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Spacecraft surl'accs dcvclop high potentials whcn h e  spacecraft is in Ihc prcscnce of a 
hot plasma or when thc spacecraft is actively h~ascd. Yotcntial diffcrcnccs bctwccn the 
spacccnft and the surrounding plasma and hctwccn spacccralt surfaces can intcrl'cre with the 
mission by disturbing ins~umcnt mcaswemcnts, causing surfacc breakdown, or enhancing 
surfacc erosion. A plasma source is an activc device hat  rcduccs thc polcntials. The high- 
dcnsity, low-tcmpcraturc plasma cmittcd by a plasma source provides thc particles needed to 
discharge insulating surfaces. Additionally. applied potentials of Ens of volts can gcneratc 
amperc-levcl cumnts through the quasi-ncuvd plasma plume. Thc dircciion and amplilude 
of current flow is dctcrniincd by the balancc of the barometric and clcctric ficld forccs on thc 
clecvons. Whcn a plasma sourcc opcratcs as an clcctron cmittcr, ~hc  hxomctric forcc is 
~trongcr and thc nct c l ~ x w m  currcnt flow is opposite tllc elcctric field forcc. Whcn the 
iource is collccl~ng clcctrons and thc applictl potential is too high for chc plasma to rcmain 
quasl-ncutrai Lhroughou~ spacc, a nonncutral rcgion known as a douhlc layer forms to 
scparatc the quail-ncutral plasma plumc from thc ambient plasma. 

Charge can accirn~ulr~te on the sutfaces of ii spacecraft embedded in the plasma 
environment of earth orbit when the spacecraft is in the presence of  a hot plasma, or when 
the spacecraft is actively biased. Potential differences due to charge accumulation can 
interfere with the spacecrrrft mission by disturbing instrument measurements, enhancing 
surface erosion, or causing surface breakdown. Active control of spacecraft surface 
potentials can reduce or, in some cases eliminate, these problems. Plasma sources act as 
plasma contactors by providing a path for low-impedance current flow betweeil spacecraft 
wrt;~ces iind the ;rnihiwt p l i~~mii  environment. 

The potential on a spacecraft surface is determined by the net current !low to the 
\urt;tcc. The major components of the net current ;ire summarized in 1;iprt: 1 .  The 
floating potential of a surface i n  a given environ~nent is the potential at which no net current 
tlow to the surface. Electrons and ions impinge on any sttrface in a plasma. As electrons 
are frlster than ions of c q ~ i ~ l  energy, in the ah>ence of significant phottxlecuon or second- 
; try electron currents, surt'aws accumulatt: c\rcc\s neptive charge. When ;\ surface reaches 
A ncgittivc potential ;I fcw t i ~ i ~ c s  rhe elcctn,li tclqw;ltilre, nc;ll.ly all o f  thC clcctrons ;ire 
rcpcilcd so that thc clcc.tron i ~ n d  ion curre~it\ t ~ l ; ~ ~ ~ c . c . .  1 9  s~~nlighr,  pho~ot~lcctrotis usually 
ciomirlate the current. Sunlit \urfaces float a :'cw volts positive i n  order to ~ t i \ i ~ . \  the 
photoelectrons. The ~t .co~id;~ry and backsci~~tercd c lrc5uon currents rcduce ihe net current to 
the wrface. For plasmi~ with cf'fectivc, plasriia tenipcratures below 30 keV, the secondnry 

nc8;ir thc phsma potential (hlullen. et (11. I9Xh: Katz CI ul. ,  1087; Ki~tz ct d., 1086). 
Ijifferent materials h;~vc dift'crrnt secondary. hackscirtter, and photo electron yields. Some 
\ u r f i ~ c ~ s  ;Ire sunlit while othcrv ; ~ r r  in eclipw. The thickness irnd conductiviry o f  surfaces 

yield o f  most sprrcecrat't ~iiater-i~~ls is high eno11$1 t h ~ t  the sutirce t1o;rting potential remains 
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Fig. 2. (:I I 'I'tic o p r i ~ ~ i ~ n  01' an el~:c~~rody~iitm~r cttirr. ( 1 ) )  ttic rtnission o f  panicle 
beams. and (I.) [tic bii~*ing of cxpo\ctt \ ~ I ; I c c c ~ ; ~ ~ )  wrI;~cc\ N C  prrresres th;tt actively ch:~rpc 
spacecraft. 



froni, and emitted to, the anibierit plasma. A plasma source is a versatile plasma contactor 
as current can flow either way through the plasma cloud. 

A spacecraft emitting an etectron or ion k i n :  can achieve ~ub~tantiitl  potentials. As 
with natural charging, the spacecraft will accunlulate charge and the potential will rise until 
the net current is zero. The three primary contributions t o  the cument are the emitted beam 
current, the collected sheath current. and the beitni current that is attrvcted back to the 
spacecraft. For beani currents high compared with the sheath current at the beam potential, 
the potential rises to or above (Mandell and Katz, this proceedings) the beam potential and 
nearly all the beam current returns to the spacecraft. A plasma source provides another 
current to balance the beam current and can be used to maintain a beam-emitting spacecraft 
near plasma ground. 

The ground potential on spacecraft adjusts to the potzntial at which no net current flows 
froni the plasma. Wlwn a spacecraft has exposed biascd surfaces, some surfaces float 
positive and some float negative. Complicated sheath geometries develop (Katz et al.. 
1989), which may interfere with the desired operation of the spacecraft. A plasma source 
can maintain a given pan of the spacecraft near plasma ground and therefore sets the 
spacecraft potential with respect to the plasma. 

OTHER ACTIVE POTEIL'TI AL CONTROL TECHNIQUES 

The immediately obvious way to increase the tlow of electrons (or ions) from a 
spacecraft to the environment is to use an electron (ion) source such as a hot wire or an 
electron (ion) gun. As h w n  in Figure 3a. for spacecraft entirely covered with conducting 
\urfaces connected to ii common gound, a nonneu tralized L harged particle source can 
maintain the spacecraft at plasma ground. Typically, spacecraft do not only have 
conducting surfaces but ;ilso have large arcits o f  insillitring surfiices, such as thermal 
blankew and glass coverslips over solar cells. I n  the presence of a hot plasma, both the 
conducting and insulating surfiices can accaniulate a net negative charge. As an electron 
bemi cannot dscharge a negatively charged insuli~ting surface, the conducting surfaces are 
near plasn~a ground ;tnd the insulating surfaces are at elevated potentids as illustrated in 
Figure 3b. When a nonnc.utralized charged panicle source is used on an initially grounded 
spacecraft, such as di~ring an electron or ion beani experiment, the insulating surfaces 
rema~n at plasma ground and the conducting surfxes are at elevated prientials. In both 
c.;lse:i. the differenti;~l potentials can interfere with spi~cecraft operations. 

When I q e  area\ of thc sp;lcecraft s ~ ~ r f x c  are insul;~tir~g and ;in ut.~neutralized chitrgetl 
panicle wurce is uscti to niiti11t;tin the spiicccri~ft at pl;isti~a ground, potentirtl barriers that 
prevent the escape of thr c1111ttcd particles c;w li)nii. This c,Cft-cr is illustrated in Figure 4. 
The figure shows porent~nl contom iuountl ;I "c~t~;i~i-sl)hcric;~l" ol!icct. The calculation is ;I 

7-tlimcn\ional NAS('AI1/I.IX) (Mandell c! ( 1 1  . 1082; K;itz tpr  ( 1 1 . .  t h ~ h  prc~eediri :s) 
cornputation of the porcnti;~l\ ;tbout the 20-sitlcd ob.jcct. hlost o f  rhc \~lrf;lccs are at -5 liV. 
A conducting sufitce t t u t  i4  cnlit!ing eIectro~\\ i h  represented by a single side of the ohjcc:t ;I! 

- 1 kV. The fSigure shows ii sliicb through !hi. gr-ic!. The gray area is tile object. On thc - 1 hL' 
+ u r ~ w r .  thc electric field points ;~u;iy from tllc ot!jcct. I:lectrons will he attracted back to 
this surface even though the entire object is ncgativc with respect to plasma ground. 
Potent i;rl  h m e r s  have hrcn ohrervcd to prCvcnt the csc.;ipc o f  electrons under space 
coritiitions o n  A 7 3  0 ( (  )lscn. 1985). 



Fig. 3. An active electron source cm discharge a negatively charged completely conduct- 
ing spacecraft, but insulating surfaces iIR not discharged. Differential potentials are enhanced. 

For some active experiments, large current flows an: desired. When electrons are 
emitted iron1 ii positively cl~arged sprcecrdft (resulting in an increase in potential). the 
electrons are etnitted into an electron-rich sheath as illustrated in Figure Sa. For arnpere- 
level currents, kilovolt electron guns are needed. Figure Sb shows emission of an electron 
beam from a negatively charged spacecraft (reducing the overall potential) into an ion-rich 
sheath. The positive charge within the sheath helps neutralize the beam and reduces the 
beam energy required. Even under these conditions. large cunents require substantial 
voltages. 

Fig. 4. R)tentiitl~ amund a 26-sidrd object. The griiy ilrcii is the object. The figure show+ 
a slice through ii 3-dimensional grid One surface is at - I  kV and the rest are at -5 kV. A I LV 
potential barricr prevents the escape of lower energy electrons from the - 1 kV surface. The 
contour levels iire drawn at 200 V inerv;~ls A mesh unit is 0 .2  ni and the debye length is 1 m. 
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Figure 5. (a) Electron\; emitted from a positively charged sp;~cccraft are emitted into ;I 
negatively charged s h c ~ h .  (b) Electrons emitted from a negatively charged spacecraft are 
emitted into a positively charged sheath. The sheath ions help nei~tralize the beam. In 
either case, thousands o f  volts are required for ampere currents. 

PLASMA SOURCES - PHYSICAL MECHANISMS 

Plasnxi sources have been observed to effectively discharge spacecraft surfaces in 
space. Olsen (1985) describes clear evidence for the discharging of ATS-6 by ion engines 
and ion engine neutralizers. ATS-6 was discharged from -3 kV to near zero in eclipse and 
from -45 V to less than -3  V in sunlight . Collaborating evidence has been obtained from 
other spacecraft. 

The primary characteristic of plasma sources that makes them excellent at discharging 
spacecraft surfaces is the generation of a high-density (10I7/m3), low-temperature ( 1  eV) 
plasma. As illustrated in Figure 6, the plasma provides particles of both signs to discharge 
[he surfices of insulators on the spacecraft. The discharging of insulating surfaces 
eliminates potential harricrs and reduces the iiiffcrcntial charging of surfaces. The low 
temperature of the high-density plasma reduces the floating potential of the surfaces. 

f*'ig, 6 .  The high clrti\~~y. low-tetnperati~rt: plascna generated hy a pl;rsn~a source 
disc hxges surfaces. 



A plasma source emits both electrons and ions. Electrons cany the current between the 
spacecraft and the ambient plasma. The slow-moving ions neutraiize the space charge so 
that the eiectrons can flow freely. As long as the potentials are not too high, the plasma 
cloud is quasi-neutral throughout. In ;I quasi-neutral argon plasma at equilibrium, the 
thermal electron current is 270 times the thermal ion current. If the electrons are hotter than 
the ions, as is the case for plasmas created by hollow cathtxks, the thermal electron current 
is even larger. If  an expanding plasma has a density of 1 0 '  '/m' and a temperature of 1 eV 
at 28 cm from the source, the plasrna c;rn carry an electron current of up to 270 mA and an 
ion current of 1 mA or a net current of up to 269 mA toward the source through the 28 cni 
radius spherical surface surrounding the source (or up t o  27 1 n1A itway from the source if 
electrons are availiible from the ambient pldsma). 

The amount of argon gas needed to sustain this plasmi~ plume is minimal. If the 
process of ionization of the argon gas to create the ions is only  1 percent efficient, 30 
kdyear of argon is needed to emit 270 mA of electrons. Roth sources with ionization 
efficiencies of 50 percent and device5 th;~t allow the plasma source to be turned on only 
when needed have been constructed \Williamson er al., this proceedings). When a high 
efficiency source is used, the gas needed to miiintain current flow is nor an imponant 
design constraint. 

The mechanism for current flow through the plasma plume can be illustrated with an 
examination o f  the no current flow ciise. As Figure 7 shows, panicles flow from regions 
of higher density to regions of lower der!siry. The electron\; move faster arid therefore 
reach the regions of lower density faster. This current !low leaves an excess of positivc 
charge, which rctards the electrons. Wlit.11 there is no  net electron current flow. the net 
force on the electrons is zero. Treating the electltms as a fluid. and balancing the pressure 
force with the electrostatic force, this criteria gives 

which gives 

Fig. 7. Electrons flow from region\ of high density to regions of low density. The 
resulting charge separation gives rise to tIilq retardinp, harotnetric potential. 
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The variation in plasma density results in a baromemc potential that is positive in 
regions of higher particle density. If the potential at the source is higher than the 
barometric potential, electron current will flow toward the source. If the potential at the 
source is lower than the barometric potential, electron current will flow away from the 
source. 

Figure 8 illustrates how small perturbations from the barometric potential generite large 
current flows. The source emits 800 mA of electrons into a 10tt/m3, 0.1 eV plasma. The 
thermal current in the ambient is A H .  The sheath size through which the 800 mA of 
current will flow is 8 m in radius. The plasma density 3 crn from the source is 10"/m3, 
the ion temperature is 0.1 eV, and the potential is 20 V. Ions expanding from this point 
have a density of 10' '/m3 8 m away. The electron current at 3 cm for 5 eV electrons 
(typical near hollow cathode plasma sources) is 6000 Nm2. For the ctirrent flow at 8 m to 
be 800 mA, a net current of 70 ~ / r n ~ ,  or 1 percent of the total thermal current, flows 
through the 3 cm surface. 

nr10 '  '1m3 high density plasma has 
8=5eV high thermal current density 

j ,,= 6000 A i m2 

large area of low current density 
supports large total current 

n=10"1 rn3 

O=O.leV 

] , , = l ~ " ~ l m ~  

Fig. 8. A high-density plasma can support ;I high-thcmial current dcnsity. After 
ttspansion, the large area of low-cun-ent density supports a high total current. 

When the b;mmetric pressure dominate3 clcctron flow, the net electron flow is from 
regions of higher potential to regions of loucr potenti;d. The potenti;~l vsriation near ;I 

hollow cathode pli~snlii sourcth is shown i n  F'igure Oa. The potentid is negative near the 
orifice. In the vicinity of the keeper, where ionization is taking place, the plasma density is 
high and therefore the potential is elevated. As the plasma expands, the barometric 
potential drops to zero as the source plasmit blends into the ambient. Early measurements 
ot' thc pli\smi\ in the vicinity of electron-enlilting plasnw sources i~ppc;~n.d to show a 
resistive force as seen in f:igute Oh. Recent potcnti;d tiieasureme~its show the shape show11 
in Figure 9a (Williams ;lnd Wilbur, 1989). 'I'he reason for the discrepancy is that pote~ltial 
nwasurernents near the potential peak are difficult because emissive prche measurements 
ciin be misleading in regions of high-plasma densities (Wilbur, priv;ltc communication). 
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Fig. 9. (a) Potential variation in the vicinity of an electron-emitting plasma source. 
Electron motion is determined by the balance of the density gmdient force and the 
electrostatic force. (b)  The plasma does not act as a resistor. 

When the potential is above the barometric potential, the net electmn flow is toward the 
source. The ions still flow outward. When the ambient plasma is not a significant source 
of electrons, the nlaximum current available is the ion current. However, when the ambient 
plasma is dense enough, the ambient thermal current is attracted to the plasma source. For 
small potentials, quasi-neutral it:^ can be maintained between the ions from the source and 
the electrons attracted from the ambient. At higher potentials, quasi-neutrality cannot tx 
maintained everywhere and a double layer forms between the source plasma and the 
ambient plasma as illustrated in Figure 10 (Wei and Wilbur. 1986). A double layer is 
composed of two charge layers across which there is a sharp potential drop. On both sides 
of the double layer, the plasma is quasi-neutral and the potential varies slowly. 

When the potential across the double layer exceeds the ionization potential of the gas 
emitted by the source, electrons attracted from the ambient plasma ionize neutral gas from 
the source. When enough gas is present and the potential is high enough, the sheath 
ionization provides the bulk of the plasma. The opention of a hollow cathode plasma 
source in this manner is known as the "ignited mode" (Patterson, 1987). 

I double I r y r r  1 

Fig. 10. When the applied potentiill i(i too high for quasi-neutrality to be maintained 
throughout the plasma, a Itxalized ntrr~netrtral region known iIs a double layer forms. The 
anode plasma ciln be created by the pli~snlir source or by shrxrth ionization. 



The CHARGE-2, ECHO-7. and SPEAR I rockets all observed abrupt potential drops 
when thruster fiings occurred during high potential operations (Neubert er al., this 
proceedings; Raitt et al., this proceedings; Malcolm et al., this proceedings). It is 
believed that ambient electrons attracted by the high potentials (or in the case of SPEAR I, 
secondary electrons accelerated by the high potentials) ionized the neutral gas from the 
thrusters. Under these conditions, the thrusters were plasma sources that grounded the 
spacecraft to the ambient plasma. The amount of gas typically emitted by thrusters is 
orders of magnitude more than the minimum needed to sustain ampere cumnt flows (Davis 
ct al., 1 990). 

CONCLUSION 

The reliable operation of spacecraft sometimes requires the active control of surface 
potentials. Plasma sources provide a flexible means to minimize the potentials on spacecraft 
surfxes. The high-density. low-temperature plasma emitted provides panicles that discharge 
the insulating surfaces of the spacecraft, eliminating potential barriers. The net cumnt flow 
is toward or away from the spacecraft as needed. When the plasma source is used as an 
electron collector with low potentials or as an electron or ion emitter, quasi-neutrality is 
maintained throughout the plasma plume. The net current flow is determined by the balance 
of the density gradient forces and the electrostatic force. When the current flow is primarily 
due to electron flow away from the source. the electrons flow from a region of high potential 
to a region of low potential. This flow is dominated by the barometric pressure. When the 
notential at the source is too high to maintain quasi-neutrality throughout space, a double 
layer forms between the source plasma and the ambient plasma. 
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