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I. INTRODUCTION

The nature of the local atmosphere of Io and the manner in which
this atmosphere escapes to produce extended gas clouds and to éupply
the heavy ionlplasma torus threading the satellite orbit are the central
topics of this research. Io is known to have extended gas clouds of
neutral sodium, potassium and oxygen detected by ground-based observa-
tions. In addition, detection of a neutral sulfur cloud has very
recently been reported based upon UV emission data obtained from a
rocket flight (Durrance, Feldman and Weaver, 1983). Io is also known
to haﬁe a dense hot plasma torus composed primarily of oxygen and sul-
fur ions discovered by'ground—based observers and more recently measured
by instruments of the Voyager spacecrafts. The two basic goals of this
research are to characterize the satellite emission conditions operative
at Io for the sodium, oxygen and sulfur neutral gas clouds and to help
characterize the satellite-ion source and magnetic diffusion of ions in
the near Io environment.

- To achieve the two research objectives, two different approaches
are being followed. The first is to identify the atom escape character-
istics of sodium from the satellite by analysis of the substaﬁtial neu-
tral sodium cloud data base that has been obtained frbm Earth-telescope
observations over the past ten years.v The second is to explore by model-
ing anaiysis the implicétions 6f the rather recently discovered Io oxygen
cloud (Brown, 1981) and the very recently reported détection of an Io
sulfur cloud (Durrance, Feldman‘and Weaver, 1983). The discovery of the
oxygen cloud in 1981 provided the first direct link between the loss of
local atmospheric gases form the satellite and the supply of 0+ ions to
the plasma torus. 'The relative importance of direct ion escape (i.e.,
S+, O+, SO+, SOZ, etc.) and ionization of neutral gas clouds (i.e., S, O,
SOZ’ etc.) as ion supply channels for the plasma torus is currently nog :
known. Better definitibn of the net rate at which 0+ ions and S+ ions
are supplied by ionization of the neutral gas clouds has been one of the
major thrusts of our research effort this year. ' In addition to this net
plasma source, the neutral gas clouds have also recently been realized
(Johnson and Strobel, 1982) to directly alter to a significant extent the

relative abundance of the piasma torus ions through neutral-ion exchange



reactions. The spatial distributions of the neutral clouds are in turn
controlled by loss processes involving collisional ionization and chérge
exchange reactions. This complex coupling between the Io plasma torus
and the neutral clouds has been a subject of intense interest in our
research effort this year.

Progress made toward our two research objectives in the second year
of this endeavor is reported here. The analysis of the sodium data has
received less emphasis than the exploratory modeling of the oxygen cloud.
Significant .advancement has however been made toward each objective and

is discussed in the following section.



II. PROGRESS DURING THE SECOND YEAR

Introduction

The strategy adopted during the second year has been to focus
more effort upon the exploratory modeling of the Io atomic oxygen and
atomic sulfur clouds and less effort upon the analysis of the Io so-
dium cloud data.. This strategy was adopted to optimize our scientific
program in response to reduced budgetary support. The sodium data
analysis effort has thus been restricted to acquisition of new data
and to determination of suitable modeling basis functions. Quantita-
tive analysis of the sodium data will be initiated in the third year. ‘

The three-year plan for our data analysis modeling is summarized in
Table 1.

Modeling of the Io Oxygen Cloud

Model Calculations

Further exploratory model calculations for the oxygen cloud, in-
corporating improvements in the Io plasma torus electron data adopted
during the first year, have been performed in the second year. The
distribution of OI in the extended cloud was placed on an absolute
scale by fixing the modeled 6300A emission intensity to the observed
value (Brown, 1981), and model predicted intensities for the OI 1304A
and 8804 emissions were below observed upper limit values (Moos and
Clarke, 1981; Shemansky, 1981). The loss process controlling the
neutral population in these calculations was ionization by Io plasma
torus electrons, ‘and model results appropriate to the plasma conditions
at the time of the Voyager 2 encounter with Jupiter are summarized in
the second column of Table 2 (for more details see Smyth and Shemansky,
1983 included in the Appendix).

‘ The effects of including a neutral sulfur cloud and also of includ-
ing charge exchange reactions between plasma torus ions and the neutral
OI and SI cloud atoms were evaluated and found to be significant. A

\rough estimate to include these effects was made by scaling (using as

a guide the plasma torus calculations of Brown, Shemansky and Johnson,

1983) our Io oxygen cloud results (listed in the second column of Table
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2) and assuming an Io sulfur flux of one-half the scaled oxygen flux.
These scaled model results are'sumﬁarized in the third column of Table

2 and are discussed in more detail by Smyth and Shemansky (1983). The
ion loading, plasma mass loading and ion energy input rates, estimated
in Table 2, strongly influence the composition, diffusion, field-aligned
current systems and eﬂergy budget of the plasma torus and are of funda-
mental importance to models of the Jovian magnetosphere. The cloud mass
loss rate, estimated in Table 2, is of fundamental importance in under-
standing the local atmosphere of Io and its interactions with the plane-
tary magnetosphere. Obtaining a better estimate of these rates and

their spatial character is therefore very important.

Model Improvements

Two major model improvements not included in the model results
discussed above, were initiated in the latter part of the second year:
1. dintroduction of the oscillating motion of the plasma
torus about the satellite plane, and
2, explicit inclusion of charge exchange reactions in
the model, which affect both the cloud atom life-
time and the model predicted values of the physical
rates listed in Table 2,
The first improvement has been implemented and most of the work required
to implement:the'secohd improvement haé been undertaken. To complete
the second improvement, the spatial density of ions,in‘the'torus must
be specified in two-dimensions. This information is at present only
partially available. Parallel efforts have however been initiated to
develop the necessary description of the ion densities in the plasma
torus from the diverse and sometimes apparently contradictory sets of
Earth-based, rocket, IUE, and Voyager measurements. Recent analysis
of Voyager ion data by Bagenal (1983) has provided the required ion
density information for the radial interval from 4.9 to 5.4 Jupiter
radii. Additional information for the ion densities for larger radial
displacements is also being sought from the anaiysis of Voyager UVS
‘da;a by Shemansky (1983). The UVS inferred ion densities will be
used to complement the Voyager ion data which does not uqiquely define

the ion densities in the hot torus (>5.7 Jupiter radii).



Charge exchange reaction rates for the model have been obtained
from Johnson and Strobel (1982) and Johnson (1983). The set of rele-
vant reactions adopted in the model are listed in Table 3 and the
velocity dependence of the charge-exchange reaction rates have been
included in the model as prescribed by Johnson (l983). Relevant
electron impact ionization and recombination reactions are listed in
Table 3 for the neutral species. Ton-ion and electron-ion reactions
not producing neutral species as products are excluded from Table 3
since they are not requifed to calculate the model results in Table 2,
Additional model results, such as the production or loss rate of a
particular ion species, would however require these additional reac-
tions to be incorporated. New model results will, in the near future, .
be limited to calculating improved values for only the rates listed
in Table 2 (see the Appendix for further discussion).

Modeling of the Io Sulfur Cloud

Model Calculations

The Io sulfur cloud model, developed during the first year of the’
data analysis was used to calculate the intensity on the sky plane of
electron impact excited emission lines at wavelengths of 11, 306A 10,
8208, 77254 and 45894. Model results for the stronger optical emission
line at 7725A are shown in Figure 1 for the same observational geometry
used in the 63004 oxygen model calculation (simulating the detection
measurement of Brown in Figure 4 of the Appendix) The 77254 intensity
contours, in Rayleighs, are about an order of magnitude dimmer near Io'
than the 6300& intensity . contours for the oxygen cloud and are fixed
by assuming a .sulfur escape flux of one-~half the value determined for
the oxygen cloud. The sulfur cloud is more tightly confined near Io
because its electron impact ionization lifetime shown in Figure 2 is
about 4 to 5 times smaller than the electron impact ionization life- ‘
time of oxygen (see Figure 3 in the Appendix). This is illustrated
more clearly by comparison of the column density of both clouds as
* viewed from above the satellite plane in Figure 3.

Near Io, the intensity of the other optical line at 45893.18

about five times dimmer than the 7725R line and therefore will not be



Table 3. Charge-Exchange and Electron Impact Reactions for
Neutral Oxygen and Sulfur
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SI Electron Impact lonization Lifetime in the lo Plasma Torus
(Voyager 2 Plosma Conditions)
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considered further. The IR line at 10,8203 is, however, comparable to
the 63004 oxygen line emission intensity near Io while the IR line at
11,3063 is about a factor of 3.5 dimmer. Comparable or brighter emis-
sion lines at UV wavelengths of 13043, 14253, 14858 and 1820K, also
exist for neutral sulfur, as illustrated in Figure 4 for only one
temperature of 80,000° K. The IR emissioﬁ at 10,8203 provi&es the best
line for ground-based detection of neutral sulfur while the UV emission
at 18204 provides the best line for rocket or Earth-orbiting satellite
detection. Appropriate UV and IR observers have been notified of these
emission lines and interest in observing the neutral sulfur cloud is

growing.

Model Improvements

The model improvements'discussed earlier for the oxygen cloud model
have also been implemented for the sulfur cloud model. Progress paral-
lels that achieved for the oxygen model. 1In addition, arrangements
have been made with Shemansky (1983) to obtain approximate expressions
for the electron emission‘rates for the UV lines 6f atomic sulfur listed
above, Computa;ions of the intensity of these UV emissions on the

sky plane will be performed during the third year.

Analysis of the Io Sodium Cloud-Data

The quantitativé analysis of the Io sodium cloud data has been
divided into five stages of activities which are summarized in Table
4. Due to the reduced budgetary support available, the original pro-
posed scope of this data analysis modeling effort cannot be performed.
A data set of more limited scope has therefore been selected with the
overall goal of our modeling effort remaining unchanged. In order to
retain the virtué of the analysis in step 4 and step 5, the limited
data set will consist of both spectral data (the sodium line profile
data) and some spatial intensity data (sodium D-lipe intemnsity varia-'
tions on the sky plane as imaged through an observing slit). In the

first year, efforts were directed to stage 1 activities of Table 1.
\Available line profile data [Trafton, 1975; Trauger, Roesler and Miinch,
1976; Trauger, 1977; Trafton and Macy, 1977; Trafton, 1981] and spa-
tial intensity data [Brown et al., 1975; Trafton and Macy, 1975;

14
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upon close coupling calculation taking into account
configuration interactioms that were performed by
Henry (1981).
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Trafton, 1977; Brown, 1977; Trafton and Macy, 1978; Mekler, 1982] were
acquired and preliminarily evaluated. In the second year, efforts were
directed to stage 2, with priority given to the line profile data.

The Io sodium cloud model, improved to include the space and time
varying electron impact ionization sink of the oscillating plasma
torus, will be used to generate the basis functions for analysis of
the data set in the third year (steps 3-5). The purpose of the second-
year effort (stage 2) has been to specify the physical model parameters
(i.e., the exospheric escape conditions of sodium and the plasma torus
sink conditions) sufficiently accurately so thét the basis' functions
computed by the model are physically appropriate for data inversion.
Improvements in the description of the electron density and temperature
have been implemented in the model this year. Progress in selecting
the exospheric escape conditions has resulted from (1) studying the
character of the line profile data independent of the model and (2)
applying new model results that have very recently become available
from research performed in one of our other NASA supported projects
(NASW-3387). The new model results and their implications for this
project are briefly discussed below.

In our NASA supported research project (NASW-3387), modeling of
the sodium directional features discovered by Pilcher (Hartline, 1980)
has been in progress for the last three years. This modeling has
recently resulted in the discovery of new and direct evidence for a
magnetospheric-driven gas escape mechanism for Io. . This modeling
analysis has used the Io sodium cloud model with the oscillating
plasma torus. It has shown that the directional features outside of
Io's orbit can be understood in terms of (1) an oscillating plasma
torus sink, (2) a high-velocify (~20 km sec_l) sodium source whose
direction must be nearly perpendicular to Io's orbital motion, and
(3) a non-uniform flux of sodium from io that is enhanced near the
equator of the satellite. Adopting these exospheric escape conditions,
preliminary efforts indicate that such high-velocity sodium atoms may
also have the correct characteristics to expiain the asymmetric skirt
" exhibited in the sodium line profile data. Basis functions consistent
with these escape conditions will be evaluated more fully in the third

year and may prove to eliminate past ambiguities that have existed in

17



choosing unique basis functions for data inversion of the line profile
data. These escape conditions are also important in properly under-
standing the north-south alternating spatial intensity data [Trafton
and Macy, 1975; Trafton, 1977] which comprises part of the complemen-

tary (i.e., non-spectral) information in our limited data set.
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Abstract

The escape of atomic oxygen from Io and its distribution in the
magnetosphere of Jupiter is described in & model calculation., The loss
process controlling the neutral population in this calculation is ionization
bﬁ plasma electrons. The OI distribution is placed on an absolute scale by
fixing the modeled 6300 K emission intensity to the observed value. Predicted
intensities for the OI 1304 A, and 880 A emissions are included in the
6§1cu1ation. The model indicates a satellite emission flux of
1;5 # 10° cm-2? s-*, an ion loading rate of 6.2 x 10%2¢ ions s—*, an oxygen ion
mass loading rate of 16.6 kg s~*, and an oxygen iom enmergy input rate ;f
2,7 x 103° watts, The effect of including a neutral sulfur cloud and charge
eichange reactions in the plasma torus is significant. A rough estimate
including these effects raises the source flux for oxygen atoms to
1,2 x 103° ¢m-3 s—*? The inclusion of an assumed satellite flux for sulfur
atoms of 6.0 x 10° cm—% s—-1 then produces an ion loading ratg of
~4.,0 x 1027 jons s-2, an ion diffusive loss time of ~200 days, a plasma masé
loading rate of ~150 kg s—*, a satellite mass loss rate of ~270 kg s-*, and a
ﬁaximum ion cnetgy input of ;4 x 10212 watﬁs. The energy lost by radiation
(3 x 1022 W) from the Voyager 2 epoch plasma toius exceeds the estimated

energy input through the production of now ions by an order of magnitude.



1. Introduction

Yo, the innermost Galilean satellitc of Jupiter,-is known to be the
source of a substantial plasma torus in the Jovian magnetosphere composed
primarily of oxygen and sulfur ions. The satellite is also known to have
neutral gas clouds extending spatially beyond its local grayitational control,
To date, neutral gas clouds of sodium (Brown 1974), potassium (Trafton 1975;
Munch, Trauger, and Roesler 1976; Trauger, Rocsler, and Munch 1976) and atomig
oxygen (ngwn 1981) have been detected from ground-based facilities, and at
1eas§ one otheg species, neutral sulfur, has now been reported as an observed
emission by Durrance, Eeldmaﬁ, and VWeaver (1982). .

The role of the neutral gas clouds of Io as controlling factors for the
maintenance and morphology of magnetospheric plasma has not been generally
recognized. However, if mass is continuously lost from the plasma as it must
be through various processes, neptral particlcs must ultimately scrve as
fodder for the maintenance of the system., If ncutral clouds exist in the
spaéc ofAthe plasma torus they must certainly be a sourco of .new ions, The
recent discovery of the atomic oxygen cloud in the plasma torus remote from Io
(Brown 1981) demonstrates the presence of a significant source of both plasma
and enefgetic neﬁtral atoms for the magnetosphere because of the reéent
rcalization that noutral-ion charge exchange rcactions in addition to electron

collisions are controlling factors in thec Io plasma torus (Browm, Pilcher and

b
Strobel 1983; Johmnson and Str6b01 1982; Brown, Shemansky, and Johmson 1983;
Brown and Shemansky 1982). The action of these processes is such that the
characteristics of the Io atomic oxygen cloud and the properties of the
magnetosphere are strongly coupled.

The significance of the recent detection by Brown (1981) of an ntomiq

cloud near the orbit of Io, achieved by observing its electron-excited



emission in the 6300 K line, is that it provides us with the first d;rect
information to link the escape of neutral gas from the satellite and the
observed oxygen and sulfur ions in the plasma torus., The populatiom of such
neutral gas clouds in the Jovian circumplanetary space is governed by the
source rate at Io and by the subsequent loss processes which occur for the
escaping atoms along their orbital paths in the magnetosphere., The
i@teractidn of these clouds with the plasma torus forms the dominant sink,
conyerting the atoms to ions in collisioﬁ with eleotrons and existing ions,
The observation of excited #mission from the O atoms through their collision
with the torus plasma electrons can then provide a means of estimating both
the neutral cloud density and the resulting mass, ion and energy input
supplied to the magnetosphoré by the cloud. Those quantities, which are
fundamental to understanding the connection of the plasma torus to the
magnetosphere, have been the subject of heated discussion in the literature,
The torus'mass loading and diffusive loss rates have been estimated by a
vﬁriety of methods (Sullivan and Siscoe, 1981; Eviatar and Siscoe, 1980;
Richazdson et al., 1980; Richardson and Siscoe, 1981; Dessler, 1980; Bfown,
1981; Shemansky, 1980; Thorme, 1981; Hill, 1980) providing values scparated by
factors of 100 or more. An uncritical reader of the various arguments
therefore cannot arrive at a sensible coﬂqlusion in regard to questions
relating to hoﬁ cnergy is deiivcted to the torus for its maintenanco, and the
nature of the interaction of the torus with Jupiter's atmosphere and
magne tosphere. .
The emphasis of this article will be to explore vwhat can be learned about
the escape processes of atomic oxygen from Io and the plasma source that the

neutral gas forms in the planetary magnetosphere., Other plasma sources for



the magnetosphere such as direct ion escape from Io, escape of molecules such
;s S0, followed by dissociation and ionizationm, or escape of molecular ions
such as 803+ followed by dissociative processes are also possible, but none of
these processes have yet been positively ideptified. To explore the
characteristics of the atomic oxygen cloud and its impact on the
mggnetosphe,e; a model for the gas cloud hgs been developed and snitable
c@lculntiohs performed.

.The model calculation requires establishment of a reasonmably accurate
t?mpe:atnte and density structure for the plasma. which we obtain from a
c;mbination of Voyager in situ and EUV data. Th9 loss process providing the
sink for neutrals in this calculation is electron impact ionization only,
although we recalize that charge exchange reactions are an important additional
loss process in some regions of the torus. However, pending further detailed
calculations, we make rough‘estimates below of the effect of ion—-atom .
reactions on the atomic oxzygen distribution and source rates, based on roceqt
work by Brown, Shemansky, and Johnson (1983).

Qualitatively the Brown (1981) observation of OI 6300 X emission
indicates a tatﬁer low abundance implying low massllqading and source rates
comparcd to most of the ocarlier published results. The energy injection rate
based on the calcuiated production rate of ions is too low to compensate for
the known radiative cooling rﬁto. This rosult is not new in the published
literature si#ce Shemansky (1980) and Shemansky and Sandel (1982) have
obtained similar results based on other considerations, However there are
conflicts with the other work indicated above, snd the present results are by

. BO means generally.accepted. We present the model calculation below and cite

the arguments and uncertainties in the issue.



2. Atomic Oxygen Cloud Model

Brown (1981) by adding six individual observed spectra obtained an
intensity of 8+4 Rayleighs in the 6300 K emission lines, This difficult
detection, which requiréd three hours of integration time, was made possible
by the high spectral resolution of his instrument which separated the Io
emission line from the bright telluric oxygen airglow line of approximately 80
Rayleighs. The Io related emission in the 6300 K lines is excited by
i#elastic impact of oxygen atoms and Io plasma torus electrons (Brown, 1981).
Other attempts to observe clectron—impact excited emissions of the oxyéen
cloud at wavelengths of.1304 % ana 880 3, summarized in Table 1 have provided
only upper limits. The plasma torus in additiom provides a sink for the Io’
atomic oxygen cloud through electron impact ionization and ion charge exchange
reactions. The effect of charge exchange processes, although important in the
donse regiéns of the hot torus near Io's orbit (Brown, Shemansky and Johnson,
1983) and in the inner cool region where the torus qiectrons'become too cold
for impact ionization (Johnson and Strobel, 1982) has not beer included here
as mentioned oarlier; The brightness of thé 6xygen atom emission in a given
.volume element of the cloud is thus determined by fhe local electron ngmbor
donsity and temperature, while the number of oxygen atoms in that volume
element is determined by the previous ionization time-history of these atoms
in the planetary environment and the source injection rate,

Modeling the demsity, 6300 &, 1304 %, and 880 % emission intensitics, and
instanteneous oxygen ion creation rate of the oxygen ocloud is achieved by
following in circumplanetary space the trajectories of many oxygen atoms
ejected from Io and by determining proper weights along these trajectories to

reflect their real time volume excitation and ionization rates. The
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t?ajectories in circumplanetary space from the assumed isotropic ejection
pfocess at To are determined by solving the circular restricted three-body
equations of motion for each atom with suitably specified initial conditions.
This procedure has been documented in detail by Smyth and McElroy (1977 and
1978) who applied this method to modeling the Io sodinm cloud, To determine
the proper excitation and ionization weights along these trajectories, the
‘vplume exditation and ionization rates of atomic oxygen must be expressed as a
fpnqtion of the plasma parameters, and the plasma parameters must also be
specified as a function of spatial coordinates. .

The description of the plasma torus that is adopted for modeling purposes
in this paper will be limited to the electrons. Jon—ion and iomn—neutral
collision processes will be included in future modeling when improved spgtfal
density information for the ion specics becomes available, We adopt an
electron density-temperature spatial distribution based om Voyager
é#perimental data. A single Maxwollian electron emergy distribution is ‘
a?plied although we realize such a description is not strictly correct since
it is known that the clectrons arc non-Maxwellian and that the microscopic
state varies with radius and magnotic latitude within the torus (Scudder,
Sittler and Bridge, 1981). This non-Maxwellian distribution is actually
characterized by a dominant cool component (5-26ev) and a small hot component
(626-1200 ev). The relativelqbundauce of the hot component measured at
Voyager 1 encounter increases with radius, having values of 0,02%, 1.38% and
7.93% for radial values of 5.5, 7.8 and 8.9 Jupiter radii (Bj) respectively
(Scudder, Sittler, and Bridge, 1981), Further, observations of an upper limit
of OIII abundance in the hot torus (Brown, Shemansky and Johnsoum, 1983) have

placed a8 stringent upper limit on the high energy electron component in the
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post Voyager 2 encounter c¢poch, According to the Brown, Shemansky and Johnson
célcnlations, which include charge exchange reactions in the central region of
the torus, the limitation on the population of hot electroms is relatively
independent of ion diffusive loss time. Quantitatively, a relative hot
electron abundance of only 0,02% is above the limit indicated in the latter
work, On this basis, the contribution of the hot compoment to the electron
iépact ioﬁization and to the 6300 X, 1304 X gnd 880 K excitations of atomic
oxygen is not significant compared to the cool component contribution,
Although ionization rate coefficients are much higher for the hot electron
cémponent. the density rélative to the cool component is too low to contribute
significantly to the lifetime (sce Table 1). Excitation of 6300 ) emission is
inefficient at high temperaturés (Table 1) whereas excitation of 1304 K gnd
880 X is higher (Table 1) but is offset by the low demsity of the hot
component., Because of this, specification of only the low temperature
electron component of the plasma is required in the modeling work to follow,
Figure 1 shows the two radial temperature ptofiles that have beeh adoptcd'
;n this paper fqr the cool electrons in the torus appropriate to thg two
encounter conditions of Voyager 1 and Voyager 2 with Jupiter. The ion
tcmpcrature profile for the Voyager 1 encounter condition is also indiéated
for comparison, as deduced from the in situ direcf plasma measurcments by
Bagenal and Sullivan (1981) using their common temperature model, For radial
displaceﬁents from Jupiter less than 4.9 Rj' the adopted electron temperatures
in Figure 1 are assumed to have a constant value of §.8 x 10% K (0,5 ev),
whereas for radial displgoements from 4.9 Rj to 5.3 R, values equal to the

i

- measured lon temperature are assumed. For radial distances from 5.3 R, to

J

7.0 Rj' the electron temperatures are equal to average electron temperatures



déduced from analysis of the extreme ultraviolet emission from the torus ioms
obtained by the UVS instrument of the Voyager 1 and Voyager 2 spacecraft, 1Im
tie 7.0 to 8.5 RI region, temperatures arec interpolated using the in situ
measurements of Scudder, Sittler and Bridge (1981) for the Voyager 1 epoch, at
7.8 and 8.9 R., Scudder, Sittler and Bridge (1981) a1s6 provide & measured
témperature at §.5 RJ which lies approximately 20 percent below the
i#terpolated curve in Figure 1. Beyond 8.5 Rj the clectron temperatures are
a#sumed to have a constant value of 3 x 10% K (25.8 ev). The exact value of
the temperature beyond 8.5 Rj is not important since ionization rates show
little dependence in this temperature region. The Voyager 2 epoch curve
beyond 7.0 RJ is established by assuming the terminal temperature at 8.5 RJ
vas the same as the measured value at the Voyager 1 encounter, l
The radial profile of the electron numbor densities in the centrifugal
equator of the Io plasma torus, appropriate to the cncounter condition; of
Voyager 1 and Voyager 2 with Jupiter, is shown in Figure 2. The two electran
density profiles from the Voyager 1 in situ plasma Aata (Bridge, Sullivan and
Bagenal, 1980; Bagenﬁl and Sullivan, 1981; Bagenal, 1981), deduced by equating
them to thg magnitude of the total ion charge density for the common
temperature and thermal speed models, are shown between the radial dis£ances
of 4.0 Rj and 8.5 Rj' The two profiles are 1denti§a1 for radial displacements
less than 5.8 Rj’ and an extrapolated value has been assumed between 4,0 Rj
and 4.9 Rj based upon refined data at 4.9 Rj and 5,0 Rj provided by Bagenal
(1981) . The average clectron number density profiles obtained from analysis
of the ultraviolet ion emission data from the plasma torus measured by the UVS'

instruments of Voyager 1 and Voyager 2 are also indicated and have been

enhanced by & multiplicative factor of 1.25. This enhancement factor has been



cﬁosen to adjust the spatiaslly avéraged values of the Voyager 1 electronm
d;nsity determined -from the UVS datn to their maximum values in the
céntrifugal plane as defined by the Voyager 1 in situ plasma data, For model
calculations appropriate to the Voyager 1 c¢ncounter conditions, the adopted

number densities in the centrifugal plane are defined by the in situ results

from 4,0 BJ to 5.8 RJ and by the enhanced UVS results for radial displacements
larger than 5.8 R,. For model calculations appropriate to the Voyager 2
encounter conditions, the adopted number density in the centrifugal plane wiil
be defined by the in situ Voyager 1 results increased by a multiplicative
f@ctor of 1.4 in the radial interval from from 4.0 R.j to 5.8 Rj and by the
modified UVS results of Voyager 2 for radial displacements larger than 5.8'Rj.
In the model culculationé-described below, the electron number density in
the o plasma torus is specified in two-dimensions, n(r,z), having radial (r)
and vertical (z) dependencies above and below the centrifugal plane. The
number density is assumed to be independent of magnetic lonéitudc. Tho ‘
two~dimensional electron number dcnsity profiles in the centrifugal plane are
determined from the'radial number density profiles in the centrifugal equator,
n{r) adopted in Figuré 2, by an approximate form df a scaling law utilized

earlier by Bagenal and Sullivan (1980),

(z/H)3

n(r,z) = n(r) e- (1)

In this expression the distance along the magnetic field line from the
contrifugal plane has been approximated by the vertical distance from the
centrifugal plane. This approximation is acceptable for the small vertical
departures of interest in the Io plasma torus. The scale height H, in units

of km, is defined by

2 T
H = (1.7924 x 103%) —ﬁ- (2)
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where the tcnperature T, in units of °K, has been chosen as the cool componecnt
electron temperature profile adopted in Figure 1. The value of the effective
Mass M, in units of AMU, has been selected to be 8.2 by requiring the
calculated number demsity n(r,z) for the Voyager 1 encounter conditions to be
i# reasonably good sgreement with the more carefully described two—dimensional
eiectton number density distribution reported by Bagenal and Sullivan (1981).

-lUaving specified the spatial dependence of the clectron temperature and
nﬁmber density in the torus, the elcctron impact ionization lifetime aznd the
6300 3. 1304 K and 880 K volume excitation rates for atomic oxygenm can be
determined using the data in Table 2, The excitation rates given in Table 2
were calculated using the Brook, Harrison and Smith (1978) measuiements of ;be
(134 ionizatiog cross—section and an OI electron cxcitation model calculated by
Shemansky (unpublished) based om availaﬁle measured and theoretical collision
strcpgths (see Table 2), The 6300 X collision strengths, in particular, were
based upon the Henry, Burke and Sinfailam (1969) calculations, LEquivalent
analytic exprossions‘were used in the model calculations. The two—dimensional
electron—impact ionization lifetime for oxygen in fhe torus is illustrated in
Figure 3 for the Voyager 2 encounter conditions, These conditions are‘
appropriate for the observations of Brown (1981) ., The motion of Io in the
torus caused by tbe oscillation of the plasma torus about the satellite orbit
plane is illustrated and causes a variation of a factor about 6 in the oxygen
lifetime at the satellite location. In the present model the centrifiigal
plane and the satellite orbit plane are assumed coincident so that no

' oscillation of.the plasma is included,
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To model the two-dimensionalAsky—plane intensity map of the 6300 X,
1304 Z and 880 R emissions, many atoms are emitted from Io and tﬁo lifetime
and excitation rates along their orbits are appropriately calculated and
spatially tabulated., For model results in this paper, 1298 individual orbits
are emitted radially and isotropically from Io’s exobase (assumed 2600 km in
radius), each with an initisl speed of 2.6 km s-*, This value of 2.6 km s-3
‘represents a likely value for the mean speed of an initial velocity dispersion
aﬁd'was chosen because it has been the value best suitod for modeling the
Q;atial morphology of the bright Io sodium cloud (Smyth'and McElroy, 1978;
Smyth, 1979 and 1982), The implicaton of veloéity dispersion will be
discussed later, ‘Each trajectory in the model is associated with an ensem@le
of oxygen atoms emitted from a surface eclement of the satellite exobase, In
model calculations, the flight time of atom trajectories must be selected
sufficiently long to insure that a steady state description of the neutral gas
cloud has been achieved. In all model results to follow, fiight times of 500
hours and 1000 hours were snitable for the Voyager 1 and Voyager 2 encounter
conditions respectiv?ly. The flux of the 6xy§en atoms emitted from Io is
determined by requiring that'the calculated and megsured 6300 K intengities

are identical,
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3, Model Results

The spatial morphologies of the emission intensities, neutral demsity and
ion creaton rate for the Io atomic oxygen cloud have been calculated using the
model described in Section 2., Because the only detectionm of the cloud has
béen the observation of its 6300 A intensity (Brown, 1981), model calculations
tg be presénted will emphasize results at this wavelength and only briefly
d}scuss intensity results for the wavelengths of 1304 K and 880 K.

Model results for the 6300 K intensity on the sky plame, appropriate to
the detection observation of Brown (1981), arc shown in Figure 4 where Voyager
2 plasma encounter conditions have been assumed, The two locations of Browa's
observing slit are indicated, centered at 5.0 and 5.9 Bj' Ois intensity.
measurement of 8 Rayleighs is an average of six 30 minute exposures, two taken
at the 5.0 R, slit location? This average intensity is achieved by our model

J

calculation for an isotropic satellite escape flux of 1.5 x 10? atoms cm-3 sri
or a total source rate of 6.2 x 1026 atoms s-2*, The intensity contours in
Figure 4, laboled in Rayleighs, are cvaluated for this value of the oxygen
source, Using tie hotter plasma conditions at the time of the encounter of
Voyager 1 with Jupiter, the neutral source rate is a factor of two larger,
i.,e., 1.2 x 1027 atoms s-2,

In Figure 4, the oxygen éloud is scen to completely concirocle Jupiter,
having a non—uniform intensity peaked near Io and also near the clomgation
point of the satellite orbit. If Brown had uscd only one slit location and
had centered it more optimally at 5.72 R.j rather than at §.9 Rj’ the model
. calculation predicts that a signal of 14,8 Rayleighs would have been measured,

[+]
The spatial variations of the 1304 A and 880 K intensities on the sky planec

are similar in pattern to those of the 6300 K intensity in Figure 4, The
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absolute intensity of the 1304 X émission is comparable to the 6300 K
i;tensity for the Voyager 1 encounter plasma conditions and about two—thirds
of this value for the Voyager 2 encounter conditions, Tho absolute inteansity
of the 880 K emission is about a factor of five smaller then the 6300 K
intensity for the Voyager 1 cncounter conditions and about s factor of tem

smaller for the Voyager 2 encounter conditions, In Table 2, the 6 Rayleigh

[}
‘upper limit of the 1304 A intemsity determined by long-integration—time

1
!

measurements of the IUE satellite UV instrument exceeds, because of its
r;Iatively large viewing aperature, the corresponding modcl simulated‘value.
Tﬁe other upper limit for the 1304 X emission intensity of 25 Rayleighs in
Table 2 was establishgd by the.Voyagef 1 UVS instrument when its much smal;er
rectangular viewing slit (0.5 RI x 0.05 RJ) was centered on the satellite,
Near Io the quel calculated emission brightnosses are approximately symmetric
north, south, east and west of the satellite inside a radius of about 0.§ RJ.
Model calculated values of the 1304 K intensity seen by the'UV slit are

14 Rayleighs for Voyager 1 encounter conditions and 6 Rayleighs for the
Voyager 2 emcounter conditions, both belowAthe measured upper limit, The

10 Rayleigh upper limit of 880 K emission intensit& in Table 2 is also well
above the model calcuiated value,

The morphology of the 6300 x intensity viewed from above the satellite
orbit plane and corresponding to the model calculation of Figure 4 is shown in
Figure 5. The intensity is brightest near Io and is moderately bright ahead
of the satellite and just inside its orbit, where the temperature is‘still
sufficiently hot to excite the line emission and where neutral oxygen is

relatively abundant, The distribution of neutral oxygen is shown from the

same viewing perspective in Figurc 6, Oxygen atoms are seen to be
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c;ncentrated primgrily inside of the gatellite orbit where the electrons are
tgq cold for ionization of the cloud. Charge exchange not included in these
model calculations, will, however, modify to some extent the neutral
distribution inside of Io’'s circular orbit. The calculated instantaneous ion
c;eation rate produced by electron impact ionization of the oxygen cloud and
corresponding to the results of Figure 6 is presented in Figure 7. Abead of
;;. the ions are mostly created qut inside of the satellitc orbit, whereas
Sehihd Io, most ions are created outside of the satellite orbit and somewhat
n;arer the satellite where ionization lifetime has its minimum value (;ee
Figure 3), This overall spatial pattern is a direct conseéuence of the motion
of neutrals in the gravitationmal force fields of Io and Jupiter and the
spatial structure of the lifetime of oxygen in the plasma torus,

A radial profile for the abundance of nguttal oxygen and for the ion
creation rate can be prpducéd by integrating the individual.three—dimensiongl
distributions over the angular dimension around Jupiter and the vertical ‘
dimension normal to Fhe satellite plane. These radially averaged profiles, so
constructed fbt radial intcgiation~inte:va1§ éf 0.1 Jupiter radii, are
presented in Figure 8. The profiles were cpmpﬁted for the same Voyager 2
plasma conditions and satellite emission conditions assumed in Figures 4-7.
The oxygen cloud conteins 2.28 x ;03’ atoms and the total ion source tate.of
6.20 x 102¢ ions. s—=*, The abundance of neutrals is seen to decrease rapidly
outside of Io’'s orbit while the ion creation rate is somewhat inflated because
of the minimum lifetime of oxygen at 7.3 Rj (see Figure 3)., Inside o} Io's
orbit the neutrals are more abundant and the ion crestion rate drops rapidly

because of the precipitous decrease in the electron temperature (sece Figures 1

and 3).,
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4, 1 ications for the Plasma Torus
' The calculations presented in Section 3 for the atomic oxygen cloud are a
necessary first step in better understanding several physical processes that
take place in the Jo plasma torus. The rate at which oxygen atoms are lost by
the neutral cloud may be directly used to provide a lower limit for the ion
loading rate ﬁ, plasma mass loading rate ﬁ and ion energy imput rate é to the
plasma torus. The oxygen results determine only lower limits for these three
qunnﬁities since other yet unidentified direct plasma sources may also exist
for the magnetosphere as well as other neutral gas clouds., The lower iimit
for the ion loading rate N may then be used to estimate an upper limit for the
ion residence time (i,e., an ion—-diffusion loss time) in the plasma torus and
thereby comstrain the form of the plasma diffusion coefficient for the
magnetosphere,
The procedure to be utilized here for atomic oxygen may be genoraliied to
several neutral gas clouds (0, S, etc.) where charge exéhange is included aﬁd
requires that only tye neutral loss rates Lj and the neutral production rates

Pj be calculated for each of the neutral species j» In the general case

N = -I(P,-L,
j(,J lj) (3)
M=-Im (P.-L, :
! jtnj(l"1 J) (4)
E=-L/2 o [vaPp, -vaL,
?/ mj[v.r P, - V3 J] (5)
where mj is the mass of the jth neutral species, VT is the average thermal

velocity of an ion previous to being converted to the jth neutral species

(which then escapes the Jupiter system), and VR is the relative velocity of an

iop with respect to the rotating magnetosphere upon being produced by
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h neutral species. The expression for N and M follow

;bnization of the jt
directly from conservation requirements between the ion, electron, and neutral
cbmponents, and the expression for E assumes that ion~ion charge exchange
reactions do not significantly provide a net production or loss of plasma

tbrns energy. In contrast to the plasma mass loading rate (4), a mass loss

réte for the neutral cloud ﬁc may also be definmed:

EL s .0 (6)

The results of Section 3 represent the simplest case for the quantitieé (3) -
(6), where the neutral loss rate depends only upon electron impact iomization

of atomic oxygen and where the neutral production rate is zero:

N = Lo 4 (7)
M= Mc = moLo | , (8)
E=1/2 mViL (9)

|

The radial profile for Lo calculated for the plasma encounter conditions
of Voyager 2 is.given in Figuée 8 by the oxygen ion creation rate and produces
spatially integrated source rates for ﬁ, ﬁ. and ﬁ of 6,2 x 102¢ jons s—3%,

16,6 kg s—2, and 2.7 x 102° watts respectively. In calculating this last
quantity, a value of 56.8 km 5-1 for VR was assumed and dotermined by the
relative motion of Jo and the rotating magnetosphere, An upper limit for the

ion-diffusive loss time v in the plasma torus may be estimated from N as

i

follows

N\-1
- (1)
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where N is the number of ions in the spatial element in which ﬁ is calculated.,
Using the spatially integrated source rate‘(ﬁ. and an estimated total of
2.7 x 10%¢ jions, the averaged ion—diffusive loss time is constrained to
500 days. This relatively large value is reduced significantly when
agditional contributions to ﬁ. roughly estimated below, are included for a
splfur gas cloud and for charge exchange processes, The spatially integrated
;élue of 2,7 x 103¢ vatts for é. which represents less than 1% of the
3:: 1023 watts radiated by the UV torus, will likewise be significantly
iécreased by these additional contributions estimated below, For the plasma
encduntet conditions of Voyager 1, the spatially integrated source rates for
ﬁ. ﬁ, and ﬁ are a factor of two larger than those given above, if it is
assumed the 6300 K intensity at this carlier time had the same brightmess, '
The strength of the conclusions drawn above from the results of Section 3
are limited to some extent by several uncertainties in modeling., Inaccuracies
in excitation cross~sections as well as in data that specify, the plasma torgs
properties could produce changes to incrcase or decrease the results., The
lack of knowledge about the oxygen source characteristics of Io (i.e,, the
importance of higher velocity components in the dispersion of the emission
velocity distribution and its exospheric distribution) could taisc the overall
satelliteo flux required to maintain the observed 6300 K brightnoss, but
competing processes make the bvcrall offect difficult to estimate without
further observational information about the angular extent of the atomic
oxygen cloud. On the other hand, inclusion of an oscillating torus in the
model would produce a longer average lifetimé for atomic oxygen and would
_ therfore likely reduce the satellite flux required to match a given 6300 X
observation. The two oppositely directed effects may to first order cancel

each other,
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Significant modifications of the conclusions drawn above from the results
of Section 3 may, however, be anticipated from two factors not included in the
model: (1) the likely existence of a meutral sulfur cloud for Io and (2)
tﬁe importance of several neutral—ion and ion—-ion charge exzchange reactions in
the plasma torus imvolving the species OI, OII, OIII, OIV, SI, SII, SIII, and

SIV. The presence of charge exchange reactions involving slow neutrals and

fast corotating ions of the form

neutral + ion - ion + meutral (11) : \

neutral + ion — ion + ion (12)

both enhanco and couple the oxygen and sulfur loss rates as well as providé
substantial neutral production rates. Anm improved model incorporating this
c;upling is then required to accurately describe the neutral clouds nﬁd their
impact on the magnetosphere, Lacking this coupling in the preseant model angd
tﬁe necessary information about the prescnce of neufrnl sulfur in the Jovian
environment, this impact may. be roughly estimated by scaling the above
spatially integrated model results by the model calculation of Brown,
Shemansky and Johnson (1983). In their calculation, the ratio of the bvetqll
oxygen to sulfur loss rate was assumed to be two.Awhich is the ratio for a
satellite los§ rate based upén the source molecule SO,. Using this
calculation as a8 guide, the spatially integrated value of the oxygen loss rate
Lo calculated above for electron impact ionization only is enhanced by a
f;ctor of eight by charge exchange reactions, providing a scaled value of
, § x 1027 OI atoms s—-*, The spatially integrated values of the sulfurAloss

rate Ls is then ome-half this value or 2.5 x 1027 SI atoms s-2, These two
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léss rates are equivalent to satellite fluxes of 1.2x1019 OI atoms cm—23s—% and
6.0 x 10° SI atoms cm—-2? s-? respectively. The spatially integrated values of
t?e oxygen production rate Po and sulfur production rate Ps may likewise be
scaled using the results of Brown, Shemansky and Johnson (1983) by a factor of
afproximately 0.6 and 0.3 times their respective loss rates yielding values of
3.0 x 1037 OI atoms s~ and 0,75 x 1027 SI atoms s—-*, These production rates
a;ise from.the cha;ge exchange reactions (11) and also from electron
:écombination reactions, |

| Using these approximatiogs for the production and loss rates for neutral
o#ygen and sulfur in the expressions (3) through (6), more realistic values
f6: the ion loading rate, the plasma mass loading rate, the cloud mass loss
réte, and the ion energy input fnte for the plasma torus may be 6alcu1atqd énd

expressed as

N = 0.75(L ) (13) ‘
M=1.1(mL) (14)
B, = 2.0(nL) - - (18)

E=2,0(1/2 m°V§)Lo - 0,9(1/2 mov.i.)L0 (16)

where the spatially integrated value of Lo is § x 1027 jons s-*, The effocts
of charge exchange have thus been to modify the §imp1e dependence exhibited
between ﬁ. ﬁ, ﬂc and é in the earlier derived expressions (7), (8) and (9)
which were based oanly o; electron impact inonmization, The spatially -
integrated value of the ion loading rate (13) is then 3.85 x 1027 jons s-%* and
. implies a value for the ion diffusive loss time (10) of 200 days, assuping a

density of 1380 cm-* (appropriate to the Voyager 2 encounter) and a plasma
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torus of IR:r radius centered on Io's orbit, The spatially integrated value of
the plasma mass loading rate (14) is 146 kg s—* of which 53 kg s-2 is supplied
bj oxygen atoms and 93 kg s~* by sulfur atoms. In contrast, the spatially
iﬁtqgrated value for the mass loss rate of the neutral cloud (15) is

266 kg s~*, The spatially integrated value of the ion energy input (16) is
%;9 x 1032 watts, using a value for VT = 26.9 km/s appropriate to the average
_t;mperature of 60 eV reported by Brown (1982) for S+. or is 4.3 x 1033 watts
qéing a smaller thermal séeed for the iomns of 7.6 km_s?i. These two velues of
the ion energy input rate represent respectively 13% and 14% of the '

3 x 1023 watts radiated by the plasma torus in UV wavelengths. This ion
energy input is similar in magni;ude to the Io correlated energy source
discovered by Sandel and Broadfoot (1982) which supplies about 20% of the ﬁV
radiated power.

To determine the spatial variations of the ion number, mass and e;ergy
injection rates in the plasma torus supplied by the neutral clouds, more .
rcfined model calculations (which are currently undér development) will be
required, The Qverail spatial character of these processes for oxygen or

4su1fur may however be understood as being controlled through three channels if
charge exchange reactions are considered. Electron ionization in the ﬁresent
model would teand to dominate‘in radial regions mofe distant than 6.7 RI' -In
the radial interval 5.6 to 6.7 RJ, roughly c¢qual contributions from clectron
impact ionizatioﬁ and charge exchange are cxpected, Charge exchange reactions
wil} dominate inside of 5.6 RJ where the electron temperature decreases
rapidly. Charge exchange processes are therefore expected to modify the

+ radial distribution of OI atoms and the iom creation rate shown in Figure 8

which are calculated only for electron impact ionization. For radial
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displacements larger thamn §.9 RJ,'the rather sharp reduction in the OI
population.and the substantial ion creation rate out to 7.5 RI are caused by
the rapidly rising elcocron ionization rate coefficient and these_features will
have the same character when charge exchange is included. The drop in the ion
creation rate through two decades in the inward direction from 5.9 RJ to

5,5 RJ ocqurs because of the precipitous drop in the electron temperature in
that region, The inclusion of charge exchange reactions will provide a new
ion production mechanism inward of 5.9 RJ which will enhanco the ion creation
rgte and will also sharpen ;he neutral atom distributiog by reducing tho
relative number of atoms in the 4.5 to 5.5 RI region, The extent of the
oxygen cloud will also be confined morc closely to the position of Io and the
radial distribution of oxygen ﬁay then tend.to‘show a slightly higher dcns;ty
peak than that shown in Figure 8, because the Brown (1981) observatiom was \
made ~90° downstream from the position of Io,

The above estimates for the ion loading rate, the mass loading rate and
the ion energy loading rate for the plasma torus han a8 their source the
neutral gas clouds of Jo. Although it is almost certain that Yo is the
ultimate source of these ions, other sources of neutrals or direct sources of
ions that have yet to be discovered might also exist in addition to tﬂe ions
created by the neutral gas c;ouds. If the other éourcos of ions are
significant, the above estimates of ﬁ. ﬁ and é are only lower limits, It is
difficult to assess the possible magnitude of direct ion sources since
knowledge of Io’s atmosphere and the mechanisms which deliver the material to
the torus is very limited, ‘Only oxygen ionization processes that occur in the

' near vicinity of Io have been limited by direct observation and predictable

emission efficiencies (Shemansky 1980)., The Shemansky (1980) upper limit on °
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direct ion injection from Io is rbughly 1037 g- based on ion detection of the
0X 1304 X line in Voyger 1 observations. Attempts to observe the 1304 K line
by MO?S and Clarke (1981) using the IUE satellite produce about the same
value, 1027 s-1, as an upper limit for the Voyager 1 encounter epoch, It is
likely that the source molecule supplying the neutral gas clouds is S0, (Pearl
et al., 1979; Johnson et al., 1979) so that direct escape of §0,, SO,+ or its
-chemical fragments (SO, 0,, etc,) may occur and not have as yet been detected.
Tﬁolassessment of the importance of these molecules‘and ions as a source of
plasma for the magnetosphere will, however, require that additional

information be acquired,
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5. Concluding Remarks

A model has been presented for the neutral oxygem cloud of Io based upon
atom-electron impact excitation and ionization processes in the plasma torus.
The flux of oxygen atoms emitted from Io was determined by requiring that the
mcasured (Brown 1981) and the calculated 6300 K intensities be identical., By
tﬁis meams satellitc emission fluxes of 3,0 x 10 cm—? s-* and
1,5 x 10? om—? s-* weroe required for plasma conditions appropriate to the time
of cncounter of Voyager 1 and Voyager 2 with Jupiter, The 6300 K observatious
of Brown (1981) were more appropriate to the Voyager 2 plasma conditions for
which spatially integrated ion ;oadiﬁg rates, plasma mass loading rates and
ion energy input rates were cq}culated to be 6,2 x 1026 ions s-2, 16.6 kg gﬁ‘:
and 2,7 x 103° watts respectively, This value of the ion loading rate implies
an ion-diffusive loss time of 500 days.

Enhanced values of the satellite emission flux, ion loading rate, mass
loading rate and ion oenergy input rate resulting from the présence of a likely
existing sulfur cloud and from the impact of charge exchange reactions were
then roughly estimat;d based on the results-of4the oxygen model and the charge
exchange calculations of Brown, Shemansky and John;on (1983). The upward
adjusted value of the satellite flux for atomic oxygen was 1.2 x 1030 ¢pm-3 g-2
and an additional satellite flux of 6.0 x 10° cm-3 s—* was assumed for the
likely existing sulfur cloud of Io, This represents 8 neutral mass loss for
the satellite of ~270 kg s-*., The corresponding adjusted values for the
spatially integrated ion loading rate, plasma mass loading rate, and Eon
energy input rate were then 3.8 x 1037 jons s-%, ~150 kg.s-1 and
" (3.9 - 4,3) x 1032 vatts respectively., This valuc for the ion loading rate

implies an ion-diffusive loss time of ~200 days. The value of the ion energy:



input rate represents about 13 - 14% of the 3 x 1032 watts radiated in the UV
by the plasma torus and is comparable to the 20% energy imput level associated
with the Io correlated energy source discovered by Sandel and Broadfoot
(1982), The remaining 80% of the energy input has been associated by
Shemansky and Sandel (1982) with a local time asymmetry in the electron
tpmperature.

1 Inclusion of charge exchange reactions in future models of the atomic
oxygen cloud is important both ig refining the values of physical quantities
rousﬁly estimated above and in providing an interpretative base for ney
oﬁservatioﬁs of the neutral and ion species of the magnetosphere, Such a
model is presently under development. New observations of the angular
distribution of atomic oxygen around Jupiter would be particularly useful in
refining the value of the oxygen flux emitted by Io. Observations to deicctA
an atomic sulfur cloud are likewise desirable in order to ostablish a
Satellité emission flux for sulfur and thereby better understand processes in

the local atmosphere of Io,
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Table 2

Electron Impact Ionigation Rgte and Elgctrom Impact
Ezcitation Rates at 6300 A, 1304 A and 880 A for Atomic Oxygen

6300 A 1304 & 880 A
Electton Ioniza;%on Excitat%on Excitatjion Excitatgon
Temperature Rate Rate Rate Rate
(eV) (cm¥sec—1) (cm3sec—1) (cm?sec—2) (cm?sec—1)
0.5 6.80 x 10-21 3.44 x 10-23 1.99 x 10-17 6.23 x 10-23
‘1.6 7.86 x 10-14 3,20 x 10-2° 3.61 x 10-23 1.15 x 10-23
2.0 1.02 x 10-32 1.09 x 10-° 5.50 x 10-22 1.79 x 10-23
5.0 1.10 x 10-? 2.40 x 10-° 1,27 x 10-9 1.71 x 10-20
10.0 7.18 x 10-° 2.92 x 10-° 3.01 x 10-° - 8,45 x 10-10
20.0 2.21 x 10-° 2.72 x 10-° 6.68 x 10-° 1.94 x 10-9
50.0 4,93 x 10-° 1.70 x 10-* 9.04 x 10-* 3.15 x 10-°
100.0 6.63 x 10-3 9.25 x 10-20 9.45 x 10-° 3.55 x 10-°.
200.0 7.54 x 10-% 4.25 g 10-1° 9,00 x 10-3 3.55 x 10-°
500.0 7.59 x 10-° 1.28 x 10-3° 7.70 x 10-9 3.16 x 10-°
1000,0 ~ 7.03 x 10-° 4.84 x 10-22 6.54 x 10-° 2.74 x 10-9
2000.0 6.19 x 10- 1.77 x 1o-¥=‘” 5.40 x 10-9 '2.29 x 10-?

§000.,0 4.97 x 10-% 4.56 x 10-13 4,07 x 10-° 1.75 x 10-?

a, Bgsed on ionization cross—section of Brook, HNarrison and Smith (1978).

b, Based on OI + e calculations by Shemansky (unpublished); collision
st;ength data for 6300 x emission were obtained from calculations of
Henry, Burke and Sinfasilam (1969), measurements by Stone and Zipf (197;)
(see Shemansky (1980) for scaling factor) for 1304 K. and theoretical .

estimates for 880 K.
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Figure Ceptions

Figure 1, Electron Temperature Radial Profiles for the Io Plasma Torus. The
two electron temperature profiles adopted for model calculations
are discussed in the text., The plotted points are in situ
measurements from Scuddcr, Sittler and Bridge (1981),

F}gu:e 2. . Electron Number Density Profiles for the Io Plasma Torus. The

different number density profiles in the ceantrifugal plane of the

plasma torus are discusscd in the text. The two profiles adopted
for model calculations are indigatcd by dashed lines for raainl
displacements less than 5.8 Rj and by solid lines for larger radial
displacements,

Figure 3. Eleotron Impact Ionization Lifetime (hours) for Atomic Oxygen in
the Io Plasma Torus. The lifetime is calculated using the‘plnsma
conditions adopted for the Voyager 2 encouanter with Jupiter,
Ionization cross—sections are based upon the exp;timental
measurements of Brook, Harrison and Smith (1978).

Figure 4, Io Oxygen Torus 6300 K EmissionrlﬁfensiGy. ‘The satellite location
and the calculated intensity contours a;e appropriate to the
detection observation of Brown (1981).» Voyager 2 encounter plasma
conditions and a satellite flux of 1,5 x 10° oxygen atoms cm-3 s-3
lwere.assnmed. See text for discussion,

Figure 5, 6300 K Ozygen Emission Intensity. The intensity morphology of the
Io oxygen cloud viewed from above the satellite orbit plaﬁe is
calculated for the same plasma and satellite emission conditions of
Figure 4, The intensity contours have values, in units of
Rayleighs from the outer to inner contour, of 0.045, 0.32, 0.59 and

1,13 respectively,



Figure 6.

Figure 7,

Figure 8.

3

Io Atomic Ozygen Torus. The column density morphology viewed from
above the satellite orbit plame is calculated for the same plasma

and satellite emission conditions of Figure 4. The column density
contours have values, in units of cm? from the outer to the inner

contour of 6.6 x 10°, 6.7 x 10*°, 1.3 x 103%, 1,9 x 102% and

3,1 x 1033 respectively.,

A
-Jo Oxygen Ion Creaﬁgn Rate. The ion creation rate morphology

viewed from above the satellite orbit plane 1s:cn1cu1atedvfor the
same plasma and satellite emission conditions of Figure 4, The ion
creation rate contours have values, in units of ions om-? s—1 from
the outer to the inmer contour, of 2,8 x 104, 2,0 x 10%, 5.3 x 105,
8.6 x 105 and 1.4 x 10% respectively.

Radial Profiles for Oxygen Abundance and Ion Creation Rate. The
prof11e§ are calculated for the same plasma and satellite emission

conditions of Figure 4, Sce text for discussion,
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