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PREFACE 

The work r e p o r t e d  he r e in  was conducted by the Arnold  Eng inee r ing  
Development  Cen te r  (AEDC), Ai r  F o r c e  Sys t ems  C o m m a n d  (AFSC). 
The r e s u l t s  were  obtained by ARO, Inc. (a s u b s i d i a r y  of S v e r d r u p  & 
P a r c e l  and A s s o c i a t e s ,  Inc . ) ,  con t rac t  o p e r a t o r  of AEDC, AFSC,  
Arnold  Ai r  F o r c e  Station, Tennessee .  The r e s e a r c h  was conducted 
under  ARO Pro j ec t  Number  VF215. The m a n u s c r i p t  (ARO Control  No. 
Al~O-VKF-TR-74-4 )  was submi t ted  for  publ icat ion on J a n u a r y  1O, 
1974. 
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1.0 INTRODUCTION 

C r y o g e n i c a l l y  cooled i n f r a r e d  opt ical  s y s t e m s  a r e  suscep t ib l e  to 
con tamina t ion  f r o m  the env i ronmen t  or the t r a n s p o r t i n g  veh ic le  whi le  
opera t ing  at a l t i tudes  that  v a r y  f r o m  that  of the high f ly ing a i r c r a f t  
(35,000 ft) to that  of outer  space.  The funct ional  i m p a i r m e n t  of t he se  
s y s t e m s  f r o m  con tamina t ion  mus t  be evalua ted  in ground t e s t  f a c i l i t i e s .  
Techn iques  for  quan t i t a t ive ly  depos i t ing  con tamina t ion  or  for  c h a r a c t e r -  
iz ing  the con tamina t ion  a f te r  depos i t ion  mus t  be developed and in te -  
g ra t ed  with the t e s t  f ac i l i ty .  In th is  way the opt ical  deg rada t ion  m a y  be 
e x p e r i m e n t a l l y  inves t iga t ed  as a funct ion of the amount  of contamina t ion .  
A m e a n s  of u t i l i z ing  the second approach  will  be i nves t iga t ed  in th i s  r e -  
port .  

The gene ra l  approach  will  be to see  ff the a n a l y s i s  of a s ing le  co l l i -  
ma ted  m o n o c h r o m a t i c  i n f r a r e d  beam r e f l e c t e d  f r o m  the con tamina ted  
opt ics  wil l  y i e ld  adequate  i n fo rma t ion  to d e t e r m i n e  the opt ical  cons tan t s .  
A s imp le  m e a s u r e m e n t  of the  r e f l e c t i ng  power at the s a m e  angle of inc i -  
dence wil l  p rovide  suf f ic ient  i n fo rma t ion  to ca lcula te  the t h i c k n e s s  of 
the con taminan t  once the opt ical  cons tan ts  a re  known, provided t h e r e  
is  neg l ig ib le  s c a t t e r i n g  of the l igh t  beam in t r a v e l i n g  th rough  the con- 
t aminan t .  Recent  unpubl ished r e s u l t s  have shown that  t h e r e  is  neg l ig i -  
ble s c a t t e r i n g  by two of the m a j o r  con taminan t s ,  w a t e r  and ca rbon  
dioxide,  in the 10- to 12-~ wavelength  reg ion .  This  wil l  be the in i t i a l  
wave length  r e g i o n  for  eva lua t ing  th i s  technique .  

Many w o r k e r s ,  including Avery ,  Heavens ,  R u i z - U r b i e t a ,  H u m p h r e y s -  
Owen, P r i s h i v a l k o ,  Bea t t ie ,  Conn and Simon (Refs.  1 th rough  8), have 
made  cont r ibu t ions  to the d e t e r m i n a t i o n  of the opt ical  cons tan t s  of 
m a t e r i a l s .  The works  of Conn, Bea t t i e ,  and P r i s h i v a l k o  a r e  m o r e  
appl icable  to the p r e s e n t  p rob lem.  The t h e o r e t i c a l  r e l a t i o n s h i p  fo r  the  
r e f l e c t i n g  power  of a s ingle  l a y e r  coat ing has  been adequa te ly  covered  by 
Born  and Wolf, Bern ing ,  and Caba l l e ro  (Refs.  9 through 11) and p e r m i t s  
the ca lcu la t ion  of the con taminan t  t h i c k n e s s  once the opt ical  cons tan t s  
have been de t e rmined .  

2.0 THEORY 

,, The phys ica l  phenomenon that  m u s t  be d e s c r i b e d  t h e o r e t i c a l l y  is  
that  iof a m o n o c h r o m a t i c  i n f r a r e d  beam r e f l e c t e d  f r o m  a f in i te  con tami -  
nant  depos i t  on an opt ical  su r f ace .  The r e f l e c t i o n  of m o n o c h r o m a t i c  
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r a d i a t i o n  f r o m  s u c h  a s u r f a c e  is shown in F ig .  1 w h e r e  n is  the  i n d e x  of 
r e f r a c t i o n ,  k is  the  a t t e n u a t i o n  i n d e x  o r  e x t i n c t i o n  coe f f i c i en t ,  h i s  t he  
c o n t a m i n a n t  t h i c k n e s s ,  /9 is  the  ang le  of i n c i d e n c e ,  I o is  t he  i n t e n s i t y  of 
the  i n c i d e n t  b e a m ,  r a y  1 is  the  in i t i a l  r e f l e c t e d  b e a m ,  and r a y s  
2, 3 , . . . ,  N a r e  the  r e s u l t  of m u l t i p l e  r e f l e c t i o n  f r o m  the  i n t e r f a c e s .  
The  r e f l e c t i v i t y ,  R s, of such  a s u r f a c e  fo r  a l i gh t  b e a m  p o l a r i z e d  p e r -  
p e n d i c u l a r  to  the  p lane  of i n c i d e n c e  can be w r i t t e n  (Ref. 9) as  fo l lows :  

R s = 

p22 + p23e°4v2mh + 2 P12P23e "2v2mh cos [~b23- ~>12 + 2~2mh] 

2 2 -4Y.mh ~ -2V.mh ~. ] + p12P23e +~ + zp!2P23e ~ cos [(~12 + .~23 2/z2mh] (I) 

w h e r e  Pij is  the  F r e s n e l  coe f f i c i en t  fo r  t h e  ij i n t e r f a c e ,  m = 27r/X, X is  

the  w a v e l e n g t h ,  $ ij i s  t he  p h a s e  change  at the  ij i n t e r f a c e ,  and # i  and 

V i a r e  func t ions  of n i,  K i, 0, and n l .  

I o  1 2 3 N 

~ * ~ - - ~ ~ ~ - ~ "  1. I n c i d e n t  . . d 4 u m  ( n l ,  k 1) 

, , |  I , .  "s) 
3. I f i r r o r  (n 3, k 3) 

Figure 1. Reflection from finite contaminant surface. 

If the fo l lowing  v a r i a b l e s  a r e  i n t r o d u c e d  

/~2 cos ~2 = P2 + iV2 

/~3 c°s {~3 = P3 + iV3 (2) 

w h e r e  the  c o m p l e x  i ndex  of r e f r a c t i o n s  a r e  

• 2  --" n2(1 + ik2) /~3 = n3(1 + ik3) (3) 

6 
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t h e n  the  F r e s n e l  coe f f i c i en t  and p h a s e  change  fo r  the  i n t e r f a c e s  m a y  be 
w r i t t e n  as  f o l l o w s :  

p 2  = (n 1 cos 0 -/.t2 )2 + V 2 

(n I cosO+gt2 )2 + V2 2 

t=  ~12 
2V2n I cos 0 

2 2 2 ~t 2+ 7 2 -  n 1 cos 0 (4) 

2 
P23 

( # 2 -  V3 )2 + (V2-  V3 )2 

(g2 + P3 )2 + (V2 + V3 )2 

tv.n 023 
2(/R3V 2 - P2¥3 ) 

2 + 

w h e r e  # i  and V i a r e  de f i ned  as fo l lows :  

~ = ,, + ( J + b )  ~ 

2V. 2 = -a + (a 2+ b) ½ 
I 

(5) 

(6) 

with  

b = 4ni4k (7) 

In l o ok ing  at the  r e l a t i o n s h i p  fo r  r e f l e c t i v i t y ,  Eq.  (1), it i s  c l e a r  
tha t  the  c o n t a m i n a n t  t h i c k n e s s ,  h, m a y  be c a l c u l a t e d  p r o v i d e d  R s and 
e a r e  e x p e r i m e n t a l l y  m e a s u r e d  and n l ,  n 2, k 2, n 3, k3,  and the  w a v e -  
l e n g t h ,  A, a r e  known.  The  i ndex  of r e f r a c t i o n ,  n 1, of the  i n c i d e n t  
m e d i u m  and w a v e l e n g t h ,  k ,  a r e  known.  C o n s e q u e n t l y ,  the  c a l c u l a t i o n  
of h m a y  be m a d e  if a m e a n s  of c a l c u l a t i n g  n2, k2,  n3, and k3 can be 
d e v i s e d .  

The  op t ica l  c o n s t a n t s ,  n3, k3,  n2 and k2, can be d e t e r m i n e d  f r o m  
t e c h n i q u e s  d e v e l o p e d  by v a r i o u s  r e s e a r c h e r s  (Refs .  1, 2, 4, 5, 6, 7, 
and 8) f o r  a b s o r b i n g  s u b s t a n c e s .  The  c o n s t a n t s  can  be c a l c u l a t e d  f r o m  
e x p e r i m e n t a l  m e a s u r e m e n t  of P and A w h e r e  P i s  the  r a t i o  of t he  
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r e f l e c t i o n  c o e f f i c i e n t s ,  Rp and R s ,  of the  componen t  of the  r e f l e c t e d  
r a d i a t i o n  p a r a l l e l ,  p, a n d p e r p e n d i c u l a r ,  s ,  to the  p lane  of i n c i d e n c e  
and A is  t h e i r  r e l a t i v e  p h a s e  d i f f e r e n c e .  F u n c t i o n s  of n 2 - K 2 and 
2nK, the  r e a l  and i m a g i n a r y  p a r t  of the  d i e l e c t r i c  c o n s t a n t ,  have  b e e n  
f o r m u l a t e d  in  t e r m s  of P and A T h e y  a r e  as  fo l lows :  

2 K 2 _ 2 p2 n - sin 0 l + + 2P cosA (l-p2) 2 (2P sinA) 2 
- " " ~--" X 

tan 2 0  s-in 2 0  1 + p 2 _  2P c o s A  1 1 -  p212 + (2P s in/~)2 (8 )  

-2nK 1 + p2 + 2P cos A (4P sin A)(I - p2) 
= x 

tan 2 0 sin 2 0 I + p2  - 2P cos A 11 - P2) 2 + (2P sin A) 2 ( 9 )  

w h e r e  n and K (K = nk) a r e  the  op t i ca l  c o n s t a n t s  of the  c o n t a m i n a n t  o r  
m i r r o r  and P and A a r e  as  p r e v i o u s l y  def ined .  F r o m  E q s .  (8) and (9) 
n and K a r e  d e t e r m i n e d .  In app ly ing  t h e s e  e q u a t i o n s  i t  m u s t  be r e -  
m e m b e r e d  tha t  t h e y  w e r e  deve loped  a s s u m i n g  a h o m o g e n e o u s  t h i ck  
f i l m .  A th i ck  f i l m  can  be de f ined  as  one hav ing  the  t h i c k n e s s ,  h, and 
the  i n d e x  of a b s o r p t i o n ,  k,  s u c h  tha t  m u l t i p l e  r e f l e c t i o n s  (Fig .  1) do 
not  occu r .  C o n s e q u e n t l y  a l l  m e a s u r e m e n t  of r e f l e c t e d  l i gh t  i n v o l v e s  
only  the  i n i t i a l  r e f l e c t i o n  ( r a y  21, F ig .  1) f r o m  the  p r i n c i p a l  s u r f a c e .  
U n d e r  t h e s e  cond i t ions  R s ~-P12, Eq.  (1). T h i s  l i m i t s  the  f l e x i b i l i t y  
of t h i s  t e c h n i q u e  f o r  u n d e r  t h e s e  cond i t i ons  1R s i s  not  a f unc t i on  of the  
t h i c k n e s s  of the  c o n t a m i n a n t .  C o n s e q u e n t l y ,  a s i m u l t a n e o u s  d e t e r -  
m i n a t i o n  of the  t h i c k n e s s  and the o p t i c a l  c o n s t a n t s  on the s a m e  con-  
t a m i n a n t  f i l m  i s  not  p o s s i b l e  by t h i s  t e c h n i q u e .  The  a p p l i c a t i o n  of t h i s  
t e c h n i q u e  wi l l  r e q u i r e  a c a l i b r a t i o n  r u n  in  wh ich  the  op t i ca l  c o n s t a n t s  
of the  m i r r o r  and a t h i ck  c o n t a m i n a n t  f i l m  a r e  i n d e p e n d e n t l y  d e t e r m i n e d  
by E q s .  (8) and (9) so  tha t  Eq.  (1) m a y  be app l i ed  u n d e r  e x p e r i m e n t a l  
cond i t i ons  to c a l c u l a t e  the  t h i c k n e s s .  

3.0 EXPERIMENTAL APPARATUS 

The e x p e r i m e n t a l  a p p a r a t u s  can  be s u b d i v i d e d  into the  fo l lowing  
a r e a s :  (1) r e s e a r c h  c h a m b e r ,  (2) i n f r a r e d  op t i c s ,  and (3) the  con-  
t a m i n a n t  d e p o s i t i o n  s y s t e m .  

3.1 RESEARCH CHAMBER 

The  r e s e a r c h  c h a m b e r  (Fig .  2) is  a c y l i n d r i c a l  v a c u u m  c h a m b e r  
of s t a i n l e s s  s t e e l  c o n s t r u c t i o n ,  1 2 - 3 / 4  in. in  d i a m e t e r  and 15 in. in  

8 



AEDC-T R-74-20 

l e ng th .  The  p u m p i n g  s y s t e m  fo r  the c h a m b e r  c o n s i s t s  of an L N  2 - t r a p p e d ,  
6 - in .  oil d i f fu s ion  pump  and a 13-ft  3 / m i n  m e c h a n i c a l  pump.  T h e  v a c u u m  
s e a l s  a r e  s t a n d a r d  r u b b e r  O - r i n g s .  

Figure 3. Infrared contaminant diagnostic research chamber. 

The top of the chamber may be removed and contains a cylindrical 

insert to accept a test mirror holder. The holder rests on a bearing so 

that it may rotate freely. The holder position can be read by an indica- 

tor to one minute of arc. The holder is a cylindrical vacuum insulated 
dewar. An uninsulated 2-in.-diam tube extends from the bottom of the 

dewar into the test chamber and serves as a mount for the test mirror. 

The test mirror is made of 2-in.-diam copper. The central section 

of the mirror, 1-3/8 in. in diameter and 3/16 in. in thickness, is gold 

coated and forms the reflecting surface of the mirror. The mirror area 

outside this central portion is i/16 in. thick and is used for fastening the 

mirror to the bottom of the dewar. 
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T h e r e  a r e  10 p o r t s  a r o u n d  the  c i r c u m f e r e n c e  of t he  c h a m b e r .  The  
c e n t e r s  of t h e s e  p o r t s  a r e  in  the  h o r i z o n t a l  p l a n e n o r m a l  to the  c e n t e r  
of the  t e s t  m i r r o r  s u r f a c e .  E igh t  of t h e s e  p o r t s  a r e  d e s i g n e d  to accep t  
K B r  windows .  The  two r e m a i n i n g  p o r t s  a r e  4 in. in  d i a m e t e r .  One of 
t h e s e  c o n n e c t s  the  c h a m b e r  to the  pumping  s y s t e m ,  and the  o t h e r  a c c e p t s  
the  a l t i t ude  w a t e r  v a p o r  i n j e c t o r .  A 3 / 8 - i n .  c o p p e r  tube is  i n s t a l l e d  in to  
the  c h a m b e r  so  tha t  i t  is n o r m a l  to the  c e n t e r  of the  t e s t  m i r r o r  s u r f a c e .  
Th i s  tube  is c o n n e c t e d  to a c o n t r o l a b l e  s o u r c e  of c a r b o n  d i o x i d e  o r  
w a t e r .  

3.2 INFRARED OPTICS 

The i n f r a r e d  r a d i a t i o n  is  p r o d u c e d  by a f i l a m e n t  h e a t e d  to a p p r o x i -  
m a t e l y  1000°C. The  r a d i a t i o n  f r o m  th is  s o u r c e  (Fig.  3) is  chopped  at 
13 cps and c o l l i m a t e d .  This  b e a m  is  t r a n s m i t t e d  to the  c h a m b e r  t h r o u g h  
an a p e r t u r e  whee l  (3- ,  5- ,  7- ,  10- ,  16-,  and 2 4 - m m - d i a m  a p e r t u r e s ) ,  
f i l t e r  (11.6  # m  with  bandwid th  -~ 1 ~m) ,  and  p o l a r i z e r .  The  a z i m u t h  of  
the  p o l a r i z e r  can be s e t  to 0 .1  deg.  The  p o l a r i z e d  b e a m  p a s s e s  t h r o u g h  
a K B r  c h a m b e r  window at n o r m a l  i n c i d e n c e  and is  r e f l e c t e d  f r o m  the  
t e s t  m i r r o r  in the  c e n t e r  of t he  c h a m b e r .  The  r e f l e c t e d  b e a m  l e a v e s  
the  c h a m b e r  at n o r m a l  i n c i d e n c e  t h r o u g h  a n o t h e r  K B r  window.  Th i s  
b e a m  p a s s e s  t h r o u g h  an a n a l y z e r  to e i t h e r  a d e t e c t o r  o r  m o n o c h r o m a t o r .  
The  a n a l y z e r  is g r a d u a t e d  in 5 - d e g  i n t e r v a l s .  Th i s  is  a d e q u a t e  s i n c e  
in a s y m m e t r i c a l  e x p e r i m e n t  such  as th i s  the  p o l a r i z e r  m a y  be u s e d  as 
the  a n a l y z e r .  The a n a l y z e r  wi l l  r e m a i n  in a f ixed  pos i t i on .  

I 

Figure 3. Infrared contaminant diagnostic optical system. 
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The  s igna l  f r o m  the  d e t e c t o r  o r  m o n o c h r o m a t o r  i s  a m p l i f i e d  by a 
s y n c h r o n o u s  a m p l i f i e r  and d i s p l a y e d  on a s t r i p  cha r t  r e c o r d e r .  

T h i s  s y s t e m  was  d e s i g n e d  to o p e r a t e  us ing  a 11.6-/~m f i l t e r  and 
d e t e c t o r ,  o r  by e l i m i n a t i n g  t he  f i l t e r  and d e t e c t o r  and subs t i t u t i ng  a 
m o n o c h r o m a t o r .  The  f i l t e r  and d e t e c t o r  m o d e  would p r o v i d e  a l a r g e r  
e x p e r i m e n t a l  s igna l ;  c o n s e q u e n t l y ,  they  would be t h e  in i t i a l  m e t h o d  of 
o p e r a t i o n  s i n c e  the  r e f l e c t e d  s igna l  f r o m  a th ick  c o n t a m i n a n t  l a y e r  i s  
e x p e c t e d  to be e x t r e m e l y  s m a l l .  M e a s u r e m e n t s  would  be m a d e  to d e -  
t e r m i n e  the  op t i ca l  c o n s t a n t s  at v a r i o u s  w a v e l e n g t h s  if the  in i t i a l  
e v a l u a t i o n  e x p e r i m e n t  i n d i c a t e s  that  t h e r e  is su f f i c i en t  s igna l  ava i l ab l e .  

3.3 CONTAMINANT DEPOSITION SYSTEM 

The p r i m a r y  m e a n s  of d e p o s i t i n g  a w a t e r  o r  c a r b o n  d iox ide  con -  
t a m i n a n t  on an L N 2 - c o o l e d  m i r r o r  is  by v a c u u m  depos i t i on .  A l s o  
a v a i l a b l e  fo r  w a t e r  is a l t i tude  d e p o s i t i o n ,  in which  the  w a t e r  is d e -  
p o s i t e d  at a f in i te  p r e s s u r e  or  a l t i tude .  The  b a s i c  d i f f e r e n c e  in t h e s e  
t e c h n i q u e s  is  in the  s t r u c t u r e  of the  depos i t .  V a c u u m  d e p o s i t i o n  p r o -  
duces  an a m o r p h o u s ,  d e n s e  f r o s t  whi le  the  a l t i tude  d e p o s i t i o n  p r o d u c e s  
a c r y s t a l l i n e  p o r o u s  f r o s t .  Thus ,  the  op t ica l  c o n s t a n t s  and t h i c k n e s s  
m e a s u r e m e n t  t e c h n i q u e  m u s t  be e v a l u a t e d  fo r  w a t e r  f r o s t s  of h igh ly  
d i f f e r e n t  s t r u c t u r e .  

3.3.1 Vacuum Deposition 

The  supply  tank fo r  th is  s y s t e m  (Figs .  2 and 4) is  of s t a i n l e s s  
s t e e l  c o n s t r u c t i o n ,  6 in. in both d i a m e t e r  and l eng th .  The  tank is 
m a i n t a i n e d  at a cons tan t  t e m p e r a t u r e  by w r a p - a r o u n d  h e a t e r s  c o n t r o l l e d  
by a tank t h e r m o c o u p l e  and a s s o c i a t e d  e l e c t r o n i c s .  The r e s t  of t he  
s y s t e m  is m a i n t a i n e d  s l i gh t ly  above th i s  t e m p e r a t u r e  to p r e v e n t  con-  
d e n s a t i o n  when  w a t e r  is the  con t aminan t .  W a t e r  v a p o r  is  ob t a ined  by 
f i l l ing  th is  tank to a dep th  of about 2 in. wi th  d i s t i l l e d  w a t e r .  C a r b o n  
d iox ide  is  supp l i ed  to th i s  tank f r o m  a r e g u l a t e d  supply  bot t le .  

The gas or vapor flow goes from the supply tank to a fine control 
valve. A flow variation of approximately 500 can be achieved with 
this valve. The gas flow passes through the control valve and is 
diverted by system valving to an LN2 cold trap and mechanical pump 
until the flow is stabilized. The gas flow is diverted back to the cham- 
ber after a steady flow has been achieved. A 3/8-in.-diam copper tube 
extends into the chamber and directs the flow to the LN2-cooled mirror 
where it condenses. 

11 
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Schematic of water and carbon dioxide injection system. 

The  p u r p o s e  of t he  d e p o s i t i o n  s y s t e m s  is  to put on the  m i r r o r  a 
c o n t a m i n a n t  l a y e r  of known t h i c k n e s s  so  tha t  the  t h i c k n e s s  t e c h n i q u e  
m a y  be v e r i f i e d .  The  d e p o s i t i o n  s y s t e m  is  not  c a l i b r a t e d ;  c o n s e q u e n t l y ,  
the  t h i c k n e s s  m u s t  be d e t e r m i n e d  by s o m e  o t h e r  m e t h o d .  The  i n t e r -  
f e r e n c e  p a t t e r n  b e t w e e n  l i gh t  r e f l e c t e d  f r o m  a m i r r o r  wh i l e  d e p o s i t i o n  
is  in  p r o g r e s s  has  b e e n  u s e d  s u c c e s s f u l l y  by s o m e  w o r k e r s  (1Ref. 12) 
to m e a s u r e  the t h i c k n e s s  w h e n  the  i n d e x  of r e f r a c t i o n  of the  c o n t a m i -  
nant  is  known or  m e a s u r e d .  T h i s  m e t h o d  has  b e e n  adap ted  to the  
d e p o s i t i o n  s y s t e m  fo r  u se  in the  v i s i b l e  w h e r e  the  i ndex  of r e f r a c t i o n  
fo r  w a t e r  and c a r b o n  d iox ide  is  known.  A m o n o c h r o m a t i c  b e a m  of 
l i gh t  (0 .589  ~) is  r e f l e c t e d  f r o m  the  m i r r o r  to  a d e t e c t o r  and the  i n t e r  = 
f e r e n c e  p a t t e r n  is  r e c o r d e d .  The  ang le  of i n c i d e n c e  is  10 deg  and the  
r e s p e c t i v e  r e f r a c t i v e  index  fo r  w a t e r  and c a r b o n  d iox ide  a r e  1. 264 
and 1. 428. The  t h i c k n e s s  of the  c o n t a m i n a n t  l a y e r  is g i v e n  by the  fo l -  
l owing  r e l a t i o n  

Thickness = h = 
(q- I/2)A 

q = 1,2,3 .... 

(1o) 

w h e r e  q is  t he  n u m b e r  of m i n i m a  o b s e r v e d .  

]2 



AEDC-TR-74-20 

3.3.2 Altitude Water Deposition 

The al t i tude wate r  vapor  i n j ec to r  is  app rox ima te ly  15 in. in l eng th  
and is i n s e r t e d  into the t es t  chamber  through a 4- in .  por t  (Fig. 2). Fo r  
wa te r  depos i t ion  the t e s t  m i r r o r  is ro t a t ed  180 deg f r o m  its  n o r m a l  
pos i t ion  and a sc rew m e c h a n i s m  t r a n s l a t e s  the in j ec to r  to the m i r r o r .  
In t e rna l ly ,  the i n j ec to r  p rov ides  a t h e r m o s t a t i c a l l y  con t ro l l ed  wate r  
r e s e r v o i r  and a constant  a r e a  di f fus ion path f r o m  the r e s e r v o i r  to the 
t es t  m i r r o r .  A s ingle  act ing double valve c r ea t e s  a buffer  volume be-  
tween the r e s e r v o i r  and the chambe r  when closed.  The r e s e r v o i r ,  
buffer  volume,  and c h a m b e r  have p rov i s ions  for  independent ly  m e a s u r -  
ing the p r e s s u r e ,  p r e s s u r i z i n g  with n i t rogen ,  and evacuat ing .  The 
wa te r  i n j ec to r  has  been ca l ib ra ted  such that  a 100-sec  run,  with the 
wa te r  r e s e r v o i r  at 95°F and the to ta l  p r e s s u r e  equal ized at 150 t o r r ,  
will  deposi t  0.00003 g m / c m  2. By r e - e s t a b l i s h i n g  the ca l i b r a t i on  con-  
d i t ions ,  any number  of consecut ive  depos i t ions  may  be comple ted .  

4.0 EXPERIMENTAL PROCEDURE 

Working equat ions  mus t  be developed r e l a t i ng  m e a s u r a b l e  quant i t i es  
to the t h e o r e t i c a l  r e l a t i o n s h i p  for  n and K (Section 2.0,  Eqs.  (8 and 8)) 
The quant i t i es  that  mus t  be d e t e r m i n e d  f r o m  e x p e r i m e n t a l  m e a s u r e m e n t s  
a re  P; the r a t i o  of the r e f l ec t ing  coeff ic ient  fo r  r ad i a t i on  pa r a l l e l  (Rp) 
and pe rpend icu l a r  (R s) to the plane of inc idence ,  A; the phase  d i f f e rence  
between these  components  of rad ia t ion ;  and 8, the angle of inc idence .  
The angle of inc idence  is m e a s u r e d  d i r ec t ly .  However ,  P and A m u s t  
be ca lcu la ted  f r o m  m e a s u r e d  in tens i t i e s  fo r  va r ious  o r i en ta t ions  of the 
p o l a r i z e r  and ana lyze r .  The in tens i ty  t r a n s m i t t e d  by such a s y s t e m  is 
as fol lows (Ref. 13, Fig.  5): 

] 
I(~bp, .~A ) = Io(P 2 cos 2 ~p cos2 ~A + sin2 ~P sin2 ~bA + 2 Psl. 2~p sin 2~ A cos A) (Ii) 

where  ~/p and ~A a re  the az imuths  of the p o l a r i z e r  and ana lyze r ,  
I o = E2R2s, w i t h e  bein~ the ampl i tude of the incident  beam,  and P and A 
a re  as defined above. Now, f r o m  Eq. (11), 

I l = I(~p, ./2) = I o sin 2 ~p 

12 = l($p,0) = loP 2 cos 2 ,'~p 

13 
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1 
o p2 

13 = l(+rr/4,+rr/4) = -~ (I + + 2P cos A) ( 1 4 )  

I 
14 = I(+_rr/4,~rt/4) = 4 ( 1  + p 2 _  2 c o s  A) (15) 

Combining Eqs .  (12) and (13) and Eqs .  (14) and (15) g ives  the following 
e x p r e s s i o n  fo r  P and ~1: 

P : tan ~p 
( 1 6 )  

P / / I3 - 14 
c o s A  = ] / 2  + 1 3 + 1 4  

= l / 2 ~ a n  ~ p ~ . / I 2 / l l  
I ~ 1 3  - 14 

+ o = i3~x 4 
tan ~p (17) 

P and A a r e  e x p r e s s e d  in t e r m s  of e x p e r i m e n t a l l y  m e a s u r e d  quant i t ies ,  
and hence,  the e x p r e s s i o n  (Eqs.  (8 and 9)) fo r  n and K a re  funct ions of 
the e x p e r i m e n t a l  quant i t ies  I1, I2, I3, I4, and 0, the angle of incidence.  
The in tens i t i e s  I1, I2, I3, and I4 need only be r e l a t i v e  measu~ 'ements ,  

I I Amplitude after 
Incident Amplitude Amplitude af ter  Polarization Amplitude af ter  Reflection Analy818 

E cos ~ Z cos ~p cos ~t + i E Rp Oos ~p OO8 (.-t + 6p) + J l~ Rp cos ~p cos ~A 

E ,Ln ~p cos ~t 1 ERO " I n ' P  °°s (®t ÷ 6") 1 cos (~t + ,p) ÷ E , ,  

/ .;rot J1 

I ~  J Plane . l l l p t l c a l l y  " ~ l  . . . .  g,o,..,_ / ,o,..,_ [ y  
PolAr tzer Ana lyzar 

, . t . . , t ,  . , tar  , . 1 , . l .  - . '  [ . :  oo.' ,p oo.' ~ + . : . , . '  , , . l ° '  ~A ÷ l/= .p . .  

a ln  2~p s In  2~ A c o s  (~p - 65) ] 

2 [p2 cos2 ~p cos2 *A + sln2 ~P eln2 ~A + 1/2 P sin 2¢p Intenalty a f te r  Analysis - E 2 R s 

Rp 
sln 2~A cos ~]. P - ~-. A -6p - 6 s 

a 

Figure 5. Analysis of reflected polarized monochromatic radiation. 
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p r o v i d e d  the  r a d i a t i o n  s o u r c e  output  i s  cons t an t .  T h i s  g r e a t l y  s i m p l i -  
f i e s  the  e x p e r i m e n t a l  p r o c e d u r e .  

T h e  r e l a t i o n s h i p  (Eq. (1), Sec t ion  2 .0)  fo r  the  t h i c k n e s s  of t he  con-  
t a m i n a n t  is  a func t ion  of the  angle  of i n c i d e n c e ,  0; the r e f l e c t i n g  power ,  
Rs;  i ndex  of r e f r a c t i o n ,  n; and the  a t t e n u a t i o n  index ,  k. Wi th  the e x c e p -  
t i on  of Rso a l l  of t h e s e  q u a n t i t i e s  a r e  known f r o m  the  op t i ca l  c o n s t a n t s  
m e a s u r e m e n t s .  F r o m  the  s y s t e m  R s m a y  be ob ta ined  by r e m o v i n g  the  
a n a l y z e r  f r o m  the l i gh t  pa th  and s e t t i ng  the  p o l a r i z e r  such  t ha t  the  l i g h t  
i s  p o l a r i z e d  p e r p e n d i c u l a r  to the  p lane  of i n c i d e n c e .  The  m e a s u r e m e n t  
of R s in  t h i s  m a n n e r  p r o v i d e s  the i n f o r m a t i o n  n e c e s s a r y  to c a l c u l a t e  
the  t h i c k n e s s ,  h, f r o m  the  d e r i v e d  e x p r e s s i o n  (Eq. (1), Sec t ion  2 .0 ) .  

5.0 CONCLUDING REMARKS 

A t e c h n i q u e  has  been  c o n s i d e r e d  fo r  the  in s i tu  m e a s u r e m e n t s  of 
the  t h i c k n e s s  of known c o n t a m i n a n t s  on c r y o g e n i c a l l y  cooled  op t i c s .  
T h i s  t e c h n i q u e  i s  an a p p l i c a t i o n  of e x i s t i n g  t h e o r y  fo r  the  e x p e r i m e n t a l  
d e t e r m i n a t i o n  of the  op t i ca l  c o n s t a n t s  of an a b s o r b i n g  s u b s t a n c e  to con-  
t a m i n a n t s  of i n t e r e s t  and the a p p l i c a t i o n  of t h e s e  c o n s t a n t s  in  con junc t i on  
wi th  a r e f l e c t a n c e  m e a s u r e m e n t  to d e t e r m i n e  the  t h i c k n e s s  of the  con-  
t a m i n a n t .  

An e x i s t i n g  r e s e a r c h  c h a m b e r  h a s  been  m o d i f i e d  in  o r d e r  to e x p e r i -  
m e n t a l l y  e v a l u a t e  t h i s  m e t h o d  wi th  the  fo l lowing  p r o g r a m ;  

1. D e t e r m i n e  the  op t i ca l  c o n s t a n t s  of a t y p i c a l  m e t a l l i c  
r e f l e c t i n g  s u r f a c e  at r o o m  t e m p e r a t u r e  and 7 7 ~ .  

2. D e t e r m i n e  op t i ca l  c o n s t a n t s  of c o n t a m i n a n t s  s u c h  as  
w a t e r  and c a r b o n  d ioxide  a f t e r  d e p o s i t i o n  at 77GK on 
a m e t a l l i c  r e f l e c t i n g  s u r f a c e .  

3. E v a l u a t e  the  t h i c k n e s s  m e a s u r e m e n t  by u t i l i z i n g  a 
w a t e r  or  c a r b o n  dixoide  depos i t  of known t h i c k n e s s  on a 
7 7 ~  r e f l e c t i n g  s u r f a c e .  

4. I n v e s t i g a t e  the  use fu l  w a v e l e n g t h  r e g i o n  fo r  th i s  t e c h -  
n ique  wi th  r e s p e c t  to l i gh t  s c a t t e r i n g  by the c o n t a m i -  
nant  and the d e t e c t a b i l i t y  of the  a n a l y z e d  l i g h t  b e a m .  
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NOMENCLATURE 

E 

h 

K(k - nk) 

k 

Io 

2~r 
m ~ 

n 

P 

P 

q 

Rp 

Rs 

S 

Vi 

A 

5p 

5s 

e 

Ampli tude incident  beam 

Contaminant  th i ckness  

Optical  constants  of the contaminant  or  m i r r o r  

At tenuat ion index or ext inct ion coeff ic ient  

In tens i ty  of incident  beam 

Constant  

Index of r e f r a c t i o n  

Ratio of the r e f l ec t ion  coeff ic ients ,  Rp and R s 

P a r a l l e l  component  

Number  of m i n i m a  observed  

Ref lec t ion  coeff ic ient  fo r  r ad i a t i on  p a r a l l e l  to the plane of 
inc idence  

Ref lec t ion  coeff ic ient  fo r  r ad i a t i on  pe rpend icu l a r  to the 
plane of incidence 

P e r p e n d i c u l a r  component  

Funct ion of n i, Ki, el, and n 1 

Rela t ive  phase d i f fe rence  of the r e f l e c t i on  coeff ic ients  

Phase  of pa r a l l e l  component  of po l a r i za t i on  

Phase  of pe rpend icu l a r  component  of po l a r i za t i on  

Angle of inc idence  
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k 

# i  

Pij 

~A 
~P 

W a v e l e n g t h  

F u n c t i o n  of n b Ki ,  e i, and n l  

F r e s n e l  coe f f i c i en t  f o r  ij i n t e r f a c e  

P h a s e  change at  the ij i n t e r f a c e  

A z i m u t h  of a n a l y z e r  

A z i m u t h  of p o l a r i z e r  
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