
,.I - . t  . .. ! "  

I 

1. IYTRODUCTION 

I 

b n t d b  

1. Ititrbducttbd 
2.  Thedry 
3. Numertcal 'l%chnic$x?d 
4. Sample Calcuiatiails --- 
5. Concluslbna 
A cknowledgxbetIts 
References 

3 19 
3 19 
394 
326 
329 
330 
336 

7. Dynamic Modeling of Spacecraft 
in a CoIIisiodess Plasma 

Ira Kat& Ddnald E. Parks, h n g  Wan , and Andrew WilMn 
F!asma Physics b u p  

Systems, Science and kftuare 
-la, California 

Environmental charging of geosynchronous Opace&raft to pbtkhtials tif 
thousands bf volts has been experimentally observed. Previous attempt6 ta madel 
Bpkcecraft chargidg hatre employetl techniques which are limited to simplified 
geometries atid Bwmet ry  aslumptiori6. In this paper, IC delcribe a hew compu- 
tatibnal model which Can eimulate the charking bf cbmpleg geometrical object$ itl 
three dimensione. W e  present two sample calCulati8ns. In .the h B t  prbblem, the 
cbpacitance tb infintty of a cbmplet object similar to a satellite with lo la r  array 
paddles 18 calculated. The i;ecoird problerh ciincernlj the dynshlical charging bf & 

dodtlutAhg cube partially Covered *itH a thin dielectric film. tn this ckicol&tion, 
thb phbtoemtbstdn reBultb in differential chdreing of the object. 

2. THEOW 

'fhe tnteraction of a eateilite add the: magnetdephere can be separated Into b o  
parte. ' h e  itrat td the particle depdeitidn, charge transport, and electrical 

3 is 

1 
I 

I 

i 

- .. -. 
. __-._ . . 



1 

d 

Phenomenon Time 

Breakdown in circuit elements TB - - io-8 sec  

'I ' 

Differential charging of thin dielectric 
overlying conductor I 

I 

TD 4, 1 SeC 

T P 

properties associated with charged ptsi.tt&les inipinghg upan the satdl i te .  The 
decohd part is the sclf-conslBtent arAbteht and phatbplasma interactions Witti the 
electric field. I'he field must batis@ boundary ctrrditionb on the satellite condst-  
efit with the charge deposited on the satellite. Tb sblve both parts of this problem .. 
completely and self- consietently for  genertsl, ambient plasmas i b  a formidable 
task. Here, w e  shall be concerned billy with a liinited (albeit very irrlpgrtlnt) 
range of plasma environmenll (a hot magnetosphere). A s  a relul t ,  certaiti appro- 
ximations reduce the magnitude of the problem. 

sphere range from nanosecondg to h a w s  (Table 1). The lower end of this Pange 
is associated with effect8 such as  the discharging of electrical circuit elemetits 
and electromagdetit wave phenomena. At the upper etld bf the radge, SloW vaki- 
ations in  the magnetospheric etltriroumedt are important. In this-paper, we shall 
be concerned with the intermediate timescale range, from milliseconds to seconds. 
This range is determined by the charging time of the surface of a spacecraft by 
magnetospheric electron currenta. 

The timescales of phenomena which accur on a Bpacecrlft in the fnagneto- 

I Charging of bare conducting surface Tc - sec  

Charge redigtribution in a dielectric 

Change in edviranmental conditibnb 

Before entering upon tHe analysis of these phenomena, it is useful to set  the 
scale of the v&riou$ prbeedses Lnvalved. These are listed id T'abie 2 ,  and, fd each 
case, the treatmentl which IIiUEt be applied to describe the relevant fieid and 
particle phenomena a r e  indicated. 
rounding a spacecraft requires a jrafticfe descriptian. 
accoutit of the very ldrig mean free paths and iang Debye lengths X D  which occur 
in these hdt, diffuse plasmas. &lectrothagnetic treatments are deeded only for 
describing effects such as transient surface current phenomena resirifing from 
arcing excitatloris. Partlcle dynamics mdBt be fdilowed if slieath pla8rra 

In the inagnetosptiere, the plelamd sheath sur-  
This is ndceesary on 
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Table 2 .  Cci111B11ohlebs $atelltt&Plasrlla Sheath Models, L i s  the Spbcocreft 
Size, w 4~ th&laClrtra %Cequallcy and A b  La the Dabpe Lstqth 

P 

I 

Model 

1. Elec trbm a$de tic 

2. Quasisthtic 

3. Equilibrium 

Fields 

Maxwell's equattonb 

- 
Particle 
Treatriiefit 

Dynamic 

Dynamic 

Static 

Tini e s calc! 

L'c - sec  

w; 1 - 10'5 sec 

rc < t <  7 D 

oscillatory behavior is important. '' 
characterized by an equilibrium-particle distribution. 3 0  "his is the range which 
i B  considered here. Finally, at the lbngest timeskale, the bvhaviof il determided 
by change$ in the environment or  rediltributiod oi chargBB within di&lectrics. 

We Shall nbw describe the considerations uhderlying our analysis of the intef- 
mediate time&ale phenomclna. Let US consider a spacecraft with a spherical 
conducting durface. With a radiU8 R (em) end 51 chgrging cutrent density 
j (A/cm2), the time taken to charge the sBa-~.ftrta~..~Qta.apaterltial V i B  

On a loliger timescale. the plasma i b  

c,v 
r e -  
' 4nR2j 

where Cm is the capacitante of the sgacecraft With redpect to infinity, and i B  
given by 

With the fbllawing valued 

R = 100 cm 
v = 103v 
j = 0.5 X A/cmi 
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However, bd most Bpacecraft, large ar'ead are Aot bare conductors, but a r e  
covered by thin, inerilating dielectrics owtlyitig conducting BubatrrteB. lti them 
caaea, the capacitance of the dielectric, Cn, is important, fa ther  than the capaci- 
tance with respect to irlfinity. The dieleeteir: capacitlnce is 

esu/cm 2 
'D2 

10- lZ 2 - - F/cm . 4 rd 

With B thickness of 40  mil !r! - 6 .  1 cm), the charging time T~ i6 nbw 

lt)'12 v iD- - .c I-. -9 4rd j 1.2 x 0.5 x 10 

- 1 .6  $et: . 

The vbltage buildup between a Conductor ahd a dielectric insulator thus occurs 
very much mare slowly than the buildup on a bare conduetor. A s  IL remit, diher- 
entia1 charging of a spacecraft takes place on a timeacale longer than charging. 
Later,  we ahkill deecribe the developMent bt BUCH a phenbmenan oJei  the time- 
scale range vc 

tibns can be made td the modeling of the ck *$in& In pgrtkulap, Vst' dtSmanstrate 
below for hbt, law density plasmas where 

- 
t < T ~ .  

Under the candittbna foound in maifnetospherk substorms, esst-ntlel slmplifka- 

kD .. L, 
XD i s  the Debye lerigtii atld L a characteristic object dlr+.e?osion, that if surface 
patdntials oti thk aatelflte a r e  of the order  of the plasina temperature, one makes 
only a very small e r r a r  by neglecttde the aihkient Eipace charge detisity in 
Patssoh's equatidn. "his approxirliattbn, wheti juettfted, greatly reduces the 
amourit of camputattoh necessary ta determine satellite poteatials. 
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It has been shown' that in equilibrium plasmgs, mlximutii charge vartatlons a r e  
uf brder 6f the anibtent charge den8ity. It follbwh then that the tiragnltude of a 
potential a&#oei&ted Wtth B spherical charge deastt) fiuctuatibn of 1 m in radiU8 
i6 at most 

4 -  $ = 3 m  4 2  n e esu 
e + t h 4  x 10 x 4 . 8  x 1 0 - l ~  

- 2 x etatvolte 

- 6 x *olts 

which i$ selretal dtders af mlgnitude 1eSB than the Batellite surfacf! #otentials. 

sphere of B meter radius Charged up tb the ambient temperature to the amuunt 
bf Bpace charge euch a vblume Would contaia. fie surface charge on a sphere of 
radius r is 

Another ubeful quantity to examine 18 the relgtive amount df charge on a 

The Bpace charge in such a pliilrna i d  

4 3  9plasma a j n r  nee . 

n e  ratio of these tvlb charges i d  
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T ~ u R ,  w o  have strong rcasotrs to bsltclre that tho gross patcnttal PBsltufes 
nu~~raiindln~! an abject whssc dtrttemtcins a m  much smallor than a DQbyc 16hgth 
rnwl whom flurfaeb petcnttflle aP6 cobparable to tho plaslma tcrtlpdrature can ba 
1-31 c:ulntctd tghoring oinbtent (tie dtsttnct ffom pkatashbath) e p a c ~  chargc rffccte. 

*Rie dynamical model consists of LWC parts ,  namely; (1) the calculation of 
surface charge densities and net. cl:arging currents, given a potential distribution, 
;and (2) the calculation of the poteatial subject to free space and appropriate satel- 
lite boundary cbnditions. Brief descriptions of the techniques used a r e  given 
Iwlow. Further details w i l l  be presented a t  B later date. 

:I. I 'iirfuce t:Iiurpinp I:ulcdtrtiun 
-e 

W e  require the incideht and outgoing currehts &,, jout, respectively at su r-  
+ .. 

face points r ro. The net charging current is then 

where 

4 4  -. 
jin(ro) = I d 3  vo Toofin Go, c,) 

lout (T 0 ) = I dJ vo Go fout (vo, ro) . - . , -  

The distribution fout is assumed known at the surface 3 = ;o and fin is known at 
positions far  away from the spacecraft. Since w e  are looking for! equilibrium 
.solutions of Vlasbv's equation, the distributibn functions satisfy 

T ' O  df 

along particle trajectories. The object theh ts to calculate the ttajsctdries of a 
selection of particles. Sitice we know the dtstrtbuttod function f far  from the 
satellitc, automatlctilly w e  know the distribution, since f LS constant alohg a 
g iv r. n t I' a j e c to r y . 

'[rie Parker-Whlpple' tnstde-out scheme makes use of this fact. Trajectories 
w e  initiated at the spacecraft surface and a re  trclced backwards through the 
potentin1 field to dtstant points whefe the dtetributt6nD f(v', is l<nown. One advantage 
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of tk18 s&heMe is that orbite WhtCh dd hot hhvvaah ondp6tlit 6fl the Bpacebraft sur- 
fsce We aSoided. The neglert of 6uCh orbits if3 dtrictly Wlid only if the volume 
PpBcedhlrge ha8 no ihfiridnce on the partible trajeetbries. 

It ehsuld be empRasOried that the mnchfnery ts cbntataed in our nhmeriCs1 
technique for  calculating atlibteat Charge densities by Codstructidg distrtbutibn 
ftinctione, f, in dkCh spatial eone and taking it8 zeroth mbment (as opposed to j, 
hhfch is 8 first moment) 

However, pwsently, @e do not calculate this term, based upon the argtiments 
ppesented in Sectbh 2. 

3.2. POtBBLid Cdculrr~on 

In calculating the potential in three dimenoiijns around Bn arbitrary object, 
B griddcd method must be employed since the specification of the surface is fa r  
tbo general for analytic&l o r  multipole techniques. Since satellite$ are the order 
of meters  in length, We need at l ea l t  IO crn resolution k$ an apper bound in the 
s i t inky  of the sp8cewaft. Hohever, fur deteFm1tiing particle orbits. the fields 
hundred& of meter6 away mult  al.180 be known. In order to keep atorage down to 
a reasbnable level, some type of vwiable gridding mult  be employed. This 
prekludel the use of any straightforward Fourier transform tethniqw. One 
technique for achieving high resolution in the region arbuna the object and still 
being able tb handle vast QuBdtities of space is through Local mesh refinerhefit. 
Finite difference approaches, however, have difficulty in meeh transition regions, 
edpeciti1ly when grid lineS are terminated, and geir&r&lly lode an order ot accuracy 
in such region$. 

AB a result of this, we decided upon a finite element appoach  using right 
parallelepiped elements arid blended linear univttariate edge intertjblhritl. T h i B  
permits the dgme deer&@ of accuracy over the entire medh, even thbugh the mesh 
element6 difrer in eiee. It  reslults in the Bttinaard trilinear interpolation kchemi! 
for  e&ch element. 

f i e  €undamentel apprdach is. to solve Pdisson'e equation 

I 
by aolvhig the asi3odcited vari&%onal ppinciple 
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The firet-teftu-tn tire IWgr'ahd correspands to the LaplWt&h operator. The 
seeand term t8 the vdluztre spacecttarde cotktrtbution. The i-emairjing ternie arb 
surface cohtrtbuttons, r a f e t r h g  t6 the sWface charge and eieetrU! field, reg; 
peetlvely. 

triltntlar interpdlahts w tthtn each cube-like element. Since tho fihtte elemeht 
equations &re derived fkom Eq. (2 ), dtffecent meeh vblrlmer5 autontit~cally rective 
the correct variational weight. Thte ensui-ed the maihtenance of acburaey through 
mesh traliBitioti Peglons. The problem of local mesh retinerrrent i8 approached by 
havhg grids etthin grids, that is, a Chinese dbli-like hierarchy of grida shdwr. 
dchematically in Figrire 1. The theory of thta, tecbniqlfe i$ diecussed in Birkhoff 
et al,' ahd Cavetidish * Inbr&i- to hsive high computation speed, the Zittear 
equation& reeulting from the variational principle (Eq. (2)) in the interface regicth 
@ere coded up explicitly in B seriee of thirteen subrobtine&. These same routines 
ere used for ihterfacing any pair of the meoher;. 

In the vattatiohal Caleuiatton, we UT! bealiy defined basis sets,  that is, 

Figure 1. Crosg-Section of Grid, showtng F i r k t  Four Embedded Meehce 

4. SAMPLE CALCULAfIONS 

To demotiltrate the capabilities of our 3D m&del, be have frerforrried two 
sample calculatiirns. F f r s t ,  we calculated the capacitance, surface charge 
distribution iind electftc bids around a geometrtcail) coriiplex, conducting satel- 
lfteltke object. The object showri L FtgUre 2, and the prciblejm wad grtdded QS 

1 
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Figure 2.  3-D Model Spacecraft far Ci ipaw&C&dat ion- - .  

shown in Figure 1. while it it3 ekctribally simple, being an equipotential Burface, 
i t  has sufficietzt geoinetrical complexity to demonstpate some of the featukes bf 

our %%f;LIN model, The overall length of the objebt is fi m, with 2 0  Cm r&3OlUt iOh 

on the surface. The OrtterFndBt grid is 5 1  m long, and there a r e  about 3b,ObO 
variables in the problem. The butermoet mesh had monopole (4 = 3) boundary 
conditidns imposed. UBirig an S6R Porttine. this problem took le&& than4 m i d i .  
BolvB an the CDC 7600 at Kirtland Air Force Base. 

The surface area of the 
object is almost fbur t imes aB great a$ that of a sphere of equivalent hapacitarico 
(r 75 CM). If plaCetl ih an environment Htith a Charging eurrent of l6&9 A/tm2, 
thie satellite-like bbject wbhld ehargc! to 10 keV in &bout 3 msec. The charge 
distribution is nonuhgorm. a1 expected, with most of the charge o n  the panela 
\khich have only 58 percent 6f the eurface area. With the satellite charged to 
10 kv,  the total charge oh the Clurfiice i B  approximktely 2500 e15u ( - 0 . 8  HC). The 
average nbpmal electric fields on each panel in such a problem i B  -37. 5 V/cm 
while, on the body, i t  ranges from 20 V/cm to - 4 0  V/cm. 

physical complexity. The object cangists of a condueting cube, 60 cm on an edge, 
partially &overed Hiith a 1 mth Itn8ul8tibn skiti df tllelectrie cbnstant unity. 
Figure 3 shbWe d pictupe of the object. The object is pldeetl in a 10 keV, 
ne = 10 cm-3 electrbn plasma with an assumetl neutralizing backgrbund. By the 
babkuiard trajectory techniquh dekcribetl above, ineident electron currents on the 
object &re determined. Charge fmpinging upon the dielectrtc skin is assumed to 
stick while charee lariding dn the ejtposed conducting eurfacel is allowed to 
distribute itself in ortler to maintain the conductor ad an equipotential surface. 
The potential bn dielectric surfaces is related to thht ori the conductor by the line 
tntegral of the electric field tliroukh the surface. TO adti asymmetry and caube 
differential charging, w e  assume a light eoirrce at some large distance alolig the 

' h e  cripaeitance calbulated for this object is 83 pF. 

The second ekmple cllculatibn ie of a simpler geometry, but has considerable 
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pogitlve x-axis. This light gittas rise to a 
photueukreht of 4 nA/dma whicbact8-b d i a -  
chakge that surface. 

Iilitt&Lly the petential on the susi€&e oP 
the satellite rb& very pdihkly. This cor-  
reegohda to Burface ckargihg on a timescalk 
determined by the net capacitance to infinity. 

I However. after about 50 rn$ec, the differhi- 
tial chakging of th? conductor and the froht II 
ahd back dielectric sdt facel  ddminate the 
calculatioh. The Dotential at three lbca- 

Figure 3. Spacecraft for DynamicaL- 
Calclilation. 'dy daehed area  is 

covered with a dielectric film 

tionEi a s  a functioh of time is plotted in 
Figure 4. We nbtke how the surface bare metal, th,. est  6f the object i B  
dielectric contihues to charge, !albeit at  ._ .. - 

12 

10 

Figirre 4. Comparhsn of charge Buildup at Three Diherent SeettohiS of 
Illuminated Spacecraft 
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a very slow reatc, while the front surface dieleetric dhcharge8 Bubstantially. 
The ebnductor also dfecharged, but rhore slowly than the illunitnated dielectric, 
Fi&re 5 BhowivB a potedtial cbntour map through the f ,  y plane. we can 8eB that 
the Conductor i8 more than one thousand volts negatiJe with respect to the front 
surface dielectric, while it is only & few huhdred Jolts positive with respect to 
the r e a r  surface dark dielectric. Thil implies that the cclnductokg Burface charge 
rihder the illuminated dielectric is of negative sign while uhderneath the rear 
dieleetric the conductoE's surface eharge ie of poeitive sign. The potential dif- 
ference between front and r ea r  dielectric6 is almost WO kilovolts. Fields in the 
front dielectric a r e  greater than 10 Jolt$/cm. 4 

5. CUNCLUSIO!4Y 

r 1 T I 1 

/ 
I 

, /  

I '  

! 

I I 

Figure 5. PotentiU Contour Plot Near the Spa&&- 
craft after 6.21 sec. Sunlight i& ineident from 
the right (k-directibn) 

fie predictiari of surface potentials bri complbx sateliifes is a formidable 
task. Material propertieo, gebmetricdl effect& fimbient plasma, and photosHeaQh 
sjsace charge' all play rbiBs iri determining surface potential distributions. 

32 9 
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flowever, for the range of plasma p8lzameters ftequently fcibnd in hiagnetoepherir 
subrirtorrrrs, it it3 judtifiable to neglect the self-cbWietent ambient plahma apace 
charge. This assumption permitB the calculation of potedtiall in a s m m e t r i c  
three-dbhendional geometries. The resultant calculatibns demonstrate such 
effects a l  net object charging with respect to infiaity, differential charging, ltid 
charge rediBtribution on conductors. These first calculatitrns preSented here 
errlploy large Bimplifications with reSpect to material properties, i&n currents, 
etc. Hdwever, they &how that the concept trf three-dimthMonal Spacecraft charg- 
ing calculations ill a pract i ta l  one. 
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