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I n t r o d u c t i o n  

Se l f - con tamina t ion  h a s  long been recognized as p o t e n t i a l l y  l i m i t i n g  t h e  
performance and u l t i m a t e l y  t h e  u s e f u l  l i f e  o f  s p a c e c r a f t .  Demands f o r  
i n c r e a s i n g  system l ifetimes have inc reased  t h e  need f o r  unde r s t and ing  and 
c o n t r o l  of con tamina t ion .  The proposed NASA Space S t a t i o n ,  w i t h  its 
requ i r emen t  for 30 y e a r s  performance, h a s  p o t e n t i a l l y  t h e  most c h a l l e n g i n g  
con tamina t ion  requirements  e v e r  t o  be cons ide red .  

research i n  space  s c i e n c e ,  E a r t h  o b s e r v a t i o n ,  and space  e x p l o r a t i o n ,  t h e n  
con tamina t ion  c o n t r o l  must be considered con t inuous ly ,  from t h e  very o u t s e t  i n  
d e f i n i n g  and r e f i n i n g  t h e  Space S t a t i o n  c o n f i g u r a t i o n .  Th i s  workshop, and t h e  
e f f o r t s  o f  o t h e r  workshops and working groups,  s t a n d  i n  r e c o g n i t i o n  o f  t h i s  
f ac t .  
S t a t i o n  i tself  w i l l  be l i m i t e d  i f  contaminat ion c o n t r o l  is n o t  e f f e c t i v e l y  
implemented . 

T h i s  paper  a d d r e s s e s  t he  effect  o f  molecular  contaminat ion on Space 
S t a t i o n  o p t i c a l  s u r f a c e s .  One can imagine a l l  s o r t s  of o p t i c a l  s u r f a c e s  which 
might  p o p u l a t e  t h e  Space S t a t i o n  a t  some time i n  its l i f e .  The examinat ion i n  
t h i s  paper  w i l l  be p r i m a r i l y  d i r e c t e d  a t  two s o r t s :  s o l a r  v o l t a i c  power 
s o u r c e s  and o p t i c a l  s o l a r  r e f l e c t o r s  f o r  thermal c o n t r o l  o r  s o l a r  dynamic 
power g e n e r a t i o n .  The effect  o f  contaminants  on o p t i c a l  s u r f a c e s  h a s  been t h e  
s u b j e c t  o f  m u l t i p l e  t h e o r e t i c a l ,  l a b o r a t o r y ,  and space  f l i g h t  
i n v e s t i g a t i o n s .  An e x h a u s t i v e  review o f  these v a r i o u s  i n v e s t i g a t i o n s  is 
c l e a r l y  beyond the scope o f  t h i s  s h o r t  pape r .  
p u b l i s h e d  Space S t a t i o n  requirements  f o r  molecular  contaminat ion a c c r e t i o n  and 
f o r  t h e  mon i to r ing  of such a c c r e t i o n  w i l l  be d i s c u s s e d ,  i n  t h e  c o n t e x t  of  t h e  
h i s t o r i c a l  performance o f  space  systems. 

The ML12 experiment  which is f l y i n g  on t h e  USAF Space T e s t  Program's  
P78-2 v e h i c l e ,  more commonly known by t h e  acronym SCATHA ( S p a c e c r a f t  Charging 
a t  High A l t i t u d e s ) ,  p rov ides  a benchmark a g a i n s t  which s a t e l l i t e  con tamina t ion  
performance can be judged. Th i s  experiment  h a s  provided some 7 y e a r s  worth of 
d a t a  on con tamina t ion  a c c r e t i o n  and thermal  c o n t r o l  c o a t i n g s  performance i n  
the  geosynchronous environment.  A b ib l iog raphy  o f  p a p e r s ,  p r e s e n t a t i o n s ,  and 
r e p o r t s  d e s c r i b i n g  t h i s  d a t a  base  a p p e a r s  a t  the  end o f  t h i s  pape r .  

I f  t he  Space S t a t i o n  is t o  p rov ide  a c l e a n  and d u r a b l e  environment f o r  

Furthermore,  t h e  very performance l i f e  of major e l emen t s  o f  t h e  Space 

Rather, a n  examinat ion o f  t h e  

Contamination Accret ion 

The requirement  for molecular  contaminat ion by and on t h e  Space S t a t i o n  
(Aaron, 1986) is: 
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The f l u x  of molecules emanating form t h e  core Space 
S t a t i o n  must be l imi t ed  such t h a t  ... The mass 
depos i t i on  rate on two 300 K su r f aces  both loca ted  a t  
t h e  PMP with one perpendicular  t o  the  +Z axis and t h e  
o the r  whose su r face  l i es  ... a t  cr i t ical  power 
l o c a t i o n s  with an accep 
be no more than 1 x lo-'' g cm-'s-' ( d a i l y  average) .  

nce an l e  of  2 T sr s h a l l  

Comparison of t h i s  requirement t o  t h e  performance o f  a c t u a l  s a t e l l i t e  
systems r evea l s  t h a t  i t  is an ambitious requirement, indeed. Table 1 shows 
such a comparison. 

Table 1 .  Comparison of Spacecraf t  Contamingtion Accretion 
t o  t h e  Space S t a t i o n  Requirement. 

Space S t a t i o n  budget 1 10-14 30 0.0003 0.015 

SCATHA b e l l y  band TQCM 6 x 190 0.002 0.1 

Typical  OSR r a d i a t o r  6 x 1 goo 0.02 1 

S u n l i t ,  vent-viewing OSR 1.2 x10-l2 3800 2 

Mature, l a r g e  s a t e l l i t e  2 10-13 600 0.007 0.35 

* 
+ da/dx = 0.001/100 A assumed, rjjeasured/specified property underl ined 

Assuming a dens i ty  of 1 g cm' 
B 1 00 ( da/  d t ) / 2 

T h i s  comparison shows contaminant mass acc re t ion  rates f o r  t h e  Space S t a t i o n  
requirement (Aaron, 1986) and t h e  depos i t ion  rate on a qua r t z  c r y s t a l  
microbalance on t h e  SCATHA ML12 experiment (Hall, 1982) a long with fused 
s i l ica  mir ror  degradat ion rates f o r  SCATHA, t y p i c a l  geosynchronous s a t e l l i t e  
si l ica mir ror  r a d i a t o r  performance ( D .  Gluck, p r i v a t e  communication, 1982),  
degrada t ion  of  a warm, vent-viewing, s u n l i t  r a d i a t o r  i n  e l l i p t i c  Earth o r b i t  
(Hall e t  a l . ,  19851, and the performance of the  cold r a d i a t o r  on a l a r g e ,  
mature ( la te  e d i t i o n )  geosynchronous satel l i te  (Hall e t  a l . ,  1985; D .  Gluck, 
p r i v a t e  communication, 1982). 
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For the purposes  o f  t h i s  comparison, t h e  s o l a r  a b s o r p t a n c e  i n c r e a s e  h a s  
been r e l a t e d  t o  the  mass a c c r e t e d  by t h e  s imple ,  l i n e a r  approximation o f  

d d d x  = 0.001/100 A ( 1 )  

which r e s u l t s  from t h e  SCATHA experiment (Hall, 1982) The measured, o r  
s p e c i f i e d  q u a n t i t y  shown i n  Table  1 is unde r l ined .  (There is some room for 
debate on t h e  exact v a l u e  o f  t h e  p r o p o r t i o n a l i t y  c o n s t a n t  i n  e q u a t i o n  ( 1 1 ,  b u t  
t h i s  d e b a t e  does n o t  affect  the  q u a l i t a t i v e  conc lus ions  on draws from Tab le  
1 . )  
s o l a r  a b s o r p t a n c e  (Kan, 19851, as can be t h e  d e c l i n e  i n  s o l a r  dynamic power 
p roduc t ion .  
h a l f  the i n c r e a s e  i n  s o l a r  abso rp tance  (of  a s o l a r  reflector) ( D .  Marvin, 
p r i v a t e  communication, 1987). 

Note t h a t  t h e  q u a r t z  c r y s t a l  microbalance on SCATHA had a ve ry  small 
p o r t i o n  o f  i ts f ie ld-of-view f i l l e d  w i t h  p o t e n t i a l  o u t g a s s i n g  s o u r c e s .  Note 
f u r t h e r  t h a t  t h e  s o l a r  abso rp tance  d a t a  shown i n  Table  1 are f o r  f u s e d  s i l i c a  
mirror r a d i a t o r s ,  which are n o t  s u b j e c t  t o  deg rada t ion  i n  solar a b s o r p t a n c e  as 
a r e s u l t  o f  n a t u r a l  geosynchronous r a d i a t i o n  damage (Kan, 1985). 

The l e s s o n s  t o  be gleaned from t h e  in fo rma t ion  summarized i n  Table 1 are: 

S p a c e c r a f t  r a d i a t o r  deg rada t ion  can be simply r e l a t e d  t o  t h e  i n c r e a s e  i n  

The decay o f  s o l a r  v o l t a i c  power g e n e r a t i o n  is approximately one 

( 1 )  The Space S t a t i o n  s p e c i f i c a t i o n  r e q u i r e s  a v e h i c l e  environment which 
is s u b s t a n t i a l l y  c l e a n e r  t han  experienced by t h e  n e a r l y  clear f i e ld -o f -v i ew 
SCATHA con tamina t ion  monitor .  

( 2 )  
f u s e d  s i l i c a  is d r a m a t i c a l l y  worse than  r e q u i r e d  by Space S t a t i o n .  

The t y p i c a l  performance o f  geosynchronous s p a c e c r a f t  r a d i a t o r s  o f  

( 3 )  S u n l i t  s i l i c a  s u r f a c e s  which are warm i n  comparison t o  t h e  t y p i c a l  
r a d i a t o r  b u t  which have a d i r e c t  view o f  major s p a c e c r a f t  v e n t s  accrete even 
more d e l e t e r i o u s  contaminat ion by photochemical d e p o s i t i o n .  

( 4 )  Mature s a t e l l i t e  programs can effect  s u b s t a n t i a l  r e d u c t i o n  i n  
con tamina t ion  (by a combination o f  materials c o n t r o l  and r e - d i r e c t i o n  or 
s e a l i n g  of s p a c e c r a f t  v e n t s ) .  

A reminder t h a t  contaminat ion is a space  system problem is provided by 
t h e  e x p e r i e n c e  o f  t h e  Space S h u t t l e  (McKeown e t  a l . ,  1985; Miller, 1983) .  
Tab le  2 shows the  rate o f  contaminat ion of  273 K s u r f a c e s  ( o f  v a r i o u s  
o r i e n t a t i o n )  on t h e  Induced Environment Contamination Monitor on f o u r  f l i g h t s  
of t h e  S h u t t l e .  
con tamina t ion  l e v e l  i n h e r e n t  t o  a r e l a t i v e l y  empty S h u t t l e  bay. 
Space lab  f l i g h t  shows t h a t  l oad ing  t h e  bay w i t h  a v a r i e t y  o f  e x p e r i m e n t a l  
hardware can s e r i o u s l y  degrade the environment.  

The a c c r e t i o n  rates on t h e  the  e a r l y  f l i g h t s  d e f i n e  a 
The STS-9 
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Table 2. Space S h u t t l e  Induced Environment Contamination 
Monitor Contamination Rates f o r  a 273 K S u r f a c e .  

Miss ion  
* 

Contamination Rate 

-X +X -Y +Y -Z 

STS-2+ 0.9 3.5 -.2 1.5 

STS-3+ 3.8 6.0 1.9 2 . 2  2 .8  

STS-4+ 0.9 1 .2  0.9 0.6 0.4 

STS- 9" 0 .7  16.4 6.7 3 .1  0.5 

* 
For v a r i o u s  s e n s o r  o r i e n t a t i o n s  ( v e h i c l e  f i x e d  c o o r d i n a t e s )  

+ (Miller, 1983) 
'(McKeown e t  a l . ,  1985) 

Con taminat ion Monitoring 

The Space S t a t i o n  requirements  document (Aaron, 1986) s ta tes  t h a t  

... moni to r ing  of  t he  environment t o  a l i m i t e d  e x t e n t  w i l l  be 
r e q u i r e d .  V e r i f i c a t i o n  and monitor ing measurement r equ i r emen t s  
s h a l l  c o n s i d e r  ... molecular  and p a r t i c u l a t e  d e p o s i t i o n  ... and 
r e t u r n e d  g a s  f l u x .  

I t  is conven t iona l  t o  u s e  10 MHz q u a r t z  c r y s t a l  microbalances ( Q C M )  for 
mon i to r ing  molec lar ontaminat ion rates.  
abou t  4 .4  ng ern-' Hz-'. The Space S t a t i o n  mass a c c r e t i o n  rate requ i r emen t  
t h e r e f o r e  co r re sponds  t o  abou t  70 Hz/year dec rease  i n  QCM frequency.  One 
u s u a l l y  measures the b e a t  frequency between two q u a r t z  c r y s t a l s ,  one exposed 
t o  t h e  contaminant  f l u x  and one s h i e l d e d ,  t o  enhance t h e  s e n s i t i v i t y  o f  t h e  
QCM. Even so, one must a n t i c i p a t e  QCM f r equency / t empera tu re  c o e f f i c i e n t s  on 
t h e  o r d e r  o f  25 Hz/K. Although t h e  n a t u r e  o f  long-term f l u c t u a t i o n s  i n  QCM 
f r equency  is n o t  well unde r s tood ,  one can expec t  slow d r i f t  on t h e  o r d e r  o f  - +1 
Hz/week i n  QCM b e a t  f requency ( D .  F. Hall, p r i v a t e  c o m u n i c a t i o n ,  1987). 
T h e r e f o r e ,  even mon i to r ing  t h e  r e q u i r e d  contaminat ion l e v e l  on Space S t a t i o n  
w i l l  be d i f f i c u l t  i f  s t r a i g h t f o r w a r d  conven t iona l  approaches are used.  

These d e v i c e s  have a s e n s i t i v i t y  o f  

Conclusions 

The Space S t a t i o n  contaminat ion r equ i r emen t s  are so s t r i n g e n t  tha t  they  
cannot  b e  approached wi thou t  cons ide r ing  contaminat ion a t  eve ry  s t e p  i n  t h e  
d e s i g n  o f  t h e  S t a t i o n .  Numerical contaminat ion models o f  proposed g e o m e t r i e s  
should b e  assembled e a r l y  and e x e r c i s e d  o f t e n ,  as t h e  b a s i s  for e s t i m a t i n g  t h e  
con tamina t ion  r i s k  p re sen ted  by a given geometry o r  o p e r a t i o n .  
have been d e s c r i b e d  by Fong e t  a l .  (1987) and elsewhere i n  t h i s  volume. 

Such models 
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Furthermore,  a contaminat ion model of t h e  f i n a l  c o n f i g u r a t i o n  can s e r v e  
as a guide  f o r  l o c a t i n g  contaminat ion monitoring d e v i c e s  n e a r  major s o u r c e s  of 
contaminat ion,  and i n t e r p r e t i n g  the  impact on s e n s i t i v e  s u r f a c e s .  I n  t h i s  
way, one can hope t o  provide  a monitor ing system which p r o v i d e s  e a r l y  warning 
o f  problems. 

Because t h e  Space S t a t i o n  requirements  are so s t r i n g e n t ,  t h e  g e n e r o s i t y  
i n  margin and s y s t e m a t i c  e r r o r  i n  contaminat ion p r e d i c t i o n s  t h a t  have been 
used i n  t h e  p a s t  may no longer  be acceptab le .  T h i s  means that  modeling must 
i n c o r p o r a t e  more p h y s i c a l l y  real is t ic  information.  In  a d d i t i o n  t o  t h e  obvious  
requi rements  f o r  more a c c u r a t e  and d e t a i l e d  d a t a  on outgass ing  and 
thermal/vacuum aging  o f  materials, models must inc lude  ( s u b s t r a t e  tempera ture  
dependent)  photochemical d e p o s i t i o n  and a b e t t e r  account ing  of  non-line-of 
s i g h t  (NLOS) contaminant t r a n s p o r t .  

preponderance of  t h e  d e t e c t e d  mass a c c r e t e d  by photochemical d e p o s i t i o n .  
Second, one is unable  t o  account  f o r  t h e  mass d e p o s i t i o n  rate measured, by 
many orders of  magnitude, i f  one u s e s  simple models of NLOS t r a n s p o r t  by 
contaminant  self-scatter descr ibed  by Sc ia ldone  (1983) .  

SPACE I1 being one well-known example (Bareiss e t  a l . ,  1987). 
code is a powerful t o o l ,  indeed. However, one must recognize  t h a t  a t  t h e  
c u r r e n t  s t a t e - o f - t h e - a r t  even t h e s e  powerful t o o l s  have the i r  l i m i t a t i o n .  For  
example, SPACE I1 accounts  for a s i g n i f i c a n t  source  of NLOS t r a n s p o r t  i n  low 
E a r t h  o r b i t  w i t h  which t h e  Space S t a t i o n  must contend: a tmospheric  r e t u r n  
f l u x .  The v a l i d i t y  of  SPACE I1 p r e d i c t i o n s  of r e t u r n  f l u x  were t e s t e d  on the  
Atmosphere Explorer  (AE) s a t e l l i t e  (Bareiss e t  a l . ,  1987). The test was t o  
measure the  r e t u r n  o f  vented neon by mass spectrometry.  
p r e d i c t i o n  overes t imated  the  r e t u r n  f l u x  by 50%. 
s c a t t e r i n g  by the atmosphere around a small v e h i c l e  l i k e  AE is probably the 
least  s t r i n g e n t  tes t  o f  t h e  s c a t t e r i n g  dynamics approximations c o n v e n t i o n a l l y  
used i n  contaminat ion codes.  Herm e t  a l .  (1987) and Harvey and Herm (1981) 
have demonstrated t h e  r i s k  i n  us ing  simple hard-sphere s c a t t e r i n g  models f o r  
s p a c e c r a f t  d e s i g n ,  even for helium-ambient c o l l i s i o n s .  

The comments i n  t h e  prev ious  paragraph are n o t  intended t o  be s p e c i f i c  
criticisms of SPACE 11, b u t  rather t o  p o i n t  o u t  t h a t  t h e  c u r r e n t  state o f  
contaminat ion modeling admi ts  t o  u n c e r t a i n t i e s  which may loom l a r g e  when one 
t r ies  to  meet t h e  Space S t a t i o n  des ign  requirement .  Improvement i n  modeling, 
and v e r i f i c a t i o n  o f  models w i t h  more rea l i s t ic  t e s t s  ( f o r  example wi th  
hydrocarbon r a t h e r  t h a n  rare gas  v e n t s ,  with long-term instrumented v e h i c l e  
tests, and w i t h  l a b o r a t o r y  measurement of r e a c t i v e ,  e las t ic ,  and i n e l a s t i c  
s c a t t e r i n g  cross s e c t i o n s ) ,  would f ac i l i t a t e  t h e  assignment of  margins i n  
contaminat ion budgeting. 

effects would h e l p  i n  t he  des ign  o f  t h e  Space S t a t i o n .  The u n c e r t a i n t y  i n  t h e  
t h i c k n e s s  dependence o f  contaminant s o l a r  absorp tance  was mentioned above is a 
case i n  p o i n t .  
magnitude (Hall, 1982). 
budget margin. This  s u b j e c t ,  t o o ,  admi ts  t o  f u r t h e r  l a b o r a t o r y  and s p a c e  
f l i g h t  research. 

The mass a c c r e t i o n  on the  SCATHA QCM is a case i n  p o i n t .  F i r s t ,  is t h e  

More e l e g a n t  contaminat ion modeling tools have been developed,  t h e  code 
T h i s  s o r t  o f  

The SPACE I1 
Note t h a t  rare g a s  

Furthermore,  an improvement i n  t h e  s t a t e  of  understanding of  contaminant  

This  u n c e r t a i n t y  c u r r e n t l y  s t a n d s  a t  about  an  o r d e r  o f  
Therein l i e s  an o r d e r  o f  magnitude i n  contaminat ion 
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Sumnary 

The Space S t a t i o n  r equ i r emen t s  f o r  performance l i f e  and c l e a n l i n e s s  are 
among t h e  most s t r i n g e n t  e v e r  considered f o r  a space  v e h i c l e .  The h i s t o r i c a l  
e x p e r i e n c e  o f  s p a c e  systems s u g g e s t s  t h a t  t h e  contaminant mass a c c r e t i o n  ra te  
r e q u i r e d  f o r  t h e  Space S t a t i o n  w i l l  be extremely d i f f i c u l t  t o  realize. 
T h e r e f o r e ,  these requ i r emen t s  mandate t he  q u a n t i t a t i v e  c o n s i d e r a t i o n  of 
molecu la r  con tamina t ion  a t  eve ry  s t a g e  o f  Space S t a t i o n  des ign .  

research i n  t h e  v a r i o u s  a s p e c t s  o f  s p a c e c r a f t  s e l f - con tamina t ion .  I t  is clear 
t h a t  t h e  Space S t a t i o n  can b e n i f i t  from t h e s e  efforts.  However, t h e  s p e c i f i c  
r equ i r emen t s  o f  o r b i t ,  s i ze ,  and lifetime o f  t h e  Space S t a t i o n  may w a r r a n t  a n  
advance i n  t h e  q u a n t i t a t i v e  unde r s t and ing  of non-l ine-of-s ight  contaminant  
t r a n s p o r t ,  o f  con tamina t ion  effects,  and i n  v e r i f i c a t i o n  o f  modeling 
t e c h n i q u e s .  
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