Extreme Ultraviolet Observations from Voyager 1

Encounter with Jupiter

Abstract. Observations of the optical extreme ultraviolet spectrum of the Jupiter
planetary system during the Voyager | encounter have revealed previously unde-
tected physical processes of significant proportions. Bright emission lines of S III, S
1V, and O I indicating an electron temperature of 10°> K have been identified in
preliminary analyses of the lo plasma torus spectrum. Strong auroral atomic and
molecular hydrogen emissions have been observed in the polar regions of Jupiter
near magnetic field lines that map the torus into the atmosphere of Jupiter. The
observed resonance scattering of solar hydrogen Lyman a by the atmosphere of
Jupiter and the solar occultation experiment suggest a hot thermosphere (= 1000 K)
with a large atomic hydrogen abundance. A stellar occultation by Ganymede in-
dicates that its atmosphere is at most an exosphere.

The two Voyager spacecraft carry ul-
traviolet (UV) spectrometers designed to
observe planetary atmospheres in the re-
gion 500 to 1700 A (/). Observations of
the Jupiter system with Voyager 1 began
in early January 1979. The early spectra
contain a spectacular mix of radiation
from ionized and neutral atoms and
molecules. Many of the physical pro-
cesses implied by the observations are
startling and carry implications that go
far beyond expectations based on pre-
vious studies. The results reported here
emphasize the many complex physical
processes controlling the extended atmo-
sphere and magnetosphere. The ob-
served emissions are due to solar reso-
nance scattering and particle impact in
the Jupiter atmosphere and to high-tem-
perature plasma processes in a plasma
torus at the orbit of Io and in the mag-
netosphere extending out to the bow
shock region. Although not all of the sig-
nificant results are presented here, it is
clear that the Voyager extreme ultravio-
let (EUV) instruments have made signifi-
cant discoveries related to both the up-
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Fig. 1. The data points show the measured in-
tensity of the 685-A feature as a function of
distance from Jupiter measured in the orbital
plane of the satellites. A model torus used to
fit the data is shown to scale above the data;
the intensity predicted by this model is shown
by the solid line. Other observations show in-
tensities at eastern and western elongation
points differing by a factor of up to 2.
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per atmosphere and the magnetosphere
of the planetary system. The pre-en-
counter observations have, in fact, pro-
vided the first observations of optical ef-
fects in the vicinity of the bow shock and
magnetopause, opening a new area of
study of the bow shock and magneto-
spheric processes. Spectra of the extend-
ed planetary system will be presented in
forthcoming publications.

Bright emission lines in the vicinity of
685 and 833 A appeared prominently in
the spectrum of the Jupiter system on the
first day of observation at a range of
about 1 AU. Subsequent observations
have defined the spatial distribution of
the emitters as approximating a torus at
the orbital distance of Io. The presence
of bright emission features at this energy
marks the discovery of a high-temper-
ature plasma. Less energetic phenomena
involving Na I and S II have been known
for some time (2). The emitters identified
to date are S III, S IV, and O III.

The spatial extent of the plasma torus
has been defined by scanning the Jupiter
system with the spectrometer slit orient-
ed both parallel to and approximately
perpendicular to the plane of the satellite
orbits. The intensity of the 685-A feature
as a function of position in the satellite
plane is shown in Fig. 1. The size and
shape of the torus have been estimated
by adjusting a crude model of it to obtain
an acceptable fit to the data. This model
consists of a toroidal cloud of uniform
density with a radius of symmetry of
5.9 + 0.3 Jupiter radii (R)) and a cross-
sectional radius of 1 # 0.3 R,. The
plasma torus is centered on the magnetic
equatorial plane and, therefore, moves
up and down relative to the orbit of Io by
the dipole offset angle of 10°. The excur-
sion of Io above and below the magnetic
equatorial plane, 1 R;, is the same as the
observed vertical extent of the torus. It
is reasonable to consider Io as a source,
filling a volume of the magnetosphere
with the emitting species. The ions are
confined near the magnetic equatorial

plane because the pitch angle of a newly
ionized atom is near 90°.

A typical spectrum from the plasma
torus is shown in Fig. 2. The brightness
of the features vary with time by as much
as a factor of 2 with no apparent relation-
ship to the position of Io. Although the
major emission features of the torus are
always present, the spectral content of
data obtained at different times and at
different positions also varies.

Model calculations, assuming an opti-
cally thin plasma in collisional ionization
equilibrium, account for the major emis-
sion features of Fig. 2, with an appropri-
ate mixture of S III, STV, and O I1I. The
spectra contain additional weaker emis-
sions not yet identified. The relative
brightness of the S III and S IV lines in
the spectrum indicates a thermal elec-
tron temperature of 10> K. The strong
multiplets of S III, 700 A (3p? *P-3d PY),
683 A (3p23P-45*P%), and 680 A (3p? *P-
3d 3D%), dominate the feature at about
685 A in the observed spectrum, with a
contribution from the O III multiplet at
703 A (2p? 3P-2p® 3P°). The S 111 1020 A
(3p? 3P-3p?® 3P% transitions account for
the feature at 1020 A. The S IV multiplet
(3p *P-3p? 3D) is the feature at 1070 A,
and other S IV multiplets make a small
contribution to the blend of lines around
685 A. The prominent feature at 833 A
contains a blend of S IIT and S IV lines at
825 and 836 A and O III at 834 A. The
relative brightness of the lines contrib-
uting to the 833-A feature appears to be
variable, but analysis of this particular
spectrum suggests that the O III transi-
tion is dominant. The spectrum shows no
indication of the prominent 539-A transi-
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Fig. 2. Spectrum of the radiation from the
plasma torus at elongation; sky background
and instrumental scattering have been re-
moved. Some lines of identified species are in-
dicated in the spectrum. The feature at 685 A
is dominated by S III and has a brightness of
200 R.
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tion of O II or the 554- and 608-A transi-
tions of O IV, suggesting low relative
populations of these species. The weak-
ness of the O IT and O TV transitions is
another indication of a plasma electron
temperature near 10° K. Charge neutral-
ity in the model requires a minimum
electron density of N, =2100 cm3. On
that basis we estimate [S III] =95 cm™3,
[S IV]=55 cm™, and [O III] =850
cm™?. If the preliminary electron density
estimates obtained from plasma frequen-
¢y measurements by Warwick et al. (3)
are correct, the implication of the EUV
observations is that oxygen and sulfur
are the dominant species in the plasma
torus. However, because of the ob-
served temporal variations in the radia-
tion from the torus, the electron density
measured in situ may not represent the
average conditions of the plasma in-
ferred from the UV spectrometer obser-
vations. A different electron density
could permit the presence of additional
ionized species to be consistent with the
UV data.

On the basis of these calculations, the
radiative cooling rate of the torus due to
S TIT emission alone amounts to ~7 X
10" W. We conservatively estimate the
total radiative cooling rate due to all spe-
cies at ~2 X 102 W. Energy must be
continually supplied to the torus at least
at this rate. A possible energy source
mechanism is discussed below.

In view of the spatial distribution of
the torus and the suggestive surface
properties and volcanic activity of Io, it
seems reasonable to assume that the sat-
ellite is the dominant source of particles
for the plasma. Neutral particles entering
the torus under the model conditions de-
scribed above are ionized with a proba-
bility of ~1.5 X 107% sec™! by the plasma
electrons. The ions are accelerated by
Jupiter’s magnetic field to a relative
speed of 56 km/sec. The ion acquires a
guiding center drift equal to the magnetic
field corotation rate and a gyrospeed
around the guiding center equal to the
corotation speed in the Io frame of refer-
ence (4). Sulfur and oxygen ions acquire
520 and 260 eV, respectively, from the
magnetic field. This energy is available
for heating the electrons and for further
ionization to the equilibrium condition.
If we assume this mechanism is the
dominant energy source, the radiative
loss rate given above requires the in-
troduction and loss of ~1.4 X 107 sul-
fur ions per cubic centimeter per second.
This implies a lifetime of 10¢ seconds and
requires that Io supply a sulfur and oxy-
gen ion flux of ~10 cm~2 sec™! (5).

Callisto. The airglow observations at
closest approach to the satellites were
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Fig. 3. Relative intensity versus altitude,
showing atmospheric absorption during the
solar occultation experiment. The reference
altitude is arbitrary and the scales are linear.
Altitude displacement of the light curves in-
dicates a hot hydrogen upper atmosphere.
(Curve 1) 600 to 800 A; (curve 2) 900 to
1150 A; (curve 3) 1425 to 1675 A.

designed to measure the scale height of a
gravitationally bound atmosphere. The
emission observed is assumed to arise
from resonance scattering of sunlight or
particle impact excitation. The in-
strument is sensitive to emission from
most atomic species, including oxygen,
helium, and hydrogen. Preliminary anal-
ysis indicates no measurable emission in
the range 500 to 1700 A. An upper limit
to the surface density of O I at 5 x 108
cm™ has been estimated from a calcu-
lation of solar resonance scattering. An
upper limiit for the He density of 8 x 10*
cm™ has been estimated on the same
basis. The measurement of atomic hy-
drogen emission is complicated by un-
certainties in the contribution of the
background signal and a meaningful esti-
mate awaits further analysis.
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Fig. 4. Spectrum of emission from the circum-
polar auroral regions on Jupiter. The Ly « line
is artificially enhanced over the auroral spec-
trum by resonance scattering of solar Ly « be-
cause at this time the auroral zone is smaller
than the field of view. The emiission in the
wavelength range 900 to 1130 A is from H,
Lyman and Werner bands, as indicated.

Ganymede. The UV spectrometer ob-
served the moderately bright UV star
Kappa Centauri as it was occulted by
Ganymede. A stellar radiation source is
limited to wavelengths longer than the
hydrogen absorption edge at 912 A, and
therefore the observation with our in-
strument is only applicable to atmo-
spheric constituents that have an appre-
ciable absorption cross section between
912 and 1700 A, such as 0,, H,0, CO,,
and CH,. No signature in the recorded
stellar spectrum was attributable to ex-
tinction of the stellar radiation by an at-
mospheric constituent of the satellite.
We believe that a 10 percent extinction
of the source intensity would have been
detectable. This allows us to place an up-
per limit of 6 X 108 cm~ on the surface
density of any appropriate atmospheric
constituent. This upper limit of 1078
mbar is much lower than the measure-
ment reported by Carlson et al. (6) of an
atmosphere with a surface pressure of at
least 1073 mbar.

Jupiter’'s atmosphere. Use of the sun
as the radiation source to probe a plan-
etary or satellite atmosphere has an ad-
vantage over the use of a stellar source,
as described above for Ganymede. The
sun has emission throughout the spectral
range, 500 to 1700 A, of our instrument.
The spectral range from 500 to 900 A is
particularly useful since all common at-
mospheric gases or their photochemical
products have large absorption cross
sections within it (7, 8). In the case of
Jupiter, the dominant absorbers through-
out the spectral region are already
known and are given in detail in the ex-
periment description by Broadfoot et al.
(1). The experiment was successful, as
explained below, but further analysis
will require extensive modeling.

The light curves in Fig. 3 represent
three regions of the spectrum in which
we expect absorption by three or four
different  atmospheric  constituents.
Curve 1 is a summation of intensity over
the spectral range 600 to 800 A domi-
nated by H, absorption. Curve 2 shows
the CH, absorption region, 900 to 1150
A. Finally, curve 3 represents the region
1425 to 1675 A, where we expect a com-
bination of C,H, and C,H, to be most ef-
fective. The apparent size of the sun as
an atmospheric probe at the limb of the
planet is also shown. The angular size of
the sun is large and controls the slope of
the attenuation to a great extent. The al-
titude shift between the light curves is
the signature of most interest. The struc-
ture that is evident in the upper parts of
the curves involves the details of ex-
tinction. The lower sections of the
curves, where the slopes are similar,
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show the strong effect of the absorption
characteristics of the gas. In the experi-
ment description (/) we showed altitude
differences of about 200 km in these rep-
resentative spectral regions. In Fig. 3,
one has the impression that there are dif-
ferences of 1000 km between the H, and
CH, regions and 350 km between the
lower two regions. This observation
alone implies a much more extensive al-
titude distribution than our reference
model (/). We suggest a thermospheric
temperature greater than 1000 K. This is
consistent with our preliminary analysis
of the resonance-scattered disk in-
tensity, discussed below.

The scale height and identification of
the absorbers can be obtained from this
experiment. Just as there are shifts in the
light curves over the broad spectral re-
gions shown in Fig. 3, similar but smaller
shifts will be evident in narrower wave-
length bands within the wavelength re-
gion dominated by a single absorber. The
higher degree of differentiation provided
by greater wavelength resolution in the
data is expected to result in estimates of
the constituent scale heights.

The prominent UV radiation from the
atmosphere of Jupiter can be divided in-
to two categories: (i) disk emission,
which is predominantly resonance-scat-
tered solar hydrogen Lyman «a (Ly «)
emission, and (ii) auroral emission,
which is concentrated in the polar re-
gions, excited by high-energy particle
precipitation along the magnetic field
lines. Figure 4 shows a spectrum with
the characteristic features of both cate-
gories. The strong disk and auroral fea-
ture at 1216 A, which runs off scale, is
the hydrogen Ly « line. The H, band
emission between 900 and 1130 A is
characteristic of the auroral region. Fig-
ure 5 shows the relative intensity of both
of these features across the disk. The ge-
ometry of the observation is illustrated
on the right side of Fig. 5; the slit is tan-
gent to the pole and moves slowly from
pole to pole. The Ly « intensity profile
shows an auroral enhancement at the
poles and a disk brightness that increases
toward the center. The H, emission in
the region 900 to 1130 A is also shown;
strong emission was present only in the
aurora near the poles.

A better data set representative of the
Ly « intensity variation over the disk is
shown in Fig. 6. Since the dark side of
the planet radiates less than 700
rayleighs (R), which limits the intensity
due to particle precipitation over the
planet, we conclude that the measured
disk emission of up to 20 kR is pre-
dominantly resonance-scattered sun-
light. Preliminary calculations support
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Fig. 5. Intensity variations in two wavelength
bands that include auroral emissions define
the position of Jupiter’s auroral zones near
the poles, but clearly distinct from the polar
limbs. The width of the auroral zone in the
meridian plane is significantly less than the
7000-km width of the projected spectrometer
slit.

this conclusion. Detailed radiative trans-
fer calculations (9) for a variety of ther-
mospheric models indicate that the Ly «
brightness measured here requires a
thermospheric temperature = 1000 K, an
eddy diffusion coefficient K < 10% cm?
sec, and a hydrogen column density
above the CH, turbopause = 10'8 cm™2.
These values are in contrast to K ~ 3 X
107 cm?sec and lower hydrogen den-
sities implied by Pioneer 10 UV pho-
tometer data (/0). The computed center-
to-limb variation is proportional to the
cosine of the solar zenith angle out to
60°, in agreement with the observed vari-
ation in Fig. 6. The solar Ly « flux at 1
AU at the time of encounter was as-
sumed to be 3.75 X 10! photons per
square centimeter per second (//), the
value used to analyze Pioneer Venus UV
data (/2). An upper limit on the intensity
of He (584 A) radiation of 0.1 R is sug-
gested by the disk spectra analyzed to

H Ly« DISK INTENSITY

20} T T -
~ a
%] = < |
(%2 (@ -
wl N O
E 10 v u .
I a0} o
O - oD D -
& >
s} 0 ] L ] ] ]
-40 0 40

LONGITUDE (deg)

Fig. 6. Variation of the resonance-scattered
hydrogen Ly « intensity with position on the
planet. The curved line shows a cosine depen-
dence about the subsolar point; S/C denotes
spacecraft.

date. The absence of a detectable He
emission is compatible with the thermo-
spheric structure deduced from the Ly «
brightness. The remarkable difference
between the Voyager and Pioneer 10 UV
measurements may reflect substantial
variability in Jupiter’s thermosphere in
response to solar activity or interaction
with the magnetosphere and Io’s plasma
torus, or both.

The auroral spectrum (Fig. 4) has fea-
tures that will prove to be useful atmo-
spheric diagnostic signatures, although
the detailed analysis is beyond the scope
of this report. The relative intensities of
the He, H, and H, bands, due to impact
excitation, are well known. In particular,
the data suggest that emissions from He,
H,, and H are modified by absorption
along the path to the spacecraft. We ex-
pect to determine the number density of
both H and H, along the path to the au-
roral emission source deep in the atmo-
sphere.

The location of the auroral emission at
about 65° latitude is consistent with the
mapping of [o’s plasma torus into the at-
mosphere along the magnetic field. This
fact, taken with the absence of com-
parable auroral excitation elsewhere,
suggests that the plasma torus may play
akey role in determining the morphology
of the auroral regions. The north-south
asymmetry in auroral intensity may be
related to the differing field strengths at
the northern and southern ends of the
field lines threading the torus. Since
these bright auroral regions around the
poles include the expected locations of
the foot of Io’s flux tube (/3), they would
tend to obscure the presence of any
strong localized atmosphere-magneto-
sphere interaction due to the flux tube.
At the time of this observation, the pre-
dicted location of the foot of Io’s flux
tube was on the far side of the planet.

Discussion. A comparison of the pic-
ture of the Jovian system presented here
with that based on the Pioneer 10 UV
photometer observations shows two gen-
eral areas of marked contrast; the disk
brightness of Jupiter and the intensity of
the emission from the plasma torus. Be-
cause of the remarkable differences in
both of these areas, we conclude that the
Jupiter-Io environment has changed sig-
nificantly since December 1973. The ob-
served differences are so spectacularly
large that this conclusion does not re-
quire a detailed comparison of the two
instruments, their calibrations, or the ob-
serving geometry. The primary UV ob-
servations of Jupiter from Pioneer 10
were taken about 46 R; from the planet.
The Voyager UV spectrometers had a
similar viewing geometry at 460 R; (33
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days before encounter). The spatial reso-
lution would allow either instrument to
separate the orbital and planetary emis-
sions. In interpreting the Pioneer 10 UV
observations, Carlson and Judge (/0) as-
sumed that all of the signal in the long-
wavelength channel when Jupiter was in
the field was due to hydrogen Ly a.
Based on this assumption, the disk-aver-
aged brightness was 400 R. The Voyager
UV spectrometer measurement of hy-
drogen Ly « radiation was 14 kR aver-
aged over the disk, a factor of 35 greater
than the Pioneer 10 value. With the elon-
gation point of Io’s orbit in the field of
view of the Pioneer 10 UV photometer, a
signal in the long-wavelength channel
was interpreted as 300 R of Ly a. No
measurable emission was recorded in the
short-wavelength channel (200 to 800 A).
The Voyager UV spectrometers record-
ed as much as 200 R in a single feature at
685 A in the torus. This emission would
have resulted in a prominent signal in
both the UV photometer channels of Pio-
neer 10. We are satisfied that the Jupiter-
Io system has undergone a major change
since the Pioneer 10 encounter.

The results suggest that a high-temper-
ature plasma torus was not present dur-
ing the Pioneer 10 encounter in 1973 and
that auroral activity was probably at a
low level. These observations are con-
sistent with a relationship between the
presence of the plasma torus and auroral
activity in the atmosphere of Jupiter, as
suggested above.

Other evidence for major temporal
changes in the Jupiter spectrum is found
in the various measurements of hydro-
gen Ly « emission. The differences
among these measurements appear to
go beyond experimental uncertainties.
Measurements from the Copernicus sat-
ellite (/4) and earlier rocket measure-
ments (/5) range from 1.2 to 4 kR. More
recent rocket measurements (/6) (1 De-
cember 1978) produced a disk-averaged
brightness of 13 kR. A measurement
with the International Ultraviolet Ex-
plorer Instrument (/6) on 9 December
1978 provided a subsolar brightness (av-
eraged over 11 x 23 arc-seconds) of 12
to 14 kR, in substantial agreement with
the Voyager UV spectrometer observa-
tions. Apparent variations in UV plan-
etary albedo have also been recorded in
earlier work (/7).

It is clear that continuing Earth-based
observations are necessary to aid our un-
derstanding the variability of the plan-
etary system. Periodic observations of
the Jupiter disk and polar auroral regions
in H and H, emission are recommended,
along with UV albedo measurements at
longer wavelengths. The Io plasma torus

is of special interest and attempts should
be made to observe some of the emission
characteristics of the higher-temperature
components. The Voyager UV spec-
trometer data base on the torus will ulti-
mately span a period of a least 2 years.
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Magnetic Field Studies at Jupiter by Voyager 1:

Preliminary Results

Abstract. Results obtained by the Goddard Space Flight Center magnetometers on
Voyager | are described. These results concern the large-scale configuration of the
Jovian bow shock and magnetopause, and the magnetic field in both the inner and
outer magnetosphere. There is evidence that a magnetic tail extending away from
the planet on the nightside is formed by the solar wind-Jovian field interaction. This
is much like Earth’s magnetosphere but is a new configuration for Jupiter’s magneto-
sphere not previously considered from earlier Pioneer data. We report on the analy-
sis and interpretation of magnetic field perturbations associated with intense electri-
cal currents (approximately 5 x 10% amperes) flowing near or in the magnetic flux
tube linking Jupiter with the satellite Io and induced by the relative motion between
lo and the corotating Jovian magnetosphere. These currents may be an important
source of heating the ionosphere and interior of lo through Joule dissipation.

The Voyager magnetic field experi-
ment consists of dual low field (LFM)
and high field (HFM) triaxial fluxgate
magnetometer sensors and associated
electronics with extensive redundancy
for high reliability as well as correction
for the spacecraft’s magnetic field (/).
One LFM is located at the tip of a 13-m
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boom; the other is mounted 5.6 m in-
board. The total weight of the sensors
plus electronics, including the two HFM
instruments, is 5.6 kg, and the power re-
quired is 2.2 W. During encounter, the
LFM’s automatically ranged through
seven (of eight possible) scales for maxi-
mum sensitivity [+ 8.8 nanoteslas (nT)
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