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1. Modeling of Spacecraft Charging

Elden C. Whipple, Jr.
Uni vetsity of Cdlifornia
La-Jalla, Ca.

L. THE CONCEPT OF MODELING

Webster's New Collegiate Dic:l:ionary1 has thé following definition for the word
"model," inh the sense ih which we will be using it: '"Model ... a system of postu-
lates, data, and ififerences presented as a mathematical description of an entity or
a state of affairs." The reason that we are interested in modeling is that we would
like to be able to predict an effect; namely, spacecraft charging. A model may be
regarded as & mathematical representation of the link between cause ahd effect.

If we can identify the cause, thén the model provides a method for calculating
‘hat is, prédicting) the effects about which we are concerned,

There are different kitids of modéls, which can be convefifently arranged into
three categories: (1) statistical models; (2) parametric models; and (3) physical
models. A statistical model is usually the first kind of model that is arrived at in
describirig a phenomenon. For example, if it is cloudy, the probability of rain is
increased, because we know that clouds and rain correlate. Statistical models
using correlation can be useful because they can provide clues as to what is the
cause for a phenomenon. But they can also be misleading because the correlation
may be between two elfects, or, the correlation may be coincidental. An example
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of a corrélation related to spiacecraft tharging is shown in Figures 1 and 2.
Spacécraft anomalies occur more frequently bétween 0000 and 0600 hours in local
timeé. Spacecraft charging evénts also show the same pattern, These figurces are
taken from papers by McPherson, Cauffman and Schober, 2 and from Reasonér

et al.” The correlation between the two patterns provides evidence that the two
pheriomeéna — spacecraft anomalies and spacecraft charging — may be related.

The most useful kind of model is oné that is based on understanding the physics
of the actual processes that are involved in the plienomenon. Frequently, the
processes are complicated or are only imperfectly understood. In such a case, a
parametri¢ model may be useful, Here, one or more physical parameteérs are
selected which characterize the physical processés, and an approximate model is
constructed based on these parameters, An example of such a model is shown in
Figure 3 where the electron current to a sphere in a plasma has been calculated
with the assumption of a spherically symmeétric Dchyve potential distribution, 4 The
current depénds upon the Debye length parameter, as wéll as upon the plasma den-
sity and temperature and the sphere radius. This calculation is not exact but it
gives the correct qualitative behavior and is much easier to calculate than the exact
current,
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Figure 1. Local Time Dependence of Circuit Upset for Several DoD and Com-
, mercial Sdtellites
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2, MOBELISG SPACECRAFT CHARGING

There are folur categories of models for spacecraft charging, and 1\-’1(‘I’herson5
hds identified these four categories with four regions in the spacecraft-environ-
ment configuration, as shown iti Figure 4. Regioh 1 is the undisturbed plasina far
dway from theé spacecraft. This region may be assumed to be [ree from ficlds due
to sheathi effects. It is the source region fof the plasma particles which make up
part of the spacecraft charging currents.

Regioﬁ 2 is the plasma sheath region where there are quasistatic electric
fields, These electric fields are caused by the local charge distributions (space
charge afid surface charges) and in turn affect the trajectories of the charged
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FOUR REGIONS FOR MODELING
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Figure 4. Hegions Involved ih Modeling Spacecraft Charging

particles going through this region. Hence, a self-consistent solution must be
obtained for the particle and field distributions.

Region 3 is the spacecraft surface which is characterized by different mate-
rials and hence difféerent properties for absorbing, emitting, and conducting
charged particles. These properties may be very nonlifiear. The spacecralft sur-
face with its charge and potential distributions is a boundary for region 2, ahd it is
also a part of the spacecraft electric circuit.

Region 4 is the spacecraft equivaletit circuit describihg the paths for currents
and coupling for electromagnetic fields between the spacecralt comporents, Oné
of the ultimate objectives for the overall modeling is to understand and predict the
response of spacecraft components to the charging phenomena.

The first session of the conference has discussed region 1, the geosynchronous
enviroriment, Later seéssions will discuss regions 3 and 4; that is, characterization
of spacecraft mateérials and response to charging cvents. In the remaindet of this
discussion,. a review will be made of some of the approaches to modeling region 2,
the sheath about the spacecraft, and the related charge and potential distributions
on the spacecraft surfaces.

The objective of modeling the spacecraft sheath is to obtain accurate values
for the various charging currents which traverse the sheath and help to determine
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the spacocraft saurface potential and charge distributions, In this case the cause
is the undisturbed enavironment, the effoct §s the surface potentinls and charges,
and the link i3 tho charging currents, There are a number of different kinds of
charging currents, as shown in Figure 5, Electrons and jons from the plasma
travel to the spacecraft, Photoelectrons, secondary clectrons, and refleeted and
backsecattered clectrons can travel from the spacecraft to the plasma or to other
parts of the spacecraft surface. All of the particle trajectories which are external

to the spacecrait are both influenced by the sheath electric fields and contribute to
their configuration,

KINDS oF CHARGING CURRE_NTS
(in rough order of importance)
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Figure 5. Different Charging Currents which Affect
Spacecraft Chatging
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constants for charging are so short that the grous features of the sheath may he
considered to be in quasigtatic equilibrium,

Mathematically, the sheath problem may be desceribed in terms of: (1) the
Polsson equation, which tells one how to find the potential distribution for given
space charge densities and boundary conditions: and (2) the Vlasov ¢quation which
tells oné how to fifid the space charge detisities for a given potential distribution,
The solution of each of these equations depends upoh knowing the solution to the
other, so that a self-cotisisterit procedure must be found for a solutioh, Usually,
the procédure involves afi {uitial guess afid then successive improvements by
iteration,

The various approaches that have been used in attempting to solve this prob-
lém have differed mainly in how theé Vlasov equation has béen solved. The Vlasov
equation essentially statées that the vélocity distribution function (strictly speaking,
the phase space density) for a given kind of particle is constant along the particle's
trajectory. Conséquently, d solution involves either a calculation (or approxima-
tion) of the particle trajectory, or else it must make use of some other physical
relationship that provides equivalent information,

In table 2 of Parker, 6 the various approaches to the Vlasov equation are
arrariged into three categories. This classification is taken from a review by
Parker® of theoretical work doné on satellite sheaths and wakes. The following
summary of the various treatments is also largely taken from Parker's report.

The insidz-out method follows particle trajectories backwards in time from a
point in the sheath at which the density is desired to thé point of origin of the
particles. At the origin of the trajectory the distribution function may be evaluated
since the origin is either in the undisturbed plasma or at the spacécraft surface,
where the distribution futictions may be assumed to be khown. The inside-out
method is flexible since the points at which the density is to be evaluated may be.
chosen arbitrarily, Also, the miethod appligs equally well to ions or electrons,
The disadvantage of this method is that the information obtained about a trajectory
is lost when one imoves to the hext point for obtaining density, and hence the com-
putation can be time-consumirg,

The inside-out methiod was developed by Parker, 7 and has been used by
Four-mer8 to calculate the waké of a moving cylitider, and by Parket® for calcula-
ting the steady-state plasma flow about an arbitrarily thick disk. TF- method was
used by Grabowski and Fischer” in conjunctioh with the assumption of quasineutral-
ity, so that their treatment was not general. It was also used by 'I’aylorlo for the
wake of an infinitely long cylinder of rectangular cross-section, but the calculation
was not carried beyond the first iteration, and is therefore not self-consistent.
Parker and Whlpple“' 12 used the method for two-electrode probes on a satellite
but did not self-consistently solve for the sheath potential distribution. Liu and
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llung13 used this method for the far-wake zone of a satellite to prediet wave-like
behavior, Parkorm' 15 has also used the method for two-electrode rocket =borne
and laboratory probe systems, and for the problem of a small probe in the sheath
of a large eleetrode,

The outside=-in method follows particle trajectories in the same direction as
the actual particle motion, The main disadvantage of this mcthod is that it i3
difficult to choose the trajectorics in such a way that an accurate density can be
obtained .at an arbitrary point. In the special case where trajectories do not
cross ot reverse direction, the fux tube method of choosing trajectories may be
used. This technidue was used by Davis and Ilm'ris16 for a wake c¢alculation
assuming cold ions, by Call17 for the cold-ion wakes of both cylinders and spheres,
by M.art’m18 for the cold-ioh wakes of a strip and disk, and by McDonald and
Smetana19 for the wake of an infinitely long cylinder in a drifting monoenergetic
plasma. Another approach using the outside-in method is to divide the space into
cells and to evaluate the density in each cell according to the time that the particle
spends in it, This method is closely related to "particle-pushing' or simulation
calculations, and can be readily adapted to time-dependent problems. .Again,
accurate calculations can be time-cotisuming since many trajectories are required
to obtaifi good statistics within cells. This method was studied by Parker' for
mono-energetic-ion distribution with drift, and was used by Maslennikov and-~... ..
Sigov20 for the cold-ion wake of a sphere,

"Other" methods are defined as treatment which avoid explicit trajectory cal-
culations and inake use of other physical relationships. For example, configura-
tions with inherent symmetry such as spheres or cylinders in an isotropic plasma
may be treated by working with constants of the motion (that is, energy, angular
momentum, etc.) which characterize the particle trajectories. These simple con-
figurations are useful because solutions can serve as berichmarks for the numeri-
cal methods developed for more realistic problems, Also, they serve to illustrate
the basic physical processes that may be involved in the charging phenomenon.
Bernstein and Rabinowii:z21 used this approach to treat the problem of a sphere in
a plasma containihg mono-energetic ions. Lal‘ramboiSe22 treated exactly the
problems of both spheres and cylinders in Maxwellian plasmas. Chang and
Blehkowak123 used this approach to treat the problem of a thin sheéath when there
is emission of electrons at the surface of a spherical fwobe in a plasma.
Schroder24 and Whipp1925 extended this to treat the case of a thick sheath,
Pmket‘26 has formulated a computer program which treats arbitrary sheath thick-
nesses for electron emitting spherical probes in an isotropic plasma with arbitrary
velocity distributions,

Other approaches which avold trajectory calculations have used various

assumptions or approximations such as expressing the ion or electron density in
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terms of the local potential by means of the Boltzmann factor, neglecting iofi
thermal velocities, assuthing quasineutrality, etc. Liu®' and J ew28 assumed that
the ion axial component of velocity i$ constant. They then determined limiting
trajéctoriés for the density integral by further approximations, namely, an zddi-
tional assumed approximate constant of the motion, evaluated using the local field
in. the vicinity of the point in question. Kiel, Gey, and Gustat‘son29 treated the
wake of a sphere, assuming straight-line paths for the ion trajectories, and also
assuming approximate formulas for the clectron densitiés. Gurevich et 3130
assumed quasineutrality, using the Boltzmanr fact-r for both ions and electrons,
and assumed in addition that the ion axial component of velocity was constant and
that the ion thermal velocity was small,

3. MODEL VERIFICATION

A model cannot be considered to be reliable until it has been verified, Veri=...

fication means comparing the prediction of the model with experimental results
and finding agreement. As can bé seen from the number of theoretical treatments
of the spacecraft sheath problem, models are fairly easy to generate. It is much
more difficult, in genéral, to perform the kind of experiment which will provide
data for verifieation or notiverification of the model., This séems to bée espécially
true in space physics, where there is such a long process involved in performing
experiments onh spacecraft. The process bégins with a proposal, and then con-
tinues through the experiment design and construction, a great deal of testing,
finally a launch which may or may not bé completely successful, and then data
acquisition, transmission through telemetry links and ground stations back to the
experimenter, and finally reduction and analysis of the data by the experimenter,
This cycle from the conteption of the experiment until its analysis typically
involves several years, and it is no woncder that in space physits the connection
between a theoretical medel and its experimental verification is frequently some-
what remote.

An examplé of how models can be rendered academic by the acqusition of data
is provided by work that has been done on the photoelectron sheath about a space-
craft, A number of workers, beginhing with Singer and WalkerS! in 1962 have
discussed the effect of photoeléctrons ont the pldsma sheath surrounding a space-
craft. Various velocity distribution fuhctions for the photoelectrons were treated
in various geometries, but almost all of the treatménts were for a conducting body.
Guernsey and Fu®? and Fu3 showed that if the photoelectrons dominate the space
charge nedr the satellite surface, it would be possible for a potzntial minimum to
develop in the sheath so that the potencial distribution would be nonmonotonic.
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(See Whip}sﬁle25 for a review of these treatiments.) Such a potefitial minimuni was
found by analysis of the éléciron data obtained from the UCSD parti¢le detectors
on the ATS-6 satellite, 44 However, it was shown tlhiat none of the models could
adequately explain the data. 25 rrhe petential minimum which was inferred from
the data was miuch too large to be explained in terms of the ordinary space charge.
limited effect. It is probable that the minimum must be explained in texms of
differential charging of the spacecraft surfacés, Electrons are emitted from these
differentially charged portions of the spacecraft surface providing the réquired
negative space charge for the formation of the potential minimum. However, a
quantitative model for this phenomenon has not yeét been formulated.

Another way of verifying sheath miodels that has rot been adequately cxploited
is through laboratory experiments. Although it is not possible to completely
simulate the geosynchronous environment in a laboratory, it should beé possible to
study many of the individual processes. It is certainly possible to generate fluxes
of particles in the appropriate energy ranges in the laboratory, and there should
be no problem in simulating solar photoemission. It should be possible to learn a
great deal about the charging process and especially about the interaction between
various spacecraft elements by using realistic models of a spacecraft in such a

laboratory environment.

Acknowledgments

I would like to thank Dr. Leé W. Parker for permission to usé niaterial from
6 . ‘
his reviews. 35 mhis work was supported by NASA Grant NGL 05-005-007 and
Air Force Contract 719628-76-C-0214.

References

1. Webster (1975) New Collegiate Dictionary, G, and C, Mierriam Co.,
Springfield, Mass,

2. McPherson, D.A., Cauffman, D.P., and Schober, W. (1975) Spacecraft
charging at high altitudes: SCATHA satellite program, J. Spatecraft and
Rockets 12:621.

3. Rcasoner, D.L., Lennartsson, W. . and Chappell, C.R. (1975) The relation-
ship between ATS-6 spacecraft cflai‘gi.ng occurrenices and warm plasma
ehicounters, presented at AIAA /AGU Joint Sessiofi on Spacecraft Charging,
Washington, D.C. .

233




4, Whipple, E.C., Wartock, J.M., and Winkler, R, H. (1974) Effect of satellite
potential on direct ion density measuremerts through the plasmapduse,
J. Geophys. Res, 23:179.

5. McPherson, D.A. (19706) Spacecrdft charging modeling status SAI Report,
Science Applications, Inc., El Segundo, Ca.

6. Parker, L.W. (1976) Corputation of collisionless steady-stale plasma flow
past a charged disk, NASA CR-144159, Le¢ W, Parker, Inc., Concord,
Mass.

7. Parker, L.W. (1964) Numerical methods for corputing the density of a
rarefied gas about a moving object, AFGL-64-193, Allied Res. Assoc.,
Inc., Concord, Mass.

8. Fournier, G. (1971) Collisionless plasma flow around a cylinder considering
applications to ionospheric probes, Pub. No. 137, Office Nat. d'Etudes ét
de Recherches Aerospatiales, Paris.,

9. Grabowski, R., and Fischer, T. (1975) Theoretical density distribution of
plasma streaming around a cylinder, Planet.Space Sci. 23:287..

10.._Taylor, J.C. (1967) Disturbance of a rarefied plasma by a supersonic body
on the basis of the Poisson-Vlasov équations - I, Planet, Space Sci. 15:155.

11. Parker, L.W., and Whipple, E.C. (1 967) Theory of a satellite electrostatic
probe, Ann.Phys. ﬁ:lZG.

12. Parker, L.W., and Whipple, E.C. (1970) Theory of spacecraft sheath struc-
ture, potential, and velocity effects on ion measurements by traps and
masg spectrometers, J.Geophys. Res. 75:4720.

13. Liu, V.C., and Hung, R.J. (1968) Double scattering of the plasma streams
in a bi-thérmal ionosphere, Planet. Space Sci. 19:845.

14, Parker, L. W. (1068) Theory of the exteriial sheath structure and ion collec~
tion characteristics of a rocket-borne mass speéctrometer, AFGL-71-0105,
Mt. Auburn Res. Assoc., Cambridge, Mass.

15. Parker, L.W. (1973) Computér solutions in el.ctrostatic probe theory,
AFAL-TR-72-222, Mt. Auburn Rés. Assoc,, Newton, Mass.

16. Davis, A.H. and Harris, 1. (1861) Interaction-of a charged satellite with the 1
iohosphere, in Rarefied Gas Dynamics, L. Talbot, Editor, Academic,
New York.

17. Call, S.M. (1969) The {nteraction of a satellite with the ionosphere, Report
68, Columbia University, New York.

18._Martin, A.R. (1974) Numerical solutions to the problem of charged particle
flow around an ionospheric spacecraflt, Planet, Space Sci. 23:121.

19. McDonald, P.W., and Smetana, F.O. (1969) Results of a numberical experi-
ment to determine the current collected by a charged cylinder in a collision-
less plasma stream, in R refied Gas Dynamics, L. Trilling and H.Y.
Wachman, Editors, p. 1627, Academic, New vork.

20. Maslennikov, M.V., and Sigov, Y.S. (1965) A discreté model for: the study of
the flow of a raréfled plasma about a body, Soviet Phys. Doklady 9:1063.

91. Bernstein, I, B., and Rabinowitz, I, N. (1959) Theory of electrostatic probés
in a low-density plasma, Phys. Fluids 2:112, {

22. Lafiramboise, J.G. (1966) Theory of gpherical and cylindrical langmuir probes
in a collisioriless Maxwellian plasma at rest, UTIAS Report 100, Univ. of
Toronto, Ontario. -

93, Chang, K.W., and Bienkowski, G. K. (1970) Effects of electron emission on
electrostatic probes at arbitrary pressures, Phys. Fluids 13:902,

234

R SRR w“]




24,

21.

28.

29.

30.

31.

32.

33.

34.

Schroder, H. (1973) Spherically symmetric model of the phototlectron sheéath
for moderately large plasma Deébye lengths, in Photon_and Particle Intér-
actions with Surfaces in Space, R.J. L, Grard, Editor, p. 51, D, Reidel,
Dordrecht.

Whipple, E.C. (1976) Theory of the spherically symmetri¢ photo¢lectron
sheath: a thick sheath approximation and comparison with the ATS 6
observation of a poténtial barriet, J.Geophys. Res. 81:601.

Parker, L.W, (1975) Computer methods for satéllite plasma sheath in steady-
stateé spherical symmetry, AFGL-TR-15-0410, Leée W, Parker, Inc.,
Concord, Mass.

Liu, V.C. (1969) lonospheric gas dynamies of satellite and diagnostic probes,
Space Sci. Rev. 9:423.

Jew, H. (1968) Numerical studies of the rarefied plasma interaction at meso-
thermal speeds, Ph.D. Thesis, University of Michipan.

Kiel, R.E., Gey, G.C., and Gustafson, W.A. (1968) Electrostatic fields of
an ionospheric satellite, AIAA Jour, 6:690.

Gurevich, A.V., Pitaevskii, L.P., and Smirnova, V.V. . 69) Ionespheric
aérodynamics, Spaceé Sci. Rev. ?_:805.

Singer, S.F., and Walker, E.H. (1962) Photoelectric.scrééning of bodies in

~ interplanetary space, lcarus 1.7.

Guernsay, R.L., and Fu, J.H. M. (1970) Potential distribution surrounding a
photo-einiiting Jdicde in a.dilute plasma, J.Geophys. Res.

Fu, J.H.M. (1971) Surface potential of a photo-emitting diode, J.Geophys.
Res. 78:2506. -_—

Whipple, E.C. (1976) Observation of photoelectrons and secondary electrons

reflected from a potential barrier in the vicihity of ATS 6, J.Geophys. Res.
81:715.

Parker, L.W. (March 1874) Présent status of in-gitu wake and sheath meas-
urements, in Report of thé Plasma Physics and Environmental Perturbation
Iaboratory (PPEPL) Working Groups; Vol, T Plasma_Probes, Wakes, and

heaths Working Group, A di

Sheaths Working ppendix A, NASA TW X-04856.




