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3. Charging Characteristics of M a t e t i a h  
Comparison of Experimental Results 

wi th  Simple Analytical Models 

Carolyn K. Putvis, N. John Stevens, and Jim C. Oglebay 
Lewis Research Center 

Cleveland,-Ohia - _ _  - - .._ - . - ~- --- 

Abstract 

An underatanding of the behavior of mdtbri818, of dielectrics ih partitular,  
under charged partiille bdmbardment is e&smtial tb the predictibn and prevention 
bf the adverse effetttd of spacecraft charging. This pciper presents an effort to 
Obtain Buch an uliderstanding through a combined analytital ana e%perirllent&l 
Bpproach. 

uead in tbnjhnetibh with exp&rlmental data taken in this facility tb develbp "nititerial 
charel@ cbaracterietic8" fa$ silvered Tefibh. Tliese characteriCJtice &re then used 
in a dire dimenstddal model fuf chargiilg in apace tt, examine expected rehpohse. 
Relati'se Charging Pates a s  well a s  relati*e chhrging levels for silvered Teflon and 
metal ate dii9eussed. 

A cine-dirrledsional model for ChBr&in& of eiamples in the LeRC test f t d l i t y  i B  

Two pr&ouB pdpersl' ' described the test  ficiltty, test nieth6db and measure- 
mentis, arid the rCElUltd bf JarlouGi mat@rtais charecteristics test p d r h i r w d  at h e  

Levole lleaeareh Center fn support ot the bpacecraft ckarglhg investigation. %e 

459 

c 



r r r 1 1 

presertt paper surnmatizeb the adalytical wafk wYI1e.M hli$ beeti psrf6riried ldter- 
actively wtth this  expeftnledtal work, The goal of the analysls La twofold. Firbt, 
is tb mado1 the charging bf mBtePlal damplee in terms bf the rHatortal's #ara- 
metbra. Second, stfice a goal of the chtire study i s  ttr predict beliaetor of epleo- 
craft aurfaccb, an attertipt is made tb 'I$cali?'l the enviT'onfnerlt, that is, to pelate 
results bbtatrled using a monbenel'getk beam in the graurtd teat faclllty to expected 
resltlte with distributed particle flwea bf the spate envitbnment. An approach tb 

establish this environment scalittg is tb develop mod& of chargilig fbr  both 
charged particle envirbnments, and nssume that the rhaterial properties a re  con- 
stant. 
in spa& a re  a reeult of the differences in  the two envir'onm&its. It is recognized 
that the vacuhm levels in the grbdnd test and space environments a r e  also different. 
Nu attempt is made here to account for.thi8 factbr. 

TMS paper, then, represent, a fil'st attempt at attaining the twb goals of 
characterizidg material charging and scaling tb the space erivirbnment. The 
modele used aril one-dimendional 3itid describe charging of Bamples in terrhs of the 
charging of a capacitor. 
worker s 3' 4 D  '' 

The procoduro uaed herein was to first develop a one-dimerSional model tb 
describe charging 3f dampleg in the LeRC vacuum test facility. 
tained a number uf 2arameters which welie varied to provide best fits to experi- 
mental data bbtainet' in the facility. 
the belt  fit were identified a& the "material charging chwacteristics. " 'het& were 
then used in cofijunction with a ofic-dimehbional model fbF chargidg id the space 
substorm enttirbnment tb make some predictions of the chatsgidg behavior of the 
matexlitds in spaci3. 

"hen differences betuleen material charging behavior under grbund teat end 

This type o€ model has been uSed by a nttrhber bf 
to describe Spacecraft charging. 

This model cod- 

The values of these parameters which yielded 

R The insulatbr studied here is 5 mil silvered FEP Teflon. 

In the LeRC test facility, a monoenergetic beam of electron8 with energies of 
- 2  to 20 keV ie difeeted at noxltnal h i d e n e e  to planar damples. A beam current 
density of 1 iiA/cm2 wad uded tti obt&iti all teat data diakuissed 111 this repoft. 

"tie Ground Test pakility Model is d qtlaeidtatic current bd&n&e triadel, ?he  
cufreirt denriities cortbidered a r e  thbde due td p r h a r y  (beam) blectrons, secotldary 
electr6nF , backscattered electrbns, and leakage current through the sazfiple bulk. 
These *Are denoted by ye,  j,, j,,, add j,, respectiveiy. The sample is assumed to 
charr;e like' a capacitbt. Thus a tinle balance equetian 1s of the form 
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where V, i d  the magdtude 61 the surface Volta&e. A l l  st@$ $re ejrpliclt in thio 
CqUhttdh, and ttb at1 sthoPB Used in the te6t Paetltty model, tli8t LB, d l  syrtrllob 
stand for pOt3iftve nufhbet-8. "he actiel sutPecc wolta@ l e  d cburio nraetlvb, and 
this is  aelsllmed th&%u&hout. "hcls thts model doe6 nbt prodtct pbattivc riuffaco 
voltiqes cerrectly, since pb8ttlve surface voltbgo would tedd to reattract tht! 
emitted 8ec;brldatji olOctron6 add thtb effect has d6t besd tnciuded here. 

The f t t s t  term in EQ. (1) represents the net s h a r p  depastted od the surfocc 
(per cmP) ih ir tin 3 etep, add Bo tI termed the! chargiha current deneity and denoted 
by jc. The procedure ubed was to initialize at t = 0 with V, = I). Then AVd uv~s  
calculated frob.  

The curtent denlsitiee a r e  all functi6ns &f Vs and t b i r  functional forms a re  giveh 
in Figure 1. EquQtion (2) is solved by Bn iterative procedure. 'I'hib equation can 
be expressed as 

with the itiiti&l a8sumptidn V8 = t = 0, a Buitable At i$ choseh, atld AVs ctilculated, 
V, il then incaeniented by LsV, (8et = AV, fbr  t h k  firet iteratibn) arid the procedure 
repeated until equilibrium is reahhed, that 19, unitil 

The severid current deneities in the preceding equation& are fuhcttons of $UP- 

face voltage. A l l  but the leakage curtent dengity a r e  functbns of the primary 
electron behm voltage and current density. lihe parameters whieh can be varied 
ape the secondary emisirton maximum yield, 4,.,, and eilergy fbr maxtmum yield, 
V,, the backscatter casffictent, e ,  the resistivity. P, and the capacitance! t. 
In practice, ValueO for 8, and Vm were taken froM the literature. Valueb for P 
were determined from the meemred lurfdce voltage8 and currents at  equlltbriufn, 
and fits obtailied by varying fand C. "hi& iri ditrcuelled fhore fully In Sectiod4. 

It ehbuld be noted th&t t h h  madel does nbt accblrnt fur beam spread tn an& 
or energy, the preeencb 6f the VUSUWI tank wails, or residual gag in the; c h m b e r .  
Slhcc! it ie one-dimenstonal, it can not, of course, explicitly de8cftb8 edge effects, 
dr effect6 due to srirface va r l e th i s .  

Bertvatlotis of the eurtedt density equattons a re  presented in Appendtx A .  A 
surilmary o€ the madel and equatianl Le giveti hi Ftgure 1. 
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' t=q'T "2 "s =n "s WK& THbUGti INSULAlOR 

&s SURFACE C M d C i N G  

1-D Model Ground Test Environment 
k ' C T  

Figure 1. 

3, I "k'Ioutinp** .\Illminumi PIute 

The f i rs t  test data Used in conjutrction with the test facility charging model 
were those taken with a bare alumhum plate which is normally used for substrates. 
This plate Was mounted in front of a second identical plate which was grounded to 
the chamber walls. h 2 s e  two plates w k r e  held apart and electfically isolated by 
a Tehoh spacer plug 0.7 cm l o a .  ThC plates a t e  rectangular with dimensibns 
15 cin X 20 cm (-300 tin' area). Surface voltage of the floating plate was mea- 
sured a s  a function of time using the surface voltage probe. l 

Figure 2 a h r m  these data and the best fit calculated curves. In obtaining 
thesk fits to the data, values of 6, = 3 and Vmax = 400 were used. These a r e  

surface layer of A1203. It is reaeonable to expect some oxide on the surface of 
the "bare aluminum" plate since I t  had tn fact been exposed to air.  This points up 

consistent wttli ranges of values for these parameters given by Gibbons 7 for a 
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TIM, sec 

Figure 2. Cbmparisbn With Experi- 
metital Data 

the strong depradence of charging phenomena oil Bampte 8urfaCe cohdition, and 
indicates that care  mrs t  be taken ill making predictidnl for charging ti, consider 
the state 9f the surface. 

With these value8 in the eltpwsgion tor Becbndary eniis$ion, the valU&cl bf C 
used to obtain the cumes in Fiflre! 2 Varied from 1.2 X 1t)'tafarade at  VB = 5kV 
to 5 Y 10-l' farads at V B  = 16 kV, decreabing approximately linearly with in- 
creasing beam voltage. The values used for the "bacltbcatter Cbefficient" varied 
from 0. 15 at V B  = 5 kV to 0. 5 at V B  = 16 kV, again ih approximately linear 
fashion. The expression used to calculate decondary emission current density is 
derivkd from an expression for yi-ld a6 a function bf pr imary energy due to 
Sternglaas. * It is plausible that the required variation of e to obtain fits to the 
data i s  accounted €or, in part, by deviations of the actual secondary yield from 
that predicted.by Sternglass formula. That is, the adjustments tu t represeht 
adjustments to the sum of the backkattered and eecoddary electron$. 

Tile final point of concern here is the time scale for chargtrig bf the flbatin$ 
plate; ~t Peaches i ts  equilibrium h a t i n g  vdltage W l t h  a time cbnstdnt of devera1 
seconds. This i l  not surprising, since the capacitance of the teet plate to its Bur- 
roundings is expected to be small. ' h e  timescale, is relevant, However. to the 
question of the behavior of composite sarhples. Thls is disctiseed mare fully ln 
Section 3. 3. 
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8.2 $l\c-rcd 'I'vflun Siimglcra 

h r e  1- b rllodcl Was W t  used t6 pit current and sutface Jolt@@ data frdin 
silvkred Teflon Bampltts. These cbhBist of an aluniiliuifl subltkatt: with three &:Pipe 
of 5 hLl silvered 'teflan mounted with conduCtiJe adhesive to the substrate. EatH 
of these Btrips wa.8 5 cm wide and 90 cm 16ng. W i n g  test, the aliitnlnwn substrate 
(and cbnsequcntly the silver) wad grounded, while the Teflon Bubfate was born. 
barddd with de&tr6M.  

ape shown in Figure 3. 
and indicate charging times on the. v d e r  of minutee. The errclr bat's reflect the 
bcatter in the data as well as the f5 percent re8blUtidh uncertainty in the voltage 
measupements. Since for in8uhtors there a r e  Ltrong voltage gradients near the 
edges of the sample#, the Surface voltag& measuementb a t e  those read at  the - -.--- l_-_-l ---_-_II_c -. . 
Batnple center Which iEi uniform. 

To obtain these curves, the effective resistance waS calculated from the 
equilibrium value# of surface voltage and leakage current. These values indicate 
an effective pesistivity for the samples df about 9 X 10150-cm, about ai order Of 

The data and calculated fits for beam voltages at wliirh equilibrium is reached; 
These data Ire I composite of four separate data sets. 
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magriitudb below published value6 fbf “ &on. If  one assumes that the publishcd 

4 X 10”fl is i indhted by the data. “hi8 cbulci be a surface leak?$@, o r  an edge 
le&k&ge, 6r leakage thrim$h the sheath. 

Values df 6, = 3 BnB VmaX = 300 were uaed in the expPcssicili for Becondary 
emiBBlon, ih accotdtlhce With the data giveh by willis arld Skinner. The values of 

decreased monotonically with increhsing beam valtage, Extrapoltition of the curve 
to Vg 0 indicates ti dielectlic conStaht fdr ‘fehan of - 2. 1. This decrea6e in 
effective capacitance is believed to be as.sociated with edge effect#. Edge gradients 
a r e  obswved in the data. These become more pronounced at higher uoltagek 
reducing the effective area. The valae usad fdr  the backscattet coefficient 
variee about an order of magnitude for  the Tehon samples. Not o d y  does itchange 
with beam voltage, but also appears to change during charging at a single beam 
voltage. Far the initial portio? of the charging curves, f varied from 0 . 2 5  at the 
lower beam voltages to 0.05 at high beam voltages. A t  equilibrium, f Varied from 
0.02 at law beam voltages to 0.25 at high one& These variatiohs were not linear; 
rather,  7 WtrS relatively cmstant at low and high beam voltages, \kith a trgnsition 
occurring betWeeti VB = 8 kV and VB = 12 kV. Again, par t  of these variations may 
be due tb deviations 6f the actuhl seeandary emission from-that ealculated by the 
airhlytical expression being uked. 

duping arcing. Figure 4(a) BhoWd adurve  fit to a eomppsite of M o  data set6 for  
the initial chargin.? transient with tr beam voltage of 16 kV. 

value of 10 17 fi-etkis accurate, theh a pBrallel path havldg a reW2ance ut about 

C reqiuired rsnged frbm 14. 6 pf/cm 2 at V p  = 5 kV to 10 pf/cm2 at  VB = 12 kV and 

Sbme invegtigation wad: undertaken ta Study the behavior of the Teflon samples 

Figure 4(b) Shbw$ the 

. ._ 

0 2 I I  b 8 11112 
min 

Figure 4. Compclfisda With Frperimerital Date. UiBchargk 
transientk; silvered tefion samples; if; kV bCRm 
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same cdlcdated cuWe8, tHiB tin.d with a single set af data. 
cufJeB and p o h t l  a r e  the ihittel charging tliahsicnt. An arc a&euPred on this 
sample bhtWe&n the time bf-thc voltsgc reading at  t = 4 mtn and that of thc current 
reading taken at t = 5-  112 w.in; the Iufrface dtschwged, atrd ehai ging Was repeated. 
The curves shown for the pd$t-$rc charging trarisicnt a r e  iderittcal td those tor thc 
initial tranfjient, but Ghifted in time. 
quite repeatable, not dnly from test tb test of Teflon Bamples, but a18b through 
arcing. 
behavior of Teflon sample&. 

The left hand set Of 

"hi& indicatch that the charging ttansierit i B  

That k, at  least  stlbrt term, the arc-ihg does not affect the chargidg 

. .  . .. 

One of the stated objectives of the present work was to investigate the " e n v h n -  
ment scaling'' effects between the ground tegt and sphce environment&. A n  obvious 
difference other than the environment between ground tests  so f a r  described and 
th? dpace condition is that the Sttidie# of silvered Teflon discuseed above were all 
conducted with the substrate grbunded. In contrast. for the Cadi? of a spacecraft 
id orbit,  the entire body, including the "grounds" must cdme ir:to equilibriutn with 
the charged particle environment. The queSti6d of the behavicjr of a composite 
System becomes particularly interestidg becauhe of trie divergent time SealeB in 
which charging of "fl6atiiig" metal platel  and silvered Teflon abbve grbund a r e  
bbserved tb occur. 

Tt, invbstigate this que'stibn, a cbttipogite sample was built and tested. 
sample cimsi'sted of an. electritally fbatitig standard alumihum stibstrate with two 
str ips of the 5 cm silvered tape mounted on it. This allowed for a 5 cm str ip of 
the aluminum between the two Teflon strip6 to be etposed to the electron bearh. 
The alurllinum substrate was mounted in the test chamber in the same manner a6 

the floating alumilium plate described in Section 3. 1. 
depicted at the top of Figure 5(a). 
a t  equilibrium for this sample. 

because of the different effective capacitances through which the :tltrmirim and the 
Teflon mul t  charge. The p r e d i c t i ~ l ,  shown in Plgufe 5b1, ii3 based on the idea 
that when the beam i s  turned on, the albrf-iintim shot~ld charge to its equilibrium 
voltage with its time constant of secbnds, carrying the Teflon voltage with it. 
When this has occurred, the Teflon s)rould continue to charge froni tho equilibrium 
voltage of the altlinintim tir its awn equilibrium voltage with its own time constant, 
that is, ininlltcs. "he curves in Figure 5b) were thus obtained by superimposing 
the cufires for erltImthurh above and for Teflon alone with the Teflon cufire shifted 
so that it coincides \kith the aluminum curve at the point of' equilibration for the 
aliiminum. A s  can be &en from the data plotted in Figure 5 0 ~ 1 ,  the expected bu- 
havidr was found. 

The 

This configuration i B  
The bottom of this figure shb~ir .  a vbltage trace 

The eqecta t ion was that this co!ngosite bampie would charge in Mlo stage$ 

4fifi 



I I I '  1 t' I '5 I 
* 

d- 
0 2 4  b 

Figure 5 .  Silvered Tenon/Alum inum Cbmposite Sample 
Fl6at ing 

The expettatidn that the aluininum arid Tkfloh cumprisirig the cbmposito 
sample dh&ulll eharge to the BatrtC sdrfafe  voltage8 a s  hAd the flbritirig plate: and 
the Teflbn samples abbve grounded Bubiitrates: *a6 based bn the observation that in 
bolH thase casek the equilibration warl dbmitiated by secahdary emisitan phenomeila 
rather tliafi by leakage cdk-retsts tb graudd. This is evidenced in  twc aays. First, 
plots of mrfhce voltage at equilibrium ve rgw beam voltage are straight lines; 
such behavior i B  suppoled to be ad8ociated with emisdion dohiriated equilibration. 
Second, etamination of printouts of the mbdel calculations reveal$ that, at equi- 
librium, the leakage cdr.rent denttity term id several orders  of niagnitude smallet  
than the other current@ in the mbdel. 'hi! cbncluaibn, then, is that for this type 
62 campolite kample, each part respdnds tb the charging ehvitonmerit with it6 
characteristie time conltant, and comes ifit0 equi l ib r im at  ite characteristic 
Burface Jbltage so long as  leakage current d&&S not play a dominant rble in the 
equtiibra! ion. 

kxtensive. Fhrther eyrerimental intestigatibn of this and other compotjlte dainpies 
a r e  planned. 

It should be noted here that the tests  run on thirj cciniposite campls were not 



T 1 7 I 1 T 1 

In order  to predict charaidg behavior in space, a one-dirnenl5libnal model for 
charging in Bpke  analogous to the one-dimendona1 ground teBt model war3 de\re- 
lbped. l%@ eBdcnti81 difference bettNeeil the two mbdals is that the space ltrbdel 
a68vmcrjr an isotrbpic MaxWelUan pkrticle dietributicrn cmtaiding both electrorls and 
Lon$ and a Spherical collection geombtty. The current densities a t e  derived from 
Langtliuir probe calculation6. Thisr type of calculation has been used by several 
authorg 4 b  5 D  '* lo to t tea t  the @pacecraft charging prablem. 
current density equations is given in Appendix B; a Bruntnary description i B  pre-  
eented in Figure 6 .  AB is indicated ih this figure, the model as prCBented and 
ueed here asSumes a geomagnetic substorm condition. 
is negative, so that electrorl9 are repelled and ions attracted. In these equations 
Vs i g  an algebraic quantity, that is, the Sign id iinplitit. 

Derivation of the 

That is, i t  ahldnles that d ,  

Figure 6 .  1-IY Model Space Substorm Environmeht 
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AB is evident from the sketch iir Ftgurc fi, secondary ckr4rons  duc. ta ion 
impact sr'e not accounted fur in t h h  Pnodd. This Is biLrlausro the intent W C W  i R  to 
use material thtirgtng characteristics fimnd bj  fittihg the grot nd tcst model ta 
expcrh"s1 dhta in  tonjunctim with the space model to prc1dic.t s p ~ w  vharging. 
Since thefe were no ions u$ed in  the eqertfflents, no coefficient for sccondaty 
electrons tluc! to ion impaht was determined. 
Boltree i B  riot considered. ' h e  surface voltage values predicted by this model a r e  
therefore somewhat l a r g t r  than. if secondary electrons duc ta ion impact had been 
rncludCd. 
reduction in the equilibrium voltage calculated for aluminum at  V e  - 5 kV.  

ground test  model. 
the ground test model to the data. 
represent the spacecraft "ground1') wag tab 
the capacitance of a one meter diameter Sphere (to represent a "typical" space- 
craft dimension) to infinity. 
capatitance f.*r chgrging flbating metal objects i s  that of the object to i ts  surround- 
ings. Those parameters (notably C and Is for Teflon, and C far  alutninum) which 
varied aS functions of beam (and therefore swface)  voltagr wepe associated with 
the equilibrium surface voltage for the appropriate test for purposes of making the 
space Voltage calculatiting. The relatiohghips betweeh electron and ion temr era-  
tures  and between temperatures arid cuprent densities were taken from the Pro- 
visional Specificatiafi for the Geomagnetic Substorm Ihvironment. " This 
Specification is given as Figure 7. "%us, results of the space calculations, shown 
in Figure 8 ,  ark given ad funttiong id electron temperature only 

two cuwes  a r e  shown for the surface voltage of silvered Tehon 
a s  a function of electron temperature. The f irs t  c u r v e  calculated used thr. cxxptri- 
mentally determined value of 9 X 10" SI-cm for the effective reFistivity of Teflon. 
f i is  curve bends sharply to the right a s  electfon temperature increases 
inspection of the curreht densities dfivirig tho equilibriutn indicated that leakage 
current played a large part  in the equilibration of. the i'ehon. m u s .  this rurve 
yiklda a "good" value for the surface voltagc of Ttflon if the spacecraft "ground1' 
I$ actually near plasma ground. This would be the cme if, for example, Ohoto- 
emisrion were holding the spacecr-ft ground near plasma grounfi ahd the Tchon 
surface of concern \kcre shaded. tiowevet., if the spacecraft i s  assumed to be in 
eclipse. the aluminum representing the sparecfaft ground is predicted to arquirv a 
large negative vdtage (solid line.). In this rase  i t  is c.lcur that 1r.akngi- c*urrc.nt 
can not drive the equilibration of the Teflon surfarc, acacording to thr. dnshe3 lint. 
Theref'orc a se-6nd curve was calculated for thr. Tr-flon, hasrd on thv ass\:n;ption 
that there was no leakage. 

'f'hereforc this cul-rent dcmity 

For exarhple, a gecotidary coefficient of 1 would yield about a 10 pc*rccnt 

The precedure used to calculate charging iB identical to that described for the 
Material characteristic6 used were thoSe determined by fittirig 

The capacitance of the aluminum (considered to 
to be 15 Y 10-l' farads, which i s  

This capacitance was chosen because the relevant 

In Figure 

An 

This i s  shown in the dash-dotted 11nc.. 
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%{&tire 8(L) Lbbws the r a t e l  of ehargtng predkted fbr the Mpaee ronditidn. The 
t ime tl) rli&ir$e the a l u h i n W  is predicted td be BeebddB, mmprirabls ta the time 
required tb charge the floatin& pl?ite iil the ground experirnente. %!he tiwe rcquirad 
to chaFge the Te€lGn is predicted tb be several Minutea at lowef electron tempers- 
turb&, ranging ta teus of minutes 8s the electilln tr?mperatul'e idcrease&. ThuL, 
equilibl'atibh of Tefloh i€! predicted tar require BigntficantLy b n @ t  time id space 
than it doel in grouhd-experimente. 

Using the curves shown ih Figure 8, i t  is polsible to predict the response of 
a 'Ispacecraft", composed bf an altlnihukh strut ture partially covered with silvered 
Teflod, tb substotm and eclipse conditionb. Such B se t  of predictions is shbwn in 
Figure 9. For  purposes of this f i g u h ,  it is ad8uinled that phdtoemissioh is $uCfi- 
cicnt to hold ill,uminateti ElUrRceS closie t6 plaama ground. 

BpaceLraft iti in sunlight. A substorm injection with a 5 key Maxwellian electron ... ..--.... 
distribution is a$8tlm@d to occur at t = 0 and this environment i l  assumed to 
remaitl eonstant tHPaughbut the tiine shwvk An..eclipse is assumed to occur ftom 
t = 60 min to t = 126 min. When the Subltbrm occurs, the dark Teflon charges 
according tb the dashed curve of Figure 8(a). shown in Figure $4 a s  a solid curve; 
the aluminum at l'grotlnti'l i b  assumed tb be Held near plasma ground by photo- 
emiBSidn. .. -The Teflotr-&a&%-itS leakage doh inated eqqil.ib.ri_um lrbltage 

Fiqure 9(a) asrrunles that the Teflon surface of interest i B  shaded when the 

Figure 9. Reeponse to Subdorm and Eclipse. 1-D Mudel 
Predicttohe 
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af -8 .  5 kV with ltc tlme contJtant of Rbbut 20 mln. Whcn the spaceWaft cihtrVs 

cclipsc, thc! alurttiflwn charge$ qcllcMy (in scconds) to i ts  (.qulllhrIum vtllttigr: of - 10 kV. It ts assumed that the* charge an thP Teflon surfacc l e  ImmoMlt~ et3 this 
time scale, 88 thts surfnce rematntd at  -8 .  5 kV. A t  this polnt, the lcakagc ourrrnt, 
which was driven by the voltagc! diffcr@httal of 8. 5 kV disappber8, so thc Tlslflsd 
finds itself td bc no 1ongc.r in cquilibfium "ith ItH enviranmcnt and prorctXJs to 
charge tb its "ffoating" valuO of -c- 14. 5 kV in a characteribtic 20-3Q mid pcrtod. 
Upon exit frotn cclipsc, a similsr pattern is foliowetI. f i c h  aluminum falls qtrickly 
to near plsotma ground. UdcaUse this discharging i$ driven by phbtoomissioil, it 
requires only about 0. 02 sec for the aluminum tb reach plasma ground (asguming 
4' A/cm2 phbbcurrent). Now, the Tenbn again finds Itself but of equilibrium 
with its plasma environment, and. proceeds to discharge slowly tb its previouh 
equilibrium potential of -8. 5 kV. 

Figure 9(b) &how9 a similar  type of time history fbr an insulhtifig surface 
which is exposed to sunlight. Again, the solid lint! represents the surface Voltage 
of the Teflon afid the dashed line the spacecraft ground. 
and subsequent charging up is analogous t& the charging of the composite sample 
discusged in Section 4. 

librium value. 
voltage followk that of the aluminum until the aliiminum reaches equilibrium. 
Teflon then cbntinue8 to char@ slowly to i ts  equilibrium potential. 
eclipse, both the aluminum and the Tehon ar=. dis-hargcd by photoemis6ion. 
the alumidum reaches plasma ground in about 0 . 0 2  sec,  a s  i n  the previous case 
The Teflon also discharges more quickly than it charged; it requires about 4 min 
to reach plasma ground. 

These resultd indicate a need for charging studies which take ihto account 
relative charging ra tes  as w e l l  as different equilibrium charging levels of various 
spadecfaft surfaces. 
faces (sblar cells, thermal blankets, etc. ) each of which can be expected to charge 
with its own time cbnltant. 
cbnstants ehould be assessed. 

The entry into evlipse 

The aluminum charges rapidly (in seconds) to its equi- 
Because the Teflon had no significant charge on i ts  surface, its 

The 
Upon exit from 

' f ius, .  

A ''typical" spa(-ecraft has Lsevefal different types of sur-  

The importance of the effect of the different time 

The present study ha8 resulted In the development of a set of "material charg- 
ing characteristics" which describe the chakgihg of small (300 cm2) sample8 of 
5 mil silvered Teflon and oxidized aluminum. 
predictions of charging tn space hhve been made nnd u5ed to estimate the behavior 
of a composite body under ronditicns of s,ibstorm and eclipse. Several in t e r~s t ing  

Baaed on these characteristics, 
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diffrrrnrrs bt4sviim rhnrging hohavtar tinder ground tiaflt c-ondltions find prcdil*tf4 
behrdor  in q r w o  havc. boon nottsd far fii1vcrc.d TrdIan. IJnc1c.r ground t w t  csondi- 
tian8 Rilv@Ccd 'hfian aequlrr R thc RAmv aurfarr, potential ihourrtr-d hh gro\int.i4 :awl 
fionting mhatrntcR bcvxwsc tHc rt@lthratlan LR domirirtod by flurfncsct  ~ m i n ~ i o n  
phcnsmcna. HbwEvrr, t i l  spar@, Rigsifirnnt d i f f c r twcs  arc pridtrtcd in wurhw 
voltago for thcsc two rhountirig ronfiguretiofw. ?his i R  bclcnuec leakago vui-wnt 
domlnntcs thc equilibration sf the Tcflan Whcn thc. alutninum i s  tit ground, Wtiilt. 
surfacr cmissiorr dsminatrs for thc hoeti.rg aluminum ~"w. Thc time rrquircd 
for silvorcd Tkhon tb chargo ta cqulllbrium iti tests i s  scivernl minutow: this timc 
i d  predicted to be scvefal tens of minutes ih spacc. 

In contraet tb tlib several minutes to st-veral tcms of minuteR time scales for 
silvered Teflm, flo; ting aluminutn samples a r c  ohaervcd in ground test arid pre- 
dicted in space to ohal'ge to e q u i l i b r t u ~  in  second$ 
lower than that of Teflon since it i s  determined b!, their surroundings. 
also orders  of magnitude differences in time scales far discharging by photo - 
emission of aluminum and Teflon. 
ra tes  gives rise tb sudden changes in the electric fields which the Teflon must 
sustain upon entry ihto and exit from eclipse. 
charging rates a s  well a s  differential r-harging levels may be important and should 
be investigated further. 
models should le developed for chaiging. 

interpretatidn of experimental results. ahd a s  guides to relating test results to 
expected space behavior. 
can be used ihteractively with test data. This i s  6spPrially true s in r r  it i s  im- 
possible, or at  least impractical, to simulate accurately the geosynchronous 
environment. 'rhus vhvironment sca1ir.g must be done through use of models, a t  

least  for the present. 

ran not account for such things a s  edge effects or interactions between adjacent 
surfaces a t  differeht potentials as with different charging properties 
a r e  clearly important. 
samples and sparecraft. 

Their capacitancc i s  murh 
Therc. art. 

This discrepancy in charging and discharging 

It is felt that these differc'ntial 

Thus, transient (qu2sistatic) as well as steady stare 

"tie bne-dimtmsional madels described herein have br@n found useful in the 

Models bf g.round test situations a r c  nt.cdc.d sinrr. they 

Firrally, higher dimensional models a r e  needed One- dimensional models 

Suc4h rffchcsts 
and may dominate the charging behavior of multisurface 

L. 
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where e I s  the electronic charge and \' l3 the b w m  voltagv 
emitted from the gun is given by 

I'he current dmsity 

(A 1) 

where no = particle density. It is assumed hcjrt. that n (3 (tlw chargo density! i s  
constarit, in order  to account for the spreading of t lw  beam in the real  situation. 
Thus the continutty equation requires that some porlicles a r e  "lost". 

14'~ wish to calculatt? -urrent densities to the sample surface. 
t ies to be considered a r c  those due to primary rltartrbns, secondary electrons, 
backscattered electrons, and lrakage through the bulk af thv insulatbr. 
tor i s  assumed to be mounted above a grounded substrate for purposes of calcula- 
ting leakage. 

Throughout this dbvel jpment the sample surface is  asdutned negative, arid all 
secondary and backscattwbd elkctrons a r e  assumed to esrape. 
explicitly so that symbols represent positive quantities. 

0 

C'urrent drnsi- 

The insula- 

b 

A l l  signs a r e  given 

-- 

F i p r e  A 1. 

475  

--I; 
- 



f I I '  I 1 I I r. i I '% 

Atw-ray$ng and using Eq. (A 1). W Z .  f i t v l  

since we are requiring that no" remain constant. 

1 Sternglass has given the following expression for secondary yield as a func- 
tion of primary electron energy at impact: 

where 6, is the maximum yield, eVm is  the primary energy for which mauimum 
yield is attained and Ei is primary energy at impact From the d;srussion g i w n  
i n  Eq. (A21 above, for this rase  

The secondary cur sent dedsity is then 

js = je 6 (eVB - eVS) 



which ts 

No analytical expressibn w 91 found fbr  backscattered electron emiBsibn. Fbf 

simplicity, i t  Was therefme asBunied that backstattered electron current density 
represents a fraction oi the incident current dengity. ThUB, 

Leakage &urrent is generhlly represented by 

In terms of bulk resistivity this il 

2 il = 01' 

(A 8! 

Where.! ie.hulk.reBi&W'y, A i B  the area and the thickness of the Bample. Then 

f i e  Fi4mary electron cur'rerit denlit$ represents a $ource of electrbns afriv- 
id5 -c the sample. The other three e\ii=rent densitleb repredent loss df electron6 
froni the surfaee. 'hue the hCt current denhtty to the eurface is 
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This del curfeht denBity plays the role bf a t h a t g h g  current t6 the surface. 
if W e  represeht the safnple's bh&r$ing as the charging of a capacitor, we have 

 US, 

where C is cap8citance. here expressed in farads per square centimeter to main; 
tain consietency of units. 
test on a comphtec-to calculate the charging. 

vbltage, and total current tb ground, with calculated values. 
association is trivial; i t  is siihply -Vs. 
current plug the leakage current f6r the eample as  a whole. 

Equation (A 13) id  eolved id the manner described in the- - 

It remains t6 asgociate the experimentally m e a h r e d  parameters, Surface 
The surface voltage 

Thus 
The tbtal current tb ground is the charging 

(A 14) 

1. Sternglasd, E. j., (1950) J. PhyB. Rev. - 80:925. 
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The one-dimensional space model alisumes a two-dimensibtial iliotropic 
Maxwellian Velocity distribution for primary particles, add a spherical collection 
geometry. 

and fo%W clobely the derivation of Cauffinan. 
pdblighed; therefore portibns of it a1 e reprbdUced here for clarity. Such pbrtitrns 
a r e  idchtified by superscript reference. 

sumed to have radius a, and the collectbr radius R. 
velokitp components in the "undisturbed" region (sheath edge) a r e  vr and vt, re$- 
pectively, and those at  the collector Burface ur and ut. The burtace potential of 
the colleetbr is Vs. 
radial dlltance from the cbllectbr and to be monot0nic. The plasma is assumed 
cblli8ionles8, that i s ,  orbit limited theot'y applies, and energy and angular mo- 
mtsnturil ark assumed constaht for each particle. 

t r ~ n $ ~ . '  

The calculation$ are eaSentially those for a spherical Langmuir probe. 
The present calculations are based on the w6rk.of Langmuirl and Grard.et al, 2 

Tlre lat ter  work has not been 

Geometry for the calculatibns iS depicted in Figure B1. The sheath is as-  
The radial and tangential 

The potential in the gheath is asmined to be a function of 

The integral requiring solution f b r  current detlsities due to primary elec- 
and ions, and bhckschttered electt'bni is 

Fig\lre B1. 
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whh-6 tlw subscript 1 startdB for either t? (electrorit3) o r  p (I{+ ions), and Pit and 
a r e  thc nnglc and energy at  impact on the collectof (see Fi&ure B1). 

3.2 h r  Bccotidafy clectron current, solution intlbt be found for 

where s (ER) is the secondary electron yield as a functfon of ele&trod impact 
energy. 

The& ictegrations canhot be performed dirpctly because the distribution 
function fm the particles a t  the collc!ctor is unknowrl. and therefore we call not 
detwmine dji/dER. However, w e  do know the distribution a t  the $heath edge, and 
can thcrcfore determine dji'dEa. If w e  asSume the plallfia to be colliSi&nle&d, we 
can also convert the litnits on En and GR to limits on E:a add tla, and perform the 
rcquired integpatibns bn the& variable&. 

1. I (hnditicttw for Chll~c*'Liun 

In order to contribute tb current collected at R, a particle muCit have energy 
Since the plagma is asbumed colliBionlesB ER 5 0 and direction OR 5 d 5 fl/2. 

and V(r) i& assumed monatonic, each particle's energy and angular momentum 
must be conserved. Energy 
c mberv2tion demandl 

As#ume the particles of interest have charge -e. 

1 2 2  2 2  -m 2 i r  (u + ut = mitvr + vt 1 + ev:, (sy E~ = E:, + ov S 

Angulhr momentum rbn8ervation demands 

where 

2 2 112 u = (ur" +.Ut 1 and v = (vr + v i  J 

480 



I 

Solving fop Ea and ea ih terms a$ ER and OR yield8 the conditions for cblkction 3 

0 for  Vs =-O (attraction) 

-eVs far Vs 5 o (repulsion) 
o o > E  ZO,s=-E ? E g o  

R a 

1.2 Eliergy Format 

A n  isotropic Maxwellian v.elocity distribution in three-dimensions has a 
distributidn given by 

We a re  interested ih a two-ditneniional distribution which can be fouhd from 

SUbBtituting far f(?)  and integrating, we have 

Then, 

Langmutr 1 gives the incremental current acroas the gheath a s  

di 4 e a  2 nev,g(vr,vt)dtrrdvt . 

'.. . 

arid, chatigirlg to Ea, 9, coordinates *e Have 3: 
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as  required. 

Since backecattered electrorl current density is considered to be simply a 
fractiorl of the incident electron current density, the Same integration applies tb 
both. 
tion with apprapriate sign change$ to account for the positive charge, and using the 
ion m a w  and temperature. In Eqs. (B9) to (Bl l ) ,  the sign on the leading charge 
ha$ been Suppressed. Appropriate sighs w i l l  be Supplied id Section B. 5. 

The calculation for pbeitive ion collectibn is the l ame  86 lor  electron tollec- 

The integration to be performed is 

sin ea cos 0, Ea eltp (-%)doi dEa. 

(B 12 1 

Cauffman 3 evalugtes this integral and fittde, in agreement with Langmuir 1 

ji = jio (1 + +) Vs z 0 (Attractive) 
. .  

(B13) 

where 

jib = nie - (eviY2 2 Wm 

Stnce the interest here is in modeling charging in subBtatmlg with nbphatolimiilsion, 
we ejrQect Vs nkgative. 
have for electrons 

Thus, electron6 a re  repel!.ed ahd ions attracted. So we 
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where the rlltnus Btgh reflects the fact that ibne a re  attracted by negative Vs. Far 
backecattered e lec t r rm,  

- !  

where ! i8 the backscatter eoeffieient. 

3. SECOYDARY ELJCCTRONS DUE TO ELECTRON lMPACT 

Secbndary yield a8.kfunction 61 electron impaet energy ha& been given by 
~ t z r n g l a b z ~  as 

where 6, is the maXimutn yield and eVm the energy at  which the m a i m u m  yield 
18 bbtalned. To determine seebhdary electron current density, WNe muBt multiply 
the left hlhd Bide Crf equatian (B11) by b mR) ahd integrate. Thus we need 

din  COB 8, de, dEa 

which 16 h & n a n 1 s 3  equatibn fof letxindarg electrons, except that he uBe8 a 
B$C 8, dependence of 
a s  before and yields 

on 9, whlch Ls not w e d  here. The ba integral is the Bame 
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where 

for Vs > 0 

'10 = 

Since we ape conefilering eubstbrm tgsea oniy here, the cbndition Vs I 0 is of 
interest. Fbr thilj case the integral in Eq. (B19) is judt 

where, by deftnitton, 

e 

and 

5 
Recalling the e+resBibn for repeated integrals of the errur function complement 

464 

(B2 1) 



and IdiWttfylngt, z rind h with the Rpprsprlate varioklcs In (R201, w e  h w c  

So, from Eqs. (1319) nnd (B221, we have 

and Wc? note that the depetldence of js on Vs is the Same a s  that of j, and jns. 

1. .I.k \k \ G I  Cl'l4Nk\l D l 3 S I l . i  

Leakage current density is defined in the same manner for the space model as 

it was for  the test facility model bee  SeLri6n 5ofAppendix A ) .  THUS, w e  have 

vS 
31 =pp 

where p ig  bulk resistivity and 1 is the thicknegs of the insulating film. 

Now, the net current derisity to the sample surface is 

where the signs on the current densitles a r e  given explicity here, and we recall 
that Vs iti thts model is algebraic (that is, can bc! positive or negative), althohgh 
the dOrivatbhs have assumed it negative. 

The het curtent density plays the 
that 

role of a chargtdg current to the surface, 80 

jl 
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w h c f b  C t5 c a p c i t y  bxprBssed ih fatad6 per square sentirhctw and where w r  
assum& wct arc ckargt .g a capacttor. Eqwtton (S2M Is  solved in tho same wny 
a s  Eq. (A 13) on B computer to determine Vs versus ttmc fo t  charging, 
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