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1. INTRODUCTION

The radiation belts of Earth were  discovered by in situ observation

in 1958 (Van Allen et al. , 1958; Vernov et al. , 1959) . Non-thermal

decimetric (3-GHz) radio emis s ion from the vicinity of Jupiter was dis-

covered in the same year (Sloanaker , 1959) by remote observation. It

was soon realized (Field , 1959; 1960; 1961) that the decimetric radiation

arose from electrons trapped in Jup iter ’ s magnetic field. The radiation

mech~ -~.sm remained uncertain for only a few years.  The presence of

a l inearly polarized component at the 31-cm wavelength (Radhakrish.nan

and Roberts , 1960) , a polarization subsequently confirmed over a broad

spectrum of wavelengths (e. g., Michaux , 1967) , convinced Chang and Davis

(1962) that the responsible mechanism was synchrotron radiation by highl y

relativistic electrons having mirror  points very  near the zeriomagnetic

equator. Thus , it can be said that the radiation belts of Jupi ter  were

positively identified within five years of the discovery of radiation belt s

around the Earth.  
. 

1

A furthe r decade of remote observation and theoretical activ ity set

the stage for the f i r s t  in situ observations of Jup iter ’s radiation belts

by Pioneer 10 in Decembe r 1973 and Pioneer 11 in December 1974. It

is fortunate for the interested reader that much of the work on Jup iter ’s

radiation belts during this period and following the Pioneer encounters

has been reported and reviewed in certain major collections of articles

(see Table 1) rather than being scattered through the literature. Indeed,

the subject of Jupiter ’s radiation belts has already been extensively re-

viewed in recent years (e.g. , Coroniti, 1975; Goertz , 1976b; Simpson

and McKibben , 1976; Fillius , 1976; Van Allen, 1976; McDonald and

:~:i Ii~~~ :~~~~
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Trainor , 1976; Mogro-Campero, 1976; Kennel and Coroniti , 1978) ,

and there is hardly need at present for yet another comprehensive re-

view of the subject. According ly, the present  work will offe r a broad

overview of principles together with a detailed coverage of cer ta in spec-

ific issues that seem to have escaped proper  attention in past reviews.

Theoretical analysis of Jupiter ’ s radiation belts has proceeded

largely along lines e stablished by terres t r ia l  analogy. Peop le have in-

voked the radial diffusion of par t ic les  injected from the solar wind at

the outer boundary of trapping. They have invoked strong pitch-angle

diffusion where the resulting part icle flux exceeded the limit calculated

by analogy with Kennel and Petscheck (1966 ) .  Some have considered

the effects  of albedo-neutron decay (Thomas and Doherty,  l972~ , a

known source  of geomagnetical ly t rapped protons.

There are  perhap s th ree  major  conceptual d i f fe rences  between

Jupiter ’ s radiation belts and the Earth’ s. One is the importanc e of

synchrotron radiation as a loss mechanism for Jovian electrons. An-

other is the unimportance of t e r res t r ia l  radial-diffusion mechanisms

at Jupiter. The third is the presence of Jovian satellites (moons) in

the radiation belts. Synchrot ron  loss is rathe r well defined. Its con-

sequences for the evolution of electron energie s and equatorial pitch

angles are essentially expressible in closed fo rm (Schulz , 1977) . Jovian

radial diffusion, it seems , must be caused by the mechansim of Brice

and McDonoug h (1973) :  f luctuations in the polarizat ion electric field pro-

duced by neutral winds in the Jovian ionosphere , which is coupled to

the magnetosphere  by equipotential B-field lines. The rad ia l -d i f fus ion

-9-
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coefficient  for Jupi ter  must t he re fo re  vary  as L3 , rather than as the

or L10 characterist ic of t e r res t r ia l  mechanisms. The presence of J ovian

satellite s in the radiation belts can represent  either an additional source

of zenomagneticall y trapped radiation (~~j . , Neubauer , 1974) or an ad-

ditional sink for it (Mead and Hess ,  1973) ,  or perhaps both.

Whereas the existence of a Jovian electron radiation belt was well

established by Chang and Davis (1962) from their analysis of the deci-

metr ic  radio emission , the existence of a proton radiation belt around

Jupiter could never be f i rml y established by remote observation. The

existence of such a proton belt was largely taken for  granted on the basis

of t e r res t r i al  analogy, but estimation of its intensity remained a subject

for  theore t ica l  conjecture  until the encounter  of Pioneer 10 with Jupiter

in December 1973.

The encounters  of Pioneer 10 and Pioneer 11 with Jupi ter ’ s magneto-

sphere are  i l lustrated in Figu re s  1-3 , taken f rom the papers by Fillius

( l976~ and Van Allen (1976) .  The coordinates in Figures  2-3 are magnetic

(R , X ) ,  and the 10 ° inclination of the dipole axis to Jupiter ’ s rotation axis

modulates the magnetic latitude of the spacecra f t  at a 10-hour period.

The outbound pass of Pioneer 11 (F igure  3) represented the beginning

of an out-of-ecl iptic excursion, and so prov ided data from fair ly high

zenomagnetic latitude s X.. The cro~~s-hatched region s in Figures 2-3

correspond to the inne r Jovian satellites lo (J I) , Europa (J iD , Ganymede

• (J ill) , Callisto (JW) , and Arnaithea (JV , the innermost) . The Pioneer

spacecraft  provided a wealth of data on Jupi ter ’ s radiation belts , and

the analysis of the Pioneer result s continues to occupy the attention of

-10-
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numerous investigators. Some of the major preliminary scientific re-

sult s from the two spacecraft are summarized by Mead (1974a) and Opp

(1974 , 1975).

The instrument packages aboard the Pioneer spacecraft are Listed

in Table 2, together with the principal investigator for each (Hall , 1974;

1975). The instrument packages on Pioneer 11 were basically the same

as their counterparts on Pioneer 10 , except for  (a) some minor differences

in calibration and (b) some additional components installed on Pioneer 11

(e .g . . Fillius , 1976) . The flux-gate magnetometer was not aboard Pio-

neer 10; it was added for the flight of Pioneer 11. The instrument pack-

ages of primary significance to the topic presently under review are the

energetic-part icle  detectors , i . e .  , the instruments listed fourth through

seventh in Table 2. Some charac ter i s t ics  of these instrument packages

are given in Table 3. Necessary data for organizing the energetic-par-

ticle results  (e. g. , in the B. L coordinates of Mdilwain, 1966) were pro-

vided by the magnetometers (listed first and second in Table 2). The

plasma analyzer (listed third) holds the key to understanding those radi-

ation-belt phenomena that are sensitive to the density or pressure of

the rmal plasma (e.g. , Cornwall, 1976). Moreover , one requires the

plasma analyzer and at least one magnetometer in order to define the

configuration of Jup ite r ’s outer magnetosphere. Without such a defini-

tion, quantitative aspects of the origin of Jupiter ’s trapped radiation

can hardly be discussed at all.
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2. ELECTRO N OBSERVATION S

All four of the ener getic-particle instrument packages (see Table

3 , above) included det ectors that would respond to incident electrons.

Taken together , the various packages provided coverage from 50 keV

to > 35 MeV. Detailed results specifically addressing the radiation belt s

of Jupi ter  are given by Filliu s (1976) , Fillius and Mcllwain (1974a , b) ,

Fillius et al. (1975 , 1976 ) , McDonald and Trainor (1976) , Mcflwain and

Fillius (1975), McKibben and Simpson (1974, 1975), Randall (1975), Sent-

man and Van Allen (1976) Simpson and McKibben (1976), Simpson et al.

(l974a,b; 1975a ,b), Trainor et al. (1974a ,b; 1975) , Van Allen (1976),

and Van Allen et al. (l974a.b; 1975). Some representative findings are

recounted here.

Contours of constant radiation intensity, as in fe r red  from the count -

ing rate in an omnidirectional channel sensitive to electrons of energy

E > 21 MeV , are shown in Figure 4 (Van Allen et al. , 1 9 7 5 ) .  The maxi-

mum flux occurs at L -~ 3. There is no evidence here of a two-zone struc-

ture such as that found in the Earth ’s magnetosphere. On a given L shell

the counting rate is largest at the equator. This corresponds to the usual

peak at o’
~ 

= 90° in the distribution of equatorial pitch angles.

Representative electron spectra , in this case from the outer magneto-

sphe re, are shown in Figure 5 (Trainor et al., 1975). Each of the spectra
. 1  -

seem s to satisfy a power law for E ~ 10 MeV , and the power-law indices

(2.0 2.0, and 1.5) are remarkably small. Transition to a steeper descent

should be anticipated at some higher energy (E ~ 10 MeV) . Otherwise, the

integrated energy flux would be at least logarithmically divergent.
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It had been suggested by Mead (1972) that Arnaithea (JV) and the

four Galilean satellite s (JI -JIV) should act as abs orbers of zenornagnet-

ically trapped radiation. Thus , it would seem natural (see Figure 3,

above) to look for reduced particle intensi~ es at L ~ 2. 6 , L ~ 6. 0 , L ~ 9. 5 ,

L~~ 15.1 , and L~~- 26. 6 , i .e. ,  at the drift  shells swept by the five inner

satellites of Jup iter. Figure 4 (above) offers  insufficient spatial reso-

lution for this purpose. However , it is easy enough to look for satellite

effects in time-profiles of the Pioneer encounters with Jupiter. Figure

6 , for  example, shows typical t ime-profiles of omnidirectional electron

intensity observed at Pioneer 10 above various energy thresholds (Van

Allen, 1976) . The various profile s show c onsiderable s t ructure , some

of which correspond s to satellite locations. One is strongly tempted to

infe r electron absorption by JI-Jill, at least from the lower energy chan-

nels. Such an inference is probably correct.

However, the lessons learned from terrestrial experience (e.g.

- J Lyons and Thorne , 1973) warn us against j umping to such conclusions.

Lyons and Thorne (1973) had shown , within the context of a steady- state

model that included radial diffusion as well as pitch-angle diffusion and

Coulomb (collisional) losses , that a “slot ” between the earth’s r adiat ion

belt s (viewed as L-profiles at fixed energy) should indeed occur about

where the particle lifetime is least. Along the way, however , they al-

so had found that the phase- space density 1 was monotonic with L when

plotted at fixed M and J , the two adiabatic invariants conserved by the

radial-diffusion process -that was postulated. The L-profile s of electron

- -20 -
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flux at fixed energy, which showed the distinct “slot” between zones

of intense particle radiation , thus emerged onl y after  a rather fo rmi-

dable c omputer exercise and a rathe r straightforward t ransformation

of kinematic variables.

Figure 7 shows the result of converting Jovian electron data , sim-

ilar to the data shown above in Figure 6 , to phase-space density at fixed

adiabatic invariants M and J (Mdllwain and Filliu s , 1975; Filliu s , 1976) .

This is a more natural presentation than fixed energy,  since the f i rs t

two adiabatic invariant s are  presumably conserved under radial di f fus ion ,

while particle energy is not . Only three  energy channels were  available

for producing Figure  7 , and so assumptions about the spectral form were

necessary.  However , the general  impress ion  given by Figure 7 is that

of an inward di f fus ion  cu r ren t  modified by s t ructure  at lo (L ~ 6 ) ,  Europa

(L ~ 9 . 5) .  and Ganymede (L ~ 15) . Perhap s surprisingly ,  the structure

at lo (and at L~~ 12) seemingly corresponds to a particle  source  there ,

rathe r than a sink . This could be a spurious consequence of hav ing

postulated a slightl y wrong functional form for the energy spectrum , or

it could represent a discovery of major dynamical significance. One is

inclined toward the former  interpretation , at least for  electrons.
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3. PROTON OBSERVATIONS

All four of the energetic-partic le instrument packages on Pionee r

10 and Pioneer 11 (see Table 3 , above) included detectors that would

respond to incident protons. Taken togethe r , the various packages pro-

vided coverage from — 120 keV to > 80 MeV. Detailed results specifi-

cally pertaining to protons in the radiation belt s of Jupiter are given by

Fillius (1976),  Fillius and Mdflwain (l974a ,b), Fillius et al. (1975),

McDonald and Trainor (1976), McKibben and Simpson (1974, 1975) , Simp-

son and McKibben (1976) , Simpson et al. (1974a , b; 1975a , b) , Trainor

et al. (1974a , b; 1975) , Van Allen (1976) , and Van Allen et al. (1974b ,

1975). Some representative findings are recounted here.

An outstanding feature  of Jovian energetic ions is the great magni-

tude of their intensity variation with L. This is illustrated in Figure 8

(Simpson and McKibben , 1976) . The L value for this illustration was

derived , by the method s of Mdflwain (1966) and Mead (l974b) , f rom a

set of spherical-harmonic coefficients (called Model D4) that had been

fitted by Smith et al. (1975) to their Pioneer-li magnetometer data.

Intensities at the inbound and outbound t raversa ls  of the same L shell

agree remarkably well. Simpson and McKibben ( 1976) take this agree-

m ent as a testament to the accuracy of the magnetic - field model , as it

undoubtedly is.

However , one should view with caution the pronounced variation of ion

flux with L in Figure 8, since the magnetic latitude of the spacecraft

varies strongly with L. It can be seen from Figure 3 that the inbound

and outbound t ra ve r sals of the L = 5 drift shell occurred at about the

same (— 4 5 °) magnetic latitude. Actually the magnetic latitude was slightly
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higher on the inbound pass than on the outbound. Traversal of the

lowest L shells is accompanied by a very rapid change in magnetic

latitude. If the directional intensity were to vary as some large

powe r Zn of sin a0 (where is the equatorial pitch angle) , then the

omnidirectional intens ity would vary as (B 0 /B) ’~ along the field line.

The flux would be max imal at the equator , i .e.,  at B/B 0 = 1. Thus,

the variation of equatorial intensity with L is folded inextricably with

latitudinal variation of ion flux on a given drift  shell in the construction

of Figure 8. Experience with the Earth’s radiation belts (e.g. $ Schulz,

1975b) , where n > 3 for p roton s and n > S for  alpha particles (helium

nuclei) at L — 2 , provides a clear warning on the interpretation of Fig-

u re  8 for  Jup iter. The spatial s t ructure  identified by Fillius (1976)

for  protons having E > 80 MeV must be viewed with similar caution.

Geomagnetically trapped ion s acquire their considerable anisotropy

(which increases somewhat with energy, at least for protons) by dif-

fusing from L — 10 to L — 2 under conservation of M and 3.  One should

expect the source of Jovian protons to lie well beyond L — 10 , which is

to say that the anisot~opy of Jovian protons at L .-.. 2 should be even lar ge r

than in the terrestrial case (see also Cornwall and Schulz, 1978). Of

course, particle absorption by Amalthea (Fillius , 1976) may we1i be re-

sponsible for som e of the structure seen in Figure 8 , but probably not

for all of it.

The particle data for Figure 8 were derived from a fission cell,

which can respond to heavier ions in addition to protons (Sim pson et al.,

-2 7 -
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1974b) . Howeve r , it seems that the contribution from heavie r ions

would have been rathe r small. The intensity ratio of alpha particles

to protons , at least at fixed energy/nucleon, has been found to decrease

quite strongly with L (Trainor et al., 1974b; 1975). This is illustrated - -

in Figure 9. Extrapolation of these results would suggest that

l0~~ at L ~ 10. To this remark must be added the usual caution that

geomagnetically trapped alpha particles and protons have very different

anisotropie s on the same L shell , which is to say that the a/p  ratio is

a strong function of magnetic latitude (e .g .  . Schulz , l975b) . The same

might well be true at Jupiter.

A representative energy spectrum for zenomagnetically trapped

protons is shown in Figure 10 (Trai.nor et a!., 1974b; 1975) . It seems

clear that a power law fits very well , and that the index (3. 5 in this case)

is significantly larger for protons than for electrons (ci. Figure 5). In

other words, Jovian protons seem to have softer (i.e., steeper~ spectra

than Jovian electrons in the 0.1-10 MeV range. Quite the opposite is

true in the Earth ’ s magnetosphe re.
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4. SATELLITE EFFECTS

Following the suggestion by Mead (1972) that the five inne r sat-

ellite8 of Jupite r would tend to sweep the radiation belts of their en-

ergetic particle s , Mead and Hess (1973) undertook a detailed study of the

effect. They found , for example, that the 100 tilt between Jupiter ’s

magnetic and rotation axes (and hence , the iO ° tilt between Jupiter ’ s

magnetic equator and the plane of the satellite orbits) would enable

particles having mirror  latitudes < 100 to escape absorption much of

the time. Particle s mirroring at hig her latitude s than 10°, but having

energie s either sufficiently low or sufficiently high , might avoid absorp-

tion if their drift  motion advanced the guiding center at least one satel-

lite diameter in longitude during half a bounce period. Still other parti-

cles might escape absorption if the dr if t shells swept by the satellite

were  t raversed  via radial diffusion in less than a drift period. Mogro-

Campero and Fillius (1976) considered such effects  and thereby estimated

an effectiv e lifetime (to be inserted in the Fokker-Planck equation) for

particles at L value s in the vicinity of the satellites.

In the above -described analysis , it had been assumed that the sat-

ellites did not otherwise (apart from absorption) perturb the adiabatic

trajectory of a charged particle. Schulz and Eviatar (1977) reconsidered

the problem of charged-particle absorption for the case of a perfectly

conducting satellite. This study was motivated by certain models of

Jovian decametric radio emission (e. g., Piddington and Drake , 196 8;

Goidreich and Lynden-Bell , 1969; Smith , 1976) that require the satellite

lo to be a good conductor. Howeve r , substantially similar effects on
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particle absorption should occur for satellites (such as Ganymede) that

have a very large dielectric constant (Cornwall and Schulz , 1978). If ,

as Piddington and Drake (1968) propose , the satellite lo is a good elec-

trical conductor s then the equipotentials of Jupite r ’ s corotation electric

field (as observed in to ’ s frame) would be distorted somewhat as in Fig-

ure h a .  The 10 ° tilt of Jupite r ’s magnetic a.xis is neglected here , as is

any offset of Jupite r ’s dipole from the center of the planet , so as to mak e

OB/ a t  = 0. The distortion of the cold-plasma drift paths ( i . e . ,  of the

electrostatic equipotentials) in Figure 1 la would not only (a) pre clude

the absorption of cold pla sma by to , but would also modify the absorp-

tion of energetic trapped radiation as follows (see Figure 11): (b) 20-

MeV protons , reduced absorption; (c) 28-MeV electrons, no absorption;

(d-f) E > 3 1-MeV electrons , enhanced absorption (Schulz and Eviatar ,

1977) .

The observational data shown in Figure 6 (above) do not seem to

support the above conclusions based on Figure 11. Indeed, from Figure

6 one infers much absorption at the lower energies and little absorption

(if any) at the higher. Thus , it seems that the absorption probability -

predicted by Figure 11 depends in the wrong way on electron energy

(Thomsen et al., 1977b). It is possible , of course, that the energetic

electrons are being absorbed not by the satellite itself but by lo-asso-

- 
_ 

ciated clouds of sodium and/or sulfur, such as have been observed by

Trafton et al. (1974), Matson et al. (1974, 1978) , Trafton (1976) , Eviatar

et al. (1976) , Mekle r and Eviatar (1976) , Mekler et al. (1976 , 1977), and
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Fig. 11. Drift Paths of Representative Equatorial Guiding Centers
(of particles having J = 0) in the Vicinity of Conducting
b ’ s Magnetic Flux Tube: (a) particles having M = 0;
(b) protons , M = 1 GeV/G; (c) electrons, M = 40 GeV/G;
(d) electrons , M = 80 GeV/G; (e) ele ctrons ,
M = 200 GeV/G; (f)  electrons , M = 400 GeV/G.
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Wehinger et al. (1976) . Such clouds extend to considerable distances

from lo itself. Another possiblity is that the electric-field configuration

surrounding b ’ s magnetic flux tube is more complicated than that postu-

lated by Schulz and Eviatar (1977) . For example, Hubbard et al. (1974)

and Shawhan et al. (1975) have proposed the configuration illustrated in

Figure 12 (Shawhan , 1976). This model, among others discussed by

Smith (1976) , would likely affect the adiabatic trajectories of energetic

particle s in a manner different  from that illustrated in Figure 11. The

details of this seem too complicated to be explored here.  However , it

should be noted that the electrostatic effects  of lo are not simply shielded

from the rest  of Jup iter ’s magnetosphere by ordinary Debye effects ,

since (except for collisional transport) the surrounding plasma is not

free to move across  the magnetic field in such a way as to short out the

elect ric f ie ld produced by Jupiter ’ s rotation.

A gene ral review of charged-particle absorption by Jupiter ’ s sat-

ellite s is g iven by Mogro-Campero (1976) . Howeve r , the satellites

have also been proposed as source s of charged particles for  the Jovian

magnetosphere (e.g..  Neubauer , 1974) . Carlson et al. (1975) and

Eviatar et a!. (1976) have noted the importance of electron-impact ion-

ization (a faster process there than photo-ionization) of to ’ s sodium

cloud (see above). Eviatar et al. (1978) have emphasized the energy

gain (~..1 keV) imparted to a sodium ion by virtue of its corotation with

Jupiter , a motion not characteristic of the neutral sodium atoms that

orbit Jupiter (along with 10) well beyond the synchronou s altitude.
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and Particle Acceleration Near lo (Shawhan et al.,
1975)

~~~~~~~1



Various propertie s of to and the other J ovian satellites are de-

scribed in reviews by Consolmagno and Lewis (1976) and by Morrison

and Burns (1976). A review of b ’ s atmosphere (cf. Fink et al., 1976)

and ionosphe re, the latte r having been discovered by Kliore et al. (1974,

1975), is given by B rown and Yung (1976). Finally, a review of sate!-

lit e compositions inferred from the Pioneer ultraviolet photometers is

given by Judge et a!. (1976) . The Jovian satellites are intriguing ob-

jec ts in their own rig ht. Their effects on the radiation belts of Jup iter

are just beginning to be understood.

-36-

— 
- - -   

——.------ - _ _ _ _ _ _ _ _ _ _ _ _



—--- - ---, . --
~ - - ---------. -~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - : . I_ ~~—~:~ - -

5. SYNCHROTRON RADIATIO N

The idea that Jupiter ’s decimetric radiation (Sloanaker, 1959) is

the result of synchrot r on radiation by trapped relativistic electron s

seem s t o have originated with Drake and Hvatum (1959) . The subse-

quent quantitative work of Chang and Davis (1962) confirmed this idea

beyond-reasonable doubt. A representative contour plot of brighthess

temperature at decimeter wavelengths is shown in Figure 13 (Berge ,

1 966). The contours (except the outer dashed one) occur at 200 inter-

vals from 20 °K to 160 °K. Methods for  inferring charged-particle dis-

tr ibutions from the observed radio spectrum were developed by Chang

and Davis (1 962 ) ,  Thorne (1963), Beard and Luthey (1973 ) ,  Luthey and

Beard (1973) . and Peng et al. (1974) .

The other side of the coin is that synchrotron emission must  repre-

sent a significant loss mechanism for the energetic electrons in Jupite r ’ s

radia tion belt. The effect of synchrotron emission is to reduce the ki-

netic ene rgy (y  - 1)m 0c 2 
of a tr apped ele ct ron and also t o reduce it s

value of y ~in a0 .  where  a0 is the equatorial pit:h angle. For part-

icles that mi r ro r  off the equator ( i .e . ,  for a,~ � 90 ) ,  one mu st ave ra g e

the local contributions to ~‘ and ~r ove r the bounce motion of the particle

in order to obtain transport coefficients that can be used in the Fokker-

Planck equation. Luthey (1970) and Baker (1974) have undertaken large-

ly numerical investigations of this problem , and Coroniti (1974) has

attempted to expand the bounce averages of ~1 and ~1 in powers of ctn 2 ar0 ,

which he assumes i.o be small. More recentl y Schulz (1977) has

L _ _  ~~~~~~~~~~~~~~~~~~~~~
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Fig. 13. The 10. 4-cm Radio Brig htness  Distribution of Jupiter ,
as Measured by a Two-Antenna Interferometer
(Berge, 1966)

-38-



r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
=———- --

~~~~~~~~~~~~~~~~ --~~~~ :~~~

obtained (with no such assumption about ctn 2 a
0

) anal ytical represen-

tations o f < y >  and (~r> . namely

(y )  ~ - (2 q4B~~/3m~ c~ ) (y Z 
- 1)

X (0 .8 153 y~~~
3’

~
’
~ - 0.4420y 3

+ 0. l3l8y~~ + 0. 2354y)

+ ( 1. 3802 - 0. 6397 y314) ( 1)

4 2  3 5<y )  ~ - ( Z q B0 / 3 ’~m0 c )

X (0 . 2509y 914 
- 0. 1473 y 2

+ 0. 1318 - 0. 23 5 4y
2)

+ (1. 3802 - 0 .6397y 3”4 ) ( 2 )

b y invoking a ve ry  accurate  app r oximation (Davidson , 1976) to the bounc e

f requency  of a particle (having charge q, rest mass m0 .  and relativistic

mass  ym 0) in a dipole field. As usual , the factor B 0 in (1) and (2~ rep-

resents the minimum (i.e . , equatorial) field insensity seen by the

particle during its bounce period between mir ror  points. The field at

the mir ror  points is denoted Bm (= y 2B 0) . The dependence of the loss

rates (y) and <~r) on y is shown by the dashed and solid curve s in Figure

14 (Schulz, 1977).
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In the absence of processes other than synchrotron emission , it is

possible to derive from (1) and (2) a trajectory for y as a function of y.

If , for example, an electron had passed through ( y . y )  = (y 0 ,y 0 ) at some (un-

specified) time t . then its values of y and y would be related at all other

times by the formula

11 - 
~ ~o

2 - 1) / ~ 3 [F(y
0

) I F(y) ]
2 - 1/2

where

F(y) ~ 0. 2509y~~~
314 

- 0. 1473 y 3

+ 0. 1318y~~ - 0. 2354 y (4)

The function F(y) is monotonic for  0 ~ y ~ 1 and vanishes at y 1.

Thus , the value of y decreases monotonically with decreasing y ,  and

the end-point of the t ra jec tory  occurs at y = 0 , y 1. Letting time

run backwards indefinitely, one obtains an asymptotic (limiting) value

of y (= y~~) as y approaches infinity. Thus , the value of y,~, serves to

label the trajectory (‘j ve r sus y) ,  and the equation of the trajectory can

be written

V ~ 1 - [F (y~~) I F (y )  ~2 
I~~

1/2 (5)

Numerical evaluation of (5) reveals a change in a0 i. e. a difference
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between sin ’y~ and sin~~ y. of < 0 . 2 ° between v and v = 6 ,  < 0 . 50

between y = ~ and V = 4 , <1 0 between y = ~ and y 3 , and ~ 20 between

V = ~ and y = 2. Thus , it is approximately true that synchrotron radi-

ation leaves a0 unchanged for electron energie s E ~ 3 MeV. However ,

it follows from ( 1) that (y> is much larger (in absolute value) for small

a0 than for large a0 (see Figure 14) . Consequently, an isotropic Max-

wellian electron distribution would develop a temporally increasing pitch-

angle anisotropy as conventionally defined, i. e., when one scan s the pitch-

angle distribution at some specified (instantaneous) particle energy. Pa r-

ticles having a’0 
= 30°, for example , must have started with a higher en-

ergy in the initial distribution than part icles  now having the sam e energy

but having a0 90 ° . The anisotropy create d by synchrotron radiation

thus resembles that created by inward radial d i f fus ion(e ._g~~, Schulz ,

1975b) . Both processes  lead to a distribution that is strongly peaked at

a0 = 90~ when part icles of the sam e energy are compared.

Various observational aspects of Jovian decimetric radiation are

described by Berge (1966 , 1972 ) ,  Berge and Gulkis (1976) , Gera rd (1975),

Hide and Stannard (1976), Kl ein (l976~, Stannard (1975), and Stannard

and Conway (1976). Jupiter’s decimetric emission offered a means of

remotely observing the relativistic electron belt long before the arrival

of Pioneer 10 and 11. but the importance of Jovian synchrotron radiation

transcends our convenience. As an energy-loss mechanism for zeno-

magnetically trapped electrons , synchrotron radiation plays an essential

role in the dynamics of the radiation belt itself.

_  _  
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6. RADIA L DIFFUSION

Radial diffusion ( i .e . , diffusion across  L) in the Earth’s radiation

— - belts is commonly attributed to a superposition of two processes: mag-

netic impulses and electrostatic impulses , both of magnetospheric ex-

tent . The respectiv e diffusion coefficients are given in a certain model

(e .g . , Schulz and Lanzerotti , 1974) by

~~~~ 2 (c23 /25 ) 2 L’° ( a/b ) 2 [Q(y )/ 180D(y) 3
2

x (G ~ Y2
~~~ (c23 I 2 Tr ) (6)

and

~ 2 (c/ 4aG ~~)~~L
6 e~

(
~3 / z~

) (7)

where a is the planetary radius , b is the equatorial stand-off distance

of the magnetopause from the center of the planet in the noon meridian ,

3 0. . .a C1 
is the magnetic dipole moment of the planet. c23/ 2ir is the (azimuthal)

drift frequency of the particles under consideration, and c is the speed

of light. The factor [Q(y)/ 180D(y fl 2 represent s a function of the equatorial

pitch angle a0 ~ sin~~y that varies monotonically 
from -0. 1 to 1. 0 as

y varies from 0 to 1 (e~ g., Schulz and Lanzerott i , 1974). The spectral

densitie s ‘~~ )ce~/ 2ir ) and 6~
(
~ /Zir ) correspond to a uniform axial magnetic-

field perturbation and an equatorially uniform electrostatic-field pertur-

bation , respectively. Both are supposed to be evaluated at the particle
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drif t  f requency ~2 3/ 2rr . Both are commonly considered to vary as

which is to say that the corresponding impulses are distributed randomly

in time and resemble step functions on the drift time scale. In such a

. . (m). . . 10
model the coefficient DLL is energy- independent and varie s as L ; the

coefficient D
~~L 

bears the energy and L dependence of £2 2 along with the
6 (e) . 2 4 1 0 2

factor L . Thus , DLL varie s roughly as y y L /M for particles

in the Earth’ s magnetosphere unde r the assumptions described above , pro-

vided that 2tr /c2 3 <<1 day.

The Earth’s rotation rate is inconsequential in (6) and (7) for particles

of radiation-belt energy (E ~ L 1 MeV) . Quite the opposite is true in the

case of Jupiter , at which particles having E ~ 0. 1 L ’ GeV all drift at

approximately the rotation rate of the planet. For such particles one would

expect D~L to vary as L6 and bear no energy dependence at all. The en-

ergy dependence of D
~ L 

for E ~ 0. 1 L
’ GeV is complicated and species-

dependent , since the gradient-curvature  drift  either augments (as in the

case of positive ions) or opposes (as in the case of electrons) the angular

velocity associated with Jup iter ’s rotation. (Gradient-curvature drif ts

at Jupite r are opposite to those at the Earth because the magnetic dipole

moments of the two planets are roughly anti-parallel at the present epoch).

An illustration of the complexity of particle drift motion (even at radi-

ation-belt energies) in Jupite r ’ s magnetosphere has been provided in

Figure 11 , above.

It turns out , when all is said and done , that neithe r D~ff~ nor

is very important for L ~ 10 at Jupiter. Various methods have been

tried for scaling 
~~~

(
~
/Ztr) and e~

(
~
/21

~
) from the Earth to Jupiter, and
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in each case the magnitudes of D~~~ and D~L have been found wanting
(Brice, 1972); diffusion caused by magnetospheric impulses is m ade-

quate to account for the intensity and the spectrum of the observed dcci-

metric radiation.

The alternative radial diffusion mechanism proposed by B rice (1972)

involves the polarization electric field produced by neutral winds in

Jupiter ’ s ionosphere and mapped into the magneto sphere along equipo-

tential magnetic field lines. It is the azimuthal (ç) component of such

an electric field that would be important for radial diffusion. The rate -

of-change of L seen by a radiation-belt particle would be given by

dL/dt - (c/ a 2 G~~) L2 (aV/a çp ) (8)

where V(L,~~;t) is the scalar potential from which the polarization elec-

tric field can be derived. If one assumes that E (
~ 

- ~~VV) is sub-

stantially independent of 0 (colatitude) in the ionosphere (r ~ a), then

one concludes that avfa~ in (8) will vary as gin O there , i.e., as L 1
~
’2

everywhere. It would follow from this consideration that

-
~~ (c/ aGf)

2 L3 (c23/zii ) (9)

whe re e,(~~/2~ ) is the spectrum of E~ at ionospheric altitudes. For

pa rticles having kinetic energy £ ~ 0.1 L 1 GeV this diffusion coefficient

is proportional to L3 and independent of particle energy (B ri ce and
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McDonough , 1973; Coroniti, 1974; Jacques and Davis , 1972 ). For

particles of higher energy, such as those represented in Figure 11

(b-f) , the dependence of D LL on energy,  specie s , and L value would

be more complicated than this.

It is especially important to recognize that a static polarization

electric field (such as would be produced by a global atmospheric cir-

culatio~i pattern showing only the usual diurnal variation at any given

zenographic coordinate corotating with Jupiter) would produce no radial

diffu sion. Such a configuration would yield no spectral intensity at the

drift frequency, i. e., would yield e~~23/2Tr) = 0 in (9) . One is rely ing

on spatially correlated temporal fluctuations in the circulation pattern

to produce DLL. It is understandabl y difficult to estimate the magni-

tude of such a phenomenon. The best that one can do is po stulate that

the circulation veloci~’r fluctuates globally by a certain percentage of

itself every so often (e .g .  , by 100% of itself eve ry Jovian day, on the

average).  This procedure enables one to estimate e,(~
/2ir) in terms

of a model for the ionosphere and a model for  the mean circulation.

Coroniti (1974), for example, obtains DLL~
. 2 X io lO L3 sec ’ as a

reasonable estimate.

However the diffusion coefficient is ultimately dete rmined, it must

be inserted in the approp r iate Fokker-Planck equation if one is to de-

scribe the consequences of radial diffusion quantitatively. The Fokker-

Planck equation describes the evolution of 1, which is the canonical

phase-space density averaged over gyration, bounce , and drift :
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~~*[v~ <~>?] L 
+ y T(y )  ~~_ [y T (y)<~~>?] 

L

- 

- 2 a I- 2  a f i  1 a r  a?- L -~-~~1
L DLL~~~~J + y T(y ~~[Y T Dyy 5;; y , L

+ - .4— - (10)

w h e re  T(y) ~ 1.3802 - 0. 6397 y 3
~”~ (Davidson , 1976) , where p =

is the scalar momentum of the particle , and where -r is the lifetime
- 

against processes  such as absorption by satellites and neutralization by

. 
charge exchange. The term involving <~~>corresponds to synchrotron

loss for electrons and Coulomb loss for both ions and electrons . The

term involving D corresponds to pitch-ang le diffusion.  The source

te rm ~ corresponds to processes such as the radioactive decay of cog-

• mic-ray-albedo neutrons (e .g .  , Thomas and Doherty, 1972) or the ion-

— 
ization of neutral sodium (e. g. , Eviatar et al. , 1978; Siscoe , 1977).

The Fokker-Planck equation is ordinarily solved in some model

situation by setting a l/ a t  = 0 and imposing appropriate boundary con-

ditions. For example , Birmingham et al. (1974) set D~~ 0 , S = 0 , and

- 

f = ~~~ , imposed a phase-space density I 6(J)5(M - 769 MeV/G) at

- 
L = 15 , and adjusted the two parameters D1 and k in the postulated rad-
. . . . .  k . . .ial-diffugion coefficient D LL = D 1 L . Their objective was to obtain
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a nonlinear least-squares fit between the observe d equatorial dcci-

metric radio emissivity distribution I at 10. 4 cm (Berge , 1966) and

that which would re sult (e .g. ,  Beard and Luthey, 1973; Northrop and

Birmingham , 1974) from the calculated I (without regard for overall

n~~rma1ization) . The best fit was obtained for = 1.7 X l0 ”
~ sec~~

and k = 1.95 , i .e .  , for D LL 1.7 X ~~~~ L” ~~ sec ”. The comparison

between the observed and calculated emissivit ies in this case is shown

in Figure 15 (Birming ham et al., 1974 ) , and the corresponding forms

of Tat  fou r selected values of M are shown in Figure 16. The curve

for M 769 M e V / G  is rnonotonic for the usual reason , i .e . ,  the model

provide s no source of particles (othe r than radial diffusion) for  this

contour at L <15. The three contours representing M ~ 432 MeVI G

need not be monotonic (and indeed , they are not) since these are con-

t inuou sly populated by the decelera t ion of electrons having larger values

of M.

Stansberry and White (1974) carr ied out a similar study, using a

Gaussian spectrum of f i r s t  invariant s at their outer boundary (L = 5 )

and comparing their re sults with observation at an additional wavelength

(21.3 cm) . By imposing k = 3, they found DLL — l0~~ L3 sec~~ as an

optimal , but somewhat unsatisfactory , fit. They obtained a better fit by

taking DLL z 1.2 X io 8 L3 sec~~
’ with i = 3 x io’~ ~

) sec in (10), and

by depleting the source spectrum at very hi gh and very low values of M.

A subsequent study by Hess et a].. (1974) took explicit account of

charged-particle absorption by Jupiter ’ s moons as discrete entities.

Using various forms of DLL with 1. 45 ~ k ~ 2 .45  and D 1 = 1.2-2 . 2 X 10~~
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et al. (1974) That Optimally F itted the Equatorial
10. 4-cm Emissivity Profile (see Fig. 15)
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sec~~~, they found major reduction s i n ?  (about 1.5 orders  of magni-

tude per encountered moon for a0 < 69 0) as compared with the case in

which -r = ~~ . It seems that a much larger  value of DLL (perhaps DLL
_..i o _ 8 

L3 
sec 1) would have been required in order to account for  the

decim etric profile (Figure 15) in the face of particle absorption by

Jupiter ’ s moons (cf.  Stansberry and White, 1974).

In analyzing the absorption of charged particles by Jovian satellites,

it is essential to take literally the drif t average that is implied in the

wri ting of ( 10). Since the Pioneer data provide only isola ted passes ,

one mus t discount any data obtaine d from the swath of the satellite it-

self (e. g. . Thomsen et_al. ,  1977b) . One would expect the phase -space

density to vary with ~ (the azimuthal separation between the observer

and the absorbing satellite) by vir tue of the elementary processes

that contribute to radial diffusion. However , one cannot calculate DLL
correc tly without avera g ing the particle t ra jec tory  over many drift  peri-

ods. Thus , the ability of par ticles to escape absorption may not be de-

sc ribable in term s of a diffusion coefficient  and may (for  example) de-

pend somewhat on the phase of the moon relative to the general pattern

of atmospheric circulat ion , as we ll as on the elementary step size char-

ac teristic of the random-walk process .  In any event , the phase-space

density inferred from an inbound or outbound pass of Pioneer 10 or 11

is not likel y to agree with the dr i f t -averaged value (I) that is required

in (10) , except on adiabatic trajectories that have not intersected a

sa tellite within the past drift  period. These cons iderations cast doubt

L ~~~~~~~~~~~~~~~~~~~~ ~
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on estimates of DLL (e .g ., Mogro-Campero and Fillius , 1976) that

rel y on Pioneer data from dr i f t  shells that intersect  the satellite. How-

ever , Thomsen et a].. ( 1977a , b) have obtained D LL~~ 3 x io 8 sec ’ at

L = 6 (assuming no pitch-ang le diffusion) and D LL ~ 7 X l0~~ sec~~ at

L = 6 (assuming strong p itch-angle diffu s ion) solely from Pioneer data

taken outside the swath of the satellite lo (which , in contrast to Figure

11 . they model as a geometrical absorber  that does not distort  the adi-

abatic trajectories electrostat ically) . These values are  compatible with

having D LL = 2-40 X l0~~’° L3 sec~~~, the lower limit being in good

agreement  with the magnitude of D LL proposed by Cororiiti (1974) on

the basis  of totall y d i f ferent  considerat ions .

It is n ec e s s a r y  to mention at this poin t a rad ia l-d i f fus ion  mechanism

proposed by Nishida  ( 1 9 7 6 ) ,  who a rgues  that electr ic  fields fluctuating at

the bounce f requency  of a particle and localized near its mi r ror  point

might violate the adiabatic invariance of both J and L while largel y pre-

serving the kinet ic  energy  (E) of the part icle.  This mi g ht produce an

outward diffu s ion cur ren t  at L ~ 3 , since (according to Figure 4 , above)

the quanti ty _ D
LL (all 3L) E M would seem to be postiv e there .  Sentman

et al. (1975) report having observed such a di f fus ion cu r r ent , but the

overall significance of this idea for the dynamics of Jupiter ’ s radiation

belts remains unclear .

It is interesting that the radial-dif fusion mechanism of B rice and

McDonough (1973 ) ,  which seems to be the dom inant one at Jupiter , may :

also be important in the Earth’ s magnetosphere  at epochs of very  small 
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magnetic moment G~ a 3 (Cornwall and Schulz , 1978) such as that which

occurred -6000 years ago. Using a certain model to scale ~~~~~ and

D~~~ , Schulz ( 1975a) found that both vary  as (G~~) k , where  ~ is the third

adiabatic invariant ( 2ir G1~ a2 /L)  and 5 < k < 6. With a magnetic mo-

ment half as large as the present  one , the Earth would see ~~~~~ and

(e) . . .
D~~~ reduced b y factors  — 50 for  particle s on a given drift  shell (as

identified by ‘l ) .  Other scaling laws , applicable either to interplanetary

or to paleomagnetospheric  conside rations , are described by Siscoe (1978) .

The concept of paleomagnetospher ic  scaling is due to Siscoe and Chen

(1975L
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7. PITCH-ANGLE DIFFUSION

The term containing D in (10)  has played a rather  uncertai n role

in Jovian radiation-belt theory because the magnitude of ~~~ itself is

so difficult to estimate f rom the available data. Howeve r , Fillius et al.

(1 976 )  have cleverl y inverted the problem by using the observatio n al data

on ?~ togethe r with an estimate fo r  D LL~ to evaluate all the othe r majo r

term s in ( 10) .  They assumed , as usual , that a f / at  = = f /-r  = 0 for  the

energetic elect rons and concluded that , since the synchro t ron  terms are

insufficient  to balance the radial-diffusion te rm on drift  shells that are

not swept by the satellites, the pi tch-angl e diffusion t e rm must  be ve ry

important. However , they found that the particle life times associated with

pitch-ang le diffusion are f a r  longer  than the minimal “ st rong-diffusion”

lifetimes that would app ly if D were la rge  enough to transpo rt the

ave rage particle across  the e n t i r e  loss cone in hal f a bounce period.

The term that  represen ts  p i tch-angle  dif fusion in (10 )  would have to be

modified in the case of s trong diffusion , since the und e rl ying concept  of

a bounce -averaged I would have been violated.

Using a very similar method, Baker and Goertz (1976) concluded

that pitch-angle diffusion is very significant for  electron s in regions

where nei ther  synchrot ron  loss nor  part ic le  absorption by satellites is

at all important. In oth er wo rds , Bake r and Goertz (1976 ) found that

the radial diffusion current  had a nonvanish ing divergence with re spect

to L for reasonable values of k in the coefficient D LL = D 1Lk. They

favo red cyclot ron resonance with whistler-mode wave s as a likely

- ~~~--—~~~~ — - - -

- 

~~~Fcr~
),
~~c- ~~~ 

c- ~ii- r~ k-  , ~~~~
- ~~~L~r~~ o-

- - i’.. - • 
- - - - 

~

...

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
~~ - - -- ~~~ 

_ _ _



___________________________ ~~~~~~~~~~~~~~~~~~~~

mechanism for pi tch-ang le diffusion. Various authors (Scarf , 1976;

Scarf and Sanders , 1976; Sentman and Van Allen , 1976; Van Alle n,
1976)have shown that the pi tch-ang le distributions of electrons having

E > 2 1 MeV at L < 7 were compatible with such a concept.

Othe r approaches  to p i t ch-angle diffusion at Jupiter have been largely

theoretical. Brice (1972) im m ediately recogni z ed that z eno magnetically

trapped protons are  susceptible to the electromagnetic ion-cyclotron

instabilit y that is associated wit h pi tch-an gle anisotropy. Since thi s is

a convective instabili ty in a bounded medium with imperfect  wave reflec-

tion from the boundarie s , it has the effect of limiting the Jovian energetic

proton flux to a cer ta in  value , viz. , -~~ 3 X 1O~ /L4 cm 2 sec 1 ( Kennel ,

1972) at ene rgies above the usual th reshold -~B2 /8~rN, where  N is the

cold-p lasma densi ty .  These cons idera t ions  are fully analogous to those

that led Kennel  and Petschek (1966)  to propose a limit 7 X lO ’0 /L4

cm 2 sec 1 on the flux of geomagnet ica l ly trapped e lect rons .

The ins tab i l i ty  ca lcu la t ion  of Kennel  and Petsehek (1966) was non-

re la t iv is t ic ) .  Barbosa and Coroniti ( 1976 )  pe r fo rmed  an analogous (but

relativistic) calculat ion of the s table- t rapp ing limit fo r  a spectrum

typical of Jovian radia t ion-bel t  electrons.  They obtained a limit 4 x
10 10 /L 4 cm 2 sec~~~, which is su rpris ing ly similar to the nonrelativist ic

re suit.

One expects s t rong  pitch- ang le diffusion to occur wheneve r the

actual flux exceeds the limiting flux by a factor ~ 2. In this limit the

part ic le  l ifetime becomes independent of D and approaches a value
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)TB , where a is the ha l f -angie of the equatorial loss cone and

is the full bounce period of the particle having a~ 
as its equatorial

pitch angle. Howeve r , the strong-diffusion lifetime is so short that the

actual flux can hardl y ever exceed twice the stable-trapping limit. Pitch-

angle diffusion inferred f rom the stable-trapping limit play s an essential

role in the Jovian radiation -belt model of Tho rne and Coroniti (1972) and

in the various ref inements  the reof (Coroniti , 1974; 1975).

I 

- 
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8. PARTICLE PRECIPITATION AND RE LA TED PHENOMENA

Pitch-angle diffusion results in a net t ransport  of particles from

trapped t ra jec tor ies  into the loss cone , and particles in the loss cone are

doomed to deposit their energy in Jupiter ’ s ionosphere or  atmosp here

within half a bounce period. Heaps (1976) has dete rmined that such

precipitation of alread y energet ic  particles into Jupiter ’ s atmosphere

may cont ribute significantly to the heating of the atmosp here. This would

be in addition to the atmosphe ric heating produced by the absorption of

solar EtJV (extreme ultraviolet) rad iation and by the upward co nvection

of heat from Jupite r ’ s inte rior. One heating mechanism th at seems to

have major  global significance f o r  the Earth but not f o r  Jupite r is the

Joule dissipation of ionospher ic  cu r r en t s  dr iven by magnetospher ic

electric fields (Heaps, 1976). Howeve r , one must also consider  (fo r

both plane t s )  the c u r r e n t s  dr iven by neutral  wind s t ransverse  t o E  in a

collisional ionosp here.  As has been noted above , the polarization re-

sulting from such cur rents  ultimately p rovides the dominan t mechanism

for radial diffusion in Jupiter ’ s magnetosphe ric radiation belts.

In addition to the diffuse precipitation attributed to pitch-angle

scatte ring (e .,~~~ by electromagnetic waves re sonant with trapped pa rti-

cles), one must  conside r the very loca lized accele rat ion of particles along

magnetic-field lines by the parallel (to B) component of a magneto spheric

electric field. In the Earth’s magnetosphere one finds E~B to be signif-

icant only in au ro ral arcs , whe re th e resul ting elec t ro n accele ration and

precipitation can lead to significant x- ray  production. X-ray data from

- 

~ c~~L) I ”\ & ~~~~~ ~ ~~~~~~~~~~~ ~ .. 
~~

- 59-

L _ _ _ _ _ _ _  
- .  -~~~ - -~~~~ 

-



_ _ _ _  - - 
_ _ _ _ _ _ _  - _______--

the Uhuru (Hurley,  1975) and Copernicus (Vesecky et al., 1975) satellites

in Earth orbit fail to show an analogous x - ray  flux that ought to be emitted

from Jupiter; perhap s the instrumental sensitivity on Uhu ru and Coper-

nicus is insufficient, or pe rhaps Jupite r doe s not emit as large an x - ray

flux as one might expect.

However, Jupiter is known to be a strong emitter of decamet ric

(-.30-MHz ) radiation (e.g., Carr and Desch, 1976), and much of this

emission seems to be a consequence of th e electrodynamic prope rties of

Jupite r ’ s satellite Io ( Piddington and D rak e, 1968; Goidreich and Lynden-

Bell , 1969; Smith , 1976). Most theories of the to-associated decametric

radiation entail the flow of cur ren t  parallel to B along the sur face  of lo ’ s

magnetic flux tube and th rough  the Jovian ionosp here. The “ sheath ”

model of Shawhan et al. (1975) leads to a substantial component of d cc-

tric field parallel t o E  along the surfac e of b ’ s flux tube , and hence to

an acceleration of particles somewhat analogou s to that which accurs in

ter res t r ia l  auro ral arcs (see F igure  12 , above) . However, the 10-asso-

ciated Jovian decametri c radiation is confined not only in latitude (as

is the au rora)  but also in longitude, i. e. , is confined to the feet of the

- 

- flux tube that contains to.

In addition to the b -associated decametric emission , th ere exists

an Ia-independent decamet ric emission that seem s to be associated

with specifi c location s on the planet Jupiter (e._g. .  Michaux , 1967 ;

Bozyan and Douglas , 1976; Carr and Desch , 1976). Thi s latte r emission

shows a very consistent pe riod of about 595. 495 mm (irrespective of

Jovian latitude) and fo rm s the basis for defining that which is known as
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System III longitude (X 111). Magrietospher ic  physicists  must  make a

special effo rt to remember that is measured westwa rd from its

ori g in. Secular vari ations of Jup iter ’ s apparent  mag net ic rota tion rate

and /o r improvements in the observ a tional data require that the definition

of System III be updated f ro m time to time (Riddle and Warwick , 1976).

It is in tere st ing to note that System III longitude, which is based on

radio observa t ions  and hence (implicitly) on magnetic geometry,  shows

no evidence of the d i f feren t i a l  ( l a t i tude -dependen t)  rotat ion that  is in-

fe r red  f rom visual observat ions  of Jup i ter .  Simil a rly, one mi ght say,

the interplane tary  magnetic  field and its “ secto r ’ s t r u c t u r e  (being derived

from the l a r g e - s c a l e  magne t i c  field of the Sun) show no evidence of the

different ia l  rotation that is seen in v isual  observations of sunspot s (which

corre spond to small-scale  magnet ic  f ea tu res  on the Sun) .  By the same

token , those who observe  onl y the clouds would inf er dif fe ren t ia l  rota t ion

fo r  the E a r t h  and Venus , whe reas radio observers  woul d cont r adict

such a f i n d i n g .  The point of this d igre s sion is to emphasize that an

object in the solar system may show different ial  rotation in cer tain

physical f e a tu r e s , but not necessar i ly in others.
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9. MAGNETOSPHERIC CONFIGURA TION

Much has been written about the shape and the interior structure

of the Jovian magnetosphere.  A review is given by Goe rtz ( 1976b) .

On the basis of Pioneer-l i data . it now seems clear that the nose of

Jup iter ’s magnetospause is blunt, like the nose of the Earth’ s. How-

eve r , the magnetosphere of Jupite r seem s to contain a discus-shaped

subst ructure  of closed field line s (e. g. , Van Allen et al. , 1974a) known

as the magnetodisk. Barish and Smith (1975) and Beard and Jackson

(1976) have constructed semi-empirical models of such a magnetospheric

configurat ion.  The magnetodisk d i f f e r s  conceptually f rom the Ear th’ s

r ing -cu r ren t  zone , which is likewise a reg ion of distended field line s

(reduced component of ~~~ normal to the magnetic  equator; enhanced com-

ponent of B parallel  to the magnet ic  equator) .  The t e r r e s t r i a l  case cor-

responds to a diamagnetic hot-pla sma effect .  The Jovian case possibly

corresponds  to the e f fec t s  of a cent r i fugal  force , i. e. , to a cur ren t

density

J = (p c / B 2) f ( c 2 . B )  ( 12xr)  - .Eca~fi ~~J ( 11)

where p is the mass density of the plasma , Q is the angular velocity of

Jup iter , and c is the speed of light. Gleeson and Axford ( 1976) have

augmented ( 11) with current s resulting from gravitational and pressure-

gradient drif ts  and have thereby obtaine d an anal yt ical model for B in

-
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the axisyrnmetric case. Goertz ( l976a) has conducted a similar study

of the tilted-dipole case (which is not axi.symmetric) and has thereby

illustrated a major  distinction between diamagnetic (hot-p lasma) and

centrifugal (cold-p lasma) effects.  If one define s the magnetic equator

as the minimum-B sur face , i. e., as the set of points where  B~ V ’B = 0

arid B -V(B~~B) > 0 , then one finds the magnetic equator asymptotical ly

perpendicular to the dipole axis in the diamagnetic case but asymptotically

perpendicular  to the rotation axis in the centrifugal case. Of course , the

magnetic equato r essentially coincides with the dipole equator in the

inner magnetosph ere , and the consequence of the possible asymptotic

distinction for  Jup iter is a corotating wa rp in the magnetic equator (Smith

et al. , 1974b ; Hill et al. , 1974a).

Some observational evidence for  the Jovian magnetodisk is shown

in Figure  17 (McKibben and Simp son , 1974). Very obvious minima in

the magnet ic  field r e c u r  with about a 10-hour pe r iodicity (especially on

Days 339-342) , and these are coincident with maxima in the energetic

electron flux. The other Pioneer-lO investigators found the same anti-

correlation between B and particle flux in Jup ite r ’s outer magnetosphere

and the same dominant pe riodicity 10 hr  ( Fillius and Mcflwain , l974a;

Simpson et al. . 1974a; Trainor et al. , 1974a; Van Allen et al. , 1974a) .

This does not mean that the energetic electrons are responsible for creat-

ing the minimum in B (as by diamagnetic effects) ,  but only that the y have

the customary fo rm of equatorial p itch-angle distribution (I. e., peaked

at a0 90°. For examp le, an equatorial pitch- angle distribution of

the form sin 2
~ a0 corresponds to an off-equatorial  intensity proportional
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Pioneer 10 Jovicentric Distance (Rd)
inbound Outbound

~~ 4 108 82 55 24 21 52 79 92 130 154
:~

I0 ‘ ‘ ‘ i i u i

Pioneer 10

BS MP f ~,,~~EIectrons:~.6-3O MeV

(~~ \~1d~ 
~~~ 

MR 4P I0O

~~~~~~~~~~~~Z~gnetic ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~I0~~~
I I I I I ~ 

—6

330 332 334 336 338 340 342 344 346 348
1973

Fig. 17. Comparison (McKibben and Simpson, 1974) of Electron
Intensity (Simpson et al. , 1974a) with Magnetic-Field
Magnitude (Smith et al. , 1974a) from Pioneer 10 Data
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to (B 0 j B) ’~, where B0 is the equatorial field strength. Proton and

electron data from Pioneer 11 are shown in Figure 18 (Simpson et al.

1975a) . B oth intensities are modulate d (in phase with each other) at

the Jovian rotation period 10 hr  (Days 335-336 inbound and Days 338-

339 outbound) . One cannot necessari ly infer  traversal  of the magnetic

equator at the maxima (especially in view of Figure 3 , above), but mod-

ulation of the magnetic latitude (and thus of B / B 0) at the spacecraft  is

presumably suff ic ient  to explain the data. However , the relative mod-

ulations of counting rate and B-f ie ld  magnitude in Figu re 17 (above ) sug-

gest a pitch-ang le distribution of the form sin
Z
~l 

~~~~
, with n 5- 10. This

would be an unusually large n f o r  electrons in the Earth ’ s outer magneto-

sphere ,  but (of course) the data for  Figure 17 pe rtain to Jupiter.

Beside s possibly being wraped b y the cent r i fuga l  force , Jupiter ’ s

magnetic equato r seems to spiral azirnuthal ly,  somewhat as that of the

Sun at M e r c u r y ’ s o rbit and beyond. The sp iral  component  is seen di rect l y

in the Jovian B-field data (Smith et al. , 1974b) and b y inference in the

Jovian particle data , which show their  maxima at Sys tem III longitude s

X LII (see above) substantially d i f fe ren t  f rom those of Jup iter ’ s magnet ic

poles (Va n Allen et al. , l 974b) . The observed spiral has generall y been

attributed to the radial outflow of plasma (analogous to the stellar wind

of a pulsar) , to a propagating MHD disturbance emitted by the oblique

rotation of Jup iter ’ s magnetodisk , to rotational dissipation at the Jovian

ma gnetopause or ionosphe re . or to a combination of the above phenomena

(e. g. , Northrop et al. , 1974 ; Kennel and Coroniti , 1975; Kivelson et a]..

1977) . The c u r r e n t  sheet and the azimuthal component o l E  would help
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to account for  the observationally weak (Smith et al., 1974b) variation

of B~ in Jup iter ’ s outer magnetosphere .  The weakness of the variation

of I B !  with r helps to account for  the identification of magnetopause

cross ings at such widely varying zenocentric distances (r - 50- 100 R~~)

in the P ioneer-1O data (Smith et al. , 1974b) , although kinetic p ressu re

associated with radial outflow or hot plasma might be at least equally

important (Sm ith et al. , 1974a) .

It is important in the context of Jovian radiation-belt dynamics

to dete rmine whether radial outflow (if present) would cause the days ide

magnetosphere  to be “open ” ( i .e . , part of the tail even at equatorial

latitudes) . This possibility has been considered by Miche l and Sturrock

(19 74) ,  Kennel and Coroniti (1975 ) ,  and Eviatar and Ershkovich (1976) ,

among o thers .  However , Smith et al. ( 1976b) emphasize that the pre-

dominant component of B in the outer part Jup ite r ’ s dayside magnetosph e r e

at low latitudes is the southward component , and it is difficult  to con-

s t ruct  an “open ” magnetosphere  unde r this observational constraint.

Moreover , Eviatar and Ershkovich (1976) have shown that a radial out-

flow faste r than the Alfvén speed is not especially consistent with the

plasma-densi ty  data of Wolfe et al. ( 1974b) .

The above considerations , as well as the observa t ion of zeno-

magnetically trapped particle s in Jup iter ’s outer ma gnetos phere  on the

day side (see Figures  17-18) , make the “closed” dayside magnetosphere

(Brice and loannidis , 1970; Hill et a].. , 1974a) quite appealing. Of course ,

it is entirely possible for such a magnetosphere to be “open ” on the night

side and even to have a polar wind (Hill et al. , 197 4a) . MoT eover , the
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open field line s that carry the polar wind can extend to fairl y low lati-

tude s (but not to the equator) on the dayside before being swept back

into the tail (Goertz et a].. , 1976). In othe r words , the topology of

Jup iter ’ s magnetosphere may well resemble that of the Earth’ s

In constructing a theoretical model of Jupiter ’ s radia t ion bel t s ,

it is important to know where in L the boundary of stable t rapp ing

(tripl y- adiabatic motion) is. This is the boundary at which the source

spectrum (pe rhaps that of the shocked solar wind) must be imposed. It

is presumed that trapped par ticle s can gain more energy by inward

radial d i f fus ion in a “closed” magnetosphere than in an “open ” one .

It is not at all certain , however , that the topological configuration

of Jupiter ’ s magnetosphere is permanent.  It has been suggested (Coroniti

and Kennel . 1977; Kennel and Coroniti , 1977) that variations in either the

dynamical p r e s s u r e  of the sola r wind or the interplanetary magnetic

field cou ld lead to transitions between the “open ” and “closed” topolog ies ,

or at least reverse the inequal ity between the velocity of radial outflow

and the Alfvén speed. Eviatar et al. ( 1978) have suggested that similar

effects mi ght result from changes in the material compos ition of the

toroidal cloud of gas that surrounds the orbit of lo. It seems that this

nebula consists of sodium pa rt of the time and of sulfu r part of the t ime,

but never of a sodium-sulfu r mixture (e. g. , Mekler et a].. , 1977) . Hill

et a].. ( 1974b) have suggested that azimuthal asymmetries in the Jovian

ionosphere or main magnetic field might propagate to the magnetopause

and thereby alte r the magnetospheric topology with each rotation of Jupiter.
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The controversy  over the shape of Jup ite r ’ s oute r magnetosphere

has no parallel in the inner magnetosphere. It is agreed (Acui~a and

Ness , 1976a , b , c; Smith et a].., 1974a , b; 1975; l976b;  Davis and Smith ,

1976) that the main B field of Jup iter is substantially dipolar , and that

the fractional sur face  contribution from hig her mu.ltipoles is at most

twice that found for the Earth.  A suggest ion that hi gher  harmonic s

contributed f a r  more  substantially than this at the sur face  of Jup iter

(Acu~ia and Ness , 1975) had been based on prelim inary calibration of

the fluxgate magnetometer (see Table 2) .  The simp licity of Jup ite r ’s

main field allows one to trace the adiabatic t rajectories of charged par-

tid es by means of numerical  code s commonly used for  study ing the

Ear th ’ s radiat ion belt s (Roede re r  et al. , 1977) . One doe s not have to

w o r r y  about isolated magnet ic  equators  and inter ior  neutral  points (such

as mig ht occur  in the sola r corona) when tracing the path s of zenomag-

netically t rapped par t ic les .

Jupi ter s magnetic  field is subject to localized distort ion by field-

aligned cur ren ts , such as those associated with discrete  auroral  arcs

in the Earth’ s magnetosphere.  Additional currents  in Jupite r ’ s mag-

netosphere  are  presumed (e. g. , Piddington and Drake , 1968; Goldreich

and Lynden-Bell , 1969; Hubbard et al., 1974; Shawhan , 1976) to flow

parallel to B on the surface of the satellite b ’ s magnetic flux tube.

Kivelson and Winge (1976) have reported evidenc e (in the form of an

azimuthal  pe rturbation of Jup ite r ’ s B field at the L value and longitude

of Ganymede) that similar cur rent s flow parallel t o E  along the surface

of Ganymede ’ s ma gne t ic flux tube. 
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The magnetospher ic  confi guration and certain density- sensitive

instabilities (e. g. , Kennel and Petschek , 1966; Barbosa and Coroniti ,

1976; Cornwall , 1976) are contingent on the distribution of the rmal

plasma in Jup iter ’s magnetosphere.  Results of the Pioneer 10-11

plasma analyzer , which measures  the dens ities and energy spectra of

protons (0. 1-18 keV) and electrons (1-500 eV) by electrostatic de-

flection into collectors , have been reported by Wolfe et al. (l974a , b) ,

Mihalov et al. ( 197 5) , Wolfe (1975) ,  Intriligator ( 1975a , b) ,  and Intrili-

gato r and Wolfe (1974 , 19 7 6 , 1977) . The major conclusions de rived

Irom these resul ts  are summarized by Intriligator and Wolfe (1976 , 1977) .

It seem s from the data that Jup iter has a lOO-eV p lasmasphere with pro-

ton densi t ies  -
~~ 50- 100 cm 3 at L ~ 6. It seems to have a well-defined

p lasmapause at L ~ 6 and a 400-eV ring cur rent  ~~~~~ 10-15 cm 3)

that extends from L 8 to L 12 and merges  with an equatorially

confined 400-eV plasma sheet (N~~
_— 1 cm 3) that extends in an annulu s

from L ~ 12 to the magnetopause.  Moreover , the plasma-shee t  pa rticle s

(especially electrons) seem , on the basis of the observations , to pro-

vide most of the p re s su re  that is required to stand off the solar wind

at the magnetopause. This conclusion would be consistent with the

finding of Smith et al. ( 1974a) that the value of I B !  jus t  inside Jupiter ’ s

magnetosphere seemed too small (b y a factor 2) .

Data from the Pioneer plasma analyzer  are subject to more  than

one inte rpretation, however. Grard et al. (1977) suggest  that the low-

energy electrons observed in Jup iter ’ s outer  magnetosphere  mi ght actu-

ally have been photo-electrons and /o r  secondary electrons from the space-
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craf t  surfaces .  Intr iligator and Wolfe (1977) doubt this , since the

elect rons attr ibuted by them to the plasma sheet have the spatial dis-

tribution and spectral characterist ics that would be appropriate to

plasma-sheet electrons. Neugebauer and Eviatar (1976) find the occur-

rence of a kinematical ‘ p lasmapause ” at L 6 theoretically puzzling

(as indeed it is for  Jup iter) , and suggest  that the reported density de-

crease  the re could mean that the satellite lo is a major source of Jovian

plasma. They argue that the orientation of the plasma analyzer  on Pio-

neer 10 would have made it difficult to observ e ions that had reached

L > 6 by outward radial diffusion from an b -associated source.

As a blunt object immersed  in a hi gh-speed plasma flow ( i .e . , in

the solar wind) , the magnetosphere  of Jup iter would be expected to have

a detached bow shock. This was seen in the thermal-plasma data (e. g. ,

Wolfe et al., 1974a) . It was of in terest  to examine in detail- the plasma

found in the magnetosheath, i. e. , in the region between the upstream

bow shock and the magnetopause.  since som e of this plasma might ulti-

mately find its way into the Jovian radiation be lt s after capture by the

outer zenomagnetic field and t ranspor t  via radial diffusion. Mihalov

et a].. (1976) found magnetosheath proton distr ibutions to be Ma.xwellian

(T — 150 eV) much of the tim e, but not always.
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10. RADIATION-BELT MODELS

A radiation-belt model is an algorithm for generating a number

that corresponds to a selected point in phase space. The numbe r is

usually called the diffe rential unidirectional flux of some particle species.

If the number generated by the algorithm agrees  with the actual flux at

the specified point in phase space , so much the better. If not , then at

least the model constituted a basis fo r  designing the spacecraf t .

Models of the Earth ’s radiation belts ordinarily consis t of functional

fits  to observational data. Models of Jupite r ’ s radiation belts preceding

the Pioneer encounters were  based on a var ie ty  of considerat ions.  Many

were based in some way on radio observations ( e . g .  , Chang and Davis ,

1962; Warwick , 1972; Haffne r , 1972; Luthey, 1972; Beard , 1972). Others

were  based mainly on the concept of a maximum stably trapped particle

flux (e. g. , Klopp , 1972; Br ice , 1972; Kennel , 1972; Ne ubauer , 1972) .

Still others were based on compilations of other models (e . g .  , Divine ,

1972; Beck , 1972). Howeve r , there gradually evolved a model that in-

corporated all the various dynamical p rocesses  believed to be important

(Thorne and Coroniti , 1972; Coroniti , 1974 , 1975) . This is the model

summarized (fo r electrons) in Figure 19 (Coroniti, 1975) . The thresh-

old energy above which the unstable whistler mode imposes a limit on

stably trapped electron flux (L 6-20  in Figure 19) varie s inversely

with the cold-plasma density (Kennel and Petschek , 1966) . However ,

this had been modeled for  Jup iter by Ioannidis and B rice (1971).
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Figure 19 constitute s a good summary of the dynamical considerations

that ente r a serious analysis of Jupite r ’s radiation belts. One must have

a source of par t ic les ,  e. g. , the shocked solar wind. The re must  be ra-

dial diffusion , which for  L ~ 10 is driven by the mechanism of Brice and

McDonoug h (1973);  radial d i f fus ion at L ~ 10 may well be driven by the mech-

anisrn s that dominate throug hout the Ear th’s magnetosphere  ( e . g .  , Schulz

and Lanze rotti . 1974) .  There will be strong p itch-angle di f fus ion (and con-

sequentl y intense prec ipitation) where the divergence of the diffusion cur ren t

is c omparable to the maximum possible ( s t rong-d i f fus ion)  loss rate. There

will be weak pi tch-ang le d i f fus ion  where this is suff ic ient  to maintain the

particle flux at the limit of stable trapp ing (Kennel and Petschek , 1966; Bar-

bosa and Coroniti , 1976) . The re will be satellite ef fec ts , possibly involv-

ing dep letion of the radiation belts by direct  absorption. Finally, in the case

of electrons , there will be energy loss via synchrotron radiation. Figure 19

il lustrates these e f f e c t s  rather nicely. It also agrees  remarkabley  well with

the Pioneer 10 data , except perhaps  that actual absorption of radiation-belt

electrons by Io and Europa is weaker  than the model implies (Coroniti , 1975).
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11. INTERP LANETARY PA RTIC LES

The Jovian magnetosphere seems to be a source for energetic

particles that have long been observed in interplanetary space , even

at 1 AU. The strange feature  character is t ic  of low-energy (E 1-6 MeV)

electrons at 1 AU had been the r ecu r rence of sporadic str ong enhance-

ments of their intensity about every 13 month s (e~~g~ , Mewaldt et al. ,

1976). The origin of this strange periodicit y became evident with the

approach of Pionee r 10 to Jup iter. Strong electron enhancements were

found wheneve r the spacecraf t  and Jup ite r ’ s magnetosphere were most

likel y connected by the spiral path of an interplanetary magnetic field line

(Teegarden et al. . 1974) . Moreover , when the spacecraf t  was within —~ 1

AU of Jup iter , such enhancements we re found to be modulated at Jup iter ’ s

rotation pe riod (Chenette et al. , 1974; 1975) . The same patte rn held for

Pioneer 11. Thus , it was natural to extrapolate the association between

Jup iter ’ s magnetosphe re and interplanetary electrons to satellite s in Earth

orbit. Following this latter suggestion by Teegarden et al. (1974) , the

Jovian origin of interp lanetary electron enhancements was confirmed by

careful  analysis of data from te r res t r ia l  satellites (Krimigis et al. , 1975;

Mewaldt et al., 1976) . Indeed, it was found that enhancements were con-

centrated in those months during which Jup ite r and the Ea rth we re most

p robably connected by an inte rplanetary field line if one postulated a

reasonable solar-wind velocity. Since the solar-wind velocity at 1 AU

• varie s with time , such enhancements are necessarily sporadic (cf . Krirnigis

et al., 1975) . - - 
-
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Smith et al. (l976a) used actual B-field data from Pioneer 10

(rathe r than an assumed solar-wind velocity) to connect the electron

bursts observed at Pioneer 10 with the Jovian magnetosphere. More-

over , they discovered that MHD wave s with periods 10 m m  were

strongly associated with this connection to Jupiter and with the elec-

tron bursts.  Since the bow shock itself is a standing MHD wave , one

should not expect to find MHD waves upstream of it unless these were

generated by fast  particles,  e. g., the upstream electrons having E — 1 - 6

MeV. This latter mechanism, i. e. , the beam-cyclotron irstability, is

the one f avored by Smith et al. (l976a) to account for  their upstream ob-

servation of M ElD waves.

Following the observations by Chenette et al. ( 1974 , 1975) and

Teegarden et a].. (1974),  attention naturall y turned to finding the mech-

anism responsible for  producing the upstream electrons. Hill et al.

(1974b) , Hill and Dessler  (l976a) , Dessler  and Hill (1975) , and Carbary

et al. (1976) seem to favor the periodic escape of Jovian radiation-belt

elect rons at som e prefer red  hour of the Jovian day, as determined by

high-order magnetic multipol-es in Jupiter’s main field (Dessler and Hill ,

1975). This view is somewh at difficult ot reconcile with the rnagnetom-

eter observations (e.g. , Smith et al., 1976b; Acu?ia and Ness , 1976b) ,

which suggest that high-order multipoles are only slightly more important

for Jupiter ’ s magnetospheric configuration than for the Earth ’ s (see above) .

The above ideas of Des sle r , Hill , and Carbary produced some commentary

in the literature on other grounds as well (Goertz , 1976c; Hill and De ssler,
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l976b), but the issues are too complicated to be discussed here.

Vas y liunas (1975) , how ever made the interesting point that inter-

planetary electrons of Jovian origin have their minimum intensity

and sof test spect rum when the subsolar long itude X on Jupiter is

that which corresponds to the most frequent  decametric radio emis-

sions (among those not associated with lo) . This suggests  that a ¶

special X m may well be responsible for  the emission of Jov ian elec -

trons , as Hill et al. (1974b) have proposed. Pesses and Goertz (1976)

have t raced the origin of inte rp lanetary electrons specifically to the

tail of Jupite r ’ s magnetosphere , but without commenting on the 10-

hour periodici ty.  Mewaldt et al. (1976) had reached the same con-

clusion independently.

It is by now widely acknowledged that , while the low-energy  (E

1-6 MeV) interp lanetary electrons at 1 A U  show the temporal variation

that connects them with Jup ite r via the interplanetary B field , inte r-

planetary electrons at least up to — 30 MeV also have their  source at

Jup iter. The h ighe r - ene rgy  electrons presumably suffe r enhanced

interplanetary diffusion on account of (a) their large r gyro-radii and

(b) their ability to cyclotron- resonate with longer-wavelength inter-

planetary dis turbances.  As a result , the higher -energy  electrons are

not well localized in heliomagnetic long itude relative to the Sun-Jupiter

field line. Jokip ii (1976) , however , t reats interplanetar y diffusio n as

a random-walk of field line s rathe r than in te rms of cyclotron resonance.

Finally ,  Pizzella (1975) asks the provocative question: Is Jup ite r

the cosmic- ray  source in our solar system?
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12. DISCUSSION

The voyages of Pioneer 10 and Pioneer 11 hav e p rovided a we alth

of scientific data on the radiation belts of Jupiter while leaving intact

most of the major theoretical  ideas that preceded the encounters.  The re

are major  similarit ies between te r res t r ia l  and Jovian radiation-belt

dynamics, e. g., the importance of inward radial diffusion from an ex-

ternal  source of charged part icles, the impo rtance of both weak and

strong limits of pi t ch -angle di f fus ion by unstable electromagnetic wave s,

and the impo rtance of the magnetosphe ric confi gurat ion in def ining

adiabatically invariant  coo rdinates for  the mapping of t rapped-part ic le

distr ibutions.  There are also majo r diffe rences  between ter res t r ia l

and Jovian radiat ion-bel t  dynamics, e. g., the importance of synchrotron

radiation in the dynamics  of Jovi an radiat ion-bel t  electrons , the unim-

portance of t e r r e s t r i a l  mechanisms for  radial  diffusion in Jupiter ’ s

magnetosphere  at L ~ 10 , and the p r e s e n c e  of Jovian satell i tes (as

sou rces or  sinks for  trapped radia t ion)  within Jupi te r ’ s magnetosphe re .

The explorat ion of Jup ite r ’ s magnetosphere  by the Pioneer space-

c raft has stimul ated much thought  on the topic of comparative planetary

and pulsar  magnetosp he res (e. g., Hill and Michel , 1975; K ennel and

Coroniti, 1975; Prakash and Brice , 1975; Sca rf , 1975; Gold , 19 76;

Warwick , 1976; Siscoe , 1978) as well as on the comparativ e plasma

envi ronments and wave-emission charac ter i s t ics  of the Ear th  and

• Jupite r (e.g., Scarf, 1976: Jones, 1977) and on the origin of planetary

magnetic fields (e. g., Hide, 1975; Hide and Stannard, 1976; Warwick,

1976). In this sense the great success of the Pioneer missions to

F--
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Jupite r whets our  appetite for  data f rom Saturn and beyond.

Howeve r , the re is much that also remains to be done , both observa-

tionally and theoretically, with respect to the stud y of ~~ pit er ’  s radiation

belts. The two Pioneer spacecraft  each mad e two passes (one inbound

and one outbound) throug h the Jovian radiation belts.  Fur ther  progress

would be greatly enhanced by a continuous monitoring of the Jovian radi-

ation environment, i. e. , by having a satellite in a good orb i t  around

Jupite r i tself .  We can expect the proposed Jupiter  O rbi ter /Probe (JOP)

miss ion  to hel p in this respect .  However , the Orbite r is presently

scheduled to be s ta t ioned ul t imately in a nea r l y c i r cu l a r  orbit out at - 
-

L — 15. It seems that  one purpose  of stat ioning the O rbi ter  so f a r  out

is to minimize radiat ion damage. By the same token , howe ve r , the

Orbite r will fail to repo rt with regular i ty  on cond i t ions  at the hea r t  of

the radiation belt. What we would need f o r  r egu la r  moni tor ing  is an

equato rial elli ptical orb it that periodically t r a v e r s e s  the re g io n f rom

L — 2 t o L - - 3 0.

- 

-82-

- -— - —_ ---—-- ~~~ - — ----~~- -
~~

- -----



~~~~~~
- r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

~~~~

- - 

~~~~~~~~~~~~~

REFEREN CES

Acuña, M. H., and Ness, N. F.: 1975, Nature, 253, 327.

Acui~a, M. H., and Ness, N. F.: 1976a , J. Geophys. Res., 81, 2917.

Aculia, M. H., and Ness, N. F.: 1976b , in T. Gehrels (ed.) , Jupiter, Univ. of Ariz. Press,

Tucson, pp. 830—847.

Aculia, M. H., and Ness, N. F.: 1976c, in B. M. McCorma c (ed.), Magnetospheric

Particles and Fields, Reidel, Dordrecht , pp. 311-323.

Baker, D. N., and Goertz , C. K. : 1976, J. Geophys. Res., 81, 5215.

Baker, J. C.: 1974, J. Geophys. Res., 79 , 2503.

Barbosa, D. D., and Coronj tj , F. V.: 1976, .1. Geophys. Res., 81, 4531.

Barish, F. D., and Smith, R. A.: 1975, Geophys. Res. Lett., 2, 269.

Beard, D. B.: 1972, in A. J. Beck (ed.), Proceedings of the Jupiter Radiation Belt

Workshop, JPL Tech. Memo. 33-543, Pasadena, pp. 251-269.

Beard, D. B., and Jackson, D. 1.,.: 1976, J. Geophys. Res.., 81, 3399.

Beard, D. B., and Luthey, J. L.: 1973, Astrophys. J., 183, 679.

Beck, A. J.., Jr.: 1972, in A. J. Beck (ed.), Proceedings of the Jupiter Radiation Belt

Workshop, JPL Tech. Memo 33-543, Pasadena, pp. 473-509.

Berge , G. L.: 1966 , Astroph ys. J., 146 , 767.

-83- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- ~~~~~~~ - -•-----~~~-~~~~~~~-



- - - -

Berge, G. L.: 1972, in A. J. Beck (ed.), Proceedings of the Jupiter Radiation Belt

Workshop, JPL Tech. Memo 33-543, Pasadena, pp. 223-242.

Berge , C. L , and Gulkis , S. : 1976 , in T. Cehrels  ( e d . ) ,  Jup ite r, Univ.

of Ariz. Press ,  Tucson , pp. 621-692 .

Birmingham , T., Hess, W., Northrop, T., Baxter, ft., and Lojko, M.: 1974, J. Geophys.

Res~ 79, 87.

Bozyan, F. A., and Douglas, J. N.: 1976, J. Geophys. Res., 81, 3387.

Brice, N.: 1972 , in A. J. Beck (ed.), Proceedings of the Jupiter Radiation Belt Workshop,

JPL Tech. Memo. 33-543, Pasadena, pp. 283-313.

Brice, N. M., and Joannidis , G. A.: 1970, Icarus, 13, 173.

Brice, N., and MeDonough , T. R.: 1973, Icarus, 18, 206.

Brown , R. A., and Yung, Y. L.: 1976, in T. Gehrels (ed.), Jupiter, Univ. of Ariz. Press,

Tucson, pp. 1102— 1145.

Carbary, J. F., Hill, T. W., and Dessler, A. J.: 1976, J. Geophys. Res., 81, 5189.

Car ison, ft. W., Ma tson, D. L., and Johnson, T. V.: 1975, Geophys. Res. Lett., 2, 469.

Cart, T. D., and Desch, M. D.: 1976, in T. Gehrels (ed.), Jupiter, Univ. of Ariz. Press,

Tucson, pp. 693—737.

Chang, D. B., and Davis, L., Jr.: 1962, Astrophys. J., 136, 567.

Chenette, D. L., Conlon, T. F., and Simpson, J. A.: 1974, J. Geophys. Res.,79, 3551.

Chenette, D. L., Conlon, T. F., and Simpson, J. A.: 1975, in V. Formisano (ed.), The

Magnetospheres of the Earth and Jupiter, Reidel, Dordrecht, pp. 301-306.

-84- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- —
~
..• -

_ _ _ _ _ _ _ _ _  - 
-

Consolmagno, G. J., and Lewis, J. S.: 1976, in T. Gehre]s (ed.), Jupiter, Univ. of Ariz.

Press, Tucson, pp. 1035—1051.

Cornwall, J. M.: 1976, J. Atmos. Terr. Phys., 38, 1111.

Cornwall, J. M., and Schulz, M.: 1978, in C. F. Kennel, L. J. Lanzerotti, and E. N. Parker

(eds.), Solar System Plasma Physics, North—Holland Pubi. Co., Amsterda m,

pp. 000—000.

Coroniti, F. V.: 1974, Astrophys. J. Suppi. No. 244, 27 , 261; abstract: 1974, Astrophys.

J.., 191, 287.

Coroniti , F. V.: 1975, in V. Formisano (ed.) , The Magnetospheres of the Earth and

Jupiter, Reidel, Dordrecht , pp. 391—410.

Coroniti , F. V., and Kennel, C. F.: 1977 , Geophys Res. Lett., 4, 211.

Davids on , C. T. :  1976 , J. Geop h ys. Res.  , 8]. , 4029.

Davis, L., Jr., and Smft h, E. J.: 1976, in B. M. McCormac (ed.), Magnetospheric Particles

an d Fields, Reidel, Dordrecht , pp. 301-310.

Dessler, A. J., and Hill, T. W.: 1975, Geophys. Res. Lett., 2, 567.

Divine, N.: 1972, in A. J. Beck (ed.), Proceedings of the Jupiter Radiation Belt

Workshop, JPL Tech. Memo. 33-543, Pasadena, pp. 109—127.

Drake, F. D., and Hvatum , S.: 1959, Astron. J., 64, 329.

Eviatar , A., and Ershkovich , A. I.: 1976, J. Geophys. Res., 81, 4027.

Eviatar, A., Mekier , Yu., and Coroniti , F. V.: 1976, Astrophys. J., 
~~ 

622.

-85-

_ _ _ _ _ _ _ _ _  ~~~~~~~~~~~~~~~~~ 
- - —••~~~~~~~~~~~~~ —~~~~~~~~~~~~~~ - - ~~~~ 

4



Eviatar , A., Kennel, C. F., and Neugebauer, M.: 1978, Geophys. Res. Lett.,,~ 000.

Field, G. B.: 1959, J. Geophys. Res., 64, 1169.

Field, G. B.: 1960, J. Geophys. Res., 65, 1661.

Field, G. B.: 1961, J. Geophys. Res., 66, 1395.

Fillius, W.: 1976, in T. Gehrels (ed.), Jupiter, Univ. of Ariz. Press, Tucson, pp. 896—927.

Fillius, R. W., and Mdflwain, C. E.: 1974a , Science, 183, 314.

Fillius, ft. W., and Mdflwain, C. E.: 1974b, J. Geophys. Res., 79, 3589.

Fillius, R. W., Mcllwain , C. E., and Mogro-Campero, A.: 1975, Science, 188, 465.

Fillius, W., Mdllwain, C., Mogro-Campero, A., and Steinberg, C.: 1976, Geophys. Res.

Lett., 3, 33.

Fink , U., Larson, H. P., and Gautier , T. N., III : 1976 , Icarus, 27, 439.

Gerard, E.: 1975, in V. Formisano (ed.), The Magnetospheres of the Earth and Jupiter,

Reidel, Dordrecht, pp. 237—239.

Gleeson, L. J., and Axford, W. 1.: 1976, J. Geophys. Res., 81, 3403.

Goertz, C. K.: 1976a , J. Geophys. Res!, 81, 3368.

Goertz, C. K.: 197Gb , in T. Gehrels (ed.), Jupiter, Univ. of Ariz. Press, Tucson, pp. 32—

58.

Goertz, C. K.: 1976c , J. Geophys. Res., 81, 5601.

-86-



Goertz, C. K., Jones, D. E., Randall, B. A.. Smith , E. J., and Thomsen, M. F.: 1976, J.

Geophys. Res., 81, 3393.

Gold, T.: 1976, J. Geophys. Res., 81, 3401.

Goidreich, P., and Lynden-Bell, D.: 1969, Astrophys. J., 156, 59.

Grard , R.J.L., DeFores t, S. E., and Whipple, E. C., Jr.: 1977, Geophys. Res. Lett., 4, 247.

chdk;5, S.. iofl, ;n A. J. o~~i~ (u.), r~~~~~~~g~ ~f th~ j~~;t~ ~~~~~~~ n~it ~~~~~~~~

~PL T~~h. ~~~~~ 013 ..4G, P ~~~~~~~ pp. ~)40 ~41h

Haffner , J.: 1972 , in A. J. Beck (ed.), Proceedings of the Jupi ter Ra dia tion Belt

Workshop, JPL Tech. Memo. 33-543, Pasadena , pp. 25-46.

Hall , C. F.: 1974, Science, 183, 301.

Hall, C. F.: 1975, Science, 188 , 445.

Heaps, M. G.: 1976 , Icarus, 29 , 273.

Hess, W. N., Birmingham , T. J., and Mead , C. D.: 1974, J. Geophys. Res., 79, 2877.

Hide, R.: 1974, Proc. Royal Soc. (London), A336, 63; abstract: 1975 , in V. Forrnisano

(ed.), The Magnetospheres of the Earth and Jupiter, Reidel, Dordrecht , pp. 253-254.

Hide, ft., and Stannard, D.: 1976, in T. Gehrels (ed.), Jupiter, Univ. of Ariz . Press,

Tucson, pp. 767—787.

Hill, T. W., and Dessler, A. J.: 1976a , J. Geophys. Res., 81, 3383.

-87 -

A 



- 
_ - - -

Hill, T. W., and Dessler, A. J.: 1976b , J. Geophys. Res., 81, 5602.

Hill, T. W., and Michel, F. C.: 1975, Rev. Geophys. Space Phys., 13 (3) , 967.

Hill, T. W., Dessler, A. J., and Michel, F. C.: 1974a, Geophys. Res. Lett., 1, 3.

Hill, T. W., Carbary , J ~ F., and Dessler, A. J.: 1974b , Geophys. Res. Lett., 1, 333.

Hubbard, R. F., Shawhan, S. D., and Joyce, C.: 1974, J. Geophys. Res., 79, 920.

Hurley, K. C.: 1975, in V. Formisano (ed.), The Magnetospheres of the Earth and Jupiter,

Reidel, Dordrecht , pp. 24 1—244.

In triligator , D. S.: 1975a, in V. Formisano (ed.), The Magnetospheres of the Earth and

Jupiter , Reidel, Dordrecht , pp. 297-300.

Intriligator , D. S.: 1976b , in V. Formisano (ed.) , The M agnetospheres of the Eart h ari d

Jupiter, Reidel , Dor drecht , pp. 313—316.

Intriligator , D. S., and Wolfe, J. H.: 1974, Geophys. Res. Lett.,1, 281.

Intriligator , D. S., and Wolfe , J. H.: 1976 , in T. Gehrels (ed.), Jupiter, Univ. of Ariz.

Press, Tucson, pp. 848—869.

Intriligator, D. S., and Wolfe, J. H.: 1977, Geophys. Res. Lett., 4, 249.

loanni dis, G., and Brice, N. M.: 1971, Icarus, 14, 360.

Jacques, S. A., and Davis, L., Jr.: 1972, Diffusion Models for Jupiter ’s Radiation Belt,

Caltech Internal Report, Pasadena.

Joki.pii, J. ft.: 1976 , Geophy s. Res. Lett., 3 , 2 81.

-88-

_ _ _ _ _ _ _ _  - _



Jones, D.: 1977, Geophys. Res. Lett., 4, 121.

Judge, D. L., Carison, R. W., Wu, F. M., and Hartmann , U. G.: 1976, in T. Gehrels (ed.),

Jupiter, Univ. of Ar-iz. Press, Tucson, pp. 1068-1101.

Kennel, C. F.: 1972 , in A. J. Beck (ed.), Proceedings of the Jupiter Radiation Belt

Workshop, JPL Tech. Memo. 33-543, Pasadena, pp. 347-361.

Kennel , C. F., and Coroniti , F. V.: 1975, in V. Formisano (ed.), The Magnetospheres

of the Earth and Jupiter, Reidel, Dordrech t, pp. 451-477.

Kennel, C. F., and Coroni ti, F. V.: 1977, Geophys. Res. Lett.,~~ 215.

Kennel, C. F., an d Coroniti , F. V.: 1978, in C. F. Kennel, L. J. Lanzerotti, and

E. N. Parker (eds.), Nort h—Holland Pub].. Co., Amster dam , pp. 000— 000.

* 
Kennel, C. F., and Petsehek, H. E.: 1966, J. Geophys. Res., 71, 1.

Kivelson, M. C., an d Winge , C. R.: 1976 , J. Geophys. Res., 81, 5833.

Kivelson, M. G., Coleman, P. J., Jr., Froidevaux , L., and Rosenberg, R. L.: 1977, ~~~

Trans. Am. Geophys. Union, 58, 757 (abstract GA 457).

Klein, M. J.: 1976, J. Geophys. Res.., 81, 3380.

Kliore, A., Cain, D. L., Fjeldbo, C., Seidel, B. L., and Rasool, S. L: 1974, Science, 183,

323.

Kilore, A. J., Fjeldbo, G., Seidel, B. L., Sweetnam , D. N., Sesplaukis, T. T., Woiceshyn, P.

M., and Rasool, S. 1.: 1975 , Icarus, 24, 407.

- 89-

_ _ _ _ _ _ _  - — _
- _- — _- ——- ----- ~~~~~~~~~ - - _-— - 

~~---~~ .---—— ——_
~ A



~~~~~~~~~~~~~~~~~ ~~~ ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Klopp, D. A.: 1972, in A. J. Beck (ed.), Proceedings of the Jupiter Radiation Belt

Workshop, JPL Tech. Memo. 33-543, Pasadena, pp. 83-108.

Kemesareff, M. M., an~ MeGulls-eh, P. M.s 1076, J. Gee~hys. Ree., 81, ~407~

Krimigis, S. M., Sarris, E. T., and Armstrong, T. P.: 1975 , Geophys. Res. Lett., 2, 561.

Luthey, J. L.: 1970, Ph. D. Thesis, Univ. of Kans., Lawrence, pp. 24—31, figs. 4—11.

Luthey, J. L.: 1972, in A. J. Beck (ed.), Proceedings of the Jupiter Radiation Belt

Workshop, JPL Tech. Memo. 33-543, Pasadena, pp. 47-81.

Luthey, J. L., and Beard, D. B.: 1973, Astrophys. J., 183, 671.

Lyons, L. R., and Thorne , R. M.: 1973, .1. Geophys. Res., 78, 2142.

Ma tson, D. L., Johnson , T. V., and Fanale, F. P.: 1974, Astrophys. J., 192, L43.

Ma tson, D. L., Goldberg, B. A., Johnson , T. V., and Carison , R. W.: 1978, Science, 199,

531.

McDonald, F. B., and Trainor, J. H.: 1976, in T. Gehrels (ed.), Jupiter, Univ. of Ariz.

Press, Tucson, pp. 96 1—987.

Mcflwain, C. E.: 1966, Space Sd. ~~~~~~ 585.

Mcflwain, C. E., and Fillius, R. W.: 1975, J. Geophys. Res., 80, 1341.

McKibben , R. B., and Simpson, J. A.: 1974, J. Geophys. Res., 79, 3545.

McKibben, R. B., and Simpson, J. A.: 1975, in V. Formisano (ed.), The Magnetospheres of

the Earth and Jupiter, Reidel, Dordrecht , pp. 307—311.

I 

-90-

_ _ _ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Mead, G. D.: 1972, in A. J. Beck (ed.), Proceedings of the Jupiter Radiation Belt

Workshop, JPL Tech. Memo. 33—543 , Pasadena , pp. 271-281.

Mead, C. D.: 1974a, J. Geophys. Res., 79, 3487.

Mead, G. D.: 1974b , J. Geophys. Res., 79, 3514.

Mead, G. D., and Hess, W. N.: 1973, J. Geophys. Res., 78, 2793.

Mekier, Y., and Evia tar, A.: 1974, Astrophys. J., 193, L151.

Mekier, Yu., Eviatar , A., and Coroniti , F. V.: 1976, Astrqphys. Space Sci.,40, 63.

Mekler, Yu., Eviatar , A., and Kupo, I.: 1977 , J. Geophys. Res.,82, 2809.

Mewaldt, R. A., Stone, E. C., and Vogt, ft. E.: 1976 , J. Geophys. Res., 81, 2397.

Michaux, C. M.: 1967 , Han dbook of the Physical Properties of the Planet Jupiter , NASA

SP-3031, Washington, D. C., esp. pp. 60-62.

Michel, F. C., and Sturrock, P. A.: 1974, Planet. Space Sci., 22 , 1501.

-M(hals~.r, 3. D.i 1079, in A. J. B~-el~ (
~~.), ‘r~-eee~ings ef the Jupiter Ra~ietien ~eI~

Wer 1~shep, JPL Ta-eli. Mama. ~ 613, Pasa4ena, ~~~~ u~ 1713.

Mihalov, J. D., Collard, H. R., Mckibbin, D. D., Wolfe, J. H., and Intriligator, D. S.:

1975, Science, 188, 448.

Mihalov, J. D., Wolfe, J. H., and Frank, L. A.: 1976, J. Geophys. Res., 81, 3412.

-9 1- 

~~~~~~~~~~~~~~~~~~~~

-

~~~~~~~~~~~~~~~~~~±_ ±±~~~~~ -



- —~~~~~~
- - ‘  

~~~~~~~
-

~~~~~
- -  - - - - --- - - -~~~~~~~~

Mogro-Campero, A.: 1976, in T. Gehrels (ed.), Jupiter, Univ. of Ariz. Press, Tucson, pp.

1190—1214.

Mogro-Campero, A., and Fillius, W.: 1976, J. Geophys. Res., 81, 1289.

Morrison, D., and Burns, J. A.: 1976, in T. Gehre]s (ed.), Jupiter, Univ. of Ariz. Press,

Tucson, pp. 991-1034.

Neubauer, F.: 1972, in A. J. Beck (ed.), Proceedings of the Jupiter Radiation Belt

Workshop, JPL Tech. Memo. 33-543, Pasadena, pp. 405-417.

Neubauer, F.: 1974, in B. M. McCormac (ed.), Magrietospheric Physics, Reidel,

Dordrecht , pp. 85—92.

Neugebauer, M., and Evia tar, A.: 1976, Geophys. Res. Lett.,~~ 708.

Nishida, A.: 1976, J. Geophys. Res., 81, 1771.

Northrop, T. G., and Birming ham , T. J.: 1974, J. Geophys. Res., 79 , 3583.

Northrop, T. G., Goertz , C. K., and Thomsen, M. F.: 1974, J. Geophys. Res., 79, 3579.

Opp, A. G.: 1974 , Science, 183, 302.

Opp, A. G.: 1975, Science, 188, 447.

Peng, S. Y., Wang, C. S., and Kim, J. S.: 1974, J. Geophys. Res., 79, 138.

Pesses, M. E., and Goertz, C. K.: 1976, Geophys. Res. Lett., 3, 228. 
*

Piddington, J. H., and Drake, J. F.: 1968, Nature, 217, 935.
I
~

-92-

- —.-—--- -- -~—-_ _ - . -- — —- —— — -~~~--—._ - _ - _~~~~~~ _ _ _ _ _______________ ____________ _~~~~~~



- —~~~~~ 
~~~

- 

~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ 
— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Pizzella, C.: 1975, in V. Forrnisano (ed.), The Magnetospheres of the Earth and Jupiter,

Reidel, Dordrecht , pp. 425—432.

Prakash, A.., and Brice, N.: 1975, in V. Formisano (ed.) , The Magnetospheres of the Earth

and Jupiter, Reidel, Dordrecht , pp. 411-423.

Radhakrishnan , V., and Roberts, J. A.: 1960, Phys. Rev. Lett., 4, 493.

Randall, B. A.: 1975 , in V. Formisano (ed.), The Magnetosphéres of the Earth and

Jupiter, Reidel, Dordrecht , pp. 355—373.

Riddle, A. C., and Warwick , J. W.: 1976, Icarus, 27 , 457.

Roederer , J. C., Aculia, M. H., and Ness, N. F.: 1977 , J. Geophys. Res., 82 , 5187.

Scarf , F. L.: 197 5, in V. Formisano (ed.) , The Magnetospheres of the Earth and Jupiter ,

Reidel, Dordrecht, pp. 433-449.

Scarf , F. L.: 1976, in T. Gehrels (ed.) , Jupiter, Univ. of Ariz. Press, Tucson, pp. 870—895.

Scarf , F. L., and Sanders, N. L.: 1976, J. Geophys. Res., 81, 1787.

Schulz, M.: 1975a , Geophys. Res. Lett. , 2, 173.

Schulz, M.: 1975b , Space Sci. Rev., 17, 481.

Schulz, M.: 1977, J. Geophys. Res., 82 , 2815.

Schulz, M., and Eviatar, A.: 1977 , Astrophys. J., 211, L149.

Schulz, M., and Lanzerotti , L. J.: 1974, Particle Diffusion in the Radiation Belts,

Springer, Heidelberg, esp. pp. 89-95.

-93-

III -~_- ---_-~-__. -~ -_-— — - —--—-——------ -_ —-- _---- — -----—--_ --- - --—_-* -_ -- _-— ---- - _ . _ .--_-—— ---- - _  -- —

~ 

— --& -- - ~. _._& A-~ ~.~_iiild



- -
~~~~~~~~

::- 
~~
—

~
-- — _-, ._— -_ ---—

~~~~
-- —  .—

~
-.--- *

~~
,---_--_ - -

~~ 
- ,-_F 

- _____________

Sentman, D. D., Van Allen, J. A. , and Goertz , C.K . :  1975, Geophys. Res. Lett., 2, 465.

Sentman, D. D., and Van Allen, 3. A.: 1976, J. Geophys. Res., 81, 1350.

Shawhan, S. D.: 1976, .7. Geophys. Res., 81, 3373.

Shawhan , S. D., Goertz , C. K., Hubbard, R. F., Gurnett, D. A., and Joyce, G.: 1975, in V.

Formisano (ed.), The Magnetospheres of the Earth and Jupiter, Reidel, Dordrecht,

pp. 375—389.

Simpson, J. A., and McKibben , R. B.: 1976 , in T. Gehrels (ed.), Jupiter, Univ. of Ariz.

Press, Tucson, pp. 738—766.

Sim pson, J. A., Hamilton , D., Lentz , C., McKib ben, R. B., Mogro-Campero, A.,

Per kins, M., Pyle, K. R., Tuzzol ino, A. J., and O’Callagher, J. J.: 1974a , Science, 183,

306.

Si mpson, J. A., Hami lton , D. C., McKibben , ft. B., Mogro-Campero,. A., Pyle, K. R., and

Tuzzolino , A. J.: 1974b , J. Geophys. Res., 79 , 3522.

Simpson, J. A., Hamilton, D. C., Lentz, G. A., McKibben , R. B., Perkins, M., Pyle, K. R.,

Tuzzolino, A. J., and O’Ga]iagher, J. J.: 1975a , Science, 188, 455.

Simpson, J. A., Hamilton , D. C., McKibben, ft. B., Mogro-Campero, A ., Pyle, K. R., and

Tuzzolino, A. 3.: 1975b, in V. Formisano (ed.), The Magnetospheres of the Earth and

Jupiter, Reidel, Dordrecht , pp. 317—324 .

Siscoe, C. L.: 1977, 3. Geophys. Res., 82 , 1641.

Siscoe, 0. L.: 1978, in C. F. Kennel, L. J. Lanzerotti, and E. N. Parker (eds.), Solar

System Plasma Physics, North—Holland Pubi. Co., Amsterda m , pp. 000-000.

-94- 

~~~~~~~~~~~~~-~~~~~--—--~~-~~~ -“- -



i~~~~~~~~~~JTI~~~~ — - _ 
22 ~~~~.~~LILJ . ___ ._

~~~ fr4~

Siscoe, G. L., and Chen, C.-K.: 1975, J. Geophys. Res.~ 80, 4675.

Sloanaker, ft. M.: 1959, Astron. J. , 64, 346 (abstract).

Smith, B. J., Davis, L., Jr., Jones, D. E., Colburn, D. S., Coleman, P. J., Jr., Dyal, P., and

Sonett, C. P.: 1974a , Science, ~~~~~~ 305.

Smith, E. J., Davis. .1k., Jr., Jones, D. E., Coleman, P. 3., Jr., Colburn, D. S.., Dyal, P.,

Sonett, C. P., and Frandsen, A.M.A.: 1974b , 3. Geophys. Res., 79 , 3501.

Smith , E. J., Davis. L., Jr., Jones, D. E., Coleman, P. J., Jr., Colburn, Ii S., Dyal, P., and

Sonett, C. P.: 1975, Science, 188, 451.

Smith, E. 3., Tsurutani , B. T., Chenette, D. L., Conlon , T. F., and Simpson, J. A.: 197 6a,

3. Geophys. Res., 81, 65.

Smith, E. J., Davis. L., Jr., and Jones, D. E.: 1976b , in T. Gehrels (ed.), Jupiter, Univ. of

Ariz., Press, Tucson, pp. 788—829.

Smith , ft. A.: 1976, in T. Gebrels (ed.), Jupiter, Univ. of Ariz. Press, Tucson, pp. 1146—

1189.

Stannard, D.: 1975, in V. Formisano (ed.), The Magnetospheres of the Earth and Jupiter,

Reidel, Dordrecht, pp. 221—236.

Stannard, D., and Conway, ft. C.: 1976, Icarus, 27 , 447.

Stansberry, K. G., and White, R. S.: 1974, J. Geophys. Res., 79, 2331.

-95- 

-_ _



Teegarden, B. 3., McDonald , F. B., Trainor , 3. H., Webber , W. R., and Roelof , E. C.:

1974, J. Ceophys. Res., 79 , 3615.

Thomas, 3. R., and Doherty , W. ft.: 1972, in A. J. Beck (ed.) , Proceedings of the Jupiter

Radiation Belt Workshop, JPL Tech. Memo. 33-543, Pasadena, pp. 315-346.

Thomsen, M. F., Goertz , C. K., and Van Allen, J. A.: 1977a , J. Geophys. Res., ,~~ 3655.

Thomsen , M. F., Goertz , C. K., and Van Allen, J. A.: 1977a , J. Geophys. Res., 82, 5541.

Thorne, K. S.: 1963, Astrophys. J. Suppl. No. 73, 8, 1 ;  abstract: 1963 , Astrophys. 3.,

137, 1003.

Thorne , R. M., and Coroniti , F. V.: 1972 , in A. .1. Beck (ed.), Proceedings of t he Jupiter

Radiation Belt Workshop, JPL Tech. Memo. 33-543, Pasadena , pp. 363-380.

Trafton , L.: 1976 , Icarus , 27 , 429.

Tra f ton , L. , Parkinson. T. , and Macy,  W. : 1974 , A s t r o phys.  J. , 190 . L85.

Trainor , J. H., Teegarden , B. J., Stilwell, D. E., McDonald , F. B., Roelof , E. C., and

Webber , W. R.: 1974a , Science, 183, 311.

Trainor , J. H., McDonald , F. B., Teegarden , B. 3., Webber , W. R., and Roelof , E. C.:

19 74b, J. Geophys. Res., 79 , 3600.

Trainor , J. H., McDonald , F. B., Teegarden, B. J., Webber , W. R., and Roelof , E. C.:

197 5, in V. Formisano (ed)., The Magnetospheres of the Earth and Jupiter, Reidel ,

Dordrecht , pp. 325-353.

-96-

_



~

-- 

-

~~

_-- _- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I

Van Allen, 3. A.: 1976, in T. Gehrels (ed.), Jupiter.Univ. of Ariz. Press, Tucson, pp. 928-

960.

Van Allen, 3. A., Ludwig, C. H., Ray, E. C., and Mdflwain, C. E.: 1958, Jet Propulsiop,

28, 588.

Van Allen, J. A., Baker , D. N., Randall, B. A., Thomsen, M. F., Sentman , D. D., and

Flindt, H. R.: 1974a , Science, 183, 309.

Van Allen, J. A., Baker, D. N., Randall, B. A., and Sentman , D. D.: 1974b , J. Geophys.

Res., 79, 3559.

Van Allen, J. A., Ran dall, B. A., Baker, D. N. , Goertz , C. K., Sentman , D. D., Thomsen ,

M. F., and Flindt, H. ft.: 1975, Science, 188, 459.

Vasyliunas, V. M.: 1975, Geophys. Res. Lett ., 2, 87.

Vernov , S. N., Chudakov , A. E., Gorchakov , E. V., Logachev , J. L., and Vakulov , P. V.:

1959, Planet. Space Sci.,1, 86.

Vesecky, J. F., Cuihane , J. L., and Hawkins , F. J.: 1975, in V. Formisano (ed.) , The

Magnetospheres of the Earth and Jupiter, Reidel, Dordrecht , pp. 245—25 1.

Warwick , J.: 1972, in A. 3. Beck (ed.), Proceedings of the Jupiter Radiation Belt

Workshop, JPL Tech. Memo. 33-543, Pasadena, pp. 3-24.

Warwick , 3.: 1976, in B. M. McCormac (ed.), Magnetospheric Particles and Fields,

Reidel, Dordrecht , pp. 291—299.

-97-

L. ±i~~~±~~~~ . ~~~~~~~~~~~~~~~~~~~~ _



F ~~~~ 
-

~~

Wehin ger , P. A. , Wyckoff , S. , and Froblich , A. : 1976 , Icarus .  27 , 42 5.

W olfe . 3. H. :  1975 , in V. FormisanO (ed . ) ,  The MagnetosphereS of the

Earth and Jupiter ,  Reidel , Dordrech t , pp. 279-296.

Wolfe , J. H. , Collard , H. R. , M ihalov , J. D. ,  and Intri li gator . D. S. :

1974a , Science, 183 , 303.

Wolfe , 3. H. , M ihalov , 3. D . ,  Collard , H. f t . ,  McKibbin , D. D . ,  Frank ,

L. A. , and Int r i .ligatOr , D. S. : 1974b , J. Geophys. R e s . ,  79, 3489.

1 -98- 

— --~~~~~~~~~ - - _ -~~~~~~~~~~ - - 
_ _ _ _ _ _ _ _ _ _ _ _ _ _  __s__  -



r 
-

~
“

~~~~~~

- -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
~~~~~~~~~ ~~ 

— - 
~~~~~~~~~~~~~~~~~~~ 

-

S

THE IVAN A . GETTING LABO RA TOR I ES
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