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Abstract

A numerical simulation program is being constructed havirg the following
features: (1) infinite circular eylindrical geometry with ankle-dependence, (2) in-
clusion of incident particles, photoelectrons, secondary éleetrons, backscattéred
electrons, any gun emissions, and any internal current pathways including surface
conductive layers, (3) "quasistatic time-dependent iteration™, in which sheath
Potentlal changes during particle transit times are ignored, (4) use of approkimats,
ocally -dependent space cliarge dehdity expression! in salving Poissoti's équation
for sheath potentials, with use of numeéric¢a’ orbit-following to determine surface
currents, (5) incidént particle veéloeity distributions isotropic or beami-like, or
some superposition ofthese. Rationales for eech of these features are discussed.

1. INTRODUCTION
The asymmetry betweeti sunlit and shaded areas of a syrchrorous spacecraft

is a key feature of the differential spacectaft charging problem at synchronous
altitude. A realistic numerical model for the plasma sheath surrounding a
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synchronous spadécralt must thercfore be at least two-dimenstonal, The only
existing two-dimensional simulation which s complétely self-consistent is that of
Soop, 1 who dfd 5 time-dependent treatment for a gphere, in whibh several thousand
photoelectrons wore followed numerically, Such time-de¢pendent treatments have
until now prbvided relatively low aceuracy for a given computational expense, al-
though there now exist improved ihterpolation techntques for deducing space charge
and fluk from a limited amount of arbit information, which may change this situatton
in the future.

Two other more simplifiéd treatments are dbteworthy. Sehréder? assumed
that photoeléctron emission was spherically symmetric, and thereby obtained a
self-consistent solution for a unipotential sphere, which showed the presence of
potehtial miriima due to photoelectron spacé charge ih some circumstances.

Lafon? assumed spheriesl or eylindrical symmetry for space charge due to ambient
particles, and negligible perturbation of this symmetry by photoelectrons. He thus
obtained radially symmetric selfsc¢onsistent sheath potentials, bdt angle-dependent

photoeléctron dedsity profiles, again for unipotential spheres and cylinders.

Heré wé¢ describeé a two-dimeénsional self-consistént simulation whieh avolds a
completely time-dependent treatment, but irsteod is based of a ''quasistatie time-
dependent™ iteration déséribed in Section 2.2.  Althbugh results from thrée-dimen=
sional sirulations ate likely to becorte available in the near future, 4 it is generally
true that *hé simplest realistic simulations are advantageéous in elucidating basic
physical effects, whereas more complicated origs are most useful for quantitatively
predicting detailed interactions.

2. FEATUHES OF NUMERICAL SPACECRAFT = CHARGING MODEL

2.1 Infinite Citeular Cylindeical Geometry with Angle-Dependen66

This géometry implies the usé¢ of a polar coordinate grid for computatiofis,
Several reasons for such a echolcé, in preference to thé more obvious spherical
geomatry, are:

(1) Although a spherical geometry, with rotatlonal (azimuthal) symmetry
about thie spabecraft-sun axls, is two-dimersiofial in positioti space, It is three-
dimeénsional i Velocity spacé becduse particles wtth differert azimuthal angular
momenta must be treated separately.

(2) Many spacecraft aré finite circular cylitidérs.

(3) in spherical geometry with azimuthal symmetry, focusing of particles onto
the spatéeratt-sun axis occurs in some models, leading to singularities in fluxes
ghd densities dlong this axls. Such effects must be regarded as spurious since
real spacecraft are uhlikely to have the high degree of symmetry necessary to
produce them,
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(4) An infinlte eylinder, havifig d4 surface sedtor with distinet properties, can
bo rotated with respect to the sunward dircéetion to stuay the cffects of such rota-
tion. 1d a spherical gecometry wtth azimuthal symmetry, the corresponding surface
feature would be an annulus about the spacecraft-sun axis, and ne such rotatton
would be poseible without destroying azimuthal aymmetry,

(5) oné major feature of spherical ag opposed to e¢ylindrical geometry, that
Is, the more rapid decrease of potentidl with {hereasthg radius, ean be modeled
in an approximate way by simply adding the appropriate fletitlous cortribution to
v2¢ i Polsson's equation.

2.2 Physicil Processes

The model ig tb include veloeity distributions of: incident particles, photo-
electroiis, secoddary electrons, backscattéred electrons, and any gurd emtssions.
Internal current pathways including surface conducttve layers are also being
trzluded,

23 Quasistatic Time-Dependentiteration

In this procedure, sheath potential charigés during particlé transit times are
{gnored, This leads to the following iteration schéme: An angle-déperdent sur-
face potential is chosen, Poisson's equation is then solved to provide a radtus-
and angle-dependent static sheath potential (seé Section 2.4 below). Dartic¢le
orbits are then followed numerically ih this potential, yielding surface chargtng
rate as a funection of angle (orbit-following is, however, not used to provide space
charge densities for Polsson's equation; see Section 2.4 below). These rates are
then averaged OVer any conducting sector, and any currents transferréd internally
(Including thbse through any surface condustive layers) are subtracted. The re-
sulting net charging rates arb then used to carry forward onetime step, yielding
new surfacé potentials. This process is then repeated until a steady-state condi-
tion results, or, in a situation in which external coniditions vary with time, is
repeated to follow such t{rie-dependénde,

The use of this procedure, as opposed to a complatély time-dependent simu-
letion, shbuld produce important ;computational economies. Clearly oné Will lose
information about very rapid transiert phenotriera with this approach. However,
steady-state or slowly timé-varying situatioris are of major importanbe. . These
iiclude changes in the incident particle distributions, which are! likely to have time
scdlés of seconds of rhinutes,
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24 U B at Apjproximate Spaee-Churge Bensity Expreraions

At synehronous altitude, the Debye length ap for ambieht partlclés 18 ususlly
2 10 m, so for satellltes of ordinary size, effectsof ambient space charge on
sheath potentials will be relatively small. Any reasorably realistic approximation
of this space charge cati therefore be expected to produce only negligible errbrs in
solvitg Polsson's equation for sheath potentials. Furthermore, large savings in
cbmputer time can be expected to resu't if one ¢an avoid exact density calculatibns
involving numerical orbit=following, In the present Work, it i¢ intended that a
relatively small amount of orbit-following be done to caleulate surface currents
(Section 2.3).

A more cignificant space-charge effect near the spacecraft may be caused by
emitted photoelectrons or secondary electrons, 1,2 pecause of their relatively low
velocities compared to ambient values. However, effects of these are likely to
also bs shall ensugh that any reasonably realistic approximations for their densi-
ties will yield good aceuracy, 3 Such approximations mult ultimately be validatec
by compacisbn with a few carefully chosen exact calculations, It is advantageous
if such approximations depend bn local potential only (rather than potentials at
many locations), together with a relatively Small number of other paramstérs,
such ad spacecraft potentials and potential barrier heights and locations, Hére we
propose three types of space-charge density approximation, as follows,

2.4.1 APPROXIMATIONS FOR POTENTLA L WELLS WITHOUT

OBSTACLES

Exact density expressions have been developed for ¢ollisionless, Maxwellian
particles id thé presence of obstacle-free potential wells of arbitrary shape by
Laframboise and Parker. ® The appropriaté expression for our pusposes is the
result given by their Eq, (2) for three-dimensional wells, This is true even for
an "infinite", that is, very long Cylindrical spacecraft geometry, because of par-
tiele entry at the ends of such a geometry. For definiiteness, We consider a
negative well given by ¢ (%, ¥, 2) <0, with$ - 0as %2+ y2 +22 . ® , Where ¢ i
electric potential. If only ambient particles are considered, Poisson's equation is:

2, _.& -
vé‘eo (Ne Ni) (1)

where € is magnitude of unit electroil Charge, e, 18 ptirmittivity of space, and Ny,
Ny are electron and ion number densities, respectively., Since positive lons ars
the attracted species in this well, we use Eq. (2) of Laframboise and Parkerd for

lon density, and tka N Boltzmanti factor for electron density. If .
Mye o (EpkT /€2 N )2/, N_ is electron or Ln density faf ftom the spagéerait,
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L is & cHaructeristic spacecraft length, §~7 = LG, x = ed/KT <0, kK i{s Boltzmann's
congtant and T-is tetmperature, Bq, (1).becames: ... ...

) 2 &
O S ST B

NEd

where g(s} = -Q-\ﬁr_ exp (s2)erte(s) = expls?) foexp(-tz)dt.

S
The important feature of EJ- (2) for our purposes is that its right-hand side
IS a function of x only. For smallx, EQ- (2) reduces to:

SFx = (LT /TG )2 X (3)

whére terms of order x 8/2 and higher have been tgnérad, The linear form of (3)
permits the use of direct Psiason-Solvers for finding x . Anothér simplified form
Can be obtained by rederiving EJ- (2) with monoenergetic instead of Maxwellian
ions assumed. The appropriate monoenergetic velocity distribution (Chen:6
Laframboise, 7 D, 14) is:

By mN_ BE-E)
3

f .
4> 4 1/2
(ZmiEI) /

(4)

-9

where E; =4kT;/» and my is ion mass; this distributibn duplicates the ambiérit
rumber density and flux Values of a Maxwellian at temperature T, Rederivation

of (2) using thig distribution yields the computationally simpler form:

~2 L\ | x ( T Té )1/2
X = |=—— et - |1 -5 m= . (5)
v ("Dé) TT X

If any regions exist where x > 0, the rolég bf ions and electrdns are inter-
changed, and Egs, (2)-(5) must be modified accbrdingly.

The essential approximation contained in Eqs, (2) - (5) is the neglect of orblt
depletion due to intérsection with the spadeeraft, The densities of ambient {ons
and electrons will therefore bdth be ¢verestirated near the spacecraft in these
results, As long as the spacecraft is at least moderately smaller than Ape: the
effects of this ovérestimaté will be small. Theé attracted-species density will be
overestimated by the greater amount for réaséens invelving the curvatureés of
attracted tnd repelled particle orbits, The sheath profiles predicted by (2) or
(8 will therefore be steeper thaa real profiles, if electron emission effects are
{gnored,

313



2.4.2 APPROXIMATIONS BASED OM SYMMETRIC. POTENTIALS .

Laframboise, T afid Laframiboise and Codard, 8 E4¢, (7) and (8), have presented
expressions for number densities of ambient attracted and repelled Maxwellian
particles, respectively, which ar= exact for radially symmetric monotonit poten-
tials near a perfectly absorbing sphericsl collector, These expressions contain
terms identical to the ion anti eleetron density expressions in (2), together with
subtractive terms representing the effects of particle interception by the eollector,
Whippleg has used a thick-sheath apprbximation to develop density expressions fot
hbth ambient And emitted particles in the presence of a pbtential barrier, again for
spherical symmetry. Lafon3 has developed approximate density expressions for
éscaping photoglectrons, based on assumed spherical or cylindrical symmetry in
the sheath pbtential, but not in the photoemission fluxes. Since all of these expres-
sions depend only on local potertial and a small number of other parameters, it is
tempting to explore the possibility of using them even in the presence of sheath
potentials which are known to bé angle-dependent, and near spacécraft having nbn-
spherical shapes. All of these expressions depend essentially on the solid angles:
subtended at any given radius, by orbits which have intersected the spacecraft,
for all significantly populated partikle energies, includlng7' 8,9 the effects of brbit
curvature due to electric fields. It is likely that in mahy eases, euch solid angles
will not be greatly modified by angular asymmetries ih sheath potentials {{rom
symmetry, sukh modification must be of second order in angular variations). In
using such approximaiions with irregular spacecratt shapes, it would be necessary
to define somb way of choosing "radius' €orsubstitution into them. One way to do
this would involve matching the solid angle subtended by the spacecraft at the
location in question, with that subtended by a sphere as a function of radius.
Similar procedures would be riecessary for dealing with parameters describing
potential barriers in these expressions, Lafon!® ! and Parker ™ = have given
useful general discussions of the formulation of density expressidns for symmetric.
potentials.

2.4.3 Al?/\IIDRI(_)XéMATIONS BASED ON EQUIVALENT POTENTIAL
ELL

We consider the idealized situatibn shown in Figure 1, in whi~h a spacecraft

is asstimed to have shadeéd-side surface potentials which are very negative, and
sunlit-sidé surface potentials which are clos#é to spacé potential, Thé solid curves
outside the spacekraft represent equipotentials, The dotted curve FGH represents
a surface which passes through the saddle point G ai the sunlit side, and is every-
where perpendiculat to the equipotefitials, so this surface represents thé maximum
extent of a sunlit-side poteritial barrier for electrons. Fahleéson!3 has pointed out
that such a barrier may exist ever wheii space charge is negligible, because of the
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SUNLIGHT

- — e

Figure 1. Geéreral Appearance of a Possible
Sheath Potehtial Profile arsurid a Spacecraft.
Dotted curves inside the Spacecraft surfa¢e arel
fictitious exterisions of équipotential surfaces
outside, as déscribed following E4, (8)

sunlit-shaded asymmetry in surface potentials. We consider ag an example! the
process of approximately calculating photoelectron space charge density inside
this barrier; zaleulation of secdndary electron charge density is similar in most
respectd, We consider all those photoelectrons emitted with a total energy Eg
equal (within some differential amount dE) to the! potential ofthe equipotential
surface ABC. Such particles can never go outside ABC, but must relmpinge on
the spacecraft surface ADC, If E (E) is the photoemission ecéfficiert, that is,
the energy-differential particle current density of photoemission froin the space=
craft surface (this will depend on surface material and solar illumination angle),
then the total-photsémlssion particle current between energied Ey and Eg + dE is:

o P .
t, = 4B [/;1 $ EP[EB +epg S i6)

Where Eg + epg 2 0, S represents surface position, g = #(rg) is surface potential,
EB‘ tepy = E]3 + ebe = 0, and the integration is over the surface ADC. Since EP
for most materials is larpst For emission kinetic energles my2=Eg*e. ¢® 1volt,
most of the photaémiission between énérgles Eg and Eg + dE will teiid to ¢omé

from reglons such as, day, A' and C' in Figuré 1, where g is abbut 1 valt mare
positive thari at A and C. ©n the other hand, particle metionis will tend to spread
the reifmplifigeriernt current more uniformly over ADC.
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We now model this process approximately by ritentally rémoving the spaceersft
gurface between A and C, and replacihg it by an arbitrary extension AEC of the
equipotential sufface ABC. We also do the same for other equipcstentials which lie
inside this one, as also shown in Figure 1. We have now ' constructéd" an obstacle-
free potential well, and we can usé the Latrambolsé-Parkerd theory to derive
model dehsity and flux profiles for such a well, We can theh integrate the latter
ovér ADC and match the result with Eq, 16). We rewrite the moroenérgetie
distribution (4) for electrons as follows:

2
meN* G(E-EB)
t* "4, (2m E )1/2 m
e B

where N* is how 4 reference number density to be evaluated. We obtain:

1/2

N=N[¢(r)) = ffdsg = N¥*[1+ep(r)/Eg] '~ Hled(r) + Eg] (8)

3= 36 = v &Py - NHEg/em ) 2 1) By) Hl b + ] (®)

where J {8 a number flux ¢rossing an arbitrarily oriented surface element from

either directiqn, v, is veloeity eompornient perpendicular to such a surface element,

and H(s f 8(x) dx B the Heaviside step function. The tbtal nhmber flux

erossing ADC from either direction is tiow given for our mbdel well by:

- f Jog a’s . i10)

Our procedure for approkitating the spacé charge density now involves pér«
forming the intégrations over the surface ADC in bbth (8) and.(10), then évaluating
N* by equating these two results. This is done for each of the discrete ernesglés
EB which are chbsen to repl'esent the.photoemission, The quantity dE i{n (8) must
then be chosen equal to the separation between these energies. 'The resulting set
of values NJT’ {s then used together with {8) tb construct th@space-charge density
expressioh:

N[ é()} ? N;‘t 1+é¢(£)/EBj]1/2 Hied(r) + Egl {(11)

This expréssion also has the advantage of dependehce only on local potéritial,
as db those derived i Séctioris 2.4.1 and 2.4.2. In using it, one would précal-
culdte the cosfficienits N; as deséribed above, then use (11) as a contribiition to
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the space charge density in Polsson's equation, Ad important approkirhation con-
tained in (11) involves neglést of the fact that photoemission fluxes given by (10)
are in general distributed differently over ADC than those given by (6), For
energies Ej > -ed;G > 0, where éG is the $addle-point potentia! in Figure 1, some
photoelectrods would escape, and the correspording terms in (11} Would be over-
estimates.

2.5 Use-of Lsotropic or Beam-Like Incident Yelocity Distributions

Important computational economies clearly result from assuritng that incident
velocity distributions are either isotropic or beam-like (monokinetic); the approxi-
mate density expréssions described in. Section 2.4 are examples of results for
isotropic distributibns. Any ingident distribution may be modeled as closely as
desired by a superposition of isotropic arid beam-like distributions.

3. CONCLUSIONS

We have described the major features of a ""quasistatic time-dependent™
numerical simulation of differetltial spacecraft Charging at synchronous altitude,
incorporating an infinite eylindri¢al gesmetry With angle-dependence. The com-
puter program involved is presently urder construction,
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