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Abstract 

In the last decade, large electrostatic potentials of the order of tens of kV have been 
measured on spacecraft in the Earth’s magnetosphere. Observations in space have led 
to the inference of large potentials on natural objects in the solar system. The result for 
spacecraft can be material damage and operational interference caused by electrostatic 
discharges. Natural objects such as dust grains can be disrupted, and their motion 
influenced by electromagnetic forces. 

The potential of a body in space is determined by a balance between various charging 
currents. The most important are transfer of charge from plasma particles, photoemission, 
and secondary electron emission, with other charging mechanisms sometimes contribut- 
ing. The currents are affected by the body’s charge and motion and by local magnetic 
and electric fields. Dielectric surfaces may have surface potential gradients which can 
affect the current balance through the creation of potential barriers. 

These processes are evaluated for bodies in the solar system and in interstellar space. 
Expected equilibrium potentials range from a few tenths of a volt negative in the iono- 
sphere to a few volts positive in the quiet magnetosphere and in interplanetary space. 
However, large negative potentials can occur in hot plasmas such as in the disturbed 
magnetosphere, especially on shaded surfaces. Potentials in interstellar space can be 
positive or negative, depending on the properties of the local radiation field and plasma. 

In regions where there have been measurements of spacecraft potentials the results 
generally agree with these expectations. Deviations can be attributed to the effects of 
biased or dielectric surfaces or to the magnetic induction effect in large structures such 
as antennae. An intensive research effort has been initiated to measure material proper- 
ties, to study charging and discharge processes, to model the current balance to realistic 
spacecraft configurations, and to obtain additional data in space. Spacecraft potential 
control experiments have been carried out using passive methods, such as careful surface 
material selection, and active methods, such as emission of charged-particle beams. 

The review closes with a survey of possible astrophysical applications where charging 
effects may be important. 

This review was received in March 1981. 

0034-4885/81/111197+56 $06.50 0 1981 The Institute of Physics 



1198 E C Whipple 

Contents 

1. An overview of charging 
1.1. Introduction 
1.2. Recent observations 
1.3. Charge, potential, capacitance and sheaths 
1.4. Outline of sections 

2.1. Astrophysical work 
2.2. Early work on spacecraft charging 

3. Charging processes 
3.1. Collection of plasma particles 
3.2. Photoemission 
3.3. Secondary electron emission by electron impact 
3.4. Secondary electron emission by ion impact 
3.5. Other charging processes 

4.1. Currents to a moving body 
4.2. Wake effects 
4.3. Magnetic and electric fields 

5. Calculation of surface potentials 
5.1. Equilibrium potential and charging times 
5.2. Calculated potentials for various environments 

6.1, Effects of differential potentials 
6.2. Observations implying differential charging 
6.3. Discharge processes 

7. Measurements of potential 
7.1. How potentials are measured 
7.2. Measurements of spacecraft potential 

8.1. Reasons for potential modification and control 
8.2. Passive methods 
8.3. Active methods 

9. Astrophysical applications 
9.1. Interplanetary and magnetospheric dust 
9.2. The lunar surface 
9.3. Other solar-system bodies 
9.4. Interstellar dust 

Acknowledgments 
References 

2. Survey of early work on charging 

4. Effects of non-isotropic plasmas and magnetic and electric fields 

6. Differential charging, potential barriers and discharge processes 

8. Potential modification and control on spacecraft 

10. Conclusions 

Page 
1199 
1199 
1199 
1200 
1201 
1202 
1202 
1203 
1204 
1204 
1206 
1209 
1212 
1214 
1217 
1217 
1219 
1221 
1223 
1223 
1224 
1228 
1228 
1228 
1230 
1231 
1231 
1233 
1235 
1235 
1236 
1237 
1238 
1238 
1240 
1240 
1241 
1242 
1242 
1243 



Potentials of surfaces in space 1199 

1. An overview of charging 

1.1. Introduction 
Consider a body in space that is small enough such that it has no significant atmosphere 
of its own, such as a dust grain, an asteroid or a spacecraft. Its surface is then exposed 
to the space environment and is continually being bombarded by incident charged par- 
ticles and photons. The sticking coefficient for electrons on a solid surface is essentially 
unity for low electron energies. Low-energy ions pull an electron out of the solid 
material by field emission when they get within a few Angstroms of the surface and then 
go off as neutral atoms. At higher energies, above tens of eV for electrons and tens of 
keV for ions, secondary electron einission processes are important. Incident energetic 
photons can cause the emission of photoelectrons. All of these processes are mechanisms 
for charge transfer between the body and its environment. 

The rate at which charge transfer proceeds depends both upon characteristics of the 
body and on the environmental conditions, In particular, the rate of charge transfer 
depends on the charge already residing on the body. That is, the motion of charged 
particles in the vicinity of the body is influenced by the electric field arising from the 
distributed charge. For example, a positive charge will attract electrons and repel ions, 
and secondary or photoelectrons may not escape but may return to the body. Charge 
transfer will proceed until an equilibrium is reached when the net current to the surface 
vanishes. In  general, this equilibrium charge will not be zero. In a plasma where 
emission processes are unimportant the equilibrium charge will be negative because of 
the higher flux of electrons to an uncharged surface compared to ions. In regions where 
photoemission is the dominant process, the equilibrium charge will be positive. 

Knowledge of the equilibrium charge on a body is important to a number of areas 
of investigation. In certain regions of interstellar space the flux of ions and electrons to 
dust grains constitutes a significant loss mechanism for the charged particles in the 
medium. Photoemission from grains can at  times be a significant source of kinetic 
energy for the interstellar gas. Knowledge of the grain’s charge is necessary to evaluate 
both of these processes. In the solar system, the motion of charged dust grains is affected 
by the magnetic and electric fields of the solar wind and also by the fields local to the 
planets and their satellites. 

A negatively charged spacecraft has an increased drag in the Earth’s ionosphere 
because of its larger cross section for momentum transfer to positive ions. Plasma waves 
may be excited by the motion of a charged spacecraft and carry away energy. The 
electric charge on a spacecraft is especially important in its effect on experiments designed 
to measure the properties of charged particles and electric fields in the environment. The 
interpretation of data from such experiments must take into account the effects of the 
vehicle charge. Conversely, the charge may be determined from the characteristics of 
the data. 

1.2. Recent observations 
There has been heightened interest in the subject of the electric charge on bodies in space 
in the last decade as a result of a number of space experiments. The most spectacular of 
these was the observation by DeForest (1972, 1973) that the ATS-5 spacecraft in the 
76 
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Earth’s magnetosphere at times attained negative potentials of several kilovolts. A 
record potential of - 19 kV was observed on ATS-6 (Olsen and Purvis 1981). The 
largest potentials were observed during times of magnetic activity as these synchronous- 
orbit spacecraft entered the Earth’s shadow. In quiet conditions, the equilibrium poten- 
tial of a spacecraft at synchronous orbit (6.6 Earth radii) is of the order of a few volts 
positive as the result of a balance between photoemission and charged-particle collection. 
However, during magnetic storms, the electron temperature can at times approach 
IO4 eV (108 K) at these altitudes, and when the photoemission current vanishes as eclipse 
is entered, the spacecraft charges up to a negative potential roughly equivalent to the 
electron temperature (i.e. kT/e= 10 kV). 

At about the same time as these initial observations of large spacecraft potentials, a 
number of unexplained spacecraft anomalies and the operational loss of one synchronous 
satellite were reported. It was quickly realised that large differential potentials between 
different portions of a spacecraft surface could lead to electric discharges and associated 
material damage. Several studies of anomalous behaviour of spacecraft systems 
(Fredricks and Scarf 1973, Pike and Bunn 1976) showed that the anomalies correlated 
well with charging on spacecraft (Reasoner et al 1976). These events have led to a 
vigorous research programme involving laboratory work on material properties and 
charging and discharge processes, the development of computational techniques for 
estimating the charging of realistic spacecraft configurations, and the launching of a 
research spacecraft in January 1979 to study ‘Spacecraft Charging at  High Altitude’ 
with the acronym ‘SCATHA’ (McPherson et a1 1975, McPherson and Schober 1976, Love11 
et a1 1976, Durrett and Stevens 1979). 

In addition to the direct evidence for spacecraft charging, there have been a number 
of observations which have indirectly emphasised the importance of charging of natural 
objects in the solar system. There had been previous speculation that charging of dust 
grains on the lunar surface might lead to electrostatic transport of the lunar surface 
material (e.g. Gold 1955, Singer and Walker 1962b). The crew of Apollo 17 at  an alti- 
tude of 100 km above the Moon saw streamers accompanying spacecraft sunrise, prob- 
ably produced by light scattered from particulates extending from the lunar surface to 
above the spacecraft (McCoy and Criswell 1974). Criswell (1973) and Rennilson and 
Criswell(l974) reported horizon glow observed from the Surveyor 5, 6 and 7 spacecraft 
on the lunar surface following sunset. Both of these observations might be explained by 
electrostatic ‘levitation’ of dust grains. Plasma measurements by experiments on the 
lunar surface have inferred the lunar surface potential and electric field (e.g. Reasoner 
and Burke 1972, 1973). The role of Jupiter’s satellite Io in modulating the decametric 
emissions from Jupiter’s magnetosphere may involve large potential differences across 
Io’s sheath to the magnetosphere or across Io itself (Gurnett 1972, Shawhan et al 1973). 
More recently, Fechtig et aZ(l979) reported that micrometeoroid observations near the 
Earth frequently occur in bursts. They infer that ‘swarms’ of particles, which occur only 
within 10 Earth radii, are produced by electrostatic disruption of larger bodies as they 
pass through the Earth’s auroral zones. The recent observations by Voyager of ‘spokes’ 
and ‘braids’ in Saturn’s rings are striking evidence for forces other than gravity acting 
on the ring particles. Electric and magnetic forces acting on charged dust grains are the 
most likely candidates for these additional forces. 

1.3. Charge, potential, capacitance and sheaths 
It is usually more convenient to discuss the charge on a body in terms of the corresponding 
potential with respect to the surrounding medium. The charging currents to a body depend 
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on the body’s potential rather than charge; also, the potential is the quantity more easily 
inferred from measurements. The relation between the charge and potential involves the 
body’s capacitance which, in general, is a strong function of the environment. As a 
simple example, consider Poisson’s equation in spherical coordinates for the potential 
F, where the space charge p around a sphere is given by 

p=noe[l -exp (~e / l cT) ] .  (1 * 1) 

Here, no is the unperturbed ion or electron density, e is the elementary charge, k is 
Boltzmann’s constant and Tis the electron temperature. The first term gives the approxi- 
mate ion density and the second the electron density in front of a fast moving spherical 
body with a negative potential This neglects wake effects and assumes that the ion 
streaming energy is large enough that the ions are not deflected by the potential distri- 
bution. Poisson’s equation may then be written approximately as 

where EO is the permittivity. 
The solution of (1.2) is the well-known Debye potential: 

( 1  - 3) 
R 

q = y s ;  exp [-(r-R)/LI 

where R is the body radius and L is the Debye length: 

L = ( qkT/noe2)1/2. ( 1  -4) 
The capacitance of the body in the plasma may be obtained from the ratio of the charge 
on the body to its potential and is given by 

This is simply the capacitance for two concentric spheres with a separation distance L. 
Thus the Debye length gives the approximate screening distance or sheath thickness about 
a charged body in a plasma. In space, the Debye length varies from a few millimetres 
in the ionosphere to tens and hundreds of metres in the magnetosphere and interplanetary 
space, perhaps reaching values as large as a few kilometres in low-density interstellar 
regions. 

The size of a body compared to the Debye length is a useful criterion for deciding 
whether or not sheath effects must be taken into account in evaluating the charging 
currents to a body. A body small with respect to the Debye length is essentially unshielded 
and Laplace’s equation without space charge may be used to obtain the local potential 
distribution. Bodies of the order of or larger than the Debye length have a space charge 
sheath which may have to be evaluated in order to obtain the currents. This can be a 
difficult problem since it involves the self-consistent solution of Poisson’s equation for 
the potential distribution and the Vlasov equation for the particle distribution functions. 

1.4. Outline of sections 

This paper reviews the subject of surface potentials in space with an emphasis on develop- 
ments in the last decade. Section 2 gives a historical survey of work up until the early 

76* 
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1970s. Other reviews and collections of papers may be found in Singer (1965), Kasha 
(1969), Grard (1973a), Rosen (1976), and in the proceedings of the three biannual con- 
ferences on spacecraft charging and technology (Pike and Love11 1977, Finke and Pike 
1979, Pike and Stevens 1981). Topical reviews devoted to particular aspects of charging 
will be referred to at appropriate places in the discussion. 

Section 3 contains a discussion of the various charging mechanisms. The effects of 
non-isotropic plasmas, wakes and environmental magnetic and electric fields are dis- 
cussed in $4. The concept of equilibrium potential, its stability, time constants for charg- 
ing, and expected potentials in various regimes are covered in $5. Section 6 describes 
differential charging, potential barriers and discharge processes. Section 7 reviews 
measurements of spacecraft potentials. Recent work on potential modification and 
control on spacecraft is discussed in $8. Section 9 describes astrophysical applications 
where charging effects on bodies may be important. Finally, $10 concludes with a 
summary of the main advances and indicates where further work is needed. 

2. Survey of early work on charging 

2.1. Astrophysical work 

Apparently the first paper to treat the problem of charging of bodies in space was by 
Jung (1937). He obtained equations for fluxes of ions and electrons to an interstellar 
grain and concluded that photoemission and electron accretion were the dominant 
processes; he found equilibrium potentials of one to a few volts positive. Spitzer (1941) 
showed that negative potentials of about -2  V would be realised for grains in H IJ 
regions. The effects of dust in ‘de-ionising’, i.e. providing a recombination surface for 
the plasma, was mentioned but not discussed in detail. Cernuschi (1947) considered the 
effects of varying sticking probabilities for the electrons on grains consisting of dielectric 
substances. Spitzer (1948) and Spitzer and Savedoff (1950) treated in some detail the 
charge collection and emission processes for grains. They pointed out that field emission 
would limit the negative potentials of small grains. Photosensitive or metallic grains 
might have positive potentials up to about lOV in regions where photoemission was 
important. 

Whipple (1940, 1960) suggested that meteoroids in interplanetary space must carry a 
positive charge due to the photoelectric effect and hence would be subjected to perturba- 
tions in their orbits by the solar magnetic field. The charging of grains in the solar system 
is a key element in Alfven’s ideas concerning the origin of the solar system (1954). A 
negative charge on the grain enhances the flux of positive ions to its surface; a finite 
sticking probability will cause the grains to grow in size, leading to a condensation of the 
ionised material. The magnetic and electrical forces acting on the grains lead to a mass 
distribution in the equatorial plane of the central body which Alfven compared to both 
the Saturn ring distribution and the asteroid distribution. Singer (1956) and Opik (1957) 
looked at the charge on dust near the Earth and concluded that the capture rate of dust 
by the Earth would not be significantly enhanced by the effects of the Earth’s magnetic 
field on the particle’s motion; Opik pointed out that electrostatic disruption could limit 
the size of small grains. Singer and Walker (1962a) showed that photoelectric screening 
of grains was negligible but could be significant for larger bodies (see also Walbridge 
1969). Shen and Chopra (1963) considered the effects of thermionic emission for a body 
in a plasma near the Sun, or any hot star, and worked out the screening distance for the 
charge in the plasma. Parker (1964) discussed the perturbation of charged dust grains 
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by the electric and magnetic fields of the solar wind. The fluctuating direction of the 
magnetic field tends to take small grains away from the ecliptic. Peale (1966) and Shapiro 
et a1 (1966) looked at the effect of charge on dust grains in connection with the possibility 
of a dust belt about the Earth and showed that the electric and magnetic forces were small 
compared to other influences. Reviews which discuss the work on charge on inter- 
planetary dust grains up through this period of time are contained in Belton (1966), 
Vedder (1966) and Wyatt (1969). 

In addition to the work on charging of interplanetary grains, there were also pre- 
dictions of charging of the lunar surface dust. Gold (1955, 1961, 1962) suggested that 
electrical charging of the dust on the Moon could lead to its surface transport and thus 
help to explain apparent erosion. Opik and Singer (1960) and Opik (1962) argued that 
photoemission would charge the Moon to about +20 V and the resulting electric field 
could accelerate the escape of heavy atoms because of their eventual ionisation. They 
treated the Moon as a conductor at one potential. This work was extended by Grobman 
and Blank (1969) who calculated the surface potential as a function of solar zenith angle 
and found potentials varying from about + 3  V at the subsolar point to less than 1 V at  
the limb. Singer and Walker (1962b) showed that the potential of a grain on the lunar 
surface is different from that of an isolated grain in space because the currents are 
determined by the macroscopic electric field; the charge on a grain should be proportional 
to the grain’s area and the lunar surface electric field. 

2.2. Early work on spacecraft charging 

The advent of spaceflight in the late 1950s stimulated a great amount of theoretical work 
on the possible electrical interactions between a spacecraft and its environment. Most of 
the physical processes that had been considered for the charging of dust grains in space 
could equally as well apply to a large body such as a spacecraft. The major difference 
had to do with the fact that since the early spacecraft were at  ionospheric altitudes, the 
high electron densities meant shielding effects of the plasma sheath had to be taken into 
account. Also, satellite velocities in the ionosphere were larger than the ion thermal 
velocity but smaller than the electron thermal velocity. Consequently, the ion current 
to a spacecraft at these altitudes was largely determined by the sweeping-up effect of the 
fast-moving satellite in its motion through the plasma. 

The first calculation of the charge on a macroscopic body was apparently made by 
Lehnert (1956) in anticipation of the orbiting of Earth satellites. He took into account 
the increased positive-ion current on the satellite’s forward surface due to the high 
satellite to ion velocity ratio. The resulting potential obtained by balancing this against 
the electron current was about -0.7 to - 1.0 V. Photoemission could change this value, 
depending on the surface material. He discussed the increased ion drag and the possibility 
of the excitation of plasma oscillations. In an important paper, Jastrow and Pearse (1957) 
calculated the potential, screening distance and ion drag of a satellite. The potentials 
they obtained of -20 to -60 V were large compared with later measurements because 
they used too high an electron temperature, but the paper stimulated a great deal of 
interest in the community of scientists just getting involved in space exploration. 

In anticipation of the first Soviet Sputnik, Gringauz and Zelikman (1957) discussed 
the distribution of charged particles around a satellite and derived an expression for the 
equilibrium potential, taking into account the satellite’s velocity and photoemission. 
Imyanitov (1957) discussed the problems of measuring an electric field in the ionosphere 
from a satellite. The field due to the charge on the satellite must be taken into account. 
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Its magnitude was estimated at  several V cm-1 by computing the satellite potential in a 
manner similar to that of Gringauz and Zelikman and estimating the sheath thickness 
from plasma probe theory. Chang and Smith (1959) also derived an expression for 
satellite potential by balancing a simple ram expression plus a first-order correction for 
the ion current against the electron current. Beard and Johnson (1960) discussed the 
interaction of a satellite with the Earth’s magnetic field. The induced potential gradient 
could be as high as 0.2 V ni-1; this would affect the distribution of the electron flow to 
the satellite surface and also the measurement of satellite potential. Beard and Johnson 
(1961) also discussed the possibility of attaining large satellite potentials by emitting a 
beam of charged particles. Higher negative than positive potentials would be possible 
because of the limited mobility of the plasma positive ions constituting the return current. 

Chopra in a review article (1961) obtained expressions for a body at  rest or in motion. 
He observed that the photoelectric effect would be important at higher altitudes in the 
Earth’s atmosphere. Kurt and Moroz (1962) predicted positive potentials up to + 4  V 
above altitudes where the electron density was about 300cm-3. They suggested that 
large negative potentials of several kilovolts might be possible in regions of high con- 
centrations of energetic electrons, as in the outer radiation zone. Rawer (1963) evaluated 
the effects of photoemission by considering recent values for the solar flux in the ultra- 
violet part of the spectrum and photoelectric yields for typical materials. He pointed out 
that in regions of low electron density the satellite potential might be determined by 
strong emission lines such as the hydrogen Lyman alpha line. 

The question of the perturbation of the plasma environment by a spacecraft moving 
through it at  a high speed received a great deal of early theoretical attention. In addition 
to the sheath about the spacecraft, it was recognised that there would be a region behind 
the spacecraft that would be depleted of positive ions-a space charge wake. The wake 
would be negative because electrons could more easily fill in the depleted region. Deter- 
mination of the structure of the wake involves the simultaneous treatment of Poisson’s 
equation for the potential distribution and a calculation of the effects of the wake on the 
charged-particle motion in the disturbed region, with appropriate boundary conditions. 
Several groups were especially prominent in attacking this problem of the distribution 
of charged particles around a satellite, especially in Russia. Reviews of the Russian 
work may be found in Al’pert et al (1963), Al’pert (1965) and Gurevich et a1 (1969). 
The work in the United States was partially stimulated by the apparent observation of 
radio echoes from disturbed plasma regions near satellites as they crossed the sky 
overhead (e.g. Kraus 1965). Groups at the University of Maryland (Walker 1964, 1965, 
Bettinger 1964, Opik 1965) and at  the University of Michigan (Chen 1965, Liu and 
Hung 1968, Liu and Jew 1968, Liu 1969) made contributions. Other workers during 
this period were Davis and Harris (1961), Parker (1964), Taylor (1967) and Call (1969), 
with the various treatments differing primarily in how the complicated particle trajectory 
problem was handled. Reviews of these approaches to solving the Poisson-Vlasov 
equations have been given by Parker (1976a) and Whipple (1977). Drell et a1 (1965a, b) 
suggested that the moving spacecraft could excite Alfven waves through the V x  B effect 
and cause increased drag, but this phenomenon has never been verified. 

3. Charging processes 

3.1. Collection of plasma particles 

The current density to any point on the surface of a body in a plasma is given by an 
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integral over the particle distribution function for a given species of particle and a 
summation over species. The integral expression for one species is 

J=q JSS V S  COS 0 f(os) d3u8 (3 * 1) 

where the subscript ‘s’ refers to the fact that the velocity is the local velocity at the surface 
of the body. The particle charge is given by q, 8 is the angle of vs from the surface 
normal, and f is the distribution function. There are two steps involved in evaluating 
this integral: first, the distribution function of the particles at the surface must be deter- 
mined; and second, the limits on the integral must be determined. For a current consist- 
ing of particles from an isotropic plasma where the distribution depends only on the 
speed, or equivalently on the particle kinetic energy, the distribution function at the 
surface can be obtained immediately from conservation of energy. Consequently, for an 
isotropic plasma it is only the determination of the limits of the integral that may be a 
problem. 

In the general case where sheath effects may be important or where the body has an 
irregular shape, it is necessary to examine particle trajectories in order to find the limits 
for the integral, even when the plasma itself is isotropic. A useful concept that can be 
applied to bodies with certain kinds of symmetries is the distinction between ‘orbit- 
limited current’ and ‘sheath-limited current’. Orbit-limited currents are conventionally 
defined as the largest currents, as functions of the potential, that can be collected by 
perfectly absorbing spherical or infinite cylindrical bodies from a collisionless, stationary, 
isotropic plasma. Orbit-limited behaviour prevails when all positive-energy orbits 
ending on the body actually connect back to infinity in the plasma. Thus a repulsive 
potential which decreases monotonically outwards from a convex surface always results 
in an orbit-limited current. For an attractive potential, it can be shown that orbit-limited 
behaviour will occur for a sphere as long as the potential falls off more slowly than r - 2  

everywhere outside the body (Bernstein and Rabinowitz 1959). 
For an orbit-limited sphere, the current densities for a Maxwellian distribution are 

J=Jo (1 -qys/kT) for qys c 0 (3 * 2) 
J =  JO exp ( -qys /kT)  for q p  > 0 

where JO is given by 
JO = nq(kT/2nm)1/2. 

Equation (3.3) holds for any repulsive potential in a Maxwellian plasma as long as the 
surface is convex and the potential has a monotonic behaviour outward from the surface. 

For an orbit-limited cylinder, the current density is 

where 

g(s) = + d / 2  exp (82) erfc(s). (3 .7)  

Laframboise and Parker (1973) have generalised the concept of orbit-limited motion 
to include collectors less symmetric than spheres and circular cylinders. They show that 
a sufficient condition for orbit-limited behaviour is that the curvature of E = 0 (or E ,  = 0) 
orbits tangent anywhere to equipotentials be always less than that of the equipotentials. 
Thus prolate and oblate spheroids will have orbit limitation in the Laplace limit as long 
as the major-to-minor axis ratios are less than 1.653 and 2.537, respectively. 
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When the current is sheath-limited rather than orbit-limited, the range of integration 
must be determined from the behaviour of the particle trajectories in the sheath. In 
general, this is a complicated problem which can only be treated numerically by following 
particle orbits, and treating the potential distribution self-consistently. Approximate 
expressions for currents can be obtained by assuming some model distribution for the 
potential variation in the sheath. Thus Opik (1965) and Parker and Whipple (1967) have 
obtained the sheath-limited current expressions for power law potentials. Al’pert et a1 
(1965) and Whipple et al(1974) have obtained currents for the Debye potential. These 
formulations can be useful in that they give an estimate of the current behaviour as a 
function of potential for a given Debye length, but it should be recognised that these 
currents are not obtained from a fully self-consistent treatment. 

Laframboise (1 966) was the first to develop a general computational procedure for 
obtaining current-voltage characteristics for spheres and cylinders at rest in a collision- 
less Maxwellian plasma (see also Parker 1973). Laframboise reviews previous work and 
presents curves of current plotted against potential for spheres and cylinders for a range 
of Debye lengths. He also presents charge densities and potential distributions as a 
function of radial distance in graphical form. 

Several workers have derived approximate expressions for the sheath-limited currents 
to spheres and cylinders based on the idea of a finite sheath surrounding the body (e.g. 
Allen et a1 1957, Chen 1965a, b, Lam 1965a, b). It has been shown that the attracted 
ion current at the sheath edge depends on the electron temperature because of the 
finite potential drop between the sheath edge and the plasma, the so-called ‘Bohm 
criterion’ (Bohm 1949). However, most of this work does not find much application in 
space for the following reasons : first, in the Earth’s upper atmosphere where the plasma 
density is sufficiently high that the Debye length is small compared to, say, a spacecraft, 
the equilibrium potential is usually negative and the attracted ion current is dominated 
by the motion of the body (however, see 84.1). In regions where the body is positive 
and hence the electron current is sheath-limited, such as the outer magnetosphere or 
solar wind, then photoemission is a dominant charging current and the space charge in 
the sheath must take into account the photoelectrons emitted by the body. Formulations 
of the space charge problem which include the emitted electrons have been made by 
Chang and Bienkowski (1970), Schroder (1973), Tunaley and Jones (1973), Whipple 
(1976b) and Parker (1976b). A review of work based on the concept of a finite-thickness 
sheath may be found in Swift and Schwar (1970). 

3.2. Photoemission 

The importance of photoemission as a charging process for bodies in space is a result of 
rather large photoelectric yields for many materials in the extreme ultraviolet range of 
wavelengths (< 2000 A) together with significant energy in this same region of the solar 
spectrum. Figure 1 shows the solar spectrum from 102-104 A ;  the data below 1775 A 
are from Hinteregger et a1 (1965) and those above 1775 A are from Nawrocki and Papa 
(1961). The Lyman-alpha line at 1216 A is particularly important; it alone is responsible 
for as much as 30 % of the total photoemitted electrons for some materials. A number of 
photoelectric yields for tungsten are shown in the same figure: ‘dirty’ means an untreated 
surface and ‘clean’ means the surface was heated at a temperature greater than 1000°C 
in a vacuum of 10-5 Torr until yield reproducibility was established. Hinteregger’s data 
were obtained for an untreated surface; he stated that the yields are reproducible even 
after exposure to  air. 
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IO$ ' ' ' ' ' " '  103 
Wavelength ( A )  

Figure 1. The solar spectrum and photoemission yields. W: A Hinteregger and Watanabe (1953), 
B Hinteregger et al(1959), x + Walker et a2 (1955), Rentschler et a1 (1931), * Lukirskii 
et al(1960). AI: - Rawer (1963), 0 Suhrmann and Pietrzyk (1944), 0 de Laszlo (1932). 

The full curve drawn through Hinteregger's and Watanabe's experimental points to 
higher wavelengths is a theoretical curve for the yields after Fowler (1931) and DuBridge 
(1935), with a long-wavelength cut-off at 1900 A, corresponding to a work function of 
6.5 eV. The theoretical curve through the points of Rentschler et al(l931) corresponds 
to a long-wavelength cut-off of 2690 A (4.6 eV) in good agreement with Warner's (1931) 
results. The difference in the curves is probably due to the state of the surface, although 
it is not clear that the Fowler-DuBridge theory can be applied at wavelengths as low as 
1700 A. 

When the product of the yield and solar flux is integrated over the spectrum, a total 
photocurrent of 2.1 x 10-9 A cm-2 or 8.1 x 10-9 A cm-2 is obtained, depending on which 
of the two curves is used at the longer wavelengths. These values bracket experimental 
photoemission current densities from tungsten of 3.9 x 10-9 A cm-2 obtained by Hinte- 
regger et al(l959) and 5 x 10-9 A cm-2 obtained on Explorer 8 (Bourdeau et a1 1961). 

Feuerbacher and Fitton (1972) measured photoemission properties for a number of 
materials including gold, aluminium, stainless steel, vitreous carbon, graphite and silica, 
with the surfaces treated so as to simulate space conditions. Graphite was chosen 
partially because of its possible importance as a constituent of interstellar grains. Figure 
2 is taken from their paper, showing the photoelectric yield per incoming photon for 
some of these materials. The yields are similar to each other for the various materials 
with a peak yield of the order of 10-25 % at 15-20 eV for the photon energy. The yield 
for graphite is significantly lower, partly because of its higher reflectance. When these 
yield values were used to obtain the total photoemission current under solar illumination, 
the results in table 1 were obtained. These currents are in reasonable agreement with 
measured values in space. For example, Whipple (1965) obtained 3 x A cm-2 for 
aluminium. Wrenn and Heikkila (1973) measured photoelectron fluxes above a few eV 
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Figure 2. Phctoclectric yield per incoming photon for AI (-), Au (---), stainless steel (e), and for 
gold overcoated with 500 A of carbon (--.-). The reflectance at near-normal incidence for 
AI, Au and stainless steel is shown in the insert (Feuerbacher and Fitton 1972). 

which were consistent with a total current of 5 x 10-9 A cin-2 for photoemission from the 
ISIS 1 and 2 spacecraft surfaces. Norinan and Freeman (1973) obtained a value of 
8.8 x 10-9 A cm-2 for photoemission from a gold surface on OGO 5. 

The photoelectric yields in the preceding discussion are for normal incidence of light. 
Most of the work that has been done in calculating photoemission currents for bodies 
in space has assumed constant yield per incident photon and used the projected area to  
correct for the angle of incidence. However, there is evidence that the yield per photon 
can depend on the angle of incidence. Rumsh et a1 (1 960) found a secant dependence for 
the yields of tungsten, nickel and beryllium in the wavelength range from 1.3-13 A. 
Heroux et al (1965) found a transition from a secant dependence at 304A to nearly 
angle-independent yields for tungsten at 1216 8. Samson and Cairns (1965) also found 
that the angular dependence of the yield for aluminium decreased as the wavelength was 
changed from 300 to 1300A. Juenker et a1 (1965) found a polarisation dependence. 
When the electric vector was in the plane of incidence, the yield increased roughly as 
the secant up to about 70", whereas for perpendicular polarisation it decreased approxi- 

Table 4. Integrated photoelectron current under solar irradiation (from Feuerbacher and Fitton 1972). 

Material Photoelectron current (A cm-2) 

Aluminium 4 . 8 ~ 1 0 - 9  
Gola 2 . 9 ~  10-9 
Stainless steel 2 . 4 ~  10-9 
Vitreous carbon 2.1 x 10-9 
Graphite 7 . 2 ~  10-10 
Indium oxide 3.2  x 10-9 
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mately as the cosine. Katz et a1 (1977) give the following formula for the angular 
dependence : 

Y(O)= ~ ( 0 )  sec 0 

where E(0)  is the electric field just inside the solid, a(@ is the electric-field attenuation 
coefficient normal to the surface, and d is the escape depth for photoelectrons. 

If the potential distribution around the body in space is such that some of the photo- 
electrons return instead of escaping, then the angular and energy distribution of the 
photoelectrons is needed in order to determine the net emission photocurrent. Both 
laboratory and space experiments indicate that the photoelectrons are emitted isotropic- 
ally, with a Maxwellian distribution giving a good approximation for the energy spectrum. 
The characteristic temperature is 1-2 eV (Hinteregger et a1 1959, Feuerbacher and 
Fitton 1972, Grard 1973b, Wrenn and Heikkila 1973). The distribution seems to  be 
quite insensitive to the spectrum of the incident light, although strong lines can give some 
structure to the distribution. 

Willis et a1 (1973a, b) have measured the photoelectric yield and electron energy 
distribution for samples of the lunar surface material. Integration of the yields with a 
solar spectrum gives a photocurrent of 4.5 x 10-10 A cm-2 which is an order of magnitude 
lower than for typical metals (however, see 59.2). The photoelectron distribution has a 
weaker tail than a Maxwellian with a characteristic energy of 2.2 eV. Willis et a1 (1973b) 
have presented data on work functions, photoelectric yields and energy distributions for 
graphite and vitreous carbon. Draine (1978) has also compiled data on photoemission 
yields for likely interstellar grain materials. Watson (1973) has suggested that very small 
spheres with radii comparable to the wavelength of light have their photoemission yields 
enhanced by a factor of two or more. Thus different size grains in the same environment 
may come to different equilibrium potentials (Moorwood and Feuerbacher 1976). 

3.3. Secondary election emission by electron impact 

When an electron is incident upon a surface, it may be reflected or it may be absorbed 
into the material. Once it is in the material it may collide with scattering centres and 
eventually ‘back-scatter’ out of the material back into space. While the electron is in the 
material it loses energy and a portion of this energy can go into exciting other electrons 
which in turn may escape from the material. These three processes of reflection, back- 
scattering and true secondary emission are usually treated as distinct processes. Reflec- 
tion is only significant at very low energies, below about 10 eV. Back-scattering refers 
to electrons which leave the material with a similar but somewhat lower energy than 
they had upon entering, but with an isotropic distribution due to the randomisation of 
their velocities. Back-scattering is distinguished experimentally from true secondary 
emission primarily by the energy of the emitted electrons. Since most secondary electrons 
are emitted with only a few eV, back-scattering is usually defined only for incident 
electrons with energy greater than about 50 eV. 

The reflection coefficient r is of the order of 0.05 at zero primary energy and decreases 
with increasing energy according to the relation (Herring and Nichols 1949) : 

where W is the sum of the Fermi energy and work function of the material, and E is the 
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primary energy, both measured in rydberg units (1 Ryd= 13.54 eV). For example, Guth 
and Mullin (1941) found r to be 0.05 for tungsten near zero eV. Use of (3.9) with a work 
function of 3.5 eV and a Fermi energy of 5.6 eV yields a value for r of 0.04 for aluminium. 
The quantity (1 - r )  is the sticking coefficient for the material. 

Secondary electron emission has turned out to be an important process for space- 
craft charging in the magnetosphere. Electron temperatures are frequently in the range 
of a few hundred eV where the secondary emission yield may be greater than unity. 
The equilibrium potential of shadowed surfaces is often determined by a balance between 
incident primary electrons and the resulting secondary emission. 

The physical model for the production of secondary electrons involves the excitation 
of secondaries within the material at a rate proportional to the local energy loss rate by 
the primaries, the 'stopping power' of the material. The number of secondaries that 
migrate to the surface and escape decreases exponentially with depth so that only those 
produced within a thin surface layer contribute significantly to the observed yield. The 
various treatments of the problem differ primarily in how the stopping power of the 
material is determined. Reviews of work on secondary emission may be found in 
Hachenberg and Brauer (1959) and Gibbons (1966). 

The shape of the secondary yield curve as a function of primary energy seems to be 
nearly a universal curve when it is normalised to the maximum yield, Sm, and the primary 
energy at  the maximum, Em. Dionne (1973, 1975) has formulated an expression based 
on a constant stopping power depending only on the primary energy which agrees well 
with measurements below about 4Em. If the angle of incidence of the primaries is also 
taken into account (Katz et a1 1977) the expression may be written as follows: 

($)0'35 (1 -exp [ -2.28 cos 6' (3 .  IO) 

For isotropic primary distributions this expression may be integrated to give an angle- 
averaged yield : 

(3.11) 2 228 6, E 0.35 8 =  L--- ($) (Q-lt-e-&) Q 
where the quantity Q is defined by 

Qz2.28 (E/Em)1.35. (3.12) 

The effect of an isotropic flux is to increase the yield and to move the position of the 
maximum to a higher energy. Table 2 gives some representative values of Sm and E m  
for some typical materials. Dionne (1975) also gives approximate expressions for the 
crossing energies where the yield parameter crosses unity. These energies play an 

Table 2. Representative values for maximum yield, a,, and energy at maximum yield, Em (from Katz 
et all977). 

Material 8, E m  (kev) 

A1 0.97 0.3 

MgO 4 . 0  0 . 4  
Si02 2 .4  0.4 
Teflon 3.0 0.3  
Kapton 2.1 0 . 1 5  
Mg 0.92 0.25 

A1203 1.5-1.9 0.35-1.3 



Potentials of surfnces in space 121 1 

important role in charging balance. For example, in laboratory experiments where a 
monoenergetic electron beam is incident normally on a surface, the surface tends to take 
on a potential such that the primaries have the crossing energy when they reach the 
surface. Katz et aZ(1977) have discussed how experimental stopping power data may be 
used to obtain more accurate values for secondary emission yields. 

The energy distribution for secondary electrons can be approximated by a Maxwellian 
with a characteristic energy of about 2 eV (Hachenberg and Brauer 1959). Although the 
literature on secondary emission usually refers to the angular distribution of the emitted 
secondaries as a ‘cosine’ distribution, the secondaries are actually emitted isotropically. 
A small emitting surface emits secondaries into a unit solid angle at the angle 0 at a rate 
proportional to cos 8. This results in an isotropic distribution of secondaries above an 
extended emitting surface (Whipple and Parker 1969b). 

Expressions for the electron back-scattering coefficient have been given by Katz 
et al (1977) based on work by Everhart (1960), Darlington and Cosslett (1972) and 
McAfee (1976). The angular dependence is given by 

?(e) = yo cos 8 (3.13) 

where yo is the coefficient for normal incidence. This can be averaged over angles of 
incidence for isotropic fluxes to obtain an angle-averaged coefficient, or albedo A ,  
given by 

(3.14) 

The coefficient for normal incidence for energies between 10 and 100 keV for materials 
with atomic number Z can be expressed as 

(1 - yo + yo 111 yo). 
2 A = 

(In yo)2 

771 = 1 - (2/ey.0372. (3.15) 

Below 10 keV the coefficient should be augmented by an amount 

712 = 0.1 exp ( - E/5000) (3.16) 

according to data cited by Shimizu (1974). These results have been combined into a 
formula by Katz et aZ(l977) which takes into account the fact that below 50 eV, back- 
scattering and secondary emission are indistinguishable : 

y0=[ln(E/50) H(E-50) H(lOOO-E)/ln 20+H(E-1000)] (y1+y2). (3 .17)  

Here, energies are in eV, and H is the unit step function which vanishes for negative 
values of the argument. Some typical curves for the coefficient are shown in figure 3. 

The angular distribution of the back-scattered electrons may also be taken to be 
isotropic. The shape of the energy spectrum of the back-scattered electrons may be 
obtained from the fact that a universal back-scattering kernel based on the relative 
energies of the incident and back-scattered electrons seems to give a good fit to data. 
Thus, for an isotropic incident spectrum of monoenergetic electrons, the velocity distri- 
bution of the back-scattered electrons is nearly constant up to the velocity of the prim- 
aries. The following integral expression may be used to approximate the back-scatter 
distribution f ( E )  for an incident, isotropic distribution f i (E )  : 

f ( E ) = 2  J: fi(E’) A(E’) dE’/E‘ (3.18) c 



1212 E C Whipple 

0.40 - 
I < -  - 
0 0 

f! 
f 0.20- z 

I I 

I O 2  1 o3 1 o4 
Energy (@VI 

0 
10 

Figure 3. Net albedo plotted against energy for isotropically incident electrons (Katz et ai 1977). 

where A(E)  is the albedo as given by (3.14). This is sometimes written in terms of the 
angle-averaged flux per unit energy, F ( E )  = (2nE/m2)f(E). Then (3. 18) becomes 

F(E)=2 j i  Fi(E’) (JT/E’~> A(E’) dE‘. (3.19) 

This expression has been used not only for back-scattered electrons from solid surfaces 
(Katz et a1 1977) but also for electrons coming from the magnetosphere and back- 
scattering from the top of the Earth’s atmosphere (Chiu and Schulz 1978). 

3.4. Secondary electron emission by ion impact 

The behaviour of surfaces under ion bombardment has been reviewed by Kaminsky 
(1965), and more recently by McCracken (1975) in this journal. The ions approaching 
a surface at  IOW kinetic energies (below about 1 keV) are neutralised by Auger emission 
of an electron where an electron tunnels through the potential barrier to neutralise the 
ion. The energy released in the process may excite additional electrons which can then 
be ejected. At higher incident kinetic energies the ions behave similarly to incident 
electrons in that they can penetrate the surface, scatter, and be re-emitted along with 
secondary electrons. The fraction that are re-emitted as ions is usually quite small and 
has been neglected in surface potential calculations. Reflection coefficients for He+ 
incident on clean and contaminated tungsten have been measured by Hagstrum (1961) 
to be 0.0017 and 0.000 43, respectively, and were found to be fairly insentitive to the ion 
energy. Reflection coefficients for Hf and O+ on tungsten or aluminium are probably 
somewhat larger but still less than 2% (Colligon 1961). At higher energies, the ratio of 
the charged to total back-scattered particles can be large but the total reflection coefficient 
is still small. 

Figure 4 shows some secondary electron yields for low-energy impact. The number 
of excited electrons depends on the available potential energy after neutralisation which 
is determined by the ionisation potential, qi, of the incident atom and the work function 
of the target material, qW. When a conduction electron is captured by the incident ion, 
it makes available a maximum energy of At least qw of this must be used to 
free another electron from the material so that the condition for secondary emission is 
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that yi>2yw. It is apparent from the figure that the yields for various ions incident 
on several metals depend primarily on the difference TI - 2yw. 

The curve in figure 4 can be used to estimate the yields for other materials. I t  should 
be added that the yield is quite dependent on the condition of the metal surface. 
Hagstrum’s data are for atomically clean surfaces, whereas the platinum in Parker’s 
(1954) measurement may have had some residual impurity. 

Knudsen and Harris (1973) have discussed measurements of secondary electrons due 
to ion impact in space and in laboratory experiments and have found yields approaching 
10 % for a number of ions, including O+ and some molecular ions, for incident energies 
of a few hundred eV. They also inferred that gas contamination of the surface was an 
important factor in determining yields. 

Secondary electron yields due to ion impact can be substantially larger than unity 
for incident energies above 10 keV. DeForest (1972) showed for a large charging event 

I 
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Figure 4. Secondary electron yield for low-energy ion impact. The target is tungsten unless otherwise 
noted. Circled points are from Wagstrum (1953, 1954) and the triangle from Parker (1954). 

on ATS-5 that outgoing secondary electrons were composed almost equally between 
those due to electron and those due to ion impact. The physical model for the produc- 
tion of secondary electrons upon ion impact is similar to that for electron impact dis- 
cussed in the last subsection. A simple formula based on a constant energy loss rate 
by the ions in the material has been shown by Katz et aZ(l977) to fit data for proton 
impact reasonably well: 

(3 .20)  

where ym is the maximum yield at an energy Em. Figure 5 shows this expression fitted 
to data on proton impact on Al. These yields are for normal incidence. The angular 
dependence can be taken to be proportional to sec 8. The distribution of the secondaries 
can be represented well by an isotropic Maxwellian with a temperature of a few eV. 

For small bodies such as interstellar grains, the fact that energetic electrons and ions 
may penetrate completely through the body without being captured may have to be taken 
into account (Draine and Salpeter 1979). 
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Figure 5. Secondary emission by aluminium for proton impact at normal incidence (Katz et a1 1977). 
Broken curve is equation (3.20). 0 Cousinie et a1 (1959), 0 Hill er a1 (1939), 0 Foti et a1 
(1974), 0 Aarset et aZ(l954). 

3.5. Other charging processes 

There are a number of other mechanisms for charge transfer which are significant only in 
special circumstances. These processes are discussed briefly here; their importance for 
a particular application must be evaluated individually. 

Shen and Chopra (1963) have discussed the effect of thermionic emission of electrons 
from bodies in space. If a work function of 3.5 eV is assumed, which is appropriate for 
aluminium, a surface temperature of about 800 K is required for an electron emission 
of 105 cm-2 s-1. This emission rate is of the order of 1 % or less of typical ion fluxes in 
the solar wind. Such a high temperature is likely only in special situations, such as 
when a meteor or spacecraft enters the Earth’s atmosphere below 100 km at high speeds, 
or when a body approaches sufficiently close to the Sun. A body with an albedo of 0.4, 
which is appropriate for meteoroids, will have an equilibrium temperature of 800 K 
only when it approaches within a distance of 0.19 astronomical units from the Sun-half 
the distance of Mercury’s orbit. 

Spitzer and Savedoff (1950) pointed out that for small dust grainsJield emission of 
electrons will limit the potential when it is negative. The onset of field emission occurs 
at  surface field values between lo6 and lo7 V cm-l, the lower field corresponding to an 
emission flux of 105 cm-2 s-1 for a work function of 3.5 eV. Since the surface field of a 
small spherical particle is approximately vir, the potential y (in volts) is limited to 
negative values below approximately 10% ( r  in cm). Thus, field emission is important 
primarily for dust grains of radii (or surfaces with radii of curvature) of the order of a 
micron, except when large potentials are expected. Grard (1976) has suggested using 
field emission to limit negative spacecraft potentials by installation of a probe consisting 
of many fine wires with sharp tips. Mendis and Axford (1974) give the Fowler- 
Nordheim formula for field emission flux from a hemispherical surface (of radius r in 
cm and potential rp in V) in the following form: 

where ,U is the Fermi level and rpW is the work function. 
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Hill and Mendis (1979) have discussed both field emission and the possible electro- 
static disruption of bodies by high electric fields (see also Opik 1957, Rhee 1976, Mendis 
1979). Disruption will occur if the grain radius is less than a critical value given by 

rc = 9.4 Ft-112 I rp I (3.22) 

where rp is the surface potential in volts, Ft is the tensile strength of the material in dyn 
cm-2, and rc is in microns. Figure 6, taken from Hill and Mendis (1979), shows the 
variation of rc with 19 I for several representative materials. Thus, whereas a grain of 

IQ1 ( V I  

Fignre 6. Critical radii for grains of different material and varying potentials against electrostatic dis- 
ruption (Hill and Mendis 1979). Stable regions are above the diagonal lines. Lines with 
arrows indicate possible paths of fragments. The field emission limit is also shown, 

iron charged to a potential of - 800 V is stable against disruption if its radius is greater 
than 0.06 pm, a loose dust ball charged to the same potential would be stable only if 
its radius was greater than 80 pm. The figure also shows the potential limitation due to 
field emission (broken curve), based on a critical surface field of IO7 V cm-1. 

Radioactivity in a body in space constitutes a charging mechanism both through the 
escape of emitted charged primaries from the radioactive nuclei and also through the 
escape of secondary electrons excited by the primary in its passage to the surface. Whipple 
(1965) has shown that the amount of ordinary radioactive material in bodies is insignifi- 
cant for charging effects. Yanagita (1977) has suggested that grains formed in novae or 
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supernovae may have significant radioactive levels, particularly 22Ni or 26Al which are 
beta emitters. The charging due to beta emission would vary as the volume of the grain, 
and hence larger grains would tend to be positive. Satellites sometimes carry quantities 
of radioactive materials in conjunction with certain types of experiments, or as a power 
source. Such sources are usually well shielded but may constitute possible charging 
mechanisms. 

Impact ionisation occurs when a neutral atom or ion strikes a surface with sufficient 
kinetic energy that either the incident neutral or atoms on the surface are ionised with 
subsequent escape of ions and/or electrons. This phenomenon has been observed on the 
Pioneer Venus Orbiter (Brace 1981) on a Langmuir probe which detected extra electrons 
correlating with the neutral atmospheric density. The effect was largest at  periapsis 
where the neutral density was largest and where the Spacecraft velocity was such that the 
incident CO2 had a kinetic energy of about 20 eV. This effect has also been seen by the 
Atmospheric Explorer C satellite in Earth orbit (Hanson et a1 1981) where the ions were 
identified as coming from the spacecraft because of their low energy. The ion fluxes 
decreased gradually with time, indicating a cleaning up of the spacecraft surface. 

A phenomenon similar to impact ionisation is impact vaporisation (also sometimes 
called impact ionisation) where a sniall particle such as a dust grain vaporises and 
ionises into a cloud of plasma upon impacting a surface at high speed. The charged 
particles in the cloud can either escape or be collected depending on the electric-field con- 
figuration. This has been suggested as an important charging mechanism for a space 
probe entering a cometary atmosphere (Grun 1980). The mechacism has also been 
investigated for the purpose of developing detectors for micrometeoroids (McDonnell 
1978, Fechtig et al1978). 

Enhanced ionisation of neutral gas in the vicinity of a body in space can occur at  times 
and lead to charging currents. The ionisation of outgassing material from a spacecraft 
and subsequent return of the ions to a negatively charged spacecraft has been discussed 
by Cauffinan (1980) and observed on the ATS-6 and SCATHA spacecraft. The ions 
can be easily identified since they arrive at energies less than the spacecraft potential. 
Enhanced ionisation of either outgassing material or the environmental neutral gas by 
returning primary and/or secondary electrons or by a beam-plasma interaction is prob- 
ably the source of the large return currents observed in some experiments where energetic 
electron beams were emitted from vehicles in the ionosphere (e.g. Winckler 1980). This 
phenomenon will be discussed further in 58. 

Finally, there can be enhanced collection of electrons due to radio-frequency fields 
(Takayama et al1960). There is a rectifying effect on the plasma electrons when the radio 
frequency is near or below the local plasma frequency. At low frequencies the additional 
current density is obtained by integrating equation (3.3) over one period of the wave: 

(3.23) 

where JO is given by (3.4), IO is the modified Bessel function of the first kind, V is the 
amplitude of the RF voltage and Tis the electron temperature. The current is independent 
of frequency until close to the plasma frequency (fp) where it rises to a maximum and then 
falls to zero at higher frequencies. The shape of the maximum depends on geometry and 
on the nature of damping effects in the plasma which can be either collisional or due to 
phase mixing (Harp and Crawford 1964, Crawford and Harp 1965). Whale (1964) 
showed that for a cylindrical dipole antenna the peak of the resonance occurs at  fp/21/2. 
The current at the peak of the resonance can be enhanced by as much as several factors 
of 10 at ionospheric electron densities. 
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4. Effects of non-isotropic plasmas and magnetic and electric fields 

4.1. Currents to a moving body 

When the undisturbed plasma is not isotropic, information about the particle trajectories 
is required in order to evaluate the distribution function at the surface of a body. In 
general, this requires a calculation of particle orbits unless there is some kind of sym- 
metry involved so that angular momentum conservation can be used. The most import- 
ant anisotropy for surface potential calculations is that due to motion of a body through 
the plasma. In the reference frame of the body, the plasma appears to have a net stream- 
ing velocity. Thus in the ionosphere where a typical satellite velocity is about 8 km s-1, 
the ions will appear to have their velocity distribution shifted by this amount since the 
satellite speed is large compared to typical ion thermal speeds. On the other hand, the 
electrons will still appear to be isotropic since their thermal speeds are much larger than 
the satellite speed. 

In this section we give some formulae which may be used to estimate the ion current 
to a moving body in a plasma under certain circumstances. The general problem of the 
current to a moving body for arbitrary Debye lengths has not been treated exactly, so 
it is difficult to assess the accuracy of the approximations. We consider the total current 
to a body which implies that the body has a conducting surface at  a given potential. 
For an insulating surface, the current density as a function of position would be needed; 
in such a case, the surface would not be an equipotential and hence the electric field near 
the surface would need to be known to obtain the currents. 

In addition to the motion of a body through the plasma, there can be net drifts of the 
plasma due to convection electric fields. In the magnetosphere the plasma is frequently 
pitch-angle-dependent, especially for directions closely aligned with the magnetic field. 
Vogl et a1 (1976) have pointed out that fluxes of field-aligned electrons can at times 
dominate the charging in cavities on spacecraft even though the anisotropic component 
is small compared to the total flux. 

In the case of a moving body, numerical work indicates that the potential distribution 
in front of spheres and in front of cylinders moving perpendicular to their axes has 
approximately the same symmetry as the body (Al'pert et a1 1963, Fournier 1971). Since 
most of the ion current is collected on the front surface of the body, this symmetry can 
be used to obtain expressions for the current. Hinteregger (1961) and Kana1 (1962) 
derived the following formula for the current to a moving sphere with radius R at a 
repulsive potential (qrp > 0) : 

where V is the velocity, U=(2qrp/m)"2 and cy. is the thermal velocity of the ions, 
+mcy.Z=kT. In the limit of large V/a,  this expression reduces to 

which gives a linearly decreasing current as the potential is increased. The current expres- 
sion in (4.1) is independent of sheath size or variation of potential through the sheath 
as long as the electric field is radial. Gringauz and Zelikman (1957) showed that this is 
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because the current is limited by angular momentum considerations, and is true as long 
as the effective radius, given by 

is less than the ‘sheath‘ radius. This is always true for repulsive potentials since the 
quantity in the parentheses of (4.3) is always less than unity. In addition, it will be true 
for attractive potentials until the effective radius exceeds the sheath radius, so that (4.2) 
may also be used for a limited range of attractive potentials. 

An analytic expression for the general case of the ion current to a moving body in an 
attractive field is not yet available. When the body is small compared to a Debye length 
so that the field may be assumed to be a Coulomb field, the current for an attractive 
potential has been derived by Kanal (1962): 

In the other limit when the Debye length is very small, expression (4.4) with the potential 
set equal to zero may be used either with the cross section of the body (.rrR2) or with the 
cross section of the body plus sheath (na2) where a = R +  t. Expressions for the sheath 
thickness t which have been suggested are 

t=0.83 L(R/L)113 (qgi/kT)l/2 

t = 0.93 L(84 cp/.rrm V2)3/4 
(Walker 1964) or 

(Parks and Katz 1981). The latter is based on the theory of the sheath around a spherical 
body at a high potential given by Langmuir and Blodgett (1923, 1924) and Al’pert et a2 
(1965). Parker (1980) has also given analytic expressions for the sheath radius based on 
the Langmuir and Blodgett (1924) work. However, all of these expressions for sheath 
size were derived for a stationary plasma and it is not known how well their use in this 
way approximates the actual current in a moving plasma. 

A number of workers have made numerical calculations of the ion current to an 
attractive moving sphere or cylinder. Kanal (1962) and Walker (1964) both made 
simplifying assumptions about the structure of the sheath in order to obtain currents. 
Whipple (1965) used expression (1.1) without linearisation for the space charge and 
obtained currents numerically as shown in figure 7. At low potentials the currents 
follow (4.2) but at higher potentials the currents show saturation as the sheath size limits 
the current. Parker and Whipple (1970) used trajectory calculations to obtain the current 
density as a function of angle with respect to the direction of motion in a potential 
distribution resuIting from a linearised space charge expression. Whipple et al (1974) 
obtained an integral expression for the current density to a moving sphere with a Debye 
potential. Godard (1975) used the self-consistent potential profiles of Laframboise 
(1966) for a stationary body to calculate currents due to a drifting plasma; the range of 
parameters for which his results are valid was tested in laboratory experiments by 
Makita and Kuriki (1978). 

Fournier (1971) obtained the current self-consistently for a cylinder in a flowing 
plasma. Parker (1973) described a systematic procedure for obtaining a self-consistent 
solution for the current and potential distribution in front of a sphere, assuming spherical 
symmetry. 
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Figure 7. Ion current to a large, moving negative sphere. A, r/L=lO, 1/2mV2=50 kT; B, r/L=lO, 
1/2mV2=33 kT;C,r/L=10, l/2mV2=20kT;D,r/L=5, 1/2mV2=2kkT;E,r/L=10, 1/2mV2= 
2 kT. 

4.2. Wake efects 

The plasma wake behind a moving body is a cone-shaped region depleted unequally of 
both ions and electrons because of the small thermal velocities of the ions compared to 
the streaming velocity. Electrons can readily penetrate this region until the negative 
space charge from the excess electrons builds up the negative potential to a value such 
that they also are depleted. There can be flaring and periodic structure in the far wake. 
The potential distribution in the wake does not appreciably affect the total ion current 
to the body because most of the ion current is incident on the front. However, the elec- 
tron current to the back surface will be reduced because of the negative potential barrier in 
the wake. Measurements of electron current on Explorer 8 (Bourdeau and Donley 1964) 
found a reduction of about 15-30% on the back with respect to the current in front, 
whereas on both Ariel 1 (Samir and Willmore 1965, Henderson and Samir 1967) and 
Explorer 31 (Samir and Wrenn 1969) the reduction was as much as two orders of magni- 
tude. This was explained by Samir (1970) who showed that the difference was due to the 
ion composition. For the data of Explorer 8 the dominant ion was He+ whereas the 
large reductions for the Ariel 1 and Explorer 31 data were for a dominant ion of O+. 
Figure 8 from Samir (1970, also Samir 1973) shows how the reduction in electron current 
on the downstream side of Explorer 31 varied with the average ion mass. 

Figure 9 from Samir and Wrenn (1 969) shows how the electron current density varies 
as a function of the angle of attack. Gurevich et al (1969) give a complicated analytic 
expression for the current density as a function of angle. However, to zero order for 
90" < 0 < 1 80°, the current density varies as 

In (J( O)/Jf) = -cos 0 In 6, (4 * 7) 
where am is the ratio of the back-to-front current and Jf is the current density on the front. 

77 
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Figure 8. Variation of the back-to-front current ratio, S,, with the mean ion mass (after Samir 1970, 
1973). @, pass number 346, A pass number 393, 1 pass number 683, 0 pass number 695, 

8 pass number 706, V pass number 727. 

This expression can be integrated over the rear surface of a sphere to obtain 

The quantity 6, can be obtained from the following expression according to the data of 
Samir (1970): 

where 
am=exp (ywe/kT) (4.9) 

-0.7-0.19 
k T -  

(4.10) 

Here, yw can be regarded as the effective value of the potential barrier in the wake with 
respect to the satellite; vii is the mean ion mass and V is the spacecraft velocity. The 
quantity in parentheses in (4.10) is the square of the ion Mach number. The potential 
in the wake should also depend on the Debye length; Al'pert et a1 (1963) give a value of 
-(2kT/e) In (R/L) for the largest (negative) potential in the wake, and Samir et a2 (1979, 
1980) have shown that the ion depletion in the wake does indeed depend on the Debye 
length to body ratio. However, the dependence of electron current on Debye length has 
not yet been experimentally verified. Apparent enhancements of the electron temperature 
in the wake (Samir and Wrenn 1972, Oran et a1 1975) are probably due to the angular- 
dependent potential barrier in the wake preventing some of the electrons from reaching 
the electron probe and thus causing a distorted current-voltage characteristic (Illiano 
and Storey 1974, Troy et all975). However, there may also be heating by wave-particle 
interactions. Comparisons of experimental data on wake structure with various theo- 
retical models have been made by Samir and Jew (1972) and Samir et a2 (1975). Labor- 
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Figure 9. Measured electron current plotted against angle of attack (Samir and Wrenn 1969), from a 
Langmuir probe on the Explorer 31 satellite. (a) Day 15, 1966; pass 565; LT range: 15 h 
50 m-16 h 30 ni; magnetic latitude range: - 17--43; magnetic longitude range: -4-2. 
Altitude: 0 660-631, + 27-601, 0 598-579, A 576561, 556-543, 0 541-535, V 532. 
(6) Day 352, 1965; pass 225; LT range: 06 h 34 m-07 h 00 m; magnetic latitude range: - 3 6  
- 8; magnetic longitude range: 85-94. Altitude: 0 620-720, +720-820, 0 820-910. (c) Day 
355, 1965; pass 267; LT range: 18 h 48 m-19 h 1 1  m; magnetic latitude range: - 12--38; 
magnetic longitude range: 85-82.5. Altitude: e 1685-1585, + 1585-1485, 0 1485-1385, 

1385-1285, A 1285-1175. ( d )  Day 350, 1965; pass 204; LT range: 08 h-08 h 4 0 m ;  mag- 
netic latitude range: 56-64; magnetic longitude range: 69-80.5. Altitude: $2060-2280. 

atory studies of wake structure have been carried out by Hester and Sonin (1970), 
Fournier and Pigache (1975) and Stone et al(l978). 

The effect of the plasma wake could be especially important for a body with an 
insulating surface. Parker (1978) and Chang et al (1979) have shown that the down- 
stream surface of such a body could charge to a potential corresponding to the streaming 
energy of the ions. Mendis et a1 (1981) have applied this argument to comets in the 
distant solar wind to obtain potentials as large as - 2500 V on the dark side. 

4.3. Magnetic and electric fields 

There has been a great deal of work on the effect of a magnetic field on the collection of 
particles by a probe in a laboratory plasma. The finite length of the field line results in 
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depletion of the plasma on the magnetic tube intersecting the probe. Consequently the 
current is strongly limited and depends critically on the kind of cross-field transport 
mechanism that is available (e.g. Bohm et al 1949, Simon 1955, Bertotti 1961, Sanmartin 
1970). In space, the field lines are essentially infinite in length compared to the dimen- 
sions of a body such as a spacecraft. In addition, there is usually enough relative motion 
due either to the body motion or to plasma drifts that depletion of any particular flux 
tube extends only over a small distance. Laframboise and Rubinstein (1976) treated 
collection by a cylinder, and Parker and Murphy (1967) treated electron collection by a 
positively charged sphere in a magnetoplasma where the current was limited by cross- 
field drift motion. Parker and Murphy show that the current is a function of the quantity 
(q/RZB2) and obtain numerical results for potentials below a critical potential which is 
3400 V for a 1.5 m sphere in the ionsophere (B=0.45 G). At higher potentials only an 
upper limit for the current was obtained which varies as ( q ~ / R ~ B ~ ) l / z .  The same depend- 
ence was obtained by Rubinstein and Laframboise (1978) for an infinite cylinder. How- 
ever, Linson (1969) has argued that turbulent diffusion across field lines will increase the 
current considerably above these values, except when the background electron concentra- 
tion is low. When the parameter q= wp2/wc2, where wp is the plasma frequency and wc 
is the gyrofrequency, exceeds a critical value of the order of unity but which is perhaps 
as low as 0.05, the plasma is unstable to the growth of turbulence. 

At low potentials or when the Debye length is small compared to body size so that 
the body dimensions can be used for the collecting area, it may be important to consider 
magnetic shadowing effects. For example, the effective collecting area of a sphere changes 
from the full surface area for gyroradii large compared to the sphere radius to twice the 
cross section of the sphere for small gyroradii. Figure 10 from Whipple (1965) shows 
how the current varies to a sphere as a function of the most probable gyroradius in a 
Maxwellian plasma. The effect of magnetic shadowing on or above the lunar surface 
has been discussed by Reiff (1976) for an isotropic plasma and by McGuire (1972) for 
a drifting plasma. 

The most significant large-scale electric field that a body in space experiences is the 
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Figure 10. Electron current to an uncharged sphere in a magnetic field. 
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induced field due to the motion of the body across magnetic-field lines. In the reference 
frame of the moving body this is a real electric field which is superimposed upon any 
other electric fields that are present. This means that the potential of the body does not 
have a unique reference in the plasma, but rather the potential difference between even a 
conducting body and the plasma varies with position on the body because of the potential 
gradient in the plasma. Most treatments of the effect of the induced electric field on 
current collection have taken the usual current expressions for a probe in a plasma and 
substituted the local potential drop as a function of position to obtain a net current. 
Thus Beard and Johnson (1960) found the current to a parallelepiped, and Whipple 
(1965) obtained the following expression for the electron current to a sphere of radius r : 

(4.11) 

where the potential of the sphere is everywhere negative with respect to the plasma and 
10 is the electron current that would be collected if there were no induced field. However, 
it is not clear that the orbit-limited equations can be applied in this situation since the 
potential does not decrease monotonically outwards in all directions. 

An important consequence of the induction effect is that large bodies can have large 
potential differences with respect to the plasma. One end of the body can be pinned 
close to zero volts, or slightly positive, with the other end becoming relatively more 
negative. Morrison et aZ(l978) have discussed the current collection by a long wire in 
near-Earth orbit and have shown that kilovolt potential differences can develop between 
one end of a 10 km wire and the adjacent plasma (see also Williamson and Banks 1976). 
This effect may also be the driving mechanism responsible for the acceleration of particles 
in the vicinity of Jupiter’s satellite Io (see $9.3). 

5. Calculation of surface potentials 

5.1. Equilibrium potential and charging times 

The problem of calculating the equilibrium potential of a body in a given environment 
involves determining the important charging currents to the body as a function of 
potential and finding the potential at which the total current vanishes. Even in the simple 
case of a small stationary sphere in a Maxwellian plasma such that the only charging 
currents are those given by (3.2) and (3.3), the resulting equation for the equilibrium 
potential is a transcendental equation which must be solved numerically. Thus in a 
hydrogen plasma, the equilibrium potential in such a case is (ve /kT)= -2.5 for equal 
ion and electron temperatures. 

When a body has non-conducting surfaces or several isolated conducting surfaces 
then the current balance has to be performed locally or for each surface separately. 
The effects of such differential charging of surfaces are discussed in $6. 

Figure 11 shows schematically two current-voltage curves for a hypothetical body. 
The equilibrium potentials where the curves cross the zero-current level are also shown. 
Usually the current-voltage characteristic of a body is ‘normal’ in that it is monotonic 
and crosses the zero-current level only once. The equilibrium potential for such a body 
is stable: for a slight perturbation of the charge on the body, the system will move in 
the direction shown by the arrows and hence tend to restore the system to its equilibrium 
value. However, it is possible to have abnormal behaviour of current-voltage curves, 
as shown by the characteristic with three equilibrium potentials. Here, and 9x1 are 
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Figure 11. Two current-voltage curves for a hypothetical body illustrating stable and unstable equilib- 
rium potentials. 

stable, but the centre potential yz is unstable in that the system will tend to move away 
from this value if there is a perturbation. Sanders and Inouye (1978) and Prokopenko 
and Laframboise (1977, 1980) have shown that such abnormal curves are possible for 
materials in the Earth’s magnetosphere because of the shape of secondary electron 
emission currents plotted against body potential when the environmental plasma is not 
Maxwellian. These authors point out that it might be possible to have sudden changes 
in the body potential when the environment is changing slowly if the current-voltage 
curve evolves from a multiple-root to a single-root configuration. 

The concept of equilibrium potential is useful because the charging time for a body 
is usually, but not always, small compared to  the time for changes in the environment. 
The charging time T can be estimated from figure 11 : dQ/dt =(dI/dp?),,Ay and hence 
T =  RC, where C is the capacitance of the body (e.g. equation (1.5)), and R is a ‘resistance’ 
given by R = I (dI/dp?)po 1-1. A useful estimate for R is that R 2 (kT/e) (JA)-I, where the 
current density J and temperature T refer to the current constituent which is most rapidly 
changing at 9 0 .  For a body small compared to a Debye length, the charging time increases 
inversely with the radius because of the presence of the area A in the denominator of the 
resistance. Time constants for spacecraft are of the order of ms in the magnetosphere, 
but can be much longer for dielectric surfaces with large capacitances to substrate mater- 
ial. Thus a spinning spacecraft with exposed insulating surfaces may never reach equilib- 
rium. Charging times for 10 pm dust grains are of the order of ms in the ionosphere but 
of the order of tens of minutes in interplanetary space. Hill and Mendis (1979) have had 
to follow the time-dependent charging of dust grains moving through the Jovian magneto- 
sphere because the charging currents varied on a time scale comparable to the charging 
time of a few hours. Otherwise, equilibrium potentials have been assumed in charging 
calculations except in cases where differential charging was an important factor. 

5.2. Calculated potentials for various environments 

In this subsection we give some typical results of equilibrium potential calculations for 
bodies in various environments, starting in the Earth’s ionosphere and moving outwards. 
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The results may be summarised as follows : in the ionosphere, potentials are of the order 
of a few tenths of a volt negative, corresponding to a few (kT/e), due to a balance between 
the collection of plasma electrons and ions swept up by the body’s orbital motion. At 
higher altitudes, photoemission becomes important and positive potentials start to occur 
at altitudes where the plasma density falls below about 103 cm-3. In the magnetosphere, 
potentials are usually a few volts positive except in disturbed conditions where they may 
become highly negative, especially in eclipse, because of high electron temperatures and 
the disappearance of cold plasma. In the solar wind, potentials are again usually a few 
volts positive. Potentials in the magnetospheres of other planets are similar to those in 
the Earth’s except that photoemission becomes less important for planets more distant 
from the Sun. In interstellar space, the potentials depend strongly on the radiation field 
and on the local plasma properties and can be a few volts positive or negative. 

2 

Figure 12. Satellite potentials as a function of altitude of circular orbit (Kasha 1969) for four values of 
photoemission current. The full curve is for a photoemission current of 3 x lO-gA cm-2. 
--- , i ph=O;  -._. , iph/ne x 0.1 ; --- iph/ne x 10. 

Figure 12 is taken from Kasha (1969) showing potentials for a hypothetical I m dia- 
meter metal satellite at altitudes from 100 km to synchronous orbit. The four curves are 
for four values of photoemission current; Kasha includes attraction effects on both ions 
and electrons where appropriate but without any shielding effects of the plasma. The 
satellite velocity is assumed to be that appropriate for a circular orbit at that altitude. 
The effects of the wake and of the magnetic field in restricting electron fluxes are included 
approximately. A plasma profile was used where the electron temperature increases to 
2 eV at the highest altitude and where the density exhibited a ‘knee’ characteristic of 
the plasmapause at about 20 000 km altitude. 

The positive potentials that Kasha obtained at the higher altitudes were limited to 
about +4 V because he used a photoelectron temperature of 1 eV. Shkarofsky (1971) 
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used a similar formulation for the currents to a satellite between 150 and 4000 km but 
with photoelectron temperatures of both 1 and 3 eV. He found that positive potentials 
of $4.9 V might occur for the higher photoelectron temperature at 4000 km altitude in 
the polar trough of the ionosphere where the electron density can be below 100 cm-3. 
The overall variation covering minimum and maximum conditions was between - 1.0 
and 2.1 V for the lower (1 eV) and - I .O and + 4.9 V for the higher (3 eV) photoelectron 
temperature. Neither of these authors included effects due to energetic particles or 
secondary electrons. 

Kurt and Moroz (1962) seem to be the first to point out that large energetic particle 
fluxes in the magnetosphere could lead to large (i.e. kilovolt) negative potentials on 
spacecraft. They included secondary electron emission effects from both incident ions 
and electrons as well as photoemission and plasma currents. At that time the energetic 
particle fluxes and plasma properties in the magnetosphere were not well known. Whipple 
(1965) also mentioned the possibility of large negative potentials. Knott (1972) calculated 
equilibrium potentials in anticipation of the ISEE spacecraft using measured spectra for 
the plasma and energetic populations outside the plasmasphere and secondary emission 
properties for various materials. He found that large negative potentials of up to about 
-3 kV could develop in eclipse situations. He also pointed out that materials 
with high secondary electron yields could be used to avoid highly negative charges. When 
DeForest (1972) measured potentials up to - 10 kV on ATS-5 in eclipse and several 
hundred volts negative in sunlight, he was able to explain the charging with a mathe- 
matical model which required secondaries from both electron and ion impact as well as 
photoemission and the plasma currents. Fairly simple current balance models based on 
Maxwellian or biMaxwellian plasmas and typical material properties for photoemission 
and secondary yields have proven to be quite effective in qualitatively explaining observed 
potentials in the magnetosphere (e.g. Garrett 1979). A quantitative comparison between 
calculated and observed potentials requires detailed information on both spacecraft 
configuration and material properties and on the environmental plasma characteristics. 

In the solar wind the predominant charging mechanisms are photoemission and collec- 
tion of plasma electrons. The solar-wind ion flux contribution is of the order of two 
orders of magnitude smaller than the photoemission current. Typical equilibrium poten- 
tials are a few volts positive (e.g. Rhee 1967, Wyatt 1969). The potential is fairly inde- 
pendent of distance from the Sun since both the electron density and the photoemission 
current vary inversely with the square of the distance from the Sun (Parthasarathy 1978). 
Thus spacecraft, dust grains and the front sides of objects like the Moon which are 
exposed to the solar wind all have similar equilibrium potentials. However, surfaces 
which are shielded from sunlight and from solar-wind ions such as the dark sides of the 
Moon, asteroids or comets may attain large negative potentials as was mentioned in 54.2 
(e.g. Knott 1973, Parker 1978). Solar-wind electrons can still reach these surfaces, but 
the equilibrium potential will depend critically on the mechanism for positive currents. 
Mechanisms which have been discussed for the Moon are secondary electrons coming 
from the surface, and ions coming from ionisation of the lunar atmosphere and 
subsequent acceleration to the surface (Manka 1972, Manka and Michel 1973, Lindeman 
et al 1973). 

The potentials of spacecraft near other planets have been discussed by a few authors. 
Robinson and Holman (1977) modelled the charging of the Pioneer Venus Orbiter and 
calculated potentials of less than a volt. However, very large negative potentials may 
occur on spacecraft in the magnetospheres of Jupiter and Saturn. Scarf (1975) pointed 
out that if the cold plasma had low densities, potentials could perhaps reach hundreds 
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of kV. Goldstein and Divine (1977) and Sanders and Inouye (1978) also predicted poten- 
tials as large as tens of kV near Jupiter, especially for shadowed surfaces. 

The problem of grain potentials in interstellar space was the initial impetus for work 
on charging (see 92.1). Most of the work on charging in astrophysical regimes other 
than the solar system has focused on interstellar grains. Summaries of earlier work are 
contained in papers by Aannestad and Purcell(1973), Wesson (1974) and Mendis (1979). 
Almost all the predictions are of potentials of a few volts, with the polarity depending on 
the relative contributions of particle collection from the interstellar plasma as against 
photoemission and, in some regimes, secondary electron emission. Feuerbacher et a1 
(1973) balanced photoemission against ion and electron collection, using different radia- 
tion fields with two different grain materials for calculating the photoemission current. 
In H I regions they used a diluted 104 K black-body spectrum and a spectrum derived 
by Habing (1968) which was rather flat between 912 and 2400 A. They give plots of the 
equilibrium potential against the ambient electron density with different plasma tempera- 
tures as a parameter. The potentials are positive at low plasma densities, with the low- 
yield material (graphite) going through zero at about 10-2 cm-3 for the spectrum of Habing 
and at about 10-3 cm-3 for the black-body spectrum. Potentials for the higher yield 
material (aluminium oxide) go through zero at electron densities about an order of 
magnitude larger. Figure 13 shows their results for an H II region using a BO star for the 
source of the radiation field. The potentials are given as a function of electron density 
or as a function of distance from the exciting star for an electron density of 10 cm-3. 

Hayakawa (1976) suggested that high-speed grains expelled from cool stars might go 
to +40 V because of secondary electron emission by ion impact. Burke and Silk (1974) 
and Draine and Salpeter (1979) calculated potentials for grains in hot interstellar gas 
taking into account the additional processes of secondary emission, field emission and 

Figure 13. Equilibrium potential of interstellar grains in an H 11 region at 10 pc from the exciting BO 
star (Feuerbacher et aI 1973). The scale at the top shows the potential as a function of the 
distance from the exciting star for a constant electron density of 10 cm-3. 
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penetration of fast particles through the grains. They found that positive potentials are 
likely in hot gases because of secondary emission. Gail and Sedlniayr (1975) and also 
Simons (1976a, b) discussed the statistics of charges on grains due to the discreteness of 
the elementary charge. For small grains where the equilibrium potential corresponds to 
only a few elementary charges, there will be a distribution of charges centred at the 
equilibrium charge for otherwise identical grains. For very small grains the image force 
of charged particles near a grain may have to be taken into account in the charging 
process (De 1974, Simpson et a1 1978). 

6. Differential charging, potential barriers and discharge processes 

6.1. Efects of diferential potentials 

Early work on differential potentials on spacecraft surfaces was prompted by concerns 
over effects of such potentials on spacecraft experiments. Whipple and Parker (1969a, b) 
showed that drawing-in potentials used on aperture grids and guard electrodes of electron- 
trap experiments could attract photoelectrons and secondary electrons into the collectors 
even when the spacecraft itself was at a negative potential. The potential distribution in 
the vicinity of the aperture formed a potential barrier that prevented such secondary 
electrons from escaping from the spacecraft. Anomalously high electron densities that 
had been inferred from experiments in the solar wind, and more recently near Jupiter 
(Grard et al 1977), were shown to be caused by the collection of spacecraft-emitted 
electrons. 

Several authors discussed the effects of differentially charged insulators on electric- 
field experiments on spacecraft. The probe inethod of measuring electric fields uses two 
separated probes where each comes to an equilibrium floating potential with respect to 
the local plasma. The difference in the floating potentials is proportional to the electric 
field. A high degree of symmetry is required in the potential distribution around the 
spacecraft to ensure that the charging currents to each probe are identical. Soop (1972, 
1973) showed that exposed insulators could charge differently than the spacecraft and 
produce large asymmetries in the potential distribution. Cauffman (1973a) and Cauffman 
and Maynard (1974) showed that photoelectron space charge in the photosheath could 
also produce asymmetric potential distributions. However, a dielectric surface emitting 
electrons uniformly tends to be an equipotential as if the surface were conducting, 
because of the transverse motion of the electrons (e.g. De 1979). 

Fahleson (1973) predicted that a spacecraft with an insulating surface which charges 
to a highly negative potential on the dark side will have a potential barrier produced 
adjacent to the sunlit side. This will prevent photoelectrons from escaping from the 
sunlit side with the consequence that the whole spacecraft will come to a more negative 
potential than it would have otherwise. This effect has been confirmed by detailed current 
balance calculations (e.g. Maiidel et a1 1978) and observed on the ATS-6 satellite (see 
below). Besse and Rubin (1980) have shown that a simple analytic model for the potential 
distribution consisting of monopole and dipole terms can be used for analysing charging 
effects when a potential barrier is involved. 

6.2. Observations implying differential charging 

Observations of differential charging on spacecraft have almost all been indirect because 
of the difficulty of measuring directly the potential of an insulating surface. However, 



Potentials of surfaces in space 1229 

there have been experiments on the SCATHA spacecraft which measured directly the 
electric field due to charges on a dielectric surface (Mizera et a1 1979). DeForest (1973) 
inferred differential potentials of several kV on ATS-5 froin modulations of ion counts 
by the satellite spin. Fredricks and Scarf (1973) performed a detailed analysis on 
anomalies observed on a number of synchronous-orbit satellites. The flight data, together 
with laboratory simulations, led to the conclusion that portions of the spacecraft sur- 
faces charged to many kV negative during magnetic substorms and that these surfaces 
were frequently discharged by arcs or coronas. Scarf et a1 (1974) detected noise in wave 
experiments on Imp 7 that was associated with the rotation of the sixteen-sided, insulated 
spacecraft. As each side rotated into shadow or sunlight, there were current transients 
producing fluctuating magnetic fields. Modulation of the sheath was also detected by 
the electric dipole antenna. Cauffman (1 973b) found a correlation between spacecraft 
anomalies and geophysical parameters, and Cauffman and Shaw (1975) proposed a 
simple coupling model to explain the response of electronic circuits to electric discharges 
on a satellite. Shaw et al(1976) flew an experiment on a satellite in synchronous orbit 
to study differential charging and to detect dielectric breakdown. Two kinds of dis- 
charges were observed: one was spin-synchronous and the other occurred near local 
midnight during magnetic substorms. 

Considerable data on differential charging have been obtained from the ATS-6 space- 
craft. Frequently, low-energy electrons detected at a few eV were photoelectrons and/or 
secondary electrons coming from the spacecraft surface. Figure 14 from Whipple 
(1976a) shows a typical electron distribution function with a transition energy at about 
40 eV between the photoelectrons and plasma electrons, which implies the existence of 
a potential barrier of about 40V about the spacecraft. It was shown that a potential 
barrier as high as tens of volts could not be explained as a space charge effect, a mechanism 
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Figure 14. Electron velocity distribution plotted against energy showing photoelectrons returned to the 
spacecraft by a potential barrier (Whipple 1976a). A, Tg4.9 eV, nz 10 cm-3 if source is 
spacecraft, 610 cm-3 if ambient. B, T=65 eV, n 1 0 . 2  ~ m - ~ .  
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suggested earlier by others (e.g. Guernsey and Fu 1970, Fu 1971, Tunaley and Jones 1973) 
but must instead be caused by differential charging (Whipple 1976b). 

Figure 15 (plate) is a particle spectrogram from ATS-6 showing both ion and electron 
data for a period of 2 h on 8 September 1974. The energy scale is on the vertical axis with 
zero in the middle; the intensity of the shading is a measure of the particle count rate, 
with high count rates white and low count rates dark. The spacecraft is in eclipse from 
5 : 57 to 6 :31, and during this time the spacecraft potential goes as high as -8 kV, as 
can be seen by the absence of ions with energies below about 8 keV. The intense band of 
electrons below about 60 eV after eclipse is exited is made up of photoelectrons reflected 
back to the satellite from a potential barrier. The modulation of the top of this band of 
electrons is caused by the rotation of the detector. It can see higher-energy photoelectrons 
when looking tangential to the spacecraft surface than when looking perpendicular. 
The potential distribution after the eclipse when the main body was at about -80 V 
was obtained by Olsen et aZ(1981) from a solution of Laplace’s equation. They found 
that a potential of about -300 V on the large, shadowed, dielectric antenna would 
produce a potential barrier of 60 V for electrons, as shown in figure 16. 

6.3. Discharge processes 

The occurrence of anomalies in the behaviour of spacecraft systems has led to laboratory 
investigations of discharge processes of materials in a vacuum. The studies involve 
irradiation of typical spacecraft materials with energetic electrons and measurements of 
the discharge properties. A brief description is given here of the current understanding 
of the discharge process; the interested reader is referred to papers in the proceedings 
of the three spacecraft charging technology conferences (Pike and Love11 1977, Finke 
and Pike 1979, Pike and Stevens 1981). The discharge process is complicated and not 
yet well understood because of its dependence on material properties, especially on 
microscopic imperfections such as cracks, holes, etc, and on the macroscopic configura- 
tion such as grounding arrangements and proximity of other materials, etc. 

The physical picture of what happens in a discharge is that incident electrons pene- 
trate a dielectric material, forming a space charge layer at a depth of the order of microns 
below the surface. As the electric field within the material increases, a critical value is 
eventually reached where breakdown of the material occurs accompanied by material 
vaporisation and ionisation. A discharge is initiated which propagates across the surface 
or through the material, removing the bound charge and capturing it into the discharge. 
Discharges frequently seem to originate in holes, cracks, seams, or at the edges of material 
where presumably the electrical stress is larger. Meulenberg (1976) has suggested a 
bilayer mechanism for some discharges where the negative space charge layer at a depth 
of microns is accompanied by a positive layer nearer the surface at a depth of some tens 
of Bngstroms due to secondary electron emission or photoemission. If the bulk resistivity 
of the material is sufficiently high, there can be breakdown initiated within the bilayer. 
Yadlowsky et aZ(1979) have shown that if the edges of the material are shielded from the 
incident electron fluxes, the breakdown electric field can be much higher. Under these 
conditions a puncture discharge can occur through the material with the entire sample 
surface discharged by lateral currents flowing beneath the surface. 

Discharges can also occur from metal to metal, metal to dielectric, dielectric to metal 
and dielectric to space (Hoffmaster and Sellen 1976, Inouye and Sellen 1978). A mechan- 
ism for this latter charge blowoff phenomenon has been suggested by Leadon and 
Wilkenfeld (1979) involving the effect of the V x  B force on electrons moving towards a 
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Figure 15. Spectrogram of ATS-6 particle data for 8 September 1974. The spacecraft potential is indi- 
cated by the absence of ions (dark regions) below a threshold energy where the count rate 
rises abruptly (bright areas). The spacecraft is in eclipse from 5:57 to  6:31. Note that the 
energy scale increases upwards for electrons and downwards for ions. 
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Figure 16. Potential contours from a solution of the Laplace equation for a model of the ATS-6 space- 
craft, with boundary conditions of - 80 V on the box representing the experiment module 
and -300 V on the dielectric antenna plate. A saddle point is formed over the box at - 138 V 
representing a potential barrier for electrons with energies less than 58 eV (Olsen et a1 1981). 

punchthrough or flashover point. Irradiation by ultraviolet light can drain off charges 
by photoconduction and thus reduce the frequency of discharges, but it may also trigger 
discharges by removing surface electrons through photoemission and enhancing the 
bilayer electric field (Meulenberg 1976). A study of breakdown on second-surface 
mirrors found discharge pulse risetimes of 0.02 ps and pulse lengths of 1 ps (Adamo 
and Nanevicz 1976). Low potentials on very thin surface films can lead to ‘Malter’ 
breakdown where the small potential drop across layers such as optical coatings or 
oxide layers leads to large electric fields. The breakdown results in light scintillations 
and radio noise (Malter 1936, Nanevicz and Adamo 1976). 

Comparatively large surface areas of dielectrics can be cleaned off in a single dis- 
charge. If the surface gradient is large enough, an avalanche can occur caused by 
secondary electron multiplication leading to a propagating discharge wave (Inouye and 
Sellen 1978). Balmain (1979, 1980) has shown that there are scaling laws relating the 
characteristics of a discharge to the surface area that is discharged. The scaling laws can 
be explained by a discharge propagating at a constant velocity which in Balmain’s 
experiments was of the order of 3 x 105 m s-1. For a given surface charge density, 
o=dQ/dA, the current increases linearly with time: I= odA/dt = ouzt. The peak current 
is proportional to the pulse length ~ = r / v ,  where A is the area, r is the linear dimension 
of the surface and v is the propagation velocity. Thus both the peak current and the 
pulse length scale as A112, whereas the charge that is cleared scales as A and the energy 
released scales as A312, Peak currents exceeding 100A have been observed in some 
laboratory discharge experiments (Inouye and Sellen 1978). The discharge does not 
propagate uniformly through the material but rather through filamentary tracks which 
leave a network of damage tunnels and cracks in what is known as a Lichtenberg pattern. 

7. Measurements of potential 

7.1. How potentials are measured 
Spacecraft potentials are for the most part inferred from their effect on data obtained 
with charged-particle measurements. Both spherical and cylindrical Langmuir probes 
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have been flown on a great number of spacecraft to obtain ioii and electron densities 
and temperatures and also ion mass (e.g. Brace et al 1973). The spacecraft potential is 
inferred from the shift of the current-voltage curve along the voltage axis. As the poten- 
tial on the probe with respect to the plasma goes through zero, there is an inflection point 
in the curve as can be seen from equations (3.2) and (3.3). Bowen et aZ(l964) suggested 
an electronic implementation of Druyvesteyn's analysis (1930) where the second derivative 
of the current-voltage curve shows a sharp spike at the probe voltage corresponding to 
zero volts with respect to the plasma. This method was used on Ariel 1 (Samir and 
Willmore 1966) and also on rocket flights (Bering et al 1973). 

Both spherical ion and electron traps (e.g. Gringauz 1963, Sagalyn and Burke 1977) 
and planar retarding potential analysers (e.g. Knudsen 1966, Hanson et aZl970, Whipple 
et aZl974) have been flown on a number of spacecraft. Most of these instruments make 
use of the streaming velocity of the ions in the spacecraft reference frame to infer the 
vehicle potential from the retarding potential that it takes to cut off the ion current. 
Thus in the ionosphere where O+ is the dominant ion, the orbital velocity of the space- 
craft gives the ion a kinetic energy of about 5 eV. The shift from 5 V of the retarding 
potential that it takes to cut off the ion current is then a measure of the spacecraft poten- 
tial. The angle of attack of the instrument, the thermal spread in ion velocities, and in 
some cases the effect of ionospheric winds also have to be considered (Hanson and 
Heelis 1975). 

Differential techniques essentially measure the velocity distribution function of the 
particles for a given energy and direction. The shift of the distribution functions in 
energy is one way of inferring the vehicle potential. In addition, there will be no attracted 
particles present at the spacecraft from the plasma at energies below the potential energy 
through which the particles have fallen. Both of these effects can be seen in figure 17, 

E I k e V )  

Figure 17. Phase space density of particles before and during eclipse showing the effects of charging to 
-4.2 kV in eclipse (DeForest 1972). 0, pre-eclipse; x , eclipse. 
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taken froin DeForest (1972), where he first reported large spacecraft potentials of several 
kV at synchronous orbit. As the spacecraft entered eclipse the spacecraft potential 
shifted 4.2 kV negative, and the ion and electron spectra shifted by this amount in 
opposite directions. There are no ions present with energies below 4.2 keV during 
eclipse; the large spike of ions just above this energy is caused by the acceleration of all 
low-energy ions into the first energy channel of the analyser above 4.2 keV. 

Although positive spacecraft potentials can in principle be inferred through the 
absence of plasma electrons below an energy equivalent to the spacecraft potential, in 
practice this is difficult because of the presence of photoelectrons and secondary electrons 
at low energies. At times the difference in spectral shape between plasma electrons and 
spacecraft-emitted electrons can be used to distinguish between them (e.g. Fahleson 
1973, Rosenbauer 1973), but care must be taken that differential charging and potential 
barriers are not present which can lead to incorrect inferences of the spacecraft potential. 
Deliberate emission of charged particles by devices such as plasma generators, ion or 
electron accelerators, or through thermal electron emission can also be used to measure 
vehicle potentials by detecting the energy it takes for particles to escape. 

Changes in spacecraft potential can sometimes be measured by detecting the change 
in potential difference between a floating probe, such as an electric-field antenna, and 
the spacecraft. This technique has been used during experiments where ion or electron 
beams were emitted in order to deliberately change the spacecraft potential (e.g. Cohen 
1981). 

7.2. Measurements of spacecraft potential 

The predictions of satellite potential in the ionosphere were of negative values of the 
order of a few times the equivalent electron temperature. The first satellite results were 
from Sputnik 3 indicating potentials from -2 to - 6 V depending upon altitude and 
position in orbit (Krasovskii 1958, Gringauz et a1 1961). These relatively large negative 
potentials led to speculation that the electron temperature in the ionosphere could be 
as large as 1 or 2 eV (i.e. 1 or 2 x 104 K). Such large electron temperatures did not seem 
compatible with accepted ideas of the formation and structure of the ionosphere or with 
radio measurements which indicated electron temperatures of at most only a few tenths 
of an eV. 

This discrepancy began to be resolved when the Explorer 8 satellite was launched in 
1960, carrying a number of experiments for evaluating the various charging currents to 
the spacecraft and for measuring the equilibrium potential. Negative potentials of a 
few tenths of a volt were obtained, in reasonable agreement with predicted values (Brundin 
1963, Whipple 1965). As other measurements of potential came in from other spacecraft 
over the next few years, it became apparent that the potentials fell into three classes: 
large negative potentials of up to a few tens of volts; ‘normal’ potentials of a few tenths 
of a volt negative for spacecraft in the ionosphere; and positive potentials of a few 
volts observed for the most part on spacecraft that went to great distances from the 
Earth into the outer magnetosphere or into the solar wind. A number of these measure- 
ments are shown in table 3. Most satellites with large negative potentials turned out to 
have either long antennae or surfaces with positive potentials exposed to the plasma, such 
as solar arrays. These surfaces acted as electron collecting electrodes either because of 
the positive potential or because of the induction effect described by Beard and Johnson 
(1960) in the long antennae. The large electron currents to these surfaces drove the space- 
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craft to a more negative potential than it would have otherwise attained. The positive 
values at the higher altitudes were a result of the effects of photoemission. 

Potentials as high as several tens of volts negative have been reported for spacecraft 
in the ionosphere as they go through the auroral zones (Knudsen and Sharp 1967, 
Sagalyn and Burke 1977). These potentials were undoubtedly caused by large fluxes of 
energetic electrons coming down magnetic-field lines during times of auroral activity. 
Parks and Katz (1981) have pointed out that large spacecraft in such environments might 
charge to very large potentials because the electron current must be balanced by the ion 
ram current which increases very slowly with spacecraft potential due to the small ratio 
of Debye length to body size. 

In addition to the high negative spacecraft potentials of several kV reported by 
DeForest (1972, 1973) for ATS-5 at synchronous altitude in the magnetosphere, large 
potentials have also been observed on ATS-6 in both eclipse conditions and in sunlight 
(Johnson et all978, Garrett and DeForest 1979). Figure 18 (plate) from Qlsen and Purvis 
(1981) shows in spectrogram format the record potential of - 19 kV which was observed 
on ATS-6 on 8 October 1975. There have been a great number of satellites stationed in 
geosynchronous orbits but only a few of these have had instrumentation for measuring 
spacecraft potentials. The SCATHA spacecraft has observed potentials as large as 
-8 kV during eclipse, but the European spacecraft GEOS 2 observed a maximum 
potential of only - 1.5 kV. The difference in behaviour between GEOS 2 and the ATS 
and SCATHA spacecraft is quite likely due to the efiort spent to ensure electromagnetic 
cleanliness on GEOS. 

Cauffman (1974) reported positive potentials of more than 15 V on IMP 6 during 
injections of energetic electrons into the magnetosphere during substorms and attributed 
this to differences in photoemission and secondary electron emission properties of the 
spacecraft surface materials. Montgomery et al (1973) reported potentials as high as 
+ 70 V on Vela 5 and Vela 6 in the Earth’s magnetotail, but it is possible that these were 
actually observations of potential barriers due to differential charging. 

Qgilvie et al (1977) observed positive potentials as large as 1OOV on Mariner 10 
during encounters with the planet Mercury, particularly as the spacecraft went through 
the polsr regions where the plasma fluxes were low. Unusual potentials have not been 
reported on spacecraft missions to Mars or Venus. Scarf (1976) has inferred charging 
of the Pioneer spacecraft in Jupiter’s magnetosphere through interference phenomena 
observed with plasma wave detectors, but as yet there have been no definite measurements 
of potentials reported for these spacecraft in the magnetospheres of either Jupiter or 
Saturn although high potentials are likely (however, see Scudder et a1 1981). 

8. Potential modification and control on spacecraft 
8.1. Reasons for  potential inodiJication and control 
The initial stimulus for investigating methods for changing and eventually controlling 
spacecraft potentials was the interfering effect of spacecraft charge on low-energy particle 
and electric-field experiments. It proved especially difficult to obtain reliable measure- 
ments of low-energy particles in the Earth’s magnetosphere and it is only quite recently 
that detailed information on the ‘thermal’ population, i.e. particles at or below a few 
eV, has begun to emerge (e.g. Decreau et a1 1978, Chappell et ai 1980). These recent 
advances have been made largely because of the recognition of spacecraft charging 
effects and the implementation of charging control measures, especially by European 
groups in the construction of the GEOS 1 and 2 and ISEE spacecraft. Only the ability 
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to maintain the spacecraft potential very close to zero volts, or the use of means to swing 
the potential artificially a few volts during quiet conditions, has made possible the 
detection of certain low-energy populations (Wrenn et a1 1979a, Olsen 1980). 

Another stimulus for controlling spacecraft potentials was the use of electron beams 
on space vehicles for experimental purposes such as the generation of artificial aurorae, 
magnetic conjugate studies and plasma physics investigations. Ejection of the electron 
beam tends to drive the vehicle positive and thus reduce the energy of the beam electrons 
and perhaps prevent their escape. Successful experiments require a neutralising return 
current of electrons (or emission of positive charge) to keep the vehicle potential near 
zero. Thus the rocket carrying the first electron beam experiment had a large aluminised 
Mylar foil for collecting returning electrons. In spite of a partial failure of the deploy- 
ment system, there was no evidence of large potentials on the rocket because of large 
fluxes of heated electrons from the ionosphere to the rocket body and partially deployed 
foil (Hess et a1 1971). A number of other groups have since carried out similar experi- 
ments. This work has been recently reviewed by Winckler (1980) (see also Jacobson and 
Maynard 1980, Arnoldy and Winkler 1981) who has an extensive discussion of the 
neutralisation process at ionospheric altitudes. The vehicle, emitted beam, return 
currents and the ambient magnetic plasma medium must be considered as an interacting 
system. There is a beam-plasma ‘discharge’ which produces large numbers of heated 
electrons in the vicinity of the spacecraft by a variety of processes, probably including 
collisional ionisation of the ambient and vehicle-produced neutral gases, secondary 
electron production, and the effects of waves and instabilities excited in the surrounding 
plasma. 

The third incentive for development of spacecraft potential control techniques was 
the occurrence of spacecraft system anomalies associated with charging events. There 
are basically two approaches: the first involves passive techniques such as the develop- 
ment of special surface materials and an emphasis on ‘electrostatic cleanliness’ where the 
exposure of insulators on the surface is minimised; and secondly, active techniques 
involving the use of charged-particle emitters to change the total charge and its 
distribution on the spacecraft. 

8.2. Passive methods 

Recognition of possible harmful effects of charging has led to the concept of requiring 
‘electrostatic cleanliness’ for spacecraft. Ideally, one would like to have complete 
elimination of exposed insulating materials and common grounding of the exposed 
conducting surfaces so that differential charging is not present. In practice, complete 
elimination of insulators is not possible because of the need for isolated elements such as 
antennae, particle collectors, etc. Consequently, a set of criteria has evolved which 
specify the conductivity of exposed surfaces and the magnitude of allowed potential differ- 
ences between spacecraft elements based on the particular mission. These specifications 
were originally developed during the design phases of the ISEE and GEOS spacecraft 
and appear to have been quite effective; the most negative potential reached by GEOS 2 
was - 1500 V in eclipse which is much less than potentials reached by ATS-5 and ATS-6 
(Wrenn 1979, Wrenn et a1 1979b). 

The need for conducting surfaces on spacecraft has stimulated a large research effort 
in both measuring the properties of typical surface materials as well as the development 
of new materials. The use of selected materials with high secondary electron emission 
yields has been proposed to help avoid high negative equilibrium potentials (Knott 
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1972, Rubin et aZ 1978). The desired electrical properties of high secondary and photo- 
emission yields and good conductivity are frequently incompatible with other desired 
surface properties such as low thermal conductivity or good optical transparency. Lehn 
(1977) has reviewed some of the recent development of special materials such as conductive 
polymers, paints, transparent films and coatings as well as fabric interweaves. 

The occurrence of anomalies on spacecraft can be minimised by appropriate protective 
measures, such as electrostatic shielding, redundant or hardened components for sensi- 
tive circuits, and proper grounding techniques. Reiff et a1 (1979) and Parker and Oran 
(1979) suggested that large structures in space such as solar power satellites might be 
protected from energetic charged particles by magnetic shielding, similar to the way in 
which ‘Spacecraft Earth’ is protected from the hazards of cosmic rays. Grard (1975, 
1976) has suggested that negative potentials can be limited by means of a field emission 
probe consisting of sharp-pointed filaments electrically connected to the spacecraft. 

8.3. Active methods 

Other ways of modifying the current balance to a rocket or satellite are to artificially 
enhance the ambient fluxes or generate new currents between the vehicle and the plasma. 
Charging currents can be influenced by the appropriate biasing of exposed surfaces or 
the emission of neutral gas which is subsequently ionised (e.g. Israelson and Winckler 
1979). However, the most obvious method for actively controlling spacecraft potentials 
is through the emission of charged particles by means of accelerators or plasma emission 
devices. It might be thought that emission of electrons would be a simple but effective 
means of reducing large negative potentials, but emission of only electrons can be more 
hazardous than helpful. The ejection of electrons can create large potential differences 
between insulators which retain their previous charge and the spacecraft ground, which 
is suddenly changed to a more positive potential. This actually happened on the SCATHA 
spacecraft, resulting in a partial failure of one of the particle experiments during opera- 
tion of the electron beam experiment (Cohen 1981). Arcing was detected by pulse moni- 
tors and there were also transient problems in the telemetry system. A similar effect 
could occur on the proposed Shuttle orbiter (Liemohn 1976, 1977). 

There have only been a few experiments involving charged-particle emission where 
modification of the spacecraft potential was the primary aim. Almost all of the iono- 
spheric experiments involving electron beams (Winckler 1980) were carrying out environ- 
mental investigations and the vehicle charging effects were incidental. However, Cohen 
et aZ(1979a, b) emitted both positive ions and electrons from an ionospheric rocket and 
charged the vehicle to 1 kV during the emission of 400 A of 2 keV positive xenon ions. 
The potential varied with altitude in a manner suggesting dependence on the ambient 
plasma density but independent of neutral density and vehicle orientation. 

Experiments aimed at  modifying vehicle potentials in the magnetosphere have been 
carried out on ISEE 1, ATS-5 and ATS-6, and the SCATHA spacecraft. In none of these 
experiments was there any evidence for the kind of beam-plasma discharge which charac- 
terised electron emission experiments in the ionosphere. The difference must be ascribed 
to the very low plasma and neutral densities in the environment at  magnetospheric 
altitudes compared to the ionosphere. The ISEE 1 experiment (Gonfalone et a1 1979) 
used electron guns capable of emitting currents between 10-8 and 10-3 A at energies 
from about 0.6 to 41 eV. They were able to stabilise the vehicle potential at  a value more 
positive than the normally positive floating potential and were also able to reduce the 
spin modulation of the spacecraft potential. 
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The ATS-5 and ATS-6 investigations were carried out with experimental caesium ion 
thrusters on the spacecraft. Each thruster had a separate electron emitter for neutralising 
the ion beam, consisting of either a hot wire filament (ATS-5) or a low-energy plasma 
generator (ATS-6). Operation of the ATS-5 electron emitter reduced the magnitude of 
large negative potentials in eclipse but rarely discharged the spacecraft completely 
(Bartlett et al 1975, Goldstein and DeForest 1976). Olsen (1980) showed that at equilib- 
rium less than 1 % of the emitted electron current was escaping the spacecraft because 
differential potentials of the order of 100 V developed on dielectric surfaces (e.g. solar 
cells) creating potential barriers. 

Slow charging and discharging rates sometimes observed on both ATS-5 and ATS-6 
during beam operations were explained by Purvis (1980) and Olsen (1980) as a result of 
differential charging of dielectrics with high capacitances. The ATS-6 plasma emitter 
and ion engine were both able to discharge large negative potentials (Goldstein and 
DeForest 1976, Purvis et al 1977, Bartlett and Purvis 1979), but the plasma neutraliser 
was only able to reduce differential charging and not eliminate it. It proved possible to 
use the thruster in active environments to hold the spacecraft to about - 5 V (determined 
by the beam to spacecraft bias) and to prevent charging of the dielectric surfaces. The 
ATS-5 and ATS-6 experiments have been reviewed by Purvis and Bartlett (1980). 

Preliminary results from the SCATHA emitter experiments (Cohen 198 1) indicate 
that it has been possible to discharge large negative potentials and also charge the vehicle 
to either positive or negative potentials by an appropriate combination of ion and/or 
electron beam currents and energies. 

Active potential control systems have been suggested for interplanetary spacecraft 
(Kawashima 1972) and for spacecraft in Jupiter’s magnetosphere (Beattie and Goldstein 
1977) but no schemes have yet been implemented. 

9. Astrophysical applications 

9.1. Interplanetary and magnetospheric dust 

Some of the consequences of electrostatic charging of astrophysical bodies have been 
touched on in the previous sections. In this section, a brief survey is made of observations 
and inferences of astrophysical charging effects, beginning with work in the solar system. 
Mendis (1981) has recently reviewed the role of electrostatic charging of small and inter- 
mediate sized bodies in the solar system (see also Brownlee 1979). 

The charging of dust grains in the solar system affects both the motion of grains 
through electromagnetic forces and their size through electrostatic disruption. Dust 
grains in the solar wind charge to about + 10 V and are subject to the polarisation electric 
field of the solar wind and the Lorentz force (Parker 1964, Parthasarathy 1978). (These 
forces can be combined into the expression: q ( u -  V )  x B, where V is the solar-wind 
velocity and U is the grain velocity.) Changes in the direction of B due to the solar-wind 
sector structure of the interplanetary field lead to velocity perturbations, and variations 
in the size of sectors lead to a diffusive or random-walk motion of the grains and a spread 
in their orbital parameters (Consalmagno 1979, Hughes 1980). Morfill and Grun (1979a) 
find that these stochastic variations tend to shift the plane of symmetry of the zodiacal 
dust cloud toward the solar magnetic equator inside 1 AU, whereas outside 10 AU there 
is no such systematic effect. Inside about 0.3 AU there can be resonant orbits where the 
orbital period is comparable to twice the solar rotation period, and consequently rapid 
changes in the dust grain orbits are possible. These authors also show (Morfill and 
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Grun 1979b) that interstellar grains can penetrate deep into the solar system only if they 
are bigger than 0.1 pin, and even then their penetration depends on their latitude and the 
direction of the magnetic field. 

The motion of charged dust grains in planetary magnetospheres has been discussed 
by Mendis and Axford (1974)’ Hill and Mendis (1979, 1980), Morfill et aZ (1980a) and 
Consalmagno (1980). Within the region of the magnetosphere where the plasma is 
co-rotating, the plasma polarisation electric field induced by the co-rotation must be taken 
into account. The sense of the co-rotation electric field at Jupiter and Saturn is such as to 
attract negatively charged grains, whereas at Earth the field is repulsive. I-Iill and 
Mendis (1980) computed the orbits of grains injected into Jupiter’s magnetosphere and 
found that the grains could be trapped into stable orbits at  about 2 Jovian radii. The 
long charging times for the grains meant that the potentials had to be calculated as a 
function of time. The calculated dust distribution seems to be in reasonable agreement 
with the thin dust ring observed by the Voyager 1 spacecraft (Smith et a1 1979) and the 
enhanced dust flux observed by Pioneer 10 (Humes et a1 1975). Johnson et a1 (1980) 
and Morfill et a1 (1980 b, c) argue that Jupiter’s satellite Io may also be a source of 
charged dust. Hill and Mendis (1979) have suggested that the brightness asymmetries 
of Jupiter’s Galilean satellites might be explained by the impact geometries of charged 
micrometeoroids on their surfaces. 

Fechtig et aZ(l979) observed ‘bursts’ of micrometeoroids within 10 Earth radii from 
the HEOS 2 spacecraft. They classified the bursts into ‘swarms’ and ‘groups’ according 
to the time between events. Groups had intervals less than 6.5 hand duration from 50 min 
to 13 h and were thought to  be particles ejected from the lunar surface by meteorite 
impact. Swarms had intervals less than 10 min and duration less than 40 min and were 
believed to be caused by electrostatic disruption as the parent bodies went through the 
hot plasma in the auroral regions of the Earth’s magnetosphere. I t  is not likely that large 
bodies (> 102 g) can be disrupted in this way, but smaller bodies (< 10 g) with low tensile 
strength such as very loose dust balls ( F ~ E  103 dyn cm-2, see equation (3.22)) could be 
disrupted by potentials of a few hundred V. Such disruption probably also occurs in the 
magnetospheres of Jupiter and Satum. 

The very recent Voyager 1 encounter with Saturn produced intriguing observations 
of Saturn’s rings indicating possible electrostatic charging effects on smaller dust particles. 
The outer F ring was observed to have a wavy, braided configuration. ‘Spokes’ were 
observed in the B ring primarily below synchronous altitude and appeared to be triggered 
by some mechanism on the midnight side of Saturn. The observations in forward and 
back-scattered sunlight indicated that the F ring and spokes were both composed of 
micron-sized grains. If there were sudden charging on the midnight side of Saturn, as 
there ig at Earth, then the additional force due to the combined co-rotation electric field 
and Eorentz force increases strongly inwards from synchronous orbit. Hill and Mendis 
(1981) suggest that the F ring configuration could be due to the Lorentz force imparting 
a gyro-motion to the grains causing an oscillation back and forth about a circular orbit. 
Additional evidence for charging in the rings was the observation of radio noise by the 
Voyager 1 radio astronomy experiment at frequencies too low to have originated at 
Saturn’s surface and penetrated Saturn’s ionosphere (Warwick et a1 198 1). 

Ip (1979, 1980) has shown that particles in the rings of Saturn are an important loss 
mechanism for Hf and an important source for H. The rings of both Jupiter and Saturn 
were observed by the Pioneer spacecraft through their depletion effects on energetic 
charged particles (Fillius et a1 1975, 1980)’ and Morfill et aZ(198Od) have suggested that 
the dust in Jupiter’s magnetosphere significantly depletes the Jovian plasma. 



1240 E C Whipple 

9.2. The lunar surface 
Early ideas that charging could lead to transport of lunar dust (see $2.1) have been 
confirmed by observations on the lunar surface (Gold and Williams 1973). Berg et a1 
(1974, 1975) reported enhancements by two orders of magnitude in dust impacts to the 
Lunar Ejecta and Meteorites Experiment at sunrise for detectors looking east and up, 
implying that particles were moving away from the terminator. They inferred that the 
impacts were due to slowly moving but highly charged lunar fines. The events clustered 
preferentially around sunrise but there was a peak at sunset as well. 

Criswell (1973) and Rennilson and Criswell (1974) described photographs from the 
Lunar Surveyor spacecraft showing a horizon glow following sunset which they suggested 
was due to light scattering from dust at altitudes between 3-30 cm above the lunar surface. 
They inferred a line-of-sight density of 50 cm-2 of 10 pm size particles in a temporary 
tenuous cloud above sharp sunlight/shadow boundaries. De and Criswell (1977) and 
Criswell and De (1977) have argued that there can be intense 'supercharging' in terminator 
regions as the areas of sunlit regions decrease, resulting in an intensification of local 
electric fields. However Gault et al(l970) argued that the horizon glow may be due to 
refraction rather than scattering by dust particles above the surface. The crew of Apollo 
17 saw streamers accompanying spacecraft sunrise at altitudes as high as 100 km above 
the lunar surface which McCoy and Criswell (1974) also interpreted as being caused by 
light scattering from lunar dust of 0.1 pm size. Rhee (1976) has discussed the electro- 
static disruption of lunar dust particles. Gold et aZ(l979) measured secondary electron 
emission characteristics of lunar soil samples and argued that the differing yield with 
depth may be evidence for deposition by electrostatic transport. 

The early estimates of lunar surface potentials of a few volts positive for the sunlit 
surface in the solar wind (see 52.1) were extended by Manka (1972, 1973). He calculated 
potentials as a function of solar zenith angle for various photoyields and obtained sub- 
solar values from 0 to about f 2 0  V. The potentials went to negative values at the ter- 
minator and on the dark side could be as negative as - 1800 V, depending on secondary 
emission yields and on the incident ion fluxes. He calculated ion fluxes based on ionisa- 
tion of mainly heavy atoms such as Ne, Ar and Kr in the lunar atmosphere and their 
subsequent acceleration to the surface. Fenner et al(l973) and Freeman et aZ(1973a, b) 
obtained potentials of about + 10 V for solar zenith angles between 25" and 45" from 
particle experiments on the Moon's surface while the Moon was in the solar wind and 
Earth's magnetosheath. The potentials were inferred from an analysis of the energy 
spectrum of ions from the lunar ionosphere. Goldstein (1974) inferred somewhat lower 
potentials for the subsolar point (from - 3 to + 5 V) based on observation of electrons. 
He suggested that the potential variation above the surface was not monotonic, but that 
there was a potential barrier for electrons of a few volts caused by the photoelectron space 
charge. Both Goldstein (1974) and Reasoner and Burke (1972, 1973) inferred somewhat 
higher photoelectron yields for the lunar surface material than had been obtained from 
laboratory measurements (Willis et a1 1973a, b). Reasoner and Burke (1972, 1973) found 
that the sunlit surface while the Moon was in the geomagnetic tail could be at a potential 
as high as + 200 V because of the low density of the plasma in this region. Lindeman et a1 
(1973) inferred a potential of -1OOV at the terminator, and Benson (1977) found 
potentials of about -50V in a region between 20"-30" from the terminator on the 
sunlit side. 

9.3. Other solar-system bodies 
Other bodies in the solar wind with little or no atmosphere of their own should have 
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surface potentials similar to the Moon’s. Mendis et al(l981) have suggested that water- 
dominated comets beyond 5 AU from the Sun will not have a protective atmosphere and 
thus may charge to potentials such that submicron dust particles could be electrostatically 
levitated and blown off the cometary surface. This might explain periodic dust outbursts 
which have been observed from some distant comets, since the potentials on the dark 
side of the comet would be modulated by the solar-wind speed. This mechanism could 
also provide a source of fine dust in the outer solar system. 

A spectacular example of a combination of electrostatic and induced electric fields may 
occur in the interaction of Jupiter’s satellite Io with Jupiter’s magnetic field. Decametric 
radio emissions from Jupiter are significantly modulated by the satellite Io. Gurnett 
(1972) suggested an interaction model where the V x  B electric field due to Io’s motion 
sets up a potential difference across Io and its ionosphere approaching 600 kV. This 
EMF drives currents in the circuit consisting of Io’s ionosphere, the flux tubes joining Io 
to Jupiter, and Jupiter’s ionosphere; the EMF also results in plasma sheaths between Io’s 
ionosphere and the plasma in Jupiter’s magnetosphere. The potential drop across the 
sheaths depends on the position about Io and can be of either polarity, resulting in 
acceleration of ions and electrons both to and from the satellite. These ideas were 
further developed by Shawhan et al(1973), Hubbard et al(l974) and Shawhan (1976). 
Nash (1979) suggested that variations with position in the surface conductivity of Io 
could strongly modulate these currents. 

9.4. Interstellar dust 

Watson (1972, 1973) has pointed out that photoemission from interstellar grains by 
galactic ultraviolet radiation can make a significant contribution to the heating of the 
interstellar gas. The rate of energy transfer from ultraviolet to gas kinetic energy depends 
on the grains’s charge and can be comparable to heating by cosmic rays or x-rays. 
Photoemission alone can maintain gas temperatures near 50 K in ‘standard’ H I clouds. 

The rate of growth and of coagulation of grains must depend upon their electric 
charge. This dependence has been considered by some workers (e.g. Salpeter and Watson 
1973, Simpson et al1979). A positive charge on grains will reduce the rate at which posi- 
tive ions will attach to grains. However, either polarity of charge may enhance sticking 
rates of neutral molecules because of polarisation effects. 

Several authors have speculated on the possibility of the acceleration of charged 
grains to very high velocities (Wickramasinghe 1972, 1974, Hayakawa 1976, Mendis and 
Wickramasinghe 1976). Grains expelled from cool stars at speeds of the order 108 cm s-l 
might be accelerated to relativistic velocities by scattering off irregularities in the inter- 
stellar magnetic field (Dasgupta 1978, 1979). Hayakawa (1972) suggested that cosmic- 
ray air showers might be due to such grains, but this was disputed by Berezinsky and 
Prilutsky (1973). 

Srnka and De (1978) noted that charge on a spinning grain gives a magnetic moment 
and internal magnetic field which may be larger than the external interstellar field. This 
could be important for aligning particles with the external magnetic field. 

Finally, dust grains can provide a recombination surface for ions and electrons in 
the interstellar plasma which, in certain regions, can be competitive with ordinary 
radiative recombination (Snow 1975, Weisheit and Upham 1978) or with disassociative 
recombination or charge exchange rates in molecular clouds (Oppenheimer and 
Dalgarno 1974, Elmegreen 1979). The dust grains in this process also act as a catalyst 
to convert positive ions into neutrals. 
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10. Conclusions 

The most significant result in this area of research in the last decade has undoubtedly 
been the discovery that large electrostatic potentials of the order of some tens of kV 
occur on objects in the solar system. The solar system is certainly not unique in this 
respect, nor is it a particularly exotic regime: there are regions with much hotter plasmas 
and with much larger magnetic fields. It is to be expected that the charging of objects 
in such regions will be correspondingly greater. 

Electrostatic charging is certainly more important for some astrophysical processes 
than has been previously thought. One of the most significant applications may be in 
the condensation and coagulation process involving the growth of grains in interstellar 
clouds. This appears to be an area ripe for further theoretical and perhaps laboratory 
work. 

The greatest deficiency at present is the lack of hard data on charging of natural objects 
such as dust grains. Direct measurement of charges on dust grains appears to be possible 
but no results have yet been reported. The development of additional observational tools 
is needed. The remote observation of discharges may be possible by means of light or 
radio noise detection. Active experiments should be considered, such as the release of 
dust in space followed by observation of its charging and motion, or artificial charging 
of dust on the lunar surface when lunar missions resume. 

The physical processes involved in charging seem to be fairly well understood, at 
least qualitatively. The discipline will be put on a firmer quantitative basis with the 
current research programme that has been initiated. One drawback to quantitative work 
is that theoretical calculations of sheath structure and its effect Q~I charging currents 
lean heavily on the use of large computer codes. It would be useful to have analytic 
approximations to some of the self-consistent numerical results, with quantities such as 
body size, Debye length, speed ratios, etc, entering as parameters. 

Finally, large spacecraft with dimensions of the order of km are under consideration 
for future missions in space. Large structures such as solar power satellites can be 
particularly vulnerable to charging. Surfaces with large potentials such as solar arrays 
may be exposed to the plasma; the V x B  induction effect increases with the size of a 
structure; both sunlight and magnetic shadowing effects are unavoidable. As a result 
we are seeing the development of a new engineering discipline : the electrical engineering 
of large systems in a plasma environment (Stevens 1980). A basic element in this 
discipline will be the physics of charging of surfaces in space. 
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