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Abstract

A range of theoretical models of the compositional structure of
Io's dayside atmosphere and ionosphere are developed. The dominant
neutral gas, SOZ. is provided by sublimation of surface frost.
Photochemical processes lead to the build up of O, S, SO, and 02 as
minor gasses near Io's surface while O becomes the dominant gas near the
exobase. The vertical column demsity of O, in all models considered is
less than 1014 cm™2, The dayside ionosphere is formed as a result of
ionization of neutral species by solar UV radiation. Charge exchange
and rearrangement reactions are important for determining the ionic
composition of the ionosphere. The dominant iomn in the models
considered is SO*. A number of charge exchange reactions are identified
whose rates need to be better determined in order to refine the present
model of the ionosphere. The best matches of the model ionospheres to
that observed by the Pioneer 10 radio occultation experiment require
atmospheric surface concentrations of S0, in the range of 2.5 x 10° to 1
x 1011 cm_s, and an exospheric temperature in the range of 960 K to 1230
K. The ratio of the escape fluxes of O to S from the exobase is > 2 in
the models considered, while the models which allow surface deposition
of minor constituents always have a total sulfur depositional rate
greater than 1/2 of the total oxygen depositional rate, thus a surface
enrichment of S relative to that predicted by a pure SO, surface. The
depositional rate of this ''excess’’ sulfur is in the range 100 m to 1
km thickness per billion years,

Atmospheric Na is provided by surface sputtering of S0, surface

frost with Na impurities by MeV type magnetospheric ions., An upward



flux of Naj0 of 5 x 107 ¢m™2 571 1eads to an escape flux of Na from the
exobase of 1 x 107 c¢cm~2 571, The chemistry (ion and neutral) of Na
species in the atmosphere has only minor effects on the major
characteristics of the atmosphere and ionosphere.

It is generally accepted that Io is the source of S, O, Na, and K
which, subsequent to iomization, form the constituents of the Io plasma
torus. It is shown in chapter II that the escape of S and O from Io can
be understood in terms of the photochemistry of a predominantly 802
atmosphere created by the high vapor pressure of S50,. However, the
vapor pressures of Nazs, xzs and other common compounds containing Na
and K are negligible at the surface temperature of Io. In chapter III
we propose that Na and K escape from Io in two stages. Atoms of Na and
K (or molecules containing these atoms) are first sputtered into the
atmosphere from the surface by high energy magnetospheric ionms.
Atmospheric sputtering by low energy corotating ions then removes these
constituents (along with others present) out of Io’s gravitational

control. The estimated injection rates are sufficiently large to

maintain the observed Na, K, and O clouds observed around Io,
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I. Introduction

The purpose of this introductory chapter is to set the context and
provide the motivation for a theoretical study of the atmosphere of Io.
The phenomena that may have an influence on the physical properties of
Io's atmosphere are, indeed, many and complex., This introduction is not
meant to be a comprehensive review of these phemomena. Neither will it
contain a complete historical account of the ideas developed to explain
the many observations of Io and its immediate spatial environment,
Rather, it is intended as an overview of the many problems facing the
development of a complete theoretical description of the physical
processes occurring in Io's atmosphere., For a more comprehensive
discussion of Io observations and their interpretation the reader is
referred to the excellent reviews by Brown and Yung(1975), Fanale et
al.(1982), and Kumar and Hunten(1982)., Brown et at.(1983) contains a
lucid summary of observations of the Io Torus.

The first section of this chapter is a summary and discussion of
those observations which probably have the most intimate bearing on the
physical properties of Io’'s atmosphere. The second section is a
description of the ''locally buffered’'' model of Io's SOz atmosphere.
The reasons that this model may and may not be a reasonable starting
point for modeling atmospheric processes are stated. The final section
lists the major attributes of a complete theoretical model of Io’s
atmosphere. In this last section we discuss the strategy for our

theoretical study of Io's atmosphere.



1. Observational Constraints on Atmospheric Properties

(a) Post-eclipse brightening.

The earliest evidence for an atmosphere on Io came from the
discovery of post-eclipse brightenings(PEB) (Binder and Cruikshank,
1964). For about 2.3 hours of each Io day ('r.'p = 42,46 hours) the
satellite is in Jupiter's shadow. Binder and Cruikshank(1964) found
that upon emergence from Jupiter's shadow, Io’s visual brightness was
10-15% higher than it's pre—eclipse value. This excess brightness was
found to dissapear on a time scale of T, ~ 0.25 hrs. ~ 9x 102 %,

Binder and Cruikshank(1964) and later Sinton(1973) suggested that
the PEB are caused by an atmospheric constituent that condenses onto
Io's surface during eclipse, forming an optically thick surface frost,
which then sublimates upon Io's emergence. The surface of Io near the
subsolar point cools from~ 130K to~ 90K during eclipse (Morrison
and Cruikshank, 1974; Veverka et al., 1981). Upon emergence the surface
heats up to it's pre—eclipse temperature on a timescale of Te~ 1x 103
s. For this surface temperature change Lewis(1971) found that a frost
condensate, possibly CH; or NH3, could produce the PEB if the initial
partial pressure above the surface was of order 1077 bar,

Since the discovery of PEB many investigators have searched for
them (see references in Fanale et al.,, 1981, and Veverka et al,, 1981)
with about 60% of the observers reporting positive results. This
sporadic nature of the PEB has generated considerable controversy.
Furthermore, three eclipse reappearances of Io were observed during the

two Voyager encounters and no whole—disc brightening at the 10% level




was detected (Veverka et al, 1981). This places severe limits on the

abundance of a condensable gas in Io’'s atmosphere. In section 2 the PEB

will be discussed in the context of a ''locally buffered'’ model of Io's

802 atmosphere,

(b) Stellar occultation by Io.

In 1971 the occultation of the fifth magnitude star B Scorpii C
was observed by Smith and Smith(1972). Within their limits of
determination, the disappearance and reappearance of the star were found
to be instantaneous. This was used to set an upper limit on the surface
pressure on Io. For assumed mean molecular weights 16 and 28 Smith and
Smith(1972) calculated upper limits on surface pressure of 1.3 x 10—7
bar and 9 x 10-8 bar respectively. The calculated upper limit decreases
with increasing molecular weight. Strictly speaking, this upper limit
is applicable only in that region that is within 12° of Io's terminator.
Thus it is fair to say that if the mean molecular weight of Io’'s
atmosphere is 28 or larger, then a globally uniform atmosphere should

have been detected if the surface pressure was larger than 10_7 bar.

(c) Ionosphere.

The first direct measurements of physical properties of Io's
gravitationally bound atmosphere were provided by the Pioneer 10 radio
occultation experiment (Kliore et al,,1975). The trajectory of Pioneer
10 was fixed so that the spacecraft would be occulted by Io (as seen

from earth). The geometry of the occultation is shown in figures 1 and




Figure 1. Geometry of the Io occultation of Pioneer 10. At the time of
the occultation Io had been out of Jupiter eclipse for approximately 22

hours (after Kliore et al., 1975).
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Figure 2. Geometry of the occultation of Pioneer 10 by Io. The entry

(dayside) ionosphere is mostly shielded from the undeviated corotating

plasma. The exit (nightside) ionosphere is subject to direct corotating

ion and electron impact (after Cloutier et al., 1978).
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2. The phase deviations in the radio signal from the spacecraft before
(Entry) and after (Exit) the occultation by the solid body of the
satellite were analyzed to deduce the electron density profiles in Io's
ionosphere.

Two well developed (in the classical sense, see Chamberlain, 1978)
ionospheric electron density profiles were obtained (see figure 3).
However, the profiles showed marked differences from each other. The
entry electron density profile shows a peak of 6 x 104 cm3 at
approximately 100 km altitude. The plasma scale height above the peak
(at say 200 km) is 190 km. The peak electron density for the exit
ionosphere is 9 x 103 c:n-3 and occurs at 40 km altitude. The plasma
scale height above this peak is about 60 km at 200 km altitude and
decreases with increasing altitude.

Two possible causes of the differences between the entry and exit
ionospheres are illustrated in figure 2. First, the entry ionosphere
was above the dayside of Io at a zenith angle of 81°., The exit profile
was above the nightside, but the shadow height was at only 30 km
altitude., If solar UV was producing the ionization then one would
expect a highter electron density on the dayside. However, there are
problems with sustaining an ionosphere in a predominantly molecular
atmosphere into the nightime. Also if the atmosphere is predominantly
atomic, then one does not expect such a fast decrease in electron
density at night. These issues are discussed more fully in Chapter 2.

A second effect to comsider for possible causes of the entry/exit

ionospheric asymmetry is that due to interaction with the ambient

magnetospheric plasma, Low energy plasma (E < 1 keV) in the




Figure 3. The entry (dayside) and exit (nightside) electron density
profiles as obtained from an analysis of radio occultation measurements

by Pioneer 10 (after Kliore et al., 1975).
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neighborhood of Io rotates about Jupiter with Jupiter’'s angular velocity

-1

=1.77 x 1074 s71. At To's orbital radius of 5.9 Ry (1 Ry = 7.13 x 10°

cm) the corotation velocity of the plasma is 74.5 km s7l. Io's

Keplerian velocity is 17.4 km s_l. so the relative velocity between Io

and the low energy plasma is 57.1 km s—l. If there is no substantial
deviation of the plasma velocity very near Io then the atmosphere on the
side of the satellite corresponding to the exit(nightime) ionosphere
will be subject to low energy ion and electron impact. The atmosphere

on the downstream side will then be shielded by the body of the

satellite.

(d) Voyager IRIS detection of S0,.

The Voyager IR experiment(IRIS) detected absorption due to gaseous
SOZ in spectra taken over a 'hot spot’ near the volcanic plume Loki.
The hot spot was near the subsolar point on Io. The estimated abundance
of 0.2 cm atm is almost exactly that expected if the gas was in local
vapor pressure equilibrium with surface frost at the local ambient
surface temperature T = 130 K. The corresponding surface pressure for
an isothermal atmosphere is P = 1.4 x 10_7 bar, about a factor of 104
too high for the atmosphere to be an exosphere. Because of the strong
vapor pressure dependence on T, one would expect the atmospheric SOZ
content to vary greatly between the subsolar and antisolar points omn Io,
In section 2 we will discuss the characteristics of a '"locally

buffered’” S0, atmosphere on Io.

(e) Io’s visible and IR reflectance spectrum.
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Early studies of Io’s visible and IR reflectance spectrum (Fanale
et al.,1974) identified elemental S as a possible dominant component of
Io's surface. Subsequent to the Voyager I IRIS detection of S0, in Io’s
atmosphere, Fanale et al.(1979) suggested that SO, surface frost was the
cause of an observed 4.1 absorption feature in Io's IR reflectance
spectrum. Laboratory studies of 50, frost supported this hypothesis
(Fanale et al,,1979; Smythe et al.,1979). At the time of this writing
there is still a considerable controversy brewing over the phase of the
material on Io's surface (Nash, 1983; Howell et al.,1983). Whether SO0,
free frost or an 802 adsorbate is producing the characteristics of the
IR spectrum may not be decided until more laboratory studies at low
temperature are undertaken, or until the Galileo multiple flybys of Io
occur.

Nash and Nelson (1979) studied the spectral properties of alkali
sulphides and sulfur containing compounds in the laboratory in an
attempt to interpret Io’s visible and IR reflectance spectrum. They
found that Nazs, KZS' and NaHS all have absorption features in the IR at
the locations of strong absorption features in Io's spectrum. Also,
Nazs which was subject to bombardment by high energy protons (5 keV)
showed an absorption band at 0.56 microns, where Io has a feature.

As will be discussed in (h) Na and K are minor constituents in the
neutral clouds around Io. Presumably Na and K are also minor
constituents in Io’'s gravitationally bound atmosphere. However, because
of the ease of their detectability (see(h)) they probably act as ideal

'tracers’ of the processes which control the removal of mass from Io.
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Knowledge of the quantity and phase of Na and K compounds on the surface
of Io is therefore quite important. Hopefully through laboratory and

theoretical studies this knowledge will be available in the near future.

(f) Volcanoes.

One of the most exciting discoveries during the Voyager I encounter
with the Jupiter system was that Io is volcanically active. The fact
that Io is outgassing has important implications for atmospheric
structure and evolution. Smith et al. (1979) concluded that S0, is the
volatile which drives the volcanism. Johnson et al. (1979) used
observations of the then—known plumes to estimate volatile ejection
rates. They found that if only 1 % of plume ejecta is volatile, then
the volatile ejection rate would be of order 1010 o 1012 atoms cm™2 71
averaged over Io's surface., Assuming that the volatile is pure SOZ’
then it would take less than 108 seconds for the volcanoes to supply
enough S0, to produce a globally uniform atmosphere at the level
detected by IRIS(if no condensation occured). In fact, the volatile
ejection rate may be as much as 100 times greater than this (Cook et
al., 1979), and the global average atmospheric S0, content is probably
10 to 100 times less than the amount detected by IRIS (see section 2),
Estimates of the torus mass supply rate lie in the range of 1010 o 1011
atoms cm 2 s~ 1 ejected from Io (see (h)). Thus it seems reasonable to
assume that the volcanoes supply volatiles at a rate greater than the
mass loss rate from Io.

Strom et al, (1979) analyzed eight plumes revealed in Voyager 1

images. From their estimates of plume widths, we find the area covered
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by these plumes to be roughly 3 % of Io's surface area. McEwen and
Soderblom (1983) suggest that another class of volcano, only one of
which was active during the Voyager flybys, may produce plumes with
diameters about 5 times the diameters of most of those studied by Strom
et al. (1979). McEwen and Soderblom (1983) find evidence for 3 of these
large Pele-class volcanoes and estimate that their typical duration of
activity is at least a factor of 100 less than that of the smaller
Prometheus-class volcano, Thus, a time weighted average of the area
covered by these larger plumes leads one to conclude that their direct
effect on atmospheric structure is smaller than that produced by the
smaller plumes. In any case, the plumes occupy only a small fraction of
the volume of Io’s atmosphere, and to first order may be ignored in

modeling the atmospheric structure om Io.

(g) Airglow.

During the Voyager 1 encounter with the Jovian system, wide
angle('clear’) pictures were taken of Io when both Io and the spacecraft
were in Jupiter’'s shadow. These images showed ''faint diffuse luminous
glows’" (Cook et al,, 1981) on the disk of Io (Figure 4). These
'"glows'' came from areas close to several known plumes and also from
extended regions near the poles . The mechanism producing these
''glows’'' is not known. Cook et al. (1981) referred to the luminous

polar ''glows’’ as aurora, from an analogy with terrestrial aurora.
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Figure 4. Diagram of the positions of Io and the glows (aurora)

observed with the Voyager I camera (taken from Cook et al., 1981).
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(h) Dark polar regionms.

The lack of visible polar caps has been a puzzling characteristic
of Io, expecially in view of the presumably huge amounts of S0, produced
by the volcanoes in the equatorial region (Fanale et al., 1982). 1In
fact, the principal argument against a global S0, atmosphere on Io rests
on the obersvation that Io's polar regions are relatively dark (Fanale
et al,,1982; Kumar and Hunten, 1982). Even though it is a matter of
interpretation just how 'dark’' the poles are (Fanale et al.,1983), it is
unlikely that they are covered by an optically thick layer of relatively
pure 802 frost. The volcanos in the equatorial region apparently
produce copious amounts of 802 (Johnson et al., 1979). Transport to the
polar regions should lead to a build-up of thick 502 frost caps.
Several authors have listed mechanisms that might prevent the creation
of polar caps (Fanale et al.,1982; Kumar and Hunten, 1982)., However,
the efficacy of any such mechanism cannot be ascertained until the
magnitude of the frost transport to the polar regions is known. The
frost transport rate depends of many of the characteristics of Io's
atmosphere. One of the most important of these is the composition. For
example, if the dominant constitwent in Io's atmosphere is 802. then the
transport may be hydrodynamic and very rapid. This is due to the large
difference in vapor pressure of S0, between the equator and poles (see
section 2). However, if the major constituent is a photodissociation
product of 802. say 02. then the transport of 802 to the poles might
occur in a slower diffusive manner. Chapter 2 of this thesis is a

theoretical study of the chemical composition of Io's atmosphere. One
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of the prime motivations of this study was the desire to understand the

mode of 802 frost transport,.

(i) The Io Torus.

Observations of the Io—-associated neutral and ionized gas clouds
can provide constraints on atmospheric processes. The reason for this
is simple. Io is the dominant source of mass for the Torus and probably
the entire Jovian magnetosphere, Given that an atmosphere exists on Io,
then this atmosphere must in some sense modulate the transport of mass
from Io's surface to the torus.

The first constituent detected in the near—-Io cloud was
sodium (Brown, 1974). Optical emission in the Na D-lines (5890 £, 5896
K) was observed in a cloud mostly inside Io’'s orbit extending ahead of
the satellite about 70° in orbital longitude(see figures 5 and 6). The
excitation mechanism for the lines is the resonant scattering of
sunlight (Brown and Yung, 1975). Early modeling of the observed near—Io
cloud led to the consensus that atoms were escaping Io with a residual
velocity slightly greater than the surface escape velocity (Vesc = 2.56
km s_l) (Smyth and McElroy, 1978; Brown et al,, 1983)., The best model
fits to cloud morphology and spectral line shapes requires that the
sodium atoms originate from the hemisphere of Io facing Jupiter (Matson
et al., 1977; Smyth and McElroy, 1978; Porco et al., 1980).

The Na cloud supply rate is somewhat uncertain. The reason for
this is that the lifetime of the Na in the Io plasma torus is not
accurately known. Na in the near-Io cloud is lost through electron

impact ionization. Smyth and McElroy(1978) assumed a Na lifetime
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Figure 5. Image of Io's sodium cloud. A picture of Jupiter and a
drawing of Io’s orbit have been added. The white dot indicates the
position and size of To. The dark area within the cloud is due to the

occultating disk (taken from Matson et al., 1977).
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Figure 6. Qrbital cloud model as calculated by Smyth and McElroy
(1978). The shape of the sodium cloud in the satellite plane as
predicted by trajectories of atoms emitted radially and uniformly from
the 130° to 310° hemispherical portion of Io's exobase is shown for a
phase angle of 55° and compared with the simple triangular cloud model.

1 and a lifetime of 20 hours were

An emission velocity of 2.6 km s~
assumed. Atomic concentration is proportional to the demnsity of points

shown (taken from Smyth and McElroy, 1978).
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against ionization of 20 hours to deduce a2 supply rate from Io of 2 x

1

1025 atoms s —, which corresponds to a surface flux from Io of 5 x 107

em 2 571, Brown et al, (1983) argue that a lifetime of 2 to 3 hours is
more realistic, which may imply that the Na escape rate from Io is as
much as a factor of 50 larger than the value deduced by Smyth and
McElroy(1978). Much more refined models of Io's sodium cloud,
incorporating the spatial and time dependence of the Na lifetime against
electron impact ionization, are needed in order to more accurately
calculate the supply rate.

Resonant emission lines from K (7665 X, 7699 &) have also been
observed near Io (Traftom, 1975). An observational study of the K cloud
by Trafton (1981) suggests that both Na and K are ejected from Io from
the same general locality on Io and by the same mechanism. Porco et al.
(1980) obtained high resolution emission line profiles of Nal (5889 '\
and KI (7699 &) near Io and found similar velocity structures (in the
FWHM sense). They found a KI/Nal abundance ratio in their field of view
of 1/17., If the KI cloud coincides with the Nal cloud, then the loss of
K from Io should be approximately a factor of 17 less than that for Na.
However, it is likely that the lifetime of KI against electron impact
ionization is different from that of Nal. This has an important bearing
on the relative escape rates.

The identification of neutral oxygen in the Io torus was made on
the basis of an observation of the OI 6300 A forbidden line in a
localized region near Io (Brown, 1981). The apparent emission rate was
8 + 4 Rayleighs, and the integration time was ~ 3 hours during which Io

moved ~ 25° in orbital lonmgitude. The velocity distribution of OI atoms
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in the torus was not determined.

Smyth and Shemansky(1982) have modeled the escape of atomic oxygen
from Io and its subsequent loss by ionization in the plasma torus.
Assuming that neutral oxygen escapes from Io in the same manner that Na

does, they find the escape rate for atomic oxygen to be ~ 5 x 10% cm™2

s—l normalized to the surface of Io. This escape flux should be
considered as a lower limit since Smyth and Shemansky (1982) only
considered loss of OI by electron impact ionization in the plasma torus.
It is likely that charge exchange processes and elastic scattering may
be more important as loss mechanisms than ionization by electrom impact.

Durrance et al. (1982) reported the UV detection of SI (1425 §)
from a region of Jupiter's magnetosphere which intersected the torus
near its eastern ansa, at which time Io was near western elongation.
This would indicate that the SI cloud is very pervasive. However, due
to the nature of the marginal detection of SI (a signal to noise of ~ 2,
and the nearness of this emission linme to another very strong
unidentified one at 1429 K) this interpretation is suspect. No modeling
of the SI cloud has yet been performed with this observation serving as
a constraint.

Further clues to the escape process and mass ejection rates for
the various species can be obtained by studying the phenomenology of the
Io plasma torus. Many emitting species have been observed in the plasma
torus, among them SII, SIII, SIV, OII, and OIII (Brown et al., 1983).
Also, Voyager I provided information on the relative abundance of OII,
SII, and NaIl at various locations in the Jovian magnetosphere (Vogt et

2l.,1979; Bagenal and Sullivan, 1981)., In particular, Voyager I found a
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mixing ratio for sodium ions of ~ 0,05 in the inner torus and ~ 0.10 in
the middle magnetosphere. As noted by Brown et al. (1983), if this
mixing ratio is the same as that of the escaping atoms from Io then the
total ejection rate would be ~ 1 - 2 x 1028 cm™2 71,

The Io torus electron density has been determined by ground based
observations of SII forbidden lines (Trauger et al., 1980) and from
Voyager I experiments (Bagenal and Sullivan, 1981). The electron
temperature has been determined from several Voyager 1 and Voyager 2
experiments (Brown et al., 1983)., As average values for the torus Brown
et al. (1983) characterizes the electron number density by N, ~ 2000 cm
3 and the electron temperature by T, ~ 4-6 eV. Brown (1981) used the
determination of the OI density along with the properties of the torus
electron populations to deduce the electron impact ionization rate for

027 s1 ¢or the entire

O0I. He found an OI ionization rate of 5 x 1
torus. From the Voyager results we know that OII is overall the
dominant ion. Thus this derived value can be considered as a rough
estimate of the plasma torus supply rate. The closeness of this rate to
the estimated ejection rate from Io is striking.

Once an ion is created it is accelerated to the corotatiomnal
velocity of Jupiter's magnetic field. For oxygen and sulfur leaving Io
this results in ion cyclotron energies of 280 eV and 550 eV
respectively. This energy is transferred to the electron gas by Coulomb
colligions or possibly by collective charged particle processes. The
electrons collisionally excite electronic states in the ions which then

decay spontaneously and emit photons. The total observed UV emission

rate from the torus is of order 2 x 1012 Watts (Broadfoot et al., 1979).
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1

028 atoms s~ 1,

This implies a total ionization rate of order 3 x 1

The three estimates for the torus total atomic supply rate are in
order of magnitude agreement. However, many simplifying assumptions
have been made. Also, better observational studies are needed in order
to determine more accurately the physical properties of the torus (e.g.
the OI and SI number density). Even in the absence of a detailed model
of the Io torus it is clear that many observational and theoretical
constraints already exist on the possible excape processes operative in

the atmosphere of Io.
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2. A ""locally buffered’’ S0, atmosphere on Io

It is known that S0, frost exists on the surface of Io (Fanale et
al., 1979). Gaseous S0, was also detected in the subsolar region in
the amount which would be expected if the gas was in approximate vapor
pressure equilibrium with 50, surface frost at a local surface
temperature of T = 130 K (Pearl et al., 1979). These observations gave
rise to the suggestion that the SO, atmosphere on Io is "'locally
buffered'' by 802 surface frost, i.e., the S0, atmosphere is everywhere
in local vapor pressure equilibrium (Pearl et al.,1979; Fanale et
al.,1980). Here we describe the characteristics of a simplified version
of a "locally buffered'' model of Io's SO, atmosphere.

First we make several simplifying approximations and assumptions,

as follows.

(a) We will work in spherical coordinates and assume azimuthal
symmetry about a line joining the center of the satellite and the
sun. We assume that any atmospheric quantity & = £(0,z), where ©
is the subsolar longitude (equivalent to the zenith angle of the
sun), z = r - Ry, is the altitude above the surface, r is the
radius from the center of Io, and Ry, = 1820 km is Io's radius. It

is assumed that surface variables depend only on O .

(b) Perfect local buffering is assumed, i.e., the S0, gas pressure
just above the surface is exactly equal to the saturation vapor

pressure of S0, (Ps)at the local surface temperature. By making




(c)

(d)

(e)

28

this assumption we ignore what is possibly a very important process

in Io's atmosphere, i.e., the horizontal tramsport of S0,.

The atmospheric pressure P is assumed to be related to the gas mass

density p and temperature T by the ideal gas equation of state
P = pkT/m = nkT , (1)

where n = p/m is the number density of SOZ molecules, m = 1,06 x
10722 gm is the mass of a single SO, molecule, and k = 1.38 x 10716

erg Kl is the Boltzmann constant.

Each unit column of atmosphere is assumed to be isothermal at the
local surface temperature Ts(G). The spatial variation of surface

brightness temperature on Io was measured by the Voyager IRIS
experiment (Pearl et al., 1979). VWe have taken the spatial

variation of Io's surface temperature to be of the form

Ts =T,y + AT cos (] . (2)

As an approximation to the IRIS data, we take Tav = 110K and AT =

20 K.

It is assumed that the atmosphere is in hydrostatic equilibrium,

The scale height is defined by

H = kT/mg = C2/g i (3)
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where g(z) is the local gravitational acceleration, and C

(kT/lz)ll2 is the isothermal sound speed. At Io's surface g(z=0)
180 cm s 2. Since H(z=0)/Ry, << 1, we neglect the variation of g
with altitude within the first few scale heights from the surface.
The hydrostatic pressure variation can with these assumptions be

shown to be

P(6,z) = P (0,0) ¢ 2/H (4)

= -z/H
= Ps(e) e * »

where P (8) is the saturation vapor pressure of S0, at location 6

where the surface temperature is T (6).

The vapor pressure of SO2 as a function of temperature has been
measured in the range 170 K ( T < 197.6 K by Burrell and Robertson
(1915) and theoretically extended to T = 90 K by Wagman (1979). The SO,
vapor pressure dependence on temperature is adequately represented by

the function
P,(T) = A exp (-B/T) , (5)

where the constants A = 1.52 x 1014 dynes cn-z and B = 4510 K were
obtained by a least squares fit to the calculated values given by Wagman
(1979). In figure 7 we show a plot of P (®). It can be seen that if

the S02 atmosphere is indeed ''buffered'’ by SOZ frost, then the surface
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Figure 7. Surface pressure for a local vapor pressure equilibrium model

of Io’'s S0, atmosphere. P, is the pressure at which the molecular mean

free path is equal to the local scale height.
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pressure would vary between a maximum in the subsolar region of 1.4 x
10—7 bar to a minimum on the nightside of 2.4 x 10—14 bar. Table 1
lists several parameter values for such an atmosphere at three selected
subsolar longitudes on Io,

From the values in Table 1 it can be seen that the surface density

n the column density N, and 802 self-collision mean free path Lof

o’ P
each vary by more than 6 orders of magnitude between the subsolar point
(8 = 0) and the antisolar point (@ = 180°). The scale height, on the

other hand, changes by only 30%. In fact, L ~ 102 Hat © = 180°,

mfp
thus the atmosphere here can more accurately be called an exosphere (the
transition to an exopshere occurs at approximately the pressure at which

L =H, i.e., at Ps(e) =P_=mg/V2Q=2.4x 10_6 dynes cm-z, which

mfp o

occurs at ® = 125°, In the context of this locally buffered model of
Io's atmosphere, approximately 21 % of the surface area, centered on the
antisolar point, is covered by an atmosphere which is exospheric in

character. If an SOz atmosphere with a surface pressure P_ were to

o
condense, then roughly 1 monolayer of 802 molecules would be deposited
on Io’'s surface.

The locally buffered (LB) model of Io's atmosphere is completely
consistent with the upper limit on surface pressure as determined by the
stellar occultation observation (see (b)). The upper limit on surface
pressure of order 10”7 bar (Smith and Smith,1972) is applicable only
near Io’'s terminator (8 = 90°). At the terminator the LB atmosphere has
a surface pressure of 2.4 x 10710 par,

A much more severe test of the applicability of the LB model is

found in its implications for post—eclipse brightenings. First we
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TABLE I

Parameter Values for a Pure S0, Equilibrium Atmosphere on Io

8=0 e = 9° e = 180"
T (K) 130 110 90
P, (108 dynes cm 2) 1.4 x 1077 2.5 x 10710 2.4 x 10714
kT
H=— (10° cm) 9.3 7.9 6.4
ng
by . -3 12 10 6
n, = — (cm ”) 7.8 x 10 1.6 x 10 1.9 x 10
kT
N =128 (em2) 72x30%  13x10M 1.2 s10%
1
Lotp = (cm) 1.6 x 101 7.6 x 103 6.4 x 107

Y2 n Q

o
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consider the local atmospheric S0, content as predicted by the LB model.
Local condensation of the atmosphere would produce a surface mass
density o(®) =P_(®)/g of S0, frost. Thus o(0) = 7.8 x 1074 gm cm
2. Assuming a volume mass density ps==0.2 gm cm-3 for SOZ frost them
implies a condensate thickness of ~ 40 microns at 8 = 0°. If we assume
that it requires at least 10 microns of frost to appreciably change the
reflectance of the surface, then for & < 40° 1local atmospheric
condensation can conceivably cause a brighteneing of Io’'s surface.

Upon emergence from eclipse the dayside surface temperature returns

to its pre—eclipse value on a time scale of ©_ ~ 103 s (Morrison and

e
Cruikshank, 1974). The 802 frost that has condensed during eclipse will
now begin to sublimate,

The surface of Io acts as a source or sink for atmospheric S02
depending on whether PS(G) or the surface atmospheric pressure P(6,0)
is larger, respectively. For a constant temperature surface, the
vertical flux of 802 molecules at z = 0 is given approximately by

a
$S@) = ——— [Ps(e) - PE,0)1 , (6)
2n mC
where a is the evaporation coefficient. For single component systems
a is close to unity, and we will set @ = 1.0 in what follows.

We consider the sublimation of SO, molecules into a vacuum (P(8,0)
= 0.0). If there is no horizontal transport, the characteristic time it
takes for the sublimating frost to produce at atmosphere which is both
in hydrostatic equilibrium and vapor pressure equilibrium with the

surface frost is
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n_H C
s®) g

This characteristic time varies little over the surface of Io; for an
average temperature T _ = 110 K, Ty ~ 100 s. Since T T, , we
expect the surface pressure to follow closely the equilibrium vapor
pressure of 802 at the instantaneous surface temperature. The quantity
of SO, surface frost necessary to supply a LB atmosphere will then
disappear with a time scale T. UpORn emergence from eclipse.
Incorporation of energy constraints changes this conclusion by less than
a factor of 2 (Fanale et al., 1981). The above considerations and the
fact that t, ~ ty lends credibility to the LB model. However, the LB
model alone provides no insight on the reason for the possible sporadic
nature of the PEB.

The LB model of Io's atmosphere is inadequate in many respects.
For instance it completely ignores photochemical and thermal processes
in the atmosphere. The photodissociation rate at zero optical depth for
S0, is J~ 107° s7! (Rumar, 1981). The characteristic time for
photodissociation of a unit column of S0, (for dissociating wavelengths,
unit optical depth occurs at a column demsity of ~ 1017 ¢m72) is T, =4
1. 105 s ~ rp. Thus photochemical processes may be extremely
important in determining Io’'s atmospheric structure.

In a similar vein the temperature structure may be other thanm
=3

isothermal. Number densities of order 1011 ¢m are comparable to those

at the base of the thermospheres of the earth and mars (Chamberlain,
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1978). The most characteristic feature of a thermosphere is a gas
kinetic temperature which increases with altitude. A scale height for
the atmosphere much larger than that given in Table 16 could have
important implications for atmospheric escape mechanisms (see chapter
IT) .

The LB model does not incorporate any possible effects due to the
presence of Na and K or compounds which incorporate them. The model
also does not in itself give any indication of the ionic composition of
the ionosphere. Neither does it suggest a reason for the drastic
differences between the upstream and downstream ionospheric structures.
And finally, the LB model does not give any clues for determining the
mechanism(s) which is(are) responsible for the escape of mass from Io.

Many other processes may be listed which are not incorporated in
the LB model, but which are probably important for determining the
physiéal characteristics of Io's atmosphere, Suffice it to say that the
LB model is incomplete in many important aspects for understanding the

many observations which exist of Io and its near—-spatial environment,
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4. A Theoretical Study of Io’s Atmosphere

This thesis consists of several theoretical models of Io's

atmosphere and physical processes occurring within it. The primary

goals of this thesis are as follows.

(A)

(B)

(C)

(D)

We wish to ascertain the chemical composition of Io's atmosphere.
For reasons mentioned earlier in this chapter it is important to
know which chemical component is the dominant constituent both near

Io's surface and also at the exobase.

We wish to determine the total surface pressure on Io, and also if
the surface pressure depends on location as it does in the LB

model.

In the course of studying atmospheric processes we would like to
learn the source of ionization which produces Io's ionosphere.
This source (or sources) should be consistent with the
upstream/downstream asymmetries as deduced by Pioneer 10(Kliore et

al,, 1975).

Given a picture of atmospheric structure as provided by obtaining
goals A, B, and C, we hope to determine the mechanism(s) which is
(are) responsible for the ejection of mass from Io’s atmosphere
into the Io plasma torus, Of particular importance are the escape
rates of the different constituents, It is of interest to learn
the manner of interaction between Io’s atmosphere and the Io plasma

torus.
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The plan of this thesis is as follows. In Chapter II we will
theoretically investigate the chemical composition of Io’s atmosphere,
A range of models will be presented which can reproduce the major
characteristics of the downstream(dayside) ionosphere. As a by-product
we will find the minimum atmospheric density of 502 near the terminator
(at the surface) required for formation of the ionosphere. A range of
plausible exospheric temperatures will be deduced. The effects of
having atmospheric Na will also be discussed. In Chapter III we discuss
a possible mechanism whereby Na and K might be removed from Io's surface
and ejected into the atmosphere. We will also suggest a means by which

atmospheric constituents may escape from Io.
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Abstract

A range of theoretical models of the compositional structure of
Jo's dayside atmosphere and ionosphere are developed. The dominant
neutral gas, SO0,, is provided by sublimation of surface frost.
Photochemical processes lead to the build up of 0, S, SO, and 02 as
minor gasses near lo’s surface while O becomes the dominant gas near the
exobase. The vertical column density of 0, in all models considered is
less than 1014 cm—z. The dayside ionosphere is formed as a result of
ionization of neutral species by solar UV radiation. Charge exchange
and rearrangement reactions are important for determining the ionic
composition of the ionosphere. The dominant ionm in the models
considered is SO*. A number of charge exchange reactions are identified
whose rates need to be better determined in order to refine the present
model of the ionosphere. The best matches of the model ionospheres to
that observed by the Pioneer 10 radio occultation experiment require
atmospheric surface concentrations of S0, in the range of 2.5 x 102 to 1
x 1011 cu°3. and an exospheric temperature in the range of 960 K to 1230
K. The ratio of the escape fluxes of O to S from the exobase is > 2 in
the models considered, while the models which allow surface deposition
of minor constituents always have a total sulfur depositional rate
greater than 1/2 of the total oxygen depositional rate. Thus a surface
enrichment of S relative to that predicted by a pure 802 surface. The
depositional rate of this "'excess’’ sulfur is in the range 100 m to 1

km thickness per billion years.
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Atmospheric Na is provided by surface sputtering of 50, surface
frost with Na impurities by MeV type magnetospheric ions. An upward
flux of Nay0 of 5 x 107 ¢cm™2 571 1eads to an escape flux of Na from the
exobase of 1 x 107 cm™ 2 s™1. The chemistry (ion and neutral) of Na

species in the atmosphere has only minor effects on the major

characteristics of the atmosphere and ionosphere.
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1, Introduction

In this paper we discuss the chemical and ionic composition of
Io's dayside atmosphere. The observational basis for our theoretical
study of the sunlit atmosphere consists principally of three parts. The
IRIS detection of gaseous 802 on Io's dayside (Pearl et al., 1979)
provides the first part. We assume that atmospheric photochemistry is
primarily based on the S50, molecule and its photodissociation products.
The second part of our observational basis is the dayside (downstream)
ionospheric electron density profile as determined by Pioneer 10 (Kliore
et al.,, 1975). The third part consists of the fact that Na is observed
to be streaming away from Io (Matson et al., 1977).

The dayside (downstream) ionosphere electron density profile was
determined by the Pioneer 10 radio occultation experiment (Kliore et
al., 1975). The point of closest approach of the grazing radio ray to
the satellite was at a zenith angle of & = 81°, which corresponds to
about 5:24 pm local time. Fanale et al. (1982) discuss a locally
buffered SO, atmosphere on Io in the context of the IRIS discovery of
gaseous S0, above the dayside surface. In Fanale's model near the
terminator (6 = 90°) the surface number density of S0, is of order of
1010 cm_s. Atmospheric total number densities of this order of
magnitude are characteristically found in the thermospheres of the
planets., For example, in the earth’'s atmosphere eddy mixing processes
become less important than molecular diffusion above 100 km (Banks,
1969). Above 120 km each major neutral gas constituent of the

atmosphere assumes a density distribution with altitude that is
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determined by the temperature profile and the individual species' scale
height, i.e., the species are in diffusive equilibrium. The atmospheric
total number density at 120 km above the earth’s surface is of order
1012 ¢m73 (primarily N,; Banks, 1969). This region at ~120 km is
generally known as the turbopause or equivalently the homopause
(Houghton, 1977). On Venus the turbopause occurs at an altitude of
roughly 150 km on the dayside at which point the principal constituent
CO, has a number density of order 1011 cp3 (Eumar and Hunten, 1974).
Mars also has a C02 atmosphere and in this case the turbopause probably
lies near 120 km where the density is of order 1011 cm™3 (McElroy et
al.,, 1977). The density and temperature profiles for Jupiter's Hy
atmosphere are not known accurately for the upper atmosphere., However,
it is likely that the turbopause (if one does exist) lies more than 200

014 ¢m™3 (Cha mberlain,

km above the tropopause and at a density < 1
1978).

For the earth, it is known that above 120 km the temperature pro-—
file of the mid-latitude neutral atmosphere is determined by local
energy deposition due to absorption of solar ultraviolet radiation and
the downward transport of thermal energy by molecular conduction (Banks,
1969). This implies a neutral gas kinetic temperature that increases
with altitude above the turbopause, which has been verified by numerous
rocket and satellite measurements (Banks, 1969). In general, a gas in
diffusive equilibrium has a number density which decreases exponentially
with increasing altitude. The scale height which controls the rate of

decrease is proportional to the temperature. The rate of heating of the

neutral gas by absorption of solar ultraviolet photons is proportional
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to the local density of the absorbing gas (Bauer, 1973). The neutral
gas thermal conductivity is to first order independent of gas density.
Thus at sufficiently low densities (high altitudes) an almost isothermal
state of the neutral atmosphere should exist. This, too, has been
verified by observations (Banks, 1969). The case for the other plamets’
thermospheres, and probably Io’'s as well, is slightly more complicated
due to the presence of gases which can radiate in the infrared and
effectively cool the gas. However, the gas must first reach a suffi-
ciently high kinetic temperature so as to be able to excite the infrared
molecular states which can then decay, radiating to space, and cool the
gas. In general, this means a temperature higher than that at the
turbopause.

In summary then, a thermosphere has two main physical characteri-
zations. First, the individual constituents present approach diffusive
equilibrium above the turbopause. Second, the gas kinetic temperature
increases with altitude above the turbopause and approaches an asymp-—
totic value at high altitudes (usually a few scale heights above the
turbopause). By comparing gas number densities at the base of the
thermospheres of the other planets to that predicted by the ""locally
buffered’ model of Io's SO, atmosphere we infer that over much if not
all of Io's surface the atmosphere may be thermospheric in character.

A quantitative description of the formation of the terrestrial
jonosphere was first developed by S. Chapman (1931). The actual atmo-—
sphere is much more complicated than implied by Chapman’s original anal-
ysis and many elaborations on his original theory have been made (see

Chamberlain, 1978); however, the basic principles remain unchanged. The
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ion production rate in the upper atmosphere (thermosphere) due to iomi-
zation by solar EUV radiation is proportional to the number density of
the neutral gas, the ionization cross—section of the molecule, and the
flux of ionizing photons. Thus, the shape of the ion production profile
is partly determined by the neutral gas profile. If diffusion of plasma
is unimportant, then the electron density profile will also be deter-—
mined by the neutral density distribution (Bauer, 1973). On the other
hand, if plasma transport (ambipolar diffusion) dominates, then the
electron density profile will depend on the plasma temperature. For
thermal equilibrium where the electron, ion, and neutral temperatures
are equal, the plasma scale height is equal to twice the neutral gas
scale height. In general, it is found that for steady state and thermal
equilibrium conditions, the electron density profile is directly related
to the neutral density and temperature profiles (Banks, 1969; Bauer,
1973; Chamberlain, 1978). For cases where sources of ionization other
than solar ultraviolet produce the ionosphere, the characteristics of
the ionosphere may depend on other parameters.

We proceed by assuming that the form of variation with altitude of
the gas kinetic temperature in Io's atmosphere is similar to that of the
thermosphere of the other planets, Then we will use the diffusion
equation along with the calculated production and loss rates for each
neutral constituent to determine the degree to which the neutral species
are in diffusive equilibrium. Once the properties of the neutral atmos—
phere are determined, we will calculate the production and loss rates
for ions due to solar ultraviolet ionization. In the following analysis

the surface number density of SO, and the exospheric temperature will be



varied in order to produce an ionosphere that is a best match to the
observed ionosphere. A wide variety of imposed boundary conditions on
atmospheric constituents will be investigated.

The goal of this paper is to answer a set of five key questions

regarding the structure of Io's atmosphere. The questions are as follows.

(A) What is the dominant neutral constituent of Io's atmosphere,
and does the dominant constituent change as one moves from
To's surface to the exobase?

(B) What is the source of ionization for Io's ionosphere?

(C) What surface concentration of S0, is required for formation of
the observed ionosphere?

(D) What is the radial extent of the atmosphere, i.e., where is
the location of the exobase?

(E) VWhat is the atmospheric temperature at the exobase?

Answers to these questions will set the stage for a theoretical
study of the interaction between Io's atmosphere and Jupiter's magneto-
sphere.

The plan of this paper is as follows., In section 2 we discuss the
assumptions made in the development of our theoretical model of Io's
atmosphere. Photochemical processes involving 802 and the effects
caused by diffusion of atmospheric constituents are described. Section
3 is an examination of the boundary conditions at Io's surface and at
the exobase that are expected to be most suitable for modeling Io's

atmospheric composition. The processes that may be responsible for
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formation of the downstream ionosphere are discussed in section 4,
Section 5 is a presentation of the numerical results for the different
cases considered. In section 6 we discuss atmospheric sodium. And
finally, in section 7 we discuss the implications of our results and

present a summary of our findings.
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2. Atmospheric Temperature and Compositional Structure
(a) Model atmosphere

The atmosphere and gravity field surrounding Io are taken to be
spherically symmetric. The radial variation of the local acceleration

of gravity is given by

I'o 2
g(r) = glry) (—) (1)

r
where g(r,) = 180 cm s 2 js the value at the surface of Io (r, = 1820
km, the radius of Io). Equation (1) breaks down near the L1 and L2
points located at a distance rp = 5.77 r, from Io's center. However,
(1) is inaccurate by less than 15% for r < r,. The geopotential

distance is defined in terms of the local gravity by

r g(r') : Ty )
n(r) = [ dr' = ro(l.o - —) ’ (2)
£y Blry) r

The radial dependence of gas kinetic temperature T(r) is not known,
We note the analogy drawn between Io’'s atmosphere and the thermospheres
of the other planets to parameterize T(r) in a form that has shown to
provide reasonable agreement with gas kinetic temperatures in the upper
atmospheres of the Earth and Mars (Chamberlain, 1978)., The analytic

form for T(r) that we use was developed by David Bates (1959) for the
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terrestrial thermosphere. The temperature variation may be expressed as

T(r) = T, (1.0 - ae”*M) (3)
where a and Tt are constants
T
o
a = 1.0 T (4)
T@
1.0 daT
. - ( ) : (5)
T =Ty 88 7,

The three parameters that must be specified to uniquely define T(r) are:
T,, the temperature at the base of the atmosphere; T_,, the asymptotic
temperature in the upper atmosphere (the exospheric temperature); and
(dT/dr)o, the vertical temperature gradient at the base of the atmos—
phere (r = r,). We have taken T, = 110 K which is identical to the area
weighted average surface temperature Tav defined in Fanale et al.,
(1981), Bates (1959) showed that in the case of the earth's
thermosphere, good agreement with observations was obtained by taking
(dT/dr), = (T/H),, where H = kT/mg is the scale height of the major
atmospheric constituent. In any case, Bates (1959) found that the
agreement was not very sensitive to the exact value of (dT/dr),. For

Io's atmosphere we take
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aT T mg(r,)
(__) _ (_); — 2 = i TfE . (6)
dr H k

We are thus left with one as yet undefined parameter, T_, for complete
specification of T(r).

The characteristic hydrostatic adjustment time for an 802
atmosphere, Tp ~ Clg ~ 102 s (where c? = ET/m is the isothermal sound
speed), is much smaller than Io’s rotational period, tp ~ 105 s. Here
we assume that the atmosphere is in hydrostatic equilibrium. The

barometric equation

dP(r)
—_— = - pl(r) g(r) . (7
dr

where P = NkKT is the pressure, p = mN is the mass density, and N(r) is
the number density of SO, molecules, may be then used with T(r) defined
by equation (3) to determine N(r). Integration of (7) for a single
constitutent atmosphere leads to an analytic expression for N(r)
(Chamberlain, 1978).

With the above assumptions the model atmosphere for Io is seen to
be dependent upon two as yet unspecified parameters, N(r ) and T,.
These parameters will be adjusted in order to obtain the best agreement

between the modeled ionosphere and the observed ionosphere.
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(b) Photochemistry and chemical kinetics

Table 1 lists the most important chemical reactions along with
their preferred rate coefficients that are used in our photochemical
study of Io’'s SO, atmosphere. This set of reactions includes some of
the sulfur chemistry considered in previous works related to the strato-
sphere of Venus (Yung and DeMore, 1982; Winick and Stewart, 1980) and
the stratosphere of the Earth (DeMore et al., 1983), but which has been
reassessed and updated. Our set also greatly improves upon the set of
reactions used by Kumar (1982) in an earlier study of Io's S0, atmos—
phere. Some of the measured reaction rates involving sulfur in Table 1
have been reviewed and evaluated by Baulch and Drysdale (1976), and more
recently by DeMore et al., (1983). The references from which we have
taken the preferred rate coefficients are listed on the right hand side
of Table 1.

The solar ultraviolet photon flux that produces dissociation of
molecules in Io's atmosphere lies principally between 1200 £ and 2400 K
The solar photon flux used in our calculations of photodissociation
rates was taken from Mount et al. (1980) and adjusted to solar minimum
conditions (solar minimum occurred in 1976 and the Pioneer 10 occul-
tation in 1974), although Mount et al. (1980) found no evidence for
solar cycle variability of the photon flux exceeding 15% for wavelengths
above 2000 £. More than 70% of S0, and SO dissociation occurs at
wavelengths longward of 2000 X The solar photon flux of Mount et al.
(1980) was averaged over 50 R intervals from 12 K to 1850 K. and over 10

1 intervals from 1850 & to 2500 X The photon fluxes of Mount et al.
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TABIE 1

List of Essential Reactions for the Neuntral Atmosphere of Io
with Their Preferred Rate Coefficients

Reaction Rate Reference
(RI) 0y +hv = 20 Ty = 9.1(-8) Hodson (1971)
(R2) +hvy -> S+0 Jy =1.1(-5) Phillips (1981)
(R3) SO,+hv -> SO + 0 J3 = 2.8(-6) Golomb et al. (1962),
Thompson et al, (1963),
(R4) S0, + hv => S+0, Iy = 1.0(-6), ¥4 = 0.5 Warneck et al. (1964),
Okabe (1971), Welge (1984),
Driscoll and Warneck (1968)
(R5) Sot hu —> 28 Js= 52(-5) Brewer and Brabson(1966)
Meyer et al. (1971)
(R6) S+0, > S0+0 kg = 2.3(-12) DeMore et al. (1983)
(R1) SO+0Q, -5 SO, +0 ky = 2.4(13) ¢ 79T Delore et al. (1983)
() S0+S0 =) SO, +S kg = 5.8(-12) ¢1760T  Berron and Huie (1980)
(R 0+0; -> 20, kg = 1.5(-11) ¢ 2218/T Yung and Dedore (1982)
(RI) S+0; - S0+0, kg = 1.2(-11) Yung and DeMore (1982)
(R11) SO+0; - SO, + 0, kyp = 2.5(-12) ¢ 1100/T Yung and DeMore (1982)
(R12) SO3 + SO -> 280, kpp = 2.0(-15) Yung and DeMore (1982)
(RI3) 20+M -> 0, +M ki3 = 8.6(-28) T2 Yung and DeMore (1982)
(R14) 28+M -> S, +M k4 = 2.0(-33) Baulch and Drysdale (1973)
(RI5) O, +O+M —> O3 +M ki = 1.35(-33) Yung and DeMore (1982)
(R16) SO+0+M —> SO, + M kg = 6.0(-31) Yung and DeMore (1982)
(RIT) SO, +O+M = SOy +M  kyp=8.0-32) ¢ 20T Yung and Dedore (1982)
(RI&) NeO+0 —> Na+0, kyg = 1.6(-10) Liu and Reed (1979)
(R19) NaOZ +0 —> NaO + 0, kig = 2.5(-11) Kirchhoff and Clemesh (1983)
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TABLE 1 - Continued

Reaction Rate Reference
(R0) Ne)O +0 -> 2Na0 kyo = 2.0(-11) estimated
(R1) Na+0+M => NaO+M 1k =1.0(-33) estimated
(R2) Na+0, - NaO, + M ky = 8.4(-34) ¢2%0/T  Liy and Reed (1979)

Note. The units for hot;%ysis rates (J), and twobody and three—body

reactions (k) are sec —, sec L, and cm® sec 1, respectively.
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(1980) were reduced by a factor of (5.2)2 = 27.04 to account for the
reduction of flux (photons cm 2 s 1) between the earth and Io. The
photolysis rates at zero optical depth for several molecules are
presented in Table 1 along with references from which the appropriate
cross sections were taken.

A schematic diagram summarizing the major pathways for production
and loss of chemical species in the atmosphere of Io is shown in Figure
1. The surface supplies SOz to the atmosphere via sublimation of 802
surface frost. Once in the atmosphere, SO, may photodissociate along
two possible branches as discussed below.

In its ground state, S02 is a nonlinear molecule with an 0-S-0
angle of 119.5° (Okabe, 1978). The bond energy D(0S-0) = 5.65 + 0.01 eV
(Huie and Rice, 1972; Okabe, 1972). The photochemistry of 802 is ini-

tiated by absorption of ultraviolet photons which have enough energy to

break this bond,
S0, + by => SO + 0 » ¢ 2190k . (r3)

The absorption cross sections for SO, have been measured by Golomb et
al, (1962), Thompson et al, (1963), and Warneck et al. (1964) finding
substantial agreement in the spectral region 1850 K to 2170 K where the
data overlapped. The data of Golomb et al. (1962) extended to 1050 X,
close to S0,'s ionization threshold at 1010 K The region longward of
1900 K shows a highly structured absorption spectrum with as many as 18
bands seen between 2000 X and 2300 £ (see also Okabe, 1971). The

fluorescence spectrum of 802 between 2000 K and 2300 £ has been measured
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Figure 1. Schematic diagram showing the major sources and sinks for

atmospheric constituents.
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by Okabe (1971). We have used this spectrum to estimate quantum yields
for reaction (R3). The yield is approximately 0.65 at the dissociation
threshold at 2190 )1 and increase to nearly 1.0 at 2000 K

At a photon energy of hv > 5.99 eV the photodissociation branch
S0, + hv => S + 0, » < 2070 % (R4)

becomes energetically feasible (Welge, 1974). Since an energy of 5.99
eV is insufficient to break SO, into 3 atoms, the primary process (R4)
requires that SO, is first produced in an atomic rearranged state in
which the 0-S-0 bond angle is decreased sufficiently at the moment of
the S ejection so that an 0-0 bond can be formed. Process (R4) is
analogous to NO, photodecomposition (Doering and Mahan, 1961) in which
the branch forming N and 0, is about 10 times more likely than that
forming NO and 0 (at 1236 %). Driscoll and Warneck (1968) have studied
the photolysis of 802 at 1849 K and have deduced an upper limit to the
branching ratio for process (R4) of y, < 0.50. In section 5 we will
consider the sensitivity of the calculated chemical state of Io's atmos—
phere to uncertainties in Y4

The ground state (X3 X2 7) of SO has a bond energy of D(S-0) = 5.34

+ 0.02 eV (Okabe, 1978). The cross sections for SO photolysis
SO+ hyv -> S+0 A < 23204 (R2)

have been measured by Phillips (1981). The difficulties associated with

laboratory determination of cross sections for (R2) are formidable due
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to the need to know the absolute concentrations of SO and SO, in the
absorption cell, and to know the energy state(s) of SO from which disso-
ciation proceeds (as discussed by Phillips, 1981). However, using the
cross sections obtained by Phillips (1981) we find a zero optical depth
photolysis rate of J, = 1.1 x 107 571, about 2 orders of magnitude
larger than the photolysis rate for 0, (reaction R1), even though the B3
I~ - x3 £~ band system (1900 £ - 2400 £) of SO is analogous to the
Schumann—Runge band system of O, which lies between 1300 % ana 2000 &.
The reason for the large difference in photodissociation rates is due to
the difference in spectral locations of the absorption band systems.
Absorption by SO occurs at longer wavelengths where the solar flux nF,
is larger.

Molecular oxygen (0,) is photodissociated (R1) primarily by ab-
sorption in the Schumann-Runge continuum, The oxidation of sulfur
compounds also results in a loss of atmospheric 02. The chemical ex-

change reaction
S+0, -> S0+ 0+ Ag (R6)

is exothermic (Ag = 0.22 eV) and is important for determining the oxida-
tion state of sulfur in the atmosphere of Venus (Winick and Stewart,
1980; Yung and DeMore, 1982). The measured values for the rate coeffi-
cient for (R6) have been evaluated by Baulch and Drysdale (1976) and
more recently by DeMore et al. (1983), The recommended value of kg =
2.3 x 10712 cm3 molecule™ s71 is based upon the laboratory measurements

of Davis et al. (1972) which covered a temperature range 252-423 K and
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showed zero activation energy for (R6) with the limits of determination,
ie., E¢ = 0.0 * 0.005 eV. This value for kg is in good agreement with
four other measurements made near room temperature (DeMore et al.,
1983). The value of kg used by Kumar (1981) to model SO, photochemistry
on Io was based on the combustion data of Von Homann et al. (1968) and
had an activation energy Eg = 0.25 eV. Extrapolation of the Von Homann
et al, (1968) expression for k¢ to 298 K gives a value for kg which is
approximately 3 orders of magnitude smaller than the room temperature
rate measured by several independent researchers (DeMore et al., 1983).
For this reason, we will follow the recommendation of DeMore et al.
(1983) and use the value for kg obtained by Davis et al, (1972).

The relative abundances of S, 0, SO, and 02 are also affected by

the exchange and disproportionation reactions
and

SO0 + SO -> SO2 + S + A8 . (R8)
These reactions are exothermic (A, = 0.53 eV, Ag = 0.31 eV) and have
activation energies, E7 = 0.20 eV and Eg = 0,15 eV, and rate constants
k; = 2.4 x 10713 e 2730/T  4na xg = 5.8 x 10712 e~ 1760/T (oxape, 1978;
DeMore et al., 1983; Herron and Huie, 1980). At temperatures charac-—

teristic of the surface temperature of Io (T - 100 K) it is clear that

for ngo ~ Bg» (R6) will dominate over (R7) as a loss mechanism for 0,.
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The extended reaction set listed in Table 1 contains many 2-body
and 3-body reactions which have an insignificant influence on the
overall chemical structure of Io's predominantly SO, atmosphere at the
terminator (N(r,) ~ 1010 ¢m3) but which may be marginally important
near Io's subsolar region (N(r ) ~ 1013 ¢m™3) and are included here for
completeness. The reactions important for formation of Io's dayside
ionosphere are discussed in section 4, and the chemistry of Na

compounds is described in section 6.
(¢) Diffusion

The radial variation of the abundances of chemical species in Io's
atmosphere is influenced by molecular diffusion and possibly by eddy
diffusion. The time and spatial variation of the abundance of consti-

tuent i is determined by the radial continuity equation

ani 1 9
+ — —(IzFi(t))= Pi(f) = Ll(f) » (8)
it r2 ar
where Fi(r) = ni(r) ui(r) is the radial flux of constituent i, ui(r) is

the diffusion velocity, Pi(r) and Li(r) are the local production and
loss rates for constituent i, respectively. The subject of molecular
and eddy diffusion with application to planetary upper atmospheres has
an extensive literature (Chamberlain, 1978; Hunten, 1973a; Hunten,
1973b). Briefly, diffusion is caused by concentration gradients, pres-—

sure gradients, temperature gradients, and turbulence.
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th

The diffusion velocity u; for the i minor constituent in a multi-

1

component gas is given by

(9)

a- =

'd 1n n, 1 d InT d 1n fi
i _Dx (________ _—"__‘) = K s

dr H. dr

where f; = ni/n is the mixing ratio of constituent i, n is the total
number density of the gas, K is the eddy diffusion coefficient, and Di
is the average diffusion coefficient. The binary diffusion coefficient
Dij - bij/n where bij is the binary collision coefficient for consti-
tuents i and j. In writing (9) we have neglected the effects of
thermal diffusion which is small for heavy atoms and molecules.

An extensive study of binary diffusion coefficients for many pairs
of gases has been performed by Mason and Marrero (1970); however, little
research has been performed on the relative diffusion of sulfur and
oxygen compounds such as §, SO, SOz, 0, and 02. We have utilized
results from classical gas kinetic theory along with calculations and
data on the viscosity of pure gases (S, 0, 05, SO,) to estimate several
binary diffusion coefficients. According to gas kinetic theory (Chapman
and Cowling, 1970), the first approximation (assuming the molecules are
rigid elastic spheres) to D;, (diffusion of constituent 1 through

background gas 2) is given by
3 nkT\ 1/2
Dy, = _(-——) : (10)
8nQ 2mr

where »n; = mlmzl(ml + mz) is the reduced mass and
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Q = - (cl+02) (11)

is the collision cross section, The collision diameters for molecules 1
and 2 are cq and 0,, respectively. The self diffusion coefficient Dy
is given by (10) when constituent 1 is the same as constituent 2. The
self diffusion coefficient Dll is related to the gas dynamic viscosity n
by Dy; = 3An/p (Chapman and Cowling, 1970), where A is a numerical
coefficient which depends on the type of molecular interaction., For
rigid elastic spheres 3A = 1.2, The dynamic viscosity of pure 802 and
pure O, has been determined experimentally (Chapman and Cowling, 1970),
and that for pure S and pure O by theoretical means (Konowalow et al.,
1959). We have used these results to determine o(T) for 0, S, 05, and
50,. "Given the temperature variation of the collision diameter we then
used (10) and (11) to determine bij(T) for several pairs of molecules.
The numerical results were then fitted to the functional form b = ATS
for each pair of gases individually. A summary of these estimates are
presented in Table 2. As a check on this method, results for diffusion
of O through 02 were calculated by the above procedure and compared to
experimental results (Mason and Marrero, 1970). The agreement was
better than 15% over the temperature range 200 K to 1000 K.

Turbulence gives rise to mixing, and the component of diffusion
velocity due to atmospheric turbulence is parameterized by an eddy
diffusion coefficient K (see Banks and Kockarts, 1973). Unfortunately,

no adequate theory exists for determining K in a planetary atmosphere.
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TABLE 2

Binary Diffusion Parameters

Gas Pairs® 10716 A S

0, S 4.45 0.794

0, 0, 9.39 0.751

0, S0, 1.84 0.934

0,, S0, 1.20 0.939

S, S0, 0.81 0.943
*Constants in the formula b = ATS,

where D = b/n (D has units cm? s j I
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Usually K is found by semi-empirical methods., In some studies, K is
left as an adjustable parameter in modeling the vertical variation of
atmospheric constitnents; the value of K is chosen so as to give the
best agreement between model and observations, Values for K used in
modeling the atmospheres of Mars, Venus, and the Earth generally lie in
the range 105 to 108 cm2 5_1 (McElroy et al., 1976; Yung and DeMore,
1982; Allen et al., 1981). In section 5 we will consider the effects of
eddy diffusion on the calculated atmospheric compositional structure,
The specification of boundary velocities at Io’s surface and at the
critical level (exobase) allows one to obtain a solution of (8) for
n;(r). Integrating (8) between r = r, and r = r, (r, = critical level

o c

radius) gives, in a steady state,

r
[ - L1 £2 ar = 12 F(r,) - 12 F(r)) . (12)

To

where F‘i(rc) = n;(r;) u;(r;) and Fci’(ro) = n;(r,) uv;(r,) are the boundary

2 s71) of constituent i at the critical level and

fluxes (molecules cm
surface, respectively. In the next section we discuss the specification

of boundary diffusion velocities.
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3. Boundary Conditions

(a) The critical level

The uppermost region of a planet’s atmosphere is the exosphere
(sometimes called the planetary corona). The base of this region is the
critical level (or equivalently the exobase) defined to be at the

radius, r at which the radially outward integrated demnsity provides 1

c'

collision mean free path to an atom or molecule, i.e.,

@

J n(r) @Qdr = 1 (13)

Te

If Io's atmosphere and its interaction with Jupiter's corotating
magnetospheric (low energy) plasma is spherically symmetric (it probably
isn’t]!), then one would expect the strongest interaction to occur in the

region = r_ + H. This is because, in this region an impacting magnetos—

c
pheric ion would begin to lose its kinetic energy, i.e., it experiences
its first collision with an atmospheric atom. This is also the region
from which atmospheric atoms with sufficient kinetic energy can escape
to Jupiter's magnetosphere without impacting another atmospheric atom,
on the average. Due to the asymmetric nature of the interaction, impor-—

tant processes probably occur at r >> r However, we choose to ignore

a»
this direct interaction and discuss two approximations to what may be
happening at the exobase. In the first approximation we simply set

the escape velocity equal to the average upward velocity of the
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molecules at r = r We will refer to this case as the non-thermal

c*
escape model,

In the absence of nonthermal processes, Io’s atmosphere will lose
mass by means of thermal evaporation (Jeans’' escape) of molecules from

the critical level. The discussion of this process is made simpler with

a definition of the normalized potential energy of an atom i,

B Gl{mi ) o
)\-i == = —
kTr Hi.
T 1000 m.
= 6.31 (-°) ( )( ! ) (14)
e T 16 my

where G = 6.67 x 1078 dynes cm?2 gm_2, M =8.9 x 1025 gm is the mass of
Io, and mpy is the mass of a hydrogen atom.

The location of the critical level is determined by the density
profile of the major constituent. We consider a single component exo-—
sphere which is isothermal. In the case of a plane-parallel atmosphere,
equation (13) reduces to n,QH, = 1. When (13) is evaluated for a

spherically symmetric atmosphere one obtains

n, B, QK. (X) = 1 (15)
where Kc(l) is the spherical correction factor (Chamberlain, 1961) .
The maximum value of Kc is 1.44 and occurs at A = 5. Equation (15)
determines the location of the critical level.

The thermal escape flux (Jeans' flux) for constituent i at T, 48
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given by (Chamberlain, 1978)

Fi(ry) = n3(ry) wilsy)

n,(r,) b (1 + Ay(r,)) e rilze) (16)
/7

where the effusion velocity 'i(fc) is made up of two parts: C/ \/{E is
the average vertical velocity of particles directed upward, and (1 + Ag)
e *c is the probability that an atom which is directed upward will
escape from the gravitational well, This equation should be approxi-
mately valid for L > 1,5, Brinkmann (1970) has shown that for H and He
escaping from the Earth’'’s exobase, equation (16) gives results which
agree to better than 30% with that obtained by detailed Monte Carlo
investigations,
At A, = 1.5, w; = C;, and the assumption of hydrostaticity breaks
down. When A, = 1.5 the average kinetic energy of each atom at r; is

roughly equal to the escape energy. The bulk of the gas will then flow

outward at speed ~C;, analogous to solar wind flow (Hunten, 1973).
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(b) The surface of Io

Given a lack of information on the physical properties of Io's
surface it is impossible to determine the details of the chemical
interaction between the surface and the atmosphere. We consider four
types of interaction, and, hence, four corresponding types of surface
boundary conditions on atmospheric processes. In all cases we assume
that SO, is provided by the surface at whatever rate is needed to supply
the subsequent loss of S and O containing species to the magnetosphere
or back to the surface. The different classes of boundary conditions

are discussed below.

A. Chemically inert surface

For this class of boundary conditions we consider the atmospheric
chemical structure that would obtain in the situation in which the
surface diffusion velocity (and hence, flux) is zero for all consti-
tuents other than S0,. Physically, this requires the atmosphere to be
chemically uncoupled from the surface. This also is equivalent to
assuming that the sticking coefficients for all atmospheric species

(other than S0,) is identically zero.

B. Surface as a chemical sink

Here we assume that all constituents (other than 502) that hit the

surface stick to it, i.e., the sticking coefficient is unity. We assume
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the surface does not release these gases. Only 50, is released by the

surface.
The 1loss rate (i.e., surface flux) is determined by (9) and n;

evaluated at r = r However, (dni/dr)o is not known a priori, so we

S
have considered two possibilities for the velocity of material diffusing
to Io's surface.

The characteristic diffusion time scale of an atom in an atmosphere
is the time it takes the atom to random walk a scale height, i.e., Tp ~
H2/D. A characteristic diffusion velocity is them up ~ H/tp ~ D/H.

Using this as a guide we set the diffusion velocity of atoms or mole-

cules to Io’s surface equal to

D.
> a7

dilr.) = = ==
Hy
where H, is the scale height of the background atmosphere.

To calculate the maximum diffusion velocity possible near Io's
surface we consider the diffusing atoms or molecules that are closer
than one collision mean free path to the surface. We assume that the
particles have a Maxwellian distribution of velocities. Then it can be
shown that the average vertical velocity of particles of constituent i

that are moving downward is

¢

o

“?“(ro) = - (18)

were C21 = kT/m;. We will use equations (17) and (18) for possible



boundary diffusion velocities in this class of boundary conditions.

C., Eddy transport to surface sink

Here the chemical interaction with the surface is identical to that
in class B boundary conditions, i.e., the constituents other than S0,
that hit the surface stick to it and are not released. In this class of
boundary conditions (C) the character of atmospheric diffusion near the
surface is different. We assume here that eddy diffusion in the atmos-—
phere dominates over molecular diffusion near the surface. If n(r ) ~
1010 cm—s. then D ~ 107 cm2 5-1. Thus, for eddy diffusion to dominate
we must have K > 107 cm? s~ 1, By analogy to the derivation of the

molecular diffusion velocity in (17) we can define an eddy diffusion

velocity at Io's surface, (see Banks and Kockarts, 1973) i.e.,

(19)

u:'m

B i) = =

Note that now the loss velocity at the surface is the same for all

constituents.

D. Surface as catalyst for 0, formation

The surface of Io may act as a catalyst for the recombination of
atomic oxygen to form 0O, (see schematic diagram of atmospheric chem-—

istry, Figure 1). In this scenario, atomic oxygen is first produced in
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the atmosphere by photolysis of S0, and diffuses to Io's surface. The O
atoms stick and begin to thermally migrate along the surface. When two
O atoms encounter they can possibly recombine to form O0,, the excess
energy released in the recombination being sufficient to eject the 02
from the surface. In this scenario the surface of Io performs two
functions. The first function is to decrease the average distance
between O atoms, i.e., increase the effective O atom density. The
second function is to act as a third body to conserve energy and momen-—
tum during the recombination to form O0,. This is analogous to the

function performed by the third body M in the reaction

0+0+M -> 0p+M (R13)

This type of scenario has been invoked to explain the high abun-
dance of H2 in the instellar medium, i.e., H recombines on dust grainms
to form H, (Watson and Salpeter, 1972).

In this case for Io we assume perfect efficiency in converting
atomic oxygen to molecular oxygen. In a steady state this implies

F*(O) = ZF‘

(05) (20)
8% X = Ty In order to obtain the maximum rate for this process we
assume that O diffuses to the surface at the maximum molecular diffusion

velocity given by (18).
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4. Formation of the dayside ionmosphere

Here we discuss the formation of the dayside ionosphere on Io.
Solar EUV radiation can create ion—electron pairs when an atom or mole-
cule absorbs a photon which has an energy greater than the ionization
threshold. The photoionization reactions and rates important for the
ionosphere of Io are listed in Table 3. Of the atoms and molecules
listed SO has the lowest ionization threshold at E = 10.2 eV which
corresponds to a photon wavelength of 1215 K. For wavelengths shortward
of this threshold we have used the extreme ultraviolet solar flux tabu-
lated by Hinteregger (1970) to calculate ionization rates.

The photoionization of SO, has been studied by Dibeler and Liston
(1968) in the wavelength range of 1050 & to 600 . They find an ioni-
zation threshold at photon energy 12,32 eV. Wu and Judge (1981) have
measured the photoabsorption cross sectiomns for SOz in the range 175 K
to 760 X region. For our ionization rate calculations we have used
these results assuming that the ionization yields and cross sections
from the two sets of data match at 700 .

The ionization threshold of SO is 10.2 eV (Dibeler and Liston,
1968). Since there are no data available on the ionization cross sec—
tions of SO we have assumed that the cross sections of SO are equal to
those of 0, but shifted 190 £ longward in wavelength so as to match
thresholds.

For S and O the photoabsorption cross sections are equal to the

ionization cross sections. We have used the ionizatiom cross sections
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TABIE 3

List of Essential Reactions for the Ionosphere of Io
with Their Preferred Rate Coefficients

Reaction Rate Coefficient Reference
o+ -
(R3) SO, +hv = S5 +e  Jp3 =3(-8) b A
(R4) O, +hv > 0y +e Tpy = 2.3(-8) Brandt and McElroy (1967)
(R5) SO+hv > O +e  Jye=1.1(-7 same as 0,
(R6) O+hv => O +e To = 1.4(-8) McGuire (1968)
(R7) S+hv -> S +e Ty7 = 2.8(-8) McGuire (1968)
(R8) MNa+hv = Na'+e  Jyg=3.7(-8) Peach (1973)
(R9) S +0 = ' +0, kg =1.0(-10) estimated
(RB0) SO3+0, —> O +80, kg =2.8(-10) estimated
(B1) SO5+S > 0"+ ky =5.0(-10) Albritton(1978)
(B2) SG+S - S'+80, k= 1.0(-10) estimated
(R33) SO3+ S0 -> SO" + 80, kg3 = 5.0(-10) Albritton(1978)
(R34) 05 +S0 - S"+80; Ky =1.0(-10) estimated
(®5) S,"+Na -> Na'+ 80, kyo =1.0(-11) estimated
(R36)  SO3 +MNa —> NaO' + SO Ikgq = 1.0(-11) estimated
B7) '+ - ST+, kg =5.0(-10) estimated
(R38) SO +MNa = MNa' + S0  kgg = 1.0(-11) estimated
(R39) SO" +Na > NeO' +8 ko = 1.0(-11) estimated
(R40) S"+S0 = W +S5 kg =2.0(-9) estimated
(R41) S"+0, - WV +0 Ky = 1.6(-10) Prasad and Buntress (1980)
(R42) S"+MNa - Na'+S Ky =1.0(-11) estimated
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TAHE 3 — Contimued

Reaction Rate Coefficient Reference

(M43) 0" +80, = O+ kg =1.0(-10) estimated

R44) 0"+, - W' +0 Ky =1.0(-10 estimated

(R45) 0" +80 - ' +0 k4 = 1.0(-10) estimated

(R46) 0"+ - §'+0, Ky =1.0(-10) estimated

(R47) 0"+ -> 05 +8 k47 = 1.0(-10) estimated

(48) 0"'+0, - 03 +0 kg = 3.0(-12) Albritton (1978)

(R49) 0" +8 - s"+0 k49 = 5.0(-10) estimated

(R0) 0" +Na -> Na' +0  kgp=1.0(-11) estimated

(B1) 03+S - s +q, kgy = 5.4(-10) Prasad and Hontress (1980)
(RS2) O3 +S -> ' +0 kg, = 5.4(-10) Prasad and Huntress (1980)
(RBS3) O, +80 = S0'+0, kg =1.0(-10) estimated

(RS4) O3 +Na = Na' +0) kg = 6.4(-10) Albritton (1978)

(BS5) Oy +Na -> NaO' +0 kg5 = 7.1(-11) Albritton (1978)

(R6) NaO'+0 -> Ma* +0, kg =5.0(-11) estimated

®7) Na*te - M kgp = 4.7¢-1)7170-69 Prasad and Huntress (1980)
(RS8) NaO'+e - Na+0 kg =3.5-6)T 03 estimated

®9) S'+e > s kgg = 6.8(-11)T0-63 Prasad and Huntress (1980)
(RSO) O3 +e —> 20 kgp = 3.5(-6)T 05 estimated

®1) S0*+e > §$+0 kgy = 3.5(-6)170-5 estinated

®2) S+e > V0 ke =5.26)T0S estimated

Note1 The “ﬂft‘ ga; photoionization rates (J), and two-body rates are

sec

, and cm” sec —, respectively.
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obtained by McGuire (1973) for S and O.

Ionic species are lost by recombination and charge transfer proc-
esses. The peak electron density (which by charge neutrality is equal
to the ion density if all iomns are singly charged) in the dayside
ionosphere is n,"%* = 6 x 10 ¢cm™3. If we assume that the dominant ionm

is molecular, then the recombination of ion-electron pairs proceeds

primarily by dissociative recombination, as for example

S0," + e > S0 + o (R62)

The characteristic time scale for changes in ion densities due to disso-

ciative recombination is

tDR e . (21)
%pR%e

A typical value for the dissociative recombination rate coefficient is
apg ~ 3 x 1077 cm3 s71. At the ionospheric electron density peak <t ~
102 s.

Due to the low densities in Io's atmosphere and the large values
for the SO, and SO photodissociation rates, it is likely that large
mixing ratios of S and O exist., If this is true then a large value for
the production of atomic ioms could obtain, Charge transfer and
rearrangement reactions are very efficient for removing atomic ioms in

the presence of a predominantly molecular background neutral gas. For

example, the reactions
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0+

+ S0, —> S0 + 0, (R43)
and

st + s0 —) sot + S (R40)

will act to remove atomic ions and increase the molecular ion density.
The characteristic time scale for changes in the demsity of atomic ions

due to their loss by ion—atom interchange reactions is

Ter ~ — (22)

where kep is the charge exchange and rearrangement rate coefficient and
n, is the number density of the background neutral gas, in this case the
number density of S0,. A typical value for kgp is 1079 cm3 s71, and if
we take N, 109 cm-3 for the number density of 802 near the ionospheric
peak then we get TeT ™ 1 second.

The characteristic time scale for changes in the density of atomic

ions due to direct radiative recombination is

fRR e . (23)
CRRe

A typical value for the radiative recombination rate coefficient for
atomic ions is agp ~ 4 x 10712 o3 71, giving Tpp ~ 107 seconds.

A comparison of these timescales shows that most of the positive
charges probably end up on molecular ions, and that molecular ions

probably dominate atomic ions in Io's dayside ionosphere.

Ambipolar diffusion of ions and electrons can in principle act as a
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local source or sink for ionization., The plasma scale height as deduced
by Pioneer 10 (Kliore et 2l., 1975) is HP ~ 200 km. The characteristic

time scale for ambipolar diffusion is

HP2
Dap
where DAD is the ambipolar diffusion coefficient. A typical value for

S |

D,p is 1019/:1a cm“ s ©, where n_ is the total number density of the

a
background neutral gas through which the plasma is diffusing. For the
case we are considering DAD is of order 1010 cm2 s_l. and hence TaAp ~ 4
x 104 seconds. Since TAD is much larger than the characteristic time
scales for loss of ionization by charge transfer and recombination
processes we expect plasma transport to be of secondary importance as an

effective local source or sink of plasma at least near the ionosphere

peak.
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5. Numerical Results

The time dependent continuity equation (8) was solved for the
radial variation of species concentration ni(rL The numerical method
has been described elsewhere (Allen et al., 1981; Logan et al.,, 1978).
In all of our calculations we time marched the solution into a steady
state with starting conditions at t = 0 being that all concentrations,
except that of S0,, were equal to zero. In the altitude region where
photochemistry is most important, integrating forward in time to t ~ 3 x
104 seconds would generally bring the calculated concentrations to
within 10% or less of their steady state (t -> =, dn,;/3t =) 0) values.
Below we discuss the various cases considered. Tables 4 and 5 summa-
rize some of the major results.

Solution of equation (8) requires specification of boundary
fluxes of atmospheric constituents. A rigorous specification of these
fluxes is impossible since the atmospheric escape mechanism and the
details of the chemical interaction between Io's atmosphere and the
surface are not known. The rationale that we follow for modeling the
chemical structure of the atmosphere is as follows. We begin with an
oversimplified model for the atmosphere (Model 1). The results from the
Model 1 calculations will give us an estimate for the atmospheric model
parameters that allows a match to the observations (downstream iono-
sphere). Using these results as a starting point we will then consider
the effects which variations in the parameters have in atmospheric
structure. Each model will be discussed in detail. Since it would be
impossible to investigate all parameter combinations, we consider a

range which we feel encompasses those conditions likely to obtain on
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Io. The various sensitivity tests will allow us to determine those
parameters which must be known accurately in order to reliably model

To's atmospheric chemical structure.

We first consider an isothermal atmosphere (T(r) = T, = constant).
This ignores the fact that there will be some type of thermal boundary
layer between the atmosphere and surface of Io. We assume that the eddy
diffusion coefficient K = 0, i.e., that molecular diffusion completely
controls the vertical transport of atmospheric constituents,

We treat the surface of Io in our model as a perfect ''sponge'’,
i.e., the surface is a sink to all the constituents which impact it
(type B boundary conditions). Upon impact all constituents, other than
S0,, stick and are never released. In this model the downward surface
diffusion velocity is specified to be the equal to the characteristic
diffusion velocity, equation (17). Banks and Kocharts (1979) have shown
that for the upper atmosphere of the earth this relation gives better
than an order of magnitude estimate for the actual diffusion velocity.

The downward diffusive flux is then

Fli(z = 0) = n;(re) u;(ry) . @5)

The specification of boundary conditions at the top of Io's atmos-
phere is made difficult since the escape mechanism, escape flux, and
even the exobase level are unknown. Various escape mechanisms have been
proposed such as an thermal evaporation, atmospheric sputtering, and

ionization of atmospheric constituents and subsequent pick up by the
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Figure 2. The composition of Io's neutral atmosphere as calculated

under the assumptions specified in model 1 (Reference Case (B)).
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Figure 3. The electron and ion densities in Io's ionosphere as

calculated for model 1 (Reference Case (B)).
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corotating Jovian magnetic field. If the observed properties of the
near Io neutral Na and K clouds are an indication, then a non—thermal
escape mechanism is probably operative (the characteristic velocity of
the atoms in the clouds is a few km 3_1). The total escape flux is
unknown but probably lies in the range of 1010-1011 ¢n2 571, For the
sake of argument if we here take the atmospheric density and temperature
at the exobase equal to 107 ¢m3 and 1000 K, respectively, then the
inferred range for the escape flux implies that the bulk upward velocity
just below the exobase can be up to 10% of the speed of sound.

In this model (1) we treat the exobase as a surface which absorbs
the atoms or molecules which hit it. The neutral species velocities at

the exobase is set equal to the average upward velocity of molecules

just below that level, i.e.

(26)

Figure 2 shows the concentrations of neutral species as a function
of altitude calculated under these model assumptions, while Figunre 3
shows the ion and electron concentration profiles. The results for this
model are discussed below.

The best fit to the Pioneer 10 ionospheric data is obtained with a
surface density for SO, of n,(S0,) = 2.5 x 109 ¢m™3 and an atmospheric
temperature of 960 K. The vertical column density of 80, is 1.9 x
1016, or about 1.5 times the column density required for the locally
buffered atmosphere at 6 = 90° if the terminator temperature is 110 K.

Considering the range of uncertainities, the column density corresponds



90

quite well.
The total photolysis rate of SO, is 1.68 x 1011 ¢cn2 1 (B3 + R4).
R3 dominates over R4 by a factor 4.1 for column rates. The dominant

010 .p~2 -1

photochemical source of SO, is R8 at a rate of 6.08 x 1 s 7,

giving a net SO, destruction rate of 1.07 x 1011 ¢ca™2 571, The total
number of photons available for 802 photodissociation is ~2.5 x 1011
cn_z s—l, thus about 3 photons in every 5 contribute directly to
breaking apart S0, molecules. The remaining photons penetrate the
atmosphere to the surface or else contribute to photolysis of SO. The
characteristic time to reach steady concentrations in this modei is ~4 x
104 s.

The mixing ratios at the base of the atmosphere for 0, S, SO, 02,
and $0, are 1.16 x 1071, 8.19 x 1072, 2.03 x 1072, 2.63 x 1073, and
7.79 x 10-1, respectively. SO is produced by photolysis of 802 at about
the same rate at which O is produced. However, O is lost from the
atmosphere primarily by diffusion while SO is lost mainly via R8 and R2
in a column ratio of 5.4:1. The lower mixing ratio of SO reflects these
additional local loss processes. The very low mixing ratio of 3 x 1073
for atmospheric 0, is due to the large rate comstant for R6. The column
density of 0, is 1.2 x 104, not enough by itself to produce a
collisionally ’'thick’’ atmosphere if all other atmospheric constituents
were to magically vanish, The column density in this model is lower by
a factor of order 102 than that found by Eumar (1981) in his model of
Io's atmosphere. |

The exobase is located at am altitude of approximately 650 km and

the major constituent is 0. The exospheric escape fluxes ¢ ,(i) (¢
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normalized in all cases to Io's surface) are listed in Table 5. The
surface flux of constituent i is defined by do(i), and the total atmos-
pheric boundary loss of species i is é = -4, + d,. Mass conservation

implies that

1
é(S) + ¢(S0) = d(0,) +— [ 4(0) + 4(50) ] (27)
2
and
4,(80,) = 4_(S0,) + 4(S) + 4(S0). (28)

The SO, supply rate to the atmosphere is 6,(S0,) = 1.69 x 1011 cm™2 71,
This is of order a factor of 102 smaller than the maximum one—way
evaporation flux of 802 molecules from a surface frost at T = 110 K.

Of particular interest is the relative atmospheric escape rates for
S and 0. At the exobase the total number of O atoms (in all forms
escaping is approximately 2.9 times the corresponding number of S
atoms, As a result of this the surface depositional fluxes of O and S
are in the ratio of 1.4:1, Thus, the surface deposition tends to
increase the relative S content of the surface (relative to that of pure
S0,). This is a feature common to this class of models of Io's
atmosphere. The consequences of this S enrichment of Io’'s surface will
be discussed more in sectiom 7.

The source of iomnization for the ionosphere is solar UV radiation.
The molecule SO has the lowest iomizaiton potential (10.2 eV) of any of
the species made up of 802 and it's photochemical products. Thus

photons of this energy or greater can produce ionization im Io's
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atmosphere. The column solar UV ion production rates are as follows:

q(0%) =3.9 x 107 cm2 71
a(st)y =2.8 x 107 '
q(so*) = 3.9 x 107 '
a(0,") =2.3 x 106 '
q(50,") = 1.9 x 108 '

The peak in the 802+ production rate occurs at an altitude of 80 km,
which corresponds to the peak of the electron demsity. Charge transfer

reactions such as

s0,* + s -—> s0* + so0 (R31)

so,” + s -—> s* + so0, (R32)
- -

so,* + S0 -——> s0T + S0, (R33)

act to transfer the charge from SOz+ to atoms or molecules with lower
ionization thresholds. R31, R32, and R33 are exothermic with
exothermicities 1.79, 3.3, and 2.1 eV respectively and are expected to

be quite fast. The reaction
st + so -—> so* + s (R40)

is near resonant (AE = 0.2 eV), The rate for R40 has not been measured.
We will assume that it has a fast rate coefficient (Baumer, 1973;
Huntress, 1977). Most of the positive charges in model 1 end up on SO
through these charge exchange reactions. The complete set of reactioms

used in the model are listed in Table 3.
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The electron and ion concentrations calculated from model 1 are
shown in figure 3. The peak electron demsity in the ionosphere occurs
near 80 km altitude and has a value of 4.4 x 104 cm-s, or about 30 %
less than that observed by Pioneer 10. The dominant ion everywhere from
the surface to the exobase (650 km) is SO'. The secondary ion S* makes
up about 5 % of the ions near the surface and 40 % near the exobase.
Even though the column production rate of 802+ is the largest, the
concentration of 802+ is of order 102 cm™3 in this model, due to the
reasons mentioned above.

The characteristic time scale for the ions to reach steady state
conditions in this model is of order 103 seconds, about a factor of 20
less than the time needed for the neutral constituents to reach steady

state values.

Model 2 - Bates' Temperature Profile (B)

The temperature profile given by equation (3) takes into account
the fact that there probably exists an atmospheric thermal boundary
layer near Io’'s surface. This can have a major effect on atmospheric
structure as will be seen., The atmoshperic scale height at the surface
in model 1 is 69 km. If the atmospheric temperature at the surface is
the same as the surface temperature (about 100 K), then the scale height
at z = 0 km is 8 km. The Bates' temperature profile gives an
atmospheric temperature which increases exponentially with altitude,
with an e-folding length ~ H. We expect the atmospheric density to
decrease much more rapidly with altitude for the Bates' profile tham for

the isothermal profile (at least in the first few scale heights above
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Figure 4. The composition of Io’s neutral atmosphere as calculated for

model 2 (Bates' temperature profile (B)).
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Figure 5. The electron and ion densities in Io's ionosphere as

calculated for model 2 (Bates’ temperature profile (B)).



97

.l.l

+

| lllllll

S

l lIIIJII

| llllllll

| il -
003 00§  00R  O0E 002  00fF 0
(WM) JdnLILdg

1P

10° 10¢
(CM-3)

CONCENTRATION

10°



98

the surface).

In Model 2 we assume B-type surface boundary conditions and the
same type of exobase non-thermal escape conditions as in Model 1. Ve
use the Bates’ T(r) and vary T_ and n,(S0,) to obtain the best match
ionosphere to the Pioneer 10 determination. The neutral constituents
profiles’ are shown in figure 4, and the ion concentrations in figure 5.

The best match in this case requires a surface number density of
S0, of 1 x 1011 cn—s, and an exospheric temperature of 1230 K. The peak
ionization rate in model 1 occurs at an SO, concentration near 10° cm_s.
at Zp = 80 km. With specified T(r) in model 2 a2 much larger surface
density of SOy is required in order to have a comcentration near 107 at
the same Zp. Of immediate prominence in figure 4 is the rapid decrease
with altitude of concentrations of all species. Atomic oxygen becomes
the dominant constituent above about 80 km as opposed to ~ 550 km in
model 1, There are two main reasons fof this. First, in model 2 the
column densities of SO and 802 are sufficiently large as to present an
optically thick target to the photons which cause dissociation in both
molecules, so that the total production rate of O is larger in model 2
than in model 1. Second, with a higher surface density of S0, the
diffusion velocity of O to the surface is smaller than in model 1.

The column density of O in this model is 4.6 x 1013 ¢m73,

about a
factor of 3 less than in model 1, due to the large column production of
S with subsequent reaction R6 to remove the 0,.

The exobase in this model lies at Z = 1160 km, i.e., at a higher

altitude than in model 1 because of the larger production rate of O and

hence a higher concentration of 0. The exobase escape flux of O is 3.3
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x 1011 ¢m™2 571, about 30 times the atomic sulfur flux. The ratio of
the total escape rate of O relative to the total S (in all atomic and
molecular forms) is 6.4, more than twice the ratio found in model 1.
The relative surface depositional (excluding 802) flux of O to S is also
higher in model 2, at a value of 1.16.

The peak in the calculated electron density profile is 6.5 x 104
cm™3 at an altitude of 82 km, giving a good match to the Pioneer 10
downstream peak. The overall match between this model and the measured
electron density distribution is better than in model 1. The scale
height of the ionosphere matches to better than 5 % between 300 km and
400 km, but the calculated Hp (at §00 km) is about 40 % too high. Also,
the calculated surface electron density is about 45 % too high., The

relative concentration of ions is very similar to that of model 1;

- e e ===

This model has only one change from model 2, i.e., we here set the
surface loss velocity equal to the maximum velocity givem by equation
(18). This is done in order to determine the sensitivity of the
calculated compositional structure to the surface loss fluxes. We here
keep the surface concentration of SO, and the exospheric temperature the
same as in the previous model (We keep the same values for models 3
through 7).

Using the maximum loss velocity (18) for the surface boundary
condition produces concentration boundary iayers near the surface. The
boundary layers are confined to the first scale height, i.e., about 10

km above the surface, as seen in figure 6. Over an altitude range of
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Figure 6. The composition of Io's neutral atmosphere as calculated for

model 3 (Maximum Surface Loss Velocity (B)).
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Figure 7. The electron and ion densities in Io's ionosphere as

calculated for model 3 (Maximum Surface Loss Velocity (B)).
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just a few kilometers the concentrations of minor species can change by
as much as two orders of magnitude. On the other hand, the surface flux
of the minor species O, S, and SO change by less than 45 % , as can be
seen in Table 5. Even the exobase escape fluxes have changed by less
than a factor of 2. Above about 100 km altitude the concentratioms of
O and S are typically about 50 % less than in model 2, leading to
slightly lower electron densities as shown in figure 7. The lower O

density implies a lower exobase, in this case located at 890 km,

Model 4 - 0, Surface Catalysis (D)

Model 4 has the same boundary conditions as in Model 3 except that
at the surface the fluxes of O and 0, satisfy equation (20). This is
done in order to determine the effect that surface recombination of O to
form 0, (as discussed in section 3.(b)) has on atmospheric compositional
structure. Using models 2 and 3 as gunides, we choose the downward flux
of 0 to be 3 x 1011 cn™2 71,

The return flux of 02 into the atmosphere results in a
concentration boundary layer aporoximately 10 km thick as seen in figure
8. However, the 02 density distribution above this layer is largely
unaffected. The column denisty for 02 is 3.3 x 1014 cn_z. only a factor
of 7 greater than that found in model 2, and just barely enough to
provide a collisionally thick atmosphere if all the other atmospheric
components were to magically disappear. The 02 returned to the
atmosphere is rapidly attacked by S through the fast reaction R6 to form

SO + 0. The extra O supply to the atmosphere pushes the exobase to 2300

km altitude. Atomic oxygen is the dominant constituent above about 70
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Figure 8. The composition of Io’s neutral atmosphere as calculated for

model 4 (0, Surface Catalysis (D)).
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Figure 9. The electron and ion densities in Io's ionosphere as

calculated for model 4 (0, Surface Catalysis (D)),
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km. The characteristics of the ionosphere (figure 9) are 1argely the

same as in model 3.

Model 5 - Eddy Mixing (C)

In this model we set the eddy diffusion coefficient K = 108 cm? s~1
in order to ascertain the effect that eddy mixing has on atmospheric
structure. In other respects this model is the same as model 4. The
boundary fluxes in Table 5 are similar to those of Model 4, The effect
of eddy mixing on the concentration profiles is limited to the region

less than 20 km from the surface, and tends to produce constant mixing

ratios for the minor constituents in this region.

Model 6 — Chemically Inert Surface (A)

The extreme case for no chemical interaction between Io’s
atmosphere and its surface is investigated in this model, We set the
surface velocity, and hence the surface flux, of atmospheric
constituents other than S0, equal to zero.

The calculated concentration profiles are shown in figures 10 and
11, S and O have concentrations greater than that of S0, at all
altitudes. The exobase escape fluxes of O and S (in all forms) are
constrained to be in the ratio of 2:1. Dur to the large atmospheric
concentration of 0, the exobase is located much further from the surface

than than in previous models, at Z = 4370 km.

Model 7 - Thermal Escape (B)

In the absense of non—thermal interactions between Io's atmosphere
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Figure 10. The composition of Io's neutral atmosphere as calculated for

model 6 (Inert Surface (A)).
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Figure 11, The electron and ion densities in Io's ionosphere as

calculated for model 6 (Inert Surface (A)).
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and Jupiter’s magnetosphere, mass will be lost from the top of Io's
atmosphere by means of thermal evaporation (Jean’s Escape). In this
model the escape flux is give by the Jean's expression, equation (16).
The surface boundary conditions for minor species are given by equation
C1T) -

The results are presented in figures 12 and 13. Atomic oxygen is
dominant at all altitudes. The escape flux of O is more than a factor
of 10° greater than that for S. The exobase in this case is located at
Z = 5150 km. At the exobase the value of the reduced potential energy A
= 1,34, If this were the physical situation in the atmosphere of Io,

then the escape would become hydrodynamic (Watson et al., 1981).
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Figure 12. The composition of Io's neutral atmosphere as calculated for

model 7 (Thermal Jeans' Escape (B)).
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Figure 13, The electron and ion densities in Io's ionosphere as

calculated for model 7 (Thermal Jeans'’ Escape (B)).
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Table

4

Summary of Important Parameters for each

Model of the Ionian Atmosphere

Model Zpeuk(km) n:'x(cl-3) ex/TIo
1. Reference Case 78 4.4 x 104 1.36
2. Bates’ T(r) 82 6.5 x 10% 1.64
3. Max. Surf. Flux 65 6.1 x 104 1.49
4. 0, Surface Catalysis 58 6.7 104 2.26
5. Eddy Mixing 54 6.6 x 104 2.18
6. Imert Surface 79 6.0 x 10* 3.40
7. Thermal Escape 85 6.5 104 3.82
8. Na,0 Injection 50 5.8 x 104 1.53
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Table §
Boundary Fluxes.
Level
Model (alt) 0 S S0 0, 0,

1. Reference case 0 -1.2(11) -82(10) -2.0(10) -2.6(9) 17(11)
650 71(10) 4.3(9) 8.8(7) 5.3(8) 6.2(10)
2. Bates’ T(r) 0 -3.1(11) -25(11) -12(11) —6.8(6) 4.4(11)
1160 3.3(11) 9.9(9) 1.7(7) 2.6(8) 6.1(10)
3. Max. Surface Flux 0 —4.0(11) -1.8(11) -22(11) -2.5(9) 4.9(11)
890 1.8(11) 8.8(9) 2.2(8) 5.4(8) 8.1(10)
4, Surface Catalysis O -3.0(11) -3.8(11) -3.6(11) 15(11) 4.4(11)
2300 4.4(11) 2.6(9) 2.1(8) 2.5(8) 4.2(10)
5. Eddy Mixing 0 -3.0(11) -1.0(10) —4.0(10) 1.5(11) 4.6(11)
1970 4.2(11) 1.6(9) 2.1(8) 3.2(8) 5.2(10)
6. Imert Sarface 0 0 0 0 0 3.6(11)
4370 7.0(11) 35(11) 1.9(8) 3.3(7) 8.0(9)
7. Thermal Escape 0 -6.3(11) -2.6(11) -1.3(11) —6.6(6) 3.9(11)
5150 13(10) 13(4) 9.0(1) 1.6(3) 2.6(4)

* The notation is as follows: A = A x 108, The units are em 2 s1 A1l fluxes are
normalized to Io’s surface.
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6. Atmospheric Sodium

Neutral sodium atoms have been observed in a cloud in the near—Io
spatial region (Matson et al., 1977). Spectral and theoretical studies
indicate that the sodium atoms are streaming away from Io with
velocities characteristic of Io's surface escape velocity (Carlson,
1978; Smyth and McElroy, 1978). Estimates of the Na escape flux from Io
range from 107 to 10° cm_2 s_1 (Brown et al,, 1983). Presumably Na, or
Na compounds, exist on Io’'s surface and in the atmosphere. Summers et
al. (1983) present a mechanism whereby Na may be injected from Io's
surface into the atmosphere. In this section we speculate on the fate
of atmospheric sodium.

Very little in known concerning the chemical composition of Io's
surface. In particular, it is not known in what form(s) or quantity
that Na exists on the surface (Fanale et al,, 1982), Furthermore, it is
almost impossible to guess in what chemical form Na will be injected
into the atmosphere. To make matters worse, very little is known
regarding gas phase reactions of sodium and oxygen species, and
virtually nothing concerning sodium and sulfur species. Be that as it
may, we here present a model of a possible scenario for the source and
fate of atmospheric sodium.

We assume that the surface is a source of Nazo, the upward flux of
which we take to be 5 x 107 molecules cm—'2 sl We propose that atomic

sodium is produced as a result of

Na,0 + O -——> 2 Na0 (R20)
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followed by
NaO + O --—-> Na + 0, (R18)

It is known that R18 is exothermic and fast (Lui and Reed, 1979).

Atomic sodium has an ionization potential of 5.14 eV and is ionized
via R28. Charge transfer from 502+ and SO can conceivably produce Na*t
and NaO". The rate constants are not known for these reactions so we
choose rates that are typical for ion-molecule reactions involving
comparable amounts of exothermicity. The set of speculative reactions
is included in Table 3.

The model we present has boundary conditions identical with the
Maximum Surface Loss model (3). We set N (S0,) =1 x 1011 ¢cm™3 and T, =
1230 K. The calculated chemical structure is shown in figures 14 and
15,

The surface source of Nazo is about 3 orders of magnitude smaller
than the surface source of S0,. The conversion of NajyO to Na and 0, is
so rapid that only very small steady state atmospheric concentrations of
Na,0 can exist. In this model the concentrations of Na,0 and NaO near
the surface are 1.8 x 104 ¢cm™3 and 4.4 x 103 cmn3, respectively. The
concentrations of Na20 and NaQO decrease with altitude with a length scale
of approximately 1 km due to the rapid processes R20 and R18, The
surface concentration of Na is 1 x 106 cm™3. Approximately 10 % of the
sodium atoms injected into the atmosphere escape from the top of the
atmosphere, the remaining are deposited back on the surface in the form

of NaO and Na. Overall the influence of Na compounds on the major
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atmospheric properties is minimal,.

The ion mixing ratio for Na* is about 0.1 at the surface and
decreases with altitude. The concentration of Na® is a function of the
surface source flux of Na,0. If the surface source is an order of
magnitude larger than the value we have assumed, then Na® could possibly

have an important influence on ionospheric properties.
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Figure 14, The composition of Io's neutral atmosphere as calculated

assuming surface injection of Na,0 (see section 6).
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Figure 15, The electron and ion densities in Io's ionosphere as

calculated assuming a surface source of Na20 (see section 6).
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7. Dicussion

The atmosphere of Io can be viewed as a system that (1) modulates
the interaction between Jupiter's magnetosphere and Io’'s surface, and
(2) processes material as it moves outward from Io's surface and into
the magnetosphere. S0, is supplied to the atmosphere by sublimation.
Once the SO, is in the atmosphere photochemical processes act to produce
large concentrations of atomic oxygen and sulfur which, having a scale
height larger than that of SO, can become dominant constituents at the
exobase and escape with relative ease. Surface sputtering by high
energy magnetospheric ions (Summers et al., 1983) may inject Na
compounds into the atmosphere which may subsequently diffuse to the
exobase. Atmospheric sputtering from the exobase region can then remove
the atmospheric constituents out of Io’s gravitational control,
Atmospheric processes can also affect the composition and geochemistry
of the surface. The models of Io's atmosphere presented in this paper
help elucidate some of the processes which may be important for
determining the physical properties of the atmosphere. Below we discuss

some of the inferred properties of the Ionian Atmosphere.

(a) Neutral Atmosphere

In our theoretical study we have found that the calculated vertical
compositional structure of Io's atmosphere and ionosphere are semnsitive
to the assumed temperature profile and the abundance of gaseous SOZ' We
have investigated two extreme cases for the vertical temperature profile

of the atmosphere (isothermal and the Bates’ profile) each with one
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undetermined parameter, i.e., the exospheric temperature. We have also
left the surface density of SO, as an undetermined parameter in some of
our models. Using solar UV radiation as the source of dissociation and
ionization of atmospheric chemical species, the models can reproduce the
main characteristics of Io's downstream (dayside) ionosphere as
determined by the Pioneer 10 radio occultation experiment. From our
models we infer that the surface density of gaseous S0, in the
terminator region must be in the range of 2.5 x 109 to 1 x 1011 cm_s,
and that the exospheric temperature is in the range of 960 K to 1230K.

We have identified R8 as the dominant photochemical source of S0,,
but with a column rate at only about 30 % of the net surface sublimation
rate needed to supply loss of minor species to the surface and
exosphere. 802 is lost via dissociation reactions R3 and R4.

The dominant source of 0, is R4 at a rate of about 25 % of the
total photolysis rate of 802. The loss of 02 is accomplished via R6,
i.e., the rapid oxidation of S. The maximum column abundance of 0, is
of order 1014 cm2,

The location of the exobase is critically sensitive to the choice
of surface and exospheric boundary conditions but probably lies at least
above the 650 km altitude level, and may lie sufficiently far from the
surface so that the gas flows hydrodynamically away from Io (see model
7.

The total atomic escape flux from the exobase in all models is

greater than 1010 ¢cn 2 571 (normalized to Io’s surface).
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(b) Iomosphere

The source of ionization in the models presented is solar UV
radiation. As a consequence of this and the assumed ion—molecule
reactions we can reproduce the major characteristice of the dayside
ionosphere (as deduced by the Pioneer 10 radio occultation experiment).
The dominant ion in all cases is SO*. This result is a consequence of
the assumed rates for R31, R32, R33, and R40. Better determinations of
the rates for these reactions will allow the development of a more

refined model of Io's ionosphere.

(c) Surface enrichment of S

Atomic oxygen is the lightest constituent and tends to float to the
top of the atmosphere. O will preferentially escape from the top of the
atmosphere if the escape mechanisms work as modeled in section 5. In
every model except the Inert Surface Model (6), the relative exobase
escape fluxes of O and S are in a ratio of > 2:1. The relative surface
fluxes of O and S are therefore < 2:1. We thus have an enrichment of S
on the surface relative to that found in pure SOz frost. The rate of
deposition of this excess sulfur can be determined from the values in
Table 5. The rates are in the range of 100 m to 1 km per billion year.

McEwen and Soderblom (1983) discuss the possibility that there are
two classes of volcanoes on Io. One class has SO, as the driving
volatile while the second class uses elemental sulfur, This second,
Prometheus class of volcanoes requires a reservoir of liquid sulfur just
under the surface. The size of the reservoir is not known but it may be

as small as the equivalent of a few meters thickness spread over the
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area of Io's surface (L.A. Soderblom, personal communication). We
speculate that photochemical processing of atmospheric 802 may lead to
surface enrichment of S and may supply a reservoir to power the

Prometheus class of volcanoes.

(d) Atmospheric Sodium

We presented a scenario for the source and fate of atmospheric
atomic sodium in section 6. In order to improve upon that model it is
necessary to know the chemical form of Na on Io's surface. The rates
for charge transfer to Na from other atmospheric ions also need to be
better determined. If the model presented is in some sense isomorphic
to the situation on Io, then it may indeed by a simple matter to get

escape fluxes of Na of order 107 cm2 71,

(e) Escape Mechanism

All of the models presented have a total atomic escape rate
comparable to that which has been inferred to be needed to supply the Io
plasma torus (Brown et al., 1983). However, if it is necessary to have
comparable (same order of magnitude) escape fluxes of O and S (Brown et
al., 1983), then the nonthermal escape models presented stand a greater
chance of being correct than the Thermal Escape model (7). It is known
that atmospheric sputtering is a very efficient process for removing

atoms from the top of an atmosphere (Haff et al., 1981; Summers et al.,

1983).
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ABSTRACT

It is generally accepted that Io is the source of S, O, Na and K
which, subsequent to ionization, form the constituents of the Io plasma
torus., The escape of S and O from Io can be understood in terms of the
photochemistry of a predominantly 802 atmosphere created by the high
vapor pressure of 802 (refs. 1, 15). However, the vapor pressures of
Na, 8, KZS and other common compounds containing Na and K are negligible
at the surface temperatures of Io. This has given rise to the sug-
gestion that over part of Io’s surface (the nightside) the atmosphere is
thin enough so that surface sputtering by corotating ions can eject Na
and K directly into the Io torus2:3, The main objection to this idea
is that it implies a ’'sun—locked’' source for Na and K, while obser—
vations of the Na and K clouds around Io indicate a 'Jupiter—locked’
ejection mechanism. We propose here that Na and K escape from Io in two
stages. Atoms of Na and K are first sputtered into the atmosphere from
the surface by high energy magnetospheric ions. Atmospheric spnttering4
by low energy corotating ions then removes these constituents (along
with others present) out of Io's gravitational field. We suggest that
the observed Na and K ejection asymmetry is due to preferential sput-—
tering of atmospheric particles on the hemisphere of Io facing Jupiter.
The estimated injection rates are sufficiently large to maintain the

observed K, Na, and O clouds observed around 105'6'7'18.
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The S0, abundance of 0.2 cm atm detected by the Voyager I IRIS
experiment in the subsolar regiom of Io corresponds to a S0; vertical
column density Nypyg ~ 5 x 1018 cm2 (ref. 8). This is approximately
the atmospheric SO, abundance that would exist if the SO, gas were in
thermodynamic equilibrium with SOz surface frost at T = 130 K. The
globally averaged SO, vertical column density N is probably much less
than this value since the vapor pressure of S0, decreases expomentially
with decreasing temperature. An estimate of N may be obtained by
assuming local pressure equilibrium between atmospheric 802 and surface
frost. From an extrapolation of the SO, vapor pressure data of Wagman2l,
and a surface temperature variation which approximates the IRIS observa-
tions®, we obtain N ~§ = 1017 ¢m2, It should be noted that photo—
chemical models of Io's atmosphere which reproduce the characteristics
of the downstream ionosphere as observed by Pioneer 10 require N ~ 1 x
1017 ¢m~2 (ref. 9).

Corotating S* and 0% ions in the plasma torus impacting Io's
atmosphere are unable to penetrate to Io's surface if N ~ 1016 c-—z
(ref. 10). In order for St and O' ions to pemetrate an 502 atmosphere
characterized by N~ 5§ x 1017 cm~2, their incident kinmetic energies must
be greater thanm 0.3 MeV and 0.1 MeV, respectively. The Voyager I Low
Energy Charged Particle (LECP) and Plasma Science (PLS) experiments
detected a flux F ~ 10° cm2 s71 Mevl of ions in the vicinity of Io's
orbit with energies greater than these minimum vulneslo.

The sputtering of frozem S0, frost by high emergy (0.08  E

(MeV/amu) € 1.30) He and F ions has recently been studied by Melcher

et alll (see also ref. 10). The peak sputtering yield for incident F*
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was 7300 at energy Ep = 0.32 MeV/amu, The yield spectrum exhibited a
rapid rise with increasing energy for E { Ep, and an exponential
decrease for E > Ep. The qualitative character of the yield spectrum
was previously predicted on the basis of a modified lattice potential
model of high energy ion erosion developed by Watson and Tombrellol2,
The theory correctly predicts the energy at which the peak yield occurs;
however, the magnitude of the predicted yields is approximately a factor
of 3 too large. We have utilized this theory to estimate the sputtering
yield due to impacting high energy O and S* on 50,. In Figure 1 we
show the calculated yields as a function of incident ion emnergy, E, made
using the same normalization factor that adjusted the calculated Ft
sputtering yields to agree with the data., The peak yield for ot on 502
frost is 8900 and occurs at E = 0.23 MeV/amu, The sputtering yield
spectra for F' and 0% are similar because they have similar masses. The
peak yield for S* on 50, frost is 35,000 at E = 0.4 MeV/amu.

The surface sputtering rate due to impacting ions is given by the
integral of the product of the yield and the differential ion flux
incident on the surface. The differential ion flux in the vicinity of
Io's orbit was measured by the Voyager I PLS and LECP experiments;
however, the composition of the high energy plasma is uncertain. We
have used the PLS and LECP data and data extrapolations of the high
energy ion flux given by Lanzerotti et al. (ref. 10, and see Figure 2),
to calculate the surface sputtering rate on Jo. Assuming that the high
energy ions consist of S* and 0% in the ratio 1:2, we find a surface

sputtering rate 6(S0,) ~ 8 x 103 cm™2 571, This value of the flux of
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Figure 1. The calculated SO, sputtering yield as a functiom of

incident energy for S* and 0 ions. The calculations were

performed using the theory of Watsom and Tonbtellolz.
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Figure 2. The differential ion flux in the vicinity of Io’'s orbit,
adopted from Lanzerotti et 11.10, and extrapolated to higher
energies using the power law d(Flux)/dE = (E/E,)”®, where E, is

reference energy and n = 7.
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S0, molecules into the atmosphere is about 7 orders of magnitude smaller
than the sublimation rate of S0, in the subsolar region of Io. Thus,
surface sputtering by these high energy ions is insignificant for the
overall mass balance of the atmosphere. If minor constituents such as
Na and K are present on the surface with the SO, frost, then sputtering
may be an important mechanism for mobilizing these constituents.

It has been suggested that Na and K exist on the surface of Io in
the form of Na;S and K8 (ref. 13); however, the surface abundances of
these salts are unknown. We consider the consequences of having K, Na,
and S present on the surface in cosmic proportions. This assumption
implies a number ratio of Na atoms to S atoms of 0.12, and a ratio of K
to S of 0.008 (ref. 14). 1In the sputtering process we assume that each
surface constituent is ejected in proportion to its surface abundance.
Thus, we estimate the surface source of Na and K to be 6Na ~1 x 108 cm?
s~1 and bg ~ 6 x 10% cm 2 571, These fluxzes are of the correct magni-
tude to maintain in a steady state the Na and K clouds observed around
I0°:6.7,

Once in the atmosphere Na and K will escape from Io by the same
mechanism that operates for S and 0. Earth-based spectroscopic observa-—
tions of the neutral Na and K clouds indicate particle injection veloci-
ties from Io~ 3 km s 1 (refs, 6, 7, 19). Thermal Jean's escape will
produce escaping K with velocities greater than this minimum value only
if the exosphere temperature T,, = 14,000 K, while models of Io’s iomo-
sphere indicate T,  ~ 1000 K (ref. 1). Sputtering of atmospheric
particles by impacting corotating s* and 0% wil1 produce an average

velocity for the escaping particles = 2.6 km s™1, There are simple and
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compelling reasons to believe that the exosphere of Io is dominated by

neutral oxygen atonsl. and that Io’s exobase may lie at about 2.0 Io

radii from the surfacels. The yield for atmospheric sputtering by low
energy ioms is Y > 1 (ref. 4). The flux of corotating ions averaged

over the Io plasma torus is FCR ~ 1010 cm2 s71 (ref. 10). The escaping
flux due to atmospheric sputtering is therefore Fescapejeg x 1027 0 atoms
s71 ~ 200 kg s™l. This is sufficient to supply the neutral oxygen cloud
that exists along the orbit of 1016. Sulfur atoms will be sputtered

from the atmosphere in approximately the same proportion in which they

exist in the atmosphere at the exobase.

Voyager I measurements of the plasma torus indicate a large but
negative radial gradient in the concentration of corotating ions across
the orbit of 1017. This is of key importance since the flux of sput-
tered atoms is proportional to the flux of incoming ions. The observed
gradient in ion density (and hence corotating flux) is sufficiently
large that if Io’s exobase is located at 2.0 Io radii from its surface,
then the flux of sputtered atoms due to impacting st and 0% is approxi-
mately a factor of 2 greater on Io's inner hemisphere (facing Jupiter)
than on the outer hemisphere. Therein may lie a particularly simple
explanation of the Na and K ejection asynmetryls’lg'zo. If Na and K can
be supplied to the atmosphere at the required rate, then there should be
greatly enhanced atmospheric sputtering of Na, K, O, and S on Io's inmer

hemisphere. This would lead to ejection asymmetries not only for Na and

K (observed) but also for S and O (as yet unobserved).
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Many questions remain to be answered in order to understand the
details of this two-stage mechanism, Some of these are: How are Na and
K species affected by photochemistry and diffusion? What fraction of
the atoms sputtered from the surface eventually escape into the torus?
What are the characteristics of the asymmetric escape of S and 0? These

questions provide the thrust of an in—-depth study that is in progress.
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