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The ins t rument  which w e  a r e  proposing f o r  Spacelab is a s p e c i a l i z e d  

type  of o p t i c a l  Michelson i n t e r f e r o m e t e r  working a t  s u f f i c i e n t l y  h i g h  

r e s o l u t i o n  t o  measure l i n e  wid ths  and Doppler s h i f t s  of n a t u r a l l y  o c c u r r i n g  

atmospheric  emiss ions .  With i t s  imaging c a p a b i l i t y ,  t h e  W A M D I I  can p o t e n t i a l l y  

supply t h i s  in format ion  independent ly  f o r  each element of  t h e  100 x 100 

d e t e c t o r  a r r a y .  The f i e l d  o f  view w i l l  be square ,  measuring 5 t o  10' on a 

s i d e .  The o b j e c t i v e s  of  t h e  experiment a r e  (1)  t o  o b t a i n  v e r t i c a l  p r o f i l e s  of 

Atmospheric winds and temperatures  a s  func t ions  of l a t i t u d e  by obse rv ing  

n e a r  t h e  l imb, (2)  t o  a c q u i r e  exp lo ra to ry  wind and temperature  d a t a  on 

sma l l e r  s c a l e  s t r u c t u r e s  i n  a i rg low i r r e g u l a r i t i e s  and i n  a u r o r a l  forms and 

(3)  t o  c o l l a b o r a t e  w i th  o t h e r  Spacelab experiments ,  such a s  barium c loud  

r e l e a s e s ,  i n  p rov id ing  wind and temperature  da t a .  

A schematic  view of WAMDII i s  shown i n  Fig.  1. It c o n s i s t s  of  a  

Michelson of t he  field-widened type followed by a  camera l e n s  and t h e  100 x 100 

CCD photodiode a r r a y .  An i n t e r f e r e n c e  f i l t e r  i s o l a t e s  t h e  emission l i n e  be ing  

observed and t h e  l e n s  focuses  an image of t h e  emission on t h e  CCD a r r a y .  Thus 

t h e  CCD camera t akes  a  "p ic ture"  of  t h e  emission a s  viewed through t h e  Michelson. 

The Michelson does n o t  a f f e c t  t he  imaging of  t h e  l e n s ,  b u t  superimposes c i r c u l a r  

i n t e r f e r e n c e  f r i n g e s ,  which a l s o  focus  a t  t h e  CCD a r r a y .  The phase o f  t h e  

f r i n g e s  depends upon t h e  p a t h  d i f f e r e n c e  between the  two arms of t h e  Michelson 

and t h e  wavelength of t h e  emission l i n e .  By choosing a  s u f f i c i e n t l y  l a r g e  

p a t h  d i f f e r e n c e ,  even t h e  t i n y  Doppler s h i f t s  caused by atmospheric  winds can 

be  made t o  produce a  measurable phase s h i f t  i n  t he  i n t e r f e r e n c e  f r i n g e s .  

Obviously t he  l a r g e  Doppler s h i f t  due t o  s p a c e c r a f t  motion must be  c o r r e c t e d  

f o r ,  and f o r  t h i s  t he  look  d i r e c t i o n  must be known w i t h i n  about  0 .03  deg rees .  

Measurement of Doppler S h i f t  and T ~ m p e r a t u r e  - - with  a  Michelson - 
The p a t h  d i f f e r e n c e  of  t h e  i n t e r f e r o m e t e r  i s  very n e a r l y  f i x e d ;  on ly  

enough motion of  one r e f l e c t o r  i s  provided t o  scan over  a  s i n g l e  f r i n g e ,  i n  

o rde r  t o  determine i t s  phase. I t  i s  a c t u a l l y  s u f f i c i e n t  t o  measure t h r e e  

p o i n t s  on a f r i n g e  i n  o rde r  t o  determine i t s  phase and ampli tude.  The 

mathematics assumes i t s  s imp le s t  form when the  p o i n t s  a r e  s epa ra t ed  by X/4 

i n  pa th  d i f f e r e n c e .  I n  f i g u r e  2 ,  t he  1's a r e  t h e  t h r ee  i n t e n s i t i e s  



Fig.  2 

measured a t  p o i n t s  on t h e  f r i n g e  one- 

q u a r t e r  wavelength a p a r t .  The phase, +, 
is  then given by 

- - 
1 - 1  

= t a n  -1 1 3 
212 - I1 - I3 , (1)  

re ferenced  t o  4 = 0 a t  I1. Thus one 

wind measurement by WAMDII r e q u i r e s  

t h a t  t h r e e  "p ic tures"  be taken,  w i th  t h e  

pa th  d i f f e r e n c e  s tepped by X/4 between 
4 succes s ive  exposures .  Each exposure y i e l d s  10  i n t e n s i t i e s ;  a s e t  of t h r e e  

4 exposures  t h e r e f o r e  y i e l d s  10  phase va lues ,  o r  Doppler s h i f t s ,  f o r  t h e  one 

f i e l d  of view. 

The change i n  wavelength, AX, due t o  t h e  Doppler s h i f t  is r e l a t e d  

t o  the  r e l a t i v e  v e l o c i t y ,  v ,  of t he  e m i t t i n g  reg ion  by 

A?, v =  - 
C, 

?,o 
where X i s  the  wavelength of t he  unsh i f t ed  l i n e  and c is t h e  v e l o c i t y  of 

0 

l i g h t .  I n  t h e  i n t e r f e r o m e t e r ,  t he  wavelength s h i f t  A X  causes a phase s h i f t  
2nvD AX n = - ,  of A+ = 2n - (2) 

A. A. CAo 
where D is  the  p a t h  d i f f e r ence .  

Wind v e l o c i t y  measurement is  t h e  primary o b j e c t i v e  c f  t h i s  experiment ,  

b u t  a secondary i n t e r e s t  i s  t h e  measurement of a tmospheric  temperature.  This ,  

t oo ,  can be  de r ived  from the th ree  exposures descr ibed  above wi thout  compromising 

the  wind measurements. The f r i n g e  c o n t r a s t ,  o r  v i s i b i l i t y ,  V,  i s  g iven  by 

This  i s  d i r e c t l y  r e l a t e d  t o  t h e  Doppler temperature of t h e  e m i t t i n g  gas through 
9 

V = exp [ - Q T D ~ ]  ( 4 )  

where T i s  t h e  temperature 
2 - 2 

Q = 1.82 x 10-l2 (ao IM) K-I cm . 



-1 
a i s  t h e  c e n t r a l  freqneucy of t h e  emission l i n e  i n  cm and M is  t h e  mass 
0 

of  t h e  atomic s p e c i e s  i n  amu. This  assumes a Gaussian l i n e  p r o f i l e .  In 

graphic  terms, V is  t h e  r a t i o  of  t h e  f r i n g e  amplitude t o  t h e  average va lue .  

( s ee  H i l l i a r d  and Shepherd, 1966). 

Fig. 3 

Figure 4 is  a schematic  r ep re sen ta t ion  of  a Gaussian emiss ion  l i n e  

and i t s  "interferogram" (Four ie r  t ransform) which would be  produced by a 

scanning Michelson in t e r f e rome te r .  The o s c i l l a t i o n s  r e p r e s e n t  t h e  i n d i v i d u a l  

f r i n g e s .  The envelop caus ing  t h e  amplitude t o  decrease  wi th  pa th  d i f f e r e n c e  

(descr ibed  by equat ion  (4))  is  due t o  t h e  f i n i t e  width of  t h e  emission l i n e .  

The broader  t he  emission l i n e ,  t he  more r ap id ly  t h e  f r i n g e  c o n t r a s t  dec reases  

w i th  pa th  d i f f e r e n c e .  Thus, f o r  a given l i n e  width,  an optimum pa th  d i f f e r e n c e  

e x i s t s  f o r  f i n d i n g  the  wind v e l o c i t y  through equat ion  (2 ) .  Since s e v e r a l  

emissions w i l l  be  observed, a compromise pa th  d i f f e r e n c e  w i l l  have t o  be  used, 

probably i n  t h e  range 5 t o  1 0  cm. O r  it may be p o s s i b l e  t o  have two WAMDII 

u n i t s  working a t  d i f f e r e n t  pa th  d i f f e r e n c e s  i n  t h e  same ins t rument  package, 

each dedica ted  t o  i t s  own s e t  of emissions.  Some t y p i c a l  va lues  f o r  l i n e  

width,  v i s i b i l i t y  and phase s h i f t  a r e  given i n  Table 1. 

Figure  5 i s  another  schematic  i l l u s t r a t i n g  an in t e r f e rog ram produced 

by two l i n e s  of equa l  width and i n t e n s i t y .  A double t ,  o r  even a more complicated 

m u l t i p l e t  can be  used f o r  t h e  wind measurements i f  t h e  pa th  d i f f e r e n c e  is  chosen 

s o  t h a t  t he  f r i n g e s  from the  d i f f e r e n t  components a r e  n e a r l y  i n  phase w i t h  

each o the r .  

F i e ld  Widening 
5 

A t  t h e  l a r g e  r e s o l v i n g  powers involved he re  (-10 ), t h e  f r i n g e s  of a 

convent iona l  Michelson a r e  much too narrow t o  be use fu l .  It i s  th r r r o r e  
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necessary  t o  use a technique c a l l e d  f i e l d  widening, o r  f i e l d  compensation, t o  

e n l a r g e  t h e  f r i n g e s  t o  a u s e f u l  s i z e  ( H i l l i a r d  and Shepherd, 1966). The 

technique invo lves  p l ac ing  a  r e f r a c t i v e  p l a t e  i n  one arm of t h e  Michelson and 

a d j u s t i n g  t h e  p o s i t i o n s  of t h e  r e f l e c t o r s  s o  t h a t  t h e i r  v i r t u a l  images a r e  

co inc iden t .  The r e s u l t i n g  symmetry a t  t he  b e a m s p l i t t e r  r e s u l t s  i n  g r e a t l y  

en l a rged  i n t e r f e r e n c e  f r i n g e s .  I n  a  well-compensated Michelson, t h e  c e n t r a l  

f r i p g e  can be 15' i n  diameter ,  compared wi th  0.18' f o r  a  convent iona l  

ins t rument .  F igu re  6  i l l u s t r a t e s  t h e  two conf igu ra t ions .  

The degree  of f i e l d  widening i s  wavelength dependent. Because of 

d i s p e r s i o n  i n  t h e  r e f r a c t i v e  p l a t e ,  t he  l o c a t i o n  of M (Fig. 1 )  f o r  maximum 1 
f i e l d  compensation is d i f f e r e n t  f o r  each wavelength. But i t  i s  p o s s i b l e ,  

u s ing  two p l a t e s  of d i f f e r e n t  r e f r a c t i v i t y  and d i s p e r s i o n ,  one i n  each  arm 

of t h e  Michelson, t o  make the  f i e l d  widening achromatic  enough t o  be  u s e f u l  

i over  a  wide range  of t he  spectrum. 

Instrument  D e s c r i p t i o n  

The des ign  of WAMDII i s  s t i l l  evolv ing  and many ques t ions  remain 

t o  be answered du r ing  the  P r o j e c t  D e f i n i t i o n  Phase. Severa l  a s p e c t s  of t h e  

ins t rument  a r e  d i scussed  below under s e p a r a t e  headings. 

( a )  O p t i c a l  System: 

A b e a m s p l i t t e r  w i l l  probably be a  5 cm cube of fused s i l i c a .  The 

Michelson r e f l e c t o r s  could be corner  prisms o r  p lane  m i r r o r s  wi th  a c t i v e  

p a r a l l e l i s m  c o n t r o l .  An achromatic f i e l d  compensation system may be  needed 

i f  t h e  range of  wavelengths des i r ed  i s  l a r g e .  A l t e r n a t i v e l y ,  i t  may be 

neces sa ry  t o  move one of t h e  r e f l e c t o r s  t o  a  d i f f e r e n t  p o s i t i o n  f o r  each 

wavelength i n  o r d e r  t o  achieve optimum f i e l d  compensation. The l e n s  w i l l  

be  w e l l  c o r r e c t e d  t o  provide a  sharp  image a t  t he  d e t e c t o r  a r r a y ,  and w i l l  

have an  a p e r t u r e  r a t i o  of about f / l .  Pre-opt ics  could be  used t o  t ransform 

t h e  f i e l d  of view b u t  t h i s  i s  not  a n t i c i p a t e d .  

(b)  S tepping  Control :  

I n  o r d e r  t o  achieve accu ra t e  pa th  d i f f e r e n c e  s t e p s  of A/4  between 

exposures ,  one o f  t h e  r e f l e c t o r s  must be moved i n  s t e p s  of X/8, and t h i s  w i l l  

be  done under s e r v o  c o n t r o l  us ing  a r e f e rence  emission l i n e  source.  Collimated 

l i g h t  from t h e  r e f e r e n c e  lamp i s  passed through t h e  Michelson i n  such  

a  way t h a t  t h e  f i e l d  of view of the  main d e t e c t o r  is  no t  obs t ruc ted .  

The emerging beam i s  s e n t  t o  t h e  re ference  d e t e c t o r  and the  s i g n a l  i s  used 

t o  c o n t r o l  t h e  p o s i t i o n  of  t h e  r e f l e c t o r  through a  p i e z o e l e c t r i c  t r ansduce r  

(Fig.  7 ) .  The e x a c t  way i n  which t h i s  i s  done must s t i l l  be  determined, 



b u t  one p o s s i b i l i t y  i s  t o  use  a system s i m i l a r  t o  t h e  one desc r ibed  by 

Elsworth and J a m e s  (1973), i n  which t h e  emerging r e fe rence  beam is p o l a r i z e d ,  

t h e  p lane  of p o l a r i z a t i o n  r o t a t i n g  180' f o r  each wavelength change i n  p a t h  

d i f f e r e n c e .  S tepping  t h e  r e f l e c t o r  a given amount then  corresponds t o  

r o t a t i n g  the  p lane  of p o l a r i z a t i o n  through a given angle ,  and t h e  d e t e c t i o n  

system must b e  designed t o  d e t e c t  t h e  ang le  of p o l a r i z a t i o n .  

The r e fe rence  wavelength can be  q u i t e  d i f f e r e n t  from t h a t  o f  t h e  

l i n e  be ing  measured by t h e  main a r r a y  channel.  The f i l t e r  i n  f r o n t  of  t h e  

a r r a y  ensures  t h a t  l i g h t  from t h e  r e f e rence  lamp does no t  reach  i t .  

Another i n t e r e s t i n g  i d e a  which has  emerged r e c e n t l y  is  t h e  p o s s i b i l i t y  

of b u i l d i n g  a completely s o l i d  Michelson wi th  no moving p a r t s .  The s m a l l  p a t h  

d i f f e r e n c e  s t e p s  could be  provided by a Pockels c e l l  a f t e r  t h e  beam h a s  emerged 

from t h e  in t e r f e rome te r .  This has  g r e a t  advantages from the  p o i n t  of view 

of mechanical s t a b i l i t y .  

( c )  Instrument  Phase and Modulation Depth: 

The r e fe rence  lamp phase lock  a p p l i e s  t o  only t h e  r e f e rence  p a t h  through 

t h e  ins t rument ,  and cannot  be  used t o  c h a r a c t e r i z e  t h e  phase over  t h e  f i e l d  of view 

t o  the  accuracy needed. Therefore a s e t  of phase p i c t u r e s  w i l l  b e  taken  of a 

reference-lamp-illuminated sc reen ,  a t  i n t e r v a l s  of a few minutes ,  and t h e  phase 

der ived  and s t o r e d  f o r  each p i c t u r e  element.  The instrument  does n o t  y i e l d  

100% v i s i b i l i t y  i n  the  f r i n g e s ,  even f o r  an i n f i n i t e s m a l l y  narrow l i n e ,  

because of imperfec t ions  i n  t he  o p t i c a l  s u r f a c e s  and an imper fec t ly  ba lanced  

beamsp l i t t e r .  The in s t rumen ta l  component of t h e  v i s i b i l i t y  response w i l l  

be  measured and s t o r e d  i n  t h e  same ope ra t ion  ( t h e  r e f e rence  l i n e  width i s  f i n i t e  

b u t  known), t o  be  used i n  t he  de te rmina t ion  of temperature a s  desc r ibed  by 

H i l l i a r d  and Shepherd (1966). 

(d) Array Detector :  

P re sen t  in format ion  sugges ts  t h a t  a CCD a r r a y  be used wi thou t  a n  

i n t e n s i f i e r ,  which would y i e l d  only marginal  improvement anyway. F igu res  a v a i l -  

a b l e  from t h e  G a l i l e o  imaging team i n d i c a t e  t h a t  we may expect  30% quantum 

e f f i c i e n c y .  The a r r a y  would have t o  be cooled,  probably t o  -60°C, t o  reduce 

dark  cu r r en t .  A 100 x 100 a r r a y  wi th  50p p i x e l s  i s  poss ib l e  wi th  p r e s e n t  

technology. The a r r a y  might even be somewhat l a r g e r  than t h i s .  

(e)Sun and Horizon Baf f l e s :  

The W A M D I I  w i l l  be  provided wi th  a sunshade t h a t  w i l l  a l low i t  t o  

o p e r a t e  wi th  the  Spacelab i n  sun l igh t  and the  atmosphere i n  darkness .  

8 1 



There i s  a l s o  t he  p o s s i b i l i t y  of ho r i zon  viewing w i t h  t h e  ground 

s u n l i t ,  b u t  t h i s  r e q u i r e s  a  more s o p h i s t i c a t e d  b a f f l e  because t h e  viewed 

limb and t h e  lower atmosphere a r e  very c l o s e  t oge the r  i n  angle .  The 

problem is eased  a s  t h e  Spacelab a l t i t u d e  is  lowered, and a s o l u t i o n  is p o s s i b l e ,  

provided t h e  b a f f l e  can be  made l a r g e  enough. 

( f )  D i r e c t i o n  Sensor:  

The look  d i r e c t i o n  f o r  each exposure must u l t i m a t e l y  be  known w i t h i n  

about  0.03O. S ince  t h i s  cannot be provided a s  t h e  miss ion  i s  p r e s e n t l y  

conf igured ,  i t  w i l l  be necessary  t o  determine t h e  look d i r e c t i o n  independent ly .  

This  can be  done by  observ ing  the  s t a r  f i e l d  w i th  a  camera mounted p a r a l l e l  

t o  WAMDII .  The camera would use a s i m i l a r  a r r a y  d e t e c t o r  and would be  exposed 

s imul taneous ly  w i t h  each  WAMDII exposure.  The a c t u a l  p o i n t i n g  of  t h e  

ins t rument  du r ing  obse rva t ions  should be c a r r i e d  o u t  w i t h i n  a b 0 u t k 0 . 5 ~  accuracy.  

S e n s i t i v i t y ,  Measurement E r r o r s ,  e t c .  

The s i g n a l  produced by a  s i n g l e  element o f  t h e  CCD a r r a y  depends upon 

t h e  a r e a ,  A, o f  t h e  element and t h e  a p e r t u r e  r a t i o ,  f ,  of t h e  camera l e n s .  For 

one e lement ,  t h e  a r e a - s o l i d  angle  product  i s  

71 2 
An = 7 f  A. 

-5 2 
For a 50p squa re  p i x e l  and f / l  l e n s ,  Ail = 2 x 1 0  cm sr. With a  t ransmiss ion  

o f  5 % ,  a quantum e f f i c i e n c y  of  0 .3  and an emiss ion  i n t e n s i t y  of 5  kR, a p i x e l  

produces 1 2 0  pho toe l ec t rons / s .  

An i n t e n s i t y  of a  few kR i s  what would be  expected f o r  weak a i rg low 

viewed t a n g e n t i a l l y  a t  t he  l imb, o r  weak au ro ra  viewed d i r e c t l y .  I t  appears  

from an  a n a l y s i s  o f  e r r o r s  t h a t  t he  s i g n a l  from a s i n g l e  p i x e l  would have 

t o  b e  averaged f o r  about  30 sec .  t o  o b t a i n  a  wind v e l o c i t y  w i t h  an e r r o r  of 10-20 

m / s .  I n d i v i d u a l  exposures  a r e  l i k e l y  t o  l a s t  about  Is, s o  t h e  ave rag ing  

could be  done by adding toge the r  t he  s i g n a l s  from ad jacen t  p i x e l s  cor responding  

t o  t h e  same a l t i t u d e .  I n  t h i s  way t h e  a l t i t u d e  in format ion  would n o t  be  

l o s t .  

The des ign  proposed he re  uses  a  s i n g l e  a r r a y ,  whose s i m p l i c i t y  has  many 

advantages.  Bes ides  t h e  t echn ica l  f a c t o r s ,  t h e  wind and temperature  equa t ions  

(1) and (3) involve the r a t i o s  of i n t e n s i t y  differences. This means t h a t  f o r  a 

s i n g l e  d e t e c t o r  t h e  dark c u r r e n t s  and c a l i b r a t i o n  f a c t o r s  d i s appea r  through 

c a n c e l l a t i o n  and need n o t  even be determined. 
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TABLE 1 

Emission 
Temp. 
(K) 

Line 
width 
(A) 

V i s i b i l i t y  a t  
pa th  d i f  f .  
of  6 c m  

Ve loc i ty  
( m l s )  

Approx. 
Doppler s h i f t  
a t  6000 A 

Phase s h i f t  a t  
pa th  d i f f .  of  
6 cm. (degrees)  

For each l i n e  wid th ,  t h e r e  i s  an optimum pa th  d i f f e r e n c e  which g ives  g r e a t e s t  

accuracy i n  t h e  wind measurement. For example, f o r  01 6300 a t  T = lOOOK 

i t  is 4.5 cm; f o r  I0 5577 a t  T = 200 K i t  is  9.5 cm. 
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