
rate gives an expression for the proton- 
trapping lifetime that balances the 
CRAND source: 

Tp = ^ Tn (8) 
Jn 

At 2.7 Rs, the proton flux above 80 
MeV is - 2 x 104 cm-2 sec-~ and the 
neutron lifetime is 13 minutes. It is pos- 
sible to calculate the neutron albedo flux 
at Saturn, but such an effort is beyond 
the scope of this report. To test the rea- 
sonability of our speculation, we merely 
write Jn as some factor F times the al- 
bedo neutron flux at Earth. The latter is 
_ 0.1 cm-2 sec-~ for neutrons above 80 

MeV (24), so we obtain, for the proton 
trapping lifetime that balances the 
CRAND source, T = - 7.5/F years. If 
F is of the order of unity, this number is 

easily compatible with the diffusive loss 
time Td. However, a more satisfying 
comparison must await a more extensive 
calculation. 
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The ultraviolet photometer on Pioneer 
Saturn covers two broad spectral regions 
(1, 2). The short-wavelength (Xs) band is 
sensitive only to emissions shortward of 
about 800 A and includes the 584-A reso- 
nance line of helium. The region of sensi- 
tivity of the long-wavelength (XL) chan- 
nel includes the hydrogen resonance line 
at 1216 A. The instrument design was 
based on the assumed dominance of hy- 
drogen and helium gases in the Jupiter 
and Saturn systems. Accordingly, the 
emission signal in the XL channel is inter- 
preted as resulting mainly from hydrogen 
emission at 1216 A, while the signal in 
the Xs channel is considered to be due to 
helium emission at 584 A and perhaps 
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other species that emit shortward of 
800 A. 
The field of view of the photometer is 

limited by a mechanical collimator 
whose optical axis is oriented at an angle 
00 = 20? with respect to the spacecraft 
spin axis. The scanning motion that re- 
sults from spacecraft rotation sweeps the 
field of view over the surface of a 40? 
cone whose vertex is on the spacecraft 
spin axis and whose axis of symmetry is 
oriented along the spin axis. The spin 
axis of the spacecraft is parallel to the 
spacecraft-Earth line. Figure 1 shows the 
trajectory of the spacecraft and the field 
of view of the photometer projected on 
the Saturn equatorial plane near the Sat- 
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Fig. 1. Viewing hy- 
perbolas in Saturn's 
equatorial plane as 
seen from above Sat- 
urn's north pole. The 
width of the hyper- 
bolas represents the 
1? cone angle width 
over which the pho- 
tometer is sensitive. 
The view in the plane TO EARTH 

of the satellite orbits 
corresponds to seven 
different spacecraft I D 242 0 \ 

positions indicated by 20 243 00 \ 
the seven hyperbolas. 3 D 244 t \ \ 

Titan is at position 1 50 244 1665 \ 

when the photometer 60 245 0 15 
Hr 

view is that indicated 
by hyperbola 1. 
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Ultraviolet Photometer Observations of the Saturnian System 

Abstract. Several interesting cloud and atmospheric features of the Saturn system 
have been observed by the long-wavelength channel of the two-channel ultraviolet 

photometer aboard the Pioneer Saturn spacecraft. Reported are observations of the 
most obvious features, including a Titan-associated cloud, a ring cloud, and the 
variation of atmospheric emission across Saturn's disk. The long-wavelength data 

for Titan suggest that a cloud of atomic hydrogen extends at least 5 Saturn radii 

along its orbit and about 1.5 Saturn radii vertically. A ring cloud, thought to be 
atomic hydrogen, has also been observed by the long-wavelength channel of the 

photometer; it shows significant enhancement in the vicinity of the B ring. Finally, 
spatially resolved observations of Saturn's disk show significant latitudinal varia- 
tion. Possible explanations of the variation include aurora or limb brightening. 
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Fig. 2 (left). Emission signals detected by the 
X, channel. The feature centered at clock \ 
angle - 210? is interpreted as resonance scat- Titan's 
tering of the solar Ly a line by atomic hydro- Cloud 

gen in an extended region of space (- 1.5 Rs) 2, _0 
centered on Titan. Fig. 3 (right). Viewing \ 
geometry for the ultraviolet photometer at 240 

1200 on day 245, as seen looking along the 
spin axis of the spacecraft. The dashed circle 
represents the field of view. The signal was observed to extend from 160? to 240? and indicates 
that the extent of Titan's cloud is - 1.5 Rs from Titan's center. 

urn encounter. As the spacecraft ap- 
proached Saturn, the photometer field of 
view swept through Titan's orbit, Sat- 
urn's rings, and across the planetary 
disk. The observed XL signals from those 
objects throughout the encounter period 
are presented below. The data are pre- 
sented as the observations were made, 
moving from the outermost feature, Ti- 
tan, to the innermost feature, Saturn. In 
all cases, the observed emissions are as- 
sumed to be due to an atomic hydrogen 
Lyman a (Ly a) glow in a tenuous atmo- 
sphere or cloud, consistent with the 
spectroscopic observation of Saturn and 
its ring system by Weiser et al. (3) and 
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Barker's identification of Ly a from the 
vicinity of Titan (4). 

Titan observations. Titan and its cloud 
were in the field of view during most of 
day 245. Emission signals were detected 
when Titan was in the center of the field 
of view (0 = 20?) on day 245 at 1400 
and 1530 Spacecraft Universal Time. 
However, the disk itself was not an obvi- 
ous feature (Fig. 2). In addition, continu- 
ous emission signals were observed from 
2300 on day 244 to 1330 on day 245, with 
the maximum emission occurring at 
about 1100 on day 245, when Titan's disk 
was about 2 Saturn radii (Rs) outside the 
field of view. For the period before 2300 

0 40 80 120 160 200 240 281 
CLOCK ANGLE (deg) 

Fig. 4. (A and B) Emission signals from the vicinity of Saturn's rings. The emission features at 
clock angles ~ 40? and - 180? are interpreted as resonance scattering of the solar Ly a line, 
suggesting a torus of atomic hydrogen. 
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on day 244, the quality of the transmitted 
data from the spacecraft was poor, and 
no useful data are available. Moreover, 
no continuous emission signals were ob- 
served from 1330 to 1700 due to back- 
ground noise. The lack of a clear signa- 
ture during these periods precludes a 
single interpretation. Short-term tempor- 
al variability of emission from a Titan-as- 
sociated cloud is one possibility, al- 
though aliasing by the time-dependent 
background noise seems a more likely 
explanation. After 1700 on day 245, the 
field of view moved away from Titan's 
orbit, and no torus-associated features 
were observed. The Titan-associated 
emissions are most likely due to the scat- 
tering of the solar hydrogen Ly a line by 
an atomic hydrogen cloud along Titan's 
orbit. These results are consistent with 
the tentative identification of a cloud by 
Barker (4), who found a properly Dop- 
pler-shifted Ly a signal while viewing 
just inside Titan's orbit with an Earth- 
orbiting ultraviolet spectrometer. The 
apparent width of the emission signal 
suggests that the vertical extent of the 
cloud is about 1.5 Rs (Figs. 2 and 3), 
and the long duration of the emission 
signals suggests that the emitted cloud 
extends at least 5 Rs from Titan's 
disk. The full extent along the orbit could 
be much greater, but the present obser- 
vations would suggest a weaker glow at 
angular distances greater than the above. 

The plasma density at Titan's orbit is 
estimated to be about 5 cm-3 or less (5). 
For corotating plasma (velocity V = 200 
km sec-l) at the radial distance of Titan, 
the lifetime of local hydrogen atoms 
against charge exchange is estimated to 
be about 107 seconds-quite large com- 
pared to the Titan's orbital period (4 x 
10' seconds). The lifetime of hydrogen 
atoms before photoionization is about 
2 x 108 seconds, which is longer than 
the lifetime before charge exchange by a 
factor of 20. Thus Titan's apparent hy- 
drogen cloud would be expected to form 
a complete torus, and indeed, emission 
has been detected - 5 Rs from Titan and 
along its orbit, but the limited amount of 
data preclude a more definitive state- 
ment on the spatial extent of the cloud. 
Furthermore, the brightness of the ob- 
servable source has not yet been deter- 
mined because of a sensitivity change in 
the XL channel during the encounter with 
the Saturn system. 

Ring emission. Several Saturn radii 
outside the A ring, there is a weak glow 
that may be associated with the ring 
atomic hydrogen. The glow is brighter 
near the rings, suggesting that they are a 

significant source of atomic hydrogen. 
The glow does not seem uniform in the 
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vicinity of the rings; it is brightest near 
the B ring. This lack of uniformity sug- 
gests that the particles leaving the rings 
have low kinetic energy, and continue 
to orbit Saturn at distances not too 
different from those at which they 
were formed. Photodissociation of H20 
has a significant cross section for pro- 
ducing ground-state atomic hydrogen 
and electronically excited OH (6). Not 
all absorption processes will result in 
low-energy hydrogen, however, and 
this may account for the relatively 
weak extended glow. In the present dis- 
cussion we report only the clearly ob- 
served B ring observations. 

The most obvious emission signals 
from the vicinity of the ring plane were 
observed beginning at 1520, when the 
spacecraft was about 0.65 AU from the 
inner edge of the B ring. Prior to this, the 
signal-to-noise ratio was less than 1, the 
noise being about 4 count/sec in this peri- 
od. The signal intensity increased as the 
spacecraft approached the B ring (Fig. 
4). 

The signals before 1600 were at clock 
angles from 120? to 240?, where the field 
of view crosses the inner portion of the 
ring plane and its vicinity. The observed 
signals were centered at 180?, suggesting 
that the region of maximum intensity is 
about 0.2 Rs under the B ring plane 
(Fig. 5). However, only the weak back- 
ground signals were detected at - 300?, 
where the field of view crosses the 
outer portion of the A ring plane. 

At 1600 and later, the spacecraft flew 
very close to the B ring and was under its 
inner edge. Not only did the signal in- 
tensity increase significantly, the signals 
from the B ring were resolved into two 
sectors, one at a clock angle of - 40? and 
another at - 180?. These observations 
are consistent with arguments that the 
emissions are from the region close to 
the B ring and with a vertical extent 
of - 0.4 Rs (Fig. 6). 

Strong Ly a radiation from Saturn's 
vicinity has been observed from a rock- 
et-borne spectrograph (3). Our measure- 
ments confirmed the presence of such ra- 
diation and provided spatial resolution 
not possible in the sounding rocket ob- 
servations. Moreover, our results show 
that the most intense emissions probably 
result from resonance scattering of the 
solar Ly a line by atomic hydrogen in the 
vicinity of the B ring plane. Likely pro- 
cesses for producing atomic hydrogen 
from the ring material are (i) neutral- 
ization of the Saturn photoelectron-ion 
flux flowing out along magnetic field lines 
(7) and (ii) photodissociation of the water 
ice molecules on the surface of the ring 
materials (8). The presence of the most 
25 JANUARY 1980 

intense hydrogen emissions near the B 
ring may result from an enhanced hydro- 
gen source associated with the relatively 
high opacity of the B ring. 

As mentioned earlier, it has been sug- 
gested that the ion flux from Saturn's 
ionosphere could be neutralized on the 
ring material and then thermally escape 
to produce atomic hydrogen in its vicin- 
ity (7). However, since the crystal-bind- 
ing energy of water molecules in the ice 
mantle is low (9), and since protons and 

DAY 244 15.5 HR 

electrons can react chemically with wa- 
ter molecules (10, 11), the ionospheric 
particles can remove and dissociate 
these molecules from the ice mantle. 
Such a process may be much more im- 
portant than neutralization followed by 
thermal escape, but no definitive results 
are available. Cheng and Lanzerotti (12) 
have considered the possible "sputter- 
ing" effect of the ring particles at the out- 
er edge of the A ring by the trapped ener- 
getic protons in Saturn's magnetosphere. 

DAY 244 16.0 HR 

r Edge 
Ring 

Fig. 5 (left). Viewing geometry for the ultraviolet photometer at 1530 on day 244, as seen along 
the spin axis of the spacecraft. The field of view (0 = 20?) crosses the ring plane at clock angles 
- 150? and 345?. Fig. 6 (right). Viewing geometry for the photometer at 1600 on day 244, as 
seen looking along the spin axis of the spacecraft. The field of view now crosses the inner edge 
of B ring at clock angles - 80? and 135?. The observed emission features at clock angles - 40? 
and 180? suggest an extensive hydrogen cloud in the vicinity of the B ring plane. 

DAY 244 12.5 HR 

Fig. 7. Portion of Saturn's 
disk in the field of view at 
1230 on day 244. 

Fig. 8. Emission signals detected 
in the XL channel from Saturn's 
disk. The enhancement of the 
emission signal at small and large 
clock angles corresponds to a 
slowly changing background sig- 
nal. 
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However, such processes should pro- 
duce a hydrogen cloud with a radius 
larger than 2.5 Rs and therefore could 
not account for the observed B ring 
emission. 

Saturn emission. The ultraviolet pho- 
tometer scanned across Saturn's disk 
during the period from 1000 to 1400 on 
day 244, when the spacecraft was about 
7.2 to 3.5 Rs from Saturn. During this pe- 
riod, the equatorial region of Saturn's 
disk was in the field of view at a clock 
angle of- 170?, and the whole disk sub- 
tended an angle that varied from 30? to 
60? (Fig. 7). The observations show Sat- 
urn emissions with a strong latitudinal 
variation superimposed on a slowly 
varying background (Fig. 8). The emis- 
sions around Saturn's polar regions 
appear stronger than the emission from 
the equatorial region. This variation 
could result from limb brightening of Sat- 
urn's disk or auroral emission due to par- 
ticle precipitation in Saturn's atmo- 
sphere. 

Possible emissions due to helium and 
perhaps atomic ions have also been de- 
tected. However, due to high back- 
ground noise in our short-wavelength 
channel, these emissions cannot be posi- 
tively identified without further data 
analysis. In addition, photochemical and 
radiative transfer calculations for Sat- 

However, such processes should pro- 
duce a hydrogen cloud with a radius 
larger than 2.5 Rs and therefore could 
not account for the observed B ring 
emission. 

Saturn emission. The ultraviolet pho- 
tometer scanned across Saturn's disk 
during the period from 1000 to 1400 on 
day 244, when the spacecraft was about 
7.2 to 3.5 Rs from Saturn. During this pe- 
riod, the equatorial region of Saturn's 
disk was in the field of view at a clock 
angle of- 170?, and the whole disk sub- 
tended an angle that varied from 30? to 
60? (Fig. 7). The observations show Sat- 
urn emissions with a strong latitudinal 
variation superimposed on a slowly 
varying background (Fig. 8). The emis- 
sions around Saturn's polar regions 
appear stronger than the emission from 
the equatorial region. This variation 
could result from limb brightening of Sat- 
urn's disk or auroral emission due to par- 
ticle precipitation in Saturn's atmo- 
sphere. 

Possible emissions due to helium and 
perhaps atomic ions have also been de- 
tected. However, due to high back- 
ground noise in our short-wavelength 
channel, these emissions cannot be posi- 
tively identified without further data 
analysis. In addition, photochemical and 
radiative transfer calculations for Sat- 

urn's atmosphere are required to proper- 
ly interpret the long- and short-wave- 
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Imaging Photopolarimeter on Pioneer Saturn 

Abstract. An imaging photopolarimeter aboard Pioneer 11, including a 2.5-cen- 
timeter telescope, was used for 2 weeks continuously in August and September 1979 

for imaging, photometry, and polarimetry observations of Saturn, its rings, and Ti- 
tan. A new ring of optical depth < 2 x 10-3 was discovered at 2.33 Saturn radii and 
is provisionally named the F ring; it is separated from the A ring by the provisionally 
named Pioneer division. A division between the B and C rings, a gap near the center 

of the Cassini division, and detail in the A, B, and C rings have been seen; the nomen- 
clature of divisions and gaps is redefined. The width of the Encke gap is 876 ? 35 kilo- 
meters. The intensity profile and colors are given for the light transmitted by the 

rings. A mean particle size c 15 meters is indicated; this estimate is model- 

dependent. The D ring was not seen in any viewing geometry and its existence is 

doubtful. A satellite, 1979 S 1, was found at 2.53 ? 0.01 Saturn radii; the same object 
was observed - 16 hours later by other experiments on Pioneer 11. The equatorial 
radius of Saturn is 60,000 ? 500 kilometers, and the ratio of the polar to the equa- 
torial radius is 0.912 + 0.006. A sample of polarimetric data is compared with mod- 
els of the vertical structure of Saturn's atmosphere. The variation of the polarization 
from the center of the disk to the limb in blue light at 88? phase indicates that the 
density of cloud particles decreases as a function of altitude with a scale height 
about one-fourth that of the gas. The pressure level at which an optical depth of I is 
reached in the clouds depends on the single-scattering polarizing properties of the 
clouds; a value similar to thatfound for the Jovian clouds yields an optical depth of I 
at about 750 millibars. 
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a pointable telescope with an aperture of 
2.5 cm that utilizes the spin motion of the 
spacecraft to scan across an object. It 
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were published for Pioneer 10 (1) and 
they are essentially the same for Pioneer 
11 (2). A detailed description of the po- 
larimeter has been published (3); the re- 
sults for Jupiter and interplanetary parti- 
cles have been overviewed and are refer- 
enced in (4). Our Saturn flyby operations 
have been described (5). Geometric 
characteristics of our spin-scan imaging 
data will be discussed in detail elsewhere 
(6). 

After 61/2 years in space, including the 
active operations during the flyby of Ju- 
piter, the instrument performed remark- 
ably well during the encounter with Sat- 
urn. Irregularities in the stepping of the 
telescope (2) occurred, but nearly all the 
images can be restored. The aperture 
wheel, which is the other moving com- 
ponent in this instrument, has functioned 
almost perfectly. No appreciable degra- 
dation has been seen during the Saturn 
encounter in Channeltron detector sensi- 
tivity or in optical transmission; we have 
not noticed any effects of Saturn's par- 
ticle radiation. 

Our inventory of data is shown in 
Table 1. The total number of Saturn im- 
ages (0.03? aperture) is 440, and 40 of 
these have a resolution better than the 
best resolution of ground-based observa- 
tions (taken as 1200 km); in terms of pix- 
el width, the highest resolution we at- 
tained on Saturn was 90 km. For Titan 
there are five images with a resolution of 

180 km. 
The Pioneer image converter system 

(PICS), designed and built at the Univer- 
sity of Arizona, was located at Ames Re- 
search Center; it allowed the observing 
team to monitor the imaging data as well 
as the instrument's operation for sub- 

sequent modification of commands to the 
IPP. The PICS converted the imaging 
data to color television signals for na- 
tionwide programs of the Public Broad- 
casting System. 

Figure 1 shows a full view of the Sat- 
urn system. The rings are seen in scat- 
tered light; this is different from the view 
from Earth, where the rings are usually 
seen in reflected light. During the flyby 
the sun illuminated the south side of the 
rings at a small angle (- 3?) from the ring 
plane. Pioneer 11 approached from the 
north on its long transfer trajectory from 
Jupiter, which had carried it 1.1 AU out 
of the ecliptic plane, and the planet was 
observed from the north except between 
the times of the ring plane crossings (+ 2 
hours from the time of closest approach 
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on 1 September 1979). When seen in 
scattered light, a ring or a division may 
be dark because of either large or small 
optical depth (r). A bright ring in scat- 
tered light implies an intermediate opti- 
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