, with the decreases occurring at en-
counters of the planet’s magnetic polar cap.
This would also be consistent with the rela-
tive absence of magnetosheath-particle ac-
tivity. The absence of significant energetic
particle intensities after ~1600 SCET on 25
August suggests that the spacecraft may
have entered the southern lobe of the mag-

netotail before exit from the magnetosphere
(outbound MP) at ~0800 SCET on 26
August (day 238).

Fig. 2B shows a line plot of four selected
energy channels from the data presented in
Fig. 1 and a spectral index (assuming a
power law) of electrons in the range 22 < E
< 61 keV (Fig. 2A). [A portion of the low-
energy proton profile has been deleted be-
cause of possible contamination from high-
energy (= 450 keV) electrons]. The general
features discussed in connection with Fig. 1
are quite apparent in this plot as well. The
orbit of Triton appears to be a controlling
factor in determining the intensity onset of
the more energetic ions and electrons, all of
which are only significantly above back-
ground levels inside Triton’s orbit. The
spectral index shows a relative peak around
Triton’s distance, both inbound and out-
bound, with the electron spectrum becom-
ing harder closer to the planet, until ~2400
SCET on 24 August.

The change in viewing directions of the
LECP instrument between angular sectors 1
and 7 (which are 90° apart) provides a
measure of the degree of anisotropy in the

Voyager 2 LECP

particle distributions. Particle anisotropies
became evident after ~0100 SCET on 25
August (diminished after ~0800 SCET)
from the two levels of intensity seen in each
profile. The radial variation of both electron
and ion anisotropy amplitudes is consistent,
with both species showing more sharply
peaked angular distributions closer to Nep-
tune. These preliminary analyses suggest
that the anisotropy of lower energy particles
increases more slowly than that of higher
energy particles. Such behavior of anisotro-
pies is consistent with magnetically trapped
radiation at Earth, Jupiter, Saturn, and Ura-
nus.

The low-energy proton intensities are rea-
sonably symmetric about periapsis, despite
the apparent offset in the magnetic field (3),
but the low-energy electrons (Fig. 2A) ex-
hibit a distinct asymmetry. There appears to
be a “shoulder” in the intensity profile of
electrons beyond ~1400 SCET on 25 Au-
gust with no similar counterpart in the low-
energy protons. The asymmetry is manifest-
ed clearly in the electron spectral index,
which becomes softer after ~1400 SCET;
there is no such feature before periapsis. The

Log
flux

log E (keV)
protons

log E (keV)
electrons
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236:14

237:00

Fig. 1. S

1484

237:12
Day: hour of 1989

am of energetic ions (top) and electrons (bottom) from 24
August (day 236) 1400 to 26 August (day 238) 1400 SCET. The BS,
magnetopause MP, and Triton (Tr) orbit crossing times are shown on top
and radial distance in units of planetary radii (1 Ry = 24,765 km) are noted

in the middle. The electron fluxes are generally much greater than the proton
fluxes at a given energy throughout the encounter (the different color-scaling
levels for protons and electrons are shown to the right of the figure).
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dropout in the intensity of electrons at
~1600 SCET is quite abrupt and, together
with the spectral index before this time,
suggests that Voyager 2 crossed out of a
magnetosphere boundary layer or the “last
closed-field line” as it entered what appeared
to be the tail lobe of Neptune’s magneto-
sphere.

Two other decreases in the intensity of
~250 keV electrons are notable, at ~0310
and 0508 SCET, with less pronounced
counterparts in the low- and high-energy
protons. These are tentatively identified as
being caused by 1989N1, as these decreases
are in the general vicinity of the appropriate
L (that is, the equatorial crossing distance of
the magnetic dipole field line measured in
planetary radii) value (~4.75), per predic-
tions of the offset tilted dipole model (3).
There is a softening in the electron spectrum
at both times, similar to that seen at the
crossing of Triton’s orbit.

High-latitude passage. A principal feature of
Voyager 2’s encounter with Neptune was
the close flyby distance of ~4900 km over
the planet’s north pole (4). This flyby geom-
etry allowed us to examine the high-latitude
extent of any radiation belts and to measure
precipitating electrons and protons that
would produce possible auroral emissions.
The intensity profile in Fig. 3 is from the
same four LECP channels as in Fig. 2, but at
higher time resolution for the interval sur-
rounding closest approach. Again, periods
of possible electron contamination in the
28-keV proton channel have been deleted.
As previously mentioned, the LECP detec-
tor heads were rotated to two different
“parking” positions during the interval
around closest approach (sector 7, generally
pointed from ~50° to ~90° to the radius
vector before closest approach, and sector 1,
always viewing a direction 90° to sector 7,
was pointing generally downward through-
out). Because of these changes in viewing
direction, discontinuities due to directional
effects are seen in the intensities and are
casily discernible in the plot, since they
occur in periods centered at 6 and 12 min.

In attempting to understand the intensity
profiles shown in Fig. 3, it is useful to draw
analogies with the known variations of par-
ticle intensities measured from a low-alti-
tude polar-orbiting spacecraft in the Earth’s
magnetosphere (5). In the lowest (ion)
curve in Fig. 3 there are two sharp intensity
decreases at ~0325 SCET and ~0510
SCET; these are reminiscent of the latitudi-
nal extent (the high-latitude boundaries) of
trapped protons in the Earth’s radiation
belt. The abruptness of the decrease in-
bound at ~0325 SCET and the gradual
increase after ~0510 SCET are likely due to
the fact that the magnetic field magnitude is
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Fig. 2. Counting rates of se-
lected LECP-detector chan-
nels averaged over 96 s, to-
gether with the electron
spectral index y (A) derived
from the expression dj/dE =
KE™Y over the indicated en-
ergy interval. (B) Some of
the low-energy ion data
[second curve in (B)] have
been deleted because of pos-
sible electron contamina-
tion. The two intensity lev-
els evident on each curve
after ~0100 SCET on day
237 are due to different ori-
entations of the LECP de-
tector and constitute a
rough measure of particle
anisotropy. Crossing times
of the BS, MP, Triton (Tr),
and closest approach (CA)
distances are shown on top,
together with a radial dis-
tance scale in Ry.

Fig. 3. Counting rates of
selected channels, as in Fig.
2, but at 12-s time resolu-
tion. A radial distance scale
in Ry and the ring plane
(RP) crossing outbound are
labeled at the top of the
figure. An intensity signa-
ture most likely caused by
satellite 1989N1 is marked.
Vertical lines at closest ap-
proach and at the time of the
ion-electron spike at ~0420
SCET are drawn to guide
the eye.
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Fig. 5. Logarithmic histogram of pulse-height
analyzed events in the low-energy particle tele-
scope (LEPT) system. The shoulder to the right
of the proton distribution indicates the presence
of H, ions in the magnetosphere of Neptune.
Because counts are summed along theoretical
particle tracks in the matrix of pulse-height events,

Fig. 4. Differential energy
spectra of ions [(A) and
(B)] and electrons [(C) and
(D)] at selected times in-
bound [(A) and (C)] and
outbound [(B) and (D)].
Note the difference in func-
tional form inside and out-
side Triton’s orbit [(B) and
(D), respectively].

Boundary layer

Magnetopause

probably quite different between inbound
and outbound portions of the trajectory (3)
because of the dipole offset and associated
atmospheric effects. In this sense, the high-
energy proton profile thus defines a pass
through the high-latitude (=60°) region of
Neptune’s magnetosphere. The second in-
tensity curve from the bottom (high-energy
electrons) (Fig. 3B) exhibits a behavior sim-
ilar to that expected from outer-zone radia-
tion-belt electrons at Earth: a gradual in-
crease occurs near the location of the high-
energy proton dropouts. The sharp discon-
tinuities observed between sectors 7 and 1
(for example, 0345 SCET and 0455 SCET)
suggest that at these times there may be a
change in the electron pitch angle distribu-
tions, to ones sharply peaked at ~90°.
There is considerable variability in the
low-energy electron and proton intensities
(Fig. 3B, first and second curves from the
top, respectively) in this interval. In particu-
lar, there are as many as four distinct spikes
in the low-energy electron profile between
~0350 to ~0405 SCET that are not associ-
ated with changes in viewing directions. The
proton intensity profile exhibits similar vari-
ability, but there is only one clearly defined
intensity spike (centered at 0400 SCET)
that occurs slightly earlier than the corre-
sponding electron spike. It is of particular
importance to note that in the case of the
electron-intensity spike starting at ~0400
SCET, a sector change occurred fortuitously
at ~0403 SCET and the intensity dropped
to near background levels. This shows that
the intensity of particles moving downward

Radiation belt

Orbit of Triton

it is possible to allocate partial counts in a particu-  Fig. 6. Conceptual model of Neptune’s magnetosphere as it might appear at the time of Voyager’s entry
lar bin at low rates, as is evident in the He* peak.  through the cusp region. Principal features include the mantle region of semi-trapped particles, the
UT, universal time (same as SCET). radiation belt delineated by the orbit of Triton, and a boundary layer on the nightside.
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from high altitudes was at least a factor of
ten higher than the corresponding intensity
~0.4 s later at 90° to that direction. We
cannot yet report on the pitch angles of
these particles, pending detailed magnetic-
field information.

The spike in the proton intensity at
~0420 SCET is followed by an apparently
similar spike of low-energy electrons ~2
min later. This proton pulse coincides with a
clear deficit in the intensity of ~250-keV
electrons. This event was temporal in nature
even though there was a change in detector-
viewing direction at this time; both sectors 1
and 7 were pointing downward and at
roughly the same angle to the radius vector.
The special nature of the electron spikes is
particularly evident in the spectral variations
shown Fig. 3A. The electron spectrum be-
came quite soft for the period ~0350 to
~0425 SCET, not unlike spectral variations
that are observed in the auroral zones of
Earth.

The overall impression from the high-
latitude trajectory of Voyager 2 is that of
passage of the spacecraft from a region of
magnetically trapped radiation into a mag-
netic polar-cap region. Such a passage at
Earth also occurs with considerable electron
and ion precipitation activity and a softness
of the electron spectrum on either side of the
higher energy proton-trapping boundary. It
is also possible that the spacecraft traversed a
region that may map into the location of
Triton’s flux tube in the outer magneto-
sphere of Neptune. In this connection, the
general softness of the spectrum outside the
hard trapping boundary is similar to that
observed at Saturn (6), and the possibility
exists that Triton may well have a similar
role in the magnetosphere of Neptune to
that of Titan in the magnetosphere of Sat-
urn.

In Fig. 3 we again saw the decreases
potentially associated with 1989N1. A full
time-resolution (0.4 s) plot around closest
approach reveals a plethora of intensity fea-
tures potentially associated with the moons
and rings discovered by Voyager (4). The
absence of an accurate magnetic-field model
close to the planet, however, precludes reli-
able identification of these signatures with
specific objects.

Energy spectra and composition. The energy
spectra of the electrons varied systematically
throughout the encounter, as is evident
from the spectral indices shown in Figs. 2
and 3. Inspection of proton spectra shows
that this species also had significant spectral
variations throughout the magnetosphere.
Some characteristic differential energy spec-
tra for ions (protons) and electrons are
shown in Fig. 4. The inbound-proton spec-
trum inside the radial distance of Triton
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(Fig. 4A) is well represented by a thermal
(Maxwellian) distribution over the entire
energy range measured by the LECP instru-
ment. This distribution is characterized by
an exceptionally hot temperature kT =~ 55
keV (k, Boltzman constant; T, temperature
in degrees kelvin) and very low number
density (typically 3 to 30 x 10™* cm™?) and
energy density of 3 to 30 eV/em®. Spectra
from the outbound trajectory are shown in
Fig. 4B. The spectrum at ~0800 SCET is
inside the orbit of Triton and shows a
nonthermal, high-energy power-law tail
with a power-law exponent y =~ 4 to 5.
However, the proton spectrum outside the
Triton radial distance (~1300 SCET), is a
simple power law with y =~ 4. The corre-
sponding number and energy densities of
protons in the range of LECP are only
about 2 to 8 x 107 cm™ and 0.1 to 0.9
eV/em?, respectively.

The electron spectra in Fig. 4, C and D
are different from those of the protons. A
differential spectrum acquired inbound, in-
side the orbit of Triton is shown in Fig. 4C.
The spectrum bends over slightly at the
lower energies, and falls off at higher ener-
gies with y = 5.6. The electron spectrum is
similar at a corresponding time outbound
(that is, inside the orbit of Triton): it bends
over at the lower energies and has a high-
energy power-law tail with y =~ 4.4. In
contrast, the electron spectrum outside the
orbit of Triton (Fig. 4D) is a simple power
law with y = 4.7. The electron spectrum is
not that different from the proton spectrum
during the same time interval.

In addition to ion spectral measurements
at low energies, the LECP instrument is
designed to perform detailed composition
measurements at higher ion energies (=0.5
MeV per nucleon.) The results of the com-
position measurements in Neptune’s magne-
tosphere, averaged over the indicated time
intervals when Voyager 2 was within 11 Ry
of the planet, are as shown in Fig. 5. A
proton peak is clearly evident, showing pro-
tons to be the dominant ions present. In
addition, there is a shoulder in the distribu-
tion at the expected location of H, molecu-
lar ions. Further, there is a small peak con-
taining three counts at the location of He*.
Only a single heavier ion (Z > 5) was
observed above 0.5 MeV per nucleon within
11 Ry, so we cannot determine heavy ion
composition. Both H, and Hj; molecular
ions were measured by LECP in both the
magnetospheres of Jupiter and Saturn (6),
and H, ions were observed in the magneto-
sphere of Uranus (7). Such molecular ions
are expected to come from the ionospheres
of those planets and thus serve as tracers for
the identification of magnetospheric plasma
sources of planets (8). The measured abun-

dances over equal energy per nucleon inter-
vals (0.57 to 1.00 MeV per nucleon) are
H:Hy:He* in the proportion 1300:1:0.1,
with uncertainties of 26% and 62% in the
H, and He* values, respectively. Such a high
proton to helium ratio rules out the solar
wind (where H:He* ratio is typically ~20)
as an important source of the plasma in
Neptune’s magnetosphere.

Discussion. Conclusive interpretation of
the energetic particle and hot-plasma mea-
surements made in Neptune’s magneto-
sphere requires a description of the magnet-
ic field; such a model is not available at the
present time at distances less than ~4 Ry
(3). Based upon our preliminary analyses,
however, it is possible to draw some general
inferences and deduce several important
conclusions.

We first wish to compare, in general
terms, the magnetosphere of Neptune with
the magnetospheres of Uranus and Saturn.
Owing to the ~47° dipole tilt angle of
Neptune’s magnetic moment with respect to
its rotation axis (3), the magnetosphere of
Neptune was nearly in a pole-on configura-
tion when Voyager crossed the magneto-
pause inbound (Fig. 6). Such was the con-
figuration anticipated for Uranus before the
Voyager encounter (9), but not actually
achieved because of the large (60°) Uranian
dipole tilt and the peculiar orientation of the
Uranian rotation axis, pointing nearly to-
ward the sun. At present, the nearly pole-on
configuration at Neptune occurs once per
Neptune rotation, so it was fortuitous that
Voyager at Neptune made the first measure-
ments in the cusp region of an outer-planet
magnetopause. The large Neptunian dipole
tilt also implies that the satellites of Nep-
tune, like those of Uranus, trace complicated
trajectories in the magnetic field, each satel-
lite encountering a large range of L-shells
and magnetic latitudes. As a result, a strong
geometric dilution occurs that reduces the
effects of satellite sources of plasma relative
to ionospheric and atmospheric sources
(10). A more detailed study of satellite inter-
actions is deferred pending additional infor-
mation on the magnetic field. It is signifi-
cant that the ion-abundance ratios reported
here for Neptune are very similar to those
reported for Uranus (7), indicating the
dominance of planet-associated sources in
both cases. At Neptune, however, there is
some indication of a heavy ion component
in the cold plasma (11), contrasting with the
case at Uranus, where no heavy ions were
detected.

We have made a preliminary calculation
of plasma stresses in the Neptune magneto-
sphere from LECP data. The maximum
pressure on the Voyager trajectory was
found near day 237 hour 0100 and is nearly
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equal, within a factor of two, to that mea-
sured in the analogous region of the Uranus
magnetosphere (1986 day 24 hour 13, near
L = 12). The ratio B of plasma to magnetic
pressure at Neptune was evaluated as B =
0.19 at the inbound magnetic equator cross-
ing, which occurred on 25 August at ~0115
SCET near L = 10, close to the region of
maximum plasma stress. The cited time for
the Uranus encounter also coincided with a
magnetic equator crossing, and the Uranian
B = 0.13 at that time (12). At Neptune, the
B = 0.19 at the inbound magnetic equator
crossing is close to the maximum value of
on the Voyager trajectory. This implies that
at Neptune, like at Uranus, the local plasma
stresses do not significantly distort the mag-
netic field from a vacuum configuration.
This contrasts with the situation at Jupiter
and Saturn, where B > 1 is typically true in
the plasma sheet and a strong magnetodisk
distortion of the magnetic field results.

Spectral and anisotropy signatures in the
magnetosphere of Neptune are similar to
those of Saturn, with the moon Triton
having a role similar to that of Titan. For
example, the energy spectra in the vicinity of
Triton’s orbit are quite soft, with the high-
energy proton and electron intensity gradi-
ents occurring just inside the orbits of Tri-
ton, both inbound and outbound. Typically,
energetic particles are lost because of wave-
particle interactions at cold-plasma density
gradients, for example, the case of Jupiter’s
To plasma torus, Saturn’s plasma torus, and
the Earth’s outer plasmasphere (13, 14). A
heavy ion plasma, presumably from Triton,
has been detected (11), but Triton’s interac-
tion with the magnetosphere is not fully
understood as yet (15).

The observation of auroral-like emissions
from Triton’s atmosphere (N* and N;) (16)
suggests that energetic electrons and ions in
the vicinity of Triton are incident upon the
satellite’s atmosphere and excite the emis-
sions. A preliminary estimate of the energy
input from LECP-measured energetic elec-
trons is ~0.4 erg cm ™2 s™, resulting in a
total power level of ~10°W. An interaction
of the trapped particles with a hypothetical
Triton torus could drive the auroral process-
es, which apparently occur over Neptune’s
high-latitude region. In fact, the particle
observations described in Fig. 3 are consist-
ent with a power input of ~5 x 107 ergs
ecm™2 s~ L. If one assumes that the Neptune
auroral zone has a radius of ~10°, then the
total power input into the atmosphere is of
the order ~3 x 10’W, surprisingly small
when compared to the magnetospheric en-
ergy input into the upper atmospheres of
Jupiter, Saturn, and Uranus. Of course, it is
quite possible that a substantial flux of pre-
cipitating electrons with energies below the
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LECP threshold (that is, <22 keV) may
provide more power. This, however, has not
been reported as yet (11). Another possibili-
ty is that the spacecraft did not traverse a
fully developed auroral form, hence the low
observed intensities. We note, however, that
the estimated radio luminosity from Nep-
tune (17) is substantially lower than similar
radio emissions from the other outer planets
encountered by Voyager. The possibility of
Neptune auroral precipitation events reach-
ing 50-keV energies was anticipated before
the encounter (18), but it is premature to
state whether inverted V events have been
observed at Neptune. Also, chorus and hiss
emissions associated with aurora were seen
during closest approach (19). The concept
of a Neptunian magnetosphere strongly
coupled to Triton is summarized in Fig. 6,
which presents the principal regions of such
amagnetosphere as deduced from the LECP
measurements.

There are several additional interesting
observations made by the LECP instrument.
The instrument did not detect either up-
stream ion events or energetic charge-ex-
change neutrals outside the Neptunian mag-
netosphere. This contrasts with the situation
at Earth, Jupiter, and Saturn, where both
upstream ion bursts and energetic charge-
exchange neutrals were detected at great
distances [hundreds of planetary radii for
the Voyager spacecraft at Jupiter and Sat-
urn, outside the BS (2, 20, 21)}. At Uranus,
on the other hand, upstream ion events but
not charge-exchange neutrals were detected
(22). Since upstream ion events are observed
only when the interplanetary magnetic field
(IMF) connects the spacecraft to the BS,
and since before the Neptune encounter the
IME lay near the nominal spiral direction (3)
(~90° to the planet-sun line), it is likely that
this is the reason for nondetection of up-
stream events. Furthermore, the escape of
magnetospheric  particles, the dominant
process responsible for upstream events, oc-
curs primarily at low magnetic latitudes;
Voyager apparently entered and left the
Neptune magnetosphere at very high lati-
tudes. This was not the case at Jupiter,
Saturn, or Uranus.

Energetic neutral atom fluxes produced
by charge exchanges within planetary mag-
netospheres can be observed by the LECP
instrument as a systematic excess count rate
in the sector facing the planet when com-
pared with side-looking sectors at back-
ground levels if there is an absence of solar
events and upstream ion events. The IMF
orientation before the Neptune encounter
was ideal for detection of energetic neutrals,
but none were detected. The upper limit to
the flux of neutrals, was <2.8 x 1073 cm™
s! keV ™! near 35 keV at ~40 Ry, about

one-third the flux limit obtained at Uranus
(22). Given the observed low-energy (~35
keV) proton distributions within R < 6 Ry
at Neptune, an upper limit can be obtained
for the volume averaged atomic H density
(7) in this region: 7 < 20 cm > at Neptune.
No extended atomic H corona on Neptune
was detected by the ultraviolet spectroscopy
(UVS) instrument (16) in contrast to the
situation at Uranus (23), where atomic H
was observable in Ly a emissions out to ~5
Ru.

In Neptune’s magnetosphere, charged-
particle bombardment of satellites and rings
can produce a variety of chemical and physi-
cal alterations of the solid surfaces (24, 25).
Depending on the surface composition,
both erosion (sputtering), and discolor-
ations can occur over time. The depth of
modification of a surface will depend on the
energies of the incident charged particles.
Preferential removal of volatiles can result in
the production of nonvolatile crusts. Materi-
al removed from moons and rings can be-
come plasma sources in the magnetosphere,
such as in the cases of Jupiter and Saturn.

We have made a preliminary estimate of
the rate of darkening for a surface contain-
ing methane ice at the location of 1989N1
around Neptune in the present radiation
environment as measured by LECP. Such a
surface condition might occur under several
circumstances, including exposure of fresh
ice after a meteroid impact. We have found
that the darkening rates, to depths of order
~10 um, are similar to those found in the
Uranian system at the locations of the
moons Umbriel and Ariel (26). That is,
darkening to an albedo of perhaps 10%
(removal of about 50% of the hydrogen
from the methane) will occur to a depth of
~1 pm within 10* to 10° years. Similar
darkening to 10 wm will occur within ~3 X
10° to ~2 X 10° years. Thus, the dark
materials of the ring particles and inner
satellites, which continue at present to be
radiation-processed by the Neptune magne-
tosphere, could have been introduced with-
in the last million years just as easily as in the
carliest days of the solar system.

In addition to the production of aurora
on Triton, the incident radiation on the
satellite’s atmosphere can produce new
chemical species (27) and, for those elec-
trons energetic enough to reach the surface,
can produce modifications similar to those
previously described of any organic materi-
als located on the surface. At the present
epoch, for a pressure at the surface of Triton
of ~10 wbar, only electrons with =500 keV
of energy at the top of the atmosphere will
reach the surface. The primary particles and
secondary electrons produced just above the
surface will modify the surface materials.
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For a 0.5 pbar (5 wbar) atmosphere, elec-
trons at initial energy =70 keV (=300 keV)
will penetrate to the satellite’s surface. Pre-
cise estimates of the modifications of Tri-
ton’s atmosphere and surface, including sea-
sonal variations in the rates, will be reported
later.
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Energetic Charged Particles in the Magnetosphere

of Neptune

. C. StoNE, A. C. CUMMINGS, M. D. LOOPER, R. S. SELESNICK,
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L. CHENETTE

The Voyager 2 cosmic ray system (CRS) measured significant fluxes of energetic [=1
megaelectron volt (MeV)] trapped electrons and protons in the magnetosphere of
Neptune. The intensities are maximum near a magnetic L shell of 7, decreasing closer
to the planet because of absorption by satellites and rings. In the region of the inner
satellites of Neptune, the radiation belts have a complicated structure, which provides
some constraints on the magnetic field geometry of the inner magnetosphere. Electron
phase-space densities have a positive radial gradient, indicating that they diffuse inward
from a source in the outer magnetosphere. Electron spectra from 1 to 5 MeV are
generally well represented by power laws with indices near 6, which harden in the
region of peak flux to power law indices of 4 to 5. Protons have significantly lower
fluxes than electrons throughout the magnetosphere, with large anisotropies due to
radial intensity gradients. The radiation belts resemble those of Uranus to the extent
allowed by the different locations of the satellites, which limit the flux at each planet.

HE COSMIC RAY SYSTEM (CRS)

measured significant fluxes of ener-

getic electrons and protons stably
trapped within the magnetosphere of Nep-
tune during the close approach of Voyager 2
on 25 August 1989. The instrument con-
sists of two high-energy telescopes (HETs),
four low-energy telescopes (LETs), and an
electron telescope (TET), each containing
several solid-state detectors designed for the
study of interplanetary cosmic rays (7). To
allow for measurements over a large range of
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possible trapped particle intensities in the
previously unknown environment of Nep-
tune’s magnetosphere, the instrument was
cycled every 192 s between two configura-
tions, and various anticoincidence require-
ments were disabled to prevent excessive
deadtime effects. The instrument operated
normally throughout the encounter, and
none of the detectors was saturated by high
particle fluxes.

The Voyager 2 trajectory past Neptune
took the spacecraft over the north pole of
the planet within 0.2 planetary radius (Rx =
24,765 km) of the cloud tops, by far the
closest passage of any planetary encounter
during the mission. Experience from the
other giant planets led to the expectation of
rapidly increasing fluxes of trapped radiation
as the planet was approached. In addition,

recent ground-based observations of radio
emissions from Neptune suggested an in-
tense radiation belt (2). Since Triton, at 14.3
Ry, was the closest satellite of Neptune
known before the Voyager encounter, such
an intense radiation belt seemed possible in
the absence of satellite sweeping. In fact, the
situation at Neptune is quite different from
these expectations before the encounter,
with the inner radiation belt being limited to
relatively low intensity by satellite sweeping.
Electrons. The counting rate profiles in
Fig. 1a, shown versus spacecraft event time
(SCET), represent electron fluxes at ener-
gies greater than approximately 1, 2.5, and 5
MeV (3). The distance of Voyager 2 from
Neptune is indicated at the top of the figure
in units of Ry. The flux above 1 MeV began
to rise above the cosmic ray background
level just inside the orbit of Triton and
increased sharply for a period of about an
hour. At ~8 Ry it leveled off and began to
fall to the relatively low values near the
planet. The peak flux was observed at 5.5
Ry on the outbound leg of the trajectory.
Clearly there is considerable spatial structure
in the trapped electron flux, which apparent-
ly is controlled by the newly discovered
satellites and rings within 5 Ry from Nep-
tune. The largest satellite, 1989N1, has an
orbit (at 4.75 Ry) and size similar to those
of Miranda, the innermost moon of Uranus,
which plays an important role in limiting the
trapped radiation intensity at that planet.
Because trapped electrons are guided by
the magnetic field, it is usual to organize the
data by using the magnetic shell parameter,
L. Figure 1b shows the spacecraft L versus
time in the offset tilted dipole (OTD) model
of the planetary magnetic field (4, 5), which
incorporates a 46.8° tilt of the magnetic
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