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PREFACE

Exploratory modeling is presented for likely existing
extended hydrogen atmospheres of the outer satellites
Amalthea, Ganymede, Callisto and Titan. Primaryvemphasis
is placed upon describing the spatial structure and Lyman-o
intensity of these extended satellite atmospheres for a
range of probable hydrogen atom emission and liféﬁime con-
ditions. The likelyhood of detection of these extended
atmospheres by the Voyager and Pioneer 11 spacecrafts is
assessed. The initial spatial distribution of the ions
created by atoms lost from these extended hydrogen atmos-
pheres and from‘the extended sodium atmosphere of To,

because of"ionization processcs, is also presented.

The present study provides a valuable introduction and
theoretical description of extended satellite atmospheres,
in addition to presenting many interesting and uscful
exploratory and prototype model calculations. Data for
extended satellite atmospheres, obtained from both earth
based observations and spacecraft measurements, can be
analyzed to yield important information about £he outer
satellites and their planetary interactions. Specific
information can be deduéed about the nature of the local
satellite atmospheres, the character of the electromagnetic
interacztion of satellites with their planetary magnetos-
pheres, and the energy density and spatial distribution of

charged particles in the magnetospheres. At present very

(iii)
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little data for extended hydrogen atmospheres has been
accumulated. In anticipation of data to be obtained in the
near future, exploratory modeling has been undertaken.
Exploratory modeling results for most probable atom
emission and lifetime conditions indicate that the extended
hydrogen atmosphere of Amalthea should form a tightly~bound
partial toroidal-shaped cloud about its planet. In contrast,
Ganymede, Callisto and Titan shouid form rather large,
complete and nearly symmetric toroidal-shaped clouds. The
partial toroidal hydrogen cloud of Amalthea, téntatively
detected by the UV instrument aboard the Pioneer 10 space-
craft, could be explained if the satellite atom escape flux
were of order lOll cm—zsec—l. Model results suggest that
the Voyager spacecraft should be able to detect the Lymaﬁ—a
emission from the extended hydrogen clouds of Ganynmede,
Callisto and Titan, assuming the most probable atom emission
and lifetime conditions. The Pioneer 11 spacecraft should
also be able to detect the hydrogen cloud of Titan. Voyager
detection of the Ganymede and Titan clouds under less favor-

able conditions is also possible.

(iv)



Pront Cover

Title Page

Preface

TABLE OF CONTENTS

Table of Contents

List of Figures

List of Tables

Chapter T

Chapter 1T

Chapter 11T

Chapter Iv

Introduction.

Observational Evidence for Extendeq
Satellite Atmosphereg

2.1 Extendeg Hydrogen Atmospheres
2.2 Sodium Cloud of 1o

Models for Ex cendeq Satellite
Atmospheres
3.1 Physical Description of Extended
Satellite Atmospheres
3.1.1 Angular Extent of the
Toroidal Clouds
3.1.2 Vertical Extent of the
Toroidal Clouds
3.1.3 Radial Extent of the
Toroidal Clouds
3.2 Estimateq Spatial Extent of the
Extendeq Hydrogen Atmospheres
3.2.1 Emission Conditiong
3.2.2 Spatial Extent Estimates
3.3 Cloug Model

Modeling Results
4.1 Introduction
2 Exploratory Modeling Of Extended
Hydrogen Atmospheres
4.2.1 Results for Amalthea

4.3.2 Sodium Ton Source
4.4 Modeling Io's Sodium Line Profile
Datg

(v)

Page

ii

iii

vii

ix



R

Chapter V

References

Concluding Remarks

(vi)

70

73



C

Figure
Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure
Figure
Figure
Figure

Figure

1.

2.

LIST OF FIGURES

Creation of an Extended Satellite
Atmosphere

Ballistic and Escape Orbits of Atoms
Emitted from Ganymede

Forward and Backward Angular Diffusicn
Velocities about Jupiter of the Gas (loud
Emitted by Amalthea

Forward and Backward Angular Diffusion
Velocities about Jupiter of the Gas Cloud
Emitted by Io

Forward and Backward Angular Diffusion
Velocities about Jupiter of the Gas Cloud
Emitted by Europa

Forward and Backward Angular Diffusion
Velocities about Jupiter of the Gas Clouds
Emitted by Ganymede

Forward and Backward Angular Diffusion
Velocities about Jupiter of the Gas Clouds
Emitted by Callistc

Forward and Backward Angular Diffusion
Velocities about Saturn of the Gas Clouds
Emitted by Titan

Time Development of the H Atom Toroidal
Cloud in Ganynede's Orbital Plane

Time Development of the H, Molecular
Toroidal Cloud in Ganymed&'s Orbital
Plane

Model for the Extended Hydrogen
Atmosphere of Amalthea

Lyman-a Radiation from Amalthea's
Extended Hydrogen Atmosphere

Model for the Extended Hydrogen

~Atmosphere of Amalthea

Lyman-o Radiation from Amalthea's
Extended Hydrogen Atmosphere

Cloud Dynamics for the Extended Hydrogen
Atmosphere of Ganymede

(vii)

Page

17

19

20

21

22

23

24

27

28

39

40

42

43

44



Figure

Figure

Figure

Figure

Figure

Pigure

FPigure

Figure

Figure

Figure

Figure

FPigure

Figure

Figure
Figure

Figure

16.

17.

18.

19.

20.

21.

22.

23.

24.

27.

28.

29.
30.

31.

Cloud Dynamics for the Extended Hydrogen

Atmosphere of Ganymecde

Cloud Dynamics for the Extended Hydrogen

Atmosphere of Ganymede

Cloud Dynamics for the Extended Hydrogen

Atmosphere of Ganvymede

Cloud Dynamics for the Extended Hydrogen

Atmosphere of Ganymede

Lyman-a Radiation from Ganymede's .

Extended Hydrogen Atmosphere

Lyman-o Radiation for Ganymede's
Extended Hydrogen Atmosphere

Lyman-a Radiation for Ganymede's
Extended Hydrogen Atmosphere

Model for the Extended Hydrogen
Atmosphere of Callisto

Lyman-o Radiation for Callisto's
Extended Hydrogen Atmosphere

Model for the Extended Hydrcgen
Atmosphere of Titan

Lyman-oa Radiation from Titan's
Extended Hydrogen Atmosphere

Lyman-a Radiation from Titan's
Extended Hydrogen Atmosphere

Lyman-a Radiation from Titan's
Extended Hydrogen Atmosphere

Satellite Proton Source
Satellite Proton Source for Titan

Satellite Sodium Ion Source for Io

(viii)

Page

45

46

47

48

50

51

52

54

55

58

59

60

62
64
65

68



Table

Table

Table

Table

Table

Table

Table

Table

LIST OF TABLES

Summary of Information on the
Existance of Ixtended Satellite
Atmospheres ‘

Hydrogen Toroidal Clouds Détécted by
the UV Photometer of Pioneer 10

Escape Flux of Hydrogen Atoms from the
Outer Satellites

Estimated Lifetime of Hydrogen Atoms
in the Extended Satellite Atmospheres

Physical and Orbital Properties of
the Outer Satellites

D

Angular Diffusion Times TD and g

for Outer Satellite Cloudg

Estimated Forward and Backward Angular
Extend of the Hydrogen Toroidal Clouds

Estimated Vertical and Radial Extent
of the Hydrogen Toroidal Clouds

(ix)

Page

11

16

26

33

34



-3 .

CHAPTER I

INTRODUCTION

Interest in understanding the atmospheres of the outer
satellites, their extended nature and their planetary inter-
actions, has grown significantly in recent years. Both earth
baséd astronomy and spacecraft measurements have made important
contributions. These measurements and others to be obtained
in the near future from the Pioneer, Voyager and Galileo space-
craft missions, provide a sufficiently broad data base to
seriously constrain theoretical models and to facilitate def-
inite physical interpretation. 1In this report, modeling
focused primarily upon providing a framework for understanding
the extended nature of outer satellite atmospheres is presented
and applied to several satellites of Jupiter and Saturn.

The concept of an extended satellite atmosphere is rela-

~tively new and deserves some introductory comments. Bricfly,

an extended satellite atmosphere is that part of a satellite

atmosphere which extends spatially beyond the gravitational

'control of the satellite. This situation is illustrated in

Figure 1. Here is depicted a satellite, surrounded by a
local or bound atmosphere, and the satellite's gravifational
sphere of influence. Inside this sphere of influence, the
satellite exerts more gravitational control over atmospheric

gases than does its parent planet. If a gravitational escape

- mechanism exists, which is sufficiently energetic to allow at

least some atmospheric gases to escape the sphere, an extended

satellite atmosphere is created. Because of the relatively: -
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Figure 1

Creation of an Extended Satellite Atmosphere.

See the text for discussion.
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small escape velocities of the outer satellites (between 2
and 3 km/sec), such gravi:ational escape of satellite gases
is not unlikely.

Gases entering the extended atmosphere in this manner
arc basically collisionless and follow individual trajectories
in the circumplanetary space. The spatial volume filled by
the extended atmosphere depends upon the emerging atom veloc-
ities and the survival lifetime of these atoms in the planetary
cnvironment. Cloud atoms are lost from the extended atmos-
phere upon ionization. For short lifetimes, gases will be
relatively confined to the near satellite environment, filling
only a partial tornidal-shaped volume. For long lifetimes,
however, gases will fill a complete toroidal-shaped volume,
extending all the way around the central planet.

Major emphasis in this rceport has been placed upon pro-
viding exploratory and prototypc models for cxlktended hydrogen
atmospheres of outer satcellites which are likely to exist and
be discovered by the Pionccr, Voyager and CGalileo outer plan-
etary missions of NASA. Observational evidence for extended
outer satellite atmospheres is reviewed in Chapter II. A
theoretical framework for describing extended atmospheres is
presented in Chapter IXI and the model to be used to calculate
its detailed spatial density described. Exploratory modeling
results for extended hydrogen atmospheres for the satellites
Amalthea, Ganymede, Callisto and Titan are given in Chapter IV.
Calculations describing tae initial ion sources created by
these extended hydrogen atmospheres and by the sodium cloud

of Io are also presented. Progress in modeling Io's sodium
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line profile data is reported in the last section of Chapter 1IV.

Concluiding remarks are given in Chapter VvV and complete the
report.



CHAPTER II

OBSERVATIONAL EVIDENCE FOR EXTENDED SATELLITE ATMOSPHERES

Several satellites in the outer solar system - Amalthea,
the four Galilean satellites and Titan - have, or are likely
to have, extended atmospheres of gases, forming partial or
complete toroidal--shaped clouds about their parent planet.

Our present knowledge of the existance of bound and extended
atmospheres for these six satellites is summarized in Table 1.
Discussion will be directed primarily to extended satellite
atmospheres of atomic hydrogyen gas needed for prototype and

exploratory modeling undertaken in later chapters.
2.1 Extended Hydrogen Atmospheres

Extended hydrogen atmospheres, tentatively detected for
Amalthea (JV) and definitely observed for Io (JI) with the
ultraviolet instrumentation on the Pioneer 10 spacecraft,
are discussed by Judge et al. (1976). The average brightness,
approximate vertical thickness and anguler extent of these
clouds, centered on the satellite and measured along its or-
bital track, are given in Table 2. Amalthea, with such a
small escape velocity, cannot retain an atmosphere even for
temperatures as low as ten degrees Kelvin. 1Io, on the other
hand, requires a temperatﬁre of several hundred degrees in
order for escape of hydrogen to occur.

The other Galilean satellites Europa (JII), Ganymede

(JIII) and Callisto (JIV) are also likely candidates for ex-



Table 1 Summary of Information on the Existance of Extended Satellite Atmospheres

Escape Bound Extended

Satellite Velocity (km/sec) tmosphere Atmosphere
Amalthea 0.155 not likely likely: H(tentative

detection)
Io 2.56 . yes ves: H, Na, K
Europa , 2.06 probable ves: O suggested
Ganymede 2.75 probable likely: 0, H, H2
Callisto 2.39 probable likely: O, H, H2
Titan 2.73 yes(CH4,H ) ves: H(tentative

2 detection)



Table 2

Satellite

Amalthea

To

Hydrogen Toroidal Clouds Detected

Average
Brightness

(Razleighs)
100

300

by the uv Photometer of Pioneer 10

Vertical
Thickness

(Jupiter Radii)

-1

Orbital
Extent

(deg)
1109

+

- 60



s

tended hydrogen gas clouds. A source of H atoms may be
supplied to the cloud by water, frost or ice, detected on
these satellites' surfaces. This might occur through dis-
sociative surface sputtering processes by Jovian magnetos-
pheric particles for +he satellite Europa (Wu et al., 1978),
or through solar evaporation and photolysis for the satel-
lites Ganymede and Callisto (Yung and McElroy, 1977), fol-
lowed by gravitational escape. A possible detection of a
weak hv/drogen cloud for Buropa may be present in the more
recent reduction of Pioneer 10 ultraviolet photometer data
(Wa et al.,1978) using improved procedures, although emis-
sion from oxygen atoms may account for the complete signal
Observed. No such clouds have been detected for Ganymede
or Callisto in Pioneer 10 and 11 spacecraft data, although
they may well exist, having an intensity below the scnsiti-
vity level of the UV instrument.

A hydrogen toroidal cloud for Titan was first suggestad
by McDonough and Brice (1973) as a possible recycling mech-
anism to moderate the large amount of hydrogen thought to be
escaping the satellite. istimates of the escape flux for
hydrogen have' been somewhat reduced by more recent upper limits
of the amount of H2 present in the atmosphere of Titan
(Mﬂnch et al.,1977), but a modest toroidal cloud of H atoms
should still be expected at the satellite orbit. Tentative
detection of this hydrogen cloud from the Copernicus satellite
has been reported by Barker (1977).

Estimated values of the atomic hydrogen escape flux for

each of the six satellites of Table 1 are given in Table 3



Satellite

Amalthea
TIo
Europa
Ganymede
Callisto

Titan

Table 3 Escape Flux of Hydrogen Atoms from the Outer Satellites

Escape Flux

((:m—2

sec-l)

?

1010

<108
5 x 107

?

10°-4x10t

0

Comment

possible detection, Piomneer 10 data

calculated from Pioneer 10 data
estimated from Pioneer 10 data
plausible model calculation

may be similar to Ganymede

estimated from limited data

Reference

Judge et al. (1976)
Carlson and Judge (1974)
Wu et al. (1978)

Yung and McElroy (1977)

Tabarié (1974)



along with their references. Aan estimated escape flux for
Analthea is unavailable. Values for Io and Europa are inferred
from Pioneer 10 data, whereas values for Ganymede and Titan

are estimated from plausible model calculations. A likely
upper limit to the hydrogen escape flux for Callisto is pro-
vided by the Ganymede value.

Hydrogen atoms escaping the satellites will remain part
of the neutral extended atmosphere until ionized and then are
swept away by the planetary magnetosphere or by the solar
wind. For the five satellites of Jupiter under consideration,
change exchange with magnetospheric protons is thought to be
the dominant lifetime mechanism for H atoms. Estimated life-
time values for this process are given in Table 4 and are con-
siderably smaller than the H atom photoionization lifetime of

aboult 3-6 108 sec. o

i

Saturn, no measurcments arc avail-
able for magnetospheric broton fluxes at the orbit of Titan.
If the satellite is within the Planetary magnetosphere, the
one gauss surface ficld of Saturn impiies a proton number
“+density at Titan's orbit of about 1.7 cm—3 moving with the
co-rotational field speed (Siscoe, 1978). This gives the
hydrogen atom lifetime of about 8.4 X lO6 sec shown in Table 4
~and is adopted for latter use. ‘In the less likely event that
Titan lies outside the Saturn magnetosphere, solar wind impact
ionization and photoionization would result in H atom life-

times of 2 x 108 sec and 1-2 x lO9 sec respectively.

10



Amalthea

Io

Europa
Ganymede
Callisto

Titan

100

250

12

1.7

Plasma Proton
Temperature  Flux

(ev) (cn"zsecnl)
9

100 1.6 x 10
2 1 x 1010
500 1.6 x 10°
13+ 1.4 x 10°
8

400 3.8 x 10
7

400 3.1 x 10
7

400 3.1x 10
164% 3.4 x 107

+ assuming protons co-rotating with the magnetosphere

* value, calculated by

Brown for electrons at 3.3 Jupiter radii,

orbit (2.54 Jupiter radius) as an upper limit value.

Change Exchange
Lifetime for H

(sec) (hr)

1.8 x 10° 50

2.5 x 10% 7

1.8 x10° 50

2.0 x 10° 56
5

7.6 x 10 200
6

9.2 x 10° 2500
6

9.2 x 10° 2500
6

8.4 x 10° 2300

i -
“ . *

T

Plasma
Conditions

Frank et al. (1976)

Brown (1978)

Frank et al. (1976)

Siscoe (1978)

Frank et al. (1976)
Frank et al. (1976)
Frank et al. (1976)

Siscoe (1978)

is assumed for protons at Amalthea's



2.2 Sodium Cloud of Io

In addition to the hydrogen atoms, Io has extended atmos-
pheres of sodium and potassium atoms, both detected from ground
based observations. Diverse observations of the sodium cloud
since its discovery (Brown, 1974) have produced a large and
rapidly growing data base, sufficiently broad to seriously
constrain theoretical models and to facilitate definite
physical interpretation. The potassium cloud, in contrast,
was discovered more recently (Trafton, 1975; Trarger et al.,
1976; Minch et al., 1976). To date, very little data has been
acquired and interpretative nodeling is not yet warranted.

Observations of the sodium cloud basically are of two
types, (1) spatial cloud data, describing the intensity of
the sodium D-linc emission in the vicinity of Io and (2) line
profile data, giving the doppler signiture of the emitting
cloud atoms near the satellite.  Data of the first type has
been successfully modeled by Smyth and McElroy (1978) who
compared their model calculations with the set of observed
two-dimensional images reported by Murcray and Goody (1978).
These results suggest that sodium atoms originate from the
inner “-emisphere of Io with an average flux of about lO8
atoms cm © sec © and an initial mean velocity of 2.6 km sec ~.
Atoms appear to be removed from the cloud by electron impact
ionization with an effesctive lifetime of between 15 and 20
hours. Data of the second type, the line profile observations,
has received less attention. Preliminary modeling efforts

(Carlson et al., 1978; Smyth and McElroy, 1977) need to be

12



continued and a comprehensive program undertaken. Our develop-

ment of such a modeling program is already in progress and

will be discussed in a later chapter.

13
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CHAPTER III

MODELS FOR EXTENDED SATELLITE ATMOSPHERES

A comprehensive physical description for extended satel-
lite atmospheres is presented in this chapter. A simple
theory, useful in initially estimating the spatial size of
extended satellite gas clouds, is summarized and contrasted
with a more exact physical description used in our cloud model.
The simple theory is applied to the one existing and five
likely existing hydrogen atmospheres discussed in the previous
chapter and overall spatial dimensions of these clouds are
estimated. A brief description of the cloud model, capable
of calculating the detailed intensity and density variations
or line profile shapes of extended satellite atmospheres, is

then presented.

3.1 Physical Description of Extended Satellite Atmospheres

The atmosphere of an outer satellite may be divided into
two parts: a portion that is gravitationally bound to the
satellite and a portion that is gravitationally unbound, the
so-called extended satellite atmosphere. The spatial boundary
between these two portions of the atmosphere occurs where the
gravitational force fields of the planet and satellite on an
atom are comparable. 'The surface is effectively a sphere
centered on the satellite with a radius r equal to the
distance between the satellite and the near collinear Lagrange

point. An approximate expressioan for the Lagrange radius is

14
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" 1/3

r =a {—
3(1-p)

(3.1.1)

where a is the orbital radius of the satellite and u is the
ratio of the satellite mass to the sum of the planet and
satellite masses Values of I; as well as several other orbital
and physical pProperties of the six outer satellites are given
in Table 5.

An atom emitted from the surface or exosphere of a satel-
lite will be confined to the Lagrange sphere unless it has a
velocity nearly equal to he satellite €scape velocity (see
Table 5 for values). The situation, including the effect of
Jupiter gravitational field, is illustrated in Figure 2 for
Ganymede, where an atom orbit, initially emitted from the
exosphere, is shown as a function of increasing initial
velocity. The escape velocity is reduced from 2.6 km/sec,
the two-body value, to about 2.45 km/sec because of the

gravitational attraction of Jupiter.
3.1.1 Angular Extent of the Toroidal Clouds

The orbital path of atoms escaping the Lagrange sphere
will be controlled largely by the gravity of the planet.
Those escaping atom orbits with initial emission velocities
less than about Vg (Y2 -1), where Vg is the orbital speed 6f
the satellite (see Table 5), will have elliptical orbits about
the planet. For isotropic emission of many such orbits, atoms

will diffuse both ahead and behind the satellite. An approx-—

15
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Table 5 Physical and Orbital Properties of the Outer Satellites

Satellite Orbital Orbital Orbital Satellite Lagrange Radius r Exosphere Escape |

Radius Radius Speed Period Masst (Satellite Radius? Velocity?*
Satellite  (km) (105 km)  (km/sec) (hr) (1022 xp) (km) radii) (km) (km/sec)
Amalthea 120 1.813 26.47 11.96 2.17 x 10-3 283 2.36 120 0.155
To 1820 4.216 17.33 42.46 8.91 10,542 5.79 2600 2.14
Europa 1525 6.709 13.74 85.23 4,87 13,717 9.00 2000 1.80
Ganymeda 2635 10.700 10.88 171.71 14.90 31,759 12.05 2935 2.60
Callisto 2500 18.800 8.19 400.54 10.74 50,031 20.01 2800 2.26
Titan 2500 12.220 5.57 382.69 14.01 53,106 21.24 4-—10x103 2.16-1.37

+ Mass of Amalthea calculated assuming a density of 3 gnm cm—-3 and a radius of 120 km.
#

Estimated values assuming a bound atmosphere except for Amalthea.

* Two-body escape velocities computed for the exosphere radius indicated.

T



BALLISTIC ORBITS OF GANYMEDE (Ganymede's Plone)

TOWARD JUPITER

f

L2

EXOSPHERE
(RADIUS : 2935 km)

: LAGRANGE SPHERE
e (RADIUS: 1247 ,
GANYMEDE RADIH)
GANYMEDE'S
™ ORBITAL ‘
MOTION

COLLINEAR
LAGRANGE
POINTS
Ly
VELOCITY MAGNITUDE (km/sec) 2.3 2.4 2425 ’ 2.435 2.4375

ESCAPE ORBITS OF GANYMEDE (Gonymede's Plane)

VELOCITY MAGNITUDE (km/sec) 244 24425 ? ; 2.45

Ficure 2

Ballistic and Escape Orbits of Atoms Imitted from Ganymede. Orbits of an atom
initially emitted from Ganymede's exosphere, and directed radially avay from
Jupiter in the orbital plane of the satellite, are shown for increasing values
of the atom initial velocity magnitude. The orbits are shown as seen by an
observer on Ganymede and the tick marks occur at 2 hr. intervals along the orbit.
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imate value for the forward and backward angular diffusion
velocity of the resulting cloud relative to the satellite,
5F and ﬁB' can be estimated by using the expressions of Fang
et al. (1976), which assumes a massless point satellite with
an isotropic Maxwell Boltzmann initial speed distribution.
Results of this calculation for the six outer satellites

of interest are given in Figure 3 through Figure 8 and compared
with the approximate expression for the angular diffusion

velocity

3 2k, 172

a mm

el
|

) (3.1.2)

where T is the temperature and m is the mass of the emitted
atom. The emission temperature T roughly corresponds to an
atom emerging from the Lagrange sphere with an average velo-

city v, relative to the satellite, given by

2kT
TTm

1/2

<1
|

=2 T
( ) = 7.28 x 10 km/sec J;; , (3.1.3)

where T is in °K and A is the atom msss in AMU.

The angular extent of the forward cloud 0. and backward

F
cloud OB about the planet, relative to the satellite location,
is proportional to the lifetime t of the neutral cloud atoms

in the planetary environment

] = T § . (3.1.4)

18
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The forward and backward cloud will diffuse thrcocugh an angular
distance of 360° with respect to the satellite in a time inter-

D
val TF’B of order

D _ 27
¥,B -
fp B

(3.1.5)

with a cylindrical symmetrical toroidal cloud forming if the
lifetime t is somewhat in éxcess of TF?B. Values of TF?B
for atoms with an emission temperature to mass ratio of

200° K/AMU are given in Table 6 for the six satellites and
corresponds to hydrogen atoms escaping from the satellite
Lagrange sphere with a mean velocity of 1.03 km/sec.

The gravitational field of the satellite naturally com-
plicates this simple description near the Lagrange sphere.
This is illustrated for the satellite Ganymede for both
molecular and atomic hydrogen toroidal clouds. Thermal
emission is assumed and the time evolution of‘the cloud is
examined by solvihg the three-body gravitational problem.
Using the Ganymede atomspheric model of Yung and McElroy
(1977), én exospheric radius of 2935 km and a temperature<of
140° K are adopted, where H and H2 have an assumed Maxwell
Boltzmann speed distribution. Restricting attention to
particle orbits in the satellite plane only, the time evolu-~
tion of the column density of the two toroidal clouds is
shown in Figure 9 and Figure 10. Ganymede is positioned at
the elongation point of its orbit in the Figures. A symmetric

toroidal cloud is established for atom flight times of order
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Table 6 Angular Diffusion Times Tg and rg for Outer Satellite Clouds+

Satellite Tg tg
(hr) Lhr)
Amalthea 106 101
Io 248 233
Europa 402 371
Ganymede 654 593
Callisto 1189 1074
Titan 835 | ' 808

+ Calculated assuming an atom emmission temperature'of*ZOOQ'K/AMU
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of 800 - 1200 hours, excluding the immediate vicinity of
Ganymede. The column density near Ganymede is larger because
84% of the atoms and 98% of the H, molecules emitted per unit

time are gravitationally confined to the Lagrange sphere.

3.1.2 Vertical Extent of the Toroidal Clouds

The height of the toroidal cloud above the satellite
blane H is only a function of the initial emission velocity
if the lifetime is longer than about one-fourth of the satel-
lite period, a time required for an atom orbit to reach max-
imum vertical excursion. A simple expression for the height

of the cloud directly above the satellite orbit is given by

a (2kT 1/2 (3.1.06)

= )
v
S g Tm

where the latter expression follows from the definition (3.1.3).
3.1.3 Radial Extent of the Toroidal Clouds

For a cordinate frame centered on the planet, the inner
radial boundary r_and the outer radial boundary r, of the

gas toroidal cloud are given'by the simple two-body formula

r = a . (3.1.7)

I+
<
(N
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This is valid if the atom lifetime t is equal to or larger

than half the atom orbit period T+, given by

+ 2)

-3/2
] (3.1.8)

where TS is the period of the satellite.
3.2 Estimated Spatial Extent of the Extended Hydrogen Atmospheres

In order that a satellite have an extended hydrogen atmos-
rhere, it must have
(1) a source of hydrogen atoms
(2) a sufficiently energetic atmospheric process for
gravitational escape of these atoms, and
(3) a planetary environment providing a sufficiently
long lifetime for escaping atoms so they can popu-
late a spatially extended volunme.
The shape and size of the gas clouds depends critically
upon the emission conditions (2) and the lifetime (3),
whereas the density within this volume depends upon the mag-
nitude of the escaping atom flux. Estimated values of the
hydrogen escape flux for the outer satellites are summarized
in Table 3. These flux values suggest that detection of
_extended hydrogen toroidal clouds for Europa, Ganvmede and
possibly Callisto (if similar to Ganymede) Should be of
order 100 times more difficult than for Io. Titan's cloud,

on the other hand, should be more comparable to Io's hydro-
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gen cloud and may well be more easily detected.

In what follows, it will be assumed that the first con-
dition above is satisfied. Lifetime of hydrogen atoms in the
planetary environment, needed in evaluating the third con-
dition, are given in Table 4. What then remains, in order
to estimate the spatial extent of the toroidal hydrogen atmos-

Phere, is specification of the emission conditions for H atoms.
3.2.1 Emission Conditions

The emission conditions for H atoms - the speed, disper-
sion and angular character of the initial atom velocity vec-
tors over the eXosphere surface of the satellite - are not
known for the satellites. 1In the absence of such information,
attention will be directed Lo isotropic cmission assuming a
thermal-like €scape mechanism. Thermal-like escape here will
describe atoms which have an emission velocity distribution
characterized by an exospheric temperature. Tor outer satel-
lites, a value 250° % corresponds te hydrogen atoms with a
most probable exospheric emission velocity of 2.0 km/sec,
assuming the simplest case of a Maxwellian distribution.

This emission velocity is comparable to the escape velo-
cities of the outer satellites (see Table 5). The bulk of

such H atoms, emitted from the exosphere and emerging from

" the Lagrange sphere, will therefore have an initial speed

restricted to the tail of the thermal dlstrlbutlon and an

- exit speed of order 1 km/sec. This exit velocity corresponds

for hydrogenyto a two-body atom emission temperature, used
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earlier in Figure 3 through Figure 8, of between 100 and

200° K/AMuU.

3.2.2 Sspatial Extent Estimates

of Table 4. Results are given in Table 7 for atom emission
temperature of 100, 200 and s500° K/AMU, and correspond to a
velocity v for hydrogen atoms emerging from the Lagrange
spheres of about 0.73, 1.03 ang 1.63 km/sec. The lower two
velocities represent thermal emission as discussed earlier.
T'he highest velocity case isg morce appropriate for non-thor-
mal emission such as surfacc sputtering or electroﬁagnetic,
driven escape processes. Observations for To and Amalthea
(Table 2) Suggest that thermal emission may be more appro-
Priate, resulting in partial toroidal clouds for Amalthea,
Io and Europa, and somewhat well developed complete toroidal
clouds for Ganymede, Callisto and Titan.

The vertical and radial extent of these clouds may be
calculated using the expressions (3.1.6) and (3.1.7).

Results are given in Table 8 for an atom emission tempera~

'ture of 200° K/AMU. The estimated total height of 0.7

Jupiter radii for the Io cloud is in agreement with the ob-
servations of Table 2. Note that in Table 8 the individual

clouds for the Galilean satellites overlap radially, so
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Table 7 Estimated Forward and Backward Angular Extent of the Hydrogen Toroidal Clouds

100° x/AMU 200° K/AMU 500° K/AMU

0 0 0 9 ¢} 0 Hydrogen

F B F B F B Lifetime
Satellite (deg) (deq) (deg) (deg) (deg) (deq) (hr)
Amalthea 120 130 170 180 270 280 50

17 18 24 25 37 40 7
Io 50 50 70 80 110 120 50

60 60 80 90 120 140 56
Europa 130 140 180 190 270 300 200
Ganymede 1000 1100 1400 1500 2000 2200 2500
Callisto 560 600 760 840 1100 1100 2500

Titan 750 830 290 1030 1340 1180 2300
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Table 8 Estimated Vertical and Radial Extent of the Hydrogen Toroidal Clouds®t

Satellite H
(Planet radii)*

Amalthea +0.099

Io +0.351
Europa i0.704:
Ganymede +1.003
Callisto +3.309
Titan +3.74

r

-

(Planet radii)

2.18
4.69
7.03
10.42
16.31

10.08

Satellite
Location
(Planet radii)

2.54

5.91

+ Calculated assuming an-atom-emission temperature of 200° K/AMU

* Planet Radius, 7.135 x 10%

for Jupiter and 6.04 x 104 km for Saturn

(Planet radii)




that if each one exists, a spatially extended source of pro-
tons for the Jovian magnetosphere is provided in the radial

annulus from 4.7 to 45.5.
3.3 Cloud Model

In the cloud model, atoms are released radially from a
satellite's exobase with some specified distributions of
speeds and emission flux. Atom trajectories are modeled by
numerically solving the restricted three-body problem as
described by Smyth and McElroy (1977). The contribution of
individual atoms to the cloud density in any given volume of
Space is proportional to the initial source strength and the
residence time appropriate to the volume element. Atoms arec
assumed comitted continuously and at a constant rate, wilh
individual trajectorics terminated according to some prec-
specified lifetime. Calculations were performed on a CDC
7600 computer with a typical model for the cloud assuming
that the exobase is divided into 1298 source elements.

For extended hydrogen atmospheres, cloud intensity

contours are calculated assuming solar resonance scattering

of Lyman-u radiation by the hydrogen atons. In the case ol
sodium, the radiation intensity in the D lines is calculated

for the optically thin limit, also assuming resonance scat-

'tering of sunlight. Proper account is taken of Doppler shifts

introduced due to the motion of sodium atoms with respect to
the sun and the Fraunhofer absorption feature present in the

solar spectrum.
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CHAPTER IV

MODELING RESULTS

4.1 Introduction

Exploratory prototype modeling of hydrogen toroidal gas
clouds for the outer satellites Amalthea, Ganymede, Callisto
and Titan has been undertaken using our cloud model. Model
calculations are performed for the probable atom emission
and lifetime conditions outlined in earlier chapters. Results
suggest than the tentative detection of a partial toroidal
hydrogen cloud for Amalthea by the UV instrument of Pioneer 10
could be explained if the satellite atom escape flux is of
order lOll cm—zsecﬁl. Model calculations confirm the earlier
estimated results of Chapter III that the extended hydrogen
atmospheres of Canymédc, Callisto and Titan. Form complctoe
toroidal-shaped clouds about their parent rlanets. The
spatial structure, dynamics and detectability of these hydrogen
clouds are discussced in the following scction.

The initial spatial distribution of protons created by
the modeled extended hydrogen atmospheres of Amalthea,
Ganymede, Callisto and Titan is calculated and presented
in the third section. Also included is the initial spatial
distribution of heavy ions created by the sodium cloud of Io.
Finally, the current status of modeling the line profiles of
" sodium atoms emitting D1 and D2 radiation from Io's extended
sodium atmosphere is discussed in the last section of this

chapter.
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4.2 DIExploratory Modeling of Extended Hydrogen Atmospheres

The model computations reported here were performed using
our cloud model described in section 3.3, which includes both
the gravitational effects of the satellite and planet upon
the extended-atmosphere atoms. TFor the four satellites of
interest, the most probable values for atom emission condi-
tions and lifetime, estimated earlier, were assumed to define
modeling parameters. For cach satellite, additional valucs
for these parameters were also considered to illustrate the
variety of results that might be expected due to uncertain-
ties in prescribing the atom emission and lifetime conditions.
Isotropic emission of hydrogen atoms from the satellite exos-
phere was assumed in all model calculations.

The resulting spatial structure of ecach toroidal-shaped
extended atmosphere is prescnted in the form of several Ltwo-
dimensional contour plots. IFowx the case of intensity plots,
the contours were calculatoed assuming resonance scattering

of solar Lyman-o radiation by the hydrogen atoms.

4.2.1 Results for Amalthea

Primary emphasis in modeling the extended hydrogen atmos-

phere of Amalthea has been to estimate the atom emission

‘parameters necessary to form an H cloud, with Lyman-a inten-

sity comparable to that tentatively detected by the UV
instrument aboard the Pioneer 10 spacecraft (Judge et al.,

1976) . The most favorable condition for the UV instrument to
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detect the H cloud occurred at 18.0 hours on spacecraft time
day 334 GMT (see Judge et al., 1976; P-1075) when Amalthea
was in the field of view.

A model computation, assuming isotropic emission of H
atoms from the satellite surface with a radial velocity of
1l km/sec, predicts a partial toroidal-shaped hydrogen cloud
of approximately the correct angular extent for a cloud
lifetime of 50 hours. The column density contour plot of
this partial toroidal cloud viewed from above the satellite
plane is shown in Figure 11. This model computation further
indicates that the signal measured at 18.0 hours on day 334
could be produced by solar resonance scattering of Amalthea's

extended hydrogen atmospherce 1f the escape flux of hydrogen

from the satellite surface were of order 10ll atoms cm—zsec"'L

The Lyman-u intensity distribution of this cloud for a

lOll cmnzsec—l Llux is shown in Figure 12 Ffrom a Pioncer 10-
like viewing perspective nearly parallel to the satellite
Plane. The one degree width by ten degrees high aperature
of UV instrument, assumed centered on the satellite for this
calculat;on, sees all the Lyman-a .radiation emitted from the
cloud within a slice 0.52 Jupiter radii left and right of
Amalthea. A flux of lOll cm—zsec—l, although large and per-

haps improbable, is not impossible. If supplied from the

satellite surface, for example from HZO ice, it would be

'equivalent to depleting only a few kilometers of the surface

in 4 x lO9 years. If supplied by satellite neutralization

of energetic magnetospheric protons, a large flux of protons,
11 '

in excess of 10 cm_zsec s would be required.
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AMALTHEA S50hr.

Figure 11

Model for the ex’:ended Hydrogen Atmosvhere of Amalthea,
contours, calculated from the cloud mocdel for a 1.0 km/sec emission
velocity and a 50 hour lifetime, are shown as viewed from above the
satellite plane. The outer contour value is about 1/20 of the maximum

column density. The location of Analthea, its orbital track and Jupiter
are indicated,

Column density



AMALTHEA S5O0hr.

[404 ,
530 Rayleighs
/ [ 28

28
279 J 153 28

Max. Signal =1350 Rayleighs

Model Parameters

Emission Velocity =1.0 km/sec!
Atom Lifetime = SOhrs.

Hydrogen Flux =10" cm2sec™

Figure 12

Lyman-a Radiation from Amalthea's Extended Hvdrogen Atmosphere.
Intensity contours, calculated assuming resonance scattering of
surilight and the model parareters indicated, are shown for the
satellite orbit plane tilted by 3.254 degrees.
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In the event that a higher emission velocity or a longer
lifetime is appropriate for the extended hydrogen atmosphere
of Amalthea, the resulting toroidal cloud will exist all the
way around Jupiter. This situation is illustrated in Figure 13
and Figure 14 where model results are shown for an emission
velocity of 1.5 km/sec and a lifetime of 50 hours. The
toroidal cloud; although complete, is by no means symmetrical

about Jupiter.
4.2.2 Results from Ganymede

Unlike Amalthea, the estimated lifetime for Ganymede s’
hydrogen cloud atoms is sufflclently long ( 2500 hr) so as
to ensure formation of a complete, nearly symmetrlc, toroidal-
shaped gas cloud. The time cvolution of this cioud is 4
illustrated in Figure 15 through Figure 19, where Lhc c11culal
orbilt of the satellite is vicwed Lrom above the Olblt planc.
The column density contours arce calculated assuming radial
emission of H atoms from the satellite exosphere (2935 km
radius) with an initial velocity of 2.7 km/sec. Such atoms
emerge from the Lagrange sphere with a velocity of about
1 km/sec and the cloud dynamics correspond approximately to
the 200° K/AMU atom emission temperature results discussed

in Chapter IIT. The forward and backward clouds diffuse

“ahead and behlnd the satellite (see Flgure 15 =17) with their

outer contours (having about 1/20 of the peak column density
value) meeting on the far side of the circular orblt in about

600 hours of flight time. For longer times (Flgure 18-19),
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AMALTHEA 50hr.

Figure "7?

Model for the Extended Hydrogen Atmosphere of Amalthea.
description as Fig. 11 except with a 1.
and an outer contour about
value.

Same
5 km/sec emission velocity
1/50 of the maximum column density

42




AMALTHEA S5Ohr.
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Max. Signal=738 Roy-leighs

Model Parameters

Emission Velocity =1.5 km/sec
Atom Lifetime = SOhrs.
Hydrogen Flux =10 cm 2sec’

Figure 14

Lyman-o Radiation from Armalthea's Extended Hydrogen
Atmosphere. Same description as Fig. 12.
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GANYMEDE 200hr.

Figure 15

Cloud Dynamics for the Extended Hydrogen Atmosphere of Ganymede. Column
density contours, calculated using the cloud model for an initial speed
of 2.7 km/sec and the lifetime indicated above, are shown as viewed from
above the satellite plane. The location of Ganymede, its orbital track
and Jupiter are indicated.



GANYMEDE 400 hr

Figure 16

Cloud Dynamics f

or the Extended Hydrogen Atmosphere
of Ganymede.

Same description as Fig. 15.
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GANYMEDE 600 hr.

Figure 17

Cloud Dynamics for the Extended Hydrogen Atmosphere
of Ganymede. Same description as Fig. 15.



GANYMEDE 1200 hr.

Figure 18

Cloud Dynamics for the Extended Hydrogen Atmosphere
of Ganymede. Same description as Fig. 15.



GANYMEDE 2500hr.

Figure 19

Cloud Dynamics for the Extended Hydrogen Atmosphere
of Ganymede. Same description as Fig. 15.



the two clouds coalesce and pProduce a complete toroidal

cloud which becomes increasingly more cylindrically symmetric.
Voyager spacecrafts approaching Jupiter in 1979 will

view the cloud nearly in the plane of the satellite so that

the circular orbit appears as a thin ellipse. Results given

in Figure 19 are also bresented in Figure 20 as they would

appear to the Voyager spacecrafts. Intensities resulting

from resonant scattering of solar Lyman-o radiation by

. . : 7
cloud atoms are indicated assuming an escape flux of 5 x 10

H atoms cmnzsec_l from the satellite. The UV instrument
aboard the Voyager spacecrafts is capable of detecting a 5
Rayleigh signal above the background ( 150 Rayleights) for
a two hour period of observation (Broadfoot 1978). This
instrument, with a rectangular viewing aperature of 0.1 by
1.0 deygreces, sces a field of view of 0.1 by 1.0 diamctors
of Jupiter when the spacecraft is about 60 planetary radii
from the satellite. 7The calculated cloud intensity should
therefore be easily detectad by the UV instrument when ob-
serving near the end of the satellite orbit. Detection be-
comes more marginal when viewing spatial regions closer to
Jupiter. Absence of a detectable signal will provide an
upper limit to the hydrogen escape flux.

If the lifetime of hydrogen atoms in the vicinity of
Ganymede's orbit were much shorter than the 2500 hour
estimate, detection of the cloud by Voyager would be more
difficult. This situation is 1llustrated in Figure 21 and
Figure 22 where model results are shown for a lifetime of

200 and 900 hours respectively. The emission velocity and
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GANYMEDE 2500 hr.

Satellite

-15 Rayleighs

[ A

V)

Max Signal = 42.2 Rayleighs

Model Parameters

Emission Velocity = 2.7 km/sec
Atom Lifetime = 2500 hrs.
Hydrogen Flux = 5x10” cm 2sed!

Figure 20

| —

Max Signal = 32.6 Rayleighs

Lyman-z Radiation from Ganvmede's Extended Hydrogen Atmosphere.

Intensity contours, shown

for the satellite orbit plane tilted

by 3.254 degrees, were calculated assuming resonance scattering

of sunlight and the model

paremeters indicated.



GANYMEDE 200hr.

6.3 4.9 Rayleighs

Max. Signal = 15 Rayleighs

0.66

Model Parameters

Emission Velocity = 2.7 km/sec
Atom Lifetime = 200 hrs.
Hydrogen Flux =5x107 cni2sec™!

Figure 21

Lyman-: Radiation for Ganymede's Extended Hydrogen

Atmosphere.

Same description as Fig. 20.
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GANYMEDE 900 hr.
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Model Parameters

Emission Velocity =2.7 km/sec
Atom Lifetime = 900 hrs.
Hydrogen Flux = 5x107 cni2sec’!

Figure 22

Lyman~z Radiation for Ganymede's Extended Hydrogen
Atmosphere. Same description as Fig. 20.



- -—
atom flux are assumed to be 2.7 km/sec and 5 x 107 cm “sec 1

repsectively, as before, For the smaller lifetime, the cloud
is too faint to be seen by Voyager except very near the satel-
lite. Detection for the 900 hour lifetime case would be ex-

pected near Gagymede and at the two elongation points of the

satellite orbit.
4.2.3 Results for Callisto

Similar to Ganymede, {he estimated lifetime for Callisto's
hydrogen cloud atoms is sufficiently long to allow a complete
nearly symmetric toroidal-shaped gas cloud to develop. For
model computations, the initial velocity of H atoms emitted
radially from the satellite exosphere is assumed to be 2.4
kim/sec, so that atoms cmeryging Erom the Lagrange sphere have
a velocity of about 1 km/sec. The flux of H atoms emitted
by the satellite is chosen to be 5 x lO7 cm_2sec-l, the
value suggested for Ganymede by Yung and McElroy (1977).

This value is likely on upper bound since Callisto has less
H20 ice or frost surface cover than Ganymede, and would then
be less capable of supplying H atoms through postulated
evaporation, photodissociation and escapé Processes.

Model computations, adopting the above conditions and a
hydrogen lifetime of 2600 hours, are shoWn in Figure 23 and
illustrate the nearly symmetric structure of the cloud aé seen
from‘the viewing perspective of a Voyager spacécraft in Figure 24.

Here cloud intensity contours are less than 5 Rayleighs
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CALLISTO 2600 hr.

Callisto

Figure 23

Model for the Extended Hydrogen Atmosphere of Callisto. Column density
contours are shown as viewed from above the satellite plane and are
calculated assuming a 2.4 km/sec emission velocity and a 2600 hour life-

time. The location of the satellite, its orbital track and Jupiter are
indicated.



CALLISTO 2600 hr.

Viewing Aperature of Voyager
UV Instrument (at 60 Ry)
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e Model Parameters

Emission Velocity = 2.4 km/sec
Atom Lifetime = 2600 hrs.
Hydrogen Flux=5x107 cmi € sed’

Figure 24

Lyman-c¢ Radiation for Callisto's Exiended Hydrogen Atmosphere. Intensity
contours, calculated assuming resonance scattering of sunlight and the
indicated model parameters, are shown for the satellite orbit plane
tilted by 3.254 degrees.
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(Voyager's UV instrument detection limit) everywhere except
very near the satellite and near the two orbit elongation
points. Intensities near the satellite are no larger than
about 10 Rayleighs and signals at the elongation points are
just at the 5 Rayleigh limit. In the best of circumstances
then, detection of the extended hydrogen atmosphere of
Callisto is only marginal in the immediate vicinity (one
Jovian radius) of the satellite.

The probability of detecting a hydrogen toroidal cloud
for Callisto would be considerably improved if the lifetime
of H atoms were actually larger than *he value adopted here.
This would be the case if the proton flux continues to dimin-~
ish beyond Ganymede's orbit. The lifetime adopted here
assumes it is constant. No data is Presently available for
the radial variation of the low-cnergy proton flux in this
spatial region. Observations of a hydrogen gas cloud for
Callisto, significantly brighter and more symmeltric than
that shown iﬂ Figure 24, would be consistent with such a

radial behavior.

4.2.4 Results for Titan

The dynamic development of the extended hydrogen atmos-
pPhere of Titan is immediate to that of Ganymede and Callisto,
for similar emission conditions. Model calculations were
performed assuming H atoms to have an initial velocity of
2.0 km/sec at the satellite exosphere (assumed to have a

nominal radius of 5000 km). Atoms then emerge from the
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Lagrange sphere with a velocity of about 1 km/sec. Estima-
tions of the H atom escape flux from Titan (defined with

respect to the satellite surface) range from about 1 x 109

to 4 x 10'® em™?sec™  (rabaric, 1974). A value of 1 x 10

cm_zg-:ec-l has been adopted. Assuming these emission condi-

10

tions and a hydrogen lifetime of 2300 hours, a column density
contour plot of the toroidal hydrogen cloud of Titan is shown
in Figure 25 as seen from above the satellite plane. The
cloud has a fair amount of circular symmetry except near the
satellite where the column density is peaked.

The Pioneer 11 and Voyager spacecrafts will see this
cloud more nearly in the satellite plane as shown in Figure 26,
where intensity contours, assuming solar resonance scatter-
ing, are plotted. The cloud intensity is several hundred
Rayleicqghs near the elonqgation points of +ha orhit, whore the
geometry of the toroidal—shaped,atmosphere enhances the gas
column length and even 50 to 100 Rayleighs near Jupiter.
Such a signal should be detected by the Pioneer 11 spacceraft
when viewed through the 1 x 10 degree aperature of its UV
instrument. Through the smaller aperature (0.1 X 1 degree)
of the UV instrument on the Voyager spacecrafts, the cloud
should be detected even if +the H atom escape flux from Titan
were reduced by a factor of 10 or 100.

In the event that the lifetime of hydrogen atoms near
the orbit of Titan is actually significantly smaller than‘
the 2300 hour estimate, a partial toroidalicloud coﬁld'éxist.
This is illustrated in Figure 27 for a lifetime of 400 hours.

For more energetic emission conditions, the cloud could also
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TITAN

Figure 25

Model for the Extended Hydrogen Atmosphere of Titan. Column
density contours, calculated from the cloud model for a 2.0
km/sec emission velocity and a 2300 hour lifetime, are shown
as viewed from above the satellite plane.
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Figure- 26~

Lyman-o Radiation from Titan's Extended Hydrogen Atmosphere. 1Intensity
contours, calculated assuming resonance scattering of sunlight and the
indicated model parameters, are shkown for the satellite plane tilted by
3.254 degrees.
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Figure 27

Lyman-o Radiation from Titan's Extended Hydrogen
Atmosphere, Same descriction as Fig. 26.
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be complete for this shorter lifetime, although not vertically

and cylindrically symmetric. This case is illustrated in
Figure 28 for an emission velocity of 2.6 km/sec and a life-

time of 450 hours.
4.3 1Ion Sources Created by Extended Satellite Atmospheres

The presence of extended satellite atmospheres of neutral
gases may have significant effects upon an existing planetary
magnetospheré. Atoms lost from the toroidal atmosphere
through ionization processes, could provide a magnetospheric
ion source which may locally dominate other ion sources
supplied by thé planet or by the solar wind. Aé a first step
in understanding‘this,'the initial spatial distribution of
ions‘creatod by extended salellite atmospheres will e culi-
mated using our cloud model. Results will Lo presented Lor
the prototype hydrogen clouds of Amal thea, Ganymcde,‘
Callisto and Pitan discusscd in section 1.2 and the sodium

cloud of Io modeled by Smyth and McElroy (1978).
4.3.1 Proton Sources

An average radial distribution of hydrogen atoms in an
extended satellite cloud maj be calculated by integrating
over the angdlar.and Vertical dimensiohs of the cloud.
Dividing this distribution by the lifétime of the cloﬁd atoms
provides a radial distribution for the loss rate of hydrogen

atoms. This loss rate distribution for Amalthea, Ganymede
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Figure 28

Lyman-o Radiation from Titan's Extended Hydrogen
Atmosphere. Same description as Fig. 26.



and Callisto is shown in Figure 29 and corresponds to the
modeled extended atmosphere presented, respectively in
Figure 12, Figure 20 and Pigure 24. The loss rate distribu-
tion for Titan is given in Pigure 30 and corresponds to the
model results shown in Figurc 26.

In Figure 29, the maximum hydrogen loss rate per 0.1 Jupiter
radii for Amalthea is about a factor of 50 larger than that for
Ganymede and about a factor of 100 larger than that for Callisto.
For comparison, the maximum value provided by Io's hydrogen
cloud (located at 5.9 on the horizontal scale in Figure 29)
might be of order 1 x 1026 per 0.1 Jupiter radii per second,
but detailed modeling not performed here is needed to more
accurately specify this nuuber. Although the loss rate per
0.1 Jupiter radii for Amalthea and Io would be comparable
under thése circumstances, Lhe total number of hydroyen atoms
lost per second by o would be of order 10 times greater than
for Amalthea. in Figure 30, the maximum hydrogen loss ratoe
per 0.l Saturn radii per sccond by litan is about 1.5 x 1026,
with the complete cloud losing about 7.8 x lO27 hydrogen
atoms per second.

Assuming a steady cloud state, the hydrogen atom loss
rate is the rate at which new protons are introduced into
t e rotating planetary magnetosphere (assuming it exists
for Saturn). If charge exchange is the dominant lifetime
process for hydrogen, the introduction of a new proton
requires the loss of an old proton, so that only the energy
distribution, not the number of protons is changed; A net

production of protons will however result from elecron impact
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ionization of the extended hydrogen atmospheres, with a rate
of approximately 10_2 times the charge exchange rate. The
neutral atoms released from the charge exchanged process are
on gravitational escape orbits from the planet if initially
located outside of a critical radius. Those neutral hydrogen
atoms initially located inside this critical radius are on
gravitational bound orbits of the planet and upoﬂ re-ioniza~
tion may enhance the proton density locally. For Jupiter and
Saturn the critical radius (located where the magnetospheric
rotational and orbital escape velocities are equal) is 2.83
and 1.86 planetary radii respectively. Such an enhancement
is then only possible for the hydrogen cloud of Amalthea
where the satellite orbit is 2.54 Jupiter radii.

The impact of the satellite protons on the Jovian mag-
netospheres nceds to be assessced by comparing this source
with those provided by the solar wind and the planct. 1In
the case of Titan and Amaltheca, the net production of protons
could be large cnough to inflate the magnetesphere locally

and create unique planetary plasmaspheres.
4.3.2 Sodium Ion Source

Models for the sodium cloud of Io (Smyth and McElroy,
1978) suggest that neutral sodium is emitted from the inner
hemisphere with a mean initial velocity of 2.6 km/sec,aﬁd
an average hemispherical flux of 108 atoms cm_zsec_l. |

Atoms are lost from the extended sodium atmosphere by

electron impact ionization with an effective lifetime of
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between 15 and 20 hours. 'fhe radial distribution for the
loss of sodium atoms from the cloud for a 20 hour lifetime
is shown in Figure 31. The loss rate has a maximum value
of 2.6 X 1024 atoms per 0.1 Jupiter radii per second at the
satellite position and the cloud is localized between about
4.2 and 8 Jupiter radii.

For a steady state cloud, Figure 31 gives the radial
distribution for production of sodium ions in thé Jovian
magnetosphere Once formed, the heavy ions are swept away
by the rapidly rotating planetary field and become part‘bf
the local plasmasphere. Radial diffusion of these heavy
ions will then follow and may distribute the ions in such a
way so as to produce centrifugal distortion of the Jovian

magnetic field.
4.4 Modeling Io's Sodium Linc Profile Data

A model capable of calculating the sodium D1l and D2
line profiles generated by Io's extended sodium atmosphere
when observed through a given viewing aperature has been
de&eloped. The positions and velocities of the satellite,
sun and Jupiter may be selected to match a givenlobserVation.
The modeling parameters are the absolute flux, therdistribu—
tion of flux on the emitting satellite surface or exosphere,
the initial emission velocity distribution and the lifetime
of sodium atoms in thé Jupiter environment. Preliminary
efforts have been directed to understanding the effect that

these modeling parameters have upon the line profile shape
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Satellite Sodium Ion Source for Io. Model results for the radial
distribution of the loss rate of sodium atoms from Io's extended
atmosphere by electron impact ionization processes are shown.

The total atom population and overzll loss rate of the cloud are
indicated. See the text for discussion.
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for a variable satellite phase angle.

Comparison of modeled line profiles with existing obser-
vations is being used to limit and define the range of the
modeling parameters. In addition, a cooperative effort has
been established with observers who are making specific
measurements needed to test for the presence or absence of
particular line profile features generated by model calcu-
lations. Progress to date has been most encouraging; but a
considerable effort will be required before a consistent
and accurate interpretation of the sodium line profile data
is available. #fforts to accomplish this line profilé
modeling goal will be pursued in continuing research work

funded by NASA.
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CHAPTER V

CONCLUDING REMARKS

Exploratory and Prototype modeling of hypothetical
extended hydrogen atmospheres of the outer satellites
Amalthea, Ganymede, Callisto and Titan has been presented.
These results, given in Chapter IV, were calculated using
our cloud model discussed in Chapter III, and a variety of
atom lifetime and emission conditions were considered., For
the most probable coﬁditions, discussed in Chapters II and
III, the extended hydrogen atmosphere of Amalthea forms a
tightly-bound partial toroidal-shaped cloud about its
planet, whereas'Ganymede, Callisto and Titan - having much
greater lifetimes - form rather large, complete and nearly
symmetric toroidal-shaped clouds. Model results suggest‘
that the partial toroidal hydrogen cloud for Amalthea,
tentatively detected by the UV instrument of Pioncer 10

(Judge et al., 1976), could be explained if the satellite
11

atom escape flux is of order 10 cm—zsec . Results also
suggest that the Voyager spacecrafts should be able to detect
the Lyman-o emission from the extended hydrogen clouds of
Ganymede, Callisto and Titan, assuming most probable condi-=
tions, and for Ganymede and Titan éven under less favorable
conditions.

The initial ion sources, created when cloud atoms of the
extended hydrogen atmospheres of Amalthea, Ganymede, Callisto

and Titan are ionized, were calculated. These sources,

together with the heavy ion source created by‘the sodium
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cloud of Io were presented in Chapter IV. The impact of
these ions upon the planetary magnetospheres of Jupiter and
Saturn (assuming it exists and includes Titan's orbit) may
be significant and warrants detailed investigation.

Progress to date in modeling Io's sodium line profile
data is discussed in the last section of Chapter IV. Using
our fully—develbpéd cloud model, initial efforts have been
focused upon limiting'and defining‘the range of:modeling
parameters. A variety of sodium observations will be used
to accomplish this goal to be pursued in our continuing
research work funded by NASA. | , ”

Results presented in Chapter IV should be particularly
useful for preliminary interpretation of data acquired in
1979 by the Voyager I and Voyager II spacecrafts encountering
Jupiter and the Pioncer 11 spacoecraft encountering Saturn.
In addition to these particular model results, information
presented in Chapter III may be used to estimate the spatial
extent of any extended satel]litc atmosphere and to estimate
the atom emission and lifetime conditions from spatial extent
data measured by Spaéecrafts. Analysis of such spacécraft
data should yield important clues as to the néture-df the
local or bound satellite atmospheres; the character of the
electromagnetic interaction of satellites with their plane-
tary magnetospheres and the concentration, ehergy dehsity
and spatial distribuﬁion of charged particles in the mag-

netospheres.
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