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PREFACE 

The Spacecraft Environmenhl I n te rac t i ons  Techno-logy Conference was- he ld  
a t  the U.S. A i r  Force Academy, Colorado Sprlrrgs, Colorado, from Octdxer 4 t o  
6, 1983. The four th-  i n  a ser ies  of conferences j o i n t l y  sponsored by NASA and 
the A1.r Force, i t  s u m r i z e d  technol-ogy i n w s t l g a t i o n s  concerning dnteract lans 
between space sys.tems and t h e i r  o r b i t a l  environments and presented. information- 
f o r  use by designers o f  such systems. The ser ies  forms a p a r t  o f  the j o i n t  
NASA/Alr Force technology programs and provides a forum f o r  researchers, 
technologists,  and engineers t o  exchange r e s u l t s  and Ideas. 

The conference was planned t o  prov ide an overview o f  bo th  spacef l igh t  and 
ground technology i nves t i ga t i ons  d i rec ted  toward understanding and contro l l l -ng 
i n te rac t i ons  o f  space systems w l  t h  o r b i t a l  environments. I t  focus ir lcluded 
In te rac t i ons  between orb1 t a l  environments and large, high-power space systems, 
i nc lud ing  the  shu t t l e ,  and astronaut  extraveh-icular a c t i v i t y ,  as w e l l  as the 
geosynchronous spacecraft  charging technology t h a t  was the  main focus o f  the 
e a r l l e r  conferences i n  t h i s  ser ies  ( I n  1976, 1978, and 1980). This s h i f t  and 
expansion o f  focus r e f l e c t s  the changing areas o f  emphasis I n  the NASA/Air 
Force technology programs I n  the  s h u t t l e  era. 

We wish t o  thank Mr.  R.E. Smylie, NASA Headquarters, and Col. 8. Balton, 
A i r  Force Space Technology Center, f o r  t h e i r  keynote addresses,and the mem- 
bers o f  the Conference Program Comml t tee ,  R.M. Broussard, H.B. Garre t t ,  
A, Muelanberg, R.C. Sagalyn, N.J. Stevens, and R.-,W. Bercaw, f o r  t h e i r  a s s i s t -  
ance- Thanks are a l so  due Ms. Gwen Brewer, D l rec ta ra te  o f  Plans and Programs, 
A i r  Force Academy, who provided outstanding support a t  the conference, includ=- 
i n g  accommodations, t ranspor ta t ion ,  meals, and fac t  l i t t e s  arrangements. 

Carolyn K.  Purvis 
NASA Lewis Research Center 

Charles P. Pike 
U.S. A i r  Force Geophysics Laboratory 
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SPACE STA118N TECHNOLQGY PLANNING 

R. E. Smylie 
N A S  Headquarters 

Washington, 0.C. 20546 

I am cer ta in ly  pleased and R~nered by the opportunity t 6  come back and 
speak again t o  a group tha t  has been working together f o r  so many years w l t h  
great benef l t  t o  spacecraft technology and ta. the organizations represented. 
Many of  you were here i n  1976 a t  the f i r s t  conference. Colonel- Brooke and I 
spend a great deal of energy i n  those days t r y i ng  t o  generate cooperative pro- 
grams between NASA and the A i r  Fcrce L.abora-tory structure.  This group i s  one 
of thernany shining exam~ples of  success I n  that  area. 

We both are proud of what we were able t o  set i n  motion i n  those years. 
There already was a great deal of  tnterchange a t  the inci ividual leve l ,  but i t  
d l d  not extend-as fac  as I t  should have t o  glve the maximum benef i t  t o  both 
organirat lons. We hzve t r l e d  t o  es tab l ish  not j u s t  cooperative programs but a 
s p l r i t  of cooperation among the people involved I n  technology programs a l l  
along-the management chaln. 

I am going t o  speak ioc a few minutes abou-t syace staklon technology and 
what NASA I s  pursuing i n  terms of a space s ta t ion  program. I t  has long been 
my be l i e f  tha t  a manned space s ta t lon  i n  Earth o r t i t  I s  almost an Imperattve. 
Now i t  i s  not a matter of  " i f  ,I1 but a-matter of '8whenu and "what kind1' the 
i n i t i a l  s ta t ion  w l l l  be. 

F l r s t ,  a few words about the Space Stat ion technology Steering Commlttee, 
o f  which I am Chair. I joined t h i s  organlrat ion j u s t  a few months ago. I t  had 
been chaired by Walt. Olstad, who had been the Acting Associate Admtnlstrator of  
OAST f o r  qu i te  some time. He moved over t o  be the Associate Administrator f o r  
Management. Walt made some major contr ibut ions t o  the committee, and I am 
pleased t o  fo l l ow I n  h i s  footsteps, 

We have I n  the commlttee a tremendous process by whlch t o  generate Ideas 
and plans for the technology we should be pursuing i n  order t o  most benef i t  a 
space s ta t ion  program orwe i t  I s  begun. Each dtscipl- ine area has a working 
group tha t  addresses the par t i cu la r  technotlogy from that  d i sc i p l i ne  that  would 
enhance a space s ta t lon  program, e l  ther through greater system performance or 
through lower l i f e - cyc l e  costs i n  a program thc t  would extend over many, many 
years. Once \re begin a space s ta t ion  program we expect I t  t o  continue indef in-  
i t e l y .  I t  ma- evolve - i n  f ac t  i t  w i l l  evolve - over time, but i t  w t l l  not 
necessarily have a def ined endpoint such as many of our programs, including the 
Apollo Program and the Skylab Program, have had. A space s ta t ion  program i s  
something tha t  w i l  1 continue i n t o  the foreseeable future. 



The Centers have assigned t h e l r  most lnnavat lve  and camp-etcnt pcople t o  
theoo warkluy groups, so we get  very goad repor ts  fram them. 0uc problem 
becomes one o f  s o r t l n g  out, fram a l l  n f  the good idcac, the ones t h a t  shnrrld 
h a w  %kc hi.ghest p t - l o r l t y  - the ones we should enact  f i r s t  I n  a space s t a t l o c  
pr-egram - arid t ry in f l  t o  camblno them in.to something manageabln w i t h i n  a.-budget 
wc! ml-ght sxpcct t o  recc lva  f o r  t h l s  p r o j e c t .  The w a r k o f  the Stnerfng Commit 
tee,  then, i s  t o  i n t c r a c t  w i t h  the working groups and t r y  t o  p r l o r i t l s c  and 
package the technology programs so thee we cart pursue them w i t h i n  our a l l o t t e d  
resources. &e a lso  must generate the data t ha t  w l l l  a l l ow  us t o  advacafs these 
programs through the mnagefnent, Om, and Cengresstanal chaln; i n  drdcr to 
acquire the resources t o  do tRIs Important work. 

I n  t h t s  p r o j e c t  there are some great  technological  opps r tun l t i es  t o  bcne- 
f i t  no t  on ly  an evo lu t ionsry  space s ta t l on ,  bu t  a l s o  an i n C t i s l  space s ta t i on .  
Usual ly yau th tnk  o f  new technology as something t h a t  glves you greater  ger- 
formance. Ln a space s b t l u n  program, once you have defined your requirements, 
you want t o  meet those requtrements a t  the lowest l l f e - c y c l e  cast .  

Some people argue t h a t  we r e a l l y  do no t  need new technology Po b u l l d  a 
space s ta t i on .  They say t h a t  we have, I n  e f f e c t ,  created the equivalent  o f  a 
ssace s t a t i o n  i n  Skylab and we have the technology from the s h u t t l e  program 
t h a t  w l l l  a l l o w  us t o  b u i l d  a space s t a t i o n  w i t h  what  we have today. And t h a t  
i s  t rue.  We could do tha t .  But i t  would be a shame i f  we d i d  p rec i se l y  t ha t .  
I f  we are  ab le  t o  b r i n g  some areas o f  technology, p a r t i c u l a r l y  power and the r  
ma1 t o  a s t a t e  o f  readlness t o  apply t o  the f i r s t  space s ta t ion ,  t h a t  f i r s t  
s t a t i o n  d l 1  a c t u a l l y  be less expensive, both I n  i n i t i a l  cost  and i n  l i f e - c y c l e  
cost .  We must verba l ize  t h l s  message and cohvey i t  i n  such a way t h a t  I t  i s  
be&ved..and we can go ahead w i t h  I t .  

We w l l l  most l i k e l y  pursue the space s t a t l o n  program by us lng a modular 
approach ( f i g .  1 ) .  We be l teve  t h a t  the space s h u t t l e  w l l l  be the basis  f o r  
p u t t i n g  a manned base i n  o r b i t ;  there fore  the s t a t i o n  w i l l  be b u l l t  o f  modules 
pu t  i n t o  o r b l t  by the  s h u t t l e  and docked t o  form a core. Other modules w i l l  
be added as the s t a t i o n  evolves. There map a l so  be p lat forms of var ious sor ts ,  
e i t h e r  i n  po la r  o r  i n  l o w - i n c l i n a t i o n  o r b i t  - probably both. These would be 
tended by the  space s ta t i on .  Some k l n d  o f  t rans fe r  veh ic le  w i l l  be used t o  
move payloads from the s t a t i o n  t o  other  o r b i t s .  A smal ler device, c a l l e d  a 
maneuvering system, w i l l  a l l ow  se rv i c ing  o f  c o - o r b i t a l  p lat forms.  

F igure 2 shows the types o f  equtpment t h a t  may eventua l ly  be p a r t  o f  the 
space s ta t i on .  The I n i t i a l  s t a t i o n  would be a core cons i s t i ng  o f  a power sys- 
tem w i t h  a few modules attached t o  i t  f o r  expertmentation i n  Ear th o r b i t :  a 
co -o rb i t i ng  p l a t f o r m  f o r  experiments t h a t  requ i re  very good s t a b i l i t y ;  some 
s o r t  o f  maneuverlng system tha t  cou ld  tend the p la t fo rm;  and poss ib ly  a po la r -  
o r b l t i n g  p la t fo rm.  I h e  core s t a t i o n  would evolve i n t o  something l a rge r  and 
More capable over approximately 10 t o  15  years, so a s t a t i o n  a f t e r  t h i s  model 
mlght be posstb le about the year 2000. 

We are  being ca re fu l  no t  t o  produce a p a r t i c u l a r  design before we have had 
a chance t o  do a s l g n l f l c a n t  amount o f  concept development and Phase B studies. 
So t h l s  I s  r e a l l y  an a r t i s t ' s  v i s i o n  o f  what mlght be, no t  any p a r t i c u l a r  
design t h a t  NASA i s  advocating. We t r y  t o  de f i ne  program requirements and l e t  
those requirements d r i v e  the technology, ra ther  than the other  way around. We 
th ink  t h a t  we should be Involved I n  many programs a t  once but  t h a t  there should 
always be a t  l eas t  one program t h a t  i s  s o r t  o f  a 'ttechnology push.'I Wl th ln  a 



year o r  so we would l i k e  t o  go i n t o  Phaso 8 r t ud les  toward the s t a r t  o f  the 
s t a t l o n  i n  n f swycar r ; ,  Therefore we nscd- to  p l n  dawn the requlre~nsntc; f o r  
the r t a t l n n  aud 4c-f3~et;hc twhno logy  t o  be pursued, 

The f l r s t .  roqul t -ment  1s tha t  i t  be a permanent system,-.one that: you put; 
up and sxpcct t n  use EOLI tong t lmc.  Thus we want I t  to bs able  t o  grow I n  
an evalutOanary manner. New teshnaloqy w l l l  corns along or raqulrcmnnts w i l l  
change from those !,st in  tho f i r s t  years. I t  I s  esscntla.1 tha t  I t  scln hc r c l a -  
Q l v c l y  s a s l l y  added to,  or changed, t o  Incorporate products o f  the new tachnol-  
ogy. You want operatioh11 f l s x l b l l i t y ,  because you.rea1ly do no t  knew r i g h t  
a t  the heylnnlng a l l  o f  the t t ~ l n g s  you are  goln~t.  t o  use lt for ,  The a t ruc tu rs  
sRould he as f l e x i b l e  a s  poss lb le  I n  l t s  oporat lan; i t  should be mul t tp ls -use.  

Most o f  the purposes tkat  the space s t a t i o n  mlght be designed t o  serve 
requ i re  h igh  power across the board. No concept of  a space s t a t l o n  t h a t  I have 
seen i n v o l w s  other  than r e l a t l v e l y  h igh  power, i n  the 50- t o  95-kW range. 
l h a t  I n  i t s e l f  leads t o  a considerat ion o f  h igher  voltages than we have been 
accustomed t o  us ing i.n space. I h e  thermcl loads w l l l  be la rge  because o f  the 
h igh  power, and they w l l l  very over an extremely wfde margin. With a human 
presence, and the I n t e n t i o n  o f  using the s t a t i o n  f o r  many years, we wil-l most 
l i k e l y  want t o  go t o  closed loop. Extravehlcular  a c t l v t t y  i s  going t o  be very 
Imggrtant; we are  f i n d i n g  t h i s  t o  be more and more t r u e  as t ime goes on. 

A l l  automated operattons, t he  data system and the  communication system, 
must be very f l e x l b l e  and adaptive. We will probably want d i s t r i b u t e d  c o n t r o l  
throughout the s t a t t o n  so t h a t  we do no t  get  locked t n t o  Jus t  one way o f  doing 
th ings.  Propulsion and f l u i d  management, p a r t i c u l a r l y  cryogenic f l u l d  manage- 
meut, w i l l  be-important d r i v e r s  i n  the s w e  s t a t i o n  design. 

A t  OAST, the Aeronautics and Space Technology Program has always had what 
we choose t o  c a l l  a generic technology program. I t  I s  s c r t  o f  a wtectmology 
pushn program where you do th ings because the s t a t e  o f  the technology ind ica tes  
t h a t  you are able t o  make c e r t a i n  advances. That program has ex is ted  i n  OASl 
and i s  s t i l l  there. They have I d e n t i f i e d  a c e r t a i n  p a r t  o f  t h a t  p rograr  t h a t  
I s  con t r i bu to ry  t o  the k inds of th ings t h a t  a space s t a t i o n  might need. Beyond 
tha t ,  the next  step i s  t o  def ine, from the generic program, a focused technol- 
ogy program t h a t  would be very s p e c i f i c a l l y  o r ien ted  toward advancing technol- 
ogy f o r  space s t a t i o n  requirements. 

I have emphasized i n  the Steer ing Committee t k a t  the  program should have 
as I t s  output  th ings t h a t  can s p e c i f i c a l l y  b e n e f i t  a space s t d t i o n  program i n  
i t s  Phase 8 as w e l l  as I t s  Phase C and D a c t l v i t l e s .  That technology i s  no t  
j u s t  hardware. I t  can be analys is  and simulat ion; i t  can be r e s u l t s  o f  labora- 
t o r y  tests,  r e s u l t s  o f  a c t i v i t y  i n  t e s t  beds, and even experimental f l i g h t  
t e s t  prayrams. 

The technology f lows from t h I s  focused program I n t o  a number of areas, and 
the products tha t  come out, agaln, are no t  Just  hardware. I n  f a c t  harddare i s  
probably the l e a s t  Important t h i n g  t h a t  comes out o f  the technology program. 
Those th ings  t h a t  people and organizat ions are  going t o  need t~ do t h i s  Job a re  
what I s  Important.  And they need t o  happen on a schedule t h a t  w i l l  f i t  i n t o  
the o v e r a l l  plan. So we must move forward qu l ck l y .  



Flgure 3 ' r f l ow  char t  of haw tcrhrialoqy mlght develop from the t-aqulre- 
ments o f  t b c  ~ c c  s t a t l o n  through thn focused program. Thcre are other  (11)- 
proachcs. '"c way I s  to  cu t  through d l s c i p l l n c s  and say tha t  yau w l l l  make 
pragrcr$  5n .awcr, a r  I n  thermal, or  on aL t l t ude  control ,  e tc .  Another i s  t o  
look a t  samcthlng l l k c  energy management, whlch I: a cornblnation of thcrrua! d ~ d  
pswcr and can a f f s s t  near ly  a l l  af the o ther  tecbnologlcal  areas. l h l s  sap 
cvctn he extended t o  s t r u c t u r a l  technology, and t o  the a t t l h t f n  con t ro l  system, 
wk9cR Recomca t rnpnrhnt  w l t h  very l a rge  arrays. 

We need t o  In teg ra te  ,111 of  these a c t i v f t l e s  so t trat w p i y  a t t e n t i o n  t o  
the  rfiost lmportant pa r t s  of the technology Involved ( f i g .  4).  The structurcts 
peuplr! alofre, f o r  example, wl thout  understanding what the  power people need, 
may no t  greduce the technology t h a t  best  co inc ides w l t h  what i s  needed i n  the 
power area. So one a c t l u i t y  o f  the Steer ing Committee l s  t o  encourage t h i s  
type of i n teg ra t i on ,  

A11 o f  these ideas f l ow  I n t o  a s o r t  o f  ''busU o f  technolsty  ( f i g .  5 )  t h a t  
can then go i n t o  a l l  areas o f  the development o f  the  space stafjsn - i n c l u d i r g  
a very important area, the  evo lu t l on  o f  the  s t a t t o n  beyond I t s  Inltl,,s; Papa- 
b l l l t y ,  o r  a P l e x i b S l i t y  over time. Thls I s  one o f  the p r o b l e ~ ~ s  t r  a technol- 
ogy program: yau can never Be exac t ly  sure where the bene f l t s  ,Ire ,,jny t o  
show up. We are  t r y i n g  t o  focus on the  s p e c i f i c  pro4ul k L  ;leedc;b ' ~ r  a space 
s ta t l on .  

Now, j u s t  a shor t  d iscussion o f  a p a r t i c ~ l a r  a c t i v l t y  t h a t  might be o f  
i n t e r e s t  t o  t h i s  group. OASl t s  p lannlng f l i y n t  research as we l l  as t h e l r  
traditional ground-based research. One element o f  t h a t  i s  a vo l tage operat ing 
l l m i t  t es t ,  the  VOLT Program, f o r  space t e s t i n g  o f  photovo l ta ic  concepts. A 
number o f  p e o ~ l e  here know more about t h i s  than I do, but  I would l i t r e  t o  
mentior) it I the context o f  t h i s  conference, 

The idea a t  OAST i s  t a  use the s h u t t l e  t o  conduct research i n  the space 
environment I n  a number of areas. I n  the VOLT ser les  ( f i g .  6) there  w t l l  be 
four  i n - f l l g h t  exppriments beginning l n  1985, two i n s i d e  the bay and two out-  
stde the bay; two are  planar arrays and two are  concentrator arrays. VOLT-1 
and VOLT-3 use app l ied  btas voltages; VOLT-2 and VOLT-4 use self-generated 
voltages. So the  e n t i r e  s t ruc tu re  has some symmetry t o  i t .  These experfments 
are  needed t o  ob ta in  data from high-vol tage p lanar  and concentrator arrays, 
the  ldea being t o  produce design guide1 tnes f o r  la rge  h igh-vol tage arrays i n  
low Earth o r b i t ,  data on the l i m i t s  on operat ing voltage, a validated a n a l y t i -  
c a l  t o o l  f o r  the f l n a l  designers o f  the  space s t a t i o n  array,  and a deslgn 
eva lua t ion  f o r  these array technologies. 

F igure 7 i l l u s t r a t e s  the terhnology f l ow  f o r  the  s p e c i f i c  case o f  hlgh- 
vo l tage ar ray  deslgn. Out o f  generlc technology and the  focused program come 
deslgn data f o r  the c rea t i on  o f  the f l i g h t  experiment. Out af the  f l i g h t  ex- 
periment come data t h a t  b e n e f i t  the space s ta t lon ,  and i t  feeds back from the 
space s t a t i o n  i n t o  the requirements area. One of the  beaut ies of the  space 
s h u t t l e  I s  t h a t  as we learn, we can repeat what we have done before and Improve 
on It. Thls i s  j u s t  one exampie o f  how a techrlology prograln can f low I n t o  
f l l g h t  t e s t i n g  and eventual ly  r e s u l t  i n  very spec l f i c  products t h a t  Improve 
other  programs, i n  p a r t i c u l a r  the  space s t a t i o n  program. 

I thank you f o r  your a t ten t i on .  Again, thank you f o r  l n v l t l n g  me here. 



Figure 1. - Space s t a t i o n  arch i tec ture :  a c l u s t e r  concept. 

F iqure 2. - A r t i s t ' s  concept o f  a space s ta t ion .  
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Figure  3. - In teg ra ted  a c t i v i t y .  
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Figure  4. - Subsystem focus t o  i n t e g r a t e  d i s c i p l i n e s .  



Figure  5 . 4 e c h n o l o q y  t ransfer .  
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Figure  6. - Voltage operat ing l imit  tes ts .  
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MILITARY SPACE SYSTEMS' TECHNO.LOGY- PLAN 

Col. B.W.. Bolton 
A i r  Eorce Space Technology Center 

K i  r t l and  A i r  Farce Base,. l Y e w H e x 5 0  871 17 - 

I would l i k e  t o  thank the sponsors o f  t h i s  conference for the opportunity 
t o  t a l k  t o  you about the Space Technology Center and the M i l i t a r y  Space 
Systems1 technology madel and plan. I w i l l  speak b r i e f l y  about where the Space 
Technology Center f i t s -  i n t o  the A i r  Force space business s t r uc tu re  and then run 
qu ick ly  through the model t o  show you how i t  works. 

The Space Technology Center i s  a r e l a t i v e l y  new organization, having been 
i n  existence j u s t  a l i t t l e  more than a year. The Center is .  a continuation of  
an A i r  Force process t ha t  brings the A i r  Force laborator ies under the control  
of  spec i f ic  product d iv is ions.  I n  our case, we are working f o r  Space Div is ion 
I n  Los Angeles. Our Commander, Bob Francis, works d i r e c t l y  f o r  General 
McCartney, the Commander o f  the Space Division, and the Technology Center has 
a detachment i n  Los Angeles. We have a Plans Directorate; we have a Technology 
O i  r e c t o r a b  t ha t  pursues several technology demonstrati on proQrams; and our _ _ 
Management Services-people keep us a l l  on track, 

The Space Technology Center now has cont ro l  and r-esponsibi l i ty f-or the 
Geophysics Laboratory, the Weapons Laboratory, and the Rocket Propulsion 
Laboratory. The Center's mission i s  t o  g ive focus t o  space technology e f fo r t s ,  
t o  ensure t ha t  technology need-s are integrated w i t h  development e f f o r t s ,  and 
t o  p lan and execute the nu-space-related.techno1agy a c t i v i t i e s  of  these three 
laborator ies as wel l .  Me assess the laborator ies i n  t h e i r  nonspace a c t i v i t i e s .  
We also function as the Space Div is ion Commander's source of  technical  excel- 
lence i n  the space technology area. 

The Plans Directorate i s  d iv ided i n t o  two div is ions:  Plans and Analysis, 
the people p r ima r i l y  responsible f o r  the development and evolut ion of  the 
methodology used i n  our technology pla, ning, and Development and Applications, 
a group o f  technologists who generate technology i n i t i a t i v e s .  These i n l t i a -  
t i ves  are new s ta r ts ,  new technology programs t o  f i l l  gaps i n  the technology 
required t o  complete speci-f i c  space missions. 

The problem tha t  we face i s  one t ha t  everyone should be f am i l i a r  with, 
and. t ha t  i s  the extremely long lead time f o r  the development of  speclf  i c  space 
capab i l i t i es .  The only cd f l ~o la t i on  i s  t ha t  the Soviets face about the same 
type of  lead t ime i n  developing t h e i r  systems. Small consolation, perhaps, but  
i t  s t i  11 high1 ights  the need f o r  accurate forecasting o f  technologies. We must 
ensure t ha t  the technology base i s  ava i lab le  when needed f o r  the developtitent of 
these speci f i c  space systems. 

7he ob ject ive  of  the technology model i s  t o  provide us w i t h  a systematic 
process f o r  j o i n i ng  fu ture  technology needs t o  mission requirements. We stress 
con t inu i t y  between space missions and the technology programs we pursue. The 



model a l s o  acts as- a vehicle for communications between the A i r  Force- l a b r a -  
t o r b s  and major a i r  commands-,_ ogerationa3 commands, other government agencies , 
an& NASA.- It b also a guide to- industry f o r  IR&D. Tire Technology Center, 
along w i  t h  t h e A I A A - ,  sponsors-workshops. i n  which a--series of technology panels 
iddress a1 1 of the technology categor ies contained w i t h i n  the n~odel. We have 
recent ly acquired a NASA f i e l d  o f f i c e  w i t h i n  the-Technology Center; t h a t  i s  
s ta f fed by M r .  Wayne Hudson. 

We take our guidance from A i r  Force Headquarters, Space Division, Space 
Command, and a1 1 of  the other operational commands t ha t  generate requirements 
and needs for space systems support. Our technical  inter faces are.wi th  the 
Space Div is ion program of f ices,  the A I r  Force laboratories, other DBD agencies, 
NASA, and industry. A l l  o f  t h i s  w e s  i n t o  the technology model as input, and 
the output i s  cont inua l ly  fed back as technology f o r  tfwse-systems as we 
produce our Space Technology Plan. This p lan i s  our technology investment 
strategy and supports the planning, programming, and budgeting process. 

The technology model i s  d iv ided i n t o  s i x -  volumes. The f i r s t  volume i s  
generated p r imar i l y  by the Plans Of f i ce  a t  Space Div is ion.  Their input  comes 
from Space Command and the other operationa.1 commands. This planning group 
develops the basic mission requirements, pro jec ts  needs, and gives p r i a r i t y  t o  
missions. From the mater ia l  they give us, we form a set  o f  prel iminary con- 
cepts. Since we are t a l k i ng  about operational dates around the t u r n  af the 
century i n  many cases, we have t o  have Mstrawman'd-concepts from which we 
ext rac t  technology req.uirements.- These concepts are i n  volume 2. I n  volume 3 
we p ro jec t  trends i n  technology so t ha t  we might properly assess the tech- 
nologies of the future. Then i n  volume 4 we assess and study state-of-the-art 
technology, the programstha-t are i n  force now. I n  volume 5 we develop a road- 
map of  how a technology program would continue t o  develop the technology base 
requ i red f o r  the spec i f ic  conceots and missions considered and defined i n  
volumes 1 and 2. Volume 6 w i l l  set p r i o r i t i e s  and present a r e a l i s t i c  p lan f o r  
the development of  technologies necessary t o  support primary space mSssions as 
defined i n  volume 2. These w i l l  be our technology investment recommendations. 

This ana ly t i ca l  product, our p r i o r i t i z e d  l i s t  of  technologies, w i l l  not  be 
an absolute guide i n  i t -? l f .  I t  w.il1 simply be a planning t oo l  f o r  the senior 
headquarters s t a f f  t o  determine where best t o  invest  t h e i r  techaology do1 l a r s  . 
Most l i k e l y ,  other outside considerations w i l l  be included, but  we f ee l  t h a t  
the p lan i s  going t o  be a good s ta r t i ng  po in t  and a good yardst ick by which t o  
make i n t e l l i g e n t  decisions. 

The technology plan aims. t o  provide in. a s ing le  document a systematic, 
l o g f c a l l y  derived way of  invest ing technology resources. We w i l l  look a t  long- 
t e r n  requirements through our pro jec t fon of  system requirements f o r  turn-of-  
the-century SnStial operating capab i l i t y  (IOC) dates f o r  systems. It w i l l  
provide the ra t iona le  and guidance f o r  supporting these programs, thus making 
the budget process mare systematic. The model can be used t o  support opecif i c  
requirements f o r  spec i f ic  technology programs. With the model we a lso maintain 
concurrence and synchronfzation w i t h  the A i r  Force and Systems Command space 
plans, the A i r  Force Space Systems' arch i tec ture  study, and other top- level  
gutdance documentation of  t ha t  nature. 



The technology plan takes the input  and runs i t  through a p r i o r i t i z a t i o n  
process. Then, using a resource reulew program, we i d e n t i f y  the p r l o r i t y  tech- 
nel-ogy programs. The plan wil-1 teL4 us something abolrt t-be-avai l a b i l i t y  of  the 
technology base t o  support c s s t a ~ c e  missions. - 

The p r i o r i t i z a t i o n  methodology i s  a combination-of subjecti-ve inputs, a 
madif i s d  Delphi process,. some computer model-ing, arid. some anal-ytica-l work on.  
the d i f f e ren t .  parameters. The plan- input  i s  the Waup o f  top-level mission 
requi.rements- t ha t  come f r ! m  A i rEo rce  Headquarters guidance .. F i r s t  we develop 
a set  of  p r i o r i t i z e d  missions. We at tach importance levels t o  speci f ic  mis- 
sions and rank them. Then we develop a set of  mission requirements tha t  sup- 
po r t  those pa r t i cu l a r  p r i o r i t i z e d  missions, These are a lso computerized; then 
we sum the p r i o r i t i e s  of tbe missions t ha t  each o f  the requirements supports 
and work them down one more leve l  t o  the concepts. A t  t h i s  point,  we construct 
these concepts in  order t o  determine what technologies are required t o  support 
these spec i f i c  requirements. 

Concepts then go through a review t h a t  i d e n t i f i e s  the mission requirements 
t ha t  each concept supports. At the l a s t  l eve l  of  the plan, which i s  the tech- 
nology leve l ,  we i d e n t i f y  the p r i o r i t i e s  of  the concepts supported by these 
technology programs t o  maintain a l og i ca l  f low throughout t h i s  en t i r e  scheme, 
which u l t ima te ly  l i n k s  technologies t o  spec i f ic  missions. Technologies t ha t  
support more than one concept, o r  more than one mission, et appropriate 
emphasis i n  the p r i o r i t i z a t i o n  p-rocess. 

A major advantage of the model i s  i t s  a b i l i t y  t o  incorporate po l icy  
changes. I f  there are changes i n  the mission rankings, f o r  instance i f  the 
space s ta t i on  were t o  be adopted by the m i l i t a r y  as a f i r m  requirement, we 
could a1 t e r  the mission requirements up f ront .  Awther  problem we are can- 
cerned about i s  ba l lSs t i c  m iss i le  defense. We & not know where t o  f i t  t ha t  i n  
the model r i g h t  now because major decisfons are yet  t o  he made on the process. 
But the mode-1 process, the model i t s e l f ,  can accommodate these types of change. 

Technology breakthroughs are accounted f o r  w i t h  the model. We can f ind  
po ten t ia l  problem areas i n  t h i s  same process; we can i so l a te  concepts tha t  are 
af fected by techno1 ogy problems and i d e n t i f y  changes i n  performance and changes 
i n  the avai l a b i  1 i t y  dates of  these systems. 

The schedule we are working against, the end product, i s  the publ icat ion 
of  volume 6. Ea r l i e r  volumes are being restudied and a t h i r d  ed i t i on  con- 
t a i n i ng  new mission requirements i s  i n  the process. This pro jec t  i s  being 
developed by A i r  S ta f f ,  Space Command, and Space Div is ion planning s ta f f  
through the Space Systems arch i tec ture  study. Volumes 3 and 4 are being up- 
dated w i t h  support from the laborator ies and the A I A A  panels. And we are. 
working on the methodology of  volume 6. 

To conclude, we a t  the Space Technology Center bel ieve tha t  the model i s  
a very orderly, systemakic way o f  j o i n i ng  technology needs t o  specif ic space 
missions. It supports top-level guidance, the space plan from A i r  Force and 
Systems Command. h!\d i t  i s  an e f f ec t i ve  t o o l  f o r  communicating w i th  the A i r  
Staff  program element mcni tors,  w i t h  the laboratories, and w i th  industry. 
Volume 6 w i l l  be the A i r  Force Space Technology Center Space Technology Plan. 
It w i l l  be a guide f o r  determining how we invest  our technology dol lars,  and 
i t  w i l l  g ive  the ra t iona le  f o r  supporting programs i n  the program object ive 
memorandum (POM) process. 
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A r t i f i c i a l l y  pzoduced e l ec t ron  beams have been used ex tens ive ly  during the 
p a s t  decade a s  a means of probing the  magnetosphere ( r e f .  I ) ,  and more recent ly as 
a means of a c t i v e l y  con t ro l l i ng  spacec ra f t  p o t e n t i a l  ( r e f .  2). Experimentation i n  
t h e s e  ateas has proven valuable ,  ye t  at t imes coafusing,  due to the  i n t e rac t ion  of 
t h e  e l e c t r o n  beaoh wi.th t he  ambient plasma. The OSS-l/STS-3 Mission i n  March 1982 
provided-a unique opportuni ty t o  s tudy beam-plasma i n t e r a c t i o n s  at an a l t i t u d e  of 
240 km. On board f o r  this missica was a Fas t  Pulse Electron Generator (FPEG), 
which served as p a r t  of Utah S t a t e  Univers i ty ' s  Vehicle Charging. and Potent ia l  ex- 
periment. Measurements made by t h e  Plasma Diagnostics Package (PDP) while extended 
on the  Orb i t e r  RMS show modif icat ions of the  Ion and e l e c t r o n  energy d i s t r i b u t i o n s  
dur ing  e l e c t r o n  beam injection, 

La t h i s  paper, some of t he  observat ions made by charged p a r t i c l e  de tec tors  are - - - -  - - - -  

discussed  and r e l a t e d  t o  measurements of Orb i t e r  po ten t i a l .  The paper is divided 
i n t o  th ree  sec t ions .  A b r i e f  desc r ip t ion  of s e v e r a l  of the  PDP instruments appears 
f i r s t ,  followed by a sec t ion  descr ib ing  the  j o i n t  PDP/FPEG experiment. The t h i r d  
s e c t i o n  c o n s i s t s  of observations-made during e l e c t r o n  beam in jec t ion .  . . 

INSTRUMENTATION 

The PDP carries a wide range o f  instruments  f o r  t h e  measurement of pressure,  
waves, f i e l d s ,  and p a r t i c l e s .  A d i scuss ion  of t hese  instruments  and some of the  
prel iminary r e s u l t s  of t he  mission can be found i n  Shawhan et al. ( r e f .  3). Of in- 
t e r e s t  f o r  t h i s  d i scuss ion  a r e  the  charged p a r t i c l e  de t ec to r s ,  and t o  a lesser ex- 
t e n t ,  instruments  used t o  measure electric p o t e n t i a l  and t h e  geomagnetic f i e l d  i n  
t h e  v i c i n i t y  of t he  Orbi ter .  

The Low Energy Proton and Electron D i f f e r e n t i a l  Energy Analyzer (LEPEDEA) i s  a 
curved p l a t e  d e t e c t o t  capable of d e t e c t i n g  ions  and e l ec t rons  with energies  between 
2 eV and 36 keV. It k nearly i d e n t i c a l  t o  i n s t ruben t s  flown on ISEE-1 and ISBE-k 
The energy r e so lu t ion  of LEPEDEA is AE/E - 0.16, and 1.6 sec. is required fo r  a 
complete energy scan. The LEPEDEA f i e l d s  of view a r e  shown i n  f i gu re  1. The seven 
d e t e c t o r s  a r e  sampled simultaneously and toge ther  have a f i e l d  of view of 6 degrees 
by 162 degrees.  

 h his work i s  supported by NASA/Lewis Research Grant No. NAG30449 



An-electron fluxmeter Lt a h a  Included I n  the  PDP f o r  detection o f  electrons,. 
TnLs 1nstrumfir.t samples t he  e l e c t r o n  f l u x  indepmhtanc o f  energy tan Qimaa per sec- 
and, The Elumera r  i n  directed op_posiee: to t h e  LEWDtSII, Lf, -1ras a wide f ie ld  of 
view with l aw-angu l~ r  resdut-lan. 

BlasCric f h l d s  were msoeurcd by twa 20 cm sphcrbeak-probas scrpnrat;ad by lm6m..- 
The w m g e  p o t e n t i d ,  between.thsae spheres was-arsaaurcd r e l a t i v e  ca Orbiter ground 
wit11 a range of 11 .2~ .  When rkc-.PIP was extended oa t h e  RMS, tllAo po ten t i a l -w*?~  i\ 

measure of the planmn potent ia l  ZFI *-4 v i c i n i t y  06 tlte PDP. 

A Crialrial. f luxga te  m p p ~ t o m o t e r  was used tcr measure magnetic f i e l d s .  The 
magnetometer sampled the wgnetic f i e l b l 0 - a m c s  each second, along each of its 
3 axes with  a r e so lu t ion  of *12 mgauss, 

THE JOINT- PDP- EXPERIMENT 

J o i n t  opera t ions  between the  PDP and-the FPEG were conducted while t h e  Orb i t e r  
was i n  a nose-to-sun a t t i t u d e  with a r o l l  r a t e  of twice per  or-bit ( s ee  f i g u r e  2). 
For t h e  experiment discussed i n - t h i s  paper, t h e  FPEG emit ted a SO-mA, 1-keV, unmod- 
u l a t ed  e l e c t r o n  beam. A t o t a l  of e leven  emissions occurred under. both daytime and 
night t ime condi t ions  and at- var ious i n j e c t i o n  p i t c h  a n g l e s  with each emission ap- 

1 
proximately f i f t e e n  minutes i n  durat ion.  During these  i n j e c t i o n s ,  t he  PDP was de- 

I ployed on the Orbi te r  HMS and moved about the  Orb i t e r  i n a n  e f f o r t  t o  Locate t he  
beam. 

The primary instrument fo r  l oca t ion  of the beam was an e l e c t r o n  fluxmeter lo-- 
c a m d  o n  t h e  opposi te  side of the PDP from t h e  LEPEDEA. During t h e  search  f o r  t he  
beam, t h e  fluxmeter was pointed dom&tvward t h e  FPEG ape r tu re  i n  t he  Orbi te r  
bay wkich l e f t  t h e  LEPEDEA looking away from t h e  electron beam. Because of t h i s  
o r i e n t a t i a n ,  t h e  LEPEDEA d i d  not detect: p r i m u y  beam e l ec t roos .  A t  t imes, however, 
t h e  PDE was r o t a t e d  through 90 degrees about its s p i n  a x i s  (see f igu re  1) which a l -  
Lowed the  LEPEDEA t o  view a range of p a r t i c l e  p i t c h  angles  including primary 
p a r t i c l e s .  

a OBSERVATIONS 

Because of changing Orb i t e r  a t t i t u d e  (twice per o r b i t  ro l l  r a t e )  and varia- 
+ t i o n s  i n  t h e  geomagnetic fLeld over t h e  cau r se  of an o r b i t ,  a wide range of i n j ec -  - 

t i o n  p i t c h  ang le s  were observed. Calcu la t ions  by J. Sojka of Utah S t a t e  Universi ty  
show t h a t  f o r  i n j e c t i o n  p i t ch  angles  g r e a t e r  than about 60 degrees (depending on 
t h e  p rec i se  beau ro tb i t e r  o r i e n t a t i o n ) ,  t h e  beau i n t e r cep t ed  t h e  Orbi te r  sur face .  
A t  angles  less than t h i s  t h e  beam escaped. Qua l i t a t i ve  ana lys i s  of charged p a r t i -  
c le  and p o t e n t i a l  measurements made by the PDP support t h i s  ana lys i s .  

Ambient e l e c t r o n s  (photoelectrons)  were de tec ted  with energ ies  up t o  about 
80 e V  dur ing  t h e  day and 10 eV a t  n igh t ,  while i ons  were seen a t  energ ies  pr inc i -  
p a l l y  below 10 eV during both day and night .  During beam i n j e c t i o n  a t  atigles less 
than 30 degrees ,  i n t ense  f luxes  of  e l ec t rons  were de tec ted  a t  ene rg i e s  up t o  t he  
primary bead energy of 1 keV. V i r tua l ly  no i ons  were seen  at t he se  times. En- 
hanced e l e c t r o n  f luxes  were observed at a l l  po in t s  acces s ib l e  t o  t h e  PDP. However, 
due t o  the  l i m i t e d  reach of t he  RMS, no measurements were mad.? a t  d i s t ances  g r e a t e r  



Cha~ 7m from the  beam* Far bcam.inject ion,  at: aagles greater than 60 degrees, the  
mca~urcd  ion  and e l ec t ron  flulrcs o f t e n  resembJcd t h n x  seen with Chc beam o f f ,  

Moaauramonte af OrMtc r  putantial during small, angle  i ndsc t ion -a l so  d i f f e r e d  
from the ambient cafia, When thc bc;un w m -  o f f ,  t he  OrMtsr potential r e l a t i v e  t o  
t h e  nearby plasma-remained. G k 8 . 2 ~  c e n ~ i a t e n t  w&th U x H L ( r e f ,  3). When the  
beam was. f njectcd a t  less than 30 dafqraea, the patcntial was- &f scale and p o s i t i v e ,  
and drbppcd belaw the maximum mea$urablc value cf 8 . 2 ~  only at  the mciximutn Qj s tnace  
from thc beam of 7m. Poten t in la  during Isrtze angle iajacsions--wcre gonolralfy near- 
er  to Gkosc measured w i t h  t he  beam o f f ,  

L 
The o b s e r v ~ t i o n s  tend t o  support  t he  claim that t h e  beam did  escape from the 

near  v i c i n i t y  o i  t hc  Orbi te r  f o r  small  angle  i n j e c t i o n ,  but d id  not st l a r g e r  an- 
g l e s .  The enhanced e l e c t r o n  f l u x  and e l eva t ed  p o t e n t i a l  assoc ia ted  with small an- 
g l e  i n j e c t i o n  may be due ts escape of t he  beam. I f  t h i s - i s  so ,  the  l a r g e  angle 
cond i t i ons  which were s o  s i m i l a r  t o  ambienLcondi t ions could be due t o  the  e l e c t r o n  
beam impacting t h e  Orb i t e r  r a t h e r  than escaping. In  t h i s  ca se ,  almost a l l  of t he  
beam c u r r e n t  is  c o l l e c t e d  s o  t h a t  t h e  d i s turbance  is locdlfzed and the  Orbi te r  does 
no t  need t o  charge. 

F igure  3 shows t h e  measured f l u x  during one of t he se  r o t a t i o n s  which took 
p l ace  at a d i s t ance  of 7m from t h e  c e n t e r  of t h e  beam. Since t h i s  d i s t ance  is 
roughly twice t h e  gyroradius  of a 1 keV e l e c t r o n  t r a v e l l i n g  perpendicular t o  t h e  
aagne t i c  f i e l d ,  these  measurements must be of e l e c t r o n s  ou t s ide  of t he  primary 
beam. The angles  shown i n  f i g u r e  3 are the  p i t c h  angles  of e l ec t rons  a s  they were 
de t ec t ed  by t h e  LEPEDEA. Angles-greater  than 90 degrees  correspond t o  e l e c t r o n s  
t r a v e l l i n g  down t h e  f i e l d  l i n e s  fr-om-the direction i n  which t h e  beam was in j ec t ed .  
Angles less than 90 degrees i n d i c a t e  e l e c t r o n s  moving up t h e  f i e l d  b t h e  same d i -  
r e c t i o n  as t h e  outgoing beam. Although p i t c h  angles  less than 30 degrees  and 
g r e a t e r  than 140 degrees  were not sampled, t h i s  f i gu re  seems t o  show a ne t  cetl trn 
o f  e l e c t r o n s  along t h e  f i e l d  l i n e s  from the  d i r e c t i o n  i n  wllich t h e  beam was in-  
j e c t e d  i n d i c a t i n g  t h a t  more cu r r en t  r e tu rns  from t h e  upper hemisphere during up- 
wards i n j e c t i o n  than from the  lower, 

Based on t h i s  prel iminary a n a l y s i s  of measurements made during e l e c t r o n  beam 
emission,  i t  appears t h a t  the  e l e c t r o n  beam d i d  escape from the  Orbi te r .  These es- I 

capes  induced p o s i t i v e  Orb i t e r  p o t e n t i a l s ,  and were a s soc i a t ed  with enhanced f luxes  
of  e l e c t r o n s ,  During escape of t he  beam, t he re  is evidence t h a t  t h e r e  was a ne t  
flow of e l e c t r o n s  along t h e  magnetic f i c l d  from t h e  d i r e c t i o n  i n  which the  beam was 
i n j ec t ed .  
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Figure i. - LEPEUEA f i e l d s  of view. 

Figure 2 .  - STS-3 o r b i t  a t t i tude ,  March 24, 1982 - nose t o  Sun wi th  twice per 
orb1 t roll ra te .  



Flgure 3. - Electron f l u x  7 m-from beam ( 2  eV < E 36 keV). 
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In the Vehicle Charging and Potential experiment oh the STS-3 mission, a pulsed- 
electron gun was used to eject k n ~ w n  charges and currents from the Shuttle Orbiter, 
and the resulting perturbations of the surface charge and current densities were studied 
with appropriate instruments. An ejected current of 108 tnA, if maintained for a time 
sufficiently long for equilibrium to be established, could change the vehicle potential 
by 50 V or more when the ambient plasma density was low. In general, the obsewed 
perturbations could be ordered qualitatively in berms of the plasma density and of the 
attitlde of the shuttle relative to its orbital velocity vector. 

The Vehicle Charging and Potential (VCAP) experiment flown on the STS-3 mission 
was designed to study the electrical interaction of the shuttle orbiter with the low earth 
orbit environmnt,. The interaction of a large, orbiting body with the IQW earth space 
environment is not well known. With the initiation of an operational era ie space, it is 
necessary that we understand ( I )  the perturbations produced by the orbiter as it moves 
through the near earth environment, (2) the cnvironntent as provided to  instrumentation 
operating in the payload bay of the orbiter and (3) the effects that the environment exerts 
upon the orbiter itself. Future missiorts which depend upon knowledge sf the electrical 
interactior~ of the orbiter with the space envi~ot~rr~ent include those with high power 
cllargcd p:rrticlc beam experiments and others with long antennas operating a t  high 
voltagcs in the VLF frequency range. Am, when operations begin with orbit inclinations 
above about 50 degrees, large fluxes of energetic electrons (and protons) will bombard 
the orbiter whcn the vehicle is at  high rrlagnetic lntitndrs. In the past, satellites have 
. . - -  - 

"This work was conducted under NASA contract NAS5-24455 at  Utah State University 
and Stanford University and by NASA grant NAGW 235 at Stanford University. 
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been advcrse!~ affected by electrical .discharges induced by energetic par.tisle boml~ard- 
ment and thcsc prohlcms present similar concerns for-the dklnctrk~coucredorbiter. The- 
VCM cxpcrimrnt on. SITS-3 was.designcd.to study the interactions between the orbiter 
and the environment which are of importance to understanding these problems. 

An electron gun with fast pulse capability was used in the VCAP experiment to 
actively perturb the vehicle potential in order to study dielectric charging, retwn current 
mechanisms and the techniques required to  manage the electrical charging of the orbiter. 
Return currents and charging of the dielectrics were measured during electron beam 
emission, and plasma characteristics in the payload bay-were determined in the absence 
of electron beam emission. 

The VCAP instrumentation as flown on the OSS-1 pallet during STS-3 includes five 
separate pieces of hardware: 

1. Fast Pulse Electron Generator (FPEG) - The FPEG consists of two independent 
electron guns which are of the diode configuration with a directly heated tungsten 
filament and a tantalum anode. The two guns, designated as FPEG 1 and FPEG 
2, emit electrons with an energy of 1000 eV at  currents of 100 mA-and-50 mA. - 

respectively. The electron beams are collimated to  a beam width of about 5 degrees 
by forus coils mounted just beyond the anodes. Each gun is controlled by a 37-bit 
serial command word which selects the gun to be used, controls filament and high - 

voltage power supplies, and determines the on time, off time and number of pulses of 
the beam. The times are controllable in 32 logarithmic steps from 600 nanoseconds 
to 107 seconds and the nurnber of pulses is controllable in powers of two from 1 to 
32,768. The rise and fall times for the electron beam are 100 nanoseconds so that 
very short pulses (and therefore small increments of chiirge) can be emitted, - 

Charge Current Probes (CCP1 and CCP2) - Each Charge Current Probe (CCP) con- 
sists of-two adjacent sensors - one metallic and-one dielectric - as shown in figure 
1. The current flowing to the rnetallic sensor is used as an indication of the return 
current to exposed metal surfaces on the orbiter. The dielectric sensor provides a 
measure~~ent of the charge accumulation on the dielectric-covered surfaces of the 
orbiter; the material used for the charge probe dielectric is frorn the same batch of 
Flexible Reusable Surface Insulation (FRSI) that was used on the Colunlbia (OV- 
102) and covers the payload bay doors abd upper wing surfaces (fig. 2). Both of the 
CCY sensors respond rapidly to changes in the orbiter potential. Measurement rates 
were set at 00 samples per second bct peak hold measurements of both current aud 
charge were rrnade which albwed spikes longer than 100 nanoseconds to  be captured. 



Figure 1. VCAP charge probe ( l e f t )  and current probe (r ight) .  The experiment 
involved two such units, one on each s ide  of the payload bay. 

Figure 2 .  - Distribution of insulating material over the outer surface of the 
Orbiter. 
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Figure 3 .  - Schematic of charge probe. 

The Charge Pmbe measures directly the charging of a metal plate covered by a piece 
of FRSI. Since--this is the same material a s  covers the payload bay doors and upper 
wing surfaces, we assume that measurements made on the FRSI in the payload hay are 
indicative of the behavior of this same material on the orbiter. The metal plate is con- 
nected to the input of a charge amplifier (fig. 3). When the vehicle potential changes, so 
does thecharge induced on the metal plate: the charge increment is equal to the-change 
in potential multiplied by the capaeity between the plate and the ambient plasma. The 
charge amplifier converts this increment to a voltage. Assuming a theoretics: value far 
the capacity, the change in vchicle potential can be calculated by scaling the output 
voltage appropriately. This is shown from the CCP measurement of vehicle potential. 
)lowever, two reservations should be made with regard to these data: firstly, the probe 
can only measure changes in the vehicle potential, and not its absolute value; secondly, 
tlie actual capacity of the probe depends on the state of the ambient plasma so it may 
depart significantly from the assumed value. Hence, although the charge increments are 
rneasured precisely, the inferred changes in vehicle potential are only approximate, and 
may differ for two Charge Probes n~ou~ited af different places on the same spacecraft. 

On STS-3, two sets of the CCP (designated CCPl and CCl'2) were used with CCP1 
mounted adjacent to  the FPEG and CCE'2 mounted on the opposite corner of the pallet 
as far away from the FPEG as possible. These prc>bt.s provide measurements of vehicle 
potential changes and return currents induced by operation of the FPEG with high time 
resotutiori at  voltages up to 100 volts and currents up to 4 mA. 

3. Spherical Retarding Potential Analyzcr (SRPA) - The Spherical Ret:*~ding Potential 
Analyzcr measures the density aad enePgy of ions and provides an absolute value 
for the vehicle potential as well as a tneasurernent of the plasma environment in 
the payload bay, The SRI'A has a 19 cm diameter spherical coltecto~ surrounded 



by a 20 cm diameter sphcrictll. grid. The biasing-voltages applied to these electrode3 
result in the collection-of positive Sons. by the collector. In- the frame of reference of 
the orbiter the dcuninant ambient ion-O+ will hwe adrift energy of approximately 
5 eV, This energy k related .to the orbiter velacity, which is well known, so any 
deviation of the O+ drift energy from. the expected-value gives a measure of-the 
electrical potential of the orbiter structure relative to  the ionosphere. A Langmuir - -  - - 

probe is attached to thcSRPA. This probe is asmall, spherical probe which measures 
the density and -temperature of electrons and provides a cross check on the vehicle 
potential. The SRPA/Eangmuir probe instrument is mounted on a corner of the 
pallet as far from other surfaces as possible to give the best opportunity to acquire 
data uncontaminated by wake effects. 

4. Digit a1 Control Interface Unit (DCIU) - The Digital Control Interface Unit provided 
all signal, command and power interfaces between the VCAP instrument and the 
pallet. Power switching and command decoding were done in the DCIU. Thtee 
microprocessors (1802 type) were used in the DCIU. The control microprocessor 
stored sequences of time-tagged-serial commands in both ROM and RAM. These 
sequences of commands could be initiated in response to  a single commandsent from 
a source external to the DCIU and perform a series of operations such as FPEG 
pulsing, gain changing and eesets. A secondmic~oprocessor was used to  control the 
offset of-the SRPA sweep voltage. The-third microprocessor was-used -to monitor 
temperatures, voltages and currents and t a  set out of limit Bags passed as bi-level 
signals t e  the orbiter W C  for display and alarm signaling. 

Passive and active operations were performed during OSS-1. The SRPA and CCP's 
Lvere operating throughout the mission and data obtained when the electron gun was 
not; being operated determine the characteristics of the orbiter and the payload bay 
environment in the absence of perturbations from active experiments. 

The electromagnetic interference (emi) levels during the mission were the lowest 
experienced during the project and were unmeasurably low on orbit. The thrusters 
produced dlturbances which were variable in character and magnitude. Strong ram/wake 
eflects were seen in the ion densities in the psylaad bay. Measurements of the vehicle 
potential offset indicate that the main engine nozzles provide a reference potential 
to the ionospheric plasma surrounding the vehicle. Because the orbiter is 97% covered 
with dielectric materials, the main engine nozzles provide the primary contact bet- 
ween the orbiter metallic structure and the plasma. Vehicle potentials were variable 
with respect to the plasnia and depended upon location on the vehicle relative to  
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CHARGE CURRLN-I SEQUENCE 
AWRAGE CURRENT oSS-l/STS-3 

LRUNCH kRRCH 22. 1982 

I : : : : : : : : : : : : : : : : : I  - 30 o 30 60 96 120 I sa 
SECONDS SINCE START OF SEOUENCE .- 

Figure 4 .  - Sequence of electron current pulses emitted by the Fast Pulse 
Electron Generator. 

the main engine nozzles, the vehicle attitude and the direction of the geomagnetic 
field; their variations are consistent with the expected effects of the V X B electric -field, 

Active experiments were performed by emitting a series of electron beam pulses, as 
illustrated in figure 4 for instance. Inside each of the positive-going pulses shown in 
this figure there are 16 narrower rectangular pulses of 100 rnA peak current, increasing 
in width from each group of 16 to  the next. Thus the amplitude of the wider pulses, 
which is equal to the average of the current over the repetition period of the narrower 
pulses, increases throughout the sequence. The wider pulses are arranged in groups of 
three, and between each group and t.he next the Charge Probes are reset to zero so as 
to eliminate long-term drift. 

Data taken during one such sequence, designed to  study vehicle charging and return 
current mechanisms and labeled Charge Current (CC), are shown in figure 5; see table 
1 for the meaning of the symbols. The sequence begins with one microsecond pulses 
(which show no measurable perturbation). When the pulse widths are increased to more 
than a millisecond in duration, significant charging of the orbiter occurs with induced 
potentials of tens of volts. The potentials measured close to the FPEG are higher than 
those on the far side of the pallet and may indicate that a sheath developed around 
the vehicle. The currents a t  the two lozations (CCPi aud CCP2) are also different, with 
the larger current near the electron gun as might be expected since the beam produces 
locailly enhanced ionization levels. 



CHfiRGE CURRENT SEOUENCE 
B E G l N k l N G  AT P Y / 1 1 3 U 6  OSS-l/STS-3 

LRUNCH MARCH 22. 1982- 

t : : : : : : : ; : ; : : : : : ; : 4  - 30 0 30 60 90 120 15C 
SECOND3 S I N C E  START OF SEOUENCE 

Figure 5 .  - Representative charge current sequence (1132 GHT on 25 #arch 1982). 
In data from SaPA (graph labeled IP), no ion current is observed until about 
34 s after start of pulse sequence: rectangular waveform seen at earlier 
times is due to automatic switching of electronics between two ranges w i t 3  
different sensitiuitieu. 

In a higher t h e  resolution plot of a portion of the same CC sequence (not shown) 
it appears that the measured currents recover to  their normal non-emission levels in 
the short titne between pulses, but the charge on the dielectric is retained and decays 
much more slowly. Time codstants for the vehicle potential (or dielectric charging) t o  
return to non-emission levels vary from less than one second up to  minutes. Thus, in 
the two lowermost graphs of fig. 5, mare marked fluctuations appear on the later groups 



of pulses than.an the earlier groups; this difference iaprohably due to the reduction in----- 
thc- time constant as thevehicle potential increases. 

One. sf the mast distinctive features af the-STS-3 flight results is thevariety in  the 
measurements of charging-and returnzurrent. Virtual.Ly any combinstion-of results can 
be found in the 52 Charge Current seqwnces that were perfornled during this mission. 
In some cases the charging is negligible, in ether cases charging is significant and more 
than 50 volts for the same sequence. Return currents can be small or large and either the 
same on both probes or with either one large and the other negligible. In the following 
series of figures we show examples of this panoply of measurements. 

Figure 6 shows some data taken during local daytime, with the nose of the shuttle 
pointing towards the sun and  with the instruments looking into the wake. The latter 
circurnstanct: explains the low charging currents and also the failure of the Langmuir 
probe to measure an electron current. The fact that t the SRPA nevertheless measured a 
substantial ion current is unexplained. On this occasion, operation of the electron gun 
led to large posi!ive excursions of the vehicle potential. 

The data shown in figure 7 were also acquired in the daytime, with the shuttle in 
the same attitude relative to the sun but in a different attitude relative to  the ortutal 
velocity vector. The instruments, though still somewhat in the wake, were--less well 
shielded from the ptasma than on the occasion represented in figure 6. The attitude was 
such that the main engine nozzles were pointed more or less along the orbit, i.e., in the 
ram direction. Hence, the vehicle was in better electrical contact with the plasma, which 
explains why its potential was relatively unaffected by the gun operations. 

In the data of figure 8, the electron and ion currents are comparable with those noted 
in figure 7. No attitude data are available for this case a t  the time of writing, but since 
the vehicle potential did not vary much, again there must have been good contact with 
the plasma. Even during the most intense FPEG emissions, neither of the current probes 
registers much-current, which means that the return current must have been Bowing 
elsewhere. 

Figure Q, like figure 7, presents data acquired during the day with the shuttle in the 
noseto-sun attitude and with the instrumerlts partly in the wake. The electron and 
ion densities are greater this time, however. The changes in vehicle potential are even 
less than in the ease of figure 8, but contrariwise the current probes both register large 
currents; their data are unusual in that the probe further Prom the FF%G collects the 
larger current. 

The data of the final figure 10 show large electron and ion densitities, with the output 
from the ion probe even going off scale. The sizeable current on CD.2 during the period 



from -30 s to 0 s suggests that this current probe was then frrciry~ towards the ram 
direction; tlic drap in .current-at 0 s m y  be due to the probe .~,auiag been taken out. of 
this orientation- by vehielc-roll. The FPEG pllse seqliense had almast no effect an any 
of-the six instruments in the V-CAIP. package. 

Figures &LO have been prcsentcd in the order of increasing amhcnt @EXZ:! density, 
at l e s t  as indicated by the Lsngrnuir probe and-the SlWA. Qualitatively, increased 
density Iaqds to greater stability of the vehicle potential, as one would expert. 

Although, as mentioned earlier, the 52 recorded Charge Current seqrlenccs show a 
wide variety of behavior, this proves to be rep~oducible if the scqrlcnces are ordered in 
terms of two parameters, namely the plasma-dcnsity and the attitude of the shuttle 
rclnt ive to its orbital velocity vector. For a given density and attitude,, q~ialitatively 
similar behavior has been observed on digerent occasions. 0 t h  parameters, such as the 
attitude relative to the earth's magnetic field and the presence or absence of sunlight, 
are less influential but nd-neglible. 

The VCAP experiment on STS-3 has shown that active, controlled exp-eriments on 
shuttle charging can be successfully performed from the payload bay of the orbiter. 
Electron beams hwe been used to perform a series of experiments to study the electri- 
cal interaction of the orbiter- with the surrounding environment and the environment 
provided to the payload. A preliminary analysis of the data has shown that, qualita- 
tively, they art! reproducible and understandable, which strengthens our confidence that 
it will be possible to  model them quantitatively in the long run. 

lo each of the figures 5-10. tbe following quantiligsme plotted as the ordinates ot 
the six graphs (from top to bottom): 

LP Langmuir Probe. Current olra-logarithmic scale. 

W Ion Probe (Spherical Retarding Potential Analyzer). Current or1 a 
logarithmic scale. 

CD2 Current Probe on the starboard side of the payload bay. Current 
(PA) on a linear scale. Incrowed current-eotr~sponds tu increased 
electron co2nction. 

CI11 Current Probe ou tbe port side of the payload bay. Current (PA) 
on a linear scale. 

Qu2 Cbarge Probe on the starboard side. Voltage on a linear scale. 
Increased voltage corresponds to tbe vehicle becoming more poei- 
tive with respect to the plasma. 

Qf) i Charge Probe on the port side. Voltage on a linear sralr 

Note: The instruments on the port side of the payload are close tn the F s t  Pul.sc 
Elertrr~n Generator 
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CHlRGE CURRENT K Q U E N C E  
BEGINNING A? 8§/0707tU3 6SS-IiSTS-3 

LAUNCn MRRCH 22, 1982 

1 : : : : : : : : : : : : : : : ; :  I - 30 0 30 60 90 120 1 5 0  
SECONDS S INCE STClFlT OF SEQUENCE 

Figure 6 .  - Charge current sequence (0707 GHT on 26 Herch 1902). 



CH8RE6 CURRENJ SE6UENCE 
BEGINNING 81 01/0527: 0 3  

LOO I 

~ - - c - t - 9 . : : : : : : ; : 4  - 30  0 30 60 90 120 1 SO 
SECONDS SINCE START OF SEOUENCE 

Figta~e-L, -- Charge current sequence (0527 Gadr an 25 W c h  1982). 



CHflRGE CUflRENl SEOUIECCF. 
BEGINNING 81 BB/BlOSt 42 OSS-  I /SVS- 3 

LBUNCti nfiRCn 22, 1902 

t : : : . : : : : ; : : : : : : : ; (  
-30 0 30 60 90 l-20 150 

SECONDS SINCE STRRT OF SEOUENCE 

Figure 8. - Charge current sequence (0107 GHT on 26 Harch 1982). 



I : : : : : : : : ; : * ; : ; ; : : ,  - 30 0 30 60 9 0 120 15.' 
SECONDS S INCE STfiRT OF SEOUENCE 

Figure 9.  - Charee current sequenee (0912 GadT on 25 March 1982). 



Figure 10. - Chores cursent sequence (0609 CIIT on 27 arch-1982) .  
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The t h i r d  Space Shu t t l e  f l i g h t  on Columbia c a r r i e d  instrumentat ion t o  measure 
thermal plasma dens i ty  and temperature. Two sepa ra t e  i nves t iga t ions ,  the  Plasma 
Diagnostics Package (PDP) and the  Vehicle Charging and Po ten t i a l  Experiment (VCAP), 
c a r r i e d  a Langmuir Probe, and t h e  VCAP a l s o  included a Spher ica l  L t z r d i n g  Poten- 
t i a l  Analyzer (SRPlk). The Langmuir Probe on t h e  PDP made measurements while t h e  
PDP was a t tached  t o  t he  p a l l e t  i n  the  Orbi te r  bay and while t h e  PDP was a r t i c u l a t e d  
by the MS. Only those measurentents made while the  PbP is i n  the  payload bay a r e  
discussed here  s ince  t h e  VCAP instrumentat ion remains in the  payload bay a t  a l l  
times and  the  two measurements a r e  compared. 

Figure 1 i l l u s t t a t e s  the  loca t ion  of the  PDP and VCAP instrumentat ion on the  
scfence  payload p a l l e t .  

The p r i n c i p l e  t h r u s t  of t h i s  paper is t o  d i scuss  the  wake kchind a l a rge  
s t r u c t u r e  ( i n  t h i s  case  the  Space Shut t le  Orb i t e r )  f l y i n g  through the  ionospheric 
plasma. Much t h e o r e t i c a l  work has been done regarding plasma wakes ( r e f .  1) and t o  
a c e r t a i n  ex t en t  laboratory plasmas have provided an  experimental and measurement 
b a s t s  set f o r  t h i s  theory. The instrumentat ion on t h i s  mission gives the  f i r s t  da- 
t a t a k e n  with a l a rge  vehicle  i n  t he  ionospheric laboratory.  

F i r s t ,  t he  PDP Langmuir Probe and i ts  d a t a  s e t  w i l l  be presented, then t h e  
VCAP hngmuir  Probe and SRPA with assoc ia ted  data .  A d i scuss ion  of agreement be- 
tween the  two d a t a  s e t s  is then followed by some o the r  PUP da ta  which i n f e r s  an 
even lower wake dens i ty .  

Las t ly ,  conclusions,  caveats  and a descs ip t iod  of f u t u r e  work which w i l l  fu r -  
t h e r  advance t h e  measurement techniques and d a t a  s e t  a r e  put fo r th .  

PDP LANGMUIR PROBE RESULTS 

The PDP Langmuir Probe is a 6 cm diameter gold-plated sphere which is operated 
i n  two modes, t he  A N / N  mode and the  swept mode. The swept mode which is of concern 

"~tlis work i c  sunported by NASA/Lewis Research Grant No. NAG3-449 
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Figure  1. - Science palLet__canfigurat ion on S*S--3 showing loca t ion  of i n s t ru -  
mentation. - - -  

here is a 120 s t e p  vol tage sweep which l a s t s  1.2 seconds and is executed 5 times 
per  minute. The nominal dens i ty  range of t he  probe is approximately 5 x lo2 t o  
5 x lo6 / c m 3 ,  t h e  p rec i s e  s e n s i t i v i t y  depending on temperature,  Operating i n  t h i s  
mode, t h e  bngmut r  Probe has a cu r r en t  vo l tage  c h a r a c t e r i s t i c  whose s lope  is pro- 
por t iona l .  t o  l/Te and which has a "knee" i n  t h e  curve propor t iona l  t o  N e w  

There are two l ~ t a t i o n s  t o  t h e  PDP Langmuit Probe measurements. The f i r s t  
occurs  when t h e  plasma is  too  dense t o  r e a l l y  see t h e  e n t i r e  knee of the  curve re- 
s u l t i n g  i n  instrument  s a t u r a t i o n  and an underest imate  of dedsi ty .  The second oc- 
c u r s  when t h e  plasma temperature is  too  high and dens i ty  too  low t o  ge t  a r e l i a b l e  
s l o p e  r e s u l t i n g  i n  only an upper bound on dens i ty  and lower bound on tenlperature. 

F igure  2 i l l u s t r a t e s  t he  e l e c t r o n  dens i ty  and temperature f o r  one o r b i t  as a 
func t ion  of veh i c l e  a t t i t u d e .  (The d a t a  is repeated f o r  a second o r b i t  t o  provide 
c l a r i t y  f o r  t h e  graph and i l l u s t r a t e  a p e r i o d i c i t y  which is r e a l ) .  The veh ic l e  
a t t i t u d e  is  descr ibed by 0 1  and 02  which are i l l u s t x a t e d  at the  t a p  of t h e  f igure .  
Maximum wake accurs  when t h e  veh ic l e  f l i e s  t a i l  E i r s t  with t he  plastnw ramming i n t o  
t h e  Orb i t e r  b e l l y  (e.g. GMT 83:20:48). A t  t h i s  point  i n  t h e ,  t he  ucllicle is 
f l y l n g  a nose-to-sun a t t i t u d e  with a 2 times o r b i t  r o l l .  (See f i g \ ~ z e  2 i n  t h e  pa- 
pe r  "Suprathermal Plasma Ob~erved  on t h e  STS-3 Mission by t h e  Plasala Diagnost ics  
Package, by Paterson e t  a:. ( r e f .  2) i n  t h i s  i s s u e  f o r  a desc r ip t i on  of t h i s  
a t t i t u d e . )  This  r e s u l t s  in a once per o r b i t  ram/wake cyc l e  which is evident  i n  
f i g u r e  2 by t h e  e' dens i ty  and neu t r a l -dens i ty  (pressure)  measurenients.- - - - 

Severa l  important observat ions s u m a r i z e  fQyre 2: 

1. Although dens i ty  is near ambient while t he  paylaod bay is  ne i the r  po in t ing  
d i r e c t l y  i n t o  t h e  v e l o c i t y  vec tor  o r  i n t o  t h e  wake, t he re  is evidence t h a t  
<he  dens i ty  may be 2 t o  10 tilaes ambient when the  bay po in t s  c l o s e  t o  t h e  
v e l o c i t y  vector.  The probe s a t u r a t e s  making r e l i a b l e  measurement above 
2 x lo6 d i f f i c u l t .  The region c r o s s  hatched i n  f i g u r e  2 is where t h i s  
h igher  dens i ty  regime is  encount@red. 



2. I)cnsihy decreases  rap ld ly  as the  Orb i t e r  r a l l s  i l l to  wake con- 

3. The minimum reLiab1e measurement of. dens i ty  with the  PDP probe is 
approximately 5 x lo2 /cm3 . A t  l e a s t  aao the t  order  of magnitude decrease 
i s  required t o  p u l l  the-sweep t o t a l l y  o f f s c a l e  which is subsequently 
observed t o  happen. The sweep remain6 o f f s c a l e  f o r  approximately 
25 minutes centered around 83:20:48. 

4, During a l l  non-wake condi t ions ,  t he  temperature remains r e l a t i v e l y  
cons tan t  a t  about LQOOO (+3()%). 

5. Temperature r i s e s  rap id ly  as d e n s i t y  decreases ,  

6. The h ighes t  r e l i a b l e  temperatur.ee occur: a t  6000°K. However, the  t r end  
cont inues  suggesting tempxratures i n  excess  of 7000°R in  the deep wake. 

It is a l s o  worthtthile t o  note  t h a t  i n  n e a t  ram condi t ion  the  n e u t r a l  dens i ty  
(pressure)  was almost two orders  of magnitllde above ambient ionospheric condi t ions  
and f e l  l below loW7 t o r r  ( t he  instrument so  tl.vity__ l i m i t  )_during wake condi t ions ,  

T W A P  LANGMUIR PROBE AND SRPA 

Data on t h e  c h a r a c t e r i s t i c s  of t he  ambient thermal plasma a r e  ex t r ac t ed  from 
t h e  probes u s i n g  a technique similar.  to  t h a t  descr ibed by R a i t t  e t  ale- (ref.. 3). 
This  AC technique employed fox-.the probes enables  d i r e c t  measurement.of the second 
d e r i v a t f v e  of the  SRPA c u r r e n t v o l t a g e  c h a r a c t e r i s t i c  and t h e - f i r s t  de r iva t ive  of 
t h e  LP current-vol tage c h a r a c t e r i s t i c .  

The SRPA s i g n a l  is obtained by adding two s inuso ida l  AC s i g n a l s  (at 8.5 kHz 
and 10.7 kHz) t o  a sawtooth sweep voltage. The probe cu r ren t  is passed through a 
narrow band ampl i f i e r  t h a t  s e l e c t s  the  d i f f e r ence  freqency of 2,2 kHz, which is a 
measure of t he  non-l ineari ty  of the  probe cu r ren t -vo l t age  c h a r a c t e r i s t i c ,  and re- 
s u l t s  i n  a s i g n a l  propor t tona l  t o  the  second d e r i v a t i v e  of the c u r r e n t v o l t a g e  
c h a r a c t e r i s t i c .  Two a c  cu r r en t  r a g e s  a r e  ava i lab le :  one from -76 dB t o  -24 dB . . 
and t h e  o the r  from -40 dB t o  0 dB r e l a t i v e  t o   LO-^ amp rms. Each successfve sweep 
of t h e  probe a l t e r n a t e s  between the  two ranges. Since the  sweep period is 
1 7  seconds t h e  complete dynamic range is  covered each 34 seconds. 

The LP has only one AC s i g n a l  (at 3.2 kHz) added t o  t he  sweep voltage. The 
amvlitude of t he  a l t e r n a t i n g  component o t  t he  probe cu r ren t  der ived  by using a nar- 
row band ampl i f i e r  tuned to-3.2 k ~ z  enablee the  f i r s t  d e ~ i v a t i v e  of the  cu r r en t  
vo l tage  c h a r a c t e r i s t i c  t o  be measured d i t e c t l y .  A s i n g l e  dynamic cu r r en t  range, 
from -80 dB t o  +10 dB r e l a t i v e  t o  lo6 amp rms, is used f o r  dl sweepe. The range 
of t he  sawtooth vol tage is  from -2 V t o  +3 V, t he  period and phase of t he  sweep be- 
i n g  synchronized t o  the SRPA sweep, 

F igure  3 i l l u s t r a t e s  da t a  taken under s i m i l a r  condi t ions  a s  t h a t  taken by the  
PDP, although a t  a d i f f e r e n t  time. In t h i s  case  the  vehic le  a t t i t u d e  is d i f f e r -  
e n t ,  but the same angles  a r e  used t o  cha rac t e r i ze  t he  d i r e c t i o n  of t he  ve loc i ty  
vector .  The add i t i on  of the  ddrk bar on t h i s  f i g u r e  serves  t o  show when day and 
n igh t  occur during the  o r b i t .  
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Figure 2. - Summary of PDP Langmuir probe eLectron dentity and temperature as 
icnctiod of vehicle attitude. Neutral pressure measurements are included for 
referetice. Cross-hatched areas are where probe Sweep saturates and routine 
used to cahulate I, underestimates density by as much as an order of 
magnitude. 



The results of the Langmuir Probe (dotted line) and SRPA (solid line) general- 
ly canfixm results of the PDP Eangmuir Pwbe. VCAP h n  -d r  Probe temperat~lrecs are 
not plotted, but-the following resulta are notable: 

1. Close ta ambient (100Q0K) ianspheric temperatures are measured during 
non-wake condition. 

2. As the Orbiter rolls into wake, a turbulence at all frequeacies adds noise 
to the 3.2 kHz LP first derivative, but measurements indicate an increase . -- - 
in temperature to b e y o n m ° K .  

VCAP LP densities indicate the followiag: 

1,. An upper bonnd of electron density when the pab~aod bay faces close to 
the velacity vector is lo7/m3. 

2. Density during wake conditions drops to below the instrument sensitlvity 
of 104 el&. 

The SRPA measurements are difficult to interpret slnce the peak in the second - - 

derivative as a function of sweep voltage for the dominant ionospheric 0+ ion is 
often contaminated by locally produced n20+ and NO+. When the 0+ peak is clearly 
observable, several observations prevail : 

1. Densities consistent with ambient ionospheric 0+ are observed for most 
conditions W h  shall be referred to as non-wake. 

2. 2 2 orders of magnitude depletfcn occurs in thenear wake, - - - - - -  

ADDITIONAL EVIDENCE FOR LARGE DEPLETION 

Additional evidence for a many order of magnitude depletion in the electron 
density in the near wake is provided by what amounts to a sounder experiment. Re- *. 

call that the VCAP SRPA is excited with a signal at 8.5 and 10.-7 kHz. The PDP con- 
tains a 16 channel (+-15% bandwidth) spectrum analyzer capable of detecting electro- 
static or electromagnetic waves over a frequency range from 30 Hz to 178 kHz. The 
instrument has a saturation of approximately 1 V/m electric field-amplitude and a 
usable dynamic range of about 95 dB. 

During most of the orbit, the Spectrum Analyzer output is dominated by broad- 
band orbiter generated electrostatic noise, (ref. 4) thruster firings or other 
euents. Figure 4 illustrates that as the wake boundary is approached, the elt. 'C t ro- 
static noise disappears in all channels simultaneously and as the payload bay is 
1mmetsed.deeper in the orbiter's wake a signal in the 10 kHz channel grows to a 
point of dominance in the spectrum. This in fact is the VCAP SRPA eignal. As the 
density drops so that the plasma frequency nears or drops below 10.7 kHz, this aig- 
nal can propagate to the PDP sensor. Detailed calculations and modeling are being 
done taking field strengths and sensor separation into account, but preliminary 
work suggests that although the PBP Langmufr Probe infers densities, < 50/cm3, 
the density probably drops at least another order of magnitude to < 5/cm3. This 
would be approximately six orders of magnitude of plasma depletion in the near wake 
from that measured under ram condition. 
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Figure 3 .  - Sumnary of VCAP Langmuir probe (dotted line) and SRPA ( so l id  l ine)  
results  as f u n c t i ~ n  of vehicle attitude, 
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Figure 4. - VLPelec t r i c  f i e l d  spectrum showing increasing ink-eneily of received 
SWA s igna l .  
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e SUMMARY 
l i 
r 

". Although measurements are s t i l l  i n  a primit ive s t a t e ,  severa l  conclusions can 
be drawn from the  STS-3 QDP and VCAP data .  

1. Ram condit ions seem t o  r e s u l t  i n  a higher than expected e lec t ron density. 

2. Densisy deplet ions of a t  l e a s t  4 orders  of magnitude i n  the  wake plasma 
a r e  observed and there is evidence t o  suggest t h i s  deplet ion may be a s  
high a s  s i x  orders  of magnitude. 

3. Effect ive  temperature measured by the  thermal plasma probes indica te  an 
increase  i n  e lec t ron temperature i n  the  wake t o  b 6000°K. 

4. The thermal ions a r e  excluded rapidly a s  the  o r b i t e r  bay r o l l s  i n t o  wake 
and only those loca l ly  produced li20+ and NO+ a r e  measurable. 

5 .  Both LPEs and the  SRPAdndicate a degree of plasma densi ty o r  veloci ty 
turbulence which peaks i n  the-tri . .nsition region between ram and wake. 

Several  concerns about these measurements a r e  tha t :  f i r e t ,  the  VCAP probes' 
outputs  a r e  o f t en  contamhated by the turbulence which causes bias i n  the  data;  
second, the  a b i l i t y  of the  PDP LP t o  measure dens i ty  and temperature r e l i ab ly  be- 
yond a c e r t a i n  l imited range is  questionable; and t h i r d ,  whether the  sounder exper- 
iment se tup between the  VCAP SRPAand PDP Spectrum Analyzer is "cal ibratable" ia 
s t i l l  an open questioa. 



The f i r a t  concern is being warked and there  is confidence t h a t  co r rec t iom for  
the  turbulence can be computed. Recall. tha t  the  PDe LP has a ANIN mode which-can 
provide uppgr bounds on the  t u r b u l e ~ f t h i n  a gixen frequency band. 

The sitcond concern,-which a p p l i e e  t o  a l easec  degree t o  the  VCAP LP, i a  harder 
t o  salve. As the  densi ty dccreases-and temperature increases, the  size o f - t h e  
pmbe i n  r e l a t ion  t o  a debye length and thermal e l ec t ron  gyroradius changes d ras t i -  
ca l ly .  This mans  tha t  approximations used . to  deriuc?: temperature and densi ty ape 
ru, longer va l id  and new formulations must be used. A Long-term research e f f o r t  is 
underway to b e t t e r  understand the  behavior of  swept probes i n  these extreme reg- 
ilbes. (See ref, 5 for  a descr ip t ion  of the probe theory). Meanwhile, e f f o r t  has 
been made t o  include da ta  i n  this repor t  derived from regimes where apptoxiraations 
hold.. Thus, the  dens i t i e s  and temperatures a r e  probably good t o  a fac tor  of two. 

It I s  encouraging t o  note tha t  when comparisons a r e  made t o  measurements m d e  
by the  DE satellite, which flew through the  same a l t i t u d e  and l a t i t u d e  regime 
within the  same day, general a reement is  found. The DE data  show dayside condi- f t i o n s  of Ne = .9 -1.1 x l@/cm and Te = 15006 - 2000' while the  PDP and VCAP data  
taken dayside out of wake and a l s o  out of maximum ram condition indica te  N, = 2 t o  
10 x lo6 /cm3 and Te 4 0 0 0 °  (f 30%). 

The t h i r d  concern is current ly  being worked and i f  the "sounder" is ca l ib ra t -  
able ,  LS should provide valuable input f o r  theory. 

The £act t h a t  elevated temperatures a r e  observed i n  the  near wake of a space- 
c r a f t  is not without precedence. S a m i ~  et al. ( r e f .  6) found euidence fo r  elevated 
e lec t ron  temperatures i n  the  wake of Explorer 31, a much smaller vehicle than-the 
Shu t t l e  Orbiter. 

Additional measurements by the  PDP and VCAP instruments w i l l  be made on 
Spacelab-2 where deta i led  experiments have been designed t o  study the s t r u c t u r e  of 
the  wake o u t - t o  approximately one kilometer from the  vehicle. 
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Part  o f  d n  AFGC paylodd flown on the STS-4 mission consisted o f  experiments 
t o  measure -- in-s i t u  e l e c t r i c  f ie lds ,  e lectron densit ies, and vehicle charging. 
During t h i s  f l i g h t  some 11 hours o f  data were acquired ranging from 5 n inute snap 
shots up t o  continuous ha1 f-orbi ts. These experiments are described and resu l ts  
presented f o r  such vehicle induced events as a main engine burn, thruster  f i r i ngs  
dnd water dumps i n  addi t ion t o  undisturbed periods. The main character is t ic  of 
a-1 1 the vehicle induced events i s  shown t o  be an enhancement i n  the law frequency 
noise ( less than 2-KHz), i n  both the e l ec t ros ta t i c  and e lec t ron i r r e g u l a r i t y  ( A  k/N) 
sprct ra. 

The "non-event" resu l t s  ind icate  tha t  the e lec t ros ta t i c  broadband emi ssi ons show 
a white noise character is t ic  i n  the low frequency range up t o  2 KHz a t  an amplitude 
of 1U db above the shut t le-  design spec i f ica t ion l i m i t ,  f a l l i n g  below tha t  l i m i t  
above 10 KHz. The vehicle potent ia l  remained w i t h i n  the range o f  -3  t o  +? vo l t  
throughout the f l i g h t  which exh ib i ts  normal. behavior f o r  a s a t e l l i t e  i n  a low 
equatori a1 o r b i t  . The measured electron densi t ies and tcz~peratures are compared 
w i t h  the In  ternat ional  Reference Ionosphere showinq measured dens1 t ies  somewhat 
lower (up t o  a fac tor  o f  10) and temperatures higher (up t o  400" K )  than the refer- 
ence model. 

The ob ject i  ve of  t h i s  experiment i s  t o  characterize the e l e c t r i c a l  in teract ion 
of the shu t t l e  w i t h  i t s  environment. This repor t  describes the experiment and 
i t s  operation through a shu t t le  mission during which the instrument functioned - 
nor~nal ly  and acquired 11.3 hours o f  data, - -  

DESCRIPTION OF EXPERIMENT 

The e l e c t r i c  f i e l d  experiment consists o f  a 1.575 meter dipole, i l l u s t r a t e d  
schelnatically i n  Figure 1 as sensors A1 and A 2  mounted along the o rb i t e r  X axis. 
These sensors a re  2 114" diarneter aluininunl spheres mounted on 10" long booms on 
the  equipment p a l l e t  which i s  mounted 16" above the trunnion f i x t u r e  on the r i gh t  
hand ( +  y )  side of the cargo bay. This puts the sensors a t  a height of 22.5" 
above the edge of the cargo bay door 70" inboard. This geometry i s  such that  when 
the shu t t le  a t t i t ude  i s  r i g h t  wing forward ( +  y i n t o  ve loc i ty  vector), then any 



r o l l  angle From w18,5a t a  + l S I l o  wi- l l -present the sensors wSfh a c lear  view o f  
pos i t ive  ion flow. 

The spheres are roughened t o  guarantee goad adhesion an8 are coaten wi th  a 
graphite material,  t o  ensure a uniforrn surface and constant work function, f a  
obtain the e l nc t c i c  f i e l d  component along the Gipo-la axis, the di f ference i n  
pot;entia! between spheres A1 and A2 are n~msused w i t h  c i r c u i t r y  ha-ving a 1:such 
higher input  impedance than the resistance between the spheres through the plasma. 
This potent id l  d i f ference i s  input t o  Telemetry a t  two s e n s i t i v i t y  levels, one a 
fac tor  o f  f i v e  more sensi t ive than the other. I n  addi t iof l  t h i s  potent ia l  d i f f e r -  
ence i s  fed t o  two swept frequency recei verS, sweeping simultaneously over the 
frequency ranges 0 t o  66 KHz and 0 t o  5 MHz i n  an e i  yht second period. Deta i ls  
of the d i f f e ren t  measurements, sensi t iv ies,  sampling rates, etc., are given i n  
Table 1. The ampl i f ie rs  were ca l ib ra ted by superimposing spikes, a t  known fre- 
quencies, on the signals f o r  one eight  second sweep 504 secs a f t e r  instrument 
turn-on and a t  520 second in te rva ls  thereafter. To obtain the required 5 MHz 
response i t  was necessary t o  s i tua te  pre-amp1 i f i e r s  as near the sensors as possib le 
which resulted i n  t h i s  c i r c u i t r y  being located ins ide the sensor supporting 
booms attached d i r e c t l y  t o  the sensor. Because i t  was c r i t i c a l  tha t  the temper- 
ature of these elements not exceed 60% when operating, a temperature sensor was 
co-located w i th  t h i s  c i r c u i t r y  in one o f  the booms (AI) and was c losely monitored 
during the mission. 

In  order t o  measure the s ta te  o f  charging o f  the vehicle w i th  respect t o  the 
local  plasma the potent ia l  o f  A1 was also measured w i th  respect t o  the spacecraft 
sk in  (ground), thus g iv ing the spacecraft potent ia l  w i th  respect t o  the plasma 
a t  the two points A1 and A 2  (separated by 1 1./2 meters). Because almost the  
whole spacecraft i s  e l e c t r i c a l l y  iso la ted from the surrounding plasma by the 
thermal t i l e s ,  leaving the engine thruster  nozzles as the only conducting surface 
by which the spacecraft potent ia l  can anchor i t s e l f  t o  the plasma, i t  would be 
expected tha t  the spacecraft potent ia l  would vary substant ia l ly .  This was indeed 
found t o  be the case on STS-3 ( re f .  1). In  order t o  make vehicle potent ia l  
variat ions o f  more than a few vo l ts  less 1 i k e l y  , another experimenter (NRL-802) 
provided a "ground plane" o f  1/3 square meter area mounted i n  the shu t t le  X Z 
plane approximately 70 cms i n  t he  - Y  d i rec t ion  from the dipole axis, see Figure 
1. This surface i s  connected t o  spacecraft ground and i s  e f f ec t i ve  i n  s t ab i l i z i ng  
the vehicle potent ia l  when the ion  f l ow  i s  normal t o  the surface, i .e., when the  
vehicle ve loc i ty  vector i s  i n  the spacecraft + Y  di rec t ion,  

The second par t  o f  t h i s  experiment i s  the Electron Density sensor which i s  
mounted midway between the e l e c t r i c  f i e l d  sensors (6 ,  Figure 1) and o f f se t  inboard 
fro111 the dipole axis by 10 cms. This sensor consists of a gridded sphere 2 1 /4" 
i n  diameter w i th  an open/surface r a t i o  of 0.6 mounted c ~ n c e n t ~ r i c  w i th  a 1 3/4" 
diameter col lector .  The two elements are gold p la ted t o  reduce work funct ion 
potent ia l  di f ferences between the surfaces. The inner sphere i s  biased a t  +20 
vol ts w i th  respect t o  the outer sphere, which voltage i s  su f f i c ien t  t o  co l l ec t  
a1 1 electrons o f  energies below 30.625 eV which enter the outer g r i d  and t o  
re jec t  a l l  ions w i th  energies below 20 eV tha t  i s  a l l  ions below mass 65AMU 
moving wi th  the ram ve loc i ty  (7.7 L sec-I) which includes the dominant iono- 
spheric ions. Thus, the sensor f i l t e r s  out, and co l lec ts  the current due t o  
only electrons, which i s  then input t o  a logari thmic electrometer measuring i n  
the current range lom9 through 10-4 amps. The output i s  fed t o  telemetry 
and t o  an A.C. amp l i f i e r  w i t h  a gain o f  40, then through a bank o f  e ight  f i l t e r s  
t o  telemetry g iv ing  outputs which measure the electron density i r r e g u l a r i t i e s  A N/N. 



The p o t a n t i a l  on the  auter  g r i d  o f  t h e  sensor w i t h  respect t o  ground i s  
proqrarn~ned t o  Operate 50% o f  the  t ime as d Langmuir probe brhcrc? the  voltaye i s  
var ied  l i n e a r l y  as a func t ion  clf t ime, and 50% i n  d I r r e q u l a r i t y  nicasuse~nent 
  no do whore th:! voltage i s  kept canstant, This arogrammin(l i s  depicted I n  the  
lower p a r t  of r i g u r e  3 where the  rrpper part; ~;howr, i n  a black format the biynci l  
procsssi ng systern, To obta in  dsnsi ty  , temperature and vahicl  e potont i n 1  from 
t h e  Langlnui r ,~roba operat ion i t  i s  necessary t h a t  t he  probe be swept throuqh the 
l a c d  plasma po ten t ia l ,  To a l l ow- fa r  the  p o o a i h - i l i t y  o f  the vehic le po ten t ia l  
being itn.y\d~erc! i n  the range of; -20 t a +rl  vo l t s ,  the I 4 v o l t  ;weep was ( ~ p p l  i ad  
wi t11  respect t o  a bias voltage whlch was stepped at, 'E;1 'iec 111tervaIs th~*ouqh 0 ,  
*4, +8 and +lfj vo l t s .  

Th is  aperat ion was cont ro l  led w i t h  an i n t a r n d l  t i ~ n c r ,  synchrenined t o  the 
telemetry f r a ~ ~ i a  Pate through a 100 tiz clock, and rc?cyelad every 256 sees when a 
t i ~ n e r  reset  pul sc was t rdns~i l l  t t c d  t o  &el ctnstry. 

Table 2 su~?s!larizes the  vehic le h i s t o r y  and t h e  anlount o f  data acquired i n  
each veh ic le  a t t i t ude .  The experilvent was coms~dr~ded on and o f f  by con~nland sequences 
t h a t  were capable o f  operat ing f o r  roughly 24 I ~ o u r s  before they requ i red  updating. 
Th is  system worked q u i t e  w e l l  bu t  had the  disadvantaye t h a t  l a s t  in inr~te changes 
i n the astronauts schedule caused planned events t o  be ~nissed. For example, i t  
was important t o  ob ta in  background EM1 data w i t h  the  payload bay doors closed, 
thus shu t t i ng  out the  envi ron~nental noise. f h i  s event was missed completely 
because o f  d i f f i c u l t i e s  encountered on the  f i r s t  c losure attempt. 

Much o f  the data was acquired i n  5 minute "snapshots", longer operating 
periods were more desi rable o f  course, and were ob ts i  tied mostly i n  the g rav i t y  
gradient  and bay-to-earth a t t i tudes.  The two longest periods were of 45 minute 
durat ion t n  the  bay-to-earth a t t i t ude .  

I n  Figure 3a and 3b are shown the  temperatures o f  the  e lec t ron ics  package 
(A452) and the  E - f i e l d  sensor boom A1 (T808) respect ive ly ,  on 3a i s  a lso indicated 
t h e  vehic le a t t i t ude .  The pay1 oad by doors were opened a t  ?4i ssion E l  apsed Ti me 
(MET) = 7,305 secs which was 94 ~ninutes p r i o r  t o  the  f i r s t  data acqu is i t ion  a t  
Revolut ion (Orb i t )  number 3.6 when the  e lec t ron ics  package and boo~rl were a t  
approximately room te~nperature o f  20°C. Thereafter t he  e lec t ron ics  cooled t o  
near zero by REV # 9 5  where i t  remained f o r  t he  r e s t  o f  the  mission. The excursions 
up t o  l l ° C  and 17OC can be seen t o  coinc ide w i t h  the  two Bay-to-Sun (- Z S I )  
periods. In general, t he  e lec t ron ics  package temperature increased, as expected, 
as a funct ion o f  "on" t ime except from MET = 170,000 through 200,000 where the  
pa l  l e t  was coo l ing  fas te r  than t h e  e lec t ron ics  warmed up. On tire other hand, i n  
Figure 3b, the  booms being thermally i s o l a t e d  fro111 the  p a l l e t  experienccd wider 
temperature o s c i l l a t i o n s  ranging f r o ~ n  c 30°C i n  Bay-to-Sun periods down t o  -40°C 
a t  n igh t  when the cdrgo bay faced away from the  earth. Thus, the temperature 
seen on the  booms depends so le l y  on the  sun/shadow s i tua t ions .  



EXPERIMENT RESULTS 

Vehicle chasging fo r  the enti-re mission w i  11 be discussed, then typical -  AC 
e l e c t r i c  F i e l d  values w i  11 be compared- t o  shu t t l e  speci f icat ions f a r  broadband 
ernissions, F ina l ly ,  e lectron densit ies-and temperatwet; f o r  a45 minute per iod 
w i  U be compared t o  an ionospheric inode1 . 

Vehicle Charging 

Figure 4 s!~ows the r esu l t  of p l o t t i ; l g  64 second averages o f  vehic le potent id1 
f o r  almost a1 1 (the per iod f r o ~ n  MET = 13,000 through 90,000 secs was accident ly  
omitted) the periods when the instrument was operational dur ing the rflission. It 
can be seen t ha t  the general l eve l  i n  between -3  and +I vol ts ,  which values are 
t y i c a l  f o r  a s a t e l l i t e  i n  a low equator ia l  o r b i t  where-the average electron 
energy i s  o f  the order o f  0.16 eV. 

Comparing f igure  4 w i t h  the vehicle a t t i t udes  shown on Figure 3a i t  can be 
readi ly  seen tha t  the high value o f  tl.0 vo l t s  a t  MET n 163,000 secs coincides 
w i th  the bay-to-sun a t t i t u d e  (-251) where photo-electron emissions from the 
instru~nent p a l l e t  (but - not the  reference plane, which i s  edge-on t o  the sun) 
dr ives the vehic le pos i t i ve  w i t h  respect t o  the reference plane. The tnree data 
sets near MET = 260,000 secs,  here the vehicle po ten t ia l  approaches -4 vo l t s  
were taken i n  a hot towt+sun a t t i t ude  (+ ZSI) during n ight - t  ime conditions. 

The rnore extreme variat ions, seeo on the lower panel o f  Figure 4 (MET > 310,000 
secs) ranging from -3.2 v o l t s  t o  * 1.8 vo l t s  were a l l  taken dur ing ta i l - to -sun  
a t t i t ude  (- X S I ) .  The pos i t i ve  values around MET = 317,000 secs and a t  MET = 
352,000 secs are i d e n t i f i e d  w t th  the t a i l  po in t ing i n t o  the-ve loc i ty  vector 
where the ram i on  f low collpled w j th  w i th  a low photo-electron emission produces 
d net pos i t i ve  charge. The low potent ia ls  on the  other hand, e.g,, near MET = 
440,000 secs, are i d e n t i f i e d  w i t h  periods when the sensors and cargo bay are  i n  
the ion f low wake region. 

Broad Band EM1 

In Figure 5 we show a t yp ica l  e l e c t r i c  f i e l d  power spectrum showing the  
amp1 i tude i n  db dd/~n MHz as a funct ion o f  frequency on a logarithrrl ic scale. The 
data from the low frequency S\J-eep (0  - 60 KHz) i s  represented by squares and 
that  from the high frequency sweep (0 - 5 MHz) as t r iang les ,  the lower 1 i a i  t s  
f o r  these measurelnents are 122 db and 107 db respectively. Shown a lso on t h i s  
f igure  are the maximum shuttle-produced broad band noise l i m i t  (Design spec max) 
and the payload design specif icat ion, t h i s  l a t t e r  i s  a spec i f i ca t ion  f o r  payload 
design whose 1 i m i t  i s  only given above 10 KHz whereds the forlner i s  based on 
ground shu t t l e  measurements made by SAIL. It can be seen t ha t  below 10 KHz the 
neasured broadband noise exceeds the design l i m i t  by a maximum o f  12db i n  the  
frequency range o f  1 t o  2 KHz. This i s  due t o  e l ec t r os ta t i c  waves produced by 
the shu t t l e  body rnoving through the environment. Taking the ambient oxygen temper- 
ature t o  be 1000" K gives a most probable oxygen spced (random thermal speed) o f  
1.019 Km/sec, thus a vehic le Nach Number o f  7.5. 

Other features t o  note on t h i s  f i gu re  are the l i n e  e~nissions a t  37.5 KHz 
and the noise enhancements i n  the frequency range o f  200 KHz t o  5 MHz. The 
former i s  probably due t o  a DC/DC converter on the pal  l e t  which l i n e  was also 
seen on ground in teg ra t ion  tests,  the l a t t e r  are probably gerluine plasma emissions 



since they occur i n  t he  frequency range o f  the plas~na frequency (900 I(Hz - 9 
MHz) and the e lec t ron  gyro frequency (840 Kliz), 

Coaparison o f  measured e-lectron dens i t i es  and e l e c t t o n  temperature w i t h  the 
In t e rna t i ona l  Reference Ionosphere ( I  HL) are shown i n  Figure 6 comprisi-ng o f  
some 45 minutes o f  data taken on Rev 824.6. The I H I  model i s  shown as s o l i d  
l i n e s  and t h e  measured data as po in ts  with v e r t i c a l  e r r o c  bar's. These data 
r e s ~ l l t  from ana lys is  of t he  La.ng111u.ir probe mode of ooerat ion of t h e  e lec t rons  
sensor where each 8 second i n t e r v a l  r e s u l t s  i n  two points ,  one from the  upsweep 
( -4  t o  +4 v o l t s )  and one four. seconds l a t e r  froni t he  downsweep (+4 t o  - 4  vo l t s ) .  
Because- s f  a  well-known hysteres is  e f f e c t ,  where e1ect;rons accumulate on the  
outer  g r i d  g i v i n g  an e f f e c t i v e  g r i d  p o t e n t i a l  o f f s e t  from the app l ied  p o t e n t i a l ,  
t he  deduced dens i t ies  and teri~peratures di f f e r  s l  i sht  l y .  I n  each successi ve 256 
second per iod  only  the  fi r s t  128 seconds gave usable Langmuir probe data, t he  
+8 and +16 v o l t  biases appl ied a t  128 and 196 seconds, respect ive ly  produced 
near-saturdt i  on currents. 

Comparing t h e  model- znd measured dens i t i es  i n  Figure 6a i t  i s  seen t h a t  t h e  
measured values are  lower by up t o  a f a c t o r  of 10. On the  other  hand, the  measured 
temperatures i n  Figure 6b are i n  general h igher  than the  model. These d i f fe rences 
are explained by the  f a c t  t h a t  t he  e lec t ron  sensor i s  located i n  t he  cargo bay, 
hence, embedded i n  the  veh ic le  sheath. Lf the  balance of t h e  sheath has only  a 
net negat ive charge w i t h  respect t o  t he  ambient plasma o f  only  a few hundreths 
o f  a v o l t ,  then a f r a c t i o n  of the  lowest energy ambient e lec t rons  w i l l  be unable 
t o  reach the  sensor l oca t i on  thus g i v i n g  the  low observed dens i t i es  and h igh  
observed temperatures. 

VEHICLE INDUCED EFFECTS 

The fo l l ow ing  th ree  sect ions describe the  e f f e c t s  o f  a main e i g i n e  burn, 
ve rn ie r  t h r u s t e r  f i r i n g s  and a water dump. 

OMS-4 Burn 

F igure  7 represent data taken dur ing  the  f o u r t h  burn of t he  OMS motor, 
i g n i t i o n  occurred a t  MET = 18,852.4 secs fo r  a 30 sec burn durat ions. On t h e  
t ime  scale o f  F igure 7a t h e  burn s t a r t s  a t  169 seconds and ends a t  199 seconds. 
On the  upper panel i s  shown the  plasma p o t e n t i a l  w i t h  respect t o  the  veh ic le  
t h a t  i s ,  t h e  p o t e n t i a l  of the  A1 sensor on d scale of - 9  t o  +9 vo l ts .  The veh ic le  
p o t e n t i a l  (w i th  respect t o  t he  plasma) i s  t he  measured quan t i t y  w i t h  reversed 
s i g n  thus i t  can be seen t h a t  p r i o r  t o  170 seconds the  veh ic le  p o t e n t i a l  i s  -0.2- 
vo l ts .  The second panel shows the  p o t e n t i a l  d i f f e rence  between the  e l e c t r i c  
f i e l d  sensors on a scale of - 2  t o  + 2  uolts,_and the  t h i r d  panel i s  t he  
same quan t i t y  on a ten  tirrres l a rge r  scale. The e l e c t r i c  f i e l d  i s  obtained by 
d i v i d i n g  t h i s  vo l tage by 1.575 (d ipo le  separat ion d is tance i n  meters) and gives 
the component i n  t h e  -x (nose-t o-tai 1  ) d i rec t i on .  Thus, i t  can be seen t h a t  
t h e  e l e c t r i c  f i e l d  var ies from 160 mV/m a t  t ime O seconds t o  zero a t  256 seconds. 
A small e l e c t r i c  f i e l d  component along t h e  S h u t t l e  X-axis i s  expected here 
because the  veh ic le  i s  f l y i n g  i n  an "aeroplane" a t t i t u d e  (zero p i t c h  and zero 
yaw) t o  increase the o r b i t a l  a l t i t u d e  dur ing  the  motor burn. The dominant 



e l e c t r i c  f i e l d  i s  due t o  the vehic le motion through t h e  geanagnetic f i e l d ,  U. x 8, 
con t r i bu t i ng  no f i e l d  component along t h e  v e l o c i t y  vector i n  t h i s  veh ic le  a t t i t ude .  

The lower panel shows on a lcigarithlnic scale the-currant measured I)y t h e  
e lec t ron  serlsos ranging from 10-9 amps t o  10-3 amps.. I n  sec t i on  2 i t  wds 
pointed out t h a t  a- b ias po ten t ia l  was appl ied t o  the  sensor w i t h  respect t o  t h e  
veh ic le  and. stepped a t  6 4  second-intervals through 0, 4, 1) imd 16 vo l ts .  The 
e f fec t  of t h i s  can c leac ly  be seen. on t h i s  panel where only the  constant vol tage 
cnode data are shown occurr ing a t  evert 8 second in te rva l s .  

In the  t ime per iod  up t o  64  seconds the  cur rent  i s  very low-where the  e l e c t ~ x ~ n s  
a r e  being retdrded, a t  6 4  seconds when the  b ias i S  stepped from zero t o  +4 v o l t s  
the current  increases over f o u r  orders o f  magnitude because we have now s h i f t e d  
t o  a voltage where the  e lectrons are decelerated t o  the  serrsor. Reading the  
vehicle p o t e n t i a l  from the tap panel a s  - 0.7 v o l t s  i t  can be seen t h a t  we have 
moved the sensor po ten t ia l  from - 0.7 v o l t s  t o  4- 3.3 v o l t s  w i t h  respect t o  the  
plasma a t  64 seconds. A t  128 seconds t h e  sensor p o t e n t i a l  i s  stepped up another 
4 v o l t s  t o  + 7.3 v o l t s  w i t h  respect t o  the  plasma arrd the  a m p l i f i e r  sa tura t ion  
current  o f  1.353 x 10-4 amps i s  almost redched. The f i n a l  step t o  16 v o l t s  
b ias  a t  I96 seconds now saturates the  amp1 i f i e r .  

Turning now t o  the  e f f e c t s  o f  t he  motor burn. A t   noto or i g n i t i o n  the  veh ic le  
p o t e n t i a l  i n i t i a l l y  swings negative by almost 2 v o l t s  (A1 increases) a t  169 
seconds, returns t o  i t s  p re - ign i t i on  value of - 0.7 v o l t s  i n  -0.2 seconds and 
then decreases l i n e a r l y  through t h e  30 second burn per iod t o  - 1.0 v o l t  a t  199 
seconds. Thi.s vehic le p o t e n t i a l  f luctua$ion i s  consistent  i n  s ign  w i t h  t h e  
e lec t ron  cur rent  observed on t h e  lower panel i n  Fi.gure 7a and on an expanded 
t ime scale on the  lower panel o f  F lgure 7b, where t h e  negative excursion o f  
sensor p o t e n t i a l  causes a current  reduct ion o f  3 orders of rnagni tude, i .e. , 
apparently takes the  sensor po ten t ia l  t o  zero o r  s l i g h t l y  below plasma po ten t ia l .  
S i  nce t h e  sensor po ten t ia l  p r i o r  t o  motor i g n i t i o n  i s  + 7.3 v-ol ts an excursion 
of some - 7.5 v o l t s  would be necessary t o  reduce the sensor cur rent  t o  the  observed 

amps. An a l t e r n a t i v e  explanation i s  t h a t  lnotor i g n i t i o n  causes a sudden 
i ncrrase i n  pressure i n  the  l oca l  envi ron~nent which changes the  e l e c t r i c a l  vehic le 
sheath condit ion. This h iatus i n t e r r u p t s  t h e  f low o f  e lectrons t o  the  sensor 
and could a lso  possib ly  exp la in  the  apparent p o s i t i v e  excursion o f  veh ic le  po ten t ia l  , 
seen as a negative excursion o f  apptmoxir;~ately 1.5 v o l t s  on A1 a t  169 seconds. 

Looking a t  t h e  e l e c t r i c  f i e l d  response on Figure ?a-, A1-A2, we see no change 
i n  t h e  D.C. e l e c t r i c  f i e l d  but a very apparent increase i n  noise from 0.2 
v o l t s  t o  0.5 v o l t s  peak t o  peak amplitude throughout the  30 second burn period. 
This increase i n  "noise" can be seen by comparing t h e  upper two panels i n  
Figures 7b and 7c, where t h e  syectrSa are shown f o r  two succesive frequency 
scans 7c before 111otor i g r r i t i o n  and 7b dur ing  and fo l l ow ing  i g n i t i o n .  I g n i t i o n  
occurs a t  1.2 5ec01ids on 7b t h e  v e r t i c a l  scale i s  proporti-onal t o  the  l o g  o f  
EZ ineasured i n  v2/m2~lz dnd the  spectra show the  receiver  frequency being 
swellt l i n e a r l y  as a f u n c t i o r ~  of time. Comparing t h e  amplitude a t  5 KHz on 
e i t h e r  s ide  of t h e  0 KHz pedestal i t  i s  seen t h a t  i g n i t i o n  produces a noise 
value an order of lnayni tude higher than the  subsecluent burn noise, which i s  
again an order of magnitude higher than the noise p r i o r  t o  burn. Dy comparing 
the O KHz peaks i t  i s  seen t h a t  t h i s  noise i s  a t  a low ( < 1 KHz) fl>equency. 
Aqain, a probable explanation f o r  t h i s  increased e l e c t r o s t a t i c  noise i s  a l a rge  
l o c a l  pressure increase, w i t h  the  add i t iona l  p o s s i b i l i t y  t h a t  t h e  e l e c t r o s t a t i c  
noise ar~d the  A N/N enhancerr~ents are due t o  the propagation o f  d sound wave 
through the plasma. 



Thruster Fi r ings 

O f  t he  44 thrusters tha t  make up the  Reaction C o n t r o l y s t e m  (RCS), 38 are 
pcimary (PRCS) and s i x  are uecniar thrusters (VRCS). .Th is  l i t t t e r  system i s  the 
one-.employed f o r  a t t i t ude  control  f o r  the major par t  o f  t h i s  mission and are the 
ones w h i - c u e  w i  11 discuss. T*cr are s i tuated in. the- pose and four, twa l e f t  and 
two righ.t , 011 the engine pod j us t  above the tca i . l ing  edges o f  the wings.- O f  
these-si-x vernier-thrusters those i n  f r on t  produced no discernable effects, 
those o n  the l e f t  small. perturbations and those on the r i g h t  large e f fec ts  w i t h  
the thruster  f i r i n g  down producing larger  f luc tuat ions than the one th rus t ing  t o  
the r igh t .  The reason f o r  t h i s  d i f ference i s  probably tha t  the r i g h t  a i le ron  
could, i f  l e f t  i n  a hor izontal  pos i t i on  def lec t  pact o f  the thruster  plume upwards 
towards the starboard cargo bay area where the instru~nents were located. 

The thruster  f i r i n g  e f fec ts  are shown in Figure 8 w i th  a time k i s t o r y  o f  
f i r i n g s  shown i n  t ab le  3. Buring t h i s  acquisiton period the vehicle was i n  a 
bay-to-sun a t t i t ude  with. the r i g h t  wing ( + Y )  po in t ing  i n t o  the ve loc i ty  vector 
(approximately eastward). The local. t ime i s  near midnight thus the cargo bay i s  
fac ing the earth and agdi n the measured component of  the x e l e c t r i c  f i e l d  i s  
small (A1 - AZ), on Figure 8a. The t o t a l  thruster  f i r i n g  period o f  12.88 seconds 
cammenci ng a t  184.58 seconds i s  shown i n  the upper panel o f  Fi-gures 8a, b, and c. 
It can be seen tha t  the e f fec ts  are barely d iscern ib le  on e i t he r  vehicle po ten t ia l  
(A1 ) or D.C. e l e c t r i c  f i e l d  (A1 - A . ) ,  . but produce a fac tor  o f  ten decrease in -  
the e lec t ron current. This current response cuts o f f  a t  192 seconds due t o  the 
sensor switching i n t o  the Langmuir probe mode o f  operation, we w i l l  re turn  t o  
t h i s  la ter .  

The outputs from the e ight  A N / N - f i l t e r s  are shown i n  Figures 8b and & on 
the same tirne scale a s  8a w i th  again the thruster  f i r i n g  ind icator  i n  the top 
panel.- The ve r t i ca l  scale i s  logari thmic extending from -0.1 t o  +4.9 w i t h  0 
being equivalent t o  0% value of  n N/N and 5 corresponding t o  186- NiN. The 
large osc i l l d t i ons  up t o  64 seconds, the smaller osc i l l a t i ons  up t o  128 seconds 
and the large negative going ver t i ca l  spikes thereaf ter  are due t o  switching i n  
and out of  the Lang~nuir probe mode o f  operation. An explanation o f  the pos i t i ve  
spikes d iscern ib le  on a l l  the f i l t e r  outputs a t  a t ime in te rva l  of  5 seconds, 
~ h i c h  come and go throughout the missioti has not been found. It i s  perhaps a 
cyc l ing time o f  another experiment or a payload switching operation, t h i s  i s  
being investigated. The general signal leve l  i s  the quant i ty  t o  note, It can 
also be seen tha t  the s ignal  leve l  i s  depressed f o r  frequencies greater than 100 
Hz i n  the f i r s t  64 seconds. This i s  due t o  the r o l l - o f f  i n  frequency reylonse 
o f  the logari thmic ampl i f ie r  above 100 Hz a t  the lowest current level  o f  10-9 
amps, which i s  the current leve l  indicated on the lower panel o f  Figure 8 a. 
The thruster  f i r i n g  e f f ec t  can be seen s ta r t i ng  a t  184.6 seconds and extending 
through 194 seconds, coinciding exactly w i th  the r i g h t  thruster  f i r i n g  t i n e s  
1 i s t ed  i n  tab le  4. No ef fec ts  are d iscern ib le  e i t he r  frorn the f r on t  l e f t  f i r i n g s  
nor a t  termination o f  the f r on t  r i g h t  dperation a t  197.5 seconds. The r i g h t  
thruster  produces an increase i n  n N/N from 0.5% t o  1.6% a t  30 Hz, decreasing 
t o  zero e f f ec t  a t  500 Hz where h N/N = 1.6%, changing t o  a suppression w i th  
i ncreasing frequency t o  a maximum o f  a depression i n  A N/N from 5% t o  0.5%. 

An even more dramatic e f f ec t  o f  the decrease i n  noise due t o  thruster  operation 
can be seen i n  the Figure &I through 89 which shows a series o f  four consecutive 
spectra from the A.C. e l e c t r i c  f i e l d  outputs. The panel format i s  the same as 
i n  Figure 8 (b and c). These f igures show i n  the t h i r d  panel the current decrease 



a t  the  f i r i n g  s tac t  i n  8e a t  0.2 seconds and then re tu rn  t o  i t s  i n i t i d l  value a t  
1..7 seconds i n  8f co inc ident  w i t h  the  r i g l - ~ t  t l ~ r u s t e r  f i r i n g  end,. riote the  almost 
ccunplete suppression o f  a1 1 f~lequerrcies (raster than 12 KHz i n  t he  top two panels 
o f  F igure 8e as compared dj th 8d,- f ac g, t he  reducticrc i n -  e l e c t r o s t a t i c  noi-se 
above 3 KHz and t h e  snail increase a t  frequencies below 2 KHz... These e f f e c t s  
are very s i m i l a r  t o  those observed by t i l e  Plasma Inagnost ic  ~ a c k a ~ e l  on  STS- 3, 
and o f f e r  a possib le explanation i n  te rns  of a l o c a l  pressure increase.. caused by 
gases emit ted from the  s tarboarCUhrz~, te r .  

Glater- Dump 

A water dump occurred on Rev C33.6 co~n~nenci ng a t  71ET = 125864,84 seconds 
the  e f f e c t s  o f  which are shown i n  Figure 9. A t  t h i s  t ime the  veh ic le  was i n  a 
t a i  1-to-sun a t t i t u d e  and w a s j u s t  crossing the  terminator from day t o  n i  ght 
which puts the s h u t t l e  i n  an "aeroplane" a t t i t u d e  w i t h  the  cargo bay fac ing  away 
from t h e  ear th  and t h e  e l e c t r i c  f i e l d  d ipo le  a l igned w i t h  the  ve loc i t y  vector 
hence a zero V 1 B z l e c t r i c  f i e l d  component. 

The water dump s t a r t  i s  shown i n  the  upper panel o f  F igure 9a a t  181.4 
seconds and cont inuing through 256 seconds. The veh ic le  p o t e n t i a l  decreases by 
a very small amount -0-2 v o l t s  (A1 increases),  he D.C. e l e c t r i c  f i e l d  ( A L - A 2 )  
remains unchanged but the  noise increases from 0.1 v o l t s  peak t o  peak t o  0.15 
u o l t s  and t h e  e lec t ron  densi ty  which has been s t e a d i l y  decreasing, increases a t  
t he  s t a r t  of the  dump by some 10% but sustains t h e  same r a t e  o f  decrease dur ing  
t h e  water dump as before, 

Looking a t  t he  A MLN. data  i n  F i  yures 9b and 9c we see a progressive enhance- 
ment o f  I\ NfN f torn 30 H i  up t o  503 Hz dur ing  t h e  r a t e r  dwp wh.i ch then decreases 
back t o  zero e f f e c t  a t  t h e  highest frequency o f  7.830 KHz. Figures 9d and 9e 
show t h e  e l e c t r o s t a t i c  frequency spectra before and a f t e r  t he  water dump s t a r t  
t h e  only di f fecence t o  be noted i n  the s l i g h t  f i l l i n g  i n  around 0 KHz on the  low 
frequency spectrum on 9e coinpared t o  9d. This ind icd tes  t h a t  the  increase i n  
noise on (Al-A2) i n  Figure 9a occurs a t  frequencies less than 2 KHz. The explan- 
a t i o n  f o r  these measurements i s  probably t h e  presence o f  ea ter  d rop le ts  charged 
by t r i b o e l e c t r i c  e f f e c t s  and a l o c a l  increase i n  pressure. 

CONCLUSIONS 

1. There e x i s t  e l e c t r o s t a t i c  noise a t  frequencies below 10 KHz generated 
by body motion d t  about 135 db V/ln MHz a~npl i tune which propagate t o  the  sensor 
l oca t ion  i n  the  cargo bay. 

2. A t  OMS i g n i t i o n  a l a rge  pressure wave i s  generated f o r  3/10 second which 
shie lds the  cargo bay area frorn the environ~nent. 

3. The O!4S burn and th rus te r  f i r i n g s  produce acoust ic noise detected by 
i t s  e l e c t r i c  f i e l d  and bNlN e f f e c t s  i n  add i t i on  the  l o c a l  pressure increase 
produced by starboard th rus te r  reduce the  e lec t ron  densi ty  by a f a c t o r  o f  10. 

4. Ambient plasrna ~neasurements of e lec t ron  density,  i r r e g u l a r i t i e s ,  temper- 
a tu re  and e l e c t r o s t a t i c  waves are possib le i n  the  cargo bay provided t h a t  the  
s h u t t l e  a t t i t u d e  i s  cor rec t  and t h a t  appropr iate exposure f a c t o r  correct ions a re  
aade. 



5. Measured veh ic le  p o t e n t i a l s  were t y p i c a l  o f  a s a t e l l i t e  i n  low ear th  
o r b i t  ranging i n  va lue from - 3  t o  +I - vo l t s  w i t h  typ ica l  values o f  around -1 vo l t .  

I. Shawhan and Murphy, "Plasma Diagnost ics Package Assessment o f  t h e  STS-3 Orb i te r  
En viornn~ent and Syste~ns f o r  Science", ( 1982). 
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Veklcle A t t i t u d e t  
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-2LV. XIJUIJ. 12' roll 
-ZSI (lLCML) 
-XSl (IECW) 
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-XSI 

1 U lAl 

I t ~ i s  i s  1l1e period over which the NASA lr~duced environn~ent 
cur~tantir~at ion IIIOII~ t o r  was operat lng. 

t U e s c r i l ) t i o ~ ~  of a t t i t u d e  tenla: 

-ZLV,  XI'OI', 12' r o l l  = bay ( - 2 )  t o  earth, X pecyendicuhr t o  
o r b i t a l  plaae, 12" r o l l  car~ts  r i y l ~ t  wing 
out  o f  ve loc i ty  vector. 

61; = g rav i t y  gradiertt, approximately nose t o  
e a r t l ~ ,  r i g h t  wi~ic) i l l t o  veloci t y  vector 
such tha t  c s t a b k  a t t i t u d c  i s  acllieved. 

tZSi * Uuttolll t u  sun 
-2'51 = lop  (Cargo bay) t o  Sun 
- X S l  = t a i l  t o  Sun 
PTC = "Rotisserie" tltude, X perpendicular t o  earth- 

sun l i n e  w i t h  a slow r o l l  

TABLE 3. - THRUSTER OPERATION 

Thruster S ta r t  (MET )sets 

FRONT RIGHT 274633.38 

Stop( lT)secs 

274646.26 
2 74642.7 4 
274634.34 
274636.74 
274639.14 
274641.54 
2 74646.26 

S t a r t  (F ig  7)secs Stop(Fiq 7 ) s e c ~  

184.58 
184.58 
184.58 

I 187.46 
189.86 
192.26 
193.94 

197.46 
193.94 
1135.54 
187.94 
190.34 
192.74 
19 7.46 
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Flgure 1. - Schematic la$out of e lec t r ic  f l e l d  dipole (A1, A2) and electron 
sensor-40) w l  t h  shutt le coordinate area. 
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Figure 2. - Slgnal process ing system and electron sensor voltage prograa. 



(a). 804C temperature 8452. 

Flgure 3. - Electronics unl t  temperature (A452) with vehlcle at t l tude and b00m 
Al temperature (A808) versus mlsslon elapsed tlme. 



(b) 804C temperature T808. 

Ftgure 3. - Concluded. 



Flpure 4. - Vehjcla potentlal for all data collection perlods for o r b i t  18.2 
(MET = 92 454 sec) through orblt 94.3 (HET = 505 362 sec). 
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Flgure 5. - Typlcal power spectrum of  e lec t ros  t a t l c  no1 se. 



( a l E 1 e c t r o n  densl ty .  
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(b)  Electron densl ty .  

Flgure 6 .  - Comparlron o f  e lec t ron  densl ty  and e lect ron  temperature (points 
w l t h  e r r o r  bars) aga lnr t  I n t e r n a t i o n a l  Referenee Ionosphsrlc model ( s s l l d  
l l n e )  versus tlme. 
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(a) Vehicle potent ia l ,  e lec t r ic  f-leld, and electron current versus tlme 
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(b )  Electrosatlc spectr- over low- and hlgh-frequency ranges ahd electron 
current versus t l m ~ .  WET, 18 851.4 sec; ln teval  22. 

f lgure I. - OMS-4 burn. 
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(s) Electrostatic spectra over low- and hlgh-frequency ranges and electron 
current versus t ime.  MET, 18 843.4 sec; In te rva l  21. 

Fl-gure 7 .  - Concluded. 
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(a) Thruster f l r l n g  lndleator,  vehicle potent ial ,  e lec t r ic  f l e l d  and - 

electron -current versus time and orb i ta l  position. 

FIgure 8. - VRCS f l r lngs .  
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(b)  Thruster Indicator AN?N f l l ~ u t p u t s  versus klme a n b o r b l  ta-l -pnrl t lon.  

Elgure 8. - Csntlnued. 



(c )  Thruster lndlcator AN/N f i l t e r  outputs versus tlme am orbltal posltlon. 

Figure 8. - Contlnued. 



(d) Electrostatic spectra over low- and high-f requency ranges and-2lectron 
current versus tlme. In te rva l  23. 

(e)  Electrostat ic spectra over low- and high-frequency ranges and electron 
current versus t h e .  In terva l  24. 

Flgure 8. - Continued. 



( f )  E l e c t r o s t a t i c  spectra over low- and hlgh-f requency ranges and e lect ron  
current  versus tlme. I n t e r v a l  25. - . 

(g) Electros. tat lc  spectra over low-. and hlgh frequency ranges and electron 
current  versus t ime. I n t e r v a l  26. 

Figure 8. - Concluded. 



(a)  Oump lndlcator, vehlcle potentia.1, e lec t r tc  f t e l d ,  and electron current 
versus tlme and orbt ta l  posltlsn. 

Flgure 9. - Water dump. 



(b) Dump lfldlcator and QN/N f l l t e r  outputs versus tlme and o r b l t a l  posltlon. 

Flgure 9. - Csntlnued. 
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( c )  Dump tndtcator and bl/N fll-ter outputs versus Qlme and o r b l t a l  goslttan. 

Flgure 9.  - Continued. 



(d) Electrostat ic spectra before dump versus time. In terva l  22. 

(e )  Electrostatic. spectra durlng dump versus tlme. 

Figure 9. - Concluded. 
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0 .  Delorcy 
Boston Cellcea 

Chestnut H i l l ,  b(assechusettB 02167 

The d i f f e r e n t i a l  energy spectra of electrons between 1 and 100 eV were measured 
by an electron spectrotneter flown on an ear ly  shutt le. This energy range. was scan- 
ned i n  64  incremental steps w i t h  a cesolution o f  77* The most s t r i k i n g  feature 
tha t  was observed throughout these Spectra was a r e l a t i v e l y  f l a t  d i s t r i b u t i o n  o f  
the higher energy electrons out t o  100 eV. This i s  i n  contrast  t o  normal ambient 
spectra which consistent ly  show a rap id  decl ine i n  quan t i ta t i ve  f l u x  beyond 50-55 
eV, The lower energy (1-2 eV) end of these spectra showed steep thermal t r a i l s  
comparable t o  normal ambient spectral structure. l n  general, daytime f luxes were 
s i gn i f i can t l y  higher than those obtained during night t ime measurements. Qu ant i -  
t a t i v e  f l u x  excursions which may possibly be associated w i t h  th rus te r  f i r i n g  were 
frequently observed. Spectral st ructure su-ggestiue o f  the N2 v ibra t iona l  exc i ta t ion  
energy loss aeehani sm was a1 so seen i n  the data from some measurerrtent periods. 
Examples of these spectra are shown and possible cor re la t ions are discussed 

INTRODUCTION 

The purpose o f  t h i s  experiment was t o  examine the r o l e  o f  low energy electrons 
i n  the in teract ion between large vehicles and the space environment, and t o  assess 
the extent of  contamination presented by these electrons. For t h i s  purpose, an 
electron spectrometer was flown on an ear l y  shuttle. This instrument was a 1270 
cy l i nd r i ca l  e lec t ros ta t i c  def lec t ion analyzer essen t ia l l y  i den t i ca l  t o  that  de s- 
c r ibed i n  reference 1. D i  f f e r e n t i a l  energy spectra between 1 and lot )  eV were 
obtained by applying the analyzer voltage i n  64 incremental steps, The analyzer 
reso lu t ion was 7 %  and the stepping increments were t e t  a t  7% t o  match t h i s  and thus 
avoid gaps i n  the spectral data. Dwell time per step was set a t  1.0 sec, thereby 
requ i r inq  6 4  secs t o  scan a f u l l  spectrum; t h i s  was found t o  be an undesirably long 
time period, as w i l l  be l a t e r  discussed. The instrument was motlnted near the rear  
a f  the shu t t le  bay w i th  a look d i r ec t i on  out over the r i g h t  wing, along the - Y  ax i s  
and t i l t e d  120 upward from it, 

Before showfnq the shu t t le  data i t  , r i l l  be useful t o  f i r s t  show, by way o f  
contrast, wha!. the ambient o r  r e l a t i v e l y  uncontaminated spectra 1 ook 1 i ke. The 
exa~nples shown i n  f i yu re  1 a r e  spectra o f  ambient daytime photoelectrons which were 
obtained on a rocket f l i g h t  using an instrument iden t i ca l  t o  tha t  used on the shut- 
t l e .  The highest a1 t i t u d e  shom, however, i s  about 80 km below shu t t le  a l t i tude.  
These are t yp ica l  of many hundreds o f  spectra obtained during several rocket: f l i g h t s  



and show- four ch ie f  character is t ics :  There i s  f i r s t  a steep thernral t a i l  a t  very low 
eneryies (C2t?V) ,  only the 1ou.w parts o f  d l i c h  arc seen i n  these part icu- lar  spectra. 
Second i s  the va l ley - l i ke  s t ruc ture  hetncsn 2 - 5  e \ L C a ~ ~ f i d  b.y energy lass due t o  
resonant v ibrat ional  exc i ta t ion  s f  N2 by electron impact - -  the so-callea n i t rogen  
b i teout . .  It, should bc noted, f o r  l a t e r  reference, that  t h i s  feature dirninishcs i n  
the ambient spectra as altlttde- incrctar;as toward 200 km and disappears above t h i s ,  
we l l  below r;tiuttlct a l t i tude.  Phi  rd, i n  tha 20-30 aV rey ian  for daytime spectra 
only, there are several c losely spaced peaks due t o  pka ts i sn i ra t lon  sf N;! and U 
ky the intense so lar  tie I I l i n e  a t  304A; t h i s  st ruc ture  i s  shown here as can~bi t~sd 
by the 1 Crfiitnd dnalyzer reaalut ion t o  form one broadened peak. And Fourth, &Rare 
i s  (1 rapid qrranf i tat;ivc! dccrsass i n  ghotoelactrnns above atjou-t 5 5  aV due t o  a 
pronorcnccd decrease i n  the solar  euv f l u x  a t  h i  yhsr energies (r~rlvelengths less 
than about 1708). 

MEASUREMENTS 

The shu t t l e  spectra shorved departures frol:l the  a~nbib'nt C h E i ~ a ~ t f X i ~ t i ~ ~  noted 
above, some o f  which were expected and some o f  which were not. Figure 2 s hov~s a 
t yp ica l  spectrum which i s  ac tua l ly  the average o f  a l l  spectra abtai r~ed dur ing t h i  s 
pa r t i cu la r  data acquisit;ion period. In colnlrlon w i th  ambient spectra, a thermal t a i  1 
below 2 eV i s  seen, as was expected. There i s  no apparent s t ruc tu re  i n  t h e  2-5 o r  
20-30 eV regions which was not unexpected. What was qu i t e  unexpected, however, i s  
the continued r e l a t i v e l y  f l a t  d i s t r i b u t i o n  o f  electrons having energies greater 
than 50 eV, out t o  the highest energy rtieasured (100 eV). Th is  v~as the most s t r i k i n g  
character is t ic  o f  these measurements; i t  was present i n  every spectrua taken dur ing 
the  f l i g h t .  The source o f  these higher energy electrons i s ,  as yet ,  unexplained. 
But i t  c lea r l y  indicates the need f o r  one experimental change for  the next f l i g h t  : 
t h a t  i s  t o  extend the enerqy range coverage out t o  500 o r  1000 eV t o  see where, o r  
if, the expected shoulder can be found. Figure 3 shows three ind iv idua l  spectra 
obtained i n  t h i s  same measurement per iod dur ing vshich the vehic le went from day1 i gh t  
t o  darkness. As shown, the quan t i t a t i ve  e lectron f l u x  decreases s i g n i f i c a n t l y  a t  
n igh t  , c lear l y  suggesting tha t  loca l  l y  generated so lar  photoelectrons cont r ibute  i n  
la rge measure t o  the daytime e lec t ron environment o f  t i le  shut t le .  Two of these 
spectra also show considerable scat ter  o r  data po in t  excursions. In an attempt t o  
corre late t h i s  scat ter  w i t h  other vel l ic le events, periods of th rus te r  f i r i n g  a re  
shown, although t h i s  cannot be considered a d i r ec t  source of e lectrons i n  the energy 
range shown here. It should be noted t ha t  th rus te r  f i r i n g s  mentioned herein r e f e r  
t o  a l l  cases t o  the verniers. There was very l i t t l e  f i r i n g  o f  the pr i~nary  thrus ters  
duri t ig an) of these data acqu is i t ion  periods, and what l i t t l e  there was appeared t o  
have no e f fec t  on the data. Thruster operation involves a hypergol i c  react ion 
between monomethyl hydrazine (MMW) and ni t rogen t e t r ox i de  (N2O4) and whi 1 e t h i  s 
generates what might be ca l led a hot plasma, i t  cartnot d i r e c t l y  contr ibute e lectrons 
having energies much greater than about 2 eV. Sorne subsequent accelerat ing Mech- 
anism would c lea r l y  be required i f  th rus te r  a c t i v i t y  i s  t o  be associated w i th  these 
f l ux excursions. 

Thruster f i r i n g s  occur f o r  a minirl~ura o f  80  msec, although i n  many cases one o r  
more were ac t ive  f o r  considerably longer periods o f  time. Rut t h i s  points up 
another way i n  which the experiment s l~ou ld  be changed f o r  a subsequent f l i g h t :  The 
present scan t iming sequence (lsec/stey, G4sec/scan) i s  simply too long t o  observe, 
over the be t te r  par t  o f  a spectrum, any short term phenomenon which may have oc- 
curred. Very short term phenomenon could therefore appear as the excursion of a 



s i n g l e  data po in t ,  a r  a few cansecut ive po in ts ,  which may account f o r  t h e  apparent 
sca t te r  e f f e c t .  fbr tbe present data t a  be associated-with t h r u s t e r  F i r i n q ,  
hawver ,  requ i res  t h a t  same sot$ o f  delayed- reac t i an  o r  response tune be i n f e r r e d  
-a ficsmingly plau.si bl e concept . But- t he  apparent response t ime involved k- n o t  
mandfested i n  any constant manner. The topmost spectrum o f  F i  (lure 3, f o r  example, 
shaws a-sharp drop i n  f l u  l e v e l s  appraximataly 2 seconds a f t e r  thru.ster F i r i n g  
ceased wh i l e  the  mCtldle spectrum shows a delay of 13-14 seeouds before a s i m i l a r  
response i s  observed. Addi t ional  i l l u s t r a t i o n  o f  t h i s  i s  seen i n  f i g w e  4 which 
shows th ree  i n d i v i d u a l  spectra taken du r ing  a common n igh t t ime  period. The lowest 
spectrum shown ( C )  was completely f r e e  o f  t h r u s t e r  f i . r i nq  du r ing  i t s  measurement 
and f o r  a per iod  a f  15 minutes p r i o r  t o  thet.  The topmost spectrum (A) was taken 
fo l lowin( t  a per iod  o f  moderate thl?ust@r a c t i v i t y  and  i n  one d u r i n g  which the re  was 
nea r l y  continuous f i r i n q  o f  a l l  s i x  vern ie r  thrusters.  The middle spectrum (8) was 
taken immediately fo l low i r lg  t h i s  bu t  represents a l a r g e l y  t h r u s t e r - f r e e  measure- 
ment; f i r i n g  occurred du r ing  the very e a r l y  ( low energy) segment o f  t h i s  spectrum 
and then ceased f o r  a11 data po in t s  taken above 3.4 eV. This s p e c t r ~ ~ ~ n  seems t o  
i n d i c a t e  a tendency t o  r e t u r n  t o  the  normal lower n igh t t ime f l u x  leve ls ,  bu t  has 
not  reached t h i s  po in t  some 50 seconds a f t e r  t h r u s t e r  f i r i n g  ceased. These ap- 
parent va r i a t i ons  i n  response time, therefore,  tend t o  obscure t h e  poss ib le  
associat ion o f  t h r u s t e r  f i r i n g s  w i t h  data per turbat ions.  

An enhanced view of the  steep thermal t a i l  below 2 eV i s  seen i n  the  spectrum 
o f  f i g u r e  5. This suggests t h a t  t h e  general ly  negat ive (1-3 v o l t s )  veh ic le  pot-  
e n t i a l  had decreased o r  gone p o s i t i v e  a t  thi.s t ime, a l l ow ing  more o f  t he  very l ow  
energy e lect rons t o  enter  the  analyzer, thb, a l low ing more o f  t h i s  t a i l  t o  be 
observed. This  i s  supported by independent measurements from a com~anion exgeri- 
ment ( ref .  Z ) ,  t h e  data from which i r ld icates a veh ic le  p o t e n t i a l  o f  about +0.8 
v o l t s  a t  t he  t ime t h i s  spectrum was taken, 

That t h -us te r  f i r i n g s  may con t r i bu te  t o  h igher  f l u x  l e v e l s  i s  consis tent  w i t h  
t h e  data shown next i n  f i g u r e  6. This r e l a t e s  t o  a 3 5  second o r b i t a l  maneuvering 
system (OMS) burn which occurred dur ing  t h i s  period. The OMS employs the  same 
hyperqol ic  reeact ion as described fo r  t he  th rus te rs  except t h a t  each o f  the  two 
engines i n  t h i s  system generates 6000 pounds o f  t h r u s t  as compared t o  on ly  24 
pounds f o r  each o f  t he  vern ie r  thrusters.  This f i g u r e  shows two t y p i c a l  i n d i v i d u a l  
spectra, t h e  lower o f  which was taken p r i o r  t o  the  OMS burn, and the  upper taken 
dur inq  and immediately a f t e r  t he  hurn. Only a l i t t l e  over two minutes separated 
these i nd i v idua l  spectra i n  t ime and y e t  a d i f f e rence  o f  an order  o f  magnitude o r  
more i s  seen i n  t h e  f l u x  l eve1 s. 

A subs tant ia l  number o f  spectra were obtained wh i l e  t he  s h u t t l e  was i n  a 
bottomto-the-sun a t t i t u d e  and wh i l e  these were almost exc lus i ve l y  daytime data, 
t h e i r  f l u x  l e v e l s  were alllong the lowest o f  t he  f l i g h t .  Typ i ca l l y ,  these spectra 
were ind is t ingu ishab le  from n igh t t ime measurements. It seems l i k e l y  t h a t  the  term 
" b o t t o m - t e t h e s u n "  can exp la in  these low f luxes :  There was al-most c e r t a i n l y  l a rge  
numbers o f  so la r  photoelectrons being generated a t  t he  s u n l i t  bottom surfaces o f  
t h e  wings and fuselage dur ing  these periods. The subszquent t r a j e c t o r i e s  o f  these 
e lect rons would l argely be governed, excl  u s i  ve o f  c o l l  i s i  on processes, by t h e  geo- 
magnetic f i e l d  l ines.  And no mat ter  what the o r i e n t a t i o n  o f  these l i nes ,  i t  seen 
un l i l t e l y  t h a t  many o f  these e lect rons could vi igrate i n t o  the  s h u t t l e  bay area and 
en te r  the  acceptance cone of t he  ar,alyter. 



There was l i t t l e  o r  na th rus te r  a c t i v i t y  dur inq  a l l  meastw-re~nants o f  t h i s  made and 
there was very L i t t l e  v a r i i l t i a n  between ind i v idua l  spectra obtained dur ing  these 
periods; t h i s  i s  again cansistent  w-ith the  possib le corre l -at ion data per turbat ions 
and th rus te r  f i - r ing,  There was a passage from day t a  n iqh t  i n  t h e  u) minute bsttam- 
ta-the-sun run i l l u s t r a t e d  i n  f i gu re  7 which d i d  not  dppaar t o  have any e f f e c t  aa 
spectra except a t  very low energies. This i s  a n  akwagea spectrum but i-t very 
c lose ly  repwsents a11 those obtained, h ~ t h  day and n igh t ,  except f o r  the 1-3 eV 
rag43n where an enhanced viaw- o f  t h e  thermal t a i l  again appears. The- n~a-ximurn d a t a -  
p o i n t  f a r  t h i s  t a i l  was a f a c t o r  o f  2 o r  nore higher' than stiown i n  t h i s  averaged 
spectrum, and-was f a i r l y  constant i n  the  daytime spectra. fb l lawing ec l ipse,  
t h i s  dropped immediately by a f a c t o r  o f  8 t o  1 0  and remained q u i t e  constant i n  all 
o f  the  n igh t  spectra. This again suggests a diminished veh ic le -  po ten t ia l  and, 
again, t h i s  w a s  supported by the  independent measurements o f  reference 2. It also 
indicates the  in f luence of daytime so la r  photoelectrons on t h e  low energy (1-3 
eV) region of these spectra but not  elsewhere which, i t *  tu rn ,  ind ica tes  t h e  
inf luence o f  c o l l i s . ? n  processes s ince most of these e l t c t r o n s  must have come from 
t h e  s u n l i t  side. Note a lso  t h a t  t h e  data po in ts  i n  the  extreme low energy region 
of t h i s  spectrum are seen t o  be reduced s u b s t a n t i a l l y  below t h e  maximum po in t ,  an 
e f f e c t  observed i n  a l l  t he  spectra o f  t h i s  run. Th is  was due, almost ce r ta in l y ,  
t o  geomagnetic shadow-ing. The o r i e n t a t i n  o f  t h e  geomagnetic f i e l d  l i n e s  throughout 
t h e  run was toward the  a f t  quarter  and downward w i t h  respect t o  the  vehicle, o r  t o  
t h e  r i g h t  and downward w i t h  respect t o  the  analyzer look d i rec t i on .  This means 
t h a t  some electrons s p i r a l  i n g  about f i e l d  l i n e s  i n  t r a j e c t o r i e s  t h a t  would nor- 
mal ly b r i n g  them w i t h i n  the  acceptance cone of t he  analyzer could, i n  some cases, 
be intercepted by veh ic le  o r  payload components and thus be l o s t  t o  co l l ec t i on .  
The lower energy e lectrons are most vulnerable t o  suck  shadowing e f f e c t s  because 
o f  t h e i r  shorter Larmor r a d i i .  In t he  case c f  t he  h igh  termal t a i l  seen e a r l i e r  
i n  which no such e f f e c t  was observed, t h e  f i e l d  li.nes were or ien ted t o  t h e  l e f t ,  
o r  forward, and above, ivhere no veh ic le  o r  payload components e x i s t e d  t o  obs t ruc t  
the  e lectron paths. 

Figure 8 shows a spectrum t y p i c a l  o f  a l l  those obtained dur ing  two of these 
bottom-t o-the-sun periods. These were daytime measurements dur ing  which t h e r e  
were no th rus ter  f i r i n g s  and v i r t u a l l y  no d i f fe rence between i n d i v i d u a l  spectra. 
Note the  v a l l e y - l i k e  s t ruc tu re  i n  t h e  2-4 eV region. This fea ture  was present 
i n  a l l  spectra o f  these two consecutive runs and i s  s t rong ly  suggestive o f  t h e  
N2 v ib ra t iona l  exc i ta t i on  energy l oss  mechanism ( the n i t rogen  b i te -ou t )  mention- 
ed e a r l i e r  as a cha rac te r i s t i c  o f  ambient spectra below 200 km. Th is  would not 
be expected t o  appear i n  ambient spectra a t  t he  s h u t t l e  a l t i t u d e  (300 km). But 
if s u f f i c i e n t  N2 were present, t he  mechanism t h a t  produces t h i s  s t r u c t u r a l  
feature should prevai l .  Residual N2 from the  MMH/N2 04 t h r u s t e r  reac t ion  might 
poss ib ly  have provided th i s .  The quest ion o f  wh.y t h ~ s  feature was seen ori ly i n  
these data, but seen cons is tent ly  throughout them, has no immediate answer. 

SUMMARY/CONCLUS IONS 

Undoubtedly, t h e  most remarkable fea ture  o f  these measurements i s  t h e  r e l -  
a t i v e l y  f l a t  spectral  d i s t r i b u t i o n  o f  h igher energy e lec t rcns  which was consist-  
e n t l y  observed but remains essen t ia l l y  unexplained. And wh i le  t h e  data assu- 
c i a t i n g  quan t i t a t i ve  e lec t ron  f l u x  excursions w i t h  t h r u s t e r  and OMS f i r i n g s  can 
be considered pursuasive, i t  cannot be considered conclusive based on these data 
alone. The data do seem conclusive i n  i n d i c a t i n q  t h a t  l o c a l l y  generated so lar  



phataelectrans cont r ibute  substantial  l y  t a  the daytime e lec t ron enviranment a f  
the shutt le, Other abserved departures f ram the general- character is t ics  d: these 

, spectra a l s ~  lend the~sselvas t a  explanations as, far. exampl-e, geanagnetic shadowing 
: o r  the N2 bi te-out  mechanism. And the- accasi-onal enhanced abservali-aris o f  t b ~ ,  

steep thermal t a i l  i s   roba ably explained h.y departuces i n  vehical potential- levels. 
Many q~lest ions remain, however. A r e f1  i gh t  of t h i s  experiment, modi f l e d  as earLier' 
described, shauld provide very trsoful a d d i f i o n u a t a  and, pbssi b l y  , some answers, 

HE FERENCES 

1. Mcllahon, Y.J. and Iieroux, L,, Rocket Measure~nent o: Thermospheric Ph.otoelectron 
Enerqy Spectra, J. Geaphys. Res. , 83, 1390 (1978). 

2. Smiddy, M; Sul l ivan,  W,P. Gi rouard, 0.; and Anderson, P.B., Shutt le E lec t r i ca l  
Environment, Proceedi rrgs of Spacecraft Environmental Interact ions Conference, 
Paper 1-4, NASA Lewis Research Ccznter, (1983). 



Fig. 1 Examples of typical ambient electron 
spectra, obtained under conditions of 
minimal contamination, for comparison 
with shut t le  measurements. 
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ENERGY (EV) 

Fig. 2 Electron energy spectrum typical of all 
shut t le  measurements. The paramoqmt 
feature i s  the relatively f Pat distrfb-  
ution for energies greater than 50 eV 
out to  the highest measured. The coord- 
inates of a l l  figures showing shut t le  
spectra a r e  common to  f a c i l t t a t e  comp- 
arisons between thcm. 
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F i g .  3 Individual spectra from day-night meas- 
urement period showing day time fluxes 
considerably higher than those of night- 
time spectra. Data point excursions 
and thefr possible correlation with 
thruster firings &re discussed i n  the 
text.  
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Fig. 4 Additional comparison of individual 
nighttime spectra with thruster firing 
periods. 
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Fig. 5 Enhanced view of thermal tail, apparent- Fig. 6 Before and a f t e r  spectra related t .3 she--- 
ly  due t o  varying vehicle potential. OMS burn. The apparent delayed response 
This potential had departed from i t s  of flux levels t o  the burn is  seen. These 
usual s l ight ly negative value to  about spectra were obtained about two minutes 
M.8 volts a t  the time th i s  spectrum apart. 
was taken. 
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Fig. 7 Bottom-to-sun spectrum representative of Fig. 8 2-4 eV spectra l  s t ructure  suggesylve of 
those obtained during day-to-night meas- the N2 vibrational exci ta t ion energy loss 
urement period. Beyond about 3 eV there mechanism. 
was no daylnight difference i n  any of 
these s ectra .  A diminished but constant P vehicle potent ia l  coincided with en en- 
hanced view of the thermal t a i l ,  the max- 
imum point of whic? w a s  seen t o  drop 
rapidly following eclipse.  The e f fec t  
of geomagnetic shadowing i s  a l so  seen i n  
the extreme low energy region. 



LA8ORRUIRY- STWIES -OF KAPTON DEGRADATION I N  AN OXYGEN- ION BEM 

Dale C. Ferguson- 
Natlonal Aeronautics and Space Administrat ian 

Lewl s Research Center 
Cleveland, Ohio 44135 

Results are presented from a prel lmlnary laboratory Invest lgat lon of  the 
degradation of  the widely used po-lyimlde Kapton under oxygen. ton bombardment. 
Recent space shu t t le  f l i g h t s  have shown tha t  Kapton and some other materials 
exposed t o  the apparent alram' f low of  residual  atmosphere ( a t  o r b i t a l  ve loc l ty  
In low Earth orb! t) lose mass and change the1 r op t i ca l  propert ies. I t  has 
been hypothesized tha t  these changes are caused by chemlcal In te rac t ion  w l t h  
atomlc oxygen, alded by the 5-eU impact energy of atnospherlcxyg_en atoms I n  
the ram, 

In the laboratory invest igat ion the atomlc oxygen f lw  was simulated by a 
f l o w  of  oxygen tons. The Ions were generated by a discharge tn  a mlcrowave 
resonant cavi ty,  accelerated and decelerated e lec t ros ta t f ca l l y ,  and lmpacted 
on Kagton tat-gets i n  a high vacuum. Tests *re a lso performed us1ng.a non- 
reactive gas, argon, tn  place of the react lve oxygen. Oxygen-bombarded samp1.e~ 
showed a loss of matet la l  m d  a change t n  op t i ca l  propert les very s l m l l a ~  t o  
those of  samples r e t u r r d  by the space shutt le.  Scrinntng e lec t ron rntcroscope 
photographs of  the o~ygen-ion-bombarded samples also showed structures strongly 
resembling those of samples from the shut t le .  Argon-bombarded samples showed 
no s i gn l f l can t  mater ia l  loss or change of  op t l ca l  propert les or  surface struc- 
tu re  under SEM. 

A11 bombarded samples showed changes i n  surface composltlon when examined 
by low-energy windowless energy d l f  ference X-ray analysis (EDAX) and Auger 
spectroscopy . Oxygen-bombarded samples showed an apparent decr ?ase i n  surf ace 
carbon as compared w i th  p r i  s t lne  samples, whereas argon-bombarded samples 
showed a var iable Increase i n  surface carbon, depending on where the samples 
were located i n  the argon tm-beam. These changes are a t t r i bu ted  t o  
sp.tMxring. 

The react lon ra te  under 0+ bombardment seemed t o  be Independent of  I n c i -  
dent energy aver a wide range of energles. Although the f l u x  of  thprmal ions 
In  t h l s  experiment was much greatsr than the accelerated f lux ,  the observed 
Kapton degradatlon was l l rn l ted t o  the beam area and ram Flow d l rec t lon.  This 
i s  consistent w i t h  an actlva-tlon energy above the thermal energles but we l l  
below the beam energles. 

The resu l ts  reproduce we l l  the mater ia l  loss, opt tca;  changes, SEM surface 
structure, and llraml' d i r e c t l o n a l l t y  of  the samples returned by the shut t le .  
These factors, along w l t h  the lack of  degradatlon under argon Ion  bombardment, 
s re  convincing evidence for  ram f low oxldat lon as the mechanism of  degradation. 
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Kapton and other ma-9erlaI-s- (such as carbon coatings and pat&) undergo 
weight loss and surface degradatbn i n  low Earth o r b l t  ( r e f .  1). Kapton, a- 
polyimide wlth wide appl lcat lons I n  spacecraft technobgy, experbnces- surface 
rougbe~Jng on mic f~meter  length scalss-, a chaag~ i n  surface apgearance from a 
glossy transparency t o  a ml lky translucence, a lor5 Sn welght, and changoa i n  
its opt i ca l  propect.tss .- These changes, f i r s t  cote4 an the ear ly  space shu t t le  
f 1 tghts ( r e f .  I), have important imp1 icat ions f o r  conducting extended opera- 
t ions uslng Kapton I n  low Earth orb- i t .  Kapton has been used f o r  thermal can- 
t r o l  coatings and e l e c t r i c a l  tnsu la t ian and has been proposed as a f l e x i b l e  
substrate fo r  large solar arrays because of i t s  excel l e n t  temperature s t a b l l i  ty, 
extremely low surface conductivity, and f l e x l b l e  strength. It I s  Important t o  
know the mechanism fo r  de te r io ra t ion  I n  low Ear th  o r b i t  so that  Kaptoh. can be 
mod1 tSCd, coated, ar reMaced w l t h  other m ~ t e r l a l s  I n  c r i t i c a l  appl icat ions.  

I t  has been suggested tha t  In te rac t ion  w l  t h  the residual  atomlc oxygen 
atmosphere i s  the mechanism of  degradation ( r e f .  1) .  The major atmospheric 
const i tuent  a t  shu t t le  a l t i t udes  i s  atomlc oxygen. Each atom of  oxygen 
tmpacts an o r b i t i n g  vehic le w i t h  an energy of abouk 8x10-l9 J ( 5  eV), equlva- 
l en t  t o  the impact energy o f  thermal atoms a t  about 60 000 K. Higb-temperature 
oxidation, about which l i t t l e  i s  known, may then be the react ion leadlng t o  
mass loss, change of  surface propert ies,  etc. 

Although oxtdat ion i s  a l i k e l y  hypothesis as the mechantsm of degradation, 
other p o s s i b l l i t l e s  ex is t .  The mass loss might be due t o  low-energy sputter- 
trig, f o r  example. I - t - i s  wel l  known tha t  sput ter ing thresholds f o r  metals seem 
t o  be higher than the impact energies of  atoms and molecules I n  low Earth o r b l t  
but such thresholds have never been measured f o r  complex orgavlc materials. 

Also, chemlcal reactions wt th  other species abundant i r l  low Ear th  orblt-such 
as molecular nitrogen, could not be excluded out of  hand. 

GOALS AND APPROACH 

I t  I s  desirable t o  understand the mechanism o f  the orb1 t a l  i n te rac t ion  o f  
Kagton and other materials w l  t h  atomlc oxygen, Po see whether the ln te rac t lon  
i s  c k m l c a l  or sput ter lng i n  nature, t o  determtne react ion rates aad tempera- 
tu re  and energy dependences, t o  invest igate  the poss Ib l l l  t y  of  I n t e r f e r i ng  w i t h  
the i n t e r a c t i o n  through the use o f  pro tect ive  coatlngs or other materials, and 
t o  develop techniques for  tes t ing  mater ia ls before f l i g h t .  A t  Lewis Research - 
Center i t  was &cided t o  attempt the sfmulation of  condit ions I n  low Earth 
o r b i t  i n  order t o  Invest igate these matters. Since i t  i s  d i f f  i c u l t  t o  accel- 
erate neutral  atomic species t o  o r b i t a l  energies, I t  was decided t o  use accel-. 
erated ions I n  the Lewis simulation. I t  4s c lear  from work on  sput ter ing 
( r e f .  2) tha t  charge exchdnge w i th  the surface can occur long before the momen- 
tum exchange, so that  by the tlme the react lon energy I s  imparted by the 
lncomlng lons, they may be identical t o  neutral  atoms for  chemical purposes. 

Thus an attempt was made t o  simulate the Impact condlt lons t n  low Earth 
o r b i t  by accelerat ion and Impact of  oxygen and other lons. Then the exposed 
specimens were analyzed and the resu l ts  compared w i t h  thoce reported from 
shu t t le  f l i g h t  experiments and other laboratory slmulatlons . Reaction rates 



and surface comyosltlons were- Found. F lna l ly -  an attempt was made t o  u n Q e r s t a n L  
the laboratory resu l t s  and t o  see what; l l g h t  they mlght shed. on th@ f l l g h t  
w s u l t s  and. an thc react ion machanlsm I n - o r d w  t o  slmula.te, understand, and 
suggest ways t a  cont ro l  the r e a c t l s n l n l a w  Earth orbit. 

For the prcl lmlnary resu l t s  reported hareh ,  a tunable mlcrowava resonant 
cav l t y  ( f l g .  1) was llsed t o  d l rsoc la te  and lon lzc  t e c k n k a l  grade (99.5 per- 
cent) oxygen gas. The gas was leaked l n t o  a glass eontalner wlCRln the micro- 
wave cavity- and, af-ter fonlzat fsn,  was accelerated e l ec t ros ta t l ea l l y  t o  Impact 
samples of  Kapton. The experiment was done I n  vacuum tank 8 of  the E lec t r i c  
Prsgulslon Laboratory a t  Lewls. Tank 8 i s  a hor l ron ta l  c l r eu la r  cy l inder about 
1 meter I n  rad lus  and 4 meters I n  length. Tank pressures were malntatned by 
d l f  fuslon pumps a t  about 1 . 3 ~ 1 0 ' ~  Pa (10-4 t o r r )  durtng beam operatlon and 
a t  a b ~ u t  1.3x10-~ Pa t o r r )  w l t h  the beam.off. The help of  Shlgeo 
Nakanl-shl o f  Lewls was Invaluable I n  obtaining the cxperlmental resu l t s  
reported herein. 

The mlcrwave cav l t y  used a maxlmum of  100 W o f  r sd la t ton  a t  a frequency 
of  2450 MHz. The cav l t y  was e l e c t r l c a l l y  blased a t  a voltage o f  approxlmately 
800 V, and the  accelerat lng g r i d  (made of molybdenum t h a t  was glass coated on 
one side) was blased t o  approxlmately -200 V. The i on  beam produced was about 
5 cm I n  dlameter and dlverged as i t  traversed. the space between source and 
samples. A t yp lca l  oxygen f low ra te  I n t o  the miccowave cav l t y  was about 
4.2~10-7 m3/s (25 standard cm3/min) . 

The Kbpton samples were supported by a. s t r i p  heater w l t h  attached t he rm-  
cow les .  Source-to-sample distance was 10 cm f o r  some t r i a l s  and 23 cm f o r  
others. The samples were w i t h i n  5 cm of the a x l a l  beam center. The plasma 
mean f ree path i n  a l l  cases was longer than the source-to-sample distance. 
The beam was decelerated f o r  some samples by blasing the alumlnum backing t o  
re tard lng potent ia ls  of  up t o  1000 U. The heater s t r l p  was insulated from the 
samples by two layers of  2.5~10-~--cm-thlck (1-mll)  Kapton tape and from the 
tank wa l l  by a f iberg lass mountlng beam. A l l  wires I n  the cav i t y  were covered 
wl t h  Teflon tubtng t o  reduce glow discharges t n  the tenuous gas. 

A re tard lng po ten t la l  analyzer (RPA) tha t  could be swung l n t o  and out s f  
the beam was used to determlne the beam current denslty. Typical RPA currents 
were 185 PA, which when dlv lded by the RPA area of  13.4 cm2 gives an average 
centpal beam current  denstty of  about 1 4  p~/crnZ. The be6.tm was spectroscopl- 
c a l l y  analyzed w l t h  a 0.5-m Jarrel l-Ash spectrometer wOth 0.01-nm resolut ion.  
The spectrum shows tha t  most. of  the beam carrslsted of  s lng ly  lonlzed atomlc 
oxygen, although l l nes  of neutral  atomlc oxygen were prominent near the sample 
dlstance because o f  t h e i r  greater radta t lve  l l fe t lmes.  Equl l lbr lum f l o a t l n g  
potent la ls  on the heater s t r l p  u i i l l e  the beam was I n  operatlon were measured 
on the thermocouple wlres t o  be i n  the range 400 t o  500 V .  

Whtle the oxygen beam was operattng, a f a l n t  wRlOe glow extended about 
5 nun i n  f r on t  of  Impacted surfaces. Behlnd the sample holder a d l s t l n c t  
greenlsh t lnge could be seen i n  the d i f fuse  glow of  the beam. The whlte glow 
can be a t t r i bu ted  t o  contlnuurn radrat lon from oxygen recomblnatlon a t  the 
surface. The green glow appears spectroscsplcal ly ( r e f .  3) t o  be from the 



f I.rst negatlvc bands of 08, wbfch one suspects are caused by b n l z a t l o n  o f  the 
rcwmblned oxygen by the Impin(lt,,g ion beam. 

Table L gives the parameters o f  thc Lswb pro1lm)nary f r?as iQ i l i t y  atudtcs. 
fl.uxcs were caJculatcd from RPR currents and. est imated bc?aradluergcncc! and 
t o t a l  f l w n c e  was calcula.ted f rom f luxes and exposure. times. Ln oach case, the 
expected thermal f luw of  neut ra l  oxygen was greater than tho i on  f l u x  i n  the 
brtam, snd yet degradation occurred an.1y i n  arcas where the beam ac tua l l y  sttuck 
the- samples. Thus the Impact energy must be important t o  the dCgradatlon, 

RESULTS- AN5 ANALYSIS 

Visual inspection of  the bombarded surfaces showed that  where the oxygen 
beam had struck, the smoot)l, yellow transparent surface o f  the Kapton had 
changed t o  a mtlky yellow translucence. Argon-bombarded samples a t  the same 
low f luence showed no such change, only a t h i n  transparent metal1 tc f i l m  that  
EDAA showed t o  be molybdenum sputtered from the uncoated side sf the accelera- 
t o r  gr id.  Under oxygen bombardment, shadowed regions of  the Kapton tape sur- 
rounding the sample holder showed no degradatien, noc d i d  areas outside the 
beam. I n  one case (11/24/82) the Kapton tape i n  the center o f  the beam showed 
a t o t a l  loss of  Kapton, w l t h  only the s t ieky s i l i cone  adhesive remaining. The 
alumlnum back sides of  areon-bombarded sample s t r i p s  were scorched and black- 
ened near the edges. EOAX l a t e r  showed t h t s  t o  be a t h i n  molybdenum coating, 
agatn presumed t o  be sputtered from t h e  accelerator gr id .  

Under the scannlng e lec t  r o r ~  microscope the oxygen-bombarded samples had a 
carpet l ike  texture, wt th  structures about 1 ~m-and  smaller. They looked ~ t t e  
s lm i la r  t o  samples returned by STS f l i gh t s -  ( f i g .  2 from ret .  4).  I n  contrast, 
p r i s t l n e  samples and argon-bombarded samples of  Kaghsn-were smooth a t  a l l  
magnifications. 

Also, under a scanning electron microscope, an ind ica t ion  was obtadned 
tha t  the surface conduct iv i ty  of  Kapton was changed by ton bombardment. Both 
oxygen- asd argon-bombarded samples retalned t h e i r  surface charge (as made 
v l s l b l e  bq changes I n  magnification) f o r  much shorter times than d i d  the p r i -  
s t i ne  cont ro l  sample. I t  i s  not c lear whether the change i n  surface conduc- 
k i u i t y  was due t o  the presence of sputtered contaminants or I n  pa r t  t o  changes 
t n  surface c o m p ~ s i t l o n ~  

Low-energy EDAX analysts of the samples was undertaken w l t h  the valued 
assistance of  Paul Aron of  Lewls. The Instrument used had a windowless 
d?tector, whlch allowed very low-energy electrons t o  be used. Although EOAX 
a t  hlgh energies (2.4~10-15 3 ,  or 15 keU) showed the presence o f  alumlnum, 
s i l i con ,  and-molybdenum i n  the bombarded samples (presumably sputtered from 
the accelerator g r i d  and tank wa l l  f i x tu res )  and t h e i r  abser~ce On the p r i s t i n e  
samples, t h l s  was of l lm l t ed  usefulness i n  analyzing the change i n  surfaee corn- 
pos i t i on  of  the Kapton. P r l s t l nc  Kapton, being an extr.eme1y good insu la tor ,  
w l l l  acquire a charge through loss of  secondary electrans f o r  inc ident  e lectron 
energies above about 2.4x10-lt 3 (1.5 keV) . Thus the p r i s t i n e  standard would 
see FDAX electrons o f  a d i f f e r e n t  energy than those seen by the more conductive 
ton-bombarded sa;sples. 



Furthsrn~are, elecic~.ohs of 2.4~10-1.5 J (15  key) energy have a mean. f ree 
p a t h l n  Kapton of about 6,4x~) -4  cm (0.25 mtl) ,  uhlch makes bulk composltlon 
and geomstrlcal e f f e c t s  (due t a  the texture o f  the oxygen-bombarded surface) 
Important In the analysts, Fos the-w reasons FOAX a t  l ~ c l d e n t  enerfllcs of  
l ,bxl0-1~ 3 (1.8 koV) was- undertaken. A t  thls energy thc mean f ree  path o f  
electrons 1~ K a p t ; s ~  S ~ O U I ~  about 7.6~10-fi cm (0.03 rnt l) .  ~ h l s  w o u ~  
tnsu.ro that the t rue  su rhca  comgosltlon wo~ild-be- measured, allowing only far 
shadeWg on the 8-my counts From textured surfaces. 

fly taklng mass at tcnuat lon coef f l c l cn t s  and fluorescence y lb lds  from 
Roblnson ( re f .  5) and assumlng a 3 percent mf i ta l l tc  mass f r&c t l o i I  fram sput- 
tered metals, the r e l a t i v e  carbon, nltrogsn, and oxygen abundanccs a t  the sur- 
face could be determined. l a b l c  I 1  summarizes-of tba g rewn t  resu l t s  on 
samples a t  d l f f e r e n t  EOhX electron energies. The composition measured w l t h  tfie 
1.6-keV energy was s l gn l f l can t l y  d l f f e r e n t  from the p r l s t l n e  Kapton used as a 
ca l  l b ra t l on  f o r  both oxygen- and argon-bon~barded samples. 

lkese resu l t s  are lnsens l t lve  t o  errors I n  the to la1  count rate, e lectron 
genetrat lon depth, and percentage of metals assumed, la rge ly  because the pene- 
t r a t i o n  Qegth i s  so small tha t  there i s  less than 20 percent absorgt.lon f o r  
X-rays from any opeclcs. The composltton obtalned fram the EDA# analysls can 
be compared w i t h  tha t  whlch would occur i f  p r l s t l n e  Kapton \ * s t  40 percent of  
i t s  carbon atoms (nsrmal l t lng t o  C, N, and 0 only): 53.4 percent C, 10.1 
percent N, and 30.5 percent 0. Thls suggests tha t  the maJor change In corn- 
pos l t l on  of the surface was a severe loss of  carbon. Since the electron 
penetrat ion depths a t  energles of  4 and 15 kekwere so much larger, a b s s  of  
carbon only near the surface was also zonslstent  w l t h  the measurements made a t  
those energies. 

An Auger analysls of  other samples dune by W. Gordon and R. Hoffman o f  
Case Western Reserve Unlvers l ty and comunlcated t o  us has confirmed these 
resu l t s  f o r  oxygen bombardment (severe loss of carbon) but  was qu l te  var iable 
f o r  argon bombardment. It may be concluded tha t  the surfaces o f  the oxygen- 
b~mbarded samples suffered a severe carbon lass, but  f o r  the argon-bombarded 
samples the s t tua t ion  i s  more complicated. For argon bombardment, composltfon 
changes may be due t o  select ive sput ter ing ( r e f .  6); f o r  oxygen bombardment, 
beam decelerat lon may have made sputter ing un l lke ly .  Since chemlcal i n t e r -  
ac t ion was indicated a t  any ra te  as the source of  surface damage i n  oxygen 
bombardment, the major chemlcal change appeared t o  be oxidat ion o f  carbon on 
the surface, whlch then evolved as gaseous carbon monoxlde or dlaxlde, leavlng 
a carbon-depleted surface. Thls hypothesls i s  cons i s t en t  w i t h  the reported 
rap id  loss of  pure carbon coatlngs I n  low Earth o r b l t  ( r e f .  7) .  

The surface o f  the oxygen-bombarded samples became qu l te  s o f t  (eas l l y  
scratched) ; abraded sectlons l o s t  the l  r m\ l k y  translucence and became ye1 low 
and transparent, much l l k e  the p r l s t t n e  samples. Because no v1sl.ble amount of  
mater ia l  was l e f t  on the scratching Implement, the change of op t l ca l  propert ies 
was probably lnd lca t i ve  only of a change I n  surface structure.  

The Indices of r e f  rac t lon  of the samples were measured by e l  l~ysometry .  
The e l  llpsometer used a He-Ne laser of wavelength 632.8 nm and had a reso lu t lon 
of -0.1" t n  go lar lzer  and analyzer angle. Oesplte some d l f f l c u l t y  i n  keeplng 
the samples f l a t ,  repeatable measurements were obtained, wt th  the fo l lowlng 
resu l ts :  although the p r l s t l n e  samples were very s lm l la r  I n  op t i ca l  properties 



ta t h s l r  alurrllnum backlng (whlch praved t o  be caatcd by a t h l n  f l l n  l t s s l f ) ,  
the ion-bombarded samples were s l$ jn i f lcant ly d i f f e ren t  fram t h a l r  a'lumlnum 
bircklnq. TRc r e d  an& Imaqinary parts of Ibc  lndcx o f  rcf rx- t inr t  are given it1 
tab le  ill. 

Thc uar la t lon  w i th  pus1 t i o n  an the argon- bombdrdad- snnipls can be ascribed 
t o  uar iat ions IPI the amount of sputtsrod malybdcnum an the nurfim a t  d t f f s r -  
ant polats.  Pos l t isn  2 c less ly  rsnsmbled the apparant optlcal proprPtlea - o f  - 
the p r i s t i n e  sample. 

Although the samplcs were alumlnum backed, op t i ca l  maasuremants were 
probably not haavl l y  I n f  luenccd by the dluminum backlng hccauss the surfaces 
o f  the oxygen-bombarded ssmplcs, and I n  oar t i cu la r  of sample 2, were quite 
opaque. These op t i ca l  values arc probably not i n t r i n s t c  t o  oxidleed Kapton 
i t s e l f  but arc i nd lca t l ve  of the values as changed by the surface structure, 
as discussed by Fefrsterrnaker and McCrack l~  (ref-. 8). 

A t  the laser wavelength (632.8 nm) and angle of lncldence (70°) used, no 
specular r e f l ec t i on  was observel f o r  sample 2. The observed chartge i n  r e f l e c t -  
ance of  the oxldtzed Kapton Ray be due t o  the geeul lar surface structure shown 
i n  the SEM photographs, whlch, when disturbed by scrstchlng, reverted t o  the 
op t i ca l  propert ies of smooth Kagton. 

An attempt t o  ca l ib ra te  the bean in tens f ty  by the changed op t i ca l  proper- 
t i e s  o f  argon-bombarded samples, as deserlbed I n  M i r t l c h  and Sovey ( r e f .  9) ,  
f a t  led because of the t h t n ,  sputtered molybdenum f f lm deposited i n  the present 
experiment . 

Mass loss from the Kayton f l l m s  was evident from the complete loss o f  
mater ia l  i n  the beam center i n  one t r l a l .  An estimate, from the depth o f  
mater ia l  removed and the measured beam f luxes, of  the mass loss ra te  from two 
t r t a l s  I s  given i n  tab le  I V .  The apparent mass loss rates were much hlgher 
than those (-3.72x10-24 g/0 atom) from shu t t le  experiments ( r e f .  18). This 
may be due t o  reactions i n  tbe tank w i t h  therfiial oxygen atoms and molecules, 
whlch had a much greater f l u x  against the sanrple than d l d  the ion  bean. The 
absenee o f  rcdctions ru ts lde tibe beam area can be explained i f  the ac t i va l l on  
energy f o r  the reacttons 1s assumed t o  be supplied only by the energetlc ions 
i n  the beam. Table V gives calculated react ion rates per thermal c o l l l s l o n  i n  
the tank, assunrlng the ideal-gas law and pure oxygen a t  the tank pressure. 
These rates are consistent w i t h  those found on the shu t t le  and lend fur ther  
credence t o  the hypothesis tha t  "he laboratory react lon i s  the saae as that  
occurr ing i n  o r b i t .  

SUMHARY AND INTERPRETATION OF RESULTS 

The fo l lowlnq aspects of  the shutt le--returned samples were reproduced I n  
the Lewis ton beam exgerlments: 

(1  ) V l  sual Zppearance 
(2 )  SEM surface structure 
(3)  Change from specular t o  d l f fuse  re f l ec t i on  
(4 j D l  rec t lona l  l t y  (ram dependence) 



In  a d d l t l o ~ ,  the mass l o s s  would haw  been consistent w'ith rates seen i n  o r b l t  
l F  amblent therrrtnt gas ln 3he.cxperlment could share I n  the a r t l v a t l n n  energy - 
supplled b-y the beam. 

The f o l  lewlng f tndlngs were new-tu t h i s  experiment and Suggest fu r the r  
tes ts  onShe shu t t le  samples: 

(1) Reduced scratch resistance of surface 
(2)  Loss of carbon from surfaces 
(3 )  Enhanced surface eonductlvl ty 
( 4 )  Conflrmatlon tha t  chemlstry I s  Involved l n  surface structure changes 

The structures seen on 04-bombarded Kapton surfaces seemed t o  be responslble 
f o r  the change l n  specular r e f  l e c t l d t y .  In add.ltlon, the loss o f  carbon sug- 
gested tha t  these surface structures may have been produced by oxygen preferen- 
t l a l l y  at tacking cer ta in  bonds in the pol.ymer. The bonds tha t  are probably 
attacked most read i l y  are the C-M bond ( E  = 3.2 eV), the C-0 bond ( E  = 3.7 eV), 
and the C-C bond ( t  = 3.8 eV) ( r e f .  11). a l l  w l th  energtes below the apparent 
Impact energy of a-tomlc oxygen I n  low Earth o rb l t .  Breaklng the C-N and C-0 
bonds breaks the polymer chaln, weakenlng the mater la l  and al lowlng penetra- 
t l o n  of  succeedlng oxygen atoms deep-er i n t o  the p l as t l c .  furthermore, suc- 
ceeding breaks of  the C-C bonds can al low oxldat lon of  the dangllng carbon, 
leadlng t o  a v o l a t l l e  product and mass loss. 

CONCLUSIONS 

It I s  encouraglng tha t  t h l s  slmu-l-atlon of  low-Earth-orbl-Lcondlt-Ions uslng 
04 ton beams succeeded I n  qua l l t a t l ve l y  reproduclng a l l  of  the observed 
character ls t lcs  o f  the ln te rac t lon  o f  Kapton wl t h  the Earth's atmosphere i n  
cpace shu t t le  f l i gh t s .  Oxldatlon I s  undoubtedly responslble, as opposed t o  
sput ter lng or reactten w l t h  other specles, slnce slmulat lon w l t h  Ot was 
successful and hlgh-energy lmpact by an i n e r t  gas d l d  not produce the observed 
charactevist lcs of  samples returned from o rb t t .  I t may be posslble t o  t e s t  a 
var le ty  of materials f o r  r e a c t l v l t y  and quant l ta t lve  mass loss rates by using 
0' lon beams-ln the laboratory. 

Regardless of  the spec l f lc  chemlcal react lon Involved, It has already been 
found that  other materlals are mlnlmally react tve or  nonreactlve. It may be 
posstble t o  r e ta l n  the deslrable character ls t lcs  ( rad la t lon  reslstance, 
electrical reslstance, strength, f l e x l b l l l t y ,  and hlgh-temperature s t a b l l l t y )  
of Kapton f o r  use as a substrate by coatlrlg t t  w l th  less react ive f i lms.  
Oxygen lon beam bombardment I s  a feasib le method of  tes t lng  such new materlals 
before uslng them I n  space. Much.work remains t o  be done a t  Lewts and else- 
wheie I n  tes t ing  materlals and c l a r l f y l n g  the reactlons tha t  take place. 
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ThHLE I I. - PERCENTAGE BY RE IGNT OF ELEMFNTS 

[Assumes 3 p e r c e n t  m e t a l s ,  n o r m a l i z e d  t o  
C + N 0 = 100.0.1 

( a )  A r g o n  bonlbardment  (E = 1 . 6 ~ 1 0 - l 6  J, 
or 1000 e V )  

1 33.4 21.6 

(b) Oxygen  bombardment  ( E  & 4.8::10'18 J, 
o r  3 0  e V 1  

TABLE 1 1  I. - COMPLEX INDICES OF 

REFRACTION FROM ELLIPSOMETRY 

a E r r o r s  f o r  t h e  oxygen -bombarded  s a m p l e s  
a r e  tD.1 i n  both p a r t s  o f  t h e  i n d e x  o f  
r e f r a c t i o n .  

TABLE IV .  - DERIVED RATES OF REACTION ASSUMING 

ONLY OXYGEN ION BEAM REACTION 

TABLE V. - DERIVED REACTION RATES 

ASSUMING AMBIENT OXYGEN REACTIONS 
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Figure 1 - The experimental setup. 

(a) Lewis Research Center 0' beam ercposure, (b) STS-2 orbital ertposure. 

Figure 2 - Surface structured ewosed samples. SEM magnification 10,a)OX. 



E U C T R O N  BEAM C H A B G I W W F  SPACE SHUTTLE THERMAL PROTECTIONSYSTEM U L E S  

John V... Staskus- 
NaOionbl Aeronautics and Space Adminis t rat ton - -. - 

Lewis Research Center 
C l  eve1 and ,__Ohlo- Ul-35.---- 

Six  space s h u t t l e  reusable surface I n s u l a t i o n  t I l e s  were tested i n  the NASA 
Lewis Research Center's e lec t ron  bombardment t e s t  f a c t l i t y .  The 30-cm-square 
speclmens were assembled by us ing the  same mate r ia l s  and techniques used t o  
apply the  t i l e s  t o  the space s h u t t l e  and were composed o f  15-cm- and- 20-cm- 
square M l e s  and pleces on 0.6-cm-thlck alumlnum substrates, There were. two 
spectmens o f  each o f  three thicknesses. One specimen-of each thickness had 
gaps- o f  less than 0.1 cm between t i l e s ,  and. the  other  had gaps of approximately 
0.15 cm. The specimens were exposed t o  monoenergetic e lec t ron  beams ( 2  t o  
25 keV) w i  t h  nominal f luxes o f  0-1 and 1 nNcm2. Zests were conducted w i t h  
both grounded and f l o a t I n g  substrates. The data presented Inc lude charglng 
rates,  equi l l b r l u m  potentla-ls, and substrate currents.  There t s  evidence t h a t  
d lscharglng occurred. 

INTRODUCT KIN. 

The advent o f  po la r  c t b l t  space s h u t t l e  missions has ra ised new concerns 
about spacecraft  charging - concerns formerly assoclated w i t h  h igh -a l t i t ude  
( i .e . ,  geosynchronous) s a t e l l i t e s .  Charging o f  dielectric mate r ia l s  by m u l t i -  
kilovolt-energy elect rons can cause arc discharging, which may r e s u l t  I n  r f  
noise t h a t  can i n t e r f e r e  w i t h  communlcations and may induce voltage t rans ien ts  
i n  the e l e c t r i c a l  system t h a t  can upset o r  damage low- level  e lec t ron i c  c l r c u l t -  
r y .  A t  the  request o f  the A i r  Force Geophyslcs Laboratory and w i t h  specimens 
suppl I e d  by the MASA Johnson Space Center low-keV e lec t ron  beam charging tes ts  
were conducted i n  t he  e lec t ron  bombardment t e s t  f a c i l i t y  a t  the  MASA Lewjs 
Research Center. 

Tests conducted prev lous l  y a t  t he  Rome A i r  Development Center Invest igated 
the response o f  s h u t t l e  t i l e  mater ia ls  t o  e lec t ron  beams w l t h  energles from 
10 keV t o  1 MeV ( r e f .  1 ) .  I n  t h a t  work discharges-were detected as current  
pulses t o  a substrate. This work inves t iga ted  the charging behavtor of surface 
insula. t lon t i l e s  from the  s h u t t l e ' s  thermal p r o t e c t i o n  system (described i n  
re f s .  2 t o  4-1 when subjected t o  nronoe~erget ic e lec t ron  beams w I th  energles of 
2 t o  25 keV. 

TEST SPECIMENS 

Tbe t e s t  specimens provided by Johnson consis ted o f  0.6-ern-thick by 30-cm- 
square aluminum p la tes  w i t h  s h u t t l e  t i l e  pieces attached. The mater ia ls  and 
technlques used were the same as those used t o  apply the  t i l e s  t o  the space 
shu t t l e .  There were two specimens o f  each o f  three thicknesses (1-1/4 cm, 



2-1/2 cm, and 5 cm). The th lnnest  t t l e s  (20 cm square) were white and the 
others (1 5 cm square\ were black. One speclmen o f  each. thlckness ha8 gaps o f  
less than 0.1 cm betdeen t l l e  pleces and the  other  had gaps- o f  appcoxlma.tel-y 
0.15 cm. Each speclmcn contained dt. l e a s t  one f u l l  udcut tlb. M o s t  o f  -the 
ti-l-c pleces had 3x5 dot  mat r lx  ldent l f l ca t ' ion  code characters stenci led-  on 
them - black on t h e  whl te t11cs and yel low on tho black t l l e s ,  The 5-cm-thlck 
specben w l t h  la rge gaps h a b a  Fl1-Ver m a t e r i a l  t h a t  appeared-to be fo lded glass 
f a h r i c  in. t he  gms, w l t h  the  f o l d  a t  the exposed surface. Figures I. t o  9 show 
edges and faces o f  t he  s ix-  speclmens. Capacltaaces measured From a conductlve 
sheet placed on the  t l l e s  t o  t h e  alun~lnum substrate \are approxlmately 15 pF 
f o r  the 1-1/4-cm-thlck t i l e  sgecfmens, 50 pF f a r  the 2-142.-sm-thlck speclmens, 
and 30 pF f o r  t he  5-cm-thlck specimens. 

CONFIGURATIOI AND TESTS 

The specimens were tes ted  Ind lv lduaL ly  I n  the  2-m-long by 2-m-dlameter 
e lec t ron  bombardment t e s t  f a c l l l t y  ( r e f .  5). They were mounted approxlrnately 
1.2 m from the e lec t ron  source w i t h  the  speclmenls face normal t o  the  source- 
ta rge t  ax ls .  The substrate was supported on Luc l te  posts sa t h a t  t e s t s  could 
be conducted wl th-  t he  substrate f l o a t l n g  as w a l l  as grounded. I n  t he  grou~rded 
substrate conf l g u r a t l o n  an electrometer was used t o  monl tor subs-trate cur rent  
co l l ec t l on .  The edges and rear  o f  the  substrate, whlch were not  cob;ared w l t h  
s h u t t l e  t l l e s ,  were covered w i t h  Kapton t o  mlnlmlze the  substrate 's  c o l l e c t t o n  
o f  p a r t l c l e s  other  than -the beam electrons Intercepted by the  l r r a d l a t e d  
sur f  ace. 

The capacitance measured b e t w e n  the  substrate and. i t s  vacuum-chamber envl-  
ronment was approximately 20 pF. Thls would a l so  be a n  upper l l m l t  t o  the  
capacitance expected between the  exposed t i l e  face and the chamber envl ronment 
i n  p a r a l l e l  w l t h  the 30- t o  75-pF cap-acltance across the  t l l e  t o  the  substrate. 

Noncontactlng e l e c t r o s t a t i c  voltage probes were used t o  measure po ten t la l s  
across the  t i l e  surface and on the substrate when i t  was f l o a t l n g .  For ea r l y  
tes ts  a s ing le  probe was ava i l ab le  and was swept across the t i l e  surface a t  a 
separatlon o f  approxlmately 0.2 cm. When the  substrate was f l oa t l ng ,  a small 
patch o f  metal connected t o  the substrate was pldced l f l  the  path o f  t he  probe 
I n  order "- monitor the substrate 's  po ten t ta l .  The patch was shlelded from 
d l r e c t  inb. :eptlon o f  beam electrons,  bu t  the substrate was less  w e l l  i s o l a t e d  
from other p a r t i c l e s  i n  I t s  envlronment. For i a t e r  t e s t s  a second-probe can- 
t tnuousl  y monitored t h e s u b s t r a t e  from behlnd. 

The Pests consisted o f  exposlng the  speclmens t o  monoenergetlc e lec t ron  
beams o f  2-,5-,lo-,15--,20-, and 25-keV energy w l t h  nominal f luxes  o f  0.1 and 
1 n ~ / c m ~ .  The data p\ esented he re ln  cons ls t  o f  cur rent  t o  the  sgeclmen sub- 
s t r a t e  read w i t h  an electrometer, p o t e n t i a l  p r o f l l e s  across the  sample obtalned 
by p e r l o d l c a l l y  sbeeplng a noncontactlng vol tage probe across the  sgeclments 
face, and ttme-exposure photographs o f  the  l r r a d l a t e d  surface made w l t h  a cam- 
era located outsMe one of the  vacuum chamber wlndows. 

RESULTS 

A t y p i c a l  t e s t  began w l t h  exposure of t he  spectrnen t o  the  e lec t ron  beam 
whl le  the  voltage probe was sweeplng across the t l l e  surface, Thls gave an 



Indlcat len- of  the charging r a t s  of the uncharged surface duriaq the i n i t i a l  
seconds of  exposure. A s h g l e  po in t  on the surface could ~ o t  trtt monitared 
contlnuauoly as the presence of  t;h@ uoltage probe would shie ld that  pokrt from 
charging by the electron beam.. Genera1l.y the tilt? surface was charged tcr 
nearly I t s  equl-1-lbrlum gotentla1 i n  less  than 1 mln fr-cm the tlme of Sa i t laL 
exposure. Flqbre 10 I l l u s t r a t e s  the chargtng behavior. It shows the charging 
of  one of the thinnest, highest capac i t anc~  specimens f o r  two electron beams 
w l th  order-af -maqn-i-tub d i f  ferent  f luxes. As would be expected, there i s  a@-, 
proximately an order-of-mag.nltude di f ference k, the tlme taken t o  reach a given 
potenkial t n  the two beams. Figure 11 presents the e q u t l l b t u m  surface poten- 
t i a l s  as a. funct ion of  beam-energy f o r  the s i x  specimens. The range of  poten- 
t f a l s  observed across a specimen's surface i s  Indicated by symbols joined w l th  
a ve r t i ca l  I h e .  The charging of  the t l l e  surfaces Po w i t h i n  2 kV of the ~eam 
accelerat iny po ten t ia l  suggests tha t  the secondary e lec t rou emission coe f f i -  
c ient 's  second crosslng of  un l t y  occurs a t  approximately 2 kV ( r e f .  6).  
Table I presents the substrate currents f o r  the s i x  specimens a t  the ends of 
the tests.  

An interestqng observatlon made In  some of  the tes ts  was tha t  the potent la l  
of  the dot mzt r ix  characters on tl;s t i l e  w a s  sometimes greater than the beam 
accelerat ing potent ia l .  This could conceivably occur I f  the secondary electron 
coe f f i c ien t  o f  the character pa in t  were s u f f i c i e n t l y  less than tha t  of  the sur- 
rounding t l l e .  The characters WOU-Id- rapidl-y charge negative re l a t i ve  t o  the 
sutroundtng t l l e .  Then i f  the chargtnq ra te  of  the s~rrroundlng t i l e  were rapid 
enough, the po ten t ia l  d l f ference between the characters and t t l e  could be main- 
tained, carry ing the characters t o  potent ia ls  greater than the beam accelerat- 
Ing potent ia l .  Thls ktnd of behavior has been observed i n  the charging of 
dielectrics on. m t a l l i c  substrates t ha t  were S n i t t a l l y  grounded and then per- 
m l t ted  t o  f l o a t  ( r e f .  7). 

Flgure 12, a 15-mln time-exposure photograph f o r  a 25-keV. l - n ~ / c m ~  i r r a d i -  
at ion, sh~ws the opt tca l  ev'ldence of dlscharglng tha t  takes place on the t i l e  
surfaces w l t h  the substrate grounded. The a c t i v i t y  was not  v i s i b l e  t o  the eye 
and was not apparent i n  the substrate current  being monitored. The fuzzy I l l u -  
mlnation along the ga s between t i l e s  was barely evident i n  the photograph made S a t  15 keV and l nA/cm but became br igh te r  w i t h  Increasing beam energy. 
Fifteen-minute tlme exposures made w l t h  the e lec t ron f l u x  a t  0.1 n ~ / c m ~  do not 
show the discharging along the gaps. Photographs w-ith an order-of-magnitude 
longer exposure were not attempted since the discharging a c t i v l t y  was not the 
only source of  l i g h t  I n  the chamber: the electron gun, though designed to  
mlnlmize 14, produced a low leve l  of  i l luminat ion.  The a c t i v i t y  along the t i l e  
gaps could be reduced by inser t ing  a d l e l e c t r l c  bar r ie r  i n  the gap, as was done 
w l t h  the 1-1/4-cni-thick specimen having the wide gaps between t i l e s .  Figure 13 
shows the locations of  the ba r r i e r  mater ia ls a s  we l l  as time-exposure photo- 
graphs made before and a f t e r  add i t lon of the b a r l e r s .  

Results from tests w i t h  the substrate i l o a t i n g  seem t o  indlcate that  the 
discharging was dependent on the po ten t ia l  d i f ference across the t t l e  from i t s  
erpared face t o  i t s  substrate. I n  a l l  of  those tests,  the one speclmen that  
d i d  not exh ib i t  the op t i ca l  evidence of  discharging was the one f o r  which tha t  
po ten t la l  d i f ference never exceeded 3 kV. The other f i v e  specimens produced 
evidence of discharging I n  the 15- t o  25-keV beam energy range, where the 
surface-to-substrate po ten t ia l  d i f ference usual ly  exceeded 10 kV. Some photo- 
graphs showed discharging taklng place along the outer edges of  the speclmens 
as wel l  as along the gaps between t i l e s .  None of the photographs Indicated 



anythlng tak lng glace away fram the edqes neac the center of any uncracked 
t l l e  or  segment o f  t l l e .  Flgurn 24 shaws the poten.tla1.s as  s funsttan ofheam 
energy fo f  the - s l ~ - sgec IM%- tssbbw3- th  t k l r  subs t ra tes - fba t ln$  

An- experiment was conducted- I n  whlch. an edge of one. of  the thtckost speci- 
men% was- Irradiated. Qne-hal-fiof the edge had. the hard k o r o s t l k a t a  glass sk lu  
of the Ftr~isbed edgs of  a t l l e  and-tha other ha l f  had the expased low-denslty 
$1-llca f i b e r  bulk t t l e  mater la l  o f  a t i l e .  tha t  had been cut. The speclmen was 
posl-eloned so Wa t  tbe vo1tag.e probe swept across hoth matt?ri.als as f a r  ds. 3 ca 
away from the grounded substrate. F igure 15 presents the surface potent ia ls  
observed as a f u n c t b n  of beam energy. The boros t l l ca te  mater la l  charged t o  
potent la ls  observed I n  the ear l l ec  test lng.  The s l l l c a  Fiber mater la l  charged 
t o  no nrore than 13 percent of the beam accelera-tins po ten t ia l  f o r  any t es t  and 
I s  probably the r e s u l t  of h lgh secondary electrdn emlssi-on ( re f .  I-). 
Flgure 16, a tlme-exposure photograph, shows glowlng s i l i c a  f i b e r  mater la l  and 
dlscharglng in or across the nylon f l b e r  s t r a l n  Isolation pad ( S I P )  located 
between the t l l e s  anu the grounded alumlnum substrate. 

When the substrate was permitted t o  f l o a t ,  the boros l l l ca te  surface charged 
t o  the same potent ta ls  as before, The s l l l c a  f i b e r  mater la l  became somewhat 
sore negptlve than when the substrate was grounded but was now pos l t l ve  w l t h  
respect t o  the substrate - the substrate belng nearly as negative as the boro- 
s l l l c a t e  surface. Ftgure 17 shows the potent ia ls  as a funct ion o f  beam energy, 
and f igu re  18 I s  a tlme-exposure ph~tograph showlng l l t t l e  dlscharglng i n  or  
across the SIP. Time-exposure photographs niade lmmedlately foUowSng the 
25-keV exposure gave no lnd ica t lon  of continuing ac t lw t t y  a f t e r  tbe electron 
beam was turned o f f .  However, i n  the tes ts  w l th  the substrate grounded the 
electrometer semsl t iv i ty  was increased a f t e r  the e lec t ron beam was turned o f f ,  
and a non-exponential-decaying pos l t l ve  current  was detected as wel l  as post- 
t i v e  current  splkes vhose frequency of  occurrence decreased with t ime. The 
current read l m e d l a t e l y  a f t e r  e lectron beam turnof f  was approximately 8.4 nA, 
decaying t o  0.04 nA a t  L60 s and t o  0.004 nA a t  925 s. 

When subjected t o  monoenergetic e lec t ron be. IS, the space shu t t le  thermal 
protect lon system t l l e s  rap ld ly  charged t o  potent ia ls  about 2 kU less i n  magnl- 
tude than the beam acceletatlrrg voltage. This I s  ind lca t f ve  of a secondary 
electron emlsslon coefficient second-crossover po ten t la l  e f  approxlms-tely 2 kV. 
Optlcal evldence of  surface d l  scharge a e t l v l t y  was produced for  beam energles 
o f  15 keV and greater and I s  concentrated- dlong gaps between t l l e s  and cracks 
i n  the glass skln. The i r l tens l ty  of  the ac91tttty appeared t o  be dependent on 
the po ten t la l  d i f ference between the exposed t i l e  surface and the t i l e ' s  sub- 
s t ra te .  Evldence o f  dlscharglng was not seen when t ha t  oo ten t la l  d l f ference 
was 3 kV ar  less. Placing a ba r r i e r  of  hlgh-voltdge-lnsulat lng mater ia l  such 
as Kapton or Teflon I n  the gaps between t l l e s  reduced the dlscharglng along the 
gaps. The potent la i  - achleved on the bulk t i l e  mater ia l  durln, f 'e edge Ir- 
rad la t lon were qu i te  low and suggest tha t  the s l l l c a  f l be r  mater la l  has a hlgh 
secondary e l e c t ~ o n  emlsslon y l e l d  I n  contrast  t o  the hlghlg insulating glass 
skln. I n  addlt lon, dlscharye a c t t v l t y  was detected t o  occur a t  a decaying 
ra te  a f t e r  the electron I r r ad ta t l on  source was turned o f f .  
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TABLE 1. - EQUILIBRIUM SUBSTRATE CURRENTS 
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I-114-cm-thick t i l e s  2-112-cm-thick t i l e s  5-cm-thick t i l e s  
---- -- - 
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Minimum gap Minimum qap Wider gap Hider g?p 
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.. 

-1.19 
....... .. 

-0.17 -3.5 
-2.59 -17 
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-0.126 -9 
-1.054 -73.7 
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-1.19 -74.3 
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-1.305 -87.8 
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Flgure 1. - Edge vlew of I-Ill-ce-tlrlck tile spctmens A an&& 
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Figure 2. - Face of 1-1/4-cm-thick tile specimen A. Figure 3, - Face of 1-116-cm-thick tile specimen 8. 

Figure I - Eae vlew of 2-1/2-cm-thldi tile sp-eclmens C and 0. 
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Figure 5. -Face of 2-1R-ern-thick tile speelmen C. 

C-82-5203 

Figure 6. .. Face of 2-112-cm..tRick tile specimen D. 

C-ti2dlW 

Figure 7. - ~dge  vimv of 5-cm-thick tile specimens E and H. 



C-82-52M 

Figure 8. - Face of 5-cm-thick tile syecimen E. ttgul'e 9. - Face of 5-ctn-thick tile spec!men H. 
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Figure 10. - Electron beata charging uf 1-114-cm-thick shuttle tile specitr~ens - In-keV 
bea~iis. 



-25 - 

1- Q Rorosilicale surfacc 
Paintrd characters 

-20 
1 f 

/ O 

- - 
(a) Specimen A. (dl Specimen D. 

(b) Specimen U. U Specimen E. 

0 5 10 15 20 25 0 5 10 15 20 25 
Beam energy, keV 

(c) Specimen C. (1)  Specimen F. 

Figure 11. - Potential as a function of beam energy. Flux. 1 nlllcm2. 



Figure 12. - Time exposure of discharging along shuttle tile gaps. 

- Teflon 
barrier 

ca) Location of Kapton and Teflon gap barrier strips. 

(b) Discharging before instal- (cl Discharging after instal- 
lation of dielectric gap f~llers. lation of dielectric gap fillers. 

figure i3, - Barrier strips. 
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Figure 10, - Potential as a function of beam energy - floating substrate. 
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Figure 15. - Surface potential as a function of beam energy - substrate 
grounded. 
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Figure 17. - Potential as a functian of boain energy - substrate floirting. 

Figure 16. - 15-Minlrie time exposure . 
of edge-irradiated specimen - substrate 
grounded Beam energy. 25 kev: flux. 
1 n ~ l c m ~ .  

Figure 18. - 15-Minute time exposure 
of edge-irradiated specimen - substrate 
floating. Beam energy. 25 keV: flux. 
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SPACEICBMJ-ENVIRONMENT INTERACTION - THE ENVIRONMENTAL-PLASMA ASPECT- - - - - - - 

Urt. Samir* 
Unlvecstty o f  Michlgan 

Ann. Arbor, Ml.chlgan. 481 06 
an- - s l t y ,  I s rae l  

The knowledge and understanding of  the Interact ions between an 'lobstaclell 
and a space plasma are fundamental t o  space plasma physics and are essential 
t o  space plasma dlagnost+cs, i n - s l t u  data in terpreta t ion,  and spacecraft 
charging. The obstacle can be a natural  body moving i n  the solar system (l.e., 
a-planet  or a moon.) or  an a r t i f i c i a l  obstacle ( i .e.,  a spacecraft o r b i t i n g  the 
Earth or  any other planet or maon). A r t i f i c i a l  obstacles- consist of rockets,. 
sa te l l i t es ,  space shutt le,  s p a e  stat ion,  etc. 

The e f fec ts  involved i n  the in te rac t ion  between an obstacle and a space 
plasma can be div ided i n t o  

(1) Ef fec ts  on the obstacle I t s e l f  ( i .e. ,  I t s  charging) 

(2) Ef fects on- the environmental plasma due t o  t h e  mctlon of  the obstacle 
( 1  ,e., the creaOion o f  shocks ahead o f  the ~ b s t a c l e  and compl.lcated 
wakes behind the obstacle-). I n  the wake (o r  an t i so la r  d i rec t ion) ,  
plasma osc i l l a t ions  are excited-and i n s t a b i l i t i e s ,  wave-partlcle 
interact ions,  turbulence-etc., are believed t o  take place. 

The e f fec ts  on. the obstacle and on the environmental space plasma are coupled. 
Hence, simultaneous solut ions t o  the Vlasov (o r  001 txmann) and Polsson equa- 
t lons are sought. To obtain r e a l i s t i c  solut ions o f  p rac t i ca l  use, three- 
dimensional and tfme-dependent models o f  the tn teract ion are needed. 
Achieving the l a t t e r  i s  Indeed not simple-- 

The po in t  should be made tha t  experimental and theoret ica l  work o f  
p rac t i ca l  i n te res t  ( e  .g., i n  low Earth o r b i t )  can serve as model-experiments 
of  a wider scope o f  In te res t  and. importance I n  space plasma physics and i n  
astrophysics (e.g., Phlthamar (1974), Samt r and Stone (1980), and Podgorny 
and Andrijanov (1978)). This w i l l ,  o f  course, require the use af  qua l l t a t l ve  
scal ing (Fal thamar (1974) and Samlr and Stone (1980)). 

EXPERIMENTAL AND THEORETICAL THERMAL PLASMA RESULTS - STATUS REPORT 

In - s l  t u  experimental resu l ts  regardlng the d l s t r i b u t l o n  of  low-energy ions 
and electrons around ionospheric satel  li tes I n  the a l t i t u d e  range 250<#<3000 km 
are aval lable I n  the open l i t e ra tu re .  For recent b r i e f  review papers on t h i s  

Vresen t l y  NRC/NAS Senior Associate a t  the Space Science Laboratory, NASA 
Marshall Space F l l g h t  Center, Huntsvi l le,  Alabama 35812. 



subject we c i t e  Samlr (1981) and Samlr and Stone (1980). Unfsrtuna.te1-y, most 
of  these resu1.t~ a re  I lm l t ed  t o  the very near v.lcSnl.ty, o f  the sa te lL I te  slrrce 
most. o-f the relevant measurements were made by probes f lush  mounted an the wr= 
fare of. the s a t e l l l t e .  Although s lgnl- f lcant  resul-ts were obtalned whlch 
enhanced our knowledge and understanding of  the ln teract lon,  more extcnslve 
sga t la l  reglons a.head and-behind the satellite have-to be~esearched.  

Ln-s l tu resu l t s  were compared. w l  t h  the theorettca.l-models. of  Gurevlch e t  - - - 
a). (1970), Parker (1976). and Cal l  (196%). Results af such comparisons are 
g l v e n l n  Samlr and Fonthelm (1981). Samlr C19111). and Samlr and. Stone (1980). 
I t  I s  our understanding tha t  studles along s lm l la r  I l nes  are now belng per- 
formed by the S-CUBED group (Parks e t  a l .  (1983)). The maln concluslon from 
these studies i s  t hd t  except f o r  speclf  l c  cases there i s  no quan t l ta t l ve  
agreement between- theory anbexperlment f o r  unmanned, low-altitude, small 
lonospherlc sa te l l i t es .  The recent resu l t s  from the space shu t t le  mtsslon 
STS-3/Columbla known t o  the author have not, unfortunately, yielded thermal 
plasma information whlch can be used I n  a meanlngful theory-expertment com- 
parlson. I t  I s  possible tha t  the Nave data (Shawhan and Murphy (1983)) may 
y i e l d  new relevant information. 

More recent ly the d l s t r l b u t l a n  of  H+ and He+ ions around. the DE-A 
magnetospheric s a t e l l i t e  a t  H z  (1, 4-3)RE (RE = radlus o f  the Earth) have 
been examined (Samlr, Comfort, and Chappell (1883)). Thls study extends the 
range of  plasma parameters vls-a-vls e a r l l e r  studles and i s  expected t o  be 
useful  I n  magnetospheric physlcs and astropbyslcs. The wake of  a n  auroral 
soundlng rocket In. the a l t l t u d e  range 120 t o  320 km was studled by Bering 
(1983). The comments made i n  t h l s  paper should be of  In te res t  and d l r e c t  
releuance t o  tbe in te rp re ta t ion  of. p a r a l l e l  e l e c t r i c  Plel& measurements a t  low 
a l t i tudes.  

Ef fec ts  involved I n  the charging aspect of  the l n te rac t l on  were studled 
extenslvely I n  s l t u  and I n  the laboratory. A large e f f o r t  was a lso devoted t o  
theeret lca l  modeling. Recent revlew papei.s regarding t h l s  aspect of  the 
ln te rac t lon  were publ lshed by Whlpple (1981) and Garret t  (1981) and w i l l  not  
be fu r ther  discussed here. One po in t  should, however, be made, namely, tha t  
I n  order t o  get r e a l l s t l c  solut lons f o r  + from e1 = 0, the d l s t r l bu -  
t l o n  of  charge around a spacecraft has t o  be r e l l a b l y  known. Th4s Includes 
tlm-dependent e f fec ts ,  wave-partlcle lntepactlons, l n s t a b l l l  t l es ,  and 
turbulence. 

To overcome the 15ml t a t l o n  mentloned above, where measurements are 
restricted t o  the very Rear v l c l n i t y  o f  the spacecraft, multlbody systems or  
multlprobe systems-are needed. Mother-daughter concepts as we1 1 as shUtt l e -  
tether systems are applicable (Samlr and Stone (1980) and Wllllamson e t  a l .  
(1982)). The f i r s t  tfme a multibody system was used t o  perform wake measure- 
ments was I n  the Gemlnl-Agena 10 misslan (Troy e t  a l .  (1970)). The recent 
measurements af the thermal plasma envlronment of the STS-3/Calumbta shu t t le  
mlsslon (Ra i t t  e t  a l .  (1983)) ytelded t n l t l a l  resu l t s  some of whlch are I n  
general accord w l t h  measurements and predlct lons obtained ea-rller from 
unmanned lonospherlc sa te l l l t es .  R a l t t  e t  a l .  (1983) concludes t ha t  "thermal 
plasma probes mounted or  the space shu t t le  o rb l t e r  are not a very good 
arrangement t o  obtaln rrleasurements of  the amblent lonospherlc thermal plasma." 
Thls concluslon i s  not  surpr ls lng and lndlcates that, I n  order t o  study the 
ln te rac t lon  of  a spacecraft w l th  I t s  envlronment, multlbody systems are needed. 



I n  add l t ian to I n - s i t u  data, there are laboratory measurements whlch are 
d i r w t l - y  re levant t o  spacecraft-envlran- In teract ton.  In-.Stone (1981a,b) 
and Stone and Samtr (1981 ) ,- a v a l h h l e  results- f o r  thermal plasmas are reviewed. 
In I n t r t l l g a t o r  and- S08eb- (1982, 1483). s im l la r  stud.1.~~- were p,erf ormed for: 
hlgh-energj beams and an- attempt was made to a w t y  them t o  the Yenustan wake. 
Otherre levant  coments are given i n  E s W ~ 1 9 8 3 1 .  

EXPANSION OF A PLASMA INTO A VACUUM 

I n  a recent review paper (Samlr e t  a l .  (1983)) the In teract tan between an 
obstacle and a ra re f led  space plasma was examined versus the phenomena and 
physical processes Pnvolved i n  the expansion of a plasma i n t o  a vacuum, This 
I s  a new apprdach based on theore t i ca l  and experimental work done i n  fusion 
research. B r i e f l y ,  the basic processes involved i n  the expanston are (1) the 
propagation of a rare fact ton wave i n t o  the unperturbed or amblent plasma and- - - -  -. -- 
the existence of  jump d iscon t inu i t i es  (Gurevtch and Meshcherkln (1981a)) at  
the f r on t  of  t h e  rare fact ion wave, (2) the accelerat ion of  fans t o  h igh ueloc- 
i t l e s  (l.e., t o  ve lac i t i es  reaching the order of the electron thermal speed I n  
the amblent plasma) by the t ransfer  o f  energy from the i n f i n i t e  reservoir  of 
ambient thermal electrons, (3) the. ex ls tmce  o f  an i on  f ront ,  and ( 4 )  the 
exct ta t lon of plasma osc i l l a t ions  and i n s t a b l l l t i e s  over several spa t ia l  loca- 
t ions i n  the vacuum. region. The i n tens l t y  o f  these processes depends on the 
spec i f ic  i on ic  constl tueri ts and t h e i r  r e l a t i v e  concentrations i n  the ambient 
plasma (Gurevich e t  a l .  (1973) and Singh and Schunk (1982, 1983)). as we l l  as 
o n  the. ambient e lectron temperature, the normalized character ist tcs length, 
and the nature o f  the density gradlent a t  the plasma-vacuum i n t e r f u e .  
Theoret..cal resu l ts  showing the d l s t r l b u t i o n  o f  tons, electrons, an6 e l e c t r i c  
f i e l d s  i n  the vacuum region are given I n  Gurevlch and Pitaevsky (19751, 
Gurevich and Meshcherkln (1981b)). and Stngh and Schunk (1982, 1983). 

The po ln t  t o  be made Ps tha t  the wake behind an obstacle can be approxl- 
mated by a vacuum region lrr to which the ambient plasma expands. I n t r i l l g a t o r  
(1983) suggests tha t  s t ruc tu ra l  patterns s im l la r  t o  those predlcted I n  the 
plasma-pxpansion - -  (Samlr - -  e t  - a l .  (1983)) may e x l s t  l n  the Venusian wake. 

REMARKS AND CONCLUSIONS 

(1) Despite the f a c t  t ha t  the In te rac t ion  between a spacecraft and I t s  
envl ronmenta.1 plasma i s- of fundamental i n t e res t  and Importance t o  science and 
techriology al tke,  relatively few experimental resu l t s  are ava i lab le  a t  the 
present time. Thls i s  particularly so f o r  the angular d l s t r l b u t i o n  of charge 
and po ten t ia l  around a spacecraft o r b i t l a g  the Earth. 

( 2)  Re1 (able phenomenological knowledge and In-depth physlcal unders.slrlll- 
l ng  of the structure of  the close and f a r  regions surrounding a spacecraft a r c  
needed i n  crder t o  t e s t  models describing the e n t i r e  Interact ton.  

(3 )  To schieve the above objecttve, well-conceived i n - s i t u  and laboratory 
experlm9nts are needed. Such experiments cannot be byproducts of  geophysical 
measurements only. 



(4) Future in-s l - tu measurements can best be performed by ur tng muUlbody 
aad multlprabe systems. TRi! space shu t t l e  wl t t r  l t s  capab l l l  t y  of eject lrrq and 
eapturlng small satel l- l tes- l s  a sul-table space p la t form f o r  such lnv.est.tgaMons, 
Another f a c l l l  t y  adequate f o r  perfarm.hg celevant experlments "I- the shut t le -  
tether system.- Numerous. comblnatlons e x l s t  by wbtch very meaningful s c l e n t l f l c  
and technolsglcal experlments can be performed by uslng the space shu t t l e  (or  
any other large space plat form) and ejectable multtprobe systems. 

( 5 )  By adopting a wider sc-tent l f lc vlewpolnt and conslderlng the phengm- 
ena involved I n  the expansim of a plasma l a t o  a vacuum, an attempt can be 
made t o  preceed toward a UNIFIED perceptlon.of the I n t e rac t i on  between an 
obstacle and a space plasma. 
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uIRCGP MFASUREMNTS OF 3WERCi SPACECRU-P CHARGING-IN W R A L  IONOSPHERE 
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Carllsle, kbssachusetts 01741 

N. A. Saf lekos* and H. C. Yeh 
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Chestnut t4111, Massachusetts 02167 

nue t o  1 i l : i i ta t ions o f  methods conir~only used t o  de tec t  p a r t i c l e s  and plasaas few 
exatnples o f  spacecraft  i n  the ionosphere charqing beyond a few v o l t s  appear i n  the 
l i t e r a t u r e .  This impasse has been overcome w i t h  the  launch o f  t h e  DMSP/F6 s a t e l l i t e .  
It was equipped w i t h  up-looking de tec tors  t o  measure 20 p o i n t  spectra o f  p r e c i p i t a t -  
i n g  ions and e lec t rons  w i t h  energies between 30 eV and 30 KeV, once per  second, A 
qenerous geo~netr ic f a c t o r  f o r  the  i on  de tec tor  a l lows the  a p p l i c a t i o n  o f  a technique 
r e g u l a r l y  used t o  i d e n t i f y  the  degree o f  charqing fo r  s a t e l l i t e s  a t  geostat ionary 
o r b i t .  The L i o u v i l l e  Theorern can be used t o  show t h a t  a spacecraft  charged, t o  say, 
-100 U, w i l l  measure no p o s i t i v e  ions  i n  enerqy channels < 100 eV. Because o f  ttw 
acce lera t ion  o f  cold, ionospheric ions  by the spacecraft  p o t e n t i a l  a l a r g e  count 
r a t e  should he seen i n  an enerqy channel centered near 100 V. A p re l im inary  search 
o f  e a r l y  DMSP rneasure~aents shows t h a t  such charqing peaks f requen t l y  appear i n  the 
v i c i n i t y  o f  in tense inverted-V structures. An example t h a t  c l o s e l y  approximates t h e  
"worst case" charqing environrdents der ived froro previous D;llSP missions, w i t h  only  
e lec t ron  neasuremEnts ava i l ab le  has been examined. I n  t h i s  case, w i t h  the s a t e l l i t e  
i n  darkness, peak e lec t ron  f luxes  occl l rred a t  energies o f  10 keV and charging peaks 
were observed i n  i o n  energy channels up t o  - 6 5  eV. The f a c t  t h a t  the spacecraft 
was charqed was v e r i f i e d  us ing  the S S I E  thermal p1as1:ia probe on the same vehicle. 
Calculat ions i nd i ca te  t h a t  d i e l e c t r i c  surfaces i n  the  wake s ide  o f  t he  veh ic le  charge 
t o  rnany tirnes t h i s  nul?her. 

* Present address: Southwest Research I n s t i t u t e ,  Space Physics Section, San Antonio, 
TX 782134. 
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In this- S,ynlpoSfunl we a r e  addrcasir~g questions cancerninq haw large space sttuctcrres 
I i n  polar o r b i t  w i l l  i n te rac t  w i th  auroral anvirsnmants. Recause spacecraft charqlny 

a t  iafirrsphertc; nttif,udas doas not seriously threaten the operation o f  t;oda y'c r c l  am. 
t l  valy omill 1 polar  satel I-1 tas the sulrsjact o f  environment In taract iuns 11a.s; n u t  rezil:wd 
the widespread at tant ion given t o  f E  a t  gaos1;ationar.y a l t i tude,  As a matter o f  
acsnomics i t  I s  desireable For us t o  aPply as m ~ c h  as possib le o f  what we have learned 
about spacecra.ft i n te rac t  fans a t  geostar; 5onar.y o r b i t  to  1 ow earth orb i ts ,  I.'conca~nf cb; , 
however, must not  h l  ind-us t o  real  d i f ferences hatwecr~ the two prsblafirs, 

f i e  environment a t  auroral 1 a t i  tudss i n  the ionosphere d i f f e r s  fro111 tha t  encounter- 
ed a t  geostationacy a l t i t u d e  i n  a t  l eas t  two major aspects. 

(1)  There i s  a large reservoir  o f  h iqbdens i ty ,  co ld  pldsn~a which- tends t o  
mi t igata  charging e f fec ts  by provid ing a la rge source o f  charged par t i c les  from which 
neut ra l iz ing currents rnaybe drawn. However, since Oebye lengths i n  the ionosphere 
are measured i n  centimeters as opposed t o  hundreds o t  meters a t  qeostationary a l t i t u d e  
e f f e c t i  ve current co l lec t ing  areas [nay be severely 1 itni ted. S ign i f icant  wdke e f f ec t s  
behind large structures w i l l  introduce new problems w i t h  d i f f e r e n t i a l  charging. 

(2) Between the magnetic equator and the ionosphere, auroral electron3 frequent- 
l y  undergo f ie ld-a1 igned accelet*ations o f  several k i l o v o l t s  ( ref .  1 ). The degree t o  
which auroral, as opposed .to plasma sheet, electrons deviate fro13 isotropy i s  a com- 
plex function o f  the electron's energy atld the potent i  a1 d i s t r i b u t i o n  a1 on9 lnaqnetic 
f i e l d  1 ines (ref .  2). In  such environmeqts, f luxes o f  energetic protons are usual ly  
below the leve ls  o f  instrumentation sensit i -wity ( refs.  3 and 4). 

It i s  ant ic ipated tha t  polar-orbltr 'nq shut t les w i l l  encounter the   no st severe 
charging environments i n  the v i c i n i t y  o f  westward t r a v e l l i n g  surges and near inverted- 
V structures. Nestward t r a v e l l i n g  surges occur i n  the midnight sector during the  
expansion phases o f  substorms. Substorm onsets are frequently marked by the sudden 
brightening o f  the equatorward-  no st arc ( ref .  5). This i s  followed by a bulging and 
rap id  poleward expansion o f  ac t ive  arcs i n  the midnight sector (ref.  6). For obser- 
vers on the ground i n  the evening sector the bulge appears on the eastward end o f  
arcs and moves qu ick ly  toward the western horizon. Using DMSP s a t e l l i t e  imagery and 
electron f l ax  measurements Meno and coworkers (ref .  1 )  constructed a composite 
morphology o f  westward t r a v e l l i n g  surges shown i n  Figure 1. B r igh t  arcs emanate t o  
the west (A) and t o  the east from the equatorward and poleward edges o f  the bul  ye 
region, respectively. A myriad o f  arc-1 i ke structures are embedded i n  the bulge 
region (C), whi le tlonuniform d i f f use  auroral p rec ip i t a t i on  (D) i s  found t o  the e a s t  
o f  the bulge and equatorward o f  the R arc. 

D i f f e ren t i a l  spectra t yp ica l  o f  downconling electrons i n  the v i c i n i t y  o f  surges 
are shown on the l e f t  side o f  Figure 1. I n  region A s  t o  the west (evening side) of 
the bulqe, spectra are s im i la r  t o  those tneasured over quie t - t i~ne  arcs. However, the 
"monoenergetic beax "  shS f t  t o  hiqher than quiet-t ime values, f h i  s indicates tha t  
stronger f i e 1  d-a1 igned potent ia ls  occur during substorm periods. I n  the region o f  
the poleward arc (region D) two spectral types are tneasured. One has a shape s im i la r  
t o  that  found i n  the d i f f use  aurora ([I) but w i t h  lower mean energy. The second 
spectral type i s  cha ra~ te r i zed  by electrons w i t h  energies o f  100 eV and d i f f e r e n t i a l  
f l u x  leve ls  o f  10ll/cmZ sec sr  keV. The spectral shapes ind icate  that  f i e 1  d-a1 igned 
accelerat ions i n  regions U and D are not s ign i f icant .  Y i t h i n  reqion C e lectron 
spectra are r e l a t i v e l y  f l a t ,  sometimes out t o  the h i g  h-ener'gy, measuring 1 i m i t  o f  



DMSP spectrametars, I f ,  as suqyustetl by' the  "warst-case" study of SCAIHA1s envi ron 
mant ,(ref, 81, severe chari l ing 111oc;t strotlq1.y csr re la tc f ;  w i t h  Fluxes o f  c?1 ectrons 
w i t h  energies i n  the several tens-of-kaV reqlme, than reqian C clectran$ I3a.y present 
the most c;cver..p charqinq environment f a r  p o l d  r -o rb i  t in{)  r;hut.t;le~, 

Hazards due t o  apacacraft charyfnq cuf Iarqt? space struct;rrre(; should also occur i n  
"invart;ed-V" events, The term inverted-V wds f i r%t ~rsed t,o descr i he s t  r ~ l c t u r s a  t h a t  
appear i n  energy-t ima spactragramc, From pal ar  o r b j t l  ncl snt;all i tes ( re f .  3). In thrase 
s t ruc tures  the maari onctrqy OF p r ~ e C f p i t a t l t ~ q  e lec t rons  t7ist?s from a few htrndrrtd cV t a  
several kaV t han  re turns  t o  a few huntlrsd eV. Qfecn thct elsc,&r-ons have Maxwell ian  
d io t r i bu t i c l ns  charact;eriztad by a mean thel-nlal eneag,y Eo that hcvc! heen accslarstad 
t t~ raugh  a f i e l  d-a1 igned po ten t i a l  drop 4) ( re f .  9 ). In tr-aversin(] the inverted-V, 
Q0 increases t o  solna lnaxinun value then decreases. In the evening sector  Q0 a n  
r i s e  t o  aver 10 kV. The danger posed by inverted-V p rec , i p i t a t i on  i s  more ubiqtritotrs 
than viestward +r;~@ll i n g  surges. L i  n and Ifoffman ( re f .  2)  showed tha t  inverted-V 
events occur i n  a1 1 MLT sectors except i n  the  dayside aurora! yap ( ref .  10). 

To date, a l l  i nves t i ga t i ons  o f  inverted-V s t ruc tu res  repo r t  no ~:leasc~rable f l uxes  of  
p r e c i p i t a t i n g  protor~s.  This l i m i t a t i o n  more l i k e l y  r e f l e c t s  on the s e n s i t i v i t y  
o f  proton detectors ra the r  than on a rea l  absence o f  proton f luxes. I n  the plasrna 
sheet protons have alean thermal e ~ ~ e r g i e s  t h a t  are at;oitt f i v e  t imes those o f  electrons. 
Some protons i n  the  h igh  energy t a i l  o f  these d i s t r i u t i a n s  should be s u f f i c i e n t l y  
energet ic  t o  overcon~e t h e  % p o t e n t i a l  b a r r i e r  and reach the  ionosphere. 

Herein 1 i e s  a serious v e r i f i c a t i o n  problem f o r  modelers o f  1 ow-earth o r b i t  space- 
c r a f t  charging. It i s  ra the r  easy t o  spec i fy  the  "worst charqing environment" ( re f .  
11). However, t l i e  re1 a t i v e l y  s~r la l l  geo~rletric f ac to rs  on p o s i t i v e  i o n  detectors flown 
t o  date on po la r  sa te l  1 i tes  have not  a1 lowed us t o  use the  s t r a i g h t - f o r v ~ a r d  methods 
used a t  geostat ionary a l t i t u d e s  ( r e f .  8) f o r  measuring s a t e l l i t e  p o t e n t i a l s  i n  excess 
o f  a few vol ts .  I n  on ly  one case, as INJUN-5 passed through aq in tense inverted-V, 
has a l a r g e  s a t e l l i t e  po ten t i a l  been measured ( ref .  12). In t h i s  case on ly  aq upper 
bound o f  -28V could be d i r e c t l y  assigned. 

The purpose o f  t h i s  repo r t  i s  t o  prov ide i , i format ion f o r  interact ion-modelers 
on t h e  c a p a b i l i t i e s  o f  a new o f  charged p a r t i c l e  spectro~rreters now f lown 
on DMSP (Defense Heteoro logical  Satel  1 i t e  Progra~n) sate1 1 i tes. These detectors, 
which are sens i t i ve  t o  downcolninq, p o s i t i v e  ions w i t h  energies greater  than 30 eV, 
a1 low the  d i r e c t  measurelnents o f  sa te l  1 i t e  p o t e n t i a l s  l e s s  than -30\!. The f o l  lowinq 
sec t ion  describes the  plasma and p a r t i c l e  inst rumentat ion on the  recent ly  launched 
DMSP/FG s a t e l l i t e .  We then present a de ta i l ed  ana lys is  o f  measurements taken as the  
s a t e l l i t e  passed through an intense, inverted-V s t ruc tu re  i n  the  midnight sector  on 
10 January 19 83. The discussion sec t ion  compares observat ional measurenients o f  the 
sate1 1 i t e  po ten t i a l  w i t h  the  p red i c t i ons  o f  a rmal 1-satel 1 i t e  charging 1:iodel. 

IVSTRUMENTAT ION 

Dl4SP sate l  1 i tes  are three ax is  s t a b i l i z e d  and f l y  i n  su n-synchronous, c i r c u l a r  
p o l a r  o r b i t  a t  an a l t i t u d e  o f  840 k~n. The i r  o r b i t a l  per iods and i r i c l i n a t  ions are 
are 101 minutes and 98.75O, respect ive ly .  DMSP/FG was launched i n  l a t e  December 1982 
i n t o  an o r b i t  near the  dawn-dusk n e r i d i a n  w i t h  an ascendinq Inode o f  0612 LT. The two 
sets o f  detectors o f  i n t e r e s t  here were designed t o  nlonitor va r i a t i ons  i n  the t o ~ s i d e  
thermal plasma and i n  the f l u x  of p r e c i p i  t a t i n 0  charged p a r t i c l e s .  



The thermal plas~na detec tor  ( ref .  13, 14), Icnown as the Special Sensor f o r  Ions and 
Electrons (SSIE) cons is ts  o f  a  spher ica l  I-anqmuir rlrobe and a planar, r e t a r d i n q  
p o t e n t i a l  analyzer (RPA). The Langmui r probe cons is ts  o f  a 1.75" didmeter co l  l e c t o r  
surrounded by i; concentr ic,  wire-mesh q r i d  o f  2.25" diameter. It i s  rnounted a t  t h e  
end o f  a 6,5' r i y i d  boom. The sensor ooerates i n  2 rlodes. I n  the  f i r s t  mode the  
w i d  b ias  i s  held a t  a f i xed  l e v e l  deter'mined hy ground command. I n  the second mode 
the  voltage of  the q r i d  w i t h  respect t o  s a t e l l i t e  ground i s  swept t o  determine the 
thertsal e lec t ron  dens i ty  and tenperdture, The mode 2 vol tage sweep occurs every 6 4  s  
and l a s t s  for. 10 s. To ensure t h a t  a l l  e lec t rons  passing through the  q r i d  are 
:o l lected the  c o l l e c t o r  i s  always he ld  a t  a p o t e n t i a l  o f  20 V above t h a t  o f  the  grid,-- 
Dur inq Mode 1 operat ions on 10 January 1983 t h e  q r i d -b ias  was f i x e d  a t  +3.S V w i t h  
respect t o  the  spacecraft frame potent ia l .  

The thermal ion  d e t e c t w  i s  a re ta rd ing  po ten t i a l  analyzer (RPA) t ha t  cons is ts  o f  
a co l l ec to r ,  a  supressor g r i d ,  a swept q r i d  and an aper ture gr id .  The aper ture g r i d  
i s  c i r c u l a r  w i t h  a diameter of 1.0". This  sensor i s  mounted 3/4 o f  the way up the  
2.5' boon w i t h  an outward surface nornal facinq i n  the  d i r e c t i o n  of  the s a t e l l i t e  
ve loc i ty .  The HPA a l so  operates i n  two ~~odes,  I n  Flode 1 the re ta rd ing  g r i d  i s  f i x e d  
a t  r i t e l l i t e  p o t e n t i a l  p lus  a b ias  p o t e n t i a l  o f  fi.3V. In  lYode 2 the  re ta rd ing  g r i d  
i s swept fro12 - 5  '1 t o  12 V, every 64  s. Froln the sl~apes o f  the  current-vol  tage 
cha rac te r i s t i cs  obtained dur ing  Mode 2 sweeps i t  i s  poss ib le  t o  deterriline the  i o n  
densi t ies,  tanperatures and r e l a t i v e  liass concentrations, Complete descr ip t ions  o f  
the SSIE instruments and the  nethods o f  data reduct ion and ana lys i s  have been w r i t t e n  
by Smiddy and co-workers ( ref .  13) and by rii ch and co-uorkers ( re f .  14 1. 

The energet ic  p a r t i c l e  de tec tor  on DrlSP/FG are  designed t o  pleasure the  f l u x  o f  
downcominq e lec t rons  and p o s i t i v e  ions i n  2 0 enerqy channel s, l o g r i  t h ~ n i c a l  l y  spaced 
between 30 eV and 30 keV. f lot l i  the e lec t ron  and i on  de tec tors  cons is t  of  two curved 
p l  a te  e l e c t r o s t a t i c  analyzers. The aperatures o f  the  analyzers always face toward 
l o c a l  v e r t i c a l .  Thus, a t  aurora l  and polar-cdp l a t i t u d e s  they detec t  p r e c i p i t a t i n g  
ra the r  than hackscattered o r  trapped p a r t i c l e s .  One se t  o f  analy$ers covers the 
enerqy ranqg 30 eV t o  1 teV has a geometric f ac to r  o f  4 x  l om4  crib-sr f o r  e lec t rons  
and 2 x 10-1- f o r  ions, I n  both cases A E/E i s  13%. The o ther  set o f  analyzers 
rwasures the  f l u x  l e v e l s  over the 1 t o  30 keV ranqe. The geonetr ic  fac tor  for  these 
e lec t ron  and i o n  detectors i s  cn2-sr w i t h  A E/E = 109, These l a r g e  qeocnetric 
factors ensure s t a t i  s t - ica l  l y  s ign i  f i c a n t  count ra tes  i n  t h e  aurora l  oval ,---- 

Durinq the  per iod  o f  i n t e r e s t  on 10 January 1983, DFZSP was i n  darkness crossing t h e  
midnight  sector o f  the nor thern aurora l  oval f r o ~ n  dawn t o  dusk. Si l iu l  taneous 
~neasurements from the imager on F6 and qround rraqnetoqrar~s a re  no t  ava i l ab le  a t  t h i  s  
t i l i e .  I n  gener'dl, however, the per iod  rlay be character ized as one of  ~naqnetic 
quiet ing.  Althouqh Kp rJas 2' a t  the t i l i e  of the  overpass, 19 Janudry was the ~ : ios t  
d is turbed day of  the  i ~ ~ o n t h  w i t h  i Kp = 39. 

Measure~nents f ro l l  the energet ic e lec t ron  and i on  spectro~veters are  presented i n  
Fiquros 2 and 3, respect ive ly .  The format f o r  data pre;entation i s  the sane i n  bo th  
f igures. P l  o t t e d  a s  funct ions o f  UT, yearqaqntttic l d t i t \ r de ,  and naqnct ic  l o c d l  t i l i e  
are the p a r t i c l e ' s  average energies ( top panel), the  d i r e c t i o n a l  energy f luxes ( ~ n i d d l e  
panel) and nunber f l uxes  (bo t to l i  panel ). A t ten t i on  i s  d i rec ted  towar:. the one rninute 
i n t e r v a l  f o l l o w i n q  2045 74700) UT. Beginning a t  2045 U T  the  number f l u x  (JTOT) 4 r i s e s  fropi lo9  t o 4  x 10 e l e c t r o n s / c d  sec s r  a t  2045:22 UT. I n  the  next  20 sec 



i t  decreased t o  l o 7  electrons/em2 sec sr. The average energy o f  the  pre- 
c i p i  t a t i n g  e lec t rons  increased from 800 eU t o  7-5 keV then r e t u r ~ e d  t o  800 eV, 
t he  c l a s s i c  s ignature o f  an inverted-U st ructure.  The f l u x  o f  i o n s  reachin!] t h e  
de tec tor  a lso  increased t d  a sharp r\aximun a t  2045:22 \IT, Hovever, the average 
energy o f  the  ions was lowest a t  t h i s  time.. This s ignature i s  s i m i l a r  t o  t h a t  
obta ined when spacecraft a t  geosynchronous o r b i t  undergo charginq. 

Figures 4, 5 and 6 g iKe three examples o f  measurements from the  energet ic e lec t ron  
and i o n  sensors a t  2045:17, :22 and :24 UT, respect ive ly .  Data represented as elec- 
t r o n  and i on  phase space dens i t i es  are p l o t t e d  as functi-ons o f  energy frorn 30 eU t o  
30 keV. The inse ts  q i ve  expanded p l o t s  o f  i o n  d i s t r i b u t i o n  func t ions  i n  the energy 
range 30 t o  200 eV. I n  a l l  th ree  cases t h e  e lec t ron  d i s t r i b u t i o n s  show low-energy 
o r  suprathermal corrlponents. The f a c t  t h a t  the energet ic  components o f  the  e lec t ron  
d i s t r i b u t i o n s  are not  monotonical ly decreasinq i n  energy i s  consis tent  w i t h  the 
pr imary e lec t rons  havinq been e l e c t r o s t a t i c a l l y  accelerated i n  some a t t i t u d e  range 
above the s a t e l l i t e .  Electrons w i t h  energies below the  peak i n  t he  d i s t r i b u t i o n  
func t ions  are  energy-degraded pr imar ies t h a t  are trapped below the  e l e c t r o s t a t i c  
ba r r i e r .  The pr imary-electron d i s t r i b u t i o n s  are non4laxwel l ian, c o n t a i n i ~ q  h i q h  
energy t a i  1 s. 

The i on  d i s t r i b u t i o n  funct ions a lso  conta in both energet ic  and suprathermal com- 
~onen ts .  I n  the  case o f  t he  i o n  measurement a t  2045:22 U T  t he  energet ic  component 
has a Maxwellian d i s t r i b u t i o n  out  t o  30 keV. IJsing the  L i o u v i l l e  theorem and assum- 
i n g  an i s o t r o p i c  d i s t r i b u t i o n  func t ion  i n  the  magnetosphere we f i n d  t h a t  f o r  charge 
n e u t r a l i t y  t o  p r e v a i l  i n  the parent populations, t he  f ieLd-a l igned po ten t i a l  drcp 
above the  aurora l  ionosphere i s  - 8 kV. We note t h a t  t h i s  i s  consis tent  w i t h  t h e  
measured d i s t r i b u t i o n  where the -ac tua l  peak-must l i e  between the  energy channels 
centered a t  6.46 and 9.48 keV, - 

A t  20: 45: 22 and : 24 I IT t he  supratherrial ions have non-monotonic d i s t r i b u t i o n s .  The 
peaks i n  t he  energy channel s centered a t  65 and 44 eV suqqest t h a t  ions measured i n  
these channel s a re  ioncspheric p a r t i c l e s  t h a t  have been accelerated by sa te l  1 i t e  
p o t e n t i a l s  o f  -65 and -44 V, respect ive ly .  The f a c t  t h a t  i o n  counts are recorded i n  
energy channels l ess  than a t  the peak i n  the d i s t r i b tb t i on  i s  consis tent  w i t h  the 
f i n i t e  spread i n  the energy-acceptance of  the sensor 's energy channels. Recall t h a t  
t o  assure h iqh  count ra tes  the geometric fac tor  of the  low-enerqy i o n  de tec tor  was 
made larqe. The only  other  possib le source o f  ions  i n  these energy ranges a t  DMSP's 
a l t i t u d e  are the so-cal led i on  conics ( ref .  15). These are ther~nal  ions t h a t  are 
accelerated perpendicular t o  rnaqnetic f i e l d  1 ines t h r o ~ y b  resonant i n te rac t i ons  w i t h  
lower-hybrid o r  ion-cyclot.ron e l e c t r o s t a t i c  waves. Such cannot be the case here s ince 
the  i on  de tec tor  i s  look ing  almost along, ra ther  than across, the  magnetic f i e l d .  
Note t h a t  the  negat ive p o t e n t i a l s  of several tens of v o l t s  represent the  p o t e n t i a l s  
of  the  d i e l e c t r i c  surfaces i n  the  v i c i n i t y  of  t he  ion-detec tor 's  aper ture r a t h e r  
than the po ten t i a l  o f  the  sate11 i t e ' s  frame. 

Further information concerning the  envirori~nent i n  which t h e  charging o f  DNSP/FG 
occurred can be qained frorn thennal probe measure~nents. F igure  7 g ives the  
"dens i t iesu  o f  thermal e lec t rons  and ions  measured du r ing  Mode 1 operations. I n  
t h i s  representat ion data taken wh i l e  senssr g r i d s  were being swept i n  vo l tage (Mode 2 )  
a re  suppressed. The g r i d  on the spher ica l  Langmuir probe was biased a t  7.8 V w i t h  
respect t o  the sate1 li t e  frame. Thus, i n  Mode 1 the e lec t ron  sensor i s  operat ing 
i n  the acce lera t ing  111oc1e. This leads t o  overest i~ i ia tes of the  a ~ n b i e ~ i t  e lec t ron  densi-  
t i e s .  I n  regions where both .ensors vary i n  the same sense the  ~neasurenents accurmate- 
l y  lneasure r e l a t i v e  dens i ty  f luctuat ions.  I n  reqions \there the  ~~easurements vary i n  



apposite senses the va r ia t i ons  a re  most ly due t o  s a t e l l i t e  p o t e n t i a l  f luc tua t ions .  
Ahsclute values o f  the plas~va dens i ty  a re  obtained throuqh analyses of Made 2 cur ren t  
-val-tage sweeps. F igure  7 s t~oks  t h a t  i n  the  per iod  f a l l a b i n q  2045 UT t h e  cur ren t  
re-izching the therna.1 e lec t ron  probe decreased hy mare thdn fou r  orders o f  magnitude, 
cons is ten t  w i t h  d s t rong ly  negat ive veh ic le  po ten t ia l .  The thermal i o n  cur ren t  
increased by a f a c t o r  o f  2. 

I n  the immediate v i c i n i t y  o f  the charginq event Mode 2 swee1)s Cannot be used t o  
determine the  plasma te~nperature and composition.- The l a s t  Mode 2 sweep, taken 
equatorward o f  the  event and before veh ic le  potent  i d1  f l uc tua t i ons  make r e s u l t s  
of Langriui r e  probe analys is  questionable, occurred d t 2043: 263 UT. T?i s  sweep showed 
a t o t a l  plasma dens i ty  o f  - 10~cri-3. The i on  co~nposi t ion \gas 1nost1.y 0'. The i o n  
and e lec t ron  temperatures were - 1200' and 4000°K, respect ive ly .  The f o l  lowinq 
sweep, beginning a t  2 0 4 4  30 UT  showed siqns o f  a s i g n i f i c a n t  1 i g h t  i o n  cont r ibu t ion .  
It should be noted t h a t  o ther  measurements i n  the  d i f f u s e  aurora l  region show 
large, even dominant l i g h t  i on  ~nixtures,- The l i g h t  i on  t h a t  best f i t  the  neasured 
current-vol  taqe c h a r a c t e r i s t i c s  was Het. Close t o  the  event the  cur ren t  character- 
i s t i c s  a lso  showed signs o f  a 1 i g h t - i  on component. However, r a p i d  f l uc tua t i ons  o f  
the  s a t e l l i t e  po ten t i a l  do not  a l low q u a n t i t i f i c a t i o n  o f  t h i s  observation. 

DISCUSSION 

I n  rnodell ing t h e  DMSP charging event described i n  the previous sect ior:  two con- 
d i t i o n s  should be kept i n  aind. F i r s t ,  the  event occurred wh i l e  the s a t e l l i t e  was 
i n  darkness. Thus, photoelnission cur ren ts  from the  veh ic le  can be ignored. Second, 
the  surfaces o f  DMSP sate1 1 i t e s  a r e  a lnost  e n t i r e l y  made up o f  d i e l e c t r i c  mater id l  s. 
f i e  p o t e n t i a l  drop V s  experienced by p o s i t i v e  ions reachinq the  e l e c t r o s t a t i c  analyzer 
should be t h a t  requ i red  f o r  l o c a l  cur ren t  balance near t h a t  sensor's aperture. For 
the- sake o f  simp1 i c i t y  we rnodel the  sate1 l i t e  as a sphere whose surface mater ia l  i s 
kapton. The s a t e l l i t e  :noves a t  a speed o f  7.4 km/s through the  colnhined ionospheric 
and aurora l  p l  asnas. 

The l oca l  cur ren t  balance cond i t i on  can be w r i t t e n  i n  the  form: 

The t e r m  J e ~  and J ~ M  represent cur ren ts  due t o  enerqet ic  e lec t rons  and ions o f  
nagnetospheric o r i g i n ,  respect iuely .  The enerqet ic  e lec t rons  inc lude both pr imar ies 
and energy degraded pr imaries. The terlns J,?, J e ~ ,  and J e i  r e f e r  t o  cur ren ts  
generated by: ( 1 ) secondary e lec t rons  r e s ~ i l  t ing  fro13 energet ic  e lec t rons  impact i nq 
the  sate1 1 i te,  ( 2 )  backscattered energet ic  electrons, and ( 3 )  secondary e lec t rons  due 
t o  impacting ions, respect ive ly .  Currents r e s u l t  i n y  from i ~ n p a c t i  ng ionospheric i o n s  
a r e  represented by Ji1. 

I f  we assume t h a t  the aurora l  e lec t rons  are \*re11 approximated by an i s o t r o p i c  
d i s t r i b u t i o n  funct ion fell (E) then the  t o t a l  cur ren ts  t o  the  s a t e l l  i t e  d i r e c t l y  
a t t r i b u t a b l e  t o  energet ic  e lec t rons  has the  form 

whereJeo = -Jeil + J,2 + J,R; '4, i s  the s a t e l l i t e  p o t e n t i a l  and q i s  the elementary 
(negat ive)  u n i t  o f  charge and kT = 213 < E >. Here < E >, t he  rncan thermal energy 
o f  the energet ic  e lec t rons  i s  5.25 keV. F i n a l l y ,  
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i s  the t o t a l  cur ren t  due t o  energet ic  e-lectrons if t h e  sate11 i t e  were a t  
plasma potenti&l.. The funct ions o f  energy and angle q from normal . i ncidence, f o r  secondary [ A 2 (E ,I$) and backscattered [ n 13 (E , g; 
e lec t rons  a re  given by Laframhoise and co+orkers ( r e f  16). 

The cur ren t  due t o  irnpactinq ions can be represented i n  the form 

where kTi i s the  mean thermal energy o f  t he  ~nagnetospheric ions. J i o  
represents the  sum o f  J ~ M  + Jei  i f  the s a t e l l i t e  ner-e a t  plasma po ten t i a l  

Cos JI S i n  g d + 
f iM (E)  i s  t he  d i s t r i b u t i o n  funct ion o f  magnetospheric ions i n  the v i c i n i t y  o f  the  
s a t e l l i t e .  A e i  (E , $ ) i s  the secondary e lec t ron  conversion f a c t o r  ( r e f  16 ). 

Values o f  Jeo and J i o  i n  equations (3) and (5)  were solved by numerical i n t e g r a t i o n  
us ing  the  energet ic  e lec t ron  and i on  d i s t r i b u t ' o n  func t ions  measured.at 2045: 22 UT, 
S e t t i n g  V s  equal t o  -65 V i n  equations (2) and (4)  and adding w ca l cu la te  t h a t  i n  I t h e  v i c i n i t y  o f  the  i on  sensor there  i s  a cur ren t  o f  6.33 u A / m  f lowing away 
f r o n  the  s a t e l l i t e .  Fro~n equation ( 1 )  we see t h a t  t h i s  must be balanced by t h e  
thermal ion  cur ren t  J i 1  t o  the uehicle. 

The cur ren t  t o  the  s a t e l l i t e  due t o  ionospheric ions i s  given by a s u m S m ~  
i o n  species a 

where No i s  the t o t a l  i o n  density,  U ,+t i s  the s a t e l l i t e  speed, 0 i s  the  angle 
w i t h  respect t o  the ram d i rec t i on ,  ba . l s  the Ptach number o f  t h e a  species 
[I /2 I t  a VS/kTe] ' I 2 .  Rased on sa te i  1 i t e  ~neasurerients i n  the ionosphere, 
Gurevich arld ceworkers  ( re f .  17) der ived an expression f o r  the angular term 

( 7 )  r a ( b a 9  g = Nu [ 1 + e r f  qa O, Cos (3 1 
NO T T F T ~ ~  Cos q o )  

where e r f  ( x )  represents the  standard e r r o r  funct ion. i s  t h e  cf~l:~plement o f  0 



t h e  Aach anqle. Wi th i I s d t  = 7.4 kn/s  and- Tet= 4000" K we ca lc t r la te  values o f  
= 71" for an 0' pldsna and 55' f o r  an IC plaslna. -Note t h a t  fur o =  O 0  

lor,= 1 and the cur ren t  No" (ISdt i s  t h e  rac l  current.  For a p1asnbdensit.y 
4 

1 o f  l O ' + ~ n ' ~ t h e  ram cur ren t  i s  11.8 v ~ l r n ~ .  Thus, t o  balance a cu r ren t  
o? 6.33 p ~ / n ~ ,  1 1, (90") must equal 11.536. 

_ __ _ ._. - - - 

ci 

Figure H i s  d p l o t  of 1: l', (90') p l o t t e d  as a func t i on  o f  t h e  f r a c t i o n  o f  liet 
0 

present i n  the ionospheric plasma. The hor izonta l  l i n e  a t  0.536 represents the  
value o f  2: l', (90') requ i red  t o  balance the  aurora l  cur ren t  v i  t h  \ls = -65 '1 

a 

on the top  surface o f  the s a t e l l i t e .  The so lu t ions  are  n o t  unique. As expected the 
p o  = 55' cond i t i on+ is  s a t i s f i e d  on ly  f o r  a pure ~ e +  plasma. Higher values o f  
4, r equ i re  less He . 

I t  i s  i n t e r e s t i n g  t o  now use t h i s  model t o  est imate the  sur face p o t e n t i a l  i n  t he  
wake region o f  a s n a l l  s a t e l l i t e  l i k e  DIISP. To do t h i s  we f i r s t  choose a value 
o f  4 ,  which gives a s o l u t i o n  t o  V, = - 65V a t  8 =  90°. This  i s  equivalent  t o  
sone r i i x tu re  o f  Het and 0'. Wi th t h i s  we next solve equat ion (6 )  f o r  the  ionospheric 
i o n  c l ~ r r e n t  a t  any l o c a t i o n  on the  s a t e l l  i t e .  The f i n a l  step i s  t o  solve equations 
(2) and (4)  f o r  the p o t e n t i a l  V S  t h a t  g ives an I ( V )  = 0 s o l u t i o n  t o  equation (1). 

F iqure  9 dernonstrates the  r e s u l t s  o f  t h i s  procedure. Here we have chosen the 
value p = 60". Front F igure  8 we see t h a t  t h i s  corresponds t o  a case w i t h  NHe+/N0 
= 0.63. On the  ram s ide of  the veh ic le  the p o t e n t i a l  i s  s l i g h t l y  pos i t i ve .  As we 
go away from 900 i n t o  the  wake d i r e c t i o n  t h e  model p red i c t s  t h a t  t he  surface poten- 
t i d l  r i s e s  qu i ck l y  and saturates a t  a value of - 1 kV. We have exargined the  model 
p red i c t i ons  fo r  other  values o f  4 ,  i n  the  range 55' t o  70°  and found t h a t  w i t h i n  
a few percent the  r e s u l t s  are i n s e n s i t i v e  t o  these var ia t ions .  P --- 
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1. The morphology o f  auroral  luminosity and p r e c i p i t a t i , ~ g  e lect ron  spectra i n  
t h e  v i c i n i t y  o f  westward t r a v e l l i n g  surges. 



T CMT 

~42i0.0:~44i.0:14~i0.0:746i0.0:747~.0~74~i0.0:~~0io~!~&.0:7~i1.~:7~~i0.0:7~4i0.0:7~i0.dl 

CMT 

OLAT 61.3 67.9 74.1 79.3 81.2 78.2. 72.7 66.4 59.7 52.9 46.0 0.0 
OLON 127.5 121.0 109.9 87.6 46.4 9.0 350.3 340.7 334.9 330.9 327.8 0.0 
HLAT 57.5 65.5 69.0 73.5 76.1 78.4 74.0 70.0 65.0 59.5 53.8 0.0 
HLON 196.4 180.3 179.0 163.1 140.4 115.3 89.7 73.1 63.2 56.0 S0.6 0.0 
HL1 219 4.5 3.9 2.B 1.3 23.6 22.0 21.0 20.3 19.9 19.6 0.0 

2. Average encrgy, d i r e c t i o n a l  energy f l u x  and d i r e c t i o n a l  number f l u x  o f  
p r i c i p i t a t i n g  e lec t rons  measured dur ing  DMSP/F6 nor thern  aurora l  pass o f  
10 January 1983. 



CMT 

3. Average energy, d i r e c t i o n a l  enerqy f l u x  and d i r e c t i o n a l  nunber f l u x  o f  
downcoming ions measured dur ing  DMSP/F6 northern auroral  pass o f  10 January 
19 83. 
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4. D ist r ibut ion functions o f  downcoming electrons and ions with energies 
between 30eV and 30 KeV detected a t  204517  U T  o f  10 January 1983. 



5. D i s t r i b u t i o n  functions a t  2045:22 UT i n  same format as F igure  4. The 
inset  expansion o f  the  low energy p o r t i o n  o f  ion d i s t r i b u t i o n  funct ion shows a 
charging peak a t  6 5  eV. 

6. Di s t r i b u t i o n  functions a t  2045: 24 UT, i n  same format as F igure  4. k r e  the 
charging peak i s  a t  44  eV. 



7. Mode 1 cur ren ts  t o  the thern~al  e lec t ron  and i o n  sensors dur inq  the 
nor thern aurora l  pass of  10 January. The "dens i t ies"  ca lcu la ted  frwa these 
cur ren ts  assume t h a t  the g r i d s  are  a t  plasrna p o t e n t i a l  and are overest i~nates 
i n  both cases. 

N * 8. Plot  o f  r ,  w i t h  Oset equal t o  90°, as a func t i on  o f  Hen,. f o r  
several values o f  $ ,. The l i a e  a t  0.536 represents the  value o f  r required fo r  
cur ren t  balance w i t h  V S  = - 65 V on the  top surface o f  DMSP. 
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9. Surface potential as a functiorl o f  0 f o r  4 ,  = 60'. 



CHARGING 01: DMSP/F6 SPACLCRAFLIIB AURORA O W  3AWARY 1983 

Arthur L .  Besse, A1 len 6. Rubln, and Davld A.  Hardy - 
A l r  Farce Geophysles Laboratory 

Hanscom A l t  Forxe Base, Massachlasstts 01731 

Two i nriependrtrit i n  str t lner~ t s on the spacecraft showed charqinq t o  a 
r.loderate (14 v o l t s )  nt?qalivc: po ten t ia l .  The e lec t ron  spectralieter 
show~d a f l u x  of 2 X 10') e lec t rons  ( c ~ i ' ~ s e c ' ~ s t c ! r - ~ )  peaked a t  9.5 keV. 
This was ~.rdrcl inal lv s r ~ f f i c i e n t  t o  overcol7le the f l u x  o f  co ld  anbient 
ions. Charqinq c a l c c ~ l a t i o n s  are presented show1 nq where s inp l  i ca t i ons  
are j u s t i f i e d  anti where serious unce r ta in t i es  ex is t .  !lore serious charqinq 
i s  p red ic ted  f o r  the q h l ~ t t l e  i n  po la r  o r b i t .  

INTRODUCTION 

Spacecraft charqinq has heen widely  observed i n  qeos.vnchronous o r b i t  
on the ATS-5 and ATS-6 p a i r  and on the SCATHA spacecraft  ( r e f  1 C 2). 
An aclequate theory fo r  e x ~ l  a in inq  the  observat ions ex is t .  Neither the 
datd o r  the or.^ can he exported t o  low po la r  o r b i t  and i t s  d r a s t i c a l l y  
d i  Fferent environlient. Thi s  paper q ives  evidence o f  charqinq on the nrlSP 
F6 spacecrdft (see r e f  3 f a r  instru12entat ion).  A sirnple node1 i s  set up 
exp la in inq  the observations. 

RR I EF THEORY O F  SPACECRAFT I N  THE AIJRORA 

T h e  co ld  anhient e lec t rons  can charqe a spacecraft  t o  a few v o l t s  
neqat ive a t  ~ i o s t .  !lore severe charqinq occilrs i n  the e a r t h ' s  shadow when 
the enerqet ic  (over a k i l o v o l t )  p r e c i p i  t a t i n q  e lec t ron  cu r ren t  exceeds 
the ran  i on  c u r r e r ~ i .  Charqinq cont inues u n t i l  an increase i n  ran  i on  
ccrrrent and/or a decrease i n  p r e c i p i t a t i n q  e lec t ron  cur ren t  produces a 
zero net  current.  

I n  the absence of  plasr-la sh ie ld inq,  the ran i on  current  increases 
r a p i d l y  w i t h  increas inq l  y neqat i  ve po ten t i a l  s. This t y p i c a l  l y  1 i r n i  t s  
charqinq t o  tens of  v o l t s  neqative. I n  the presence o f  intense plasna 
sh ie ld inq  ( e l e c t r o s t a t i c  o r  ~ i a q n e t i c )  the ral-I i o n  cur ren t  does not  respond 
t o  neqat i  ve p o t e n t i a l  s. Charqinrl then proceeds t o  lnuch hiqher negative 
p o t e n t i a l s  u n t i l  a  slowly decreasinq p r e c i p i t a t i n q  e lec t ron  current  b r ings  
i lho~rt  ;1 ccrrrent balance. C a l c ~ ~ l a t i o n s  i nd i ca te  poss ib le  p o t e n t i a l s  of 
several k i l o v o l t s .  I 3 ~ l  ow sol~e s ize plasria sh ie ld inq  i s  neql i q i b l e  and 
ahovt? so1.16~ s ize i t  dor~inates. There e x i s t s  no c o ~ i ~ i o n l y  accepted way of 
ca l  cu la t i n r l  these sizes. 

A kriowlf?d(le o f  the r e l a t i v e  v e l o c i t i e s  and d e n s i t i e s  o f  the  various 



p a r t i c l e s  i s  essent ia l  t o  the  understandinq o f  aurora l  charqinq. T.ypical 
values arranqed i n  c rder  o f  increasinq va1acit.y are: 

Alrhicnt oxyqctn ion: v = 1.5 X 1fl5cn/seC; N = 1 X l a4  cno3 

Spacecraft: v  = 8 X l a 5  cn/sec 

A~:~hient electron: v  = 3 X 107 cn/sec; N .: x 104 cm"3 

P r e c i p i t a t i n q  electrons: L= 6 X 1 0 9 c , ~ / ~ ~ c ;  w = 1 cm-3 

Also essent ia l  i s  a knowledqe o f  the va r io :~s  t i t r e  scales involved, - 

Typical values arranqed i n  order o f  increasinq ti ine are: 

Charqinq response: 0.01 Seconds 

Aurora, f i n e  st ructure:  0.1 Seconds 

In  strunen t response: 1 Seconds 

Aurora, coarse st ructure:  10 Seconds 

The value f o r  charqinq response app l i es  t o  the  na in  frane. T:-tin d i -  
e l e c t r i c  coat inqs may charqe d i f f e r e n t i a l l y  w i t h  very much lonqer 
response t ines. The aurora t i n e  scale i s  i n  t he  spacecraf t 's  frane o f  
reference and i s  due p r i n a r i l y  t o  spa t i a l  va r i a t i ons  i n  the aurora. 

DETECTION OF SPACECRAFT C'IAPGINI; 

Charqinq was detected by an i o n  spectro~neter sensinq acce lera t ion  o f  
the ram ions  t o  30 v o l t s  o r  riore and by a probe sensinq the decelerat ion 
of  ambient electrons. Charqinq t o  neqat ive p o t e n t i a l  s  l e s s  than 30 v o l t s  
was detected by the probe alone. 

The accelerated ions  appeared as an intense narrow band never 
occupyinq more than one enerqy channel. This i s  as pred ic ted  by theory. 
However, the spectrun was not  vo id below the intense band as pred ic ted  by 
theory and observed on qeosynchronou s spacecraft. 

THE CHARGING EPISODE 

The probe ind ica ted  charqinq s t a r t i n q  a t  74701 seconds UT and endinq 
a t  74737 I IT,  w i t h  a ser.v b r i e f  drop out a t  74705. The s t a r t ,  drop out, 
and end of  charqinq accorqpanied larqc. abrupt chaniies i n  e lec t ron  f l ux ,  
p a r t i c u l a r l y  i n  the  4.4 keV channel. The i o n  spectrometer ind ica ted  
charqinq t o  p o t e n t i a l s  of 30 t o  65 v o l t s  neqat ive f o r  a p o r t i o n  o f  t h i s  
period, nanely f ron  74721 I J T  t o  74731 [IT. The evidence t h a t  cha rq i r~q  
t o  these l e v e l  s a c t u a l l y  occurred appears t o  be conclusive. 



PRECIPITATIP IG ELECTRON SPECTRA 

Five represent.ative t i l i e  i n t e r v a l  s, each l a s t i n q  fro11 three t o  f i v e  
seconds, were chosen f o r  stc~dy, Wi th in each t i n e  per iod  the spectra 
revia ined r t r l a t  i vely constant. The e lec t ron  spectra w e  averaqed over 
each i n t e r v a l .  The averaqe spacecraft p o t e n t i a l  was determined by prohe 
and i on  spctctro~.ieter data. blhen the  charqinq was i n s u f f i c i e n t  t o  show 
up on the i on  spectroneter hu t  showed stronq1.v on the  probe, a  value o f  10 
v o l t s  was assiqned. The f i v e  spectra are shown i n  f i qu re  1. The s t a r t i n q  
t i n e s  Fro11 A t o  E were respect ive ly :  74697, 74708, 74712, 74722, and 
74729. Durat ions were respect ive ly  4, 3, 5, 4  and 3 seconds. Averaqe 
f l uxes  and p o t e n t i a l s  are qiven i n  the  f iqure, The f luxes  inc lude on ly  
f i v e  channels from 3.0 t o  13.9 k i l o v ~ l t s  f o r  reasons t o  he d i  S C U S S ~ ~ ~  

l a t e r .  

The f i q u r e  shows both broad spectra and narrow " i nve r ted  V "  spectra. 
The actual  shape of  the " i nve r ted  V "  spectrun i s  unresolved, i t  could be 
nuch narrower and 1io.e intense than shown. The e lec t ron  spectrometer i s  
not  desiqned f o r  accurate f l u x  neasurelqents when the spectrum i s  very 
narrow, therefore,  the f l ux  ind ica ted  i n  the f iqur t .  f o r  the  " inver ted  V "  
nay be i n  errar .  

We authors pos tu la te  an acce lera t inq  e l e c t r i c  f i e i d  tha t  i s  sorietines 
h iqh  above the spacecraft and sonetines close above the spacecraft. In  
the forner  case, hut not i n  t he  l a t t e r ,  there should be stronq c o l l i s i o n a l  
broadeninq o f  ho th  the enerqy and the p i t c h  anqle d i s t r i b u t i o n .  

F ive f i r s t  order approxinat ions w i l l  be nade. They are: 

1 )  A spherical  spacecraft w i t h  a  conductinq and hence equ ipo tent ia l  
surface. t. 

2 )  Zero ambient e lec t ron  temperjture. The enerqy o f  these p a r t i c l e s  
i n  e i t h e r  the plasma fralne o f  reference o r  i n  the spacecraft  frame o f  re fe r -  
ence was much sna1 l e r  than the measured po ten t i a l  s. 

3 )  I n f i n i t e  p r e c i p i t a t i o n  e lec t ron  tenperature. The enerqy o f  
these p a r t i c l e s  was very l a rqe  conpared t o  the rqeasured potenLialz\. 

4 )  P r e c i p i t a t i n q  e lec t ron  f l r ~ x  equal t o  t h a t  ~ieasured i n  the 3 t o  
14 keV enerqy ranqe. Fluxes a t  hiqher enerqies were very low. Fluxes a t  
lower enerqies were snal 1  and were 1  arqely  o f f  set by sec0ndar.y electrons. 
Secondaries were not  included i n  the calculat ions.  The f l u x  i s  t rea ted  
as i s o t r o p i c  w i t h i n  solve f i e l d  a1 iqned sol i d  anqle and zero elsewhere. 

5) Anhient i o n  tenperature equal t o  the d r i f t  enerqy o f  an i o n  i n  
the spacecraft frarie o f  reference. This enerqy i s l a rqe  corVlpared t o  the 
t h e r r ~ a l  enerqy. Prohe the0r.y assunes tha t  the t o t a l  p a r t i c l e  enerqy 
( k i n e t ~ c  p l u s  p o t e n t i a l )  i s  independent of posi t ion.  This assur~pt ion i s  
v a l i d  i n  and on ly  i n  the spacecraft frarqe of reference. Ttie ambient i ons  
are predorqinantly s i r iq ly  ion ized ator:iic oxyqen. 



The f i r s t  four  approxinat ions s i n p l i f y  c a l c u l a t i o n  o f  the e lec t ron  
current  t o  the neqat ive ly  charqed spacecraft. The "zero tenpera t~r re"  
anhient e lec t rons  are repe l l cd  and (lo not reach the spacecraft, The 
" i n f i n i t e  tenperaturc" p r e c i p i t a i n q  e lec t ron  cur ren t  i s  independent o f  t he  
spacecraft potent  i a l  . Secondary e lec t rons  are n d e q ~ ~ a t e l y  a1 lowed fo r  hy 
d i  scardinq the low end o f  the  spectrur? and need not  appear e x p l i c i t l y  i n  
the calculat ions.  U i t h  these considerat ions, the  e lec t ron  cur ren t  t o  the 
spacecra f t hecol-~e s 

where I, = e lec t ron  cur ren t  
c? = elenental  charqe 
J = p r e c i p i t a t i n q  e lec t ron  f l u x  per steradian i n  3 t o  14  keV 

channel s  
S = s o l i d  anqle o f  p r e c i p i t a t i n q  e lec t rons  
R = spacecraft rdd iu  s  
( n ~ 2 )  = spacecraft e lec t ron  c o l l i s i o n  cross section. 

The f i r s t  and f i f t h  approxina,~ \rrs s imp l i f y  c a l c u l a t i o n  o f  the i o n  
cur ren t  t o  the spacecraft. Spherical ,,robe the0r.y q ives  the i o n  cur ren t  
i n  the lonq k b y e  l enq th  l i m i t  as: 

where Ii = i on  ccr ren t  
v  = i on  d r i f t  v e l o c i t y  
N = i on  densi ty  = lx104 cn-3 
V = spacecraft p o t e n t i a l  
T = tempera ture  associated w i t h  i on  d r i f t  v e l o c i t y  = 5ev 
A = spacecraft i o n  c o l l i s i o n  cross section. 

When the nebye l enq th  i s  not  lonq conpared t o  the probe radius,  a  sheath 
conta in inq  a  net  p o s i t i v e  charqe fo rns  around the probe. The charqe i n  
the sheath sh ie lds  arrbient ions outs ide the sheath fro[-I the probe's  e lec-  
t r i c  f i e l d ,  thereby reducinq the nunber a t t rac ted  t o  the probe. The 
sh ie ld inq  e f f e c t  na.v be incorporated i n  equation (2) by n u l t i p l y i n q  the 
p o t e n t i a l  by a  sh ie ld inq  f a c t o r  K l e s s  than  unit,^, This f a c t o r  i s  a  
funct ion o f  p o t e n t i a l  and qenera l l y  does not  appear e x p l i c i t l y  i n  probe 
theories. It 1ia.v a lso  he a  funct ion o f  the i on  anqular d i s t r i b u t i o n  
( i n  t h i  s  case almost nono-di rec t i ona l  i n  the spacecraft franc o f  reference). 

A t  e q u i l i b r i u n  p o t e n t i a l  the  absolute values o f  e lec t ron  and i o n  
cur ren ts  are eqclal. This leads t o  the e q u i l i b r i u n  equat ion 

. . 
where k  = sh ie ld inq  factor.  

The unknowns i n  t h i  s equation are the e lec t ron  sol i d  anqle S and the  i on  
sh ie ld inq  fac tor  k. These unknowns were evaluated fro1.1 the data i r \  f i q u r e  
(1  ) and frotr o ther  r?easurer*~ent s. The sol i d  anqle i s deternined fro1.1 
equat ion ( 3 )  us inq  the threshold f l u x  requi red f o r  charqinq. The data 
consi s t e n t l , ~  y i e l d s  d narrower sol i d  anqle f o r  inver ted  " V "  spectra than 
f o r  broad spectra. Ttte sh ie ld inq  fac to r  was deter~ i iner l  by the e lec t ron  



f l u x  assoc ia ted w i t h  a  p o t e n t i a l  a f  - 4 4  vo l t s .  Th is  f l u x  was approx ina te ly  
f ou r  t i n e s  q rea te r  t h a n  the t h resho ld  f lux .  .The r e s u l t s  o f  the  eva lua t ions  
wc r e  

S = n . ,  i n v e r t e d  " V "  spectra 
S 2 2 n , broad spectra 
k = 1/2. 

These r e s u l t s  should he reqarded w i t h  caut ion. The data i s  no t  conc lus ive  
due i n  p a r t  t o  an environinent whose r a t e  o f  chanqe i s  f a s t  conpared t o  t he  
sanpl i n q  r a t e  o f  the  i n s t r u n e n t s  - probably f as t  co~qpared t o  any p r a c t i c a l  
sanpl i nq rate.  

The value q iven  above f o r  t h e  s h i e l d i n q  f a c t o r  i s  s u b s t a n t i a l l y  l e s s  
than un i ty .  I f  t r ue ,  t h i s  has ser ious  imp l i ca t ions .  It means t h a t  the  DrlSP 
spacecraf t  a re  a l ready  of  a  s i ze  where space charqe i n  t he  sheath a c t s  t o  
increase t he  naqni tude of  charq inq p o t e n t i a l  s  and t h a t  any 1  arqer  spacecra.ft 
such as t h e  Shut t le ,  w i l l  charqe t o  h iqher  p o t e n t i a l s ,  o the r  f a c t o r s  be ing  
equal. 
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Flgure 1.  - Flve  p rec lp l ta t lng  electron spsctra. (The f l u x  ansoclated 
wi th  each spectra s l l s t e d  i n  the upper r l g h t  corner along wl th  the 
corresponding spacecraft po ten t la l . )  
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The n r e c i p i t a t i n q  e lec t rons  i n  t he  aurora l  env i ron~ ien t  a re  h i q h l y  va r i -  
ahle i n  t h e i r  enerqv and i n t e n s i t v  i n  hoth soace and t ine.  As such the,y a re  
a  qource of  oo ten t i a l  hazard t o  the operat ion of the Snhce Thu t t l e  and o ther  
la roe  snacecraft  oneratincl i n  po la r  o rh i t .  Jn order t o  assess these hazards 
hoth the  averaqe and e x t r e ~ i e  s ta tes  o f  the  n r e c i p i t a t i n q  e lec t rons  m~rst he 
cteterrlinetl. I n  t ' i i s  naper we present work airled a t  rtrch a spec i f i ca t ion .  
I n  the f i r s t  h a l f  o f  the p a w r  we nresent r e s ~ r l t s  of  a  q loha l  study o f  the  
averaqe c l ~ a r a c t e r i  s t ics.  I n  t h i s  study the  hiqh l a t i t ~ ~ d e  req ion  was d iv ided 
i n t o  s p a t i a l  elertents i n  narlnetic 1  ocal t i n e  and correcte l l  qeonaqnetic l a t i -  
t1119. The averaqe e lec t ron  snectrrrn was then determined i n  each s p a t i a l  
elenent f o r  seven d i f f e r e n t  l e v ~ l s  of  a c t i v i t v  as meas~rred by Kp us inq  an 
e x t r m e l v  l a r q e  data set  of adrora l  observations. In  the  second h a l f  o f  t h e  
Daner we r~ resen t  a  case studv of an e x t r e l ~ e  aurora l  e lec t ron  environment i n  
vthich the e lec t rons  are  a c c e l ~ r a t e d  throuqh a  f i e l d  a l iqned p o t e n t i a l  as 
h iqh  as 3fl,000 v o l t s  and i n  dhich the  spacecraft  i s  seen t o  charqe neqa- 
tive1.v t o  a  p o t e n t i a l  anr~roachinq .5 k i l o v o l t s .  

INSTRUMENTATION 

The data ~rsecl fo r  t h i s  ana lys is  were f ron  tho  SSJ/3 detec tors  on the  F2 
and rfl s a t e l l i t e s  and the  Cq1J/4 de tec tor  on the FG s a t e l l i t e  of  the Defense 
~ e t e o r o l o q i c a l  q a t e l l i t e  Proqran as we l l  as the C9L-251 experiment on the  
P78-1 s a t e l l i t e  of  the %ace Test Proqran. The SS1.1/3 detec tors  consisted of a  
se t  of  twn c~rrved o l a t e  e l e c t r o s t a t i c  analyzers capahle o f  neasurinq the  f l u x  
o f  ~ r e c i p i t a t i n q  e lec t rons  i n  16 enerqv channels between 5fleV and 30,000 eV. 
The 7'%1/4 d e t ~ c t o r  consis ts  of a  set o f  four curved p l a t e  e l e c t r o s t a t i c  
anal.yzers t h a t  pleasure hoth e lec t rons  and ions i n  ?n enerqy channels each, 



i n  the  Pnerq,y riinqe fro11 '40 eV t o  3OnOfl PV. Roth the  Wd/3 and S5J/4 
detectors r e t ~ r r n  a f u l l  s p s c t r ~ r ~ ?  over a l l  enerqy channa-1s orice p e t  sw.ond 
and a l l  detectors we or ien ted  on the spacecraft  ~ 1 1 t h  t h a t  they look towards 
the l oca l  zenith. The CPl. 251 exnerinctnt cons is ts  of two SS1113 deter to rs  
l in~rnted a t  r i q h t  anqles t h e i r  look d i r e c t i o n s  i'l the sp in  olane o f  tho 
sat.ellite, Fach detector  r e t ~ r r n s  4, 16 po in t  spectra each second. The 
s a t e l l i t e  has a spin r a t e  o f  apo rox i~ ia te l y  11 QPtl w i t h  thtr sp in  plane i n  the  
o r b i t  plane o f  the  sate1 1 i te. 

A1 1 ?lie sate1 l i tes  were la~lnched i n t o  c i r c u l a r  sun synchrono~rs o rh i t s .  
The F7 s a t e l l i t e ' s  o r h i t  olitne was i n i t i a l l y  i n  the  dawn-cl~rsk ~ i e r i r i i a n  hut. 
precessmi towards t h ~  Q9.30-39.11) r I L T  r rcr i t l ian d ~ r r i n q  the sate1 1 i t e ' s  1 i f e t i ~ i e .  
The per iod  f o r  which data are ava i la+ le ,  the  a1 t i t u d e  of  t he  o r h i t ,  and the 
orbital plane arc! l i s t e d  i n  Table 1. 

The Q t S P  sensors are operated con t i nuo l~s l y  and anoroxi1wte1.y PO:: o f  the data 
idere available for  t h i s  study, For t he  P78-1 apnroximate1.v 1 0  oo lar  passes 
were ava i l ab le  fro11 1977. For the ne te rn ina t i on  of the  averaqe character- 
i s t i c s ,  the F?, F4, ant: P78-1 data were 1rse4.. The worst case study was 
perfor l ied ~ ~ s i n q  the  F6 data since these data cover a wider ranqe i n  enerq-v. 

AVERAGE CHARACTERISTICS 

H i  s t o r i c a l  l.v, t h ~ r e  have been two approaches t o  q l  ohdl s p e c i f i c a t i o n  o f  
the averaqe c h a r a c t e r i s t i c s  o f  aurora l  ~ r e c i o i t a t i o n .  In  the  f i r s t  of these 
the  researcher b u i l d s  tip a q lohal  o r  l o c a l  t i n e  p i c t u r e  us inq  a set o f  i n d i -  
v idual  passes each studied i n  d e t a i l  ( r e f  1 Ps il), The artvantaqe o f  s w h  an 
approach i s  t h a t  a1 1 the d e t a i l s  o f  each pass are consirlered i n  c r e a t i n q  an 
ove ra l l  p ic ture,  The na.ior d i  sddvarltaqe i n  s ~ ~ c h  s tud ies  i s  t h a t  i n  order t o  
keep both the  ana lvs is  and data presentat ion ~~anaseab le  the researcher must 
r e s t r i c t  the  t o t a l  nunher o f  passes studied e i t h e r  hy spacinq then wide1.y i n  
rlaqnetic l nca l  t i n e  o r  i n  a c t i v i t v .  I n  the  second amroach the  researcher 
bu i l ds  up h i s  aloha1 p i c t u r e  by d i v i d i n q  the  reqion o f  i n t e r e s t  i n t o  zones 
i n  naqrletic l o c a l  t ine ,  qeonaqnetic 1at.iturle and a c t i v i t y  he then uses ver.y 
la rqe  data sets t o  detern ine the  averaoe value o f  t he  q u a n t i t y  o f  i n t e r e s t  
i n  each zone ( r e f  3 t h r o w $  0 ) .  This approach has the  arlvantaqe o f  p rov id inq  
rea l  q lobal  naps. I t ' s  1qa.ior disadvantaqe i s  t h a t  i n  the  averaqinq prncess 
a1 1 s r ~ a l l  s p a t i a l  and tm?noral va r i a t i ons  are snoothed out, o f  neccrc,rit,y* 
The nunher of such studies done i n  the  past has addit iona1l.v heen r e s t r i c t e d  
hv the  fact  t h a t  thev requ i re  verv l a r q e  data sets ( m i l l i o n s  o f  sanples) and 
they r e q ~ r i r e  s i q n i f i c a n t  anounts o f  conp~rter  t ine .  

In t h i s  stu4.y we have taken the  second of these two approaches us inq the  
data set fro11 i d e n t i c a l  e l e c t r o s t a t i c  analyzers f lown on th ree  Air Force sat- 
e l l i t e s .  ImJe d iv ided the  h iqh  l a t i t ~ l d e  reqion i n t o  zones i n  t i a q n ~ t i c  l o c a l  
t i n e  and corrected aeonaqnetic l a t i t u d e ,  I n  p1I-T the d i v i s i o n s  were 4 8  one 
h a l f  hour sections. I n  l a t i t u d e  there  were 30 d i v i s i o n s  a t  increment 
hetween Sfl and Gn deqrees, 10 incre~qents hetween fin and 80 deqrees, and 2O 
increnents from Pn t o  90 deqrees. Seven such matr ices were created, one f o r  
the ICp = 0, nr cases, one f n r  KD = I-, 1, 1 t  cases and so on up t o  I<p = 5-, 5, 
5t. The l a s t  n a t r i x  i n c l ~ ~ d e d  a l l  cases qreater  than Kp = ti-. F i f t een  rnonths 
o f  data were ~rsed f ron  t h ~  F-2 and F-4 sate1 l i t e s .  The f i f t e e n  months were 
chosen t.o q i ve  an even d i s t r i h u t i o n  of  the d a t a  over the seasons of  the  .year 
and t o  nrov ide s u f f i c i e n t  coveraqe a t  h iqh  a c t i v i t y .  4 l toqether  the 15 nonths 



o f  data prauided 13._6 m i l  l i o n  spectra. A1-1 a r b i t s  o f  the P7-8-1 sa te l - l i t e  i n  
the in te rva l  from February 1979 t a  January 1980 were used. This comprised 
approxinatcly ..52 ai 11 ion additinnal. sgectca. The 14.1 d l 1  i o n  spectra 
were div ided anonq the 7 leve ls  of-  Kp as fallows; Kp = 0, 735%; Kp = 1, 
23,62;Xp=2, 26.9%, Kg = 3, 21.9%; #P = 4, 10.5%; Kp = 5, 5.3%; KP > 69, 
3.6%. In  each zone the avmaqa and standar(t dev.iation o f  the d i f f e r e n t i a l  
number f l u x  f o r  each of ,  t h e  16 enerqy channels o f  the r letector was calcul.ated 
using a l l  spectra tha t  f e l l  w i t h i n  t ha t  zone. Thhe f i n a l  product i s  thecefore 
the average spectrum i n  each zone a t  each leve l  -of a c t i u i  ty. 

From the averaqa spectra we calculated in tegra l  quant i t ies  over the 
e n t i r e  enerqy range o f  the averaqe enerqy spectrum. The three quant i t ies  
calculated were the integral- number f lux in u n i t s  o f  e/cm2-sec-ster defined - -  - 

as: 
15 

JTOT = . j@l )  (E2 - E l )  + 1 . i ( E j )  E 
i& 

Li+1 ; E i - 1 )  + j ( E l f L o 1 6  - Fi f i )  

The in tegra l  enerqy f l u x  i n  u n i t s  of kev/cm2-sec-ster -defi ned as: 

I5 
JETOT = E l  , i (El)  ( E p  - E l )  + 1 , i ( E i )  J ( E i ) l G + l )  - Ei - l )  + 

i =2 Z 

and the .au.eraqe enerq.y 

EAVE = JETOTfJTOT 

where 
j(Ei ) = the averaqe d i f f e ren t i a l  f lux  

i n  the i t h  enerq.y channel 

Ei = the cent ra l  enerqy of the i t h  channel 

These t h r e e q u a n t i t i e s  are displayed as isacontour maes i n  Figures la-d, 
?a-d, and 3a-rl where we have p l o t t ed  tbe Kp = 0, 2, 4, and 6 cases. The 
discussion o f  these naps i s  i n  two sub-sections; the  f i r s t  dealirtq w i t h  
the charactepist ics o f  the r e l a t i v e l y  hot e lectron (EAVE 3 600 eV) and 
the second deal inq w i t h  the charaeter is t ics  of the colder electrons. Such 
a d i v i s i on  i s  made hased on a comearisori o f  t& maps o f  i n t eg ra l  f l u x  and 
averaqe enerqy. Such a comparison shows tha t  the hiqh l a t i t u d e  reqion 
separates na tu ra l l y  i n t o  two regions hased upon the averaqe energy of the 
electrons. The hot ter  plasma i s  confined t o  a roughly annular reqfon whose 
law 1 a t l tude  edqe i s  the equatorward edge o f  the auroral tone whi le  the 
colder plasma P i l l  the remaining drea between the poleward edge o f  the 
annulus and the qeomaqnetic pole. The colder e lectron reqion i s  composed of  
a band o f  r e l a t i v e l y  intense p rec ip i t a t i on  boundinq the poleward edqe of the 
hot plasma and a region o f  lower 1ntensit.y p rec ip i t a t i on  i n  the r e s t  o f  the 
area up t o  the pole. 



HOT ELECTRON REGION 

1 ) TIIF averaqc? ent?rqv o f  the p r p c i p i t a t i n o  e lec t ron  va r ies  qrnatlv i n  
~.raqnetic l o c a l  t i ve .  In  qener-a1 the peak avpraw e n ~ r q i e s  arc! hiqhast nn 
the  ~ i o r n i n q  side o f  t,he crval. Iqlithin f,he 17arnintl s ide ref l ion t htfve arc! two 
1qaxii.ra .in the averacre i-?ner'cly; one hatween ~~ i i dn iqh t ;  nnrl OhOn "1-T anrl the  
second t .vn ica l l v  two hours nre-noorl. I n  tab les  7;1 dnrl 71) the  l o c a t i o n  and 
~ l e c t r o n  c " l r a c t . ~ r i s t i c s  f o r  the two rldxirlra are l i s t e d  f o r  a l l  sevtin Kp 
zones. 

On(? notes t 4 a t  the averaqri enerqv o f  t he  post t l idn iqh t  111axin1rr1 i s bwtwc?erl 3 
and 5 keV i n  3 l a t i  turle ranclr hetivczen 67 anrl 67". The l o c a l  t i n e  o f  these 
qaxina va r i cs  over 6 hours and the t rend  i s  f o r  t.he energy f l ~ ~ x  t o  increase 
w i t h  increasinq Yp. The lack nf a post r ~ i d n i q h t  r~axirqun f o r  t he  Kp=q case 
WP at t . r ih l l te  t o  the r e l a t i v e l y  l i m i t e d  samplinq prov ided h.y the  P7P-1 
s a t ~ l l i t c t  i n  t h i s  rer l ion and a t  t h i s  l e v e l  o f  a c t i v i t y .  The pre-noon 
~ i a x i r ~ u n  i s  morkct f i xed  j n  narlnetic l o c a l  t i n e  and more ortleretl by rtn. 
Except f o r  K P = ~  case t h i s  nax i r~a  i s  alwavs found hetween 0930 and l l r i O  MLT 
and a t  a oeo~qdqn~ t i c  l a t i t u d e  t h a t  snoothly decreases w i t 4  increas inq  KO, 
The averaqe enerq.j increases fro[? b:o=0 t o  Kp=3 hut then decreases f o r  a l l  
hiqher Kn r ~ a c h i n q  a value fo r  the  hiqhest a c t i v i t y  case a f a c t o r  o f  two 
9elorr t h a t  of t he  Y$=n ease. I n  a s i r i i l a r  rianner the enerqy f l u x  increases 
f r o n  Kn=n t o  Kp=3 h i l t  then i s  approxjnate lv  s tahle fo r  a l l  hiqher a c t i v i t i e s .  

7,. A t  enerqies ahove 1 keV t he  ref l ion o f  hot nlasna i s  no t  contincro~rs about 
the oval. For Yn=n the ilveraqe enerq.y does not  reach lkeV a t  anv l a t i t ~ ~ r l e  i n  
the :1LT ranrle f r o n  - 18n0 t o  ??W. For t h ~  Yp=l and 2 cases there  i s  a 
1iinit7111.1 w i t h i n  the reqion o f  hot olasna a t  aoproximate1.v 1800 hour '4LT. For 
the four renain inq cases there i s  a c l e a r  nlirlinun hetween noon and 18r)n hours 
"LT. The averdoe enerqy o f  t h i  s rlininur? fa1 1 s he1 ow 1 keV, fo r  the  four 
hiqhest a c t i v i t y  cases the  l o c a t i o n  o f  the  ~ n i n i n ~ r n  amears  t o  riove t o  e a r l i e r  
l o c a l  t imes w i t h  increasina a c t i v i t v .  p a r t  of t h i s  e f fec t  apoears t o  r e s u l t  
fro11 d chdnqe w i t h  a c t i v i t v  i n  the riaonetic l oca l  t i n e  nast noon t o  which 
hot  e lec t rons  d r i f t i n q  arorrnd on the l iorn inq side are ab le  t o  Denetrate. 
These e lec t rons  are seen a t  the l a t e s t  PlLT for  Kp=O ant1 penetrate t o  nroqres- 
sive1.y ea r l  i e r  YLTs wit.h increasinq a c t i v i t y .  For the  Kp 26- case there  
are few reqions t:, the davside of the  dawn-dusk meridian i n  which the averaqc? 
enerqies reaches 1.5 keV. 

3 .  The na.iorit.v o f  the  enerqy f l u x  of  n a r t i c l e s  i n t o  the  h iqh  l a t i t u d e  reqion 
i s  ca r r i ed  hv the hot electrons, Tvp ica l l v  f o r  any MILT zone on the  n iqhts idr !  
o f  the oval the l a t i t u d e  o f  the  riaxi:7ut? i n  enerq.y f l u x  i s  near o r  co inc ides 
w i t h  the nax i r~un  i n  averaqe eneray. A t  a l l  a c t i v i  t.v l e v e l  s ahove Kp=P the 
i socontotrrs of snerqy f l ~ ~ x  w i t h i n  the hot e lec t ron  reqion have a C: o r  horse- 
shoe shape t h a t  i s  rntlqhlv svn111~tric a h o ~ l t  a r.leridian one t o  two hours post 
r i idn iqh t  and post-won. The ~,~axir*lun enerqv f l l l x  o c c t ~ r s  s l i q h t l y  before 
n idn iqh t  f o r  Kn=O and 1 hu t  i s  c l e a r l v  ~ o % t  midniqht f o r  a l l  hiqher a c t i v i t y  
ca SPS. 

4. The enerqv f l ~ r x  i n t o  the niqhtsidc? oval and up t o  a ~ p r o x i n a t e l y  1000 FlLT 
on t h ~  dayside increases w i t h  increasinq a c t i v i t v  as t h e  oval expands. Ry 
cont ras t  the enerqy f l ~ r x  c a r r i e d  hy hot e lec t rons  a t  noon reaches a maxir~uri 



a t  KP=? and then r lecreas~s f o r  hiqhc?r a c t i v i t v .  This f s  shown i n  Table A 
where we have 1 istctd the naxinum w e r q y  f l u x  and i t ' s  J a t i t u d ~  f o r  the  flflnll 
t o  On30 FILT zone and f a r  the peak i n  ave-mm enerqv f a r  the  hat e l x t r o n s  i n  
the 1130 t o  1?W %I.--zone. - - 

The l a t i t u d e  fo r  hottr cases decrenscts fo r  ihcr'.(?a$incl a c t i v i t y  a s  w0111n he 
axnested f ron  the overa l l  move17Mlt o f  the o u l  r?.rjlratorwarll. The snnrqy fl14:: 
a t  mirlniaht i n c r ~ 4 7 w s  h,v norfi than an order O f  maqnitude frorn Kp-O t o  
Kn >fig whi le  f he enercly f l ux  a t  noon reaches a lqaxinuw value o f  7. ~ 1 x l n 7  
Lev/ ~ ~ ~ - s e c - s t e r  f o r  Kp=? and then decreases f o r  inereasinq Kp above t h i s  
pa in t ,  reachinq a vallrs fo r  the Kp>6- case approxilsatelv a fae ta r  o f  two 
l o ~ e r  than the Kp=O case. The r a t i o  o f  the enerqy f l u x  a t  n i d n i q h t  t o  t h a t  
a t  noon increases w i t h  incrsasina Kn except f a r  t he  K I : = ~  case. The 7 values 
fro17 Kp=O t o  Kpafi- are ?,7, L l ,  4.7, 18.fl, 71.5, 18, 72.5, 

COLD ELECTRON-REGION 

For the  c o l d  e lec t rons  (EAUF c 600 e\l) we note the fol lowinq: 

1. Thc hiqhcst nurlher f l u x  o f  co ld  e lectrons i s  found w i t h i n  the  dayside 
po r t i on  of the  o v e r a l l  reqion o f  e lec t ron  p rec ip i ta t i on .  F t  the  f i r s t  f i v e  
a c t i v i t y  l e v e l s  there  i s  a c lea r  crescent shaped reqion of co ld  e lec t rons  
rouqhly svnmetric about noon o r  s l  i q h t l y  skewed towards prenoon. The crescent 
shaped reqion i s nost  c1earl.v evident i n  the Kp=O and Kp=l  cases where a t  a 
1 eve1 o f  above 5x1n7 c?lectrons/cm2-sec- s ter  i t  extends i n  lraqnetic 1 ocal t i n e  
over the e n t i r e  dayside reaion and one t o  several hours i n t o  the  n iqh ts ide  
reqion. The reqion extends c l o s e r  t o  midni-qht on the  morninq side than the 
e w n i n q  side. The sane hehavior i s  m a i n t 2 i n d  fo r  the  next th ree l e v e l  s of 
a c t i v i t y  hu t  i s  ohscltr.d i n  the  isocontour p l o t s  by the  I ~ c r e a s f n q  in teq ra l  
f l u x  on the n iqh t  side f ror i  t he  hot electrons. For the two Fiqhest a c t i v i t v  
cases there i s  s t i l l  an extended reqion o f  low enerq-y p r e c i p i t a t i o n  on the 
da.vside but  i t  i s  not as we l l  orqanized as f o r  the lower a c t i v i t y  cases. 

?. The i n t e n s i t y  of the  i n t e q r a l  number f l u x  w i t h i n  t h e  dayside reqion shows 
l i t t l e  if any increase w i t h  increasing z c t i v i t y .  Except f o r  t h e  Kp 3 6- 
case the i n t e q r a l  number f l ux  i s  t y p i c a l l y  between 5 x 1 0 ~  and 2x1nR electrons 
/cm2-sec-ster. A1 thourlh the  l e v e l  of f111x w i t h i n  the  reclion i s  r e l a t i v e l y  
constant the t o t a l  f l u x  of e lec t rons  i n t o  the reqion i s  increas inq w i t h  
increasinq a c t i v i t y .  For t h e  7 l e v e l s  o f  a c t i v i t y  the  t o t a l  dovncominq f l u x  
over the e n t i r e  d side w i t h  enerqies hetween 50 eV and 66neV a re  7.65x1nZ4, 
P . . R ~ x I o ~ ~ ,  I .QxlnSY, 1 .?IxIQ~~, 1 .56~102~ ,  1 . 9 7 ~ 1 0 ~ ~  and 3.7~xl02electrons/  
-sec- ster. These nunhers were obtained b.y determininq the  i n t e q r a l  f l u x  f o r  
e lectrons w f t h  enerqies hetwecn 5fl eV and 660 eV i n  each spa t ia l  element on 
the  dayside m u l t i n l y i n q  these hy the  area o f  the spa t ia l  ele~aent and sunning.- 
For a l l  hrrt the K P ~  6- case t h i s  t rend i s  w e l l  f i t  by t h e  equation, 

3. I J i t h i n  the  dayside reqion of co ld  e lec t ron  p r e c i p i t a t i o n  there  i s ,  i n  a l l  
hut the Kp> 6- case, a c lear  prenoon naxirrun. In Table 4 the  parameters 
fo r  these :?axirtla are 1 i sted. 



One rrotel; that  the riaxilvun's locat ion i n  t1I.T i s  relat.ive1.y Constant whi le the 
I n t i  t~rdr, decreases w i t h  increasinq a c t i v i  t y  as the nval expirndr;, Thr in tcqra l  
nrrrlber f l ux  increases hnl v fro,? 3..r)S t o  4,-1 x lflP from t h ~  KIVC) t n  tho Kp, 
6- case.. Path t h r  in teqra l  eneryv f l ux  c ~ n d  averaqe crnerqy aro 51n i lar ly  with 
i n  a narrow rnnqcr except a t  tho two hiqhest ar,t ivit ler;,- These incrftnsefi a t  
h f ~ l r ~ r  act, ivi tv arc! a t t r i h~ r t a t t l e  t.0 itn incrr!nw i n  the spat ia l  \ ( i t r i ah i I i t v  nf  
the- oval such that. %one hot e lec t ron spectra I~ave httcn usstl t o  t la ter l~ inn the 
averaqa Spectrt~~? f ron  which the ~ l r l ~ r q v  f l ux  a11l1 averaw enerqy wPrn cnlcul  t~t,etl 
If at; a l l  a c t i v i t y  leve-la the valtrer; listed i n  Tabla 3 are r ~ c a l i  ,tat.ed cisinq 
only the port ion o f  the npactr1~17 h~ twsen  and r)r)Ot?V the V ~ ~ I ~ C S  to r  the 
ICp=fl t.a Kp.3 cases vary hv lass  than lrl? f o r  a l l  three quiintit icts. For K p ~ 4  
and f$ cases, however, the sncrqv f l u x  drops tn  values helou 10R kcV/cn7- sec- 
ster and tkc  averaqe enerqv t o  values halow ?On dl. 

4. In the dayside rcqion nF cold electrons t hem i n  a  c lear  rnini l*~u~.~ i n  
averaqe enerqy. The locat ion and electran charac te r i s t i cs  a t  the ainirrum 
are 1 i sted i n  Table 5. 

The locat ion i n  l a t i t ude  shows a t o t a l  va r ia t ion  of FiO w i t h  a c t i v i t v  and 
except a t  hiqh a c t i v i t y  i s  found hetween 1100-120n MLT. Aqain the electron 
character is t ics  are qu i te  stahle ri t h  i ncreasinq a c t i v i  tr. The i ntenral 
number f lux ranqes hetween 3 and 10 electrans/cm -sec-ster except for the 
KP > 6- case. The in teqra l  enerq,y f l u x  ualue fa1 1  s  i n  a s i n i  l a r  narrow r a n w  
and the averaqe enerqy shows a s l  i qh t  decrease w i t h  increasinq a c l i v i t v .  
These averaqe enerqy minima s i t  near the poleward edqe of the cresent shaped 
reqion of cold electron prec ip i ta t ion.  

WORST CASE ENY IRWMENT 

The concept o f  a worst case environment f o r  tarqe space structures i n  
near-earth, polar  o r b i t  involves an extrapolat ion of ex~e r i ence  w i th  1  
s a t e l l i t e s  near qeostationary a l t i t ude .  The need for  extrapolat ion derived 
from our h i  s to r i ca l  s i tua t ion  which presents many we1 1-documented examples o f  
severe charqinq a t  geostationary a1 t i tude,  a  few cases o f  sna l l - sa te l l  i t e  
chanqinq a t  ionospheric a l t i tudes,  and as vet no exnerience w i t h  larqe struc- 
tures, such as Shuttle, i n  polar  o rb i t .  A t  qeostationary a l t i t u d e  the worst 
charqinq occurs when s a t e l l i t ~ s  are i n  the shadow o f  the ear th  durinq sorR 
suhstorm in jec t ion  events. In  t h i s  s i tua t ion  the occurrence o f  charqinq i s  
unamhiquo~~sly determined by the locat  ion i n  enerqy of the so-cal l  ed "charqinq 
peaks" i n  the pos i t i ve  ion spectrum. If a  s a t e l l i t e  chdrqes t o  - 5kV, low- 
er\erq.v ions i n  the v ic in i t , )  o f  the s a t e l l i t e  are accelerated throuqh t h i  s  
potential .  Typically, a larqe f l u x  o f  ions woclld be measured i n  the enermqy 
channel centered nearest 5KeV whi le few i f  any ions w o ~ ~ l d  he detected i n  
energies channels below t h i s  value. Mullen and Gr~ssenhoven ( re f  10) (1982) 
found that  the nost severe charqinq occlrrs durinq those substorm i n j ec t i on  
events that  bre characterized h.v stronq f luxes of e lectrons w i t h  energies 
above 10 keV. hpact inq electrons w i t h  enerqies ahave (helow) t h i s  value 
Produce less (more) than one secondary e lec t ron per p a r t i c l e s  for t.vpica1 
spacecraft na te r ia l  s  ( r e f  11) With t h i s  c r i t e r i o n  i n  17ind Hardy ( r e f  12) 
surveyed more than 10,000 passes o f  nMSP/F2 over the auroral zone t o  iden- 
tif condftiuns under which the f l u x  o f  electrons w i t h  enerqy > 1  keV exceeded 
l o l X  electr3nslcd-sec-r ter .  Althouqh these enerqetic e lectron observations 
are useful for modelers who require rea l  i s t i c ,  worst-case f1 uxes i t  provides 
no empirical quidel ines as l o  what deqree the s a t e l l i t e s  ac tua l l y  charqe. 



lli t h  ti;? launch o f  QblSP/Fh i n  llecrtnher 10P3 i l .  hat; Irecomr? possible t o  
s a ~ c i  f v  thc drflree to  which charqinq occurs i n  "warst case" a u r o r a l  envi ran- 
mants, Thi s satel 1 itc* carr lod dctsctors capahlc o f  mr-la(;rrrinal tho fluxes of 
dawncominq electr*ans and nnsit,ive ions w i t h  oncrqics h ~ t w e ~ n  30 eV and 30 
keV. rlic! s a b ~ l l  i t o  a1 so cc?r*ried rletectorr; t o  ~~iracj~rro thf* d ~ n s i t i e s  and 
tc)~vperat.~lror; o f  t hnrnal ions and n l~c t rons ,  Q~ccr~r sr, tho qeometric fastor  cif 
the  encrrqetic ion datector qroat lv  e x c o ~ d s  that  o f  any pt*oviour;l,y flown, i t  i r; 
p o s s i h l ~  f o r  tntt f i r s t  t i r ~ e ,  t o  lank f o r  ion "charqinq neaksl' a$ indCcdtors of 
spacecraft charqincl i n  the Sanasphert2. The t lctactor systems a s  we1 1 a s  the 
~rtettiods fo r  data presentation and idsnt,ifvirtq sever(* charqifbtl events +are 
de(;crihcd i n  I? companion paper (ref 13) and w i l l  not ha repeated her@. 

F iq t~res 4 ilnd 5 qivct the averaqe anttrqies ( top panel a),  d i rec t iona l  snct-qy 
f l u x  (~nidrl ls nanels) ar~d d i rac t iana l  number f l ux  s f  e lectrons and pas i t ive  
ions neasurcd clurinc~ a northern, hiqk-1 a t i  tune pass of" DflSP on 12 January 
1983. The ciata are  resented as a function o f  I l l '  i n  seconds of the dd.v, 
qeoqraphic 1 a t i  tune and 1 onqi tirde; ~liaqnet i c  1 a t i  tude, lonq i  tude and loca l  
tilhe. At tent ion i s  d i rected t o  the two minute in te rva l  between 35820 40957) 
and 35841) (n95Q) IIT. The electron f l ux  rose sharnlv from typ ica l  ~ o l a r  r a i n  
valrles o f  2 X 11)~/cm~-sec-ster, s ta r t inq  at  35F((iO I1T t o  a ~ttaxinun value of 
l f l l r l /c~?2-sec-~ter  a t  35878 Ill', The f l u x  leve l  then decreased t o  a nearly 
steady value o f  fixln8 for  the fo l lowinq minute. Tht, averatye energy p r o f i l e  
suqqest s tha t  the sate1 1 i t e  e i t he r  passed throuqh two c l  ose1.v spaced i nverted-V 
structures o r  throuqh a sinqle, complex inverted V w i t h  a very intense sub- 
structure a t  i t  s pol eward haundary. nurinq the sukintcrval 351160-358RO ll'T, 
the ion f l u x  increased by three orders o f  maqnitude w i t h  no eas i l y  recoqnized 
increase i n  avr?raqe ion enerqy. An intense f l ux  o f  hiah-enerqy electrons 
accompanied by a n  inc reased  f l u x  of low-energy i o n s  ?s b f t c n  an  i n d i c a t o r  of 
s p a c e c r a f t  charg ing  a t  g e o s t a t i o n a r y  a l t i t u d e s  ( r c i  14). An a n a l y s i s  of 
i n d i v i d u a l  d i s t r i b u t i o n  func t i o n s  f o r  i o n s  and e l e c t r o n s ,  p r e s e n t e d  below, 
shows t h a t  t h i s  c a n  a l s o  be regarded as a s i g n a t u r e  of c h a r g i n g  a t  iono- 
s p h e r i c  a l t i t u d e s .  Before examining i n d i v i d u a l  s p e c t r a l  measurements two 
a d d i t i o n a l  comments r e l a t e d  t o  F i g u r e s  4 and 5 should be  made. F i r s t ,  dur ing  
t h e  i n t e r v a l  35880 t o  35940 as  the  s a t e l l i t e  passed through t h e  equatorward 
( p o r t i o n  of t h e ) i n v e r t e d  V t h e  f l u x  of i o n s  remained c o n s t a n t  a t  - lo6 
/cm2-sec-ster and t h e i r  average cnergy i n c r e a s e d  t o  s e v e r a l  k i l o v o l t s .  As 
demonstrated helow no measurable charg ing  occurred d u r i n g  t h i s  i n t e r v a l .  
Second, t h e  e l e c  t r n n  f l u x  l e v e l s  of 1010/cm2-sec-ster near  35875 UT repre-  
s e n t  lower bounds on t h e  a c t u a l  f lux.  The i n t e g r a t i o n s  are performed only  
over  the  f i n i t e  energy rangc (30 eV - 30 keV) of t h e  sensor .  

F igures  6 a-f g i v e  s i x  examples of phase space d e n s i t i e s  f o r  e l e c t r o n s  
and i o n s  w i t h  e n e r g i e s  between 30 eV and 30 KeV a s  n~easured by D E . I S P / F ~  i n  
c r o s s i n g  t h e  i n v e r  red V s t r u c  tu re ( s ) .  He f o r e  examintng t h e  meas\irewents i t  
should be recn lhcd  Eha t bo th  t h e  e l e c t r o n  and i o n  deeec t o r s  c o n s i s t  of two 
analyzers .  The low (hip,h) energy a n a l y z e r  covers  t h e  range 30 eV t o  1 keV 
(1 t o  30 IceV) i n  10 l o g a r i t h m i c a l l y  spaced s t e p s .  Each of t h e  a n a l y z e r s  
s t e p s  from h igh  t o  low i n  energy. Thus, t h e  1 lceV sample of t h e  Zow-energy 
a n a l y z e r  o c c u r s  a lmos t  a f u l l  second before  the  1 keV sample of the  I.igh 
energy analyzer .  I n  r a p i d l y  va ry inp  environments the  1 keV measurements of 
the  two a n a l y z e r s  c a n  be q u i t e  d i f f e r e n t .  I n  smoothly va ry ing  r e g i o n s  
measured f l u x e s  a g r e e  w i t h i n  normal, s t a t i s t i c a l  f l u c t u a t i o n s .  The d i f f e r e n t  
v a l u e s  of e l e c t r o n  d i s t r i b u t i o n  f u n c t i o n s  a t  1 keV, i n  the  examples g iven  i n  
F igure  6 r e f l e c t  r a p i d  spa t i a l - t empora l  v a r i a t i o n s  i n  t h e  environment r a t h e r  
t h a n  a c a l i b r a t i o n  d e f i c i e n c y  i n  t h e  inserutaenk. 



The c l e c t r o n  and ion  d i s t r f h u t i o n  func t ions  i r ?  F igure 6 wcrc chosen t o  il- 
l u s t r a t e  condi t ions  lead ing  t o  weak (a , f  1, moderate ( c , e )  and s t rong  (b ,d)  
spacecraft. charging. To help  identi-fy tho: degree of charginp, expanded p l o t s  
of the low energy po r t i ons  of i n n - d i s t r i b u t i o n s  appear as  i n s e t s .  A t  0957:48 
UT a s  the s a l c t l i  t c  en te red  the  inver ted  V the ion  d i s t r i b u t i o n  decreases  
monatanically i nd f sa t i ng  chat the s a t e l l i t e  p o t e n t i a l  was greater:  than o r  
equrrr, t o  - 30 V. One sccand l a t e r  thc e l e c t r o n  d i s t r i b u t i o n  hardaried consi-  
derably and the low-energy po r t i on  of the ion  d i s t r i b u t i o n  sl~ows a peak a t  
300 cV ind i ca t ing  a veh ic l c  potential of -300 V ( r e f .  13). The r a p i d i t y  wLth 
whicb the vehic le  p o t e n t i a l  f l u c t u a t e s  i s  shown i n  exmnplcs c (0957: 56)  d 
(0957:58) alitf e !0957:59) where the cllarging peak fs seen a t  LOO cV, 440 cV 
and 44 eV, respec t ive ly .  \Je note  t h a t ,  a t  0957:58 UT i n  the energy range 9 
t o  30 keV, the e l e c t r o n  d i s t r i b u t i o n  func t ion  is monotonically increasing.  
Xf we assune t h a t  the a u r o r a l  e l e c  t r o r ~ s  have undergone a f i e ld-a l igned  accele-  
r a t i o n  between the magnetosphere and lonosphere, then the  de t ec t ed  e l e c t r o n s  
are secondary and degraded primaries.  The p o t e n t i a l  drop above the ionosphere 
is a t  l e a s t  30 kV. The prildary e l e c t r o n  beam has an energy g r e a t e r  than 30 
keV; beyond the energy s e n s i t i v i t y  of the DFtSP/F6 d e t e c t i o n  range. The 
f i n a l  example a t  0958:06 UT comes from the equatorward inverted-V. Although 
the pcimary e l e c t r o n  beam has been acce l e r a t ed  through a p o t e n t i a l  of 14 kV, 
the ions have a monotonically decreasing d i s t r i b u t i o n .  P o t e n t i a l s  > - 30 V 
a r e  t yp i ca l  of t h i s  equatorward inverted-V encounter.  

The c o n t r o l  of spacec ra f t  charging exer ted  by ene rge t i c  e l e c t r o n s  is  i l l u s t r a -  
ted i n  Figure 7. The top panel g ives  the  d i r e c t i o n a l  f l u x  of e l e c t r o n s  w i th  
energ ies  > 5 keV (dashed l i n e )  and > 10 keV ( s o l i d  l i n e ) .  As j u t  mentioned 
the f l u x  measured a t  n957:58 (35878) UT is lower bound on the  a c t u a l  f lux.  
The s a t e l l i t e  p o t e n t i a l s  i n f e r r e d  from the measured ion  d i s t r i b u t i o n  func t rons  
appear i n  the bottom panel. We see t h a t  there  are one f o r  one v a r i a t i o n s  i n  
the ene rge t i c  e l e c t r o n  f l u x  and the s a t e l l i t e  p o t e n t i a l .  The degree of 
charging achieved a t  f cos t a t i ona ry  a l t i t u d e  i n  a given ene rge t i c  p a r t i c l e  
environment exceeds t h a t  expected f o r  s a t e l l i t e s  i n  the ionosphere. I n  the 
ionosphere severe  charging e f f e c t s  should be mi t iga ted  due t o  c u r r e n t s  c a r r i e d  
by r e l a t i v e l y  dense, co ld  ions. Simultaneous measurements from che thermal 
plasma probes i n  the v i c i n i t y  of the inverted-V even t ( s )  a r e  presented i n  
Figure 8. Data a r e  presented a s  d e n s i t i e s  of thermal e l e c t r o n s  ( t op  pane l )  
and 1ot.s (birttorn panel)  determined while  the  d e t e c t o r s  opera ted  i n  the  con- 
s t a n t  b i a s  Mode 1 ( r e f  13). A p o s i t i v e  b i a s  on the ou t e r  g r i d  of the  e l e c t r o n  
sensor  i s  respons ib le  f o r  the  f a c t o r  of two g r e a t e r  e l e c t r o n  than ion  dens i ty  
p r i o r  t o  0957 and a f t e r  0959 UT. Note t h a t  between 0956 and 0957 UT the 
e l e c t r o n  and ion  d e n s i t i e s  decreased by a f u l l  o rder  of magnitude. This  
dens i ty  decreased occurred p r i o r  t o  the f i r s t  encounter w?th the  inver ted  V. 
ReginnLng a t  0957:30 the  c u r r e n t  t o  the e l e c t r o n  sensor  decreased by more 
than another order  of magnitude. Because the ions  show the  oppos i te  response 
we a t t r i b u t e  the thermal e l e c t r o n  c u r r e n t  suppression a s  due t o  the  increase 
s a t e l l i t e  charging encountered a t  t h i s  time. 

I n  the  companion paper, Burke and coworkers ( r e f  13) presented another  
example of severe  charging by DRISP. In  t h i s  event  the s a t e l l i t e  p o t e n t i a l  
only reached -65V. The presen t  c a s e  d i f f e r s  i n  two s i g n i f i c a n t  ways. F i r s t ,  
a 1  though the  invcr ted V e l e c  t ron  f l u x  l e v e l s  were comparable, the average 
ene rg i e s  were s i&ni fCcant ly  l a r g e r  i n  the presen t  case. Second, the thermal 
plasma dens i ty  was an order  of magnitude higher i n  the ca se  presented by 



Ilurkc and coworlters. This  means t h a t  t h e r e  is roughly a n  o r d e r  o f  magnitude 
los s  ion  c u r r e n t  avni lnblc  ta n e u r r a l i z e  the c l l r r e n t  h e  t o  e n c r g a t i c  eLec- 
trons. L t  wo111d appear  t h a t  both  e n e r g e t i c  e h c  t r o n s  and a co ld  plasma 
d e p l c t i o n  arc rcquirr?d f a r  s a t e l l i t e - s  a t  ionospher ic  a l t i t u d e  to a c q u i r e  the 
higlt d c a r e c  of charp,inp, observed by DFlSP on January 12,- 1983. 
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Table 1 

Sate1 1 i t e  n c h l t a l  Pkne-  A1 t i  tude Data Availabt Uty 

F2 0600 - 18n0 840 Km 9/77 - 2/80 

~4 in30 - 2230 mn ~m 6/79 - R / ~ O  

P7R-1 000n - 12no 600 Km 3/79 - present 

F6 0600 - 1806 R40 Kn 12/82 - present 

Tahle Za 
Post Mfdniqht Haximua 

Averaqe Enerq.~ 

3.41 KeV 

4. 71 " 

5.7R " 

3.93 " 

3.46 " 

--- 
5.87 " 

Maqnetic 
Eneror Flux Lat i tude ML T 

8 . ? 7 ~ 1 0 ~ ~ e ~ / c r n ~ - s e c -  s ter  670 n40n-0430 

Averaqe Enerqy 

2.97 KeV 

3.90 " 

5.68 " 

6.40 " 

5.02 " 

4.81 " 

1.R0 " 

Table 2b 
Pre Noon Yaximum 

Maanetlc 
Enerqy Flux La t i tude  ML T 

2. 16x10~ tie~/cm2-sec- s ter  710 1400-1430 

6.34~107 I, 700 09x1-i ooo 

1.07~108 ,I 700 1030-1100 



C.G.. C.G. 
Kp Max, Energy Flux Latitude Enerqy Flux - Latitude 

fl 1 .naxlo8 ~etlcn2-sec- ster 690 3 , 7 5 ~ 1 0 ~ ~ e ~ / c m ~ - s e c - s t e r  720 

1 1 .90~10~ I, 680 4.55~107 ,I 710 

Table 4 

Prenoon Inteqral Number Flux-axinur inurn 

La t i -  Integral  Number Inteqral Enerqy Averaqe 
KO tude Y T  -- Flux #=lux Eneroy 

Table 5 

Averaqe Enerq.v !Mi ninum 

Latitude 

81 0 

81 0 

810 

790 

ML T Intearal Enerqv Flux 

1100-1 130 4 .57~10~ ~ e ~ / c m ~ - s e c -  ster 

1130-1200 4.88~107 " 

1130-1200 3,63~107 81 

1100.-1130 4.44~107 11 

Averaae Fnerqy 

tq9 ev 

183 eV 

168 eV 

165 eV 

162 eV 

147 eV 

184 eV 
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Figure I. - Isocontour maps o f  the i t eg ra l  number f l u x  (IFLX) s f  p rec i p i t a t i ng  I electrons i n  u n i t s  o f  electrons/cm sec s r  f o r  the fou r  a c t i v i t y  l eve ls  K -0, 
2, 4, and >6-. The p l o t s  are i n  a corrected geomagnetic l a t i t u d e  - magne!ic 
l oca l  t imecoord inate  system. The geomagnetic pole i s  marked by a cross (+). 
Midnight magnetic l oca l  t ime i s  centered a t  the bottom o f  each f igure,  noon 
a t  the top. 
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Figure 2. - lsocontour maps as in f f gure 1 for the int gral energy flux 9 (EFLX) of precipitating electrons in units of keVlcm sec sr. 
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Figure 3. - Isocontour maps as i n  f igure  1 f o r  the average energy (AEGY) of 
prec ip i ta t ing electrons i n  units of' keV. 
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Figure 4. - Average energy, direct ional  energy f lux ,  and direct ional  number 
f l u x  o f  downcoming electrons with energies between 30 eV and 30 keV. 
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Figure 5.  Average energy, direct ional  energy f lux ,  and direct ional  number 
f lux  o f  downcoming ions with energies between 30 eV and 30 keV. 



(a)  A t  09:57:48 UT. 

Figure 6. - Distr ibut ion functions of  electrons and ions with energies between 
30 eV and 30 keV as measured on 12 January 1983 by DMSPlF6. 





(c)  A t  09:57:56 UT. 

Figure 6. - Continued. 



( C )  A t  09:57:57 UT. 

Figure 6. - Continued. 



(e) A t  09:57:58 UT. 

Figure 6 .  - Continued. 



( f )  A t  09:58:06 UT. 

Figure 6 .  - Concluded. 



12 January 1983 

Figure 7. - Integral  f l u x  o f  electrons w i th  
energies >5 keV and >10 keV i n  the poleward 
inverted-V structure. The bottom panel gives 
the measured satel 1 i t e  potent i a1 as determined 
from charging peaks i n  the ion d is t r ibu t ion  
functions a t  1-sec intervals. 

UP 0956 K309 
WLAT 818 v.7 

MLt 21 A IS.? 

Figure 8. - Densities o f  thermal electrons and 
ions measured by DMSPIF6 i n  the ~ i c i n i ~ t y  o f  the 
i nverted-V structure, i n  which 1 arge spacecraft 
potent ials were detected. 



POLAR PLlCjMAS AS OBSERVED BY DYNAMICS EXI1CORERS-l-AN.0 2" 

3 .  Barfleld, 9 .  Bwch, C .  Gurgloh, C .  L ~ R ,  D. WJnningharn, and N. Saf lekos 
Southwest. Research Lnstltute 

San Antanlo, fcxas 78284 

Plasma measurements from the  Dynamics Explorer 1 and 2 . sa teLl i t e s  have been used 
t o  characterize t h e  polar  cap environment.- .ViaLysis of numerous polar lcap passes have 
indicated tha t ,  i n  general,  *+ee major regimes of p l ~ m a  ex i s t :  

(1 )  polar  rain--electrons with magnetosheath-like energy 
spec t ra  but much Lower-densities, most 
in tense  near the  cusp and weakening 
toward t h e  c e n t r a l  polar-cap; 

( 2 )  polar  wind--low energy upward flowing ions with both 
f ield-al igned and conical  d i s t r ibu t ions ;  

(3 )  accelera t ion events--sporadic events consis tent  with the  
accelera t ion 05 elec t rons  and pos i t ive  
ions  by p a r a l l e l  slectric f i e l d s  . 

(1)-13) have heen observed at high a l t i t u d e s b y  Dynamics Explorer I, while (1) arid- C3) 
have been observed at low altitudes by Dynamics Explorer 2. The plasma parameters 
associated with these plasma regimes a r e  presented and d i s c u s s e d - i n d e m  of saurce 
and accelerat ion mechanisms. 

INTRODUCTION 

The polar  cap is a region threaded by magnetic fieLd l i n e s  which in te r sec t  the  
e a r t h  poleward of the  aurora l  oval. The magnetic f i e l d  l i n e s  of the  polar  cap a r e  
generally accepted a s  e i t h e r  being open o r  closed a t  such l a rge  distances f roa  t h e  
ea r th  t h a t  t3ey a r e  e f fec t ive ly  open. This linkage between the  pa la r  cap ionosphere 
and the  in terplanetary  medium makes the polar  caps extremely important i n  the study of 
t h e  in te rac t ion  betweed the  s o l a r  wind and t h e  high-lat i tuae ionosphere. Since the 
polar  caps a r e  not d i r e c t l y  connected t o  those closed-line regions of the mgneto- 
sphere where plasma and energy a r e  stored,  electric f i e l d s ,  currents ,  and particle 
prec ip i t a t ion  i n  t h e  polar  caps respond quickly t o  chadges i n  s o l a ~ . w i n d  conditions. 
Many authors have s tudied t h e  re la t ionships  between the s o l a r  wind conditions and the  
polar-cap environment. However, much rdainer unknown a t  present  concerning the  dnar- 
a c t e r i s t i c s  of polar  cap plaama. 

* This work was supported by the  A i r  Force Geophysics Laboratory under Contracts 
F19628-82K-0024 and FY7121-83-N-001, by NASA under Contracts NAS5-26363 and NAS5- 
25693, and by t h e  Southwest Research I n s t i t u t e  In te rna l  Research Program. 
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Ex&.nation of the W?t and-I)Ed! data has pxa_?~Ahd-new information on three majar 
p e l a r ~ c a p  plaama regime&: 

O L p o l a r  rain--elbctroee with magnetosheath-like ekergy spectra But much 
lower denaitiee, moat: intense near the cusp and weakening toward the 
cen t ra l  po%arcap~ 

0 acceleratedpolar  win&--low energy--upwarUlowing ions with both field- 
aligned and- cwica.3. diatributionw . 

( 3 )  acceleration events--apoxadtic events consistent with the acceleratiod of 
electrons and pe i t i ve - ions  bypa+a l l e l  e l ec t r i c  f ie lds* 

The Dynamfos &xplozez s a t e l l i t e s ,  launched i n  1981, have affardednew and unique 
opportunities t o  probe palalc cap p1asmaa.- (Details  of the s a t e l l i t e s ,  t h e i r  orbits ,  
and instrumentation may be found i n  Space Scienca Instrumentation, Vol. 5, No. 4, 
198t--special issue.) @the combined high-altitude polar o rb i t  of Dynamics Explorer 1 
(DE-1) and. t h e  low-altitude polar- o rb i t  of Rnamica Explorer 2 (DE-2) have been used 
t o  observe the polar capqlas~na environment on-a large number of-passes, 

The next Bection br ie f ly  describes the instrumentatioa used for  the observationl. 
Followf~lg that, the- next three sections present observations. 

T h e D l k l  s a t e l l i t e  was launched on August 3, 1981, i n to  an e l l i p t i c a l  polar or- 
b i t  w i t h  an ap-ogee of. 4.6 RE aeocentric and a pezdgee of- 650 km al t i tude.  The DE-1 
High Altitude Plasma Instrument (WII cbnsista of E ivulec t ros fza t ic  analyzers 
mounted i n  a faneshaped angular array at angles of 4S0, 7B0, 90°, 102Q, and 13S0 with 
respect t o  the spacec~a f t  spin-axis. Each analyzer xuakCs d i f fe ten t fa l  measurements 
of posit ive ions and electrons over an energy per charge range of 5 eV/e t o  32 keV/e. 
The energy stepping r a t e  may be commanded over a range up t o  64 sec-l, producing 
three-dimensional plasma dis t r ibut ions  a t  the six-second spin period of DE-1 (see 
ref.  1 fo r  de t a i l s l .  .. 

The DE-2 satellite, Launched with PE-1 on August 30 1981, has an e l l i p t i c a l  
~ o l a r  o rb i t  a t  approximately 300 x 1000 km al t i tude.  DE-2 is three-axis stabil ized,  
with one ax is  i n  the zenith, another perpendicular t o  the o r b i t  plane, and the l a s t  
completing a right-hand t r iad .  The DE-2 Low Altitude ~ h m a  Instrument (LAPI) con- 
sias of 15 ion and 15 electron energy/wit chazge analyzers mounted on an extetnal  
scan platform (ref.  2).  The detector array can be held approximately fixed (<PI 
with respect t o  the  local  magnetic f i e l d  vector. The plane of the sensors is i n  the 
orb i t a l  plane and thue i n  the local  magnetic mgzidian plane. Two pairs  of out-of- 
plane detectors allow for  sampling near O0 and f80° pitch-angle when the magnetic 
f i e l d  vector deviatee s ignif icant ly  from the p-e af t h e  detector array- 

Polar Rain 

Winningham and Heikkila (ref.  3 )  f i r s t  described polar rain, ueing data from the 



ISIS I. a a k e l l i t e -  Polar  r a i n  is t h e  m o t  cornon type oE palcticle prec ip i t a t ion-owr  
t h e - p o l a r  caps. This broad and r e l a t i v e l y  a t ruc tu re less  e lec t ron pracipitatAon can 
o f ten  f i l l  t h e  e n t i r e  polar cap. The a r e c i e i t a t i n g  elecercrhs typical ly  have th0& 
energies- on t h e  order of 14-0 e V  and a r e  i so t rop ic  over t h e  downcoming hemisphere. The- 
energy f lux  cased -by t h e  prticles is of t h e  order of 10.3 to  ~ 1 " ~ -  erg car'2seo-1 
(ref.--4.1. The s p e c t r a l  d i s t r i b u t i o n  o-he polar rain.electrona.hils t h e  8- shape as 
t h a t  of cusp electrons, b u t  is lower i n  in tens i ty ,  suggest ing. that  polar  r a i n  ofigi-  
n a t e s  i n  the  magnetosheath and t r a v e l s  t o  t h e  polar-ionosphere v i a  the . lobes  of  Ule-. 
magnetotail. 

Figures l a  and 1B show dif ferent ia l .energy f l u t  from the.LRPI.instrunent aboard 
DE-2 f o r  a port ion of a polar  pass on day. 295 (22 October) of 1981. The top panel 
shows data for-8O p i t ch  angle eIectrons,  and t h e  bottom panel shows 454 p i t c h  angle 
ion  data. The upper center  panel shows 90° and Oe p i t c h  angle e lec t ron data from the 
GM tube. The data a r e  coded according to  t h e  color  b ra  at  the r ight .  Satellite 
ephemeris is shown at the  buttom. In this p a r t i c u l a r  p a ~ s ,  DE-2 passed -ugh the  
northern polar cusp a t  approximately 1306-1307 UT and i n t o  t h e  polar-cap. The polar 
r a i n  can be seen c lea r ly  as a bright-hand i n  the  e lec t ron panel over t h e  energy range 
a60-600 eV. The elec t ron f lux  i n t e n s i t y  remained f a i r l y  constant i n  inten6fty u n t i l  
j u s t  a f t e r  1309 UT when it abruptly decreased. Notice the  l a c k o f  i o n  f luxes  over t h e  
p o l a r  cap. 

Figure 2 shows l i n e  p l o t s  of t h e  averageenergy,  energy f lux,  and density of the  
douncoming e lec t rons  f o r  1306-1311 UT. These parameterg a r e  obtained by in tegra t ing 
d i s t r i b u t i o a  functions over energy from 5 e V  t o  20 keV. m i n g  the  e n t i r e  in terval ,  
t h e  average e lec t ron energy and density remained roughly constant.  The average ener P w a s  about UIO e V  and the. denaity of downcoming elect~ons was i n  the-range of 1-5 cm" , . 

These wlues .oE  energy and density azit representa t ive  of t h e  p o l a r r a i n .  Af.ter e x i t  
from the  cusp at. about 1302 UP, the energy flux-increased very s l i g h t l y  toward the  
pole u n t i l  jus t  a f t e r  1309 UT when it decreased by approximately 50%. i 

9 

Figure 3 shows a DE-1 high-al t i tude polar- pass approximately three hours a f t e r  ? 

t h e  DE-2 paSs shown i n  Figure 1. During the in te rva l  1617-1619 UT, DE-1 traversed 
t h e  magnetic loca l  time and invar iant  l a t i t u d e  corrsesponding t o  those of DE-2 jus t  
poleward of the  cusp i n  Figure la. The format is t h e  same a8 f o r  Figure 1, except 
f o r  the  absence of GM tube data. The polar  r a in  may be seen a s  a band i n  the  spec- 
trOgriUtI over the  energy range =100-600 eV. Bracketing t h e  polar  r a in  are camtar-  
streaming energetic (E>600 eV)  e lec t ron beams a t  O0 and l8Oe p i t ch  angle and upwardb 
mo~fng low-eneqy (E<100 e V )  e lec t ron beams. The source of the  energetic counter-- 
streaming e lec t rons  is open t o  question and presently under study by GU~giuio and 
Burch (unpublished$. Two p o s s i b i l i t i e s  f o r  the  source would be re f l ec t ion  by a 
p o t e n t i a l  b a r r i e r  a t  the  magnetopause ( ref .  6) o r  d i r e c t  access of so la re lec t ro r r sc  
Upstreaming i o n a n i c s  may be seen i n  the  lower panel. 

CorjDBariag Figure 1 and Figure 3, it is i n t e r e s t i n g  t o  note t h a t  the  polar r a in  
is of t h e  same r?ec t ra l  nature a t  both a l t i t u d e s ,  suggesting t h e  absence of any sig- 
n i f i c a n t  accelera t ion between t h e  two s a t e l l i t e  locations.  90 demonstrate fu r the r  
t h e  s in t i lar i ty  between t h e  e lec t rons  a t  t h e  two satellites, Figure 4 shows nuinber 
densi ty,  energy f lux,  and average energy a t  DE-1 f o r  t h e  period 1614-1619 UT. The 
average energy was m100 eV, dedsi ty was 4- and the energy f lux  was 0.8 ergs  
~ m - ~ s ' ~ .  The corresponding values a t  lower altitudes were =to0 eV,  -2 ano3, and -0.8 
erga siu"2s'l. 



a d e t a i l ~ d  look at the-near-field-aligned electron populations a t  the two sata l -  
Ute kwations is provided i n  P i g w e  5- Shown-are three data sets -- two single enex- 
gy sweepa.Erom L U X ,  one j u s t  a t  the  plewoxd e d g e d  the  cusp and one approximately 
100 polaward of t h e  a s p ,  and a a n g l e  anerw 8weep from W X -  a t  a location-uihich 
mag& to near t he  location oE the f P r $ t  W I  spectrum, From--Figure 3,- we f irat can 
see that above photoe16ctron energiba the  Wf population--can-be represented by a- 
W w l l i a n ,  allowing the temperatures to be estirnatitd.. Near the cusp rr l e a s t  squares  
fit g i v e s a  temperature of 92 eV, whiIe fa r ther  poleward tho temperature is 99, eV, 
The! WE1 spectrum appears wel l - f i t t edby  two Maxwelliana above photoelectron emr. 
gise. The low-energy papulaUon hao a least-squares f i t . temperature of 65 el?, while 
the higher energy population has a teamahwe of 143 eV. 

Accelerated Polar Wind 

The polar wind r e f e t s  t o  the  continual escape of icrriospheric- plasma from. the 
polar ionosphere along open magnetic f i e l d  l ines.  !Chis escape of pa r t i c l e s  has  con- 
s i s ten t ly  been observed t@ lead t o  a depletion of l i g h t  ionospheric ions (ref. I )  and 
electrons i n  t h e  uppez. mas ionosphere. Until  recently, observations oE the  polar 
wind i n  the l i t e r a tu re  were limited t o  the low-altitude observations of Hoffman and 
Dodson (ref.  '4). W y  reported a continual upward flow of Kf and ~ e '  over the polar 
caps i n  the range 1-5 W s s c  and 1-3 W s e c ,  respectively- The low energy of these 
par-ticles precluded most instruments from d i rec t ly  obtaining a dis t r ibut ion function. 
However, as ppinted out  by Gurgiolo and a r c h  (ref .  51, polar-wind models predict  
that  the  p a r t i c l e  velocity should increase with a l t i t ude  ( re& 8).  Thus, the  high 
a l t i t ude  s a t e l l i t e  DE-1 is an idea l  platfoxin from which t o  study the  polar wind. 

Plasma data fmm D=I polar-passes indicate t ha t  ions  with peak dif-ferential 
energy fluxes i n  the-5 to- 100 e V  range are  Continually flowing out o f  the  dayside 
cusp and polar cap. The flows have both a field-aligned and a conic component. The 
field-aligned component is unmistakably the  polar wind. Gurgiolo and Burch (ref. 5) 
collcluded that the conics observed i n  conjunction with the  p l a t  wind-are polar-wind 
ions tha t  have been pespendbcularly heated, 

The polar-wind observations t o  be discussad were made during a polar pass on day 
272 (September 29) of t981. Figure 6 consists  of 3 s e t s  of pa r t i c l e  spectrograms on 
the  same format a s  Figure 3. Each spectrogram displays ehe d i f f e r en t i a l  energy flux- 
f o r  the pa r t i c l e  detectors which l i e  c losest  t o  the-plane-containing the loca l  mag- 
net ic  f i e l d  vector. 

Figure 6 shows a coritinuous band of upward flowing ions (near 180d pi tch angle). 
The s a t e l l i t e  was inside the  cusp during the in te rva l  covered i d  Figure 6a. At 1411 
UT, the s a t e l l i t e  passed through the polewsrd cusp boundary. The upward ions showed 
a gradual increase i n  energy throughout and s l i gh t ly  poleward of the  cusp, then they 
begin to  decrease steadily,  the peak i n  the d i f fe ren t ia l  energy f lux eventually drop- 
ping b low the lowest energy channel of W I ,  Within the cusp, the conic and field- 
aligned ions appear as "tuning forks" in- the spectrograms. X n  the  goLar cap the con- 
ics become l e s s  and l e s s  apparent, a s  the  energy and angular separation of the conic 
and field-aligned ions decrease. In the  polar cap, there a l so  is a s h i f t  i n  the  
field-aligned ions from -180° pitch angle t o  ~ 1 6 5 ~ d i s l d i a t i n g  an antisunward flow. 

Figure 7 shows a detailed view of the f i e l d  aligned ion population. Two data 
s e t s  a re  shown, each of which was averaged over four s a t e l l i t e  revolutions t o  improve 
counting s t a t i s t i c s .  Each of the dis t r ibut ions  was transformed to the  rest: frame of 



t h e  elasma p r i o r  t o  averaging (except for S/C charging which was about 20V). The twa 
data  sets-were taken beginning 1434:05 UT ( s o l i d  cicclals) and 1434:54 UT (apen 
c i rc le&,  I n  F4gur.e 7 Maxwellian d i a t r i b u t i o n ~  a r e  s t r a i g h t  l ines ,  wi th- the  slope 
being proportional t o  the  plasma temperature and t h e  inteccepk wlgh-the d i s t r i b u t i o n  
a x i s  being proportional to.-.the p l a s m 4 t x s i t y . -  -- 

From Figure 7 we can.see-that-the field-aligned ion-component o b h r v e d i n  t h e  
polar  regions is comprised of two- ion.populationu--a low energy component with tem-  
pera ture  below .5 eV.and-a-high energy tail w i t h  temperature above 1.5 eV. Both ion 
populations would-apppar t o  be w e l l  represented by-a Mxwellian d is t r ibut ion,  allow- 
ing  the est imates & . t h e  temperatures t o  be made. A l e a s t  squares f i t  t o  t h e  low- 
energy population of Figure 7 gives a temperature of .29+.16 etl (3200°#+1800K). !Che 
corresponding temperature of the  high-energy plasma p ~ p u l a t i o h  i n  Figure 7 is found 
t o  be 2.7+,7 eV. The peak a t  about 1 e V  may. be- due t o  an ion heavier than H*. 

There is little doubt that the lower energy, f iela-al igned ions cons t i tu te  t h e  
"classical"  polar-wind. The high energy t a i l ,  however, is  not a featltre predicted by 
polar-wind-models. It is l i k e l y  t h a t  this h o t t e r  plasma is the  r e s u l t  of a perpen- 
d icu la r  heating of polar-wind ions. Assuming t h a t  a l l  ions i n  the  polar  wind a r e  of 
equal temperature, Figure 7 gives heating on the  order of 4 t o  10. 

W e  envision a scenario a s  shOwl i n  Figure 8 occurring during the  polar  wind 
escape along magnetic f i e l d  l ines.  A t  low a l t i t u d e s  the  generation of the  polar  wind 
occurs and ionospheric ions begin to escape along the  open polar  cap and cusp f i e l d  
lines (Figure 8a) .  The presence of ion perpendicular heating along the open f i e l d  
l i n e s  produces t h e  c h a r a c t e r i s t i c  conic signature (Figure 8b). The d i s t r ibu t ion  
above the heating region can be considered a two-component plasma consis t ing  of un- 
heated and heated @bar-wind particles- The unheated polar  wind is still f i e l d  
aligned, w h i l e  t h e  heated ions have large  v e l o c i t i e s  i n  the  d i rec t ion  peqaendicular 
t o  2, As the d i s t r i b u t i o n  t r a v e l s  upward, t h e  perpendicular arms of t h e  d i s t r ibu t ion  
wiU.begin  to  collapse toward the  magnetic f ie ld .  d i rec t ion  inaccordance  with the 
first adiabat ic  invar iant ,  a n d a  f ield-al igned high enexgy t a i l  t o  the  polar  wind 
should develop (Figure 8c). Figure 8d shows contours of a typ ica l  conic/polar-wind 
population measured i n  the  cusp on day 272. 

I o n  conics have been reported by numerous people (Refs. 9 and 10). Theories a s  
t o  the production of t h e  conic ion d i s t r ibu t ion  have favored a perpendicular hea t ing-_  
by e l e c t r o s t a t i c  ion-cyclotron waves ( ref .  9, r e f s .  11 and 12),  although recently 
( r e f .  13) it has been proposed t h a t  a heating by lower hybrid waves may a l s o  be a 
v iable  conic generation mechanism. The problem is, however, t h a t  most of these theo- 
ries a r e  applicable only a t  low a l t i t u d e s  i n  the  aurora l  zone. Adaptations of the  
thBories t o  t h e  environment of -polar cap must be made t o  explain these  observa- 
ti0~6.- 

Using the observed conic p i t ch  angle d i s t r ibu t ion ,  t h e  a l t i t u d e  of the  observa- 
t i o n  and an assumed value f o r  the i n i t i a l  conic p i t c h  angle, it is possible through 
t h e  f i r s t  adiabat ic  invar iant  t o  estimate t h e  a l t i t u d e  of t h e  conic generation. In 
general the  i n i t i a l  conic p i t ch  angle f o r  such computations is assumed t o  be 90°; 
however, i f  t h e  source plasma already has a s ign i f i can t  V l l ,  a s  the  polar  wind does, 
then the  i n i t i a l  conic p i t ch  angle is expected t o  s h i f t  t o  lower values. Using a di- 
polar  magnetic f i e l d  approximation and est imating the  values of t h e  i n i t i a l  conic 
p i t c h  angle through energy conservation arguments (which assume t h a t  Vll does not 



change bctwoen t h e  obsarvation height  and the conic height)  we est imate the  heat ing 
t o  occuz a t  an a l t i t u d e  of about 12,000 !an--constant throughout both t he  cusp and 
polar  cap. By using an i n i t i a l  c o u  p i t c h  angle of 90e we can place a ZoWp.. fnr i i t  
tO t h e  heat ing a l t i t u d e - a t  8000 km. 

Acceleration F3rents . 

The e l e c t r i c a l  coupling between the high-al t i tude and low-altitude regimes of 
t h e  polar  cap is anImpor.tant aspect  of magnetosphere-ionosphere in terac t ions .  Thc 
unique placement of t h e  Dynamics Ihplorer  orbits with respect  to  each ather has 
afforded an excel lent  o p ~ o r t u n i t y  t o  inves t iga te  t h i s  coupling between the t u ~ o  
regirllRs, Frequently, DE-1 and DE-2 observe s ignatures  of f ield-al igned acce le ra t ion  
of ions and e lec t rons  above the  polar  cap. I n  t h i s  Section, we  b r i e f l y  present  ob- 
servat isnsrnade on October 17, 1981 (day 812901 above a " the ta  auroral' s ignature.  

Figure 9 Shows a spectrogram of 180° ions  and O0 p i t c h  angle e l ec t rons  from 
HAPL. The s a t e l l i t e  crossed t h e  polar-cap arc f i e l d  l i n e s  during the  i n t e r v a l  1630- 
1650 Ifi. Two i n t e r v a l s  of. in tense  e l e c t r o n  f luxes  below 1 keV were seen: -l-631:30- 
1633: 15 UT and 4642-1649 UT. Figure 10 shows contour p l o t s  of the log of the  dis- 
t r i b u t i o n  functions of ions (Figure 10a) and e lec t rons  (Figure lob) f o r  the  i n t e r v a l  
1632:45-.l632:57 UT. The ions Showed a s t rong upgoing beam a t  approximately 1.00 eV. 
The e lec t ron f luxes  were i so t rop ic  except f o r  a l o s s  cone. *us, t h e  combined elec- 
t r o n  and ion observations indicated that an approximately 1QO e V  p o t e n t i a l  drop lay  
below the  s a t e l l i t e  a l t i tude .  

Figure  11 shows contours i n  the same format a s  Figure 10, f o r  the i n t e r v a l  
16.46: 30 t o  1646 :36 LIT. By- this time the ions  had become iso t ropic ,  w h i l e  the elec- 
t r o n s  showed a- dowacoming besun of 4 0 0  eV.- Thusr the  accelera t ion  region appears now 
t o  be above thesa te l l i te  a l t i t u d e  (17313 lan) while remaining a t  -100 eV. 

The plasma c h a r a c t e r i s t i c s  described above a r e  very s imi la r  t o  those observed by 
DE-1 i n  the  high a l t i t u d e  (>  lS,000 km) nightside au ro ra l  zone, except t h a t  the energy 
of the  polar  cap accelera t ion  events is lower. Correlat ion s tud ies  by Hardy et  a l .  
( r e f .  14) have already nuted t h a t  t h e  plasma s ignatures  of polar  cap accelera t ion  
events  a t  low a l t i t u d e s  a r e  s imi la r  t o  those of evening d i s c r e t e  arcs. The p a r a l l e l  
electric field responsible f o r  the  polar-cap accelera t ion  could be produced by the 
same process a s  t h e  evening aurora l  arcs.  

S a t e l l i t e  observations of convection and e lec t ron  p rec ip i t a t ion  a t  low a l t i t u d e s  
(<I000 km) have indica ted  t h a t  convective electric f i e l d s  point  toward the  region of 
polar-cap acceleZ'ati0n (V*E<O) ( r e f .  15). The polar  cap accelerz t ion  region is 
therefore  a region of negative space charge. Burke et a l .  ( r e f .  16) used the simul-- 
taneous e l e c t r i c  f i e l d ,  magnetic f i e l d  and e lec t ron f lux  tneasumments of the  S3-2 
satellite t o  demonstrate t h a t  upward Birkeland currents  were embedded i n  regions of 
polar  cap acceleration.- Thele observations suggest t h a t  f ield-al igned p o t e n t i a l s  
develop a s  a r e s u l t  of imperfect n~apping of magnetospheric convective electric f i e l d s  
t o  the  ionosphere ( r e f .  14; ref .  16) . 



Plasm~oneaeurements-made on the Rynamics Explorer I and 2 epacecraft w e  pro- 
viding new infkxmtion on the a l t i t ude  dq?srndence of polar-cap plasma- ppu la t i ons  ,- 
t h e i r  sourooe, and the  acceleration processes-they undergo. In t h i s  study- we have 
found-that the  polar-rain electron population apparently exhibi ts  n& s ignif icant  
a l t i t ude  dependence between aLtitudes of a few hundred to--20,OQO km. This resu l t  
waa expected from-the magnetssheath-like energy spectrum of the  law-altitude polw 
rain. 

I n  the ease of the  polar wind, a s ignif icant  velocity increase was theoretically- 
predicted t o  occur between the two spacecraft a l t i tudes ,  and thi$ e f f ec t  has been 
confirmed by the  DE-1 plasma measurements. A major r e su l t  of our study s f  the  accel- 
era ted polar wind-i8  it^ s ignif icant  conic component, which indicates  t ha t  t h e  ion& 
a r e  heated perpendicularly as they emerge from the polar-cap ionosphere. The gradual 
decrease i n  polar-wind energy t h a t  is observed to occur from the cusp across to  the 
nightside polar cap suggests that the perpendiculax heating process, p~obably  i n  cy- 
clotron waves, is most intense near the cusp reqion. 

Significant a l t i t ude  e f fec t s  a re  a l s o  observed i n  the plasmas t h a t  occupy mag- 
ne t ic  f l ux  tubes connected t o  polar-cap auroral arcs  (or  the tbauroras ) .  A t  DE-2, 
typ ica l  low-energy (-100 eV)  inverted-V electron dis t r ibut ions  a re  observed. A t  DE-1 
t h e  electron and positive-ion d i s t r ibu t ion  functions are  consistent with electro- 
static potent ia l  drops t h a t  a re  a t  times below the typical  DE-1 a l t i t ude  of 15,000 to 
20,000 Ian-and-at times above these a l t i tudes .  -'&us, compared to  auroral-wal accel- 
eration.regiens those i n  the polar cap appear t o  be weaker and a t  s ignif icant ly  
higher a l t i tudes .  
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(a )  13:04 to 13:09 UT. 

(b )  13:10 to 73:16 UT. 

w u r e  1. - LAP1 energy-tlme spectrogram for OE-2, day 295 of 1981. 
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Figure 2. - DE-2 electrons, day 295 af l981. 



Figure 3. - HAP1 energy-ttme spectrogram f o r  DE-1. day 295 of  1981. 
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Figure 4 .  - DE-1 electrons, day 295 of 1981. 
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Figure 5. - Near-field-aligned electron populations. 



(a.) 14:OQ-to 14:07 UT. 

(b)  14:16 t o  14:19 UT. 

Flgure 6. - HAPI energy-time spectrogram of  BE-1, day 272 of 1981. 



(c )  14:31 t o  14:34 UT. 

Ftgure 6. - Concluded. 
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FIgure 7.  - HAP1 velobltp space spectrum. -- - - 



Flgure 8. - Evolution of polar wind. 
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Flgure 9.  - HAPI energy- the  spectrogram af  BE-1, day 290 of 1981. 
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Flgure 10. - HAP1 contour plots for DE-1, day 290 of 1981, 16:32:45.1 to 
16:32:57.1 UT. 
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FIgure 11. - HAP1 contour p lo ts  for DE-1. day 290 of 1981. 16:46:30.0 t o  
16:46:35.7 UT. 
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AURORAL/POLA# CAP ENVlHQNMENT AND LTS MMCT ON 

SP&CECRRF 7 -PLASMA INTERACT IQNS* 

Henry 8. Garrett 
Jet Propulsion babaratory 

Callfornln Ins01 tu ts  of Technalogy 
Pasadena ,-.Ca\tForn\a 9UOQ 

As epeca ayotoms become more complox, thny have darnonatrated an 
in ere as in^ eenei t iv i ty  'lo the epaca enviranmene. Although the 6kutt la w i l l  
not i n  gano~a l  ba i n  o r b i t  tong enuugk t o  auff'er aevere rad9otian expaeure 
rrer aormal Ly experience tho "hotw p e r t t e l e  f l u x e s  responsib le f o r  
geoeynchronous c;peceeraf t chergtng, delotorioue envi ronmentol ef fects ere 
enticipe-ted a t  s h u t t l e  a l t i t udes .  l 'hs h igh  dsnsi ty  o f  t he  plasma el;. 
s h u t t l e  a l t i t u d @ s  i s ,  f o r  example, l i k e l y  t o  inersaso g r e e t l y  t tm 
psse ib l l i t y  o f  arcing end eho~t tng  o f  exposed high voltage surfeces. Far 
r a i l 4 t a ~ y  miseions over tha pelcrr cepe and through the eu ro ra l  zsnee, t he  
added hazards a f  high amrgy auroral pa r t i c l e  f luxes or eolor f lares #ill 
f u r t h e r  ineeaeee t h s  hazard t o  ahut t le ,  i t s  crew,  en^ i t s  mission. The 
pu rpow o f  t h i c  p r e s m t e t i o n  i s  t o  review the  r o l e  t h a t  the  eurare l  m d  
polar cap envi~*anme.lt play i n  oausing these interectiona. A simple, though 
comprehensive attempt a t  modelling the shutt le env2renment a t  488 km w i l l  
be ddac r i l l ed  t h a t  can Or6 used t o  e v a l u a t e  t h e  Smgerten.ce o f  the 
interactiane. The r m u l t e  o f  t h i a  eveluatSon ere than used to  deftne areas 
where adequate environmentel meesurements w i  11 be neceaeary i f  er t r ua  
spscecreft i tr teractiens technology i s  &o be daWoped fo r  the shuttle. 

As the  pace o f  sgeoe a c t i v i t i e s  increases w i t h  the  advent o f  the  
wskutt le emm, the concern o f  engineering and seient' l f ic communities ever 
paesible adverse interact ions between the space environment end spacecreft 
systems has grown propor t iona l l y .  Pn p a r t i c u l a r ,  w i t h  the  d e e i ~ e  f o r  
Large, h igh  vo l tage st ructures,  cast, complext ty ,  and eensi t i  v i  t y  of 
epacecceft have Qncreeeed great ly .  The neceeaity Par long ('18 years o r  
moral mission duretione i n  order t o  recoup expeneive development c ~ a e s  hes 
further intenel f ied  the concern f o r  'hndureblrt" o r  weurvi vable" egscacraft. 
Alghough much experience has been gained i n  these matters ever the les t  28 
years, the feet i s  thee the faa re  @til l mejer gaps i n  our knowledge o f  how 
systems e f f e c t  and a r e  e f f e c t e d  by t h e  e n v i  ranmen%. Aft-ep t h e  
geelsynchronoue eavi ronment;, whi ch has bean stud1 ed rtxtensi ve ly  over ther 
l a s t  daeede, t he  earth 's ge la r  and eurorrr l  envfronmonte a t  s h u t t l e  
a l t i tudee pdee the greeteet r i a k ~  t o  future space systenis. The objective 
of t h i s  etudy i s  to  review %ha cepebl l i t i e s  tltttt; currently exlet  to  predict 
the ehutt le euroral/goler onvi  rronmente end t o  compare theeo p red ic t i ons  ------------------ 
*Thi 8 peper presents tho robtdltls o f  one p h a ~ e  of r e s a ~ r c l i  c a r r i e d  out a t  
the Jet Progulsion Leburetary, C e t i  f o r n i  a I n s t i  t u t u  o f  Technology, under 
cont rac t  NAS 7-918, epeneored by the l a t i o n e l  Aereneutice and Spas@ 
Admi n i  s t  re t ion and by the A i  r Force Geophysics Laboratory. 



wi th  ~ f m i l e r r  nna# For tho squn ts r i s l  onvir~nmont. I n  ordar t o  L i m i t  tho 
nnal.ytii s, t h i  a study w t l l  only canaidar thn anvi ronmnnt a t  4fifl km crvar tha 
nactbarn hsmiopharo durfng w in1;ar. Evnn wri t h  th i r ;  l i m i  tat inn,  the amount 
a$ i n f a r m a t f a n  o w u ~ u d  i a  s t i l l  onarmoua, A a  o rao t r l t ,  wa hnva Purthrtr 
~ a e t ~ i c C s c l  t ho  otudy t~ por lnda  04 h i g h  a o l a r  (sunopal; numksr, R, c04 10111 
and @?omngnatic a a t i v i  Cy [gooin~gnaW c n c t i  r i  t y  Lovnl, Kp, a f  B O l .  Tha 
amphn,j~ls- uri-1 l not  Ra OR fha accuracy, but raEhnr an thu modnlti nocnsnnry Ca 
adaquatoly apoof 4y tho- ohutt l o  anvl ranmml;. b i f i t i f l ~ ~  o f  thn nct irnl modele, 
data  f o r  e t h n r  LoaaEfann and cond i t i ans ,  and rnforancna f a  moduln naE 
covorod i n  tho ~ n g e r t  aan ba obtml.Rsd di.iroctly frern tho authur. 

Tho eooandary obJoct 04 tho  eeudy i e  t o  doterminu tho  r u l e t i v n  
imparCertco and aunai t i v9 t y  00 d i  ffcranti typo$ o f  onvi rmon t i o l .  in toract innc 
a8 Q funct ion 04 tho unvirsnmaat. 'Po eocomplieh th is ,  whorepeeeibla, tho 
moQo'LLod onv i ronmonta havo boon usad t o  p r e d i c t  t ho  Luvul  o f  Cha 
ont ic lpatod ineuroction. Although t h i s  tsos provon eo bo a voluublo output 
from the study, the in tereet ians ~nodols ornployod wgre by nocossity qu i t e  
s 4 m p l i e t i c  en t h a t  t he  obas lu to  Lovuls prod9ctod s r o  n o t  in tundsd  t o  ba 
accu ra te .  Wothor, t h o  r e s u t t s  dsn rons t ru ta  p o t o n t f  a1  p a r a m e t a r  
w n o i  t iv i t - i -ea and oraos whore tha-envi ronmantal mwdols naad t u  b~ improved. 

The report  i e  organized i n t o  4 soctians dopundent on tho anvironment 
be4 ng consi dared. I n  t h i s  etudy, only the ~ r e t u r a l  atmosphere, geomag~~eti c  
f i e l d ,  ionosphere, end aupora l  anvironment a t  s h u t t l e  altitudes were 
considered. Modelo o f  t he  cosmic ray  f l u x ,  r o d i e t i o n  Level, s o l a r  
eLoctromegnet ic f l u x ,  ambient e l e c t r i c  f i  old,  g r a v i t y  f isad, and d e b r i s  
e n v i r o n m e n t  w i l l  be  p r e s e n t e d  a t  e l a t e r  tSme. F o r  each o f  t h e  
env i  ronmente s tud icd,  an i n t e ~ t r c t i o n  i s  modelled. For t he  n e u t r a l  
envic?enment, the drag i s  computed. For the geemognetie fiolrb, tha induced 
vx8 e l e c t r i c  f i e l d  i s  eetimeted. For t he  ionosphere and a u r o r a l  
envisonments, the vehic le t o  6poCa po ten t ia l  i s  estimated. The resu l t s  o f  
t h i s  analysis demanstrete, os wauld be anticipated, t ha t  there are indeed 
mejop d i f  f e r e n c e s  i n  t h e  e n v i  ronment  be tween t he  eeluator iet  and 
eurroral/poLer environmants tha t  ere ro f leeted i n  the intoract ions.  

THE NEUTRAL ATMOSPHERE 

By f a r  t h e  me jo r  ernutronmental f a c t o r  a t  s h u t t l e  a l t i t u d e s  i s  t h e  
ear th 's  fambient n e u t r a l  ntmesphero. Whether i t  be through drag o r  t he  
r e c a n t l y  d iscovered i n t e r a c t i o n s  w i t h  e tomic  oxygen, t h e  e f f e c t  o f  t he  
r.eutro1 etwosphare (predeminat~ly eha neut re l  atomic oxygen] on epececraft 
dynamic6 end ourfeces great ly  exceeds any o f  the o t k e ~  e f fec ts  tPret w i l l  be 
co~tsiderad i n  t h i s  report. Currently there ex i s t  a number o f  models o f  the 
earth's neu t re l  stmoophere. These modols ere besad on d i f f e r i n g  r a t i o s  c f  
date and theory. The 3 main sources a$ date a t  s h u t t l ~  o l t i  tudes have bees 
neutra'c meee speetromoters, ~ccelerometors, end o rb i  t e l  drag celculatiano. 
W i  theut goiilg i n t o  datai  1, most models e t ten~g t  t o  f i t  tho observeticans w i t h  
some f o - m  o f  en a l g o r i t h m  t h e t  Includes tihe exponen t ia i  P a l l  o f f  o f  t h e  
neut ra l  denei ty, the e f fec ts  o f  increasing solar  ee t i  v i  t y  ( pu r t i cu l a r l y  i n  
tho u l t r ev i o l e t ) ,  the loceb timo, atid geomegnatir: uc t i v i t y .  O f  these, thdt 
l a rge  v e r i a t i o n s  eseoei e t9d  w i t h  i r t c r e e ~ i n ~  geamognetic a c t i v i t y  [end 
subeequent h e a t i n g  o f  t ho  atmusphere1 hove eluded ndoquate mode l l i ng  by 
t h i s  f i t t i n g  preceae. I l t~fortunately, i t  i s  c lear  from ineny suu~cos (sae, 



f o r  exmplo, rof .  11 thn t  thssa vttri.ationa, pa r t i cu l a r l y  i n  density, w a r  
the aurars l  zone o f tan  dam ina te  the rleutrolarur i ramen t  on& t ha t  t~ dete na 
odaquat;e mathod 0-f i-ncluding thesa e f fec ts  i n -  the modal6 ha6 bosn devised- 
(some r m o n t  very e a p h i s t i c a t s d  t h e o r e t i c a l  cornputor modele do hold 
prorni se, Rewtlvorl. 

With- the prscodtng caveat in mind, 2 models ware used to compute the 
var ia t ions i n  drag due t o  tho n o u t r a l  atmospher?e e t  400 km. Theso aro the 
Jacch ie  1972 model [ r o f .  21 end- t h o  MSIS modal [refs, 3 end a. T h e m  
models a r e  r d a d i l y  6 v a i l a b l e  i n  computer f o rma t  end heue been -11 
dovetaped over t ho  Last  decade. For t he  purposos o f  t h i s  study, t h e  
Jecchie 1972 model resu l t s  are presented [ the MSZS model r esu l t s  devf a te  by 
about 20% From the Jecchie values on the everaga--a re l a t i ve l y  smoll. value 
g iven  t ha  much l a r g e r  average u n c e r t a i n t i a s  i n  t h e  made16 thamselues). 
F i gu re  1 i l l u s t r r r t e o  t h e  t ype  o f  ou tpu t  t h a t  can be obta ined,  As-steted 
eer l ie r ,  the resu l t8  arc f o r  the northern hemisphere (the reader i s  Looking 
down on t he  n o r t h  pa le  w i t h  the  p r o j e c t i o n  in  terms o f  equal  l a t i t u d e  
i n t e r v a l s ]  and The geomagnatie c o n d i t i o n s  f o r  t b e  model a r e  Car 
F10.7= 2.2 x 10-'N0~~~2-2-lk-1 ( the solar  redia OLux a t  10.7 om; bel ieved t o  
be. proport ional  t o  the extreme u l t r a v i o l e t  f l u x )  and Kp=eO. These g ive an 
exaspheric temperature o f  ebout 1500 OK. 

Saverek f ea tu res  a r e  apperent i n  t h e  f i gu re .  F i r s t  i s  t h e  two - fo l d  
increase t n  dana i t y  f rom m idn igh t  t o  noon. Fur ther ,  t h e r e  i s  t h e  
pronounced s h i f t  by 2 hours o f  t h e  peak i n  t he  dens i t y  and temperature 
maxima away f rom Locel  moon. T h i s  w e l l  know phenomena r e s u l t s  f rom t h e  
ro te t ion  o f  t k k e a r t h  and cauees the peek i n  atmospheric heating t o  occur 
a f t e r  Locel  noon. The f i g u r e  shows no c l e a r  f e a t u r e  associa-ted. w i t h  the. 
e u r o r a l  zone. T h i s  i s  d i  r e c t  l y  due t o  the  averaging techn iques used i n  
der iv ing models o f  t h i s  type which smooth out  the density waves ectua l ly  
ob-e rved  over t he  euroraL zone. Even so, t h e  model r e s u l t 6  a r e  use fu l  i n  
e s t i m a t i n g  the  l e v e l s  o f  atmospher ic drag and, when t he  proceeses acre 
be t te r  kno~n, the leve ls  o f  shu t t le  g'gtoww and surface degredstion. 

The majur e f fec ts  o f  the neut ra l  atmosphere a t  400 km resu l t  from the 
impact o f  neut ra l  pa r t i c l es  on spacecraft surfaces. This ceuses dreg and 
surfece damage. The standard expreseion f a r  the drag force i s :  

Flclrag) = 1/2 p ~ 2  CD A = 
= 4 3 0 0  - 50001 dynes 

wkera: - - - - -15 
p = 10 g/cm3 a t  408 km 
CD = dreg coe f f i c i en t  = 2.2 - 4.0 
A = cross-sectionat area o f  spececraft 

=-50 m Fron te l l  f o r  shu t t le  ' e = - 4 8 0  m (Base1 f d r  ehu t t le  
V = spacecraft ve loc i t y  

= 7.8 W e  

C~s~pa r i ng  these velues w i t h  Figure 1, i t  I c  evident tha t  uncer ta in t ies  i n  
t he  o r i e n t a t i o n  o f  the  shu t t l r r  and l ack  o f  k n a w l e d ~ e  i n  t h e  drag 
c o e f f i s i s n t  a r e  equal  t o  o r  o r e a t e r  then v i r i e t i o n e  i n  t he  n e u t r a l  
envi ronment a t  these 31 t i tudee. Given, however, thm vepy rea l  unesrta inty 



i-n the e f f s c t s  af oura te l  hoBti.ng, i t  i s  a l s o  QppecaRt; t h a t  theSa 
var iat i r rns,  S f  they ape greater  then. L-foctor o f  10 [which they cenbol ,  
w i l l  bs $he- maJ-or c o n t r l b u % o r  t o  uncer- t r r in t io-s  -in nsutr -a l  dcag 
celcuLetions. 

MAGNETIC ffEl.0- -- 

Aside from the gravi tet fonel f i o l d  o f  the earth, the geomegnetic f i .ald 
a t  s h u t t l a  a l t i t u d e s  i s  the  most accurate ly  known. I t  can be crudely  
madelled i n  ter.ms 4 a t i l t e d  [--11° from geographic north1 magnetle dtpsle 
o f  magnitude 8 x 1 0 ~ ~  6-om3. Numerous accurate- models o f  t h i s  f i e l d  exist. 
Here we have used t h  I POW model [r-efs. 5 and 61 as i t  i s  t he  basis  s f  the 
In ta rna t l one1  Reference Ionosphere [ I R I I  model employed i n  the next 
section. This modeL i s  a s t ra ight  forward expansion o f  f i t s  t o  the earth's 
magnetic f i e l d  i n  terms o f  sphericeL harmonics. The t o t a l  rnegnetic f i e l d  
megni tude a t  400 krn according t o  t h i s  model i s  presented i n  F ig c t  . 2. The 
surface f ie ld .  i s  seen t o  very from a minimum of 0.25 I3 near the .,Jetor $0 

8.5 G over thrr po ter  caps. The existemca of 2 peeks i n  the  megni tude i s  
rea t  and r e f l e c t s  the  true complexi ty o f  t h e  magnetic f i e l d  i n  th-e 
fluroral/poler cap regions [nota: i f  vector componente had been included i n  
t h i s  f igure ,  i t  would have been obvioue t h a t  the  meximum a t  270O eaet 
longitude I s  the true 'Ui p" magnetic potel. GIornagnetlc storm variations 
are t y p i c e l l y  Less t h a t  .O1 O so t h a t  even dur ing  a severe geomagnetic 
storm, magneti c 4 Luctuetlons would be snot 1 compared. t o  the eveeege f f ald-- 
e marked contcest wi th  the  atrnoepheric and ionospheric mvironmentsl Even 
so, the  gree t  complexi ty o f  the  magnetic f i e l d  aver the  poles makes i t  
dSf f i cu l t  t o  Use magnetic guidance systems i n  these regians-e fact  Long 
known t o  navigetors. 

Besides megnetic torques [which ape uery system dependent), the 
earth's megnetic f i e l d  can induce en e lec t r i c  f i e l d  i n  e lerge body by the 
vxB effect: 

where: 

u = spacecraft velacty = 
= 7.8 k d e  

B = 8.3 6 

Since the shut t le  i s  roughly 15 m x 24 m x 33m, petent iels o f  10 V could be 
lnduesd by t h b  a f fec t .  As syGtems grow t o  km o r  la rge  dirndneione, %he 
I ndumd- f i e l d s  w i 1 1 grew accordt ngly. 

I n  F i ~ u r e  2, the  induced r t l e c t r i c  f i e l d  f o r  e v&hOcle of' -$€I0 
i n c l i n a t i o n  Ree been eeleulatsd. A 6  would be ant ic ipated,  the  l a rgae t  
e lec t r i c  f i e lde  are a w n  ever the peter capo. The embiant environment een 
~ l s o  produce strong e lee t r io  i i e l d s  i n  the olurorral/pulir ~eglens. Altheugl!, 
not shown here, tkase f i d lds  eon reach values sf  neeply 180 mV/m feee ref. 
7)-e a i t e b l e  f r e c t l s n  o f  t he  induced f l e t d .  These f i e l d s  ero el80 
comgerab$e t o  the   field^ necessery t a  defLsct chargrid p a r t i c l e s  I n  t h i o  



environmenl aa tho pacticlee hevs ambient eaargieo o f  typ ica l l y  0.1 sV (ram 
snorglea fo r  tho Ion$ l i k e  oxygen- can. roaeh eavaral eV, hr rmva~ l  aad thus 
muaE be teken-tnta account ahon study 1 ng lonos@eslc fluxes, 

GOven. ths importance o f  the ionosphere t o  redio end iadar propagation, 
It- SB- s u ~ p r l  sing t o  f tnd.  t ha t  retatively. faw models are svai.lable. f a r  the 
i.onospbere. Less eurgr ie- ing I s  the  f e c t  t h a t  most o f  t h e e  made16 only  
predict  .etectron densf ties--the most reedi l y  rnsaeureebte quenti t y  by ground 
means end the moat impor tan t  t o  rad io  propagation. The p r i n c i p l a  
lonoepheri c madel evei l a b l e  based on @bsefuat9one i s the  I n t e r n e t i o n e l  
fleferenee Ionosphere (ref. $1. Thlc i s  the only readi Ly e v ~ i  leble computer 
model t h a t  g i ves  the  e lec t ron  and- i o n  compastt jon end tempereture as e 
function of Longitude, let i tude, a l t i tude 165 t o  1000 kml, Boler ac t i v i t y  
(by means o f  t h e  sunspot number, R1, and t ime (year and Locel). Al thaugk 
the  model i s  obviously L imi ted  l i t  $ 8  conf ined $0 R values o f  200 o r  L s s l  
whereas R valueB o f  2ll0 o r  g ree ter  rney occur dur ing  rroler maximuml, i t  
nonethelass i s  the "bast!' eve1 Leble comprehanelve model o f  the ionosphere. 

I n  Figures 3 atid 4, f o r  the northern hemisphere, are presented severaL 
exeniples o f  the output from the I R I  modal. Figure 3 presents the electron 
number denal ty  end temperature a t  4W km f o r  R=l00 i n December. Unlike the 
nautrel  tampsreture, the slectron tsmperetura increases by e factor o f  2 i n  
going from the aquatar t o  the pole. Like the neutral density, however, the 
peak in  the electron density again- js ski f ted  by about 2 hours from Local 
noon. 

B t  400 km, the ionosphe~e, pr imari  l y  because u f  the corresponding high 
Level o f  n e u t r a l  oxy en, i s  dofnfnated by oxygen ions  [45% near Locel-  
midnight and beLow 30% Latitude t o  97% over tha pole). VaLues for oxygen 
are presented i n  Figure 4. The temperetur i: ess$m.ed. +to be the same for 
a l l  i o n  species i n  t h i s  model (i.e., f o r  0 , H , He , O2 , and NO') and can 
n o t  f a r  p k y s i c e l  reasons ever  exceed t h e  e l e c t r o n  temperature.  
Unfortunstely,  a t  4W km f o r  81=1013 o r  larger,  t he  I R I  made1 w i l l  
uccasional l y  p r e d i c t  I o n  temperatures f a r  i n  excess o f  t he  e lec t ren  
temperature.. This ~ e f l e c t s  the fect  that the model I s  based on a. t iun i ted 
set or' date /R<lO01 end needa improvement. Theweticel  model$ axis% that  
avoid t h i s  problem but these models are s t i l l  too cumbereome to  be ueeble - - -- - 
on a l l  but the Largest computers. 

I n  Figure 5, uerlng a simple I-dimensional, "thin sheathw ram model far 
i o n  c o l l e c t i o n  (descr ibed i n  ref. 91, patent4ala f o r  t h e  case o f  no 
secondary emission and no photsetectron current were eelculated beeed on 
Figures 3 and 4. The spacecraft t o  stpace p o t e n t i a l  var fed f rom -8.2 V e t  
the  equetor t o  -0.7 V a t  the  pole--In rough agreement w i t k  obdervet ions 
r e  I Tkue, based en the  I 6 1  model environment atone, ep~lceeraf t  
charging eheuld n - t  be a concern [note: tRL h igh  p l ieme denel t y  w i l l ,  
however, encourae)e plesme Interactionsr w i tk  expaseel hiah petsneiel eu~fecee 
as d l  seussed elsewhere i d  t h i s  book]. 



AURORAL ENVIRONMENT 

The most d ~ o m ~ t l c  changes in t h e  $oxths6 anvSconnont e t  ehbc t l e  
e l t i t udee  ere brought ebdut by geomo~net ic wbstor-me.- Tlreoe changes. a rs  
reflected i n  v i s t b l a  o u r o r e l  d isplayt i .  and i n  i a t o f l s a p a - ~ t i c l e  and f i e l d  
var ia t ions i n  t he  auroral  region a t  shu t t le  ebtftudes. fa t h i s  sec%lon, a 
a imp le  a u r o r a l  f l u x  model bosod on da te  p r o v i d e d  by t h e  A i r  Force- 
Geophysics-Leboretory [cuur tesy #- Sm.iddy end 0. Hardy; 6943 papers bv 
Sniddy and Hardy, t h i s  volume1 i s  presented i n  o rde r  t o  estirntpte these 
e f f ec t s .  The da ta  were p r o v i d e d - i n  tk-e form o f  7 s e t s  o f  c o l a r  contour  
p l o t s  o f  the eldctron number f l u x  and energy f l u x  i n  interwale o f  Kp from 0 
t o  6. The p l o t s  were crudely eppcoximated by a simple ana ly t i c  funct ion i n  
geomagnetic Locel  t i m e  and l a t i t u d e  and t h e  geomagnetic Kp index. 
Although, the AFGL date were f o r  ebout 800 km, no attempt he6 been made t o  
correot  for a i t i  tude i n  t h i s  madel. 

The crude modal developed from the AFGL data wea used ta- est imate the 
euroral/poter cap electron tempereture and number densities. T b s a  resu l t s  
f o r  t he  nor%harn w i n t e r  hemisphere and a Kp o f  6,, a r e  shown i n  F Igu re  6. 
They imply t ha t  t h e q  i s  e peek i n  the density o f  the euroral  e lectron f l u x  
o f  about 1-000 cm i n  t he  noon sec to r  w h i l e  t he  a u r o r e l  e l e c t r a n  
temperature i s  1 keV i n  the post-midnight sectcrr. Although the v a l i d i t y  o f  
t h i s  cruds resu l t  w i l L  need t o  be compared w i t h  the eetual AFGL dete when 
they became aveiLable, the renge o f  velues should a t  least  be i nd i ca t i ve  o f  
the c h a r e c t e r i ~ t i c s  o f  the average euroral f l u x e s  tcomperisons w i t h  ether 
dete sources beer t h i s  out]. 

The eesul  ts- . in-Figure 6 cea ha used in conjunctdon w i t h  t h e  I R I  d a m  
a t  400 km t o  est imete the expected v a r i e t b n s  i n  spacecraft po ten t i a l  in- 
the e u r o r a l  zone and over t he  p a l e r  caps (note: t h e  e u r o r e l  i o n  f l u x e s  
should n o t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t he  ambient i o n  c u r r e n t  so t h a t  
t h e i  r exc lus i on  should n o t  se r i oue l y  aL te r  t h e  r e s u l t s l .  When t h i s  
celcuLetion was car r ied  out, there was l i t t l e  o r  no change from the resu l t s  
i n  F i g u r e  5. T h i s  i s  n o t  s u r p r i  s i n g  ee i t  i s  genera l  l y  b e l i e v e d  t h a t  t h e  
average a u r o r e l  f l u x  Levels seldom exceed t he  ambient  i o n  end a l e c t r a n  
i onospherf c fluxes. 

I n  order t o  est imate whet eurorel  PLuX LeveLs are i n  fec t  necessary t o  
b r i n g  ebout s i g n i f i c a n t  inc reases  i n  t he  speceere f t  p o t e n t i e l  i n  t h e  
eurarel/poler cap regions, the electron density and temperature i n  Figure 6 
were increased by varying fectore. Chenges o f  a fac tor  o f  10 i n  e i the r  the 
temper-ature or  density had l i t t l e  e f f ec t  o n  the patent ia l .  A fec ter  o f  18 
i n  b o t h  t h e  e l e c t r o n  dens i t y  and tomperetur8 a d ,  however, b r i n g  ebout e 
eigni f icane increese i n  the gatentf al--reifsing i t  from a few tenths o f  a 
vokt negative t o  severel thousands o f  v o l t s  i n  the ear ly  sfterneon sector. 
These r e s u l t s  a r e  i l l u s t r a t e d  f n F i g u r e  7. Such e l a r g e  inc rease  i n  t h e  
auropet f l u x  may seem un ree l i s t i e  but  a ca re fu l  review e f  auroral  data does 
imply t ha t  eccassionelly intense f luxes 10 t o  108 t imes t he t  o f  the everbgrr 
f l u x  may indeed occur over nerrow reg ions  i n  t h e  e u r a r a l  zone (see, f o r  
exrmrple, Burke, t h i s  conference). 



I n  carrying out the potsnti a1 analyois, 4.t- was found- that  the datai 1s 
of the dssumed eher~ ing  modal grcretly affected the rseults. SpecCtic~slly, 
i-f a I-dfmensionat. t h i n  shoaf;h model wae eseumed, the arcPorat potentEals 
could reach-6000 V when the ton ro tucc cur r rmt  wet; equated t o  the w l - d  
embiwrt i on  current. If thr, ion r6t;urvt cureent was aseumed t o  be the ram- 
cucrent, a6 wee dono here, the ~ o t e n c l o l  w a s  e h u t  -1200 V moximum [ th i s  i s  
probably the  more wr .~c i lCs t ic "  oslumpkfonl, I f  on the  ather  hend-the ton  
r a u r c l  c u r r e n t  i n  the charging model wee assumed t o  ha far tho thi& 
oheath, o rb t  t - l i m i  ted- c@lu w c h  as normal Ly assumed a t  geosynchranous 
orbit, the pot t in t ie l  was only -1 t o  -2 Vf Th.9 s sens9ti.vi t y  t o  the de ta i l s  
a f  the amount o f  return current i s  t o  be expected given the s impl ic i ty  o f  
the cherging model end i t s  res@lution MOLL noed t o  ewsit the development o f  
mare accurate charging models fo r  the conditfnhs a t  shut t le  alt i tudes. 

CONCLUSIONS 

This papec has brought togetRer most of the element6 needad t o  form a 
completa model o f  ths  ambi ent  S h u t t l e  envi ronment f o r  t he  purpoee o f  
studying epececraft  intetact- ions, Enphasie has been on model l ing.  t he  
i n t e r a c t i o n s  i n  the  eu-rorel/polar cap regions where i t  was dsmonstreted 
thet ,  although models o f  the average ambi ant envi ronment [neu t ra l  
part icles, f ie lds,  ionospheric part icles, and auroral/polar cep f l u x e ~ l  are 
probably s a t i  s fec tory  f o r  meny i n t e r a c t i o n  study purposes, t h e  in tense 
v a r l e t i o n s  i n  the  au ro ra l  zone are  no t  adequately InodeCLed. TheBe 
variations are known from in-s i tu  observations t o  ex is t  and t o  resul t  i n  
severa l  orders o f  magni t u b  increase in the  charged p a r t i c l e  f l u x e s  and 
atmospheric heating which can s imi la r ly  a l t e r  th8 nautrel compoaion. Lt 
i s  only re la t i ve ly  recently thet  long term s t i r t i s t i ce1  studies and-exmnptes 
a f  extreme cases t ave become avei-lable. I t  is.  t o  be anticipated thet, in- 
the  near fu ture,  models o f  t he  evironment w i l l  become increas ing ly  
saph is t i ce tad  end capable o f  be ing used i n  mode l l ing  e f f e c t s  such as 
epececraft charging much more accurtely then presented here. Even so, the 
r e s u l t s  presented should a s s i s t  cu r ren t  i n t e r a c t i o n  s tud ies  i n  b e t t e r  
assessing avsrage Levels o f  e f f e c t s  i n  t h e  aurora l /potar  regions and i n  
comparing squator i  e l  end eurore l /po ler  envi  ronments. The process o f  
presenting the models he6 also c lear ly  i ndi cated where f aprtlvements need -f  a 
be made i n  the  e x t e t i n g  models. Th is  i s  p a r t i c u l a r l y  t r u e  i n  the case o f  
t h e  aur.aral model due t o  the vary ing  s e n s i t i v i t y  o f  the  p r i n c i p l e  
i ~ t e r e c t i o n  t o  cheRges i n  the  embi ent  envi  ronmsnt [i,e., epececraft 
potent ia l  eelculat ionsl .  

P. McConnetl,  H. Horet,  ond J. 8 l e v i n  of JPL a s e i s t e d  i n  t h e  
c o l l e c t i o n  and development o f  meny o f  t he  models L i  s ted i n  t h t e  report .  
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(c) Number density of oxygen'. 

Figure 1. - Concluded. 
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(a) Neutral density. (b) Neutral te4erature. 

Figure 1. - Polar view of Northern Hemis here. Polar coordinates are employed 
such t ha t  r a d i a l  distance i s  i n  i n t e r v  1s o f  equal l a t i t u d e  (0' i s  the ! 
equator) whi 1 e angul ar coordinate i s  east 1 ongi tude. Neutral atmosphere 
condit ions f o r  K =6,, F10.7=220, day 357.5, and a l t i t u d e  o f  400 km as 
computed by t h e  gacchia 1972 mcdel are shown. 



(a! Total  magnetic f i e l d  a t  400 km. (b) Absolute value o f  ,,vxB electric f jeld induced 
on a body i n  a 90 incl ination o r b i t  f o r  POGO 
model . 

Figure 2. - Polar view as i n  f igure  1 f o r  POGO magnetic f i e l d  model. 



T~kchon (OK) 
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(a) Electron density at 400 km. (b) Electron temperature at. 400 km. 

Figure 3. - Polar view of electron environment as in figure l for IRI model. 
Conditions are the same as in figure 1 with the additional constraint that 
R=100. 
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(a)  Oxygen ion density at 400 km. (b) Oxygen ion temperature at 4CQ km, 

Figure 4, - Polar view of oxygen ion environment as in figure 1 for HRI ~ r d e l .  
Conditions are the same as in figure 1 with the additional constraint that 
R=100. 
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Figure 5. - Polar view as i n  f igure  1 o f  spacecraft-to-space potentials pre- 
dicted f o r  I R I  model. Potentials were computed assuming that  the ion current 
was proportional t o  the ion ram f lux  (see t e x t )  and that  there were no sec- 
onddry or photoelectron currents. 



( a )  Density o f  auroral  e lec t ron  f l u x  a t  400 km. 

Figure 6. - Polar  view as i n  f i g u r e  1 of  auroral  f l u x  model ada?ted f r o ~ r  AFGL 
observaticns. Conditions corresprnd t o  Kp=Bo and f c r  day 357.5. 



AURORAL FLUX MODEL 
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(b )  Temperature of the auroral electron flux at 400 km. Units are 'K. 

Figure 6. - Concluded. 
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Figure  7. - Po la r  view as i n  f i g u r e  1 o f  spacecraft-to-space p o t e n t i a l s  pre- 
d i c t e d  f o r  combination o f  I R I  and aurora l  models. P o t e n t i a l s  were computed 
as i n  f i g u r e  5 except t h a t  t he  aurora l  dens i ty  and temperature from f i g u r e  6 
have both been m u l t i p l i e d  by 10. 



ELECTRIC FIELD EFFECTS ON LO#-CURRENTS I N  SATELLITE W E S *  - 

0.  E. Parks and I.-Katz 
S-CUBED 

La Jo l l a ,  Cal Ofornla 92Q3Q 

Small currents assoziated w i t h  s a t e l l i t e  spin, d i e l e c t r i c  conduction, o r -  - - - 

t race  concentrat ions o f  H , can have a substant ia l  e f f e c t  on t h e  p o t e n t i a l  
of a s a t e l l i t e  and the  p a r t i c l e  currents reaching i t s  surface. The importance 
o f  such small c t r r e n t s  a t  a1 t i t u d e s  below about 300 km stems from the  ex- 
tremely small 0 cur rents  impinging on the  wake-side o f  the spacecraft, 

The focus o f  the present study i s  the  p a r t i c l e  cur rent  on the downstream 
side o f  the AE-C s a t e l l i t e .  Theoret ica l  estimates based on a newly described 
constant o f  the  motion o f  a p a r t i c l e  i nd i ca te  t h a t  accounting f o r  small 
concentrat ions o f  H rewove a major discrepancy between ca lcu la ted and 
measured currents. 

1. INTRODUCTION 

Many studies, both theo re t i ca l  and experimental, have been made o f  t he  
i n t e r a c t i o n  between a sate11 i t e  and the  near ea r th  plasma ( re fs .  1-11). The 
present study concerns charged p a r t i c l e  cur rent  on the  wake-side surface o f  a 
spacecraft  i n  the  ear th% ionosphere, where the  veh ic le  i s  mesothermal; i t s  
s eed Uo exceeds the  t h e r ~ a l  v e l o c i t y  o f  plasma- ions but i s  much less  than R t e thermal v e l o c i t y  o f  the  ambient electrons. 

I n  our analys is  ca lcu la ted currents are compared w i t h  those t h a t  have 
been observed by Samir e t  a l .  ( re f .  10) on the  Atmosphere Explorer C (AE-C). 
The AE-C experiments a r e w m  su i ted  t o  our purpose, since i t s  r a t e  o f  spin, 
as we l l  as the plasma densi t ies,  const i tuents  and temperatures were known. 
Moreover, measurements were conducted a t  night,  thus avoiding complicat ions 
associated w i t h  ac t i ve  solar  arrays. 

Measured s a t e l l i t e  voltages were i n  the  range V - 9--100, where the 
e lec t ron  temperature O i s  i n  e lec t ron  vo l ts .  These r e s u l t s  exceeded 
theore t i ca l  estimates based on balance between i o n  and e lec t ron  cur rent  on a 
conducting sur f  ace by a f a c t o r  -2.0-2.5. Theoret ica l  su r f  ace p o t e n t i a l s  were 
a lso s u b s t a n t i a l l y  less than expected from ion-0' cur rent  balance a t  each 
p o i n t  o f  a d i e l e c t r i c  surface. I n  a previous work it was shown t h a t  ac- 
counting f o r  e i t h e r  r o t a t i n g  cur rents  o f  charge embedded i n  the d i e l e c t r i c  o r  
smal l concentrat ions o f  H s u f f i c e  t o  b r i n g  theory and experiment i n t o  con- 
formance ( r e f .  12). The ca lcu la ted voltages reported i n  Reference 12 w i l l  be 
used i n  the  ca lcu la t ions  o f  cur rent  given i n  Sect ion 3. 

* This work supported by A i r  Force Geophysics Laboratory, Hanscon~ A i r  Force 
Base, MA, under C r y  ,.v.act No. F19628-82-C-0081. 



The reported charged p a r t i c l e  den t i t i gs  i g  the ambient plasma 
encountered by AE-C are i n  the range 10 -10 cm , w i  t h  equal e lectron 
and ion temperittures 0 - O..). eU, correspondi.ng t o  ambient Debye- lengths 
AD 5 3 cm. The b n i c  components ef the plasma are y e  s ing ly  charged 
species o f  atomic oxygen, 0+, and atomic hydrogen H . Our primary focus 
w i l l  be i n  the a l t i t ude  regime below about 300 km where 0 4-s the dominant 
ion i n  the ambient ionosphere and i n  the far  wake t r a i l i n g  the sa te l l i t e .  I n  
the h igh ly  evacuated wake region near the surf-ace of  the s a t e l l i t e ,  however, 
H' may he the domi n a n t i o n  (ref .  13). 

P a r t i c l e  densi t ies and currents, especial ly  i n  the rare f ied wake 
downstream of  the sa te l l i t e ,  are the most d i f f i c u l t  t o  determine. Indeed the 
question o f  wake structure i s  the most in tens ive ly  studied aspect o f  
in teract ions between a spacecraft and the ionosphere (refs.  4-11). I n  t h e  
quiescent environment o f  the equatorial ionosphere, where satel  1 i tes can 
develop potent ia ls  o f  several times 0, ion  currents t o  the s a t e l l i t e  surfaces 
facing upstream are l i t t l e  affected by e l e c t r i c  andmagnetic f i e l d s  and may be 
calculated i n  the neutral approximation ( re f .  I ) ,  as i f  pa r t i c l es  moved i n  
s t ra igh t  l i nes  w i th  constant speed, The manner o f  est imating current  t o  
surface elements on the wake-side o f  a h igh Mach number vehicle i s  much less 
clear, One might suppose, for  example, t ha t  e l e c t r i c a l  forces may a-ttract 
substant ia l ly  greater currents than estimated on the basis o f  s t ra igh t  l i n e  
o rb i t s .  I n  Section 2, we w i l l  invoke constanls o f  the  motion i n a n  axi-- 
symmetric potent ia l  f i e l d  t o  determine tha t  0 number anct current densi t ies 
a t  the wake-side pole of  a non-emitting sphere a t  an a l t i t ude  o f  & few hundred 
ki lometers are several orders o f  magnitude above neutral  approximation ten- 
s i t i e s .  The wake-side 0 currents remain small, however, r e l a t i v e  t o  H 
currents, and calgulat ions presented below show tha t  e l ec t r i c  f i e l d s  su f f i ce  
t o  increase the H- currents b m d e r s  o f  magaitude t o  the observed-level. 

Two of the dynamical constants used i n  the ca lcu la t ion are the energy 
and the ax ia l  component o f  angular momentum; the t h i r d  i s  a less wel l  known 
constant o f  the motion which applies f o r  potent ia ls  o f  the form Vo(r) = 
f ( e ) l r 2  where o i s  the polar  angle and r the distance i n  a spherical co- 
ordinate system. It reduces t o  the t o t a l  angular momentum i n  the l i m i t  o f  
spher ica l ly  symmetric potent ia ls.  

The general physical assumptio~s under ly ina the model developed i n  the 
subsequent sections of  t h i s  paper s r \  tha t  

1. The p-lasma i s  co l l i s i on less  dnd quiescent. 

2. T h e g c o m a g n e t i c f i e l d h a s a n e g l i g i b l e e f f e c t o n p a r t i c l e m o t i o n  i n t h e  
spacecraft sheath. 

3.  I n  the plasma r e s t  frame, the unperturbed ions have Maxwellian ve loc i t y  
d is t r ibu t ions  w i th  f i n i t e ,  equal temperatures. 

4. Ions are neutral ized on impact w i th  a surface. 

5. The spat i  a1 dependence of i t s  e lectron density d i s t r i b u t i o n  i s  re la ted  
t o  the space potent ia l  V, through the Boltzmann fac to r  exp(eV1~). 

Discussion o f  fu r the r  simp1 i f y i n g  approximat ions o f  a more sgeci a1 
character occurs a t  the po in t  i n  the t ex t  where they are introduced. 



2. . ION CURRENTS 

+ The normal component o f  i6n  cur rent  dens i ty  a t  a surface element located 
a t  rs on the  body i s  given by 

+ + -b 
where n i s  the  outward+nqmal a t  rs. The d i s t r i b u t i o n  func t i on  f ( r , v )  a t  
t he  phase space p o i n t  r, v, sa t i s f i es ,  i n  general, t he  Ulasov-Poisson system 
o f  equations.+ For a p e r f e ~ t  12 absorbing body f s a t i s f i e s  the  boundary 
condi t ion-  f(rs,?) = 0 f o r  v.n > 0, 

Calculat ions o f  cur rent  t o  a s a t e l l i t e  surface o f ten  use the  assumption 
t h a t  i on  cur rents  t o  t h e  s a t e l l i t e  are given by the neut ra l  approximation, 
which neglects the  in f luence o f  e l e c t r i c  f i e l d s .  This assumption i s  q u i t e  
good a t  t he  f r o n t  (upstream) surface where ions reaching t h e  s a t e l l  i t e  have- - - 

energies (-5 eV f o r  0') s u b s t a n t i a l l y  l a rge r  than e l e c t r i c a l  p o t e n t i a l  
energies. The s i t u a t i o n  i s  less  c lea r  on the  wake-side where e l e c t r i c  f i e l d s  
may s u b s t a n t i a l l y  enhance p a r t i c l e  and cu r ren t  dens i t i es  over the  neut ra l  
approximation values. I n  the  fo l l ow ing  paragraphs, t h i s  problem i s  addressed 
by formulat ing bounds on j($s) and n(<) ,  and apply ing these bounds f o r  an 
assumed, non-self-consistent mode1 p ~ t e n t  i a1 . 

The normal cur rent  dens i ty  a t  a po in t  r on the  surface where the  
p o t e n t i a l  i s  V(rs) can be w t t t e n  (mi = e = IS 

-t + 
Here vo = (v  n o )  i s  the  v e l o c i t y  o f  a p a r t i c l e  a t  Fs, 
v0 = - 6 * i f%)  (1 2 po 2 O ) ,  and 3 = (v, 3) t he  veloci+ty qt r = - on 
the  t r a j e c t o r y  t h a t  connects t o  the  phase sp-ace point.(vo, r s ) .  If 

then 

+ 
t h a t  is ,  j b  i s  an upper bound on the  normal i o n  cur rent  dens i ty  a t  rs. 
S i m i l a r l y  the  p a r t i c l e  dens i ty  s a t i s f i e s  



The baunds established h e  requ i re  the inequrrli t y  (3) ;  tha, is, i n  terms of 
inside-aut t ra jec tor ies ,  neighboring o r b i t s  emanating from r, wW a given 
energy must d-iverge mare a t  r = ::.. than a t  t h e i r  poi.nt o f  origin, Although the 
incqual i t y  ( 3 )  appears t o  be a reasauable assumption- f o r  a t t r ac t i ve  poten- 
t i a l . ~ ,  the general condit ions under wh-ich it applies have not been 
@s t a b l i  shed. 

For the fo l lowing considerations, we take a spherical Satel-l. i te in  the 
po ten t ia l  V(r,e) where r and e are spherical po lar  coordinates w i th  polar  axis 
i n  the d i rec t ion  o f  $. We consider model potent ia ls  o f  the form 

where Vo(r) i s  a spher ical ly  symmetric potent ia l .  The asymptotic, Par wake 
potent ia l  has i n  f ac t  t h i s  form w i th  ( r e f .  I )  

2 2 2 2 f (e) - M a cos-'e exp (-M tan e) 

where a i s  the radius of  the sa te l l i t e .  For the discussion below the 
pa r t i cu l a r  form o f  f ( e )  i s  arbi t rary,  however, and may be chosen t o  f i t  
potent ia ls  near the sate1 1 i te. 

The u t i l i t y  o f  the potent ia l  o f  the form i n  equation (6) i s  tha t  a 
p a r t i c l e  moving i n  i t possesses three constants o f  motion. In addi t ion to 
energy and the component o f  angular momentum about the polar  axis the quant i ty  

where L i s  the magnitude o f  the angular momentum about r = 0, i s  conserved 
along d part+icl$ tr 'ectory. This fo l lows read i l y  upon taking the scalar 
product o f  L = r x P w i t h  both sides o f  the torque equation (mi = e = 1)  

taking account o f  equation (6)  f o r  V. There are fewer constants o f  motion 
than f o r  V = V(r),  since i n  the l a t t e r  case the d i rec t ion  o f  L as welL as i t s  
magnitude i s  constant. The dynamical constant C o f  equation (8)  i s  a r igorous 
constant f o r  potent ia ls  o f  the form (6), and should not be confused w i th  the 
invar iants  used by Samir and Jew ( re f .  14) and c r i t i c i z e d  by Laframboise and 
Whipple ( re f .  15). 

The ef fec t ive  potent ia l  f o r  rad ia l  motion o f  a p a r t i c l e  i s  now given by 

C 
Veff( r )  a Vo(r) + 7 

r 
(10) 



With t h i s  Veff we can solve for. the o r b i t s  and evaluate the bounds on ion  
current  and p a r t i c l e  densi t ies a t  the s a t e l l  it;e surface, The o r b i t  equations 
are p a r t i c u l a r l y  t rac tab le  f o r  the in te res t ing  case o f  parti.cles which reach 
the poles-of the sphere, especial-ly the wake-side- pole. For these pa r t i c l es  
the ax ia l  component o f  angular rnarnentum i s  zero, tbe orb-i ts are planar, and 
the so lu t ion o f  the equations o f  metian i s  reducible t o  quadratures. 

Erom 

we obtain 

f o r  the f i n a l  d i rec t ion  e o f  a p a r t i c l e  launched from r = a, e = n i n  the 
$irectio,n Po w i t h  speed v,. Here p0 i s  the cosine o f  the angle between 
vo and r,,. 

Consider now a pos i t i ve  energy p a r t i c l e  w i t h  i n i t i a l  coordinate 
eq = n. For a t t r ac t i ve  potent ia ls,  the o r b i t s  w i l l  appear as indicated i n  
f lgure 1. 

Figure 1. Schematic diagram o f  inside-out o r b i t s  s t a r t i ng  on the sphere r = a 
a t  eo = W. 



The range o f  a in tegrat ion far  ca lc  l a t i n g  the bounds o f  equations ( 4 )  and 
( 5 )  I s  generated by vaei.atfons of v t  between 0 and- 1. Here we have 
assumed that  the p a r t i c l e s  are not a t t rac ted-  back t o  the surf  ace.- This a f f ec t  
however can only decrease the p a r t i c l e  f l u x  a t  Che point  o f  interest ,  and 
therefore dws nat irrfluence the nature a f  equations ( 4 )  and (5) a s u p p e !  
bounds. 

To proceed fur ther,  we now special ize t o  potent ia ls  OF the form 

which approximates the surface potent ia ls  given by Parks and Katz ( re f .  12). 
The f i n a l  angle a t  r = on the inside-out t r a j ec to r y  corresponding t o  
wo = 0 i s  given by 

and the l i m i t i n g  angle f o r  the ~ u t s i d e - i n  o r b i t  i s  

When the ve loc i ty  d i s t r i b u t i o n  remote from the spacecraft i s  Maxwellian, j b  
and nb are given by 

where 



3. RESULTS 

Diumerlcal. i n t e g r a t i o e f o r  the case M = V o / q  = 8, I V ( n ) l  15 vf - 

giv-gs f o r  0' ions 

The l a s t  r a t i o  i s  t o  b e  compared_with_the density r a t i o  

f o r  the case o f  zero e l e c t r i c  f i e l d .  Thus, although the e f f e c t  o f  e l e c t r i c  
f i e l d  may be t o  y i e l d  densi t ies several orders o f  magnitude la rger  than those 
obtained i n  the neutral approximation, they remain extremely s a l l  i n  
compariun w i th  ambient ion densi-ties, amounting to about 1 m-9 for  
N - 10 m . By way o f  f u r t he r  contrast, tbe i on  density r a t i o  i s  
a?so small compared w i th  the electron densi ty r a t i o  

Let us now calculate the e f f ec t  o f  e l e c t r i c  f i e l d s  on the densi ty o f  
hydrogen ion current s t r i k i n g  the wake s ide o f  the s a t e l l i t e  a t  e = n. The 
r e s u l t  o f  t h i s  ca lcu la t ion i s  intended t o  throw some l i g h t  up011 the issue 
raised by Samir and Fontheim ( re f .  16) i n  t h e i r  comparison between measured 
current  r a t i o s  I ( 6 )  / I(90') and those calculated from Parker I s  model ( refs.  
17,181. Parker's model i s  based an solut ions o f  the Poisson equation i n  which 
ion dens i t ies  are determined by p a r t i c l e  t rack ing techniques. Only one 
species o f  ion i s  treated, however, and i t s  mass i s  the mean mass a f  ions i n  
the plasma. Samir and Fontheim contend t ha t  the two-to-three-order o f  
magnitude discrepancy between measured and ca l  cu l  ated current  r a t i o s  might be 
removed (1)  by properly t rea t ing  the separate ion ic  components of the plasma, 
o r  (2)  by considering the non-steady nature o f  the plasma environment. The 
resu l t s  o f  our calculat ions, summarized i n  Table 1 below, ind icate  t ha t  proper 
treatment o f  the hydrogen component o f  the plasma suf f ices t o  remove the 
discrepancy between theory and experiment. 

Several observations are i n  order. F i r s t ,  Table 1 shows t ha t  both the 
measured r a t i o  r and the estimated upper bound on the r a t i o  exceed the r a t i o  
estimated from the neutral  approximat inn, which one mar reasonably expect t o  
be a lower bound on r. Second, the measurement a t  160 should g ive a somewhat 
greater r a t i o  than would be observed a t  SO'; the neutral approximation 



Tablc 1. Gamparf son of Measllrnd and Calcu-larcd Current ~ a t  lor;(') 

(a) Numbers tn parentheses gtve power o f  10 by whfckddjaeent entr ies arc 
mul t lp l  led. 

(b) Case Ident t f ieat ton i s  tho same as that I n  Table 2 o f  Reference 19. 
( c l  Cise 1 i s  not constdered becausc! no value f o r  hydrogen denslLy was 

reported I n  Ref. 10. Case 4 I s  not considered because of the order of 
the magnitude difference between ton denstttes reported tn  Tables 2 and 
3 of  Reference 10. 

(d) Hydrogen ton t o  oxygen ion  ra t l os  are taken from the Elms Measurements 
given i n  Table 3 o f  Rpference 1.0. 

(e) The r a t i o  o f  H+ and 0 currents a t  180' and 90'. respectkely, 
calculated i n  )he neutral approximatton. 

( f )  The r a t i o  of H and 0' currents a t  1E0' and 90.. resuective1v. where 
j b  i s  the bound on H' current calculated from esluatibn (17) ;;lng a 
Vo/Vl(H) - 2.83. 

(9) The r a t i e o f  measured curredts a t  160'. and 90.. 

determines that the former would be only about 20 percent greater than the 
la t ter .  Third, the measured ctircent i s  wel-1 below the estimated upper bound 
i n  cases 5 and 6, s l i g h t l y  bel.ow it in  case 2,- and s l i g h t l y  above i t  i n  case 3. 

That the measurements y i e l d  a value s l i g h t l y  in  excess of the estimated 
upper bound could be at t r ibuted t o  the approximate nature of  the petenti a1 
used i n  the calculations, t o  the fact  that the current probe was at  a distance 
of abaut 0.5 Ro from the surface, t o  uncertaintZes i n  the i n  s i t u  ti+ 
density, or possibly t o  other factors. We be1 ieve nevertheless f hat the 
resul ts i n  Table L are a strong indicat ion that  accounting f o r  H , while 
ignoring the non-steady character of the plasma, suff ices t o  remove the major 
discrepancies between measured and calculated currents incident on the wake 
side of the AE-C sa te l l i te .  

4. SUMMARY 

To determine the effect of  e lec t r i c  f i e l d s  on the wake-side ion 
currents, we have developed an expressjon fo r  the upper bound on the current 
density normal t o  an element o f  surf ace. To be a rigorous upper bound it i s 
required that the Jacobian 1 d ~ I d ~ 2  1 be less than unity. U t i l i z i n g  the 
bounding expressions it i s  shown f o r  a non-sflf-consi stent- model potert  i a l  
that  the par t ic le  and current densit ies of  O ions at  e = n, though 
substanti a l l y  enhanced by e lec t r i c  f i e l d s  over neutral appr~oxirnat ion ua1 ues, 
s t i l l  constitute an e f fec t  that i s  s t ~ a l l  i n  comparison with the effect of  spin 
for the case of AE-C. Final ly,  fceounting f o r  the ef fects  o f  e lec t r i c  f i e l d s  
on the small concentrations of H i n  the ambient plasma appear su f f i c i en t  t o  
remove the major discrepancies between measured dnd cdlculat?d currents on the 
wake side o f  the sa te l l i te .  

The effect af a magnetic f i e l d  i n  the absence o f  e lec t r i c  f i e l d s  can 
only be to  reduce ion currents incident on a surface, and therefore cannot 
account for the vehicle ground potent ials observed cn BE-C (ref. 12 j. The 



cambined e f f ec t  o f  e lectron and magnetic f la lds  i s  not considered i n  this 
paper,. 

F o r d i f f  arant ionospheric satel  l i  tea i n  d i  f f a r a n t  enu-irenmcnts, for-. 
example, iiI polar  enuironmenta, the r e l a t i v e  importance o f  the varieua 
phyofcal a f fec ts  may d f f f e r  from tha t  faund. f o r  AF.-6 i n  the condit isns we 
investigated, Chus t o r  s t e l  1 i t e s  subjected t o  f luxes o f  eaergatic auroral 
electrons, f Seld enhancement of wake-side eal k c t i o n  cou ld  be a substantial  
6fQet. 

REFERENCES 

1. A1 *pert, Ya. t., A. V. Gurevich and L. P. Pi tavesk i i :  Space Physics 
w i th  A r t i f i c i a l  Sate l l  i tes. Consultants Bureau, New York.19-55, gp. 
186-210. 

2. Whipple,E.C.: Po ten t ia l sonSur faces  inSpace. Repor tsBrogress in  
Physics, - 44, 1981, pp. 1197-1250. 

3. Whipple, E. C.: The Equi l ibr iun!  E lec t r i c  Potent ia l  o f  a Body i n  the 
Upper Atmosphere and i.n l n t e r p l  anetary Space. Goddard- Space F l i gh t  
Center Report X-615-65-296, 1965. 

4. Liu, V. C.: Ionospheric Gas Dynamics o f  Sa te l l i t es  and Diagnostic 
Probes. Space Science Reviews, - 9, 1969, pp. 423-490.- 

5. Grabowski, R. and T. Fischer:- Theoretical Density U is t r ibu t ion  of 
Plasma Streaming ArouPrd a Cylinder. Planetary Space Scie- - 23, 1975, 
pp. 287-304. 

6. Taylor, J. C.: Disturbance o f  a Rarefied Plasma by a Supersonic Body on 
the Basis o f  the Poi sson-Vl asov Equat ions-I, The Heur is t ic  Method. 
Planetary Space Science, - 15, 1967, pp. 155-187. 

7. Parker, L. W.: D i f f e r e n t i a l  Charging and Shcath Asymmetry o f  
Monconduct i ng Spacecraft Due t o  Plasma Flows, Journ-hys. Res., 
83, 1978, pp. 4873-z4816. - 

8. Samir,U.,M. F i r s t ,  E. J .Ma ie randB.Troy :  AComparisonof the 
Gurevich e t  a l e  and the Liu-Jew Wake Models f o r  Ion Flux Around a 
Sa te l l  i t e 7  G r .  Atmos. Terr. Phys., - 37, 1975, pp, 577-586. 

9. Samir, U. and D. Widjaja: On the Signif icance o f  Including thc Thermal 
Motion o f  Ions i n  Determining the Ion D i s t r i b u t i i c , ~  Behind a Sa te l l i t e .  
Journal-of  Geoghys. Res., - 86, 1981, gp, 4807-4810, 

10. Samir, U., R. Gordon, L. Brace and R. Theis: The Near-Wake Struct i l re of 
the Atmosphere Explorer C (AE-C) Sa te l l i t e :  A Parametric Investigation. 
Journal o f  Geophys. Res., - 84, 1979, pp. 513-525. 

11. Samir,U.,P. J . W i l d m a n , F . R i c h , H . C , B r i n t o n a n d R . C . S a g a l y n :  
About the Parametric In te rp lay  Between Ion fc  Mach Number, Body-Site, and 
S a t e l l i t e  Potent ia l  i n  Determining the Ion  Depletion i n  the Wakc of the 
S3-2 Sate l l  it@. Journal of Geophys. Res., 86, 198i, pp. 11, 161-11, 166. - 



Parks, O m  Em and. I. Katz: Hechanisms That L i m i t  Potent ia ls  On 
lanospheric Sate l l i tes ,  To bc publjshed i n  J, Geophys. Re$. -- - -- 

Gurevich, A, V,, L. P. Pi taauskt i  and V,  V, Sm.iicneva: Lanospheric 
Aerodynamics. Space Scf .Rev., - 9, 1969, 1). 805. 

Samfr, U. and H., Jew: Comparison o f  Theory with. Experiment Car Electran - 
I)dnt;i t y  0. istr i but ion i n  the Near Wake o f  an I anospheric Satel-1 .i ta,-& 
Gesphys. Rcs., - 77, U72,.-p. 6819, 

bafrarcrboise, J. 6. and E. 6. Whipple, Jr.: Comments en Paper by U r i  
Samir and H. Jew, 'Comparison of Theory with Experiment f o r  Electron 
Oansfty D i s t r i bu t i on  i n  tne Near Wake o f  an Ionospheric Satel l i te, '  -- 

J. Geophys. Res,, ,72, 1973, p. 6827, 

Samir, U. and E. G. Fontheiw: Comparison o f  Theory and I n  S i t u  
Observations for  Electron and Ion  D i s t r i bu t i on  -in the N e Z  EiF6 o f  the 
Explorer 31 and AE-C Sate1 1 i t e s ,  Planet. .Space Sci., 29, 1981, p. 975. - 
Parker, L. W. : Computation o f  Co l l  i s ion less Steady-state P l  asma Flow 
Past  a Charg@d Disc. NASA CR-144159, February 1976, 

Barker, L. W,: Calculat ion o f  Sheath and Wake Structure About a 
Pillbox-shaped Spacecraft i n  a f lowing Plasma, Proc. Spacecraft 
Charging Technology Conference (edi ted by C. P. Pike and R. R. Love l l ) ,  
Jo i n t  A i r  Force-NBSA Report, AFGL-TA 77-0051 and NASA TMX-73537, p.-3.2L, 
February 1977. 



THREE-DIMENSIONAL CALCULATION OF SHUZJ-L~CHARGZNG IN POLAR ORBIT* 

0.  L. Cooke, I. Knta ,  M. 3. Mandell-, J R .  L l l l e y ,  J r .  
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La do l l a ,  C a l l f o r n l a  92038 

A. 3. Rubln 
A l r  Force Geophyslc; Laboratory 

H a n s i m A I r  Force Base, !Yassachusetts 01 731 

The charged p a r t i c l e  environment i n  p o l a r  o r b i t  can be o f  s u f f i c i e n t  in-  
t e n s i t y  t o  cause spacecraft  charging. I n  order  t o  gain a  quantatat ive under- 
standing o f  such ef fects,  t he  A i r  Force i s  developing POLAR, a  ~6mputer  code 
which simulates i n  three dimensions the e l e c t r i c a l  i n t e r a c t i o n  o f  large space 
behic les w i t h  the po la r  ionospheric plasma.- I t  models the physical  processes 
o f  wake generation, ambient ion  co l l ec t i on ,  p r e c i p i t a t i n g  aurora l  e lect ron 
f luxes,  and s u r f  ace i n t e r a c t  ions, i nc lud ing  secondary e lec t ron  generation and 
backscatter ing, which lead t o  veh ic le  charging. These processes may be f o l -  
lowed dynamical ly on a  subsecond t imescale so t h a t  the  r a p i d  passage through 
intense aurora l  arcs can be simulated. POLtR models the ambient plasma as iso- 
t r o p i c  Maxwellian e lec t rons  and ions (o', H ), and a l lows f o r  simultaneous 
p r e c i p i t a t i o n  o f  power- 1 aw, energet ic Flaxwell i an, and accelerated Gaussian d i  s- 
t r i b u t i o n s  o f  e lect rons.  Magnetic f i e l d  e f f e c t s  w i l l  bunodeled i n  POLAR but 
are c u r r e n t l y  ignored. 

The theo re t i ca l  models and approximations employed i n  POLAR are dis- 
cussed, inc lud ing  an e f f e c t i v e  process f o r  s t a b i l i z i n g  the Poisson-Vlasov it- 
e r a t i o n  process i n  the shor t  Debye length extreme. A p re l im inary  POLAR cal -  
c u l a t i o n  i s  presented which p red i c t s  the e f f e c t s  o f  measured aurora l  f luxes  on 
the  s h u t t l e  o r b i t e r ,  and demonstrates the combination o f  condi t ions requi red 
f o r  subs tant ia l  d i f f e r e n t i a l  charging o f  the  o r b i t e r .  

INTRODUCTION 

The charging o f  the space s h u t t l e  o r b i t e r  i n  the po lar  (aurora l )  iono- 
sphere has been inves t iga ted  by Katz and Parks ( r e f .  1). I n  t h a t  paper, t he  
authors argue t h a t  9bserved pre  i p i t  t i n g  e lec t ron  f l uxes  can exceed the ram 5 3 i on  f l u x  (-120 p A l m  f o r  n  = 10 cm' , V = 8 kmlsec). This impl ies a  
poss ib le  o v e r a l l  cur ren t  balance a t  a  negat ive p o t e n t i a l  t o  enhance ion  co l -  
l e c t i o n  and r e t a r d  e lec t ron  f luxes.  Both t h e o r e t i c a l  and experimental (refs.  
2, 3, 4 )  s tud ies  have shown t h a t  as ob jec t  dimensions become la rge  w i t h  re- 
spect t o  the  l o c a l  Debye length, space charge e f fec ts  w i l l  severely reduce the 
ion cur ren t  c o l l e c t i o n  compared t o  o r b i t  l i m i t e d  theory. This leads t o  a 
"s ize-e f fec t "  f o r  t he  p o t e n t i a l  bu i  ldup on ob jec ts  subjected t o  aurora l  elec- 
t r o n  f luxes.  Katz and Parks ( re f .  1) hdve calculated,  f o r  a  conducting 
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sphere, the a-jui l ibr ium poteht ia l  as a funct ion a f  K, the r a t i o  a f  secondary 
electron corrected p rec ip i t a t i ng  electron f l u x  t o  the secondary corrected ram 
ion f lux .  f o r  a beam energy o f  5 KeV and # = 3, a sphere radius t o  Debya 
length r a t i o  o f  10 leads t o  a potent ia l  o f  -100 vol ts,  whereas a s i z e  r a t i o  of 
100 leads t o  a- pa-tential o f  -1300 volts. - -- 

The space shu t t le  i s  many times larger than any vehic le tha t  has been 
prer iously flown through auroral regions. Consequently, the yredi  c tcd size- 
e f fec t  on vehicle charging Suggests tha t  past experience w i l l  not be adequate 
f o c  pred ic t ing and uosderstanding the in teract ions o f  large objects w i th  tk 
auroral ionosphere. 

An understanding o f  the charging dynamics o f  a r ea l  spacecraft requires 
more than a good probe theory. D i f f e r e n t i a l  charging depends on the o f ten com- 
plex in te rp lay  s f  d i f f e r i n g  materials and t h e i r  spat ia l  re lat ionships.  The 
sunl ight  charging o f  ATS-6 (ref .  5) provi&s an example of how a charging sur- 
face can create e lec t ros ta t i c  bar r ie rs  tha t  w i l l  bootstrap the e n t i r e  vehicle 
t o  a h igh ly  charged state, 

Thus, f o r  a l i t t l e  more than a year, S-CUBED has been developing the com- 
puter code, POLAR, wi th the fo l lowing design c r i t e r i a :  

Three-dimensional 
Quas is ta t ic  
F lex ib ie  plasma parameters including f low 
Magnetic f i e l d  e f f ec t s  
Complex geometries, e l ec t r i ca l  model 
Mater i a1 e f fec ts  
Wake model 
Self-consistent inc lus ion o f  space charge e f fec ts  
Small (core storage) 
Fast 

The prel iminary version o f  POLAR i s  near ly complete. This paper w i l l  ou t l i ne  
physical models and computational techniques, review the current program 
status, and present p re l  i m i n a r ~ l c u l  at ions o f  auroral chargi rlg. 

POLAR 

Why a three-dimensional code? Results from a 3-0 code can be compared 
d i r e c t l y  t o  s a t e l l i t e  data during va l ida t ion  without the in terpreta t iona l  un- 
ce r ta in t ies  tha t  spring from reduced dimensional models, This benef i t  w i l l .  
u l t imate ly  car ry  over as POLAR becomes a design too l  f o r  st ructures wi th  
1 i m i  ted spmetry. Also, a rb i t r a r y  arrangements o f  vehicle veloci ty,  magnetic 
f ie ld ,  sun angle, and vehicle orientat ion, can only be properly modeled i n  
three-dimensions. It can be argued tha t  solv ing problems i n  3-D w i t h i n  rea- 
sonable machine l i m i t s  can compromise the accuracy o f  the physics, andlor re- 
s u l t  i n  an impractical program. With t h i s  i n  mind, the POLAR design philoso- 
phy dictates the l im i t ed  use o f  p a r t i c l e  t rack ing methods i n  favor o f  coordi-  
nated approximations and analy t ic  models. 

POLAR i s  a quasistat ic  code. That is ,  i t  employs i m p l i c i t  timestepping 
t o  fol low surface charging wh r e  t i escales, T, a e determined by inc ident  cur- E rents  and vehicle capacitances sec < r < 10 sec), but assumes tha t  
the plasma environment i s  always i n  steady state. I n  the future, we may f i n d  



i t  necessary t o  include wave e f fec ts  and turbulent  Il_henomena by the use of 
t ise averaged madels, dZff usion rates, heating, etc. 

Ule lower auroral. ionospheric environment i s  summarized i n  Table 1. The 
values given i n  the tab le  are considered typ ica l ,  but none are f i xed  i n  POLAR 
where these and other parameters (such as the oxygen t o  hydrogen ion r a t i o )  
are var iable over wide ranges, The energetic e lectron spectrum i S  cu r ren t l y  
modeled as a sum o f  Ewer Taw, hot Piaxwe1 1 i arl, and Gaussian d i s t r  i butions,. 

POLAR presently ignores the magnetic f i e ld ;  however, i t s  inc lusion i s  a 
current  e f f o r t .  Some o f  the methods under study f o r  inc luding magnetic ef- 
fec ts  are: 

Place vx potent ia l  gradient on the vehicle. 
Include * %  i n  ion t ra jec to r ies  i n t e r i o r  t o  sheaths. 
P i t ch  angle conics f o r  the energetic electrons (presently, isotropy i s  
assumed). -t 

Modi f icat ion o f  secondary and photoelectron emission where 8 para1 l e l s  a 
sur f  ace. 
Modi f icat ion o f  secondary an6 photoelectron surface conduct i u i  t i e s  i n  
d i r e c t  ions perpendicular t o  6. 

We nQW ou t l i ne  the methods used i n  POLAR t o  perform charging calcula- 
t ions. A ca lcu la t ion i s  broken i n  t o  the major steps l i s t e d  below: 

Vehicle de f in i t i on .  
Environment spec i f ica t ion and computational g r i d  construction, 
Presheath and wake ion density calculat ion, 
I n i t i a l  surface charging using f l u x  estimates. * Poisson and electron charge density calculat ion.  * Sheath determination and p a r t i c l e  ( ions) t rack ing t o  determine: 

sheath ion densi t ies 
ion surf ace currents * Surf ace charging. 

A f te r  a l l  o f  the above modules have been executed once, the * items are 
i te ra ted  upon to  produce a f i n a l  solut ion. A t  t h i s  Stage i n  the development 
o f  POLAR, only negative sur f  ace potent ia ls  are a1 lowed. A1 though s l  i g h t l y  
pos i t i ve  potent ia ls  could occur under natural charging condit ions due t o  sec- 
ondary o r  photoelectron emission, the ambient electrons should 1 i m i  t pos i t i ve  
potent ia ls  t o  a few kT a t  most. With t h i s  constraint,  electrons are consid- 
ered t o  be r e  e l  led wi th  densi t ies given by the Boltzmann expression, ne = 
r+, exp(--qWliTf. The methods used t o  calculate the at t racted ion d e n s i t ~ e s  
are described l a te r  i n  t h i s  gaper. 

Pos i t i ve  potent ia ls  may also be achieved by the emission o f  electrons 
( re f ,  6). The physics o f  e lectron co l lec t ion  i n  the lower ionosphere appears 
more complex than the col l ec t i on  o f  ions due t o  turbulent  processes i n  both 
the emitted beams and i n  the ambient plasma ( re fs .  7, 8). Thus, spacecraft 
generated high pos i t i ve  potent ia ls  are not now considered i n  POLAR but w i l l  be 
addressed i n  fu ture  work. 



OBJECT D E F I N I T I O N  

POLAR objects are b u i l t  from the same set o f  blocks used i n  NASCAP ( r e f .  
9) with- the addi t ion o f  slanted t h i n  plates. and the exclusion o f  booms. These 
blocks are i l l u s t r a t e d  i n  f i gu re  1.- These blocks can be eas i l y  combined t o  
construct complex objects as i l l u s t r a t e d  b~ our model of the shu t t le  orb i ter ,  
shown in - f igu re  2.- Objects are- defined on a var iab ly  sized object g r i d  
o f  cubic volume elements. Since POLAR must model objects moving a t  h i gh  ion 
Mach numbers, the extended ion wake i s  included i n  the computation by embed- 
ding the object  space i n  a sl iced, staggered computational grid, Figure 3 il- 
lust ra tes the arrangement o f  object, object  grid, Mach vector, and computa- 
t i ond l  grid.. A l l  data arrays are s l i ced  i n t ~  ind iv idua l  NX*NY pages a t  every 
Z mesh point, and stored on disk. During computation, POLAR w i l l  page i n t o  
core only the required set o f  s l ices.  Using the po ten t ia l  array as an exam- 
ple, the Poisson solver will need only two s l i ces  a t  a time; the sheath loca- 
t i o n  algorithm, four sl ices; and the t r a j ec to r y  tracker, two sl ices, 

Since the data s t ruc ture  i s  s l i ced  along the 2 axis, the Mach vector i s  
constrained t o  have a dominant 2 component. When other arrangements o f  Mach 
vector and object  o r ien ta t ion  are t o  be modeled, POLAR can ro ta te  the object  
and Mach vector t o  meet t h i s  constraint,  thus avoiding a r e d e f i n i t i o n  o f  the 
object . 

PRESMEATH AND WAKE I O N  .DENSITIES 

POLAR u t i l i z e s  a sharp edged sheath approximation t o  d iv ide  space i n t o  
presheath and sheath regions. The sheath region contains a l l  of  the signif- i-  
cant space charge-, while the presheatb i s  a quasineutral region. The- wake 
region i s  d iv ided by the sheath edge, wi th the extended wake assumed t o  be 
essen t ia l l y  quasineutral and included w i th  the presheath. The sheath edge i s  
considefed t o  be an absorption surface from-which no ~ a c t e d - p a r t i c l e s  
escape. 

I n  the presheath-wake region, and i n i t i a l l y  f o r  a l l  space, the ion den- 
s i  t i e s  are determined by a "neutral ion approximation". This re fe rs  t o  the 
assumption o f  s t ra igh t  l i n e  t ra jec to r ies  as i f  fo l lowing neutral  pa r t i c les .  
This means tha t  the ion density i n  t h i s  reg ion i s  calculated tak ing f u l l y  i n t o  
account ?on thermal ve loc i t i es  but ignor ing bending o f  t r a j ec to r i es  by elec- 
t r i c  or  magnetic f i e lds .  This can be expressed by the fo l l ow ing  equation: 

where fi (c, ?) i s  tJe ion d i s t r i bu t i on  funct ion a t  a po in t  x i n  space f o r  a 
ve loc i t y  v and f ( v )  i s  the unperturbed ve loc i t y  d i s t r i b u t i o n  funct ion f o r  
a d r i f t i n g  ~axwely tan (the+assumed condi t ion a t  an i n f i n i t e  distance from the 
vehicle). The funct ion g(x, d ) has value zero i f  a ray  s t a r t i n g  from 3 going 
i n  the d i rec t ion  6 would s t r i k e  the vehicle, i t  has value 1 otherwise. This 
funct ion takes i n t o  account pa r t i c l es  which cannot contr ibute t o  the loca l  
charge density because they run i n t o  the vehicle. The ion density i s  obtained 
by in tegrat ion over ve loc i t ies :  



This "neutral ion" approximation t o  the density i s  p a r t i c u l a r l y  simple 
to  calculate f o r  two reasons. F i r s t ,  the s t ra igh t  1 ine o r b i t s  allow t ra jec-  
t o r i es  t o  be "tracedu instant ly,  and second, the orbi ts,  and thus shadowing 
factors, are independent Of p a r t i c l e  k i n e t i c  ener-gy. For every pa in t  i n  space 
the basic algorithm f-ifids the perimeter o f  each object  surface in so1.id angle 
space and el iminates a l l  o rb i t s  w i th in  the perimeter from cont r ibut ing t o  the 
loca l  phase space density. Whi.le using only d iscrete d i ree t  ions thi-s tech- 
nique has been proven f a s t  and-reasonably accurate. The major numerical ap- 
proximations are the d isc re t i za t ion  o f  the angles and the interpola.t ion in.  
s o l i d  angle space o f  tbe surface perimeters. Typ ica l ly  the s o l i d  angle space 
i s  gridded 36 x 180 and a few ext ra  po in ts  are added along each surface edge 
i n  order t o  minimize in te rpo la t ion  errors. Since the  potent ia l  var ies lsga- 
r i t h m i c a l l y  with density i n  the quasineutral region, a fac tor  o f  2 e r ro r  i n  
t h i s  density w i l l  lead t o  less than kTle e r ro r  i n  the loca l  potential; thus 
the approximation i s  not expected t o  be a source of any large error. Figure 4 
i s  a contour p l o t  o f  the n e u t r a l  ion densi t ies ca lcu la ted f o r  the shu t t le  
o rb i t e r  w i th  Mach veloci ty,  M = 8 i n  an oxygen plasma. Figure 5 shows the 
same ca lcu la t ion f o r  our f avo r i t e  t e s t  object, the quasisphere. 

A new i'ex.perimentaL" feature f o r  POLAR i s  an a lgar i  thm tha t  provides a 
" f i r s t  orderu cor rect ion f o r  the focusing o f  ion t ra jec to r ies  by the weak pre- 
sheath e l e c t r i c  f i e lds .  This correct ion i s  based on a study by Gurevich and 
P i taevsk i i  ( re f .  10) o f  the  f low o f  a hypersonic plasma over a semi- inf in j te 
wal l  where they include e l ec t r i c  f i e l d s  i n  ca lcu la t ing the ion densi t ies i n -  
the ra re f i ed  region (wake) behind the wall .  Neutral gas densi t ies may also be 
obtained dna ly t i ca l l y  f a r  t h i s  same problem. The r a t i o  o f  the plasma t o  neu- 
tral  densities, from the wal l  problem, i s  used as a correct ion fac to r  t o  the 
neutral  i o ~  approximation densi t ies calculated by POLAR 

I n  f i gu re  6, we present a comparison o f  the corrected neutral  ion den- 
s i t y ,  calculated by POLAR, w i th  e lectron density measurements by Murphy 
e t  a l .  (ref. 11). These measurements were made on STS-3 by the PDP tangmuir 
probe. For STS-3, the estimated range o f  Mach numbers was 5-8, and the es t i -  
mated uncertainty i n  the absolute scale o f  e lec t ron densit ies was 2-5. POLAR 
densi t ies were calculated a t  Mach numbers o f  6 and 7 using the shu t t le  model 
presented i n  t h i s  paper, A comparison between electron and ion  densi t ies i s  
s t r i c t l y  v a l i d  only when the plasma i s  quasineutral and the actual degree t o  
which the wake plasma i s  quasineutral cannot be determined without a complete 
analysis; however, the deviat ions from quas ineut ra l i ty  are probabl j  w i th in  the 
experimental e r ro r  and numerical uncertaint ies. The emphasis o f  t h i s  compari- 
son i s  placed upon the hor izonta l  agreement which demonstrates POLARIS a b i l  i t y  
to  model the wake edge using actual o r ien ta t ion  data. 

As a ca lcu la t ion proceeds;, POLAR locates (by inspection o f  po ten t ia l s )  
those regions where quasineutral i t y  dues not hold, defines the sheath t o  in-  
clude such regions, and recalculates the Ion density there by t racking pa r t i -  
c les  inwards from the sheath. Once these sheath ion densi t ies are available, 
they replace the neutral- ion densi t ies i n  the Poisson calculat ion. This re- 
placement process i s  cui-rently being implemented i n  POLAR; the calculat ions 
presented here used only the neutral  ion dens1 t ies .  



SURFACE CHARGING 

The POLAR surface c e l l s  are the exposed squares, rectangles, and tri- 
angles t ha t  border the f i l l e d  space o f  each ind iv idua l  volume element contain- 
iug a piece :\f the object  (sub un i t s  o f  the bu i l d i ng  blocks used in  object  
defjni t ion-k. 

PIlLAR models the ilccumulation and transport. o f  charge on the vehic1.e 
using a lumped. element c i r c u i t  anology. Ln t h i s  @quivd\ent c i r c u i t ,  each sur= 
face c e l l  ana conductor represents a node o f  the c i r c u i t .  Surface voltages 
are updated by imp1 i c  i t l y  times tepping a di f ferenced approximat ion t o  the 
equation 

where 1 and 1 are current and. voltage vectors w i th  each surface and conductor 
cont r ibut ing a component, & i s  the capacitance matrix, and o the conductance. 
The current vector i s  comp5sed as t: 

where we have the current due t o  tons, i o n  impact secondary electrons, auroral 
electr-ons, auroral e lectron secondary and backscat t e r  electrons, and photo- 
electrons. The auroral e lectron currents and t h e i r  secondary and backscatter 
e lectron currents are determined each timestep by assuming them t o  b~ depen- 
dent only on the ind iv idua l  surface voltage, then in tegra t ing  the model d is-  
t r i bu t i ons  wi th  and without secondary and backscatter y i e l d  functions. The 
ion  and ion secondary currents are updated only when the sheath module i s  
cal-led. Note tha t  the ambient electrons are absent from t h i s  l a s t  equation, 
Because o f  t h e i r  loiw temperature, they ~i 11 not contr ibute si-gni f icant  current 
t o  any surface more negative than a few kT/e. When a surface charges posi- 
t ive ,  i t  i s  assumed t o  be because o f  t h e i r  omission and the surface i s  held 
near zero u n t i l  i t  again shows negative charging behavior. This technique 
prevents the osc i l l a t i ons  tha t  could occur w i th  a combination o f  large time- 
step and an extremely voltage sensi t ive current  source. 

As mentioned previously, POLAR models the f lux,@, o f  the energetic 
auroral electrons as a combination o f  power law, hot Maxwellian and Gaussian 
d is t r ibu t ions  ( re f .  12) given by the fo l lowing expression: 

where K i s  k i ne t i c  energy, V i s  the surface potent ia l ,  F = n-JkT/Zn%, and A, 
a, T, 8, Eo and s are the parameters used t o  f i t  spectra. This expression 
has been f i t t e d  t o  a spectrum observed by the DMSP-F2 sate1 1 i t e  ( re f .  13), 



which i s  shown i n  f i -gure 7, along w i t h  tt ie POLAR fit. This analy t ic  form can - - - -  
be quickLy integrated t o  f i n d  the contr ibuted surface current. 

At  the s t a r t  of a new- calculat ion, before any sheath cal-cul-atians haw 
been performed, a. vehic le may be s tar ted a t  a uniform voltage.. or precharged 
by using the thermal and ram ion currents t o  surfaces a t  zero wLtage Tor the 
ion curwnts.. For t h i s  pt'echarging, the auroral.  e lec t ron currents are cal-- 
culated and the charging eguations solved as described t o  produce an i n i t i a l  
estimate f o r  - the surface eotentials. 

THE CHARGFTAB LL IZEO POISSON ITERATLON- 

The Poisson-equation can be w r i t t en  as 

where 4 = eV/kT, n2 = c ~ ~ T I N ~ ~ ~ ,  No i s  the ambient density, and 
n i  = Ni/No, ae = Ne/No. POLAR solves t h i s  equation on i t s  dis- 
crete mesh using a f i n i t e  element method (refs.  14, 15). I t  i s  not p rac t i ca l  
t o  develop i t  here, but we w i l l  present a few o f  i t s  per t inent  features. 

POLAR'S f i n i t e  element formulat ion assumes a. t r i l i n e a r  in te rpo la t ion  
funct ion f o r  the potent ia l  i n  spaces so tha t  the inf luence o f  each node goes 
t o  zero i n  on mesh uni t .  This allows f o r  the dewlopment o f  a matr ix  t o  ap- 5 proximate - V f o r  each element, The f i n i t e  d i f ference approximation t o  the 
equation (1) would be 

where h3 i s  the volume o f  element e. However, ra ther  than summing the ind i -  
v idual  matrices i n t o  one large matrix, matr ix  solvers can be taught t o  work 
j u s t  as e f f i c i e n t l y  on the ind iv idua l  element matrices. This produces many 
advantages, One such advantitge is core storage. For a problem w i t h  20,000 
g r i d  points, the complete matr ix  would requ i re  4 x lo8 words o f  storage i f  
no compression methods were used, whereas, there are only a l im i t ed  number of 
element types ( s i x  so f a r )  requ i r ing  less than 1000 words o f  storage f o r  t h e i r  
matrices. Another advantage i s  tha t  t h i s  method very r tatural ly  allows us t o  
solve for  potent ia ls  w i th  only one s l i c e  o f  elements (&to.Alices o f  nodes) i n  
core. 

The t r ad i t i ona l  approach t o  the so lu t ion of. equation (2) has been an 
e x p l i c i t  i t e r a t i o n  o f  the form 

where v i s  the i t e r a t i o n  index, and the charge density i s  determined using the 
potent ia ls  o f  the previaus i te ra t ion .  This method can be shown t o  be unstable 



(ref. 16) &hen the Oebye length, A, becomes small w i th  respect t o  other scale 
lengths o f  the problem. This can be understood by consider-img tha t  a. smooth 
pq ten t ia l  u a r i a t b n  over a distance of, Pay, 1000 A, would-require a smooth 
V- b ( t he  Csecond derivati-vec) which I s  i n  tu rn  given ev-erywhere by the 
charge densi-ty. But, maintaining a smooth charge denoi-ty d i s t r i h u t  ion is 
& i f f  icu.1 t when. any er rors  i n  determining (ne - n i  are- mu l t i p l i ed  by the 
huge number A - ~ .  Tbere i s  one e f f ec t i ve  remedy t o  t h i s  dilemma (ref.. 16) 
but the process reported here appears t o  be more e f f i c i e n t  in the short Debye 
length l imit.. This method involves the combination of two concepts. One uses 
a p a r t i a l  imp l i c i t i za t i on  of the repel led density (n,, here) (ref.  17). The 
other simply reduces the charge density t o  an acceptpble l eve l  whenever the 
f i r s t  method i s  inadequate. 

Suppose a plasma of ambient densl t  No and temperature T co r~s is ts  of 
Bol$znann elec$rons, ~ ~ ( r )  = No exp(d(r)f  and ions o f  known density 
N i ( r )  = No n i ( r ) .  The normalized charge density i s  then given by_-___ 

* 3 - 2 * * 
, '  = A ["r) - exp ( b V ( r ) ) ]  

Equation (4) .  may be l inear ized about-the previous potent ia l  i t e r a t e  

where q '  = a q l a l ,  and the f dependence has been dropped f o r  c l a r i t y .  With 
. t h i s  expression we may wr i t e  the i m p l i c i t  Poisson i t e r a t i o n  scheme 

Though i t  i s  nat immediately obvious, the i m p l i c i t  character o f  (5 )  
, makes i t  more stable than scheme (3).  This can be understood by r e a l i z i n g  

tha t  i n  equation (3 )  the electron density was t reated as an independent var i -  
able, whereas i n  (5)  the electron density i s  determined simultaneously w i th  
the potential ,-both being consistent w i th  the ion density. 

The f i n i t e  element approximation t o  (5 )  ~ roduces  the matr ix equation 

where S i s  derived from q by the fo l lowing analysis: 

F r small hln, S i s  simply the t o t a l  charge associated w i th  each node, S Q = q h . I f  the elemental volume becomes large compared t o  A, then numer- 
i c a l  noise and features l i k e  a sheath edge which may span only a few A, be- 
comes incor rec t l y  ampl i f ied when the q determined a t  a po in t  becomes mul t i -  
p l i e d  by a l l  of h3. When i t  .s not possible t o  reduce the zone size, sta- 
b i l i t y  can be preserved by replacing Q (and Q') wi th  a reduced value S (S' )  
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are presented i n  f i gu re  8 f o r  three sheath surface potent ia ls.  The curves f o r  
Mgher po ten t ia l  in f iguca 8 are caasistent w i  tll the orbi-t 1 imi ted appraxima- 
t i s r i  i n  tbe mkc-ward d i rec t ion  o l y .  UselrRwe t he  htgkor po ten t i a l s  Wc! 9 be screened more rap id l y  than I l r  . . 

Return now t o  the question o f  sheath. boundary placement. The resu l ts -  of  
f i gu re  8 ind icate  tha t  the current  deusity enhancement factors. are not tremen- 
dously sens i t ive  t o  the stieatb boundary potent ia ls  f o r  the ram-ward angles. 
For wake-ward angles, there i s  a much greater enhancement s e n s i t i v i t y  but t h i s  
may not car ry  over i n t o  a surface charging sens i t i v i t y .  A lower potent ia l -  
sheath boundary w i l l  tend t o  extend e l  l i p s o i d a l l y  i n  the wake d i r ec t i on  pro- 
ducing increased sheath sur f  ace area. Focusing w i t h i n  the sheathlwake area 
w i l l  c o l l ec t  these lower sheath currents and reduce the s e n s i t i v i t y  t o  sheath 
boundary placement. Also, a l l  of these wdke/s;~eath currents are small, and 
may ul t itnately be neg l ig ib le  when compared t o  other pos i t i ve  current  sources 
such as the cont r ibut ion from secondary electrons and tlre hydrogen component, 
f o r  which the Mach speed w i l l  be a fac tor  o f  4 l ess  than f o r  oxygen. The 
paper by Parks -- e t  al. i n  these same proceedings investigates the e f fec ts  o f  a 
bydragen component. 

I n  each spat ia l  element, the sheath edge i s  contoured by t r i angu la r  
plates. From each, two or  more ( t y p i c a l l y  four) pa r t i c l es  are started. 
Before these pa r t i c l es  are assigned currents, a t e s t  p a r t i c l e  i s  ejected out- 
ward from each p la te  across a few elements t o  probe f o r  objects o r  po ten t ia l  
ba r r ie rs  tha t  would sh ie ld  presheath currents from tha t  plate. I f  such obsta- 
c les  are formed, the pa r t i c l es  from that  p l a te  are deleted. 

Once a l l  p a r t i c l e s  and currents h w e  been assigned, pa r t i c l es  ace 
advanced along t h e i r  t r a j ec to r i es  hy a "pusher". This pusher sweeps back and 
f o r t h  along the Z axis, operating on successive s ing le  s l i ces  o f  elements (two 
s l i ces  o f  nodal potent ia ls) .  Within each s l ice,  t r a j ec to r i es  advance in the X 
and Y d i rec t ions u n t i l  they reach the present Z o r  Z+1 s l i c e  boundaries, X, Y 
boundaries or  tbe vehic le surface. I f  the pusher i s  sweeping i n  the +Z direc- 
t ion,  pa r t i c l es  ex i t i ng  a t  Z+1 are continued i.n the next push, whereas pa r t i -  
c les e x i t i n g  a t  Z (moving i n  the -Z di rec t ion)  are stored on disk and picked 
up on the re tu rn  pass o f  the pusher. The pusher continues sweeping urrti 1 dl 
t ra j ec to r i es  have been concluded. 

RESULTS 

Two model calculat ions are presgnted, the quasisphere and the sh t t l e .  
For both problems, the plasma i s  an O plasma w i th  kT = 0.1 eV, N = 10 ! 
~ m - ~  and A = 2.3 cm. Both models have the objects moving a t  an ion Mach 
speed o f  8 (-8 kmlsec), Neutral ion density contour p l o t s  f o r  these objects 
have been presented i n  f igures 4 and 5. A l l  of  the contour p l o t s  are 2-0 cuts 
through the 3-0 arrays o f  potent ia ls  o r  densities. I n  the quasisphere (0-S) 
p lots,  the cuts go through the center o f  the object  and i t s  wake. For the 
shutt le,  the longi tudinal  cuts (showing a side p r o f i l e  o f  the o rb i t e r )  run 
j u s t  t o  the side o f  center and through one o f  the engines. 

I n  these calculat ions, the Q-S i s  modeled as a grounded conductor 
covered w i th  0.1 mm th ick  kapton and a i'quasiradiusl' o f  2.5 m. A t  t = 0, the 
auroral spectrum o f  f i gu re  7 i s  switched on, w i th  a l l  surfaces a t  zero poten- 
t i a l .  The Q-S i s  allowed t o  charge for  a t o t a l  o f  7.8 seconds i n  13 in te rva ls  



o f  Q.6 sec edch, AmSiant e lectron spdcec.bargr! fac tors  and auraral elect ron 
surface currdnts are calculated a t  eacb step. A l l  secondary electrons are as- 
sumed t o  escape. Lan surface currents are determeinsd from r;hcat.h p a r t i c l e  
tracking a t  the 0.6, 2.4, 4.8 and 7,2 sec in tervals,  whi le the 0-0.6 sac in -  
terva l  uses the precharga estimates s f  ion currents. Figure 9 sbwa a pnten- 
t i -a1 contout p l o t  with- l i n e a r l y  spaced cont,oura s t  2.4 sac, whr~ tkft-maximum 
surface potent ia l  i s  -130 vs1-l.s on the wake side af the Q-S. Figur 10 i s  a 
contour p l o t  s f  the same potent ia ls  using logar i thru~ical ly  spaced CL. xu rs ,  
where the sheath contour i s  chosen t o  bc -0.6 vo l t s  and i s  indicated by the 
X's. A subset a f  the sheath ion t ra jec to r ies  are also shown. Figure 11 shows 
l inear  ~ o t e n t i a l  contours f o r  the Q-S a t  4.8 seconds wi th  tks ncw sheath loca- 
t i o n  (-0.6 vo l t s )  indicated again by X's; the maximum surface ps ten t ia i  0% 
-252 volts. The end po in t  o f  the ca lcu la t ion i s  shown i n  f i gu re  12 a t  9.8 
seconds where a rough eq t~ i l i b r i um  has been establ-ished and the maximum surface 
voltage i s  -447 volts. The apparent discbarging o f  the side surfaces a t  7.8 
seconds when compared w i th  the Q-S a t  4.8 seconds i s  a p l o t t i n g  i l l u s i o n  due 
t o  the same number o f  contours being spread over a large po ten t ia l  d i f f e r -  
ence. The long charging times reported here are not  r e a l i s t i c  and are due t o  
the combination o f  grounded conductor and t h i n  d i e l e c t r i c  which produces a 
high capacitance t o  ground. This f i xed  ground has been retained as a develop- 
mental convenience and w i l l  be a1 lowed t o  f l o a t  i n  the future. 

A prelim-inary model o f  shu t t le  o rb i t e r  charging i s  presented i n  f igures 
4, 13, 14, and 15. The mater ia ls speci f ied f o r  t h i s  model are not r e a l i s t i c ,  
and again, the ground was not allowed t o  f l oa t .  S ta r t ing  w-ith the ion den- 
s i t i e s  show- i n  f i gu re  4, the o r b i t e r  i s  exposed t o  the same plasma and aurora 
as was the Q-S w i th  a mesh spacing QP 1.16 mlgr id  uni t .  The shu t t le  i s  81- 
lowed t o  charge f o r  only 3 seconds i n  three steps. Potent ia l  contours a t  the 
3 second point  are presented i n  f i gu re  13 f o r  the same cut  as f i gu re  5 .  The 
maximum surface potent ia l  i s  -101 vol ts.  The lowest contour i s  a t  -20 v o l t s  
so i t  i s  not possible t o  see lower space potent ia ls  i n  the wake, but  one can 
observe the compression o f  contours on the underside compared t o  those i n  the 
cargo bay. Figure 14 i s  a cut  through the ion density data a t  Z = 1 7  (see 
f igure 13). I n  f igures 14 and 15, the complete projected s i lhouet te  i s  out- 
l i ned  whereas only a por t ion o f  the cargo bay f loo r ,  wal l  and doors actua l ly  
l i e  i n  t h i s  cut. Since the plasma i s  f lowing predominantly along the length 
of the orb i ter ,  the ion density wake shown i n  f i gu re  14 i s  due t o  port ions of 
the o rb i t e r  upstream o f  the cut. Figure 15 shows po ten t ia l  contours i n  the 
cut a t  Z = 17, where s i gn i f i can t  charging can be observed on the outside of 
the bay doors which l i e  i n  the wake o f  the wings, but  not on the ins ide which 
was a grounded conductor. 

The shut t le  model employed 41,175 g r i d  points, but  due t o  POLAR'S disk 
data management and segmented construct ion, only about 70,000 words of core 
memory were required. On our UNIVAC 3100180, the shu t t le  model ca lcu la t ion 
required about 3 hours o f  CPU time. 

The resu l t s  of these POLAR calculat ions are qu i te  prel iminary and are 
presented pr imari 1 y t o  demonstrate the capabi 1 i t  i e s  of  the code. Howeuer, we 
are qu i te  pleased w i th  the close resemblance o f  the quasisphere model t o  the 
DMSP charging events reported i n  these same proceedings by Burke and Hardy. 
Perhaps the most s i gn i f i can t  r e s u l t  o f  these calculat ions i s  t ha t  POLAR'S 



design c r i t e r i a  are proving t o  be real-%!able, and although more dsvelapmcat 
w i l l  be required we ant ic ipate  tha t  POLAR w i l l  bncowa useful s c i e n t i f i c  and 
engineering too l ,  
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TABLE I.. - POLARIIOMOSPHERIC. PARAMETERS 

Orbit Al t i tude 150-350 km 

Ambient Plasma 
Temperature (cV4 0.i-0.8 
I on Oensi t y  (cm' ) 
Ion Species 

1% -'9 o N ~ e * ,  H+ 
Neutral Density ( W 3 )  1 0 ~ l o r l  

Ambietlt Electron Acoustic Speed Vae = J l ? f K =  133 kml sec 

Ambient 0' Acoustic Speed 

Sa te l l i t e  Velocity 

Vao = 1 kmlsec 
+ + 

8 kmlsec, M = V/Vao = 8 

Auroral Electrons 
Energtes =lo2- lo5 e~ 
F luxes < l ~ ~ i c m ~ ~  = s t r * l e ~  
Integrated Currents el00 uAi 

Magnetic Parameters 

Hagnetic F ie ld  Strength 5 x Tesla (0.5 Gauss) 

Par t ic le  Gporadi us Gyroperisd- 

Ambient Electrons (0.1 eV) 2 an) 

Secondacy Electrons (3  ev) l ~ c m  j 7 x ~(1:!-sec 

Auroral Electrons (10 KeV) 4 n 1 
1 

Ambient Ions (0' 0.1 eV) 3 m 2 x 1 0 - ~ - ~ c  
(H+: 0.1 e~ 0.2 m 1 . 3 ~ 1 0  sec-- - - -  

Cycloid Spacing Observed A t  8 kmlsec 
Electrons 0.6 cm 

H+ 10 m 
O+ 160 m 

Chsracteristic Lengths 

Ambient Oebye Length AD 5 1 cm 

Shuttle Orbiter L ~ 3 7 m  

Sheath Thickness For Potentials 1 kV 5 kV 
Around 3 m Radius Sphcre t 6.9 m 11.6 m 
Planar Child-Langmuir t 9.32 m 31.2 m 

t Calculated for AD = 0.74 cm, kT = 0.1 cV ** From Figure 72, Al 'pert e t  al. ( ref .  21) 



Figure 1. The e ight  bu i ld ing  block types are shown here. From r i g h t  t o  l e f t  
and top t o  bottom: f l a t  plate, F I L l l l  smoothing a corner, slanted 
plate, tetrahedron, quasisphere, wedge, rectangular para1 l e l  epided, 
and octagon r i g h t  cy l  inder, 

Figure 2. Perspective p l o t  o f  the POLAR shu t t le  m d e l  used f o r  these calcula- 
tions, showing ind iv idua l  surface ce l ls .  
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Figure 3. Two-dimensional cross-section o f  POLAR'S computational and object 
gr ids. The combinat ion of orthogonal transformations o f  the object 
and object g r i d  w i th  staggering i n  the X * Y  node s l i ces  allows f o r  
any o r ien ta t ion  oflobbject and plasma flow. 

-1.0 2 0  7.9 la0 11.0 P.U II.0 S O  8.0 UD 9.6 SO 9.e uo 
z (grid units) 

Figure 4. Two-dimensional cross-section of normalized neutra l  ion densities, 
for  a s l i c e  one u n i t  from center, running through an engine. One 
mesh u n i t  = 1.16 m, ion  Mach speed = 8, contour in te rva l  = 0.11, 
No = 104 cm-3, LT = 0.1 ev. 



Figure 6. 
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z (met% 3 )  
A cent ra l  s l i c e  o f  ion density contours for a quasisphere. 
mesh un i t  = 1.0 m, ion Mach speed = 8, kT = 0.1 eV, contour 
val  = 0.11. 
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POLAR code ca lcu la t ion o f  shu t t le  cargo bay plasma densi t ies 
compared r t i i h  measurements made by Murphy e t  a1 ( re f .  11). 
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Figure 7.  F i t  and comparison o f  POLAR'S analytic spectral form to an 
energetic electron event observed on DMSP-E2 ( re f .  13). AssumJqg 
isotropy the t o t a l  current car r ied  by t h i s  spectra was 14 ~ A l m . . .  

PHI - 
PHI - 
PHI = 

cos(e) 
Figure 8. Current density t o  a sphere of potent ial  PHI  = eVlkT i n  a Mach 8 

plasma using o r b i t  l imited theory, cos(e) = 1.0 f o r  ram direction, 
cos(e) = -1.0 for  wake direction. 



z (meters) 
Figure 9. Contour p l o t  o f  potent ia ls  f o r  the quasisphere i n  -the same cross- 

section as f igure 5 a f t e r  2.4 seconds o f  charging. Contour inter- 
vals are 14.5 vol ts,  and the maximum sur ace po ten t ia l  i s  -130.0 

10 = 2.3 cm, 
f vo l ts .  The ambient pl-asma. density i s  10 Ice, kT = 0.1 eV, _and 

z (meters) 

Figure 10. The same potent ia ls  and cross-section as f i gu re  9, but  w i th  
logari thmic contours. The contour in te rva l  i s   log(-VJ = 0.87, 
labeled contours are i n  volts. The lower l e f t  t i p  o f  the x's mark 
the sheath locat ion (-0.6 v), where a subset o f  t r a j ec to r i es  
i 1 l us t ra te  the sheath ion tracking. 
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Figure 11. Quasisphere potent ia l  contours a f t e r  4.8 secs o f  charging. The 

maximum surface potent ia l  i s  -252 volts, and the contour in ter -  
ual i s  28 vol ts.  X's again mark t h e  -0.6 v o l t  sheath contour. 
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Figure 12. Quasisphere potent ia l  contours a f t e r  7.8 secs o f  charging, where 
some surf aces have reached equi 1 i br  i um. The maximum sur f  ace poten- 
t i a l  i s  -447 vo l t s  and the contour i n t e r va l  i s  -49.7 vol ts.  
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Figure 13. Contour p l a t  o f  potent ia ls  about the shu t t le  o rb i t e r  i n  :he same 
cross-section as f i g w e  4. The maximum surface po ten t ia l  i n  t h i s  
cross-section i s  -101 volts, and the contour in te rva l  i s  20 vol ts.  - 
The arrow a t  Z = 17 indicates the locat ion o f  cross-section shown 
i n  f igures 14 and 15. 

x  rid u n i t s )  

Figure 14. Ion density contour cross-section a t  1 = 1 7  (see f i gu re  131. The 
f u l l  projected s i  1 louhette o f  the o rb i t e r  i s  shown, a1 though only 
cargo bay walls, dqors, and f l o o r  l i e  i n  t h i s  s l ice .  Ion densi t ies 
range from 8 x 10" t o  1.0 i n  in te rva ls  o f  0.11. 



x (gr id  units) 
Figure 15. Shutt le  potent ia l  contours i n  the  cross-section of f i g u r e  14. The 

maximum surface p o t e n t i a l  i n  t h i s  s l i c e  i s  -101 v o l t s  and the con- 
tour leve l  i s  11 vol ts .  
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A. 3. Rubln 
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A recent survej  o f  UMSP data has uncovered several cases vthere precip- 
i t a t i n g  auroral e lectron f luxes are both su f f i c i en t l y  intense ar~d energetic t o  
charge spacecraft mater ia ls such a; t e f l o n  t o  v e r j  large po ten t ia l s  in the 
absence o f  ambient ion currents, I n  t h i s  paper we provide ana ly t ica l  bdunds 
which show that  these measured environments can cause surface potent ia ls  i n  
excess of several hundred v o l t s  t o  develop on objects i n  the o rb i t e r  wake f o r  
pa r t i cu l a r  vehic'e or ientat ions.  

INTRODUCTION 

ke consider an object i n  the wake o f  a spacecraft f l y i n g  a t  an a l t i t u d e  
of a few hundred ki lometers i n  low polar  earth o rb i t .  We suppase t h a t  the 
abject  i s  charged t o  large negative voltages with r spect t o  the ambient 
plasmas by an intense current, perhaps o f  order 1 0  mslcm2,  o f  mu l t i -  
k i l o v o l t  electrons. Qur objecti-ve i s  t o  estimate upper bounds on the ion cur- 
ren t  a t t rac ted b~ the object, and lober bounds on i t s  e l e c t r i c  potent ia l .  

b!e assume hat  the plasna consists predon:inantly o f  0' at a concentra- E t i o n  of about 10 lcc3 and I thermal energy per p a r t i c l e  kT - 0.: eV. The 
speed o f  the s a t e l l i t e  V, i s  8 x lo5 cclsec, correspondin t o  G f l ow  
energy 112 Mo U$ = 5.12 eV per pa r t i c l e ,  and a r a t i o  V I h n o  
= 8. The plasma may also contain H again w i th  kT - 8.1 eV, but with a 
smaller Mach number, V O I  - 1 ~ ~  = 3. I n  the considerations t ha t  fo l low 
we assume tha t  the vehic le i s  i n  ecl ipse and t ha t  no spacecraft generated 
plasmas surrcund the vehicle. 

The estimates are based on o r b i t  l im i t ed  theory co l l ec t i on  by a 
shadowec, ion  a t t r ac t i ng  object  i n  a co ld  f lowing plasma. I n i t i a l l j ,  thermal 
e f fec ts  are not considered; i t  i s  ant ic ipated that  such neglect i s  j u s t i f i e d  
f o r  h igh Rach number f lobs, espec ia l l j  i f  the negative po ten t ia l  on the col-  
l e c t i ng  object i s  verb much larger than kT. Supposing tha t  thermal e f f ec t s  
are negl ig ib le,  i t i s  then argued that  the theory provides an upper bound  or^ 
co l lec ted ion current, o r  equivalent l j ,  a loyer bound on the po ten t ia l  t o  
which the object becomes charged. Because H i v n  speeds are not v e r j  much 
less than f low ve loc i t ies ,  thermal e f f ec t s  on H co l l ec t i on  w i l l  be fu r the r  
considerea l a t e r  i n  the paper. 

For ionospheric plasmas w i th  rieg:' i g i  b l e  hydrogen concentrat ion, ener- 
ge t i c  e lectron currents t o  the wake side object can be neutra l ized only by 
at t rac ted 0 ions. For a one meter object shadowed by a ten meter shut t le,  

*This work supported by A i r  Force Geophysics Laboratory, Hanscom A i r  Force 
Base, Massachusetts, under Contract F19628-82-C-0081. 
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we f i n d  that the magnitude o f  the ninimunl voltage f o r  a t t r ac t i ng  0',ions i s ,  
about 500 vol ts.  I n  contrast, space charge l im i t ed  co l l ec t i on  o f  O ions 
th rwgp a ten p t e r  radius sl~eath r e q u i w  about 4 KeV t o  neut ra l ize  a current 
otlO'bamp/cm o f  energetic electwas. 

The e f fec t  o f  H+ i s  t o  lower the uol$&ge threrbald f o r  o r b i t  1irn.itad 
co l l ec t i on  t o  several tens a f  vol ts,  but H concentrations much larger than 
100 c m h v  eequired t o  neut ra l ize  energetic e lectron currents as l w g e  as 8 10' ampslcm i f  potent ia ls  more negative than 100 v o l t s  with respect t o  
the cnlbient olasma are t o  be avoided. 

THEORY 

Consider a sphere o f  vadius a a t  a po ten t ia l  - U  shadowed by a disk o f  
radius Rd at  a distance L from the sphere center. The geometry i s  axisym- 
nhetr ic, w i th  the symmetry axis defined by the l i n e  connecsing the centers o f  
the sphere and d isk para1 l e l  t o  the plasma f low ve loc i t y  Vo. 

Figure 1. Geometry f o r  ion co l lec t ion.  

To proceed fur ther,  we assume tha t  the e l e c t r i c a l  po ten t ia l  i s  spheri- 
c a l l y  symmetric about the center o f  the co l l ec t i ng  sphere, and tha t  the poten- 
t i a l  f i e l d  i s  unaffected by the shield. I n  r e a l i t y ,  the conf igurat ion o f  
e l ec t r i c  potent ia l  i s  much more complex, being strongly shielaed by the plasma 
i n  the upstream d i rec t ion  end extending over substant ia l  distances i n t o  the 
wake o f  the shield. Thus, by invoking the assumption o f  spherical symmetry 
one overestimates the upstre,w range o f  the po ten t ia l  and thereby the col- 
lected current. 

Given the foregoing assun~ptions, the maximum ion current drawn by the 
sphere occurs when the distance betbeen the sh ie ld  and co l lec to r  i s  i n f i -  
n i te .  Then, i n  accordance w i th  o r b i t  1 i m i  tec theory, which also overestimates 
col lected currents, the current o f  ions o f  a pa r t i cu l a r  species intercepted 
by the sphere i s  given by 

where N i  i s  the density o f  the species i i n  the unperturbed plasma and the 
maximum impact parameter b i  i s  determined from 

Vobi = va conservation o f  angular momentum (2) 



conservation of energy 

where Ni  i s  the ion mass, e t h e  electron ion charge, and v tkn speed o f  the 
ion a t  the  c8l lector .  F i n a l l y  the co l lec t ion  current i a  

wi th  a co l l ec t i on  threshold a t  

For a pure 0' plasma (112 hivg - 5 eV) and w i t h  Ro/a = 10, the 
voltage threshold f o r  he onset of co l lec t ion  occurs a t  about 500 volts. A 
current  density o f  ampslcm2 corresponds roughly t o  maxivum observed 
levels of in tens i  t o f  nergetic p rec ip i ta t ing  electron: !E > 1 KeV) ( re fs .  
1-3). For No - 1 0 ~  ern-$, the col lected ion current  i s  a s u f f i c i e n t l j  
s t e  p f u n c t i  n o f  voltage that  neut ra l iza t ion o f  the electron current o f  B 1 a p s m  occurs only s l i g h t l y  above the threshold. 

The voltage threshold f o r  hjdrogen ioe co l  l ec t ion  i s  ~ V H  - 30 vo l t s  
for3R0/a = U). Below 300 km a1 t f tude the H concentrations are ~ 1 0 0  
Cm- , and would not contr ibute substant ia l ly  t o  he n e u t r j l i z a t i o n  o f  elec- 
t ron  energetic e lectron currsnts as large as LO-' an~ps/crn+. Instead a t  
the 500 v o l t  hreshold for  0 +co l lec t ion the col lectea H current  i s  only 

2 I y  = 2 x ampslcm for  I" . 100 ~ m - ~ ,  ~ , / a  - 10. Thus for  
H - 100 t o  e f f ec t i ve l y  control  the charging by energetic electrons, 
i t  i s  necessary, pgt perhap not su f f i c ien t ,  tha t  the charging currents be 4 1$ss than 2 x 10- ampslcm . O f  course, a t  higher a l t i t udes  where the 
H concentrations are greater, the e f f ec t  o f  H i n  neut ra l iz ing charging 
i s  correspondingly greater. 

The previous considerations, u t i  l i z i n g  o r b i t  l im i t ed  theory w i th  the 
shie ld a long distance from the co l lec tor ,  overestimate the col lected ion cur- 
rent. We can also estimate the col lected current  w i th  the sh ie ld  a t  a f i n i t e  
distance from the co l lec tor .  I n  t h i s  case the currerit i s  given by 

where R, i s  the ambient parameter a t  i n f i n i t e  distance which causes the ion t o  
i n t  r e t the outer edge o f  the shie ld located a t  the distance Ro = (R$ 9 t 5  + !t ) 1 from the center o f  the co l lec tor .  To r e l a t e  R, t o  the co l lec to r  
potent ia l  and geon~etry, we must know the ion 's  o r b i t  i n  the potent ia l  f i e l d .  
Suppose for  t h i s  purpose that  the potent ia l  i s  given by 



Ssluirrf) the arbit  cquirtions thrn leads t o  t.ht rnlst.iccn 

I n  Sable 1 we compare the vcll tage t t~resholds f o r  iorl cnllcst,iorr f o r  the two 
cxtrenle ease5 a - M (ro c a,) ar~d  g r b ( P ~  r; R O ) ,  obtained by st?t.t,ing 1 
= 0 i n  equation (6) .  

Table 1. Appronimate Voltage '~kresholds f o r  Ion Colleetiari, 
R/a = 10, VT ( v o l t s )  

Poteri t ials decreasing more rap id ly  than l / r  f o r  incrae8sing r bould lead 
t o  increases i n  the threshold voltage b j  even more than the fac to r  of  four 
giver, i n  Table 1. 

We next ask whether thermal e f fec ts  on ti' co l l ec t i on  w i l l  substan- 
t i a l l y  a l t e r  our estimates of  niinimun! po ten t ia l  required f o r  current  neutral- 
izat ion.  For t h i s  purpose we neglect shadowing o f  the co l lec to r  b j  the space- 
c ra f t  and assume o r b i t  l im i t ed  co l l ec t i on  o f  t i  ' ions. The o r b i t  l im i t ed  
co l lec t ion  by a sphere a t  po ten t ia l  - V  i n  a warm f lowing plasma i s  yiven by 
Kana1 's expression ( re f .  4) 

Fo* HI, M ~ $ 1 2  kT - 3 and the col lected curarent does not d i f f e r  sub- 
s t a n t i a l l y  from the cold glasnia result 



Thus, f o r  V - 500 vol ts,  N - 100 cm-3, 

and t h i s  ertreme Overesti-mate of col lected H' cur ren t  i s  s t i  l L  substant ia l  la 
less; than the maxim~rm observed charging currents. 

So far ,  we have estimated upper bounds on selected ion current  by invok- 
ing o r b i t  l im i ted  theory. To ascertain how much the estimated bound might 
exceed actual  current col lect ion,  l e t  us consider space charge l im i t ed  col- 
l ec t i on  of O ions by a one meter sphere through a spher ica l ly  sjmmetric 
sheath of ten meter radius, the l a t t e r  radius representing the r a d i a l  exteot 
o f  a+wake. The Langmuir-Blodgett theory f o r  space charge l im i t ed  c o l l e c t i o n  
of O by a sphere permits the required voltage t o  be estimated from ( re f .  51- 

For j = amp/cm2, a 7 100 ctn, and an outer emission radius of lo3 
cm, equation (12) w i t h  a = 30 gives 

DISCUSSION 

Sinple theoret ica l  considerations have been invoked t o  estimate upper 
bounds on the ion current  col lected by a shadowed object  subjected t o  intense 
fluxes o f  energetic electrons. I n  the course o f  these estimates, many compli- 
ca t ing fac tors  associated w i th  geometry, vehicle potent ia ls,  f i e l d  asym- 
metries, and charging propert ies o f  materials have been ignored. I t  i s  appro- 
p r i a te  t o  ask whether an j  of t h ~  effects tha t  have been neglected may substan- 
t i a l l y  a l t r r  the magnitude o f  current drawn by an object  located i n  the wake 
o f  an ionospheric spacecraft. 

The e f f ec t  o f  secondary emission would be t o  increase the e f f ec t i ve  cur- 
rent  t o  the object. While secondary emission may be small f o r  primary elec- 
t ron energies -10 KeV, i t  may be substant ia l  f o r  sof ter  components o f  the pre- 
c i  p i  t a t i n g  electron spectrum, including those re f lec ted  from the dense atmo- 
sphere. 

The e f fec t  o f  a shu t t le  potent ia l  and f i e l d  asymmetries i s  d i f f i c u l t  t o  
determine. One might argue that  a potent ia l  on the shu t t le  increases i t s  ef-  
f ec t i ve  s ize and decreases current  t o  a shadowed object; one might also argue 
tha t  the f i e l a s  around the shut t le  focus more ions i n t o  the near wake where 
the object  i s  located. The theoret ica l  reso lu t ion o f  these questions w i l l  
require mu1 tidimensional calculat ions o f  e l e c t r i c  f i e l d s  and ion t r a j ec to r i es  
i n  those f ie lds .  The required techniques w i  11 be embodied i n  the IPOLAR code, 
now under development a t  S-CUBED. 
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WAKES AND-DIFFERENTIAL CHARGLMLOF LARGE BODIES I N  LOW EARTH ORBIT 

Lee W, Parker 
Lee W .  Parker, Iac. 

Concord, Massachusetts 0 1 7 4 2  

Highlights  of  e a r l i e r  r e s u l t s  by t h e  au thor  s r ~ d  o t h e r s  using t h e  au thor ' s  Inside- 
Out. WAKE code on wake str~l.!t.ures of LEO spacec ra f t  a r e  reviewed. For conducting 
bodies of  rad ius  l a r g e  compared h5t.h t h e  Debye length  ( l a r g e  inve r se  Debye number), a 
high-Mach-nw~ber wake develops a neb?at,ive p o t e n t i a l  we l l .  Quas ineu t r a l i t y  i s  v io l a t ed  
i n  t h e  very near wake region,  arid t h e  wake i s  r e l a t i v e l y  "empty" f o r  a d is tahce  down- 
stream of about one-half o f  a "Mach number" of  r a d i i .  There i s  a l s o  a suggestion of a 
core  of high dens i ty  along t h e  a x i s .  We r epor t  r ecen t  work on very l a r g e  bodies i n  LEO. 

A comparison of  r igorous nlmerical  so lu t ions  with in-s i tu  wake d a t a  from t h e  AE-C 
s a t e l l i t e  suggests  t h a t  t h e  so-cal led "neut ra l  approximation" f o r  ions ( s t r a i g h t - l i n e  
t r a j e c t o r i e s ,  independent of  f i e l d s )  may be a reasonable approximation except near t h e  
ce3 te r  of t h e  near wake. This approximation is adopted he re  f o r  very l a r g e  bodies.  

In  an  e a r l i e r  i nves t iga t ion  o f  d i f f e r e n t i a l  charging of  small nonconducting 
bodies due t o  plasma flows, it was found t h a t  t h e  s c a l e  of  t.te vol tage  d i f fe rence  
between t h e  upstream and downstream sur-fares  ( "f ront"  anii 'wake" sur faces  of a non- 
conducting body) due t o  a high-Mach-number plasma Plow i s  governed by t h e  ion  drift 
energy. Hence k i l o v o l t  p o t e n t i a l  d i f f e r ences  may occur i n  t h e  s o l a r  wind, f o r  example, 
betweec a spacec ra f t  and a p i ece  o f  i n su la t ed  ma te r i a l  i n  i t s  near  wake. 

Recent work has concerned t h e  "wake-noint" ~ o t e n t i a l  o f  very l a r g e  nonconducting 
bodies such a s  t h e  S h u t t l e  Orb i t e r .  Using a c y l i n d r i c a l  model f o r  bodies of  t h i s  s i z e  
o r  l a r g e r  i n  LEO (body rad ius  up t o  lo5  Debye l e n g t h s ) ,  approximate so lu t ions  a r e  pre- 
sec ted  based on t h e  neu t r a l  approximation(but with r igorous  t r a j e c t o r y  calcul i l t ions 
f o r  sur face  cu r r en t  ba l ance ) .  There is a negat ive p o t e n t i a l  wel l  i f  t h e  body i s  con- 
duct ing,  and no wel l  i f  t h e  body i s  nonconducting. I n  t h e  l a t t e r  case  t h e  wake sur-  
face  i t s e l f  becomes highly negat ive.  The wake-point p o t e n t i a l  i s  governed by t h e  ion 
d r i f t  energy. 

LARGE-BODY WAKE STRUCTURE: CONDUCTING BODIES 

Parker ' s  wake-theory computer model f o r  p i l l b o x  shapes ( Inside-Out Method f o r  
warm ions  - s e e  r e f s .  1-3) was appl ied  by t h e  au thor  and o t h e r s  i n  a number of wake 
c a l c u l a t i o n s ,  Nigh-voltage sheaths and wakes of  l a r e e  bodies  requii-e s p e c i a l  numeri- 
c a l  techniques ( s e e  ret's. 3 and 12 f o r  gene ra l i ea t ion  t o  3-D geometries, CIJEPH code). 

Wake of  Moderately-T,arge Conducting Body i n  LEO 

F i r s t  we present  hir;hli(thts o f  e a r l i e r  r e s u l t s  obtained (1976, see r e f s .  1-21 i n  
a problem involvinf: t h e  wake s f  a lark:e body i n  LEO, 1 U O  Debye lengths  i n  rad ius .  The 
body i s  i n  t h e  form o f  a d i sk  o r i e n t e d  normal t o  t h e  flow. For two cases  ( f i e s .  la 
trnd l b )  t h e  p:tranleter values a re ;  
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Case 1 Case 2 . 

$0 = -4 (dimensionless potent ia l  i n  uni ts  of kT/e) $0 
= -4 

x-I = 100 D (inverse Debye number = r a t i o  of body 
radius-to Debye length) 

M = 4  ( ion Mach number; M = a  
This s ize  of moving body i s  la rger  than had been t reated or io r  t o  1976 by trajectory- 
following, i .e . ,  r e a l i s t i c ,  calculations.  The resu l t s  show what may be expected for  
the wake s t ructure  of large bodies i n  general.. The problem of a large body requires 
more e f fo r t  (computer time and judicious select ion of numerical parameters) than tha t  
of a smaller body. The solutions shown, therefore,  are intended t o  be i l l u s t r a t i v e  
rather than accurate. The Inside-Out MethoC was used ( re fs .  1-3). 

Poisson-Vhsov i t e r a t i on  w a s  applied ( re fs .  1 ,2) ,  s t a r t i ng  with the neutral- 
approximation ion density a s  an i n i t i a l  guess. A nominal number of t r a j ec to r i e s ,  
512, was used a t  a l l  g r id  points. The gr id  i s  similar t o  rig. 2a w i t h  00. 

The prof i les  of n i ,  ne, and # (dimensionless ion density, electron density and 
potent ia l )  a re  shown i n  figwe l a  fo r  Case 1. Tabulated values are  given i n  refer-- 
ence 2. The wake is  essen t ia l ly  "empty" of both ions and electrons between z=O and 
z=1, and beqlns t o  f i l l  up between 2=2 and 2=3, where z-denotes the distance down- 
stream i n  uni ts  of the  body radius. 

Two s e t s  of ion-density p tof i l es  are  shown on the  l e f t  s ide  of f igure l a ,  the 
unlabeled. p rof i les  f o r  the f i n a l  i t e r a t i on ,  and the  prof i les  labeled "A" f o r  the  pre- 
vious i t e ra t ion .  Comparison of the  ne-profiles w i t h  the  ni-profiles labeled "A" ( t o  
denote t ha t  the  +-profiles and ne-profiles i n  the figure are  &rived *om these) 
indicates t ha t  the quasineutrali ty assumption is  va l id  everywhere outside a cone- 
shaped region near the  wake surface; the  cone height along the  axis i s  between one 
and two rad i i .  This i s  i n  accord with expectation for  a large body. Near the  wake 
surface, however, quasineutrali ty i s  violated because the  e f fec t ive  Debye length i s  
large.  The s imi la r i ty  of the  ni-profiles labeled "A" and the ne-profiles i n  f igure 
l a  i s - a  consequence of near-quasineutrality. 

Despite possible inaccuracies, one may in fe r  cer ta in  physical conclusions from 
figure l a ,  namely, ( a )  the suggestion of a core of high (approximately ambient) den- 
sity. of ions and electrons on the  axis ,  and (b)  the  occurrence of a potent ia l  *&ell i n  
the near wake, defined as  a region with $-values below -4. The shading i n  the  two 
lowest #-profiles denote cross sections of t h i s  well. The wake-surface normalized 
fluxes are  1.1 x 1W8 ("A" ) and 2.4 x 10-7 ( f i n a l )  fo r  ions, and 4 . 3  x 10-3 for  elec- 
trons. The electron current density is  l e s s  than exp;-4), as  would be expected i n  
the  preserace of a potent ia l  well. 

The region of wake disturbance probably extends more than 6 r ad i i  downstream, 
and between 2 and 3 r ad i i  i n  the transverse direction.  

Case 2 ( f ig .  l b )  is  similar t o  Case 1 except t ha t  the Mach number is increased 
from M=4 t o  M=8. The next-to-final and final-order ion densi t ies  a re  labeled "A" and 
unlabeled, respectively. On comparing these, the convergence seems f a i r l y  good a t  
~ ~ 0 . 5  and z=1 r ad i i  downstream. Again, the  disturbance extends beyond z=5, so t ha t  
the downstream boundary should be moved fur ther  than z=6 r ad i i  downstream. 



Despite possible inaccuracies,  the  consistency i s  such t h a t  ~hysicra l  conclusions 
may be drawn as follows.- Tnthis case the  wake i s  seen t o  remain empty fur ther  d0wn- 
stream than i n  the  ~ = 4  case. fn-addition, t h e  suggestion is much stronger th& the re  
i s  a cen t ra l  core of ambient densi ty f o r  both  ions and.-electrons along t h e  axis .  
Moreouer, the  ~ o t e n t i a l  w e l l  i s  wider- and longer than i n  t h e  M=4 case,  although the  
depth is about t h e  same.- The normalized wake-surface f luxes arE -7-4 x 10-3° ("&I) 

and. 4.2 x ( f i n a l )  f o r  ions, and 3-7 x f o r  e lec t rons .  The e lec t ron f lux  is  
s l i g h t l y  l e s s  than t h e  M=4 value.ad i s  again less than exp(-4). 

The conical  region behind t h e  d isk  where quas ineutra l i ty  breaks down i s  now 
longer than i n  the  M=4 case, extending t o  between z& and z=5 r a d i i  along..t.he axis .  

The region of wake disturbance i s  probably longer than 6 r a d i i  downstream, a s  i n  
the  M=4 case, but may riot extend beyond about 2 r a d i i  i n  t h e  transverse d i rec t ion.  

Theory-Experiment Comparison f o r  AF-C S a t e l l i t e  

Next, we note t h a t  Parker's wake theory computer model has been applied by Samir 
and Fontheim ( r e f .  4) i n  a comparative study of i o n  and e lec t ron  d i s t r ibu t ions  i n  t h e  
wakes of ionospheric s a t e l l i t e s ,  From a comparison between t h e  theory and ion mea- 
surements o n  t h e  AE-C s a t e l l i t e ,  Samir and Fontheim show t h a t  theory and experiment 
agree f a i r l y  well  i n  t h e  "angle-of-attack" range between 90° and 135'. (The upstream 
and downstream direc t ions  a r e  defined by 0' and 180°, respect ively . )  A s ign i f i can t  
finding i s  t h e  f a c t  t h a t  i n  t h a t  angular range even the  "neutral  approximation" fo r  
ions ( s t r a igh t - l ine  t r a j e c t o r i e s ,  independent of e l e c t r i c  f i e l d s )  gives fair agree- 
ment with the  measurements. (1n the  near-wake maximum rarefact ion zone near 180°, 
both the  neu t ra l  approximation and the  self-consistent  so lut ion underestimate t h e  
measured ion dens i t i e s  - in fe r red  from probe currents  - by orders ofmagnitude.  
Electron data  obtained by the  Explorer 31 s a t e l l i t e  a l s o  shows an underestimation 
near 180' by t h e  Parker wake theory, although l e s s  pronounced- ) 

The l a r g e s t  r a t i o  of body-radius-to-Debye-length ( t h a t  is ,  t h e  inverse of t h e  
Gebye number) t r e a t e d  by Samir and Fontheim ( r e f  .- 4 )  i s  ~ ~ = 1 6 2 ,  i n  one of t h e  AE-C 
cases. 

Figures 2a, b (from r e f .  4 )  i l l u s t r a t e  t h e  geometry of t h e  AE-C ion  measurement, 
and the  ion r e s u l t s  fo r  inverse Debye number 162, The locat ions  of t h e  ion current  
observation points ,  and of the  numerical g r i d  points  a t  which densiJ;ies were calcu- 
l a t e d ,  a r e  shown i n  f igure  2a, The geometry of the  t h e o r e t i c a l  model is  t h a t  of  a 
pi l lbox cylinder with i t s  ax i s  p a r a l l e l  t o  the  flow, while t h e  t r u e  geometry i s  t h a t  
of a p i l lbox cylinder i n  a "cross-flow," t h a t  i s ,  with i t s  ax i s  perpendicular t o  the  
flow. I n  s p i t e  of t h i s ,  t h e  theory-experiment comparison is  deemed by Samir and 
Fontheim t o  be meaningful, i n  view of uncer ta in t ies  i n  the  ca lcula t ions  and estimated 
measurement e r ro r s .   h he depth i n  the  d i rec t ion  of t h e  flow is t h e  same f o r  both t h e  
s a t e l l i t e  and t h e  model, and the  cross sec t ions  presented t o  t h e  flow are nearly t h e  
same. ) The current  probe moves on a c i r c u l a r  arc  a t  a r a d i a l  distance of about 1 .5  
s a t e l l i t e  r a d i i .  

In f igure  2b, the  measured angular p r o f i l e  is shown together with the  neu t ra l  
approximation (zero-th i t e r a t i o n )  and the  se i f -consis tent  so lu t ion  (15-th i t e r a t i o n ) .  
The self-consistent  so lut ion i s  c lose r  t o  t h e  experimental p r o f i l e ,  i n  the  angular 
range go0 - 147O, than t h e  neu t ra l  approximation. Near 180°, t h e  se l f -consis tent  
so lut ion i s  2 t o  3 orders of magnitude below t h e  measured data ,  while t h e  neu t ra l  
approximation i s  about 10 orders of magnftude lower. 

! 



However, i n  t h e i r  ove ra l l  campariso~l assessment, Samir and Fontheim s t a t e  t h a t  
b t h e  neu t ra l  apprax-imation describes t h e  observed p r o f i l e s  more and more ac-curately as 

t he  i n v e r s e  Debye number ( r a t i o  of body radius t o  Debye length)  becomes l u g e .  This 
i s  j u s t i f i e d p h y s i c a l l y  based on the expectat ion that charge separat ion e f f e c t s  

1 become weakett as t h e  body s i z e  increases.  This I s  equivalent t o  the  setting-in-of 
I t h e  q u a s ~ ~ l i t y  regime, at suff%cient , ly l a rge  inverse Debye numbers. 

Wake of Very Large Conducting Body i n  LEO: f i e l ~ n t  Results 
I I 

1 We now . t rea t  t h e  wake of a much l a r g e r  conducting body, l a rge r  than any t r e a t e d  
previously, I n  t h i s  case t h e  seU-cons i s t en t  calcu'lation becomes computationally 
r e l a t i v e l y  expensive. However, a reasonable approximation is  afforded. through t h e  use 
of t h e  wneutral  approximation" fo r  ions.  That i s ,  t h e  ion  t r a j e c t o r i e s  governing ion 
space charge densi ty a r e  t r e a t e d  a s  i t  t h e  ions were uncharged and unaffected by t h e  
f i e l d .  The e lec t ron  space charge densi ty i s  assumed-to be given by t h e  "Roltzmann 
factor", t h a t  is,  t h e  exponential of t h e  repulsive dimensionless po ten t i a l .  To son:e 
extent  this approximation is supported by t h e  Samir and Fontheim in - s i tu  comparison 
discussed above. I n  any case it is  q u a l i t a t i v e l y  valuable and leads t o  physical  in-  
s i g h t s  with a minimum of computational expense. This approximation was used by K i e l  
e t  d ( r e f .  1 1 ) .  (we compute current  balance l a t e r  using rigorous t r a j e c t o r i e s  ,) 

The po ten t i a l  d i s t r i b u t i o n  i n  t h e  wake of  a conducting s a t e l l i t e ,  i n  the  form of 
a long cylinder with i t s  ax i s  normal t o  the  t'low, assumed t o  have a dimensionless 
po ten t i a l  of  3 kT/e, i s  shown i n  f igures  3a, b and c ,  f o r  bodies with inverse Debye 
numbers ranging from 1 0  t o  lo5,  and flow Mach numbers 2, 5 and 8. Eigure 3a shows how 
the  wake p o t e n t i a l  p r o f i l e  va r i e s  with inverse  Ilebye number, for f ixed Mach number = 
8. The p r o f i l e s  for inverse Debye numbers 10, and l o 3  are s imi la r  t o  r e s u l t s  
obtained e a r l i e r  f o r  a sphere by Kiel e t  a1 ( see  f i g .  5 of ref. 11). The Kiel e t  a1 
( r e f .  11) resulks  a r e  for  inverse Debye numbers up t o  la3 .  We have extended the  solu- 
t ions  t o  lo5. The wake po ten t i a l  p r o f i l e  has a negative minimum f o r  inverse Debye 
numbers g rea te r  than about 10. The magnitude o f  the  min'mum is about 7, 10,  1 4  arid i 19, respectively,  f o r  inverse Debxe numbers lo2,  103, 10 and 105. Figure Jb shows 
how the  vake p o t e n t i a l  p r o f i l e  var ies  with Mach number, f o r  f ixed inverse Debye nwn- 
ber = 10'. The depth of  the  po ten t i a l  minimum c l e a r l y  increases with both increasing 
Mach number and inverse Debye number. Figure 3c shows equipotent ia l  contours f o r  Mach 
number = 8 and- inverse Debye number = 105. 

The e r e s u l t s  would be applicable t o  t h e  Shu t t l e  Orbiter  ( inverse  Debye number t about 10 ) i f  it were a conducting body. However, most of its surface (about 97%) is 
covered with nonconducting t i l e s .  Hence it must be t r e a t e d  as a l a rge  rlonconducting 
body i n  LEO. The d i f f e r e n t i a l  charging of  such bodies is  t r e a t e d  i n  the  remainder of 
t h i s  paper. 

WAKE STRUCTURES AND DIFFERENTIAL CHARGING OF SMALL AND LARGE 
NONCOMlUCTIMG BODIES DUE TO PLASPlA FLOIJS 

Di f fe ren t i a l  Charging 

Di f fe ren t i a l  spacecraft  charging t akes  place when t h e  spacecraft, sur face  is  
pa r t ly  o r  e n t i r e l v  insu la t ing  and the  charged-particle f luxes vary from point; t o  
point  over t h e  surface.  In  the  fami l iar  case o f  photoelec t r ic  emission from a s u n l i t  



insula ted  a r e a ,  due t o  e lec t rons  escaping from it the  s u n l i t  a rea  tends to become 
p o s U v e l y  charged r e l a t i v e  to t he  surrouhding dark areas ( r e f s .  5-7). &lother mech- 
anism of d i f f e r e n t i a l  charging, which i s  l e s s  fami l iar  and appears t o  have bee11 
t r e a t e d  only wry.  recent ly  ( r e f .  81, i!: t h a t  due t o  the  r e l a t i v e  matian between a 
ndnconducting spacecraft  and the  ex te rna l  plasma (e-.e., a spacecraft; in--the iono- 
s p k w  o r  i n  the  s o l a r  wind). The f luxes of ambient ions and e lec t rons  on- the  wake 
surfam; a r e  not the  same a s  o a  t h e  f ron t  surface.  Fgr high v e l o c i t i e s  of r e l a t i v e  
motion compared with the msan ioll thermal ve loci ty ,  whether t h i s  occurs i n  the  iono- 
sphere (due p r inc ipa l ly  t o  spacecraft  motl'on) o r  i n  the  s o l a r  wind (due p r inc ipa l iy  
t o  plasma motdon), the re  is  a s igr i i f icant  d i f f e r e n t i a l  in t h e  ion  f luxes ,  but  a neg- 
l i g i b l e  d i f f e r e n t i a l  f o r  the  electrons.. Since t h e  ne t  current  densi ty must vanish 
l o c a l l y  a t  each surface point  i f l  t he  s teady s t a t e ,  t h i s  plhsma-flow e f f e c t  leads t o  a 
l a r g e r  negative equilibrium po ten t i a l  on the  wake surface than on t h e  f ron t  surface .  
If the re  i s  photoemission a s  well on t h e  f ront  surface (a s  i n  the  s o l a r  wind), t h i s  
d i f f e r e n t i a l  charging i s  enhanced. A s  shown below, t h i s  plasma-flow e r f e c t  can gener- 
a t e  d i f ferences  between. the  f ron t  and wake surface po ten t i a l s  amounting t o  many kT/e 
(where T i s  t h e  temperature, k is  Boltimannls constant ,  and e i s  t h e  e lec t ron charge),  
together  with a p o t e n t i a l  b a r r i e r  f o r  e lec t rons .  The po ten t i a l  d i f ference  can be 
expected t o  be of the  order  of  v o l t s  i n  the  ionosphere, and one k i lovo l t  i n  t h e  s o l a r  
uind, t h a t  is ,  of  the  order  of the  ion  d r i f t  energy ( r e f .  8) .  

Even weak d i f f e r e n t i a l  charging can i n t e r f e r e  with measurements o f ,  say,  weak 
ambient e l e c t r i c  f i e l d s  o r  low-energy partic!.e spect ra ,  and it can c rea te  e lec t ron 
p o t e n t i a l  h a r r i e r s  which can re turn  emitted photoelectrons o r  secondary e lec t rons  t o  
the  surface  and l e a d  t o  erroneous in te rp re ta t ions  of the  da ta  ( r e f .  9 ) .  This type of  
e l ec t ron  p o t e n t i a l  b a r r i e r  is d i s t i n c t  from, and- should not be confused with, t h e  
more fami l iar  space-charge po ten t i a l  minimum which can be produced by emitted- 
e lec t ron space charge ( re f .  10 )  and is = due t o  d i f f e r e n t i a l  charging. The b a r r i e r  
produced-by d i f f e r e n t i a l c h a r g i n g  e f f e c t s  may be mre ilnportanti than the po ten t i a l  
minimum caused by space charge. 

The next sec t ion  r e s u l t s  show what may be expected: (a) i n  the  ionosphere f o r  
small insula ted  objec ts ,  small meteroids, o r  small p a r t s  of a spacecraft  ( e  .g., a 
painted antenna) located  within the  wake region of a moving spacecraf t ,  and ( b )  i n  
the  s o l a r  wind. f o r  an e n t i r e  spacecraf t ,  o r  small na tu ra l  bodies i n  t h e  s o l a r  system. 
Following the  next sec t ion ,  t h e  wake s t r u c t u r e  and d i f f e r e n t i a l  charging of  very 
l a rge  nonconducting bodies i n  Low Earth Orbit w i l l  be t r ea ted .  - -  

Dif fe ren t i a l  Charging of Small Noriconducting Body 

I n  the  problem t r e a t e d  next (see f i g .  41, we assume t h e  nonconducting spacecraft 
t o  have a "pillbox1' shape, and t o  be i n  a flowing plasma, with the  plasma flow along 
the  ax i s ,  from the  "front" region toward the  "wake" region. The plasma i s  taken t o  
be ionized hydrogen and i s  assumed t o  have a ve loci ty  of flow 4 times l a r g e r  than the  
most probable ion  thennal ve loci ty  ( ion  "Mach number" = 4). (1n the  s o l a r  wind, t h i s  
Mach number would be approximately 10.)  Since t h e  unperturbed ion  f lux  t o  t h e  wake 
surface i s  about 9 orders of magnitude smaller than t h e  corresponding ion f l u x  t o  the  
f ron t  surface ,  and s ince  the  e lec t ron f luxes a r e  about the  same t o  the  f ron t  and wake 
surfaces,  the re  w i l l  be a s ign i f i can t  d i f f e r e n t i a l  between the  equilibrium po ten t i a l s  
a t  t h e  f ron t  and wake surfaces (see below). 

Using t h e  Inside-Out Method, current  d e n s i t i e s  of  ions and e lec t rons  a r e  evalu- 
ated at many points  on the  spacecraft  surface ( r e f s .  7-8). The l o c a l  surface  poten- 
tials were var ied  u n t i l  current  balance was achieved at each point .  



Figure 4 Shows e q u i ~ o t e n t i a l  contours aroluld the spacecraft ,  obtained ky nmer i -  
c a l  solwbion, labeled by nwnbers representing dimensionless values of-the potenti& 
( i n  u a i t s  of kT/e , where T i s - the  plasma temperature, and assuming TI=Te ) . These 
potent ia ls  are obtained from Laplace s equation ( space charge negligible f o r  small 
bodies) ,. where the  surface po ten t i a l s  a r e  obtained by the  re laxat ion metho& discussed 
by Parker (ref. .  81, under the  requircnient o f  zero net  current  densi ty a t  all-  surface 
poirxts. The e r r o r s  ia the  solwbion shown a re  e s t i m a e d  t o  be under 10 percen$, based 
on severa l  runs giving s imi la r  answers-starting from d i f f e r e n t  iriithl guesses. 

There a r e  th ree  regions of charac te r i s t i c  behavior of the  po ten t i a l :  t h e  llwakell, 
the  "side1', and t h e  "front". Near the  "wake point ,"  the  po ten t i a l s  &re of the  order 
of -10 kT/e. This l a rge  negative value i s  associated with the  reduction i n  ion f lux  
due t o  the  flow, I n  t h e  si& region t h e  po ten t i a l s  a r e  of the  order of -3 kT/e; t h i s  
i s  e s s e n t i a l l y  t h e  order of the equilibcium p o t e n t i a l  when the re  i s  no flow 
( '* - (k~ /e ) ln (m~/n i~)%) .  In  t h e  P o n t  region t h e  po ten t i a l s  a re  of the order of -kT/e, 
i .e . ,  are less negative than those on t h e  s ide ,  because of t h e  enhancement of t h e  ion 
f lux  due t o  t h e  flow. ( ~ d d i n g  photoemission here would make t h e  f ron t  po ten t i a l  s t i l l  
l e s s  negative.) The surface goints  a r e  thus not equipotent ia l ,  Note t h a t  the re  is a - 
saddle point  i n  t h e  f ron t  region, t h a t  i s ,  a p o t e n t i a l  b a r r i e r  fo r  e lec t rons .  This 
fea ture  Fs caused by the  in te rac t ion  between t h e  r e l a t i v e l y  l a rge  niagnitude wake-point 
po ten t i a l s  and t h e  r e l a t i v e l y  low magnitude f ront  po ten t i a l s .  The dashed p a r t  of t h e  
contour labeled. "-3,O" near t h e  s ide  surface indicates  t h a t  the re  is  more complicated 
f ine  s t ruc tu re  (va r ia t ion  of p o t e n t i a l  along t h e  s ide  -surface) than i s  shown i n  t h e  
figure.- The po ten t i a l s  along t h e  wakesurface f a l l  off toward the corner. The poten- 
t ials along t h e  f ront  surface f i r s t  f a l l  with radius and then rise sharply a s  t h e  
corner- i s  approached, This may be a "corner e f f e c t  . " 

It i s  shown by Parker ( r e f .  7) t h a t  when t h e  ion Mach number i s  l a rge  ( i n  the  
ionosphere and s o l a r  wind), the  po ten t i a l  d i f ference  AV generated by the  flow should 
be of the  order of rnjv2/2e, o r  0 . 0 0 5 2 ~ ( a m u ) v ~ ( ~ / s )  in v o l t s ,  where %(mu) and 
v ( h / s )  d e d e  t h e  i o n  mass i n  atomic mass u n i t s  and t h e  flow veloci ty  i n  kilometers 
per  second, respectively.  I n  t h e  ionosphere, with oxygen ions and o r b i t a l  ve loc i t i e s  
of  t h e  order of 8 km/s, AV i s  about 5 V. Hence one would expect a r e l a t i v e l y  small 
body i n  t h e  ionosphere, such a s  a t h i n  antenna o r  boom painted with nonconducting 
paint ,  o r  a painted o r  insula ted  object  i n  the  very near wake of a spacecraft  (or  t h e  
spacecraft  surface i t s e l f  i f  it is  a d i e l e c t r i c )  t o  become highly negatively charged 
t o  po ten t i a l s  of t h e  order of v o l t s  i n  t h e  ionosphere. 

I n  t h e  s o l a r  wind these results could apply t o  an e n t i r e  spacecraft ,  s ince  it i s  
small i n  comparison with the  Debye length. With protons and s o l a r  wind ve loc i t i e s  of 
about 400 h / s  o r  higher, AV i s  of the  order of  :. kV. This means t h a t  one may have 
k i lovo l t  po ten t i a l  differences between the  wake snd f ron t  surfaces.  The e l e c t r i c  
f i e l d s  due t o  t h i s  d i f f e r e n t i a l  charging may s ign i f i can t ly  d i s tu rb  measurements of 
space e l e c t r i c  f i e l d s ,  o r  of low-energy plasma e lec t rons ,  f o r  example, on the  Helios 
spacecraft  ( r e f .  6). Moreover, because of  t h i s  s o l a r  wind flow e f f e c t  , small na tu ra l  

'bodies i n  t h e  s o l a r  system ( i .  e . ,  bodies not l a rge  i n  comparison with t h e  Debye 
length o r  ion  gyroradius) may be expected t o  become di f fere . l t ia l ly  charged with poten- 
t i a l  differences of the  order of  1 kV, independent of whether the re  is  photoemission 
o r  not.  Candidates f o r  t h i s  e f f e c t  include micrometeroids, dus t ,  a s t e ro ids ,  t h e  
planet  Pluto, and na tu ra l  small s a t e l l i t e s  such a s  Mars' moon Deimos and Saturn 's  r i n g  
material  wherr they a re  outside t h e  bow shock (M. Dryer, personal communication, 1978). 

For l a rge  bodies i n  flowing plasmas, space charge cannot be neglected. The wakes 
and d i f f e r e n t i a l  charging of very l a rge  bodies are t r ea ted  i n  the  following sect ion.  



Wake Structure  and.Differentia1 Charging of Vexy Largc 
Noncondwt;ing Bod- in LEO Plasma Flows : Recent-Res~fits 

There is considerable i n t e r e s t  i n  the  sharging and e l e c t r i c  f i e l d s  of t h e  Shut t le  
Orbiter .  This is an important cxmip'le o f a  very 'hrge spacecraft  i n  Low Iiarth Orbit 
( inverse  Debye- number about 1 0 4 )  with most of' i ts  Surface (about 97%) ~ n c o f l d u c t i n g .  
0nl.y the small a rea  i n  the  & i n i t y  of- t h e  engines is conducting and e1,ectr ical ly 
e;rounded.to t h e  main frame. Figures 5a and 5b ind ica te  how t h e  Orbiter  may be sub- 
jected t o  difl'ereht types of  d i f f e r e n t i a l  charging dependiny; o n . i t s  o r i en ta t ion  with 
respect  t o  t h e  plasma-flow di rec t ion.  In fZgure Sa, t h e  Orbi ter - i s  moving "nose- 
forward," i.e.. h e a a n g  i n t o  the  flow. The wake-point po ten t i a l  ( locat ion indicated 
by a c ross )  occurs e s s e n t i a l l y  i n  the engine area ,  and thus dllafines a l s o  t h e  Orbi ter ' s  
ground po ten t i a l .  The rest of t h e  spacecraft  surface i s  e l e c t r i c a l l y  i so la ted  and 
has i n  general a d i f fe ren t  po ten t i a l  d i s t r ibu t ion .  The cargo bay area  i s  a "side" 
region according t o  t h e  terminology o f  t h e  previous sec t ion,  I n  fig~re 5b t h e  
Orbi ter  is  ~riovir~g "belly-forwa~d." With t h i s  o r i en ta t ion  t h e  wake-point p o t e n t i a l  
occuss i n  t h e  cargo bay area,which is e l e c t ~ i c a l l y  i so la ted  from t h e  Orbiter ground. 
Tke ground is  defined by a d i f f e r e n t  po ten t i a l  a t t a i n e d  by t h e  engine area.  In  t h e  
shown-orientation, t h e  engine area i s  a "side" region. 

Hence, t h e  maximum negative ground po ten t i a l  of  the  Orbiter  would occur when the  
Orbi ter  is i n  t h e  nose-forward o r ien ta t ion ,  while t h e  cargo-bay p o t e n t i a l  would be 
intermediate between t h i s  and t h e  plasma po ten t i a l .  With the  belly-forward or ienta-  
t i o n ,  t h e  r o l e s  o f  ground p o t e n t i a l  and cargo-bay po ten t i a l  would be reversed, with 
t h e  cargo bay a t  maximum negative p o t e n t i a l ,  and Orbi ter  ground a t  intermediate 
potert t ial .  

In the present  paper t h e  w a k e  s t r u c t u r e  and t h e  wake-point p o t e n t i a l  of  a very 
l a r g e  nonconducting body in LEO such as the  Orbi ter  a r e  calculated-using cektain 
approximations .- The geometry i s  modeled by a c i r c u l a r  cylinder a s  i l l u s t r a t e d  i n  
figure 6 ,  The w a k e  point  is  the  i so la ted  area  indicated  by a cross i n  t h e  f igure .  
Again, because of computational expense, w e  use t h e  neu t ra l  approximation, but  only 
f o r  ion  space charge. However, t h e  d i f f e r e n t i a l  charging, e.g. t h e  wake-point poten- 
t i a l ,  i s  ca lcula ted  rigorously by current  balance using Inside-Out-Method t r a j e c t o r i e s  
( r e f s .  7-8), f o r  both ions and e lec t rons ,  i n  t h e  resu l t ing  e l e c t r i c  f i e l d  d i s t r ibu t ion .  

For a nonconducting body sf any s i z e ,  current  balance a t  t h e  wake point  r e s u l t s  
i n  s ign i f i can t  negative wake-surface po ten t i a l s .  (~oncond-ucting bodies were not 
t r e a t e d  by Kiel e t  a l . )  Figures ?a and 7b show r e s u l t s  f o r  inverse Debye number 105, 
and Mach numbers 2, 5 and 8. There is no po ten t i a l  mirrimum. Instead the  wake point  
a t t a i n s  the  highest  negative po ten t i a l ,  r e su l t ing  i n  a morlotonic ra the r  than non- 
monotonic po ten t i a l  p r o f i l e  i n  the  wake. Figure ?a shows how t h e  wake-point poten- 
tial increases with increasing Mach number, f o r  a f ixed inverse Debye number = 105. 
The wake-point po ten t i a l  magnitude is  about 8, 20 and 36 kT/e, respectively,  f o r  Mach 
nunbers 2, '5 and 8. Figure 7b shows equipotent ia l  contours f o r  Mach number = 8 and 
inverse Debye number = 105. These contours (nonconducting body) may be ccmpared with 
those of  a l a rge  conducting body with the same parameters ( f i g .  3c).  

Tab1.e 1 shows how the  wake surface po ten t i a l  of a nonconducting l a rge  body 
var ies  with Mach number and inverse Debye number. Evidently, the  wake surface poten- 
t i a l  i s  insens i t ive  t o  inverse Debre number. The t a b l e  a l so  gives t h e  values of the  
dimensionless current  densi ty (equal of course for  ions and e lec t rons )  at t h e  wake 
surface. For comparison, a l s o  shown a r e  the  ion  currents  t h a t  would r e s u l t  from 
using the  neu t ra l  approximation t o  ca lcula te  currents  (see  r e f .  7 ) .  'hese a re  seen 



t o  be many orders of' magnitude smaller  thrjtn t h e  more r e a l i s t i c  currents ca lcula ted  
using ion  t r a j e c t o r i e s  a f fec ted  by the  f i e l d .  

For l a rgc  nonconducting bodies i n  hieh-Mach-numbcr flows, the  wake-to-front 
po ten t i a l  d i f ference  ~ e n e r a t e d  by t h e  flow is  less than hut  af' t he  order  of  the  
potential-equivaleat  of t h e  ion d r i f t  energy, This result; i s  s imi la r  t o  t h a t  
obtained above f o r  the  ease of a small nancanducting body. 

Final ly ,  we i l l u s t r a t e  i n  fip,urcs 8a, 8;b and 8c cxmplcs of i n t r i c a t e  3-3 lasire- 
b64y p@bmetrfe9 of  aerocipacc i n t e r e s t  ( inc ludinc  t h e  a r b i t e r )  f a r  which a wnke- 
modeline capab i l i ty  w i l l  be achieved using techniques presently ilndar deve1op:nent a t  
Lee W. Parker, Inc-. 
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c,, = dirnensior.:ess g o t e c t i e l  rnagcitude on wake surface,  ir. un i t s  o f  kZ'e ( e s  = 3 8: 
"side" s;rfa:e) 

I = Yach numoer 

)I' = ::verse Debye nmber 

:eo 
eiectrcr. random tnerca, current density 

2 = electron current derisity ( i n  ur.its o f  Jeo) .  Rigorous traJectory a n a l y ? ; ~ .  

J i  = io:. current density ! i n  &?its o f  J e o ) .  Rieoro?ls traJeet0r-y ana lys i s .  

::. = neutral-approxizcition tor. currect density ( i n  units o f  je3! *.. 
1 - 

.a,,ni )' ex! .-tF):2e ((ref. 7 )  



( a )  M=4, 

Figure 1. - Large-body wake p r o f i l e s .  Conducting d i s k  with 4 kT/e  surface 
potent i a  1. 



(b)  M=8. 

Figure 1. - Concluded. 

245 



(a) Theoretical model (solid) versus real satellite geometry (dotted). (Dots 
denote ion current observation points;_X1s denote fiumerical grid points 
at which densities are calculated.) 
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Figure 2. - Geometry of AE-C ion measurements. 



MACH NO o 0 

r-- 
(a)  Var ia t ion w i th  inverse Debye number 

a t  f i x e d  Mach number = 8. 

INVERSE DEBY E NO. = 10' - - - - - 

0 1 2 3 4 S 6 t 8 9  

(b) Var ia t ion with Mach number a t  f i x e d  
inverse Debye number = lo5'. 

( c )  Equipotentia I contours. Mach number = 8. Inverse Debye 
number = lo5. (The po in t  marked Yxot i s  the pos i t i on  o f  
peak po ten t ia l  = 19; dimensions i n  un i t s  o f  spacecraft radius.) 

r i gu re  3. - Wake po ten t ia l  p r o f i l e s  (dimensionless po ten t ia l )  acd equi- 
potentia 1  contours i n  wake o f  conducting cy l inder  w i t h  3 kT/e surface 
potent ia l .  4 = potent ia l  i t 1  u n i t s  o f  kT/e; r = downstream distance i n  
u n i t s  o f  spacecraft radius. 



Figure 4. - Oif ferent ia l  charging o f  nonconducting spacecraft  i n  plasma f low a t  
Mach 4. No space charge. 

WANE BOUNDARY - 
CLQ* LME-POINT POTENT 1 4 ~  

ORBITER GROUND POTEN: ;;. 
(a! 

WAKE BOUNDARY 

W A K E  B O U N D A R Y  

O R B I T E R  
G R O U N D  
P O T E N T I A L  

(a ) Nose-f orwa r d  o r  i enta t i on. 

( b )  Belly-forward or ienta t ion .  

F igure 5. - Shut t le  o r b i t e r  i n  LEO p l a s m  flow, i n d i c a t i n g  wake pdints and 
o r b i t e r  ground potent la  1 poi n ts  . Very la rge  nonconduct i r~g body. 
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W A K E  B O U r 4 D C . R V  

Figure 6. - Very large nonconducting cylinder model o f  shutt le o rb i te r  i n  LEO 
plasma f 1ow.ndicating wake point.  



r- 
(a) Variation with MackRumber a t  f i xed  inwcse Debye number of lo5. 

(b) Equipotent i a l  contours (dimensionless potenti a1 ) i n  wake o f  nonconducting 
cylinder. Surface potent ial  d is t r ibu t ion  from 3 t o  36.2, i n  un i ts  of  
kTle, determined y pointwise current balance. Mach number = 8. Inverse ! Oebye number = 10 . (Dimensions i n  uni ts  of spacecraft radius). 

Figure 7. - Wake potent ial  prof  i les (dimensiorrless potent ia l  and equipotent i a l  
contours i n  wake o f  nonconducting cylinder, 4 = potent ia l  i n  un i ts  of 
kTle; r = downstream distance i n  un i ts  of spacecraft radius. 



(b) C-130 Hercules aircraft model. 

Figure 8. - Three-dimensional computer models constructed of quadrilateral 
patches. 



(c) Starship Enterprise model. 

Figure 8. - Concluded. 



S H W M  IONIZATION MODEL OF BEAM EMLSSIONS FROM LARGE SPACECRAFT 
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An ana ly t i ca l  model of the charging of  a spacecraft emUtlng electron and 
i o n  beams has been appl led t o  the case of  large spacecraft. I n  t h l s  model, 
i on lza t lon  occurs i n  the sheath due t o  the re tu rn  current. Charge neutral iza- 
t i o n  of  spher ical  space charge f low i s  examlned by solving ana ly t ica l  equations 
numerically. Parametric studies o f  po ten t la l  of large spacecraft are performed. 
As I n  the ease of  small. spacecraft, the ions created i n  the sheath by the 
returning current play a large r o l e  I n  determlnlng spacecraft potentlal. - - 

1NTRODUC.T I O N  

The po-tential tit-f ferenca created between spacecraf.t-ground and- the amblent 
plasma durlng the e jec t ton  of. a heam of  electrons from a urunding rocket pay- 
load. i n  the ionosphere ( r e f .  1) has been found t o  be much less than had o r l g l -  
nall-y been theore t i ca l l y  predicted ( r e f .  2). To determlw the reasons f o r  
t h l s  l i m l  ted potent ia l  d l f  ference, large-vatuum-chamber tests were conducted 
I n  whlch electron and Ion currents were ejected from a payload I n to  a simulated 
Ionosphere. 

As a p laus ib le  explanation t o  the observed current  voltage behavior, 
sheath ion iza t ion  models-(refs. 3.4) f o r  small spacecraft have been studled. 
When an electron beam Ss emltted from a spacecra-ft, ambient electrons are 
a t t rac ted by the charged spacecrdit (re:. 5 ) .  They c o l l i d e  w l th  the neutral  
atmospheric molecules I n  t h e i r  paths and may be energetic enough t o  ion ize the 
neutrals t o  form new electrons-and Ions ( r e f .  6).  These newly created charges 
a l t e t  the space charge current a r r i v i n g  a t  the spacecraft- and s h i f t  the poterr- 
t i a l  t o  a lower value. The beam electrons are assumed t o  be energetic enough 
t o  leave the spacecraft completely and t o  play a neg l ig lb le  r o l e  i n  the Ionlza- 
t lon.  Thls mechanism i s  capable o f  explaining the nonmonotonlc current-voltage 
behavlor observed. 

I n  t h l s  paper, we apply the sheath ion iza t ion  model t o  large spacecraft 
i n  the Ionosphere. I n  giartlcular, I t  i s  important t o  f i n d  out whether the 
nonmonotonlc current-voltage behavlor durl f lg e lec t ron beam emlsslsns would 
s t i l l  be present for  large spacecraft. Deta i ls  of  the method are glven and 
followed by a dlscusslon of  resu l ts .  



SYMBOLS 

e e lec t ron  charge 

C e l e c t r i c  f.Ie16 - -  -. - - -  - - 

'L beam cuwr f - t  
m 

e 
mass-of e lec t ron  

m 1 mass of. i o n  - 

n 
P 

dens l ty  of. ambient- e lec t rons  

n density. o f  l a n t z a t l o n  ions - 
n densi ty  of i s n l z a f l o n  e lectrons - - 
P probabil i-ty o f  i o n l o a t i o n  - 
R - radlus o f  spacecraft  

radia l -  posl  t l o n  -measured f $om center o f  spacecrhf t 

r a d i a l  posl  t i o n  used as- i n t e g r a t i o n  va r lab l c  

radlus o f  sheath measured from center o f  s w c e c r a f t  
v e l o c i t y  o f  an e1ec:ron i n  sheath 

thermal ve loc l  t y  o f  ambient e lec t ran  

sweep v e l o c l t y  

p e r m l t t l u l t y  o f  space 
mean f r e e  path of e l e c t r o n  n e u t r a l  c o l l l s l o n  

space charge densi ty  

elerfrlc g o t e n t l a l  

MATHEMATICAL FORMULATION 

The method o f  approach used i s  t o  study an a n a l y t i c a l  l'plasma- probe" model 
( r e f s .  3,4,7,8), b l t h  space charge f l ow  of e lectrons acce lera t ing  through the 
sheath surroundtng a spher lcal  "probe,' whlch represents a spacecraft  I n  an 
ion i zab le  plasma environment. Magnetlc f l e l d  e f f e c t  i s  Ignored I n  t h l s  model. 

The beam I s  assumed t o  be energet ic enough. t o  leave the spacecraft  com- 
p l e t e l y  and i s  no t  stopped- by t t s  own space charge a t  a l l .  As the  beam elec- 
t rons leave, the  spacecraft  becomes charged oppositely. A p o l a r l z a t i o n  region 
(sheath) i s  formed I n  the  v l c i n l t y  o f  the  spacecraft. I n  our model-, ions are  
assumed t o  be depleted due t o  charge repulsion ins ide  the sheath ( f l g .  I ) .  

The dep le t ion  radlus ro w l l l  be def ined b$ the balance o f  the  outgoing 
beam cur rent  w l t h  the incomlng ambient current .  For a beam cur rent  Ib, the 
dep le t lon  radlus r, i s  determlned by 

where vth I s  the thermal v e l o c l t y  and ne l s  the number densl ty  o f  
ambient e lectrons.  Some t y p i c a l  values of sheath radfus as ca lcu la ted by means 
o f  equation (1) are shown i n  f i g u r e  2. 



The potent ta l  + a t  any po in t  Inside the sheath I s  governed by 
Potsson's equatlon: 

where p I s  the space charge denslty and c0 i s  the p e r m i t t l v l t y  o f  empty 
space. 

SpRertcal Symmetric System 

To s Impl i fy  the geometry, we! assume spherical symmetry i n  the spacecraft 
and sheath system. Equation (2) becomes simply a  r ad ia l  equatlon: 

whemA&qradient of  .the poten t ia l  4 gives t h e  electric- f le ld  E: . 

Taking tn to  account the electron and Ion pa i r sc rea ted  as a  resu l t  of  Ioniza- 
t lon,  the charge density p a t  any poi& r I n  the sheath i s  given by the 
sum of  charge densi t ies ( f l g .  3): 

;'r) = e  [n t ( r )  - n- ( r )  - ~ ~ ( r ) ]  

where ne t-s the re turn  current (primary) e lectron density and n+ and 
n- are t h e  ion izat ion i on  and electron densi t ies,  respectively, due t o  
re turn  current e lectron c o l l  l s lons w l th  neutrals. 

The Ion lzat lon electron-densi ty n- ( r )  i s  due t o  a l l  ionizations that 
occur outward of  r, and the density n+( r )  of  Ions a t  r I s  due t o  all 
Ionizations tha t  occur inward o f  r. Thus 

and 



where 

To solve the system o f  equations (3). t o  (13). one dlwldes the space of  the 
sheath i n t o  N -  concentric she l l s  and sets up. N. equatlons For the- N unknowns 
41 ( f  lg .  4 ) .  In vlew of  the cotnplcxlty of  the lon lza t lon  terms tn equatloao 
(6) and ( 7 ) .  I t  I s  lmposslble t o  solve these equatlons exactly. Instead, one 
seeks the approxtmate solut lons that  mlnlmlze a funct lon F ,  the mean square 
of  f l .  cmst ructed from the rad la l  Polsson equatlon (eq. ( 3 ) )  f o r  the lth 
Cell ,  where l = I, ..., fi. 

where the e l e c t r l c  f l e U  E (eq. ( 4 ) )  1s constructed l n  a f l n l t e  dt f ference 

scheme: 

The numerical method used t o  solve equa'slons (81 t o  (10) I s  the stsndard 
Newton-Raphson method o f  l t e r a t  I on: 

(11 1 

A set of  t r l a l  solut lons I s  used t o  s t a r t  I n  the Newton-Raphson l t e r a t l o n  
process, and a convergent set  of  solut lons 1s sought f o r  each set of  Input  
parameters such as beam current, amblent e lectron density, amblent e lectron 
temperature, mean f ree path, and spaecraf  t radlus. 

RESULTS AND DISCUSSION 

Flgure 5 shows the computed resu l ts  o f  spacecraft po ten t la l  as a funct lon 
of e lectron beam current f o r  varlous electron densl t les,  e lectron temperatures, 
and mean f ree paths. TM nonmonotonlc behavlor of  go ten t la l  current curves- 
shows up. A t  low currents, the po ten t la l  lncreases w l t h  beam current. When 
the current Increases fu r ther  , ton lzat lon occurs krs lde the sheath. The 
gotent la l  then turns aroundas the current of the electron beam tncreas@s. 

Ihe  ton and electron charges created by lon lza t lon  a l t e r  the behavlor of 
the space charge flow, o r l g l n a l l y  governed by the s lng le  charged Polsson equa- 
t l on .  The po ten t la l  turns t o  a lower value and stays approximately constant 
as current fur ther  lncreases. 



A t  t h l s  stage, the p o t e w a l  praf t l e  as a funct lon of  r ad la l  dlstancs 
shows l o c a l l y  E l a t  gradlent. Thls Is due t o  ions crea.tcd lns lde ttre sheath 
not b e h g  able t o  move out qulckl-y because of  t h r l r  heavy masses, I f  a loca l  
Ion charge bu l  ldup forms a potsnt1al hump, i on  motion w o d d  he two ways, ahd 
Oh4,fheary- would then break down. - 

To overcome t h l s  difft-c-ulty, a swssp ve loc i t y  us i s  added to  the lans, 
Equatlan (7)  hdcomea 

- 
1 n+(r) n j 2 1/2 ('12) r Lael@(r) = $(r')l/fll + v,l 

R 

L t  i s  argued tha t  the motlon of  a spacecraft ce la t tve t o  ? i s  plasma env9- 
ronmcnt can proulde such a sweep ve loct ty  v, (eq. (12)) .  The value sf 
vs I s  of  the order of spacecraft ve loc i t y  and I s  an a rb i t r a r y  Input  t o  the 
computatlon. However, a t  a blgher current, a po ten t la l  hump agaln shows up, 
and the computation f a l l s  t o  converge. The technlque breaks down. I t  l s  c o b  
jectured that  two-way space charge flows should be accommodated when a poten- 
t t a l  hump apgeztrs. 

For lncreaslng spacecraft r a d l l ,  the nohmonotonle current-koltage behavlor 
s t t l l  perststs ( f l g .  6). However, Increased sgaceeraft radlus lr~wers the 
maxlmum S P ~ C ~ C  r a f  t potent la l  Induced by beam em1 ssion. A1 so, the amp11 t ude of 
the dlf ference between the maxtmum po ten t ia l  and the mlnimum (beyond the turn-  
around) dlmlnl-shes. Figure 7 shows d p l o t  of  the envelope o f  ma,.lmum and 
mlnlmum potent ia ls  f a r  various spacecraft r a d i l .  

For a gluen beam current l b  (eq. (I)), the sheath surface area rematns 
constant and i s  unaffected by the Increase i n  spacecraft radlus. The sheath 
thickness (defined as the sheath radius mlnus the spacecraft r l d tus ) ,  however, 
dlmlnlshes. As a resu l t ,  a lower spacecraft po ten t ia l  i s  s u f f l c l e n t  t o  a t t r a c t  
amblent electrons, through the sheath, f o r  ~ m p a n s a t l a n  of  e lectron beam 
current l-eavlng the spacecraft. 

Beyand the turnaround po in t  i n  a current-potent ia l  curve, the mlnlmum 
po ten t la l  i s  l im l t ed  by the mlnlmum energy requlred t o  Ionize a neutral  mole- 
cule I n  the atmosphere. Slnce such a mlnlmum energy i s  general ly of  the order 
of  20 eV ( re f .  6),  the mlnlmum gotentla1 I n  a current-pokentlal curve i s  
expected t o  approach about 20 eV asymptotlcally, degendlng on the model of  
l on lza t lon  used. For the same reason, i f  the maxlmum po ten t la l  Induced by 
beam emlsslons I s  below about 20 eV, no nonmomtonlc behavlor I s  expected. 

Figure 7 shows the calcu-lated envelopes of  the maximum and mlnlmum (beyond 
turnaround-) potent ia ls  f a r  vartous spacecraft r a d l l  I n - a  glven amblerit envlron- 
ment. The amount o f  l o n l  t a t l on  becomes very small as the sheath po ten t ia l  
approaches the mlnlmum ion lzat lar i  potent la l .  The amplitude of  the po ten t la l  
drop beyond the turnaround also apprQaches the value o f  mlnlmum lon lza t ion  
ewrgy  . 

There I s  another c r l t l c a l  beam current, whlch manlfests I t s e l f  f o r  large 
spacecraft, but  not f o r  small ones. Thls current I s  determlned by equating 
the sheath radlus t o  the spacecraft radlus. I f  the sheath radlus i s  too small, 



the spacecraft w l  11 receive enough amblent olectrons t o  campensate beam ern1 s -  
slons wtthout being charged up, The po ten t ia l  of the Spacecraft I s  that  af 
natura l  charglng, I n  t h l s  case, Beyond t h l s  c r l t l c a l  current, the beam nmls- 
s l on  t s  able t o  swlng the spacecraft to an oppaslte po ten t la l  and hence cont ro l  
the charglng of ttm--spacecraft, Thls phenomenon s h w a u p  I n  t h p l c u l a t l o n s  
( f l g .  6) .  

I n  the msdc1 studfed, as ths radlus of a spacecraft I nc r~ascs ,  three 
reqlmer o f  pbyslsal behavlor can be l d c n t l f  ted. f lgurc  8 shows t b s s  rcqloies 
c lea r l y .  The potential-vcrs~ls-spaseeraftt  radlus curve 1s relatively f l a t  I n  
the s m a l l -  racdlus r e g l m .  ThIs l s  the reglrne I n  whlch saturated lon les t lon  
occurs ( O . C . ,  t h l s  I s  the raglme beyond &he mlnlvnurn potent la1 i n  a currcnt-  
voltage curve). The second reylnie l o  characturlaed by the presence sf the 
po ten t la l  nli3ximum, whlch I s  the na ln  feature of nonmsnotsnlc behavlor. The 
t h l r d  regime occurs when the spacecraft I s  so large that  I t s  radlus exceeds 
the sheath radius (measured frsm the spacecraft center) f o r  a glven current. 
The beam loses I t s  cont ro l  of the spacecraft potent la1 and na tu ra l  charglng 
dornlnates . 
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Figure 1. - Sheath formation during beam emission. 
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Figure 2. - Parametric dependence of sheath s ize .  



Figure 3. - I o n i z a t i o n  p a i r  - creat ion  i n  sheath. 
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Figure 4. - Decomposition o f  sheath i n t o  she l ls .  
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F igure  5 .  - Rela t ion  between potent ia  1 p r o f i l e  and I - V  behavior. 
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F i g l ~ r e  6. - Persistence o f  nonmonotonic I - V  behavior. Parametric condit ions 
a r e  a s  i n  f i g .  7. 
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INTERACTPONS BETWEEN LARGE SPACE POWER SYSTEMS AND LOW-EARTH-ORBIT PLASMAS 

M. John Stevens 
Hughes A i rc ra f t  Company 
E l  Segundo, Cal l fornla 

There t s  a growl ng tendency t o  plan space ml3slons tha t  w l l  l lncorporate 
very large space power systems, These space power systems must functlon I n  the 
space p lasm enulronment, whlch can lmgose cperatlonal. ldmttatlons. As the 
power output Increases, the operatlng voltage a1 so must Increase and t h i s  vo l t -  
age, exposed a t  solar array tnterconnects, Interacts w l t h  the--local plasma. 
The tmpllcatlons of such interacttons are consldered hereln, The avallable 
laboratory data fo r  blased-array segment t e s t s  are revlewed t o  demonstrate the 
basic lnteractlons consldered. A data set f o r  a f loa t ing  high-voltage array 
tes t  was used t~ generate approximate relatlonshlps fo r  pos l t lve and negattve 
current colle-ctlon from plasmas. These relatlonshlps weee applled. to a hypo- 
the t ica l  100-kW power system operating I n  a 400-km, near-equatorial o tb l t .  I t  
was found that  discharges from the negat.1-we reglons of the array are the most 
probable 1 lm l t lng  factor I n  array operatlon. 

INf  RBOUCTION - 

FOP the past several years NASA has been conductlng mlsslon-plannlng 
studleo ca l l i ng  fo r  extremely large satellites t o  be p laced in  low Earth o rb l ts -  
by the space ~ h u t t l e . l - ~  Because t h e  planners were freed from the constraints 
Impased by exgendable launch vehlcle shrouds, satellite dlmanslons grew t o  tens 
of meters and power generatlon cequlrements rose t o  hundreds af kl louatts.  

Now tha t  the Space Transportation System ( 1 .e., shutt le) i s  operatlsnal , 
there i s  a n e f f o r t  under way tcr place such a large structure I n  o r h l t  i n  the 
near h t u r e .  The pra3ected system could- be a manned space platform capable of 
conducting Earth-orlented studles, space selence lnwst lgat lons,  or space maw- 
faeturlng exgerlments. Although the mlsslon I s  net f inal ized, It could Involve 
an expandable platform - l n l t l a l l y  a s lnp l l f l ed  s ta t l sn  that  can be expanded I n  
the future. The platform would probably be placed. I n  an o r b l t  s lml lar to- 
Skylab's (400 t o  500 km) so that  i t  could Be servlced by the shutt le and yet be 
Mgh enough to  mtnlmlze rebsost cost and have an adequate mlsslon Itfs. Array 
power requlremento are postulated asbeing between SO and 100 kW. 

The generatlon of large power levels requlres very large solar arrays 
slnce the nominal power denslty l s  of the carder of 108 ~ / m ?  Hence a 50-kW 
array would requlre an area of 500 m2. This area lmglles long cabling t o  trrfdg 

I* power t o  the user. I f  the system were operated a t  a nomlnal vultage of 30 t o  
60 V, currents of the order of 1000 A would be required. Currents of Qhls 
magnttude ean produce b l  ther s lgnl f  leant cable harness losses (1%) or unac- 
ceptable Increases I n  welght I f  the cable less I s  r@duc@d by uslng th lck@r 
cross-sectlanal areas.5 I n  addltlon, large currents f lowlng I n  the array can 
generate mgnetfc f i e lds  that  can Interact  wl th  the Earth's. This Increases 



both the drag on the system and reboost cast. The a l t e rna t lw !  i s -  t o  t..nccease 
the operatlng v o l t a g ~ s  and thereby. reduce currents. Howe-ver , t o  date, the 
largest  operating voltage used. i ~ s g a c e  was- the 100 V used For re-latl.uely shart 
periods I n  Skylab.6 For th is riels-space platform, operating voltages of 200 t o  
1000 V are betng cons-idered. The operation of power systems a$ high-voltages- 
can gfvo rise to I n t e rac t i ons -M th  the-space phmmmvi ronment  tha t  must be 
consldcrcd i n  der lgoiag these s&sbmn, 

The i n te rac t l c~no  o f  concern are l l l u r t ra ted . .  i n  tbe Mgh-voltage space 
power system shown l n  Figure 1. T h b  s-ystefn eons.lsts of  two large solar array 
wing$ surrounding a cent ra l  body o r  spacecraft. The solar  arrays are assumed 
t o  be assembled by stahdard constructton- techniques. This means t ha t  the cover 
s l ldes do no t  compte'tely sh ie ld  the meta l l i c  lrrterconnetts from the envlron- 
ment. These c e l l  'Interconnects are a t  varlous voltages dependlng.on t h e i r  
locat ion i n  the array elrcrcits. Hence.the interconnects can ac t  as plasma. 
probes and a t t r a c t  or  repel1 charqed par t i c les .  A t  some locat lon on the array 
the generated-. voltages w l l l  be equal to. the sgace plasma gotent la l .  Slnee the 
electrons are rnore mobile than. t h e  i s ~ s ,  the array w i l l  b l o a t  a t  voltages t ha t  
are mostly negative w t t h  respect t o  space plasma potenklal  , Cel l  interconnects 
at-  voltages above # i s  sgace plasma po ten t ia l  wl11 c o l l e c t  electrons; those a t  
voltages below t h i s  sgace plasma po ten l l a l  w i l l  c o l l e c t  Ions. The voltage 
d l s t r l bu t i on  i n  the interconnects r e l a t i v e  to t h e  sgace plasma potential .  must 
be such that  these electron and ton currents a te  equal (1.e.. the net  current  
eoUected 1s-zero) .T 

Thls f low o f  particles can be consldered t o  be a cu r ren t  loop through 
space tht i s  I n  p a r a l l e l  with t h e  operational system and hence t s  a Rwer 
'loss, IR aiddi.tion, the coverg lass used OR the solar  c e l l s  must a lso have a - 
zero net  current collection. TMs in te rac t ion  w l t h  the space plasma forces 
the cover glass t o  a small negative potentia' l  and can produce large w l t a q e  
gradiedts In the gap region between solar  ce l l s .  Thls can give r i s e  t o  arc ing 
condttlons or  t rans lent  breakdowns to sgace. 

The sever i ty  of these plasma in.teractlons depends on the array operating 
voltages and the charged-particle envl ronments. The operating voltage w l l l  be 
determtned from pawer system studles but  w i l l  probably be less than 1808 V. 
The charged-particle environment I s  determined-by the o r b l t a l  a l t l t u d e  
g .  2) .  A t  the p ro3ec t~d  operatlng voltages only the 111~-energy or  thermal 
plasma environment should be o f  concern since the array voltage i s  too low t o  
lnf luence the hlgher energy environmental par t i c les .  Thls plasma environment 
has par t i c les  w i t h  temperatures o f  about. 1 eV and densi t ies t ha t  varry from a 
maxlmum 6f about 3x106 cm-3 a t  300 km t o  between 1 and 10 cnl-3 a t  geosynchro- 
nous al t t tudes.  Hence plasma in teract ions should be rnore severe a-t the lower 
a l t l  tudes than a t  synchronous a l t l t ude .  

These posslbla in teract tons b@tween space power systems and plasma envi- 
ronments have been dlseussed elsewhere i n  general terms. I n  t h l s  paper the 
b a s k  phenomena are reviewed and-applteatlon t o  a space power system I s  
Clscussed. 



REVIEW OF I I IBSEWBWBY TESTS 

U s t s  o f  small segments of solar  arrays Ip1ased.b~ linbsrittm-y gawr sup- 
p l  ios. wht le exposed t o  slmulsted 1asma.s In vacuum facl.1 ltlf:s- have been con- 
ducted over the past U) y e a r ~ . ~ - l ~  A. t e s t  o f  a s)mlJor m'rure has been 
conducted in space.17 Regardless o f  the s lze o-f the. array segment (from 
10a-cm2 t o  13 60bcm2 areas h a w  been tested) the  resu l t s  are qu l te  slmllar, 
I n  t h l s  sectlon the t e s t  procedure and the perttnttnt rrtsults a re  summarlzed. 

Such plasma In te rac t ion  tes ts  are t yp l ca l  l y  conducted l n  an experlmsntal 
arrangement shown schemattcally t n  Flgure 3(a). The vacuum chamber 1s capable 
o f  pumping t o  background pressures o f  lom6 t o r r  or  less. The plasma envlron- 
meht I s  created-by ionl-ztng a gas (e.g., n-itrsgen, argon, or  helium). The 
plasma. parameters (plasma number densl t y  and p a r t l c l e  temperature) are  usual ly 
determtned w l t h  e l the r  cy l l nd r l ca l  or  spherfca.1 Langmulr probes. The solar  
array segment (Flg. 3(b)) I s  mounted I n  the cham be^ and .Is e l e c t r l c a l l y  lso-  
la ted  from the tank ground. A hlgh-voltage power supply i s  co~nected t o  one 
o r  bothands of the array through an tsolated feedthrough I n  the tank wal l .  A 
current-sensing Instrument I s  placed between. the power supply and the t e s t  
sample t o  measure any coupllng current  between the segment and the  tank ground 
through the p l a s m  e~vlronment. Thls lead i s  shlelded t o  mlnlmlre extraneous 
currents. A surface voltage probe (such as t ha t  manufactured by TREK) i s  used 
t o  sense the voltage on the array durtng the tes t ,  Hence a surface voltage 
prof  l l e  and a leakage current measurement a r e  obtained as f unctlons o f  appl ied 
pos l t l ve  or  negative-voltage f o r  a glven plasrna environment. It shou-ld be 
pointed out t ha t  the tank ground I s  not  the plasma potent ia l .  Thls p l a s m  
pa ten t ia l  I s  determined. from the probe readjngs and must be added to, or sub- 
t rac ted  from, the applted bias voltage tn- order t o  l n t e r p r e t  the. t e s t  data. 
It i s  very Important t o  make t h t s  correctlcrn a t  low b l a ~ v o l t a g e s  since the 
plasma potentla1 car1 ue Zh--the rirnge 220 V- 

Typical resu l t s  f o r  a 100-em2 solar  a r ra  segment blased pos l t l ve l y  and 
negatlvely are shown l n  Flgures 4(a) and (b).y4 In the pos l t l ve  blas vo l t -  
age case (Flg. 4(a)) the current co l l ec t i on  s ta r t s  a t  r u l a t l v e l y  low current  
values and Increases slowly u n t l l .  a blas o f  about 100 V I s  reached. A t  t h i s  
po la t  there I s  a marked Increase I n  current  co l lec t ton  (by orders sf magnl- 
tude). above about 250 V the current  tends t o  lncrease l i n e a r l y  w l t h  voM- 
age. The surface voltage probe traces g ive an lnd lca t lon  as t o  why t h i s  
behavlor occurs: A t  the low appl led blases the voltage 1s conflned t o  the gap 
reglon between the ce l l s .  The cover glass malntalns 19s requlred zew current  
balance w l t h  the plasma by a s l l g h t l y  negatlve surface voltage. The super- 
pos l t l on  o f  the f i e l d s  resel.ttng from these vol-tages shlelds the blas voltage 
from the plasma- A t  blaseo greater than 100 V, the sh le ld lng appears t o  break 
down, The blas f i e l d  now I s  stronger and s ta r t s  t o  encompass the cover 
glass. Thls accelerates electrons from the plasma I n t o  the cover glass and 
creates secondary-emltted electrons. The surface voltage must now change t o  
malntalri a zero eurrent balance a t  the glass surface. Thls surface voltage 
assurnus a value tha t  I s  about 58 V less than the blas voltage. Hence a t  t h l s  
trans) t len,  c a l l e d  'snapover, "18 .ne co l  l ee t l ng  area I s  Increased t o  the 
f u l l  segment area, and t h l s  Increase changes the euupllng currents. The data 
can be modeled empl r lca l ly  as cylindrical probe c o l b e t l o n  a t  pos l t l ve  bias 
voltages up t o  100 V and as sgherlcal probe co l le r9 lon  (w l th  the blas reduced 
by 180 V) a t  poe l t l ve  voltdges greater than 180 ~ . 1 6  



Far negatlve bdas valtages (Flg. 4(b)) the data lndlcate that the coup- 
l i n g  current Increases slowly and then t rarts l ts tn to  an arc or breakdown, 
wh'lch I s  s.lgdlfled by a raptd r l s e  in current that  t r ips-  o f f  the laboratory 
power supply. SInce tbe supply 1s also used. to bias metal-lll: probes wlthout 
breakd~wrls, i t  must lu! assumed that tho arclng results. from the in teract ion 
between the fiegatlvbly blased conductor (ceU lhQarconnsc ts)  , the dlelec t r l c s  
(cover sUdes), and. the plasma. env-lranm8nt. The. wr-face wLtage probe traces 
lndlcate tha t  the gap reg-ion between ce l .1~  i s  the probable cause f o c  the 
breakdown.. As the btas voltage i s  made more and more neQatlve, the f ie lds 
reur l t lng  from the cover glass voltage confine the blas f i e l d  t a  t h i s  l lm l ted  
area. It i s  known that  a negatlve conduttar confined by a less negattve 
d le lsc t r l c  i s  prone t o  breakdown and- t h l s  appears to  be hapgentng here. 

Both the posl t lve and negati.ve blas voltage ef fects  descrlbed above are 
plasm-densl ty-dependent phenomena. For the post t l v e  bias voltage cases both 
the low- and hlgh-voltage collection changes I n  d i rec t  proportion t o  the den- 
slty. l l ,14 However, the t rans l t lon  remains a t  about 100 V. The only c0nd.l- 
t l o n  that scems t o  h f luence the t rans l t lon  appears t o  be the re la t l ve  areas of 
the segment and i t s  d i e l e t t r l c  and conductive bourtdartes. The data obtained i n  - 
support of the P I X  f l i g h t  seemed t o  indicate a higher t rans i t lon  voltagel7 
probably because of the use of a small segment mounted on a large  late. The 
negatlve Mas-br@akdown thresholds as a function of plasma density are shown - - 

t m  Figure 5. A t  the peak space plasma density environment (about 300-km 
a1 t i tude) , t h l s  breakdown value i s  uncomfortably low (about 300 V negative 
w l a t l v e  t o  the space plasma potential).. 

The phenome~a described above seem t o  occur lndependerrtly of  the In ter-  
connect conf igurat ion and array slze.. Both the  standard interconnect conf igu- 
ration- and wraparound. conf lqurations have been tested. k r a y  s l  zss of 10.0 t o  
13 600 crn* gave stmllar results. The higher gosit'Sve b k s  voltage resul ts 
for the larger panels can be questjoned, however, since the tank walls can- 
in teract  wi th  blas voltage- shea_9hs-anb d i s t o r t  the resul ts.  

REV1 EW OF FLOAT ING-ARRAY TESTS 

A1 though the phenomena of plasma interactions wd t h  high-vol tag@ solar 
arrays can be studled on small segments wi th  blas voltages provided By exter- 
nal power supplies, t@sts must be run wl th  self-generated voltages I n  order t o  
val idate the concepts develbged . Unfortunately there have been re lat ive1 y few 
such tests pr lmar l ly  because of the large array required t o  generate the hlgh 
voltages needed and the subsequent large fact l l t y  (wl th  large solar slmula- 
tors) requlred t o  obtaln Interact ion data wtthout wal l  effects. Even the 
small amount of data available I s  incomplete. 

A nlne-panel array i s  shown ~n f igure  6. Thls array was made up sf sur- 
plus f l i g h t  u r la r  array panels wl th  no attempt t o  match panel eharacterls- 
t i cs .  Seven panels (1408 cm2 eaeti) were s r l g l n a l l y  assembled l n  the l a t e  
1968's fo r  the Sgaee Elect r le  Rocket Test (SERT-2) pra3eet, and two panels 
(1950 em2 each) wore assembled I n  the ear ly 1978's fo r  the Space Plasma 
#l$k-Voltage Inb rac t ton  Expaiimnt (SPHIW) project. Tkfs nlne-panel array 
was used I n  a series of  tests conducted a t  bath the Johnson Space Center and 
the Lewis Research Center t o  evaluate the Influence of f a c l l l t l e s  on plasma 
~n te rac t l ons .~9  Johr,son also dtd a serles of f loa t lng  tests using the solar 
stmulator. 



For t h i s  paper the rdsu l t s  obtalned..wl.th the nlne-solar-panel. array tn 
the Johnson Space Center f a c b ~ t ~ t g  a re  used t o  provlde a basls far pPctdIc- 
t l n g  performance o f  large space power systems In a space envbronrnent. Slnce 
the @anels. were not ma-tched and tb solar  s lmulabp dtd not untformly Illuml- 
na.ti! a l l .  n lne panels, the resul ts.  must be vtolwed. a$ an approxtmatton t o  the 
desired t e s t  d h .  Furthermore not  a l l  o f  the plasma proper tks .  were 
re@.ortesl, so the garrt lcle cnerglos and the plasma pa ten t la l  I n  the chamber had 
t o  be approximated. 

'Flat? t e s t  was run w l t h  the array I n  an-open-clrcult condl t lon b u t  with t h e  
capabl l l  t y  o f  measurtng each panel voltage and the current  between panels. 
The plasma density was 2x104 cm-3. The cl - ls t r l  but ton o f  open-clrcutt voltages 
per paneI a f t e r  cor rect lag for the assumed value o f  the plasma potent ta l  (10 V 1  
I s  shown I n  Flgure 7. The slope o f  tb voltage l o  not  the same f o r  each panel 
because of  the nonunlformfty of  the panels. I n  t h l s  conf lgurat lon the array 
open-ct r c u l t  voltage was about 248 U. or  s l l g h t l y  less than the 250 V obtained 
wlthcut  the plasma. Thls I s  e l t he r  due t o  a f l uc tua t ton  l n  the solar slmulator 
~ r ,  more probably, a s l l g h t  loading sf the array by leakage through the plasma. 
As shown i n  FZgure 7 the array f l oa t s  s l i g h t l y  pos t t t ve  and predominantly nega- 
t l ve .  Thls d l s t r i b u t l o n  was expected because the electrons are more moblle 
than the ions. It I s  ln te res t lng  t o  note t ha t  the average value o f  the posl- 
t tw  voltage panel i s  about 10 percent of  the overa l l  voltage. Thls I s  the 
assumptlan usual ly  made I n  camputlng power system Interactions w l  t h  plasma 
enut ronmnt  s, 

The fo l lowlng emplr lcal approxlmatlons f o r  current  c ~ l l e c t l o n ~ ~  were 
used t o  compute the coupling currents: 

where 

Jeo, jb thermal e lectron and ton current  densl t les,  ~/ed 
*l n t  Interconnect area, cm2 
V+, V, post t l v e  and negative average panel vo l tage ( r e l a t l ve  t o  plasma 

potentla-I), V 
Ee* Et e l e c t r o n  and I o n  energies (normall zeLPo electronle charge), eV 

The relatlonshOps were l terated u n t l l  the e lec t ron coup1 tng current was approx- 
Imately equal t o  the ton current. The resu l t s  are shown I n  Fl-gure 8 along with 
th2 measured values. The agreement t s reasonable. 

The agreement ubtalned here may be fo r tu i tous  I n  vlew of the many approx- 
lmatlons made. I f  the behavior of  high-voltage solar  array systems I s  t o  be 
understood, 10 I s  rrrandatory tha t  a well-concelved, complete set of  experlments 
be conducted. These sxperlments must Include bias voltage tes ts  and se l f -  
generated voltage tes ts  w l t h  the capab l l l t y  s f  achlevlng pos l t l ve  voltages 
above the snapover condttlon. Thls would answer questlsns on the negative 
voltage breakdown phenomena as we1 I .  
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the whole array output could temporartly col lapso (fia. 10). Randam osct l la -  
t iof is the power output could be cawed by the brearkdowns I n  sach moduPParrd 
b.y the, aP yet unknwn, l i f e t i m e  inflnerrce w brcakdown.thrc.sholQs. 

Environmental mcaouremcntr on the thl.rd shu t t le  f 1 i ~ h t l * 2 l  compo~lnd thc 
di f . f  l c u l t l e s  imposed by possib le plasma I n t e r i x t l o n L  %Q has bsan found. tha t  
because of  ghatoomi sston f r-om tho surf  ace the plasma oavt.conment arouhd the 
shuttle t n  ~ u n l l g h t  i s  apprsxlmately 10 times denser than previaus masurements 
would inblcata.  Furthermors this dense environment snemod t o  stay wlth. the 
shu t t le  t o r  the- 8 days sf the mission. If t h i s  ghenmienon holds t rue f o r  a l l  
a t t i t udes  and fo r  extended periods af  tlme, the plasma surrouAlding a 1arg.c 
power system could a lso be denser than prevlausl-y considered. A factor  af 10 
increase i n  plasma densi-ty would Increase the caupl lng cur rent  losses to  about 
1 percent, which may s t i l l  be unimgocfanL However, the discharge tCtresho1.d 
would be reduced s lgn t f t can t l y  by such an increase and more blocks waul8 be 
Involved i n  discbarge t ransients.  Thls i s  a much more serious i t i tc rac t lon 
grob:em. 

These considerattons apply t o  cases where the environment I s  assumed t o  be 
Isot rop ic .  Such condlt lons do not-alwayc e x h t  i n  1 0 U r t l i  orkilts and there 
can-be s i gn i f i can t  changes during the o r b i t  (Pig. 11). A t  certsttr  times the 
hct iue area o f  the array faces the o r b t t a l  ve loc i t y  d i r ec t i on  (tlramtb). Under 
such condi t ions the ion  currents w e  increased (ram ve loc i t y  i s  greater than 
ion  thermal w l o c l t i e s ) ,  and t h l o  causes the array t o  f l o a t  more pos i t i ve ly  
r e l a t i v e  t o  the space plasma potent ia l .  The r e s u l t  I s  higher coupling currents 
and lower dlscharge tendency. When tke  ac t i ve  area faces away from the o r b i t a l  
ve loc i t y  d l recMon (tlwaCelb)r the resulting d e f t c l e w y  o f  ions causes the system 
t o  f l o a t  more negatively and thus the discharge p robab i l l t y  t o  be greater. 
F i na l l y  the s-ystem w i l l  enter eel-ipse each o r b i t .  This ecltgse period I s  long 
enough t o  al low the array t o  cool s i g n i f  tcant ly .  Upon reent t o  sunl lght the 
co ld  solar array system could generate up t o  twice i t s  normal voltage u n t i l  the 
temperature returns t o  normal. Unfortunately the system would be entering the 
ram con8tt lon upon leavtng eclipse, and so f o r  a short tlme both pQwer losses 
and discharges could be a concern. 

The c ~ n d i t i o n s  described w p l y  t o  a large space power system-operating i n  
a 400-km, near-equatorial Earth orb1 t. I f  the system were g l u e d  a t  a lower - - - - 

a l t i t u d e  (-300 km), the hlgher plasma denslty would increase the coitpling 
lasses and- the dlrcharge p robab i l l t y .  A t  a htgher a l t l t u d e  high-energy p a r t i -  
c l e  damage t o  solar  arrays must be considered. Operatlng i n  a polar o r b i t a l  
environment brlngs i n  a var iable plasma errvlronnrent a.long wlth possible w r o -  
r a l  f l u x  in teract ions.  Yet a plasma envtronment i s  not  prohibitive t o  opeca- 
t ions of space power systems provided t ha t  the possib le Interact ions a re  
coixidered and accourrted f o r  i n  system desQns. The a l te rna t i ve  of  lower vo l t -  
age operations i s  not  necessari ly safe nor conducive t o  power system growth. 

CONCLUDING HEMARKS 

Plans f o r  fu tu re  NASA missians c a l l  f o r  large space platforms operating i n  
low Earth o rb i t s .  These platforms require large space power systems capable of 
generating a few hundred k i lowat ts  o f  power. A t  these leve ls  the operating 
vo!+age must be greater than voltages commonly used i n  present power systems. 
Hew~ver, the higher voltage can resu l t  i n  fn te ra t t i ons  w i t h  the space glasma 
env:rcwment t ha t  can Inf luence the operating character is t ics  of  the power 
system. 



Tests I n  ground simulation fact l l t I @ s  I n  whtch. small solar arra# segments 
ware biased t o  posltl-ve and negative voltages I n  a. plaoma snuironmenl: have 
shown that intaract lsns can be deQrImnCal . When post t i v e  vo1 tages are 
appllad, electron currents can be collocted that  bocoma graportional t a  the 
$&Re1 aroa a t  voltagds greater than a(lO V .  Undar negative bias  voltages arc1n.g.- 
or' breakdown can occur. This arclng threshold depsbds. on the plaoma donslty 
and caw be as ?ow as -300 V--Sn !iAauliatcd 30-sr'bi-lam cnulremaks-. 

R e l a t i ~ d l y  Few t e s t s  haw boen conducted I n  which an array capable of 
gsnci.ratln(l hlgh voltages-undor solar simulatlsn conditions wap operated I n  a 
plasma envlronrnovtt, One such tes t  of a nlns-black, IS 600-cd array has shown 
that the array wou-Id float-electrically such that onc block would have an aver-. 
age pastt ivc voltage that  would be 10 percent of the overal l  voltage, wlth the 
other olght blocks grogresst-uel y rwre negative. Phis tes t  indicated that  array 
behavlor could be approximated by consldertng the io l te rae t ionwtU~ separate 
blocks a t  an averlye voltage. 

Thts agproaclr was applied t o  a 10-kW array that  was considered t o  bs part  
of a 160-kW space power system operating a t  500 V. Ten 10-kW arrays, each I n  
paral le l ,  made up t h i s  system. I t  was found that, under normal quiescent con- 
dttions, the power drain due t o  the electron coupling current would be neglJ- 
glble. Mowever, the arc1 ng I n  the negatf veivoltage ragtons could seriously 
dlsrupt system operattons e i ther  by Introducing a r i pp le  on &he output or by 
termlnattng  pera at ions depending on the sever1 t y  and locat ion of the break- 
downs. The o rb i ta l  s s c i l  lat lons ranglng through ram, wake, ah6 eclipse conbi- 
t i o w  general18 tend- t o  make the situation worse. F ina l l y  the evidence from 
the shut t le  experiments that Indicate that layge space structures could create 
theti- own p lasm environment tends t o  make plasma lnteractIons even @ore 
c l  l t l c a l .  

P s r  the past 12 &ears the advantage$ and disadvantages of large space 
power system operations a t  hlgh bus voltages have been argued and discussed. 
there are ebvlous advantages t o  uslng high voltages I n  space. Passlble haz- 
ards t 9  such operations w l t h  standard array technology have been addressed 
herein. These Interactions are not insurmountable but can be overcome glven 
adequate understanding of the phenomena. What I s  needed i s  a systemt lc  
Investigation t o  determine why discharges occur and how t o  prevent them, This 
would require tes t  programs Involving large arrays w I t R  self-generated vo l t -  
ages and f i n a l l y  a f l i g h t  experiment t o  prove that  a l l  of the in$eracttons can 
be m i  n tmt zed. 
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TABtE I. - ENVIRONt4ENT AT 400-km ORBIT 

l ~ u a c e c r a f t  o r b t t a l  veloci ty ,  km/sec . . . . . . .  77 

IPlasma current  d m r l t l e r .  r h 2 :  
I Lsotrontc: 
I ~ l e c ~ r u n ,  jeo . . . . . . . . . . . . .  2.4x.10-3 

 on, Ifo . . . . . . . . . . . . . . .  9.4~10-6 1 Rao(Ion):  . . . . . . . . . . . . .  2.61~10-4 

TABLE 11. - SUWHARV OF PLASH8 COUPllNG CURRENTS 

[Assumed operating condlttons For module: Vo 
500Vand  I - 2 0 A i  f o r  block: VOp= SO! 
a d  = 2SP4. I 

Block 

1 
2 
3 
4 
S 
6 
1 
8 
9 

10 

Average potent la l  
( r e l a t i v e  t o  space), 

V 

so 
0 

-50 
-1 00 
-1 50 
-200 
-250 
-300 
-35u 
-400 

Plasma coupllng 
current, 

rrrA 

-lo } -10.4 & -.4 

3.4 
4 .o 
4.5 
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GALCU~ATION OF--SECONDARY -ELECTRON. WAP: C U R ~ N T S  FBOUCLINEO SPACECRAFT 
SURFACCS- I N  A MAGNETIC FIELD* 

J .  6.. Caframbotse 
York University 

Toronto, Canada M3J 1Y3 

In low Earth orbit, the geomagnetic field % is strong enough that secondary 
electrons emftted from spacecraft surfaces have an average gyroradius much smaller 
than typical dimensions of large spacecraft. This implies that escape of secondaries 
will be strongly inhibited on surfaces which are nearly pasallel to 3, even if a 
repelling electric field exists outside them. This effect is likely to make an 
important contribution to the current balance and hence the equilibrium potential of 
such surfaces, making high-voltage charging of them more likely. We Dresent 
numerically-calculated escaping secondary electron fluxes for these conditions. Far 
use in numerical spacecraft-charging simulations, we also present an analytic 
curve-fit to these results, accurate to within 3% of the emitted current- 

The prediction of high-voltage charging or other environmental effects on a 
spacecraft in low Earth orbit appears likely to be more complicated than in geosta- 
tionarymbit, for at least three reasons. 

These reasons are: (a) space charge effects (on sheath and wake potentials) are 
more important, because space-charge densities are much higher (the Debye length is 
no longer >> typical spacecraft dimensions) (b) ion flow effects are more importazt, 

, , because spacecraft orbital speed 2 ion thermal speeds (c) the geomagnetic+field B is 
likely to tsve an important influence on charged-particle motions because B is now 
much larger. .d not all of the average particle gyroradii of importance are any 
longer >> typical spacecraft dimensions. 

We wish to investigate an important consequence of (c), which concerns the 
escape of secondary electrons emitted from spacecraft surfaces. Our discussion will 
also apply, with minor modifications, to photoelectron or backscatter~d-electron 
escape. In low Earth orbit, in the auroral-zone geomagnetic field ( 1  B I  = 0.44 gauss = 
4.4 x ~O-~T), the gyroradius of a "typical" 3eV secondary electrori and a 10 keV auroral 
electron are 13 cm a . ~ d  8 JI, respectively. The averags gyroradius of llcold?' iono- 
spheric electrons (temperature T-0.1 eV)in the same B is even smaller (2  cm), but 
this is not an important parameter in most cases because these electrons are repelled 
if the spacecraft potential is negative, and $heir density is then well-approximated 
by a Boltzmann factor, which is unaltered by B effects. 

-t 
The reason why B affects secotldary-electron,escape is shown in Fig. 1. In Fig. 

l(a), the spacecraft surface is perpendicular to B, and the emitted electrons, which 

* 
Work supported by the United States Air Force under Contract No. F19628-83-K-0020. 



-+ 
Bxpcricncc an electric force -oE directed away £ram thn s~~rface, all escape, helping 

rf 
to discharge it. rn P i y .  l ( b ) ,  the spacecraft surface i s  nearly parallel to n ,  and 
almost all of t h e  cm.i.ttcd electrons return to it., cvcn though they still cxperinncc 
ah clectric forcc directcd away from it.--'lfhcsc c lcc tvona  ttlarcforn are uilablc ta 
help discharge it, so a surfacc nQarly parallel ta BSis mdrc liltoly to charge ta a 
larga negative voltage. Noto that the camponen6 sf F which is gcqendicular to 3 
results only in a d x  $ drift parallel to the surfacc, 

s Far any object much farger than 13 cm, the cscapc of secondary eZectrons will be 
strongly affected by this process. Par axamplo, most surfaccs on the Slzuttlc arc 
effectively "infinite planes" by this criterion. On the other hand, the averaqe 
gyroradius of high-energy auroral electrons is comprable to Shuttle dimensions, so 
the deposition of these electrons onto Shuttle surfaces is likely to be only mader- 
ately inhibited. 

For a larger object (size >> 8 m), deposition-of auroral electrons will also 
become strongly orientation-dependent, with both coJlection and escape of electrons 
now being inhibited on surfaces ntarly paralhl to B. This suggests that 
high-voltage charging of such axfaces may be more likely on objects of iritemediate 
size than on either larger or smaller ones. In tl?- calculation of Parks and lCatzl, 
Katz and parks2, the tendency toward high-voltage charging increased with spacecraft 
size because in their model, ion collection increased less rapidly with spacecraft 
size than did electron collection. To determine which of these two effects predomin-- 
ates will require more detailed calculations than have been done so far. 

As already mentioned, strong ion flew effects also are generally present in low 
orbit; the ion speed ratios (flow speed/most probable ion thermal speed) for H* at 
1 keV, H+ at 0.1 eV, and 0' at 0.1 eV are 0-02, 1-8, and 7.3, respectively. Whenever 
the latter is the predominant ion species, ion collection on downstream surfaces will 
therefore be+strongly inhibited. If a surface is simultaneously downstrGam and nearly 
parallel to B, as is likely to be the case in the auroral zones, then the tendency 
for high-voltage charging to occur on it will be greatly increased (Fig. 2). 

-+ 
To "straightforwardly" include B effects on secondary electron emission in a 

large two or three dimensional simulation program would involve the numerical integr- 
ation of very large numbers of secondary-electron orbits. The resulting computing costs 
usually would be formidable, especially since these orbits would have relatively large 
curvatures. A desirable alternative is to "parameterize" the situation by treating 
in advance a simplified but still sufficiently realistic model problem. In order to 
do this, we make the approximations described in the next Section. 

2. THEORY FOR i! NORMAL TO SURFACE 

We assume t&at thf spacecraft surface is an infinite plane, and the electric and 
magnetic fields E and 13 outside i$ are unifonn. In the work presented here, we also 
assume that the electric force -eE on electrons is directed along the outward normal 
to the surface; here e is the magnitude of the elementary charge. This assuntption is 
to be relaxed in a later paper (J.G. Laframboise, to be published) in order to permit 
variations of potential along the surface to be taken into account. We assume that 
tho secondary electrons are emitted with a Maxwellian distribution corresponding to a 
temperature T. The ratio i=I/I, of escaping to emitted flux is then a functian of 
two parameters: the angle 0 between the susface normal. and the direction of B (Fig.31, 
and a parameter describing the strength of E. A convenient choice for this parameter 
is the d'fference in potential across a mean secondary-electron gyroradius Z =(l/eR) 
(~mkT/2)', divided by kT/e, where m is electron mass and k is Boltzinann's constant. 



This quatiant is: 

where E r I%/ and R r I % / .  
This quantity also  t a s  an altar&3tf~s,+morc useful  interpx~tntian: i t  is t b  

ratio of the magnitude I U x H(/Bz of tha 13 x B drift spocd, to ano-half' thc mean 
thcrmal specd (~k~/nm)% of tho smbttcd olectlrens. Xt is nscfurl ta cssimneo t h e  value 
QE c for a high-voltage spacecraft sheath in low-orbit conditions. To do this, wc 
use the sheath solution of Al'psrt et a1 (Rcf. 3, Table XXIV and rig. 72). For a 1 ItV 
and a 5 kV sheath &round a sphere of r'Mius 3m in a collisionless plasma having ad 
ambient ion temperature of 0. lV, number density of 3 x 105 cmw3, and resultant ( ison) 
Debye length af 0.43 cm, their results givec rcspcctively, sheath thicknasses of 2.4 
and 6.1 m, and surface electric fields E -  0.86 and 2.9 kV/m. Using B =  4.4 x ~ O " ~ T  and 
T =  3 eV for secondary electrons, we then obtain e = 33.9 and 114.2. Roth of these 
are relatively large values, whose sfgl~ificancc can be understood if we consider whet 
would happen if E: were infinite. 

In+t.his limit, it is easy to show that secondary electrons would all escape 
unless B were exactly parallel to the surface (3 were go0). This can be shown as 
follows. In this limit, secondary electrons would have no "thermal" motion. The 
(y,z) projection of their motion wouid $hen be similar to that shown in Fig. 4. This 
motion wou1.d be the+sum of: (i) an E x  B drift in the y direction (ii) a uniform 
acceleration along B, whose projection in the (y,z) plane would be upward (iii) just 
enough gyromotion to produce a cycloidal path when combined with (i), so that in the 
absence of (ii), the electron would (just) return to the surface at the end of each 
gyroperiod. In the presence of (ii), these "return pointsH are displaced upward by 
progresshely increasing amounts (Fig. 4), so the electron can never return to the 
surface, unless 3 is exactly parallel to the surface, so that t-ward component of 
-e3 along 8 vanishes. 

This result suggests that for large finite values of E (including the values 
calculated above), electron escape is likely to be almost complete except for 0 very 
near goo, where it should drop to zero very steeply. The occurrence of high-voltage 
charging in marginal circumstances may therefore depend very strongly on the precise 
orientation of a surface. 

The escaping secondary-electron flux is given by: 

-P 
where : v, is the iaiti ai velocity of an emitted electron, f (Go) z d3n/d3Go is the 
vepcity distribution of emitted electrons, n is a reference number densityn and 
H(vo) is equal to 1 for lscaping electrons and 0 for those which raarm..LaJt]hee 
surface. The emitted fLux is: 

We also introduce the di~nensionless velocity: 



Equation (2,2) tkcn becomcs : 

which is in a farm suieablr for numerical summation. The qunt~titics u . , ,oli,,, .... ,a are tho values of u,, far which H changer. between 0 md'fR' for c 6 ~ h  
uox anhi?&FxThesc values must be found by numerically determining which partic1.o 
orbits reimpact thc surface. These orbits can, however, be deterniindd in analytic 
form, with time as a parameter. To do this, we use the coordirlate system shown in 
Fig. 3, together with a y-axis (not shown) directed into the plane of the Yigure. 
The equation cf motion for an electron is: 

.t* e + + - b  
v = - -  (E+VxB). (2.6) 

m 

We solve this with the initial conditions 6 = y = o  = O ,  v =vor vy=vOy, and vq=v,,,. 
We introduce the dimensionless variables: - 

E, 

QJ X = x / z ,  3 = y / ~ ,  etc; 

T = wc t = (eB/m) t . 
In the present work, E and E are both zero, but for future use, w e  have-------- 

retained these quantities in the formulas below. We obtain: 

uog = uox sine + uoz cos 0 ; 

uq =-u,, cos 8 +  uoz sine ; 

2 = cos 04-3 sin0 . 
'L 

Equations (2.8) can also be differentiated to find dz/d~. The numerical t rocedure % 

for finding the quantities ~ ~ i ~ , ~  in Eq. (2.5) then involves calculating z and dz/dt 
at a succession of points along an orbit (the electron will reimpact during the first 
gyroperiod O c t  $ 2n if at all, so this interval always suffices), and making the 
appropriate tests on these quantities to find out whether the orbit reimpacts or 
escapes. For each uo . and uo ,j, this is done for a succession of values of uoz. 
These tests also yiel$*the locd minimum of 2(r ) if one exists. Whenever a change 
occurs between nc escape and escape from one such value of uoZ to the next, an 
interpolation using these minima can be used to provide the corresponding value of 

ies 



uii.m,h* In cases wl~cre they arc unavai lab le ,  the arithmetic mean af the twri, s u c c ~ s -  
slvc uo, values i s  uaod, Thin camplctcc t l ~ a  clef in i t - ian  af t h e  procedure uscd for cal- 
culatinq tha rn t in  I/I, af  escaping ta arnitted f l u x .  

Fncnping accandary-ctlcctron currcnt dcna;i.tion, comput.c?d as tlt?nur3licd In Snc.  2, 
are rahowri i.n Tnbln 1, and Fig. !r. Each va lue  of .i - T / I  wan cal culitkcd usinq 131OWf4 

r! acb.its,  avnnky spacad i n  the i n t e r v a l s  -4.5 5 uOx 9, 4.5,  -4.4 5 uoy 2 4.5, anti 0 5 
ugz 2 4.5, wit11 p o i n t s  on thc orkfts cabclrlatbd nt  fctsrqnlr; AT 7 11/45, For 0 valucn 
nncll of e ~arld 0 ,  +.:ha moul.tlng ca%clrlatiom took. 83 lir total nn a Hcwlett-Pilckard 
lOOOP minicc~rnputer with  Vsc1;ar I n s t r u c t i o n  S c t .  The rt?suLts are aecur-atc to withifl 
ahout: 0.5% or: bettor. The resul t .  for E .z O is just the a n a l y t i c  resu1.t 8. -= cos  0 . To 
sea why t h i s  i s  so,  w e  cotnsider the e l e c t r o n  orbit shown i n  6, which has bcon 
f i c t i t i o u s l y  extended s o  as t o  pass through t h e  s u r f s e e  and r 6 - e r n ~ r q ~  Erss~ it. I n  
t h e  absence o f  a n  electric f i e l d  ( ~ = 0 ) ,  t h i s  o r b i t  has t h e  same speed a t  t h e  
re-emergence p o i n t  C a s  a t  the-emission p o i n t  A. Sitice we  have a l s o  assumed that: t h e  
emi t ted  v e l o c i t y  d i s t r i b u t i o n  is i s o t r o p i c ,  and t h e r e f o r e  a func t ion  of  speed on ly ,  
t h e  r e a l  o r b i t ,  f o r  which C is  t h e  emission p o i n t ,  must c a r r y  t h e  same populat ion a s  
would- t h e  , f i c t i t i o u s  re-emerged o r b i t .    he f l u x  c ros s ing  t h e  re fe rence  su r f ace  DE, 
which i s l 8 ,  i s  t h e r e f o r e  t h e  same a s  i f  such passagasand re-emcrgenc$s a c t u a l l y  
occurred,  and is t h e  same as i f  another  r e f e r ence  su r f ace  PG, a l s o  La, were emi t t i ng  
e l e c t r o n s  hatring t h e  same v e l o c i t y  d i s t r i bu t io$ .  However, i n  r e a l i t y ,  t h e  e l e c t r o n s  
come from t h e  r e a l  su r f ace  H J ,  which i s  no t  I B, and a l l  t h e  electron-orbi t :  g u ~ d i n g  
c e n t e r s  which a r e  i n s i d e  any given magnetic-fhux tube  through DE w i l l  a l s o  be i n s i d e  
t h e  p r o j e c t i o n  of t h e  s:,me f l u x  tube  on to  H J ,  and t h e  r a t i o  o f  t h e  i n t e r s e c t i o n  a r e a s  
of t h i s  tube  wi th  H J  and DE i s  j u s t  sec 8 .  The r a t i o  o f  escapiny t o  emi t ted  f l u x  
must therefore be t h e  r ec ip roca l  o f  t h i s ,  o r  c o s 0 ,  as s t a t e d  above. 

Aiso ev ident  i n  Fig. 5 i s  t h e  f a c t ,  mentioned i n  Sec. 2 ,  t h a t  when E is  l a r g e  
enough, e l e c t r o n  escaqe becomes e s s e n t i a l l y  complete except  when 0 is very near ly  90'. 
In  a r e a l  s i t u a t i o n ,  E would no t  be uniform, bu t  would decrease  wi th  d i s t a n c e  from 
t h e  su r f ace ,  cont ra ry  t o  our  assumptions. Our r e s u l t s  can t h e r e f o r e  be expected t o  
overes t imate  e l e c t r o n  escape. This  would probably n o t  be a l a r g e  e f f e c t ,  bu t  t h i s  
presumpt.ion remains t o  be v e r i f i e d .  An approximate compensation f o r  it can be made 
by c a l c u l a t i n g  E us ing  an electric f i e l d  va lue  which is  averaged ove r  t h e  f i r s t  mean 
gyroradius  d i s t a n c e  from t h e  sur face .  

The r e s u l t s  i n  Table 1 a r e  approximated to  wi th in  2.5% o f  I. by t h e  empir ica l  
formhla: 

i = cos [go0 exp (-ac - bc2 I] . 
This  formula a l s o  has  t h e  correct l i m i t i n g  behavior  when E+O or -, o r  O+oo or90°.  

An apprdximation formula f o r  t h e  emi t ted  f l u x  is also a v a i l a b l e  1 ~ ~ s .  (5) and 



(6) of Laframhoinc c t  al, R e f .  4, a21d Laframl3olsc and Kamitnniild, Rrf .  51. 

011cc thc accarrd~wy-alact-run ancapo Sluxcn i l r ~  kliawn (Soc. 4 1 , a n i m p l ~  , i nc?xpr?n- 
aiva, aygraximatc calcult$t.jon of t l loir  spncc-cttarqa dcncity d is tr ibut ion  can ba :;ot 
up. Thc jwapnnod mothud I n  an fo l lown:  (1) icjnom ~ h c  qyromtrt:fan of' thc sot-ondory 
c lactuona ot~oo t l ~ c y  hnvc cncilpod. The4 r rnot- iu~ thcn in\lulvcn : (a)  an acccd  rat i o n  
gltrgfj mnqnntlc f lsPd lJ,nan, o f  tamaunt - ( ~ / m ) l S * R / r 3  (h) (1 drd,ft motion of vclocity 
€S x I3/n3 itcronf; macjlr~tb s f $old l i n e n .  (2 )  KntcqrntG bllouqh af the tunjsctarlcs 
c k f  ined by this motion ( i  . c .  their quiclincj-center ~ X ' ~ ~ ~ Q C ~ O G , ~ , C S )  to clef fne t ~ - a j ~ c : t  tjry 
tubas whs:3c cross-wcctlou a t  any poi.nt can bs calsu3at.ocl with suffisiont ~Jcculracy; 
the mstllod dc:seribsd by Eafsa~boioc ct  a3 (Ref. 6, See. 7) , can be used 60 ea lcuht  c? 
611s area of: a trajectory tube without reference to t~eighbousing tssjectoric?~. ( 3 )  
GaLsulate ttrair space-charge dcnaity n($) at any point by (a) ignorinq the  "tllc~lnal" 
npread sf their velocities (b) then invoking the fact that their density x their 
velocity [as giv@n by the orbit integration mentioned in (2)] , x the cross-sectional 
area A(?) of the tfajcctory tube (which must be calculated in e plane I the traject- 
ory) at  the poi1.t r in qllestion, = a constarit (urhose value is given by tltc initial 
conditions at: the paint on the spacecraft: where the trajectory originates) (c) find- 
ing their velccity at the point in question by using energy conservation, together 
with the values of electric potential @(%) and $, at that paint and the emission 
point, and their assumed velocity vo at the emission point. The result is: 

where nova As the escaping flux calculated in Sec. 3. At most positions, n (z) will 
be insensitive to the precise va ue assumed for vo2; assuming that vo = the t one-sided thermal speed (2kT/nm) will suffice for most purposes. 
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Values of t h e  rat io  I = Y / I o  of e s c a p i n g  t o  emitte$ YI.uxr i.vs ;;~rious v a l u e s  of 8 ,  
t h c  a n g l e  ( i n  degrc!es) between t i le s u r f a c e  norma! I? tc: .* L, m y n a  !c f i e !  d dirt-cti.ui.,  
and E , t h e  nondime ~ s i o r , a l  r e p e l l i n g  electrit. + ~ I . L , *  st. rcngth.  These two q u a ~ i ~ i t i e s  
appear  i n  t h e  table as THE1.CA and EPS, res;pol..z(re2y. ~ h e s e  r e s u l t s  are accurate t o  
w i t h i n  about  0.5% or better; t h u s  t h e  differs~ces betw2cn .999 and 1.000 i n  t h e  r a b l e  
are n o t  s i g n i f i c a n t .  For 8 - ( I 0 ,  i = 1  for a l l  v a l u e s  of E .  

F i g u r e  1. E f f e c t  of s u r f a c e  o r i e n t a t i o n  on escape  o f  emitged e l e c t r o n s .  I n  ( a ) ,  t h e  
spdeccraf  t s u r f  a c e  is  p e r p e n d i c u l a r  t o  t h e  tdagnet i c  f i e l d  B , and t h e  emi t t ed  e l e c t r u n s  
which exper ience  a n  electric f o r c e  -& d i r e c t e d  away from t h e  s u r f a c e ,  a l l  9scape. I n  
( b ) ,  t h e  sp<icecr :~f t  s u r f a c e  is n c a r l y  parallel t o  3, and a lmos t  al.1 o f  t h e  emitted 
e l e c t r o n s  r e t u r n  t o  t h e  surfact!, even though they  szill exper ience  an electric f o r c e  
d i r e c t e d  away from it. Note t h a t  t h e  cotnponent o f  E p e r p e n d i c u l a r  t o  3 r e s u l t s  only 
i n  an  2 x i $  d r i t t  p a r a l l e l  to  tlre surface. 
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Figure 2. Spacecraft simultaneously in a collisj.onless ion flow and a magnetic field 
3. 

Figure 3. coordinate systen for calculating electron escape fluxes. The y-coordinate 
(not shown) is directed into the plane of the Figure. 
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Figure 4. Example of an electr~n orbit having zero initial velocity. The magnetic 
field % is parallel to the (x,z) plane, and makes an arlgle 0 = 75O with the z ax is .  
6 =l. Three gyroperiodn of the orbit (0 5 T 5 GT) are shown. 

Figure 5. Ratio i=I/lo of escaping to emitted secondary-electron flux, as a funct- 
ion of the anqle 0 between the surface normal and the msgnetic field direction, 

Of various values of the repelling electric field strength parameter E .- (E/B) (~m/2kT) . 
The resu l t  for E = 0 is qiven by ,=cos 0 .  



Figure 6 .  Electron orb i t  f o r  E = O ,  r i c t i t i o u s l y  extended so as t o  pass through the 
surface and re-emerge from it .  --- -- - - - 
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A c y l i n d r i c a l  p a r t i c l e - i n - c e l l  (PIC) plasma s imula t ion  code app l i cab le  
t o  plasma. d c q s i t i e s  encountered in low e a r t h  o r b i t  (LEO) is  nearing 
completian. The simulated geometries inc lude  t h a t  of a p l a i n  d i s k  and a 
d i s k  surrounded by a d i e l e c t r i c .  Both conf igura t ions  z r e  mounted upon a 
ground p l a t e  i n  contac t  with a p1.asma eavironment. Techniqu-es allowing 
s imula t ion  of d i e l e c t r i c  charging using PLC time s c a l e s  a r e  discussed.  
Cucrent ve r sus  vol tage  c h a r a c t e r i s t i c  curves a r e  ca l cu la t ed  and the  r e s u l t s  
a r e  compared t o  experimental da t a .  

INTRODUCTION.. .- . . - . - . . - 

The plasma d e n s i t i e s  present  i n  LEO ( l o 4  - lo6 /cm? may cause t h e  
c o l l e c t i o n  o f  l a r g e  plasma coupling cu r red t s  f o r  spaceccaf t  opera t ing  a t  hipa 
vol tages .  I n  p a r t i c u l a r ,  l a rge  high-voltage s o l a r  c e l l  a r r ays  exposed t o  t h e  
LEO environment could c o l l e c t  enough p a r a s i t i c  cu r r en t  from t h e  ambient 
plasma t o  degrade t h e i r  performance. Addi t iona l ly ,  exposed- d i e l e c t r i c  
ma te r i a l  can develop l a r g e  d i f f e r e n t i a l  p o t e n t i a l s .  Punctures i n  i n s u l a t o r s  
over conductors have been seen t o  c o l l e c t  cu r r en t s  much l a r g e r  than would be 
expected based on the  a rea  of t h e  exposed condsctor ( r e f .  I ) .  

In  t h i s  paper,  a s t a t u s  r epo r t  of t h e  r e s u l t s  of a cont inuing e f f o r t  t o  
develop a s e l f - cons i s t en t  numerical s imulat ion t o  explore more thoroughly t h e  
i n t e r a c t i o n s  of an ambient glssma with a conducting d i sk ,  which may be 
p a r t i a l l y  covered wi th  a d i c l e c ~ r i c  u a t e r i a l ,  is presented.  The d i s k  
surrounded by d i e l e c t r i c  ma te r i a l  repres,?ats a hole  i n  an i n s u l a t o r  covering 
a conductor. The background r i a m a  parameters a r e  chosen t o  resemble 
condit ions of LEO. Since a l l  p a r t i c l e  t r a j e c t o r i e s  a r e  known, any process  
which can be modeled s t a t i s t i c a l l y  f o r  a s i n g l e  plasma p a r t i c l e  can  be 
included by t h e  s imulat ion code. Elasma i n t e r a c t i o n s  c u r r e n t l y  considered 
include the  e f f e c t s  of chacge c o l l e c t i o n  on t h e  d i e l e c t r i c  and secondary 
e l e c t r o n  emission. The s imulat ion r e g i o n  includes a ground p l a t e  on which 
the  d i s k  o r  d i s k  and d i e l e c t r i c  a r e  mounted. The r e s u l t i n g  conf igura t ion  
c l o s e l y  matches t h e  experiments (ref. 2) .  

This combination of geometry and plasma parameters incorpora tes  t h e  
b a s i c  physics  of t h e  i n t e r a c t i o n s  which would be present  between a high 
vol tage  s o l a r  c e l l  a r r ay  and t h e  plasma environment. Yet, un l ike  t h e  s o l a r  
a r r a y ,  t h e  geometry is  simple enough t o  be handled by a par t ic le -pushing  
code. Although a r a t i o  of ion  t o  e l e c t r o n  mass of 1 : l  i s  co~flmonly used, mass 
r a t i o s  of 100:l o r  higher  can be handled. This  allows t h e  s imula t ion  of 



negat ive vol tages  present  upon t h e  c e n t r a l  conductor. Thus, information 
g a i n e d  f rom an a n a l y s i s  of t kc  dislc and d i e l e c t r i c  con f igu ra t ion  w i l L  be 
d i r e c t l y  app l i cab le  t o  t he  design oE largc-scale,  h i g h m u a g e  s o l a r - c e U  
a r r ays  meant ta  be placed in 10d earth orbit. 

The plasma s imula t ion  code i s  a f u r t h e r  development of t h e  2-1/2 
dimensional program described previously ( r e f s .  3 t o  6) .  The c y l i n d r i c a l  
s i a u l a t i o n  region i s  d iv ided  i n t o  a numerical g r i d  which is  used t o  c a l c u l a t e  
t he  poten t ia l .  and f i e l d s  of t h e  problem. The c a l c u l a t i o n a l  g r i d  is shown i n  
f i g u r e  1. Each c e l l  represents  a r ing  of space due t o  r o t a t i o n a l  symmetry 
about- t h e  Z-axis (boundary region 1 ) .  Boundary regions 2 and 3 represent  the 
o u t e r  boundaries of t h e  ca l cu la t ion .  The o u t e r  boundaries a r e  assumed t o  be 
removed f a r  enough fmnr t h e  conducting d i s k  s o  t h a t  p o t e n t i a l s  imposed upon 
the  d i s k  do no t  a f f e c t  t h e  b w n d a r i e s .  Thus, t h e  plasma i s  maxwellian a t  t h e  
ou te r  boundaries and t h e  p o t e n t i a l  i s  s e t  t o  zero.  P a r t i c l e s  axe added t o  
t h e  s imula t ion .a long  boundaries 3 and 4 accclrding t o  t h e  va lue  of- t h e  random 
thermal cu r r en t .  P a r t i c l e s  a r e  l o s t  t o  t he  s imulat ion whenever t h e i r  o r b i t s  
c r o s s  one of these  two boundaries.  Boundary region 4 represents  t he  ground 
p l a t e .  The p o t e n t i a l  on boundary region 4 is s e t  t o  zero and a l l  p a r t i c l e s  
i n t e r s e c t i n g  t h i s  boundary a r e  absorbed. The sur face  of t h e  d i e l e c t r i c  
covering p a r t  of t h e  conductor is represented by boundary region 5 (may have 
zero length) .  A l l  p a r t i c l e s  s t r i k i n g  boundary region 5 a r e  absorbed, 
Elec t rons  s t r i k i n g  t h e  d i e l e c t r i c  may emit-secondaries with t h e i r  number 
d i s t r i b u t i o n  given by f i t s  t o  experimental data.  presented by Haffner 
( r e f .  7 ) .  The p o t e n t i a l  on the  su r f ace  of t h e  d i e l e c t r i c  i s  determined by 
t h e  following equation: 

where 6 is t h e  th ickness  of t he  d i e l e c t r i c ,  E is  the  d i e l e c t r i c  coilstant,  a 
is t h e  charge per  u n i t  a r ea ,  and @(0) is  t h e  p o t e n t i a l  of t he  conducting 
disk. This is  j u s t  an  i n f i n i t e  capac i to r  approximation which may not  be 
v a l i d  near  t h e  edges of t he  d i e l e c t r i c  sur face .  Boundary region 6 represents  
t h e  exposed po r t ion  of t h e  conducti.ng d i s k  which can be s e t  a t  a des i r ed  
p o t e n t i a l  with respec t  t o  t h e  p o t e n t i a l  of t h e  plasma e x t e r i o r  t o  t h e  
s imula t ion  region (zero) .  P a r t i c l e s  which e n t e r  boundary region 6 a r e  
absorbed and form t h e  cu r r en t  &awn by the  conducto= from t h e ~ l . a s n i a .  

The s imula t ion  code i s  based upon s tandard PIC s imula t ion  techniques 
whenever poss ib le .  An overview of t h e  program is shown i n  f i g u r e  2. The 
i n i t i a l  p a r t i c l e s  a r e  randomly added t o  the  simulated space with v e l o c i t i e s  
chosen from a maxwellian d i s t r i b u t i o n .  This represents  a nonequilibrium 
s i t u a t i o n  unless  a p o t e n t i a l  of zero is spec i f i ed  on t h e  conductor. The 
equat ions of motion a r e  i n t eg ra t ed  using a second-order leap-frog method. To 
avoid t h e  s i n g u l a r i t y  present  i n  t h e  c y l i n d r i c a l  equat ions of motion a s  r 
approaches zero,  c a r t e s i a n  coordinates  a r e  used t o  compute partic1.e 
movement. The coordinates  a r e  converted back i n t o  the  c y l i n d r i c a l  form when 



the move is completed. The particle mover advanca particles through the 
simuLatian in increments of the time step value. The Lime step value is-set 
such tbat Qe fastest particles move less than. 1 grid cell per time step 
(about 10 sec). Particles are added . at the outer boundaries. from the 
surrounding undisturbed- plasma (assumed to have a maxwellian velocity 
distribution, usually of 10,000 deg K ,  about Lev). AL1-.particles present 
which have entered-any of the sink regions are discarded. The rema.iniug 
particle charges are. spread- over the gdd using v-olume-weightiug over the 
nearest grid cells. Successive over-relaxation with odd-even. stepping is 
used to solve Poissan's equation - yielding a self-consistent calculation of 
the electrostatic poteatial.. The electric field can then be calculated by 
differentiating the potential. 

The total number of time steps simulated may range from about 4000 Lime 
steps for the plain disk configuration to 20,000 time steps fox the disk and 
dielectric configuration. The average age of particles withia the simulations 
£or the 20x20 grid is about 100 time steps. This implies a complete cycling 
of particles in the simulation space occurring about 200 times for a 20,000 
time step simulation. Hence, plasma parameters such as temperature and 
density are determined by the additions of particles on -the outside 
boundaries, not by the initial particle diatr~bution. It is important to 
ensure that the pmgram can maintain a constant density and temperature for a 
free plasma.aver many time steps. Simulation of a free plasma is accomplished 
by setting the radius of the conductor to zero (extending boundary region 4 
over the entire lower boundary) and reflecting any  articles which cross 
boundary region 4. The potential on boundary region 4 is set to zero. A plot 
of the total numbel: of particles present in the simulation region.versus time 
step number is shown in-figure 3. The irritial number of  articles (2000 per 
species) remains constant within statistical fluctuations for the entire 8000 
time steps computed using a 20x20 calculational grid size. The average 
kinetic energy per par-ticle remains constant as shown in figure 4. Thus the 
simulation code has been shown to be able to simulate a free plasma for a 
large number of time steps without undergoing any nonphysical instabilities. 

This simulation program is applicable when the plasma Debye length is of 
about the same order of magnitude as the disk radius. Large plasma densities 
would cause large fluctuations in the collected current, since this 
calculation makes use of a small number of particles. The PIC assumptiocs 
made also imply that the Debye length is larger than one grid cell. With 
these restrictions and probe sizes ranging from 1.75 cm to 10.0 cm in radius 
and with electron and ion temperatures of about 1 eV, plasma densities are 
then about 10,000 particles per cubic centimeter. This corresponds to 
environments encountered ic the upper ionosphere or low earth orbit. The 
Debye length under these conditions is abat 5 cm. 

PLAIN DISK CALCULATIONS 

Approach to Equi.l.ibrium 

The plain disk or electrostatic probe configuration is the simplest 
configuratiou simulated. The rapid approach to equilibrium is demonstrated in 
figure 5. Voltage versus current density curves drawn by the disk are shown 
for simulation runs of various durations. The value for the current can be 



seen.- t o  achieve an.equil ibrium s t a t e  a f t e r  2000 time steps of the  s imulat ion 
have bees? canpleted. Since only two o r  three  thausand time s t eps  wed. be 
taken, a la rge  niunber of rum may be made f o r  the  d isk  only case using. a 
celatcivdjr small amount. of computer time (1 mirlutc an the  CRAY L, and 36 
minutes f o t  the VAX 11/750 with a 4000 t ime step run). Thus tkc p la in  disk 
s imula t ions  can be used t o  explore a wide range of plasma paramctcrs and 
e s t a b l i s h  areas oLapanpliclahility f o r  t l ~  more complex d i s k  and dielectric 
simulations. 

Comparison with Experiment 

The comparison wit.11 experiment ( r e f .  2) i s  displayed by f igure  6. The 
experimental current-voltage curve is shown fo r  a  plasma dens i ty  of 20,000 
p a r t i c l e s  per  cubic centimeter and a d isk  radius of 1.75 cm. The only 
modification t o  t h e  experimental curve has been the correc t ion  of -8 v o l t s  so 
t h a t  voltages i n  both the simulation and the experiment w i l l  be referenced t o  
the  plasma po ten t i a l ,  and not t o  the vacuum chamber- wall.  I n  s p i t e  of 
experimental uncer ta in t ies  i n  the  plasma parameters and s t a t i s t i c a l  e r r o r s  
present  i n  the  simulations, the  experiment and ca lcula ted  values of the  
col lec ted  current  versus voltage a r e  i n  good agreemrnt. 

The calculated curve was constructed as  a hybrid of three  separa te  
s e r i e s  of computer runs. The voltage points  between 20 and 200 v o l t s  were 
obtained using a l O x l O  g r id  simulation running fo r  3200 time s teps  on a VAX 
11/750 computer. The lower voltage points  were a l s o  c a l c u l a t e h w i t h  a 10x10 
gr id  simulation, but  16,000 time s t eps  were necessary t o  reduce the  
s t a t i s t i c a l  f luc tuat ions .  The higher voltages were simulated with a 20x20 
g r i d  u t i l i z i n g  the  same spac ia l  resolu t ion  a s  the  o ther  10x10 gr id  
ca lcula t ions .  Both the  Lower and higher voltage points  were computed on a 
CRAY- I machine . 

The negative voltage experimental curve can a l s o  be compared t o  the  
pos i t ive  voltage simulation resu l t s .  The current  col lec ted  by the  pos i t ive  
voltage simulations i s  scaled by the  square root  of the  mass r a t i o  ( fo r  a 
ni trogen plasma the  sca le  f a c t o r  is 160) t o  produce the  expected r e ~ t ~ l t s  of a  
negative voltage run. This comparison is  shown i n .  f igure  7. The agreement 
between simulation and experiment i s  not a s  good a s  f o r  the  pos i t ive  
voltages.  The simulation c o l l e c t s  about- 1/2 of the  current  of the  experiment 
throughout the  voltage range. This i s  within the  experimental unce r t a in t i e s  
and simulation s t a t i s t i c a l  e r r o r .  However, unlike the  pos i t ive  voltage case,  
the  mean values of the  col lec ted  current  do not agree. This indica tes  t h a t  
current  sca l ing  by the  square root  of the  mass r a t i o  f o r  negative voltages 
( l a rge  ion t o  e l ec t ron  mass r a t i o s )  is  only approximate. 

Simulation of-Large Mass Ratios 

Foi. the  d i sk  o111y configuration, the  current  col lec ted  by the  pos i t ive  
voltage ca lcula t ion  can be scaled t o  the  expected current  t h a t  would be seen 
i~ a negative voltage simulation. For the  d i sk  and d i e l e c t r i c  configurat ion 
the  current  scal ing t o  negative voltages i s  inappropriate due t o  the  presence 
of a  d i e l e c t r i c  surface  which w i l l  charge d i f f e r e n t l y  i n  the  two voltage 
ranges. The charging of the  d i e l e c t r i c  w i l l  a l s o  depend upon the  r a t i o  
between the  ion and e lec t ron  mass. With the  normal 1:l mass r a t i o ,  the  
d i e l e c t r i c  surface ,  when exposed t o  the  plasma, w i l l  not charge, i n  s p i t e  of 



the fact t h a t  tho increased mobil i ty of the e l e c t r o n s  should charge the  
aurfacc* of t.hc d i e l e c t r i c  negatively. In  order  t o  be a b l e  t o  r e a l i s t i c a l l y  
simulatn ddelec t r ic .  charging e f f e c t s  and negative voltages f a r  the  disk aad 
d i e l e c t r i c  codfigurat ion,  it  i s  necessary t o  rcl.ax the  PIC reqnirement of 1:l 
mass r a t i o s .  

The d i s k  only conf igu~at i .on  provides an excrEZent test of the  methods 
developed.to handle l a r g e r  mass r a t i o s .  This configura-tion is simple and 
gives si.mu1.ation r e s u l t s  with a minimum o-f CPU time. The expected coll.cctcd 
current  f a r  each mass r a t i o  can be Eouud by simply sca l ing  the  pos i t ive  
voltage r e s u l t  t o  the  negative voltage simulation value. The diagaostics 
furnished a re  excel lent .  

The usual way t o  handle l a rge r  mass r a t i o s  is t o  simply give the  ions a 
l a rge r  mass value. This method has severa l  disadvantages. Since the  
simulation procedure i s  not af fec ted ,  it takes the  same CPU time per  time 
s t e p  t o  simulate l a rge r  mass r a t i o s  a s  it would t o  simulate a 1:1 mass 
r a t i o .  The distdnce each ion would move per  time s t e p  decreases w i t 1 1  t he  
increasiug vaiue f t h e  mass r a t i o .  Thus, f o r  reasonable mass r a t i o s  
(hydrogen plasma, 1836:1), the  simulation would have t o  be run  many times 
longer ( a t  the  same r e l a t i v e  speed) t o  come t o  equilibrium. Also the  iod 
motion per  time s t e p  might become so  small a s  t o  be dominated by roundoff 
ecror .  This generalLy limits PIC simulations t o  various small values of the  
mass ratio..From these  r e s u l t s ,  speculat ions a r e  made as  t o  the  e f f e c t  of 
r e a l i s t i c  mass r a t i o s .  

Another method t o  simulate l a rge  mass. r a t i o s  can be developed. The 
r e l a t i v e l y  slow movement of the  ions per  time s t e p  indica tes  t h a t  it is a 
wasted. e f f o r t  t o  move them every time s tep .  Instead,  ions can be moved-once 
every n time s teps .  Id t h i s  case n i s  c b s e n  t o  be l a rge  enough so the  ions 
move about the same average d is tances  every n time s t eps  a s  they would i n  a 
simulation run w i t h  mass r a t i o  of 1:l f o r  each time s tep .  Thus ion and 
e lec t ron  p a r t i c l e  movement a r e  res tored  t o  a r e l a t i v e  p a r i t y  a t  the  expense 
of the  addi t ional  assumption t h a t  the  e i e c t r i c  Eields remain constant ( a t  
l e a s t  i n  the  average) f o r  n time s teps .  The constant e l e c t r i c  f i e l d  
assumption is  c l e a r l y  inval id  a t  the  beginning of a run. However, once a 
simulation reaches an equilibrium s t a t e ,  the  assumption of a constant  
e l e c t r i c  f i e l d  should be j u s t i f i e d .  Once again it i s  postulated t h a t  i f  the  
simulaLion i s  run u n t i l  an equilibrium s t a t e  i s  reached, d e t a i l s  about t h e  
approach t o  t h e  equilibrium a r e  l o s t  - implying the  equilibrium s t a t e  is 
unique. 

The remaining problem is t o  determine n f o r  a given mass r a t i o  i n  such a 
manner that  the  l e a s t  amount of ex t ra  computing is  recurired. The p a r t i c l e ' s  
energy should ~ e m a i n  constant a s  the  mass r a t i o  is  varied.  Therefore, the  ion 
ve loc i ty  is  proport ional  t o  the  square root  of the  inverse of i t s  mass 
r a t i o .  The time period over which the  ions a r e  moved then is  j u s t  
proport ional  t o  the  square root  of t h e i r  mass r a t i o .  The simulated mass r a t i o  
should be chosen such t h a t  i t s  square root  is an in teger .  

The above algorithm can be implemented with the  PIC code by the  
following simple procedure. The form of the  equations of motion describing 
the  R coordinate which a r e  solved by the  p a r t i c l e  mover are:  



r .  s new 'old ' btVr,new 

Since the energies of particles with differing mass ratios tre ~onsfant a t  
each point along the trajectory, thc angular momentum term, 1 m r  , remains 
constant under yariatiorls of t l ~  ion mass ratio. Thc combiucd effects of 
substituting m'=n m and Atl=nAt just cancel in the equatioas of motion. A 
similar behavior is fouad for she eguatioos of notion describing the Z 
coordinate. Thus, mass ratios of n :1 czn be simulated simply by moving the 
ions only once every n time steps. 

Results obtained by using the direct 1.-d iadirect methods to simulate 
large mass ratios have no eEfect on the current collected by the disk for 
positive voltages. The collected current is dominated by electrons; any 
difference in the ion mass is not seen. The best test of the larger mass 
ratio simulation methods is the simulation of negative voltages on the 
conductor. In this case the ions dominate the current aad the electrons are 
excluded from the conductor. Results of simulations using several different 
mass ratios by both methods are shown in figure 8. The expected current which 
would be collected by the conductor decreases wirth increasing mass ratios. 
The general shape of the cwnt-voltage curve remains intact for both 
approximations down to mass ratios of 4 : l .  For mass ratios of 100:L, the 
straightforward method of computing mass ratio effects using a larger mass 
value begins to collect more current than the simulations which move the 
ions once per every 10 time steps. When a mass ratio of 1849:l is attempted, 
by moving the ions once per 43 time steps, the currcnt-voltage curve begins 
to bend over. This could be caused by a lack of statistics (30,000 time steps 
result in only 700 ion movements) or possibly the assumption of constant 
electric fields over the 100 time step interval is beginning to break down. 

THE DISK-AND DIELECTRIC C0NI;"IGURATION 

The Approach to Equilibrium 

The final equilibrium situation of thc disk and dielectric is much 
harder to identify than that of the plain disk. The capacitance inherent in 
the dielectric causes the response time for charging to be large compared 
with the plasma frequency. Typically the dielectric may slowly charge or 
discharge during the simulation run, imitating an equilibrium situation in 
the steadiness of the current values obtained. It is important to talce a 
detailed look at the available history information to determine whether a 
run reached an equilibrium state. For quick inspections, the value of the 
total charge collected by the dielectric is usually the most sensitive 
iradicator of equilibrium. In practice it has been difficult to run 
current-voltage points long enough to arrive at an equilibrium value. 
Techniques have been developed to make the calculation come into an 
equilibrium state in a reasonable n u  sr of time steps. 



One m y  to reach e q u i l i b r i m  Lq simply to  rvn. the simulation Imp, eaaugh 
(many plasma-.. pariada) u a t i l  t h e  equi l i b r  iua,r,t ate i s  faun& Uli s metliad was 
t r i e d  for the lQxlQ grid  w i t 1 1  500 part i c l e s  pcr species. A time h i s h r y  p l a t  
of t h e  total  charge an t hc  d i c h t r i c  obtained €ram a 20,000 timc f,tep run 
ma& ;t-t 10 v o l t s  i s  s h o w  i n  fiqurc 9.  Dcginning w i t h  an 1rncharj:ed 
d i c % n c t r i c ,  charge acctmula.t,cs rapidly Car ahout the f ixnt 15,000 tirvrrt stctpa. 
IItlc to the uniformly dccreasinp, value of the R Z O ~ C  o f  the curve, it - i n  
d i f f i c u l t -  t o  determine the  s n s c t  s f  t h e  cgu4Eibrium ~;iLu;ct-ion. 

Tilo f i r s t  method implcmcnted t o  epcrd the approach t o  equi dibrium i$ 
based upon the obsclrvation that  t h e  diclcctsic gnncrally charges u n t i l  i t s  
g o t e u t i a l  decreases t o  zero  (the vol tage  i s  lowc:r than  the f i r s t  crossover 
po in t  f a r  secondary emission) .  If most of t h e  charge needed t o  reach zero 
poeent iaL i s  added during t h e  i n i t i a l i z a t i o n ,  l e s s  time w i l l  be spent  
c o l l e c t i n g  charge during the run. E f fec t s  of loading the d i e l e c t r i c  wi th  
d i f f e r e n t  amounts of charge a r e  a l s o  shown i n  f igl i re  9. A l l  runs come t o  t he  
same equi l ibr ium,  which suggests  t h a t  t h e  equi l ibr ium i s  unique. This method 
of decreasing t h e  time LO reach equi l ibr ium groves t o  be  i n e f f e c t i v e  a t  
higher  vol tages .  The d i e l e c t r i c  must co l l ec t  more p a r t i c l e s  t o  charge t o  an 
equi l ibr ium va lue  than a r e  added a t  t h e  boundaries dur ing  t h e  20,000 time 
s t e p s  of t h e  ca l cu la t ion .  

The r e l a t i o n s h i p  which causes t h e  s imulat ion t o  approach equi l ibr ium 
slowly is  contained i n  t h e  boundary condi t ion  imposed upon the  d i e l e c t r i c  
(equation 1). The leading  f a c t o r  of t h e  th ickness  of t h e  d i e l e c t r i c  over t h e  
d i e l e c t r i c  cons tan t  is usua l ly  small  ( i n  t h e  previous runs we have used a 
va lue  of 1/28 a s  opposed t o  t he  experimental value-of 11280 i n  o r d e r  t o  keep 
t h i s  r a t i o  l a r g e  enough t o  be somewhat manageable). The small  value of 6 / r  
means t h a t  a  l a r g e  a m u n t  of s imulat ion time w i l l  be used t o  accumulate t h i s  
chazge. The second method implemented t o  speed up t h e  approach t o  equi l ibr ium 
was t h e  in t roduct ion  of a r t i f i c i a l l y  high va lues  f o r  ti/&. The phys ica l  
e f f e c t s  of increas ing  6/& can be thought of i n  one of s eve ra l  wibys: 

1. a decrease i n  t h e  capaci tance a s soc i a t ed  wi th  t h e  d i e l e c t r i c  - 

2. an  in t roduct ion  of an a r t i f i c i a l  d i e l e c t r i c  th ickaess  
3. a r t i f i c i a l l y  increas ing  t h e  charge co l l ec t ed  by t h e  d i e l e c t s i c  

The r e s u l t  of a 10 v o l t  run w i t h - a  10x10 g r i d  of 500 p a r t i c l e s  pe r  spec ies  i s  
shown i n  f i g u r e  10. The time h i s t o r y  graph of t h e  t o t a l  charge co l l ec t ed  by 
t h e  d i e l e c t r i c  sho#s t h a t  equi l ibr ium is reached a f t e r  about 500 time s t e p s  
Eor a  va lue  of ( 6 1 ~ )  s e t  t o  1. 

>t 
The a r t i f i c i a l  va lue  of (&I&) gust be chosen with care .  If t he  va lue  i s  

too  smal l ,  equi l ibr ium s t i l l  w i l l  not  be reached. If t h e  value i s  t oo  l a r g e ,  
t h e  p o t e n t i a l  on t h e  d i e l e c t r i c  w i l l  vsry dramat ica l ly  with the  co l l ec t io t i  of 
oa ly  small  numbers of p a r t i c l e s  (one).  Assuming a cons tan t  charging r a t e  
propor t iona l  t o  t h e  thermal cu r r en t  leads  t o  t h e  following expression: 

where V i s  t h e  vol tage  on the  conductor,  A t  i s  the  time s t e p  va lue ,  t l  is the 
e l e c t r o n  dens i ty ,  T is t h e  e l e c t r o n  temperature,  and C is  t h e  p ropor t iona l i t y  



constant,  Substitutin~ values af the o t k c r  variab1.c~ fcr the above 10 v o l t  
run determines C 1.48263. 

-1. 

The a r t i f i c i a l  value of ( 6 / c ) "  coliylut,ed. w i t 4  the above c?qu&,i on sasumcs 
the number of particles prctacut is large enougkao thatc nan physical. effects 
associated wdtk the granularity of cha6gc collc?ctcd on the dic?lcctric do not 
occur. I n  practice, tire value of (ti/&) mkst bc, kcapt ~ina&l .  0 n ~ g h -  that, tllc 
change i n  the potential on the  diclcctric dwfacn per pnrt.icln imwct i,r; only 
n small f ractinn of thc patgnt i ,d  appl i cd  bo tlic csnd~~ctor 1 % .  Thc \rpller 
limi$--sf t,hc v a h c  of ( 6 / ~ )  i s  thcn given as folJows: 

where d r  i s  the  length of a g r id  c e l l  and q is  the  c h a r g e . p c ~  macroparticle. 

Comparison with Experiment 

The resu l t ing  current-voltage curves f o r  the  d i sk  and d i e l e c t r i c  
c o n f i g u r a t i . ~ ~  a r e  shown i n  f igure  11 f 6 r  a d i sk  radius of 1.75 cm and a 
d i e l e c t r i c  radius of 8.75 cm. The s imula t io~ l  with a mass r a t i o  of 1:l 
c o l l e c t s  the  same amount of current  a s  the  p la in  d i s k  ( the s i z e  of the  
exposed conductor is  the  same9 fo r  low. voltages. A s  the voltage on the  
conductor is ra ised ,  a goint  i s  reached whece the  current  col lec ted  by t h e  
d isk  surrounded with d i e l e c t r i c  material  increases compared t o  t h a t  of the  
p l a i n  disk. This increase i n  col lec ted  current  is  due t o  the  presence of the  
d i e l e c t r i c  and occurs when the  d i e l e c t r i c  begins t o  come t o  an equilibrium 
with pos i t ive  po ten t i a l s  near the  conducting disk.  The d i e l e c t r i c  w i l l  charge 
t o  pos i t ive  values when the  average number of secoadaries released by the  
impacting primary e lec t rons  is g rea te r  than one. The point  a t  which t h i s  
occurs i s  de te rmind  by d e t a i l s  of the  secondary emission y ie ld  curve f o r  t h e  
d i e l e c t r i c  and by the  energy spectrum of the  primary p a r t i c l e s .  The 
caiculated current-voltage c h a r a c t e r i s t i c  curve shows a current-enhancement 
beginning a t  a lower voltage than t h a t  found i n  the  experiment. 

Also shawn i n  f igure  11 a r e  cclculated current-voltage curves f o r  mass 
r a t i o s  of 4: l  and 100:l. The l a rge r  mass r a t i o s  allow the  surface t o  charge 
necat ively f o r  low voltages.  The negative voltages present  on the  d i e l e c t r i c  
reduce the  co l l ec t ion  of e lec t rons  by the  conductor f o r  low ual tages .  As t he  
voltage on the  conductor is  increased, the  surface  of the  d i e l e c t r i c  begins 
t o  become pos i t ive ,  a s  i n  the  1 : l  mass r a t i o  case. From t h i s  point  on, the  
current  remains almost unaffected by t h e  ion mass r a t i o .  These 
current-voltage curves show q u a l i t a t i v e l y  correc t  behavior using the  correc t  
boundary conditions. 

Variat ions of the Secondary Electron Emission Yield Parameter 

The e f f e c t  of va r i a t ions  i n  u,,,, t he  maximum nunbcr of e lec t rons  
sca t t e red  from the  d i e l e c t r i c  surface per incoming primary e lec t ron,  upon the  
current  voltage curves is  shown i n  f igure  12. The voltage of the  onset of 



the incrcasc in collected Cirrrent with reference to the plain disk decreases 
with. increasin~ am. The increase i n  Q lawcrs the energy of the first. 
crmsavcr for ~econdary emifision. Also, t h c  number o f  fiecaadaries released 
for cncrgics larger than t.hc firot srosRover ppint increases. Both cf fectn  
create more ac?condnry emiasian a lower valtn~cs tharr worrid normally bc 
f lund, T fic.nsi6-ivity o f  the calculatAan to the ~seondary  clcctwn 
prod~rction might hc fiuff iciant to slLnw thc mcoa~rrcmcnt of thc yicld cucvr 
paramctara for low voltages by f itbj,n~ thc? rosponac t o  cxpcrirnctntol d a t a .  

A BctaiAnd examination of thc potential present slang the top of the 
dic.6cctric during a simulation run which collected mars crirrcab thae that of 
the pla in  disk rcvcals wliat is hsppcninfl, The i n i t i a l  condition ehown i n  
f igurc 23 for time ~ t s p  zero is a fully cilargrd dielsctsic~ the potential on 
the diclsctric surface io znso. This would be rs2,listic if tlzs voltage on 
the conductor were increased slcwly from a value low enough that the 
dielectric surface became fully charged. As tibe simulation proceeds, the 
potential upon the dielectric remains unstable, bu-t positive for the first 
6,000 time steps. After the equilibrium situation is reached, the potential 
remains constant tb the termination 6f the sun after 20,000 time steps. The 
equilibrium potential over the dielectric is uniformly positive and 
decreasing in value from the voltage on the exposed conductor to near zero 8t 
the outside edge of the dielectric. The potentials behave as if they have 
"snapped over" from their normal near zero level. This resembles the 
snapover phenomenon observed in experiments with solar cell arrays (ref. 2). 
The potential upon the cover slips for the array increased from values near 
zero below 100 v6lt.s to values about 5c volts less than that of the 
interconnects for voltages greater than about 200 volts. 

CONCLUDING REMARKS 

A cylindrical particle-in-cell plasma simulation code applicable to 
plasma densities encountered in low earth orbit is nearing completion. 
Results of the calculation of plasma coupling current for the plain disk are 
in agreement with experiment for positive voltages. Any deficiencies in the 
simulation of the disk and dielectric configuration are due solely to the 
interactions of the dielectric. Techniques have been developed which allow 
dielectric charging to occur at PIC time scales. The current-voltage 
characteristic curves are in qualitative agreement with experiment, 
indicating that for these voltage raqes charge sticking and secondary 
emission probably adequately describe the dielectric interactions with the 
ambient plasma. The amount of secondary emisslon from the dielectric at low 
voltages during the simul&tions needs to be reduced to match the experimental 
current-voltage characteristic curve. Calculations using large ion to 
electron mass ratios are made possible by restricting both the grid size and 
particle nwber and simulating the mass ratio effects by moving the ions once 
for every n time steps. The square root of the desired ion to electron mass 
ratio determines the value of n. Further computational effort is required to 
extend the range of the disk and dielectric simulations to higher voltages 
and larger mass ratios. 
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Figure 2. - Overview o f  simulati~s cade. 
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Figure 4. - Simulation o f  a f r e e  plasma - average k i n e t i c  energy. 
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F igure 6. - Comparison wi th  experiment - p o s i t i v e  voltage. 
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7. - Comparison wi th  experiment - negative voltage. 

F igure 8.- Large mass r a t i o  calculat ions.  
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Figure  10. - Approach t o  equ i l i b r ium - e f f ec t s  o f  increasing 6/r. 
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Figure 12. --Variat ions i n  secondary emission y ie lds.  
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SURFACE INTERACTIONS AND HIGH-VOLTAGE CURRENT C61.LECTIONk 

M. 3. Mandell and I K a t z  
s-cue~o 

La- Jolla, Callfornla 92036 

Spacecraft of the future will be laeer and have higher power 
requirements than any flown to date. For sevttral reasons, it is-desir- 
able to operate a high-power system at high voltage. While the optimal 
voltages for many future missions are in the range 500-5000 volts, the 
highest voltage yet flown is %lo0 volts. (For a proposed solar power 
satellite, voltages as high as 40 kV have been mentioned.) 

S-CUBED, under. contract to NASA/Lewis Research Center, is develop- 
ing the NASCAP/LEO (ref. 1) code to embody the phenomenology needed to 
model the environmental interactions of high voltage spacecraft. In 
this paper we will discuss some aspects of the interaction between a 
high voltage spacecraft and its plasma environment. We will also 
describe the treatment of the surface conductivity associated with 
emitted electrons. Finally, we will excerpt m e  simulations by 
NASCAP/LED sf ground-based high-voltage interaction experiments. 

ELASMA INTERACTIONS 

Table 1 s h w s  two representative low-orbit environments compared 
with a typical geosynchronous plasma. The low orbit plasma is far 
colder and denser, resulting in a short (%1 cm) Debye length. The 
short Debye length is deceptive, however, as a high valtage spacecraft 
will expel plasma from its vicinity. A better estimate (refs. 2-4) of 
the collection distance is provided by the Child-Langmuir length 

where 8 is the plasma temperature (eV), 6 the surface potential, and 
n the plasma density. This expression is derived by equating the 
plasma thermal electron current ta the current collected by a space- 
charge-limited planar diode operating at the surface valtage, and 
solving far the plate separation. As shown in Table 1, this distance 
can easily be many meters for a kilovolt bias. It follows that the 
"sheath surface", which divides the high voltage region from relatively 
unperturbed plasma, will not be within a few Debye lengths of the 
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spacecraft surface (thin sheath approximation), nor will i c  he far 
df.staPr.t from the spacecraft (orbit-limited approximation), but i t  will 
be in an inrerrnediate regime ~ u e h  that t W u l l  spacecraft  geometry 
murrt be t a k a  into account. 

TARllE 1. -TYPICAL PLASW. PARIMETERS FOR LEO AND GEb) 

GEO LEO LEO 
('Typical) (Low Density) (High Density) 

Temperature (eU) 
Debye Length (n) 
Electron Thermal Current 

( l l /m2) 
Raw Ion Current ( ~ / m 2 )  
Ion (0') Mach Number 
Current Collection 

"CL 
L 

5x10-10 
0.04. 

Orbit 
Limited 

l&O 
0 . 3  
0.84 
10-4 

10-5 
6.0 

Space-Charge 
Limited 
22 m at 1 kV 

10-3 
10.0 

Space-Charge 
Limited 
3 m at 1 k V  

Currents to a large spacecraft are indicated schematically in fig-- 
ure 1. The primary current to the negative surfaces consists of ram 
ions, while the positive surfaces collect thermal electrons. As the 
ram ion current is only about one-tenth the electron thermal current, 
the spacecraft will float about 90 percent negative. However, for high 
bias the ion current will be enhanced by ion-generated secondary elec- 
trons. h additional source current to negative surfaces is-charge 
blowoff from arc discharges. As discussed elsewhere in this volume 
(refs. 5 -7 ) .  discharges on solafarrays have been observed for negative 
biases as low as %2U3 V. 

Figure 1. A high-voltage spacecraft collects ions 
dnd electrons from a plasma. 



Positive susf~ces attract plasma electrons, and the resultant 
secondary electrons farm a conductive layer over the  surface, as dis- 
cussed below, Due ta amoath.inp,-of vol  t a w  gradients pravidarl by t h i a -  
effect, pasftivcly biaaed.arrwy nulcfaccs are much l e s ~  l i k e l y  to arc 
than nep,atiuef-y binsod surfaces. 

The plasma currents cslLecfed by array surfaces cawtitutc a para- 
sitic current through the afray. Thc effects of this parasitic current 
oa-axray operation were discussed s-r the 1978 S acecraft Charging: Tech- 
nology Conference by Domitz anti Kolscki.(rref. 8 ! . AS lahorn in figure 
2a, solar cells maintain a nearly corlstant voLtage up to a lnaximum 
current. When this current is exceeded the voltage drops sharply to 
zero. Clearly, it is advantageous to operate as closely as possible to 
the solar cell's power peak (figure 2b). Figure 3a illustrates that 
plasma current is collected in a distributed fashion aver the array. 
The parasitic current at any point of the array is the integral of the 
plasma current density. Figure 3b shows a case in which a relatively 
small parasitic current, when added to the load current, shorts out the 
central portion of the array. 

THE NASCAPILEO CODE 

NASCAP/LEO is being developed to predict self-consistently surface 
potentials, collected-currents, and spatial electric fields for high 
voltage spacecraft in dense plasmas. While much of the code's algo- 
rithmic structure is adapted from the widely used NASCAP code (ref. 9 ) ,  
NASCAPILEO also contai-ns several noteworthy features necessary for 
modeling the intended physical regimes. 

NASCAPILEC bas NASCAP-Pike object definition routines. Like 
NASCAP, the object is contained in a primary grid (figure 4 ) ,  which 
may be surrounded by one or more outer grids with suecessively doubled 
mesh spacing. Enhancements inciude the ability to put mirror planes 
coincident with one or more of the inner grid boundary planes, and to 
include subdivided regions in the primary grid in order to resolve 
small but important abject features. 

Space charge, which is typically i,;nored in MASCAP, is treated by 
NASCAPILEO as a local, nonlinear function of potential. Presently the 
function is taken to be 

A particularly important enhancement in NASCAPILEO is the ability 
ta apply either potential or normal-electric-field boundary conditions 
to each surface cell. The field condition is used for cells whose 
potential is governed by emission of low energy electrons (see below). 

To calculate plasma currents, WASCAPILEO defines the sheath sur- 
face as a epecified equipotential, and tracks representative particles 
inward, The current represented by each particle is determined taking 
into account ram effects as well as the local plasma density and tem- 
perature. Care is taken not to generate sheath particles in regions 
from which plasma is excluded by high fields or by nearby object sur- 
faces. Thus NASCAP/LEO determinea the ion and electron currents to an 



CURRENT IAWPSI 
Figure 2a. Solar cell.voltage versus current, according to 

Domiez and Kolecki (ref. 8). 

CURRENT IRHPS1 

Fiaure 2b. Solar cell power delivered t o  load versus 
current, assording to nomftz and Kolecki (ref. 8). 



Figure .3aL ._ Plasma current density, E(V) , to a 
solar array (schematic). 

Figure 3b. Total array current as a function of voltage 
(solid line: schematic), consists of load cur- 

plus parasitic current. For this 
case, rent, a V"'Rk, su stantial pert of the array will be 
shorted out. 



Figure  4 .  NASGAPILEO grid structure, showing primary grid (shaded),  
outer grid ,  and locally subdivided regions. 

object, as well as the distribution of current over the object. 

ELECTRIC FIELD BOUNDARY CONDITIONS 

Far electron attracting insulating surfaces dominated by secondary 
electron emission, NASCAPILEO sets an electric field boundary condition. 
suck that the incident electron current is balanced by net outflow of 
secondaries to neighboring surfaces. The derivation of electron hop- 
ping conductivity has been presented clsewl,er~ (refs. 10-ll), but \ie 
repeat it here for completeness, then proceed to derive the electric 
field bormdary condition. 

Assume a surface has an electron-attracting (positive) surface- 
ncrmal component of electric field, , and emits a low energy elec- 
tron current -J,(AI~~). These electrons travel in parabolic orbits, 
with "flight time", 7, given by 

where m is the electron mass and <E> is the (appropriately averaged) 
electron energy. These electrons form a charge density (coulh2) 
given by -Jer. This surface charge layer will be accelerated by any 
transverse electric field, Ell, to a mean velocity of -e Ellr/Zm, and thus 
constitutes a surface current, # (Alm) given by 

K = (-.ler2/2)(-e Elllrn) = 4 Je E ~ ~ < E > I E ~  = ollEll 1 
- 1  The last relation defines the transverse corductivity, oil (ohms 1-  

To derive the electric field boundary condition, we further 
assume that ithe emitted current is proportional to thc incident cur- 
rent;, Jin : 



Current balance xeqiliceu that 

Since the previouc derivation sssurnad uniform fields, it: i s -  no Euxther 
appcoxi~atiorn to remave all  frcm the divergence, giving 

' The incident current cancels from the above equation, which may then. 
be solved for the desired conditian: 

ILLUSTRATIVE CALCULATIONS 

To illustrate the type of information obtainable ftoa the NASCAP/ 
LEO code we present results from three previously published simulations 
of-laboratory experiments. For more details we refer the reader to the -- -. 
original publications (refs. 1, 2, 12). 

Early NASCAP/LEO calculations were restricted to potentials about, 
and current collection by, surfaces of known potential. McCoy and 
Konradi (ref. 3) reported at the 1978 Spacecraft Charging Technology 
Conference experiments oa a biasable metal strip, about 10 meters long, 
mounted an insulating plastiz. Figure 5 shows sheath trajectories for 
cases. in which the metal strip was linearly biased. The four cases are 
0-600 V, 0-1200 V, 0-2400 V ,  and 0-4800 V. The shape sf the sheath, as. 
indicated.by the plotted trajectories, is in agreement with ~bservations 
by low-light--level television, A l s a ,  the calculated and measured cur- 
rents-are in- good agreement. 

NASCAYILEO was later improved to predict the spread of high 
voltages onto insulating surfaces. N. John Stevens (ref. 13) reported 
experiments in which a 3.5 cm diameter biased metal disk (figure 6) 
was surrounded by either grounded metal or by kapton, and the collected 
current was measured. For the "plain disk" case (figure 7) agreement 
was excellent. The Bi.sk-on-Kapton case (figure 8) is far more diffi- 
cult, as t h e  kapton enhances collected current at high bias voltage, 
and suppresses it at low voltage. While the oimulati~n results were 
in fair agreement at high bias, both for collected current and insula- 
tar surface voltage (figure 9) they did not predict the low voltage 
current suppression. This was because the charging algorithm at the 
time was unable to predict negative charging of the kapton surfaces. 

A similar experiment was reported by S. Gabriel et al. (ref. IS), 
who used an emissive probe to measure the  electrostatic potential in 
the plasma over a biased "pinhole". The computer model (figure 10) 
made use of the NASCAP/LEO subdivision capability to get good spatial 
resolution in the neighborhood of the pinhole. Far negative bias 
(figure 11) agreement was excellent. Fairly good agreement was also 
obtained for poaitive bias (figure 12), although the experiment showed 
more distinction between two different plasmas than the calculations 
predicted. Good agreement was dehieved as well for the collected 
currents. This latter calcuBation showed the utility of the 
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Plain disk experiment - tests treatment or external 
eials and currents; disk-on-kapton experiment - tes 
ment of insulator charging (from ref. 13). 
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Figure 7. Current colleceed by biased disk surrounded by grounded 
metal. The dafihed curve is a prediction by a two-dimensional 
particle-in-cell code (ref. 14). 
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Figure 8. Current collected by a biased disk surrounded by kapton. 
Far high bias, NASCAPILEO correctly predicts current en- 
hancement (relative to the plain disk). For low bias 
current is suppressed due ta accumulation of negative 
charge on the kapton. At the time of the calculation the 
NASCAPILEO charging algorithm did not predict negative 
floating potential for insulators. 
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Figure 9 .  For high bias, NASCAP/LEO is in good agreement with- 
experiment (inset) concerning the spread of high 
voltage onto the insulator. 



Figure 10. NASCAP model of biased pinhole experiment, showing sub- 
grid resolution.of insulator surrounding 1.27 cm pinhole 
(central black area). The major grid resolution is 
1.46 cm,._.arnd the subdivided region-resdution.is -9 cm. - 

Figure 11. Potentials on axis for 0.64 cm diameter pinhole at 
-452 V. Solid line: Calculated with kapton at 0 volts; 
Points: Experiment. 



Figure 12. Potentials for 1.27 cm diameter pinhole. 
Solid curves: Calculation. 
Dashed curves: Experiment. 
Upper curves: ne = 2.5 x 10% cm-3, 0 = 5.3 eV.- 
Lower curves: ne = 5.8 x 10 cm-3, 6 = 4 .U eV. 

subdivision capability, and validated our electric field boundary con- 
dition model for the secondary electron layer. 

FUTURE- DEVELOPMENT 

We plan ta develop NASCAP/LEO for use as a reliable design tool. 
Among the planned improvements are prediction af spacecraft floatirlg 
potential., treatment of sheath ionization, improved ram-wake model, 
generalization to full NASCAP geometry, and self-consistent power sys- 
tem representation. Validatioa/iinpravement cycLes will continue at 
each stage, aided by both ground-based and space-based experiments. 
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The second Plasma In te rac t l ons  Expertment (PIX-11) was launched t n  Janu- 
a r y  1983 as a piggyback on the  second stage o f  the DeUa launch v e h l c k  t h a t  
c a r r l e d  I R A $  I n t o  o r b i t .  Placed I n  a 870-km c l r c u l a r  po la r  o r b l t ,  t t  returned 
10 h r  o f  data on the plasma cur ren t  collection and a rc lng  behavlor o f  so la r  
a r ray  segments blased t o  f l O O O  V fn steps. The four  500-cm2 so lar  a r ray  
segments were blased s i n g l y  and I n  comblnatloas. I n  a d d l t l a n  t o  the  a r ray  
segments P L X - I 1  c a r r l e d  a sun sensor, a Langmulr probe t o  measure e lec t ron  
currents,  and a hot-wire f l lament  e lec t ron  emi t te r  t o  c o n t r o l  veh ic le  poten. 
t l a l  dur lng  p s r l t t v e  a r ray  b ias  sequences. L l ke  I t s  predecessor, PIX- I ,  

t PIX-I1 was destgned, b u l l t ,  and tes ted  a t  t he  NASA Lewls Research Center. 
i 
7 

Thls paper provldes an overview o f  t he  PIX-I1 experlment from program atld 
1 
i' 

opera t lona l  gerspect lves. 

INTRODUCTION 

Most U.S. spacecraft  t o  date have used low-voltage so la r  arrays, generat- 
lng power a t  -30 # The h lghest  vo l tage a r ray  f lown by NASA was- on Skt lab, 
whtrh had an ar ray  vol tage o f  70 t o  115 V and generated 16 kW o f  power. Space 
s ta t l ons  and other  l a rge  fu tu re  systems w i l l  r equ i re  lncreastng power genera- 
t l o n  c a p a b l l l t y .  As power l e v e l s  lncrease, the welght and I*R power loss  
penal-tles f o r  ma ln ta ln lng  low so lar  a r ray  voltages lncrease dramt i t i ca l l y  
( r e f s .  1 t o  3). Power systems generat lng hundreds o f  kilowatts are  requ l red  
f o r  sucRmlsslons as the space s ta t i on .  A t  these power leve ls ,  vol tages o f  a t  
l e a s t  a few hundred v o l t s  a re  requtred t o  reduce I n t e r n a l  r e s l s t l v e  losses 
w l t h l n  the  ar ray  and t o  reduce the  w l r l n g  harness mass requi red t o  t ranspor t  
the  power. Thls need t o  operate a t  h lgher  voltages has spurred evaluation o f -  
hlgh-voltage so la r  a r ray  operat ton tn space. 

Salar a r ray  systems consts t  of s t r l n g s  o f  so la r  c e l l s  w t t h  m e t a l l i c  l n t e r -  
connects between them. These fnterconnects a re  a t  vol tages t h a t  depend on 
t h e l r  pos l t tons  I n  the  ar ray  c l r c u l t  and are  usua l ly  exposed t o  the envlron- 
ment. Nhen these systems are  placed I n  o r b l t ,  they w l l l  i n t e r a c t  w l t h  the  
n a t u r a l l y  occurring space plasma. Two types o f  potentially hazardous l n t e r -  
ac t ions  t o  an I s o l a t e d  so la r  a r ray  I n  o r b l t  a r e  present ly  recognlred: power 
loss  from p a r a s l t l c  cur ren ts  tlrrough the  plasma, and arc lng.  Both o f  these 
tn te rac t l ons  are  plasma dens l ty  dependent and present greater  hazards a t  
h lgher  dens l t les .  The low temperature lonospherlc plasma has a peak dens l ty  
( o f  -106 part lc les/cm3) a t  about 300-km a l t l t u d e  ( r e f .  4) .  High-voltage 
system - plasma ln te rac t l ons  w l l l  therefore be most severe I n  low Earth o r b l t s .  

The PIX-11 experlment was conducted t o  prov ide f l l g h t  data on h lgh-vol tage 
so la r  a r ray  - plasma ln te rac t l ons .  These dara dre  betng analyzed t o  c a l i b r a t e  
ground s lmu la t lon  r e s u l t s  and t o  gulde and v a l l d a t e  modellng e f f o r t s .  Thls 
paper presents the background, Qescrlbes the  experlment, and summarizes the  
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opcra t lona l  sequences tha t  character lzc! the data s e t ,  The f o l l aw lng  papers 
dcscr lbc  somc r e s u l t s  of  thc data a n a 1 ~ s I s .  

BACKGROUND 

I n v e s t l g a t l a n o f  l n t c r a c t l o n r  between h lgh-vo l tage syste~ns and thermal 
plasmas was begun I n  the  l a t e  1960's. Exgerlmen.ta1 work. us ing  small segments 
o f  so la r  arrays and Insu la ted  o lcct rodes w l t h  p lnhdles lnd lca ted  tha t  the 
presence o f  the insulators caused plasma cu r ren t  c s l l e c t l o n  phenomena tha t  
departed dramat lca l l y  from the  p red l c t l ons  o f  Cangmulr probe theory. Exper l -  
ments lnd lca ted  g r e a t l y  enharlccd t??ectr~on c o l l e c t l o n  a t  vol tages I n  excess o f  
about +150U and a rc ing  6n Solar a r ray  segments b lssed s e w r a l  hundred v o l t s  
negat lve w l t h  respect t o  plasma ground. Concern f o r  the lmp l lca t \ons  o f  these 
r e s u l t s  f o r  h lgh-vol tage systems I n  o r b l t  prompted the  development o f  the 
SPHINKtSpace Plasma HSgh Voltage In te rac t l ons  Experiment) satellite ( r e f .  5 ) .  
SPHINX was launched l n  ea r l y  1974 but  f a l l e d  t o  a t t a I n  o r b l t  due t o  a b u n c h  
veh lc le  malfunction. 

A f t e r  t he  l oss  o f  SPHINX, the  a t t e n t l o n  of the enulranmental t n te rac t l ons  
community was f o r  several years focused on i n v e s t l g a t l n g  spacecraft  charglng, 
an l n t e r a c t l o n  t h a t  had been found t o  be hazardous f o r  geosynchronous space- 
c r a f t  and was In tens i ve l y  s tud led  by M S A  and the  A l r  Force. I n  the l a t e  
1970ts, I n t e r e s t  I n  hlgh-voltage In te rac t l ons  agaln l n t e n s l f l e d ,  and t h e l r  
study was resumed under the auspices of the  j o l n t  NASA/USAF Enulronmental 
I n te rac t i ons  Technology I n v e s t l g a t l o n  ( r e f .  6). The ground tecl l !~ology program 
u t l l l  zes the experlmental f a c l l l t l e s  a t  N4SA and USAF centers and b u l l d s  on 
the modellng c a p a b l l l t l e s  developed du r lng  the  spacecraft  charglng lnves t lga-  
t l o n ,  as well. as ustng the e a r l l e r  hlgh-valtage-study cesu l ts  ( r e f s .  7 to 12). 
The goal  I s - t o  develop guldel lnes and a n a l y t l c a l  t o o l s  t o  gulde the design o f  
l a rge  htgh-voltage systems I n  Ear th o r b l t .  The apprgach I s  t o  perform exper l -  
ments and develop models tn an l n t e r a c t l v e  program I n  w h k h  experlmental 
r e s u l t s  a re  used both  t o  gulde and v a l i d a t e  the  models. 

The ground technology programs requ l re  complementary f l l g h t  experlment 
data t o  calibrate the ground-based tes t lng ,  t o  gulde and va l tda te  the  models, 
and t o  l n v e s t l g a t e  experlmental  condl t tons no t  obtainable l n  ground f a c l l i t f e s .  
The f l r s t  such data were obtalned by the Plasma I n t e r a c t l o n  e&perlment-2 
(P IX- I )  whlch f l ew  I n  March 1978 as a piggyback on a second-stage Oelta launch 
vet.lcle. I t  rematned w i t h  the Oelta stage, operat ing I n  a 900-km c i r c u l a r  
near-polar o r b l t  f o r  4 h r .  About 2 h r  of data were returned by rea l - t lme 
te lemetry.  The mlss lon t lme was 1lmlted.by the l l f e t l m e  o f  the second-stage 
De l ta 's  te lemetry ba t te ry ;  data r e t u r n  was I l m l t e d  by the rea l - t lme recovery 
requirement. The PIX-I  r e s u l t s  v e r i f i e d  t h a t  the  e lec t ron  c o l l e c t l o n  enhance- 
ment and a rc lng  phenamena observed-In ground t e s t s  a l so  occur I n  space 
( r e f .  13). 

THE PIX--  11 EXPERlMENI 

Object lves and Approach 

The basic  ob jec t lves  o f  the PIX-11 experln~ent were t o  acqul re f l l g h t  data 
f o r  use I n  c a l l b r a t l n g  the ground s lmu la t lon  f a c l l l t l e s  and I n  developlng and 
v a l  l d a t l n g  models. Because the  orb1 t a l  environment cannot be dupl l ca ted  on 
the ground, f l l g h t  data are  requl red t o  evaluate the e f f e c t  o f  s lmu la t lon  
lnadequacles on the plasma c o l l e c t l o n  and a rc lng  response o f  so la r  arrays.  O f  



pa r t l cu l d r  concern f a r  PIX-I1 were the current  ca ' i lec t lon and arc thrcrhald 
bchavler o f  array se~menfs i n  prnklml ty t a  one another. 

The aflpraach chosen was t a  d l v l ds  the sxpcrtmsntal a t ray  I n t o  four fnds- 
pendcotly blasable ssgmcnto, each o f  area about 580 cm2. These were hlascd 
I n  a p rep r~g ramed  sequence I n  varlaus corfiblnatlonn, I n  voltdge steps to 
a,100Q V .  Currents co l las tcd  by each s f  the array segments were measured by 
electrometers. A hot  wire ft lament e l cs l ron  emit ter  was Included t o  avold 
la rge negatlve po ten t la l  excurslono o f  the vehtcle Burtng hlgh gos l t l vs  blas 
condlt lons on the arrays. A spherical langmulr probe and a sun sensor were 
Included t o  grovlde plasma dlagnostlc and o r l en ta t l on  lnforpnatlon. The package 
was deslgned as a piggyback experlmcnt t o  remain w l t h  the second stage s f  a 
Oelta launch *htcle. 

Experiment System 

I h e  PIX-I1 experiment was deslgned and b u l l t  a t  Lewls. The desfgn was 
based o n  tha t  of PIX-I, w l t h  a number o f  changes Incorporated t o  Improve the 
qua l lky  and quant l ty  of data obtained. 

PIX-I1 conslsted of two major subassemblies: the electronics enclosure 
box and the experiment pla.te. These were l o c ~ 1 8 0 °  frum each other around 
the Del ta 's  circumference ( f i g .  1).  

The experlment p l a t e  ( f l g .  2) was 91.4 cm (36 I n )  i n  diameter, truncated 
t o  81.3 cm (32 I n )  a t  the top t o  f1.t the launch uehlcle. The four-segment 
solar  array, 48.3 by 40.6 cm (19 by 16 i n ) ,  was hea ted  on the f r on t  center o f  
the p la te .  The 134' acceptance angle sun sensor was located 5.7 cm (2.25 I n )  
above the solar  array and 7.0 cm (2.75 I n )  t o  the left of  center. 

For thermal cont ro l  the space-faclng slde o f  the experlment p late,  except 
f o r  the arrays, was covered w l t h  a s lng le  layer  o f  2.5~10-3 cm ( 1  m l l )  a lu -  
mlnl red Kapton coated w l th  a black conductive pa in t  (Sheldahl G113600), black 
slde out. Thls sheet was attached t o  the p l a t e  w l t h  Kapton tape and stainless 
s tee l  screws, the l a t t e r  provld lng e l e c t r l c a l  groundlng f o r  the black coatlng. 

The solar  c e l l s  used on the PIX-I1 program were f l i g h t - q u a l l f l e d  c e l l s  
l den t l ca l  t o  those used on other f l l g h t  programs. The c e l l s  were 2- by 2-cm 
s l l l c o n  solar  c e l l s  0.03 cm (0.012 I n )  t h l c k  w l t h  a bulk r e s l s t l v 4 ~ t y  of 
10 ohm-cm. The covers0ldes were type 7940 s l l l c a  0.05 cm (O.O?B In )  th lck .  
The c e l l s  were conflgured I n  segments, each cons ls t lng o f  19 serles-connected 
submodules. Each submodule conslstcd o f  s l x  parallel-connected solar  c e l l s .  
There were 114 solar  c e l l s  per segment, so the the t o t a l  number o f  c e l l s  f lown 
was 456. For campartson, 24 c e l l s  were f lown on PIX-I. The peak power capa- 
b l l l t y  o f  the solar  panel was 25 W, but  no power was drawn from the c e l l s  
stnee each segment was shorted from one end t o  the other. 

Each segment was mounted on a f iberg lass sheet. A l l  four  segments were 
bonded w l t h  polyurethane ddhestve t o  a 0.013-cm (5-mil)  th lck ,  40.6- by 
53.3-cm (16- by 21-In) Kapton sheet t o  achleve good e l e c t r l c a l  l so la t lon .  The 
Kapton sheet was bonded w l t h  polyurethane adheolve t o  a 0.95-em (0.375-In) 
th:ck alumlnum substrate of the same dlmenslons as the sheet. Thls assembly 
waz bo l ted t o  -the experlment p la te .  



The sun scnsO;, uscd to  l n d l c a t c  the  t e s t  a r ray  a r l e n t a t l a n  r e l a t l v e  to  
the  sun was a v o r t I c a l  m u l t l j u n c t l n n  so la r  c e l l .  I t  worked I n t o  a f l u c d  
r e s i s t o r  t o  p rov ldc  a 0- t o  & V  s igna l  whenever the Sun was. w t t h l n  I t s  13.4" 
f l e l d  o f  dew.  I $ r l n c a t l a ~ o n  thc expcrlmcnt plate I s  shown l n  f l g l r r c  3. 

I h c  e l cc t ren l cs  enclosurit box ( f l g .  3) was a roctclngular s t ruc tu re  50.4 
by 54.6 by 30.5 cm (23-by  21 .5  by 12 I n ) .  l t  housed tho r?wpc?rlment e lec t ron -  
l c s  and b a t t e r y  and supported the Bepleyahlc Langmulr prohe and the hot w l r c  
f l lament  s l s s t r o n  c m l t t c r  probe. The outs lda  swfacos  of the box were covered 
w l t h  a m u l t l l a y s r  l nsu la t l a f i  ( M b l )  blanket  of  O.00354 cm ( I  m l l )  a\umlnizsd 
Kapton. fha ou te r - fac lng  layer  was Q.00254 em ( I - m l l ]  alumlnlzsd Khpton cov-- 
w e d  w l t h  an e k e t r l c a ' l l y  c o n d u t l v e  black coat ing  of  ShaMatrl 6113600, b lack 
st86 out. The M b I  blanket and black cont lng  were e 1 6 s t ~ l c a l l y  grsundcd w l t h  
s t raps connected t o  the  s t ruc ture .  

I h e  f n t e r l o r  o f  the enclosure box conslsted of  three stiffened t rays  o f  
shelves t o  whleh the varlous e lee t ron lcs  boxes and ttle experlment b a t t e r y  were 
attached. 

I h e  h lgh-vol tage power supply provlded a programmable vol tage t o  the  
PIX- I1 so la r  a r ray  experiments v l a  the electrometer package. It was program- 
mable t o  prov lde 32 voltoge steps from 0 t o  1 kV. I t  accepted 24 t o  32 V dc 
l npu t  t o  a maxlmum power o f  110 W and output ted  0- t o  1-kV p o s l t l v e  voltages 
a t  88-mA maxlmum cur ren t  and 0- t o  1-kV negat lve voltages d t  4-mA maxlmum 
cur ren t .  

The PIX- 11 electrometer yrovlded fou r  Independent channels, one f o r  each 
a r ray  segment. The electrometer f l o a t e d  a t  the h lgh-vo l tage supply p o t e n t l a l  
and measured e lec t ron  currents I n  the  range 1 MA t o  80 mA ( p o s l t l v e  voltages) 
and l o n  cur ren ts  o f  0.01 PA t o  1.0 mA (negat lve vol tages) .  I n  a d d l t l o n  t o  
measuring co l l ec ted  plasma currents,  the electrometer box Incorporated the 
h lgh-uo l  tage-array w l t c h l n g  f unct lon.  

The experlment command sequencer and data mu l t l p lexe r  u n l t  (SEQ/MULI) 
c o n t r o l l e d  the operat tonal  con f l gu ra t l on  o f  the  experlment wh l l e  z o l l e c t l n g  
and compll tng data from the remalnlng e l e c t r o n l c s  subsystems. The command 
sequencer was a read-only-memory-based c o n t r o l l e r  t h a t  was preprogrammed t o  
the  destred f l l g h t  sequence before launch. A f t e r  execut lng the preprogramed 
sequence ( 8  hr ,  53 mln, 20 s a f t e r  turnon),  the  sequencer cyc led t o  the  s t a r t  
and repeated It. The data mu l t l p lexe r  co l l ec ted  and complled experlment l n f o r -  
mdtlon and formatted I t  i n t o  a s e r i a l  stream f o r  use by the  Del ta t ransmi t te r .  
I h e  SEQ/MULT box a l so  housed the data storage u n l t ,  a  s o l l d - s t a t e  memory t h a t  
was Included t o  ensure f u l l -o rb !  t data coverage. 

The power c o n t r o l  u n l t  (PCU) grovlded power condl t lon lng,  con t ro l ,  and 
d l s t r l b u t l o n  f o r  P IX - I1  and In te r faced t o  the  Delta. It served as the s lng le -  
p o l n t  ground reference f o r  the experlment and provlded power re turns  t o  each 
component. The PCU box a l so  housed the  e lec t ron i cs  associated w:zh the ho t -  
f l lament  em l t t e r .  

I h e  b a t t e r y  provlded power t o  the  e n t l r e  f l l g h t  experlment. I t  contained 
18 s l l v e r - z l n c  c e l l s  ra ted  a t  15-Ah capacl ty  I n  a sealed case. 

The Langmulr e lec t ron l cs  u n l t  operated the  Langmulr probe t o  prov lde a 
measurement o f  plasma densi ty .  The probe vol tage could vary from -20 t o  



+I10 V I n  steps, and currents I n  the range t o  A cou ld  be recorded. 
The probe voltage stepped through l - t s  range ( i n  5-  and- 10-V-steps) dur lng 
probc weeps. When not w w p t n g ,  the probe voltage war held a t  t50 V.  The 
Langmuir. probe was lacated on one slde o f  the e-lectronlcs enc lowre box 
( f  lgs.  1 and 3). Lt was stowed dur lng launch and deployed 9aQ t o  the slde o f  
the box a f t e r  the Deltabs depletton-burn. Overal l  length o f  the assembly was 
71.1 cm (28 In ) .  The probe i t s e l f  was a 1.9-cm (3/4- ln)  diameter alumlnum 
sphere. 

L lke  the Langmulr probe the Rot-f l lament emlt ter  was attached t o  the 
e lec t ron lcs  box and deployable by uslng an l den t l ca l  release mechanlm. It 
deployed 90' from the face of the electrontcs box (approximately r a d t a l l y  out- 
ward from the Delta vchlc le) .  The f l larnent 's purpose was t o  emlt electrons t o  
neu t ra l i ze  the charge co l lec ted when the solar  arrays were a t  h lgh pos l t f v c  
b las I n  order t o  mlntmlze chug lng  of the Del ta vehlc le under these condlt lons. 

The f l l g h t  hardware underwent xhermal-vacuum, v lbra t lon,  shock, and plasma 
t es t l ng  and_a_functlonal electrical c h k o u t  before launc- - -- 

The F l i g h t  

PIX-I1 was launched w l th  IRAS on Delta launch 166 on January 25, 1983, a t  
9:17 p.m. e.s.t. (01.-26-83, 03:17 G.m.t . ) .  PIX-I1 was ac t l va ted  a t  03:28:20 
G.m.t. on January 26, a f t e r  release of IRAS. Lts o r b l t  was 870 km c i r cu l a r ,  
1 00° I n c l  lna t lon.  PIX-I I was near the terminator and experienced ec l  lpse con- 
d l t l o n s  for about 8 mln per 103-min o rb i t ,  near the nor th  pole. Experiment 
durat lon was l im l t ed  by the l l f e t l m e  o f  the Oelta telemetry bat tery  an& the 
experhent  bat tery .  Design l i f e  was 10 tir. I n  fac t ,  PIX-IL returned about 
18 hr  o f  data as both real- t ime data and memory dumps. The expertment oper- 
ated nomlnal l y  except tha t  f u l l  deployment of the Langmulr probe was uncertain-. 
The probe was released erom i t s  stowed posi t ion,  but the s lgnal  l nd lca t lng  
la tchfng I n t o  the f u l l y  deployed pos l t l on  was not  recetved. The a t t j t u d e  o f  
the Delta vehtcle was vartable slnce there was no ac t l ve  a t t l t u d e  control,- - -- -- - 

Data Obtained 

Flgure 4 summarizes the PIX-I1 expertmental arrangement from the "sclencell 
po l n t  o f  vlew. The four array segments were blased lndependentl-y i n  varlous 
comblnatlons t o  +I kU I n  steps and the co l lec ted currents measured i n  a pre- 
programmed sequence. Langmulr probe sweeps were done per lod lca l l y  as pa r t  o f  
the sequence. The emlt ter  was act lva ted dur lng most past t lue-vol tage scans, 
although some were done w l t h  the eml t ter  o f f  t o  evaluate t t s  
e f f ec t t vene~s .  Electron currents o f  10-7 t o  10-2 A ( pos i t i ve  voltages) and 
ton currents o f  10-8 t o  10-3 A (negatlve voltages) were recorded. 

The voltage blas leve ls  used were 0, 530, 560, +95, 2125, f190, 2250, 
+350, +500, 2700, and 21000 V-. These were stepped through sequenttal ly (e.g., 
0, t30, t60, etc .). Each voltage was held f o r  16 s f o r  most voltage scans, 
although a few used 32-s steps. Currents I n  each electrometer were read a t  
2-s In terva ls .  

Table I sunimarlzes the array b las scans and Langmulr probe operations 
conducted dur lng one f u l l  program sequence, over a perlod of 8 h r  53 mln 20 s. 
Two f u l l  program sequences and one p a r t t a l  sequence were completed dur lng the 
flight. For c l a r l t y  of presentation the array segments have been numbered 1 



t o  4, from l e f t  to r l g h t  i n  the v lewdeplc ted I n  f i yu re  2.  The first column 
i d e n t l f i e i  whlch wgmeats were belng blased. Segments not blased In a gl.-wen 
scan were elec. t r lcal ly  f l aa t lng .  Thus an entry a f  It?-" sl9~q.lf les array segment 
1 btased and segments 2, 3, and 4 f loatlng.; an en t r y  of ''1 + 4" slqnlf les  scg- 
ments 1 and-4 BtasCld and s.eqments 2 and 3 fl.oat.lng,. and so f s r t k .  The entry 
%lradlentt1 re fers  t o  a spe t la l  mode ID wblch a constant 100-V-bias di f ference 
was ma-lntalned between a&Jacent array segments during. a scan. I n  t b l s  case 
V.1 > V2 > Ug > V4 and VI - V j  = 100 V, (1.3) = (1,2) or  (2.3) or (3,4), where 
the subscrlpto r e f e r - t o  segment numbers. A11 four arrays were blase8 I n  the 
gradtent mode. The number of scans durlng which the hot -dre- f l lament  emttter 
was acttvated I s  a subset df  the total-.number of  pos t t l ve  scans, so a tab le  
en-try of  '12 (10)-" s l gn l f l es  12 pos t t l ve  blas scans of  which 10 were done w l th  
the emitter on. 

Langmutr probe scans were dcne during the sequence at 1/2- and 1-hr t r i ter-  
va-Is, f o r  a t o b f  of 11 scans I n  the f u l l  sequence. During scans the voltage 
was stepped from -20 V- t o  t20 V I n  5-V increments and then from +20 V t o  +-I10 V 
I n  10-V Increments. Each voltage up t o  50 V was held f o r  4 s; the 60-V l eve l  
was held f o r  1 s; and tRe remalnlng voltages f o r  2 s edch. Current was meas- 
ured a t  1-s In terva ls .  The array segments were held a t  0 V during most probe 
scans, and a t  30 V for: a few. When the probe was no t  scanning, I t  W A S  held a t  
+50 V and I t s  current was monitored a t  2-s !ntervals. 

A t  h lgh negative voltages arc lng o f  the arra3 segments was ant lc lpated.  
I n  vlew of  t h i s  the hlgh-voltage power supply was shut o f f  when an ~ ~ v e r l a a d ~ ~  
current  of 1 mA of Ions  was reached. The orlqtnal.  derlgn 1n:ended the power 
suppl-y t o  recycle back t o  voltage I n  2 s-. Last-mlnute addl t ton o f  a capacttor 
resul ted I n  b e  system's belng unable t o  recycle proper ly  a t  high negatlve 
voltages. Thus, when an arc resul ted in shutdown o f  the power supply, the 
supply general ly could not recycle u n t i l  the beglnnlng of  the next voltage 
scan. Far example, I f  an arc resul ted I n  shutdown a t  -500 V I n  a gl-ven scan, 
no data were obtained a t  -700 or -1000 V f o r  tha t  scan. Tnls has resul ted I n  
some loss of data f o r  the negative-voltage scans. 

Data Analysts 

Results of data analysls a c t l v l t l e s  t o  date a te  summartzed I n  papers by 
Gr ier  ( r e f .  14), Ferguson ( r e f .  15). and Roche and Mandell ( r e f .  16). I n t e r -  
p re ta t lan  of the data has been complicated by the var iable and unce?taln Delta 
attitude, and by ram/wake ef fects,  whlch make i t  d t f f k u l t  t o  assess l oca l  
plasma condlt lons on the array. 

Data analysls e f f o r t s  t o  date have focused on labora to ry - f l l gh t  comparl- 
sons ( r e f .  14) and ram/wake e f fec ts  ( r e f .  15). Flndlngs Include evldence f o r  
a tank w a l l  e f f ec t  I n  ground test lng;  less e f f ec t  from emlt ter  ogeratlon I n  
space than on the ground; lowsr than expected arc threshold voltages; con f l r -  
matlon tha t  arc threshold depends on plasma denslty; and the strong Inf luence 
o f  ram/wake ef fec ts .  

Comparlng the f 1 l gh t  data w l  t h  predicttons of  the NASCAP/LEO code 
( r e f .  16) lndlcated a need f o r  code refinements. E f fo r t s  t o  analyze and 
In te rp re t  the PIX-If  data and t o  compare them w l t h  ground t e s t  resu l t s  and 
model predlct lons are contlnulng. 



SUMMARY - 

The PIX-1.1 experlment was conducted-to provlde f l l g h t  data on the  fn te r -  
a c t l o ~ s .  betkeen hlgt i -voltagg sa lar  arrays and. space plasmas. Understanding - 
these I n t e r a c t  Ions 1s c r t t l c a l -  to .the deslgn o f  hl.gh-vol tage phobvo1tal.c 
power s$stems for- I-ow-Earth-orblt- ~ 1 - l r a t l o n s - .  FFIght data are  required t o  
calibrate-ground slmulat lons and t o  gild and- val-Idate l in teract lon modal.ing 
e f f o r t s .  The  P I X - I  experlment f lown I n  1918 returned- data m a t  established 
t h a t  the  cur rent  collection-and arc lng  phenomena observed I n  ground t e s t s  du 
occur I n  o r b i t .  L l ke  I t s  predecessor, PLX-I1 was designed, b u l l t ,  and tested 
a t  the  NASA Lewls Research Center- and f lown as a plygyback on a second.-stage 
Delta. The data set recovered 1s f a r  more extensive than t h a t  from PIX-I 
(18 h r  o f  data wlth f u l l  o r b t t  coverage as compared w i t h  1 h r  o f  real-t.1me 
data) and focusedan t h e  c r u c l a l  so lar  a r ray  In terac t ions .  Analysts and 
in terpre ta tdon o f  the  data have been compllxated by the  lack  o f  wel l -def ined 
attitude. dnf ormatlon aiid the  In f luence o f  ram/wake e f fec ts .  Several s lgn t  f?-- 
cant r e s u l t s  have been obtained. These Inc lude evldence f o r  lower a r c  thresh- 
o l d s  1n.spare than ace observed on the  ground; c o n f l r m a t l w  o f  t he  arc thresh- 
o l d  vol tage dependence on plasma densfty; and evtdence f o r  tank w a l l  e f f e c t s  
at h l g h  p o s i t i v e  voltages. fluch remains t o  be done to evaluate f u l l y  t he  
Informat ion contained i n  the  data base t h a t  PIX-LI's successful f l l g h t  has 
provided. Data analysts and interpretation are cont lnulng along several l l n e s .  
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TetSLC I. - P I X - I 1  EXPERIMENT 

[One f u l l  prngram sequence. ] .- 

(a)  Array bias scans-(0 t o  t l O O O  V )  

(b)  Langmulr probe scans 

(11 per sequence) 
when not. scannlng 

r 

S e w n  t 
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=Number I n  parentheses denotes 
number of scans durIng uhdch 
hot-wire-fUament emttter was 
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Figure 1. - PIX IIIDelta. (Dimensions are i n  inches. 1 
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Figure 2. - Experiment plate assembly. (Dimensions are i n  inches. ) 
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Figure 3. - Enclosure box assembly. (Dimensions are i n  inches.) 
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PLASMA INTLRAC'ITON EXPER LMW LL! P I X  I I) : LABORATORY AND FLIGHT RESULTS 

Norman T. G r ie r  
National Aeronautics and Space Ptdmtnistratlon . 

Lcwls Research Center 
Cleueland, Ohio 44.135 

The Plasma l [n teract lon Experiments I and II ( P I X  L and I-I) were designed 
as f i r s t  steps toward understanding i n t e r a c t i o n s  between htgh-voltage so lac  
arrays and the surrounding plasma. PIX L I  consis ted o f  an approximately 
2000-cm2 ar ray  d i v ided  i n t o  four  equal segments. Each af the segments could 
be biased independently aad the cur ren t  measured separately.  PLX I 1  was tested 
I n - t h e  labora tory  and i n  space. 

P I X  I 1  was launched on January 25, 1983, i n t o  a near ly  c i r c u l a r  po la r  
o r b i t  and a t ta ined  an a l t i t u d e  o f  approxlmately 900 km. I t  was launched as a 
piggyback experiment on the IRAS spacecraft  launch. I t  remained w i t h  the Del ta 
rocket  second stage and used the De l ta 's  te lemetry sys tem Approxhate ly  18 
h r  o f  data were  received: this-was the  l i f e  o f  the De l ta 's  telemetry bat tery.  

I n  a d d i t i o n  t o  the so la r  a r ray  segments, PIX I1  had a hot-wire-€%lament 
e l e c t r o n  em1 t t e r  and a spher ica l  Langmuir probe. The emi t te r  was operated when 
the ar ray  regmentruere biased pos i t l ve l -y  above 125 V .  Thermal- electrons-from 
the emi t te r  atded i n  balancing the e lec t ron  cur ren ts  c o l l e c t e d  hy  t h e a r r a y .  

I h l s  paper presents labora tory  and f l i g h t  resudts o f  PIX 11. A t  h igh 
p o s i t i v e  voltages on the so la r  a r ray  segments, the f l i g h t  currents were approx- 
imate ly  an order o f  magnitude l a rge r  than the ground t e s t  currents.  This f s  
a t t r i b u t e d  t a  the tank wa l l s  i n  the labora tory  I n t e r f e r l n g  w i t h  the  e lec t ron  
currents t o  the ar ray  segments. From previous t e s t s  i t  i s  known t h a t  the tank 
wa l l s  l i m i t  the e lec t ron  cur ren ts  a t  h igh  voltages. This was the f f r s t  v e r i f i -  
c a t i o n  of the extent  o f  the labora tory  "tank e f f e c t "  on the plasma coupl ing 
cur ren t .  

INTRODUCTION 

The Plasma I n t e r a c t t o n  Experiments (PIX I and 11) are p a r t  of a broad 
Inves t i ga t i on  by the Lewis Research Center t o  davelop design guidel ines, mate- 
r i a l s ,  de;vlces, and t e s t  methods f o r  c o n t r o l  lirrg detrimental. interactions 
between h igh-  vo l tage systems and the space envlronment. Systems of I n t e r e s t  
inc lude so la r  arrays, power systems, conductors and Insu la tors ,  and other 
exposed components. Surf ace- plasma i n t e r a c t  ions i n c  1 ude cur ren t  drains, charge 
bu i ldup on Insu la tors ,  and dtscharges t o  o r  through the space plasma. 

Future s a t e l l i t e s ,  i nc lud tng  space s ta t i ons ,  w i l l  r equ i re  operat ing power 
from tens of k i l o w a t t s  t o  megawatts. I n  the near f u t u r e  most, If not  a l l ,  of 
t h i s  power w i l l  be generated by arrays o f  so la r  c e l l s .  To keep the wel9ht of 
the power d i s t r l b u t t o n  and cond i t i on ing  components t o  a minlaum, the arrays 



wll-1 have t o  aperate a t  much hlgher voltages than the 100 V or  less of  present 
arrays. Prevlolr!i lnvest ig i%t lons ( re fs .  1- t o  7 )  have E ~ O W ~  tha t  s.01ar arrays 
bbsed  a t  voltages greater than appr-oxtmately 150 V poslk lve and operattng l f i  
a plasma 1-ike tha t  o f  t8e lower lonosphere a t t cac t  large currents of  electrons 
from the plasma envlroamenf. That I s ,  the electron currefits. are enhanced a t  
these volta.gBs. These e lcc t rsn  currents are balanced by ion  cu r rzn ts -a t . t rac teL- - -  - 
t o  other port ions-of the  spacecraft tha t  are negative w l t h  resgect t o  space 
potent ia l ,  Thus. c t rcu l t s -  are created through the plasma For paras l t t c  cur- 
rents. Because these pa ras i t i c  currents are i f l p a r a l l e l  w t t h  the load current, 
they represent power losses. 

On a sgacecraf t operating w l th  a negat lve-grounded, hlgh- voltage solar 
array, large port lans o f  the spacecraft surface w i l l  be negative wt th  respect 
t o  s g a e  p lama potent la l .  Thfs i s  caused by the d i f ference i n  the electron 
and ion mob l l l t i e s  and the  requirement that- e l e t t r on  currents t o  the spacecraft 
be balanced w i t h  l s n  currents (i.e., the ne t  current  to the spacecraft must be 
zero). Even though there w l l l  be surfaces a t  relatively high negative vo l t -  
ages, the 4011 current  t o  these surfaces w l l l  be low and therefore w l l l  not be a 
problem. However, there are other adverse e f fec ts .  On laboratory t es t  arrays 
blase8 negatlvely more than approxintately -25G V, blowoff arc ing discharges 
h w e  been observed. PIX I (re f .  I), which was launched I n  March 9978, v e r l f l e d  
that  both the current  enhaugement f o r  pos l t l ve  bias and the arc lng f o r  negative 
blas occur In f l l g h t .  The present paper presents resu l t s  from the second 
plasma in te rac t ion  experiment ( P I X  11). 

The object ive of the PIX I 1  f l l g h t  experiment was t o  obtain f l l g h t  data on 
plasma - solar  array In te rac t ion  phenomena by using a much larger solar array 
(2000 cm2) than the one f lown on BUC L (100 un2). These Snteracttons include 
plasma coupl9n.g currents and neqa-tlve bizrs arclng. The &ata obtalned can also 
be used t o  ca l i b ra te  ground t e s t  f a c t l i t f e s .  The experiment conslsted of  four 
Identical array segments of  about 500 em2 each. Various comblnations of  these 
segments were biased over a range of valtages from -1 t~ 1 kV. A spherlcal 
Langmutr probe was used t o  measure loca l  plasma densit ies. As expected, a 
range of densl t les was encountered durlng each o r b i t .  An emitter was act ivated 
a t  hlgh pos i t i ve  voltages t o  prevent the whole spacecraft from belng drtven 
great ly  negative by the large e lec t ron currents col lected a t  such voltages. 
The sclar  arrays were voltage btased i n  a preprogrammed step sequence. 

The P I X  I 1  f l l g h t  package conslsted of  the 2000-cm2 solar array panel 
mounted on a 91.4-cm-dlameter p l a te  that  was truncated t o  81.3 cm on one slde, 
an e l e c t r o n l c ~  enclosure box houslng a l l  o f  the electronics hardware, the emit- 
ter ,  and the spherlcal Langmulr probe. Qn the Delta, the electronics enclosure 
box was mounted 180' around the pertmeter from-the solar--array panel. 

EXPERIMENT AND PROCEDURE 

The experimental setup I s  shown l n  f l gu re  1. For pos l t i ve  bias each 
electrometer could measure currents from 10-7 t o  10-2 A; f o r  riegative blas the 
range was t o  10-3 A. The power supply was capable of an output of  00 mA 
a t  1000 V and was programmed f o r  output voltages of 0, 230, 260, +95, +125, 
+190, +250, +350, t500, 5700, and flDO0 V. Even though the solar array seg- 
ments were operated Ind lv ldua l l y  and I n  coablnatlons, the current  t o  each seg- 
ment was always measured ind lv ldua l  l y .  



The PIX I L  te lemeiry  systems operated I n  r e a l  tlme. However, f u l l  r e a l -  
t ime telemetry ground coverage was not poss lb le  wPth tho l l m l  t cd  number of 
ground recel-vlng s ta t l ons  available. Sa P I X  1-1 was given the c a p a b l l l t y  o f  
s- tor ing data. f a r  68 mtn. A f t e r  60 m l i t  from P I X  'II turnen, the o l d  data were 
ouerwr t t ten  conttnuaus.ly a t  a r a t e  o f  64 Qlts/sec. The s tored-data  were! a l so  
rend c o n t l n w u s l y  a t  a r d t e  of 512 b l ts /sec.  Both t h c c t o r e d  and the rea l - t lme  
data were t ransaf  t t e d  continuously. U t h  t h i s  system, almost f u l l  o r b t t  sovw-  
age o f  P I X  I L  data wits posslb le.  As a precaution agalf lst  a f a l l u r e  o f  the 
data storage unt t ,  the  sequence was preprogranuncd t o  sweep each of the  so la r  
a r tay  segments a t  l e a s t  once posl t lvk-  and Once aegat lve I n  vlew o f  a ground 
te lemetry-receiv ing station. 

The eml t te r  was a loop of 8.025-cm-dlameter tungsten wOre connected a t  one 
end t o  sykcecraf t  ground. I t  was ac t l va ted  f o r  p o s t t l u e l y  blased so lh r  a r ray  
voltages greater  than 125 V. To see tne e f f e c t  o f  the eml t te r  on the resu l t s ,  
some vo l taye  cyc les were operated w i t h  the  eml t te r  o f f .  The eml t te r  was mount- 
ed such tha t ,  when deployed, I t  extended 71 cm on a boom fastened along an 
edge and perpendlcular t o  the  face o f  the e lec t ron tcs  enclosure box ( f l g .  2). 
The eml t te r  operated w l t h  no accc le ra t lng  g r l d  as a passlve thermonlc eml t te r  
o f  e lect rons.  The p o s l t l v e  p o t e n t l a l  o f  the  pleqma r e l a t i v e  t o  the  spacecraft  
served t o  draw the e lect rons from the spacecraft .  

The Langmulr probe was used t o  & te rmhe  ambient plasma dens l t les .  The 
probe, a 1.9-cm-diameter aluminum sphere, was deployed on a 11-cm boom. I t  
was mounted on an edge o f  the  enclosure box such t h a t  when deployed I t  was 
tangent t o  the De l ta  ( f l g .  2). (The emi t te r  extended r a d l a l l y  outward from the 
Oelta from an edge of the enclosure box f a r  from the Langmulr probe.) Ourlng 
a Langmulr scan the  probe's vo l tage was stepped from -20 t o  110 V .  The vol tage 
was stepped 'In 5-V Increments f rom -20 t o  20 U- and i n  10-V lncrenxnts from 20 
t o  110 V. Wben n o t  being scanfled, the tangmuir probe was he ld  a t  50 V and I t s  
c s l  l e c t l o n  c u r r e n t  monitored. 

GROUWO TESTS 

The complete f l l g h t  package was ground tested i n  a plasma environment 
before the  f l l g h t  ( f l g .  3 ) -  The t e s t s  were performed I n  a 9-m-long by 4-m- 
dlameter vacuum chamber. The so la r  panel and the e lec t ron i cs  enclosure box 
were mounted back t o  back I n  the center of the  chamber perpendlcular t o  i t s  
cen te r l l ne .  The so la r  panel faced opposlte t o  the deployed eml t te r  probe. 
The plasma was generated by four  plasma sources: two mounted a t  l e a s t  2 . 5  m 
from the so la r  a r ray  and two mounted a t  l e a s t  2.3 m from the e lec t ron tcs  
enclosure box. 

RESULTS AND OkSCUSSION 

A l l  a c t l v l t l e s  on P I X  ZL- were pregrogramned t o  occur a t  particular program 
counts I n  a sequence. Each program count was he ld  f o r  16 sec. The program 
count t lmer was ac t l va ted  a t  PIX I1  tutnon. A f t e r  program count 2047 (9  hr ,  
5 mln, 52 sec) the sequence returned o r  " r o l l e d  overM t o  program count 0 and 
the sequence was repeated. Data were obtained on P I X  I1 u n t i l  program count 
248 a f t e r  the  second r o l l o v e r .  There were some gaps I n  the data a f t e r  the 
f l r s t  r o l l o v e r  because o f  less ground coverage than e a r l l e r  o r b l t  passes. 



Lmgmul r Probe 

T-yplcal Langmulr probe cur ren t -vo l tage curv.es are showr I n  f l g u r e  4 .  The 
progriun counts shown an the f l gu rc  a rc  f o r  the beglnnlnq of each sweep. hnch 
vol tage atcp between -20 and SO V was held f o r  4 sec, the 68-V l e v e l  was h e l d  
f o r  1 ses, and all others were held f o r  2 ses each, TRa mi?xlmum su r ren t  t k  
LangrnuSr elec tronieter sould measure was 1 x 1 8 - h .  'Thls I l m l  t sarnsed the 
I s v e l l n q  o f f  of She c u r r e n t  shown for prggram count 1343 tn  f l g u r s  4. 

The e lcc  t r o n  plasma dansl-tles ware detcrmlned f rsm the e lec t ron  saturation 
reglon o f  the curve ( f l g .  5 ) .  As expected, the cur ren t  var led  q u i t e  l l n e a r l y  
w l t h  vol tage above 30 V .  Thls behaviorwas t y p l c a l  of a71 o f  the I i ingmulr 
swesgs, 

I n  the sd tu ra t l on  reg l sn  o f  the spherical Langmulr probe c h a r a c t e r l r t l c ,  
the squatlcln f o r  the cur ren t  ( r e f .  8) t o  

where V l s  the  vol tage measured w l t h  respect t o  the plasma p o t e n t l a l ,  e the 
e l e c t r o n i c  charge, k Ooltzmanns's constant, m the mass of the e lect ron,  T 
the temperature, and A the area o f  the probe. TakQng the d e r i v a t i v e  w l t h  
respect t o  vo l tage a l lows the dens i ty  t o  be w r l t t e n  In-terms o f  the slope as 

where dI/dV i s  the slope. The e lec t ron  saturatdon reglon data f o r  each scan 
o f  t he  PIX I 1  probe were p l o t t e d  as i n  f i g u r e  5 and the slopes determlned 
g raph lca l l y .  Twenty-three LaRgmulr scans were mzde du r ing  the l i f e  o f  P I X  11. 

To f l n d  the dens l ty  a t  tlmes when the Langmulr probe was no t  belng scan- 
ned, the Langmulr probe cur ren t  a t  a vo l tage o f  50 V and the dens l ty  a t  program 
count 818 were used as references. I t  was assumed t h a t  the Langmulr probe 
cu r ren t  a t  50 V var ied  i n  propor t lon  t o  the dcr ls l ty .  The dens l ty  a t  any pro- 
gram count was found from 

where n and I are the dens i ty  and langmcir probe cu r ren t  a t  50 V, respec- 
t i v e l y .  I n  us ing t h i s  equation, care was exercised t h a t  the spacecraft  grcund 
vol tage rema.lned constant.  Thls was achieved by l i m i t i n g  the use o f  t h i s  
equat lon t o  program counts where the apgl l e d  vol tage t o  the solar  a r ray  was 
less than 60 V. f t  was f e l t  t h a t  vol tages I n  t h i s  range were low enough tha t  
the cur ren ts  c o l l e c t e d  by a l l  o f  the exposed grounded m e t a l l l c  surfaces on the 
Del ta would be enough t o  balance the cur ren ts  c o l l e c t e d  by the so la r  a r ray  
w i thout  d r l v l n g  the De l ta 's  ground p o t e n t l a l  negat ive. Thls method was used 
t o  est lmate the amblent plasm8 dens l t l es  f o r  the f l l g h t  r e s u l t s  presented 
tlereln. 



Plasma density var ied as milch as two drdcrs o f  magnitude drlrir:q an o r b i t  
( f l g .  6 ) .  Rcvolut lon 0 ( f  l g .  6(b) )  had the mast unl farm denbl ty .  Cven heto 
the v a r l a t l a n  was mars than an. order o f  maqnltuda. Although la rge  va r in t l nns  
over tho poles wcra expected, the d e n r l t y  elsewhere was cxpectcd t o  hc mure 
unlform. Same o f  thc uonunlforml t y  was caused by the Langm~~l r  proba bclng i n  
the ram o r  wake of the Bclta, a5 shown I n  refarcncc 9. 

The emlztsr was operated f o r  p e s l t l v c  blasss o f  125 V and hlgher en the 
aa lar  a r ray  segments. Slnce 1:hsre were no accelerating g r lds  on the emi t te r ,  
l t  eml t t e d  e lect rons on ly  when the spacesraf t grdund potcnt  la9 b e c a w  negat ive 
wl th  respect t o  plasma p s t @ n t l a l .  

l h e  em l t te r  operat ion wirS f l r s t  tes ted  i n  the laboratory.  The P I X  11 
f l l g h t  package was mounted so as t o  f l o a t  e l e c t r i c a l l y  l n  the vacuum chamber. 
As I n  f l l g h t  the P I X  I 1  was operated I n  a plasma environment. The emlt ter-on 
cur ren ts  ( f l g .  7 ( a ) )  were agproxlntately an order o f  magnltude l a rge r  than those 
f o r  e m l t t e r - o f f  operat lon. The r e s u l t s  shown the eml t te r -on  operat ions 
compare very c lose l y  t o  those obtaIned when the P I X  I I  s t ruc tu re  was grounded 
t o  the tank wa l ls .  From Chis I t  was concluded t h ~ t  the eml t te r  kept. the P I X  I I  
f l l g h t  package near tank ground p o t e n t l a l .  

I n  f l l g h t  ( f l g .  7(b)) t he  eml t ter-on cur ren t  was approximately f i v e  t o  
s i x  tlmes l a rge r  than the e m i t t e r - o f f  cur ren t .  Thls d l f f e rence  i s  smal ler 
than t h a t  observed i n  laboratory tes ts .  I n  f l l g h t  the  so la r  a r ray  segments 
were operated at d l f f e r e n t  tlmes I n  d i f f e r e n t  loca t lens .  Thus the smaller 
e f f e c t  observed I n  f l l g h t  as compared w l t h  ground t e s t s  inay have been caused 
by the  d i f f e rence  i n  the dens i t i es  dur ing  operat lon o f  the segments. 

The tangmuir probe cur ren t  was very sens l t l ve  t o  eml t te r  operat lon both 
I n  the  labora tory  and I n  f l l g h t  ( f l g .  8). The vol tage on the  Langmuir probe 
was 50 V. With the eml t te r  o f f ,  the Langmuir probe co l l ec ted  109s w l t h  a b ias  
o f  200 V o r  greater  on the  so la r  a r ray  I n  the  labora tory  tes ts  and 350 V o r  
greater  i n  f l l g h t .  Thls Impl ies tha t  the spacecraft  f l oa ted  a t  l e a s t  59 V 
negat lve i n  t h l s  vo l tage range. Even w l t h  the  eml t te r  on, the Langmuir probe 
dropped about an order o f  magnltude when the v o l t ~ g e  on the ar ray  was Increased 
t o  1000 V.  

FOP the  eml t te r  t o  operate proper ly ,  the  spacecraft  must f l o a t  negat lve ly  
w l t h  respect t o  olasma ground. The f l o a t i n g  p o t e n t l a l  ( f l g .  9) was found from 
the  fo l l ow lng  procedure: 

(1)  The Langmulr probe cur ren t -  vo l tage c h a r a c t e r i s t i c  curve was deter -  
mlned w l t h  the so la r  a r ray  segments a t  zero voltage. 

(2) The corresponding vol tage was four~d by us lng the  Langmulr probe 
cur ren t  readlng when the so la r  a r ray  segments were a t  the agp l led  vol tage and 
the Langmulr probe cur ren t -vo l tage c h a r a c t e r l s t l c  curve from step 1. 

( 3 )  Thls vol tage mlnus 50 V was assumed t o  be the f l o a t i n g  p o t e n t i a l .  



I h e  f l o a t i n g  p s t e n t l a l  l-s a func t ton  o f  the amblent de i l s i ty  and the 
app l ied  vol tage t o  the solac ar ray  segments. Slnce each se t  o f  segments was 
operated I n  d i f f e r e n t  pa r t s  o f  the f l i g h t ,  each had a d i f f e r e n t  dens i ty  env i -  
ronment. The sets o f  segments there fore  could not be compared d t r e c t l y .  How- 
ever, t k  t rend i s  obulous from f i g u r e  9, namely, h igher  p o s i t i v e  so la r  a r ray  
va l  tages. produce h lgher  n @ g a t l w  f l a a t  i n g  p o t e n t i a l s  or! the sgacecraf t . In 
general, the f 1oati.ng p o t e n t l a l l n c r e a s e d  alrnast I f n e a r l y  w l  t h  app l ied  so la r  
a r ray  vol tage a f t e r  snapover. 

Solar Array P o s t t i v e l y  Biased 

S b c e  the  labora tory  and f l i g h t  plasmas f o r  so la r  a r ray  segments pos i -  
t i v e l y  biased t o  1006 V had d l f f e r e n t  dens i t i es  and temperatures, cor rec t ions  
were made t o  the  f l i g h t  r e s u l t s  f o r  d i r e c t  comparison w i t h  the labora tory  
r e s u l t s  ( f i g .  10). I f  we assume t h a t  the cur ren ts  t o  the so la r  a r ray  segments 
vary l i n e a r l y  w t t h  V, eV/kl->> 1, and i f  10, TO, and no are  known cur ren t ,  
e lec t ron  temperature, and densi ty ,  respectively, at one plasma cond i t ion ,  the 
c u r r e n t  I a t  an.y other  temperature 1 and dens i ty  n can be found by us ing 
the spher ica l  probe equat ion (1 ) .  

Equation ( 4 )  was used t o  compute the f l i g h t  values i n  f i g u r e  10 by us ing the 
labora tory  values o f  kT = 1-.8 eV, n = 3 .4~103  cm-3, and f l i g h t  values o f  
no = 3.0x103f l  f o r  so la r  a r ray  segments 2 and 3 and no = 5 .5~103 fi 
f o r  so la r  a r ray  segments 1 t o  4,  The rrg ts. the f l i g h t  r e s u l t  determlned from 
the Langmuir probe readings. So the two f l i g h t  curues i n  f i g u r e  10 are  the 
values the f l i g h t  data would have had i f  the f l i g h t  r a t i o  nip had had : ts 
l a b o r a t ~ r y  value. 

I n  f i g u r e  10 I t  appears t h a t  the labora tory  cur ren ts  a re  truncated above 
200 V.  This i s  caused by the tank w a l l  I n t e r f e r l n g  w i t h  the cur ren t  c o l l e c -  
t i o n .  The ca lcu la ted  sheath a t  a vol tage o f  200 V a t  these plasma conditions 

a .  

extends approximately 1.6 m from the  so la r  array.  Tbls i s  beyond the tank 
w a l l .  Thus t h i s  v e r i f i e s  the hypothesis t h a t  sheath-wal l  i n te rac t i ons  occur 
du r ing  l a b ~ r a t o r y  t e s t s  a t  h igh  voltages and l i m i t  the  cur ren t  collection. 

The f l i g h t  data f o r  so la r  a r ray  segments 2 and 3 ( f i g .  10) show tha t  
cu r ren t  increased s l i g h t l y  less than i i n e a r l y  w i t h  vol tage f o r  vol tages greater  
than approximately 350 V.  Thls was as expected s ince f o r  an i n f i n i + .  f l a t  
p l a t e  the  cu r ren t  would be a constant and f o r  a plane small compared w i t h  the 
Debye l eng th  I t  would vary l i n e a r l y .  This a r ray  was between these s izes.  The 
cur ren t  f o r  a l l  f ou r  segments var led  even more slowly. This i s  a l s ~  I n  agree- 
ment w i t h  rough expectattons,- - 

Another se t  o f  curves f o r  the t o t d l  cur ren t  co l l ec ted  by one, two, and 
four  a r ray  seglrlents ( f i g .  51) a l so  shows t h a t  the cur ren t  increased almost 
l i n e a r l y  w i t h  vol tage above about 350 V.  I t  i s  tenlptlng t o  comp~~te  an area 
~ f o e c t  from t h i s  "qure. However, l t  i s  no t  known whether the ar ray  was i n  
the ram, the wake. o r  ne i the r  when each o f  these sets o f  a r ray  segments was 
ac t iva ted .  Also It i s  n ~ t  known whether the ambfent dens t t les  were the same 



dur ing  these t h e s .  The dens i ty  can vary by over two orders .o f  magnitude over 
an o r t r l t  ( f l g .  6). These facts w v e n t  a dofln1t-e determlnaUon sf the area 
e f  f e s t .  

The--maximum t o t a l  steady cur ren t  measured f o r  negat ive b l a s e ~  on any o f  
the sets o f  a r ray  segments was agproxlma9ely 5 MA. This l e v e l  aF cu t ren t  does 
n o t  pose a problem fo r  o p e ~ a t l o n  o f  hlgh-voltage so la r  arrays In space. The 
problem associated w l  t h  negat ive b ias  Is-the probabt ll t y  e f  arclng. During 
arc lng,  there are h lgh  surges o f  cu r ren t  through the array.  These surges reach 
l eve l s  of nr l l l iamperes and hlgher.  I n  both ground and f l i g h t  tes ts ,  once 
a rc lng  beglns, I t  continues through the h igher  (more negat ive) vo l tage leve ls .  
Ln fac t ,  the a rc lng  becomes-more frequent and in tense a t  the h igher  vo l tage 
leve ls .  

Most o f  the arcs were l n l t l a t e d  between -500 a ~ d  -1000 V ( t a b l e  I). There 
was one i n i t t a t l o n  a t  -255 U.  On c lose l y  examlnlng the data, i t  was not iced 
t h a t  the arcing- incept ion  vo-1-tage tended t o  increase w l t h  time, That I s ,  fewer 
arcs occurred a t  -350 and -500 V near the  end-of P I X  IL 1l-fe. Out: o f  t he  106 
times the  segments were ac t i va ted  negat ive ly ,  the  so la r  a r ray  segments reached 
-1000 V, w i thout  arc lng,  12 t imes. 

SUMMARY 

PIX II consisted- of four  500-cm2 so lar  a r ray  segments, a spher ica l  
Citngmulr probe, an emi t te r ,  and assoc la tede iec t ron l cs .  The Langmutr probe 
data Ind ica ted  dens i t i es  t h a t  var ied  over two orders of magnltucte over an o r b t t  
and la rge  differences from o r b i t  t o  o r b i t .  Some of these dens l ty  v a r i a t i o n s  
a r e  thought t o  be a t f r i b u t a b l e  t o  the  Langmulr probe belng in  the ram o r  wake 
o f  the  spacecraft .  Since the  d t t l t u d e  o f  the spacecraft  was no t  known, separa- 
t l o n  o f  the ram/wake e f f e c t  from the amblent dens i ty  v a r l a t l o n  I s  very complex _ - _ -  
and has no t  been attempted i n  t h l s  work. 

Spherical  probe theory f i t t e d  t fw Langmulr probe data very w e l l .  This 
suggests t h a t  the dens l t tes  determined from the Langmulr probe were the  ac tua l  
dens l t l es  surrounding the probe. However, the so la r  a r ray  segments were 
mounted on the  oppostte s ide o f  the Del ta from the Langmulr probe. So the  
dens i t l es  surrounding the  so la r  a r ray  were no t  necessarily those o f  the  probe. 

D l f f e r e n t  comblnatlons o f  the  so la r  a r ray  segments were ac t l va ted  by us ing 
a preprogramrned sequence throughout the I l f e  o f  PIX 11. The sequence was 
chosen t o  maxlmlze the Information recetved by the  l l m l t e d  rea l - t ime  ground 
coverage I n  case the data storage/playback u n t t  f a t l e d  t o  operate. As i t  
turned out, a l l  u n l t s  on PIX I1 operated as deslgned and data were obtained 
through program count 247 a f t e r  two r o l l o v e r s  o f  the sequencer (two f u l l  and 
one p a r t i a l  sequence, apyroxlmately 19 h r ) .  

For p o s l t l v e  b las on the  so la r  a r ray  segments, the data showed cu r ren t  
enhancement fo r  vol tages greater  than approxlmately 200 V. Thls cu r ren t  
enhancement was l a rge r  than t h a t  y red lc ted  by ground tes ts .  The difference I s  
a t t r l b u t e d  t o  suppression I n  the ground t e s t  cur ren ts  by the I n t e r a c t i o n  o f  the 



sheath w i t h  the wa l l s  o f  the uacuum chamber. Suppresstan-in the graund t e s t  
cur ren ts  was obserued for- a l l  o f  the  so la r  a r ray  segments whether run s ing l y  
o r  i n  co inb i~a t ions .  This imp l ies  t h a t  only  r e l a t i v e l y  small so la r  arrays can 
be csmpletely p laf f la .  tes ted  -1cpresent  Qraund f a c i  ltt3.a - 

Far negative b ias  o n - t h e  so la r  a r ray  segr~lents, arclng.occurced. I n  both 
ground and f l i g h t  t e s t s  cbe cur ren t  sometimes increased from microamperes t o  
ml l l lampereo a n d . h l g k r  dur tng arc ing.  Yn f l t g h k ,  a r c i n g ~ a s  observed f o r  
vol tages as low 3s -255 V. The a rc ing  incept ton  voltages tended t o  Increase 
negatively w t t k  t i r e .  There were fewer arcs observed a t  -500 V and lower near 
the end o f  P I X  I 1  l i f e  than i n  the beginning. This suggests t h a t  precondi t ion-  
i n g  high-val- tage so la r  a r w y s  by operat ing them a t  h igh  negat luc voltages i n  a 
plasma-environment on the ground may he lp  t o  d r t v e  the  arc fncept ton vol tage i n  
f l i g h t  more negat ive. 

The emi t te r  was a passive hot-wfre f i lament  and was ac t i va ted  f o r  p o s i t i v e  
biases on the so la r  arrays o f  125 V o r  greater  dur ing  p a r t  o f  the  experiment 
sequence. This was necessary stnce the  second stage o f  the  De l ta  had very 
l i t t l e  exposed bare metal surface t o  c o l l e c t  ions f o r  balancing the  e lec t rons  
c o l l e c t e d  3y the  array.  The l a rges t  negat ive p o t e n t i a l  observed on P-IX I 1  
w i t h  t h e  emi t te r  operat ing was approxSmate1y -50 V ,  as compared with  voltages. 
greater  than -200 V wl thout  the emi t te r .  Thus the  emi t te r  was ab le  t o  keep 
the spdcecraft  w l t h l n  reasonable praa lml ty  o f  the  space plasma ground. 

CONC LUS LONS 

F o w  500-cm2 so lar  a r ray  panel segments were biased p o s i t i v e l y  and nega- 
t i v e l y  i n  steps t o  +1Q00 V on a spdcecraft  I n  a po la r  o r b t t  a t  an a l t i t u d e  o f  
approximately 900 km. Various combinations of the  faur  a r ray  segments were 
ac t i va ted  dur lng  the f l i g h t .  A t  each vol tage l e v e l  the cur ren t  co l l ec ted  by 
each so la r  a r ray  segment was measured. When the  ar ray  was biased p o s i t i v e l y  t o  
125 V o r  higher,  an e l e c t r o n  eml t te r  was ac t i va ted  t o  a i d  i n  keeping the space- 
c r a f t  near plasma p o t e n t i a l .  A spher ica l  Langmuir probe was used t o  determine 
the plasma dens i ty  throughout the f l i g h t .  

The following conclusions were drawn from the  data f o r  p o s i t i v e  bfas on 
the ar ray  segments: 

1. Even the  l a rge  labord tory  plasma s imula t ion  f a c i l i t i e s  a t  Lewis a re  
too  small t o  c o r r e c t l y  est imate the plasma coupl ing cur ren t  a t h t g h  p a s l t i v e  
~ o l t a g e s  t o  so la r  arrays t h a t  a re  2000 cm* or  l a rge r  kr area, 

2. I f  the  negat lve termlnal  o f  a spacecraft  a-rray i s  connected t d  space- 
c r a f t  graund, the  spacecraft  w i l l  f l o a t  f a r  negat ive ly  w i t h  respect t o  space 
plasma p o t e n t i a l  i f  l a rge  bare m e t a l l i c  areas h re  no t  provided f o r  i o n  cur ren t  
c o l l e c t i o n ,  which I s  necessary t o  balance the e lec t ron  cur ren t  c o l l e c t e d  by 
the  so la r  a r ray .  

3 .  The plasma coupl ing cur ren t  may vary over an order o f  magnitude 
between ram and wake condi t ions.  



The f o l l s w l f q  conc~us lons  were drawn f o r  neglkiva Bias afl the array 
segments : 

1 Arcing I s  the. most (:erIow- d e t r l m e n t a  f?f-ft%t, 

2 .  The arc lng  tncept ian v.dltagamay be as low as -255 V on csrrventlon- - - -  

a l l y  constructed sdlar ar rays .  

3 .  Arctngmay occur a t  denst t tes  as low as 133 electrons/cm3. 

TABLE I .  - PIX 11 ARCING JNCLOENCE RESULTS FOR NEGATIVE BLAS 

(Arclng occurred a t  -350 V w l t h  dens l t les  o f  103/cm3. Arclng tncept lon 
vol tage tended t o  tncrease u i t h  t\me.]. 

Array segments I a c t i v e  

1 Total  observations 
i Incidence, percent o f  t o t a l  1 Cueulatlve lncldence. percent 

Applled vol tage f o r  arc 
l n t t l a t l o n .  V 

4 - -  - -  4 3 
1 

I 

aComblned t o t a l  o f  arcs l n l t l a t e d  a f t e r  belng a t  vol tage leve l  a few 
seconds plus arcs tha t  occurred on f l r s t  reachlng t h l s  leve l  from the 
prevlous nonarctng one. 
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Figure 1. - PIX 11 electrical arrangement. 
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Figure 3. - PIX I1 setup in large vacuum facilib mr ground test~ng. 
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Figure 4. - Typical sweeps of Langmuir probe during 
flight. 
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Figure 5. - T y ~ i u l  sweep of Langmuir probe in electron saturation region, 
showing linear behavior. Program count, 878. 
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Figure 6. - Electron plasma density divided by square root of electron 
temperature as function o! latitude. (Arrows denote dlractlon of 
spacecraft travel. ) 
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Flgure 7. - Emitter onloff operation on total plasma coup- 
ling current for solar array segment 2 and combina- 
tion l1,2.3,4) as function of applied voltage. 



Figure 8. - Emitter onloff operation on Langmuir probe 
current as function of applied voltage to solar array 
segments for ground and flight operations. 

Figure 9. - ~paiecraf l  floatlng potential as function of 
applied voltage to solar array segment sets (2,3), (I,?, 3). 
and 11,2,3.4). Emllter on. 
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Figure 10. - Total currents to different combinations of solar array 

segments for flight and ground testing. Emitter.on. 
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Figure AL - Typical flight total current to combination or solar array 
segments as function of applied voltage. Emitter on. 



RAMLWAKE EFFECTS ON P L A S W U R R E I T  CBCLECTLON UF THE 11 LANGMULB. PRQRE- - .  . 

Bale C. Fergusan- 
Nattonal Aeronautics and Space Admlnlstrat lon 

Lewls Research Center 
Cleveland, QRls 44135 

Data returned from the NASA P I X  I 1  f l l g h t  of  January 1983 were analyzed 
and the resu l ts  are presented heretn. The P I X  I1 experiment carr led a Langmulr 
probe, an electron emitter, blasable solar array segments, a Sun sensor, tem- 
perature sensors, and other instruments. I t s  approxlmately 900-km polar o rb l  t 
a1 lowed measurements o f  the currents co l  lec ted f mm the magnetospheric plasma 
i n  polar and equatortal reglans. 

P I X  11 Langmudr probe readlngs of the same polar  magnetospherlc reglons 
taken on consecutive o rb i t s  showed occaslonal apparent densl t les as much as 10 
tlmes lower than the average, a1 though each pass c l ea r l y  showed dens1 t y  struc- 
tures re la ted t o  the day/n-lght boundary. A t  other poInts i n  the o rb l t ,  
Langmulr probe currents varled by as much as a fac tor  of  20 an a tlme scale of 
mlnutes. 

The hypothesis I s  advanced tha t  these apparent lnconsistencles I n  Langmulr 
probe current are the resu l ts  of  the probe's o r l e n t a t l o n  re l a t l ve  t o  the body 
of the spacecraft and the ve loc l t y  vector. Theoretical- studies pred lc t  a pos- 
s i b l e  deplet lon I n  co l lec ted electron current  by a fac tor  of 100 i n  the wake of 
a n  o rb l t i ng  spacecraft of the ve loc l t y  8nd dtmenslons of  the P I X  I 1  Del ta upper 
stage. Experimental resu l t s  from other spacecraft lud lcate  that  a wake elec- 
t ron deplet lon by a fac tor  of  10 w so i s  r e a l l s t l c .  Thls amount of  deplet ion 
i s  conslstent w t th  the P I X  11 data I f  the spacecraft was ro ta t lng.  Both the 
Sun sensor and temperature sensor data on P I X  11 show a complex va r la t lon  con- 
s l s ten t  w l th  r o ta t i on  of  the Langmulr probe i n t o  and out of the spacecraft 
wake on a tlme scale of  mlnutes. Furthermore, Langmulr probe daia taken when 
the Sun sensor ind icated that  the probe was not In the spacecraft wake are 
conslstent from orb1 t t o  o r b l t .  Thls supports the In te rp re ta t ion  that  ram/wake 
ef fects may be the source of apparent dlscrepancles a t  other orlentat lons. 

Analyses of varalatlons I n  the Sun sensor and temperature sensor data are 
i n  progress that  i n  comblnatlon w i t h  l lm t ted  lnfarmatlon obtalnable about the 
spacecraft o r len ta t lon  may al low the a t t t t ude  t o  be modekd t o  determlne the 
ramlwake o r len ta t lon  a t  any tlme. Emplrlcal correcttons can. then be made t o  
the Langmulr probe data and t o  the solar  array plasma current co l  l e c t l o n  data. 
1 he amount of the corrections and the corrected data themselves contribute t o  
our knowledge of  the e l e c t r l c a l  l n te rac t lon  of  spacecraft w l t h  the orbleal  
envtronment. 

I N 1  RBDUC1 ION 

The P I X  I 1  satellite was launched I n t o  a polar  o r b l t  on January 25, 1983, 
t o  lnvest lgate ln teract lons between hlqh-voltage solar  arrays and the orbital 
plasma envlronment. Durlng analysls o f  the P I X  I I  data l t  has become evldent 

PIIEm1)iN(2 PACT? DChNK MOT IW?:?lm 



that  the plasma darrslty Bs l.rrdlcated by currents co l lec ted by the P I X  I 1  
Langmulr probe vartcd 10 a way Inconsistent w l t h  rea.1 amblent plasma dsnslty 
var lat lans.  I n  t h l s  paper the nature of. tbe probllem I s  discussed, and the hyr 
pothesls 15 presented that Uic currants measured whl-lc tho Langmulr prohe was 
l n  the spacecraft wake wore wh rma-llcr than would be measured by a probe sub- 
side the wake. The amount and klnd- of  corrcct lsns that  must IN appllcd t o  the 
readtags t a  dc r l vs  t rue plasma dsnsl t l s c  from straightforwnrd prabc theory pro- 
vldc lnfornlal lon about large spacecraft wakes. 

VME MaWffE OF THE PRBRI,EL 

The current  co l lec ted by a sgherlcal grobe of radius r dnd pos l t l ve  
voltaae V i n  a plasma of  e lectron number dens1 t y  ne and temperature T 
I s ,  according t o  probe theory ( r e f .  1). 

f o r  a probe whose radius i s  smal.1 compared w l t h  the plasma sheath. Mere k 
i s  Boltzmann~s canstant, e Is the electron charge, and me i s  the electron 
mass. The Langmulr probe on t h e  P I X  I 1  s a t e l l l t e  was about 1 cm i n  radius and 
nomlnal l y  extended about 0.6 m f ram the spacecraft on a boom. A t  the nomlnal 
900-km P I X  I 1  o r b l t a l  a l t i t u d e  and 50-V appltcd potent ta l ,  the Langmuir grobe 
was I n  the th tck  sheath l l m l t  and Ve >> liT, so tnat  

i f  the Snflllence of  the spacecraft can be neglected. 

There are Indlcat lons tha t  f o r  the P I #  I 1  Langmufr probe, the Inf luence 
of  the spacecraft cannot be neglected. Being - In  a po lar  o rb l t ,  PIX I 1  t r a -  
versed reglons near the nor th  and south poles where consecut lw o r b l t a l  paths 
Intersected as seen from the ro ta t l ng  Earth. Figure 1 shows the o r b l t a l  paths 
near the nor th  geomagnstlc pole f o r  several o rb l t s .  The convention used here 
for o r b l t  numbering I s  tha t  o r b i t  1 beglns a t  the f l r s t  south polat* passage 
a f t e r  launch. Thus o r b l t  2 beglns a t  approximately program count 267. Each 
o r b i t  t s  about 384 16-sec program counts long. I n  the conference paper by 
N. T. Gr ler  the s t a r t  of  revo lu t lon 1 colncldes r l t h  the Langmulr probe deploy- 
ment a t  program count 116. Thus o r b l t  1 here s ta r ts  233 program counts before 
revolut ion 1 of Grler. Figure 2 shows the PIX I1 Langmulr grobe current read- 
ings f o r  the two consecutive o rb l t s  near the nor th  pole labeled o rb l t s  2 and 3 
i n  f l gu re  1. Although the behavlors of- the current  w l t h  tlme before and al te r  
the night/day crosslng were s lm l la r  f o r  the two o rb l t s ,  the absolute levels 
d l f fered by about 1 on the log10 sccle, or  about d factor  of 10. Ouantlta- 
t l ve l y ,  the co r re la t ion  coe f f l c len t  between the logs o f  the currents f o r  these 
gasses w i t h  the tlmes of  the nlght/day crosslng al lgned I s  8.78 ( f o r  a confld- 
ence leve l  of  greater than 99 percent), but the difference l n  <log> I s  0.939. 
Slml l a r  e f fec ts  are shown f o r  other orb1 ts.  Uftless the magnelosgherle e lectron 
densl t les or  temperatures can vary uni formly over the polar  cay by a fac tor  of 
10 I n  less than 100 mln, we must I n f e r  t ha t  the Langrnuir probe currents are 
sometlmer much hlgher or  lower than the e lec t ron densl t les would necessltate I n  
nalve probe theory, 



Another Ind icator  of the r e l t a b l l l t y  o f  the Langrnulr probe currants as 
density an4 t~mpt)rature I n d l ~ a t o r s  can be obtaified by cnmparlng them w l t h  rrtad- 
Ings from other satel  l l t e e ,  Fortunatcly, the Oafansa Mctearolaglcal S a t a l l l  te 
Program s a t c l l l t c  OMSP/fb was slmultnncously taking data I n  an o r b l t  nearly 
lden f l ca l  i n  i n c l l n a t l o ~  t o  thc P I X  II o r h l k a t  ;In a l t l t r rde of  033 km (not  too 
d l f f e ~ a n t  frorn the -890-km R I 1  I I  a l t i t u d e ) ,  The data ohtatncd by t h l s  c;atel- 
T l ta  (and k h d l y  supplied by Frederick Rlch sf the A l r  Farce Gnophys:cs I,abern- 
to ry)  wcrs compared wl th  the? P I X  I! data f a r  orbits- corrstspondlng moat  closdily 
l n  day/nlght a r l cn ta t lon  and geomaynstlc long! tude and l a t  l tudc. The calcu- 
la ted OMSP Ion denst t ics ( t o  be used hccausa there was d n q a t l v e  blas on the 
BMSP s a t e l l l t c )  were compared wtth the P I X  I 1  Cangwulr probe electron co l l cc -  
t l o n  currents f o r  consccutlvc cquator la l  passes of  the two s a t e l l i t e s  ( f i g .  3).  
The qua l l t a t l ve  bchavlors were q u l t s  s lm l la r  and the cor re la t lon  cse f f l c l cn t s  
were qu l l e  hlglr f o r  t k s e  data, an lnd lca t lon  tha t  changes I n  electrorr/lan 
denSIty were followed by both satellites. However, agaln the mu l t i p l l ea t l ve  
fac tor  r e l a t l ng  the two measured currents was qu i t e  d t f f e r c n t  from o r b i t  t o  
o r b l t ,  varylng by as much as a fac tor  o f  6.5 from o r b l t  2 t o  o r b i t  3. Agaln, 
the P I X  I 1  currents seemed t o  be unlfocmly lower i n  o r b i t  3 by a large fac tor  
f o r  the same regtons of the magnetosphere as measured by BMSP/F6. Note that  
a l l  of  the P I X  11 hangmuir probe currents used i n  t h l s  analysts were made wt th  
the solar panels $lased a t  voltages more negattue than 30 V t o  ellrnlnate any 
e f fec ts  of  vehlcle charging. 

A logarl thmtc p l o t  ( f i g ,  4) was made of the P I X  I 1  t a n g ~ u l r  probe current  
versus the OMSP/F6 ion density f o r  a large sample 03 closely corresponding 
magnetosphertc data polnts. Here, polnts where the UMSY/P6 fon denslty was a 
rap ld ly  varylng funct ion of  time or geomagnetic l a t l  tude have been thrown out. 
Although the cor re la t lon  I s  high (0.78) and s ign i f i can t  ( a t  the >>99 percent 
leve l ) ,  the 50 data polnts seem t o  show a well-deflned ndrrow upper range, 
w l t h  a downward t r a l l  of a few Cangmuir probe currents t o  a fac tor  of about 10 
lower than the upper l - i m l t .  It i s  slgnlflcant,and consistent w i t h  the p ic tu re  
obtained i n  f igures 2 and 3, that  the Langmulr probe current on P I X  I 1  was 
occasionally depressed b j  as much as a fac tor  o f  10 from that  expected from the 
t rue electron denslty 2nd simple probe theory. 

Although the P I X  tL Langmulr probe current was h lgh ly  correlated w i t h  tha t  
of  the DMSP/F6 sensors, nei ther was wel l  correlated w l th  a calculated model 
Ionosphere supplied by H. 8. Garret t  of JPL. Evldently the Langmulr probe on 
P I X  I t  and the i on  sensor on DMSP/F6 both measured h igh ly  correlated physical 
q-uanti t ies ,  but occaslonally the Langmulr probe's readlngs were abnormally 
law. I t  1s deslrab3.e t o  understand the dlscreyancy f u l l y .  

A rap ld ly  moving body t rave l lng  through a plasma w l l l  leave a wake d i s -  
turbance. Thls i s  east ly  seen t o  be t rue f o r  Ions when the ve loc l t y  of  the 
body exceeds the i on  thermal ve loc l ty .  I t  I s  a lso t rue that  the electrons 
w i l l  f ee l  a wake Inf luence because of the predominantly nugatlve space charge 
b u l l t  up i n  the wake by the p a r t l a l  Ion evacuation there. The shape of  the 
wake region f o r  a moving sphere I s  a t r a l l l n g  cone w l t h  a half-angle 8 
glven by ( r e f .  1) 



7 / 2 k ~  /m 
tan u- 1 i, u 

where m i  and TI are the lon  mars and temperature and v i s  the vc l oc i t y  
of the-moving body. The po ten t la l  l a  the w a b  cone may be more ~ e g a t l v e  than 
t h a t r o U h e  body by an amount ( r e f .  'I) 

where €0 i s  the permittivity of f r ee  space, n i  I s  the ion density, and R 
i s  the body radluo. For a neutral  body t h i s  l i m i t s  the thermal electrons that  
atight co l l ec t  on the t r a i l l n g  edge o f  the body t o  those able t o  surmount t h i s  
negative po ten t ia l  ba r r ie r .  Ca l l i ng  the denslty of such electrons nb, one has 

Taking the r dlus of  the P I X  XI Delta upper stage ( R  = 0.76 rn) and pu t t l ng  I n  
n l  1 lo10 m - j  and T = 2900 K (extrerfta from Garre t t 's  model) y i e l d  

f o r  P I X  11. I f  I t  i s  fu r the r  assumed tha t  only these electrons could be a t -  
t racted by a pos l t t ve ly  charged Langmulr prabe i n  the vehlcle wake, the co l lec-  
t i o n  current  o f  the Langmuir probe could go down by a fac tor  of 400 i n  the wake 
of  a neutral  spherlcal body w i th  the Del ta is  radlus. 

The extent of the Delta wake can be estimated from equation (1). The dIs-  
tanee d of the t i p  sf the wake cone from the surface of  the Delta u p u e  
i s  

which, assumlng equation (1)  and spherlcal geometry, i s  

Since the spacecraft environment contains ions o f  d i f f e r e n t  species, which i s  
Indicated I n  parentheses a f te r  d, each ion w i l l  hdve a wake region of  d i f f e r -  
ent extent. Put t lng l n  v = 7.4 km/sec, T = 2000 K, and R = G.76 m resu l t s  i n  



The baum ofi the &l t a  on which the bangmulr probe I s  deployed extends it. t o  
about 0.6-m from the Delta surface. Thus Uls Langmulr probe i s  never i n  the 
hydrogen ton wake hut can be in the oxygen and-helium i on  wakes. From the 
model. data of Garret t  the lawest percentage by number af  hydrogen tons Os about 
36 percent. I f  the wake po ten t ia l  ba r r i e r  i s  then lessened by the presence af  
H4 tons a t  the I.angmuiia probe location, the t o t a l  reduction If l co l l ec t i on  
current  I s  expected t o  be substantiall.y.less than calculated ea r l i e r .  

More r e a l i s t i c  estimates of the wake e f f ec t  o n  electron current  co l l ec t i on  
can be obtained by exmln ing data f romother  sa te l l i t es .  Figure 2 of  Samir aqd 
Stone ( r e f .  '3) shows tha t  the A r i e l  I, Explorer 3,  and AE s a t e l l i t e  data are 
consistent wl-h a mhxtmum reduction of wake e lec t ron co l l ec t i on  current  by a - - 

fac tor  o f  about 10 a t  a 900-km a l t i t ude .  Thus the occasional factor-of-10 
reductlon I n  P I X  I L  Langmuir probe current  i s  consistent w i t h  the hypafhesls 
t ha t  the  probe i s  t n  the 0' and ~ e +  wake when the reduction occurs. 

There i s  evidence that  during the f l i g h t  the P I X  I1 s a t e l l i t e  was i n  a 
complex ro ta t i on  tha t  allowed the Langmutr probe t a  be carr ied i n t o  the space- 
c r a f t  wake. Both the Sun sensor (a  photocel l  mounted on the solar array panel) 
and the array temperature sensor showed readlngs tha t  varied i n  a manner con- 
s fs tent  w i th  r o ta t i on  or precession w i th  respect t o  the Sun. I n  addi t ion,  
data returned by Delta launch telemetry and k ind ly  provided by El izabeth Beyer 
of Goddard Space F l l g h t  Center ( p r i va te  communication) ind icate  tha t  in the 
ear ly  skiiges of  the f l i g h t  the Delta upper stage was precess4ng and ro ta t i ng  
w i t h  a t  least  one pe r i od  near 100 min. Unfortunately, the time span over which 
the data were taken was too short t o  a l low an adequate determination of  the 
geometry and frequency o f  r o ta t l on  and-precesslon. 

Further analysis of a l l  available Sun sensor, temperature, and telemetry 
data I s  needed w i t h  the goal of modeling the P I X  I 1  a t t l t u d e  t o  a l low determi- 
nat ion o f  the ram/wake o r ien ta t ion  a t  a l l  times i n  the f l i g h t .  

EVIOLNCE f OR THE RAWWAKE HYPOTHESIS 

Although the absolute o r ien ta t ion  of the P I X  I1 s a t e l l i t e  a t  a l l  times i n  
the f l i g h t  has not been determined, there are some rough Indicat ions of  the 
a t t i t ude  a t  ce r t a i n  times. For instance, the Sun sensor can ind icate  times 
when the Sun I s  h igh on the solar array. Since the Sun was a t  a very high 
angle t o  the o r b l t a l  platw and the array was roughly opposite the Langmulr 
probe on PIX 11, a condition of  high Sun ori the array Implied that  the Langmuir 
probe was probably not i n  the vehic le wake. A map constructed o f  Langmuir 
probe currents f o r  the high-Sun condi t ion showed no discrepan;ies tetveen 
ad!acent o rb i t s  of  more than a fac tor  of  3, consistent w i t h  most points t n  
f tgure 4 (presumed nut t o  be I n  the wake). 



Perhaps the best t e s t  o f  whether the  Langmutr probe cur ren ts  were a t  t imes 
not. i n d i c a t i u e  of- the t r u e  plasma dens i ty  Ss t o  show tha t  a r e a l  phgslca'r 
e f f e c t  fo l lows not  the Langmulr pro& cur ren t  bu t  another Sndtcator- o f  the.  
plasma dens-2ty. N. 3. Stevens (ref- .  4-) bas shown that f o r  so-lar arrays. i n  the 
laboratory,  the nega.t.ivt! breakdown vol-tage decrsases with. incraasing plasma 
density.. Such an e f f e c t  should-also be seen I n  o r b i t  i f  the indicator o f  p las-  
ma denstty used-is c e l i a b l e  and the btased ar ray  ts n o t  i n  the veh ic le  wake. 
l o  i nsure  t h l s ,  the PM Z-I data wsre searched f o r  breakdowns- that-  occurred 
when the Langmuir probe (LP) cu r ren t  was much lower than the DMSP/F6 s a t e q l f t e  
cur ren t .  Such an occurrence was taken tro mean that  t he  Lanqmulr probe was i n  
the veh lc le  wake, so t h a t  the so la r  a r ray  opposite was n o t  I n  t h z  veh lc le  wake. 
The vol tage a t  which the so la r  arrays arced versus the corresponding DMSP/FS 
i o n  densf ty  was p l o t t e d  Cf lg.  5Zfar 211 breakdowns occur r ing  &en 

l o a 0  (LP cur ren t )  5 log10 ( O K P  I o n  dens l ty )  - 9.90 

For these po in t s  there  i s  a r e l a t i o n  between breakdown vol tage and i o n  dsnsl t y  
i n  the same sense hs Stevens found. Quan t i t a t i ve l y ,  leglo Uarc I s  co r re la ted  
w l t h  l og lo  (QMSP i o n  dens i ty )  w i t h  a c o r r e l a t l o n  c o e f f i c i e n t  o f  -0.73, s i g n i f i -  
cant s t  more than the  99.9 percent l e v e l  f o r  these 20-data points .  

t1 log]" rare = -0.34 10910 (DMSP i o n  dens i ty )  + 4.26 

The same breakdown vol tage was p l o t t e d  versus the Langmuir probe cur ren t  
presumed t o  have been read i n  the spacecraft  wake ( f i g .  6) .  This diagram has a 
c o r r e l a t i o n  c o e f f i c i e n t  o f  -0.68, which i s  lower than the c o r r e l a t i o n  w i t h  the  
dens l ty  found by another s a t e l l i t e .  Also, most o f  the c o r r e l a t i o n  gas 8ae t o  
one data p o i n t  of very low current.- The least-squares f i t  here i s  

loglo Varc = -0.20 loglo (LP currer l t )  + 1.59 

Thus f o r  these data the LP cur ren t  i s  a worse i n d i c a t o r  o f  the P I X  IL plasma 
dens1 t y  than the  readings o f  the DMSP/F6 sate1 li te.  Furthermore, a1 though 
these data were se lec ted  i n  a way that  should have produced a c o r r e l a t i o n  
between log10 (LP cur ren t )  and l o g l o  (DMSP i o n  dens l ty )  even f o r  originally 
uncorxelated data, the c o r r e l a t i o n  f o r  these po in t s  was only  0.27, no t  s i g n t f i -  
cant a t  the 80 percent confidence l e v e l  and cons is ten t  w t t h  a l a rge  dcgree o f  
randomness. I t  may be concluded tha t  when the Langmulr probe cur ren ts  were 
abr\ormally l ow  they were no-longer a v a l l d  I n d i c a t o r  o f  the plasm dens i ty  a t  
the so la r  array.  

The Langmulr probe cur ren ts  ( f i g .  4)  can sometimes be as much as 10 times 
lower than normal-, so tha t  a maxinrum correction f a c t o r  o f  10 nay be appropr iate 
f o r  plasma d e ~ s l t i e s  der ived from LP cur ren ts  when the probe t s  deepest i n  the 
vehic l e  w&e . 

The ram/wake hypothesis seems t o  satisfactorily exp la ln  the va r ia t i ons  i n  
~angmui r  probe cur ren t  f r o ~ n  orb1 t t o  o r b i t  on the P I X  11 sate111 te.  The time 
scale f o r  veh lc le  r o t a t i o n  or  precession may be shor t  enough t o  p lace the 
Langmuir probe i n  the veh lc le  wake i n  one o r b i t  and outs ide  the wake on the 
succeeding o r b l t .  Theoret ica l  conslderat ions mdkt? the amount of the  v a r i a t i o n  



plausible, and comparisons-with ton densi t ies found by a s a t e l l M e  I n  a s im i la r  
o r b i t  show the same caage o f  discrepancy.. fur-Mermore, when the probe might 
have been i n  the wake, probe currents were poorly correlated wbth the array 
breakdown v ~ ~ e ,  as compared w i t h  the correlation o f  athec plasma density 
i f i d l ca tws .  

the Importance af these resu l t s  can be summarized i n  the fo1 lowlng way: 
f-f rs-t, the PIX- ILLangmulr probe data must be used. wi th  caution I f  simple probe 
theory I s  used t o  i n f e r  plasma densi t lcs.  Second, when the probe i s  in tbe 
wake, cor rect ion factors o f  up t o  10, dependlng on the geometrical cl-rcum- 
stances, must be apgl led t o  the Langmulr probe currents t o  der ive plasma densl- 
t h s -  simply. Third, wake effects. can be s i gn i f i can t  for co l l ec t i on  currents 
on large spacecraft and may be a constderation I n  the geometrical deslgn of  
large solar arrays. Whenever posstble, f o r  instance, a n  array should perhaps 
be f i t t e d  w i tb  "bl lndersu on each side or other devices t o  put the array i n  a 
plasma-wake and t o  minlmlte leakage currents whl le maximlzlng breakdown vo l t -  
ages. F fna l ly ,  the amount of diminutton of the P I X  I I  Cangmutr probe current  
when the probe i s  in the vehicle wake may be important t o  understanding 
vehlcSe/plasma-interactions. - 

The PLX I1 data analysis should be continued i n  order t o  model the w h i c l e  
ar ienta t lon.  I t  may be possible t o  f i nd  the correction fac to r  necessary f o r  
any angle o f  at tack wt th  respect t o  the vehicle ve loc i t y  vector. This would 
make P I X  11 a laboratory f o r  studying no: only co l l ec t i on  currents and break- 
downs but a lso the dynamic interactdon between a large space vehicle and I t s  
stat ionary plasma environment. 
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Figure L - Orbital paths near north geomagnetic pole. 
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Figure 3. - PIX 11 orbits and correspondlng DMSPlW 
orbits. 

L 
ORBIT 2:-8460 465 470 475 
ORBIT 3: 844 849 8% 859 

TIME, PROGRAM COUNTS 

Figure 2 - PIX I1 Langmuir prdbe current 
readings for two consecutive polar passes. 
(Corresponding points are never more 
than Papar t  i n  geomagnetic latitude nor 
9O apart i n  geomagnetic longitude. Geo- 
magnetic l a m .  > 6 ~ ,  1 
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Figure 4. - Langmsir probe current versus ion density. 



Figure 5. - Array arcing voltage versus ion density - 
array not in  wake. 
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Figure 6. - Array arcing voltage versus Wngmuir probe 
current - Langmuir probe presumed in  wake. 



NASCAPMULATION OF P I X  I I UPEBIMEN7S 
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The second Plasma In teract ion Experlment ( P I X  11) consisted o f  a set of  
h 
1 four shor t -c i rcu i ted solar array modules mounted on the side of  a Delta launch 
k vehlcle. The modules were independently bi.ased over a range of  pos i t i ve  and 
- negative valtages r e l a t i v e  t o  the Del ta ground structure.  The experiment was 

launched i n t o  low Earth o r b i t  on 25 January 1983, and data were gathered f o r  
18 hr on the currents col lected by the modules from the space plasma. I n  t h i s  
presentation the- l a t es t  verslon of the NASCAP/LEO d i g i t a l  computer c0d.e was 
used- t o  slmu'late the PIX I 1  experiment. NASCAP i s  a f lntte-element code and 
p r a u i ~ u s  versions haue- be- res t r t c tad  t o  a s ing le  f ixed- mesh size. As a 
consequence the rxsolu.tion was d lc ta ted by the largest  physical dimension t o  
be modeled. The l a t e s t  version of NASCAP/LEO can- subdivide selected reglons. 
This permitted the modeling o f  the overa l l  Delta launch vebicle i n  the prtmary 
computational g r t d  a t  a coarse resolution-, wl-th subd5vidCd reglons a t  f i n e r  
reso lu t ion being used t o  p ick up the de ta i l s  of  the experiment module conffgu- 
rat ton.  Langmuir probe data from the f l i g h t  were used t o  estimate the space 
plasma density and temperature and the Delta ground potentla1 r e l a t i v e  t o  the 
space plasma. This Information I s  needed f o r  input  t o  MASCAP. Because of the 
uncertainty or  v a r t a b i l i t y  i n  the values of  these parameters, i t  was necessary 
t o  explore a ,,ange around the nominal value I n  order t o  determtne the var ia t ion 
i n  current co l lec t ton.  The f l i g h t  data from P IX  I L  were a lso compared w i t h  the 
resu l ts  of  the NASCAP simulation. 
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AN INVESTIGATION OF ARC OISCHARGING ON NEGATIUY BIASED U I E L F C I R I C -  

CONDIjClOR SAMPLLS LOY A PLASMA* 

W l  l l i a m  L. M i l l e r  
Nat ional  Aeronautics and Space Adminis t rat ion 

Lewis Research Center 
Cleveland, Ohio 44135 

Proposals a re  now being developed f o r  the cdns t ruc t lon  o f  high-power 
photovo l ta ic  systems f o r  o e r a t l o n  i n  low Earth o r b i t ,  where the plasma number R dens i ty  i s  about 103 t o  10 per cm3. E x i s t i n g  data i n d i c a t e  t h a t  i n t e r -  
ac t ions  between the plasma and h igh-vol tage surfaces of an o r b i t i n g  power 
system w i l l  occur. I n  ground tes ts ,  where the app l ied  vol tage i s  increased 
negat ive ly  from ground, the ar ray  cur ren t  c o l l e c t i o n  shows an approximately 
l i n e a r  r i s e  u n t i l  5 t  terminates i n  a rc lng  a t  greater  than several hundred v o l t s  
negat ive. This a rc ing  may reduce the power generat ion efficiency and could 
poss ib ly  a f f e c t  the low- level  l o g i c  c i r c u i t s  o f  the spacecraft .  Therefore i t  
i s  important t h a t  the a rc ing  phenomenon be w e l l  understood. This study i s  a 
survey o f  the  behavlor of d i f f e r e n t  d ie lec t r i c -conductor  samples, i nc lud ing  a 
so la r  c e l l  module, t h a t  were biased negat ive ly  i n  a low-density plasma envi ron 
ment w i t h  the  i n t e n t  o f  de f i n ing  arc discharge cond i t ions  and c h a r a c t e r i s t ~ c s .  
Procedures and r e s u l t s  a re  discussed. 

INTRODUCTION 

Recent proposals f o r  the cons t ruc t ion  of l a rge  spacecraft  t o  operate i n  
low Earth o r b i t  envis ion much greater  power requtrements than those of pres- 
e n t l y  operat ing spacecraft .  The employment o f  very la rge  so la r  arrays has 
been suggested as a means o f  generat ing such power. These arrays may operate 
a t  h igher  voltages than have been prev ious ly  used I n  order t o  reduce the mass 
o f  conduct ive mater ia ls .  

Conventional so la r  a r ray  design exposes c e l l  interconnects t o  the plasma 
environment o f  low Earth o r b i t ,  whlch can be as dense as l o 6  per cm3. Ground 
and f l i g h t  t e s t s  have shown the existence o f  i n te rac t i ons  between ar ray  sur- 
faces a t  h igh  vol tage and the surrounding plasma. fo r  p o s l t i v e  appl ied bSas 
vol tage a nonl inear  cur ren t  c o l l e c t i o n  phenomenon known as "snapovertl has been 
documented ( r e f .  ' 1 .  For negat ive app l ied  b ias  voltage, t o  be considered here- 
I n ,  recorded observations o f  so la r  arrays (e.g., r e f .  2)  Inc lude current  t ran-  
s ien ts  and v l s i b l e  f lashes o f  l i g h t ,  bo th  re fe r red  t o  as "arc ing."  Although no 
e f f o r t  t o  character ize these arcs I n  d e t a i l  appears i n  the l i t e r a t u r e  t o  date, 
there i s  agreement t h a t  arcs seem t o  occur on o r  near exposed metal surfaces o f  
a so la r  c e l l  a r ray  a t  b:;s vol tages o f  -300 V o r  more ( i n  t h i s  paper, 'moreM 
impl ies an increasing magnitude o f  negat ive vol tage) .  I f  v i o l e n t  enough, these 

"1 so i n  Spacecraf t Envf ronmental Interactions Technology - 1903, NASA 
CP-2336, 1984. 



arcs could conceivably d is rupt  e f f i c i e n t  power generation a d  low-level elec- 
t ron ic  c l r c u i t  aperation, as we l l  as cause b :~ys ica l  damage t o  the solar c e l l s  
o f  an o rb t t l ng  system. Therefore a thorough understanding of t h 2  arc phenom- 
enon i s  v i t a l  f o r  the successful destgn o f  lar(le-scale photouo-ltaic power- 
generating syskems---- 

I n  t h t s  investl-giitlon, d ie lectr ic-conductor  samples of varlous c0nflgura- 
t lons, includdng a solar c e l l  module, were blased negatively i n  a plasma of 
known density. The tes t  fac i  L l t y  was a small vacuum chamber, equipped w l t h  an 
argon plasma source. Rrclng behavior and i t s  dependence on sample conf igura-  
t lbn,  b ias voltage, and-plasmadensity were studied. 

TEST FACILITY 

Figure 1 shows the e l e c t r i c a l  c i r c u i t  and a t yp l ca l  experiment configura- 
t i on .  The t e s t  chamber was a 46-cm-dlameter by 81-cm-high s tee l  b e l l  j a r  
evacuated kd th  mechanical and o l l  diffusion pumps. Plasma was obtained by 
f lbwing argon gas past a hot  tungsten-fi lament cathode located i n  an anode 
cy l inder  immersed i n  a magentic f i e l d .  The source was mounted about 40 cm 
above the t e s t  samples and produced dens i t ies  o f  103 t o  l o 5  per cm3. A 1.3-cm 
b a f f l e  a t  the e x i t  aperture of the source d i f fused  the emerging pa r t i c l es  and 
prevented f i lament electrons and other pa r t i c l es  i n  the source chamber from 
s t r i k i n g  the samples d i r e c t l y .  With the plasma source on, chamber pressures 
dur ing t es t i ng  ranged from 5x10-6 t o  3x10-5 t o r r .  

The t e s t  samples were mounted on e l e c t r l c a l l y  i nsu la t ing  rods. They were 
biased us-lng two external,  continuously var iab le  voltage sources connected i n  
serles, g i v ing  at1 output of zero t o  -1000 V. Plasma character ls t lcs  data were 
obtained w l t h  a 1.91-em-diameter spherlcbl tangmuir probe connected t o  an auto- 
mated data system. Surface po ten t ia l  p r o f i l e s  were made by using a noncontact- 
i ng  e l ec t r os ta t i c  po ten t ia l  probe. t h i s  probe senses a voltage by n u l l i n g  the 
e l e c t r i c  f i e l d  between I t s e l f  and a small area o f  t e s t  sample surface. The 
probe was mounted on a movable arm and i t s  sensing surface was swept I n  a plane 
2 t o  5 mn above the t e s t  sample surfaces. 

I n  the high-voltage e l e c t r i c a l  l l n e  from the voltage source, 21 .I-HR 
serles resistance was shunted by 0.01 17-uf capacitance. A1 though some tes ts  
were run without the series resistance, i t  served t o  I so l a te  the discharge 
process from the character is t ics  o f  the w l t a g e  source, as wel l  as l i m l  t the 
current  f l ow from the voltage source during arc ing t o  pro tec t  the equipment. 
Co l lec t ion current  was monitored w j t h  a d i g i t a l  electrometer and an analog 
panel ammeter. A current  pulse transformer detected t ransients I n  the high- 
voltage l l n e  between the capacitors and the sample. The transformer's output 
was fed t o  a waveform recorder, connected i n  t u rn  t o  an oscilloscope, where 
the traces were photographed. Surface voltage pro f  1 les, test-sample appl l ed  
bias voltage, and Langmulr probe current  were recorded on a s t r i p  chart.  

PROCEDURE 

Af te r  the plasma source was allowed t o  stab1 l l z e  and the plasma data were 
obtained, voltage was appl ied t o  a sample i n  50- t o  100-V Increments, wi t h  a 3- 
t o  10-min wai t ing  per iod a t  each voltage. One t o  2 min were general ly required 
f o r  co l l ec t i on  current  stabilization, although completely stable condit ions 



were no t  reached i n  some solar  c e l l  ar ray  tes ts .  Tests were a l s o  conducted by 
Se t t i ng  the  b.ias vol tage a t  a f i x e d  value f o r  an extended p e r i o d  o f  time. The 
longest t e s t  du ra t i on  a t  d constant app l ied  b las  vol tage w l t h  constant t e s t  
cond1Uons was 8 hr. 

VEST S A M W  

The samples tes ted  are  i l l u s t r a t e d  I n  f i g u r e  2. The d isk/p inhole sample 
( f  l g .  2(a))  was a- 10-cm-diameter f iberg lass  d i s k  w l t h  a centered 5-cm-diameter 
electrode. The d l sk  and e lect rode were completely covered w l t h  0.0127-mm-thick 
Kapton i n s u l a t i o n ,  except f o r  a 0.8-mm-diameter 'bpinholebb i n  the center expos- 
I n g  the e lect rode.  Tests were a l so  conducted w l t h  w i r e  strands i nse r ted  be- 
tween the Kapton and the  e lect rode and extending 5 t o  10 mm beyond the d i s k ' s  
surface. 

A f ou r - so la r - ce l l  module ( f i g .  2(b)) o f  2-cm by 4-cm c e l l s  was tested w i t h  
the a r ray  output leads shorted together.  Two separa. tetests were conducted 
w I t h  Kapton tape masking a l l  b!iit a small sec t ion  of the c e l l s  and exposed 
interconnects. 

Also examined was a 0.4-mm-base-diameter tapered tungsten p i n  p ro t rud ing  
from a 10-cm-diameter f i be rg lass  d i sk  ( f i g .  2(c)).  The d l sk  covered a 5-cm- 
diameter,-centered, concave e lect rode.  The p in ,  attached t o  the electrode, 
extended through a 0.7-mm-diameter hole i n  the  f i be rg lass  t o  about 0.8 rnm above 
the  d i sk ' s  surface. Thus metal touched d i e l e c t r i c  on ly  on the underside o f  
the  f i be rg lass  a t  the edges of the concave e lect rode.  The back s ide o f  the 
sample was covered w i t h  Kapton tape to prevent cu r ren t  c o l l e c t i o n  on the rear  
surface, The same sample was a l so  tes ted  w i t h  a 3-cm by 2-cm ptece o f  Kapton 
tape on the  f i be rg lass  surface. The tape was p ierced by the p i n  so t h a t  the 
p l n  was I n  contact  w i t h  the tape. 

F l n a l l y ,  a 5-m-diameter coax ia l  cable ( R G  586/U) was cu t  ( f i g .  2(d))  w i t h  
the ground shielding s t r ipped 1.5 cm away from the  exposed surface t o  expose 
the copper center-conductor and surrounding i nsu la t i on .  

DISCUSSLOLANO RESULTS FOR IMDIUIDUAL SAMPLES 

Current c o l l e c t i o n  rose l i n e a r l y  w i t h  vol tage but  r a r e l y  terminated i n  
a rc ing  f o r  the p l a i n  p lnho le  sample. The few arcs t h a t  d i d  occur were a t t r i b -  
uted t o  dust  p a r t i c l e s  Ins ide  the hole. With the  w i r e  strands I n  place, arcs 
occurred regu la r l y  a t  an appl ied b ias  o f  about -500 V o r  more and were seen 
near o r  i n  the p inho le  bu t  no t  a t  the  st rand t i p s .  The observations might 
suggest t h a t  sharp o r  discont inuous surfaces and c lose  prox imi ty  o f  d i e l e c t r i c  
a re  requl  rements f o r  a rc  discharging. 

Solar C e l l  Array 

I n  tes ts  o f  the f u l l y  exposed (unmasked) so la r  array, a rc ing  occurred a t  
-300 V or  more, and arcs were seen on a l l  interconnects, al though they tended 
t o  occur more f requent ly  toward the ou ter  edges o f  the  array.  The exposed 
arez o f  the  second masking tes t ,  located on an edge o f  tho array, arced mere 



o f t e n  than the  f i rs t ,  al though the exposed rnetal area was roughly the samc 
( f i g *  W))* 

DurIng long constant-appllnd-bias-voltage t es t s ,  the discharge r a t e  o f  
the f u l l y  exposed ar ray  segment decreased w l t h  t lme ( f i g .  3 ) .  Perhaps arcs 
were b l u n t i n g  metal edges, rendering them less l i k e l y  s i t e s  f o r  f u t u r e  arc ing.  
Thei a rc  r a t e  appeared- t o  reach same nonzero equi 1  i b r l um value. However, longer 
tes t s  a re  needed t o  determine t h i s  conclus ive ly .  The rap id  decrease and sub- 
sequent r i s e  I n  arc r a t e  from about 20 t o  75  mtn (F ig .  3) may be the r e s u l t  o f  
vary lng  plasma characteristics e a r l y  i n  the  t e s t .  

V i s i b l e  damage t o  the  so la r  c e l l  a r ray  as a  r e s u l t  of  a rc ing  ( f i g .  4)  
appeared t o  be l i m i t e d  t o  a  roughenlng of in terconnect  surfaces, most ly con- 
centrated i n  spots near ln terconnect  edges and pro t rus lans .  I n  add i t ion ,  
c o l o r a t i o n  o f  the  in terconnect  surfaces occurred along the length  of several 
in terconnects.  The c o l o r a t i o n  may be the  r e s u l t  o f  vacuum pump o i l  contamina- 
t i o n ,  al though t h i s  I s  n o t  ce r ta in .  I t  i s  not  known t o  what extent  a  f i l m  o f  
o i l  might a f f e c t  the t e s t  r e s u l t s .  

With the  21.1-MQ c u r r e n t - l l m l t l n g  ser ies  res is tance removed, arcs were 
much b r i g h t e r ,  exh ib i t ed  l a rge r  peak currents,  and were longer I n  dura t ion .  
Damage t o  the  in terconnect  surfaces was much more extensive and Included 
regions where metal appeared t o  have melted and then r e s o l i d i f i e d  ( f i g .  5 ) .  
Co lora t ion  occurred and was a l so  more pronounced and extensive than a f t e r  t es t s  
w l t h  the l a r g e  res is tance i n  place. 

Tungsten Pin/Oisk 

No a rc ing  was observed w l t h  the p l a i n  p in /d isk  sample. However, w i t h  the 
Kapton i n  place, energet ic discharges occurred a t  app l ied  b las  o f  -800 V o r  
more. The d i f f e rence  i n  behavior w i t h  and wl thout  the  Kapton (a rc ing  versus no 
arc lng)  could be due t o  the d i f f e r i n g  dielectric proper t ies  of f i be rg lass  and 
Kapton. Yet, based on aforementloned observat ions of the d isk/p inhole sample, 
i t  I s  more l i k e l y  t h a t  the d i e l e c t r i c  must be very c lose  t o  o r  a c t u a l l y  touch- 
i n g  an exposed conductor f o r  a t c ing  t o  o c c i ~ r .  The i n t e n s i t y  of the arcs and 
the h igh  threshold vol tage fo r  the p ln /d isk ,  r e l a t i v e  t o  those of the  other  
samples tested, suggest t h a t  the sample con f i gu ra t i on  and the type of conduc- 
t i v e  ma te r ia l  used p lay some r o l e  I n  the  discharge mechanfsm. 

Cable End 

The cable end arced a t  app l ied  b las  of -400 V o r  more. Since the  t o t a l  
i n s u l a t i o n  area was much less on t h i s  sample than on others, I t  can be deduced 
t h a t  a  l a rge  d i e l e c t r i c  area I s  no t  a requirement f o r  arc discharging. Fur ther  
exp lo ra t i on  I s  needed t o  determine the nature o f  d i e l e c t r t c  area dependence. 

GENERAL ARC CHARACTERIS1 ICS 

Some general statements can be made concernlnq the discharge phenomena 
ob$erved on a11 o f  the samples t h a t  arced when tested. 



Arc Events 

The abserved discharges appeared t a  be blue poi-nt f l ashes - tha t  seemed t o  
cllcsur ind' lvtdual ly.  The t ime between arc  events was measured t o  be as shar t  
as 'I Ses o r  less.  Often, cur ren t  c o l l e c t i o n  appeared t o  be s tab le  r i g h t  up t o  
the p o i n t  of discharge, w i t h  s tab le  col l -ect fon resuming s h o r t l y  af terward.  
This lrliis excepted i n  s e r t a i n  cases o f  a h igh  a rc ing  r a t e  (o f  the order o f  1  
arc/sec) when the ~ t e a d p ~ s t a t e  collect lo^ cur ren t  was not  w e l l  defdned. 

l h e r e  was an approximately l i n e a r  increase i n  c o l l e c t i o n  cur ren t  as the 
b ias  vol tage was Increased negat ive ly ,  afid dlscharges began t o  occur a t  some 
def i r l i  t e  thre.shold v o l t a w .  As shown I n  f i g u r e  6, s teady-state c o l l e c t i o n  was 
measurable and continued t o  r i s e  l i n e a r l y  a t  app l ied  b ias  voltages greater  
than o r  equal t o  the arc ing  threshold voltage. The d i f f e rence  i n  the slopes 
o f  the  masked so la r  c e l l  a r ray  and p in /d isk  curves represents the d i f f e rence  
I n  ava i l ab le  c o l l e c t i o n  area (exposed metal area) o f  the  two samples. 

Tt~reshold Voltage 

Each sample t h a t  arced d i d  so a t  a s l i g h t l y  d i f f e r e n t  i n i t i a l  threshold 
voltage, ranging from -300 V f o r  the  f u l l y  exposed so la r  c e l l  a r ray  t o  -800 V 
f o r  the tungsten p in/d isk sample. I n  a l l  cases the threshold vol tage became 
more negat ive as the t o t a l  a rc ing  experience accumulated. For example, a 
sample w i t h  an i n i t i a l  threshold f o r  a rc ing  o f  -500-V appl led bias, which was 
biased a t  -800 V f o r  some time, would l a t e r  e x h i b i t  arcs ra re l y ,  i f  a t  a l l ,  a t  
-500 V. The data were no t  conclus ive as t o  the e f f e c t  o f  plasma dens i ty  on 
threshold voltage, i n  p a r t  because o f  t h i s  var iance i n  threshold vol tage w i t h  
accumulation o f  arc ing.  

Durat ion and Peak Current 

Osci l loscope traces o f  cur ren t  pulses were recorded dur ing  arc events on 
various samples. The t races ( f i g .  7 )  represent negat ive charge leav ing  the  
capac i to i c  i n  the e l e c t r i c a l  system dur lng  an arc event. The arc dura t ion  was 
about 10 , 30 psec w l t h  the 21 . l -MQ res is tance I n  series, and greater  than 
1 msec w i thout  the reslstance. Arc peak cur ren t  was genera l l y  0.5 t o  2 A w i t h  
the  resistance, and about 40 A o r  more w i thout  i t .  The f a c t  t h a t  arc peak 
cur ren t  decreased w i t h  ser ies  res is tance may i n d i c a t e  a c u t o f f  p o i n t  a t  which 
the  available cur ren t  would no t  be enough t o  sus ta in  arc ing.  

Arc Rate 

The arc r a t e  Increased w i t h  app l ied  vol tage and plasma dens i ty  f o r  the  
f u l l y  exposed so la r  a r ray  ( f i g .  8).  Thls behavlor was c h a r a c t e r l s t l c  o f  a l l  o f  
the  samples t h a t  arced. The arc r a t e  decreased w l t h  t ime dur ing  long t e s t s  o f  
the  f u l l y  exposed so la r  c e l l  module ( f i g .  3). Th4s t rend was a l so  ind ica ted  
dur lng  shor ter  t e s t s  o f  other  samples. As s ta ted  e a r l i e r ,  longer t e s t s  a re  
needed t o  determlne conclus ive ly  whether the arc  r a t e  does Indeed reach some 
nonzero equl 1 i b r l um value. 



Surface Uol tagc Prof 1 lcs  

St r ip-char t  records of  t yp lca l  swface potendlal p r o f i b s  ware obtatned by 
swoeplna the e lec t ros ta t t c  probe ( f i g .  9). CharocterIsticS o f  there p r o f i l e s  
Include large val  tage readings over exposed fflgtdl regions and lawer potent la1 
readings aver d le lec tc l c  areas. During the e lec t ros ta t i c  probe's sweep, d is -  
charges would ofterr occur as the probe msued over an exposed metii.1 region. 
This behavSor suggests tha t  the probe could have tnduced some discharges, I t  
I s  thought tha t  local ized solar c e l l  arcs a f f e c t  the surface potentials Of the 
res t  of an array ( r e f ,  3). The po ten t ia l  p r o f i l e s  made i n  t h i s  inves'igatlon 
Ind icate  tha t  the test-sample response time t o  an arc event was probably 
shorter thbn the response tWes of the e lec t ras ta t i c  probe and the s t r l p  chart.  

I n  addit idn, the resu l t s  show tha t  arcs can occur not only on solar cell  
arrays, but a lso on other surfaces wSth exposed metal tha t  are biased a t  h igh 
voltages i n  a plasma. 

SUGGESTIONS FOR FURTHE9 STUDY 

More data are needed t o  c l a r i f y  the re lat ionships of  arc ra te  and thres- 
hold voltage t o  bias voltage and plasma density. Surface p6tent ia ls  and plasma 
b e b v i o r  should be examined more c losely.  It must be discovered t o  what extent 
arcs physical ly  a f f ec t  the die lectr ic-conductor surfaces and current-voltage 
character1stl.c~ of a given t es t  sample. A metal p l a te  placed some distance 
above a t es t  sample surface mlght show i f  and how much metal or  dielectric i s  
vaporized. f t n a l l y ,  ctnce arc ing i s  an op t i ca l  as we l l  as e lec t r i ca l -  phenome- 
non, spectral analysis of  the discharges could provide valuable ins lghts  I n t o  
are mechanisq and composition. 

O f  major concern I s  the comparative v a l l d l t y  of resu l ts  obtained by using 
d t e s t  r i g  containing shorted solar c e l l  arrays tha t  are biased w l th  an exter- 
na l  power supply rather than by using self-generated voltages. The d i f f i c u l -  
t t es  t ha t  a r l se  here are the in t roduct ion of  the e f fec ts  o f  the external 
supply's characteristics and the lack of  the a b i l i t y  t o  examine the actual  
e lectronic behavlor of  the solar c e l l s  during arcing. Also, the t e s t  chamber's 
l im i t ed  s ize (and the subsequent in t roduct ion of boundaries) probably a f fec ts  
the plasma behavlor (e.g., wave propagation). However, t h i s  t e s t  setup does 
al low f o r  v lsual  and spectroscopic observation o f  arcs, which would probably 
not be possible during a stmulated sunl ight  t e s t  because of  the great Intensity 
of  ambient l i g h t  i n  the t es t  chamber. 

CONCLUSIONS 

This study confirms the resu l ts  of previous studies t ha t  found tha t  v i s -  
i b l e  arcs occur on, or very near, the Interconnects of solar c e l l  srrays biased 
several hundred vo l t s  negative. The resu l t s  show tha t  arc ing i s  not so le ly  a 
solar array phenomenon, but tha t  arcs can occur on other d ie lectr ic-conductor 
conflgurat lons i s  wel l .  There are indicat ions of geornetrlcal, material, 
plasma density, and appl ied bias voltage dependence of the discharges. I n  
addit ion, the arc behavlor of  a sample can be categorized by parameters tha t  
Include arc rate, threshold voltage, duration, arc current, and op t i ca l  inten- 
s i t y .  Moreover, fu r the r  study I s  requlrad before the arc phenomenon w i l l  be 



adequately understand, and hence, before the I im l t l ng  factors a f  arc lng I n  the 
deslgrl o f  large hlqh-power photovol t a l c  yrtems cw be thoroughly assessed. 
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DISCHBBGU ON A NEGAT1.VEL.Y BIASED SOLAR CELL. ARRAY 

I N  A CHARGED PARTICLE ENVIRONMENT 

OavSd 8, Snyder 
Nat ional  Aeronautics and Space A d m t n i s h t i o n  

Lewis Research Center 
Cleveland, Ohio 44135 

The charging behavlor o f  a negat lve ly  blased so la r  c e l l  ar ray when sub- 
jec ted  t o  a charged-par t ic le  environment was studied i n  the i o n  densi ty  range 
200 t o  12 000 lons/cm3 w i t h  the app l ied  b ias  range -500 t o  -1400 V. The 
p r o f i l e  o f  the  surface p o t e n t i a l s  across the ar-ray-was--related t o  the presence - 
o f  dtscharges. 

A t  the  low end o f  the I o n  dens l ty  range the so la r  c e l l  coversl ides charged 
t o  0 t o  5 V independent o f  the app l ied  voltage. No discharges were seen a t  
b ias  voltages as l a rge  as -1400 V.  A t  the  h igher  i o n  dens i t i es  the covers l ide 
potent  l a 1  began t o  f l u c t u a t e  and became s i g n l f  i c a n t l y  negative. Under these 
condi t ions discharges can occur. The threshold b ias  vol tage f o r  discharges 
decreased w l t h  Increasing i o n  densl ty .  A cond i t i on  f o r  discharges emerging 
from the experimental O ~ S ~ ~ W ~ ~ Q R S  was t h a t  the  average covers l ide po ten t i a l  
must be more negat ive than -4 V. The observations presented suggest t ha t  the 
plasma p o t e n t l a l  near the ar ray  becomes negative before a discharge occurs. 
Thls suggests t h a t  discharges are  d r i v e n  by an i n s t a b F U t y  i n  the plasma. 

INTRODUCTION 

I t  i s  w e l l  known t h a t  I f  an uni l luminated,  shorted so la r  c e l l  ar ray i s  
blased s u f f i c i e n t l y  negat ive I n  the presence o f  a plasma, i t  w l l l  e x h i b i t  arc 
discharges ( r e f s .  1 t o  3 ) .  The t r i g g e r  mechanism f o r  these discharges I s  no t  
yet  understood. Thls work studied t h i s  e f f e c t .  The cur ren t  worklng hypothesis 
(cef .  3) i s  t h a t  when the  e l e c t r i c a l  f i e l d  s t rength  between the solar  c e l l  
covers l ides and the Interconnects becomes too  great ,  a discharge can occur. 
The e l e c t r l c  f i e l d s  w l l l  be roughly p ropor t tona l  t o  the  p o t e n t i a l  d i f fe rence 
between the interconnects and addacent covers l ides and the distance over which 
most o f  the change i n  p o t e n t l a l  occurs. 

As an a l t e r n a t l u e  hypothesis, I assumed t h a t  the  gradient  o f  the po ten t i a l  
causes the  a t t r a c t e d  post t i v e  ions t o  be focused on the  interconnects and t h a t  
the  s i ze  of the region over which the p o t e n t i a l  changes can vary, changing the 
ef f i c i ency  w i t h  which Ions are  c o l l e c t e d  a t  the Interconnects. Eventually, 
over mlcrdseconds, t h i s  cur ren t  might become great  enough t o  overload the power 
supply and r e s u l t  I n  an apparent discharge. 

I n  t h i s  study, both o f  these hypotheses were examined, tak ing  i n t o  account 
the po ten t ta l s  observed on the  blased so la r  array.  A shorted, blased solar  
a r ray  was subjected t o  a plasma where the i o n  dens i ty  was low enough tha t  the 



p r o f l l e  o f  the p o b n t l a l  along the surface o f  the array changed on a time scale 
o f  seconds t o  minutes. The p r o f i l e  o f  the potent ta l  along a por t ton of  the 
array war monitored by weeplng an e lec t ros - ta tk  voltage probe across the array 
a t  5-@lh In terva ls .  0lscharges.were detected by a probe tha t  was capacl-tlvely 
coupled t o  the back r ,T the array. Wlth th is.  apparatus -the condi-ttons under 
whlch dfscharges do and do not occur was lnuestlgated. The charglng behavlor 
o f  the coversl ldes l s  discussed w l t h  r-espect t o  these discharges. 

The observations reported hereln do not support e l the r  o f  the prel lmlnary 
hypotheses, whlch assume tha t  a discharge ar lses from the e leCtr lc  f l e l d s  on 
the array. Instead the plasma I t s e l f  may be responsible f o r  the discharge. 

Thls work was undertaken t o  measure the p r o f l l e  o f  the po ten t la l  across a 
biased solar array and t o  determine I t s  response t o  a plasma envlronment. O f  
speclal In terest  i s  the behavior under condlt lons where dlscharges occur. The,-' 
experlmental apparatus ( f l $ .  1) consisted essent ia l ly  of  a plasma source a/ 
solar array, p lates t o  monltor the envl ronment, and an electrostat&-p-de t o  
read the po ten t la l  along the surface of  the array. The vacuugRtra'mber wt\s 1 m 
I n  dlameter by 2 n long. I t  used Ion pumps and a t u r b e  reach a ' rse 
pressure o f  under t o r r .  Ourlng these experlments, w i t h  the plasma source 
on, the pressure was I n  the range 4x10'~ t o  10x10-~ to r r ,  the lower pressure 
cwespondlng t o  lower ton dens i t ies-  

An electron bombardment tonizer was the plasma source. It used a hot 
f l lament t o  generate electrons. The electrons were accelerated t o  about 50 V 
t o  lonlze nt t rogen .gas as i t  flowed I n t o  the vacuum system. Current through a 
cot1 concentric w l t h  the l on i r a t l on  chamber generated a magnetic f i e l d  t o  I n -  
crease the e f fec t t ve  path length of  the electrons l n  the gas and thus l n c r e d ~ e  
the plasma density. 

Llmlted p l a s m  measurements were obtalned during the experiments. To 
improve conf ldance, plasma character1 s t i c s  under slml l a r  condl t Ions were 
obtained l a t e r  by uslng 8 1200-cm2 p la te  as a Langmulr probe. The electron 
temperatures were about 1 eV; the plasma potent ia ls  were about 10 V; and the 
Ion  densl t les ranged from 200 t o  12 000 These parameters should be 
regarded as order-of-magnltude esttmates. 

The array segment ( f l g .  2) used I n  t h f s  work was o r i g i n a l l y  constructed 
f o r  the SPHINX satellite. I t  has been used f o r  studles o f  electron-beam- 
stimulated dlscharb-s ( re fs .  4 and 5). It was constructed from twenty-four 
2-cm by 2-cm solar  c e l l s  connected i n  serles and formtng a 6x4 array. The 
Interconnects were I -m-wlde s l l v e r  s t r l gs  runnlng along the edge of  each c e l l  
and had four f l a t  wires forming the connectlons t o  the fo l lowlng c e l l .  The 
gags oetween c e l l s  f o r  these connectlons were 0.2 t o  0.5 nun wide. The surfaces 
sf the c e l l s  werP protected by fused s i l i c a  coverslldes, 0.15 t o  0.25 mm th lck .  
The coverslldes d i d  not extend over the maln metal s t r l p .  The base f o r  the 
array was d fiberglass pr tn ted c l r c u l t  board. A sheet o f  Kapton separated the 
array and base. On the back of  the base, a 2.5-cm-radlus copper d isk  had been 
etched and covered w l th  Kapton. Thls back p la te  served as a probe capacl t lvely 
coupled t o  the array and measured changes I n  the array 's potent la l  . The blas 



voltage was dppl led t o  the Interconnects w l  t h  a Spel lman RHR-2OPNQO/RVC power 
supply. Thls power supply can provide voltages t o  20 kU and current t o  3.3 mh 
( r e f .  6). 

Durlng a typlcacl run data were taken f o r  1920 sec and stored a t  0.5-sec 
l-nteruals by a MINC-23 computer w i t h  an ana log ld lg j ta l  converter. A t  300-wc 
in terva ls-  the nowontact5ng Trek e l ec t ros i a t l c  uo? tag@ probe was swept acros 
the array. TRls probe reads a voltage by n u l l i n g  the electr- ic  f l e l d  between 
I t s e l f  and area being lnvestl-gated. I t  was close enough t o  the array, about 
0.75 m, t o  average the po ten t ia l  over an area of- about 1.6 nm2. The probe 
took 120 sec t o  swew down the array, dur lng whlch tlme i t s  pos l t lon and vo l t -  
age were recorded. Durlng the fo l lowlng 180 sec, u n t i l  tbe next probe sweep, 
the pressure was monitored. The e lec t ros ta t i c  probe returned to I t s  base 
pos l t ton over a grouhd reference p l a te  durlng the f i r s t  6 b e c  o f  t h l s  perlod. 

Dlscbarge t ransients were detected by using the back-plate probe. The 
capacitance of the back p l a te  t o  the solar array was 65 pF, and t o  ground It 
was 616 pF. A f as t  t e s t  pulse was used to determine the characterlst1c.s of the 
system. Thls caused the cable to r i n g  a t  15 t o  20 MHz, conslstent w i th  the 
4.443 cable length from back p la te  t o  a Blomatlon 6108 t ransient  recorder. But 
the t rans lent  recorder had an in te rna l  hlgh-f requency l l m l  t o f  2.5 MHz. The 
50-drm cable was terminated w l th  50 ohms a t  the t rans ient  recorder but was open 
a t  the back plate.  This arrangement measured ra te  o f  change o f  the average 
voltage on the array. Owing dlschaxges the arc cu r ren t  exceeded the current 
l i m l t  of the power supply, and the power supply d l d  not  succeed i n  malntalnlng 
the bias voltage a t  the discharge s i t e  on the solar array. The slgnal shown 
i n  f lgure 3 I s  character ls t lc  of  discharges tha t  appear as arcs on the array. 
The time of appearance s f  t h t s  slgnal was used as the tlme of  dlschargtng. The 
discharge times were recorded and the waveforms of  the discharges (1.e.. the 
current t o  the back p:ate) were recorded by the t rans ient  recorder. 

RESULTS 

Three sets of data were obtained: one f o r  low i on  density (pressure of 
4 ~ 1 0 - ~  to r r ;  lon density o f  about 200 cm-3). one for  a medium density (pressure 
of 6x1W6 %om; ion  denslty of  about 8000 cm-3). and one for  a hlgh Ion denslty 
(pressure of 8 x 1 0 - ~  to r r ;  Ion denslty o f  about 12 000 cm-3). The data obtdlned 
are summarlzed I n  tab le  1, 

A t  low Ion denslt les, bias voltages o f  -600 t o  -1400 V were applied. No 
discharges occurred. A t yp ica l  e lec t ros ta t i c  voltage p r o f l l e  across the array 
I s  shown i n  f lgure 4. Figure 4(a) i l l u s t r a t e s -  the p r o f l l e  across the array a t  
w r l o u s  tlmes; f igure 4(b) shows the tiehaulor o f  two pa r t i cu l a r  ce l l s .  When 
the blasing voltage was f i r s t  apglled, both the Interconnects and the cover- 
s l ldes went t o  the appl ied po ten t la l  (l.e., the eoverslides had no net charge). 
The coverslldes then slowly accumulated pos l t l ve  charge and approached a 
s l l g h t l y  pos l t l ve  po ten t la l .  The po ten t ia l  of  the surrounding Kapton changed 
relatively rap ld ly  because o f  I t s  lower caphcltance t o  the interconnects. On 
the array I t s e l f  the cent ra l  covers1 ides charged rapldly,  w l t h  those cover- 
s l ldes c losest  t o  the plasma source chargtng most rap ld ly .  Thls e f fec t  was 
probably re la ted t o  the array 's v e r t l c a l  o r len ta t ion  i n  the tank. When the 
array was ver t l ca l ,  the door of the tank was about 1 m l n  f r on t  o f  I t  and the 
center charged most rap id ly .  I n  a h o r i z m t a l  or ienta t lon,  the edges of  the 
array charged most rapfdly,  w l t h  the wa l l  of  the tank belng about 0.4 t o  0.5 m 



above the array, This behavior was apparently a consequence of  the relevant 
character ls t lc  lengths of  the plasma being of  the same order of magnitude as 
the dlmenstons o f  the tank. Thls pa r t i cu l a r  charging feature i s  not expected 
I n  space. 

Tbe coverslldes- tended t o  charge t o  a s l i g h t l y  positive p o t e ~ t t a l ,  4. t o  
10 V.  They slmgly charged. t o  the plasma potent la l .  A t  high. blas vol-tagss 
f luctuat ions I n  potent ia l  across the array appeared and tended t o  get more 
pronounced at  higher blases, as shown i n  tab le  I. These f luc tuat ions suggest. 
t ha t  the loca l  plasma potent ia ls  near the array are becomlng nonunlform. 

A t  hlgher ion  densi t les the behavior of  the coversl ide po ten t la l  was sub- 
s t a n t i a l l y  d i f f e r e n t  ( f i g .  5). I n S t l a l l y  the coverslides charged rapidl-y t o  a 
s l l g h t l y  pos i t i ve  po ten t ia l  ( the plasma potent ia l ) .  But the coverslides then 
s lou ly  became negative, and the po ten t ia l  across t h e  array began t o  f luctuate.  
A t  higher negative biases and higher ion densit les, the average coversl ide 
potentla1 was more negative, and the f luc tuat ions became more substantial .  
This i s  demonstrated i n  tab le  I, where the high standard deviat ions Indicate 
s ign i f i can t  var iat ions i n  po ten t i a l  across the array. Under these conditions 
dlscharges can occur. 

The f luc tuat lons i n  po ten t ia l  across the array can be used t o  i d e n t i f y  
s i tes  associated w l t k  discharges. The potent la ls  of the two coversltdes a t  1 
and 3 cm ( f i g .  5(a)) became Increasingly negative between 300 and 900 sec. 
Af ter  a dlscharge a t  1189 sec t h i s  feature disappeared, an indtcatior! tha t  the 
discharge occurred near t h i s  region o f  tfte array. 

I n  several cases discharges occurred whi le the e lec t ros ta t i c  probe was 
measuring the surface potent ia l .  From these cases ( f ig- .  6) It I s  apparent 
tha t  the coverslides at ta ined nearly One interconnect po ten t ia l  a t  the time o f  
the discharge and then recharged t o  ground. Slnce not a l l  of  the features i n  
the potent ia l  p r o f i l e  were changed, the discharge was apparently a loca l  
e f  feet. 

DISCUSSION 

The shapes of  the po ten t la l  p r o f i l e  near an Interconnect are shown under 
conditions tha t  do not  ( f i g .  7) afid do ( f i g .  8) cause dlscharges. Figure 7 
shows the measured voltage p r o f i l e  a t  an interconnect a t  low ion  density f o r  
biases of  both -800 and -1400 V ,t.e., cu;,dltions where no discharges were 
detected). The spa t ia l  reso lu t ion  of  the e lec t ros ta t i c  probe :s poor compared 
w i th  the s ize of  an interconnett,  and the dtstances between posi t ions where the 
potent ia ls  are read were long compared w l th  the width of  the interconnects. 
However, data from separtate probe sweeps were consistent w i th  each other. 
Data from separate sweeps could be al igned by ca lcb la t ing the pos l t i on  o f  the 
negatlve veak from the curvature a t  the three most negative points. When 
aligned I n  t h i s  way, the data constructed a conslstent view of  the po ten t ia l  
I n  the region of  the interconnect. I n  f a c t ,  there were no measurable d i f f e r -  
ences between the two p r o f i l e s  when the -800-V p r o f i l e  was normalized t o  the 
-1400-V p r o f i l e  by using an appropriate scal ing fac tor  of 14/8. 

Ftgure 8(a) shows the p r o f i l e  a t  an interconnect biased t o  -1008 V under 
eondltlons where discharges were detected. The primary d l f  ference between 
p ro f l l e s  obtained a t  d i f fe ren t  times was tha t  the average po ten t ia l  of  the 



covers l ides sh i f t ed .  I n  f i g u r e  8(b) the  data po in t s  For t h l s  case are  super- 
tmp~sed on and compared w i t h  tbe p r o f i l e  when no discharges were seen (-800 V) .  
The dWference between these two sets of data was p r i m a r i l y  due t o  the  c o w -  
s l i de -po ten t l a l s .  

The hypotbesls proposed by Stevens e t  al, ( r e f .  4) t h a t  discharges a re  
r e l a t e d  t o  ttte p o t e n t i a l  g rad ien t  between the  covers l ides and the  Snterconnects 
i s  po t  supported by t h i s  work. A t  low 1-or! dens l t i es  no discharg-es were seen 
even though the  covers l lde  p o t e n t i a l s  reached ground and the  b ias  was very neg- 
a t i v e .  In contrast ,  under discharge-prone condi t ions,  dlscharges were more 
l i k e l y  t o  occur when the  coversl-ides were a t  a s u b s t a n t i a l l y  negat ive p o t e n t i a l  
ra the r  than when t h e i r  p o t e n t i a l s  were near ground b r  s l i g h t l y  p o s l t l v e .  The 
e l e c t r k  f i e l d s  d l d  no t  appear t o  change s i g n i f  l c a n t l y  . The s p a t i a l  r e s o l u t t o n  
o f  t he  measurement was millimeters, so t h l s  observat ion was no t  concluslve. 
I n  fac t ,  these measurements show t h a t  the  e l e c t r i c  f i e l d  was above-lo6 V/m. 
But because the  covers l ides were more negatlve, and the  change i n  vol tage l ess  
under conditions where discharges occurred than when they d i d  not ,  the  hypoth- 
esfs-was not  supparted. 

S im i l a r  conclusions were drawn w i t h  respect t o  t he  other  hypothesis ad- 
vanced here, t h a t  focusing o f  t he  attra-cted ions near the  in terconnect  i s  im- 
por tan t  t o  t he  discharge mechanism. Changes i n  t he  surface p o t e n t i a l s  near 
t h e  Interconnects would p e r m i t t ! ~ e  ion- focusing cha rac te r i s t i cs  o f  t he  i n t e r -  
connect t o  change. A t  low ton  dens l t l es  the  p r o f i l e  o f  t h e  p o t e n t t a l  near t he  
Interconnects d i d  no t  change w i t h  b ias  voltage, w i t h i n  the  reso lu t i on  o f  the  
experiment. 

I n  cases where discharges occurred ( f i g .  8 ) ,  t he  behavior was less  con- 
c lus ive .  The shape o b v ~ o u s l y  changed, ye t  the  v a r i a t i o n s  were p r i m a r i l y  due 
t o  s h l f t s  I n  t he  covers l ide  p o t e n t i a l .  The wtdth o f  the  in terconnect  reg lon  
d i d  no t  change s i g n i f i c a n t l y .  I f  the  p o t e n t i a l  p r o f i l e  d i d  change, i t  was 
on ly  over distances as small as, o r  smaller than, the  in terconnect  width. 
Therefore the  s i ze  o f  the  region over which Focusing could change was smal l .  
This work produced no evidence t h a t  ton focusing near an Interconnect i s  im-  
por tan t  t o  Mscharging. 

These data do i n d i c a t e  t h a t  discharges occurred when the  average couer- 
s l i d e  p o t e n t i a l  was more negat ive than -4 V, regardless u f  b ias  voltage. 
f i g u r e  9 shows the  average covers l lde  p o t e n t i a l  as w e l l  as i t s  standard devia- 
t i o n  a t  var ious in terconnect  biases, f o r  d t f  f e ren t  plasma condi t ions.  I n  
b d d l t i o n  the  number o f  discharges i n  a. half-hour I un I s  shown f o r  those cases 
where discharges occurred. This average was determtned by the  i o n  dens i ty  and 
the  b ias  voltage. Cxcept f o r  the  s i n g l e  case o f  a discharge a t  -600 V, a l l  
dlscharges occurred when some covers l ides were negative. 

The charged-par t ic le  environment near the  ar ray  became negative under con- 
d l t l o n s  where dlscharges can occur. The cur ren t  t o  the  grounded sensor became 
negatlve, and the  covers l lde  p o t e n t i a l  became negatlve by several tens o f  v o l t s  
l o c a l l y .  Two reasons are  suggested f o r  t h i s  behavior: the  increase i n  nega- 
t i v e  charge dens i ty  :auld be due t o  secondary e lec t ron  emlsslon from I o n  c o l l i -  
s lons w i t h  t h e  array, o r  i t  could i n d l c a t e  t h a t  in terconnects a t  h igh  negat ive 
biases have more o f  an in f luence on the  shape o f  the  sheath near t he  ar ray  a t  
h igh  dens i t i es  t h a t  a t  low dens l t i es  and t h a t  the  shape o f  t he  sheath has an 
impartant r o l e  i n  the  occurrence o f  discharges. 



The seco~d  sugg.estlon seem t o  be the more l i k e l y  o f  the two. The elec- 
t r on  emlsslon could not  i;o f r om the  covecslldes, since they approached a 
roughly equl l lbr lum. potentl.al . Thls ernlsslon could occur only near the I n t e r -  
connects, and t h i s  would l lnrlt the amount of emlsslon a v a l l a b k  f o r  a dl%- 
charge. Also slnce the secondary- e lec t ron y ie lds  f o r  tons on me-tals are low, 
ion  ca l lec t lon-shou ld  not  induce s l gn i f i ean t  e lec t ron emlssdoh. Arl i ~ s 9 a b i l l t y  
I n  the plasma, bowever, mlght be able t o  access-the large amounts-of charge 
from the plasma used lu discharge. 

The data co l lec ted I n  t h l s  work have been examlned l n  ah e f f o r t  t o  iden- 
t i f y  the mechanism i n l t l a t i n g  dlscharges on blased solar  arrays i n  a plasma. 
The evtdence submitted does not support e i t he r  o f  the two hypotheses examlned. 
The po ten t i a l  gradlent near an interconnect was not  d i r e c t l y  responslble f o r  
the discharges. A t  very low plasma denst t les,  biases as  la rge as -1400 V d i d  
not  r e s u l t  I n  dlscharges even though the coversl ides charged s l i g h t l y  pos i t i ve  
HiPh a resolution o f  the order o f  m i l  1 tmeters, the distance over whlch the 
potent la1 changed w l t h  no dlscharges resu l t i ng  was no d l f f e r e n t  than the d i s -  
tance f o r  cases t ha t  resul ted i n  discharges. I n  addit ion, the e l e c t r i c  f l e l d  
near the interconnects was greater when no dtscharges were s e e d a n  when they 
were seen. 

Focuslng o f  a t t rac ted  Ions probably does not p lay an important r o l e  i n  
the I n i t i a t i o n  o f  dlscharges. Agaln, the shape o f  the po ten t ia l  p r o f i l e  near 
the interconnect  d i d  not  change appreciably, on a scale o f  millimeters, between 
condlt lons t ha t  produced dlscharges and those t ha t  d i d  not. 

Both the plasma and dielectric surfaces seemed t o  play important ro les  In 
the l n l t l a t l o n  o f  discharges. Before discharges occurred, the coversl ides on 
the array became negative. Thts lndlcated t ha t  changes I n  the plasma sheath 
were tak lng place, which i n  t u rn  suggested t ha t  the plasma I t s e l f  was p lay ing 
an Important r o l e  I n  the appearance o f  dlscharges on htgh-voltage arrays. The 
plasma was not  slmply supplylng charge t o  the process but mlght have been 
d r l v l n g  the discharges. 

Further work needs t o  be done t o  v e r i f y  these observations. F l r s t ,  the 
work should be car r ted out under be t te r  con t ro l l ed  and monitored condlt lons. 
The fluctuations i n  the coversl lde po ten t ia l s  should be obserwble a t  lower 
b las voltages a t  higher plasma dens1 t i e s .  I n  addtt lon, theore t i ca l  work. should 
be done t o  d l  scover I f  plasma i n s t a b t l  i t l e s  can ex1 s t  under these condlt lons . 
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Figure 1. - Tank arrangement. 
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Figure 2. - Solar array. 
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Figure 3. - Back-plate espollse to a discharye. Bias, -IKX) V: ion I density, 12 000 cm' . 
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Figure 4 - Covcrslide behavior at low ion density. 
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Figure 5. - Coverslide behavior under conditions that 
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DESIGN GU1OF.UNt.S FOR ASSESSING AN0 CQNIROLI INC&PAC~CRIIFT CHARGING I F F L C f f  

Carolyn K .  Purvls 
Nat lonal  Aeronauttcs and Space AdrnlnlatratIon 

Lewla Research Canter 
Clcvcland, Qhls 44135 

H.  0. Garre t t  and A. Whl t t lesey 
C a l i f o r n l a  Institute o f  Technology 

Je t  Bropulslon Laboratory 
Pasadena, CallfOrnla 31109 

N. John Stevens 
Hughes A l r c r a f t  Company 
E l  Segundo, Gal I f  o rn la  

Experience has lnd lca ted  a need f o r  unl form c r l t e r i a ,  o r  guldel lnes,  t o  
be used I n  a11 phases of spacecraft  deslgn. Accordlngly, guldel lnes have been 
developed f o r  the  c o n t r o l  o f  absolute and d l f f e r e n t l a l  charglng o f  spacecra-ft 
surfaces by the  lower energy ( l ess  than approxlmately 50 keV) space charged- 
p a r t I c l e  environment. I n t e r l o r  charging due t o  h lgher  energy p a r t i c l e s  was 
no t  eonsldered. The guldel lnes have been complled l n t o  a NASA Teshnlcal Paper 
e n t l t l e d  "Design Guldel lnes f o r  Assessing and C o n t r o l l i n g  Spacecraft Charging 
E f fec ts  ," NASA TP-2361. 

The aocument I s  d l v lded  l n t o  f l v e  sect ions: (1) spacecraft  chargtng con- 
cepts o f  importance t o  the designer, ( 2 )  the modeling technlques t o  be used t o  
assess whether the deslgn i s  adequate f o r  environmental lmrnunlty, ( 3 )  s p e c l f l c  
gu lde l lnes  f o r  protecting systems and subsystems, ( 4 )  t e s t  procedures f o r  dem- 
ons t ra t i ng  system lnnnunIty, and ( 5 )  a c t i v e  charge c o n t r o l  and monitoring tech- 
nlques. ,qppendlxes present l l l u s t r a t l v e  examples and the  b lb l lograpky  l l s t s  
o ther  documents f o r  those desi r l n g  f u r t h e r  ln fo rmat lon  on specl f  l c  top lcs  . 

T+e deslgn gu lde l lnes  document i s  t o  be regarded as a guide t o  good prac- 
t i c e s  f o r  assessing and c o n t r o l l l n g  charglng e f f e c t s .  I t  I s  no t  a NASA o r  A i r  
Force mandatory requlrement unless s p e c l f l c a l l y  Included I n  p r o j e c t  spec l f l ca -  
t l ons .  I t  I s  expected, however, t h a t  t h l s  document, rev lsed as experience may 
lnd lca te ,  w l l l  prov lde unl form deslgn prac t fces  f o r  a l l  space vehlc les.  Coples 
can be obtalned by contac t ing  Carolyn K. Purvls.  



AEROSPRCE SPACECRAFT-CHARGING G U I D E L I N E S  DOCUMEN1 

3. F. Pennell, 0. F. Hal l ,  ti. C. KoonS, 
P. F .  Mizera, and A. L. Vampola 

The Aerospace Corporation 
Los Angeles, Ca l i fo rn ia  90009 

A short summary docune!~f on spacecraft charging has been prepared f o r  use by 
engineers I n  the uat.ious Aerospace Corporhtton program o f f i ces  tha t  support A i r  
Force Space Div is ion programs. The document out l ines the magnetospheric charg- 
ing environment a t  near-geosynchronous a l t i tudes,  discusses the mechanisms of  
charging and discharging, and presents s t a t j s t i c a l  resu l t s  from the 878-2 
(EZAIHA) s a t e l l i t e  engineering experiments. The document i s  intended t o  be a 
layman's source f o r  charglng information and f o r  design guidance and c r i t e r i a .  
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EM1 CHARBCTERISTICS OF A POTEMTIAL CONTROL SYSTEM* 

O. E. Donate111 
00s-ton Col 1 egc 

Chestnut H1 I>, Massachusetts 02167 

H. A. CoRen and W. 3.  Burke 
Air Force Geophysics Laboratory 

Hanscom A i  r Force Base, Mass8chusetts 01 731 

H. C.  Koons 
The Aerospace Corporatton 

Los Angeles, Cal i forn ia  90009 

With the  developnent and use o f  charged p a r t i c l e  sources f o r  con t ro l  1  i ng space- 
c r a f t  p o t e n t i a l s  there  i s  a need t o  b e t t e r  understand the  e f f e c t s  o f  these systems 

; on spacecraft  operations. The emission o f  charged p a r t i c l e s  per turbs the  spacecraft  
environment and s igna ls  are generated which may i n t e r f e r e  w i t h  o ther  veh ic le  funct ions. 
I n  p a r t i c u l a r ,  t he  generated s igna ls  are apt t o  i n t e r f e r e  w i t h  detectors f o r  observing 
waves t h a t  e x i s t  n a t u r a l l y  i n  t he  space environment. Examples o f  t h i s  type o f  i n t e r -  
ference are presented from the  SCATHA s a t e l l i t e  dur ing  a per iod  when the  veh ic le  was 
h ign l y  ctGrged. A plasma source on board the  spacecraft  succeeded i n  d ischarging 
the  veh ic le  w i t h  each o f  four  d i f f e r e n t  operat ing modes, The VLF broadband receiver  
on SCATHA detected in te r fe rence over the  e n t i r e  0-5 kHz range o f  both t h e  e l e c t r i c  
and magnetic f i e l d  detectors dur ing  these charged p a r t i c l e  ernissions. This  frequency 
range includes t h e  2 kHz e lec t ron  gyrofrequency but  i s  below t h e  9 kHz e lec t ron  plasma 
frequency. The observations suggest t h a t  in te r fe rence occurs through i n t roduc t i on  
o f  anomalous s ignals,  and through suppression o f  background f i e l d  measurements. 

INTRODUCT IUM 

The development o f  act i ve means f o r  con t ro l  1 i ng spacecraft  potent i a1 s i s  mot i- 
vated from both engineering and s c i e n t i f i c  considerat ions. La rge spacecraft  po ten t i a l s  
[nay be responsible f o r  operat ional anomalies (ref.  1  and references the re in )  and may 
i n t e r f e r e  w i t h  ~neasureaents o f  t he  cha rac te r i s t i cs  o f  t he  c o l d  plasma embedded i n  
the  plasr!~a sheet. The co ld  plasma plays a s i g n i f i c a n t  r o l e  i n  p rov id ing  n e u t r a l i z i n g  
cur ren ts  t o  spacecraft  ( re f .  1). It a lso  ac ts  as a c a t a l y s t  f o r  the  generat ion of 
wave turbulence i n  the  plasma sheet ( re f .  2 and 3). The waves cause energet ic  
e lec t rons  t o  d i f f u s e  i n  p i t c h  angle (ref.4 and 5). The l i f e t i m e  o f  t he  charging 
environment should then be con t ro l l ed  by the  d i f f us ion  r a t e  of these e lect rons.  
Thus, exact ~neasure~nents o f  the  low density,  c o l d  plasma component i n  t he  plasma 
sheet i s  requ i red  both f o r  spec i fy ing  severe charging environments and f o r  model l ing 
t h e i r  dyna~nics. UI fo r tunate ly ,  t he  dens i t i es  and temperatures o f  t he  co ld  e lec t ron  
and i pn  populat ions can only be measured if the s a t e l l i t e  po ten t i a l .  i s  maintained a t  
low values r e l a t i v e  t o  the  plasma. 

*This work was supported i n  p a r t  by A i r  Force Contract F19628-81-K-0011. 
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Charge c j e c t i a n  systems have heen proposed f a r  sa te l  1 i t e  missions t o  fdc i  1 i t a t e  
mehsurenent o f  co ld  ~ l a s ~ u a  f luxes  bu a c t i v e l v  mainta in inq the  e n t i r e  sate1 1 i t e  c lose 
t o  plasma potent ial . '  - Purvis a n d - ~ i r t l e t t  ( re f .  6) have po in ted  out t h z t  r lur inq a 
92-hour per iod o f  continuous charged p a r t i c l e  e j e c t i o n  by ATS- 6, no soacecraft  chargin y 
evellts were detected, a1 though s&eral plasma i n j e c t i o n  events  were encountered. 
Experience w i t h  s i m i l i a r  i n j e c t i o n  events suggests t h a t  i f  the  charge e j e c t i o n  system 
h u t  been operating, severe charging would have occurred. 

Electron heam and plasna beam syste~ns were pu t  on t h e  SCATHA sate1 1 i t e  t o  study 
t h e  discharging o f  s a t e l l i t e s  near geostat ionary o r b i t .  During the  sa te l  l i t e - e c l  ipse 
period o f  24 A p r i l  1979, SCATHA encountered such an environment and s a t e l l i t e  p o t e n t i a l s  
as low as - 8  kV were measured ( re f .  7). Attempts were made t o  discharge the veh ic le  
using both beam systems. The e lec t ron  beam system was able t o  r a i s e  the  veh ic le  
po ten t i a l  t o  -1 kV, but not b r i n g  about con~plete discharge. Durinq per iods of plasma- 
beam emissions the  veh ic le  was completely discharged. 

Few, i f  any, d i r e c t  rneasurerncnts o f  electrf imagneti c i n te r fe rence  (EMI) generated 
dur ing plasma beam operations have been publ ished i n  the  techn ica l  l i t e r a t u r e .  The 
purpose of t h i s  repor t  i s  t o  consider the ir!ipact of El41 generated by the  emit ted 
plasma on the  operat ion o f  wave experiments. Since SCATHA i s  equipped wi th  a plaslna 
beam system and a VL F experiment capable o f  mdni t o r i  ng beam-i nduced waves, i t  provides 
a unique set of measurements f o r  an EM1 impact assessment. Even though there  a re  
major di f ferences between the  plasma-beam system f lown on SCATHH and t h e  charge 
e jec t ion  systems proposed f o r  veh ic le  p o t e n t i a l  con t ro l ,  these r~~easureinents shoul d 
have relevance f o r  a s a t e l l i t e  t h a t  w i l l  spend a s i g n i f i c a n t  f r a c t i o n  o f  i t s  l i f e  i n  
plasna sheet envi ron~nents sirni 1 i a r  t o  those encountered by SCATHA, 

In  the fo l low ing sect ion t h e  plasrna heam and VLF instrur:ients on SCATHA are  
described. The observations sect ion examines VLF nieasurements taken dur ing  the ec l i pse  
per iod  of 24 A p r i l  (day 114) 1979. In a f i f teen-minute  per iod  o f  i n t e r m i t t e n t  plasma-bea 
emissions, four  d i f f e r e n t  niodes o f  plasma e~n i  ssions successful l y  discharged the  
vehicle. 

INSTRUMENTAT I O N  

SCATHA was launched i n  January, 1979, i n t o  a nea r-geosynchronous (23  hour, 35- 
minute), near equator ia l  o r b i t  w i t h  a 7.9 degree i n c l i n a t i o n .  The sate1 l i t e  i s  
c y l i n d r i c a l  i n  shape, sp in -s tab i l i zed ,  w i t h  a per iod  of  r o t a t i o n  o f  about 58  seconds. 
The sp in  ax is  i s  i n  the  o r b i t a l  plane and i s  maintained norinal t o  t he  earth-sun 1 i ne  
w i t h i n  + 5 degrees. The s a t e l l i t e  o r b i t  has apogee o f  7.8 R E  (ear th  r a d i i )  and 
perigee-of 5.3 RE. During the  spr ing  and f a l l  t he  s a t e l l i t e  enters an e c l i p s e  
season, a per iod i n  which a p o r t i o n  o f  each o r b i t  i n te rsec ts  the  ear th 's  shadow. The 
maximum ec l ipse  durat ion per o r b i t  i s 71 minutes. 

The SC4-2 instrument on the  SCATHA s a t e l l i t e  was developed t o  e j e c t  cur ren ts  
of pos i t i ve  and negat ive charge e i t h e r  separately o r  together.  The I:I~ j o r  elements 
of the system are a xenon gas storage reservo i r ,  a feed l i n e  from the  rese rvo i r  t o  
a hollow cathode, a discharge chamber, i o n  ap t i cs ,  a f i lan ient  neu t ra l i ze r ,  and support- 
i n g  electronics. A func t iona l  block diagram o f  the  SC4-2 payload i s  shown i n  Figure 1. 
On command, gas froin the  rese rvo i r  i s  fed through the  hol low cathode and i n t o  t h e  
discharge chamber. Ions are produced i n  t h e  discharge chamber by the  impact of 
e lect rons from the heated cathode w i t h  neu t ra l  xenon atoms. The i o n  energy i s  deter-  
mined by both the  anode-cathode p o t e n t i a l  d i  f ference and the  chamber (screen) p o t e n t i a l  



r e l a t i v e  t o  spacecraft ground. The ions could be e jec ted  from the SC4-2 w i t h  low 
(eV), ds we1 1 as h igh  (keV), energies. The n e u t r a l i z e r  could be independently commanded - - - 

t o  be heated, h i  ased c ~ i  tll respect t o  spacecraft  qround, o r  both.-Wide dynamic-range 
electrometers permi t  incaslrcements o f  the  i o n  cur ren t  froin the  beam power supply, t h e  
e lec t ron  cur ren t  from the n e u t r a l i t e r  e~c~iss ion,  and the  ne t  e m i U e d - ~ ~ r r e n t .  

The S C l  instrument on SCATHA inc!udes a very-low-frequency (VL F) w v e  analyzer 
capable o f  t ak ing  broddbdnd lneasure~nents o f  e l e c t r o s t a t i c  and electro~rlaynet ic e ln i ss i~ns  
frorn 0-6 kHz. A 100 ~ i e t e r  t i  p-t o - t i p  d ipo le  antenna (SC90) detects the e l e c t r i c  
f i e l d  co~l~ponent (E), and an a i  r -core  loop detects the  magnetic f i e l d  component (8) 
of  the  waves. The S C l O  antenna cons is ts  o f  two 50 tneter, 1 /4 inch diaoreter antenrlas -. 
extending from the spacecraft. Ihe s e n s i t i v i t y  o f  the  e l e c t r i c  f i e l d  receiver  i s  5 
x 10-7 V/m ilz1/2 a t  1.3 kHz. The a i r - co re  loop i s  e l e c t r o s t a t i c a l l y  shielded 
alld hds an e f f e c t i v e  area o f  575 in2 a t  1.3 kHz, It i s  constructed of 1530 tu rns  
o f  36 AN(; copoer w i re  on a forlv 50 crn i n  diameter. The antenna i s  boom-mounted two 
neters from the  cen t ra l  po r t i on  o f  the  spacecraft. The s e n s i t i v i t y  o f  the nlagnetic 
f i e l d  receiver  i s  3 x  10-6 y / ~ z 1 / 2  a t  1.3 kHz. P r i o r  t o  f l i g h t  laboratory 
t e s t s  were conducted t o  insure t h a t  the instruments were shielded so there would be 
no i n t e r n a l l y  generated s ignals detected by t h e  E and B antennas. During periods of  
S C l  operations presented here the  wave environment was sampled ctl t e rna te l y  fo r  periods 
o f  16 seconds dura t ion  d i t h  the  E and B antennds. Data dre  presented i n  a frequency 
versus t ime format. A qrey scale ind ica tes  r e l a t i v e  i n t e n s i t i e s  a t  a given time. 
The ~naxinuln ampl i tude i s  measured by the  de tec to r ' s  automatic qain cont ro l  (AGC) 
systetir four  t imes per second i n  unequal i n te rva l s .  The AGC measurements, p l o t t e d  i n  
f i e l d  s t rength versus time, are given w i t h  each data sample. In the frequency-time 
spectroyrat:ls infortnat ion about wave f i e l d s  tnore than 2 0  db below the frequency of 
t?axir;lrurl ar,lpl i tude i s supressed. 

OBSEKVAT IONS 

During the  per iod  hetideen 0747:34 and OH01:45 UT on 24 A p r i l  1979 the  SC4-2 
syste~rl on SCATHA operated i nte r t i i  t ten t  l y  i n  the  p1ssr:ia-bea~fi rnode. Throughout t h i  s 
per iod the s a t e l l i t e  was a t  an a l t i t u d e  o f  - 6.7 R E  i n  the plasma sheet and i n  t h e  
ea r th ' s  shadow. Figure '! contains p l o t s  o f  the  emit ted i o n  cur ren t  ( top panel) and 
the s a t e l l i t e  frali1e po ten t i a l  (bottom panel) f o r  the twelve rninutes fo l lowing 0750:10 
UT. Flote t h d t  when the plasina-beam was not operat ing the  s a t e l l i t e  po ten t i a l  ranged 
between - 2  and -3  kV. This p o t e n t i a l  was discharged dur ing  four d i s t i n c t  plasma-beam 
operat ing ~ ~ o d e s .  The i on  and e lec t ron  current  and energy l e v e l s  connected w i t h  t h e  
four  plasma bed17 tnodes are l i s t e d  i n  Table 1. Also l i s t e d  i n  Table 1 i s  the range 
of l1\axi1:1~1;1 ampl i tudes riieasured by the  e l e c t r i c  and magnetic antennas dur ing both 
background dnd bed:? operat ion i n t e r v a l  s. These ranges were determined from the !lain 
s ta tes  of t he  A M .  Through~ut t h i s  paper the  word "background" denotes waves detected 
v ~ h i  l e  the  discharqe systern was riot operating. 

To help d i  s t i  ncjui st1 hear;l-induced EM I e f f e c t s  fro111 background e~nissions 
i t  i s  useful  t o  consider VLF rieasurentents from the E and 13 antennas p r i o r  
t o  heam turn-on. The bottotn po r t i ons  o f  Figures 33 and 3b prov ide examples 
of  t i le  E and R backgrour~d ~veasure~~ierits, respect ive ly .  The curves i n  the top 
panels of those f igures  ~ i v e  the  A(iC l e v e l s  o f  ~naxinlulr~ s iyna l  i n t e n s i t i e s .  
These 1:ledsurelnents correspond t o  the  darkest po r t i ons  o f  the 0-6 kHz 
spectro!]ra~.~s. They are [ l iven i n  db V and rlil/m f o r  Eaax and db y and Iny 
f o r  Elflax. The hdckqround s ignal  s cons is t  o f  narrow bands, approximately 
200 Hz i n  d i d t h  centered near 0.6 and 1.2 kHz. The s iqna l  near 1.2 kHz i s  



t h e  most intense. The har~rronic bands near 1.7 and 2.2 k l l t  are be1 ieved 
t o  be a r t i f a c t s  o f  ground s t a t i o n  instrumentat ion. 

Examples: o f  VLF signals as we1 1 as hax and haX ds measured durir lg each of 
t h e  four modes of plasma bean1 emissions, are presented i n  Figures 4-7. For ease i n  
comparing i n t e n s i t i e s  o f  f i  e-lds measured dur ing  beam operat ions w i t h  background 
~neasurements Fax and ha, frorn Figure 3 a r e  p lo t ted ,  represented by the  Symbol 0, 
w i t h  the appropr iate beam mode (1, 2, 3, 4), Note t h a t  AGC measure~nerlts taken 
immediately a f t e r  t h e  receiver  w i t c h e s  t o  t h e  e l e c t r i c  antenna do not provide r e l i a b l e  
values o f  t he  e l e c t r i c  f i e lds .  During these i n t e r v a l s  the  AGC i s  searchjng f o r  the  
appropriate gain state. Often t h e  appropriate s t a t e  i s  considerably lower fo r  t h e  
e l e c r i c  than the  magnetic antenna. This i s  because t h e  reference valtage i s  1.0 V 
f o r  the- e l e c t r i c  receiver  and on ly  300 fl f o r  t h e  magnetic receiver .  The system i s 
designed such t h a t  t he  receivers center on chorus emissions and perrnit t he  detect ion 
o f  waves within - + 30 db o f  chorus f i e lds .  

The mode 1 beam emissions, from 0753:12 t o  0754:08 and froin 0800:07 t o  0801 :45, 
generated the  l a rges t  amounts of EMI.  In t h i s  mode ions were emitted w i t h  energies 
o f  1 keV and currents between 1.1 and 1.7 m9. Electrons were emit ted from a heated 
f i lament biased a t  -10V w i t h  respect t o  t h e  s a t e l l i t e .  Figures 4a and 4b conta in 
examples o f  B and E s igna ls  as we1 1 as ha, and Emu measured dur ing  mode 1 
operations. The magnetic s ignal  consists  o f  a band extending frorn 0.5 t o  5.0 kHz 
t h a t  has maximum i n t e n s i t i e s  near 1.3 and 3.5 kHz. Since t h e  antenna response maximizes 
a t  1.3 kHz, the  greater  i n t e n s i t y  o f  t h a t  s iqnal  band near t h a t  frequency i s  p a r t l y  
an a r t i f a c t  o f  o f  t h e  system. However, t he  n u l l  i n  t h e  noise band near 3 kHz impl ies 
t h a t  the  double-banded s t ruc tu re  i s  real. Values of ha, range f r o ~ l l  40 t o  100 
my and are cons is tan t ly  stronger than the  background emissions. The e l e c t r i c  
s ignal  contains narrow bands centered near 1, 2 and 3 kHz w i t h  qnaX i n  the  20 t o  
100 $/m range. The bands t h a t  appear between seconds 6 throuah 8 ?f Figure 4 
are harmonics o f  the  background, double band spectrum. I n  other  :no~e 1 rneasurelnents 
(not shown) even small-scale r i s i n g  tone features are exact ly  rep l i ca ted  i n  each o f  
t h e  bands. These mu1 t i p l e  bands solnetimes span the  e n t i  r e  0-6 kHz bandwidth o f  the  
detector. The values o f  Emax f o r  t he  m u l t i p l e  bands l i e  between 100 and 400 11 V/m. 
A1 though Emax approaches background values dur ing these periods i t  i s ,  i n  general, 
l ess  than the  background Emax. 

I n  the second plasma-beam mode (0754:08 - 0756:19 UT) ions were agdin emitted 
w i t h  1 keV energy but  a t  current  strengths t h a t  var ied between 0.75 and 0.4 m4. 
Electrons were emit ted w i t h  t h e  same f i lament  b ias  o f  -10 V w i t h  currents s l i g h t l y  
more than 1.0 m4. Magnetic and e l e c t r i c  s igna ls  c h a r a c t e r i s t i c  o f  mode 2 operat ions 
are shown i n  Figures 5a and c, and 5b and d, respect ive ly .  Ayain the  magnetic s ignal  
covers the  e n t i r e  0.5 t o  5 kHz band. However, Blnax which ranges from 10 t o  100 
my may be e i t h e r  l ess  than or  greater  than background values. Note t h a t  the  no ise  
l e v e l  i s  reduced and the  background s ignal  i n t e n s i f i e d  i n  t h e  second sample, Figure 
5c, compared t o  t h e  f i r s t  which i s  taken a t  t he  beginning o f  t he  mode. The e l e c t r i c  
s ignal  i s  cons is ten t ly  weaker than the  background leve l .  The stronger values o f  
Emax (40 - 200 #/m) occur when background frequency s igna ls  are v i s i b l e  i n  
the  spectrogram. The weaker values of Elngx occur dur ing periods o f  0-1 kHz broadband 
noise. Note the  stronger s igna ls  i n  the  second sample, Figure 5d, which i s  taken i n  
the l a t t e r  p o r t i o n  o f  t he  rnode operation. The s ign i f i cance  o f  these changes w i l l  be 
discussed below. 

The t h i r d  plasma-beam mode (0756:19 - 0758:09 UT) was character ized by i o n  
currents o f  0.04 m4 a t  energies less than  40 eV. The e lec t ron  current  was 0.45 mA 
w i t h  the  f i lament  biased a t  -1'3 V. VLF data representat ive o f  t h i s  beam mode are 



presented i n  Figure 6. The magnetic s ignal  appears as a. bmd, decreasing i n  i n t e n s i t y  
w i t h  increasing frequency, covering t h e  0.5 t o  4 kHz range. The most intense s ignal  
i s  near 1.2 kHz w i t h  h a x  between 10 and 20 my . This i s  lower i n  i n t e n s i t y  
than the  background s ignals of Fiqure 3. Some narrow band s igna ls  are bare ly  d i sce rn ib le  
near 2.8, 3 and 5 kHz between Seconds 0 t o  2 and 8 t o  13. The e l e c t r i c  s igna l  i s  
more co~nplex. It. includes cl pers i s ten t  narrow band a t  t he  backgrwnd-frequency o f  
1.2 kHz dnd i n t e r m i t t e n t  s ignals a t  0.6, 2.2 and 5 kHz, Note a lso  the presence- of a 
mu1 t i p l e  hand near 3 ktit. The p o r t i o n  o f  t h i s  spectrogram between 4 and 6 seconds 
and 9 and 11 seconds shows t h a t  the  s ignal  near 2.8 kHz cdn exceed the 1.2 kHz s ignal  
i n  i n tens i t y .  These per iods are a l so  marked by the  gresence o f  narrow bands near 
0-1 kHz. Throughout t h i s  p l  asma-beam Operation Emax was between 40 and 200 uV/m, 
again less  than the  i n t e n s i t y  o f  background s ignals.  

The four th  bean mode s ta r ted  a t  0759:lO UT as a discharge i n  the i o n  source 
chamber t h a t  l as ted  u n t i  1 0000:07 UT, The cur ren t  e lect rdmeter  measured a ne t  _posit ive 
cur ren t  o f  U.01 mr\. The energy o f  t h e  e jec ted  p o s i t i v e  charge was < 40 eV. U l r i ng  
t h i s  i n t e r v a l  t he  s a t e l l i t e  frame dischdrged from -2.7 k V  t o  w i t h i n  100 V o f  p l d s ~ l a  
po ten t i a l .  Corresponding H and E s igna ls  are presented i n  Figure 7. The magnetic 
s igna l  appears as a band of va r i ab le  i n t e n s i t y ,  from 0.5 t o  5 kl iz, w i t h  haX i n  
t h e  10-30 m y  range near 1.2 kHz. This i s  simi l i a r  t o  bu t  s t ronger i n  i n t e n s i t y  

. than s ignals detected dur ing  mode 3 operat ions. A cornparison o f  AGC l e v e l s  w i t h  t h e -  - 
spectrogram shows t h a t  i n  mode 4 Bmex i s  usua l l y  l ess  than the  background leve l .  - 
Narrow-band s igna ls  near 5 kHz are v i s i  bl-e when bax i s  weakest. The e l e c t r i c  
s ignals a lso  have cha rac te r i s t i cs  s i m i l i a r  t o  those o f  mode 3 operations. The inode 
4 e l e c t r i c  s ignals,  however, conta in numerous burs ts  t h a t  cross the  en t i re -  band. 
Emax var ies betwen 40 and 200 IJ V/m. The background s igna l  a t  1.2 kHz was 
doininant dur ing  periods o f  strongest signals. b r i n g  per iods o f  weaker s igna ls  
(seconds 5 t o  7 and 12.5 t o  14.5) t he  0.6 kHz band and 0 t o  .5 k H I s  dominant. 

SUMMARY AND D I S C U S S I O V  

To prov ide a context f o r  i n t e r p r e t i n g  the  VLF measure~nents presented above i t  
i s  useful t o  summarize the  plasriia and magnetic f i e l d  environment o f  SCATHA. During 
the per iod o f  i n t e r e s t  the SCATYA dc rnagnetometer measured magnetic f i e l d s  i n  the  
75-80 nT range. Thus, t h e  e lec t ron  gyrofrequency , f ,, was - 2 kHz. There were no 
lneasureinents of  the  co ld  plasma (< 10 eV) by SCATHA Instruments. The Rapid Scan a .. 
P a r t i c l e  Detector (S C5) neasurements o f  e lec t rons  and ions w i t h  energies between 50 
eV and 1 MeV have Seen discussed i n  reference 7. h r i n g  the  per iod  o f  spacecraft 
charging the  dens i ty  o f  plasma sheet e lec t rons  i n  t h e  energy range of de tec tab i l - j t y  
was between 0.5 and 1 cm-3. Corresponding plasma frequencies and upper hyb r id  
frequencies, which 1 i e  i n  the  6.3 t o  10 kHz range, cannot be detected by the  SCATHA 
VLF receiver.  It i s  i n t e r e s t i n g  t o  note t h a t  t he  charging per iod corresponded t o  an 
i n j e c t i o n  of h igh  energy ( 3 0  - 335 keV) e lec t rons  whose combined f luxes s t rong ly  
cor re la ted  w i t h  the  sate1 1 i t e  po ten t i a l .  Electrons i n  t h i s  energy range were h i g h l y  
an iso t rop ic  w i t h  inaxi~num fluxes perpendicular t o  t he  magnetic f i e l d .  

The background s igna ls  shown i n  Fi qure 3 cons i s t  of a double band t h a t  appears 
i n  both the e l e c t r i c  and rnaqnetic f i e l d  speetrograns. Thus, they are electromagnetic 
ra the r  than e l e c t r o s t a t i c  phenomena. The frequencies a re  centered a t  0.6 and 1 .1 
kHz brith d n u l l  near 0.5 f,. There i s  a weaker double band w i t h  a s i m i l a r  s t ruc tu re  
w i t h  frequencies centered a t  1.7 and 2.2 kHz and a n u l l  near fe t h a t  i s  considered 
t o  he an a r t i f a c t  of the  ground s t a t i o n  instrumentat ion. 



The double-banded electromagnetic emissions w i t h  a nu1 1 near 0.5 f, are  a farm 
o f  magnetospheric chorus t h a t  has been discussed extensively i n  the  l i t e r a t u r e  ( refs.  
8-14). There i s  general agreement t h a t  chocus emissions r e s u l t  f r o ~ n  d Dopplar-S h i  fted, 
cyc lot ron resonance betweert an iso t rop ica l  l y  r u s t r i  buted, energet ic e lectrons and 
general Ly pcesent background, electromagnetic noi se. The energy o f  resonant e lectrons , 
derived i n  reference 4, i s :  

With the  observed magnetic f i e l d  75-80 nT and e lec t ron  dens i t i es  0.5 - 1.0 
the  magnetic energy densi ty  per p i t r t i c l e  l i e s  between 14 and 32 keV. Set t ing  f = .5 fe  
we estimate a band o f  resonant energies extendjng frorn 3.5 t o  8 keV. Electron RIedSUr e- 
ments from t h i s  per iod  reported i n  reference 7, show t h a t  an iso t rop ic  e lectrons i n  
t h i s  energy range were present i n  abundance. To the  best o f  our knowledge, there i s  
no general ly accepted explanation f o r  the  inissing emission band near 0.5 fe. 

Examples o f  the  e f f e c t s  o f  plasma beam emissions on the  detec t ion  o f  e l e c t r i c  and 
magnetic s ignals a t  VLF frequencies have been presented i n  Figures 4-7. Before t h e  
plasma beams were ejected, between beam emissions and a f t e r  beam t u r n - o f f ,  t h e  veh ic le  
was charged several k i l o v o l t s  and d iscrete,  narrow-band emissions were detected by 
the  e l e c t r i c  and magnetic receivers. As shown i n  Table 1 t h e  values o f  Emax and 
R,,,, w i th  no beam emissions were i n  the  ranges 200-600 pV/m and 20-60 my , 
respect ively. To vary ing degrees the  detect ion o f  background e l e c t r i c  and magnetic 
VLF s ignals was colrlprosnised dur ing four d i s t i n c t  modes o f  plasma-beam operations 
tha t  discharged the  s a t e l l i t e .  During beam operat ions magnetic spectrograms were 
character ized by broad bands extending from 0.5 t o  5 kHz t h a t  make v isua l  i d e n t i f i -  
ca t ion  o f  background s ignals d i f f i c u l t .  The i n t e n s i t y  o f  Blnax var ied w i t h  t h e  
strength and dura t ion  of the  emit ted current.  The e l e c t r i c  f i e l d  spectrograms more 
read i l y  provide informat ion about background signals. The narrowband, background 
signal near 1.2 kHz i s  near ly  always present. However, there  are e l e c t r i c  f i e l d  
s ignals a t  other than "background" frequencies. Tbe AGC measurements, summarized i n  
Table 1 show t h a t  Egax was cons is tent ly  lower w i t h  the  beam on than 
during beam-off periods. 

Before considering the  wave measurements dur ing  beam operations, i t  i s  usefu l  
t o  attempt desc r ip t i on  of the  zero-order e f f e c t s  o f  t he  plasma beam i n  t h e  
immediate v i c i n i t y  o f  t he  sate1 l i t e  and the  VLF sensors. There i s  evidence from 
the  ac t i ve  po ten t ia l  cont ro l  experiments on ATS-5, ATS-6 and SCATHA t h a t  plasma 
bearns are successful i n  discharging d i f f e r e n t i a l l y  charged surfaces as we l l  as the  
conducting frame of t he  s a t e l l i t e  (refs. 6 and 15). From an analys is  o f  SCATHA 
experimental data, i n  reference 15 i t  i s  shown t h a t  d i f f e r e n t  physical processes 
must be responsible i n  each case. To begin wi th,  the plasma bean1 must be dispersed 
such t h a t  a cloud eventual ly  envelopes the  whole s a t e l l i t e .  To discharge the  
negatively charged s a t e l l i t e  frame most beam electrons must escape t o  i n f i n i t y .  
The discharge o f  d i e l e c t r i c  surfaces requires t h a t  p o s i t i v e  ions from the  emitted 
beam impact these surfaces i n  s u f f i c i e n t  numbers t o  neu t ra l i ze  negative charges 
deposited from the  magnetospheric plasma. Secondary e lectrons frorn the  i~npac t i  ng 
beam ions and magnetospCteric e lec t rons  probably p lay  c r u c i a l  ro les  i n  t h i  s 
discharging procedure. Whatever the  deta i  1 s of the  discharging process may be, two 
th ings are c l e a r l y  required. F i r s t ,  t he  sheath i n  the  immediate v i c i n i t y  o f  t h e  
s a t e l l i t e  i s  transformed from a depleted pldsma t o  an enhanced plasma. The extent  
of the enhancement sheath i s  not known. Second, the near s a t e l l i t e  enhancement 



reg ion  i s  charac ter ized by niul t i p l e ,  caaplex cur ren t  1 oops t h a t  couple dielectric 
surfaces w.i t h  t he  ~nagnetaspheric plasma and the  sa te l  1 i t e  frame. Recall t h a t  t h e  
a i r  core loop i s  locate i l  2 In frw the s a t e l l i t t .  wh i l e  t l ie  dct,iva element o f  the 
e l e c t r i c  f i e l d  antenna extends From 20 t o  50 n~ from tk sirtel  1 i te-. I f  the  sca le  
s i ze  of  the  plasm+anhanced reg ion  is-lesr, than 50 nl very d i f f e r e n t  e f f e c t s  on the  
two systev~s [nay be ant ic ipated.  

The lildgnetic spectrogra~ss are  daninated by wide bands t h a t  extend f ran  0,,5 t o  
5 kHz. The apparent l o ~  frequency c u t  o f f  i s  an instrumental e f fec t .  A t  frequencies 
l e s s  than 1 kHz the fr'equenzy response o f  t i le  ~i~agncft ic VLF rece iver  decreases r a p i d l y  
w i t h  decreasing frequmrcy ( c f  Figure 2 o f  ref.  14). The presence o f  an enhanced 
plasma i n  the  immediate v i c i n i t y  o f  t he  s a t e l l i t e  should o f  i t s e l f ,  have no e f f e c t  
on the performance o f  t h e  low impedance loop antenna ( r e f .  6 ) .  Rather, t he  data 
suggest t ha t  the  a i r  core loop i s  embedded i n  a dense region o f  f l u c t u a t i n g  cur ren ts  
inherent t o  t h e  s a t e l l i t e  discharge process. These bands ?lay have harmonic s t r u c t u r e  
( f i g u r e s  4a and 5a) w i t 0  i n t e n s i t y  exceeding t h a t  o f  the  backyround signals. The 
s ignal  s t rength  i n t e n s i f i e s  j u s t  below the f i r s t  and second harmonics o f  t he  e l e c t r o n  
gyrofrequency; i .e., 2 kHz and 4 kHz, respect ive ly .  One yossi b l e  explanat ion comes 
from Qhnuma, e t  al., ( re f .  17). Ttiey have shown t h a t  i n  a h iqh  densi ty ,  ho t  plasma, 
electromagnetic Naves may be generated a t  these harmonics, These waves are  back- 
scat tered a t  some c r i t i c a l  low dens i ty  which imp l ies  they would be conf ined t o  the  
enhanced sheath region around the  s a t e l l i t e .  

S t ruc tured emissions are detectable, t o  vary ing degrees dur ing  a1 1 bea~:~ operations 
bu t  are Inore e a s i l y  perceived i n  t he  e l e c t r i c  f i e l d  spectrograms. These emissions 
have f i v e  d i f f e r e n t  k inds o f  signatures: ( 1 )  chows emissions centered a t  .6, and 
1.2 kHz, (2) chorus harmonic bands ,(3) narrow bands near  3 and 5 kHz, (4)  m u l t i p l e  
bands near 3 kHz, and (5)  0 t o  .5 kHz ELF bands. The backqround chorus s igna ls  
centered a t  1.1 kHz were present a l a r g e  f r a c t i o n  o f  t he  t ime wh i l e  those a t  9.G kHz 
were l ess  f requent ly  detectable. I n t e n s i t i e s  of chorus s igna ls  irere usua l l y  we l l  
below those measured when the  beam system was o f f .  The diminished and sometimes 
t o t a l l y  suppressed chorus seela$ t o  be re la ted  t o  the  beam er l iss ion process rd the r  
than t o  va r ia t i ons  i n  the  emi t t i ng  plasn~a. This i s  evidenced by the  r e l a t i v e  constancy 
o f  (1 )  El,,, and when the beam was o f f  and ( 2 )  t i l e  f l u x  l e v e l s  and p i t c h  
angle d i s t r i b u t i o n s  o f  e lect rons i n  the  resonant energy ranye o f  5 t o  10 keV. A 
poss ib le  ~nechanis~n f o r  reducing chorus i n t e n s i t y  measurements i s  discussed below. 

M u l t i p l e  harmonics o f  chorus elnissions a re  occasional l y  detected dur ing  mode 1 
operations, and are  i iost  v i s i b l e  on the e l e c t r i c  f i e l d  spectroyralns ( f i g u r e  4b). 
The f a c t  t h a t  m u l t i p l e  harmonics on ly  appear dur ing a s ~ e c i f i c  mode o f  operat ion and 
have never been detected outs ide beam operat ions suygescs t h a t  they are  a r t i f a c t s  o f  
t h e  beam einission process. How they are produced i s  no t  understood a t  t h i s  time. 
It may be t h a t  the  beam emission which i s  h i g h l y  an iso t rop ic  occur r ing  a t  p i t c h  
angles o f  70'-140°, o r  the  veh ic le  d i  scharying process, c rea te  s u f f i c i e n t l y  energet ic,  
an iso t rop ic  e lec t rons  t o  produce cyc lo t ron  hartiloni c resonances as discussed i n  r e f e r -  
ences 4 and 18, which i n  t u r n  may produce harmonics o f  chorus e~niss ions. In  the  
near v i c i n i t y  o f  t he  s a t e l l i t e ,  t he  h igh  cur ren t  en~issions are shown t o  i n t e n s i f y  
t h e  1.2 kHz s ignal  ( f i g u r e s  4a and 5a). 

A t  sometime dur ing  a1 1 four  [nodes of' p lasm-bea~ operat ions narrow hands near 
3 kHz are v i s i b l e  i n  t h e  spectrograms. A s i m i l a r  band a t  5 kHz i s  detectable 
i n t e r m i t t a n t l y  dur ing  cnodes 3 and 4, These s igna ls  are present i n  both the  
e l e c t r i c  and rnagnetic spectrogranls. They appedr t o  be e lec t ron  cyc lo t ron  harmonic 
(ECH) waves. Wave lnodes o f  these types propagate near ly  perpendicular t o  the  
~rlagneti c f i e l d  between harmonics o f  the  e lec t ron  gyrofrequency and rnay be associated 



w i t 1 1  p o s i t i v e  slopes i n  the  e lec t ron  d i s t r i b u t i o n  func t ion  ( af/ avl > O),  
Iloweuer, the  responsible e lec t rons  have energies considerably lower thdn those respans i l~ le  
For chorus waves ( re f .  2). b!e note t h a t  on several occasions the appearance 
o f  ECH waws c d n c i d e d  w i t h  the  complete suppression o f  t he  1.2 kHz- chorus hand. 

The observat ion o f  a magnetic component i s  cont rary  t o  o ther  observations i n  
space ( ref ,  3) and i s  not  y e t  understodd, The ECI-1 waves are assumed t o  have 
long wavelenyths, ~l iuch greater  than t h e  50 cm diameter OF the  maynetic loop antenna. 
Therefore, there  should be no coupl i n g  OF t he  wave e l e c t r i c  f i e l d s  t o  t h i s  antenna, 
It may be, however, t h a t  these waves generate l o c a l  cur ren t  osc i  1 l a t i o n s  i n  t h e  
sate1 1 l t e  sheath i n  which the  magnetic antenna i s  imbedded. These o s c i l l  a t ions  
wou.lJ-occur a t  the  shine frequency as those o f  t h e  n a t u r a l l y  occur r ing  ECH waves. 

During the  e n t i r e  mode 3 and seconds 11 t o  16 o f  mode 4, m u l t i p l e  bands u e  
detected near 3[2 fe. S imi la r  m u l t i p l e  bands have been repor ted by  Koons and 
Ferlnell ( r e f .  20). They are  usua l l y  associated w i t 1 1  e lec t rons  a t  energies of a 
-'whose d i s t r i b u t i o n  func t ions  have re1 a t  i v e  ininiiaa a t  p i t c h  angles o f  9U0. 
We have examined p a r t i c l e  measurements and found t h d t  a t  the  t imes o f  modes 3 and 
4, e lect rons with energies o f  - 1 keV had trapped p i t c h  angle distributions b u t  
w i t h  a l o c a l  ~rrinicnum a t  90". El ectrons i n  a1 1 other  energy channels have nor~!~al  l y  
trapped d is t r ibu t ions ,  

Sporadic e~nissions o f  s igna ls  i n  t he  0 t o  .5 kHz range were detected dur ing  
a l l  four  beam modes on the  e l e c t r i c  f i e l d  spectrograms. S im i l a r  ELF burs ts  have 
been detected ( re f .  p r i v a t e  co~nmuni c a t i  on, 1982) dur ing  beam-o f f periods. ACJ a i  n de 
note t h a t  several o f  these burs ts  (Figures 5 and 7 )  co inc ide  w i t h  per iods i n  which 
t h e  1.2 kHz s igna l  i s  completely suppressed. 

Since t h e  ECH and ELF emissions n a t u r a l l y  occur i n  plaslrla sheet environitlents 
t h i s  i s  probably t r u e  i n  the  present case as wel l .  Thei r  appearances dur inq  beain 
operat ions f requent ly  co inc ide w i t h  low ainplitudes o r  absences i n  tt;? chorus bands. 
TIalis suggests t h a t  when the  beam system i s  not  operat ing the  ECH and ELF rsaves are 
r~lore thdn 20 db below backgrqund chorils i n t e n s i t i e s .  Only when the  l e v e l  o f  detected 
chorus s igna ls  i s  diminished o r  supr(2ssed does the  AGC reac t  t o  the  presence o f  
these waves. The quest ion o f  heal11 r e l a t e d  EM1 thus becomes, how does t h e  bearn emission 
process lead t o  diminished chorus measure~nents by the  antenna systems. Two poss ib le  
mechanisms come t o  rnind: (1)  diminshed antenna coupl ing between the  antenna and the  
medium, and (2)  i n te rac t i ons  between the chorus and the  plasma cloud around the  
s a t e l l i t e .  

The f i r s t  a1 te rna t ive ,  diminished antenna coupl i n g  w i t h  the  lnediwn appl ies on ly  
t o  the  e l e c t r i c  antenna and does not  seem t o  be cor rec t  f o r  two reasons. F i r s t ,  
du r i ng  beam emission periods the  dens i ty  o f  p a r t i c l e s  i n  the  sheath around the  antenna 
should be increased. This leads t o  a decreased sheath impedance ( r e f .  16) and 
b e t t e r  coupl ing t o  the  medium (ref .  21). Second, there  i s  no redson f o r  t he  antenna 
t o  be coupled e f f i c i e n t l y  t o  t he  rnediuin a t  0.0 t o  0.5 kHz and d t  3 kHz dnd ine f f i c ien t1 .y  
coupled a t  1.2 kHz. 

The veh ic le  d ischarging process r e s u l t s  i n  the  emission o f  secondary e lec t rons  
from d i e l e c t r i c  surfaces. In  reference 15 i t  i s  sl~own t h a t  these surfaces discharge 
a t  d i f f e r e n t  ra tes  based on surface mater ia l  and l oca t  ion. Independent o f  mater ia l ,  
a surface k ~ h i c h  was r e a d i l y  accessible t o  f ~ e a ~ n  ions would discharge 1nor.e r a p i d l y  
than one t h a t  was i n  a l ess  accessible l o c a t i o n  on the  s a t e l l i t e .  The d ischarging 
o f  the  sate1 1 i t e  Fraae was almost instantaneolls whereas the  r a t e  f o r  each sample 
var ied  such t h a t  discharging occurred over a per iod  on t h e  order  o f  ~ninutes. This  



I n d i t a t c s  t h a t  Secondary e lectrons are emitted over t h i s  e n t i  r e  per iod  w i t h  var ied 
dnd decreasing energies depending on the p a r t i c u l a r  surface from whi.Ch they were 
e~n i t ted ,  i t s  l oca t ion  and r a t e  of  discharge. These electrant;  ~ O u l d  produce a cloud 
o f  var ied length  dnd diiuntlter t h a t  decreased in tifl~e, This i s  ind ica ted by co~npariny 
the  two snlnplas o f  mode 2. 'The F i r s t  aan~ple shOws considerable suppression o f  the  
background s ignal  orr the  E and fi spectroqralns even w i t h  a reduced n o b e  leve l  on t h e  
B spectro!jrBm. The second sample ind ica tes  a greater v a r i a b i l i t y  i n  the  plasma 
cloud permitting 1h6re o f  i:;16: !~dc;k:~rour~d s igndl  t o  parletrate an the  E spectroyra~a and 
i r l t e n s i f i c a t i o n  o f  the  1.2 kHz signal  on the  I3 Spectrogra~n. 

The d i r e c t i o n  o f  wave propagdtion fo r  chOruS and ECbI waves combined w i t h  an 
assymetry o f  t he  l o c a l  plasma could could lead t o  a se lec t i ve  d iminut ion o f  
chorus. Chorus waves usua l ly  propagate i n  d i r e c t i o n s  c los@ t o  t h a t  of t he  magnetic 
f i e l d  wh l le  ECH waves propagate mostly normal t o  the  magnetic f i e l d .  Because 
p a r t i c l e s  i n  t h e  plasma cloud emitted dur ing beam operat ions are r e l a t i v e l y  f ree  t o  
move along but not  across t h e  magnetic f i e l d  the  cloud could have a r e l a t i v e l y  
l a rge  extent  along t h e  magnetic f i e l  d. Waves propagating along the  magnetic f i e l  d 
Could see an " o p t i c a l l y  th i ck "  medium whi le  those propagating across the  magnetic 
f i e i d  an " o p t i c a l l y  t h i n "  medium. 

Chorus waves amp1 i f y  due t o  the  presence of free energy contained i n  t h e  
anisotropic p i t c h  angle d i s t r i b u t i o n s  o f  resonant, energet ic electrons. They a r e  
a l so  subject t o  Landau da~nping processes. Waves grow i n  regions where the  f ree  
energy ava i l ab le  exceeds t h e  r a t e  a t  which Landau heat ing o f  t he  plasma occurs. 
The in t roduc t ion  o f  l a rge  quan t i t i es  o f  low-energy e lec t rons  i n  t h e  plas~na cloud 
g rea t l y  increases the  negative slope o f  the  t o t a l  e lec t ron  d i s t r i b u t i o n  func t i on  
and consequently the  r a t e  o f  Landau damping. The ?ength and diameter d f  t he  plasma 
cloud along the  magnetic f ie lc t  would then modulate the admittance o f  chorus waves 
t o  the  s a t e l l i t e .  The diameter o f  the  cloud should be l i m i t e d  t o  a few e lec t ron  
gyroradi-i. For emitted 10 eV e l e c t r o t ~ s  t h i s  i s  o f  the  order o f  a few hundred 
meters; f o r  2-3 keV secondary e lectrons t h i s  i s  of t he  order o f  ki lometers. Since 
t h e  Debye length  i n  the  plasma sheet i s  several k i lometers such a- cloud should have 
l i t t l e  e f f e c t  on perpendicular ly  propagating waves. 

CONCLUS i4I.N S 

The combination o f  plasma beam emissions and the  discharging process has been 
shown t o  have th ree d i s t i n c t  a f f e c t s  on the detec t ion  o f  VLF waves. F i r s t ,  t h e  
magnetic loop antenna detects in tense s ignals dur ing  h igh  cur rent  emissions, modes 1 
and 2, t h a t  are apparently l oca l i zed  t o  t h e  near v i c i n i t y  o f  t he  s a t e l l i t e .  They 
are  assumed t o  be generated and/or ainpl i f i e d  w i t h i n  the  plasma t h a t  envelopes the  
sate1 1 i t e  upon bealn emission. These s igna ls  span t h e  9.5 t o  5 kHz band, may be 
double-banded, and o f ten  saturate t h e  magnetic receiver ,  thus obscuring the  detect ion 
o f  s ignals t h a t  do not  l i e  w i t h i n  20 dB o f  t h i s  s ignal  amplitude. Second, on t h e  
e l e c t r i c  antenna dur ing  mode 1, t he  highest cur rent  e m i t t i n g  mode, occasional ly  
m u l t i p l e  bands o f  chorus emissions are detected. These are assumed t o  be generated 
by the  l a rge  an iso t rop ic  f luxes  o f  beam electrons. Thi rd,  t h e  f i e l d s  o f  t h e  chorus 
elnissions are o f ten  suppressed. This suppression permits observations o f  much weaker 
WdJe f i e lds .  It i s  suggested that; e lectrons emit ted by the  bean1 and dur ing  the  
discharge process create an i r r e g u l a r  plasma c loud along the f i e l d  l i n e s  which becomes 
an o p t i c a l  l y  t h i c k  screen f o r  para1 l e l  propagating waves. 
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Figure 1. - Funct ior~a l  block diagrant o f  ion  source and power proccsrdr for  
SC-4. 
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F igure 2. - I o n  beam current  and vehicle  p o t e n t i a l  during the four  modes o f  
plasma beam operations. (Note the response o f  the vehicle  p o t e n t i a l  t o  the 
beam emission.) To = 07:50:10. 
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(a) Magnetic loop antenna. To = 07:46:27.75. (b) E lec t r i c  d ipo le  antenfia. To = 07:46:11.75. 

Figure 3. - ~ a c k ~ r o d n d  wave f i e l d s  detected by VLF broadband receiver. (Rela- 
t i v e  i n t ens i t y  o f  wave f i e l d s  i s  indicated by grey scale w i t h  darkest being 
most intense port ion,  In t h i s  case i t  i s  chorus band j u s t  above 1 kHz. Th is  
i n t ens i t y  i s  p l a t t ed  above recorded f i e l d  signals as 0-curve, given i n  dBy 
and my f o r  magnetic f i e l d  and dBV and p V / m  f o r  e l e c t r i c  f i e ld . )  
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(a )  Magnetic loo:, ?atconas To = 08:00:19.75. 
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(b)  E lec t r ic  dipole antenna. To = 08:00:35.75. 
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(a )  Magnetic loop antenna. To = 07:54:27.75. 

Time (see) 

(b) E l e c t r i c  d ipo le  antenna. To = 07:54:43.75. 

F igure  5. - Signals detected dur ing mode 2 plasma beam operations w i th  ion cur- 
r e n t  o f  0.7 t o  0.9 mA. (Double-banded s t ruc ture  i s  s t i l l  apparent i n  mag- 
ne t i c  f i e l d  data.) E l e c t r i c  f i e l d  data a re  less structured although maximum 
f i e l d  i n t e n s i t y  (2-curve) i s  s t i l l  qu i te  variable.) 
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(a) Magnetic loop antenna. To = 07:55:31.75. (b) E l ec t r i c  d ipo le  antenna. To = 07:55:47.75. 

Figure 5. - Concluded. (Here change i n  s ignal  with durat ion o f  plasma beam 
em~ission i s  apparent. Both e l e c t r i c  and magnetic f i e l d  s ignals are stronger 
and more near ly  resemble background s t ruc ture  o f  f i g .  3, although s ignal  
~tref igihs (2-curves) are qu i t e  d i f fe ren t .  ) 
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(a) Magnetic loop antenna. To = 07:59:15.75. 
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Figure 7. - Signals detected during mode 
current  of about 10 vA.  (Maximum s i g m  
both f i e l d s  a s  i s  s ignal  s t ructure . )  
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Time (sec) 
(b) E l e c t r i c  d ipo le  antenna. To = 07:59;31.15. 
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p l a s m  beam operations wi th  ion beam 
i n t e n s i t y  (4-curve) i s  var iab le  i n  
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(a) Hagnetic loop antenna. To = 07:57:07.75. (b)  E lec t r i c  d ipo le  antenna. To = 07:56:5.1.75, 

Figure 6. - Signals detectedl dur ing mode 3 plasma beam operations w i t h  ion 
beam current  o f  about 40 PA. (Both magnetic and e l e c t r i c  f i e l d  s ignals are 
weak. Traces of s ignal  bands are j u s t  bare ly  v i s i b l e  i n  magnetic f i e l d  data; 
e l e c t r i c  f i e l d  data are qu i te  structured.) 



ANOMALOUSLY U G H  POTENTIALS OBSERVED ON ISEE*  

E, C *  Whlpple, I. S. Krlnsky, and R .  B. T o r b e r t  
URlverslty o f  Callfsrnta at San Dlega 
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R .  C. Olsen 
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Data from the two e l e c t r i c  . f i e l d  exper iments  and from t h e  plasma composit ion 
exper iment  on ISEE-1 show t h a t  t h e  s p a c e c r a f t  charged t o  c l o s e  t o  -70 V i n  s u n l i g h t  
a t  about 0700 LiT on March 17, 1978. Data from the  e l e c t r o n  spect rometer  experiment 
show t h a t  t h e r e  was a p o t e n t i a l  b a r r i e r  o f  some -10 t o  -20 V about t h e  s p a c e c r a f t  
dur ing t h i s  e v e n t .  The p o t e n t i a l  b a r r i e r  was e f f e c t i v e  i n  tu rn ing  back emi t t ed  
p h o t o e l e c t r o n s  t o  t h e  s p a c e c r a f t .  P o t e n t i a l  b a r r i e r s  can be formed because o f  
d i f f e r e n t i a l  charging on the  s p a c e c r a f t  o r  because o f  the  presence o f  space charge.  
The s t r i n g e n t  e l e c t r o s t a t i c  c l e a n l i n e s s  s p e c i f i c a t i o n s  imposed on ISEE make t h e  
p resence  of d i f f e r e n t i a l  charging u n l i k e l y ,  i f  t h e s e  p r e c a u t i o n s  were e f f e c t i v e .  
Modeling o f  t h i s  even t  is r e q u i r e d  t o  determine i f  t h e  b a r r i e r  was produced by t h e  
p resence  of  space  charge.  

The I n t e r n a t i c n a l  Sun Earth  Drp lo re r  (ISEE) p r o j e c t  invo lves  t h r e e  s p a c e c r a f t  
which were des igned t o  s t u d y  the  magnetospheric plasma under t h e  ausp ices  of  t h e  
In t e r n a t  i o n a l  hagne t o s p h e r i c  Study program. ISEE-1 and ISEE-2 Mere launched on 
October 22, 1977, i n t o  almost  i d e n t i c a l  o r b i t s  b u t  w i t h  a v a r i a b l e  s e p a r a t i o n  
d i s t a n c e  i n  o r d e r  t o  be a b l e  t o  s e p a r a t e  temporal  and s p a t i a l  v a r i a t i o n s  o f  t h e  
environment.  The i r  apogee was a t  23 e a r t h  r a d i i ,  and t h e i r  pe r iod  was approximately 
57 h e  ISEE-3 was launched i n t o  a "halo  o r b i t "  about t h e  l i b r a t i o n  po in t  a t  about 
240 e a r t h  r a d i i  towards the sun from the  e a r t h .  F u r t h e r  informat ion on the  ISEE 
miss ion  can be found i n  References 1 through 3. 

The ISEE s p a c e c r a f t  were b u i l t  according t o  a s e t  o f  e l e c t r o s t a t i c  c l e a n l i n e s s  
s p e c i f i c a t i o n s  which were in tended t o  make t h e  e x t e r i o r s  of  t h e  s p a c e c r a f t  be  
e q u i p o t e n t i a l  s u r f a c e s  and t o  p reven t  t h e  bu i ldup  o f  asymmetric p o t e n t i a l s  which 
could  i n t e r f e r e  wi th  low energy p a r t i c l e  and e l e c t r i c  f i e l d  measurements 9 The 
s p e c i f i c a t i o n s  r e q u i r e d  t h a t  no exposed s p a c e c r a f t  component ( w i t h  some excep t ions )  
charge  t o  p o t e n t i a l s  i n  excess  o f  1 v o l t  wi th  r e s p e c t  t o  t h e  s p a c e c r a f t  p o t e n t i a l *  
Th i s  requirement demanded t h a t  a l l  s p a c e c r a f t  components t h a t  were exposed t o  t h e  
plasma environment be " s u f f i c i e n t l y  conducting," and be connected t o  t h e  S p a c e c r a f t  
ground through low impedance ~ a t h s .  These s p e c i f i c a t i o n s  which were a l s o  used i n  
t h e  c o n s t r u c t i o n  of t h e  GEOS s p a c e c r a f t ,  appear  t o  have been r e l a t i v e l y  e f f e c t i v e ;  
t h e  most n e g a t i v e  p o t e n t i a l  reached by GEOS 2 was -1500 v o l t s  i n  e c l i p s e  which i s  

*This work was suppor ted  by NASA Lewis Research Cen te r  under g r a n t  NAG-320. 



much l e s s  than p o t e n t i a l s  reached by o thermzgnetospher lc  spacec ra f t  su41 os ATS-5, 
ATS-6 and S C A W b f e r e n c e s  4 through 6 ) .  

Xn s p i t e  of these e l e c t r o s t a t i c  cleanliness requirements,  t he re  have been 
indica.tians of e1ggnifican-c c h n a i n g  events  on ISEE-1, wish the  spacec ra f t  going ac 
times t o  a nega t ive  po t en t i a l -  -on the order  of  -LOO v o l t s  In sun l igh t  e These 
incllcations came from ion d a t a  obtained by the phzmna-composieion experlrnent (Ref. 
7 )  which showed t h a t  low energy ( thermal)  ions  had been a c c e l e r a t e d  t o  k 4 n e t i c  
e n e g l e s  on the  o rde r  of 100 eV before they were de tec ted  by the  instrument.  It is  
important t o  rmderstand such charging even t s ,  i f  they a r e  indeed r e a l ,  i n  order  t o  
be  a b l e  t o  e v a l u a t e  t h e  e f f e c e i v e n e s s  of  t h e  e l e c t r o s t a t i c  cleanliness 
spec i f  i c a t i o n s  . For example, the  charging of e l e c t r b s t a t i c a l l y  "dir ty"  spacec ra f t  
such as ATS-5, ATS-6 and SCATHA has been shown t o  be ve ry  dependent oa d i f  f e r e n t k a l  
charging e f f e c t s  (Ref. 8 and 9 ) .  D i f f e r e n t i a l  charging on a spacecraf t  can produce 
a p o t e n t i a l  b a r r i e r  which prevents  low energy photoelectrons £ran escaping,  and can 
thus lead t o  much l a r g e r  nega t ive  p o t e n t i a l s  i n  sunl igh t  than would otherwise be 
expected. The purpose of t h i s  paper is t o  examine i n  d e t a i l  such a sun l igh t  charging 
event on ISEE-1. 

DATA THAT INDICATE CHARGING 

Several  experiments dn ISEE-1 a r e  capable of g iv ing  information an the  p o t e n t i a l  
of the spacec ra f t .  In t h i s  s ec t i on  we p resen t  evidence from the two e l e c t r i c  f i e l d  
experiments .and from the  plasma camposition experiment which ind i ca t e  t h a t  between 
0600 and 0800 LT on March 17, 1978 (Day 76),  the  ISEE-1 spacec ra f t  charged t o  about 
-70 v o l t s  i n  sun l igh t .  A t  t h a t  time the  veh ic l e  was near  synchronous o r b i t ,  a t  7.7 
e a r t h  r a d i i ,  and a t  0300 l o c a l  time. In add i t i on ,  we p re sen t  d a t a  from a 
synchronous a l t i t u d e  spacec ra f t ,  ATS-5, on the  same da t e  bu t  a t  about 0400 UT and a t  
midnight l o c a l  t ime, which show that- ATS-5 charged t o  about -6 kV i n  e c l i p s e .  Thus 
t he  plasma environment durlng t h i s  period of time was s u f f i c i e n t l y  hot t o  pravide 
s i g n i f i c a n t  charg ing . 

The sphe r i ca l  double probe e l e c t r i c  f i e l d  experiment on ISEE-3 (Ref 10) 
measures t he  p o t e n t i a l  d i f f e r ence  between the  probes, which a r e  two 4 cm r a d i u s  
spheres  a t  the ends of wire booms separated by 73.5 m i n  the  sp in  plane of t h e  
spacecraf t .  In addi t ion ,  the  experiment monitors the  p o t e n t i a l  d i f f e r e n c e  between 
each of the probes and the spacec ra f t .  The p o t e n t i a l  of the spheres  with r e spec t  t o  
t he  plasma is adjusted t o  be near  zero by introducing b i a s  c u r r e n t s  t o  the  spheres  
based on cu r r en t /vo l t age  sweeps which a r e  made during a quarter-second i n t e r v a l  
every 128 sec . 

Figure 1 shows the quan t i t y  V2S which is the p o t e n t i a l  d i f f e r ence  between sphere 
1 2  and the  spacec ra f t  during the  i n t e r v a l  from 0500 t o  0800 UT on March 17, 1978. 
The spacecraf t  p o t e n t i a l  wfth r e spec t  t o  the sphere (which was near  ambient plasma 
p o t e n t i a l )  is the  nega t ive  of V2S. The f i gu re  shows t h a t  the  spacec ra f t  was near  
zero Volts  a t  0600 and tha t  i t  g radua l ly  charged t o  a more nega t ive  p o t e n t i a l ,  going 
of f - sca le  a t  -50 v o l t s  a t  about 0715 UT. The p o t e n t i a l  came back on s c a l e  b r i e f l y  
at 0745. During the period from 0700 t o  0800 t h e  veh ic l e  p o t e n t i a l  was c ln se  t o  o r  
more nega t ive  than -50 v o l t s .  Since the sphere  b i a s  c u r r e n t  is  nega t ive  a t  t h i s  
time e ,  e l e c t r o n s  a r e  being pushed onto the sphere) ,  t he  f a c t  t h a t  t he  
spacec ra f t  i s  more nega t ive  than the  sphere implies  t h a t  the  sphere and t h e  
spacec ra f t  a r e  responding d i f f e r e n t l y  t o  the environment. For example, t he re  may be 



more secondary electrons e m i t t e d  from t h e  s p h e r e ,  o r  r h e r c  may be p o t e n t i a l  h a r r i e r  
n f k c t s  arnmd the  s p a c e c r a f t  t h a t  arc not are&-the  sphere .  
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TlME OF 08'1 76, 1978 
Figure  1. Probe d a t a  from k z e r ' s  e l e c t r i c  f i e l d  
experiment showing the  p r o b e -  t o - s p a c e c r d e  
p o t e n t i a l  (V2S) from 0500 t o  0800 UT on 
March 17,  1978. 

Figure  2 shows similar d a t a  f r m  t h e  Goddard e l e c t r i c  f i e l d  experiment on ISEE-1 
(Ref. 11). The a c t i v e  probes i n  t h i s  experiment a r e  36 m un insu la ted  t i p  s e c t i o n s  
o f  two wires independent ly  deployed t o  l e n g t h s  o f  106.7 n. This g i v e s  an e f f e c t i v e  
b a s e l i n e  between t h e  two a c t i v e  e lements  o f  179 m- The f i g u r e  shows t h e  p o t e n t i a l  
d i f f e r e n c e  between one of t h e s e  
e l e m e n t s  and  t h e  s p a c e c r a f t  
d u r i n g  two p e r i o d s  cf time: a t  
0600 p o t e n t i a l s  and of a t  t h e  0645 a c t i v e  UT. e lements  The 30 ezl 
i n  t h i s  experiment a r e  f l o a t i n g  
w i t h  r e s p e c t  t o  t h e  a m b i e n t  

.*a .*.* ..*. .-• .*\ .**. **** .**. ***. 
plasma. That is, the  p o t e n t i a l  . .. 0 .  

0. .* ** 0 . .  

of  t h e  e lements  is determined by > 0 . . . * . * .  
a c u r r e n t  b a l a n c e  be tween  
c o l l e c t e d  p l a s m a  i o n s  and  
e l e c t r o n s  and emi t t ed  secondary 
e l e c t r o n s  and p h o t o e l e c t r o n s .  

m o d u l a t e d  By t h e  s p i n  o f  t h e  
The f l o a t i n g  p o t e n t i a l  i s  -300 

5 I0 15 20 
s p a c c c r a f  t . The p o t e n t i a l  is  - I . - -  

SECONDS - ,  . . . . 
most  p o s i t i v e  when t h e  wire 

86H45M - . . elements  are perpend icu la r  t o  the  
d i r e c t i o n  of t h e  sun s i n c e  t h i s  .*.. .**. .**. ..*. ... 
i s  t h e  o r i e n t a t i o n  where  t h e  * . \ * *  * *  
p h o t o e m i s s i o n  c u r r e n t  i s  a , 
maximum . . . . 

0 0 .  

The f l o a t i n g  p o t e n t i a l  of the  0 ..@.......a 5a.*.*..- 

.....we. a c t i v e  wire elements  wi th  r e s p e c t  
t o  t h e  l o c a l  p l a s m a  i s  n o t  
d i r e c t l y  m e a s u r e d  i n  t h i s  
exper iment ,  b u t  it is expected t o  
be on t h e  o r d e r  of a few v o l t s  
s- -300 5 I0 15 20 

p o s i t i v e  when t h e  w i r e s  a r e  SECONDS 
p e r p e n d i c u l a r  t o  t h e  s u n  
d i r e c t i o n .  Figure  2.  Probe  d a t a  f rom Heppner ' s  e l e c t r i c  The 

f i e l d  experiment showing t h e  p robe- to - spacecra f  t p r o b e s  i n  t h e  o t h e r  e l e c t r i c  
f i e l d  e x p e r i m e n t  f l o a t e d  a t  p o t e n t i a l  a t  0600 and 0645 LT on March 17, 1978. 

approximately  +5 V dur ing  t h i s  
per iod of t ime, a s  determined from c u r r e n t / v o l t a g e  sweeps when t h e  b i a s  c u r r e n t  was 



zero ,  Lf the  wire  element is a l s o  f l o a t i n g  a t  abanlt +5 v o l t s  durinp, thls tlrni., then 
tho spacccr;rIt p o t e n t i a l  has changed frnm near  z e r o  t o  nbotit -25 V bctwc~w ah00 and 
06-459 Thcfic va'lucs are i n  reasonnblc  agrocrnenr wlth tlic data shawn i n  Flgurc 1. 

The p l ~ s m n  ca;nposlt ian cxpcrimant i s  dcvcr ihcd i n  k f .  7. I t  c o n s i s t s  o f  two 
identical mass spact rmctc!rs  w h k h  can bca o p e r a t e d  Indh.pcndunt%)l. Ths ions clntcr a 
c a l l i n n t o r  and cheri go tlrrough a th ree -g r id  rc tardinp,  paten tin]. a n a l y z e r  (RI'A!. Thc 
r e t a r d h e  gr id  is programabbe  between 60 mV and 100 V I n  "6 s b e p s  w i t 1 1  nppraxi-  
iniltely equa l  l o g a r i t h m i c  m t e r v a l s .  A f t e r  pass ing through rhc t h i r d  g r i d ,  thc Ions  
a r e  n c c e l e r n t c d  t h r o q h  a p o t e n t i a l  d i f  fe rcncc  of apprsx imntc ly  -2940 V before they  
pass through a c y l i n d r i c a l  e l e c t r o s t a t i c  a n n l y z r ? ~  . Oue t o  t t ~ e  p t e - a c c e l e r a t i o n ,  tile 
ldwest: energy s t e p  of the e l e c t r o s t a t i c  ana lyze r  p a s s e s  all ,  Pons with e x t e r n a l  
e n e r g i e s  between ze ro  (i. .e.,  those co ld  ions  whizl. can rcoch the  s p a s c c r n f e )  and 
approximate ly  100 eV. 

Figure  3 shows r e s u l t s  from 
0800 UT OII March 1 7 ,  1978. 
hal f -hour  i n t e r v a l s ,  where the  
d a t a  has  been accumulated a s  a 
f u n c t i o n  o f  s p a c e c r a f t  s p i n  
a n g l e  a n d  RPA r e t a r d i n g  
p o t e n t i a l .  The c o m t  r a t e  is 
i n d i c a t e d  by t h e  g r a y  s c a l e ,  
w i t h  d a r k  s ig t l i fy ing  high count 
r a t e s ,  and l i g h t  s i g n i f y i n g  low 
c o u n t  r a t e s .  The r e t a r d i n g  
p o t e n t i a l  a t  which t h e  count  
r a t e s  a r e  s h a r p l y  reduced is a 
m e a s u r e  o f  t h e  ( n e g a t i v e )  
s p a c e c r a f t  p o t e n t i a l  . In t h i s  
mode o f  o p e r a t i o n ,  t h e  
i n s t r u m e n t  i s  p a s s i n g  a l l  

the  plasma composition expcririien t between 0600 and 
The f o u r  pane l s  show ion c o u n t s  dur ing  t h e  f o u r  

- 
s p e c i e s  o f  i o n s ,  b u t  i t  i s  z 
known from the  ocher  modes of - 
o p e r a t i o n  t h a t  t h e  i o n s  a r e  a 

V) 
predominant ly  hydrogen but  wi th  
a s i g n i f i c a n t  oxygen component. 
It c a n  be s e e n  t h a t  t h i s  
c u t - o f  f p o t e n t i a l  i n c r e a s e s  
dur ing  t h i s  pe r iod  of t ime from 
about 10  V a t  t h e  beginning t o  
somewhat under 100 V a t  the  I - - .-... - .., - .-.. - .- 
end. 8.1 1 .o 10 !08 0.1 1 .o 10 100 

Individual .  RPA s c a n s  were 
E N E R G Y  ( e V )  

examined d u r i n g  p a r t  of  t h i s  Figure  3- Ion d a t a  from the  plasma composit ion 
p e r i o d  o f  t i i n e ,  a n d  the experiment from 0600 t o  0 8 0 0  tiT o n  Marctr 17,  
s p a c e c r a f  c p o t e n t i a l  was 1978- Dark i n d i c a t e s  high ion countitlg r a w s  and 
e s t i m a t e d  f o r  s c a n s  when t h e  l i g h t  i n d i c a t e s  low r a t e s .  The energy  a t  which 

e x p e r i m e n t  was most  n e a r l y  t h e  c o u n t i n g  r a t e  d e c r e a s e s  a b r u p t l y  i s  a n  
looking at ions in the i n d i c a t i o n  of  the  s p a c e c r a f t  potent ia l .  

ram d i r e c t i o n .  I nd i v  i d u a  1 
s c a n s  were obta ined  approximatel  y e v e r y  t h r e e  minutes ,  rill though t h e r e  were solrle gaps 
i n  t h e  da ta .  The r e s u l t s  a r e  shown i n  F igure  4. Again, t h e  data show t h a t  t h e  

I .  41Q GbLbk*itithtL i .  .dm : 2 
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patentin1 af the  spacecraft ~ncrcascd In  the ncgarlve d i r e c t i o n  from ncnr -5 V a t  
about 0630 UT t o  n v a l u e  more ncgnclve t h a n  -hO V a f t e r  0710 UT, 

1 

6~40  630 7:OO ?:I6 7~20 
- I  2 

TIME OF DAY 76, 1970 
F!gure 4. ISEE s p a c e c r a f t  p o t e n t i a l s  on Mcrch 
17, 1978, i n f e r r e d  from t h e  p l a s m a  c o m p o s i t i o n  
experiment . 

Figure  5 shows a spect rogram from the  IjCSn p a r t i c l e  d e t e c t o r  on t h e  ATS-5 
s a t e l l i t e  between 0410 and 0510 LT on t h e  same day. Data is on ly  a v a i l a b l e  d u r i n g  
the  time when the  s p a c e c r a f t  was 
e n t e r i n g  and w i t h i n  the  e a r t h ' s  . # 

shadow. T h i s  was a  pe r iod  when 
s p e c i a l  o p e r a t i o n s  of the  ATS-5 
ion  eng h e  and n e w - r a l i z e r  were hi 
being c a r r i e d  o u t  t o  test t h e  
c a p a b i l i t y  o f  t h e s e  d e v i c e s  to  

, I. 

b 
d i s c h a r g e  the  s p a c e c r a f t  (Ref. 
12). The s p a c e c r a f t  e n t e r e d  --) a-- - 
e c l i p s e  a t  0411; the  n e u t r a l i z e r  
was turned on a t  0418 and o f f  a t  
0433. Tile n e u t r a l i z e r  c o n s i s t e d  

I 
m e r e l y  o f  a h e a t e d  f i l a m e n t  
which  c o u l d  e m i t  e l e c t r o n s  @g 
i n d e p e n d e n t l y  o f  o p e r a t i o n  o f  ,, 
t h e  i o n  e n g i n e .  Dur ing  t h e  
n e u t r a l i z e r  o p e r a t i o n ,  t h e  \ 

s p a c e c r a f t  p o t e n t i a l  was he ld  t o  
about -2 kV b u t  when it was 
turned o f f  the  p o t e n t i a l  went eo 
about -6 kV. The ion spectrum 
dur ing  t h i s  per iod of time a s  
measured by t h c  CCSD d e t e c t o r  is , 

i 
in good the Figure  5. A spect rogram from the  UCSD p a r t i c l e  
SpeCtrUD' by the LEPEDEA d e t e c t o r  on the  ATS-5 s p a c e c r a f t  showing e h a t g i u g  
experiment (Ref '13' On at 

t o  about -6 kV i n  e c l i p s e  on March 17. 1178. The 
0700 it 'ppearS that dark r e g i o n s  i * d t r a t e  low count r a t e s .  
t!re plasma n e a r  geosynchronous 



arbit during the mcrbing of Mnrrh 17, 1418, was srrff icSonCly hnL to charge "dirry"  
opncccrnfl: such as ATS-5 t o  ficvoral k i l o v o l t s  nc~gnrivr~ i n  shadow, nnc' "clvnn" 
fipncccrnf r such a:; TBI'E-1 to npproxim;l t~~l  y -1I)I') V i n  :;tml lp,hl , 

Fly,urclfi 6 and 7 nhow a*lctl ~ t u t z  data E rum tbct I.3 cc t rnn Gpc~cLrc~rnotc*r c1xpt.r lmcar nu 
&SEE-1 ( R c t .  14) .  Thc cfccttron di!3bt'iht4ttan ftwctjan tat n 1q:;lrlthmfc. s c t o l c l  . lv 
slbowrt r71,;11n,st cbsbctron cns.rp,y n b  8600 liT (Izly,. G) ;md nc: 0700 \i'F (F lp , .  7).  A t  0601) 
she fipoccerafs pstc*nrl;rS was near zero wlrt3rcaf; nr O f O O  ilro ystrrrfiirl was on bhc 
ordcr of -40 V, ~ Y G  W e  showd In .Srctian 2 (Sco I:igurcb 4 ) .  At Isw c b n t q i c * s ,  both 
Figures  6 ntld 7 stlow o stccpilniag of tlrc c3lcceroa ripcctrunl charactc3ri:itir o i  
plrorcrelecrrsns and/or secondary e lec t  sotis. 

The s t r a i g h t  line i n  Figure 6 which gacs ehrougjlr the  tcrwcr enc8rg.:y 8caeron& 
i n d i c a t e s  t h a t  rhcse  c l c c r t a n s  arc c h a r a c t e r i z e d  by  il d e n s i t y  of about 20 mlu' and a 
temperature  n e a r  2 eV. These v a l u e s  a r e  v e r y  rc*clsonable f o r  p l ~ o e o e l e c t r o n s  o ~ n i t e e d  
from t y p i c a l  s p a c c c r a f e  sur%aer?o a t  the e a r t h o r ;  d i s tance  from the sm. l l~e  a c t u a l  
v a i u e  of t h e  p h o t o e l e c t r o n  dstlsiey would of course depead on ehc a a t e r i a l  arrd on the  
o r i e d t a c i o n  of t h e  e m i t t i n g  s u r f a c e  wi th  r e s p e c t  to the s o l a r  d i r e c t i o n .  The fnc8t 
that photoelectrons wit11 e n e r g i e s  0s h i g h  as 20 eV a r e  seen r e t u r n i n g  t o  the 
s p a c e s r a f  r i t r d i e a t e s  eha t  t h e w  must be u s i g n i f  lclant e l v c t r i c  f icld which tstvls 
back ehe emi t t ed  pho toe lec t ronb .  In o t h e r  words, t h e r e  must bt! a p o t e n t i a l  b a r r i e r  
around t h e  s p a c e c r a f t .  Th i s  behavior  of t h e  e l e c t r - n  spect r tnr~ was seen a t  a l l  
o r i e n t a t i o n s  of t h e  s p a c - c r a f t  dur ing  its s p i n ,  a l t h o u g h  t h e  magnitude o f  t h e  
i n f e r r e d  p h o t o e l e c t r o n  d e n s i t y  kas solnowhat modulated by the  s p i n .  

I.- - 300 
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Figure  6.  Elec t ron  d i s t r i b u t i o n  f u n c t i o n  from 
t h e  ISEE e lec t ro r l  s p e c t r o n t e t e r  a t  0600 UT o n  
March 17, 1978. 



Thc behavior of the e l e c t r a n  spectrum i n  Ftgtn-c 7 is s i m i l a r  t o  t ha t  in  Figure 
6 .  The law energy pa r t  a£ the spectrum is f i t t e d  wel l  by a ?xwclllan d i s t r i b u t i o n  3 with a temperature of 3.4 cV and a dens i ty  af  about 9 cm i f  t h c ~ e  low energy 

i e l e c t r o n s  a r c  phocdelccbrons caning fram thc spacecraft. If these low energy 
u l ~ e c r o n s  were ambient plasma e l e c t r o n s  reaching a negot ige ly  cjhsrged spacecraf t  a t  ... 
-40 V, they would have t a  havc a dens i ty  of almost 10 cm in the undisturbed 
plasma. T h i s  is  camplcrely unreasonable f a r  t l ~ c  plasma a t  t h i s  l a c a t i a n  near  
~easynch ronnus  o r b i t  ill the e a r t h ' s  magnc tosphere.  We conclude, t hc rc fo re ,  t h a t  
there  must s t i l l  kc a potential b a r r i e r  nrotad chc spacecraf t  a t  0700 UT i n  s p i t e  of 

i the  negnt ivc spncccraf r p o t e n t i a l .  

The higher energy p a r t s  of the d i s t r i b u t i o n s  i n  both Figures 6 and 7 g ive  
reasonable va l  ucs fo r  the plasma e l ec t ron  temperatures and d e n s i t i e s  fo r  t h i s  
locatiorr in the magnetosphere. Measurements of the e l ec t ron  spectrum a t  higher  
ene rg i e s  by t h i s  instrument and a l s o  by the quadr i spher fca l  LEPEDEA i n s t r m e n t  (Ref. 
13) show a s i g n i f i c a n t  increase of ene rge t i c  (keV) e l e c t r o n s  over t h i s  t ime per iod 
(not  shown). The ISEE-I plasma wave experiment and rad io  propagaticn experiment 
(Ref. 15 and 16 )  both q d i c a t e  t ha t  the plasma e l ec t ron  dens i ty  during t h i s  per iod 
of time was about 1 cm- . 

The ex i s t ence  of a nega t ive  p o t e n t i a l  b a r r i e r  when the  spacecraf t  is  e i t h e r  
uncharged o r  a t  a negat ive p o t e n t i a l  r equ i r e s  a mechanism f o r  i ts formation. There 
a r e  two p o s s i b i l i t i e s  f o r  a mechanism: one is  tha t  there  is d i f f e r e n t i a l  charging 
of the spacecraf t  sur faces .  This can lead t o  a p o t e n t i a l  d i s t r i b u t i o n  which has  a 
p o t e n t i a l  b a r r i e r  more nega t ive  than che spacecraf t  body i f  there  were some i s o l a t e d  

* 
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Figure 7. Electron d i s t r i b u t i o n  func t ion  from 
the  ISEE e l ec t ron  s p e c t r o m e t e r  a t  3700 L'T on 
March 17, 1978- 
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sur face  such a s  a d i e l e c t r i c  a l so  a t  a more negat ive p o t e n t i a l  than the main body. 
The second p o s s i b i l i t y  is t h a t  there  is s u f f i c i e n t  nega t ive  space charge i n  the  
v i c i n i t y  of the spacec ra f t ,  productrd by the  emitted photoelectrons and by the  
ambient plasma, t h a t  a nega t ive  po t en t i a l  b a r r i e r  i s  formed (Ref. 17 and 18) .  
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The s i t u a t i o n  he re  an ISEE is somewhat s i m i l a r  t o  t h a t  an ATS-6 where 
p h o t a e l e c t r o n s  and secondary c l c c t r a n s  were observ-ed t o  be  r e f l e c t e d  from a- 
p o t e n t i a l  b a r r i e r  about the s p a c e c c a f t  Jhen. the  s p a c e c r a f t  was charged t o  a n e g s t i v e  
p o t e n t i a l  (Ref. !9). Zn the  case  of  AT$-6, i t  was shown t h a t  the  observed p o t e n t i a l  
b a r r i e r s  were too  lnrgc t o  be a t t r i b u t e d  t o  the  e f f e c t s  of  space  charge  (Ref. 20) 
It w a s  i n f e r r e d  t h a t  the  b a r r i e r s  must be caused by d i f f e r e n t i a l  charging T h i s  was 
1ntc.r c o n f i n e d  by d e t a i l e d  c a l c u l a t i o r l s  (Ref. 8). 

I t  a p p e a r s  u n l i k e l y  t h a t  d i f f e r e n t i a l  charging can be the  mechanism r e s p o n s i b l e  
f o r  t h e  c r e a t i o n  of the  p o t e n t i a l  b a r r i e r  around t h e  ISEE s p a c e c r a f t .  The s t r i n g e n t  
c l e a n l i n e s s  specifications t h a t  were  imposed s h o u l d  h a v e  p r e v e n t e d  p o t e n t i a l  
d i f f e r e n c e s  of  inore than 1 V between p o r t i o n s  of  the  s p a c e c r a f t  s u r f a c e s .  The 
p r e c i s e  magnitude of the  p o t e n t i a l  b a r r i e r  about ISEE dur ing  t h i s  e v e n t  i s  n o t  
known, s i n c e  t h e  r e  t u n i n g  p h o t o e l e c t r o n s  were observed a t  o b l i q u e  r a t h e r  than 
normal a n g l e s  t o  t h e  s p a c e c r a f t  s u r f a c e .  However, s i n c e  p h o t o e l e c t r o n s  were 
observed t o  r e t u r n  a t  e n e r g i e s  up t o  abu t  20 eV, i t  i s  l i k e l y  t h a t  t h e  magnitude of  
the  p o t e n t i a l  b a r r i e r  was a t  l e a s t  10 V. T h i s  is t o o  l a r g e  t o  be a t t r i b u t e d  t o  
d i f f e r e c t i a l  charging i f  t h e  c l e a n l i n e s s  s p e c i f i c a t i o n s  were e f f e c t i v e  i n  keeping 
d i f f e r e n t i a l  p o t e n t i a l s  t o  l e s s  than 1 V. Hence we conclude t h a t  t h e  most l i k e l y  
mechanism causing the  format ion of the  p o t e n t i a l  b a r r i e r  is the  presence of  space  
charge  

In the  s o l a r  wind and i n  the q u i e t  magnetosphere,  t h e  s p a c e c r a f t  p o t e n t i a l  is 
u s u a l l y  p o s i t i v e  s o  t h a t  low energy p h o t o e l e c t r o n s  would r e t u r n  t o  t h e  s p a c e c r a f t  
anyway, wi thou t  the  n e c e s s i t y  f o r  the  c r e a t i o n  of a p o t e n t i a l  b a r r i e r .  The f a c t  
t h a t  t h e  e l e c t r i c  f i e l d  probes a r e  f l o a t i n g  a t  about  +5 V whi le  t h e  s p a c e c r a f t  is  a t  
about -70 V during t h i s  pe r iod  does n o t  n e c e s s a r i l y  imply an i n c o n s i s t e n c y .  I f  t h e  
c u r r e n t  ba lance  is  between c o l l e c t e d  plasma e l e c t r o n s  and escap ing  p h o t o e l e c t r o n s  
imd secondary e l e c t r o n s ,  then i t  is  p o s s i b l e  t o  have more than one p o t e n t i a l  a t  
which t h e  n e t  c u r r e n t  v a n i s h e s  (Ref. 21 ) .  I f  the  p o t e n t i a l  b a r r i e r  h a s  been formed 
because  of the  presence of space charge ,  i t  is n o t  s u r p r i s i n g  t h a t  b a r r i e r s  have n o t  
been formed around the  e l e c t r i c  f i e l d  probes r3hich a r e  q u i t e  smal l  compared t o  
e i t h e r  the  pho toe lec t ron  o r  ambient plasma Debye l e n g t h s  ( a  few mete r s  and a few 
t e n s  o f  me te r s  r e s p e c t i v e l y )  . 

CONC LGS IONS 

(1) We have shown t h a t  on March 17, 1978, t h e  ISEE-1 s p a c e c r a f t  charged t o  a 
n e g a t i v e  p o t e n t i a l  on the o r d e r  of  -70 V i n  s u n l i g h t .  Evidence f o r  the  charging were 
p resen ted  from the  two e l e c t r i c  f i e l d  exper iments  on t h e  s p a c e c r a f t  and from t h e  
plasma composit ion exper iment .  In a d d i t i o n ,  we showed t h a t  t h e  ATS-5 s p a c e c r a f t  
charged t o  a p o t e n t i a l  of about -6 kV i n  e c l i p s e  about t h r e e  hours  e a r l i e r  on t h e  
same day but  in  what appeared t o  be the  same plasma eavironment.  

( 2 )  We have shown from t h e  e l e c t r o n  spec t romete r  experiment on ISEE-1 t h a t  
t h e r e  appeared t o  be a p o t e n t i a l  b a r r i e r  about t h e  s p a c e c r a f t  dur ing  t h i s  e v e n t .  
The p o t e n t i a l  b a r r i e r  was on the  o r d e r  of 1 0  t o  20 V n e g a t i v e  wi th  r e s p e c t  t o  t h e  
s p a c e r r a f  t body, and was e f  f e c  t i v c  i n  r e t u r n i n g  e m i t t e d  p h o t o e l e c t r o n s  t o  t h e  
s p a c e c r a f t  . 

( 3 )  I t  i s  Likely  t h a t  the  p o t e n t i a l  b a r r i e r  was produced by t h e  e f f e c t s  of  
space  charge  r a t h e r  than by d i f f e r e n t i a l  charging of  the  s p a c e c r a f t  s u r f a c e s  i f  t h e  



electrostatic c l e a n l i n e s s  p r e c a u t i o n s  were indeed e f f e c t i v e .  V e r i f i c a t i o n  of the  
mechanism r e s p o n s i b l e  f o r  t h e  c r e a t i o n  o f  the  p o t e n t i a l  harder r e q u i r e s  d e t a i l e d  
madeling of t h i s  e v e n t .  The modeling should  use photoemission a n d - s e c o n d a r y  
e l e c t r o n  y i e l d s  a p p r o p r i a t e  f o r  the  ISEE-L s u r f a c e  m a t e r i a l s .  

We thank a number of ISEE exper imente r s  who have helped u s  by making t h e i r  
d a t a  a v a i l a b l e  and a s s i s t i n g  wi th  i ts  i n t e r p r e t a t i o n :  El S. b z e r  and A. Pedersen 
wi th  t e e  s p h e r i c a l  double probe e l e c t r i c  f i e l d  exper iment ,  J. P. Heppner a d  Ei- C. 
Maynard w i t h  t h e  long-wire e l e c t r i c  f i e l d  exper iment ,  L- A. Frank and T. E. Eastman 
wi th  the  LEPEDEA, E. G. S h e l l e y  and R. D. Sharp wi th  t h e  plasma composi t ion 
exper iment ,  K. W. O g i l v i e  and J .  D. Scudder wi th  t h e  e l e c t r o n  spec t romete r  
experiment C-  C. Harvey w i t h  t h e  wave propagat ion exper iment ,  and D. A. GUrnett 
and R. R. Anderson wi th  the  plastna wave exper iment .  
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The Galileo spacecraft which will orbit Jupiter in 1988 will encounter a very 
harsh environment of energetic electrons. These electrons will h a w  sufficient 

, energy to penetrate the spacecraft shielding, consequently depositing charges in the 
dielectric insulating materials or ungrounded conductors. The resulting electric 
field could exceed ths breakdown strength of the insulating materials, producing 

. discharges. The transients produced from these Internal Electrostatic Discharges 
(IESD) could, depending on their relative location, be coupled to nearby cables and 
circuits. These transients could change the state of h g i c  circuits or degrade or 
even damage spacecraft components, consequently disrupting the operation of scb- 
systems and systems of the Galileo spacecraft during its expected mission life. !..n 
extensive testing program was initiated for the purpose of understanding the poten- 
tial threats associated with these IESD events. Data obtained from these tests were 
used to define design guidelines. 

INTRODUCTION 

The Galileo spacecraft will be launched in late 1986. Galileo is to perform a 
far more intensive and comprehensive investigation of the Jupiter system than was 
possible with Voyager. Its design has benefited from the experience of the Voyager 
spacecrafts. The Voyager 1 spacecraft, as it entered Jupiter's magnetosphere, 
experienced a number of Power on Resets (POR). An extensive study was carried out 
to determine the cause of PORs. A study of the environment was performed. The 
environment consists of low energy (<lo0 keV) plasma and intense high energy 0 1 0 0  
keV) electrons. Our investigation showed that the time for the occurrence of PORs 
did not correlate with the severity of the plasma environment. The plasma 
instrument onboard the spacecraft also confirmed that significant surface charging 
did not occur, An investigation of the radiation electron environment indicated 
that the PORs occurred during the time that the flux of radiation electrons was at 
its peak. Conseqnently, internal discharges induced by the penetrating electrons 
were proposed as a possible cause of PORs (Ref. 1). 

In order to prevent the occurrence of PORs during the Galileo mission, a test 
program was initiated to investigate the effect of penetrating electrons on 

 he work described in this paper was performed for the Jet Propulsion Laboratory, 
California Institute of Technology, Lyonr?ored by the National Aeronautics and Space 
Administration. 
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e1ectrou.i~ c i r c u i t s ,  The program c o n s i s t s  of two phases. I n  t h e  i n i t i a l  phase, t h e  
phenomena df T.EXD wer@ inves t i ga t ed  through a n a l y s i s  and testidg..  This  was done 
wi th  ccntractol:  support fr'om General E l e c t r i c - a n d  JAYCOR. Analysis  and tests dur ing  
t h i s  phase kmons t r a t ed  tha$ some of t h e  d i e l e c t r i c  i n s u l a t i o n  of s p a c e c ~ f t  com- 
ponents d id  discharge when they were f r r a d l a t e d  by an  e l e c t r o n  beam w i t h . a - f l u x  L w e l  
corresponding t o  t he  l e v e l s  they would exper ience  i n  t h e  Jouian enulronment, TO 
ensure t h a t  IESD r e l a t e d  anomalies w i l l  not occur  &r ing  G a l l l e o ' s  encounter wi th  
J u p i t e r ,  t h e  second phase of t h i s  p rog ranwas  t o  acqui rc  the necessary d a t a  t o  gene- 
r a t e  t h e  required design gu ide l ines  for t h e  GalCleo spacecraf t .  The des ign  guide- 
l i n e s  a r e  on t h e  ma te r i a l  s e l e c t i o n ,  grounding c r i t e r i o n ,  t r a n s i e n t  c h a r a c t e r i s t i c s  
and coupling of  discharge energy i n t o  c i r c u i t s .  - -  

This  paper d i scusses  t h e  test con f igu ra t i on ,  t h e  test results-, and t h e  app l i ca -  
t ion of t e s t  r e s u l t s  f o r  d e s i g n  g u i d e l i n e  generat ion.  

GENERAL TEST PROGRAM 

The tests were performed i n  t h e  dynamitron f a c i l i t y  of t he  Jet Propuls ion 
Laboratory. The dynamitron is capable  of d e l i v e r i n g  a n  e l e c t r o n  beam i n  t h e  energy 
range of 0.8-2.5 Mev. To s imula te  t h e  environment t h a t  t h e  d i e l e c t r i c s  would 
experience i n  space, it was decided t h a t  a h igh  vacuum system would be required.  
This  system uses  a s tandard  d i f f u s i o n  pump w i t h  a co ld  t r a p  provided to c o n t r o l  611 
contamination (Figure 1). The dynamitron e l e c t r o n  beam e n t e r s  t h e  test chamber 
through a 75 rrm s t a i n l e s s  s t e e l  diaphragm. The sample ho lder  i s  loca t ed  i n s i d e  
t h e  vacuum chamber and is  s i t u a t e d  perpendicu la r  t o  t h e  e l e c t r o n  beam. A Faraday 
cup is  mounted i n  t he  plane of t h e  sample specimen s o  t h a t  the flux l e v e l s  a-t t h e  
test sample could be accu ra t e ly  monitored.-- Pressures  of 2 x 1 0 - ~  t o r r  o r  less a r e  
required before  i n i t i a t i n g  t h e  test. 

The occurrence of d i scharges  a r e  monitored by c u r r e n t  t ransformers  placed along 
t h e  poss ib le  pa ths  of d i scharge  cu r r en t s .  Another d i agnos t i c  f o r  t h e  d i scharge  is a 
plasma cu r r en t  de t ec to r ,  which i s  a t h i n  s h e e t  (50 rrm t h i c k )  of  aluminium wi th  a 
diameter s l i g h t l y  sma l l e r  t h a t  of  t h e  chamber. This  plasma c u r r e n t  d e t e c t o r  i s  
placed r i g h t  i n  f r o n t  of t h e  t e s t  sample and hence i t  d e t e c t s  t h e  presence of c .. 
charged p a r t i c l e s  generated dur ing  d ischarges .  I n  some of t h e  tests, t h e  t e s t  items 
(such a s  cab l e s  and c i r c u i t  t r a c e s )  were used as d e t e c t o r s  f o r  t h e  occurrence of 
discharges.  The t r a n s i e n t  s i g n a l s  induced on these  d e t e c t o r s  are t r ansmi t t ed  
ou t s ide  t h e  vacuum chamber through coax ia l  cables .  These s i g n a l s  a r e  d i sp layed  on 
s to rage  scopes o r  t r a n s i e n t  d i g i t i z e r s .  The l eng th  of coax ia l  c ab l e  used i n  our  
experiments a r e  about 10 m. The e f f e c t  of long c a b l e s  on t h e  t r a n s i e n t  s i g n a l s  was 
i nves t i ga t ed  by applying a pu l se  on one end of t h e  cab l e  and r ece iv ing  t h e  pu lse  a t  
t he  o the r  end. No s i g n i f i c a n t  amplitude l o s s  o r  waveform d i s t o r t i o n  was observed. 

The f l u x  l e v e l  used i n  ou r  experiment was determined by t h e  expected i n f l i g h t  
deposited f l u x  l e v e l s  a t  t h e  sdmples. The expected i n f l i g h t  depos i ted  f l u x  l e v e l  a s  
w e l l  a s  t h e  dynamitron depos i ted  f l u x  l e v e l s  were both determined by Monte Car lo  
computer ca lcu la t ions .  The test f l ~ e n c e  f o r  our  test i s  u s u a l l y  chosen a s  J u p i t e r  
Orb i t  I n s e r t i o n  (JOI) p l u s  5 o r b i t  f luence .  Th i s  s e l e c t i o n  i s  based on t h e  f a c t  
t h a t  J0I-l-5 o r b i t s  a r e  t h e  minimum requ i r ed  f o r  a succes s fu l  mission. Due t o  t h e  
cons t r a in t  of time and c o s t ,  t h e  f l u x  l e v e l  used t o  ach ieve  t h i s  f luence  was u sua l ly  
a t  l e a s t  a f a c t o r  of t h r e e  h igher  than t h e  a n t i c i p a t e d  worst-case l eve l .  



The test 1-tems. chosen f o r  t h i s  t e s t  program were p a r t s  of t h e  Ga l i l eo  spacecraf t .  
They were e i t h e r  components wi th  d i e l e c t r i c  i n s u l a t i o n  o r  components with. f l o a t i n g  
codductors, The c r i t e r i a  f o r - t e s t  sample s e l e c t i o n  a r e  baered on: (1) t h e  i n t e n s i t y  
of the  expected deposi ted f l u  l e v e l ,  and ( 2 )  t h e  proximity of t he  components t o  
s e n s i t i v e  c i r c u i t s ,  I n i t i a l - t e s t s  were performed t o  determine if Breakdown w a s  
possible .  I f  breakdown d i d  occur ,  then  tests wete performed..ro determine t h e  
t r a n s i e n t  parameters, The t r a n s i e n t  parameters of- importance a r e  Ilise- time, pu l se  
width, and peak voltage. The e l e c t r o n  beam had previously been char ted  i n s i d e  t h e  
chamber t o  determine i t s  uniformity. The r e s u l t s  i nd ica t ed  t h a t  t h e  beam was uni- 

. f o r m o v e r  t h e  su r f ace  of t h e  sample holder  (36-cm d iaae t e r ) .  Before any r a d i a t i o n  
t e s t s  were i n i t i a t e d  i n  t h e  chamber, a dry  r u n w a s  performed a t  a very high f l u x  
l e v e l .  This  was done i n  o rde r  t o  determine i f  t h e r e  e x i s t e d  any d i e l e c t r i c  i n  thz 
chaniber t h a t  might break down p r ~ W n g  unwanted data .  The r e s u l t s  of t he  t e s t s  
were-negatf ve. 

Table 1 p re sen t s  t h e  t e s t  samples and t h e  r e s u l t s  of r a d i a t i o n  tests performed on 
these  items. This  t a b l e  does not  inc lude  t h e  r e s u l t s  on c i r c u i t  boards and cables ;  
t h e  r e s u l t s  on these  two items are presented i n  more d e t a i l  i n  t h e  next  sec t ion .  
This t a b l e  provides information on t h e  e l e c t r o n  beam energy and t h e  f l u x  leve l .  If- 
discharges  occurred,  t h e  a s soc i a t ed  worst-case IESD parameters a r e  a l s o  presented. 
Note t h a t  t h e  f l u x  l e v e l s  used i n  t e s t i n g  the  connectors  were f a r  g r e a t e r  than  t h e  
a n t i c i p a t e d  environment. We were i n t e r e s t e d  i n  acqui r ing  a s  much inforination on t h e  
t r a n s i e n t  parameters and, t he re fo re ,  i t  was decided t o  g r e a t l y  increase  t h e  f l u x  
l e v e l ,  

DESIGN GUIDELINUEST 

It was determined t h a t  t h e  g r e a t e s t  hazard e x i s t i n g  t o  t h e  subsystems and 
systems of Ga l i l eo  o r ig ina t ed  from t h e  c i r c u i t  boards (Ref. 2)  and f l i g h t  cabling. 
Extensive t e s t i n g  was performed on these  i tems t o  determine t h e  e f f e c t s  of d i scharge  
on nearby c i r c u i t r y .  

D i f f e ren t  c i r c u i t  board designs were f ab r i ca t ed  t o  determine t h e  e f f e c t s  of 
e l e c t r o n  r a d i a t i o n  on f l o a t i n g  c i r c u i t  t r a c e s  of var ious  a r e a ,  spacing, and length.  
The boards were f ab r i ca t ed  o u t  of FR4 mater ia l .  C i r c u i t  board A (Fig. 2a) was de- 
signed t o  determine the  e f f e c t s  of t h e  f l o a t i n g  t r a c e  a r e a  on t h e  c h a r a c t e r i s t i c s  of 
discharges.  The a r e a s  va r i ed  from 5 x 5 cm (25 em2) t o  a plated-through ho le  
(elements 1 t o  5). I n  add i t i on ,  t he  e f f e c t s  of spacing between the  nea re s t  grounded 
conductor was i nves t iga t ed  us ing  elements 6, 7 ,  and 8 on board A. Board B (Fig. 2b) 
was designed t o  determine the  e f f e c t s  of spacing and l eng th  v a r i a t i o n  on IESD events-  

During each t e s t ,  only one element of a c i r c u i t  was l e f t  f l o a t i n g  while  t h e  
o t h e r  elements were connected t o  s t r i p s  which were grounded through 50-ohm r e s i s t o r s .  
Two grounded s t r i p s  on each hoard were monitored f o r  s i g n s  of an  IESD event. The 
discharge cu r r en t  c o l l e c t o r  was used t o  monitor t h e  blowoff e l e c t r o n s  r e s u l t i n g  from 
discharges.  The hoards above were t e s t e d  under two d i f f e r e n t  configurat ions.  I n  
t he  f i r s t  conf igura t ion  t h e  board was bare,  and i n  t he  second conf igura t ion  i t  was 
coated with Sol i thane  (a conformal coa t ing) .  



Tes ts  were a l s o  designed t a  c h a r a c t e r i z e  t h e  t r a n s i e n t  s i g n a l s  genereted by 
discharge of t h e  cables .  The c a b l j n g  employed on G&lileo uses  two d i f f e r e n t  types  
d f  i n su l a t i on ,  Kapton and.Akflan. Previoua r e s u l t s  obtained from t h e  i r r a d i a t i o n  of 
Kaptori (Refs..3, 4, and 6 )  and Teflon (Refs. 4 and 5 )  m a t e r i a l s  i n d i c a t e  t h a t  they  
wdll. break down un&r J u p i t e r ' s  a n t i c i p a t e d  f l u x  leve l .  The concern r a i s e d  w a s t h e  
vo l tage  and energy l e v e l s  a s s o c i a t e d  with. t h e  t r a n s i e n t  induced on t h e  c e n t e r  
conductors, Typ ica l  f3ighc-l ike cab l ing  of b o t h  Kapton and Teflod m a t e r i a l  were 
obtained f o r  t e s t i ng .  The l eng th  of t h e  Kapton and Teflon c a b l e s  va r i ed  from 15 t o  
300 cm. The Center conductors were terminated w(th--ln impedance of 50 ohms, and 
they were a l s o  used a s  d i scharge  de t ec td r s .  

In some of t h e  cab l e s  t h a t  w e  have t e s t e d ,  some conductors were a c c i d e n t a l l y  
l e f t  f l oa t i ng .  The t r a n s i e n t  c h a r a c t e r i s t i c s  generated by cab l e s  wi th  f l o a t i n g  
conductors were found t o  be v a s t l y  d i f f e r e n t  from cab le s  wi th  a l l  conductors 
grounded. The cab l e s  wi th  f l o a t i n g  conductors  included cab l e s  i n s i d e  a Teflon 
bundle cab le  and cab l e s  from t h e  Data Management Subsystem (DMS) of t h e  Ga l i l eo  
spacecraf t .  The wires a s soc i a t ed  w i th  t h e  DMS cab le  were nonshielded s i n g l e  
conductors. The length  of t h e  w i r e s  t e s t e d  were approximately 30 cm. 

The e l e c t r o n  beam employed i n  t e s t i n g  t h e  c i r c u i t  boards ranged from 0.85 t o  
1.75 MeV. The cu r r en t  dens i ty  of  t h e  beam va r i ed  from 4 t o  26 p ~ / c m 2 .  The 
pos i t i on  of t h e  c i r c u i t  t r a c e s  was perpendicu la r  t o  t h e  incoming beam. The Faraday 
cup was posi t ioned a t  t h e  sample l e v e l  of  t h e  c i r c u i t  board such t h a t  t h e  
appropr ia te  cu r r en t  dens i ty  could be maintained. 

The Kapton and Teflon cab l e s  were c o i l e d  on t h e  s u r f a c e  of t h e  sample ho lder  
around t h e  Faraday cup. I n  t h i s  way t h e  cab l e  su r f ace  was perpendicular  t o  t h e  
incoming e lec t rons .  The DMS cab le ,  due t o  i t s  l i m i t e d  l eng th ,  was pos i t ioned  a long  
t h e  length  of t he  sample holder .  The beam energy used i n  t e s t i n g  t h e  c a b l e s  ranged 
from 1.45 t o  1.65 MeV. The c u r r e n t  dens i ty  df t h e  e l e c t r o n  beam va r i ed  from 160 t o  

2 320 pA/cm f o r  t h e  Kapton and Teflon cab l e  bundles. The cu r r en t  d e n s l t y  used i n  
t h e  case  of t h e  DMS cable  w a s  16 p~ /cm2 .  

DESIGN GUIDELINE TEST RESULTS 

, . 
Several  types of d i scharges  were observed i n  t h e  c i r c u i t  board tests. Small d i s -  

charges  were usua l ly  observed a t  t h e  beginning of i r r a d i a t i o n  of a "fresh" c i r c u i t  
board. This could have been due t o  t h e  occurrence of d i scharges  w i th in  t h e  
imperfect ions of t h e  c i r c u i t  board. The t r a n s i e n t  vo l tage  coupled t o  t he  nearby 
grounded conductor was u sua l ly  very smal l  (<1 V-) and was of narrow pu l se  width 
(<20 ns). Large amplitude 0 5  V) s i g n a l s  were u sua l ly  no t  observed u n t i l  t h e  
c i r c u i t  board had been i r r a d i a t e d  f o r  a per iod of 2-4 hours. Therefore ,  t h e  
magnitude of t r a n s i e n t s  depends on t h e  time h i s t o r y  of t h e  i r r a d i a t i o n .  
Consequently, t h e r e  was a g r e a t  d e a l  of v a r i a t i o n  i n  t h e  t r a n s l e n t  c h a r a c t e r i s t i c s  
assoc ia ted  with t he  d i scharges  of  each c i r c u i t  t r ace .  Table 2 d i s p l a y s  t h e  
worst-case t r a n s i e n t  parameters observed during t h e  i r r a d i a t i o n  of t h e  A board. I n  
t he  case  of element A4 (Table 2 ) ,  t h e  smal l  vo l tage  of 0.8 V was observed a t  t h e  
beginning of t h e  e l e c t r o n  beam i r r a d i a t i o n ;  i f  w e  had re run  t h e  test aga in  a t  a 
l a t e r  period we would expect t h e  observed vo l t age  t o  be much h igher  than  0.8 V. The 
average r i s e  time of t he  pu l se s  observed ranged from 5-10 ns. 



The sLgnals  coupled t o  nearby grounded conductors  dur ing  bLg discharges indbcated 
t h a t  t h e r e  were two d i f fe ren t :  t i ischarge processes.  I n o n e  process ,  a negat ive sp ike  
wi th  a narrow pulse  width (40 ns) was induced on a nearby grounded conductor (Fig. - 3 ) .  The nega t ive  s i g n a l  was probably duc t o  t h e  Elow.-oE-.electrons f r o n  the  f l o a t i n g  

i t r a c e  t b  t h e  grounded trace, Xn another  process ,  t h e  t r a n s i e n t  s i g n a l  coupled t d  a 
nearby conductor c a n r l s t e d  of two d i s t i n s t  pa r t s .  The f i r s t  p a r t  was t he  negat ive 
narrow. pu lse  width s i g n a l  (Fig.. 4a)  wi th  c h a r a c t e r i s t i c s  si:nUar t o  t he  previously 
mentioned s igna l .  Tbe second pac t  of t h e  s i g n a l c o d s l s e s  of a p o s i t i v e  s igna l  with 

. I a wide pulse  width (400 ns) .  The nega t ive  p o r t i o n  oC t h i s  s i g n a l  was again due  L--. 
I t h e  f l o a t i n g  c i r c u i t  trace discharge.  However, t h i s  d i scharge  a l s o  caused the  

expuls ion  6f  e l e c t r o n s  s t o r e d  i n  t h e  c i r c u i t  board ma te r i a l .  These blowoff e lec-  
t r O d S ,  which were many t imes g r e a t e r  i n  number than t h e  e l e c t r o n s  s to red  i11 t he  
f l o a t i n g  c i r c u i t  t r a c e ,  were col-leceed by the plasma de t ec to r .  This  process was 
confirmed by t h e  nega t ive  wide pu l se  width s i g n a l  on t h e  plasma cu r r en t  c o l l e c t o r  
(Fig.  4b). The p o s i t i v e  s i g n a l  de t ec t ed  by the  graunded-trace was due t o  tke- re turn  
c u r r e n t - o f  t h e  e l e c t r o n s  s to red - in  t h e  c i r c u i t  board. 

L Experiments wi th  conformal coated c i r c u i t  board A i nd i ca t ed  t he  maximum energy 
and v o l t a g r  of t h e  t r a n s i e n t  was reduce by a f a c t o r  of 2 o r  more. The reduct ion i s  
due t o  t h e  f a c t  t h a t  t h e  conformal coa t ing  reduces t h e  e f f i c i e n c y  of c6upling by 
e l i m i n a u n g  t h e  d i r e c t  couple  path. 

A f t e r  performing a v a r i e t y  of tests on Kapton and Teflon f l i g h t  cabl ing,  i t  
became obvious t h a t  t h e  danger l a y  n o t  i n  t h e  d i e l e c t r i c s  of t h e  cab l ing  but t h e  
problems a s soc i a t ed  wi th  f l o a t i n g  conductors  t h a t  may e x i s t  i n  t h e  cabling. Induced 
t r a n s i e n t s  wi th  vo l t ages  of 4-6 V were observed when t h e  d i e l e c t r i c  i n s u l a t i o n  of 
t h e  cab l e  discharged. However, due t o  engineer ing  changes o r  undetermined plans,  
wires wi th in  t h e  cab l e  bundle aay end up no t  being used. These wires would e x i s t . a s  
f l o a t i n g  conductors i n s i d e  t h e  bundle dur ing  t h e  Ga l i l eo  mission. Once i n  t he  
Jovian  environment t h e  bundle would be exposed t o  pene t r a t i ng  rad ia t ion .  The vires 
could then be charged t o  hFgh enough p o t e n t i a l s  t o  breakdown t h e  i n s u l a t i o n  of the 
wires o r  t h e  connectors.  Typical  d i scharge  signals as soc i a t ed  wi th  grounded and 
f l o a t i n g  conductors  i n s i d e  cab l e  bundles a r e  shown i n  Figs.  5a and 5b. This  s i g n a l  
was de t ec t ed  by a grounded ( through 50 ohm) conductor i n  t h e  cab l e  bundle* Notice 
t h e  d i f f e r e n c e  i n  magnitudes o f  t r a n s i e n t  s i g n a l s  between t h e  two cases.  

It was found t h a t  when one va r i ed  t h e  impedance of t h e  monitored wire  t h e  e f f e c t  
was t o  a l t e r  t h e  pu l se  width of t h e  induced t r a n s i e n t .  The amplitude of t he  
t r a n s i e n t  remained a t  b a s i c a l l y  t h e  same l e v e l .  Thfs seems t o  i n d i c a t e  t h a t  t h e  
governing impedance of t h e  d e t e c t i o n  system a c t u a l l y  depends on the  source impedance 
of t h e  d i scharge  i t s e l f .  

DESIGN GUIDELINE DISCUSSION 

From t h e  measured waveforms, t h e  energy t h a t  can be coupled t o  a load of 
impedance R i s  given by t h e  fol lowing equa t ion :  



Where \f i s  t h e  peak vol tage ,  R is  the  impedance, and T is  t h e  pulse width. Since 
most ofP!he o b ~ e r v e d  snveturme resemble a damped s4ne wave, t o  add some couservatism 
i n  the  ener-gy c a l c u l a t i a m  T i s  t h e  e-fo:cllng pulse  width, This  method- was appl lcd  
t o  c a l c u l a t e  t h e  e n e r m f  a l l  t r a n u h n t  prllses observed. 

I n  the  discharge of each c i r c u i t  t r a c e ,  pu lses  of d i f f e r e n t  magnitudes were ob- 
served. A s  a n  engineering approach, only t h e  pulsea w i t h - t h e  h ighes t  mngnitude 
(Table 2 )  were used f o r  t h e  c o r r e l a t u n  study. The energy and vol tage  d a t a  a r e  
p lo t t ed  i n  F igs t  6a and hb. I n  both p l o t s ,  the da ta  obtained from c i r c u i t  t r a c e  
element U4 were omitted. F igures  6a and 68 do i n d i c a t e  a t rend ,  i.e. t he  vol tage  
and energy t h a t  car couple t o  a load inc reases  wi th  t h e  a r e a  of the c i r c u i t  t races .  

The r e s u l t s  obtained f o r  elements 6-8 on t h e  noncoated A c i r c u i t  board d id  no t  
d i sp l ay  any consis tency i n  terms of f l o a t i n g  t r a c e  spacing and the  r e s u l t i n g  
t r a n s i e n t  parametcrs. Tes t s  performed on c i r c u i t  board B i nd ica t ed  t h a t  t h e  
t r a n s i e n t  parameters d id  not  show any cor re l .a t ion  wi th  e i t h e r  t h e  spacing 6 r  t he  
length  of t h e  c i r c u i t  t r aces .  With-additional s t a t i s t i c s  i t  may be poss ib le  t o  
determine some r e l a t ionsh ips .  

A s  mentioned i n  t h e  previous sec t ion ,  t h e  cable  t e s t s  ind ica ted  t h a t  t he  
breakdown of cab le  i n s u l a t i o n  would induce a 4-6 V t r a n s i e n t  on the  conductors of  
t h e  cables .  This  low vol tage  l e v e l  is acceptab le  t o  GaUleo spacec ra f t  subsystems 
s i n c e  a l l  t he  c i r c u i t s  a r e  designed t o  withstand a 10-V t r a n s i e n t  voltage. However, 
t h e  breakdown of cab le s  w i t h  f l o a t i n g  conductors can induce vol tage  i n  excess  of 1C V 
i n t o  c i r c u i t r y ;  t he t e fo re ,  a design requirement i s  needed f o r  cab le s  wi th  f l o a t i n g  
conductors. I n  order  t o  d e r i v e  t h i s  requirement,  t he  r e s u l t s  from the  Teflon cab le  
bundle t e s t  and t h e  DMS cab le  t e s t  were used. Flgures  7a and 7b d i sp l ay  t h e  vol tage  
and- energy t h a t  were coupled t o  a 50-ohm load,  respec t ive ly .  The upper d a t a  poin t  
i s  f o r  t he  Teflon cable  bundle. There were seve ra l  f l o a t i n g  conductors i n  both t h e  
Teflon and t h e  DMS cable  bundles. Because of t h e  wide pulse width of the  observed 
discharges,  t h e  d ischarges  were most l i k l e y  caused by more than one f l o a t i n g  
conductor. The e r r o r  b a r s  i n  Figs. 7a and 7b i n d i c a t e  t h e  u n c e r t a i n t i e s  i n  t h e  
t o t a l  l ength  of f l o a t i n g  conductor involved i n  t he  observed discharges.  

Steps were taken t o  d e f i n e  des ign  gu ide l ines  based on t h e  information derived 
from the t e s t s .  The raw d a t a  provided a margin of one. However, f o r  engineering 
purposes a s a f e t y  f a c t o r  of two Was incorporated i n t o  the  design guidel ines .  These 
design gu ide l ines  had t h e l r  o r i g i n  i n  t he  assumption t h a t  an  ZC would not  be damaged 
by a t r a n s i e n t  having a vol tage  of 20 V and an  energy of 4 pJ. The two design 
guide l ines  der ived a re :  

( l j  A l l  fndividual wires exceeding 25 i m  i t t  i ength  wi th in  subsystem wire 
harnesses ,  O r b i t e r  system wire harnesses ,  and assembly-trsystem i n t e r f a c e  
cabl ing  s h a l l  have a conduct e path t o  ground wi th  1x10 ohm r e s i s t a n c e  
when measured i n  a i r  o r  1x10'' ohm r e s i s t a n c e  when measured i n  vacuum, 

(2 )  A l l  r a d i a t i o n  s h i e l d s ,  c i r c u i t  t r a c e s ,  and conductor wi th  a su r f ace  a r e a  
g r e a t e r  than 3.2 cm2 s h a l l  be e l e c t r i c a l l y  grounded un le s s  one of the  
following condi t ions  can be v e r i f i e d :  

( a )  The conductive element and c i r c u i t  is i d e n t i c a l  t o  Voyager and i s  
approved by t h e  Environmental Requirements Engineer and Orb i t e r  
Manager t o  be an  acceptab le  r i sk .  ... 



( b )  Tho cofiductivc clement is vcrificd by test or analysis to havt 
S 61 rln'  ohm resistance to ~ror~nd in air or lr1012 ohm 

resistnncc in vacuum. 
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Figure 3.  - An intermediate discharge pulse observed during electron beam irra- 
diation of circuit boards with floating circuit trace. Detector i s  a nearby 
grounded trace. 
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Figure 4 .  - Large discharge pulse observed during electron beam irradiation of 
circuit board with floating traces. 
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F igure 5 .  - Discharge pulses observed during e lect ron  beam i r r a d i a t i o n  of  
Tef lon cable bundle. Detector i n  both cases was a grounded conductor w i t h i n  
cab:e bundle. 
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CHARACTERISU-CS OF EMI  GE#ERHLO BY NEGATLVE METALI COSIILVE [LIELECTfU-(: 

VOLTAGE STRESSES DUE TO SPACEC6AfT CHAWIMG 

R. C. Chaky and G. T.  Inouye 
TRW Space and Technology Group 

Redondo Beach, C a l i f o r n i a  90278 

Charging of spacecraft surfaces by the environmental plasma can result in 
differential potentials between metallic structure and adjacent dielectric 
surfaces in which the relative polarity of the voltage stress is either 
negative dielectric/positive metal or negative metal/positive dielectric. The 
first stress polarity, negative dielectric/positive metal, has been studied 
extensively in prior work in which dielectric targets were bombarded with 
electrons. The second polarity, negative metal/posftive dielectric, has not 
had much research attention, although this stress condition may arise if 
relatively large areas of spacecraft surface metals are shadowed from solar UV - - 

and/or if the UV intensity is reduced as in the situation in which the 
spacecraft is entering into or leaving eclipse. In this paper we present 
results of elrperimental studies of negative metal/positive dielectric systems. 

NASCaP charging analyses and SCATHA data have shown that differential 
stresses greater than 3-6 kV of either polarity are not easily generated on 
spacecraft exposed to the geosynchronous orbit environment. Measurements by 
many workers have shown that negative dielectric/positive metal electrostatic 
discharge (ESD) thresholds are in the 10-20 kV range. Negative metal/positive 
dielectric discharge thresholds are in the 1-3 kV range, and are therefore 
much more likely to be the source of in-orbit electromagnetic interference 
(EMI) .  Prior studies (1, 2, 3) have identified this more viable arc discharge 
mode in a qualitative sense, Figure 1 illustrates some of the features of the 
phenomena associated with the negative metal/positive dielectric 
configuration. Figure 1 is a strip chart record obtained with a solar cell 
test sample biased negatively by a potver supply through a 10 kilomegohm series 
resistor. The positive dielectric (cover glass) potential is generated by 
photoemission induced by UV irradiation. The setup is shown in Figure 2. The 
voltage-divided substrate voltage, V, provides the input for the strip chart 
recorder. With th? bias voltage applied, turning on the UV reduces the 
substrate voltage by the normal phcLoemission current IR drop, i.e., the 
sample voltage VS drops from 7.1 kilovolts to 6.9 kilovolts . Shortly after 
the lamps are turned on arc discharges, blowoff of electrons, are seen as 
momentary pulses raising the substrate voltage towards zero volts. About a 
minute later the substrate voltage settles below -1 kV, a steady-state 
condition of enhanced electron emission. The noisiness of the enhanced 
emission current should be noted. At 7.32 minutes the UV lamps are turned 
off, but the enhanced electron emission (e3) continues. This condition may 



continue for teas of minutes or may abruptly or gradually '@wear+ outw and 
return to a normal photoemission-level wAth theUV lamps on, and only arc 
discharge, or may rever-t to the e3 state. The phenomena associated uith the 
negattive metal/positive dielectric configuration-am summarized below:- 

o Arc discharges at low voltages (1-3 kVS 

o Enchanced electron emission (e3) 

o Corona-like noise associated with e3 

Figure 3 show the surface and structure potentials relative to the far 
plasma calculated as a function-of the solar UV intensity for a three-axis 
stabilized spacecraft. In full sunlight, sunlit dielectric surfaces as well 
as structure are a few volts positive, mainly because of the predominance af 
photoemission currents over the incident negative currents due to the substorm 
electrons.- Dark dielectric surfaces, surfaces shadowed by other parts of the 
spacecraft, are 2-3 kV negative because these surfaces are not 
pbtoemitting. As the UV intensity is decreased, the structure potential 
drops towards -3 kU first because its exposed surfaces are both sunlit and 
shadowed. The sunlit dielectric surfaces eventually also drop to -3 kV at 
about 20% of full sunlight. At zero UV intensity, complete eclipse, all 
potentials are nearly equal at about -3 kV. 

Figure 4 shows the differential voltages relative to structure computed 
from the data for Figure 3. The positive dielectric voltages, the sunlit 
surfaces, peak at about plus 2.8 kV at about 20% of full sunlight, a 
photoemission current density, JUv, of above 0.5 nalcd. This, then, is the 
regime in which the low voltage reversed polarity arc discharges may be 
expected to occur most readily, Figure 5, from the paper by H. C. Koons (41, 
shows arc discharges observed on the P78-2 (SCATHA) satellite as it goes into I 

and out of eclipse during a substorm, 

Arc discharge blowoff current magnitudes and those of the associated 
replacement currents depend on the capacitance of the spacecraft to space. 
This capacitance to space is directly proportional to the linear dimensions of . . 
the spacecraft, and hence the hazard due to blowoff will increase as 
spacecraft become larger in future designs. Structural replacement currents 
are collected over all spacecraft surfaces and flow back towards the arcing 
source, They become more and more concentrated near the source, but the 
possibility exists for coupling unwanted EM1 into victim circuits remote from 
the soarce. The flashover component of a positive dielectric discharge 
increases with the source dimension, but its effects are confined to localized 
electrostatic and magnetic coupling. The peak voltage associated with these 
discharges was found to be that of the negative metal potential prior to the 
discharge, a positive-going step in 0.5 to 1.5 microseconds. The recovery 
time to re-adjust to the or*iginal negative potential was the RC recharge time 
constant, on the order of a fraction of a millisecond. 

Another facet of the EM1 generated by the negative metal/positlve 
dielectric configuration arises if it results in the enhanced steady-state 
corona-like electron emission condibion. The emission currents exhibit an 
impulslve noise characteristic which increases in amplitude and frequency of 
occurrence with the level of emission current. We interpret this noise 



c h a r a c t e r i s t i c  a s  being due t o  the  burn-up of local ized  sharply pointed h igh-  
f i e l d  emission sources. Peak noise voltages of 1.5 kV aad curcents of 
4 microamps have been observed on a $trip_ char t  recorder (0-10 Hz 
bandwidth). OR a wide band osci l loscope the  araplitude aad risttimes may 
approach those of the  individual  discharges discussed ear-& 

TEST CQNFIG~TION 

Te t were performed i n  a 2' x 4' vacuum chamber a t  pressures between loo5 
and LO-% Torr. Negative sample s u b t r a t e  po ten t i a l s  were obtained with a high 
voltage power supply, and the  more g o d t i v e  but still negative d i e l e c t r i c  
surface  po ten t i a l s  were obtained by i r r a d i a t i o n  with mercury UV. lamps. The 
test se tup f o r  EM1 character iza t ion  is shown i n  Figure 6. Earlier t e s t s  by 
Inoilye and Sel len  (1 applied the  negative b ias  wlth an e lec t ron beam from a 
gun located at the opposi te  end-of the  vacuum chanlber t o  more near ly  simulate 
the  in-orbi t  s i tua t ion .  The adjus table  (0  t o  20 kV) power supply with 
se lec tab le  s e r i e s  r e s i s t o r ,  R f  (80 Meg t o  10  kMeg), provides a more e a s i l y  
cont ro l led  and defined source of negative bias.- 

The 25 Weg - 1 Meg r e s i s t i v e  d iv ide r  t i e d  t o  the  point  between R1 and 
the  sample performs two important functions.  F i r s t ,  it provides a convenient 
measure of sample voltage, and because of the I R 1  voltage drop, the  sample 
emission current ,  The s t r i p  char t  record of Figure '1 was obtained at t h i s  
test point. Even more important, the  25 kMeg, I n  p a r a l l e l  with R1, i s o l a t e s  
the  sample from the  vacuum system ground and allows t h e  sample po ten t i a l  t o  
more near ly  simulate eguilibrzation a s  it would occur i n  o r b i t .  Short durat ion 
a r c  discharge voltage swings and associated currents  w i l l  a l s o  be more c lose ly  
simulated than i n  best configurat ions i n  which low impedance (power supply 
output impedances, 50 o h  cable t e r m i n a t b n s )  were used, 

The s t r i p  cha r t  record provides a low frequency (0-10 Hz) measure of the  
sample voltage and current  which is f%ne as an ind ica t ion  of equ i l ib ra t ion  
cur ren t s ,  but is only a q u a l i t a t i v e  measure of the  t o t a l  electromagnetic 
in ter ference  (EM11 s i tua t ion ,  The add i t iona l  c i r c u i t r y  shown i n  Figure 6 
provides the  necessary diagnost ics  t o  def ine  the  higher frequency I341 
components. The test sample is fu r the r  i s o l a t e d  with a 1 5  Meg r e s i s t o r ,  and 
C1/C2 Is a capaci t ive  voltage d iv ider ,  j u s t  outs ide  t h e  vacuum chamber, which 
provides a measure of sample voltage. The 1 ohm r e s i s t o r  a t  the  bottom of C2 
provides a d i r e c t  measure of the  sample current .  GI, 25 pf to  0.1 p f ,  
represents  the  spacecraft  capacitance t o  space. These two capacitance values, 
f o r  a spher ica l  spacecraf t ,  represent  spacecraf t  r a d i i  of 0.5 m and 1 km 
respect ive ly ,  and w i l l  be demonstrated t h a t  the  spacecraf t  dimension has a 
c r i t i c a 3  e f f e c t  on the  character  of a r c  discharges. 

The sample voltages and currents  measured by C1, C2 and the  1 ohm 
r e s i s t o r  and the  s t r i p  char t  record provide a measure only of emitted or- 
blowout currents .  Another component, the  f lashover currents  which flow from 
the  f r o n t  of the  d i e l e c t r i c  d i r e c t l y  t o  t h e  subs t ra t e ,  cannot be detected a t  
the  1 ohm r e s i s t o r .  That t h i s  component e x i s t s  and t h a t  a uniform wipeoff of 
the  i n i t i a l  charge occurs has been demonstrated by scanning the  d i e l e c t r i c  
surface po ten t i a l  with an e l e c t r o s t a t i c  voltage probe (not shown i n  Figure 6) 
before and a f t e r  a discharge. A loop antenna w i t h  i ts  a x i s  p5ra l l e l  t o  the  



plane of the  d i e l e c t r i c  has been i n s t a l l e d  t o  at tempt  t o  o b t a i n  a measure of 
t h e  flashoverr currents, Since t h e  d l r e c t i o B a f  su r f ace  cu r r an t  flow is 
random, only a- q u a l i t a t i v e  i n d i c a t i o n  is t6 be expected.. The blowout 
component may a l so-couple  nagnetic! flux i n t o  t h i s  ho r i zon ta l  loop. Its time 
h i s to ry ,  however, is known from.the 1 ohm.&at,or, and . the re fo re  t h e  loop may 
prcrvlde data-.on- theflashouer-.component. 

TWO s t a i n l e s s  steel wire meshes.are l oca t ed  i n  f r o n t  of t he  test sample 
between the  sample and t h e  UV lamps. They have a t ransparency of 80 t o  90 
percent and hence do not  m a t e r i a l l y  a f f e c t  t h e  UV i n t e n s i t y  a t  t h e  sample, 
These meshes were i n s t a l l e d  t o  d e t e c t  s e p a r a t e l y  t h e  e l e c t r o n s  and the- 
pos i t i ve  ion  components of t h e  blowoff cu r r en t .  The f i r s t  g r i d  is grounded 
through 50 ohms, and t h e  second is  biased negat ive ly ,  after f i l t e r i n g ,  from 
the  Fower supply. The fit8st g r i d  a t  ground p o t e n t i a l  is necessary t o  permit 
photoelectrons t o  leave  t h e  d i e l e c t r i c  su r f ace ,  thus  b i a s ing  t h a t  s u r f a c e  
pos i t i ve ly  r e l a t i v e  t o  t he  m e t a l l i c  s u b s t r a t e .  

TEST RESULTS 

The majori ty  of test samples i n  t h e  tests 1-eported he re  were s o l a r  c e l l s  
maunted i n  t he  configurat ion shown i n  Figure 7. Table 1 lists t h e  e i g h t  
various combinations of  coverglass  material, in te rconnect  type  and i n s u l a t i o n  
(o r  no t )  from the  aluminum s u b s t r a t e ,  Samples 9 and 1 0  were dup l i ca t e s  of 
Sample 1 and 2. One obJec t ive  of  t h e  tests was t o  determine which type  of  
sample exhib i ted  enhanced e l e c t r o n  emission and which d i d  not .  Only a few 
samples exhib i ted  e3, and not  a l l  acc discharged. - Table 2 summarizes t h e  
results. 

The following r e s u l t s  on d e t a i l e d  EM1 c h a r a c t e r i s t i c s  were obtained on a 
s o l a r  c e l l  sample with t h e  normal i n t e ~ c o n n e c t s ,  fused s i l i c a  coverglass  and 
Kapton in su la t ion ,  Sanple No. 1 on Table 1. Figure 8 is a p l o t  of t h e  steady- 
state e 3  cur ren t  versus sample vol tage.  It shows t h a t  e 3  c u r r e n t s  become 
s i g n i f i c a n t  above 200 v o l t s  and inc rease  monotonically with inc reas ing  sample 
voltage. Figure 9 is a p l o t  of  peak no i se  c u r r e n t s  as seen on t h e  s t r i p  chat-t a .  

record (0-10 Hz) as a func t ion  of  t h e  dc  e 3  cur ren t .  Peak noise  vol tages  of 
1.5 kV and 4 microamperes i n  amplitude have been observed. On a wideband 
osci l loscope these  peaks can 4c as high as t h e  ind iv idua l  arc dischqrges which 
ape discussed next. The main poin t  he re  is t h a t  t h e  s teady-s ta te  es condi t ion  
is bes t  described as being corona-like and is vegy noisy. One o t h e r  important 
aspec t  of enhanced e l e c t r o n  emission is  its very l o c a l i z e d  na ture .  By 
covering successively smaller ha lves  of  t h e  test sample su r f ace  with 5 m i l  
Kapton, near ly  t he  e n t i r e  emisson cu r ren t  was fsund t o  be emi t ted  from less 
than 11128 of the  t o t a l  sample a rea .  This  small exposed area, of course,  
included some metal and some d i e l e c t r i c .  Thus, e 3  c u r r e n t s  are emi t ted  from a 
extremely loca l ized  source,  and should no t  be considered as a per  u n i t  a r ea  
phenomenon such as t h e  charging process.  

Arc discharges due t o  nega t ive  metal-posi t ive d i e l e c t r i c  charges were 
Inves t iga ted  a t  t h e  d i agnos t i c  po in t s  shown i n  Figure 6 us ing  a wideband 
osc i l loscope  and Polarold camera. Most of t h e  osc i l l o scope  waveform records  
were taken with C equal  t o  100 pf (a 1 meter* r ad ius  spacecraf  t 1, and C2 equal  
t o  .05 u f ,  a 500:l v ~ l t a g e  d i v i s i o n  r a t i o .  Figure 10a is t h e  s u b s t r a t e  
vol tage  waveform showing a rise from t h e  predischarg..: p o t e n t i a l  ( -3  kV: t o  



zom volts in about 1.2 vs. The voltage falls back to the predischarge level 
In about 5 ps, a time defined by the spacecraft cwgicLtance and the chargeup 
current defined by the serles resistor, A,,  in our test setup. Flgure lob is 
the rate-of-change of current as measured by the loop antenna. Figure 10c is 
the substrate v o l m e  when C1 ismade to be 0.1 pf and C2 is replaced-with a 
50 ohm-resistor. The voltage risetime is 6 us, and the total. pulsewSdth is 
about 20 ps. Figure 10d is tkvoltage waveform at the first grid or mesh in 
front of the test sample, with C1 equal to 100 pf. The mesh is collecting 
blowoff electrrons most of the time except for a positive pip at the end due to 
ions. Figure 1Oe 4s the same mesh current when C1 is 25 pf. The collected 
current is ionic for m0bt of the time except for a short electronic pip at the 
beginning. For values of C1 greater than 100 pf, the waveform is always 
negative. Figure 10f is the tnveform at the second grid when it is bfased 
negatively. Positive ions are collected after the first microsecond with a 
risetime of about 6 ps. The ionic current pulse lasts for about 6 ms. These 
waveforms demonstrate that the discharges are not purely electronic, but that 
ions are intimately involved in the discharge process. 

DldCUSSION AND CONCLUSIONS 

The test results reported here characterizing the EM1 generated by 
c negative metaltpositive dielectric voltage stresses are not all-encomp8ssit3g 

nor-complete. However, important data has been obtainedt 

o Enchanced electron emissiorr I-V curves 

o e3 corona noise vs e3 steady-state current 

o Localized nature of e3 and negative metal arc discharge currents 

o Negative metal arc discharges at stress thresholds below 
h kilovolt 

o Negative metal arc discharge characteristics 

o Dependence of blowoff arc discharge current on spacecraff capacitance 
to space (linear dimension) 

o Damage to second surface mirrors due to negative metal arcs 

Among the arc discharge parameters of interest are the relatively slow 
risetimes on the order of 1 us for approximately 200 cm2 sample sizes. A 
quick-look analysis of the phenomenology of a negative metal discharge as 
compared to that of a brushfire model developed for the opposite stress 
polarity, positive metalhegative dielectric, leads to many dissimilarities in 
the physical situations. For example, field emission of electrons I s  possible 
from a negative metal but not froa a positive metal. The empirical data shows 
that rfsetimes are too slow for purely electronic processes, and the detection 
of an ionic component in the blowoff current indicates that many aspects of 
the brushfire model may yet. be applicable. The slow risetime as compared to 



discharges of the opposite polarity may have tb do with the reduced breakdown- 
voltaga threshold rather than any fundamental difference in the an-going 
phywlcal processes. - 

A significant aspect of the blowofe curreht is that it incrcaaos in 
magnitude as the spacecraft capaoitance to space-, C1 in our test, increases, 
Figure11 shows the linear rise of peak discharge current vs C1 obtained in- 
our tests. Our test data also indieate that, unlike the prsdiction of the 
brushfirp theory for discharges of the opposite polarity, the blowoff current 
source is localized rather than moving over the surface at the head of the 
brushfire wavefront. The cracking of second surface mirrors, not observed 
with the positive metal polarity, is a further indication of this aspect of 
negative metal discharges. 

Much more work needs to be done in understanding the phenomenology of 
negative metal/positive dielectrics discharges, and in characterizing the 
various associated EM1 parameters. For example, the dependence of discharge 
characteristics on sample area, sample thickness and sample material have not 
been determined, and a basic phenomenological model has not been developed 
which is completely consistent with our physic31 intuition and the 
observational data. The authors acknowledge the skillful assistance of 
J. R. Valles in obtaining the laboratory test data. 
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TABLE 1. - CHARACTERISTICS OF INDIVIDUAL SOLAR CELL SAMPLES. (Samples 1, 2, 
9, and 10 are most nearly flight-like.) 

SAMPLE 
NUMBER 

COVER GLASS 
MATERIAL 

INTE RCONbECTS 
USE O 

KAPl ON 
U X D  AS 

INSULATION 

FUSED SlLlCA 
CERIA GLASS 
FUSE0 SILICA 
CERIA GLASS 
FUSED SlLlCA 
CERlA GLASS 
FUSED SlLlCA 
CERlA GLASS 
FUSED SlLlCA 
CERIA GLASS 

STANDARD 
STANDARD 
IN.PLANE 
IN,PLANE 
NONE 
NONE 
NONE 
NUN€ 
STANDARD 
STANDARD 

YES 
YES 
YES 
YES 
YES 
YES 
NO 
NO 
YES 
YES 

TABLE 2. - SOLAR CELL TEST SUMMARY 

I SAMPLE PHOTOEMISSION ENHANCED ELECTRON 
NUMBER CURREhT (NAI ARCING EMISSION I 

YES 
YES 
YES 
YES 
YES 
YES: 
YES 
YES 
YES 
Nd 

YES 
NO' 
NO 
NO 
NO 
NO 
YES 
NO' 
NO' 
NO* 

'WE HAVE OBSERVED E~ PREVIOUSLY FOR THIS CONFIGURATION. BUT NOT 
THlS SAMPLE 
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Figure 2 .  -- Schcn~atic o f  t e s t  setup using negative appl i ed  voltage and UV 
1 amps. 

Figure 3. - Spacecraft surf  ace p o t e n t i a l s  for  NASA severe environment as func- 
t i o n  of photoeni ss ion  current  density,  computed using TSCAT (TRW spacecraft 
charging technique). 

4 4 5  



Figure  4.  - D i f f e r e n t i a l  surface vol tages corresponding t o  f i g u r e  3. 



UNlVEltSAL TIME tMWA.MIN) 

Figure 5. - Correlation of occurrence of arc discharges in SCATHA P78-2 space- 
craft with reduced sunlight intensity with entrance and exit for eclipse 
(Coincides with peak in differential surface voltages from figure 4.). 
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Figure  6. - Test setup t o  cha rac te r i ze  nega t i ve  m e t a l  EM1 c h a r a c t e r i s t i c s .  



Figure 8. - Steady-state enhanced electron 
emission current versus sample voltage. 



Figure 9. - Peak-to-peak enhanced e lect ron  emission ( e 3 )  noise current  vcrsus 
dc e3 current .  (0-10 Hz).  



( a )  Substrate voltage: C1 = 100 pF; (b )  Substrate rep1 acenient current :  
vo l tage f rom -3 kV t o  ground i n  C1 = 108 pF; peak = 0.5 A; r i s e -  
0.8 psec. t ime = 0.4 ~ s e c ;  w id th  = 1.5 ~ s e c .  

( c )  Substrate voltage: C1 = 0.1 vF; ( d )  F i r s t  g r i d  blowoff current :  C = 
R = 50 n; r i s e t i m e  = 6 psec; w id th  = 100 pF; 1 ~ s e c  t o  negative peak 
20 ~ s e c .  (e lec t rons) .  

(e )  F i r s t  g r i d  b lowof f  cur ren t :  C1 = ( f )  Second g r i d  b lowof f  current :  Shows 
25 pF; 1 ~ s e c  t o  p o s i t i v e  peak ( ions) .  i o n  c o l l e c t i o n ;  r i se t i rne  = 6 psec. 

F igure 10. - Negative metal arc discharge waveforms. 



SPACECRAFT CAPACITANCE, C. (PF) 

F igu re  11. - Peak d ischarge c u r r e n t  versus spacecraft  capaci tance . 



LABORATORY $WDIE$ O F P P h E C R A F l  RESPONSE TO TRANSIENT IIISCHARGE- PULSES* 

3.  E .  Nanevlcz and R .  C .  Adamo 
S R I  IntePnatiotlal 

Menlo Park. C a l l f o r n l a  94025 

A set of preliminary laboratory experiments was conducted to investigate 
several basic issues in connection with the in-orbit measurement of spacecraft 
discharge properties.- These include design and fabrication of appropriate sensors 
and effects of spacecraft electromagnetic responses 011 the interpretation of the 
discharge data. Electric field sensors especially designed to respond to high-speed 
transient signals were installed on a mock-up of a satellite. The simple mock-up 
was basically a sheet of aluminum rolled to form a cylinder. A movable spark-dis- 
charge noise source designed to be electromagnetically isolated from its power 
supply system was used to icduce transient signals at various locations on the 

- *spacecraft's'@ outer surface. These measurements and their results and implications 
are descdbed herein. It is concluded that practical orbital measurements to define 
discharge noise source properties should be possible, and that simple mock-ups of 
the type described below are useful-in sensor system desfgn and data incerpreeation. 

INTRODUCTION 

It a s  recognized about ten years ago that spacecraft charging occurs 
(ref. 1) and constitutes a potential electromagnetic hazard to operational 
satellites (ref. 2). In spite of this awareness, surprisingly little orbital -, 

information has been generated to date regarding the electromagnctlc properties of 
the dfscharge source (refs. 3 ,4 ) .  Such information is essential to the ptTo_per --.-- 

specification, design, and ground resting of satellites. 

In designing an instrume-.&ation system for the in-orbit measurement of 
discharge properties, it is necessary to recognize and take into account the effects 
of both the sensor and spacecraft in modifying the signal radiated by the 
discharge. In particular, since the sensor antennas and the spacecraft itself 
exhibit electromagnetic resonances, the received signal will not exactly 

* 
The work described here was conducted as part of SKI'S internal research and 
development (IRCD) activity. The authors are grateful to SRT and, in particular, J.  
B. Chown, the director of the Electromagnetic Sciences Laboratory, for supporting 
and providing the funding for this work. The setup was assembled and the experi- 
ments performed by W. C. Wadsworth. The sensors were designed and built by GI R. 
Hilbers. 

lk* 
References are included at the end of this paper. 



duplicate the s ignal  a t  the aourca. To invaetignte the problems msocia tcd  with 
orbital-measwemanrs, a rudimentary laboratory mock-up of a epacecsaft waa assembled 
and equipped w i t h  eensoro and transieat-mcaaurin~ instrumentatione T h i s  wcbrk 
extended-ear l ie r  laborntary measuremenu conduc ted- t o  Lnves t igaf  e t h e  
electromagnetic propert ies  of dischacgea OR spacecraft  thetmal-control materiala 
(refa.  2,5,6). Provieions were madc t o  exc i t e  tlrc mock-up with an i s 6 l a t c b a p a r k  
source and t o  record the senoBr rcaporlsca t o  reccrd dmula ted  vacuum arc,  

Tests on the mock-up indidate tha t ,  with proper sensor design and placement, i t  
is  possible t o  minimize the e f f e c t s  of sensor and vehicle resonances in masking 
important c h a r a c t e r i s t i c s  of the s ignals  generated by the discharges. Burthemsrc, 
the  t e a t s  indica te  tha t  the same simple instrumentation can be used i n  o r b i t  t o  
define c e r t a i n  important c h a r a c t e r i s t i c s  Of a rc  discharges and t o  i n f e r  where on the 
spacecraft  discharges a r e  occurring. 

SENSOR DESIGN 

It is important to  recognize tha t  a discharge caused by spacecraft  charging is 
a very brdef t rans ient  phenomenon, and tha t  excessive d i s t o r t i o n  of the measured 
data  by successive re f l ec t ions  from the ends af the sensing antenna (ringing) must 
be prevented. Two possible so lu t ions  t o  t h i s  problem a re  i l l u s t r a t e d  i n  f igure  1. 
F i r s t ,  the sensor element may be made long so tha t  the in te res t ing  portion of the 
t rans ient  s igna l  has been recorded before the r e f l ec t ion  from the end of the sensor 
re turns  ( f ig .  la). To minimize ref lec t ions ,  the f a r  end of the sensor may be made 
lossy and terminated i n  i ts c h a r a c t e r i s t i c  impedance. Alternat ively,  the dimensions 
of the sensor may be made e l e c t r i c a l l y  small so tha t  the f i r s t  sensor resonance 
occurs above the  highest frequency of i n t e r e s t  ( f ig -  lb) .  In  t h i s  design, e i t h e r  
the  source egectrum does not contain appreciable energy a t  the ringing frequency o r  
the  measuring system bandwidth is too narrow t o  permit the ringing t o  be recorded. 
Although large  antennas have been considered fo r  the ground-based study of t r ans ien t  
s ignals ,  e l e c t r i c a l l y  s m a l l  sensors a r e  the only ones p r a c t i c a l  f o r  in-f l ight  
measu.rements . 

The e l e c t r i c a l l y  small f i e l d  sensor provides an output proportional t o  the 
e l e c t r i c  o r  magnetic f i e l d  o r  its der iva t ive  a t  the ser.,sorls locat ion.  Equivalent 
c i r c u i t s  fo r  the small e l e c t r i c  dipole, evolved during the development of low-fre- 
quency avionic systems ( ra f s .  7, 8) a r e  shown i n  f igure  2. The open-circuit voltage 
of the e l e c t r i c  dipole is d i r e c t l y  proportional t o  the loca l  e l e c t r i c  f i e l d  ( f ig .  
2a) while the shor t -c i rcui t  current  is proportional to  the der iva t ive  of the  
e l e c t r i c  f i e l d  ( f i g  2b). The shor t -c i rcui t  current  can be measured using a broad- 
band current  transformer. With modern high-impedence FEE-input amplif iers ,  i t  is  
possible t o  measure the open-circuit voltage over a wide range 05 frequencies. The 
experimenter is therefore f r e e  t o  choose between measuring E o r  D. I n  the  
laboratory experiment of refs .  5 and 6, a small dipole with a buil t - in PET preamp- 
l i f  i e r  was used. 

Equivalent c i r cu i tu  fo r  the magnetic dipole are  ehown i n  figuV:e 3. The open- 
c i r c u i t  voltage of the magnetic dipole is proportional t o  the der iva t ive  of the  
magnetic f i e l d  ( f ig .  3a) and the short-circuit  current  is proportional t o  the magne- 
t i c  f i e l d  (Pig. 3b). To measure the short-circuit  current ,  the measuring apparatus 
must have an inser t ion  impedance tha t  i e  emall compared with Jd*, the  inductive 
reactance of the ocneor, throughout the frequency range of i n t e r e s t .  For a given 
antenna inductance, L, enti system input impedance, R, this fmpldee tha t :  



Thua, t o  measure Iac ac low frequencies, the loop irrductancc? ahauld be Mgb+- Unfsr- 
t u ~ ~ t e l y ,  aimply Increasing the  loop indirctance lowere t h ~  rssannnr fkaqucnsy o&+he 
loop and reduces the  e f fec t ive  senaf t iv i ry  of the dflpoka. A rixodosn current  
rcaaformer (such as tne Taktronix CT-2) may hnvo an i n s c ~ t i a n  impadnncc of 0 4  fi i n  
pasalllrl, with 5 pH, thua d lowing  the &sign of 1.oope reaponding d i r e c t l y  t o  the 
tangeaeial magnetic Eicld- intsawlty, H, over: a bandwidth mnging from eavcrirl kilo- 
her tz  through W. 

If  the loop inductance is reduced co oxtond tho higll-Wcqucncy reepolosa t o  VHP, 
the fnduceive reactance bacbmcs small comparcd t o  the insertion impedance bf avail-  
able  current  probes over milch of the frequency rango of i n t e r e s t .  Thetefore, with 
magnetic f i e l d  sensors intended fo r  h i  gk-f requeacy studf os, She open c i  r c u t t  voltage 
is u s u ~ l l y  measured,-and so the response is proportional t o  B. 

A t  the surface of a good conductor, the magnitude of the surface current  
densi ty,  J, is equal t o  the  magnitude of the tangent is l  magnetic Eicld intensity, 
H. Thus, a skin current  densi ty sensor may be e i t h e r  a magnetic dipole (small half- 
loop) o r  a cut rent  dipole (smalb s lo t ) .  The loop antenna responds t o  the magnetic 
f i e l d  a t  the  surface of the conducting plane based on the elementary f lux  linkage 
concept (ffgure 4a). The loop may a l s o  be considered t o  respond t o  the  current  
induced i n  the plane by the magnetic f i e l d .  In  the dynamic f i e l d  case, the current  
i n  the ground plane and the surface magnetic f i e l d  a r e  inseparable. A s l o t  
in t e r rup t s  the  uniform current  densi ty,  J, thdt  would normally flow on the  surface, 
forcfng part  of t h i s  current  t o  flow through the short-circuited s l o t  terminals 
( f ig .  4b). The s l o t  curxent is: 

where a, is  the e f f e c t i v e  height of the antenna. 

The impedance of the small s l o t  is primarily inductive reactance. Hence, the 
open-circuit voltage a t  the s l o t  terminal is: 

The shor t -c i rcui t  current  and open-circuit voltage of a small loop antenna are ,  
respectively:  

siJ J and V m l d ~  I = -  L 

where A is the area  of the loop, ir - 4 r  x log7 H/m, J is the surface currailt 
densi ty,  and L is the loop inductance. 

Shielding is necessary t o  make the loop insens i t ive  t o  the e l e c t r i c  f i e ld .  
Conventional shielded loop design can be used fo r  t h i s  purpose. Although loope a r e  
more sens i t ive  than s l o t s  of comparable s i ze ,  they protrude from the skin and may 
lead t o  mechanical interference problems. Since s l o t e  are f lush  with the skin, they 
may be ins ta l l ed  anywhere a break i n  the  skin can be allowed. 



Aa indicated earlier, measuring Chi2 short-cIccui'2 current, requires the  measur- 
ing 8ppar'atua t o  have fin in t ie r t ian  irnpadnrrco that is sm;rU. camparcd with t h e  
indrrctivc reactance , j r L ,  t k a u ~ h a u t :  tlic Erequcncy canp;c! of  ittCcrc6 t +. - Bcenuas L 5.r, 
mll Eon n arnalk. knlF-roop and even s m d l a r  for a- small. s lot ,  it. i r ;  dLEficul t  to 
meaaurc the late-time , ahort-s i rcut t ;  cu r r en t  d l rnc  s l y  The ref a r c ,  elie open-circui t  
voltnge i s  ueual ly  msa~urcd  i n  t rnna i an t  cRcc6ramngnctic s tud i c s .  Msnnummcnt of 
uuqncric f i c l d e  i n  thc l abora tory  cxpcrimonte of refa .  5 and 6 w n ~  implarnsntcd by 
URIC@ a asr fee  a f a f s t  entcnnas i n ~ e a . l h d  i n  t.hnalro~\nd plane of the  teat: act  up. 

Tho problem o f  dcvclopinp, and optimizin& scneors  f o r  t m d n h n t  a l e c t r o m ~ n c t i c  
f i e l d  mcoeurcmcntn Baa been of great concern t o  the  EMP community. Techniquns f o r  

t extending thc  psrfortnancc of t h e  bae i s  eensors  dlscuosad nboua luvc  bccn developed 
by Bern and others  and hove been publisllsd i n  the  Seneor and Simulation Notes ed i t ed  
and authored-by Baum (ref. 9). Po r t i ons  of t h i s  work app l f ceb l e  t o  l i gh tn ing  
measurement are contained i n  re fe rence  10. Many of these  sensors  and Gcncor 
concepts can be adapted f o r  speeesrafr appl&eat ions .  

I n  addi t ion  t o  electromagnetic f i e l d  measurements, t h e  spacec ra f t  experimenter 
i s  o f t en  i n t e r e s t ed  i n  t he  c u r r e n t s  and vol tagea induced i n  i n t e r n a l  wiring. A 
v a r i e t y  of commercial curcent  t ransformers  a r e  a v a i l a b l e  ccvering the  frequency 
range of i n t e r e s t .  These t ransformers  a r e  well sh ie lded  and designed t o  minimize 
reaponse t o  e l e c t r i c  f i e l d s .  Thus, cu r r en t  measurements a r e  simple and s t r a i g h t f a r -  
w a d  t o  instr~tment .  

Voltage measurements--particularly d i f f e r e n t i a l  vo l tage  measurements--may be 
more d i f f i c u l t  t o  ca r ry  out.  To measure the  vo l tage  between a pa r t fScu la r  wire and 
t h e  frame, the  probe must have adequate bandwidth, impedance, a ~ d  dynamic range. 
Measuring the d i f f e r e n t i a l  vo l tage  between a p a i r  of wires-is more d i f f i c u l t .  Not 
only must the probe be a b l e  t o  cover t he  dynamic range and bandwidth of i n t e r e s t ,  i t  
must funct ion i n  the  presence of common-mode s i g n a l s  s u b s t a n t i a l l y  l a r g e r  than the 
des i red  s igna l .  The present  state of  spacec ra f t  charging research  is such t h a t  
d i f f e r e n t i a l  vol tage measurements are probably bes t  defer red  t o  the  fu ture .  

SENSOR PLACEMENT (AIRPWE EFFECTS) 

An electromagnetic f i e l d  sensor  provides information about the  electromagnet ic  
f i e l d s  at its locat ion;  unlecs  s p e c i a l  precaut ions a r e  taken, t he  veh ic l e  i t s e l f  
acts as an i n t e g r a l  pa r t  of t he  sensor .  A t  f requenc ies  corresponding t o  t he  veh ic l e  
resanances, the antenna/spececraf t  system can e x h i b i t  complex in t e r ac t i ons .  A t  VHP 
and a h v e ,  t he  antenna/spacecraf t  system has t he  c h a r a c t e r i s t i c s  of the  antenna 
element mounted on a l a rge ,  complex ground plane. These problems have been s tud ied  
i n  dube tau t ia l  d e t a i l  f o r  a i r c r a f t  and rocke ts  i n  coanoction wi th  antenna design and 
i nves t i ga t ion  of IMP s u s c e p t i b i l i t y  ( r e f .  11). I n  p a r t i c u l a r ,  f o r  the  case  of a 
s lender  cyl inder ,  i t  is poss ib le  t o  de r ive  a formula f o r  t h e  time domain response t o  
a uni t -s tep dr iving pulse. The r e s u l t s  of such a c a l c u l a t i o n ,  shown i n  
Figure 5 ,  demonstrate geveral  i n t e r e s t i n g  a f f e c t s :  t he  r i ng ing  of t h e  Bystem a t  a 
frequency determined by the  length  of the cy l inde r  is c l e a r l y  evident .  Also, i t  
shoe3d bc noted thp t  t he  cu r r en t  is maximum a t  the  cen t e r  of t he  cy l inde r  (u  0 )  
and 4 creases  a s  one moves toward the  ends (u = 114). Thus, i n  the  case  of a slim 
cyl.inCer euch as at1 a i r c r a f t  o r  rocke t ,  a s u b s t a n t i a l  degree of decougling from the  
airf rame resonances can be ackleved by loca t ing  the magnetic sensor  a t  the  end of o 
s t r u c t u r a i  iwmber (e.g., a t  t he  trose of the  fuse lage)  where t he  cu r r en t  is zero. 



Convcracly, a incc  the e l e c t r i c  f i e l d  is maximum n t  thr?-ends 6f" a cnndtrctror, E-field 
snnaora arc mnst strsag1.y affentcd a t  the cxt rc rn i t inae  

Although rkc time wavcferma i n  Vfgurn 5 ildicata chat e~rhstnntlal singlng can 
occur when a body i~ excited by a tsnnfldcnt impu?,$c, i t  muRE bs rscognizcd Ctlrrfi the 
data i u  shlc f iaure ass valid f cr  a _ ~ l n n d e r  cybirldss. Xi1 ~ s n c r a ,  s ~ c c t r o r n 8 ~ n n t i i :  
chsoxy i n d i c a t o ~  t h a t ,  for  f n t t s r  bodice, the t i ng ing  dies sue much more rap id ly  
(i.c., Eat bodies have o lower Q). Thue, it wne poselhlc t h a t  Clrc 6 igQsl@ cixsitcd 
on a s a t s l l i t c  by a e r ~ n e i c n e  dischargn mtghe be much less c6mplisated than one 
would i n f e r  from f i g u r e  5. To i t lvca t iga te  the c l . e c t r a m a ~ ~ e c i . c  propsveias of a body 
rcsembZing a s a t e l l i t e ,  and t o  g o i n  i ne igh t  i n t o  the f e a s i b i l i t y  of d i schargs  eource 
cha rac t e r i za t i on ,  tb@ labora tory  "saecbl i te"  mock-up sllown i n  f i g u r e s  6 and 7 was 
assembled. Figure 6 shows the genosol s i z e  and form of the  mock-up, which is simply 
a hollow uncapped cy l inde r  made of sheet aluminum. It is approximately 1.8 IU i n  
diameter and 1.2 m higtl and s tands  upright  on a 0.75-m high non-conductive, large- 
a r e a  wooden tab le .  For the  i n i t i a l  tests, two $mall e l ec t r i c -d ipo l e  sensors  
(equipped with high input  impedance preampl i f ie rs  so t h a t  the) respond d i r e c t l y  t o  
t he  l o c a l  E f i e l d  aa  was discussed earlier) were mounted 180' a p a r t  on t he  ou t s ide  
curved sur face  along the c t r c u m f e r e ~ t i a l  c en t e r  l i n e  of t h e  cy l indar .  The sensor  
cab l e s  were routed t o  the  i n s i d e  of t he  cy l inde r  through small holes  near the  
sensors .  The s i g n a l s  from the  two sensors  were recorded simultaneously using a 400- 
MHz bandwidth dual-beam osc i l loscope  which was mounted i n s i d e  t he  conductive 
cy l inde r  where it was well sh ie lded  from ex te rna l  fields+ 

Transient  e lectromagnet ic  f i e l d s  were generated on the  e x t e r i a r  of t he  mock-up 
using a dc spark-gap formed by pos i t ion ing  a 10-cm-diameter hollow copper sphere on 
an i n s u l a t i n g  support  a t  a d i s t ance  of approximately 3 mm from t h e  ou t e r  cy l inde r  
s u r f a c e  a t  s e l ec t ed  simuated a r c  loca t ions .  To prevent measurement e r r o r s  r e s u l t i n g  
from t r a n s i e n t s  r ad i a t ed  from, o r  Etekd pe r tu rba t ions  caused by the  presence of t he  
high-voltage cab les ,  the  copper sphere was connected t o  a 20-kV power supply located 
4 m away, using s p e c i a l  "electromagnet ical ly- t ransparent ,"  high-resis tance wire as 
shown i n  f i g u r e  7. The required dc r e tu rn  path between the  cy l inde r  and the  high- 
vo l tage  supply was provided i n  t h i s  same way. Thus, e lec t romagnet ica l ly ,  a t  RF the  
spark source appeared t o  be a completely i s o l a t e d  sphere charged t o  a high 
voltage. The spark source produces a un id i r ec t i ona l  cu r r en t  pu lse  with an ampli tude 
of roughly 400 A, and t o t a l  dura t ion  of the  order  of 2 ns. It should be noted from 
f i g u r e  6 t h d t  the  mock-up experiments were conducted i n  t he  middle of a labora tory  
a r e a  with no e f f o r t  t o  sh i e ld  the s e tup  from ambient noise.  

Solue of the  r e s u l t s  of t he  s a t e l l i t e  mock-up experiments are shown i n  f ig -  
bre 8. Par the  experiments i l l u s t r a t e d ,  t he  spark source was moved t o  var ious  
pos i t i ons  along the  equator  of t he  "satellite" and the  s i g n a l s  induced i n  the  two 
sensors  were recorded. When the spark sdurce is near sensor  #l (as i n  f ig .  8a), 
s u b e t a n t i a l  s i g n a l  i d  induced In  t h i s  sensor ,  and a ba re ly  pe rcep t ib l e  response is 
induced i n  sensor  #2. 

It should be noted t h a t  the  i n i t i a l  pulse i n  sensor  I1 is c l e a r l y  def ined,  and 
t h a t  i t  is uncontaminated by the  r e f l e c t e d  pulsee a r r i v i t ~ g  l a t e  i n  time. This  
behavior is v a s t l y  d i f f e r e n t  from the  pronounced r inging i l l u s t r a t e d  i n  f i g u r e  5, 
when a s lender  cy l inde r  is exc i t ed  by a t r a n s i e n t .  Thus, the l abora tory  experiments 



i nd i ca t e  tha t  s n t s l l i t c  Cleccramajinetic c h a r a c t e r l s ? l c s  arc swell that: Elighr expcrl-  
mcntn intended t o  charncrerl&a difichnrgc naiar! aouzcc! charucccr i f i t i cs  i n  a r h l c  
6hould not kc urrduly plngr~rd by aatc.1U.C~ nnd annoor roapnnnen, E o v i d ~ d  the r,#fitcm 
i.6 properly dcnlgnad nnd cnnf lgurcd. 

Xn Cifitrrcr ah, tho opnrk tuoinc: naurw w m  pnalciannd r*oup,!tI.y c q ~ i d l a t n n t  from 
the two artnaorn, and RignnL~ of  mup,hly nqtinl nmplltr~dc nrc! %nd\rc!cd An thc: two 
ay@tama. Afinin, 1 6  nhnrlld Ira noted tha t  tlae direct ~ I a n n L  from tllc xteurcc In 
clcnrly dofdncd, and net sansnminntcd by r0nji&tly, :md ref 1 cc F ton8 f rsm 
t i t s ~ o n t ~ h u f  tier; on thc ~ i ~ t c l l i t ~ .  

En thc sstnrac of thcsa prclllninary nxpcrllmsntfl, she sa to l l t cc  conftgurati.rd wa3 
chanficd to inslrrdc? e boom, and tllc wneur8 and laoitlo ssurco we*a movcd to a tmumbas 
of d i f f c r s n s  psr , i t iot~s .  The rser l l t ing rcepotieco d i f f c r c d  6rom ~hesc? prcsecrtcd here, 
but wcw a l l  cxplninnblc by slackromnj-p~cbic cons idcre t ioaa .  

By eappbyiq proper eleceromagneeic p r i n c i p l e s  t o  sensor  design,  i t  is poss ib le  
t o  develop systems capable of responding t o  fast t r a n s i e n t s  of the  sort expected 
from Bpacecreft clrarging. The f o m  many of p r a c t i c a l  sa te l l i tes  Is 8uch ehat ehey 
w i l l  not unduly contaminate the s i s n e l s  riidfaeed by spark discharge&. Accordingly, 
it should be possible  t 3  design f l i g h t  systems f o r  the  study of spacec ra f t  discharge 
cha rac t e r i s t i c s .  F ina l ly ,  a simple e a e e l l i t e  mock-up such as t h a t  used i n  the 
present experiments is easy t o  assemble, Pnexpausivc, and adequate to provide impor- 
t a n t  guidance during system design and f o r  Cata i n t e r p r e t a t i o n .  
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where c velocity of light 

r - transient duration 

(a) USE OF LONG ANTENNA TERMINATED I N  LOW 
MATERIAL TO INHIBIT REFLECPlON%- 

W r e  c = velacity of light 
f = upper frequency limit 

of recording system 

(b) USE OF SHORT ANTENNA SVS~EM--RINGING 
OCCUIIS Af30VE HIGHEST FREQUENCY RECORDED 

Figure 1. - Approaches t o  t rans ient  f i e l d  sensor design. 

where 

V, = Ehe E = incident field 
he a equivalent height of 

dipole (equals the 
physical height of a 
highlv top-loaded 
antenna) 

(a) THEVENIN EQUIVALENT CIRCUIT 
OF ELECTRIC DIPOLE 

1-0 where 

-+ a induction area of 
antenna - - 
related to equivalent 
helght by 
cpa = heCa 

(b) NORTON EQUIVALENT e1aeul-r 
OF ELECTRE DIPOLE 

Figure 2. - Equivalent c i r c u i t s  of small e l e c t r i c  dipole. 



L 
W where 

---a at = area-of loop 

(a1 THEVKNIN EOlUVAkENT CIRCULT- 
OF MAGNETIC DIPOLE - -  - - 

where 
H = incident field 

9, = effective length 
of antenna - - 
regulated to loop 
area by 

r a p  $L 

(b) NORTON EOUlVALENT CIRCUIT 
OF MAGNETCC DIPOLE 

Figure 3. - Equivalent circuits o f  small magnetic dipole. 

-- 
(el HALF-LOOP OVER GROUND PLANE 

(b1 SLOT I N  GROUND PLANE 

Figure 4. - Field, current density, and short circuit current relations for 
loop and slot antennas. 



gure 5 .  - 
unit-step 
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? 

Normalized a x i a l  current  a t  two posi t ions along a 
incident  pulse (u = z/L,  T = c t / L ,  L  = 2h). 

cy l inder  f o r  a  

Figure 6. - S a t e l l i t e  muck-up. 
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DEVELOPMENT- OF A CONUNWS DROAO-ENERGY-SPECTRUM ELt;CqfHBKSOUME* 

R .  C .  Adamo and J .  E. N a n ~ v l c ~ z  
SRI Internattonal 

Menlo. Bark, Callfornla 94025 

The primary accomplishuent of the labora tory  research program descr ibed here in  
has been the development of a pkac t fca l  prototype, large-area,  continuous-spectrum, 
multienergy e l e c t r o n  source t o  s imulate  the lower enrrgy ( ~ 1  t o  30 keV) por t ion  of 
t he  geosynchronous o r b i t  e l e c t r o n  environment. The r e s u l t s  of fu tu re  mater ia l s -  
charging tests using t h i s  multienehgy source should s i g n i f i c a n t l y  improve orrs under- 
s tanding of a c t u a l  i n -o rb i t  charging processes and should he lp  t o  teso lve  some of 
t he  descrepancies between predicted and observed spacecraf t  ma te r i a l s  prfor- 

BACKGROUND 

Complex i n t e r a c t i o n s  between a spacecraf t  and the  surrounding space environment 
can cause the depos i t ion  and r e d i s t r i b u t i o n  of s i g n i f i c a n t  amounts of e l e c t r i c a l  
chal~ge on the e x t e r i o r  of conducting and insulatPng su r f aces  and within exposed 
d i e l e c t r i c  ma te r i a l s  ( r e f .  1). 

This  n a t u r a l l y  occurr ing phenomenon, known a s  spaceccaf t  charging, can ad- 
verse ly  a f f e c t  n o r m 1  system performance i n  a numbet of ways. For example, the  
r e s u l t i n g  l o c a l  e x t e r n a l  s t a t i c  f i e l d s  can i n t e r f e r e  with the opera t ion  of electric- 
f i e ld - sens i t i ve  instruments  and cause the r e a t t r a c t i o n  and depos i t ion  of contami- 
nants  on c r i t i c a l  thermal con t ro l ,  s o l a r  a r ray ,  and o the r  o p t i c a l  sur faces .  More 
s e r ious  e f f e c t s  can occur i f  the e l e c t r i c  f i e l d s  between. ad jacent  su r f aces  o r  wi th in  
d i e l e c t r i c  ma te r i a l s  become l a r g e  enough t o  produce e l e c t r i c a l  breakdowns ( r e f .  2). 
The e l e c t r i c  c u r r e n t s  produced by these rapid changes i n  charge d i s t r i b u t i o n  can 
cause l o c a l  physical  damage t o  e x t e r a a l  thermo-optical sur faces  and r a d i a t e  
e lectromagnet ic  s i g n a l s  of s u f f i c i e n t  amplitude t o  upset o r  possibly damage onboard 
e l e c t r o n i c  systems. 

Over the  pas t  decade, a s u b s t a n t i a l  e f f o r t  has been made t o  increase  the  ava i l -  
a b l e  knowledge r e l a t i n g  t o  the causes and e f f e c t s  of spacec ra f t  charging, and the  
r e s u l t s  of numerous t h e o r e t i c a l  s t ud i e s ,  l abora tory  t e s t s ,  computer simu-lations, and 
l tmi ted  in-orbi+ measurements have been published. Unfortunately,  the combinat 1 on 
oi i n t e r a c t i o n s  between a c t u a l  ope ra t i ona l  spacecraf t  and the  r e a l  space environment 
is toc complex t o  p red i c t  a ccu ra t e ly  o r  expla in  many observed o r  suspected in -orb i t  
spacec ra f t  responses, with confidence, using preffently a v a i l a b l e  techniques.  

* 
The work descr ibed here was sponsored by the Defense Nuclear Agency 
under RDT&E RMSS Code B3230 81466 G37LAXYX 00020 H2590D, Contract 
NAOOl-81-C-0267 
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To da t e ,  1aba:atary s imulat ions of t;hc charging and clecirical-breakdown char- 
a c t e r i s t i c s  of typ ica l .  apacccraf t  materials have been per-farmed, by most aj ienc i~n,  
using conventional monoenergetic, therm&dnic (ha - f i l amen t )  e l e c t r o n  sources  t o  
simuJ.atc the lower-cacrgy ( l o s ~  than 40 keV), p;eosynchronoua-orbit c.l.eaxun cnviron- 
mcnt . 

AOthough t h e m i o n i c  sources  a t e  i d e a l  f o r  rnitay app l i ca t i ons ,  in aannsal  they 
e x h i b i t  s e v e r a l  practical  disadvantages f o r  spacec ra f t  charging s t u d i e s ,  including:  

Cathode contamination--Most t l l e r m i o ~ i c  cathodes a r e  r ead i ly  contaminated by 
outgassing products from r e a l i s t i c  spacec ra f t  matnrial t e s t  samples. 

Poor beam uniformity--Achievin~ a large diameter beam with uniform cu r r en t  
dens i ty  is d i f f i c r r l t  . 
Limited beam diameter a t  c lose  range--Expanding the beam from most rhermi- 
on ic  sources  t o  cover a l a rge  a r ea  sample a t  c lo se  range is a l s o  d i f f i c u l t .  

Interdependent beam charac te r i s t ics - - In  p a r t i c u l a r ,  i n  a simple system, 
changing the  beam cu r r en t  dens i ty  o r  p r o f i l e  r equ i r e s  a complex e l e c t r o -  
s t a t j ;  l ens  system and a readjustment of l ens  and g r i d  vol tages .  

r Filament il.1umination--Tn some experiments,  undes i rab le  o p t i c a l  r a d i a t i o n  from 
t h e  heated cathode can a l t e r  the  responses of t he  test-sample mater ia l s .  

Severa l  years  ago, SRI In t e rna t iona l  developed an a l t e r n a t i v e  type of e l e c t r o n  
source,  based on the  mult ipactor  phenomenon, f o r  use i n  spacec ra f t  charging stud.ies 
( r e f .  3 , 4 ) .  Although t h i s  bas ic  source,  shokin schematical ly  in- Figure 1, a l s o  
produces a monoeaergic e l ec t ron  beam, it el iminated many of the disadvantages of 
convent1 ona l  thermfonic systems. 

Many independent s t u d i e s  of the charging and discharging p rope r t i e s  of space- 
c r a f t  ma te r i a l s  have been performed using monoenergetic e l e c t r o n  sources.  Although 
t h e  r e s u l t s  of these  independent labora tory  t e s t s  have agreed reasonably wel l ,  a 
number of d i sc repanc ies  appeared between the  test r e s u l t s  and a c t u a l  in -orb i t  obser- 
va t i ons  of e l e c t r i c a l  charging and discharge occurrences on ope ra t i ona l  spacecraf t .  
For example, SRI I n t e r n a t i o n a l  discharge de t ec t i on  instrumentat ion on a DSP sa te l - - -  
l i t e  and on the  P78-2 (SCATtiA) s a t e l l i t e  (along with a f u l l  complement of o ther  
spacecraft-charging instruments) ,  has ind ica ted  t h a t  e l e c t r i c a l  discharges (and, i n  
some cases ,  r e s u l t i n g  spacecraf t  anomalies) occur a t  tiaes when they would not be 
expected according t o  t h e , r e s u l t s  of l abora tory  tests. This is not a l t o g e t h e r  
s u r p r i s i n g ,  however, s i nce  t he  theory of d i e l e c t r i c  charging p red i c t s  t ha t  the  exact  
p r o f i l e s  of the  i n t e r n a l  charge d i s t r i b u t i o n s  and, t he re fo re ,  t he  magnitudes of t he  
i n t e r n a l  electric f i e l d s  a r e  determined by the  d e t a i l s  of the i nc iden t  e l e c t r o n  
energy d i s t r i b u t i o n  ( r e f .  5). 

Material charging t e s t s  performed using two sepa ra t e  monoenergetic e l e c t r o n  
guns a t  d i f f e r e n t  energ ies  have confirmed t h a t ,  with j u s t  two d i s c r e t e  energ ies ,  t he  
test r e s u l t s  d i f f e r  s i g n i f i c a n t l y  from those obtained usicg a single-energy source 
( r e f .  6 ,7) .  

The primary ob jec t ive  of the labora tory  research program discussed here in  has 
been t o  develop o p r a c t i c a l  prototype, continuous-spectrum, multienergy e l e c t r o n  
source t o  simulatrt more p rec i se ly  a s i g n i f i c a n t  por t ion  of the lower-energy in-orb i t  
e l e c t r o n  environmrnt. The r e s u l t s  of t h i s  work a r e  descr ibed below. 



BASIC MULTIEIQERGY EbECTRON SOURCA CONCEPT 

If-. s berun of a l e c t r a n s  having an energy of n few tcna of IrcV strlkfifi a thick 
rnntal tagget,. n p-ortian of tho hcam (F.LQ-ZQ%) wIL1 be backacnttnrcd. The remaining- 
c?lecCrsaa k i l l  panat ra te  tn vnr'Loua d i s t ances  w i t h i n  the mater ia l  before 'f.{aing 
atapp_ed. Lf ina tead ,  the t a r g e t  i s  a suFficiantLy t h i n  f o i l ,  aornc of t l  c alactronr; 
wlM. p w s  compRersly chtoualr t h e  foil ,  and crnerge with rcdtrssd snerplics, This phsnb- 
menon I\aa bccn uacd t o  modify the monocnerg@tls mult ipactor  e l e c t r o n  gun LO praditce 
a conMnuous mult ienergy beam. 

Many t l l eores ica l  and cxpefidnental s t u d i c s  hws beod mdde 06 the t rsdsmission of 
e l ec t rons  through t h i n  metal f i lms (c.,g., r e f .  8-14). Figure 2 showo t y p i c a l  energy 
d i s t r i b u t i o n s  of e l ec t rons  t ransmi t ted  through var ious thicknesses  of aluminum and 
gold f i lms  with an inc iden t  e l ec t ron  beam eaergy o E  approximately 20 kcV. For t he  
i l l u s t r a t e d  range of f i lm thicknesses ,  each of the  t ransmi t ted  e l e c t r o n s  is l i k e l y  t o  
have l o s t  some of its energy wi th in  the  f i lm through numerous s c a t t e r i n g  events .  As 
expected, f o r  a given materi81, t he  t o t a l  energy l o s s  per e l ec t ron ,  a s  wel l  a s  the  
percentage of i nc iden t  e l e c t r o n s  t o t a l l y  l o s t  within the  f i lm,  increases  i n  t h i cke r  
f i lms  a s  a r e s u l t  of s t a t i s t i c a l l y  g r e a t e r  number of s c a t t e r i n g  events .  

Resu l t s  s i m i l a r  t o  those i n  Figure 2 were obtained i n  a series of tests a t  
SRI. I n  these  t e s t & ,  small  samples of 0.75-, 1- and 2-m t h i c k  alumitium f i l m  were 
mounted across  a 50-m-diameter ape r tu re  i n  a l a r g e  aluminum p l a t e  which replaced 
t h e  ou t e r  acce l e r a t i ng  g r i d  of the  monoenergetic mult ipactor  source.  A simple 
s tandard type of r e t a rd ing  p o t e n t i a l  analyzer  cons i s t i ng  of th ree  wire-mesh g r i d s  
wi th in  a cy l ind rdca l  Fafaday cup was used- t o  measure the e l e c t r o n  energy spec t ra .  

Figure 3 shows a few examples of " typ ica l"  e l e c t r o n  energy d i s t r i b u t i o n s  
measured under var ious condi t ions  i n  geosynchronous o r b i t  (ref.  15). The top curve 
i n  t h i s  f i gu re  is the  expected maximum. I n  these  examples, t he  in -orb i t  e l e c t r o n  
cu r r en t  dens i ty  decreases  monotonically and q u i t e  rap id ly  with increas ing  energy. 
In  c o n t r a s t ,  the  e l e c t r o n  cu r r en t s  of Figure 2, produced by s c a t t e r i n g  through f o i l s  
of u ~ i f o r m  thickness ,  increase  t o  a maximum a t  an energy somewhat below the i nc iden t  
beam energy (Eo) and then decrease more rap id ly  t o  an imineasureably low l e v e l  at o r  
below Eo. 

For tuna te ly ,  t h i s  d i f f e r e n s e  i n  s p e c t r a l  form can be overcome, t o  a l a r g e  
e x t e n t ,  by using a s p e c i a l l y  prepared composite f o i l  a s  i l l u s t r a t e d  i n  Figure 4. 
The f i r s t  composite f o i l s  of t h i s  type were prepared i n  s t e p s  by vapor depos i t ion  of 
gold through appropr ia te  masks onto comaercial ly  a v a i l a b l e  a l u m i n a  f i lm subs t r a t e s .  

The f o i l  i l l u s t r a t e d  i n  Figure 4,  though not drawn t o  scale, combined u i t h  the 
spec t r a  i n  Figure 2 ,  can be used t o  expla in  q u a l i t a t i v e l y  t he  bas ic  composite-foil  
concept a s  follows. The port ion of a 20-keV inc ident  beam t h a t  passes through the  
s u b s t r a t e  a lone w i l l  emerge with an energy d i s t r i b u t i o n  a s  shown i n  the  0.74- 

t 2ecFrum i n  Figure 2a. The por t ion  t h a t  passzs through only one gold l aye r  w i l l  
e n t e r  the s u b s t r a t e  with approximately the 0.25-rm spcctrum i n  Figure 2b and w i l l  
emerge with i ts e l e c t r o n  energ ies  f u r t h e r  reduced, thue ' f i l l i ng - in"  a lower energy 
range i n  the  t o t a l  compo8ite spectrum. Elec t rons  passing through both gold l aye r s  
as well a s  the s u b s t r a t e  w i l l  obviously emerge with even lower energ ies .  

It is, i n  t h i s  way, poss ib le  t o  " t a i l o r "  the o v e r a l l  cha rac t e r  of the output 
energy spectrum through an appropr ia te  choice of pa t t e rns  and thicknesses  of addi- 
t i o n a l  metal l aye r s  on the composite f o i l .  Since the  t ransmi t ted  cur ren t  dens i ty  is 



6 i g n i f i c a n t l y  l o m r  through the th icker  metal l aye r s ,  the  product ion of a w l n t i v e l y  
f l a t  o r  monotonlcalLy dacreafiing output energy Spectrum requi res  chat the th ickor  
mctafllxad layern cavar a lnrgnr  r c l a t i v c  porccmaFJc! af the t o t a l  f o i l  ;rrsa,- 

A IIIUJOF idvantage of the muSticaar;gy beam production technique dc$cribcd ahovc 
1s t ha t  the c ~ m p o ~ l t e  fol .1 i n  a t o t a l l y  ptinsivc device,  and t h e r ~ f o r e ,  no major 
modif h a t l o n a  sf the- monornergattc e l e c t r o n  murcn ,  other  chnn msrmting t11c f o i l  
nccrosa the e x i t  apesturn, nix  r ~ q u i w d  for muftf~nbr$y operat ion.  In nddf t l sn ,  t he  
energy apastrum of the source can bc randl,ly changed by phyeical l y  intcrchnnginl: 
E o i l ~ ,  and, wi th in  a s c r t a i n  range, the cncrgy o f  the o v e r a l l  spectrum Can t e  
s h i f t e d  tip OP down by chailging ehe sncr8y of the inc ident  beam. Thc source can a l s o  
e a s i l y  be converted for single-energy opera t ion  simply by replflcfng she nomp~a i t a  
Eoil.-msembly with a s tandard wire-mesh a c c c h s w g  arid. 

The succass fu l  r ceu l to  obtained i n  i n i t i a l ,  amall.-eccr.Lc testti? of the composite 
f o i l  concept farmed a promising bas i s  f o r  t he  development, on t h i s  program, of a 
more p r a c t i c a l ,  larger-beam-area, multieaergy e l e c t r o n  Bun system. To accomplish 
t h i s  e f f o r t ,  however, i t  was necessary t o  devise  new tectmiques f o r  f a b r i c a t i n g  and 
mounting the  composite f o i l s .  

For example, tc produce a broad output energy spectrum, a s i g n i f i c a n t  f r a c t i o n  
of the input  beam energy must be absorbed by the  f o i l .  Since metal f i lms  a r e  rela- 
t i v e l y  poor thermal r a d i a t o r s ,  the r e s u l t i n g  heat is removed mainly by conduction t o  
the  mountit& p l a t e  at the  f o i l  edges.  

I n  i n i t i a l  tests with a 20-keV inc ident  beam energy, composite f o i l s  mounted 
ac ros s  a 50-mm-diameter ape r tu re  performed s a t i s f a c t o r i l y  with output cuzrent  den= 
sities of 10 niI/crn2 but were r ead i ly  damaged by e x c e s s b e  hea t ing  with cu r r en t  
d e n s i t i e s  2 t o  3 times higher .  This problem was subsequently solved by mounting the  
composite f o i l s  between p a i r s  of 0.C6-in.-thick per fora ted  aluminum p l a t e s  t h a t  a c t  
as heat-sinks f o r  the absorbed power. The holes  i n  these  p l a t e s  are small enough 
(0.19-in.-diameter) t o  a l low s u f f i c i e n t  heat  conduction from the  unsupported f o i l  
a r ea s ,  and numerous enough (0.25 in .  between cen t e r s )  t o  provide a 53% exposed f o i l  
a r e a  when properly al igned.  With t h i s  mounting arrangement, it  became poss ib le  t o  
i nc rease  the  o v e r a l l  t ransmi t ted  cu r r en t  dens i ty  by at l e a s t  a f a c t o r  of f i v e ,  with 
no de t ec t ab l e  f o i l  damage. I n  add i t i on ,  the  p ro t ec t i on  arid support provided by 
these  mounting p l a t e s  makes handling and i n s t a l l a t i o n  of the f o i l s  considerably 
e a s i e r .  

It was o r i g i n a l l y  planned t h a t  l a r g e r  a r ea  aluminum f o i l s  of t h i s  same thick- 
ness  (0.75 m) would be used a s  the  bas ic  composite f o i l  s u b s t r a t e .  However, upon 
c a r e f u l  examination, each of the a v a i l a b l e  unused 50- and 75-mm-square f o i l s  was 
found t o  con ta in  a number of s m a l l  pinholes.  Subsequent d i scuss ions  with the manu- 
f a c t u r e r  of these  f o i l s ,  and with another  f o i l  supp l i e r ,  ind ica ted  t h a t  it  is not 
p r a c t i c a l  t o  produce such "large-area-" f o i l s  of t h i s  thickness  t h a t  a r e  pinhole- 
f r e e .  These pinholes,  i f  not covered by the mounting p l a t e s ,  would al low some 
uncont ro l lab le ,  small  por t ion  of the  inc ident  beam t o  pass through the  f o i l  with 
l i t t l e  o r  no reduct ion i n  cu r r en t  dens i ty  o r  energy. 

A s  a r e s u l t  of t h i s  discovery, the e l e c t r o n  t ransmission p rope r t i e s  of s e v e r a l  
a l t e r n a t i v e  thin-f i lm ma te r i a l s ,  known t o  be ava i l ab l e  i n  larger-urea shee ts .  were 
measured i n  an attempt t o  i d e n t i f y  a more s u i t a b l e  pinhole-free s u b s t r a t e  mater ia l .  
These measurements were made using a scanning e l ec t ron  microscope (SEM) with inc ident  
beam energ ies  ranging from 20 t o  40 keV. With t h i s  instrument it  was poss ib le  both 
t o  measure t o t a l  e l e c t r o n  t ransmission r a t i o s  and t o  examine the mater ia l  samp1,es 



for pinholes. XI; was quickly dcecunlncd that the available pure metal fails chat 
were thick enough EQ bc pinhole-fwc wcrs too thf6k to trnnamlt. the raquircd alcc- 
tmn currents. How~var, the materiala tcnted also i ~ c l t l d e d  I P V C ~ ~ Z ~  C h l c k n ~ s f i ~ ~  aC 
K,apran, Tcf lan, and Mylar film with thin nluminttm, gold, or silver coatinfia on one or 
h e t l ~  nldoa. Gevt?rnl of c l ~ ~ e  rnatcrLqb6, normally mnnr~fact~rcd For uac! a9 thermal- 
csntrnL aw-tacce on apncccraf C ,  w!rc fntirm to trflnmlf. n rctnaonablc: f raceJon aC t;hn 
ilwftlrtnt baain currcnt. In itddi.sion, these mntctrial~ orn available i n  large ~ h e n r ~  
and we considnrnbfy Inas sxpcnnive add cnaics 6n Imndlc than- shct prsvioufily em- 
plnycd thii'~ mcrn9 fo i l s .  

The transmission rileasursmsnts obtained witlr polymer samples havinp, mstnlll- 
aatiolr o t ~  one side only ware not a8 rspsatabls ao theso obtained w1tb similar 
sa~nplca mccalliecd on both aides. Ttria effect is most prbba5ly due to variations in 
the internal and external eleetrtc fields produccd by ctre buildup of charge on and 
within the exposed dielectric surface. Further tests were therefore confined t b  
polymer films with both sides metallized, sir~ce both of etlc outer metal layet's can 
then be electrically grounded to eliminate external electric fields. It is also 
likely chat the additional thermally conductive path provided by the second metal- 
lf zed surf ace increases the foi tLs power-handling ability. 

Of the materials tested, Teflon was found to be the most susceptible to thermal 
damage. Mylar films performed somewhat better, with transmission efficiencies of up 
to  70% in a 30-keV incident beam, but suffered tncreissine thermal degradation during 
relatively short periods of operation with input current densities of a few &/t.m2 

The candidate substgate materials sYso included 7.5-w- thick alumf.num-cdated 
and 12.7-q- thlck gold-coated Kapton foils. The metal layer on each side of these 
foils was approximately 100 nm thick. In a 31-keV beam, these mater.ials transmitted 
50% and 25%. respectively, of the 20-d/cm2 incident beam current with no noticeabk 
damage. 

Doubly aluminized 7.5-m Kapton film was selected as the most appropriate 
composite-foil substrate material for the final tests on this program, due both to 
its higher electron transmissfon efficiency and because it is less expensive and 
more readily atailable than gold-coated Kapton film. 

The final composite-foil configuration developed on this program is illustrated 
in Figure 5. This figure (not drawn to scale) shows the pair of polished aluminum 
mounting plates that serve as a heat sink for the beam power absorbed by the foil. 

The actual metallization pattern, which differs from the pattern in Figure 5, 
was formed by depositing pairs of almost completely overlapping 10-mm-wide, 0.2-w - 
thick silver stripes on a 12-cm-equare aluminized Kapton substrate, with approxi- 
mately 1-mm gaps between each pair of overlapping stripes. This pattern results 
in 0.4-utn and- 0.2-vm silver layers covering approximately 75% atd 17%, respectively, 
of the total foil erea, thus leaving approximately 8% of the aluminized substrate 
exposed. 

The measured electron energy spectrum produced by this particular composite 
foil is shown in Figure 6. A "typical" electron energy spectrum measured during a 
geomagnetic substorm by the ATS-5 spacecraft in synchronous orbit (ref. 16) is also 
shown in this figure, for comparison. Since, with an incident electron beam energy 
of 33 keV, the overall transmission efficiency of this composite foil is approxi- 
mately 4%, an input current density of 250 niI/cm2 is required to produce a total  
output current density of 10 n~lcrn~. 



The l a rgea t  flubstrate f o i l  filze t ha t  c o ~ ~ l d  be cnavanferltly proccofied i n  the 
vapor dcpna i r idn  ayntcm avBil.itl8le Ear unc an this program wan a 12-cm nquare. As a 
renirlt,. tke  n;irrimum cxit  Qiainetcr o f  the mrllticacr&y bsnm wad l imi ted  t o  npproxf- 
matcly M cm. Tho aluminfzad- Knpfarr Z i l m  used RR tho nuhatrntc ,  hnwcvec, 1s r o w  
~ I n c l y  manufactnrcd i n  L00,-ft.. ra118, with widchn of up-to-3 C t .  For mant p rnc t l cn l  
appl ica t ionn ,  the mult k*ncrp,y h~nm dlamcccs 13 thvrcfrJrn 1 l m l  rcd mill nl  y by the.-:; l z c  
and t o t a l  cusrertt anpnclty of the input cur ren t  eournc? 
(35-qcm dit?nlctor trc the guafiont ~ y a t c m )  and by t;hc ~naxhuin unahlc dl.mcuahnar of thc 
mc!t;nl dcpsni t ion  ayaram uficrl to f a W c n r c  r h ~  snmpofriro f a l l .  

The s i~nula t io t l  of tllc mcdiu~n energy ( m l  t o  40 kcV) por t ion  s f  the g~osynchro-  
nous o r b i t  e l e c t r o n  cavlron~nens %OR m a t e r i ~ f  and epnsscraf t  tcstit18 roqul res  a 
r e l a t i v e l y  large-area,  unifcrlu o lcc t son  beam with a t o t a l  cu r r ea t  dens i ty ,  a t  eke 
test ob j ec t ,  of 10 nA/cm2 o r  less and, i f  poss ib le ,  a r e a l i s t i c  d f s t r i b u t i o n  of 
e l e c t r o n  eaerg ics .  This  program has reeuleed i n  t he  design a d  con:truct.ion of an 
e l e c t r o n  source t h a t  mcers these  requirements. 

When operated i n  a monoenergetic mode, t h i s  source produces e x i t  cur ren t  denei- 
t ies bf up t o  20 @/cm2 a t  beam etlerpias tip t o  40 keV. A c o t ~ t r o l  g r i d  permits 
adjustment of the  beam cu r r en t  dens i ty  over a range fr-om 20 \ ~ ~ / c f i ~  t o  l e s s  
than 0.1 aA/cm2 . 

I n  comparison with o ther  types of e l e c t r o n  sources used f o r  spacec ra f t  charging 
s t u d i e s ,  the  mul t ipac tor  source is phys ica l ly  simple and easy t o  f ab r f ch t e ,  produces 
a in i rnaLs&axml  e l e c t r i c  f i e l d s ,  and is less suscep t ib l e  t o  cathode contamination. 

I n  add i t i on ,  the bas ic  monoenergetic mult ipactor  source produces a large-area 
e l e c t r o n  beam d i r e c t l y ,  without complex e l e c t r o s t a t i c  l enses ,  so  t h a t  the  beam 
c h z r a c t e r i s t f c s  a r e  r e l a t i v e l y  independent of acce l e r a t i ng  vol tage.  

The major achievement of t h i s  propam is the  f u r t h e r  development of the compos- 
i t e  s c a t t e r i n s  f o i l  technique f o r  convert ing a monoenergetic e l e c t r o n  beam t o  one 
conta in ing  a continuous, broad range of e l ec t ron  energies .  

The e l ec t ron  energy spectrum i n  Figure 6 is j u s t  one example of a wide range of 
s p e c t r a  t h a t  could be obtained using o the r  f o i l  conf igura t ions .  The i l l u s t r a t e d  
spectrum was produced with an i nc idea t  33-keV manoenergetic beam. For a given f o i l ,  
t h e  o v e r a l l  output  energy range can, t o  some ex t en t ,  be s h i f t e d  up o r  down by chang- 
ing  the  input  beam e n q y .  

The t o t a l  output beam cu r r en t  dens i ty  ( i .e . ,  i n t eg ra t ed  over the  e n t i r e  energy 
spectrum) is determined by the  f o i l  c h a r a c t e r i s t i c s  and by the  energy and cu r r en t  
dens i ty  of the input  beam. Since a l a rge  2ercentage of the i nc iden t  beam power is  
absorbed by the  f o i l ,  the  maximum p r a c t i c a l  output cur ren t  dens i ty  is l imi ted  by the  
a b i l i t y  of the f o i l  attd its mounting t o  d i s s i p a t e  heat .  With the  present  f o i l -  
mounting conf igura t ion ,  continuous opera t ion  f o r  s eve ra l  hours with an outprrt cur- 
r en t  dens i ty  of 40 nLi/cm2 produced no not iceable  f o i l  damage. 

The basic  monoenergetic multfpactor  source is i d e a l l y  s u i t e d  f o r  conversion t o  
multienergy operat ion,  s i nce  the  composite-foil assembly can be mounted d i r e c t l y  
across  the  large-area e x i t  ape r tu re ,  thus forming a s i n g l c  compact u n i t .  Xn psin- 



c i  pli? , howaircr , the  compaai tc-f oil. tfichnique cou3.d be used w &rh n canvcnt ional 
thcrmlonlc alectron nourco by mountirrg the  foil asscmbly nr: an npproprintc distance 
Cram the bsaurcct in  tho  diverging monooncrgotic. beam. 

Tha bests iusnosnc~~at$e mul,t$pRsEor clcctcon 8otrrca cat, uacd i n  pBnP'o $11 n 
eanvsnflonnd, thctcmionlc murcc! i n  abng1~-mcncrgy, maenrial-Ciurgine, studise stsrd $ri 

elrapore of  sirnpl, f ic i analytical and modalin6 sf f s r t ~ .  TR6 Insfie-area, cot  l.: ,;b,xr.vd 
el bet roc^ bean prodwsd at the exit aperture makes 12 pos~iB1~3 to irmdiate a":!; .J+-. 

tivcly large targats at short range i n  a small kvacutun chamber tees facility. 

Although the present source prodrrcee a beam of circular crosti-section for 
special spplicatiot16, tt is possible to change the shape of the output beam by 
placing a mask over the exit aperture or by fabricating a similar system with a 
noncylPndrfca1 geometry. Because of the overall mechanical and electrical siupli- 
city of the rnultipactor electron source caad>pe, aasy desien configurations are 
possiblc and can be fabricated using readily svailal. le, haeic shop daterials. 

Earlier experiments at SRI indicate that, > + s  iome simple modif ication4, it 
should be possible to convert the bas! - aule: >;te ! ltr system from an electron souLce 
to an ion source. In these experl,rc-: ' . nitrogtn gas was irjected at a low rate 
into the mulkipactor regiac. !:~':k(?ert rl~e cathode plates. The gas was thereby ionized 
by multipla collisions with the oscillating electroh cloud, the resulting posi- 
tive ions were extracted by -ewrsing thc polarity of the hlgh-voltage accelerating 
power supply. Although few quantitative measurements were made in these early 
teete, it appears that, with some further develdpment, the basic multipactor syctem 
could serve as a practical source of both ions and electrons. Zn addition to its 
usefulness in spacecraft chargi~ig studies, the multipactor electron or ion source 
may have applications in a variety of material-processing applications. 

The development of the continuous multienergy electron beam generation tech- 
nique is a major advance in our ability to simulate more realistically the lower- 
energy, in-orbit electron environment. The results of future materials-charging 
tests using this multienergy source should significantly improve our understanding 
of actual in-orbit charging processes and should resolve some of the discrepancies 
between predicted and observed spacecraft materials performance. 
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AUUIMATIC CHARGE CONTROL SYSTEM FOR SATELLITES 
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SCATHA as w e l l  a s  t h e  ATS-5 a n d  -4 s p a c e c r a f t  have provided some answers and 
insi$:tits t o  t h e  problem of s p a c e c r a f t  c h a r g i n g  a t  g e o s y n c h r o n o ~ ~ s  a l t i t u d e s .  In 
p a r t i c u l a r  they  have i n d i c a t e d  t h e  approach t o  r e d u c i n g  t h e  l e v e l s  of  bo th  a b s o l u t e  
and d i f f e r e n t i a l  c h a r g i n g  -- namely, by t h e  emissiorl  of low energy  n e u t r a l  plasma. 
It is  now a p p r o p r i a t e  t o  complete  t h e  t r a n s i t i o n  from exper imenta l  r e s u l t s  t o  t h e  
develdpment oE a s y s t e n  t h a t  w i l l  s e n s e  t h e  s t a t c - o f - c h a r g e  of  a s p a c e c r a f t ,  and,  
when a predetermined t h r e s h o l d  is reached,  w i l l  respond a u t o m a t i c a l l y  t o  reduce 
it. The A i r  Force  is  embarking on such a development program, u t i l i z i n g  s e n s o r s  
comparable t o  t h e  p ro ton  e l e c t r o s t a t i c  a n a l y z e r ,  t h e  s u r f a c e  p o t e n t i a l  monitor,  
and t h e  t r a n s i e n t  p u l s e  n o n i t o r  that .  f l ew i n  SCXTHA, and combining t h e s e  o u t p u t s  
through a microprocessor  c o n t r o l l e r  t o  o p e r a t e  a r a p i d - s t a r t ,  low energy plasma 
source.  A f l i g h t - r e a d y  s y s t e n  shou ld  be a v a i i a b l e  f o r  s p a c e c r a f t  i n t e g r a t i o n  by 
1983. 

INTHODUCT KOF! 

This paper is  by way of announcing t h e  Air Force 's  i n t e n t  t o  c a r r y  orit t h e  
technology t r a n s i t i o n  from SCATHA t o  t h e  nex t  l o g i c a l  phase -- namely, t h e  devel- 
opment of a n  a u t o n a t i c  cha rge  c o n t r o l  s y s t e n  f o r  s p a c e c r a f t .  The problem of 
s p a c e c r a f t  cha rg ing  a s  a p o t e n t i a l  hazard  f o r  A i r  Force  s a t e l l i t e s  o p e r a t i n g  i n  
deep space  h a s  been recognized now f o r  j u s t  over  a decade.  The b u i l d u p  of space- 
c r a f t  cha rge  and i ts subsequent  d i s c h a r g e ,  p a r t i c u l a r l y  a t  geosynchronous o r b i t ,  
can  l i n i t  t h e  performance and o p e r a t i o n a l  l i f e t i m e  of s a t e l l i t e s .  The a r c s  gen- . . e r a t e d  i n  t h i s  f a s h i o n  can coup le  i n t o  t h c  command and d a t a  l i n e s  of t h e  s p a c e c r a f t  
caus ing  s p u r i a ~ l s  s i g n a l s ,  t r i g g e r i n g  e r r a t i c  cdrnfaands, and d e s t r o y i n g  s o l i d - s t a t e  
e l e c t r o n i c s .  The SCAT'* S a t e l l i t e ,  which was d e d i c a t e d  s o l e l y  t o  t h i s  problem, 
was launched t o  near  geosynchronous o r b i t  wi th  a f u l l  r a n g s  of s e n s o r s  ( r e f .  1) t o  
de te rmine  t h e  s p a c e c r a f t  s t a t e o f - c h a r g e  as w e l l  as t h e  background c o n d i t i o n s  i n  
space  s hen t h e  c h a r g i n g  occurred.  Also on board were t h e  AFGL a c t i v e  exper iments ,  
t h e  e l e c t r o n  gun and t h e  SPIHS p o s i t i v e  i o n  gun, which cou ld  be used t o  swing t h e  
p o t e n t i a l  of  t h e  s a t e l l i t e  e i t h e r  p o s i t i v e  o r  n e g a t i v e  on command. One of t h e  
a l t e ~ n a t e  o p e r a t i n g  nodes of  t h e  SPIES i o n  gun was a s  a n e u t r a l  plasma source ,  and 
t h a t  proved t o  be t h e  s a f e s t  and n o s t  e f f e c t i v e  method of r e d u c i n g  bo th  a b s o l u t e  
and d i f f e r e n t i a l  cha rg ing  on t h e  s a t e l l i t e  ( r e f .  2). These  SCATiiA r e s u l t s ,  as well 
as those  from t h e  NASA ATS-6 s : i t e l l i t e  u s i n g  a c c s i u n  p l a s n a  b r i d g e  n e u t r a l i z e r  
( r e f  m3), have shown t h a t  n charged spacacra f  t , and t h e  d i e l e c t r i c  s u r f a c e s  on 
i t ,  could  be s a f e l y  d i scharged  by c ~ a i t t i n g  a very  low e n e r g y  (< 50 eV) n e u t r a l  
plilsria -- i n  e f f e c t  " s h o r t i n g "  t h e  s p a c e c r a f t  t o  t h e  ambient  plasma b e f o r e  dangerous  
c h a r s i n 3  l e v e l s  could  be reached.  T h i s  t echn ique  forms the b a s i s  f o r  our  F l i g h t  
Flodcl Discharge  System (I:MUS), which is t o  he a n  a c t i v e  charge c o n t r o l  system 

: For s a t . e l l i t c s  t h a t  w i l l  o p e r a t e  a r ~ t o l j a t i c a l l y  i n  space .  



SYSTEM DESCRIP'i'ION 

Wtrcll af the  development of t he  FMIIS, par t icu la r - ly  with regard t o  the s t a t e w  
of-charge sensors ,  follows d i r e c t l y  from the SCATHA technology, A black  diagram 
of the  system I s  shown i n  f i g u r e  1. The hea r t  of the  syscen is tlrc Law efiergy 
plasma source. The ma.jdr. change from i t s  SCATHA Dredccessrrr I s  t h a t  i t  must bc 
capable of a simple and rap id  s t iul t -up -- responding wi th in  tea seconds The 
nicropracessor  con. t rol ler  w i l l  be t he  "brains*"of t he  system, i u t e t p r e t i n g  the 
t h t ee  d i f f e r e n t  c h a r g i q  sensor ou tputs ,  and "deciding"'w11en t o  t u t n  on the plasma 
source. The e l e c t r s s t a t i c  ana lyzer  (ESA) w i l l  d e t e c t  incoming rCOt6nS i n  d i f f e r e n t  
energy channels t o  provide a measure of the abso lu t e  charging of t he  spacecraf t .  
S ince  a nega t ive ly  charged s a t e l l i t e  w i l l  a c c e l e r a t e  ambient protons up t o  i t s  
po ten t i a l ,  the  lowest energy channel a t  which s i z e a b l e  f l u x e s  of protons a r c  
de t ec t ed  would correspond t o  t he  abso lu t e  charging l e v e l  of the  spacecraEt 
(i.e.- r e l a t i v e  t o  t h e  ambient p l a s ~ n a  i n  space)* The su r f ace  p o t e n t i a l  monitor 
w i l l  measure the  d i f f e r e n t i a l  s p a c e c ~ f t  charging (i .e.  t h e  p o t e n t i a l  developed 
01.1 i n su l a t i ng  su r f aces  r e l a t i v e  t o  spacec ra f t  frame ground). Es sen t i a l l y ,  t h e  
back sur face  vo l tage  of a d i e l e c t r i c  sample ( i .e .  kapton, t e f l o n ,  etc.)  i s  measured 
with an e l e c t r i c  f i e l d  sensor ,  and t h a t  i n  t u rn  is t r a n s l a t e d  i n t o  a f r o n t  s u r f a c e  
p o t e n t i a l  by means of a p r i o r  vacuum chamber c a l i b r a t i o n .  The t r a n s i e n t  pu lse  
noni tor  w i l l  d e t e c t  a r c  d i scharges  occur r ing  on the  e x t e r n a l  su r f aces  of the 
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Figure 1. - Flight model discharge system. 



s p a c e c r a f t  by m c a s u i n g  the r a d i a t e d  e lcc tomagna t i c  n o i s e  pulScs. T h e  p u l s c  
c h a r a c t e r i s t i c s  shou ld  provide  t h e  means of d i s c r i m l n n t i n i :  between a r c  d i schargcf i  
and spacecra f t -genera ted  noise .  The c o n ~ b i n a t i o n  of-..these t l l reo  d i f f e r c ~ l t  s e n s o r s  
sllould psovidc  a good i n d i c a t i o n  of  t h e  s ta te  o f  spaccccart :  cha rg ing ,  h u t  any 
anc  a l o n e  (by excesd lng  a p r e s e t  thrasholct  I c v c l )  wiU be a b d h  v i a  t h e  controller, 
t o  a c t i v a t e  t h e  plasma source  and reduce t h e  cliargirig. 

Cons ide r ing  e a c h  of t h e  components i n  somewhat more d e t a i l ,  we come hack t o  
t h e  plasma source .  Th i s  w i l l  produce a low e n e r g y  (<SO cV) r l e u t r a l  plag~na where 
t h e  i o n s  are d e r i v e d  from a noble  gas. Xcnon w ~ s  chosen as t h e  a c t i v e  source  f o r  
t h e  SPIBS experiment on SCATHA, and would he n l i k e l y  c h o i c e  h e r e  a s  w e l l .  The i o n  
c u r r e n t  l e v e l s  would be s e l e c t a b l e  by remotc command -- 10 v A, 100 11 A, o r  1mA. 
On SCATHA, SPIBS d i s c h a r g e d  t h e  v e h i c l e  from a p o t e n t i a l  of -3kV u s i n g  a s  Little a s  
6 P A  of c u r r e n t .  The plasma s o u r c e  w i l l  be s i m p l e r  t h a n  SPISS i n  t h a t  n e i t h e r  
m u l t i - e n e r g e t i c  p o s i t i v e  i o n  beams nor  e l e c t r o n  beams w i l l  he required.  liowever, 
t h e  a c t i v a t i o n  p rocess  must be f a r  s i m p l e r  and quiclcer than  f o r  SPIHS s i n c e  i t  w i l l  
be  turned on a u t o m a t i c a l l y  by t h e  c o n t r o l l e r ,  and must be capab le  of responding 
w i t h i n  t e n  seconds.  The plasma s o u r c e  w i l l  have t h e  c a p a b i l i t y  For 1200 hours  of  
o p e r a t i o n  i n  space ,  w i t h  a t  l e a s t  1000 o r r o f f  cycles .  T h i s  is expected t o  be Inore 
than  enough t o  o p e r a t e  f o r  t h r e e  y e a r s ,  w i t h  a l a r g e  s a f e t y  f a c t o r  bes ides .  There 
w i l l  be moni tor  o u t p u t s  t o  t e l e m e t r y  f o r  plasma c u r r e n t  flow, remaining g a s  
supply ,  conmand s t a t u s ,  and o t h e r  d i a g n o s t i c s .  P rov i s ions  w i l l  be made, a s  was 
t h e  c a s e  f o r  SPIBS, f o r  a vacuum e n c l o s u r e  around t h e  plasma source  t o  Allow f o r  
o p e r a t i o n  d u r i n g  s p a c e c r a f t  i n t e g r a t i o n  checks. The d e i g h t  of t h e  plasma s o u r c e  
G i l l  be l e s s  than  1 0  pdunds, and t h e  power r e q u i r e d  f o r  o p e r a t i o n  w i l l  be less than  
1 0  watts. 

The p ro ton  e l e c t r o s t a t i c  a n a l y z e r  w i l l  measure t h e  i n c i d e n t  p ro ton  s p e c t r a  i n  
t h e  energy range from l e s s  t h a n  100  eV t o  20 KeV. It wi l l -be  s i m p l e r  t h a n  t h e  ESAs 
used on SCATHA s i n c e  i t  w i l l  r e q u i r e ,  a s  a minimum, o n l y  e i g h t  inc rementa l  energy 
channels ,  w i t h  maximum channel  e n e r g i e s  (i.e. upper edge of f u l l  width  a t  h a l f  maxi- 
nun [FllHM] ) nominally s e t  a t  100 eV, 200 eV, 500 eV, 1 ICctV, 2  b V ,  5 KeV, 10 k V ,  
and  20 KeV, The energy channe l s  w i l l  be a d j a c e n t ,  and w i t h  a minimum of  o v e r l a p  a t  
FWHM -- n o t m o r e  than  2 %  o f  t h e  channe l  c e n t r a l  energy. The a l g o r i t h m  developed by 
S p i e g e l  ( r e f .  4 )  t o  a l l o w  f o r  automated i n t e r p r e t a t i o n  of t h e  ESA d a t a  depend c r i t i -  
c a l l y  on t h e  energy channe l s  be ing  s h a r p l y  def ined.  The sweep pe r iod  f o r  t h e  ESA .. 
t o  sample a l l  channe l s ,  which d e t e r n i n e s  t h e  t ime-sca le  f o r  t h e  d e t e c t i o n  of  space-  
c r a f t  charging,  w i l l  be s e l e c t a b l e  by e x t e r n a l  command -- 1 second,  5 seconds ,  o r  
1 0  seconds. The ESA w i l l  i n c l u d e  a s u n  sensor  t o  r educe  e l e c t r o n  m u l t i p l i e r  g a i n  
when t h e  ins t rument  looks  toward t h e  sun,  and a l s o  a control ,  g r i d  t o  p r e v e n t  the 
low energy  (< 50eV) i o n s  from t h e  on-board plasma s o u r c e  from be ing  counted.  There  
w i l l  a l s o  be a v a i l a b l e ,  by e x t e r n a l  command, t h e  p o s s i b i l i t y  of  changing t h e  b i a s  
v o l t a g e  of t h e  e l e c t r o n  n u l t i p l i e r  d e t e c t o r  i n  o r d e r  t o  o f f s e t  t h e  e f f e c t s  of de- 
g r a d a t i o n ,  and t o  ex tend  i t s  o p e r a t i n g  l i f e t i m e  i n  space.  The weight of t h e  ESA 
w i l l  be l e s s  t h a n  5 pounds, and t h e  power requirement  w i l l  be l e s s  t h a n  1 wat t .  

The s u r z a c e  p o t e n t i a l  monitor w i l l  measure t h e  back s u r f a c e  v o l t a g e  of  a 
d i e l e c t r i c  sample a s  i n  t h e  SCATtlA SC- 1 exper inen t .  The s u r f a c e  p o t e n t i a l  and 
p o l a r i t y  w i l l  be determined once p e r  second, and w i l l  i n c l u d e  t h e  range 100 v o l t s  
t o  20 k i l o v o l t s .  The ins t rument  w i l l  u se  two d i f f e r e n t  d i e l e c t r i c  samples i n  
f l i g h t .  These  w i l l  be chosen p r i o r  t o  f l i g h t  from a p r e v i o u s l y - c a l i b r a t e d  s e l e c t i o n  
of a t  l e a s t  s i x  d i f f c r c n t  samples of  " t y p i c a l  s a t e l l i t e  d i e l e c t r i c  s u r f a c e s "  such  



a s  aluniirtizeti Icapton, r i i lvorcd t c f  I an ,  fused  s i l i c a  covcr  :!lass, etc. \/c f k:lit and 
p o w r  f o r  tile ins t rument  should  he l ass  t h a n  3 poriadn a n d  2 w a t t s ,  rospoc t i v c l y .  

The t r a n s i e n t  pulnc monltor (TPN d i l l  d e t e c t  arc d I s c l ~ a r g c s  o c c u r r i n g  on 
rho e x t e r n a l  s u r f a c c s  of t h e  s p a c e c r a f t  by measuring t he  r a d l a t c d  c l c c t r o m a ~ n c t i c  
n o i s c  p u l s c s  w i t h  an ax tern all^ n~aiinted d i p a l e  sensor .  S i m i l a r l y  cu 61ic SltI 
instrument: on SCATIIA, i t  w i l l  r s c a r d  t h e  iluclhcr of prtlses c o t ~ n t c d  ovcr  each  one- 
second i n t e r v a l ;  n l s o  tho maxi mu^.^ p u l s e  a n p l i c u d c  ( hot11 pos i  l; i vc  and ncp,a t l vc) 
o c c u r r i n g  a v e r  t h a t  i n t e r v a l ,  and t h e  t r r t c g r a l  of t h e  s ignaL ( b o t h  p o s i t i v o  arid 
n e g a t i v e )  ave r  tlic i n t e r v a l .  It wi l l .  rlctcrminc prrlsr widt, l~,  w i t 1 1  t he  c a p a b i l i t y  
of dc tcc t inp ,  p u l s e s  From 1 0  nanoocconds t o  1 0  microsocends.  I t  r ~ i l  l a l s o  accawo- 
date nrnplitrldcl of e l e c t r i c  f i e l d  s t r e n g t h  fro13 1 0  I c i l a v o l t s / r i c t c r  down t o  1 0  
v a l t s l m e t e r .  l l t ~ l t i p l c  t h r e s h o l d  l e v e l s ,  s c l e c t n b l c  by e x t e r n a l  command, w i l l  he 
provided t o  de te rmine  t h e  ~ninimum s i g n a l  bevel  nbovc whieh p u l s e s  w i l l  be record- 
ed,  N u l t i p l c  a t t c n u n t o r  l c v c l s ,  t o  d c t c r ~ a i n e  t h e  o v e r a l l  g a i n  of t h c  s y s t a n ,  
w i l l  a l s o  be s e l e c t a b l e  by c x r e r ~ ~ a l  conmand. P r o t e c t i o n  t i i l l  be providcd a g a i n s t  
r i n g i n g  by i n c o r p o r a t i n g  3 dead t i n e  t h a t  w i l l  l i r n i t  p u l s e  c o u n t s  t o  once pe r  
mi l l i second .  One phase of t h e  c a l i b r a t i o n  of  t h e  t r a n s i e n t  p u l s e  moni tor  r ~ i l l  
i n c l u d e  t h e  d e t e c t i o n  of s imula ted  s p a c e c r a f t  a r c  d i s c h a r g e s  -- siich a s  may be  
induced i n  a vacuun chamber by bombarding a  t y p i c a l  s p a c e c r a f t  thermal  c o n t r o l  
m a t e r i a l  wi th  e n e r g e t i c  e l e c t r o n s .  The weight ar?d power r c q u i r c n e n t s  f o r  t h i s  
ins t ru iaen t  should  be l e s s  than  3 pounds and 3 w a t t s ,  r e s p e c t i v e l y .  

The c o n t r o l l e r  w i l l  be t h e  fierve c e n t e r  and c o o r d i n a t o r  of autonomous 
o p e r a t i o n  of t h e  charge  c o n t r o l  system. It w i l l  a c c e p t  i n p u t s  from t h e  s ta te-of-  
cha rge  s e n s o r s  (i.e. t h e  p r o t o n  ESA, rhe  s u r f a c e  p o t e n t i a l  n o n i t o r ,  and t h e  
t r a n s i e n t  p u l s e  moni tor) ,  i n t e r p r e t  t h e  s e n s o r  d a t a  based on p r e v i o u s l y  s t o r e d  
a l g o r i t h n s ,  determine when p r e - e s t a b l i s h e d  t h r e s h o l d  l e v e l s  o f  c h a r g i n g  havc been 
met and then  a c t i v a t e  t h e  plasma source ,  and f i n a l l y ,  t u r n  o f f  t h e  p lasna  source  
when t h e  s p a c e c r a f t  h a s  been d i scharged .  Once a c t i v a t e d  by t h e  c o n t r o l l e r ,  t h e  
plasma source  w i l l  remain o p e r a t i n g  f o r  a  f i x e d  t ime period.  That  t i n e  pe r iod  
w i l l  be s e l e c t a b l e  by remote cornand,  and w i l l  i n c l u d e  t h e  nominal i n t e r v a l s  o f  
5, 10, 30, and 6 0  minutes.  The t h r e s h o l d  l e v e l s  a t  which t h e  p lasna  s o u r c e  w i l l  
he a c t i v a t e d  w i l l  a l s o  be s e l e c t a b l e  by e x t e r n a l  cormand, and w i l l  i n c l u d e  a t  
l e a s t  t h e  ( a b s o l u t e  and d i f f e r e n t i a l )  p o t e n t i a l  l e v e l s  200, 500, 1000, and 2000 
v o l t s .  I n d i c a t i o n s  of s p a c e c r a f t  a r c i n g ,  a s  determined by t h e  TPF.1 w i l l  a l s o  
c a u s e  t h e  p l a s n a  s o u r c e  t o  be a c t f v a t e d -  T h e  a l g o r i t h n  f o r  d e t e r n i n i n g  t h e  
occur rence  of s p a c e c r a f t  a r c i n g  from t h e  TPM d a t a  w i l l  have t h e  c a p a b i l i t y  o f  
b e i n g  modif ied  i n - f l i g h t  b;r e x t e r n a l  command s o  t h a t  i t  w i l l  no t  rzspond t o  t h e  
normal background Level of a l e c t r o m a g n e t i c  n o i s e  from t h e  s p a c e c r a f t  i t s e l f .  As 
a  s a f e t y  measure, t h e  c o n t r o i l e r  w i l l  a l s o  i n c o r p o r a t e  t h e  c a p a b i l i t y  f o r  e x t e r n a l -  
comnand o v e r r i d e  cf t h e  o p e r a t i o n  of t h e  p lasna  s o u r c e  -- f o r  tu rn -on ,  t u r n - o f f ,  
and c u r r e n t  l e v e l  s e t t i n g s .  F i n a l l y ,  t h e  c o n t r o l l e r  w i l l  c o n t a i n  s u f f i c i e n t  
e x c e s s  c a p a c i t y  t o  accomodate a n  a d d i t i o n a l  s e n s o r  i n p u t ,  i f  t h a t  should  t u r n  o u t  
t o  be d e s i r a b l e  a t  some f u t u r e  da te .  A l l o t t i n g  a p p r o x i u ~ a t e l y  5 pounds and 3 
w a t t s  f o r  t h e  c o n t r o l l e r  b r i n g s  t h e  system t o t a l s  f o r  weight and o p e r a t i n g  power 
( w i t h  t h e  plasma s o u r c e  on) t o  26 p o t a ~ d s  and 1 9  w a t t s .  System power reqc i remcnts  
w i t h  t h e  plasraa s o u r c e  no t  o p e r a t i n g  w i l l  be 9 wa t t s .  

We e x p e c t  tile development, f a b r i c a t i o n ,  and t e s t  of t h e  charge  c o n t r o l  systern 
t o  t a k e  approximate ly  f o u r  y e a r s ,  s o  t h a t  it would he a v a i l i i b l e  f o r  s p a c e c r a f t  
i n t e g r a t i o n  i n  1938. Our p r e s e n t  p l a n  is t o  t e s t - f l y  t h e  sys tem on a p o l a r  



o r b i t i n g  Space S h u t t l e ,  along with other AFGL-sponsorr~d cxporfments. The 111 timntc 
test of the systcrn will require  a f 1lp;ht at: geosyocllronous o r b i t ,  which i 6  the 
regime t h i s  s y s t e m  t n  primari ly  dasi,:ned f n r  and whssc i t  w i l l  hc b f  mast: value. 
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A model is d c v c l  opeti wki ch pl ; \ccs  a l l  of  ttrs puhl i s l ~ o d  r s d i  i l t i o n  i lrtltlccrl d i  s c h n r g e  
p i ~ l s c  r e s u l t s  i n t o  a u n i f i e d  c o n s e l ~ t u a l  f ratecwsrk. Only two phcnomi?nn ar t?  r e q u i  red  
t o  i n t e r p r e t  a l l  spiaco and l a b o r a t o r y  r e s u l t s :  

a )  R a d i a t i o n  p roduces  1arj:e c l s c t r o e t a t i c  f i e l d s  i n s i d e  i n s u l a t o r s  v i a  t h e  
tr.2pping of a n e t  s p a c e  c h a r g e  d e n s i t v ,  and 

b) The e l e c t r o s t a t i c  f i e l d s  i n i t i a t e  disch;rr::c s t r e a m e r  p lasmas  s i m i l a r  t o  
t h o s c  invt l s t igc i ted  i n  h i g h  v o l t a i : ~  e l e c t r i c a l  i n s u l a t i o n  m a t e r i a l s ;  t h e s e  
streamer ~ ~ l a s r n a s  g e n e r a t e  t h e  p111sing phenomena which have  been s c c n  by 
many workers .  

The a p p a r s n t  v a r i a h i l i t y  and d i v e r s i t y  o f  r e s u l t s  s e e n  t o  d a t e  i n  s p a c e  and labor- 
a t o r y  cx ; ) e r imen t s  is an i n h e r e n t  f e a t u r e  o f  t h e  plasma s t r e a m e r  mechanism a c t i n g  i n  
t h e  e l e c t r i c  f i 6 l d s  which were c r e a t e d  by i r r a d i a t i o n  of  t h e  d i e l e c t r i c s .  The 
i m p l i c a t i o n s  o f  t h e  model a r e  e x t e r r s i v e  and l e a d  t o  c o n ~ t r a i n t s  o v e r  what can  be  done  
abou t  spacecraft p u l s i n g .  

INTRODUCTION 

At f i r s t  l o o k  o n e  is s t r u c k  by t h e  d i v e r s i t y  o f  p u l s i n g  r e s u L t s  r e p o r t e d  o n  
a. s p a c e c r a f t  and pround t e s t i n g  o f  i r r a d i a t e d  d i e l e c t r i c s .  A new vocabulary has heen 

dev-rloped i n  t h i s  community ( b l o w o f f ,  b u l k  p u l s i n a ,  punchthrough,  s u r f a c e  d i s c h a r g e ,  
b r u s h f i r e ,  h i - l a y e r ,  c h a r g e d - s u r f a c e ,  f l o a t i n g - c o n d u c t o r s ,  b reakdown-po ten t i a l )  
which may h e  r e s p o n s i b l e  f o r  u n n e c e s s a r i l y  i n c r e a s i n g  t h e  d i v e r s i t y  o f  r e s u l t s .  
U n t i l  r e c e n t l y ,  e x p e r i m e n t e r s  were h i n d e r e d  hy t h e  f a c t 6  t h a t  t h e  f i e l d  o f  i n v e s t i g a -  
t i o n  was g t i l l  young and t h a t  a p p a r e n t l y  new o h s e r v a h l e s  k e p t  a p p e a r i n g .  One e x p e r i -  
menter  would o b s e r v e  f l a s h e s  of  l i g h t ,  a n o t h e r  would see a  p o t e n t i a l  d r o p ,  a n o t h e r  
measured p u l s e s  o f  c u r r e n t ,  s t i l l  o t h e r s  obse rved  mi.crodamage a f t e r  t h e  i r r a d i a t i o n  
e m i s s i o n  of  i o n s ,  e m i s s i o n  of  e n e r g e t i c  e l e c t r o n s ,  a r ea -cha rge  s c a l i n g ,  l a c k  o f  
p u l s i n g  unde r  c e r t a i n  s p e c t r a ,  c e s s a ~ i o n  of p u l s i n g  urider c o n t i n u e d  i r r a d i a t i o n ,  
p u l s e s  o f  o p p o s i t e  s i g n ,  e t c , ,  e t c .  

F o r  t h e  p a s t  decade  I have  been  c o r r e l a t i n g  t h e  o c c u r r e n c e  o f  p u l s e s  w i t h  
r a d i a t i o n  g e n e r a t e d  e l e c t r i c  f i e l d s  i n  t h e  hu lk  o f  i r r a d i a t e d  i n s u l a t o r s .  F l e c t r i c a l  
i n s ~ ~ l a t i o n  breakdown and prehrcakdown e v e n t s  a r e  u s ~ ~ a l l y  ( r e f  1 , 2 )  r e l a t e d  t o  a n  
a p p l i e d  e l e c t r i c  f i e l d  s t r e n g t h .  We Find t h a t  i r r a d i a t e d  polymers  h e g i n  p u l s i n g  when 
t h e  e s t i m a t e d  r a d i a t i o n  induced c l c c t r l c  f i e l d  e x c e e d s  100 kV/cm ( r e f  3).  I n  t h e  
p r o c e s s  o f  r ev iewing  ( r e f  4 )  t h e  s p a c e c r a f t  c h a r g i n g  l i t e r a t u r e  I conc luded  t h a t  
whenever p u l s e s  were o b s e r v e d ,  t h e  i r r a d i a t i o n  had produced i n t e r n a l  s p a c e  c h a r g e  
d e n s i t i e s  l a r g e  enough t o  c r e a t e  f i c l d s  i n  e x c e s s  of  105 V/cm w i t h i n  t h e  d i e l e c t r i c .  
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Hc~enrchers i n  t h e  f i e l d  O f  c l ~ c t r i c n l  i n f i u l a t i a n  have  connistcnrly d i v i d e d  
tilt' i~llrnonionon nf  ht-rankrlown i n t n  two p a r t s :  Pt-ehrcnlcdown ntld 1%)-r;rFrlarvn ( f t11 l  permnncnt 
f n i  l r t r r ) .  So f a r  i t  ; ~ p p c n r s  t o  Ink1 that .  wc2 :;er nnl  y t h e  pi-elrrr~nl~down [,l~r~nomcrrn f n  o u r  
spncr. rnrl l , i t lnr i  5 l t t lnCinn.  T f  nrlo i r p p l i c ~ ;  an P L c c t r f c  f i r l d  i n  cJcc:;r; nf 1O5 V/cm 
c n  n  ~ ; n l  i d  d l o l o c t r i c ,  thun  rnndoiil ant1 vc'ry nma21 c r l r r c ~ i t  l1tr1 qcb:; arc o h s r r v o d  whlch 
art? c n l  l c d  prchrt+alrdown cvrbllr 5 .- Thcso p u l s e s  arc' n ~ s o c i  atcad r.11 t.11 f  l n ~ h t ' ~  o f  light 
nlld vclrv n11n1 1 d i  sc:hnrf:c st rcnmerfi whl c h  1 ;ist 011 tllo cir.dr*r or lI,i878r;t?i!i)11iif; or 1 csr;. 
Tlic I nst11 a t  or  dtjort not f a i  1 c*vcn d f  t c r  t h o  os2ursencc '  of Ghauerrn~la of prcbrcnlzdown 
p ~ l l s e a .  Strch pt~lnoz; t;omotimc?; t.hnrr}!ht to  ho dtlc f n 1-1tta f 71 1 I I ~ C  of very  smnl 1 
wcalr s p o t s  or ~ I I C  CIisc*I~arj:(~ of ~ n l c r o v o t r l ~  with111 tI1tl r io l ld .  7 am no t  awnrc o f  onca 
complcbc! r c * f ~ r c , n c e  t o  bltl!; phsnomcnon hu t  tlrctrc ilrc Itianv p;lpcrs d r n l l n p  w i t h  vnrtouti  
;ispcseta of i t  i n  bllv elcctr ic*;cl l  inwul nt t o n  I f tsrnbilrc*. R o f e r r n s c  2 ,  rile '11:151' 
Tr;z~lsnc t  i o n s  of1 K l  e c t r i . c n l  Tnsul a t  i o n ,  iind tlro nnt~rlnl pr-occc!dings o f  t h u  Cons erorlcc 
on F:lectrbr:;tl T t i~ ;u lnClon atrd 1 ) i e l e c t r l c  I~l~cnotrlcnt~ (71!1519 s p o n s o r e d )  arc good ~ t a r b l n #  
p o i n t s .  P r e b r c a l t d o w ~ ~  phcnotnc!na i s  a  r a p i d l y  $!.!row1 nf: r euonrek  f 1 c l d  whl ell c*ot~enfns, 
i n  my o p i n i o n ,  sonic s x c i r i n g  s o l i d  s t n t c  p h y s i c s  prohls~na.  

I n  t h i s  p a p e r  we s l ~ o w  how a l l  t h e  s p a c e c r a f t  c h a r g i n g  r e s u l t s ,  b o t h  ground and 
s p a c e  r e s u l t s ,  can  he e x p l a i n e d  hy t h e  mechanism of  e l e c t r i c  f ie1.d g e n e r a t e d  prc-  
breakdown s t r e a m e r  channe l  for tna t ion .  l'hc e lec t r ic  f i e l d s  are duc  t o  e i t h e r  a p p l i e d  
v o l t a g e s  i n  d i e l b c t r i c s ,  o r  t o  r a d i a t i o n  g e n e r a t e d  s p a c e  c h a r g e  e l e c t r i c  f i e l d s ,  o r  
t o  a  combina t ion  of  t h e  two. The s t r e a m e r  f o r m a t i o n  is a  qrlantum mechanf.ca1 many- 
body p r o c e s s  which is o n l y  r e c e n t l y  b e i n g  a t t a c k e d  w i t h  a p p r o p r i a t e  t o o l s ;  i t s  
e x i s t e n c e  i s  ohse rved  b u t  n o t  unders tood.  '2hese p r o c e s s e s  " e x p l a i n "  a l l  s p a c e c r a f t  
e f f e c t s  i n c l u d i n g :  a r e a  s c a l i n g ,  p u l s e  ht?ip.ht, p u l s e  w i d t h ,  p u l s i n g  f r e q u e n c y ,  
r a d i a t i o n  spec t rum dependencies, microwave e m i s s i o n ,  s t i r f a c e  d i s c h a r g i n g ,  hu lk  
p u l s e  c h a r a c t e r i s t i c s ,  f i b r o u s  m a t e r i a l  d i s c h a r g i n g ,  c o r r e l a t i o n s  ( o r  l a c k  o f )  
w i t h  s u r f a c e  p o t e n t i a l ,  l i g h t  f l a s h e s ,  e d ~ e  e f f e c t s ,  e ~ t l i s s i o r ~  of  i o n s  and e l e c t r o n s ,  
e t c .  

RADIATION GENERATED E F I E L D S  

E s t i m a t e s  o f  r a d i a t i o n  g e n e r a t e d  e l e c t r i c  f i e l d s  i n  d i e l e c t r i c s  are a v a i l a b l e  
( r e f  3 ,543)  but  o t t ly  a fetf good measurements  have been made. The measurements  a r e  
d i f f i c u l t  and a c t u a l l y  measure  c h a r g e  d e n s i t v  ( r e f  9 , l n )  n o t  e l e c t r i c  f i e l d .  The 
e l e c t r i c  f i e l d s  are o b t a i n e d  from t h e  c h a r g e  d e n s i t y  by u s e  o f  P o i s s o n ' s  e q u a t i o n .  
One e x c e l l e n t  r ev iew ( r e f  11)  is a v a i l a b l e  which s u r v e y s  most of' t h e  e x i s t i n g  
c h a r g e  d e n s i t y  work and is a  good I n t r o d u c t i o n  t o  t h e  l i t e r a t u r e .  The l i t e r a t u r e  
on t h i s  t o p i c  is e x t e n s i v e  bur  d o e s  n o t  answer  t h e  c r i t i c a l  e n g i n e e r i n g  q u e s t i o n  
"Civen a p a r t i c u l a r  d i e l e c t r i c  d e v i c e  unde r  v a r i o u s  hroad  r a d i a t i o n  s p e c t r a  what 
e l e c t r i c  f i e l d s  are g e n e r a t e d ? "  Most of  t h e  c a s e s  t h a t  have  been  d i s c t ~ s s e ?  i n v o l v e  
monocnc rge t i c  c l  e c t r o n  heoms and s h o r t  t o t a l  i r r a d i a t i o n  times (< lo8  r a d s  t o t a l  
d o ~ c ) .  A few c a s e s  a d d r e s s  t i le  q u e s t i o n  o f  hroad  s p e c t r a  h u t  t h e n  s i n ~ p l i f y  t h e  
n ~ o d e l i n g  t o  assume no e l e c t r o n i c  c o ~ ~ d t l c t i o n  o c c u r s  i n  t h e  e l e c t r i c  f i e l d .  

Photon i r r a d i a t i o n s  s i m u l a t e  t h e  b road  e n e r g y  spec t rum d i t u a t i o n  b e c a u s e  
photon s p e c t r a  t h e m s e l v e s ,  a s  well a s  t h e  e x c i t e d  e lec t ronr :  g e n e r a t e d  by e a c h  
monoene rge t i c  p o r t i o n  o f  t h e  photon  spec t rum,  a r e  o f t e n  b r o a d l y  d i s t r i b u t e d  i n  
ene rgy .  C a l c u l a t i o n s  i n d i c a t e  t h a t  pho tons  from 10 K e V  t o  2 MeV procluce e l e c t r i c  
f i e l d s  of n e a r l y  106 V / c m ,  ( r e f  7 ,12)  i n  most p r a c t i c a l  g e o m e t r i e s .  Only f o r  t h e  
case o f  s l a b s  su r rounded  by v e r y  t h i c k  l a y e r 3  0 1  e l e c t r o n  r a n ~ e )  o f  i d e n t i c a l  a t o m i c  
number m a t e r i a l  d o  we f i n d  f i e l d  s t r e n g t h s  below in4 ~ / c m  i n  photon  i r r a d i a t e d  
s o l i d  i n s u l a t o r s .  Photon hearns produce  a  n e t  c h a r g e  d e p o s i t i o r i  somewhere i n  Cr rad i -  



;~Ceil ~ i o l l d t i  Oy n ~ttrotbor o f  proccri:icr; clcpcntling or, p l l r ~ t o n  o~ic'rj(y ~ I I L  oncl ~ I ~ - c ) ~ ~ P S S  

i i l w n y s  oc'cr~t-s;  Lhc ; i t tQnuntCon  of  t llc pIrotc3n hc,i:n r~firrlt:; I n  n cnnc3cntr ; t f icrn g r n d l t ~ n f  
o f  hIj:iil y oacl tcld c l ~ c t r o n t . ,  w I u c 1 l l  the11 d l  C f l ~ s s  and " p i l o  up" i n  thrs work' ws;rltl y 
Irr;ttllntcd rcy tohr; ,  nrltl Lhi t i  prflcofi:; w l  1 l r fs i lorntc+ 1 0 7  ~ I c m  t i r l d s  I n  most  qood 
snl t t l  i n ~ : r l l ; t t o r s .  (I t  I I C ~  prnCc3r~6;c3h~ ~ ~ r o r l r ~ c c ~  rnllc'h 1nt-l:or f loltl:; l n  p l ~ o t o n  I r r n d l n t r v i  
sol id:;, 

K C  i s  p a ~ o i h l c  t o  c o n c ~ i v c  o f  nn i n r o d i n t c d  s o l i d  w h i c h  daco not develop ncC 
s p a t  ti11 rlr;trir,.fnit. h r;ltllonct i v c l y  cloprvl I n f l ~ l l n l o r  w l  t h tin4 f t r r ~ a  doping p r o f i  11) 
wc~trld not c l ~ n r g v .  n r ~ t  s u c h  il d c v l  c o  worlld ncrt kc  pr;ic*t i c n l  I n  o lcc t  r i r n l  .?ppl l c n t  t o n  
r i i  t ~ c o  cblc~c lcoclc?t; o r  S I I ~  f ncaor; rcmuvo t h o  i ~ n S  form t ioping const  rnf n t  ;rtid cr.c;rtc* 1arr:v 
Cic3ldt; at*at  t l ~ o  c l lc*c t rodds  o r  t \Ci I r  l l l c  s ~ t * f ; i r ~ s .  T h a v e  110t c 1 1 ~ 0 1 1 t i t 0 r ~ d  i: I ) P U C E ~ C ~ I  
c i i c l c ~ c * t r l c  d r v i c a  whictr w t l l  Itor c*l\;~rr:c w l b h  ntrcrn): I? f f e l t l s .  Thc 15 f i c ~ t d w  ;Ire 

uwr1;11 l y  s t r o l l g c s t  rrc;lr c l c r b r o t t c s  .;or n e a r  surf;lcos nr~tl  edges and 3rr j~roducrc l  
~ p i l r t l v  hy elte divc?r f lcncc  of  t h e  h i g h  energy ckcrtrcr~.r currc?i\ts (or hy t h e i r  f l u x  
)!rat! i e n t s )  ricnr t l~c  surf wccs i111d c l e c t r o d c s .  

Tn practical devices o n l y  c o n d u c t i o n  processes w i l l  prevent the a c c u m u l a t i o n  
o f  e x c e s s  c I ia r l fe  t o  1 .evc lx  whcrrc! r.: cxccrcds 10' VICM. ~ ~ n s i c a l  t y ,  a l l  h i g l i l y  e x c i t e d  
0 1 0  c?V a b o v e  c o n d t l c t i o n  hand)  electrons are s t o p p e d  i n  s o l b c , s  w i t h  more t h a n  105 
V / c m  s t o p p i n g  powcr e n d  i n  t h e  nhsencc! o f  c o n d u c t i o n ,  t h i s  p r o c e s s  o f  s t o p p i n g  
c l e c t r d n s  is  t h e  f  i c l d  l imitin!:  f a c t o r :  i f  t h e  e lec t r ic  f i c l t l  c x r e e d s  t h e  s r o p p i r l g  
power of t h e  s o l i d ,  t h e n  t h e  e x c i t e d  c l c e t r o n s  worlld b e  s c c c l e r a e c d  o u t  of t h e  
s o l i d  u n t i l  t h e  r e s u l t i n g  f i e l d  s t r e n g t h  d e c r e a s e d  t o  t h e  s t o p p i n g  power. I n  
r e a l i t y ,  f o r  t h e  e x p o s u r e  r a t c s  e x p e c t e d  i n  s p a c e  ( (103 r o e n t r , e t ~ s / s e c o n d )  i t  i s  t h e  
r a d i a t i o n  i n d u c e d  c o n d ~ ~ c t l v i t y  and t h e  d a r k  conductivities w h i c h  are t h c  p a r a m e t e r s  
w h i c h  most  s t r o n g l y  c o l ~ t r o l  t h e  e l ec t r i c  f i e l d  s t r e n g t h s .  

One c a n  aaltt? c h a n g e s  i n  t h e  i n c i d e r r t  r a t l i a t i o n  s p e c t r u m  u n t i l  o n e  i s  " b l u e  i n  t h e  
f a c e "  a n d  o n l y  i n s i g n i f i c a n t  c h a n g e s  i n  p e a k  E f i e l d  wi ; l  r e s u l t .  I n  t h e  h i g h l y  
i n s u l a t i n g  d i e l e c t r i c s  ( l o w  c o n d u c t i v i t y )  o n e  c a n n o t  p r e v e n t  f i e l d s  f r o m  e x c e e d i n g  
105 Vlcm, however  some f a u l t y  m o d e l s  h a v e  h e e n  i n v o k e d  t o  p r e d i c t  s u c h  i m p o s s i b l e  
l d w e r  f i e l d  c a s e s  b y ,  f o r  e x a m p l e ,  t h e  use  o f  s o  c a l l e d  " p e n e t r a t i n g "  r a d i a t i o n s .  

. . 
I t  t u r n s  o u t  t h a t  f o r  t h e  h e s t  d i e l e c t r i c s  a n d  For n e a r l y  a n y  r a r l i a t i o n  spec t r r rm 
and  a n y  g e o m e t r y  t h e  f i e l d  s t r e n g t h  w i l l  e x c e e d  1f15 Vlctn somewhere i n  t h e  s o 1  i d  and 
i n  some s p e c i a l  c a s e s  c a n  r e a c h  107  V/cm. To a v o i d  t h i s  h i g h  I i e l d  s t r e n g t ' r  o n e  
n e e d s  o n l y  t o  i r t c r e e s e  t h e  c o n d u c t i v i t y .  Ratred o n  t e n  y e a r s  e x p e t f e n c e ,  I f i n d  t h a t  
e q u a t i o n  1 is a good g u i d e  t o  t h e  f i e l d  s t r e n g t h  d e p e n d e n c e  o n  c o n d r l c t i o n  p r o c e s s e s  
a t  low d o s e  r a t e s  ((103 r a d s l s e c o n d ) .  Geometry and  s p e c t r u m  c h a n g e s  w i l l  n o t  
p r o d u c e  more t h a n  ar\ o r d e r  o f  magni t l ldc  c o r r e c t i o n  t o  e q u a t i o n  1 p r e d i c t i o n s .  

(E P e a k )  = 10'12/k(l+o/kIS) 

~ h t  rc : 10'12 h a s  tlnf ts o f  ( s e c * ~ ) / (  crn2*o:lrn* r a d  1, 
k i s  t h e  c o e f f  i c i e n t  o f  r a d i t ~ t  i o n  i n d r ~ c e d  
c o n d u c t  i v i t y  i n  u n i  r s  of ( s c c / o h t l ~ * c r n ~ r a d ) ,  
o is  thi! d a r k  c o n d u c t i v i t y  i n  u n i t s  (ohm*cm)'l, 
0 is t h e  a v e r a g e  d o s e  r a t e  i n  t h e  volume of 
i n t e r e s t  i n  u n i t s  o f  r a d s l s e c .  

F o r  t h e  b e s t  d i e l e c t r i c : ;  k is t y p i c a l l y  10-l8 ( se rnnds /ohm-cm* r a d )  r e s u l t i n g  
i n  peak f i e l d s  of 106 Vlcm. Of c o u r s e  k is d e p e n d e n t  o n  many t h i n g s  including D, s o  
o n e  mus t  e v a l u a t e  k a t  t h e  d o s e  r a t c  of i n t e r e s t ,  D, u s i n g  c ~ q  2.  
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space (in the quasi-static approximation which is valha far this s p a c e c d t  prablem) 
although ie can vary in cimc. 

Consider an idcali.zed custent pulse of arbitrary magnitude J . Let d<<A. Then if 
I 

Jp occurs in the v m u m  region, It: mtlst be cowant asross t 1 e vacuum and 
I 

But if JP is canfiried to the dielectric then . - 

To date, most experiments were designed such that L- 5000. 
d 

Thus- pulses confined to the dielectric will be detected much more weakly on the 
ammeter I than similarly sized pulses in the vacuum will be detected. Therefore an 
ammeter set to a scale to detect pulses in the vacuum wild not detect similar 
pulses in the dielectric. 

Tke Basic Phenomenon 

All of the observed pulsing phenomena reported by spacecraft charging investigators 
can he expLained as normal derivatives of the streamer phenomenon described in 
reference 2 and reported extensively in the prebreakdown electrical insulation 
community. It is found that solid dielectrics subjected to electrical stresses 
greater than 105 ~ / c m  (and in some instances as Low cs 104 ~/cm) spontaneously 
dcvelop streamers of gas/plasma phase matter which stsrt k t  a point but rapidly 
expand along a line roughly parallel to the local electric field vector. The 
streamers tend to form tubes whose diameters are in thr range 0.1 to 10 microns 
(typically 1 micron) but can hecome much larger where many streamers join together, 
and appear to have no limit to their maximum length, Streamers continue to propagate 
as long as sufficient E field exists at the tip of the streamer.- 

Figure 3 is a pictorial streamer. Stop action photographs indicate that streamers 
are usually brightest at their tip but emit light throughout their length. The 
insulation industry reports a wide range of propagation velocities from 103 to lo6 
m/sec but for conditions of electron irradiation Balmain et al. report (ref 14) 
velocities of lo5 to lo6 m/sec. In Balmain's case streamers propagate at or just 
beneath the surface and surface effects may play a role in the propagation velocity 
so it might be instructive to do similar tests for the deeper penetration case.** 

, Under electron irradiation it appears that streamers originate at a surface (where 
the field strength is maximum) and propagate to or a little beyond the average 

**footnote: deeper penetration will not be obtained by raising the energy because 
the surface potential rlxes to slow the incident electrons to roughly 2 keV incident 
energy. Most of the irradiation in Balmain's experiments was by 2 keV electrons. 
Instead, ae should ground the surface with UV photons or low energy protons 
(ref 13). 



t r apped  c l e c t r a n  d e p t h  whence t h e y  t u r n  a t  r i g h t  an f i l e s  and s p r e a d  o u t  a t  t h i s  
d e p t h ;  t h e  r i f f h t  a n g l e  t u r n  is made h e c a r ~ s e  t h e  plasma f i l l e d  s t r c a m c r  h a s  a lmos t  
e l i m i n a t e d  t h e  p o t e n t i a l  d f . f f e r e n c e  between t h e  t i p  of  t h e  s t r e a m e r  and t h e  d i e l a c -  
t r i c  su . r face  s o  t h a t  t h e  I? f i e l d  v e c t o r  a t  t h c  t i p  is now p e r p e n d i c \ l l a r  t o  t h e  
o r i g i n a l  f i e l d  d i r e c t i o n  and p o i r r t i n ~  towards  t h e  c e n t r o i d  o f  t h e  s p a c o c h a r a c  
c l c c t r o n s  ( r e f  15). 

S t r eamers  have been s e e n  t o  o c c u r  i n  many m a t e r i a l s  ( l i q u i d ,  c r y s t a l s ,  g l a s s e s ,  
polymers)  used f o r  i n s u l a t i n g  purposes ,  Ln a l l - t h e s e  materials s t r e a m e r s  similar 
t o  t h o s e  r e p o r t e d  by Ralmaln ( r e f  1 5 ) ,  by Gross  ( r e f  l h ) ,  and by t h e  many peop le  
u s i n g  i r r a d i . a t i o n  t o  c r e a t e  L l c h t e n b e r g  trees, a r e  o c c u r i n g  i n  4 i c l e c t r i c s  which 
are under  e l e c t r i c a l  b i a s  stress a l o n e .  

It a p p e a r s  t h a t  t h e  b a s i c  streamer forms as a h i g h l y  i o n i - e d  plasma tube .  The  
plasma is  ex t r eme ly  d e n s e  and unde r  h i g h  p r e s s u r e  s o  t h a t  when i t  approaches  a 
s u r f a c e  i t  "explodes"  from t h e  s u r f a c e  a l l o w i n g  plasma s u h s e q u e n t l v  formed a t  t h e  
streamer t i p  t o  e s c a p e  t h r o u g h  t h e  tube .  A t  t h e  c e s s a t i o n  of  t h e  d i s c h a r g e  propaga- 
t i o n  one f i n d s  t h e  remains  of  t h e  d i s c h a r g e  t o  he  a  tree o r  bush  shaped network of  
ho l low t u n n e l s .  Re fe rence  17 r e p o r t s  on measurements  o f  t h i s  h i g h l y  i o n i z e d  plasma 
d e b r i s  which e s c a p e s  t h e  s o l i d .  Tn t h e  c a s e  o f  a p p l i e d  e l e c t r i c  b i a s  e x p e r i m e n t s ,  
t h e  plasma may be c o n f i n e d  t o  t h e  d i e l e c t r i c  by t h e  e l e c t r o d e s  s o  t h a t  ho l low 
t u n n e l s  d o  no t  o c c u r  and . the  plasma r e s o l i d i f i e s  i n  p l a c e .  However, i f  t h e  plasma 
t u b e  p r o p a g a t e s  between e l e c t r o d e s  e n t i r e l y  a c r o s s  t h e  d i e l e c t r i c ,  i t  becomes a 
c o n d u c t i v e  t u n n e l  e f f e c t i v e l y  s h o r t i n g  o u t  t h e  i n s u l a t o r  f o r  as l o n g  as t h e  power 
s u p p l y  c a n  m a i n t a i n  s u f f i c i e n t  plasma a r c  power t o  c o n t i n u e  t h e  p l a ~ r n a  between t h e  
e l e c t r o d e s .  

Although s t r e a m e r s  have been  s e e n  t o  d e v e l o p  a t  1n4 Vlcm a p p l i e d  b i a s ,  t h e y  may 
have  a c t u a l l y  o c c u r r e d  a t  l o c a l i z e d  h i g h  f i e l d  r e g i o n s  due  t o  s p a c e  c h a r g e  which was 
developed by conduc t ion  p r o c e s s .  I would q u e s s  t h a t  a t  l e a s t  105 ~ / c m  i s  r e q u i r e d  
t o  i n i t i a t e  s t r e a m e r s  but  t h a t  once  formed t h e y  c a n  c o n t i n u e  t o  p r o p a g a t e  i n  l ower  
f i e l d  r e g i o n s ,  perhaps  i n  r e g i o n s  o f  f i e l d  s t r e n g t h  a s  low a s  lo4 Vlcm o r  l e s s .  

The streamer o b t a i n s  i ts energy from t h e  e lectr ic  f i e l d ,  n o t  from t h e  s p a c e  c h a r g e  
i t s e l f .  For t y p i c a l  g e o m e t r i e s  t h e  spacechacge  d e n s i t y  deve loped  unde r  i r r a d i a t i o n  
i s  i n  t h e  r ange  100 t o  104 coulombs/meter  3 .  Thus a one  micron  d i a m e t e r  t u n n e l  
i n t e r s e c t s  from 5 t o  5 X 104 e x c e s s  t r a p p e d  c h a r g e s  ( e l e c t r o n s ,  h o l e s ,  i o n s )  p e r  
c e n t i m e t e r  of  p ropaga t ion .  Assuming t h a t  a r e a s o n a b l e  f r a c t i o n  o f  t h e  a toms w i t h i n  
t h e  t u b e  are i o n i z e d  by t h e  streamer p r o p a g a t i o n l f o r m a t i o n  p r o c e s s  t h e r e  are o f  
o r d e r  10 lo  i o n s  and f r e e  e l e c t r o n s  p e r  c e n t i m e t e r  of  1 micron  d i a m t e r  t ube .  Thus t h e  
e x c e s s  spacecha rge  c o n t r i b u t e s  v e r y  l i t t l e  t o  t h e  plasma d e n s i t y .  

I d o n ' t  know of any  p h y s i c s  which c a n  p r e d i c t  t h e  o c c u r r e n c e  o f  t h e s e  s t r e a m e r s .  
E l e c t r i c  f i e l d  s t r e n g t h s  of  106 ~ / c m  p r o b a b l y  c a n n o t  a c c e l e r a t e  a n  i n t e r n a l  f r e e  
e l e c t r o n  much beyond 10 eV k i n e t i c  e n e r g y  b e c a m e  a t  h i g h e r  k i n e t i c  e n e r g i e s  t h e  
s t o p p i n g  power on t h e  f r e e  e l e c t r o n  i n ,  f o r  example ,  p o l y e t h y l e n e  e x c e e d s  106 ~ / c m  
( r e f  18) .  Thus one  f r e e  e l e c t r o n  canno t  a v a l a n c h e  h e c a u s e  i t  t a k e s  more t h a n  10 eV 
on a v e r a g e  ( p r o b a b l y  from 20 t o  30 eVj t o  cleate a s e c o n d a r y  f r e e  e l e c t r o n .  Pe rhaps ,  
i n  a r e g i o n  o f  h i g h  f i e l d ,  o c c a s i o n a l l y  i t  happens  t h a t  s u f f i c i e n t  l o c a l  random 
i o n i z a t i o n  o c c u r s  t o  s i g n i f i c a n t l y  a l t e r  t h e  band s t r u c t u r e  and t h e  d i e l e c t r i c  
c o n s t a n t s  s o  t h a t  t h e  s t o p p i n g  power is s i g n i f i c a n t l y  reduced and f r e e  e l e c t r o n s  
Can a c c e l e r a t e  t o  a v a l a n c h e  l e v e l s .  Assume t h a t  SO eV is n e c e s s a r y  for  free e l e c t r o n  
ava lanch ing :  t h e n  a t  106 V l c m  E f i e l d  w e  r e q u i r e  a  t h i c k n e s s  of  o r d e r  0.5 mic rons  



to generate this kinetic energy. h lower .limit may exiPt on the thickness of 
matertal required to initiate a streamer and this effect is partly raspansible for 
the increased breakdown strength 6f very thin film insulators. Tn addition, the 
statistics ofstreamer initiation-are such that rare atomic level events may be the 

6 initiating mechanism; application LO ~ / c m  does not cause streamers automatically 
everywhere, they happen rarely and far aka.rt relati- ttheir size. 

Empirical knowledge of the streamers allows us to explain the spacecraft charging 
results even though we don't understand streamer physics. Streamer propagation 
velocity, total streamer volume, streamer tube diameter, ionization density inside 
the streamer and the empty tunnel which remains, along with electric field stredgth, 
are suffi-cient parameters to explain the spacecraft charging phenomena. Using this 
empirical data and applying standard electromagnetic analysis, the rest of the 
paper explains the observed pulsing results. In addition, the modeling predicts 
results which haxe yet to be investigated, However, this modeling has not been 
tested and it would be wise to do so: for example, one should make measurements of 
the externally measured pulse current and relate it to the specific streamer tunnel 
which produced the pulse. 

Electric Fields and Streamers in-Spacecraft Dielectrics 

The most common spacecraft charging laboratory experiment has been irradiation of 
thin polymer or glass sheets by approximately 20 keV electron beams in vacuum. The 
irradiated side (front) of the sheet can float to any potential but the other side 
(rear) of the sheet is attached to a grounded electrode. Experimenters have 
monitored current to the electrode, discharge current to the electrode, discharge 
current pulses to the electrode, potential of the front surface, light flashes, 
discharges associated surface trees, and elecwon, ion, and neutral particle 
emission from the front surface. Figure 4 is an estimate of the electric fields 
in a 1 millimeter thick mylar sample bombarded by 20 keV electrons (ref 13). These 
electric fieldsare crucial to an understanding of the results of the-experiments. 

Referring to figuze 4, at 36 seconds the front surface attained a potential of -18 
kV and therefore it was being bombarded by 2 keV electrons. Because of secondary 
electron emission the front surface will remain at this -18 kV potential as long as 
it continues to be bombarded by 2 keV electrons. However, the internal fields 
continue to evolve as shown in figure 4. The field profile at 1036 seconds is 
essentially a final equilibrium value as change will occur only very slowly beyond 
this time under continued irradiation- Reasonably similar curves would occ r for Y teflon or polystyrene or other highly insulating solid. Notice that the 10 ~ / c m  
electric field strength is sufficient to initiate streamers with either polarity. 

Figure 5 shows the electric field calculation for a 25 microt~ mylar sheet where the 
front surface is held at ground potential during the 20 keV electron beam irradia- 

6 tion. In this case even larger electric field strength occurs (exceeding 10 ~ / c m )  
near the front surface. If one changes the sheet thickness to any value in excess 
of 10 microns it turns out that only minor changes in the equilibrium electric field 
would occur at the front surface for either fig. 4 or fig. 5 conditions. However, 
the equilibrium field strength at the rear surface is roughly proportional to the 
inverse thickness of the sheet. 

The electric field profiles in figures 4 and 5 are crucial to understanding space- 
craft charging phenomena to be described below. Ille field profiles between the 
front surface and the charge centroid (where E = 0) are key to understanding the 



phenomena-because a d i sch 'w&ing  or p u l s i n g  sample u n d e r  i r r a d i a t i o n  is ,  i n  t h e  
sense ,  h o p G n g  between the two e x t r e m e  cases shown i n  f i g s .  L a n d  5 .  

In t h e  case af a n  i n s u l a t o r  wkth b o t h  su r f ace r :  grounded,  Pubes have been c o r r e l a t e d  
w i t h  t h e  t h e o r e t i c a l  e lec t r ic  ELeld s t c e n g t l i  ( re f  3). The p u l s c s  occl lr  on1.y unde r  
f i e l d .  s t r e n g t h  exceed ing  to5 V / c m ,  A l so ,  the p u l s e s  had t h e  p o l a r i t y  c o n s i s t e n t  
w i t h  t h e  p o l a r i t y  of  t h e  e l e c t r i c  f i e l d  which had exceeded t h e  minimum f i e l d  s t r e n g t h  
r e q u i r e d  f o r  p u l s e s  i n  t h e  i n d i v i d u a l  sample. 

EUERIMENTAL SCENARIOS 

There  a r e  s e v e r a l  s p e c i f i c  e x p e r i m e n t s  r e p o r t e d  i n  t h e  literatrirc. Each expe r imen t  
can  be e x p l a i n e d  by  t h e  streamer h y p o t h e s i s  a s  f o l l o w s .  

F l o a t i n g  F r o n t  S u r f a c e  P o t e n t i a l  

Cons ide r  t h e  exper iment  o f  f i g u r e  6 where a d i e l e c t r i c  i n  vacuum i s  i r r a d i a t e d  and 
i t s  i r r a d i a t e d  s u r f a c e  is a l lowed  t o  f l o a t  t o  any p o t e n t i a l .  I f  t h e  d i e l e c t r i c  i s  
t h i c k e r  t h a n  t h e  p e n e t r a t i o p  d e p t h  o f  t h e  monoene rge t i c  e l e c t r o n s ,  t h e n  t h e  f r o n t  
s u r f a c e  f i e l d s  w i l l  be  a p p r o x i m a t e l y  as shown i n  f i e u r e  4 f o r  any  c h o i c e  of heam 
ene rgy  above one keV. A s  i h e  i r r a d i a t i o n  p r o g r e s s e s  from i t s  i n c e p t i o n ,  t h e  poten- 
t i a l  of  t h e  s u r f a c e  "rises" and s l o w s  t h e  incoming e l e c t r o n s  u n t i l  t h e  q u a s i - e q u i l -  
i b r h m  o c c u r s  where t h e  s e c o n d a r y  e l e c t r o n  c u r r e n t  c a n c e l s  t h e  incoming p r imary  
beam c u r r e n t .  T h e  quas i -eq .u l l ibr ium w i l l  o c c u r  when t h e  pri-mary e l e c t r o n s  bombard 
t h e  s u r f a c e  a t  t h e  "secondary  e l e c t r o n  second c r o s s - o v e r  ene rgy"  ( r e f . l 9 ) ,  t y p i c a l l y  
from 1  t o  3 keV. The c o n t i n u e d  i r r a d i a t i o n  by  1  t o  3 kev e l e c t r o n s  p roduces  f u r t h e r  
f i e l d  s t r e n g t h  enhancement a t  t h e  f r o n t  s u r f a c e .  A t  l o n g  times t h e  sample  w i l l  
have  l o s t  t h e  f i e l d  c o n t r i b u t e d  at e a r l y  times by t h e  d e e p l y  p e n e t r a t i n g  h i g h e ~  
ene rgy  e l e c t r o n s  because  o f  compensa t ing  c o n d u c t i o n  c u r r e n t s .  

Assuming t h a t :  

Eo is t h e  i n i t i a l  e l e c t r o n  k i n e t i c  e n e r g y  i n  eV, 
f12 i s  t h e  second c r o s s o v e r  e n e r g y  i n  eV 
fie is t h e  q u a s i - e q u i l i b r i u m  s u r f a c e  p o t e n t i a l  
Ed is t h e  e lectr ic  f i e l d  magni tude  i n  most of  t h e  b u l k  o f  

t h e  d i e l e c t r i c  
Ev is t h e  electric f i e l d  magni tude  i n  t h e  vacuum i n  f r o n t  

of t h e  d i e l e c t r i c  
L is  t h e  d i e l e c t r i c  t h i c k n e s s  
a is t h e  d t s t a n c e  f rom t h e  f r o n t  s u r f a c e  to  t h e  ground 

p l a n e  on t h e  o t h e r  s i d e  o f  t h e  vacuum; 
R is t h e  p e n e t r a t i o n  r a n g e  of  i n i t i a l  Eo e l e c t r o n  beam 

t h e n  Eo -(be = f12 t y p i c a l l y  2 kcV,  

and Ev = (bela a E ~ / ~ I  f o r  ~ 0 > > f l 2 ,  

dnd Ed f ie /R a ~ ~ / k ?  f o r  R>R, 



hu t  the E f i e l d  n e a r  t h e  f r o n t  s u r f a c e  w i l l  remain as shown i n - f i g u r e  4 f o r  any  
cho.Lce o f  E-A, o r  R arsater than 8. 

I 

I I f  one  moni tors - - - thc  p o t e n t h l  o f  t h c  F ron t  su r - f ace  d u r i n g  a n  i r r a d i a t i o n ,  t h e  
resalt i s  ofter i  is shown i n  f i g u r e  7. The  f r o n t  s u r f a c e  pot .ent ia , l  rises rough ly  t o  
t h e  "second- c r o s s  ove r "  Level ,  Afcer same i r r a d i a t i o n  time (which is v e r y  v a r i a b l e )  
a p u l s e  o c c ~ ~ r s  d i s c h a r g i n g  t-he f r o n t  su r f ace . .  The second p u l s e  may occl lr  w l t h  a 

, s h o r t e r  e l a p s e d  time and at  a lower  s u r f a c e  p o t e n t i a l  t h a n  t h e  f i r s t  pu l se .  Suh- 
* s e q u e n t  p11lses may o c c u r  a t  e v e n  bower s u r f a c e  p o t e n t i a l  and semetimes at v e r y  

c l o s e  time i n t e r v a l s .  P i n a l l y  a l l  p u l s i n g  c e a s e s  and t h e  s u r f a c e  r eaches  t h e  
"second c r o s s  ove r "  l e v e l  permanent ly .  

The e x p e r i m e n t a l  r e s u l t s  s u c h  as shdwn  if^ f i g u r e  7 c a n  h e  e x p l a i n e d  i n  t h e  f o l l o w i n g  
way. E l e c t r i c  f i e l d  s t r e n g t h s  of  105 ~ / c m  o r  g r e a t e r  ( f i g  4 )  c a u s e  a d i s c h a r g e  
s t r e a m e r  t o  form n e a r  t h e  f r o n t  s u r f a c e  and t h e  r e s u l t i n g  plasma erupts from t h e  
s u r f a c e .  The n e g a t i v e  plasma components  t h e n  accelerate a c r o s s  t h e  vacuum-space t o  
t h e  vacuum chamber walls e f E e c t i v e l y  "grounding  o u t " - t h e  s u r f a c e  p o t e n t i a l .  The 
p o s i t i v e  components r e t a r n  t d  t h e  s u r f a c e  o f  t h e  d i e l e c t r i c  s p r e a d  o u t  ove r  most o f  
t h e  s u r f a c e .  The plasma p a r t i c l e s  a c t u a l l y  s p r e a d  o u t  i n  t h e  vacuum due  t o  a 
combina t ion  o f  e f f e c t s  i n c l u d i n g  p r e s s u r e  waves,  d i f f u s i o n  and e lectr ic  f o r c e s  and 
t h e n ,  from everywhere  i n  t h e  vacuum, t h e y  f l o w  t o  t h e  a p p r o p r i a t e l y  b i a s e d  s u r f a c e .  
The streamer c h a n n e l s  r e s u l t i n g  from t h i s  p r o c e s s  a r e  ho l low,  hav ing  e j e c t e d  a l l  
t h e i r  mass i n t o  t h e  vacblum and p roduc ing  s u f f i c i e n t  cha rged  p a r t i c l e  q ~ a n t i t i e s  t o  
d t s c h a r g e  l a r g e  areas; as  much a s  10'2 coulombs h a s  been  s e e n  and a g r e a t  d e a l  more 
c h a r g e  is p r o b a b l y  a v a i l a b l e  j u d g i n g  from t h e  largest l i c h t e n b e r g  trees t h a t  I ' v e  
s een .  

The p o l a r i t y  o f  t h e  c u r r e n t  p u l s e  s e e n  i n  t h e  r e a r  e l e c t r o d e  e u r r e n t  moni tor  i s  
s u c h  t h a t  a n e t  e l e c t r o n  f l o w  o c c u r s  from t h e  d i e l e c t r i c  t h rough  t h e  vacuum t o  t h e  
chamber w a l l s .  The s u t f a c e  i s  not d i s c h a r g e d  by  streamers f lowing  th rough  t h e  
d i e l e c t r i c  t o  t h e  r t ia r  e l e c t r o d e  f o r  a fundamen ta l  r ea son :  I f  a s t r e a m e l  were  t o  
c r o s s  t h r o u g h  t h e  d i e l e c t r i c  from t h e  r e a r  e l e c t r o d e  t o  t h e  t h e  f r o n t  s u r f a c e ,  i t  
would make a s h o r t i n g  c o n t a c t  w i t h  o n l y  a small p o r t i o n  o f  t h e  f r o n t  s u r f a c e  b u t  
would t h e n  - b u r s t  from t h e  f r o n t  s u r f a c e  a t  h i g h  p r e s s u r e  s p i l l i n g  plasma i n t o  t h e  
vacuum. The major  d i s c h a r g e  would t h e n  proceed  i n  t h e  vacuum r e g i o n  as d i s c u s s e d  
i n  t h e  p t e c e e d i n g  pa rag raph .  However, f o r  r e a s o n s  t o  be  p u b l i s h e d  i n  t h e  n e a r  
f u t u ~ e ,  1 b e l i e v e  t h a t ,  due  t 5  r a d i a t o n  a l o n e ,  a streamer w i l l  n o t  p ropaga te  e n t i r e l y  
t h r o u g h  a d i e l e c t r i c  but  w i l l  r e a c h  o n l y  one  s u r f a c e ;  i n  o the rwords ,  f o r  t h e  e x p e r i -  
men ta l  c o n d i t i o n s  p u b l i s h e d  t o  d a t e  t h e  s o  c a l l e d  "punchthrough" d i s c h a r g e  is  a n  
i m p o s s i b i l i t y .  

The s u r f a c e  p o t e n t i a l  d i s c h a r g e  measurements  are d i s c l ~ s s e d  i n  r e f e r e n c e s  20 th rough  
26. The r e t u r n  c u r r e n t  t o  t h e  rear e l e c t r o d e  is  d i s c u s s e d  i n  r e f e r e n c e s  IS, 20 
t h r o u g h  26. The e m i s s i o n  of  p a r t i c l e s  i n t o  t h e  vacuum is d i s c u s s e d  i n  r e f s  1 2  and - -  ------ ' 

2 2  and e l s e w h e r e  i n  t h i s  c o n f e r e n c e  p roceed ings .  

80 f a r  d u r i n g  t h e  i r r a d i a t i o n  we have  d e s c r i b e d  t h e  f i r s t  p u l s e  which t h e n  d i s c h a r g e s  - 
t h e  s u r f a c e .  The d i s c h a r g e d  s u r f a c e  now changes  t h e  f i e l d  p r o f i l e  w i t h i n  t h e  
d i e l e c t r i c  i n c r e a s i n g  t h e  f i e l d  s t r e n g t h  immedia t e ly  below t h e  s u r f a c e .  The i n c i d e n t  
e l e c t r o n s  g o  hack t o  t h e i r  i n i t i a l  v a l u e  of  e n e r g y ,  s a y  10 o r  20 keV and b e g i n  t h e  
s u r f a c e  c h a r g i n g  p r o c e s s  o v e r  a g a i n .  Sut  t h e  e l e c t r o n s  are, a t  least f o r  a w h i l e ,  
pen r t r a t inb !  more d e e p l y  w i t h i n  t h e  d i e l e c t r i c  and a t t e m p t i n g  t o  produce f i e l d  
p r o f i l e s  a s  d e s c r i b e d  i n  f i g u r e  5. L a r g e r  E f i e l d s  a r e  produced t o  d e e p e r  d e p t h s  
t h a n  F i g u r e  4 shows, hut o n l y  a f t e r  t h e  f i r s t  p u l s e  occu r s .  T t  i s  t h e s e  l a r g e r  and 



deeper  f i e l d s  w h i c h t h e n  produce more p u l s i n g  i n  shor-ter time incremenL9. A3 t h e  
puls ing  p r o g r e s s e s ,  f fe ld . . s r rengt ;hs  v a r y  hetween t h e  extremes shown i n  f igrr res  4- 
and.3 and t h e  d e p t h  dependence v a r i e s .  be tween- these  extremes.  F i n a l l y ,  i n  ailslogy t o  
t h e  well known c a p a c i t o r  prebreakdown phenomena,,all t h e  "weak s p o t s "  between t h e  
surface-and f u l l  e l e c t r o n  p e n e t r a t i o n  dep th-a re  " p3lsed" a n d - f  ur thet :  p u l s h g  c e a s e s  
u n t i l  the r a d i a t i o n  e p e c t t a  chaage s i g n i f i c a n t l y . -  Exact cal.culection o f  t h e  E i e l d  
p r o f i l e s  d u r i n g  a series of breakdowns h a s  n o t  been petformed so this desc rLpt ion  
i s  on ly  q u a l i t a t i v e .  It is well known t h a t  t h e  s t f e a m e r s  c r e a t e  p h y s i c a l  damage 
but t h a t  t h i s  damage does  n6 t  i n c r e a s e  t h e  p robah i l - i ty  f o r  f r ~ t u r s  Streamer OCCurrehce 
and t h a t  under d o c .  s t r e s s ,  p b l s i n g  u s u a l l y  c e a s e s  a f t e r  a  t ime depending t r sua l ly  
on t h e  fiel-th. 

An i n t e r e s t i n g  r e s u l t  is p r e d i c t e d  by t h e  above phenomena. The f i e l d  p r o f i l e  i n  
f i g u r e  4  is  such t h a t  a s u c f a c e  p u l s e  is n o t  l i k e l y  because t h e  f i e l d  s t r e n g t h  a t  
t h e  s u r f a c e  is n o t  e x c e p t i o n a l  and i n v o l v e s  v e r y  l i t t l e  depth .  The n o t e  t o  f i g u r e  
4 i n d i c a t e s  t h a t  t h e  b a s i c  concep t s  used t o  d e r i v e  t h e  f i g u r e  a r e  known t o  be 
f a u l t y  i n  such a  way t h a t  a s  t ime under i r r a d i a t i d n  c o n t i n u e s ,  e l e c t r o n s  w i l l  d r i f t  
deeper  and deeper  i n t o  t h e  d-ielectric s o  t h a t  t h e  f i e l d  p r o f i l e  w i l l  v e r y  s lowly 
move towards t h a t  shown by f i g u r e  5. A s  t h i s  d r i f t  o c c u r s ,  t h e  p r 6 b a b i l i t y  t h a t  a 
"weak spo t"  n e a r  the s u r f a c e  f i n d s  i t s e l f  i n  a h i g h  f i e l d  r e g i o n  s lowly  i n c r e a s e s .  
Once t h i s  weak s p o t  i s  found by t h e  dx2ftin.g f i e l d  f r o n t ,  a d i s c h a r g e  o c c u r s  and 
a lmost  i n s t a n t l y  t h e  f i e l d  s t r e n g t h  is  s i g n i f i c a n t l y  i n c r e a s e d  i n  t h e  d i e l e c t r i c  t o  
deeper d e p t h s  and perhaps  mady r,ew weak s p o t s  a r e  found r e s u l t i n g  i n  a  f l u r r y  of 
pulses.  F i n a l l y  a l l  t h e  weak s p o t s  n e a r  t h e  s u r f a c e  a r e  d i scharged  and pu l s ing  
ceases .  ThFs e f f e c t  has  no t  been r e p o r t e d  f o r m a l l y  but  Y. Balmain-has  i n d i c a t e d  t o  
me t h a t  t h e  i n i t i a l  p u l s e  t a k e s  a  long t ime t o  occur  i n e l e c t r o n  beam exper iments  
but  once it happeas t h e  remaining p u l s i n g  happens relativ&! soon. 

I f  one e v a l u a t e s  eq. 6 f o r  most of t h e  pub l i shed  exper iments  i t  t u r n s  o u t  t h a t  t h e  
e l e c t r i c  f i e l d  i n  t h e  bu lk  o f  t h e  d i e l e c t r i c  beyond t h e  e l e c t r o n  p e n e t r a t i o n  range 
s i g n i f i c a n t l y  exceeds  105 ~ / c m .  For example, many exper iments  were performed us ing  
20 keV e l e c t r o n s  on approximately  100 micron t h i c k  samples; t h i s  r e s u l t e d  in f i e l d  
s t r e n g t h s  of approximately  2  x 106 V/cm. Reference 13 has  c a l c u l a t i o n s  of e l e c t r i c  
f i e l d s  i n  t h i n  polymers. You a r e ,  I hope, wondering why I have n e g l e c t e d  t h i s  l a r g e  
e l e c t r i c  f i e l d  which o c c u r s  i n  most of t h e  d i e l e c t r i c .  I n e g l e c t  t h i s  b i g  bulk  
f i e l d  because i t  produces o n l y  ve ry  smal l  e l e c t r i c a l  p u l s e s  ( though i t  produces 
_many pulses )  which can n o t  be  monitored i n  t h i s  arrangement. The bu lk  p u l s e s  are 
s i m i l a r  t o  t h e  p u l s e s  d i s c u s s e d  under t h e  s e c t i o n  "Both S u r f a c e s  Grounded" below. 

Meter Cur ren t ,  I, F l o a t i n g  Fron t  S u r f a c e  

The d i s c h a r g e  p u l s e  c u r r e n t  I flowing i n  t h e  meter ( f i g  2 )  depends on s e v e r a l  
v a r i a b l e s  such as f r o n t  s u r f a c e  p o t e n t i a l ,  s u r f a c e  a r e a ,  and random f l u c t u a t i o n s .  
Not every  p u l s e  c a u s e s  t h e  f r o n t  s u r f a c e  p o t e n t i a l  t o  go n e a r l y  t o  ground 
p o t e n t i a l  ( r e f .  24). I n  g e n e r a l  one f i n d s  t h a t ,  ( r e f .  15): 

a )  d i s c h a r g e  p u l s e  time d u r a t i o n  a ( s u r f a c e  a r e a ) l / 2  

b) d i s c h a r g e  pnl$e c u r r e n t  a ( s u r f a c e  a r e a ) l / 2  

c )  t o t a l  d i s c h a r g e  coulombs a s u r f a c e  a r e a  



T h e s * r u l c s  a r e  f a r  t h e  c ~ a n c e p E u a l l y  s i m p l e  c a s e s  where a l l  o t h e r  v a r i a b l e s  ( a t h e r  
than G ~ r r f a c e  a r e a )  s u c h  a s  d i c l c c c r t c  w n s t a n t ,  f n a r r l a t o r  t h i c k n e s s ,  a n d s u r f a c a  
vo l  t.agc, are h e l d  c o n s  tmt . 
What happens  FE we change  t h e  o t h e r  p a r a m e t e r s ?  Vhaf ts  the -phys i ca l  p rocess  which 
c a u s e s  thest:  e f f e c t s ?  M a i n  t h e  answers c a n  he  Fal~nd i n  t h e  stccamcr p ropaga t ion  
p r o c e s s  and i t s  r e s u l t i n g  plasma. Re fe rence  15 ar f lues  t h a t  t h e  s c a l i n g  w i t h  t h e  

t= r e s u l t  is due- t o  a s t r e a m e r  p r o p a g a t i o n  p r o c e s s  because  t h e  s t r e a m e m  
' wllich p r o p a g a t e  a t  a r e a s o n a b l y  c o n s t a n t  v e l o c i t y  ( r e f .  14)  have l e n g t h s  s c a l i n g  

a s  t h e  l i n e a r  d imens ion  of t h e  i n s u l a t o r  which n e c e s s a r i l y  scales as t h e  
I n  t h e  a d d i t i o n ,  I a r g u e  t h a t  t h e  t o t a l  c h a r g e  available is l i m i t e d  by t h e  t o t a l  
volume o f  t h e  streamer t u n n e l s ;  and i f  e v e r y  atom I n i t i a l l y  i n  t h e  t u n n e l  i s  s i n g l y  
i o n i z e d  when i t  a r r i v e s  i n  t h e  vacuum s p a c e ,  t h e r e  is  a g r e a t  d e a l  of cha rge  a v a i l a b l e - -  - 

t o  "ground" t h e  f r o n t  s u r f a c e ,  I n j e c t i n g  an e x c e s s  o f  c h a r g e  o f  b o t h  s i g n s  i n t o  
t h e  vact~um s p a c e  d o e s  n o t  by i t s e l f  f u l l y  ground t h e  f r o n t  s u r f a c e  because  a g r e a t  
d e a l  o f  t h e  plasma c h a r g e  is  s h i e l d e d  from t h e  e lec t r ic  f i e l d s  by t h e  plasma i t s e l f .  - 
I n s t e a d ,  t h e  i n j e c t e d  plasma w i l l  s p r e a d  o u t  i n  t h e  vacuum i n  a way which depends 
on i t s  i n i t i a l  t e m p e r a t u r e ,  p r e s s u r e ,  v e l o c i t y ,  d e n s i t y  and vacuum E f i e l d s  and 
t h e n  s c a t t e r  o f f  t h e  w a l l s  of  t h e  vacuum chamber,  and t h e  s c a t t e r e d  components may 
a l s o  c o n t r i b u t e  t o  t h e  "grounding"  o f  t h e  f r o n t  s u r f a c e .  I n j e c t i n g  a n  e x c e s s  of  
c h a r g e  however d o e s  c a u s e  t h e  s u r f a c e  p o t e n t i a l  t o  d r o p  w i t h  a similar s t a t i s t i ca l  
d i s t r i b ~ l t i o n  f o r  a n y  s u r f a c e  a r e a  and t h i s  w i l l  o f t e n  happen because  t h e  t u n n e l  
volume v a r i e s  n e a r l y  l i n e a r l y  w i t h  t h e  s u r f a c e  a r e a  ( t u ~ n e l s  t end  t o  s p r e a d  o u t  i n  
a f a n  s h a p e  under  t h e  e n t i r e  s u r f a c e  which h a s  been  i r r a d i a t e d ) .  

I f  one  were t o  v a r y  t h e  sample  t h i c k n e s ~  t h e  c o n c e p t s  proposed  h e r e  might  p r e d i c t  
t h e  f o l l o w i n g  r e l a t i o n s h i p s :  

d )  p u l s e  time d u r a t i o n  a ( sample  t h i c k n e s s ) ' l I 2  

e )  p u l s e  c u r r e n t  ( s ample  th i ckness ) ' l / 2  

f )  t o t a l  d i s c h a r g e  co~i lombs  ( sample  th ickness) ' l  . 
Varying  t h e  s u r f a c e  v o l t a g e  might  c a u s e  these s c a l i n g  laws: 

8 )  pt i l se  t i m e  d ~ r a t i o n  a ( s u r f a c e  v o l t a g c ) l / 2  f ( v )  

h )  p u l s e  c u r r e n t  a ( s u r f a c e  v o l  t a g e ) l I 2 / f  ( v )  

i) t o t a l  d i s c h a r g e  coulombs a s u r f a c e  v o l t a g e .  

And v a r y i n g  t h e  d i e l e c t r i c  c o n s t a n t  m i ~ h t  g i v e  u s  s c a l i n g  laws  l i k e :  

j) p u l s e  time d u r a t i o n  a E 112 

k) p u l s e  c u r r e n t  E 112 

1) t o t a l  p u l s e  c h a r g e  a E 

The f u n c t i o n  f (V)  is  i n s e r t e d  t o  i n d i c a t e  t h a t  t h e  s e p a r a t i o n  of t h e  p o s i t i v e  and 
l ~ e d a t i v e  components  o f  t h e  plasma i n  t h e  vacuum is s t r , ~ r * g l y  dependent  on t h e  e lectr ic  
f i e l d  s t r e n ~ t h  i n  t h e  vacuum s u c h  t h a t  t h e  r a p i d i t y  ~f  g round ing  of  t h e  s u r f a c e  is  
s e n s i t i v e  t o  t h i s  e f f e c t .  

* 



The a c t u a l  meter  c u r r e n t ,  I ( t ) ,  d u r i n g  t h e  p u l s e  depends d t r e c t l y  on t h e  c o l l a p s e  
o f  t h e  vacuum electric f i e l d s  cauaed hy Chc s e p a r a t i o n  of t h e  pLssma p a r t i c b s .  Tn 
tlleae exper iments  no e x t e r n a l  v o l t a g e  s o u r c e  LR a p p l i e d ,  t t  i s  o ~ l y  the elcccrofi tcrr- lc . 
f i e l d s  due t o  t r apped  s p a c e  s h a r g e  wJ1ic11 farce c u r r e n t s  t o  flow; t h e r c t k r c r  t h e  
c u r r e n t  f low is p u r e l y  a - d i s p l a r c m c n t  c u r r e n t  BCnce no r e a l  cha rge  ELows through o 
complete c i r c u i t ,  The plasma o n l y  responds  60 and c o l l a p s e s  t h e - e l e c t r i c  F ie ld  
where t h e  plasma r e s i d e s ,  t h i s  o c c u r s  w i t h i n  t h e  s t r e a m e r  ~ I I ~ C R  and f.n t h e  vacilrlm 
space ,  F i g u r e  8 Qs6crdhes  t h e  geemetry. 

Consider t h e  one dhcnsI.ona1 case where p l a s n a  i n  t h e  form of  uniform s h e e t s  of 
u n i p o l a r  cha rge  is i n j e c t e d  ke tveen  twa grounded e l e c t r o d e s  p laced "a" meters 
a p a r t .  Let  t h e r e  be  one p o s i t i v e  s h e e t  and one n e g a t i v e  s h e e t  each  of  t h e  e q u a l  
cha rge  d e n s i t y ,  p coulombs/m2, and spaced dx meters a p a r t .  

Then t h e  image charge  d e n s i t y  induced i n  e i t h e r  e l e c t r o d e  hy t h e  charge  s h e e t s  is  
giverr by 

A u =(a  /a) dx. (7) 

Between t h e  s h e e t s  t h e  e l e c t r i c  f i e l d  c r e a t e d  by t h e  two s h e e t s  is g i v e n  by 

and i s  z e r o  e lsewhere .  

Eq. 7 then  becomes 

and t h e  cur ren t -dens i ty  r e q u i r e d  t o  g e n e r a t e  t h e  image charge  i s  

Returning t o  t h e  problem of e x c e s s  plasma g e n e r a t e d  i n  a vacuum between b i a s e d  . ... 
e l e c t r o d e s  we can a p p l y  eq.  10 hy assuming t h a t  many s h e e t s  are i n j e c t e d  throughout  
t h e  vacuum which changes E everywhere i n  t h e  vacuum. L i n e a r  s u p e r p o s i t i o n  of 
e l e c t r i c  f i e l d s  h o l d s  i n  a vacuum s o  w e  can g e n e r a l i z e  eq. 10 t o  

where E = E(x, t )  is  a con t inuous  f u n c t i o n  over  space  and time. 

Let  me p o s t u l a t e  t h a t  t h e  dominant e f f e c t  -In .n d i s c h a r g i n g  d i e l e c t r i c  w i t h  one 
s u r f a c e  f l o a t h g  is  t h e  i n j e c t i o n  of  a n e t  n e u t r a l  plasma i n t o  t h e  vacuum. The 
plasma s p r e a d s  o u t  i n  t h e  vacuum t o  n e u t r a l i i e  t h e  e x i s t i n g  vacuum e l e c t r i c  f i e l d s  
and t h e  meter  c u r r e n t  I is g i v e n  by eq. 11. Because we d o  not  know t h e  dynamics of 
t h i s  plasma i n j e c t i o n  and sp read ing  we c a n ' t  a - p r i o r 1  c a l c u l a t e  T ( t ) ,  brrt we can 
p r e d i c t  t h e  i n t e g r a l  o v e r  t h e  p u l s e  d u r a t i o n :  



where A is the s u r f a c e  area of  t l ic  dielectric. T t  t u r n s  nirt that t n  n~ost, expcrfinclnta 

1 Q vt.+~1\s n~LCrly equa l  i n  magnitude and a p p o s i t e  i n  p n k r i t y  t a  t h e  "so c a l l a d "  aurEacc 

4 chwge r e s i d i n g  an t h c  LrradLaeed i n s u l a t a r a l k - f a c e  ( a c t u a l l y  r e s i d i n a  i n  t h e  h 1 . k  
t y p i c a l l y  w i t p i n  S microns of  t h e  s u r f a c e ) .  ThLs Ls e q u i v a l e n t  t o  t h e  qtntement 
t h a t  t h o  plaama f u l l y  co l l apsed- - the  e l e c t r i c  E ic ld  i n  t h e  vacuum. 

The amount bf charge i n j e c t e d  by s t r e a m e r s  w i l l  he d i s c l ~ s s e d  later;  t h i s  s l~au l r l  be 

' 
a v a r i a b l e  number d c p e n d i n ~  on t he  t o t a l  i r r a d i a t i o n  f l u e n c e  a s  w e l l  as on geo- 
m e t r i c a l  f a c t d r s .  

P u l s e s  i n  D i e l e c t x i m - w i t h  Both S i d e s  Grounded 

An e x t e n s i v e  set of exper iments  ( r e f  3 )  have been performed Ln t h e  geometry of 
f i g u r e  2 where d i e 1 e c t r i . c  f i l l s  t h e  e n t i r e  space  hetween t h e  e l e c t r o d e s .  I n  t h i s  
c a s e  o n l y  s m a l l  p u l s e s  were seen  and n e g l i g i b l e  charge  was removed from t h e  d i e l e c -  
tric d u r i n g  t h e  p u l s i n g  process .  Tuhnels are s e e n  i n  such d i e l e c t r i c s  a f t e r  i r r a d i a -  
t i o n  and are probably  similar t o  t h o s e  d e s c r i b e d  above. I n  t h i s  s e t  of experfments  
t h i c k  samples were used ( c i r c a  5 mm) under h igh  energy ( c i r c a  500 keV) e l e c t r o n  
bombardment. However, t h e  exper imenta l  r e s u l t s  can a l l  be exp la ined  by t h e  same 
s t r e a m e r  phenomena a s  i n  t h e  f l o a t i n g  s u r f a c e  case ,  

The tree which r e s u l t s  from the streamer connec t s  t o  an e l e c t r o d e  a t  one po in t  and 
b ranches  o u t  i n t o  t h e  bu lk  o f  t h e  d i e l e c t r i c .  Again t h e  b a s i c  p r i n c i p l e  is t h a t  

- t h e  s t r e a m e r  is a dense  plasma which can c o l l a p s e  t h e  e l e c t r i c  f i e l d  i n  t h e  volume 
occupied by t h e  plasma. However, t h e  s t r e a m e r  fo l lows  t o r t u o u s  pa ths  and t h e  
c a l c u l a t i o n  o f  meter c u z r e n t s  is complicated beyond t h e  s imple  concep t s  engendered 
in e q s  7-12. There can be r e g i o n s  Fn t h e  d i e l e c t r i c  which i n i t i a l l y  have z e r o  
e l e c t r o s t a t i c  f i e l d  s t r e n g t h  but  once a streamer h a s  propagated some d i s t a n c e  i t  
can i n t r o d u c e  s i g n i f i c a n t  space charae  d e n s i t y  i n t o  t h e s e  o r i g i n a l l y  z e r o  f i e l d  
s t r e n g t h  reg ions .  I n  otherwords ,  a s t reamer  must i n i t i a t e  in a h i g h  f i e l d  reg ion  
but  once i t  has  t m v e l e d  some d i s t a n c e  i t  can c r e a t e  a h igh  l o c a l  f i e l d  s t r e n g t h  
n e a r  i ts  t i p  i n  a r e g i o n  which i n i t i a l l y  had z e r o  e l e c t r i c  f i e l d .  I n  f a c t ,  t h e  
b u l k  of t h e  "tree branches" i n  r a d i a t i o n  induced trees occur  i n  i n t i a l l y  low f i e l d  
r e g i o n s  s f  t h e  d i e l e c t r i c .  I n  t h e  p rocess  o f  forming trees, s t r e a m e r s  can produce q 

l a r g e  c u r r e n t  f lows  in r e l a t i o n  t o  t h e  c u r r e n t  which would be r e q u i r e d  t o  e l i m i n a t e  
t h e  e l e c t r o s t a t i c  f i e l d s  i n i t i a l l y  p r e s e n t  i n  t h e  v o l t ~ n e  of m a t e r i a l  p e n e t r a t e d  by 
the streamer. Equation 1 I  cannot be a p p l i e d  a l o n e  t o  t h i s  problem. 

For t h e  r e g i o n  of t h e  s t reamer  which runs  p a r a l l e l  t o  t h e  e l e c t r o s t a t i c  f i e l d s  eq. 
11 is  v a l i d  but  one must remember t h a t  t h e  c r o s s  s e c t i o n a l  a r e a ,  A,  i n  eq. 12 is 
t y p i c a l l y  a s q u a r e  micron s o  t h a t  t h e  t o t a l  charge  0 is  v e r v  smal l .  

I n  t h e  exper iments ,  t y p i c a l  f i e l d s  were 1fI5v/cm s o  t h a t  eq. 12 p rov ides  t h e  fo l lowing  
estimate of charge  p u l s e  magnitude due t o  t h e  p o r t i o n  of r h e  square  micron streamer 
p a r a l l e l  t o  E. 



Asauminfi t h a t  t h e  f i e l d  P I s  f u l l y  c o l l a p s e d  ir! some s h t ~ r t  tlmr T,  ~sstrrnin,: ~ l l a t  K 
Is r o u g h l y  constant and a s s ~ ~ r n l n g  t h e  s t r e a m e r  passes q e n r l y  a1 l ttlc way t \ ~ r c ~ \ r g h  t l io  
sancpl e , we 2ot : 

F o r  t h e  r c g l o n  of streilmer p e r p r ? n d i c ~ ~ l a r  t o  t h e  i n i t i a l  E F i e l d  thc? s t reamc*r  propn-  
gates most  commonly bocalasa of  h i g h  cl\ar)?c d e n s i t y  and  e f f c ~ c t i v a l v  c o n d ~ ~ c t s  this!$ 
c h a r g e  t o  t h e  ~ I @ ~ E r o c ! c .  The nry,umcnl: is a d ~ c n t i a l l y  I l l a t  tlrr s t r e a m e r  f o r m s  i l l s  
p a t h  o f  a 1 ine  in tc : : ra l  o v e r  wh3.611 e v e r y  e lcf i r tnt  h a s  near1 y z o M  f i e l d ,  tc.: 

E (R ) = 0 e v e r j l w h ~ r e  a l o n g  p a t h  I I ,  

i n  a n a l o g y  w i t h  Gauss' law. T h i s  c o r d i t i o n  is met when t h e r e  i s  no  n e t  c h a r g e  i n  
t h e  streamer t u b e  ( t u n n e l )  which  i m p l i e s  t h a t  t h e  streamer removed t h e  n e t  charge 
o r i g i n a l l y  a l o n g  t h e  streamer leng th . - -  

T h e  n e t  c h a r g e  i n j e c t e d  b y  i r r a d i a t i o n  is i n  t h e  r a n g e  l o 0  t o  12'; coulombd/m3 
( r e f s  17,27)  s o  t h a t  p e r  cm of t u n n e l  l e n g t h  t h e  f o l l o w i n g  c h a r g e  is  removed:  

f o r  1 0 0  ~ o u l / m 3 ,  ~ / c m  = 10-12 m2 * 10-2n/cm * 100 ~ o u l / m 3  

Of c o u r s e  t h e s e  estimates a g a i n  a s s u m e  a t ~ ~ n n e l  c r o s s  s e c t i o n  o f  a s q u a r e  m i c r o n .  

One more component  o f  meter c u r r a t  f l o w s  i n  t h e  s t r e a m e r s  w h i c h  a r e  a n t i p a r a l l e l  
t o  t h e  o r i g i n a l  s t a t i c  E f i e l d .  T h i s  component  is t h e  c o l l a p s e  o f  t h e  s t a t i c  I? f i e l d  
a c r o s s  t h e  streamer. E q s  1 1  and  1 2  p r o v i d e  a n  estimate o f  t h i s  c u r r e n t  c o n t r i h u t i o n .  
Assume a 0.1 mm t h i c k  s a ~ p l e  w i t h  an E f i e l d  s t r e n g t h  o f  105 V/cm i n  t h e  s t r e a m o r  
r e g i o n  w i t h  1 s q u a r e  m i c r o n  streamer 1 cm l o n g .  I n  t h i s  c a s e  eq .  12 r e d u c e s  t o  

F) = A - E F: A X  - 10 -16 c o u ~ o m b s / c m  t u n n e l  
a 

w h e r e  A = 1 0 ' ~  X 1 0  '2 m2, a = .0001 r, h x = 10-6 rn. 

The  n e t  r e s u l t  o f  t h i s  m o d e l i n g  is  t h a t  f o r  t h e  k i n d s  o f  t u n n e l s  s e e n  i n  low dose 
rate tests ( m i c r o n  d i a m e t e r ,  less t h a n  a meter t o t a l  t u n n e l  l ~ n s t h )  oric woultl 
e x p e c t  i n t eg ra t ed  c u r r e n t  p u l s e s  to  he measured  lees  t h a n  a nanocoulotnh when s h o r t e d  
e l e c t r o d e s  a r e  o n  b o t h  s i d e s  o f  tile d i e l e c t r i c .   his is i r r  c o n t r a s t  t o  t h e  f l o a t i n g  
f r o n t  s u r f a c e  w h e r e  t h e  vacumln c u r r e n t s  p r o d u c e  m e a s r ~ r e d  c h a r g e  t r a n s f e r s  exceer l i t lg  
a micrccoulomb.  The numbers  w h i c h  r e s u l t  f rom b o t h  t h e  model a n d  t h e  a s s u m p t i o n s  
a r e  i n  a g r e e m e n t  w i t h  t h e  r a n g e  o f  p u l s i n g  r e s u l t s  s e e n  i n  e x p e r f  n c n t s .  



The pu-lsing rates ( p u l ~ e ! :  per unic t ime or  per u n i t  flucnl'c) ~ r c * . . n  In  the open f r o n t  
surfact?  e x p c r I ~ n ~ n t ~  a r e  In rough agrcmiwnl: w i t h  thr? rates Firten i n  f u l l v  !:roundot? 
cxpcr iacwts  ( r e f ,  3, 2R,29).  This ts frcrthcr evltlonce tlint I n  hoth  r:cnmctric:; tlrc 
p u b s  h i l v ~  n common artgin.- 

Pulac Energy for U m t i n g  Iiurfncn C e w  

PrcVi.ous c a l c u l  i i b  ic3nn have o n l y  est fmstcd ~hi l r f ic  f 1 ow, For tho rani ntcd EY wave 
prahlcm an@ nccda an s s t l m a t e  of  iiinxPmum p ~ i l s c  energy Becattse the cnllnpsc of 6hc E 
Fi,cld r a d i a t e s  waves dbrccely as Mcll as cnrrfrinp, Imilgo charno motions, Rocat~sc? the  
dynsmlss of the F i e l d  c e l l n p a c  itrc not known t o  me, I cannot address t l ~ c  dfrccc ly  
radfa68d EM wave i n t e n s i t y  prohlem; i t  is ~ ( ? t " t ~ i t i l y  ~ o t n l ) l ~ x  cantalf l tRg plasma 
o s c i l l a t i o n  components as well as resonan t  c;'rvi t y ring!infi ;:henomcna. 9ub wc can 
estimate the  i n i t i a l  electrostatic energy  a v a i l a h l c  t o  he r a d i a t e d .  

R e f e r r i n g  t o  f i g u r e  8 and assuming as u s u a l  t h a t  most o f  t h e  t r apped  charge  r e s i d e s  
n e a r  t h e  f l o a t i n g  s u r f a c e  w e  f i n d  t h a t  most of t h e  e l e c t r o s t a t i c  energy r e s i d e s  i n  
two f i e l d s .  If Vo i s  t h e  s u r f a c e  p o t e n t i a l ,  t h e n  t h e  energy  s t o r e d  p e r  u n i t  s u r f a c e  
a r e a  i n  t h e  d i e l e c t r i c  is g i v e n  by  

where a i s  t h e  d i e l e c t r i c  t h i c k n e s s ,  and t h e  energy s t o r e d  i n  t h e  vacuum ( p e r  u n i t  
a r e a l  i s  

where b i s  t h e  d i s t a n c e  through t h e  vacuum t o  ground ( o r  one debye l e n g t h  i n  t h e  
space  plasma). Assuming t h a t  t h e  sample d i e l e c t r i c  c o n s t a n t  is s i m i l a r  t o  vacuum, 
t h a t  t h e  vacuum spac ing  b i s  0.5 m n d  t h a t  t h e  sample t h i c k n e s s  i s  10'~ rn we find 
t h a t  

However, t h e  e l e c t r o s t a t i c  energy w i t h i n  t h e  d i e l e c t r i c  i s  n o t  d i scharged  by a 
p rooaga t ing  s t r eamer .  Only t h e  volume occupied by t h e  s t r e a m e r  i s  d i scharged .  I f  
we l e t  C' be t h e  d i scharged  e l e c t r o s t a t i c  ene rgy ,  t h e n  ia t h e  vacuum t h e  t o t a l  
d i s c h a r g e  energy i s  

2 2 c: = €  (Vacuum volume) Vo /2b 

and f o r  t h e  s t r e a m e r  t h e  t o t a l  d i s c h a r g e  energy i s  

= B (St reamer  volume) yo2 /2e2 (17) 

Assuming a sample s u r f a c e  a r e a  o f  10 '~ m2,  a d i e l e c t r i c  c o n s t a n t  s i m i l a r  t o  vacuum, 
a s t r e a m e r  l e n g t h  of  1 mete r  w i t h  one square  micron c r o s s  s e c t i o n  we f i n d  

Thus t h e  d i s c h a r g e  p u l s e  energy  i s  s i g n i f i c a n t l y  s m a l l e r  i n  t h e  d i e l e c t r i c  t h a n  i n  
t h e  vacuum f o r  rtte t y p i c a l  i r r a d i a t i o n  geometriCs r e p o r t e d  t o  d a t e .  Yet i t  i s  t h e  
plasma c r e a t e d  i n  t h e  d i e l e c t r i c  which c a u s e s  t h e  r e l a t i v e l y  l a r g e  energy dun~ps i n  
t h e  vacuum r e g i o n  o f  space .  



Real  S p e c t r a  Effects, Surface P o t e n t i a l ,  and Enhanced Pulairig 

It:  ha^ hccn r c p a r t c d  ghflt: t h e  npnco a h r l t t l e  t i l c ~  nhow no dischnrgc! p r ~ l ~ r s  rrndnr 
monaanargcfiia i r r a d i a t i o n  bur do p u l s e  when i r r a d i a t e d  w i t h  n hrond npnct;rum (ref 
30).  This o f f c c t  wir! also  o c c u r  i n  ~p-ace and, c o n t r a r y  t o  popula r  o p i n i o n  o f  thr 
momcnb, the cf fcc t  proves  that resting w i t h  monooncrgcCic hcnmn i s  not  n c ~ c ~ ~ ~ w i l y  
,I warnt case test .  

Thc cause  tar tho sFFccs h a s  no6 bsct~ prevcn h u t  I p o n t t ! l a t ~  t b c  f o l l a w i n g  snuno. 
g a r l y  i n  the i r r a d i a t i o n ,  hsfors pulnas hcp, in , thc  s u r f a c e  cameo t o  i t r  e:quilibriurn 
p o t c n t i n l  s a y  2 ksV hclow t h e  i n c i d e n t  m s n s c n s ~ g c t i e ,  C ~ C G ~ ~ S I ~  ctncrgy. Fip,nrr, 4 
d e s c r i b e s  n t y p i c a l  r e s u l t  whcrs surface p o t e n t i a l  c q u i l i b s i u m  occurscrt i n  36 nccsnds  
( r e f  13) .  The e l c c e r i ~  f i e l d  a t  t h e  f r o n t  surfacs w t ~ i c h  c a n  p r ~ d u s c  s t r e a m e r s  t h a t  
e j e c t  pltlsmn i n t o  tlre vacuum w i l l  n o t  p e n e t r a t e  beyond 0.1 micron. The rest o f  the 
d i e l e c t r i c  beyond 0.1 micron w i l l  produce stre3fiters which connect  t o  the r e a r  
e l e c t r o d e ,  n o t  t o  t h e  vacuum. ~ a l m a i n  f i n d s  t h a t  he  must w a i t  LQng t i m e s  f o r  
d i s c h a r g i n g  t o  b e g i n  ( r e f .  29) even a t  h i s  muck h i g h e r  d o s e  r a t e s .  Such lone, t imes  
probably  i n v a l i d a t e  f i g  4 c o n c l u s i o n s  because  o f  t r apped  charged d i f f u d i o n  e f f e c t s  
which would b r i n g  t h e  h i g h  f i e l d s  n e a r  t h e  s u r f a c e  t o  d e e p e r  dep ths .  It may be 
t h a t  0.1 microns  o f  m a t e r i a l  i s  unlike1.y t o  produce a s t r e a m e r ,  i t  may r e q u i r e  1 .0  
microns  o r  more o f  d e p t h  t o  a l l o w  a s t r e a m e r  t o  propagate .  Thus i n  Haltnains 
exper iments  he  w a i t s  u n t i l  d i f f u s i o n  h a s  moved t h e  c h a r g e  c e n t r o i d  (where E = 0) t o  
some d e p t h  perhaps  1 micron o r  more. A t  t h i s  p o i n t  i n  t ime  a s t r e a m e r  i n i t i a t e s  
and p u l s i n g  beg ins .  Rut w i t h  a broad spectrum one d o e s n ' t  have t o  w a i t ,  t h e  h i g h  
energy t a i l  r a p i d l y  produces  t h e  d e e p e r  s u r f a c e  f i e l d  p e n e t r a t i o n .  

F i g u r e  9 d e s c r i b e s  t h o  q u a n t i t a t i v e  approach f o r  e s t i m a t i n g  t h e  importance o f  t h e  
t a i l .  The d i e l e c t r i c  s u r f a c e  comes t o  a p o t e n t i a l  ge i n  space  t y p i c a l l y  
between 0 and -10 kV. The s u r f a c e  h a s  a b a c k s c a t t e r e d  p l u s  secondary e l e c t r o n  
y i e l d  curve  ( r e f .  31) which, when fa lded  w i t h  t h e  space  e l e c t r o n  energy spect rum,  
produces a s p e c i f i c  ene rgy  & Q determined by 

where N( ) i s  t h e  space  e l e c t r o n  energy d i s t r i b u t i o n .  T h i s  is  e q u i v a l e n t  t o  
s a y i n g  t h a t  t h e  n e t  c u r r e n t  t o  t h e  sample by a l l  e l e c t r o n s  below ca i s  zero .  

w i l l  g e n e r a l l y  be > 1  kV above t h e  second c r o s s o v e r  energy f o r  most polymers 
and a t  e n e r g i e s  above t h e  backemit ted  y i e l d  ( f i g u r e  9) i s  roughly  a c o n s t a n t .  
T y p i c a l l y  i n  space  t h e  e l e c t r o n  energy  spectrum above ca c a n  be  c h a r a c t e r i z e d  by 
a f u n c t i o n  l i k e  

and we can  s o l v e  d i r e c t l y  f o r  I 



If we kndw t h e  apcctrum (such as cq* 20) we can determine cg from c.q 1 9  and hy 
n~easurinp, I wc can then determine the ta t i l l  inc idcnt  current abovr! & becauw a l l  
this currcnt must: ga t b  the c l c c t l r ~ d ~ . -  Now I f  1 10-l2 ~ / c r n ~  it: i s  i n  principle 
capable of  crcar ing  d u f f i c i c n t  Cicl4 fitrcngeh ovcr n u f f i c i r n t  d e p t h  to produce. 
fitvcilmarfi n t  thc  c i u r f ~ c c  becnrrnc the t a i l  bcyand 63 i f i  dr?panit ing chnrgo bc?yond 0.1 
micron depth i n  nuf f i c i n n t  quant i t  i i . n .  Thc nhhvo mcshnninm i o pasCulntcd 6 0  explain 
the flhrrcrlc t i l c  rclnrr'ltr; whcrc rnanocncrp,etic, clrcrtranfl do not: cnrr,sc. diashrirfir) hut 
brond Rpc3ctrn do. '[he c+xto~fl ivc,  polymcr acsulte w k r o  monocncrf:cr i s  ~ l c s t r ~ n n  
cnusc puln!ng hut only c?f6er inordinnte time dclnys  i:; pofitcrlatcd ts bc dur! to slaw 
cncrinr d r i f t  ( t y p / s a l l y  up Co 5 tnicrc>nn ns rcpnrtcd i n  thr ldrararnrc) bcfosn dacp 
trapping. Tlls knoic  reason for thc d i f f o s s n c e  i , ~ ,  again, pO~trrLDtcd to  bo dur: t o  n 
Asccnmar phcnnmcnii i a  : shcra is mmn mininluln d i s l o c t r i s  thicknese, probably f icld 
dctpcntlcnt , acquired for the gcncracion o f  btrcsc (nen thermal. type' ) stkcnmcrs. 

Sever i i l  IIOW exp~ ' r l~net i t ; lZ  resttlts enn kc p r e d i c t e d  from t h i s  modcling. Thesc  c x p e r i -  
nietlca c o u l d  hc  m cheek on t h e  model. 

Containment of Jtrenmer 

The s t t e a m b r s  r e p o r t e d  ky Haltbain e t .  a l e  a r e  a lmos t  s u r f a c e  streamers. A t  f i r s t  
l ook  t h e y  a p p e a r  s i m i l a r  t o  t h e  h u l k  streamers which o c c u r  a t  d e e p e r  d e p t h s  when 
irradiated by lri.gher e n e r g y  (100 keV - LO MeV) e l e c t r o n s  i n  a i r .  However, t t h i n k  
btrth s t r e a m e r s  are produced bv e l e c t r i c  f i e l d s  a s  t h e  d r i v i n g  f o r c e .  I f  one  were 
t o  per form S a l n ~ a i n ' s  i r r a d i a t i o n s  w i t h  a v e r y  t h i n  ( s a y  500 a A l )  f r o n t  grounded 
e l e c t r o d e  t h e n  t h e  streamers would o c c u r  m o s t l y  a t  5 micron  d e p t h  and be  si~nilar t o  
t h e  trees g e n e r a t e d  by h i e h e r  e n e r g y  i r r a d i a t i o n s .  The r e s u l t i n g  tree would b u r s t  
t h rough  t h e  500 a t5lectrrrde l e a v i n g  a h o l e .  

However, Lf one  were t o  u s e  a 2 mm t h i c k  e l e c t r o d e  t i g h t l y  clamped t o  t h e  s u r f a c e  
and i r r a d i a t e  w i t h  s a y  MeV e l e c t r o n s ,  I p r e d i c t  t h a t  streamers s t i l l  form bu t  d o  
n o t  l e a v e  t h e  -atnple. The s t r e a n c r  w i l l  r e - s o l i d i f y  i n  i t s  t r a c k .  It might  be 
v i s i b l e  a s  a t.?e o f  less c r y s t a l i L n i t y  a f t e r  t h e  even t .  One c o u l d  loolc a t  t h e  
edge  of t h e  sample  f o r  ehe  f l a s h  o t  l i g h t  t o  be  s u r e  t h a t  a streamer occurred. I n  
m y  e x p e r i m e n t s  w i t h  ,wavy  electrode^, trees were n e v e r  s e e n  l e a v i n g  t h e  d i e l e c t r i c  
a t  t h e  e l e c t r o d e ,  t t ,ey were  o n l y  s e e n  a t  a gap o r  a t  t h e  edge  of t h e  e l e c t r o d e .  

I t  is  o f t e n  presumed t h a t  trees o n l y  o r i g i n a t e  a t  gays, e d e e s ,  o r  f laws .  I f e e l  
t h e y  can  o r i g i n a t e  e l s e w h e r e  b u t  of c o u r s e  p r e f e r  " h i g h  f i e l d "  o r  "weak s p o t "  
r e g i o n s  a s s o c i a t e d  w i t h  g a p s ,  e d g e s ,  o r  f l aws .  The expe r imen t  above  u s i n g  500 A A 1  
e l e c t r o d e $  s h o u l d  d e m o n s t r a t e  t h a t  streamers a l s o  p r o p a g a t e  t o  ( o r  s tar t  a t )  a n  
e l e c t r o d e  i n t e r f a c e  and i n  t h i s  c a s e  w i l l  blow away t h e  e l e c t r o d e  a t  t h i s  po i l t t .  I 
have  s e e n  t h i s  e f f e c t  w i t h  c a r b o n  p a i n t  e l e c t r o d e s  which are a d n i t e d l y  n o t  v e r y  
smooth and may have  had a m i c r o c r a c k  a t  t h e  d i s c h a r g c  site. 

Exper imeu to l  Proof of VaCuum ??ield Collapse T h e s i s  

1 propode i r r a d i a t i n x  a sample  i n  t h e  geomet ry  o f  f i g u r e  8 w h i l e  h o l d i n g  t h e  irr- 
a d i a t e d  s u r f a c e  a t  ground p o t e n t i a l  ( e i t h e r  u s i n g  VUV l i g h t  to  photoemi t  e l e c t r o n s  
from t h e  s u r f a c e  o r  u s i n g  a t h i n  grounded m e t a l i z a t i o r i ) .  T h i s  w i l l  make a l l  p u l s e s  
s e e n  by meter t v e r y  s m a l l .  Then one  c a n  s i m u l a t e  t h e  f l o a t i n g  s u r f a c e  f i e l d  i n  
t h e  vacuum by b i a s i n g  t h e  lowcr  e l e c t r o d e  i n  f ig ,  f i  t o  +I0 kV t h rough  a v e r y  h i g h  



impedance,  T h i s  w i l l  ca t i sc  t h a  p u l s e s  t o  llccome t h e  l a r g e  t v p e  juac  a d  if  t h c  
f r o n t  s u r f a c e  had hoon cha rged  ta -10 kV. 

I n  a d d i r l n n  I p ropose  b i a s i n g  t h e  lower  e l e c t r o d e  w i t h  a v a r y  low impadancc. T h i s  
w i l l  a l l o w  one  t o  c o l l e c t :  mr~cll more o f  t h e  plasma chizW%c which t h e  s t r e a m e r  i n j e c t s  
i n t n  Lhe vacuum. O r ,  at l e a s t ,  Lt a l l o w s  marc of the c h a r g e  t o  be s e p a r a t e d  and t o  
reaistcr as  a c t r r r e n t  on t l re  meter. Thus,  i n  t h i s  LOW impadancc c a s e  charf le  c o l l e c -  
t e d  will net scale w i t h  s u r f a c e  a f c a  hut: wil  l s c a l e  w f t h  s t r e a m e r  volume. Tn s u c h  
expe r imen t  one must hc s u r e  t o  expose  t h e  upper  e l e c t r o d e  t o  t h e  vncrlum plasma i n  
o r d e r  t o  c o l l e c t  t h e  p o s i r i v e  plasma c h a r g e ,  o t h e r w i s e  t h e  plasma w i l l  j u s t  clamp 
t h e  s u r f a c e  p o t e n t i a l  t o  t h e  lower c l e c t r c l d c  and t h e  c h a r g e  c o l l e c t e d  w i l l ,  w a i n ,  
s c a l e  w i t h  s u r f a c e  a r e a .  

S t r e a m e r  Volume/Ylasma Charge T h e s i s  

One c a n  i r r a d i a t e  a sample  i n  a  chamber which a l s o  h a s  two e x t r a  e l e c t r o d e s  n e a r  
t h e  f r o n t  of  t h e  d i e l e c t r i c .  These  e l e c t r o d e s  can  be b i a s e d  a t  h i g h  v o l t a g e  and 
w i t h  low impedance s o  t h a t  a f r a c t i o n  o f  t h e  plasma c h a r g e  w i l l  he c o l l e c t e d  on t h e  
e l e c t r o d e s  and a p p c a r  as a c u r r e n t  i n  a  meter c o n n e c t i n g  t h e  two e l e c t r o d e s  ( o n e  
e l e c t r o d e  i s  b i a s e d  p o s i t i v e  and one  n e g a t i v e ) .  The i n t e g r a t e d  c u r r e n t  i s  t h e n  
p r o p o r t i o n a l  t o  t h e  amount o f  plasma i n j e c t e d  i n t o  t h e  vacuum. 

One i r r a d i a t e s  u n t i l  t h e  f i t s t  p u l s e  o c c u r s  and immedia t e ly  t u r n s  o f f  t h e  beam. 
The t o t a l  streamer volume is t h e n  measured ( I ' l l  l e t  you f i g u r e  o u t  how) and compared 
t o  t h e  p u l s e  c h a r g e  measured. T h i s  i s  r e p e a t e d  u s i n g  d i f f e r i n g  d o s e  r a t e s ,  beam 
e n e r g i e s  and sample s i z e s  u n t i l  a  l a r g e  d i s t r i b u t i o n  i n  p u l s e  s i z e s  is g e n e r a t e d .  
The s t r e a m e r  volume as  measured by t h e  r ema in ing  tree volume shou ld  s c a l e  w i t h  t h e  
p u l s e  cha rge .  (Of c o u r s e  t h i s  pressumes  t h a t  t h e  plasma c h a r g e  c o l l e c t i o n  e f f i c i e n c y  
is a monotonic f u n c t i o n  of  t h e  streamer s i z e . )  

T h i s  expe r imen t  i s  a l s o  a measure of  t h e  l i m i t  t o  pr i l se  s i z e .  The u l t i m a t e  p u l s e  
c u r r e n t  magni tude  i s  l i m i t e d  by t h e  t o t a l  f r e e  c h a r g e  i n  t h e  s t r e a m e r  plasma. I n  
t h e  s c a l i n g  e x p e r i m e n t s  r e p o r t e d  t o  d a t e  T t h i n k  i t  is t r u e  t h a t  t h e  streamer 
i n j e c t e d  f r e e  c h a r g e  f a r  e x c e e d i n g  t h e  c h a r g e  r e q u i r e d  t o  d r o p  t h e  i n s t i l a t o r  s u r f a c e  
t o  ground.  I n  a d d i t i o n ,  e x p e r i m e n t s  w i t h  r a d i a t i o n  induced l i c h t e n b e r g  trees 

, . 
i n d i c a t e  t h a t  t h e y  u s u a l l y  s p r e a d  o u t  t o  encompass most of t h e  S o l i d  s o  t h a t  t h e  
t o t a l  streamer volume w i l l  s c a l e  r o u g h l y  a s  t h e  t o t a l  i r r a d i a t e d  s u r f a c e  area. I t  
w i l l  a l s o  s c a l e  w i t h  t h e  s t a t i c  f i e l d  s t r e n g t h  j u s t  p r i o r  t o  s t r e a m e r  f o r m a t i o n  
because  t h e  trees a r e  krlown t o  pu t  on more b r a n c h e s  when t h e  d i s c h a r g e  o c c u r s  a t  
h i g h e r  f i e l d  s t r e n g t h .  

Coupling t o  Biased  S p a c e c r a f t  E lemen t s  

I t  is w e l l  krlown t h a t  e l e c t r o m a g n e t i c  c o u p l i n g  w i l l  o c c u r  t o  o t h e r  e l e m e n t s  on 2 
s p a c e c r a f t  when a d i s c h a r g e  o c c u r s .  The plasma i n j e c t e d  i n t o  t h e  vacuum creates 
a n o t h e r  c o u p l i ~ ~ g  mechanism. O t h e r  2 l emen t s  w i t h  b i a s  and n e a r  t h e  d i s c h a r g e  s i t e  
w i l l  i n t e r a c t  d i r e c t l y  w i t h  t he  plasma. T h i s  mechanism cou ld  he  more t m p o r t a n t  
t h a n  d i r e c t  EM c o u p l i n g .  Exper iments  on t h i s  phenomenon a r e  o b v i o u s l y  s p e c i f i c  t o  
t h e  s p a c e c r a f t  a p p l . i c a t i o n  hu t  t h e y  can  he  a - p r i o r f  modeled s i n c e  e x p e r i m e n t s  Il and 
C above p r o v i d e  t h e  b a s i c  i n f o r m a t i o n  f o r  model ing  t h i s  pheno:nenon. 



Pulse  Rate v e r s u s  Ddsc Rate  

I t  i s  o f t e n  thought  t h a t  t h c  p r ~ l s c  r a t e   elates t o  ttic dose  ra te ,  In  exper imenta l  
t e s t s  t h i s  is roughly  t r u e  a s  long as t h e  sample c o n t i n u e s  pu l s ing .  tiowever, t h e  
t i ior~ght  is  c o n t r a d i c t e d  by tlie f a c t  t h a t  a l l  p u l s i n g  s t o p s  a f t e r  S b ~ e  time ( f o r  
pcirc polymers o n l y ,  f i b e r  f i l l e d  m n W a l a  can p u l s e  v i r t u a l l y  f o r e v e r ,  r e f s  3, 
2H, 70) .  

A b e t t e r  i n t e r p r e t a t i o n  ~ s o u l d  be s i m i l a r  t o  t h e  common high v o l t a g e  c a p a c i t o r  
I pre-breakdown p u l s e  c x p l a n n t ~ o n .  Tn t h i s  case, i f  one f i r s t  a p p l i e s  lf15 Vlcm t o  a 

d i e l e c t r i c  smal l  p i ~ l s c s  a r e  seen  which e v e n t u a l l )  s top .  Presr~mahlv t h e  weakest s p o t s  
liavc hecn r e 1  ieved.  Rais ing t h e  f i e l d  t o  2 X 105 ~ / c m  in t roduced  more p u l s i n g  
which a l s o  s t o p s ,  presumably r e l i e v i n g  more weak s p o t s .  I n  t h o  c a s e  of r a d i a t i o n ,  a 
h i g h e r  dose  r a t e  s imply c a u s e s  t h e  h igh f i e l d  s t r e n g t h s  t o  evo lve  more r a p i d l y  but  
once equilibrium f i e l d s  a r e  a t t a i n e d  p u l s i n g  w i l l  soon s t o p .  

P u l s e s  Caused by Changing S p e c t r a  

A f t e r  a n  i r r a d i a t i o n  h a s  p rogressed  t o  e l e c t r i c  f i e l d  e q u i l i b r i u m  and p u l s i n g  
a p p e a r s  t o  have s topped ,  f u r t h e r  p u l s i n g  i s  o n l y  o c c a s i o n a l .  However, a  change i n  
r a d i a t i 6 n  energy  spect rum w i l l  c a u s e  a r e l a t i v e l y  r a p i d  r e d i s t r i b u t i o n  of  e l e c t r i c  
f i e l d  s t r e n g t h .  T h i s  r e d i s t r i b u t i o n  c a n  cause  new weak s p o t s  t o  f i n d  themselves  i n  - - 

a h i g h  f i e l d  r e g i o n  and p u l s i n g  c a n  beg in  aga in .  Such a n  e f f e c t  h a s  been s e e n  
( r e f .  2 8 ) .  

Do Punchthrough Breakdowns Occur? 

Whenever i n s u l a t o r s  a r e  i r r a d i a t e d  i n  a i r  ( t h e  a i - r  i o n s  ho ld  t h e  s u r f a c e  a t  ground 
p o t e n t i a l )  t h e  r e s u l t i n g  t r e e  e x i t s  from o n l y  one s u r f a c e ;  no  punchthrough occurs .  
T h i s  happens f o r  good r e a s o n ;  t h e  e l e c t r i c  f i e l d  d i s t r i b u t i o n  w i l l  no r  p ropaga te  a 
s t r e a m e r  a l l  t h e  way through t h e  i n s u l a t o r .  The s t r e a m e r  s t o p s  p ropaga t ing  when 
t h e  f i e l d  a t  its t i p  goes  t o  z e r o  ( f i g s .  4 and 5 ) .  Given a c o a s t a n t  spect rum i t  i s  
u n l i k e l y  t h a t  c o n d i t i o n s  c a n  be  c r e a t e d  t o  g e t  a s t r e a m e r  a l l  t h e  way through t h e  
i n s u l a t o r  by normal s t r eamer  p ropaga t ion  mechanisms. 

However, i f  one s t r e a m e r  h a s  been formed and t h e  spect rum changes t h e n  a new 
dtreamer  may o c c u r  and i n t e r s e c t  t h e  e a r l i e r  s t r e a m e r ' s  hol low t u n n e l s .  The f o r c e  
o f  h i g h  p r e s s u r e  t h e n  may d r i v e  t h e  new s t reamer  through t h e  o l d  t u n n e l s  and 
seemingly p e n e t r a t e  t h r x g h  t h e  sample. Th i s  occur rence  a p p e a r s  t o  m e  t o  b e  v e r y  
in£ requent  . 
On t h e  o t h e r  hand, i f  one l o o k s  a t  f i g u r e  4 i t  i s  p o s s i b l e  f o r  s t r e a m e r s  t o  o c c u r  
a t  t h e  r e a r  e l e c t r o d e  and p ropaga te  t o  w i t h i n  0.1 micron o f  t h e  f r o n t  s u r f a c e .  I n  
t h i s  e v e n t  i t  may be  t h a t  t h e  p r e s s u r e  i n  t h e  conf ined  s t r e a m e r  i s  enough t o  blow 
o f f  t h e  0.1 micron l a y e r  a t  some p o i n t  and e f f e c t i v e l y  p ropaga te  t h e  s t r e a m e r  
through t h e  e n t i r e  i n s u l a t o r .  S i n c e  f d o n ' t  know t h e  p r e s s u r e  developed i n  t h e  
s t r eamer  n o r  do  I know t h e  dynamics o f  c r a t e r  b lowoff ,  X c a n ' t  d i s c u s s  t h e  con- 
s t r a i n t s  on t h i s  process .  
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Figure 1. P i c t o r i a l  of cu r r en t  t o  t h e  e l e c t r o d e s  of a d i e l e c t r i c  f i l l e d  capac i to r  
under cotlstant dc bias.  The non-zero backgrould currel i t  is due t o  dark conduct- 
i v i t y  i n  t h e  d i e l e c t r i c .  The pulses  a r e  c a l l e d  prebreakdowu events  and usua l ly  
occur a t  f i e l d s  of 105 U/cm o r  higher .  Pulse  s i z e s  vary but are smal l ,  co~nrnonly 
of order  picocoulombs, -- - - -- -- - -  - -  - 

Figure 2. fie measured cu r r en t  i n  a wire  co l~nec t ing  two e l e c t r o d e s  is the s p a t i a l  
i n t e g r a l  of t he  c u r r e n t s  in t h e  space between t h e  two e lec t rodes .  The d i s t a n c e  
between the  e l ec t rodes  is  "A" i n  t h i s  f i gu re .  



Figure 3. Once a sereameer forms In the dielectric the streamer tip propages 
parallel to the E field at 105 m/sec. The streamer probably starts at or near 
the surface. 
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Figure  4. Calcula ted e l e c t r i c  f i e l d  s t r e n g t h s  v e r s u s  dep th  from t h e  s u r f a c e  o f  
myler i r r a d i a t e d  by 10 keV e l e c t r o n s  a t  10'~ ~ / c m * .  The i r r a d i a t e d  f r o n t  
surf-ace of t h e  1 mm t h i c k  mylar Is f l o a t i n g  whi le  t h e  r e a r  s u p f a c e  is grounded. 
The i r r a d i a t i o n  begins  a t  0 seconds. It i s  important  t o  n o t e  t h a t  t h e s e  r e s u l t s  
a r e  obta ined un&r t h e  assumption t h a t  r a d i a t i o n  genera ted  charge c a r r i e s  do 
not  d r i f t  beyond 100 angstroms which is  known t o  be i n c o r r e c t .  However, t h e  
d r i f t  rate and t h e  d i s t a n c e  t r a v e l l e d  b e f o r e  deep t r a p p i n g  is  no t  w e l l  known 
but 5 micron d r i f t s  have been s e e n  i n  t e n  mitrute experiments.  Such e f f e c t s  
would cause  t h e s e  E f i e l d s  t o  become l a r g e r  whi le  t h e  dep th  at which Em0 s lowly 
d r i f t s  t o  deeper  dep ths ,  perhaps  a  few microns. - 



Figure  5. C a l c u l a t e d  e l e c t r i c  f i e l d  p r o f i l e  i n  25 mlcron t h i c k  mylar w i t h  both  
s u r f a c e s  grounded. The f t o n i  s u r f a c e  ( z e r o  dep th )  is i r r a d i a t e d  by 20 keV 
e l e c m n s  beg inn ing  a t  z e r o  seconds.  I n c r e a s i n g  t h e  t h i c k n e s s  of t h e  mylar 
would not  change t h e  r e s u l t s  a t  d e p t h s  between 0 and 5 microns. 
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F i g u r e  6. Typ ica l  i r r a d i a t i o n  geometry. Th i s  s i m p l e  s t r u c t u r e  is i n s i d e  a m e t a l l i c  
vacuum chamber. The f r o n t  s u r f a c e  c a n  be l e f t  f l o a t i n g  or i t  can he grounded 
by a p p l i c a t i o n  of  a v e r y  t h i n  conduc t ive  coatLtng. 



Figure 7. F loa t ing  f r o n t  su r f ace  p o t e n t i a l  as a func t ion  of time dur ing  i r r a d i a t i o n  
a s  descr ibed i n  figure 6 ,  The p rec ip i tous  drops i n  p o t e n t i a l  a r e  due t o  d i s -  
charges. This  is  a t y p i c a l  (bu t  not a p a r t i c u l a r  experiment) r e s u l t  but o the r  
r e s u l t s  have been observed a l s o ,  inc lud ing  f o r  example no discharges.  

VOLUME 

Figure 8. Meter c u r r e n t s  r e s u l t i n g  from a d i scharge  i n  which a c t u a l  charged 
p a r t i c l e s  do not reach t h e  e lec t rode .  The e l e c t r i c  f i e l d  change Is respons ib le  
for t h e  metered cur ren t .  Since we  can ' t  know t h e  charged p a r t i c l e  t r a j e c t o r i e s ,  8 

we must determine I from t h i s  displacement cu r r en t  alone. Here, V is volume. 
We can make an e s t ima te  of t h e  t o t a l  change i n  E and t h e  volume i n  which it 
ocurs  even though b ~ / d t  is  indeterminate .  



Figure  9. Measured rear e l e c t r o d e  c u r r e n t  a t  la te  times i n  a l o n g  i r r a d i a t i o n  by a 
broad energy  spectrum. be is t h e  e q u i l i b r i u m  f r o n t  s u r f a c e  p o t e n t i a l .  
Ee is  t h e  e l e c t r o l l  energy below which a l l  incoming e l e c t r o n s  produce no n e t  
meter c u r r e t l t  due  t o  back e m i t t e d  e l e c t r o n  e f f e c t s .  6 ( c )  i s  t h e  back 
e m i t t e d  c u r r e n t  f o r  a c u r r e n t  of i n c i d e n t  e l e c t r o n s  a t  i n i t i a l  energy c. 
€1 is u s u a l l y  a few keV above Be. T h i s  f i g u r e  d e p i c t s  why t h e  s i m p l i f i e d  
s o l u t i o n  i n  eq. 21  la a good approximat ion s i n c e  6 is n e a r l y  c o n s t a n t  above 



DISCHARGE EHARACTLRISTKCS 06 RIEI-ECTRLC HATKRLBLS EXAMINED in  M W ~ ,  DUAL-, 
AND SPFCITBLU, ENERGY EL-ECTRON CWBGLGbli ENVIRONMENTS" 

P. C o a k l e ~ E l .  Trcadway, N. WZZd, and 8. KSetsrcr 
daycor 

San Dlcgo, Cal i f  orala 921 38 

I n  an e f f o r t  t o  explairi the ef fects o f  mid-energy electrons (25 t o  108 keU) or1 
the charge and discharge characterist ics o f  spacecraft d ie lec t r i c  materials and 
expand the data base from which basic dlschar-ge models can be fornulbted, t h in  
d ie lec t r i c  materials were exposed t o  low- ( 1  to 25 keV), mid- (25 t o  100 keV) , 
combined low- and mid-, and spectral- (1 t o  100 keV) energy electron environments, 
This e f f o r t  has produced three important results. F i  t s t  , i t  has detemi ned electron 
environments t fmt  lead t o  d ie lec t r i c  dischdrges a t  potent ials less negative than 
-5 kV. Second, t h i s  e f f o r t  has i den t i f i ed  two types of discharges that  appear t o  
dominate the kinds o f  discharges seen: those with peak currents, I >> 10 A and pulse 
widths, T > 300 ns, and those with I < 5 A and T < 20 ns. Third, t h i s  e f f o r t  has 
shown that, f o r  the t h i n  d ie lec t r i c  materials tested, the worst-case discharges 
observed i n  the various environments are similar. 

Previous 1 &oratory experiments have f ocused on the ef fects  o f  monewrgetic low- 
energy electron charging and discharging of various spacecraft d ie lec t r i c  material s 
(Ref. I )  . ThCse experiments showed that. f o r  samples w l  t h  electrically-grounded 
substrates, discharges occurred Qnly when surface potentials exceeded -5 kV . The 
discharges blew o f f  more than 30% of  the stored charge (Ref. 2) and the pulse widths 
o f  the discharge currents scaled i n  size as the square root of  the sample area 
(Ref. 3)  . The discharges brought the sample's surface potent ial  down generally less 
negative than -5 kV. For samples comparable i n  area and thickness t o  the samples 
that  we tested,. the pulse amplitudes were much greater than 10 A and the pulse widths 
equaled or exceeded 300 ns. These laboratory data are i n  apparent disagreement with 
sate11 i t e  data that  i nd i  cate f o r  sa te l l  i tes i n  geosynchronods a1 t i tude environments , 
discharges occur when surface potentials are less than -2 kV (Refs. 4 and 5). 
Furthermore, data from ATS5 and ATS6 indicate that  discharges occur i n  bunches and 
that  as many as 80 discharge events have occurred i n  a s i  ngle hour (Ref. 6). This 
1 a t te r  observati on imp1 i es that discharges on sate1 1 i tes may not cleanse the en t i  re  
surface of stored charge and perhaps occur as small localized events. 

f h i  s paper dS scusses the reoul t s  o f  our monenergeti c , dual -energy and spectrum- 
energy electron tests performed on seven d ie lec t r i c  samples : Teflon, Optical Solar 
Ref lec to r  ( OSR) , A1 phaquartt , Kapton, perf  orated Kapton , My1 ar , and a "nude" Space 
Transportation System (STS) t i l e .  Section 2 describes the experimental apparatus and 
electron simul a t i  on envi ronment . Section 3 discusses the general trends found i n  the 
data, comparing the samples with each other with emphasis on the four electron 
envi ronments : monoenergetic low-, monoenergeti c m i  d- , dual - , and spectrum-energy 
e l  ectrsns . Fi  nal l y  , i n  Section 4 we present concl usi  ons . 

* 
Work sponsored by the A i r  Force Weapons Laboratory and NASA Lewis Research Center 
under Contract No. F29601-82-(3-0015. 
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The experiments were performed 1 n a 1.3-m 1 ang , 1 .a-m diamet;er vacuum chamber, 
shown i n  Figure 1. Thirty-cm diameter test rramples ware positfunad 20 cm o f f  the 
door a t  one end o f  thcr chamber, and two Kllllhall PhySlcs monaensrge&iecctlactren guns 
polntsd toward the samp ns . Pressures i n  the t es t  chamber during exparinlentdl ensto 
measured i n  thc m i d  10-j t o r r  regime. The energy o f  one o f  the two guns-ranged From 
1 t o  100 keV, whereas the range o f  the other gun went from I t o  25 keV. The maximum 
current  output o f  the two guns measured 4QO itA.  For sample exposure tes ts  the beam 
c u y a n t  denslty nl asurgd i n  the plane of-the t e s t  sample was general l y  held between 5 0.03 and 3 nA/cm . For monoenergetic exposure tes ts  the beam o f  each gun was 
rastered over the en t i r e  sample end o f  the chamber using pa i rs  ~f the Helmholtz c o i l s  
drluen w i t h  h l t e rna t i ng  corrr@nts at frequencieL o f  60 Hz hor izontal  and 103 Hz 
ve r t i ca l  . The r a t e r e d  beams produced a time-averaged f l u x  across the sample, 
uniform t o  w i t h i n  f 15% fop electrons from the low-energy gun and t o  within 9,7% f o r  
electrons from the mid-energy gun. 

2.1 SPECTRAL SOURCE 

Our electron spectral source used the two Kimball Physics electron guns and two 
h i  gh-vo? tage biased disc-shaped scat ter ing f o i  1 s . Each scat ter ing f o i  1 consisted o f  
several thicknesses o f  aluminum sheets, ranging i n  s ize Prom 0.04 m i l s  t o  2.0 m i l  s 
th ick,  and configured as wedges t o  a pie.  Monoenergetic electrons inc ident  on a t h i n  
f o i l  lose energy and i n tens i t y  as they scat ter  through the f o i l ,  depending on the 
r e l a t i v e  thickness o f  each a1 uminum scat terer  . The average scattered electron energy 
cES> approximately equals the average energy l os t ,  dE/dYl , times a f o i l  thickness, 
AX, and subtracted from the inc ident  e lectron energy Eo, o 

The average scattered electron energy has nearly a l i n e a r  dependence on f o i l  
thickness and a weak functional dependence on average energy l a s t  [i .e ., dE/dX 
depends weakly on Eo (Ref. 711. The electron transmission i n tens i t y  has a power 
series dependence on the f o i l  thickness o r  inc ident  e lec t ron energy. The thinner the 
f o i l  o r  the higher the incident  e lectron energy, then the greater the transmitted 
electron i n tens i t y  . 

By adding a high-voltage bias, V, t o  the scat ter ing f o i l ,  one then has f o r  the 
average scattered electron energy 

Any electrons incident  on the scat ter ing fo i  1 pick up an energy, V ,  when they h i t  the 
f o i  1 . With a t o t a l  energy o f  E, * V they scat ter  through the fo i  1 . They give up the 
added potent ia l  energy V ( the  l a s t  term i n  Eq. 2)  when they pass close t o  any 
ground@d surface, e .g ., a &@st sample. Compared w i t h  the unbiased f o i l ,  the 
scattered electron energy changes by a small amount since i t  depends weakly on 

I ~ ~ + y ,  whereas the scattered electron in tens i t y  becomes great ly  enhanced. 



This hfghp~voltagc b4aS technique makes an impact when one to*ieS t o  produce 1- t o  
10-kaV scattared electrons using an inc ident  1fi;keV electron beam and when %rylng t o  
produce 12- t s  30-keV ocatlcred electrons usirlg an inc ident  85-keV electron beam. 
Without high-voltage bias, I& bscomcs next t o  impo%sibls t o  praducs a f l u i t  sf 
scattered 1- t o  Snki?V electrons wi th  an inc ident  e lectron beam o f  10 kaV o r  above,- 
due t~ the attenuation o f  the inc ident  beam i n  the f o i l  . We enhanccd the f l u x  by an 
order of magnitude when exposing a 0.23,-mil f s f l  w i th  16-keV clsctrons (comparing 
resu l t s  #$ t h  and w$ thout a 1 5 - k V A i  1 hbaS . 

Figr re  2 shows a graph o f  Spectrum. 1, dN/dE = const., tha t  was produced using the 
high-voltage hfased f o i l  technique. The mu1 ti-ple curves a t  the bottom o f  the graph 
are the scattered electron spectra produced from each given f o i l  thickness and 
area. There were 16-keV electrons i nci  dent on the 0.22-mi 1 a 0.16-mi 1 , 0.12-mi 1, and 
0.06-[nil f o i l s  ( a l l  w i th  a 915-kV b ias) .  The f o i l s  formed wedges o f  a p i e  through 
which the beam scattered. The guns generated 30 UA 64 16-keV electrons and 40 MA o f  
85-keV electrons, and the f o i l s  scattered the electrons t o  a spectrum erlergy o f  1 t o  
85 keV and a cur rent  o f  3 uA. The resu l tant  spectrum was measured using an 
electromagnetic e lectron spectrometer and I s  indtcated by a dashed l i n e  on  the 
graph. We generated Spectrum 2, dN/dE = ~ - l + a n d  Spectrun~ 3, dN/dE a E - ~ ,  using t h i s  
technique w i th  d i f f e ren t  f o i  1 combinations. 

Source electron diagnostics consisted o f  an e l  ectroinagneti c spectrometer and an 
array o f  Faraday cups. The Faraday cups measured 4 cm deep and had an entrance 
aperture measuring 1.2 cm2. The Faraday cups were posit ioned a t  e igh t  points around 
the sample. I f  viewed from the gun end o f  the chamber the cups were located a t  
12 o'clock, 3 o'clock, 6 o'clock, and 9 o'clock. A t  each o f  the four* d ia led 
posit ions, one cup rested c lcse t o  the sample and another near the edge o f  the back 
hlowoff p la te  (see cross-sections: view i n  Fig. 1). The spectrometer was used t o  
measure the e lec t ron energy d i s t r i b u t i o n  during spectral tests.  Sample charge 
diagnostics included an e lec t ros ta t i c  voltmeter (ESV; de ta i l s  o f  which may be found 
i n  Ref .- 2) . Discharge diagnostics consisted o f  a back blowoff  p late,  s i tuated 
between the samples and the chamber door, a blowoff l i n e r  spanning the distance 
between the samples and the e lec t ron guns, and a substrate disc clamped t o  the 
d i e l e c t r i c  samples. Figure 1 shows a side view of  the diagnostics and Figure 3 shows 
a conceptual view. The blowoff l i n e r ,  back plate,  and Substrate were e l e c t r i c a l l y  
connected t o  ground using numerous res is to rs  connected i n  pa ra l l e l  t o  form a low- * 

inductance 1-fi path t o  ground (twenty 20-n res is to rs  t o r  the blowoff l i n e r ,  eighty- 
two 82-n res is to rs  f o r  the back blowoff p la te  and twelve 12-0 res is to rs  f o r  the 
substrate). Electrons tha t  blew o f f  the sample produced negative current  signals on 
the two blowoff diagnostfcs and produced a pos i t i ve  signal on the substrate. 

The signals produced on the substrate and l i n e r s  during a discharge event were 
monitored using Tektroni x 7903 o s c i l  loscopes w i  t h  7A13, 50-n impedance plug-ins . - 
Data channels were t ime-t ied. A11 the scopes were t r iggered siniultanecrusly using a 
pulse sent from a f i duc ia l  generator and fan-out box. The f i duc ia l  generator was 
t r fggered only when discharge currerit;~, as measured on the substrate, were greater 
than a preset value (general ly selected between 0.02 and 0.5 A'). A sa~ngle of  a time- 
t i e d  discharge event i s  shown i n Figure 4. A11 graphs presented i n  t h i s  paper key on 
the substrate current  trace. 

f h i  s sect! on d l  seusses the charge arid discharge propert ies t ha t  the d i e l e c t r l c  
samples as a u n i t  exhibi ted i n  the four types o f  e lectron tes ts  - menoenergetic low, 



mcnocnergetic mid, dual, and spec?rum. It compares the resu l ts  obtained $11 each eetst 
i n  terms o f  sample surface potent ia l ,  discharge amplitude, and time ra te  o f  change o f  

. a. d i  scharcje , The samples consisted- o f  5 sheet d i  e l e c t r l c  sampl es - Tef 1 on ( 5 d 1 ) ; 
OSR (8 m i l ) ,  Kapton (2 m i l ) ,  pzrforated Kapton ( 5  m i l ) ,  and Mylar ( 2  mi l ) ;  and 
2 porous B fe lec t r f c  samples - Alphaquartz. and a "nude" STS (Space Transpsrtatlon 
Systems) t i l e  . The BSR sample was formed from an array o f  20 c e l l s  and canst i  tuted a 
segmented dl e l  e c t r i  c sample- and.- the perforated Kapton sample had a repeating hale 
pat tern i n  the form o f  sc(uares spaced- every 0 .Y cm. The "nudeF STS ti l e  had no 

I thermal pa in t  and since electrons of energy 100 keV o r  less cannot penetrate the 
thermal pa in t  tha t  ex is ts  on actual shu t t le  t i l e ,  the rcsul  t s  should riot be 
extrapal ated t o  ant ic ipated space shut t le  envi ronments. 

3 .l LOW-ENERGY ELECTflON EST-RESULTS 

Several in te res t ing  resu l ts  were noted when exposing the seven samples t o  low- 
energy electrons. F i  r s t ,  none o f  the samples discharged when exposed t o  electrons o f  
energy 8 keV o r  less. Second, the nonporous samples exhibi ted two d i s t i n c t  types of  
discharges: ( I )  small discharges w i th  I 5 A and T F'?P < 20 ns accompanied by no 
change I n  the sample surface potential,  and (2) large ~scharges wi th I >> 10 A and 
TRJHM > 300 ns accompanied by a changs i n  the samples's surface potent ia l  equal t o  o r  
exceeding ha1 f the i n i t i a l  potent ia l  . Third, the porous samples exhibi ted only small 
discharges 1 c 5 A and T 

W"F3 
< 50 ns . Fourth, the porous samples discharged w i th  

surface potent ia ls  a t  or  ,ess than -1.1 kV and the nonporous samples had t o  reach 
surface potent ia ls  exceeding -5 .5 kV p r i o r  t o  d i  scharge . F ina l l y  , a1 1 samples 
displayed a d i  scharge equal t o  t h e i r  worst-case discharge current when exposed t o  25- 
keV electrons. Tab1 e- 1 sunmarires the worst-case discharge character is t ics  o f  the 
seven samples. Except f o r  the Kapton sample the worst-case discharge- amp1 i tudes 
agree w i th  resu l ts  found i n  previous studies. The Kapton ample produced i t s  few 3. discharges only when exposed t o  25-keV electrons z t  16 nA/cm , otherwise, exposed t o  
an electron f l u x  of 1 n ~ l c r n ~  the Kapton sample produced small discharges I < 5 A. 
A l l  other sadples co I d  produce t h e i r  worst-case discharges when exposed t o  electrons I a t  fluxes o f  1 nA1cm or less. 

As noted i n  the table, the perforated Kapton sample produced a larger  discharge 
than the nonperforated Kapton sample. This resul t should be alarming; especial ly 
since the perforated Kapton sample was developed t o  ward o f f  discharges be t te r  than 
the nonperforated Kapton sample. Moreover, Mulenberg and Robinson noted t h i s  
d i  scharge character is t ic  several years ago (Ref. 8) . (These data rea f f  l r m  the i  r 
f i ndi ngs .) 

The Kapton samples displayed a general lack o f  a b i l i t y  t o  discharge. Published 
1 i terature pertain ing t o  Kapton tes t ing  i n  the laboratory misleads one i n t o  be1 ieuing 
t ha t  a l l  Kapton samples discharge [Verdin 1980 (Ref. 9 ) .  Ralmain 1980 (Ref. 101, 
Balmain 1979 (Ref. 3 ) ,  Adamo 1980 ( R e  , 1 1  Every a r t i c l e  speaks of iarge 
discharges observed on Kagton samples and only one a r t i c l e  [Treadaway, e t  a1 ., 1977 
(Ref. 2)] ment3ons any d i f f i c u l t y  i n  making a sample discharge. Balmain (Ref. 12) 
confirms the misrepresentation o f  the discharging a b i l i t y  o f  Kapton found i n  the 
l i t e r a t u r e .  Balmain has acquired several samples o f  Kapton tha t  refuse t o  
discharge. Stevens (Ref. 13) has also come across numerous Kapton samples tha t  w i l l  
not  discharge. I n  fac t ,  i n  a recent experiment performed by Leung and Plamp 
(Ref. 141, a f t e r  they f a i l e d  t o  make t h e i r  sample discharge by electron exposure 
alone, Leung en l i s ted  the help o f  Stevens who i n  tu rn  suggested tha t  a hole be 
punched through the sample t o  help i t  t~ produce d l  scharyes (Ref. 15) . The 



experienc@ of  these researchers shows tha t  there e x i s t  batches of  Kapton tha t  would 
make excel 1 ent spacecraft I nsul htors because o f  t h e i r  abi 1 i t y  t o  ward o f f  discharyes . 
3 a 2  MID-ENERGY -ELECT ROW ESZ: RESULTS 

The general response of  the samples was f a i r l y  insens i t ive  t~ the energy of 
electrons , provi-ded the electrons d i d  not penetrate en t i  r e l y  througtl the sample 

b (electrons greater than 80 keV could penetrate the 2-mil Kapton and 2-mi1 Mylar 
samples), Figures 5 ,  5 ,  7, and 8 summarize the discharge amplitude (two f igures), I ,  
ra te  of r i s e  o f  the pulse, d l l d t  , and surface potentf a1 p r i o r  t o  discharge, V i  , a1 1 
as-a function o f  i nci dent-electron energy. 

Pulse amp19 tudes on the OSR, Mylar, Alphaquartz, and STS t i l e  show no dependence 
on incident-electron energy. Despi t e  the fact  t h a t  100-k.eV electrons (50 keV f o r  
My1 a r )  bury themselves much deeper than 16-keV electrons, the samples produced a 
s im i la r  discharge a t  both extremes i n  energy. Even though the perforated Kapton and 
Teflon samples show a marked decrease i n  discharge amplitude a t  80 keV and 100 keV, 
they too show 1 i t t l e  e f f ec t  on pulse amp1 i tude  o r  shape f ron  15 Lev t o  75 keV4despite 
the fac t  tha t  f o r  Kapton the pract ica l  3?-ange o f  25-keV electrons i s  8 x 10- cm and 
for  75-keV electrons i t i s  5.4 x 10' cm (6 x crtl and 4.4 x 10'~ cm f o r  
Teflon)(Ref. 7). 

Figure 7 shows tha t  the ra te  o f  r i s e  o f  the pulse, d I Id t ,  i s  ce r ta in ly  
independent o f  energy, and appears t o  be independent o f  sample. A l l  samples except 
the alphaquartz sample had d I / d t  5 x lo8  Als. The Alphaquartz sample had d I /d t  5 
x 10 A!s. Large discharges and small discharges had s im i la r  dI1dt. furthermore, 
visual observations made o f  the discharges on Teflon ind icate  t ha t  a b r i gh t  f l ash  
from a loca l ized spot can be associated w i th  both types of discharges (where large 
discharges have a diminer and very broad f lash tha t  covers the en t i r e  sample together 
w i th  the b r i gh t  loca l ized arc). These observations may ind icate  t ha t  (1) a s im i la r  
discharge process i n i t i a t e s  both small and large discharges, and (2) the discharge 
process may be the same sample by sample. 

Figure 8 shows the sample surface potent ia l  p r i o r  t o  discharge. Note tha t  the 
predischarge surface potent ia l  remains the same or  s l i g h t l y  increases f o r  increasing 
electron energy. One would th ink tha t  i f  the bulk e l e c t r i c  f i e l d  determines the 
potent ia l  a t  breakdown, then the closer the charge i s  buried t o  a grounded substrate, 
the lower the potent ia l  r e w i r e d  t o  equal a given f i e l d  and hence i n i t i a t e  a 
discharge. The data disagree w i t h  t h i s  simple model Despite the d l  fference between 
the p ac t i ca l  range of 16-ke electrons (2.4 x 10' cm) and 100-keV electrons (6.4 
x lo -$  cm) on the 2.16 x 10') cm th ick  OSR sample, the potent ia l  a t  discharge went 
from -6.5 kV f o r  16-keV exposure t o  -12 kV a t  100-keV exposure ( instead o f  something 
less negative than -6.5 kV) . As a fur ther  note, the sheet d i e l ec t  i c  materials o f  i= Mylar, Teflon, and Kapton had breakdown potent ia ls  close t o  18 Vlcm breakdown 
threshold e l e c t r i c  f i e l d  times the sample's thickness. The perforated Kapton and BSR 
sample produced d i  scharges a t  potenti  a1 s approximately one quarter o f  the bulk f i e l d  
thresh01 d times sample thickness. Final ly,  the porous samples displayed discharges 
a t  very low potent ia ls  compared to  t h e i r  thickness and any supposed net threshold 
f i e l d .  

3.3 COMBINED LOW- ANC AIB-ENERGY €SECTROW TEST RESULTS 

Figures 6, 7, and 8 a1 so sulnnarize data obtained from combined energy electron 
exposure tests (see left-hand port ions o f  the graphs). 



The pulse amplitudes Observed i n  the combined energy tests  are slnaltcr than the 
pulses found i n  monoenergetic tests.  I n  fac t ,  the small discharges, I < 5 A, 
observed i n  the monaenergetic tests- appear ident ica l  t o  most dl scharges seer1 i n  the 
cornbi.ned energy tests  . - Ihese discharges have I < 5 A -an& TUJ#M < 2Qns. 

Despite the small pulse amplitude, F i  r e  7 show$ tha t  d I /d t  f o r  tbe combined- 9 energy produced ascharges remains near 10 A/s. Moreover, the discharges observed 
i n  t h i s  e lectron environment occurred when the samples had a much reduced surface 
potent ia l  compared t o  monoenergetic tes ts  . The Tef Ion, per f  orated Kapton and STS 
ti 1 e produced d i  scharges i n  a1 1 combi ned-energy electron envi ronments , even when 
t h e i r  surface potent ia l  s were as low as -1. kV ( 0  kV for, the STS ti l e )  . The Mylar and 
OSR samples produced- discharges when surface potent ia ls  were less negattue than 
-5 kV, but  required a structured potent ia l  surface w i th  a var ia t ion  o f  1 k t  or 
greater across the plane o f  the sample, The Teflon and perforated Kapton samples d id  
not require any potent ia l  s t ructur ing irr order t o  produce discharges, The Kapton and 
A1 phaqua-rtz samples d i  d not d i  scharge i n  a combi ned-energy e l  ecltron envi ronment when 
t h e i r  surface potent ia l  was kept less negative.. thasl -5 kV. 

A simple qua l i ta t i ve  model can explain the reduced potent ia ls  a t  discharge f ~ r  
combined low- and mi d-energy electron exposures compared t o  the discharge potent ia l  s 
w i th  mid-energy electrons alone. Leung, e t  a1 . (Refs . 16 and 17) have demonstrated 
experimentally tha t  the surface potent ia l  o f  a d i e l ec t r i c  sample can be var ied over a 
considerable range by i r r ad ia t i ng  wi th  electrons o f  two energies, Moreover, they 
showed tha t  the surface potent ia l  i s  a strong function o f  the secondary electron-- 
emission propert ies of the t e s t  d i e l ec t r i c  due t o  the low-energy incident 
electrons. Where only mid-energy electrons are used, the charge i s  stopped a t  some. 
avera-ge depth, a f rac t ion  o L i t s  pract ica l  range, Rp, beneath the surface o f  the 
sample. An e l e c t r i c  f i e l d ,  established between the bur ied charge and tbe sample 
substrate, increases as ltore charge i s  d e p o s i t ~ l .  I f  the breakdown thresh01 d 
e lec t r f c  f i e l d  i s  exceeded a t  a c r i t i c a l  po in t  i n  the sample (not  necessarfly the 
bulk o f  the material),  then a discharge w i l l  occur. The surface potent ia l  o f  the 
sample a t  such an instance re f lec ts  the e l e c t r i c  f i e l d  integrated over a l i n e  path 
from the substrate t o  the charge layer. 

When low-energy electrons are combined w i th  the mid-energy electrons, the 
t ra jec to r ies  o f  the mid-energy electrons w i l l  rrot be affected s i gn i f i can t l y  so they 
w i l l  again be deposited a t  a depth Rp i n t o  the sample. However, as the surface 
potent i  a1 increases due t o  the trapped electrons, the low-energy electrons w i  11 reach 
the second crossover f o r  secondary electron emission from the surface. Thereafter, 
the low-energy electrons w i l l  emit more than one electron per incident e lectron and 
the surface of  the sample wit 1 become pos i t i ve ly  charged. The e l e c t r i c  f i e l d  inside 
the d ie l ec t r i c  w i l l  then consist o f  a pos i t i ve  f i e l d  from the substrate t o  the 
trapped mi d-energy electrons and a negative f i e l d  f r o r  those trapped electrons t o  the 
sample surface. The surface potent ia l  w i l l  then be the l i n e  in tegra l  o f  these two 
f i e l ds .  A discharge could occur i f  e i ther  o f  the two f i e l d s  exceeds the threshold 
f i e l d  a t  some c r i t i c a l  point .  

3.4 SPECTRAL-ENERGY TEST RESULTS 

Figures 6, 7, and 8 a1 so summarize spectral t e s t  discharge character1 s t i  2s o f  the 
four samples tested (Tef 1 on, OSR, A1 phaguartz, and Kapton) , t h i s  time on the r i gh t -  
hand side o f  the graph. Several Important trends are noted i n  the figures. 



a. The worst-case discharges observed i n  the spectral tests, pa r t i cu la r l y  the 
dlJ/dE cccwst .  ISpectrsun lI, equal s the worst-case cti scharges seen in monoeneqgglc 
tes ts .  

b. The OSR and Tefon samples produced predaminantly two types of  d 9 s c b r g e ~ :  
large discharges w-1 t t ~  L ?k 10 A and T ~ H M  > 300 - hs, and sthall discharges ~ i t h  I L ~  A 
and ( 20 ns. - 

c. A ra re ly  seen m-id-size dlscharge- was observed and a f te r  close scrut iny o f  the 
6 

monoenergetic t e s t  resul t s  we have concluded two things : ( 1) the !hi d-size discharges 
appeared i n  monoenergetic tes ts  as well, and (2) the mtd-size discharge i s  
accompanied by a structured surface potent ia l  before discharge. For the Teflon 
sample, the m i  d*size discharge has a mid-si ze amp1 i tude 5 A < I < 100 A and mid-sire 
pulse width 20 ns < r M < 300 ns . Figures 9 and 10 sumarize these data f o r  the 
Teflon sample .- Note %at most discharges on Teflon are large or small , but  t ha t  
there are only a few discharges w i th  pulse amplitudes-betwen 5 and 100 A.- 

It i s  also in te res t ing  t~ note t ha t  Salmain's discharge area scaling- laws  
(Ref. 18) may be applied here i order t o  i n  e r  the area of- a discharge s i te .  
Balmain found three laws: 1 a *lna TFWH a All1, and I/rFMm = coast. (where A war 
the area of the sample and i n  t h i s  case vepresents the area o f  the discharge s i te ) .  
Assumirtg tha t  the pulse duration i s  determined by the propagation time of an arc 
across the sample, i .e . , A = n where V a /Ti s the discharge propagatf on 
velo Sty, Balmain found V 3 x 10 cmls. Ba lmin 's  measured value for I / r  was 2.8 S x 10 A/s. {rorn the da hed l i n e  i n  Figure 10, values f o r  I/r are seen t o  span t h  Q range 7 x LO t o  7 x LO A / s ,  This y i e l ds  an average propagatton speed o f  3.5 x-LO 9 
cmls. Thus, a 5-ns w3de pulse would have arr impl ied djscharge s i t e  area df 
0.1 cm2. The ra re ly  observed m i b s i r e  discharges would have discharge areas covering 
up t o  one hal f  the sample's avea, and the large discharge pulses, wi th rmm - 300 ns, appear t o  cover nearly the e n t i  re  surface area. 

d. The substorm-1 i k e  spectral tests, Spectrum 3 tests,  produced d i  scharges only 
on the Teflon sample. However, i t  kept a l l  samples from charging more negatively 
than -5 kV. Thus, the e f f ec t  o f  secondary electron emission i s  important i n  
determining the sample's potent ia l  . 

e. The Alphaquartz and Kapton samples exhibfted the charge and discharge 
character is t ics  tha t  they exhibi ted i n  a l l  t h e i r  monoenergetic tests. Both s mples 
charged t o  only a few kY when exposed t o  electrons a t  f luxes less than 1 nA/cm9, and 
both samples warded off any large discharges. I f  a material select ion were based on 
these tests a1 one, the Kapton and A1 phaquartz samples woul d make excel 1 ent  spacecraft 
charge and discharge control  material s . 

a. For worst-case tes t ing  o f  se te l l  I t e  d ie lec t r i cs ,  monoenergetic 25-keV 
electron beams should be su f f i c i en t  t o  bound the amplitude and pulse width o f  
discharges ant ic ipated i n  both enhanced and nstural space environments without 
s i g n i f  Scant over o r  understress . 

b . Dual -energy and spectral-energy electron environments can generate sample 
discharges whi l e  maintaining low surfaee potent ia l  s . Low-energy e l e e t r o ~ s  can cause 
enough secondary emission t o  keep the surface potent ia l  low while tha mid-energy 
electrons deposit enough charge t o  produce d l  scharges . This r e s u l t  should he1 p 



exp la in  why and how low surface ~ o t e n e i a l  s can be measured a t  the Ume o f  dt scharge 
on operati  mdl sixte1l-i tes , 

c .  Two d i s t t n t t  types of discharges are noted: small dfscharges wi th  small 
amp1 ftuehe and-pube width C I  < 5 & and- T c 20 ns) , and large- d i s c b ~ g e s  w i th  1 arge 
pulse widths ( I  >> 10 A and T > 30Q ns) . - The large d i  scharges have been well- 
characterized i n previous studies, These dfscharges are accomparried w i  t A  1 arge 
changes i n  sslrface potentfa1 and. act  t o  cleanse the sample o f  stored chargk. The 
small ascharges haw gone rela-ttvely unmentioned in previous work and appear t o  not  
change the samflels surface- potent ia l  nor release much o f  the stored charge (much 
1 ess than 0 .I%) . The small discharges may give way t o  the 1 arge discharges when the 
apprepri a te  env9 conmental condi ti ons are met ( namely wrf ace_.potenti a1 s exceedi ng 
negative 5 kV)-, 

d. For the thin d ie l ec t r i c  samples t ha t  were tested, the Alphaquartz and 
nonperforated Kapton samples appear t o  be best sui ted t o  ward o f f  1 arge discharges. 
The samples produce$ only small narrow discharges when exposed t o  real  i s t i c  f luxes 
( 1 e s s  than 0.3 nA/ca. . A wel l  documented data-base found i n  the 1 i terature supports 
our sbser-vati on t ha t  A lphqwrtz  does not produce any charge-clpansi ng large 
discharges. The open 1 i tera ture,  however, reports tha t  Kapton produces large 
d i  scharges . Under reexamination, though, many researchers conf i rm t ha t  it i s  
sometimes impossible t o  produce 1 arge d i  scbarges on selected-Kapton samples . 

1, . For a review of the- 1 f terature, see Spacecraft Charging Technology, 1977, 1978, - 
and 1980, NASA Conference Publ3cat on, - , 2181, respec- 
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last-several years. 
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i Table 1. Character|sttcs of _orst-case d|scharges

: _ Perforated e'_
:: - _R Teflon Kapton Kapton Mylar A1phaquartz 5TS tile
i_:: ! #84 #863 #638 #136 #13g #go4 #gu8

_ Vt(kV ) Potential prior to 10,5 20 6.1 15 13.7 5.2 0
i- _i d|scharge

) i
'_" ! Vf(kV) Potential following 2 3.3 0.9 -- 1.4 5.2 O
) .... discharge

i _ <_V> (kV) (V_-Vf) average change 8.5 16.7 5.2 ..... 12.3 0 --
In-surface potential

ISU_(A) Peak discharge current 70 300 100 12.5 425 0.3 0.35

SFNNH(ns) Ful I-width at half-max. 300 280 200 800 700 100 20
of ISUB VS. tin_

: dlsu_ldt (A/s) Peak Change tn current 3.5 x 108 I x 109 I x 109 5 x 10O 1.2 x 109 5 x 106 4 x 108
:_:: measured with respect
,_,_ to time

!
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i ;
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81DE VIEW Oi?-UtL OF HINGED DOOR SECUON 

Mgure 1. Magram of the test coofiguration 

RE-06636 ELECTRON ENERGY, keV 

Mgure 2. Energetic electran spectrm fra 1 to  100 keV 
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Figure 3, Magram of  charge motion and discharge dl agnostics 

MYLAR SAMPLE SHOT 215 
1 0 0  keV a t  0.03 nAlcm2 
and 25 k e V  at  3 .0  n ~ / c r n ~  

BEAK CURRENT SIGNAL OCCURRED 
8 0 0  - 9 0 0  ns AFTER THE SCOPES 
TRIGGERED 
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Figure 4, Tim-ti ed df scharge event on P&l ar i n  e@i ned-energy mvS mnnent 
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Figure 5. Worstuse dl scharges observed f n the four testing envi ronaents 

Figure 6. Cmpllation of a1 1 data: peak discharge currents vs. electron energy 
(same symbol legend as Mgure 5) 
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Fi gure 7. Comd lation of a1 1 data : dI/dt vs electrorr energy 
(same eynbo) legend as Figure 5) - 
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Figure 8. Coii~pilation of a l l  data: potential of sample prlor to dlseharg~e 
vs electrdn energy (same symbol legend as I n  Figure 5) 
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Figure 9, Ruder of discharge occurrences at  a s p c i  ffc anplittrde: depicts void 
o f  PO t o  100 A discharges 
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MASS S P E C T R U  NEUTRAL PARTICLES RELEASfiO D U R W  EJJXTRICAL 

BREAKOOWN OF THIN POLYMER FILMS* 

B .  R .  F .  Kendall 
The Pennoylvanld State Ufltuecsity 

Unlversi t y  Par-k ,Psnneylvania 16802 

L i  t t l c  is  known of tllc c o m g n ~ i s i o n  of t he  n e u t r a l  p a r t i c l e  f lux  rcl.eossd 
dur ing  ella e l e c t r i C a l  breclltdown of polymer f i lms  . Mass spe: trome t r i c  i iwlye io  
of t h e  p a r t i c l e s  is  \\tnwurlLy dif.Eicu~.t  because of tlre t r a n s i e n t  na ture  of the 
event ,  the  u n p r e d i c t s b i l i t y  of i t$ exac t  p o s i t i o n  and t iwing,  and the  very l a r g e  
amount of information genera ted  i n  a period a s  s h o r t  as one microsecond. A 
s p e c i a l  type of t ime-of-fl ight tlass spec t ro~ne te r  t r iggered  from t h e  breakdown 
evenL has been developed t o  s t ~ t d y  t h i s  problem. Charge :Is fed onto a metal- 
backed polymer su r f ace  by a mdvable sinooth y.htinum contact .  A slowly increasing 
p o t e n t i a l  from a high-impedance source is  appl ied  t o  the contac t  u n c i l  brzak- 
down occurs.  The breakdown c h a r a c t e r i s t i c s  earl be made s i m i l a r  t o  those pro- 
duced by an e l e c t r o n  beam charging system ope t a t i ng  a t  s i m i l a r  po ten t ia l s .  W i t h  
t h i s  appara tus  i t  has  been shown t h a t  i n t e n s e  ins tan taneous  f l uxes  of neu t r a l  
p a r t i c l e s  a r e  re leased  from t h e  sites of breakdown cuents .  For Teflon PEP f i lms  
of 50 and 75 microns th ickness  t h e  m a t e r i a l  re leased  c o n s i s t s  almost e n t i r e l y  - 
of fluorocaxbon fragments,  some of them having masses g r e a t e r  than 350 amu 
(atomic mass u n i t s ) ,  while t h e  m a t e r i a l  r e l e a s e d  from a 50 micron Kapton f i lm  
c o n s i s t s  mainly of l i g h t  hydrocarbons with niasses at o r  below 44 amu, with 
a d d i t i o n a l  carbon monoxide and carbon dioxide.  The apparatws i s  being modified 
t o  allow e l e c t r o n  beam charging of t h e  samples. 

LNTRODUCTION 

Because of t h e  s c a r c i t y  of d a t a  on t h e  composition of t he  n e u t r a l  and ion  
f l u x e s  from d i e l e c t r i c  breakdown even t s  on spacec ra f t ,  mass spectrometr ic  a n a l -  
yses  of t he se  f l uxes  a r e  p a t t i c u l a r l y  important.  

Mass a n a l y s i s  of p a r t i c l e s  from an  e l e c t r i c a l  breakdown involves  a par t ic -  
u l a r l y  d i f f i c u l t  see  of c o n s t r a i n t s .  The event  occurs  e s s e n t i a l l y  a t  a point 
i n  space and a t  an i n s t a n t  i n  t i m e .  The exact p o s i t i o n  and timing of t h e  event 
a r e  not  known i n  advance. The event  produces a swarm of n e u t r a l  molecules, 
molecular c l u s t e r s  and i o n s  of d i f f e r e n t  masses which r a d i a t e  from t h e  breakdown 
s i te  over  a wide range of speeds and d i r e c t i o n s .  A t  a d i s t ance  g rea t e r  than 
a few cm from the  breakdown site t h e  p a r t i c l e  number dens i ty  i s  l i k e l y  t o  be 
q u i t e  low and f a l l i n g  r ap id ly  because of both speed v a r i a t i o n s  and angular 
d i spers ion .  The expanding gas and i o n  burs t  w i l l  pass  any givcn point  i n  a 
time much s h o r t e r  than t h e  time taken f o r  any convent ional  mass spectrometer 
t o  scan  once throukh i ts  mass range. 

*Supported by NASA Grant NSC-3301. 



The d i f t l c d t  cxpsrimenral- c r l t l d i t i n n ~  l f s t c d  t!bovs taoke i t :  e s s e n t i a l  ca use 
a man6 spcCtrometec i n  which a fiaxirnttm amriurat: of: autput  data can be ebLained i n  
t he  nhorcont p 4 8 ~ i b l 6  tinlee T h i s  ~ f L e c t i v e l y  l i r f i i t r i  t h e  chot=c of Apcctrolncter 
Lypca r a  t h a ~ c  which a l l  of t h e  i o n s  leaz ing  t h e  fan anurce become part, af n 
rczcordad aucput c ignnl .  I;t was d c c m d  tlrnt a npcclnlly dcaigncd tlmc-oi-fl1fihC 
mads-apoetromctcr: offered Lke-mont cant-sf!activc solut ion.  

The time-of-fbR.&tM. maad apcstrnnlatcr and the vnsutur cheinbsr uncd for Its 
dcvc$opncnt arc showu  it^ Fitjrrss 1. Tllc p u l ~ a d  two-licld Lon eourso ( r c f .  I) i s  
on thc  Ic fe .  Gncominp, molaculce nPs Eor~izcd by an e l c s t s o ~ ~  beam faside t h e  ion  
source and the resul t ing  ions ere adsclcraeed i n  app r s r i a~e t c fy  monocncrgctis 
burreheu i n t o  the fI%ght tuba. The ier~e  t he re fo re  reach the i on  dctcceor i n  
a:!ccncling order: of moss, aeessdit~g t o  elre ferluula 

where t is  the  f l i g h t  time through t h e  f l i g h t  tube, s is t h e  letlath of t he  
Eliglrt tube, m i s  t h e  i on  mass, e i s  tt~r ion  chilrge, and V is the  p o t e n t i a l  
d i f f e r ence  through which t h e  i ons  f a l l  i n s i d e  t h e  source. With a 115cm f l i g h t  
tube and 300V a c c e l e r a t i n g  p o t e n t i a l ,  elre f l i g h t  rime of an ion of mass 100 amu 
i s  appro1:imately 47psec. 

A segmented c y l i n d r i c a l  l e n s  focuses  t h e  ion  beam and c e n t e r s  i t  on t h e  in- 
put of t he  i on  de t ec to r .  The f l i g h t  tube Is operated a t  ground p o t e n t i a l ,  r a t h e r  
than a t  high p o t e n t i a l s  as i n  most t ime-of-fl ight mass spectrometers ,  i n  order  
t o  minimize e l e c t r o s t a t i c  i n t e r a c t i o n s  with t h e  sample charging apparatus.  An 
e l ec t ron  m u l t i p l i e r  i o n  d e t e c t o r  is used f o r  high s e n s i t i v i t y  and f a s t  response. 

It fol lows from t h e  equat ion f o r  t h e  f l i g h t  time of an  i o n  t h a t  t h e  elec- 
trical s i g n a l s  l eav ing  t h e  i on  d e t e c t o r  represen t  a s e r i e s  of camplete rnass 
spec t ra ,  each one having t h e  corresponding source pulse  a t  i t s  t = O  point.  Any 
number of successive s p e c t r a  can be d i sp layed ,  from a s i n g l e  spectrum up t o  a s  
many a s  100 s p e c t r a  per  mil l isecond.  A t y p i c a l  mass spectrum of r e s idua l  gases  
i n  t he  vacuum chamber is shown i n  F igu te  2. Spec ia l  techniques are needed f o r  
opera t ion  a t  r e p e t i t i o n  i n t e r v a l s  f a s t e r  than  t h e  i on  f l i g h t  t imes ( r e f .  2) and 
f o r  d i sp lay ing  t h e  rapidly-changing s p e c t r a  ( r e f s .  3, 4).  

This  mass spectrometer  was o r i g i n a l l y  intended f o r  remote opera t ion  i n s i d e  
a N.A.S.A. sflace 8imulatfon chamber which a l ready  contained ttic necessary elec- 
t r on  beam charging and sample monitoring equipment. These plans had t o  be 
changed when i t  was discovered t h a t  t h e  ope ra t i ona l  l i f e t i m e  of t he  s e n s i t i v e  
e l ec t ron  m u l t i p l i e r  i o n  d e t e c t o r  was unacceptably sho r t  i n  t h i s  chamber, apparen t ly  
because of o i l  contamination t r aceab le  t o  t h e  e a r i y  h i s t o r y  of i t s  d i f fus ion-  
pumped vacuum system. 

A p a r t i a l  redesign was made t o  a l low e l e c t r i c a l  breakdown experiments t o  be 
done i n  t h e  turho- molecular-pumped chamber which had heen used f o r  t h e  o r i g i n a l  
development of the  mass spectrometer ( f i g .  3). This  solved t h e  o i l  contomination 
problem but  imyoscd o t h e r  difficulties because of the  small  volume and pumping 



capacity, The first experiments bavc been done with a simple contact dcvfce Eced- 
ing charge anta the  i n s u l a t i n g  surface. A t  the same time a miniatuc1ze.d electron 
bcamch~rging system i s  being dev81apcd. 

DLRECT-CONTACT EXPERIMENTS 

Figure 4 shows the chaxgidg apparatus. Electrons are fed onto the insulating 
surfaces Erom a smooth platinum contact. A slowly increasing negative potential 
Erom a high-impedance, low-capacitance source is applied to tlie contact until 
breakdown occurs. The sample is held in place oh a perforated, rotatable 9cm 
disc by s circumferential retaining ring. 

The discharge current waveforms, peak currents, and surface damage character- 
istics obtained with this apparatus can be made similar to those produced by a 
high-voltage electron beam charging system by choosing a suitable length (about 
45 cm) of coaxial cable as an energy storage line. A useful feature is that,by 
progressively rotating the sample beneath the contact, the observed gas bursts can 
be correlated with actual discharge sites left behind on the sardple, which can 
then be removed and observed under an optical or electron microscope. Discharges 
normally occur within about 4mm of the contact. Few occur directly beneath the 
contact. Breakdown voltages are similar to those obtained with a monoenergetic 
elecuon beam charging system. 

The samples tested in the direct-contact experiments were Teflon FEP and 
Kapton H films of 50 and 75 micron thicknesses. They were metallized on one 
side with silver overlaid by an Inconel protective coating. No adhesive hacking 
was used. 

The first tests with Teflon samples showed that an intense burst of neutral 
fragments %as being released from each diqcha-ge. A large number of peaks repre- 
senting Teflon fragments of L,le form C F could be seen in each mass spectrum. * Y 

The variation with time of the number density of these Teflon fragments was 
obtained by using the mass peak amplitude signals to intensify a cathode-ray 
oscilloscope trace, producing an array of dots. By deflecting this display down- 
wards, a semiquantitative indication of the various changes in number densities 
was obtained. Such a display is show in Figure 5 with the major peaks identi- 
fied. A background spectrum is included for comparison. 

Close examination of these and other similar records showed that release of 
neutral particles often began just before breakdown with production of hydrocarbons, 
followed by a burst of fluorocarbons during the actual breakdown. Hydrocarbons are 
visible in the lower left photograph in Figure 5. Both hydrocarbon and fluorocarbon 
concentrations then fall witn a time constant of about 120 msec, determined by the 
volume and pumping speed of the vacuum system. The hydrocarbon peaks are probably 
caused by adsorbed surface impurities. Further work is required to establish their 
origins. 

The moat intense fluorocarbon peak corresponds to C F ~ +  but ions up to ~ n d  
be)--:3 C F are present. Switching off the ionizing electron beam in the raass 5 9 
spe ,romerer ion source causes these peaks to disappear, showing that they are 
iolLzation products of even larger neutral fragments and not ions released directly 



f ram the discharge. Far mare of these heavy ions were observed than are present 
i n  the mass spectrum-of the heaviest; fluorocarbons for which pubUshcd-data are 
wailable ( @  F ), wggestirli: that very 1a.r'ge neutral fragments, of mass much 
greater than !i5b4amu, m e  v i  the TCthn s&acc during the discharge. 

Aacr completion of the Teflorl-tests, a 50 microhKapton-film with metal 
backSng was installed in the apparatus aad a now--series of breakdownmeasurenlents 
was begun.. Resulrs were very d3fEerent. The KapMn prdduccd only light Erag- 
laents, giving rise to mass spectra containing mainly masses 44.28, and L5, as 
s11own in the intensity-modulated spectrum of FJgure 6. It appears that the mass 
44 peak represents CO; and C3HQ; mass 28 is CO and CZWi , and mass 15 is CH; . 
It should be noted that Kapton contains a substantial amount of oxygen. 

In gerkeral breakdown voltages were higher for a given thickness of Kapton 
than wdth Teflon. 

Figure 7 shows the chemical structure of Teflon and Kapton. The origins of 
many of the observed fragment ions (formed in the mass spectrometer ion source 
b; electron bombardment. of even larger polymer fragments released by the dis- 
charge) are obvious. 

HLGH SPEED RECORDING 

High-resolution mass spectra are generated at such a rate in this experiment 
5 (up to 10 Isec,) that even modern digital recorders are barely adequate f ~ r  

following complex events. Photographic techniques have been used almost exclu- 
sively to date. Examples are the intensity-modulated displays of Figures 5 and 
6 .  When quantitative measurements of peak heights are desired an offset raster 
display is used as in Figures 8 and 9. Here successive conventional mass spectra 
(in this case 16 per group) are superimposed upon one an6ther, after which the 
oscilloscope trace moves upwards and to the right for display of the next group. 
Figure 8 shows the background gases in the absence of breakdown, and Figure 9 
shows the burst of light gases and polymer fragments from the breakdown of a 50 
micron Kapton film. 

ADDITIONAL RESULTS 

Items (1) - (3) of Figure 10 summarize the results of the experiments 
described above. The figure also shows five additional phenomena which have been 
identified and studied. 

Secondary discharges were seen on several occasions. Electrical breakdowns 
were triggered at distances up to 15cm from the site of a Teflon film breakdown. 
In some cases the metallic electrodes between which the secondary discharge 
occurred were operating at less than 65% of their nornal breakdown potential 
difference. Triggering is presumably caused by the burst of neutral and ionized 
material from the polymer breakdown site. The effect probably occurs also with 
Kapton, but this has not been checked. This phenomenon has been seen with both 
electron beam and direct charging of the sample. 



Direct transfer Of Teflon fragments is obviously likely becsl~se & the 
---- Large fragments observed in the mass spectrum. It has been canfirmed by thc 

formation of insulating Layers near the breakdown site add by instantaneous 
changes in the secondary electron emission coefficient of Surfaces u-p to lOOcm 
away. Partial recovery occurs over a-p.eriod of several. days. The effect does 
not qpzar  to Occur with Kaptan, but this point needs Eurtllec study. 

Indirect transfer of Teflon-.has similar-ef fcctsc It appears to be the result 
of Teflon fragments striking an i.ntervening surface and then being almost instan- 
taneously re-emitted into areas which are not on a direct line of sight from the 
discharge. 

Removal of metal from the backing film was detected with Kapton samples. In 
some cases the Kapton film remained intact above the damage site. The effect is 
originally observable only under magnification but after several months in air 
the holes ate easily visible with the naked eye because of local discoloration of 
the Kapton. 

Photon-induced desorption and electron-induced desorption of adsorbed gases 
from surfaces near discharge sites are to be expected and have been observed. The 
effect is not directly linked with the presence of a polymer film, since any spark 
could supply the necessary photons and electrons. The effect is about one order 
of magnitude smaller than the direct gas evolution from polymer film breakdowns. 

CONCLUSIONS 

Many of the phenomena listed in Figure 10 could have significant effects on 
spacecraft surfaces. Jets of heavy polymer fragments from TefLon dtscharge sites 
could form insulating layers on adjacent electrodes, could act as triggers for 
gas discharges, and could change the secondary electron emission properties of 
distant surfaces. The much lighter fragments from Kapton may also be capable of 
triggering remote discharges. The ejection of material from the conducting back- 
ing of polymer films may result in metallic contamination of nearby insulatio3. 
Photon-induced and electron-induced desorption of gas from surfaces adjacent to a 
discharge'site also occurs and adds to the intensity of the observed neutral- 
particle pulses. 
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Figure 1. - Physica 1 layout o f  TOFM's. 
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F igure  2. - Mass spectrum o f  background gases i n  vacuum chamber. 



Figure 3. - General layout o f  vacuum system. 
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Figure 4. - Point-contact su r f  ace breakdown apparatus. 
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Figure 5. - Var ia t ions  w i t h  t ime o f  intensity-modulated mass spectrum associated w i t h  
point-contact breakdown o f  50p Tef Ion layer .  

Upper L e f t  : Background spectrum, no breakdown. 9x10-* Torr  . 
Upper Right:  Breakdown a t  13 kV. Approx. 0.01 J. 
Lower L e f t :  Breakdown a t  16 kV. M u l t i p l e  s t r i k e .  
Lower Right  r Continuous discharge through spark-damaged area of surface a t  12-93 F V .  
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F igure 6. - Intensity-modulated rasfer  d isp iay  f o r  brpkdown o f  50 micron Kapton 
f i l m  a t  18 kV. Main peaks 44 (CO2,  C3H8 ), 28 (CO , c ~ H ~ ) ,  15 (CHI). 
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I 

Figure 7. - Polymer structures. Hydrogen bonds omitted i n  Kapton s t ructure  f o r  
c l a r i t y .  
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Figure  9. - Contact discharge through 5 0 ~  Kapton f i l m  a t  16 kV. Of fse t  m u l t i -  
t race  r a s t e r  d isplay,  16 spectra per  trace. 



7. Rmtral I! art11 btckiam 

Figure 10. -Neutra 1-pa r t i c l e  phenomena observed during e lec t r i ca  1 breakdown of 
polymer f i 1ms (contact charging). Insu la t ing s ide o f  meta 1-backed p~ lyrner  
f i l m s  indicated-by (P)  . 
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Photoyields and secondary electron emi.s$ion (SEE) character ist ics have been 
determined under UHV condit ions f o r  a group of insu la t ing  materials used in space- 
c ra f t  appl-icaticrns. The SEE studies were carr ied out w i th  a pulsed primary beam 
whi le photoyields were obtained-with a cbopped photon beam from a Kr  resonance source 
wi th  major emission a t  123.6 nm. Tnis provides a photon f l u x  close t o  tha t  of the 
Lyman a i n  the  space environment. Yields per incident photon are obtained r e l a t i v e  
t o  those from a f resh ly  evaporated and a i r  oxidized A1 surface. Samson's value of 
Q 2.4% i s  taken f o r  the  A1 y ie ld .  Results are presented f o r  Kapton, FEP Teflon, the 
boros i l i ca te  glass covering o f  a shu t t le  t i l e ,  and spacesuit outer fabr ic.  

INTRODUCU ON 

I n  the use o f  NASCAP (ref. 11, a computer code which simulates charging o f  a 
three-dimensional object i n  space, i t  i s  important t o  have data on electron y ie lds  
fron. the various ma te r i ds  comprising the spacecraft surface. I n  an on-going program 
(ref. 2) pulsed primary electron beam methods have beer1 developed t o  avoid charging 
e f fec ts  i n  y i e l d  measurements from insu la t ing  surfaces. These studies are carr ied 
out i n  an u l t r a  high vacuum system employing a commercial double pass CNA which per- 
mits sequential Auger analysis o f  the surface and target current measurements of 
e lectron y i e l d  data as a funct ion o f  the primary energy, EP. This pulsed beam tech- 
nique has been extended t o  permit vacuum u l t r a v i o l e t  (VUV) photoyield measurements sf 
these insu la t ing  surfaces: Kapton, Teflon, the borosi 1 i ca te  glass surface o f  shut t le  
t i l e ,  and the outer f ab r i c  o f  spacesuit material.  

EXPER IMENTAt TECHNIQUES 

Target current measurements of: secondary y i e l d  by put sed electron beam methods, 
introduced in a study o f  insu la t ing  Materials, have already been discussed i n  re fer -  
ence 2. We describe here the adaptation of  t h i s  approach t o  obtain photoyields. The 
spectral range of in te res t  i s  r es t r i c t ed  t o  the VUV because of the photoemission 
threshold of most materials. We have chosen t o  carry out these prel iminary experi- 
ments w i th  an Opthos VUV krypton source powered by a Kiva Model MPG 4 microwave 
generator producing resonance l i nes  d t  116.6 and 123.6 nm w i th  a r e l a t i v e  in tens i t y  
of approximately 1 t o  1 respect ively (o r  1 t o  15 af ter  transmission through the MgF2 
windows). This provides a reasonable appb ,)ximation t o  the relevant por t ion of the 
solar  spectrum w i t h  i t s  intense Lyman Ha l i ne .  

* 
Work performed under NASA Grant No. NSG-3197 



As i l l u s t r a t e d  i n  f i gu re  1 ,  the K r  source is  mounted an the end a f  a cy l i nd r i ca l  
housing containing a camera shut ter  t a  permit chapping o f  the l i g h t  beam. The beam 
t rave ls  i n  an argon atmasphere t o  avoid a i r  absorption and enters the UHV-. system 
through a MgFz window. The inc ident  beam i n tens i t y  i s  determined by i r r a d i a t i n g  a 
f resh ly  evaporated and a i r  ax id i red  A1 f i l m  o f  15Q nil1 thickness deposited- on a 
glass substrata ard using Samson's value ( re f .  3 )  o f  2.4%yield per inc ident  photon 
a t  the Lyman H,. The y i e l d  Prom f resh ly  evaporated samples i s  typical l -y 50% greater 
than tha t  from samples exposed t o  a i r  f o r  about 10 minutes, which corresponds t o  ah 
essent ia l ly  saturated value. It i s  t h i s  r e s u l t  which we assums corresponds t o  Sam- 
son's y i e l d  but have not placed t h i s  on an absolute basis as yet. Samples t o  be 
studied and the A1 detector are mounted on tho faces o f  the six-sided ro ta tab le  
carousel. 

A c y l i n d r i c a l  cup c s l  l ec to r  electrode was mounted fac ing and surrounding the 
sample on the target  as shown i n  f igure 1. The col l imated UV beam i r r ad ia tes  the 
sample by passing through an aperture on the axis o f  the co l lec to r .  Our usual pro- 
cedure was t o  measure co l lec to r  current  w i th  the co l lec to r  biased + 22.5 U r e l a t i v e  
t o  the  grounded target. Typical currents ranged from 0.5 nA f o r  r e l a t i v e l y  high 
y i e l d  materials down t o  5 t o  10 pA f o r  the lowest y ie lds .  Although the shut ter  i s  
capable o f  1 mi l l isecond pulse lengths, we have been able t o  avoid charging w i th  
pulses as long as 1 second. This has permitted use o f  a f a s t  response chart  recorder 
t o  ob ta in  a plateau value for  the co l l ec to r  current during each pulse. 

Only insu la t ing  mater ia ls were studied i n  t h i s  invest igat ion and a l l  samples 
were obtained from NASA LeRC. Table I summarizes the materials studied and includes 
the preparation o f  rear  surfaces since good e l e c t r i c a l  contact t o  the target  i s  
important. Approximately 2 cm x 2 cm samples were used i n  the photoyield studies 
w i th  approximately 1 cm x 1 cm sizes employed i n  e lectron y i e l d  work. Dust pa r t i c l es  
were removed by blowing dry  ni t rogen across the surface but no other cleaning steps 
were used. 

Square samples were cut  from the Q .5 mm th ick  boros i l i ca te  glass surface coat- 
i n g  o f  the shu t t le  t i l e  w i t h  a t h i n  r o ta t i ng  disk. The s i l i c a  f i b e r  backing materi-a1 
was brushed away t o  permit good contact w i t h  indium f o i l  i n  which the sample was 
embedded. An A l  backing was evaporated on the rear surface o f  the outer f ab r i c  of 
the spacesuit l a t e r  t o  provide be t te r  e l e c t r i c a l  cofltact w i th  the target .  A$ d is -  
cussed la te r ,  t h i s  f ab r i c  and t o  a lesser extent the shu t t le  t i l e  surface material,  
exhibi ted gga1itat;vely stronger charging ef fects than d i d  the Kapton and Teflon 
sheet. The greater average "thickness" o f  the c l o t h  (QJ 1 mm) means a reduced capaci- 
tance and thus an incre6sed charging rate, per current  pulse. 

RESULTS AND DISCUSSION 

Photoyi elds 

Resu:ts, expressed as y i e l ds  per inc ident  photon, are summarized i n  tab le  I 1  
w i t h  uncerta int ies based on the  scat ter  o f  repeated measurements. Systematic uncer- 
ta in t ies ,  such as the assumption t ha t  Samson's value of 2.4% y i e l d  applies t o  a 



f resh ly  ewparated and a i r  oxidized A1 Su,-fact! o r  the crffects o f  surface cantamina? 
t ion,  if present, are not i-ncluded, L ight  pulses used 4n abtain iny these r esu l t s  
were general ly 1 second i n  duration. A t e s t  f a r  charge accumulatian was done by 
repeated i r rad la t i .on i n  the same locat iot l  on the sample. tinre we disccivered that; f o r  
the i n tens i t i es  emplayad, several (up t o  10) pulset; C ~ U M  be deMvered t o  Yapton 
befare the y i e l d  would begin t o  drop a such a drop i s  taker1 as Our speratio,?al defl-  
n i t i o n  o f  charging. Far the white shu t t le  t i l e ,  however, charging began a f t e r  only 
one o r  two pulses a d  f a r  the spacesuit f ab r i c  on the f i r s t  p u l ~ .  

We experienced some d i f f i c u l t i e s  i n  measuring the h igh ly  inaulrnl i  ng materials 
havlng r e l a t i v e l y  low photoyields. This i s  due, i n  part, t o  low current  values corn 
r6sponding t o  the small y i e l ds  such tha t  the values are comparable t o  the noise. I n  
the low y i e l d  insu la t ing  mater ia ls we also found a trend towards even lower values 
when we chose a modif icat ion o f  f i gu re  1 consist ing o f  grourrd5ng the co l lec tor ,  bias- 
i ng  t l ~ e  target  - 22.5 V r e l a t i v e  t o  ground and measuring the target  current. This 
effect has not been explored in any d e t a i l  as ye t  and may be spurious since i t  d i d  
not appear for the higher y i e l d  materials. We conclude tha t  the resu l t s  f o r  both 
Teflon and the spacesuit f ab r i c  are prel iminary and w i l l  requ i re  f u r t he r  study. 

Secondary Electron Yields 

Results, using ta rge t  current  measurements w i t h  pulse beam methods as described 
i n  reference 2, were obtained f o r  the materials i n  tab le  I and are presented i n  
f igures 2 through 8 where only the t o t a l  SEE coef f ic ient ,  o, i s  displayed. The p r i -  
mary electron beam whf s l i g h t l y  defocussed t o  Q, 2 mm diameter and was moved t o  
various locations on the sample during a series 3f measurements t o  reduce surface 
charging e f fec ts .  Kapton and Teflon are displayed i n  f igures 2 and 3 respectively. 
I n  f igure 4, f igures 2 and 3 are compared using a normalized scale on which o/omax i s  
p l o t t ed  vs. EP/EPm and i t  i s  c lear  t ha t  they are i n  close agreement. This i s  i n  
contrast  w i th  the @rly work o f  Willir and Skinner (ref. 4) i n  which the Teflon data 
are wel l  above the Kapton resu l t s  on a s im i l a r  normalized p l o t .  Since very di f ferent  
samples were measured i n  these two invest igat ions and d i f f e r e n t  surface cleaning 
techniques were employed, we merely note these dif ferences. Figures 5 and 6 present 
the SEE coef f ic ients  for  the borosi l i c a t e  glass shu t t le  t i l e  surfaces i n  both as- 
received and sputtered condit ion. Sone d i f f i c u l t i e s  were experienced w i t h  charging 
of these samples because of t h e i r  thickness (s 0.5 mm) but  we f ee l  the resul ts,  
whi l e  prel iminary, are representat ive f o r  reasons discussed 1 ater. Results from a 
sample of microscope cover glass are also included f o r  comparison i n  f i gu re  7. I n  
each of these cases, sput ter ing s u f f i c i e n t  t o  remove the nominal surface contamina- 
ti on has reduced the SEE coe f f i c ien ts  substanti al, ly. 

Figure 8 contains prel iminary resu l t s  f o r  the outer fab r i c  o f  the space su i t .  
As noted ea r l i e r ,  the large sample thickness increased the tendency t o  charge. SEE 
resu l t s  for  a l l  materials reported here are summarized i n  tab le  I 1 1  t o  provide a 
general comparison. EPI and EPII are the primary beam energies f o r  which the t o t a l  
SEE coe f f i c ien t  i s  uni ty.  

I t  i s  important t o  note t ha t  our usual method o f  obtair l ing SEE data f o r  insu la t -  
i ng  t r~ater ia ls appears t o  reduce charging problems. I n  b iasing the target  negatively 
then pos i t i ve l y  t o  obtain both the SEE coef f icent ,  o and 8, a t  a given primary enery 
EP, the surface charge i s  reduced i n  the pos i t i ve  biased s i t ua t i on  by electrons 
a t t rac ted back t o  the surface. 'This i s  i l l u s t r a t e d  by t i le  record o f  mu l t ip le  pulses 
( a t  EP = 500 eV) del ivered t o  the same locat ion i t ;  the sample i n  f i gu re  9. Here, the 
series of dots, a1 though they show substant ia l  scdtter-, tend t o  drop away much less 



from the i n i t i i a l  a value than do the series O f  .t paints f o r  which the target remained 
neqati-vely biased, The l a t t e r  poir~tr; approach n uni ty  value muclh mare clasely, ind i -  
catf ng tha t  charging has brought the surface potent ial  cbse  t o  thc EPIf, the seco~~d 
crass-over valua. The imiediate e f fec t  of  low energy electrons from a losd gun i s  
also illuatratsd and appear somewhat mora c lear ly  i n  the highly charged case than i n  
the alternating bias  mode. Onn can conclude from thssc resul ts  that, though the data 
ahow s u l s s t a t ~ t ~ W r ,  c?lternafiing the target biin; helps t o  reduce surface charg- 
ing af facts ,  

CQNC LUS IONS 

We have denionstrated reasonable resul ts  for  bath e l e ~ t r o n  and photoyields Prom 
highly insuiat ing materials where such data are not usually avdf lirble. Pulsed ir- 
radiat ion methods were used t o  minimi ze charging ef f acts. 
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TABLE I - MATERIALS STUDIES 

Materi a1 Back Surface 

Thermal Blanket 
Capton, 2 m i  1 
FEP Teflon 2 m i  1 

Shuttle T i l e  
White borosi l i c a t e  glass outer coating I n   oil* 
Black borosi 1 i cate g l  aSs outer coati ng I n  f o i l  

Space Suit Components 
Outer fabr ic  
(ST11 G041-01) 

Evaporated A1 
1 ayer 

* 
Embedded i n  0.5 mm 1n f o i l  without covering sample surface. 



TABLE 11 - PHOTOY IELDf 

Material --- 
Kapton 
FRP Teflon 
White Shuttle T i l e  surface 
Black Shuttle T i l e  surface 
Outer Fabric o f  space su i t  

TABLE I11 - SUMMARY OF SEE RESULTS 

S amp 1-e 'max EP,,,,,( KeV 1 El ( KeV 1 E2(KeV) 

Kapton 1.8 0.2 
FEP Teflon 2.4 (4.3 

Black Space Shuttle T i l e  2.3 0.5 

White Space Shuttle T i l e  2.3 0.5 

Microscope Cover Glass 3.8 0.5 

ST11 6041-01 - - -  .- -2.3 0.3 

UHV SYSTEM 

MICROWAVE 
GENERATOR 

2450 P1112 

CAV ITI 
MgFZ - WINDOW 

UV LIGHT SOURCE nl 
SI 

. COLLECTOR 

_i 
P 1 COAMMETER 

F ig .  ' 1 .  Schematic diagram 9f t7:? drrangerent fci' measuring photoyiolds. 
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P 



EP CEV) 
Fig.  6. Total SEE coeff ic ient  for  black boros i l i ca te  surface o f  t h e  s h u t t l e  t i l e .  rhe 

s ingle  pulse method war used w i th  ip = 60-70 nA. 

EP E V )  
Ff9 .  7. Total StE coeff ic ient  f o r  microscope s l i d e  rover gl.ss, . l -rpceived 

The s ing le  pulse nethod was used ~ i t t ,  t p  . 70 ,,A. 



EP <EV) 
Fig.  8. Total SEE c o e f f i c i e n t  f o r  the outer  f a b r i c  of spacesuit material,  as-received 

surface. The s ing le  pblse method was used w i t h  Ip = 60 nA. 
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KAPTQN -CHARGING CHMACTlRJST ICS: EFUf S- OF MATERIAL THICKNESS 

AND ELECTRON- ENERGY DISJRIBU-TION - 

W. S. Wllliamsan, C .  R .  Dulgersff ,  and J .  Hymann 
Hughes Research Labora-tocles 

Mallbu, Ca l l fo rn la  90265 

R .  Vlswanathan 
Hughes Space &nd Communlcat l ons Group 

Los Angeles, Cal l f  ornla 90009 

W e  r e p a r t  cha rg ing  c h a r a c t e r i s t i c s  of goly imide  (Kapton) of  
v a r y i n g  t h i c k n e s s e s  under i r r a d i a t i o n  by a 
very-low-cur t e n t - d e n s i t y  e l e c t r o n  beam, with t h e  back s u r f  ace  of  
t h e  sample grounded. These c h a r g i n g  c h a r a c t e r i s t i c s  a r e  i n  good 
agreement  w i t h  a  s imple  a n a l y t i c a l  model which p r e d i c t s  t h a t  i n  
t h i n  samples a t  l o w  c u r r e n t  d e n s i t y ,  sample s u r h c e  p o t e n t i a l  is  
limited by conduc t ion  l eakage  through t h e  hulk  wsterial. 

I n  a second i n v e s t i g - a t i o n ,  w e  measured t h e  c h a q i n g  of 
Kapton i n  a low-current -dens i ty  (3  u ~ r n - ~ )  e l e c t r o n  beam i n  which 
t h e  beam energy was modulated t o  simulate Maxwellian and 
biMaxwellian d i s t r i b u t i o n  func t ions .  

f #?eROBUcT ION 

The charg ing  c h a r a c t e r  istics of dielectric thermal-b lanket  
mater f  a l s  i n  t h e  geosynchronaus-ear th -o rb i  t (GEO) plasma 
environment  is a s u b j e c t  of c o n s i d e r a b l e  importance i n  
s p a c e c r a f t - c h a r g i n g  s t u d i e s .  Polyimide (Kapton) is  one of  t h e  
most commonly used m a t e r i a l s  i n  Large-area the rmal  b l a n k e t s ,  and 
t h i s  m a t e r i a l  has  been t h e  s u b j e c t  of numerous p rev ious  
exper imenta l  i n v e s t i g a t i o n s .  Many p rev ious  s t u d i e s ,  however, have 
employed elect on-beam c u r r e n t  d e n s i t i e s  s u b s t a n t i a l l y  h i g h e r  
t h a n  t h e  3 pAmwZ val t ie  which w e  b e l i e v e - r e p r e s e n t s  a r e a s o n a b l e  
upper bound i n  t h e  GEO environment.  

A second a r e a  of concern  over  ground s i m u l a t i o n s  is t h a t  t h e  
e l e c t r o n  beanls t h a t  a r e  used a r e  g e n e r a l l y  monoenerget ic ,  and t h e  
c h a r g i n g  c h a r a c t e r i s t i c s  t h a t  would resu l t :  i n  t h e  
d i s t r i b u t e d - e n e r g y  GEO environment must he i n f e r r e d  from 
monoenerget ic  cha rg ing  d a t a  a n a l y t i c a l l y .  A model f o r  
accomplishing t h i s  i n f e r e n c e  is imbedded i n  t h e  NASCAP (NASA 
Charging Analyzer Program) computer code,  f o r  example. S i n c e  
NIL: ZAP is c u r r e n t l y  being used by s p a c e c r a f t  d e s i g n e r s  t o  p r e d i c t  

pmal~fHT. PAtiE BLANK NOT I;ii.ML?D 



the -  spacscr af t -charging cansequences of t h e i r  d e s i g n s ,  
experFmentaL vor i f i c i l i t ioa  of the NABCM modelling i s  vesy tLmely. 
A credible d i s t r i b u t e d - e n e r g y  e l e c t r o n  s o u w e  is needed t o  
perform t h e s e  sxperimen.tsp and we d e s c r i b e  a simple maans f o r  
d e v i s i n g  such  a m r c e  below. - - - -. - 

SYMBOLS USED 

electron-beam c u r r e n t  d e n s i t y  
( n o  sample i n  glace) 
electron-beam c u r r e n t  d e n s i t y  
( i n c i d e n t  on charged sample)  
e l e c t r o n  r e f l u x  c o e f f i c i e n t  
( i n c l u d i n g  b a c k s c a t t e r  + Secondar ies )  
b u l k  c o n d u c t i u i  t y  of sample 
sample a r e a  
sample t h i c k n e s s  
sample s u r f a c e  p o t e n t i a l  
electron-beam energy  
cur renf  of r e f l u x e d  e l e c t r o n s  (=+Ip) 
=dJ, a' 

JB e l e g t r o n  bean c u r r e n t  d e n s i t y  
f, cv*, electron-current d i s t r i b u t i o n  func t ion  

Only SI u n i t s  a r e  used i n  t h i s  paper .  

I n  t h i s  s e c t i o n  w e  d e s c r i b e  t h e  exper imenta l  a p p a r a t u s  and 
measurements and t h e n  p r e s e n t  a simple a n a l y t i c a l  model for 
comparison w i t h  t h e  exper imenta l  r e s u l t s .  

Expe~fraental Apparatus and Measurements 
The exper iments  were conducted zn a 0.6-m-diameter vacuum 

chamber, which is shown i n  F i g u r e  1. A divergent-beam e l e c t r o n  
f l o o d  gun, shown i n  F i g u r e  2, is used to  i r r a d i a t e  t h e  sample. 
T h i s  e l e c t r o n  gun is b u i l t  to a des ign  developed a t  NASA ~ e w i s  
Research  Cen te r .  I t  produces a broad uni form-current -dens i ty  beam 
and e x h i b i t s  e x c e l l e n t  s t a b i l i t y  a v e r  a wide range  of c u r r e n t  
d e n s i t i e s .  The sazttple is  housed i n  a s e p a r a t e  antechamber which 
c a n  be i s o l a t e d  from t h e  main chamber.by a vacuum g a t e  va lve .  The 
geometry sf t h e  sample and sample ho lde r  is shown i n  F i g u r e  3. 

We have measured t h e  charg ing  characteristics of Kapton 
unde . c o n d i t i o n s  which d i f f e r  s i g n i f i c a n t l y  from p r e v i o u s  
p rach ice :  we employed an electron-beam c u r r e n t  d e n s i t y  of 3 
u ~ m -  , and we mounted t h e  sample by wrapping i t  around t h e  edges  
of t h e  m e t a l  sample-holder and clamping i t  a t  t h e  r e a r .  These  t w o  
i n n o v a t i o n s  are more r e p r  e s e n t a t i v e  of thc elect t o n  c u r  r e n t  



d e n s i t y  which e x i s t s  a t  GEOI. and of t h e  gaonietry with w5ich 
thermal-blanket  m a t e r i a l s  we expassd  to e l e c t r o n  bombardment on 
GEQ a p c n c r a f t .  We exposed Kaptaa samples a f  two t h i c k n @ s a e s  ( 2 5  
11m- and 127 m Co i r r a d i a t i o n  by manoenerget ic  e l e c t r o n  kame 
w i t h  e n e r g i e s  up to  14 kcV, A-typica l  c h a r g i n g  c h a r a c t e r i s t i c  is  
shown i n  F i g u r e  4, where t h e  s u r f a c e  p o t e n t i a l  of 127-vm-thick 
Kapton is shown as a f u n c t i o n  of tifie,. d u r i n g  c o n t i n u o u s  
bombardment by 14-keV electrons. T h i s  p l a t  r e v e a l s  t h e  r e l a t i v e l y  
l o n g  time c o n s t a n t  invo lved  i n  charg ing  a t  these Pow c u r r e n t  
d e n s i t i e s .  

F i g u r e  5 sl~ows t h e  e q u i l i b r i u m  s u t f a c e  p o t e n t i a l  of 
127-vm-thick # a p t a n  a s  a f u n c t i o n  of i t i c i d e n t  bean-cut r e n t  ene rgy  
from 2 kcV t o  1 4  keV. The s t r a i g h t - l i n e  c h a r a c t e r i s t i c  i n t e r c e p t s  
t h e  beam-energy a x i s  a t  an energ-y of  about  1,6 key; t h i s  ene rgy  
cor responds  to t h e  "second-crossingaL energy,  i .e., t h e  energy  at 
which t h e  secondary-e lec t ron  y i e l d  of t h e  material is u n i t y ,  
F i g u r e  6 shows t h e  cor respond ing  c h a r a c t e r i s t i c  of 25-pm-thick 
Kapton, under t h e  same test  c o n d i t i o n s .  I n  this curva ,  t h e  
second-cross ing  i n t e r c e p t  is same, b u t  t h e  s u r f a c e  p o t e n k i a l  
s a t u r a t e s  a t  much lower v a l u e s  than  were observed i n  t h e  
127-um- t h i c k  matcr  i a l  . T h i s  s a t u r a t i o n  e f f e c t  is produced by 
c o n d ~ r c t i o n  losses through the bulk  Kapton, a$ evidenced by t h e  
f a c t  t h a t  t h e  s a t u r a t i o n  e f f e c t  d i s a p p e a r s  when t h e  ground 
c o n n e c t i o n  on  t h e  r e a r  of t h e  sample is renioved; t h e  
c h a r a c t e r i s t i c  t h e n  remains l i n e a r  w i t h i n  the limits of our 
beam-energy c a p a b i l i t y ,  We have developed a simple a n a l y t i c a l  
model which s u c c e s s f u l l y  p r e d i c t s  t h e  s u r f a c e  p o t e n t i a l  a t  which 
t h e  s a t u r a t i o n - e f  f  ect occurs .  This-  model is similar t o  prev ious  
models due t o  P u r v i s ,  e t  . a 1  . (Reference  1) and Reeves and- 
Balmain (Reference 2) , e x c e p t  t h a t  i t  c o n f o r m  to  t h e  s p e c i f i c  
geometry of t h e  t e s t  environment t h a t  w e  used. T h i s  model 
p r e d i c t s  t h a t  t h e  s a t u r  t i o n  s u r f a c e  p o t e n t i a l  of Kapton depends 
o n  t h e  parameter  k = d J t ~ - ~ ,  where 2 is t h e  sample t h i c k n e s s ,  J i s  
t h e  electron-beam c u r r e n t  d e n s i t y ,  and a is t h e  m a t e r i a l  
c o n d u c t i v i t y ,  M a t e r i a l  t e s t i n g  w i t h  t h i c k  ( la rge-d)  samples and 
h i g h  c u r r e n t  d e n s i t i e s  ( l a r g e  J )  r a i s e  t h e  s a t u r a t i o n  p o t e n t i a l  
beyond u s u a l  test limits. T h i s  e x p l a i n s  \shy t h e  s a t u r a t i o n  e f f e c t  
shown i n  F i g u r e  6 i s  n o t  o f t e n  s e e n  i n  p u b l i s h e d  
d i e l e c t r i c - c h a r g i n g  r e s u l t s ;  t h e  s a t u r a t i o n  is produced by the 
u s e  sf t h i n n e r  m a t e r i a l s  and lower e lec t ron-bean cur  r e n t  
d e n s i t i e s  t h a n  ate  commonly used i n  mate r i a l - charg ing  test-S. 

I n  this s e c t i o n  w e  p r e s e n t  t h e  s i m p l e  model of sample 
c h a r g i n g  which we w i l l  e v a l u a t e  by comparison w i t h  exper imenta l  
d a t a .  T h i s  model is h i g h l y  s i m p l i f i e d  and a p p l i e s  to  an  
equi.1ibrium-charge c o n d i k i o n  (i . e m  a c o n d i t i o n  i n  which 
d i sp lacement  c u r r e n t s  and s t o r e d  charge  can  be n e c l e e t a d ) .  I t  
a l s o  assumes t h a t  c y l i n d r i c a l  Eangmulr-probe t h e o r y  c o r r e c t l y  
c a l c u l a t e s  t h e  r e d u c t i o n  i n  c u r r e n t  t h a t  is collected by t h e  
sample as it charges  more and more n e g a t i v e . .  . 



I n  equ i l ibc ium,  t h e  currant  tha t  is i n c i d e n t  a n  a chargad 
sample i s  g iven  by 

where t h e  f i r s t :  term corresponds  to r e f l u x e d  @ ~ ~ C ~ ~ Q I I S  t h a t  a r e  
ejected from the s u r f a c e  by backscat ter- . -or  secondary-e lec t ron  
m i s s i o n ,  and the second term c o r f e s p o n d s - t o  conducti t )n loss of 
e l e c t r o n s  through t h e  sample to  the  grounded r e a r  s u r f a c e .  
According t o  c y l i n d t i c a l  Lanqmuir probe t h e o r y  (Reference  3 ) ,  t h e  
c u r r e n t  t h a t  is c = o l ~ c C e d  by a charged sample is r e l a t e d  to t h e  
i n c i d e n t  c u r r e n t  (i .e., c u r r e n t  t h a t  would be c o l l e c t e d  by a n  
uncharged sample) by 

The fo rego ing  e x p r e s s i o n s  can  be combined to y i e l d - t h e  s u r f a c e  
vclFLtage a s  a f u n c t i o n  o f  beam vo l t age :  

O f  c o u r s e ,  t h e  r e f l u x  c o e f f i c i e n t  E is a f u n c t i o n  of t h e  impact  
ene rgy  of  e l e c t r o n s  which s t r i k e  R t h e  s u r f a c e ,  e (V -vS) ; t h i s  
f u n c t i o n ,  a long  w i t h  t h e  c o n s t a n t s  c o n t a i n e d  w i t h i a  k, a r e  i n  
g e n e r a l  known o n l y  numer ica l ly .  c qua ti on (3 )  does  n o t  r e p r e s e n t  a 
s o l u t i o n  for V ; it can, however, be s o l v e d  f o r  VS numer ica l ly  by 
a s i m p l e  i t e r  a f i v e  procedure.  

We have s o l v e d  Eqctatilcrn (3) numer ica l ly ,  u s i n g  t h e  Kapton 
r e f l u x - c o e f f i c i e n t  and r:snductivity d a t a  t h a t  i s  c o n t a i n e d  w i t h i n  
NASCAP, and v a l u e s  of m a t e r i a l  t h i c k n e s s  a n d  beam c u r r e n t  d e n s i t y  
t h a t  are a p p r o p r i a t e  to  our exper imenta l  c o n d i t i o n s .  The r e s u l t s  
a r e  shown i n  F i g u r e  7, where w e  compare t h e  a c t u a l  e q u i l i b r i u m  
c h a r g i n g  v o l t a g e s  w i t h  t h e  v a l u e s  p r e d i c t e d  by t h e  model, f o r  
s e v e r a l  t h i c k n e s s e s  of Kapton. The model p r e d i c t i o n s  p rov ide  
r e a s o n a b l y  a c c u r a t e  d e s c r i p t i o n s  of t h e  shape of t h e  c h a r g i n g  
c h a r a c t e r i s t i c s  a n d  the l o c a t i o n  of t h e  beam energy a t  which 
conduction-induced s a t u r a t i o n  of t h e  charg ing  v o l t a g e  begins .  

F i g u r e  8 shows t h e  s o l u t i o n s  to  Equa t ion  (3) p l o t t e d  i n  a 
d i f f e r e n t  manner: heme t h e  parameter  k is used as t h e  independent  
v a r i a b l e ,  and electron-beam energy is a parameter ,  Notice t h a t  
t h e  c u r v e s  a r e  spaced even ly  i n  s u r f a c e  v o l t a g e  V fcr l a c  e 
v a l u e s  of k (i . . , l a r g e  cur  r e n t  d e n s i t y  and/or low coaductanceq,  
and t h a t .  . t h e  s u r f a c e  p o t e n t i a l  is independent  of k i n  t h i s  



segion. T h i s  case caeraspcr~ds to  the aituatkan i n  which t h e  
impacting electron cursent- i s  kal.ancad toealby by electron 
reflux. Far low values of k, conduction lossaa becofie 
s ignifkaht ,  causing the cucves to  pack togekkr--at  higher values 
of VB. F i  ure 8 is  a mnvodent  tool- for estimating Kapton 
charging; ?t could be cosily reproduced forother dielcctricn L o r  
which c R  i s  known by r ~ l v i n g  Equation ( 3 )  . 

As described i n  the Zntroduction, real is t ic  simulation of 
spacecraf t charging should include the use of a 
distributed-energy electron source. La principle, of course, 
multiple experiments can be wrfo~med us ing  monoenergetic beams 
and calculating the expected surface potential using a model silch 
as that given above. T h i s  calculation elttail~: solving Equation 
(3) as before, but us ing  an effective reflux-cosf f icient: such as 

instead of the 'monoenetgetic L use& above. T h i s  approach is 
hazardous because the effective E ma differ f ra .  that iven by 
Equation (4.); that is, the electron re E lux which results from. the 
simultaneous presence of two electron-energy species may & i f  fer 
from the sum of the refluxes that would result from each energy 
species bef ng separately present. Such nonlinearities are well 
known i n  the case of sputtering of solids by ion bombardment, b u t  
we are unaware of electroh-reflux data which would-- either 
validate Equation ( 4 )  or provide a useful alternative. 

f n order to provide an empirical foundation for these 
distributed-energy electron distribution considerations, we have 
developed a simple and novel means of simulating the broad 
distribution of electron energies which si~ltmltaneously bombard a 
spacecraft i n  GEO. We have used t h i s  tool to  s tudy  the charging 
of 25-pm- and 127- um-thick Kapton. We find that the thinner 
material, which is i n  the conduction-dominated (saturated 
surface-potential) regime charges to essentially the same surface 
potential regardless of the electron distrfiution function. The 
thicker material, however, experiences more severe charging when 
exposed to electrons which are distributed i n  energy 
correspvrtding to  nmoderate'* and "severeu charging colndi tions than 
i t  does when exposed t o  a '8quiescent" distribution of electron 
energies. 

Figure 9 i l lustrates the ar r angemen t of our 
distributed-energy electron source. The electron source, shown i n  
Figure 2, i s  a sitnple hot-cathode source wi th  multiple wire-mesh 
grids to extract it broad, spatially uniform &bectron beam. The 
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Figure 1. - Hughes spacecraft-charging-simulation fbci 1 ity: overview. 



Figure 2. - Electron sa l~rce  (NASA Lewis  desigrl). 
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Figure 3. - Hughes spacecraft-charging-simulation f a c i l i t y :  sample t e s t  
section d e t a i l s .  DimensiorlS are i n  m i l  1 imeters. 



CHARGING TIME. At. hr 

Fiqure  4. - Surf ce potent ia  1 o f  127-ilm-thick Kapton under i r r a d i a t i o r l  by a 
14-keV, l-uRm-% e lec t ron  beam. 
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F i q l ~ r e  5. - Eqlri 1  ibr iurn sur face potent ia  1 of 127-ltrn-thick Kapton as a funct ion 
of e l e c t r o n  beam energy. 



ELECTRON-BEAM ENEAGY kev 

Figure  6. - Surface p o t e n t i a l  of 25-rm-thick Kapton. 

ELECTRON-BEAM ENERGY. eVB. keV 

Figure 7. - Comparison of p red ic t ions  of a n a l y t i c a l  model w i t h  experimenta 1 
r e s l ~ l  t s  f o r  charging of Kapton of severa 1 thicknesses. 



Figure  8.- A n a l y t i c a l  charging model f o r  Kapton, showing s ~ ~ r f a c e  po ten t i a l  as 
a  func t ion  o f  k = d$a-l, w i t h  bean vol tage V s  as a parameter. 
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F igu re  9. - Block diagram o f  m ~ ~ l t i e n e r g e t i c  e l e c t r o n  beam. 
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Figure 10. - Electron energy d i s t r i b u t i o n  f o r  simulat ion experiments +- 
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ELECTRICAL CONDIICTIQN I N  P W M E R  DIELRCTRLCS" 

Oavld 8. Cotts 
SRI Internat  to,~al 

Menlo Park, Cal l forn la  94025 

The use of polymer dielectrics with moderate resistivities could reduce 
or eliminate problems associated with spacecraft charging, The processes 
responsible for conduction and the properties of electroactive polymers are 
reviewed, and correlations drawn between molecular- structure and electrical 
conductivity. These structure-property relationships have led to the 
development of several new electroactive polymer compositions and the 
identification of several systems that have the requisite thermal, mechanical, 
environmental and electrical properfies for use in spacecraft. 

- - - - _ _ - _ _  _ _  

INTRODUCTION 

One approach to controlling the spacecraft charging phenomena that are 
the subject of this symposfua is the use of moderately conducting dielectrics 
that would bleed-off accumulated charge before a breakdown or discharge could 
occur (ref .. 1). Despite extensive study, summarized in reference 2, and the 
recent developmetlt of several organic polymers with metallic (> 10° ohm'lcm'l ) 
conductivities our understanding of this process retUains unclear. For exam&_ 
there is considerable debate about the mechanism(s) responsible for charge 
transport in organic polymers and no means to relate molecular st,ructure to 
conduction mechanism or to the absolute level of conductivity. 

As part of a material-based solution we have reviewed (ref. 3) the 
electrical and mechanical properties of nearly 250 polymers that are believed 
to have either the electrical, mechanical, thermal, environmental resistance, 
or other properties necessary for spacecraft use. Our principle conclusions 
are two-fold. First there exist materials that could be utilized in near- 
intermediate-, and long-term experimental tests of the proposed materials- 
based solution. Second, based on the wide ranee of properties, conduction 
mechanisms, and chemical structures encountered in the study a general theory 
of electrical conductivity in polymers has been formulated. The model 
succeeds both in explaining the wide range of known properties and structures, 
and in identifying new polymer compositions that possess unusually high 
electrical conductivities. 

The remainder of this paper is divided into four sections. First the 
observable, characteristic properties associated with various conduction 
models are reviewed. Second, the electrical properties of several 

* 
Work performed mder Contract No. F19628-8 1-C-0076 for the USAF , 
Deputy for i?,lectronic Technology, RADC/ESR, Hanscom AFB, MA 0 173 1 



semiconduc t i n g  and conduo t i n g  p0lymstrs a r e  o:rsmined . By camparing these  
prdpzrtSa3 t h e  r e l a t i v e  imgortiulcc of  var ious  models can be asaessed and 
incons i s t en t  phenorne1.a i d e n t i f i e d .  Thi rd ,  t h e  n&eubar s t r u c t u r e  o f  t h e  
Oonducting polymers and t h e i r  da r iva t ivea  are con&dered t 6  i l l u s t r a t e  how 
s t racCura  and morphobo&y i n f l M n c c  conduct ivi ty .  F i n a l l y ,  i n  t h e  f o u r t h  
s e c t i o n  t h i s  informatian i a  used t o  i d e n t i f y  candidate  materials f o r  use i n  
red-wing spacecl9aft charging phenomena.. Included are both contemgarary 
ma te r i a l s  and new ma te r i a l s ,  i d e n t i f i e d  on t h e  b a s i s  of  mechanism and 
s t ruc tu re -p rope r ty  r e l a t i o n s h i p s  i n  s e c t i o n s  two and t h ~ e e ,  t h a t  have been 
found t o  possess r e l a t i v e l y  high electrical conduc t iv i t i e s .  

CHARACTERISTIC FEATURES OF CONDUCTION MECHANISMS EOR ORGANIC POLYMERS 

E l e c t r i c a l  conduction i n  polymers is most f r equen t ly  i n t e r p r e t e d  
according t o  band gap conduction models a s  discussed i n  re fe rence  4. ?he 
p o s i t i o n  o f  var ious  energy bands is determined by t h e  i n t e r a c t i o n  of  atomic 
and molecular o r b i t a l s  t h a t  are assumed t o  form long-range pe r iod i c  a r rays .  
Th i s  p i c t u r e  is analogous t o  t ak ing  the  r epea t  u n i t  s t r u c t u r e  of a polymer and 
r epea t ing  i t  a t  r egu la r ly  spaced i n t e r v a l s  i n  three dimensions i n d e f i n i t e l y  as 
i f  it were t h e  u n i t  c e l l  of  a s i n g l e  c r y s t a l .  With t h e  pos s ib l e  except ian  of 
two polymers t h a t  are polymerized as s i n g l e  c r y s t a l s ,  t h e  v a l i d i t y  o f  t h i s  
approach is d i f f i c u l t  t o  understand s i n c e  organic  polymers are highly 
d i sordered  ahd the c r y s t a l l i n e  order t h a t  is presesn t  extends over r e l a t i v e l y  
s h o r t  d i s tances .  In  add i t i on ,  on an abso lu t e  s c a l e  t h e  l eng th  of a polymer 
molecule is extremely s h o r t  and macroscopic t r a n s p o r t  of  neces s i t y  must be 
l im i t ed  by in te rmolecular  charge t r a a s p o r t  which-is no t  treated by t h i s  model. 

Experimentally a metallic band gap ma te r i a l  can be charac te r ized  as 
having an inve r se  (Log o a T~ ) temperature dependence due t o  increased 
e l e c t r o n  s c a t t e r i n g  at  e leva ted  temperature.  S ince  t h e  number of  carriers is 
r e l a t i v e l y  i n s e n s i t i v e  t o  temperature t h e  o v e r a l l  conduct iv i ty  is determined 
c a r r i e r  mobi l i ty ,  which should be in excess  of  1 cm2/v sec f o r  m a t e r i a l s  t o  
adequately f i t  a band gap mechanisrd (ref. 5). Conduction i n  band gap 
semiconductors is not  mobi l i ty  l i m i t e d  by s c a t t e r i n g  but  r a t h e r  by t h e  number 
o f  c a r r i e r s  t h a t  have been thermally exc i t ed  i n t o  t h e  conduction band, . . 
Consequently t he se  systems d i sp l ay  a s t r o n g  thermally a c t i v a t e d  conduct iv i ty  
(ref. 5) .  

Because o f  t h e  inheren t  high degree of  d i so rde r  i n  polymers it is 
necessary t o  cons ider  so-cal led mobi l i ty  gap mechanisms t h a t  succes s fu l ly  
desc r ibe  t h e  e l e c t r o n i c  p r o p e r t i e s  of amorphous inorganic  semiconductors 
inc lud ing  amorphous s i l i c o n  and t h e  chalcogenide g l a s s e s  (ref. 6) .  I n  t h e  
t h e o r e t i c a l  d e s c r i p t i o n  of t he se  m a t e r i a l s  t h e  band ene rg i e s  a r e  Oi f fuse ,  
sometimes overlapping,  and charge t r a n s p o r t  is mobi l i ty  l imi ted .  Struct ;ural ly  
t h e  charge c a r r i e r s  are s p a t i a l l y  l d c a l i z e d  a t  disordered s i tes  and undergo a 
var iable-range hopping t r anspo r t .  I n  c o n t r a s t  t h e  mobi l i ty  gap m a t e r i a l s  
d i sp l ay  a weak ( l o  c a T ~ / T ' / ~ )  temperature dependence and m o b i l i t i e s  t h a t  5 seldom exceed 1 cm /V s e a ,  above cryogenic temperatures.  The o p t i c a l  
p rope t i e s  are complex and t h e i r  i n t e r p r e t a t i o n  is more complicated than t h a t  
f o r  a simple band edge absorpt ion.  

When t h e  mean free path o f  a charge c a r r i e r  becomes very low due t o  
extremely t i g h t  binding o r  deep t rapping ,  a nea re s t  neighbor hopping mechanism 



cha rac t e r i zed  by a posFt ive tharmally a c t i v a t e d  process  is encaunterod a s  
d i scussed  i n  re fe rence  7. Tn essence c a r r i e r s  are thermally o r  photoZyt ica l ly  
p r i ed  out; of  t h e i r  m o l e c u l a ~  o r b i t a l 8  i n t o  t he  continurn where they undetbg6 ah 
eboo tc i c  f i e l d  modlfled t r a n s p o r t  o r  re8ombination. The d e t a i l a  of this  
gcoccaa can be very complicated but t h i s  genera l  type of mechanism is 
resg*rrxqib$e foc.charge tcalnsport i n  most i n s u l a t i n g  pqlynera exposed t a  
i o l n i z i n g  r a d i a t i o n  o r  i n j e c t e d  charge,  

in te rmedia te  temperature dependence of  t h e  conduct iv i ty  ( l o g  a = 
T,/T13q) is observed f o r  p c l y c r y s t a l l i n e  m a t e r i a l s  composed of  conducting 
reg ions  s epa ra t ed  by very t h i n  nonconducting b a r r i e r s  (ref. 8).  This  could-be 
of p a r t i c u l a r  i n t e r e s t  f o r  c r y s t a l l i n e  polymeric ma te r i a l s  s i n c e  t h e  
c r y s t a l l i n e  regions are extremely sniall and o f t e n  d i a t i ngu i sed  by only a 
s l i 6 h t  s h i f t  in molecular o r i e n t a t i o n ,  -. 

F i n a l l y  t h e r e  e x i s t s  the p o s s i b i l i t y  of i o n i c  conauction t h a t  involves  
t h e  a c t u a l  mans t r a n s p o r t  o f  i o n s  through t h e  ma te r i a l  (ref,  5) .  These charge 
carriers may be i on i zab l e  pendant groups, inadver tan t  impur i t i e s ,  o r  ion ized  - 
water which is presen t  i n  smai.1 q u a n t i t i e s  i n  almost a l l  polymers un l e s s  
s p e c i f i c a l l y  excluded. B e c u a ~ s  t h e s e  charge c a r r i e r s  must a c t u a l l y  d i f f u s e  
through and between t h e  polymer molecules i o n i c  conduct iv i ty  depends s t r o n g l y  
on t h e  physical  state of t h e  ma te r i a l .  Consequently i o n i c  conduct iv i ty  is 
inve r se ly  dependent on pressure  and t h e  temperature dependence can be 
cornpl-icated due t o  thermal t r a n s i t i o n s  and r e l axa t ions  i n  t h e  polymer. 

I n  t h e  fol lowing s e c t i o n  t h e  p r o p e r t i e s  of  some e l e c t r i c a l l y  conducting 
polymers are reviewed i n  an at tempt  t o  understand which conduction mechanisms 
are involved.- O f  s p e c i f i c  i n t e r e s t  is t h e  temperature dependence of t h e  
co r rdwt iv i ty ,  i n  p a r t  becaose only t h i s  data is genera l ly  a v a i l a b l e  i n  t h e  
l i t e r a t u r e .  While a thorough d e s c r i p t i o n  r equ i r e s  knowledge about carrier 
dens i ty ,  mobi l i ty ,  o p t i c a l  p r o p e ~ t i e s ,  e t c . ,  t he se  are much less a v a i l a b l e  i n  
t h e  l i t e r a t u r e  and more d i f f i c u l t  tsuneasune fo*olmers. 

ELECTRICAL PROPERTIES OF CONDUCTING POLYMERS 

I n  recent  years  a number o f  h igh ly  conducting polymers have been 
developed t h a t  have s t imula ted  cons iderab le  i n t e r e s t  conerning t h e  
mechanism( s ) of  conduction and p o t e n t i a l  app l i ca t i ons .  The e x i s  t ance  o f  
r e l a t i v e l y  h igh ly  coeductFng m a t e r i a l s  has  f a c i l i t a t e d  experimental 
measurements, s o  t h e r e  is a large quan t i t y  of d a t a  i n  t h e  l i t e r a t u r e  obtained 
on m a t e r i a l s  with d ive r se  chemical s t r u c t u r e s  from which genera l  conclusions 
about  pnlymer conduct iv i ty  ca& be drawn. 

The most s t r i k i n g  example is polythiazyL (SN 1. Needle-like s i n g l e  r c r y s t a l s  o f  po ly th iazy l  can be polymerized d f r ec t -y  from s i n g l e  c r y s t a l s  of 
t h e  c y c l i c  S2N2 monomer (ref. 9). E l e c t r i c a l  conduc t iv i t i e s ,  which depend 
s t rong ly  on c r y s t a l  pe r f ec t i on ,  o f  from 250 t o  1200 (ohm cm)" have been 
reported.  I n  s i n g l e  c r y s t a l l i n e  m a t e r i a l s  t h e  m e t a l l i c  conduct iv i ty  shows an 
inve r se  temperature dependence c h a r a c t e r i s t i c  of  a band gap mechar.ism a s  would 
be expected from a material wi th  an extremely high degree of  long-rknge 
order .  I n  even t h i s  highly ordered ma te r i a l  t h e  importance o f  in te rmolecular  
charge t r anspo r t  is i l l u s t r a t e d .  It is un l ike ly  t h a t  s i n g l e  molecules s t r e t c h  
t h e  e n t i r e  d i s t ance  from end t o  end o f  a macroscopic s i n g l e  c r y s t a l .  Even so ,  



above cryogen ic  t empera tu res  t h e  intrinsic c o n d u c t i v i t y  p a r a l l e l  to t h e  c h a i n  
axis i a  only  about ten-t imea t h a t  normal t o  t h e  cha in  axis i n d i c a t i n g  
sx-knsiuc charge t r w o r t  between c h a i n s  (ref.  10;. 

A similar high dcgrnc ott-structural o r d e r  i s  found I n  single c r y s t a l l i n e  
polydiacs tylar iea .  These a l s o  am prepared through the ~ d i d a l  ini t iated 
p s l y m e r i z a t i a n  O f  g i n g l e  c r y s t a l s  grown from t h e  carreaponding nanonor. 
Amorphous ffilms oan 0130 be Obtained by c a s t i n g  a o l u t i o n a  o f  the polymer i n  
orgran.l.c s o l v e n t s .  Although t h o  o p t i c a l  properties discuasod. i n  r s f o r e n c e  11 
ace characteristic of  t h e  bong range & l o c a l i z e d  r e l e c t r o n  orf7itals 
rea o ~ i b l e  f o r  band gap conduct ton t h e  cxtrornaly low ( 1 0 ' ~ ~  t o  otlmml 
a c a n d u c t i v i t y  md s i x - f o l d  w n d u c t i o n  ataiaotropy par~allel-  and normal-to 
t h e  cha in  axis i n d i c a t e  t h a t  carrier m o b i l i t y  is s t r o n g l y  limiteci by t h e  r a t e  
of in te rmol .ecu la~  charge t r a n s p o r t  (ref. 12).  The a b s o r p t i o n  o f  as l i t t l e  as 
one mole p e r c e n t  o f  i o d i n e  raises t h e  e l e c t r o n i c  c o n d u c t i v i t y  by s e v e r a l  
o r d e r s  of magnitude. M e c h a n i s t i c a l l y  tt:e r o l e  o f  i o d i n e  is u n c l e a r  but  both  
p r i s t i n e  and doped materials i n  r e f e r e n c e  1 3  d i s p l a y  T" c o n d u c t i v i t i e s .  
S i n c e  i o d i n e  is p r e s e n t  as 13- it is be l ieved  t h a t  it l o c a l l y  o x i d i z e s  t h e  
po lyaer  n electron-backbone and-may s e r v e  as an  e l e c t r o n i c  b r i d g e  between 
molecules.  

Unl ike  most o f  t h e  conduct ing polymcbrs s t u d i e d  t h e  poLydiacetylenes  are 
s o l u b l e  o r g a n i c  s o l v e n t s  s o  t h e i r  molecular  weight can be determined as 
r e p o r t e d  i n  r e f e r e n c e  14. A t  a f i x e d  dopant l e v e l  t h e  c o n d u c t i v i t y  i n c r e a s e s  
e x p o n e n t i a l l y  wi th  molecular  weight and t h e  a c t i v a t i o n  energy d e c r e a s e s  
l i n e a r l y  t o  a n  i n f i n i t e  molecular  weight v a l u e  o f  0.4 ev.  T h i s  i l l u s t r a t e s  
r a t h e r  c l e a r l y  t h a t  even i n  t h e  presence o f  complete e l e c t r o n  d e l o c a l i z a t i o n  
a l o n g  a c h a i n  backbone t h e  rate l i m i t i n g  p rocess  f o r  carrier t r a n s p a r t  is 
i n t e r m o l e c u l a r .  -- 

Considerable  a t t e n t i o n  h a s  been focused on po lyace ty lene  because of its 
p o t e n t i a l  a p p l i c a t i o n  t o  l i g h t  weight ,  h igh  power-density batteries. 
Po lyace ty lene  can be prepared i n  t h i n  Pilms o r  as c o a t i n g s  t h a t  appear  t o  t h e  
e y e  to be l i k e  aluminum f o i l  b u t  m i c r o s c o p i c a l l y  more c l o s e l y  resemble t h e  
f ibr i l lar  s t r u c t u r e  of &eel wool (ref. 15). The p r i s t i n e  material h a s  a ow 
( 10; '~  ~hm-~cm- ' )  c o n d u c t i v i t y  but  t h i s  v a l u e  i n c r e a s e s  r a p i d l y  t o  10'ohm'. 1 
cm* when i t  is doped t o  about  10 mole p e r c e n t  w i t h  s t r o n g  o x i d i z i n g  a g e n t s  
l i k e  I*, o r  AsF (ref. 16). Although f r e q u e n t l y  mr 'eled as a n  i d e a l  one- 
dimensf m a 1  d e  ? o c a l i z e d  IT e l e c t r o t i  backbone t h e r e  is a co  d e r a b l e  amount of 
ev idence  i n  r e f e r e n c e  17 f o r  s t r u c t u r a l  d i s o r d e r  and a T -"' dependence o f  t h e -  - 
c o n d u c t i v i t y  on t empera tu re  c h a r a c t e r f  t i c  o f  v a r i a b l e  range hopping i n  3 amorphous materials. . Yet h i g h  ( ~ 6 0  cm /V sec) m o b i l i t i e s  are observsd and 
o p t i c a l  s t u d i e s  (ref. 18) i n d i c a t e  t h a t  t h e  t r a n s i t i o n  t o  a m e t a l l i c  
c o n d u c t i v i t y  state is n o t  s imply a c a n c e n t r a t i o .  dependent p e r c o l a t i o n  
t r a n s i t i o n  o f  m e t a l l i c  conduct ing reg ions .  

Similar o b s e r v a t i o n s  may be made about  t h e  doping and electrical 
c o n d u c t i v i t y  of po lypyr ro le .  It t o o  is prepared as a t h i n  f i l m  o r  c o a t i n g ,  
beco es conduct ing at . dopant l e v e l  o f  abou t  25 mole p e r c e n t ,  and d i s p l a y s  a 
T-ll! c o n d u c t i v i t y  dr.pendence (ref.  19). Polyphenylene s u l f i d e  and 
polyparaphenylene a l s o  become con t i n g  when doped t o  h igh  ( 4 : l )  r e p e a t  ahlit 
t o  dopant r a t i o s  and poslleso a T-QW teaperBaturrr dependence o f  t h e  e l e c t r i c a l  
c o n d u c t i v i t y  (ref. 20). 



The vas t  niadorlty o f  the remaining cloctroactivcl! polymers show- clear 
thsrnrally activated Ootaduct;lsn. meahahlam and mmy exam l e a  @auld bc s:ted 
With conduc t iv i t i e s  ranging Prom 1 0 0 ~ ~  t o  1 0 ~ '  ohm'lsfi-' ( r c L E - 5 ,  7, 21- 
22). 

C a n  genera l  cancluaiena bc drawn about t h e  c?on&~atFon msnh6wbsma 
ope ra t i ng  i n  organic  polymara? Tha temperature depcndcnoe o f  t h e  conduct iv i ty  
13 wbaut t h e  snby property t h a t  has been determined f o r  ~ n ~ u g h  matarPi3la t o  
allow.ooaparf sons, MOro in depth a tud i aa  have bcon madc or1 spaaLf ic  
mstcriau, but d e t a i l s  are Frequently rogardcd as ind i ca t ion8  of unique 
matinrial p roper t ies ,  fragmenting an a l ready  con fwce  3ubJect. 

The long-range pe r iod i c  o rde r  and inve r se  temperature dependent 
c ~ n d u c t i v i t y  c h a r a e t e r i s t l c  o f  metaiL5c band gap conduction are only found i n  
poly th iazy l .  The temperature dependence of  t h e  remaining systems c l e a r l y  
i n d i c a t e s  hopping t r a n s p o r t  between inhe ren t ly  l o c a l i z e d  states. The hop 
length  and t h e  energy b a r r i e r  t o  t r a n s p o r t  w i l l  vary accoraditag t o  
morphological a t r u c t u r e  and chemical composition but t h e  i nhe ren t  rate 
Umi tl.ng process is ia te rmolecular  charge t r anspo r t .  

The p r i n c i p l e  ob j ec t ion  t o  t h i s  mechanis t ic  i n t e r p r e t a t i o n  o f  polymer 
conduct iv i ty  is t h a t  it does not  provide a good exp la ina t ion  f o r  t h e  high 
m o b i l i t i e s  observed i n  m a t e r i a l s  l i k e  doped polyacetylene. One way around 
t h i s  ob jec t ion  is t o  pos tu l a t e  a percolat ion-type t r a n s i t i o n  a t  which 
ind iv idua l  l oca l i zed  s t a t e s  begin t o  i n t e r a c t  f a c i l i t a t i n g  bong-range 
t r a n s p o r t  within a c l u s t e r .  The r a t e  l i m i t i n g  s t e p  t o  charge t r a n s p o r t  is 
sti l l  hopping between loca l i zed  states but fast long range t r a n s p o r t  occurs  
wi th in  c l u s t e r s  of  l o c a l i z e d - s t a t e s .  With t h i s  genera l  model of the 
conduction process  i t  is p o s s i b l e  t o  r e l a t e  chemFcal composition and molecular 
s t r u c t u r e  t o  conduct iv i ty  i n  organic  pe1ymel.s. 

THE INFLUENCE OF MOLECULAR STRUCTURE ON CONDUCTIVITY 

The process oi' designing a new polymer, o r  s e l e c t i n g  a known ma te r i a l ,  
for  use i n  a s p e c ~ f i c  a p p l i c a t i o n  with s p e c i f i c  performance requirements 
relies on some set o f  r e l a t i o n s h i p s  between molecular s t r u c t u r e  and phys ica l  
w o p e r t i e s .  Some formal r e l a t i o n s h i p s  e x i s t  f o r  polymers but t h e  i n t e l l i g e n t  

&sign of  materials f o r  s p e c i f i c  thermal-, mechanical, and e l e c t r i c a l  
,perties is l a r g e l y  h e u r i s t i c  

The predominance of hopping t r a n s p o r t  mechanisuis i n d i c a t e s  t h a t  t he  
design of  a conductirlg polymer must inc lude  a molecular s t r u c t u r e  t h a t  can 
e x i s t  a s  a s t a b l e  r a d i c a l  ion. The less s t a b l e  t h e  r a d i c a l  ion  t h e  more 
energy w i l l  be requi red  t o  form t h e  ion  and t h e  g r e a t e r  t h e  l i ke l i hood  of 
t r app ing  o r  an i r r e v e r s i b l e  chemical degradat ion,  The later is a de r ious  
probl  .. with conducting polyacetylene,  polypyrrole ,  and polyphenylene s u l f i d e ,  
which mist be pro tec ted  from atmosphsric oxygen and, water vapor. 

Bec,:use t h e  rate l i m i t i n g  s t e p  appears  t o  be intermolocular  charge 
t r a n s p o r t ,  no t  an intramolecula  phenomena, it is not necessary f o r  t h e  
polynler r ?  possess a d e l ~ c a l i z e d  n e l e c t r o n  molecular o r b i t a l  a long  its e n t i r e  
backbont.. The molecular s t r u c t u r e  of polyphenylene s u l f i d e  i l l u s t r a t e s  t h i s  
point :  i ts confor*mation is c o i l - l i k e  and its n e l ec t ron  o r b i t a l s  are 



l o c a l i z e d  a t  each i n d i v u u a l  phenyl@ne auLf i d e  repea t  u n i t  . 
The optimum s i z e  of t h i s  l a c a l i z c d  chnrgc s t a t e  rcrtllilns onc lnw.  Tho 

moZocular weight dcpandcncc of t he  conduct iv i ty  i n  thc polydiaactylcnca,  which 
peaseas complcts r c lnc t ron  dc loca l l za t i on  n l o w  thoit* radl.lkc! backbone, $8 
onLy binnnr,  whiXc t h e  a d d i t i o n  of  a fcw melo parocnt o f  a dopant cnuaca n 10- 
12 order of  magnitude incrcaao  i n  t h e  conduetfluity a t  t hc  pc rca l$ t i su  
threshold. Extrapnla%ion of t h e  activati.csxi cnorey f o r  abargo t r imapar t  t o  
i n f i n i t s  rnalseular weight y ia ldn  a minimum value of  8.4 cV only anemthird thc 
vn.buc f o r  an oligomar of  20,060 daltom. 

Intermediate  betwoen t h e s e  two extrsmes of highly extended If o r b i t a l s  and 
chargo states loca l i zed  on a s i n g l e  repcat u n i t  l i e  polyacetylene and 
polypyrrole.  I d  t ne se  s y s t e m  t h e  l oca l i zed  charge state involves  
approximately t en  and four  r epea t  u n i t s ,  respec t ive ly .  Whether o r  no t  thesc  
r epea t  u n i t s  are p a r t  of  t h e  same polymer backbone, o r  comprise an ordered 
in te rmolecular  aggregate  involving a s i n g l e  dopant,  is unknown. 

The i s s u e  of  in te rmolecular  o rder  is an important one s i n c e ,  i n  t h e  f i n a l  
a n a l y s i s ,  i t  is t h e  in te rmolecular  p racess  that is respons ib le  f o r  macroscopic 
charge t r anspo r t .  While d i f f i c u l t  t o  quant i fy ,  proximity and r e g i s t r y  between 
a l j a c e n t  l oca l i zed  s t a t e s  is advantageous as is t h e  a b i l i t y  t o  i n t e r c a l a t e  
ox id iz ing  (o r  reducing) dopants. Consequently c r y s t a l l i n i t y ,  shot%-range 
cha in  s t i f f n e s s ,  s t e r e o r e g u l a r i t y ,  and minimal pendant group s u b s t i t u t i o n  are 
believed- t o  be des i r ab l e .  

These criteria are amply demonstrated i n  comparisons of  t h e  electrical 
conduct iv i ty  of  polyacetylene o r  polypyrrole  and their de r iva t ives .  The 
a d d i t i o n  o f  pendant groups o r  copolymerization, which C ~ e s n ' t  alter the  
e l e c t r o n i c  s t r u c t u r e  of  t h e  backbone apprec iab ly ,  causes  a cons i s t en t  and 
o f t e n  dramatic decrease i n  conduct ivi ty .  I n  o t h e r  systems conta in ing  l a r g e  
fused r i n g s ,  f o r  example t h e  polyphthalocyanines,  pyralyzed Kapton and 
p o l y a c r y l o n i t r i l e ,  polyvinylcarbazole ,  and polyacene quinones t h e  in f luence  o f  
in te rmolecular  o rder  between s t a b l e  charge c a r r i e r s  on conduct iv i ty  can be 
seen. 

I n  summary t h e r e  are a f i n i t e  set of moLecular s t r u c t u r a l  parameters t h a t  
a r e  respons ib le  f o r  t h e  d i f f e r e n t  degrees  of  electrical conduct iv i ty  i n  
organic  polymers. They inc lude  t h e  e l e c t r o n i c  s t r u c t u ~ e  o f  t h e  charge bear ing 
s t a t e ,  its s i z e ,  and t h e  l o c a l  in te rmolecular  o rder  between s t a t e s  t h a t  
promotes e f f i c i e n t  in te rmolecular  t r anspo r t .  S i g n i f i c a n t l y  t h i s  model 
i n d i c a t e s  t h a t  co r ros ive  dopants (SbF6, AsF5, etC.1 are not  necessary and t h a t  
processable  e l e c t r i c a l l y  conducting polymers, un l ike  t h e  i n t r a c t a b l e  m a t e r i a l s  
c u r r e n t l y  under s tudy ,  can be prepared. 

A MATERIALS-BASED APPROACH TO THE PROBLEM OF SPACECRAFT CHARGING 

A success fu l  theory o r  model should l ead  t o  t h e  i d e n t i f i c a t i o n  of new 
ma te r i a l s  o r  phenomena as well as t o  expla in  t h e  p rope r t i e s  of  known m a t e r i a l s  
o r  previously observed phenomena. The molecular p r i n c i p l e s  discussed above 
have i n  fact i d e n t i f i e d  new polymer codposi t ions t h a t  are s o l u b l e  i n  rganip 
s o l  e n t ~ ,  s t a b l e  towards atmospheric exposure &nd are moderately ( 10°8 ohm 
cmgY) conduct iv i ty .  The remainder of  t h i s  s e c t i o n  however desc r ibes  how these  



prinoipled carl be rrasd to i d e n t i f y  ar dosign mntorlals with acmiconducting 
( l o l l P  ohmnlci l  ) cl actrl cnl propnrtioo and tho raquiaitr? prapertica far 
2pncc-hamd rrns , 

An appliaaf;lcm l i k e  spnnc-hantld radar raqlllroa many agt:nro kilamctnrn of 
a atrong palyrnar f i l m .  The mntorinl mu2t ba ntithla tewardn iantaS,nfi Patfiatl,on 
arid tamparc2.turn sxt,rc:man for mlsaion Xc~!~gt;h:~ of up to flvc ycnm. Thaoc 
general prlncl plan h n v ~  fad t~ tho senclunlan t h h t  thcra a x f n t  abort-, 
Intcrmadiata- and Iang-tnrrn npproachea towards idcntlfying the optimum 
mntsPialfi. 

The shept-term approach rsqulras the uae of eommercial~y available 
materials without reformuLation or extensive mod6fieation. The .nost promising, 
approach involves the use of a l ight ly  pyrolyzed polyimide film. When 
commerctal aromatic polyimide films are heated undor vacuum a t  temperctures of 
Pram 480° to  7 0 0 ~ ~  the p~lyrner mol.ecules condense to  form extended, fused-r ng 
s t ructur  s (ref .  23,24). The conductivity of the films 13 raised from 10' 18 

ohm-lcm-e t o  a value, dependent of the pyrolysis temperature, of up to  lo2 
ohm'lcm'l. While extensive pyrolysis w i l l  etnbrittle the material only s l ight  T changes are necess,.ry to  arrive a t  a value of ohm'lcm" . Since the 
level of conductivity is variable, the same basic feedstock can be tailored, 
by control of the processing conditions, t o  f i t  specific applications. 

The major questions that must  be answered in evaluating t h i s  approach 
include how does pyrolysis affect  the mechanical properties of the palyimide 
film and is the part ia l ly  pyrolyzed product s table  in a spacecraft 
environment, Experitental charging data in ~efesence 25 for Kapton samples on 
the SCATHA mission indicate an exponential decrease in  cdnductivity of nearly 
two orders of magnitude over a year's t h e .  The res i s t iv i ty  of Kapton can 
drop by ten orders of magnitude or more in pyrolysis, so i f  the change i n  
e lec t r ica l  properties observed or SCATHA are due to  the moelcula- 
rezrrangements observed in pytlolysis the material w i l  have to  be stabilized i f  
a narrow tolerance for  e lectr ical  propeties is to be maintained. 

Polyacrylonitrile undergoes similar e lec t r ica l  changes on pyrolysis 
described in  reference 26, The molecular changes are complex and not well 
understood, b u t  providential, since the strength retention of elevated 
temperatu~es is improved and some intermolecular cros9linking probably 
occurs. Potential d i f f i cu l t i e s  inberent in  the use of pyrolyzed 
polyacrylonitrile include elevated temperature properties, embrittlement, and 
s tab i l i ty .  Both of these examples are off-the-shelf materials and 
experimental investigatiot! of the pyrolyzed materials, the i r  eleetrieal. and 
s t ructural  properties, could begin immediately. 

There exis t  a wide range of intermediate-term solutions that involve the 
modification or further investigation of materials that are known, but not 
commercially available. The object here is to improve the high temperature 
performance of materials that otherwise have desirable e lec t r ica l  propetsties 
or to  provide the necessary conductivity t o  polymers w i t h  inherent thermal and 
mechanical properties. 

Far example, materials l ike pslyvinylcarbazole (ref .  27) or 
polyvinylpyridine (ref.  28) possess the necessary e lec t r ica l  conductivity for 
t h i s  application b u t  mechanically can not withstand elevated temperatures. 



Thc i n t r o d u c t i o n  of a fcw pendant i o n i c  group@ wau3.d canvort. thsso palyrnor: 
i n t o  ionnmcra that; c o n t a i n  iorlic crawe7l.lnkn. The a a n v c r s i a n  of polynkhylsrrc 
i n t o  an fonomcr ra incn  i t s  aofRc?ning tstnporntura by 50' t o  lQOaC (rnf.  29) 
which would ba f iufPla lant  ta mnkc thc8o two mntnr2nl3 cfindldntcs far  apaon- 
bitacd unc. 

On6 approach to tha prnb'lom of l o n g - t o m  s t n b ~ l t t y  i n  pyrolyzad pelyimidc 
i a  t h n  use  o f  bfonda o r  molcsulnr  esmposi tea  ( r a f .  30). The pa$yiml.do sou'ld 
bc blcndod, n i t h s r  as a pk~ysieid% rnlxtu~C! o r  at7 D oapsl,yr:ar, with st1e of thc 
high atk8sngbh/therrnnlly atable s ~ g a n 1 6  p o I y I 6 r ~  t l l R C  ~ I : ~ J Q  been clovel.oped i t 1  
roccnt years .  The s t r u c t u r a l  sornpoilont would prav6da the mechanical. i c t e g r i t y  
whblo tkc golyimids  p y r o l y s i s  product; would suppert; charge t ronopsr  l. 

F i n a l l y ,  aomc sf t h e  d e ~ i v a t i v o s  of po lyace ty lene  (ref. 31) and 
p o l y p y r r o l e  ( ~ e f .  19) cou1.d be r e i n v e s t i g a t e d .  Many have t h e  r e q u i s i t e  
e l e c t r i c a l  p r o g e r t i e a  but* have n o t  been thoroughly c h a r a c t e ~ i z o d  w i t h  regard  
t o  s t r e n g t h ,  thepmal s t a b i l i t y ,  and r a d i a t i o n  r e s i s t a n c e .  Almost a l l  could  be 
re fo rmula ted  as c r o s s l i n k a b l e  r e s i n s  t h a t  would possess  t h e  requiul.t;e s t r e n g t h  
and thermal  s t a b i l i t y .  

A long-term approach t o  t h e  development of materials f o ?  tl?\* r :t!uction sf 
s p a c e c r a f t  charg ing  Qould r e q u i r e  t h e  chemist  t o  go "back t o  the .lawing 
boardw and eombine t h e  molecular  p r i n c i p l e s  a l r e a d y  9: -JSSE. "*'"u those  f o r  
producing high s t r e n g t h ,  the rmal ly  stable, rcdi.:?ic: i , g i s t a n t  ~ o l y m e r s .  '1 le 
p r i n c i p l e s  f o r  molecular  des ign  o f  condueCp :?o.'ynjers are j u s t  beginning t o  
evolve.  They are about  at t h e  p o i n t  where 7:he d e s i g n  o f  h i g h  s t r e d g t h  
polymers was t e n  years ago and t h e r e  is e v e r y  reason  t o  b e l i e v e  t h a t ,  w i t h  Lhe 
p roper  s u p p ~ r t ,  they  can evolve i n t o  s u c c e s s f u l  commercisl technolo$ies .  

CONCLUSIONS 

Cornparibon o f  t h e  l i m i t e d  Liata a v a i l a b l e  i n  t h e  l i t e r a t u r e  coricerning 
e l e c t r i c a l l y  conduct ing polymers i n d i c a t e s  t h a t  hopping t r a n s p o r t  between 
l o c a l i z e d  s t a t e z  is t h e  predominant conduct ion mechanism. Cornparisan o f  t h e  
v a r i o u s  chemical  composi t ions  and morphological  s t r u c t u r e s  h a s  al lowed t h e  
development o f  a g e n e r a l  model f o r  conduc t iv i ty .  The t h r e e  important  m a t e r i a l  
c h a r a c t e r i s t i c s  i n c l u d e  t h e  e l e c t r o n i c  s t r u c t u r e  o f  t h e  l o c a l i t e d  state, its 
s i z e ,  and t h e  degree o f  i n t e r m o l e c u l a r  o r d e r  p resen t .  T h i s  model h a s  l e d  t o  
t h e  development o f  new conduct ing pblymers as well as prov id ing  a r a t i o n a l  
e x p l a n a t i o n  f o r  e x i s t i n g  materials. S p e c i f i c  materials o r  m o d i f i c a t i o n s  have 
been proposed t h a t  would produce polymer d i e l e c t r i c s  w i t h  t h e  l e v e l  o f  
c o n d u c t i v i t y  be l i eved  necessa ry  t;o reduce s p a c e c r a f t  elbarging phenomena and 
have t h e  r e q u i s i t e  the rmal ,  mechanical  and environmental. p r o p e r t i e s .  
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Radford, V l r g l n l a  24143 

A s teady-s ta te  c a r r i e r  computer code, PECK (Parker-Enhanced C a r r i e r  ~ i n e t i c s ) ,  
t h a t  p r e d i c t s  the  radiation-induced c ~ n d u c t i v i t y  (RIC) produced i n  a d i e l e c t r i c  by an 
e l e c t r o n  beam w a s  developed. The model, which assumes ins tan t ly- t rapped  holes ,  was 
then appl ied  ta experimental measurements on t h i n  Kapton samples pene t ra ted  by an 
e l e c t r o n  beam, Measurements a t  high bias were matched i n  the  model by an appropr ia te  
choice f o r  the trap-modulated e l e c t r o n  mobi l i ty  ( v l  = 7 x 10-l5 m2/v-s). A frac-  
t i o n a l  s p l i t  between f r o n t  and r e a r  c u r r e n t s  measured a t  ze ro  bias is  explained on 
the  Oasis of bea;m=scattering,. 

The e f  f eces  of carrrier-enhanced conduct iv i ty  (CEZ) on data obtained f o r  t h i ck ,  
f ree-sur face  Kagton samples is described by using an a n a l y t i c a l  m o d e l  t h a t  incorpo- 
rates f i e l d  i n j e c t i o n  of c a r r i e r s  from the RIC region. The computer code, LWPCHARGE, 
modified f o r  c a r r i e r  t r anspor t ,  is a l s o  used t o  p r e d i c t  t y r t i a l  pene t r a t ion  e f f e c t s  
assoc ia ted  with CEC i n  the h r r a d i a t e d  region. Experimental c u r r e n t s  and su r f ace  
vol tages,  when incotporated i n  the appropr ia te  models, provide a value f o r  the t rap-  
modulated mobil i ty  ( IJ' = 3-7 x 10'' m2/v-s) t h a t  is i n  e s s e n t i a l  agreement with the 
RIC r e s u l t s .  

The t h e o r e t i c a l  s t u d i e s  reported here were undertaken t o  e s t a b l i s h  carrier 
models f o r  the proper i n t e r p r e t a t i o n  r ~ f  experimental data. These s t u d i e s  provide- - - -  

conduct iv i ty  formulae f o r  t h i i ~  ( r e f .  1 j and th i ck  Kapton ( r e f .  1 ,2)  samples i n  
e l e c t r o n  beams. ("Thin" here r e f e r s  t o  sample thickness  smal le r  than o r  comparable 
t o  the e l e c t r o n  zange; " thick" r e f e r s  t o  sample th ickness  l a r g e r  than the  e l e c t g o a  
range. ) 

The thin-Kapton experiments were designed t o  eva lua t e  the  RIC by sub jec t ing  a 
biased sample with meta l l ized  su r f aces  t o  a pene t r a t ing  e l e c t r o n  beam and measuring 
the  c u r r e n t s  from the f r o n t  su r f ace  (beam s i d e )  and rear su r f ace  ( s u b s t r a t e  s i d e ) .  
In  the thick-Kapton experiments, the  f r o n t  su r f ace  was n o t  meta l l ized  b u t  was free t o  
f l o a t  a t  a sur face  p o t e n t i a l  determined by the balance of inc iden t ,  backsca t t e r ,  

*This pa@er is based on work performed under t he  sponsorship and t e c h n i c a l  d i r e c t i o n  
of the In t e rna t iona l  ~ lecornrnunica t ions  S a t e l l i t e  Organization (INTELSAT). Views 
expressed are not  neceshar i ly  those of INTELSAT. 

571 

i ' K K U U l k i  1'AtZ UWNK NOT FEI?ED 



eecondary, and. conduction currents. The thick-~aptnn experiments were designed to 
measure secondary yields from the **freew surface and enhanced.bulk conductivity, the 
la t ter  characterizing the nonpewtrated region (comprising most of the eample thick- 
ness). The enhancement res\rlts from the.preaonce tif additional carriers  supplied 
from. the irradiated region. The modeling of the CMI and of the RIG i s  the g ~ a l - ~ f  _ -  - 

the p raen t  study. 

Electron-hole pairs  produced by energetic electrons penetrating a dielectric 
sample sandwiched between metal plates can recombine or separate to become negative 
and positive free carriers.* These carriers undergo one of three ultimate-fates 

l 

a, While free, they can exit  the sample by "drifting" under the influence of an 
electr ic  f ield lapplied plus space charge) or by "diffusing" (random walk) to one of 
the plates. 

b. They can " fa l l  into*' (be captured by) a deep trap (localized state)  w i t h  
energy, well below the free electron level. This process effectively immobilizes 
them, but their presence contributes to the space charge, 

c. They can vanish by recombining with an already captured immobile carrier of 
B 
a the opposite Sign, also eliminating the trapped carrier. 
i 

Fate (b) can be modified by the thermal release ("detrapping") of the trapped 
carrier. The probability of detrapping depends on temperature, electric field, and- 
trap energy. A free carrier can undergo a series of trapping and detra-pping events 
(more probable. with shallow traps-than with deep traps) until  it is eliminated by 
fate (a)  or. fate (bl above. Fate (c)  can also include recombination with a free car- 
r i e r  of the opposite sign, but this option is much less probable than recombination 
with the much more numerous trapped carriers. The notation used i n  this s tudy  is_-_ 
defined as follows: 

p, n = concentrations of free holes and free electrons 
PT, n~ = concentrations of trapped holes and electrons 
Dp, Dn = diffusion coefficients for free holes and electrons 

M, p = mobilities for free holes and electrons 
Rt1 R2 = recombination coefficients (cm3/s) for free holes with trapped 

electrons and free electrons with trapped holes 
PT, NT = concentrations of neutral hole traps and neutral electron traps 

E = electr ic  field intensity 
V = electric potential 
e = magnitude of electron or hole chars, 
G = production rate of electron-hole pairs-(per unit volume) associated 

with ionization dose rate ( G s )  
# = deposition rate of injected carrisfs (excess charge assumed here to 

be electrons only) 
c = dielectric permittivity 

- 
&The terms 01hole18 or "positive free carrier" used here do not necessarily convey the 
same meaning as i n  semiconductor theory. They denote temporally stable positive 
charge si tes;  in some dielectrics, this uncompensated positive charge is more likely 
than a negative charge s i t e  to migrate. 



T ~ ,  -rn = mean l i f e t i m e s  of f r e e  h o l e s  and e l e c t r o n s  i n  the canduckion band 
(i.e., time in te rva l  between i n t r o d u c t i o n  and t rappir ig  o r  " t rapp ing  
times" ) 

T+, T ,  = mean l i f e t i m e s  of t r a p p e d  h o l e s  and e l o o t r o n a  U-,e., time h t ~ e n  
t r a p p i n g  and release- or "de t raep ing  times" 1 

Fpr F, * f l u x e s  of h o l e s  and. e l e c t r o n s  

J ~ r  
J, = c u r r e n t  d e n s i t i e s  of h o l e s  and e l e c t r o n s  ( J  * eP). 

The t r a n s p o r t  m,d Poisson e q u a t i o n s  are se t  up i n  s t a n d a r d  fash ion  ( r e f .  3-6) 
wrth  a p p r o p r i a t e  boundary c o n d i t i o n s  and approximat ions  made to  h e l p  s o l v e  t h e  system 
o f  d i f f e r e n t i a l  equa t ions .  The complete fo rmula t ion  is given i n  re fk rence  7. 

In  our  p r e l i m i n a r y  work on Kapton, we made t h e  fo l lowing  s i m p l i f i c a t i o n s  t o  more 
e a s i l y  unders tand t h e  carrier k i n e t i c s .  One s i m p l i f i c a t i o n  is t h e  use of a s teady-  
s tate s o l u t i o n .  We a l s o  assume that t h e  holes are i n s t a n t l y  t r apped  (and n o t  re- 
l e a s e d )  and t h a t  t h e  e l e c t r o n s  are n o t  deep ly  t r apped  ( a t  most, sha l lowly  t rapped and 
d e t r a p p e d )  , Thus, t h e  e l e c t r o n s  may be cons idered  quasi - f  ree , b u t  t h e  t r app ing /  
d e t r a p p i n g  e f f e c t s  i n h i b i t  t h e i r  motion, which is d e s c r i b e d  lay r e p l a c i n g  t h e  t r u e  
m o b i l i t y  IJ by a much smaller "trap-modulatbd" e f f e c t i v e  mobility v ' .  This  l e a d s  t.0 
t h e  fo l lowing  s y s  tern of  e q u a t i o n s  ( r e f .  7)  : 

p = n~ = 0 (no  h o l e s  or deep ly  t r apped  e l e c t r o n s )  ( 1  1 

P - = O (no  h o l e  m i g r a t i o n )  
ax 

G 
pT = - ( t r a p p e d  ho le  p r o f i l e )  

"R2 

a f n - = H ( e l e c t r o n  f l u x  g r a d i e n t )  
ax 

W e  d e f i n e  E = -dV/dx and a r r i v e  a t  t h e  e x p r e s s i o n  

The f i r s t  term is a s s o c i a t e d  wi th  e l e c t r o n  d i f f u s i o n ,  t h e  second with  e l e c t r o n  d r i f t ,  
t h e  t h i r d  wi th  e l e c t r o n  d e p o s i t i o n ,  and t h e  f o u r t h  w i t h  space charge.  These egcla- 
t i o n s  may be so lved  by numerical  i n t e g r a t i o n ,  s u b j e c t  t o  boundary cond i t ions :  

n = 0 a t  x = 0 and L ( d i f f u s i o n  boundary c o n d i t i o n )  
V = 0 a t  x = L (grounded s u b s t r a t e )  
V = VA a t  x = 0 ( a p p l i e d  b i a s  v o l t a g e )  



If indect ion occurs,  one o f  the Aattor; two conditi .ons & w e  is replaced by a pre- 
sc r ibed  w l u a  of dV/dx a t  the  isxjaction coatact., 

The metlmd QE so lv ing  diEEorebtialc equatioas (5) arsd ( 6 )  used borc smplays m 
i t e r a t i v e  process EnEQrccmeht a f  the  above boauldazy c o n d i t i ~ n s  i a  accomplished- by 
s t a r t i n g  a t  x = @ w i t h  i n i t i a l  values n = 0 and V VA, and w i t h  eathated  values of 
dn/dx and dV/dx. !the differential equat ions a r c  then stepped t o  x = L with the i n=  
t en t ion  of h i t t i n g  n? = 0 and V = 0 t he re  as t he  ' t a rge tw values. zf these t a r g e t s  
are not h i t ,  we start again a t  x = 0 with readjus ted  values f o r  dn/dx and dv/dx. 1 f 
i n j e c t i o n  occurs,  t h e  i n i t i a l  o r  t a r g e t  condi t i ans .  are s u i t a b l y  modified. 'Phis p ~ o -  
ccdure is implemented i n  We computer code  PBCK. Under most condi t ions ,  the task  of 
achieving the "converged" s o l u t i o n  is n o t  t r i v i a l ,  s i n c e  there  a r e  two f r e e  s t a r t i n g  
var iab les .  The s o l u t i o n s  obtained,  however, provide i n s i g h t  i n t o  the excess  charge 
and e l e c t r i c  f i e l d s  i n  an  i r r a d i a t e d  dielectric. 

111- APPLICATION OF THE RIC MODEL 9B THE THIN-KBPTON EXPERIMENT 

This sec t ioh  p re sen t s  an implementation of t h e  trapped-hole RIC- model, sample - - 

so lu t ions ,  and a comparison of the model with experimental r e s u l t s .  

The co l l ec t ed  cu r r en t s  .h the  RIC experiment descr ibed below (and i n  re f .  1 )  
were n o t  synlmetric wi th  respect t o  applied bias. Therefere,  the  conduct iv i ty  in-  
f e r r e d  from these da ta  was found t o  be p o l a r i t y  dependent. Moreover, a t  ze ro  b i a s ,  
t h e  rear c u r r e n t  was observed to  be l a r g e r  than the  f r o n t  cur ren t .  (This  p o s s i b i l i t y  
had been predic ted  t h e o r e t i c a l l y  f o r  s u f f i c i e n t l y  high-beam energ ies  by O l i v e i r b a n d  
Gross ( r e f .  8 ) ,  and was seen i n  experiments on mica by Spear ( r e f .  9 ) .  Ol ive i r a  and 
Gross p r e d i c t e d - t o t a l  c u r r e n t  c o l l e c t i o n  a t  the r e a r  con tac t  wheri the  beam vol tage  
exceeded 35 keU. Aris e t  al. ( re f .  101 c o n s i d e r e h t h e  Ol ive i r a  and Gross theocy as 
w e l l  as the Spear experiments,. b u t  they  did not  address  the quest ion of why they 3 i f -  
f e r  on the  r ea r - f ron t  c u r r e n t  s p l i t .  The quest ion is resolved i n  t h i s  study: t h e  
c u r r e n t  sp l i t  is assoc ia ted  with the  degree of beam-scattering i n  the  sample. The 
p o l a r i t y  dependence found i n  the RIC experiment is a l s o  explained here,  by consider- 
i n g  carrier i n j e c t i o n ,  i n t e r n a l  f i e l d s ,  and s p a t i a l l y  varying coneuc t iv i t i e s .  

Experimental Data f o r  Thin Kapton Samples (6.4 lan) 

Figures  1 and 2 show v a r i a t i o n s  i n  the f r o n t  and rear cuxzent d e n s i t i e s ,  J1 and 
J2 ,  with varying n e t  i nc iden t  beam c u r r e n t s  f o r  f ixed  b i a ses  ( 3 9 6  V and f45 W l  
appl ied  t o  the  f r o n t  surface.  Here, 3; denates  the beam cu r ren t  dens i ty ,  less the 
backsca t te r  and secondary emission from the  f r o a t  surface.  This can aLso be con- 
s ide red  b e  n e t  beam cu r ren t  en t e r ing  the sample. The beam energy is 20 key. Elec- 
t r o n s  moving toward the  r i g h t  are considered p o s i t i v e  cur ren t .  The s u p e r s c r i p t  
denotes  the  s ign  of the  b i a s , t h a t  has been appl ied to the  f r o n t  con tac t  (number t 1. 
Since? Jl and 52 can exceed JB, a source of- e l e c t r o n s  o the r  than the beam must be 
invoked. 

B. Primary Current  and Deposition Curves from 
Theore t ica l  Transport Model 

By tire use of a Monte Carlo t r anspor t  bode, ~ b u l a t i o n s  were made of the  parti- 
cle and energy f luxes,  which were then f i t t e d  as a n a l y t i c  funct ions of depth and n e t  
i nc iden t  energy (ref. 1).  The curve shown i n  f i gu re  3 is the percentage of i nc iden t  
f l u x  F vs  depth x. This  percentage is ~lormalized t o  r ep re sen t  t he  f r a c t i o n  of a 



1 nll/cm2 20-keV Fncidcnt: beam t h a t  has pehe t rh tod  to depth x i n  t h e   ampl la, A t  t h e  
surface ( x  = 0 )  , t h e  value  i s  0.934, the f r a c t i o n  O.aG6 having been last ta bock- 
s c a t t e r .  (The secondary  cmisaion- has bccn iqnarcd-  haera s i n c e  it: is n a g l i g i b l e  fox a 
high-eiler j y  beam. ) The primary f l u x  Eabla off rnonstanicnl.ly tq 0.02.3-a-t 6.4- ~m. 

Figure 4 shows the dose rake  ((6? i n  rnda ve dep th ,  obtainad-frclm the dcrivativc! 
o f  the. energy fLux as a function x. ( n o t  sham),  and- tho  excess-charge d s g e s i t i o n  
rate (H) o b t a i n e d  from t h e  d e r i v a t i v e  of the primary fLux s h w  In figure 3. Tllese 
two E u n c t i m s  are similar to those p l o t t e d  by Miatsuoka o t  al ,  (ref ,  11 1 i n  normalized 
form. The average and peak v a l u e s  of GI  are 2,900 and  3,700 rad /a ,  r e s p e c t i v e l y .  
  he average and p a k  va lues  of # are 0.14 and 0.21 nA-/llm, reEspectively. (Hcrc, G' 
d e n o t e s  dose  rate, while G deno tes  pair product ion o r  g e n e r a t i o n  r a t e . )  

C, - Parameters  of t h e  model -- 
I n  t h e  p r e l i m i n a r y  s o l u t i o n s  o f  e q u a t i o n s  ( 5 )  and ( 6 )  t h a t  fo l low,  f o r  sfm- 

p l i c i t y ,  c o n s t a n t  va lues  of GI and H, 2,900 r a d / s  and 0.16 nA/w, r e s p e c t i v e l y ,  have 
been assumed. The assumed co1kstan.t d e p o s i t i o n  f u n c t i o n  B corresponds to a pene- 
t r a t i n g  f l u x  t h a t  d e c r e a s e s  l i n e a r l y  w i t h  d e p t h  (extreme s c a t t e r i n g ) ,  which h e l p s  i n  
making a n a l y t i c a l  approximations.  The fo l lowing  parameters  were a l s o  used to model 
t h e  exper iment  i n  t h e  PECK code: 

9 L = t h i c k n e s s  = 6.4 x 1 0 ' ~  m = 6.4 w 
c kT/e a t  room temperature  = 25 mV 
, JB = nominal beam c u r r e n t  = 1 0 ' ~  ~ / m ~  = l - n ~ / c m ~  

( F ~  = f l u x  = 6.25 x 1013 e lect rons/m2-s)  
s = p e r m i t t i v i t y  = 3.AE0 = 3.4 x 0.884 x 10"' 

= 3.0 x tO'll F/m 
G = p a i r  g e n e r a t i o n  rate = 3 x 1 0 ~ ~ / m ~ - s  

= 3 x 1015/cm3-s 
R2 = recombinat ion c o e f f i c i e n t  f o r  f r e e  e l e c t r o n s  

w i t h  t rapped h o l e s  = t 0 - l 3  m 3 / s  = cm3/s 
p i m o b i l i t y  = v a r i a b l e  ( i n  m2/v-s) . 

The g e n e r a t i o n  rate is based on our  own t r a n s p o r t  c a l c u l a t i o n s  and on v a l u e s  
found i n  t h e  l i t e r a t u r e .  For a 28-keV beam of  c u r r e n t  d e n s i t y ,  1 n ~ / c m l ,  a mean dose  
rate of 2,900 r a d / s  i n  t h e  6.4-pm Kapton sample was c a l c u l a t e d .  For a d e n s i t y  of 
1.43 g/cm3, t h i s  dose  rate t r a n s l a t e s  t o  2.6 x 1017 ev/cm3-s. Now, choosing t h e  
energy  per h o l e - e l e c t r o n  pair ( r e f .  12)  t o  be 100 e V  y i e l d s  G = 2.6 x 1 o1 pairs/cm3- 
s. Rounding t h i s  to 3 x 1 0 l 5  gairs/cm3.-s y i e l d s  t h e  value  a l s o  used by Hughes f o r  a 
Si02 photoconduct ion problem ( r e f .  4,s). The recombination c o e f f i c i e n t  is taken t o  
be R2 = 10-7 cm3/s; hence,  G/R2 = 3.0 x = 3.0 x 1 0 ~ ~ / m ~ .  

IV .  PRELIMINARY SOLUTIONS FROM THE. TRAPPED-HOLE R E  MODEL 

A. Zero B i a s  and Excess Charge Deposi t ion 

To g a i n  exper ience  and test t h e  r e s u l t s ,  the computer model was tested f o r  t h e  
s i m p l e s t  c a s e s  f irst .  The f i r s t  set o f  c o n d i t i o n s  included t h e  use o f  c o n s t a n t  G 
and M, no carrier i n j e c t i o n  from t h e  c o n t a c t s ,  and z e r o  bias. F igure  5 i l l u s t r a t e s  
t h e  r e s u l t s  under t h e s e  cond i t ions .  The average e x c e s s  e l e c t r o n  c o n c e n t r a t i o n ,  n,  
exceeds  t h e  t r apped  ho le  c o n c e n t r a t i o n ,  and a n e g a t i v e  p o t e n t i a l ,  V, r e s u l t s  i n s i d e  
t h e  d i e l e c t r i c .  The symmetry seen i n  f i g .  5 is t o  be expected wi th  t h e  above 
c o n d i t i o n s .  



A Issries a P  ruus w a s  carried out, varying tho value  of  m o b i l i t y ,  (I. Far 
U > 0.88 x ma/~-sf tho  excess a l e c t r n n  poprrlatisn d r a i n s  u n t i l  a p o s i t i v e  potcrb 
t i a l  within the d i e l e c t r h  c s t a b l b h a s  equilibrium with tbe  i n c i d e n t  electron beam, 
For D < O r 8 8  x 1 0 " ~  m2/v-a, a n e g a t i v e  internal  potential ( f ig .  5 )  develops  to  push 
out enough eketrans to c a t a b l i a h  cqui Rib~iurn *.d,tlr tila beam-clo,pnaitcd.-slcctronn, ~s 
wLil be Hoan later,  va lucs  of y arc much less than lra m2/v-s, sa that  ci aiqnbf i c a n t  
negative potential 6,s expected w i t h i n  the bulk o f  a d i e l e c t r i c  i n  an e l e c t r o n  kern.-. 
This negnt ivc  i n t s r n a k  potential wsbXd p r e v e n t  i n j e c t i o n  of alr?cttsr,$ from the con7 
eacts i n t o  the dicrlcctric, Our  a -- rmpkion of immobile h d c n  prevant,n hale i n j e c t i o n .  

The e l e c t r o n  f l u x e s ,  F f o r  t h e  primary f l u x  Prom t h e  beam, Fog f o r  t h e  d i f f u s i o n  
+ drift f l u x ,  and Fly) (=  F + FDg) provide a  SO-SO s p a i  t i n  t h e  f r o n t  and back con- 
t a c t  c u r r e n t s  I J ,  ( = 'fa2(. No change i n  h a m  c u r r e n t  density JB or i n  carrier 
m o b i l i t y  w i l l  a l t e r ;  Ul i  s balance.  HOWCVer,  a change in the shape of C; and/or H wl_L4 
a f f e c t  it. I f  W s h i f t s ,  d e p o s i t i n g  more charge i n  t h e  rear of t h e  f i l m ,  t h e  back 
c u r r e n t ,  J 2 ,  w i l l  increase. I f  G s h i f t s  s o  t h a t  d e p o s i t e d  energy,  i o n i z a t i o n ,  and 
c o ~ l d u c t i u i t y  is i n c r e a s e d  i n  t h e  f r o n t  h a l f  of the  f i lm,  t h e  f r o n t  c u r r e n t ,  31, w i l l  
i n c r e a s e .  Both s h i f t s  are necessa ry  to b r i n g  t h e  model i n t o  c l o s e r  agreement wi th  
t h e  exper imenta l  c o n d i t i o n s  ( d e p i c t e d  i n  f i g .  41. S i n c e  t h e  restilts of  t h e s e  s h i f t s  
are i n  o p p o s i t i o n ,  t h e  r e l a t i v e  importance o f  G and H are i n d i c a t e d  by t h e  exper i -  
mental  data showing 1 J2 1 > I J, 1 . I f  a n o n l i n e a r  ( c u b i c )  form f o r  H is used t o  b e t t e r  
approximate t h e  a c t u a l  va lue  from t h e  28-keV beam, t h e  r e s u l t a n t  d i s t r i b u t i o n s  
(charge ,  p o t e n t i a l ,  and s o  on)  w i l l  be s i m i l a r  i n  shape and magnitude t o  t h e  l i n e a r  
case. However, an asyn~metry s u f f i c i e n t  t o  cause  a 66/34-percent s p l i t  bekween t h e  
back / f ron t  c o n t a c t  c u r r e n t s  occurs.  (The n o - s c a t t e r i n g  approximat ion,  which assumes 
no charge d e p o s i t i o n  e x c e p t  a t  t h e  end o f  range,  p rov ides  f o r  t o t a l  c u r r e n t  c o l l e c -  
t i o n  a t  the back c o n t a c t  w i t h  s u f f i c i e n t l y  high-beam e n e r g i e s ,  as d e s c r i b e d  i n  
ref. 8 , )  

I n  t h e  ze ro-b ias  case, t h e  i n t e r n a l  p o t e n t i a l  e s t a b l i s h e d  by H is  more impor tan t  
than  the c o n d u c t i v i t y  created by G, b u t  as b i a s  is a p p l i e d ,  t h e  s i t u a t i o n  changes. 
The field o f  an a p p l i e d  bias can exceed t h a t  genera ted  by t h e  t r apped  charge r e s u l t -  
i n g  from H. AS t h e  e x t e r n a l l y  appl ied.  f i e l d  g e t s  l a r g e r ,  t h e  c o n d u c t i v i t y  provided 
by G has  t h e  g r e a t e s t  e f f e c t  on t h e  i n t e r n a l  p o t e n t i a l  p r o f i l e s  and,  t h e r e f o r e ,  on 
t h e  c u r r e n t  d i s t r i b u t i o n .  

The neg c u r r e n t  o u t  o f  a f i l m  (IJ1 1 + IJ21) must e q u a l  t h e  t o t a l  c u r r e n t  i n t o  
t h e  f i l m  ( J ~ )  i f  no b i a s  is app l ied .  The shapes  of G and H w i l l  alter t h e  r e l a t i v e  
c u r r e n t s  t o  t h e  t w o  c o n t a c t s  (J1 and J2). Only i f  a bias is  a p p l i e d  and i n j e c t i o n  of 
c a r r i e r s  from one o r  both  c o n t a c t s  o c c u r s  can e i t h e r  J1 o r  J 2  exceed J;. 

B. 200-V Bias and Excess Charge Depos i t ion  -- 
Experimental  r e s u l t s  o f  t h e  p e n e t r a t i n g  e l e c t r o n .  beam on a t h i n  Kapton f i l m  wi th  

a bias vo l tage  (2196 V)  a p p l i e d  ( f i g .  1 )  sho%ed t h a t  a l l  c u r r e n t s  exceeded t h e  beam 
c u r r e n t  JB, and tlkereEore that: i n j e c t i o n  of one form o r  a n o t h e r  must be invoked. A 
computer f i t  was made t o  t h e  e x p r i m e n t a l  d a t a  w i t h  our  s i m p l i f i e d  model ( H  and 
G c o n s t a n t ) ,  wi th  high carrier i n j e c t i o n  from t h e  c o n t a c t s  assumed, and w i t h  a +200 V 
bias a p p l i e d  t o  the  f r o n t  s u r f a c e .  The beam c u r r e n t  d e p o s i t e d  i n t o  t h e  f i l m  was 
JB' = 1 nf4/crn2r from Figure  1 ,  J1  and J2 are -4.4 and 3.4 n ~ / c m ~ ,  r e s p e c t i v e l y .  

The r e s u l t s  o f  t h e  f i t  are shown i n  f i g u r e  6. The h i g h  e l e c t r o n  c o n c e n t r a t i o n  
a d j a c e n t  t o  t h e  n e g a t i v e  c o n t a c t  e x t e n d s  i n t o  the  bu lk  of t h e  f i l m  and dominates t h e  



beam-dnpositcd charge thraugh mbch of the d i e l a c t t i c ,  The c f foc t ive  mobilitv nccm- 
sasy t.0 tit. the  model r o a u l t s  6ic, experimental results was I(' fi 7 x 1 0 - I  m2/v-a. 
TUa. value must bc cansidered crude bscausa the. model, d id  n o t  match thp axperimnntal 
condUiona-well; same c 0 n s t a e s  IR2  and G-from oq.- ( 5 ) ]  arc v d n ~ a n  fo r  SiQ; and the 
iaj cc t i a n  roptesontcd i n  (an. .extreme .. Rcapi t c  ~impl.i$icBtf en of the model ,. some uso- 
Ed pred ic t ions  can ba niadc. Tho curvature of thc p t a n t k a l - w i t h k n  the fFZm rcfJ@ctl; 
the  shaes seen i n  Cigure 5 for the zero-bias CWC. A t  some p ~ s i t i v ~ !  bitas, t he  slop@ 
of t h i a  curve is zero  (dV/dx = 8 )  at the hack contact ;  a t  some nag8tivc kisn, 
dV/dx 8 a t  the f r o n t  contact .  A s  the hian i s  3ar iad  thsough these c r i t i c a l  points ,  
the  p o t e n t i a l  g rad ien t  reverses  a s  does the cu r r en t  a t  Gllitt contnct .  The symmetry OF 
the s implifying assumptiano p r e d i c t s  a symmetry i n  the  f o r w a d  and rcvar86 bias re- 
s u l t s  of the model. However, t h e  experimental resukts i n d i c a t e  more c u r r e n t  Rlowe 
when negat ive b i a s  is appl ied t o  thc  f r o n t  sur face  than when a p o s i t i v e  bias is 
appl ied.  The shopc of G and H must therefore  be important. The deposi ted charge and 
ionization-induced conductLvity a r e  s i g n i f i c a n t  r e l a t i v e  t o  the bias-in:jectod charge 
under the test  condit ions.  X f  t h i s  is the case,  w h e ~  the b i a s  vol tage is reduced, 
t he  e f f e c t s  of G and. H, r e l a t i v e  t o  the e f f e c t s  of b i a s  magnitude and p o l a r i t y ,  
should increase ,  

C. - 245-V Bias and Excess Charge - Deposition 

Experimental d a t a  are a v a i l a b l e  for  the lower b i a s  s i t u a t i o n  ( f i g .  2 ) .  When 
compared with figure+ 1 ,  it is seen t h a t  a t  the higher beam cu r ren t s ,  one of the  
con tac t  c u r r e n t s  (J2) reverses  and c ros ses  the J = O a x i s ,  a s  pred ic ted  by the model 
(see above). A t  even lower b i a s  vol tages,  Ji would a l s o  be expected t o  c ros s  over 
t he  J = 0 ax i s .  This  crossover  r e s u l t s  from a deposi ted charge t h a t  e s t a b l i s h e s  
f i e l d s  which oppose and exceed the  f i e l d  c r ea t ed  by the  appl ied  b i a s ,  Since values 
of conduct iv i ty  a r e  expe~imenta-lly determined from the  measured c u r r e n t s  and appl ied 
vol tages,  ca re  must be taken i n  d i e l e c t r i c s  where i n t e r n a l  f i e l d s  can be reversed 
(and maintained) by the  presence of excess  ( o r  trapped) charge. Assumptions about 
uniform f i e l d s  and conduc t iv i t i e s  i n  electron-beam i r r a d i a t e d  d i e l e c t r i c s  3re only 
v a l i d  under s p e c i a l  condi t ions  ie.g., i f  the beam i n t e n s i t y  is low enough, the  de- 
pos i t ed  charge w i l l  no t  g r e a t l y  a l t e r  the p o t e n t i a l  p r o f i l e  compared t o  the e f f e c t  of 
the b i a s ) .  In  f i gu re  2, the beam cu r ren t  dens i ty  of 0.65 nA/cm2 is adequate t o  
create a f i e l d  a t  the  back con tac t  equal  t o  t h a t  c rea ted  by the +45-V b i a s  on the 
6.4-ym sample (hence, no Current flows i n  t h i s  region) .  I f  no c u r r e n t  is de tec ted  
(J2 = 0) and i f  uniform f i e l d s  a r e  assumed, it could appear t h a t  the conduct iv i ty  is 
zero. This is obviously no t  the  case. S imi la r ly ,  under d i f f e r e n t  condi t ions ,  i n t e r -  
p r e t a t i o n  of o the r  e f f e c t s  (such a s  f i e l d  and dose dependence) cah-be incorrec t .  

This s tudy concludes t h a t  measurements of RIC, field-enhanced conduct ivi ty ,  and 
dose-dependent e f f e c t s  a r e  un re l i ab l e  i n  e l ec t ron  beam experiments without a proper 
model t h a t  revea ls  the i n t e r n a l  p o t e n t i a l  p ro f i l e s .  Even i r r a d i a t i o n  with gamma-rays 
is a problem because of the  e f f e c t s  of knock-on and back-scat tered - -  - - . - 
e l e c t r o n s  ( r e f .  13).  

D. Discussion of RIC Resul ts  

Several  important f a c t s  emerged from the i n t e r p r e t a t i o n  and modeling of the RIC 
experiment. F i r s t ,  i n j e c t i o n  of c a r r i e r s  from the con tac t s  must be considered, a t  
l e a s t  i n  Kapton with gold con tac t s  (some ma te r i a l s  and some con tac t s  might not permit 

I 

i n j e c t i o n ) .  Second, with s o  many unknowns i n  the model, t o  determine ma te r i a l  param- 
e t e r s ,  it is necessary t o  have a s  many experiments t h a t  vary the independent v a r i -  
a b l e s  a s  there  a r e  unknowns t o  be found. Simplif ied computer models a r e  very usefu l  



i n  predicting the types af effects; however, maze r a a l i s t i c  values f o r  G and H mu9t 
he inserted- to 0btal.n realidti  c and qilantf tativr? value9 for the material parameters 
sought. 

R brial sacapittrlntion of thc impertant. factorn i n  the marfol. and rtxperlmcmnt, 
E d   LOW^ 

a. Asaumptionrs; about: mebilc ncgat iva ehargc? afi4 dcap:.y trappad ponf t fvc  chatgc 
sacm t o  f i t ,  tho data Eer Kapton . 

b. Dopositing nogatdue charge (wtth low mobil i ty  abtcr dspeaitxOn) means t h a t  
a negat ive m t s n t i a l  13 c s ~ a t e d  i n  t h e  h.U oC the  dtclcctsic. 

c, With applied bias, in jcCt ion  of negat ive charge From the negative contact 
i n t o  the d i e l e c t r i c  is r e q \ r i r c U  f i t  the  data. 

d. The p o t e n t i a l  p r o f i l e s  i n  a. f i lm depend on the  amount of chclrge deposi ted 
from the: b e a m ,  i n j e c t i o n  from the contac ts ,  Isca-l conduct iv i ty ,  and exterr la l  bias 
( f i g .  4-6) ; they are seldom l inea r ,  - - - 

e. Because of n o n l i n e a r i t i e s  i n  charge depos i t ion  (ti), c a r r i e r  generat ion from 
energy depos i t ion  ( G ,  which a f f e c t s  conduct ivi t .y) ,  and i n t e r n a l  p o t e n t i a l s ,  V(x), 
e x t e r n a l  curref i ts  may be dominated by small  regions of the d i e l e c t r i c .  Mater ia l  - 
parameters cannot be accu ra t e ly  determined wi thout  accour~t ing for these  e f f e c t s .  

Two a d d i t i o n a l  f a c t o r s  he lp  expla in  theexpe r imen ta l  da t a ;  these are descr ibed 
here  more f u l l y .  

V i 
J .  Contact  c u r r e n t s  J1 and J 2  can be broken i n t o  components J1,2 and J1 ,2 ,  

which are composed of charge from the beam and charge i n j e c t e d  from one con tac t  or 
t h e  other ,  Figure 2- con ta ins  two sets of c u r r e n t  dens i ty  components !beam generated 
and b i a s  generated)  f o r  the s h ~ n p l i f i e d  model. In  ca ses  of no appl ied  b i a s ,  the beam- 
generated con tac t  c u r r e n t s  1 51 ,2 1 a r e  equal ,  s ince  G and H a r e  uniform. In add i t i on ,  
1 Jl 1 + I J ~ I  = Jg, and no in j ec t ed  compongnt is qreeent .  With appl ied b i a s  V, the  
beam-generated c u r r f n t s  s h i f t  s o  t h a t  1 ~ 1  I L 1 J~ 1 ; b u t  they sti l l  add up t o  JB. In- 
j e c t i o n  c u r r e n t s  (J1 ,2 are the  do t t ed  l i n e )  f low from the negat ive con tac t  and 
1 1 

31 = J2. (The conventioz used here is t h a t  p o s i t i v e  c u r r e n t s  a r e  descr ibed by e lec-  
t r o n s  moving t o  the  r i g h t  i n  E ~ g u r e  1 ,  therefore ,  i n j ec t ed  c o r r e n t s  have the  same 
s i g n  and the beam-generated-currents have - opposi te  s igns.)  The t g r a l  con tac t  cur- 

1 V- - r e n t s  are the  sums af the components: J1 = ~1 + Jl ; J 2  = J 2  + J 2  . Figure 7 shows 
t h e  r e s u l t s  of no b i a s  appl ied and negat ive b i a s  appl ied  t o  the f r o n t  (number 1 )  
contac t .  Because of the  assumptions, the  same pos i t i ve  b i a s  appl ied t o  the f r o n t  + - + - 
con tac t  would r e s u l t  i n  J1 = -J2 and J 2  = 4 1 .  

Figure B shows the cornpotent c u f r e n t s  f o r  a s ~ a l l e r  posit* bias .  The negat ive 
values of the c u r r e n t  sums -J1 = -(J1 c J 1 )  and -J2  = - ( J 2  4 J 2 )  a r 2  displayed t o  
make comparison with f igu res  1 and 2 easier. The reason for the - ~ i  crossover  may be 
e a a i l y  seen from the sumn~ation of its components. Again, revers ing  the b i a s  p o l a r i t y  + + provides J; = J 2  and J 2  = J: f o r  t h i s  s imp l i f i ed  model. 

v v v 
The condit ion I 1 4 1 i12 1 = J; requ i r e s  t h a t  I J~ , I ( J;. Figure 7 i l l u s t r a t e s  

the b a s i s  for def in ing  bias-dominated and beam-dominated regions. A t  a given b i a s ,  
low-beam c u r r e n t s  do not  s i g n i f i c a n t . 1 ~  a l t e r  the appl ied  f i e l d s .  However, with high- 



beam Cufrcnts, t h e  d e p o s i t e d  charge godorates f i o l d a  greater than thot3s Eram the 
appl.iad baas, nt which point., cltargcs also f low toward the nejAtivr:  csntact  and tho 
dkc lwtr i  c hecornen hnam dominatnd ( f i g .  A ) ,  

Tho Catal, CWXcthb d e n s i t y  nurvna 3.n Eicjtircn 7 and d a r e  symmetric witrh prjsit i  VF? 

and necjativct applied biaa .  Expr imant r? l  rast~Itfl i n  fiqrrrno I ~ h d -  2, h o w c r ,  dcr :rodlc 

cll.9pl.ay t h i n  rsymwntry.. The aaymmsttry ancn i n  tho8e Ff.qwcs i n  a r o ~ u l t  of r~c~nrullfurn~ 
*onii ,at ion rind shilrgct d a p n 5 i t i a n  prafb bofi ( G  and W in fbq. 4). Part O f  thc rtf fwet  

0 rcaul.rs I'rm chn hi yhar hack c ~ ~ L B c L  c u ~ r s n t  ( 1J2) I J  1 a t  st?ro bias j , w h  r h  will 
hakc Id51 > IJ ; I  and IJ;I  > 1 ~ ~ 1 .  However, J l f b o ~ n o a a  ebsccvt?d i n  tho 0xprt~im~tIt"21 
data dro t a o  g ~ a a t  to be sxg ia incd  By th i s  n f fcc t  a l o n e ,  An importarit additional 
otfcct bnuolvos the f i e l d  i n j e c t i o n  06 charge in to  tho raq ion  sE lower i o f i i ~ i i t i o n  
n e a r  the back c o n t a c t .  1'0 account  f o r  t he  ~ x p o r i m e r t t a l  r ~ s ~ 1 . t ~ ~  more ~ l @ e t r o n s  muse 
flow from tlre i r r a d i a t e d  bulk (undcc n e g a t i v e  f r o n t  baas) than  from thc metallie: 
c o n t a c t  (under  p o s i t i v e  f r o n t  b ias) .  The d a t a  base is nac adequate  to determine i f  
ttra di-ffasence is dominated by d ~ f f e r e n t  Eielcl strt!ncgehs i n  t h e  i n j e c t i o n  reg ion  
( w i t h  bias r e v e r s a l )  or by d i f f e r e n t  charge- re lease  mechanisms ( I r r a d i a t e d  dielectric 
v s  metal c o n t a c t ) .  

g .  The apparen t  s a t u r a t i o n  o f  i n j e c t i o n  c u r r e n t  ( f i g .  7 and 81 is a t t r i b u t e d  
p r i m a r i l y  t o  a change from an n t o  an n1 l2  dependence of c o n d u c t i v i t y  wi th  an i ~ -  
c r e a s i n g  beam c u r r e n t  ( r e f .  12). 

With i n c r e a s i n g  c a r r i e r  g e n e r a t i o n ,  t h e  p r i n c i p a l  l o s s  mechanism of e l e c t r o n s  
changes from Shallow t r a p s  to recombination wi th  t rapped h o l e s  ( ~ e f .  12 ) .  Other  
e f f e c t s ,  which make an a c t u a l  determinat5on of c o n d u c t i v i t y  dependence-on-dose very  
d i f f i c u l t ,  are reduced carrier g e n e r a t i o n  near  t h e  rear c o n t a c t  (when t h e  r e d  beam 
p r o f i l e  is used; see f i g .  4 )  and t h e  i n j e c t i o n  of carriers i n t o  t h i s  region- from t h e  
r e a r  c o n t a c t  o r  from t h e  bulk  o f  t h e  d i e l e c t r i c .  The f a c t  t h a t  t h e  observed c o l -  
lected c u r r e n t s  are h igher  when a n e g a t i v e  v o l t a g e  is a p p l i e d  to t h e  f r o n t  c o n t a c t  
t h a n  when a p o s i t i v e  v o l t a g e  is a p p l i e d  s u g g e s t s  t h e  p o s s i b i l i t y  t h a t  i n j e c t i o n  from 
a n  i r r a d i a t e d  reg ion  of t h e  d i e l e c t r i c  is g r e a t e r  than t h a t  from a metallic c o n t a c t .  

Vs CARRIER-EHHANCED CONDUCTIVITY STUDIES - PARTIAL PENETRATIONS 

Carr ier-enhanced c o n d u c t i v i t y  (CEC) is  a lmos t  a t a u t o l o g i c a l  phrase ,  s i n c e  a l l  
c o n d u c t i v i t y  r e q u i r e s  c a r r i e r s  and any i n c r e a s e  i n  carrier c o n c e n t r a t i o n  w i l l  enhance 
c o n d u c t i v i t y .  Radiation-induced conductivity, field-enhanced c o n d u c t i v i t y ,  and 
t h e r m a l l y - s t i n u l a t e d  c o n d u c t i v i t y  are a l l  forms of i n c r e a s e d  c o n d u c t i v i t y  r e s u l t i n g  
from i n c r e a s e d  carrier c o n c e n t r a t i o n s .  However, we r e s e r v e  t h e  phrase  "carrier- 
enhanced c o n d u c t i v i t y "  f o r  s p e c i f i c  c a s e s  i n  which e x t r a  c a r r i e r s  are in t roduced  from 
a c o n t a c t  or from an  a d j a c e n t  i r r a d i a t e d  (RIC)  r eg ion .  Because o f  space charge 
l i m i t a t i o n s ,  we assume t h a t  t h e  number of e x t r a  carriers i n j e c t e d  from a metal con- 
t a c t  o r  from a RIC reg ion  is n o t  large enough t o  alter t h e  carrier m o b i l i t y  o r  t o  
d e v i a t e  ffbm a sha l low- t rap  c o n t r o l l e d  degendence ( t h a t  is, recombination w i t h  pos i -  
t i v e  t r apped  charge can be n e g l e c t e d ) .  The main reason  t h a t  t h i s  smal l  number of 
carriers may be impor tan t  is t h a t  i n  h igh f i e l d  reg ions ,  c o n d u c t i v i t i e s  may be very 
low a f t e r  enough time has e l a p s e d  to  d r a i n  f r e e  or e a s i l y  e x c i t e d  carriers from t h e  
d i e l e c t r i c .  Unless e x t e r n a l  charge o r  i o n i z i n g  r a d i a t i o n  are in t roduced  t o  p rov ide  
more carriers, t h e  c o n d u c t i v i t y  of a d i e l e c t r i c  i n  a f i e l d  can decrease  by o r d e r s  of 
magnitude i n  a few hours. In  t h e  p rev ious  s e c t i o n ,  we d i s c u s s e d  d i e l e c t r i c s  w i t h  
carriers in t roduced  nonut~iformly by i o n i z i n g  r a d i a t i o n .  The e f f e c t s  of charge in -  
j e c t i o n  from c o n t a c t s  or migra t ion  of charge from a d j a c e n t ,  h e a v i l y  i o n i z e d  r e g i o n s  



were abscrvsd iri t h e  l e g s  l ieayily ion ized  r e g i a n s ,  Such cf Ecctn arc probably even 
mora i~rrpartailt in rr!cjiad~ of Inw Erac-carr j  er aonr~ntracionc ( far ~xamplr . ,  nonirrndj - 
ated or high f i n l d  mqions) . 

Two cipproachr:t wera unnd to 6t.udy the CW prahlom aFff?ct ing conduntisn iil ~ R P  
unirrad~.r;tc!d rc:qinn. f n on6 approach,  tlrn WFCHARGt;: c'ompuf or prnqram, cc?pnhle of 
trc?~xtlnrj f axcid front-aarCacr* kia5no and crlrrIcr k i r ~ c t j  Q R ,  waz applictl  to prtrtitll 
pcnatsrrtionn o f  thin+#c?pt:on s,lmpben iind cornparmi w i  t h  nxpnr lmcnt.'? l rr:;ul b:; (ref .  7). 
Iri tho o t h e r  i~pprotlch, an analyti.citll, model with  field irrjection trom t h ~  RfC rpoqbon 
was uracid t:o determine m o b i l i t y  i n  the unirrat l ia tnd fc:qdnn (ref .  14), .  Additi,anfiP 
~ c ~ u ~ s -  & a m  '1~t.h apprcaachc:~ [x-c diacutrncd hclaw, 

LWPGHARGI",odc RcSu%ts For Par ti a l  Penet rn t l  an3 
---.----w-- --- _ ------_Y___--..=. 

Carrier k i n e t i c s  were included i n  t h e  code by assuming t h e  c o n d u c t i v i t y  to be 
-p80,  whete y l  is t h e  mobility and p is t h e  excess-charge d e n s i t y  d e p o s i t e d  by t h e  
pr imary beam. There fore ,  t h e  d r i f t  c o n t r i b u t i o n  t o  the c u r r e n t  is determined by 
multiplyirrcq t h i s  c o n d u c t i v i t y  by t h e  electric f i e l d  i n t e n s i t y .  D i f f u s i o n  was 
n e g l e c t e d  (as i n  r e f .  3) .  The dose  and excess  charge d e p o s i t i o n  r a t e s  were computed 
by us ing  t h e  Monte Csrlo t r a n s p o r t  code ( r e f .  1 )  as i n  figure 4. 

The fo l lowing  p a r t i a l  p e n e t r a t i o n  r e s u l t s  were ob ta ined  f o r  t h e  6.4-lun t h i n  
Kaptan, us ing  1 n ~ / c r n ~  beams of e n e r g i e s  5, 10, IS, 20, and 28 keV, wi th  z e r o  b i a s  on 
t h e  sample. The m o b i l i t y  was assumed t o  be = 10"' m2/v-s. 

For each beam energy,  t a b l e  1 shows t h e  range,  s u b s t r a t e  c u r r e n t  J 2 ,  p u t e n t i a l  
minimum Vm, p o s i t i o n  Xm of t h e  minimum, and t h e  approximate time s c a l e  f o r  t h e  t r a n -  
s i e n t ,  We see t h a t  t h e  s u b s t r a t e  c u r r e n t  becomes s i q n i f i c a n t  when t h e  range is 
g r e a t e r  than  abou t  h a l f  t h e  sample th ickness .  (Chis  " t h r e s h o l d  e f f e c t "  is i n  accord 
w i t h  the l i t e r a t u r e . )  The p o t e n t i a l  minimum becomes deeper  as deeper p e n e t r a t i o n  
o c c u r s  b u t  s tarts  t o  weaken a f t e r  t h e  sample has  been pene t ra ted .  Its p o s i t ' o n  
p r o g r e s t e s  from z e r o  to t h e  midpoint  of t h e  sample wi th  i n c r e a s i n g  beam energy. The 
time scale f o r  e s t a b l i s h i n g  e q u i l i b r i u m  i.s l o n g e s t  f o r  t h e  Low-energy beam (about  
20,000 s) ; t h e  time d imin i shes  as t h e  beam energy (and dep th  of p e n e t r a t i o n )  
i n c r e a s e s .  

Experimental  r e s u l t s  o f  e l e c t r o n  beams on 6.4-wn Kapton (normal ized to 1 n ~ / c m ~  
i n c i d e n t  beam c u r r e n t s ,  assuming p r o p o r t i o n a l  s c a l i n g  f o r  s m a l l  d i f f e r e n c e s  i n  !?am 
c u r r e n t )  are shown i n  t a b l e  2. (comparing t h e s e  r e s u l t s  wi th  those  o f  table 1 i n d i -  
cates c l o s e  agreement of J 2  i n  t h e  case of p e n e t r a t i n g  bean ( 2 8  keV) and poor agree- 
ment i n  cases of t h e  lower energy beams. However, t h e  cho ice  o f  v' = 10-l5 m2/v-s i n  
t h e  computer model is probably  low by a f a c t o r  o f  t h r e e  (as seen i n  t h e  n e x t  s e c t i o n )  
to seven (as seen  in-Subsect ion TV B). If m o b i l i t y  is increased  by a f a c t o r  of 
t h r e e ,  t h e  c u r r e n t  J2 c o l l e c t e d  a t  t h e  back c o n t a c t  i n  t h e  15-keV c a s e  should a l s o  
i n c r e a s e  i n  magnitude, the reby  coming l n t o  c l o s e r  Bgreement wi th  t h e  exper imenta l  
va lue  (-0.12 n ~ / c m ~ ) .  The time s c a l e s  should be reduced by n e a r l y  a f a c t o r  o f  
t h r e e  ( r e f .  6), and t h e  r e s u l t i n g  -900- and 300-s t h e o r e t i c a l  va lues  art? i n  much 
c l o s e r  agreement wi th  the 400- and 175-8 exper imenta l  v a l u e s  f o r  15- and 28-kcV 
beams, r e s p e c t i v e l y .  I f  the h igher  value  of m o b i l i t y  ( u '  = 7 x 10-l5 ni2/v-s) is 
used,  t he  c a l c u l a t e d  r e s u l t s  are even c l o s e r  t o  t h e  exper imenta l  r e s u l t s .  

The f a c t  t h a t  the model Cif p* = 3-7 x 1 0 ' ~ ~  m2/v-s) is i n  such close agrecmarlt 
w i t h  o x p r i r n e n t a l  resrllts, even wf t h o u t  s d i f f u s i o n  c o n t r i b u t i o n  o f  carriers to t h e  



u n i r r a d i a t e d  reg ion ,  i n d i c a t e s  t h a t  ( a t  l e a s t  f o r  low beam c u r r e n t  d e n s i t i e s )  d i f -  
f u s i o n  may 60 unimportant  compared t o  t h e  f i e l d - a s s i s t e d  d r i f t  of  charge from t h e  
i r r a d i a , e d  region.. ReEdcc t h i s  s t a t e m e n t  can be confirmed, more compazison. w i t h  
e x p e r i m e n t a l  data, a b o t t e r  modcling of t h e  mobile carrier c o n c e n t r a t i o n  i n  t h e  RZC 
r a q i a n  ( t o  i n c h i l e  i o n i z a t i o n  from t h e  ham),  and a . - s ~ c c e s s f u l  i n c o r p o r a t i o n  o f  a 
d ~ f f ~ w i o n  term i n t o  t h e  modal mbst be c a r r i e d  out .  However, i n  c o n t r a s t  t o  semi- 
conduc tors  ( f o r  which d i f f u s i o n  is s i g n i f i c a n t ) ,  t h e  d i f f u s i o n  of carriers i n  d i -  
e l e c t r i c ~  should be small Comparzd to t h e  d r i f t  f i e l d  i n j e c t i o n ,  s i n c e  f r e e  carrier 
c o n c e n t r a t i o n s  and m ~ l , i l i t y  are ex t remely  low i n  d i e l e c t r i c s .  S ince  f i e l d  i n j e c t i o n  
dominates d i f fus j -on  and since d i f f u s i o n  could  on ly  have an  e f f e c t  i n  a charge- 
d e p l e t e d  reg ion  ( t h a t  is, i n  a s t r o n g  f i e l d  r e g i o n  where f i e l d  i n j e c t i o n  is more 
i m p o r t a n t ) ,  charge  d i f r u s i o n  i n  dielectrics might reasonab ly  be neg lec ted .  

B. Ana lys i s  of Thick Kapton Samples 

In the t h i n  Kapton samples analyzed above, t h e  conduct ion p rocesses  a r e  dcinin- 
at:d by rad ia t ioa - induced  c o n d u c t i v i t y ,  wi th  space-charge e f f e c t s  p l a y i n g  a lesser 
r o l e .  However, i n  beam i r r a d i a t i o n  exper iments  performed on 127-m Kapton Sam- 
p l e s  ( r e f .  2) (which a r e  t h i c k  compared to t h e  range of 2 t o  18 keV e lec t rons - -a  few 
microns ) ,  t h e  RIC r e g i o n  is t h i n  compared t o  t h e  n o n i r r a d i a t e d  region.  I n  t h e s e  
samples,  t h e  p r o p e r t i e s  of t h e  n o n i r r a d i a t e d  reg ion  a r e  expected t o  c o n t r o l  t h e  cur-  
~ o l t a g e  c h a ~ a c t e r i s t i c s  of t h e s e  m a t e r i a l s .  

yadlowsky and haze l ton  ( r e f .  14)  have r e c e n t l y  analyzed t h e  exper imenta l  results 
of  Hazelton e t  al .  (ret.  2)  and Adamo e t  al.  ( r e f .  15)  in l i g h t  of space-charge- 
l imi ted--f low node l s ,  a f ie ld-enhanced c o n d u c t i v i t y  model (Poole-Frenkel e f f e c t ) ,  
Scho t tky  b a r r i e r  models, and a combination of Poole-Frenkel conduct ion and space- 
charge- l imi ted  c u r r e n t s .  The c l a s s i c a l  e x p r e s s i o n  

f o r  t h e  space-charge- l imi ted c u r r e n t  through a d i e l e c t r i c  sa6,ple appears  t o  p r o p e r l y  
r ep re se~ t  t h e  f u n c t i o n a l  dependence observed by Adamo e t  al. ( r e f .  15)  f o r  c u r r e n t  
f low between b i a s e d  e l e c t r o d e s  i n  an u n i r r a d i a t e d  sample. For an i r r a d i a t e d  sample, 
e q u a t i o n  ( 7 )  can be made t o  f i t  t h e  exper imenta l  c u r r e n t - v o l t a g e  r e s u l t s  o n l y  i f  an 
o r d e r  of magnitude v a r i a t i o n  i n  t h e  value  of t h e  m o b i l i t y  is make ( r e f .  14) .  
Yadlowsky and Hazelton ( r e f .  1 4 )  a l s o  found t h a t  t h e  c u r r e n t  v o l t a g e  dependence can 
be r e p r e s e n t e d  by t h e  o t h e r  models mentioned above, b u t  n o t  s a t i s f a c t o r i l y .  For 
example, In each c a s e ,  a nonphysical  beam energy dependence f o r  t h e  d i e l e c t r i c  per-  
m l t t i v i t y ,  E ,  had t o  be assumed t o  o b t a i n  a f u n c t i o n a l  f i t .  I n  a d d i t i o n ,  t h e  value  
of t h e  permittivity r e q u i r e d  to f i t  t h e  d a t a  was f i v e  t o  s i x  times t h e  accep ted  value  
l n  some cases. These r e s u l t s  l ed  t o  t h e  conc lus ion  t h a t  t h e s e  models are u n s a t i s -  
f a c t o r y  i n  t h e i r  usua l  forms. However, s a t i s f a c t o r y  r e s u l t s  were ob ta ined  us ing  a 
modifled vers ion  of t h e  space-charge- l imi ted c u r r e n t  model ( r e f .  14) .  

I n  t h e  u s u a l  form of  t h i s  model, t h e  f ieLd is assumed t o  be z e r o  a t  t h e  i n j e c -  
t i o n  plane.  The neM model a l lows  t h e  f i e l d  t o  have a f i n i t e  va lue ,  Eo, a t  t h e  
v l r t u a l  i n j e c t i o r i  e - l ec t rode ,  which is taken t o  be t h e  p o i n t  a t  which t h e  primary beam 
c u r r e n t  vanishes. R e l a t i v e l y  good f i t s  were o b t s i n e d  wi th  a s i m p l i f i e d  v e r s i o n  of 
t h i s  model, emphasizing t h e  impor ta rce  of i n c l u d i n g  i n j e c t i o n  e l x t r o d e  e f f e c t s  i n  
t h e  a n a l y s i s .  Th i s  model accounts  f o r  beam enerqy dependence e f f e c t s  i n  a n a t u r a l  
way and e x p l a i n s  t h e  d i f f e r e n c e  between t h e  Adamo e t  al .  ( r e f .  15)  b iased  e l e c t r n d e  



measurements, f o r  which i n j e c t i o n  a e c u r s  a t  t h e  metal. c o n t a c t ,  and t h e  i r r a d i a t e d  
d i e l e c t r i c  s t u d i e s ,  f o r  which i n j e c t i o n  o c c u t s  from an i o n i z e d  reg iu r i  of the d i -  
electric..- Measurements and a n a l y s i s  are r e q u i r e d  t o  determine, whether space-charge 
e f f e c t s  in t h e  i n j e c t i o n  reg ion  o r  f  ield-enhanced c o n d u c t i v i t y  i n  t h e  t an i r rad ia ted  
r e g i o n  dominate t h e  charge t r a n s p o r t  pgocess i n  t h e  bulk  of t h e  d i e l e c t r i c ,  

Expesimental  r e s u l t s  were used t o  determine va lues  of t h e  i n j e c t i o n  f i e l d s  
Eo ( r e f .  14).  These va lues ,  i n  t a r n ,  were used h e r e  t o  c a l c u l a t e  va lues  f o r  t h e  
trap-modulated m o b i l i t y  v ' .  Table 3 d i s p l a y s  both  sets of va lues  f o r  beam e n e r g i e s  
o f  8, 12, 16, and 18 keV. The v a l u e s  o f  i n  t a b l e  3 s u g g e s t  computer i n p u t  va lues  
o f  IJ' i n  Subsect ion V B. For c o n s i s t e n c y ,  t h e  computer model ( w i t h  t h e  new value  of 
11' 1 should a l s o  p r e d i c t  t h e  va lues  of fi0 deduced from t h e  e x p r i m e n t  r e s u l t s .  

C. Discuss ion of CEC R e s u l t s  - 
To unders tand t h e  exper imenta l  r e s u l t s  of a nonpene t ra t ing  e l e c t r o n b e a m  in-  

c i d e n t  on Kapton samples,  it is necessa ry  t o  invoke f i e l d - a s s i s t e d  i n j e c t i o n  of 
carriers from t h e  i r r a d i a t e d  r e g i o n  i n t o  t h e  n o n i r r a d i a t e d  region.  An a n a l y t i c a l  
space-charge limited model, wi th  a n o n w n i s h i n g  f i e l d  a t  t h e  i n j e c t i o n  p lane  ( t h e  
edge of the irradiated r e g i o n )  has  provided r e s u l t s  c o n s i s t e n t  wi th  both  exper imenta l  
data arid a p r e l i m i n a r y  computer carrier model. The c o n d i t i o n s  under which space- 
charge  l i m i t e d  flow occurs  ( f o r  example, f r e e  carrier d e n s i t y  ir ladequate t o  neutra l - .  
i z e  i n j e c t e d  carriers) must be i n v e s t i g a t e d .  A comparison of o t h e r  exper imenta l  
r e s u l t s  wi th  the p r e s e n t  zomputer model w i l l  provide  better m a t e r i a l  parameters  and 
w i l l  i n d i c a t e  where m o d i f i c a t i o n s  t o  t h e  model and t o  t h e  space-charge l i m i t e d  cur-  
r e n t  theory  are requ i red .  A t  e a r l y  times i n  a charg ing  exper iment ,  free c a r r i e r s  i n  
t h e  d i e l e c t c i c  bulk  may be t o o  numerous f o r  space-charge l i m i t a t i o n s  t o  occur.  On 
the o t h e r  hand, i f  f i e l d  i n j e c t i o n  from an i r r a d i a t e d  r e g i o n  (greater than from a 
metal c o n t a c t  i f  our  RIC r e s u l t s  are v a l i d )  is high enough, t h e  i n j e c t e d  c a r r i e r s  may 
dominate a l l  o t h e r  carrier sources .  

Comparison of Kapton wi th  d i f f e r e n t  materials such as Tef lon ( i n  which f i e l d -  
i n j e c t e d  e l e c t r o n s  would compete wi th  t h e  more mobile h o l e s )  o r  wi th  ceria-doped- 
mic roshee t  ( i n  which the  h igh  c o n c e n t r a t i o n  of free carriers r e s u l t i n g  from t h e  
cerium i o n s  could  p reven t  space-charge l i m i t i n g )  would be ve ry  u s e f u l  i n  t e s t i n g  t h e  
p r e s e n t  theory  and model. 

VI. IMPLICATIONS OF THIS h C 4 K  

The use of p e n e t r a t i n g  beams on a t h i n ,  m e t a l l i z e d  d i e l e c t r i c  e s t a b l i s h e s  con- 
d i t i o n s  t h a t  are c l o s e l y  analogous t o  those  i n  t h e  RIC r e g i o n  of a nonpenetra ted 
dielectric. For i n s t a n c e :  a 1 nA/cm2 beam of 28 keV e l e c t r o n s  p e n e t r a t i n g  a 6.4-Um 
dielectric f i l m  d e p o s i t s  n e a r l y  45 mw/cm3 throughout  t h e  sample. On t h e  o t h e r  hand, 
a nonpene t ra t ing  1-nA/em2 beam i n c i d e n t  on a f r e e  s u r f a c e  dielectric w i l l  charge t h a t  
s u r f a c e  t o  w i t h i n  approximately  2 keV of t h e  beam energy ( a t  which p o i n t  secondary 
emxssion ba lances  t h e  i n c i d e n t  beam). If m o s t  of  t h e  2 keV per e l e c t r o n  is d e p o s i t e d  
i n  t h e  f i r s t  0.2 pm, t h e  d e p o s i t e d  power d e n s i t y  is 100 mw/cm3. The dose  r a t e  i n ,  
and t h e r e f a r e  t h e  c o n d u c t i v i t y  of t h e  two r e g i o n s  w i l l  be very  s i m i l a r .  The de- 
p o s i t e d  e x c e s s  charge d e n s i t y  w i l l  be g r e a t e r  i n  t h e  0.2-lan l a y e r ,  b u t  because t h e  
d i s t a n c e  t h e  e x c e s s  charge must t r a v e l  be fore  removal from t h e  l a y e r  is less i n  the 
t h i n  l a y e r  than i n  t h e  t h i n  I i l m  ( ~ 0 . 2  Dm v s  (3.2 ~m)";--thecurrent d e n s i t i e s  (and 
perhaps  t h e  p o t e n t i a l  p r o f i l e s )  should a l s o  be s i m i l a r .  .--+ .. -- . '.. 



The e l e c t r i c  f i e l d  a t  the back contac t  of a t h i n  d i e l e c t r i c  w i t h  its f r o a t  con- 
tact biased C 6  +45 V aad Jg = 0.65 n&/cm2 in. f igu re  2 is i e r o ,  ' fhis back con tac t  
corresponds t o  the zero f i e l d  region i n  the RIC volume near the  noni r rad ia ted  por t ion  
of a t h i ck  d i e l e c t r i c , .  This a r ea  of the  RIC region,  t hen ,  is eqyiva len t  t o  an. e lec-  
t rode  i n  the  RIC region* The p o s i t i v e l y  biased f r o h t  con tac t  of a t h i n  . .~e t a l l i zed  
f i lm  eor responds . to  the  c a r r i e r  s ink of an i r r a d i a t e d  Kapton sample f r e e  sur face ,  f o r  
which secondary emission removes su r f ace  e lec t rons .  Changing the b i a s  on t h i s  f r o n t  
con tac t  ( f o r  a f ixed  .beam cu r ren t )  v a r i e s  the  pos i t i on  of the  zero f i e l d  region. 
This  change permits the RIC region t o  be probed, allowing a more accura te  determina- 
t i o n  o t  its ma te r i a l  paxameters. Other condit ions may need t o  be e s t ab l i shed  f o r  
Teflon, i n  which holes  a r e  the majori ty  c a r r i e r  and f o r  which the i r r a d i a t e d  su r f ace  
(when p o s i t i v e )  is therefore  an i n j e c t i n g  e lec t rode .  Mater ia l s  i n  which both holes  
and e l e c t r o n s  have comparable mobil i ty  o r  i n  which condi t ions  a r e  o the r  than those 
assumed here f o r  Kapton, must be examined i n  a s imi l a r  manner t o  determine the appro- 
p r i a t e  experiments f a r  e s t a b l i s h i n g  mater ia l  parameters. - - - - - . 

Because of nonuniformities i n  f i e l d s  and p o t e n t i a l s  i n  t he  RIC region,  and be- 
cause of t h e i r  s t rong  dependence on changes i n  beam c u r r e n t  dens i ty  and e x t e r n a l  
appl ied  b i a s  (corresponding t o  chmges i n  the experimental condi t ions  of a non- 
pene t r a t ing  beam experiment),  i n c o r r e c t  values f o r  ma te r i a l  parameters and even f o r  
func t iona l  dependence ( i n  both i r r a d i a t e d  and noni r rad ia ted  reg ions)  a r e  l i k e l y  t o  be 
in fe r r ed  unless  a computer model is used t o  unravel the  p~oblem. Many conclusions 
from p a s t  work a r e  suspec t  f o r  t h i s  reason, o r ,  i f  c o r r e c t ,  they may not  p e r t a i n  t o  
condi t ions  t h a t  a r e  appl icable  t o  d i e l e c t r i c  discharges.  Although the d a t a  may be 
good, it must be reevaluated i n  many cases.  Such problems account f o r  many of the 
dev ia t ions  observed i n  experimental ly  determined parameters (such as dose dependence 
of conduct ivi ty ,  and s o  on).  Future wark m u s t  be c a r r i e d  ou t  onLy a f t e r  c a r e f u l  
s tudy of the condi t ions  t o  be simulated and a f t e r  t e s t i n g  of a model t o  c o r r e c t l y  
i n t e r p r e t  the  r e s u l t s .  

Once appropr ia te  models a r e  t e s t e d  and t rue  i r r a d i a t e d  ma te r i a l  parameters a r e  
evaluated,  a more va l id  assessment of breakdown candi t ions  and p r o b a b i l i t y  can be 
made, Var ia t ion  of ma te r i a l  and beam parameters i n  the computer model can then be 
used t o  determine the b e s t  m e a n a r e v e n t i n g  discharge condit ions.  

V I I .  SUMMARY 

Although experimental measurements of RIC a r e  ava i l ab l e ,  it is s t i l l  necessary 
t o  use a t h e o r e t i c a l  model t o  c o r r e c t l y  i n t e r p r e t  them. A model f o r  RIC is described 
here,  based on s teady-s ta te  so lu t ions  of general  k i n e t i c  equat ions f o r  e l e c t r o n s  and 
holes.  An assumption is made t h a t  the holes  a r e  ins tan taneous ly  trapped i n t o  deep 
t r a p s ,  while the  e l ec t rons  hop from shallow trap t o  shallow t r a p  and a r e  descr ibed as 
quasi-free with a lowered "trap-modulated" e f f e c t i v e  mobili ty.  This s i m p l i f i e s  the  
description of the system t o  the  Poisson equat ion p lus  a s i n g l e  t r a n s p o r t  equat ion 
f o r  the e lec t rons .  Parameters required by the model include mobil i ty ,  p a i r  genera- 
t i o n  r a t e ,  and excess-charge depos i t ion  r a t e .  

Raw da ta  on a 6.4-pm sample of Kapton, taken a t  2196-V and 245-V b i a s  -netrated 
by a 28-keV inc iden t  e l ec t ron  beam energy, a r e  con-idered f o r  i n t e r p r e t a t i o n .  Of 
priok concern was the approximately 60-40 s p l i t  of the  r e a r  and f r o n t  c u r r e n t s  ob- 
served a t  zero bias .  Moreover, the  experimental values i n fe r r ed  f o r  the  RIC a r e  
p o l a r i t y  dependent. However, the present  model can expla in  the 60-40 s p l i t  a t  zero  
b i a s ,  by appropr ia te  choices  of dose and excess  charge depos i t ion  p r o f i l e s ,  and by a 
p a r t i c u l a r  choice of mobil i ty ,  can match the experimental cu r r en t s  under b ias .  



I n j e c t i o n  at t h e  cathode c o n t a c t  is r e q u i r e d  to allow matching o f  t h e  c x p e r i -  
mental  c u r r e n t s .  Under c o n d i t i o n s  of high.  i n j e c t i o n , -  t h e  s h a p e s  of t h e  e l e c t r o n  con- 
c e n t r a t i o n -  and p o t e n t i a l  are monotonic and no s t r o n g  f i e l &  are p r e s e n t  ( f i g .  6 )  .-- 
The mean value  of t h e  RIC t u r n s  out  to be c o n s i s t e n t  wi th  v a l u e s  i n  t h e  l i t e r a t u r e ,  
The p o l a r i t y  dependence df t h e  e x p e r i m e n t a l l y  observed c u r r e n t s  is exp la ined  i n  terms 
o f  - s p a t i a l  v a r i a t i o n s  i n  charge  d e p o s i t i o n ,  i n t e r n a l  conduc t i v i t i e s  , and- f i a  Lds . 

The problem of p a r t i a l  p e n e t r a t i o n s  is a l s o  cons idered ,  The LWPCtIARGE code, 
including. carrier k i n e t i c s ,  was used to d e s c r i b e  C X  e f f e c t s .  T r a n s i e n t  s o l u t i o n s  
were a b t a i n e d  f o r  p a r t i a l  p e n e t r a t i o n s  o f  t h e  thin-Kapton sample wi th  beam v o l t a g e s  
less than 28 kV. S i g n i f i c a n t  rear currents-were p r e d i c t e d  when t h e  p e n e t r a t i o n  dep th  
was h e l f  t h e  t h i c k n e s s  ( t h r e s h o l d  e f f e c t s ) .  For l o w  Beam v o l t a g e ,  t h e  t r a n s i e n t  time 
i s  very long. As t h e  beam v o l t a g e  i n c r e a s e s ,  t h e  t r a n s i e n t  time d e c r e a s e s  and t h e  
( n e g a t i v e  1 p o t e n t i a l  minimum deepens,  u n t i l  f u l l  p e n e t r a t i o n  is achieved.  The zero- 
b i a s ,  r e a r - f r o n t  c u r r e n t  s p l i t  is c a l c u l a t e d  t o  be 63-37. 

Field e x t r a c t i o n  o f  charge  from the RIC r e g i o n  is assumed i n  a space-charge 
l i m i t e d  c u r r e n t  model t o  i n t e r p r e t  exper imenta l  r e s u l t s  o b t a i n e d  o n  t h i c k  ( 5-mil 1 
Kapton samples with  a f r e e  f r o n t  s u r f a c e .  From our  v a r i o u s  models, an i n f e r r e d  value  
of e f f e c t i v e  m o b i l i t y  ( p @  = 3-7 x 10-I ni2/v-s) , which is c o n s i s t e n t  wi th  t h e  l i tera- 
ture ,_has  been-obtained f o r  bo th  RIC and C E  reg ions .  
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Table 1, Part ia l  Perletratioas -at  Zero Bias 

Table 2. Experimental Results for 
1 nA/cm2 Electron Beams on- 

6.4 urn Kapton 

Table 3. Electrical  Parameters for 
Thick Irradiated Kapton 
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Figure 1 ,  Collected Currents vs Electron 
Beam Current mtering a Dielectric 

( A  +I96 V bias applied to front 
surface; pos i t ive  currents are 
det,ned as electrons moving 

toward the right;superscripts 
indicate polarity of the bias)  

Figure 2. Collected Currents vs S e c t t o n  
peam Current With +45 V Applied Bias 
I 
I 
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Figure 3. Primary F l u  From Monte Carlo 
Transport Code 

EVAPORATED METAL CONTACTS 

Figure 4. Schematic of Experiment: Electron Beam 
Incident on Biased Front Contact (Number 11, 
Electrons Scattered and Deposited Within 
Dielectric (energy and charge deposition 

rate profiles represented by G and H) 



Figure 5. Electrical Parameters for Dielectric 
Exposed to an Electron Beam (6 and H Constant) 

With Electric Field E, Potential V, and 
Drift-Diffusion Flux F ; ) ~  Resulting 

f r o m  Incident Flux F 

X 

Fig.?ue 6. Electrical Parameters Determined 
by Computer P i t  to Experimehtal Data, 

Assuming Constant G and H (+200 V 
a;?plied to front contact and hig.b 

electron $nj@ction at  back 
contact) 
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Figure 7. Collected Currents J Y , ~  vs  Electron 
Beam Current J; Modelled With a Negative 
Applied Bias, Assuming Constant G and H 
(constituent parts r e s u l t  from injection 

a t  contacts J + , ~  and from motion 
o f  beam-deposited charge JY, 2 

-b 
.gure 8. Collected Currents J1,2 vs  m e e l o n  

Beam Current 3; Modelled With a Posit ive 
Applied Bias, Assuming Constant G and H 



A SIMPLE MOOEC OF ELECTRON QEAM I N I I I A T E 6  OTECECTRIG BREAKMWN" 

8. d .  Beers, R .  E .  Uanlell, and T.  N. Qclnrer - .  
Beers Asaoclates,  Inc.  
Reston, Vlrgtnla 22090 

Wc have  developed a s t e a d y  s tate modcl which d e s c r i b e s  the  i n t e r n a l  c h a r g c  
d i s t r i b u t i o n  of a p l a n a r  d i e l e c t r i c  sample  exposed t o  a un i fo rm e l e c t r a n  bcam. 'Phe 
model i n c l u d e s  t h e  e f f e c t s  o f  c h a r g e  d e p o s i t i o n  and i o n i z a t i o n  o f  t h e  beam, s e p a r a t e  
t rap-modula ted  m o b i l i t i e s  for  e l e c t r o n s  and  h o l e s ,  e l e c t r o n - h o l e  r e c o m b i n a t i o n ,  and 
p a i r  p r o d u c t i o n  by d r i f t i n g  t h e r m a l  e l e c t r o n s .  I f  t h e  i n c i d e n t  beam c u r r e n t  is 
g r e a t e r  t h a n  a c e r t a i n  c r i t i ca l  v a l u e  (which depends  on  sample  t h i c k n e s s  as well as  
o t h e r  sample  p r o p e r t i e s ) ,  t h e  s t e a d y  state s o l u t i o n  is non-phys ica l  . We i n t e r p r e t  
t h i s  t o  mean t h a t  above  t h e  c r i t i ca l  bcam c u r r e n t ,  t h e  sample  b r e a k s  down. 

INTRODUCTION 

T h i s  paper  dcsc r i .  jes a s i m p l e  model o f  a beam c h a r g i n g  expe r imen t .  The 
m o t i v a t i o n  f o r  t h e  model is t h e  need t o  unde r s t and  low v o l t a g e  breakdown s u c h  a s  
t h a t  which o c c u r s  i n  d i e l e c t r i c  material exposed  t o  t h e  r a d i a t i o n  envi ronment  of  
s p a c e  ( r e f .  1). Our approach  t o  t h e  problem is  mot iva t ed  by t h e  work o f  OtDwyer 
( r e f .  2)  on h i g h  v o l t a g e  breakdown. 

The model c o n f i g u r a t i o n  is shown i n  f i g u r e  1, and it is assumed t o  have  r eached  
a s t e a d y  state. A p a i r  o f  i n f i n i t e  grounded p l a t e s  are s e p a r a t e d  by a n  i n f i n i t e ,  
homogeneous d i e l e c t r i c ,  and a s p a t i a l l y  i n f i n i t e  e l e c t r o n  beam is i n c i d e n t  on t h e  
a r r angemen t  no rma l ly ,  throi lgh one  o f  t h e  p l a t e s .  The beam c a u s e s  i o n i z a t i o n  a t  one  
rate, I, and d e p o s i t s  e l e c t r o n s  a t  a second rate ,  S .  The Fact t h a t  t h e s e  rates are 
c o n s t a n t  f o r c e s  t h e  s o l u t i o n  t o  t h e  problem t o  have  symmetry a b o u t  t h e  c e n t e r p l a n e  
between t h e  p l a t e s .  A l l  v a r i a b l e s  are e i t h e r  symmetr ic  ar an t i - symmet r i c  a b o u t  t h i s  
p l a n e .  The problem c o n s i d e r e d  h e r e  is s i m p l e ,  bu t  s i g n  c o n v e n t i o n s  must be handled  
c a r e f u l l y  t o  a v o i d  c o n f u s i o n .  

We t a k e  c u r r e n t  t o  be p o s i t i v e  when i t  is d i r e c t e d  toward t h e  r i g h t .  
Consequen t ly ,  a n  e l e c t r o n  beam t r a v e l i n g  t o  t h e  r i g h t  r e p r e s e n t s  negat . ive  c u r r e n t  
which we d e n o t e  b JB. Since t h e  beam is l o s i n g  e l e c t r o n s  a t  t h e  rate S 
( e l e c t r o n s  C I I I - ~ S - ~ ) ,  t h e  magni tude  o f  JB is d e c r e a s i n g  but. 

where e i s  thc magni tude  o f  t h e  e l e c t r o n i c  c h a r g e .  Because o f  t h e  b u i l d  up of  
n e g a t i v e  c h a r g e ,  t h e  e l e c t - r i c  f i e l d  ( E )  is p o s i t i v e  ( i .e. ,  d i r e c t e d  Loward t h t  

+tSupportcd by USAF c o n t r a c t  F29601-82-C-0023 
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right) i n  thc l e f t  half of the dielectr ic  (0 < x < L/2), vanishes a t  the midplane, 
and is negative i n  thc? right half of the dielectric.  The clcctrons and holcs 
prodw-cd by the beam d r i f t  urctier t.hc influence of t h e  e lec t r ic  f ie ld,  Wc denotc the 
ccsul.-tjdg conduction current by Jc. The total current is thc sum of tho bcam 
current. and thc cond~~ction current. l.u stc8a;l state, conservation of charac 
requires 

Since JC has the same symmetry mopersics as lb ,  I kc solution of equac.ions (1 )  
and ( 2 )  i:j 

For t h e  geometry as we have defified i t ,  t h i s  solution is independent of the 
ionization ra te  I ,  the mobilities of the charged species, and a l l  othcr parameters 
except Sample thickness and electron deposition rate.  

ELECTRON A N B  HOLE BEHAVIOR 

The conduction current is the sum of the electron and hole ci.rrents which are  
defined i n  the usual manner: 

where n and p are  the electron and hole densit ies,  vn and v p  are the 
electron and hole d r i f t  velocities,  and r n  and r p  are the trap modulated 
mobilities of electrons and holes. The electron and hole currents have the same 
symmetry properties as  JC and E. Because of the symmetry of the problem, we 
w i l l  consider only the l e f t  half of the dielectr ic  ( 0  < x < L/2). I n  t h i s  case, 
only Jg, vn ,  and p (the net charge density) are  negative. E ,  jn,  
jp, n ,  and p are a l l  pos'itj.vc. 

With the use of equations (1)  - ( S ) ,  one variable can be expressed i n  terms of 
the others. Solving for p resul ts  i n  

Transport equations can be written for  electrons and holes: 



n(nv,)  = vn + ( I  + S )  - knp 
d x 

whcro k i s  thr> rc*i:onhin;ltion rate  and v is thc call i sian i o ~ i  znt ion c0c.f fic8it.nt , 
I Bscaus~ of cqnnt ion (6)  t h e  cqunt ion for holes (ilq. R )  i a  redundant-. Tlrcal c i s  rlo 

t imr?  dcrlvat ivc hccauso o f  rhn nnsun~ptinn of st cady s tate ,  so tllc* firrtdicnt of the? 
c3cstron f l u x  i s  equal LO LIIC r hrce s ~ u r t x ~  and sink terms on the r i ~ h t ,  Nnto that. 
c a s h  \insigned Lcrm on thr right -11n11d si tlc of  oquat ion ( 7 )  j f; po:-;i tivc!: Llit+ f i r s t  
Lnrm is the avalonctho ( i . e . ,  col l i s i a n  ionizirt ion) tornr, tho second i : ;  thcq bc;i~n 
ionization onct chwgc dcpoait Con, and the third ja rccoabit~iltion, 

wllere E is t h e  d i e l e c t r i c  c o n s t a n t  o f  t h e  sample  Materiel. The symmetry f o r c e s  E(x) 
= jn(x) = jP(x) = 0 at  x  .: L/2 which arc t h e  boundary coaditions. 

Using e q u a t i o n s  (4) - (7) ,  We o b t a i n  the f d l l o w i n g  e q u a t i o n  for  t h e  behav io r  of 
t h e  e l e c t r o n  c u r r e n t :  

None o f  t h e  v a r i a b l e s  i n  t h i s  e q u a t i o n  are n e g a t i v e .  T h e r e f o r e ,  i n  t h e  r e g i o n  under 
c o n s i . d e r a t i o n ,  a l l  terms O Y ~  t h e  r igh t -hand  s i d e  have  t h e  s i g n  e x p l i c i t  i n  f r o n t  o f  
them. The las t  two terms i n  combina t ion  are n e g a t i v e  as i n  equation (6). The 
e q u a t i o n  g o v e r n i n g  t h e  electric f i e l d  is e q u a t i o n  (9). Equa t ion  (6) c a n  a g a i n  be 
w e d  t o  e l i m i n a t e  p and e q u a t i o n  (4 )  to  e l i m i n a t e  n w i t h  t h e  r e s u l t  Lhat  

We have  a d o p t e d  t h e  form of t h o  c o l l i s i o n  i o n i z a t i o n  t e rm-g ive t i  by r e f e r e n c e  3: 

v = o,m (E( e x p ( - l & / I ~ ( )  

where a, has u n i t s  of i n v e r s e  l e n g t h .  



Flquat i o n s  
far jn and E. 
d S m c n S i o n l c s s  

(10) and (11) a + e  a pair of c o u p l e d  or dinar!^ d i f f c r c n t j a l  equations 
Thcy may b c  cast i n t o  d i n i e n s i o n l c s s  form by bhe usc of the 

variables 

u = 1 - 2x/L 

4 sh. cj,/cSL 

11 *- Klaf.:') 

and ~ t l c  d irrcn:iio~l ic :.. . " "n! S, 

; psi. ' ' i ( ~ r ~ ~ ~ ~ 2 )  

= ~ : i / e ~ ,  

0 - l p / u n  

A a01./2 

0 = I/:; 

The two e q u a t i o n s  (10) and (11)  become 

Thc boundary c o n d i t i o n s  a r e  [((I)  = q(0) - 0. 
PFrJPEHTTES OF THE SOLUTIONS 

N v ~ e  t ha t  (u  - [)/rl is the dimensionless h o l e  d e n s i t y  w h i l e  f / s  is t h e  
dinlcrls ionlcss  e l e c t r o n  dt .ns i ty .  'I'hc rcquirc~atant t h a t  t h e s e  two d e n s i t i e s  be  
n o n - n c g a t i v c  p l a c e s  a c o n s t r a i n t  on C: 



Any solution which falls out.sidc this range i s  not physically meaningful. 

L e t  u s  f i r s t  consider the case for which there is no collision ionization 
( h  - 0 ) .  Thcn the two equations (15) and (16) hav? the solution 

where c is ~ h c  solution of 

and g is defined by 

If the solution is to be physically meaningful, then c must be less than unity, For 
many situations of interest, both b and b are very small so that c -- 1 - A  where A.-- 
is much less t h a n  unity, -To_serond order in the srall quantities b and b 

For purposes of illustration, however, it is preferable to use values of order one. , 
In figure 2 we shoiv the solution for b = 0.5 and b = a = 1.0. The solution is 
independent of a, the dimensionless electron deposition rate. Both the electric 
field and rhe two currents (electron and hole) are linear. The electron and hole .- . - 
densities arc constant. The quantity 4 is the dimensionless potential and is 
defified as 

where V(x) is the electrostatic potential with V(O) = V(L,) = 0, and 4o is the 
dimensionless potential at u = 0 ( x  = L / 2 ) .  

In the preceding cxamplc the dimensionless electron and hole currents 
([ and u - t ,  respectivrely) as well as the diwensionless electric field (4) are 
independent of the dimensionless electron deposition rate (a).  (Of course, the 



d imens iona l  q u a n t i t i e s  are s t r o n g l y  dependent  on t h e  electron d e p o s i t i o n  rate.) 
However, when A is non-zero,  t h e  c o l l i s i o n  i o n i z a t i o n  term i n t r o d u c e s  a n  e k p l i c i t  
dependence on  a. Because t h i s  term is al-ways p o s i t i v e ,  its piceseace causes b o t h  
d{/du and [ (u)  to  irlcrease. We have  s o l v e d  e q u a t i o n s  (15 )  and (16) n u m e r i c a l l y  f o r  
ttbe same v a l u e s  of b ,  b,  and a as above ,  b u t  w i t h  A = 0.01. A s  e x p e c t e d ,  t h e  
s o l u t i o n  is no l o n g e r  i ndependen t  o f  a ,  S o l u t i o n s  f o r  t h r e e  v a l u e s  o f  a arc shown 
i n  f i g u r e  3. Note t h a t  f o r  a = 4.58 both  t he  h o l e  c u r r e n t  and t h e  h o l e  d e n s i t y  
v a n i s h  a t  t h e  electrodes. I f  a is  i n c r e a s e d  beyond 4.58, t h e  s o l u t i o n  p r e d i c t s  
n e g a t i v e  h o l e  d e n s i t i e s  n e a r  t h e  e l e c t r o d e .  S i n c e  n e g a t i v e  h o l e  d e n s i t i e s  are 
p h y s i c a l l y  mean ing le s s ,  t h i s  metins t h a t  t h e r e  is no s t e a d y  s t a t e  s o l u t i o n  f o r  
a > 4 .58 .  We i n t e r p r e t  t h i s  t o  mean t h a t  t h e  d i e l e c t r i c  w i l l  b r e a k  down. 

DISCUSSION 

We have  p r e s e n t e d  a s i m p l e  model o f  t h e  e f f e c t s  o f  an  e l e c t r o n  beaa  on a 
d i e l e c t r i c  sample.  We have  assumed t h a t  t h e  sample  is homogeneous and t h a t  t h e  
i n c i d e n t  beam is s p a t i a l l y  uniform. We have  a l s o  assumed- tha t  t h e  beam d e p o s i t s  
e l e c t r o n s  un i fo rmly  th roughou t  t h e  sample.  We have  h u n d  t h a t  i f  t h e  i n c i d e n t  beam 
c u r r e n t  ( o r  e l e c t r o n  d e p o s i t i o n  rate) becomes l a r g e r  t h a n  a c r i t i ca l  v a l u e ,  t h e r e  
are no  s t e a d y  state s o l u t i o n s ,  which we i n t e r p r e t  t o  be a n  i n d i c a t i o n  of  breakdown. 

We have  o n l y  begun t o  e x p l o r e  t h e  p r o p e r t i e s  o f  t h i s  model f o r  rea l i s t ic  v a l u e s  
of  t h e  model p a r a m e t e r s .  We a n t i c i p a t e  t h a t  t h e  s i m p l i c i t y  o f  t h e  model w i l l  l i m i t  
t h e  a c c u r a c y  w i t h  which i t  r e p r e s e n t s  a real d i e l e c t r i c  c h a r g i n g  problem. Hdwever, 
w e  hope t1,at  t h e  v e r y  s i m p l i c i t y  o f  t h e  model w i l l  make it p o s s i b l e  t o  t ho rough ly  
s t u d y  and u n d e r s t a n d  t h e  p h y s i c a l  p r o c e s s e s  l e a d i n g  t o  breakdown i n  t h i s  i d e a l i z e d  
c a s e .  & f e e l  t h a t  t h i s  is a n  i m p o r t a n t  f i r s t  s t e p  i n  t h e  development o f  more 
real is t ic  models  which t a k e  i n t o  a c c o u n t  m a t e r i a l  i x ~ h o m o g e n e i t i e s  (e .g. ,  l o c a l i z e d  
d e f e c t s ) .  
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Figure 1. - Model Geometry. Electrons qoving t o  the r i g h t  produce negative 
current. The beam deposits e lectrons uni formly throughout the sample. 
These electrons d r i f t  toward the two electrodes where they r e tu rn  t o  ground. 
I n  steady s ta te  the t o t a l  current  f lowing t o  ground i s  equal t o  the d i f f e r -  
ence between the transmitted beam current  and the  inc ident  beam current. 

F iqure 2. - Solu t ion f o r  no c o l l i s i o n  i on i za t i on  ( A  = O ) ,  6 = 0.5, b = u = 1.0. 
Total  conduction current  i s  p ropor t ia r~a l  t o  u. The e lec t ron current  ( 6  ) and 
the hole current  ( u  - 6 )  are constant f rac t ions  o f  the t o t a l  conduction 
current. The e lec t ron and ho le  dens i t ies  [ t l n  and ( u  - & ) I n ]  are also 
constant. n  i s  the dimensionless e l e c t r i c  f i e l d ,  and i s  the  dimension- 
less po ten t ia l .  



Figure 3. - Solutions for x = 0.01, 6 = 0.5, b = o = 1.0, and a = 1, 3.5, and 
4.58. When the dimensionless electron deposition rate a >4.58, the solution 
gives negative hole densities [(u - 6 ) 11-11 near the electrodes. This implies 
that there is no physically meaningful steady state solution, i.e., the 
dielectric breaks down. 
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A j o l n t  A l r  ForceJNRSA comprehenslve research and technalogy program on 
spacecraft en.vIronmenta1 lnteract.lons I s  belng undertaken t o  develop technology 
t o  cont ro l  in teract ions between l a r g e  spacecraft systems and the charged- 
p a r t i c l e  environment of  space. Tkls technology w i l l  support NASAlWpattment o f  
Defense operat l.ons o f  the shuttle/IUS, sh t r t t l e /@enW,  and the f orcs u p ?  tea- 
tSon and surveillance: and. detectton missions, glannlng f o r  transa.tmosgher2c 
vehlcles and the NASA space stat lon, and the AFSC m t l l t a r y  space system tech- 
nology model. The program conslsts o f  comblned cantractual and in-house 
e f f o r t s  almed a t  understandlng spacecraft envf mnmental In te rac t ion  phenomerra 
and re l a t i ng  resu l ts  o f  ground-based tes ts  t o  space condftlons. A concerted 
e f f o r t  i s  belng made t o  l d e n t l f y  pro jec t - re la ted envlronrnental 1nterectlon.s o f  
concern. The baslc propert l es o f  mater la l  s are belng Invest lgated to d@velop 
or  modlfy the materials as needed. A ground slmulat lon lnvest lgat lon l s  eval- 
uat i ng  baslc plasma in te rac t ion  phenomena t o  provlde Inputs t o  the analytical 
modellng invest lgat lon.  Systems performance I s  belng evaluated by both ground- 
based. tes ts  and analysls. An- envlronmental impact Invest lgat lon t o  determine 
the e f f e c t  of  fu ture  large spacecraft on the charged-partk le envlronmnt 1s 
planned. F ina l ly ,  spacef 1 l gh t  lnvest lgat lons w l l l  v e r l f y  the resu l ts  of t h i s  
technology invest lgat lon.  The products s f  t h l s  research and teehnology program 
are t e s t  standards and deslgn guide1 lnes tha t  w l l l  sumtnarlze the technology, 
specify t e s t  c r l t e r l a ,  and pravlde technlpues t o  mtnlmlte or  e l lmlnate system 
lnteract lons w i t h  the charged-partlcle environment. The lnvestlgat0on i s  coor- 
dlnated by a ~pacecra f  t Envtronmental In te rac t ion  Program steertng conml t tee,  
whlch w l l l  Incorporate l n t o  t h i s  Invest lgat lon the requirements of  both the 
A l r  Force and NASA. 

STEERING COMMITTEE 

The functtons of  t h l s  conmlttee are t o  coordinate a l l  phases o f  the lnves- 
t lgat lon,  t o  review progress, and t o  d l r ee t  changes, as required, t o  sa t l s f y  
the needs o f  the A l r  Force and NASB. The c o m l t t e e  w l l l  meet annually t o  



revlew the program, to- resolve pendlaq act lun Items, t o  form working groups as 
needed, and t o  lssue required act ion Items. The mlnutes of these-llreetlngs w t l l  
be l $stled. 

The camnitt,ee w i l l  repor t  t o  the W A / O f f t c e  of  Aeronautics and Space 
Technology, Als Force Space Coinmand/DL, and AFSTC through the Sclence and tach- 
nology Interdependency Gr-aup. 

The steerlng c o m l t t e e  c o n s l s ~ s  o f  the fo l lowing members: 

Co-Chairpersons: Charles B..Plke, A l r  Force Geophyslcs Laboratory (AFGL); and 
Carolyn K. Puruls, NASA Lewls Research- Center 

Members: Wayne R. Hudson, NASA HI); Henry 8. Garrett,  3PL; A. R. Fredrtckson, 
Rome A l r  Development Center; 0. A. Guldlce, AWL; and Lt .  R. Cul l ,  A l r  Force 
Heapons Laboratory 

The steerlng c o m l t t e e  w i l l  form worklng groups as needed t o  revleu, plan, 
and coordinate l nves t l ga t lms  I n  spec i f i c  areas, t o  reconmenti new d l  rect lons 
as required, and t o  make per iodic progress reports t o  the steer lng conmlttce. 
The wosklng groups w i l l  funct ion t o  keep the varlous organlzat!ons, both those 
w l t h l n  the formal program and others, coordtnated I n  t h e l r  v a r t w z  a c t l v l t l e s .  
The chairperson o f  each worklng group I s  appointed by the steer lng comntttee 
and l s  responsible f o r  select lng members o f  the worklng group from the tech- 
n l c a l  experts of  the government. l ndus t r la l ,  and un lve rs l t y  conbnunlttes. 

M l s s l o ~ s  uslng very large spacecraft are planned f o r  the rematnder o f  the 
1980's and the space s ta t lon  I s  scheduled f o r  operatlon I n  the 1990's. The 
misslons are planned t o  l n t t 8 d l l y  use equator ia l  and low- lnc l lnat lon orb!ts and 
then move t o  polar  and geasynchronous o rb i t s .  Typtcal mlsstons are comnunlca- 
Olons platforms and space-based radar. The A l r  ForceJlASA Spacecraft Charglng 
Technology lnvest lgat lon showed tha t  envtronmental charged-partlcle f luxes can 
act  on spacecraft surfaces and Snf luence system performance. These new, larger  
spacecraft can have go ten t la l l y  serlous ln teract lons a t  a l l  a l t l t r ldes and these 
lnteract lons must be evaluated. Because the proposed structures have dlmen- 
otons larger than cha.racterl s t  l c  plasma lengths, d.1 f ferent  l a1  surface charglng 
I s  posslble. The metlon o f  such a l t r g e  s t ruc ture  l n  the Earth's magnetlc 
f l e l d  w l l l  Induce electromagnetic forces on the structure. Slnce these struc- 
tures are des$gned fo r  low-denslty materlals, electromagne9lcally Induced 
stress can a f f ec t  the mecbanlcal destgn. 

There I s  a lso a t rend toward hlgh-power modules f o r  space appl lcat lons. 
Plans Rave been established f o r  25-kW modules I n  the Pate 19801s, expanding t o  
500-kW modules, possibly nuclear, I n  the l a t e  1990's. A t  these power leve ls  
the operating voltages w i l l  most I l k e l y  be hlgher than the present range o f  30 
t o  100 V f o r  greater system ef f lc lency.  Thts e levat ton sf speratlng voltages 
means tha t  lnteract lons between the blased surfaces, tncludlng thermal radla- 
tors  f o r  Rlgh-power systems, and the plasma environment are more probable. 

Laboratory tes ts  on small solar  array samples have Indicated tha t  posslble 
lnteract lons include the establ lshment o f  pa ras l t l c  current  loops through the 
envlronment ( resu l t i ng  i n  power losses), arc lng a t  negatlve goOen%lals, and 



d3sprsport ia~ate currentco l lect ion.  through hales In inSulatdon t o  Mased wr- 
faces underneath. These ef fects  can adwersCly Influence the operation of space - . -- 
power modules and must be understood before buUd-ing hlgh-p~wcr fyskems. 

There I s  a Qrowing concern fo r  the intlwence that  the very large struc- 
tures proposed for future appl'ications can have on the  ckarged-particle envl- 
ronment. This I n f  lwnce  may s3gnif tcant l  y a l t e r  the Interacttons between the 
structure and theeauironment. 

Testing larger quantit ies and greater varrletfes of materials, Including 
prolonged exposure to the space environment, i s  needed t o  determine performance 
r e l l a b t l l t y  for e~tended-duration missions. As sgacecraft become larger and 
more expensive, the r e l l a b i l l  t y  of speci a l l  zed materials might become the l l m -  
tt9n.g parameter fo r  missions. To Imprave r e l i a b l l i t y ,  the space environment 
must be wel l  characterize& and tbre material responses t o  that  environment must 
be determined. 

OBJECTIVES 

The overal l  objective of t h i s  tnvest igat ion i s  t o  develop the technology 
fo r  contro l l ing or mlt igat lng spacecraft system Interactions wl th  the plasma, 
part ic le,  and f i e l d  environment of space. The technology developed. i n  t h i s  
investigation wtll support proposed A l r  Force9NASA spa- m!lsslon concepts In to  
the 1990's. 

APPROACH 

The fnd t l a l  emphasis I n  t h i s  in.vestigation w i l l  be on low-Earth-orhtt 
( LEO) a l t l  tudes . The proposed- missions w l l l  be cataloged, engineering speci- 
f icat ions fo r  the charged-particle envlranmnt established, and gsssible in te r -  
actions i den t i f  led. The ground technology invest igat ion w l l l  concentrate on 
determining and modeling plasma phenomena and then extrapolattng these resul ts 
t o  system Interactions and performance I n  space. Applicable technlques avai l -  
able t o  the part icipants w i l l  be used. 

The environmental interactions fo r  large systems operating I n  a1 t i  tudes 
out t o  geosyochronous conditions will be evaluated a f te r  the LEO study. The 
geosynchronolrs en.vi ronmental Inuest tgat isn w i l l .  use the LEO study resul ts as 
wel l  as applicable techniques from the A i r  force/NASA Spacecraft Charging Tech- 
nology investigation. I n  both the LEO and geosynchronous envi ronmental in te r -  
actions investigatlons, the e f fec t  of large systems an the environment w i l l  be 
evaluated as well as the ef fect  of the envirsnment on system performance. 

Spaceflight experiments w l l l  be conducted t a  ve r l f y  the resul ts af the 
ground-based technolagy Investigation of  the environmental Interactions. These 
space experiments w i l l  be coordinated wi th  the ground-based study. 

PRODUCTS 

The output of t h i s  investigation w l l l  be a series of tes t  standards and 
design guideline documents. These w l l l  be Issued I n  a preliminary form early 



I n  t.h@ Invest lgat lon and. upgraded as the study canttnues. The majnr .mi Iehtanen 
f o r  t h l s  Invest igat ion are shown I n  tab le  I. 

TASKS 

Far each element of t h I s  Investtgatlan, the approach I s  surma.rlted and 
the known tasks i-dentlf led, The agensy or  agencles responslble f o r  d l r ec t l ng  
and coordinating the work under each task are gtven. Although the primary 
raspons lb l l l t y  l s  asslgned t o  one agency, the expert lse o f  other agencies w l l l  
be used. 

User Requl rements 

I t  1s necessary t o  I den t t f y  those mlssqons or  proJects tha t  could benef i t  
from the technology tha t  w l l l  be developed by t h i s  Invest lgat lon and t o  dncor- 
porate t h e i r  requirements. Thls ~ 1 1 1  be done by m i n t a l n l n g  close l i a i s o n  w l th  
government funding sources and proJect o f f  ices. Potent la l  appl lca t ions o f  the 
technology have been I den t f f l ed  as 

(1) Polar shu t t le  
(2 )  Space s ta t ion  
(3) Mul t lk l lowat t  space power systems 
(4)  Large, hlgh-power comunIcatIons s a t e l l i t e s  
(5) Large surveillance sate111 tes 
(6) Sc ien t l f  l c  spacecraft 

The primary Interact lons t o  be evaluated have been ten ta t i ve ly  i d e n t i f i e d  as 

( 1 )  Large space system Interact lens.  These Interact tans Involve the 
posstble e f fec ts  due t o  the motion o f  a large body i n  the space environment 
and due t o  nratertal reactlons t o  the charged-partlcle f luxes. 

(2) Blased-system/charged-partlcle ln teract lons.  These In teract ions 
Include spacecraft systems t ha t  generate o r  use high voltage exposed t o  space. . . 
ComnunlcatIons satellites and spacecraft systems uslng hlgh-voltage space power- 
modules f a l l  I n t o  t h I s  category. 

(3) Sc len t l f t c  fnstruments and sensor Interact ions.  The e f f ec t  of elec- 
t r t c  f le lds  surroundlng a spacecraft on the behavlor o f  sc l en t l f  l c  instruments 
and sensors w l l l  be evaluated. 

(4) Large structure In teract lons on the envlronment. The presence of  the 
proposed large structures may a f f ec t  the envlronment. Such e f f ec t s  must be 
evaluated. 

(5)  Enhanced-part l c l e  envt ronment In te rac t  tons . These Interact lons 
Involve spacecraft sources o f  pa r t le les  t ha t  can be tontzed and Increase the 
charged-partlele envlronment around the spacecraft. Close csordlnat ion w! 11 
be maIntalned wf th  the ex l  s t  I ng A l  r Fsrce/NASA Spaeeeraf t Contanilnatf on 
InvestIgatIon. 

(6) Hlgh-energy p a r t l c l e  Interact lons.  Penetrating rad la t lon  e f fec ts  
w l l l  be evaluated I n  t h l s  study only insofar  as they can Inf luence charglng 



phenomena (e.g., Ih te rna l  spacecraft charglng and t-adtatlan-enhanced canductlv- 
l t y  i n  m t e r l a l s ) .  Close coordlnatlon w l l l  be matnta lnebwi th  other groups 
conducting rad la t  tori damage .evaluation% 

(7) Chargl.ng response o f  spacecraf 9 material-s . Thts response depends on 
some basic mater-la1 properties - conduct lon, prcbreakdawn streamer f ~cmatlon, 
photoconduc t ton, and palymer degradation. F k s e  and other per t  lncnt  material 
progert les w l  11 be studled I n  relaUon-&o space envl ronmental In teract  Ions. 

The specif l c  tasks and responsible agencles are I l s t e d  here. 

Task 1- coordlnat lon  and Overvleu. - Coordlnat lng  user needs and lncor- 
poratlmg these needs I n t o  the lnvest lgat fon w l l l  be the respons lh l l l t les  of 
the steerlng commlttee. 

Task 2: A l r  Force and NASA contacts. - Each agency w l l l  malntaln a close 
re la t lonsh lp  w l t h  the proJects I t  manages I n  order t o  determlne user needs and 
w l l l  repor t  those needs t o  the steer lng commlttee f o r  coordlnatlan-and incor- 
porat ion I n t o - t h i s  tnirest lgatlon. 

Environment Speclf lcat lons-- 

The natural  envlranment w i l l  be Investigated and engtneerlng sgeclf lca- 
ttcrns generated or updated as appropriate. The e f f ec t  a f  large spacecraft on 
the envl ronment dl 11 atso be lnvestlgated and evaluated, 

Task 1 :  Earth envlronment s ~ e c t f l c a t t o n .  - The aual lable data f o r  the 
l ow -~a r th -o rb l t  plasma. particle, and f i e l d  envtronment w l l l  be reviewed. An 
englneerlrrg syeclf  l ca t l on  f o r  this regton w i l l  be generated and made avai lable 
t o  all par t les  concerned w l t h  envlronmental lnteract lons.  Thts work w l l l  be 
the respons lb l l t ty  o f  AFGL and JPL. 

Task 2: plantary envlronment spec l f lca t lon.  - The aval lable data for  
planetary envlronrnents w l l l  be revlewed. An englneerlng spec l f lca t lon for  
these envlronments w t l l  be generated and made ava l lab le  t o  a l l  pa r t i e r  con- 
cerned w i t h  -envtronmental lnteract tons.  Thls work w l l l  be d l  r&cted by JPL. 

Task 3: enhanced spacecraft efivlronment s ~ e c l f l c a t l o n .  - The aval lable 
data on possible outgasstng or other sources. Including arc discharges on the 
plasma wake and sheath tha t  can enhance the charged-partlcle envlronment, w l l l  
be revlewed. An englneer lng specl f l ca t i on  f o r  t h l s  enhanced envtronmerit wl11 
be generated and wade ava i lab le  t o  a1 1 par t les  concerned w l  t h  spacecraft envl-  
ronmental Interact lons.  Close coardlnatlon w l l l  be malntalned w l t h  the A l r  
Force/NASA Spacecraft Cofltamlnatlon Investlgatlon, whlch I s  p r l nc l pa l l y  con- 
cerned w l th  particulate contamlnatlon, and related programs t o  avald dupllca- 
t i on .  Thts work w i l l  be the respons tb i l l t y  of  JPL. 

Task 4: envlronmentai Impact. - Uslng the envlrsnmental speclf lcattons 
dnd t6 proposed plans f o r  large spacecraft, the pusslble alterattorrs t o  the 
natural  envlronment due t o  the presence of  the spacecraft w l l l  be lnvestlgated 
and evaluated. Thls work I s  cur rent ly  unfunded but I s  Included as I t  1s per- 
celved as a fu ture  area of concern t o  support envlronmental Impact assessments. 



Materials Invest lgat lon 

The basic g r l ~ps r t t es  of t yp l ca l  spacecraft materlale. exposed t o  the space 
envlranment wt 11 be determtned, and new o r  modl f leb mater la ls w l l l  be dcvel- 
oped. The spectf k t a s k s  and rosponslble: agef ic te~are!  l l s t e b h e r @ .  

T a u - y t e r l a l  ~ r o ~ p . p ~ d e t e r m l n a t l o n ,  - Vbi! classical-prupert i-es of  
t y p l c z  spkcecliaft m t e r t a l - s - w l l l  be determtned as a- fudctton of the nlatertal 
parameters and ewlronmental fluxes. The properties t o  be determined are those 
t ha t  l a f  luonce the surface po ten t la l  o f  the niater ta l  (e.y. ,  secondary em&- 
slons, baekscattcr, conduction, deposi-tlon, and photoemlsslon). Electron, 
proton, and photon Fluxes as determlned By the envlronmental speclf  lcat jons are 
t o  be car\stdered. This work w i l l  be the respnne lb l l l t y  of  JPL, Lewls, and 
R A W .  - 

Task.2: new or modlf led mater la ls develoament. - Mater la ls  havlng sslec- 
t t v e  properttes w t l l  be developed as a means of controlling det rh ienta l  e f fec ts  
o f  sgacec raf  t envl ronmental l a te rac f  tons, The requ l red propert ies f o r  these 
materlals, lnc ludlag advanced composite materlals, w l l l  be deflned from the 
Interact tons studles, The mater la ls .w l l1  be developed and tested t o  show tha t  
they w l l l  meet the requtrements. Thls task wl11 be the responalbl l  l t y  sf 
AFWAL . 

Ground Stmulatlon Invest l g a t  lon 

Ex ls t lng f a c l l l t l e o  wl-11 be used t o  slmulate the space plasma envtronment, 
and the I n t e ~ a c t l o n s ~ l l l  be studled experlrnentally. The spce l f lc  tasks and 
respanslble agencles are l l s t e d  here, 

Task 1: baslc ln te rac t lan  studles. - Thls t a s k w i l l  be dlv lded t n t o  
several subtasks each devoted t o  the study of a gar t l cu la r  a s p a t k A n t e r -  
act ton phenamena. 

(1) Btased-system/charg&-particle ln teraet lons w l l l  be lnvestlgated. 
Here the emghasls 1s on l den t l f y l ng  key parameters (voltage levels,  mater la l  
properties, geometry, plasma temperature and denslty , and magnet l c  f l e l d  
strength and direction) a f fec t ing  the Interact lons. whlch include co l l ec t l on  
o f  c u r r e ~ t s  from plasmas and arc ing I n  the presence o f  plasmas. Interact loas 
t o  be lnvestlgated Include those between systems and both the natural  space 
envl ronment and the enhanced envl ronment resu l t tng from the presence o f  large 
systems. Thls work w l l l  be conducted by Lewls. 

(2) Plasma sheath. growth w l l l  be lnvestlgated. Interact lons between 
large structures mortng through the anvlrontnent w t l l  be lnvestlgated. Plasma 
wake and ram e f fec ts  and sheath growth w l l l  be evaluated. Rerpons lb l l l ty  f o r  
t h l s  work w t l l  be asslgned as resources become aval lable. 

(3) D l  scharges resu l t i ng  from envlronmental in teract ions w i l l  be charac- 
ter lzed.  Both radlated and conducted character tst lcs w l l l  be determined. 
I'hls work w l l l  be eoordlnated by JPt. 

( 4 )  Penetrating rad la t lon  studies w l l l  be conducted t o  evaluate 
radtatfon-lndueed charging Interact lons.  RAOC w l l l  be the contact potn t  for 
t h l  s  work. 



Task 2: s tudies .af l m e ,  hfsh-valtags_agwar systems. - I n  t h i s  task the 
b a s i c 3 n t c r a c t l o n  study resul ts :  frsm sec t ion  5.4.1 ( t a b l e  I.) wi-11 be appl lad-to 
the  destgn of  b r w  power systems f a r  space apg' l icat lons. The l n t ~ r a c t l o n s  
Mi11 be u a k d  t o  t h e  s5ze of  a typiea-1 l a r g e  power system, thc snvlronmental 
cond i t ians  w l l l  be scaled from ground condt t ians  t o  space, and M e  e f f e c t s  OF 
thd mr l ranmsn t  on system psrforhtancc! w l l l  be @valuated. Means o f  con t r s l l%ng  
d e t r i m e ~ t a l  i n te rac t i ons  w i  11 be devhed.  Wherever possib le,  experiments w i l l  
be conducted t o  demonstrate t h a t  the  In te rac t i ons  can be control-led, This work 
w i l l  be conducted by Lewls f o r  NASA missions and by AFWAl. f o r  A i r  Force mis- 
stons. AFWAL w i l l .  also- tnv-est igate :he i n t e r a c t l a n  o f  var lous wapsns th rea t  
scenarios w l t h  the  space environment and so la r  c e l l  power systems. A f te r  these 
i n t t i a l  s tudies component hardware w i l l  be deval.oped, tested, and Integrated 
i n t o  a complete modular power system. Primary i n t e r a c t l o ~ s  are  expected w i t h  
the  so la r  c e l l  a r ray  and the rad ia to rs  - both h igh  temperature (2600 K )  and 
low temperature f 300 K) . Where necessary, spacef 1 l g h t  experiments wi  11 be 
developed. 

Task 3: m l t i q a t l o n  techniaues. - The environmental I n te rad t l on  i n  large, 
high-power spacecraft  can be m i t t ga ted  by techniques such as a c t i v e  charge 
c o n t r o l  devices. Techniques w i l l  be evaluated t o  determine the  extent  t o  whfch 
they All a l l e v i a t e  de t r imenta l  system performance. Vhis work w i l l  be con- 
ducted by AFGL. 

Ana ly t i ca l  I nves t tgd t i on  

Models of phys ica l  processes and engineering deslgn t o o l s  w l t l l  be d e w l -  
oped. Models o f  I nd l v idua?  i n te rac t i ons  w i l l  be developed t o  I d e n t i f y  c r i t i -  
c a l  parameters. These wl  1 1 be incorporated i n t o  a general engtneering anal y t -  
I c a l  t o o l  ( o r  t oo l s )  t o  a14 i n  designing systems t o  wi thstand detr imenta l  
environmental I n te rac t i ons .  The s p e c i f i c  tasks and responsible agencies are 
l l s t e d  here. 

Task 1 : basic ~ las rna  phenomenoloqical model ing.  - The basic plasma phe- 
nomena necessary t o  evaluate environmental I n te rac t i ons  w l t h  spacecraft systems 
w i l l  be modeled. These phen~mena wi  11 Inc lude ram/wake ve loc l  t y  e f fec ts ,  
plasma sheath e f fec ts ,  z-*d tnagnetlc f i e l d  e f f e c t s .  AFGL and Lewls w l l l  coor- 
d lna te  the  respect tve e feor ts .  

Task 2: discharge modeling. - Emplr lca l  models o f  discharge phenomena 
wt 11 be developed. Radlof requency cha rac te r i za t l on  and dtscharge model tng as 
a funct ion o f  ma te r i a l  and ambient plasma w i l l  be c a r r i e d  out. The w o r k w i - l l  
be coordinated by JPL. 

Task 3: system l e v e l  a n a l y t i c a l  models. - A n a l y t i c a l  models w i l l  be de- --- 
~ e l o p e d  t o  support the design o f  miss ion spacecraf t  f o r  the  1980's and 1990's. 
These design too l s  w l l l  Incorporate the interaction models developed i n  
sec t ion  5.5.1 ( t a b l e  I) and w l l l  be capable o f  eva lua t ing  the  e f f e c t  o f  envi-  
ronmental I n te rac t i ons  and o f  assesslng the means o f  mlnlml t9ng detr lmenta l  
I n te rac t i ons .  The fo l l ow ing  models w l l l  be developed: 

(1) Large space s t ruc tures .  This model w l l l  evaluate the  In te rac t lons  
between la rge  space st ructures,  Ine lud lng  the  shu t t l e ,  and the  space environ- 
ment. I t  w i l l  be -developed by AFGL. 



(2 )  C a r g ~ ,  hlgh-valtago pawgr systems. Thls made1 w l l l  evaluate the 
In ta ra t t l ans  that  rasul  t from ths operat ion  af  high-volta9a sys  terns on space- 
c r a f t ,  I t wi1-l-bo developed by tcwls 

Task 4:. cha- rnod011n9. - Analy t lca l  madolr and en~p l r l ca l  data k.411 be 
dctvolopad t o  dstcrmlns tho level- O f  charging lnducod I n  spncocraft mstcr5als. 
'The w ~ r k  w l l l  Bo coclrdlna&xt ly RAOC. 

SPACEFLIGHT L#PEWIMFNT P b B W W V A b U A T I O N  

The resu l t s  o f  the ground-bascd tectinologly program must be v s r l f l e d  i t \  
th@ actual  space enulronaent . To accompl l s h  t h l s ,  spacofl l gh t  bxpc?rlmerrts 
have been conducted and are planned. Close l l a l s o n  w l l l  be malntalned w l th  
the NASA Shutt le Project Off lee, the NASA Space Stat len O f  f lee,  and the 000 
Space Test Program Of f i ce  t o  malntaln cognizance o f  OllgRt opportunlt f  es . A t  
t h i s  tlme S t  I s  not possible t o  completely Speclfy the number and types of  
experlments tha t  w l l l  be required; they w l l l  be thc  l og i ca l  outgrowth of  t h l s  
technology lnvest tgat ton as I t  progresses. Space experlments fufidlng I s  fist 
ineluded In the agreement. 

DESIGN GUIDELINES AN8 TEST STANDARDS 

Deslgn guldel lnes and t es t  standards w l l l  be issued a ~ d  updated as tP ls  
program develops. These documents w t l l  sunmarlze the s ta te  o f  the a r t  o f  the 
var ious l n te rnc t l on i  belng studled. Gutdellnes t o  be used I n  deslgnlng system 
f a r  space appl lcat lons and t es t  c r l t e r l a  For ve r l f y l ng  conformance w l l l  be 
dcllneated. A l l  pa r t l c lpa t lng  agencles w l l l  submit t he t r  eontr lbutlons for 
eompllatlon by the steering comnlttee. Lewis and AFGL w l l l  be responsible f o r  
lssutng the deslun quldel lnes and t es t  standards. 

ORGANIZATIONAL RESPONSIBILITIES 

Steering comnlttee: 

(1 ) Overal l  plannlng, coordlnatlon, and report lny of  the lnvest lgat lon - 
(2)  Incorporat ton of  user requl rements I n t o  the lnvest lgat lon 
(3) Coordlnatlan o f  basic plasma phenomena model lng  
( 4 )  Coordlnatlon of  spacefl lght experiment sgtlons 
(5) Conduct o f  annual meetlng, fsruance of  mlnutes, and fermatlon of  

working groups 

1 A l r  Force go ln t  s f  contact 
(2) Coordlnatlsn FOP A l r  Force 
(3) Bevelopment o f  t e s t  stendardr and m l l l  t a r y  standards 
( 4 )  Natural environment englneerlng syec l f lca t lons and bast: In te rac t ion  

ana ly t i ca l  studles: wake and ram 
(5)  Technlpes f o r  m l t lga t lng  system-l lmlt lng e f fec ts  
( 5 )  Analyt ical  modellny ~f large space strUctures 



NASA HQ: 

Lewl s : 

JPL: 

Development o f  new or modl f led materials 
StudSes and development t e s t l n g  sf hlgh-voltage, Rlgh-power syatgms 

Study o f  e f f e c t s  o f  psnc t ra t tng  r a d t a t i o r ~  and charging on ma te r la l  s 

Ensurance o f  environmental In te rac t tons  technology responsible t o  
NASA needs 

NASA p o l n t  o-f contact 
Coordlnatton f o r  NASA 
Determtnatfon O f  r t latertal  p roper t les  
1 ssuance o f  deslgn guide1 tnes document 
Gsnduct o f  baste lnteract!on exoerlmental studles: blased-system - 
charged-par t lc le  i n te rac t i ons  
A n a l y t l c a l  modellng o f  h lgh-vol tage system 

Spectf l c a t l o n  o f  Ear th and p lanetary  environments 
Determlnat lan o f  ma te r i a l  p raper t les  
Conduct o f  basic  I n t e r a c t i o n  experimental studles: dlscharges 
Conduct o f  a n a l y t l c a l  discharge studies 
Formulat ton o f  enhanced spacecraft environment specl f  l c a t l o n  



TABLE I. - SPACECRAFT ENVIRONMENTAL--INTERACTIONS MILESTONE SCHEDULE 
[F i sea 1 years 1983-91. ] 



INTERACTIONS MEASUREMENT PAYLOAD FOR SHUTTLE 

0. A .  Guldice and C.. P. Plke 
Air Force Geophysics Laboratory 

Hanscorn Al r Force Base, Massachusetts-01-731 - - -. 

The purpose of t he  I n t e r a c t i o n s  Measurement Payload f o r  S h u t t l e  (IMPS) is  
t o  develop a payload of engineer ing  experimsnts t o  determine t h e  e f f e c t s  of t h e  
s p a c e  environment on pro jec ted  A i r  Force space systems. Measurements by IMPS 
on a late-1980s polar-orbi t  S h u t t l e  f l i g h t  w i l l  l ead  t d  d e t a i l e d  knowledge of 
t h e  i n t e r a c t i o n  of t h e  low-al t i tude polar-auroral  environment on materials, 
equipment and technologies  t o  be used i n  f u t u r e  l a rge ,  high-power space systems. 
The r e s u l t s  from t h e  IMPS measurements w i l l  provide d i r e c t  input  t o  MLL-STD 
design gu ide l ines  and t e s t  s tandards  t h a t  properly account f o r  space-environment 
e f f e c t s .  

INTRODUCTION 

The advzrse e f f e c t s  of t h e  space environment on space systems have 
caused many opera t ing  anomalies is communication and s u r v e i l l a n c e  s a t e l l i t e s .  
These anomalies were mainly a s s o c i a t e d  with energet ic-p-ar t ic le  r a d i a t i o n  o r  
wi th  spacec ra f t  charging a t  geosynchronous a l t i t u d e s .  For l a r g e r  space systems 
ope ra t i ng  i n  low-earth po la r  o r b i t s ,  a new set of environment-inducedinter- 
a c t  ions w i l l  a f f e c t  t he  ope ra t i on  of var ious  equipments and subsys tems. These 
adverse e f f e c t s  may limit t h e  cons t ruc t ion  o r  mechanical performance of l a r g e  
s t r u c t u r e s  i n  space o r  l i m i t  t h e  power l e v e l s  a v a i l a b l e  f o r  s o l a r - c e l l  sources.  
Before any new A i r  Force space systems are b u i l t  and deployed, we must o b t a i n  
s u f f i c i e n t  environment- interact ion information t o  a s su re  t h e i r  contfnued-effec- 
t i v e  opera t ion  i n  space. 

The e f f e c t s  of t h e  space environment on la rge-s t ruc ture ,  high-power space 
systems a r e  unknown. Of p a r t i c u l a r  concern is opera t ion  i n  t h e  polar-auroral  
reg ion  a t  low t o  medium a l t i t u d e s  (200 t a  2000 km). The phys ica l  p rocesses  of 
t h i s  regime and t h e  i n t e r a c t i o n s  of t h e  environment wi th  materials, subsystems, 
and technologies  c h a r a c t e r i s t i c  of A i r  Force space systems of t he  1990s must be 
q u a n t i f i e d  t o  a s s u r e  t h e  r e l i a b l e  opera t ion  of p ro jec ted  space systems. IMPS 
w i l l  measure polar-auroral  e f f e c t s  on solar-array panels,  spacec ra f t  ma te r i a l s ,  
s t r u c t u r e s ,  e l e c t r o n i c  subsystems, and a s t ronau t  EVA equipment. It emphasizes 
a p p l i c a t i o n  t o  l a rge ,  high-power systems and is  d i r e c t e d  toward technologies  
i d e n t i f i e d  i~ t h e  M i l i t a r y  Space Systems Technology Model (MsSTM) . 

SPACE OPERATIONS AND POSSIBLE INTEYACTIONS 

The f i r s t  s t e p  i n  deciding what ins t rumenta t ion  should be included i n  IMPS 
is t o  de f ine  s e v e r a l  A i r  Force space-operations ob j ec t ives  and determine how t h e  
space environment w i l l  i n t e r a c t  with t h e  equipment o r  t echnologies  needed t o  
c a r r y  out  those operat ions.  Since IMPS w i l l  f l y  i n  po l a r  o r b i t ,  polar-auroral  
environment i n t e r a c t i o n s  w i l l  be emphasized. The purpose of t h e  IMPS measurements 
w i l l  be t o  quan t i fy  important environmental i n t e r a c t i o n s  -- those  t h a t  w i l l  
restrict c e r t a i n  kinds of space opera t ion ,  limit the  performance of a p a r t i c u l a r  



system, o r  prcivcnt (or make knprnctk . .n l )  t h e  usc of a c ~ r c a i r .  tec?lnnlogy. 
A f t e r  d e c i d i n g  w h a t  k inds  of i n t a c a c t f o n  are l i k e l y  La hnvc s e r i o u s  e f f e c t s ,  
we must d e t e m h e  what i n t e r a c t  i o n  pa ramete r s  c a n  x t i r a l l y  bc measured an a- 
p o l a r - o d i t i  ng S h a t l c  E l i g t ~ t .  Xrr r o n j u n c t i o n  wfth t h e  tiwasur-en~ntS of 
e f f e c t s  on mate r i a l s , .  cqutpments  and t e c h n o l o g h s ,  we must char ,x ter i -zc  tlre 
physical .  pcaperc ios  of tha environment  c a u s i n g  t he  i n t e r a c t i o n s ,  The d e t e r -  
mination.  of t h e  r e q u i r e d  i n t  e r n c t  i o n s  moasurnaent s w i l l  l end  t o  a d e f i n i t i o n  

- - . .-- - - 
of IMPS miss ion  o b j e c t i v e s .  

Some g e n e r i c  Air Force space  o p e r a t i o n s  t o  bc addressed  by IMPS a r c :  
a. Operat ion of o p t i c a l  sys tems 
b. Opera t ion  of r a d a r  sys tems 
c .  System deployment o r  on-orbi t  r e p a i r  n e c e s s i t a t i n g  a s t r o n a u t  e x t r a -  

v e h i c u l a r  a c t i v i t y  (EVA). 
Opera t ion  i n  t h e  polar-auroral-enviro!lmcnt is  t o  be s t r e s s e d .  

P o s s i b l e  space-envir-onment e f f e c t s  on o p t i c a l  sys tems i n c l u d e :  

(1) E f f e c t s  a s s o c i a t e d  w i t h  l a r g e  h e a t  d i s s i p a t i o n  r e s u l t i n g  from t h e  low 
e f f i c i e n c y  of  l a s e r s  o r  c ryogen ic  r e f r i g e r a t o r s  ( f o r  coo led  i n f r a r e d  d e t e c t o r s ) .  

( 2 )  E f f e c t s  of coctaminati-on and m a t e r i a l  p roper ty  changes on o p t i c a l  
s u r f a c e s .  

( 3 )  Limit  a t  i o n s  --in power g e n e r a t  i o n  due t o  leakage o r  a r c - d i s c l ~ a r g e  i n  
s o l a r  a r r a y s .  

( 4 )  Plasma e f f e c t s  on s o l a r c e l l  m a t e r i a l ,  

(5) D i f f e r e n t i a l  c h a r g i n g  of c loscly-packed smal l  d i e l e c t r i c  s u r f a c e s  
(mult i-element i n f r a r e d  d e t e c t o r s ) .  

( 6 )  E f f e c t s  on l a r g e  h i g h - p r e c i s i o n  s t ruc t -u tes  used t o  suppor t  and p o i n t  
complex opt i c a l  a s sembl ies .  

F igure  1 shows a  p o s s i b l e  c o n f i g u r a t i o n  f o r  a  space-based r a d a r  system, 
from which one c a n  begin  t o  pe rce ive  p o t e n t i a l  e n v i r o n t w n t a l  i n t e r a c t i o n s .  
Some p o s s i b l e  space-environtnent e f f e c t s  on r a d a r  systems include:  

( 1 )  L i m i t a t i o n s  i n  power g e n e r a t i o n  due t o  leakage or a rc -d i scharge  ir l  
s o l a r  a r r a y s .  

( 2 )  Plasma e f f e c t s  on s o l a r - c e l l  m a t e r i a l .  

( 3 )  For powes d i s t r i b u t i o n  u t i l i z i n g  h i g h  volti!ges: a rc -d i sc l l a rgcs ,  
d i e l c c t  r i c  breakdowns. 

( 4 )  For power d i s t r i b u t i o n  u t i l i z i n g  h i g h  c u r r e n t s :  s t r u c t u r a l  s t r e s s e s  
and t o r q u e s  due t o  l a r g e  prime-power c u r r e n t  loops  and i n - o r b i t  v a r y i n g  
t e r r e s t r i a l  magnetic - f i e ld .  



(5) E l e c t  romngner ic i n t e r f e  kx-ncc (EM11 a f f e c r i a g  radar r e c e i v e r  performance, 

( 6 )  Plasm cf f c a s  (such as d i f f c ~ t i a l c l l a r g i n g )  an feed s t r u c t u r e  and 
rcf Icctar  m a t e r i a l s .  

F igure  2  shows a s  t r  ollau t s engaged i n  space-sys tem deployment o r  ih-orbi  t 
r e p a i r  a c t i v i t i e s  r e q u i r i n g  EVA. Sam p o s s i b l e  space-environment e f f e c t s -  o n  
t h i s  a c t  i a t y  include:  - 

( 1 )  Dif f c r e n t i a l  cha rg ing  between t h e  a s t r o n a u t  al;d h i s  s p a c e c r a f t  o r  t h e  
s p a c e c r a f t  be ing r e p a i r e d  due to p a r t i c u l a r  env i ronmenta l  c o n d i t i o n s  i n  t h e  a r e a .  

(2 )  I n t e r a c t i v e  e f  f e c t  s on t h e  e l e c t r o n i c s  of f u t u r e  EVA-systems due t o  
e l e c t r o m a g n e t i c  i n t e r f e r e n c e  o r  d i f f e r e n t i a l  charging.  

(3) Ef f e c t  s i n  t h e  space-plasma environment due t6 the rmal -con t ro l  wa te r  
d i s c h a r g e  i n  t h e  a s t r o n a u t ' s  L i f e  Support  System (LSS). 

The o b j e c t i v e  of t h e  I n t e r a c t  i o n s  Measurecent Payload f o r  S h u t t l e  (IMPS) 
program i s  t o  develop a  payload of a p p r o p r i a t e  e n g i n e e r i n g  exper iments  t o  
c,leasure t h e  e f f e c t s  of t h e  p o l a r - a u r o r a l  environment on m a t e r i a l s ,  subsystems,  
snd  t e c h n o l o g i e s  t h a t  w i l l  be used i n  f u t u r e  A i r  Force space  systems. The 
payload w i l l  c o c o i s t  of :  

a. A. ccrmplement of e n g i n e e r i n g  exper iments  t o  measure and q u a n t i f y  t h e  
d i f f e r e n t  k inds  of i n t e r a c t i v e  e f f e c t s  caused by t h e  environment on v a r i o u s  
p a r t s  6f p r c j e c t e d  f u t u r e  space  systems. 

b. In suppor t  of t h e  e n g i n e e r i n g  exper iments ,  a  l i m i t e d  set of po la r -  
a u r o r a l  environment Sensors  t o  c h a r a c t e r i z e  t h e  environment c a u s i n g  t h e  d i s -  
rup t  i v e  i n t e r a c t i v e  e f f e c t s .  

I n t e r a c t i v e  e f f e c t s  t o  be i n v e s t i g a t e d  by t h e  e n g i n e e r i n g  exper iments  will 
inc lude :  

(1) I n t e r a c t i o n  of t h e  a u r o r a l  plasma and c u r r e n t  s h e e t s  on high-vol tage  
s o l a r  a r r a y s ,  r e s u l t i n g  i n  power leakage o r  arc-breakdown. 

( 2 )  I n t e r a c t  i o n  of s p a c e c r a f t  e l e c t r i c a l  c u r r e n t s  wi th  p o l a r  magnetic 
f i e l d s  on l a r g e  space  s t r u c t u r e s ,  c a u s i n g  t o r q u e s  o r  s t r u c t u r e  deformat ion 
( reduc ing  t h e  p o i n t i n g  accuracy  of a  l a r g e  antenna,  f o r  example). 

( 3 )  I n t e r a c t i o n s  t h a t  i n c r e a s e  e l e c t r o m a g n e t i c  i n t e r f e r e n c e ,  r e d u c i n g  t h e  
e f f e c t i v e n e s s  of space coinmunications o r  s u r v e i l l a n c e  systems. 

( 4 )  I n t e r a c t i o n s  t h a t  degrade t h e  p r o p e r t i e s  o r  performance of m a t e r i a l s  o r  
e l e c t r o n i c  c i r c u i t r y ,  r e s u l t  ing i n  ope r a t i o n a l  anomali e s  o r  subsystem f a i l u r e s .  

( 5 )  I n t e r a c t i o n s  t h a t  pose a t h r e a t  t o  t h e  a s t r o n a u t  d u r i n g  p o l a r - o r b i t  EVA 
(caus ing  a  mal func t ion  f n t h e  a s t r o n a u t ' s  Mantled >laneuvering Uni t ,  f o r  example). 



Figure 3 i l l u s  t rues  the concept of-the I n t e r a c  Lions tleasurement Payload - 
being developed under P r o j e c t  2822, The LHES e f  f0r-t is one of th ree  pro jac t s  
i n  Program Element. G N l O F ,  *ace Systems Environ~ncntal In te rac tdons  'fechno1ogy.- 
FE 63rclOF Fs a n  Pdtegrnl  p a r t  of t l ~ c  Agreement. for NASAIOAS' - USAFIAFSC Space 
Interdapendency on Spaceccaf €-Environment Lnterac t i o n  (May l-980). Under 
PE 63410$, IMPS is respons ib le  f o r  polar-aurora.1 Cnterac t i o n s  measurements. 
IrlPS wM1 make s u b e t a n t i a l  use of the space tcchn logics and- ins t rumenta t ion  
developed by NASA technology c e n t e r s  and Air Force organiza t ions  such a s  Air 
Force Wright Aeronau.cical Labora tor ies  (AFWAL). 

IPIPS PKE1,IMINARY WORK 

I n i t i a l  Payload Concept Study 

I n  FY82, Jet  Propuls ion Laboratory (JPL), under the d i r e c t i o n  of A i r  Force 
Geophysics LaboratBry (AFGL), c a r r i e d  o u t  a bas ic  s h u t t l e  payload concept study. 
I t  was through t h i s  study t h a t  many of the bas i c  concepts  f o r  IMPS were f i r s t  
defined. I n  December 1981, JPL hosted a meeting a t tended  by about  70 expe r t s  
i n  a number of key spacec ra f t  i n t e r a c t i o n  areas .  Experiment ques t i onna i r e s  
were d i s t r i b u t e d  to the  meeting's p a t t i c i p a n t s ;  u l t imate ly  about  70 were re- 
turned. The information from these ques t i onna i r e s  was used by JPL t o  put 
toge ther  an  i n i t i a l  IMPS experiments l i s t  which was subsequently reviewed and 
a o d i f i e d  by AFGL. Addit ional  reviews and meetings wi th  AFGL, JPL, and AF 
Space Div is ion  pe r sonne l  l ead  t o  f u r t h e r  ref inements  i n  the payload concept. 
Eventual ly ,  th ree  s equen t i a l  payloads were def ined ,  each of the l a t t e r  payloads 
adding t o  the experiments a €  the previous one. 

Payload A cons i s t ed  of engineer ing experiments and environmental s enso t s ,  
bu t  had no "ac t ive"  engineer ing  experiments (experiments t h a t  con t r ibu t e  t o  the 
envirorunent causing the i n t e r ac t i ons ) .  Payload B had, i n  a d d i t i o n  to A ' s  
experiments and sedsors ,  two "ac t ive"  engineer ing  experiments: a Charge Cont ro l  
System (CCS) and a Plasma I n t e r a c t i o n s  Experiment (PIX). Payload C added ( t o  
Payload R )  an  experiment eva lua t ing  i n t e r a c t i o n s  wi th  a s t ronau t  EVA systems. 
Payload C is  shown i n  Figure 4. AFGL has  submitted a Space F l i g h t  Request (DD 
Form 1721) fo r  IMPS u t i l i z i n g  JPL's Payload C t o  the Space Tes t  Program (STP). 
UIES (AFGL-306) now ranks high on the p r i o r i t y  l i s t  f o r  S h u t t l e  f l i g h t  under STP. 

IHPS Basel ine D e f i n i t i o n  

Before beginning the fu l l - s ca l e  development of ins t rumenta t ion  f o r  INPS, 
one must f i r s t  develop a program base l ine .  For t h i s  purpose, Je t  Propuls ion 
Laboratory, under AFGL's d i r e c t i o n ,  r ecen t ly  began an  IMPS base l ine  d e f i n i t i o n  
e f f o r t  t o  include: 

a. Determination of what w i l l  be requi red  of the IMPS mission t o  s a t i s f y  
A i r  Force space-operations ob.iectives. 

b. Preliminary and f i n a l  recommendations f o r  s e l e c t i o n  (by AFGL) of engi- 
neer ing experiments and environmental sensors  f o r  IMPS through the work of a n  
Engineering/Science Working Group (ESQG). 



c. A wcommcndcd IMPS implementatl .on p l a n  t o  s e r v e  as  a  guide  f o r  t h e  
large-sc.9lc- f u t u r e  work t o  dcvclop,  t e s t ,  . in tep , ra te ,  and f l y  IMPS. 

d. A c o s t  estimate f o r  the IMPS p r s g r r ~ o r  l a t e r  t r ade -of f  s t u d i e s ) .  

I n  g e n e r a l ,  t h e  e n g i n e e r i n g  exper iments  f o r  IHPS w i l l  be obta ined  through 
t h e  AF l a b o r a t o r i e s ,  NASA t echno logy  c e n t e r s ,  and o t h e r  s c i e n c e  and e n g i n e e r i n g  
o r g a n i z a t i o n s  t h a t  w i l l  be developing h a r d u a r e  and technology f o r  f u t u r e  space  
a p p l i c a t i o n .  Recause t h e s e  o r g a n i z a t i o n s  a r e  look ing  forward t o  t h e  s u c c e s s f u l  
usage o r  o p e r a t i o n  of t h e i r  hardwarel technology i n  space ,  they  have shown a- s t r o n g  
i n t e r e s t  i n  t h e  IMPS program a s  a means of f i n d h g  out  Mw t h e i r  hardware/ tech-  
nology w i l l  be a f f e c t e d  by t h e  space  environment. AFGL w i l l  p rov ide  t o  t h e s e  
o r g a n i e a t i o n s  suppor t  from t h e  IE'lYS program t o  put  t o g e t h e r  e n g i n e e r i n g  exper iments  
i n v o l v i n g  t h e i r  in ternal ly-developed-  m a t e r i a l s ,  equipment, o r  t echno iog ies .  These 
exper iments  w i l l  be designed,  f a b r i c a t e d ,  and t e s t e d  under t h e  d i r e c t i o n  of t h e  
of t h e  p a r t i c u l a r  AF l a b o r a t o r y ,  NASA technology c e n t e r ,  o r  o t h e r  SbE o r g a n i z a t i o n .  
In  most i n s t a n c e s ,  t h e  d e t a i l e d  work w i l l  be c a r r i e d  out  through c o n t r a c t s  w i t h  
u n i v e r s i t i e s ,  r e s e a r c h  o r g a n i z a t i o n s ,  an6 i n d u s t r i a l  companies. 

Experiment and Sensor Development 

Work on INPS ins t rument  development w i  11 inc lude :  

a. S e l e c t  i o n  of r e q u i r e d  e n g i n e e r i n g  exper iments  and e n v i r o ~ l m e n t a l  s e n s o r s  
by AFCL. 

b. Design of t h e  i n d i v i d u a l  e n g i n e e r i n g  experiments,  

c. Development and  f a b r i c a t i o n  of t h e  exper iments  and sensors .  

d. T e s t i n g  of i n d i v i d u a l  e n g i n e e r i n g  exper iments  and environmental  s e n s o r  
packages a t  t h e  b u i l d e r ' s  f a c i l i t y  t o  e n s u r e  t h a t  t h e y  f u l f i l l  IMPS requ i rements  
f o r  making t h e  v a r i o u s  measurements. T e s t i n g  t o  e n s u r e  t h a t  t h e y  conform t o  IMPS 
g u i d e l i n e s  r e g a r d i n g  command and power d i s t r i b u t i o n ,  r e c o r d i n g  and t e l e m e t r y ,  etc. 
T e s t i n g  t o  e n s u r e  t h e  exper iments  and s e n s o r s  meet S h u t t l e  opera t io-ns  and s a f e t y  
s t a n d a r d s .  

I n t e g r a t i o n  and S h u t t l e  F l i g h t  

AFGL w i l l  b r i n g  t o g e t h e r  t h e  e n g i n e e r i n g  exper iments  and environment s e n s o r s  
o b t a i n e d  from t h e  v a r i o u s  o r g a n i z a t i o n s  r e s p o n s i b l e  f o r  t h e i r  development and 
d e l i v e r  them t o  t h e  Space Tes t  Program f o r  i n t e g r a t i o n .  STP w i l l  t h e n  become 
r e s p o n s i b l e  f o r  IMPS. S h u t t l e  f l i g h t  ar rangements  and schedu l ing  w i l l  a l s o  be 
handled by STP. 

Data A n a l y s i s  

During t h e  S h u t t l e  f l i g h t  of IMPS, t h e r e  w i l l  be a need f o r  r ea l - t ime  
moni to r ing  of sor~le of t h e  ins t ruments .  Although IMPS o p e r a t i o n  w i l l  be made 



es scn t  i a l l y  autamnt i c ,  cal le tul  mani tar ing w i U  be requlred when an "ac t ive"  
par t  of  an ~ p e r i m k l t  (a plasm% saurce ,  for example) i s  turned on. - Lt i s  a b o  
important t h a t  during a s i g n i f i c a n t  event (an encounter With an a u r o r a l  arc, 
f o r  example) t h e  d a t a - c o l l e c t i o n  rate be incceased, so a6 t a  permit l a t e r  high- 
t ime-resolut i o n  a n a l y s i s  of important phenomcnrr* 

Af te r  t he  f l i g h t  of DIPS aboard Shu t t l e ,  t h e  Space Test  Pragram w i l l  provide 
AE'dL with  d a t a  f o r  t h e  var ious  cngLneering experiments and environmental sensors .  
Addit i o n a l l y ,  STP w i l l  provide o r i e n t a t  ion  and geographic pos i t i on  of t h e  S h u t t l e ,  
p o s i t i o n  and o r i e n t a t i o n  of arly packages moved out of t i c  bay, information on 
t h r u s t e r  f i r i n g s ,  "l?ousekeping" da t a ,  e t c .  Under a da ta  u t i l i z a t i o n  plan 
developed before  t he  Shu t t l e  f l i g h t ,  AFGL w i l l  d i s t r i b u t e  the  d a t a  f o r  ana lys i s .  
The d a t a  w i l l  go not only t o  those respons ib le  f o r  t h e  i n d i v i d u a l  experiments 
but a l s o  t o  organiza t ions  s e l ec t ed  t o  dd Comprehensive ana lyses  on var ious  
i n t e r a c t i o n  phenomena. P a r t i c u l a r  a t t e n t i o n  w i l l  be paid t o  c o r r e l a t i n g  changes 
i n  t h e  phys ica l  p r o p e r t i e s  of t h e  environment with enhanced i n t e r a c t  ions not2d 
on p a r t i c u l a r  ma te r i a l s  o r  equipment. 

U i th in  the  f i r s t  year  fol lowing a succes s fu l  IMPS Shu t t l e  f l i g h t ,  AFGL w i l l  
conduct a series of d a t a  workshops a t  which t h e  DIPS d a t a  would be made ava i l -  
ab l e  s o  t h a t  experimenters can compare t h e i r  r e s u l t s .  Workshops would be con- 
f i n e d  t o  key t o p i c s  such a s  contaminat ion & mate r i a l s  degradat ion,  o r  charging 
& arc-discharges,  o r  E N 1  genera t ion ,  e t c ,  By keying on a p a r t i c u l a r  t op i c ,  i t  
should be poss ib le  t o  generate  an  a u t h o r i t a t i v e  r epo r t  on t h a t  sub j ec t  as t h e  
output  of t he  workshop. These r e p o r t s  can  then  be d i r e c t e d  toward improving 
r e l evan t  MIL-STD design guidel i 'aes  a n d l e s t  s tandards  by providing t h e  proper 
emironmenta l  i n t e r a c t  i o n  input .  

CONCLUSIONS 

The succes s fu l  operat ion of t h e  Interacti-ons Heasurement Payload on a l a t e -  
1980s Shu t t l e  f l i g h t  w i l l  lead t o  d e t a i l e d  knowledge Of t h e  e f f e c t s  of t h e  polar- 
a u r o r a l  environment on ma te r i a l s ,  equipment and technologies  of f u t u r e  space .... 
systems. The output from IB4PS w i l l  provide d i r e c t  input t o  t h e  development of 
MIL-STD design guide l i n e s  and test s tandards  f o r  planned m i l i t a r y  space systems. 
The da t a  c o l l e c t e d  by IMPS can be used t o  v a l i d a t e  computer-aided design (CAD) 
t o o l s  t h a t  properly account f o r  space-environment e f f e c t s .  The u t  i1 . iza t ion  of 
t h e  information gathered from t h e  D1PS measuremerlts w i l l  prevent ope ra t i ona l  
f a i l u r e s  due t o  unant ic ipa ted  environmental e f f e c t s  and minimize c o s t l y  down- 
s t ream redesign of expensive space systems. Risks t o  spacec ra f t  and crews 
w i l l  be g r e a t l y  decreased by t h e  e l imina t ion  of u n c e r t a i n t i e s  about t h e  disrup-  
t ive e f f e c t s  of the  polar-auroral  environment. 



Figure 1. - Space-fed phased array-SB2 antenna. 



Figure 2. - Extravehicular a c t i v i t y  i n  space. 

Figure 3. - Interactions measuretnent payload f o r  Shutt le  ( IMPS) . 
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Figure 4. - IMPS ~ayload,  mod C. 
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F u t u r e  s p a c e c r n f  t ,  u o t a b l y  t h e  p r o p o s e d  S p a c e  S t 8  t i o n ,  w i l l  
r e q u i r e  p o w e r  :3ys t e l n s  much l a r g e r  t h a n  h a v e  p r e v i o n u ' l g  been 
f l o w r ~ .  E f f i c i e n c y ,  c o s t ,  m a s s  a n d  a r r a y  s i z e  c o n s i d e r a t i o n s  
demand t h e  s o l a r  a r r a y  o p e r a t e  a t  a  h i y h e r  v o l t a g e  t h a n  
p r e v i o u s  s p a c e c r a f t .  I t  i s  r e c o g n i z e d  t h a t  a t  h i g h t > r  v o l t a g e s ,  
a n d  a t  t h e  r o l . a t i v e l y  h i g h  p l a s m a  d e n s i t y  p r e s e n t  a t  low e a r t h  
o r b i t a l  a l t i t u d e s ,  u n d e s i r a b l e  i n t e r a c t i o n s  b e t w e e n  t h e  h i g h  
v o l t a g e  s o l a r  a r r a y  a n d  t h e  s p a c e  p l a s m a  w i l l  o c c u r .  T h e s e  c a n  
l e a d  t o  p a r a s i t i c  p o w e r  l o s s  a n d / o r  a r c i n g .  S u c h  i n t e r a c t i o n s  
a r e  c o n ~ p l e x  arid c a n n o t  5 e  u n d e r s t o o d ,  p r o p e r l y  s i * u r ~ ! a t e d  o r  
e v a l u a t e d  by g r o u n d  t e s t i n g  a n d  m o d e l i n g  a l o n e .  S p a c e  
e x p e r i m e n t s  o n  h i g h  v o l t a g e  s o l a r  a r r a y  s p a c e  p l a s a a  
i n t e r a c t i o n s  i n  low e a r t h  o r b i t  a r e  a n  a b s o l u t e  requirement f o r  
c o n f i d e n t  d e s i g n  of  a h i g h e r  v o l t a g e  s o l a r  a r r s ,  k : x p e r i n ~ e n t s  
a r c  p r e s e n t l y  b e i n g  i d e n t i f i e d  t o  p r o v i d e  t h e  n e c e q s a r y  s p a c e  
d a t a  f o r  calibration o f  g r o u n d  t e s t i n g ,  v a l i d a t i o n  o f  
a n a l y t i c a l  m o d e l s ,  a n d  d e v e l o p m e n t  o f  d e s i g n  g u i d e l i n e s  
r e q u i r e d  f o r  c o n f i d e n t  d e s i g n  o f  h i g h  v o l t a g e  s o l a r  a r r a y s  i n  
s p a c e .  T h i s  p a p e r  s u m m a r i z e s  o n e  p r o p o s e d  f l i g h t  e x p e r i m e n t  
p r o g r a m  w h i c h  i s  d e s i g n e d  t o  o b t a i n  t h e  r e q u i r e d  d a t a .  

INTRODUCTION 

I n t e r a c t i o n s  b e t w e e n  3 s p a c e c r a f t  a n d  i t s  o r b i t a l  p a r t i c l e  a n d  
f i e l d  e n v i r o n m e n t  c a n  h a v e  s i g n i f i c a n t  i m p a c t  o n  t h e  s p a c e c r a f t  
s y s t e m s '  o p e r a t i o n  a n d  I ~ f e .  R a d i a t i o n  d a m a g e  a n d  a e r o d y n a m i c  
d r a g ,  f o r  e x a m p l e ,  m u s t  b e  c o i l s i d e r e d  i n  d e s i g n i n g  a n y  s p d c e  
s y s t e m .  T h e r e  a r e ,  h o w e v e r ,  a n u m b e r  o f  o r b i t a l  e n v i r o n m e n t a l  
i n t e r a c t i o n s  w h i c h  b e c o m e  i m p o r t a n t  d e s i g n  c o n s i d e r a t i o n s  o n l y  
f o r  l a r g e  a n d / o r  h i g h  p o w e r  s y s t e m s .  T h e i r  i m p a c t  m u s t  b e  
a s s e s s e d  t o  e n s u r e  s u c c e s s f . u l  d e s i g n .  I n  p a r t i . c u l a r ,  
i n t e r a c t i o n s  b e t w e e n  h i g h e r  v o l t a g e  s o l a r  a r r a y s  arid t h e  s p a c e  
p l a s m a  a r e  o f  c r i t i c a l  c o n c e r n  i n  d e s i g n i n g  l u r g r  o r b i t a l  p o w e r  
s y s t e m s  s u c h  a s  a r e  r e q u i r e d  f o r  a s p a c e  s t a t i o n .  

I 
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 MOB^ U. St a p a c e c r a f t  t o  d a t e  h a v e  u s e d  law v o l t a g r !  s o l a r  
a~r.%3:7, g n i l e r a t i n g  powt?r n e a r  50 v o l t s .  The  h i  ghe f i t  v o l t a g e  
array f l o w n  by N A S A  t o  d a t e  was on S k y l a b ,  w h i c h  h a d  a s o l . a r  
a r r a y  w i t h  a n o r m a l  a p e r a t i n g  v a l t n g e  o f  70 v a l t s  a n d  g e n e r a t e d  
1 6  kW o f  power .  F u t u r e  l ~ r g c  s y s t e m 3  w i l l  r e q u i r e  i n c r a a a 3 . n ~  
pawor  g e n e r a t i o n  c a p a b i l i t p .  E a r  exaflple ,  a s o l a r  a r r h y  
p r e v i d i n ~  35-50 kW o f  pow-er t o r  a  low i r l c l i n a t i o n ,  low a l t i t u d e  
(500 km) a p a c e  s y s t c t i ~  w i l l  n e e d  t o  e o n e r a t o  a b o u t  100 kW of  2 power  when i n  s u n l i e h t .  As p a w e r  l e v e l s  i n c r o a a o ,  t h e  ma39, I R 
flower l a s s  a n d  power  d i s t r i b u t i o n  a y o t e m  c o m p i e x i t y  
p e n a f t i . e s  f o r  m a i n t a i n i n g  low s o l a r  a r r a y  v o l t a g e s  become 
p r o h i b i t i v e ,  m a k i n e  h i g h e r  v o l t a g e  a r r a y  d e s i g n s  m a n d a t o r y  
( ~ e f .  1 ) .  1 t i s  *tllurs n e c e s s a r y  t o  t h o r o u g h l y  u n d e r s t a n d  h i e h  
v o l t a g e  s o l a r  a r r a y  o p e r a t i o n  i n  t h e  s p a c e  p l a s m a  e n v i r o n m e n t .  
U n f o r t u n a t e l y ,  no  a d e q u a t e  s i m u l a t i o n  o r  mode l  c a l i b r a t i o n  c a n  
b e  a c h i e v e d  w i t h  g r o u n d  b a s e d  e x p e r i m e n t s  a l o n e .  

S o l a r  a r r a y  s y s t e m s  c o n s i s t  o f  s t r i n g s  o f  s a l a r  c e l l s  w i t h  
m e t a l l i c  i n t e r c o n n e c t s  b e t w e e n  them. T h e s e  i n t e r c o n n e c t s  a r e  
a t  v o l t a g e s  d e p e n d i n g  u p a n  t h e i r  p o s i t i o n s  i n  t h e  a r r a y  c i r c u i t  
a n d  a r e  u s u a l l y  e x p o s e d  t o  t h e  s p a c e  e n v i r o n m e n t .  When s u c h  
s y s t e m s  a r e  p l a c e d  i n  o r b i t ,  t h e y  w i l l  i n t e r a c t  w i t h  t h e  
n a t u r a l l y  o c c u r r i n g  s p a c e  p l a s m a .  Two t y p e $  o f  p o t e n t i a l l y  
h a z a r d o u s  i n t e r a c t i o n s  t o  a  h i g h e r  v o l t a g e  s o l a r  a r r a y  i n  o r b i t  
a r e  p r e s e n t l y  r e c o g n i z e d :  power  l o s s  f r o m  p a r a s i t i c  c u r r e n t s  
t h r o u g h  t h e  p l a s m a ;  a n d  a r c i n g .  Bo th  o f  t h e s e  i n t e r a c t i o n s  a r e  
plasma d e n s i t y  d e p e n d e i ~ t  a n d  p r e s e l i t  g r e a t e r  h a z a r d s  a t  h i g h e r  
d e n s i t i e s .  T h e  low t e m p e r a t u r e  i o n o s p h e r i c  p l a s m a  h a s  a  p e a k  
d e n s i t y  ( o f  l a 6  p a r t i c l e s / c m 3 )  a t  a b o u t  3 0 0  k m  a l - t i t u d e .  High  
v o l t a g e  s y s t e m - p l a s m a  i n t e r a c t i o n s  r i l l  t h e r e f o r e  be  mos t  
s e v e r e  i n  low e a r t h  o r b i t s .  The power  l e v . e l s  e n v i s i o n e d  f o r  
s u c h  s p a c e c r a f t  a s  t h e  p r o p o s e d  S p a c e  " t a t i o n  d r i v e  t h e  d e s i g n  
t o w a r d  h i g h e r  s o l a r  a r r a y  o p e r a t i n g  v o l t a g e s .  When t h e  
s p a c e c r a f t  e x i t s  e c l i p s e ,  t h i s  v o l t a g e  w i l l  b e  e v e n  h i g h e r  
u n t i l  t h e  a r r a y  warms up .  S u c c e s s f u l  d e s i g n  o f  h i g h e r  v o l t a g e  
a r r a y s  r e l i e s  on  u n d e r s t a n d i n g  t h e  l i m i t s  i m p o s e d  by p l a s m a  
i n t e r a c t i o n s .  

NASA'S O f f i c e  o f  A e r o n a u t i c s  a n d  S p a c e  T e c h n o l o g y  ( O A S T )  i s  
p u r s u i n g  t h e  n e e d e d  t e c h n o l o g y  d e v e l o p m e n t  i n  p h o t o v o l t a i c s ,  
e n e r g y  s t o r a g e ,  a n d  power  management  a n d  d i s t r i b u t i o n  t o  
e n h a n c e ,  e n a b l e ,  a n d  e n s u r e  t h e  e n v i r o n m e r i t a l  c o m p a t i b i l i t y  o f  
h i g h  pawer  s y s t e m s .  T e c h n o l o g y  p r o g r a m s  a r e  u n d e r w a y  t o  
d e v e l o p  a n d  d e m o n s t r a t e  a d v a n c e d  p l a n a r  and  c o n c e n t r a t o r  s o l a r  
c e l l s  a n d  a r r a y  d e s i g n s .  A j o i n t  NASA/U.S.  A i r  F o r c e  
Spacecraft E n v i r o n m e n t a l  I n t e r a c t i o n s  Tech r io logy  i n v e s t i g a t i o n  i s  
a l s o  u n d e r w a y  t o  e v a l u a t e  t h e  i m p a c t  o f  t h e  p l a s m a  a n d  f i e l d  
e n v i r o n m e n t s  on s y s t e m  p e r f o r m a n c e  ( ~ e f .  2 ) .  T h e s e  p r o g r a m s  
a r e  b a s i c a l l y  g r o u n d  t e c h n o l o g y  e f f o r t s  i n v o l v i n g  g r o u n d  
e x p e r i m e n t s  a n d  mode l  d e v e l o p m e n t .  A c o m p l e m e n t a r y  p r o g r a m  o f  
s p a c e  f l i g h t  e x p e - j m e n t u  i s  r e q u i r e d  f o r  s e v e r a l  r e a s o n s .  
F i r s t ,  t h e  g r o u n d  :est e n v i r o n m e n t  i s  n c c e s s n r i l y  a n  i n c o m p l e t e  



s i - m u l a t i o n  o f  s p a r e  c o n j i t i o n s .  T h c  i n t c r a c t i o n o  a r e  d e p e n d e n t  
o n  t t ~ c  p l a s m a  a n d  a e u t r u l  b a c k g r o u n d  p a r a m e t e r s  a r o u n d  t h e  
s o l ? r  a r r a y ,  .4 space e n v i r o n m e n t  i s  t h e r e f o r e  r e q u j r e d .  
B e c a u s e  some o f  t h c  i n t a r n c  t i  o n  p h e n o m e n a  may e x t e n d  many 
me te r s ,  t h e r e  a r c  c o n c e r n s  r e k ? a r d i n c  t h e  e f f o c t  t h e  c h a m b e r  
w a l l s  may introduce i n  c r o u c d  t e s t i n g .  A l s o ,  n 8 0 a t  t e s t i n g  h a s  
i n v ~ l v c d  a p p l y i n c  a v o 1 t : i ~ e  b i a s  o n  s o l a r  a r r a y  s e ~ m c n t s  a n d  
c v a 1 u : i t i n g  t h e  i n t e r : ~ c t i o n  o f '  s u c h  s e g t n e n t s  w i t h  t h e  p l a s m a .  
F r a n ,  t h e s e  c x p e r i m c n t s ,  e s t i m a t e s  o f  i n t e r a c t i o n s  i m p a c t  o n  
s o l a r  a r r a y  p e r f o r m t i n c e  h a v e  b e e n  made .  I i o w e v e r ,  t h e  s y s t e m  
l e v e l  i n t e r a c t i o n s  c:in b c  v e r y  c o m p l e x .  T h e r e f o r e ,  i t  i s  
n e c e s s a r y  t o  o b t a i n  a  d i r e c t  m e a s u r e  o f  t h e  p e r f o r m a n c e  o f  a 
l a r g e  s o l a r  a r r a y  g e n e r a t i n g  i t s  own v o l t a g e  a n d  o p e r a t i n g  i n  
t h e  s p a c e  e n v i r o n m e n t ,  i n c l u d i n g  t h e  e f f e c t s  o f  p a r a m e t e r s  s a c h  
a s  r a m / w a k e  w h i c h  c a n n o t  b e  s i m u l a t e d .  A l s o ,  i t  i s  c l e a r  f r o m  
STS-3 d a t a  t h a t  t h e  p r e s e n c e  o f  a  l a r g e  b o d y  i n  o r b i t  p e r t u r b s  
t h e  a m b i e n t  e n v i r o n m e : : t  i n  w a y s  w h j c h  e r e  a s  y e t  n o t  f u l l y  
u n d e r s t o o d ,  b u t  w h i c h  may h a v e  s i e n i f i c a n t  i m p a c t  o n  s y s t e m -  
e n v i r o n m e n t  i n t e r a c t i o n s .  F i n a l l y ,  f l i g h t  d a t a  i s  a b s o l u t e l y  
c r i t i c a l  t o  p r o v i d e  " s p a c e  t r u t h "  i n f o r m a t i o n  f o r  u s e  i n  
c a l i b r a t i n g  g r o u n d  s i m u l a t i o n s ,  d e m o n s t r a t i n g  o p e r a t i n g  i m p a c t s  
a n d  v a l i d a t i n g  s y s t e m  l e v e l  m o d e l s  w h i c h  m u s t  b e  u s e d  t o  
p r e d i c t  i n t e r a c t i a n s  i m p a c t s  f o r  p r o p o s e d  d e s i g n s .  T h i s  p a p e r  
s u m m a r i z e s  t h e  i n t e r a c t i o n  c o n c e r n s  f o r  h i g h e r  v o l t a g e  a r r a y s  
i n  o r b i t ,  t h e  o n g o i n g  t e c h n o l o g y  i n v e s t i g a t i o n s ,  a n d  d e s c r i b e s  
a p r o p o s e d  s e r i e s  o f  S h u t t l e  e x p e r i m e n t s  d e s i g n e d  t o  o b t a i n  t h e  
r e q u i r e d  f l i g h t  d a t a .  

T h e  a t t e n t ~ o n  o f  t h e  e n v i r o n m e n t a l  i n t e r a c t i o n s  c o m m u n i t y  was 
f o r  s e v e r a l  y e a r s  f o c u s e d  o n  t h e  i n v e s t i g a t i o n  o f  s p a c e c r a f t  
c h a r g i n g ,  a n  i n t e r a c t i o n  w h i c h  h a d  b e e n  f o u n d  t o  b e  h a z a r d o u s  
f o r  g e o s y n c h r o n o u s  s p a c e c r a f t  a n d  was i n t e n s i v e l y  s t u d i e d  b y  
KASA at id  t i l e  Air F o r c e  ( 9 e f .  3 ) .  I n  t h e  l a t e  1 3 7 0 1 s ,  i n t e r e s t  
i n  h i g h  v o l t a g e  i n t e r a c t i o n s  a g a i n  i n t e n s i f i e d ,  a n d  t h e i r  s t u d y  
w a s  r e s u m e d  u n d e r  t i l e  a u s p i c e s  o f  t h e  j o i n t  N A S A / U S A F  S p a c e c r a f t  
E n v i r o n m e n t a l  I n t e r a c t i o n s  T e c h n o l o g y  i n v e s t i g a t i o n  ( r e f .  2 ) .  
T h e  g r o u n d - t e c h n o l o g y  p r o g r a m  u s e s  t h e  e x p e r i m e n t a l  f a c i l i t i e s  
a t  N A S A  a n d  USAF c e n t e r s ,  b u i l d s  u p o n  t h e  m o d e l i n g  c a p a b i l i t i e s  
d e v e l o p e d  d u r i n g  t h e  s p a c e c r a f t  c h a r g i n g  i n v e s t i g a t i o n ,  a n d  
u s e s  t h e  e a r l i e r  h i g h - v o l t a g e  s t u d y  r e s u l t s  ( r e f s .  4 t o  11). 
Among t h e  g o a l s  o f  t h e  t e c h n o l o g y  p r o g r a m  i s  t h e  d e v e l o p m e n t  
o f  d e s i g n  g u i d e l i n e s  a n d  a n a l y t i c a l  t o o l s  f o r  h i g h e r  v o l t a g e  
s o l a r  a r r a y s  f o r  E a r t h  o r b i t a l  a p p l i c a t i o n s .  

T h i s  r e q u i r e s  f l i g h t  d a t a  t o  e n s u r e  t h a t  t h e  p h e n o m e n a  o b s e r v e d  
i n  g r o u n d  t e s t i n t ;  o c c u r  i n  o r b i t ,  t o  e x a m i n e  c o n d i t i o n s  n o t  
o b t a i n a b l e  i n  g r o u n d  f a c i l i t i e s  a n d  t o  v a l i d a t e  t h e  m o d e l s .  T o  



d a t e ,  t w o  s m a l l  s c a l e  PLasma I n t e r a c t i o n s  E x p e r i m e n t s  (PIX-I 
a n d  PIX-11) h a v e  b e e d  d e s i g n e d ,  b u i l t  a n d  f l o w n .  B a t h  w e r e  
p i g g y - b a c k s  on  s e c o n d  s t a e e  D e l t a  v . e h i c l e s  a n d  i n  a p p r o x i m a - t e l y  
900 km c f . r c u l a r  g a l a r  a r b i t s .  PIX-I, w h i c h  f l e w  i n  M a r c h  1978,  
a n d  r e t u r n e d  two  h o u r s  o f  & t # ,  d e m o n s t r a t e d -  t h a t  t h e  c u r r e n t  
c o l l e c t i o n  e n h a n c e m e n t  a n d  a r c i n 8  p h e n o m e n a  o b s e r v e d  i n  g r o u n d  
t e s t i n g  o f  p l a n a r  a r r a y  s e g m e n t s  a l s o  o c c u r  i n  o r b i t  ( R e f .  4 ) .  
f h e  16  h o u r s  o f  p l a n a r  a r r a y  d a t a  r e t u r n e d  by P I X - I f ,  w h i c h  
f l e w  i n  J a n u a r y  1983; a r e  s t i l l  u n d e r  a n a l y s i s .  P r e l i m i n a r y  
r e s u l t s  i n d i c a t e  t h a t  t h e  minimam a r c i n g  o n s e t  v o l t a e e  
d e c r e a s e s  w i t h  i n c r e a s i n g  p l a s m a  d e n s i t y  a n d  t h a t  t a n k  w a l l  
e f f e c t s  i n f l u e n c e  c u r r e n t  c o l l e c t i O n  b e h a v i o r  a t  h i e h  p o s i t i v e  
v o l t a g e s  i n  g r o u n d  t e s t s .  

No d a t a  i s  a v a i l - a b l e  o n  ram/wake  e f f e c t s ,  i n f l u e n c e  o f  t h e  
p r e s e n c e  i n  o r b i t  o f  a  l a r g e  s y s t e m ,  o r  t h e  e f f e c t  o f  
i n t e r a c t i o n s  o n  t h e  o p e r a t i o n a l  c h a r a c t e r i s t i c s  o f  a  l a r g e  
h i g h e r  v o l t a g e  a r r a y . .  U n d e r s t a n d i n g  t h e s e  e f f e c t s  i s  c r i t i c a l  
t o  d e v e l o p i n g  u s e f u l  d e s i g n  g u i d e l i n e s  f o r  s u c h  s o l a r  a r r a y s .  

S o l a r  A r r a y  V o l t a g e  P o s i t i v e  R e l a t i v e  t o  P l a s m a  

F i g u r e  1 r e p r e s e n t s  e x p e r i m e n t a l  d a t a  f o r  a s o l a r  a r r a y  s e c t i o n  
b i a s e d  p o s i t i v e  w i t h  r e s p e c t  t o  t h e  p l a s m a  i n  w h i c h  i t  i s  
i m m e r s e d  ( ~ e f ,  1 1 ) .  T h e  l e f t  h a l f  o f  t h e  f i g u r e  i l l u s t r a t e s  
t h a t  a t  v o l t a g e s  g r e a t e r  t h a n  100-150 v o l t s ,  t h e  e l e c t r o n  
c u r r e f i t  c o l l e c t e d  by t h e  s o l a r  a r r a y  i n c r e a s e s  d r a m a t i c a l l y ,  
T h e  r i g h t  h a l f  o f  t h e  f i g u r e  i l l u s t r a t e s  why. E v e n  t h o u g h  t h e  
s o l a r  a r r a y  s u r f a c e  i s  d i e l e c t r i c ,  t h e  s u r f a c e s  b e c o m e  h i g h l y  
p o s i t i v e  a n d  c o l l e c t  c u r r e n t  a s  t h o u g h  t h e  w h o l e  s u r f a c e  w e r e  a  
c o n d u c t o r .  T h e  e x p l a n a t i o n  a p p e a r s  t o  b e  t h a t  a s  t h e  p l a s m a  
s h e a t h  g r o w s  a r o u n d  e x p o s e d  i n t e r c o n n e c t s  o r  p i n h o l e s ,  t h e  
a c c e l e r a t e d  e l e c t r o n s  s t r i k e  t h e  d i e l e c t r i c  a n d  l o w  e n e r g y  
s e c o n d a r y  e l e c t r o n s  a r e  r e l e a s e d  w h i c h  a r e  c o l l e c t e d  by t h e  
e x p o s e d  m e t a l .  T h i s  l e a v e s  t h e  d i e l e c t r i c  c o v e r  g l a s s  
p o s i t i v e ,  a l l o w i n g  t h e  p l a s m a  s h e a t h  t o  g r o w  o v e r  t h e  s o l a r  
c e l l s .  T h e r e f o r e ,  t h e  s o l a r  a r r a y  c o l l e c t s  e l e c t r o n  c u r r e n t  a s  
t h o u g h  i t  w e r e  a c o n d u c t o r .  A s  t h e  v o l t a g e  o n  t h e  a r r a y  
s e g m e n t  a n d  t h e  e f f e c t i v e  c o l l e c t i o n  a r e a  i n c r e a s e s ,  t h e  
c u r r e n t  c o l l e c t e d  r i s e s ,  a s  i n d i c a t e d  i n  f i g u r e  1 .  T h i s  
c u r r e n t  f l o w  t h r o u g h  t h e  p l a s m a  i s  c u r r e n t  w h i c h  i s  r . o t  
a v a i l a b l e  t o  t h e  s p a c e c r a f t  a n d  t h e r e f o r e  r e p r e s e n t s  a  p o w e r  
l o s s  t o  t h i s  p l a s m a  s h u n t .  D e p e n d i n g  o n  t h e  s c l a r  a r r a y  
v o l t a g e  t h e  p o w e r  l o s s  c a n  b e  s u b s t a n t i a l  a n d  c a n  s e r i o u s l y  
i m p a c t  a r r a y  p e r f o r m a n c e .  

No d i r e c t  m e a s u r e  o f  t h e  p o w e r  l o s s  e x i s t s  b e c a u s e  e s s e n t i a l l y  
a l l  d a t a  c o n s i s t s  o f  c u r r e n t  c o l l e c t e d  by s o l a r  a r r a y  s e g m e n t s  
w i t h  a p o t e n t i a l  i m p r e s s e d  on  t h e m  by a p o w e r  s u p p l y .  T h e  
p o w e r  l o s s ,  w h i c h  w i l l  b e  e x p e r i e n c e d  i n  a s o l a r  a r r a y  d u e  t o  



t h e  c o l l e c t i o n  o f  c u - r r e n t  f r o m  t h e  p l a s m t i ,  h ~ s  o f t e n  b e e n  
e s t i m a t e d  by mu1 t i p l y i n g  t h e  c o l l e c t e d  s o l a r  a r r a y  s e g m e n t  
c u r r e n t  by t h e  v o l t a g e  b e t w o b n  t h e  s o l a r  a r r a y  a e g m e n t  a n d  t h e  
p19sma a n d  summj.nx o v e r  t h e  s e f i m e l l t s .  Suck. a n  e s t i m a t i o n  d o e s  
n o t  c o n s i d e r  t h e  c u r p e n t  f l o w  i n  t h e  s e l a r  a r r a y ,  A s o l a r  
a r r a y  w h i c h  i s  n o t  i n  a p l a s m a  e n v i r o n m e n t  w i l l  h a v e  o n l y  t h e  
l o a d  c u r r e n t ,  I ,  f l o w i n &  i n  i t .  T h e  c a r r e n t  i s  t h e  s a m e  
t h r o u g h o u t  t h e  a r r a y  a n d  i t  c a n  b e  o p e r a t e d  a t  t h e  maximum 
p o w e r  p o i n t .  H o w e v e r ,  a  h i g h  v o l t a g e  s o l a r  a r r a y  i m m e r s e d  i n  a  
p l a s m a  w i l l  c o l l e z t  p l a s m a  c u r r e n t  w h i c h  w i l l  f l o w  t h r o u g h  t h e  
a r r a y  i n  a d d i t i o n  t o  t h e  l o a d  c u r r e n t .  T h e  p l a s m a  c u r r e n t  
c o l l e c t e d  a t  a  l o c a t i o n  on  t h e  a r r a y  i s  a  f u n c t i o n  o f  t h e  
p o t e n t i a l  b e t w e e n  t h a t  l o c a t i o n  o n  t h e  a r r a y  a n d  s p a c e .  T h e  
c u r r e n t  f l o w i n g  t h r o u g h  a  s p e c i f i c  p o i n t  i n  t h e  a r r a y  i s  t h e  
l o a d  c u r r e n t  a n d  t h e  sum o f  e l e c t r o n  c u r r e n t s  c o l l e c t e d  a t  
p o i n t s  i n  t h e  a r r a y  a t  h i g h e r  p o s i t i v e  v o l t a g e s .  T h e r e f o r e ,  
n o n u n i f o r m  c u r r e n t s  w i l l  f l o w  w i t h i n  t h e  a r r a y .  To o p e r a t e  a t  
t h e  s o l a r  a r r a y  maximum p o w e r  p o i n t ,  e a c h  i n d i v i d u a l  c e l l  w i l l  
o p e r a t e  o f f  i t s  i n d i v i d u a l  maximum p o w e r  p o i n t .  

In g r o u n d  t e s t s ,  a  v o l t a g e  i s  i m p r e s s e d  o n  t e s t  s a m p l e s  a n d  t h e  
c u r r e n t  c o l l e c t e d  f r o m  t h e  p l a s m a  i s  m e a s u r e d .  B e c a u s e  t h e  
v o l t a g e  i s  a p p l i e d ,  t h e r e  i s  n o  d i f f e r e n t i a l  v o z t a g e  b e t w e e n  
t h e  s o l a r  c e l l s -  H o S h e v e r ,  f o r  a  s o l a r  a r r a y  w h i c h  i s  
g e n e r a t i n g  i t s  own v o l t a g e  by h a v i n g  s o l a r  c e l l s  p l a c e d  i n  
s e r i e s ,  t h e r e  w i l l  b e  v o l t a g e  g r a d i e n t s  on  t h e  s u r f a c e  o f  t h e  
c e l l s  d u e  t o  d i f f e r e n c e  i n  u o l t a g e  b e t w e e n  c e l l s .  T h e  
g r a d i e n t s  may be  q u i t e  h i g h  i f  t h e  c e l l s  a r e  s t r u n g  s u c h  t h a t  
s o l a r  c e l l s  a t  c o n s i d e r a b l y  d i f f e r e n t  v o l t a g e s  l i e  n e x t  t o  e a c h  
o t h c r .  T h e  e l e c t r i c  f i e l d  s t r u c t u r e  i n  t h e  p l a s m a  s h e a t h  may 
b e  c o m p l e x  d u e  t o  s o l a r  c e l l  l a y o u t .  B e c a u s e  s u c h  v o l t a g e  
g r a d i e n t s  e x i s t ,  t h e r e  i s  t h e  p o s s i b i l i t y  o f  c u r r e f i t s  b e t w e e n  
c e l l s  d u e  t o  f i e l d  e m i s s i o n s  a n d / o r  s e c o n d a r y  e l e c t r o n  e m l s s i o n  
a n d / o r  some o t h e r  s u r f a c e  c u r r e n t  m e c h a n i s m  n o t  i d e n t i f i e d .  
T h e s e  m o r e  l o c a l i z e d  c u r r e n t s  may p r o d u c e  a n  a d d i t i o n a l  
s h u n t i n g  o f  p o ~ t i o n s  o f  t h e  s o l a r  a r r a y .  

A d i s c h a r g e  phenomena  a r o u n d  t h e  s o l a r  a r r a y  h a s  a l s o  b e e n  
o b s e r v e d  i n  some g r o u n d  t e s t s  ( ~ e f .  13) .  I n  t h e s e  c a s e s  a 
b r i g h t  g l o w  a p p e a r e d  a r o u n d  t h e  s o l a r  a r r a y  a n d  t h e  e l e c t r o n  
c u r r e n t s  c o l l e c t e d  by t h e  s o l a r  a r r a y  f r o m  t h e  p l a s m a  i n c r e a s e d  
by o r d e r s  o f  m a g n i t u d e .  S u c h  a n  i n c r e a s e  i n  c o l l e c t e d  c u r r e n t  
w i l l  s u b s t a n t i a l l y  a f f e c t  t h e  p o w e r  l o s s  i n  t h e  s o l a r  a r r a y .  

B e c a u s e  o f  t h e  c o m p l e x  n a t u r e  o f  h i g h  v o l t a g e  s o l a r  a r r a y /  
p l a s m a  i n t e r a c t i o n s ,  i t  i s  n e c e s s a r y  t o  e x p e r i m e n t a l l y  
d e t e r m i n e  t h e  p o w e r  c u r v e  o f  a s o l a r  a r r a y  o p e r a t i n g  i n - - a  
p1a.s.ma ..eav-i.ronment-. 



S o l a r  Array V o l t a e s  N e g a t i v e  R e l a t i v e  t o  P l a s n l s  

F i g u r e  1 i l l u s t r a t e s  t h e  o b s e r v - e d  e f f e c t s  o f  a s o l a r  array  
s e g m e n t  b i a s e d  p o s i t i v e  o f  t h e  au-rroundir lp ,  p l a s m a .  D i f f e r e n t  
e f f e c t 8  a m  o b s e r v e d  f o r  a s o l a r  = f a y  s e e m e d t  b i a s e d  t o  a 
n e g a t i t e . - u o l t a e e  r e l a t i v e  t o  t h e  p l a s m a .  u n l i k e  t h e  p o s i t i v e  
v o l t a g e  c a s e ,  t h e  s o l a p  c e l l  c b v e r  e l a s s  v o l t a g e  d o e s  n o t  r i s e  
t o  t h e  i n t e r c o n n e c t  v o l t a g e  o s  t h e  s o l a r  c e l l  v o l t a e e  b e c o m e s  
m o r e  n e g a t i v e .  A s t e e p  w l t a g e  g r a d i e n t  e x i s t s  b e t w e e n  t h e  
i n t e r c o n n e c t  a n d  o t h e r  e x p o s e d  m e t a l  p a r t s  o f  t h e  s o l a r  c e l l s  
a n d  t h e  s o l a r  c e l l  s u r f a c e ,  F a r  i m p r e s s e d  v o l t a g e s  a f  s e v e r a l  
h u n d r e d  v o l t s ,  a r c i n g  o n  t h e  a r r a y  i s  o b s e r v e d .  P i c t u r e s  o f  
s u c h  a r - c i n e  e v e n t s  a r e  s h o w n  i n  f i g u r e  2 ( R e f ,  1 0 ) .  T h e  a r c i n g  
o c c u r s  a t  l o w e r  n e g a t i v e  v o l t a g e s  f o r  h i g h e r  p l a s m a  d e n s i t i e s .  
A r c i n g  h a s  b e e n  o b s e r v e d  a t  v o l t a g e s  o f  -250  v o l t s  o n  a  s o l a r  
a r r a y  s e g m e n t  i n  a p l a s m a  w i t h  a d e n s i t y  o f  l o 4  e l e c t r o n s / c m 3  
( R e f .  1 3 ) .  A m b i e n t  p l a s a a  d e n s i t i e s  o f  u p  t o  l o 6  e l e c t r o n s / c m 3  
may b e  e n c o u n t e r e d  i n  s p a c e .  S u c h  s o l a r  a r r a y  a r c i n g  w i l l  
i n t r o d u c e  l a r g e  c u r r e n t  a n d  v o l t a g e  t r a n s i e n t s  w h i c h  may t e n d  
t o  c o l l a p s e  t h e  a r r a y  v o l t a g e .  H o w e v e r ,  t h e  e f f e c t s  o f  s u c h  
a r c i n g  o n  t h e  s o l a r  a r r a y  p e r f o r m a n c e  i s  p r e s e n t l y  u n c e r t a i n .  

S o l a r  A r r a y - S p a c e c r a f t - S p a c e  P l a s m a  P o t e n t i a l s  

A s p a c e c r a f t  i n  o r b i t  a n d  i m m e r s e d  i n  t h e  s p a c e  p l a s m a  w i l l  
come t o  a p o t e n t i a l  r e l a t i v e  t o  t h e  p l a s m a  s u c h  t h a t  no n e t  
c u r r e n t  i s  c o l l e c t e d . .  T h e  s o l a r  a r r a y  p r o v i d e s  a n  a d d i t i o n a l  
c o m p l i c a t i o n  s i n c e  a m b i e n t  c h a r g e  p a r t i c l e s  c a n  b e  c o l l e c t e d .  
T h e r e  a r e  two  s o l a r  a r r a y  v o l t a g e s  t o  c o n s i d e r .  One i s  t h e  
o p e r a t i n g  v o l t a g e  g e n e r a t e d  by t h e  s o l a r  c e l l s  i n  s e r i e s .  T h e  
o t h e r  i s  t h e  p o t e n t i a l  o f  t h e  s o l a r  a r r a y  r e l a t i v e  t o  t h e  
s u r r o u n d i n g  s p a c e  p l a s m a .  Some p o i n t  on  t h e  a r r a y  w i l l  b e  a t  
s p a c e  p o t e n t i a l  a n d  t h e  p o r t i o n s  o f  t h e  s o l a r  a r r a y  p o s i t i v e  ~ f  
t h i s  p o i n t  w i l l  c o l l e c t  e l e c t r o n s  f r o m  t h e  p l a s m a  w h i l e  t h e  
n e g a t i v e  p a r t  c o l l e c t s  i o n s .  B e c a u s e  o f  t h e i r  h i g h e r  
t e m p e r a t u r e  a n d  m o b i l i t y ,  e l e c t r o n s  a r e  much m o r e  e a s i l y  
c o l l e c t e d  t h a n  i o n s .  T h e r e f o r e ,  t o  c o l l e c t  e q u a l  e l e c t r o n  a n d  
i o n  c u r r e n t ,  a much l a r g e r  a r e a  a t  a n e g a t i v e  p o t e n t i a l  
r e l a t i v e  t o  t h e  p l a s m a  is  r e q u i r e d .  F o r  a  s p a c e c r a f t  g r o u n d e d  
t o  t h e  n e g a t i v e  s i d e  o f  t h e  s o l a r  a r r a y ,  t h e  s i t u a t i o n  o n  t h e  
r i g h t  s i d e  o f  f i g u r e  3 w i l l  r e s u l t .  T h e  s p a c e c r a f t  a n d  
n e g a t i v e  s i d e  o f  t h e  a r r a y  w i l l  b e  d r i v e n  b e l o w  s p a c e  
p o t e n t i a l .  F o r  a n  a r r a y  o f  s e v e r a l  h u n d r e d  v o l t s ,  s o l a r  a r r a y  
a r c i n g  may r e s u l t ,  afld s i n c e  t h e  s p a c e c r a f t  s t r u c t u r e  w i l l  b e  
s e v e r a l  h u n d r e d  v o l t $  n e g a t i v e ,  i t  w i l l  e x p e r i e n c e  a  c o n t i n u o u s  
i o n  b o m b a r d m e n t  f o r  t h e  s p a c e c r a f t  l i f e t i m e  w h i c h  may a l t e r  
s u r f a c e  t h e r m o - o p t i c a l  p r o p e r t i e s .  A n o t h e r  s p a c e c r a f t  W i t h o u t  
s u c h  a s o l a r  u r r a y  o r  a n  u n t e t h e r c d  a s t r o n a u t  w i l l  b e  n e a r  
s p a c e  ~ o $ e n t i a l .  T h e  r e s u l t i n s  p o t e n t i a l  d i f f e r e n c e  b e t w e e n  



s u c h  a  f r e e  f l y e r  a n d  t h e  h i a h l y  n e g a t i v e  s p a c e c r a f t  c a n  p o s e  
s e r i o u s  s a f e t y  c o n c e r n s .  ? h e  h i g h l y  n e e a t i v e  s p a c e c r a f t  
p a t e n t i a l  w i l l  a.130 i n t e r f e r e  w.ith some s c i e n c e ,  e . g . ,  p a r t i c l e  

I a n d  p l a s m a  d a t a  a c q u i s i t i o n ,  - 
I 

I f  a n  e l e c t r o n  g u n  o r  plasma s o u r c e  i s  o p e r a t e d  on t h e  
s p a c e c r a f t ,  e l e c t r o n s  c o l l e c t e d  by t h e  p o s i t i v e  p o r t i o n  o f  t h e  
s01a-r a r r a y  w i l l  be  r e l e a s e d  b a c k  t o  s p a c e .  Large n e g a t i v e  
p o t e n t i a l s  w i l l  n o t  r e s u l t ,  a n d  i f  e l e c t r o n s  a r e  f r e e l y  
r e l e a s e d . _ - - t h e - - s i t u a t i o n  on t h e  l e f t  i n  f i e u r e  3 w i l l  r e s u l t .  

Pla-smo P e r t u r b a t i o n  

Many s o u n d i n g  r o c k e t  e x p e r i m e n t s  h a v e  b e e n  f l o w n  w h i c h  
i n v e s t i g a t e d  t h e  m a g n e t o s p h e r e  by r e l e a s i n g  e l e c t r o n  beams 
a l o n g  t h e  e a r t h ' s  m a g n e t i c  f i e l d  l i n e s  ( ~ e f .  1 4 ) .  I t  was 
a n t i c i p a t e d  t h a t  t h e  r o c k e t  body would  c h a r g e  h u n d r e d s  t o  
t h o u s a n d s  o f  v o l t s  p o s i t i v e  d u s  t o  t h e  r e l e a s e  o f  a  h i g h  e n e r g y -  - -. - - - -  - 

e l e c t r o n  beam. T h i s  was n o t  o b s e r v e d  t o  b e  t h e  c a s e .  The  
r o c k e t  p o t e n t i a l s  i n c r e a s e d  t o  o n l y  30 t o  100 v o l t s  p o s i t i v e .  
P l a s m a  d i a g n o s t i c  d e v i c e s  i n d i c a t e  t h a t  t h e  p l a s m a  d e n s i t y  a n d  
t e m p e r a t u r e  i n c r e a s e d  when t h e  e l e c t r o n  beam was r e l e a s e d ,  a n d  
t h a t  a  l o c a l  d i s c h a r g e  i s  c r e a t e d  a r o u n d  t h e  r o c k e t  e i t h e r  by 
e l e c t r o n  bombardment  i o n i z a t i o n  o r  a  beam-plasma d i s c h a r g e  
( R e f .  1 4 ) .  The  p l a s m a  i s  a l s o  o b s e r v e d  t o  b e  p e r t u . r b e d  a t  
l a r g e  d i s t a n c e s  f r o m  t h e  r o c k e t .  An a n a l o g o u s  s i t u a t i o n  c a n  be  
e x p e c t e d  w u h  a s p a c e c r a f t  powered  by a  h i g h  v o l t a g e  s o l a r  
a r r a y . .  An e l e c t r o n  g u n  o r  p l a s m a  s o u r c e  o p e r a t i o n  w i l l  r a i s e  
t h e  s p a c e c r a f t  p o t e n t i a l  t b  n e a r  s p a c e  p o t e n t i a l  a n d  w i l l  
t h e r e f o r e  d r i v e  t h e  h i g h  v o l t a g e  s o l a r  a r r a y  v e r y  p o s i t i v e  c f  
t h e  s p a c e  p l a s m a  p o t e n t i a l .  A s  p r e v i o u s l y  d e s c r i b e d ,  d i s c h a r g e  
phenomena f o r  p o s i t i v e  s o l a r  a r r a y s  i n  a  p l a s m a  h a s  b e e n  
o b s e r v e d  i n  g r o u n d  t e s t s  ( R e f .  1 3 ) .  T t s  l o c a l  d i s c h a r g e  a n d  
p l a s m a  p e r t u r b a t i o n s  o b s e r v e d  d u r i n g  r o c k e t  e x p e r i m e n t s  c a n  
i n c r e a s e  power  l o s s  d u e  t o  p a r a s i t i c  c u r r e n t s  a n d  i n t e r f e r e  
w i t h  s c i e n c e  d a t a  a c q u i s i t i o n .  

R e c e n t l y ,  OAST 2 r o p o s e d  a  new f l i g h t  i n i t i a t i v e ,  V o l t a g e  
O p e r a t i n g  L i m i t  T e s t s -  ( V O L T ) .  T h e  VOLT p r o j e c t  i s  a  
c o m p r e h e n s i v e  p r o g r a m  composed  o f  a se r ies  o f  f o u r  S h u t t l e  
b a s e d  f l i g h t  e x p e r i m e n t s  w h i c h  w i l l  p r o v i d e  t h e  d a t a  b a s e  
r e q u i r e d  t o  d e s i g n  s u c c e s s f u l  h i g h e r  v o l t a g e  s o l a r  a r r a y s  f o r  
low e a r t h  o r b i t  (LM) power  s y s t e m s .  Two o f  t h e  e x p e r i m e n t s ,  
VOLT-1 a n d  VOLT-3 w i l l  u t i l i z e  b i a s e d  s o l a r  a r r a y  s e g m e n t s  o f  
p l a n a r  a n d  c o n c e n t r a t o r  d e s i g n s ,  r e s p e c t i v e l y ,  t o  s c o p e  t h e  
n a t u r e  o f  t h e  b a s i c  i n t e r a c t i o n s  i n  L E O ,  d e t e r m i n e  ra.m/wake 



e f f e c t s  a n d  i d e n t i f y  i n f l u e n c e s  o f  t h e  l a r g e  STS v e h i c l e  o n  
i n t e r a c t i o n s .  R e s u l t s  w i l l  b e  u s e d  i n  d e s i k n i n g  t h e  o t h e r  t w o ,  
m o r e  c o m p r e h e n s i v e ,  e x p e r i m e n t s .  VOLT-2 a n d  VOLT-4 w i l l  t e s t  
l a r g e  a r e a  a r r a y s  o f  t h e  p l a n a r  a n d  c o n c e n t r a t o r  d e s i e n s ,  
r e s p e c t i v e l y ,  t o  e v a l u a t e  t h e  i m p a c t s  o f  i n t e r a c t i o n s  o n  a r r a y  
o p e r a t i o n  d i r e c t l y .  VOLT-? a n d  VOLT-4 a r e  s l n i i l a r  t h e  
p l a s m a  i n t e r a c t i o n s  p o r t i o n  o f  t h e s e  e x p e r i m e n t s  t o  VOLT-1 a n d  
VOLT-2 e x c e p t  t h a t  VOLT-3 a n d  VOLT-4 b o t h  u s e  c o n c e n t r a t o r  
s o l a r  a r r a y s .  T h e r e f o r e ,  t o  p r e v e n t  r e p e t i t i o n ,  o n l y  a  
d e t a i l e d  d i s c u s s i o n  o f  t h e  VOLT-1 a n d  VOIIT-? p l a s m a  i n t e r a c t i o n  
e x p e r i m e n t s  w i l l  b e  p r e s e n t e d .  

T h e  VOLT-1 e x p e r i m e n t ,  s h o w n  m o u n t e d  i n  t h e  S h u t t l e  b a y  i n  
f i g u r e  4 ,  u t i l i z e s  t h e  b a c k u p  h a r d w a r e  f r o m  t h e  P I X - I 1  
e x p e r i m e n t ,  w i t h  m i n o r  m o d i f i c a t i o n s  f o r  S h u t t l e  f l i g h t  
c o m p a t i b i l i t y .  T h e  o b j e c t i v e  o f  t h e  VOLT-1 e x p e r i m e n t  i s  t o  
e v a l u s t e  p l a s m a  t o  s o l a r  a r r a y  c u r r e n t s  a d d  a r c  t h r e s h o l d s  f o r  
p l a n a r  s o l a r  a r r a y  s e g m e n t s  i n  t h e  LEO e n v i r o n m e n t .  S u c h  d a t a  
i s  b i k e  t h a t  c o l l e c t e d  i f i  g r o u n d  t e s t s  a n d  w i l l  a l l o w  
v a l i d a t i o n  o f  b a s i c  i n t e r a c t i o n  m o d e l  p r e d i c t i o n s  f o r  t h e  
S h u t t l e  LEO e n v i r o n m e n t .  D a t a  w i l l  a l s o  b e  a c q u i r e d  i n  b o t h  
ram a n d  w a k e  c o n d i t i o n s .  E e c a u s e  t h e  e x p e r i m e n t  i s  h a r d  
m o u n t e d  i n  t h e  b a y ,  t h e  S h u t t l e  a t t i t u d e  w i l l  p r o v i d e  ram a n d  
w a k e  c o n d i t i o n s  f o r  t h e  e x p e r i m e n t .  T h e  d a t a  a c q u i r e d  by  
VOLT-1 w i l l  a l l o w  b e t t e r  p r e d i c t i o n  o f  t h e  i n t e r a c t i o n s  w h i c h  
w i l l  b e  e x p e c t e d  o n  VOLT-2. 

T h e  VOLT-1 e x p e r i n i e n t  i s  c o m p r i s e d  o f  a n  e l e c t r o n i c s  e n c l o s u r e  
a n d  a n  e x p e r i m e n t  p l a t e ,  u p o n  w h i c h  i s  a t t a c h e d  a  2 0 0 0  cm s o l a r  
a r r a y  s e g m e n t .  T h e  e l e c t r o n i c s  e n c l o s u r e  h o u s e s  t h e  
e l e c t r o m e t e r s ,  p o w e r  s u p p l y ,  s u n  a n d  t e m p e r a t u r e  s e n s o r  
e l e c t r o n i c s ,  a  L a n g m u i r  p r o b e  a n d  a s s o c i a t e d  e l e c t r o n i c s ,  
e x p e r i m e n t  s e q u e n c e  c o n t r o l l e r  a n d  t a p e  r e c o r d e r .  VOLT-1 i s  
e n v i s i o n e d  a s  b e i n g  n e a r l y  c o m p l e t e l y  s e l f - c o n t a i n e d  a n d  
a u t o m a t i c ,  r e q u i r i n g  o n l y  a n  e l e c t r i c a l  g r o u n d  r e f e r e n c e  a n d  
e x p e r i m e n t  i n i t i a t e  s i g n a l s .  D u r i n g  o p e r a t i o n  p o s i t i v e  a n d  
n e g a t i v e  v o l t a g e  b i a s e s  w i l l  b e  i m p r e s s e d  o n  t h e  a r r a y  i n  s t e p s  
u n t i l  p o t e n t i a l s  o f  + I 0 0 0  v o l t s  r e l a t i v e  t o  g r o u n d  a r e  r e a c h e d .  
A r c i n g  o n s e t  a n d  p a r a s i t i c  c u r r e n t s  w i l l  b e  m e a s u r e d  f o r  b o t h  
p o s i t i v e  a n d  n e g a t i v e  b i a s e s .  

A r e f l i g h t  o f  t h e  S o l a r  A r r a y  F l i g h t  E x p e r i m e n t  ( S A F E ) ,  w i t h  
n e c e s s a r y  m o d i f i c a t i o n s ,  h a s  b e e n  p r o p o s e d  a s  a  h i g h  v o l t a g e  
s o l a r  a r r a y / s p a c e  p l a s m a  i n t e r a c t i o n s  e x p e r i m e n t  ( ~ e f .  1 5 ) .  
T h e  b a s i c  SAFE e x p e r i m e n t  i s  a  s p a c e  t e s t  o f  a  1 2 . 5  kW s i z e ,  
l i g h t w e i g h t  s o l a r  a r r a y .  I t  i s  p r i m a r i l y  a  d e m o n s t r a t i o n  o f  
t h e  s o l a r  a r r a y ' s  a b i l i t y  t o  d e p l o y  and  r e t r a c t  s u c c e s s f u l l y  
a n d  t o  o b t a i n  d a t a  o n  t h e  d y n a m i c  r e s p o n s e  o f  s u c h  a  l a r g e  
s t r u c t u r e  i n  s p a c e .  A v e r y  s m a l l  p o r t i o n  o f  t h e  s o l a r  a r r a y  
c o n s i s t s  o f  a c t i v e  s o l a r  c e l l s  w i t h  t h e  m a j o r i t y  o f  t h e  a r e a  
c o v e r e d  by  t h i n  a l u m i n u m  s q u a r e s  t o  s i m u l a t e  t h e  s o l a r  c e l l  
m a s s .  T h e  w i n g ,  :;howtr i n  f i g u r e  5 i n  i t s  f u l l y  d e p l o y e d  s t a t e ,  



m e a s u r e s  4m by  32m. A l s o ,  a  conceptual v i e w  o f  t h e  e x p e r i m e n t  
d c p l o y c d  f r o m  t h e  S h u t t l e  b a y  i s  s h o w n  i n  f i g u r e  6 .  

T h e  VOLT-2  p l a s m a  i n t e r a c t i o n s  e x p e r i m e n t  u t i l i z e s  t h e  SAFE 
h a r d w a r e  w i t h  t h r e e  p r i m a r y  m o d i f i c a t i o n s .  T h e s e  a r e :  ( 1 )  
t h a t  t h r e e  s o l a r  c e l l  p a n e l s ,  e a c h  c o n s i s t i n k  o f  t w o  m o d u l e s ,  
w i l l  r e p l a c e  t h r e e  o f  t h e  p r e s e n t  SAFR p a n e l s  a n d  w i l l  
s e l f - g e n e r a t e  s o l a r  a r r a y  o p e r a t i n g  v o l t a g e s  o f  f r o m  n e a r  9 0  t o  
i n  e x c e s s  a f  500 v o l t s ,  ( 2 )  t h a t  e l e c t r o n  r e l e a s e  d e v i c e s  w i l l  
b e  a d d e d  t o  c o n t r o l  t h e  s o l a r  a r r a y  p o t e n t i a l  t o  s p a c e  a n d ,  ( 3 )  
p l a s m a  d i a g n o s t i c  i n s t r u m e n t s  w i l l  b e  a d d e d  t o  d e t e r m i n e  t h e  
a m b i e n t  a n d  p e r t u r b e d  p l a s m a  c o n d i t i o n s  a r o u n d  t h e  s o l a r  a r r a y .  

T h e  VOLT-2 e x p e r i m e n t  w i t h  r e t r a c t e d  s o l a r  a r r a y ,  i s  s h o w n  i n  
f i g ~ r e  7 .  T h i s  e x p e r i m e n t  w i l l  a l l o w  a  d i r e c t  m e a s u r e  o f  t h e  
s o l a r  a r r a y ' s  p e r f o r m a n c e  by o b t a i n i n g  I-V c u r v e s  a s  f u n c t i o n s  
o f  s o l a r  a r r a y  v o l t a g e ,  s o l a r  a r r a y - t o - s p a c e  p o t e n t i a l ,  t y p e  o f  
c h a r g e  r e l e a s e  d e v i c e  m a i n t a i n i n g  t h i s  p o t e n t i a l  a n d  r a m / w a k e  
o r i e n t a t i o n .  I t  w i l l  a l s o  d e t e r m i c e  f l o a t i n g  p o t e n t i a l s  f o r  
t r u e  d i s t r i b u t e d  v o l t a g e  s o l a r  a r r a y ,  a r c i n g  o n s e t  v o l t a g e s  a n d  
i m p a c t  o f  a r c i n g  o n  t h e  s o l a r  a r r a y .  S u c h  d a t a  f r o m  a  
f u n c t i o n i n g  s o l a r  a r r a y  w i l l  a l l o w  v a l i d a t i o n  o f  s y s t e m  l e v e l  
m o d e l  p r e d i c t i o n s  o f  s o l a r  a r r a y  p e r f o r m a n c e .  

T h e  t h r e e  a c t i v e  p a x i e l s  n e a r  t h e  e n d  o f  t h e  s o l a r  a r r a y  w i n g  
w i l l  p r o v i d e  a b o u t  1 4 , 5 0 0  cm2 o f  s o l a r  a r r a y .  E a c h  p a n e l  w i l l  
b e  c o m p o s e d  o f  two  m o d u l e s .  T h e  m o d u l e s  w i l l  b e  p l a c e d  i n  
v a r i o u s  p a r a l l e l  a n d  s e r i e s  c o n f i g u r a t i o n s  t o  a l l o w - t e s t i n g  a t  
s o l a r  a r r a y  v o l t a g e s  f r o m  n e a r  90 v o l t s  t o  i n  e x c e s s  o f  500 
v o l t s .  F i g u r e  8 i n d i c a t e s  t h e  c h a n g e  i n  m o d u l e  a n d  maximum 
a r r a y  v o l t a g e  a s  a  f u n c t i o n  o f  o r b i t a l  p o s i t i o n .  When t h e  
s o l a r  a r r a y  i s  f l o a t i n g  i n  t h e  p l a s m a ,  s u c h  t h a t  i t  i s  
c o l l e c t i n g  e q u a l  e l e c t r o n  a n d  i o n  c u r r e n t ,  8 0 - 9 0 %  o f  i t  w i l l  
h a v e  t o  f l o a t  n e g a t i v e .  T e s t s  w i l l  b e  c o n d u c t e d  b y  s w i t c h i n g  
t h e  f l o a t i n g  s o l a r  a r r a y  f r o m  l o w e r  t o  h i g h e r  o p e r a t i n g  
v o l t a g e s  a n d  a r c i n g  p h e n o m e n a ,  f l o a t i n g  p o t e n t i a l  a n d  s o l a r  
a r r a y  p e r f o r m a n c e  m e a s u r e m e n t s  w i l l  b e  o b t a i n e d .  

T h e  h i g h  c u r r e n t  h o l l o w  c a t h o d e  a n d  p l a s m a  s o u r c e  w i l l  b e  
o p e r a t e d  f o r  t e s t s  o f  t h e  s o l a r  a r r a y  p o s i t i v e  r e l a t i v e  t o  
s p a c e  p o t e n t i a l .  T h e s e  s o u r c e s ,  w i t h  p o s s i b l y  t h e  a d d i t i o n  o f  
a n  e l e c t r o n  g u n  g e n e r a t i n g  an e n e r g e t i c  e l e c t r o n  beam,  w i l l ,  
i n d e p e n d e n t l y ,  f r e e l y  e m i t  t h e  s o l d r  a r r a y  c o l l e c t e d  e l e c t r o n s  
b a c k  t o  s p a c e  a n d  w i l l  c o n t r o l  t o  s o l a r  a r r a y  t o  s p a c e  
p o t e n t i a l .  T h e  m a j o r i t y  o f  t h e  s o l a r  a r r a y  w i l l  b e  p o s i t i v e  o f  
t h e  s p a c e  p o t e n t i a l  a l l o w i n g  p o w e r  l o s s  e v a l u a t i o n  a s  w e l l  a s  
i n v e s t i g a t i o n  o f  l o c a l  d i s c h a r g e  p h e n o m e n a  e x p e c t e d  i n  t h e  
s o l a r  a r r a y  v i c i n i t y .  T h e  a r r a y  p o t e ~ t i e l  w i l l  b e  c o n t r o l l e d  
by t h e  s p a c e c r a f t  a u t o m a t i c  a c t i v e  d i s c h a r g e  s y s t e m  ( S A A D S )  o f  
w h i c h  t h e  c h a r g e  r e l e a s e  d e v i c e s  a r e  a n  i n t e g r a l  p a r t .  B e c a u s e  
o f  t h e i r  i n t e r e s t  i n  t h e  r e s u l t s  o f  t h i s  e x n c r i r n c > n t ,  t h e  Air 
F o r c - e  G e o p h y s i c s  L a b o r a t o r y  h a s  o f f c r u t i  to f u r n i s h  t h i s  



e q u i p m e d t  t o  t h e  VOLT-2 e x p e r i m e n t .  Some p l a s m a  d i a e n o s t x c s  
a s s o c i a t e d  w i t h  SAAaS will b e  l o c a t e d  o n  t h e  M i s s i o n  P e c u l i a r  
E x p e r i m e n t  S u p p o r t  S t r t ~ c t u r e  ( M P E S S ) .  

A m i n i a w n  c o m p l e m e n t  o f  t h r e e  d i a g n o s t i c  i n s t r u m e n - t s  w - i l l  b e  
m o u n t e d  o n  t h e  e n d  o f  t h e  s o l a r  a r r a y .  Tha-se a r e  p r e s e n t l y  
i d e n t i f i e d  a s  a r l e u t r a l  d e n s i t l  i n s t r u m e n t ,  a  L a n g m u i r  p r o b e  
a n d  a D i f f e r e n t i a l  I o n  F l u x  P r d b e  ( ~ e f .  1 6 ) .  T h e s e  i n s t r u m e n t s  
w i l l  a l l o w  d e t e r m i n a t i o n  o f  t h e  a m b i e n t  C o n d . i t i o n s  i n  w h i c h  t h e  
p l a s m a  i n t e r a c t i o n  e x p e r i m e n t  i s  c o n d u c t e d  a s  we l l  a s  
e v a l u a t i o n  o f  p e r t u r b a t i o t l s  t o  t h e  p l a s m a  d u e  t o  t h e  h i g h  
v o l t a g e  s o l a r  a r r a y  o p e r a t i o n .  

F i g u r e  9 i l l u s t r a t e s  t h e  a n t i c i p a t e d  o r b i t a l  c o n f i g u r a t i o n  o f  
t h e  VOLT-2 e x p e r i m e n t . .  T h e  f i g u r e  i n d i c a t e s  t h a t  t h e  s o l a r  
a r r a y  and S h u t t l e  t a i l  w i l l  b e  p o i n t e d  t o w a r d  t h e  s u n .  T h i s  
c o n f i g u r a t i o n  i s  m o r e  a d v a n t a g e o u s  f o r  e x p e r i m e n t s  i n v o l v i n g  
e l e c t r o n  r e l e a s e  by e l e c t r o n  g u n .  T h e  beam Can b e  p r o j e c t e d  
a l o n g  t h e  m a g n e t i c  f i e l d  l i n e  a n d  n o t  s t r i k e  t h e  s o l a r  a r r a y .  
T h e  g e n e r a t e d  p l a s m a s  w i l l  a l s d  t e n d  t o  d i f f u s e  a l o n g  m a g n e t i c  
f i e l d  l i n e s  a n d  away  f r o m  t h e  s o l a r  a r r a y .  

T h e  o r b i t a l  v e l o c i t i e s  o f  s p a c e c r a f t  f o r  LEO a r e  much g r e a t e r  
t h e n  t h e  t h e r m a l  i o n  v e l o c i t y  b u t  much l e s s  t h a n  t h e  t h e r m a l  
e l e c t r o n  v e l o c i t y .  T h e  r e s u l t  i s  t h a t  a s  a  s p a c e c r a f t  m o v e s  
t h r o u g h  t h e  p l a s m a  i t  s w e e p s  o u t  t h e  i o n s ,  L e a v i n g  much 
d e c r e a s e d  p l a s m a  d e n s i t y  i n  i t s  w a k e ,  w h i s h  i s  o c c u p i e d  by a n  
e x c e s s  o f  e l e c t r o n s ,  r e l a t i v e  t o  t h e  i o n  p o p u . l a t i o n .  As 
o b s e r v e d  i n  f i g u r e  10,  t h e r e  w i l l  b e  p o s i t i o n s  i n  t h e  o r b i t  
w h e r e  t h e  w a k e  i s  on  t h e  s o l a r  c e l l  s i d e  o r  t h e  b a c K s i d e  o f  t h e  
s o l a r  a r r a y  a n d  w h e r e  n o  w a k e  e x i s t s  ( w h e n  t h e  s p a c e c r a f t  
v e l o c i t y  t e c t o r  a n d  s u n  l i n e  a r e  p e r p e n d i c u l a r ) .  D a t a  
a c q u i s i t i o n  a t  t h e s e  v a r i o u s  p o s i t i o n s  w i l l  a l l o w  d e t e r m i n a t i o n  
o f  p o w e r  l o s s ,  a r c i n g  a n d  p l a s m a  p e r t u r b a t i o n  o v e r  t h e  r a n g e  o f  
a n t i c i p a t e d  o r b i t a l  p l a s m a  c o n d i t i o n s .  

CO?JCLUI)ING R E M A R K S  

F o r  a  n u m b e r  o f  y e a r s  N A S A  a n d  t h e  USAF h a v e  p l a n n e d  s p a c e  
m i s s i o n s  u t i l i z i n g  s o l a r  a r r a y s  w h i c h  g e n e r a t e  o r d e r s  o f  
m a g n i t u d e  m o r e  p o w e r  a n d  o p e r a t e  a t  a much h i g h e r  v o l t a g e  t h a n  
h a s  b e e n  f l o w n  p r e v i o u s l y .  D u r i n g  t h i s  s a m e  t i m e  g r o u n d  
t e c h n o l o g y  p r o g r a m s  h a v e  a d d r e s s e d  t h e  i n t e r a c t i o n s  b e t w e e n  
s u c h  a h i g h  v o l t a g e  s o l a r  a r r a y  a n d  t h e  a m b i e n t  s p a c e  p l a s m a .  
T h e s e  p r o g r a m s  h a v e  g i v e n  u s  a  b a s i c  u n d e r s t a n d i n g  o f  w h a t  
i n t e r a c t i o n s  t o  a n t i c i p a t e  a n d  u n d e r  w h a t  c o n d i t i o n s .  G r o u n d  
t e s t  i n f o r m a t i o n  h a s  b e e n  a u g m e n t e d  by f l i g h t  t e s t s  w h i c h  
v e r i f i e d  t h a t  t h e  e f f e c t s  o b s e r v e d  o n  t h o  g r o u n d  a r e  o b s e r v e d  
i n  s p a c e .  H o w e v e r ,  i t  h a s  l o n g  b e e n  r e c o g n i z e d  t h a t  g r o u n d  
t e s t s  a r e  l i m i t e d  b$ f a c i l i t y  s i z e ,  f a c i l i t y  e f f e c t s  o n  p l a s m a  



a n d  e l e c t r i c  f i e l d  c o n d i t i o n s  a n d  t h e  c a p a b i l i t y  t o  a c c u r a t e l y  
s i m u l a t e  s p a c e  p l a s m a  c o n d i . t i o n s .  I t  i b  v e r y  i m p a r t a c t  t o  t e s t  
a c t u a l  s o l a r  a r r a y  p e r f o r m a n C e  w i t h  a l e r g c ,  s e l f - g e n e r a t e d  
v o l t a g e  s o  t h a ' t  e f f e c t s  o f  l a r e e  a r r a y  a r e a ,  s u r f a c e  v a l t a e c  
g r a d i e n t s  a n d  v a r y i b g  C u r r e n t s  i n  t h e  s o l a r  a r r a y  can be  
e v a l u a t e d .  I t  i s  n o t  p o s s i b l e  t o  d o  t h i s  a d e q u a t e l y  I n  a 
g r o u n d  t e s t  c h a m b e r .  

T h e  s p a c e  t e s t  p r o g r a m  d e s c r i b e d  i n  t h i s  p a p e r  i s  d e s i g n e d  t o  
o b t a i n  c r i t i c a l  i n f o r m a t i o n  a n  s o l a r  a r r a y - p l a s m a  i n t e r a c t i o n s  
a n d  t h e i r  i m p a c t  on  a r r a y  p e r f o r m a n c e  f o r  p l a n a r  a n d  
c o n c e n t r a t o r  a r r a y s .  D a t a  w i l l  b e  o b . t a i n e d  u n d e r  c o d d i t i o n s  
a n d  a t  a r r a y  s i z e s  n o t  o b t a i n a b l e  i n  g r o u n d  t e s t i n g .  T h e s e  
d a t a  a r e  c r i t i c a l  f o r  v a l i d a t i n g  t h e  s y s t e m  l e v e l  m o d e l s  w h i c h  
m u s t  b e  u s e d  t o  e v a l u a t e  c a n d i d a t e  l a r g e  p o w e r  s y s t e m  d e s i g n s  
a n d  f o r  d e v e l o p i n g  d e s i g n  g u i d e l i n e s  f o r  h i g h e r  v o l t a g e  a r r a y s .  
T h e  d a t a  w i l l  be  o b t a i n e d  w i t h  a m a t r i x  o f  v a r i a b l e s  s o  t h a t  
t h e  maximum i n f o r m a t i o n  o n  s o l a r  a r r a y  i n t e r a c t i o n s  a n d  
p e r f o r m a n c e  i n  t h e  LEO p l a s m a  e n v i r o n m e n t  w i l l  b e  c o l l e c t e d .  
E x p e r i m e n t s  w l i l  b e  c o n d u c t e d  w i t h  v a r i o u s  a p p l i e d  a n d  
s e l f - g e n e r a t e d  s o l -  r a r r a y  v o l t a g e s .  T h e s e  w i l l  b e  p e r f o r m e d  
w i t h  t h e  f r o n t  o f  t h e  s o l a r  a r r a y  i n  p l a s m a  ram a n d  w a k e  
c o d d i t i o n s  a n d  w i t h  z e r o  p l a s m a  d r i f t  n o r m a l  t o  t h e  s o l a r  c e l l  
f a c e .  

W i t h o u t  t h e  c r u c i a l  i n f o r m a t i o n  t h i s  f l i g h t  p r o g r a m  w i n  
p r o v i d e ,  d e s i g n e r s  o f  f u t u r e  s p a c e c r a f t  w i l l  b e  f o r c e d  t o  b e  
c o n s e r v a t i v e  a n d  o p e r a t e  s o l a r  a r r a y s  a t  p r e s e n t l y  a c c e p t e d  
v o l t a g e s .  T h i s  w i l l  s e r i o u s l y  i m p a c t  s y s t e m  e f f i c i e n c y  a n d  
m a n a g e a b i l i t y .  
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Figure 5 ,  - SAFE wing. 
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Figure 6. - Conceptual view o f  SAFE deployed. 
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Figure  9. - O r b i t a l  conf igura t ion .  
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PRELIMINARY. BSSGSSbENI OF POWER-GEIYERAUNG T U M R S  IIY. SPACE 

AN0 OF PROPULSION FOR THEIR ORBIT MAINTEHAMX 

Robert E. Engl ish and Patr ick M. Fi~lnegan 
Nakional Aeronautics and Space Adf i ln is l rat lon 

Lew1.s Research Cen.ter 
Cleveland, Ohio 44135 

The concept o f  generating power i n  space by means o f  a conducting tether 
deployed from a spacecraft was studied. Using hydrogen and oxygen as the 
rocket propel lant  t o  overcome the drag o f  such a power-generating tether would 
y i e l d  more beneft t  than i f  used i n  a fue l  c e l l .  The mass consumption would be 
25 percent less than the reactant consumption o f  f ue l  ce l l s .  Residual hydrogen 
and oxygen I n  the external tank and i n  the o rb i t e r  cou.1d be used very ef fec-  
t i v e l y  f o r  t h i s  purpose. Many other ma-terlals (such as waste from l i f e  
support) could be used as the propel lant .  E lec t r i c  propulsion ts lng  tether-  
generated power can compensate f o r  the drag o f  a power-generating tether, ha l f  
the power going t o  the useful load and the res t  f o r  e l e c t r i c  propulsion. I n  
addi t ion,  the spacecraft 's o r b l t a l  energy i s  a large energy reservoir that  
permlts load level-lng and a r a t i o  of  peak t o  average power equal t o  2. Criti- 
ca l  technolog~ies t o  be explored before a power-generating tether can be used 
I n  space are delineated. 

INTROOUCT ION 

Tethered spacecraft are a top ic  of  considerable and growing in te res t  
( r e f .  1 )  Among the features they o f f e r  i s  the possibility of  power generation 
from an e l e c t r i c a l l y  conducting tether t r a i l e d  through the Earth's magnetic 
f i e l d .  Such a tether would be acted on by forces from the y a v l t y  gradlerit, 
from aerodynamic drag, and from electr-odynamic in te rac t ion  w i th  the Earth's 
magnetic f i e l d ;  the tether would thus t r a i l  i n  a general ly rad ia l  d i rect ion,  
e i the r  up or  down, rather than d i r e c t l y  behind the spacecraft as the word 
M t r a l l ' '  mlght indicate.  

This paper describes a broad, general study o f  such power-generating 
tethers that  explored t h e i r  po ten t ia l  value and t h e i r  problems. The fs l lowlng 
topics were studied: (1) the condl t lons o f  power- generation, the drag imposed 
on the spacecraft, and the resu l t i ng  o r b l t  decay; (2)  the use o f  chemlcal pro- 
puls ion t o  compensate f o r  t h l s  drag; and (3 )  the use of  some of  the generated 
power i n  e l e c t r i c  propulsio:1 t o  compensate f o r  t h t s  drag. F ina l l y ,  questions 
of f e a s i b l l l  t y  were considered. These topics Gef ine a technology program t o  
be cornpiet?d before any appl i ca t l on  of  such power-generating tethers i n  space. 

THE POWER-GENERATING PROCESS 

A spacecrbft i n  low Earth o r b i t  tha t  t r a i l s  ah e l e c t r i c  conductor tha t  
l o ,  say, 100 km long ( f l g .  1) w l l l  produce an e l e c t r i c  potent ia l  i n  tha t  



conductor as a r esu l t  sf i t s  motlon through the Earth's magnetlc f l e l d .  The 
ual-tage resu l ts  from the famf l ta r  y x g, For an o r b l t a l  ve loc l t y  of-7600 m/s, 
the potentla1 generatact by such a te ther  mlgbt be 15 t o  29 kV.. For an e lec t r l c  
current- t o  flow, electrons must. tre discharged a t .  one end o f  the tether. 
f tgu re  1 shows. an electron gun for  t t r ts  $JrgOSe. Uectrons,  belng ver.y mow le, 
are ex.pcctebto grov3.de the maJor flow&-current-. 

F-or- collection o f  the electrans a0 the t e the r ' s  opposlte end., an electron 
co l lec to r  of large surface area l o  required. Although f tgc re  '! shows a sphare 
f o r  the col lector ,  almost any surface would be sui table.  Reference 2, f o r  
example, suggests a plane surface al igned w l th  the spadecraft's o r b i t  path as 
a way t o  decreasethe aecodynamlc drag from t h l s  large area. 

Currant through the conducting tether w l l l  lmpose a drag on the spacecraft 
from the faml l l a r  J x @ trxteractton. Aerodynamic drag on the te ther  w l l l  also- 
ex t rac t  energy from the spacecraft. Rocket propulslon coti ld compensate f o r  
these drags and-permit the  spacecraft t o  malntaln a stable f l tghtpath .  

The usefut power output would, o f  caurse, he the product o f  the current 
f low and. the generated voltage. Inasmuch as generated voltages o f  tens of  
kilovolts are somewbat o f  a problem I-n t h r l r  awn rSght, the  lower voltages 
produced by shorter tethers might a t  f i r s t  appear attractive. For a glven 
power output, however, the voltage reduction must be compensated f o r  by an 
Increase i n  current  flow. A t  the hlgher current a la rger  surface I s  required 
f o r  co l l ec t l ng  the electrons. 

P lasm tnteractlons. w l l l  a lso impede. electr-on flow. I n  a perfect. vacuum, 
the  geornagnetlr f l e l d  would force the electrons t o  move along,paths tht are 
roughly Rel lca l  , tha t  surround g! den 1 l nes  af the magnettc f le1& and t ha t  
would thereby general ly prevent the em! t t ed  electrons from reachlng the 
el-ectron-col lect lng surface. I n  an actual plasma, coMlstons o f  the electrons 
w l t h  Ions and neutral  pa r t t c l e r  as we l l  as w i t h  other electrons w l l l  randomlze 
the electron motlons and permtt t h e i r  gradual d t f fus ton  toward the electron- 
co l l ec t l ng  surface. Both the plasma Impedance from these collts-tons and the 
space charge near the electron-col lect ing surface w l l l  r e s t r l c t  the f low of  
electrons. The rtiglons o f  space having the highest plasma density may permit 
Rlgh currents o f  electrons, but  these hlgh denst t l e s  may a1 so Impose severe 
aerodynamlc drag. Data t o  permlt o p t l r n l r a t l o ~  o f  a lUtude,  these conf l l c t l n g  
requirements bet ng considered, are not avai lable. Thus the conservattve 
approach a t  t h l s  time requires the assumption o f  low curre& f low and, concom- 
l t a n t l  y, acceptance o f  the d l f  f I c u l t l e s  assoctated w l th  the hlgh voltages. 
Thk w i l l ,  I n  turn, requlre a te ther  of length s u f f l c l e n t  t o  generate the v o l t -  
age requlred. For tha t  reason, the generated voltage I n  f l gu re  2 was taken as 
17.5 kV. The tabulated Inputs, outputs, and losses resul ted 9n a projected 
generator efficiency of 0.73 for  the conductlng tether,  w i t h  a useful power 
output o f  10 kW. 

The t o t a l  drag (aerodynamic and electromagnetlc) lmposed by the te ther  
power generator i s  about 13 N i n  t h l s  example, w l th  a corresponding energy 
decay from the tether o f  96 kW. I n  the absence o f  progulslon t o  overcome t h l s  
drag, the o r b t t  a l t l  tude would decrease about 20 km each day I f  the 96 kW were 
extracted from the o r b i t a l  energy of a 100-ton space stat lon.  Although such 



energy e x t r a c t t o n  would markedly shorten the l i f e  o f  a s p a e  s t a t i o n  i f  con- 
t l n u e d  f o r  a long.tdme, thl is power could be ex t rac ted  f o r  perhaps a week i n  an 
emergency. Spacecraft propuls ion could, o f  course, compensate f o r  t h i s  drag. 
and thereby susta in-ocbl t  a l t i tude,  Both chemlcal and e l e c t r i c  propuls ion are 
l i k e l y  candidat- 

CHEBTCAL PROPULSION FOR- QRBIT M A I N T L N A N C F  

F o r  ?O kW of  use fu l  power t o  be generated by a conducting te ther ,  an 
average t h r u s t  o f  about 13 1 i s  requ j red  t o  overcome tef-her drag ( f i g .  2) .  I n  
principle, t h l s  t h r u s t  could be steady o r  I n  b r i e f  burs ts  o f  h igher  t h rus t .  
Far a s p e c l f l c  impulse of 400 s (a l ready exc2eded by hydrogen-oxygen rockets),  
p rope l l an t  consumption would average 3 g/s, o r  280 ky/day.- In turn,  p rope l l an t  
consumption would be 0.17 kg/kWh o f  e l e c t r i c  energy. To some i n  the  space- 
power f i e l d ,  t h i s  i s  a s t a r t l n g l y  low value o f  reactant  consumption, f o r  i t  i s  
on ly  43 percent o f  t he  reactant  f l o w  requi red by hydrogen-oxygen f u e l  c e l l s .  
I n  f ac t ,  i t  1s also Only 58 percent o f  the  reactant  consumption o f  a n  i d e a l  
f u e l  c e l l ,  operat ing reve rs ib l y .  How i s  t h i s  possib le? The c r i t i c a l  f a c t o r  
I s  t he  l a rge  amount o f  k i n e t i c  energy possessed by the  reactants by v i r t u e  o f  
t h e i r  belng I n  low Earth o r b i t ,  about 29 MJ/kg. I n  cont ras t ,  t he  Gibhs f r e e  
energy For combining hydrogen and oxygen i n t o  water i s  only  13 MJ/kg, the  
theore t lca l -  I f M t  on f u e l - c e l l  output per u n i t  mass o f  hydrogen and oxygen 
consumed, 

what a r e  t h e  var lous con t r i bu t i ons  t o  energy generat lon by a chemical ly 
prope';isd space s t s t i o n  g e n e r a t b g  e lec t r * i c  power v i a  a conducting te the r?  A 
r-ockst having a specific- impulse o f  400 s can supply 3923 N-s o f  Impu?se t o  the  
space s t d t l o n  f o r  each k i logram of p rope l l an t  expelled, correspcndlng t o  an ex- 
haust v o l c c j i y  o f  3923 m/s. Far an o r b i t a l  v e l o c i t y  o f  7612 m/s, t he  rocket 's  
energy aOdikIon t o  the  space s t a t i o n  wouW be 29.86 MJ/kg o f  p rope l lan t .  What 
a re  the const i tuents  o f  t h i s  energy add l t ion? F i r s t ,  the  k i n e t i c  energy wSth 
which the  p rope l l an t  would be discharged from the  space s t a t i o n  i s  7.69 MJ/kg. 
The propel lant-dtscharge v e l o c i t y  e f  3923 m/s r e l a t l v e  t o  the space s t a t i ~ n  
wauld reduce p rope l l an t  v e l o c i t y  i n  Earth--centered coordinates from 7612 t o  
3689 m/s; i n  turn,  i t s  k i n e t i c  energy would be reduced by 22.17 MJ/kg. The sum 
o f  these two terms equals the  29.86 MJ/kg added t o  the  space s t a t i o n  I n  the 
paragraph above. The energy account thus balances, 

On t h e o r e t i c a l  ground, the combination o f  rocket  propuls ion and a conduct- 
i n g  te the r  can generate 2.3 times the  e l e c t r . 1 ~  energy t h a t  a f u e l  c e l l  can. 
Although losses w i t h  the te the r  power generator w l l l  decrease t h i s  advantage, 
the ga in  I p C  performance may s t i l l  be subs tant ia l .  

An important problem f o r  a space s t a t i o n  I s  t o  e f f e c t i v e l y  use the  res ld -  
ua l  p rope l lan ts  from the  o r b i t e r  and the  ex terna l  tank. Readi ly recoverable 
amounts o f  hydrogen and oxygen might average 1000 and 1400 kg, respect ive ly ,  
for each f l l g h t  o f  a f u l l y  loaded shu t t l e .  On any g iven f l i g h t  however, the 
recoverable res idua ls  might vary s u b s t a n t i a l l y  from these values, even f o r  a 
f u l l y  loaded shu t t l e .  For many f l i g h t s ,  the  s h u t t l e ' s  payload w l l l  be l i m i t e d  
by volume ra the r  than by a mass constraint, and i n  t h a t  event, the amounts o f  
res ldua l  p rope l lan ts  would be subs tant ia l  l y  greater .  For example, 1 f the pay- 
load mass were 80 percent o f  the r a t e  value, the  p rope l l an t  res idua ls  might 
average 1000 and 5400 kg o f  hydrogen and oxygen, respect ive ly ,  t o t a l i n g  over 
7000 kg. I n  e i t h e r  case, the  propor t ion  of hydragen and oxygen would be f a r  



f rom the  s to lch lomet r lc  p rapor t lon  o f  1/0. A rocket-sustained power-generating 
te the r  can make more e-f foct lve use of. wch nons tdch iomet r i c  residuals than can 
f U p l . e l l s  f o r  t h r . e  reasons: 

(1 )  Inasmuch a s  the  reac tan t  ccmsumption o f  f u e l  c e l l s  i s  200 ta  250 p?r- 
cent s f  t h a t  6.f the power-g.ene.raUng. te ther ,  the  tether. can produce f r o m a  
gtv.en s t o l c h b m e t r l c  supply o f  reactants 2 to 2 - 3  ttme-s-as much b e n e f l c l a l  
pradcct  ( k i l oua t .Lhwrs  o f  e l e c t r l c  energy)< 

(2 )  Because the f u e l  c e l l  requ i res  a s to lch lomet r lc  p ropor t ion  o f  hydrogen 
and oxyyen, any excess of e l t h e r  wdwld be wasted. I n  con t ras t  w l t h  th i s ,  a 
chernlca? rocket- can read1 l y  accept imbalances i n  the proeor t ions  o f  hydrogen 
and oxywn.  

(3)  Contamtnattng gases such as heUum i n  t he  nropel lbnt-grade hydrogen 
and oxygen w l l l  accumlilate i n  f u e l  c e l l s  unless they a re  f requent ly  purged t o  

*ven t  the contamlnants, a f a c t o r  Sncreaslng the reactant  consumption above 
theoretical values. 

Scwenglng 7000 kg o f  hydrogen and oxygen from j u s t  a s i n g l e  s h u t t l e  
f l i g h t  1s s u f f i c i e n t  t o  prov lde 4.7 kW o f  power from a rocket-sustained power- 
generat ing te the r  f o r  an e n t i r e  year. The p o t e n t i a l  o f  us lng  these res idua l  
reactants i s  thus c lear .  On the  other  hand, the long-term p o t e n t l a l  o f  the 
power-generattng te the r  t o  supply power t a  ti space s t a U o n  i s  very sensitive 
t o  the l e v e l  o f  power required, t o  the  frequency o f  t he  s h u t t l e  f l i g h t s  t o  the 
station,and t o  the  mass o f  res idua l  hydrogen and oxygen recoverable from the 
o r b l t e r  and the  ex terna l  tank. Consider, f o r  example, the 70-kt4 power source 
d iscussed ear l - ler .  Even the rocket-susta-tned power-generathg te the r  would- 
requ l re  100 tons o f  hydrogen and oxygen a year, o r  100Qtons over 10 years. 
E i the r  a so la r  o r  a nuclear power supply would requ l re  f a r  less mass l n  order 
t o  prov lde the  same baseload power. For long-term app l ica t ions  the  rocket-  
sustalned power-generatin9 te the r  i s  u t t e r l y  dependent on a supply o f  'Yree" 
propel-lant. Thls type of  power-generating te the r  I s  thus an e f f e c t i v e  cempet- 
i t o r  only  o f  other  reactant-consuming, chemical power systems such as f u e l  
c e l l s ,  there  power systems betng genera l l y  l l m i t e d  t o  mtssions o f  modest 
durat lon.  

ELECTRIC PROPULSION FOR ORBIT MAINTLNANCE 

The h i g h  p rope l l an t  consumption o f  the  rocket-sustained kower-generattng 
te the r  ra lses  the  question, Mlght tht-s p rope l l an t  consumption be reduced by 
swl tch lng t o  e l e c t r i c  propulsi-on, which can a t t a i n  very h igh  s p e c i f i c  impulse 
Because i t  can use a v a r i e t y  o f  propel lants,  e l e c t r i c  propulsfan a l so  o f f e r s  a 
second t n t e r e s t l n g  p o s s l b l l i t y :  perhaps the  res idua l  hydrogen and oxygen Could 
be w e d  f o r  other  purposes, such as generat lng power i n  f u e l  c e l l s ,  and then 
the  product water used as p rope l l an t  f o r  e l e c t r i c  propuls lon.  I n  f a c t ,  t f ie 
p rope l l an t  might be almost any supply o f  ma te r i a l  otherwise wasted. The power 
source f o r  the  e l e c t r i c  propuls lon could be e l t h e r  the  conducting te the r  i t s e l f  
o r  an Independent power s ~ p p l y ;  both w l l l  be considered. The e l e c t r l c  propul -  
s ion  device might be e icher  an e lect rothermal  j e t ,  an a r c j e t ,  an e lec t ro -  
plasma-dynamlc thruster, o r  at: i o n  th rus te r  ( t h i s  l i s t  belng I n  order o f  
Increasing s p e c l f l c  impulse). Thus an e n t l r e  spectrum o f  spec l f  i c  Impulse i s  
a v a i l a b l e  f o r  considerat ion.  



Not a l l  o f  the concepts tcr be oxpldred w l l l  be found valuable, blct a t  t h l s  
stage In the study of  tethers, same coarse screening af concept5 such aS t h l s  
I s  worthwhile. 

Using Tether;-Generated Power 

A'lltheugb e l e c t r l c  g r o g u b s l . ~  w l  t h  tts high specl f l c  Impulse o f fe rs  the 
poss. lb l l l  t y  o f  lower propel lant  consumptto~ than chemlcal propulslon, generat- 
Ong. power f o r  the e l ec t r t c  propulslon l t sc l - f  ull'l Impose an added drag on the 
tether.  Concorn! tantl-y, t h l s  added drag w l l l  Increase p r o ~ e l  l a n t  consumptlon. 
Let -us brtef l-y Invest lgate how t h e w  two factors balance, one rncreastng and 
the other decreasing gropellantconsumptlon. 

For the f l d u c l a l  case of  power generatlon compensated by chemlcal rocket 
propul s l on, 

where 

PO useful power generated 
ne overa l l  e f f  lctency o f  power generatlon (8.73) 
00 drag o f  tether 
V spacecraft v e l o e ~ t y  (7612 m/s) 
- propel lant  f l ow  ra te  
Po propulsive thrust  of  chemical rocket 
$0 standard grav l  t a t l ona l  accelerat lon ( 9  .a0665 m/s2) 
10 sgec l f lc  lmpulse o f  chemlcal rocket (400 s) 

For steady operation, the thrust  Fo must balance the drag DO, the requlred - 
propel lant  f low then belng 4.6~10-8 kg/J of  e l e c t r l c  energy. i 

When e l e c t r l c  propulslon I s  used, the power generated P must be 
dncreased by Pf, the power required t o  produce the thrust, tha t  Is ,  

and 

where 

F th rus t  
I specl f lc  Impulse 
of th ruster  e f f l c lency  



As before, the drag 0 on the tether- for  t h i s  i ~ c r e a s e d  power I s  

Propel lant f low ra te  -h 1s -- - 

For th rus t  F balancing drag 0, combining equations (1) t o  (6) y le lds  

Representative values o f  prope l lant  f low r a t i o  - Wo from equation (7) 
are given i n  tab le  I f o r  a thrus ter  e f f i c i ency  s of  0.8 and f o r  various 
values of spec l f ic  Impulse. In each case, the prgpel laat  f low ra te  rh or  tito 
i s  t ha t  required t o  produce the same amount of useful  power Po. As  spec i f lc  
Impulse approaches 907 s, the prope l lant  f low r a t l o  goes t o  I n f i n i t y ;  t ha t  I s ,  
a l l  the generated power would be consumed for  e l e c t r i c  propulsion, and none 
would be l e f t  f o r  the useful load. 

The minimum propel lant  f l ow r a t e  was determined by equating the der i va t i ve  
o f  equation ( 7 )  t o  z e r e  

where I* I s  the optimum spec i f fc  impulse. For the nominal condit ions assumed 
hereln, t h l s  optimum spec i f ic  impulse I s  453 s, the value t ha t  f o r  a given use-. 
f u l  power Po minimizes prope l lant  f low or, fo r  a gluen prope l lant  f low, 
maxlmlzes the useful  power PO. For t h l s  value o f  s p e c i f i ~  impulse, h a l f  the 
generated power I s  consumed I n  provld lng thrust ;  the remaining h a l f  I s  aua i l -  
able t o  the usefu l  load.  

The propel-lant f low r a t i o  i n  equation (7) i s  then 1.76; tha t  I s ,  the pro- 
pe l lan t  f low ra te  i s  76 percent above tha t  f o r  ihent l ta l  propulsion by a 
hydrogen-oxygen rocket. From equations (1) t o  (6). the net useful  power Po 
per u n i t  mass f low r a t e  can be expressed as 

Subrt l t u t i n g  equatlon (8) i n t o  t h i s  gives 



f a r  the Bpt tmum spec i f  tc  impulse . The energy generated i s then 12.3 MJ/kg of  
propel lant, earresponding t o  a -  propsllarrt f low of 0.29. kglkWh. This value of  
propel lant  f low I s  25 percent lass than tha t  required by hydrogen-ox-ygea fue l  
 cell^ In addit ion, hydcoqen and oxygen are not required, only any materia.1 
tha t  can be e l ec t r i c r i l l y  accelerated W ~ O Q _ R I / S ,  corresponding t o  a specif if 
tmpulsct of  453 L .. 

The anrount of useful  power that  can be gemrated I n  t h l s  way depends, of  
course, on the amount of mater ia l  av t i l ab l e  as propel lant. Same estimates of- 
cansumables t o  be supglled t o  the space s t a t i o n  earl-y I n  I t s  evolut ion run as 
htgh as 1 kg/h f o r  each astronaut. UtiRg tha t  quant i ty  o f  propel lant  could 
then produce 3.4 ItWof useful power per astronaut, or  29 kW f o r  a crew o f  8. 
an the other hand, an al ternat i -ve use of  tha t  same mass of  consumables could 
provide even more power. Consider, f o r  example, a space s ta t i on  having aboard 
a powerplant of  e t ther  the solar  or the nuclear type. Not only would such 
powerplants impose less drbg than the power-generating tether, but a lso sub- 
s t a n t i a l l y  higher spec i f ic  impulse would. be pract ical . .  Thus tha t  same mass o f  
expended conurmables could compensate f a r  the drag of  a powerplant o f  much - --  

higher power than would be practical w i th  a power-generatdng tether.  

The e l e c t r i c a l l y  propel led power-.generating tether o f fe rs  an in te res t ing  
opportunlty f o r  load level fng.  I f ,  f o r  example, the tether power generator 
were capable of  de l tver ing 100 kW of t o t a l  power, the analysis herein suggests 
t h a t  t h i s  would normally be dtvlded I n t o  two halves: one f o r  the useful  load 
and the other f o r  propulslon. But tha t  need not always be so. A t  times o f  
h lgh power demand, the e n t i r e  output of 100 kW could be used by the useful  
load. Ouring t h i s  time the o r b i t  a l t i t u d e  o f  the spacecraft would decrease, 
t u t  o ~ l y  slowLy i f  t h e  spacecraft were f a i r l y  massive. A t  times o f  below- I 

average power. demand, the extra power could augment spacecraft propulsion f o r  
reboosting the o r b i t  t o  i t s  nominal a l t l t ude .  The average power demand must, L 

of  course, be low enough f o r  sustalntng the o r b i t  a l t l t u d e  or the spacecraft 
would gradually deseend i n t o  the Earth's atmosphere. The spacecraft 's orb1 t a l  
energy would const i tu te  the reservoir  f o r  storage and ext rac t ion o f  energy, 
and I t  i s  qu l te  a large reservoir.  For example, I f  the o r b i t  a l t i t u d e  o f  a 
100-ton spacecraft were t o  decrease only 10 km, 850 kwh of e l e c t r i c  energy , 

would be made available - the power-generating e f f  ictency being taken as 0.73, i 

as before. W l  thout propulsion t o  compensate forb the te ther 's  drag, t h t s  
reservoir  of  850 kwh would sustatcr the 100 klfl of gensrated power f o r  8.5 hr- - - 

The character is t ics  o f  the concept of e l e c t r i c a l l y  prope l l ing a power- 
generating tether can be summarlzed as fol lows: 

(1) Useful power can be generated i n  excess o f  tha t  required f o r  e l e c t r i c  
propulsion, maximum power f o r  a given propel lant  f low being generated i n  low 
Earth o r b i t  i f  4ne spec i f ic  Impulse I s  a b w t  450 s. 

(2 )  Almost any supply of  propel lant  cdfl be used, provided only tha t  i t  can 
be electrically accelerated t o  about 400 m/s. 

(3)  The required f low of  propel lant  I s  25 pereent less than the hydrogen 
and oxygen consumed by fue l  c e l l s  producing the same useful power. 

(4) The spacecraft 's o r b i t a l  energy i s  a large reservolr  o f  energy tha t  
would permit temporary divers ion of  power from propulsion t o  ether purposes. 



Propulslnn Vla the Tetm 

Rctverslng the current  flow through the tether would convert I t  from a 
gertbrator l n t o  a motor, tha t  tr., 1n-b a-.prapulrlve device. O f  coursi?, power- 
from an Independent source o f ,  say, the w l a r  or nucb?ar typo would then be 
requbed. The voltago and force on the tether would be cssen t la l l y  unchanged 
from the t r  values f o r  p o w  generattan, the force merely changtng stgn.. I n  
t h k  case, no propel lant  f 1-orwould be regutred, a very favorable condl t lon 
f o r  long-term missions l n  low Earth o r b t t  such as tha t  o f  a space stat ion.  
Control l l n g  the current  f low wellld cont ro l  tbc tt~rrcst inagnltude. On the otber 
hand, the t h c u d  d l r ec t l on  would8e al igned w l t h  x g and would thus be beyond 
control.  

The overa l l  s f f l c l e n e y  o f  such propulsion by  tether would l i k e l y  be about 
the saw  as tha t  f o r  power generatlon by tether, herein estlrnated as 0.73. 
Although t h l s  e f f  lc lency i s  lower Ohan already demonstrated values f o r  e l e c t r i c  
progulston, the absence of  any propel lant  consumption a t  a l l  would be a d l s -  
Plnct  advantage. The reduced propul s lve e f  f lclency would, of  course, lncrease 
the demand f o r  power, and thereby the mass and cost o f  the powerplant would 
a lso increase, This tncreased demand f o r  power uould thus p a r t t a l l y  o f f se t  the 
advantage o f  e l  lmlnat lng propel lant  consumption. 

GENERAL OISCUSSION OF TETHERS FOR POWER GENERATION OR PROPULSION 

Because essent la l ly  no technology ex is ts  f a r  power generatlon or  progul- 
s lon by means of tethers, there I s  a var ie ty  o f  questions concernlng the over- 
a l l  f e a s l b l l l t y  of the concepts. On the other hand, the po ten t la l  benefits. o f  
t h e  concepts warrank l n w o t l g a t l o n  l n  a tectlnology program aimed- at de l  l n e a t l w  
t h e l r  truernert-ts. C r l t l c a l  questions center on the lnteracklons s f  suck a 
canductlng tether w l t h  the plasma surroundlng the Earth. The Impedance of  t h l s  
plasma nlll g rea t l y  tnf luence te ther  design. A h lgh ly  conductive plasma would 
permlt large currents, a factor  producing shorter tethers and lower generated 
uoltages. Although the shorter tether would tend t o  reduce aerodynamlc drag, 
h lgh plasma conduct lv l ty  can be achleved only I n  reglons o f  hlgh p a r t l c l e  den- 
s i t y ,  a fac tor  tendlng to  Increase aerodynamlc drag. The best operational 
a l t l t u d e  f o r  these conducting tethers 5s thus an open questlon tha t  w111 sub- 
s t an t l a l  ly. Jnf luence both t h e l  r deslgn and t h e l r  po ten t ia l  value. 

Plasma impedance w i l l  a lso a f f e c t  the s lze o f  the requlred electron 
co l lec to r  and thus i t s  welght and aerodynamlc drag as wel l .  Plasma ln te rac t -  
lons ( ch le f l y  Alfven waves) may add energy t o  the plasma i n  regtons we l l  beyond 
the Influence of  conventional aerodynamics and may thereby lncrease aerodynamle 
drag. 

I n  response t o  the uncerta lnt ies concernlng Interactions o f  hlgh cur ra t t s  
w i t h  the Earth's plasma, a prrtdent program would decrease r l s k  by uslny low 
currents and by acceptinq the long tethers and the high voltages that  resu l t .  
E lee t r l c  potentials o f  tess of kilovolts w l l l  requlre not j u s t  l nsu la t lng  the 
tether but a lso hlgh l n t e y r l t y  of t h l s  lnsulat len.  A plnhole I n  the tnsu la t lon 
would lead t o  leakage o f  electrons. Bonrbardrnent of  the surroundlng lnsu la t lon  
by these electrons wi th  k l n e t l c  energles of, say, 10 keV would chemically 
decompose that  tnsu la t lon lnasa~lch as chemlcal blndlng energles are only o f  
the order of  1 e.V per atom and thas fa r  below the 10 000-eV energy ~f %he 



electrons. For tha t  reason, a mlnute defect I n  the I n ru l a t l an  or even a small 
amount of clawgo f ram particles ln-  space can lead- t o  pragrer ~ I v e  damage and 
f a i l u r e  QF the Insu la t ion.  Extensf-ve t sc t l ng  of. the l r rsulat lon I n  hlgh-vacuum 
chamhcr-s how on Garth would a l d  I n  dellnea#ng the magnltudc of the prnhlem 
and perhaps ps ln t  the way t a  I t s  so l lc t tm.  

Power condition-lng far tens of  k l l o v o l t k  I s  s ta te  of  the a r t  h e w  on Ear th  
bu? has yet t o  be evolved f o r  space, I n  par t l cu la r ,  the usual power condlt lonm 
Inq f o r  space accepts low lnput voltage and {ncreases as wel l  as regulates the 
voltage f o r  suoply t o  the usefu.1 loads. I n  ustng power from a conductlng 
tether, the power cdndl t lsntng would be requlred t o  reduce v ~ l t a g e  f o r  de l lvcry  
to  the loads, a transformatlon requtr lng a new technology. An addltlcrnal. 
Factor a f f ec t i ng  power condl t lonlng i s  va r ts t lon  I n  the gen@ratsd vfiltage as 
the resu l t  of  va r ta t lon  I n  g x fi along the f l i gh tpa th  as we l l  as va r la t lon  i n  
the gropsrt les * f  4he space plasma. 

Us.Ing tethers f o r  goMer generatlon , t gropul slort uou?d also encounter 
some o f  the same problems as does every app l lca t lon of  tethers I n  space, 
nan~ely, the dynamtcs and s t ruc tu ra l  problems associated w l th  tether deployment, 
~ r b l t  maneuvers, and rendezvous w l th  other spacecraft. 

SURMARY OF RESULTS 

Power generation I n  low Earth o r b l t  by means o f  a conductlng tether 
t r a t l e d  o f f  a spacecraft was studled. Ana1,ysls o f  t h l s  concept as we l l  as pro- 
pulston (both chemlcal and electric) t o  sustaln the pouer-generattng tether 
prod~ced the fallowing resul ts:  

1. Assessment of  losses I n  power genecatlon showed tha t  e f f tc lency o f  
power generatlon mtght be about 0.73. 

2. I n  the absence of  propulslon t o  sustaln the spacecraft, the o r b l t  
would slowly decay, the decrease i n  a l t l t u d e  belng 20 km a day l f  the generated 
power were 1 kW/ton of  t o t a l  spacecraft mass. Power mlght be extracted f o r  
perhaps a week I n  an emergency, but t h l s  would not be a su i tab le  strategy f o r  
any extended m l  ss I  on. 

3. I f  a hydrogen-.oxygen rocket were t o  grovlde the propulslon 40 sustaln 
the low Earth ork i l t  of  a spacecraft generating power by medns of  a conducting 
tether, the propel lant  consuaptlon would be less than ha l f  the consumptlon of  
hydrogen and oxygen by fue l  c e l l s  producing the same power. Isr  mlsslons 
beyond perhaps a month, nel ther concept I s  welght -compt l t lve  wt th  solar or  
nuclear powerplants. 

4. I f  residual  hydrogen and oxygen from the shut t le 's  external tank and 
o rb i t e r  were available t o  the spacecraft, the rocket-surtalned power-generdtlng 
tether could make bet ter  use of  these resldues than could a f ue l  c e l l  because 
( d )  the proportions w l l l  l l k e l y  not  Be stolchlometrlc and (b)  the resldues ma& 
contaln lmpur l t les such as hellum. Bath o f  these condlt lons B rocket 
to lerates bet ter  than do fue l  ce l l s .  



5. A s i n g l e  l l g h t l y  laaded s h u t t l e  might have p rope l l an t  residues t o t a l -  
l n g  7 tans. That quan t l t y  o f  hydragen and axygon would perml t  yencrat lon o f  
4 .7  kW of p m  bv arechat-sustained p s ~ w ~ g e n e r a t l n g  tathctr f a r  an ent:lre 
year. 

6. On the  other hand, the rocket  p rope l l an t  t o  Suataln a 10-kW power- 
generat ing tsbbsr f a r  l Q  ysara would total  1000 tens, perhaps 100 elme% the 
mass d P so lar  o r  nuc-lsar powcrplant. 

7. A- Cobductlnq te the r  could pravtdc usefu l  power p lus  power f o r  e l e c t r t c  
praguls lon t o  compensate f o r  I t s  own drag. The p rope l l an t  could be any a v a i l -  
ab le  supply o f  ma te r l a l  (such as waste from l i f e  support) capable o f  c l e c t r t c a l  
scee lera t lon  t o  about 4900 m/s (sgee i f  l c  tmpulse O f  450 s )  . The generated 
power would be Qlv tded equa l ly  between the  usc fu l  load and e l e c t r i c  propulslon. 
Not only  would f u e l  c e l l s  regu l re  the s p c c l f l c  reactants hydrogen and oxygen I n  
the  s to lch lomet r lc  p ropor t ton  bu t  the  mass consumptlon o f  those reactants would 
be about 1/3 htgher than the p rope l l an t  consumption of' the  se l f - sus ta ln ing  
te ther .  W se l f - -sus ta tn ing  power-generating te the r  would by i t s  nature perml t  
load l e v e l l n g  f o r  peak-to-average powers o f  2 t o  1, the  spacecraf t 's  ~ r b l t a l  
energy being the energy reserve l r .  

8. I f  ea r l y  I n  the  evo lu t i on  o f  the  space s t d t l o n  discharges o f  waste 
from l l f e  support run as h igh  as 1 kg per as t ronau t -h~~c r ,  use o f  t h l s  mass o f  
waste as p rope l l an t  5rr e l e c t r i c  propuls lon o f  a se l f - sus ta ined  te the r  could 
cunt inuously prov ide 3.4 kW per astronaut,  or  27 kW f o r  a crew o f  8. 

9. Several q u e s t l o w  concerning the  f e a s i b l l i t y  o f  t he  power-generatlng 
tet!ter must be answered by a technology program before suCh te thers  are used 
i n  space. The Questions concern the  fo l low lng:  plasma Impedance I n  low Earth 
o r b i t ,  use o f  low currents and h igh  generated voltages t o  ckcumvent h lgh  
plasma lmpedance, aerodynarnlc drag on the  te ther ,  losses t n  the  plasma, the  
performance o f  e l e c t r i c d l  i n s u l a t i o n  i n  space a t  p o t e n t l a l s  t o  tens o f  k i l o -  
vo l ts ,  and power cand i t i on lng  f o r  these h lgh  generated po ten t i a l s .  These 
Issues are  i n  a d d l t l o n  t o  the  usual questlons concerning f e a s l b l l l t y  o f  te thers  
I n  space, namely, the dynamic and s t r u c t u r a l  problems associated w l t h  te the r  
deployment, o r b l  t maneuvers, and rendezvous w l  t h  other  spacecraft  . 
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An introductory study o f  the propert ies o f  an e l e c t r i c a l l y  conducting 
tether flown from the shu t t le  i s  presented. Only a s ing le  conf igurat ion I s  
considered-: a ve r t i ca l  conductor moving normatly across the Earth's f le ld ,  
connecting the shu t t le  t o  a large conducttng bal loon tha t  passively extracts 
electrons from the ionosphere. The rather surpr is ing nature of  the d is to r t ions  
i n  the plasma a t  maximum current co l l ec t i on  are described, as are the loca l  
and d is tan t  wakes. Numerical values are crude approximations, the emphasis 
being on the nature of the process, not on engineering values, but  I t  i s  hoped 
that  t h i s  discussion w i l l  prove useful.  

ELECTRODYNAMIC PROPERTIES OF A CONDUCTIffi TETHER 

There i s  a developing i n te res t  i n  the possible uses o f  tethers i n  space 
f o r  such purposes as t rans fe r r ing  energy and momentum between bodles, e f fec t ing  
rendezvous and probing neighborbg parts of  Space, inc lud ing regtons such as 
the upper atmosphere otherwise inaccessible t o  a spacecraft. Tether lengths 
of  up t o  100 km have been considered as possible, and major experiments are 
being designed. 

I t  has been conjectured, perhaps f i r s t  by Alfven, t ha t  i f  such a tether 
were made conducting, then since i n  the neighborhood o f  the Earth i t  moves 
across a magnetic f i e l d  and hence experiences an emf between +he ends, I t  could 
draw a current from the surrounding plasma which could provide power f o r  use 
on a spacecraft ( r e f .  1). I n  t h i s  pa-per some aspects of  t h i s  conjecture are 
considered i n  i t s  ea r l i es t  and perhaps slmplest mode: a conducting tether 
extending up from the shu t t le  i n  ?ow Earth o r b i t  t o  some su l tab le  co l lec tor .  

Possible Uses of a Conducting Tether ( re fs .  2, 3) 

Power. - In low Earth o rb i t ,  h = 200 km, V = 8 km?sec, and the e l e c t r i c  - 
f i e l d  along the tether E = V x 8 5 0.24 V/m. The exact leve l  of  the voltage 
drop along the wire i s  a@ a -AL . 1% +-YE) 41, VE being the rot&lonal  speed 
speed o f  the Earth; hence i t  depends on pos i t i on  and o r ien ta t ion  of  the tether,  
f i e l d ,  and ve loc i ty :  the given f igures are representative. I f  the tether con- 
talned an 18-gauge copper wire (0.1 -cm dlameter, 7.3-kg/km welght, and 20-~/km 
resistance), the maximum current tha t  could be drawn would be -12 A. F i f te@n-- 
gauge wire has ha l f  the resistance and double the weight, but  would permit a 
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maximum curr-ent o f  24 A t o  be drawn. A t  t h l s  cur ren t  l e v e l  the power d l s s t  
pated would be 2.4 kW/km, o r  240 kW f o r  a 1.00-km te the r .  With 10-.gsuge w i re  
about one-quarter of- tRls could be l r e n h e  rgacecraf t; w i  t h  15-gauge w i  re, 
about- w d a l f .  

The energy, of course, 1% not  f ree :  I t  i s  obtained by Increasing the drag 
on the spacecraft and, i f  steady operat ion I s  required, t h i s  drag must be com- 
pemated f o r  by us ing rocket  f u e l .  However, as has been potnted out ,  there i s  
an energet ic advantage i n  us ing f u e l  t h l s  way ra the r  than d i r e c t l y  f o r  onboard 
power. The energy obtained by us ing the  f u e l  f o r  t h r u s t  includes i t s  poten- 
t i a l ,  which i s  comparable t o  the chemical energy, tbe on ly  f r a c t i o n  used i f  I t  
+s burnt  f o r  onboard power. 

Thrust and draq. - I f  the  t e t h e r  ca r r fes  a cur ren t  I, i t  experiences a 
fo rce  I x B/unl t  length; hence the  systeqi (spacecraf t  + t e the r  + c o l l e c t o r )  
eqteriences a t o t a l  fo rce  I x BLt, where L t  i s  the  v e r t i c a l  length o f  the  
te ther .  For s h u t t l e  hctghts and a cur ren t  o f  10 A, t h i s  i s  about 0.2 N/km =- 
20 N f o r  a 100-km te the r .  I t  I s  e s s e n t i a l l y  a drag, doing work a t  the  r a t e  
I x B - ULt T -I#, although I t  may be Important t h a t  there  1s an out-of -p lane 
component t o  the force. Noreover, t h i s  component o f  t he  drag I s  r e a d i l y  
contro-11ed simply by modulating the  cu r ren t  t h a t  I s  drawn. 

The te the r  may a l so  be used a c t i v e l y .  I f  t he  c o l l e c t o r  can a l so  operate 
as an e lec t ron  emit ter ,  a cur ren t  can be d r i ven  through the  te the r ,  i n  which 
case a fo rce  o f  10 x gLt  ac ts  on the  shu t t l e .  The p o t e n t i a l  drop needed t o  d r i v e  
t h i s  cur ren t  i s  A@ = I o R  4 1 x 8 L t  4 A+, where A+ i s  the po tent ia l -d rop  
needed t o - c o l l e c t  the cur ren t  from the  plasma. The e f f i c i e n c y  i s  then 

Introduce the sa tura t ion  cur ren t  

and a fictitious u c o l l e c t i o n  cu r ren t "  (A+/R = IC) , which we s h a l l  l a t e r  
show I s  usua l ly  small, then 

Thus although the t h r u s t  i s  small ( l i k e  most eleetroma$netlcal  l y  d r i v e n  t h r u s t -  
e rs ) ,  the e f f l c i e n c y  can be q u i t e  high. Adequate cu r ren t  c o l l e c t i o n  may cause 
problems. Moreover, the t h r u s t  need no t  be I n  the  o r b i t a l  plane, and depends 
on the o r i e n t a t i o n  of the  te ther .  This I n  t u r n  may be modtf led by modulating 
the  current,  and many electromechanical games may he played. 

Comunlcations. - The t e t h e r  cons t i t u tes  a very long antenna Immersed i n  - 
a magnetoactlve plasma; l t  c a r r i e s  a cur ren t  t h a t  can be pass lve ly  modulated 
j u s t  by a c t l v a t l n g  a swi tch and may be usefu l  f o r  conmunlcations a t  very low 



f requenc bes . Because o f  the pecul l a r  transm, sslon p rope r t l es  o f  the magnetl zed 
plasma-, there may be Important advatages t n  us lng an antenna o f  .this type. 
Slnce these traasmlsslon propertl-es a r e  so complex, a good deal. o f  theoretl-cal 
l n v e s t l g a t l a n  I s  reQu l rebbe fo re  t h i s  w l l l  baw-behaen adequate ly .~xp lored.  

E w n  I f  the cur ren t  I s  no t  modulate&, d s l g n l f t c a n t  disturbance I s  pro- 
duced by the passage o f  the te the r :  the wake i t  leaves beklnd I n  the  magneto- 
sphere-. The c o l l e c t o r  a l so  leaves a wake, and these two have ra ther  d l f  fe ren t  
and by no means obvlous character.  Some f r a c t i o n  o f  the  s ignals produced are 
attenuated on ly  weakly as the co l l ec to r - te the r  system goes by and have chat ac- 
t e r l s t l c s  s lgnatures.  

Ex~ lo raO lon .  - Many o f  the  s lgna ls  t h a t  are, o r  could be, produced by the 
tethe; have propagatlon c h a r a c t e r l s t l c s  t h a t  depend I n  some d e t a i l  on the 
nature o f  the plasma through whlch they propagate. Hence they may be usefu l  
I n  large-scale synopt lc exp lora t ton  o f  pa r t s  o f  t he  magvetosphere. These ex- 
pl-oratlons are  of p r a e t l c a l  importance since they a1 so cons t l  t u t e  explorat ions 
o f  poss ib le  communlcatlons channels. 

Quest l ons 

Current c o l l e c t i o n .  - The electrodynamic use o f  a te the r  requires t h a t  I t  
be a b i i  t o  c o l l e c t  the necessary cur ren t .  I t  1s by no means obvlous t h a t  t h i s  
can be done. A sma-11 p o s l t l v e  probe placed i n  a plasma c o l l e c t s  a cur ren t  of 
the order o f  n e / a r e a ,  where - = . A t  s h u t t l e  helghts, where 
n = 2 x 1 0 ~ / c m ~  and t h e  temperature l s  approxlmately 0.2 eV, t h l s  i s  of the 
order of 2.5 m ~ / m ~ ,  and a c o l l e c t o r  area o f  approxlmately 2000 m2 should be 
enough t o  c o l l e c t  about 5 A ( r e f s .  4, 51. On the other  hand, I t  I s  no t  c lea r  
t ha t  the same cur ren t  can be drawn by a l a rge  probe. Suppose the c o l l e c t o r  bas 
an area -02 and hence a length  across the magnetlc f l e l d  o f  -0. Then cur- 
ren t  l s  c o l l e c t e d  from any f l e l d  I t n e  f o r  a t lme D/V, and the number of elec- 
t rons ex t rac ted  per u n i t  area i s  approxlmately equal t o  Kv ( O / V ) .  To c o l l e c t  
t h l s ,  a l l  o f  the e lect rons must be removed from a column o f  length te = ( 7 1 ~ )  0. 
For e lect rons at 0.2 eV and a c o l l e c t o r  speed o f  8 km/sec, t h l s  I s  -10 D = 
100 m f o r  a 0 of  10 m. How does t h i s  happen? And how much energy I s  needed 
t o  ~ a l l e c t  t h i s  cur ren t?  

Wakes. - Some we1 1- known work has been done on the product ion o f  Alfven 
waves ( r e f .  6) by l a rge  s t ruc tures  movlng through the  magnetosphere. We havc 
instead a s t r u c t u r e  t h a t  draws an e l e c t r l c  current ,  e x t r a c t l n g  negat ive charge 
from one reglon and e j e c t i n g  i t  l n  another, wh i l e  se r i ous l y  modlfylng the l o c a l  
magnetic f l e l d .  What I s  the e f f e c t  of these modl f l ca t lons  on the l o c a l  and 
d i s t a n t  p roper t ies  o f  the magnetosphere? What happens t o  the charges3 How 
does the  cur ren t  close? Where does the momentum come from? What I s  the energy 
ba lance? 

Communlcatlons. - The dhole quest lon o f  low-frequency propagatlon through .--- ----. - 
the magnetosphere i s  one t h a t  can be answered I n  p r l n c l p l e  ( l e e . ,  the response 
func t fon  I s  w e l l  known and can e a s l l y  be w r l t t e n  down f o r  a plane wave). How 
I s  Phls connected t o  the s lgna l  produced by a source o f  a glven conf lgura t lon  
moving through a nonuniform plasma? ( o r  f o r  tha t  matter,  movlng through a 
unlform plasma?) Attempts t o  deal w l t h  these problems requ l re  handl4ng the 
d lspers lon  r e l a t l o n  f o r  a warm magnetoplasma, a rnathematlcal ob jec t  w l t h  q u i t e  
horrendous proper t les .  



Are there s tgn i f i can t  model. experiments tha t  could be carr led-out en-a 
laboratory scale and would g ive s1gni.f i can t  M fo rma tbn  here? And i f  sa, how 
should such l n fo rma i tw  be 5nterpt.eted9 

To obtatn s l g n l f l c a n t  resul ts,  the present lnvest lgat lon concentrated on 
two questlons f o r  a pa r t i cu l a r  conflguratton. The two questlons were: how i s  
the current  ca l l ec t l on  af fscted? and what are the most important features o f  
the wake? 

The conf tgurat lon considered l s  a 100-km te ther  drawing a saturat ion cur- 
rent  ~f 5 A from a sphere of radius 25 m, a balloon, w l t h  a surface conducttv- 
i t y  o f  a . l -m i l  l a  er  o f  copper. The magnetosphere i s  considered as containing f a denstty of  2x10 e ~ e c t m n s / c d ,  neutral ized by an equal number of  s lny ly  
ch~ rqed  pos l t l ve  016 lons, both a t  a temperature of  0.2 eW (-2200') ( r e f .  11). 

Current co l lec t ion.  - If the electrons were co l lec ted through an inverse 
Langmulr Childs sheath from a v i r t u a l  cathode tha t  moved out from the co l lec to r  
to a distance of  -100 m, the required po ten t ia l  drop 

would. be df order o f  la5 V, and essentlal-ly such a current could not be co l -  
lected. However, t h l s  assumes tha t  the pos i t i ve  ions play no r o l e  and tha t  
the f l e l d  o f  the co l lec to r  i s  screened by the electrons t ha t  i t  l s  co l lec t ing.  
We h u e  conslderebthe r o l e  o f  the tons and have come t o  a muchmore opt lmls t lc  
conclusion. 

Consider the e f f ec t  near the leadlng edge o f  the col-lector. The ps, ta l le l  
e l e c t r l c  f l e l d  tha t  i t  produces i s  effectively wtped out by the m~tSon o f  
electrons along the magnetic l l n e s  o f  force ahead of the co l lec to r .  However, 
as soon as the co l lec to r  crosses a l i n e  of  force, the electrons on tha t  l i n e  
are dralned o f f ,  and the e l e c t r l c  f l e l d  b e g l ~ s  t o  appear. As a consequence, 
the po ten t ia l  on tha t  f i e l d  l i n e  beglns t o  r i se .  Now, although electrons are 
conftned t o  magnetic f h l d  l ines,  t h e i r  gyroradtus betng -0.15 cm, t h l s  I s  not 
t rue  f a r  the Nuch keavler lons t ha t  have energies of  1/2 M V ~  t n  the ca l lec to r  
frame. Th#s 1s about 6 eV, and u n t i l  the po ten t ia l  reaches t h l s  value, the 
ions are f ree t o  move across the f l e l d ;  however, when t h l s  value I s  exceeded, 
the tons are ref lected.  Stncs the ions have a thermal spread, not a l l  are 
ref-lected a t  t h l s  potent ia l ;  a somewhat higher po ten t la l  o f  -12 eV i s  needed 
t o  r e f l e c t  most of the lons. 

The electrons are accelerated by the p a r a l l e l  e l e c t r i c  f i e l d  and galn a 
w ve loc l t y  glven b y d m .  Since the electron f l u x  remains -nv, the electron 

density i s  reduced by a factor  o f  = 1 Since both the e l e c t r ~ n  and 
lon densi t ies are reduced, the electrons by p a r a l l e l  accelerat lon and the ions 
by p a r t l a l  re f lec t lon ,  there ex ls ts  a potent ia l  +g = 12 eV a t  which the 
electron and ion densi t ies are equal. I f  the co l lec to r  s i t s  a t  t h i s  po ten t ia l  
w i t h  respect t o  the undlsturbed plasma, I t  can co l l ec t  the saturat ion current, 
even though the accelerat lng f l e l ds  s i t  not near the co l lec tor ,  but on a nar- 
row sheath tha t  extends out a t  an angle V/V along the magnetlc f l e l d  and 



reaches a distance L - = a ~  0 - 150 m from the co l lec to r .  The voltage 
drop needed t o  c a l k  ? th is.  current i s  tbon onl-y of  the order of  12 V, &I-ch i s  
equivalent e l e c t r i c a l l y  t o  increasing the t e W r  length by -50 m. Hence tk i s  
negligible f o r  Icl\l..orneter-length tethers. 

Because t h i s  extended sheath re f l ec t s  the lons whi le  10 extracts the 
electrons, everywhere behlad the extended sheath the plasma densi t y  i s very 
low. As soori as the co l lec to r  has passed, electrons are no longer extracted 
arid the po ten t ia l  rap id ly  drops. As  i t  does so, electrons rush out wttb ap- 
proximately the thermal speed, leaving only a small negative charge, so tha t  
the plasma- although a t  low density I s  agaln neutral  a t  a distance of the order 
o f  0, the co l lec to r  width, behind the c o l l e t t o r .  Behfnd th-ls, the low-pressure 
rcglon f l l l s  I n  a t  a r a t e  given by the ion thermal speed, -1.5 km/sec. Hence 
the plasma does not recover i t s  o r i g i na l  density f a r  2L~-I_V/-vfi) = 1 km behlnd 
the co l lec to r .  

The re f lec ted  ions have ve loc i t y  I n  the plasma frame of  2 V and hence move 
i n  gyro o rb t t s  wt th  a radius r~ = 2V/a+ - 90 m, about a center 90 m below the 
co l lec to r .  They produce a net pos l t i ve  charge o f  the order o f  0/4r = 2.5 \ percent o f  the t o t a l  i on  charge density. This i s  neutral ized by an nf lux o f  
electrons along the f i e l d  l l nes  in a distance again o f  the order of Q. The 
t o t a l  charge does not disappear but spreads o&t along the f i e l d  l ine, w l th  the 
electron thermal speed essential1.y halv ing i n  the distance 0. After  100 m the 
charge density 1s reduced t o  -0.1 electrons/:rn2, and i t s  dynamic e f fec t  
essent ia l ly  disappears. The excess charge d r i f t s  down and across themagnetic 
f l e l d  l i nes  and eventually i s  Balanced. I n  the ionosphere. 

Thc wake. - The loca l  e f fec ts  o f  the co l lec to r  are as follows: a volume .--- 
of height 0 (-25 m extendtng out along the f l e l d  l i nes  a dfstance (V/V) 0 
(-250 m) on e i the r  stde of the co l lec to r  and tapering back t o  vanlsh a t  a 
distarlce 

behlnd the co l lec to r  i s  evacuated of  plasma; whi le  a volume of helght w 4 r ~  
= 180 m, of width 150 m, and of length -D acqulres a charge of  0 / 4 r ~  = 3.5 
percent nee/unit volume. 

The pos i t i ve  current flows out o f  the co l lec to r ,  w l t h  a current density 
of -2.5 r n ~ / m ~ ,  car r ied by the electrons; flows forward and down across the 
f i e l d  l lnes,  w l t h  a density o f  3 m ~ / m z ,  car r ied by the Ions; then flows along 
the f i e l d  l i nes  w i t h  a density of  -0.3 mA/m2 ca r r ied  by the electrons. The 
associated magnetlc perturbations are -5x10-~5 g f o r  the f l r s t  current ( a  
magnetic tw ls t ) ,  3x1W6 g f o r  the second (an increase i n  f i e l d  strength), and 
1 . 2 ~ 1 0 ' ~  g fo r  the t h l r d  (a  fu r the r  magnetic tw l s t ) .  

The major modlf i ca t l on  I n  the background I s  produced by the magnetic f l e l d  
I n  the tether. For -2 cm about the tether t h i s  f i e l d  exceeds the Earth's f i e l d  
and the f i e l d  l i nes  close about the tether,  whl le beyond t h i s  the disturbance 
f a l l s  o f f  as l / r .  I t  1s Important t o  note, however, tha t  the tether bends and 
compresses the f i e l d  l i nes  but does not introduce a tw l s t .  Thls I s  Important 
when we consider the nature of the wakes and 1s a resu l t  o f  our assumption of 
a hor izontal  f i e l d .  



Tha..lSHD witke. - The low-f requency dlstwbances produced by the passlng of  
the tether can be deacrlbed In the slmplest agprdxlmatlon by conr;lderlng the 
plasma as. an i dea l l y  conducting f l u l d .  EOP oar case the ve loc i t y  of  sound I s  
much less than the Alfvon speed,-CS = 2 km/sec, CA a 130 Rm/sec, and there are 
three possible waves ( r e f .  10): an Alfven wave, whlch prapagates alang the 
magnetlc f l e l d .w t t h  the Alfven speed: a channeled-sound-waw, whlch agsln prop- 
agates along the magnetlc f l e l d ,  hut  now w l t h  the speed of sourld; and an 
Iso t rop lc  magnetoacoustlc wave, which propagates I s ~ t r o p l c a l l y  w l th  the Alfven 
speed. 

Since- &he Alfven speed i s  much greater than the speed of the tether 
(8  km/sec), the magnotoacoustlc wake does not appear as a dynamlc wave. 
Instead I t  i s  s t a t t e  I n  the t i s  m o d l f l e d s l l g h t l y  by the 
t l L ~ r e n t ~ "  c s n t r a c t l o u *  3 f o r  our case i s  -0.1 
percent. 

The magnetlc tw is ts  (-2x10-4 g) propagate along the magnettc f l e l d  l i nes  
w l tb i  the Alfven speed but are slowly attenuated as a resu l t  of  ca l l l s lons ,  wf t h  
a scale length substant ia l ly  greater than the electron mean f ree path: I n  
f ac t  o f  the order o f  

where do i s  the co l l l s lon less  screenlng length, c / u ~ -  = 4 m f o r  our case a d  
hence L = (CA/V )  2 Xf = 800 km. I f  the magnetic f f e l d  has a v e r t i c a l  comgo- 
nent or 1.f the tether t o  notperpendlcular  t o  the f l e l d ,  then a very much larg-  
er  s lgnal  can be propagated as an Alfven wave, and I t  1s here tha t  communlca- 
t lons p e s s i b l l l t t e s  may e x l s t  (frequencles must be substant ta l ly  less than the 
lon-gyrofrequency, when Doppler shifted, R, = 180, v = 28 cycles/sec). 

The magnetoacoustlc mode produces a modl f icat lon l n  the magnetlc f i e l d  
strength t ha t  i s  almost Indlst lnguishahle from the vacuum f l e l d .  The azimuthal 
f i e l d  has the vacuum form, but there i s  superimposed on t h i s  a small rad ia l  
f l e l d  

v2 s l n  28 
'r 

- I -- 
-2 r 

and an associated current denslty 

Thls can be qu i te  large near the tether but  I s  only cor rect ly  described f o r  
values sf r >> 2 cm, where nonllnear modlf lcat lons become unlmportant 
(hence 3 << I). 

The magnetosonic wave tha t  earr les the pressure pulse represents a super- 
pos l t fon o f  the channeled sound wave, and the lsot rog le  magnetoacoustlc wave. 



The pressure pulse propagates along the f l e l d  l l n e  and, as t t  propagates, prs- 
duces a pressure d l ~ t u r b n c e  i n  I t s  neighborhood tha t  f a l l s  o f f  ar 1/p, wherc 
p I s  the perpandlcular dlstancc t o  the f l e l d  l l ne .  The Qlsturnance rap ld ly  
becomes- sma.11, and I n  addl t lon,  I n  anlore rlgorous treatment, I s  damped. 

t&&-f.reauenc~ comporten&. - I f  the plasma-lr treated by the nrore r lgorous- 
and approprlate method of co l  l l-sionless k l ne t t c  theory, the low-f requency MHD 
resu l ts  are reproduced., p iov ld lng tha t  the condltlans klvO-/k U 1 and 
kl(ve+/k * V >> 1 are sat!sft.ed. (Note that  t h i s  lnval ldates the slow sound 
wave, whkh  becomes s t rd rg ly  damped.) There are, however, other modes of  
oscb l la t lon ~ s s I b l e , - m d m m y  o f  these waveslkave pecuFIar t ransrhl t t lng 
properties. 

I f  we work only t o  lowest order I n  the ion gyrorx i lus,  uslng the cold ion 
approxlmatlon, then the tether f l e l d  gives r l se ,  I n  add i t lon t o  the quasl- 
s t a t i c  response, t o  an oscl l la t ' ing  f l e l d  whose amplltude depends essent la l ly  on 
the dtstance along the f i e l d  l l n e  from the po ln t  of observation t o  the tether, 
and only slowly on the dlstance along the direction of  motlon. The frequency, 
however, varles w l t h  t h l s  dlstancs and, as a- resu l t ,  a slgnal modulated i n  
bath amplitude and frequency i s  produced as the tether passes. 

The charge denstty can also exc l te  a narrow band of Langmulr waves, pro- 
v id lng tha t  k * V/kllve- >> 1. These eomblne agaln t o  g ive a modulated wave as 
the co l lec to r  passes. The slgnal occurs I n  planes above and below the co l lec-  
t o r ,  and t h l s  time has a constant amplltude dependlng only on the dlstance 
projected along the f i e l d  l l n e  and l s  agaln a slowly modulated sine wave I n  
the reglon of  I t s  appearance. 

CONCLUSIONS 

Thls has been an introductory essay on the subject of  conducting tethers. 
We have presented arguments suggestlng tha t  current collection can be reason- 
ably e f f t c l e n t  even wt th  a f a i r l y  simple system, although the loca l  modlfica- - 
t l o n  l n  the plasma I s  both unexpected and dramatic. We have a lso dlscussed 
some features of  the wake and have explored several components: the Alfven-- - 
wave, magnetoacoustlcs, and high-frequency elements. 

Thls I s  by no means a complete study; I t  I s  suggestlve rather than demon- 
s t ra t i ve .  We have not glven a complete and conststent theory of  the extended 
sheath ( the hlgh f l e l d  regton needs t o  be adalyzed), nor have we dlscussed I t s  
0veraJ-l s t a b l t l t y .  

The dtscusslon o f  the wake I s  a lso Incomplete. The pressure mode ( the  
slow magnetoaeous t l c  wave) I s  probably strongly damped, and the connections t o  
the source have not  been evaluated I n  f u l l  d e t a l l .  Some o f  the resul ts,  the 
lack of  Alfven waves from the tether,  for  example, depend on the o r len ta t lon  
chosen and would be modlfled as the system moved. 

The treatment of the hlgh-frequency components I s  a lso Incomplete. We 
have used a great ly  overslmpll f  l ed  representation of the d l e l e c t r l c  response, 
neglect ing the e f fec ts  of Ion thermal motlon., lnc ludlng the hlghe.r..c.yclotron 
resonances. 



More importantl-y, wc have restricted the ana lys is  to the s t a t i c  wake, I f  
the current; I s  modulated, new phenomena must be expected., some o f  which can be 
ana-lyned by the methods we haw described, h(rO -same ai-whScR c a l l  Cormorc~ 
complex I n v s s ~ a t i o r r s .  

We have riot presented a c a r e f u l  ana lys ls  o f  motion around thc  te ther .  
T k l s  I s  tmportant s-lnce the corrpling t o  the l i n e a r  waver requ i res  a treatment- 
o f  the  loca-l -nonunear rey lsn.  

F i n a l l y ,  we have not  attempted t o  consider the Sosstble e f f e c t  o f  e l e c t r o  
dynamlc forces on the motion o f  the- te ther .  

Much remains t o  be done, bu t  a t  l e a s t  a s t a r t  has been made on a d e t a i l e d  
and rtgorous analysts sf the electrodynamles o f  a te the r  i n  space. 
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Figure 2. - Current f l o w  near collector. 
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A S L W M U T  HAZARD DURING FREE-FLIGHT POLAR EVA 

W t l l l a m  N. H a l l  
k l r  Force Geophysics labora tory  

Hanscom Air f o r c e  Base, Massachusetts 01731 

E x t r a v e h i c u l a r  A c t i v i t y  (EVA) d u r i n g  S h u t t l e  f l i g h t s  planned f o r  t h e  la te  
1980's i n c l u d e s  s e v e r a l  f a c t o r s  which t o g e t h e r  may c o n s t i t u t e  a n  a s t r o n a u t  hazarc?. 
F r e e - f l i g h t  EVA is  planned whereas p r i o r  United S t a t e s  e a r t h  o r b i t  EVA h a s  used 
u m b i l i c a l  t e t h e r s  c a r r y i n g  communications, c o o l a n t ,  and oxygenv EVA a s s o c i a t e d  
w i t h  miss ions  l i k e  1,andsat  R e t r i e v a l  w i l l  be i n  o r b i t s  through t h e  a u r o r a l  ova l  
where charging of s p a c e c r a f t  may occur .  

The a s t r o n a u t  performing f r e e  f l i g h t  EVIL c o n s t i t u t e s  a n  independent  
s p a c e c r a f t .  The a s t r o n a u t  and t h e  S h u t t l e  make up a system of e l e c t r i c a l l y  
i s o l a t e d  s p a c e c r a f t  w i t h  a wide d i s p a r i t y  i n  s i z e .  Uniaue s i t u a t i o n s ,  such hs t h e  
a s t r o n a u t  be ing  i n  t h e  wake of t h e  S h u t t l e  whi le  t r a v e r s i n g  an  a u r o r a l  d i s t u r b a n c e ,  
c o u l d  r e s u l t  i n  s i g n i f i c a n t  a s t r o n a u t  and S h u t t l e  charging.  Charging hnd 
subsequent  a r c  d i scharge  a r e  important  because t h e y  have been a s s o c i a t e d  w i t h  
o p e r a t i n g  u p s e t s  and  even s a t e l l i t e  f a i l u r e  a t  geosynchronous o r b i t .  S p a c e c r a f t  
charg ing  t h e o r y  and exper iments  a r e  be ing  examiried t o  eva l rmte  c h a r g i n g  f o r  S h u t t l e  
s i z e  s p a c e c r a f t  i n  t h e  p o l a r  ionosphere.  

The e x t e n s i v e  body of knowledge abou t  a u r o r a l  phenomena can a s s i s t  i n  
e v a l u a t i n g  t h e  importance of charging.  Images recorded by t h e  Defense 
Meteoro log ica l  S a t e l l i t e  Program (DMSF) satell i tes i n  c i r c u l a r  o r b i t s  show 
s n a p s h o t s  of t h e  s p a t i a l  e x t e n t  of t.he o p t i c a l  aurora .  Montages o f  a l l  s k y  camera 
images from an  a i r c r a f t  f l y i n g  a p a t h  t o  remain a t  c o n s t a n t  l o c a l  midnight show 
t h e  c y c l i c  behavior  and t h e  suddenness of o n s e t  of o p t i c a l  aurora .  Geophysical  
c o n d i t i o n s  measured a t  t h e  t i m e  can be  used t o  e v a l u a t e  t h e  EVA conducted from 
Skylah i n  1973-74. Skylab,  w i t h  a n  o r b i t  i n c l i n a t i o n  of 50 degrees ,  d i d  encounte r  
t h e  a u r o r a l  o v a l  when t h e  o r b i t  l a t i t u d e  extremes were a t  t h e  r i g h t  l o n g i t u d e  a n d  
l o c a l  t i m e .  Study of t h e  geophys ica l  c o n d i t i o n s  and o r b i t s  d u r i n g  t h e  Skylab EVAs 
showed t h a t  a s t r o n a u t s  on  EVA were always a t  least 5 degrees  o f  l a t i t u d e  
equatorward of t h e  a u r o r a l  oval .  

INTRODUCT IOfd 

I n  t h e  p rocess  of e v a l u a t i n g  s p a c e  sys tems environmental  i n t e r a c t i o n s  ( P i k e  e t  
a l ,  r e f .  11, it became apparen t  t h a t  p h y s i c a l  i n t e r a c t i o r l s  between t h e  environment 
and t h e  a s t r o n a u t ' s  e x t r a v e h i c u l a r  a c t i v i t y  (EVA) equipment c o u l d  be s i g n i f i c a n t .  
S e r v i c i n g  of s a t e l l i t e s  a f t e r  launch i s  a n  example of how a s t r o n a u t  f ree - f  l i g h t  
EVA w i l l  be used. The EVA equipment now a v a i l a b l e  f o r  use ,  developed by t h e  
Na t iona l  Aeronaut ics  and Space Admin is t ra t ion  (NASA) a t  t h e  same t i m e  t h a t  t h e  
S h u t t l e  was be ing  developed, was des igned  f o r  S h u t t l e  f l i g h t s  a t  l o w  i n c l f  n a t i o n  
a n g l e s  (NASA Johnson Spi'se Cente r  (JSC) P r i v a t e  Communicati.on, 1982 ) . A t  t h a t  

, t i m e  it was n o t  a n t i c t . p i e d  t h a t  p o l a r  o r b i t  EVA would i n v o l v e  a d d i t i o n a l  problems. 



The special a z e a  af concern  t o  Air Force GeaphysicS Laboratbry  (AFGL) i s  w i t h  
t h o  p h y s i c a l  i r r t e m c t i a n  between t h e  environment and t h e  a s t r o n a u t ' s  EVA eqbipmant, 
as opposed t o  thte b i o l o g i c a l  i n t u r n t i a n  between t h e  environment. and t h e  a s t r o n a u t  
himsal2. The e f f o r t  h a s  focuscd o n  t h e  i n t e r a c t i o n  of c h a r g i n g  and arc d i s c h a r g e s  
(Garrett and Pilte, r e f .  2) on t h e  E x t r a v e h i c u l a r  Mabil:.ty Uni t  (EMU), t h e  Primary 
Life S u p p r t  System (PLSS), znd t h e  Manned Maneuvering Uni t  (&MU).  T h i s  
i n t e r a c t i o n  is  impor tan t  b e c a u ~ r  of t h e  consequences of EVA equipment f a i l u r e  i n  
combir.ation wi th  t h e  g r e a t  u n c e r t a i n t y  irtvolved wi th  charg ing  and arc e i s c h a r g e  i n  
t h e  S h u t t l e  environment. 

EXTRAVEM ICULA R ACTIVITY 

The p o l a r  o r b i t  EVA t o  be conducted from S h u t t l e  w i l l  encounte r  c o n d i t i o n s  
d i f f e r i n g  from t h o s e  encountered d u r i n g  t h e  NASA s u c c e s s f u l  EVA h i s t o r y  d u r i n g  t h e  
Gemini, Apollo,  and Skylab programs ( F u r n i s s ,  r e f .  3 ) .  The NASA h i s t o r y  o f  EVA 
h a s  been one of o u t s t a n d i n g  s u c c e s s  s i n c e  t h e  f i r s t  EVA by White on t h e  Gemini 4 
f l i g h t  i n  1965. The Gemini program i n c l u d e d  9 EVAs a t  low. ( s e v e r a l  hundred 
k i lomete rs :  a l t i t u d e  and low l a t i t u d e  w i t h  t h e  a s t r o n a u t s  connected t o  t h e  
s p a c e c r a f t  by an  umbi.lical t e t h e r  c a r r y i d g  oxygen, c o o l a n t ,  and cc)fiaunications 
nerv ices. Approximately 2 0 EVAs were conducted d u r i n g  t h e  Apoll o program. Most 
o c c u r r e d  on t h e  l u n a r  s u r f a c e  w i t h  3 i n  deep space  whi le  r e t u r n i n g  t o  e a r t h .  
Althoucjh t h e  l u n a r  EVAs were u n t c t h e r e d ,  t h e y  were i n  a deep space  environment 
quite d i f f e r e n t  from t h e  E a r t h ' s  i o n o s p h e r i c  plasma. The 10 EVAs from Skylab were 
a g a i n  i n  t h e  ionoepher ic  plasma w i t h  t h e  a s t r o n a u t s  cohnected t o  Skylah by a n  
u m b i l i c a l  t e t h e r .  Sky lab ' s  SO degree  o r b i t  i n c l i n a t i o n  i n t e r s e c t e d  t h e  a u r o r a l  
o v a l ,  t h e  g r e a t e s t  o v e r l a p  was i n  t h e  s o u t h e r n  hert isphere n e a r  A u s t r a l i a .  However, 
t h e  SkyLab EVAs were conducted whi le  t h e  o r b i t a l  l a t i t u d i n a l  extremes were i n  
o t h e r  l o n g i t u d i n a l  s e c t o r s .  The geophys ica l  c o n d i t i o n s  encountered d u r i n g  the 
Skylab E'VAs w i l l  be  d i s c u s s e d  l a t e r .  

With t h i s  s u c c e s s f u l  EVA h i s t o r y  a s  a b a s e l i n e ,  what i s  t h e r e  about  EVA from 
t h e  S h u t t l e  t o  cause concern? One s i g n i f i c a n t  f a c t o r  is  t h a t  a t  times t h e  
a s t r o n a u t  w i l l  be untet .hered and,  i f  s imul taneous  f a i l u r e s  occur ,  c o u l d  " f l o a t  
away". Another f a c t o r  is  t h e  development of Vandenberg A i r  Force Base as a S h u t t l e  
launch site. Vandenberg w i l l  have t h e  c a p a b i l i t y  o f  l aunch ing  t h e  S h u t t l e  i n t o  
h igh  i n c l i n a t i o n  o r b i t s  i n t e r s e c t i n g  t h e  a i l t o r a l  o v a l  4 t i m e s  d u r i n g  e v e r y  o r b i t .  
The environment a t  a u r o r a l  oval l a t i t u d e s  is  markedly d i f f e r e n t  from t h a t  a t  l o w  
l a t i t u d e s  and is p o t e n t i a l l y  h o s t i i c  d u r i n g  9eophysical  d i s t u r b a n c e s .  NASA i s  now 
c o n s i d e r i n g  a p o l a r  o r b i t  S h u t t l e  f l i g h t  from Vandenberg t o  r e t r i e v e  t h e  Landsat-D 
s a t e l l i t e .  The miss ion s c e n a r i o  i s  expec ted  t o  i n c l u d e  EVA and, p o s s i b l y ,  
f r e e - f l i g h t  EVA. 

Po la r  O r b i t  E x t r a v e h i c u l a r  A c t i v i t y  

The p o l a r  o r b i t  EVA i l l u s t r a t e d  i n  f i g u r e  1 d e p i c t s  t h e  combination of 
c i rcumstances  which make p l a r  f r e e - f l i g h t  EVA d i f f e r e n t  from o t h e r  EVAs t o  da te .  
A t  t h e  c e n t e r  is a g r a p h i c a l  r e p r e s e n t a t i o n  of a n a l y t i c a l  modeling of t h e  S h u t t l e  
and a n  a s t r o n a u t  on  EVA i n  t h e  ambient i o n o s p h e r i c  plasma (Cooke e t  a l ,  r e f .  4 ) .  
The shape of t h e  S h u t t l e  is r e p r e s e n t e d  by d i f f e r e n t  s i z e d  r e c t a n g u l a r  and 
t r i a n g u l a r  s o l i d s .  The a s t r o n a u t  is r e y ~ r e s e n t e d  a s  a 2 meter long,  1 meter 
d iamete r ,  d i e l e c t r i c  c y l i n d e r .  The S h u t t l e  is l a r g e  compared t o  t h e  s i z e  of t h e  
a s t r o n a u t ,  who w i l l  a t  t i m e s  be  i n  t h e  waker where e l e c t r o n  and i o n  d e n s i t i e s  a r e  
decreased.  The S h u t t l e  is shown w i t h  t h e  n e g a t i v e  Z a x i s  i n  t h e  d i r e c t i o n  of 



motion and t h e  paylaad-bay in  t h e  wake. The conlours ,  inoro distinct i n  t h e  
o r i g i n a l  co ld r  i l . l u s t r a t i on ,  show t h e  decreased e l e c t r o n  and-ion densi ty .  The 
innermost contour r e p r e s e n t s  58 of ambient m- Exper i meMa1 plasma dens i ty  
measurements i n  t h e  S h u t t l e  payload bay o n - e a r l y  P l i g h t s  have skrjwn great 
d i f f e r e n c e s  between t h e  payload bay i n  t h e  rim d i r e c t i o n ,  where t h e  ionosphere h a s  
access t o  t h e  payload bay, And t h e  payload bay i n  t h e  wake o r i e n t a t i o n  (Shhwhan o t  
a l ,  r e f .  5 ) .  For some geometr ical  arrangementrr dur ing  f l ight-through t h e  a u r o r a l  
ova l ,  such as depic ted  here ,  t h e  S h u t t l e  and t h e  f r ee - f ly ing  a s t r o n a u t  w i l l  both 
be exposed to t h e  i nc iden t  a u r o r a l  e l e c t r o n  f1 .u~ .  Condi t ions  which suppor t  
s p a c e c r a f t  charging w i l l  occur because of t h e  a u r o r a l  e l e c t r o n  f l u x  combined with 
t h e  decreased e l e c t r o n  dens i ty  and, more important ly ,  t h e  reduced thermal  p o s i t i v e  
i o n  dens i ty  i n  t h e  S h u t t l e  wake. 

Exi s t i ng  Ext ravehicu la r  Ac t iv i t y  Equipment 

Figure 2 i d e n t i f i e s  some of t h e  su r f ace  m a t e r i a l s  used on t h e  a s t r o n a u t ' s  
EVA equipment (NASA JSC P r i v a t e  Communication, 1982). Many of t h e s e  ma te r i a l s  a r e  
s i m i l a r ,  o r  even i d e n t i c a l ,  t o  ma te r i a l s  which were adversely a f f e c t e d  on t h e  
SCATHA (Spacecraf t  Charging A t  High Al t i t udes )  sa te l l i te  and i n  l abo ra to ry  s t u d i e s  
of t h e  charging of m a t e r i a l s  in space. Most of t h e  space s u i t  (EMU) i s  covered by 
Or thofabr ic  which has  a white su r f ace  c o n s i s t i n g  of expanded t e f l o n .  The 
a s t r o n a u t ' s  f i nge r  t i p s  and shoe  s o l e s  a r e  s i l i c o n  rubber. Much of t h e  MMU i s  
covered with t h e  type o f  Chemglaze p a i n t  which h a s  been found t o  e x h i b i t  charging 
on SCATHA and i n  o t h e r  spacec ra f t  charging s tud i e s ,  Some a r e a s  have s i l v e r i z e d  
t e f l o n  and o t h e r s  have g l o s s  white p a i n t  over glass/epoxy o r  kevla~/epoxy.  The 
a s t ronau t  * s helmet and t h e  MMU l o c a t o r  l i g h t  domes are :,exan. A s i m i l a r  makerial ,  
P l ex ig l a s ,  which has  prev ious ly  been used f o r  t r anspa ren t  s p a c e c r a f t  components, 
i s  known t o  have been a s soc i a t ed  wi th  charging, The m e t a l  f o i l  deca l s  used f o r  a 
number of i d e n t i f y i n g  l a b e l s ,  p a r t i c u l a r l y  on t h e  CWU, may become involved wi th  
charging. Previously,  i s o l a t e d  conductive p a t t e r n s  on p r i n t e d  c i r c u i t  boards have 
s u f f e r e d  charging and d e l e t e r i o u s  a r c  d i scharges  (Leung e t  a l ,  r e f .  6). The 
deca l s  a r e  an example of a seemingly innocuous i t e m  which becomes s i g n i f i c a n t  when 
cond i t i ons  conducive t o  charging occur. 

Figure 3 shows an a s t r o n a u t  equipped f o r  f r e e - f l i g h t  EVA. The major equipment 
systems a r e  t h e  EMU and t h e  PLSS used f o r  a l l  EVAs, a long  wi th  t h e  MMU used f o r  
un te thered  f r e e - f l i g h t  EVA. Some problems with EVA equipment can be d i r e c t  
l i f e - th r ea t en ing  hazards  to t h e  as t ronauts .  The f a i l u r e  of t h e  PLSS c i r c u l a t i n g  
f a n  motor dur ing  t h e  STS-5 f l i g h t  is  an example (Aviat ion Week, r e f .  71. MMU 
f a i l u r e s  a r e  a l s o  p o t e n t i a l l y  l i f e  th rea ten ing .  A f a i l u r e  causing a n  MMU t h r u s t e r  
t o  remain on w c ~ l d  cause a t t i t u d e  c o h t r o l  problems s i m i l a r  to  those  encountered by 
Gemini 8 where a spacec ra f t  c o n t r o l  system s h o r t  c i r c u i t  caused one t h r u s t e r  to 
f i r e  continuously.  The Gemini a s t r o n a u t s  used 75% of t h e i r  r e a c t i o n  c o n t r o l  
system f u e l  before  recovering from t h e  malfunction. Th i s  forced them t o  cance l  
t h e  rest of t h e i r  mission and r e t u r n  a s  soon a s  possible .  Operat ional  planning 
f o r  EVA provides  f o r  t h e  S h u t t l e  going a f t e r  t h e  a s t r o n a u t  i f  t h e r e  a r e  mu l t i p l e  
f a i l u r e s  i n  t h e  MMU redundant c o n t r o l  systems. A MMU t h r u s t e r  malfunction l eav ing  
t h e  a s t ronau t  spinning r a p i d l y  could  canp l i ca t e  r e t r i e v a l  by t h e  S h u t t l e ,  a s  w e l l  
a s  be a d i r e c t  danger t o  t h e  a s t ronau t .  

Other EVA equipment problems which would l i m i t  EVA opera t ions  have j u s t  a s  
much s i g n i f i c a n c e  a s  l i f e - t h r e a t e n i n g  hazards ,  from t h e  s tandpoin t  of f a i l u r e  to  
achieve t h e  S h u t t l e  mission objec t ives .  F a i l u r e  of an EMU a s t r o n a u t  canmunicatians 



l i n k ,  whi le  n o t  a t h r e a t  t o  t h e  a s t r o n a u t ' s  Ij.fe, woulrl cot. s h o r t  a miss ion such 
as r e p a i r  of t h e  Solax M a x i m u m  Miss ion spacecraft. - i n  t h e  helmet 
t e l e v i s i o n  or PLSS Caut ion and Warning systems a l s o  l i m i t  operat iana. .  EVAS 
would no t  he c a r r i e d  o u t  wi thou t  one o f  t h e s e  sys tems u n l e s s ,  For example, i t  
w a s  necessary. f o r  t h e  a s t r o n a u t  t o  clmc t h e  payload doors  f o r  e n t r y .  The 
p r e s e h t l y  a v a i l a b l e  EVA equipment u s e s  advanced m i c r o e l e c t r o n i c s  f o r  moni tor ing 
s t a t u s ,  cammunications, etc., h u t  no t  f o r  d i r e c t  c o n t r o l  of l i f e  suppor t  
suhsystems, A change t o  d i r e c t  micraprocessor  c o n t r o l  a f  l i f e  s u p p o r t  f u n c t i o n s ,  
proposed f o r  f u t u r e  sys tems,  c o u l d  tnake fa i l a r t ?  even more s i g n i f i c a h t .  

E x t r a v e h i c u l a r  A c t i v i t y  Near S o l a r  Array Systems 

F igure  4 i l l u s t r a t e s  a n o t h e r  new a s p e c t  o f  EVA i n  t h e  f u t u r e ,  o p e r a t i o n  near  
high-power-generating s o l a r  a r r a y  systems, where charg ing  i s  known t a  occur and 
arc d i s c h a r g e s  have been observed. An example i s  t h e  50 KW system NP.,SA is p lann ing  
f o r  t h e  Space S t a t i o n .  S o l a r  a r r a y  segments have d i f f e r e n c e s  i n  e l e c t r i c a l  
p o t e n t i a l  due to t h e  s e r i e s - p a r a l l e l  i n t e r c o n n e c t i o n  of i n d i v i d u a l  c e l l s .  P o i n t  
t o  p o i n t  arc d i s c h a r g e s  occur  when t h e  d i f f e r e n c e  i n  p o t e n t i a l  between t h e  most 
p o s i t i v e  and most n e g a t i v e  s o l a r  cel ls ,  o r  from t h e  s o l a r  cells t o  t h e  ambient 
plasma, i s  t o o  l a r g e  (S tevens ,  r e f .  8). The n e t  e f f e c t  o f  t h e  s o l a r  a r r a y  s u r f a c e s  
is t a  modify t h e  nearby plasma such t h a t  a hazard  may be  c r e a t e d  f ~ r  a f r e e - f l y i n g  
a s t r o n a u t .  A s o l a r  a r r a y  hazard  would have a major  impact on EVAs a n t i c i p a t e d  
d u r i n g  assembly and o p e r a t i o n s  of a Space S t a t i o n  dependent on s o l a r  a r r a y s .  

AURORAL OVAL ENVIRONMENT 

The concept  of t h e  a u r o r a l  ovaJ w a s  developed by F e l d s t e i n  and S ta rkov  
( r e f .  9 )  b u t  h a s  been most s t r i k i n g l y  i l l u s t r a t e d  by t h e  recordi-ags of a u r o r a s  
made by s a t e l l i k e  imaging systems. O r i g i n a l l y ,  t h e  o v a l  t~a,s used t o  d e s c r i b e  t h e  
l o c a t i o n  where o p t i c a l  a u r o r a s  were observed. L a t e r ,  i t  h a s  a l s o  been found u s e f u l  
i n  d e s c r i b i n g  o t h e r  phenomena, i n c l u d i n g  t h e  p r e c i p i t a t i o n  of e n e r g e t i c  e l e c t r o n s  
which produce auroras .  The o v a l  ex tends  complete ly  around t h e  e a r t h  a l though ,  i n  
some o r i e n t a t i o n s ,  o b s e r v a t i o n  of o p t i c a l  a u r o r a s  is  masked by s u n l i g h t .  The 
a u r o r a s  are found i n  a band, somewhat c i r c u l a r  i n  form, w i t h  i t s  c e n t e r  d i s p l a c e d  
towards t h e  n i g h t  s i d e  of t h e  e a r t h .  It h a s  a g r e a t e r  l a t i t u d i n a l  e x t e n t  on t h e  
da rk ,  o r  midnight ,  s i d e .  The o v a l  forms a f i x e d  p a t t e r n ,  r e l a t i v e  t o  t h e  sun, 
which changes i n  geograph ica l  l o c a t i o n  as t h e  e a r t h  r o t a t e s  b e n e a t l  (Whaler\, 
r e f o  10).  

The s a t e l l i t e  a u r o r a l  pho tos  i n  f i g u r e  5 demonstra te  how t h e  a u r o r a  can  have 
s p a t i a l  v a r i a t i o n s ,  p a r t i c u l a r l y  i n  nor th-south  e x t e n t  ( P i k e ,  r e f .  11) .  Local 
midnight  i s  it t h e  c e n t e r  of each of t h e  2 a c r o r a l  photos .  On t h e  r i g h t ,  when 
t h e  a u r o r a  would be  d e s c r i b e d  a s  q u i e t ,  t h e  a u r o r a  h a s  a narrow l a t i t u d i n a l  e x t e n t .  
A s p a c e c r a f t  c r o s s i n g  it a t  r i g h t  a n g l e s  would he exposed t o  e n e r g e t i c  a u r o r a l  
e l e c t r o n s  f o r  o n l y  a few seconds. A s  t h e  a n g l e  between t h e  o r b i t  and t h e  narrow 
a u r o r a l  arc d e c r e a s e s ,  t h e  t ime of exposure  i n c r e a s e s .  An o r b i t  t a n g e n t  t o  a 
r e l a t i v e l y  narrow a u r o r a l  arc c o u l d  r e s u l t  i n  exposure t o  e n e r g e t i c  a u r o r a l  
e l e c t r o n s  f o r  t e n s  of seconds,  even when t h e  a u r o r a  i s  no t  d i s t u r b e d .  The l e f t  
h a l f ,  from a d i f f e r e n t  o r b i t  of  t h e  same sa te l l i te ,  shows t h a t  t h e  a u r o r a  h a s  a 
wider  l a t i t u d i n a l  e x t e n t  d u r i n g  a geophys ica l  d i s t u r b a n c e  and, depending on t h e  
e x a c t  o r b i t ,  t h e  s p a c e c r a f t  would encounte r  t h e  e n e r g e t i c  a u r o r a l  e l e c t r o n s  f o r  
t e n s  o r  even hundreds of seconds. A l eng thy  exposure  to  e n e r g e t i c  e l e c t r o n s  is 
n o t  r e q u i r e d  i n  o r d e r  t o  have a s p a c e c r a f t  charge t o  dangerous v o l t a g e  l e v e l s .  



A DMSP s a t e l l i t e  h a s  heea ;nennured t o  charge to hundrecls of v o l t s  w i t h i n  seconds 
(nurka and Hardy, r e f .  12) .  The e f f e c t  of cxtsndad exposure  time i s  to  incrreaSe 
t h e  li.kelihoor1 t h a t  t h e  a u r ~ r h l  ova l  wr)ulcj be distairba? dur ing  t h e  passage of the 
s p a c e c r a f t .  

The temporal  v a v i a t i o n  af a u r o r a 5  i n  t h e  o v a l  is also of i n t e r e s t  i n  
e v a l u a t i n g  t h e  1. ikelihoad of i n t e r a c t i o n  a f f e c t s  an  EVA equipment. Auroras 'ate 
t h e  most va r ia l s l a  and t h e  most i n t e n s e  d u r i n g  worldwide maqn@tic staxms fo l l awing  
s o l a r  f l a r e s .  Auroral  temlmrrll v a r i a t i o n s  a r e  important  oven a t  o t h e r  times. To 
see t h i s c  A l l  Sky Camera (ASCA) p i c t u r e s  t aken  w i t h  a 160 degree  f i e l d  of view 
f i s h e y e  l e n s  from t h e  AFGL Airborne Ionospher ic  Observatory w i l l  be used. The 
a i r c r a f t  f lew a p t h  w i t h  a ground t r a c k  i n  geographic  c o o r d i n a t e s  as shown on 
t h e  l e f t  i n  f i g u r e  6 (Krukofiis and Whalen, r e f ,  13).  Recause t h e  e a r t h  r o t a t e d  a s  
t h e  a i r c r a f t  f l ew w e s t ,  t h e  a i r c r a f t  remained near  l o c a l  magnetic midnight. The 
same f l i g h t  p a t h  i n  t h e  c o r r e c t e d  geomagnetic l o c a l  t ime and l a t i t u d e  c o o r d i n a t e  
system i s  shown on t h e  r i g h t .  The a i r c r a f t  f lew s h o r t  n o r t h  and s o u t h  t r a c k s ,  
approaching and d e p a r t i n g  from t h e  magnet ic  pole. The ASCA f i e l d  o f  view covered 
4 degrees  of magnetic l a t i t u d e  t o  t h e  n o r t h  and t o  t h e  south;  t h e r e f o r e ,  70 degrees  
n o r t h  c o r r e c t e d  geomagnetic l a t i t u d e  w a s  always wi th in  view. 

Each s t r i p  o f  t h e  ASCA montage f o r  t h i s  f l i g h t ,  f i g u r e  7,  shows 30 p i c t u r e s  
t aken  once per minute d i t h  a 15 second t ime  exposure.  The complete montage 
r e p r e s e n t s  a cont inuous  9 hour t i m e  H i s t o r y  of t h e  temporal  v a r i a t i o n s  of t h e  
a u r o r a  near  l o c a l  magnetic midnight. Each c i r c u l a r  image h a s  been r o t a t e d  d u r i n g  
r e p r o d u c t i o n  s o  t h a t  North is t o  t h e  l e f t  and E a s t  is  a t  t h e  top. T h i s  improves 
i n t e r p r e t a t i o n  of t h e  images by removing e f f e c t s  from changes i n  t h e  heading o f  
t h e  a i r c r a f t .  A t  t i m e s ,  t h e  sky was a l q o s t  c l e a r  of a u r o r a s  w i t h  o n l y  f a i n t  forms 
n o t  e a s i l y  seen i n  t h e s e  reproduc t ions .  A t  o t h e r  times, o p t i c a l  a u f o r a s  covered 
t h e  f i e l d  of view from t h e  n o r t h e r n  t o  t h e  soutlhern l i m i t s ,  a b o u t  900 k i lomete rs .  
The e n e r g e t i c  e l e c t r o n  d e p o s i t i o n  r e g i o n  producing t h e  o p t i c a l  a u r o r a s  corresponds 
c l o s e l y  w i t h  t h e  o p t i c a l  aurora .  S p a c e c r a f t ,  i n c l u d i n g  a f r e e - f l y i n g  a s t r o n a u t ,  
would have Seen i n  t h e  area of p r e c i p i t a t i n g  p a r t i c 8 1 e s  l i k e l y  t o  cause  charg ing  
f o r  over  100 seconds.  It is a l s o  impor tan t  t o  r e a l i z e  how q u i c k l y  t h e  upper 
atmosphere can change from showing o n l y  f a i n t  t r a c e s  of a u r o r a  to b r i g h t  a u r o r a s  
cover ing  t h e  ASCA f i e l d  of view. Thj s can  be seen n e a r  0310 UT when t h e  a u r o r a  
expanded from a narrow f e a t u r e  near  t h e  sou thern  hor izon  t o  complete ly  f i l l  t h e  
f i e l d  of view w i t h i n  2 t o  3 minutes.  T h i s  is much t o o  East f o r  t h e  a s t r o n a u t  t o  
t a k e  any a c t i o n  towards p r o t e c t i n g  h imse l f .  O p e r a t i o n a l  p lann ing  must c o n s i d e r  
t h a t  t h e  a s t r o n a u t  w i l l  f i n d  himself  immersed i n  t h e  e n e r g e t i c  a u r o r a l  e l e c t r o n  
stream. The EVA equipment must n o t  be s u s c e p t i b l e  t o  adverse  environmental  
i n t e r a c t i o n s  due t o  e n e r g e t i c  a u r o r a l  e l e c t r o n s .  

The v a l u e s  of t h e  Q, AF, and  Kp magnetic indicars (Mayaud, r e f .  14)  measured 
by magnetic o b s e r v a t o r i e s  d u r i n y  t h o  f l i g h t  are shovm on t h e  r i g h t .  It is 
i n a p p r o p r i s t e  t o  a t t e m p t  e x t e n s i v e  c o n c l u s i o n s  about, t h e  c o r r e l a t i o n  o f  magnetic 
index v a r i a t i o n s  w i t h  t h e  ASCA montage f o r  t h i s  s m a l l  q u a n t i t y  of d a t a .  The 
magnetic intlex Q r e p r e s e n t s  t h e  dibturbarrce from q u i e t  day v a l u e s  i n  a 15 minute 
p e r i o d  f o r  ,in a u r o r a l  ova l  magnetic obse rva to ry ,  i n  t h i s  case Sodankyla i n  Sweden. 
The 2 v a l u e s  a r e  f o r  t h e  f i r s t  and  second h a l f  of each  row of imdges. The index  Q 
has been found t o  be c o r r e l a t e d  w i t h  t h e  l o c a t i o n  of o p t i c a l  a u r o r a s  ( F e l d s t e i n  
and Sta rkov ,  r t f .  9 ) .  For t h i s  d a t a  s a a p l e ,  it i n c r e a s e d  g e n e r a l l y  as t h e  a u r o r a s  
became b r i g h t e r  and f i l l e d  more of t h e  ASCA image. 



The v a l ~  f o r  AE r c p r a a s n t s  the hourly average 05 thc AE index determined for 
a global rletwork of auroral oval  obsrtsvltbrics.  RE repraacnts the s m  of .- tho  
e a s t e r n  and westcrn auraral. clectra- jots  and in6rsases a s  the magnitudon of optical 
auroras lhcrcase ( A l k n  a t  a l ,  ref. 15). In a d a t i o n  to  the hourly AF averages,  
tho  AP-graphical. plat: nhawcd maxima of 400 qiunmas a t  0330 UT, 425 gammas a t  0440 
UT, 550 95mms at 8730 UT, and 680 gamma a t  1050 UT. I k s e  maxima a n  bc? 
aaoocia ted  with b r i g h t e r  image sequences i n  t h e  f igure.  Sn add i t i on ,  the t h c a  
which show smaller;, f a i n t e r  a u r o r a l  images, Q 5  to OCi-UT and Ol) t o  10 UT, ha\ie 10- 
average AB values. 

This  d a t a  sample provides a good example for comparing o p t i c a l  au ro ra l  images 
with t h e  Kp index. Tho Kp ihdex r e p e s o n t s  t h e  variat , ion of magiet ic  a c t i v i t y  f a r  
low l a t i t u d e  obse rva - to~ ie s  during a 3 hour period. The b r i g h t  sequerice from 
0310 U1) t o  0460 UT and t h e  f a i n t  sequence from 0450 UT t o  0555 UT a r e  both 
a s soc i a t ed  wi th  t h e  03 t o  0 6  UT value of K p  o f  4. ' this example demonstrates t h e  
l i m i t a t i o n s  of us ing  a 3 hour index Like Kp t o  cha rac t e r i ze  a p h e n ~ m e n o n ~ s u c h  a s  
t h e  o p t i c a l  aurora,  which can vary g r e a t l y  wi th in  the  3 hours. 

GEOPI4YSICA.L ~ONDITIOEYS ENCOUNTERED DURING SKYLAB E X ~ V E # f C U ~  ACTIVITY 

A s  mentioned previously,  Skylab had a 50 degree inc l ina t ion .  Its o r b i t  
i n t e r s e c t e d  t h e  a u r o r a l  oval  when t h e  o r b i t a l  l a t i t u d e  extremes occurred: a t  
longi tudes where t h e  magnetic po le s  a r e  c l o s e s t  t o  t h e  equator;  and, near  co r r ec t ed  
geomagnetic l o c a l  midnight when t h e  a u r o r a l  oval reached its most equatorward 
extent .  The geophysical condi t ions  a t  t h e  t ime of t h e  10 Skylab EVAs have been 
examined. The c l o s e s t  approach w a s  i n  t h e  southern hemisphere during t h e  EVA of 
G a r r i o t t  and Bebn on 22 Septeniber 1973, diu ing  t h e  Skylab 11-1 mission. P a r t i a l  
Skylab ground-tracks a r e  shown i n  f i g u r e  8 i n  t h e  cor rec ted  geomagnetic l o c a l  time 
and l a t i t u d e  coordinate  system. The a u r o r a l  ova l  fo r  a Q value of 2 ( t h e  va lue  
measured a t  Sodankyla a t  t h e  same t i m e )  is shown. The c l o s e s t  approach was on - -  
o r b i t  2022, where t h e  minimum sepa ra t ion  w a s  about 5 degrees of  l a t i t u d e .  A 
5 degree l a t i t u d e  sepa ra t ion  usualLy means canp le t e  absence of t h e  p r e c i p i t a t i n g  
ene rge t i c  e l ec t rons  which a r e  present  i n  t h e  a u r o r a l  oval, The end of EVA at 1400 
U11 on orbi t  2023 is a c t u a l l y  r ep re s su r i za t ion ,  meaning t h a t  t h e  a s t r o n a u t s  were . . 
a l ready  i n s i d e  t h e  a i r l ock .  This a n a l y s i s  shows t h a t  EVA within t h e  aurora  i s  
something t h a t  t h e  United S t a t e s  has  y e t  t o  earcounter. - - -- - -  

SUMMARY 

Our: prel iminary a n a l y s i s  of t h e  s p e c i a l  s i t u a t i o n  of f r e e - f l i g h t  EVA from t h e  
ShuttLe whi le  passing through t h e  au ro ra l  oval  has  i d e n t i f i e d  it as a space system 
environmental i n t e r a c t i o n  deserving of further: study. Further i n v e s t i g a t i o n s  by 
t h e  A i r  Force and NASA have not  resolved t h i s  concern. AFGL is cont inuing  t o  work 
with NASA s c i e n t i s t s  t o  determine i f  c hazard does e x i s t ,  how s e r i o u s  it is, and 
whether it is l i fe - threa ten ing .  Discussions have been he ld  wi th  t h e  NASA JSC Crew 
Equipment Division respons ib le  f o r  developing the a s t ronau t  equipment, t o  b r ing  t o  
t h e i r  a t t e n t i o n  t h a t  charging and a r c  discharges may occur on t h e  equipment 
surfaces.  Once t h e  charging hazard has  been defined,  then  t h e  s u s c e p t i b i l i t y  of 
t h e  e x i s t i n g  and f u t u r e  systems can be determined by engineering tests. AFGL 
bel ieves  it is prudent and necessary t o  e s t a b l i s h  what w i l l  happen s o  t h a t ,  a s  
shown i n  f i g u r e  9, EVA w i l l  continue t o  be sriccessful as t h e  S h u t t l e  P l i g h t  
envelope expands t o  o r b i t s  through t h e  a u r o r a l  oval.  
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Figure 1. - Polar o r b i t  E V A .  

F igure  2. - Astronaut equipnent mater ia ls .  



F i g u r c  4 .  - Astronaut and s o l a r  power systans. 



F i gure 

F i g u r e  5 .  - Aurora. 
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6. - AFGL Airborne Ionospheric Observatory f l i g h t  t racks .  
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Figure 7. - ASCA Montage. 
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F i g u r e  8. - Skylab subsate l  1  i t e  ground t racks .  

F i g u r e  9. - F l ~ t ~ r r e  p o l a r  o r b i t  e x t r a v c h i c ~ ~ l a r  a c t i v ' t y .  
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C o n s t r u c t i o n  of a S o l a r  ?ower S a t e l l i t e  (SPS) would r e q u i r e  t h e  i n j e c t i o n  o f  
l a r g e  q u a n t i t i e s  of p r o p e l l a n t  t o  t r a n s p o r t  m a t e r i a l  from Low E a r t h  O r b i t  (LEO) t o  
t h e  c o n s t r u c t i o n  s i t e  a t  G e o s t a t i o n a r y  E a r t h  O r b i t  (GEO). T h i s  i n j e c t i o n ,  i n  t h e  
form of 2 KeV a r g o n  i o n s  (and a s s o c i a t e d  e l e c t r o n s )  p e r  SPS, is comparable t o  
t h e  c o n t e n t  of t h e  p lasmasphere  i o n s ) .  I n  a d d i t i o n  t o  the- -mass-depos i ted ,  
t h i s  r e p r e s e n t s  a c o n s i d e r a b l e  i n j e c t i o n  of  ene rgy .  

The i n j e c t i o n  is  examined i n  terms of a s i m p l e  model f o r  t h e  expans ion  of  t h e  
beam plasma. Gene ra l  f e a t u r e s  of t h e  subsequen t  magne tosphe r i c  c o n v e c t i o n  of t h e  
a r g o n  are a l s o  examined. 

I n  r e c e n t  y e a r s  a l a r g e  s c a l e  ene rgy  sys t em,  t h e  S a t e l l i t e  Power System (SPS), 
has r e c e i v e d  c o n s i d e r a b l e  a t t e n t i o n  from the s c i e n t i f i c  and t e c h n i c a l  community. 
The b a s i c  concep t  f o r  SPS is  as foLlows: La rge  (10 km x 5 km) p l a t f o r m s  would be  
c o n s t r u c t e d  i n  g e o s t a t i o n a r y  e a r t h  o r b i t  (GhO) t o  c o l l e c t  s o l a r  energy .  T h i s  e n e r g y  
would be c o n v e r t e d  i n t o  microwaves and beamed down t o  E a r t h ,  r e c e i v e d  by a recti- 
f y i n g  a n t e n n a  and f e d  i n t o  t h e  power g r i d .  

I n  1978, Kockwell I n t e r n a t i o n a l  d i d  a sys tem d e f i n i t i o n  s t u d y  ( r e f .  1 )  i n  which 
a 5 GW ( a t  E a r t h  i n t e r f a c e )  r e f e r e n c e  sys t em was developed.  The t r a n s p o r t a t i o n  
component would mandate t h e  c o n s t r u c t i o n  of s e v e r a l  r e u s a b l e  heavy l i f t  l aunch  
v e h i c l e s  (HLLV) t o  h a u l  m a t e r i a l  i n t o  low E a r t h  o r b i t  (LEO). From LEO t h e  c a r g o  
would be s h u t t l e d  t o  t h e  c o n s t r u c t i o n  s i te  GEO i n  a  f l e e t  of electric o r b i t  t r a n s f e r  
v e h i c l e s  (EOTV). 

The EOTVs would be s o l a r  powered and p r o p e l l e d  by a rgon  i o n  t h r u s t e r s .  I o n  
t h r u s t e r s  have some advan tages  ove r  chemica l  r o c k e t s .  They can  d e l i v e r  a s u s t a i n e d ,  
s t e a d y  t h r u s t .  Also ,  t h e  i o n  t h r u s t e r  p r o p e l l a n t  v e l o c i t y  is much g r e a t e r  t h a n  f o r  
chemica l  t h r u s t e r s ,  t h e r e f o r e  much less mass need be i n j e c t e d  t o  move a n  e q u a l  
amount of c a r g o  front LEO t o  GEO w i t h  i o n  t h r u s t e r s .  

I n  s p i t e  of t h e  g r e a t  e f f i c i e n c y  of i o n  p r o p u l s i o n ,  due t o  t h e  g r e a t  mass t h a t  
must be t r a n s p o r t e d ,  enormous quan t  Lties of e n e r g e t i c  a rgon  and t h e  a s s o c i a t e d  
( thermaL)  e l e c t r o n s  would be  i n j e c t e d  i n t o  t h e  envi ronment .  Such a l a r g e  scale 
i n j e c t i o n  of  plasma i n t o  t h e  ~nagne tosphe re  is l i k e y  t o  have a g l o b a l  impact  on 
E a r t h ' s  magne tosphe r i c  morpholtgy and dynamics. I n  a d d i t i o n ,  due t o  t h e  h i g h l y  a n i -  
s o t r o p i c  v e l o c i t y  d i s t r i b u t i o n  of t h e  a r g o n ,  t h i s  r e p r e s e n t s  a c o n s i d e r a b l e  i n j e c -  
t i o n  o t  f r e e  energy .  Numerous p r o c e s s e s  shou ld  t r a n s t e r  a l a r g e  p o r t i o n  of  t h e  



i n J e e t i o n  energy t o  t h e  magnetospheric system. 

Lon t h r u s t e r  technology is s t i l l  developLng and s o  t h e  parameters  f o r  t h e  
t h r u s t e r  i n  q u e s t i o n  a r c  u n c e r t a i n .  The Rdckwell r e f e r e n c e  system d e s c r i b e d  a n  EOTV 
p r o p e l l e d  by an t o n  t h r u s t e r  wi th  a g r i d  p o t e n t i a l  Umit of 2 keV, t o  avoid a r c f n g  
t o  t h e  background plasma. I t  would o p e r a t e  wi th  an ion beam c u r r e n t  of 1904 amps, 
lravc a r a d i u s  = 38 cm, and deve lop  69.7 N t  of t h r u s t .  Eighty  such t h r u s t e r s  w o u L  
e q u i p  each tiOTV, i n  f o u r  groups of 20, w i t h  16 a c t i v e  and 4 s p a r e s .  

The t h r u s t e r  produces two d i s t i n c t  plasmas: t h e  beam plasma and t h c  thermal  
plasma produced by charge  exchange between t h e  beam plasma and escap ing  un-ionized 
argon..- The number of charge-exchange i o n s  produced per  second is  g iven  by Kaufmann 
( r e f .  2 )  t o  be: 

. 2 a c E ~ z ( 1  - 9) + 
N .; .-.--- (Ar s'l) 

where UCE = charge  exchange c r o s s  S e c t i o n  = 2 x m2 
J = beam c u r r e n t  = 1904 A 
V o  = ( 8 ~ ~ / n n ) l / ~  
K = beam r a d i u s  = .38 m 
rl = f r a c t i o n  of p r o p e l l a n t  i o n i z e d  

C ~ r r u t h  and Brady ( r e f .  3)  s t a t e  t h a t  i n  exper iments  wi th  a 900-se r i e s ,  Hughes 
mercury i o n  t h r u s t e r  approximate ly  90% of t h e  p r o p e l l a n t  i s  i o n i z e d .  The remaining 
10% e s c a p e s  through t h e  o p t i c s  i n  t h e  form of n e u t r a l  mcrcury. There fo re  n i s  
assumed t o  be 0.9 and KT = 10  eV ( r e f .  4 ) ,  which g i v e s  N = 6.07 x 1020 ~ r +  s'l. 
Th i s  r e p r e s e n t s  about  5.62 of t h e  beam c u r r e n t .  

Parks  and Katz ( r e f .  5 ) ,  and C a r r u t h  and Brady ( r e f .  3)  r e p o r t  t h a t  l a b o r a t o r y  
t e s t s  show t h e  charge-exchange plasma near  t h e  t h r u s t e r  moves r a d i a l l y  outward from 
t h e  t h r u s t e r  beam. Th i s  thermal  plasma w i l l  be i n j e c t e d  i n t o  space  wi th  e s s e n t i a l l y  
t h e  EOTV's o r b i t a l  v e l o c i t y .  A s  i n  t h e  barium r e l e a s e  exper iments  ( r e f .  6) ,  t h e  
p l a  ma is  expected t o  expand u n t i l  6 1,  a t  which po in t  t h e  expansion p e r p e n d i c u l a r  i a .  

t o  is s topped by t h e  f i e l d *  

T h i s  thermal  argon plasma, a p a r t  from t h e  beam plasma, would be i n  k s e l f  a 
c o n s i d e r a b l e  a d d i t i o n  t o  t h e  thermal  heavy i o n  popu la t ion ,  e s p e c i a l l y  i n  t h e  plasma- 
sphere .  The remaining un-ionized argon would be s u b j e c t  t o  charge  exchange and pho- 
t o i o n i z a t i o n ,  t h e  l a t t e r  of which has  an e - fo ld ing  product ion rate g iven  by S i s c o e  
and Mukherjee ( r e f .  7 )  t o  be 4.5 x 10 '~  s'l. Th i s  a l lows  many of t h e  f a s t  (charge- 
exchange) n e u t r a l s  t o  e scape ,  whi le  t r a p p i n g  t h e  thermal  n e u t r a l s  i n ,  o r  n e a r ,  t h e  
plasmasphere.  

TABLE 1. -- SPS PAMETEKS 

SPS mass - 5 x lo7 Kg 
EOTV -- LEO d e p a r t u r e  6-  7 x lo6 Kg 

Cargo - 5 x 106 ~g 
P r o p e l l a n t  - 5.5 x lo5  Kg 

LEO + CEO + LEO t r i p  time 13U days  



The q u a n t i t i e s  of mass involved i n  the  re fe rence  system a r e  given i n  t a b l e  1. 
To btlLld a 5 cW S t a t i o n  of a mass =+5 x lo7 Kg, one needs 10 EOT; f l i g h t s  which 
would ia.ject 5 lo6 Kg of 2 keV Ac and -5 x lo5 Kg of t he rmd .Ar  (along with t h e  
a s soc i a t ed  e l e c t r o n s )  i n t o  the magnetosphere. Assuming t h a t  two s t a t i o n s  a r e  b u i l L  
per  year t h i s  g ives  an average injection r a w  of 5.3 x ~ r +  swl.. This is com- 
parabLc t o  t he  po la r  w i ~ d  i n j e c t i o n  r a t s  of -3 x s-I and equal t o  t h e  plasma 
shee t  l o s s  r a t e  ( r e f .  a).- The average r a t e  of energy i n j e c t i o n  ( i n  t he  form o f  
2 keV ~ r ' )  i s  -lo9 wat t s ,  while an average substorm depos i t e s  101 1-1012 wat ts  i n t o  
t h e  ionosphere ( r e f .  9). This energy w i l l ,  however, be d i s t r i b u t e d  over a smal le r  
a r e a  and so  power d e n s i t i e s  could be s i m i l a r  t o  au ro ra l  power dens i t i e s .  

Needless t o  gay, the  scope of t he  questiofis involved i n  such an i n j e c t i o n  is  
ex tens ive .  This  paper A11 concern i t s e l f  mainly Gith two top ics :  the i n j e c t i o n  of 
the  e n e r g e t i c  i ons  (beam plasma dynamics) and t h e  subsequeht convection of the  beam 
ions  i n  t he  magnetosphere. 

BEAM PLASMA DYNAMICS 

The p l a s m  beam t h a  emerges from t h e  t h r u s t e r  is  a dense, charge-neutral  beam Z moving perpendicular  t o  . The physics of a plasma beam i n j e c t e d  i n t o  a t r ansve r se  
magnetic f i e l d  has been s tud ied  by many au thors ,  both expe r i~nen ta l l y  and theo re t i -  
c a l l y  ( r e f s .  10, 11, 12, 13). Also t he re  have been au thors  who have considered t h e  
problem of ion t h r u s t e r s  i n  space, some S p e c i f i c a l l y  i n  t he  SPS context-(refs .  4, 
14, 15). 

C u r t i s  and Grebowsky ( r e f .  14) argue t h a t   he beam po la r i ze s  and fi = -d x 8 
cance ls  t h e  Lorentz torce.  According t o  Cur t i s  and Grebowsky ( r e f .  14) t h e  beam 
dens i ty  is Always ab l e  t o  support the  po l a r i za t i on  f i e l d .  I n  t h i s  case the  beam 
simply passes out  of the  magnetosphere, depos i t ing  a t h i n  non-propagating sheath.  
While t h i s  is co r r ec t  f o r  a vacuum i n j e c t i o n ,  when the f i e l d  l i n e s  threading the  
beam a r e  shorted t he  plasma is stopped ( r e f s .  10, 13). This i s  exac t ly  the  case  i n  
t h e  magnetosphere. The beam dynamics paradigm of Chiu et a l .  ( r e f .  15) is  based on 
the  barium re l ea se  experiments ( r e f s .  6 ,  12). In  t h i s  p i c t u r e  the  po l a r i za t i on  
f i e l d  a c c e l e r a t e s  and po la r i ze s  ?he ad jacent  plasma, which i n  tu rn  po l a r i ze s  the  
plasma atljacent t o  it.  This e l e c t r i c  Eield,  which moves along the  f i e l d  l i n e  a t  
t h e  Alfven sp?ed, t r a n s f e r s  beam momentum t o  the  ambtent plasma and magnetosphere. 
When the  Alfven wave reaches the  ionosphere i t  d r ives  d i s s i p a t i v e  Pedersen c u r r e n t s ,  
and can be p a r t i a l l y  r e f l e c t e d  ( r e f .  6).  

According t o  t h i s  model the plasma ve loc i ty  decreases  l i k e  e-tlr, where r is 
the  amount of time Ce takes  fo r  t he  ~ l f v 6 n  wave to  t r a v e l  over as much mass per u n i t  
a r e a  a s  is causing the  disturbance. Therefore,  Chiu et a l .  (ref. 15) g ive  t h a t  

where p is the  mass dens i ty  ( b  r e f e r s  t o  t he  beam, 0 t o  t he  ambient),  VA is the  
~ l f v 6 n  speed, and t h e  i n t e g r a l  i s  along the  f i e l d  l i ne .  Ca lcu la t ions  using r e a l i s -  
t i c  plasmaspheric and magnetic f i e l d  models, g ive  r c 10 seconds ( r e f .  16). Thus 
the  beam can t r a v e l  f o r  d i s t ances  ,$ 1000 km. 

Treumann et a l .  ( r e f .  1 7 )  have pointed out  t h a t  a s  f i e l d  a l igned  cu r r en t s  sho r t  
our t he  po l a r i za t i on  f i e l d ,  e l e c t r o n s  cannot 8 d r i f t  a c ros s  fie1.d l i n e s  t o  neu- 



t r a l i z e  t h e  beam. They p o s t u l a t e  Lb?t n a r c  c u r r a n t s  p a r a l l e l  t o  8 n e u t r a l i z e  t h e  
beam head,  g e n e r a t i n g  a k i n e t i c  ALfvan wave, For t h e  PoKCUPXNR ion  beam (of which 
more w i l l  I J ~  s a i d ) ,  Treuma~tn c t  a1. ( ref .  1 7 )  e s t f m a t e  c l e c t r a n  d r i f t  v e l a c i t i e s  
-VA. Due t o  t h e s e  h igh  d r i E t s  th-.y a rgue  t h a t  anamalous h e a t i n g  of electrons ener-  
gk.es them t o  -20 eV t o  e x p l a i n  those  hot  c L e c l x a e e n  i n  t h e  PORCUPINE eicperiment 
( r e f .  18) .  

If we assume t h a t  t h e  bea'n wid th  is on t h e  o r d e r  of 10 kni and t h e  beam l e n g t h  
-1000 km then  t h e  average  neu"a1izing f i e l d - a l i g n e d  c u r r e n t s  ( f o r  t h e  EQTV d i s -  
cussed above) must be -16 utI/rn2. For ambient e l e c t r o n  d e n s i t i e s  of lo9 me3 t h i s  
r e s u l t s  i n  d r i f t  speeds  2 100 km s'l. This  is s t i l l  h a l f  t h e  thermal  speed of a 0.1 
eV e l e c t r o n ,  s o  ion  a c o u s t i c  waves w i l l  be s t a b l e ,  but  e l e c t r o s t a t i c  ion-cyclot ron 
waves, w i t h  w = R i ,  a r e  u n s t a b l e  f o r  V D  2 5 x ( i o n  thermal  speed)  ( r e f .  19) t h u s  
l i m i t i n g  t h e  c u r r e n t .  There fo re  i t  is u n l i k e l y  t h a t  t h e  p o l a r i z a t i o n  f i e l d  w i l l  be 
complete ly  s h o r  ed u t  and t h a t  t h e  beam i o n s  MI 11 b charge-neu t ra l i zed  by a combi- 
n a t i o n  of both  E x d r i f t  of bean e l e c t r o n s  a c r o s s  f and f i e l d - a l i g n e d  c u r r e n t s .  

Haerendal  and Sagdeev ( r e f .  8 ) ,  w r i t i n g  on behalf  of t h e  PORCUPINE e x p e r i -  
menters ,  r e p o r t  on t h e  i n j e c t i o n  of a 4 A ,  200 eV, xef , charge-neu t ra l i zed  pLasma 
beam. Th i s  beam was i n j e c t e d  a t  -72' t o  i n  n i n e  e v e n t s  r ang ing  i n  a l t i t u t e  from . 
196 km t o  451 km. They r e p o r t  t h r e e  s t a g e s  of i t s  beam expansion.  The f i r s t  i s  
f r e e  expansion of t h e  beam u n t i l  t h e  magnetic p r e s s u r e  s t a r t s  t o  balance  t h e  dynamic 
p ressure .  The second phase is one of i f f u s i v e  expansion,  w i t h  t h e  p o l a r i z a t i o n  

!i f i e l d  a l lowing  f o r  some motion a c r o s s  , a l though  the  p o l a r i z a t i o n  f i e l d  is  r a p i d l y  
s h o r t e d  o u t  by f i e l d - a l i g n e d  c u r r e n t s  and the  beam is  stopped.  The th i rd -phase  is  
t h a t  of s i n g l e  p a r t i c l e  motion. 

Cons ide rab le  wave a c t i v i t y  was a l s o  r e p o r t e d  dur ing  t h e  i n j e c t i o n  e v e n t s  ( r e f s ,  
18,  20, 2L). Broadband ion-cyc lo t ron  harmonic waves were d e t e c t e d  ( r e f s .  18 ,  21) 
and i t  has been argued t h a t  t h e  Drummond-Rosenbluth i n s t a b i l i t y  ( r e f .  19)  i s  recpon- 
s i b l e  ( r e f .  18).  Given t h e  much g r e a t e r  s c a l e  of t h e  SPS i n j e c t i o n  i t  i s  r e a s o n a b l e  
t o  expec t  i d t e n s e  wave g e n e r a t i o n  which could  e n e r g i z e  ambient p a r t i c l e s .  In  par- 
t i c u l a r  t h e r e  is exper imet l ta l  evidence f o r  t h e  a c c e l e r a t i o n  of thermal  e l e c t r o n s  by 
ion-cyclot ron waves. Nor r i s  e t  a l .  ( r e f .  22) s u g g e s t  t h a t  t h e s e  waves i n  t h e  mag- 
ne tosphere  having £ > fHe+ a c c e l e r a t e  e l e c t r o n s  wi th  a c l e a r  b i a s  p a r a l l e l  t o  s,,, 
t h e  m a j o r i t y  of t h e  e l e c t r o n s  heated t o  20 eV. 

The f i e l d - a l i g n e d  c u r r e n t s  produced a s  a r e s u l t  of t h i s  a r e  c o n s i s t e n t  wi th  t h e  
view t h a t  such  c u r r e n t s  w i l l  play a c e n t r a l  r o l e  i n  t h e  dynamics of t h e  beam, s i n c e  
t h e s e  c u r r e n t s  t r a n s f e r  momentum f rum t h e  beam and d r i v e  AlfvGn waves. Th i s  is sup- 
por ted  by o b s e r v a t i o n s  of o n s i d e r a b l y  enhanced e l e c t r o n  f l u x e s  dur ing  t h e  i n j e c t i o n  S of a plasma t r a n s v e r s e  t o  a s  r e p o r t e d  by Alexandrov e t  a l .  ( r e f .  23). These 
a u t h o r s  a l s o  sugges t  t h a t  t h e  observed magnetic d i s t u r b a n c e s  a r e  due t o  f i e l d -  
a l i g n e d  c u r r e n t s  and a s s o c i a t e d  AlfvGn waves. 

The beam model p resen ted  below will deal w i t h  otlly the l a rge - sca le  dynamics of 
t h e  beam. L t  is assumed t h a t  t h e  pa ra  igm of S c h o l e r  ( r e f .  6) is  e s s e n t i a l l y  cor-  
r e c t ,  s o  beam v e l o c i t y  d e c r r a s c s  a s  e't . When t h e  beam emerges from t h e  t h r u s t e r  
bo th  nKT and (1/2)pv2 are n~uch g r e a t e r  than u2/2u0. Thus t h e  beam w i l l  expand rad i -  
a l l y  outward Erom the  beam a x i s ,  a s  i f  i n t o  a vacuum, forming a cone. Th i s  phase o f  
t h e  expansion c o n t i n u e s  u n t i l  



a f t e r  which motion perpendicular  t o  OB and 3 is  stapped, while expansion along t h e  
E i e l d - l i n e  cont inues e s s e n t i a l l y  un inhib i ted  ( f i g .  ) The beam t r a v e l s  i n  t h i s  
manner un t i 1 

a t  which point  the  geomagnetic f i e l d  becomes t h e  dominant in f luence  i n  the  argon 
, plasma's motion. The argon's subsequent motion can then be-fallowed by  t h e  adia- 

ba tic theory. 

I n  t he  i n i t i a l  phase of t h e  plasma beam we a r e  dea l ing  wi th  a vacuum expansion. 
It is assumed the  b e m  is charge-neutral  and s o l l i s i o n l e s s .  I n  t he  very e a r l y  h i s -  
t o ry  of the  beam i t  is c e r t a i n l y  c o l l i s i o n a l ,  the  plasma r ap id ly  thermalizing,  but 
by -100 m downstream the  meandfree path is of t he  order  of the  beam s i ze .  We a l s o  
neglec t  mlhentum l o s s  t o  Alfven waves, assumirig t << r during the  f i r s t  (vacuum) 
phase of the  beam expansion. 

To represen t  the plasma t h a t  emerges from the  t h r u s t e r  we  write 

where , $ = x iA+  ~j A 

+ V = V , i + V  j 
VB = beam v e l o c i t y  5 vB2 

R = 113 ro 

Liemohn et a l .  ( r e f .  4) g ive  KT = 10 eV, which f o r  a 2 keV beam gives  an e f f e c t i v e  
beam divergence angle  -8'. This same 8' spreading angle  is repor ted  by Cybulski et  
a l .  ( r e f .  24) i n  f l i g h t  tests of t he  SEKT I ion  th rus t e r .  To confine t he  plasma t o  
the  t h r u s t e r  a t  t = 0, R is set t o  one-third the  t h r u s t e r  - radius ,  to. 

We can then write the  c o l l i s i o n l e s s ,  vacuum Boltzman equa t ion  

The s o l u t i o n  t o  equat ioa (2-5) is  r ead i ly  found t o  be 

+ + *om m$2 ( 2  - t t ) *  
f(X, v ,  V,, t )  - 6(Vz - V*) eXP -lEf + 

2R2 
I 

The cons tad t ,  no, is given by the  n ~ r m a l i z a t i o n  cond i t i on  

where the  i n t e g r a l  along the  beam a x i s  is replaced by mu l t i p l i ca t i on  by Vgt. From 
equat ion  (2-7) one f i n d s  

The dens i ty  of ions  i s  given by 
I 



which f o r  t 2 low4 s y i e l d s ,  using equatian-(2-8) 

The end of the vacuum expansion phase is given by equat ion (2-2) using equat ion 
'2-10) evaluated at the  e&e of t he  beam, which is r "- VTht .  The time a t  which t h i s  
condi t ion  is s a t i s f i e d  f o r  t h e  EOTV i n  ques t ion  i n  a d ipole  f i e l d  is  

to = 8.83 x low3 L) s e c  (2-1 1) 

where L i s  the  magnetic s h e l l  parameter. Af te r  time to the  beam cont inues t o  spread 
along 3 and so  the  dens i ty  decreases  l i k e  l/t. But the  ve loc i ty  i s  a l s o  going down 
a s  e-t/r and so t h e  dens i ty  must go l i k e  et/* t o  conserve p a r t i c l e s .  So we may 
wr i t e  t he  c e n t r a l  beam dens i ty  f o r  t > t o  a s  

Using t h i s  dens i ty  i n  eguation..(2-3) y i e l d s  an equat ion f o r  the  time of t r ans i -  
tion from beam motion t o  a d i a b a t i c  motion, which is-. 

where E is t e d ipo le  s h e l l  parameter. The f r a c t i o n  of energy the  beam ions r e t a i n  3 is then e-2t ', t he  rest of t he  energy being t r ans fe r r ed  t o  the magnetosphere and 
ionosphere. A s  s t a t e d  before,  T = 10 s e c  i n  t h e  plasmasphere ( r e f .  15). Figure 2 
g ives  the  energy l o s s  a s  a func t ion  of L f o r  T = 10 s e c  from L = 2.5 t o  L = 3.5. 

." 
To estima.e t he  energy dens i ty  deposi ted i n  t he  ionosp9ere by the  beam we f i n d  

t h a t  a t  L = 2 roughly 314 of t he  beam power f s  l o s t  t o  Alfven waves. From equatfon 
(2-11) we f i n d  t h a t  t he  beam width - few km, and the  beam length  5 1000 km. This  
g ives  an a r e a  of S lo4 km2, which mapped down t o  t he  ionosphere (with a d i p o l e  
f i e l d )  r e s u l t s  i n  ionospheric  power d e n s i t i e s  of -10'1 wlm2 (assuming the  bulk of 
the  energy is deposi ted i n  t he  ionosphere). This is considerably l a r g e r  than auro- 
r a l  power d e n s i t i e s  of'-10-~ w/m2 ( r e f ,  25). and even i f  we assume only 10% of the  
power is absorbed by the  ionosphere the re  would s t i l l  be power d e n s i t i e s  equivalent  
t o  aurorae. 

CONVECTION OF THE ARGON PLASMA 

Once the  argon plasma's t r a n s i t i o n  from beam t o  ind iv idua l  p a r t i c l e  motion is 
accomplished the  subsequent motion is determined by the l o c a l  magnetic and e l e c t r i c  
f i e l d s .  This motion is most e a s i l y  followed rini the guiding c e n t e r  approximation. 
The two f i r s t  o rder  d r i f t  v e ~ o c i t i e e  are the and the g rad ien t l cu rva tu re  d r j  f t 



ve loc i t i e s .  The motiorr of the plasm@ $a given by 

Ignoring t i m e  dependence, * and b are functions of and t h i s  equation muat be 
, nolved numerically. 

The coordinate system is as  follows: x is the antisunward d i rec t ion ,  y along 
the  dawn merintan. For a magaetic f i e l d  the model of Mead ( r  f .  26) is used with 

nent : 
I t he  magnetopause set a t  r = 10 Re. In the equator ia l  plane, j u s t  has a z compo- 

where R i b  the  e a r t h  r a d i i ,  8 is the  l o c a l  time and B i n  t e s l a .  

There a r e  three components t o  the e l e c t i c  f i e l d :  the convectlon f i e l d ,  the  
corota t ion  f i e l d  and the  s e l f - e l e c t r i c  f i e l d  of the  argon plasma, which w i l l  be dis-  
cussed i n  more d e t a i l  below. The convection f i e l d  is approximated by a constant ,  
dawn t o  dusk, 0.2 mV/m e l e c t r i c  f i e ld .  This corresponds t o  a pl 50 kV cross-polar 
po ten t i a l  drop mapped out on tc ra  40 magnetosphere. The corota t ion  f i e l d  is given 
by 

The above model has some obvious shortcomings. The g rea tes t  of these is the r 

assumption of  a uniform convection f i e l d .  In addit ion,  there  is an inconsistency i n  
making the approximation i n  equation (3-3), then using it i n  the d r i f t  equation, 
s ince  the  expressfon f o r  has non-dl o l e  components. The proper way t o  ca lcu la te  
t h e  corotat ing f i e l d  is t o  ca lcula te  1 x 3 fo r  the f i e l d  l i n e  i n  question. This was 
not done due t o  the  Limitations of the  'Eektronics 4052 minicomputer which was used. 
However, t h i s  rough model should give a somewhat reasonable approximation to  the  
general  fea tures  of the convection of in jec ted  argon. 

Chiu e t  a l .  ( r e f .  15) give the time f rac t ion  sppnt from LEO t o  GEO i n  f i g u r e  3. 
Using t h i s  with the  above uodel one f inds  tha t  -314 of the  in jec ted  argon is trapped 
i n  the plasmasphere. However, a more complete p ic ture  of the  argon convecttan 
requires the inclusion of the electric f i e l d  generated by the argon f i l l e d  f lux  tube 
i t s e l f .  The gradient  d r i f t  current  i n  the  f lux  tube (or plasma blob) gives r i s e  t o  
Birkeland cu t rea t s ,  which close in the  ionosphere, if neighboririg f l u x  tubes cannot 
s a t i s f y  continuity of current.  This current  system i s  i l l u s t r a t e d  f n  f igure  4-  

Assuming tha t  equal amounts of current  go t o  the  northern and southern hemi- 
spheres current  cont inui ty  gives 

where 51eq is the current/ length i n  the equa to r i a l  plane, Jlleq is the  cu r ren t lun i t  
u 



a w a  out; of the equator ia l ,  p lane,  and J l l i a n  the cwrenl ; /uni t  arca- i n t o  the Lana- 
sphere.  This currant: c l o s e s  i n  the i0aosphecsS i n  which case  we can rake trha 
divergence of Ohm's Law and, using a q w i s n  ( 3-4) , - .~h t a fn  

+ 
Assuming Jion t o  be I f ,  and consider ing only t he  Pcderscn conduct iv i ty ,  the  

above becomes 

1 + c v ~ v = - V .  *ion 
2 

Jeq , Oh = hor i zon ta l  P i n  ionosphere 
P h eq 

Th i s  approach, developed i n  p a r t  by Vasyliunas ( r e f .  27) and Wolf ( r e f .  28),  allows 
the  c a l c u l a t i o n  of the  ionospheric  p o t e n t i a l  set up by the  f l u x  tube. This poten- 
t i a l  can be then mapped ou t  song f i e l d  l i n e s  (assuming they a r e  e q u i p o t e n t i a l s )  t o  
g ive  t h e  p o t e n t i a l ,  and e l e c t r i c  f i e l d ,  i n  t h e  e q u a t o r i a l  plane. 

We assume the  argon dens i ty  t o  be cons tan t  throughout a f l u x  tube of rad ius  a ,  
and zero ou t s ide  of t h e  f l u x  tube. It is a l s o  assumed t h a t  t he re  is B uniform, 
background cu r r en t  dens i ty .  For t h i s  case ,  i n  r a d i a l  coord ina tes  centered on the 
f l u x  tube,  we f i n d  

where K is  a constant .  A s  a f u r t h e r  s i m p l i f i c a t i o n  we assume we are dea l ing  w i t h  a 
c i r c l e  i n  a l o c a l l y  f l a t  ionosphere,  so  equa t ion  (3-6) becomes 

K' v2v = cos $ O(p - a ' )  
P 

where ( ~ ~ 1 1 )  a r e  t he  ionospheric  coord ina tes  whose o r i g i n  is the  f i e l d  l i n e  threading 
t h e  cen t e r  of t he  plasma blob, and K g ,  ti' a r e  constants .  The s o l u t i o n  is  obtained 
i n  a s t r a igh t fo rward  fash ion  t o  y i e l d ,  i n  t he  ionosphere 

- 9 cos $, 
P 

Happing t h e  r e s u l t a n t  electric f i e l d  out  t o  t he  e q u a t o r i a l  plane along d t l ~ o l e  
f i e l d  l i n e s  y i e l d s  

where $ is l o c a l  time and A is  t h e  L s h e l l  of the+cenger of the argon f l ux  tube. 
'Illis electric f i e l d ,  f o r  nega t ive  K', r e s u l t s  i n  E x B motion r a d i a l l y  outwards from 
ear th .  We a l s o  note  t h a t  t h e  f i e l d  ou t s ide  t he  blob is t h a t  of a d ipo l e .  

The cons tan t  K' is r c l a t e d ,  By equat ions (3-6) and (3-7) t o  t h e  divergence of 



t h e  ne t  c u r r e n t ,  wMxh is 

where ifcc! 1s t h e g r a d l e n t - e u r v n L u r e  c u r r e n t ,  nnd 138G! ki the b w r n u n d  current 
presen t  i n  ae ighbor ing  f l u x  tubes .  

We can c a n s i d s r  two extreme cases csnce tn ing  t h e  c o n d i r l o n  of t h e  iIrlf;on i n  
the € l u x  tube: very strong p i t c h  angle s c a t t e r i n g  s o  t h a t  tte d i s t r i b u c i a f l  i s  i s o -  
t r o p i c ,  o r  very weak s c a t t e r i n g  s o  t h e  plasma ml.rrr)rs a t  t h e  equa tor  (- t h e  s t a t e  sf 
L n j e c t i o ~ ) .  I n  t h o  l a t e r  c a s e  

where N i s  t h e  numberlarea and D i s  t h e  magnetic moment. To f i n d  P one can use the 
beam model of Chapter 2 t o  o b t a i n  t h e  i o n ' s  pe rpend icu la r  energy when they S t a r t  
convec t ive  motion. For a d i p o l e  f i e l d  t h i s  g i v e s  

In  t h e  former c a s e  t h e  f l u x  tube can be t r e a t e d  as an  i d e a l  gas, i n  which case 
an  a d i a b a t i c  energy i n v a r i a n t  A can be de f ined- ( re f .  29) 

k i n e t i c  energy 
K p a r t i c l e  = A ( ( d s / ~ ) - ~ / ~  

One can-also d e f i n e  a number i n v a r i a n t  ( r e f .  29) 

then t h e  g rad ien t -curva tu re  d r i f t  c u r r e n t  is g iven  by ( r e f .  29) 

Using e q u a t i o n s  (3-14.) and (3-15) t h e  above can be w r i t t e n  

where E is t h e  energy d e n s i t y  of t h e  Flux tube. Th is  form i s  convenient  s i ~ e  
Williams ( r e f .  30) g i v e s  t h e  q u i e t  time energy d e n s i t y  t o  be -lom9 Joules!s3 
from L " 2-5.5,  t h u s  we can calcu1at:e t h e  background grad ien t -curva tu re  d r i f t  Cur- 
rent , JdG - 

To proceed we need t o  c a l c u l a t e  n, A ,  I ~ s / D ,  and V ( l d s / ~ ) .  The f l u x  tube vol-  
ume is  given by G.-H. Voigt ( p e r s o n a l  com,nunication, 1982) t o  be 

t h e  g r a d i e n t  of $ds/B can be ob ta ined  by s t r a i g h t f o r w a r d  d i f f e r e n t i a t i o n  of equdtion 
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r a d i a l l y  outward they produce an i ~ l e r t i a l  d r i f t ,  cu r r en t  opposldtely d i r ec t ed  t o  the  
grad ien t -curva t r~rc  d r i f t  current;. So the f l u x  tubes  w i l l  a c c e l e r a t e  a t  the  r a t e  
~iecdcd to cancel  Clic gradient-curv;italrc. c u r r e n t ,  thus GactnEylng cont i r lui ty ,  mil 
the v c l e e l t y  4L the  i\rt h.2e reached i s  that af thc I?, x d ve loe l ty  61 the  se l f - .  Inc- 
tstc  f i e l d ,  at  which p ~ i n f i  i t  w i l l  not  ~ ~ c c n b a  ' W c  r a c l o a d  the currentl 

Thc Lnastlal dtA.ft cr rs rcndlcngth  Lo 

where N bs thc! sque to r in% area number dens i ty  nt~d m 1s the argon mass. Gaunting 
t h ig  tcr the grad ien t  d r t f t  current and 60Lving for 3, the ncccsteratIan, gtvan ( for  
u :- u0/1,3 

For argon fnjected,at  L = 2 e q u a t i o n  (3-22) y i e l d s  a - 5 km/s2 s o  wi th in  a sho r t  
time at - EBLOB x M / B ~  . Thus, except f o r  t he  f i r s t  moments of t he  argon d r i f t ,  
i n e r t i a l  c u r r e n t s  need not be Se l f -cons is ten t ly  included. Grav i t a t i ona l  a i d  c e ~ t r i -  
f uga l  d t i f t S  may a l s o  be neglected. 

CONCLUS ION 

We have seen t h a t  t he  opera t ion  of powerful ion t h r u s t e r s  i n  t h e  SPS contex t  
(o r  for t h a t  matter i n  any space i u d u s t r i a l  p ro j ec t  of such s c a l e r  i s  expected t o  
have a wide v a r i e t y  of e f f e c t s .  Two d i s t i n c t  plasmas a r e  i n j e c ~ e d :  a 2 keV beam 
plasma and a thermal charge-exchange plasma. The thermal plasma w i l l  be a s i g n f f i -  
can t  add i t i on  t o  t he  heavy ion conten t  of t he  plasmasphere. Immediate e f f e c t s  of 
t h e  beam i n j e c t i o n  include wideband ion-cyclotron wave genera t ion  and f ie ld-al igned 
hea t ing  ci e l ec t rons .  ~ l f v 6 n  waves w i l l  t r a n s f e r  beam momentum t o  t he  ambient 
plasma and ionosphere. In  the  ionosphere,  power d e n s i t i e s  w i l l  be of t he  order  o f ,  9 

o r  bigger than n a t u r a l  a u r o r a l  power d e n s i t i e s  and s o  t h e  EOTV w i l l  i n  e f f e c t  c r e a t e  
an a r t i f i c i a l  aurora  on the  order  of lo2 km long. These induced aurorae  w i l l  pro- 
bably have loca l i zed ,  d i s r u p t i v e  e f f e c t s  on communications, and could a l s o  a f f e c t  
pdwer t ransmission l i n e s  ( r e f .  32). 

Once the  beam ions s t a r t  t o  convect,  they move r a d i a l l y  outward u n t i l  t he  argon 
f l u x  tube energy dens i ty  is equal  t o  the  background energy dens i ty .  Therefore most 
of t h e  argon w i l l  convect out  oC the  p l a s ~ a s p h e r e .  The f ie ld-a l igned  cu r r en t s  gen- 
e r a t e d  could cause f u r t h e r  ionospheric  d i s turbances .  The argon w i l l  then e n t e r  t h e  
gene ra l  convect ive cyc le  and be d i s t r i b u t e d  throughout much of t he  magnetosphere. 
This s ign i f ic?n t ;  number of heavy ions  could s u b s t a n t i a l l y  a l t e r  dynamic q u a n t i t i e s  
l i k e  the Alfven speed. The d i spe r s ion  r e l a t i o n  f o r  waves would a l s o  be a l t e r ed .  
New cutof fs and resonances should appear along wi th  new wave-particle phenomena. I n  
f a c t ,  Chiu et a l .  ( r e f .  15) have shown t h a t  t he  presence of ~ r '  damps the  i n s t a b i -  
l i t y  which p r e c i p i t a t e s  MeV e l e c t r o n s ,  t he re fo re  those l e v e l s  should rise. 

Tuus, w e  see t h a t  the  opera t ion  of an argon-ion propel led o r b i t a l  t r a n s f e r  sys- 
tem w i l l  s u b s t a n t i a l l y  modify the magnetosphere-iotlosphere system. Thesc modifica- 



tionti, while being suhstanrial, do not ~ c c a  t o  be, In  and of themsclven, so d r a ~ t i c  
na to rule out this transpnrtafiian eystcnt. iiistorical.ly, whcnnver marl etlccrn n new 
anvironinenl; he- madl fie8 Ilia cnl turc , tnchl~ologjr, and hlmnt!li', whi LC ~n turn a~6evin$: 
tlw environment, hnth hy hL:$ actLvi.tim and Lo nuit hin necdfl, Ths ~~~n~rratnfiphcrr i f 4  

no excsptiom, w-d RS mm ht?coinm more -act I n  rlw ncnr Cucur-c, hc w i l l  
kcgin so mod1 f y  Lt.- 
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( a )  Vacuum expansion. 
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(b )  Expansion along R ,  a lso showing Alfven wave propagating down f i e l d  l i n e .  

Figure 1. - Two stages o f  beam expansion. 



Figl i re  2. - Fract ion  o f  energy l o s t  t o  Alfven waves EL verslls magnetic 
parameter L .  I t  i s  assumed t h a t  e-folding time T i s  - 10 sec i n  
p la  s m  sphere. 

Time fraction of LEO-GEO transfer 

F i gure 
( r e f .  

Fract ion  o f  t o t a l  t r i p  time t o  reach given R I R * .  (From Ch . i u  e t  a l .  



Figure 4. - Birkeland current  system f o r  argon f l u x  tube. . . - -- 

(a)  A t  midnight. (b )  A t  LT = 15:00 

Figure 5. - I n i t i a l  convection path of 3rgon f l u x  tube f o r  beam i n j e c t i c n  a t  
L = 2. View i s  of equatoria 1 plane from above nor th  po le  w i t h  magnetopause 
se t  a t  r = 10.8 Re. z p  assumed t o  be 10 mhos on dayside and 1 mho on 
nightside. Ticks a re  i n  Earth r a d i i .  
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F igure 6. - Magnetospheric convection of argon. (Adapted fronl Freeman e t  a l .  
( r e f .  3 3 ) . )  
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