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ABSTRACT

This dissertation combines several new observations of the 10 sodium cloud
to create a consistent picture of the extended 10 atmosphere and its interaction
with the Jovian plasma torus. 1 used the LPL echelle spectrograph to obtain three
types of high-resolution spectra of the extended sodium cloud at the sodium Dlines (5890, 5896A). The first class of observations made use of the mutual satellite
eclipses of 1985 to probe the density profile of the atmosphere in the range 1.4 to 10
10 radii, a previously unstudied region. The second type of observation examined
the sodium emission in lo's immediate vicinity, allowing an accurate measurement
of the velocity structure around 10. The final method employed a high-sensitivity
detector to study faint jets of high-speed sodium farther out in the extended cloud.
The synthesis of these three data sets results in a better understanding of how
sodium is distributed about 10 as a function of position and velocity.
lo's extended atmosphere is composed of many kinematically distinct components. The distribution in space is linked to their characteristic velocities, with
low-energy sodium confined near 10 and faster atoms (10 to 100 km sec-I) prevalent beyond ",,25 10 radii. The sodium density profile is steep near 10 and shallower
outside 5.6 10 radii, the effective limit of 10's gravity.
The data indicate that the atmosphere is collisionally thick near the surface, but
becomes thin by an altitude of ",,700 km. The upper limit of the exobase location
is derived from reliable sodium density measurements made during the satellite
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eclipses. The lower limit is indirectly inferred from the velocity distribution of
sodium near 10 and the nature of high-speed jets far from 10.
The high-speed sodium jets reveal a new type of close interaction between the
corotating plasma and 10's atmosphere. The morphology and brightness of the jets
require a two-reaction process, in which atmospheric sodium is ionized, accelerated
to high speeds, and then charge-exchanges with other sodium atoms. These processes must occur near the atmospheric exobase, indicating that 10's atmosphere is
not completely protected from the plasma flow.
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CHAPTER 1

Introduction and Overview

1.A. Introduction
10 is probably the most dynamic body in the solar system. This world, glimpsed
by spacecraft and telescope, is still a battleground of the basic forces of the planets:
celestial mechanics, geophysics, geology, cosmochemistry, atmospheric and magnetospheric physics. The influences of these forces are all interconnected: tidal flexing
caused by orbital resonances forces a tremendous heat flux through lo's crust and
may melt part of its interior. (See the review by Nash et al., 1986.) The resultant volcanic eruptions remake the surface so rapidly that much of the planet may
be unrecognizable by the time the Galileo spacecraft arrives. And the surface, atmosphere, and magnetosphere are locked in a complex feedback mechanism which
erodes over 107 kg from lo's surface each day (Smyth and Combi, 1986; Brown

et al., 1983).
lo's atmosphere is a reservoir of atoms and molecules which is continually consumed by Jupiter's plasma torus and replenished from the fresh volcanic surface.
The atmosphere responds not only to the omnipresent forces of gravity and pressure,
but also to a host of other processes more important at 10 than at other planets:
atmospheric and surface sputtering, atomic and ionic collisions, ionization, volcanic
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eruptions, atmospheric evaporation and possibly rapid hydrodynamic escape. Unfortunately, the primary components of lo's atmosphere, S02, S, 02 and 0 (Nash
et aI, 1986) are almost undetectable from the Earth.

Sodium is only a trace constituent of the atmosphere, but it is a very strong
resonant scatterer of sunlight. This effect outweighs its scarcity and makes it the
most easily observed tracer of lo's extended atmosphere. The large banana-shaped
sodium cloud extends many tens of 10 radii (1 r[o=1815 km) and has been observed
extensively since its discovery in 1973 (R.A. Brown, 1974). High-resolution spectroscopy and narrow-band imaging of sodium D-line emission (5890, 5896A) have
proven to be powerful tools for studying this phenomenon.
Before proceeding with the body of the dissertation, I provide the background
necessary to place the observations and results in context. For the remainder of this
chapter, I review the basic properties of lo's atmosphere, the plasma environment,
and the interactions between the two. At the close of the chapter I provide a general
overview of the rest of the dissertation.

LB. Description of the lo-Jupiter System
Figure 1-1 schematically shows the 10 atmosphere and how it fits into the larger
lo-Jupiter picture. I discuss the individual components of the system from smaller
to largest.

1.B.1. lo's Atmosphere
Atmospheric models to date tend to fall into two classes: a collisionally thick
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Sodium ©JUPiter
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f---i

Figure 1-1. Schematic Diagram of the Io-Jupiter system.
The left half illustrates lo's immediate vicinity. The contours schematically show
the lower atmosphere, concentrated over the sunlit hemisphere in this exaggerated
example. The thin corona (or exosphere) is represented by the dots. The dashed
line shows the location of the Hill sphere, the effective limit of lo's gravity, The
scale in the right half of the figure is reduced by a factor of 40 to show the neutral
sodium cloud outline (adapted from Smyth and McElroy, 1978). The corotating
plasma, indicated by the arrows, travels at 75 km sec-I, overtaking the neutrals
which orbit at 17 km sec-I. The cloud lies preferentially inside lo's orbit because
the plasma is cooler there and therefore less able to ionize the sodium. The cloud
extends forward because sodium atoms closer to Jupiter travel faster than 10,
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gas interacting macroscopically with the surface, or a loose collection of atoms and
molecules which rarely collide with each other or the surface. The first type matches
the familiar type of atmosphere, where the barometric equation and vapor pressure
curves are applicable. The second deals with the ballistic trajectories of individual
particles and the interactions of these particles with the corotating magnetospheric
plasma. A more complete discussion of the two cases will be provided in Johnson
et al. (1988). 80 far no synthesis of these two has been made, nor is this the intent
of this dissertation. But the results herein do address basic questions of how and
where these two paradigms must merge.
The collisional thickness of the atmosphere is critical in determining the behavior of the atmosphere and the way in which 10 supplies mass and energy to the
torus. If the atmosphere is thin, magnetospheric ions may directly bombard the
surface and the ejected particles can escape directly to space. If the atmosphere
is thick, the surface is protected, but sputtering will take place at the atmospheric
exobase. If the exobase altitude is as much as an 10 radius above the surface, the
targ~t

exposed to sputtering will be four times larger, and also less tightly bound

by gravity. The composition of the ejected material may depend on whether the atmosphere or surface is being sputtered. The supply rates, both in absolute numbers
and in relative rates of constituents, depend critically on which case applies.

Thick Atmosphere Models
There is considerable evidence for a thick atmosphere, but much of it is controversial. One of the primary pieces of evidence for lo's near-surface atmosphere is the
detection of gaseous 802 above one hotspot (Loki Patera) by the Voyager infrared
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spectrometer experiment (Pearl et al., 1979). The most simplistic interpretations
imply a surface pressure of ",10- 7 bar. But the Loki observation probably included
a substantial amount of plume material (Collins, 1981), so the derived numbers are
probably not representative of a planet-wide atmosphere.
The 1973 Pioneer 10 radio occultation of 10 revealed an extensive ionosphere,
and this remains one of the strongest points of thick atmosphere models. Kumar
(1982, 1985,and references therein) has performed extensive modelling of the ionospheric profile, and shown that the profile requires an extensive neutral atmosphere
which is protected from plasma bombardment to an altitude of 200 km on the upstream side and 700 km on the downstream side. But other interpretations of the
ionospheric profile have been suggested (Matson and Nash, 1983). The occultation
exit track passed by the site of the Loki eruption, discovered in 1979 and apparently
still active (Sinton and Kaminski, 1988). If the plume were active in 1973, it might
have been responsible for the ionospheric profile. It is also conceivable that another
eruption, now extinct, caused the entrance profile.
The presence of S02 frost on the surface implies the existence of S02 vapor
above it. Several models are variations on the theme of S02 gas in equilibrium
with frost. The exact surface temperature becomes critical, as the vapor-pressure
curve for S02 drops by 5 orders of magnitude as the temperature drops from 120 K
to 90 K (e.g. Matson and Nash, 1983 and references therein). In the zeroth-order
model, gas everywhere on the surface is in equilibrium with frost at temperatures
appropriate for local solar insolation using lo's average albedo. The peak sub-solar
pressure is ",10- 7 bar (very collisionally thick). Fanale et ai. (1982) pointed out that
large high-albedo areas will be substantially colder than the planetary average, and
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that these regions will act as cold-traps and set the maximum pressure accordingly.
McEwen et al. calculate a revised subsolar pressure ",10- 8 bar.
Recent work by Moreno et al. (1987) has studied the atmosphere that might be
maintained by volcanic eruptions of 802 gas. They show that even a single volcanic
eruption can create a substantial atmosphere. A large eruption would form a thick
local atmosphere with a surface pressure ",10- 6 bar near the vent. The exobase
level may be as much as 500 km above the vent, but will be close to the surface
over much of the planet.

Thin Atmosphere Models
Matson and Nash (1983) discussed a vapor-pressure equilibrium atmosphere
buffered by a very cold component: the subsurface layers of lo's presumably porous
regolith. The subsolar pressure (in the absence of nearby volcanic eruptions) is
reduced in this case to about 1 x 10- 12 bar, which is collisionally thin.
In the absence of a thick atmosphere, the impact of the corotating plasma will
create a thin atmosphere through sputtering. 8ieveka (1983) calculated the spatial
distribution of atoms sputtered off the surface of 10. Only a few percent of sputtered
atoms and molecules have sufficient energy to escape; the others will populate a
tenuous neutral corona surrounding 10. 8ieveka and Johnson (1985, 1986), using a
velocity distribution appropriate for collision cascade sputtering, determined that
this extended component of the atmosphere could be very important in supplying
neutrals to the torus. McGrath and Johnson (1987) have shown that a sputtered
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corona will form above 10 even if there is a thick atmosphere. A thick atmosphere
may be required to supply the observed escaping flux.
There is still considerable debate over the collisional thickness of lo's atmosphere. More observational evidence is required, and the implications of this dissertation research are presented in §9.B.

l.B.2. Extended Neutral Clouds
One of the first clues of lo's unusual nature was the discovery of sodium emission
(Brown, 1974). Trafton et al. (1974) demonstrated that the emission came not from

10 itself but a region many times larger, and that resonant scattering of sunlight
was responsible for the emission. Subsequent imaging and spectroscopic studies (e.g.
Goldberg et al. (1984), Bergstralh et al. (1977)) have mapped out the spatial and
spectral properties, and the results have been modelled extensively by Smyth and
Combi (1988, and references therein). The general picture is shown in Figure 1-1.
Sodium atoms are ejected roughly isotropically from 10 at velocities of ",3 km sec-I.
Plasma conditions outside lo's orbit are much harsher, so the cloud is preferentially
ionized there. The surviving sodium atoms in the inner cloud have shorter periods
and hence pull ahead of 10.
Sodium has been detected throughout the Jupiter system, as reviewed by Brown
and Schneider (1981). Other neutrals have been detected far from 10 also: potassium (Trafton, 1975b), oxygen (Brown, 1981) and sulfur (Durrance et al. 1982).
The extended neutral clouds are the primary source of the plasma (Brown and Ip,
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1981); Voyager UVS observations indicate that only a small fraction of the required
ionizations are occurring in lo's immediate vicinity (Shemansky, 1980).

I.B.3. Plasma Torus
The neutrals clouds spawned by 10 are ionized and swept up by the corotating
magnetic field. Jupiter's magnetic pole is tilted by about 10° towards magnetic
longitude AlII =200°, and the planet rotates every 10 hours. The plasma ions
gyrate up and down about field lines, and travel around Jupiter with a drift velocity
equal to the corotation velocity. Like beads on a wire, the ions oscillate about the
centrifugal equator, which at lo's orbit is tilted 7° with respect to the orbital plane.
Conditions in the plasma have been deduced from Earth-based telescopes,
Earth-orbit satellites, and the Pioneer and Voyager spacecraft with remote and in

situ instruments. Although there are discrepancies and variations, a rough consensus has emerged and the relevant parameters are listed in Table 1-1. The following
values and notation will be used throughout the dissertation.
The flux of corotating plasma ions through lo's corona and atmosphere is approximately 1010 atoms cm- 2 sec-I. These ions will interact with the neutrals
there in a variety of ways, as described in the next section. The torus loses huge
amount of power, several x 10 12 W (Strobel, 1988), through UV emissions, aurorae
on Jupiter, and radial diffusion. In one prevailing theory, this power is extracted
from Jupiter's rotation when fresh ions are created and accelerated to corotation. A
continuous ionization rate of several x 1028 atoms sec- 1 would be required to maintain the torus in steady state. Shemansky (1988) has shown that another energy
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Table 1-1. Typical Plasma Properties at lo's Orbit

Notation

Value

Electron Density

ne

3000 1 cm- 3

Ion Density

ni

2000 1 cm- 3

Mean Electron Temperature

Te

5eV

fNa+

0.01 2

Vcorot-Jup

74 km sec- 1

10 Orbital Velocity

VIo

17 km sec- 1

Plasma Corotation Velocity
(Relative to 10)

Vcorot

57 km sec- 1

Pickup Energy

Epickup

280 eV ~ Oxygen ~
400 eV Sodium
560 eV (Sulfur)

Fresh Ion Gyroradius

Rfresh

5 km (Oxygen)

Magnetic Field at 10

B

2000 I (-z direction)
=0.02 Gauss

Electric Field at 10

E

0.11 V 1m (outward)

Item

Sodium Mixing Ratio
Plasma Corotation Velocity
(Relative to Jupiter)

1

Approximate. See Shemansky (1988) and Trauger (1984b).

2

Assumed. See §1.B.5.
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source may be required; in this case the ionization rate should be used as an upper
limit.

l.B.4. Interactions
The 10 neutral cloud system is an atomic physics laboratory, where a variety
of collisions between ions, electrons, atoms and molecules are occurring all the
time over a large range of energies. Complex processes are occurring in the lower
atmosphere as well: lo's volcanoes are erupting prodigious amounts of gaseous S02
and 802 frost on the surface readily sublimates. Figure 1-2 attempts to show this
complex situation. I discuss below the primary interactions of interest.

Sputtering
If the corotating ions strike lo's surface, they will eject atoms and molecules

into the atmosphere through the process known as sputtering. For incident energies
of several hundred eV (appropriate for the corotating ions) the process is called
collision cascade sputtering, and the ejected atoms are released approximately in a
power law distribution of energies. The typical yields are about 50 to 80 ejected
atoms or molecules per incident ion, of which only "",3% have sufficient energy to
escape (Cheng et ai., 1984). The higher-energy ("",MeV) plasma found near 10 will
cause electronic or thermal-spike sputtering, which has higher yields but a very
small escape fraction (Watson, 1981) and a small incident flux (Cheng et al.).
Incident ions may also sputter atoms and molecules from the atmospheric
exobase. Standard sputtering theory (originally based on the kinetic theory of gases)

I

,

SOURCES AND· LOSSES OF NEUTRALS AT

1 -.... -60

10

kmlsec

~

I

Ionization

~~
Charge-Exchange

Figure 1-2. Important Processes in lo's Extenaed Atmosphere.

10 is shown imbedded in the flow of the corotating plasma. Ions axe represented
by wiggly axrows, and neutrals axe shown as outlined axrows. The 10 atmosphere
is replenished from the volcanic eruptions, sublimation of 502 frosts, sputtering,
or a combination of these processes. Atoms may be lost from the atmosphere by
collisions (including sputtering), ionization and charge exchange.
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may be modified to apply to a gas by setting the target binding energy to zero. If
the exobase altitude is large, the escape rates from the atmospheric sputtering case
may be substantially larger than from the thin-atmosphere surface sputtering case
for several reasons: (1) easy escape, both from the "solid" target and from 10; (2)
larger area projected against the plasma; (3) 100% coverage of sputterable target.
The escape rates may be higher still: standard sputtering theory counts only direct
escape from the gas, while most of the incident energy goes into heating the target.
The incident ions may heat the atmosphere enough to generate a large escape flux.
Considerable work remains to be done on this aspect of sputtering.

Elastic Collisions
Momentum can be transferred from the corotating plasma ions to the nearlystationary atmospheric atoms by elastic collisions between the nuclei. Low energy
transfers are strongly favored in the Thomas-Fermi approximation (Lindhard et al.,
1961), and also the more appropriate Lenz-Jensen (L-J) approximation. In the L-J
approximation, the differential cross section varies roughly as the final target energy
raised to the -1.2 power. The direction of ejection is coupled to the magnitude of
the momentum transfer, with small transfers directed perpendicular to the incident
direction, and large transfers parallel to it. In fact, the locus of target particle
velocity vectors describes a circle with the target particle on the circumference.
The approximate cross sections for several energy ranges are shown in Table 1-2.
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Table 1-2. Important Cross Sections and Lifetimes for Sodium

Cross
Section

Source

Elastic Collisions:
Final target velocity:
1-10 km sec- 1
10-30 km sec- 1
> 30 km sec- 1

",,8..\.2
",,2..\.2
""I..\.2

30 hours
120 hours
240 hours

Johnson,
personal
communication

Charge Exchange

150..\.2

160 hours1

McGrath (1988)

1.8-22 hours

Smyth and
Combi (1987b)

McGrath and

Electron Impact
Ionization
Travel time (at 2 km sec-I)
10 flo
1 R·:J

1

Characteristic
Time (at 10)

Assuming a 1% sodium ion mixing ratio.

2.5 hours
10 hours
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Charge Exchange
When an incident ion passes very close to a neutral, the electron clouds are
momentarily shared. On separation, there is in some cases a finite probability
that the incident ion will leave with one more electron than it brought. Since this
occurs with almost no transfer of momentum, the incident ion will become a fast
neutral, with the magnitude and direction of its incident velocity preserved. The
"donor" neutral becomes an ion, and is swept up by the corotating magnetic field.
Charge exchange is most probable between ions and neutrals of the same species
because of energy resonance. The cross section for the Na+ + Na===} Na*+ Na+
reaction is quite large, making it an important observable process despite sodium's
small fractional abundance. Table 1-2 lists the charge exchange cross section and
the effective lifetime of a sodium atom in the plasma. Charge exchange involves
very little transfer of sideways momentum, unlike elastic collisions which spray
target atoms in all forward directions. The high-speed neutrals produced in charge
exchange may therefore be easier to detect from Earth.

Electron Impact Ionization
The electrons in the corotating plasma have energies of ",5 eV, of the same order
as the ionization potentials of the neutrals. The electron density and temperature
are sufficiently high that this mechanism greatly exceeds the photoionization rate.
Sodium, being easy to ionize, has a very short lifetime. The plasma electron density
and temperature depend on lo's magnetic longitude, latitude, and radial distance,
so the ionization lifetime is quite variable.
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loB.5. Sodium Mixing Ratio
The applicability of neutral sodium observations to the atmosphere as a whole
clearly depends on its fractional abundance. Unfortunately there are no direct
measures near 10 of the atomic sodium abundance relative to the major constituents.
(There are measurements of oxygen and sulfur far from 10, but lo's short lifetime
drastically reduces its relative abundance at those locations.) In the absence of
measurements of the neutral mixing ratio in the extended atmosphere, we are forced
to consider alternate means of estimating sodium's relative abundance in the 10
system.
The closest pertinent measurement is the fraction of sodium ions in the magnetosphere. Sodium ions cannot be directly observed from the Earth, but the Voyager 1 plasma ion detector (abbreviated PLS) was capable of measuring them in

situ under certain conditions. Difficulties arise from the fact that the atomic mass of
sodium lies directly between oxygen and sulfur, the most common ions in the torus.
The PLS experiment did detect an independent peak in the outer magnetosphere
(42 Rj), but was unable to make an unambiguous determination in the inner torus
near lo's orbit.
In the inner torus, the wings of dominant oxygen and sulfur components overlapped, swamping any peak due to sodium. A slight excess in the region between
mass=16 and mass=32 was observed: if the sulfur and oxygen components were perfectly Maxwellian, this filling-in would be consistent with small amounts of sodium.
Bagenal (personal communication, 1987) placed upper limits on the mixing ratios
of 4.1% at 5.0 Rj and 3.3% at 5.26 Rj. If, however, the sulfur and oxygen have a
significant non-thermal component, then the sodium mixing ratio must be less.
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The PLS instrument did obtain a positive sodium detection far from Jupiter.
Bagenal (personal communication) reports a sodium mixing ratio of "'7% by number
at a distance of 42 Rj from Jupiter. At this distance, some of the heavier ions cannot
be counted by PLS, so this mixing ratio may be a slight overestimate.
Gehrels and Stone (1983) measured very energetic sodium ions in the outer
magnetosphere with the Charged Particle Telescope on board the Voyager spacecraft. They derive a sodium mixing ratio ",3% in the outer magnetosphere. This
is not a strong constraint on the neutral sodium fraction at 10, since the authors
hypothesize that the detected ions have undergone recombination, reionization and
radial diffusion, processes which could easily change the mix of sodium to other
constituents.
The relationship between the sodium ion mixing ratio and the sodium atom
mixing ratio is difficult to constrain. The timescale for ion loss is ",80 days (Shemansky, 1988), while the timescale for neutral sodium loss (through ionization) is
very much shorter, as discussed above. If the timescale for neutral sodium loss is
very different from that of other species, the sodium neutral mixing ratio need not
be the same as the ion mixing ratio. Current models of the different supply and
loss processes in the torus are sufficiently crude that it is not possible to state unequivocally whether the sodium mixing ratio in the plasma is higher or lower than
the atmospheric value.
The neutral sodium mixing ratio may also be estimated by comparing the
sodium supply rate to the total. The supply rate for the sodium cloud is well established at several x 1026 atoms sec- 1 by extensive modelling of the sodium cloud
(Smyth and Combi, 1983, 1986; Pilcher et ai., 1984). Smyth and Combi (1986)
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have also modelled the sparse oxygen observations and derived supply rates about
25 times higher. If the sulfur supply rates are comparable, then sodium represents
about 2% of the total supply rate. This is comparable to the fraction derived by
using the total ionization rate inferred from the UV emissions. It is unlikely that
the total 10 supply rate exceeds 10 29 atoms sec-I; since the sodium supply rate is
fairly well constrained, the lower limit of sodium fraction appears to be

~

0.2%.

None of the above estimates provides a solid measure of sodium in the near-Io
torus or in lo's atmosphere, but the repeated occurrence of numbers in the few
percent range suggests that 1% is a good order of magnitude estimate. In the
discussion which follows, we shall assume that atomic sodium makes up '" 1% of the
bulk atmosphere and torus. It is certainly possible that processes in the atmosphere
and torus fractionate sodium relative to the other species, but it is unlikely that this
effect is larger than a factor of several. Sodium-bearing molecules are assumed to be
unimportant, following the reasoning of Summers (1985), who shows that sodium
oxides are easily broken down in the atmosphere. Similar reactions release sodium
from sodium sulfides on a short timescale (Summers, personal communication).
In summary, the sodium mixing ratio is not well constrained, but is probably
in the range of a few percent. I will assume conservatively a value of 1%. As the
mixing ratio becomes better defined, the numbers derived in this dissertation can
be adjusted accordingly.

1.c. Motivation and Overview of the Dissertation
Recent work concerning 10 has focussed on theoretical aspects ofIo's atmosphere
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and corona. Observational efforts have lagged to the point where new data are
required to confirm or refute the theories, and this dissertation attempts to meet
that need. The three major thrusts of the observations described in this dissertation
are:

(1) To probe the sodium density profile inside lOr I o' No previous work has been
able to quantitatively probe the innermost regions of the cloud. Virtually all of the
considerable effort in spectroscopic and imaging studies applies only to the outer
regions of the cloud, as reviewed by Goldberg et al. (1984). Both theoretical and
practical difficulties prevent reliable measurements using the standard techniques
within a few flo of 10, as explained in §2.A.
The satellites of Jupiter eclipsed each other in 1985, allowing an unusual observation to probe this previously inaccessible region. During eclipses in which 10
shadowed Europa, it was possible to study lo's sodium by the absorption in Europa's spectrum instead of the emission in lo's spectrum. The technique proved
successful, revealing an extended and fairly symmetric atmosphere.
(2) To measure the velocity structure of sodium near 10.

The most recent

spectroscopic studies of lo's emission (Trafton, 1978) are a decade old, and the
great improvements in both spectrographs and detectors have not been applied to
the 10 cloud. Previously, hour-long exposures were required to yield a single slitaveraged spectrum; now a spatially-resolved spectrum of comparable quality can be
acquired in minutes. Only a handful of emission spectra were obtained during this
project. They provide important measurements of the density and velocity profile
in lo's vicinity, which bear on escape rates and processes.
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(9) To study the relationship between morphology and velocity structure of highspeed sodium. The imaging studies of Pilcher et al. (1984) and Goldberg et al.

report sporadic "directional features", linear features extending outward from 10
with a significant tilt relative to the orbital plane. Pilcher et al. determined that
the velocity of sodium in these features must be ",20 km sec-I. While obtaining
spectra of these features, 1 observed a different and apparently unrelated process:
jets of fast sodium (30-100 km sec-I) projected in front of 10, also with tilts relative
to the orbital plane. The morphology and velocities of these jets have profound
implications on the nature of the plasmal atmosphere interaction.
The first half of the dissertation concentrates on the three types of data taken,
and their inversion to physically meaningful quantities. The latter half merges the
three data sets and applies the results to the density and velocity structure of the
extended 10 atmosphere, and evaluates the inferred loss processes.
Chapters 2,3 and 4 discuss the observations, reduction and analysis of the three
types of data acquired. Chapter 2 centers on the eclipse measurements of sodium
in the 10 atmosphere. The unusual observational method is explained in full, together with suggestions for its future application. The remainder of the chapter
describes the observations, reduction and analysis. Chapter 3 discusses in a parallel
way the near-Io emission spectra taken during the eclipses. Chapter 4 presents the
high-sensitivity observations of sodium away from 10. Chapter 5 describes the radiative transfer calculations for sodium and converts the observations of the previous
chapters to measures of the sodium density around 10.
The following three chapters offer the results of these observations. Chapter
6 describes the radial density profile of the atmosphere. The derived profiles are
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used to place limits on the location of the atmospheric exobase, and to search for
spatial and temporal variations in the atmosphere. Chapter 7 examines the velocity
structure, which depends strongly on distance from 10. The morphology of the fast
sodium jets is analyzed. Chapter 8 studies the loss of neutrals from 10, and rates
are calculated for ionization, transport and charge-exchange. The derived rates are
compared with previous estimates.
Chapter 9 summarizes the results of all three data sets and attempts to form a
consistent picture of 10's atmosphere and its interactions with the corotating plasma.
The chapter concludes with a list of unanswered questions and offers suggestions
for the future study of 10's extended atmosphere.
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CHAPTER 2

ECLIPSE OBSERVATIONS

2.A. Purpose of Observations
The sodium cloud has been observed in emission for over ten years, but no
attempts have yet been successful in quantitatively probing the region within about
4° (1"V8 rJo) of 10. This relatively dense innermost region is of prime interest in
resolving the question of atmospheric thickness and in assessing the total inventory
of the sodium cloud.
Unusual observations are required to probe this inner region because the standard observational methods fail near 10. It is not simply due to the difficulty of
making observations near a relatively bright object like 10. Two other subtle facts
are to blame.
First of all, sodium placed directly in front of 10 leaves no appreciable spectral
signature, regardless of column abundance and the large cross section for resonant scattering. This is due to Io's unusually high geometric albedo: Io's strongly
backscattering surface is approximately as bright at D-line wavelengths as an optically thick sodium atmosphere, so there is no contrast between the surface and
the supposed atmosphere. It is analogous to attempting to detect clouds against a
snow-covered planet. The contrast vanishes both in the limit of completely thick
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and vanishingly thin atmosphere, and it is reasonable to assume that it is true of
intermediate cases also. A spectrum only from lo's disk (to first order) should show
neither emission or absorption at the D-lines. The emission intensity is probably
brightest in a ring at lo's limb.
Second, the blurring effects of the Earth's atmosphere operate over a spatial
scale comparable to a few

!fo'

This spreads the sodium emission over a much

larger area, both inward and outward from the bright ring around 10. The emission
intensity observed at the center of lo's disk must be scattered inward from beyond
the limb of the planet.

(See Figure 3-1, for example.) The observed emission

therefore must be significantly lower that the actual intensity at 10, and the spatial
profile of the emission cannot be easily related to the sodium column abundance.
A correct deconvolution of the radial profile is possible, but will require a thorough
treatment of lo's surface reflectance, multiple scattering radiative transfer and the
blurring properties of the Earth's atmosphere. The results would still be seeinglimited and highly model-dependent. The net result is that the region from one to
ten 10 radii has never been seriously probed by observation. Without compelling
data, the theorists have generally avoided the problem.
The mutual eclipses between Jupiter's moons in 1985 provided a new perspective on this old problem, as detailed in the following section. When 10 eclipses another satellite, lo's atmosphere also casts its shadow on that satellite. The amount
of light absorbed by sodium in lo's atmosphere is a measure of the optical thickness
of the column. The spatial profile of the atmosphere may be constructed from a
series of spectra at the satellites move through eclipse.
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The work of this dissertation may increase the usefulness of past and future
emission spectra. Since the data consist of simultaneous emission spectra (the standard technique) and absorption spectra (the new technique), I am able to compare
the results of the two methods. In this way, the more complex radiative transfer
calculations of the emission model can be checked with higher quality absorption
data. Chapter 6 deals with this aspect of the analysis. The two methods are complementary: the absorption technique is accurate but the time coverage is inadequate.
Emission spectra have been taken since 1974 and are not constrained to the eclipse
geometry.

2.B. Observational Method

2.B.1. Required Geometry
Section 2.A. described the fundamental problems of observing the sodium atmosphere near 10 using standard techniques. How else might the circum-Io region
be probed, avoiding the contamination of lo's disk? If we cannot measure the photons emitted from the region near 10, perhaps we could measure the beam from
which they were scattered. The unusual geometry of the Galilean satellite eclipses
and occultations presented four new geometries to be considered as possible means
for exploring lo's atmosphere: eclipses or occultations by 10 or of 10. Only eclipses
by 10 provide any useful measurable effect.
Figure 2-1 displays the required geometry for detection of sodium in lo's atmosphere. The incident solar beam passes through a column of sodium near 10,
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Earth

Sun

10 Eclipsing Europa
14 SEPT. 1985 U.T.

Figure 2-1. Typical Eclipse Geometry.
10 and Europa are shown in their positions at the end of eclipse on 14 September.
The dark strip behind 10 represents the solid body shadow of 10, and the grey shaded
region schematically shows the "shadow" cast by 10's extended sodium atmosphere
at the wavelength of resonant scattering. Europa, 10 and the atmosphere/cloud are
enlarged for clarity, and the penumbra is not shown. Arrows indicate the direction
and magnitude of the satellite orbital motions. () measures lo's geocentric orbital
phase angle. 10 and Europa obviously overlap when SPf'n from the sun, but they are
separated by about 40 flo when seen from the Earth due to the 80 Sun-Jupiter-Earth
phase angle.
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where photons at the two resonant scattering wavelengths are scattered in all directions. The beam (which now contains two absorption features) then strikes Europa,
where it is diffusely reflected. The outbound beam to Earth passes close to (but
not through) the sodium cloud, so no scattered photons are added back into the
absorption. In short, Europa is being used as a mirror to look back at the sun
through lo's atmosphere.
At any moment near eclipse, the eclipsee will reflect a spectrum which describes
the sodium column along the path back to the sun, a path which grazes 10. As the
two satellites move in their orbits, the location of that path will change, allowing a
profile of lo's atmosphere to be constructed by a series of spectra. The observational
goal is to obtain a series of high-resolution spectra of Europa before, during, and
after its eclipse by 10. Figure 2-2 shows an example of such a series. The spatial
resolution of the observations will be limited primarily by the size and motion of
the eclipsed body, and is not dependent at all on atmospheric seeing conditions.
Figure 2-3 shows spectra taken in and out of eclipse, revealing the presence of
sodium in lo's atmosphere.

2.B.2. Eclipse Selection Criteria
The Galilean satellites undergo mutual eclipses and occultations every 6 years,
half of Jupiter's orbital period around the sun. The eclipses occur when the satellite orbit plane (which is tilted 3.10 with respect to Jupiter's orbital plane) appears
edge-on to the sun. The individual satellites have small but non-negligible inclinations.:s 0.5 0 , so rigorous computer programs are r('qnired to predict their relative
positions within

± 100 km. Aksnes and Franklin (lDS.:1) and Arlot (1984) separately
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26

21

15

10

-3

MINUTES AFTER 3:00 UT, 14 SEPTEMBER, 1985

Figure 2-2. Typical Eclipse Exposure Series.
Europa's track with respect to lo's shadow on this date, as viewed from the sun.
The dots represent the atmosphere, with the dot density approximately proportional
to the column abundances derived from my measurements. The penumbra again
is not shown: in reality both the shadow and atmosphere are blurred by about
1/4 10 diameter. The circles indicate Europa's position at the midpoint of each
observation, with the times shown below. The six innermost observations were 4.5
minutes in duration, and the other two were 10.0 minutes. Sodium absorption was
detected in all eight exposures.
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Figure 2-3. Spectra of Europa In and Out of Eclipse.
Processed spectra of Europa on 14 September near eclipse minimum (top, spectrum
85h107, 3:26 UT) and after the eclipse (bottom, spectrum 85h116, 4:07 UT). The
broad absorption features marked 0 are caused by sodium in the sun's atmosphere.
Telluric water absorptions have been removed. The arrows indicate absorption
features that have appeared on the red side of the solar absorption, with the Doppler
shift indicating that the sodium is moving toward the Sun with lo's velocit.y. Note
that the D2 10 absorption (left) is slightly stronger than the Dl feature. The top
spectrum is noisier because the exposure was shorter and Europa was about half
eclipsed.
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produced predictions of the 1985-86 mutual phenomena, yielding a total of about 50

10 eclipses, of which only 10 met minimum observability requirements from Tucson.
On request, Aksnes and Franklin (personal communication) produced another list
of near misses, adding 5 more to the observable list. The predictions tabulated the
following relevant parameters: (1) depth and (2) duration of eclipse, (3) name of
eclipsed satellite, and (4) solar phase angle. 1 also calculated for each eclipse, (5)
lo's solar radial velocity, (6) Jupiter's angle with respect to the local zenith. Five
eclipses were chosen for observation on the basis of the criteria listed below.
The purpose of these observations was to construct as accurate a spatial profile
of neutral sodium around 10 as possible. Eclipses were chosen to maximize both the
quality and the usefulness of the data taken. The term quality is used to describe
the signal-to-noise ratio, the spatial resolution and the spectral resolution of the
data. The primary concern on the usefulness of the data was the spatial coverage,
i.e. the closest and farthest points from 10 addressed by the data. The selection
of adequate quality eclipses was so restrictive that further constraints based on
desired orbital and magnetic longitudes were inadvisable. The selection criteria are
discussed individually below in terms of the characteristics of the eclipses.

1) DEPTH OF ECLIPSE. The magnitude of the eclipse corresponds directly
with the depth probed in lo's atmosphere. Europa's light is much fainter in
deep eclipse, but the absorption lines are much stronger. The most useful data
come from eclipses that are almost total.
2) DURATION. This is directly related to the relative satellite velocities on the
plane of the sky. Low-velocity eclipses allow longer exposure times over a given
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distance range. Alternatively, such eclipses would permit more short exposures
over that range, giving improved spatial resolution. For a complete discussion
of the effect of satellite velocities on spatial resolution, see §2.F. In brief, long
eclipses yield the highest quality data.
3) NAME OF ECLIPSED SATELLITE. The choice of eclipsed satellite affects
two of the primary components of the spatial resolution element. First, the size
of the eclipsee's disk obviously determines the size of beam reflected to Earth.
Second, the relative size of the Sun and 10 as seen from the eclipsee determines
the importance of penumbral broadening. Since Europa is both smaller and
closer to 10 than Ganymede and Callisto, eclipses involving it were preferred.
4) SOLAR PHASE ANGLE. As Figure 2-1 indicates, the light path from the
eclipsed body back to the telescope must not pass through the cloud. This
would have ruled out eclipses near Jupiter's opposition, had there been any.
The eclipse closest to opposition had a phase angle of 4.8 0 , separating the
beams at lo's location by about 40 qo. This proved sufficient to remove the
emission contamination from the spectrum.
5) 10'S SOLAR RADIAL VELOCITY. This determines the solar flux incident
on lo's atmosphere at the appropriate wavelengths. The solar spectrum in the
region of the D-lines is dominated by two broad absorptions caused by solar
sodium. (See, for example, Figure 2-3.) The residual continuum at the bottom
of the feature is only 5% of the nearby solar continuum, so sodium atoms at
rest with respect to the sun can scatter only that amount. But lo's Doppler
shift of up to 17 km sec -1 causes co-moving atoms to see over 60% of the
continuwn. The variable '1 is used to denote this fraction in future discussion.
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Eclipses with 10 near maximum Doppler shift were preferred. This obviously
occurs at maximum elongation from Jupiter, which has the added advantage of
low scattered background light. Unfortunately, this restricts viewing geometry
unacceptably: no information on possible upstream/downstream asymmetries
can be obtained.
6) JUPITER ZENITH ANGLE. Observing the eclipses with Jupiter as far above
the horizon as possible ensured (a) observations of the whole event and (b) minimized interference from telluric water absorption lines, which worsen quickly
as objects near the horizon.

The properties of the eclipses selected are shown in Table 2-1. None of the
eclipses matched all the criteria. In fact, the deep eclipses were very short-lived and
the long eclipses only marginally qualified as eclipses. This in some fashion must
be a result of the orbital resonances locking the motions of the satellites, but it is
not obvious that this "exclusion principle" applies to every eclipse series. Very few
Europa eclipses were acceptable, so two Ganymede eclipses were selected. None
of the near-misses were satisfactory. (Eclipse 3 marginally qualified as a grazing
eclipse within the errors of the ephemeris calculations.)

2.B.3. Description of Selected Eclipses
Figures 2-4a to 2-4e show the geometry of the eclipses from two viewpoints.
The eclipses fall into two classes: fast, deep eclipses which sample·d the atmosphere
on two sides of 10, and slow, distant eclipses which only sl'Impled one side. Eclipses
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Table 2-1. Eclipse Selection Parameters
Eclipse 1 Eclipse 2

Eclipse 3

Eclipse 4

Eclipse 5

27 Aug

14 Sept

15 Sept

21 Sept

23 Sept

6:02

3:22

5:28

6:03

3:58

Europa

Europa

Ganymede

Europa

Ganymede

4%

73%

0%

85%

6%

1.9

1.3

2.3

1.2

2.2

Duration inside
10 qo(mins)

310

65

230

55

30

Solar Phase Angle

4.8°

7.9°

8.0°

8.9°

9.1°

Orbital Longitude

47°

85°

306°

91°

120°

Eclipsee Heliocentric
Orbital Longitude

27°

39°

341°

39°

20°

357°

49°

54°

113°

309°

12.6

17.3

14.0

17.3

14.8

0.50

0.61

0.53

0.61

0.56

52°

52°

55°

61°

51°

Date (1985)
Universal Time
of Mid-eclipse
Eclipsed Satellite
Eclipse Depth
Closest Approach

(qo)

10 Heliocentric

10 Magnetic

Longitude (AlII)
10 Solar Radial

Velocity (km sec-I)

D2 Residual
Solar Flux ('Y)
Jupiter Zenith Angle
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Figure 2-4a. Orbital Geometry for Eclipse 1
The upper frame shows the satellite positions from above Jupiter. A line connecting
the two satellites is drawn every 30 minutes. Vectors indicate the directions to the
Earth and Sun, and the direction West on the plane of the sky. The bottom frame
is an expanded view (centered on 10) of the satellite positions as seen from the
sun. Vectors mark the direction of celestial north and west. Tick marks show the
position of Europa every 30 minutes.
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Eclipse 2
14 September 1985
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Figure 2-4b. Oi"bital Geometry for Eclipse 2.
As for figure 2-4a, for Eclipse 2. The tick interval in the bottom panel is 5 minutes.
See also Figures 2-2 and 2-3.
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Eclipse 3
j5 September j985
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Figure 2-4c. Orbital Geometry for Eclipse 3.
As for figure 2-4a, for Eclipse 3. Ganymede is off the top edge of the top panel.
The tick interval in the bottom panel is 30 minutes.
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Eclipse 4
2j September j985
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Figure 2-4d. Orbital Geometry for Eclipse 4.
As for figure 2-4a, for Eclipse 4. The tick interval in tlll~ bottom panel is 5 minutes.
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3: 30
4: 30

Ecljpse 5
23 September 1985
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- - 10QOOO km
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Vjew from above Jupiter
Vjew from the Sun
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Figure 2-4e. Orbital Geometry for Eclipse 5.
As for figure 2-4a, for Eclipse 5. Ganymede is off the top edge of the upper panel.
The tick interval in the bottom panel is 5 minutes.
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2,4 and 5 fall in the first category, and 1 and 3 in the second. Figure 2-5 shows
the locations above lo's surface sampled at closest approach during all the eclipses.
Note that the closest approach of the incident beam is al'ways located over lo's
terminator, since the Sun is used as a light source. These observations cannot be
used to search for day/night asymmetries in the 10 atmosphere.

2.B.4. Other Applications of the Technique
These observations have relied on two rarely used facts: (1) resonant scattering
atoms can be studied not only through their apparent emission but also through
their apparent absorption, and (2) "light-curve spectroscopy" can be used to invert temporal information into spatial information. This section describes how the
method can be further applied to 10 and possibly to Mercury.
First of all, this method can and should be used during the next eclipse season in
1991. With adequate preparation it may be possible to observe many more eclipses
and near misses than were attempted in 1985. Figure 2-6 shows that the eclipse
season will occur with Jupiter farther from opposition than in 1985. While this
will increase the solar phase angle and thereby reduce contamination by emission,
it will reduce the number of hours per night that Jupiter is observable. This should
be more than offset by the fact that Jupiter's geocentric declination will be +19 0
instead of -19 0 •
Second, this technique may be applied to the 10 atmosphere even when eclipses
are not occurring. The depth probed will not be as deep, but the measurements
will be seeing-independent. The satellite orbit plane is tilted at most about 3.10
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Trailing

Outer

~4

2,a~2 ;.

Inner

"1

Leading

Figure 2-5. Quadrants of the Atmosphere Sampled by All Eclipses
The figure shows the distance and orientation of paths of closet approach in lo-fixed
coordinates. 10 is shown from above, Jupiter is to the right, and the plasma impacts
from the top of the page. Since the eclipses were observed at a variety of orbital
longitudes, the paths sampled the atmosphere above various longitudes on 10. The
different regions may be classified by quadrant, i.e. "trailing" or "inside leading",
as abbreviated in Table 2-5. For some eclipses, two closest approaches occurred on
opposite sides of 10. Some closest approaches are somewhat out of lo's equatorial
plane; the figure shows the true distance in three dimensions, not the projection
onto the equatorial plane.
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Figure 2-6. Jovicentric Declination of the Earth and Sun.
From Arlot, 1984. The position of the Earth and Sun are shown for three contemporary eclipse seasons. Satellite eclipses occur when the solar declination is ",0°.
Note that the 1985 eclipses took place with Jupiter near opposition (i.e., maximum
angle between Jupiter and the Sun as seen from the Earth), but the 1991 series
will take place with Jupiter at a smaller angular separation from the sun. By then,
however, Jupiter will be a northern-hemisphere object and easier to observe.
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with respect to the sun. If we take a typical lo-Europa distance in the direction of
the sun of 4 X 105 km, the "worst near miss" will be about 2 x 104 km, or 12

flo.

This was approximately the limit of detection for short exposures with the LPL instrumentation, so measurements are in principle possible all the time. Every eclipse
season, Jupiter spends about 1.25 years within ±lo of edge-on to the sun. Under
these circumstances, the near-miss closest approach will be

<4

flo,

and absorption

observations at this time would provide better measures of sodium column abundance than emission spectra. These observations will require accurate predictions
of the satellite positions for the years 1990-1992.
R.A. Brown had previously suggested observing lo's shadow against the disk of
Jupiter. The resonant scattering process should leave a shadow of the 10 atmosphere
surrounding the disk's shadow. Preliminary attempts to detect this feature were
unsuccessful. Atmospheric seeing conditions were responsible for the failure, as
lo's shadow itself was only marginally identifiable. This indicates that the spatial
resolution was poor enough to wash out the spectral signature. Furthermore, lo's
velocity with respect to the sun vanishes as 10 passes in front of Jupiter. The
sodium therefore receives only about 5% of the solar continuum, due to the sodium
absorptions in the solar atmosphere. For these two reasons, we concluded that using
Jupiter's disk was not a feasible means of probing the near-Io atmosphere with our
equipment.
Shadow transits across the disk occur about every other day, so observations
may be successful if telescopes with excellent seeing conditions are used. Spacecraft, e.g. the Hubble Space Telescope, may also be able to perform this type of
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observation. The same restriction on solar phase angle described in §2.B.2 will apply: the return path to the telescope must not pass through the cloud. Note that
observations of this type may obtain an atmospheric profile in only one orientation
due to geometrical constraints.
Another possible use of this method is on the planet Mercury, whose atmosphere
is apparently predominantly sodium. It is difficult to determine observationally if its
atmosphere is extended above the surface. The method applied to 10 would work if
a bright star were to pass slowly behind the night limb, allowing a series of spectra
to measure the distribution of sodium with height. Unfortunately, calculations
performed by D.A. Mink (1986) indicate that only stars fainter than magnitude 9
engage in such events in the period 1986 to 1995. Alternatively, if the atmosphere
were very extended, there might be a measurable absorption feature against the
solar disk, i.e. during a transit. Mercury's eccentric orbit exhibits solar radial
velocities up to 10 km sec-I; it may be possible obtain a large value of 'Y (residual
solar intensity) as in the 10 case. Mercury transits occur only every six years (the
next in 1993), but Mercury spacecraft missions are even rarer.
The method has proven quite useful in the case of sodium, but in general
can probably only be extended to other strong resonant scatterers and absorbers
of sunlight. An unsuccessful attempt was made to detect S02 (not a resonant
scatterer) during a 1985 eclipse (P. Feldman, G. Ballester, personal communication).

S02 has not been detected unambiguously in reflected sunlight against the disk, so
only an unusual off-planet distribution would have produced a measurable feature.
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For many planetary observations, the short timescale or the faintness of objects
makes series of spectra impossible. As instrumental capabilites improve, this technique of the "spectrum-light curve" will prove more powerful. Stellar astronomers
study "atmospheric eclipsing binaries" in this way, but have the advantage of
several-year orbital periods. In the future, the special alignments provided by planetary and asteroid stellar occultations, satellite eclipses and transits may provide
information not available by any other means. As implied above, opportunities are
usually rare.

2.C. Instrumentation

2.C.1. Requirements
The observations presented a stiff set of requirements for the spectrograph,
telescope and detector. Past observations of the sodium emission have shown the
width of the sodium lines to be ",100 mAo I adopted this as an approximate lower
limit for spectral resolution (resolving power

A/oA

R:

5 x 104 ). This is typically

achievable only with echelle or coude spectrographs. Telescope apertures of order
1-2 meters were required in order to obtain adequate spectra in the few minutes
allotted for each exposure. Finally, the detector had to be roughly photon-limited at
the photon rates expected. This instrumental combination is available in at most
a few dozen sites around the world. I selected three sites, discussed below, and
arranged observations at each of them.
The unique opportunity offered by these rare eclipses prompted me to arrange
redundant observations of as many events as practical. The fear of weather and
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equipment problems led me to schedule at least two telescopes for each of five
events, on a total of four different telescope/spectrograph combinations. In fact,
good spectra were obtained from both telescopes on every event. The redundant
data provide confirmation of results, and also permit a comparison of the strengths
and weaknesses of the different instrumental setups. The instruments are described
in detail below, and the attributes of the systems are listed in Table 2-2.

2.C.2. LPL Echelle Spectrograph at Catalina Observatory
This configuration (depicted in Figure 2-7) proved to be the most powerful, in
spite of the fact it was originally intended as a backup. The Catalina Observatory
telescope, atop Mt. Bigelow, north of Tucson, has a 1.5 m primary mirror and a
focal ratio of 13.5. The echelle spectrograph used is unusual, so I describe it in more
detail in the paragraphs below. (See also Cunningham et al., 1988.) The detector
is a Texas Instruments 800 x 800 pixel CCD (Charge-Coupled Device) provided
by the research group of Dr. Uwe Fink at the Lunar and Planetary Lab. It has
an estimated quantum efficiency at the D-line wavelengths of 60% and a read-out
noise of about 20 electrons per 15 p,mx 15 I-lm pixel.
The spectrograph was designed and built at the Lunar and Planetary Lab between 1979 and 1983. The National Science Foundation funded the project through
a grant to Dr. Robert A. Brown, then a faculty member at the University of Arizona,
and Dr. Donald M. Hunten. Dr. Brown designed the spectrograph to be optimized
for spatially extended objects such as planets, although it has proven quite powerful
on stellar-like objects such as Europa.
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Table 2-2. Description of Instruments Used

Setup 1
Name

Setup 2

Catalina
McDonald
Observatory Observatory

Setup 3
Kitt Peak
Observatory

University
of
Arizona

University
of
Texas

1.5

2.7

Cassegrain
Echelle

Coude
Echelle

Coude
Grating

CCD

Digicon

CCD

70

115

145

Dispersion (rnA pix-I)

21.7

29

34

Integration Time (min)

4.5

7

2.25

Raw Signal-to-Noise
Ratio

115

40

30

Normalized S/N l

115

28

34

1

0.036

0.042

1,2,3,4,5

1

2,3,4,5

Affiliation

Telescope Diameter (m)
Spectrograph
Detector
Resolution (rnA)

Relative
Resolution x Throughput 1
Eclipses Observed

1 These quantities are explained in §2.DA.

National Optical
Astronomy
Observatories

2.1

I

0.9
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THE UNIVERSITY OF ARIZONA
OUT - OF - PLANE

R3.2 [CHEW: SPECTROGRAPH

Figure 2-7. Cutaway Diagram of the LPL Echelle Spectrograph.
The important features of the spectrograph are described in the text. The angle I
may be tuned to center any wavelength at the blaze peak of the grating. Note the
link between the grating and mirror 3 which rotates the grating and preserves the
optical alignment.
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Dr. Brown devised the general design, and the optical layout was performed
by Dr. Brown with assistance from Ron Hilliard (then of Applied Instruments Co.)
and Dr. Daniel Schroeder (Beloit College). Mike Williams undertook the mechanical design, and the instrument was built by Mike Williams and Ron James in the
LPL machine shop. Don Loomis figured the mirrors, and Bausch and Lomb fabricated the R4 echelle grating. In addition to the dispersing optics, the spectrograph
houses a TV offset guider, a slit viewer and calibration lamps. The spectrograph
also has several low-resolution modes. Three other plane gratings or a prism may
be substituted for the echelle grating, for resolving powers ranging from 150,000
(echelle) to 300 (prism).
The LPL echelle differs from other echelle spectrographs in several ways. First,
an R4 echelle grating is used. (Although the grating was ruled with a blaze angle
of 76°, our optical design reduces the effective blaze angle to 72°. See Brown et al.,
1982.) The tangent of the blaze angle is the primary determinant of angular dispersion, giving a value 1.6 times that of the more common 53° grating. Second,
order separation is performed by narrow-band interference filters instead of a crossdispersing grating. This increases the system efficiency by about 50%. Third, the
unusual out-of-plane mount of the grating allows any wavelength to be tuned to the
peak of the grating blaze function, increasing efficiency by about a third. Fourth,
the slit is reimaged on the detector with minimal aberrations, concentrating stellar images and providing spatial resolution on extended objects. Finally, all-silver
reflective optics are used for peak efficiency at visible and near-infrared wavelengths.
The entire assembly is encased in a rigid aluminum case of 0.5-inch rolled aluminum. The

IV

180 kg spectrograph can be bolted directly to the back of the 1.5 m
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f/13.5 Catalina Observatory telescope, or to an intermediate guider-box assembly.
The spectrograph was also used extensively on the 0.6 m telescope at Whipple Observatory on Mt. Hopkins, and can be adapted to mount on any sturdy telescope.
Simple transfer optics allow the spectrograph to be used on telescopes down to f/9.
Despite its excellent design and construction, the LPL echelle required substantial efforts to make the instrument operational. Much of the early phase of this
research was devoted to testing at the telescope and in the laboratory. I also undertook a complete ray-tracing analysis of image quality and focal plane flatness, and
oversaw the modifications dictated by the results. Through extensive observations
at Mt. Hopkins in the period 1981-1984, I was able to optimize the performance
of the spectrograph and determine the best operating procedure. The 10 eclipse
observations would not have been successful without this substantial groundwork.

2.C.3. Coude Echelle Spectrograph at McDonald Observatory
I arranged to collaborate with Dr. Laurence Trafton of the University of Texas
at Austin, because of his extensive work with 10 observations and his familiarity
with the McDonald Observatory telescopes. He arranged observations on the 2.7 m
telescope near Fort Davis, Texas. The echelle spectrograph there is mounted at the
coude focus, not on the back of the telescope. Although this requires additional mirrors and therefore entails lower efficiency, coude spectrographs have the advantage
of increased stability and ease of operation. The echelle grating was used single-pass
with an interference filter to isolate the proper order. Europa was guided on the
slit by an autoguider. A one-dimensional Digicon detector recorded the spectra.
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The dispersion was 28.7 mA pixel-I, and the spectral resolution element spanned
115 mAo

2.C.4. Conde Spectrograph at Kitt Peak National Observatory
The Coude Spectrograph is a facility instrument available at the 2.1 m telescope at Kitt peak National Observatory, operated by National Optical Astronomy
Observatories. The high dispersion comes not from high-angular-dispersion gratings but from the large separation between the camera mirror and the detector only
available in coude spectrographs (also known as coude rooms). I chose the highestdispersion grating available ('D' grating, 1200 lines mm- 1 ) despite warnings that
it had "somewhat lower efficiency" than others. Even with this grating, the best
resolution possible was 110 mAo Furthermore, this line width was only possible
with a restrictively narrow slit. As an approximate optimization of resolution and
throughput, I opened the slit by a factor of three. This increased the light input
by about the same factor of three, but only worsened the resolution by a factor of
1.3 to 145 mAo This resolution element was considerably worse than desired, and
bordered on unacceptable. The detector was a Texas Instruments 800 x 800 CCD
array, with a readout noise of 16 electrons and an estimated efficiency of 70% at
the D-lines.
A separate 0.9 m telescope of complex design can independently feed the coude
spectrograph described above. Apart from its smaller aperture, this setup is identical to the previous. For one of the nights I added an image slicer on top of the
slit. This slices the blurred satellite image, which was much wider than the slit,
and transforms it into a stack of narrow slices all of which pass through the slit.
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I estimate it increased the throughput by approximately a factor of two, but it
obviously precluded spatially-resolved spectroscopy.

2.D. Data Taken

2.D.!. LPL Echelle Spectrograph at Catalina Observatory
All five eclipses were observed from this site. Since it was originally intended
as the backup site, the observing runs for eclipses 2 through 5 were managed by
Dr. W. Kent Wells while I observed from Kitt Peak. Dr. Wells was assisted by
Alfred Schultz, Mike DiSanti, Uwe Fink and Robert Marcialis. An overview of the
data taken is given in Table 2-3. Where possible, the instrtunental configuration
was preserved from one eclipse to the next. The exception is Eclipse 3, a leisurely
eclipse, where the spectral resolution was increased in an attempt to better measure
the velocity structure. A sample spectrum from Eclipse 2 is given in Figure 2-8a.
For each eclipse, the spectrograph was rotated to align the slit with the satellite
orbital plane as closely as possible. This allowed spectra of 10 and Europa to be
simultaneously recorded. In general the placement of the "secondary" satellite on
the slit was probably no better than an arcsecond. The spatially-resolved data of
Eclipses 2 and 3 are somewhat unreliable due to foreign matter on the slit, but some
information has been extracted. The slit was ",60 n in length, and approximately

0.5 n across, varying slightly with desired resolution.
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Table 2-3. Summary of Mt. Bigelow Observations

U.T.
Eclipse
Number
1

Date
(1985)
27 Aug

Number of Number of Spectral
Spatial
Eclipse
Emission Resolution Resolution
(0)
SEectra
(rnA)
SEectra
5
2.8
10
56

13 Sept

0

1

69

2.5

2

14 Sept

12

5

69

2.3

3

15 Sept

8

1

43

2.5

4

21 Sept

24

0

87

1.8

5

23 Sept

18

3

69

3.3
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aJ Mt. Bjgelow 1.5m + LPL

~chelle

(85h10~

bJ McDonald Observatory 2.7m + Coude

c) KHt

4.5mjnJ

(plnj589~

7.2mjn)

Peak 2.1m + Coucle (fr314. 2. 25mjn)

Figure 2-8. Comparison of Spectra from the three Observatories
Typical spectra from each of the three observing sites. The data have been biassubtracted, flat-fielded and collapsed to one dimension. The filenames and exposure
times for each spectrum are given. Spectra a) and c) were taken during Eclipse 2,
and b) during Eclipse 1. The shallowness of the Fraunhofer features in c) may be
due to scattered light in the spectrograph or charge transfer problems in the CCD.
The small absorptions on the right-hand-side of the Fraunhofer lines in a) and b)
are due to sodium in 10. They are not visible in c) due to low resolution and chargetransfer problems. The data from Mt. Bigelow, a), have the highest signal-to-noise
ratio, the highest dispersion and the highest resolution.

66

2.D.2. McDonald Observatory and Conde Echelle Spectrograph
Dr. Trafton performed the observations from at this telescope, and provided me
with reduced data and measured equivalent widths. A typical spectrum is plotted
in Figure 2-8b. These spectra were reduced using a combination of lunar and
Ganymede spectra, and the equivalent widths were measured by approximating the
absorption feature with a triangle. The equivalent widths are given later in Table 25. His measurements agree fairly well with those obtained with the LPL equipment,
but his errors are larger. The error analysis was not as rigorous as that described
below for the LPL data. The McDonald Observatory results are not used elsewhere
in the dissertation.

2.D.3. Kitt Peak National Observatory and Coude Spectrograph
I undertook these observations, originally intended as my only source of data.

I was assisted by Darrel Willmarth (NOAO) and Roy Tucker (LPL). Preliminary
calculations suggested this setup would be more efficient, so a shorter integration
time was used to gain more spatial resolution. The data acquisition system reduced
the data, provlding extracted one-dimensional spectra. Figure 2-8c shows a sample
spectrum.
This facility did not meet expectations, as evidenced by the spectrum in Figure 2-Sc. The low efficiency of the coude arrangement, the poor performance of the
highest-resolution grating, and the low spectral resolution rendered these data substantially less useful than either the LPL Echelle data or the McDonald Observatory
data.
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The most severe problem turned out to be signal-dependent charge-transfer. efficiency in the Kitt Peak CCD. CCD chips are often subject to a smearing ~f the
signal in the direction of readout, making line shapes asymmetric. In this CCO,
at these exposure levels, the amount of smearing was noticeably worse at low light
levels. As Europa dimmed during an eclipse, the signal level in a constant-time
exposure dropped, and the line shape became distorted. This distortion foiled
any attempt at comparing spectra from mid-eclipse with spectra far from eclipse.
Without this fundamental capability, the data were, for all intents and purposes,
useless. Since higher quality data was obtained with the LPt equipment, I did not
attempt to reduce the data further. It would be possible to avoid this problem in the
future, either by varying the exposure time t~ suit the light level, or by "preftashing"
the CCD with a low light level to ensure good charge-transfer-efficiency.

2.D.4. Quantitative Comparison of Instruments
Figure 2-8 immediately suggests that the LPt spectrograph outperforms the
other instruments, and this section derives a quantitative

m~ru;ure

of the relative

performance of the three setups used. Table 2-2 H:;ts the relevant measurements and
operating parameters of the three sites along with the results of the calculations.
The calculations employ spectra of Europa out of eclipse under good atmospheric
conditions.
It is important to list the simplifying assumptions which have gone into the

following calculations. First and foremost, I assumed that the noise of each spectrum
is determined primarily by photon statistics. In all cases, the signal levels were well
above the detector readout noise, so this assumption is warranted. The signal
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within a given wavelength interval will be proportional to the integration time
and the width of the wavelength interval; the signal-to-noise ratio (SIN) will be
proportional to the square root of these quantities. The calculations also assume
that observing conditions, i.e. the transparency of the atmosphere, the size of the
seeing disk, and Europa's centering on the slit were comparable a.t the three sites.
The compared spectra were all taken during clear weather; only the LPL Echelle
recorded the size of the seeing disk; the value of ""2.3° qualifies as slightly belowaverage for most observatories, but no correction is made. It is unlikely that any of
these effects would alter the derived numbers by more than 50%.
Caution must be applied when comparing the signal-to-noise ratio of different
instruments, and the numbers in Table 2-2 have been adjusted for several factors.
The measured quantity is S/Npix, the signal-to-noise ratio in a typical pixel of the
sample spectra. This was derived from measurements on the ratios of adjacent
spectra at each site; means and standard deviations in these ratio spectra were
measured over hundreds of pixels. The SIN pix of the individual spectra is

J2

larger than the S/Npix of the ratio. Next, it is necessary to correct for the different
dispersion of the spectrographs. SIN pix was therefore rescaled to 21. 7

rnA

pixels

(as used in the LPL instrument). This in effect reduces the SIN of the two coude
spectrographs, since their pixels cover a larger wavelength interval. Finally, the SIN
is corrected for the different integration times, so that

s

S
V4.5min
N norm = N piz
I.T.

21.7mA
disp

gives the SIN normalized to the LPL integra.tion time and dispersion.

2-1
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The resolution-throughput product is a better measure of total spectrograph
performance. (In many cases, resolution and throughput may be interchanged by altering the slit width; the resolution-throughput product remains roughly constant.)
I assume that the throughput is proportional to the signal per unit wavelength,
i.e. the square of the normalized SIN derived above. The quantitative measure of·
resolution (or resolving power) is inversely proportional to the width of the resolution element. Table 2-2 tabulates values of the product normalized to the LPL
spectrograph.
The LPL equipment by this measure outperforms the other instruments by a
wide margin, in spite of the small telescope used. The tabulated number may be
treated as a relative speed in attaining a spectrum of a given SIN, resolution and
dispersion. For example, if the slit of the LPL spectrograph were opened to degrade
the resolution to 115 mA, and the data were binned over 29 mA pixels, the LPL
instrument would achieve a given SIN -30 times faster than McDonald Observatory.
These numbers obviously do not tell the whole story: Table 2-2 indicates that the
Kitt Peak instrument is more powerful than the McDonald facility, but the problems
outlined in §2.D.4 outweigh the numerical approach.
The numbers bear out the eye's qualitative assessment of Figure 2-8. Part of
the large disparity is due to the fact that coude spectrographs as a rule are less
efficient, one major factor being the 3 extra mirrors in the path. The extra mirrors
are likely to be aluminized instead of silvered, so each extra reflection loses of order
20% of the light, for a total light loss of 50%. Other factors include the poor quality
of the 25-year-old grating at I(PNO and the lower quantum efficiency of the Digicon
detector at McDonald Observatory. The remainder of the diff,..rrnce is due to the
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careful design and construction of the LPL echelle spectrograph, detailed above in

§2.C.2.

2.E. Data Reduction
It is clear that the LPL equipment provided much better data, but it carried
the disadvantage that I had to reduce the data myself. This included the hit-andmiss process of determining the optimum reduction procedure, and the interminable
process qf writing a complete software package for the reduction of spatially-resolwd
spectra. Our non-standard hardware and inadequate system support rendered the
task even more difficult. The benefits of standardization in hardware and soft\Yare
cannot be overemphasized. The experience has also shown that the reduction of
two-dimensional data should always be done with image display, even when the
desired pr,oduct is a one-dimensional spectrum. No software matches the ability of
the human eye to critically appraise the (X, Y ,Intensity) coordinate system.
The data were reduced on a VICOM image processing system, running under
the VERSADOS operating system in the early stages of reduction, and under a
UNIX-like system more recently. Approximately 104 lines of FORTRAN-77 code
were written for data reduction and analysis.
The broad category of reductions is divided into three areas: ( 1) instrumental
corrections to remove sensitivity variations and other systematic effects; (2) spectral corrections to remove terrestrial and solar spectral features; (3) extraction of
equivalent widths and other scientifically significant quantities. It is amusing to
note that the most interesting photons in these eclipse spectra are the ones ne\·er
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received: the ones scattered in lo's atmosphere. The entire effort is devoted to
measuring the "hole" that they leave.

2.E.1. Instrumental Corrections
The output from the spectrograph onto the CCD is an image with the spectrum dispersed in the horizontal direction, and the spatial information spanning the
vertical direction. Figure 2-9 shows a sample corrected image containing spectra of
10 and Europa. Each horizontal row contains a spectrum from a given point on the

slit, and each vertical column contains an image of the slit at a given wavelength.
(In the raw data, lines of constant wavelength are tilted ",45 0 from the vertical, an
artifact of the unusual grating and mounting used. This tilt can be easily removed.)
The first operation applied to the exposures of interest is background subtraction. The background level is determined by the bias voltage applied to the CCD,
which varies slightly with time. The averaged bias frame is scaled by a number near
unity to match the data frame, then subtracted. This same operation is applied to
averaged flat-field exposures of the dome, giving a frame whose brightness variations
map the changing sensitivity and illumination across the CCD. Dividing the data
by this frame (normalized to unity) yields an image which accurately represents
the spectrum free of instrumental effects. About ten randomly spaced columns on
the CCD are defective in each image, giving rise to bright or dark vertical stripes
through the data. These are removed by interpolating between adjacent unaffected
pixels. The tilt of spectral lines is removed by shearing the frame at a 45° angle.
Identical corrections are applied to all data frames.
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Figure 2-9. CCD Spectrum of 10 and Europa in Eclipse.
The photograph which follows is a spatially-resolved spectrum of 10 and Europa
during Eclipse 2. Spectral information is spread in the horizontal direction (..\
increasing the right) and the spectral dimension is vertical (west up). Note the
broad Fraunhofer lines and the narrow water absorptions in each spectrum. The
Europa absorption and the 10 emission each appear clearly to the right of their
respective Fraunhofer lines. The photons intercepted by 10 and re-emitted there
are exactly those lacking from Europa's spectrum.
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All the spectra from Eclipse 4 suffer from an unusual and irreproducible mottling at the 10% level, which unfortunately is not the same in the flat fields as in the
data. The data are therefore not flat-field corrected at this stage. The subsequent
reduction of this data set is described further in §2.E.2.

CCD spectra are especially powerful when both spatial and spectral information are desired, as in the emission part of this study. For the absorption study,
however, there is no real spatial information in a single Europa frame. The next
step therefore is to collapse the two-dimensional CCD frames down to a simple
linear array containing the spectrum of the object of interest.

If the CCD were an ideal noiseless detector, we would simply coadd adjacent
rows at Europa's position to obtain a one-dimensional spectral array. However,
rows away from the center of the spatial profile have lower light levels, and the
readout noise is relatively more important. The coaddition was therefore weighted
according to the expected signal-to-noise ratio of each individual row, i.e.

s
N

detected photons

--r======================~
detected photons readout noise 2

.j

+

2-2

Use of this algorithm not only extracts the highest achievable signal-to-noise ratio,
but also avoids the highly subjective manual placement of coaddition limits. The
unequal weighting gives a result in adjusted units which no longer are meaningful.
The data have therefore been rescaled to "virtual photons": the number of photons
an ideal detector would have to receive in order the achieve the same final signalto-noise ratio. The "optimized coaddition" algorithm is applied to Europa data,

75

the support satellite and stellar observations. Figure 2-10a shows a sample Europa
spectrum extracted in this manner.

2.E.2. Spectral Corrections
The next task is to remove the spectral signatures of atoms and molecules in
the atmospheres of the Earth and the sun. The primary telluric contaminant is
water, which absorbs over narrow bands at many places over my spectral range.
The dominant solar features are the broad Fraunhofer lines from sodium in the sun.
In general these two effects are very difficult to correct because they must
be dealt with separately. The "science" spectrum must be corrected for water
absorptions at a certain airmass, and solar features at a certain Doppler shift. Both
of these variables may change noticeably during a series of exposures. No solar
system object will have both the right velocity and airmass, and no extrasolar
object will have exactly the right spectral shape or Doppler shift.
The problem becomes tractable by breaking it into two parts: a solar spectrum
and a water spectrum, which can be arbitrarily shifted and combined. A pure
water spectrum can be obtained by observing an extrasolar object with virtually
no spectral features of its own. One class of objects which meets this criterion is
rapidly-rotating B stars, suggested to me by Dr. Caty Pilachowski of NOAO. If

V sin(i) exceeds 100-150 km sec-I, the intrinsic spectral features are sufficiently
blurred to become undetectable. Figure 2-10a shows a typical B star spectrum.
If a star of this type is monitored through the same range of airmasses as the 10
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(e)

5S90

5S9S

Figure 2-10. Spectral Correction of Eclipse Spectrum.
(a) The solid line shows Europa spectrum 85h106 after collapse to one dimension,
and the dotted line shows the spectrum of ( Aquilae corrected for airmass. (b)
The solid line displays the ratio of the two spectra in the top panel, revealing the
residual solar spectrum and 10 absorption. The dotted line is spectrum 85hl12, far
from eclipse. Note the excellent agreement everywhere, including the bottom of the
Fraunhofer lines. (c) displays the ratio of the two spectra in (b). The noise at the
position of the Fraunhofer minima is expected; the signal level there is about. an
order of magnitude less than at the 10 features.
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observations, it can be used to remove the effect of the Earth's atmosphere from
the series of spectra.
This correction worked quite well with properly selected stars, but I caution
other observers using this method to avoid the following mistake. Both the Bstar spectrum and the interstellar medium must be free of spectral features for this
method to work. I discovered after the fact that many stars have significant amounts
of interstellar sodium in their spectra. Table 2-4 lists the presence or absence of
interstellar sodium in several B stars. The uncontaminated stars appear to be
closer and without unusual addenda to their spectral type. In general I recommend
obtaining sample stellar spectra in advance to determine if there will be a problem.
I used the stellar spectra of eclipse 2 to reduce the data from eclipses 3 and 5, which
suffered from contaminated stellar spectra, and eclipse 1, when no stellar spectra
were obtained. Eclipse 4, as explained in the previous section, had its mercifully
small water absorptions removed by alternate means.
In practice, the optical depth of water in stellar exposures rarely matches the
Europa value exactly, and the stellar spectrum must be slightly adjusted to achieve
an adequate correction. If the stellar and Europa spectra (normalized to intensity 10
in the continuum) had H20 optical depth values of 1"s and

1"E,

then the intensities

at a given A in the spectra will be

2-3

2-4
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Table 2-4. Sodium Contamination of B-Star Spectra

Uncontaminated Stars
Name

R.A.

Dec

mv

Spectral Type

Distance (pc )1

, Aql

1904

+14

2.99

B9V

32

A Aql

1906

-5

3.44

B8.5V

<30

a Lac

2231

+50

3.77

A2V

30

a Peg

2304

+15

2.49

B9V

31

Contaminated Stars
Name

R.A.

Dec

mv

Spectral Type

Distance (pc)1

"'(Cas

056

+61

2.47

BOIVe

240

TJ

Tau

0327

+24

2.87

B7III

73

€

Per

0357

+40

2.89

BO.5V

>32

6 Cyg

1944

+45

2.87

AOIII

49

Del

2039

+16

3.77

B9V

52

o And

2301

+42

3.62

B6p

>35

a

Ifrom Hirshfeld and Sinnot 1982.

79
From here it is straightforward to derive

2-5

which states that a spectrum of different optical depth can be simulated by raising
the original spectrum to the power of the ratio of the optical depths. This assumes
that the water lines are resolved by our instrument. This is not strictly true, but
test corrections on other B star spectra revealed no problems with the method.
All of the satellite exposures are corrected as described above. Figure 2-10
displays the process. The collapsed eclipse spectrum is first divided by the corrected
B-star spectrum, to a give the spectrum as it would have appeared above the Earth's
atmosphere. This operation is also applied to a satellite exposure far from eclipse,
to give a "reference solar spectrum" (Figure 2-lOb). The eclipse spectrum is then
divided by the reference solar spectrum corrected for Doppler shift and spectrograph
flexure. The result is a spectrum showing only sodium absorption, and unavoidable
artifacts from the division process near the minima of the Fraunhofer lines (Figure 210c). For some spectra it was necessary to add or subtract a small constant, less
than 5% of the continuum, when inadequate background subtraction left unusually
large artifacts near the solar features.
Eclipse 4 suffered from unusual variations in the flatfield which were unlike the
variation in the data, and therefore required separate data processing. The mottling
was, however, apparently constant during the course of the eclipse. Due to a remarkable stroke of good luck, a long Europa reference exposure before eclipse was very
poorly guided on the slit, covering a wide region which encompassed almost all the
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positions of the following exposures. Since the eclipse series lasted only 25 minutes,
neither the water vapor content, the Doppler shifts nor the flexure changed appreciably. I therefore used this image, augmented by two other low-sodium exposures
to simultaneously correct for the unexplained sensitivity variations, telluric water
contamination and solar absorptions. To correctly remove the unusual sensitivity
variations, I imposed the spatial profile of each eclipse spectrum onto the reference
Europa spectrum frame. This frame was then collapsed to make a one-dimensional
reference spectrum (appropriate only for that spatial profile.) This spectrum was
divided into the individual eclipse spectra to yield results akin to Figure 2-10c. The
signal-to-noise ratio suffered, since flatfield frames normally have far higher signal
levels than Europa exposures, but the final product. was satisfactory.

2.E.3. Calibrations

Determination of Spectral Resolution and Dispersion
On each night, spectra of a thorium-argon hollow cathode lamp were taken at
approximately hourly intervals. The true width of the individual thorium and argon
emission lines is much narrower than our resolution, so the observed line shape is a
good representation of the instrumental profile. The recorded thorium-argon lines
are approximately Gaussian, and the full-width half-maxima are listed for each
night in Table 2-3. Figure 2-11 displays a typical spectrum.
The wavelength calibration is performed by determining a least-squares polynomial fit to wavelength-pixel pairs for identified lines in the spectrum. As shown
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85h035

Figure 2-11. Thorium-Argon Wavelength Calibration Spectrum.
The emission lines from the thorium-argon lamp in the region of the D-lines are
identified by element and ionization state, and the most accurate air wavelength
of the lines are given. The eight lines marked '*' were used in the wavelength
calibration and rectification of the Mt. Bigelow data. The wavelength values for
thorium were taken from Palmer and Engleman (1983), for argon from Norlen
(1973), and for sodium from Juncar et al. (1981).
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in Figure 2-11, lines from singly-ionized and neutral thorium, neutral argon and
neutral sodium (a contaminant) appeared in the spectrum. Wavelengths for each
species were unfortunately determined by different methods and authors: Palmer
and Engleman (1983) used a Fourier-transform interferometer to measure thoritun
lines from a thorium-neon hollow cathode tube, Norlen (1973) determined argon
wavelengths with a Fabry-Perot interferometer and a water-cooled hollow cathode
lamp, and Juncar et al. (1981) measured the sodium lines to very high precision
using a tunable dye laser technique.
The thorium lines proved most reliable, giving residuals from a quadratic fit of
"",2

rnA

(about 0.1 pixel, or 0.1 km sec-I). The one argon line showed a systematic

deviation of about 5

rnA

from this fit, so it was rejected in the fitting procedure.

The sodium lines were even more curious, matching the thorium fit well on all
but one of the nights. On the night of 27 August, the sodium lines were both
offset by about 5

rnA

from the fit, and they too were rejected. Palmer (personal

communication) has suggested that these differences are due to the type of light
source and the instrumentation used in the wavelength determinations. In fact,
Palmer and Engleman (1983) show unidentified lines at the D-line wavelengths
which differ by 3

rnA

from Juncar et al., far outside the stated errors of both

groups. Thus, although the internal accuracy of the fitting procedure is "",2

rnA,

the ability of the fit to predict the wavelengths of species other than thorium may
be only 1"V5 rnA (about 0.25 pixel, or 0.25 km sec-I). I adopt the latter, larger value
as the accuracy of my wavelength determination. This type of discrepancy must
be addressed before more accurate absolute velocity measurements can be made of
sodium around 10 or elsewhere.

83
The wavelength solution derived from the thorium-argon spectrum was applied to the data, and the spectrum was rebinned at a constant dispersion of
21.7

rnA pix-I.

Removal of Flexure
The exact location on the CCD of a fixed wavelength from a fixed point on
the slit varied slightly with time, primarily due to the changing orientation of the
telescope and spectrograph as the observed objects moved across the sky. The magnitude of this flexure is of order 1-2 pixels per hour, or 15-30Jlm/hour. The component of this motion in the spatial dimension of the CCD was negligible, amounting
at most to 0.3 0 /hour. The spectral component, however, required painstaking attention to correctly align spectra before division, etc. An incorrect alignment of
spectra before division manifests itself as a large-amplitude """"-shaped artifact
at each spectral feature. Spectra were shifted by 0.1 pixel increments until these
artifacts were minimized. The overall accuracy of the technique is ",,0.2 pixels, comparable to the absolute wavelength positioning error. The shifting algorithm used
a damped sinc function, as described by Buie (1984).
This shift-optimization technique was applied first in the removal of water absorptions, and again in the removal of the Doppler-shifted solar features. The shift
values used in the water-spectrum shifts were used to map out the systematic flexure behavior of the spectrograph. The solar-spectrum shifts tracked the changing
Doppler shifts of the Galilean satellites during the course of the night with a relative
accuracy of 200 m sec -1.
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2.E.4. Equivalent Width Measurements
Equivalent width is defined as the integral over the normalized spectrum of the
difference between the interpolated continuum and the absorption feature. It is the
width of the completely black absorption feature whose area matches the observed
line. The result is in units of wavelength, in this case

rnA.

I evaluate the equivalent widths in two ways. In method 1, I select two points on
either side of the absorption feature, and connect them with a line which defines the
best estimate of the continuum flux in that region. A computer program sums, pixelby-pixel, the depth of the absorption feature relative to the interpolated continuum.
Algebraically,

W( observed)

=

A \
L..lA

~ Id(A) - fiCA)

LJ
.
z

where ~A is the width of a pixel in

rnA.

1cz'(A)

2-6

I repeated this operation three times

choosing different but reasonable continuum levels.
The second method employs a four-parameter Gaussian fit to the absorption
line, finding the line center, line depth, full-width-half-maximum, and continuum
level. The Gaussian fits are in general excellent matches to the line shape. The
equivalent width can readily be calculated from the depth, width and continuum.
Several fits were performed, changing only the outer limits of the fitting region.
The mean W is determined from three measurements of type 1 (manual selection of
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continuum points) and two measures of type 2 (Gaussian line shape fitting). These
values are listed in Table 2-5.
Error determination in equivalent width measurements is not straightforward.
The primary source of error is not how accurately the equivalent width of the
individual spectrum can be measured, but how accurately that spectrum represents
the absorption feature and adjacent continuum. Photon statistics plays a role,
but the subjective placement of the continuum introduces the largest error. This
involves decisions about the statistical and physical significance of nearby bumps
and dips left by the various reduction procedures. This data set is particularly prone
to such spurious features due to the division operations described in §2.E.2. In
other data, where the continuum shape is purely determined by random statistics,
error determination is more objective. For the data presented here, errors were
determined by a combination of three methods.
The first and most obvious error measure is simply the scatter in repeated
measurements of the same spectrum. The measurement scatter (denoted

~ Wscat)

of the five measurements was fairly small, typically less than 2 mA even for large TV
measurements. The fact that two fairly independent methods produced such a small
standard deviation adds a measure of objectivity to the results. Despite its apparent
statistical basis, this method of error determination (although common) is nothing
more than the direct mapping of subjective limits on "reasonable" continuum levels.
Errors determined in this fashion are conceptually different from errors derived from
the scatter in repeated independent observations. Therefore, the equivalent width
errors derived from measurement scatter were checked by two other means.
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Table 2-5. Summary of Eclipse Observations

Ecl~se 1
27 ug 85
Europa

Ecllfese 2
14 ept 85
Europa

Spectrum
ID
85g179
85g181
85g185
85g188
85g192
85g193
85g196

ilEI~
85 106

85h107
85h108
85h109

~ggHg

Ecllfese 3
15 ept 85
Ganymede

Ecl~se 4
21 ept 85
Europa

Ecl~se 5

23 ept 85
Ganymede

i5~153
5 154

1

06: 5:45
06:23:38
06:58:03
07:14:03
07:52:40
08:06:17
08:30:29

82~Y8j~
~:15:2

03:20:33
03:25:34
03:30:42
03:35:53
8~:44:18

:55:44

8~~~~~~~

5 155
85h157
85h159

4: 4:0
04:53:56
05:19:19
85:~S:57
6: :31

85h287

05:52:34
85:55:10
5:8 7:47
6: 0:23
06:02:57
06:05:31

ggClg~

ii~~S8
85h291

85h292
293
g5C
5 294
85h295

rr

5 442
5 443
5 444
85h445
85h446

~gC4U
~gC4~8

J!ln15892
pln15893-8
14 ept 85 J!ln15899
Europa
pln15900
pln15901
(Trafton)
pln15902
pln15903
Ecl~se 2

U.T.
Mid~int

8g;~S;~~

06:14:59

Exposure
(minutes)
5.5
10.0
10.0
10.0
10.0
15.0
15.0
10.0
844.5
.5
04.5
04.5
04.5
04.5

18:8

~8:8

20.0
20.0
28. 0
2 .0
02.0
818
02.0
02.0

8~:8

02.0

~I~i~~~~
:5 :54
~U
03:55:41
02.0

03:58:44
84:81:~7
4: 4: 4
84:07:12
4:10:01
05:21:30
05:58:00
06:36:41
06:47:46
06:59:23
07:13:05
07:26:36

02.0
822.0
.0

8~:8

09.0
61.0
lOA

10.0
11.0
14.0
13.0

2

Wil
v::A~ 4Jj±~.5
(
61.8± .9
55.2±3.7 38.3±2.1

32.1±3.5
19.2±3.1
08.3±4.1
07.3±3.1
01.9±1.9

17.3±1.7
0704±1.5
03.1±1.5
OO.O±O.O
OO.O±O.O

gj:8
t l:8
42. ±2.5

g1.8±0.9
9. ±1.5
5.1±1.6
59.7±2.1
50.5±2.0
22.0±1.6
0604±1.5

74.1±2.7
71.8±2.7
36.7±2.2
16.8±2.0
8~·8±1.5
.5±1.5

84.~±1.5

2. ±1.1
~5.0±1.5 82.5±1.5
S·7±1.5
1.~±1.5
.8±1.5
6. ±1.5
18.8±1.6 08.0±1.5
23.8±1.7 14.2±2.6
Ig.I±1.5
olS·1±1.5
.6±2.5 o o4±1.5
16.1±4.4 1O.5±4.0
3 04±4.1 14.1±4.0
4 .g±4.4 30.1±4.1
68. ±4.3 41.7±4.1
74.9±13 84.6±12
81.4±8.2 57.1±4.2
48.3±4.2 32.6±4.1
29.1±4.1 16.5±4.1
0904±7.2 04.2±3.1

81.~±1.5
~1·I±2.5
4. ±1.5
. ±2.~

. ±2.
1 .8±2.
40.3±1.8
31.5±1.7
13.6±2.8
06.2±1.5
3.7±1.3
84.3±4.
49.6±6.0
58.7±4.0
52.2±6.0
44.8±6.0
37.0±6.0
31.1±6.0
22.8±6.0

~. ±2.5
1 .0±1.5
23.8±2.5
23.8±1.6
7.2±1.5
5.2±1.5
02·8±2.5
00. ±O.O
32.2±4.0
37.9±3.2
29.2±4.0
21.9±4.0
17.8±4.0
14.7±4.0
1O.8±4.0

8

Impact
Param~W
1.89± .
2.01±Oo44
3.00±0.46
~.85±Oo47

6.98±0.53
8044±0.66
llo48±0.74

~o4~±8·91
.j ± .59

.5± .55
1.35±0.25
1.59±0.38
2.77±0.60
4.36±0.61
7.05±1.04
10.85±1.0S
8.72±1.8 1
6.37±8. 1
4.71± .S3
304O±0.76
3.05±0.74
3.79±0.77
4.84±0.82
3.75±Oo49
2·S4±0.51
1.
1048±8047
± .27
1.17±0.12
1.46±0.29
2·8S±OA9
3. ±0.51
4.59±0.52
10.15~0.87

6'S9± .~6
3' 7± . 7
.57±0.84
2.57±0.74
2.52±0.73

Quadrant l

Ot

OL
OL
OL
OL
OL
OL
I
I
I
I
0
0

§

sf
OT
OT

8t
I
I
I
I
0
I

80
IL
IL
IL
IL
IL
OT

5.10±0. 5
6.74±8·SS
8046± .

3.62±0.~3

8t
8t

2.20±0.60
1.97±0.60
2.25±0.60
2.58±0.60
3.05±0.60
3.78±0.70
4.68±0.70

OL
OL
OL
OL
OL
OL
OL

Quadrant abbreviations (Le. OL=Outer, Leading) are defined in Figure 2-4.
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The second method of error determination is to measure the difference (denoted
.6W ±) between the mean W and the absolute maximum and minimum values of W
permitted by the line shape. This is again a subjective measurement, but in this
case, subjective measurements of several-O' levels are probably better than attempts
at 1-0' levels. The deviations measured in this fashion varied widely from spectrum
to spectrum, but were typically .6 W ±.$ 4mA.
As a final method of noise estimation, I measured the maximum "imaginary"
equivalents widths (denoted .6 Wim) of the largest spurious features in the nearby
(supposedly) featureless spectrum. This involved placing the continuum limits at
the top of the highest adjacent noise-peaks in the spectrum and evaluating .6 Wim
between. The wavelength intervals were typically greater than those used in measuring the actual absorption features. The mean worst-case .6 Wim on the LPL
Echelle data was ...... 3.5 rnA. (Eclipse 4 data carried a worst-case .6 Wim closer to
8 rnA.) This value is very much larger than the expected error in the equivalent
width measurements because (1) the worst feature over a ...... IOO-pixel range wa.s
selected and (2) the least favorable continuum level was chosen. It is difficult to
quantify, but these two effects render the measurement a many-O' event. In other
words, the actual error in an equivalent width measurement at a predetermined
location using reasonable continuum levels would be smaller by a factor of several.
In the end, error bars were assigned on a spectrum-by-spectrum basis through a
synthesis of the above error estimates. If .6W± and .6Wim were only slightly larger
than .6 Wscat, then .6 Wscat was assumed to be a good measure of the total error.
On the other hand, values of .6 Wim or .6 W ± much larger than .6 Wscat indicated a
poorly-defined continuum. In these cases, the final error bar was adjusted upward
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to be -half of

~Wim

or

~W±.

The errors remain somewhat subjective, but with

a broader basis for judgment. I treat them as 1-0" error bars but they are probably
more conservative. Errors for Eclipse 4 are substantially larger and less reliable
than for other eclipses. Table 2-5 gives the final results.

2.F. Satellite Ephemeris Inversion
The previous section allowed us to assign an equivalent width to each spectrum,
and the next task is to determine the location of that column. Both sets of authors
on the eclipse prediction papers (Franklin and Aksnes, 1984; Arlot, 1984) have
developed ephemeris software, but they are in part dependent on the computer
code of Dr. J.H. Lieske of the Jet Propulsion Lab. I therefore turned to him for
calculations of satellite positions during eclipses. (Figures 2-4a to 2-4e show the
Jovicentric and Iocentric satellite positions based on his calculations.) According
to Lieske (personal communication), the error ellipsoid surrounding each satellite is
less than

± 100 km (0.06

flo)

in the direction of the satellite orbit, and less than 50

km (0.03 rIo) in the two perpendicular directions. These errors are much smaller
than other factors determining the spatial resolution, and I have ignored them.
The spatial resolution of the observations is limited by the three quantities dis,

cussed in §2.B.2: the size of the eclipsed body's disk, its motion during an exposure,
and the penumbral broadening of Io's shadow. In the following discussion, I will
assume that lo's atmosphere is spherically symmetric, making 'distance from lo's
center' the only variable tabulated in the distribution. Figure 2-12 shows typical
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distributions for each of these functions, and their combined convolution. Note that
the satellite motion and the size of Europa's disk dominate the final distribution.
A simple eclipse simulation program was used to determine the approximate
spatial resolution element of each observation. Europa (or Ganymede, for eclipses
3 and 5) was broken into 100 km x 100 km squares, each of which reflected solar
radiation equally. At this stage of the calculation, the sun was assumed to be a
point source. If the center of a square lay within lo's shadow, its reflection was set
to zero. At one-minute intervals, the illuminated squares were binned according
to distance from the axis of lo's shadow. The resultant distribution of illuminated
surface area versus radius was convolved with the limb-darkened visible disk of the
sun. The final distribution shows at any given minute the range of light paths
through lo's atmosphere from all parts of the sun to all parts of the eclipsed body.
This distribution is summed over the minutes of observation. When a substantial
fraction of Europa's disk is in shadow, the spatial resolution element may have a
much smaller standard deviation. Typical values of the standard deviation range
from 0.45 flo to 0.8 flo, dependent on the relative satellite speeds, the length of
exposure and the depth of eclipse. Table 2-5 lists the centroid (center-of-light) and
the standard deviation of the spatial distribution of all the eclipse observations.
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Europa's
Disk

Europa's
Motion

Solar
Penumbra

Combined

10 radius

Figure 2-12. Determination of Spatial Resolution Elements.
The top panel shows the three major contributors to the spatial resolution element
for a typical exposure during Eclipse 2. From left to right: the size of Europa's
fully illuminated disk; its motion during a 4.5 minute exposure; the penumbral
broadening. The bottom panel shows the convolution of all three. The effective
standard deviation of the composite profile is 0.6 rIo, so the resolution element is
therefore ",1.2 rIo across in this example.
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CHAPTER 3

SODIUM EMISSION OBSERVATIONS

3.A. Purpose of Observations
The six years after the discovery of lo's sodium emission saw a flurry of highresolution spectroscopic observations, but the past six have seen remarkably few.
Advances in instrumentation have made these observations easier and more powerful. This section of the dissertation describes the observations and interesting
results obtained from a small number of emission spectra; the results of an extended systematic program would provide far more information about lo's sodium
cloud.
The observations serve three main purposes: (1) extension of the sodium density
profile to large distances, (2) determination of the limitations of near-Io emission
spectra, and (3) comparison of results with previous work.

3.B. Observational Method
Unlike the eclipse program, the emission program requires no special geometry.
The emission cloud is always observable as long as 10 is not in front of (or behind)
Jupiter's disk. The resonant scattering mechanism causes the cloud to dim when
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its solar Doppler shift decreases away from elongation, but observations at these
locations are still possible and indeed necessary for good coverage.

3.C. Instrumentation
The instrumentation necessary for emission studies resembles that used for the
eclipse program. Large telescopes are not strictly required, since the emission comes
from an extended region instead of a point source: the signal level per pixel does
not increase with increasing telescope size. The plate scale (arcseconds mm -1 )
decreases with aperture, so the cloud covers a greater physical length at the slit,
but

thi~

advantage is not large. The emission observations require a spectral res-

olution element of ;S 100

rnA.

Spatial resolution and coverage are the dominant

consideration as the cloud extends over tens of arcseconds. Spectrographs with
two-dimensional detectors enjoy the same advantage over those with linear arrays
that the latter instruments have over scanning spectrometers. The LPL echelle
spectrograph, with a two-dimensional CCD camera and excellent reimaging of the
slit was well suited to the observations.

3.D. Data Taken
All the emission spectra were obtained by the LPL echelle spectrograph during
the 10 eclipse observing runs. Since the primary purpose of these runs was the
acquisition of the eclipse spectra, the emission spectra are not extensive or systematically spaced. In general, only one or two good spectra were obtained each
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night. Table 3-1 describes the data. Additional information about the spectrograph
settings is listed in Table 2-3.
The emission spectra fall into two categories: dedicated and "no-cost". For
the dedicated observations, the spectrograph slit was centered on 10 and oriented
parallel to the satellite orbital plane. For no-cost exposures, Europa (or Ganymede)
was the primary target but 10 was within 10 of the slit. The slit measured approximately 0.05 x10 mm (0.5 x100o, or 0.8 x170 flo). The slit width was changed by
small amounts from night to night. The spatial resolution, given in Table 2-3, is
determined by atmospheric seeing conditions and guiding accuracy.
Figure 2-9 shows a typical CCD spectrum of both 10 and Europa. The emission
can be seen extending well away from 10 itself. Figure 3-1 shows the spectral profile
obtained from lo's position in a similar spectrum.

3.E. Reduction
The image processing procedure for this data resembles that for the eclipse data,
except that the emission spectra are not collapsed to I-dimensional stripouts. Bias
subtraction and flat-fielding are performed identically. Cosmic ray hits are removed
manually. The entire image is then rectified, removing the variation in dispersion
in the horizontal and vertical directions. This is performed by a pixel-by-pixel
interpolation and reb inning of the entire frame according to a second-order function
of horizontal and vertical pixel values. Small misalignments in the spatial dimension
are removed by a linear fractional-pixel shear. The resulting frame is accurate in
both dimensions over the entire image to ",,0.1 pixels (",2

rnA, 0.1

km sec- l in the

dispersion direction, ",0.5 pixels (0.1 0 ) in the spatial dimension) with a linear
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Table 3-1. 10 Emission Observations

Exp.
Exp.
Magnetic Peak D2/D1
Orbital
Midpoint Time Longitude Longitude D2kR Rati03

Spectrum
ID

U.T.
(1985)

85g188

27 Aug

7:14

10

61°

30°

27.4

1.38

85g196

27 Aug

8:30

15

72°

65°

20.0

1.21

85h032*

13 Sept

6:41

,<: 10

277°

194°

48.6?1

1.37

85h102

14 Sept

2:45

10

87°

32°

27.0

1.63

85h106

14 Sept

3:20

4.5

92°

48°

85h1l3*

14 Sept

4:16

6

100°

74°

> 232

1.58

85h152*

15 Sept

3:16

10

297°

358°

25.3

1.50

85h433*

23 Sept

2:30

10

117°

268°

27.9

1.32

85h436*

23 Sept

3:01

5

122°

282°

30.2

1.48

85h457*

23 Sept

5:34

10

143°

353°

24.0

1.32

* indicates a dedicated 10 exposure
1 Exposure time is uncertain due to computer failure, so this brightness measurement is unreliable.
2 measurement taken '" 1 rIo from center
3

not corrected for unequal 'Y factors.
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85h457

5890A

5B96A

Figure 3-1. Typical Emission Spectrum
A one-dimensional spectrum has been extracted from frame 85h457 at lo's position.
The emission and continuum radiation come from different locations on the sky,
but are merged due to atmospheric blurring. At the time of this exposure, 10 was
approaching the Sun at ",,11 km sec-Ii the continuum is doubly Doppler shifted to
the blue, while the emission is singly shifted to the blue. The entire spectrum is
subsequently red shifted by about 18 km sec- I due to the Earth-Jupiter motion. For
best scientific results, the entire continuum including water lines must be removed.
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scale in both axes. A possible error of up to 5

rnA

is carried over from the

absolute wavelength calibration (discussed in §2.E.3.). The support data used in
the following section must also undergo rectification.

3.E.1. Spectral corrections
The emission image, as shown in the top of Figure 2-9, is treated as a stack
of separate one-dimensional spectra. Two effects need to be removed: (1) the
reflected continuum from 10 (including water absorptions) must be subtracted, and
on occasion (2) the reduced transmission at the water lines must be accounted for.
The 10 reflected continuum (see Figure 3-1) is modelled from the product of
out-of-eclipse Europa spectra (with water absorptions removed) and B-star spectra.
The solar spectrum Doppler shift, water content and water spectrum flexure shift
are determined by iteration. The 10 continuum reflectance (with appropriate water
absorptions) is scaled and subtracted row by row from the image. Figure 3-2 shows
an emission image before and after continuum subtraction. Careful attention is
required in the removal of the solar spectrum: small errors in the shift create large
features near the bottom of the deep Fraunhofer lines which could be mistaken for
high-velocity wings. The LPL data record a ",lOA block of spectrum with several
solar features and many small water absorptions, so a very good determination of
the shifts is possible. The excellent noise characteristics displayed in Figure 3-2
attest to the strength of the method. The sodium line profiles extracted from this
data are significantly more reliable than those obtained previously (e.g., Trafton and
Macy, 1977), with only ",lA of coverage and no means of accounting for telluric
absorptions.
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85h457

>-

·enc
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Figure 3-2.

R~duction

of a CCD Emission Spectrum.

The upper left portion of the figure shows an isometric plot of the reduced emission
frame including lo's continuum. The wavelength and spatial dimensions are marked.
Through painstaking combination of Europa and B-star spectra (see Figure 2-9),
the continuum with its concomitant water lines is subtracted to give the lower right
frame. The solid line shows where the two frames are spliced .

..

98

The sodium emission features never appeared exactly at the location of water
absorptions. In some spectra, water absorptions cut into the wings of emission
lines. In these cases, small corrections of order 10% were applied to the measured
brightness of the lines.

3.E.2. Calibrations
The absolute wavelength calibration for emission measurements is identical to
the procedure outlined in §2.E.3.

The relative velocity calibration is discussed

further in §7.B.1.
In order to interpret the emission spectra, it is necessary to determine the position with respect to 10 from which the photons were emitted. The spatial scale,
which converts CCD pixels in the spatial dimension to rIo, is determined by measuring the spacing of the satellite continuum spectra. Most CCD frames included
two satellites (e.g. Figure 2-9). The separation can be measured to a fraction of
an arcsecond, and the true separation in kilometers is given in the ephemeris calculations provided by Lieske. The result (in several units) is about 484 km pixel-I,

0.267 TIo pixel-I, or 0.16 0 pixel-I. This corresponds well to the value calculated
from the plate scale calculated from telescope parameters. The calculation includes
the ",,5% compression of the spatial scale from the rotation of the spectrograph
entrance slit.
Each spectrum also contains information on the combined seeing-guiding profile.
The spatial profiles of the satellites are approximately Ganssian, with a typical
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full-width-half-maximum of 2.5 0 • Typical values for each night are tabulated in
Table 2-3.
Absolute intensity calibration is performed by comparing the emission spectra
to the disk of Jupiter. The center of Jupiter's disk is assumed to have a surface brightness of 5.5 MegaRayleighs per Angstrom (MR A-I). See Brown and
Schneider (1981) for a discussion. The instrumental sensitivity is determined by
interpolating between the count rates of Jupiter spectra which bracket the emission
exposure. 1 estimate the accuracy of this method to be

± 20%, based on the scat-

ter of measurements on a given night, and the repeatability of measurements over
several nights under similar conditions. More accurate calibration is possible, but
it would have required significantly more Jupiter spectra than could realistically be
combined with the eclipse observations.

3.E.3. Surface Brightness and Line Shape Measurements
Each reduced CCD frame (with continuum subtracted) is divided into spatial
ranges and the rows within each range are added together. The range of coaddition
is 4 pixels (IV 1 rIo) near 10 and as much as 40 pixels (I'V lOrI 0) far from 10. The
resulting one-dimensional spectra are automatically analyzed for surface brightness,
line position, and line width for both the D1 and D2lines. This is accomplished with
the Gaussian fitting routine GRIDLS from Bevington (1961). The fitting routine
is most sensitive to the narrow emission peaks as shown in Figure 3-2. Very broad
and fiat, high-velocity components go unmeasured by this technique.
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The peak emission rates and the D2/Dl line ratio for each spectrum are listed
in Table 3-1. It is assumed that the largest error arises from the absolute intensity
calibration, so a formal error analysis is not performed.
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CHAPTER 4

FAST SODIUM OBSERVATIONS

4.A. Purpose of Observations
A number of observations have indicated that neutral sodium is being ejected
from the Jupiter system at high velocities, comparable to the 57 km sec- I speed of
the corotating magnetospheric ions. Brown and Schneider (1981) observed atoms at
speeds up to 100 km sec- I at a distance of 10 Rj from Jupiter, apparently ejected
from lo's vicinity when the plasma centrifugal equator passed through the near-lo
cloud. They concluded that the observed rates could be supplied by either charge
exchange or elastic collisions between ions and neutrals. Further work on elastic
collisions by Sieveka and Johnson (1984) pointed out that the relative cross section
for high-momentum transfers had been overestimated, leaving charge exchange as
the probable explanation.
Pilcher et al. (1984) discovered neutral "directional features" extending outward
from the near-lo cloud. Figure 4-1 shows a typical image. The authors used the
north/south asymmetry of the features to determined sodium was being ejected
from 10 roughly perpendicular to the plasma flow at 1"V20 km sec-I. The companion
paper by Sieveka and Johnson (1984) noted that perpendicular velocities were the
most probable outcome of elastic collisions, and that 20 km sec- I was a typical
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Figure 4-1. Directional Feature Image.
(From Pilcher et al., 1984) The southward extension of the sodium cloud outside
lo's orbit led Pilcher et al. to investigate a source of medium-speed sodium ejected
perpendicular to lo's motion. Their results inspired the spectroscopic measurements
discussed in this chapter. The northward tilt of the sodium leading 10 was not
addressed by Pilcher et al., but may be similar to the forward-directed fast sodium
jets discussed in Chapters 7 and 8.
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value. The observed north/south variation was attributed to changing ionization
lifetime caused by the motion of the tilted plasma torus.
1 decided to explore the sideways-directed "directional features" spectroscopically to determine the velocity distribution more accurately, in hopes it would reveal
more of the ejection mechanism. The focus of the research was shifted when the
spectra revealed large amounts of fast (30 to 100 km sec-I) sodium ejected forward
from 10. Observations of the spatial and velocity distributions of fast sodium would
allow new measurements of the sodium escape rate.
Trauger (1984b, 1985) has also studied the fast sodium phenomenon. He has
obtained velocity-resolved images of the entire near-Io region (excepting a 2i'i occulting square blocking 10). These images show fascinating structure, in particular
the presence of narrow jets at relatively high velocities. His preliminary results will
be discussed further in Chapters 7 and 8.

4.B. Observational Method
1 used contour plots of the Pilcher data (e.g. Figure 4-1), to choose a diagnostic
region for spectroscopic observations. The desired results from the spectra were
(1) a good measure of the velocity profile of the transient features, and (2) an
estimate of the displacement north or south of the orbital plane. 1 selected an
east/west offset of ",0.67 Rj (",25 rIo) from 10. The fraction of sodium involved in
the transient feature was apparently significant at this location, and the intensity
would be sufficient for adequate quality of data. The 0.67 Rj offset provided an
adequate baseline for measuring small out-of-plane tilts of the features. 1 undertook
a short observing program in 1984 to probe this region.
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4.C. Instrumentation
These observations used the same LPL echelle spectrograph described above,
on a different telescope with a different detector. The 0.6 m Whipple Observatory telescope on Mt. Hopkins, operated by the Harvard-Smithsonian Center for
Astrophysics, was chosen for the willingness of the institution to maintain a clean
telescope. (Scattered light from Jupiter, caused primarily by dirty telescope mirrors
is a chronic problem for Io-related studies.) In spite of its small size, it is a very
sturdy telescope with a sophisticated control system. Its scatt.ered light behavior
was poorer than expected, as described later.
The approximate surface brightness of high-speed sodium at the selected distance is only several hundred Rayleighs, spread over tens of kilometers sec-I. The
driving consideration for detector choice was sensitivity. Scattered light contamination turns out to be equally important; the surface brightness of the background
limits detectability as well.
I used an Intensified CCD camera system (ICCD) developed by Dr. Lyle Broadfoot, now at the Lunar and Planetary Lab. Mark Hunten performed most of the
detector design, and Doug Rautenkrantz and Donald M. Hunten developed the computer control. This detector employs a Litton image intensification tube to amplify
the output from the spectrograph. The efficiency of this tube is probably .....,10-20%.
A

ceo

manufactured by the General Electric Corporation (England) is mated to

the back of the image tube by a thin section of optical fiber. The image tube, CCD
and some of the electronics are housed in a cold box cooled to temperatures 1'V-40°C
by freon. Two North Star computers control the camera.
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The Intensified CCD is operated at higher temperatures than the "bare CCD"
used in the observations of Chapters 2 and 3. This is possible because the CCD
readout noise, although substantially higher, is not the major source of noise in
the ICCD. Furthermore, image tubes are difficult to operate at liquid nitrogen
temperatures. In fact, even temperatures ",,-40° are thought to cause deterioration
of image tubes, so the tube is electrically heated to ",,-15°C.
The Mt. Hopkins ICCD spectra differ from the Mt. Bigelow data in the following
ways:
(1) The data were taken in 1984, over one year prior to the eclipse spectra.
(2) The intensified detector is much more sensitive. The limiting measurable surface
brightness in a lO-minute exposure is tens of Rayleighs(in the absence of scattered
Jupiter light), compared to hundreds of Rayleighs using the unintensified ("bare")
CCD.

rnA pix-I, owing to the different pixel size (22J.lm). The
resolution element is ",,120 rnA. The spatial scale is also different, due in

(3) The dispersion is ",,30
spectral

part to the larger pixel size but also due to the smaller telescope.
(4) The warmer operating temperature of the ICCD causes a large (and temperature
dependent) dark current background, limiting individual exposures to 10 minutes
and requiring careful measurement of this background. Longer integration times
are achieved by adding sequential exposures.
(5) The image tube output is somewhat noisy and distorted. This is the price of
high sensitivity. First of all, output "photons" are actually splashes or pulses of
thousands of photons. The magnitudes of these pulses varies widely, governed by
a pulse height distribution. Therefore, counts can be converted directly to incident
photons only when the number of pulses is large, and the pulse height distribution is
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well known. The wide pulse-height distribution also degrades the achievable signalto-noise ratio. Second, the photon splashes are typically several pixels across. This
causes a slight degradation in both the spectral and spatial resolution. Third, the
image tube introduces spatial distortions which make the task of image rectification
much more difficult. Finally, contaminant ions in the image tube occasionally cause
very large photon splashes on the CCD, adding to the noise.
The observing program described here was the first field test of the intensified
CCD, and considerable time and energy were expended during this phase of the
research in debugging the detector and determining its best mode of operation.
Mark Hunten, Doug Rautenkrantz, A. Lyle Broadfoot and Donald M. Hunten also
devoted substantial effort to the project.

4.D. Data Taken
I obtained a total of 9 nights of fast sodium observations in May and June of
1984. The mounting and operation of the spectrograph required considerable manpower, and the Whipple Observatory Staff, especially Bas van't Sant, Ed Horine,
Jim Peters and DeWayne Kurtenbach, were quite helpful. Many LPL graduate
students assisted with the observations, particularly Cindy Cunningham and Pat
Hartigan.
Only the 7 nights of June data have been adequately reduced. Table 4-1 lists
the important facts about the observations. For these spectra, the slit was oriented
perpendicular to lo's orbital plane, and placed 0.67 Rj inside or outside of lo's
location.

(See, for example, Figure 7-5.)

The position was maintained with a

TV camera mounted on the offset guider of the spectrograph. For simplicity and
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Table 4-1. Fast Sodium Observations

V.T. Date
(1984)
8 June

Spectrum
Numbers
048-072

9 June

100-131

8

10 June

170-200

11 June

10 Orbital
Longitudes
256°-292°

10 Magnetic
Longitudes
189°-307°

20 to 30

95-137°°

122°-260°

12

10 to 30

302°-335°

79°-189°

231-250

6

20 to 30

136°-158°

357°-69°

17 June

295-331

9

10 to 30

274°-315°

26°-162°

18 June

356-370

5

10 to 30

123°-140°

352°-46°

20 June

537-541

2

20 to 30

201°-205°

346°-360°

Number of Exposure
Time(mins)
Spectra
10 to 30
7
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accuracy, all offsets were performed by moving the telescope due east or west in
celestial coordinates. A typical exposure series included:
(1) a Jupiter spectrum (for intensity calibration),
(2) a thorium-argon spectrum (for wavelength calibration)
(3) two or three 10-minute exposures offset 0.67 Rj inside lo's position,
(4) a short exposure of 10 itself (for spatial registration),

(5) two or three more 10-minute exposures offset 0.67 Rj outside 10,
(6) a 10-minute dark frame (for dark current determination)
(7) and a lO-minute spectrum of the scattered light from Jupiter.
The Jupiter and thorium-argon spectra required neutral density filters with a
1% transmission to avoid saturation of the image tube.

4.E. Reduction
The reduction procedure conceptually matches that described in §2.E and 3.E,
but there are many differences in practice. The dark-current background in the
averaged frame was measured in a region of the chip where no light was incident, and
the support dark frame was scaled to this value and subtracted. In certain frames,
the data bit corresponding to 1024 counts was stuck in some memory locations;
these pixels were repaired by hand. The image was then rectified and the dispersion
changed to 30mA pix-I. Some spatial distortions on the order of 1-2 pixels were
not removed. The scattered Jupiter background was removed column-by-column,
fitting a second-order polynomial to the background level north and south of the
emission and subtracting. A small wavelength-independent residual backgroUlld was
removed by measuring its value between the two D lines and subtracting. Finally,
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the D2 and DI lines were coadded and divided by ",,1.5 (to preserve the D2 count
rate). The frame was then smoothed by one iteration of a 1:2:1 filter in the spectral
dimension and four iterations in the spatial dimension.
The resultant spectrum was calibrated in wavelength and intensity using Jupiter
and Thorium-Argon spectra as described in §2.E and 3.E. The spatial scale was determined from special exposures which moved 10 along the slit in known increments.
The derived plate scale of 0.6 0 pix- l is in good agreement with the rough value
calculated from the telescope and spectrograph parameters. The orbital plane reference location was determined from the interleaved 10 exposures. The telescope was
moved celestial east/west from the offset position over to 10 for these exposures.
This motion has a small component perpendicular to the 10 orbital plane which
may readily be calculated. lo's position in the reference frame is adjusted by this
amount to derive the location of the 10 orbit in the offset spectra.
Four reduced data frames are shown in Figure 4-2. Despite the jet-like appearance, bear in mind that these not images but spatially-resolved spectra. The
spectral or velocity dimension is horizontal, and the spatial dimension (in this case
perpendicular to the orbit plane) is vertical. The two spectra on the left show
sodium approaching the observer, with 10 on the east of Jupiter. The closely-spaced
contours near the zero-velocity mark shows a concentration of sodium travelling
close to lo's orbital velocity. High-velocity sodium extends off to the left of the slow
component. The two right spectra show sodium receding from the observer, with
high-velocity sodium to the right of the "normal" feature. The horizontal lines show
the approximate position of lo's orbit.
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Mt. Hopkins Fast Sodium Spectra
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Figure 4-2. Typical Fast Sodium Spectra.
Reduced spectra of fast sodium leading 10. The spectral or velocity dimension is
horizontal (approaching velocities extending to the left), and the spatial dimension is
vertical (north up). The two spectra on the left were taken near eastern elongation,
and the two right spectra were taken near western elongation. The approximate
position of lo's orbital plane is indicated by the horizontal lines.
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The slow sodium is generally close to the orbital track, but the fast component
displays a marked tendency for appearing north or south of the orbital plane. At a
given slit position, the sodium near lo's orbit travels slowly, while the out-of-plane
sodium travels more rapidly. (Note that the jets extend well forward of 10, with only
small out-of-plane displacements. The future discussion will stress the north/south
displacement, taking the forward component for granted.)
The dominant source of noise in the spectra is scattered Jupiter light. The sky
brightness at 5.5 Rj was /'VI kR

A-I, and approximately obeyed

an inverse square

dependence on distance from Jupiter. The power law dependence matches that of
many telescopes (deVaucouleurs, 1958), but the absolute brightness is high. The sky
brightness per unit wavelength at 5.5 Rj was about twice the average brightness
of the sodium emission there. When 10 is nearer Jupiter, the sky brightness is
significantly higher than at elongation, and the sodium emission rate decreases
due to the lower Sun-Io Doppler shift. These effects conspire to seriously degrade
observations inside 4 Rj, reducing the sodium/sky contrast by about a factor of
four.
The disappointing scattered light performance of the telescope was apparently
intrinsic to the mirrors themselves. Several efforts to clean the mirrors showed
no marked decrease in scattering. Experiments with apodizing masks (to reduce
diffraction from the secondary mirror spider and the primary mirror clips) were
similarly ineffectual. By a process of elimination the blame appears to lie in imperfections in the mirror figure, or perhaps in microscopic roughness of the mirror
surface. It was quite fortunate that the fast sodium emission was unexpectedly
bright; the entire observing program might otherwise have been wasted.
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Only a few aspects of an individual frame could be analyzed practically, despite
the wealth of velocity and spatial structure. The spectra were measured to determine spatial extent of all emission, and the average brightness of "slow sodium" and
"fast sodium". Each spectrum offered its own natural dividing line, either in the
form of a minimum of the velocity distribution, or in a distinct departure from the
Gaussian shape of the slow sodium. The dividing line was typically 10 km sec- 1
above the peak of the slow sodium, and varied by ,$ 3 km sec-I. The integrated
brightness in each range (and their ratio) are tabulated in Table 4-2. The average
line-of-sight velocity is typically 30 to 40 km sec- I with respect to 10. The surface
brightnesses may be converted to column abundances as described in Chapter 5.
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Table 4-2. Fast Sodium Spectra Measurements
U.T. Orbital Magnetic Jup.
Vert.
Long.
Dist. 2 Extent Sky
Spectrum Lead- Midpt. Long.
ing?l {h.hh}
ID
{O}
Am{Io} {Ri}
{Ri} {kR}
189
6.4
48ww
L
0.97
7.07
256
N
198
5.1
1.95 1.15
50we
7.38
258
N
212
5.2
54we
7.90
263
1.65 0.92
N
232
6.6
55ww
8.60
269
1.76 0.60
268
6.5
63ww
N
9.90
280
1.92 0.56
287
70ww
N
10.57
285
6.4
1.68 0.52
72we
L
11.32
292
307
4.8
2.00
1.08

Fast
{kR}
0.91
0.19
0.34
0.38
0.26
0.30
0.47

Ratio
Slow Fast to Jet
{kR} Slow Dir. 3
0.42
2.17
N
0.52
0.35
S
0.49
0.69
Z
0.35
N
1.08
0.20
1.28
N
0.20
1.48
N
0.34
1.39
S

100ee
103ew
10gee
112ew
118ee
121ew
127ee
131ew

N
L
N
L
N
L
N
L

6.57
7.10
7.70
8.30
8.88
9.72
10.48
11.52

95
99
105
110
115
122
128
137

122
137
154
171
187
210
231
260

6.5
5.1
6.4
4.9
6.0
4.4
5.3
3.4

3.05
3.19
2.89
2.65
2.78
2.86
2.70
2.65

0.62
0.88
0.76
1.10
0.88
1.36
0.85
2.16

0.49
0.58
0.49
0.49
0.20
0.33
0.15
0.21

0.25
0.36
0.23
0.50
0.29
0.38
0.26
0.40

1.98
1.64
2.15
0.98
0.68
0.86
0.56
0.53

N
N
N
N
N
N
N
0

170we
173ww
180ww
184we
189ww
191we
193we
198ww
200we

L
N
N
L
N
L
L
N
L

6.92
7.38
8.30
8.82
9.32
9.72
10.05
10.63
10.88

302
305
313
318
322
325
328
333
335

79
92
118
132
146
157
166
182
189

4.4
5.5
5.0
3.3
4.3
2.7
2.4
3.3
1.8

2.22
2.78
2.35
1.08
1.27
0.86
0.76
0.00
0.00

1.25
0.85
1.16
2.15
2.02
3.38
4.23
2.24
7.13

0.57
0.12
0.15
0.63
0.06
0.78
0.57

0.19
0.10
0.13
0.35
0.16
0.50
0.37

2.97
1.21
1.19
1.82
0.35
1.58
1.52

S
S
Z
N
Z
N
N
Z
Z

231ew
235ee
23gew
243ee
247ew
250ee

L
N
L
N
L
N

5.88
6.27
7.02
7.52
8.02
8.47

136
140
146
150
154
158

357
8
29
43
57
69

3.4
4.5
2.6
3.6
1.9
2.9

1.84
1.92
1.35
1.54
0.00
0.00

2.97
1.62
4.25
2.25
9.80
3.95

0.63 0.66
0.16 0.18
0.27 0.32
0.07 0.13

0.96
0.91
0.83
0.54

S
Z
S
Z
Z
Z

295ww
298we
304ww
307we
313ww
317we
324ww
326we
331ww

N
L
N
L
N
L
N
L
N

5.38
5.90
6.50
6.95
7.75
8.37
9.12
9.48
10.28

274
278
283
287
294
299
305
309
315

26
40
57
69
92
109
130
140
162

6.6
5.2
6.4
5.0
6.1
4.5
5.5
3.9
4.8

1.89
1.95
2.46
1.86
2.30
2.08
2.16
1.95
1.51

0.87
1.02
0.72
1.10
1.12
1.74
1.86
3.16
2.62

0.17
0.28
0.17
0.49
0.18
0.68
0.20
0.48
0.31

0.18
0.21
0.22
0.21
0.18
0.24
0.23
0.19
0.18

0.91
1.33
0.79
2.31
1.02
2.79
0.89
2.57
1.71

S
S
S
0
S
N
S
N
N

356ew
360ee
365ew
36gee
370ew

L
N
L
N
L

6.05
6.60
7.27
7.75
8.00

123
128
133
137
140

352
7
25
39
46

4.3
5.3
3.6
4.7
3.2

1.84
2.05
1.62
1.14
1.59

1.86
1.85
5.96
1.73
3.25

0.55
0.14
0.68
0.12
0.75

0.40
0.13
0.51
0.22
0.31

1.37
1.06
1.33
0.52
2.39

S
Z
0
Z
S

537ww
541ww

L
L

9.67
10.18

201
205

346
360

2.8
3.2

1.59
1.46

3.43 0.10
2.37 0.14

0.34
0.27

0.29
0.52

Z
Z

1

An 'L' in this column indicates the slit views sodium leading 10.

2

Distance from the slit to the center of Jupiter.

Displacement of the fast sodium relative to the orbital plane: N=north, S=south, O=On Orbital,
Plane Z=insufficient fast sodium for measurement.

3
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CHAPTER 5

INTERPRETATION OF THE OBSERVATIONS

In the sections that follow, I discuss the procedure whereby the information
encoded in both absorption and emission spectra is extracted. This requires an
understanding of the physical processes which scattered the photons. The reader is
referred to Brown and Yung (1976) for a more complete discussion.

5.A. Atomic Physics
The sodium D lines are permitted transitions between the ground state and the
first excited state of neutral sodium. An energy diagram is shown in Figure 5-1.
The transition is excited by solar radiation of the correct energy, about 5889.9509A
and 5895.9241A (wavelengths of the line centroids in air at 15°C and 760 torr., from
Juncar et ai., 1981). The excited state lifetime is only 1"V10- 8 seconds, so the atom
re-radiates virtually immediately. This is called resonant scattering. Photons are
conserved but redirected approximately isotropically, so this process can manifest
itself as emission or absorption depending on the geometry of the observation.
Spin-orbit coupling splits the first excited state and results in the 6A separation
of the D-lines. Hyperfine structure is marginally present in the observed line shape.
The individual oscillator strengths of the hyperfine components may be found in
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Figure 5-1. Sodium Energy Level Diagram.
(from Brown and Yung, 1976) A schematic representation of the energy levels in
atomic sodium between which the D-lines originate. The wavelengths indicated
are the centroids of the Dl and D2 transitions. Allowed transitions are indicated
by lines connecting the appropriate sublevels. For each component the oscillator
strength and the wavelength position relative to the centroid is shown below. The
individual oscillator strengths and line positions may be found in Table II of Brown
and Yung (1976).
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Brown and Yung (1976). The small hyperfine separation of 20

rnA

is comparable

to the anticipated line widths, and must be included in the calculations.
The observed photon energies display the motions of the scattering atoms, both
hulk motions and random motions. It bears repeating that (1) a sodium atom can
be excited only by a photon of the proper wavelength in the atom's frame, and
(2) that atom will reradiate at the appropriate wavelength in its frame. While
this sounds simplistic, it is easy to become confused in the presence of a host of
Doppler-shifts of different magnitudes and signs.
For the moment, I will assume that the motions of the atoms are to first order
distributed in a Maxwellian and assign it a temperature. (Other velocity distributions are considered later.) The lie half-width of the line-of-sight velocity distribution (and the most probable speed in three dimensions) of sodium atoms of
temperature T will be

Vth =

J2kTIm = 0.027VT km sec- 1

5-1

and the velocity fwhm will be a factor of 1.66 broader. The observed Dopplerbroadened line width (lie half-width) will be

GD =

for a single hyperfine component.

Vth
~A
-,x
= 0.53vT

c

5-2
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S.B. Radiative Transfer: Absorption
In the following discussion, I address the first effect of the resonant scattering
process, which may be treated as absorption. The analysis follows that of Brown
and Yung (1976). The probability that a scattered photon preserves its incident
direction is so small that I neglect it, allowing straightforward calculations of the
absorption process. Figure 5-2a shows a series of Doppler-broadened absorption
cross sections of different temperatures.

At 1000 K, the hyperfine structure is

mostly masked.
The wavelength-dependent absorption coefficient for a single hyperfine structure
element is

5-3
with

5-4
where

Ii is the oscillator strength from Figure 5-1.

The attenuation of radiation on

passing through a slab of sodium with column abundance N is described by

5-5

Figure 5-2b and 5-2c show simulated absorption features at different temperatures and column abundances respectively. The absorption line shape carries some
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-jOO mA

o

+jOO mA

Figure 5-2. Calculated Line Shapes for Sodium Absorption Features.
(a) shows the D2 absorption cross section for several temperatures. The three
curves are normalized to the same peak value. (b) displays simulated resultant
spectra at the same temperatures with a column abundance of 1 x 10 12 sodium
atoms em - 2 . (c) shows simulated spectra at a temperature of 1000 K for seyeral
column abundances.
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information, as discussed later, but the most useful measured quantity is the absorption line equivalent width, which is

w=

1+ (1 _leA») dA.
00

-00

10

5-6

Figure 5-3 shows curve-of-growth calculations for the D2 line, with and without
hyperfine structure. The equivalent width will increase linearly with column abundance as long as N

~

I/o- , i.e. the line center is optically thin. At large column

abundances, the broad Doppler wings become important and W goes as Jlog(N).
Note the importance of hyperfine structure at 1000 Kj all calculations from this
point forward will include it.
Since the summed oscillator strength of the D2 line is 0.655, and that of the Dl
line is only 0.327, the D2 line will always be twice as far along the curve of growth.
In the optically thin regime, the line ratio D2/Dl will be approximately 2.0. In
the optically thick regime, the ratio approaches 1.0. The line ratio is therefore a
sensitive measure of optical thickness.
The data provide two independent measurements of sodium along the observed
column: equivalent width measurements of the D2 and Dl lines. In principle, these
may be inverted to yield two pieces of information about the column: the amount
of sodium and the width of its velocity distribution. The difficulty lies in the nature
of the velocity distribution. The discussion below outlines the inversion procedure
and discusses the effects of different assumed velocity distributions.
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Figure 5-3. Sodium Absorption vs. Column Abundance
The equivalent width of the D2 absorption line is shown as a function of sodium
column abundance for several temperatures. The solid lines are calculated using
hyperfine structure, and the dashed lines ignore it. The hyperfine structure is
clearly important at 1000 K, even though the absorption profile of Figure 5-2a
shows little effect. Note that the curve of growth begins to go nonlinear at "'-'3 x
1011 atoms cm- 2 for temperatures between 1000 K and 10000 K. The emission
curve-of-growth appears in Figure 5-6.
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Radiative transfer code was developed to calculate the D2 and DI equivalent
widths for a given column abundance and velocity distribution. Both data and
program output were transformed to D2 equivalent width and D2/Dl ratio for ease
of comparison.
The actual velocity distribution of sodium is unknown. As a first approximation
I assumed a Gaussian profile parameterized by a temperature. This will not be a
true temperature, since the profile includes thermal motions, bulk flow speeds, and
velocities caused by collisions with the plasma. This assumption is discussed in
detail in §5.C.
Figure 5-4 combines curve-of-growth calculations for both D lines over a range
of temperatures. At a given temperature, W D2 increases with increasing column
abundance, but D2/Dl decreases due to greater saturation in the stronger D2 line.
At a constant column abundance, both D2 and D2/DI increase with increasing
temperature because the same number of atoms can absorb over a wider range of
wavelengths. The inflection of the curves in Figure 5-4 at temperatures of 100 to
200 K and N of 2x1012 atoms cm- 2 is caused by hyperfine structure: at 100 K the
two main components are practically separated, but at 200 K there is significant
overlap.
By using the two measured quantities W D2 and D2/D}, one can in theory
uniquely determine both the column abundance and the temperature. All LPL
eclipse observations with WD2 above ",32

rnA

are plotted on Figure 5-4. The col-

umn abundance and temperature measurements and their error bars derived from
this plot are listed in Table 5-1. Velocity fwhm are inferred from the five spectra
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Figure 5-4. Theoretical Behavior of Sodium Absorption Features.
Combined equivalent width calculations for the D1 and D2 lines. The bold lines
show the dependence of equivalent width and line ratio for temperature parameters
of 100, 200, 500, 1000, 2000, 5000, and 10000 degrees. The most probable velocities
for the maximum and minimum temperatures are given. The lighter lines represent
column abundance contours in units of sodium atoms cm- 2 . The LPL data points
for all eclipses with equivalent width above 32 mA are plotted. The error bars are
1-0' limits estimated from several calculations of equivalent width.
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with this highest signal-to-noise ratio. Spectra with small equivalent widths are decoded under the assumption that the path is optically thin: the column abundances
and errors are derived from the two separate equivalent width measurements. No
temperature information can be extracted from these spectra.
One point on Figure 5-4 lies outside the theoretically possible range of D2 and
D2/D1

values. Strictly speaking, the error bars span the range from infinite column

abundance down to ",3 X 1012 atoms cm- 2 . It is tempting to take this lower limit
at face value, but neither the data point or even the error bar is very reliable. This
spectrum (85h291) is of very poor quality, taken during the darkest moments of
Eclipse 4 on the night suffering from instrumental problems (see §2.E.2.). This
data point may indicate a very thick column near lo's surface, or it may simply be
a noisy measurement.
Two other one-parameter velocity distributions were tested, yielding numerical
results quite similar to the Gaussian calculation. Plots similar to Figure 5-4 were
calculated for rectangular and triangular velocity distributions. Neither distribution is physically realistic, but they represent conceivable end-members of modified
Gaussian distributions. For almost all column abundances and line widths, the
overall appearance of the alternate plots was remarkably close to Figure 5-4. For
optically thin amounts of sodium, the line width and column abundance contours
closely tracked those of Figure 5-4. The difference was most noticeable for very optically thick columns, where the complete (and unrealistic) absence of high-velocity
tails became important. Over most column abundances in question, the absorptions produced by triangular profiles were almost indistinguishable from Gaussian
profiles of the same fwhm. Similarly, the lines produced by Gaussian profiles were
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Table 5-1. Summary of Eclipse Spectra Results
Spectrum
ID
Ecl.!ese 1
27 ug 85
Europa

Ecl~se 2

14 ept 85
Europa

Ecl~se 3

15 ept 85
Ganymede

Ecl~se 4

21 ept 85
Europa

Ecl~se 5
23 ept 85
Ganymede

85~181

85g185
85g188
85g192
85g193
85g196

~nlsj
85h106

85h107
85h108
85h109
~5hllO
5hll2

~5~153
5 154

2:01±0:44
3.00±0.46
3.85±0.47
6.98±0.53
8.44±0.66
1l.48±0.74

~.4~±S·91
.~ ± .59

. 5± .55
1.35±0.25
1.59±0.38
2.77±0.60
4.36±0.61
7.05±1.04
1O.85±1.08

5 155
85h157
85h159

~.~2±1.g1
. 7±8. 1
4.71± .3
3.40±0.76
3.05±0.74

5 163
85h287

4.84± . 2
3.75±Oo49

85h292

1. 8± 047
1.4 ±0.27
1.17±0.12
1.46±0.29

~5g162

~n~S8
85h291

~5~293
5 284

3.79±8·~7
2.~4±8·51

2.0~±So49
3.0 ± .51
5 2 5
4.5 ± .52
10.15±0.87
~5g441
5 442
6.59±0.86
~5g443
3·07±8·~7
5 444
.57± .4
85h445
2.57±0.74
85h446
2.52±0.73
3
3.62±S·1
15~447
lO ± . g
5 44~
5 44
.74± .
85h450
8.46±0.90
pln15892
2.20±0.60
pln15893-8 1.97±0.60
pln15899
2.25±0.60
pln15900
2.58±0.60
pln15901
3.05±0.60
pln15902
3.78±0.70
pln15903
4.68±0.70

8'

Ecl.!ese 1
27 ug 85
Europa
(Trafton)

I
I
I
I
0
0

§
§I
OT
OT

8f
I
I
I
I
I
0

§
IL
IL
IL
IL
IL
OT

~!
OL
OL
OL
OL
OL
OL
OL

5:8Ell ±1:20
1.8Ell ±1.25
8.9ElO ±1.20
3.6E10 ±1.60
3.6ElO ±1.50
1.0ElO ±2.00
2.5E10 ±1.40
1.1E11 ±1.15
3.0E11 ±1.16
1.3E12 ±1.17
8.2E11 ±1.10
2.7E11 ±1.20
7.4E10 ±1.20
3.4E18 ±1.25
1.9E1 ±1.50
3
2.~E1S
2.
E1 ±1.
±1.4
5. E1 ±1.20
9.0ElO ±1.20
1.7Ell ±1.55
6E1
2
8.
4.5E1 8 ±1.
±1.38

1:9±0:8

2200 K
1800 K
3000 K
1800 K

1.9±0.2
2.4±Oo4

750 K
2000 K

2.0±0.8

8

9.0E10 ±1.30
1.~Ell ±1.4
Ell ±2.g
. Ell ±1. 8
>3.0E12 ±2.00
8.7Ell ±1.30
4.6Ell ±1.45
1.9Ell ±1.70
4.5ElO ±2.00
5
2.~EI8
4.
El ±1.
±1.48

8'

6.2El~ ±1.~8
1.1El ±1.
2.9E11 ±1.30
4.4E11 ±1.40
7.0E1 ±1.20
4.1El ±1.3S
1.9E1 ±1.5
2.1ElO ±2.00
4.4Ell ±1.28
5.0Ell ±1.28
3.2Ell ±1.28
2.3Ell ±1.50
1.7Ell ±1.50
1.4Ell ±2.00
1.0Ell ±2.00

4000 K
1400

2200 K
150 K

8

1 The error bar is multiplicative, i.e. maximum and minimum values may be foun'd by multiplying
and dividing by this factor. The dimensions are sodium atoms cm- 2 •

2

Velocities are given only for the highest quality data
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very close to those made by rectangular profiles whose full-widths were

I'V

1.5 times

larger than the Gaussian fwhm. In subsequent discussion, the Gaussian fwhm will
be used for convenience, but the velocity distribution could conceivably be triangular with the same fwhm, or rectangular with a full-width 1.47 times larger. These
three distributions (and their many possible variants) do not strongly affect the
interpretation of the observations.

5.C. Two-Temperature Model
A more realistic view of the 10 atmosphere presents a greater difficulty in the
interpretation of the spectra: the possibility of hot sodium high in the atmosphere
and cold sodium lower down. In this discussion, I will use the terms hot and cold
for the sake of simplicity. It is unlikely that thermal equilibrium applies, but it is
still feasible for sodium low in the atmosphere to have a lower mean energy. If the
502 atmosphere is collisionally thick, the effective temperatures may be dictated
by surface properties, and might be as low as 100 to 200 K. As a first attempt to
understand the importance of this, I have assume the atmospheric column to be
filled with a combination of sodium at 100 K and at 10000 K. Figure 5-5 shows
how the observed quantities depend on independently varying column abundances
of the hot and cold components. Compare this to the plot in Figure 5-4. The twotemperature fit to observed quantities leads to a higher estimate of total column
abundance, with most of the atoms in the cold component.
Figure 5-5 shows how equivalent widths and line ratios may be used to estimate
the column abundance of the hot and cold components. The main lesson of these
calculations is that large amounts of cold sodium are undetectable in the presence
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Figure 5-5. Theoretical Behavior for Two-Temperature Distributions.
The equivalent width and line ratio are shown for a mixture of 100 K and 10000 K
sodium. The bold, vertical contours represent lines of constant hot sodium abundance, and the thin lines (concave downward) stand for contours of constant cold
sodium abundance. The dotted line shows a 50/50 mixture of hot and cold sodium.
The LPL data from all eclipses with TVD2 ~ 32 mA are plotted. Comparison with
Figure 5-4 shows that the total column abundance derived for a given data point is
virtually unchanged for the two-temperature model except for the densest columns.
The letters identify data points discussed in the text.
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of sufficient hot sodium, since the hot sodium has already absorbed most of the
photons available. Conversely, the addition of even small amounts of hot sodium
can significantly change both the D2 equivalent width and the line ratio.
Each data point plotted in Figure 5-5 can be inverted to the individual column
abundance of the hot and cold components, just as Figure 5-4 was used to determine the total column abundance and effective temperature. For almost all the
measurements, the sum of hot and cold abundances (from Figure 5-5) is virtually
identical to the total abundance derived from Figure 5-4. For these points, the
two-parameter model does not affect the amount of sodium inferred in a column,
only the shape of its velocity distribution.
The higher-density data points require closer examination. The suspect data
point (Figure 5-5, A) now lies completely out of the theoretically possible range.
Given the low quality of this data point, I ascribe little significance to this fact. The
next highest data point (B) is a very reliable measurement. The two-component fit
for this point has a total column abundance almost an order of magnitude higher
than that inferred from the one-temperature model. The estimated column abundance for data point C, however, is only slightly different from the one-temperature
estimate. The impact of these modifications is discussed further in Chapter 6.

S.D. Radiative Transfer: Emission
The radiative transfer for emission is practically trivial for the optically thin
case and almost intractable for the optically thick case. In addition to the expected
dependence on column abundance, the brightness of the sodium emission is strongly
modulated by its Doppler shift. lo's 17 km sec- 1 orbital velocity is sufficient to
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change the wavelength of light that will be resonantly scattered by the sodium
atoms by about 0.33A.. The solar D2 Fraunhofer line varies from about 5% to 61%
residual intensity (called ,) over that range, so the amount of sunlight available
for scattering will vary by more than an order of magnitude due to Io's orbital
motion. The emission is brightest when 10 is at heliocentric elongation, moving
directly toward or away from the sun.
If the sodium column abundance NNa

:s 1011 atoms cm- 2 , the apparent emis-

sion rate (photons cm- 2 sr- 1 sec-I) due to resonant scattering will be

E=gN

5-7

where the g-factor, in units of photons sec- 1 atom-I, includes the available solar
flux and the cross section. The standard unit for emission rate is the Rayleigh (R),
defined as the apparent emission rate of a 1-cm2 column which emits 106 photons
per second isotropically (Chamberlain, 1961). Converting equation 5-7 to Raylcighs
gives

E-

NNa

- , 2.3x 106

5-8

Table 5-2 shows the fast sodium observations from Mt. Hopkins converted by
this formula to column abundances.
In the optically thick case, multiple scattering becomes very important. Given
the short lifetime of the excited state, the sodium is virtually never collisionally
de-excited, and hence the absorbed photons are almost all re-emitted. In multiple
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Table 5-2. Fast Sodium Spectra Results
Leadine

Orbital
Long.
~(J)

Magnetic
Long.

'\q~o)

Ratio
Fast/Slow
Emission

N
N
N
N
N
L

258
263
269
280
285
292

198
212
232
268
287
307

0.35
0.69
1.08
1.28
1.48
1.39

Ave.
Fast
C.A.1
2.1E+09
4.2E+08
7.7E+08
8.5E+08
5.8E+08
6.7E+08
1.1E+09

100ee
103ew
10gee
112ew
118ee
121ew
127ee
131ew

N
L
N
L
N
L
N
L

95
99
105
110
115
122
128
137

122
137
154
171
187
210
231
260

1.98
1.64
2.15
0.98
0.68
0.86
0.56
0.53

1.1E+09 1.2E+09
1.3E+09 1.6E+09
1.1E+09 1.0E+09
1.1E+09 2.2E+09
4.5E+08 1.3E+09
7.5E+08 1.7E+09
3.3E+08 1.2E+09
4.9E+08 1.8E+09

2.4E+19
3.0E+19
2.3E+19
2.1E+19
8.9E+18
1.5E+19
6.4E+18
9.2E+18

N
N
N
N
N
N
N
0

170we
173ww
180ww
184we
189ww
191we
193we
198ww
200we

L
N
N
L
N
L
L
N
L

302
305
313
318
322
325
328
333
335

79
92
118
132
146
157
166
182
189

2.97
1.21
1.19
1.82
0.35
1.58
1.52

1.3E+09
2.7E+08
3.5E+08
1.4E+09
1.3E+08
1.8E+09
1.3E+09

2.0E+19
5.5E+18
5.8E+18
1.1E+19
1.2E+18
1.1E+19
6.9E+18

S
S

231ew
235ee
23gew
243ee
247ew
250ee

L
N
L
N
L
N

136
140
146
150
154
158

357
8
29
43
57
69

0.96
0.91
0.83
0.54

1.4E+09 3.0E+09 1.9E+19
3.7E+08 8.2E+08 5.1E+18
6.0E+08 1.5E+09 5.8E+18
1.6E+08 6.0E+08 1.8E+18

295ww
298we
304ww
307we
313ww
317we
324ww
326we
331ww

N
L
N
L
N
L
N
L
N

274
278
283
287
294
299
305
309
315

26
40
57
69
92
109
130
140
162

0.91
1.33
0.79
2.31
1.02
2.79
0.89
2.57
1.71

3.8E+08
6.5E+08
4.0E+08
1.1E+09
4.2E+08
1.5E+09
4.6E+08
1.1E+09
7.1E+08

356ew
360ee
365ew
36gee
370ew

L
N
L
N
L

123
128
133
137
140

352
7
25
39
46

1.37
1.06
1.33
0.52
2.39

1.2E+09 1.8E+09 1.6E+19
3.1E+08 5.8E+08 4.5E+18
1.5E+09 2.4E+09 1.8E+19
2.7E+08 1.0E+09 2.2E+18
1.7E+09 1.4E+09 1.9E+19

S

537ww
541ww

L
L

201
205

346
360

0.29
0.52

2.3E+08
3.2E+08

2.6E+18
3.4E+18

Z
Z

Spectrum
ID
48ww
50we
54we
55ww
63ww
70ww
72we

56

2.11

Ave.
Slow
C.A.1
1.9E+09
2.4E+09
2.2E+09
1.6E+09
9.0E+08
9.0E+08
1.5E+09

8.8E+08
4.6E+08
5.8E+08
1.6E+09
7.2E+08
2.2E+09
1.7E+09

8.4E+08
9.6E+08
1.0E+09
9.6E+08
8.2E+08
1.1E+09
1.0E+09
8.4E+08
8.4E+08

1.6E+09
1.2E+09

Total
Jet
Planar
Jet
Abund. 2 Oir
1.4E+19 N
5.9E+18
S
Z
9.1E+18
1.1E+19 N
8.0E+18 N
8.0E+18 N
1.5E+19
S

5.2E+18
9.0E+18
6.9E+18
1.5E+19
6.9E+18
2.3E+19
7.1E+18
1.5E+19
7.7E+18

Z

N

Z

N
N

Z
Z

S

Z

S

Z
Z
Z
S
S
S
0
S
N
S
N
N
S

Z
0

Z

1 in sodium atoms cm- 2 • avera~ed over the vertical extent of emission. The fast column abundance
is calculated assuming 'Y '= 1; t e slow component calculation uses 'Y = 0.5. Both values of'Y are
only approximate.
2

in sodium atoms cm- I ; averaged fast column abundance xvertical extent.
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scattering, the results are dependent on the geometry of the atmosphere; since the
goal of the observations is to decipher the geometry of the atmosphere, the process
becomes circular and complex. Atmospheric blurring confounds the problem. Furthermore, much of the existing multiple scattering effort has ignored the effects of
frequency redistribution during scattering.
Other planetary problems have rekindled interest in resonant scattering radiative transfer. Recent progress has been made on the geometrical issues (Killen,
1988) for Mercury's sodium atmosphere, and on complete frequency redistribution
(Yelle, 1988), but they are not yet applicable to 10. In the mean time, for larger
column abundances I have used the results of McElroy and Yung (1975), reproduced in Brown and Yung. Figure 5-6 shows calculations for two temperatures.
The expected effective temperature of sodium near 10 lies between the two.
The net effect of the uncertainties in the multiple scattering calculations and
the errors introduced by atmospheric seeing is a much lower confidence level in
column abundance and temperature measurements for emission observations than
for eclipse observations. As a case in point, recall that the eclipse measurements
yielded column abundance estimates in the neighborhood of 10 12 atoms cm- 2 ; the
emission from such a column should reach 200 kR. The peak observed emission
rates (Table 3-1) are closer to 30 kR. This discrepancy is the result of observational
limitations, and is discussed further in §6.B.
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Figure 5-6. Sodium Emission vs. Column Abundance.
From Brown and Yung (1976). Intensity of the sodium D2 emission is shown as a
function of column abundance for various temperatures. The continuum solar flux is
taken to be 2.02x10 12 photons cm- 2 sec- 1 A-1, and I'D2=0.61. Multiple scatterin
is included. The nonlinearity in the curve-of-growth sets in at "",lOx10 1 atoms cmfor T=5000 K, higher than in the absorption case (Figure 5-4).
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Chapter 6

DENSITY PROFILE OF IO'S CORONA AND EXTENDED CLOUD

6.A. Introduction and Review
The combined results of the eclipse observations and the emission spectra provide a coherent picture of the distribution of sodium about 10. The following chapter outlines the procedure for inverting the observations to provide a mathematical
description of the falloff of density with distance from 10, and discusses the implications of the measured radial profile. The observed profile is compared with model
calculations.
The previous work on the atmospheric structure over the spatial range of interest is minimal, due to the general failure of observations to probe

:s 10

fJo.

Early

observations by Trafton and Macy (1978) measured the sodium abundance in the
range 20 to 200 rIo, showing the brightness to fall off with inversely with distance.
They interpreted this dependence as evidence for an atmosphere rapidly streaming
away from 10. Such an atmosphere would exhibit an inverse square density distribution, and therefore an inverse first power column abundance (and brightness)
distribution. Macy and Trafton (1975) also deduced that the sodium brightness
and optical thickness near 10 were signs of a much denser component bound to 10.
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6.B. Constructing the Average Atmospheric Profile
The data obtained from the eclipses represent the average absorption against
Europa's disk due to a column of sodium tangent to lo's atmosphere. The goal is
to invert these measurements to yield a function which describes the local density
of sodium in space around 10. Clearly a number of simplifying assumptions are
required.
The first assumption is that the average absorption over Europa's illuminated
disk is approximately equal to the absorption at the center of light. This assumption is justified if the absorption varies approximately linearly across Europa's disk.
I used the eclipse-simulating software described in §2.E combined with model atmosphere programs to create both disk-averaged spectra and center-of-light spectra.
For the range of atmospheric parameters employed in this chapter, the two cases
were virtually indistinguishable. Far from 10, the column abundance is clearly
changing sufficiently slowly for this to be true. Closer to 10, the column abundance
changes rapidly, but the strength of absorption changes much more slowly because
the column is optically thick. In the bottom few hundred kilometers of the atmosphere, this assumption is probably not valid. This fact contributes to the difficulty
of interpreting the innermost spectra as discussed in §5.B.
Under the second major assumption, sodium is assumed to be constant in time
and distributed about 10 with spherical symmetry.

Observations from different

times and viewing geometries may therefore be combined to determine the radial
density profile of the atmosphere. These assumptions are more difficult to justify,
but are supported by the spatial and temporal variability tests performed in §6.C.
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In this section, I discuss the average atmospheric profile derived from all the
eclipse and emission spectra. Figure 6-1 plots all the eclipse data of Table 5-1. A
power law has been fitted to the data points within 5.6 rJo; it fits the inner data
quite well, but passes below the data points outside 5.6 rIo.
The column abundance profile derived from the emission data is displayed in
Figure 6-2. In general, these values are less accurate, for several reasons. First, the
values inside a few rIo are very strongly affected by atmospheric seeing, which tends
to spread the emission over a larger area and therefore lowers column abundance
estimates. Second, the emission rates depend on good intensity calibration and
well-documented sky conditions. Finally, the region where the results are most
reliable (outside 10 rIo) is approximately where the asymmetric shape of the cloud
(see Figure 1-1) becomes important. I therefore expect a large amount of scatter
everywhere on the plot. The one important result of these data is the overall
shallower slope to the sodium distribution at large distances. This confirms the
result of Trafton and Macy (1978), who derived a power law index of -1 in column
abundance in the range 20 to 200 rIo. The absolute value of the density is also in
good agreement with Trafton and Macy.
Figure 6-3 shows the fits to the emission and eclipse spectra, demonstrating the
steep slope inside 5.6 rIo, and the slow falloff from there outward. The difference
between the two curves inside 5.6 rIo is due to intrinsic difficulties in interpreting
emission measurements, but the difference outside that distance indicates a break in
the power law behavior of the column abundance distribution. The data show that
the eclipse measurements provide a better measurement of column abundance inside
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Figure 6-1. Eclipse Data Column Abundance Profile.
The determined column abundances (sodium atoms cm- 2 ) for all the eclipse data
are plotted vs. average impact parameter from Io's center. The data are listed in
Table 5-1. The vertical error bars show the propagated 1-0' errors from the observed
quantities. Each measurement was made over a range of impact parameters, due
to Europa's size and motion. The spatial resolution element was typically 1.2 rIo
across, but varied with integration time and depth of eclipse. The error in the
centroid of the distribution is ...... 0.05 TIo, and is not shown. A least-squares fit to all
points inside 5.6 rIo is plotted.
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Figure 6-2. Emission Data Column Abundance Profile.
Column Abundances (sodium atoms cm- 2 ) from all Mt. Bigelow emission spectra
are plotted against impact parameter. The column abundances were determined
from the emission intensities, not the line ratio, so values inside ",3 rIo are not
expected to be accurate. A third-order curve has been fitted to the data to approximate the shallow slope found outside ",10 rIo. The filled circle represents the
approximate average value reported by Trafton (1977), Figure 4.
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about 8 rIo; outside that range the absorption features are too weak to provide good
signal-to-noise data.
The disagreement between the emission and eclipse data inside 5.6 rJo is not
physically significant, but it illustrates the difficulty in measuring the inner atmosphere. The emission data are probably consistent with the atmospheric profile
derived from the eclipse spectra, but several observational difficulties conspire to
lower the column abundance measurements from emission spectra.
The emission intensities are not good measures of column abundance. Atmospheric seeing blurs the emitting region and lowers the peak emission intensity. This
effect is so strong that the observed D2 intensities (",,30 kilorayleighs) are appropriate for an optically thin column (as seen from Figure 5-6), while the D2/Dl
line ratios (",,1.4) definitely indicate an optically thick column. Thus the emission
data are in effect internally inconsistent. The line ratio method yields a higher and
probably more accurate measure of the column abundance, but requires assumptions about the velocity distribution. I have chosen to use the emission intensities
for simplicity.
lo's strongly backscattering surface is responsible for reducing the apparent
sodium column abundance near the limb. If lo's geometric albedo exactly matches
that of the sodium cloud, then no net emission will be generated against the disk.
Atmospheric seeing, then, will mix regions of the disk (with no net emission) with
parts of the emitting cloud outside the disk. The average emission rate, and hence
the derived column abundance, will clearly be lower. The amount of decrease,
however, depends on lo's exact scattering properties such as phase functions and
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Figure 6-3. Comparison of Eclipse and Emission Radial Profiles.
The best fit radial profiles for both methods are plotted against impact parameter.
The solid curve, from the eclipse data, applies inside -5.6 rIo, and the dotted curw
from the emission data applies outside 5.6 flo.

139

limb darkening. If lo's surface is very strongly backscattering, it is even possible to
generate an apparent absorption feature against lo's disk.
The location of the break in slope in Figure 6-3 is difficult to pinpoint precisely.
The break appears to fall around 6 rIo, although this is somewhat dependent on
the upper limit on b of the data used in the fit in Figure 6-1. But the data in that
figure on their own show a marked trend towards a shallow slope outside 5.6 rIo,
even though the error bars are large. It is coincidental that the break lies near the
outermost reliable eclipse spectra, the innermost reliable emission spectra, and the
effective limit of lo's gravity.
For simplicity and continuity, the sodium distribution is modelled as the sum
of two power law distributions, one of which will dominate inside 5.6 rJo and one
outside. No physical difference is ascribed to the two populations at present. The
column abundance Ni of the inner component obeys the relation

Ni(b> 1.4)

= 2.6x1012 x b- 2 .48 sodium atoms cm- 2

6-1

where b is the impact parameter in rIo. Assuming spherical symmetry, the local
density ni is therefore

ni(r> 1.4) = 8000 x r- 3 .48 atoms cm- 3

6-2

where r is the distance from lo's center in rIo. The power law dependencies are only
mathematical descriptions, and carry no physical interpretation. The approximate
error bar in slope is ± 0.2; the error in surface density (or column abundance)
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is of order 25%. (The limit on r and b > 1.4 is explained in §6.C.) The column
abundance of the outer components follows the form

No(b) = 5x10 10 x b- 0 .85 sodium atoms cm- 2

6-3

which, assuming spherical symmetry again, leads to

no(b) = 80 x

r-1.85

atoms cm- 3

6-4

The latter two equations are very approximate; the coefficients were not derived
mathematically but chosen by inspection to match the profile in Figure 6-2. The
total density and column abundance is the sum of these distributions; in practice
it is sufficient to use only the dominant component except near 5.6 flo.
The density functions may be integrated over all space to estimate the total
sodium inventory. Virtually all the sodium of the steep power-law dependence is
concentrated near Io; the total amount is approximately 1030 sodium atoms. The
second, flatter distribution contributes about equally from all distance ranges, so
I place an upper limit on the integration of 10 rIo. The total amount of sodium
inside this distance is only ",10 28 atoms. (This would increase by more than an
order of magnitude if the upper limit were raised to 100 flo.)
For later use, I give an inferred density function for the total atmospheric density, simply by scaling equation 6-2 up by the inverse of the sodium mixing ratio.
Thus the total density function is
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ntotal ()
r = 8 X 105 X r -3 .48 a t oms cm -3

6-5

if the sodium mixing ratio is 1%. This equation will only be applied to the inner
region, so the outer component is ignored.

6.C. Upper Limits on Near-Surface Components
If 10's atmosphere is collisionally thick near the surface, the effective tempera-

ture may lie closer to the surface temperatures around 100 K. Therefore, the innermost spectra may sample a column with both hot and cold sodium atoms. 1 have
developed a two-component model of the atmosphere which permits rough upper
limits to be placed on the amount of cold sodium present near 10. §5.B describes
the radiative transfer; in short, the column is assumed to be a mixture of sodium
at 100 K (characteristic velocity of 0.27 km sec-I) and at 10000 K (2.7 km sec-I).
The net result is that the innermost reliable data point on Figure 5-5 (point
B, 85h106, b=1.35 rIo) could conceivably contain a factor of ten more sodium than
would be estimated from the one-component case, but points only slightly farther
out (point C, 85h107, b=1.59 rIo, and others) are only subject to a factor of 1.5
increase at most. Outside 2 rIo, the cold component is not effectively hidden, so
the column abundance estimates do not change. From these facts, 1 construct the
crude power law dependence of the maximum possible amount of cold sodium

6-6
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and add this to equation 6-5. This power law is again only a mathematical convenience without a physical basis; it expresses a limit on the maximum sodium
density consistent with the innermost spectra. This approach is only approximate;
I have ignored the inevitable nonlinearities in absorption across Europa's disk which
would arise under this extreme case. The proper method of constructing a complete
model atmosphere and performing the radiative transfer calculations for each point
on Europa is prohibitive in this case, and would without doubt yield a qualitatively
similar answer. The important point is that a dense cold sodium component could
go unnoticed in the saturated spectrum at 1.35 rIo, but that good limits on this hypothetical component can be placed as close as 1.59 rIo. The derived atmospheric
profile therefore becomes uncertain between these two points. It is unfortunate
that the atomic properties of sodium cause its spectrum to saturate exactly at the
column abundances found near lo's surface.

6.D. Search for Variations in the Atmospheric Profile.
The data were separated into groups for two variability tests. The first looked
for differences between eclipses, caused possibly by magnetic longitude differences,
changes in volcanic activity, or other temporal variations. No differences were found.
Figure 6-4 displays the data, with the fits by date dropped by an order of magnitude.
Some variations are present at the marginal level, but I attribute no statistical
significance to them. Any difference in slope is not reliable, due to the relatively
short distances over which the individual slopes are determined. The maximum
difference in density (at ",3 rIo, for reference) is only about 30%; I consider this
within the error bars of the individual fits.
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Figure 6-4. Search for Temporal Variability of the Corona.
The eclipse data are separated by eclipse number, and the best fit to each eclipse
is plotted an order of magnitude below the data. \\7ithin the error bars, there is no
significant difference between eclipses. Data outside 5.6 fIo were excluded from the
fit.
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A search for strong atmospheric asymmetries also yielded a negative result. As
Figure 2-5 shows, the eclipses sampled the atmosphere along a variety of lines of
sight. The data were divided into quadrants based on the region of atmosphere
sampled by the incident beam. Figure 6-5 shows the data grouped by quadrant;
again there are no significant differences between the fits to the data. I can therefore
rule out large variations between lo's inner and outer quadrants. The generally good
agreement between the inner-leading, outer-leading and outer-trailing quadrants
suggests that any leading/trailing asymmetry is not strong. Observations of the
leading and trailing quadrants would provide firmer conclusions, but the geometry
of such eclipses is unsuited to observations, as illustrated in Figure 2-1.

6.E. Collisional Thickness and the Exobase Location
One of the important unresolved issues of the 10 atmosphere is the collisional
thickness. If the atmosphere is collisionally thin, magnetospheric ions may be able
to directly bombard the surface, and the ejected atoms can escape directly to space.
If, on the other hand, the atmosphere is thick up to 1 rIo above the surface, then

the atmosphere presents a target for bombardment which is four times the area of

10 alone, and the surface and lower atmosphere are protected.
The transition level between the thick and thin parts of the atmosphere is called
the exobase. By definition, the column abundance above the exobase is unit collisional depth, i.e. Nthick = I/O-coIl' An upward-directed atom (with sufficient speed)
has a l/e chance of escaping without suffering a collision. For a typical collision
cross section of 30A2 (e.g. Summers et al., 1988), the radial column abundance
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Figure 6-5. Search for Atmospheric Asymmetries.
The eclipse data are partitioned by quadrant ofIo's atmosphere. The best fit to each
quadrant is plotted an order of magnitude below the data. The differences between
quadrants is not statistically significant. Data outside 5.6 rIo were excluded from
the fit.
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of unit thickness is 3 x 10 14 atoms cm- 2 . The exobase location will obviously be
determined by the abundance of the dominant constituents, not sodium.
The discussion in this chapter uses two types of column abundances: the term
tangential applies to the line-of-sight column abundances appropriate for the ob-

servations; the term radial refers to columns extending outward from Io's center.
The column abundance of a path tangent to Io's surface is approximately 4 times
greater than the radial column abundance, since the tangentialline-of-sight passes
through the atmosphere twice on a slanted path.
The approximate exobase location may be found by integrating the total density function (equation 6-5) from infinity downward to the point where the integral
equals 3 x 1014 atoms cm- 2 . For the values in equation 6-5, however, this column abundance is never achieved, even if the function is extrapolated down to
the surface. The column abundance above the surface and 1.4 rIo are 5.8 X 10 13
and 2.4 x 1013 atoms cm- 2 , respectively; these are substantially below the critical
amount. Unless the sodium mixing ratio is substantially below 1 %, the first-order
estimate reveals Io's atmosphere to be thin, at least to the innennost data point at
1.35 rIo.

In the next level of complexity, I introduce the maximum amount possible
of the coldest imaginable sodium (100 K), as described by equation 6-7. I further
assume that the atomic sodium mixing ratio is only 0.1 %. Even under these extreme
assumptions, the density integral from infinity downward reaches Nthick at ",1.4 rIo.
These calculations force one of two results: either the fraction of atomic sodium is
much less than 0.1%, or the exobase is at or below 1.4 rIo' Given the nature of the
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assumptions made, 1 suspect the exobase is somewhat lower. An exobase as high
as 2 or 3 flo (offered as a possibility by Summers et al., 1983) is ruled out.

6.F. Comparison of Observed Profile with Coronal Models
The data show lo's atmosphere to be surprisingly "well behaved", falling off
according to a power law out to six planetary radii. But over much of this range
it can scarcely be called lo's atmosphere. Jupiter's gravity dominates outside 5.6
rIo, and the sodium atoms are far more likely to collide with a torus ion or electron

than with another atom or the surface. Standard atmospheric models do not apply
here. Several specialized models are discussed below.
Each model is described by a spherically symmetric density function, which is
integrated along lines of sight to derive tangential column abundances. Figure 6-6
shows several models compared to the fit to the data.

Thermal Corona
The uppermost part of an atmosphere, where collisions between atoms become
unlikely, is called an exosphere. Chamberlain (1961) first developed a standard
analytical description, in which atoms are assumed to be in thermal equilibrium
at the bottom boundary, called the exobase. Above this level, the atoms travel on
ballistic trajectories without collisions. Figure 6-6 (triangles) represents a 1500 K
exosphere with a sodium density at the surface of 2 x 104 atoms cm -2 (calculated
by R.V. Yelle, private comm, and similar that given by Summers et al. 1988). The
curve matches the data acceptably everywhere except the outermost regions, where
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Figure 6-6. Comparison of Observed Profile with Corona Models
The fit to the observed profile (open circles plus dotted line) is compared to several
models of lo's corona. (The open circles are not data points, only line identifiers.)
The vertical displacement of each model is a free parameter, and has been adjusted
for ease of comparison and visibility. The different models are explained in the
text.
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the model density is a bit high. But this model does not include very important
effects such as Jupiter's gravity and interactions with the corotating plasma. A
more realistic case would include ionization losses and bulk outflow velocities. The
reasonably good match in the inner region probably indicates that the random
velocities of the thermal exosphere model are comparable to those around 10, but
the match in the outer regions is mostly coincidental.

Sputtered Corona
The sputtered corona model was developed specifically for the case of 10. McGrath (1988), building on the earlier results of Sieveka and Johnson (1985, 1986),
numerically simulated the tenuous atmosphere created from atoms and molecules
thrown up by the sputtering process. Sputtering has long been proposed for the
process responsible for ejecting material from 10 at speeds of several km sec-I. But
these escaping neutrals are only the tip of the iceberg: the vast majority of sputter
products do not have escape velocity and hence travel about 10 on ballistic orbits.
The McGrath calculation ejects atoms according to the velocity distribution appropriate for collision cascade sputtering, and then tracks the trajectories of individual
atoms as they circulate about 10.
Figure 6-6 (circles, squares) shows two possible density profiles of the sputtered
corona. The higher-density curve shows the distribution of sodium if it is not
subjected to ionization by the plasma, i.e. if its lifetime against ionization is infinite.
For the lower, steeper curve, an ionization lifetime of 3 hours is used. The outermost
atoms, whose times-of-flight are several hours, are severely depleted with respect to
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atoms closer to 10. The infinite-lifetime case clearly matches the observed structure
better.
McGrath (1988) interpreted the poor match between the short-lifetime curve
and the data as evidence against extensive ionization near 10. If the plasma electrons
are substantially cooled near 10, the ionization rate will greatly decrease. This
scenario is supported by the apparent low electron temperature observed at 10 by
the IUE spacecraft (Ballester et al., 1987) and by the dip in electron temperature
near lo's flux tube observed by the Voyager spacecraft (Sittler and Strobel, 1987).
Considerable leeway remains in the exact location and amount of cooling inferred
from these two observations, and it seems unlikely that the electrons are quenched
as far out as 5

!fo.

I interpret the discrepancy between the short-lifetime curve

and the observed profile as evidence for a significant amount of escaping sodium,
travelling quickly enough to reach large distances in a few hours. One variant of
this model is presented in the following section.

Radial Outflow Model
The fundamental behavior of the radial outflow model is easy to understand
analytically, but actual model predictions are computationally intc- lsive. I will first
describe the general behavior, and then discusses the numerical simulations performed by Smyth and Combi (1987). In the simplest form of radial outflow, sodium
atoms are ejected isotropically and radially from 10 at a fixed speed. For the moment, ionization and lo's gravity are ignored. It is straightforward to demonstrate
that the local density will decrease proportional to r- 2 , and the tangential column
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abundance will falloff proportional to b- I . Such a power-law dependence is much
too shallow to match the observed falloff with its b- 2 .5 dependence.
The inclusion of Io's gravity and the ionization process considerably complicates
the picture, particularly for the case of interest where the launch velocity is only
slightly larger than escape velocity. Ionization, as in the sputtered corona case
above, will tend to reduce the sodium abundance at large distances, and therefore
steepen

th~

power law dependence. lo's gravitational attraction will make the slope

shallower where the flow is decelerating (i.e., inside the Hill sphere). The combined
effect is a profile which bends down at large b. The overall slope and the degree
of "bending" will depend on the exact launch velocity and ionization lifetime. The
inclusion of Jupiter's gravity may also have an effect: the three-body potential
beyond the Hill sphere decreases inward and outward from 10. This accelerates
atoms beyond the Hill sphere and therefore steepens the power law dependence.
The dashed line in Figure 6-6 shows a Monte-Carlo simulation of the corona
performed by Smyth and Combi (1987). The calculations assume atoms are ejected
radially at 2.6 km/sec from an exobase at 1.4 rIo, and that the sodium lifetime is
1.8 hours. The downward curvature of the profile agrees with the general behavior
outlined above. While this calculation matches the data well in the middle ranges,
it appears to fall short at both extremes. Although it is possible that this downward
bend of the Smyth corona is not statistically significant, it might well be expected
from the assumption of a single launch speed. The denser regions observed near 10
may be composed of atoms travelling closer to or less than the escape velocity of
",,2 km sec-I. Similarly, the higher density outside the Hill sphere may be due to
higher-velocity escapees which are not so easily decimated by ionization. Chapter
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7 describes measurements of the velocity structure which supports both of these
conclusions.

6.G. Summary
The atmospheric profile in the range ",,1.4 to 40 rIo can be matched by two
components described by power laws, with the break in the slope appearing roughly
at the limit of Io's gravity.
r- 3 .5

Inside 5.6 rIo, the density falls off rapidly with a

dependence; outside, the density declines proportional to

r-2.

No significant

azimuthal variations were found in the structure of the atmosphere, and the profile
showed no pronounced time variability. The limit on both spatial and temporal
variabilities is ""30%. There may be a cold, collisionally thick component near the
surface.
The radial profile constrains the exobase to be below ",,1.4 rIo, even if the
sodium mixing ratio is 0.1 % and a cold atmospheric component is present. The constraint is not strong enough to differentiate among the various atmospheric models
presented in §1.B.1.
The absorption technique provides a much better measure of column abundance inside ",,4 flo, while the emission method is superior beyond ",,8 rIo' More
effort must be applied to extracting the full information content from the spatiallyresolved emission spectra. The forthcoming developments in resonant scattering
radiative transfer should be applied to the 10 case in order to make bet ter use of
emission data. The simultaneous data present here may be the best test of the
radiative transfer theories.
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It is amusing and frustrating that the three primary models can each be tuned
to approximately match the observed profile despite their radically different points
of departure. Nonetheless, interesting atmospheric parameters may be estimated
from each, as discussed individually above. The most important point to settle is
the origin of the upturn in the observed density profile, not reproduced in either
of the two latter (and more realistic) models. 1 attribute it to higher-speed atoms
than used in either model.
From radial structure alone, we receive an indication that some fraction of the
atoms within the Hill sphere are bound to 10. Outside this distance, the approximate
match between the observed distribution and the radial outflow model suggests that
atoms are moving more rapidly, and hence not are not consumed by ionization.
These conclusions are supported by the velocity information analyzed in the next
Chapter.
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CHAPTER 7

VELOCITY STRUCTURE OF THE CORONA AND CLOUD

7.A. Introduction and Review
lo's atmosphere is certainly more macroscopically dynamic than most planetary
atmospheres; its escape rates and interactions with the plasma torus give rise to
velocities on the order of kilometers per second. Such velocities can be measured
by ground-based observations, and observations of this type generated considerable
excitement after the discovery of the sodium cloud. The topic has been largely
ignored in the intervening decade, but the trio of observational techniques used
here is well suited to describing the distribution of sodium velocities as a function
of distance from 10.
The only previous survey of the sodium velocity distribution near 10 was performed by Trafton (1975a) and Trafton and Macy (1977), so I begin by summarizing
their .observations and results. (These two papers are hereafter identified as T&M.)
Using the best equipment available at the time, they obtained about 15 slit-averaged
lA-wide spectra of 10 at about 50 mA resolution. The slit, oriented at various angles but always centered on 1o, measured 15x1.2 n (about 30x2 rIo). The spectrum
therefore included continuum light from 10 itself and sodium emission from the entire slit length, extending out to 15

flo

away from 10. Exposure times ranged from

one to four hours, leading in some cases to significant broadening of the lines due to
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changing orbital velocities. The final line profiles were extracted by subtraction of
a shifted solar spectrum. For comparison, the reader is referred to Chapter 2 for a
full description of the instrwnentation and reduction technique used in the current
study.
T&M reached the following major conclusions: (1) the average velocity of
sodium exceeded lo's orbital velocity by ",,1 km sec-I, (2) the fwhm of the narrow emission peak varied from 1.3 to 3.6 km sec- I (3) a significant fraction of
the sodium was travelling at speeds up to 10 or 20 km sec-I. Results presented
in this chapter differ, in general showing that sodium near 10 travels very slowly,
while sodium at larger distances is moving quite rapidly. The apparent disagreement
with T&M may stem simply from the lack of spatial resolution in their observations.
Other possibilities are discussed below.
Carlson et al. (1978) published one additional line profile, along with a numerical analysis of several of T &M's spectra. Most of the features of T &M's spectra were
reproduced in their new spectrum and in the model calculations. Although many
of the conclusions of the paper may be traced to our understandably poor state
of knowledge of the plasma torus, some salient points about their spectrum stand
out. The spectrum was obtained 8° ahead of 10, a qualitatively different sampling
region than used by T&M. The deconvolved line profile was 5 km sec-I, significantly broader than that measured by T&M. Carlson et al. stressed the similarities
between their data and that of T&Mj the differences are also important.
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7.B. Average Sodium Velocity with respect to 10

7.B.1. Emission Spectra
The nine near-Io emission spectra described in Chapter 4 contain a wealth of
velocity information, of which only a fraction is discussed here. The reduction
procedure so effectively removes the effects of 10, the Earth's atmosphere and the
spectrograph that it then is straightforward to extract line positions and widths
over the entire extent of the cloud. Of particular interest is the average velocity of
sodi um in 10's corona.
Sodium may be emitted non-isotropically from 10 (Carlson et al., 1978, Smyth
and Combi, 1988), giving rise to non-zero average velocities with respect to 10. Such
velocities may be measured from ground-based observations, but all relevant motions and Doppler shifts must be accounted for. Figure 7-1 displays these velocities
for Eclipse 2.
The good spatial resolution of the LPL data allows us to probe just the emission
generated in the corona. The spectra discussed in this section were extracted from
continuum-subtracted frames over a 10-pixel section ( ;S 3 rIo) centered on 10 (i.e.,
where the continuum had been). The fwhm of the seeing disk was typically ;S 3°,
or 5 rIo across. Most of the emission is generated along lines of sight tangent to 10
where the column abundance is highest. The steep density gradient (as determined
by the absorption measurements) shows further that little of the emission along the
included lines of sight is generated far in front of or behind 10. I estimate that at
least 75% of the observed photons were emitted within "'2.5 rIo of lo's center. If
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Figure 7-1. Sodium Doppler Shift Geometry Diagram.
10 and Europa are shown in their positions near the middle of Eclipse 2. Relevant
Jovicentric line-of-sight velocity projections in km sec- l are given. The sodium is
assumed to move with respect to 10 in the direct of lo's orbit with a small velocity Z.
Approaching velocities are assigned negative Doppler shifts. For the satellites, both
the velocity along the Sun-satellite and along the Earth-satellite line are required.
Not shown is the Earth's rotation, which may add or subtract up to 0.46 km sec-I,
depending on the time of night. The Sun-Jupiter Doppler shift will determine the
continuum Doppler shift, but not the absorption or emission Doppler shift.
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there is a thick atmosphere near the surface, its contribution to the emission will
further concentrate the emission close to 10.
Table 7-1 lists relevant parameters of the emission spectra. The spectral resolution element is typically 70

rnA

fwhm, yielding a velocity resolution element

of about 3.5 km sec-I. The error in the line center determination of the Gaussian fitting algorithm is a small fraction of this, about 2

rnA

(about 0.10 pixels or

0.11 km sec-I) for high-signal Thorium-Argon calibration lines. 1 assume comparable accuracy for the bright sodium emission. Flexure in the spectrograph limits
absolute wavelength calibration to about 0.25 to 0.50 km sec-I, but better relative

wavelength calibration is imprinted in each spectrum. Each 10 spectrum contains
its own zero-point stamp in the form of the telluric water absorptions; the reduction
procedure for continuum removal determines the amount of flexure as a matter of
course. The total resulting error in relative velocity calibration from this procedure
is only 0.25 km sec-I.
The primary goal is to measure the velocity difference between the sodium emission and lo's predicted motion. 1 assume that sodium is travelling at a small velocity
Z with respect to 10 in the direction of lo's orbital motion, a plausible assumption

given the direction of plasma impact. The predicted Doppler shift must include
calculations of lo's velocity with respect to Jupiter, Jupiter's velocity with respect
to the center of the Earth, and the Earth's rotational velocity. The derived velocity
differences are plotted in Figure 7-2. The sense of the tilt indicates that sodium is
travelling slightly faster than 10 in the direction of lo's orbital motion. The total
magnitude 2Z of the effect from eastern elongation to western elongation is about
0.80 ± 0040 km sec- I with respect to 10. The accuracy of our absolute calibration
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Table 7-1. Coronal Emission Spectra

U.T.

U.T.

10 Orbital

Spectrum
ID

Date
(1985)

Midpoint

Longitude
(8)

Relative
Velocity
(km sec-I)

Deconvolved
fwhm
(km sec-I)

85g188

27 Aug

7:14

61 0

-0.30

2.0

85g196

27 Aug

8:30

72 0

-0.69

1.9

85h032

13 Sept

6:36

277 0

+0.34

2.6

85h102

14 Sept

2:44

870

-0.41

2.1

85h106

14 Sept

3:20

92 0

-0.42

85h113

14 Sept

4:16

1000

-0.54

1.6

85h152

15 Sept

3:26

2970

+0.41

2.5

85h433

23 Sept

2:30

1170

-0.45

2.0

85h436

23 Sept

3:02

1220

-0.11

2.0

85h457

23 Sept

5:34

1430

-0.06

2.0
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Figure 7-2. Emission Doppler Shifts with respect to 10.
The difference between centroid of the sodium emission at lo's position and lo's
projected velocity is plotted against lo's projected velocity. A positive velocity is
defined as motion away from the observer. The error in the velocity zero-point is
comparable to the magnitude of the observed effect, but this does not affect the
existence of the trend.
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is insufficient to determine if the magnitude of the excess is the same at both elongations; for the present we can only say that the average Z = 0.40 ± 0.20 km sec-I.

7.B.2. Simultaneous Absorption and Emission Spectra
The unusual geometry of the eclipses permits an independent measurement of
the velocity Z. In certain CCD frames (e.g. 85h106, Figure 2-9), both Europa
(with sodium absorption) and 10 (with sodium emission) appear. As can be seen
in Figure 7-1, the sodium emission will be blue-shifted as seen from the Earth, but
the absorption feature will be red-shifted as seen from Europa. The wavelength
difference between the two features will depend only the satellite velocities with
respect to Jupiter. In essence, by using Europa as a reflector, we are simultaneously
measuring the sodium coming and going, with fewer instrumental errors entering
into the calculation. The emission Doppler shift will be

VEM

= Vrel

+ V$Io-J + Zsin(8)

7-1

and the absorption Doppler shift will be

VABS = Vrel

+ V 0Io - J + V0Eur-J + V$Eur-J + Zsin(8)

7- 2

where Vrel includes all possible Doppler shifts between the telescope and the Jupiter
system. Velocities subscripted with 0 are measured with respect to Jupiter along
the Sun-Jupiter line, and those marked EI7 are measured along the Earth-Jupiter line.
I neglect the difference in Z between sun-centered and Earth-centered measurement.
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All orbital velocities happen to be negative in this geometry, as the satellites are
approaching both the sun and the Earth. We are interested only in the relative
velocity,

~V = V E9 [o-J - V 0 [o-J - V 0 Eur-J - VEBEur-J

+2 x

Zsin(8)

7- 3

Note that a single spectrum now measures 2 x Zsin(8). The four orbital velocities
(as shown in Figure 7-1) were determined from the ephemeris printout provided by
Jay Lieske, (see §2.E.5) Substituting these velocity values, we find

Zsin(8) = +0.14 ± 0.20 km sec- 1 (files 85h105, 85h106)

Zsin(8) = +0.27 ± 0.20 km sec-I

(file 85h152)

where the positive sign indicates the net sodium velocity is faster than lo's velocity.
The average Z, removing the sin(8) dependence, is 0.22 ± 0.15 km sec-I. Combining this result with that of the previous section, we derive our best estimate of the
excess sodium velocity to be 0.30

± 0.15 km sec-I.

There appears to be a small dependence of the derived Z value on the depth of
the atmosphere probed. The emission measurements yield the highest Z, followed by
spectrum 85h152, then spectra 85h106 and 85h107. The absorption spectra, with
their better spatial resolution, sample deeper than emission spectra, and frames
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85h106 and 85h107 probe deepest of all. One feasible explanation is that a large
stationary population low in the atmosphere dilutes the forward motion.
The data are not consistent with coronal sodium strictly at rest with respect
to 10, but the shift is quite small. The shift cannot be due to the presence of
high-velocity skirts (suggested by T&M), as these skirts are absent in the LPL
spectra (discussed in §7.C.2). Given the narrower observed line widths, better
signal-to-noise ratio, improved continuum removal and more accurate line-center
determination of the new data, I can rule out values of Z as large as 1 to 5 km sec- 1
presented by T&M. This disagreement may be due in part to the added dimension
of spatial resolution in the LPL data which was unavailable to T&M.

7.B.3. Interpretation of Sodium Doppler Shift
The simplest model for the escape of atoms from 10 involves a spherically symmetric corona expanding exactly radially with the same initial velocity for all direction. The non-zero shift leads me to conclude, as others have before, that this
simple picture requires modification. Variations on the simple model which result
in a net Doppler shift are discussed below, with some important conclusions.
Radiative Transfer Effects. Sodium near 10 is almost optically thick; in the

resonant scattering case this enhances the Doppler shift of the emitting region near
unit optical depth. This effect may shift the emission both when 10 is approaching
and receding, but it cannot totally mask a positive or negative value of Z, nor can
it create a non-zero value of Z in the absence of any underlying asymmetry. The
strongly sloping continuum in the region of the sodium D lines is another possible
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source of a systematic error leading to a non-zero Z measurement. Experimentation
with synthetic spectra show that the magnitude of such effects is ;S 0.1 km sec-I.
Effect of Jupiter's Gravity. Sieveka and Johnson (1985, 1986) point out that

lo's orbital velocity introduces an asymmetry into the velocity field of escaping
atoms. The trend again is to tilt velocity vectors forward (in the direction of lo's
orbital motion) as the atoms leave lo's potential well. This effect acts primarily
on particles leaving lo's vicinity; it is probably not sufficient to shift the velocity
vectors in the near-Io region these observations sample.
Leading/Trailing Density and Flux Asymmetries. The density of escaping atoms

need not be the same in the leading and trailing hemispheres, and this type of
density asymmetry will lead to a net velocity shift. If the sodium density is enhanced
in the leading hemisphere, or if the ejection speed is larger there, the observed
effect may be easily reproduced. Although ejection simulations of with this type of
asymmetry have been performed, there is no physical basis for a leading-hemisphere
escape enhancement.
The expected asymmetry of escape should actually show a trailing hemisphere
enhancement.

Escape from 10 in most theories is driven by the impact of the

corotating plasma. The incident ions (in the absence of deflection of the plasma
flow) will preferentially impinge on the trailing hemisphere. As a result, the ejection
rate for surface sputtering or direct atmospheric sputtering will be enhanced on the
trailing hemisphere. The higher density of escaping particles there will result in a
net Doppler shift. Note however that Z should be negative, opposite to the observed
effect. The observed positive value of Z implies that direct ejection from plasma
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impact into the trailing hemisphere is not the dominant method of populating the
corona.
Smyth and Combi (1988) reach essentially the same conclusions by independent
means. They demonstrate that trailing-hemisphere ejection does not adequately
reproduce the observe spatial characteristics of the sodium cloud. Both the morphology and the velocity structure therefore require a more complex escape process.
Indirect escape processes fueled by trailing-hemisphere impact are still plausible, if
the timescale for escape is comparable to lo's 42-hour rotation period.
Non-radial ejection. The observed Doppler shift can be explained if a sub-

stantial fraction of the coronal population has a slight component of its velocity
directed along lo's orbital motion. The ejection velocity field may not be truly
radial; if each initial velocity vector is tilted slightly forward, the line center will be
shifted. This type of velocity field has been proposed for more energetic escaping
particles (Pilcher et al., 1984, their Figure 14), and may be applicable to the slower
atoms as well.
Forward velocity components may result from collisions between ions corotating
with Jupiter and atoms in lo's atmosphere and corona. Single collisions in the collisionally thin regions typically result in small momentum transfers perpendicular
to the incident ion direction, with a very small component in the forward direction. Corotating ions impacting the collision ally thick zones will lose all forward
momentum. Through multiple collisions, this momentum will be converted to large
numbers of slow, forward-directed atoms. This appears to be the simplest way to
reproduce the observed positive Z value.
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7.C. Velocity Distribution near 10

7.C.l. Narrow Velocity Profile
Both the emission and absorption data indicate that the velocity of sodium
within a few 10 radii of the surface is small, comparable to the escape velocity
from 10. Table 5-1 shows full-width-at-half-maxima of the velocity distribution
for the absorption spectra inside ",3

flo.

These were derived from the absolute

and relative strengths of the D2 and DI absorptions. Table 7-1lists the fwhm of
the velocity profile of the emission spectra. These were calculated by assuming a
Gaussian shape for both the instrumental profile and the velocity distribution. The
latter calculations do not include broadening due to hyperfine structure of optical
thickness effects. The listed widths are therefore probably slight overestimates.
Both methods give fwhm on the order of 2.0 ± 0.5 km sec-I.
These widths are somewhat less than the values measured by T&M. Their spectra exhibited a higher mean fwhm=2.8 km sec- I with a broader 0"=0.7 km sec-I.
While this difference may seem trivial, these values hover near lo's escape velocity and small differences may make the difference between large and small escape
fluxes. The values derived here are more applicable to lo's inner corona, and should
therefore be used for comparison with coronal models.
Non-Gaussian velocity distributions are certainly possible in lo's corona. In
addition to the Gaussian profile (appropriate for an atmosphere in thermal equilibrium), rectangular and triangular velocity distributions were used to interpret
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the line profiles and absorption line strengths. (A rectangular velocity distribution may be more appropriate for an expanding atmosphere, since the projection angle changes rapidly near 10 but very slowly away from 10.)

Both line

shape simulations and radiative transfer calculations (§5.B) showed that rectangular profiles of full-width W closely matched Gaussians or triangular distributions
of fwhm=0.68 W. In sum, the observations indicate that the velocity distribution
could be Gaussian (or triangular) with a fwhm=2.0 km sec-I, or rectangular with a
full-width=3.0 km sec-I. No line shapes for the coronal models of Figure 6-6 have
been presented, so I cannot evaluate the models.

7.C.2. Absence of High-Velocity Skirts near 10
The LPL spectra reveal a virtual absence of high velocity skirts, in sharp contrast with T&M. T&M (n.b. Figure 2 in both references) reported frequent skirts
extending up to 10 or 20 km sec- I with respect to 10, in the direction of Io's orbital
motion. The area under the skirt profile was often comparable to that of the narrow
emission peak. Such a velocity distribution is clearly not observed very close to 10,
as the emission spectra of Figure 7-3 indicate. The spectra in this figure were extracted from within 0.3 0 (0.5 flo) from Io's center, so the emission originates within
lo's corona. No skirts of intensity comparable to T&M were observed in any of the
nine spectra; the strongest skirt appears in frame 85h433 shown in Figure 7-3. The
eclipse spectra (e.g. Figure 2-10) also show no strong asymmetries.
The difference between the LPL spectra and those of T&M can be attributed
to either the difference in instrumentation or the difference in reduction procedure.
As previously stated, the T&M spectra included emission from the corona and
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B5g1BB

85g196

B5h032

B5h102

85h113

B5h152

B5h433

85h436

85h457

Figure 7-3. Near-Io Emission Line profiles.
The velocity profiles of the Mt. Bigelow emission spectra are plotted. Each spectrum
is a sum over a -1 rIo-wide region centered on lo's disk. Positive velocity (to the
right) is defined as the sense of lo's motion. Ticks on the horizontal axis indicate
10 km sec- 1 intervals. The lines are only slightly wider than the instrumental profile
of 3 to 4 pixels. For the most part, high-velocity skirts leading 10 are absent. The
strongest skirt appears in frame 85h433. The intensity and velocity scales exactly
match those used by T &M for ease of comparison.
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well beyond. The LPL spectra, as discussed further in §7.D.1, do show some skirt
contribution farther from 10.
Inaccuracies in the reduction procedure could easily lead to spurious highvelocity skirts. Measurements of such skirts requires a very accurate knowledge
of the underlying continuum, and this is especially true for sodium spectra which
fallon the rapidly-sloping shoulder of a Fraunhofer line. Worse still, the intricacies of Doppler shifts displace the higher-speed sodium towards the bottom of lo's
Fraunhofer line, where accurate subtraction is difficult. But even the raw data of
T&M shows some evidence for the high-velocity tail, so reduction errors cannot be
the sole cause of the skirts.
The high accuracy of the continuum removal in the Mt. Bigelow data allows
a good determination of the upper limit to the fast sodium population near 10.
The profiles of Figure 7-3 show no indication of a broad wing extending to higher
velocities. I take (as a worst case) a rectangular velocity distribution between 0 and
50 km sec- 1 (",lA). The maximum difference between the background level left of
the peak and right of the peak is ",4% of value of the peak. Since the hypothetical
fast feature is 12.5 times broader than the slow distribution, the fast component
contribution to the emission rate is at most 0.5 times the slow component. The
fraction of fast atoms (as opposed to the fraction of photons emitted by fast atoms)
is even smaller. The slow component is optically thick while the fast component is
thin, and the

"y

factor for fast atoms is ",50% higher.

The eclipse spectra provide a similar upper limit to the fast sodium population very near 10. In spectra such as Figure 2-10c, the maximum depth of the
hypothetical fast component is

.:s 4%.

The greatest equivalent width over a

1-A.
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range is therefore 40 mAo The curve-of-growth plot in Figure 5-6 shows that the
column abundance for this optically thin absorption is ",2x10 11 atoms cm- 2 . This
is "'0.2 times the measured slow column abundance measured at impact parameters
",1.4 rIo.

7.D. Velocity Structure far from 10

7.D.!. Velocity Distribution: Mt. Bigelow CCD data
The information content of an individual CCD emission spectrum is imposing.

It is not an exaggeration to say that the scientific content of a single CCD spectrum
is comparable to an entire night of observations with the equipment available a
decade ago. Each CCD frame is divided into a dozen or so spatial regions of interest,
and summed over that region. Each summed row provides a measurement of the line
center, fwhm, and integrated brightness. The actual velocity fwhm was deduced by
removing the Gaussian line profile of the thorium-argon lamp, and both line width
and position are converted to velocity.
The reduction process revealed two interesting facts about the velocity distribution away from 10: (1) small high-velocity skirts did appear in the spectra, and
(2) the centroid of the velocity distribution changed by several km sec- 1 along the
length of the slit. The magnitude and sense of the velocity gradient is not a simple
function of orbital longitude. The skirts and the velocity gradient may be related,
but these phenomena must wait to be studied in the context of the systematic 10
observing program begun in October 1987. The new observing program obtained
dozens of spectra of higher quality than those presented here, and therefore is more
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appropriate for the search for systematic effects than the haphazard spectra obtained during the eclipse observations. Only one aspect of the LPL data, namely
the velocity dispersion, will be discussed here.
Figure 7-4 illustrates the increase in velocity dispersion with distance from 10.
The velocity fwhm within the Hill sphere (5.6 flo) are all in the neighborhood of 2
to 3 km sec-I; the average fwhm outside this distance increases due to a systematic
increase in minimum values and the occasional presence of very high velocities. The
5 km sec- 1 line width observed at 16 rIo by Carlson et al. is not out of place on
this diagram.
This observed velocity structure directly supports the conclusion of Chapter 6,
that sodium within the Hill sphere is travelling more slowly than sodium at larger
distances.

7.D.2. Velocity Distribution: Mt. Hopkins ICCD Data
The 1984 high-sensitivity measurements of the distant cloud reveal a velocity
distribution completely unlike that close to 10. Figure 7-5 describes the observations
and provides an example. On the night of 17 June 1984 (UT), Dr. J.S. Morgan (then
working with Dr. C.B. Pilcher at the Institute for Astronomy of the University of
Hawaii) acquired narrow-band images of the cloud simultaneous with several of my
spectra. The combination has proven quite elucidating. Two basic results apply to
the whole data set: (1) The ratio of fast sodium to slow sodium is typically /"VI to
3 in the region leading 10; (2) the fast sodium component often appears out of Io's
orbital plane. Figure 4-2 shows several examples.
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Figure 7-4. Velocity Dispersion near 10.
The width of the emission profile is plotted against impact parameter. The plotted
values are the fwhm of the Gaussian fit to the emission line profile at 10, corrected
for the instrumental line shape. A linear fit to the data shows the tendency for
smaller dispersions near 10. The circle shows the velocity dispersion recorded by
Carlson et al. (1978).
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Figure 7-5. Simultaneous Image and Spectrum of a Fast Sodium Jet.
A narrow-band image and a high-resolution spectrum of the sodium cloud were
taken simultaneously on 17 June 1984 at 8:45 UT. The image was taken by Dr. J.8.
Morgan (formerly at the University of Hawaii) with the 2.2 m telescope on Mauna
Kea. The solid ellipse shows Io's orbit projected on the plane of the sky; Io has
passed elongation and is heading behind the planet on the lower track of the orbit.
The dotted ellipse represents the plasma equator, which intersects the orbit just
ahead of Io. We view the system from above the plasma plane but below the orbital
plane. Note that the sodium leading Io lies north of the orbital track, almost parallel
to the plasma equator. The vertical line ahead of Io indicates the position of the
slit used in the spectrum. The spectrum, summed over the full spatial extent of
emission, is shown at the bottom. CCD image courtesy of J.8. Morgan and C.B.
Pilcher. The observing geometry is virtually identical to that in Figure 4-1 (from
Pilcher et ai.) and the cloud morphology is an excellent match.
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A remarkably large fraction of the observed sodium was travelling at velocities
of tens of km sec-I. Almost all spectra show an easily identified peak at lo's
orbital velocity; this "normal" sodium is responsible for creating the cloud shown
in Figure 1-1. The shape of the fast sodium velocity profile is highly variable,
sometimes with a distinct peak at high velocities (as in Figure 7-5) and other times
simply trailing down continuously from the "normal sodium" distribution (as in
Figure 4-2a). This variability may have been due to the wide range of viewing
geometries, or possibly due to genuine changes in the lo-plasma interaction.
Both the spectra and the tabulated brightnesses (Table 4-2) show that the ratio
of fast sodium to slow sodium is much higher far from 10 than it is very near 10. The
average Fast/Slow ratio leading 10 by 25 flo is ",,1.5, while the ratio inside 1.4 flo
(determined in §7.C.2) is

:s 0.2.

Such a dichotomy is expected, but the magnitude

of the effect is larger than anticipated. Slower atoms are more effectively bound to

10 by gravity, while fast atoms fill the space around 10 more uniformly. FUrthermore,
slow atoms are preferentially ionized before they reach large distances. Finally, per
unit flux, fast atoms are more sparsely spaced, and therefore contribute less to the
line-of-sight emission.
The upper limit on fast sodium near 10 is consistent with the observed flux of
fast sodium at larger distances. The slow sodium column abundance is shown to be
1"V200 greater at 1.4 flo than at 25 rIo. The fast sodium abundance should only be
1"V20 times greater, assuming a r- 2 density distribution. The predicted Fast/Slow
ratio near 10 is therefore 1"V0.l, below the derived upper limit of 0.2.
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7.0.3. North/South Asymmetry of Fast Sodium
The sodium jets extend primarily forward in lo's orbital plane, but with a
small tilt with respect to the plane. In this section, I show that the north/south
displacement of the jet is correlated with lo's magnetic longitude, and evaluate
several plausible origins of the asymmetry.
Several geometrical factors complicate the task of studying displacements out
of the orbital plane. First of all, lo's orbital plane was tipped about 2.5° from
edge-on. Sodium well in front of or behind 10 therefore appears north or south of
10 on the plane of the sky. Second, lo's motion about Jupiter presents an everchanging viewing perspective on the sodium cloud and its jet. The lines of sight
were fixed 0.67 Rj inside and outside of lo's position; as lo's orbital longitude (8)
changes, these lines of sight intersect the cloud and jets at different distances ahead
of 10. For example, the slit position inside 10 views trailing sodium when 8=45°,
but it views sodium ahead of 10 when 8=135°. When 10 is near elongation (8=90 0 or
270°), there is no clearcut answer. Fortunately, the majority of observations were
made after elongation; even so, the time-of-flight from 10 to the slit varies with lo's
orbital longitude. Such differences have been ignored for the analysis below, but
they obviously will distort the perceived behavior of the jets.
Despite the geometrical difficulties, a good correlation arises between the direction of the fast sodium feature and lo's magnetic longitude (Figure 7-6, top panel).
The fast sodium leading 10 appears north of 10 when 100°.$ Am(lo),$ 240°, and
south of 10 when 280°,$ AlII (10),$ 60°. The fast sodium displacement appears to
track the tilt of the plasma plane, with a small lag. The plasma equator intersects the orbital plane at A[[1=110°, with the plasma just ahead of the intersection
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Location of Fast Sodium relative to 10
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Figure 7-6. North/South Asymmetry of Fast Sodium Atoms.
The location of the fast sodium feature with respect to the orbital plane is shown for
the June 1984 Mt. Hopkins spectra. The top panel shows all data which unambiguously sample the region leading 10, and the bottom panel displays the remainder.
Spectra in which no fast sodium was observed are not plotted. The open circles
represent spectra taken when 10 was east of Jupiter, and the triangles show data
taken when 10 was west of Jupiter. The correlation with magnetic longitude is good.
There is no correlation with orbital longitude.

178

tilted north of the orbit plane. When this intersection passes by 10, north-directed
jets begin to appear ahead of 10. Similarly, south-directed jets are formed when
AIII(10)=2900.

Due to the ",1 to 2 hour time-of-flight from 10 to the slit, the

north/south oscillation lags the plasma plane tilt by about 60°. The 1980 observation of Pilcher et al. fits this pattern exactly, suggesting that they too were
observing a high-speed sodium jet.
The north/south displacement is not correlated with lo's orbital longitude; both
north- and south-directed features were observed with 10 on either side of Jupiter.
The jet direction therefore cannot be a consequence of the tilt of the satellite orbital
plane as seen from the Earth. The fact that the direction of the features is visible
on top of the orbital plane tilt indicates that the observed features must be tilted
by significantly more than 2.5°.
Figure 7-6 (bottom panel) displays the north/south displacement for sodium
not leading 10. The direction of displacement is again correlated with magnetic longitude, but with a different phase than the top panel. The north/south dependence
in the bottom panel appears to lag behind the top panel by ",,45°. It is possible
spectra obtained at positions not leading 10 record sodium atoms which by virtue
of their position on the plane of the sky have taken longer to arrive in the field of
view. A flight-time increase of only one or two hours would lead to such a delay.
On the other hand, these atoms may have been ejected from 10 by a completely
different process. The AlII (10 ) dependence of the bottom panel matches that of the
"directional features" found outside 10 by Pilcher et al. (1984). Conversely, there is
a chance that the Pilcher et al. observations are directly connected to the leading-Io
features presented here, and are not caused by sideways-ejected sodium. It is not
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possible to choose among these possibilities without full models for their velocity
distributions.
The north/south asymmetry could in principle be generated by any of three
causes:
(1) Fast sodium atoms are ejected from 10 in equal amounts north and south of
10, but the tilted plasma torus consumes some of the sodium, leaving the pattern

of Figure 7-6. This can be eliminated because the observed velocities of the most
asymmetric sodium are too large to be affected by the torus; at 70 km sec-I, sodium
leaves the hot, dense plasma in less than an hour, considerably less than the lifetime
against ionization. Furthermore, the phase of the observed variation is inconsistent
with this explanation: the most northerly jets should occur at (or probably after)
the moment when the plasma plane is farthest south of 10 (AIII(lo)~ 200°). On the
contrary, the observed magnetic longitude dependence shows that the jets appear
to be ejected parallel to the plasma plane.
(2) Fast sodium may be preferentially created north or south of 10, but actually travels parallel to the orbital plane. The "slow" sodium cloud exhibits a
north/south density asymmetry (Trafton, 1980), and this may be directly mapped
into the fast sodium profile through charge-exchange. The phase of this asymmetry is basically identical to that of the previous paragraph, and therefore does not
match the observations. Figure 7-5 shows a clear counterexample to this proposal:
the jet extends north while the bulk of the cloud lies south of 10. Trauger (personal
communication) has offered another variation. He suggests that the dense region
of the plasma essentially creates a fast sodium imprint while' passing through the
cloud: ions on the tilted centrifugal equator are neutralized by charge-exchange in
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the cloud but continue to move at plasma speeds and hence carry the original tilt of
the plasma. This explanation successfully accounts for north-displaced arriving at
the slit soon after the plasma-plane crossing at 110°, but it predicts south-displaced
sodium very soon after. The trend of Figure 7-6 does not support this.
(3) Finally, the north-south asymmetry might be caused by the initial velocity
vectors of newly-created fast sodium neutrals. lo's dense atmosphere may be the
source of atoms, and the tilted magnetic field may be responsible for the out-of-plane
velocities. This is supported by the tendency for the largest line-of-sight velocities
to be correlated with the largest out-of-plane offsets, as suggested by Figure 42. This implies that the northward displacement is due to a northward velocity
component whose magnitude is related to the forward velocity. The observed phase
of the trend indicates that atoms are ejected with a northward velocity component
at AlII (10 )'" 110°, and a southward component at AIII(lo )",290°. The implications
of this process and the origin of the out-of-plane velocity are discussed further in

§8.B.

7.E. Summary
The velocity observations reveal a surprising amount about lo's atmosphere,
corona and extended neutral cloud. The Doppler shift of coronal sodium relative
to 10 has been known (albeit overestimated) for many years, yet its relevance to
atmospheric models has been largely ignored. The high-quality observational results
presented here are even more compelling, and should be addressed in atmospheric
results. The small but finite forward velocity of sodium with respect to 10 shows
that direct ejection from corotating plasma impact on lo's trailing hemisphere is
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not significant. If 10 has a substantial atmosphere, an indirect escape mechanism,
i.e. one involving multiple collisions with the plasma, may produce the observed
velocity shift. In the context of the other results of this dissertation, the thick
atmosphere interpretation is favored.
The clearest result of the velocity data is the dramatic difference in velocity
distribution between sodium near 10 and sodium far from 10. Sodium within lo's
corona has very low velocity, comparable to or less than the escape velocity. Outside
the corona, the velocity distribution picks up a fairly flat skirt which extends many
tens of km sec- 1 which often dominates the slow component. This result is in
excellent agreement with the radial profile results discussed in the previous Chapter:
much of the sodium near 10 appears to be bound to 10, while sodium far from 10
has sufficient energy to escape 10, Jupiter, and (if not for photoionization) the solar
system.
The preponderance of high-speed sodium far from 10 has profound repercussions
on our interpretation of sodium cloud images. Typical narrow-band images carry
no velocity discrimination, so it has been traditional to assume that the bulk of
sodium in the neutral cloud is "normal", i.e. travelling at just a few km sec- 1 with
respect to 10 (Smyth and Combi, 1988, and references therein). The Mt. Hopkins
spectra demonstrate that this assumption is not always true. Future sodium cloud
models will have to contend with the possibility that much of the brightness comes
from high-speed atoms rapidly leaving lo's vicinity.
The fast sodium jets have turned out to be an unanticipated probe of the
plasma/atmosphere interaction. The existence of the small out-of-plane components, and the magnetic longitude correlation of these displacements are vital clues
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to the nature of this phenomenon. The following chapter discusses the implications
of these jets.
Many of the conclusions above are based on comparisons of spectra taken over
a year apart. The 1984 high-sensitivity spectra show an abundance of high-speed
sodium jetting away from 10, while the 1985 near-Io spectra show a much less
energetic state. It is possible that changes on a timescale of weeks to a year have
strongly affected the nature of the sodium cloud. There is virtually no evidence
for other very large changes in the 10 sodium cloud over the 15-year history of
observations (Schneider et al., 1988), but the sensitivity of our experiments still
allow significant variations.
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CHAPTERS

ESCAPE FROM 10

S.A. Introduction and Review
Sodium is removed from 10's vicinity by three major processes: charge exchange
(escape of neutrals at high speed), transport out of the region (escape of neutrals at
low speeds), and electron impact ionization (removal from the neutral population).
Sodium will also return to lo's surface, but we are interested only in the net upward
flux. Most sodium atoms are eventually ionized after escaping 10, so 1 define an
arbitrary but convenient dividing line at 10 rIo. Atoms which cross this boundary
are counted in the transport rate, while those ionized inside constitute the ionization
rate. Estimates of these rates are not equally reliable: the charge-exchange rate is
directly observable, but the ionization rate must be inferred by other means.
Rates of sodium escape from 10 have been calculated almost since the start
of 10 observations, but most were made before the high ionization rates in the
plasma were known. The most reliable recent numbers come from the extensive
modelling work of Smyth and Combi (1983, 1988, and references therein); they
have determined that the brightness and morphology of the sodium cloud (Figure

1-1) can be produced with roughly isotropic ejection of ",,2 x 1026 atoms sec- I at
speeds of a few km sec-I. This supply rate is the sum of transport and ionizatiun
losses.
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Brown and Schneider (1981) measured a very different population of slow
sodium atoms at distances of 10 to 20 Jovian radii from Jupiter's center. This distant population is comprised of slow atoms ejected from 10 into higher orbits. They
calculated a total inventory of 10 32 sodium atoms; applying the photoionization
lifetime of ",400 hours yields a supply rate for this population at 1026 atoms sec-I.
This rate does not include electron impact ionization losses near 10. Brown et al.
(1983) calculate that only one atom in ten survives the traverse through the torus
from the near-Io region to the distant population. The actual transport rate at
10 rIo to supply the distant population must therefore be "';10 27 atoms sec-I. This

is the highest published sodium supply rate.
Observations of sodium charge exchange jets have been made only in the recent few years, and no supply rates have been published. The preliminary rates
from Trauger's observations (personal communication) fall near 1024 fast sodium
atoms sec- I ( Na* sec-I).
The supply rates listed here are summarized in Table 8-1 at the end of the
chapter, where they are compared with the values derived in this work. The three
processes are discussed individually below.

S.B. Charge Exchange
The Mt. Hopkins spectra and the Doppler-resolved images of Trauger (1984b,
1985) reveal a substantial flux of high-speed sodium atoms escaping from 10. In
this section I estimate the total escape flux, suggest a process responsible for the
north/south directionality of the jets and predict the escape of high-speed oxygen
and sulfur atoms.
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8.B.1. Fast Sodium Supply Rates
The fast sodium features are optically thin, so it is straightforward to calculate
the column abundances on the plane of the sky. The supply rate of fast atoms is
more important but much harder to derive. Figure 8-1 shows a hypothetical sodium
jet, with the line of sight of the slit slicing through the jet. Atoms may be anywhere
along the line of sight, with completely unknown velocities on the plane of the sky.
To derive the total supply rate of fast atoms, we must make intelligent guesses about
these unknown components.
The root of the supply rate calculation is to identify a surface (in Io's reference frame) and measure the rate at which sodium crosses that surface. I begin
with a very simplistic model of a jet, in which neutrals are ejected from 10 in the
direction roughly tangent to the orbit. (This is not necessarily correct, but it illustrates some counter-intuitive concepts in celestial mechanics which are required for
estimating the supply rate.) Figure 8-1 shows the positions with respect to 10 of
atoms that have been emitted continuously for the previous several hours. In the
rotating coordinate system, atoms appear to move forward from 10, then outward
and finally backward. Their velocities in the rotating coordinate system lie along
the streamlines shown. The width of the jet is arbitrarily set by inward and outward deviations of 10° with respect to the orbit tangent. Two hypothetical jets are
shown, for ejection velocities of 57 km sec- 1 and 28 km sec- 1 with respect to 10.
Spectrum 317we (and Morgan's image) will serve as an example of the supply
rate calculation. The first approach is to estimate the abundance in the plane of
the slit, and estimate an average velocity perpendicular to the plane. Figure 8-1
shows the observing geometry. The line of sight passes ahead of 10, intersecting
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Figure 8-1. Geometry of a Fast Sodium Jet.
The sodium cloud and a hypothetical jet are shown for the viewing geometry of
spectrum 317we. The solid lines show velocities of 57 km sec-I, and the dashed
lines show the same for 28 km sec-I. The dots indicate I-hour time intervals. At
each velocity, atoms were launched in the direction tangent to the orbit, and 10°
inside and outside of the tangent. The slice of the jet viewed by the slit is also
shown.
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the normal sodium inside 1o's orbit, and the fast sodium well outside the orbit.
Contrary to first impressions from Morgan's image (Figure 7-6), the hypothetical
jet is headed largely perpendicular to the plane of the sky. The average velocity
component in the plane of the sky and parallel to the orbital plane is therefore
probably small compared to the average velocity perpendicular to the plane of the
sky. I make an order-of-magnitude guess of about 5 km sec-l. Multiplying by the
planar abundance of 2.3x10 l9 atoms cm- l listed in Table 5-2, the total supply rate
is 1.2 X 1025 Na* sec-l. This method uses only one unknown, namely the velocity
perpendicular to the slit plane.
As an alternate method, I estimate the flux into the plane of the sky. The spectrum provides an estimate of the vertical extent

~z

of the jet; I assume the dimen-

sion ~x in the orbital plane is the same. The greatest unknown is the "depth" of the
feature- the typical size ~y along the line of sight. Since the density falls off rapidly
as the jet moves away from 10, I assume a conservatively large value of 2 Rj. The
spectrum provides a reliable estimate of the line-of-sight velocity, vlos=40 km sec-l.
The supply rate by this method is (Planar Abund. x Vl.~x/ ~y)= 1025 Na* sec-l.
The good agreement wit,h the previous method is probably fortuitous. Both
and

~y

~x

are completely unknown, so the first method is slightly preferable.

Both methods are very crude, but a more proper treatment would involve a fullup model of the jets, including the supply rate as a function of veloci ty, ejection angle
and time. Since even these basic jet properties are unknown (and under debate), a
more advanced treatment is not appropriate. For rough estimates of the supply rate
for all occurrences of fast sodium, I therefore use the somewhat arbitrary value of
5 km sec- l perpendicular to the slit plane. This velocit~· ,,-ill almost certainly lead
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to gross underestimates in some cases and overestimates in others, but probably
represents a conservative average velocity over the wide variety of viewing angles
used in this study. The averaged planar abundance observed leading 10 (from values
in Table 5-2) is 1.6x10 19 Na* cm- 1 , so the estimated total supply of fast sodium is

8 x 1024 Na * sec-I. There is margin for systematic and random errors on this, and
the intrinsic strength of the jets is also probably quite variable. In several cases,
however, (e.g. frames 100 to 131) source rates in excess of ",,10 25 Na* sec- 1 are
unmistakable. The system must, at least on occasion, supply this much fast sodium.

It has been assumed that fast sodium is created by charge-exchange reactions
in Io's corona, and the anticipated supply rate is simple to calculate. Sodium ions
in the ambient plasma pass through the corona and undergo charge-exchange with
sodium atoms there. For future reference, I call this the "primary" or "one-step"
process.
The expected supply rate may be calculated from the observed sodium column
abundance and the assumed sodium ion density. The ions are assumed to pass
through the corona on straight, unaltered trajectories, so the geometry for chargeexchange is similar to that used in the observations. The radial structure of the
atmosphere described in Figure 6-1 is therefore appropriate. The regions directly
in front of or behind the disk are excluded. The flux of sodium ions ambient in the
plasma is

+ .Ions
'J:'1 (N a +) = V,corot namb

.T..

-1
cm - 2sec

8-1
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and the column production of fast sodium atoms from this primary process is therefore

Using equation 6-1 to describe the distribution of sodium about 10, the equation
above may be integrated from the edge of 10's disk to infinity to derive the total
expected fast sodium supply.

8-3
where No is the sodium column abundance tangent to 10's surface. Using the
observed value of No ""2.6x 10 12 atoms cm- 2 and the estimated value of n~mb ",,20
ions cm- 3 , the expected fast sodium supply is only ",,6x10 23 Na* sec-I. The sodium
neutral or ion density must be much higher than assumed, or another process must
be active. I reserve judgment until after the analysis of the jet morphology which
follows.

8.B.2. North/South Motion of Fast Neutrals
One of the most surprising aspects of the Mt. Hopkins data is the fact that
the fast sodium does not lie in 10's orbital plane. The observations suggest that a
substantial fraction of the sodium ions at Am(lo)""nO O and at Am(Io)",,290 0 have
a significant north or south velocity component.
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I propose that the observed jets are caused in part by multiple reactions between
the plasma and dense regions of lo's atmosphere. Specifically, I suggest a tworeaction process in which sodium in lo's atmosphere
-is ionized by the plasma through electron impact ionization,
-is accelerated to near corotation velocity,
-and then undergoes a charge exchange reaction before leaving lo's vicinity. (Only the first and last steps can be considered reactions, hence the label
"two-reaction charge exchange".)
In the section that follows, I will (1) prove that the one-step charge-exchange
process does not yield north/south velocities, (2) demonstrate that north/south
velocities are expected in the two-step process, (3) show that the observed supply
rate can be met, and (4) derive measures of plasma and atmospheric properties
necessary for this reaction to proceed.
The plasma plane is tilted, but the bulk velocity vector of the plasma as a whole
does not lie in the plasma plane. It is a common misconception even in the 10 torus

community to assume that the velocity vector of the corotation motion is in the
plasma plane. But the actual mean velocity vector is in the direction w x r, not

NB x r (where N B represents the direction of Jupiter's north magnetic pole). The
velocity of the average equilibrated ion, then, is not affected by the local direction of
the magnetic field. Therefore, charge-exchange reactions between equilibrated ions
and neutrals in lo's extended atmosphere should have no net out-of-plane velocity
component. One would expect the "primary process" discussed above to create a
jet of fast neutral sodium which lies in lo's orbital plane. The observations therefore
indicate that another source of fast sodium ions of comparable or greater magnitude
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does have a significant velocity perpendicular to the plane. Since the north/south
effect is readily observed in spite of the 2.5° tilt, I estimate that the hypothetical
second process must be tilted by more than this amount. I discuss below the favored
source mechanism; rejected alternatives are discussed at the end of the subsection.
A proper explanation of the out-of-plane velocity component requires a digression into some of the physics of magnetospheric corotation. Figure 8-2 shows the
view in the frame of reference of a neutral near 10 (which travels about Jupiter
at about 17 km sec-I.) The magnetic field will be tilted with respect to the orbital plane depending on the magnetic longitude. The figure shows the case for
"\111(10)=110°. An electric field of ",,0.11 Vim, directed outward from Jupiter is
imposed across the torus. This field is created by currents driven in Jupiter's ionosphere by v x B forces, and the field is mapped onto the torus by Birkeland currents
along the field lines. When the neutral is ionized, it experiences an E x B drift in
the direction perpendicular to both E and B. The total cyclic motion is shown
in Figure 8-2. For the example ion, the drift velocity includes a component Vcorot
xsin(100)=10 km sec- I directed northward. The velocity in the y direction varies
from 0 to 2 x 'Vcorot.
The z-component of velocity can also be derived within the corotating frame,
where by definition the electric field vanishes (Figure 8-2, bottom). The neutral
appears to be moving in the -y direction at 'Vcorot. When ionized, the ion retains
that velocity, which includes the same northward component. In the corotating
frame, the ion's guiding center travels north, and the ion executes its gyromotion
about the guiding center. In summary, then, it is the rule and not the exception
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ATOM REST FRAME

PLASMA REST FRAME
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Figure 8-2. Motion of a Fresh Ion.
(top) shows the motion of a fresh ion in the atom's rest frame, i.e., a frame which
orbits with 10 at 17 km sec-I. The z direction is parallel to Jupiter's rotation axis,
y is in Jupiter's equatorial plane and in the direction of corotation, and x is directed
outward from Jupiter in the equatorial plane. The atom's magnetic longitude is set
at 110°, so the magnetic field lines are tilted 10°. The corotation electric field is
directed parallel to x, and the drift velocity v d is perpendicular to both E and
B. The ion travels on a cycloid moving upward with a velocity of V z = Vdsin(100).
(bottom) In the plasma rest frame, where the electric field vanishes, the ion's motion
is dictated by its initial velocity vector in the moving frame. The initial velocity
has a component parallel to the field line V z = vosin(lOO). The ion executes a spiral
about its guiding center.
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fQr fresh iQns tQ have significant Qut-Qf-plane velQcities. The average magnitude is
"corot x sine AIII(lQ)- 110°).

Next 1 explQre the general requirements fQr these fresh iQns tQ generate a visible
fast sQdium jet. Fast sQdium atQms will be created by ambient sQdium iQns (as
described abQve) and alSQ by fresh iQns added to the stream frQm lQ'S atmQsphere.
SQdium iQns may be created in the 1.0 atmQsphere by a hQst .of prQcesses, and the
exact prQcess is nQt impQrtant tQ the nQrth/ south asymmetry .of the jet.
The mQst likely prQcess at present appears tQ be electrQn impact iQnizati.on,
and belQw 1 calculate the cQnditiQns under which en.ough iQnizatiQn will .occur tQ
create a visible jet. 1 assume again that the plasma flQWS past 1.0 with.out diversi.on
.or cQ.oling, and that fast sQdium is n.ot pr.oduced in the parts .of l.o's atm.osphere
prQjected against lQ's surface as seen by the plasma. These assumptiQns will be
reexamined at the clQse .of this sectiQn. FQllQwing the example .of the previ.ous
sectiQn, 1 derive the supply rate fQr the "twQ-step" .or secQndary fast s.odium pr.ocess.
The flux .of freshly-created iQns thrQugh the c.or.ona is apprQximately

8-4
The factQr .of tW.o is intrQduced because the fresh iQns .on average are created
halfway thrQugh the cQlumn and theref.ore can react with .only ab.out half the atQms
in the c.olumn. The prQducti.on rate .of fast sQdium frQm the cQlumn is

P2(Na*) = Nlva
2

O"chex
Tionization

Na* cm- 2 sec- 1

8-5
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and the supply from the whole atmosphere is

.

N2

= 1.6 x Nff

rJoO'chex

*

Na sec-

1

2 Tionization

8-6

The quadratic dependence of the secondary-reaction flux on column abundance
means that atmospheric columns near 10 will generate substantially more tworeaction charge-exchange than columns far from 10.

The ratio for the whole-

atmosphere supply rates is therefore

N2

No

Nl

namb Vcorot 'Tionization

-.- = 0.19 x --:-+---'------

8-7

Figure 8-3 shows (1) the sum of the rates of the two processes and (2) the ratio
of the rates as a functions of sodium ion density and neutral sodium base column
abundance. The diagram shows that to supply 8x10 25 Na* sec- 1 with the baseline
atmospheric density, a sodium density of 200 cm -3

("-' 10%)

would be required (point

A in Figure 8-3). This is substantially above the Voyager PLS "-'4% upper limit on
sodium ions near 10. Furthermore, under these conditions, the fraction of two-step
products would be below 0.1, while the Mt. Hopkins observations require

N2/ Nl

,G 0.5. The observations can be explained if the sodium ion density is about 60
cm- 3 and the atmospheric sodium density is increased by a factor of several (point
B). I conclude that high column densities of neutral sodium must be present and
exposed to the plasma. A three-fold increase of the base density would be sufficient
to raise absolute supply rates to the required level while retaining an acceptable
ratio of the relative rates. If the secondary process is dominant, the sodium ion
density may become arbitrarily small.
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Figure 8-3. Fast Sodium Supply Rates
This plots describes the fast sodium supply rates of the two processes discussed in
the text. The horizontal axis is a measure of atmospheric thickness, the column
abundance along a path tangent to the surface, in atoms em -2. The vertical axis
displays sodium ion density in Na+ cm -3. The solid curves show contours of total
supply rate, measured in fast sodium atoms sec-I. The dotted curve shows the
observed supply rate. The slanted dashed lines represent lines of constant supply
rate ratio (two-step to one-step process). The atmospheric density estimated from
the eclipse data falls near the vertical line at the center of the plot. The upper
left region of the diagram is excluded because jets generated under those conditions
would not have an observable north/south asymmetry. The labelled points are
discussed in the text.
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This scenario requires substantial ionization and charge exchange near 10 itself. FUrthermore, large numbers of fresh ions must be efficiently accelerated to
high speeds. Both the sum of the two supply rates and their ratio require that
the plasma interact with the atmosphere well below 1.5 rIo. If the region inside
this distance is shielded, the two-step production rate practically vanishes, and the
1-step rate falls to about 75% of its original value. Jets created by such an atmosphere would be several times weaker, and would not depart from the orbit plane.
These circumstances might have applied during the observations of Trauger (personal communication) who reports fainter jets with no out-of-plane components.
Point C in Figure 8-3 shows a possible set of conditions.
The requirement of near-Io reactions necessitates a re-examination of the assumptions, since such an interaction is quite capable of strongly altering plasma
properties. Both the ionization lifetime and the plasma flow velocity may be perturbed. The Voyager spacecraft measured a small drop in the electron temperature
near lo's flux tube, and Sittler and Strobel (1987) attributed it to collisional and
ionization energy losses in lo's corona. Deep in lo's atmosphere, the electrons may
be cooled to the point where they are no longer capable of ionizing sodium at all.
In fact, ultraviolet emissions from 10 appear to be generated by "",2 eV electrons
(Ballester et al. 1987) as opposed to the ",,5 eV electrons observed away from 10. It is
difficult to assess the impact of this perturbation on the jets since so much of the atmospheric structure is unknown. The theory requires that the sodium ionization lifetime not be radically altered in a tangential column of ",,10 13 sodium atoms cm- 2 ,
or "",10 15 atoms cm- 2 including all constituents (if the sodium mixing ratio is 1%).
The electrons will impact more isotropically; the vertical column that the electrons
must penetrate will be less than the tangential column listed above.
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The large ionization and charge-exchange rates near 10 may affect the bulk
plasma speed. The local electric field magnitude may be reduced by lo's conductivity (Eviatar et al., 1979) or extensive ionization and/or charge-exchange (Bagenal,
1988). The drift velocity will therefore be reduced, but the supply rates derived
above will remain the same, as will the direction of fresh ion motion. The lower
velocities hypothesized may in fact be consistent with the spectra which show few
atoms travelling at the expected speeds near 120 km sec- 1 (2xVcorot), and many
more at slower speeds.
The calculations exclude the regions upstream and downstream of lo's disk, and
this may unrealistically reduce the estimated supply rates. In the present analysis,
I have assumed that fast neutrals and fresh ions created upstream of 10 simply plow
into the deep atmosphere (or surface) and therefore do not lead to fast sodium
ejection. If plasma flow streams around 10, fresh ions might not be lost but would
be carried around. I have further assumed that no reactions take place downstream
in lo's "plasma shadow". While this region may be protected from the corotating
ion flow, it is almost certainly exposed to the ionizing electrons, whose velocity
distribution is more isotropic. The inclusion of fresh ions created upstream and
downstream from 10 could greatly increase the rate of the two-step process since
more of the thicker parts of the atmosphere are exposed.
In sum, the proposed process meets the two major requirements: (1) creates
a large flux of fast atoms (2) directed out of lo's orbital plane. The explanation
stretches the acceptable description of the plasma/atmosphere interaction, but a
very sophisticated model of the interaction will be required to prove or disprove the
idea. The proposed mechanism also does not explain the details of the observed
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velocity structure, but this too will require a more complete model. The work of
Ip (1981) and the recent progress of Linker (1987) and Wolf-Gladrow et al. (1987)
should be incorporated into such a model.

8.B.3. Two-Step Charge Exchange: Alternate Source Processes
Ionization is not the only reaction possible as the first step in creating outof-plane jets. Virtually all charge-exchange reactions preceded by another neutral/plasma interaction will exhibit the same behavior. Candidates for the initial
step are listed below.
(1) Elastic collisions. If a sodium ion in the torus collides head-on with an
atmospheric neutral, it will recoil backward in the corotating frame. As in Figure
8-2, the backward velocity will have a component along the field line which will be
preserved when the ion is neutralized. This mechanism does not seem plausible;
it only equals the single-step process when the column abundance approaches the
nuclear stopping depth of 1015 atoms cm- 2 . Furthermore, the velocity vectors of
the ions after the collision will probably be so randomized as to wash out the small
out-of-plane average component.
(2) Multiple Charge Exchange. In the process of charge-exchange, a fresh ion
is created with an out-of-plane velocity component as described above. This ion
stands a chance of undergoing another charge-exchange, which would contribute
to the out-of-plane jet. This process is unimportant until the column abundance
approaches rv1/achex

= 1014

very deep in the atmosphere.

sodium atoms cm- 2 . Such columns are only likely
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A close plasmal atmosphere interaction is required regardless of which process

generates the fast sodium. If the jets are produced simply by charge-exchange of
ambient sodium ions in the plasma, the high rates observed imply that the product
of ion and neutral densities is high. The Voyager PLS .....,4% upper limit on n~mb'
rules out the high ion density option, thereby requiring a high neutral density.
On the other hand, if the jets are formed from sodium ions created near Io, then
the fresh ions must be accelerated to near corotation speeds before they leave the
atmosphere. In either case, the plasma may not be completely diverted around Io
without interaction.

8.B.4. North/South Velocity: Rejected Explanations
(1) Re-impact of Fresh Ions. Ions created at Io may pass close to Io one synodic
period (13.5 hours) later. Ions are free to bounce up and down along field lines,
and bounce velocities can be substantial. It is well-established (Cummings et al.,
1980) that ions formed at maximum magnetic latitudes (±7°) will fall toward the
plasma equator due to centrifugal and magnetic forces. Such ions have speeds of
.....,12 km sec- 1 at the plasma equator, but vanishingly small velocities when they
return to Io's position at higher magnetic latitude. The bounce period for these
ions is .....,4 to 6 hours (depending on ion energy), so freshly created ions will not
reimpact Io when it returns to that magnetic longitude in 13.5 hours.
(2) Random High-density Plasma Clumps. The plasma torus is known to be
nonuniform (Morgan, 1985; Cummings et al., 1980), and it is possible that random
clumps of plasma ten times denser than normal can bounce coherently along field
lines for extended periods. We originally proposed that the jets were generated by
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the interaction of such clumps with the extended neutral clouds (Schneider et al.,
1984), but this explanation no longer appears likely. First of all, the plasma blobs
would have to be large enough to create fast sodium near 10 for several hours;
the "high-density clump" must therefore be a substantial fraction of the plasma,
contrary to observation. Second, the bounce direction of these random clumps
would not be correlated with magnetic longitude, as required by the data.

S.B.5. Oxygen and Sulfur Charge Exchange Rates
The sodium charge-exchange jets are not a significant fraction of the total 10
mass and energy budget, but they imply corresponding jets of atomic oxygen and
sulfur. These are far too faint to observe, so extrapolation from the sodium jets is
the best connection to observations. Charge exchange between the various charged
and excited states of oxygen and sulfur is considerably more complex than the
sodium case. Shemansky (personal communication) has provided an approximate
averaged charge-exchange cross section of ",,30A 2 appropriate for the generic impact
of S or 0 ions on S or 0 neutrals. (This is comparable to the elastic collision cross
section, so the atmosphere is collisionally thick for charge-exchange at about the
same level it becomes thick for elastic collisions.) The ionization lifetime for 0
and S is much longer than for N a, so the two-step process discussed for sodium is
probably not applicable. Some out-of-plane fast 0 and S neutrals might be formed
through multiple charge-exchange as discussed above.
The total charge-exchange rate for 0 and S may be roughly calculated by
extrapolating from the sodium jets. 1 assume that sodium makes up 1% of both
the atmosphere and torus, and that the generic charge-exchange cross section is
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30!2 • I consider only the supply from the one-step charge-exchange process. The
approximate rate will therefore be (following equation 8-3)

Nos
, =4.2

X

Nos
,

(ao,s)

+
nos
,

Vcorot

8-8

= 3.7x10 27 0*,8* sec-I.

using the upward revision of No derived in the last section. The fast O,S supply rate
is a factor of several smaller than the total supply rate estimated by other means.
If the near-Io plasma flow velocity is unimpeded, this charge-exchange rate would

imply a substantial extra energy contribution to the system without increasing the
mass. Shemansky (1988) claims that an energy supply of this type is required to
maintain the ionization balance of the system. The rate estimated here is smaller
than required by Shemansky, but could be raised by a large factor if other possible
two-step processes are included.

s.c.

Transport of Slow Atoms

The previous section determined the escape rate of fast sodium atoms in the
wings of the velocity distribution; the flux of slower atoms in the peak of the distribution is also significant. In this section I assess the escape rate of atoms which
have escaped lo's gravity and are travelling a few km sec- I with respect to 10. (The
radial profile of Figure 6-3 measures exactly these slow atoms, and does not measure those travelling at tens of km sec-I.) I calculate the flux across a somewhat
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arbitrary boundary of 10 rJo; the extended atmosphere there may still be considered roughly spherically symmetric, and the atoms at this distance have escaped
lo's pull.
The sodium density at 10 rIo is

I'V

1 atom cm -3, from equations 6-2 and 6-4.

The average outflow velocity there is harder to determine, but we may estimate it
from the velocity dispersions of Figure 7-4. We need to know the average velocity perpendicular to the 10 rIo sphere (denoted vout), but what the observations
measure is only one component of the total velocity. Without a full 3-dimensional
model, it is impossible to invert the observed line widths (2 to 6 km sec- 1 fwhm)
to average outflow velocities.
Qualitative arguments may be used to show that the observed velocity dispersions are probably reasonable limits on the outflow velocity. The lower limit
is supported by the fact that sodium at 10 rIo must be replenished from 10 on
a timescale comparable to an ionization lifetime (.....,2 hours). If not, the density
at large distances would fall off more rapidly than observed. Chapters 6 and 7
stress the evidence for moderate velocities outside lo's Hill sphere. A minimum
likely outflow velocity at this distance would be Vout = 10 rIol 7200 seconds =
2.5 km sec-I.
The outflow velocity cannot be large compared to the observed line widths,
which were obtained over a range of viewing geometries. Consider the simple example of constant-velocity spherically-symmetric radial outflow, with the observed r- 2
density distribution. Many of the atoms along the line of sight have a significant
fraction of their velocity vector directed along the line of sight. Simple calculations show that the velocity distribution along the line-of-sight is in fact roughly
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rectangular between ±Vout, especially for a density distribution as shallow as r- 2 •
The width of the rectangular profile will therefore be -2xVout, which has an effective Gaussian fwhm of -1.2 XVout. I ignore the 20% difference and assume that
the observed line fwhm is comparable to the outflow velocity. Thus the observed
maximum velocity dispersion of -6 km sec- I will serve as an upper limit on Vout.
The flux of "slow" sodium atoms transported across the 10 rIo boundary will
be 47r(10 rlo)2n Vout, or 1 to 2.5x10 25 atoms sec- 1 using the above velocity limits.
This is comparable to or slightly larger than the flux of fast atoms.

S.D. Electron Impact Ionization
Sodium atoms are probably being lost to ionization at a prodigious rate, but it
is not possible to observe this loss directly. The best estimate is nothing more than
the ratio of the total amount of sodium divided by the lifetime against ionization.
The approximate inventory of sodium may be calculated by extrapolating the
power law data fit down to the surface and performing the volume integral from 1
to 10 fJo. For the fit described by equation 6-2, the total is 9x10 29 sodium atoms.

If, as suggested by the supply rate requirements for charge exchange, three times as
much sodium is exposed to the plasma, the inventory would be (very approximately)

2.6x10 30 sodium atoms. Using a typical ionization lifetime of 2 hours, the loss due
to ionization is seen to fall between 1.2 and 3.6x 1026 atoms sec-I.
The calculated ionization rate explicitly assumes that all the sodium is subjected
to electrons at standard torus energies. A number of recent results (summarized at
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the close of §8.B) suggest that this is not the case. The electrons may be substantially cooled by interaction with the atmosphere, reducing the ionization rate. The
plasma may also be diverted around 10, and therefore reduce the effective inventory
subjected to ionization. Both of these effects could drastically reduce the ionization
loss inside 10 rIo. Such a reduction goes contrary to the conclusions of §8.B.; the
two-step charge-exchange process requires such a high rate of near- 10 ionization.

8.E. Summary
Data from the three types of observation have been combined to estimate the
rate at which sodium is lost from 10. The calculated rates are given in Table 8-1
together with previous estimates. Transport and charge-exchange are observed "in
progress", so their estimates are the most reliable. There is no guarantee that the
ionization process is actually active.

It is difficult to compare the transport and ionization rates with previous calculations which typically give only the total rate. The total derived by Smyth and
Combi (1983) and Pilcher et al. (1984) is approximately 2x 1026 atoms sec-I; if
most of this is ionized within 10 rIo their value is perfectly consistent with the large
ionization rates derived here.
The observed transport rate falls at least a factor of 40 to 100 times below the
value required for the distant sodium population (Brown et al. 1983; Brown and
Schneider 1981). Either the distant population was significantly reduced during
my more recent observations, or Brown and Schneider used faulty assumptions in
estimating the distant population implied by their observations. Both possibilities
should be examined. The observational data on the distant population are difficult
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Table 8-1. Comparison of Sodium Supply Rates!

Ionization

Transport

1.2 to 3.6 x 1026

1 to 2.5 x 1025

Charge
Exchange

Smyth and Comhi (1983)
Brown et al. (1983)
Trauger (pers. comm.)
This Work

1

All measures expressed in sodium atoms sec-I,

The sum of the supply rates ranges from 1.4 to 4x10 26 sodium atoms sec-I, When
averaged over lo's surface area, the mean loss of sodium from 10 is of order 3 to
10 X 108 sodium atoms cm- 2 sec-I.
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to invert directly to supply rates, but a simple and more complete orbit model
would provide a bet ter estimate of the required transport rate.
The charge-exchange rate is substantially higher than that observed by Trauger
(personal communication), as discussed in §8.B. The high observed rate and the
north/south directionality require a new process to be active near the exobase.
The entire collisionally thin portion of the upper atmosphere and corona may
be depleted in the two-hour ionization lifetime, and must therefore be replaced on
that timescale. Furthermore, both the volcanic activity and the plasma environment are known to be noticeably variable. How, then, does the sodium cloud remain
so constant in brightness and morphology over timescales of hours and even years
(Schneider et ai., 1988)? These observations do not answer the question, but perhaps the clues they contribute to our understanding of the escape and loss processes
will be useful.
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CHAPTER 9

CONCLUSIONS AND DISCUSSION

9.A. The Many Components of lo's Extended Atmosphere
The observations of the radial profile and the velocity structure lead to the
unmistakable conclusion that the sodium cloud is composed of many kinematically
distinct populations. The individual populations !lnd the observational evidence for
their existence is discussed below. As would be expected, their spatial hierarchy is
a direct manifestation of the characteristic velocities.

Bound Atoms. These atoms are important within ",3 fJo and have a characteristic velocity

.:s Vesco

The existence of this population is supported by the very

steep density falloff near Io discussed in Chapter 6. The slope is consistent with the
sputtered corona and thermal corona models which have significant gravitationally
bound components. The falloff is steeper than predicted by the Smyth and Combi
radial outflow model. There may be an additional bound component below 1.4 rIo
of undetermined thickness.

Slow Escaping Atoms. These atoms probably dominate the range from 5 to

10

flo,

travelling at just a few km sec-I. Both the density profile and the velocity

structure point to this population.
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Fast Escaping Atoms. The importance of this constituent is one of the surprising
results of the dissertation. The Mt. Hopkins spectra show that in the neighborhood
of 25 fIo and beyond, the fast escaping atoms are comparable to or greater than
the slow escaping population, with a characteristic velocity in the direction of lo's
orbit of tens of km sec -1 .

Slow Atoms remote from 10. Some of the slow escaping atoms orbit on trajectories which loop into the outer regions of the Jupiter magnetosphere. Brown and
Schneider (1981) estimated their number at 1032 atoms within ",40Rjj in Chapter

8 I show that the supply rate of slow escaping atoms is insufficient to maintain such
a large population. The inventory of this distant population in 1985 was probably
lower than their estimate by one or two orders of magnitude.

It is not new or surprising that the appearance of lo's extended atmosphere
requires a distribution of velocities; this fact has long been recognized by observers
and modelers. The contribution of this dissertation is in identifying their relative
amounts and regions of dominance. The most studied component has been the
slow-escaping atoms; this research suggests that greater attention should be given
to the slower and faster constituents.

9.B. The Thickness of lo's Atmosphere
The combined measurements allow both upper and lower limits to be placed
on the collisional thickness of the 10 atmosphere (or equivalently, minimum and
maximum exobase altitudes.) The eclipse data (discussed in Chapter 6) argue for
an exobase at or below 1.4

fIo'

This conclusion is somewhat dependent on the
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atmospheric atomic sodium mixing ratio, but even if the sodium mixing ratio were
as low as 0.1%, the exobase would sti11lie at or below ",1.4

flo.

Neither type of emission spectra directly measured the atmospheric thickness,
but both contain features indicative of a thick atmosphere. The slight forward
velocity of atoms in the corona suggests a close plasma-atmosphere interaction
(discussed in Chapter 7), with small forward velocities imparted in multiple-collision
processes. If lo's atmosphere were collisionally thin, the atoms ejected from the
surface would certainly recoil predominantly backward with respect to 10, contrary
to observation.
The jet spectra, through the analysis of Chapter 8, reveal a complex interaction between the plasma and the atmosphere. The calculations show that the
base sodium column abundance must be at least a factor of three greater than
extrapolated from the eclipse measurements. This minimum increase places the
nominal atmospheric model near the limit of collisional thickness. The north/south
asymmetric nature of the jets is in fact easiest to explain with a collisionally thick
atmosphere.
Overall, the observations support an atmospheric model in which the exobase
lies above the surface but below 1.4 flo (",700 km altitude).

9.C. The Interaction between the Atmosphere and the Plasma
The sodium charge-exchange jets are apparently one of the very few remote
observations capable of probing the nature of the plasma-atmosphere interaction.
The conclusions of Chapter 8 indicate that the plasma must be able to penetrate
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tangential sodium column abundances of 1013 sodium atoms cm- 2, or possibly
1015 atoms cm -2 of all constituents. The high fast sodium flux requires a substantial
plasmal atmosphere interaction even if the exact reactions have been misidentified,
as described at the close of §8.B.3.
There is a hint of variability in the charge-exchange rates: Trauger's jet observations do not seem to match those presented here, and the morphology of the cloud
in Figures 4-1 (1980) and 7-5 (1984) may be atypical. Such variability would render fast sodium observations even more interesting and important: the most likely
explanation is a change in the atmospheric thickness or in the depth of plasma
penetration.

9.D. Escape Rates from 10
Ionization. This is probably the dominant loss process for sodium near 10, at

a rate of 1.2 to 3.6 x 1026 atoms sec-I. This rate is very highly dependent on the
nature of plasma flow past 10, and probably represents an upper limit.
Transport. The flux of sodium atoms across the 10-fIo boundary is estimated

at 1 to 2.5x10 25 atoms sec-I, making this the second most important process. The
dominant uncertainty lies in the velocity estimate, assumed here to lie between 2
and 6 km sec-I. This flux is sufficient to maintain the normal cloud (see Figure 11) but incapable of supplying the distant population of sodium atoms surveyed by
Brown and Schneider (1981).
Charge Exchange. This process is the least important in terms of depleting the

near-Io region, but it is unexpectedly important in determining the appearance of
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the sodium cloud ahead of 10. Escape rates up to ",10 25 Na* sec- 1 were observed;
changing geometrical factors prevent a firmer estimate of average values.

9.E. The Next Steps
The small data set used in this dissertation has proven surprisingly powerful
in its ability to explore the 10 atmosphere. The conclusions here support future
observations similar to all three methods employed.

This dissertation has also

demonstrated the great power of combined imaging and spectroscopy: greater efforts should be made to obtain simultaneous spatial and spectral information. The
unusual spectrum of Figure 7-5, with its tilted high-speed jet, draws attention to
the fact that sodium cloud morphology holds still a few surprises, and that good
spectral information is still required.
Eclipse Observations. The mutual eclipse season returns in 1991-2. The proven

success of the experimental method warrants more extensive observations for the
future. Larger telescopes and better spectrographs may be required to extract the
greatest information content. Infrared studies of the 10 volcanoes are also studied
during the mutual events; it may prove possible to correlate atmospheric behavior
with volcanic output.
Near-Io Emission Spectra. This thesis has only scratched the surface ofthe contents

of the nine haphazard emission spectra taken on Mt. Bigelow. A concerted observing
program dedicated to sodium emissions would considerably raise our understanding
of the cloud behavior. In particular, continuous series of spectra taken as 10 orbits
Jupiter would allow mapping of the velocity flow field around 10, and would permit
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a search for orbital asymmetries linked to different atmospheric models (Schneider

et al., 1988).
Fast Sodium Jets. The fast-sodium program at Mt. Hopkins Observatory turned
out to provide an unexpectedly powerful measure of the plasma/atmosphere interaction. The amount of fast sodium and the strength of the alternating north/south
asymmetry are apparently indicators of the amount of atmosphere exposed to the
plasma.

A consistent program of high-sensitivity spectroscopy and/or velocity-

resolved imaging would yield a better indicator of this important and apparently
variable interaction.
Active research continues on a number of lo-related fronts, such as modelling of
the neutral clouds, observations of the ionized species, measurements of the volcanic
heat flux, etc. In closing I would like to draw attention to a subject which has
been largely overlooked: the chemistry of sodium on 10. Sodium's easy visibility
is a fluke of nature - but one which opens a window into lo's atmosphere. In
order to understand sodium's true relevance to the atmosphere, we will require a
better understanding of its cosmochemical behavior. In what molecular form - be
it molecular, mineral or atomic -

does sodium reside on the surface and in the

atmosphere? How is sodium liberated from the surface, and (if molecular) how is
atomic sodium generated? How has sodium survived countless generations of surface
recycling? Is sodium an active chemical participant in the volcanic recycling of the
surface, or just passive cargo carried by sulfur compounds? Since 10 is in question,
the answers will probably be surprising.
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