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I. Introduction

In this project, research has focused upon studies for the heavy-ion-dominated plasma torus

(O +, O ++, S +, S ++, S +++, S ++++) and its near plasma sheet extension produced by the ionization

of neutral gases from Io. Specifically, we have undertaken explicit studies and calculations to

describe the spatial nature of the Iogenic plasma source and have begun to study its outward

rotation-driven transport pattern in Jupiter's magnetosphere in order to identify and understand

the space plasma phenomena that shape it into the Io plasma torus. The approach has been to

combine state-of-the-art calculations at AER for the Iogenic plasma source and numerical

solutions of the nonlinear transport equations in a collaborative effort with Drs. T. W. Hill, R. A.

Wolf and colleagues at Rice University using the Rice Convection Model for Jupiter (RCM-J).

In this way, we have begun to address the complex plasma torus structures that emerge from the

source and transport processes.

The RCM-J's use of a fine two-dimensional grid and its many-fluid representations of the

plasma make it capable of representing this complex region. The calculation of a

continuous/spacetime-dependent Iogenic plasma source in three-dimensions and its proper

interface with the RCM-J provide a critical and, up to now, missing element for this convection

model. The Iogenic plasma source model is quite sophisticated and contains, for example, east-

west and System III longitudinal asymmetries in the spacetime description of the plasma torus.

The many different observational data that are carefully crafted together in determining the

nature of the Iogenic plasma source have brought a required reality to this convection model that

is necessary to unravel the structure and transport physics of the plasma torus. These numerical

simulations are ultimately intended both to clarify the conditions for validity of various

theoretical scenarios and to provide a useful tool for interpretation of plasma torus structures and

in situ and remote data acquired by Galileo.

II. Overview of Work Performed in the Project

2.1 Iogenic Plasma Source

The Iogenic plasma source can be divided into two regions. First, there is a very spatially

confined and denser "Inner Region" below Io's exobase where pickup (i.e., both electron impact

ionization and charge exchange) ions are created in the local atmosphere and also where

Pedersen and Hall conductivities become important in the collisionally bound ionosphere.

Second there is a spatially extended but less dense "Outer Region" above the exobase created by



neutral gases from Io in the bound corona and in the more distant escaping neutral clouds where

pickup ions are also created. The solution of the Iogenic plasma source for the small "Inner

Region" is very complex and involves the coupling of the atmospheric structure to the

electrodynamic interaction problem. The recent modeling of Saur et al. (1999) explicitly

concentrated on this Inner Region with the primary purpose of solving the electrodynamic

problem but with a fixed spherically symmetric atmosphere. The strength of the Iogenic plasma

source for the Inner Region (effectively a point source on the broader circumplanetary scale) is

thought to be comparable to and even likely larger than the Iogenic plasma source for the Outer

Region. It is the volumetrically-concentrated Iogenic plasma source for the Inner Region that is

now recognized (Smyth and Marconi 1998; Hill and Pontius 1998; Delamere et al. 2001) to be

the dominant plasma source for creating the main density peak in the plasma torus, the so-called

plasma ribbon, that is located at western elongation at -5.7 Jupiter radius.

The primary research undertaken in this project has been to investigate the

circumplanetary nature and the near-Io nature of the Iogenic plasma source for the Outer Region.

The general nature of the Iogenic plasma source for the Outer Region was deduced earlier by

Marconi and Smyth (1996). They noted that the nominal lifetimes (-1 to 20 hrs) for neutrals (H,

O, S, SO, SO2) in the plasma torus [due to electron impact ionization (or dissociation) and/or

charge exchange reactions] are short compared to the characteristic time of -200 hrs for neutrals

to form a complete 360 ° toroidal cloud about Jupiter at Io's orbit. This rapid destruction of the

neutral clouds in the torus hence produces a spatially extended but rather circumplanetary

asymmetrically Iogenic plasma source both upstream and downstream of Io that has a large peak

at the satellite's location. In this project, the Iogenic plasma source for the Outer Region has

been calculated using the AER Neutral Cloud Model. The spatial nature of the Iogenic plasma

source created by atomic oxygen and atomic sulfur species in the Outer Region has been

calculated in three dimensions and investigated in detail both on a circumplanetary scale and on

a near-Io scale for one location of Io in local time. These calculations are discussed in Section

III and are presented in two companion papers: "Nature of the Iogenic Plasma Source in Jupiter's

Magnetosphere I. Circumplanetary Distribution" (in appendix; Smyth and Marconi 2001a) and

"Nature of the Iogenic Plasma Source in Jupiter's Magnetosphere II. Near Io Distribution" (in

preparation, Smyth and Marconi 2001 b).
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2.2 RCM-J Transport Calculations

The original RCM-J model (Yang 1992; Yang et al. 1992, 1994; Pontius et al. 1998) has

been improved during this project with the collaborative project at Rice University so as to

include a space-time dependent Iogenic plasma source. This inclusion of the Iogenic plasma

source has required a major revision and testing at Rice University of the earlier model code. In

the improvement of this model, many unforeseen difficulties have been encountered. Although

significant progress has been made, the advancement has been much more difficult and slower

than initially expected.

The spatial nature of the Iogenic plasma source developed in this project has been made

available to Rice University for the purpose of being incorporated into the RCM-J transport

calculations. For the stage of development that the RCM-J has achieved during this project,

however, the three-dimensional circumplanetary and near-Io distributions developed at AER

contain too much spatial realism for the present state of the model to incorporate, although

progress in the past year has been moving forward at a faster pace. A summary of the new

calculations incorporating various physical elements of the Iogenic plasma source is presented in

Section IV.

III. Model Calculations for the Iogenic Plasma Source in the Outer Region

3.1 Introduction

Efforts have been focused upon the investigation of the nature of the Iogenic plasma

source for the Outer Source on two different spatial scales: (1) on a circumplanetary Jovicentric

scale including all of Io's circular orbit (radius of -5.9 Rj) around Jupiter and covering the radial

interval from 4 to 10 Rj, and (2) on a near-Io scale for distances from the nominal exobase of 1.4

Io radii (RIo) radially outward including the Lagrange sphere (radius -5.85 Rio) to a distance of

-_+20 Rio [i.e., -_+0.5 Jupiter radii (Rj)] from Io. These calculations have been undertaken using

the AER Neutral Cloud Model. Efforts have been focused upon the Iogenic plasma source that

are created only in the Outer Region by O and S atoms ejected from Io's exobase. The

calculations are restricted to O and S since they are known to exist and have exobase source
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estimatesthat aremorecertain. In thesecalculations,the incompletecollisional cascadesource

velocity distribution that wasdeducedfor Na at Io's exobaseby Smyth and Combi (1997) has

beenadoptedfor the shapeof the O and S sourcevelocity distributions at Io's exobase. An

isotropic sourcerate at Io's exobaseof 3.2 x 10 27 atoms s l was initially adopted for O at an

assumed exobase radius of 2600 km and was determined from energetic monoenergetic

modeling efforts of Smyth (1992). The S source rate was initially assumed to be 1.6 x 10 27

atoms s-1, half of the O source rate, as would be consistent for a parent molecule SO2. Later in

the project, however, more realistic O and S source rates of 1.38 x 1028 s l and 0.69 x 1028 sl,

about -4 times larger than the earlier rates, were adopted. These new rates were based upon the

more recent modeling of O neutral clouds by Smyth and Marconi (2000) that adopted for O the

incomplete collisional cascade source velocity distributions deduced for Na at Io's exobase by

Smyth and Combi (1997). All calculations discussed below were undertaken for Io located at

western elongation (i.e., a geocentric phase angle of 270 °, which is assumed to be at the local

time of the dusk ansa) and at an Io System III longitude of 230 °, so that it is well north of the

centrifugal equator symmetry plane of the plasma torus and has a magnetic off-set tilted dipole L

value of 5.88.

3.2 Summary of the Spatial Nature of the logenic Plasma Source: Circumplanetary Scale

Calculations have been performed on a circumplanetary scale about Jupiter to study the

asymmetric spatial longitudinal and radial asymmetric nature of the O and S neutral densities and

the ion pickup rates that they create in the proximity of Io's orbit. For this large spatial scale, the

O and S neutral densities have been integrated perpendicular to Io's orbit plane to produce a two-

dimensional distribution with a spatial resolution box size of (2 x 104) x (2 x 104) km. The

instantaneous ion pickup rates have been integrated along the magnetic field lines to produce a

two-dimensional distribution in the plasma torus centrifugal plane with an angular longitudinal

resolution of 5 ° and a radial resolution of 0.1 Rj in the radial interval from 4 to 10 Rj.

Only a brief summary of the paper "Nature of the Iogenic Plasma Source in Jupiter's

Magnetosphere I. Circumplanetary Distribution" is given here, since the paper is included in the

appendix. Two-dimensional distributions produced by integrating the three-dimensional



information along the magnetic field lines arepresentedfor the pickup ion rates,the net-mass

and total-massloading rates,the massper unit magneticflux rate,the pickup conductivity, the

radial pickup current, and the net-energyloading rate for the plasmatorus. All of the two-

distributionsarehighly peakedat Io's locationandhencehighly asymmetricaboutJupiter. The

physicalorigin andtheamountof asymmetryfor thesevolumetricquantitiesarediscussed.The

spatially integratedratesfor thenet-massandtotal-massloadingratesare 154kg s1 and277 kg

sl, respectively,with 71% of therateconfinedto avery largepeaklocatedwithin +_20° longitude

of Io's orbital location. The spatiallyintegratedratefor themassperunit magneticflux is 1.1x

108kg s1 T-1. Maximumvaluesfor thepickup conductivityandtheradial pickupcurrentat Io's

locationare2.5x 10.3mhoand4 x 104amps. Thespatially integratednet-energyloadingrate is

1.03x 1012 watts and is dominated by the contributions from the peak centered on Io.

The space-time variability of the Iogenic plasma source is discussed and is shown to

depend upon the complete time history of the neutral clouds from which they are created. The

Iogenic plasma source calculated here for the Outer Region is compared to various estimates for

the Iogenic plasma source created in the combined Inner and Outer Regions. The mass source

rate for the Inner Region is estimated to be -300-700 kg s-1, about 1 to 2.5 times larger than that

calculated for the Outer Region (277 kg sl). Other possible sources of pickup ions for the Outer

Region are also discussed. The Inner Region is therefore expected to be the dominant

contributor of ions to the formation of the plasma torus ribbon, the maximum density peak in the

radial structure of the plasma torus, and to be a comparable if not larger contributor to the energy

budget of the plasma torus. Future improvements in calculating the Iogenic plasma source

include the addition of near-Io plasma effects in the satellite flank and plasma wake and the more

complete specification of source rates for neutrals at Io's exobase.

3.3 Spatial Nature of the Iogenic Plasma Source: Near-Io Scale

Since the Iogenic plasma source is shown in Section 3.2 to be very highly peaked at Io's

instantaneous position, we have undertaken near-Io scale calculations of much higher spatial

resolution to investigate the behavior of the large spatial gradients near the satellite. Calculations

presented below are for the initial neutral source rates noted in Section 3.1. Calculations in the



paper "Nature of the Iogenic Plasma Source in Jupiter's Magnetosphere II. Near-Io Distribution"

will be similar to results presented here but will adopt the new and more accurate neutral source

rates noted in Section 3.1. For the O and S isotropic source velocity distributions adopted above,

the spatial nature of the Iogenic plasma source has been calculated in three dimensions and

collected within spatial grid boxes contained within two different volumes centered around Io's

instantaneous location. The linear dimension of the smaller volume about Io is +1.05 x 104 km

(or +_5.785 R_o) and is composed of grid boxes with a finer spatial resolution of 600 km (or 0.331

Rio). This volume is comparable to the volume of Io's Lagrange sphere, which has a radius of

5.85 Rio. Along Io's orbit, this smaller volume is equivalent to a longitude angular interval of

only _+1.425 ° about the satellite. The linear dimension of the larger volume about Io is _+4.375 x

104 km (or +-24.1 Rio) and is composed of grid boxes with a coarser spatial resolution of 2500 km

(or 1.377 R_o). This larger scale is important to investigate asymmetries that occur in the Iogenic

plasma source because of spatial gradients in the plasma toms that exist near Io's orbit. Along

Io's orbit, this linear dimension of this larger volume is equivalent to a longitude angular interval

of +-11.889 ° about the satellite.

3.3.1 Instantaneous Source Rates: Near-Io Scale

For the atomic oxygen source, the model calculation of the instantaneous ion pickup rates

for electron impact and charge exchange is shown, respectively, in Figures la and lb for a two-

dimensional slice in a plane that contains Io and that is perpendicular to the Jupiter-Io outward

radial coordinate. In Figure 1 at distances from Io larger than the Lagrange sphere, both the

electron impact and charge exchange rates exhibit a north-south asymmetry, as expected. The

larger rates below Io are created by the larger electron density in the plasma toms experienced by

neutrals that are south of Io and hence closer to the plasma torus centrifugal equator. A

longitudinal asymmetry in the downstream direction would also be expected if a description for

the Io plasma wake had been included in the model calculation.

Because of the steep radial gradient in the plasma toms near Io's orbit, the Iogenic plasma

source will also exhibit a radial asymmetry. This radial asymmetry is exhibited in the profile
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Figure 1. logenic Plasma Source Rates for Atomic Oxygen. In a plane through Io and

perpendicular to the Jupiter-Io outward radial coordinate, the two-dimensional spatial structure of

the ion pickup rate (ions cm -3 s4) that is produced by atomic oxygen is shown in (a) for electron

impact ionization and in (b) for charge exchange reactions. Io's location and size are shown by

the shaded disk. In the model calculation, an incomplete collisional cascade source of 3.2 x 1027

oxygen atoms s4 was assumed at Io's exobase. The ion pickup rates were collected in coarser

grid boxes with a spatial resolution of 2500 kin.

calculated along the Jovicentric radial coordinate through Io (i.e. perpendicular to the plane in

Figure 1) and is shown, respectively, for both atomic oxygen and sulfur in Figures 2a and 2b.

Beyond the Lagrange sphere distance, all the profiles inside of Io's orbit can be seen to decrease

more rapidly than the profiles outside of Io's orbit because of the steep gradient in the electron

density and temperature in the plasma torus near Io's orbit. For atomic oxygen in Figures la, lb,

and 2a, the charge exchange rate can be seen to be consistently larger (-3 or greater) than the

electron impact ionization rate (EI). In contrast, for atomic sulfur in Figure 2b the electron

impact ionization rate (EI) can be seen to be larger (-1.6) than the charge exchange rate outside

of Io's orbit and comparable to the charge exchange rate inside of Io's orbit where the electron

temperature decreases. This difference in behavior occurs primarily because of the larger

ionization potential for atomic oxygen (13.62 eV) as compared to atomic sulfur (10.36 eV).

Within Io's Lagrange sphere in Figures 1 and 2, the Iogenic plasma source rates are essentially

symmetric about Io. For the finer grid boxes with a resolution of 600 km, an improved model
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Figure 2. logenic Plasma Source Rates for Atomic Oxygen and Sulfur. Calculated radial

profiles for the ion pickup rates (ions cm -3 s-1) near Io for electron impact ionization (EI) and for

charge exchange (CE) are shown in (a) for the atomic oxygen source and in (b) for the atomic

sulfur source. The location of Io is shown by the shaded area and that of the Lagrange sphere by

the vertical dashed lines. An incomplete collisional cascade source at Io's exobase of 3.2 x l0 27

atoms s 4 and 1.6 x l027 atoms s 4 was assumed, respectively, for oxygen and sulfur. The pickup

rates were collected in the coarser grid boxes with a spatial resolution of 2500 kin.

calculation of this spatial gradient within Io's Lagrange sphere is presented in Figures 3a and 3b

for the same calculation shown in Figures 2a and 2b. From Figure 3, the maximum

instantaneous CE rate near Io's nominal exobase radius of 2600 km is for atomic oxygen about

0.7 cm s s _ and 2.1 cm '_ s_ (for a ratio of 1 to 3) and for atomic sulfur about 1.8 cm s s4 and 1.1

cm 3 s1 (for a ratio of 1.6 to 1). The combined oxygen and sulfur maximum pickup EI and CE
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Figure 3. Iogenic Plasma Source Rates for Atomic Oxygen and Sulfur. Same figure caption

as for Fig. 2 except that there are no vertical lines for the Lagrange sphere and the pickup rates

were collected in the finer grid boxes with a spatial resolution of 600 kin.

rates near the exobase are then, respectively, about 2.9 cm 3 s-] and 2.8 cm 3 s -1, and are

essentially the same. The total maximum instantaneous pickup rate is then 5.7 cm 3 s1 for the

nominal source rates assumed here and for this location of Io, which is significantly north of the

plasma torus centrifugal plane. For the new atomic source rate noted above that are -4.3 times

larger, the total instantaneous pickup rate near the exobase would increases to -25 cm 3 sl, and

for a finer grid resolution and convergence of the plasma flow lines (not included here), the local

volumetric rate will increase likely by a factor of several and hence may approach -100 cm 3 s4.

This is a significant volumetric source rate at the exobase. It is beginning to approach the

generic average source rate value of -500 to 1000 cm 3 s4 that may occur in the Inner Region of

the denser atmosphere at and below Io's exobase, as simply calculated from a nominal volume

10



integrated Iogenic plasma source of -1 x 10 28 s 1 and an atmospheric volume near Io of -1-2 x

1025 cm 3 for a spherical atmospheric shell of 200-400 km thickness.

3.3.2 Ion Pickup Density: Near-Io Scale

The ion pickup density anywhere in the collection volume about Io can be determined

from the instantaneous ion pickup production rate. The ion pickup density is obtained by

integrating the ion pickup production rate along a longitudinal tube (parallel to the streamlines)

from far upstream to the desired point downstream (see illustration in Figure 4) and dividing this

integral by the cross-sectional area of the tube and by the local corotational velocity. This
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Figure 4. Plasma Convection Tube for Determination of the Ion Pickup Density. The location of Io

and several planes perpendicular to Io's orbital motion are shown in relation to a plasma convection tube

that extends in the upstream to downstream direction relative to the satellite's location.

integration can be expressed alternatively in terms of the time integral of the motion of the ions

along the tube:

npickup J P'lon dt.
tube
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Assuming curved streamlines that do not depart from the corotational direction, these

integrationshavebeenperformedusingthe largervolume aboutIo collectedwith the coarser

grid resolutionof 2500km. The ion pickup densityis shownin Figure5 for four selectedslices

in thisvolumeelementthatareperpendicularto thecorotationaldirection. In Figure5a,the low

(30,000 km upstream of Io)
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Figure 5. Total Iogenic Pickup Number Density for Atomic Oxygen and Sulfur. In a plane

perpendicular to the undisturbed corotational direction, calculated profiles for the ion pickup

number density (ions cm -3) are shown in (a) 30,000 km upstream Io, in (b) 7,500 km upstream of

Io, in (c) at Io, and (d) 37500 km downstream of Io. The location of Io's orbit is at the

intersection of the two dashed lines. Io's location and size is indicated by the shaded circle. An

incomplete collisional cascade source at Io's exobase of 3.2 x 102: atoms s-Land 1.6 x 1027 atoms

s4 was assumed, respectively, for oxygen and sulfur. The pickup rates were collected in the

coarser grid boxes with a spatial resolution of 2500 km. The inner contour in (c) is 20 cm -3.
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ion pickup density located 30,000 km upstream of Io can be seen to be asymmetric located about

Io's orbit with a peak occurring at larger radial distances than Io (positive radial values). This

pattern occurs primarily because of orbital dynamics that causes the higher-speed neutrals to trail

Io at radial distances larger than Io's orbit. In Figure 5b, the ion pickup density located 7,500 km

upstream of Io can be seen to be larger and more symmetric about Io's orbit but still exhibits

some of the radial asymmetry in Figure 5a because of the contributions of the upstream ions to

the downstream location. In Figure 5c, the ion pickup density located in a plane containing Io

can be seen to be significantly larger and more nearly symmetric about the satellite. In Figure

5d, the ion pickup density located 37,500 km downstream of Io can be seen to be even larger and

is now fairly symmetric about Io's orbit. This more radially symmetric downstream behavior

occurs because of the additional source of pickup ions created inside of Io's orbit by lower-speed

neutrals that, because of orbital dynamics, lead Io and are located radially within Io's orbit. For

the nominal source rate assumed, the ion pickup density near Io's exobase is larger than 20 cm -3

(the inner contour). For a more realistic source that is -4.3 times larger and for a much smaller

grid box resolution near Io which should increase the local density by an additional factor of -5-

10 the ion pickup density near the exobase should then be - 400-800 cm 3, which is a significant

fraction of the nominal undisturbed upstream ion density of -2000 cm -3. These estimates for the

ion pickup density near the satellite can be improved by the inclusion of a more accurate

description for the streamlines near Io and by the inclusion of a description for the Io plasma

wake in the model calculation of the Iogenic plasma source.

IV. Summary of Related RCM-J Studies

New calculations using the Rice Convection Model for Jupiter (RCM-J) incorporating the

effect of a electromagnetic disturbance at Io to represent a localized plasma source were

performed and reported at the Fall 2000 AGU meeting (Spiro et al. 2000). These are the first

calculations that address the question: How does a localized plasma source influence the

transport convection cells in the Io plasma torus? In these new simulations, the following

simplifying assumptions were made (although are not required by the model): (l) spin-allowed

dipole magnetic field, (2) uniform conductivity in Jupiter's ionosphere, (3) cold torus plasma (kT

<< m_2r z / 2), and (4) Coriolis force neglected.
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Themoving localized Iogenicplasmasourcehastwo major effects: (1) massloading of

flux tubesintersectingthe sourceregion,and (2) associatedpickup currents,which close in the

Jupiter's ionosphere,resulting in deflectionof the corotationalflow aroundIo. As a first step

and due to numerical problems, the model does not include the Iogenic plasma sourceself-

consistently. The massis addedto a 30° simulation sectorevery -13 hours(Io's period in the

plasmatorus)with a massadditionratecorrespondingto 1/12(30°/360°) of the normal 103kg/s.

Thepickup currentis representedby a2-D dipole-like currentsourcein theequatorialplanethat

propagatesthroughthe30° simulationsectorat -57 km/s (Io's orbital speedwith respectto the

corotating frame) once every -13 hrs. The size and strengthof this dipole current source

correspondsto completeshieldingof thecorotationalflow from acircular radiusof one-fourthof

aJupiterradii (- 10Io radii), which is physically too largebut is a startingpoint for theseinitial

calculations. For simplicity, the radial outflow of the torus is "impounded" by increasing

Jupiter's ionospheric conductivity instead of including corotational lag or a ring-current

impoundment.To increasegrid density,only a60°longitudesectoris numericallysimulated.

In the timeevolution of theplasmain the 60° longitudesector,tiny ripplesaregenerated

by Io's initial passageandbecauseof the interchangeinstabilitygrow radially outwardin finger-

like regions of enhancedplasmaper magnetic flux with a characteristicwavelengththat is

approximatelythe scalesizeof the initial electric disturbance.At thesecondpassageof Io, the

figure-like structuresradially beyondIo's orbit continueto moveradially outward,but thebase

of eachfinger-like structureat Io's orbital location is undercutandskewedin the direction of

Io's motion relative to the outwardradial motion of that finger and producesfiner and finer

spatialstructuresin this region. The plasmainside of Io orbit is relatively undisturbedby the

passageof Io. Massaddedfrom the secondpassageof Io movesinto thefingers formed in the

first passageof Io. A similar processoccurson the third passageof Io, with the fingers now

muchlongerin their radialextent.

Theinclusionof anIo plasmasourcemakesthephysicalsituationvery complicated.The

simulations,althoughvery interestingat this stageof development,arenot sophisticatedenough

yet to producethedetailscorrectly. Someof the generalfeaturesthat may be realistic are: (1)

the combined effect of the Io-associatedpickup current and the interchange-relatedplasma
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fingers generateintricate fine structurein the outer part of the main torus near Io's orbit, (2)

structurekeepsgettingfiner andfiner asIo traversesthemodeledregionrepeatedly,wherein the

real systemthe fine structurepresumablydiffusesawaywhenit becomestoo fine, (3) the inner

edgeof the torus, which is interchangestable,doesnot developthe extremefine structure,and

(4) eachtime Io comesaroundagain,newplasmainjectedinto theplasmatorusmovesoutward

following the pathof thepre-existingfingers. Additional calculations(Goldsteinet al. 2001)

including thevelocity shearimposedby thecorotationallagprofiles of theplasmatorusnearIo's

orbit observedby Brown (1994) were presentedat the meeting"Jupiter: Planet,Satellitesand

Magnetosphere"held in Boulder, Colorado during June 25-30, 2001. The velocity shear

significantly alters the developmentof the radial fingers,producing increasinglycomplexand

increasingfine-scalestructuresdown to the smallestscalepermittedby the numericalRCM-J

simulations. Future improvementsin the RCM-J includefinding a systematicway of diffusing

the fine structure,including impoundmentby corotational lag and/orring current, andhaving

longersimulationtimesto seeif thereis anasymptoticbehaviorfor thetransportstructure.
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Abstract

Three-dimensional calculations are presented for the circumplanetary nature of the

Iogenic plasma source (pickup ions produced by electron and charge exchange processes in the

plasma torus) created by O and S gases located above Io's exobase in its corona and escaping

extended neutral clouds (designated as the "Outer Region"). These calculations are undertaken

using neutral cloud models for O and S with realistic incomplete collisional cascade source

velocity distributions at Io's exobase and realistic spacetime loss processes in the plasma torus.

Two-dimensional distributions produced by integrating the three dimensional information along

the magnetic field lines are presented for the pickup ion rates, the mass loading rates, the pickup

conductivity, the pickup radial current, and the net-energy loading rate. On the circumplanetary

spatial scale, the instantaneous Iogenic plasma source is highly peaked about Io's position on its

orbit around Jupiter. The degree of orbital asymmetry and its physical origin are discussed and

overall spatially integrated rates are presented. The relative importance of the Iogenic plasma

source created by the Outer Region and the Inner Region (region below Io's exobase) is

estimated and implications are discussed.
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1. INTRODUCTION

Jupiter'smagnetosphereis dominatedby heavy-ionplasma(O÷,O++,S÷,S÷+,S÷+÷)andhas

its largestdensity in the Io plasmatoms. The plasmatoms is located well within the inner

magnetosphereandis organizedabout(andextendsmoreradially outwardof) Io's orbit, which

hasa radiusof 5.9 Jupiterradii (Rj). The heavy-ionplasmais suppliedby the lossof neutrals

from Io, which hasanatmospherecomposedprimarily of SOzand,to a lesserextent,its detected

chemicallydissociatedproducts(SO,O, S) andtracespecies(Na,K, C1). By theIogenicplasma

source,we meanthe rateof supply of ions, mass,andenergyto the plasmatoms createdby

neutrals from Io. Although the direct loss of ions from Io's atmosphereand ionospheremay

involve photoionization,the Iogenic plasmasourceis createdprimarily throughthe direct and

morerapid plasma-neutralinteractionsof electronimpact ionization and chargeexchangethat

createnew pickupions for the plasmatoms. Understandingthethree-dimensionalnatureof the

Iogenicplasmasourceis highly relevantto a largenumberof studiesfor theIo-Jupiter system

including the structure and outward transport of the plasma toms and the electrodynamic

interactionsbetweenthe plasmatoms, Io, and Jupiter.The heavy-ion plasmasuppliedto the

plasmatoms,for example,formsinterestingradial structures,aswell asSystemIII longitudeand

dawn-duskasymmetries,andis ultimately lost by outwardradial transportdown the tail of the

magnetosphere.Thecreationof theIogenicplasmasourcefrom neutralsfrom Io canbedivided

into two spatial regions. First, there is a very spatially confined and denser"Inner Region"

below Io's exobasewherepickup(i.e., bothelectronimpactionizationandchargeexchange)ions

are created and also where Pedersenand Hall conductivities become important in the

collisionally boundatmosphereandionosphere.Second,thereis a spatiallyextendedandmuch

less dense"Outer Region" above the exobasein the bound corona and in the more distant

escapingneutralcloudswherepickupionsarealsocreated.

The formation of the Iogenic plasmasourcein the Inner Region is very complex and

involves the solution of a detailedthree-dimensionaltreatmentof the natureof the coupling

betweenIo's atmosphereandits electromagneticinteractionin themagnetosphere. Significant

efforts to solve this problem havebeen madein the last few years,but much remainsto be

accomplished. The two-fluid model approachof Sauret al. (1999)explicitly concentratedon

this Inner Regionwith the primary purposeof solving the electrodynamicproblem for a fixed



(unchanging)spherically-symmetricdescriptionof theatmosphere.In theone-fluid MHD model

approach(Linker et al. 1998;Combiet al. 1998;Kabinet al. 2001),theInnerRegionandpart of

the near-Io Outer Region are representedin a lessdetailedfashionby including anempirical

spatialdescriptionfor theneutraldensityin Io's corona(andmorerecentlyin theatmosphere)to

generatelocal pickupions. TheInnerRegionis alsopartially representedin theMHD approach

by thespecificationof innerboundaryconditions,which maybeused,for example,to simulatea

"leaky ionosphere". In contrast to the electrodynamic studies for the Inner Region, two-

dimensional hydrodynamic studies for the structure, composition and dynamics of Io's

atmospherehavebeenundertakenwherethe importanteffectsof plasmainteractionson shaping

theatmospherehavebeenincludedin simplified manners(Wong andSmyth 2000;Smyth et al.

2001).

The formation of the Iogenic plasma sourcein the Outer Region is somewhatless

complexandcanbecalculatedin threedimensionsusingneutralcloud models,which havebeen

developedover the past two decades(seeSectionII). Thesenumerical models describethe

spatialdistribution of Io's neutralsaboveits exobaseandtheir plasmainteractionsboth in the

near-Iospaceof thecoronaandin themoredistantcircumplanetaryspace.Usingthis approach,

the generalspatialnatureof the Iogenic plasmasourcefor the Outer Region wasdeducedby

Marconiand Smyth(1996). Theyarguedthat the neutralcloudsof atoms(or molecules),many

timesmistakenlypicturedasbeingsomewhatevenlydistributedaboutIo's circumplanetaryorbit,

should be primarily spatially concentratedin the general vicinity of Io. This must occur

physically becausethe typical lifetimes (-1 to 20 hrs) for Io neutrals(H, O, S, SO, SO2)in the

plasma torus [due to electron impact ionization (or dissociation) and/or charge exchange

reactions]areshortcomparedto the characteristictime to form acompletetoroidal cloud about

Jupiter at Io's orbit. The destructionof the neutralcloudsin the toms shouldhenceproducea

spatially extendedIogenic plasmasourceboth upstreamand downstreamof Io that is highly

peakedatthe satellite'slocation.

The Iogenic plasmasourcesfor the Inner Region and Outer Region are coupled in

interestingways throughvariousphysicalprocessesinvolving the corotatingplasmatoms and

neutralsin the InnerRegion. Thesourcevelocity distributionof neutralsat Io's exobasefor the
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Outer Regionis createdin the InnerRegion. This sourcevelocity distribution is composedof

relatively slow speed neutrals (several km s 1, comparable or less than the Io's surface escape

speed of 2.56 km s-_) produced primarily by ion-neutral sputtering processes (and quasi-

collisional thermalization processes) and fast neutrals (10's to perhaps 100 km s -_) created by

charge exchange processes in Io's local atmosphere. The slow-speed neutrals of the source

velocity distribution are important dynamically in determining how the neutrals are distributed in

Io's corona and in the circumplanetary space near Io's orbit and consequentially how they

contribute in spatial distribution and strength to the Iogenic Plasma Source for the Outer Region.

The high-speed neutrals of the source velocity distribution, although observable for some species

in the Outer Region, contribute very little to the Iogenic plasma source in the Outer Region but

are thought to be a major contributor to the Iogenic plasma source in the Inner Region. Hence,

the study of the rates of energization and escape of neutrals from Io has been used as a direct

probe to the nature and strength of the local magnetospheric interaction and the Iogenic plasma

source in the Inner Region (Smyth 1998; Smyth and Marconi 2000). The Iogenic source rates

from the two regions are thought to be comparable (see Section IV). Understanding the relative

rates of the Iogenic plasma source in the Inner and Outer Regions is particularly important in

understanding the structure and energy budget of the plasma torus. The primary density peak in

the plasma torus, the so-called plasma "ribbon", for example, is now thought to be formed by the

Iogenic plasma source created in the Inner Region (Smyth and Marconi 1998a; Hill and Pontius

1998; Delamere et al. 2001).

In this paper, the calculations and spatial studies on a circumplanetary scale for the

Iogenic plasma source created by for atomic oxygen and sulfur in the Outer Region are

undertaken. In a companion paper (Smyth and Marconi 2001), parallel spatial studies of the

same Iogenic plasma source on a near-Io scale are presented. The model adopted to calculate the

Iogenic plasma source in the Outer Region is discussed in Section II. In Section III, the model

calculations for the circumplanetary distribution of the neutral O and S, the pickup ion rates, the

mass loading rates, the pickup conductivity, and the pickup radial current are presented. The

general spacetime nature of the of the Iogenic plasma source is also discussed. In Section IV, the

model results for the Outer Region are discussed and compared with estimates for the Inner

Region. A Summary is given in Section V.



2. MODEL FOR THE IOGENIC PLASMA SOURCE

2.1 Neutral Cloud Model

Three-dimensional calculations for the Iogenic plasma source are performed using the

neutral cloud model of Smyth and Combi (1988a,b) for satellite corona and extended

atmospheres. This model, including various refinements, has been applied over the last 25 years

to studying Io's Na cloud (Smyth and McElroy 1977, 1978; Smyth 1979, 1983; Pilcher et al.

1984; Smyth and Combi 1987, 1988b, 1991; Smyth 1992; Smyth and Combi 1997), K cloud

(Smyth 1992), O cloud (Smyth and Shemansky 1983; Smyth 1992; Scherb and Smyth 1993;

Smyth and Marconi 2000), S cloud (Smyth 1992), and SO and SO2 clouds (Scherb and Smyth

1993; Smyth and Marconi 1998b) as well as the plasma torus and its interactions with Io (Pilcher

et al. 1984; Smyth and Combi 1987; Smyth 1992, 1998; Smyth and Marconi 1998a, 2000;

Delamere et al. 2001). The neutral cloud model calculates only the contributions to the Iogenic

plasma source created by gases above Io's exobase and hence only in the Outer Region. In this

paper, the Outer Region contributions will be limited to those produced by Io's O and S neutral

clouds. In brief, the neutral cloud model calculates a large number of three-dimensional neutral

particle trajectories by solving the restricted three-body equations of motion, that include the

satellite and planetary masses, and, if required, solar radiation acceleration. Appropriate

physically weighted information is computed along the trajectories for each time-step to

determine the gas density, electron impact ionization and charge exchange rates, and various

chemical production rates, which may be velocity as well as spacetime dependent (see Smyth

and Combi 1988a,b for the mathematical formulation and more detailed discussions). By

following the time history of information along the neutral trajectories, the model calculates the

instantaneous neutral gas density and consequently the Iogenic plasma source (the instantaneous

ionization and charge exchange rates) that are produced for gas source conditions specified on

the exobase of Io moving on its orbit about Jupiter.

The three-dimensional description of the plasma torus adopted in the neutral cloud model

is based upon the Voyager 1 plasma properties near western elongation for an offset-tilted dipole

magnetic field and includes an inherent System III longitude asymmetry and an east-west (i.e.,

local time) asymmetry produced by the presence of an east-west electric field. The inherent
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SystemIII longitude asymmetrylocatedin the so-called"active sector" (-200-300° SystemIII

longitude) has a spatial dependencebasedupon measurementsby Morgan (1985a,b)and an

assumedmaximum peak electrondensity that is a factor of two larger than the normal peak

plasmatorusdensityoutsideof theactivesector. For theeast-westelectricfield, anominalvalue

is assumedwhere E=0.025(the ratio of the east-westelectric field to the corotationaIelectric

field). TheseIogenic plasmasourceratescalculatedhere henceinclude the inherently space-

time dependentlifetime processescreatedin the corotatingIo plasmatorus (1) becauseof its

oscillatorySystemIII latitudinal motion (-_+0.75Rj) causedby the -7° tilt betweenthe plasma

torus centrifugalequatorplaneand Io's orbital planeand (2) becauseof its Jovicentric radial

motions(-0.55 Rj) compositelycausedin local timeby theeastwestelectric field andin System

III longitudeby theeffectivedipole-offsetof theplanetarymagneticfield.

2.20 andS Lifetimes

The lifetime of oxygenandsulfur atomsin the plasmatorus is determinedby electron

impactandchargeexchangeprocesses.Thereactionsandrelativeimportanceof thesedifferent

lifetime processesincluded in the models are summarized in Table I for nominal plasma

properties at Io's radial distance in the plasma torus centrifugal equator plane at western

elongation (dusk ansa). The charge exchange cross sections adopted in the neutral oxygen and

sulfur cloud models are those given by McGrath and Johnson (1989) with refinements provided

by R.E. Johnson (personal communication, 1989). At Io's location, charge exchange is seen to

dominate over electron impact ionization for atomic oxygen while the reverse is true for atomic

sulfur, which has a lower ionization potential. As noted above, all these processes are inherently

space-time dependent, and the charge exchange rate is also velocity dependent due to the relative

motion of the inhomogeneous plasma torus and the atom trajectories. The relative importance

and absolute lifetime s of processes in Table 1 will thus vary in the plasma torus and depend

upon local time and the radial, System III latitudinal, and System III longitudinal coordinates.

As an example, the electron impact (EI), composite charge exchange (CE), and total (EI + CE)

lifetimes of atomic oxygen and sulfur are shown, respectively, in Figures I and 2 in a

plasmacentric radial and latitudinal coordinate plane that is located at western elongation (i.e.,

for one local time at the dusk ansa) and at a System III longitude of 230 ° in the active sector.

7



Themotion of Io in theplasmacentricplaneatwesternelongationfor all SystemIII longitudesis

indicatedby thegray oval, andIo's locationon the oval for the SystemIII longitudeof 230° is

shownby the dot. For atomic oxygen,the EI lifetime (Figure l a) hasan inner minimum (-40

hrs) centeredon the centrifugal equatornear about 5.9 Rj, where the electron density peak

occurs,andanouterminimum (-40 hrs)centeredon thecentrifugalequatorat -7 Rj, produced

by thecombinedeffectsof a radially outward increasingelectrontemperatureanda decreasing

electrondensity. TheCE lifetime (Figure lb) for atomicoxygenhasonly oneminimumcentered

on thecentrifugalequatorat -5.9 Rj wheretheion numberdensitiesarelargest. Thecombined

behavior producesa total O lifetime (Figure lc) at westernelongation that has a broader

minimum(-5.6-7 Rj) with anabsoluteminimumstill determinedby CEprocessesat - 6 Rj. For

atomic sulfur, the EI lifetime (Figure 2a) is smaller, as expected,and hasa similar spatial

structureto atomicoxygenwith aninnerminimums(-7 hrs)andaouterminimum(justbelow 10

hrs) centeredon thecentrifugalequatorabout-5.9 Rj and6.8Rj, respectively.The CE lifetime

(Figure2b) for atomicsulfurhastwo relativeminimums:a first one(justabove10hrs)centered

on thecentrifugalequatorat about-5.3 Rj, that is createdby a local maximumin the S÷plasma

torusdensity,andasecondone(justbelow 10hrs)centeredon thecentrifugalequatorabout-5.8

Rj. Thetotal sulfur lifetime (Figure2c) hencehasa deeperminimumcenteredat -5.9 Rj within

abroaderminimum(-5.6-7 Rj).

2.30 andS SourceVelocity Distributionsat Io's Exobase

The sourcevelocity distributionadoptedat the exobasefor atomicoxygenand sulfur is

the isotropic incompletecollisional cascadedistribution determinedfor sodiumby Smyth and

Combi(1997). This sourcedistributionpeaksat 0.5 km/s,well below theexobaseescapespeed

of-2 km/s, and extendsin the velocity tail to many tens of km/s. This sourcedistribution

representsthe compositeeffects of ion sputtering,including heatingof the atmosphere. The

distribution is denoted"incomplete"becausethe asymptotictail power-law behavior of E4_3,

whereE is the kinetic energyof a neutral, is overpopulatedrelative to a completecollisional

cascadedistribution with an asymptoticpower-law behavior of E2. This overpopulation is

thoughtto occurbecauseof the lackof thecompletionin Io's atmosphere(whereescapeoccurs

at thetop) of thecollision cascadeprocessthatmovesenergyfrom thevelocity tail to the lower-

velocity core of the distribution. The incomplete collisional cascadeflux distribution



(_(V;(X,Vb, VM) expressed in terms of the neutral speed, v, is discussed in detail by Smyth and

Combi (1988b, in Appendix D) and corresponds to an asymptotic tail power-law behavior given

by E (__) and has a peak (most probable) speed of v m that is related nonlinearly to the velocity

parameters Vb and v M. The core of the source distribution at v=v m provides an effective

parameter to characterize at Io's exobase the composite effects of the complex atmospheric

heating processes that occur below the exobase. For the incomplete collisional cascade process,

this source distribution should also apply as a first approximation to atomic oxygen and sulfur

since sodium is a trace species.

For a set of sodium corona and neutral cloud observations for Io, the incomplete

collisional cascade distribution was determined to be essentially isotropic at the satellite exobase

with a peak at Vm= 0.5 km/sec (well below the exobase escape speed of -2 km/sec) and a tail

characterized by c_=7/3 that extends to many 10's of km/sec [see Smyth and Combi (1997) for

the high sensitivity of the fit]. For these parameter values, this normalized source velocity

distribution is shown in Figure 3 and is to be adopted in this paper for O and S. About 62% of

the source atoms for this distribution are on non-escape trajectories, while the remaining -32%

escape Io's gravitational grasp (Smyth 1998). The composite processes below the exobase that

produce this incomplete cascade distribution are yet to be fully understood from first principles

by the solution to a complex problem involving the collisional atmosphere and its interaction

with the plasma torus. The source distribution thus provides a significant source of O and S

atoms with (1) ballistic trajectories (-62%) that populate only the corona of the satellite, (2) low-

speed escape trajectories that dynamically are confined relative near Io's orbit, and (3) higher-

speed escape trajectories that quickly move away from Io's orbit and contribute primarily to the

neutral cloud at somewhat larger and smaller radial distances. For sodium the source speed

distribution is responsible for the creation of the very steep gradient near Io in the spatial

distribution of sodium within Io's corona as well as the more gradual gradients in the forward

sodium cloud and the trailing sodium cloud (excluding the higher-speed contributions by the

directional feature source) near Io's orbit. Higher-velocity neutral source processes in Io's local

atmosphere (i.e., direct ejection and charge exchange) that are responsible for creation of the

sodium directional feature and the sodium zenocorona are, as would be expected, anisotropic

with a preferential direction aligned with the plasma corotational motion (see Smyth and Combi

1997 for overview discussion). For the O and S clouds, these higher-velocity neutral source



processeswill alsocreateneutrals that directly escapeIo's local atmosphereand,along with

direct-ionescape,occur in the "Inner Region". TheseInnerRegioncontributionsto theIogenic

plasmasourceare,however,not thesubjectof thispaper.

The incompletecollisional sourcevelocity distribution adoptedabovefor O and S is

assumedto be isotropic at an Io's exobaseradiusof 2600km and haveratesdeterminedin the

following manner.TheO sourceratefor thisdistributionwasdeterminedby SmythandMarconi

(2000) using the aboveIo neutral cloud model from the analysisof two different brightness

measurementsof the O neutralcloud in 6300A emission. The O sourceratesobtainedin this

mannerwere 1.27x 1028and 1.47x 1028atomss1, respectively,for the measurementsof Brown

(1981)andThomas(1996). In this paper,an intermediateO sourcerateof 1.38x 102satomss1

(367 kg s_) is adopted.Sincetherearecurrentlynodirectdeterminationsof theS sourcerate,a

value of 0.69 x 102satomss-_(367 kg s_), one-half of the O atom sourcerate as would be

appropriatefor aparentSO2molecule,is adoptedfor modelcalculationsin this paper. Thetotal

sourcerateat Io's exobaseis then2.07x 102satomss-1(734 kg s-_)of which only -38% of the

atomsin thesourcedistributionareenergeticenoughto escapeIo's gravity.

3. MODEL CALCULATIONS

3.1 Circumplanetary Asymmetric Distributions

The total nominal lifetime in Table 1 of O and S atoms in the plasma toms centrifugal

plane at Io's orbital distance is -18 hrs and 9 hrs, respectively. For O and S atom trajectories in

the near vicinity of Io's orbit, the lifetimes are variable and can be several times larger, as

illustrated in Figures 1 and 2. These O and S lifetimes are, however, short compared to the

characteristic time of -250 hrs to form a complete 360 ° toroidal cloud about Jupiter for the slow

escaping neutrals from Io that populate circumplanetary space near Io's orbit in the source

distribution of Figure 3. It then follows that the O and S neutral clouds and their Iogenic plasma

source contributions must be highly peaked at Io's instantaneous position and hence highly

asymmetric in their spatial distributions about Jupiter. There is a particularly interesting and

long-standing question to be addressed regarding the nature of this asymmetric circumplanetary

distribution for the Iogenic plasma source. Near Io, the volumetric rates (ions or mass cm 3 s -l)

will be large but the volume will be relatively small compared to the remaining circumplanetary
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volume of space. In this large volume of the remainingcircumplanetaryspace,however, the

volumetric rateswill be muchsmaller. The questionthenarisesasto theoverall comparisonof

thetotal (spatially integrated)rates(ionsor masss-1)asa function of circumplanetarydistance

from Io (i.e., is a large volumetric rate times a small volume larger or smaller than a small

volumetricratetimesalargevolume?).

Model calculations for several ion-pickup volumetric quantities have hence been

undertakenin theproximity of Io's orbit onacompleteangularscaleanda significantradial scale

to study the nature of this circumplanetary behavior. For the model description, lifetime

processes,andsourcevelocity distributionandratesdiscussedin Section2, the instantaneousion

pickup rateshavebeencalculatedin three-dimensionsandintegratedalong the magnetic field

linesto producea two-dimensionaldistribution in theplasmatoms with anangularlongitudinal

resolution of 5° and a radial resolutionof 0.1 Rj in the radial interval from 4 to 10Rj. These

model calculationsare performedfor Io with a geocentricphaseangleof 270° (i.e., western

elongationor duskansa)andan Io SystemIII magneticlongitudeof 230° (whereIo is northbut

approachingthe plasmatoms centrifugalequatorplanewith a magneticoff-set tilted dipole L

valueof 5.88). This location of Io providesa substantialinstantaneousIogenicplasmasource

sincethe satellite is in the activesectorandalsothe atomtrajectoriesrelatively nearIo havea

time historyandlocal-timelocationsuchthatthey interactstronglywith theplasmatoms. In the

modelcalculationpresentedhere,the incompletecollisional cascadedistribution is represented

by nineteennon-uniformly spacedvelocity intervalsandtheir correspondingweights. For each

velocity interval, 1298atomtrajectoriesareejecteduniformly from Io's exobase,providing a

total numberof orbits perneutral cloud modelcalculationof 24,662. The lifetime history for

eachatomtrajectoryis computedsufficiently far in thepastto achievea steadystatedescription

for the neutralcloud andthe instantaneousIogenicplasmaratesfor Io's locationchosenabove

for themodelcalculation.

3.2Distribution of O andS

It is importantto understandthespatialdistributionaboutJupiterof the OandS densities

that are shapedby the processesin Table 1 in order to understandthe spatial nature of the

Iogenicplasmasourcethat they create. The O andS neutraldensitieshavebeencalculatedin
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three-dimensionsandintegratedperpendicularto Io's orbit planeto producea two-dimensional

distribution with a spatial resolutionbox sizeof 2 x 104km [-11 Io radii (R_o)].The model

calculatedO andS neutralcolumndensitiesviewedperpendicularto Io's orbital planearegiven

in Figures4a and4b, respectively. Both the neutralO and S columndensity distributions are

highly peakedaboutIo's instantaneousposition (small dot at westernelongation)andarehighly

asymmetricin longitude. The O andS atomsareconcentratedprimarily aheadandinsideof Io's

orbit (i.e., forwardcloud)wheretheneutrallossratesin theplasmatorusaresmallbecauseof the

rapidly radially inward decreasing plasma densities and temperatures. Over a larger

circumplanetaryvolume,rangingfrom nearJupiterto abit beyondIo's orbit (andpreferentially

asymmetricallylocatedbehindIo's orbitalposition), theO andS columndensitiesarea factorof

-50-100 or so times smaller than in the generalvicinity of Io. For both the trailing O and S

neutralclouds,thecolumndensitydecreasesmorerapidlywith angulardistancefrom Io thanthe

forward cloud becausethe trailing cloud gasesare primarily located outside of Io's orbit

(becauseof orbital dynamics)wheretheplasmatorus lossprocessesarecontinuouslyoperative.

On a circumplanetaryscale,thecolumndensityfor atomicoxygenis significantly larger(factor

-5) thanfor atomicsulfurbecauseof theshorterlifetime of atomicsulfur in theplasmatorusand

the factor two smallersulfur sourcerate. In Figure 4c, the asymmetryof the column density

profiles for oxygenandsulfur along thehorizontaldashedline areshownin Figures4a and4b.

For O, thepeakcolumn densityat Io is -4 x 1013atomscm -2 compared to -5 x 10 _ atoms cm 2

diametrically opposite Io on the satellite orbit (dashed circle), a factor of about 80 smaller. For

S, the peak column density at Io is -1.8 x 10 t3 atoms cm -2 compared to -8 x 10 l° atoms cm -2

diametrically opposite Io on the satellite orbit (dashed circle), a factor of about 225 smaller,

reflecting the smaller lifetime for S.

3.3 Distribution of the Pickup Ion Rates

The loss processes for the neutrals in Table 1 are the same processes that create the

pickup ions for the plasma source and hence determine the Iogenic plasma source for the Outer

Region. In discussing pickup ion rates, it is important to differentiate the "new pickup ion rate"

from the "net pickup ion rate". All of the reactions in Table 1 for electron impact (EI) ionization

and charge exchange (CE) processes create new ions and hence contribute to the "new pickup

ion rate". These newly created ions, in the presence of the magnetospheric local electric and
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magneticfields, createpickup currentsasthey areacceleratedto the local plasmacorotational

speedandareenergizegyrationally. All of theEI reactions,but only someof theCE reactionsin

Table 1,however,createnet ions for theplasmatomsandhenceareableto contributeto the"net

pickup ion rate". Symmetricchargeexchangereactions(e.g.S + S÷--* S÷+ S ; O + O÷+--_ O+÷

+ O) do not contributeto the net pickup ion rate or to the correspondingnet-masspickup ion-

loadingrateof theplasmatoms. Asymmetricchargeexchangereactions(e.g.S + O÷--) S÷+ O ;

O + S÷ --_ O÷ + S) do not contribute to the net pickup ion rate but can contribute either

positively or negatively to the net-masspickup ion-loading rate. Finally, charge transfer

reactions(e.g.,O + S+÷--_O÷+ S÷)contributepositively both to the netpickup ion rateandthe

net-masspickup ion loading rate. Since the symmetric charge exchangereactionsare the

dominantCE processesin Table 1,it follows that theCE processesplay amuch lessimportant

role comparedto theEI processesin their contributionsto netpickupion rateandto thenet-mass

pickup ion loadingrate. The CEprocesses,however,providea strongcontributionto thepickup

ion conductivityandcurrentandalsoto thenet-energyloadingratefor theplasmatoms.

Theinstantaneousnew ion pickup ratesproducedby electronimpact(EI) ionization and

thesetof chargeexchange(CE) processesin Table 1areshown,respectively,for the O neutrals

in the Outer Region in Figures 5a and 5b and for the S neutrals in Figures5d and 5e. One-

dimensionalprofiles for the new pickup ion ratesfor the EI andCE processesarealso shown

alonganeast-westdashedline (i.e., the line throughIo and Jupiter)in Figures5c for O and in

Figure 5f for S to betterdisplay their circumplanetaryasymmetry. For both oxygenandsulfur,

the new ion pickup rates arehighly peakedabout Io (small dot at westernelongation). An

examinationof the natureof the pickup ion distributionsnearIo at a higher-spatialresolution

thanconsideredhereis presentedin acompanionpaper(PartII). All of the pickup ion ratesin

Figure5 decreaserapidly insideof Io's orbit becausetheplasmatoms densitiesandtemperatures

decreaserapidly therewith decreasingradius.

A comparisonof the new pickup ion ratesfor EI createdby O (in Figure 5a) andS (in

Figure 5d)showsthattheyhavealmostidenticalcircumplanetarydistributionsnearandinsideof

Io's orbit. This samemorphologyoccursbecausethe factor of -5 largercolumndensity for O

than for S (in Figure 4) is compensatedby the factor of -5 times smallerelectron ionization

lifetime for S than for O. Well outsideof Io's orbit, the new pickup ion rateproducedby O
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becomeslarger than that producedby S,sincethe factor of -5 enhancementin the O column

density is no longer fully compensatedby the electronionization lifetime that, at theselarger

distances(seeFigures 3a and 4a), is now only a factor of -2 times smaller for S than O.

Examinationof theone-dimensionalprofiles peaksin Figures5c and5f, which occurat Io and

diametricallyoppositeIo on its orbit, showsthatthenewpickup ion ratefor EI pickup processes

in Figures5aand5ddiffer at thetwo positionsby a factorof -600 for Oand-1000 for S.

For CEprocesses,thepickup ion ratescreatedby O (Figure5b)andfor S (Figure5e)are

highly peakedin a narrow radial interval occupyingangularly incompleteforward andtrailing

armsthatreachout from Io andarelocatedfromjust outsideto just insideof Io's orbit, wherethe

chargeexchangelifetimes havetheir minimum values. In thesearms,the new pickup ion rate

createdby O is larger than for S by a factor -4, which is causedby the factor of -5 larger O

column density and a slightly smaller S electronchargeexchange. At radial distanceswell

outsideIo's orbit, thenewpickup ion ratefor O relativeto Sbecomesevenlarger(-20) because

the S column density decreasesmore rapidly with Jovicentric distancethan the O column

density.Examinationof Figures5cand5f showsthattheratioof thenewpickupion rateat Io to

thatdiametricallyoppositeIo on its orbit is -340 for Sand-140 for O.

The spatially integratednew pickup ion ratesproducedby the EI and CE processesin

Figure 5 and also the associatednet pickup ion rates are summarizedin Table 2. For EI

processes,the integratednewpickupratesfor O (1.28 x 10 27 ions s1) and S (1.75 x 10 27 ions s -_)

are comparable, as expected, with the larger rate for the S with the shorter ionization lifetime and

hence the larger source rate near Io (see Figures 5c and 5f). For CE processes, the integrated

new pickup rate for O (3.47 x 1027 ions s_) is considerably larger than for S (1.05 x 1027 ions s -_)

and reflects the shorter charge exchange lifetime and larger source for O near Io. For O and S

combined, the EI (3.03 x 10 27 ions s j) and the CE (4.52 x 102v ions s -_) contributions are

comparable and are -40 and 60%, respectively, of the overall integrated new pickup ion rate of

7.55 × 10 27 ions s 1. The spatially-integrated net pickup ion rate (3.85 x 10 27 ions s -_) is about

one-half this rate and is created mainly (79%) by an EI contribution (3.03 x 102v ions s_) with a

smaller (21%) CE contribution (0.82 x 102v ions s_).
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3.4Distribution of theTotal-MassandNet-MassLoadingRates

The instantaneousequivalent(EI + CE)total-massloadingrate(19I_E_>+ 1VI_cE))for the Io

plasmatorus is determineddirectly from the pickup ion ratesfor EI andCE processes,denoted

hereby SE'and SocEfor O andby SE_and ScEfor S,respectively:

19I'TM = mo SEI + ms SEI

I_'CE> = moSocE + msS cE

(la)

(lb)

where m o and m s are the mass of an O and S ion, respectively. The instantaneous net-mass

loading rates 1VI(net) are determined straightforwardly by adding the rate of creation of ion mass

for all EI processes and of the net ion mass contributions for all CE processes (see Smyth and

Combi 1988a for a more detailed formulation). The circumplanetary distribution of the

instantaneous net-mass loading rates and the equivalent total-mass loading rate integrated along

the magnetic field line are shown, respectively, in Figures 6 and 7.

The nature of the angular distribution of the net-mass loading rates about Jupiter has been

an interesting and open question. Suggestions for the shape of the distribution have ranged from

the extremes of an angular distribution that is uniform in a toroidal volume about Jupiter to a

distribution that is very highly localized in the immediate vicinity of Io's instantaneous position.

The distribution in Figure 6a has the character of an immediate state: the source is both very

highly peaked at Io's instantaneous position and also exists at much lower levels all around

Jupiter. To quantify this angular variation more succinctly, the two-dimensional distribution in

Figure 6a is integrated radially within 5 ° pie-shaped angular intervals to produce the average

angular distribution shown in Figure 6b. Examination of this angular distribution shows that it

may be effectively divided into a highly peaked component near Io that is located approximately

within _+20" of Io's instantaneous position and a more gradually decreasing component that has a

minimum located approximately on the opposite side of Jupiter from Io. The steeper slope,

occurring for System III longitudes that are larger than Io, corresponds to the plasma source that

is located behind (i.e., upstream) of Io and primarily outside its orbit in the hotter region of the

plasma torus. The less steep slope for System III longitudes smaller than Io corresponds to the

plasma source that is ahead (downstream) of Io and primarily within (but near) its orbit, where
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theneutral lossprocessesarestill rapid enoughto contributesignificantly to theIogenicsource.

The total (EI + CE) pickup ion equivalentmass-loadingrate hasa similar morphologyand is

shownin Figures7aand7b.

The spatially integratednet-massloading and total equivalent mass-loadingrates for

Figures 6 and 7 are, respectively, 154 and 277 kg s-_. In Table 2, these "Outer Region"

integratedratesareseparatedinto their contributionsfrom electronimpactionizationandcharge

exchange. The net-massloading rate of 154 kg s_ is createdprimarily by electron impact

ionization(127kg sl) but alsohasasmallcontributionfrom chargeexchangeprocesses(27kg s

_)becauseof asymmetricchargeexchangeandchargetransferreactionsin Table 1. The net-

massloading ratewithin the +20 ° of the Io peak in Figure 6 is about 109 kg s_ (71% of the

spatially integrated rate) with only 45 kg/s (29%) located within the remaining 320 ° angular

interval about Jupiter. The total mass-loading rate within the +20 ° of the Io peak in Figure 7 is

about 197 kg/s (also 71% of the spatially integrated rate) with only 80 kg/s (29%) located within

the remaining 320 ° angular interval about Jupiter.

3.5 Distribution of the Net-Mass per unit Magnetic Flux Source Rate

One of the volumetric quantities of interest for transport studies in the plasma toms, such

as those undertaken with the Rice Convection Model for Jupiter (RCM-J; see, for example,

Pontius et al. 1998), is the source rate for the net-mass per unit magnetic flux integrated along

the magnetic field, which is denoted by r ! :

(net)
ds (2)

l]-I B

where B is the local value of the magnetic field, and "ds" is the differential distance element

along the magnetic field line. For the combined O and S pickup ion rates discussed above, the

two-dimensional spatial distribution for this instantaneous source rate r I is shown in Figure 8.

The circumplanetary distribution for the net-mass per unit magnetic flux in Figure 8a is

highly peaked at Io's location and is enhanced in both forward and trailing arms near Io's orbit
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and in an extendedradial region outside Io's orbit and trailing Io's orbital location. Upon

comparisonwith thenet-massdistributionin Figure6a,thedistributionin Figure8ais seento be

skewedby the -L 3natureof the factor of 1/B in thedefinition for T1(whereB= 1835nT near

Io's orbit) so as to be relatively lower by about a factor of < 2 inside of Io's orbit and to be

relatively enhanced by up to a factor of 4 or more outside of Io's orbit. In Figure 8b, the degree

of asymmetry of the distribution is shown in a profile taken along the dashed horizontal line in

Figure 8a through Io. The maximum value at Io is -6 x 10s kg m 2 s _ T" and is a factor of - 600

times larger than the peak diametrically opposite Io on its orbit.

3.6 Distribution of the Pickup Conductivity, Current, and Power

The pickup ion rates produced by the O and S neutrals also produce a pickup

conductivity _3 through the introduction of ion-electron pairs, which are separated on average
pu

by their gyration radii at the initial times of their creation (Goertz 1980). The pickup

conductivity depends upon all EI and CE processes and is defined by

1_ (EI) -_- l_/I (CE)

o = (3)
pu B 2

The height-integrated pickup conductivity Zpu is defined by integrating C3pualong the magnetic

field line

]_pu -- _3pudS " (4)

In an Io frame with the corotational radial electric field denoted by E, the pickup conductivity

generates a radial pickup current density Jvu (amps m2), which is given by

Jp" = (Ypu _-"" (5)

The instantaneous radial pickup current Ipo(amps) at a function of radius and System III

longitude defined through a surface with a differential area dA = gds, where one dimension is

along the field-aligned height-integrated direction "s" and the second dimension is along the

System III longitude direction with a arc length g corresponding to the adopted circumplanetary

grid resolution of 5 °, can also be determined from Jpo
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IP u = I Jpu dA . (6)

The power density Ppu (watts m 2) required to produce the new pickup ion rates in Io's reference

frame is determined from Jpu as follows:

ppu = Ijpu .g ds = I(_pu E2ds (7a)

and may be written alternatively as

Ppu = 2I(_l(Et) + I_(CE))V2 dS+II(M¢EI) + M(CE))v2dScor cor " (7b)

where the local corotational pickup speed V_or is

E (8)

The expression (7b) for the power density Ppu, which has been divided into two equal parts, has

an obvious interpretation. The first half of the power density is the work required by the electric

field to accelerate the center-of-mass motion of the pickup ions to the local corotational speed of

the plasma toms, while the second half is the power required to energize the gyrational motion of

the ions relative to their center-of-mass motion. This center-of-mass motion of the pickup ions is

reflected in the expression for the force exerted on the pickup ions

Jpo x g = _Jpu _ x g = (_/I (El) -t- 1_1I (CE)) _B2XB _ (IvI(E,) -t'- M(CE))gco r . (9)

The gyration power of the new pickup ion energy is the rate of energy at which new ions are

created to heat the plasma toms, i.e., the "new pickup ion energy loading rate". It is, however,

larger than the "net pickup ion energy loading rate" for the plasma toms since symmetric and

asymmetric charge exchange reactions transform old cooler ions of the plasma toms into fast

neutrals that rapidly escape from the plasma toms with the energy of the old cooler ions.

The circumplanetary distribution of the height-integrated pickup conductivity Zpu is

shown in Figure 9a. The pickup conductivity Zpu is seen to be highly peaked at Io's location
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andis enhancedin both forward andtrailing armsnearIo's orbit andin anextendedradialregion

outside Io's orbit and trailing Io's orbital location. Upon comparison with the total-mass

distribution in Figure 7a, the distribution in Figure9a is seento be heavily skewedby the -L 6

nature of the factor of B 2 in the definition for cY so as to decrease more rapidly inside of Io's
pu

orbit and to decrease much more slowly outside of Io's orbit. In Figure 9b, the degree of

asymmetry of the distribution is shown in a profile taken along the dashed horizontal line in

Figure 9a. The maximum value at Io is -2.5 x 10 .3 mho and is a factor of - 450 times larger than

the peak diametrically opposite Io on its orbit.

The circumplanetary distribution of the radial pickup current Ipu is shown in Figure 10a.

The radial pickup is highly peaked at Io's location and asymmetrically distributed about Jupiter

with enhanced forward and trailing arms that extend further outside of Io's orbit near the satellite

and become confined very near Io's orbit at much larger angular distances from the satellite. In

Figure 10b, the peak current at Io is -4 x 104 amps while that at the location opposite Io on its

orbit is -100 amps, an asymmetric factor of 400 smaller.

The circumplanetary distribution of the net-energy loading rate is shown in Figure 1 la

and is highly peaked at Io and has a morphology in asymmetric angular similar to the radial

pickup current in Figure 10a. In Figure 1 lb, the peak net-energy loading rate at Io is - 6 x 10 .4

watts m 2 as compared to -1.8 x 10 .6 watts m 2 diametrically opposite Io on the satellite orbit, an

asymmetry factor of over 300. The spatially integrated net-energy loading rate for Figure 11a is

1.03 x 1012 watts and is dominated by the contribution from the large peak at Io.

3.7 Spacetime Variability of the Iogenic Plasma Source

To understand the general nature of the space-time variability of the Iogenic plasma

source rates (e.g., the net ion-loading rate, net mass-loading rate, equivalent mass loading-rate

for momentum loading, and energy-loading rate), it is important to understand the relationship

between the instantaneous neutral source rate at Io, the neutral cloud instantaneous accumulation
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rate in the circumplanetary space, and the instantaneousloss rates of neutrals in the

magnetosphere,the latterof which producestheIogenicplasmasource.Therelationshipamong

thesethree quantitieshasbeenderived mathematicallyusing the general "ensemblepacket"

formalismdevelopedby SmythandCombi(1988a).Theresultsarepresentedbriefly below.

Consideron Io's exobasea solid angleelementd_ at the location _ andatomsejected

from this elementwith a velocity in therange6_ to if0+dff). We denote the neutral source rate

(atoms per second) originating with the conditions (6), (a) at time T by _(6), _, T) d6_ df_ where

q_(6_, (2, T) is the flux per unit dr2 and per unit d6}. We denote by N(6_, _, T)d6_ dr2 the

number of neutrals at time T along the complete neutral trajectory formed prior to the time T and

originating with the conditions (6_, _). We furthermore denote the neutral cloud instantaneous

accumulation rate at time T for atoms originating with the conditions (¢_, _) for past times up to

time T by

&dN(6_, T)
_' d6_ df_. (10)

dT

Finally, we denote by L(6), _, T)d_ dr2 the instantaneous neutral cloud loss rate at time T

caused by magnetospheric processes for the complete trajectory originating with the conditions

(_,_). The desired relationship between these three quantities may then be expressed as

follows

_(6_, h, T) - (_(exit)((._, 6, T) =
dN(6}, h, T)

dT
+ L(f_,h,T) (11)

where _(exit)((_), h, T) is the instantaneous atom flux along the trajectory that is lost from the

trajectory because of collision with Io, collision with Jupiter, or that remains undepleted and

unchanged on the trajectory having been ejected from Io at times prior to time T.

The equation (11) is a conservation statement at time T for the complete trajectory

originating with the conditions (_,_). Since it is valid for all neutral trajectories from Io's
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exobase, it also follows that it is true for the neutral cloud as a spatially integrated whole by

simply integrating over all conditions at the exobase. The left hand side of equation (11) is the

instantaneous net flux at time T from Io that is available to either increase the neutral cloud

abundance along the entire trajectory or to supply the neutral cloud loss rate caused by the

magnetospheric processes. Note that this neutral cloud loss rate may be smaller than the net flux

if the abundance of neutrals along the trajectory is increasing or may be larger than the net flux if

the abundance of neutrals along the trajectory is decreasing. Hence, the neutral cloud is a

reservoir for the neutrals that can increase in abundance when the global loss rate becomes

smaller and can decrease in abundance when the global loss rate becomes larger. The time

variability in the loss rate is caused by the oscillation of the plasma toms about Io's orbital plane,

the System III longitude asymmetries of the plasma torus, and the east-west asymmetries of the

plasma torus. Hence, the instantaneous strength of the Iogenic plasma source determined by the

neutral cloud loss rate may be larger than the instantaneous net flux at time T from Io if the

neutral cloud loss rate is decreasing and conversely may be smaller than the instantaneous net

flux at time T from Io if the neutral cloud loss rate is increasing. Hence, it is not the

instantaneous net flux at time T from Io that determines the instantaneous strength of the Iogenic

plasma source but the complete time history at time T of the neutral cloud.

4. DISCUSSION

4.1 Comparison of Inner and Outer Region Iogenic Sources

Several estimated rates for the spatially integrated Iogenic plasma source are summarized

in Table 4. These rates combine in various ways contributions from the Inner Region and the

Outer Region and hence can be considered to be approximate estimates for the total Iogenic

plasma source. The estimates of Smyth (1992) and Smyth and Marconi (2000) were obtained

from neutral exobase source rates for Io determined by modeling the spatial brightness

distribution of the neutral clouds and from additional scaling arguments to extend the velocity

range to include high-speed charge exchange processes. The estimates of Smyth (1992) used

monoenergetic source conditions to describe the slower neutrals at Io's exobase rather than the

more accurate description of the incomplete collisional cascade distributions used here and in

Smyth and Marconi (2000). Hence, the more recent estimates must be considered to be more
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accurate. The estimates of Smyth and Marconi (2000) include rates for the Outer Region,

essentially those presented in this paper, and additional estimated rates for the Inner region that

are included only for charge exchange processes. The estimates of Bagenal (1997) were

obtained from examination of the Galileo PWS electron data (Gurnett et al. 1996) and PLS

plasma data (Frank et al. 1996). The rates for Combi et al. (1998), Linker et al. (1998), and

Kabin et al. (2001) were obtained from MHD modeling of the Galileo PLS plasma (Frank et al.

1996) and MAG magnetic field data (Kivelson et al. 1996) and are listed for different scenarios,

which provided marginal fits for most of the data but failed to reproduce the two local minima in

the magnetic field on the wake flanks. Combi et al. (1998), who did not solve for the magnetic

field inside of the satellite, considered two different inner boundary conditions [fixed (f) and

reflective (r), in Table 4] at an altitude of 150 km to span extreme conditions for the particle and

magnetic field interactions with Io and its ionosphere. For the "reflective" boundary conditions,

Io and its ionosphere are treated as a perfect conducting impenetrable sphere so that both the

magnetic field and plasma flow are reflected. For the "fixed" boundary conditions, the magnetic

field and particles can penetrate the ionospheric boundary and are treated at the boundary by

setting the fluid velocity to zero, the density to ionospheric values, and fixing the magnetic field

so that only a small expected change occurs in its value inside Io's solid body. Linker et al.

(1998), who solved for the magnetic field inside of Io, considered the case of an Iogenic plasma

source with both a magnetized and non-magnetized Io [labeled, respectively, (m) and (n) in

Table 4]. Kabin et al. (2001) added to the earlier treatment of Combi et al. (1998) new pickup

ion terms into the equations and included, in addition to a power law description for the neutral

density in Io's corona, an exponential scale-height term to describe Io's atmosphere nearer the

surface and also a day-night asymmetry in the neutral density distribution.

The estimates of Smyth (1992) and Smyth and Marconi (2000) have a ratio of the charge

exchange rate to the net mass-loading rate of -1.6 and -3.3, respectively, which is similar to the

values of -1.1, -1.8, and 3, respectively, for Kabin et al. (2001), Combi et al. (1998), and Linker

et al. (1998) but is in striking contrast to the values of Bagenal (1997), who concluded that there

was no significant charge exchange rate near Io at the time of the Galileo flyby. Since charge

exchange reactions are always operative and physically dominant over electron ionization rates

at Io's position in the undisturbed plasma torus, this conclusion is suspect. The conclusion of
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Bagenal(1997)canbe tracedeffectively to anarbitrarydivision of the flux of the "new ionized

ions" from the "backgroundions" in thePLS andPWSmeasurements.In Table4, theestimates

for the total new pickup ion rate of 5 x 1028ions s1 for the moreextremereflective boundary

condition model [labeled(r)] of Combiet al. (1998) is likely too large. This largersourcerate

wasrequiredto supply the sameamountof plasmadensityto theplasmawake region,wherein

thiscaseboth theparticlesandthemagneticfield arehighly reflectedby theinnerboundaryand

arethereforedistributedovera largerspatialvolume. Thesmallertotal sourcerate(n) of Linker

et al. (1998) is alsolikely too smallsinceit wasdeterminedfor thecaseof anassumedintrinsic

magneticfield for Io, which doesnot now appearto be supportedby MHD modelingof more

recentGalileo flyby magnetosphericdata(Linker et al. 2001). With theselimitations then, the

bestestimatesobtainedfrom Table4, which representthecombinedcontributionsof the Inner

andOuterRegions,arevery similarandarein therange-1.7-2.7 x 10 28 ions s-I for the total new

pickup ion rate and -600-980 kg s1 for the total mass loading rate.

The estimates of the new mass loading rate for the Iogenic plasma source for the Inner

Region determined in this paper and for the combined Inner and Outer Regions obtained from

Table 4 are summarized in Table 5. By subtracting these rates, a rough estimate for the new

mass loading rate for the Inner Region is therefore -300 to 700 kg s 1 so that the rate for the Inner

Region is -1 to 2.5 larger that for the Outer Region. The Inner Region is, however, highly

concentrated in a small volume around Io. In contrast, the primary peak of the Outer Region at

Io, which contains -71% (125 kg s1) of the new mass loading rate, is located within a large

volume with angular dimension of _+20 ° longitude (i.e., +81 Rio) about Jupiter. A more detailed

description of the spatial distribution of Iogenic plasma source for the Outer Region within this

large volume is the subject of the companion paper. Hence volumetrically, the Iogenic plasma

source near Io must be dominated by the Inner Region contribution. Similarly, the net energy

pickup rate of -1 x 1012 watts calculated for the Outer Region is less than the -2-5 x 1012 watts

estimated for the total energy budget of the plasma torus. The Inner Region should thus also be

expected to have a comparable or larger contribution, which should balance the energy budget.

The asymmetries in the Iogenic plasma sources at Io will therefore be much larger than those

presented in Section 3 for the Outer Region source only. Given this perspective, it should not be

so surprising that the plasma torus ribbon, the dominant radial density feature in the plasma
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torus,is createdby the Iogenic plasmasourcecreatedin theInner region (Smyth and Marconi

1998a;Hill and Pontius 1998;Delamereet al. 2001)and that the energybudgetof the plasma

toms is very dependentuponthepowerribbon createdby this InnerRegionsource(Smyth and

Marconi2000).

4.2 Additional IogenicSources

TheIogenicplasmasourcecalculationspresentedin Section3 wereonly for pickup ions

createdby O and S gasesin theOuter Region. Theseratesmay only be a lower limit if other

species(SO2,SO, O2,$2) in Io's atmospherecan also contribute significantly to the Iogenic

plasma source in the Outer Region. The abundancesof 02 formed through atmospheric

chemistryandSzreleasedby volcanoesareboth thoughtto be too small on a global scaleto

providea significant sourceof pickup ions. The mostabundantspeciesSO2andthe nextmost

abundantspeciesSO (-10% of SO2)in Io's atmosphereareexpectedto undergorapid electron

impactdissociationin Io's upperatmosphere(Smythet al. 2001) producingprimarily O andS

exothermicatomicproducts. The electron impact productionrate for molecular ions is small

comparedto that for molecularneutralproducts.Much of theexothermicO andS sourceratesat

the exobasemay, however, alreadyeffectively be included in the sourceratesfor the Outer

Regionadoptedhere,which arecalibratedby observationsfor atomicoxygen. The directescape

of SO2and SO from the exobasemay, however,provide somespatially extendedsourceof

exothermicO and S to the circumplanetaryspace,although SO is likely to be less important

becauseof its orderof magnitudesmallerabundancerelativeto SO2in Io's atmosphere.TheSO2

and SO exobasesource rates are not well known, and their exothermic O and S energy

distributionshavenot beenmeasured.An SOzexobasesourcerateof 4 x 10 27 molecules s -1 was

given by Smyth and Marconi (1998b) based upon the analysis of ion cyclotron waves for a

maximum SO2 ÷ density profile determined by Huddleston et al. (1997) and the same incomplete

collisional source distribution adopted in this paper for O and S. Hence only -38 percent of the

SO2 molecules are on escape orbits, providing an SO2 escape flux of -1.5 x 1027 molecules s1.

From a second analysis of the same SO2 ÷ density profile by Crary and Bagenal (2000) using a

simpler monoenergetic velocity of 2.48 km s_ for the source of SO2 at Io's exobase, a similar

SO2 escape rate of a 1-3.5 x 1027 molecules s _ was suggested. If the SO2exobase source rate is

indeed this large and if the exothermic products are not very energetic so as not to dilute their
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local circumplanetary density contributions, then SO 2 may possibly provide an additional

significant contribution to the Iogenic plasma source in the Outer Region. Information regarding

the electron impact cross-sections and their exothermic energy distributions for the products in

the molecular dissociation of SO2 (and SO) is needed to address this question.

5. SUMMARY

The instantaneous pickup ion rates for the Iogenic plasma source created O and S in the

Outer Region through electron impact and charge exchange processes in the plasma torus have

been calculated in three dimensions on a circumplanetary scale for one location of Io in System

III longitude and local time. The pickup ion rates for O and S are presented in two-dimensional

distributions by integrating the three-dimensional rates along the magnetic field line. Similar

two-dimensional distributions for a number of volumetric quantities determined from these

pickup ion rates are presented for the net-mass and total mass loading rates, the mass per unit

magnetic flux rate, the pickup conductivity, the radial pickup current, and the net-energy loading

rate for the plasma torus. All of the two-distributional distributions are highly peaked at Io's

location and hence highly asymmetric about Jupiter. The physical origin and the amount of

asymmetry for the volumetric quantities are discussed. The spatially integrated rates for the net-

mass and total mass loading rates are 154 kg s-I and 277 kg s l, respectively, with 71% of the rate

confined to a very large peak located within +20 ° longitude of Io's orbital location. The spatially

integrated rate for the mass per unit magnetic flux is 1.1 x 108 kg s -_ T l. Maximum values for

the pickup conductivity and the radial pickup current at Io's location are 2.5 x 10 .3 mho and 4 x

10 4 amps. The spatially integrated net-energy loading rate is 1.03 x 1012 watts and is dominated

by the contributions from the peak centered on Io.

The space-time variability of the Iogenic plasma source is discussed and is shown to

depend upon the complete time history of the neutral clouds from which they are created. The

Iogenic plasma source calculated here for the Outer Region is compared to various estimates for

the Iogenic plasma source created in the combined Inner and Outer Regions, and the mass source

rate for the Inner Region (-300-700 kg s-1) is estimated to be -1 to 2.5 times larger than that

calculated for the Outer Region (277 kg s_). Other possible sources of pickup ions for the Outer
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Region are also discussed. The Inner Region is therefore expectedto be the dominant

contributorof ionsto theformationof theplasmatoms ribbon,themaximumdensitypeakin the

radial structureof the plasmatoms, and a comparableif not larger contributor to the energy

budgetof theplasmatoms comparedto the OuterRegion. Future improvementsin calculating

theIogenicplasmasourceincludethe additionof near-Ioplasmaeffectsin thesatellite flank and

plasmawakeandthemorecompletespecificationof sourceratesfor neutralsat Io's exobase.

26



Acknowledgments. The research was sponsored by the National Aeronautical and Space

Administration through the Magnetospheric Physics Program under contract NASW-97032 to

AER.

27



REFERENCES

Bagenal, F. (1997) The ionization source near Io from Galileo wake data, Geophys. Res. Letts.

24, 2111-2114.

Brown, R.A. (1981) The Jupiter Hot Plasma Torus: Observed Electron Temperature and Energy

Flow, Ap. J. 244, 1072-1080.

Combi, M.R., K. Kabin, T.I. Gombosi, and D.L. DeZeeuw (1998) Io's plasma environment

during the Galileo flyby: Global three-dimensional MHD modeling with adaptive mesh

refinement, J. Geophys. Res. 103, 9071-9081.

Crary, F.J. and F. Bagenal, Ion Cyclotron Waves, Pickup Ions, and Io's Neutrals (2000) J.

Geophys Res. 105, 25,379-25,389.

Delamere, P.A., W.H. Smyth and M.L. Marconi (2001) Transport Studies of the Radial and

Longitudinal Structure in the Plasma Torus, paper presented at the meeting Jupiter:

Planet, satellites and Magnetosphere, Boulder Colorado, June 25-30, 2001.

Frank, L.A., W.R. Paterson, K.L. Ackerson, V.M. Vasyliunas, F.V. Coroniti, and J.S. Bolton

(1996) Plasma Observations at Io with the Galileo Spacecraft, Science 274, 394-395.

Goertz, C.K. (1980) Io's Interaction with the Plasma Toms, J. Geophys. Res. 85, 2949-2956.

Gurnett, D.A., W.S. Kurth, A. Roux, S.J. Bolton, and C.K. Kennel (1996) Galileo Plasma Wave

Observations in the Io Plasma Torus and Near Io, Science 274, 391-392.

Hill T. W. and D.H. Pontius (1998) Plasma Injection near Io, J. Geophys. Res. 103, 19,879-

19,885.

Huddleston, D.E., R.J. Strangeway, J. Warnecke, C.T. Russell, and M.G. Kivelson (1997) Ion

Cyclotron Waves in the Io Torus during the Galileo Encounter: Warm Plasma Dispersion

Analysis, Geophys. Res. Letts. 24, 2143-2146.

Kabin,. M.R. Combi, T.I. Gombosi, D.L. DeZeeuw, K.C. Hansen, and K.G. Powell (2001) Io's

Magnetospheric interaction: an MHD model with day-night asymmetry, Planet. Space

Sci. 49, 337-344.

Kivelson, M.G., K.K. Khurana, R.J. Walker, J. Warnecke, C.T. Russell, J.A. Linker, D.J.

Southwood, and C. Polanskey (1996) Io's Interaction with the Plasma Torus: Galileo

Magnetometer Report, Science 274, 396-398.

Linker, J.A., K.K. Khurana, M.G, Kivelson, and R.J. Walker (1998) MHD Simulations of Io's

Interaction with the Plasma Torus, J. Geophys. Res. 103, 19,867-19877.

28



Linker, J.A., R. Lionello, M.G. Kivelson, andR.J. Walker (2001) Io's Magnetic and Plasma
Environment, paper presented at the meeting Jupiter: Planet, satellites and
Magnetosphere,BoulderColorado,June25-30,2001.

Marconi, M.L.andW.H. Smyth (1996) Io PlasmaTorus: Natureof the IogenicPlasmaSource,
BAAS 28, 1154-1155.

McGrath, M.A. and R.E. Johnson (1989) Charge exchange cross sections for the Io plasma torus,

J. Geophys. Res. 94, 2677-2683.

Morgan, J.S. (1985a) Temporal and Spatial Variations in the Io Torus, Icarus 62,389-414.

Morgan, J.S. (1985b) Models of the Io Torus, Icarus 63, 243-265.

Oliversen, R.J., F. Scherb, W.H. Smyth, M.E. Freed, R. C. Woodard, M.L. Marconi, K.D.

Retherford, O.L. Lupie, and J.P. Morgenthaler (2001) Sunlit Io Atmospheric [O I] 6300

Emission and the Plasma Torus, J. Geophys. Res., in press.

Pilcher, C.B., Smyth, W.H., Combi, M.R., and Fertel, J.H. (1984) Io's Sodium Directional

Features: Evidence for a Magnetospheric-Wind-Driven Gas Escape Mechanism, Ap. J.

287, 427-444.

Pontius, D.H., R.A. Wolf, T.W. Hill, R.W. Spiro, Y.S. Yang, and W.H. Smyth (1998) Velocity

Shear Impoundment of the Io Plasma Torus, J. Geophys. Res. 103, 19,935-19,946.

Saur, J., F.M. Neubauer, D.F. Strobel and M.E. Summers (1999) Three-Dimensional Plasma

Simulations of Io's Interaction with the Io Plasma Torus: Asymmetric Plasma Flow, J.

Geophys. Res. 104, 25,105-25,126.

Scherb, F. and W.H. Smyth (1993) Variability of [O I] 6300-A Emission Near Io, J. Geophys.

Res. 98, 18729-18736.

Smyth, W. H. (1979) Io's Sodium Cloud: Explanation of the East-West Asymmetries. Ap. J.

234, 1148-1153.

Smyth, W. H. (1983) Io's Sodium Cloud: Explanation of the East-West Asymmetries. II. Ap. J.

264, 708-725.

Smyth, W.H., Neutral Cloud Distribution in the Jovian System (1992) Adv. Space Res. 12,337-
346.

Smyth, W.H. (1998) Energy Escape Rate of Neutrals from Io and the Implications for Local

Magnetospheric Interactions, J. Geophys. Res. 103, 11941-11950.

Smyth, W.H., and Combi, M.R. (1987) Correlating East-West Asymmetries in the Jovian

Magnetosphere and the Io Sodium Cloud, Geophys. Res. Lett. 14_ 973-976.

29



Smyth, W.H. and M.R. Combi (1988a) A General Model for Io's Neutral Gas Cloud.I.

Mathematical Description, Ap. J. Supp. 66, 397-411.

Smyth, W.H. and M.R. Combi (1988b) A General Model for Io's Neutral Gas Cloud.II.

Application to the Sodium Cloud, Ap. J. 328, 888-918.

Smyth, W.H. and M.R. Combi (199t) The Sodium Zenocorona, J. Geophys. Res. 96, 22711-
22727.

Smyth, W.H. and M.R. Combi (1997) Io's Sodium Exosphere and Spatially Extended Cloud: A

Consistent Flux Speed Distribution, Icarus 126, 58-77.

Smyth, W.H. and M.L. Marconi (1998a) An Initial Look at the Iogenic SO2 ÷ Source During the

Galileo Flyby of Io, J. Geophys. Res. 103, 9083-9089.

Smyth, W.H. and M.L. Marconi (1998b) An Explanation for the East-West Asymmetry of the Io

Plasma Toms, J. Geophys. Res. 103, 9091-9100.

Smyth, W.H. and M.L. Marconi (2000) Io's Oxygen Source: Determination from Ground-based

Observations and Implications for the Plasma Torus, J. Geophys. Res. 105, 7783-7792.

Smyth, W.H. and M.L. Marconi (2001) Nature of the Iogenic Plasma Source in Jupiter's

Magnetosphere II. Near-Io Distribution, paper in preparation.

Smyth, W.H. and M.B. McElroy (1977) The Sodium and Hydrogen Gas Clouds of Io, Planet.

Space Sci. 25, 415-431.

Smyth, W.H. and M.B. McElroy (1978) Io's Sodium Cloud: Comparison of Model and Two-

Dimensional Images, Ap.J. 226, 336-346.

Smyth, W.H. and D.E. Shemansky (1983) Escape and Ionization of Atomic Oxygen from Io, Ap.

J. 271,865-875.

Smyth, W.H., R.-L. Shia, M.C. Wong, and M.L. Marconi (2001) 2-D Modeling of the Structure,

Composition, and Dynamics of Io's Atmosphere, paper presented at the meeting Jupiter:

Planet, satellites and Magnetosphere, Boulder Colorado, June 25-30.

Thomas, N. (1996) High Resolution Spectra of Io's Neutral Potassium and Oxygen Clouds,

Astron. Astrophys. 313, 306-314.

Wong, M.C. and W.H. Smyth (2000) Model Calculations for Io's Atmosphere at Eastern and

Western Elongations, Icarus 146, 60-74.

30



Table 1.0 andS LossProcessesin thePlasmaTorusnearIo's Orbit at Western-Elongation
RelativeRate, Lifetime,

% hours

Atomic Oxygen

O+e --_ O + + 2e 21.77 80

O + O + --_ O + + O 67.75 26

O+O ++ _ O +++O 0.45 3900

0 + 0 ++ ___ 0 + + 0 + 0.04 40000

0 + S+ ---) 0 + + S 0.09 19000

O+S ++ _ O ++S + 5.04 350

O + S+++ --_ (O+) * + (S++) * 4.84 360

O + hv _ O + + e 0.02 38000

Total 100.00

Atomic Sulfur

S+e --_ S++2e

S+S + _ S++S

S+S ++ _ S+++S

S+S++ ---) S++S +

S+S +++ _ S++S ++

S+S +++ _ S+++S +

S + O + 4-4 S+(2P) + O(3p)

S + O + ---) S+(2D) + O(1D)

S+O ++ _ S++O+

S+O ++ _ S+++O ++e

S+ hv _ S++e

Total

}

}

60.12 15

19.47 46

8.94 100

0.34 2600

1.72 520

7.96 110

0.32 2800

1.01 890

0.12 7520

100.00
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Table 2. Volume Integrated Pickup Ion Rates

Neutral Species Electron Impact Ionization Charge Exchange Total
(10 27 ions s1) (10 27 ions s-I) (10 27 ions s l)

New Pickup Ion Rates
0 1.28 3.47 4.75

S 1.75 1.05 2.80

0 + S 3.03 4.52 7.55

Net Pickup Ion Rates 3.03 0.82 3.85
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Table 3.
Magnetospheric Process

Net and Total Mass Loading Rates a

Net Mass Loading Rate Total Mass Loading Rate

(kg/s) (%)a (kg/s) (%)a
127 17.3Electron Impact Ionization 127 17.3

Charge Exchange 27 3.7

Total: 154 21.0

150 20.4

277 37.7

a Based upon the combined O and S exobase upward source rate of 734 kg/s (100%); about 62% of the source rate

produces ballistic atom trajectories that are confined to Io's corona.
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Table 4. Estimates for the Total Iogenic Plasma Source

Net Mass-Loading Charge Exchange Total

(102ss J) (kgs 1) (102ss -I) (kgs -1) (102ss 1) (kgs -I) Reference

Neutral Clouds

0.57 225 1.15 367 1.72 592

154 510 1.95 664

Galileo Flyby
0.53-1.7 188-600 0 0 0.53-1.7 188-600

Smyth (1992)

Smyth and Marconi (2000)

Bagenal (1997)

MHD Simulations

0.8 300 (f) 1.5 540 (f) 2.3 840 (f)

1.8 650 (r) 3.2 1150 (r) 5.0 1500 (r)

0.5 200 (n) 1.5 600 (n) 2.0 800 (n)

0.3 120 (m) 0.9 360 (m) 1.2 480 (m)

1.3 470 1.4 510 2.7 980

Combi et al. (1998) a

Linker et al. (1998) b

Kabin et al. (2001)

_The two cases are for fixed (f) and reflective (r) inner boundary conditions about Io.
b The two cases are for no (n) intrinsic magnetic field and an assumed (m) intrinsic magnetic field for Io,
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Table 5. Spatial Distribution: Total Ion Pickup Loading Rate

Iogenic Plasma Source (Outer Region)

Exobase to the _+20 ° Base of the Io Peak

Remaining 320 ° of System III Longitude about Jupiter

Total Outer Region Source

Iogenic Plasma Source (Inner and Outer Regions)

Mass Rate

(kg/s)

197

8O

277

600-980
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FIGURE CAPTIONS

Figure 1. Atomic Oxygen Lifetime in the Plasma Torus at Western Elongation. The

electron impact (EI), composite charge exchange (CE), and total (EI + CE) lifetimes, in units of

hours, of atomic oxygen are shown in (a), (b), and (c), respectively, in a plasma torus plane

located at a local time corresponding to western elongation (dusk ansa) and at a System III

longitude of 230 °. The radial (L) and vertical (_) plasmacentric coordinates (Smyth and Combi

1988b) are defined so that the density structure of the plasma are fixed in location and Io moves

around the gray oval as a function of System III longitude and at 230 ° is located at the position of

the gray dot.

Figure 2. Atomic Sulfur Lifetime in the Plasma Torus at Western Elongation. Same caption

as Fig. Caption 2, except for atomic sulfur.

Figure 3. Incomplete Collisional Cascade Source Velocity Distribution. The source speed

distribution (normalized to unit area) adopted for the flux of O and S at Io's exobase is that

determined for Io's sodium corona and neutral clouds by Smyth and Combi (1997). The

distribution peaks at 0.5 km s1 and has an incomplete collisional cascade tail characterized by

the parameter _x = 7/3 (see text ; also Smyth and Combi 1988b).

Figure 4. Distribution of Atomic Oxygen and Sulfur about Jupiter. For a line of sight

perpendicular to Io's orbital plane, the model calculated circumplanetary distribution of the

column density (atoms cm 2) is shown for atomic oxygen in (a) and for atomic sulfur in (b). The

relative location of Jupiter (half lit disk), Io's orbit (dashed circle), and Io (filled circle, on

dashed circle) at western elongation are indicated. Io and the corotational plasma torus both

move in the counter clockwise direction with the plasma torus overtaking Io with a relative

period of -13 hrs. The unmarked inner contour is 1.5 x 1012 atoms cm -2 in (a) and 2.5 x l0 ll

atoms cm -2 in (b). In (c), column density profiles are shown along the horizontal dashed line in

(a) and (b).

Figure 5. Pickup Ion Rates for Atomic Oxygen and Sulfur. The model calculated

circumplanetary distribution of the pickup ion rate (ions cm -2 S-1) integrated along the magnetic

field is shown for electron impact ionization (EI), charge exchange and (CE), respectively, in (a),

and (b) as created by atomic oxygen in Figure 4a and in (d) and (e) as created by atomic sulfur

in Figure 4b. The unmarked inner contour is 5 x 106 ions cm 2 s1 in (a), (b), (d) and (e). In (c),

pickup ion rate profiles for EI and CE processes are shown along the horizontal dashed line in (a)

and (b), respectively, while in (f), the same profiles are shown along the horizontal dashed line in

(d) and (e), respectively.

Figure 6. Net-Mass Loading Rate. The model calculated circumplanetary distribution for the

net-mass loading of the plasma torus corresponding to the combined O and S pickup ion rates in

Figure 5 is shown in (a) in two dimensions (kg m-2 s-l), having been integrated along the

magnetic field, and in (b) in one dimension (kg s-1 per 5 °) as a function of System III longitude,

having been integrated, in addition, along the radial coordinate. The relative locations of Jupiter
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(half lit disk), Io's orbit (dashed circle), and Io (filled circle, on the dashed circle) at western

elongation are indicated. The two outer dashed lines in (a), originating from Jupiter, are centered

20 ° on either side of the dashed line connecting Jupiter and Io. The locations of these same three

dashed lines are also shown in (b) by the three vertical dashed lines and mark the boundaries

between which 71% of the spatially-integrated net-mass loading rate of 154 kg s" is contained.

In (a), the unmarked inner and outer contours are 3 × 10 .'5 kg m -2 s1 and 2 x 10.'8 kg m 2 s_,

respectively.

Figure 7. Total-Mass Loading Rate. Same caption as Fig. Caption 6, except calculated for the

total (El and equivalent CE) mass-loading rate, with the following changes. The inner contour in

(a) is 8 × 10 15 kg m 2 s _. The + 20 ° boundaries contain 71% of the total spatially-integrated

mass-loading rate of 277 kg s".

Figure 8. Mass per Unit Magnetic Flux Source Rate. The model calculated circumplanetary

distribution for the mass per unit magnetic flux source rate (kg m 2 s-1 T _) integrated along the

magnetic field and corresponding to the combined O and S pickup ion rates in Figure 5 is shown
in two dimensions in (a) and in a one-dimensional profile in (b) that is along the horizontal

dashed line in (a). The unmarked inner contours near Io in (a) is 3 × 10 -9 kg m 2 s -_ T _. The total

spatially integrated rate is 1.1 × 108 kg s _ T -_.

Figure 9. Pickup Conductivity. The model calculated circumplanetary distribution for the

height-integrated (integrated along the magnetic field) pickup conductivity (mho) for the

combined O and S pickup ion rates in Figure 5 is shown in (a) and a one-dimensional profile in

along the horizontal dashed line in (a) is shown in (b). The unmarked two inner contours near Io

in (a) are 5 × 10 .5 mho and 5 × lO 4 mho.

Figure 10. Radial Pickup Current. The model calculated circumplanetary distribution for the

radial pickup conductivity (amps) for the combined O and S pickup ion rates in Figure 5 is
shown in two dimensions in Jovicentric coordinates in (a) and in a one-dimensional profile in (b)

along the horizontal dashed line in (a).

Figure 11. Net-Energy Loading Rate. The model calculated circumplanetary distribution for

the net-energy loading rate (watts m 2) is shown in two dimensions in Jovicentric coordinates in

(a) and in a one-dimensional profile in (b) along the horizontal dashed line in (a). The unmarked

inner contour is 1 x 10.4 watts m -2. The spatially integrated net-energy rate is 1.03 x 1012 watts.
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