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Studies of the Earth with the ATS-5, ATS-énd SCATHA spacecraft led to the
development of severaimple toolsfor predictingthe potentials to be&xpected on a
spacecraft in the space environment. These tools haveubeénoestimate theexpected
levels of worstcasecharging at Jupiteand Saturnfor the Galileoand the Cassini
missions. Thispaper reviewshose result@and puts them in the context of thiesign
issues addressed by each mission. In the case of Galilacecraft to spageotentials of
~1000 V were predicted. As such levels could produce possible dischacyssuld effect
low energy plasma measurements, the outenface of Galileo was held to rigid
conductivity requirements. Evethough the surface of Galileo was not entirely
conducting, after 14 orbits nadverseeffectsdue tosurfacecharging have beereported.
The Saturnian environment, in contrast to Jupiter, results in spacecraft potergjgsdo
of ~100 V--levels. The overaBurface ofthe Cassinispacecrafalso was notentirely
conducting and grounded. Here it is shown that only in the existme conditions is it
expectedhat Cassini willexperience any effects of surfackarging atSaturn. Those
conditions are presented and the likely consequences are mentioned.

INTRODUCTION

Surface charging isiot just aconcernfor spacecraft in
geosynchronous orbit (DeForestd Mcllwain, 1971), but
also to a varyingdegree inother regions of the Earth's
magnetosphereand throughout the solar system. In
particular, high levels oftharging (greaterthan a few
hundred volts) are expected the Earth'sauroral zones at
high latitudes (Gussenhoven, 19&B)d atJupiter (Divine
and Garrett, 1983)Here asimple @ftware tool developed
for the Earth's environment iextended topredict surface
potentials at Jupiter and Saturn. The reshidtge beerused
by the Galileoand Cassini missions indetermining the
level and hence design requirementfisr surface potential
mitigation.

In this paper, the Earth's, Jupiter'snd Saturn's
environments areescribed.The basic assumptions of the
simple tool for calculating chargingwill be reviewed.
Estimatedsurfacepotentials foreach ofthe environments
will be presented.The results for Earthand, at least
preliminarily, Jupiter and Saturn are omsistent with
observations demonstrating to firstder the value of the
tool for mission design.

THE ENVIRONMENTS

the cube ofthe radial disance, the terrestriagdnd saturnian
magnetospheres relative to their planetary radii are similar.
The jovian magnetic field, however, is 100 times larger. An
additional consideration ithat the photoelectron flux at 1
AU for the Earth is ~25 times that at Jupiteb AU) and
~100 times that at Saturn (~10 AU).

Table 1. The Planets’ Magnetospheres
Earth

-equatorial radius (km) 6.38x10
-magnetic moment (G-cin 8.10x16°
-rotation period (hrs) 24.0
-aphelion/perihelion (au) 1.01/0.98
Jupiter

-equatorial radius (km) 7.14x10
-magnetic moment (G-cin 1.59x16°
-rotation period (hrs) 10.0
-aphelion/perihelion (au) 5.45/4.95
Saturn

-equatorial radius (km) 6.00x10
-magnetic moment (G-cin 4.30x1G®
-rotation period (hrs) 10.23
-aphelion/perihelion (au) 10.06/9.01

The rotation rate is also an important factor. Both Jupiter
and Saturrspin over twice as fast as tHearth--~10 hours
versus 24 hours. Given their strong magnetic fields, this

Table 1 lists the principle characteristics of the terrestrial, means that the cold plasma trapped in theagnetospheres
jovian, and saturnian magnetospheres. Jupiter and Saturn ai¢ forced to corotate at velocitiesnuch higher than a

roughly 10 times the size of the Earth while thmagnetic
moments are PGand 16 larger. As the magnetic field at the
equator is proportional to the magneatiomentdivided by
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spacecraft orbital velocity. This is opposite to the situation
at Earth where, alow altitudes, aspacecraft olts at ~8
km/s fasterthan the ionospheric plasma. Co-rotation
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velocities can range from30-40 km/s near Jupiter and  consists othydrogen, oxygeliisingly and doubly ionized),
Saturn to over 100 km/s in their outer magnetopsheres.  sulfur (singly, doubly,and triply ionized), and sodium

: . . (singly ionized) ions. Intermediate energy electrons (~1 keV)
As the magnetosphere is the primagntrolling factor and protons (~30keV) at Jupiter areassumed to vary

enitonmentdifers considerably for each of these panes, [€XPONENLally flom =5 i for < 10 R 0 0001 crd
y P ' %eyond 40 R (Divine and Garrett, 1983). Co-rotation

is thesedifferencesthat will be described inthe following velocities vary from ~45 km/s at 4 R ~250 km/s at 20
paragraphs. R !

Earth Saturn

i

The Earth has one of the most complaxd variable
magnetospheres in the solrstem. As will be shown, it
may alsohavethe highest charging levels. In terms of a
simple schematic of the Earth's magnetosphbere are 4

main plasma populations. Starting with the lowlasitude giving way to a lower densityslightly higher energy

regime, the "ionospheric” populatioextends the  cold plasma disk atarge distancesAlthough there is no'"lo-

lonosphere out alonglosed field lines to 3 to 5 R equivalent” moon in the inner magnetosphéhmere isstill
(typically called the plasmasphere). The plasma varies from d 9 b r

a density of ~1%cm® (O dominated) at100 km to a fairly densq colcplasma sheeand, at~20 R, Saturn's .
. : huge moon Titan contributes a large cloud of neutral gas in
~100/cni (H*) at 4 to 5 R The mearenergy varies from a X . ;
. : the outer magnetosphere. Unlike Jupiter, Satunagnetic
few tenths of an eV at low altitudes to 10-100 e\hig field axis is apparently aligned with the spin axis so that the
altitude. The auroral regime is athigher latitudes and pp y alg b

extends out to higher altitudes. This population is plasma nngaround Saturn |$elat.|vely staplgcompargd _to
. that of Jupiter. Plasma co-rotation velocities are similar to
represented bythe aurora at low altitudes and the

. . Jupiter though maximum velocitigend to peak dittle
plasmasheet at geosynchronous orbit. The plasma typ'ca"%bove 100 km/s
consists of an electronfrtomposition withseverallQ's of '
keV mean energy. Superimposed on these two regimes is THE MAJOR CURRENT TERMS
the Van Allen regime marked by th@apped radiatiorbelts.
These consist primarily of high energy (E>100 keV)
electrons angbrotons. Although of smalflirect importance
to surface charging, the highenergy electrons are the
primary source of internal charging. Thieal regime, the
very high latitude regime, ischaracterized byow densities
(0.1 cm®) andenergies(200 eV) with occasionabursts of
high velocity streams (800 km/s). The field lines at very
high latitudes eventually couple with thiaterplanetary
magnetic field.

Saturn is marked by a magnificent set of rings that are its
most obviousfeatureand set it apart fromall the other
planets. Aside from the rings,however, Saturn’'s
magnetosphere resembles Jupiter’'s--a cold inner pldska

A mathematical modetapable offirst order edtmates of
spacecraft surface to spagdasma potential(charging
potential) for a variety of conditions has bedeveloped
(e.g., Tsipourasand Garrett, 1979; Garrett, 1981). The
model (or design tool) is based on current balance. Incoming
electrons and ions are balanced by photoemission,
backscattering, and secondary emission. The progeaiss
the spacecraft to spapetential until the totaturrent is 0
according to the following equation:

1) I:(V)=1g(V)-(1i(V)H sg(V)H 5(V)H gse(V) + p(V))

Jupiter
The magnetosphere of Jupiter @minated by three Where:
factors: the magnetic field tilt (2Lrelative to its spin axis, V = surface potential relative to space,
its rapid rotation, and the jovian moon lo at 5 R lo I+= total current to spacecraft surface at V;
generates aast torus of gas. The morapid rotation of = 0 at equilibrium when all the current sources balance,
Jupiter's magnetidield forcesthe cold plasma associated Ie = incident ambient electron current,
with this torus to accelerasnd expand byentrifugalforce I, = incident positive ion current,
into a giant disc. The magnetfield tilt and rotation rate Is= secondary emitted electron current dug-to |

make this plasma disc wave up and down so that at a given Ig= secondary emitted electron current dug,to |
location plasmaparameters vary radically over a 10 hour |,oc= backscattered electron current dueto |

period. Jupite_r's environmentan beroughly diyided into Iy = photoelectron current.
threepopulations: thecold plasmaassociatedvith the lo
torus and the plasmadisc (O<E<1 keV), theintermediate The incident electronand ion currents are typically

plasma (1 keV<E<60 keVhndthe radiation environment estimated by integratingthe appropriate Maxwellian
(E>60 keV). Thecold plasma is characterized byhigh distributions(Eq. 2) toobtain thecurrent as dunction of
densities (~2000 cf) and low energies. Theplasma  temperature, number densignd potential. Thesecondary
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and backscatter surface currents dfeen obtained by

. : . : 10%° [ [ \
integration using thévlaxwellians--the resultdave been = Voyager Data
parameterized bfitting them in terms of th@éemperature, _
number densityand potential (see Tsipourasand Garrett, = —o— Daaft
1979; andGarrett, 1981) Aluminum is used in this study N'Z
as the surface material. The photoelectrorturrent is ?
similarly parameterized interms of the potential and &
material. =
3 1
The basic Maxwellian distribution is given by: = 103;
2
2) Fy = N(M/27E,)%2e &/ 2 o b
o 107 L
Where: o 1004
M = Particle mass 1075
Fu = Maxwell-Boltzmann distribution 10 101‘ ‘ ”‘102‘ ‘ ”””103‘ ‘ ”””104‘ ‘ ”””105‘ ‘106‘ ‘107
N = Number density ENERGY (eV)
E, = Characteristic energy of plasma Fig. 1. Maxwellian (below 1 keV) and Kappa (above 1 keV)

distribution fits to Voyager 2 inbound electron

measurements for Saturn (L=11.59). The potential was
WhereasMaxwellian distributions adequately represent estimated to be -480 V ithe absence ofsunlight and

many of the plasma environmenésicountered in space, secondary emission for this environment.

they are ofteninadequatefor explaining the complex

environments at Jupiteand Saturn. For co-rotating ion

plasmas, a "ram" approximation is often more appropriate:

E = Particle energy

As K goes to infinity, Eq. 2 becomes a Maxwellian
distribution. As E goes to infinity, the form of the
distribution approaches a powdaw. A simple fitting
3) Ig = TRPNVs procedure was utilized to determine the values for Nafd
Where: K. First, the omnidirectional highenergy fluxes were

ere: A
computed and converted tovalues of the distribution
Iz = “Ram” current function at two energies for electrons (86d 360 keV) and
for protons (0.6and 6 MeV). The values of the warm
) ) electron and protonMaxwellian densityand temperature
Vs = Spacecraft velocity relative to plasma were used to determine values of the distribution function at

The Jovianand Saturnian environments asharacterized ~ Zeroenergy. A representativié for Saturn is presented in
by a harsher radiation environment at high energies than th&ig. 1. The resulting Kappa distributions were then

R = Radius of spherical spacecraft

Earth's. As a result, a Maxwellian distribution doesjoat integrated togive appropriate surface currents sictions
smoothly onto the higlenergy spectra fathe protons and ~ Of temperature, number density, and potential.
electrons. If the lattepower law spectra arecut off at an ESTIMATED CHARGING LEVELS

arbitrary low energy, the resulting discontinuitgauses
difficulties in computing the totakturrent density of the Earth
electrons to a satellite surface in the jovian environment. Given a model ofthe ambient electron and ion

To derive asmooth distribution functiorfor the warm  environments in terms of Maxwellianand Kappa
electrons and protons, the Kappa distribution functipinF  distributions and the densigndco-rotation velocity of the
cm®-s? (see Vasyliunas, 1968) was employed: cold ions, thesurfacepotential for aspacecraft surface can
be estimatedusing the simplespacecraft to spacthick

4) F = N(M/2mE,)* 2 3/2 /r(K +1)/ 1 sheath model described above. Evanale{1989)used this
Mk -1/2)(1+E/KE) method to calculate the potentials throughouttémeestrial
Where: magnetosphere for small aluminumsphere inthe Earth's
o shadow. Their results are presented in Fig. 2. Tigige is
F. = Kappa distribution intended to be used assample mission planning tool for
I = Gamma function identifying regions with high charging levels--ifspacecraft

were to pass through oear aregion of highcharge, then
K = Kappa factor (constant)
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appropriate mitigation methods should dmnsidered in the predictions, theVoyagersmay have observedtens of kV

design. surface potentials at Jupiter(Khurana et al., 1987).
% S B — However, as theVoyager and Galileo spacecraft were
80| -100] designed to beonductive ovemmost of theirsurfaces and
60* 0 approached the ideal of a conducting sphiiis, should not

B -300 -6p0 -300 pose a threat to the spacecraft.
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Fig. 2. Surface potential contours (in theabsence of

sunlight) in volts as a function @fititude and latitude for

the Earth (Evans eal., 1989). Outside the “horseshoe”

region charging is neglible.

Jupiter

Unlike the Earth, however, over large portion of the

jovian and saturnian magnetospheres warm energetic -10 ] ! 1 | S 1

electron fluxes aréhe dominantcurrent source, balancing 0 2 4 & 8 10 12 14 16

principally with the photoelectrons. It has provwssctessary R

to representhe 1 to 100 kelklectron energy range by a ]

kappa distribution. In Fig. 3, from Divineand Garrett  Fig. 3. Spacecraftharging potential contours imolts for
(1983), thespacecraft to spacpotentials for the jovian the thick sheath approximation in the M0 sunlit
magnetosphere have been estimatsidg thedesigntool.  meridian at Jupiter (Divine and Garrett, 1983). The
The potential contoursepresentthe spacecraft to space horizontal axis represents distancalong the rotational
potentials that would be seen for a conducting sphere in thequator.Photoelectrorand secondarglectron currents are
sunlight. included. The dashed lines bracket the region of applicability

These observations are in goagreementwith those  (OPservations).

reportedfor Voyager byScudder etal. (1981)and McNutt Saturn
(1980). This lattempaperimplied that on one occasion a
potential of -130 V mighhave been observetdhe former
paper reported potentials of a few tensvolts positive and
tens of volts negative in the torus.

The charging environment at Saturn resembles that at
Jupiter. Todate, however, a comprehensiplasmamodel
such asdevelopedfor Jupiter hasnot been completed.
Instead, a set of 16 electrandion spectra coveringhe L-

It should not beassumedfrom Fig. 3 thatspacecraft  shell range from ~4 to ~21 have been reconstructed from the
charging is not a problem in the jovian environmésider  voyager 1 and 2 flybys (Krimigis et al., 198Rjchardson
fairly restrictive conditions,secondaryemissionscan be  andSitler, 1990;Maurice etal., 1996)for the purpose of
suppressed over a small surfaééso, becauseghe sunlight  estimating the expected potentialsrefpresentative electron
is a factor of 25 less than at the Earth it becoessser for spectrum is presented in Fig 1. Each setleftronspectra
the ambientelectron current to dominatend charge the  were fit by a Maxwellian at lovenergies (~10 td.000 eV)
spacecraft. Ifthat surface iselectrically isolated from the  and a Kappa distribution from 1 keV to 100 keV. Toid

vehicle with secondary electron supressixmd inthe shade p|asma popu|ations (hydrogen and oxygen ions) were fit by
so that the photoelectron flux is zero, significahtirging

can occur asevidenced inFig. 4. In support ofsuch
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either a Maxwellian or co-rotation velocity. The proton designed to beconductive onthe outside, this wasn't
population above 1 keV was fit by a Kappa distribution. entirely successfulThere may be someareas onCassini
that can charge. However, adl areas whereharging or
arcing might be aconcern werecoveredwith conducting
materials before launch, charging will not likely impact the
mission.

100 ‘ ‘ ‘

Fig. 5 gives the potentialsalculated bythe tool for
sunlit and shadowedonditions. Twocasesare shown for
the cold ions--thick sheattmdram. The thick sheatbase,
as described irGarrett (1981), assumes theold ions are
best described by aviaxwellian plasma. The rantase
assumes theold ion current is best represented by a co- 0 T~ ] X
rotating flow (seeEq. 3). In reality, theactual currenties oo ’ /
betweenthese twolimits but closer to the thicksheath v /
limit. Fig. 5 basically shows thateven though the -200 \
photoelectron flux is verjow at Saturn (100 timefower 300
than at the Earth), the plasma charging environment is \ / SONIT (RAW)
relatively benign. Surface potentials migeaich a fewtens o \ / sunwT e ]
to a hundred volts negative only in the outer N iﬂiiiﬁiiﬁ& I
magnetosphere. V

0 5 10 15 20 25
L-SHELL

(VOLTS)

28

E RING INNER EDGE (3)

-500

SURFACE POTENTIAL

-600

f=— G|RING CENTER

—

I E OUTER EDGE (8]

-700

10
8

Fig. 5. Spacecraft to spaceotentials in sunlight and
shadow for Saturn asfanction of L-shell. For oneurve,

the ion current is assumed proportional to its thermal (thick
sheath) value. For the other, it is smjual tothe ram
current (Eq. 3).
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Fig. 6. Spacecraft to spag@tentials(negative) inshadow
Fig. 4. Spacecraft to spagatential contours for the thick for Saturn as a function of L-shell. For two of the
sheath approximation (Divine and Garrett, 1983) aBim estimates, the secondary current has beeaggetl to 0. As

3. No photoelectron or secondary currents are included. ~ in Fig 5, for one, the co-rotatingon current isassumed
_ o _ proportional to its thermal (thick sheath) value while in the
Again, howeverthis is not the whole story. Ifig. 6,  other, it is set equal to the ram current (Eq. 3). Fortlifd

the potentialsvere estimatedassuming that thepacecraft  set, the co-rotating ions have been set equal to 0.

was in shadowandthat either thecold ions (as when they

are shadowed on one sidetbé spacecraft) othe secondary

electrons were suppressed. For those cases (and either ram or CONCLUSIONS

thick sheath), the potentiahn reactseveralhundredvolts A simple design tool based @urrent balancand on the
negative between 8 and 18 L (note: the assumption here th@arth's, Jupiter'sand Saturn's plasma environments has

the ion ramcurrent isthe only current is strictly a worst beenused toestimate thespacecraft to spageotentials for
caseand not realistic ashere isusually an ionthermal missions to these planets. The results of this foola
“thick sheath”currentalso present). Although Cassini was spherical spacecraft with aluminum surfacespmesented in
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Table 2 for severdifferent situations.Based on thigable, N . .

the Earthclearly representthe worst threat tespacecraft. GaGrrett,hH.B.\,/ Thfgcrllgréglmg of S;)?%elcegaft SurfacBeY.

Negative potentials dsigh as 28,000 V arpredicted near eophys.vol. 19, » Pp. 577-616.

geosynchronous orbit in eclipgead, indeed, potentials in GussenhoverM.S., "High Level SpacecraftCharging in

excess 0f-20,000 V have apparently been observed. At the Low Altitude Polar Environment,'d. Geophys.

Jupiter, potentials are momeoderate. Larggotentials are Res, Vol. 90, 1985, p. 11009.

only observed if secondargmissionscan be suppressed-- .

unlikely but possiblefor some surface configurations. ~ Khurana, K.K., M.G. Kivelson, T.P. ArmstrongndR.J.

Conditions at Saturn are similar to those at Jupiter, though Yalker, "Voids in dvian Magnetosphere Revisited:
Evidence of Spacecraftharging,” J. Geophys.Res,

somewhat lower in general. Even sspacecraftsurface
charging isstill a concernfor spacecraftsurvivability at Vol. 92, No. A12, 1987, pp. 13,399-13,408.

these planets. Indeed, as potentialseeén a fewlQ’s of Krimigis, S. M., J. F. Carbary, et. al.'General
volts can seriously affect low energy plasma measurements, characteristics ohot plasmaand energetic particles in

and thereforespacecraftcharging must be considered for the Saturnian magnetosphere: Results fromvibyager
most missions to these planets. spacecraft," J. GeophyRes., Vol. 88, pp8871-8892
Table 2. Representative Charging levels at the Earth, (1983).

Jupiter, and Saturnbased onthe simple charging design  Maurice, S., E. C. Sitler, Jr., et. alComprehensive

tool. analysis ofelectron observations &aturn: Voyager 1
V (km/s) Potential(V) and 2," J. Geophys. Res., Vol. 101, pp. 15,211-15,232
C
Sun__No Sun/Sec (1996).
Earth McNutt, R. L., Jr.,"The dynamics ofthe low energy
-ionosphere 8 -0.7 -4.4 plasma in the Jovian magnetosphere,"” PhIbesis,
-plasmasphere 3.7 -16 -3.8 Massachussetts Institute of Technologl@ambridge,
-auroral zone 8 -0.7 -500 MA, (1980).
:]%e(i)tse):nchronous 3 2.0 -28,000 Richardson, J. D., and E. C. Sitler, Jr., "A plasteasity
_p_-cold torus 44 .59 12 model for Staurn based onVoyager observations," J.
“hot torus 100 60 70 Geophys. Res., Vol. 95, pp. 12,019-12,031 (1990).
-plasma sheet 150 -94 -130 Scudder, JD., E. C. Sittler, Jr.,and H. S.Bridge, "A
-outer mag-sph 250 9.5 -8,000 Survey of the Plasma Electron Environment of Jupiter:
Saturn A View From Voyager," J. Geophys Res., Vol. 86, pp.
-inner plasma sheet 100 ~5 -30 8157-8179 (1981).
-outer plasma sheet 100 ~5 -500 ; “ ;
Tsipouras,P., and H. B. Garrett, “SpacecraftCharging
-hot outer mag-sph 100 —d -10,000 Model-Two Maxwellian Approximation,” AFGL-TR-79-
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