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ABSTRACT 

This is a study of the plasma diffusion processes relevant to the physical nature of 

the Io plasma torus at Jupiter. A knowledge of the diffusion processes involved in the 10 

plasma torus is essential to an understanding of the spatial structure and energetics of the 

torus. The only published theory of 10 torus plasma diffusion, centrifugally driven flux 

tube interchange instability, is based on turbulent plasma interchange instability. We have 

examined physical properties that lead us to conclude that flux tube interchange diffusion is 

not a valid mechanism in the plasma torus. The collisional nature of the hot torus plasma is 

seen through its observed EUV emissions which dominate the energy loss from the system. 

Further, the torus plasma parameters fall in the range of values satisfying the criteria for 

the use of collisional transport theory to derive a collisional diffusion coefficient. 

The collisional nature of the torus plasma is characterized in the long mean free path 

regime where classical transport theory breaks down. We study the Chapman-Enskog 

method of calculating the plasma diffusion coefficient from a solution of the Boltzmann 

equation. Simplifying approximations of a fully ionized plasma dominated by Coulomb 

elastic charged particle collisions are made to derive an ad hoc non-classical diffusion co

efficient which results in slow differential diffusion rates for the various sulfur and oxygen 

ions in the plasma torus. 

The radial spatial structure and energetics of the plasma torus is modeled by employing 

the collisional diffusion coefficient in a computer model calculation of collisional ionization

diffusive equilibrium and energy branching. The computer model employs the known sig

nificant plasma reactions involving the torus sulfur and oxygen species, utilizing the most 

recently available atomic parameters. In view of the failure of Neutral Cloud Theory to 

adequately power the copious amounts of UV radiation emitted by the 10 plasma torus, 

we employed the radial plasma model to investigate this "energy crisis." Toward this end, 

we investigate the application to our plasma model of a proposed heterogeneous source of 

energetic electrons and a proposal of inward diffusing energetic outer-magnetospheric Oil 
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and SII ions as ad hoc heat inputs to the plasma torus electrons, in order to maintain a 

steady state energy balance. 



1.0 Introduction 

CHAPTER 1 

INTRODUCTION AND OVERVIEW 

12 

The dominant feature of the inner magnetosphere of Jupiter is the hot plasma torus 

at the orbit of 10. The 10 torus is a complete torus of plasma showing complex radial 

structure and it is located in the orbital vicinity of the volcanically active Jovian moon 

10 at 6 RJ (RJ = 1 Jupiter radius, 7.14 X 104 km). The torus plasma is a very low 

density (rv 2000 ions cm-3 ) ionized gas consisting of roughly equal proportions of sulfur 

and oxygen along with electrons and some minor concentrations of sodium, potassium, and 

protons. Figure 1.1 shows a schematic of the 10 plasma torus in relation to the structure of 

Jupiter's magnetosphere. The plasma torus is confined by the Jovian magnetic field (f'V 1.0 X 

10-2 Gauss at 6 RJ) and it is because of this confinement that the plasma torus corotates 

with Jupiter at an angular velocity of fb = 1.76 X 10-4 rad sec l , which corresponds to a 

rotational period of rv 10 hours. The Jovian magnetic field structure is primarily modeled 

as an offset tilted dipole in which the magnetic dipole axis is offset from Jupiter's spin 

axis by rv 0.1 RJ and is tilted rv 10° from the spin axis, see Figure 1.2. The dipole field 

model is accurate for distances greater than 2 RJ, however, Jupiter does possess substantial 

quadrupole and octupole moments at closer distances. It has been recognized that 10 is 

the source of the mass in the torus and that the plasma is energized by Jupiter's rotational 

energy. There is currently disagreement and uncertainty over the possible processes that 

power the system. In this dissertation we investigate diffusion properties of the 10 plasma 

torus because it is a key parameter in understanding the complex radial structure and 

energetics of the system. 

The discovery of a torus around Jupiter was made by the Pioneer 10 spacecraft enCOUJl tel' 

in 1973. The interpretation of the Pioneer 10 observational data was that of an incomplete 

torus of atomic hydrogen. However, the discovery of the energetically dominant region 
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of the torus was made by the Voyager spacecraft experiments (see Science, 1979 June 

1). Accumulated ground-based and spacecraft observations have indicated that the torus 

is bimodal - possibly trimodal - and has maintained this condition in quasi-steady state 

for a decade. On March 5, 1979, the Voyager 1 spacecraft passed through the torus and 

approached Jupiter to a periapsis of 4.89 RJ. The in situ plasma measurements discovered a 

bimodal structure consisting of a hot outer region (Te ~ 6 X 104 K) extended from rv 7.5 RJ 

to 5.5 RJ, minor radius rv 1.5 ± 0.3 RJ, and major radius centered at 5.75 RJ. The inner 

region was found to be cool (Te ~ 2 X 104 K), extended inward from 5.5 RJ to at least 

the spacecraft periapsis distance, closely confined to the magnetic equator within 0.5 RJ, 

and centered at 5.3 RJ (Bridge et al., 1979; Trauger et al., 1980; Pilcher, 1980; Nash, 1979; 

Smyth, 1979; Broadfoot et al., 1979; Bagenal et al., 1980). It should be pointed out that 

the earliest detections of the plasma torus were ground-based photometric observations by 

Kupo et al. (1976) and later by Brown (1976) of the sulfur nebula in the light of SII 

AA6716, 6731A forbidden lines emanating from the cold inner torus region. The width of 

the transition zone between the hot and cold regions is extremely narrow, < 0.05 RJ, and 

appears to be a permanent torus characteristic. 

An additional structure that suggests trimodality, has been observed in ground-based 

data (Trauger, 1984; Pilcher and Morgan, 1985). This feature appears as a very narrow 

field-aligned region of significantly increased plasma density in the hot torus at about 5.7 

RJ. A schematic describing these features is shown in Figure 1.3. The field-aligned feature 

according to observation tends to be confined to the AlII magnetic longitudes ~ 2000 
- 2500 

(see Dessler, 1983 for an explanation of the Jovian coordinate convention). 

It was found by observation that the plasma is in approximate corotation with the plane

tary magnetic field. In the inner (cold) torus the plasma flow was corotational with Jupiter. 

The outer (hot) torus plasma is in near corotation out to rv 7.5 RJ but corotation breaks 

down at this outer edge. However, it should be made clear that plasma flow around Jupiter 

is not corotational in a strict sense. Hill (1979) and Pontius and Hill (1982) have calculated 

models of the Jovian magnetosphere demonstrating that there should be a departure of the 

.- -----.--.-----~~-.-~-- - -- - -
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Io plasma torus from rigid corotation with Jupiter. Kaiser and Desch (1980) found that the 

plasma at 8 - 9 RJ rotates around Jupiter at a rate 3 - 5% slower than the rotation of the 

planet. The Voyager 1 PLS experiment found corotation to within 1% at 4.9 - 5.5 RJ (cold 

torus region), while deviations up to 10% between 5.5 and 9 RJ (hot torus region) could not 

be ruled out (Bagenal and Sullivan, 1981). Also, ground-based photometric observations 

by Brown (1983) indicates a variable 2 - 10% corotation lag for the hot torus region. 

It should be noted that it is common in the literature for the torus corotation plane to 

be referred to the centrifugal equator, see Figure 1.2. This is because at the thermal energy 

of the plasma ions, the field-aligned component of the centrifugal force due to Jupiter's 

rotation dominates the magnetic mirror force on the ions. As a result, the plasma ions have 

a symmetry plane not at the magnetic equator, but near the centrifugal equator where the 

centrifugal potential energy of an ion along a field line is a minimum (the height of a plasma 

ion above or below the centrifugal equator is a measure of its thermal energy along a field 

line; Cummings et al., 1980). For a dipolar field this surface is a plane whose tilt relative to 

the spin equator is about two-thirds of the tilt of the magnetic equator. Jupiter's magnetic 

equator was found to be tilted 10° from the spin equator, therefore, the centrifugal equator 

is tilted 7° from the spin equator. This results in a 3° relative tilt between the magnetic and 

centrifugal equators. As a result, there is a very small error in identifying the corotation 

plane as being in the centrifugal equator instead of the magnetic equator. We will hereafter 

use this identification in the rest of this development. A consequence of the offset tilted 

dipole axis is that the corotational plane of the plasma torus "wobbles" with respect to lo's 

orbital plane. 

-- ----- --------------
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M MAGNETIC DIPOLE AXIS 

Figure 1.2. The Jovian Dipole Equators. 
Geometry of an offset tilted dipole magnetic field in the meridional plane. The magnetic 

dipole axis (M) is tilted", 10° and offset", 0.1 RJ from the spin axis (n). The M offset is 
not indicated in the figure. 
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The Figure shows a schematic representation of observed radial and latitudinal distri
bution in the torus. The outer region centered at ~ 5.i5 RJ is relatively hot with a large 
radiative emission rate maintainin~ a substantial separation between electron and ion tem
peratures. A field aligned feature In the hot torus described as a ribbon in the Figure has 
a substantially larger density in a. very confined region in the radial direction and a limited 
e."<:tent in magnetic longitude. A cold inner region peaking in density near 5.3 RJ shows 
electrons in thermal equilibrium with singly ionized oxygen and sulfur (Shemansky, private 
communication, 1989). 
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1.1 The Plasma Torus Composition and Energetics 

The main Voyager spacecraft instruments of interest with regard to the plasma torus 

observations are the Ultra:violet Spectrometer (UVS) and the Plasma Science Experiment 

(PLS). The details of the operation and data analysis of these instruments are found in the 

literature and so will not be further discussed here (see Broadfoot et al., 1979; Sandel and 

Broadtoot, 1982; Smyth and Shemansky, 1983; Brown and Shemansky, 1982; Shemansky 

and Smith, 1981; Scudder et al., 1981; Bagenal and Sullivan, 1981). The modeling of in 

situ PLS measurements and of UVS observations showed that at the time of encounter the 

hot torus region consisted of'" 80 eV sulfur and oxygen ions and of predominantly cooler 

('" 6.0 eV) electrons with a smaller «1%) population of hot ('" 1 ke V) electrons (Scudder 

and Sittler, 1981; Sittler and Strobel, 1987; Bagenal et aI., 1985; Shemansky and Smith, 

1981; Shemansky and Sandel, 1982). The cold torus region in sharp contrast is a region 

of approximate thermal equilibrium between electrons and ions, and the flow of energy 

through this region is orders of magnitude smaller than in the hot torus. 

The composition of the plasma torus can be seen from the ion mixing ratios determined 

from Voyager EUV torus spectra. These are shown in Table 1.1 below. The corresponding 

TABLE 1.1 

Hot Torus Mixing Ratiosa 

Voyager 1 UVSb 53.5 17.2 21.8 7.5 1045. 
Voyager 2 UVSC 55.7 0.26 20.6 22.5 0.85 2410. 

a Mixing ratios are percentages of total ion charge density. 

b Shemansky (1988). 

c Shemansky (1987). 

2250. 
3000. 

mixing ratios given by Bagenal (1989) are incorrect because they were normalized to elec

tron density. Table 1.1 clearly shows that OIl and SIll are the dominant ions in the hot 

torus. The mixing ratios for the minor plasma constituents - H+, K and Na - are specu-
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lative because of the difficulty of detecting these species in the torus by remote or in situ 

observations. An estimate of :6 1 - 5% for the mixing ratios of these species is found in the 

literature (see: Bagenal and Sullivan, 1981; Schneider, 1988; Bagenal, 1989). Detections of 

neutral oxygen (Brown, 1981) and sulfur (Durrance et al., 1983) atoms have been made far 

from 10. Recent detections of 01 and 5I have also been made very near 10 implying some 

kind of interaction is occurring between the plasma torus and a dense region of Io's atmo

sphere (Ballester et al., 1987). At present, the observational base only gives upper limits 

to neutral densities in the plasma torus and the radial distribution of the neutrals has not 

been determined. We know from in situ and remote observations that 10 is the source of 

neutral atoms observed to be extended far from 10 (neutral clouds) and the plasma in the 

torus. The current observational base, however, is insufficient to answer basic questions on 

how these neutrals are supplied to the torus. 

The hot torus region emits a flow of radiative energy in the EUV from ionized sulfur and 

oxygen. The sulfur component in the plasma is very efficient as a radiator. Consequently, 

the major loss process for energy delivered to the plasma is radiation. This is the principle 

reason for the large difference in temperature between electrons and ions. The radiative 

cooling rate is such that the hot torus would collapse through thermal relaxation in about 

20 hours if it were not maintained by some energy injection mechanism (Shemansky and 

Sandel, 1982). The radiative energy loss was estimated to be rv 2 X 1012 IVatts during the 

Voyager 1 encounter with an electron temperature of rv 7 eV (Shemansky and Smith, 1981). 

Shemansky (1988) has shown, however, that the value for radiative energy loss should be 

revised upward to rv 5 X 1012 Watts. 

loLa Neutral Cloud Theory 

Given the rather large amounts of UV radiation emitted by the 10 plasma torus we 

thus require a source of several x 1012 Watts to maintain a steady state energy balance. 

The problem in plasma torus energetics is to identify an adequate source of energy that is 

------ ---.---------~ -~-.• -- -- - - -
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available to heat the plasma to balance radiative losses. The mechanism by which energy 

is injected into the system has been discussed in the literature but is still not very well 

understood. The source of this power based on earlier ideas of Siscoe and Chen (1977) 

is mass loss from 10 followed by ionization (by electron impact or charge exchange) and 

subsequent acceleration of the fresh ion by the ~v x B corotation electric field to attain a 

gyroenergy of rv 300 - 700 e V. In this way, an ion that has been accelerated to corotation 

with Jupiter's magnetic field has been given an energy of cyclotron motion that is drawn 

directly from the kinetic energy of Jupiter's rotation. This energy is a thermal energy that 

is available to heat the plasma to balance radiative losses. This ion acceleration mechanism 

is called the ion "pickup" process in which the initially slow ion attains gyrovelocities 

(Vc-rel) equal to the difference between the plasma (guiding center) corotation speed (vc) 

and the original Kepler orbit speed (VIa) of the slow neutral atom. In brief, this mechanism 

arises because the rest frame of the plasma is by definition that where E = --~v x B = 0 

(E = electric field, V = plasma velocity, B = magnetic field). When a neutral atom is 

ionized the new ion and electron have a velocity close to that of the original neutral atom 

(IV VIa = 17.5 km 8-1 or 1 Vc - VIa 1= 57.3 km 8-1 relative to the corotating rest frame 

of the plasma). The new ion and electron now see an electric field Ec = -~vc X B. This 

electric field causes the ion and electron to drift in the same sense around Jupiter with 

a velocity VdriJt = cE.§~B. The new ions and electrons also begin to gyrate (in opposite 

directions) perpendicular to the ambient magnetic field direction. The pickup ions transfer 

heat preferentially to the thermal electrons via Coulomb collisions and the latter then 

collisionally excite the ions to radiate. The maximum ion diffusive loss time required by 

this process is IV 1 week. A loss time this short contradicts the observed dominance of 

Sill in the hot torus which requires loss times> 50 days so that Sill production obeys the 

observed partitioning. 

Later on a number of authors began to advocate that sufficient quantities of neutral 

species (mostly dissociated products of S02 prod uced by volcanic activity on 10j see Nature, 

1979 Aug. 30) escape 10, are ionized, and then energized by Ec to supply the required 

-~-~--------
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energy to the plasma to balance radiative losses. A new aspect of this theory has been the 

inclusion of charge exchange as an additional and important part of the plasma energetics. 

This theory has been called the neutral cloud theory (NCT) and was assumed to be the 

essential mechanism in much of the plasma torus literature (Brown, 1981; Barbosa et al., 

1983), the latest paper being the detailed work of Smith and Strobel (1985). According 

to the Smith and Strobel (1985) model the preferred equilibrium state of the plasma is 

one with SIll as the dominant lon, in which it is the dominant electron heater and the 

dominant radiator. This was because in their model their incorrect atomic parameters give 

SIll a large collisional heating rate of electrons per lon and the largest radiative cooling rate 

per ion. Shemansky (1988) has shown that the radiative cooling coefficients of the major 

torus species were underestimated and has pronounced NCT a failure on the basis of his 

more accurate and larger radiative cooling rates. Further, Shemansky (1988) has shown SII 

to be the dominant radiator at typical electron temperatures in the plasma torus, and that 

it is so efficient that in NCT the resulting electron temperature is suppressed and does not 

attain a sufficient value to produce significant amounts of SIll by electron impact ionization. 

This, in turn, violates the density ratio of [SIIl/[SIII] '" 0.7 inferred from ground-based 

observations (Trauger, 1984; Pilcher and Morgan, 1985; Moos et al., 1985) and Voyager 

UVS data (Shemansky, 1988). NCT models of the plasma cannot produce this ratio when 

incorporating the recent most accurate radiative cooling rates because they predict a singly 

ionized plasma (Shemansky, 1988). Consequently, it is now generally acknowledged that 

NCT is seriously deficient as a principal mechanism for maintaining the flow of energy 

through the hot torus (Shemansky, 1988; Smith, 1986). 

The cold torus region is a distinct feature of the entire plasma torus structure in that 

its spatial distribution is small because only about 2 percent of the plasma and a much 

smaller fraction of energy diffuses inward from 10. The cold torus has been observed to 

be predominantly a singly ionized plasma of OIl, SII and electrons. However, the Voyager 

PLS instrument made detailed measurements of SIll, OIlI and sot ions as well (Bagenal, 

1985; R. L. McNutt, private communication, 1989). There are unanswered questions of 
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how sot ions could survive far from 10 and why there are doubly ionized species when 

Te ~ 1 eV. The transition region is a region where the plasma temperature and density is 

rapidly decreasing with decreasing radial distance. This feature demonstrates that inwarrl 

diffusion against the centrifugal potential is very weak. The small amount of inwardly 

diffusing plasma is transported slowly, and so has time to cool by radiation. As the plasma 

cools, it collapses toward the centrifugal equator, and the resulting increase in local density 

enhances the radiative emission so that the plasma cools further. This process leads to the 

sharp transition in temperature and ionization states between the cold torus region (inward 

diffusion) and the hot torus region (outward diffusion). 

The Richardson and Siscoe (1983) model of plasma diffusing inward from 10 could not 

generate the radial temperature and density distributions that were compatible with ob

servational data. Barbosa and Moreno (1988) have attempted to resolve many of these 

questions. Moreno and Barbosa (1986) and Barbosa and Moreno (1988) have described 

the ion and energy budgets of the cold torus region on the basis of NCT. They proposed 

that a neutral cloud of S, 0, and S02 species is fed into the cold torus region from 10. 

The neutral species undergo local charge exchange ionization with resident thermal ions to 

produce pickup ions. The pickup ions transfer heat to the thermal ions and electrons via 

Coulomb collisions. The electrons then collisionally excite the ions to radiate, the primary 

efficient radiator being SII. The source of thermal ions in the cold torus is inward radial 

diffusion of ions from the hot torus. The major loss process of these ions is a two-step 

enhanced recombination mechanism involving charge exchange between thermal ions and 

the extended cloud of S02 molecules, followed by rapid dissociative recombination of the 

resultant molecular ion. 

This model is seriously deficient for three reasons. First, Moreno and Barbosa (1986) 

state that the S02 survives against ionization/dissociation by electron impact in the hot 

torus with a lifetime of ",20 hours. However, Shemansky (private communication) asserts 

that this is incorrect as S02 dissociation by electron impact is '" ~ hour in the hot torus. 

This fact seriously affects the way in which S02 can be delivered to the cold torus. The 
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second problem with this model is that the hot torus is loading up with 802 mass at too 

high a rate at the same time 802 is being fed into the cold torus. The last difficulty with 

the model is the role the assumed diffusion mechanism plays as a source of ions for the cold 

torus, as discussed in the next section. 

1.2 Ion Diffusion Theory 

One of the crucial factors pertaining to this discussion is the ion diffusive loss rate, be

cause this quantity defines the minimum flow of mass through the system and the maximum 

amount of energy that can be supplied by NeT. A knowledge of the diffusion processes in

volved in the 10 plasma torus can define the ion diffusive loss rates and this is essential 

to an understanding of the torus spatial structure and energetics. Furthermore, the torus 

spatial structure and energetics are interrelated in a complex fashion, which is ultimately 

regulated by mass loading and diffusive loss. The mass loading is in the form of neutral 

gas atoms somehow escaping 10. The population of such neutral gas clouds in the Jovian 

circum planetary space is regulated by the source rate at 10 and by the loss processes which 

occur for the escaping atoms along their orbital paths in the magnetosphere. 

There are two categories of diffusion processes in the 10 plasma torus. These are ra

dial diffusion and pitch angle diffusion. The former process displaces particles by random 

walk across the magnetic field lines and the latter process moves particle mirror points 

along the magnetic field lines. Pitch angle diffusion spreads and mixes the particle mirror 

point distribution along the magnetic field lines and represents the primary mechanism by 

which trapped particles are driven into. the loss cone region in the upper layers of Jupiter's 

atmosphere. In this study we make the assumption that radial diffusion is the dominant 

diffusive loss process and neglect pitch angle diffusion. We neglect pitch angle diffusion 

on the ground that all new ions are energized by the pickup mechanism and are thus cre

ated highly anisotropic in velocity space. We also neglect resonant pitch angle diffusion 

by electromagnetic ion cyclotron waves because the plasma waves capable of resonating 
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with the energetic ions occur in a very narrow frequency range 0.5 Ii z :6 f :6 4 Ii z [or 

0.5Wi(SII) < W < wi(OIII), where Wi is the ion gyrofrequency] which was not covered by 

the Voyager plasma wave detector. A quantitative evaluation of the rate of resonant pitch 

angle scattering is therefore not possible. 

The neutral gas clouds are interspersed with the plasma torus. The interaction of these 

clouds with the plasma forms the dominant sink, converting the atoms to ions through 

impact ionization and charge exchange collisions with plasma electrons and ions (see Sec

tions 3.3.a and 3.3.c). This is how mass and kinetic energy are injected into the plasma. 

Charge exchange collisions (Section 3.3.c) are important in their effect because they inject 

(net) kinetic energy into the system while keeping the plasma density unchanged. Further, 

charge exchange collisions result in a loss of mass from the system but not from the plasma. 

This is because the neutral product (see R4 in Section 3.3.c) is ejected from the plasma 

volume in a period of time too short to allow further significant reactions. Finally, diffusion 

and recombination processes result in the loss of both mass and kinetic energy. It can be 

surmised from this that, in the context of the mass and energy requirements of NCT, the 

mass loading rate into the plasma can place a constraint on the ion diffusion rates. How

ever, a constraint on ion diffusion rates based on the mass flow requirements of NCT are 

no longer applicable if NCT itself is not a valid mechanism for the plasma torus. 

As discussed previously, the early idea of energizing the plasma solely by ionization 

required large mass loading rates of neutral atoms or ions into the system which further 

required ion diffusive loss times to be '" 1 week in order to maintain a steady state balance. 

Loss times this short ~.re detrimental to any significant production of the dominant SIll 

ion in the plasma. However, NeT includes charge exchange in the plasma energetics. If 

you include charge exchange reactions, ion diffusion can be longer because you have the 

ability to continuously inject fresh energy into the system. NCT requires that you inject 

more neutral atoms into the plasma than can ever be observed. The consequences of this 

are that you inject a lot more energy into the plasma via charge exchange reactions, but 

you cannot heat the plasma enough to produce a significant amount of SIll. There is then 
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the question of where the energy is going in this case. Furthermore, since NCT does not 

work we lose the definition of what the ion diffusive loss rate should be. The magnitude of 

ion diffusion is currently a matter of controversy. Diffusion is a complex process and it is 

not readily calculable in a direct way from the observed structure of the plasma torus. It 

can be inferred from observed quantities in the context of models for the neutral sources 

or for plasma confinement and loss mechanisms. The diffusive loss times (inverse of loss 

rates) have been estimated in this way by a variety of methods (Shemansky, 1980; Siscoe 

and Summers, 1981; Richardson and Siscoe, 1981; Siscoe et al., 1981; Thorne, 1982; Smyth 

and Shemansky, 1983; Brown et al., 1983; Smith and Strobel, 1985; Cheng, 1986) providing 

values ranging from several days to 600 days. 

NCT forces one to consider a theory of plasma diffusion based on centrifugally driven 

flux tube interchange instability (Siscoe and Summers, 1981; Richardson and Siscoe, 1981; 

Siscoe et al., 1981; Summers and Siscoe, 1985) because it demands fast diffusion to balance 

the high mass injection rates into the torus. The theory describes a radial permutation of 

magnetic flux tubes, i.e., flux tubes exchange location by revolving about their contact line. 

This converts centrifugal potential energy into kinetic -energy which is fed back into the 

interchange motion itself. The intrinsically unstable interchange process is stabilized by a 

positive-outward thermal pressure gradient. In the radial exchange of a pair of flux tubes, 

energy must be added to compress the plasma in the inward-moving member, whereas 

energy is liberated by the adiabatic expansion of the plasma in the outward-moving one. 

The net effect of this process is outward radial diffusion of plasma. In particular, diffusion 

is driven by randomly fluctuating interchange motions. These motions are primarily Ex B 

drifts which preserve the plasma content of each flux tube. Flux tubes of sufficiently small 

size are to have plasma density values corresponding to their initial content, high or low 

according to whether they originated in the outer magnetosphere or near 10. Flux tube size 

in this theory is generally assumed to be of the order of a characteristic linear dimension of 

individual eddies in the interchange motion. This mechanism applies to a cold plasma. 

The work done by Siscoe and coauthors on flux tube interchange diffusion theory 
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(FTIDT) until recently has been generally accepted as applicable to the 10 plasma torus. 

However, issues have been raised suggesting that the process is not applicable as a mecha

nism for the diffusion of ions in the 10 torus. Richardson and McNutt (1987) have shown 

that the Voyager plasma science data do not contain the density fluctuation structure that 

would be required for flux tube interchange processes to work. In fact, Richardson and 

McNutt report that there is no detectable component in the plasma distribution that may 

be interpreted as spatial fine structure. This implies that the principal structural character

istic of the flux tube interchange process appears not to be present in the torus. However, 

Vasyliunas (1989) has shown that a revised version of FTIDT based on a hot plasma will 

give rise to energy-dependent guiding center drifts which will randomize and smooth out 

density variations on a fine scale. On this basis, the absence of fine scale density fluctuations 

in the Voyager 1 PLS data is explained by such smoothing from the gradient drifts. One 

is then left with no conclusions about whether FTIDT is an operable diffusion mechanism 

in the plasma torus because its salient features cannot be measured. Recently, Southwood 

and Kivelson (1989) have analysed the nature of interchange motion in the Jovian system 

whereby they describe flux tube interchange motion in a corotating magnetosphere by a 

Hamiltonian formulation. They have argued that centrifugally driven interchange motion 

drives convection and does not give rise to diffusion of 10 torus plasma. They point out 

that in FTIDT the adiabatic expansion of plasma into increasing radial distances (decreas

ing magnetic field strength) must result in decreasing plasma temperature with increasing 

radial distance. But this in fact is not what has been observed. The Voyager 1 PLS in situ 

measurements show that the plasma ion and electron temperatures actually increase with 

increasing radial distance in the plasma torus region and beyond into the greater magne

tosphere (Sittler and Strobel, 1987; Bagenal, 1989). On this basis, FTIDT cannot explain 

rising plasma temperatures with increasing radial distance because adiabatic expansion of 

flux tubes tends to drive the plasma to cool in this direction. However, Matheson (private 

communication, 1990) has pointed out that the Southwood and Kivelson (1989) model ap

plies to a non- radiative plasma and there is some concern about applying these conclusions 
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to the observed heating of the plasma as one moves radially outward. What seems to be 

critical in identifying this feature is that it shows the non-adiabatic nature of the torus dy

namics. The plasma heats up primarily due to the vanishing of radiation loss and it would 

be interesting to find that the outward radial heating is due to a thermalization of an out

ward bound plasma flow of some sort. Furthermore, it is difficult to explain the observed 

very sharp boundaries in the torus structure with a theory based on plasma turbulence. 

The sharp boundary features in plasma density and in temperature parameters suggest 

that diffusion rates must be rather long, given that the features are quasi-stable. Attempts 

to model the structure with sharply constrained source particles (Linker et al., 1985) in 

our view require unrealistic distributions and in any case certainly could not explain the 

extremely narrow field-aligned features without also invoking a slow diffusive loss rate. 

The principal energy loss mechanism in the hot torus is EUV radiation produced from 

electron-ion collisions. This fact along with those from the preceeding discussion form the 

grounds for modeling plasma diffusion in the torus on the basis of collisional diffusion theory. 

The validity condition for the collisional treatment of diffusion in any plasma imbedded or 

confined in a magnetic field is given by (Okuda and Dawson, 1973) 

( 1.1) 

where Wpi is the ion plasma frequency, Wi is the ion gyrofrequency, ne is the electron density, 

and AD is the Debye length. Unless otherwise stated, cgs units are assumed for all physical 

quantities throughout this study. Further, it is important to clarify the colloquial usage 

of the word density in this study to avoid the ubiquitous confusion this word often causes 

in the literature (A. J. Dessler, private communication, 1989). Throughout this study, 

density will denote particle number density or concentration. Equation (1.1) comes from 

the requirement that a charged particle must diffuse a distance greater than a Debye length 

in executing a gyration whereby it will encounter different particles on each gyration so 

that all encounters can then be treated as random walk events. Inserting typical hot torus 

values at 6 RJ (see Appendix A) into Eq. (1.1) gives 1.39 X 103 for the left hand quantity 
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and 1.46 X 102 for the right hand quantity. This condition is clearly met in the hot torus. 

Furthermore, diffusion due to particle collisions is overtaken by diffusion due to any plasma 

convection, turbulence, or instabilities only when 

(1.2) 

(Okuda and Dawson, 1973). The left hand quantity is again 1.39 X 103 while the right hand 

quantity is now 41.9. This condition is not met in the hot torus and is therefore consistent 

with the result of Eq. (1.1). The numerical values of Eqs. (1.1) and (1.2) will change as the 

plasma parameters vary throughout the hot torus region, however, the results will remain 

qualitatively the same. Transient processes of the strength to violate these conditions have 

not been observed. On the basis of the preceeding discussion and the results of Eqs. (1.1) 

and (1.2), we are thus motivated to examine a derivation of the diffusion coefficient on the 

basis of collisional transport theory. 

1.3 Overview 

The goal of this work is to examine collisional transport theories with the purpose of 

obtaining an appropriate description of the ion diffusion process in the hot torus region. 

This is accomplished through the establishment of a one dimensional radial model of the 

plasma distribution. The model employs kinetic ion diffusion in a time-independent, vol

umetric calculation of collisional ionization-diffusive equilibrium that is expanded into a 

radial dimensional calculation. Chapter 2 presents a brief discussion on the condition of 

the hot torus followed by a review of classical mean free path theories of diffusion and the 

problems in their application to the hot torus. A brief historical background and su bsequent 

development of a proposed non-classical diffusion theory for the hot torus then follows. The 

chapter ends with the derivation of the proposed collisional diffusion coefficient. Chapter 3 

presents the physical modeling of the plasma species and energy parti tioning of the hot torus 

with the new diffusion coefficient applied as part of the species reaction dynamics. This is 

----- ... ------
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followed by a brief review of the reaction rate coefficients and a subsequent discussion of 

the computer model used to calculate the plasma partitioning. In Chapter 4 we present and 

discuss the results of the computer model calculations of plasma partitioning and energy 

branching for the hot torus region and for the plasma region beyond to the orbital distance 

of Europa. In this chapter the calculations are performed for two cases: a fixed plasma 

model and a calculated plasma density model. In Chapter 5 we examine the application of 

the collisional diffusion coefficient derived in Chapter 2 to the cold torus region. With this 

we discuss the bimodal structure of the plasma torus in the context of collisional diffusion. 

We also examine in detail a recently proposed solution to the hot torus energy crisis in an 

application of our collisional plasma model. Finally, we conclude this study in Chapter 6 

with a summary and conclusions. 

----.- -~--
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The justification for examining ion diffusion from a collisional standpoint can be found by 

asking whether the hot torus plasma properties can satisfy the six conditions of applicability 

for collisional transport theory (Braginskii, 1965; Book, 1987), keeping in mind the results 

of Eqs. (1.1) and (1.2). Appendix A lists these conditions with the corresponding hot torus 

values. It is seen that the hot torus plasma meets these conditions easily. The analysis of 

these criteria were made in a frame of reference where the Jovian magnetic field is uniform 

and steady, which is in the plasma (corotating) rest frame. In this frame we attach a fixed 

local cartesian coordinate system to every point in (absolute) space with the z-axis taken 

along the Jovian B- field, y-axis in the direction of corotation, and the x-axis directed 

radially outward from Jupiter. We choose this particular right-handed triad orientation 

because we want the local reference frame to be intrinsically determined by the geometry 

of the magnetic field line passing through every point in the plasma rest frame. Further, 

the fixed local reference frame is independent of the presence or absence of a particle in 

space. Therefore, the particle phase space coordinates in the fixed local frame have the 

variables (x,v) = (x,y,z,VX,vy,vz ). The magnetic field in the plasma region can be taken 

as approximately uniform only if the particle kinetic pressure (Pa=i,e) is much smaller than 

the magnetic pressure (Golant, 1963): 

87r(Pi + Pe) 
f3ratio = B2 ~ 1 . (2.1) 

This condition ensures that the B-field is generated from a source outside the plasma 

and that plasma currents caused by magnetic perturbations (diamagnetic, VB, field-line 

curvature) do not affect B. In Appendix A it is shown that i3ratio = 1.49 X 10-2 at 6 RJ and 

the requirement for uniformity is satisfied. It should be pointed out that f3ratio will change 

--------_ ... -. 
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as the plasma parameters vary throughout the hot torus region, however, the results will 

still satisfy Eq. (2.1). Transient processes of the strength to violate Eq. (2.1) have not been 

observed. Moreover, we also have from Appendix A that 

aL 
f= L.l.. ~ 1, (2.2) 

in the hot torus region. From Eq. (2.2) it follows that the motion of the charged particles 

under the action of the Jovian magnetic field can be validly treated in the drift approxima

tion (Balescu, 1988) in the ensuing discussion and theoretical development of this chapter. 

The transport coefficients for gas mixtures relate the flux densities of momentum, energy, 

and the diffusion of species to the macroscopic gas properties. An accurate prediction of 

these coefficients is fundamental for the understanding of most plasma phenomena. Since a 

direct experimental determination of these coefficients is usually quite difficult, an accurate 

theory is very important. 

2.0.a Mean Free Path Theories 

The first approach to the calculation of transport properties was based on the concept 

of the mean free path. This approach does not always lead to accurate results, but it is 

very useful in developing a physical understanding of the transport phenomenon. There 

are six cases to consider when calculating the ion diffusion coefficient from mean free path 

theory. The first three are concerned with the question of whether the plasma is embedded 

in a weak (Wi « VtotaI), a strong (Wi ~ Vtotal), or intermediate (Wi ~ Vtotal) magnetic field, 

where Wi is the ion gyrofrequency and Vtotal is the total collision frequency (being a sum of 

elastic and inelastic collision frequencies). Table 2.1 lists typical hot torus values for these 

quantities. It is clear that in the hot torus region Wi ~ Vtotal so that the Jovian magnetic 

field is to be considered strong. The next three cases to consider are concerned with solving 

the ion momentum equation of motion for ion drift perpendicular to the magnetic field, 

with each case treating a particular degree of ionization of the plasma. This will yield the 

ion diffusion coefficient. 



TABLE 2.1 

Gyrofrequencies and Collision Frequencies at 6 RJ 

Frequency 

Gyrofrequencies Wi,e: 

(B ~ 1.9 X 10-2 Gauss) 

Collision Frequencies: 

Value 

wi(SII) = 5.9 rad/s 
wi(SIII) = 11.7 rad/s 
wi(SIV) = 17.6 rad/s 
Wi(SV) = 23.4 rad/s 
Wi(SVI) = 29.3 rad/s 

vel (momentum transfer) --+ 

V inel ;S 10-4 S-l d 

Vtotal ~ (Vei) = S X 10-2 S-l e 

i = ion, e = electron, n = neutral atom 
el = elastic, inel = inelastic, S = several 

wi(OII) = 11.7 rad/s 
wi(OIII) = 23.4 rad/s 
wi(OIV) = 35.1 rad/s 
Wi(OV) = 46.9 rad/s 
We = -3.42 X 105 rad/ s 

(Vei) = S X 10-2 S-l a 

(Vii) = S X 10-6 S-l b 

Vin ~ S X 10-8 S-l c 

a Effective electron-ion Coulomb collision frequency (see Eq. (2.24b». 
b Effective ion-ion Coulomb collision frequency (see Eq. (A.3) in Appendix A). 
C Ion-neutral elastic hard collision frequency (see Section 2.3.a). 
d Radiative cooling collision frequency (see Section 2.3.b). 
e Vtotal = vel + v inel (Shkarofskyet al., 1966). 

---- ------------
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TABLE 2.2 

Classical Ion Diffusion Coefficients, Dil. a 

Gas State Weak Field -jo Strong Field Limit (Wi» Vtotal) 

Weakly Ionized b 

Highly Ionizedc 

Fully Ionizedd Same 

i = ion, e = electron, n = neutral atom 
k = Boltzmann's constant, Ti = ion temperature, Zie = ESU ion charge 
Mi = ion mass, v = collision frequency, Wi = ion gyrofrequency 
c = speed of light, B = magnitude of magnetic field 
7].1 = Spitzer resistivity, np = plasma number density 
a These coefficients are classical in the sense that they are valid only in 
the short mean free path regime (AD ~ aL ~ Acol/ ~ Ll.). 
b Golant (1963) and Chen (1985). 
c Golant (1963). 
d Spitzer (1952, 1962) and Chen (1985). 

------------ -- .. --
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Table 2.2 lists the diffusion coefficient for each degree of plasma ionization. The first 

case is ion diffusion in a weakly ionized plasma. This case does not apply to the hot torus 

because the plasma is mainly ionized with very low relative concentration of neutral atoms 

(No/Nj rv 10-2, No is the neutral atom density and Nj is the ion density). The next case 

is ion diffusion in a fully ionized plasma. This is very close to the hot torus state to the 

extent that neutral collisions are sufficiently rare that ion-neutral collision frequencies are 

negligible compared to vei(Coulomb). This leads us to the last case, ion diffusion in a 

highly ionized plasma. This requires that the frequencies for collisions between the charged 

particles and between the charged and neutral particles be comparable. This is not close 

to the hot torus condition. The physics of the diffusion coefficients in Table 2.2 can be 

understood by examining their common features in the strong field limit, since this pertains 

to conditions in the 10 plasma torus. In this limit, all gas states have coefficients of the 

form DiJ. = kMTiVc~1I (note that Wi = 1;.~). Disregarding numerical factors of order unity, 
'Wi I 

•• kT,v v2 Vcoll 2 a2 • • we may WrIte thIS as DiJ. = ~M .. 2 rv ~ rv aLvcoll rv ..::..r.... (Vth = IOn thermal velOCIty, 
'''''7 Wi Teoll 

aL = ion gyro or Larmor radius, and Vcoll = Tc~ll). This form, the square of a lcngth over 

time, shows that perpendicular diffusion is a random- walk process with a step length aL. 

The random-walk time scale is governed by the collision time, as it should in the short 

mean free path regime (>'D ~ aL ~ >'coll ~ L1.). The consequence of the strong field 

limit (Wj ~ Vtotal) on perpendicular diffusion in the short mean free path regime is that the 

magnetic field significantly retards the rate of diffusion across B, such that the step length 

is aL instead of >'co/l (the collision mean free path) after each collision event. 

Inserting typical hot torus values (see Appendix A and Table 2.1) into the coefficient 

for all three cases gives DiJ. ~ several X 108 c,;2. It will be useful to convert this rcsult to 

one that is more common in the plasma torus literature as a quantity representative of ion 

diffusion in the plasma torus. This is the ion diffusive loss probability, Dj, and it is related 

to DiJ. in the following way. The scalar ion diffusion flux across a magnetic field is given by 

NjVD1. = DiJ. I V' Nj I , (2.3a) 

---.'- -- .. 
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where Ni is the ion density, VDJ. is the magnitude of the diffusion velocity, DiJ. is the ion 

cross-field (.1= perpendicular direction to magnetic field) diffusion coefficient, and 1 'V Ni 1 

is the magnitude of the density gradient. Without regard to the subscripts, Eq. (2.3a) is 

the general macroscopic definition of the diffusion (transport) coefficient. Multiplying both 

sides of Eq. (2.3a) by the effective torus area, Atorus, we get the total diffusive loss rate 

(2.3b) 

where Viorus is the effective torus volume and Di (sec-I) is the ion diffusive loss probability. 

Solving Eq. (2.3b) for Di gives the result 

Di = DjJ.Atorus 1 V Ni 1 

NiViorus 

In particular, an approximation to the hot torus ion density radial distribution is 

such that 

1 V Ni 1= I oNi(r) 1= Ni(r) ; 
or hw 

(2.3c) 

(2.3d) 

(2.3e) 

where r is the planetocentric radial distance, ro = 5.75 RJ, hw is the torus half-width 

(~ 1.2 RJ), and NiO = Ni(ro). We also define 

Atorus = (21l'ro)(2ze) (2.3f) 

Viorus = (1l'zi)(21l'ro) , 

where Zi is the effective latitudinal extent of the plasma from the centrifugal equator. 

Inserting these equations into Eq. (2.3c) gives the final result 

(2.3g) 
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Finally, we note that Ti = Di l is the ion diffusive loss time. 

We employ Dil. = k~t~!1 into Eq. (2.3g) and after inserting typical plasma torus pa

rameters we obtain Ti ~ several X 103 years. This result is unreasonable because under 

these circumstances it is unlikel)' that other processes can be any slower than this. This 

Ti is indeed very long, but later on we show that these rates are not an accurate repre

sentation of the processes that are actually occurring. It should be further noted that all 

three forms of DiJ. are proportional to B-2 • This dependence is a characteristic of classi

cal (short) mean free path diffusion theories and can be traced back to the random-walk 

process with a step length aL, the gyroradius. However, classical theories tend to break

down in the hot torus because of the very large mean free path [Ae( electrons) ~ 3.6 RJ, 

Ai( ions) '" 102 RJ, see Appendix A for definitions of A 0'] . Indeed, the torus plasma prop

erties examined in Appendix A show that the plasma is collisional in the long mean free 

path regime (AD ~ ae,ai ~ Ll. < Ae,Ai). The diffusion coefficient in a collisional gas has a 

reciprocal dependence on the effective momentum transfer cross section, which in our case 

could possibly include inelastic processes (see Dalgarno, 1962, for example). The calculation 

of the cross sections which define the collision frequency for the diffusion process must be 

tailored to the specific conditions of the hot torus. The transport process then acquires a 

different relationship between the diffusion coefficient and collision cross sections. 

Ambipolar diffusion will not be considered in the following development because it 

becomes operable only at plasma densities greater than 108 cm-3 (Dalgarno, 1962). Quasi

linear diffusion of the ions, due to the interaction of charged particles with plasma (wave) 

oscillations, will also not be considered here. Smith and Strobel (1985) have argued that 

quasi-linear diffusion in the plasma torus does not exist to any reasonable extent given 

the inherent conditions of the plasma. Gorbunov and Silin (1964) also demonstrated that 

the collisional diffusion coefficient is modified by particle-wave interactions only when the 

electron temperature is much greater than the ion temperature in a plasma, and this is not 

the case in the plasma torus. 
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2.1 Chapman-Enskog Theory 

A more rigorous approach to the determination of the transport coefficients is through 

the particle velocity distribution functions. These quantities are described in general by 

a system of kinetic equations. The earliest systematic work to formulate and solve a ki

netic equation was done by Maxwell, Boltzmann, and Lorentz at the end of the nineteenth 

century. Accurate values for the transport coefficients for a special gas model were cal

culated by Maxwell for the first time (Maxwell, 1867). Boltzmann (1872) published his 

famous integro-differential equation for the distribution function. An exact solution of the 

Boltzmann equation was given by Lorentz (1905) for the special mixture of very light and 

heavy particles. Extending Lorentz's work, Bohr (1911) reduced the calculation of the 

transport coefficients to the solution of an integral equation of the Fredholm type. The con

tributions of Hilbert (1912), Chapman (1916), and Enskog (1917) at the beginning of this 

century provided a general theory with an existence theorem and a method of successive 

approximations which, as shown later by Grad (1958, 1963), converges to a special class 

of solutions of the Boltzmann equation. Finally, the general theory was furnished with an 

extremely useful tool in the form of Sonine polynomial expansions. Burnett (1935a, 1935b) 

demonstrated how appropriate these polynomials were for the expansions involved in the 

Chapman-Enskog theory. The complete details of this theory can be found in the elegant 

work of Chapman and Cowling (1970), hereafter referred to as CC. There is much literature 

replete with discussions of CC theory, further developments, and subsequent application to 

the study of transport properties in various plasma phenomena. The application of CC 

theory relevant to our discussion of ion diffusion in the hot torus is found in the work of 

Fradkin (1957) and Shkarofsky et al. (1966). 

2.2 The Hot Torus Boltzmann Equation and Solution 

The method of obtaining the collisional diffusion coefficient is found from a solution 

of the Boltzmann equation for charged particles of type s (ions, electrons) in a plasma 
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imbedded in electric (E), magnetic (B), and acceleration (g) fields: 

afB + v afB + .!!!.. (E + mllg + ~[VB]) afll = -J at ax ms ell c av (2.4) 

and 

[vB] = v X B . 

The term on the right hand side of Eq. (2.4) represents collision terms or collision integrals 

and results in a perturbation to the particle distribution function, fs(x, v, t), due to particle 

collisions. This term will be discussed in greater detail later in the chapter. The method 

for solving Eq. (2.4) is by an expansion of fs as a power series in a small dimensional 

parameter, A, characteristic of the plasma problem 

(2.5) 
m 

where A = l/w in a strong B-field, A = l/v in a weak B-field, and A = (system dimension)-l 

in the intermediate case (Fradkin, 1957; Chapman and Cowling, 1970). From the discus

sion in Section 2.0.a it was determined that the Jovian B-field is strong, which requires that 

A = l/wj. However, this parameter gives the distribution function incorrect dimensions. 

The remedy for this is to redefine the relevant expansion parameter to be A = "Z:/'. The 

justification for Eq. (2.5) as a solution to Eq. (2.4) is found from the requirement that the 

collision term be small. This requirement is satisfied when the collision time, Teo II (= Vt~:al)' 

is long compared with the gyroperiod, or WjTeoll ~ 1, which is also Wi ~ Vtotal. Thus, the 

requirement is met in the hot torus. 

The rest of this analysis follows that given by Fradkin (1957) with some variation. In 

this treatment the hot torus plasma is approximated as a homogeneous magnetized and fully 

ionized collisional gas in steady state. The justification for the fully ionized gas approxima

tion is discussed in detail in a later section of this chapter. The steady state approximation 

requires that fs(v, t) = fs(v) and thus ~ = O. For the assumptions that follow it will be 

necessary for us to transform to a second reference frame called the moving local reference 

---- --.--- --
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frame whose orientation depends on the dynamics of a charged particle with velocity v 

passing at some time through the point x at the origin of the fixed local frame. The right

handed triad in the moving local reference frame is determined by both the magnetic field 

geometry and by the particle velocity. In this frame, we decompose the particle velocity 

into quasi-cylindrical coordinates such that the phase space coordinates have the variables 

(x, v) = (x, V.l, VII' <p) where V.l,VII are the velocity-magnitude components perpendicular 

and parallel, respectively, to the ambient magnetic field and <p is the Larmor (gyro) phase 

angle. 

Before proceeding further it is important to point out that observational measurements 

indicate that ion distribution functions are nearly isotropic in the plasma torus. Trauger 

(1984) reported that ground-based photometric observations of SII and SIll give an estimate 

of ion temperatures along the magnetic field lines that are comparable to the perpendicular 

ion temperatures determined from Voyager 1 in situ measurements. However, some (small) 

departure from an isotropic distribution usually arises from particle collisions that are asym

metric in space because of external fields, density and thermal gradients, and the processes 

of energy relaxation. For ease in notation, we hereafter drop from the equations that follow 

the 1. subscript from all relevant quantities that are perpendicular to the ambient magnetic 

field, unless it is otherwise needed for clarification. 

From the fully ionized gas approximation, this gas will consist of electrons with mass m, 

ESU charge e, density ne , temperature Te and a background ion component representing 

the multi-ion species in the gas with (generic parameters) mass M, charge Ze, density Ni, 

and temperature Ti. However, we will specifically identify a single test ion by its mass Mi, 

charge Zie and parameters Ni, Ti, and distribution function Ii- Also, the gradients of the 

plasma parameters N s, Ts are in general perpendicular to the ambient magnetic field in the 

10 plasma torus. We also consider the components of the externally applied fields, except 

the magnetic field, to be perpendicular to the ambient magnetic field. With all of this in 

mind Eq. (2.4) for the ions becomes 
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81i 81i {eZi (E Mig 1[ B]) 8VO} 81i 81i 8vo eZi [ B]81i J vo-+v-+ - + -- + - Vo - vo- ---v-+-- v - = - . 
8x 8x Mi eZi C 8x 8v 8v 8x MiC 8v 

(2.6) 

In going from Eq. (2.4) to Eq. (2.6) we have made a change in velocity variable from v to 

Vrel = v - Vo (random velocity), where Vo is the center of mass or bulk average velocity 

and we have made the new definition v == Vrcl. The steps in going from Eq. (2.4) to 

Eq. (2.6) are delineated in Appendix D. Now we set E = 0 since we assume no externally 

applied electric fields in the plasma. The acceleration g for a given particle in the Jovian 

magnetosphere is an "effective" radial acceleration field given by 

(2.7) 

where nJ is Jupiter's angular velocity, MJ is the mass of Jupiter, and G is the gravitational 

constant. The first term is the outward centrifugal acceleration and the second is the 

inward gravitational acceleration. The equilibrium (zero radial force) position between the 

centrifugal and gravitational forces is 2.24 RJ and so for r ~ 2.24 RJ the centrifugal 

force dominates and particles will be subject to a net outward centrifugal force field. We 

now expand the distribution function (employing Eq. (2.5) for m = 1) and the mean 

quantities (except Ni and Ti) as series in the parameter Vcoll/Wi and equating coefficients 

of equal power, a system of equations is obtained which can be used to compute successive 

approximations to Ii- After doing the algebra, we have 

8/(0) 
eZi [vB]-i- = 0 , 
MiC 8v 

(2.8a) 

(1) (0) 8 (0) 
eZi [ B]81i 81i {eZi (Mig 1[ B])} Ii - J -v --+v--+ - --+-vo ----
MiC 8v 8x Mi eZi C 8v 

(2.8b) 

for li(O) and IP). We have neglected in the kinetic equation the products, squares, and higher 

orders of small quantities. It is important to point out that in expanding the mean quantities 

in terms of a small parameter, it is necessary that the zero approximation completely 
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determines Ni and Ti. In Eq. (2.8b) J is of order A, however, the nominal first order term 

is rv AJ(/(O)) and J(/(O)) vanishes identically. The remaining pieces in the expansion start 

with AJ(..\I(I)) which is second order in A, so the collision term belongs in the following 

second order equation: 

(2.8c) 

where by (D / Dt)(n) we mean the nth order parts of the Boltzmann operator acting on the 

nth order terms of the distribution function. We now proceed to solve Eq. (2.8b) and will 

discuss Eq. (2.8c) later. 

In this analysis, as is done in all other applications of CC theory in the literature, it is 

only necessary to consider the first two terms in Eq. (2.5) such that 

(2.9) 

This is because in a collisional plasma the function li(O) will be much larger in magnitude 

than ll). Hence, the small quantity AlP) is a scalar perturbation function representing 

the distortion of Ii from the equilibrium state. Physically, IP) is the directional component 

of Ii which is due to disturbances arising from external fields and from density and tem

perature gradients in the plasma. Further, we take IP) to be the directional component 

of Ii perpendicular to the ambient magnetic field. The IP) is "directional" in the sense 

that it arises from collisions that are asymmetric in space because of external fields, density 

gradients, and thermal gradients. The zeroth order term, IlO), is the equilibrium state com

ponent of Ii and is the distribution in the absence of any perturbations or disturbing forces. 

As given by Fradkin and required by the application of Boltzmann's II-theorem (Chapman 

and Cowling, 1970; Longmire, 1963), Ir) is the (isotropic) Maxwellian distribution function 

(2.10a) 

and 

._------- .- .. _--
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_ (~)1/2 
(3 - 2kTi ' (2.lOb) 

where k is Boltzmann's constant. 

It will be helpful to insert the following identities into Eq. (2.8b): 

(2.lla) 

1 t'7 j(O) _ 2(32 
j(O) Vv - - v. (2.llb) 

After rearrangement, Eq. (2.8b) becomes 

. {) (I) 
eZ. [vB]~ + (A .v)f~O) = 0, 
kfiC {)v • 

(2.12a) 

where 

A = V Ni + VTi _ kfjg _ eZj [voB] _ (~ _ (32v2) VTi . 
Ni Ti kTj ckTi 2 Tj 

(2.12b) 

The last term in Eq. (2.12b) is separated out from the second term because it is in the 

form of a Laguerre polynomial, while the remaining free terms can all be combined together 

with another Laguerre polynomial. The generalized Laguerre polynomials are closely re

lated to the Sonine polynomials used in CC theory. These functions are chosen since the 

related expansion converges well for small deviations from a Maxwellian distribution, and 

the functions represent an orthogonal set. The choice of order ~ is made because it simpli

fies the analysis and result for .the charged particle interactions. The orthogonality relation 

for order ~ is 

(2.13) 

where x = (32v2 and ors is the Kroneker delta. We should note that the first three polyno-

mials are 
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5 35 7 1 2 
Lo = 1, Ll = 2 - x, and L2 = "8 - 2x + 2x . (2.14) 

Fradkin (1957) shows that the solution to Eq. (2.12a) is 

J,P) = -.!.[Ab] .vlO) , 
I Wi I 

(2.15) 

where b = ~. Now we wish to calculate the ion drift velocity. Substituting Eq. (2.15) into 

Eq. (D.7b) (in Appendix D) and using Eqs. (2.13) and (2.14) we get the ion drift velocity 

to first order (Fradkin, 1957): 

(2.16) 

But this is just the azimuthal drift when collisions are ignored. 

We now have to return to Eq. (2.8c) and solve it for /(2) so that we can determine the 

second order ion (radial) drift velocity, and hence the diffusion coefficient, that will result 

from the effects of particle collisions. This calculation is extremely difficult to do and so 

will not be given here. Fradkin (1957) shows that the diffusion coefficient for this case is 

(2.17) 

and surprisingly enough this is the classical result. Since we have previously shown that 

classical ion diffusion is very slow in the torus we will later introduce an ad hoc diffusion 

coefficient which will give faster rates than Eq. (2.17). This ad hoc diffusion coefficient will 

depend somewhat on the integrated collision operator in Eq. (2.8c). In the CC scheme / is 

expanded as 

(2.18a) 

where 

---- ----- ---
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"'" ~ 2 2 h = ~PrL;(fJ V ) • (2.18b) 
r 

In Eq. (2.18b) the Pr's represent the coefficients in the series and are independent of x. We 

then multiply the collision operator by x~e-x L,,(x)dx/[r(~)vfi(O)], integrate over x, and get 

"'" -J Jx~e-x Ls(x) 
~PrHrs = 5 1 (0) fJdx. 

r r( '2)x 2 Ii 
(2.19) 

The left hand side of Eq. (2.8c) will determine the Pr and Eq. (2.19) defines llrs, which in 

general is nonzero. The Laguerre expansion is needed to handle the collision terms in llrs, 

which are not isolated by the orthogonality relation. Instead of simple integrals, there are 

awkward integrals involving various functions of x, Ls, and Lr in integral and differential 

form. These calculations are laborious as they imply the computation of n2 integrals for an 

expansion of order n for each collision term summed in J. This labor is drastically reduced 

by a mathematical device used in CC theory (Chapman and Cowling, 1970; Shkarofsky, 

1961) which allows the computation of all the L8Lr integrals for a given collision term by 

doing one fairly easy integration, and then either a Taylor series or its equivalent binomial 

expansion of an algebraic function. The results are simply numerical coefficients which are 

the corresponding elements of the collision matrix, llr8' The method outlined here for a 

calculation of Hr8 for each of the various particle collision processes in the hot torus is 

extremely lengthy and beyond the scope of this discussion and so will not be presented 

here. In the next section the results of this are presented and the reader is referred to the 

references cited there for further details. 

2.3 The Collision Matrix, H rs 

The collision term J is commonly identified in the literature as the total collision integral, 

(2.20) 
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The C's stand for collision integrals, which are bilinear in the indicated f's. Equation 

(2.20) means that particles of species i can collide with each other and with other particle 

species. The Cir; gives the change per unit time in the distribution function of species i due 

to collisions with particles of species s. The Gis terms can describe either elastic or inelastic 

collisions. In the collision term GUi,!ll) we only consider the part that is linear in 1(1), Le., 

cur), I~l) + cuP), I~O)j terms quadratic in 1(1) are neglected. In the following sections 

we briefly discuss the nature of typical collision processes that occur in the 10 plasma torus 

and what important contribution, if any, these will have in Eq. (2.20). 

2.3.a Elastic Collisions 

The primary elastic momentum transfer collisions that occur between the charged parti

cles in the hot torus are the Coulomb collisions. Those elastic collisions that occur between 

ions and neutral atoms are primarily governed by symmetric resonant charge exchange and 

"hard" collisions. The hard collisions engage the repulsive core of the interatomic potential 

and are the dominant ion-atom elastic reaction when the atom has a negligible polarizabil

ity. The ion-atom hard collision time is ~ several x 107 sec giving a collision frequency 

~ several X 10-8 sec-I. This is negligible compared with the effective electron-ion Coulomb 

collision frequencies (~ several X 10-2 sec-I, see Table 2.1). In the case of processes driven 

by ion-atom collisions, even though there is a large bulk flow of ions relative to neutral atoms 

in the plasma torus, the collision frequencies are low (because No/ Ni I"V 10-2 ) enough that 

this process can be neglected in diffusion. We thus exclude ion-atom collisions in the cal

culation. Although symmetric resonant charge exchange reactions are usually treated as 

(soft) elastic collisions, this process will be considered along with the inelastic processes in 

the next section. 

The Coulomb collision term for ion-electron and ion-ion collisions is represented by the 

model Fokker-Planck operator given by Smith and Strobel (1985) (see also, Braginskii, 

1965j Shkarofsky, 1963a, 1963bj Shkarofsky et al., 1966). Because of the long range of the 
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Coulomb cross section, classical collisions at the energies and densities of interest entail the 

simultaneous weak interaction of a large number of particles. This many-body collision is 

conveniently described by a renormalization whereby each particle is dressed by a cloud of 

other particles (principally electrons) that acts to shield the field of the original particles 

over distances greater than the Debye length. Thus, to an accuracy of the reciprocal of 

the number of particles in a Debye sphere, the dressed particles may be treated as being 

statistically independent and interacting through their shielded potentials. To the extent 

that the resultant interaction is weak, the effect of the multiple, cumulative, small-angle 

deflections can be described by the Fokker- Planck operator in velocity space: 

( 6 Ii) _ "'" t'7 Jis - - - L...J v v' p-p. 
6t coll B 

(2.21) 

and 

Jp_p = (~v) Ii - ~V'v' (( ~VT~V) Ii) . (2.22) 

The first term in Eq. (2.22) is the dynamic friction coefficient which represents the rate 

of change in particle velocity v - whose distribution function Ii is being sought - due 

to the interaction between the test particle and its counterparts in a background medium. 

The second term is the dispersion or diffusion coefficient in velocity space. The dynamical 

friction decelerates high-energy particles and accelerates low-energy particles to the average 

drift velocity of the particles. The diffusion in velocity describes the random fluctuations 

about the average drift velocity, and prevents all the particles from attaining the average 

plasma energy. It tends to spread out the distribution to the equilibrium value and acts as 

a diffusion effect in velocity space rather than in configuration space. 

The model Fokker-Planck operator given by Smith and Strobel (1985) is 

(2.23) 

--------~.---- _. 
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where Vf; is the collisional energy transfer rate which is taken to be independent of velocity, 

and TlJ is the temperature in energy units of species s. In Eq. (2.23) the first term ~vifi 

gives the frictional drag in velocity, while the second term *k~ gives the diffusion 

in velocity of ions i due to collisions with species s. The multiple weak interaction of 

ions of similar mass results in a diffusion in velocity space. Because of their small mass, the 

electrons affect the ions not by a scattering per se, but rather by a drag force. When ~ ~ 1 

(Tc ~ 0.1Ti in the hot torus), the time scale for energy degradation of ions having low atomic 

mass is about the same as that for 90° deflection by ion-ion scattering. For ff ~ 1 the ion 

scattering lifetimes are also significantly affected by electron drag. In fact, the loss process 

in phase space of an ion injected at high energy is first to lose energy at constant pitch angle 

and then to be scattered by ion-ion collisions. The drag in Vi is the dominant effect and 

neglecting pitch angle scattering should incur only small errors. When Tc becomes greater 

than Ti in a plasma the previous and following results do not apply because the collision 

dynamics of the plasma have to be re-evaluated in this case, which would necessitate a 

reformulation of our problem, and the effects of particle-wave interactions begin to have 

an influence on collisional relaxation and plasma transport (Gorbunov and SHin, 1964; 

Shkarofsky et al., 1966). 

The integration of Eq. (2.23), as outlined in Section 2.2, gives the tota.l Coulomb 

collision matrix as a sum of the ion-electron and ion-ion collision matrices (Braginsldi, 

1958; Shkarofsky et a1., 1966; Marshall, 1968): 

JIe! - lI ie + JIll r3 - rs rs 

(2.24a) 

with Vi = RGI (Vei), R = N7z2 ~ Z-l (by charge neutrality of the plasma), and 

-----,- --....- ~ -
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( I') = 4(271')~ N. (Zie
2

) 2 (kTe) 1/21 A 
I el 3 I kTe m n, (2.24b) 

where (/lei) (sec 1 ) is the averaged (effective) electron-ion Coulomb collision frequency and 

In A is the electron-ioIl Coulomb logarithm for collisions in the range (Book, 1987) 

and 

(2.25) 

Keeping in mind that the Lr index takes on values r = 0,1,2,,'" we can denote the 

elements of 1l;! in Eq. (2.24a) by the following nomenclature: the element in the first row 

and first column of 1l;! is the (00) element, the second row-second column element is the 

(11) element, the third row-third column element is the (22) element, and so on. We cut 

the matrix H:! off beyond 1', s = 2 because any higher order terms do not contribute much 

to the results. In our particular case, the error involved in this procedure is < 2%. 

1I:! is, in the CC method, a different mathematical representation for Eq. (2.23). The 

matrix elements in the first row and first column and the first terms of the Sl1ms in the 

(11) clement, (21) element, and (22) element are from ll:~ which represents the ion-electron 

collision matrix. The quantity TCi;Ti appears because Eq. (2.23) takes into account that the 

ions and electrons in the plasma torus have different kinetic temperatures. It stems from the 

intrinsic difference between electron-ion and ion-ion collisions when the two populations are 

at different temperatures. This turns out to be possible because of the very large difference 

in the masses of the ions and electrons. The transfer of momentum from the ions to the 

electrons occurs in about the same time as the transfer of energy (rv ~(/lei)-l); heIlce, 

ion- electron momentum transfer is small compa.red with ion-ion momentum transfer. The 

fact that the ion-electron transfer rate is very slow means that electrons and iOIls in the 

same volume can each have near Maxwellian velocity distributions, even though electron 
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and ion temperatures are not the same. The rest of the matrix elements in II;; represent 

the ion-ion collision elements from II:~. The ratios M and tiN; that appear throughout 

II;; result from the account taken of the plasma constituents having different masses and 

charge densities. 

2.3.b Inelastic Collisions 

Inelastic collisions in the hot torus include the processes of ionization, recombination, 

charge exchange, and radiative cooling. CC theory has been extended to provide a more 

rigorous kinetic theory of macroscopic transport phenomena for a multi component gas with 

translational and internal energies in a non-LTE condition (Wu, 1969; Monchick et al., 1963; 

Bydder and Liley, 1968; Chang et al., 1964). This treatment has led to the introduction of 

unwieldly mathematical calculations for the terms comprising the collision matrix elements, 

since the collision term for inelastic collisions is extremely complicated and cannot always 

be written in explicit form. The inclusion of inelastic processes in CC theory requires the 

introduction of mathematical functions which render the integration method for Jinel, as 

outlined at the end of Section 2.2, ineffective. 

It is understood, however, that inelastic collisions accompanied by energy transfers be

tween the translational and internal energies occur as a rule less frequently than elastic 

collisions. With this in mind, a parameter, Za(3, is introduced and it is the ratio of the 

elastic and inelastic collision frequencies of the interacting particles a and /3, which char

acterizes the degree (or ability) of exchange between the translational and internal energies 

(Alievskil and Zhdanov, 1969; Wu, 1969). When Za(3 ~ 1, the role of inelastic collisions 

with regard to transport phenomena in a plasma decreases in comparison to other processes. 

This condition is also a statement that energy exchange between the translational and in

ternal states is "hindered" or slow (Alievskil and Zhdanov, 1969). In other words, there is 

very little energy exchange between translational and internal energy partitions because the 

transfer of energy from translational to internal states is almost never returned to trans-

---- ---- .--... _. 
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lation. This is particularly true in the plasma we are considering here because radiative 

probabilities are in general much greater than any competing inelastic collisional quantity. 

Chang et al. (1964) examined transport coefficients (modified by inelastic collisions) on 

the basis of characteristic relaxation times under the condition Za{J ~ 1 and found that 

(for diffusion) the quantities calculated coincide, accurate to negligibly small (~ Z;;J, Z;;J) 
contributions of the inelastic collisions, with the values calculated on the basis of standard 

elastic momentum transfer theories. 

A typical hot torus value for vel is found by using Eq. (2.24b) and gives vel ~ several x 

10-2 sec-I (see Table 2.1). A typical value for v inel can be found from the known rate 

coefficients for ionization, recombination, charge exchange, and radiative cooling. The first 

three processes typically have v inel :5 several x 10-6 sec-I. However, it is recognized 

that radiative cooling is the most dynamic inelastic process in the hot torus with collision 

frequencies that are large compared to the other inelastic processes. Of the radiating oxygen 

and sulfur species in the hot torus, SIll has the largest collision frequency, vinel :5 several x 

10-4 sec-I. We then have that Za{J ~ 102 therefore the condition Za{J ~ 1 is met in the 

10 plasma torus. We thus neglect Jinel in relation to the direct affect of diffusion caused 

by frictional effects. The collision frequency affecting diffusion is therefore determined by 

elastic collisions. Herein lies the justification for treating the hot plasma torus as a fully 

ionized two component plasma with the ensuing analysis depending only on the clastic 

Coulomb collisions. We have, therefore, that Hrs == H:~. 

2.4 The Diffusion Coefficient 

Since classical diffusion is obtained by the CC method, even in a regime where the 

collision mean free paths are large and the magnetic field is strong, we thus introduce an 

ad hoc diffusion coefficient which will be non-classical. We propose the following radial ion 

drift velocity: 

... - _ .. ---- ---------
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(2.26) 

where 

(2.27) 

and 

~oo = cojactor(H8&) . (2.28) 

It is evident from Eq. (2.26) that diffusion of ions can be regarded as motion with friction 

under the effect of a (radial) force V Pj. By substituting Eq. (2.26) into Eq. (2.3a) and 

inverting we see that the diffusion coefficient is: 

(2.29) 

The last step in Eq. (2.29) is possible because the second term in square brackets is small 

compared to one. The reason for this is that I W-I is a factor of several smaller than I VJ;i I 
in the hot torus region. I VTj I also approaches zero for radial distances beyond the torus 

region. The determinant ratio in Eq. (2.29) is expanded in detail in Appendix B. It will be 

helpful to transform this Du into Dj (loss probability) as outlined in Eqs. (2.3), which will 

be more useful for the discussion in the next chapter. It should be noted that Wi is defined 

as 

(2.30) 

where use has been made of the radial (L = r) dependence of B given by Cummings et 

al. (1980), L is the planetocentric radial distance in RJ units and c is the speed of light. 

Putting Eq. (2.30) into Eq. (2.29) and Eq. (2.29) into Eqs. (2.3) finally gives 

--" .. - "---.---........ ---.-.-..-~---..--- --.- ~ -
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-1 D k (Ti)L3 
Ti = i = p Zi (2.31a) 

and 

(2.31b) 

where Ti is in eV. 

It is not clear by looking at the form of Eq. (2.29) what is driving ion diffusion and 

whether or not it is a random-walk process. Disregarding numerical factors of order unity, 

we may write Eq (229) as D·J. = kTj (~) '" !!1. (~) '" al~ (~) ,...., a2Lw' (~) ,...., •• I MiWi.o. Wi.o. Wi.o. 1.0. 

~ ( ~ ), where Wi = T;l. This form, apart from the dimensionless numerical constant ~, 
is again the square of a length over time and shows that this perpendicular diffusion is a 

random-walk process with a step length aL. Once again, the consequence of the strong field 

limit (Wi ~ Vcoll) on perpendicular diffusion in this collisional (long mean free path) regime 

is that the magnetic field significantly retards the rate of diffusion across B such that the 

step length is aL instead of Acoll. However, the random-walk time scale is governed not by 

the collision time Tcoll but by an effective collision time T W ( ~ ) -1 , since it represents the 

effective time scale over which an ion wanders from field-line to field-line due to accumulated 

small angle (Coulomb) scattering. The appearance of Twin the diffusion coefficient is exactly 

what Spitzer (1962) and Balescu (1988) meant by anomalous or non-classical diffusion in 

a collisional plasma. Du is non-classical because it scales as B-1 instead of the classical 

B-2. 

So now what happened to the effects of Coulomb collisions in DiJ.? The answer to this 

is that these effects have become bound up into the numerical correction factor, ~. What 

~ does is to combine with Twas a result of particle collisions. This is because Tw is the 

shortest time constant characterizing the collisional regime of the plasma torus (see Table 

2.1), and so collisions having the longer time constants (Tcoll) assume an altered role in the 

diffusion process. For the conditions pertaining to the hot plasma torus, ~ > 1 (8.68 at 
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5.75 RJ to 1.80 at 7.5 RJ), which means that Coulomb collisions work against the retarding 

effect of the magnetic field on the rate of diffusion across B by scaling T w downwards. An 

interesting feature of ~ is its dependence on Tc;ti. (see Appendi~ B.). When Te = Ti, then 

~ = 1 and Dil. = tt~~i' The random-walk time scale for ion transport resulting from these 

"magnetic collisions" is Tw. Even though the plasma is still collisional in this case, diffusion 

behaves as though it is not because random particle drifts caused by Coulomb collisions 

are insignificant compared with those caused by magnetic collisions. When Te f:. Ti such 

that ~ f:. 1, then diffusion is modified by the frictional force resulting from Coulomb 

collisions and we have the situation that we have already described previously. In this case 

the dependence of Dil. on a finite Te - Ti is such that ion diffusion is that appropriate to a 

situation in which the temperature difference is allowed to collision ally relax at its natural 

rate while diffusion proceeds, and that Eq. (2.29) is applicable when diffusion is forced to 

proceed at constant temperature difference. There will be radial variation of~, and hence 

Dil., with TenT; because of the radial variation of plasma temperatures in the 10 plasma 

torus. In Figure 2.1 we show Dil. plotted against I Te - Ti I for different ion temperatures. 

The implication of TdZi in Eq. (2.31a) is that ion diffusion in the hot torus is differential, 

the diffusion rates varying from ion to ion depending upon each ion's charge and thermal 

energy. This is in stark contrast to FTIDT where the diffusion rate for all ions is the same. 

Another contrast with FTIDT is that in Eq. (2.31a) the power of L is explicitly fixed by 

the dipole geometry of the Jovian B-field (Eq. (2.30)), whereas the power of L given in 

FTIDT is a model parameter determined by model simulation of the density profile of the 

plasma torus. The FTIDT diffusion coefficient is generally written (Summers and Siscoe, 

1985 and references cited therein) 

DLL = ~i (°::2

) ((~L?) . (2.32) 

Upon substituting the definition (Summers and Siscoe, 1985) 



54 

(2.33) 

into Eq. (2.32) we get 

(2.34) 

where kj, k~ (sec-I) are the interchange constants, N L2 is the ion number density normalized 

to magnetic flux rather than to volume, (~L)2) is the mean square size of a turbulent eddy 

cell, (~L)o represents a reference value for the radial displacement of a flux tube (usually 

assumed to be 0.1- 0.2 RJ), Lo is a reference distance (usually 5.9 RJ), and p is a constant 

which relates to the eddy size through Eq. (2.33). In FTIDT the ki's, p, and (~L)o 

are determined by model simulation of the torus plasma density (N L2) profile. We must 

emphasis that DLL is critically dependent on the spacing parameter of density fluctuations, 

~L. As previously discussed in Section 1.2, Richardson and McNutt (1987) reported that 

the Voyager PLS in situ measurements did not detect any eddy cell signature characteristic 

of FTIDT and so could not determine a size for ~L. 

In Table 2.3 we compare representative values of the Di (loss probability) for classical 

collisional diffusion (Table 2.2), the collisional diffusion given by Eqs. (2.31), and DLL 

for ions in the plasma torus at 6 RJ. We can use these numbers to get an estimate of 

what the mass-loading rate of sulfur and oxygen would have to be in the plasma torus 

to balance the diffusive mass-loss for each Di rate in Table 2.3. For typical plasma torus 

conditions Di( classical) implies a loading rate of 2.4 X 1024 ions sect or 94.5 9 sec- t , 

Di(Eqs.(2.31)) implies 5.0 X 1027 ions sec-lor 200 kg sec-I, while DLL(FT I DT) implies 

0.25 - 1.5 X 1029 ions sec-lor 1000 - 6000 kg sec-to Of course we eliminate further 

consideration of classical diffusion because we have already shown that it is invalid in the 

collisional (long mean free path) regime of the 10 plasma torus. The slower collisional 

diffusion rates from Eqs. (2.31) give a mass-loading rate that is '" 5 times lower than the 

lower limit of the FTIDT rate. However, we have argued against the validity of FTIDT 

----~-.---~-~.---,-... --. -
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in Section 1.2 and consider it no further. Thus, we now have a non-classical collisional 

diffusion coefficient for the ions and apply it in computer model calculations of the hot 

torus condition, as discussed in the next chapter. 

TABLE 2.3 

Comparison of Di at 6 RJ 

1.5 X 10-11 sec-1 3.0 X 10-8 sec-1 0.16 - 1.0 X 10-6 sec-1 

a For SIl ion. 

b For SIl and OIl ions. 

e For all ions. 

-------------- -- ~ - -
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CHAPTER 3 

THE PLASMA MODEL 

3.0 Introduction 

In this chapter an application will be made of the collisional diffusion coefficient devel

oped in Chapter 2 to the problem of plasma species and energy partitioning in the 10 hot 

plasma torus. A knowledge of the relative abundance of sulfur and oxygen ions in the hot 

torus is important to leading aspects of theories which attempt to describe the mechanisms 

of origination and maintenance of the system. The partitioning of sulfur and oxygen ions 

based on ion emissions is not easily measurable by ground-based observation. The experi

mental data gathered by the Voyager UVS are the only observational results showing strong 

OIl, SIl, and SIll lines in close spectral proximity along with identifications of SIV and SV 

(Shemansky and Smith, 1981; Brown et al., 1983; Shemansky, 1987). The Voyager PLS 

experiment data analysis have not yet reached an advanced stage to give useful constraints 

on the relative abundance of the species (Bagenal and Shemansky, 1985). Skinner and Dur

rance (1986) have measured SI and 01 emissions from an analysis of rocket observations 

which provide a measure of the relative abundances directly from the source particles. How

ever, the only observation that pinpoints the location of neutrals in the plasma is the Brown 

(1981) ground-based photometric detections of 01 and SIll. As was discussed in Chapter 1 

the major energy loss mechanism in the hot torus is radiative cooling of the plasma species 

in discrete transitions. The radiative cooling efficiencies of the sulfur and oxygen species 

differ significantly and the species partitioning therefore affects calculations of equilibrated 

temperatures and energy injection rates required to maintain the system. 

It is important to further aide our understanding of the plasma torus system by com

paring the observational data at hand with computer model calculations. The observational 

data will serve to provide the computer modeling with various input and constraint param

eters to guide calculations as well as comparison data for the computer model results. The 

----.-- -- ~ - -
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physics of the plasma and energy partitioning is discussed in the following sections while a 

description of the computer model is given near the end of the chapter. 

3.1 Species Partitioning 

The partitioning of an element among different species is governed by the competition 

of ionization, recombination, charge exchange, diffusive loss, and source processes. The 

population of neutral species in a given volume element of gas is described by (Shemansky, 

1988) 

(3.1) 

where No is the density of neutrals, Ni is the density of ions, Yo is the volume source rate of 

neutrals determined by some undefined process, kz(Te) is the electron impact ionization rate 

coefficient, kxc is the ion impact ionization rate coefficient, and kx is the rate coefficient for 

charge exchange. The population of ions in the same volume is described by (Shemansky, 

1988) 

(3.2a) 

where the volume source rate of ions is 

(3.2b) 

Di is the ion diffusive loss probability defined by Eqs. (2.31), and a(Te) is the mean 

recombination rate coefficient. The terms on the right hand side of Eqs. (3.1) and (3.2a) 

represent the volume loss rate of the neutral atoms and ions, respectively. For the neutral 

atoms, the loss is governed by electron and ion i,mpact ionization and charge exchange. This 

is also the corresponding volume source rate of ions as indicated by Eq. (3.2b). The loss of 

ions in the volume is governed by ion diffusion, recombination, ion impact ionization, and 

- ------ ------ -----
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charge exchange with neutral atoms. The terms involving kxc are different in the source 

and loss term for a given species. 

Equations (3.1) and (3.2) are written in a general form and represent the entire range of 

species in the system. The rate coefficients are effective species dependent quantities that 

require detailed calculation of the plasma parameters to determine their magnitude. Table 

3.1 lists the plasma reactions considered here (see, for example, Brown et al., 1983). This list 

is by no means comprehensive, however, it contains all of the reactions currently identified 

as being of significant strength. The solutions of Eqs. (3.1) and (3.2) are determined under 

the constraint of charge neutrality, 

(3.3) 

3.2 Energy Partitioning 

Energy partitioning of the ion species is described by (Shemansky, 1988) 

deNiEd _ S. - L. 
dt - I I, 

(3.4a) 

where the source (Sd and loss (Ld terms are 

(3.4b) 

(3.4c) 

and where Ei is the mean ion energy per ion, Ee is the mean electron energy per electron, 

keq(Te, Ti) is the rate coefficient for Coulomb energy transfer between electrons and ions, 

](Ee is the mean injection energy per ion produced by electron impact ionization, J(Ex is the 

mean injection energy per ion produced by charge exchange, and ](Ei is the mean injection 

---_._------ - - - -
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energy per ion produced by ion impact ionization. Ion- ion reactions are not explicit in Eqs. 

(3.4) because they represent a homogeneous redistribution of energy, which affects only the 

values of the relevant rate coefficients. The rate coefficient keq(Te, Ti) is defined by 

[N'Z~lnA (T. T..)-3/2] 
keq(Te, Ti) = [~Nit! ~ 5.~7'AeAi A: + A'i ' (3.5) 

where Ae and Ai are the atomic weights of electrons and ions. Equation (3.5) is a gener-

alization to the Spitzer (1962) equation (Shemansky, 1988). Over the range of parameters 

keq(Te,Ti) has an extremely weak dependence on the energy of the ions and so the exact 

detail of the ion energy distribution is not a critical factor in the determination of Ei or Ee 

in these calculations. The energy partitioning of the electrons is described by (Shemansky, 

1988) 

(3.6a) 

where the source (Se) and loss (Le) terms are 

(3.6b) 

(3.6c) 

and where Pi(Te) and po(Te) are radiative cooling coefficients for ions and neutrals, and Je is 

a heterogenous energy source term for the electrons required for one class of solutions to the 

plasma equations. Equations (3.4) and (3.6) are macroscopic calculations approximating the 

plasma condition without a detailed description of the charged particle energy distributions. 

This is not a serious deficiency as effective mean quantities are used in these calculations, also 

the ion energy distributions are very difficult to calculate theoretically due to uncertainties 

about the governing ion source and equilibration processes. 

From Eqs. (3.4) it is seen that the source for ion energy in the volume is electron impact 

ionization of neutral atoms, charge exchange, and ion impact ionization of neutral atoms. 

------------- ------ - .. _- - -
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The second process actually causes a loss of ion energy from the volume, however, charge 

exchange reactions end in a net gain of energy (](Ex > Ei) without adding net mass to the 

plasma. The first and last processes result in the injection of mass into the volume as well as 

kinetic energy. The loss of ion energy from the volume is through Coulomb energy transfer 

to the electrons, ion diffusion, and ion recombination. The last two processes result in the 

loss of both mass and kinetic energy from the volume. Th~ dominant loss of ion energy 

over most of the range of plasma parameters is through Coulomb energy transfer to the 

electrons. Because ion relaxation times are long ('" 17 days) in the plasma it is expected 

that relaxation processes will distort the ion energy distributions from a Ma..'{wellian. In 

NCT the ions are the source of energy and so give a step function in the distributions at 

the injected gyroenergies. 

For the electrons, it is seen from Eqs. (3.6) that the source for electron energy in the 

volume is Coulomb energy transfer from the ions and a heterogenous energy source. The 

loss of electron energy from the volume is through inelastic collisions with ions and neutral 

atoms, diffusion, and ion recombination. The last two processes are coupled directly to 

the corresponding ones for the ions in Eq. (3.4c). Shemansky (1988) noted that NCT is 

represented by Eqs. (3.6) when J e = O. It is expected that the electron energy distribution 

be essentially Maxwellian because electron- electron relaxation times are extremely short 

(rv 100 sees) compared to other processes in the plasma. If a heterogenous source (Je) 

is applied, then this picture changes (only if the source J e has exceedingly specialized 

characteristics ). 

3.3 The Rate Coefficients 

It is advantageous at this point to discuss the rate coefficients defined by the plasma 

reactions listed in Table 3.1. An accurate determination of the values of these quantities 

over the range of plasma parameters is important as large errors in their values can lead to 

smaller but noticeable errors in the results of the computer model calculations. 



TABLE 3.1 

Hot Torus Plasma Reactions 

Number Reaction 
-> 
K, 

(rates X 10-9 cm3 8-1 ) 

1..... 0 + e .= 0+ + 2e 1.7 a 

2..... 0+ + e.= 02+ + 2e 2.1 X 10-2 a 

3..... 02+ + e .= 03+ + 2e 4.6 X 10-4 a 

4..... 0 3+ + e'= 04+ + 2e 1.4 X 10-6 a 

5..... 04+ + e -+ 0 5+ + 2e 1.3 X 10-9 e 

6..... 5 + e .= 5+ + 2e 12.0 a 

7..... 5+ + e.= 5 2+ + 2e .43 a 

8..... 52+ + e .= 5 3+ + 2e 2.5 X 10-2 a 

9..... 5 3+ + e .= 54+ + 2e 1.0 X 10-3 a 

10..... 54+ + e .= 5 5+ + 2e 2.4 X 10-5 e 

11..... 5 5+ + e -+ 5 6+ + 2e 1.2 X 10-7 e 

+-
0: 

4.1 X 10 3 b 

5.0 X 10-3 b 

1.0 X 10-2 b 

3.1 X 10-2 b 

3.9 X 10-2 b 

4.1 X 10-2 b 

.11 b 

.19 b 

.20 b 

12..... 0 + 0+ -+ 0+ + 0 12.0 d 13.2 e 

13..... 0 + 5+ -+ 0+ + 5 0.06 d .09 e 

14..... 5 + 0+ -+ 5+ + 0 8.0 d 3.0 e 

15..... 5 + 5+ -+ 5+ + 5 16.0 d 24.0 e 

16..... 02+ + 5 -+ 5+ + 0+ 11.0 d 23.4 e 

17..... 0 2+ + 5 -+ 52+ + 0+ + e 16.2 e 

18..... 52+ + 0 -+ 5+ + 0+ 6.0 d 12.3 e 

19..... 0 2+ + 0 -+ 20+ 0.2 d .52 e 

20..... 5 2+ + 5 -+ 25+ 0.6 d 0.3 e 

21..... 5 3+ + 0 -+ 52+ + 0+ 4.4 d 19.2 e 

22..... 5 3+ + 0 -+ 5+ + 02+ 5.6 d 0.0 e 

23..... 0 2+ + 0 -+ 0 + 02+ 5.0 d 5.4 e 

24 ..... 5 2++5-+5+52+ 7.0 d 7.S e 

25..... 5 3+ + 5 -+ 52+ + 5+ 20.0 d 27.6 e 

26..... 0 2+ + 5+ -+ 0+ + 52+ 5.6 d 1.4 e 

27..... 02+ + 52+ -+ 0+ + 53+ 2.8 d 0.9 e 

62 

Reactions 1 - 4,6 - 10 include both flow directions; electron ionization and the sum of di
electronic and radiative recombination. Rates for reactions 1-11 have a strong dependence 
on Te and were calculated for ne = 1500 cm-3 and Te = 6.5 X 104 J(. 

a Brown et al. (1983). 
b This study, see Section 3.3.b. 
e This study, see Section 3.3.a. 
d Johnson and Strobel (1982); Brown et aI. (1983). 
e McGrath and Johnson (1989). 

---- ------ .. _-
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In what follows, a brief summary of each reaction rate coefficient is given. The reader should 

refer to the references cited herein for futher details. 

3.3.a Electron Impact Ionization 

The rate coefficient for electron impact ionization, kz(Te), is defined by the class of 

reactions 

N(Z - 1) + e - N(Z) + 2e . (R1) 

The rate coefficient for SI was taken from the work of Brown et al. (1983), in which the rates 

were defined by an analytic fit to experimental measurements by Ziegler et ale (1982). The 

rate coefficients for SII-SIV are taken from the work of Jacobs et ale (1979), which used 

the (modified) semiempirical Lotz formulation to calculate the cross sections. The SV rate 

coefficient was determined from the cross section data calculated by Arnaud and Rothenflug 

(1985) along with experimental cross sections measured by Howald et al. (1986). The rate 

coefficient for SVI was also determined from the Arnaud and Rothenflug cross section data. 

Arnaud and Rothenflug used a modified scaled hydrogenic formulation to calculate the 

ionization cross sections. The rate coefficients for OI-OIV are also taken from the Brown 

et al. work, which used the experimentally measured cross sections of Brook et al. (1978), 

Hamdan et al. (1978), and Aitken and Harrison (1971). The rate coefficient for OV was 

determined from the Arnaud and Rothenflug calculated cross sections. 

3.3.b Radiative and Dielectronic Recombination 

The recombination rate coefficient, a(Te), is a total rate coefficient taken as the slim of 

the radiative (aT) and dielectronic (ad) recombination coefficients. Radiative recombination 

is described by the class of reactions 

N(Z) + e - N(Z - 1) + hv (R2) 

- -----. - ---- ---------~ ---.- --~ --
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and dielectronic recombination is described by the class of reactions 

N(Z, i) + e ~ N(Z -I,d) -- N(Z -1,b) + hv(b,d) , (R3) 

where i represents the internal quantum level of the specie N(Z) and band d represent the 

quantum levels of the specie N(Z - 1) such that d > b. In R2, hv represents the photon 

carrying away the kinetic energy of the electron before recombination plus the ionization 

energy of the final bound level. For R3 the photon, hv(b,d), is merely the d -I- b line 

emission. Three-body recombination is not considered in this work as this process becomes 

dominant only for plasma densities greater than 1022 cm-3 • 

The values for a r and ad were calculated in the work done by Brown et al. (1983) and 

Shemansky (1980, 1987, 1988). The a r calculations were based on a scaled hydrogenic ap

proximation in which a r for hydrogen was scaled to the sulfur and oxygen ions (Osterbrock, 

1989). This approximation assumes radiative recombination of complex ions in a hot tenu

ous plasma is dominated by captures to excited levels, which may be approximately taken 

to be hydrogenic. The values calculated for ad, however, involve a more complex issue. 

Brown et al. and Shemansky used data calculated for sulfur and oxygen ions by Jacobs 

et al. (1978, 1979). In their work application of the widely used semiempirical Burgess 

general formula (Burgess, 1964, 1965) was rejected on the contention that the formula over

estimates ad because of the neglect of the effects of autoionization into an excited state of 

the recombining ion. Subsequently, Jacobs et al. used a formulation given by Shore (1969) 

which includes autoionization. 

There has also been recent experimental measurements of dielectronic recombination 

cross sections for MgU (Belie et al., 1983) and CII (Mitchell et al., 1983) resulting in mea

sured cross sections which are several factors larger than theoretical cross sections calculated 

by LaGattuta and Hahn (1982a, 1982b). Other experimental work by Dittner et al. (1983) 

gave measured cross sections for BIll and CIV which agreed well with theoretical calcu

lations. Further theoretical work by LaGattuta and Hahn (1983) and experimental work 

by Muller et al. (1986), in an effort to resolve these discrepencies, has demonstra.ted that 

--. ",.--.--------'.----~~ 
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dielectronic recombination cross sections can be changed by externally applied electric fields 

arising in the experimental apparatus. It was reported that measured cross sections were 

larger than theoreti<:al cross sections through this effect. Datz et al. (1987) have measured 

ad for SVI using a merged beam apparatus with an analyzing electric field of rv 4 k V / em. 

Their data fell between theoretical rates calculated for the high (analyzing) field case and 

the zero field case and were fit with a field of rv 25 V / em. The measured rates were a factor 

of rv 2 - 5 larger than the zero field rates. In the plasma torus (rest frame), there are electric 

fields of rv 10-6 V / em and so it is reasonable to use theoretical zero field rates in the torus 

without incurring significant error. 

Raymond (1988) has pointed out the overall lack of convergence of experimental and 

theoretical rates determined by the many investigators. He further notes that the various 

theoretical treatments, which modify the Burgess general formula by including t1n f; 0 

autoionization channels, do not treat autoionization to excited levels correctly. Finally, Bell 

and Seaton (1985) give the first complete quantum mechanical formulation of dielectronic 

recombination. They concluded that the differences between their formula and the (intu

itively derived) Burgess general formula resulted in little (::; 3%) difference in the calculated 

total ad rates. On this basis and for the lack of experimental data for the sulfur and oxygen 

ions, the ad rates were calculated using the Burgess general formula, with the most recently 

available atomic parameters (Shemansky, 1988). However, Nussbaumer and Storey (1983) 

claim that low temperature rates must be higher than the Burgess general formula provides. 

Thus, ad might be too small because of uncertainty in the accuracy of ad for the temper

ature range that we operate in. The issue is not closed and we are left with uncertainty 

here. 

..-._-- --------------.---- -- .-- - _. 



3.3.c Charge Exchange and Ion Impact Ionization 

Charge exchange is described by the class of reactions 
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(R4) 

which include both symmetric-resonant and non-symmetric collisions. Ion impact ionization 

of neutral atoms is described by the class of reactions 

(R5) 

In the work of Brown et al. (1983) and Shemansky (1987, 1988), the rate coefficients 

for R4 and R5 (kx and kxc , respectively) were determined using the cross section data 

calculated by Johnson and Strobel (1982). However, McGrath and Johnson (1989) have 

revised the Johnson and Strobel cross sections using an improved theoretical formulation 

for the collision exchange energy. Therefore, the McGrath and Johnson cross sections are 

adopted here. However, uncertainties in the charge exchange cross sections are large enough 

that they can inject serious bias in the calculated partitioning. We discuss this further in 

the model calculations in Chapter 4. 

3.3.d Radiative Cooling 

In a hot tenuous plasma in collisional ionization-diffusive equilibrium, the major loss of 

energy is through collisional excitation of low lying energy levels of ions. The mechanism 

for this in the hot torus is radiative transitions excited from the ground state of a sulfur or 

oxygen ion by electron collisions. Radiative cooling is the dominant energy loss for the major 

part of the 10 plasma torus, but in Eq. (3.6c) we also include diffusive and recombination 

loss which are coupled directly to the corresponding terms in Eq. (3.4c). Energy loss by 

neutral atom ionization (neNOEjkzCTe)) is not included in Eq. (3.6c) because it is a very 

small quantity for the conditions in the plasma torus. Extensive theoretical work done by 

Shemansky (1980), Shemansky and Sandel (1982), and Brown et al. (1983) has resulted 
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in the calculation of the radiative cooling coefficients, po and Pi, for the sulfur and oxygen 

species relevant to the hot torus. Due to recent advances in atomic physics, Shemansky 

(1988) gives new radiative coefficients from revised calculations and these are adopted in 

this work. Uncertainties in. the radiative cooling rates arise from the uncertainties in the 

collision strengths of the various radiative transitions. On this basis, Shemansky (private 

communication, 1990) points out that the rates are in general underestimated. 

3.4 The Computer Model 

The computer model calculations in tillS work are based on the computer model de

scribed in Brown et al. (1983) (see also Shemansky, 1988). However, the computer model 

adopted here is a revised and extended version of the Brown et al. (1983) model. The 

revisions employed are the inclusion of SVI and OV ions to the plasma reaction volume 

along with their rate coefficients for electron impact ionization and dielectronic recombina

tion, the revised rate coefficients discussed previously, and the proposed new ion diffusion 

coefficient given in Chapter 2. The Brown et al. (1983) model gives a calculation of the 

plasma partitioning in a single volume element at a fixed radial position in the hot torus. 

Here, this model is extended into a one dimensional radial calculation to model the spatial 

detail of the hot torus physical condition. 

The model calculations described here are based on an assumed steady state condition 

in the hot torus. The effects of transient processes are neglected in our calculation because 

the plasma torus density has varied by a factor of 2 since 1979, but no shorter term effect 

has been observed (Shemansky and Sandel, 1982; Bmwn and Shemansky, 1982; Sandel and 

Broadfoot, 1982). The equilibrium equation for an ion species, Ni, having ionization level 

i is 

dN. i-I n 

dt' = 0 = -}Ii + L Ni(Pji - Ljd + Ni(Pii - Lii - Di) + L Nj(Pji - Ljd, (3.7) 
j=O j=i+I 

where Pji and Lji are production and loss terms determined by the plasma reactions in 
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Table 3.1, Yi is a source term, and Di is the ion diffusive loss probability. Equation (3.7) is 

the discrete version of Eqs. (3.1) and (3.2). The production and loss terms contain species 

number densities, N k, and so Eq. (3.7) represents a nonlinear coupled set of equations 

that must be solved through iteration, subject to the constraint of charge neutrality in the 

computational volume. For the equilibrium of neutral species in Eq. (3.7) (i = 0), the first 

term involving summation over j is degenerate and not present in the equation. Also, 

PiO = 0 , all j , 

LiO = 0, j> 0, 

for both sulfur and oxygen. The Pio terms are set to zero because the reactions in Table 3.1 

which produce neutral atoms do so at high kinetic energy and the atoms leave the reaction 

volume in a time interval too short to participate in subsequent reactions. 

The sulfur and oxygen ions considered in these calculations are coupled by reactions R4 

and R5. Therefore, an application is made of two linked matrix equations of the form 

N = A-l.y, (3.8) 

where Y and N are the source-rate and population- density vectors and A is a matrix 

containing the production and loss terms. Equation (3.8) is reduced by iteration, in which 

absolute values of Dj, relative values of Yi=o (Yi>o are fixed by Eqs. (3.10) and (3.11) 

below), and electron densities and temperatures are fixed. Because the electron density is 

fixed to a selected value in the calculation, the absolute values of Yi must be determined 

as part of the iterated solution of Eq. (3.7), along with Ni. Once Te and ne are selected, 

according to some theory of energy injection or observational measurement, then the ener

getics of the system are determined. If Je in Eq. (3.6b) is set to zero, then the calculated 

equilibrium in the plasma depends only on a continuous source of fresh ions to maintain the 

plasma in both mass and energy density. The calculation corresponds to the NeT for the 

torus if the source is a cloud of neutral atoms occupying the same volume as the plasma. 
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The calculation of collisional equilibrium in this case then requires only the definition of 

electron density, relative source rates of neutral atom species feeding the volume, and the 

ion diffusive loss rate. This last quantity is calculated in the computer model (by use of 

Eqs. (2.31» and requires ion and electron temperatures to define it. The introduction of 

any additional physical limiting constraint, such as a modeled or measured partitioning of 

ions, then requires the inclusion of a finite (Je > 0) heterogeneous source/sink of energy for 

the plasma electrons. This is an example of the ways in which the computational system 

can be solved. We defer to Chapter 4 the detailed discussion of the models we will study. 

In this calculation the neutral atom source rate ratio is set 

Yo(OJ) = 3.5· Yo(SI) (3.9) 

as suggested in the analysis done by Shemansky (1988) on the failure of NCT. This param

eter provides roughly equal proportions of sulfur and oxygen ions in the plasma torus. This 

is in good agreement with the observed partitioning (Brown et al., 1983; Shemansky, 1987). 

The Yo(OI)/Yo(SI) ratio is a variable that is dependent on Te and Shemansky (1988) has 

shown that it varies nonlinearly as a function of Te in response to the oxygen/sulfur par

titioning constraint. Shemansky also suggests that Yo(OI)/Yo(SI) is most likely to be an 

independent quantity. The relative densities of hot and cold electrons (neh/nee) in the hot 

torus is a model parameter taken to have some freedom, limited strictly by the amount of 

0111 in the plasma (see Table 1.1), as discussed by Brown et al. (1983). Other parameters 

that have limited freedom are the cold electron density (nee) and temperature (Tee) and the 

average ion temperature (Ti). 

The structural model of the hot torus used in these calculations is based on the model 

(Shemansky, private communication, 1989) for the radial distributions of nee and Tee cal

culated from the analysis of Voyager 1 and Voyager 2 post-encounter UVS system scan 

spectra. The model used for the radial distribution of (average) Ti, neh/nee, and Teh ~vhich 

is based on the analysis of Voyager PLS in situ measurements (Bagenal and Sullivan, 1981; 

Bagenal et al., 1985), is given in Sittler and Strobel (1987). We show the Sittler and Strobel 
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(1987) data for the plasma ions and hot electrons in Appendix C. There are no remote or 

in situ radial measurements giving the kinetic temperature of each ion in the plasma torus. 

We thus assume that all ions in the model have the average temperature Tj. In the high 

density region of the hot torus (5.75 - 7.1 RJ) we assume a constant Teh ~ 107 J( and 

neh/nee = 5.0 X 10-5 (see Brown et al., 1983). There is quantitative uncertainty in the 

measurement of the hot electrons in the 5.75 - 7.5 RJ region because of ion feedthrough 

effects on the PLS data analysis and because measurements do not cover the full range of 

energy and pitch angles while the hot electron source has not been identified (Scudder et 

al., 1981; Sittler and Strobel, 1987). In the 7.1-7.4 RJ region we extrapolated neIL/nee and 

Teh from the hot torus value to values given by the Sittler and Strobel (1987) data where ion 

feedthrough disappears. The radial distribution of Eq. (3.9) is estimated from the radial 

profile of the oxygen ion creation rate calculated by Smyth and Shemansky (1983) based 

on the Voyager 2 encounter conditions of the plasma torus. This estimation was necessary 

as there is no measured spatial distribution of the neutral source rates known to date. 

The computer model calculation begins near the maximum density region of the hot 

torus at 5.75 RJ and continues on radially outward to '" 10 RJ. At 5.75 RJ, where ion 

diffusion presumably goes inward and outward with no accumulation of ions from radially 

adjacent volumes, we set 

Yi=O, i>O, r=5.75RJ. (3.10) 

The equilibrated ions in the present volume then diffuse outward into the next radially 

adjacent volume, thus providing a source of ions for the equilibration calculation in this 

new volume, such that 

Yi = Nj . Dj , i > 0 , r > 5.75 RJ . (3.11) 

The calculation proceeds in this manner until the endpoint at '" 10 RJ is reached. Conti

nuity between radial volume elements is established by correcting the ion source rates with 

---------.-- - ~ - -
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geometrical factors that are related to changing radial volumes. This ensures approximate 

continuity in particle flow between volume elements as well as total particle content. This 

requirement also puts a constraint on the radial step size in the model. The step size is 

a quantity that is optimally adjusted in the model contingent upon a reasonable radial 

variation of the plasma parameters between volume elements such that continuity is not 

violated. The next chapter presents and discusses the results of this calculation. 
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In this chapter we present and discuss the results of computer model calculations of 

the hot plasma torus condition. The purpose of these calculations is to make theoretical 

predictions of important plasma torus properties, such as species partitioning and energy 

branching, and to make a comparison of these with observational measurements of the 

torus condition. We emphasize that the following calculations are a one dimensional ra

dial calculation of collisional-diffusive equilibrium that model the spatial structure of the 

hot torus physical condition. Given the rates for the known plasma reactions that have 

a controlling effect on the system, the electron density, the relative oxygen/sulfur propor

tions, the ion diffusive loss time and a source of energy for the electrons, we can calculate 

the condition of the plasma. These are the minimum external constraints imposed on the 

computational system. The introduction of any other external constraints on the plasma, 

such as ion partitioning, requires the inclusion of a finite heterogeneous energy source/sink 

for the electrons. What we do not know about the plasma, however, is the spatial distri

bution of neutral atoms and their source rates. Solutions to the calculations defining the 

species partitioning are obtained under the internal constraint of charge neutrality. The 

radial model is an outward radial calculation from the volume element centered at 5.75 RJ 

to another one centered at any r > 5.75 RJ, and to radially transport ions via collision ally 

driven diffusion requires the boundary value determination of ion volume source rates as 

an additional internal constraint on the computational system. In the following sections we 

will discllss cases of interest in the modeling of the radial plasma partitioning and energy 

branching. The cases below will differ from each other somewhat because each will have a 

slightly different set of external constraints imposed to define the corresponding calculation. 

There is also another special case examined in this study, but we defer this to Chapter 5. 

---------_.-_.- _. 
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4.1 Case 1 - Partitioning, Case 2 - Energetics 

The case 1 - partitioning model is a radial calculation of the plasma region 5.75 -

10 RJ, which includes the hot plasma torus region of 5.75 - 7.5 RJ. The purpose of the 

case 1 calculation is to predict the radial distribution of ion and neutral atom populations 

subject to a fixed set of constraints put on the plasma, which we discuss below. The 

radial ion populations in the hot torus are known from Voyager 1 measurements and the 

case 1 results can be compared with these. However, there is currently no measurement 

available which defines the radial distribution of neutral atoms in the torus, and so the case 1 

prediction of this distribution is important for this reason. The model calculation for plasma 

partitioning (Eqs. (3.1) and (3.2)) requires the definition of electron and ion temperatures, 

electron density, neutral atom source rate ratio and the diffusive loss probability for each 

sulfur and oxygen ion. The first four parameters are fixed by observation, see Section 

3.4. The ion diffusive loss probability is calculated in the model using Eqs. (2.31) and 

requires ion and electron temperatures to define it. The energetics of the system for this 

case are already determined because we have selected the plasma density and temperature 

parameters according to observational measurement. The quantities determined in this 

calculation are the absolute values ofYj (oxygen/sulfur source rates) and Nj (oxygen/sulfur 

populations), where we recall from Section 3.4 that j = 0 denotes neutrals and j > 0 denotes 

ions. 

The case 2 - energetics model is a radial calculation of the plasma energy branching 

(Eqs. (3.4) and (3.6)). The purpose of the case 2 calculation is to complement the case 

1 results by predicting the radial distribution of the plasma energy branching. The ion 

and electron temperatures are calculated in this case and we want to compare these to 

observational measurement. This calculation will not be a NeT calculation (see Section 

3.2) because an important limiting factor that we impose on the system for this case is 

the partitioning of ions, in particular, the [SII]/[SIII] number density ratio. Shemansky 

(1988) chose the [SII]/[SIII] parameter as a reference to observation because ground-based, 

----------- ---~ .. ~ 
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Earth satellite, and spacp.craft measurements of the hot plasma torus give [SII]/[SIII] < 1. 

NCT predicts, given the inherent deficiencies discussed in Section l.1.a, that [SII]/[SIII] 

~ 1 as a result of the very low Te the model generates. The inclusion of Je (> 0.0) in the 

energetics (see Eqs. (3.6)) is to further heat the plasma electrons above what NCT can 

provide such that the observed partitioning can result from the model calculation. In case 

2, however, we chose [SII]/[SIII] to be fi.xed by the partitioning calculated in case 1. This is 

because we demand that the partitioning results from this case are consistent with the case 

1 results. The calculation of collisional equilibrium to determine radial energy branching 

in this system requires only the definition of electron density, neutral atom source rate 

ratio, the [811]/[8111] ratio, and the ion diffusive loss probabilities. These are the externally 

imposed constraints for this case. The first, second, and third constraints are determined 

as in case 1. The internal constraints for case 2 are also the same as those of case 1. It 

is important to remember that the plasma temperatures are not fixed inputs in this case 

because once Te and ne are both selected, according to some theory of energy injection or 

observational measurement, then the energetics of the system are determined and in case 

2 the computational system must internally adjust the temperatures until a steady state 

balance between energy injection and radiative losses can be reached. The results of this 

calculation are absolute Yj and Nj (as in case 1) along with Ex (excess energy input rate 

required to heat the plasma electrons, Je ), Tj, Te, Etot (total energy input rate), Ej (energy 

input rate from ions), and Erad (total radiated energy). 

In the following pages we present the results of the case 1 and 2 calculations. Figures 4.1 

and 4.2 show the electron temperature and density radial distributions which were employed 

in the calculations. Figures 4.3 and 4.4 show the radial distribution of the average ion charge 

and ion diffusive loss rate calculated in case 1. Figures 4.5-4.9 show the radial distribution 

of the neutral atom and ion number densities and partitioning ratios calculated in case 1. 

Figures 4.10 and 4.11 show the radial distribution of the plasma energy branching and ion 

and electron temperatures calculated in case 2. 
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4.1.a Discussion of Figures 4.3 - 4.11 

The radial variation of the average ion charge shown in Figure 4.3 demonstrates remark

able features. The steady rise of Za1Je in the region 5.75 - 7.1 RJ reflects the dominance of 

the plasma ionizat.ion level by the electron cold component (thermal core). The electron hot 

component has a very small relative concentration ('" 5 X 10-5 assumed in the model, see 

Section 3.4) in this region and thus has a negligible effect on the plasma ionization balance. 

In the region L > 7.1 RJ, however, there is a rapid rise and later subsequent radial variation 

of Za1Je' This feature corresponds directly to the same variation in the temperature and con

centration of the hot electron component in this region, see Appendix C. This higher plasma 

ionization balance results because the hot electron component (temperature) is extremely 

important in the ionization of ions with large ionization potentials. More specifically, all 

the electron impact ionization of the multiple-charged ions is due to supratherlllal electrons 

since the ionization rate I.R . ..:. I.R. ~ exp( -X/1~) where \: is the ionization potent.ial of an 

ion - is proportional to the electron temperature which rapidly increases with increasing 

radial distance. Therefore, the hot electrons playa crucial role in the ionizatioll balance for 

multiple-charged ions and they finally shift the plasma constituents toward ions of higher 

charge state. 

Figures 4.5 and 4.6 - 4.9 show the variations of the neutral atom and ion populations 

with radial distance. Figure 4.5 shows a gradual drop in 51 and 01 densities throughout the 

entire 5.75 - 10 RJ region. The radial distribution of the neutral populations shown in this 

figure is only a prediction given that the neutral populations were forced in the calculation 

by constraining Te , n e , and Yo(OI)/Yo(SI) by observation. There are 110 observational 

measurements of the torus which define the radial distribution of the neutral populations, 

as well as neutral source rates, available at this time. Figures 4.6 - 4.8 show the variation 

of the sulfur and oxygen ions with radial distance. In the hot torus region, the dominant 

ion species are seen to be SIl, SIll, SIV, OIl, and DIll. This result is essentially in good 

agreement with those of the Voyager UVS measurements. For the region L > 7.1 RJ, SlY, 
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SV, SVI, OIY, and OV become the dominant ion species because of the aforementioned rise 

in the ionizing contribution of the hot electron component. 

Figure 4.9 shows the radial variation of the relative ion densities or partitioning ratios. 

The ratios for the region L > 7.5 RJ exhibit radial structure once again corresponding to 

the hot electron component variation. The ratios for the hot torus region (5.75 - 7.5 RJ) 

show some reasonable qualitative agreement with those based on Voyager UVS measure

ments, with one exception, however. The [SII]/[SIII] ratio is a factor 2.4 - 2.7 lower than 

Voyager UVS and ground-based measurements would have it for this region. For example, 

at 5.75 RJ Voyager 1 UVS (Shemansky, 1988) and ground-based (Trauger, 1984; Pilcher and 

Morgan, 1985; Moos et al., 1985) measurements have determined [SII]/[SIII] '" 0.7 « 1, 

in general, for all Earth satellite, ground-based, and spacecraft· measurements), while our 

model predicts [SII]/[SIII] '" 0.3. This result occurred from a combination of two factors, 

the slower ion diffusive loss rates (see Figure 4.4) based on collisional diffusion and the use 

of the McGrath and Johnson (1989) charge exchange rates in the model. Our model would 

predict [SII]/[SIII] '" 0.4 at 5.75 RJ. using the Johnson and Strobel (1982) charge exchange 

rates with the same ion diffusive loss rates. It was found that if the diffusive loss rates were 

4.5 times faster (or'" 59 days loss time for SII and all) the calculated ratio would match 

the observed value using the McGrath and Johnson rates in the model, whereas, diffusive 

loss rates would need to be 2.5 times faster (or rv 106 days loss time for SII and all) to get 

the same result using the Johnson and Strobel rates. However, uncertainties in the charge 

exchange cross sections are large enough that they can inject serious bias in the calculated 

partitioning. The uncertainties in these rates will be discussed in Section 4.3. 

Figure 4.4 shows the calculated ion diffusive loss rate (Zi . Di) versus radial distance. 

The variations of Zj . Dj shown in the figure are a result of the complicated dependence on 

Ti and TenT;, Jovian magnetic field strength, and the average plasma ion charge. At 8.8 RJ 

Zj . Di takes a factor rv 2 jump upward because the average ion temperature, determined 

from Voyager PLS in situ data, undergoes rapid (factor rv 2) variations in the 8.8 - 10 RJ 

region, see Appendix C. The calculation of Di in the model is constrained by Te and Tj. In 

.. ,._,.,. ,--_._----------- -" 
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the case 1 model these are fixed by observation (Section 3.4). To determine the Dj rates for 

the various plasma ions one only needs to divide the data in the figure by the desired ion 

charge Zj. Those ions with like charge such as SIl and OIl or SIll and OIII, for example, 

have the same diffusive loss rate. This result came about because all ions in the model were 

a.ssumed to have the same average ion temperature computed from analysis of the Voyager 

PLS data (see, for example, Sittler and Strobel, 1987 and references cited therein). This 

assumption was necessary because at this time there exist no ground-based or spacecraft

based measurements that give data for the determination of individual ion temperatures and 

the radial distribution of these in the hot plasma torus region and beyond. Also, we do not 

calculate the detailed ion kinetic distributions in this study. As a result, the diffusive loss 

rates of the various ions in this model are differential according to like ion charge between 

different species. In comparison to ion diffusive loss rates based on other theories in the 

literature (see Section 1.2) ours are a factor of several to more than an order of magnitude 

slower. This is especially true for the hot torus region. 

Figures 4.10 and 4.11 show th~ radial distribution of plasma energy branching and 

ion and electron temperatures calculated by the case 2 model. In Figure 4.10 arc plotted 

data for the ion energy input rate (Ej), excess energy input rate required to heat the 

plasma electrons (Ex), the total energy input rate to the plasma (Etot = Ei + Ex), and 

the total radiated energy rate (Erad). This figure shows two very remarkable features. 

The first is the demonstration of the fact that neutral cloud theory sorely fails in the 

hot torus region. As indicated in the figure Ex is approximately 10 - 87% of the total 

energy input rate in the region 5.75 -7.85 RJ. This result compares well with Shemansky's 

estimate of 25 - 70% (Shemansky, 1988) based on his model calculation for the plasma at 

5.75 RJ. It should be pointed out that in case 2 t,he calculation of Ex is constrained by 

the [SIl]/[SIII] ratio calculated in case 1 instead of the observed ratio in order for the case 

1 and 2 results to be self-consistent. For the region L > 7.85 RJ outside the hot torus Ex 

drops to insignificant values, and thus begins the second interesting feature in the figure. 

In the region 7.85 < L ::; 10 RJ the model incorporated neutral cloud theory (Je is set 

- -_. - -- .-. '--'-'---~---~-- -- - . -
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to zero and the [SII]/[SIII] constraint is removed from the calculation) to calculate energy 

branching and the results indicate that the ion energy input is more than sufficient to supply 

the corresponding radiative energy loss, as expected from neutral cloud theory. This result 

occurred because of the rise of the mixing ratio of the hot electron component in this region. 

The overall plasma densities are very low compared to the hot torus region and thus the 

hot electron component has a large role in the plasma energetics. The radial rise and fall 

features of the energy rates and ion and electron temperatures in the 7.1 - 10 RJ region 

shown in Figures 4.10 and 4.11 corresponds somewhat with the radial variation of the hot 

electron concentration and temperature. 

Figure 4.11 complements this analysis by showing a plot of the case 2 calculated electron 

temperature (Te), average ion temperature (Ti), and the average ion temperature required 

if all of the energy is supplied by the ions (Tj(eq)). In the region 5.75 ~ L ~ 7.85 RJ it is 

seen that Ti and Tj( eq) differ by factors of few-several, this is an indicator of N CT failure. 

For L > 7.85 RJ the two are equal as expected from the indicator of NeT in this region. 

The agreement between the calculated Te and those from the Voyager 1 PLS data (Sittler 

and Strobel, 1987) is within 10%. For L > 7.85 RJ the calculated Te differ from those of 

the Voyager 1 PLS data by as little as 10% and as much as a factor of 2.7. Also for this 

region, the calculated Tj are in very good agreement with those from the Voyager 1 PLS 

data (Sittler and Strobel, 1987), with differences of 9 - 26% occurring. The general rise 

in Te with increasing radial distance is consistent with the corresponding drop in electron 

density if radiative emission in the EUV is a dominant energy loss mechanism. The radiative 

cooling rate is ex: Nt:" exp( -hll /Te) where hll is the photon energy. To compensate for a 

density decrease, the electron temperature must increase. A factor of 10 decrease in ne over 

5.75 - 7.5 RJ lowers the radiative cooling rate by a factor of 100. But the factor of 1.6 

increase in Ttl enhances the cooling rate by a factor of 3 for a net factor of 33 decrease in 

the cooling rate. This reduced rate of cooling is consistent with substantial radiative losses 

as the plasma radially diffuses outward. 

---- -- --.--.---~-,----- -- ~ - -
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4.2 Case 3 - Partitioning, Case 2 - Energetics 

The case 3 partitioning model calculation giving the results presented in this section 

parallels that discussed in the last sections with one important difference. The difference is 

that this calculation is self-consistent by the requirement that we use our proposed collisional 

diffusion mechanism to determine the radial structure of the hot torus region by calculating 

the radial distribution of the plasma electron density. The calculation of electron density is 

constrained by an assumed fi..'Ced radial distribution of neutral atom densities. The goal of 

the case 3 model is to attempt to calculate electron densities that are comparable (within 

10%) to those that were obtained from Voyager post encounter EUV measurements (see 

Figure 4.2 for electron densities in the region 5.75 - 7.5 RJ)' 

The starting point of the calculation at 5.75 RJ is the same as in case 1. As discussed in 

Section 4.1, the fixed (external) constraints for this calculation are electron and ion temper

atures, electron density, neutral atom source rate ratio and ion diffusive loss probabilities. 

These quantities are determined as in the case 1 model. The case 3 results are (absolute) 

Yj and Nj. The resulting neutral atom populations, forced in the calculation by the above 

constraints, serves to define the distribution of plasma from the density peak at 5.75 RJ. 

The calculation for L > 5.75 RJ now takes a turn. We remove the electron density as a fixed 

external constraint because we now wish to calculate it in the model. And as previously 

mentioned, we want to constrain the calculation of radial electron densities by an assumed 

fixed radial distribution of neutral atom densities. The fixed constraints on the calcula

tion are now electron and ion temperatures, neutral atom source rate ratio, ion diffusive 

loss probabilities and neutral atom densities. The results of the calculation are now n e , 

(absolute) Yj and Nj. 

The calculation of collisional equilibrium to determine radial energy branching is the 

case 2 calculation described in Section 4.1 and the external constraints imposed are as 

described there. However, there is one important difference in this particular case. The 

electron densities input for L > 5.75 RJ are calculated by the case 3 model, whereas the 

- - ----.-- .--.-.----~-----.--- -- ~ . -
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density at 5.75 RJ is fi.xed by observation. The [Sll]/[SllI] partitioning constraint imposed 

on this calculation is also determined by the case 3 results. The results of this case 2 

calculation are as described in Section 4.1. 

The case 3 and 2 model calculations are performed only for the high density region, 

5.75::; L < 7.10 RJ, of the hot plasma torus. We chose to stop the calculation at 7.05 RJ 

because at this distance the plasma density is observed to be '" ~ the peak density at 

5.75 RJ. In the region beyond 7.05 RJ the observed plasma density drops very rapidly with 

increasing radial distance to values that are an order of magnitude lower than the peak 

density at 5.75 RJ, and so this region is relatively unimportant in our simulation of the 

higher density hot torus region. Figures 4.12 and 4.13 show the radial distribution of the 

assumed fixed neutral atom densities and the ion diffusive loss rate which was calculated 

in case 3. Figure 4.14 shows the radial distribution of electron density calculated in case 

3, while Figure 4.15 shows the radial distribution of the average ion charge which was also 

calculated in case 3. Figures 4.16 - 4.19 show the radial distribution of the ion populations 

and partitioning ratios calculated in case 3. Finally, Figures 4.20 and 4.21 show radial 

distributions of the energy branching and ion and electron temperatures that were calculated 

in case 2. 

------ -- --------.--.---~~------ --~ --
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4.2.n Discussion of Figures 4.12 - 4.21 

In a direct comparison with the corresponding results from the case 1 and 2 calculat.ions 

given in Section 4.1, we see that the case 3 and 2 results (Figures 4.13, 4.15 - 4.21) have 

features that are in qualitative agreement along with some subtle quantitative differences 

in the data. The minor quantitative differences occur only because of the different exter

nal constraints imposed in the case 1 and case 3 partitioning calculations. The common 

denominator for the similarities between the results in these cases are the neutral atom 

densities that arise. In case 1 the neutral populations (Figure 4.5) were forced by collisional 

equilibrium subject to the fixed constraints (ne, Te, 1i, Di and Yo(OI)/Yo(SI)) imposed 

there. In the current case :~ calculation we made a switch in one constraint, while keeping 

the others unchanged, s11ch t.hat the electron dllnsity was forced by collisional equilibrium 

subject to the fixed constraint.s of No (neut.ral atom d('nsity), Te , Ti, Di and Yo(OI)/Yo(SI). 

However, the electron densities calculated in this way were required to reproduce the ob

served hot torus radial density distribution (Figure 4.2). This further requires that the No 

distribution be carefully chosen to obtain the desired ne distribution, since any arbitrary 

choice for fixing the No distribution will not produce the desired result while keeping the 

other external constraints on the computational system unchanged. 

The neutral atom densities shown in Figure 4.12 differ by 0 - 34% from those that 

were forced in the case 1 calculation of Section 4.1, see Figure 4.5. The electron densities 

calculated in case 3 are shown in Figure 4.14 and differ by less than 4% from observed 

electron densities shown in Figure 4.2 for the 5.7.5 :s L :s 7.10 RJ region. Therefore, the 

Voyager UVS measured hot plasma torus radial density structure has been approximately 

reproduced by a model calculation subject to the physically limiting constraints discussed 

above. 
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4.3 Uncertainties Affecting the Results 

In this chapter we have presented the results of our model calculations of collisional 

equilibrium predicting the radial distribution of plasma species partitioning and energy 

branching. The first model gave results for the hot plasma torus region and the region of 

low density plasma beyond to approximately Europa's orbital distance. This calculation was 

based on the case 1 and 2 external constraint parameters in an effort to predict the species 

partitioning and energy branching for this region. The case 1 partitioning model requires 

the definition of electron and ion temperatures, electron density, neutral atom source rate 

ratio and ion diffusive loss probabilities as external constraints on the calculation. The 

la.tter parameter (Di) requires 1"'e and Ti to define it and is calculated in the model while all 

the former parameters are fixed by ohservation. The case 2 energetics model requires the 

.; definition of electron densi ty, neutral atom source rate ratio, the [SII]J[SIII] ratio (calculated 

in case 1) and the ion diffusive loss probabHities (calculated in the model) as external 

constraints. The case 3 model gave results for the 5.75 -7.0 RJ (peak density to one-third 

density) region of the hot torus. This model gave a self-consistent calculation whereby the 

plasma electron densities were calculated to reproduce the radial density structure of the hot 

plasma torus subject to a slightly different set of physically limiting constraints than were 

imposed in the case 1 model. This particular calculation was constrained by neutral atom 

densities, electron and ion temperatures, neutral atom source rate ratio and ion diffusive 

loss probabilities. The first constraint is fixed by (carefully chosen) assumption while the 

latter constraints are determined as in case 1. The energetics calculation associated with 

case 3 was again the case 2 model where the input electron densities and [SIIJ/[SIII] ratio 

are calculated in case 3. The results of the case 3 species partitioning and associated case 

2 energy branching were similar to those of the case 1 and 2 plasma models while various 

quantitative differences were noted. 

The results of the plasma model calculations presented in this chapter can be affected 

by uncertainties in the plasma parameters, reaction rates, and transport mechanism. Un-

---------.---- -. 
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certainties in the electron impact ionization rate coefficients used in our model are typically 

< 30% for SI-SIV, '" 10% for SV, :::; 50% for SVI, :s 20% for OI-OIV, and:::; 50% for OV 

(see the references cited in Section 3.3.a). Further, the rate coefficients for electron impact 

ionization, recombination, and radiative cooling are sensitive to small variations in electron 

emperature such that a '" 10% change in temperature results in rates varying by as much as 

a factor of 2. Observations of the hot torus region have indicated that electron temperatures 

have varied by at least this amount over time (Strobel, 1989). The recombination rates are 

less sensitive to variations in electron temperature, with factor of 2 variation in rates re

sulting from a ~ 30% change in temperature. Uncertainty in the theoretical dielectronic 

recombination rates used in this model are estimated to be :s 30% at high temperature, 

whereas the uncertainties can be larger at low to medium temperatures. It is the low to 

medium temperatures that are critical in the plasma torus. Badnell (private communica

tion, 1990; see also, BadneIl, 1989) has described more accurate calculations of sulfur and 

oxygen .dielectronic recombination rates which could significantly affect the species parti

tioning in the torus. The uncertainty in the radiative recombination rates are in general 

< 10%. The inclusion of trace amounts of the hot electron component will affect the popu

lation of the higher charged ions differentially with respect to other species in the hot torus 

region (see Brown et aI., 1983). There is quantitative uncertainty in the contribution of 

the hot electron component because the Voyager 1 PLS in situ measurements suffer from 

ion feed through and they do not cover the full range of pitch angles and energy, while the 

source has not been defined (Scudder et aI., 1981; Sittler and Strobel, 1987). 

The charge exchange rates used in this model have uncertainties of '" 10% for the 

resonant reactions and row 50% or higher for the non-resonant reactions (M. McGrath, private 

communication, 1989). Aside from the different ion diffusive loss rates, our model will give 

different ion partitioning results for the plasma at 5.75 RJ compared with those given 

by the Brown et aI. (1983) and Shemansky (1987, 1988) models. Their models use the 

Johnson and Strobel (1982) rates which differ from the McGrath and Johnson (1989) rates 

for several important reactions. The large uncertainties in the charge exchange rates have 
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injected a serious bias in our calculated partitioning. In particular, our result for [SIl]/[SIII] 

is in agreement with the observational constraint [SII]/[SIII] < 1, in general, but does not 

agree with typical values inferred by observational measurement as being [SII]/[SIII] "" 0.7 

at 5.75 RJ. To obtain this partitioning from our plasma model without violating charge 

exchange would require that we introduce electron temperatures into the calculation that 

are 20 - 25% lower than those currently employed in the model (Figure 4.1). This would 

imply electron temperatures below 4 eV and temperatures this low have never been observed 

in the hot plasma torus region. Dielectronic recombination will also have an effect on the 

calculated partitioning because the ion diffusion rates are so low and the uncertainty in the 

recombination rates may actually be larger. The ion-ion reaction rates (reactions 26 and 

27 in Table 3.1) are more uncertain because there are no extensive measurements of the 

ion kinetic energy distributions. These distributions may have changed with the moderate 

changes in the plasma torus detected between the Voyager 1 and Voyager 2 encounters and 

it is not clear how this can occur. In ground-based photometric measurements of the SIl red 

. doublet Brown (1982) detected much higher energy non-Maxwellian ions, based on evidence 

for a SII energy distribution that cannot be fitted with a single Ma.xwellian function, and 

pointed out that emission from kinetically hot particles tends to be hidden from the observer. 

Also, energy resolution of the Voya.ger 1 PLS in situ measurements is difficult in the hot 

torus region and so this should not preclude the existence of (minor) hot components in 

the ion energy distributions (llagenal, 1989). Further, the ion energy distributions are 

difficult to ca.lculate theoretically due to our uncertainties about the governing ion source 

and equilibration processes. This brings us to the uncertainties in the ion diffusive loss rates 

calculated by our model. The collisional diffusion coefficient in our theory is dependent on 

individual ion temperatures in order to define individual ion diffusion rates. From the above 

discussion it is known that such data does not exist for the plasma torus ions at present. 

Since we used the average ion temperatures given by Sittler and Strobel (1987) to define 

our diffusive loss rates, we estimate our uncertainty in the diffusion rates to be a factor < 2. 

Finally, the model results presented in this chapter can be compared at some level with 

. -.......•... ----.-.~-~~ 
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other models currently existing in the literature, but it is difficult to make any comparisons. 

First, the models in the literature calculate collisional equilibrium for a single volume el

ement of the plasma, which is a non-dimensional calculation. Secondly, these models all 

invoke some range of very fast ion diffusive loss rates (usually based on FTIDT) in order for 

their results to approximately reproduce observed plasma properties in conjunction with 

constraints imposed by other observed quantities. Third, none of these models have been 

extrapolated to slower diffusive loss rates (comparable to ours) to give results with which we 

can compare. Fourth, there are no models in the literature which are based on collision ally 

driven ion diffusion. Last, the models in the literature do not all have the same number of 

plasma reactions and rate coefficients as those which are used in our model. 

-------------- -. 



CHAPTER 5 

FURTHER TOPICS 

5.0 The Plasma Region Inward of 5.75 RJ 
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The computer model employed in this study to examine collisional ionization-diffusive 

equilibrium in the hot plasma torus is currently not suited for a similar study of the cold 

torus region. This is because the plasma model for the cold torus region would require 

the addition of several plasma reactions involving molecular species. Barbosa and Moreno 

(1988) propose as source products for the various processes in the cold torus S02 and its 

dissociation fragments SO, 02, Sand 0 which are produced by solar UV photo-dissociation 

of S02. Prominent in these reactions is the significance of the molecular clouds of SO 

and'S02 as both sources and sinks for ions. McNutt (private communication, 1989) has 

obtained calculated energy per charge spectra from the Voyager 1 PLS in situ measurements 

showing a significant signal for a molecular component in the cold torus region. The radial 

distribution of molecular specie densities and source rates are unknown because there is 

no observational input for these quantities, and this fact will complicate an attempt to 

spatially model the cold plasma torus. We will, therefore, confine the current discussion to 

the applicability of our proposed collisional diffusion theory to the cold plasma torus. Figure 

5.1a shows the radial profile of the 10 plasma torus electron density taken from Smyth and 

Shemansky (1983). The cold plasma torus region is located in the 4.9 - 5.5 RJ region. 

From the various plasma parameters existing for the plasma region inside lo's orbit 

(5.7 - 4.9 RJ) we can pick representative values and insert them into the validity conditions 

(see Sections 1.2, 2.0.a, 2.3 and Appendix A) for the application of the diffusion coefficient 

in Eq. (2.29). Although numerical values for this case are different, the qualitative results 

are the same as for the hot torus. It is on this basis that we can confidently say that 

the plasma region inside lo's orbit is collisional in the long mean free path regime and the 

development in Chapter 2 leading up to Eq. (2.29) is valid. We can now make estimates of 

---~------- --~ --
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the collisional ion diffusive loss times for this region and compare our results with others 

given in the literature. 

From Sittler and Strobel (1987) we find representative ion and electron temperatures 

(Ti' Te) at 5.7 and 5.5 RJ of (30 eV, 3.5 eV) and (10 eV, 3 eV), respectively. These give 

diffusive loss times for SII and 011 of'" 3.8 years at 5.7 RJ and", 28 years at 5.5 RJ. The 

loss times for multiple-charged ions can be found by multiplying the SII-Oll loss time by 

the appropriate ion charge. For the 4.9 - 5.5 RJ region Sittler and Strobel (1987) show 

values of Te = Ti. This fact leads to the result that as Te --t Ti in the cold torus, ~ --t 1 

(see Eq. (B.2) in Appendix B), and thus Di.l --t :l~i (Eq. (2.29)). For Te = Ti ~ 1- 2 eV 

in the cold torus, the diffusive loss time for SII and 011 ions is fV 167 years and longer for 

lower temperatures. These are essentially the dominant ions in this plasma because of the 

extremely low (ionizing) electron temperatures. Figure 5.1b shows a radial profile of the 

collisional ion diffusive loss rate for the 5.0 - 7.5 RJ plasma torus region. 

We can see from these results that the ion diffusive loss rates decrease (loss times 

increase) as Ti and Te decrease with decreasing radial distance from 5.7 RJ. Over the 

5.7 - 5.0 RJ region the ion diffusion rates decrease by a factor of fV 40, which corresponds 

well with the factor of 20 - 30 decrease in Ti. Moreno and Barbosa (1986) give their es

timate of 140 - 710 days diffusive loss time for all ions in the cold torus region. Their 

diffusion rates are thus fV 10 - 89 times faster than ours for this region. If diffusion were the 

dominant loss process, then this fact can certainly lead to large differences in the Barbosa 

and Moreno (1988) cold torus model and some version of our model that would include 

important molecular reactions in the plasma. However, ion diffusion is so slow in the cold 

torus that it is no longer a delimiting factor. This is because an ion is lost to recombination 

faster than it is to diffusion. 

5.1 The Plasma Torus Bimodal Structure 

In Figure 5.1 b we see that collisional ion diffusive loss rates in the hot torus (5.75 -
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7.5 RJ) region decrease by a factor rv 2 wi th increasing radial distance. From the discussion 

in the previous section we showed that collisional diffusive loss rates decrease by a factor 

rv 40 with decreasing radial distance in the 5.7 - 5.0 RJ plasma region inside lo's orbit, 

see Figure 5.1b. Also, the ion diffusive loss rates in the hot torus are rv 5 - 200 times 

faster than loss rates in the cold torus. We further note that the magnitude of the plasma 

density gradient in the 5.7 - 5.5 RJ region is six times larger than the density gradient in 

the 5.75 - 7.5 RJ region. 

The collisional ion diffusion rates are defined by Ti and TenT; in the plasma (Eqs. (2.29) 

and (B.2)). These quantities are in turn defined by the plasma energetics. And last, plasma 

density and energetics are determined by the governing plasma source and equilibration 

processes. This fact and the fact that NeT does not work has to explain the shape of 

the plasma around the peak density region at 5.75 RJ shown in Figure 5.1a. We recall 

from our discussion in Section 1.2 that a collisional diffusion mechanism operating in the 

plasma torus is consistent with the failure of NCT because an external process is energizing 

the plasma electrons. Collisional diffusion is essentially a "victim" of the energy injection 

process because it has a dynamic dependence on where energy is injected into the plasma, 

which forces diffusion to take on the structure it has in both torii. In other words, the 

energy that is injected into the plasma in the confined peak density region at 5.75 RJ is 

driving the shape of diffusion as well as the (bimodal) radial structure of the plasma torus. 

This can be thought of as a bootstrap process. 

Other models which attempt to derive the radial features of the plasma torus are based 

on FTIDT diffusion (see, for example, Siscoe et a1., 1981 and the references cited in Sections 

1.1 and 1.2). In these models the diffusion coefficient is defined to be the proportionality 

constant (transport coefficient) between the particle flow normalized to magnetic flux and 

the plasma density gradient, where the density is also normalized to magnetic flux. The 

diffusion coefficient is defined as a constant between a single source and sink of plasma 

which are locallized on the boundaries of the density gradient of the torus bimodal regions. 

This introduces a diffusion coefficient which is artificially parameterized. Some of these 
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parameters, and hence the FTIDT diffusion coefficient, are mostly defined by the observed 

radial profile of the plasma torus magnetic flux shell density, see Section 2.4. This result 

is put into a plasma model which then calculates a predicted radial profile of the magnetic 

flux shell density for the bimodal plasma torus. 

This is not a natural or self-consistent method for three reasons. First, you cannot 

define a constant diffusion coefficient on the basis of plasma sources and sinks being located 

at the plasma (density gradient) boundaries because in the real collisional plasma torus the 

sources and sinks are continuously distributed throughout the plasma region. Secondly, in 

Section 1.2 we gave evidence against FTIDT as a valid plasma diffusion mechanism. 

5.2 The Hot Torus Energy Crisis 

In this section we will discuss a topic of particular interest regarding the so-called energy 

crisis of the hot plasma torus. Shemansky (1988) was the first to point out from a detailed 

quantitative analysis of the hot torus energetics that Neutral Cloud Theory (NCT) could 

only supply 20 - 50% of the input energy required to maintain the observed EUV radiation 

output. This analysis was performed for a single volume element of the plasma located at 

the peak of plasma density (5.75 RJ), whereas, we have given results of a radial-dimension 

calculation in Figures 4.10 and 4.11 (Section 4.1) showing the energy deficit for the entire 

hot torus region. In recent literature (Smith et al., 1988; Strobel, 1989) this energy deficit 

in the context of the failure of NCT has been popularly called "the energy crisis." This 

term is misleading because the large neutral atom mass-loading required in NCT, which 

must be balanced by fast diffusive loss rates, can inject a large flow of energy into the 

plasma. However, this energy is not efficiently routed to radiation because it is mostly 

lost through very fast charge exchange that results from the large neutral atom density 

requirements. Before continuing on we recall that this crisis occurs because the radiative 

cooling rates of dominant sulfur ions (SII and Sill) calculated by Shemansky (1988) are so 

large that in the NCT model the electron temperatures are suppressed and never attain the 

.. _.- -- ---- -----------.---~--- - ~ - -



112 

necessary values to produce significant SIll density. The result of this is that [SII]/[SIII] ~ 1 

which is contrary to Voyager UVS data, ground-based, and Earth satellite observations that 

measured [SII]/[SIII] < 1. Hot torus models incorporating the more accurate Shemansky 

(1988) radiative cooling rates cannot produce the latter ratio if pickup ions are the only 

electron energy source because they predict a singly ionized plasma. 

Shemansky (1988) has proposed two possible solutions to the energy crisis which entail 

the introduction of some additional heat input to the plasma electrons to solve the problem 

of insufficient electron temperature. The first possibility is the dominance of charge ex

change over electron impact ionization in the plasma torus interaction with lo's corona and 

the second is a heterogeneous source of energetic electrons. The former process has been 

argued against by Strobel (1989) and Bagenal (1989). Strobel (1989) argues that the first 

possibility can be eliminated on the grounds that the Smith and Strobel (1985) model re

sults predicting the ion velocity distributions with suprathermal tails would be inconsistent 

with those determined by Voyager PLS data given the proposed additional energy input 

to the plasma. However, Strobel (1989) does not consider ion diffusion and whether fast 

or slow diffusion affects his argument. Bagenal (1989) does not provide any explanation 

for her statement. The latter process was investigated by Shemansky (1988) for the single 

volume element model and by the radial-dimension model given in this study. 

However, Smith et al. (1988) propose another solution to this problem, namely inward 

diffusing energetic sulfur and oxygen ions. The (fast) neutral atoms produced in the 10 

plasma torus by charge exchange reactions (R4 in Section 3.3.c) are created with the relative 

corotation speed [Vc-rel =1 Vc - VIo I, where Vc =1 nJ x r 1= 754(7'/60 RJ) km 8-1 is 

the plasma (guiding center) corotation speed and VIo = 17.5 km 8-1 is the Kepler orbit 

speed of the slow neutral atom] above the Jovian escape speed [vesc = (2GMJr- 1 )1/2 = 
7.7(r/60 RJ)-1/2 km 8-1] and escape to the outer magnetosphere where they are ionized 

by electron impact and energized by acceleration mechanisms. Smith et al. (1988) point 

out that the most energetic ions are scattered by wave-particle interactions in the strong 

diffusion limit down the magnetic field lines and precipitate in Jupiter's auroral zones. Ions 
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with energy less than a threshold energy resonance (Eres fV B2/87rne fV 6 - 20 keV at 

r fV 8 RJ) diffuse inward to the hot torus where they collisionally transfer their energy 

preferentially to the electrons with time scales comparable to their lifetime against charge 

exchange (Smith et al., 1988; Strobel, 1989). The Smith et al. proposal is only preliminary 

at this time as detailed quantitative calculations have not been done to put this explanation 

of the energy crisis on a convincing basis. In what follows we undertake this task by 

briefly outlining the relevant physical mechanisms and apply these to our computer model 

calculation of collisional ionization-diffusive equilibrium. The reader should refer to the 

references cited in Smith et al. (1988) and to references cited in the following development 

for more detailed background discussion of this topic. 

As discussed previously, we start with fast neutral atoms (01 and SI) which escaped 

from the hot torus and into the outer magnetosphere where they are ionized by electron 

impact. A newly created ion is immediately swept up by the Jovian magnetic field and 

attains the gyrospeed Vc = VJ.. If an ion is created at ri, its momentum PiJ. perpendicular 

to B implies a perpendicular energy EiJ., in the guiding center frame 

p2 (r.)2 
EiJ.(Oxygen) = 2~i = 47 60 ~J keV, (5.1a) 

EiJ.(Sulfur) = 2· EiJ.(Oxygen) . (5.1b) 

Equations (5.1) assume strict corotation at Ti, whereas the true guiding center speed may 

be less than the corotation speed by factors of order unity (see Section 1.0), thus Eqs. (5.1) 

may overestimate EiJ. by a factor of order unity. If newly created ions diffuse radially inward 

within the magnetosphere, with conserved first adiabatic invariant (vii B = constant), then 

EiJ. will increase as B increases. For an ion created at Ti where the magnetic field is Bi, 

then at a point r < Ti where the field is B the energy EiJ. will be from Eqs. (5.1) 

EiJ.(Oxygen) ~ 47 (!J (60r~J) 2 keV , (5.2a) 
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Eu(Sulfur) = 2· Eu(Oxygen) . (5.2b) 

The maximum energy EiJ. will come about for ions created at a large radius (ri) which have 

diffused inward to a much smaller radius (r). We choose to study ions diffusing inward from 

rv 10 RJ such that Eu ;$ Em. The appropriate rate coefficient for Coulomb collisional 

transfer of energy from the inward diffusing magnetospheric (IDM) ions to the hot torus 

electrons is (Book, 1987) 

where Te (electron temperature) and Eu are in eV, Ai is the atomic weight of the IDM 

ions, and In A is defined by Eq. (2.25) in Section 2.3.a. We can now add a source of energy 

to the hot torus plasma electrons (see Eq. (3.6b» 

(5.4) 

where Nt is the IDM ion density and Eh (= ~kEu, k = 1.602 X 10-12 erg/eV) is in ergs. 

We put Eqs. (5.2) - (5.4) into the computer model and perform a radial calculation of 

plasma partitioning and energy branching for the 5.75 - 7.85 RJ region where NCT fails. 

This is the case 4 model calculation and it is essentially the same as the previous case 2 

model with one exception. The exception is that this model will be a NCT calculation 

whereby Je = 0.0 because we wish Eq. (5.4) to provide the additional heat input to the 

plasma electrons on top of the creation of fresh ions from a neutral cloud of gas atoms 

to maintain a steady-state balance. There will be no ion partitioning constraint imposed 

on the calculation, which therefore requires that Je = 0.0. The calculation of collisional 

equilibrium in this case requires only the definition of electron density, neutral atom source 

rate ratio and the ion diffusive loss probabilities as the external constraints. These quantities 

are determined as in the case 2 model of Section 4.1. 
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Figures 5.2 - 5.4 show the results of the calculation. Figure 5.2 shows the energy 

branching result and from this we see that there is energy balance in the plasma with the 

total energy input (Etat ) given only by the ion energy input (Ei). The resultant radiation 

output (Erad) is a few percent less than E tat• The calculated ion and electron temperatures 

are shown in Figure 5.3 and we see that Ti and Ti( eq) are equal as required by energy balance. 

However, the quantitative results are disturbing. In the 5.9 - 6.8 RJ and 7.1 - 7.85 RJ 

regions the calculated ion temperatures are 20 - 70% lower than those estimated from the 

Voyager PLS data. Also, the calculated electron temperatures in the 5.75 - 7.85 RJ region 

are 5- 50% lower than those estimated from Voyager UVS or PLS data. This result occurred 

because the additional (IDM ion) heat input to the plasma electrons is not adequate. The 

general trend for the 5.75 - 7.85 RJ region is that the IDM ion heat input is roughly two 

orders of magnitude lower than the heat input provided by the plasma ions. 

These very low electron temperatures have an effect on the resulting ion partitioning 

in the plasma, which is shown by the partitioning ratios in Figure 5.4. Compared with 

Figure 4.9 in Section 4.1 we see a variety of features which occur as a result of the very low 

electron temperatures. The most important and obvious of these is the dominance of singly 

charged ions over multiple- charged ions in the plasma. In particular, the [SII]/[SIII] ratio 

is > 1 in the 5.75 - 6.8 RJ region and this result contradicts observation. We are still faced 

with the essential problem that we cannot get the electron temperatures high enough which 

forces the plasma into a singly ionized state. On this basis we conclude that the Smith 

et al. (1988) proposed solution to the hot torus energy crisis is not convincing. The two 

major uncertainties affecting our model calculation are the IDM ion energies and densities. 

These quantities are not truly known because there are no Voyager measurements which 

can put definitive limits on them for ions in the 6 - 500 keV energy range (Smith et al., 

1988). Direct measurements and more quantitative analysis are needed to put this theory 

on a solid basis, and also to further explore the avenues of electron heating by IDM ions in 

either direct or indirect collisional energy transfer processes. 

The proposals put forth by Shemansky (1988) and Smith et al. (1988) to solve the hot 
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torus energy crisis involve different physical mechanisms by which energy is delivered to 

heat the plasma electrons in addition to energy already provided by collisions with pickup 

ions. From this we suggest that there is no energy crisis in the hot torus but only a crisis 

in our understanding of how energy is injected into the plasma electrons. This crisis of 

understanding manifests itself by the lack of convergent and self- consistent results among 

the various plasma models in the literature. Shemansky (1988) points out that the current 

treatment of the 10 plasma torus as being a self-contained entity in models is inherently 

incorrect. The 10 plasma torus, magnetosphere, and Jupiter's ionosphere must be consid

ered as a coupled system. Bagenal (1989) purports that the neutral gas atom/molecular 

clouds are the source of the plasma while the plasma energization process possibly takes 

place equally within the torus by the pickup mechanism and in remote regions of the mag

netosphere by other mechanisms. However, the dynamics of the plasma interaction with 

10 are neglected. Lack of direct measurements compound this problem because clues to 

the various energization processes taking place elsewhere in the magnetosphere and later 

interacting with the plasma torus can be hidden from us. The current plasma models are 

thus incomplete. 
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In this study we discussed the theoretical and experimental evidence which argues 

against FTIDT as an operable collisionless diffusion mechanism in the 10 plasma torus. 

The inherent nature of the plasma torus is collisional. Extreme-ultraviolet through near

infrared radiation emission is observed at the plasma torus. Such radiation can only result 

from inelastic collisional processes occurring in the plasma. It is because of the large radia

tion loss in the hot torus that the plasma ions and electrons are not in thermal equilibrium 

such that electron temperatures are an order of magnitude or more lower than ion tem

peratures. The various plasma reactions, relaxation and equipartition processes occurring 

between the plasma particles are manifestations of a collisional plasma. Indeed, the plasma 

torus properties were shown to satisfy the criteria conditions for the application of collisional 

transport theory. The collisional nature of the 10 plasma torus is characterized in the long 

mean free path regime (AD <{:: aL <{:: L1. < Aeoll). It should be pointed out that in the current 

literature the plasma torus is always referred to as a collisionless or near-collisional plasma. 

In particular, the two regimes, short mean free path (AD <{:: aL <{:: Aeoll <{:: L1.) and long 

mean free path, are often called "collisional" and "collisionless" regimes. Balescu (1988) 

points out that these terms are very misleading and should be banned from the plasma 

literature because collisions play an important, though different, role in both regimes. 

The application of classical collisional transport theory to derive a diffusion coefficient 

for plasma torus ions imbedded in the strong Jovian magnetic field (aL <{:: Aeoll or Wi ~ Vco/l) 

fails because classical theory breaks down in the long mean free path regime. A diffusion 

coefficient for this regime was found by application ofthe Chapman-Enskog (Chapman and 

Cowling, 1970) method of calculating plasma transport coefficients from a solution of the 

Boltzmann equation, however, this coefficient is classical. Simplifying approximations of a 
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fully ionized plasma dominated by Coulomb elastic charged particle collisions were made to 

derive an ad hoc non-classical ion diffusion coefficient. The non-classical character of the 

diffusion coefficient arises from its B-1 dependence that scales the random-walk process 

in a magnetic field as opposed to the B-2 classical scaling. This is because the random

walk step length is the ion gyroradius, which is a direct result of the collisional long mean 

free path regime of the plasma torus, while the random-walk time scale is Tw (~) -1. 

Another non-classical feature of the diffusion coefficient is the factor ~. This factor is a 

manifestation of the charged particle Coulomb collisions and has the effect of combining 

with the ion gyrotime to enhance the random-walk time scale so that particle collisions 

are accounted for in the random- walk process. The Coulomb collisions work against the 

retarding effect of the strong Jovian magnetic field on the rate of perpendicular diffusion 

across the field. The unique feature of this factor is it's functional dependence on the ion 

and electron temperature difference Te - Ti which stems from the intrinsic difference between 

ion-electron and ion-ion collisions when the two populations are at different temperatures. 

Since plasma temperatures are observed to radially vary in the bimodal plasma torus, then 

this quantity will also vary and will therefore force a corresponding variation of the diffusion 

rates. An important aspect of this dependence on the temperature difference between ions 

and electrons is that radiation loss in the plasma torus drives this temperature difference. 

It is because of this fact that radiation loss processes in the 10 plasma torus ultimately have 

a controlling effect on collisional ion diffusion in the plasma. 

Upon examination of the plasma conditions in the cold plasma torus region, it was found 

that the collisional nature of this plasma can also be characterized in the long mean free path 

regime. The validity conditions for the application of collisional transport theory, in general, 

and the Chapman-Enskog method of calculating the diffusion coefficient, in particular, are 

sufficiently met by the plasma conditions existing in the 5.75-4.9 RJ region. The collisional 

ion diffusion rates were determined for this region and it was found that radial variation of 

these rates were extremely rapid compared with the mild variation of diffusion rates in the 

hot torus region. This variation was directly dependent on and in direct correspondence 
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with the rapid radial variation of the plasma ion and electron temperatures in the cold 

torus. We have described a bootstrap process whereby energy injection into the confined 

peak density region of the torus at 5.75 RJ drives the shape of diffusion as well as the 

(bimodal) radial structure of the plasma. 

The collisional diffusion coefficient was then put into a model of collisional ionization

diffusive equilibrium and energy branching in the plasma. The model gives a volume element 

calculation extended into the radial dimension to model the spatial detail of the hot torus 

physical condition. The plasma model incorporates the plasma reactions of known signif

icant strength involving the sulfur, oxygen, and electron constituents of the torus plasma. 

The reaction rate coefficients used in the model were calculated with the most recently 

available atomic parameters. The model calculation was performed for four cases the pur

pose of which was to determine the radial structure of the hot torus plasma partitioning by 

the action of collisional ion diffusion in conjunction with other plasma processes occurring 

in the collisional equilibrium model. Finally, energy branching calculated from collisional 

equilibrium was radially modeled to examine the spatial extent of NeT failure in the plasma 

region outside lo's orbit. Two proposed solutions to the hot torus energy deficit problem 

were examined using our radial plasma model. The models examined in this study differed 

from each other only by the different physical limiting constraints imposed on the compu

tational system. This was done to force the computer model to achieve the different results 

that we were interested in examining. 

6.1 Conclusions 

The collisional diffusion coefficient derived in this study gives diffusive loss times of a 

few hundred days for the singly charged ions and up to a few years for the multiple-charged 

ions considered in our model of the hot plasma torus. This result is in conflict with models 

invoking FTIDT diffusion which gives a loss time of 10 - 70 days, in general, for all ions in 

the plasma. The application of the slower differential ion diffusion rates in a radial plasma 

~------.------------ --. ~ - -. 
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model of collisional ionization-diffusive equilibrium and energy branching has resulted in 

ion partitioning which is in overall good agreement with ion partitioning obtained from 

Voyager UVS data. The only exception to this is the [SII]/[SIII] ratio which is a factor 

'" 2 lower than the observationally measured value. This resulted from a combination of 

the slower ion diffusion and the McGrath and Johnson (1989) charge exchange rates used 

in the plasma model. The difference between using the McGrath and Johnson (1989) and 

Johnson and Strobel (1982) rates is '" 30% in the calculated [SII]/[SIII] ratio. We note 

that the uncertainties in the charge exchange cross sections are large enough that they can 

inject serious bias in the calculated partitioning. Furthermore, dielectronic recombination 

can also affect the calculated partitioning because collisional ion diffusion rates are very 

slow and of comparable magnitude to the dielectronic recombination rates, and these are 

likely to be underestimated in our model. There is currently no observational data with 

which to compare our ion partitioning results for the 7.5 - 10 RJ plasma region beyond the 

hot torus. 

The results of the radial model calculation of energy branching in the 5.75 - 10 RJ 

plasma region found that NCT fails in the 5.75 - 7.85 RJ region which includes the entire 

hot plasma torus. Further, the results showed that NCT adequately powers the output 

radiation in the 7.85 - 10 RJ plasma region. This result occurred because the hot electron 

component has a dominant role in the plasma energetics as a result of its large relative 

concentration in this region which substantially increases the electron impact ionization 

rate there. Although the quantitative nature of the energy branching and associated ion 

partitioning results are found to be sensitive to the diffusion and charge exchange rates 

employed in the model, their overall qualitative features are not. The Smith et al. (1988) 

proposal to solve the hot torus energy deficit was examined in this study by employing 

the proposed additional electron heating mechanism in the energetics model. The resulting 

ion partitioning and ion and electron temperatures were grossly inconsistent with observed 

values. The calculated electron temperatures for the hot torus region were so low that the 

plasma was driven to a singly ionized state. This was because there was still a lack of an 
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adequate hea.t input to the plasma electrons in this scheme. We have concluded that the 

Smith et al. (1988) solution is in need of more theoretical and observational investigation, 

at the very least. 

A comprehensive radial model of the plasma torii would require a significant revision of 

our current plasma model. The model calculation for the cold torus region would require 

the addition of significant plasma reactions involving molecular species along with the ap

propriate reaction rate coefficients. The radial distribution of molecular specie source rates 

and densities will be needed as input parameters in the model. Such data does not currently 

exist for molecular or neutral atom species and future Earth-based or space-based observa

tions will be required to provide measurements of these quantities. Schneider et al. (1989) 

report on observations of 01 >'6300 A emission in the vicinity of 10. Their measurements 

of 01 emission only infer upper limits of 1000 cm-3 at 7.5 RIo for the density of S02 and 

its (electron impact dissociation) daughter products. This then suggests that our current 

hot torus plasma model also be modified to include plasma reactions involving molecular 

species. Future investigations to examine this possibility are thus warranted. 

Our model of the ion partitioning in the hot torus region depends somewhat on the 

relative concentration of the hot electrons there because they play a critical role in the 

ionization balance for multiple-charged ions and they finally shift the plasma consti tuents 

toward ions of higher charge state. The Voyager 1 PLS data does not give a definitive 

measure of the hot electron component in the hot torus because the in situ measurements 

do not cover the full range of pitch angles and energy. Ion feedthrough corrections to the 

PLS data analysis also compounds this problem for in situ measurements taken in the hot 

torus region. The most important factor in the uncertainty of our collisional-differential ion 

diffusion rates is our lack of knowledge of the constituent ion temperatures and the radial 

distribution of these in the 5.7 - 10 RJ plasma region. Because energy resolution of the 

Voyager 1 PLS in situ measurements is difficult in the hot torus region, individual ion kinetic 

energy distributions could not be determined. The difficulty in analyzing the Voyager PLS 

energy per charge spectra of the ion component in the hot torus region resides in the two 
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possible categories used in describing the temperature profiles. These are the common 

temperature (isothermal) model and the common thermal speed model. The former model 

characterizes an isothermal ion component of the plasma, i.e. an equipartition of energy 

between the sulfur and oxygen ions. There is no gradient in temperature at any spatial point 

in the plasma and the ion's velocity depends only on its mass. In the later model the speed 

of all ions composing the plasma are equal to the corotation speed, and the kinetic energy of 

the ions is not isotropic or constant. The common thermal speed model has been claimed to 

describe the hot torus in a realistic sense because the spectral fitting procedures described 

by Bagenal and Sullivan (1981) give reasonable results in deriving the ion composition of 

the plasma. 

A resolution of such problems may possibly be attained from the analysis of new data 

sets obtained by the Galileo spacecraft which was launched on October 18, 1989 from the 

space shuttle Atlantis. Bagenal (1989) has described the very complex physical coupling 

of the 10 plasma torus, the magnetosphere, and Jupiter's ionosphere and suggests that 

a comprehensive theoretical plasma model be a two or three dimensional model of this 

coupled system. A potential of the 10 plasma torus modeling in the context of a coupled 

multidimensional plasma system is its application to recently gained knowledge in other 

Voyager investigations of the magnetospheres of Saturn and, even more recently, Neptune 

where the large satellites Titan and Triton provide similar conditions for the existence of 

tenuous plasma torii. 
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Criteria conditions for the application of collisional transport theory (Braginskii, 1965; 
Book, 1987): 

i) Macro-time rates of change satisfy -it ~ T~f, (Tcoll = collision time). Now -it = :t + V· V', 
:t = 0 by the steady state assumption, and v . 'V ~ I:::'/: (Vscale = Vdri/t and Lscale = L1. 
= macroscopic length scale 1. to B-field). The condition is now v'Zt ~ Tc-:'fl and in the 
plasma torus vdri/t = several X 102 cm sec-I (Eqs. (2.26) and (2.28)), L1. ~ 1.2 RJ 
(torus half width) = 8.57 X 109 cm, v'Zt = several X lO-B sec-t., and Tc-:'l, ~ (/lei) = 
several X 10-2 seC-I. 

ii) L1. ~ JAe,iae,i (L1. ~ ae,i in a uniform field) in a strong magnetic field (We,iTcoll ~ 1). 
L1. = macroscopic length scale 1. to B-field, Ae,i = electron or ion Coulomb collision mean 
free path, ae,i = electron or ion gyroradius, We,i = electron or ion gyrofrequency. In the 
hot torus, L1. ~ 1.2 RJ (torus half width) = 8.57 X 109 cm. Ae,i ~ 3L1., 280L1., ae,i = 
296 cm, 2 km; so J>le,iae,i = 2.76 X 106 cm, 6.93 X lOB cm. Ae,i is defined on the following 
page. 

iii) In A (Coulomb Logarithm) ~ 1. In the hot torus In A ~ 21.4. 

iv) ae,i ~ AD, AD = Debye length. ae = 296 cm, ai ~ 2 km and AD = 39.3 cm. An 
alternative condition to this is B2 ~ 811'nemec2. ne = electron density, me = electron 
mass, B = magnitude of B-field, c = speed of light. The typical hot torus conditions give 
B2 = 6.43 X 10-4 and 811'nemec2 = 4.12 X 10-2 • 

v) U = IVi - Vel ~ \ /?!f, /]!i. This says that the magnitude, U, of the relative particle 
drift velocities, VO" bem~maller than the particle thermal velocities. Many particle drift 
mechanisms in the hot torus result in U ~ several X 102 - 103 c:. The ion and electron 
thermal velocities are 1.88 X 106 c:; and 9.92 X 107 c:;, respectively. 

vi) Anomalous transport processes owing to microinstabilities are absent by assumption. 

The following typical hot torus conditions at fV 6 RJ are cited in many of the references 
given in Chapters 1 and 2: 

ne ~ 2000 cm-3 , Te ~ 5.6 eV, me = 9.11 X 1O-2B 9 
Ni ~ 1535 cm-3 , Ti ~ 88 eV, Mi(average) ~ 24 amu, 
Z(average) ~ 1.3, B = 1.9 X 10-2 Gauss. 
We next calculate the ratio, f3ratio, of the particle kinetic pressure (PO' = nO'kTO') to 

the magnetic pressure (B2/811'). Inserting the above values into Eq. (2.1) gives f3ratio = 
1.49 X 10-2• 

---------_._- --~ . -
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The relevant (Coulomb) collisional mean free path for the electrons is Ae == Aei ~ Aee 

from electron-ion and electron-electron collisions and the relevant mean free path for the 

ions is Ai == Aii from ion-ion collisions (Braginskii, 1965). The general form of the Coulomb 

mean free path is (Chen, 1985) 

\ 34 13 T; 
"a ~ . X 10 Z" I A ' na n a 

(A.l) 

where Aa is in em, a = e, i, Ta is the particle temperature in e V, na is the particle density 

in cm-3 , and In Aa is the Coulomb logarithm. For a = e, Z" = 1 and In Ae = In Aei ~ In Aee 

which is defined by Eq. (2.25) in Section 2.3.a. For a = i, Z .. = zt and In Ai = In Aii which 

for mixed or like ion-ion collisions is (Book, 1987) 

(A.2) 

where Zi is the ion charge, Ai is the ion mass in amu, Ti is the ion temperature in e V, and 

Ni is the ion density in cm-3 • The average (effective) ion-ion Coulomb collision frequency 

is (Shkarofsky et aI., 1966) 

(A.3) 

where (Vii') is in sec-I, Ti is now in J( elvin, and Mi is the ion mass in grams. The other 

quantities are defined as before. 

------~-- -.- - -
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EXPANSION OF ~ 
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The following is an algebraic expansion of ~ in Eq. (2.29). Using the matrix element 

nomenclature outlined in Section 2.3.a, we have 

~oo (11)(22) - (12)(21) 
T = [(00)((11)(22) - (12)(21))] - [(01)(10)(22)] 

Substituting the required matrix elements into Eq. (B.1) gives the final result: 

~oo 
~ 

and 

1/2 ' 
2625 + 12 (M) R-l (1375 _ 1050; _ 3564450;2) + ~M R-2 _ 2772350;2 
16 V L. m 32 8 400 2 m 40 

(B.1) 

(B.2) 

Example values for ~ can be found by using the known values for the plasma torus density 

and temperature parameters. At 5.75 RJ typical parameters are Ti ~ 88 eV, Te ~ 4.6 eV, 

ne ~ 3000 cm-3 , Ni ~ 2310 cm-3 , and this gives ~ = 8.70. At 6.5 RJ the parameters 

are Ti ~ 90 eV, Te ~ 6 eV, ne ~ 1500 cm-3 , Ni ~ 937 cm-3 , and this gives ~ = 3.37. If 

we were to have Te = Ti, then ~ = 1. 

----------.-- - ~ - -
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APPENDIX D 

NOTES 

We write Eq. (2.4) from Section 2.2 below: 

131 

(D.l) 

Now we can rewrite Eq. (D.I) in terms of a new set of independent velocity variables by 

transforming the velocity of particles of type s (vs) into their velocity with respect to the 

center of mass or bulk average velocity (vre! = Vs - Yo). The latter quantity is defined by: 

Ls f ms v f sd3v 
Vo= . 

Lsfmsf sd3v 
(D.2) 

Making the new definition v == Vre{, Eq. (D.l) takes the following form: 

Dfs +vofs +{.!!.!- (E+ msg + ![VoB]) _ DVo} ofs _ ofsvovo +~[vB]ofs = -J, 
Dt ox ms es c Dt OV OV ox msc OV 

(D.3) 

where f5t = :t + Vo . V. Since we are considering a steady state (stationary) problem, we 

set 2t == 0 everywhere in Eq. (D.3) and it becomes 

This is Eq. (2.6) in Section 2.2. 

We must also point out the fact that the Boltzmann equation must satisfy the integral 

conditions of solubility (Chapman and Cowling, 1970): 

(D.5a) 

-----------_. - - . -
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2: 11)fsmsvd3v = 0, 
s 

(D.5b) 

(D.5c) 

where 1) is the Boltzmann operator. Equations (D.5) are simply the hydrodynamic equa

tions, generalized to include a plasma in the presence of electric, magnetic, and gravitational 

fields. They are written explicitly as follows: 

(D.6a) 

Dvo ""' ( ms 1 [1) 1 r; 1 P-
D 

= L...J esns E + -g + - voB - \7 . P + -wB , 
t s es c c 

(D.6b) 

~~ + £\7 . Vo + V' . q + P : \7vo - j . (E + ~[vBl) = 0 . (D.6c) 

Equation (D.6a) is the equation of continuity for particles of type s, Eq. (D.6b) is the 

equation of motion, and Eq. (D.6c) is the equation of conservation of energy for all the 

particles. In Eqs. (D.6) we have introduced the following quantities: 

(particle density) na = I fa d3v , (D.7a) 

(average particle velocity) nsvs = I f svd3v , (D.7b) 

1m V2 
(total heat flow vector) q = ~ TV f sd3v , (D.7c) 

(pressure tensor) P = 2: I ma vv fa d3v , 
a 

(D.7d) 

--~-.-- --~ --



133 

(total electric current density) j = :~:~:>snsvs , (D.7e) 
s 

(total mass density) p = E nsms , (D.7f) 
s 

( ) "'" J ms v
2 

3 3 "'" total plasma energy E = L.J -2-fsd v = 2 L.J nskTs . 
s s 

(D.7g) 

Equations (D.6) and (D.7) give the various quantities and identities which are used in the 

laborious algebraic manipulations occurring between Eq. (2.6) and Eqs. (2.8) in Section 

2.2. 

- - -- -- --------~= -~----- -- - - -
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