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TECHNICAL MEMORANDUM 

SPACX, SHUTTLE MOLECULAR SCATTERING 
AND WAKE VACUUM MEASUREMENTS 

INTRODUCTfON 

The use of space f o r  t h e  p rocess ing  of m a t e r i a l s  is r e c e i v i n g  renewed i n t e r e s t  
now t h a t  t h e  space s h u t t i a  f l e e t  can provide  access  t o  low-Earth o r b i t  on a more o r  
less r o u t i n e  b a s i s .  The experiments being c a r r i e d  o u t  a t  p r e s e n t  u t i l i z e  t h e  micro- 
g r a v i t y  a s p e c t  of o r b i t a l  f l i g h t  which provides  a unique environment t h a t  call o n l y  
be  ob ta ined  f o r  extended p e r i o d s  i n  s p a c e f l i g h t .  

Another a s p e c t  of  s p a c e f l i g h t  t h a t  may a l s o  be u s e f u l  f o r  t h e  p rocess ing  of 
 ater rials is t h e  use of space vacuum [I-31. The r e s i d u a l .  atmosphere a t  s h u t t l e  
a l t i t u d e s  (250-300 km) is on t h e  o r d e r  of l o 9  molecules/cm3 which corresponds t o  

I 
p r e s s u r e s  on t h e  o r d e r  of 1 0 ' ~  Torr  (10" P a s c a l s )  which is  only  a modest vacuum. 
However, o r b i t a l  v e l o c i t y  is s e v e r a l  times g r e a t e r  than t h e  mean thermal speeds of 
t h e  r e s i d u a l  atmospheric molecules. Therefore  t h e  p r e s s u r e  observed from an o r b i t -  
i n g  s p a c e c r a f t  w i l l  have a s t r o n g  an i so t ropy ,  a s  may be seen i n  Table 1. The va lues  
i n  Table 1 a r e  c a l c u l a t e d  from t h e  maximum d e n s i t i e s  [41 of atmospheric c o n s t i t u e n t s  
a t  250 lan with  a temperature of 1000 K and t h e r e f o r e  r e p r e s e n t  worst-case es t ima tes .  I 

The es t ima ted  wake f l u x e s  a r e  obta ined by i n t e g r a t i n g  t h e  d i r e c t i o n a l  f l u x  from a i 
! 

d r i f t i n g  Maxwell-Boltzman gas over  t h e  wake hemisphere ( s e e  Appendix A ) .  These 
c a l c u l a t i o n s  assume no s c a t t e r i n g  o r  o t h e r  i n t e r a c t i o n s  between t h e  atmospheric 
molecules and molecules l e a v i n g  t h e  s p a c e c r a f t .  Such i n t e r a c t i o n s  can s i g n i f i c a n t l y  i 

a l t e r  t h e s e  f l u x e s  a s  w i l l  be shown i n  t h i s  paper. 
i , , 

I f  t h e  off -gass ing o r  o t h e r  molecular sources  from t h e  s p a c e c r a f t  can be k e p t  11 ' 

s u f f i c i e n t l y  low s o  t h a t  the  vacuum l e v e l s  i n d i c a t e d  i n  Table 1 can be approached, 
it would appear t h a t  t h e  wake vacuum would be u s e f u l  f o r  a v a r i e t y  of a p p l i c a t i o n s  

I s. 
i 

where extremely high vacuums must be maintained. The most p r e v a l e n t  r e s i d u a l  gases  
a r e  H e  and atomic H from t h e  high-speed t a i l  of t h e  Maxwell-Boltzmann d i s t r i b u t i o n  
t h a t  can over take  the  spacecra f t .  Heavier molecules such a s  02, N2, H 2 0 ,  e t c .  a r e  
v i r t u a l l y  non-existent .  S ince  such a system exhausts  i n t o  h a l f  t h e  un ive r se ,  t h e  
pumping speed is v i r t u a l l y  i n f i n i t e  and t h e r e  a r e  no w a l l s  t o  r e f l e c t  unwanted 
contaminants. Heat can be r e j e c t e d  by r a d i a t i n g  i n t o  space which a c t s  a s  a 4 K 
s ink.  None of these  c a p a b i l i t i e s  a r e  t r u l y  unique; they can be d u p l i c a t e d  on Ear th  
i f  s u f f i c i e n t  c a r e  is taken.  But it may e v e n t u a l l y  t u r n  o u t  t o  be s impler  and more 
economical t o  c a r r y  o u t  p rocesses  t h a t  r e q u i r e  b e t t e r  than 10'12 Torr  vacuum i n  
conjunct ion wi th  high h e a t  and/or gas loads  i n  t h e  wake of a s u i t a b l e  o r b i t i n g  
veh ic le .  

Such a f a c i l i t y  w a s  proposed s e v e r a l  yea r s  ago by Melf i  and Outlaw a t  NASA 
Langley [ S ] .  Afte r  s e v e r a l  y e a r s  of f e a s i b i l i t y  s tudy,  NASA e l e c t e d  t o  postpone any 
a d d i t i o n a l  development of the  concept u n t i l  the  use r  community showed a more d e f i -  ' ,  

n i t e  i n t e r e s t .  The Langley concept  involved a l a r g e  (3-5 m) s h i e l d  t h a t  would be 
t e t h e r e d  o r  mounted on a boom s e v e r a l  t e n s  of meters away from t h e  s h u t t l e .  This  
would reduce t h e  s c a t t e r i n s  of molecules i n t o  t h e  wake vacuum region from t h e  
shut t le- induced environment. 

J '  
t 



A much s impler  a l t e r n a t i v e  f o r  more modest vacuum requirements would be t o  use 
t h e  s h u t t l e  i t s e l f  a s  t h e  wake s h i e l d .  By f l y i n g  with t h e  b e l l y  i n  t h e  ram d i r e c -  
t i o n ,  t h e  payload bay becomes a wakeshield vacuum f a c i l i t y  of s o r t s .  Of course  t h e  
s h u t t l e  r e p r e s e n t s  a l a r g e  source  of molecular contaminants, b u t  most of t h e s e  
molecules w i l l  be moving away from t h e  payload bay with l i t t l e  chance of re turning.  
Therefore,  it would seem t h a t  an experiment s u i t a b l y  p ro tec ted  from t h e s e  outgoing 
molecules could a t t a i n  a reasonably high vacuum leve l .  The vacuum l e v e l  t h a t  can be 
a t t a i n e d  depends p r i m a r i l y  on t h e  shut t le- induced environment and its i n t e r a c t i o n s  
wi th  t h e  ambient environment. Since  such t h i n g s  a r e  d i f f i c u l t  to p r e d i c t ,  r e l i a b l e  
es t imates  of t h e  vacuum l e v e l s  t h a t  could be reached i n  t h e  payload bay cannot be 
made a p r i o r i .  However, s i n c e  t h e  shut t le- induced environment was of concern t o  t h e  
s h u t t l e  u s e r s  community, NASA undertook a measurement program on t h e  f i r s t  s e v e r a l  
s h u t t l e  f l i g h t s  to c h a r a c t e r i z e  t h i s  environment. 

The purpose of t h i s  paper is  to summarize what has been learned about t h e  
shu t t l e - induced  environment and t o  a t tempt  .Lo p lace  rough order-of-magnitude esti- 
mates on the  vacuum l e v e l s  i n  t h e  payload bay f o r  t h e  purpose of a s s e s s i n g  t h e  
f e a s i b i l i t y  of us ing t h e  s h u t t l e  a s  a wake vacuum f a c i l i t y .  

SHUTTLE-INDUCED ENVIRONMENT MEASUREMENTS 

The f i r s t  s e v e r a l  s h u t t l e  f l i g h t s  c a r r i e d  an ins t rument  package r e f e r r e d  t o  as 
t h e  Induced Environment Contamination Monitor (IECM) to a s s e s s  t h e  p a r t i c l e  and 
gases  environment i n  and around t h e  payload bay [61. Included i n  t h i s  ins t rument  
package was a quadrupole mass spectrometer s i m i l a r  t o  t h e  spectrometers  flown on 
Dynamics Explorer and Atmospheric Explorer [71. One of t h e  primary concerns about  
t h e  s h u t t l e  environment was t h e  induced H20 column d e n s i t y  from outgass ing,  water  
dumps, f l a s h  evaporator  opera t ion ,  and t h r u s t e r  f i r i n g s .  To o b t a i n  information on 
t h e  column d e n s i t y  of H 2 0  and o t h e r  spec ies  t h a t  absorb r a d i a t i o n  i n  wavelengths of 
i n t e r e s t s  t o  astronomers, a co l l imator  was placed i n  f r o n t  of t h e  mass spectrometer  
to r e s t r i c t  i ts acceptance t o  a cone of l o 0  half-angle o r  0.1 s t e r a d i a n  s o l i d  angle. 
The backsca t t e red  f l u x  was measured a t  small angles  r e l a t i v e  to t h e  v e l o c i t y  vec to r  
and t h e  column d e n s i t y  was computed from elementary s c a t t e r i n g  theory.  

The co l l imator  is shown i n  Figure 1. I t  c o n s i s t s  of t h r e e  skimmers with get- 
t e r s  to t r a p  t h e  o f f -ax i s  molecules. This technique worked q u i t e  w e l l  f o r  t h e  
measurements of primary i n t e r e s t .  However, t h e  subsequent o f f  -gassing of t h e  mule- 
c u l e s  trapped by t h e  g e t t e r s  provides  an ins t rument  background t h a t  is h igher  than 
t h e  expected wake environment f o r  some spec ies ;  hence, t h e  f l u x e s  and equ iva len t  
p a r t i a l  p r e s s u r e s  of t h e  trapped s p e c i e s  i n  t h e  wake region cannot be ob ta ined  
d i r e c t l y .  Some d i r e c t  measurement of noble gases  such a s  H e  and A a r e  p o s s i b l e  
s i n c e  they a r e  n o t  g e t t e r e d  by t h e  z i rcon ia .  Other mass spectrometers  have a l s o  
been flown on e a r l y  s h u t t l e  missions,  b u t  they were n o t  o r i e n t e d  r e l a t i v e  to t h e  
payload bay to observe t h e  wake f l u x  [8-91. 

The observed ram-to-wake r a t i o s  f o r  He a r e  given i n  Table 2 a long wi th  t h e  wake 
measurements . The ram measurements correspond to atmospheric concen t ra t ion  of H e  
[10] .  ~ l s o  shown i n  Table 2 is t h e  H 2 0  column d e n s i t y  i n f e r r e d  from t h e  mass 
spectrometer b a c k s c a t t e r  measurements. Note t h e  l a r g e  v a r i a t i o n s  from mission to  
mission. (There a r e  a l s o  v a r i a t i o n s  dur ing  a p a r t i c u l a r  mission; t h e  va lues  pre- 
sen ted  here  are r e p r e s e n t a t i v e  a f t e r  an i n i t i a l  off -gass ing period.)  STS-2 was 



sub jec ted  to heavy r a i n  p r i o r  to launch, and t h e  porous t i les used i n  t h e  thermal 
p r o t e c t i o n  system may have c a r r i e d  l a r g e  amounts of H20 i n t o  o r b i t .  STS-3 had a 
t h i c k e r  wa te r - res i s t an t  c o a t i n g  and was by f a r  the  "c leanest"  f l i g h t  monitorsd i n  
terms of gaseous background. Also it was flown i n  an i n e r t i a l  a t t i t u d e  f o r  most o f  
t h e  mission such t h a t  t h e  s h u t t l e  z-axis (normal t o  t h e  payload bay) u s u a l l y  came 
wi th in  10-20 degrees  of both t h e  wake 'and ram d i r e c t i o n  dur ing  an o r b i t a l  revolu- 
t ion .  Th is  accounts f o r  t h e  s t r o n g e r  ram/wake modulation than was seen on o t h e r  
missions. STS-4 c a r r i e d  ins t ruments  t h a t  evolved N2 and H e  which probably accounted 
f o r  t h e  high l e v e l  of He. It was a l s o  sub jec ted  t o  heavy r a i n  and some h a i l  damage 
p r i o r  to f l i g h t .  In  add i t ioq ,  the  survey conducted by t h e  IECM a t tached  t o  t h e  
remote manipulator arm de tec ted  a s i g n i f i c a n t  l eak  i n  the  Ereon coo l ing  system which 
could e f f e c t i v e l y  b a c k s c a t t e r  atmospheric molecules i n t o  the  wake. Spacelab 1 
conta ined t h e  l a r g e  manned Spacelab module wi th  its var ious  f l u i d  loops,  m u l t i l a y e r  
i n s u l a t i o n ,  p a i n t ,  e t c .  t h a t  was exposed to space vacuum f o r  t h e  f i r s t  t i m e .  Also, 
on t h i s  f l i g h t  the IECM along wi th  a number of o t h e r  ins t ruments  was loca ted  on a 
p a l l e t  between t h e  a f t  bulkhead and t h e  Spazelab module which was p a r t i a l l y  i n  t h e  
field-of-view of t h e  mass spectrometer.  Therefore,  molecules r e f l e c t e d  from these  
su r face8  c o n t r i b u t e  to t h e  measurement. The Dynam'79 Explorer d a t a  a r e  included t o  
i l l u s t r a t e  t h a t  extremely low vacuum l e v e l s  can be achieved on t h e  wake s i d e  of 
o r b i t i n g  spacecra f t .  

The STS-3 mission appears to represen t  what is p o s s i b l e  to achieve on t h e  
s h u t t l e  a s  a wake vacuum f a c i l i t y  i f  on ly  modest c a r e  is taken t o  reduce t h e  induced 
environment. Table 3 shows the  p a r t i a l  p r e s s u r e s  of va r ious  spec ies  observed i n  t h e  
wake conf igura t ion  dur ing t h i s  mission. Except f o r  H e  and A these  measurements a r e  
ins t rument  background and, t h e r e f o r e ,  r epresen t  upper l i m i t s  on t h e  wake environ- 
ment. We w i l l  a t tempt  to es t imate  t h e  wake environment f o r  s p e c i e s  othc-' than H e  by 
i n d i r e c t  observat ions .  Near t h e  end of the  mission t h e  payload bay do4:s were 
c losed and t h e  mass spectrometer observed a rise i n  p a r t i a l  p ressure  of a number o f  
s p e c i e s  to equ i l ib r ium p r e s s u r e s  shown i n  Table 4. This equ i l ib r ium is a r e s u l t  of 

2 molecules l eav ing  t h e  payload bay through the  s i d e  vents  ( t o t a l  a r e a  = 0.76 1n ) a t  
the same r a t e  they a r e  evolving from var ious  sources  i n  t h e  payload bay. From t h i s  
cons idera t ion  t h e  source func t ions  i n  Table 4 a r e  e s t i n a t e d  by assuming t h a t  mole- 

2 c u l e s  evolve uniformly from t h e  payload bay a r e a  (86 m ) a t  t h e  r a t e  they a r e  pumped 
by t h e  s i d e  vents.  

The column d e n s i t i e s  f o r  each of these  s p e c i e s  with the  payload bay doors open 
is es t imated by assuming t h e  source is d i s t r i b u t e d  over a f l a t  d i s c  with a r e a  equiv- 
a l e n t  to the  payload bay, which a c t s  a s  a L a m b e r t i a ~  e m i t t e r  ( s e e  Appendix B). 
I n t e g r a t i n g  the  c o n t r i b u t i o n  from each element of t h e  d i s c  a long t h e  v e r t i c a l  a x i s  
from an observat ion p o i n t  zo above t h e  plane of the  d i s c  t o  i n f i n 4 . t ~  ( i g n o r i n g  
p a r t i c l e s  l o s t  by s c a t t e r i n g )  t h e  column d e n s i t y  is given by 

where Q is t h e  d i s t r i b u t e d  source  s t r e n g t h ,  <v> is  t h e  average molecular speed, and 
Ro is t h e  r a d i u s  of t h e  d i s c .  The IECM mass spectrometer is loca ted  approximately 
1 m above t h e  s i l l  l i n e  of t h e  payload bay which has  an equ iva len t  r a d i u s  of 5.23 m. 

Note t h a t  t h e  column d e n s i t y  f o r  H20 obtained by t h i s  e s t imate  is roughly an 
o r d e r  of magnitude lower than t h e  value  i n f e r r e d  from the  backsca t t e r  measurements 
i n  Table 2. This is  because only  sources  of H ~ Q  i n  t h e  payload bay a r e  considered 



i n  t h i s  estimate.  External sources such a s  outgassing from the t i l e s ,  t h rus t e r  
f i r i n g s ,  f l a sh  evaporator operation, e tc .  would not he included in t h i s  estimate.  

BACKSCA'PTERING OF ATMOSPIIERIC YOLECULES 

Using the column densi ty  est imates  in  Table 4, the contr ibut ion from atmos- 
pheric  backscat ter  to  tile wake environment nay be estimated. From elementary scat-  
t e r ing  theory it can Sc shown t h a t  the sca t te red  f lux  incident  on a surface a r r iv ing  
from a n  element of so l id  angle dl2 oriented a t  arlgle 0 w i t h  respsc t  t o  the veloci ty  
vector and r e l a t i v e  to  the s ~ l r t a c e  nornal is, 

where nA vA is the ambient f lux,  W, i s  t h e  jnduced column densi ty ,  ( 3 0 ~ / a o ) ~  i s  the 
d i f f e r e n t i a l  scatt?ring cross  sec t ion ,  awl the subscr ip t  i r e f e r s  to  ambient o r  
outgassing molecules. The d i f f e r e n t i a l  s ca t t e r ing  cross  sect ion may he approximated 
by assuming the nutgassing molecules 3 r ~  .a!: rest  and are being s t ruck by ambient 
molecules moving a t  orbital veloci ty.  The ~ x p r e s s i o n  i.s 

2 2 2 
2 a 

a 1 +B ( 70s 9 - s i n  '3, 
A 0  1 ) = - [ ----------- + 2ai con e ]  

aw  3 
4 1 2 . ? , , , I /?  

(1-ai S2.i; d ,  

-1 -1/2 -1/2 
where B A = m  rn E , O 0  = E , mA an'1 m are the masses of the co l l i d ing  

A 0  0 

molecules, am is  the total molecular co l l i s ion  cross  section, and E is  the coef- 

f i c i e n t  of res t i t l l t ion  ( k i n e t i c  energy a t  t e r  the  co l l i s ion /k ine t i c  energy before the  
c o l l i s i o n ) .  

Note t h a t  for fl i  = 1 t h i s  expressi:>? ~ R ~ I U C R S  to 

For 6 > 1 r e a l  values f o r  (au/aw) e x i s t  only f o r  9 < r / 2 .  Hence no outgassing 
molecule can be sca t te red  a t  angles grea te r  than 90° ,  which means molecules leaving 
the payload bay i n  the wake configuration cannot return a s  a r e s u l t  of s ing le  c o l l i -  
s ions with the amhientmolecules.* On the other  hand, amhient molecules can be 
sca t te red  i n t o  the wake region by c o l l i s i o n s  with outgassing molecules provide? 

*Since mean-tree-paths a t  s h u t t l e  a l t i toAcs  a re  on the order of 100 meters, multiple 
c o l l i s i o n s  need not be considered. 



To e s t i m a t e  the amount of t h i s  s c a t t e r i n g ,  8 is set equa l  to r - $, which 
corresponds to t h e  s u r f a c e  i n  ques t ion  being o r i e n t e d  i n  t h e  a n t i - v e l o c i t y  
d i r e c t i o n ,  and equat ion ( 2 )  is i n t e g r a t e d  over t h e  wake hemisphere. The column 
d e n s i t y  e s t i m a t e  from t h e  c losed payload bay measurements is along t h e  v e h i c l e  
ax i s .  If the source  is assumed to be Lambertian, t h e  column w i l l  have a cosine  
dependence, hence N c ( + )  = N cos  +. The t o t a l  f l u x  of ambient molecules of species 
A s c a t t e r e d  i n t o  t h e  wake rggion by ou tgass ing  s p e c i e s  8 is given by 

7/2 
= 271 n 

a u ~  
@A,O 

N cos + s i n  4 (-) . 
A ~ A  c a 

7I-$ 

The i n t e g r a l  involves  e l l i p t i c  f u n c t i o n s  and was evaluated numerically. The r e s u l t s  
f o r  t h e  va r ious  i n t e r a c t i o n s  of i n t e r e s t  are tabu la ted  i n  Table 5 assuming e l a s t i c  
c o l l i s i o n s  ( o  = 1).  These r e s u l t s  a r e  normalized by d i v i d i n g  each O by OA,- and 

A 8 0  
may be thought of as a r e l a t i v e  s c a t t e r i n g  e f f i c i e n c y  f o r  t h e  c o l l i s i o n  i n  ques t ion  
a s  compared to a c o l l i s i o n  i n  which mA << mo. A s  mA/mo + 0, (au,/ao), + q0/47,  ! 

and t h e  f l u x  @ is given by i 
A t a o  I 

! 
:. 

= 2.8 10-l5 cm2. using Using an average molecular diameter of 3 x 1 0 ' ~  cm, U 
A, 0 

t h e  number d e n s i t i e s  a t  250 km i n  Table 1  and t h e  es t imated column d e n s i t i e s  i n  I 

Table 4,* t h e  backscat tered atmospheric f l u x  is computed by mul t ip ly ing  equat ion ( 6 )  
by t h e  normalized s c a t t e r i n g  e f f i c i e n c i e s  i n  Table 5 and summing o-rer each possible f 

c o l l i s i o n  p a i r .  me r e s u l t s  a r e  shown i n  Table 6. 

For smal l  acceptance ang les  t y p i c a l  of t h e  col l imated mass spectrometer ,  equa- 
I 

t i o n  ( 5 )  reduces to t 

P 

; 1 
where bn is t h e  s o l i d  angle  of ins t rument  acceptance. This express ion was used to 

r 
I 

compute t h e  d i r e c t i o n a l  f l u x  a t  8 = n i n  Table 6. 1 
i i 

BACKSCATTERING FROM COLLISIONS W I T H I N  THE INDUCED ATMOSPHERE 

? I 

Consider an element of volume dV loca ted  some d i s t a n c e  z above t h e  observa t ion  
point .  The number of c o l l i s i o n s  pe r  u n i t  time between s p e c i e s  1 and 2 t h a t  s c a t t e r  1 ' 
molecules of s p e c i e s  1 i n t o  s o l i d  ang le  do is given by t 

"Except f o r  H20  whose column d e n s i t y  was taken from Table 2. , .I 



I 

where nl and n2 are the number densities of the two species, <vl2> is the average 
relative velocity, and ( a ~ ~ ~ / a $ ) ~  is the directional scattering cross rection for 

,,A direction a. 

i If both molecules are moving away from the apacecraft, the center of mass has a 
net positive velocity i n  that direction, and the average velocity is given by 

+ + 
where ml and m2 are the respective masses and vl and v are the average velocities 
of the two components. 

2 I 

Elastic collisions i n  the center-of-mass system scatter isotropically and the 
+ + 

magnitudes of the original velocities are retainedi i.e., lu' 1 = 1v' ( and 
+ + + + 

(u121 = ( v ' ~ )  where u m l  and u' are the poet-collision velocities and the primes 
2 

denote center of mass reference. The scatter angle a in the lab system is related 
to a' i n  the center-.of-mass system by the vector diagram. 

From the law of sines, 

s i n (  a-a' 1- = s i n  ( n-a) 
v 

C u ' l  

U '  s i n  a' 
tan a = 

1 
u' COB a' - v 

. 
1 C 

For small a 



'12 s i n  ai d a m  v ' - v  2 
E) = - '12 i 

4n .in a da { v  I C]  , Vl1'vF (13)  
a w  a<<l  

0 
1  , othe  ~ s e  

Note t h a t  v l '  > v  i n  o rder  t o  b a c k s c a t t e r  i n t o  ang le  a. Let  t h e  d e t e s t o r  a r e a  dA r 
2  eubtend dw a t  z, gence dw = dA/z . Also note  t h a t  d'? can be w r i t t e n  z d:, dz. I 

Making t h e s e  s u b s t i t u t i o n s  i n t o  equat ion (8 )  along with t h e  result of equat ion (131, 

Since  r l  = ~N,/CIA,  t h e  c o n t r i b u t i o n  from dz to t h e  d i r e c t i o n a l  f l u x  s c a t t e r e d  
oppos i t e  to t h e  center-of-mass v e l o c i t y  may be w r i t t e n ,  

I 
For s i m p l i c i t y ' s  sake and s i n c e  t h e  ce .ter-of-mas8 v e l o c i t y  is predominantly i n  the I : 

z-direct ion,  we w i l l  approximate ( a Q / a Q )  = ( a @ / a Q I z .  Now it remains t o e x p r e s s  j 1 

c/ v t 1 ,  vC, n l ,  and n2 i n  terms of t and z an8 i n t e g r a t e  to ob ta in  t h e  d i r e c t i o n a l  I 
backsca t t e r .  The v e l o c i t y  of the  c e n t e r  of mass can be expressed a s  i 

A I A  I 
where i, j, k and a r e  u n i t  v e c t o r s  and t h e  x-axis is zhosen a s  t h e  d i r e c t i o n  of t h e  I 

r a d i a l  component of the  v e l o c i t y  of p a r t i c l e  1. The v , '  is given by I 

The r a t i o  of v /vl ' can be w r i t t e n  
C 

where M = m /m 
1 2' 



This expresoion rhould be inser ted  i n t o  equation (15) which, i n  turn,  rhould b 
integrated over a l l  possible  source loca t ions  and then averaged over the  ve loc i ty  
d i s t r i bu t ions  of vl and v2. However, to  obtain order-of-magnit~de est imates ,  we 

I 
I 1 2 rill infaert average va uer f o r  r12 and v2 , ignoring the small e r r o r s  r e r u l t i n g  f r a  

t he  f a c t  t h a t  <v2>f <v> . To avoid having to i n t eg ra t e  over a l l  possible  sources of 
both pa r t i c l e s ,  average values fo r  v2, and v2, a r e  a l s o  used. 

The <vZz> is obtained by 

I t  is shorn i n  Appendix A t h a t  

4 Using t h i s ,  

Note t h a t  f o r  z << F$,, <vZz> + <v2>/2 and fo r  z >> Ro, <v2z> + <v2>. 

+ 2 1 /2 The r a d i a l  component of v is given by v2, - [v2 . The v2, component 
is  given by v2, cos X where X fs the azrnuthirl d i rec t ion .  The majority of the 
contr ibut ion comes from opposing co l l i s ions ,  i .e . ,  v2, < 0 (indeed fo r  M > 1 this 
must be case fo r  vc < v, ' 1  t therefore,  the average is taken a s  

7/2 d X 2 1/2 
< v ~ ~ >  = -! V eo. a - = - - [<v22> - <v 2 > ]  n n 2 2  

I (21 1 
-n/2 2r 

The number densi ty  of species  2 a t  height  z may be estimated from 



2 1 /2 where R* = (% + zo2) - zO. Using the  same expression f o r  dnl equation (16) 
becomer 

where vc/vln is given by equation (181, C = z/Ror C, = z /Rot and P = f /Ro* This 
allows the d i r e c t i o n a l  backscat ter  to be wri t ten i n  the ?orm 

whsre F(C ,M) is a dimensionless s c a t t e r i n g  function given by the i n t e g r a l  i n  
equation 923) t h a t  depends on the geometry and r e l a t i v e  masses of the molecules. 

Introducing the  following r e l a t i o n s r  

t he  i n t eg ra t i ons  were car r ied  ou t  using Simpson'e rule .  For H 2 1.. contr ibut ione 
cease for z R /2. Above t h i s  he ight  the  angles  ava i lab le  t o  the co l l i d ing  mole- 
cu l e s  a r e  such ?ha t  the  heavier molecule can no longer be s ca t t e r ed  backward. For 
M < 1, backscat ter  can occur a t  l a rge r  values of z. For z >> Ro, 



and 

PO. thermal ve loc i t i e s ,  v2 = v1 M1I2 and 

This term w i l l  remain pos i t i ve  provided M < 3-23/2 -r 9 > 5.82 ml.  In t h i s  
case backscatter w i l l  be possible  fo r  a l l  values of z. The in t eg ra l  becomes 

provided M - < 3-z3i2 and Co>> 1. 

The values f o r  the  i n t eg ra l  i n  equation (23) a re  given i n  Table 7 f o r  various 
combinations of molecular c o l l i s i o n s  assuming zo = 0 and zo = 0.2 Ro (shovn i n  
parentheses).  Using 'Ihe column densi ty  es t imates  in  Table 4 (except f o r  H20) t he  
backscattered d i r ec t i ona l  f l ux  is computed fo r  each c o l l i s i o n  combination and summed 
t o  obtain the t o t a l  d i r ec t i ona l  backscat ter  f lux  f c r  each species.  The t o t a l  r e tu rn  
f l ux  is estimated by multiplying the d i r ec t i ona l  f lux  by n. The r e s u l t s  a r e  l i s t e d  
i n  Table 8 along with the  wake environment from the  ambient atmosphere and atmos- 
pheric  backscat ter ing from c o l l i s i o n s  with the induced atmosphere. 

DISCUSSION OF RESULTS 

The est imates  of the various contr ibut ion to the wake environment a r e  presented 
in Table 8 along with the  measurements described previously.  Note t h a t  the  n e t  
p a r t i a l  pressures fo r  H20, N2, and O2 a r e  w e l l  below the upper l i m i t  values s e t  by 
the instrument background due to the col l imator .  The most abundant spec ies  i n  the  
wake environment should be 0 which cannot be observed d i r e c t l y  with the type of mass 
spectrometer used on the IECM because 0 atoms do not survive the mult iple  c o l l i s i o n s  
i n  the ionizat ion chamber. Instead 0 atoms form o ther  molecules such a s  02, CO, and 
C02 from such co l l i s i ons .  The measured upper l i m i t  f o r  mass 2 8  is s u f f i c i e n t  t o  
account f o r  both the expected N2 and the CO formed from such react ions.  

I 
b 

The major discrepancies  a r e  i n  the comparison of the  measured values of H e  and 
A with t h e i r  expected values. Note t h a t  the measured value of He is wre than an 
order of magnitude higher than estimated and A is more than 4 orders  higher. I t  is 
d i f f i c u l t  t o  understand how molecules a s  heavy as  A could be backscattered by any of 
the mechanism considered here. 



The most l i k e l y  source  f o r  t h e s e  atoms would appear to be t h e  a f t  bulkhead 
which subtenda a smal l  s o l i d  angle  i n  t h e  hemisphere above t h e  a p e r t u r e  o f  t h e  mass 
speutrometer.  Since  t h e  g e t t e r  is n o t  e f f e c t i v e  f o r  noble gases,  these molecules 
'would be counted if they e n t e r  t h e  a p e r t u r e  of t h e  instrument.  There are q u a n t i t i e s  
of H e  s t o r e d  i n  p r e s s u r e  spheres  behind t h e  a f t  bulkhead, and t h e  contamination 
survey conducted with t h e  IgCM and t h e  remote manipulator system dur ing  STS-4 ind i -  
c a t e d  a s i g n i f i c a n t  amount of H e  and A evolving from t h i s  region. I f  one assumes 
t h a t  t h e  source  r a t e  f o r  H e  i d e n t i f i e d  i n  Table 4 is confined to t h e  a f t  bulkhead, 

2 t h e  source  func t ion  would be 3.1 x 1013 molecules/cm /set. The a f t  bulkhead sub- 
tends  approximately 0.025 sr from t h e  en t rance  a p e r t u r e  a t  an average ang le  of -8S0. 
The f l u x  e n t e r i n g  t h e  a p e r t u r e  would b e  

6 - 3.1 x l o ' =  
lr 

0.025 cos 8S0 = 2 x 1010 an'* set". 

This corresponds to a p ressure  of 2 x Torr ,  which is the measured value. 
S imi la r ly ,  i f  t h e  source  of argon observed dur ing t h e  payload bay door c l o s i n g  were 
confined to t h e  a f t  bulkhead, Q would be 7.6 x 10'' molecules cmW2 sec" and t h e  
f l u x  e n t e r i n g  t h e  ins t rument  a p e r t u r e  would be 5.3 x lo8 molecules sec". This  
would correspond to an equ iva len t  p ressure  of 1.6 x 10'12 Torr  which is c l o s e  to t h e  
observed value  of 1.1 x 10'12 Torr. The source  of t h i s  argon is no t  c l e a r  s i n c e  
argon is no t  used anywhere i n  t h e  s h u t t l e  system. I t  was f i r s t  thought t h a t  argon 
might be a contaminant i n  t h e  He used f o r  p r e s s u r i z a t i o n ,  bu t  a check with t h e  
vendor revealed t h a t  the  gaseous He suppl ied f o r  use on s h u t t l e  was obta ined from 
l i q u i d  He b o i l o f f  and conta ined l e s s  than 1 p/m argon. It is i n t e r e s t i n g  to  n o t e  
t h a t  t h e  r a t i o  of H e  to argon observed i n  the wake is approximately t h e  same a s  
observed i n  t h e  ram d i r e c t i o n .  I t  may be t h a t  t h e  source  of t h e s e  molecules i n  t h e  
wake is off-gass ing from t h e  a f t  bulkhead a f t e r  exposure t o  t h e  ram f lux .  

CONCUSIONS 

The IECM mass spectrometer flown on STS-3 ind ica ted  an upper l i m i t  of  4 x 10'1° 
Torr i n  t h e  wake of STS-3. This upper l i m i t  is set by t h e  ins t rument  background 
r e s u l t i n g  from t h e  z i r c o n i a  getters in  the co l l imator .  Analysis i n d i c a t e s  a worst- 
case  es t imate  of 2 x 10'1° Torr background from atomic oxygen backsca t t e red  f r a n  t h e  
N2-induced atmosphere. Direct measurments a r e  needed to determine t h e  a c t u a l  atomic 
oxygen background s i n c e  t h e  s c a t t e r i n g  e f f i c i e n c e s  a r e  n o t  w e l l  known a t  t h e  col-  
l i s i o n  r p r g i e s  involved. Unexpected helium and argon l e v e l s  a t  2 x 10''~ Tor r  and 
1 x Torr,  r e s p e c t i v e l y ,  were observed i n  the  wake presumably f r a  t h e  p o r t i o n  
o f  the  a f t  bulkhead i n  the  field-of-view of the  instrument.  By moving an experiment 
above t h e  payload bay us ing t h e  remote manipulator arm it should be possib1.e to 
achieve vacuum l e v e l s  i n  the Torr range us ing  t h e  e x i s t i n g  space s h u t t l e .  
Ult imate vacuums i n  t h e  Torr  range w i l l  r e q u i r e  remote wake s h i e l d s  o r  
f ree - f ly ing  sat2llites. 



APPENDIX A 

+ 
For an observer moving with ve loc t ty  v r e l a t i v e  to a system i n  which molecules 

+ 0 + 
have a Hamell-Boltzmann d i s t r i b u t i o n  f ( v )  such t h a t  <v> = 0, the  d i s t r i b u t i o n  
function may be wr i t t en  

+ + + 
where v' = v - v . 

0 

I n  the  moving system the number of molecules whose motion is within t he  element 
+ 

of s o l i d  angle i n  t he  d i r ec t i on  8 r e l a t i v e  t o  vo is found by rep lac ing  

d3$* with vm2 dn dv', or 

+ 
me vector  quant i ty  (v'  + <12 may be wr i t t en  

The d i r e c t i o n a l  f l ux  of molecules is given by 

2 
where x - v'/vo and B = m0/2kT. The m t a l  f l ux  on the ram face of a p l a t e  moving 
through a Maxwell-Boltzmann gas is given by 

, 1; ~ ~ : p ~ ~ ~  p..\,c1: ~',I, , jX{ SOT FiL? XP 



n/2 d4 
'ram = 2n 1 s i n  8 c o s  8 -) d8 

0 
dfi 8 

nv o e -6 
= -  [- + 1 + e r f ( ~ ' / ~ ) ]  

'ram (n6)1/2 

The over tak ing  f l u x  on t h e  wake side i s  given by - 

ll 
d@ 

'wake = -2n 1 s i n  8 c o s  0 -) d8 
n/2 

dQ 0 

-2nv m 2 n 
=-  O 8'12 J dx x e -'(* 

+ l )  J d~ s i n  0 coa ~e 26x cos8 

n 1 /2 
0 n /2 

A s  vo + 0, both of these  express ions  reduce t o  

where <v> is t h e  mean thermal speed of t h e  gas. 

For vo >> <v>, B >> 1 and the  asymptotic expansion f o r  e r f ( ~ ' / ~ )  may be em- 
ployed t o  g ive  

nv 
0 

-6 e -6 = - [" + I + I -  + ...I - nv 
'ram 2 1/2 

(TI3 1 
0 

! and 



-0 n<v> e 
I- 

'wake 8 0 * 



APPENDIX B 

Column D e n s i t y  

Cons ide r  an  o b s e r v e r  zo above a disc o f  r a d i u s  % from which m l e c u l e s  are 
e v o l v i n g  at a rate Q per u n i t  area. Assume t h e  s u r f a c e  acts as a p e r f e c t l y  d i f f u s e  
( ' ambsr t ian)  r a d i a t o r  so t h a t  t h e  d i r e c t i o n a l  d i s t r i b u t i o n  f u n c t i o n  is given  by 

which is the number o f  molecules  p e r  u n i t  t i m e  e m i t t e d  from an  e lement  i n t o  s o l i d  
a n g l e  a@ i n  a d i r e c t i o n  8 from t h e  s u r f a c e  normal. We wish t o  f i n d  t h e  number 
d e n s i t y  a l o n g  the z a x i s  o f  t h e  disc and t h e  i n t e g r a t e d  column d e n s i t y  above zo. 

The c o n t r i b l i t i o n  to  number d e n s i t y  from an e lement  l o c a t e d  a t  some d i s t a n c e  y 
from the z-axis  a t  z is  

where AV is t h e  volume of t h e  e lement  i n  q u e s t i o n  and < T >  is  t h e  ave rage  t i m e  t h e  
molecules  remain i n  t h e  volume. S ince  AV = r2 Aw d r ,  <T> = d r  <v">, r2 = y2 + z2,  
c o s  9 = z / r ,  and dA = 2ny dy, 

and 

I f  a Maxwellian d i s t r i b u t i o n  is assumed, it is e a s y  to  show t h a t  



8kT 112 
where v = ( )  o r  the average thermal v e l o c i t y .  Hence 

The integrated column densi ty  is  given by 

A usefu l  re la t ionsh ip  between Nc and n ( z )  can be obtainec? Sj  ~ u m l i n i n g  the l a s t  two 
expressions,  

where R* = ( z o  0 
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Figure 1. Collimator for the IECM mass spectrometer. The three chevron 
baffles and zirconia getters remove off-axis molecules and provide a 
0.1 sr field-of-view. These getters also provide a low-level back- 

ground when the instrument is aimed in the I1wake" direction. 
Noble gases are not affected by this collimator. 
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