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PREFACE

Interpretation of extended-atmosphere data for the
sodium cloud of To and the hydrogen torus of Titan is
performed using highly developed numerical models. The
construction of a model to interpret data for dust and
gaseous atmospheres of comets has also been undertaken.

Of particular importance in the Io related modeling have
been the discovery and model verification of solar radia-
tion pressure as the mechanism to explain certain east-west
asymmetries observed in the sodium cloud. Other sodium
modeling has placed emphasis upon understanding the sodium
line profile data and the interaction of the sodium cloud
with the newly discovered hot Io plasma torus. For Titan,
updated models of its hydrogen torus are presented and are
in agreement with both earth-orbiting measurements of the
Copernicus satellite and the moré recent data acquired by
the Pioneer.ll spacecraft.

The successful modeling of the Io sodium data provides
a valuable framework for understanding the local atmosphere
of the satellite and its influence and interrelation with
the Jovian magnetosphere, particularly with the Io plasma
torus. The models for Titan provide a similar framework
for the Saturn system, which will increase in importance as
the Voyager 1 spacecraft encounters the planet later this
year. Cometary modeling, under development, will upon com-

pletion provide a support base for the NASA mission to Halley.

(1i)



Results from modeling sodium data, in addition to the
discovery of the sélar radiation pressure mechanism, have
been obtained through line profile studies. These studies
suggest that the relative motion of the‘planetary magneto-
sphere past Io may provide a Jovian magnetospheric wind
mechanism for escape of high speed sodium atoms from the
local satellite atmosphere. Comparisons of ground-based
sodium data and Voyager 1 plasma torus data have shown
promise, upon further analysis, of providing useful cén—
straints for the plasma and energy balance mechanisms in
the torus. Model results for Titan show that the hydrogen
torus is complete and has a Lyman-o intensity near the
elongation points of the satellite orbit of order 200 Ray-
leighs. Such a torus should be easily detected by the UV

instrument aboard the Voyager spacecrafts.
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CHAPTER I

INTRODUCTION

Interest in understanding the atmospheres of the outer
satellites, thelr extended nature and their planeﬁary inter-
actions, has grown significantly in the last décade. Major
contributions have been made by both earth-based astronomy
and spacecraft measurements. In 1979, the encounters of
Voyager 1 and Vovager 2 spacecrafts with Jupiter provided a
vast new source of data for the Galilean satellités, while
the encounter of the Pioneer 11 spacecraft with Saturn
obtained new and important information for Titan. Future
encounters of Vovager with Saturn, the visit to Jupiter of
the Galileo spacecraft, and strong earth-based observational
programs will continue to provide fresh data and new insights.

Research efforts reported summarize results of our
second year of wodeling the extended atmospheres of Lhe
outer satellites. Modeling emphasis this year has been
focused primarily upon understanding and interpretation of
(1) data characterizing the extended sodium atmosphere of
Io and its interactions with the.Jovian magnetosphere and
(2) data describing the extended hydrogen atmosphere of
Titan. New results from Voyager and Pioneer 11 have been
incorporated. In addition to this, a new comet research
effort has been initiated. The first phase of developing
models for interpretative ahalysis of the extended dust and
gaseous atmospheres-of comets has been completed and the

second phase is currently in progress.
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This' past year, spacecraft explorations coordinated
with ground~based observations have been of particular
importance in advancing our knowledge of the atmosphere
and the magnetospheric environment of the Galilean satel-
lite Io. Noteworthy aré the continued earth-based obser-
vational programs for both the sodium cloud and the st
cold To plasma torus, and the Voyagér'spacecraft discovery
0f a new hot Ioc plasma torus centered on the satellite
orbit. In addition, both earth-orbiting Copernicus satel-
lite and Pioneer 11 spacecraft‘measurements of the extended
hydrogen atmosphere of Titan have beeﬁ reported.

With regard to Io's sodium cloud, the major modeling
advance this year has been the discovery of solar radiation
pressure as the mechanism responsible for certain east-west
asymmetries in the cloud. These asymmetries are observed
when cloud images are compared for diametrically opposite
satellite phase angles east and west of Jupiter. This
subject is discussed in Chapter IXI. Preliminary investi-
gation and interpretation of the line profile data for the
sodium cloud DP-line emission and initial modeling of the
interactions of the hot plasma torus and the sodium cloud
were also pursued this year. Results are presented respec-
tively in Chapter III and Chapter IV,

Models for the extended hydrogen torus of Titan, reported
last year, have been updated to reflect more recently acquired
knowledge. Both the new Pioneer 11 data and the older earth~

orbiting measurements by the Copernicus satellite have been



incorporated. These two data bases appear to be consistent
and modeling results are presented in Chapter V.

Understanding the dust and gaseous atmospheres of comets
1s a new research topic initiated the second half of this
reporting year. This effort represents a natural extension
of our previous modeling program for extended satellite
atmospheres, since the dust and neutral gas atmospheres of
comets may be treated in similar fashion. Progress in model
development is discussed in Chapter VI.

A summary of the key modeling results of each chapter
is presented in Chapter VII. A discussion of the direction
and emphasis of future research is also included in Chaptex

VIT and completes the report.



CHAPTER 11

I0'S SODIUM CLOUD: EAST-WEST ASYMMETRIES

2.1 Introduction

In this chapter attention will be restricted to refining
our current understanding of data describing the spatial dis-
tribution of the sodium cloud as a function of the satellite
phase angle. The primary emphasis will be to prbvide an
explanation for certain asymmetries observed in the cloud
when data are compared for diametrically opposite satellite
phase angles east and west of Jupiter. The spatial structure
of the cloud is determined by studying and modeling Earth-
based observations of the éolar resonance scattered emission
of sodium atoms in the D-lines.

Previous studies and meodeling efforts (Matson et al.,
1978; Smyth and McElroy, 1978) of spatial cloud data (Matson
et al., 1978; Murcray and Goody, 1978) have shown that the
dominant sodium D-line emission surrounds and precedes Io in
its orﬁit, forming an incomplete torus, approximately one-
quarter of the way around Jupiter. The most complete studf
was performed by Smyth and McElroy (1978). They concluded
that the forward sodium cloud was aligned along a cehtral
axis in the orbit plane tilted approximately 35° toward
Jupiter with respect to the line drawn through Io and tangent
to the satellite orbit, that the sodium appeared to be ejected

primarily from the inner hemisphere of the satellite with a

nean velocity of 2.6 km sec * and with an emission source



strength of 2x1025 atoms sec_l, and that the mean lifetime
of sodium cloud atcoms in the Jovian magnetosphere was between
15 and 20 hours. An illustration taken from their paper show-
ing this orientation of the sodium cloud is given in Figure 1.
These earlier modeling results indicate that the global
spatial features of the sodium cloud may, to a first épprox—
imation, be treated as a steady state cloud. Variations in
the intensity pattern of the cloud with satellite phase angle
seen on the sky plane are therefore largely due to the changing
geometric viewing perspective of the Earth-observer. Small
changes in the intensity of the cloud, occurring in a time of
order 2 hours (Trafton, 1977; Murcray and Goody, 1978), pre-
sumably represent fluctuations in magnetospheric conditions
that modulate the local jonizaton lifetime of the sodium
atoms in the steady state cloud. Other changes observed in
absolute intensity ({(Bergstralh et al., 1975; Bergstralh et
al., 1977) and more recently in the spatial distribution
Goldberé et al., 1978), when data are compared for satellite
orbital phase angles separated by 180°, suggest however that
the steady state picture of the cloud is not complete. These
types of changes are referred to as the east-west asymmetries
of the sodium cloud and imply that a time varying mechanism
is operative with a period eqﬁal to the satellite period.
During our research efforts earlier this reporting year,
solar radiation pressure wa§ identified as a mechanism to
explain the east-west asymmetries of the.sodium cloud. The

announcement of the discovery and preliminary supporting orbit



LINE OF SIGHT

Figure 1. Sodium Cloud Model. The sodium cloud shape in the satellite
plane calculated by Smyth and McElroy (1978), where density of points is
proportional to atom concentration, is compared with their simple triangular
model. An emission velocity of 2.6 km sec™l and a lifetime of 20 hours
were assumed.



calculations were published (Smyth, 1979) and are included
in the Appendix. The preliminary calculations iﬁdicate that
solar radiation pressure may explain both the east-west cloud
intensity asymmetry of Bergstralh et al. (1975, 1977) and the
intensity distribution asymmetry of Goldberg et al. (1978).
To further tes£ this hypothesis, the three-dimensional sodium
cloud model has been modified to include the inherent time
dependent effects of solar radiation pressure on the cloud
atom orbits. Model calculations including the effects are
reported here and. verify the eariier preiiminary conclusions.
To provide background information for the more complete compu-
tations reported below, a brief review of the east-west asym-
metry data and the preliminary analysis is in order.
Preliminary calculations in Pigure 2 show the envelope
of the sodium cloud both with and without the effect of solar
radiation pressure, for diametrically opposite satellite phase
angles of 55 degrees and 235 degrees. One obvious effect of
the solar radiation pressure is to tilt the forward portion
of the cloud closer to Jupiter when Io is near western elong-
ation (270 degrees) than when Io is near eastern elongation
(90 degrees). This behavior in the sodium cloud was ohserved
by Goidberg et al. (1978). Their measurements indicate that
the critical satellite phase: angle along which the forward
cloud axis is viewed to be approximately parallel to the
observer's line of sight (so that the cloud appears relatively
symmetric about Io) occurs at 65 degrees (Goldberg et al.,

1978) to 70 or 75 degrees (Goldberg, 1979) in the east and,
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Figure 2. East-West Changes in the Sodium Cloud. The solar radiation perturbed cloud shape,
indicated by the shaded area, and the unperturbed cloud shape, indicated by the dashed line,
are compared for diametrically opposite phase angles.



230 degrees (Goldberg et al., 1978) in the west. In the east
the central axis of the sodium cloud is therefore tilted only
about 15 to 25 degrees with respect to the line drawn tangent
to the satellite orbit at Io, whereas in the west the tilt
angle is about 40 degrees. Thus, both the observations and
model results of Figure 2 indicate a modulation of the tilt
angle of the central cloud axis about the steady state central
cloud axis location depicted in Figure 2.

The preliminary calculations in Figure 2 also indicate
that solar radiation pressure causes the sodium cloud to be
compressed near eastern elongation (90°) and to be expanded
near western elongation. Measurements consistent with this
behavior were reported by Bergstralh et al. {1875, 1978).

They observed the intensity of the sodium cloud as a function
of satellite phase angle through a 3 x 8 arc séc slit centered
on the satellite as depicted in Figure 3 and concluded over a
two year baseline that the measured intensity near eastern
elongation was 20-25% brighter than the intensity near western
elongation. PFigure 4 shows the data published in the first of
their two articles (Bergstralh et al., 1975), for which the

reported intensity asymmetry is closer to 50%.

2.2 Model Results: Goldberg's Phase Lag Asymmetry

Observations of Goldberg et al. (1978) and Goldberg (1979)
indicate that the projected intensity patterns of the sodium
cloud on the plane of the sky do not produce mirror images at

orbital phase angles separated by 180 degrees. Their measure-



Pigure 3. Observational S1it, The rectangular observational slit of Bergstralh et al.
(1975, 1977), centered on Io, is shown in ralationship to the sodium cloud,
the satellite orbit and the planet.
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ments show that the critical satellite phase angle for which
the central axis of the forward cloud is approximately paral-
lel to Earth-Jupiter line of sight is 65-75 degrees neaxr
eastern elongation and 230 degrees near western elongation.
There is therefore an east-west phase lag asymmetry of about
15-25 degrees. This gualitative behavior was exhibited by
the preliminary calculations shown in Figure 2 and discussed
in Section 2.1 and resulted directly from the effect of solar
radiation acceleration on the sodium cloud atoms. To obtain
guantitative evaluation, detailed three-dimensional sodium
cloud model calculationsz, modified to include the solaxr radia-—
tion acceleration, have been performed and are reported here.
Results for Io's three~dimensional sodium cloud model
illustrating the perturbing effects of solar radiation pres-
sure are given for satellite phase angles of 55 and 235 degrees
in Figure 5 and Figure 6 respectively and may be compared
directly with the simpler results of Figure 2. Model calcu-
lations assumed sodium was emitted radially from the inmer
hemisphere of To's exosphere (2600 km radius) with a velocity
of 2.6 km sec T and had a cutoff lifetime of 20 hours in the
Jovian environment. The outer contour value is 916 Rayleighs
for a surface flux of 10° atoms cm 2 sec ¥, with contours
spaced by 367 Rayleighs, increasing inward toward Io. The
results of Figure 5 and Figure 6 show that changes in the D,
intensity pattern of the sodium cloud are not very sensitive

to the illumination angle of the sun relative to the Earth-

Jupiter line of sight. The sun angle is confined to values

12



€T

SUN
ANGLE

1o°

180°

190°

I0'S SODIUM CLOUD FOR A SATELLITE PHASE ANGLE OF 55°

SOLAR RADIATION SOLAR RADIATION
ACCELERATION EXCLUDED ACCELERATION INCLUDED

v
©
0

- <@=
o <>

Figure 5. Effects of Solar Radiation Pressue in the East Cloud,
Calculated D, intensity contours of the sodium cloud are compared,
with and without the effects of solar radiation pressure,
for the indicated phase and sun angles. See text for discussiom.
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Figure 6. Effects of Solar Radiation Pressure in the West Cloud.
Same description as Figure 5.



between about 167 and 193 degrees as the Earth moves about

the Sun. For a sun angle of 180 degrees, the Earth-Jupiter
line of sight and the Sun-~Jupiter axis of Figure 2 are iden-
tical. For a satellite phase angle of 55 degrees, note that
in Figure 5 the effect of solar radiation is to rotate the
central axis of the forward elongation sodium cloud further
away from Jupiter as anticipated in the results of Figure 2.
The inner edge of the cloud {(right portion) in Figure 5 is
therefore closer to Io while the outer edge (left portion) is
extended further from Io. For a phase angle of 235 degrees,
note that in Figure 6 the solar radiation pressure has effec-
tively rotated the sodium cloud axis more toward Jupiter as
anticipated in Figure 2. The outer edge of the cloud (right
portion) in Figure 6 is therefore closer to Io while the inner
edge of the cloud (left portion) clearly reveals that the axis
of the forward elongated sodium cloud has already begun to
swing through our line of sight.

The model calculations of Figure 5 and Figure 6 confirm
that solar radiation pressure introduces an east-west phase
lag asymmetry into the sbatial distribution of the sodium
cloud. The central axis of the forward elongated cloud is
not therefore aligned along the Barth-Jupiter line of sight
for diametrically opposite satellite phase angles east and
west of Jupiter. The observations of Goldberg and colleagues
{1978) indicate that this east-west phase lag asymmetry is
about 15 to perhaps 25 degrees. In the absence of sclar radi-

ation pressure, the D, intensity pattern of the sodium cloud

15



for diametrically opposite satellite phase angles is presented
in Figure 7, where the sun angle is 180 degrees and the other
model parameters and contour levels are the same as in Figure
5 and E%gure 6. Note that the east and west intensity pat-
terns are effectively mirror images of each other, and that
thg axis of the forward elongated cloud can be seen to swing
through our line of sight at a phase angle of about 55 degrees
in the east and 235 degrees in the west, yielding no phase lag.
The observed changes in the intensity pattern of the cloud
with satellite phase angle are almost completely due to the
changing geometric viewing perspective of the cloud projected
onto the plane of the sky.

The observations of Goldberg et al. (1978) and Goldberg
(1979) indicate that the soidum cloud appears nearly symmetric
about Io at an eastern elongation phase angle of 65 to perhaps
75 degrees and at a western satellite phase angle of 230
degrees. In Figure 8, results for the D, intensity pattern
of the sodiuﬁ cloud are shown and compared for diametrically
opposite satellite phase,angles east and west of Jupiter,
where solar radiation pressure has been included in the model
calculations. Near eastern elongation, note that the sodium
appears symmetric near a satellite phase angle of about 65
degrees, whereas near western elongation the cloud appears
symnetric at a phase angle of 230 degrees. This produces an
east-west phase lag asymmetry of about 15 degrees and is in
excellent agreement with observations. Note that in Figure 8,

the passage of the forward cloud axis through our field of

16
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Figure 7. Goldberg Asymmetry Model Results.
Model calculations of the Dy intensity contours, excluding
the effects of solar radiatiom pressure, show no Goldberg
phase lag asymmetry.
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Figure 8. Goldberg Asymmerry Model Results.
Model calculations of the Dy intensity contours of the sodium cloud,
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Goldberg phase lag asymmetry.
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view is much less definite in the east than in the west.
This makes it more difficult to accurately determine the
eastern critical satellite phase angle, a problem also en~
countered in the observational data of Goldberg (1979).

The results of Figure 7 and Figure 8 are calcualted
assuming a monocenergetic emission velocity of 2.6 km sec—l.
Results for lower emission velocity components that would be
included if a more realistic initial emission velocity dis-
tribution were adopted, are shown in Figure 92 and Figure 10
for diametrically opposité phase angles east and west of Jup-
iter. The D2 intensity images, with the same contour . levels
chosen in Figure 5, indicate that the lower emission velocity
components are very important in determining the overall in-
tensity distribution of the sodium cloud near Io. The critical
satellite phase angle for an emission velocity of 2.2 km secml
has increased to 70 degrees in the esast and to slightly over
230 degrees in the west. This indicates that a phase lag of
15 to 20 degrees would also be present if an initial velocity
distribution were adopted and that such a distribution can be

expected to éive excellent agreement with the observations.

2.3 Model Results: Bergstralh's Intensity Asymmetry

Detailed three—-dimensional model calculations to test the
ability of the solar radiation pressure mechanism to explain
the east-west intensity asymmetry of Bergstralh et al. (1975,
1977) have been performed. Results have shown that the Berg-

stralh asymmetry depends critically upon the componenté of the
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Figure 9. Emission Velocity Dependence. Calculated Dy intensity contours of the sodium cloud,
including solar radiation pressure effects, are compared as a function of emission velocity.



. Emission To Phase Angle To Phase Angle
Velocity 50° 230°

2.2

2.4

2.6

Figure 10. Emission Velocity Dependence.
Same description as Figure 9.
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emission velocity dispersion of tha sodium atom unlike the
Goldberg asymmetry. In performing the calculétions, the most
interesting guestion arises as to how the D-line solar radia-
tion acceleration, representing only a 1 to 2% perturbation
in Jupiter's gravitational acceleration of a sodium atom at
Io's orbit (see the Appendix), can make a 20 to 25% east-west

change in the D, intensity of the cloud measured through the

2
observing slit (see Figure 3) used by Bergstralh and colleagues.
Thé answer is not immediately obvious.

To understand the impact of solar radiation pressure on
the sodium intensity seen through the observation slit, cen-
tered on Io, it is of importance to rea}ize that the lower
velocity components of the initial atom emission velocity dis-—
tribution contribute more significantly to the intensity than
the higher components. This occurs because, for the lower
components, the cloud is concentrated into a smaller volume
and therefore provides a larger column density. There is,
of course, a.-lower limit to the emission velocity for this
effect, which occurs when the sodium atoms can no longer
escape the gravitational field of Io and populate the cloud.
This occurs for initial velocities less than about 1.8 km sec"l.
The gquestion is then how can solar radiation pressure signif-
icantly modify the orbits of these more important lower velocity
components. The answer is found in considering the forces
acting on such a sodium atom.

The force f on a sodium atom in a coordinate frame rotat-

ing with Io is given by

22



where ?i and ﬁJ are respectively the gravitational forces of
Io and Jupiter, where ﬁh is the centrifugal force introduced
by the rotating frame, and where fﬁ is the solar radiation
pressure force. For initial velocities larger than about
1.8 km sec_l, sodium atoms have sufficient energy to pene-

trate the Lagrange sphere (V5.8 satellite radii from Io), the

sphere on which the combined forces

nearly cancel. The near cancellation of forces actually
occurs 1in a spatial volume, approximately given by a spherical
shell about the Lagrange sphere. Inside the Lagrange shell,

—

the relative contribution of FR to F is greatly enhanced.
For sodium atoms which have sufficiently large initial
velocities (2.2 Xm secul) so that they move through the
Lagrange shell more rapidly, there is not time for the force
F to alter the aton trajectory significantly. However, for
initial velocities below this value and slightly above the
ballistic level, the penetration time is significantly long
so that the atoh orbit may be significantly altered by the
force FR in the Lagrange shell. The forces f-, fJ and ﬁh do

not depend upon the satellite phase angle. ‘The force vector

(= 3 . I3 »
FR’ however, is reversed in the rotating coordinate frame for

satellite phase angles separated by 180 degrees. By this

23



mechanism the force fﬁ is able to introduce a significant
east-west asymmetry in the atom orbits.

Model calculations of the relative D, intensity seen
through the observation slit of Bergstralh et al. (1975, 1977),
shown in Pigure 3 and taken here to have nominal dimensions
of 9}:103 km by 2.4xlO4 km, are presented in Figure 11. The
relative D, intensity is shown as a function of the satellite
phase angle for four different emission velocities spanning

1 to 2.6 km sec—l. The intensity,

the range from 2.0 km sec
calculated for atom emission from the inner hemisphere,
includes the shadow effect of the disk of Io blocking the
cloud behind it and assumes that the tilt angle-of the sat-
ellite plane is zero relative to the obserxrver and that the
sun angle is 180 degrees.

The model calculations of Figure 11 clealry show that
solar radiation pressure introduces a large east-west inten-
sity asymmetry for the initial emission velocity of 2.0 km
sec“l and a somewhat less pronounced asymmetry for the 2.1
km sec:—l emission velocity. The asymmetry is not present
for the higher emission velocities of 2.4 km sec™! and 2.6
km secul. Note that the contributions to the intensity have
a maximum value at 50 to 60 degrees in the east and at 230
degrees in the west. The maximum intensity of the 2.0 km
sec—l results is 4.38 times larger than the 2.6 km sec_l
results in the east and 3.48 times larger in the west.

The east-west ratio of the relative D, intensity for the

2.0 km sec—l and 2.1 km s.ec_:L emission velocities 1s presented
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Figure 11. Mocdel Results for the Bergstralh Intensity Asymmetry.
The calculated relative D, intensity of the sodium cloud seen
through the rectangular slit of Bergstralh et al. (1975, 1977)
is shown as a function of Yo phase angle for different emission
velocities. See text for discussion.
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in Pigure 12, where the results of including and excluding
the effects of Io's shadow are both indicated. Note that
the ratio for the 2.0 km sec_l velocity provides a minimum
east-west asymmetry of 17 percent over most of the angular
range when the shadow is included, and at a 70 degree phase
angle has a peak value in excess of 80 percent. The 2.1 km
secd1 ratio is less pronounced, but still provides a signif-
icant east-west asymmetry over much of the phase angle inter-
val. The maximum observed signal reported by Bergstralh et
al. (1977) using their best data Base was 241 k Rayleighs
occurring at a satellite phase angle near eastern elongation
and assumed to uniformly illuminate a 3 x 3 arc second por-
tion of the observation slit. For a 3 x 8 arc second slit
this uniform intensity is reduced to about 90 k Rayleighs.
If this intensity were produced by .the maximum D, intensity
given by the 2.0 km/sec calculation of Figure 11, a satellite
flux of order lxlO8 atoms cmdz sec—l would be requitred, in
agreement with an earlier estimate by Smyth and McElroy (1978).
The results of Figure 11 and Figure 12 would suggest that
the velocities near 2.0 km sec—l play a major role in the
actual initial velocity distribution of sodium atoms in the
Io atmosphere. For velocity components of 1.9 km sec_l and
lower, ballistic orbits begin to dominate and the cloud be-
comes less bright and is mostly cohfined inside the Lagrange
sphere where the asymmetric mechanism is not operative. Inver-

sion of the sodium data of Bergstralh et al. (1975, 1977) to

obtain the initial emission velocity distribution is clearly
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Figure 12. Bergstralh East-West Intensity Ratio.
The east/west Dy intensity ratio of Figure 1l is shown
as a function of the east/west phase angles for a 2.0
km/sec and 2.1 km/sec emission velocity.
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a desirable modeling goal. Modeling results such as those

in Figure 1l are critical in such an inversion process. How-
aver, the results of Figure 1l need to be recalculated so as
to include the non-uniform spatial lifetime of sodium atoms
produced by the presence of the Io plasma torus. With these
new results such an inversion process would be meaningful.
The results of Figure 11, calculated assuming a 20 hour cut-
Ooff lifetime model for sodium, may be modified significantly
by the plasma torus, since the lifetime of sodium atoms near
To's orbit would then be reduced to a value of oxrder one hour.
The effect of the plasma torus on the sodium cloud is dis-
cussed more fully in Chapter III. This additional refine-
ment in modeling is clearly warranted to properly understand
the, sodium cloud escape mechanism. It should also serve as

a basis of understanding the more general escape problem of
sulfur and oxygen from Io and the manner in which ions and

energy are supplied to the plasma torus.
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CHAPTER III1

I0'S SODIUM CLOUD: LINE PROFILES

3.1 Introduction

The sodium cloud of Io may be investigated by studying
the shape of the line profiles of the Dl and D, wavelength
emission.. Such a study is complementary to the two-dimen-
sional modeling analysis of Chapter II and should provide a
direct and more sensitive method of determining the initial
velocity dispersion of atoms emitted by the satellite.

Discovery of Io's sodium cloud in 1973 by Brown -{Brown,
1974; Brown and Chaffee, 1974) came about by observation of
the D-line emission profiles. Later higher-resolution obser-—
vations (Trafton, 1975; Trauger et al., 1976; Trafton and
Macy, 1977) have revealed in detail the velocgity dispersion
of the sodium atoms in the larger cloud. Models for the line
profile data (Smyth and McElroy, 1977; Trafton and Macy, 1978;
Carlson et al., 1978; Macy and Trafton, 19%80) have generally
drawn similar conclusions. Much modeling work, however,
remains in order +to0 better understand the velocity structure
in the line profiles and to determine the initial velocity
distribution of sodium atoms emitted by Io. The understanding
and interpretation of these line profile features are current
goals of our modeling program. Preliminary results, indicat-

ing recent progress, are reported.
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3.2 Review of Observational Data

A brief summary of the relevant characteristics of the
sodium line profiles and their physical implications is in
order to provide necessary background information for model-
ing. The line profiles have two striking characteristics
first observed by Trafton (1975) and further clarified by
Trafton and Macy (1977). The first feature is a tall emis-
sion peak, shifted 0-50 ma from the Io rest frame and having
a variable half-width of about 30-70 ma. The peak of the
emission is shifted to wavelengths which are longer than the
wavelength of the‘Dnlines in Io's reference frame when Io is
west of Jupiter and it is shifted to shorter wavelengths when
Io is east of Jupiter. The mégnitude of the shift appears to
be correlated with To's orbital phase angle (Trafton and Macy,
1977). This shift and phase angle dependences of the peak
are also confirmed by sodium data of Trauger et al. (1976).

The second and more obvious feature of the sodium line
profile is the presence of an extension or skirt asymmetrically
attached to one side of the emission peak. The asymmetry is
very pronounced and is more prominent on the short-wavelength
side of the peak when Io is east of Jupiter, while being mors
prominent on the long-wavelength side of the peak when Io is
on the west side of Jupiter. The skirt is largest when Io is
on Jupiter's magnetic equator (Trafton and Macy, 1977) with a
skirt base-width varying from about 120 to nearly 500 ma,
measured relative to the peak. This skirt asymmetry has also

been observed by Trauger et al. (1976) and Carlson et al.
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(1978) and does not depend upon having Io in the viewing
aperture of the instrument.

Interpretation of the sodium line profile data has pro-
ceeded with the aid of sodium cloud models based on trajec— -
tory calculations. An explanation for the asymmetric skirt
was suggested first by model calculation of Smyth and McElroy
(1977). Their modeling showed that emission of sodium by the
inner-leading guadrant of the satellite with a mean velocity
of aboﬁt 3 km sec—l and a dispersion in emission velocities
with speeds ranging up to about 15 km .E;ec_l would provide
both the correct shift of the peak and the proper asymmetry
to the skirt. Initial modeling by Trafton and Macy (1978)
favored emission of sodium in the forward direction of Io's
motion (leading hemisphere or expansion parallel to To's
orbital velocity), while their later more extensive analysis
(Macy and Trafton, 1980) preferred high veloicty emission of
sodium from the leading—inner quadrant (with speeds up to 13
km/sec) to explain the skirt asymmetry. Modeling of Carlson
et al. (1978) preferred emission of sodium from the leading
hemisphere of the satellite with a veloicty distribution cen-
tered at about 2.5 km secnl and a dispersion, similar to the
sputtering velocity distribution they adopted, characterized
by a long velocity tail with speeds up to 15 km secnl. With
this preliminary modeling consistency among investigators,
future analysis may be broadened to seek consistent modeling
for both the line profile data and the two-dimensional data.

The constraint of these tweo data sets provides an excellent
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means of refining our knowledge of the initial velocity dis-
persion and the surface flux distribution of sodium enitted

by To. Preliminary results are presented in the next section.

3.3 Preliminary Modeling Results

In Chapter II interest was focused upon understanding
the spatial distribution of the sodium cloud near Io and its
associated east-west asymmetries as a function of phase angle.
Interest will now be directed to understanding the character-
istics of the line profiles produced by the sodium cloud of
Chapter II and comparing them to the observed line profile
data reviewed in Section 3.2. Line profile calculations
presented will therefore assume the same model parameters
adopted in Chapter II -~ that sodium is emitted continuously,
uniformly and radially from the inner hemisphere of Io's
exosphere (2600 km in radius) having an initially specified
speed, and a lifetime of 20 hours in the Jovian environment.
The effect of solar radiation pressure on the line profiles
is also included. Line profiles presented are calculated
for the D2 radiation intensity seen through a circular aper-—

4

ture of radius 2.6%10° km (about f—9 arc sec) centered on
Io. TLine profiles produced by low emission velccities {1.8
to 2.2 km secul) are characterized by tall, narrow peaks
incapable of explaining either the peak shift or the skirt
asymmetry seen in the data. A velocity of 2.6 km sec—l,

= adegquate for ocur present purposes, has therefore been adopted

for the preliminary modeling results.
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Model line profiles are presented in Figure 13 for each
of the cloud images shown in Figure 8, which assumed an emis-
sion velocity of 2.6 km secdl. The size of the adopted cir-
cular line-profile aperture is indicated in Figure 14 for
the cloud image haviﬁg a 55 degree satellite phase angle.

The line profiles are basically composed of two different
parts:‘ (1} a large central peak arising from the velocity
dispersion in the near dense Io cloud, and (2) a lower and
generally much wider asymmetric contribution produced by the
forward portion of the Io sodium cloud.

The central peaks of the line profiles shown in Figure
13 are shifted by about 30 ma from the Io rest frame wave-
length and reflect the fact that atoms initially emitted from
the inner hemisphere at 2.6 km sec_l have, upon escaping Io,
a velocity in the forward cloud directed with a speed centered
at 1.5 km Sec“l. The peak is therefore shifted to shorter
(negative) wavelengths than the Dz—line emission in Io’'s
reference frame when Io is east of Jupiter and it is shifted
to longer (positive) wavelengths when Io is west of Jupiter.
The width and shift of the peak are thus basically determined
by the initial emission velocity magntiude chosen in'the cal-
culation and the changing oriencation of the inner hemisphere
along the observer's line of sight with satellite phase angle.
This sign and magnitude of the calculated peak shift are the
same as observed for the peak shifts of the line profile data
discussed in Section 3.2. Solar radiation pressure causes

slightly larger central peak shifts for western satellite
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Figure 13. Model Results for Sodium Line Profiles.
The calculated Dy-line profile shapes seen through the
circular aperture shown in Figure 14 are compared for
diametrically opposite phase angles east and west of
Jupiter. ©See text for discussion.
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Figure 14. Line Profile Aperture. The relative size of the aperture used in the
calculated line profiles of Figure 13 is shown in relationship to the sodium
cloud model results of Figure 8 having a phase angle of 55 degrees,



phase angles than for eastern ones. For the phase angles of

40 and 220 degrees, the shifts are respectively about ~-30 ma

and"+34 ma. Larger values of the emission velocity will give
larger shifts.

The asymmetric skirt connected to the central peak in
Figure 13 is produced by the forward portion of the sodium
cloud evident in the images of Figure 8. For eastern phase
angles between 40 and 65 degrees, the forward cloud contribu-
tion is clearly seen and occurs for wavelengths shorter than
the Dz—line wavelength in TIo's reference frame. The base
width of the skirt for a phase angle of 40 degrees is about
-165 ma, measured relative to the central peak. The skirt
can be seen for western phase angles between 220 and 245
degrees and occurs for wavelengths longer than the‘Dz—line
wavelength in Io's rest frame. This positioning of the skirt
relative to the central peak for eastern and western phase
angles is in the same sense as the asymmetric skirt seen in
the sodium line profile data. Higher velocities in the for-
ward cloud near western elongation, produced by solar radia-
tion pressure, provide an increased western skirt width. At
a 220 degree phase angle for example, the skirt width relative
to the central peak is about 210 ma, in contrast to tBe ~165
ma value for a 40° phase angle. Supe?position of many such
monoenergetic calculations to produce an initial emission
velocity distribution for the satellite will therefore tend
to produce a line profile having}g smaller full width at half

maximum at eastern elongation than at western elongation.
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Such an east-west trend can, in fact, be seen in_thé line
profile data of Trafton (1975) and Trafton and Macy (1977).

In the east as the phase angle increases from 40 to 45
to 50 degrees, more of the forward cloud can be seen through
the circular aperture (see Figure 14 and Figure 8) and this
produces a second peak in the line profile. Similar behavior
is seen for western phase angles except the event happens
earlier because of the Goldberg phase lag asymmetry. As the
" eastern phase angle is increased beyond 60 degrees, the second
peak in Figure 13 begins to merge with the central peak of
the line profile. For phase angles in excess of 70 degrees
in the east and 250 degrees in the west, the forward cloud
has essentially passed through the circular viewing apertﬁre
and can no longer be seen. Thus only the central peak remains,
arising from the low velocity portion of the sodium cloud near
Io that is still in the field of view.

Line profile data (Trafton, 1975; Trafton and Macy, 1977;
Trauger et al., 1976) for phase angles in excess of 70 degrees
in the east and 250 degrees in the west.sﬁow asymmetric skirts,
in contrast to our modeling results. This suggests that addi-
tional higher-velocity components to complete an initial
velocity distribution for the atoms emitted by the satellite
are needed in the model to match the observed sodium line
profile data. The velocity vectors of such sodium atonms
Wouid have to be approximately tangential to the satellite
orbit at Io's location in order to be seen in the circular

aperture for satellite phase angles in the range 70 to 120
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degrees in the east and 250-300 degrees in the west. The
magnitude of the velocity vectors would need to range up to
perhaps 15 or 20 km sec_l to produce the skirt width observed.
This set of circumstances suggests the possibility that
high speed sodium atoms may be produced by the Jupter magneto-
spheric wind which moves past Io with a speed of about 56 km
sec—l. This idea is reinforced Ly the fact that the width
of the line profile skirt is largest when Io is on Jupiter's
magnetic equator. Such high speed sodium atoms assumed to be
emitted from Io's leading hemisphere (Trafton and Macy, 1978;
Carlson et al., 1978) or from Io's inner hemisphere (Macy and
Trafton, 1980) have been included in previous modeling anal-
yses. The addition of the high velocity sodium atoms compon-
ent to our already established low velocity component shown
in Figure 13 would provide a stronger skirt at low phase
angles (40 to 70° in the east and 220 to 250 in the west)
than at higher phase angels {70 to 150° in the east and 250-
300° in the west). Cooperative efforts with ground based
observational programs to provide new line profile data to

clarify these points are in prodress.
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CHAPTER IV

IO0'S SODIUM CLOUD: INTERACTION WITH
IO'S PLASMA TORUS

4.1 Introduction

The presence of a high temperature plasma torus (%105° K)

approximately centered on the magnetic eguatorial plane with
the orbital radius of Io was recently discovered by the Voy-
ager 1l spacecraft experiments (Broadfood et al., 1979; Bridge
et al., 1979; Warwick et al., 1979) during its encounter with
Jupiter. The vertical extent of the torus is approximately
1 R, (Jupiter radii) with an inner radius at about 5.3 Ry

J

and an outer radius in excess of 7 R, {Bagenal et al., 1980).

J
++ + A+
Ion species detected in the torus include O 0 S+ S+ S +

gttt and Na as well as perhaps 802 or 82’ with electron

number densities of orxder 2000 cm—3. A lower temperature

plasma torus (m104° K) was discovered earlier by Kupo et al.
(1976) through ground baéed measurements of excited state
emissions from S’ ions. The lower temperature plasma is
located primarily inside Io's orbit, centered at about 5 R
and with a vertical thickness of about #1 RJ {(Brown, 1978;
Trauger et al., 1980; Pilcher and Morgan, 1980). The inner
radius is located at about 4 RJ while the outer radius has

been observed to be as large as 7 R

3 (Pilcher and Morxgan,

1980).
The high temperature plasma torus provides a strong
sink for sodium atoms emitted by Io through electron impact

ionization., The hot torus with an electron number density
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of order 2000 cm_3 and a temperature of about 105° K (8.6 ev)
can easily ionize sodium, with an ionization potential of
5.14 ev, in a time of about 1.8 hours. This small lifetime
for sodium atoms in the hot plasma torus is in marked con-
trast to lifetime estimates of 20 hours (Smyth and MeElroy,
1978) and 28 hours (Carlson et al., 1978) used in earlier
modgling efforts. The lower-temperature plasma torus elec—
trons, being less energetic, pfﬁvide a longer -lifetime, estim-
ated to be about 8 hours. by.Brown (1976) for a characteristic
density of 3:2x10° cm > and a temperature OF 2.5x104°.K.

The small sodium lifetime in the hot plasma torus of
order one hour, upon first glance, might suggest that the
sodium cloud would not be present during the Voyager 1
encounter. Earth-based measuremtns of Io;s sodium cloud
made during encounter by Goldberg et al. {(1980), however,
observed the overall shape and intensity of the sodium cloud
essentially unchanged when c.ompared to cloud measurements
made at the same satellite phase angle in 1977. The sodium
cloud near Io has in fact shown remarkable stabiiity in
intensity and shape over the last five years (Bergstralh
e£ al., 1975, 1977; Matson et al., 1978; Murcray and Goody,
i978; Goldberg et al., 1980).

Within this stability a time modulation of the sodium
cloud intensity has however been observed. This oscillating
asymmetry in the intensity of the sodium cloud north and
south of the satellite, correlated with Io's magnetic lati-

tude, was discovered by Trafton and Macy (1975) and further
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documented by Trafton (1977). This correlation was consis-—
tent with the interpretation that charged particles exist

in greater concentration near the magnetic eguator and
remove sodium atoms from the cloud as it oscillates north
and south of Io. This data, measured in 1974 and 1875,

could be considered to be the first real detection of the

Io plasma torus. The observed D-line emission intensity
near the satellite when Io waé on the magnétic equator was
still gquite evident (Trafton, 1977}, indicating that the
ionization rate of the plasma torus was not severe enough

to eliminate the sodium c¢loud. Other short time variations
in sodium cloud have recently been seen by Pilcher (1980)

who cbserved bright linear features with irregular lifetimes.
These linear features might be produced by either an enhanced
sodium plumb source or by time-varying non-uniformities in
the magnetosphere within the plasma torus.

Other longer time variations in the plasma torus prop-~
erties are suggested by comparison of extreme ultraviolet
observations of the torus by Vovager 1 and Vovager 2 (Sandel -
et al., 1979). These observations indicate changes by about
a facﬁor of 2 in the density and temperature of the plasma
over a four month period. Such variations in plasma condi-
tions could produce significant changes in the lifetime of
sodium atoms and hence the cloud brightness. Even more
pronounced changes in the hot plasma torus properties over
a 6 year period are suggested by comparison of the absence

o
. + .. .
of a 685 A excited S + emission in the UV photometer aboard
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P ° . .
Pioneer 10 and the presence of a strong 685 A signal in the

UV spectrometer of Voyager 1 {Broadfoot et al., 1979).

4.2 Preliminary Modeling Results

Preliminary modeling results reported have been restricted
£o an initial investigation of the impact of the hot plasma
torus upon Io's sodium cloud. The three-dimensiocnal cloud
model has been modified to include a spatial dependent 1ife-
time for sodium atoms in the torus. This lifetime profile
is determined by the spatial dependence of both the electron
density and energy distribution. . '

The spatial variations of electron density within the
hot torus are reasonably well known for the spacecraft in-
bound crossing of Io's orbit (Bagenal et al., 1980; Bridges
et al., 1979). The energy distribution has not completely
been reduced. It is however non-Maxwellian, having a cold
component peaked at an energy of a few electron volts and a
hot component of order }00 ev {Scudder, 1980). In the absence
of this data'reduction, the electron temperature is assumed,
to first order, to be egual to the ion temperature, a spatial
profile of which is given by Bagenal et al. (1980). The one-
dimensional (radial) sodium lifetime profile, derived'in this
manner, is given in Figure 15, where a 20 hour background
lifet%me is assumed outside of the torus. Preliminary results
presented here will use this first order lifetime profile.
Two~dimensional ({radial and vertical) lifetime profiles are

under investigation. More accurate spatial information will
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Figure 15. Sodium Lifetime Profile. The radial lifetime profile
of sodium cloud atoms in the hot Io plasma torus along the centrifugal
equilibrium equator is shown. See the text for discussion.
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be incorporated in future lifetime calculations as it becomes
available.

The sodium lifetime profile of the hot torus in Figure
15 is confined by the adopted 20 hour background to radial
values between about 5.3 and 8.5 Jupiter radii. The profile
is asymmetric about Io, increasing more rapidly as a sodium
atom moves radially from the satellite orbit toward Jupiter
than away from'Jupiter. Because of this asymmetry, sodium
atoms populating the forward portions of the cloud, which
lies within Io's orbit, will have a greater probhability of
escaping the plasma torus before ionization than those atoms
escaping from Io through the outer torus bounda:r.:y. Previous
models of the sodium cloud (Smyth and McElroy, 1978; Matson
et al., 1978) indicate that sodium is emitted primarily from
.the inner hemisphere of the satellite. The question arises
as to if the proposed hemispherical source is in effect an
isotropic sourcé with an asymmetric lifetime sink similar in
nature to the profile of Figure 15.

Only a fraction of the sodium atoms emitted from Io
will escape unionized from the hot plasma torus. In ordex
for these escaping atoms to produce the correct brightness
in the forward cloud, the actual satellite emission f£lux of
sodium assumed in the model must be significantly increased
beyond the value of lxlO8 cm“2 sec_l {Smyth and McElroy,
1978), deduced from modeling efforts excluding the plasma
torus lifetime effects. Such an enhancement of the flux

will however introduce a significant intensity gradient
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between the far forward cloud and the near To portion of

the cloud. This occurs since the sodium atoms closer to

Io, having been emitted much more recently, have as yet not
suffered as much ionization. The magnitude of this gradient
however is limited by observations. The data of Bergstralh
et al. (1975, 1977) provide 'an upper limit to the intensity
very near Io (see Figure 3 and Figure 4) and cannot be
exceeded. The data of Murcray and Goody (1978) and Matson
et al. (1978) provide measurements of the sodium intensity
in the far forward cloud. There is therefore an observational
upper limit to the sodium emission f£lux enhancement that may
be assumed in the model calculations.

BEfforts to consistently model the interaction of the
sodiun cloud and plasma torus are currently in progress.
Definite conclusions must await further analysis., Very
preliminary results, indicating the progress of the research,
are however reported. Observations by Murcray (1278) of the
D, intensity of the sodium cloud at a satellite phase angle
of 129 degrees are compared in Figure 16 with two model cal-
culations which include the simple one-dimensional sodium
plasma torus lifetime model of Figure 15. Both model results
assume a monoenergetic emission velocity of 2.6 km .Esec_1 and
were calculated for the observed satellite plane tilt angle
of 3.265 degrees and the Sun angle of 178.6 degrees. A
reasonable match of the intensity and location of the D,
intensity contours in the forward sodium cloud is obtained

9 2 -1

if the mddel emission flux is assumed to be 5x10° cm ° sec .
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Figure 16. Plasma Torus Lifetime Model Results. The observed sodium cloud is compared with two model
calculations, where the plasma torus sodium lifetime profile of Figure 15 is adopted. The outer Dy
intensity contours are’'0.5 kR and inner contcurs increase by 1 kR steps. See text for discussion.



The vertical extent of the observed cloud is underestimated
by the model since the increase of the sodium lifetime
normal to the torus eguatorial plane is not present in the
one-dimensional lifetime profile. The intensity of the
sodium cloud trailing the satellite is clearly overestimated
by the symmetric (isotropic) emission. The inner hemisphere
emission results give a much better match to the observation
and suggest that a slight rotation of this emission surface
toward the leading hemisphere may contribute the missing
outer 500 Rayleigh contour.

Comparison of the observation and model results in
Figure 16 therefore suggests that the D, intensity of the
forward cloud is basically compatible if sodium is assumed
to be emitted from the inner hemisphere with a flux of 5x109
atoms cm_2 sec_l. This represents a flux enhancement of a
factor of 50 over earlier fiux estimates (see Section 3.2;
alsc, Smyth and McElroy, 1978), which were derived without
consideration of the plasma torus. Comparisons of cbserva-
tions and model results for a satellite phase angle neaxr 70
degrees, however, require a smaller flux enhancement. factor
of about 10.

Model calculations, on the other hand, also indicate
that the presence of the plasma torus reduces the column
density of sodium seen at Io through the slit (see Figure 3)
of Bergstralh et al. (1975, 1977) by only a factor of aboﬁt
2 to 3. When increased by a factor of 10 to 50, the resulting

Bergstralh intensity is too bright and suggests that there is
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likely an incompatibility between a strong plasma torus

sink for sodium and the observed earth-based sodium intensity
measurements. The strength of the sink in Figure 15 there-
fore appears to be overestimated. This overestimation could
result from the assumption, adopted in Figure 15, that the
electron and ion temperatures are the same. If so, this
suggests that the electron temperature in the hot torus may
be significantly less than the ion temperature and that the
sodium data may be highly diagnostic in this regard. This
will be investigated in our future modeling efforts.

The sodium cloud atoms, uﬁon ionization provide an ion
source for the Jovianﬁmagnetosphere. The spatial nature of
the sodium lifetime, determined by the hot torus plasma
properties, will also determine the spatial nature of the
sodium ion source. An average radial ilon input rate may be
calculated by integrating the local ionization rate over the
aqguiar and vertical dimensions of 'the cloud. This radial
ion input rate profile for the two model calculations of
Figure 16 is given in Figure 17. For sodium emitted £rom
the inner satellite exosphere, see Figure 17a, the ion source
is strongly peaked near Ic with a maximum value of 6.76x1026
ions sec_l in the radial interval 5.8 to 5.9 Ry (Jupiter radii).
Note that most'of the ions are confined radially with Io's
orbit as would be anticipated for this emission surface. The
pPresence of the plasma torus boundary at 5.3 RJ is evident.

The radial ion input rate profile for symmetric satellite

emission, given in Figure 17b, is essentially unchanged
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Figure 17. Sodium Ion Source Profile. Calculated radial profiles for the creation. rate
of sodium ions, based upon the lifetime model of Figure 13, are shown for two different
assumed emission surfaces. See text for discussion.



inside of Io's orbit. The addition of the outer hemisphere
émission populates the region radially outward from the sat-
ellite orbit, and ions, for this calculation, are completely
confined within the outer piasma torus boundary (see Figure

15} located at B.5 R..

J
The ion source rate profiles given in Figure 17 assumed
a satellite atom emission flux of 5x109 cm_2 secul. This

flux value, as discussed earlier, is likely too large. An
independent method of checking this flux value may be pro-—
vided by evaluating the impact of these ions upon the local
electron population. In order to sustain this ion source
rate, electrons of sufficient energy must be supplied at a
sufficiently large rate. If either the local electron tem~
perature becomes too low through cooling or the local replens
ishing rate of hot electrons ié too small to keep pace with
the sodium atoms supply rate, the lifetime of sodium atoms
will increase locally and the need to enhance the sodium
emission flux to 5x109 cm"2 sec_l will no longer exist. By
this means a lower atom emission flux and a weaker plasma-
torus sink (compared to that of Figure 15) might then be in

balance and so provide a consistent solution to the sodium

cloud plasma torus interaction.
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CHAPTER V

TITAN'S HYDROGEN TORUS

5.1 Introduction

Titan, the largest satellite of Saturn, is known to.
have an atmosphere containing large detectable concentrations

of CH, (Kuiper, 1944) and perhaps Hz( Trafton 1972, 1975),

4
although more recent measurements (Munch et al., 1977) make
the latter detection less certain. Infrared spectra of
Titan's atmosphere by Gillett et al. (1973), showing a pro-
nounced peak at 12 u, also suggest the presence of CZHS'
Photochemical processes in Titan's atmosphere, in addition
to being able to produce C2H6 and other heavy hydrocarbons
(Strobel, 1974), may also provide large escape fluxes of
hydrogen atoms and molecules to the space around Saturn
(Hunten, 1973, 1974; Sagan, 1973; Pollack, 1973; McDonough
and Brice, 1973).

McDonoﬁgh and Brice (1973) first noted that most of the
hydrogen escaping Titan would be gravitationally bound to
Saturn and would form a toroidal shaped gas cloud around the
planet. They suggested that this hydrogen torus might be
optically detectable from Earth-orbit and eétimated its den-—
sity to be between 1 and 103 atoms or molecules cm—3. They
also noted that the actual density and spatial distribution
of the torus were functions of the Titanian atmospheric
escape flux, the radius and temperature of the exosphere,

and the size and strength of Saturn's magnetosphere which,
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through charged-particle collisions, could provide the dom-
inant loss process for hydrogen.

A marginal detection of Titan's hydrogen torus was made
in 1976 and 1977 and reported by Barker (1977) and Barker
et al. (1980) from Lyman-o data obtained from the Earth-
orbiting Copernicus satellite. These measurements suggest
a Lyman-ao brightngss of about 200 100 Rayleighs resulting
from resonance scattering of sunlight by torus hydrogen
atoms. Recently a positive detection of the Titan-associated
H cloud was reported by Judge et al. (1980) from Lyman—-oa data
obtained by the ultraviolet photometer aboard the Pioneer 11
spacecraft during its encounter with Saturn. The Pioneer 11
measurements indicate that the vertical extent of the cloud
is about 1.5 Saturn radii above and below the satellite plane,
while the angular extent of the cloud along the satellite
orbit is at least 5 Saturn radii from Titan's disk. A com-
plete H torus may exist at a weaker signal, but the limited
data precluded a more definitive statement on the angular
extent of the cloud. The absolute Lyman-ca intensity of the
measurements is difficult to determine due to sensitivity
changes in the instrument during the encounter, but a prelim-
inary estimate of 100 Rayleighs has been given (Judge et al.,

1979).

5.2 Comparison of Models and Pioneer 11 Data

Preliminary models for Titan's hydrogen torus were

reported in an earlier NASA report (Smyth, 1978). Key input
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parameters for the model were (1) the lifetime of hydrogen
atoms in the Saturn environment, (2) the escape flux of
hydrogen from the satellite, (3) the exosphere radius and
(4) the mean satellite emission velocity. These parameters
will be briefly reviewed in the light of new data acqguired
by the Pioneer 1l spacecraft in its 1979 encounter with
Saturn.

In the earlier report, it was assumed that Titan's orbit.
was wholly contained in the Saturn magnetosphere, which, at
Titan's orbit, was assumed to be a corotating plasma with an

estimated (Siscoe, 1978) proton density of 1.7 cm_3. This

provided a proton flux of 3.4x107 cm—2 sec_l and a hydrogen
atom charge exchange lifetime of 8.4x106 sec (2300 hours)
which dominates the hydrogen photoionization lifetime of
l—2x109 sac. ﬁnalysis 0f the Pioneer 11 data (Smith et al.,
1980) has, however, shown that the location of the sunward
boundary of the magnetosphere is sensitive to the varying
solar wind dynamic pressure and occurred, at times, within
the orbit of Titan. When the magnetopause is compressed
within the orbit of Titan, the hydrogen lifetime along the
unprotected orbit will be characterized by the solar wind
plasma having a bulk speed of about 500 km Sec—l and a proton
density of about O.Z’to 0.3 cm—3 {(Wolfe et al., 1980). This
gives a lifetime of about 5.0—3.3x107 sec. If however the
orbit of Titan lies wholly within the magnetosphere, the
hydrogen lifetime is détermined by the corotaéing plasma

- . -3
(v200 km sec l) with estimated proton density of 0.2-1.0 cm
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{Frank, 19280} to have a value between 7.1—1.4x107 sec.
These two estimates of the hydrogen atom lifetime from
Pioneer 1l data are of similar magnitude or larger than
the earlier estimated value of 8.4x106 sec (2300 hours).
The earlier lifetime value is sufficient for present pur-
poses and will be adopted for the model calculations.

The escape flux of hydrogen atoms from Titan is con-
trolled by chemistry (Strobel, 1974) and by the processes
of vertical transport operative in the atmosphere (Hunter,
1973). A photochemical driven conversion of CH4 into other
heavy hydrocarbons such as CZHZ’ C2H4 and C2H6 will determine

the relative abundance of H and H and suggests {(Strobel,

2!
in the range 1:9 to 3:7.

2
Assuming an escape flux for both H and H, of about 1010 om™?

1979) an escape flux ratio H:H

sec“l, based on the satellite surface area, this provides

an upper limit H atom escape flux of 3x109 cmhz secul

and
is adopted here for model calculations.

Estimates.of the radius of Titan's exosphere range from

3 4

4x10~ to 10" km (Tabarié&, 1074) and a nominal value of 5000

km is adopted. A mean emission velocity of 2.0 km sec“l

from this exosphere provides the H atoms with sufficient
energy so that they escape from the Lagrange sphere of Titan
with a characteristic velocity of about 1 km sec T, a reason-
able choice not knowing the thermal characteristics of the
upper atmosphere. The emission of hydrogen from the exosphere

is assumed to be uniform and isotropic. -

Model results showing the column density contour plot of
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the toroidal hydrogen cloud of Titan are shown in Figure 18
as seen from above the satellite plane. The cloud shows a
fair amount of circular symmefry ekcept near the satellite
where the column density is peaked. The orbital—-angulaxr
extent of hydrogen from Titan of 5 Saturn radii, observed
by Pioneer 11 (Judge et al., 1980), is also indicated in
Figure 18 and corresponds approximately to the enhanced
angular column density peak. This suggests that the UV
photometer aboard the Pioneer Saturn spacecraft may have
seen only the brighter portion of the H-cloud near the sat-
ellite source. This enhanced cclumn density region, more
obvious for smaller lifetimes as is illustrated in Figure
19 and Figure 20, will eventually diminish and become part
of a cylindrically symmetric torus for lifetimes signif-
icantly longer than 2300 hours adopted value.

The earth-orbiting Copernicus satellite viewed the
hydrogen torus more nearly in the satellite plane as shown
in Figure 21, where Lyman-o intensity contours, assuming
solar resonance scattering, are plotted. The total vertical
extent of 3 Saturn radii, suggested by Pioneer 11 UV photom-
eter measurements, is also indicated. The cloud intensity
near either of the satellite orbit elongation points in
Figure 21 is of order 150 to 200 Rayleighs, in good agree-
ment with the Copernicus observations (Barkef et al., 1980}.
During the best Pioneer 11 cobservation of the near Titan
cloud, the spacecraft was, however, inside of Titan's orbit

and the line of sight of the UV photometer was non-radial
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TITAN 2300 hr

Figure 18. Hydrogen Torus of Titan. Column density contours, calculated from the cloud medel
for a 2.0 km/sec emission velocity and the indicated lifetime, are shown as viewed
from above the satellite plane.
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TITAN 1200 hr

Figure 19. Hydrogen Torus of Titan. Same description as Figure 18.
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TITAN 400 hr

Figure 20,

Hydrogen Torus of Titan.

Same description as Figure 18.
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Figure 21. Lyman—0 Intensity of Titan's Hydrogen Torus. Intensity contours, calculated
assuming resonance scattering of sunlight and the indicated model parameters,
are shown for the satellite plane tilted by 3.254 degrees.



(Judge et al., 1980). This viewing perspective would reduce
the column density and hence the observed intensity near the
elongation point by a factor of 1.5 to perhaps 2, resulting
in a maximum observed Pioneer 11 signal of 75 to 130 Ray-
Jeighs. This is in excellent agreement with the 100 Ray-
leigh estimate given by Judge et al. (1979).

In the event that the lifetime of hydrogen atoms near
Titan's orbit was smaller than the 2300 hour estimate, a
partial toroidal cloud could exist. This is illustrated in
Figure 22 and Figure 23 for a lifetime of 1200 hours and
400 hours respectively and might occur if plasma densities
were sufficiently enhanced by solar wind compression. If
however, the H atoms live longer than the 2300 hour estimate
of Figure 21, the hydrogen clcud would be brighter, approx-

imately in proportion to the increased lifetime value.
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Figure 22, Lyman-0 Intensity of Titan's Hydrogen Torus.
Same description as Figure 21.
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Figure 23. Lyman—o Intensity of Titan's Hydrogen Torus.
Same description as Figure 21,



CHAPTER VI

THE EXTENDED ATMOSPHERES OF COMETS

6.1 Introduction

Interest in studyving comets has grown with the reali-
zation that understanding the chemical nature and physical
structure of the cometary nucleus will advance our under-
standing of basic physical and chemical processes in
cosmogony, molecular astronomy and space physics. The key
to understanding the composition, chemistry and structure
of the cometary nucleus comes through an examination of the
extended atmospheres of comets. It is then clear that sup-
porting research for theoretical modeling of the physicél
conditions and processes in cometary atmospheres is of
considerable importance and will play a definite role in
the planning and evaluation of future NASA cometary missions.

The broadening of our scope of research to inciude
cometary atmospheres is a natural extension of our previous
modeling of extended satellite atmospheres, since the neutral
gas and dust atmospheres of comets may be treated in a sim—
ilar fashion. Large outer satellites and comets actually
represent two extreme cases of solar system bodies which
may have extended atmospheres. The large satellites are
sufficiently massive that the scale height of a light atmo-
spheric gas such as hydrogen is nearly equal to the satel-
lite radius, so that gravitational escape and formation of

an extended atmosphere is just thermally possible. Comets,
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on the other hand, with their small size and mass, have
enormously large hydrogen scale heights compared to their
radius, and cannot retain molecules released from their
nucleus by solar heating when near the sun. Comets, there-
fore, create an atmosphere which is by nature always extended.
Solar system objects with sizes immediate to the large sat-
ellites and comets may also have extended atmospheres if a
source of gaseous material is available from their surfaces.

For descriptive purposes a comet may be divided into
three parts: (L) the central solid core cor nucleus, (2} the
surrounding large gas—-like envelope or coma, ané (3) the
elongated dust and plasma tails. The cometary nucleus is
viewed as a solid body consisting of a mixture of ices and
rocky material of about 1 to 10 km in diameter. The nucleus
moves along a trajectory about the sun and near the sun solar
heating of its surface cause the release of icy grains, dust
grains and gases. Ejection of this material from the nucelus
may not be isotropic because ¢l non—uniform distributions of
icy materials on the nucleus, or because of the o;ientation
of the spin axis of the nucleus relative to the sun—-comet
line.

The icy grains released form the nucleus are basically
thought to be snow of clathrate hydrates of gases and may
contain considerable concentrations of radical gas species
in addition to more chemically stable molecules forming
ices. The icy grains, evaporating as they flow away from

the nucleus, release the more stable molecules (called
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mother or parent molecules) and the radical gas speciles,
thereby providing an extended gas source for the coma.
Gas phase reactions between the radical and stable species
may then take place. 2As the-gas-ice-dust mixture expands
and becomes more optically thin, photochemical reactions
also dissociate the parent molecules, releasing daughter
molecules which further react through gas phase chemistry.

Gas phase reactions in the coma cease when the gas has
expanded sufficiently so that collisions are no longer oper-
ative. This defines a boundary for the inner coma which is
about 104 to 105 km in radius. Neutral gas and dust outside
of this boundary follow trajectories determined by their
initial location and velocity upon emerging and by the
forces of solar gravity and solar radiation pressure. This
collisionless outflow of gases and dust forms the outer coma
and, in the case of atomic hydrogen, has been detected as
far as 3x107 km from the nucleus. Icy grains may also popu-
late the outer coma. Molecules in the outer coma may be
dissociated by sunlight and by this process produce an ex-
tended source for the product gas species. Gases are lost
from the outer coma by ionization through interaction with
solar protons and solar wind particles. Plasma thus formed
and dust emerging from the outer coma produce the cometary
tails.

The extended gaseous atmospheres of comets may there-
fore be divided into two parts: the inner coma and the outer

coma. Each part of the atmosphere has received considerable
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theoretical investigation. Hydrodynamic models have been
constructed to describe the outward flow in the inner coma,
since in this region intermolecular collisions dominate.
Exospheric models, based on collision-free trajectories of
gas atoms and molecules, have been developed to describe
the flow in the outer coma. The thrust of this research
effort is to develop improved exospheric models with suf-
ficient flexibility and accuracy for useful analysis and

interpretation of cometary data.

6.2 Description of the Model

The general exospheric model under development is based
upon exact orbit calculations in three dimensions and is
suitable for interpretative analysis of both the dust and
neutral gaseous components of extended cometary atmospheres.
The exospheric model is being constructed so as to be capable
of modeling a variety of conditions describing the nature of
the gas (or dust) source. The cometary source may be spec-
ified as either a simple point source or as an extended
source. In the latter case the extended source surface
could be chosen to coincide with the inner coma boundary
upon which the dispersion and anisotropic character of the
outflowing gas (or dustj velocity deduced by an inner coma
hydrodynamic model, could be used as the initial conditions
for the exospheric model. This would provide comprehensive
modeling for the complete coma.

In calculating trajectories of the gas (or dust) particles,
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the completed model will include the effect of the comet
motion, the solar gravitational force and the solar radia-
tion pressure in its entirety. The radiation pressure
depends upon the sun-particle distance (intensity and hence
‘pressure decreases with distance), the nucleus-particle
distance {near the nucleus optical thickness decreases and
radiation pressure increases with distance) and the sun—
particle radial velocity (determining the doppler shift and
hence the solar inhtensity seen in the absorption feature as
in the case of Lyman-a for a hydrogen atom). The effect of
time and heliocentric distance dependence of the: production
rate of gas (or dust) by the nucleus and the effect of a
finite lifetime of gas molecules or atoms along their tra-
jectories may also be included in calculating the coma
density.

The completed exospheric trajectory model will be cap~—
able of predicting the density, column density and.intensity
of the coma for arbitrary viewing geometry and as a function
of heliocentric distance for given source and lifetime con-
ditions. Line profile shapes of radiation emitted by gases
that resonantly scatter sunlight could also be calculated
and compared with data to better understand the velocity
structure of the coma. The model should be useful both in
refinement of analysis of past cometary data and in investi-
gation of new data anticipated in future studies of comets.-

The model development has been divided into two phases.

The first phase reported here, has emphasized the character-
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ization of the orbital mechanics required to describe the
motion of gas or dust in the extended comet atmosphere and
the numerical methods required to solve these equations
efficiently. Included also are preliminary model calcula-
tions. The second phase, to be implemented in the coming
year, is an improvement and refinement of this basic model
in order to incorporate the flexibilities and options dis-

cussed above.

6.3 Mocdel Development

The first phase of development of the general exospheric
model for extended comet atmospheres, discussed in Section
6.2, is reported. The primary emphasis has been to charac—
terize the orbital mechanics and numerical methods required
to describe the motion of gas or dust in the extended comet
atmosphere and to perform very preliminary modeling calcu-
latiomns.-

The cometary mass is so small that all gas or dust
particles escaping from the nucleus or the extended exo-
sphere of the coma {with even thermal gas flow velocities)
are negligibly influenced by the gfﬁvitational field of the
comet. Under these circumstances the motion of the gas or
dust particle relative to the sun may be adequately described
by the modified Kepler equation for the relative separation

-
vector r:

R

. . E
- u 3 . (6-3.1)
r
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Here ¥ denotes the relative separation acceleration, r the

magnitude of the separation distance f, and
H o= GM , (6.3.2)

where G is the gravitation constant and M is the effective
mass of the sun.

The force of solar radiation pressure on the gas or
dust reduces the actual solar mass M seen by the comet
nucleus to an effective solar mass M seen by the gas or

dust particle. In particular
M = M- 8/G (6.3.3)

where S/r2 is the average solar radiation acceleration
experienced by the gas or dust. For certain gases such as
hydrogen and sodium, S may be a function of the radial vel-
ocity between the sun and the atom or molecule, while for
other gases S may be considered to be constant. For certain
gas atoms or dust particles, S is sufficiently large that M
may be negative (Burns et al., 1979).

The model to determine the spatial distribution of the
extended cometary gas or dust atmosphere is based upon solv-
ing equation (6.3.1) for an ensemble of gas or dust particles
emitted from the comet nucleus, or more generally from the
coma exosphere. When S is a constant, solutions to (6.3.1)

are the well-known two-body Keplerian orbits. Numerical
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exploration has shown that application of Runge—~Kutta for-
mulas to equation (6.3.1) provides both a general and
efficient method for determining r and % at time t given
r, and %o at an earlier time t,. Other methods, such as
those discussed by Goodyear (1965), are applicable when S
is a constant but are not necessarily more efficient in
this context.

Model calculations for comet Halley are shown in Figure
24 and illustrate the shape and relative density of hypo-
thetical extended hydrogen atmospherxes viewed normal to the
comet orbit plane. The density-dot plots are shown for five
comet locations chosen symmetrically about the pexihelion
point. The model is simple, assuming isotropic emission of
H atoms from a moving comet point source with initial atom
velocities of 8.2 km sec_l and a hydrogen lifetime of 2.2x106
sec. The solar radiation acceleration is assumed independent
of the sun-atom radial velocity, having an active sun value
of 0.7706 cm-2 sec—l at 1.AU. This provides an effective
solar mass M which is both constant and negative, with a
magnitude of 0.3 times the real solar mass M. The comet
orbit and sun disk are shown approximately to scale in Figure
24, while the comet's extended atmosphere is magnified by a
factor of four for enhanced viewing. The clockwise oxrbit
motion of comet Halley introduces an asymmetry in the hydro-
gen density distribution for symmetrically compared comet

locations about perihelion and also determines the direction

of curvature of the comet tail.
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Figure 24. Hydrogen Atmosphere for Comet Halley.
Model results of a hypothetical hydrogen atmosphere
are shown for a viewing perspective normal to the

comet orbit plane. See text for discussiom.
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Model calculations for comet West are shown in Figure
25 and Figure 26 and illustrate the shape and time evolution
of an extended dust atmosphere or tail. The dust tails in
Figure 25 are scaled to only half their real size, while
the dust tails in Figure 26 are magnified by a factor of
four for enhanced viewing. Isotropic emission of dust from
the comet nuclei at 1 km secnl is assumed in both cases,
while the lifetime of the dust has a value of 2x106 sec in
FPigure 25 and lxlO6 sec in Figure 26. The strength of the
solar radiation pressure in Figure 25 and Figure 26 is
chosen to provide an effective solar mass for the dust par-
ticles, respectively, of 0.5 and 0.7 times the actual solar
mass.

Comet West comes very.close to the Sun, having a peri-
helion distance of only 0.1966 AU. The comet orbit is essen-—
tially parabolic, having an eccentricity of 0.99997 and a
perihelion velocity of almost 100 km sec_l. Such high
velocities and the clockwise motion of the comet give rise
to the large curvature of the comet tail shown and to the
.dramatic change in size of the dust tail before and after

perihelion.
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Figure 25. Dust Tail of Comet West.
The space—-time evolution of the dust tail,
viewed normal to the comet orbit plane, is

calculated using the simple comet model
described in the text.
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Figure 26, Dust Tail of Comet West.
Same description as Figure 25.
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CHAPTER VII

CONCLUDING REMARKS

7.1 Summary

Three different subjects have been discussed in the
Previous chapters: Io's sodium cloud, Titan's hydrogen
torus and the dust and gas atmospheres of comets. A brief
sumnmary of the key results of each chapter will follow. In
some cases only preliminary or very preliminary results are
given and are provided to indicate the state of our current
research.

The focus of Chapter II provided gquantitative modeling
of the sodium cloud to test the hypothesis that solar radia-
tion pressure is the mechanism responsible for the observed
east-west asymmetries. The review of observational data
indicated that two such asymmetries exist: the CGoldberg
phase lag asymmetry and the Bergstralh intensity asymmetry.
Our earlier modeling effort, in the Appendix, argued more
qualitatively for the hypothesis, while more recent results
in this chapter provided quantitative calculations based on
the three-dimensional model. These model calculations are
in excellent agreement with the east-west Goldberg phase lag
asymmetry data, predicting not only the correct phase lag
but also the correct c¢ritical satellite phase angles for
observing the cloud symmetrically about Io. Model results
also provided an explanation for the east-west Bergstralh

intensity asymmetry. This explanation depends critically
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upon the presence of low velocity components (V2 km sec"l}
in the actual initial velocity distribution of sodium atoms
emitted by the satellite. Assuming the presence of these
low velocity components, the maximum observed Bergstralh
intensity is matched by the model for an emission flux of
about lxlO8 cm_2 sec-l. This value is in agreement with
independent estimates of the emission flux deduced by com-—
parison of model calculations and observed two-dimensional
sodium cloud images.

Chapter 111 presents preliminary modeling for the shape
of the line profiles of the sodium D-~line emission. To
initiate the study, line profiles were generated using the
monoenergetic model calculations of Chapter II., These line
profiles were then compared with observations in oxder to
refine the earlier assumption of monoenergetic emission.
Review of observations showed that the line profiles are
characterized by a peak and an asymmetrically attached
extension or skirt. Monoenergetic model calculations,
emitting sodium from the inner satellite hemisphere with a
characteristic emission velocity of 2.6 km sec T, exhibited
gimilar peaks and skirts for satellite phase angles up to
about 60 degrees in the east and 240 degrees in the west.
For larger phase angles, the absence of the skirt in the
model and the presence of the skirt in observational data
indicate that an additional emission surface with higher
velocity components must be added to the simple monoener-

getic model, These higher velocity components must be
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emitted approximately tangential to the satellite orbit and
have emission speesds of order 15 km Sec_l. This suggests
that the high speed sodium atoms may be produced by the
Jupiter magnetospheric wind interacting with the local Io
atmosphere.

In Chapter IV, very preliminary modeling results and
speculative ideas regarding the interaction of the sodium
cloud and the hot Io plasma torus are discussed. The hot
plasma torus, centered on the centrifugal equator at Io's
orbital distance, has a radius of approximately one
Jupiter radius. The torus may provide a strong sink for
ionization of soéium cloud atoms through electron impact.
Sodiun lifetimes as short as one hour have been suggested
and are in marked contrast to values of order 20 hours
adopted by earlier modeling of the overall cloud shape and
intensity. Such a strong soéium sink, however, would pro-—
duce an intehsity gradient in the sodium cloud, increasing
rapidly in brightness toward the satellite. Measurements
of the sodium intensity both near Io and in the far sodium
cloud, however, constrain this gradient and hence the
strength of the lifetime sink. Preliminary model calcula-
tions, using this constraint, indicate that the sodium 1ife-
time is likely larger than one hour and hence suggest the
bresence of a weaker lifetime sink.

Chapter V presents a model for the hydrogen torus of
Titan. The torus is complete and exhibits a fair amount of

circular symmetry except near the satellite where the cloud
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density is peaked. The Lyman-—o intensity of the torus,
produced by resonance scattering of sunlight, is calculated
and compared both with the recent Pioneer 11 measurement
and the earlier earth-orbiting measurements of the Coper-
nicus satellite. Agreement with both observations is found

for an H atom escape flux from Titan of about 3x109 c:m‘--2

sechl.

In Chapter VI, a new research topic is introduced -
the mo@eling of extended atmospheres of comets. This may
be viewed as a natural extension of our satellite atmosphere
models, since similar techniques may be employed. The
essential features of a comet are reviewed in Section 6.1
and the description of a comet model is discussed in Section
6.2. The first phase of model development, described in
Section 6.3, emphasizes the orbital mechanics and numerical
methods to be employed for both extended dust and gas atmo-
spheres. Simple model calculations, illustrating the shape
and time evolution of the comet atmosphere, are given for

comet Halley and comet West.

7.2 Future Emphasis and Direction

Understanding the‘processes by which gases escape from
Io will continue to be an important goal in our research
program. The discovery of the hot plasma torus by Voyager 1,
with its large flux of sulfur and oxygen ions, indicates that
S0, (or its chemical fragments) in Io's bound atmosphere is

escaping with a flux in excess of the sodium escape flux.

78



Understanding the escape of sodium from Io is therefore
important in a larger context.

Key to understanding the escape of sodium from Io is
the determination of the initial atom velocity distribution
operative at the satellite. Information about this velocity
distribution is contained in the sodium cloud data. The
east-west Bergstralh intensity asymmetry data are sensitive
to the very low velocity components, while the line profile
data are sensitive to the high velocity components. The
two~dimensional sodium cloud image data are sensitive to
the intermediate velocity components. Future research
should be directed to unlocking the wvelocity distribution
from these data. In order to be successful, this'process
cannot be achieved independently, but must include additional
factors, such as understanding the impact of the plasma torus
on the sodium cloud. A comprehensive modeling program is
therefore reguired.

Understanding the Jovian magnetosphere and its inter-
actions with Io and with Jupiter are also important goals
of our research. The rates at which ions, supplied by.gases
escaping Yo, diffuse from the plasma torus to the larger
magnetosphere, and the energy balances which operate in the
magnetosphere to maintain the plasma torus are both topics
of current interest. Modeling of the sodium cloud data may
be helpful in both of these regards also. The sodium ion
input rate to the magnetosphere may be calculated by the

model and compared directly, by solving the ion diffusion
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problem, with Voyager ion data. Such a comparison may be
able to define or constrain the ion diffusion coefficients.
In addition modeling of sodium cloud properties can provide
important constraints upon the electron energy and number
density profiles in the hot plasma torus as discussed in
Section 7.1. Such constraints are important in understanding
the plasma torus energy balance processes. Our future model-
ing, in cooperation with other disciplined scientists, will
pursue these research issues.

In addition to the above research topics for the Jupiter
system, our fu#ure modeling interest for the Saturn system
will continue to increase. The encounter of Vovager 1 with
Saturn later this year should provide improved data for
Titan and also provide more data for a possible extended
hydrogen atmosphere associated with the planetary rings.

In addition to this ring atmosphere, a gas torus supplied
by several inner satellites of Saturn may also be presented
as is suggested by Pioneer 11 measurements indicating a
dense, hot plasma located between 4 and 8 planetary radii.
Modeling for the ring atmosphere and its role as an ion
source for the inner magnetosphere of Saturn will be init-
iated. Improved modeling of Titan's hydrogen torus will
also be considered.

Finally, future comet modeling will continue and empha-
size the refinement of the simple model developed under
phase one. This will require adding flexibilities to the
model code 50 that it may be more easily applied directly

to cometary data.
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ABSTRACT

Ground-based observations accumulated over the last few years have established certain
asymmetric features of Io’s sodium cloud, when data are compared for symmetrically opposite
satellite locations east and west of Jupiter. Asymmetries, occurring both in the absolute intensity
and in the infensity distribution of the D, and D, cloud emissions, have been reported independ-
enily. Modeling efforts presented, argue that both of these asymmetries are produced by the
perturbing effects of solar radiation pressure on the motion of sodium atoms in the cloud. The
resonance scattering of sunlight by sodium cloud atoms, which makes the cloud visible, is therefore
also responsible for the observed east-west periodic time variation in the cloud shape and density
that is correlated with the satellite phase angle.

Subject headings: planets: Jupiter — planets: satellites

I. INTRODUCTION

o, the innermost Gelilean satellite of Jupiter, is the
source of an extended sodium atmosphere emitting
radiation in the D; and Dy lines. Discovered by Brown

. in 1973 (Brown 1974), the cloud has since become the
object of many ground-based observations, studying
both its spectral and spatial characteristics (Brown and
Chaffee 1974; Trafton, Parkinson, and Macy 1974;
Mekler and Eviatar 1974; Bergstralh, Matson, and
Johnson 1975; Brown et af. 1975; Trafton 1975;
Trafton and Macy 1975; Macy and Trafton 1975;
Wehinger, Wyckoff, and Frolich 1976; Mekler,
Eviatar, and Coroniti 1976; Miinch, Trauger, and
Roesler 1976; Trauger, Roesler, and Miinch 1976;
Miinch and Bergstralh 1977; Bergstralh er al. 1977;
Goody and Apt 1977; Trafton 1977; Trafton and Macy
1977; Carlson et al. 1978; Matson ef al. 1978;
Murcray and Goody 1978; Goldberg et al. 1978;
Mekler and Eviatar 1978). Attention here will be
restricted to better understanding data describing the
spatial distribution of the sodium cloud as a function
of phase angle.

Models developed to interpret the main spatial
features of the sodium cloud have been successful in
deducing the lifetime of the neutral gas as well as
delining and constraining the range of cmission condi-
tions for sodium at the satellite-magnetosphere inter-
face. In early modeling, Carlson, Matson, and Johnson
(1975) argued that the lifetime of sodium atoms would
be limited by electron impact ionization. They sug-
gested a sodium lifetime between about 30 and 50
hours depending on the plasma conditions prevalent
in the Jovian magnetosphere. More recently, Matson
et al. (1978) presented two images of the cloud, where
sodium was seen to precede o, indicating that sodium
atoms were emitted nonisotropically from Io. Smyth
and McElroy (1978) extended their earlier model
{(Smyth and McElroy 1977) to nonisotropic emission
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and applied it to a set of 56 two-dimensional sodium
images reported by Murcray and Goody (1978). They
concluded that the neutral lifetime of sodium in the
Jovian magnetosphere was between 15 and 20 hours
and that the sodium appeared to be ejected primarily
from the inner hemisphere of the satellite with a mean
velocity of 2.6 km s~! and with an emission source
strength of about 2 x 10%% atoms s~*. They alsc con-
cluded that the sodium cloud precedes fo and further-
more that it is aligned along a central axis tilted
approximately 35° toward Jupiter with respect to the
line drawn through lo and tangent to the satellite
orbit. An iliustration taken from their paper showing
this orientation of the sodium cloud is given in
Figure 1.

The modeling efforts of Smyth and McElroy indicate
that the global features of the sodium cloud may, to a
first approximation, be treated as a steady state cloud.
Observed changes in the intensity pattern of the cloud
with satellite phase angle are therefore largely due to
the changing geometric viewing perspective of the
cloud projected onto the plane of the sky. Small
modulations in the steady state intensity of the cloud,
occurring in a time of order 2 hours (Trafton 1977),
were present in the data of Murcray and Goody (1978).
These changes are correlated with the magnetic field
and arc presumably fluctuations in the ionization life-
time of the sodium atoms.

Other changes in the sodium cloud, occurring when
data are compared for satellite orbital phase angles
separated by 180°, suggest, however, that the steady
state picture of the cloud is not complete and farther-
more that a time-varying mechanism is operative, with
a period equal to the satellite period. These types of
changes are referred to as the east-west asymmetries of
the sodium cloud. Two different east-west asym-
metries have been observed and are discussed below.
A simple physical explanation is presented.

In brief, it will be shown that both east-west
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LINE OF SIGHT

Fig, 1 —Sodium cloud model. The shape of the sodium
cloud in the satellite plane calculated by Smyth and McElroy
{1978) is shown for a phase angle of 55° and compared with
their simple triangular cloud model. An emission velocity of
2.6 kms~! and a lifetime of 20 hours were assumed. Atom
concentration is proportional to the density of points shown.

asymumetries follow directly from spatial distortions of
the sodium c¢loud produced by the solar radiation
pressure effect of resonance scattering in the D, and
D, lines. Orbil caleulations illustrating the time-
dependent changes in the sodium atom trajectories
produced by the solar radiation force as a function of
Io’s orbital location are presented in support of this
explanation. Detailed three-dimensional calculations
of the cloud density and its corresponding two-
dimensional intensity pattern are in progress and will
be reported at a later date. The ability of solar radia-
tion pressure to distort gravitationally controlled
orbits has previously been recognized in several other
physical situations, such as the hydrogen comae
(Keller and Thomas 1975) and dust tails (Finson and
Probstein 1968) of comets, the motion of artificial
satellites (Kozai 1961), and the distribution of hydrogen
in the upper geocorona {Bertaux and Blamont 1973).

IN. TIE EAST-WEST ASYMMETRIES

The sodium cloud exhibits two different east-west
asymmetries. The first and best documented of these
was reported by Bergstralh, Matson, and Johnson
(1975). They observed the intensity of the sodium
cloud as a function of phase angle through a 3 x §*
slit centered on the satellite with the long dimension of
the slit oriented approximately perpendicular to the

projection of 1o’s orbital plane. In addition to showing
the intensity was correlated with Io’s orbital position
about Jupiter, and thereby identifying resonance scat-
tering of sunlight by sodium atoms as the dominant
excitation mechanism, they aiso showed that during
their 7 week observing period the measured intensity of
the cloud with the satellite east of Jupiter was con-
sistently about 350%, greater than the measured
intensity with the satellite west of Jupiter. In a second
article {(Bergstralh et al. 1977) they reported additional
data to increase the original 1974 observing period to
10 weeks and also included cbservations made during
the 1975 apparition. The combined data base strength-
ened their original conclusions, with an analysis of
selected data then establishing the east-west intensity
asymmetry more accurately at 20-25%,.

The second and more recently discovered cast-west
asymmetiry was reported by Goldberg er al. (1978).
Their observations showed that the projected inlensily
pattern of the cloud on the plane of the sky did not
produce a mirror image at orbital phase angles
separated by 180°. As the satellite approaches either
the eastern or western elongation point of its orbit
(90° or 270°, respectively), there exists a critical phase
angle for which the sodium cloud appears nearly
circularly symmetric about To. For phase angles larger
than this critical angle, the sodium cloud has an
elongated shape {see Murcray and Goody 1978). The
eastern and western critical satellite phase angles for
which the cloud exhibits this symmetry were originally
reported by Goldberg ef al. (1978} as 65° and 230°,
respectively. More recent estimates made with addi-
tional observations (Goldberg 1979) suggest that the
critical eastern phase angle is more accurately in the
70°-75° range. This suggests that in the east the central
axis of the sodium cloud is tilted only about 15° or 20°
with respect to the line drawn tangent to the satellite
orbit at To, whereas in the west the tilt angie is about
40°, The steady state sodium cloud depicted in Figure 1
has a tilt angle of 35°, Although the exact critical phase
angle for a symmetric cloud may be difficult to estimate
precisely for each cloud image of Goldberg et al. (1978)
because of the 17°~25° of orbital smear associated with
their 2-3 hour long measurements, the east-west asym-
metry in the satellite phase angle of order 20°-25°
appears o be real. No explanation for this asymmetry
has been given.

Possible explanations of the east-west intensity

asymmetry reported by Bergstralh er al. (1975, 1977)

have appealed 'mainly to time-dependent changes in
the sodium source at -Jo. Bergstralh, Matson, and
Johnson {1975) suggested that the asymmetry'was due
to a nonuniform sodium distribution, perhaps resulting
from asymmetrical ejection of sodium from To. Smyth
and McElroy (1977) presented caleulations to show
that if the sodium atoms seen with Jo near western
elongation had been emitted with a slighily higher
gjection velocity than those scen near eastern elonga-
tion, the asymmetry could be achieved. They appealed
to the changing sunlit hemisphere of Io and its inter-
action with the magnetic field as a possible modulation
mechanism. In a later paper (Smyth and McElroy
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1978), enhancement of the higher components of the
sodium initial velocity dispersion when the satellite is
near western elongation was also suggested as a
possible explanation for a similar east-west intensity
asymmetry trend seen in the data of Murcray and
Goody(1978). Trafton (1975) took a different approach,
suggesting that radial streaming of sodium atoms in
the cloud with velocities as high as 18 km s™* might
brighten the Io disk component of the intensity at
eastern elongation.

An alternative and very simple explanation of both
cast-west asymmetries will be advanced here. It is based
upon the force experienced by sodium atoms as they
resonantly scatter sunlight and upon the ability of this
force to alter the cloud atom orbits, as determined by
the gravitational fields of Io and Jupiter.

111. THE EFFECT OF SOLAR RADIATION PRESSURE

A sodium atom in Io’s cloud upon absorbing a
photon of energy /»; in either the D, line (A =
5889.95 A) or the D, line (A, = 589592 A) wiil
experience in the Sun-Jupiter vector direction a
momentum change Avfe and a corresponding velocity
change of about 29cms~1. The excited atom,
returning to its ground state in about 10~% s by reso-
nance emission of a photon, will also experience a
second velocity change of the same magnitude along
an arbitrary vector direction (neglecting the slightly
forward peaked D, phase function). The rate J; at
which a sodium atom absorbs photons in the D, line
(i = 1) and the D, line (7 = 2) is given by

wez) (mF)

Ji = »{v) (m—cc Tiv,

fiR72, )]
where R is the Sun-Jupiter distance in astronomical
units, f; is the osciliator strength ol the ith fine, =f7y, is
the solar continunm-level photon energy flux between
the D, and D, lines at R =1,

2
(nF,) = 6.80 x 10752 @)

(sce Allen 1976), and y,(v) is the fraction of this solar
continuum flux available to the sodinm atom as it is
Doppler shifted out of the bottom of the solar D-line
Fraunhofer absorption feature by the instantaneous
radial velocity v of the sodium atom relative to the
Sun. The fraction y(r) varies from about 0.05 at the
bottom of the solar absorption feature (v = 0) to
about 0.6-0.7 with a velocity » equal to the orbital
speed of Io.

For Jupiter at mean opposition (R = 5.2028), the
time (J;)~! between absorption of two photons of
frequency v, varies from a few seconds to many tens
of seconds depending upon the value of y; and, in any
event, is small compared with characteristic times of
order 1 hour for orbital motion of a sodium atom in
the cloud. Because of this, the randomly directed
momentum change of the sodium atom produced by
the resonance emission of the photon will average to

Yol. 234

zero. The net radiation acceleration b experienced by
the sodium atom is therefore produced by the initial
photon absorptions and is given by

_ 1 th th
b—mo(cjl'f'c-]g)' (3)
This acceleration is directed radially outward from the
Sun. Here m, is the mass of the sodium atom. Evalua-
ting (3) for Jupiter at mean opposition gives

b = 0.650(y, + 1.996y,), @

where the units are expressed in cms™2 In com-
parison, the acceleration experienced by a sodium
atom in a circular orbit at [o’s orbital radius is only
71.27 cm s~2. The magnitude of the radiation accelera-
tion is therefore as large as 1-2%. This is a significant
perturbation and will alter the sodium cloud atom
orbits determined by the gravitational accelerations of
To and Jupiter appreciably, as will be demonstrated.

Sodivm atoms observed in the cloud at any given
time were initially emitted by lo at a somewhat earlier
time, corresponding to an earlier phase angle for the
satellite. For a sodium lifetime of 20 hours, the longest-
lived cloud atoms were actually emitted about 170°
earlier—almost at the symmetrically opposite orbital
location of the sateliite. Distortion in the observed
sodium cloud near eastern elongation will therefore be
caused by the cumnulative effects of the radiation
acceleration on atom orbits emitted near western
clongation. The distortion in the observed cloud near
western elongation will likewise be due to the effects
of the radiation acceleration on sodium atom orbits
emitted near eastern elongation.

The motion of atoms in the elongated sodium cloud
are somewhat parallel to the central cloud axis, illus-
trated in Figure 1, which is tilted toward Jupiter by
35° The velocily of these atoms parallel Lo this axis is
variable. For the simple case shown in Figure 1, the
Sun-awom radial velocity » varies from a maximum
value of about 22 km s=! when the central axis is
parallet to the Sun-Jupiter line to a minimum of zero
{neglecting Jupiter’s radial motion) when the central
axis is perpendicular to the Sun-Jupiter line. This
change in the velocity » with satellite phase angle
clearly moedulates the magnitude of the radiation
acceleration b through the fraction yfp), whie the
vector direction of the acceleration is always fixed
parallel to the Sun-Jupiter line.

A comparison of sedium atom orbits including and
excluding the effect of the solar radiation acceleration
will now be presented. The atom orbit defining the
inner boundary (i.e., the one closest to Jupiter) of
the sodium cloud shown in Figure 1 will be chosen as
theunperturbed orbit (see Fig. 6 in Smyth and McElroy
1978). This orbit is calculated using the circuiar
restricted three-body. equations and determines the
motion of a sodium atom in the combined gravita-
tional fields of Yo and Jupiter. The perturbed orbit is
calculated by solving the circular restricted three-body
equations of motion modified to include the complete -
effect of the solar radiation acceleration given by {(4).
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The initial conditions for the unperturbed and per-
turbed orbit calculations are identical. An atom is
emitted radially from the inner trailing quadrant of the
satellite’s exosphere (assumed 2600 km in radius) with
a speed of 2.6 km s~L. The velocity vector is confined
to the satellite plane and makes an angle of 70° with
the Jupiter-Io line. The lifetime of the sodium atom is
20 hours.

In Figore 2 the unperturbed and perturbed atom
orbits are compared for two different initial satellite
phase angles, thereby illustrating the distortion that
occurs in the inner cloud boundary observed both east
and west of Jupiter. To exhibit this distortion appear-
ing at an eastern phase angle of 55°, an atom orbit
emitfed initially at a satellite phase angle of 245° near
western elongation is shown in Figure 2a. In this case,
the solar radiation force acts in a direction to enhance
either the angular or outward radial component of
velocity of the emitied sodium atom over most of its
20 hour lifetime. This increases the kinetic energy of
the atom and produces an orbit that remains more
distant from Jupiter and that has a slightly larger
period than the orbit calculated with zero radiation
force. The atom orbit is therefore deflected less toward
Jupiter than the unperturbed orbit, as illustrated in
Figure 2q. In addition, the relative separation distance
of the atom from o at a given time is less than in the
unperturbed orbit case since its larger period will be
closer in value to the satellite period than will the
unperturbed period. The first effect will cause the tilt
angle of the perturbed central cloud axis to be less than
35° when the cloud is observed near a satellite phase
angle of 55°. The second effect will cause the cloud to
be compressed along its central cloud axis and hence
have a larger density when observed near the 55° phase
angle. These two ellects are in the correct sense Lo
explain the east-west asymmetries.

perhurbed ozhit
unpertuched orbit

45
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Figure 2b shows the distortion of the inner cloud
boundary appearing at a western phase angle of 235°,
for an atom orbit having originally been emitted at a
satellite phase angle of 65°. The solar radiation force in
this case acts in a direction to initially decrease the
angular component and later to decrease the outward
radial component of velocity of the emifted atom
during its 20 hour lifetime, The initial energy loss and
the later inward directed force will produce an orbit
which lies closer to Jupiter and has a slightly smaller
period than the orbit calculated with zero radiation
force. The perturbed atom orbit in Figure 25 is there- -~
fore deflected more toward Jupiter and has a larger
atom-Io separation distance for a given flight time
than the unperturbed orbit. The perturbed central axis
of the sodium cloud will therefore be tilted more than
35°. The perturbed cloud shape will be clongated along
its central cloud axis with a corresponding decrease in
the sedium density. Again, these two effects are in the
correct sense to explain the east-west asymmetries,
The two perturbed atom orbits of Figure 2 are com-
pared directly with the unperturbed orbit in Figure 3.

To depict the overall distortion of the clond shape
at satellite phase angles of 55° and 235°, many such
perturbed orbits must be calculated similar to the two
shown in Figure 3. The location of these atoms on
their orbits at 20 hours of flight time will then provide
points from which an envelope for the cloud may be
constructed, The orbits used to construct such an
envelope in Figure 1 had initial conditions differing
from the unperturbed orbit of Figure 3 only in the
direction of the initial atom velocity vectors, which
were allowed to range from —350° to +130° with
respect to the Jupiter-lo line, Adopting this same set
of initial conditions, the cloud envelopes for the
perturbed orbits arc calculaled as they would appear at
satellite phase angles of 55° and 235°, Results are

periurbed orbat
-unperturbed orbit

20hr
235°

Sun-Juptler buig

=

)

F1G. 2.—Perlurbation of a sodium atom orbit by the solar radiation acccleration. The motion relative to o of a perturbed atom
orbit emitted by the satellite is compared with the motion of an unperturbed atom orbit for two different initial Jocations of the
satellite, Tick marks occur at 1 hour intervals along the atom orbits. The initial atom velocity vector, 10's circular orbit about
Jupiter, and the satellite motion during the 20 hour atom hfetime arc shown rclative to the Sun-Jupiter axis.
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perfurded erbit
wtitperiorbed erbit
£ perfusted erbat

Fi6. 3.—Comparison of the perturbed sodium atom orbits,
The perturbed atom orbits shown in Fig. 2 at a phase angle of
55% and 235° are compared directed with each other and with
the unperturbed atom orbit. Tick marks at 10° intervals along
Io's circular orbit are indicated.

shown in Figure 4 and are compared with the unper-
turbed cloud envelope of Figure 1,

In Figure 4a, the sodium cloud shown at a phase
angle of 55° appears to have a central axis tilted less
than 35° toward Jupiter, as anticipated. The whole
cloud also appears to be translated perpendicular to its
central axis in a direction away from Jupiter. The
forward portion of the cloud is shortened and less
broad whereas the trailing portion of the cloud is
elongated. The cloud is therefore compressed. The
exact tilt angle of the central cloud axis, parailel to
which the sodium appears nearly symmetrically dis-
tributed, will depend upon the distribution of sodium
within the cloud envelope. Detailed three-dimensional
density calculations are now in progress to establish
this value. Examination of the shape of the envelope,
however, suggests that the perturbed central axis may
be tilted about 10° less than the unpertirbed axis.
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InFigure 45, distortion of the sodium cloud envelope
is shown for a phase angle of 235° (i.e, the sym-
metrically opposite phase angle situation to that shown
in Fig. 4a). The perturbed cloud is tilted more toward
Jupiter than the 35° angle of the unperturbed cloud,
with perhaps a 5° increase suggested by the envelope
shape. The forward extent of the cloud is elongated
whereas the trailing portion of the cloud is less
extended. The perturbed cloud is probably less dense
because of the forward elongation, although the
density change appears to be less pronounced than for
the results of Figure 4a.

1V. CONCLUDING REMARKS

The distortion in the sodinm cloud produced by the
solar radiation acceleration associated with resonance
scattering of atoms in the Dy and D, lines, illustrated
in Figure 4, offers a simple explanation for both east-
west asymmetries. The solar radiation pressure acts in
a time-dependent fashion, compressing the cloud near
eastern elongation and expanding the cloud near
western elongation, and provides an explanation for
the east-west intensity asymmetry of Bergstralh et al.
(1975, 1977). The solar radiation pressure also causes
the cloud to tilt closer to Jupiter when lo is near
western elongation than when Yo is mear eastern
elongation, thereby providing an explanation for the
cast-west cloud distribution asymmetry of Goldberg
et al. (1978).

The cloud envelopes in Figure 4 suggest an east-west
change in the tilt angle of the central cloud axis of
about 15° although detailed three-dimensional orbit
calculations, now in progress, are required to deter-
mine an exact value. The critical satellite phase angle,
where an Earth observer sees the sodium distributed
nearly symmetrically about Io, depends upon this tilt
angle and also upon the Sun-Jupiter-Earth angle
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. FIG. 4.—East-west changes in the sodium cloud. The change in the sodium cloud shape produced by the solar radiation accelera-
tion is shown for two symmetrically opposite satellite phase angles, The perturbed cloud shape is indicated by the shaded area and
is compared to the unperturbed cloud shape indicated by the dashed line.
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which varies by about +12°. The observed critical
phase angles of 70°-75° in the east (Goldberg 1979)
and 230° in the west (Goldberg et al. 1978) will include
the effects of this latter angle,

The explanation presented for the east-west asym-
metries of Io’s sodium cloud clarifies and strengthens
the idea advanced from earlier measurements of
Bergstralh et al. (1975, 1977) that sodium atoms are
emitted from the satellite at a constant rate. It also
reinforces the modeling results of Matson et al. (1978)
and Smyth and McElroy (1978) that sodium atoms are
emitted nonisotropically from Yo. These conclusions
may be important in studying the global effects of
active volcanoes (Morabito ef al. 1979; Smith ef al
1979) and the intense satellite plasma torus (Broadfoot
et al. 1979; Bridge ef al. 1979; Warwick et al. 1979),
both discovered recently for Io from Voyager I space-

10's SODIUM CLOUD 1153

craft measurements. In this regard, future analysis of
the east-west asymmetry data using three-dimensional
models should be valuable. The apparent nonisotropic
emission of sodium by the satellite might, for example,
be due either to an asymmetry in the sodium supply
and escape mechanism or to spatial asymmetries in the
plasma properties responsible for ionizing the sodium
cloud atoms. In either case, modeling of the sodium
cloud data would provide a useful tool for Barth-based
monitoring of these conditions over an extended period
of time.

The author would like to thank R. Goody for helpful
comments. This research was supported by the
Planetary Atmospheres program of the National
Aecronautics and Space Administration under grant
NASW-3174.
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