
For a 0.5 pbar (5 pbar) atmosphere, elec- 
trons at initial energy 3 7 0  keV (3300 keV) 
will penetrate to the satellite's surface. Pre- 
cise estimates of the modifications of Tri- 
ton's atmosphere and surface, includng sea- 
sonal variations in the rates, will be reported 
later. 
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Energetic Charged 
of Neptune 

Particles in the Magnetosphere 

The Voyager 2 cosmic ray system (CRS) measured significant fluxes of energetic [a1 
megaelearon 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 Nevtune. 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 spec&a 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. 

T 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 (1). 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 (RN = 
24,765 krn) 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 
RN, 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. 

Electvons. The counting rate profiles in 
Fig. la, 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 RN. 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 RN it leveled off and began to 
fall to the relatively low values near the 
planet. The peak flux was observed at 5.5 
RN 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 RN from Nep- 
tune. The largest satellite, 1989N1, has an 
orbit (at 4.75 RN) 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 l b  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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dipole axis from the planetary rotation axis 
and a 0.55 RN offset of the dipole from the 
center of the planet. The OTD model is not 

dipole field lines correspond to the satellite 
local minimum L values shown in Fig. lb.  

The data in Fig. l a  show variations 
accurate inside 4 RN, and the spacecraft 
OTD L in Fig. l b  is changed to a dotted line 
in that region. The dashed horizontal lines 

which, if due to satellite absorption, should 
be understood by comparing the spacecraft 
L with the minimum L values of the satel- 
lites. According to the OTD model, the 
Triton minimum L region was crossed twice 
in the outer magnetosphere, near 2320 on 
day 236 (labeled A in Fig. 1, a and b) and 
0855 on day 237 (K) (all times are in 
SCET). In each case the flux of 2 1 MeV 
electrons rose above background just inside 

indicate G o  local minimum L values 
reached by each of the satellites Triton, 
1989N1, and 1989N2. The satellite absorp- 
tion efficiency is strongly peaked near the 
minimum L (6). There are two dashed lines 
for each satellite because there is a compo- 
nent of the dipole offset that is perpendicu- 
lar to the dipole axis, so that during each 
planetary rotation the satellite reaches two 
local minimum L values, which alternate 

the Triton minimum L, perhaps the result of 
absorption by Triton. This observation is 
consistent with the predictions of the OTD Fig. 2. Trajectory of Voyager 2 projected into a 

magnetic meridional plane. The Z axis is parallel 
to the OTD dipole axis, and the R axis represents 
the cylindrical distance from the dipole axis. The 
trajectory is shown by a dotted curve inside 4 RN. 
The time tick marks along the trajectory are at 10- 
min intervals and labeled at the beginning of each 
hour in SCET. The dashed pairs of dipole field 
lines are the two local minimum L values of the 
satellites 1989N2, 1989N1, and Triton (in order 
of increasing L). The symbols labeled B, C, and E 
correspond to similarly labeled features in Fig. 1. 

between the values shown. In addition to model but does not ~rovide  a critical test 
the satellites shown, there are four small 
satellites and three rings in the radial dis- 
tance range between 2 and 3 RN. We have 
also indicated (Fig. lb,  dashed and dash-dot 
curves) two possible modifications to the 
spacecraft L which, if valid in the multipole 

because, on account of the background lev- 
el, an unambiguous signature of Triton was 
not observed. The OTD model does not 
predict any further encounters with the Tri- 
ton minimum L until inside a radial distance 
of 3 RN, where the OTD model is not an 

field, provide sensible interpretations of the 
variations in the electron counting rates. 
The labels in Fig. 1, a and b, indicate 
features that are discussed below. The mace- 

accurate representation of the observed 
field. However, in the absence of higher 
order multipoles the OTD model would 
predict two crossings of the Triton mini- 
mum L region at 0320 (C) and 0350 (D). 
In the first case (C) the flux was at least 100 
times that observed near the same OTD L in 

craft trajectory in a coordinate system that is 
fixed in the reference frame of the OTD 
magnetic field is shown in Fig. 2. The Z axis 
is parallel to the OTD dipole axis, and the R 
axis is the cylindrical distance from the 
dipole axis. Again, the trajectory is shown 
by a dotted line inside 4 RN, and the dashed 

times higher than observed in the outer 
magnetosphere and was in a region of rapid- 
ly decreasing flux. These observations imply 
that, not unexpectedly, the OTD model 
does not provide an accurate representation 
of the L shells inside 3 RN. In addition, 

the outer magnetosphere (A or K) and was 
near a peak in the flux, rather than a mini- 
mum as expected for satellite absorption. In 
the second-case (D) the flux was atleast ten significant trapped fluxes were observed at 

0330, at which time the OTD model pre- 
dicts an absence of trapped particles because 
of a polar cap passage. 

The flux minimum at 0305 (B) was at a 
radial distance of about 3 RN, closer to 
Neptune than the OTD model should be 
applied (4). Indeed, the OTD model pre- 
dicts that the spacecraft L and magnetic 
latitude were increasing during the interval 
between the minimum L values of 1989N1 
and Triton (see Fig. 2). Because this increase 
would not result in a flux minimum, two 

Radial distance (RN) Fia. 1. (a) Counting rate ~rofiles 
fo; elections with ktsetic &ergies 
greater than approximately 1, 2.5 
(x0.3), and 5 MeV (XO.l) versus 
spacecraft event time (SCET). The 
corresponding radial distance of 
Voyager 2 from Neptune is labeled 
at the top in RN (24,765 krn). 
There was a mode change from 
0250 to 0510 on day 237, which 
caused the statistical fluctuations in 
the 2 5  MeV rate to decrease dur- 
ing that period. The letters label 
features that are discussed in the 
text. (b) The solid curve, changing 
to a dotted curve inside 4 RN,  is the 
spacecraft L shell parameter versus 
SCET for the OTD magnetic field 
model. The dashed and dash-dot 

possible explanations have been considered. 
The minimum may be due to absorption by 
1989N1, in which case the spacecraft L - - 25 MeV 

would have to be modified acco;ding to the 
dashed curve in Fig. lb.  Alternatively, the 
spacecraft may have reached a maximum L 

curves are estimates of two possible 
modifications to L, due to the non- 
dipolar component of the magnetic 
field, which provide plausible inter- 
pretations of the features observed 
in the electron counting rates (a) as 
discussed in the text. The horiwn- 
tal dashed lines indicate the two 
local minimum L values reached by 
the labeled satellites in the OTD 
model. The letters are centered at 
the same times as those in (a) (ex- 

value in a region where the flux is a decreas- 
ing function of L, as indicated by the dash- 
dot curve in Fig. lb .  The OTD model does 
predict increasing values of L before the 
minimum flux (B), which may represent the 
highest L value reached by the spacecraft in 
the inner magnetosphere. A maximum 
spacecraft L at 0305 (B) must be less than 
the Triton minimum L, because the flux is 
considerably higher than that observed at 
the Triton minimum L in the outer magne- 
tosphere (A or K). For the same reason, the 

cept for D and F, which are dis- 
placed -5 min to the right) and 
label the features at those times. Day 236 Day 237 
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flux minimum at 0305 (B) cannot be due to \ ,  

absorption by Triton. 
There is a deep minimum in the 2 1 MeV 

electron flux at 0510 (I) just inside 4 RN, 
where the OTD model should be valid. In 
fact, the minimum is close to the time that 
the spacecraft is predicted by the OTD 
model to have crossed the minimum L of 
1989N1. The slight modification necessary 
to place the minimum flux at the average of 
the two 1989N1 minimum L locations is 
shown by thc dashed curve in Fig. lb .  
However, the OTD model predicts that 
absorption by 1989N1 should produce two 
local flux minima, separated in time by -8 
min, because of the two distinct local mini- 
mum L values of' the satellite. It mav be 
possible that the two minima are merged 
into one by radial diffusion, but a detailed 
calculationis reauired to determine whether 
the flux minimum could maintain its ob- 
served depth. Alternatively, if the compo- 
nent of the dipole offset perpendicular to the 
dipole axis is small enough to be neglected, 
then there is only one minimum L for each 
satellite, consistent with a single, deep flux 
minimum. Since the dipole offset in the 
OTD model is predominantly along the 
dipole axis, it would seem worthwhile to 
explore how well the observed magnetic 
field could be fit by a model with a smaller 
offset perpendicular to the dipole axis. 

The low fluxes between the two peaks C 
and H all occurred within a radial distance 
of about 3 RN. After the peak C, the flux 
falls rapidly to below the nominal cosmic ray 
background level, indicating an absence of 
trapped electrons. The lowest fluxes, from 
0356 to 0403 (E), immediately followed the 
closest approach to ~ e ~ t u n e ,  where the 
cosmic ray intensity is probably reduced by 
the proximity of the planet. Between 0355 
and 0410 the spacecraft passed through the 
OTD minimum L values of all of the inner 
satellites and rings, suggesting that low flux 
at E may be due to absorption by all of these 
bodies. However, for reasons discussed be- 
low, two other possible interpretations are 
indicated in Fig. lb .  One alternative (the 
dashed curve) is a high-latitude return, in 
the polar cap region, to magnetic field lines 
that extend beyond the stable trapping limit. 
Because the absence of trapped particles 
occurred about 20 min later than the polar 
cap passage predicted by the OTD model, 
such an interpretation would require an 
uncomfortably large (-40") latitudinal shift 
of the polar cap boundary due to the distor- 
tion of the dipole field. Furthermore, it is 
not a priori likely that an observation of the 
polar cap would be located almost exactly at 
closest approach. 

In the second alternative (dash-dot curve) 
the low-flux region (E), which occurred 

within 1.25 RN, is simply a result of the 
spacecraft's passing below the radiation belts 
through a region resulting from atmospher- 
ic shadow effect. Such an atmospheric shad- 
ow is most likely to be observed near closest 
approach. Because of the complicated mag- 
netic field geometry, the intersection of any 
given drift shell with the surface of the 
planet does not occur at a constant value of 
magnetic field magnitude, and particles that 
mirror at magnetic field intensities greater 
than the minimum sudace field on that drift 
shell would be lost because of atmospheric 
absorption. Therefore, if the magnetic field 
at the spacecraft is larger than the surface 
magnetic field anywhere on the same drift 
shell, no trapped particles would be ob- 
served. The OTD magnetic field at the 
spacecraft near closest approach was about 
0.065 G while the minimum OTD surface 
field on the same drift shell is less than 0.06 
G, so the OTD model does predict an 
absence of trapped particles in this region. 
The observed magnetic field at closest ap- 
proach was about 0.09 G ( 4 ) ,  considerably 
larger than the OTD prediction, adding 
further to the plausibility of the spacecraft 
being below the trapped radiation at closest 
approach. Although satellite absorption can- 
not be ruled out, it is quite sensitive to the 
magnetic field near the planet, whereas the 
atmospheric shadow effect is likely for any 
sufficiently complex magnetic field. The two 
alternatives represented by the dashed and 
dash-dot curves in Fig. l b  may be inter- 
changed at the point where they cross over, 
so, for example, the flux minimum at B may 
be due to 1989N1 (dashed curve), whereas 
the dropout at E may be due to an atmo- 
spheric shadow (dash-dot curve). 

After the low-flux region (E), the flux 
increased rapidly until the small decrease, F. 
In the polar cap interpretation (dashed curve 
in Fig. lb), this decrease would be due to 
the inbound crossing of the minimum L 
values of all of the newly discovered inner 
satellites, and the small maximum just earlier 
(0405) corresponds to the entire high-flux 
region between L .= 6 and L = 13. In the 
atmospheric shadow interpretation (dash- 
dot curve in Fig. lb), the 1989Nl mini- 
mum L may occur inside the low-flux region 
(E), in which case the small peak between 
the minima at E and F would be between 
1989N2 and 1989Nl and on the same L 
shell as the peak H. When the spacecraft 
reached its minimum L of less than 2 (be- 
tween F and G) the flux remained low, even 
though it was near the magnetic equator. 
The region G contains a great deal of struc- 
ture attributable to the outbound crossing 
of the inner satellite L shells and is discussed 
in detail below. Because the spacecraft was 
at that time rapidly crossing L shells, the 

maximum flux near 0500 (H)  must be inside 
the minimum L of 1989N1, the subsequent 
deep minimum (I) being due to absorption 
by that satellite. The broad maximum near 
0600 is then an outbound passage through 
the maximum intensity region at L = 7. The 

Hour of day 237 

Fig. 3. Coefficient Ao, and the power law index, 
y, versus SCET for an electron differential intensi- 
ty spectrum of the form A o K Y  in the energy 
range from 0.8 to 2.5 MeV. These were obtained 
from a fit to 15-min averages of the data repre- 
sented by the upper two curves of Fig. 1 and pulse 
height-analyzed data from the 2 1-MeV detector. 
The coefficient A. is described in units of (cm2 sr s 
MeV)-' with E in MeV. 

1 2  5 10 

Energy (MeV) 

Fig. 4. Selected electron integral flux spectra for 
15-min intervals centered at the indicated times 
(SCET). The nvo lowest energy points come 
from the results shown in Fig. 2. The spectrum at 
0138 is multiplied by 0.1. 
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small dip near the peak at 0600 (J) is due to 
a spacecraft roll maneuver and shows that 
there is some anisotropy in the local pitch 
angle distribution. 

We note that the observations in Fig. l a  
outside -2 RN are consistent with a cen- 
tered dipole magnetic field whose dipole 
axis is tilted by 34" from the rotation axis, if 
we assume that the flux minimum at B is due 
to 1989N1. This may be indicative of the 
type of distortion of the actual dipole mag- 
netic field caused by the multiple field with- 
in -4 RN of the planet. 

Electron spectva and souvces. The upper two 
counting rate profiles in Fig. l a  can be used 
to estimate an electron energy spectrum 
from 1 to 2.5 MeV. The two detectors have 
been calibrated for this purpose, and their 
response functions are quite well known. 
Each has a wide angular acceptance, so that 
the ratio of the two counting rates is sensi- 
tive to the energy dependence of the spec- 
trum and relatively insensitive to the pitch 
angle dependence. In addition, the 2 1 MeV 
rate is supplemented by pulse height ana- 
lyzed events, which are binned into energy 
channels and provide more detailed infor- 
mation on the energy spectrum. The pulse 
height data were unavailable between 0255 
and 0510, during which period only the 
counting rates were used. The spectra in the 
1- to 2.5-MeV range are generally well 
represented by power laws in energy. The 
power law index and coefficient for the 
differential intensity spectrum as a function 
of time, on the basis of a maximum likeli- 
hood fit to the data, are shown in Fig. 3. An 
isotropic distribution has been assumed 
throughout. The electron spectra are gener- 
ally soft with power law indices near 6, but 
the large-scale trends in the figure are signif- 
icant, indicating somewhat harder spectra in 
the regions of peak flux. 

Two electron integral flux spectra are 
shown in Fig. 4. The indicated times refer to 
the centers of 15-min periods over which 
the data were averaged. The two lowest 
energy points, at 1 and 2 MeV, were ob- 
tained from the power law fits described 
above. The higher energy points were ob- 
tained from estimates of the high-energy 
detector efficiencies based on the thickness 
of passive shielding surrounding each detec- 
tor (3). Again, we assume that the distribu- 
tion function is isotropic. The error bars 
represent systematic uncertainties, which are 
much larger than statistical errors. These 
results show some indication of the spectra 
softening at energies above 2 MeV (the 
changes in power law index are -1 and 2.5 
for the spectra at 0138 and 0543, respective- 
ly). 

Ground-based radio observations before 
the Voyager encounter (2) attributed an 

OTD L 

Fig. 5. Phase space density versus L for electrons 
confined to the magnetic equator with magnetic 
moments of 9000 (open circles) and 24,000 
(crosses) MeVIG. The curves are smoothed ver- 
sions of the data. Data points inside L = 7 are 
taken only from the outbound portion of the 
trajectory where the OTD model is approximately 
valid (see Fig. lb) .  

excess emission at 20 cm to synchrotron 
radiation by a high flux of -20-MeV elec- 
trons close to Neptune. A model calculation 
(2) of the integral flux of electrons >20 
MeV required to produce the reported radio 
emission gave -lo6 (cm2 sr s)-' at L = 2, 
corresponding approximately to the mag- 
netic equator crossing near 0420 (Fig. 2). 
The observed integral flux of electrons >5 " 
MeV was everywhere less than 1 (cm2 sr 
s)-' (Fig. 4), which provides a very conser- 
vative upper limit on the >20-MeV flux. 

In addition, the magnetic field near the 
planet (-0.1 G) is lower than the 1-G value 
used in interpreting the ground-based data, 
which further reduces the flux of synchro- 
tron radiation. Based on these comparisons, 
we conclude that the excess radio flux at 20 
cm could not have been due to synchrotron 
radiation. 

From the results in Fig. 3 we have made 
initial estimates of the radial dependence of 
the phase space density, f = jlp2, for equa- 

torially confined electrons, where j is the 
differential intensity and p is the momen- 
tum. The results are shown in Fig. 5 as a 
function of L for two values of the first 
adiabatic invariant, M = p212m~o, where m 
is the electron rest mass. and Bn = 0 . 1 3 1 ~ ~  
G is the equatorial magnetic field. In radial 
diffusion M is conserved. The large positive 
radial gradient between L = 3 and L .= 8 is 
not sensitive to the assumption of an isotro- 
pic distribution and indicates that electrons 
diffuse inward from a source in the outer 
magnetosphere. 

Protons. Proton data as a function of 
SCET for two energy ranges are shown in 
Fig. 6. The data represent the flux of 
3.2- to 5-MeV protons averaged over 30- 
min bins and are derived from a three- 
parameter pulse height analysis. The two 
different symbols correspond to measure- 
ments from identical LETS (LET C and 
LET D) separated by a 90" angle with 25" 
acceptance cone half-angles, i d  therefore 
provide a local measure of anisotropy. The 
counting rate profile (small points) is a 
fourfold coincidence, which, for galactic 
cosmic rays, responds primarily to protons 
at energies of 63 to 160 MeV and to helium 
nuclei a t  energies >70 MeV per nucleon 
(3); the latter dominates the nominal re- 
sponse. 

Significant fluxes of 3.2- to 5-MeV pro- 
tons were observed inside L = 10. This 
result is similar to that obtained at Uranus 
(7) and is consistent with the stable trapping 
limit expected on the basis of the Stormer 
vertical cutoff rigidity (8). The peak flux, 
however, was a factor of -10 higher than 
that observed at Uranus and occurred in the 
outer trapping region near L = 8. In con- 
trast, the peak electron flux was about a 
factor of 10 lower than at Uranus. At Saturn 
the fourfold coincidence rate responded to a 
high proton flux in the inner magnetosphere 
from cosmic ray albedo neutron decay 
(CRAND) (9). At Neptune there is no 

Radial distance (RN) 
1 5  12  9 E 4 2  1 j 8  2 4 E 9 

l o 5  ahrF+rT-------"Trm , , F,', , ' p  " ' / , I  ' 

Fig. 6. Proton fluxes 
(right scale) and count- + 
ing rates (IeR scale). The 

lo'  [ 
data points represent the " X flux between 3.2 and 5 a , + =s= 4 10" 

MeV from LET C (solid -t + 3 E, 
+ 3 - 

circles) and LET D E ++ 
-S- 

(crosses). The points i  o' --t 

with arrows are upper 3 + 
limits. The rate profile - 
(small points) is a four- 2 10' 

fold coincidence mea- 

2 2 2 3 C  1 2  3 4 5 6 7 8 9 - C  

uncertainties. Day 236 Day 237 
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evidence for such a source. The Stormer 
cutoff for 63-MeV protons is near L = 5, 
which corresponds a~proximately to the de- 
pression in the flux from about 0330 to 
0520 (see Fig. lb), except near closest ap- 
proach, where geometrical shadowing is 
effective. The asymmetry of the feature per- 
haps indicates a slower variation of L out- 
bound. 

Proton energy spectra are shown in Fig. 7 
for the time period from 0100 to 0130 on 
day 237. Data are shown from the same two 
LETS as in Fig. 6 (LET C and LET D),  
which are separated by a 90" angle, and from 
LET A, which is oriented in the opposite 
direction to LET C. The protons appear to 
have a somewhat flatter spectrum than the 
electrons at low energies, steepening to a 
similar Dower law above 2 to 3 MeV. Direc- 
tional anisotropies are clearly evident in 
both Figs. 6 and 7. These are largest in 
regions outside the peak flux, from L = 7 to 
L = 10, where the flux measured by LET D 
is considerably higher than that measured by 
LET C. The effect increases with energy 
(Fig. 7). These anisotropies are consistent, 
both in magnitude and direction, with those 
expected as a result of the radial intensity 
gradient. That is, LET C and LET D mea- 
sure protons whose guiding centers are lo- 
cated one proton gyroradius from the space- 
craft in regions of significantly different 
guiding center density. 

Smal l  satellite and ving absovption. When 
energetic charged particles trapped in the 
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Fig. 7. Proton differential intensity spectra in 
three telescopes during the period 0100 to 0130 
on day 237. The LET A and LET C telescopes 
point in opposite directions; the LET D telescope 
is oriented 90" from LET A and C. The vertical 
error bars represent l o  statistical uncertainties. 

Fig. 8. Six-second samples 
of the CRS L1 counting rate 
from LET A, as a function 
of SCET, in the region of 
small satellite and ring ab- 
sorption. 
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magnetosphere strike satellites or ring mate- 
rial in orbit about Neptune, the charged 
particles may be absorbed completely, or 
they may lose so much energy that they fall 
below the energy thresholds of the CRS 
detectors. Thus, orbiting satellites and ring 
material produce absorption signatures that 
are a kind of shadow of that material in the 
energetic particle flux (10). Because charged 
particles are directed by the magnetic field, 
these signatures or shadows are cast along 
the magnetic field line direction and eventu- 
ally around the entire drift shell. The analy- 
sis of such signatures at Jupiter, Saturn, and 
Uranus has yielded important and unique 
information about the structure and dynam- 
ics of those magnetospheres. 

The close approach of Voyager 2 to Nep- 
tune provided an opportunity to observe the 
signatures of the several newly discovered 
rings and small satellites, which orbit be- 
tween 2 and 3 RN from the planet. We 
present observations of the energetic elec- 
tron flux in this region during the time 
interval from 0425 to 0455 on day 237 
(Fig. 8). These data, which provide the 
highest available time resolution, are from a 
LET detector that nominally responds to 
protons but in regions of high electron flux 
responds primarily to pileup of electrons 
with energies greater than 20 keV. Each 
data point is the number of counts in the 6-s 
accumulation time, so that statistical fluctua- 
tions occur with a standard deviation ap- 
proximately equal to the square root of the 
value. 

A broad decrease in flux from about 0428 
to 0442 is shown in Fig. 8, superimposed 
on the general trend of increasing flux in this 
region. The decrease can also be seen in the 
21-MeV electron rate at G in Fig. la. From 
about 0444 to 0447 there is another signifi- 
cant decrease, and throughout the region 
there are flux decreases of varying width and 
depth that are well above the level of statisti- 
cal fluctuations. After 0500 the flux drops 
continuously into the deep minimum associ- 

ated with absorption by 1989Nl. 
From 0430 to 0500 the s~acecraft L was 

increasing from -2 to 4. The satellites and 
rings absorb charged particles at a rate that 
is strongly peaked near their minimum L 
values, where they spend the longest time. 
The minimum L is approximately the orbital 
radius of the body, so that Fig. 8 covers the 
region of maxim- expected absorption for 
all of the inner satellites and rings. However, 
identification of the features in Fig. 8 with 
particular absorbers is complicated by their 
relative proximity and the complex magnetic 
field geometry. When the magnetic field is 
not azimuthally symmetric, the satellites will 
have multiple local minimum L values oc- 
curring at different phases in their orbits. 
For example, in the OTD magnetic field 
model the satellites (and rings) have two 
local minimum L values, associated with an 
approach to the magnetic equator when the 
dipole offset is either toward or away from 
the satellite. In the OTD model, we would 
therefore expect either two distinct absorp- 
tion features from each satellite, or one 
broad one in the case that radial diffusion 
has caused the two to merge. The two 
minima are displaced inward and outward 
from the mean orbital radius by -0.25 RN. 
The major flux decrease in Fig. 8 contains 
distinct local minima and must be the result 
of absorption by several of the satellites and 
rings. However, the width of the local fea- 
tures is less than 0.5 RN, and their spacing is 
on the order of 0.5 RN. The interpretation 
of these features will therefore require h r -  
ther analysis and modeling of the absorption 
process in the complex magnetic field. 

The interpretation of Fig. 8 is simplified 
considerably if, inside of 3 RN, the azimuth- 
al asymmetries relative to the dipole axis of 
the OTD model are small compared to the 
width of the observed absorption features 
(50.2 RN). Then the major satellite absorp- 
tion regions would be well separated, lead- 
ing to a unique ordering of the absorption 
features with radial distance. In this case, a 
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tentative identification is ~ossible for the obtained from the following detectors: C2 (high 

four major absorption labeled in gain, 23 .1  MeV, G = 11.2 cm2 sr), C3 (high g inn ,  
2 6  MeV, G = 42.4 cm2 sr), C4 (high gain, 23.1 

Fia. 8. The features M, N, and 0 would MCV. G = 20.5 cm2 sr). The counting rate data in 
1ik;ely 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. la. 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. l b  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 

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. 

T 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 dbservations of piasma 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- 

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 
(>lo0 kHz) as much as 30 days before 

closest approach (2), the plasma wave in- 
strument did not detect radio emissions at 
low frequencies (<lo0 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 diffi- 
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.   he 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 
RN = 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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