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PREFACE� 

Interpretation of extended-atmosphere data for the� 

sodium cloud of Io and the hydrogen torus of Titan is� 

performed using highly developed numerical models. The� 

construction of a model to intezpret 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 more recent data acquired by� 

the Pioneer 11 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.� 
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Results from modeling sodium data, in addition to the� 

discovery of the solar 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, uf providing useful con›

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- intensity near the� 

elongation points of the satellite orbit of order 200 Ray›

leighs. Such a torus should be easily detected by the DV� 

instrument aboard the Voyager spacecrafts.� 
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CHAPTER I� 

INTRODUCTION� 

Interest in understanding the atmospheres of the outer� 

satellites, their extended nature and their planetary inter›

actions, has grown significantly in the last decade. Major� 

contributions have been made by both earth-based astronomy� 

and spacecraft measurements. In 1979, the encounters of� 

Voyager 1 and Voyager 2 spacecrafts with Jupiter provided a� 

vast new source of data for the Galilean satellites, while� 

the encounter of the Pioneer 11 spacecraft with Saturn� 

obtained new and important information for Titan. Future� 

encounters of Voyager 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 modeling the extended atmospheres of the� 

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 ii have been� 

incorporated. In addition to this, a new comet research� 

effort has been initiated. Tbe first phase of developing� 

models for interpretative analysis 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 are the continued darth-based obser›

vational programs for both the sodium cloud and the S+� 

cold Io plasma torus, and the Voyager-spacecraft discovery� 

of a new hot Io 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 been 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 II. Preliminary investi›

gation and interpretation of the line profile data for the� 

sodium cloud D-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� 

2� 



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� 

is 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 Chapter� 

VII and completes the report.� 

3� 



CHAPTER II� 

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 provide 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 solar resonance scattered emission� 

of sodium atoms in the D-lines.� 

Previous studies and modeling 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 orbit, forming an incomplete torus, approximately one›

quarter of the way around Jupiter. The most complete study 

was performed by Smyth and McElroy (1978). They concluded 

that the forward sodium cloud was aligned along a central 

axis in the orbit plane tilted approximately 350 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 

-�mean velocity of 2.6 km sec and with an emission source� 

4� 



-�strength of 2x1025 atoms sec , and that the mean lifetime� 

of sodium cloud atoms 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 approx›

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 ionizaton 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� 

Goldberg et al., 1978), when data are compared for satellite� 

orbital phase angles separated by 1800, 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 equal to the satellite period.� 

During our research efforts earlier this reporting year,� 

solar radiation pressure was identified as a mechanism to� 

explain the east-west asymmetries of the.sodium cloud. The� 

announcement of the discovery and preliminary supporting orbit� 

5� 
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LuJ� 

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-1 and a lifetime of 20 hours� 

were assumed.� 
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calculations were published (Smyth, 1979) and are included� 

in the Appendix. The preliminary calculations indicate 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 test 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 incliding the effects are� 

reported here and-verify the earlier preliminary 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 Figure 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 observed� 

by Goldberg 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� 

7� 



10-C 

.cC0 

CJ C) 

C. a 

(a) (b) 

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 (900) and to be expanded� 

near western elongation. Measurements consistent with this� 

behavior were reported by Bergstralh et al. (1975, 1978).� 

They observed the intensity of the sodium cloud as a function� 

of satellite phase angle through a 3 x 8 arc sec sJit 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. Figure 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›

9� 



Figure 3. Observational Slit. The rectangular observational slit of Bergstralh et al.� 
(1975, 1977), centered on’ Io, is shown in relationship to the sodium cloud,� 

the satellite orbit and the planet.� 
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Figure 4. Bergstralh Intensity Asymmetry Data.� 
The equivalent width to mean opposition continuum� 

level of the sodium fl-line emission measured by� 
Bergstralh et al. (1975) is shown. The dashed� 

curves are the solar excitation values for� 

both D2 and D1� .� 
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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 near� 

eastern elongation and 230 degrees near western elongation.� 

There is therefore an east-west phase lag asymmetry of about� 

15-25 degrees. This qualitative 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� 

quantitative evaluation, detailed three-dimensional sodium� 

cloud model calculations, modified to include the solar radia›

tion acceleration, have been performed and are reported here.� 

Results for to’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 inner� 

hemisphere of To’s exosphere (2600 km radius) with a velocity,� 
-i 

of 2.6 km sec and had a cutoff lifetime of 20 hours in the� 

Jovian environment. The outer contour value is 916 Rayleighs� 

for a surface flux of l08 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 D2 

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� 



IO’S SODIUM CLOUD FOR A SATELLITE PHASE ANGLE OF 550 

SUN SOLAR RADIATION SOLAR RADIATION 
ANGLE ACCELERATION EXCLUDED ACCELERATION INCLUDED 

1100 

190’� 

Figure 5. Effects of Solar Radiation Pressue in the East Cloud.� 

Calculated D2 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 discussion.� 



IO’S SODIUM CLOUD FOR A SATELLITE PHASE ANGLE OF 235� 

SUN SOLAR RADIATION SOLAR RADIATION 
ANGLE ACCELERATION EXCLUDED ACCELERATION INCLUDED 

1100� 

FH 1800� 

1900� 

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 lo 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 s’patial distribution of the sodium� 

cloud. The central axis of the forward elongated cloud is� 

not therefore aligned along the Earth-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 solar radi›

ation pressure, the D2 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 Fgure 6. Note that the east and west intensity pat›

terns are effectively mirror images of each other, and that� 

the 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 lo 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 D2 intensity pattern� 

of the sodium 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� 

symmetric 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 throuqh our field of� 

16� 
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Figure 7. Goldberg Asymmetry Model Results.� 
Model calculations of the D2 intensity contours, excluding� 
the effects of solar radiation pressure, show no Goldberg� 

phase lag asymmetry.� 
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Figure 8. Goldberg Asymmetry Model Results.� 

Model calculations of the D2 intensity contours of the sodium cloud,� 
including the effects of solar radiation pressure, clearly show the� 

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� 
-i� 

assuming a monoenergetic emission velocity of 2.6 km sec� 

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 9 and Figure 10� 

for diametrically opposite 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 1o. The critical� 
-1� 

satellite phase angle for an emission velocity of 2.2 km sec� 

has increased to 70 degrees in the east 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 give 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 components of the� 

19� 



Emission lo Phase Angle Io Phase Angle 
Velocity 700 2500 
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Figdre 9. Emission Velocity Dependence. Calculated D2 intensity contours of the sodium cloud,� 
including solar radiation pressure effects, are compared as a function of emission velocity.� 
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Figure 10. Emission Velocity Dependence.� 
Same description as Figure 9.� 

21� 



emission velocity dispersion of the sodium atom unlike the� 

Goldberg asymmetry. In performing the calculations, the most� 

interesting question 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 D2 intensity of the cloud measured through the� 

observing slit (see Figure 3) used by Bergstralh and colleagues.� 

The 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 realize 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 caA no longer� 

escape the gravitational field of Io and populate the cloud.� 
-i�

This occurs for initial velocities less than about 1.8 km sec� 

The question 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� 
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F = + FJ +F +F 

where PI and Fj are respectively the gravitational forces of� 

Io and Jupiter, where F is the centrifugal force introduced� 

by the rotating frame, and where FR is the solar radiation� 

pressure force. For initial velocities larger than about� 
-i� 

1.8 km sec , sodium atoms have sufficient energy to pene›

trate the Lagrange sphere (u5.8 satellite radii from Io), the� 

sphere on which the combined forces� 

FI+ FJ+F� 

nearly cancel. The near cancellation of forces actually� 

occurs in 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 km sec ) so that they move through the� 

Lagrange shell more rapidly, there is not time for the force� 

F to alter the atom trajectory significantly. However, for� 

initial velocities below this value and slightly above the� 

ballistic level, the penetration time is significantly long� 

so that the atom orbit may be significantly altered by the� 

force FR in the Lagrange shell. The forces F1 , FI’and Pdo�J �

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

FR, however, is reversed in the rotating coordinate frame for� 

satellite phase angles separated by 180 degrees. By this� 
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mechanism the force FR is able to introduce a significant� 

east-west asymmetry in the atom orbits.� 

Model calculations of the relative D2 intensity seen� 

through the observation slit of Bergstralh et al. (1975, 1977),� 

shown in Figure 3 and taken here to have nominal dimensions� 

of 9x103 km by 2.4xi04 km, are presented in Figure 11. The� 

relative D2 intensity is shown as a function of the satellite� 

phase angle for four different emission velocities spanning� 

the range from 2.0 km sec to 2.6 km sec The intensity,� 

calculated for atom emission from the inner hemisphere,� 

includes the shadow effect of the disk of lo blocking the� 

cloud behind it and assumes that the tilt angle-of the sat›

ellite plane is zero relative to the observer 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� 
-l 

sec and a somewhat less pronounced asymmetry for the 2.1� 
-i� 

km sec emission velocity. The asymmetry is not present� 

for the higher emission velocities of 2.4 km sec 1 and 2.6� 

km sec-1. 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� 
-i -i� 

sec results is 4.38 times larger than the 2.6 km sec� 

results in the east and 3.48 times larger in the west.� 

The east-west ratio of the relative D2 intensity for the� 
-i -i� 

2.0 km sec and 2.1 km sec emission velocities is presented� 
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Figure 11. Model Results for the Bergstralh Intensity Asymmetry.� 

The calculated relative D2 intensity of the sodium cloud seen� 

through the rectangular slit of Bergstralh et al. (1975, 1977)� 

is shown as a function of Io phase angle for different emission� 

velocities. See text for discussion.� 
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in Figure 12, where the results of including and excluding� 

the effects of Io’s shadow are both indicated. Note that� 
-l� 

the ratio for the 2.0 km sec 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� 
-1� 

sec 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 D2 intensity� 

given by the 2.0 km/sec calculation of Figure 11, a satellite� 

flux of order ixl08 atoms cm- 2 sec would be requited, in� 

agreement with an earlier estimate by Smyth and McElroy (1978).� 

The results of Figure 11 and Figure 12 would suggest that� 
-i� 

the velocities near 2.0 km sec 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 and� 

lower, ballistic orbits begin to dominate and the cloud be›

comes less bright and is mostly confined 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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a desirable modeling goal. Modeling results such as those� 

in Figure 11 are critical in such an inversion process. How›

ever, the results of Figure 11 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›

off lifetime model for sodium, may be modified significantly� 

by the plasma torus, since the lifetime of sodium atoms near� 

lo’s orbit would then be reduced to a value of order 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 III� 

IO’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 D1 and D2 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 iBrown,� 

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 velocity 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, 1980) have generally� 

drawn similar conclusions. Much modeling work, however,� 

remains in order to 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 D-lines in Io’s reference frame,when To is� 

west of Jupiter and it is shifted to shorter wavelengths when� 

To is east of Jupiter. The magnitude 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 more� 

prominent on the long-wavelength side of the peak when lo is� 

on the west side of Jupiter. The skirt is largest when To 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 lo 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� 
-i� 

of about 3 km sec and a dispersion in emission velocities� 
-i� 

with speeds ranging up to about 15 km sec 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 Io’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›
-i� 

tered at about 2.5 km sec and a dispersion, similar to the� 

sputtering velocity distribution they adopted, characterized� 
-i� 

by a long velocity tail with speeds up to 15 km sec 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 two data sets provides an excellent� 
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