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Abstract 

Periodic Acceleration Mechanism for the Jovian Magnetosphere 

by James Carbary 

The discovery of radio emissions from Jupiter in the late 

1950's suggested that the planet possessed large numbers of 

high energy particles trapped within a planetary magnetic 

field that was in some ways similar to the Earth's. The 

Pioneer 10 and 11 missions confirmed that the Jovian mag¬ 

netosphere does contain energetic protons and electrons. 

The two probes also discovered unexpected features of the 

Jovian magnetosphere such as its large radial extent and 

various 10-hour, spin-related periodicities. 

There are difficulties that any model of Jupiter's mag¬ 

netosphere must overcome to explain the new data. Speci¬ 

fically, some powerful acceleration mechanism is required to 

supply energetic particles to the Jovian magnetosphere. Re¬ 

lying on ionospheric plasma periodically released into the 

Jovian magnetotail, I argue that centrifugal acceleration and 

magnetic field annihilation in the tail can periodically ac¬ 

celerate charged particles to very high energies in the outer 

magnetosphere. After this initial energization in the tail, 

the particles gain further energy by inward convections and 

diffusion. This mechanism qualitatively explains a number 

of the recent Pioneer findings and provides a plausible alter¬ 

native to the so-called "magnetodisk" models sometimes used 

to interpret the Pioneer data. 
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1. Introduction 

Until recently, radio observations provided the only 

means for investigating the Jovian magnetosphere. There¬ 

fore, the history of Jovian magnetospheric physics is 

essentially one of radio observations, and a brief review 

of the outstanding radio-based investigations serves as a 

useful introduction to the Pioneer findings. 

Jovian radio activity is separated into two categories 

according to dynamic spectra and frequency. Decametric 

activity (1-40 MHz) consists of sharp, sporatic bursts of 

elliptically-polarized radiation occurring in storms that 

last from a few minutes to a few hours. Decimetric activity 

(40-10^ MHz) consists of an essentially continuous, linearly- 

polarized emission having an intensity much less than that of 

decametric emissions. The power spectrum of Jovian radio 

emissions clearly delineates these two types of radio acti¬ 

vity (Figure 1) . 

Radio observations have provided a wealth of basic in¬ 

formation about the magnetic environment close to Jupiter. 

The apparently unique period with which certain radio fea¬ 

tures recur has led to the adoption of a System III longitude 

(Douglas and Smith, 1963) which is locked to the magnetic 

rotation of Jupiter. (Two other longitude systems exist 

for the planet. System I refers to the rotation of the 



Figure 1. Power spectrim for Jupiter’s radio activity. 

The three types of radio emission associated with the 

planet are shown. Thermal emission is blackbody 

radiation originating in the Jovian atmosphere (after 

Stannard, 19751. 
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visible equatorial features of Jupiter, and System II refers 

to the rotation of the remainder of the visible planet. All 

three longitude systems have rotation periods of approximately 

ten hours.) The upper cutoff frequency of the decametric 

radiation is equated with the electron cyclotron frequency to 

yield an estimate of about 10 gauss for the surface field of 

Jupiter (Warwick, 1967). Bigg (1964) discovered that deca¬ 

metric emissions display a correlation with the phase of the 

satellite Io, and Dulk (1965) recognized three radio sources 

associated with Io's orbital position and the System III 

central meridian longitude of Jupiter (Figure 2). One of 

these sources, the "main" source, occurs between X = 200° 
ill 

and X =280° and identifies the so-called "active" hemi- 
iii 

sphere whose decametric bursts are unrelated to the position 

of Io. Bursts of relativistic electrons seen upstream of 

Jupiter by Pioneer appear to correlate with the position of 

the active hemisphere; that is, this hemisphere faces away 

from the sun during periods of maximum relativistic electron 

fluxes seen by both Pioneers (Vasyliunas, 1975). The polar¬ 

ization angle of decimetric radiation exhibits a ten-hour 

periodicity from which astronomers determined that the mag¬ 

netic axis of Jupiter is tilted about 10° with respect to the 

spin axis (Berge and Morris, 1964)(Figure 3). Observations 

of a small, circularly-polarized component of decimetric 



Figure 2. Correlation of longitude of central meridian 

.(A ^ l and thé phase of Io 0J>I with the probability 

of decametric emission. The contours are those of 

probability of emission. The small numbers are emis¬ 

sion probabilities. Cafter Warwick, 19761 
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Figure 3. Periodicity in radio activity. The polarization 

of decimetric radiation varies with a 10-hour period 

Cits flux varies with a 5-hour period). These var¬ 

iations are interpreted to be a consequence of the rock¬ 

ing of the dipole axis (top). (after Carr and Gulkis, 

1969? Stannard, 1975). 
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radiation indicated that the sense of the Jovian magnetic 

field is opposite that of the Earth (Berge, 1965). From 

interferometric studies of decimeter emissions, Berge (1965) 

constructed a two-lobed brightness-temperature distribution 

which clearly illustrated the size and shape of the deci- 

metric emission region (Figure 4). The Pioneer 10 and 11 

probes have substantially confirmed the information pro¬ 

vided by radio observations. 

Each type of radio emission required a specific theory. 

Theories concerning decametric radiation concentrated on ex¬ 

plaining the Io modulation. Dulk (1967) was the first to 

propose that Io might act as an accelerator of charged par¬ 

ticles. Later theories (Piddington and Drake, 1968; Gold- 

reich and Lynden-Bell, 1969) envisioned the satellite as a 

unipolar inductor which generated energetic particles 

(kinetic energies 10 keV) that in turn gave rise to deca¬ 

metric emissions. Gurnett (1972) and Shawhan et al. (1973) 

suggested that Io could accelerate particles to kinetic 

energies greater than 500 keV. This acceleration mechanism 

is discussed in greater detail below, since it may contribute 

to the energetic particle population in the Jovian magneto¬ 

sphere . 

On the other hand, decimetric emission is not correlated 

with the position of any of the Jovian satellites and deci¬ 

metric theories concentrated on explaining the source of the 



Figure 4. Brightness-temperature distribution from radio 

observations at 10.4 cm. Each contour is one of deci 

metric intensity. Note the two-lobed nature of the 

distribution. (after Berge, 1965). 
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emission. At first, cyclotron radiation from electrons 

spiralling in a very high magnetic field (>^ 103 gauss) was 

proposed to be the cause of decimeter radiation (Field, 1960). 

This theory proved unrealistic since it required excessively 

high magnetic fields. Chang and Davis (1962) published a 

definitive model explaining decimetric radiation to be syn¬ 

chrotron emission from relativistic electrons trapped in a 

field of about 1 gauss. This theory explained the radio 

observations of decimeter activity so well that it has re¬ 

mained essentially unchanged to this day. Various authors 

have done extensive work on this model (e.g., Thorne, 1965; 

Roberts and Komesaroff, 1965; Beard and Luthey, 1973). These 

synchrotron models require large fluxes of relativistic elec¬ 

trons close to the planet but do not specify their source. 

Radio-based theories of Jovian magnetospheric physics 

emerged prior to the Pioneer missions. The rapid rotation 

of the planet and, hence, its magnetic field indicated that 

centrifugal forces acting on corotating plasma might play an 

important part in determining the structure and dynamics of 

the Jovian magnetosphere, as was first pointed out by Gled- 

hill (1967) . Brice and Ioannidas (1970) suggested that, as 

a result of corotational effects, the Jovian plasmasphere 

(analogous to the Earth's) might constitute essentially the 

whole of the Jovian magnetosphere. Some workers proposed 

that the magnetic field might not be able to contain coro- 
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tating plasma against centrifugal forces (e.g.r Ioannidas 

and Brice, 1971). Furthermore, the relativistic electrons 

required to produce the synchrotron radiation were thought 

to have originated in the solar wind and to have been ac¬ 

celerated by an inward diffusion process which conserved the 

first two adiabatic invariants but violated the third (e.g., 

Carr and Gulkis, 1969; Brice and McDonough, 1973). Coroniti 

(1974) proposed that these energetic particles are injected 

from the Jovian magnetotail in analogy with the substorm pro¬ 

cesses observed in the Earth's magnetosphere. However, the 

work done prior to Pioneer was based on observations of only 

a small portion of the magnetosphere, namely, the ionospheric 

and synchrotron emission regions within a few Rj (planetary 

radii) of Jupiter. The Pioneer spacecraft investigated a 

much larger portion of the magnetosphere and, while confirm¬ 

ing the basic results of radio observations, made several 

important discoveries about the outer magnetosphere. 
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2. Review of Pioneer 10 and 11 Findings 

The Pioneer 10 and 11 spacecraft made the first in situ 

observations of outer space beyond the orbit of Mars. Space 

craft payloads consisted of energetic particle and magnetic 

field detectors, optical instruments, and meteoroid detectors 

The primary scientific objectives of these two missions in¬ 

cluded the investigation of the environment near Jupiter. 

Together, the probes provided particle and field measure¬ 

ments of the dayside Jovian magnetosphere over a wide range 

in latitude and ^System HI) longitude. Both probes sur¬ 

vived very high levels of particle radiation and continue to 

send information months after their Jupiter encounters in 

December, 1973, and December, 1974. 

The trajectories of the Pioneer spacecraft differed sig¬ 

nificantly. The Pioneer 10 trajectory was inclined 14° to 

the Jovian spin equator, so that the probe sampled less than 

20° in magnetic latitude; its prograde motion around the 

planet allowed the probe to investigate only about 180° of 

Jovian longitude (Hall, 1974). Pioneer 11 had a trajectory 

inclined about 50° so that it explored a much wider range of 

magnetic latitude than its sister probe. Furthermore, the 

retrograde trajectory of Pioneer 11 permitted the probe to 

sample about 720° of Jovian longitude (Hall, 1975). To¬ 

gether, both probes explored the magnetosphere from about 
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5:00 to 12:00 local time, and both crossed from southern 

latitudes inbound to northern latitudes outbound. Figure 5 

shows the two trajectories. Pioneer 10 is now in solar 

orbit in the ecliptic plane while Pioneer 11 is bound for 

Saturn in an out-of-the-ecliptic trajectory. 

2.1 Pioneer Data 

To measure the magnetic field of Jupiter, both Pioneer 

spacecraft carried a single vector helium magnetometer. In 

addition, Pioneer 11 carried a triaxial fluxgate magnetometer. 

The latter instrument was included since some investigators 

suspected that the probes might encounter fields too strong - 

for the vector magnetometer to measure. Accordingly, the 

fluxgate magnetometer specifically measured the "near" field 

of Jupiter ( < 10 Rj). The vector helium magnetometer re¬ 

turned field measurements for the whole Jupiter encounter, 

including the near field. Although the first-look data re¬ 

turned by the fluxgate instrument disagreed substantially with 

the data of the vector helium instrument, the former has been 

recalibrated so that the reported field data are in agreement 

(Davis and Smith, 1975) . 

The Pioneer magnetometers found an outer magnetic field 

significantly different from that expected from radio obser¬ 

vations, which suggested a dipolar field confined to within 



The first Figure 5. Trajectories of Pioneer 10 and 11. 

diagram looks down on the ecliptic from Jupiter's north 

pole; the second view looks at the sub-Earth point on 

Jupiter. Cafter Hall, 1975) 
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50 Rj of the planet (e.g., Brice and Ioannidas, 1970). The 

bow shock and magnetopause were first crossed by the Pioneer 

spacecraft at Jovicentric distances of about 100 Rj (Smith 

et al., 1974a,b? 1975), which is roughly twice the distance 

expected on the basis of radio measurements. The multiple 

encounters with magnetopause fields suggest that rapid, large- 

scale motions of the outer magnetosphere occur. The magnetic 

field within the magnetosphere varies much more gradually 

with radial distance than that of a dipole and tends to have 

a large radial component, a feature reminiscent of the fields 

found in the terrestial magnetotail (Smith et al., 1974a,b). 

Rapid field reversals in the outer magnetosphere suggest the 

existence of an azimuthal current sheet in that region (Smith 

et al., 1974b, 1975). The magnetic field also exhibits ten- 

hour periodicities associated with the wobble of the magnetic 

axis of Jupiter. 

The field in the inner magnetosphere ( < 25-30 R_) dif- 

fers from that of the outer magnetosphere. In this inner 

region, the magnetic field may be represented as that of a 

dipole which is tilted and offset with respect to Jupiter. 

The D and D models of Smith et al. (1974b, 1975) have di- 
2 4 

pole moments of about 4 gauss-Rj3 and a tilt of about 10° 

with respect to the spin-axis, which is in fair agreement 

with radio-based predictions. The sense of the magnetic 

field also agrees with radio findings. The inner magneto- 



-9- 

sphere contains the radiation belts and all the Galilean sat¬ 

ellites. Very close to the planet (within 2 R_), high-order 
U 

magnetic multipoles become important (Acuna and Ness, 1975; ' 

Smith et al., 1975), so that the surface field of Jupiter is 

not well represented as that of a simple dipole. Figure 6 

shows a sample of the Pioneer magnetic field data. 

The magnetic field in each region has a different radial 

dependence. Hill et al. (1974a) found that the equatorial 

field strength could be approximated to within 25% of the 

measured field by the expression: 

BCL) = B (L”3 + lT2L-M (1) 
✓ ° i 

where BQ = 4 gauss, L is the Jovicentric radial distance in 

Rj, and = 30 is the distance beyond which the field de¬ 

parts significantly from that of a dipole. Equation (1) pro¬ 

vides an analytic expression for the magnetic field which I 

will employ in later calculations. 

Both Pioneers carried plasma detectors to study the in¬ 

terplanetary plasma as well as the solar-wind interaction 

with Jupiter. Plasma instruments detected a well-defined 

bow shock and a magnetosheath at distances of over 100 Rj. 

(Wolfe et al., 1974a,b; Mihalov et al., 1975). Like the 

Earth's magnetosheath, the Jovian magnetosheath is a region 

of high Alfvén mach number and of considerable plasma tur- 



The Figure 6. Data from the vector helium magnetometer. 

upper figure shows the magnetic field strength as seen 

by Pioneer 10. The dashed line is that of a dipole of 

moment 4 gauss-R*. The bottom figure shows the azi- 
U 

muthal component of the field as seen by Pioneer 11. 

The 10-hour modulation in the azimuthal field is due 

to the tilt of the magnetic axis relative to the spin 

axis. (after Smith et al., 1974b, 1975). 
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bulence. The plasma has a Maxwellian velocity distribution 

with a temperature of about 50 eV (Mihalov et al., 1975). 

This energy is about half that found in the terrestial mag¬ 

netosheath (Vasyliunas, 1971). The plasma dropped below 

detector threshold within the magnetopause and none was de¬ 

tected within the magnetosphere. However, both probes en¬ 

countered magnetosheath plasma a number of times during their 

encounters, inbound and outbound. The plasma investigators 

interpret these multiple sheath encounters as rapid expansions 

and compressions in response to solar wind pressure variations 

tWolfe et al., 1974b). Also, using standard jump expressions 

across the magnetopause boundary, Wolfe et al, (1974b) infer¬ 

red plasma number densities as low as 0.2 cm’"3 and thermal 

pressures comparable to magnetic pressures. Corotation of 

the plasma will increase its energy density above that of the 

confining field so that the magnetic field of the planet can¬ 

not contain the plasma. 

The Pioneer spacecraft carried a number of high-energy 

( > 100 keV) particle detectors constructed by several ex¬ 

perimental groups. These instruments were designed pri¬ 

marily to investigate the regions that contain the relativ¬ 

istic electrons near Jupiter, but high-energy particles were 

found well outside the synchrotron-emission radiation belts. 

Counting rates of these particles began to rise at the first 

bow shock (108 Rj) and increased sharply inside the magneto- 
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pause (.96 Rjl (e.g., McKibben and Simpson, 1974; Fillius and 

Mcllwain, 1974b). All experimenters report 10-hour period¬ 

icities in the high-energy channels of their proton and 

electron detectors (see Figure 7). The periodicities are 

quite evident throughout the outer magnetosphere. More¬ 

over, for a differential flux varying as E”^, the spectral 

index y also has a 10-hour periodicity in the outer magneto¬ 

sphere (.Simpson et al., 1974b, 1975; Chenette et al., 1974). 

The flux modulations found by Pioneer 10 do not appear to be 

rigidly locked in phase with the magnetic rotation period of 

9 hours 55 minutes; relative to the magnetic period, the 

flux minima lead inbound and lag outbound (Van Allen et al., 

1974b; McKibben and Simpson, 1974). This phase varies grad¬ 

ually over the entire Pioneer 10 trajectory. Pioneer 11 

data indicate that the phase of these modulations varies by 

as little as two hours during that spacecraft's encounter 

(Simpson et al., 1975). The periodicities persist over a 

wide range in magnetic latitude and radial distance. The 

high latitude fluxes measured by Pioneer 11 achieved inten¬ 

sity peaks as great or greater than those found near the 

magnetic equator (Simpson et al., 1975; Trainor et al., 1975; 

Fillius et al., 1975). An isotropie angular distribution 

predominates in the outer magnetosphere beyond the region of 

the Galilean satellites (e.g., Trainor et al., 1974b). 

In the inner magnetosphere the energetic particle fluxes 



Figure 7. Periodicities in thé high energy particle fluxes. 

Thé data is from Pioneer 10. Cafter Trainor et al., 

1974b). 
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rise without 10-hour modulation and peak near but not at 

periapsis. Satellite sweeping has an important effect on 

the flux profiles in this region, as predicted by Mead and 

Hess C1973). Fillius and Mcllwain (1974a) and Fillius et 

al* (1975) have found evidence that Io also acts as a source 

of energetic particles, lending support to the theory of 

satellite acceleration. Finally, the flux profiles suggest 

that the inner magnetosphere is populated with energetic 

particles by inward diffusion (e.g., Simpson et al., 1974b; 

Fillius et al., 1975). 

The Pioneer spacecraft also found energetic particles 

far outside the Jovian magnetosphere. A number of investi¬ 

gators report bursts of relativistic electrons very far up¬ 

stream of the magnetopause (Simpson et al., 1974a, 1975; 

Van Allen et al., 1974a,b; Chenette et al., 1974). These 

electron bursts do not correlate with solar flare activity, 

and their spectral characteristics indicate that they origin 

ated in the Jovian magnetosphere. The Pioneer spacecraft 

detected these bursts at distances of over 1 A.U. from the 

planet; in fact, more sensitive instruments at Earth had 

previously detected these "quiet-time" bursts, although they 

were not associated with Jupiter until now (e.g., Teegarden 

et al., 1974b). 
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2.2 Pioneer Models 

Three models of the Jovian magnetosphere that are based 

on the Pioneer 10 data have appeared in the literature. Us¬ 

ing their magnetometer data, Smith et al. (1974b) have pro¬ 

posed a qualitative model to explain various features of the 

outer Jovian magnetosphere. This model suggests that a thin 

current sheet exists outside the dipolar region. Centri¬ 

fugal forces throw plasma radially outward, distorting the 

magnetic field into a disk-like configuration. Close to the 

dipolar region, the magnetic force is strong enough to insure 

that the stressed plasma remains close to the magnetic equa¬ 

torial plane? at sufficiently large radial distances, the 

disk configuration "warps" over parallel to the spin equa¬ 

torial plane in response to increased centrifugal stress and 

decreased magnetic pressure. The magnetic field produced 

by the resulting sheet current should not have as steep a 

radial dependence as a dipole field, which varies with radial 

distance L as L”3. Moreover, as Jupiter rotates, the cur¬ 

rent sheet flops up and down with the wobble of the planet's 

magnetic axis, thus giving rise to the periodicities found 

by Pioneer. Figure 8 schematically illustrates the hypo¬ 

thetical current sheet and the resulting field configuration. 

The periodic flux modulation found in the outer magneto¬ 

sphere suggests to some authors that the energetic particles 



Figure 8. The current sheet model. Thé entire configura¬ 

tion is envisioned to wobble back and forth with the 

magnetic axis S. Cafter Smith et al., 1974b). 
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are concentrated in or very near the magnetic equatorial 

plane (Van Allen et al., 1974a,b; 1975). Thus, the particles 

are confined in a thin, disklike region with approximate ro¬ 

tational symmetry about the magnetic axis. Since the mag¬ 

netic axis is tilted with respect to the rotation axis, this 

magnetodisk "wobbles up and down across the spacecraft" with 

the rotation of Jupiter, thus giving rise to the flux per¬ 

iodicities (Van Allen et al., 1974a). In the context of 

this model, the observed phase differences may be explained 

as slippage of field line feet in the Jovian ionosphere 

(Northrop et al., 1974). Figure 9 shows a schematic diagram 

of the magnetodisk model. 

Most investigators interpreted the Pioneer 10 data in 

a framework similar to that of the magnetodisk model. 

Specifically, the periodicities were taken to indicate the 

confinement of energetic particles in the magnetic equatorial 
\ 

plane. 

The plasma measurements favor a large, blunt magnto- 

sphere. The outermost shock crossings indicate a magneto¬ 

sphere about 470 Rj (0.23 A.U.) wide and 55-90 Rj thick 

(Mihalov et al., 1975), showing that Jupiter has a magnetic 

environment vastly larger than the Earth's. The plasma flow 

directions and calculated shock normals imply a magnetosphere 

that is much more blunted and flattened than the Earth's 

(Wolfe et al., 1974b). Mihalov et al. (1975) suggest that 



Figure 9. The magnetodisk model. Thé magnetic axis is M 

and the spin axis is S. (after Van Allen et al., 1974a) 
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the Jovian magnetosphere has the shape of a "Fedora hat." 

Figure 10 illustrates this third type of model. 

2.3 Objections to the Pioneer Models 

The two principal models of the outer Jovian magneto¬ 

sphere, the current sheet model (Smith et al., 1974a,b) and 

the magnetodisk model (Van Allen et al., 1974a,b), require 

that magnetospheric particles be concentrated in a thin, 

planar region which moves up and down with the rotation of 

the planet. The two models differ in one important aspect: 

the current sheet model takes into account centrifugal forces 

which act to "warp" the planar region parallel to the spin 

equatorial plane while the magnetodisk model maintains that 

the centrifugal forces are small enough that the particles 

remain concentrated very near the magnetic equatorial plane. 

Figure 11 schematically illustrates this contrast. 

However, neither model adequately explains the Pioneer 

observations. The magnetodisk, inclined at about 10° to the 

spin equatorial plane, cannot wobble to the high latitudes 

(i.e., to about 40°) required to produce the fluxes and the 

periodicities found by Pioneer 11 outbound. The current 

sheet model, suffers from a similar defect, since the sheet 

cannot move to such high latitudes. Moreover, both models 

predict a phase shift of about 180° in the flux modulations 

as a result of Pioneer's moving from southern to northern 



Figure 10. "Fedora hat" model. The dashed lines indicate 

a compressed field configuration. (after description 

by Mihalov et al., 1975). 
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Figure 11. The contrast between thé jrnagnetodisk, (a) and the 

current sheet Cb) models. Thé dashed line represents 

the spin equatorial plane (seen edge-on) and the solid 

line represents the minimum-B plane. 



Figure 11 
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latitudes in the course of its trajectory. (Actually, this 

shift should be a little less than 180°, or about 4 hours, 

due to the changing spacecraft longitude.) No such phase 

shift is observed, although Northrop et al. (1974) argue that 

the magnetic field lines slip relative to the surface of Ju¬ 

piter and thus can account for the observed phase. However, 

if this were the case, thé magnetodisk would no longer be 

locked to the magnetic wobble of Jupiter and the entire model 

falters. Finally, neither model makes any attempt to ex¬ 

plain why the periodicities found in the upstream electron 

bursts should so closely resemble those found within the mag¬ 

netosphere. Indeed, one cannot invoke a magnetodisk wobble 

at a distance of 1 A.U. from Jupiter ! 

A few authors have suggested that the periodicities 

observed in the outer Jovian magnetosphere might be temporal 

in nature CMcKibben and Simpson, 1974; Chenette et al., 1974; 

Simpson et al., 1974b, 1975). If this is the case, then 

energetic particles need not be confined to equatorial regions 

and the problems associated with the magnetodisk and current 

sheet models might not arise. Also, if Jupiter's magneto¬ 

sphere operates in a "pulse-mode", then the upstream electron 

bursts might be more properly understood (Chenette et al., 

1974) . None of the models so far discussed incorporates 

such a time variation. However, the mechanism producing the 

10-hour periodicities must certainly be tied somehow to the 
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magnetic rotation of Jupiter. 
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3. Energization by Diffusion and by Satellite Fields 

J 

Before the Pioneer missions, most theoretical investi¬ 

gators agreed that the relativistic electrons in the Jovian 

magnetosphere originate in the solar wind. The solar wind 

particles were thought to diffuse radially inward from the 

magnetosheath; by conserving their first and second adiabatic 

invariants but violating their third, these electrons could 

achieve relativistic energies if they reached the synchrotron 

radiation belts within a few R of the planet (e.g., Chang 
J 

and Davis, 1962; Ioannidas and Brice, 1971). However, these 

pre-Pioneer calculations overestimated the magnetic field 

strength as well as the solar wind contribution to the 

Jovian magnetosphere. 

First consider how many particles the solar wind can 

supply to the Jovian magnetosphere. The Jovian magneto¬ 

sphere is much larger than the Earth's, but it does not col¬ 

lect as many particles per unit area because the solar-wind 

number density is about 25 times less at Jupiter. At the 

orbit of Jupiter, the solar wind has a particle concentration 

of about 0.1 cm-3 and a flow velocity of 400 km sec-1 (Wolfe 

et al., 1974b) which corresponds to an incident particle flux 

of 4xl06 cm"2 sec-1. This number compares to a flux of the 

order of 10®-109 cm-2 sec-1 at the orbit of the Earth (Vasy- 

liunas, 1971), Of course, only a small fraction of the 
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particles incident on the magnetosphere actually enter. For 

the Earth, roughly lO*"3 of the incident solar wind particles 

are absorbed into the magnetosphere (Hill, 1974). For 

Jupiter, the higher rotation rate of the magnetic field pro¬ 

bably reduces the efficiency with which particles enter the 

magnetosphere from the solar wind. Thus, the fraction 10“3 

is an upper limit for Jupiter. Using this efficiency and 

assuming a circular magnetospheric cross section 70 R_ in 

radius, one calculates that the solar wind can supply at most 

1032 particles per Jovian day. This number should be com¬ 

pared to a solar wind input of 1031 particles per 24 hours at 

the Earth. Thus, although the Jovian magnetosphere is a 

thousand times larger in cross section than the Earth's, the 

more tenuous solar wind at 5 A.U. can contribute at most only 

about 10 times more particles per rotation period to Jupiter 

than to the Earth. 

Furthermore, the typical energies of solar wind particles 

entering the magnetosphere are insufficient to produce rela¬ 

tivistic electrons by an inward diffusion mechanism alone. 

Pioneer plasma measurements indicate that electrons have 

thermal energies of the order of or less than 100 eV (Mihalov 

et al., 1975). Therefore, if its first invariant is con¬ 

served during the inward diffusion (see section 5.2), an 

electron with an energy of 100 eV at the Jovian magnetopause 

(at 100 Rj) will have gained an energy of less than 300 keV 
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at 3 Rj in the magnetic field measured by the Pioneer space¬ 

craft. This energy is insufficient to produce the observed 

synchrotron radiation. The production of relativistic 

electrons by inward diffusion of solar wind electrons through 

the known field of the planet requires energies of the order 

of or greater than 10 keV at 100 Rj. The high energy tail 

of the Maxwellian distribution observed in the magnetosheath 

(kT <, 100 eV) would contribute wholly negligible numbers of 

such particles (.less than one per day) , even assuming they 

penetrated the magnetosphere with efficiencies exceeding 10“3. 

Thus, solar wind particles from the magnetosheath cannot, by 

simple inward diffusion, supply enough high energy electrons 

(kinetic energies >. 10 keV) to provide the relativistic 

electrons seen in the Jovian magnetosphere. 

One recent theoretical model has proposed a mechanism 

whereby energetic particles from the inner radiation belts 

may populate the outer magnetosphere with high energy par¬ 

ticles and generate higher energy particles. Schulz and 

Lanzerotti (1974) pointed out that a combination of diffusion 

modes in which more than one invariant is violated can pro¬ 

duce larger energies than simple radial diffusion which 

violates only the third invariant. Applying this idea, 

Nishida (1976) has suggested an outward diffusion process 

that violates the second and third adiabatic invariants. 

Specifically, high energy particles at low altitudes diffuse 
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from low to high magnetic latitudes as a result of pitch- 

angle scattering. This process allows the particles to 

reach higher L values by spiralling down the magnetic field 

lines tsee Figure 121. This mechanism can operate without 

seriously degrading particle energy (outward radial diffusion 

violating only the third invariant could not). Sentman et al. 

(1975) have suggested that such a process occurs cyclically 

so that particles of higher and higher energy may be gener¬ 

ated and supplied to the outer magnetosphere. These authors 

have found some evidence that such a mechanism is operating 

but admit that the efficiency with which it can produce 

relativistic electrons is probably low. The mechanism pro¬ 

duces strongly field-aligned fluxes and relies on pitch-angle 

scattering to yield the nearly isotropic distributions that 

Pioneer actually observed in the outer magnetosphere. 

A number of authors have suggested that the Galilean 

satellites might accelerate particles (Gurnett, 1972; Shawhan 

et al., 1973; Hubbard et al., 1974). In these models, the 

motion of the satellite relative to the rotating Jovian 

field causes v x ê potentials to develop across conducting 

plasma sheaths surrounding the satellite. The energy ac¬ 

quired by a particle accelerated across a satellite is vBdg 

where v is the satellite velocity relative to the (corotating) 

magnetic field B and dg is the sheath dimension across which 

the potential drop occurs. The distance dg is usually taken 



Figure 12. Nishida's model for outward radial diffusion. 

Thé steps are: 

1. Inward radial diffusion energizés particles. 

2. Pitch-angle scattering of energized particles to 

higher latitudes. 

3. Particles spiral outwards along field lines having 

.higher L values. 

4. Pitch-angle scattering in equatorial plane. 

(after Nishida, 1976). 
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to be the satellite diameter. The relative velocity between 

a corotating field and a satellite is given by 2TTLRJ|T~* - T”1 | 

where Tc = 10 hours and Tg is the satellite period. All the 

satellites lie in the dipolar region, so B - with BQ = 

4 gauss. The "rocking" of the field is neglected. Thus, 

the sheath potential is: 

♦ = ,51l <2> 

Table 1 gives the results of application of this formula to 

the five innermost moons of Jupiter. 

The Pioneer observations indicate that high-energy elec¬ 

trons (kinetic energies >, 100 keV) are indeed associated with 

Io, although probably not with the other satellites (Fillius 

and Mcllwain, 1974b; Fillius et al., 1975). Table 1 shows 

that none of the satellites can accelerate electrons to truly 

relativistic energies (i.e., to kinetic energies of the order 

of me2 = 0,5 MeV). However, by diffusing radially inward 

and conserving their first invariants, the satellite-accel¬ 

erated electrons may gain enough energy to contribute sig¬ 

nificantly to the synchrotron population (Shawhan et al., 

1975). The satellite mechanism still cannot provide high- 

energy particles to regions outside the orbits of the satel¬ 

lites. 

Neither the diffusive acceleration nor the satellite 

acceleration suggest that significant fluxes of relativistic 



Table 1 

Satellite Acceleration 

Satellite L 

CRj) 

d /2 
s' 

. . (.km) 

T 
S 

. . :Chr ) . . .(XV). 

Amalthea 2.5 70 11.9 18 

Io 5.9 1670 42.5 366 

Europa 9.4 1460 85.3 145 

Ganymede 15. 2550 171.7 106 

Callisto 26 2360 400 34 
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electrons should be present outside the so-called "diffusive" 

region ti.e., outside 20 R_). The Pioneer observations in- d 

dicate that the contrary is true, since relativistic electron 

fluxes as great as 105 dll'"2 sec”1 are found outside 25 Rj 

Ce.g., Trainor et al., 1974a,b). An outward diffusive pro¬ 

cess may operate at low efficiency, but makes little pro¬ 

vision for explaining the periodic nature of the fluxes. In 

the remainder of this work, I attempt to provide an explana¬ 

tion for the periodic fluxes of relativistic electrons found 

in the Jovian magnetosphere. 
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4. A Periodic Acceleration Model 

The model employed here relies on an ionospheric particle 

source, as opposed to a solar wind source. Swartz et al. 

(.19751 estimate that the dayside Jovian ionosphere can pro¬ 

vide photoelectron fluxes of about 107 cm''2 sec"1. There¬ 

fore, the total number of electrons that can be supplied to 

the magnetosphere from the ionosphere is about 1032 per Jovian 

day. The solar wind, recall, supplies fewer than 1032 par¬ 

ticles per Jovian day. Thus, the ionosphere can provide 

most of the plasma found in the magnetosphere. Several 

authors have previously suggested that the ionosphere may be 

the dominant plasma source for the Jovian magnetosphere (e.g./ 

Gledhill, 1967; Brice and Ioannidas, 1970). 

Centrifugal force will throw ionospheric plasma outward 

along corotating field lines, as described by Ioannidas and 

Brice (1971). In this way, plasma may overcome the gravi¬ 

tational force acting on it and reach the outer regions of 

the magnetosphere. The particles' access to the magneto¬ 

sphere is determined by how the magnetic field maps from the 

ionosphere. That is, particle fluxes follow the magnetic 

flux tubes outward. Any asymmetry in the surface magnetic 

field should be reflected as a corotating asymmetry in the 

magnetospheric plasma distribution. 

Figure 13 schematically illustrates how two magnetic 

flux tubes could map from the ionosphere to the magnetosphere. 



Figure 13. Effect of an ionospheric field asymmetry. Both 

flux tubes (A & B) are given the same injection flux at 

the ionosphere, but tube B will contain more plasma 

since B has a larger cross section at the ionosphere 

than A. Flux tube B will be subject to higher centri¬ 

fugal stress than A. (after Dessler and Hill, 1975). 
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At the ionosphere, flux tube B has a larger cross sectional 

area but a weaker magnetic field than flux tube A. If both 

flux tubes are given the same input flux at the ionosphere, 

tube B will contain more particles than tube A. High order 

magnetic monopole terms in the surface magnetic field can 

cause such differences in flux tube area (i.e., in field 

strength) at ionospheric altitudes (Dessler and Hill, 1975). 

At large distances from the planet, the dipole terms will 

dominate and the two flux tubes will be identical in area and 

field strength. Thus, an asymmetry in the surface magnetic 

field will give rise to a flux asymmetry in the magnetospheric 

plasma. 

The magnetic field data of Pioneer give ample evidence 

for such a surface asymmetry in longitude. Figure 14a shows 

the surface field contours deduced from the vector helium mag¬ 

netometers. The surface fields are determined by a spherical 

harmonic analysis that fitted the spacecraft data (Smith 

et al., 1975). The map reveals that the magnetic field 

varies by several gauss around a circle of given latitude • 

(see Figure 14b). This longitudinal variation is sufficient 

to account for a significant asymmetry in the magnetospheric 

plasma distribution (Dessler and Hill, 1975). The presence 

of an "active hemisphere" associated with radio activity may 

also indicate asymmetries in the surface field. Figure 14b 

shows that decametric emissions are associated with the 
¥ 

region of low magnetic field strength on Jupiter's surface, 
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as might be expected from the flux-tube argument above. The 

modulation of the upstream bursts of relativistic electrons 

correlates with the rotation of the active hemisphere (i.e., 

the region of low surface field) to the nightside of the 

planet? each time the active hemisphere faces the tail, rela¬ 

tivistic electrons are detected upstream (Vasyliunas, 1975a). 

This effect may be expected on the basis of the diurnal re¬ 

lease model proposed below. 

As a result of the "bulge" in the magnetospheric plasma 

distribution, a diurnal trapping zone exists (Hill et al., 

1974b). This bulge rotates with Jupiter and encounters a 

weak field configuration on the antisolar side of the planet 

once every rotation. Here, the magnetic pressure is insuf¬ 

ficient to withstand the centrifugal pressure of the corotat¬ 

ing plasma. On the dayside, solar wind pressure is strong 

enough to withstand the coroatation force. As a consequence, 

centrifugal force opens the field once every 10 hours (each 

time the bulge faces the tail) and releases plasma from the 

diurnal region into the tail. 

The field opens at radius Lq. The opening radius and 

its variation mat be estimated by considering the balance be¬ 

tween outward corotational pressure and restraining magnetic 

tension: 

nmu2r2 - B.B./2u 
1 j o 

This expression can be alternately written in terms of Hr the 



Figure J.4. The surface field of Jupiter. 

a. The surface field contours derived from a spherical 

harmonic analysis of the vector helium magnetometer 

on Pioneer 10. The contours are labelled in gauss, 

(after Mead, 1974). 

b. The association of surface field strength with deca- 

metric emission. Comparing to Figure 13, tube A 

corresponds to the high-field region centered at 

X « 180° and tube B corresponds to the low-field 
an 

region centered at X - 0°. Tube B has more plasma 
in 

and, consequently, emits more decametric radiation. 

(after Hill and Dessler, 1975). The heavy arrow 

at X « 290° indicates that this longitude faces 
in 

in the anti-solar direction when the relativistic 

electron bursts are observed at Pioneer upstream of 

the planet (from Vasyliunas, 1975a). 
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equatorial plasma content per magnetic flux. If n is the 

equatorial plasma concentration, then n may be defined as 

/tn/Bldz where the integration extends across the thickness 

of the equatorial current sheet tDessler and Hill, 1975). 

The criterion for centrifugal instability can be rewritten 

CHill and .Michel, 1975; Dessler and Hill, 1975) î 

Hc “ BCr0l/C2ji0ma)2r0) C3) 

where w - 2TT/10 hr'"’1, m = proton mass, and rQ = LQRJ is the 

opening radius. Now, the surface field of Jupiter varies 

azimuthally as BjC<H = BQf((|>l where B - 4 gauss is a lat¬ 

itudinal average and ft<f>) is a function describing the azi¬ 

muthal variation of the field. The rate at which a flux 

tube is filled by ionospheric plasma is: 

J 

n = (F*A)/ (Bj*A) = F/Bj C4) 

where F is the flux of ionospheric particles injected into 

the magnetosphere. This plasma is assumed to be carried 

outwards by a flux-tube interchange process which preserves 

the flux-tube content and which is driven by a diurnal wind 

system in Jupiter's atmosphere (Ioannidas and Brice, 1971; 

Brice and McDonough, 1973). The lifetime of a flux tube 

against motion from closed to open field lines is roughly 

t = Rj/Vw where Vw % 20 m sec-1 is the atmospheric wind speed 
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associated with the interchange process (Brice and McDonough, 

19731. If plasma escape along the open field lines is the 

dominant loss, the flux tube content before escape is: 

nc m ^ 

or, 

B(t R 1/(2y mu)2RJi ) = FRT/(V B (<f>)) (5) 
O J O U O U w «J 

The opening radius is given by solving this equation for LQ. 

To do this, assume BCl^Rj) = B0/L
3 (Hill and Michel, 1975; 

Dessler and Hill, 19751. This leads to; 

Lo ” {vw
B
0
fW)/(2u0”>“2RjpH!‘ 

« 76{£W1}!< C6Ï 

where I use F - 2*107 cm-2 sec"1 and Vw * 20 m sec""
1 . Thus, 

LQ = 70. The opening radius varies about 10 % each day as a 

consequence of the azimuthal function variation f (<}>), which 

is determined to vary 30% to 40 % from inspection of the 

surface contour maps (Figure 14}. This radial variation in 

LQ defines the diurnal trapping region. The diurnal region 

loses particles periodically but is continuously populated 

by ionospheric plasma and by azimuthally-drifting particles. 

In order that the magnetospheric plasma be in equilibrium, 
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the number of particles released into the magnetotail must 

equal the number coming from the ionosphere. Figure 15 

illustrates the diurnal release of plasma from this trapping 

region. 

Once released onto open magnetotail field lines, the 

plasma from the diurnal region moves down the tail and even¬ 

tually reaches the solar wind. Relativistic electrons in 

the diurnal region should also be expelled into the tail by 

this process (each time the bulge faces tailward), which 

causes a periodic depletion of high energy particles in the 

outer magnetosphere and a periodic increase of these particles 

in the magnetically-connected regions of the solar wind. The 

release mechanism may explain the bursts of relativistic 

electrons found outside the Jovian magnetosphere (Hill et al., 

1974a) and why the burst modulations should be in phase with 

the rotation of the decametric active hemisphere (or region 

of low surface field) to the nightside of Jupiter, as dis¬ 

covered by Vasyliunas (1975a). The release of plasma re¬ 

laxes the centrifugal stress and allows the diurnal region 

to close before compleletely emptying. As a result, no more 

particles are supplied to the tail until the next revolution 

of the bulge. A region of plasma rarefaction should immed¬ 

iately follow the plasma that is thrown out of the diurnal 

region. 

At some distance Lm > LQ down the tail, the transverse 

magnetic and plasma pressure overcomes the relatively small 



Figure .15. Opening of the diurnal trapping region. The 

upper diagram shows the diurnal trapping region filling 

with plasma on the dayside. The bottom diagram shows 

the release of plasma into the magnetotail from the 

diurnal region. 
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plasma pressure in the rarefied region and magnetic field 

annihilation occurs. The energy provided by field annihi¬ 

lation accelerates particles in the rarefied region. This 

process can generate high energy particles (i.e., kinetic 

energies greater than 10 keV), especially if the plasma den¬ 

sities in the rarefied region are low. Other authors have 

suggested that a merging process is required to provide high 

energy particles to the Jovian magnetosphere (Northrop et al., 

1974; Coroniti, 1974, 1975). 

After merging occurs, approximately half of the particles 

in the rarefied region remains within the magnetosphere while 

the other half is expelled into interplanetary space. The 

reconnected field lines convect energized particles inward, 

injecting them back into the magnetosphere. These particles 

will be further accelerated by adiabatic compression (i.e., 

conservation of their first two adiabatic invariants). Large 

fluxes of energetic electrons can periodically be supplied to 

the outer magnetosphere in this way. Figure 16 depicts how 

this periodic acceleration process is envisioned to occur. 

Inside Lq, the field lines are permanently closed. The 

energetic particles injected from the magnetotail gain further 

energy by radial diffusion. In this manner, tail accelera¬ 

tion and convection can provide a significant number of high 

energy particles to the Jovian radiation belts. Coroniti 

(1974) has found that such a tail-injection mechanism is more 

consistent with the requirements of the synchrotron-emitting 

3 



Figure 16. Periodic acceleration and injection process. 

Thé steps ares 

a. Release of plasma from thé diurnal region on the 

nightside of the planet. Thick arrows represent 

the streaming plasma. 

b. Magnetic field annihilation in the rarefied region 

that follows the plasma. 

c. Inward convection of energized plasma on reconnected 

field lines. 





-31- 

region than is simple inward radial diffusion from the day- 

side magnetopause. Indeed, this may be the only mechanism 

which can directly provide the radiation belts with rela¬ 

tivistic electrons. The diffusion within LQ may be driven 

by a variety of mechanisms (see e.g., Brice and McDonough? 

Çoroniti, 1974, 1975). The Pioneer data confirm that in¬ 

ward diffusion is occurring within 25 R_. This paper is 
U 

not concerned with the specific mechanism driving such dif¬ 

fusion. 



5. Calculations 

Thé magnetic merging process relies on low particle 

densities in the rarefied region to accelerate the particles. 

Thus, a discussion of the plasma densities in the outer mag¬ 

netosphere precedes the actual estimate of energies, 

5,1 Estimates of Number Densities 

Neither Pioneer spacecraft made measurements of the 

thermal plasma within the Jovian magnetosphere so that no 

values of particle densities are directly available from 

experiment. However, plasma measurements indicate proton 

number densities of 0.06-0.1 cm"3 in the solar wind near 

Jupiter and of 0.5-0.6 cm"3 in the magnetosheath (Wolfe et 

al., 1974a,b; Mihalov et al., 1975). Using shock-jump 

equations, Wolfe et al. (1974b) have calculated that plasma 

concentrations could be as low as 0.3 cm"3 in the outer por¬ 

tions of the dayside magnetosphere. In the outer terrestial 

magnetosphere and plasma sheet, number densities are about 

1/20 the number densities found in the terrestial magneto¬ 

sheath (see, e.g., Vasyliunas, 1971). If this is the case 

for Jupiter, particle concentrations could be as low as 0.02 

cm"3 in the outer Jovian magnetosphere. However, since the 

Jovian magnetosheath appears to be a weak particle source for 

the magnetosphere (unlike the Earth's magnetosheath), this 
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analogy between Jupiter and Earth may not be proper. 

Thé number density at the opening radius LQ may be cal¬ 

culated using this model. The particle density n in the 
d 

diurnal region is determined by equating the confining mag¬ 

netic pressure with the energy density of the corotating 

plasma. Beyond LQ, the magnetic field is too weak to con¬ 

tain the plasma against centrifugal forces (Ioannidas and 

Brice, 1971) . The particle concentration in the diurnal 

region cannot then exceed: 

n
d * 

Bâ/<%“2LâRj! (7> 

where LQ is the opening radius in Jupiter radii, m is the 

proton mass, to « 2TT/10 hr”1, and BQ is the magnetic field 

strength at the opening radius. I have assumed the plasma 

is composed of protons and electrons; thus, the centrifugal 

force acting on the plasma is: 

(m + m )to2 (L R,) « m to2 CL RT) e o J o J 

Also, equation (7) assumes the magnetosphere corotates with 

Jupiter at LQ, which is not strictly true. Nonetheless, 

equation C71 should give a fair estimate of n^. 

According to the measurements of Pioneer 10, the magnetic 

field between 70 Rj and 100 Rj has an approximately constant 

magnitude of about 8-10 gammas. Using this field strength, 
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equation C7) yields a number density of about 0.06 cm"3. 

Beyond Lq, the particle concentrations should be less 

than n , and the concentration n in the rarefied region 
d r 

might be considerably less than 0.06 cm''3. An estimate of 

nr is of thé order of 0.01 cm”
3. This number density is 

about two orders of magnitude below the number densities 

typically found in the plasma sheet of the terrestial mag¬ 

netotail (Vasyliunas, 1971). 

5.2 Calculation of Energies and Fluxes 

Magnetic field annihilation in the magnetotail will con¬ 

vert magnetic field energy into particle kinetic energy. 

This energization process will occur in the rarefied region 

where there are fewest particles and the plasma pressure is 

smallest. Here, the magnetic field is essentially radial 

(no z-component) and a simple vacuum-merging model is ade¬ 

quate to estimate particle energy (Alfvén, 1968; Dessler, 

1971; Hill, 1975). Thus, the magnetic field can provide 

kinetic energy em per particle: 

e = Bz/u n 
m m' Ho i 

(8) 

where Bm is the magnetic field at the merging radius, L > 70. 

Equation CU may be used to provide an analytic expression for 

the magnetic field, in which case Bm = 7,5 gamma. Then, if 
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= 0.01 can”3, equation (.8} yields em « 30 keV. The actual 

field in the Jovian magnetotail may drop off more slowly with 

radial distance than on the dayside, as is thé case in the 

distant ma.gnetotail of the Earth. If this is true, then 

equation (11 underestimates and em would be greater than 

30 keV. 

This energy must be regarded as an optimistic estimate 

since the merging concentrations are.not precisely known. 

However, the calculations have so far neglected the energy 

that particles will have from corotation and field-aligned 

streaming. This extra energy is given by: 

eo “ <9> 

(Hill et al., 1974aî. Half of this energy is due to co¬ 

rotation and half is due to field-aligned streaming. The 

particles should have energy eQ when they leave the diurnal 

region. Thus, at the very least, the model predicts a lower 

energy limit (at >_ Lq) given by: 

c = co + em (10) 

After merging occurs, those particles that are trapped on re¬ 

connected field lines will subsequently convect back toward 

the diurnal region. By conserving their first adiabatic 

invariants, these particles will have achieved an energy 
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at L = L which is not less than; 
o 

eA = ^ /B ) Ce + e ) o o in o m 

« e_{B/B + CB /B )Cn,/n 1) (11) 
o o m m o d r 

To derive equation (11), I have used equations (7) - (10) and 

the expression for the first invariant for equatorially-mir- 

roring particles, namely; 

e/B * e/B 
' o' m 

Since B •- B and n, > n , the terms in brackets in equation 
o m d r 

Cll) must be at least 2. Thus, merging and convection pro¬ 

cesses increase the particle energy by at least a factor of 

two over the rotational-streaming energy. For LQ = 70, 

« 8 keV and is at least 16 keV. This energy repre¬ 

sents a lower limit and may be much higher if the particle 

concentration is significantly reduced in the rarefaction 

region. If n^ - 0.01 cm”3 (i.e., n^/n^, -5), equation (11) 

gives e' - 50 keV. 
o 

Therefore, according to this mechanism, particles at 

70 R have energies of 16 keV as a lower limit. 
J 
As a consequence of the simple merging model used here, 

the energy is shared equally between protons and electrons. 

Contemporary models of the merging process distribute energy 
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almost entirely to the positive ions because the particles 

are all accelerated to the same velocity, not the same energy. 

This result is common to the MHD models (e.g., Vasyliunas, 

1975b). and to the individual particle models te.g., Hill, 

1975). However, some sort of wave-particle interaction may 

serve to transfer a significant portion of the proton energy 

to the electrons CHill, private communication, 1975). Ob¬ 

servations of the terrestial plasma sheet, where merging pro¬ 

cesses occur, indicate that the electrons have about 1/10 as 

much energy as the protons (Hill, 1974). Within the present 

theoretical models of merging, the ratio would be the much 

smaller mass ratio 1/1836. Therefore, an energy equipar- 

tition mechanism, perhaps operating through wave-particle 

interactions, is necessary not only for Jupiter but also for 

the Earth's plasma sheet. 

After the merging and convection processes, the energized 

electrons are carried inward by diffusion. The particles 

will gain further energy by conserving their first and second 

adiabatic invariants. The first invariant M is: 

p2sin2a/B = M = p2sin2aQ/Bo (12) 

(Roederer, 1970) where p is the particle momentum, B is the 

magnetic field, and a is the pitch angle. The subscript "o" 

refers to values at the opening radius where the particles 

are injected. For equatorially-mirroring particles, a = aQ 
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= 90° and equation (12) becomes: 

P
2
/B - P2Q/BQ 

p2 « (B/B0lp^ (13) 

Such, an equation is often used to calculate the energies 

gained by diffusion from regions of low magnetic field 

Strength to regions of higher field strength. Equation (1) 

shows that the magnetic field varies approximately as 1/L in 

the outer Jovian magnetosphere. Thus, equation (13) indi¬ 

cates that the kinetic energy for equatorial particles will 

vary approximately as 1/L. For particles not mirroring at 

the equator, one usually assumes that the second adiabatic 

invariant J is conserved. This invariant is: 

J = <£ pcosa ds 

= p <j? (1 - sin2a)Î5 ds (14) 

CRoederer, 1970) where ds is a line increment along the par¬ 

ticle's bounce motion in latitude. The integral in equation 

(14) is taken over this bounce motion. For particles mir¬ 

roring far from the equator, a = 0° and the integral may be 

approximated as the arc-length of the bounce, which is itself 
‘ l 

usually approximated as LRj. Absorbing into J, equation 

(14) can be written: 
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pL - J - p L * *o o 

P
2 « a0/Li

2
P
2 as) 

Thus, particle hinetic energy varies approximately as 1/L2 

for particles mirroring far from the equator. 

To compute the radial energy profile resulting from the 

conservation of these invariants, I employ relativistic 

energies since the particle kinetic energies will exceed me2 

in the inner magnetosphere. Then, a particle's kinetic 

energy at any radial distance L is: 

e(L) = {Q2 CL) + m2clf}Î5 - me2 (16) 

where, for equatorially-mirroring particles (a * 90°): 

Q2CL1 = (B(L1/B0) (e^
2 + 2e<Jmc

2) (17) 

while for particles mirroring far from the equator (a - 0°): 

Q
2
CL) = (LQ/L) 

2 (e^2 + 2e£mc2) (18) 

Equation (171 is exact for equatorially-mirroring particles. 

Equation 0-81 is an approximation valid for particles mirror¬ 

ing far from the equator. Actual particle energies should 

lie between the results given by equations 0.71 and 08), 
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The results of equations (16)-(181 are represented graph¬ 

ically in Figures 17a,b. I have used injection energies of 

=*. 16 keV (Figure 17a) and = 50 keV (Figure 17b). The 

curves bave been drawn for pitch angles of o = 90° but not 

for a =0°. For L > 10, the curve for a = 0° would lie very 

close to but slightly above the a = 90° curve. For L ,< 10, 

the a = 90° curve dominates. In plotting these graphs. I 

have assumed that 70. < < 100 and have used equation (1) 

for B(L1 in order to have an analytic expression for equation 

(17). For comparison, Figures 17 also show the energy curve 

resulting from solar wind particles injected at energies of 

100 eV at the magnetopause. Particles accelerated by satel¬ 

lites would have radial energy curves lying somewhat below 

but roughly parallel to the 16 keV curve. I have omitted 

the satellite curves for clarity. 

The field annihilation and convection processes can 

clearly produce particles of higher energy than can either 

radial diffusion of solar wind particles or satellite-accel¬ 

erated particles. To produce relativistic electrons in the 

outer magnetosphere, the model requires number densities of 

the order of or less than 10-3 cm-3. Depending on the par¬ 

ticle concentration in the rarefied region, the recycling 

process of Sentman et al. (1975) may or may not be necessary 

to provide relativistic particles to the outer magnetosphere. 

The periodic acceleration process is also a much better 

source of high energy particles (kinetic energies £ 10 keV) 



Figure 17. Radial energy profiles. 

a. Kinetic energy vs. radial distance for the minimum 

injection energy given by the model (16 keV). The 

solid curves are for protons; the dashed curves are 

for electrons. The energy profile for solar wind 

particles with injection energies of 100 eV is shown 

for comparison. 

b. Kinetic energy vs. radial distance for a more opti¬ 

mistic estimate of the injection energy given by the 

model (50 keV). These curves assume that n,/n ~ 
d r 

The solar wind particle curves are also shown. 

5. 



Figure 
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than the solar wind. The injection flux of tail-accel¬ 

erated particles at 70 R is given roughly by: 

Fi “ nr
VA C19) 

where n^ <0.5 cm"3 and is the Alfvén velocity of the 

inwardly-convecting field lines. At L = 70, the magnetic 

field is about 8 gammas and = B/Cy0mnr)*
5 - 2xl07 cm sec-1. 

Thus, « 107 cm"2 sec"1. This energetic particle flux is 

very much greater than the flux of energetic particles which 

can be supplied by the solar wind to the magnetosphere (see 

section 3}, Even if the tail flux is injected through a 

small area C< 1 Rll, the convection process can supply a much 

larger number of energetic particles per Jovian day than can 

the solar wind. Thus, the periodic-acceleration mechanism 

can act as a much more effective particle source than the 

solar wind for the Jovian radiation belts. 
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6. Qualitative Implications 

Thé tail acceleration mechanism provides a natural ex¬ 

planation for thé high energy particles in the Jovian magneto¬ 

sphere and also for their 10-hour periodicities. Particles 

accelerated in the magnetotail are carried to the dayside by 

the rotation of the field (as well as by drifting) so that 

they should be observed throughout the Jovian magnetosphere. 

The periodicities in the energetic particle data are explained 

on the basis of opening and closing the diurnal trapping re¬ 

gion. Flux tubes which open on the nightside, releasing 

their high energy particles as well as plasma, should have 

relatively fewer energetic particles than flux tubes which 

do not "empty". For particles of energies less than a few 

MéV, corotation effects should dominate the gradient and 

curvature drift, since the outer Jovian field has such a 

small curvature and gradient (compared to a dipole field). 

Thus, the "full" and "empty" flux tube configuration should 

rotate with Jupiter, and a stationary detector should record 

. in all high énergy channels'flux modulations having the same 

10-hour period on the dayside as well as on the nightside. 

Since particle drifts are negligible, the modulation in one 

channel should match the modulation in another. The phase 

of these modulations should change with eastward or westward 

motion of the detector but should not change in crossing the 

magnetic equator. Furthermore, the model does not restrict 
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the high energy particles to low latitudes to explain period¬ 

icities. Indeed, the fluxes at high latitudes could be of 

thé 'same order of magnitude as those at low latitudes and 

Still exhibit a 10-hour periodicity. Finally, for a dif¬ 

ferential flux which varies as E”^, a 10-hour temporal modu¬ 

lation in the high energy particle fluxes such as described 

here should also give rise to a 10-hour modulation in the 

spectral index y. These results are all consistent with 

Pioneer 10 and 11 observations. Following the Pioneer 11 

fly-by, several authors (e.g., Simpson et al., 1975) have sug¬ 

gested that a temporal variation (.rather than a geometric 

variation as in the magnetodisk model) is required to explain 

the 10-hour modulations in the Jovian particle fluxes. 

The diurnal release of plasma also provides a possible 

explanation for the relativistic electrons found upstream of 

Jupiter (cf., Hill et al., 1974b). Every 10 hours both 

plasma and relativistic electrons are expelled from the di¬ 

urnal region onto magnetotail field lines. At some distance 

down the tail, these field lines connect with the interplanet¬ 

ary magnetic field lines so that both plasma and the energetic 

particles end up on IMF lines. The relativistic electrons 

will travel rapidly away from the planet. When Jupiter and 

Pioneer are magnetically connected, the probe should detect 

the relativistic electrons. Hill et al. (1974b) have out¬ 

lined this process and found that the diurnal release mech¬ 

anism yields interplanetary fluxes consistent with those ob- 
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seved by Pioneer. Furthermore, temporal variations in the 

fluxes of ejected particles should also be reflected in the 

fluxes observed in distant, magnetically-connected regions 

(Chenette et al., 19741, Such a magnetic connection scheme 

may be invoked not only for Pioneer-Jupiter connection, but 

a,lso for Earth-Jupiter connection in order to explain quiet¬ 

time bursts of high energy particles observed at Earth (e.g., 

Teegarden et al., 1974b; Prakash and Brice, 1974). Several 

authors have found that such bursts are consistent with having 

originated in the distant Jovian magnetotail farther than 1 

A.U. from Jupiter (Krimigis et al., 1975; Mewaldt et al., 

19751. The periodic release and acceleration model provides 

a plausible explanation for why fluxes observed in connected 

regions should exhibit particle spectral features similar to 

those found within the magnetosphere itself. Figure 18 

schematically illustrates the magnetic connection of Pioneer 

with Jupiter. 

The model also makes a few qualitative predictions con¬ 

cerning the Jovian magnetotail. Beyond the opening radius 

Lq, 10-hour périodicités should be evident in the plasma and 

in the high energy particle fluxes as a consequence of the 

opening and closing of the diurnal trapping region. And, as 

in the case of the terrestial magnetotail, magnetic field an¬ 

nihilation should occur. In the Jovian magnetotail, however, 

thé field annihilation should exhibit a 10-hour modulation. 



Figure 18. Magnetic connection of Jupiter with Pioneer. 



F
i
g
u
r
e
 
1
8
 

m
a
g
n
e
t
o
p
a
u
s
e
 



7. Conclusions 

The Pioneer missions to Jupiter have confirmed radio 

astronomical predictions of high energy particles trapped in 

the magnetic field close to Jupiter. The probes also dis¬ 

covered significant fluxes of such particles in the outer 

regions of the magnetosphere and that, over a wide range in 

latitude and radial distance, these fluxes exhibited period¬ 

icities matching the rotation of the planet. For various 

reasons, models based on geometrical considerations (i.e., a 

fixed geometry periodically tilting) cannot adequately ex¬ 

plain the observed periodicities or the fluxes. 

The possibility has been explored that the periodicities 

are the result of a 10-hour time variation in the acceleration 

process. Specifically, a diurnal trapping region releases 

plasma into the magnetotail once every 10 hours, causing mag¬ 

netic field annihilation and particle energization. The 

electron energies produced by this mechanism are much greater 

than those generated by inward diffusion or satellite accel¬ 

eration. Qualitatively, the periodic release and accelera¬ 

tion mechanism explains other features of the Pioneer obser¬ 

vations, such as periodic fluxes of energetic particles at 

high latitudes. Thus, the model discussed here provides a 

plausible alternative to the "magnetodisk" models and may 

prove useful in interpreting the Pioneer observations. 
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