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Abstract 

A model for the altitude dependence of the hot plasma parameter$ respodsible 
fbr the electrbstatic charging bf spgcecraft has been developed. Based upon ,pfastha 
plasm& orbit theory, the directed velhcity is I function of the ambient magnetic 
field fluk density. A consequence of Lnis approheh is that while the therriial vela- 
city distributions Msumed  to be Maxwellian) bf the plasma particles are independ- 
ent of the mametic field strength (add heice altitude), the particle dr .sities in- 
crease with magnetic field strength. Thhs, according to thi$ Model, vlihile the 
equi l lbrhri  vbltagc! is independent of ,altitude, the chargin$ current density 
increases With decreaghg altitude. Howevkr, the ptobbbility of  such sp&c+:r&ft 
charging decreades with decreasing altitude. 

Almost a11 o€ the published dath and analyses of spacecraft charging” ’ have 
been concerned with spticecrdft fn gi3osynchronoCs orbit (r I 6.6 Re), It Id 

theoret!zally ex@ected that the chargtng pheriomenbn can o tcur  at other altitudes 
I 
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as well. Par spacecraft in Mrth oi?bit at bther &ltitdd6s, the dh&ractertstics of 
such cha.rg{ng ljeboines af pr'actlcal Ctmberfi. l'h:! purpose of this study Was to 
develop an analytical mudel Which yielded the s ign ihan t  parahieters sf the space- 
craft ehargtng phenomenon as futictibhs of altitude above tHe ekr th .  

2. ALTITUDE DEPEAOEYCE 

The major environment which has a strang altitude dependelice at geosynchro- 
nous orbit is the ekrth's magfietic field. I€ this field is taken as Bpproximhtely 
that bf a dipole, itg magnetic flux dengity may be written 

where. 

B 

xM = the magretic lhtittltlt? (dkgrees): 
r 

RE: = radius of the earth. 

It is necesrjary for r and RE to be in the same units, and that r 2, RE. 
It is well known that a plasma can exist in a magnetic field only if the plaslna 

energy density exceeds the tnagr..Btic field energy dehdity. The energy density 
(E. D. ) of the quasistatic magnetlc field is Bz/&, where ~c is the permeability of 
the medluin Which cbrttgfrts the magnetic fieid. For free space p = uo = 4-n X 10'' 
H/m (MKS units). Thus far the dipole-appPdxlmated geomaifnetk field, 

= the mametic flux density at the surface of the eal'th ht the maghetic 
2 0 

equator = 0.3 gauss = 3 x webei.s/m ; 

= distanee from the magnetic citnter of the eai'th; 
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Ariy piasma whlch ts able to extst in such a magmtic Pteld must pbisess an energy 
density at 1t%st thtB large. 

relativistic plashla may be writteh 
The energy density 6f a two-coniponent electrleally neutral Fully ionized hen; 

(3 1 E.D.  = KE (directed) + KE (thermal) 
P 

where 

(directed) 
N 

KE (thernial) 
N ._._ 

M these equations, 
negatively charged 

m+ and ni- a r e  the rest masses of the positively charged arid 
plasma particles, respectively, while v(dir) and v(th) are the 

direCted and the thermal velocities of those pkrticles. .. N is the spatial density of 
each type of particle. As long a s  the plasma m o v h  as an entity, the + and - par- 
ticles Will hhve the same directed v&Cities. In addition, if the plasma is in 
thermal equilibrium, the + 8nd - particles will have the same atrepage thermal 
energied, leading to the relatibnship 

This last relatiohship is only an approximatlon, as  measurebents in the hot plasmas 
responeible for spacecraft charging seem to shbw that the temperatures of the 
t cornponetit (largely prtrtohd) a r e  about twice the tbmperhturbs of the - component 
(eleCtrbns). 

The characteristics of the hot Idpatecraft charging) plasmas at geosynchronous 
orbit shoe  that the directed veloeity geherally lies between the therntal velocities 
of the eleetrons and the ppotonu. Thus, the directed velocity is supersonic for the 
protbns bbt subsonic for  the elcctrbns. Sinre m, * 1836 m-, the eiiCrgy density 
for such plasma is essentia!iy all due ta the directed motion of the protons. To 
illustrate this, f6r a plasma With a 5 keV temperature v,(th) = 10 8 cm/sec while 
v-(th) c 4.3 X 10 9 cni/e@c. TRktiig v(dlr) as 6 X 16 e crh/sec (an intermediate 
Value) yieids directed energies of E, * lea keV and E- 
is not greatdl' tHan v+(th) is the plasxha energy density not largely due to the 
directed m o t h  of the heavier (+) coiriponetit. 

hot plasmel moving radially toward the earth cain get before its energy density I s  

6.1 keV. Only if v(dlrl 

With E. D. 1/2 m+ v(di&, it  is possible to estimate how low iri altitude a 
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nbt suPtlcIetht to prevent the eeomagnetie! fteld f m m  tearing it apart, Equating 
E. D. and E. D. yields P 

The results of this calculation are shbwrl graphically in Figure 1 for XM : Oo 
(magn?ti& equator). These resultd are ad Bpproximatibn because of many factbrs, 
bht due td the steep radial gradient of the energy density of the geomagnetic field, 

. . .  u -  1 I 1 1 1  I I 1 I 1 l I I  

50-1 1 1 
PARTICLE 6ENS I T Y  (PRb'lbNS/CMj) 

Flgllre 1. Calculated Hot Plasma Alttttide Lithit 
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the Bpproxix?iati6na pt'oduce ohly felattvely stftali pertWbations in the Pesults. It 
is seen that a moderately dense (2 16 p&rtkies/&m3) plhsma with c i  reaabliably 
large dlretted velacity (2 3 X ib8 cm/sec) can reach the 12 hr  cireular orbit 
(r b 4.15 fiE), while an increase In elthet. partible density o t  directed Velacity 
can result in spacecraft charging at Wen lower alttttide earth orbits. 

There are vatlous approxitnata ways of modeltng a plasma to make plasma 
problems nlatheinatically tractable. Each model deals with that portion af plasma 
properties \khich are nos t  pertinent to the prbblem at harid while suppressihg o r  
ighoring less relevant properties. P l a s a a  orbit theory is among those approximate! 
models often used in situations in which the mbtions of individual plasma particled 
a r e  impartalit. (Hydrodynafnic thebry is often used fbi- situations in which large- 
scale plasma ogcillatiotis are more important than individual particle motion. ) 
The basis of brbit theory is the konservatibn of the angular momentum of individual 
particles about an axis (kbr e t ampk ,  the direction of the magnetic flux liries). 
Motion of the plhgma particles parallel to the lines of magnetic: flux is not affected 
(to d €irst approxitnation). Thus, it is pclssible to separate the thermal and the 
directed mbtibns bf the plasma particles by Considering tlierh to be parallel Pnd 
perpendicular to the magnetic field, respectively. This simplified Model results 
in a decretise in the directed velocity as the distance from the earth decreases 
(for example, as the magnetic field strength inCreases) while leaving the thermal 
veltrcity unchanged. It is obvious that this model neglects the compressibnal 
heating of the plasma, whiCh certailily is a major factor in the productibn of the hot 
plasma in the first place. However, attempts tb incorporate compressional heat- 
ing resulted in a rtibdek in which the plasma energy dendity increases as rapidly 
as the geomagnetfb field energy density, with the Consequence that a plasma able to 
exist at any altitude could thebretikally reahh any other (lower) altitude. This is 
clearly at virriance With observational data (spacecraft eharging Bnomalies H8ve 
not been repbrted b r  low--altitude earth orbits). 

Based Qpbn the simpltfied application of plasma orbit thebry, it is possible 
to w r i t e  

whWk o' ig €he pitch angle (angle between the velocity vector and the directiofi of 
the gebmagnetk fteld). This is s h t i a r  to the equation of motion for Ven Allen beit 
garticies. The second invariant for such particles ieads to thi? reiationshtp 
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3 . ? 6 + f n ( a q )  5 3,76VOe . 

2 E s tn  a =- . 
Bxnak 

By cbmbintfig these last two epuatibns, on& can obtain 

I c 

(8) 

According to this mbdel the average particle thermal Velocity (plasma tempera- 
ture) dbes not change \kith altitude while the directed velbctty gradually decreases, 
reaching 2ero when B = Bma,. A t  that point, the plasma energy dCnsity has been 
reduced to the energy dgisity bf the geo*agnetic field. 

The negative voltage to which a bbdy immersed in a plasma of a given tempera- 
ture w i l l  chtinge is -3.76 times the average electron kinetic energy (E!,) irl electron 
qolts. The negative voltage is due td the fact that the electrons have much higher 
thermal velocities than the protons, and therefore impact the spacecraft surface 
Mu&h more often. 

The factbr of 3.76 is due to the fact that the negative current to an unillumi- 
iiated spacecraft Surface varies expoiientially with spacecraft voltcge (to a first 
apprdximation) tvhile the positive cuftefit v l r ies  lheai-ly with voltage. This is a 
cbnsepueklce of the fhct that the electron mdioxi id subsohic while the protan mbtioh 
SS super$orilc. MathPmatleBlly, 

where J+ and J-  are the surface current densities as a function of dpacecl'aft 
voltage (V), and Joe Bnd Jop are thoge current dehsities (iricludlng the effect6 of 
debbndtirlea) *hen V = 0. V 
enlrglW ln electron volts, rsdpektively. 
I 42.8 Jop. The vBlu6 of V wil l  ihcrkase uhtfl5, = J-, assumtng no electrical 
ilhchafges take place, Equating J,k to J- and soh&ig for V yields 

and Voe a t e  the averalfe prbton a i d  electrori kinetic 
Slricg lil, 5 1836 m -, JOB 5 Jop 

OP 

P 

1 I i 

I 
.Lu 

I 
L .I 

S h e  the secondary currlirt compbnents vary wlth spricecraft voltage differently 
thiui the primary currents do, this factor of 3.76 can be apprectably dtffereni in 
many sttuatfofis. However, since the partlcies fesBdristble for the charging ha& 
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ari stppl;axlmatelgi Maxwelliarl enera9 dt9tributiun, i t  l o  understafiddblg that t i  plasma 
wt th  an average c h t r b n  tempekatvre of Voe (vblts) \hould chtlrgb a spacbcraft t~ 

voltages v > Voe. 

Since, accot'dhg to this model, the particle thermal Velacitfes are urichanged 
by the directed motion of the plasma tdNard the ear'th, the equtlibrhm Voltage 
which a spacecraft surface will reach in the plasma w i l l  not depend upon altitude. 
In the absence of electrical discharges, a spacecraft in a 12 h r  circular orbit 
( r  4. 15 RE) wil l  'herefore theoretitally charge tb the same potential as one in 
B 24 hr gebsynchronous drbit (r t 6. 6 RE). However, the! surface current densi- 
ties (which determine hbw fast the spBc&raR wi l l  chapgel wi l l  be a function of 
altitude. The initial primary surface current density as a function of altitude may 
b C  estimated by calculating the litnitihg plasma particle dedsity of the plasma jimt 
a s  its directed mbtion has ceased. Since the average partit le energy (and the 
pgrticle energy distribution) rentairis UnChanged according t& this model, the par- 
ticle density must incregse linearly with the energy density bf the geomagnetic field. 

The dalcultited numbers derived b%sed upon this model are showti hi Taltile 1. 
A t  each altitude f the aWra$e eriefgy density df the gixmaghbtic field (dipole 
approximation) was taken as the average thermal ene rm dendity of a stationary 
plasma at that altitbdb. Assuming half bf this thermal eaergy density was due to 
the blettrons, the product 3-m N_ was  bbtained. For each value of limitihg space- 
craft potential v, the average electrbn energy w a s  obtained by dividing by 3.76. 
The electron density 
The initial p h i a r y  eleCtror rrerit density (5-1 w a s  bbtairied from the equation 

w a s  the quotient of E N_ divided by E& (E- E Ee here). 

The results listed in Table 1 are also shown graohicallp in Figure 2. It is 
seen that the calaulated initial current density ihkreases rapidly as orbit altitude 
decreases. This altitude dependence decreases the importance of the phbtoelectric 
current denstty b h t d h  has an altttudd-hdepcndedt value < 1 nA/cni2) at lower 
altitudes. Another consequence of this a l t hde :  depetrdellce is that t f  the spacecraft 
surface daiinot withstand the equtlibrtbm potbhttal to tthtch the plasma can charge 
it, thd rate  at which &ctrlcail breakdowns (discharges1 occur w i l l  be much greater 
at lower altitudes, 

While the calculated surface current densities a r e  larger  at low altitudes than 
at geosyiichronous altitude, the prohablltty that a spacecraft will encounter the hot 
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6 . 6  
(24 hr) 

6 

5 .5  

5 

4.3 

4.15 
(12 hr) 

3.5 

6 . 5  

12.3 

20 

36 

6 7 . 5  

116 

313 

d, - 4.89  
J, 3.36 

u, 9 9.4b 
J, 9 6.47 

N, - 15.0 
J, - 10.35 

u, 9 2 1 . 1  
J, a 18.6 

1, - 50.8 
J, - 34.9 

u, - 02.7 

U, - 235.0 
J, - 161.5 

J- - 56.6 

2.44 
2.38 

4.70 
4.57 

7.52 
7.311 

13 .5  
13.2 

25.4 
24 . f  

41.4 
40.2 

117.5 
114 .3  

1 .83  
1.94 

3 .13  
3.74 

5.0b 
5.46 

9 .00  
10.7 

16.9 
211.1 

27.8 
32.8 

78.3 
43.3 

1.22 
1.68 

2.35 
3.23 

3.76 
5.17 

6 . 8 0  
9.29 

12.7 
17.5 

20.7 
28.5 

58.8 
00.8 

. ._ - 
' 25 kc9 
!e9 6.65 ke' 
1 9.62~10 

~ 

0.97 
1 .50  

1.88 
2.88 

3.01 
4 .63  

5.40 
8.31 

10.2 
15.6 

16 .6  
25.5 

47.0 
72.3 

Table 1. Calculated P i r t ic le  Densitlea and Initial P r ' h a r y  Current Densitieb ?is 
Functions of Altitude (AM = Oo) 

plp.8ma at  these lbwer altitudes is appreciably le&. It would be theoretically 
possible to calculate an altitude-dependent prbbkbility if data were availkble can- 
cerning the pfobabilitg bt enhounterh& a given plasma energy density at geosyn- 
chronbus altitude. Such data are becbming available. However, the measured 
L-dependence of the probability of encauntering > 15 volts on an ahtenha has been 
medsuked by llbIP-63 (see Figure 3). This spahecrdft was launched 31 March 1 9 t l  
into a 28. ?O clliptkal orbit with an apogee of 32.4 RE arid a peri$ee of 243 h. 
As the data $how$, the pMbability bf encbuntering hbt (ar at  lkattt warm) plasma 
at  4.15 ai;: is apprbrimately an o tder  of magnitude less th&i at 6.6 flE. While the 
inclination of the IMP-6 arbit makes analysis difficult, the data su&pst that the 
spacecraft chafging phenomitnum mgy be mbri! coriltfion liear gebs ynhhronaus 
altitude than at any other;. 
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