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1. INTRODUCTION

Environmental charging of geosynchronous épacecratt to potentials of
thousands bf volts has been experimentally observed. Previoug attempté to madel
Spacécraft charging have employed techniques which are limited to simplified
geometries and symmetry asdumptions. In this paper, wu degcribe a hew compu-
tational model which Can simulate the chdrging bf complex geometrical objécts in
three dimensions. We present two sample caleulatisns. In the firét problem, the
capacitance to infinity of a complex object similar to a satellite with lolar array
paddles i&é calculated. The Secoud problém concernd the dynsziriical charging of &
conducting cube partially cévered with a thin dielectric film. In this calculstion,
thb photoemission resulte in differential charging of the object.

2. THEORY

The trteraction Of a satell{te add the: maghetosphere can be separated Into b o
parte. 'he first is the particle déposition, charge transport, and electrical
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properties associated with charged particles impinging upsn the satéllite, The
gécond part IS the self-consistent ambient and phatbplasma interactions with the
electric field. The field must satisfy boundary cendltions on the satellite consist.
ent with the charge deposited on the satellite. To sblve both parts of tkis problem -
completely and self-consistently for general, ambient plasmas i8 a formidable
task. Here, we shall be concerned stily with a liiaited (albeit very important)
range of plasma environments (a hot magnetosphere). As a result, certaifi appro-
ximations reduce the magnitude of the problem.

The timescales of phenomena which $ceur on a &pacecraft in the magnéto-
sphere range from nanosecondd to hsurs (Table 1). The lower end of this range
is associated with effect8 such as the discharging of electrical circuit elemerits
and electromagnetic wave phenomena. At the upper end bf the range, slow vari-
ations in the magnetospheric enviroument are important. In this-paper, we shall
be concerned with the intermediate timescale range, from milliseconds to seconds.
This range is determined by the charging time of the surface of a spacecraft by
magnetospheric electron currents,

Phenomenon Time
Breakdown in cireuit elements TR~ 1079 . 1078 sec
Charging of bare conducting surface L 1073 cec
Differential charging of thin dielectric T~ 1sec
overlying conductor
Charge redistributiott in a dielectric Trp< 100 sec
Change in edviranmental conditions TE 2 1to ~-103 sec

Before entering upon the analysis of these phenomena, it is useful to set the
scale of the various processes ltivolved, These are ligted in Table 2, and, in each
case, the treatmerts which must be applied to describe the relevant field and
particle phenomena are indicated. In the taagnétospliere, the plasmsd sheath sur-
rounding aspacecraft requires a particie description. ThiS s nécegsary on
accoutit Of the very long mean free paths and long Debye lengths Xy which occur
in these hdt, diffuse plasmas. Electromaghetic treatments are rieeded only for
describing effects such as transient surface current phenomena résuiting from
arcing excitatioris, Particle dynamics must be followed if sheath plagma
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Table 2. Collisionless Satellite-Plasma Sheath Models, L s the Spacecraft
Stze, vy 18 the-Plagmu Frequeney and Ap is the Dabye Length

Particle
Model Fields Treatment Timegeale
1. Electromagnetic Maxwell's eguations Dynamic L'c
~1078 gac
2. Quasisthtic Poisson's equations Dynamic up'l
(L << t:up. 1) ~ 1079 gec
3. Equilibrium (a) Poisson Static T, <t<rp
AL ~ L) ¢
D >10"3 sec
(b) Laplace
( D >> L)

oscillatory behavior is important. L2 ona lodger timescale. the plasma is
characterized by an equilibrium-particle distribution. 3,4 This is the range which
4 considered here. Finally, at thé longest timescale, the behavior 18 determinegd
by changes in the environment Or redistribution of charges within dislectrics.

We &hall now describe the considerations underlying our analysis of the inter-
mediate time&cale phenomena., Let ug consider a spacecraft with a spherical
conducting durface. With a radius R (em) end a charging cutrent density
j (A/em?), the time taken to charge the spatecraft. to.a potential V ig

cC. .V

)

41I'R2j

Tg=

where C_ is the capacitance of the spacecraft With respect to infinity, and is
given by

C‘,o = R esu

~ 10712 8w

With the follswing valued

=
n

100 cm
103 v ’
0.5% 10"% A/cm?2
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n n
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the charging tirie (s

-12
.~ 10 %Y
‘rc— 4n

~2X 1073 see

However, ¢n most Bpacecraft, large areag are Aot bare conductors, but are
covered by thin, tnsulating dielectrics overlying conducting ubgtrites. In these
cades, the capacitance of the dielectric, Cp, is important, father than the capaci-
tance with respect to infinity, The dielectri« capacitince is

E~ 1 esu/em2
D~— 4nd
1

012

2
and F/em

With a thickness of 40 mil {2 ~0. 1em), the charging time 7 is new

vy

* o
D “4rqj 1.2X0.5 X 10°°

~ 1.6 sec

The vbltage buildup between a Conductor ahd a dielectric insulator thus occurs
very much more slowly than the buildup on a bare conduetor. As a reault, differ-
ential charging of a spacecraft takes place on a timescale longer than charging.
Later, We ghsll desaribe the development of such a pHenormensr over the time-
scalerange * < t< 7.

Under the conditions found in maghetosphéric substorms, essint{al simplifica-
tibns can be made i the modeling of the ¢t »ging., In particulasr, we démonstrate
below for hst, low density plasmas where

AD >» L,
Ay is the Debye length atld L a characteristic object dimrension, thatf surface
potentidls on the gatellite are of the order of the plastha temperature, one makes
only avery small errar by neglecting the athbient dpace charge denstty in
Potsson's equatioh. This approximation, whet justified, greatly reduces the
amount of computation necessary to determine satellite potentials.
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Let us exarnine th» effect of a large ambient charge deéfisity fluctuation in a
6= 10keV, ny @ 10 em=3 magnetospherie plasma. The Debye length of such a
plasma {s given by

Y -~ -ﬁ ~ 4
p = M:!‘/ne =~ 2X10" cm

=200 m,

It has been stown® that in equilibrium plasmas, maximum charge variations are
of brder of the amibient charge density. It f6llows then that the miagnltude of a
potential asgodiuted With & spherical charge density fluctuation of 1m In radius
t8 at most

b~ % =gmr2Ne esu
e
u%.f'1o4x1ox4.ex1o'1°

~ 3 X 10™% statvolts

~ 6 X102

volts

which {g geveral orders of tagnitude lcss than the gatellite surfacé potentials.
Another useful quantity to examine 1s the relative amount df charge on a

sphere of & meter radius Charged up tb the ambient temperature to the amourit

of Bpace charge euch a vblume Would contain. The surface charge on a sphere of

radius r is

. 18
Agurface “ T = &

The Bpace charge {n such a plasrma id
X s o 4. .3
qplasma g0r n.é

The ratio of these two charges id

. ] (2
'_‘_glasma 4.2 @ 1 ( )
‘ e n 3 =
urface 3 e 8 3 D
< 16°°
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Thur, we have strong reasons to believe that the gross potential features
surroundine an object whssc dimensions are much smaller than a Débye length
and whose surface potentiale are comparable to the plasma température can be
caleulated lghoring embient (as distinet from photosheath) space charge effects.

30 NMERICAL TECHUNQUES

The dynamical model consists of wwe parts, namely; (1) the calculation of
surface charge densities and net. charging currents, given a potential distribution,
and (2) the calculation of the poteutial subject to free space and appropriate satel-
lite boundary cbnditions. Brief descriptions of the techniques used are given
below. Further details will be presented at 4 later date.

A1 Surfuce Churging Caleulation

We requwe the incideht and outgoing currehts Jm, Jout
face points r - r.. The net charging current is then

, respectively at sur-

Jm(. ) - (r)

Jnet Jom:

where

TCRIE fdav 7t G E)

o Q

Toutlro) = I a3 Vo GO fout (v , 'o)
The distribution fout 1S assumed known at the surface ¥ « ?o and £, is known at
positions far away from the spacecraft. Since we are looking for! equilibrium
.solutions of Viasov's equation, the distributibn functions satisfy

=0

along particle trajectories. The object thén e to calculate the trajectories of a
selection of particles. Sitnce we know the distribution function f far from the
satellite; automatically we know the distribution, since f is constant alohg a
given trajectory.

The Parker-WhlppléS tnstde-out scheme makes use of this fact. Trajectories
are initiated at the spacecraft surface and are trdaced backwards through the
potential field to dtstant points whefe the distribution, £(v) is known. One advantage
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of thig scheme IS that orbits which dd not have an endpéint s the spacecraft surs
fsce are avolded. The neglect of guch orbits 18 gtrictly valid only if the volume
apacédhirge has no {hfluénce on the particle trajectaries.

It ¢hauld be emphasized that the machinery {s contained in olir nimerigal
technique for calculating ambient Charge densities by ¢orstructing distribution
functions, f, in eéuc¢h spatial zone and taking its zeroth mbment (as opposed to §,
whigh IS a first moment)

p = ff dv
However, présently, we do not calculate this term, based upon the arguments
presented in Section 2.

32. Potential Calculation

In calculating the potential in three dimensiens around an arbitrary object,

a gridded method must be employed since ttie specification of the surface IS far
too general for analytical or multipole techniques. Since satellites are the order
of meters in length, we need at least 10 ¢m resolution as an dppér bound in the
vielnlty of the spacecraft. However, for determining particle orbits. the fields
hundreds of meters away mult also be known. In order to keep gtorage down to

4 réasonable level, some type of variable gridding mult be employed. This
precludes the use of any straightforward Fourier transform techniqué. One
technique for achieving high resslution in the region arsound the object and still
being able ts handle vast quantities of space is through Local mesh refinemertt.
Finite difference approaches, however, have difficulty in meeh transition regions,
especially when grid lineg are terminated, and genérally lose an order of accuracy
in such regions.

AB a result of this, we decided upon a finite element approach using right
parallelepiped elements arid blended linear univariite edge {nterpolants. This
permits the game degree of accuracy over the entire medh, even thbugh the mesh
elements differ in glze, It results in the gtandard trilinear interpolation scheme
for eagh element.

The fundamental apprdach is.to solveé Poisson's equation

g2 b= -am ¢

by sole{rig the associdted varidtional principle
0=3 fav 2 S . (g *
3 [678)° + 4mp6 )+ fdS - (dnd +0)é (2)

325



The firat-term. in tire {ntegrand correspsids to the Laplacian operator. The
second term & the volume spacecHargde ¢ontribution. The rethalning terms are
surface contributidns, referring t6 the surface charge and eleetrie field, res=
peétively.

In the variational caleulation, we use locally defined basis sets, that is,
trilinear (nterpdlants within each cube-like element. Since tho finite clément
equations are derived from Eq. (2}, different mesh volumes automatically réceive
the correct variational weight. This ensuréd the maihtenance of accuracy through
mesh tradsition reglorns. The problem of local mesh refinement 18 approached by
having grids within grids, that is, a chinese doll<like hierarchy of grids shown
gchemiaticdlly in Figure 1 The theory of thig technique is discussed in Birkhoff
eftal,7 and Caverdish. 8 In-order to have high computation speed, the littear
equations resulting from the variational principle (EQ- (2)) in the interface region
were coded up explicitly in a series of thirteen subroutineg. These same routines
ere used for interfacing any pair of the meshes,

Figure 1. Cross-Sestion of Grid, Showing First Four Embedded Meghes

4. SAMPLE CALCULATIONS

To demonstrate the capabilities of our 3D madel, be have pertormied two
sample calculdtiong. First, we calculated the capacitance, surface charge
distribution &nd electric flelds around a geometrically coriplex, conducting satei-
litelike object. The object {§ shown in Figure 2, and the probieri wad gridded as
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Figure 2. 3-D Model Spacecraft for Capacitance Caleulation. ..

shown in Figure 1. while it i8 elgctrically simple, being an equipotential surface,
it has sufficient geomeétrical complexity to demonstrate some of the features of
our TRILIN model. The overall length of the object is 6 m, with 20 ¢m resolution
on the surface. The outermost grid IS 51 m long, and there are about 30, 000
variables in the problem. The outérmosgt mesh had monopole (¢ = %) boundary
conditidns imposed. Usirig an SOR routine, this problem tookless than4 mints
solve 6m the CDC 7600 at Kirtland Air Force Base.

The capacitance caleulated for this object is 83 p®.  The surface area of the
object IS almost fbur times as great as that of a sphere of equivalent capacitance
(r o 75 em). If placed in an environment with a Charging eurrent of 169 A/&m?,
thie satellite-like uvbject would charge to 10 keV in about 3 msec. The charge
distribution is nonuniform, as expected, with most of the charge on the panels
which have only 58 percent of the eurface area. With the satellite charged to
10 kV, the total charge oti the surface & approximately 2500 esu (~0. 9 uC). The
average normal electric fields on each panel in stich a problem is —37.5 V/em
while, on the body, it ranges from 20 V/em to — 40V/cem,

The second satnple caleulation i¢ of a simpler geometry, but has considerable
physical complexity. The object cén#ists of a conducting cube, 60 cm on an edge,
partially céovered with a 1min insulation skin df diélectric cbnstant unity.

Figure 3 shows & picture of the object. The object IS placed in a 10 keV,

ng = 10 em=3 electrbn plasma with an assumed neutralizing backgrbund. By the
batkward trajectory technique described above, inéident electron currents on the
object are determined. Charge {ripinging upon the dielectrtc skin is assumed to
stick while charge larding dn the eiposed conducting surfaces IS allowed to
distribute itself in order to maintain the conductor as an equipotential surface.
The potential on dielectric surfaces is related to thht ori the conductor by the iine

tntegral of the electric field thirough the surface. TO add asymmetry and cause
differential charging, we assume a light soiircé at some large distance alsiig the
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positlve x-axis. This light gives rise to a vt
photscurrent of 4 nA/em? which-acts to dls
charge that surface.

Initially the petential on the surface of
the satellite rises very quiekly, ThiS cor-
redponds to surface charging on a timescale
determined by the net capacitance to infinity.

777

However. after about 50 msec, the differén-

tial charging of thz conductor and the froht |

ahd back dielectric surfaces dominate the [ ‘=3
calculation, The poténtial at three loca- )

tions as a functioh of time is plotted in E;%ggf’aibfpa?ﬁg%‘:‘;ﬁgd%ﬂzrﬂisc“”
Figure 4. We notice how the surface bare metal, th. estof the object is
dielectric continues to charge, albeit at covered with a dielectric film

e = Non-illunmiriated diélectric
Conduetor
=+ Illumiinated dielectric

Potential (kilovolts)

I P L - [ .
0.05 0.10 0.15 0.20 0.25

Time (#ed)

Figure 4. Compérison of charge Buildup at Three Different Sectiong of
Illuminated Spacecraft
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a very slow vate, while the front surface dieleetric discharges substantially.

The eonduétor also discharged, but rhore slowly than the {lluminated dielectric,
Figure 5 showé a potedtial eontour map through the %,y plane. We can seé that
the Conductor is& more than one thousand volts negative with respect to the front
surface dieléctri¢, while it iS only a few huhdred Jolts positive with respect to
the rear surface dark dielectric. This implies that the csnductors Burface charge
under the illuminated dielectric is of negative sign while uhderneath the rear
dieleetric the conductor!s surface eharge i8 of positive sign. The potential dif-
ference between front and rear dielectric6 is almost two Kilovolts. Fields in the
front dielectric are greater than 10* volts/ em.

(s

‘\\Q)

Figure 5. Potential Contour Plot Near the Space-
craft after 0, 27 sec. Sunlight ig ineident from
the right (x-direction)

5. CONCLUSIONS
The prediction of surface potentials ori complex sateliifes is a formidable

task. Material propertieo, geométricdl éffécts, ambient plasma, and photosheath
space charge' all play rolés {ri determining surface potential distributions.
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However, for the range of plasma parameters frequently found in tiagnetospheériv
substorms, itis justifiable to neglect the self-consistent ambient plasnia apace
charge. This assumption permits the calculation of potedtiall in asymmetric
threé-dimensional geometries. The resultant caleulations demonstrate such
effects as net object charging with respect to infinity, differential charging, &nd
charge redigtribution on conductors. These first calzulations presented here
emiploy large Bimplifications with respéct to material properties, ion currents,
etc. Hdwever, they &how that the concept sf three-dimeénsional Spacecraft charg-
ing calculations i8 a practical one.
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