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. European Sgace Agency
Noordwijk, The Netherlands

Abstract

An glectron source such as a simple cathode is a cheap and ligii¢t device which
can serve several technological and scientific purposes in space:

(i) Eleetrostatic charging of a spacecraft can be limited by releasing eléctrons
aceumulated on the cbnductive elements of their surfacé, Clamping the reference
potential of Scientific ihstruments, such as particle detectors, can significantly
imprové their performance in a magnetospheric environment.

_ (i) The erosion of conductive coatings and the ability of cbnductive paints to
withstand the space environment can be evaluated by monitoring the flow of char red
particles impinging on their surface, that is, by dimply meéasuring the rate at
whieh ele¢trons are emitted from the cathode,

({i1) Measuring the current ¢olleeted by the spacedraft suviace a9 a function.
of its poténtial with respect to an emitter IS a very sénsitive fiagnostic technique
which can yleld a number of plasma parametérs, such as desity and temperature,

_ (i¥) It is possible to convert the thermal motion of sp4 :e plasmas into élec
trical energy by csliecting enéergetic electrbns and réturning them to the ried{um as
cbld partielés,” This contept may Find applications in the riagnetosphere of distant
plarists where solar cells are inefficient.

(v) A wave in a plasma is characterized by a conductitn ¢urrént density which
gives rise to fluctuations of the curreént Flowing to the surfaze, An itivestigation of
the fréquency spectrum of the cathode currerit wlll théréfors disclose the existence
of electromagnetic and electrostatic waves withotit using any antenna.
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1. INTRODUGTION

THhe potential of a body in space is defined by the current balaride of the charged
particles emitted and colléeted by its surface. 1In equilibrium the diftzrence be-
tween the hows of plasma electrons and lons equals the rate at which electrons
extracted from the surface by photb- and secondary emissions are escaping inty
the surrounding plasma.

When the randor flux of the plasma electrons is relatively large, the surface
develops a potential sufficiently negative to liinit the incoming low of th&se particles
and to make it equal to the combined contribution of the other spécies, The magni-
tude of this potential is then in direct proportion to the témperature of the ambient
electrons. Such conditions are ~ften met in dense or hot plasmas wiien surface
emisgion.cannot mateh the net flow of ambient particles. Ii planetary outer mag-
netospheres, the electron mean Kinetic erergy is so high that surface potentials of
the order of several.kilovolts are frequently enc¢ountered. This phenomenon,
commonly referred to as spacecraft charging, disturbs the particle population in
the surrounding plasma and is therefore a.Source of interferences for scientific
measurements. *

It has also been observed that different materials insulated from eaech other
do not reach the same floating potential. This differential chargifig gives rise tb
large electric fields between adjacent elements and cati cause dis¢harges which
are responsible for the degradation of ¢« ecraft materials and anomalies in the
behaviour of electronic subsystems, 2,3

This situation has led up sciencsts and engineers to compound their effort in
an attempt to understand and cbntrol these phénome'na.4 The basic remedies are
simple. The entire surface of the spacecraft must b& made conduetive it arder to
be equipotential and the negative charge accumulated on this bady must h& released
inth space through an electrbn emitter.

A number of materials, conductive coatings, and paints have been develuped
and qualified, and new testing procedures have been sét up to check the ability of
the spacecraft to withstand the magnetospheric environment.

This paper recapltulates the principled which govern the interaction of a space-
craft with its environment, 5 8 and reviews the various techniques which are avail-
able for controlling the electrostatie potential of a spacecraft. It is dérionstrated
that electron emitters are requistte to any seléntifle mission in a magnetospheric
erivironiment, in the vietnity bf Jupiter in particular, It 1§ also emphasized that
electrbn sources c¢an bé simultaneously used for a number of additionial tasks such
as monitoring the degradation of spacecraft material stirfacés, convertifig the
thermal motion of plasriias into electrical energy, measuring the density and tem-
perature of the ambient electrons, ard receiving waves without aerials,
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2, INTERACTION BETWEEN A SPACECRAET AND ITS ENVIRONMENT

2.1 spaceeraft %ithout Emiuer

The variatisons of the different current comporents collected by a planar probe
in space as function of its poiential are schematically represented in Figureé 1,

wh.zre i, and i, are the ambient electron and ion contributicns, and iph Is thel cur-
rent due to photoelectron emission. Secondary emission is neglécted in first

approximation and the pdtential ¢ is referred to that of infinity.

igure 1. Current-Voltage Characteristics 6. a Probe ina
asma

It {s assumed that the various spseies have Maxwelllan distributions, and that
thé magnitude of the saturation current of the plasma electrons les is much larger
than that af the ions i;gs the photoeleétron saturation currént is notéd ‘phs’

The current balance is defined by

i+t+l (1)

ph
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and the floating potential s given by

i
és
b,: ~d_In |- (2)
f e lphs +-i|'.5
when }i | > 'iphs +i,.|, and by
i +i
~ phs is
¢, d’ph ln - 3

when liesl < liphs + isl. The quantities ¢, and ® o are the mean kinetic poten-
tials of the plasma electrons and photoeléctrons,, respectively.

The current-voltage characteristie of a body in shadow (i - 0) is illustrated
by the curve labelled-I in Figure 1. The floating potential & is negative and
approximately equal to -3. 8<l>e in the case of .an hydrogen plasma in.thermal
quilibrium,.” In @ magnetospheric environment, &, can be of the order of 1<10 kV,
which explains why a geostationary spacecraft develops large negative potentials
during eclipsed. 8,9, 10 The same situation also ozcurs in sunlight when photo-
emission cannot balance the flow of ambient particles. This condition is occasion-
ally fulfilled in the Earth envirbnment, but it must always be rhet in the magneto-
sphere of Jupiter where the photoemission rate is 27 times less than at the Earth's
orbit.

In a relatively cold and rarefied plasma, such as tue solar wind, the photo-
emission saturation current is generally predomilnant; this situation IS illustrated
by the curve labelled I, in Figure 1. The corresponding floating potential &;, is
given by Eq. (3) and is of the order of the photoelectrsn mean kinétic potential,
which ig typically equal to 1.5V. 11

2.2 Spacecraft With Electron Emitter

A spacecraft fitted with an electrbn source is schematically represehted in
Figure 2a, The electrbn source and the conducttve elements of the spacecraft
surface are referred to as the emitter (E)and the eolleetor (C), resgectively. It
is adsumed that the emitter and Collector are sufficiently decoupled, so that their

*

THe kitietic potential of a charged parttcle is giveti by the magtittude of the accel-
erating voltage assoclated with its kinétic erergy, The kinétic potential, inV,
therefore, 18 measured by the samé number as the kinétic énérgy, if &V,
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current voltage characteristics are, in ftrst approximation, independent of their
separation,

The voltage-currént characteristic of the emitter i3 s¢hématically represented
in Figure 2b and c by the curves labelled L the vbltage referéence is that of the
surrounding plasma, not that of the spacecraft. The area of the emitter is rela-
tively small and it8 current is, thereforg, insensitive to the fluxes of photons and
ambient particles. When electron emission is space charge limited, I is propor-
tional to (-d>)3/2. The shape of the characteristic is otherwise defined by the tem-
perature of the emitter, as well as by the magnttudg of the electric field at its
surfacé, 12 It is assumed that the saturation current of th&emitter is larger than
that of the ambient electrons, whith can always be easily fulfilled.

(C)
1 (E) {
(a) 49. 4-—E
tg
1
@ °
}
/)

Figure 2. Current Balance and Potentials of Emitttr and
Collector

When colleéctsr and emitter are cornected through a voltage sotirce d’B' their
respective potential d‘>C and P are linked by the relation

bp - b = by 4)
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and the emitted and collectéd currents are of course equal,

Ig=lg-lg > (5)

as illustrated in Figure 2.

3. POSSIBLE USES OF ELECTRON EMITTERS

3.1 Spacecraft Potential Clamping

When the bias voltage @y is zero, the equilibrium potential of the collector -
emitter combination is defined by the intersection of the curves I» and I. Ina
magnetospheric environment the floating potential can thén be maintained at a few
volts, rather than several kV negative, as illustrated in Figure 2b. 13, 14,15 .
potential of the cbllector can even be adjusted to zero exactly by biasing its potén-.
tial positively with respect to that of the emitter until.a break in the slope of the
characteristic is observed. 16 The ability to control the spacécraft potential allows
one to m'nimize thé perturbation to the énvironment and provides a stable voltage
reference for scientific instruments.

An eleetron emitter canaot indeed reduce the floating potential when phbto-
emission is predominant (Figure 2¢), but this is a relatively unimpottart point
gince this positive potential is typically of thé order of 3V.

3.2 Plasma Diagnostics

It will be seen in the fullowing that the potential of thb emitter is practically
independent of its current: this system operates like a potential reference with
respect to which the cbllector may be biased. The emitted current may be meas-
ured as funetion of the bias pbtential. The spacecraft theri behaves like a Langmuir
probe* ® with a collecting area equal to that of the conductive parts of its
surface. 19, 20 This technique for measuring electron density arid temperature is
extremely sensitive, and irregularities in pladma densities cad be detected by
investigating the low frequency fluctuations of the collected current.

The electron saturation current can be moni-
tbred under all circumstanced, and this measure-
ment is absolutely Not impatred by photoemission
(see Figure 2¢), A variable resistor R can replace
the vbltage sourct , ad shown in Figure 3, but the
bias voltage -R tB cdfi only take negative values. Figure 3. Negative

This possibility is nevertheless extrernely Bgaiagogtlg%s?&g?dor
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advantageous in energetic plasmas where voltages of several kV would be required
ta describe the characteristic down to the floating potential.

1.3 Yonitoring of Muterial Surface Degradation

Spacecraft are partly covered with materials and paints, generally insulators,
in order to maintain the temperature within specified limits. Conductive paints
and coatings have Consequently beezn developed to cope wtth the problem of differ-
ential charging. Selar cell eovers and second surface mirrors can similarly be
covered with 1004 ....ck layers of Indium oxide which also insures electric potén-
tial uniformity, brit are optically transparent, 21

The ability of these conductivé materials to keep
their properties in space under the bombardment of
energetic parti¢les can be easily tested in situ, ad
illustrated in Figure 4. The current collected by the
test material, I, is simply compared to that imping-
ing on a metallic surface, Lo taken as a refererce,
This measuremetit is instantaneous and independent

of the prbperties of the cathode. Figure 4. Test on
Material Surface
Degradation

3.4 Energy Conversion

It has been shown previously that energy can be dissipated in a resistor when the
flbating potential is negative (Figure 3), It is therefore possible to colivert the
thermal motion of electrons into electrical power. 22 ppis conecept may find appli-
cations in space environments where energetic plasmas are likely to be found,.. but
sufficiently distant from the sun to render the use of photovoltaic conversion
unpractical. Such conditions are met in the magnetospheres of distant planets such
as Jupiter and Saturn. 23, 24

The efficieticy of this system, that is, the ratio of the plasma energy input to
the available electric energy equals 0,37 for a Maxwellian energy distribution.
The correspondirig maximum power output pér m2 of collecting surface is given as

function of the ambient plastha density, N, and mean Kinetic potetitial, L 3 in
Figure 5. 1f the collecting area of the spacecraft is insufficient, the power output
can bé Wcreased by the adjunction of a large sail made of metallic foll, for
example.

It may be possible to reath specific powér equivalent to that of the radios
isotope thermal gensrators presently used foot.the outer plariétary misstons, 25, 26
that is, a few Wkg'l, provided the plasma power density input lies in the range
10%.10"  wm™2. This figure may be met In the ervirohment of Jupiter, bit is
has to be estabiished by proper in situ measurements.
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Figure 5. Maximum Power Density Output as
a Function of the Electron Density and Mean
Kinetic Paotential

3.5 Detection of Electromagmetic and Electiostatic %aves

>
A wave propagated in a plasma is characterized by an electric field E, a
magnetic! field if, and a conduction current density 3. These three quantities are
related by Maxwell's equations!

i

vXE -woaﬁmt, (6)

vxH-0+e aB/at , (n

where Mo and e, are the vacuum permeability and permittivity. Time and space
variations are assumed to be of the form exp i(kr - ot), where kand v 2sfare
the wave vector and angular frequency, r ahd t are space and time variables.
After Fourier transformation of Eq. (6) and (7), and elimination of fi, the
projection of J parallel and perperdicular to the wave vector are respectively

= ieo W EII (8)

. 2y 1a )
J —isow(i-u)LJ , (9
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Where E, and El are the projoctlons of R alohg directioris respectively parallel
-5
danhd perpéndiculab to k, and i le the refractive index of the medium,
The wave conductiont current which can be intercepted is

1=AJ , (10)

where J is the modulus of J and A is the cross section area of the collector ift a
plahe perpendicular to J. This current is superimposed on the random plasma ion
and electron currents, The information carried by the ambient charged particles
is consequently best detected when the spacecraft is collecting the saturation cus-
rent of these specles, 217,28 The collector pbtential must therefore beé maintained
at a valug near to zero, or possibly be biased at a few volts positive if photoemis-
sion is preponderant (Figure 2b and ¢). Neglecting the ion contribution this dc
current is then approximately given by

ies=AJé . (11)

where A is the entire collecting area, and

es, 1/2
Jg = Ng& (zﬂm) (12)

is the electron random current density, in the case of a Maxwellian energy dis-
tribtition. The quantities e and m are the electron charge and mass respectively.
The level of the smallest detectable signal is, of course, limited by the shot
noise resulting frotn the random arrival of plasma particles to the spacecraft sux-
face and the randotn emission of electrons from the cathode into the environment,

he root mearn squabre deviation gf i ina frec%u‘eney bandwidth B therefore defines
the lowest i2asurable wave conducidn current29, 30, 31

_ o 1/2
1= (el BY/2 (13)

The capability of this technique can be assessed by comparing its performance
to that of ah electric agrial id a giveri bandwidth. This is simply achieved by
eduating EQ- (10 and (13), and expressing the sensitivity in terms of electric field
E, rather than conducttoh current J.

Consider a wave with a transverse electric field (E - El), for example, an
electromagnetic wave @ an tsotrople plasma or a lohgitudinal wave in a magneto-
plasma. Combinthg Eq. (9)-(13) yields
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1/4
4 me 1/4 4:0/ fg 1
f

E el A -
Bl/z (27r33/;1 ecl)"' P 1 -4

2‘ (14)

Where the electrorl plasma fréquency is défined

1/2
Nee2
fp = 2”0“‘ {15)

and the colléctor Is taken to be a sphére of radius p, that is, A = 4 AC,
Using the MKSA system of units and replacing various quantlties by their
numerical valued yields

1/4
$ f
E . -7 Ve p 1
= 2%10 £ . (16)
Bl72 ) f ll _uzl

The sensitivity to longitudinal electric fields and to electrostatic waves in
general (E = E,,) can be evaluated if Eq. (8) is used, the equivalent sensitivity then
becomes

1/4
——E——~2x10'7fe__f_" 17)
1/2 ~ ) £ ¢ (

Under mast conditions and pfovided the sensitivity and frequency response of
the current measuring device permits, this concept allows the detéction of waves
with electric field spectral density of the ordef of 10™8-10"8 V =1 Hz 1/2 up to
frequéncies equal to a few times that of the loeal plasma résonatice, In this fre-
quency range, these performances are certairly comparable to those of othér types
of ariteriid Used ih spaee.

4. EXPERIMENTAL ARRANGEMENT

4.| Location of ilie Emitter

It is desirable to optimize the plastia diagnostic measurement., by mounting
the electron source at some distance from the collector. Couplitig ahd mutual
interactions are indeed the result of the direct interception by the spacecraft of a
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fraction of the emitted curront. Trajectories of electrons emitted with zero
veloelty are illustrated in Flgure 6, If can bc seen that the role of the spacecraft
is midirmadl eveh when its potbntial is more positive than that of the emitter,
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Figure 68, Electron Trajectories in an Axial symmetrical Field

Potential clamping is more efficient if the electric properties of the electroh
source environmeént are as little as possible influenced by the proximity of the
spacecraft. The poterntial developed by the collector ih the vicinity of the emitter
hdas so far been taken equal to zero, but this assumption is only valid at large
distances from its surface, Approximating the collestor by a sphere of radius p,
the potertial at a distance r from its center is given b

b, ¢cf . . (18)
The effect of probe separation is graphically demonstrated in Figure 7. When

the potential referenci © - "' e emitter characteristic is shifted by the amount given
by Eq. (18), the colle.: , ential becomes
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3.8, &.l0 @
Figure 7. Effect of Coilector-Emitter
Separation
. ]
. ' 1 - di,/dI be
®c = ®c T=di jdig - ofr = T-o/F (19)

where qs'c is the spacecraft potential for infinite separation. The quantity dI./dIp
Which represents the ratio of the collector and einitter current variations for a
given voltage increment is close to zero in energetic plasmas. The result given
by Eq. (19) is ihdeed approximate since it does not account for direct electron flow
betweed emitter and collector, but it shows the tendency for the spacecraft poten-
tiai to increase with decreasing separation.

Potent{al clamping cari be achieved without bias vbltage. It can be anticipated,
howevér, that limitdat{ons caused by space charge near the emitter and poténtial
tarrietrs resulting from differential charging, as observed on ATS 632 and possibly
Pioneer 10,33 gré more important wher the electroii source is mounted too close
to the eurface (F{gure 8a). Nevertheless, it has been demonstrated that spacecraft
potetitials could be controlled with an emitter mounted in an open cavity under the
surface, but only for limited periods of time (Figure 8b). In fact, if electrons are
emitted wtth zero velocity, their injection into the plasma is impossible unless the
emitter ts biased negatively with respect to the collector, This type of considera-
tion naturally leads to the concept of electron guns with grid system (Figure 8c),
such as those mounted on the ISEE-A spacecraft. 34, 35
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(a) (b) (e)

Flgure 8, Three Emitter-Collector Configu: ations

£.2 Types of Emitter
4.2.1 ACTIVE EMITTERS

Electron emission from a metal in vacuum is a function of its temperature and
of the electric field existing at its surface,

Thermoionic emission describes the situation where temperature is the most
important parameter. A directly heated tungsten filament is the simplest type of
emitter but it dissipates a.power of several W, An indirectly heated cathode
impregnated with a barium compound requires less than 1w of heating power and
offers in addition a uniform surface potential (Figure 9a and b).

GAIE

IMPREGNAT ,
TUNGSTEN BHL L ET CONE ARRAY

has

{a) (b} (e)

Figure 9. Three Types of Active Electron Emitter

Electron held emissiod occurs when an electric: field of the order of 107 vm ™!
exists at the surface of a metal. Cathodes working ai this principle, that is, wlith-
out any heater, have recently been developed using thin film technology.36 Elec-
trons are extracted from an array of sharply pointed cones and a voltage of the
order of 100V is applied on a perforated electrode called gate, located at about
lum (Figure 9c), Controlling the energy of the emitted electrons, and thus the
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potential of the apacecraft, requires tho existence of an additional grid placed in
front of the gate nnd electrically biased with reapect to the collector, The strucs
ture of this emitter then resembles very much thnt of a mintature electron gun
with typical dimensions af | mm; energy i3 only required for accelerating the
electrons.,

The saturation et.rrent of these cathodes, of the order of several mA, is
always larger than tho plasma electron saturation current collected by the space-
craft. The saturation eurreiit density id a plasma characterized by N, lem -3
ahd d, 1 kv, for example, is less thnn 1u A m'z. Electron emtssion is there-
fore space charge limited liki: in a diode add the current is of the form

— -
Ip = Keg/°/2 . (29)

If Ie is measured id A and L) inv, K=3x 1073 for spherical symmetry and a is
function of the ratio ra/rc of the anode-to-cathode ratio. >’

In first approximation, irfinite collector-emitter separation and spherical
symmetry are assumed; ro is given by the physical dimension of the cathode and
Ty is the distance over whieh space-charge neutrality is restored in the plasma,
that is, a distance of the order of the Debye length,

The cathode curredt is represented by straight lines in Figure 10 for values of
VAR ranging from 10 to 10%. Also shown is the electron current collected by a
conductive sphere of radius 2 m, in various plasma environmehts, photoelectron
and ion currents arb neglected. The clamping potential in absence of any biasing
voltage is definad by the intersection of two of these curves; it is seen that this
potential is not much influenced by the ratio LIVA and is of the order of 0.1-10V
negative for electrotis etnitted with zero energy.

4.4.2 PASSIVE EMITTER

An entirely passive emitter can be simply made of sharp-pointed filaments,
electrically connected to the spacecraft but positioned at a distance equal to a few
times the typical dimension of the vehicle, as shown in the insert of Figure 11.1°
The separation is requisite since it ensures that the strength of the electric field
at the tips is not reduced by the charge induced in the surface of the main body. 38

It is assumed that the collector is a sphere, 1m in radius, immersed in a
Maxwellian plasma with Ny =1 em™3 and &, - 1kV, The separation between the
emitter and the surface i considered to be much larger than the sphere radius.

In fact, for a distance of 3 radii, the clamping potential is within 25 percent of the
value obtained for infinite separation. The emitter is made of 100 tips with a
curvature radius a - 0.1 ym: the emissive area is taken to be 270 and the strength
of the electric field at the tips is of the order of |#/al.
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The current eharacteristic of the emitter is gtven by the Fowler-Nordhéim
equation, 39 and the poteritial of the sphere equal th -3800 V without emttter
(-3. Btpe) is increased tb -316 V when connected to the emltter; potential closér te
zero are certainly possible With sharper points, The current that ean be einlitted
from.such a_probe is limited by thermal digstpation and t8 bf the order bf 3 mA,

5. CONCLUSION

Electron emitters can prevent & spacecraft from aezeurtulatifig negative charges
and clamp its potential close to zero, provided its surface IS chnductive. As such,
they should be part of any scientific magnetospheric gayload because they signifi-
cantly increase the value of.field and particle measurements, in+articular.

Ihformation on the ambiedt medium csh be obtained at a very little extra cbst;
sueh a diagnostic cechnique is véry sensitive in rarefied plasma and can disclose
small scale irregularities in the electron density. The existence of electromag-
netic and electrostatic waves can also be detected, without any antenha, by investi-
gating the trequency spectrum of the emitted current, that is, observing the cur-
rent fluctuations associated with the alternative motion of the ambient particles.

Electron emitters also have interesting' tectinological applications; they can
monitor the degradation of ¢onduetive paints and coating in space and transform
the thermal agitatibn of a plasma into electrical energy.

The choice of a system for space applications is motivated by considerations
on reliability, weight, and poweér consumption.- A thin-film fiéld emidsion needs
no heating but required a grid system for electron extraction and energy control.
A pagsgive electron emitter is very simple but must be mounted on a boom with a
length larger than the typical dimension of the collectbr. Predéntly, indirectly
Heated dispenser cathodes seem to offer the best comprise between lhese varibus
requirements. They have been extensively tested in the laboratory and have life-
times longer than one year. Provided they are mounted on an appendage of mod-
erate length, say 0.5 m, they can clamp a spaceécraft at a poténtisl.hetween -10
and -1V and perform mast &f their functions without any grid or polarization
systeém,
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