Contents

1. Introduction 132
2. Plasma Model Development 132
3. Plasma Model Specification 133
4, Energetic Particle Model 136
5. Spacecraft Charging Calculation 137
6. Results and Discussion 138
7. Summary anhd Conclusion 140
References 140

7. Plasma Distribution and Spacecraft
Chatging Modeling Near Jupiter

Raymond Goldstein dnd Heil Divine
Jet Propul sion Laboratory
Pasadena, Cdlifornia

Abstract

To assess the role of spacecraft charging near Jupiter, the plasma distribu-
tion in Jupiter's magnetosphere has been modeled using data from the plasma
analyzer experiments on Pioneer 10 (published results) and on Pioneer 11 (pre-
liminary results). In the model, electron temperatures are kT = 4 eV throughout,
whereas proton temperatures range over 100 < kT <400 eV. The model fluxes

and concentratiotis vary over three orders of magnitude among several co-rotating

regions, including, in order of increasing distance from Jupiter, a plasma void,
plasma sphere, sporadic zone, ring current, current sheet, high latitude plasma
and magnetosheath, Intermediate and high energy elett.ons and protons (to 100

MeV) are modeled as well. The models supply the information for calculating par-

ticle fuxes to a spacecraft ih the Jovian erivironment. The particle balance equa-
tions (includihg effects of secondary and photoemis%ton) then deterimine the space-
craft potential, Negative potentidls the order of 10 volts aré calculated in the
near region (magnetic shell parameter <6, 5 Jovian radii). In the outer region,
gevere differential charging (~ 10% volts) can occur for shadowed, electrically
isolated portions of the spacecraft.

This paper presents the results of one phase of research carried out at the Jet
Propulsion Laboratory, California Institute of Technology, under Contract No,
NAS7-100, sponsored by the National Aeronautics and Space Administration.
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L INTRODECTION

Several facts suggest that spacecraft operating in Jupiter's, magnetosphere
can charge to significant Potentials, These include the existence of a highly struc-
tured magnetosphere, with novel features compared to the ¢arth's, and known to
contain both stable and dynamic populations of thermal and energetic (MeV) elec-
trons and ions, Experience with Spacecraft in earth environment, especially at

metits, and some anomalies in the operation of the Pioneer 10 and 11 spacecraft
near Jupiter have been attributed to such charging. The survival and satisfactory

2. PLASMA MODEL DEVELOPMENT

The major features of Jupiter's thermal plasma distributions are derived
from Frank et al, ! who present a thorough discussion of the proton component
data from the plasma analyzer experiment on Pioheer 10, These data range over
values of L (magnetic shell parameter, in Jovian radij RJ) between 2,85 and 25
(within the centrifugally dominated region) and are Summarized in their Figure 8, !
Comparable results from Pioneer 11 are not yet complete but the major additional
results are: a plasma viod for L <1, 8 to 2.0 (within the gravitationally domihated

For the electron compohent more limited results, from Pioneer 10, are dis-
cussed by Intriligator and Wolfe, 2 the main conelusion bein; an electron peak in
energy near 4 ev throughout the magnetosphere. Assuming charge neutrality (that
is, electron concentrations equal to proton ones) an electron model can b inferred
from the above Proton distribution,

Anclllary information has been used in the models ag follows, in order of
increasing distance from Jupiter. Fjeldbo et al, 3 who reports results of Pioneer
10 radio occultations, provide information which has been used for g very crude
specification of the fonosphere; for details of this multilayered environment in
Jupiteris upper atmosphere the original reference should be consulted, Near the
Galilean satellite Io, the configuration of the atomic hydrogen torus suggests a
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local proton concentration which iomizes H by charge oxohange" 5,6 and the atomic
sodium distribution suggests the importance of fonization by local electrons, 7
These results have been used to confirm or modify the deseription of the plasma-~

E sphere. Magnetic field data from Ploneer 10 confirm the reality of the ring cur-

. proton concentration in the current sheet,

rent (the source of external field terms for magnetic field modeling, 8 and the
Elsewhere various indirect observa-
tions and theoretical considerations are generally consistent with the foregoing
interferences; they include discussions of Faraday rotation for HF bursts, 10
waveparticle interactiong (diffusion, whistlers, etc,), 11,12,13,14
primarily qualitative, analyses, 15, 16,17, 18, 19, 20 A descriptiofi of the magneto-
sheath plasma is taken from ronsiderations of Figure 5 of Wolfe et al, 21

The precent preliminary plasina model should be improved to include aspects
of the extended distribution of neutral sodium atoms7 which is possibly in equilib-
rium with a sodium ion population, In addition, there are observitions of neutral
hydrogen, 6 suggesting protons, and of an ionized sulfur nebula, 22
. erations for modification of the model include the character of the 4 eV eléctron
- Peak seen at large L. This is fio! clearly thermal in origin dnd could have been
the result of differertial charging on Pioneer 10. 3 The tow energy data from the
San Diego scintillators on Pioneer 11?‘4 should also be included,

and numerous,

Other consid-

3. PLASMA MODEL SPECIFICATION

The plasma distribution derived from the

g Table 1, and the several regions and their boundaries are illustrated in Figure 1,
Values and uncertair;

ties for boundaries and concentrations (equal for electrouns
g and protons) have been estinated. The thermal energy values are quoted without
‘%, uncertainty because the uncertainties in the distributions which result from the
concentration column are already large. In the co-rotating frame [see note (2),
Table 1], the thermal distributions are isotropic and may be derived from the
entries in Table 1 using the following formulae:

above considerations is specified in

1/2
. 2kT
Jo b 2No ( ﬂm)

(1)

= (1,56 x 105 ¢m~2 s7h No(kT)l/2 for protons

;;. or

= (6.69 x 107 em™2 sl No(kT)l/2 for electrons ,
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Figure 1. Schematic of Plasma Regions at Jupiter for One Quadrant of a Magnetic
Meridional Plane. Drawing is not to scale, although three distances (in R J) from
Jupiter are indicated along the magnetic equator

integral flux _ ; . ;
(energy > E) J = Jo(1 + E/KT) exp (-E/kT) + Jg * g (E2 -B) . (@)
differential . -2 .

flux j= JOE(kT) exp (-E/kT) + ig 3)

In these expressions, values of No, J o and kT are to be taken from Table 1;

in that table, Z represents the vertical distance from the magnetic equatorial

plane, and the notes are important, Equations (1) through (3) apply for all thermal

and intermediate energies 0 < E =< E, and specify fluxes J and j which are contin-

uous with those i1 the radiation belt models (see below) whenJ 2 and j, are evaluated

at energy E2, where E2 = 40, 000 eV for electrons and E2 = 610, 000 eV for protons.

Care should be taken that energy unit conversions (between MeV and eV) are

included when J and j are evaluated in em 28! and em™2 5”1 ev™! respectively.
For completeness, in Table 1 reference is made to NASA SP-811825 for a

description of parameters in the sblar wind.
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1. ENERGETIC PARTICLE MODEL

For cnergles exceeding E2 (see above), there exists a large body of data from
four energetic charged particle experiments on each of the Ploneer 10 and 11 spaces
craft, Because the literature sources and the model specification for this environ-
ment are so detailed they will riot be described here, The former are exemplified
25 (1974,
Sept. 1) and in Science, Vol, 188, No. 4187 (1975, May 2), The model has been
developed for the J upiter-Orblter-Probe Study, and has been published for limited
distribution, As an example, inner magnetosphere clectron flux profiles are :
shown in Figure 2, The complete radiation belt model includes both integral and ’v
differential fluxes as functions of position L and A (magnetic latitude) and particle

by several articles in Journal of Geophysical Research, Vol. 79, No.

energy, for both electrons and protons.
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Figure 2. Distance Variation of Equatorial Flux of Electrons Having

Energy Greater than the Indicated Threshold Values
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3 SPACECRAL § CHARGING CALCULATION

The net current to the spacecraft I is given by

net

Lot ?® Ip-Ie+Is+IPE , (4)
where I_ is the total proton curretit ifitercepted by the spacecraft, Ie is the incident
electron current, Is is the total séccndary electfon emission from the spacécraft
(including backscattered electrons), and IPE is the photoelectron emission current
from the spacecraft. Each term is a function of the spacecraft potential Vg /e
because of the eénergy depéndence of each term. At steady state the nét current
must be zero, establishing the condition for determitiing V s/e" If Equation (4) is
divided by the appropriate area, this condition can be expressed in terms of par-
ticle fluxes. It is assumed that éssentially all of the spacecraft is covered with
¢lectrically conductive material, and that on the average, only 25 percent of the
surface is exposed to sunlight. Then the condition for zero net current bec¢ornes

etV o) = TalVg o) + I (Vg 1) +Ipp(Vy /) =0 (5)

The J's represent the particle flukes of the corresponding terms of Eq. (4); and
the dependence on Vs /e is explicitly shgwn for emphasis. To normalize the photo-
electric term properly, a factor 0. 25 is implicitly included in J PE"

Equation (5) was used to calculate Vs c at various locations in the Jovian
magneétosphere using values of J_ and J e provided by the model described in the
previous sections. The results of Sternglass for aluminum, as reported by
Whipple, 27 were useéd to calculate J s Whipple's value of photoelectron yield for
aluminum at 1 AU (3 x 10~ A cm™2) reduced for 5. 2 AU, was used to determine
J PE" Although most spacecraft are not likely to be covéred with aluminum, the
yields were taken to be typical of conductive materials,

The calculations were performed by assuming a V s/c and then iterating until
a svlf-consistent value could be obtained. Usually a rapid convergence of the cal-
culatioh was obtained with very few iterations. This is largely due to the depend-
ence of the secondary emission yield on incident proton energy. Below about 10°
eVthe yield is much less than unity, but above 103 eV the yleld rises very rapidly
with energy exceeding uhity at about 2 x 103 eV, This rapid increase in yield v.ith
energy produces a high sensitivity of the calculation to Vs c since all low energy
protons are accelerated by 4 negative spacecraft potential. The high secondary
yield thus tends to limit negative spacecralt potentials to a few keV in re,ions of
the magnetosphere where photoemission is unimportart,
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6. RESULTS AN DISCUSSION

The contribution of each term of Eq. (5) at the steady state spacecraft poten-
tial for several locations in the Jovian eduatorial plane is shown in Figure 3. The
calculated spacecraft potentials are also giver. The lower part shows the incident
electron current density, I the upper part of the figure, the proton as well as
sécondary and photoemission contributions are shown. Note that for L. < 6.5 RJ
photoemission is not every important. For higher L, however, photoemission
begins to dorminate and the spacecraft charges to a slight positive poterntial. In
thosé cases theé actual secondary and photoemission contributions depend on details
of their énergy distributions, and for simplic¢ity were not calculated in detail.
THeir sur is thus shown in Figure 3 for L =9.5 Ry.

The incident electron current denisity corresponding to the V s/c calculated at
steady state is indicated by the light horizontal line shown in the electron contribu-
tions separating two differently shaded regions. The full column represents the
total J e(O) that would occur if the potential were zero, and hence the doubly cross-
hatched region corrésponds to that portion of the electron spectrum repelled by
the spacecraft to produce the current balarice.

9.5

S0 ~+10
PROTONS
AMBIENT ELECTRONS |

SECONDARY ELECTRONS
() PHOTO ELECTRONS

-4

CURRENT DENSITY (AMP-CM 2 T0 SIC

Figure 3. Distribution of Particle Fluxes to and From Spacecraft in
Jovian Equatorial Plane
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The heavy horizontal line appearing in each column shows the relative con-
tribution to the total incident flux due to lew energy plasma particlés and high
energy particles. It each case the plasma contribution is the portion closest to the
center of the figure.

Calculations were alsc carried out neglécting the photoemissiot term, that is,
for & spacecraft in eclipse. In the innér region, where photcemission is unimpor-
tant (cf. Figure 3), potentials for the dark case are rot very different from the
surilit case., However, in the outer regions where photoemission is importarnt,
relatively high potentials are calculated for a spacecraft in darkness. The potén-
tials for both the sunlit as well as étlipsé cases are summarized in Table 2. Also
shown there are the potentials calculated for one point in the high latitude region
(L =18.0 RJ, x = 459, In.the outer régions total eclipse of the spaceécraft is
unlikely, but the e¢lipse poténtials indicate the level to which electrically isolated
portions ih darkness aré likely to charge.

Some calculations were also performed to determine the sensitivity of the
results to the fraction of the spacecraft assumed to be in sunlight. In the ifiner
region tais is not too important, but in the outer region a 10 percent sunlit space-
craft would haveé a negative (102 - 103) potential,

Table 2. Calculated Spacecraft Potentials in the Joviah Environment

Location Vg Sun (volts) vsc ECL (volts)
L= 2.5 RJ ~-100 -200
5.0 -1000 -1500
5.7 -1000 -1500
6.5 -2000 -3500
9.5 ~+10 ~+10
11.0 ~ +10 -10%
16,0 ~+10 ~1500
16.0, = 45° ~+10 -10*
R = 35 ‘RJ ~+10 -104
139
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7. SUMMARY AND CONCLUSIONS

A model of the Jovian charged particle environment has been constructed from
results of Piofieer 10 and 11 measurements. This model was uséd to calculate the
potential to which a spacecraft would charge ih the Jovian environment, In the
inner region (L<6.5R J), the potentials calculatéd (~ 103 volts negative) indicate
severé disturbantes to fields and particles measurernents from the spacecraft.
nClean" méasurements would therefore require active control of the spacecraft
potential. In the outer regiotis, electrically isolated portions of the spacecraft
are likely to charge differentially ~ 103-104 volts with respect to sunlit portions.
High differential charging seriously distorts fields and particles ireasureémerts,
and represents soiirces for arcing severe enough to damage the spacécraft or cause

malfunction.
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