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SUMMARY

We have investigated the charging of a large sphere sub-
ject to the environment encountered by the shuttle orbiter as it
passes through the auroral regions in its low polar earth orbit.
The environment consists of a low temperature dense plasma and a
relatively intense (200 pA/m2) field aligned flux of energetic
electrons (5 to 10 keV).

The potential on a sphere in eclipse is presented as a
function of the ratio k of the charging rate produced by precipi=-
tating electrons to the discharging rate produced by ram ions.

We find that a 5 meter conducting sphere charges to potentials of
order 1 kilovolt for k ~ 2, even though a 0.5 meter sphere charges
to less than 100 volts.

It is concluded that the natural charging environment can
induce large potentials (vl kilovolt) on the shuttle orbiter.

INTRODUCTION

The shuttle orbiter, passing through the ionosphere at
altitudes of a few hundred kilometers, develops electrical poten-
tials through accretion of charge from the natural environment.
Under normal ambient conditions the particle energies viewed from
the satellite range from a few tenths of an electron volt to a
few volts. Thus, the magnitude of vehicle potentials are at most
a few volts. However, while passing through polar latitudes the
vehicle may be subjected to a substantial flux of energetic elec-
trons moving through the auroral zone following their injection
in the magnetosphere. This may cause charging to high potentials.

Most experimental studies of spacecraft charging in low
earth orbit have concerned small objects (vl m) moving through the
ionosphere. 1In the absence of energetic precipitating electrons,
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the magnitude of the observed electric potentials on the INJUN 5
satellite were less than a few volts, in accordance with theoret-
ical expectations (ref. 1). Even during impulsive precipitation
events, observed potentials did not exceed -40 volts negative.

More recently, theoretical studies have focused on charging
of large objects. Parker has presented a method for computing
sheath structures of large spherical bodies with high-voltage sur-
faces and with photoelectric/secondary emission (ref. 2). McCoy
et al. have considered problems associated with the operation of
large, high-voltage solar arrays in the ionosphere (ref. 3).
Liemohn has considered the electrical charging of the shuttle
orbiter in the absence of fluxes of energetic precipitating elec-
trons (ref. 4). 1Inouye et al. (ref. 4) investigated the charging
of a space based radar system having an antenna with a diameter
of about 70 meters (ref. 5). Their calculation of electrical
potentials in the presence of energetic particles are based on the
application of orbit limited theory of Langmuir and Mott-Smith to
determine the currents of attracted species (ref. 6).

The investigations of charging presented below are for the
regime where body dimensions are large compared to the relevant
Debye length. In this regime the currents of attracted species
are estimated by adapting the large spherical probe theories of
Langmuir and Blodgett (ref. 7) and Al'pert et al. (ref. 8). We
examine the charging of a conducting sphere subjected to intense
fluxes of energetic electrons. Factors relevant to a more thor-
ough analysis of complex objects with dielectric surfaces are sum-
marized. Conclusions are given in the final section of the paper.

ANALYSIS

The purpose of the following analysis is to estimate the
magnitudes of potential that develop on objects in low earth orbit

(200 to 400 km) when subjected to high fluxes (V200 uA/mz) of hot
(5 to 10 keV) precipitating magnetospheric electrons. Nominal
values of the satellite and environmental parameters relevant to
the analysis are summarized in Table 1.

We are concerned primarily with the possibly large negative
potentials that may be produced by the currents of hot electrons
incident from the magnetosphere. Questions related to the satel-
lite wake and its structure are not considered; we consider the

ram ion current density Nev _ 10-8 amp/cm2 apparent to a co-

moving observer as the only relevant attribute of the satellite
motion. Thus, for example, it is anticipated that the VOXB in-

ductive electric fields are small relative to the electrostatic
fields produced by charging.
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To proceed further, let us first neglect the magnetic field.
The effects of a magnetic field will be discussed later. The flux
of hot electrons to the satellite is assumed unidirectional
Since the ram ion energy(Eo v 5 eV)is much larger than the ion

temperature, the ram ion flux will also be considered unidirec-
tional. 1In the absence of electric potential the precipitating

electron and ram ion currents to the satellite will be jpﬂRg and

. 2 .
JrﬂRo, respectively.

For negative potentials electrons are repelled and the cur-
rent of precipitating electrons at the satellite is approximately

jang exp{e¢/6p}. This is an accurate approximation if the ef-
fective collection radius Rc is not much greater than Ro' that is,
if the thickness Rc - Ro of the non-neutral space charge region

around the object is less than the satellite radius. For all
practical purposes in the cases of interest, -e¢ >> ee. Thus

the cold plasma electrons do not enter the sheath region.

The effect of space charge upon current collection in low
earth orbit by large high voltage objects is well-known, having
been studied both theoretically and with laboratory experiments.
Space charge effects dramatically reduce the current collected
per unit area compared to those predicted by orbit limited theory.
The I-V characteristics of a spherical probe with a ratio of
radius to Debye length of 10 is shown in figure 1. The current
collected per unit area at large voltages is substantially less
than the very large Debye length orbit limited theory would pre-
dict. However, the auroral electron fluxes in polar earth orbit
are incident currents which may be substantially larger than the
ram ion currents. We are then interested in the inverse function,
that is, the V-I characteristic (figure 2). Note how dramatically
the probe voltage must rise to increase the current collected per
unit area. It is this steep V-I characteristic which forms the
basis of the following analysis.

The theory of the sheath surrounding a large spherical

probe with radius R, >> Aj at high potential led] >> 6., 6; in an

isotropic plasma is given in Langmuir and Blodgett (ref. 7) and
Al'pert et al. (ref. 8). The effective collection radius Rc for

the case of ion attraction can be expressed as

R 4/3
R—C=F(§i(§—) ) (1)

o) o

where 6 is the temperature of the attracted species and A the

981



Debye length. F is an increasing function of its argument and
hence of the satellite potential.

In order to adapt the Langmuir-Blodgett theory as an ap-
proximation to the case of streaming ions, we relate the tempera-
ture 6 to the kinetic energy EO of ions relative to the satellite

by requiring that current entering the sheath in the isotropic and
streaming cases be the same,

2 2 1/2
NV_TR_ = 4ch N (86/mM) (2)
giving
2
T™MV TE
_ o _ (o)
0 = 3 7 (3)

where M is the ionic mass. The equivalent Debye length is

A= 743 (N/0)1/2 cm (4)

Table 2 gives values of R /R as a function of z E(e¢/6)(K/RO)4/3-

For values of Rc/Ro < 1.05, the collection radius and potential
are related by the plane electrode Child-Langmuir law

R
C

“c 2v2 3/4
R 3

=1+ (5)

with an accuracy better than 3 percent.

The potential on the sphere is determined by balance of
currents,

ed/0 5

2 . _ p _ .
TR jp(l sp)e = TR jr(l+si) + I, (6)

C

where sp(si) is the total secondary yield from electron (ion) im-

pact and Iv is the total photoemission current.

Defining

) = 3 1-
Jp Jp( sp)
Jp = 3, (1ts,)

as effective electron and ion current densities corrected for
secondary emission, equation (6) becomes

982



Rc 2 Iv
= (ﬁ— expled/o | + —— (7)
(o} jr nRo

Figure 3 shows the dark potential on spheres of 0.5 and 5 m
radius as a function of ratio of precipitating electron to ram ion

current densities in a plasma with ambient density 105 cm_3. For

a given current ratio the potential on the sphere scales roughly
as the radius. More precisely, the potential scales with radius

as (Ro/>\)4/3

as |e¢| increases. Observe that the potential is an extremely
sensitive function of 5?/3; for values of this ratio near unity,

for |e¢| << 8, but somewhat more slowly with R_/A

especially for the larger sphere.

The theory predicts that the 5 m sphere will charge to
about the lkilovolt level for electron to ram ion current density
ratios of only about two. This is to be contrasted with the re-
sult predicted by orbit limited ion collection. The approximate
dark current balance

] 6
e (1 Leel) V%
r

J

for orbit limited collection predicts, for example, that jp/jr =

300 would be required to sustain a 1 kilovolt potential on the
sphere.

DISCUSSION

Several effects have been neglected in determining that hot
electrons precipitating from the magnetosphere can charge a large
object to kilovolt potentials. We shall now argue that accounting
for these effects will not alter the conclusion that such high
potentials should be expected for the assumed charging environment.

Consider first the effect of a magnetic field on the ram
ions entering the sheath surrounding the satellite. A component
of magnetic field perpendicular to the satellite velocity will tend
to insulate the surface from the ram ion currents, leading to
larger negative potential of the satellite. For cases of interest
however, the effect is negligible. A measure of the size of this
effect is given by
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|e¢l Cl

2
€

where M is the ion mass, Wai its gyrofrequency, d the thickness

of the sheath, and 7 the flight time of an ion across the sheath.
For the cases represented in figure 1, d < R, so that

a < 0.2/|ep (volts)|

which is negligibly small except at very low levels of satellite
potential.

The hot electrons responsible for charging the satellite
were considered to approach the space charge sheath unidirection-
ally, as pertains in the limit of strong magnetic fields where the
Larmor radius is small compared with the radius of the satellite.
More probably, the electrons, because of their pitch angle distri-
bution, would enter the repulsive sheath with a more nearly iso-
tropic distribution of directions. Assuming that the one sided
thermal plasma current densities are the same in the unidirec-
tional and isotropic limits, the effective electron current toward
one hemisphere of the satellite in the isotropic limit is twice
that which pertains in the unidirectional case. In the absence of
no other effect associated with the magnetic field, the result
would be greater charging.

The charging current given by equation (6) for the case of
repelled electrons incident unidirectionally from infinity applies
in the limit of zero gyroradius. In the opposite limit of vanish-
ing magnetic fields, again assuming that electrons enter the
sheath unidirectionally, fewer electrons reach the satellite be-
cause of the deflection by the repulsive electric field. The re-
duction in current is small however, and the charging current ac-
curately represented by equation (6) provided that the repulsive

potential on the satellite satisfies (e¢/6p)2 << 1. This require-

ment, which is satisfied in the case of figure 1 for potentials
less than about 2 kV, follows from the conservation laws of energy

and angular momentum which permit one to express the current to
the satellite as

2

1/2 .2 -mv? /20 2ed
I =N_ (m/270_) TR / dy ve Pl -282
° P 1 mv
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Essentially, the electron current crossing the sheath is not sub-
stantially modified by the magnetic field, a circumstance we ex-
pect to pertain is long as

2 1 2 2
(wceT) Fmow, d /Op << 1

This condition is well satisfied for potentials in figure 3 at
the kilovolt level.

In applying the Langmuir-Blodgett probe theory, we have
neglected the contribution of electrons to the space charge in
the sheath. This is a valid approximation because the velocity
of electrons in the sheath is large compared with ion velocities,
except perhaps for the contribution of secondary and photoelec-
trons near the surface. Near the surface, however, the electric
fields are dominated by surface charge and little affected by
space charge.

Secondary and photoelectrons move through the sheath with
smaller energies than the precipitating magnetospheric electrons
and are therefore more strongly affected by the magnetic field.
The potential developed by the satellite is affected however only
if the emitted electrons return to the surface, leading to higher
potentials than if the electrons escape.

In all previous considerations, we have supposed that the
satellite is a conducting sphere. The shuttle orbiter is actually
a geometrically complex object whose surface is coated with di-
electric materials, and both ion and electron fluxes are apt to
be strongly heterogeneous functions over the satellite's surface.
The degree of heterogeneity will be affected by the geometry of
the satellite, its motion through the ionosphere, the variation
of surface properties, such as secondary yield, and by the mag-
netic field. Undoubtedly the sheath surrounding the orbiter will
have a complicated geometrical structure not easily represented
by simple spherical probe models. Multidimensional computer
models will be required to determine the strong differential volt-
ages which are expected to develop on the vehicle.

CONCLUSIONS

Ambient currents of hot electrons (5-10 keV) of 200 uA/m2
will charge a 5 meter sphere in low polar earth orbit to kilovolt
potentials in eclipse. Such potentials are about 1 order of mag-
nitude larger than occur for smaller satellites ('\aRO ~ 0.5 m) in

a similar orbit. On this basis, one should expect negative poten-
tials of around 1 kilovolt to develop on the shuttle orbiter. Be-
cause of the dielectric coating on the orbiter, and the non-uniform
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character of the charged particle fluxes expected at the vehicle's
surface, differential surface potentials of the order of one kilo-
volt should also occur.
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TABLE 1.

- NOMINAL VALUES OF PARAMETERS WHICH INFLUENCE

ELECTRICAL CHARGING IN LOW EARTH ORBIT

Sphere Diameter

Satellite Velocity V°

Ambient Ion Temperature ei
Ambient Electron Temperature ee

Precipitating (Hot) Electron
Temperature ep

Neutral Atom Density (0)

Ion Density (0+)

Ambient Debye Length

Thermal Electron Larmor Radius
Hot Electron Larmor Radius

Ion Larmor Radius

Current Density (amp/cmz)
Thermal Electron je

Thermal Ion (07) 3,
Photoelectron jv

Precipitating (Hot)
Electron jp

Ram Ion jr

1000 cm
8 x 105 cm/sec
.1 - .5 ev

.1 - .5 eV

5 - 10 keV
10lo cm.3

10° - 10° cm”
<1l ecm

2 cm

400 cm

300 cm

10
10-10

10

2 x 10

10~

TABLE 2.

- EFFECTIVE COLLECTION RADIUS AS FUNCTION

OF z =

RC/RO

1.005
1.018
1.030
1.050
1.100
1.150
1.200
1.250
1.300
1.340
1.400
1.450
1.500
1.600
1.700
1.800
1.900
2.000
2.100
2.200
2.300
2.400
2.500
2.600
2.700
2.800
2.900

e6/6 (\/R,)

4/3

z
.001
.005
.010
.019
.052
.094
.143
.199
.264
.337
.421
.510
.610
.833

1.092
1.384
1.711
2.074
2.479
2.919
3.400
3.920
4.479
5.113
5.752
6.472
7.196
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Figure 1. - The I-V characteristic for a spherical probe in a small
Debye length plasma. Note how even at large potentials the probe
collects just a few times the plasma thermal current. The dashed
line is for long Debye length orbit limited collection. It is not
applicable to large objects in low earth orbit.
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Figure 2. - The V-I characteristid for a spherical probe in a small
Debye length plasma. Note how even a small increase in probe cur-
rent causes a very large change in the potential of the sphere.

The dashed line is for long Debye length, orbit limited collection.

988



Satellite Potential (volts)

10

~

=

103 |—

B

102 —

Lo S N SN SN T N SN NN N NN S
S S A N N U S U Y S

Current Density Ratio'(fp/gr)

Figure 3. - Satellite potential as function of current density

ratio.

989




	Navigation
	Spacecraft Charging Technology 1980
	Preface
	Table of Contents
	Keynote Address--Dell P Williams III 
	SESSION 1 - Material Responses
	Dielectric Discharge Characteristics in a Two-Electron Simulation Environment
	Electron-Beam-Charged Dielectrics- Internal Charge Distribution
	Bulk Charging and Breakdown in Electron-Irradiated Polymers
	Charging and Discharging Teflon
	Experimental Validation of a Numerical Model Predicting the Charging Characteristics of Teflon and Kapton under Electron Beam
	Role of Energetic Particles in Charging-Discharging of Spacecraft Dielectrics
	Electron Penetration of Spacecraft Thermal Insulation
	Electrostatic Discharging Behavior of Kapton Irradiated with Electrons
	Dielectric Surface Discharges- Effects of Combined Low-Energy and High-Energy Incident Electrons
	Preliminary Comparison of Material Charging Properties using Single Energy and Multi-energy Electron Beams
	Brushfire Arc Discharge Model

	SESSION 2 - Material Characterization
	Effects of Secondary Electron Emission on Charging
	Secondary Electron Emission Yields
	Oblique-Incidence Secondary Emission from Charged Dielectrics
	Tank Testing of a 2500-cm2 Solar Panel
	Charging and Discharging Characteristics of a Rigid Solar Array
	Materials Characterization Study of Conductive Flexible Second Surface Mirrors
	Design of an Arc-Free Thermal Blanket
	Charging Control Techniques
	Charging Characteristics of Silica Fabrics
	Electrostatic Charging Characteristics of Thermal Control Paints of Functions Temperature
	Evaluation Charge Control Techniques of Spacecraft Thermal Surfaces (Electrostatic Discharge Study)
	Conduction through Puncutres in Metal-Backed Dielectrics
	Accelerated Alpha-S Deterioration in a Geostationary Orbit

	SESSION 3 - SCATHA Flight Data
	Operational Status of the Space Test Program P78-2 Spacecraft and Payloads
	Electron Angular Distributions During Charging Events
	Operation of SC5 Rapid Scan Particle Spectrometer on SCATHA Satellite
	Review of Hot Plasma Compsoition Near Geosynchronous Altitude
	SCATHA Observations of Space Plasma Composition During a Spacecraft Charging Event
	P78-2 Engineering Overview
	Satellite Surface Potential Survey
	Preliminary Analysis of Data from SRI International Transient Pulse Monitor on Board P78-2 SCATHA Satellite
	Aspect Dependence and Frequency Spectrum of Electrical Discharges on the P78-2 (SCATHA) Satellite
	Flight Evidence of Spacecraft Surface Contamination Rate Enhancement by Spacecraft Charging Obtained with a Quartz Crystal Microbalance
	P78-2 Satellite and Payload Responses to Electron Beam Operations on March 30 1979

	SESSION 4 - Analytical Modeling
	Representation and Material Charging Response of GEO Plasma Environments
	Simulation of Charging Response of SCATHA (P78-2) Satellite
	SCATHA SSPM Charging Response- NASCAP Predictions Compared with Data
	Three-Dimensional Analysis of Charging Events on Days 87 and 114- 1979  from SCATHA
	Computer Simulation of Spacecraft Charging on SCATHA
	Analysis of Ambient and Beam Particle Characteristics 3-30-79
	Comparison of NASCAP Modeling Results with Lumped-Circuit Analysis
	NASCAP Charging Caalculations for a Synchronous Orbit Satellite
	Results from a Two-Dimensional Spacecraft-Charging Simulation and Comparason with a Surface Photocurrent Model
	Analytical Modeling of Satellites in Geosynchronous Environment
	Calculation of Surface Current Response to Surface Flashover of a Large Sample under Grounded and Floating Conditions
	Model of Coupling of Discharges into Spacecraft Structures
	Disappearance and Reappearance of Particles of Energies - as seen by P78-2 (SCATHA) 

	SESSION 5 - Systems Design and Test
	Military Standards and SCATHA Program and Update of MIL-STD-1541
	Military Standard for Spacecraft Charging Status Report
	Use of Charging Control Guidelines for Geosynchronous Satellite Design Studies
	P78-2 SCATHA Environmental Data Atlas
	METEOSTAT Spacecraft Charging Investigation
	Electron Irradiation Tests on European Meteorological Satellite
	Spacecraft Charging Technology in the Satellite X-Ray Test Facility
	Simulation of Spacecraft Charging Environments by Monoenergetic Beams
	Importance of Differential Charging for Controlling both Natural and Induced Vehicle Potentials
	A Comparison of Three Techniques of Discharging Satellites
	Electromagnetic Fields Produced by Simulated Spacecraft Discharges

	SESSION 6 - Environmental Interactions
	Agreement for NASAIOAST-USAF-AFSC Space Interdependency on Spacecraft Environment Interaction
	Plasma Interactions with Solar Arrays at High Voltages
	Experimental Plasma Leakage Currents to Insulated and Uninsulated 10 m2 High-Voltage Panels
	Numerical Simulation of Pasma-Insulator Interactions in Space Part 1- The Self-Consistent Calculation
	Numerical Simulation of Plasma-Insulator Interactions in Space Part 2- Dielectric Effects
	Three-Dimensional Space Charge Model for Large High-Voltage Satellites
	Charging of a Large Object in Low Polar Earth Orbit
	PANEL DISCUSSION





