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.Abs t rac t .  Estimates of the sources  of p a r t i c u l a t e s  surrounding Space 
S t a t i o n  are made based on the  e x i s t i n g  o r b i t a l  obse rva t ions  d a t a  base. 
P a r t i c u l a t e s  surrounding the  S h u t t l e  are mostly even t  r e l a t e d  o r  from the 
r e s i d u a l  release of mass ( d u s t )  b rought  to o r b i t  from the  ground. The 
p a r t i c u l a t e s  surrounding the  Space S t a t i o n  are l i k e l y  t o  arise from a d d i t i o n a l  
sou rces  such as ope ra t ions ,  docking, e ros ion ,  and ab ras ion .  Thus, s c a l i n g  of 
t h e  e x i s t i n g  da ta  base t o  long-dura t i o n  missions i n  low-Earth o r b i t  r e q u i r e s  
a n a l y s i s ,  modeling, and s imula t i o n  t e s t i n g .  

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

The presence of p a r t i c u l a t e s  i n  the Space S t a t i o n  environment could cause 
a v a r i e t y  of d e l e t e r i o u s  e f f e c t s .  T h e i r  s e t t l i n g  on s e n s i t i v e  o p t i c a l  
s u r f a c e s  w i l l  cause decreased  performance by p h y s i c a l l y  obscur ing  o r  scatter- 
i n g  emission from b r i g h t  of f -ax is  sources .  P a r t i c u l a t e s  above s u r f a c e s  i n  the  
field-of-view of s e n s i t i v e  ins t ruments  w i l l  e f f i c i e n t l y  scatter and e m i t  
thermally.  These n e a r  f i e l d  sources  could dominate rem0 te emission l e v e l s .  
S u n l i t  p a r t i c u l a t e s  appear  b r i g h t e r  than stars, e n t i r e  c i t i es ,  and even 
1 i g h  tn ing  s t rokes  . 
s u r f a c e  roughening dur ing  the  l i f e t i m e  of the Space S t a t i o n .  Drag w i l l  
i n c r e a s e  as the surface becomes rougher. Thermal balance may change as 
a b s o r p t i v i t y  o r  r e f l e c t i v i t y  of s u r f a c e s  i s  a l t e r e d .  Changes i n  the s u r f a c e s  
of the  s o l a r  c o l l e c t o r s  may dec rease  power product ion  as ag ing  occurs .  

Ever s i n c e  the  f i r s t  manned missions i n  Ea r th  o r b i t ,  t he re  have been 
v i s u a l  r e p o r t s  of ac t iv i ty - induced  p a r t i c l e s  surrounding the  s p a c e c r a f t .  
During the  Plercury through Apollo missions many unusual particle observa t ions  
were repor t ed .  The s e n s i t i v i t y  t o  p a r t i c l e  d e t e c t i o n  however s t r o n g l y  depends 
upon i l l u m i n a t i o n  geometry, and q u a n t i f i c a t i o n  of the obse rva t ions  r equ i r ed  
more c o n t r o l l e d  obse rva t ions .  Both video and coronagraphic  inves t i g a  t i o n s  
were undertaken on Skylab i n  1973 (Schuerman and Weinberg, 1976; Schuerman 
e t  a l . ,  1977; Giovane e t  a l . ,  1977). Particles wi th  r a d i i  as small as 5 um 
were de tec ted .  Our a n a l y s i s  of t h e i r  d a t a  has  revea led  t h a t  the numerous 
p a r t i c l e s  observed had a s i z e  d i s t r i b u t i o n  which followed .a rough r-lo5 
dependence, i .e.,  on average  the re  would be 30 times as many 5 urn r a d i u s  
p a r t i c l e s  as 50 pm r a d i u s  p a r t i c l e s .  Moreover the p a r t i c l e  v e l o c i t i e s  
observed were i n  the 0.1 t o  20 m s-l range wi th  the l a r g e r  p a r t i c l e s  g e n e r a l l y  
moving more slowly. These p a r t i c l e s  were observed a f t e r  Skylab had been 
on-orb i t  f o r  a month. Because the  S h u t t l e  o r b i t e r  was t o  act as an o r b i t a l  
obse rva t ion  p la t form c a r r y i n g  as t ronomica l  and aeronomical  

Add i t iona l  d e l e t e r i o u s  e f f e c t s  w i l l  result  from p a r t i c l e  i m p a c t  caus ing  
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experiments i n t o  o r b i t  f o r  week-long observation missions, NASA rea l i zed  t h a t  
the  l o c a l  particulate environment could se r ious ly  compromise the a b i l i t y  to 
make rem0 te observations. 

From the incept ion  of the S h u t t l e  program, environmental o p t i c a l  q u a l i t y  
goa ls  were set by a NASA panel. The Contamination Requirement Design Group 
(CRDG) guide l ines  spec i f i ed  an  acceptab le  par t icu la te  contamination l e v e l  on- 
o r b i t  f o r  the normal S h u t t l e  ope ra t iona l  environment as an average of less 
than one particle p e r  o r b i t  en t e r ing  a 1.5 x 10-5 sr field-of-view along any 
l i n e  wi th in  60' of the -Z a x i s  (out  of bay), and t h i s  field-of-view should 
con ta in  no d i sce rn ib l e  particles f o r  90% of the ope ra t iona l  period. A dis- 
c e r n i b l e  particle is  a par t ic le  wi th  diameter of 5 pm wi th in  a range of 
10 km. 

a n  acceptab le  nuisance leve l .  Recent advances i n  de t ec to r  technology 
( e s p e c i a l l y  i n  the in f r a red )  may r equ i r e  more s t r i n g e n t  f u t u r e  guide l ines  f o r  
Space S t a t i o n  o r  may d r ive  the most s e n s i t i v e  experiments off l a r g e  space 
structures onto f ree- f ly ing  platforms. The particles surrounding S h u t t l e  
observed on-orbit are believed t o  a r i se  pr imar i ly  from ground-based process- 
ing. The o r b i t e r  processing f a c i l i t i e s  have been improved s i g n i f i c a n t l y  with 
par t iculate  counts being c a r e f u l l y  monitored by passive techniques, such as 
witness a r r ays ,  a t  every s tage  of processing. The improvements have r e s u l t e d  
i n  s u b s t a n t i a l l y  less p a r t i c u l a t e  loading ( a rea  coverage) on the a r r ays .  I n  
s p i t e  of these improvements i t  is  s t i l l  recommended t h a t  most s e n s i t i v e  pay- 
loads  adopt p ro tec t ive  measures a g a i n s t  particles u n t i l  s a f e l y  on-orbi t. 
Another major contamination period i s  during a scen t  when the payload bay vent- 
i ng  could move par t ic les  around and down onto s e n s i t i v e  sur faces .  Simultane- 
ously,  v ib ra t ions  from the s o l i d  rocke t  boosters and when the S h u t t l e  goes 
t ransonic  w i l l  ac t  to  r e d i s t r i b u t e  particles. I t  has long been known t h a t  
a c t i v i t i e s  such as water dumps genera te  copious ice particles, but i n  t h i s  
p a p e r  w e  r epor t  t h a t  a whole range of events such as crew a c t i v i t i e s  and 
engine f i r i n g s  can shake .loose o r  produce particles de tec t i b l e  to s e n s i t i v e  
astronomical instruments, While on-orbit, micrometeori tes may spa11 off 
ma te r i a l  as modeled by Barengoltz (1980). H e  p red ic ted  t h a t  formation of 
smaller particles down to  2 pm i s  favored. Data from the passive c o l l e c t i o n  
techniques and ground processing f a c i l i t i e s  are c a r e f u l l y  reviewed i n  the 
Par t icu la te  Environment Sec t ion  of ENVIRONET which has been compiled by 
Barengoltz (1985). A genera l  review of t h i s  environment has a l s o  r ecen t ly  
appeared (Green e t  a l . ,  1985). 

s t e r e o  viewing geometry were included as p a r t  of the Induced Environment 
Contamination Monitor (IECPI) d iagnos t i c  p a l l e t  which was manifested on the 
ear l ies t  missions (STS-2,-3,-4) and on the Spacelab 1 mission (STS-9). This 
p a l l e t  was assembled under the guidance of Edgar Miller of NASA/Marshall Space 
F l i g h t  Center. The p a l l e t  and i t s  results have been described by the previous 
speaker ( see  a l s o  Miller, 1983, 1984). There have been o the r  observations of 
particles i n  the S h u t t l e  environment. The low l i g h t  l e v e l  t e l e v i s i o n  cameras 
observed l a r g e  particles during STS-3 as previously reported by Maag e t  a l .  
(1983). They analyzed videotape da ta  from the camera loca ted  i n  the forward 
p a r t  of the bay looking a f t  with a 4" field-of-view. With the t a i l  blocking 
the  Sun, any par t ic les  i n  the bay o r  near the tail were observed from t h e i r  
forward s c a t t e r i n g  lobe. This conf igura t ion  provides the most s e n s i t i v e  

Contamination below t h i s  l e v e l  w a s  genera l ly  deemed'as undetectable o r  as 

I n  order t o  v e r i f y  t h a t  CRDG guide l ines  were m e t  a p a i r  of cameras i n  a 
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de tec t ion  of particles. Par t ic le  d i s t ances  from the camera were no t  known, 
b u t  atmospheric drag was used to  s ize / range  particles. Because of the rela- 
t i v e  i n s e n s i t i v i t y  of the camera only l a r g e  par t ic les  could be de tec ted  even 
i n  the forward s c a t t e r i n g  conf igura t ion .  Nevertheless, a l a rge  number of 
par t ic les  were detected.  They were estimated to  be i n  the mm-cm rad ius  s i z e  
range. Over 60 particles l a r g e r  than 5 mm were observed. 

Controlled Quar tz  Crys t a l  Microbalances (TQCM) flown on the Spacelab 1 mission 
by McKeown e t  al .  (1985). Sensors were pointed along f i v e  d i r e c t i o n s  (+X, +Y, 
-2). The sensor fac ing  o u t  of the bay (-Z) acquired the least  mass i nd ica t ing  
t h a t  c o l l i s i o n a l  backsca t te r ing  of particulates does not  appear  t o  be a 
s i g n i f i c a n t  process. The sensor fac ing  Spacelab 1 gained the most mass. 
Pos t - f l i gh t  a n a l y s i s  of particulates found t h a t  most particles were i n  the 
1 to  20 pm range, a s i z e  which is below the camera da ta  threshold. This 
i n d i c a t e s  t h a t  the cameras see only a small por t ion  of the p a r t i c l e s  i n  the 
environment. The sources of the TQCM p a r t i c u l a t e s  were estimated v i a  
elemental  a n a l y s i s  to be from a s c e n t  r e d i s t r i b u t i o n  and s o l i d  rocke t  motor 
f i r i n g s  on-orbi t. However, crew activigy-generated particles must be 
s u b s t a n t i a l  to expla in  the l a rge  a c c r e t i o n  on the sensor fac ing  Spacelab 1. 

The A i r  Force r e a l i z e d  t h a t  p a r t i c u l a t e s  could i n t e r f e r e  with rem0 te 
atmospheric observations of the chemical processes occurring i n  the thermo- 
sphere and mesosphere which are planned from the Shu t t l e .  I n  order t o  assess 
the magnitude and t i m e  scales f o r  t h i s  i n t e r f e rence  the Par t ic le  Analysis 
Cameras f o r  Shu t t l e  (PACS) experiment was developed. Analysis of the f i lm  
images from the cameras would have permitted pos i t i on  and ve loc i ty  determina- 
t ion .  An e r r o r  a n a l y s i s  of the d i g i t i z a t i o n  and c o r r e l a t i o n  procedure per- 
formed by EKTRON ind ica ted  accurate determinations of pos i t i on  and ve loc i  ty  
components a t  the few percent l eve l  were a t t a i n a b l e  from f i lm  da ta  (Gold and 
Jumper,  1986). More importantly the particle's s c a t t e r e d  i n t e n s i t y  and per -  
s is  tence a f t e r  o r b i t a l  events could be accu ra t e ly  monitored from the f i lm  
da ta .  

The PACS cameras d i f f e r e d  from the IECM cameras i n  seve ra l  aspects, how- 
ever .  Film exposures were taken i n  sets of four. This exposure sequence was 
repeated every 120 s. I n  order  t o  d e t e c t  small p a r t i c l e s ,  ASA2000 negative 
f i l m  was used and the cameras were focused a t  25 m r a t h w  than i n f i n i t y .  This 
d i s  tance represents  a compromise be tween enhanced near f i e l d  s e n s i t i v i t y  to 
particles and l o s s  of the f a r  f i e l d  stars which allowed f o r  o r i e n t i a t i o n  and 
i n - f l i g h t  c a l i b r a t i o n .  (For the 25 m f o c a l  d i s t ance ,  stars were observed as 
small, well-defined circles. Because the stellar i r r ad iance  was spread over 
s e v e r a l  f i lm  re so lu t ion  elements, only stars b r i g h t e r  than seventh magnitude 
have been observed i n  the PACS da ta . )  

u l a t e  s i z e s  and t r a j e c t o r i e s  so as to  i d e n t i f y  source loca t ions ;  (2 )  determine 
the  s e v e r i t y  of events such as dumps, purges, maneuvers, and various 
opera t ions  and measure t h e i r  decay ( c l e a r i n g )  times. The experiment design 
and performance have been presented elsewhere (Green e t  a l . ,  1987) and w i l l  be  
only b r i e f l y  summarized here. 

Another i n t e r e s t i n g  set  of observations were acquired by the Temperature 

The objec t ives  of the PACS experiment were to: (1) quant i fy  the partic- 
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The PACS Experiment 

The p r i n c i p a l  i n v e s t i g a t o r  f o r  the  PACS Experiment was 34. Ahmadjian a t  
the A i r  Force Geophysics Laboratory. PACS w a s  p a r t  of the f i r s t  Goddard 
Hitchhiker mission aboard STS-61C (Columbia). The Columbia had j u s t  undergone 
a s u b s t a n t i a l  refurbishment taking 2 years. Unfortunately the launch w a s  
delayed f o r  s eve ra l  weeks due to  inclement weather including heavy r a i n s  while 
on the launch pad. Thus, t h i s  mission was l i k e l y  to  have a l a r g e r  than repre- 
s e n t a t i v e  contamination environment. L i f t -of f  occurred a t  6:55 a.m. (EST) on 
January 12, 1986. A nea r ly  circular o r b i t  of 290 km a l t i t u d e  was achieved a t  
2 8 O  i nc l ina t ion .  Af te r  o r b i t  s t a b i l i z a t i o n  and opening the payload bay doors, 
PACS was turned on a t  3 h r  30 min mission elapsed t i m e  (day 0/3:30 MET). 

Severa l  s i g n i f i c a n t  events  occurred during the 6-day mission. A 
12,000 l b  RCA TV s a t e l l i t e  was launched a t  0/9:32 MET ( t h e  f i r s t  day of the 
mission a t  9 h r  32 min). There were f i v e  water dumps, and a v a r i e t y  of a t t i -  
tudes were used including passive thermal c o n t r o l  and s e v e r a l  d i f f e r e n t  iner- 
t i a l  a t t i t u d e s  f o r  comet Halley and astronomical missions. The measurement 
period of g r e a t e s t  interest to  PACS occurred on the t h i r d  day of the mission. 
Columbia traveled an  ent i re  o r b i t  with the bay fac ing  deep space with a l l  
a c t i v i t i e s  suppressed ( inc luding  thrus ter f i r i n g s )  then t rave led  another o r b i t  
i n  the g rav i ty  g rad ien t  a t t i t u d e  (nose to Earth) with the bay fac ing  the wake 
d i r e c t i o n  again with a l l  a c t i v i t i e s  suppressed. These periods should be 
r ep resen ta t ive  of the b e s t  observa t iona l  condi t ions  achievable i n  the bay of 
the  o r b i t e r .  

While w e  were a t  Hitchhiker Cont'rol Center during the mission w e  gathered 
a g r e a t  amount of a v a i l a b l e  da t a  on S h u t t l e  a t t i t u d e ,  Sun angles ,  ve loc i ty  
vec to r ,  Ear th  coordinates,  and the mission timeline. The s t a f f  a t  the Control 
Center (NASA and i t s  a s soc ia t ed  con t r ac to r s )  were extremely he lp fu l ,  providing 
a wealth of information and a s s i s t ance .  We made ex tens ive  use of the S h u t t l e  
ground sys t e m  a t t i  tude d i sp lay  which provided S h u t t l e  pos i t i on  and o r i e n t a t i o n  
updates seve ra l  times a minute. This da ta  permitted u s  to begin understanding 
the  PACS da ta  as soon as the f i lm  reached PSI.  The d e t a i l e d  o r b i t e r  a n c i l -  
l i a r y  da ta  t a p e  became a v a i l a b l e  approximately 6 months later and proved use- 
f u l  i n  ve r i fy ing  the preliminary ana lys i s .  

t i o n  revealed t h a t  the f i lm  i n  camera 1 had jammed from the start. Camera 2 
recorded data during the e n t i r e  mission exposuring over 400 f t  of film. The 
f i lm  was developed by the Aerospace Corporation. Several  copies  were made and 
a n a l y s i s  began 16 days a f t e r  touchdown. I n  t o t a l  14,788 frames of f i lm da ta  
were acquired, covering parts of 83 o r b i t s  during every day of the mission. 

t i ons  f o r  particulates. The f r a c t i o n  of f i l m  frames a t  terminator c ross ings  
i n  which particles were de tec ted  is  p lo t t ed  i n  Figure 1. Although par t ic les  
were observed very o f t e n  during the f i r s t  day on-orbit, there appea r s  t o  be a 
marked decrease i n  t h e i r  occurrence with time on-orbit. By the end of the 6 
day mission less than 25% of the terminator c ross ings  have any de tec t ab le  par- 
t icles i n  any frame. The anomalously l a r g e  value on day three may be due i n  
p a r t  t o  the o r b i t  a t t i t u d e .  The S h u t t l e  spent  most of day three i n  passive 
thermal c o n t r o l  ( r o t i s s e r i e )  a t t i t u d e  which sequential1y.exposes most su r f aces  
t o  the Sun. We be l ieve  t h i s  genera tes  particles due t o  l o c a l  thermal expan- 
s i o n s  and flexing. This phenomenon w i l l  be discussed more f u l l y  below. 

Access to the f i l m  c a n i s t e r s  was provided 10 days a f t e r  landing. Inspec- 

Terminator c ross ings  ( sun r i se s ,  sunse ts )  provide optimal de t ec t ion  condi- 
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Fig. 1. Frac t ion  of f i l m  exposures having particles 
a t  sunr i se / sunse  t. 

The s c a t t e r e d  i n t e n s i t y  of each' particle is an extremely s e n s i t i v e  €unc- 
t i o n  of s c a t t e r i n g  angle  and a l s o  depends on par t ic le  shape,  par t ic le  compo- 
s i t i o n ,  and particle s i z e  (Rawlins and Green, 1987). Quan t i t a t ive  understand- 
ing  of p a r t i c u l a t e  concent ra t ions  is hampered by the cons tan t ly  varying 
i l l umina t ion  angles and a t t i t u d e s .  During the  f i r s t  o r b i t a l  s l e e p  period the 
o r b i t e r  was placed i n  a Sun i n e r t i a l  a t t i t u d e  with the s ta rboard  (+Y a x i s )  
wing pointed a t  the Sun. I n  t h i s  a t t i t u d e  when the space above the cameras is 
i l lumina ted ,  particles are observed a t  cons tan t  solar-sea t t e r i n g  angles  of 
90" 2 10". Each o r b i t  the S h u t t l e  c ros ses  the terminator and i s  i l luminated 
f o r  a few minutes before the Ear th  below is l i t  overexposing the fi lm. The 
s u n l i t  Ear th  is  observed f o r  1 /4  o r b i t .  Then the s u n l i t  S h u t t l e  observes deep 
space f o r  -20 min before c ross ing  the n i g h t  terminator. The average number of 
par t ic les  observed during the two periods ("sunrise" and "afternoon") are dis- 
played f o r  each o r b i t  during the  Sun i n e r t i a l  period. Again there  appears to 
be a decrease i n  particles with t i m e  on-orbit. I n  a d d i t i o n  there are c l e a r l y  
more particles p e r  frame a t  s u n r i s e  than la ter  i n  the o r b i t a l  day. Again w e  
f e e l  t h i s  is a r e s u l t  of thermal stresses generated a t  sunr i se .  

a c l ean  o p t i c a l  environment a f t e r  a water dump. Although seve ra l  dumps 
occurred during the mission and particles a s soc ia t ed  wi th  those dumps were 
observed, only one happened under proper i l lumina t ion  condi t ions  so t h a t  a 
temporal decay could be observed. P a r t i c l e s  were observed promptly i n  the 
f i r s t  frame taken about 1 min a f t e r  the start of the dump. The o p t i c a l  envi- 
ronment is severe ly  degraded during the dump. Several  hundred particles are 
observed i n  the 0.13 sr field-of-view. Because t h i s  dump occurred a t  the end 
of the f i r s t  s l e e p  period the S h u t t l e  was s t i l l  i n  Sun i n e r t i a l  a t t i t u d e .  For 
f ixed  s o l a r  angle the observed temporal decay of the p a r t i c l e s  r e f l e c t s  a real 

One of the goals of PACS was to determine the time required to r e t u r n  to  
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drop i n  concen t r a t ion ,  s i n c e  d e t e c t i o n  s e n s i t i v i t y  is a cons tan t .  The number 
of v i s u a l  p a r t i c l e s  i n  each 2.7 s exposure is p l o t t e d  in Figure  2 from the end 
of  the  dump u n t i l  o r b i t a l  s u n s e t  19 min later. There is a rap id  ( n e a r l y  2 
o r d e r s  of magnitude) dec rease  i n  the  f i r s t  6 min fol lowed by a much s lower 
decay. The water e j e c t i o n  occurs  from a jet  on the  oppos i t e  ( p o r t )  s i d e  of 
t h e  S h u t t l e  w e l l  below the  opened bay doors.  Ice p a r t i c l e s  
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Fig. 2. P a r t i c l e  decay a f t e r  supply  water dump 
( v i s u a l  p a r t i c l e  count )  

formed i n  the expansion w i l l  undergo complex t r a j e c t o r i e s  due t o  plume c o l l i -  
sion e f f e c t s  and atmospheric  drag. Although p a r t i c l e s  were observed w i t h  many 
d i f f e r e n t  t r a j e c t o r i e s ,  the u s u a l  d i r e c t i o n  observed was a c r o s s  the bay - the  
d i r e c t i o n  from the  water dump j e t  o u t l e t  t o  the PACS field-of-view. During 
t h e  per iod a f t e r  the  dump, the S h u t t l e  o r i e n t a t i o d  wi th  r e s p e c t  t o  the 
v e l o c i t y  vec to r  changed. During the  dump the  bay was i n  the  r a m  d i r e c t i o n  
(+ZVV) so that atmospheric  drag  would tend t o  f o r c e  the p a r t i c l e s  behind the  
S h u t t l e .  By the  end of the  dump, a component of the atmospheric  drag  was 
a c r o s s  the bay so t h a t  some of the p a r t i c l e s  would be f o r c e d ' a c r o s s  the  bay. 
T h i s  component changed wi th  t i m e  so t h a t  j u s t  be fo re  s u n s e t  (22:07) the  
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ve loc i ty  vector had ro t a t ed  so t h a t  the water j e t  s i d e  of the Shu t t l e  squarely 
faced the ram d i r e c t i o n  (-WV). During the decay a f t e r  the dump there was no 
obvious change i n  particle d i r e c t i o n  o r  br ightness  ( s i ze /d i s t ance ) .  However, 
t h i s  change i n  a t t i t u d e  may have a f f e c t e d  the temporal decay of the particles.  
For comparison, the decay i n  particles was observed a f te r  a dump by the NASA 
IECM cameras agrees i n  magnitude with the particle counts observed by PACS. 
The decay i n  that data seems to  more c lose ly  follow a s i n g l e  exponential  decay 
wi th  an e-fold t i m e  of less than 5 min. The PACS da ta  show a more rap id  
e a r l y  time decay. However, w e  f e e l  the d e t a i l s  of the decay are dependent on 
the atmospheric drag ve loc i ty  vector.  
during PACS observa t iona l  periods. We detected no obvious particulates 
a s soc ia t ed  with these events. 

The o the r  mission event t h a t  d ramat ica l ly  increased the d e t e c t i b l e  p a r t i -  
cles was the TV sa te l l i t e  deployment a t  0/9:32 MET. This sa te l l i t e  was 
loca ted  i n  the rear of the bay i n  a r e t r a c t a b l e  clamshell  container.  S t a r t i n g  
wi th  the opening of the conta iner ,  particles were observed moving ac ross  the 
camera field-of-view away from the rear of the bay. A s  the satel l i te  was spun 
up  t o  i t s  50 rpm r o t a t i o n  period, copious particles were continuously 
observed. They f i r s t  moved r ap id ly ,  then more slowly as i f  the particles were 
re leased  e a r l y  i n  the spin-up but  with a d i s t r i b u t i o n  of v e l o c i t i e s .  Thus, 
the  f a s t  moving particles reached the field-of-view f i r s t ,  followed by the 
slower moving por t ion  of the d i s t r i b u t i o n .  For a l l  par t ic les  the d i r e c t i o n  of 
motion was mainly away from the rear of the bay. During the 15 min p r i o r  t o  
s a t e l l i t e  launch, the o p t i c a l  environment was the worst f o r  the e n t i r e  
miss ion. 

w i th in  the field-of-view f o r  several sets of exposures. Groups of -75 p a r t i -  
cles were observed to  be i n  the same r e l a t i v e  pos i t i ons  i n  frames taken 2 min 
apart. One par t ic le  took 8 min to  t r ave r se  the field-of-view. These nea r ly  
immobile particles were observed i n  several d i f f e r e n t  a t t i  tudes including the 
v e l o c i t y  vec tor  ac ross  the bay ( so  t h a t  the e n t i r e  column i n  the field-of-view 
was subjected to  atmospheric drag) and even when the bay was i n  ram. Because 
s e v e r a l  of these particles had clear d i sks  they were no t  on the camera l e n s  
bu t  r a t h e r  q u i t e  remote, >10 m. Based on drag c a l c u l a t i o n s  they must have 
been q u i t e  l a r g e  ( l a r g e r  than c m  diameters) i n  order t o  persist wi th  negli-  
g i b l e  motion i n  the field-of-view, We can o f f e r  no b e t t e r  explanation a t  t h i s  
time. 

Particles were o f t e n  observed wi th  rap id ly  o s c i l l a t i n g  radiance l e v e l s  as 
i f  they were present ing  d i f f e r e n t  geometric aspects to the camera. We bel ieve  
they were non-spherical p a r t i c l e s  ro t a t ing .  One particle exhib i ted  47 
per iod ic  o s c i l l a t i o n s  during a 2.5 s exposure. 
source mechanism which would g ive  rise to  such r ap id ly  r o t a t i n g  particles. 
Drag would tend to  damp these ro t a t ions ,  

Besides the events which obviously degrade the o p t i c a l  environment around 
the  Shu t t l e ,  there were two key observa t iona l  periods during which a l l  a c t i v i -  
ties were suppressed. On mission day two, af ter  50 hr on-orbit, the S h u t t l e  
maneuvered i n t o  a deep space viewing a t t i t u d e  (nose i n t o  the ve loc i ty  vec tor ,  
Ear th  below the p o r t  wing). 
t h i s  a t t i t u d e .  D a t a  were acquired f o r  105 min i n  t h i s  mode, then the S h u t t l e  
maneuvered i n t o  g rav i ty  g rad ien t  a t t i t u d e  (nose to Earth,  bay fac ing  wake), 
Again t h r u s t e r s  were disabled. 

There were eleven f u e l  c e l l  purges 

A t  s eve ra l  times during the mission, groups of par t ic les  were observed 

We are unable to  pos tu l a t e  a 

No f u r t h e r  t h r u s t e r  f i r i n g s  were used to maintain 

The S h u t t l e  a t t i t u d e  var ied  only s l i g h t l y  



(<So] dur ing  t h i s  o r b i t .  The numbers of p a r t i c l e s  observed within the f i e l d -  
of-view dur ing  t h e  two sequences are shown i n  F igu res  3 and 4 .  

15 I I I I I I 

X FILM PARTIALLY OVEREXPOSED I 9 FILM TOTALLY OVEREXPOSED 

o " \  a SUNSET SUNRISE 
n 

* 5  2 3 0  2 ~ 4 5  3:OO 3~15 3130 3:45 
MISSION ELAPSED TIME (DAY 2) 

Fig. 3. P a r t i c l e s  i n  field-of-view dur ing  PACS prime measurement 
sequence (deep space  viewing - a l l  d i s a b l e d ) .  

f X FILM OVEREXPOSED 
I 5  I I I I w I I 

Fig. 4. P a r t i c l e s  i n  field-of-view when g r a v i t y  g r a d i e n t  
a t t i t u d e  bay i n  wake ( a l l  d i s a b l e d ) .  
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The frames taken i n  deep space viewing a t t i t u d e  have near optimum viewing 
geometry; the Sun i s  nearly perpendicular t o  the bay so t h a t  even near f i e l d  
par t ic les  are s o l a r  i l lumina ted  and observed a t  a 90° s c a t t e r i n g  angle. 
Figure 3 there are two clear periods when particles were observed: j u s t  a f t e r  
the  maneuvering was completed and j u s t  a f t e r  o r b i t a l  sunr i se .  Note there is  
no corresponding f e a t u r e  a t  sunset.  The i l lumina t ion  conditions are q u i t e  
cons tan t  so  t h a t  the f l u c t u a t i o n s  i n  the particle counts a f t e r  s u n r i s e  should 
be real. Several  very d i f f e r e n t  t r a j e c t o r i e s  were observed. (A nose-to-tail  
d i r e c t i o n  of motion should have been favored due to  drag.) Because the bay 
was not  i l l u m i n a t e d  during t h i s  period (shadowed by cabin) ,  the observed par- 
ticles may have a r i s e n  from very d i f f e r e n t  parts of the o r b i t e r .  

o f t e n  overexposed i n  t h i s  a t t i t u d e .  The Earth is i n  the field-of-view so t h a t  
the  s u n l i t  Earth overexposes the film. The b e s t  viewing condi t ions  are when 
the  Shu t t l e  bottom i s  i l luminated and the Earth is s t i l l  dark as occurred from 
2/05:10 to 05-:18. Here aga in  a f l u r r y  of particles is observed j u s t  a f t e r  
o r b i t a l  sunr i se .  They are observed with a s o l a r  i l lumina t ion  angle of -160O. 
This is a very s e n s i t i v e  conf igura t ion  (Rawlins and Green, 1987). The bay is 
shadowed, bu t  the field-of-view begins to be i l lumina ted  about 3.5 m from the 
cameras. The par t ic le  t r a j e c t o r i e s  seem to  be mainly rear to  forward. The 
bay is  i n  wake and n o t  s o l a r  i l lumina ted ;  thus, any p a r t i c l e s  observed most 
probably are swept  i n t o  the field-of-view by drag. 

Scialdone (1986) has r ecen t ly  sugges ted t h a t  s eve ra l  thermal processes 
could d r ive  particles of f  surfaces.  We f e e l  t h a t  the c u r r e n t  da ta  show clear 
evidence t h a t  sunr i se- re la  ted thermal stresses induce par t ic le  genera t ion.  

I n  

I n  Figure 4 the g rav i ty  g rad ien t  da ta  are presented. The f i lm  is most 

Summary of PACS Data and P a r t i c l e  Model 

The PACS camera success fu l ly  gathered da ta  on the o r b i t a l  p a r t i c u l a t e  
contamination environment during mission STS-61C. The f i lm  da ta  c l e a r l y  indi- 
cate  t h a t  the s o l a r  i l lumina t ion  angle i s  the key parameter. We s u s p e c t  par- 
t icles were o f t en  present  bu t  w e  were a b l e  to  observe them only under proper 
i l l umina t ion  conditions.  A t  terminator c ross ings  (when i l lumina t ion  condi- 
t i ons  were reasonably good) particles were observed about one-third of the 
t i m e  within the 1 7 O  x 24" field-of-view of the PACS cameras. Par t ic les  were 
observed: when a l l  a c t i v i t y  was suppressed, a f t e r  maneuvering, a f t e r  payload 
bay door operations,  during the prepara t ions  f o r  a s a t e l l i t e  launch, during 
and a f t e r  water dumps, and a f t e r  sunr i se .  During a c t i v e  events  such as dumps 
and the sa te l l i t e  launch, the par t ic le  t r a j e c t o r i e s  observed ex t rapola ted  hack 
to  the v i c i n i t y  of the source. Atmospheric drag a c c e l e r a t i o n s  only s l i g h t l y  
pe r tu rb  the t r a j e c t o r i e s  of de tec ted  particles during these events. Only a 
few particles were de tec ted  by the strobe-il lumination. This i nd ica t e s  t h a t  
the particles were near ly  always beyond 2 m from the cameras. 
t h a t  particles are o f t e n  very asymmetric o f f e r i n g  d i f f e r e n t  geometrical areas 
to  the cameras a t  an angular rate of up to  20 pe r  second. Particles with 
t r a j e c t o r i e s  from every d i r e c t i o n  were observed. 

We can a t t e m p t  t o  compare the PACS observations with the CRDG guide l ine  
standards.  Roughly particle occurrence is on average 1/3 par t ic le  p e r  0.3 s 
exposure (-1 par t ic le  p e r  second) la te  i n  the mission wi th in  the 0.126 sr 
f ield-of-view of PACS. This corresponds to approximately 2/3 part ic le  p e r  

I t  a l s o  appears 
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o r b i t  wi th in  a 1.5 x sr field-of-view. The PAC5 observations would 
s a t i s f y  the CRDG guide l ines  except t h a t  TACS i s  unable to  sense particles down 
t o  5 um diameters and c e r t a i n l y  is  n o t  s e n s i t i v e  enough to see one a t  5 km. 
However, the PACS r e s u l t s  are encouraging i n  t h a t  there may be quiescent  times 
when the o p t i c a l  environment is q u i t e  clean. Unfortunately there a r e  many 
times when i t  is not. 

t o  create the framework model of the S h u t t l e  environment. Excluding o r b i t e r  
a c t i v i t i e s  (dumps, t h r u s t e r  f i r i n g s )  the c l e a r i n g  t i m e  f o r  the environment 
appea r s  t o  have c h a r a c t e r i s t i c  c l e a r i n g  times (e-fold) of 5 h r  i n  a s o l a r  
i n e r t i a l  a t t i t u d e ,  and of 11 days f o r  a v a r i a b l e  a t t i t u d e  mission. The so lar -  
induced particle cloud produces 100 particles sr-1 during a 10-min period. 
The c l e a r i n g  t i m e  (e-fold) following a water dump is  2 t o  10 min depending on 
a t t i t u d e .  
rounding the S h u t t l e  during the  middle of mission. 

The PACS da ta  i n  conjunction with o ther  o r b i t a l  data bases have been used  

On average there  were 8 particles sr-1 s-l l a r g e r  than 40 um s u r -  

I n  order  t o  compare the various observations of particulates on-orbi t, a 
s c a l i n g  was appl ied  to  achieve a 5 u m  de t ec t ion  threshold f o r  a l l  mea- 

surements. Addi t iona l ly ,  fields-of-view were adjus ted  to 1.5 x sr. The 
sca led  observations from PACS (STS-61C), STS-4 s tar  cameras, In f r a red  Tele- 
scope (Spacelab 2 ) ,  and Skylab are a l l  presented i n  Figure 5 as a func t ion  of 
t i m e  on-orbit. Considerable v a r i a t i o n  is  observed. The temporal decay of 
par t iculates  (which are dominantly r e s i d u a l  p a r t i c l e s  from ground accumula- 
t i on )  i s  shown as observed ( s o l i d  l i n e )  and ex t rapola ted  (dashed l i n e ) .  From 
the f igu re  i t  is seen t h a t  based on t h i s  ex t r apo la t ion ,  CRDG design goals 
would be met a f t e r  20 to 40 days on-orbit. Based on sur face  area alone, the 
i n i  t i a l  par t icu la te  genera t i o n  rate surrounding the Space S t a t i o n  would be 
about  1000 particles p e r  sr p e r  o r b i t .  

S ta t ion Pa r t i c u  la te Envi ronmen t 

Somewhat a t  odds with these S h u t t l e  observations is the Skylab corona- 
graphic  data. Taken a f t e r  25 days on-orbit, s u b s t a n t i a l  par t iculate  contam- 
i n a t i o n  was observed. This brings i n t o  doubt the a b i l i t y  to  ex t r apo la t e  a 
decay of the par t iculate  cloud dens i ty .  Observational d a t a  from later during 
the 9-month mission would provide cr i t ical  i n s i g h t  i n t o  t h i s  behavior, Skylab 
da ta  represent  the only practical  e x i s t i n g  da ta  base beside any Sovie t  
observations.  

A t  some level,  par t iculates  generated by o r b i t a l  processes w i l l  e s t a b l i s h  
a quasi-s teady s ta te  leve l .  A c a r e f u l  engineering approach may p e r m i t  s ca l ing  
of S h u t t l e  observations to  a Space S t a t i o n  scenario.  The e f f e c t s  of t h r u s t e r s  
(used f o r  o r b i t  and a t t i t u d e  maintenance), docking a c t i v i t i e s ,  crew a c t i v i t i e s  
( i n t e r n a l  and EVA), dumps, and r e s i d u a l  p a r t i c l e s  from ground accumulation may 
a l l  be estimated roughly based on S h u t t l e  observations.  A d e t a i l e d  model of 
s i z e  d i s t r i b u t i o n ,  spat ia l  t r anspor t ,  and temporal behavior of each source 
m u s t  be developed and appl ied  to the  Space S t a t i o n  conf igura t ion .  The e f f e c t s  
of particle r e d i s t r i b u t i o n  may be s i m p l e r  due to  small geometric obs t ruc t ion  
f a c t o r s .  Unfortunately, a d d i t i o n a l  processes are l i k e l y  to generate particles, 
whose magnitudes are much more d i f f i c u l t  t o  assess. The v a r i e t y  of mechanical 
opera t ions  to be undertaken on Space S t a t i o n  are l i k e l y  to generate unusual 
d i s t r i b u t i o n s  of particles. Modeling these sources w i l l  be most d i f f i c u l t .  
Additionally,  e ros ion  w i l l  r e s u l t  i n  par t ic le  generation. Oxygen atoms w i l l  
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RESIDUAL PARTICULATE ENVIRONMENT SURROUNDING SPACECRAFT 
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Fig. 5. Residual p a r t i c u l a t e  environment surrounding spacecraf t .  

pene t r a t e  p ro tec t ive  coa t ings  a t  pinholes o r  f r a c t u r e s  leading to  undercutting 
and eventual p a r t i c l e / f  l ake  formation. Accelerated labora tory  tests have 
c l e a r l y  demonstrated t h i s  e f f e c t  and i ts  p o t e n t i a l l y  se r ious  impact. I n  order  
t o  achieve a similar goal f o r  Space S t a t i o n  as was set by the CRDG f o r  S h u t t l e  
from any source, less than 1 p a r t i c l e  ( r  > 5 urd) nay be generated per  10 m2 of 
sur face  area p e r  o r b i t .  

par t iculate  environment surrounding the Space S t a t i o n  are: the d e t a i l s  of the 
particle dynamics, the genera t ion  rates f o r  each process and s i z e  d i s t r ibu -  
t ions ;  and a p red ic t ive  two-dimensional model. The v e l o c i t i e s  and angular 
d i s t r i b u t i o n s  of particles leaving  su r faces  must be determined as input  to the 
model. Drag and e f f e c t s  of par t ic le  charging mus t be included i n  the model. 
The goa l  of t h i s  model should be to  guide development of gu ide l ines  f o r  Space 
S t a t i o n  users: to minimize t h e i r  impact on observa t iona l  c a p a b i l i t i e s  y e t  
p e r m i t  a range of a c t i v i t i e s  t o  be undertaken. Thus, the magnitude of p a r t i -  
cle generation and i t s  s p a t i a l  and temporal e x t e n t  f o r  each source o r  a c t i v i t y  
can guide loca t ion  on Space S t a t i o n  and observa t iona l  t i m e  period se l ec t ion .  

on-orbit, (2) ground-based and o r b i t a l  tests of par t ic le  production upon 
ab ras ion  o r  e ros ion ,  and ( 3 )  modeling t o  p e r m i t  s ca l ing  r e l a t i o n s h i p s  f o r  the 

The key unknowns which must be addressed to  more accu ra t e ly  p r e d i c t  the 

The coupled a c t i v i t i e s  of: (1) f u r t h e r  a n a l y s i s  of e x i s t i n g  da ta  from 
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Space S t a t i o n  conf igura t ion  w i l l  provide an  improved i n s i g h t  i n t o  the 
environment to  be encountered by Space S ta t ion .  
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