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SUMMARY 

I n  the context of t h e  spacecraf t  charging technology investigatior. ,  stud- 
i e ~  have been made t o  character ize  the  response of typ ica l  spacecraft, surface  
mater ia ls  - t o  the  charging environment. The object ive  is  t o  obta in  an under- 
s tanding of t h s  charging and discharging behavior af such mater ia ls  f o r  the  
r e l i a b l e  predic t ion of spacecraft  response t o  charging environments and a s  a 
guide f o r  the  design of fu tu re  spacecraf t .  Watarials have been characterized 
i n  terms of such baaic  proper t ies  a s  r e s i s t i v i t y  and secondary emission and i n  
terms of charging and discharging behavior i n  simulated charging envitonments. 
Botb types of information a r e  required t o  develop adequate predic t ive  capabi l i -  
t i e s .  This paper summarizes the  r e s u l t s  obtained t o  date ,  assesses the  present  
understanding of charging and discharging behavior, and i d e n t i f i e s  areas i n  
need of fu r the r  study. 

INTRODUCT 10s 

The spacecraf t  charging technolcgy inves t igat ion is being conducted t o  
provide design guidelines and teGt standards f o r  the con t ro l  of absolute and 
d i f f e r e n t i a l  charging of geosynchronous spececrafr  ( ref .  1). Attainment of 
t h i s  object ive  requires development of the  capab i l i ty  t o  p red ic t  spacecraf t  re-  
sponse t o  charging environments. The phenomenology of spacecraf t  charging re- 
sponse consis ts  bauical ly of the  e l e c t r o s t a t i c  charging of spacecraf t  surface8 
by the envirorment and the a r c  discharging of d i f f e r e n t i a l l y  charged spacecraf t  
surfaces:  i x l u d i n g  the  caupling of the  discharge energy i n t o  spacecraf t  elec-  
t r i c a l  systems. Daring these processes, the  spacecraf t ' s  surface  mater ia ls  in-  
t e r a c t  with rhe environment, with each other ,  and with the s p a c e c r a f t g s  s t ruc -  
t u r e  and e l e c t r i c a l '  systems - l a rge ly  through the  absorption, emission, and 
conduction of charge. The response of a given a rec  of surface  mater ia l  depends 
on the  environment, the proper t ies  of the  mater ia l  ( r e s i s t i v i t y ,  secondary 
y ie lds ,  d i e l e c t r i c  s t rength ,  e t c . ) ,  and i ts  configurat ion (i.e., its geometri- 
c a l  and e l e c t r z c a l  r e la t i ansh ips  t o  o ther  port ions of the spacecraf t ) .  Reli- 
able predic t ion of spacecraf t  charging response thus requires  accounting f o r  
the  e f f e c t s  of both the basic proper t ies  of spacecraf t  mater+als  and t h e i r  con- 
f igura t ions  on t h e i r  charging and a r c  discharging behavior, 

Materials  are chsracterized f o r  spacecraf t  chbrging by ident i fy ing and 
descr ib ing t h e i r  p a r t i c u l a r  t r a i t s  o r  featureo,  In configurat ions typ ica l  of 
spacecraf t  construction,  t h a t  determime a spacecraf t ' s  charging response i n  a 
given environment. Materials  c l ~ a r a c t e r i z a t i o n  s tud ies  have three  object ives :  



(1) t o  support model development by providing ins ieh ts  in to  the mechoniems that  
determine chargifig responses, (2) t o  ident i fy  the vdlues of nbateriel progerty 
pararnetets that  are  needed as inputs t o  modeis, and (3) t o  provide the data re- ...- 
quirsd Lo val idate  models. . . 

Three approechee have been taken: Literature reviews haire been made t o  
locate televant information. Experiment6 have been perf onded la which samples 
of spacecraft materials in vatious conftguracione were ewosed t o  charging en- 
vironments (in general, to  electron beams). Parametric s tudies  have exercised 
models of the charging phenomena t o  ident i fy  the importance of variouc parame- 
t e r s  i n  determining charging response. 

For purposes of materials characterization, the spacecraft charging phe- 
nomena can be divided in to  two classes,  charging and discharging. Charging 
c l~a rac t e r i s t i c s  are  those that  determine a surface's  equilibriudl potent ia l  i f r  
a specified environment and i ts  charging ra te .  Discharging charaCterist ics a re  
those tha t  determine the conditions causing an arc  discharge ta occur and the 
features of the discharge. Coupling of discharge energy in to  spacecraft sys- 
tems depends on the features of the discharge end on spacecraft design. Ftm 
the materials characterization standpoint, couplidg does not const i tute  a sepa- 
r a t e  area of investigation, but ra ther  defines a requirement for  an a t c  de- 
scr ipt ion i n  terms of the a rc ' s  electromagnetic signature. Both the charging 
and the discharging responses are affected by the properties of the meteriala, 
by the i r  configurations, and by the environment. Identifyin8 the role6 of 
these e f fec t s  and the i r  re la t ive  importance i n  detemifiing charging and dis-  
charging responses is an essen t ia l  pa r t  of materiels characterization. 

The present paper summarizes the s t a tu s  of materials charactetization 
studies i n  terms of progrese toward at ta ining the three objectives for the two 
classes of response. 

CHARGING RESPONSE 

Mechanisms 

Charging is the response by which a surface comee in to  equilfbrfusr with 
i t s  environment. The environment of i n t e r e s t  consists of charged par t ic les  and 
photons incident on the surface. The surface in te rac t s  with t h i s  environment 
by absorbing, emitting, and conducting charge and thereby acquiring a potent ia l  
r e l a t i ve  t o  the environment such that ,  i n  equilibrium, the ne t  current t o  the. 
surface is  zero. This must be t rue a t  each point on an insulating surface. 

The mechanisn by which orbit ing spacecraft acquire nonzero potent ia ls  was 
known well before spacecraft charging became recognized as en operational haz- 
ard ( r e f .  2) .  The observed charging of geosynchronous spacecraft t o  negeeive 
kilovolt  potentials is  at t r ibuted t o  the same current-balance mechanism oper- 
a t ing in  the geomagnetic substorm environment, i n  which the plasmas a re  charac- 
terized by ki lovol t  temperatures ( r e f s .  3 and 4) .  Charging-response ~nodels 
vary widely i n  the sophistication of techniques used t o  calculate incident, 



umiftted, abd conducted fluxee t o  eutfaca elements but hare la cormnon thq condi- 
tiori of zero ne t  current tcr a i l  sutfece e l emnt s  i n  'quilibtium (refs.  5 t o  8). 
The time required t o  a f t a in  equilibriuni depends on the net  currents t o  various 
surfaceo and the copatitaaces iri the system (refs .  8 aad 9). 

The problem of determining charging response thus reduces t o  calculating 
ne t  currents t o  surfaces.  The ne t  current t o  a pbr t icular  surface element is  
s h p l y  the sum of incident,  emitted, end canducted currents.. These currents 
depend on the environment, the properties and potent ia l  of the surface element, 
sad the  e f f ec t s  of b t o  surroundings. 

Material Properties 

 he simplest case t o  condider is t h a t  of an isola ted a lab of insulation.  
In t h i s  case, a ourface element in te rac t s  with the external  environment erd, i f  
i t  is an insu la to t ,  with the metal s t ruc ture  d i r ec t l y  beneath it. Current den- 
sities t o  a surface element of such an insulator  are  i l l u s t r a t ed  i n  f igure  1. 
The current densi t ies  depicted a re  those considered s ign i f ican t  fo r  charging 
response i n  the geosynchro~ous substom environmenr, i n  which e lectron and ion 
d i s t r ibu t ions  a re  expected t o  have temperatures i n  the ki lovol t  range ( refs .  2 ,  
8, and 10). 

In t h i s  siaiple case, current dens i t i es  of incident ion& and electrons ( j i  
and j , respectively) depend on the undisturbed environment and on the surface 
potentfa l  qs.  A l l  other curreat  dens i t i es  depehd on the properties of the 
surface material  as  well  a s  on environmental input (incident ions, electrons,  
and photons). The material properties required a re  evidently those tha t  de- 
sc r ibe  the  yields of emitted electrons a s  functions of the energy aad angle of 
incident pa r t i c l e  impact and the bulk conductivity of the insulator.  

Environmental e f f ec t s  on surface charging a re  i l l u s t r a t e d  i n  f igure  2.  
Figure 2(a) depicts local  e f f ec t s  of two ad2acent surface elements a t  d i f f e r en t  
potent ia ls .  I f  92 is more negative than q1 (as i l l u s t r a t ed ) ,  the resu l t ing  
f i e ld s  a f f ec t  the t ra jec tor ies  of incoming electrons (and ions) so  t ha t  the 
energy and angle d i s t r ibu t ions  of environmental par t i c les  incident on each sur- 
face element depend on both cpl and cp2. Trajector ies  of emitted electrons 
are  a l so  affected by thesc f i e ld s ,  so low-energy electrons emitted by surface 2 
(a t  p2) can be collected by the more posi t ive  surface (a t  Q). These col-  
lected electrons then represent an addit ional source of incident current t o  
surface 1. In  addition, surface currents can flow between the two surface e le-  
ments jsl. 

Figure 2(b) depicts a s imilar ,  but more global, e f f ec t  i n  which a poten- 
r i a l  bar r ie r  reeules i n  the exclusion of low-energy environmental electrons 
from the d i s t r ibu t ion  arr iving a t  surface 1 (a t  cpl) and i n  trapping of second- 
ary electrons emitted by t h i s  surface.  Such trapping reduces the e f fec t ive  
secondary yield of surkece 1. Formation of potent ia l  barr ier8  can r e su l t  from 
difference6 i n  the properties of surface materials  (as depicted) or from anfso- 
t ropies  i n  the environment. The most obvious environmental anisotropy i s  so l a r  
illumination; formation of potent ia l  bar r ie r s  due t o  illumination of one s ide  



of a spacecraf t  i s  expected ( r e f s ,  11 end 12). The ATS-6 data i nd ica te  t h a t  
suck po ten t i a l  b a r r i e r s  do develop i n  space ( r@f .  13). 

Tn t e r n  of ma te r i a l  proper t ies ,  thz  e f f e c t s  of eurroundings if idisate a 
need t o  know the  surface  conductfvi ty end the  energy and angle d i s t r i b u t i o n s  of 
emitted e lec t rons .  

The mate r i e l  proper t ies  needed t o  c a l c u l a t e  charging response then a r e  
bas ica l ly  the  y ie lds  end d i s t r i b u t i o n s  of e l ec t rons  f o r  e l ec t ron ,  ion ,  and 
~ h o t o n  impact. and conduc t iv i t i e s .  These y ie lds  and d i s t r i b u t i o n s  i n  tu rn  de- 
pend on physical  and chemical proper t ies  and can a l s o  be functions of applied 
f i e l d ,  temperature, e t c .  Charging modelers have used methods t o  c a l c u l a t e  the  
energy and angle dependence of e l ec t ron  y ie lds  t h a t  d i f f e r  i n  the  s p e c i f i c  ga- 
rameters required.  Table I l is ts  mate r i a l  proper t ies  coaunonly used i n  charging 
models. S p e c i f i c a l l y  included i n  the  t a b l e  a r e  p roper t i e s  required by the  NASA 
charging analyzer  prograrq (NASCAP) code ( re f s .  8 and 14), which gives the  most 
d e t a i l e d  treatment of  meter ia l  proper t ies .  Two of t h e  l i s t e d  p roper t i e s ,  
radiation-induced conductivi ty UR and d i e l e c t r i c  s t r eng th  ED, a r e  of more 
i n t e r e s t  f o r  discharging response than f o r  charging response but  a r e  included 
i n  t a b l e  I f o r  completeness. 

The mater ia ls  whose proper t ies  a r e  needed a r e  those used f o r  spacecraf t  
su r t aces .  These include pure metals and a l l ays ;  polymer films; quartz;  and a 
hos t  of pa in t s ,  coat ings ,  composites, and f a b r i c s  developed p a r t i c u l a r l y  f o r  
space appl ica t ions .  The ex ten t  t o  which property information is ava i l ab le  f o r  
these mater ia ls  va r i e s  widely. I n  general ,  f a i r l y  complete cha rac te r i za t ions  
a r e  poss ib le  f o r  pure metals ,  and many c h a r a c t e r i s t i c s  of quar tz  and of polymer 
f i l m s  (Teflon, Kapton, and Mylar) have been measured. By con t ras t ,  very l i t t l e  
is  known about the proper tic^ of a l loys  and o thcr  spacecraf t -speci f ic  mater ia ls .  

To da te ,  a comprehensive compilerion of required mater ia l  property infor-  
mation has no t  been made. A l i t e r a t u r e  surGey ( re f .  15) ha6 indica ted  t h a t  
d i e l e c t r i c  and e lec t ron  i n t e r a c t i o n  da ta  a r e  ava i l ab le  f o r  polymers. Conduct- 
ing s tud ies  have been made f o r  polymer f i lms and quar tz  (rcfs .  16 t o  18) and 
f o r  some o thc r  spacecraf t  ma te r i a l s  ( r e f s .  19 t o  21). Photoelectron emisaion 
has been measured f o r  some spacecraf t  ma te r i a l s  ( r e f .  22). Modelers of charg- 
ing have compiled property da ta  on mater ia ls  of s p e c i f i c  i n t e r e s t  t o  t h e i r  
s tud ies  ( r e f s .  2 ,  7 ,  8, and 23). Secondary-electron y i e l d  due t o  ion (H+) in-  
pact  appears t o  be the  l e a s t  ava i l ab le  property f o r  a l l  ma te r i a l s  of i n t e x s t .  

Thus, although mater ia l  property information required t o  model the  charg- 
ing of spacecraf t  sur faces  is  ava i l ab le ,  it is  both i n c o m ~ l e t e  and sca t t e red .  
An e f fo r ;  t o  compile the ava i l ab le  information and t o  i d e n t i f y  s p e c i f i c  areas 
of def ic-iency is  needed. Information on the  inf  l r~ences  of temperature, 
i l lumination-applied f i e l d s ,  sur face  condit ion,  aging, e t c . ,  on the verious 
proper t ies  should be included i n  such a compilation. Once s p e c i f i c  orcas of 
def ic iency a r e  i d e n t i f i e d ,  experimental programs t o  obta in  the  missing infor-  
mation can bc devised. 



Experimmtol Results  

Ground e t u d i e ~ l  of the  chafging of spacocref t  s u t f a c e  mater ia ls  have been 
reported by severa l  inves t iga to r s  ( r e f s .  24 t o  31). Such t e s t s  genera l ly  in- 
volve exposihg the  surface  oe i n t e r e s t  t o  normally inc iden t  monoenergctic e l e c -  
t ron  beams i n  vacuum chambers. Two types of sample have beeri iaveet iga ted:  
samples of s i n g l e  mater ia ls  (polymer, p a i a t ,  e t c . )  end sanrplcs i n  a "spacecraft  
configuration" (solar-a ray  segments, thetmal blankets ,  e t c . ) .  The s ing le -  
mater ia l  samples have genera l ly  been mounted oh metal subs t ra t e s  t h a t  were 
e l e c t r i c a l l y  grounded t o  the  f a c i l i t y .  The @pacecraft-configurat ion samples 
have genera l ly  been t e s t ed  with t h e i r  me ta l l i c  por t ions  grounded t o  the  f a c i l -  
i t y .  Data reported include cur ren t  i n  t h e  ground l i n e  and surface  p o t e n t i a l s .  
A " typica l  da ta  s e t t t  ( f i g .  1 of r e f .  24) is  reproduced i n  f i g u r e  3. 

The moat conanon method of summarizing charging test r e s u l t s  is  by p l o t t i n g  
surface  p o t e n t i a l  a t  equil ibrium a s  a function of e l ec t ron  beam vol tage ,  a s  il- 
l u s t r a t e d  i n  f i g u r e  4 .  The f i g u r e  shows two types of response f o r  i n s u l a t o r s .  
Linear behavior is  in te rp re ted  t o  i n d i c a t e  t h a t  the  ma te r i a l ' s  r e s i s t i v i t y  is  
l a rge  enough f o r  leakage currents  t o  be neg l ig ib le .  I n  t h i s  case the  equ i l ib -  
rium p o t e n t i a l  is determined by surCace emission c h a r a c t e r i s t i c s  (secondary- 
e l ec t ron  cur ren t  due t o  e lec t ro . .~  .impact jSe and backscat tered e lec t ron  cur- 
r e n t  jbs). Behavior i n  which the  su r face  po ten t i a l  reaches a p la teau  beyond 
some beam vol tage  is  in te rp re ted  t o  ind ica te  t h a t  the  'equilibrium p o t e n t i a l  i s  
determined by leakage current  i n  the  plateau region. The type of behsvior ob- 
served depended on mate r i a l  thickness and beam cur ren t  dens i ty  a s  we l l  a s  on 
r e s i s t i v i t y  and e lec t ron  emission c h a r a c t e r i s t i c s .  This complicates comparison 
of r e s u l t s  from d i f f e r e n t  inves t iga to r s ,  s ince  the  beam current  d e n s i t i e s  used 
vary from one t o  another. With 1-nA/cm2 beam cur ren t  d e n s i t i e s ,  0.01- 
centimeter- thick Teflon and Kapton samples exhibi ted  emission-dominated behav- 
i o r  t o  beam vol tages  of 12 and 14 ki!nvolts,  respect ive ly ;  i n  these  t e s t s :  arc-  
ing  occurred a t  higher beam voltages ( r e f .  24). Leakage-dominated equil ibrium 
has been reported f o r  t h i n  (41.0025 cm th ick)  Kapton and Mylar ( r e f .  29) and 
f o r  S- l3GLO pa in t  ( r e f .  24) with 1-n14/cm2 beams, and for  0.005-centimeter- th ick  
Kapton a t  s l i g h t l y  higher current  d e n s i t i e s  ( r e f .  28). 

Equilibrium p o t e n t i a l  p r o f i l e s  of seve ra l  surface-material  samples exh ib i t  
i r r e g u l a r i t i e s  t h a t  a r e  probably due t o  configurat ion e f f e c t s  such a s  those il- 
l u s t r a t e d  i n  f i g u r e  2 (beam def l ec t ion ,  t rapping of secondaries, e t c . )  ( r e f s .  
9 ,  24, and 29). I r r e g u l a r i t i e s  i n  equil ibrium sur face  p o t e n t i a l  caused by the  
p z e ~ e n c e  of small  gaps between sec t ions  of a s i n g l e  type of insu la t ion  (e.g. ,  
s n l a r - c e l l  cover s l i d e s  o r  a t r i p s  of Teflcn tape) were a l s o  observed. These 
became more pronounced f o r  l a rge r  samples, apparently a s  a r e s u l t  of increased 
heam d e f l e c t i o n  by the l a r z e r  samples ( r e f .  30). 

Ef fo r t s  t o  v a l i d a t e  the  NASCAP code by comparing i ts  prtidictinnw wieh ex- 
perimental da ta  have begun ( re f s .  9 and 14). Agreement between p red ic t ion  eud 
experiment is genera l ly  very good when both mater ia l  proper t ies  and t e s t  da ta  
a r e  ava i l ab le  (e.g.,  Teflon and Kaptan). Additional experimental da ta  f o r  
s ingle-mater ia l  samples a r e  needed, s ince  i t  is preferable  t o  v a l i d a t e  the 
models fo r  individual  mater ia ls  before adding thc  complexity of surroundings 
e f f e c t s .  



Since experiments have been performed with normally incident movoenergetic

electron beams, the data presently a_ailabte do not permit models to be cali-
brated for the affects of distributed (in energy and angle) electron fluxes or

for electron emission due to ion or photon impact. Experiments incorporating
these additional environmental factors are needed, since the space environment
consists of distr.ibuted fluxes of ions, electrons, and photons.

Ground testing of complex objects (spacecraft models), with concurrent
modeling, is required to ensure that configuration effects are modeled ade-
quately.

Parametric S tudles

( The two preceding sections identified the need for experimental efforts to
obtain material properties and to provide model validation data for a variety
of materials. The test matrix to examine each material in _ach environment,
even without conslder.ing experiments to study configuration effects or dis-
charge characteristicz, is prohibitively large. Since charging models that in-

corporate material, conflgura,_on, and environmental factors are available, one
approach to reducing the number of tests required is to conduct parametric
studies. Such studies can be used to identify those material properties and
configuration characteristics that ere most important in determining charging
response to various environments znd how accurately the properties must be

known for a giver prediction accuracy.

As an example, effects of changing secondary-electron yields on-predicted
charging response to ground test and space environments are illustrated in fig-
ure 5. Figure 5(a) shows NASCAP predictions of the charging response of a

metal plate in a 10-keV electron beam for three sets of secondary-electron-

, yield parameters. The metal plate is electrically floating and has a capaci-
tance to its surroundings of 200 picofarads. No illumination or ions are pres-

ent, so the currents to the plate are due to the beam and the emission of back-

scattered and secondary electrons by the plate. As shown in the figure, chang-

ing eit&er the maximum yield 5m or the energy for maximum yield Em affects
both the final plate potential and the rate st which charging occurs. From

these curves, _hanging 6m has a stronger effect on equilibrium potential than

changing Em: Using the middle curve (5m = 2.6, Em = 300) as s base and reduc-

ing 5m by 63 percent (to 0.97) increase the final potential by 38 percent.

Increasing Em by 33 percent (to 400) decreases the final potential by only
9 percent. The dependence of final potential on beam voltage is linear, as
shown in reference 14.

Figure 5(b) shows NASCAP predictions of the charging response of an ATS-5
model object (ref. 14) in a 5-keV, l-particle/cm 3 Maxwellian "space environ-

ment." On t'le time scale of figure 5(b), differential charging is negligible,
SO the' entire object is at the potential shown. The curves reflect effects of

_:. halving the secondary-electron yield for l-keV proton impact 6p for all sur-

-_ face materials. "Standard" 6p'S are those in the current version of NASCAPfor Teflon, silicon dioxi _ ., and aluminum, which are the surface materials of

the ATS-5 object (ref. 14). With the curve for standard 6p'S as a base, a
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50 percent reduction i n  6 ' a  nos r e su l t ed  i n  a 58-percent increase 
t i a l .  P 

Secondary e lec t ron  y ie ld  is ~ x p a c t c d  t o  be an important f a c t o r  i n  de te r -  
mining f ina l  p o t e n t i a l  i n  space eubstozm cwnditioris, because sccsndary y ie lds  
f o r  protono with impact energies of tcno of ki lovoPts a te  expected t o  be g rea t -  
e r  tkah un i ty  and these aELectively add t o  the  proton f l u x e ~  ( r e f s .  2 and 32). 
Figure 5 sugksets t h a t  ion-generated sccoednry e lec t rons  arc an important de- 
te rn inant  of abaolute spacecraf t  po ten t i a l .  Obviously, the  information pre- 
sented . in  f i g u r e  5 is i n s u f f i c i e n t  t o  determine whether the r e l a t ionsh ips  a r e  
l i n e a r  and over whdt range of ma te r i a l  and environmental parameters they rre 
appropriate.  It does, however, ind ica te  the  usafulness of parametric s tud ies .  

Although no comprehensive parametric s tud ies  of ma te r i a l  property in f lu -  
ences have been reported t o  da te ,  some work has been done ( re f .  33) and f u r t h e r  
resubts  a r e  expected ( re f s .  34 t o  36). Such s tud ies  ~ h o u l d  be expanded t o  in- 
clude configurat ion e f f e c t s ;  i t  has been suggested ( re f .  9) t h a t  the r e l a t i v e  
areas  of  d i f f e r e n t  surface  mater ia ls  a r e  an important considerat ion i n  de ter -  
mining charging f a t e s  and l eve l s .  

DISCHARGE RESPONSE 

Mechanisms 

Although charging response is adequately understood i n  terms of cu r ren t  
balances, q u a n t i t a t i v e  discharge mechanism models have yet  t o  be devised. To 
a t t a i n  a predic t ive  c a ~ a b i l i t y  i t  is necessary t o  i d e n t i f y  the  mechanisms re- 
sponsible f o r  i n i t i a t i o n  and propagation of a r c  discharges and t o  descr ibe  a r c s  
La terms of t h e i r  electromagnetic s igna tu res .  

Discharges of concern f o r  spacecraf t  charging a r e  those t h a t  can occur on 
d i e l e c t r i c  surfaces  charged by exposure t o  f luxes  of k i l o v o l t  p a r t t c l e s .  The 
d i e l e c t r i c  surface  exposed t o  t h i s  envi roraent  is supposed t o  be  charged nega- 
t i v e l y  with respect  t o  the underlying spacecraf t  s t r u c t u r e .  It thus a c t s  a s  a 
cathode i n  a discharge. The s i t u a t i o n  d i f f e r s  from vol tage  breakdown of e d i -  
e l e c t r i c  between metal p l a t e s  i n  t h a t  the re  is no d ie lec t r ic-meta l  i n t e r f a c e  a t  
the  cathode, there  is a l imited supply of charge a t  the  cathode, and the  e lec-  
t r i c  f i e l d  i n  the  d i e l e c t r i c  is  crea ted  by charges t h a t  a r e  removed when d i s -  
charge occurs. L i t t l e  information on t h i s  type of discharge has been reported 
i n  the  l i t e r a t u r e  ( r e f .  15).  

For ca lcu la t ing  charging response i t  is s u f f i c i e u t  t o  consider the absorp- 
t ion ,  emission, and conduction of charge t o  occur a t  mater ia l  surfaces  (since 
the  depth of penet ra t ion  of k i l o v o l t  p a r t i c l e s  is much Less than Llre thickness 
of spacecraf t  sur face  mater ia ls ) .  However, such e descr ip t ion  is  prohably in- 
adequate f o r  considering discharge-response mechanisms. 

Kilovolt  e l ec t rons  inc ident  0x1 a d i e l e c t r i c  surface  penet ra te  a d is tance  
of micrometers. Secondary e lec t rons  a r e  emit ted from a region within a few 



tens uE sngat rom from the  surface .  This r e s u l t s  i n  a charge d i s t r i b u t i o n  in-  
aide tha d i e l e c t r i c  i n  which aegnt ive  charge accwnulakee i n  a o m  laye r  b a l m  
thc surface .  The e i t u a t i o n  i o  sketchad schemoticeZly i n  f igure  6 f o r  s die lec-  
tr ic s l a b  rnounCed on a grounded metal substrata. Electrons are emitted Eram a 
region near the  surfaco; inc ident  s2ectrana penet ra te  f u r t h e r  i n t o  the die lec-  
t r i c ,  and a rcgion of  radiation-enhanced conductiviey l a  formed; a d i e t r i b u t i o n  
of nep,ative charge (g ig .  6) ins ida  the d i e l e c t r i c  r e s u l t s .  The d s t e i t c d  shape 
of Chis  d l ~ t r i b u t i o n  depends on mater ie l  proper t ies  (bulk conductivi ty UB, 
radiation-induced csnduer iv l ty  UR, e lec t ron  range RE, and emiseion y i e l d s ) ,  
on the d i s t r i b u t i o n  of inc ident  e l ec t rons ,  and on i r r a d i a t i o n  time, Models now 
c x i s t  t h a t  descr ibe  such charge deposi t ion  p r o f i l e s  ( r e f s .  8, 37, and 38),  and 
techniques have been devised f o r  t h e i r  measurement ( r e f .  39).  

Although ho q u a n t i t a t i v e  models of discharge vechanisms have y e t  been 
developed, mechanisms involving charge propagation i n  the  radiation-enhanced 
region ( re f s .  40 and 41) and a r c  propagation by secondary emission ( re f s .  27 
and 42) have been suggested. Such mechanisms have y e t  t o  be evaluated. 

Experimenta 1 Results  

I n  the absence of q u a n t i t a t i v e  t h e o r e t i c a l  models f o r  discharges,  experi- 
ments m u s t  be r e l i e d  on t o  provide both i n s i g h t s  i n t o  discharge mechanisms and 
a daca base from which empirical  models can be constructed.  

Inves t iga t ions  of the  discharge response of e l ec t ron- i r r ad ia ted  spacec ra f t  
d i e l e c t r i c s  have been reported by a number of workers ( r e f s .  24, 27 ,  28, 30, 
41, and 43 t o  47).  For the  most p a r t ,  such inves t iga t ions  have involved expo- 
s u r e  t o  monoenergetic e l ec t ron  beams of i n s u l a t o r  samples mounted on grounded 
s u b s t r a t e s  o r  spacecraft-co~figuration samples (so lar -ar ray  segments, thermal 
blankets ,  e t c . )  mounted with t h e i r  metal por t ions  grounded. Data taken include 
current  i n  t h e  ground l i n e  and su r face  p o t e n t i a l s .  I n  some experiments a scan- 
ning e lec t ron  microscope has been used as  both the  e l ec t ron  source and the  
d iagnost ic  ( r e f s .  41  and 45). Typical current-to-ground and voltage-versus- 
time r e s u l t s  a r e  i l l u s t r a t e d  i n  f i g u r e  7 .  When a sample is exposed t o  an e lec-  
t ron  beam, charge and vol tage  bu i ld  up on the  d i e l e c t r i c  su r face  and a corre-  
sponding current  flows ir, the ground line. When a discharge occurs, a f a s t  
cu r ren t  pulse is observed (denoted by the  arrow i n  f i g .  7 )  t h a t  s i g n i f i e s  ne t  
negative charge leaving the  surface:  The su r face  p o t e n t i a l  drops and charging 
resumes. 

Charges t ransfer red  and a f a s t  cu r ren t  pulse ( re turn  o r  reverse  cu r ren t  
pulse) observed during a discharge a r e  i l l u s t r a t e d  i n  f igure  8. In  f i g u r e  
8 ( a ) ,  charges a r e  shown emanating from a t r i g g e r  s i t e .  Charges Q 1  and 02 
are  t r ans fe r red  t o  the  s u b s t r a t e ,  where they cancel with t h e i r  image  charge^. 
The ne t  charge QI leaves the  su r face  and couples through the  ex te rna l  c i r -  
c u i t ,  which includes the  vacuum f a c i l i t y  end associa ted  s t r u c t u r e s .  Currertt 
flows i n  t h e  ground l i n e  (meter I) and r e f l e c t s  the  t r a n s f e r  QI (which i s  a 
negative charge). The hor izon ta l  arrows i n  f igure  8(a)  represent  chargc t r ans -  
f e r red  on o r  near  the  surface  t o  the  t r i g g e r  s i t e ,  t h a t  i s ,  a r c  propagation or 
a chargc release mechanism. 



A return current pulse i s  i l l ue t r e txd  Ln f igure  a@),  and Qx i e  j u s t  the! 
time in tegra l  of t h i s  current pulae. Such pulaoe exhibi t  a wide ver ie ty  at  do- 
t a i l ed  ehapcs (me ,  e . g , ,  ref, 30) and may r e f l e c t  multipla ra ther  than t ru ly  
eingle events, They are  moet eae i ly  characterized i n  tsms of parerhetars euch 
as peak current 4, duration A t ,  a c t  charge QI St Ip d t ,  and r i s e  cimc 
d I / d t l i .  Results reported very widely and depend on eatiiplc s i z e  and Instsumen- 
t e t i on  as well  ae en sample material  and cenf igutation.  The valueo of X p ,  
qI, atid A t  a l l  increase with increasiag edrflplo area for  smell eamples 
( re f ,  46); recent rusults indicate  l imita t ions  on how large an area i e  affected 
i n  a s ing le  discharge ( re f .  30). As ad example, values given f o r  semplee of a 
few hundred square centimeters i n  area a re  A t  -500 nanoseconds, Ip -20 t o  
100 amperes, and QI -20 t o  60 PC f o r  silvered-Teflon samples ( ref .  24). 

A c r i t i c a l  aspect of instrudlentation tha t  muet be considered i n  invast i -  
gating re turn current pulses is  the  impedance t o  ground i n  the experimental 
setup. Typical surface potent ia ls  a t  discharge a re  about 10 ki lovol ts ,  aud 
peak currents are  about 100 ainperes. Thus, a 50-ohm termination doe8 not op- 
proximate a shor t  c i r c u i t  i n  t h i s  case, and t e s t  r e su l t s  may depend strongly 
on th i s  impedance ( re f .  30). This is of par t i cu la r  concern for  application of 
r e su l t s  t o  the spacecraft  s i tua t ion .  

In  addition t o  descriptions of re turn current pulses, estimates have been 
made of the energy in  a discharge, the charge t r ane fk red ,  and the area dis-  
charged ( re fs .  24 and 30). To date ,  no data have been reported on the radiated 
electromagnetic signature of such arcs.  This information is important t o  cal-  
culations of electromagnetic interference (Em) resul t ing from discharges. It 
is lacking because none of the experiments reported t o  date  have been conducted 
i n  anechoic chambers s o  t ha t  f a c i l i t y  xe&oaances have made EM1 measurements i m -  
possible. 

The t r igger  mechanism fo r  discharges is  not understood, but data indicate  
t ha t  the observed discharges begin a t  gaps, holes,  or edges and do not repre- 
sent  bulk d i e l e c t r i c  breakdown ( re fs .  24, 27, 30, 43, and 44). Thus, d is-  
charges are  observed a t  e l e c t r i c  f i e l d  s t resses  s ignf ic icant ly  less  than the 
d i e l e c t r i c  strengths of the  insulators  under study when gaps or  edges are  pres- 
ent .  Some threshold condition, probably configuration dependent, other than 
insulator  d i e l ec t r i c  strength must be quaat i ta t ively  defined fo r  accurate a r c  
prediction.  

Experimental evidence t o  date  indicates t h a t  discharges begin a t  gaps i n  
insulation; tha t  charge is removed from an area much larger  than the t r igger  
s i t e ;  t h a t  a ne t  negative charge is ejected from a surface during discharge; 
and tha t  t h i s  charge e ject ion r e su l t s  i n  s ign i f ican t  currents flowing i n  ground 
l ines .  Yet t o  be investigated a re  the EM1 due to  discharges and e f f ec t s  on 
discharge response of such environmental factors  as dis t r ibuted fluxes of elec- 
trons and the presence of ions. Experiments i n  which solar-array segments with 
f lex ib le  subetrates of Kapton-fiberglass laminatee have been illuminated during 
exposure t o  electron beams have Fradicated t ha t  arcing on such s t ructures  is 
grea t ly  reduced during illumination, probably because of photoconductivity and 
the thermal enhancement of Ka~ ton  conductivity ( re fs .  24 and 46). 



The ckargirig raepsnee of surfoees axposed t o  charged-perticla and photen 
fluxes i e  undars toed i n  esms  of eurtedt-denwity b o l a n e ~  machoaierne . Eirrdale 
of charging reapcmea aro availoblo end p rcd ie t ion~  agree w s l f  with oxper$montal 
reoulte f a r  eaeers i n  which materiel  propertioe a t0  adequately known. Mater id  
property infametion now available should be compiled t e  ident i fy  spec i f ic  
aruae end m t o t i o l e  f a r  which data a t e  laeking odd go provide propdtty valuee 
for  uee i n  prediction. A euraory examination of the information available in- 
dicates  tha t  the l ea s t  well-known property f e r  most waterisle of in torae t  is 
secondary-electron g le ld  due t o  ion impact and tha t  the most poorly charecter- 
ized materials art chose tha t  have been developed epecif ical ly  fo r  space ap- 
plications.  Also poorly howa a re  property changes with time due t o  expoeure, 
repeated arcing, e tc .  The experimentation required t o  deterwine m t e r i a l  prop- 
e r t i e s  adequately fo r  charging-response predictions can be s ign i f ican t ly  re- 
duced by usirig parametric studies t o  iden t i ty  those properties most important 
for  detenuining charging response and how accurately these properties d u ~ t  be 
known for a specif ied prediction accuracy. 

Data on charging response of spacecraft w r f a r e  materials under monoener- 
ge t i c  electron i r rad ia t ion  are  avai-lable for  ~iany, though not a l l ,  materials 
of in te res t .  Data on the e f fec t s  of addit ional environmental factors  a re  
needed. Of par t icular  Concern is information on the response t o  ion impact 
since t h i s  is expected t o  be an important determinant of spacecraft response. 
Effects of more complex geordetrios a l so  need investigation t o  ensure tha t  the 
modeling i s  adequate. 

The mechanisms fo r  i n i t i a t i o n  and propagation of arc  discharges a r e  not 
yet  understood, although a number of t h e i r  character is t ics  have been experi- 
mentally ident i f ied.  The i n i t i a t i o n  mechanism is apparently configuration de- 
pendent: Arcs occur preferent ia l ly  a t  gaps, seams, and edges. A ne t  negative 
charge i s  emitted during discharges. Xts measured magrtit.de depends on system 
instrumentation as w e l l  as on sample material  and area. These dependencies 
a re  of par t icu la r  i n t e r e s t  i n  modeling a rc  propagation as w e l l  as i n  extrapo- 
la t ing  ground t e s t  data t o  space conditions. Models of charge deposition and 
transport  i n  electron-irtadiated d i e l ec t r i c s  have been devised, and they pro- 
vide a necessary f i r s t  s tep  toward developing discharge mechanism models. 

Thiu paper hae stmherized the present s t a tu s  of materials charcrcterization 
studies.  ~ f f o r t s  are  being made t o  develop empirical models for  discharge 
pulses. Deta oc s wider var ie ty  of materials and configurations a r e  needed t o  
support t h i s  ac t iv i ty  as well as mechanism model development. There is a grow- 
ing data base on character is t ics  of return current pulses. Yet t o  be investi-  
gated are  the electromagnetic interference spectra from arc  discharges and the 
e f fec t s  of such environmental factors  as  dis t r ibuted fluxes of electrons and 
Lons and temperature on discharge reeponse. 
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TABLE 1. - MATERIAL PROPERTIES 

Proper t$r 

DBnsi t y  
Cheiaicel cor@deitioh 
Atemic number 
Atomic weight 

Dielectr ic  constant 
h l k  conductivity 
Surf ace edndtik t i v i  t y  
iiadia t im- induced 

coaductivity 
Dielectr ic  gtrength 

Electron range .- .  
Ion range 
Rate of enetgy loss  f o t  

electrons 
Rate of energy loss f o r  

ions 

Photoelectrcm yield 
Secondary-electron yie ld  

due t o  e lect ron impact: 
Maximum yield  
Energy f o r  maximum 

yield  
Backscatter coeff ic ient  
Secondaty-electrm yield  

due t o  ion impact: 
Yield st Ei = 1 keV 

(protone) 
Eriergy f o r  maximum yield  

(protdns) 
Work functidn 
Distribution of emitted 

photaeleCtrons 
 is t r ibu t ion  of secondary 

e lect tons  from electron 
impact 

D i ~ t r i b u t i o n  of secondary 
electrons froni ion impact 
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Figure 1. - Charging response - simple case (current k s i f i ~  to 
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