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PREFACE 

The work reported herein was conducted by the Arnold Engineer- 
ing Development Center (AEDC), Air Force Systems Command 
(AFSC), under Program Element 65807F. The results of the re- 
search presented were obtained by ARO, Inc. (a subsidiary of The 
Sverdrup Corporation), contract operator of AEDC, AFSC, Arnold 
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1.0 INTRODUCTION 

Model  d i s p l a c e m e n t  and the  r e l a t i v e  pos i t i on  of the wings  with  
r e s p e c t  to the f u s e l a g e  a r e  i m p o r t a n t  m e a s u r e m e n t s  in a e r o d y n a m i c  
t e s t i n g  p r o g r a m s .  The  a m o u n t  of a c tua l  m o d e l  p i tch ,  r o l l ,  and yaw,  
in add i t ion  to m a g n i t u d e  and f r e q u e n c y  of wing and f u s e l a g e  o s c i l l a t i o n s ,  
a r e  al l  p e r t i n e n t  to the  a e r o d y n a m i c  m e a s u r e m e n t s  of a t e s t  m o d e l  
(Ref. 1). T h e s e  a r e  e s p e c i a l l y  c r i t i c a l  in h igh R e y n o l d s  n u m b e r  t e s t  
cond i t ions  w h e r e  a e r o d y n a m i c  l oad ing  can be su f f i c i en t  to p r o d u c e  l a r g e  
s t a t i c  wing and s t ing  d e f l e c t i o n s .  Model  d e f l e c t i o n  da ta  m u s t  be a v a i l -  
ab le  to t e s t  p e r s o n n e l  both d u r i n g  and fo l lowing  e a c h  r u n  to aid in a s s e s s -  
ing w h e t h e r  the  m o d e l  or  §t ing has  a p p r o a c h e d  s t r u c t u r a l  l i m i t s  and to 
p r o v i d e  the u s e r  wi th  i n f o r m a t i o n  about m o d e l  d e f o r m a t i o n  and pos i t i on  
in the  flow for  c o r r e c t i o n s  to the a e r o d y n a m i c  data .  D u r i n g  the run ,  
the  m o d e l  m a y  u n d e r g o  p r o g r a m m e d  changes  in the ang le  of a t t ack  in 
e i t h e r  a con t inuous  or  a p i t c h - p a u s e  m o d e .  T h e r e f o r e ,  the  p o s i t i o n  of 
the  m o d e l  r e l a t i v e  to f ixed  r e f e r e n c e  or  r e l a t i v e  to a n o t h e r  m o d e l  m u s t  
be known.  S ince  the  m e a s u r e m e n t  s y s t e m  m u s t  not d i s t u r b  the  f low, 
conven t i ona l  m e a s u r e m e n t  t e c h n i q u e s  a r e  i n a p p r o p r i a t e  for  u se  in wind 
t u n n e l s .  

A laser interferometric technique is proposed for these measure- 
ments based on similar techniques established by others (Refs. 2 
through 7). This technique requires only small retroreflectors 
mounted flush with the model surface as preparation for meas- 
urement. Resolution of the proposed technique in rneasurlng 
absolute or differential displacements is one-quarter of the 
wavelength of the laser illumination source. 

This report describes the two-beam optical system and electronic 
signal processors developed to implement the technique on an experi- 
mental basis. A description of the two-beam and a proposed multiple- 
beam optical system and an analysis of the salient optical system 
parameters are presented in Section 2.0. The electronic signal data 
processors which provide the displacement information are discussed 
in Section 3.0. The errors inherent in this system attributable to 
changing laser parameters and the effects of variations in the index of 
refraction of the airflow are considered in Section 4.0. Section 5.0 
summarizes the work completed, and recommendations for future work 
are presented. 
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2.0 OPTICAL SYSTEM ANALYSIS 

An expe r imen t a l  two-beam opt ica l  s y s t e m  has been developed as the 
bas ic  building block for  a p roposed  mu l t i beam sys tem.  This  two-beam 
s y s t e m  provides  opera t ing  c r i t e r i a  concern ing  the mixing of l ight  f rom 
r e t r o r e f l e c t o r s ,  r e t ro r ' e f l e c to r  c h a r a c t e r i s t i c s ,  photode tec tor  s e n s i -  
t iv i ty ,  l a s e r  power r e q u i r e m e n t s ,  and e l ec t ron i c  s ignal  p rocess ing .  

The des ign of the two-beam sys t em is cons idered  f i r s t  followed by 
the des ign cons ide ra t ions  for  a mu l t ibeam sys tem.  T h e o r e t i c a l  d i s cus -  
s ions  concern ing  des ign p a r a m e t e r s  which apply to both s y s t e m s  a r e  
then  given. 

2.1 TWO-BEAM OPTICAL SYSTEM 

The opt ical  sy s t em of the two-beam l a s e r  i n t e r f e r o m e t e r  developed 
to m e a s u r e  r e l a t i ve  or absolute  d i sp l acemen t s  is shown s c h e m a t i c a l l y  
in Fig. 1. Light  f r o m  a f i ve -mi l l iwa t t  he l i um-neon  l a s e r  is po l a r i za t i on -  
ro ta t ed  90 deg by a ha l f -wave  (X/2) plate and r e f l ec t ed  to a 34-MHz 
Bragg cel l  by m i r r o r  M 1. This  ro t a t i on  is n e c e s s a r y  to allow the l ight  
to pass  undef lec ted  through the p o l a r i z a t i o n - s e n s i t i v e  p r i s m s .  In 
pass ing  through this  Bragg cell ,  par t  of the beam is up-sh i f ted  in f requency  
and the r ema in ing  par t  ca l led  the ze ro th  o r d e r  is unper turbed .  The 
pos i t ive  (up-shifted) f i r s t - o r d e r  beam and the ze ro th  o r d e r  a re  r e f l ec t ed  
to a b e a m - s e p a r a t i n g  lens  sy s t em by m i r r o r  RI 2. The f i r s t  o rde r  
beam is r e f l ec t ed  by m i r r o r  M 3 and passes  through a b i r e f r ingen t  
(Wollaston) p r i s m  where  it is r e f l ec t ed  by m i r r o r s  M 4 and M 5 to a 
r e t r o r e f l e c t o r  loca ted  on the tes t  sur face .  

These  l a t t e r  m i r r o r s  (M 4 and M 5) allow the s epa ra t i on  and angle 
between the i l l umina t ion  beams to be eas i ly  adjusted.  The unmodulated 
z e r o t h - o r d e r  beam is modulated by a second Bragg cell which is 
d r iven  at 49 M-Hz and or ien ted  to enhance the posi t ive  f i r s t - o r d e r  
deflection, This Bragg cell serves to frequency modulate a portion 
of the light beam producing an overall frequency shift between the 
two beams of 15 MHz. The zeroth order or unperturbed beam from 
this Bragg cell is blocked to prevent extraneous frequencies from 
being generated should it interfere with the other light beams. 

Using two Bragg cel ls ,  r a t h e r  than one, to obtain the d e s i r e d  15- 
MHz opt ica l  c a r r i e r  f ac i l i t a t e s  the i so la t ion  f rom the opt ical  c a r r i e r  
f requency  of the individual  r ad io  f requency  (RF) s igna ls  r e q u i r e d  to 
dr ive  the Bragg cel ls  (Ref. 7). This  p e r m i t s  loca t ing  the photode tec tor  
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and B r a g g  ce l l s  in c l o s e  p h y s i c a l  p r o x i m i t y  wi thout  i n t r o d u c i n g  c r o s s -  
t a lk  into the  p h o t o d e t e c t o r  at the  op t i ca l  c a r r i e r  f r e q u e n c y .  

M i r r o r  M 7 d e f l e c t s  the  49-MHz f r e q u e n c y - s h i f t e d  b e a m  f r o m  the  
s e c o n d  B r a g g  ce l l  to a G l a n - A i r  p r i s m  and to a s e c o n d  r e t r o r e f l e c t o r .  
To ta l  i n t e r n a l  r e f l e c t i o n s  wi th in  the  r e t r o r e f l e c t o r s  c a u s e  the i n c i d e n t  
p o l a r i z a t i o n  v e c t o r  to be r o t a t e d .  The  two b i r e f r i n g e n t  p r i s m s  
t h e r e f o r e  s e p a r a t e  the v e r t i c a l  p o l a r i z e d  p o r t i o n s  of the  r e t u r n e d  b e a m s  
and de f l e c t  t h e m  to the  b e a m  s p l i t t e r .  The  two b e a m s  a r e  c o m b i n e d  by 
the  v a r i a b l e  b e a m  s p l i t t e r  and a r e  r e f l e c t e d  to the  pho tod iode  by m i r r o r  

M 6 • 

M 1 1/2 ;~ Plate Laser 

+ First 49-MHz Beam- / Order--, M 7 
Separating 3 

: Bragg Ceil . , ~ o t h  Lens S y s t e m ~ ~  
/ - s  + First Order-,, Order 

Glan-Air -0 th Order '~ "- ~ Prism Variable 
Beamspl 

M 

Photodiod~ 

J Readout 
[Electronics 

Reference Beam 

Retroreflector 

Wollaston 
Prism 

M 4 

I Object Beam 

l 
Retroreflector 

Figure 1. Two-beam optical system schematic. 

Mixing or optical heterodyning the two beams at the photodetector 
can be thought of as establishing virtual fringes, of period k/2, normal 
to the propagation vector of the retroreflector illumination light. 
Because the two beams are frequency-shifted by 15 MHz, these fringes 
are moving relative to a stationary reference. Thus the light returned 
by a stationary pair of retroreflectors will be modulated at 15 MHz. 

9 
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As a r e t r o r e f l e c t o r  m o v e s ,  the  v e l o c i t y  of the  r e f l e c t e d  f r i n g e s  will  
a p p e a r  to s p e e d  up or  s low down r e l a t i v e  to the  d i r e c t i o n  of mo t ion .  
Th i s ,  in turn ,  is m a n i f e s t e d  by a change  in the  s igna l  f r e q u e n c y .  

F o r  c l a r i t y ,  the  two r e t r o r e f l e c t o r  i l l u m i n a t i o n  b e a m s  will  be 
r e f e r r e d  to s e p a r a t e l y  as the  ob jec t  b e a m  and the r e f e r e n c e  b e a m ,  
r e s p e c t i v e l y .  The  output s igna l  f r o m  the  pho tod iode ,  a s q u a r e - l a w  
d e t e c t o r ,  is p r o p o r t i o n a l  to the  s q u a r e  of the  s u m  of the  i n c i d e n t  
e l e c t r i c  f i e ld s ,  i . e . ,  

w h e r e  ~0 o and t0 H a r e  the  f r e q u e n c i e s  of the  ob jec t  and r e f e r e n c e  
i l l u m i n a t i n g  b e a m s  with a m p l i t u d e s  E o and E R, r e s p e c t i v e l y ,  and ¢o 
and CR a r e  the  c o r r e s p o n d i n g  phase  changes  caused  by op t ica l  path 
l e n g t h  v a r i a t i o n s .  Both r e f l e c t o r  mot ion ,  x(t), and the v a r i a t i o n s  in 
the  index  of r e f r a c t i o n ,  rL a long the  op t ica l  path  due to d e n s i t y  changes  
in the m e d i u m  a r e  i nc luded  in t h e s e  phase  t e r m s .  In g e n e r a l ,  

¢ X ~ dx (2) 

w h e r e  the  i n t e g r a t i o n  is a long the  l ight  path and X is the  wave l eng th  of 
l igh t  in a vacuum.  Fo r  a cons tan t  index  of r e f r a c t i o n ,  Eq.  (2) b e c o m e s  

4~ 
¢ (t). = - y  x(t) (3) 

Expand ing  Eq. (1) and n e g l e c t i n g  the  op t ica l  f r e q u e n c y  t e r m s  to which  
the  pho tod iode  is unable  to r e s p o n d ,  the  output s igna l  in t e r m s  of the  
m e a s u r e d  i n t ens i t y  I is g iven  by 

t o+I +2' oI  < 0 --~ o Xo (t) - ~R xR(t 4) 

w h e r e  ¢0 c = ~0 o - t0 is the  15-MHz f r e q u e n c y  d i f f e r e n c e  g e n e r a t e d  by 
the  two Bragg  cel~s, I i n d i c a t e s  i n t ens i ty ,  and the s u b s c r i p t s ,  o and 
R, i nd i ca t e  p a r a m e t e r s  in the  ob jec t  and r e f e r e n c e  b e a m s ,  r e s p e c t i v e -  
ly.  The  f i r s t  two t e r m s  in Eq. (4) e s t a b l i s h  a d - c  b ias  at the  output  
of the  pho tod iode  on which  the  phase  m o d u l a t e d  s igna l  r e p r e s e n t e d  by 

10 
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the third term rides. Phase modulation is manifested on the 
photodiode signal as a frequency deviation given by 

_ de  _ 4 ~  Av(t) (5) 
A co d dt  k 

w h e r e  ~v( t )  = Vo(t) - vR( t ) ,  Vo(t) and  vR(t )  b e i n g ,  r e s p e c t i v e l y ,  t h e  
c o m p o n e n t s  of the  o b j e c t  and  r e f e r e n c e  b e a m  r e t r o r e f l e c t o r  v e l o c i -  
t i e s  in  t he  d i r e c t i o n s  a l o n g  the  b e a m  a x e s  and  w h e r e  ~7 is  a s s u m e d  
to  be c o n s t a n t  in  t i m e .  T h e  e f f e c t s  of v a r i a t i o n  in the  i n d e x  of 
r e f r a c t i o n  g e n e r a t e d  by f low d e n s i t y  v a r i a t i o n s  in  t h e  w i n d  t u n n e l s  
and  abou t  t he  m o d e l  w i l l  be c o n s i d e r e d  in  S e c t i o n  4 . 2 .  

2.2 PROPOSED MULTIPLE-BEAM SYSTEM 

An o p t i c a l  s y s t e m  p r o p o s e d  to  g e n e r a t e  and  m i x  m u l t i p l e  l i g h t  
b e a m s  f o r  m o r e  e x t e n s i v e  and  d e t a i l e d  i n t e r f e r o m e t r i c  m e a s u r e m e n t s  
of m o d e l  d e f o r m a t i o n  and  d i s p l a c e m e n t  i s  s c h e m a t i c a l l y  s h o w n  in  
F i g .  2. T h e  l a s e r  l i g h t  is  s p l i t  i n to  two  b e a m s  by  a B r a g g  c e l l  p o s i -  
t i o n e d  to  e n h a n c e  t h e  f i r s t  o r d e r  and  is  d r i v e n  at  49 MHz.  A p a i r  of 
p r i s m s ,  P1 and  P 2 ,  i n c r e a s e s  the  s e p a r a t i o n  b e t w e e n  the  two  b e a m s .  
T h e  u p p e r  b e a m  is  d o w n - s h i f t e d  by 34 MHz by a s e c o n d  B r a g g  c e l l  
r e s u l t i n g  in  an  o v e r a l l  f r e q u e n c y  s h i f t  b e t w e e n  t h e  two  b e a m s  of 15 
MHz.  An  a r r a y  of b e a m  s p l i t t e r s  and  m i r r o r s  a l t e r n a t e l y  d i r e c t s  e a c h  
b e a m  t o w a r d  a s e r i e s  of p o l a r i z a t i o n - s e n s i t i v e  p r i s m s .  ( T h e s e  c o u l d  
be  W o l l a s t o n ,  a s  s h o w n  in  F i g .  2, o r  G l a n - A i r  p r i s m s .  T h e  u l t i m a t e  
c h o i c e  w i l l  d e p e n d  on e a s e  of a l i g n m e n t  and  e f f i c i e n c y  in  l i g h t  p r o p a -  
g a t i o n  of t h e  o p t i c a l  s y s t e m .  ) Al l  but  one  of t h e  b e a m s  a r e  d i r e c t e d  to  
t h e  m o d e l .  One  l i g h t  b e a m  is  d i r e c t e d  t o w a r d  a r e f e r e n c e  r e f l e c t o r ,  
M 1, f o r  an  a b s o l u t e  d i s p l a c e m e n t  m e a s u r e m e n t .  T h e  r e s t  a r e  d i r e c t e d  
to  t he  m o d e l  t h r o u g h  s m a l l  l e n s e s  L 1, of f o c a l  l e n g t h ,  f l '  w h i c h  e x p a n d  
t h e  b e a m s  and d i r e c t  t h e m  to a s i n g l e  l e n s ,  L 2, w i th  f o c a l  l e n g t h  f2" 
E a c h  s m a l l  l e n s  is  s e p a r a t e d  f r o m  L 2 by  f l  + f2 w h i c h  r e s u l t s  in a 
c o l l i m a t e d  ou tpu t  b e a m  w i t h  d i a m e t e r  

f2 
D - d L (6) 

o fl 

w h e r e  d L is  t he  b e a m  d i a m e t e r  at L 1. T h e  s m a l l  l e n s e s  a r e  p o s i t i o n e d  
on a p l a n e  p a r a l l e l  to  t h e  m o d e l  to  i l l u m i n a t e  e a c h  a r e a  c o n t a i n i n g  a 

l l  
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r e t r o r e f l e c t o r .  T h e i r  s e p a r a t i o n ,  s,  in t h i s  p lane  is  d i c t a t ed  by the  
r e t r o r e f l e c t o r  s e p a r a t i o n ,  S, the  foca l  l e n g t h s  of the l e n s  s y s t e m ,  and 
the he igh t ,  H, of L 2 above the  mode l ,  and is  g iven  by 

s = (f l  + f2 )s (7) 
H 

Ligh t  r e t u r n e d  by each  r e f l e c t o r  is  co l l ec t ed  and c o l l i m a t e d  by t h i s  
s a m e  l e n s  s y s t e m .  The  r e s u l t i n g  b e a m  d i a m e t e r ,  dR, is 

f l  

dR - f2 DR (8) 

whe re  D R is  the  d i a m e t e r  of the  e f f ec t ive  a p e r t u r e  of the  r e t r o r e f l e c t o r .  
E a c h  b e a m  aga in  e n t e r s  the  p o l a r i z a t i o n - s e n s i t i v e  p r i s m s  and b e c a u s e  
of the p o l a r i z a t i o n  r o t a t i o n  wi th in  the r e t r o r e f l e c t o r s  the  p e r p e n d i c u l a r  
componen t  is  de f l ec t ed  toward  the  p h o t o d e t e c t o r s .  

I 
I 
I 

Test 
Ce ~' i  

I Ream Splitters BC2 P2 
,Photodetectors-~ . ~, ~" ~ B r ~ C I  Laser 

" 0 th Order  

\ 

ICombmind~ ~ \ 
IB,=ks " \  

~ J ~ ' ~ ' ~  \ ]~Wol laston Prisms 

, / / 

',/ / /  / t  

Figure 2. Conceptual multiple-beam optical system. 
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I 

An a r r a y  of b e a m - c o m b i n i n g  op t ica l  b locks  m i x e s  ad j acen t  b e a m s  
and d i r e c t s  t h e m  to the p h o t o d e t e c t o r s .  To obta in  equal  i n t e n s i t y  
b e a m s ,  the  s u r f a c e s  of t h e s e  b locks  a r e  coa ted  fo r  5 0 - p e r c e n t  t r a n s -  
m i s s i o n  and r e f l e c t i o n .  E a c h  block func t ions  as two b e a m - c o m b i n i n g  
e l e m e n t s .  Th is  is shown in m o r e  de ta i l  in Fig.  3. Inc iden t  l igh t  is 
r e f l e c t e d  by the  f ron t  s u r f a c e  of one b lock  to the  back s u r f a c e  of an 
ad jacen t  b lock w h e r e  it is c o m b i n e d  with the  l igh t  which  has  p a s s e d  
t h r o u g h  that  b lock.  Block  t h i c k n e s s  is  c h o s e n  to p r e v e n t  s e c o n d a r y  
r e f l e c t i o n s  f r o m  i l l u m i n a t i n g  the  p h o t o - s e n s i t i v e  s u r f a c e  of the  d e t e c t o r  
e s p e c i a l l y  when the  m o d e l  m o v e s  l a t e r a l l y .  A p p r o x i m a t e l y  50 p e r c e n t  
of the  l igh t  is l o s t  at the  b e a m - c o m b i n i n g  b locks  due to i n t e r n a l  r e f l e c -  
t ion  and t r a n s m i s s i o n .  

To Photodetectors 

Extraneous Light 7 
Z_ 

S, 

Back Surface, 50 percent 

Front Surface, 50 percent 

Figure 3. Beam-combining optical blocks. 
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L a t e r a l  mo t ion ,  L, of the  m o d e l  will  c ause  l i gh t  r e t u r n e d  by the  
r e f l e c t o r  to m o v e  a c r o s s  the face  of the  p h o t o d e t e c t o r .  The  amount  
of th is  mo t io n ,  ~, is g i v e n  by 

f l  ' 

=~2 L (9) 

As an e x a m p l e ,  if f l  = 0 .2  cm and f~ = 50 am,  then  ~ = 4 x 10-3L.  
T h e r e f o r e ,  if the r e f l e c t o r s  w e r e  toZmove l a t e r a l l y  by 5 cm the op t ica l  
s y s t e m  will  r e d u c e  th i s  m o t i o n  at the p h o t o d e t e c t o r  to only 0 .2  ram.  
This  is an i m p o r t a n t  c o n s i d e r a t i o n  for  angu la r  m o t i o n  a s s o c i a t e d  with 
pi tch,  ro l l ,  and angle  of a t tack .  

An a r r a y  of p h o t o d e t e c t o r s  c o n v e r t s  the  op t ica l  i n f o r m a t i o n  to 
e l e c t r i c a l  s i g n a l s  which  a r e  s u b s e q u e n t l y  p r o c e s s e d  for  d i s p l a c e m e n t  
data .  A v a l a n c h e  pho tod iodes  a r e  p r o p o s e d  for  th i s  p u r p o s e  b e c a u s e  
of t h e i r  h igh s e n s i t i v i t y  (0.2 a m p s / w a t t ) ,  h igh g a i n - b a n d w i d t h  p roduc t  
(80 GHz), and low s y s t e m  no i se  equ iva l en t  power  (NEP) of 2 x 10 -13 
w a t t s / ~  In con junc t ion  with a low n o i s e  a m p l i f i e r  t h e s e  d e t e c t o r s  
have  a r e s p o n s i v i t y  of 2 x 105 v o l t s / w a t t  for  a d e m o d u l a t i o n  bandwid th  
of 50 MHz (Ref. 8). 

2.3 OPTICAL SIGNAL-MIXING REQUIREMENTS 

O p t i m u m  m i x i n g  of the  l igh t  b e a m s  at the  b e a m - c o m b i n i n g  b locks  
o c c u r s  when  the  op t ica l  phase  is u n i f o r m  a c r o s s  each  wave f ron t .  Th i s  
r e q u i r e m e n t  is m e t  u n d e r  the  fo l lowing  cond i t ions  fo r  the two b e a m s  
(Refs.  

1. 

2. 

3. 

4, 

5. 

7 and 9): 

They  m u s t  have  the  s a m e  m o d e  s t r u c t u r e ,  

They  m u s t  be co inc iden t  and have  equa l  d i a m e t e r s ,  

They  m u s t  p r o p a g a t e  in the  s a m e  d i r e c t i o n ,  i . e . ,  t h e i r  
Poyn t ing  v e c t o r s  m u s t  be co inc iden t  at the  b e a m  c o m b i n e r ,  

T h e i r  w a v e f r o n t s  m u s t  have  the  s a m e  c u r v a t u r e ,  and 

They  m u s t  be i d e n t i c a l l y  p o l a r i z e d .  

14 
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The f i r s t  condi t ion  is m e t  by us ing  a l a s e r  o p e r a t i n g  in the  funda-  
m e n t a l  (TEMoo) m o d e .  The  s e c o n d  and t h i r d  condi t ion  can be c l o s e l y  
m e t  by f a b r i c a t i n g  the  op t ica l  componen t  moun t s  with the  r e q u i r e d  
d e g r e e s  of f r e e d o m  for  p r e c i s e  b e a m  s t e e r i n g  i n s ide  the  op t i c s /  package .  
F o c u s i n g  at the  d e t e c t o r  c l o s e l y  a c h i e v e s  s i m i l a r  wave f ron t  c u r v a t u r e  
at the  d e t e c t o r  a l though in a r e a l  op t ica l  conf igura t ion ,  condi t ion  2 is 
c o m p r o m i s e d .  The p o l a r i z a t i o n  p r i s m  e n s u r e s  opt ica l  m ix ing  is 
a c h i e v e d  with i den t i ca l  p o l a r i z a t i o n  v e c t o r s .  Howeve r ,  as wil l  be 
s e e n  in Sec t ion  4 .2 ,  the phase  of the r e t u r n e d  b e a m s  could be d i s -  
t o r t ed  by dens i ty  v a r i a t i o n s  in the  flow about the mode l .  

2.4 RETROREFLECTOR ANALYSIS 

The r e t r o r e f l e c t o r s  ( c o r n e r  cube p r i s m s ) ,  which a r e  m o u n t e d  
f lush  with the s u r f a c e ,  r e f l e c t  the l ight  back to the  s o u r c e  o v e r  l a r g e  
i l l u m i n a t i o n  ang les .  Thus ,  as the s u r f a c e  m o v e s  due to p i tching,  
r o l l i n g ,  or  tw i s t ing  of the  m o d e l ,  op t ica l  a l i g n m e n t  will  not be a f fec ted .  
The  in tens i ty ,  IR, of the  l igh t  that  is r e t r o r e f l e c t e d ,  is g iven  by 

(D 2 
I R = i I (i - A(oi) (10) 

w h e r e  I I is t he  i nc iden t  in t ens i ty ,  ~ is  the  a i r - g l a s s  i n t e r f a c e  l o s s  due 
to r e f l e c t i o n ,  D R is the  d i a m e t e r  of the r e f l e c t o r  a p e r t u r e ,  D O is the 
i nc iden t  b e a m  d i a m e t e r ,  and A(0 i) is the  e f f ec t ive  a p e r t u r e  of the c o r n e r  
r e f l e c t o r  a s s u m i n g  p e r f e c t  r e f l e c t i n g  s u r f a c e s .  F i g u r e  4 i l l u s t r a t e s  
the  v a r i a t i o n  of A(0 i) fo r  a r e f l e c t o r  with a c i r c u l a r  a p e r t u r e  and an 
index  of r e f r a c t i o n  of 1 .54 (Ref. 10). The  m a x i m u m  t o l e r a b l e  ang le  of 
i n c i d e n c e ,  6)i, will  depend  on the  m i n i m u m  s igna l  l e v e l  r e q u i r e d  by the  
data  p r o c e s s i n g  e l e c t r o n i c s .  Th is  in t u rn  is a func t ion  of the  s e n s i t i v i t y  
of the  p h o t o d e t e c t o r  and output no i se .  E x p e r i m e n t s  with an a v a l a n c h e  
pho tod iode  d e t e c t o r  have shown that  0 i can be as m u c h  as 32.5  deg  
b e f o r e  the  s igns /  is u n a c c e p t a b l e  for  the  e l e c t r o n i c  s igns /  p r o c e s s o r .  

Total internal reflection within the retroreflector rotates the 
orthogonal components of the polarization vector which are parallel 
and perpendicular to each reflector's plane of incidence. Linearly 
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A(B i) 

p o l a r i z e d  l i g h t  t h e r e f o r e  b e c o m e s  e l l i p t i c a l l y  p o l a r i z e d  on t o t a l  r e f l e c -  
t ion .  T h e  a m o u n t  of r o t a t i o n ,  5, b e t w e e n  the  two c o m p o n e n t  v e c t o r s  
f o r  a s i n g l e  r e f l e c t i o n  is (Ref .  11) 

5 cos  0. s i n  2 0. - 
1 1 

t a n  2 - 2 (11) 
s i n  O. 

1 

0 

I ndex of Refraction, 7/ = 1.54 

AE DC-TR-76-116 

-60 -40 - 20 0 20 40 50 
Angle of Incidence, Oi, deg 

Figure 4. Variation of the effective aperture of a circular retroreflector 
with angle of incidence. 

A m a x i m u m  5 of 48 deg  o c c u r s  at  an  i n c i d e n t  a n g l e  of 5 0 . 4  d e g  f o r  
= 1 .54 .  T h e  e f f i c i e n c y  of a p o l a r i z a t i o n - s e n s i t i v e  o p t i c a l  s y s t e m  in 

s e p a r a t i n g  the  r e f l e c t e d  ~light f r o m  t h e  i n c i d e n t  l i g h t  is  t h e r e f o r e  not  as  
l a r g e  as  w h e n  a m i r r o r e d  s u r f a c e  is on the  o b j e c t .  C o m p a r e d  to a 
first surface mlrror, a retroreflector used in conjunchon with a 4/4 
plate and Wollaston prism was found, experimentally, to be approxi- 
mately 40-percent efficient in returning light to the photodetector. 
The polarization rotation of the reflectors could be eliminated by coat- 
ing the reflecting surfaces with silver, thus eliminating the glass-air 
interface. However, now a X/4 plate must be placed between the 
polarization-sensitive prism and mirror M 4 (Fig. I) to rotate the 
polarization vector so that the prism can deflect the returning light to 
the photodetector. 

[6 
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2.5 ANGULAR MOTION LIMITATIONS 

The c o l l i m a t e d  b e a m s  i l l u m i n a t i n g  each  r e t r o r e f l e c t o r  (Fig.  2) 
o p t i m i z e  the  l ight  r e t u r n e d  to the  p h o t o d e t e c t o r  s i n c e  a r e a s  of the  
m o d e l  wi thout  a r e f l e c t o r  a r e  not i l l u m i n a t e d .  However ,  the  d i a m e t e r  
of each  beam,  D o, and the  ang le  of i n c i d e n c e ,  0 i, r e s t r i c t  the  amoun t  
of angu la r  s u r f a c e  mo t ion ,  ~, of e a c h  r e f l e c t o r .  If the  b e a m  d i a m e t e r  
is too s m a l l ,  or  the  i l l u m i n a t i o n  ang le  too l a r g e ,  t hen  a s l igh t  r o t a t i o n  
can c a u s e  the r e f l e c t o r  to m o v e  out of the  i l l u m i n a t i o n  and the  op t ica l  
s igna l  wil l  be los t .  Four  r e f l e c t o r  r o t a t i o n  and i l l u m i n a t i o n  angle  
s i t ua t ions  which  l i m i t  s u r f a c e  m o t i o n  a r e  d e p i c t e d  in Fig.  5. T h e s e  
inc lude  i l l u m i n a t i o n  (1) n o r m a l  to the  s u r f a c e ,  (2) in the  d i r e c t i o n  of 
ro t a t i on ,  (3) aga ins t  the  d i r e c t i o n  of ro t a t i on ,  and (4) in the  d i r e c t i o n  
of r o t a t i o n  but at a s t e e p  angle .  The  s e c o n d  i l l u m i n a t i o n  s c h e m e  
m a x i m i z e s  the  angu la r  r o t a t i o n  whi le  the  fou r th  i n d i c a t e s  the s e v e r e  
l i m i t s  i m p o s e d  when  the  angle  of i n c i d e n c e  is too l a r g e .  In th is  c a s e  
the  r e f l e c t o r  m o v e s  c o m p l e t e l y  out of the  oppos i t e  s i d e  of the i l l u m i -  
na t ion  beam.  

The  m a x i m u m  a n g u l a r  m o t i o n  of the  r e f l e c t o r  fo r  c a s e s  2, 3, 
4 is g iven  by 

and 

s in  ~ = s in  O.1 t Os 'oi  - D~ / 

1/2 

[ °o 1 + cos O. s in  20 .  + z z ~ cos 0. - (12) \2R/ 

w h e r e  O. is m e a s u r e d  with r e s p e c t  to the  s u r f a c e  n o r m a l  v e c t o r  and R 
1 

is the dzs tance  of the  r e t r o r e f l e c t o r  f r o m  the  axis  of ro t a t i on ,  which  
is a s s u m e d  to be p e r p e n d i c u l a r  to the  p lane  of the  i n c i d e n c e  angle .  
The i l l u m i n a t i o n  is a l so  a s s u m e d  to be c e n t e r e d  on the  r e f l e c t o r  as 
shown in Fig.  5. Fo r  p e r p e n d i c u l a r  i l l u m i n a t i o n  (0 i = 0), Eq. (12) 
r e d u c e s  to 

( D°) 
cos  ~ = I - ~-~ (13)  

The s econd  t e r m  in Eq. (12) is added to or  s u b t r a c t e d  f r o m  the  f i r s t  
t e r m  depend ing  on w h e t h e r  m o t i o n  is t o w a r d  or  away f r o m  the i l l u m i -  
na t ion  as shown in F igs .  5b and 5c, r e s p e c t i v e l y .  M a x i m i z i n g  the  

17 



AE DC-TR-76 -116  

r o t a t i o n  ang le  by i n c r e a s i n g  the i l l u m i n a t i o n  ang le  l e a d s  to the  l i m i t a -  
t ion  shown in Fig.  5d. The  m a x i m u m  i l l u m i n a t i o n  ang le ,  0m, w h e r e  
the  r e f l e c t o r  p a s s e s  t angen t  to the  edge  of the  b e a m ,  is 

D 
O 

cos 0 m = 1 -2--R (14) 

wh ich  is s e e n  to be equa l  to the  m a x i m u m  r o t a t i o n  ang le ,  a m ,  fo r  
n o r m a l  i l l u m i n a t i o n .  The  ang le  of r o t a t i o n  at the point  of t a n g e n c y  is 

s i n ~  = 1 - (15) 

As the  i l l u m i n a t i o n  ang le  b e c o m e s  l a r g e r  t han  th i s  va lue ,  a is  l i m i t e d  
by the  a m o u n t  of r e t r o r e f l e c t o r  t r a v e l  in the  b e a m  b e f o r e  it ex i t s  out 

a, 

C, 

~ D o 

R ~ ~ _ .  Retroreflect0r P - ~  R 
(RR) 

Normal illumination (Oi = O) 

°° 1 
R 

Rotation opposite to the angle of 
incidence 

~ - - D  0 

b. Rotation with the angle 
of incidence 

D O 

RR 
d. Rotation through the illuminating 

beam 

Figure 5. Retroreflector motion within a collimated illumination beam. 
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of the oppos i t e  edge .  The  angle  w h e r e  it i n i t i a l l y  l e a v e s  the  b e a m  is 
g iven  by 

sin ~ = sin 0 i os 0. + 
1 

i/2 

- cos 0. in 20 .  o cos 0. - " ] (16) 
z z R z j 

E q u a t i o n s  (12) and (16) a r e  p lo t t ed  in Fig .  6 for  v a r i o u s  v a l u e s  of 
D o / R  r a n g i n g  f r o m  0 .01  to 0 .5 .  S e v e r e  r e d u c t i o n  in the r o t a t i o n  
ang le  as  the  i l l u m i n a t i o n  angle  i n c r e a s e s  is qui te  ev iden t  in the f i g u r e .  
As an e x a m p l e ,  if a wing r e t r o r e f l e c t o r  20 in. f r o m  the  m o d e l  c e n t e r -  
l i ne  is i l l u m i n a t e d  by a 4 - in .  - d i a m  b e a m  (Do/R = 0 .2)  at an i n c i d e n c e  
ang le  of 20 deg,  t hen  the  wing can r o t a t e  53 deg b e f o r e  the  r e f l e c t o r  
l e a v e s  the  l igh t .  H o w e v e r ,  by i n c r e a s i n g  the  i n c i d e n c e  ang le  to 30 deg 

D O - Bea m D'ia meter . i  

R - Ref lector  Moment  A r m  / 
8o T 

; 

0.1 

i L I , I I i I i = 1 I I ] 

-30 -25 -20 -15 -I0 -5 0 5 I0 15 20 25 30 35 40 45 
Angle of Incidence, B i, deg 

Figure 6. Retroreflector motion within a finite diameter, collimated, 
i l lumination beam. 

the  r e f l e c t o r  is r e s t r i c t e d  to a I 5 - d e g  ro t a t i on .  It should  be no ted  
that  angle  r o t a t i o n s  g r e a t e r  than  32 deg wil l  c a u s e  a l o s s  in the  op t i ca l  
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s igna l  due to the d e c r e a s i n g  r e t r o r e f l e c t o r  a p e r t u r e  as d i s c u s s e d  in 
Sec t ion  2 .4 .  M a x i m u m  pi tch  and ro l l ,  t h e r e f o r e ,  will  depend  not only 
on the  i l l u m i n a t i o n  b e a m  p a r a m e t e r s  but a l so  on r e t r o r e f l e c t o r  p l a c e -  
m e n t  on the m o d e l  with r e s p e c t  to the  l a t e r a l  pos i t i on  of the  i l l u m i -  
na t ion  por t .  By c e n t e r i n g  the  por t  b e t w e e n  the  e x t r e m e  r e t r o r e f l e c t o r s '  
pos i t i ons  on the m o d e l  (Fig.  2) the inc iden t  angle  wil l  be m i n i m i z e d .  

S m a l l e r  i l l u m i n a t i o n  b e a m s  a n d / o r  l a r g e r  m o d e l  r o t a t i o n  can be 
used  in i l l u m i n a t i n g  the  m o d e l  by pos i t i on ing  the l igh t  o f f - c e n t e r  on the 
r e t r o r e f l e c t o r .  However ,  m o t i o n  of the r e f l e c t o r  m u s t  be known a 
p r i o r i .  Th is  would be e s p e c i a l l y  advan t ageous  when the  m o d e l  u n d e r -  
goes  an in i t i a l  de f l ec t ion .  D o in Eqs .  (12) to (16) would then  be r e p l a c e d  
by twice  the  d i s t a n c e  f r o m  the  r e f l e c t o r  to the  fa r  edge  of the  beam.  

2.6 LASER POWER AND PHOTODETECTOR SENSITIVITY 

The amount  of l a s e r  power  n e c e s s a r y  to i l l u m i n a t e  the m o d e l  and 
be r e t u r n e d  to the  p h o t o d e t e c t o r  depends  on the m i n i m u m  s i g n a l - t o -  
n o i s e  r a t i o ,  SNR, r e q u i r e d  by the s igna l  p r o c e s s i n g  e l e c t r o n i c s .  The 
op t ica l  s igna l  inc iden t  on the  d e t e c t o r  can be d e t e r m i n e d  by c o n s i d e r i n g  
the  l o s s e s  i n c u r r e d  by the l igh t  as it t r a v e r s e s  e a c h  op t ica l  e l e m e n t .  
Th is  i nc ludes  (1) the  n u m b e r ,  N, of l igh t  b e a m s  g e n e r a t e d ;  (2) the 
d i a m e t e r  of the  c o l l i m a t e d  b e a m s ,  D ; (3) the  g l a s s - a i r  i n t e r f a c e  

u 

r e f l e c t i o n  l o s s ,  ~, for  each  uncoa ted  op t ica l  e l e m e n t  (beam s p l i t t e r s  
a re  coa ted  to d iv ide  the i n t ens i t y  equa l ly  among  the N b e a m s  and the 
b e a m  s p h t t e r s  a r e  coa ted  for  5 0 - p e r c e n t  t r a n s m i s s i o n  and r e f l e c -  
t ion,  and all o the r  e l e m e n t s  wil l  be a s s u m e d  to be uncoated) ;  (4) the  
5 0 - p e r c e n t  Izght l o s s  at the b e a m - c o m b i n i n g  b locks  due to s e c o n d a r y  
r e f l e c t i o n s  and t r a n s m i s s i o n ;  (5) the  r e t r o r e f l e c t o r  l ight  r e f l e c t i n g  
e f f i c i ency  which  is g iven  by Eq. (10); (6) the e f f i c l ency ,  7, of the 
p o l a r i z a t i o n - s e n s i t i v e  p r i s m s  in d e f l e c t i n g  the l igh t  to the pho to-  
d e t e c t o r ;  (7) the e f f i c i ency ,  ¢ ,  of the  s e c o n d  Bragg  cel l ,  BC2, in 
d i f f r ac t i ng  the  l igh t  into the f i r s t  o r d e r ;  (8) the gain,  G, of the 
p h o t o d e t e c t o r  at the l a s e r  wave leng th ;  and (9) the m i n i m u m  s l g n a l -  
t o - n o i s e  r a t l o  r e q u i r e d  by the s igna l  p r o c e s s i n g  e l e c t r o n i c s .  
(Noise on the output s igna l  is due p r i m a r i l y  to the i n h e r e n t  no i se ,  
Np, of the p h o t o d e t e c t o r  and the opt ica l  n o i s e  of the l ight .  The 
l a t t e r  n o i s e  s o u r c e  which  is a l a s e r  p a r a m e t e r  wi l l  b e . n e g l e c t e d .  ) 

The  a m p l i t u d e  of the  e l e c t r i c a l  s igna l  out of the p h o t o d e t e c t o r  is 
f r o m  Eq. (4) 

v - G .  2 . ] I . .  I. (17) 
s ~ z ~+ 1 
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w h e r e  I i and  Ii+ 1 a r e  t he  i n t e n s i t i e s  of e a c h  b e a m  at  t h e  p h o t o d e t e c t o r  
w h i c h  w e r e  g e n e r a t e d  by B r a g g  c e l l ,  BC1.  T h e  two  b e a m s  a r e  
a s s u m e d  to  h a v e  e q u a l  i n t e n s i t i e s .  S u b s t i t u t i n g  a l l  of t he  a b o v e  f a c t o r s  
in to  Eq .  (17) y i e l d s  f o r  t h e  ou tpu t  s i g n a l  v o l t a g e ,  

2 
D R 

v = 0 . 5  G %, (1 - /3)9 A (0 i) ~ ~ (1  - /3) • I L (18) 
s N 2 

D 
O 

where I L is the initial laser intensity. 

The minimum signal-to-noise ratio, SNR, required out of the 
photodetector is found by dividing this equation by the noise voltage 
generated by the photodetector which is given by 

V N = (NEP) G ~-~ (19) 

where NEP is the noise equivalent power at the input of the photodetector 
measured in watts-Hz -'~% and zkf is the bandwidth of the circuit. Dividing 
Eq. (18) by (19) and solving for I L yields 

I L 

(SNR). N. D 2.(NEP) %~- 
o (20) 

0.5 7 (I-~)9A(0i)D R 2~ (1-~) • 

Table 1 lists the laser power required and the values of the param- 
eters in Eq. (20) which were assumed for two illumination beam diameters. 
The values of I L are surprisingly low. This is a result of the high sensi- 
tivity and low noise of the avalanche photodiode assumed for the photo- 
detector. Under actual operating conditions, optical and electrical 
noise can be expected to increase the required power. However, by 
antireflection coating the optical elements and silvering the retrore- 
flectors the required laser power can be minimized. 

3.0 DISPLACEMENT INTERFEROMETER SIGNAL PROCESSORS 

The output signal from the photodetector is a 15-MHz carrier that 
has been frequency-modulated by the relative velocity, Av(t), between 
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the two r e t r o f l e c t o r s .  The  s igna l  f r e q u e n c y  f r o m  Eq. (4) is 

f(t) = f + 2~Av(t) 
c (21)  

Two t e c h n i q u e s  ex i s t  fo r  r e c o v e r i n g  d i s p l a c e m e n t  i n f o r m a t i o n  f r o m  
this  f r e q u e n c y  modu la t ion .  One is d ig i t a l  and can bes t  be d e s c r i b e d  
f r o m  a f r i n g e  count ing  point  of v iew.  Th i s  a p p r o a c h  is d i s c u s s e d  in 
Sec t ion  3 .1 .  The  s e c o n d  t e c h n i q u e  is ana log  and i nvo lves  c o n v e r t i n g  
the  s igna l  f r e q u e n c y  to p r o p o r t i o n a l  ana log  vo l t age  which,  a f t e r  sub -  
t r a c t i n g  a cons tan t  c o r r e s p o n d i n g  to the 15-MI-tz c a r r i e r ,  can be in t eg -  
r a t e d  to obta in  d i s p l a c e m e n t .  Th is  type s igna l  p r o c e s s o r  is d i s c u s s e d  
in Sec t ion  3 .2 .  Sec t ion  3 .3  d e s c r i b e s  e x p e r i m e n t s  r un  to c o m p a r e  
r e s u l t s  ob ta ined  wi th  both type s igna l  p r o c e s s o r s .  

Table 1. 

SNR = i00 

(1 -~ )  = 0 . 9 0  

Multiple-Beam Optical System Parameters and 
Required Laser Power 

7 = 0.65 ( p o l a r i z a t i o n - s e n s i t i v e  p r i s m  d e f l e c t i o n  e f f i c iency)  

A(O.) = 0 .50  (e. = 20 deg f r o m  Fig. 4) 
1 1 

D R = 0 .25  in. ( r e t r o r e f l e c t o r  d i a m e t e r )  

e 

N E P  

= 0 .75  (Bragg  ce l l  No. 2 d i f f r a c t i o n  e f f i c iency)  

= 5 x 10 -13 W/(Hz)  1/2 ( f rom Ref. 8 fo r  a TIXL74 
photodiode  modu le )  

ava l anche  

&f = 10 MHz 

N = i0 

D 
o 

I L 

=4 in. 

= 7.8mW 

D 
O 

I L 

=2 in. 

=2.0 mW 
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3.1 PHASE QUADRATURE DIGITAL DATA PROCESSOR 

This approach to processing the photodetector signal uses a digital 
up/down counter to measure surface position by counting digltal pulses 
developed for each plus or minus 1/4 of surface motion. Knowledge of 
when the surface changes direction is needed to accurately track sur- 
face position by directing 1/4 pulses to the appropriate up or down 
counter terminal. A pulse separation circuit which utilizes the phase 
difference between the Bragg cell and photodiode signals to instanta- 
neously separate up and down position pulses will be described. 

F i g u r e  7 is a b lock d i a g r a m  of the c i r cu i t  u sed  to d ig i t a l ly  p r o c e s s  
the p h o t o d e t e c t o r  s ignal .  Not shown a r e  the 34- and 49-MHz c r y s t a l  
o s c i l l a t o r s  u sed  to d r i v e  the Bragg  ce l l s .  The 15-MHz f r e q u e n c y -  
m o d u l a t e d  (FM) s igna l ,  S(t), f r o m  the p h o t o d e t e c t o r ,  and the 34-MHz,  
dl ( t ) ,  and 40 MHz, d2(t), s i gna l s  which  d r i v e  the Bragg  ce l l s  to p r o -  
duce the 15-MHz f r e q u e n c y  d i f f e r e n c e  b e t w e e n  the objec t  and the  
r e f e r e n c e  l igh t  b e a m s  a re  the czrcui t  inputs .  T h e s e  can be r e p r e -  
s en t ed  by 

S(t) = V0(t) cos 15 t + -~- Ax(t 

[ t] " '  d l(t) = V 1 cos ~o34 

d2(t) = '~2 cos" [w49 t] 

w h e r e  the s u b s c r i p t s  on ~ ind ica t e  the  f r e q u e n c y  va lue  in m e g a h e r t z  and 
a s s u m i n g  ~ = 1. The a m p h t u d e  of S(t) is shown as a func t ion  of t i m e  due 
to the change  m inc iden t  angle  and s u b s e q u e n t l y  a change  in the r e t u r n e d  
l igh t  amp l i t ude  f r o m  the r e t r o r e f l e c t o r  as the  mode l  m o v e s .  L i m i t e r ,  
A2, p r o v i d e s  a cons tan t  s igna l  ampl i tude  for  VA. The 34- and 49-MHz 

U 
s ig n a l s  a r e  m u l t i p l i e d  t o g e t h e r  by a d o u b l e - b a l a n c e d  m i x e r  to give s u m  
and d i f f e r e n c e  f r e q u e n c i e s ,  i . e . ,  

V1V 2 V1V 2 
g(t) - 2 cos (~zl5t)+ ~ cos (~083t) (23) 

A 20-MHz l o w p a s s  f i l t e r  r e m o v e s  the high f r e q u e n c y  c o m p o n e n t  and 
an a m p l i f i e r ,  A 3, s e p a r a t e s  the 15-MHz r e f e r e n c e  s igna l  into two c o m -  
p l i m e n t a r y  s igna l s  180 deg out of phase .  The phase  of the  n o n i n v e r t e d  
s igna l  is d e c r e a s e d  90 deg by a de lay  l ine  so that  the tota l  phase  shif t  
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be tween  the  two is 90 deg.  T h e s e  s i g n a l s  can be r e p r e s e n t e d  as 

V1V 2 
r l ( t )  - 2 cos (•15 t - 7r) 

(24) 
V1V 2 

r2(t)  - 2 cos (w15 t - ~r/2) 

Two d o u b l e - b a l a n c e d  m i x e r s  mu l t i p ly  t h e s e  s i g n a l s  wi th  the p h o t o d e t e c t o r  
s igna l ,  S(t), to p rod uce  M l ( t ) a n d  M2(t), r e s p e c t i v e l y ,  which  a f t e r  
a l g e b r a i c  and t r i g o n o m e t r i c  s i m p l i f i c a t i o n ,  can be e x p r e s s e d  as 

M l(t) + - -  + cos 

(25) 

VoV1V2 [ s i n  (t030t - s in  

L o w p a s s  f i l t e r i n g  the output f r o m  each  of the m i x e r s  r e m o v e s  the 30-MHz 
f r e q u e n c y  t e r m  and y i e ld s  

P1 (t) - 4 cos D Ax(t (26a) 

- V o V I V 2  /4~r ~ 
P2 (t) = 4 s in  m Ax(t 

(26b) 

Note tha t  the de l ay s  in the f i l t e r s  a r e  m a t c h e d  s ince  s u b s e q u e n t  s igna l  
p r o c e s s i n g  wil l  depend on the p h a s e  be tween  t h e s e  two s igna l s .  Also ,  
note tha t  the 5 -MHz b r e a k  f r e q u e n c y  of t he se  f i l t e r s  l i m i t s  the m a x i m u m  
a l lowable  s u r f a c e  ve loc i ty  to +1.6 m e t e r s / s e c .  

It can be s e e n  f r o m  Eq. (26) tha t  P l ( t )  has  the s a m e  s ign  r e g a r d l e s s  
of the s ign  of Ax(t), which  changes  with the s u r f a c e  d i r ec t i on .  Howeve r ,  
when  the s ign  of ~x(t)  changes ,  the s ign  of P2(t)  a l so  changes  and it is 
th is  s igna l  in conjunct ion  with  P l ( t )  tha t  is  used  to d i r e c t  pos i t ion  p u l s e s  
to the up or  down t e r m i n a l  of the coun te r .  

Signals  P1 and P2 a r e  c o n v e r t e d  to T r a n s i s t o r  T r a n s i s t o r  L o g i c  
(TTL) pulse  t r a i n s ,  A and C, r e s p e c t i v e l y ,  in Fig .  7 by z e r o - c r o s s i n g  
d e t e c t o r s  A 4 and A 5. De lay ing  each  s igna l  by 15 and 30 n s e c  y i e ld s  T T L  
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Photodiode ~ 10- to 20-MHz 
Signal ~ :iBandpas s 
S(t) iFilte r 

34 MHz 
dl(t) 

49 MHz 
d2(t) 

20-MHz 1 r(t) 
Lowpass 
Filter I 

A= 

B -  I 

Li miter 

rift) 

-90 deg 
phase Shift 

15-nsec ~ 
Delay 

15-nsec 
Delay 

30- nsec 
Delay 

30- nsec 
Delay 

5-MHz 
Lowpass 
Filter 

5-MHz t Lowpass 
Filter 

P2(t) 

Pl(t) 

Figure 7. Phase quadrature position data processor. 

pulse trains C~ and B, respectively. The AND gates, G 1 to G4, 
gates, G 5 and G6, implement the Boolean logic expressions 

and OR 

U =-~. B. C 6+ A.B.C~ (27a) 

D = A. B. C 6- + A.B-C 6 (27b) 

where A, B, and C6 are the Boolean complements of the A, B, and C 6 
pulse trains, respectively. These expressions generate position pulses 
on either the up or down line (U or D expression, respectively) of the 
counters depending upon the direction of the surface motion. Each posi- 
tion pulse is 30 nsec wide and is produced for each A/4 of surface move- 
ment. 

The operation of this logic circuit (and the Boolean expressions) in 
detecting the phase between the two signals can be understood by analyz- 
ing the time sequence of the waveforms shown in Fig. 8. The Boolean 
logic identity A • B • C = (A - B) • C will be utilized to show how the 
30-nsec pulsewzdths are generated. It is seen in Fig. 8 that the logical 
multiplications (AND operations) of A with B and of A with B result in 
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Figure 8. Analog waveforrns and logic pulse trains for the phase quadrature 
signal processor. 

3 0 - n s e c  p u l s e s  which  o c c u r  at the  p o s i t i v e  and n e g a t i v e  going  z e r o  c r o s s -  
ings ,  r e s p e c t i v e l y ,  of the  P l  w a v e f o r m .  T h e s e  p o s i t i o n  p u l s e s  a r e  then  
s e p a r a t e d  a c c o r d i n g  to the l o g i c  s t a t e  of C s ince ,  a c c o r d i n g  to Eq. (26b), 
the  s ign  of P2 and t h e r e f o r e  the  l o g i c  s t a t e  of th is  s igna l  is d e p e n d e n t  on 
the  s ign  of Ax(t). (Note that  the  C pu l se  t r a i n  is d e l a y e d  by 15 n s e c  to 
bes t  c e n t e r  C 6 and the  3 0 - n s e c  pos i t i on  p u l s e s  in o r d e r  to  o p t i m i z e  f r e -  
quency  r e s p o n s e .  ) 

To fully evaluate the pulse separation circuit just described, it is 
necessary to verify that no pulses are lost or gained on the U or D logic 
line at surface turnaround for each possible phase relationship between 
the A and C waveforms. As explained earlier, the surface can be 
assumed to be cutting virtual fringes with P1 and P2, the representative 
expressions for the resulting signals. Therefore, a physical understand- 
ing of the effects of surface motion and, correspondingly, the phase dif- 
ference between P1 and P2 on the position pulses preceding and follow- 
ing a direction change at various locations in this fringe pattern can be 
obtained. Figure 9 illustrates zero crossings of P1 (solid lines) and P2 
(dashed lines) along the light propagation path, z. Paths I through 4 
indicate four possible phase relationships between the logic signals A 
and C at the turnaround point. These signals and the resulting pulse 
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Figure 9. Pictorial representation of surface motion-generating phase-delayed 
signals P1 and P2. 

t r a i n s  on the up and down coun t ing  b u s s e s  fo r  pa ths  1, 2, and 3 a r e  
i l l u s t r a t e d  in F ig .  10. S igna l s  f o r  the f o u r t h  pa th  c o r r e s p o n d  to t h o s e  
p r e s e n t e d  in F ig .  8 as  a func t ion  of t i m e .  In Fig .  10 the s i g n a l s  have  
been  sh i f t ed  fo r  c o i n c i d e n t  t u r n a r o u n d  po in t s .  A s y m m e t r i c a l  count  is 
o b s e r v e d  in all  i n s t a n c e s ,  i . e . ,  t h e r e  a r e  as  m a n y  p u l s e s  on the up 
l o g i c  l i n e  as t h e r e  a r e  on the  down l i ne  f o r  e q u i d i s t a n t  mo t ion .  

No i se  on the input  s i g n a l  S(t) can  af fec t  the count  t h r o u g h  the A and 
C w a v e f o r m s  by add ing  or  d r o p p i n g  p u l s e s  f r o m  the w a v e f o r m s .  P u l s e  
add i t i on  could  r e s u l t  in e r r o n e o u s  counts  be ing  a c c u m u l a t e d .  H o w e v e r ,  
the  p r o b a b i l i t y  of p u l s e  a d d i t i o n  or  c a n c e l l a t i o n  o c c u r r i n g  wi th  th i s  c i r -  
cui t  is  s m a l l .  F o r  e x a m p l e ,  if a n o i s e  pu l se  o c c u r r e d  in the A w a v e f o r m  
whi l e  the C w a v e f o r m  r e m a i n e d  e i t h e r  a l o g i c  1 or  a l o g i c  0, one up and 
one down count  pu l se  would  be g e n e r a t e d .  The  o v e r a l l  e f fec t  of the  n o i s e  
p u l s e  would  t h e r e f o r e  be z e r o .  A >,/4 e r r o r  would  o c c u r  in the  da t a  only 
if the  con ten t s  of the  c o u n t e r s  w e r e  r e c o r d e d  b e t w e e n  the r i s i n g  and f a l l -  
ing e d g e s  of the added  pu l se .  A s i m i l a r  a r g u m e n t  ho lds  f o r  pu l se  c a n c e l -  
l a t ion .  Only when  the  add i t i on  or  c a n c e l l a t i o n  of a pu l se  by n o i s e  o c c u r s  
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Figure 10. Logic waveforms of surface motion depicted in Fig. 9. 

on A at  t h e  s a m e  t i m e  as  a s t a t e  t r a n s i t i o n  on C o r  v i c e  v e r s a  w i l l  e r r o n -  
e o u s  c o u n t s  be  u n e q u a l l y  a c c u m u l a t e d .  T h e  a m o u n t  of t h i s  e r r o r  w o u l d  
t h e n  be  a f u n c t i o n  of t he  input  s i g n a l - t o - n o i s e  r a t i o .  N o i s e  p u l s e s  on t h e  
C w a v e f o r m  c o u l d  c a u s e  a p o s i t i o n  p u l s e  to  be on t h e  w r o n g  c o u n t e r  input  
on ly  if it o c c u r r e d  at  t h e  s a m e  t i m e  as  t he  p o s i t i o n  p u l s e  and  w a s  at  
l e a s t  30 n s e c  w i d e .  

Resolution of the displacement data can be reduced from X/4 to X/2 
thus reducing the number of logic circuit components required and 
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doubl ing  the m a x i m u m  s u r f a c e  v e l o c i t y  c apab i l i t y  of the l o g i c  c i r c u i t r y .  
Th i s  is a c c o m p l i s h e d  by i m p l e m e n t i n g  only one t e r m  f r o m  e a c h  of the 
e x p r e s s i o n s  in Eq.  (27). Of the fou r  p o s s i b l e  c o m b i n a t i o n s  for  the U and 

• D functions, 

and 

only two 

U=A-B.C 6, 

are appropriate. 

D = A • B • C 5 (28) 

U= A- B .  C5'  D = A - B -  C- 5 (29) 

The  o t h e r  two p a i r s  have  the p o s s i b i l i t y  of a pu l se  
being dropped each time the surface changes direction. As an example, 
referring to the waveforms in Fig. 8, and assuming that the logic ex- 
pressions U = A • B • C 6 and D = A • B • C5 are to be implemented, the 
phase relationship of signals A and C is such that a position pulse is not 
present on the up input since, prior to surface turnaround, the A wave- 
form is in a high logic state. The expressions of Eqs. (28) and (29) on 
the other hand are consistent in generating both an up and a down pulse 
when the surface changes direction. 

A pulse separation circuit implementing both terms of Eq. (27) to 
obtain k/4 resolution was fabricated. Presented in Fig. ii are photo- 
graphs of circuit waveforms taken from an oscilloscope to verify proper 
circuit operation. Figure lla shows Pl(t) and P2(t) at a surface turn- 
around point (horizontal screen center) along with their corresponding 
TTL logic waveforms, A and C. Figure llb illustrates formation of 
the term A • B • C6from Eq. (27). Figure llc illustrates the transfer 
of position pulses between the up and down counter lines at surface 
turnaround. 

It is interesting to note that this data processing technique is 
similar in operating principle to the optical quadrature techmque which 
utilizes two photodetectors optically separated by 90 deg on the inter- 
ference pattern (Ref. 12). However, the electrical circuit requires half 
as many photodetectors and is not sensitive to photodetector position. 

3.2 ANALOG DATA PROCESSOR 

An analog approach used to determine position from the frequency- 
modulated photodetector signal involves converting the signal frequency 
to a proportional analog voltage, removing from it a constant voltage 
proportional to the carrier frequency, fc, and integrating. The problem 
with this approach occurs in trying to obtain frequency-to-voltage con- 
version at 15 MHz while still maintaining the accuracies required. .4. 
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so lu t ion  to  th i s  p r o b l e m  u t i l i z e s  f r e q u e n c y  s c a l i n g  to m o v e  the pho to-  
d e t e c t o r  s igna l  to a l o w e r  f r e q u e n c y  r a n g e  wh ich  is c o m p a t i b l e  wi th  
s t a n d a r d  and v e r y  a c c u r a t e  f r e q u e n c y - t o - v o l t a g e  (f/v} c o n v e r t e r s .  

The c o n v e r t e r  u sed  in the  p ro to type  ana log  p r o c e s s o r  d e c o d e s  f r e -  
q u e n c i e s  r a n g i n g  f r o m  10 Hz to 110 kHz to v o l t a g e s  b e t w e e n  1 my  and 
11 v, r e s p e c t i v e l y .  Typ ica l  l i n e a r i t y  is +0. 006 p e r c e n t  wi th  a m a x i m u m  
t o l e r a n c e  of i-0.05 p e r c e n t .  The  c o n v e r t e r  t i m e  cons tan t  is 0 .05  m s e c  
wh ich  r e s u l t s  in l e s s  than  a 0. 008 p e r c e n t  a m p l i t u d e  v a r i a t i o n  of output 
vo l t age  at f r e q u e n c i e s  b e t w e e n  0 and 100 Hz. 

A 

P 1 

C 

P 
2 

a. Circuit waveforms at surface b. 
turnaround 

A 

C 
6 

A t i c  6 

Circuit generation of the 
A • B • C~ term from Eq. (27) 

C 5 

A 

D 

U 

c. Transfer of position pulses 
at surface turnaround 

Figure 11. Circuit waveforms from the k/4 resolution digital processor. 

F i g u r e  12 is a block d i a g r a m  of the ana log  pos i t ion  m e a s u r e m e n t  
s y s t e m .  The a m p l i t u d e , l i m i t e d  (by l i m i t e r  A2), b a n d p a s s - f i l t e r e d  FM 
s igna l  is f r e q u e n c y - t r a n s l a t e d  to 55 kHz, the c e n t e r  f r e q u e n c y  of the 
f / v  c o n v e r t e r .  It is s i m u l t a n e o u s l y  s c a l e d  so that  the r a n g e  of f r e q u e n c y  
v a r i a t i o n s ,  Af, does  not e x c e e d  the  f u l l - s c a l e  r a n g e  of the  c o n v e r t e r .  
F r e q u e n c y  t r a n s l a t i o n  is a c h i e v e d  by h e t e r o d y n i n g  th is  s igna l  wi th  a 
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Figure 12. Analog readout,  frequency-to-voltage converter. 

o Vx(t) 

o Vv(t) 

higher frequency crystal-controlled oscillator signal of frequency fn. 
The sum frequency component is removed from the difference frequency 
by a lowpass filter. An oscillator higher in frequency than 15 MHz is 
used because it gives a greater separation between the sum and differ- 
ence frequencies than would a lower frequency oscillator, thus easing 
the rolloff requirements on a lowpass filter. However, the higher fre- 
quency oscillator produces an inversion in the direction of frequency 
deviation of the translated FM signal. The output from the lowpass 
filter is converted to a TTL compatible signal by zero-crossing detector 
A 3. Frequency scaling is then performed by digital division with a 
chain of flip-flops. 

The amount of frequency translation and division can be optimized 
to the full range of the f/v converter with respect to the maximum sur- 
face velocity expected. This allows the sensitivity of the technique to 
be maximized. However, 55 kHz minus the sum of the highest modulat- 
ing frequency (5 kHz) and the maximum value of Zkf must always be 
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p o s i t i v e  if t h e  d i s p l a c e m e n t  i n f o r m a t i o n  i s  t o  be  r e c o v e r e d  w i t h o u t  d i s -  
t o r t i o n .  T h i s  r e q u i r e m e n t  c a n  be  m e t  h e r e  by l i m i t i n g  t h e  m a x i m u m  
a l l o w e d  v a l u e  of z~f t o  50 k H z .  

F r e q u e n c y  t r a n s l a t i o n  and  d i v i s i o n  w i t h  a r e s u l t a n t  c e n t e r  f r e q u e n c y  
of 55 kHz  c a n  be  r e p r e s e n t e d  by t he  e q u a t i o n  

(f - 15 M H z ) / 2  n = 55 kHz  (30) 
n 

w h e r e  n is  t h e  n u m b e r  of f l i p - f l o p s  in  t h e  f r e q u e n c y  d i v i d e r  a n d  fn  is  t h e  
f r e q u e n c y  of t h e  t r a n s l a t i o n  o s c i l l a t o r .  T h e  r e q u i r e m e n t  t h a t  Af be  
l i m l t e d  to  50 kH z  f o l l o w i n g  f r e q u e n c y  d i v i s i o n  d i c t a t e s  ( fo r  t h e  m a x i m u m  
f r e q u e n c y  d e v i a t i o n )  t h a t  

z~f = 2 n 50 kHz  (31) 
m a x  

S i n c e  A l m a  x i s  a f u n c t i o n  of  p e a k  s u r f a c e  v e l o c i t y ,  V m a  x, g i v e n  by  

Z~f = ( 2 / k )  v 
m a x  m a x  (32) 

E q u a t i o n  (31) c a n  be  s o l v e d  f o r  n in  t e r m s  of V m a  x a n d  >~ y i e l d i n g  

IIll 
t h e s e  s y m b o l s .  

E[ (;Vm x 
n = l o g  • 5 .  104]  (33) 

l o g  2 

i n d i c a t e s  t h a t  n i s  t h e  n e x t  g r e a t e r  i n t e g e r  of t h e  v a l u e  in  

A f t e r  d e t e r m i n i n g  n,  fn  i s  o b t a i n e d  f r o m  Eq .  (30) w h e r e  

f = (2 n 55 kHz)  + 15 MHz (34) 
n 

A s  an  e x a m p l e ,  a s s u m e  t h a t  t h e  m a x i m u m  e x p e c t e d  v e l o c i t y  i s  
1 m / s e c .  S u b s t i t u t i n g  i n t o  Eq .  (33) w i t h  >, = 6328 A g i v e s  

U s i n g  t h i s  v a l u e  of  n in  Eq .  (34) g i v e s  a v a l u e  f o r  fn  of 18. 520 MHz.  T h e  
f r e q u e n c y  d e v i a t i o n  f r o m  15 MHz f o r  a v e l o c i t y  of 1 m / s e c  i s ,  f r o m  
Eq .  (32),  3. 16 MHz.  T h i s  m e a n s  t h a t  t h e  l a r g e s t  d e s i r e d  f r e q u e n c y  ou t  
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of the b a l a n c e d  m i x e r  is the  d i f f e r e n c e  b e t w e e n  18.52 MHz and 11.84 MHz 
(15 MHz m i n u s  3. 16 MHz) or  6 .68  MHz. The  b r e a k  f r e q u e n c y  of the l ow-  
pas s  f i l t e r  shou ld  then  be g r e a t e r  than  6 .68  MHz wi th  high a t t e n u a t i o n  n e a r  
30 MHz in o r d e r  to r e j e c t  the s u m  f r e q u e n c y  f r o m  the b a l a n c e d  m i x e r  output .  

Additional ranges with full-scale velocities of 0.5 m/see, 0.25 m/see, 
etc. can also be made available as shown in Fig. 12 by switching in differ- 
ent frequency translation oscillators (16.76 MHz, 15.88 h.IHz, etc. ) and 
correspondingly different values of n (5, 4, etc). Maximum sensitivity 
occurs on the range where n = 0 and fn = 15. 055 MHz. Here a velocity of 
only +I. 75 cm/sec produces a full-scale output of i0 v from the frequency- 
to-voltage converter. Conversely, values of n larger than six with a 

higher value for the filter break frequency and with higher frequencies 
for fn would permlt full-scale velocihes greater than 1 m/see if 
required. 

The output  of the f r e q u e n c y - t o - v o l t a g e  c o n v e r t e r  is l o w p a s s - f i l t e r e d  
to r e d u c e  no i se  on the v e l o c i t y - a n a l o g  s igna l .  F o r  the  type  of F M  d e m o d u -  
l a t i o n  s y s t e m  used ,  the to ta l  s y s t e m  n o i s e  bandwid th  is tha t  of th is  
f i l t e r  ( a s s u m i n g  a c c e p t a b l e  input FM s i g n a l - t o - n o i s e  r a t i o s )  (Ref. 13). 
Th i s  f i l t e r  a l so  r e d u c e s  r i p p l e  at the  c o n v e r t e r  input f r e q u e n c y  w h i c h  
a p p e a r s  on the output and, a l though  in the m i l l i v o l t  r a n g e ,  can  c o n t r i b u t e  
an e r r o r  into the  i n t e g r a t e d  data .  

Care must be taken to ensure that the filter response does not roll 
off significantly, and, in turn, vary the amplitude of analog voltages 
having frequency components below the maximum expected displacement 
frequency component (typically i00 Hz). The rolloff effects of various 
practical filters were analyzed with a computer. An inductor-capacitor 
(LC) pi filter with a break frequency of approximately 1 kHz and with a 
l-k~ termination impedance was found to be the best of those studied. 
A practical 0.3-h inductor having 35 ohms of series resistance, and a 
pair of 0. 15-~f capacitors in this configuration were found to vary the 
amplitude by only 0. 015 percent below i00 Hz while providing more than 
40 db of attenuation above 5 kHz. Insertion loss in the filter was calcu- 
lated to be i. 72 percent. 

Operational amplifier (op-amp) A 4 (Fig. 12) removes the d-e term 
correspondzng to the 55-kHz translated value of the 15-R, IHz carrier and 
provides inversion so that the polarity of the voltage into the integrator 
corresponds to the direction of motion. Additionally, since the analog 
integrator will normally accept full-scale inputs different from the full- 
scale output of the converter and because of signal attenuation in the 
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f i l t e r  t e r m i n a t i o n  n e t w o r k ,  the  a m p l i f i e r  ga in  is ad ju s t ed  to o p t i m i z e  and 
c a l i b r a t e  the ana log  c i r cu i t .  

C a l i b r a t i o n  of the ana log  m e a s u r e m e n t  s y s t e m  for  v a l u e s  of n and fn 
is s i m p l y  a m a t t e r  of ad jus t ing  the  ga in  of o p - a m p  A 4 to a c o n v e n i e n t  
va lue .  Th is  can be done wi th  a f r e q u e n c y  coun te r ,  s igna l  g e n e r a t o r ,  and 
v o l t m e t e r .  If the f i l t e r  and o p - a m p  a r e  c o n s i d e r e d  to have a c o m p o s i t e  
ga in  of G',  the g o v e r n i n g  c a l i b r a t i o n  equa t ion  is 

~v(t) = [ " 2 n ' l "  G"X • 104.]Vv(t  ) (35) 

for  the  v e l o c i t y  s igna l  w h e r e  Vv(t) is the  vo l t age  out of o p - a m p  A 4, and 

2 n-1  . k • 1041 
Ax(t) = G'I G ;  . Vx(t  ) (36) 

for  the d i s p l a c e m e n t  s igna l .  Vx(t) is the vo l t age  at the output of the  i n t e -  
g r a t o r  and G I is  the  i n t e g r a t o r  gain.  

A p ro to type  ana log  da ta  p r o c e s s o r  was  f a b r i c a t e d  wi th  f ive f u l l - s c a l e  
v e l o c i t y  r a n g e s  of f r o m  +1.6 c m / s e c  to +1 m / s e c ,  e a c h  of which  p r o -  
v i d e s  a +10-v output at full  s ca l e .  To v e r i f y  p r o p e r  o p e r a t i o n  of the 
p r o c e s s o r ,  the 1 5 - M H z - c e n t e r e d  f r e q u e n c y - t o - v o l t a g e  c o n v e r s i o n  c h a r -  
a c t e r i s t i c  of each  r a n g e  was  c h e c k e d  wi th  a s igna l  g e n e r a t o r ,  f r e q u e n c y  
coun te r ,  and d ig i ta l  v o l t m e t e r .  In each  case  the c h a r a c t e r i s t i c  p r o v e d  
to  be a s t r a i g h t  l i ne  w i th in  the  m e a s u r e m e n t  a c c u r a c y  of the 3 . 5 - d i g i t  
v o l t m e t e r  used .  The f r e q u e n c y  r e s p o n s e  of the output l o w p a s s  f i l t e r  was  
a l so  c h e c k e d  and found to a g r e e  wi th  the  d e s i r e d  t h e o r e t i c a l  r e s p o n s e .  

3.3 EVALUATION OF DIGITAL AND ANALOG PROCESSORS 

An e x p e r i m e n t  was  conduc ted  c o m p a r i n g  the  phase  q u a d r a t u r e  d ig i ta l  
r e a d o u t  unit  to a known s t a n d a r d .  A 4- in .  - d i a m  m i c r o m e t e r  wi th  a 1 - in .  
t r a v e l  was  u s e d  to push  a gauge  block having  a r e t r o r e f l e c t o r  a t t ached .  
The  r e s u l t s  w e r e  as e x p e c t e d  wi th  the  d ig i ta l  r e a d o u t  g iv ing  the c o r r e c t  
va lue  for  the m i c r o m e t e r  r e a d i n g  to a b e t t e r  r e s o l u t i o n  than  could be 
ob ta ined  f r o m  the  m i c r o m e t e r  s ca l e .  

The analog readout was calibrated against a known frequency devia- 

tion and a frequency-to-voltage factor established as discussed in the 
previous section. To further evaluate the two-beam system, a compari- 
son between the two different readout techniques was undertaken. 
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To e x p e r i m e n t a l l y  c o m p a r e  the p e r f o r m a n c e  of the  d ig i t a l  and ana log  
data  p r o c e s s o r s ,  d i s p l a c e m e n t  m e a s u r e m e n t s  w e r e  t a k e n  of a v i b r a t i n g  
ba r  (Fig.  13) as a s i m u l a t i o n  of m o d e l  m o t i o n  in a wind tunnel .  The  ba r  
was  m o u n ted  h o r i z o n t a l l y  on a s m a l l  opt ica l  bench  such  that  i ts  l e n g t h  
could be v a r i e d  to change  the na tu ra l  f r e q u e n c y  of o sc i l l a t i on .  An in i t i a l  
d i s p l a c e m e n t  was  se t  wi th  a s tandof f  ho ld ing  the ba r  f r o m  the n e u t r a l  
pos i t ion .  Va ry ing  the l e n g t h  of the s tandof f  gave f r e e  cho ice  of the  in i t i a l  
d i s p l a c e m e n t .  Rapid r e m o v a l  of the  s tandoff  se t  the ba r  o s c i l l a t i n g  about 
the n e u t r a l  pos i t ion .  J u d i c i o u s  add i t ion  of we igh t  to the ba r  a l lowed  s o m e  
con t ro l  of the  o s c i l l a t i n g  f r e q u e n c y  and its h a r m o n i c  m o d e s .  N e a r  the 
f r e e  end, a 0 . 5 - i n .  r e t r o r e f l e c t o r  was  m o u n t e d  wi th  the opt ion of m o u n t -  
ing the o t h e r  r e t r o r e f l e c t o r  on the  o s c i l l a t i n g  bar  or  f ix ing it to a s t a t i o n -  
a ry  r e f e r e n c e .  

M I,~ I12 ~, Plate Laser 
---  l~ = q l 

+ First Order~ M7 
11 34-MHz / M 3 ~ 
~' Br, gg Ce,, _ ~ _ , L  ~ ~  : i -  0th Order 

L - - ~  ~- L'~49-MHz L 

:~ ~ : ~  f Bragg Cell ; ]  Glan-Air 
0"' Order -J ~ Prism 

Variable B e a m s p l i t t e r ~ L  ~ 

- 

M + First Order 

ehotodiode ll" // | ~-Beam-Expanding 
Wollaston P r i sm  ~ M o d u l e  (Ex anded 

i '~ / ~ , Beam Used in Run 
• ', .ii", ~ ,'T', ', No. 3 on,y) 

, , :~ : :b ,  " ' o ~ r ~  ' 

R 1 ~-I,~A~s o~ ut-e-R e ,-e re nce]~ J / -  Deflected Position 
. . . . .  r , forR (Used in ', I ] 

] i Run No. 3) - - ] -  . .  
. . . . . .  ! ' I - i  ' ~  . - -  Neutral Pos,tlon 

Figure 13. Experimental setup for the vibrating bar experiment. 

Data from the two processors were recorded simultaneously with a 

minicomputer data acquisition system. Pairs of readings were taken at 
fixed intervals of time as determined by a gated pulse generator. A flow 
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c h a r t  is  s h o w n  in Fig .  14 d e s c r i b i n g  the da ta  a c q u i s i t i o n .  At the beg inn ing  
of e a c h  da ta  run ,  the c o m p u t e r  wou ld  awai t  a c o m m a n d  pu l se  f r o m  the p u l s e  
g e n e r a t o r  to r e c o r d  the  f i r s t  p a i r  of da ta  po in ts .  The  pu l se  g e n e r a t o r  was  
g a t e d  ON ju s t  p r i o r  to r e m o v i n g  the s t andof f  ho ld ing  the d e f l e c t e d  ba r .  The  
c o m p u t e r  t hen  r e c o r d e d  da ta  in p a i r s  e a c h  t i m e  a p u l s e  was  g e n e r a t e d  unt i l  
the  r e q u i r e d  n u m b e r  of po in ts  fo r  the  r u n  had b e e n  ob ta ined .  

Photodiode 
Signal 

Pulse Generator 
(Data Interval Strobe) 

Digital Processor 1 
._~ Pulse ', UplDown ', Storage ~ 

Separation ~ Counter ', Register 
I t 

I 

I nterface Card 
I 
,, 

lO0-psec ~ j 
Delay ~ 

I 
t 

BCD 7-1/2 Digits 
I , Computer 
I 
I 
I Binary 14 Bits LI 
I 
I 
I 

Ready 
Pulse _t 

1 -i 
1 1 

Terminal Tape ] 

1 
I Hard 

Copy Unit 

Figure 14. Flow chart for data processing of vibrating bar experiment. 

Data from the digital processor up/down counter were strobed into 
a storage register and made available to a computer parallel data input 
card each time a pulse indicated that a data pair was to be recorded. 
Simultaneously, an analog 'sample/hold circuit tracking the analog 
processor output was switched to hold and conversion was initiated in a 
14-bi t  a n a l o g - t o - d i g i t a l  c o n v e r t e r .  Af t e r  a s h o r t  d e l a y  (100 psec}  to 
a l low the d ig i t a l  da ta  l i n e s  to s e t t l e ,  a c o m p u t e r  f lag was  se t  on 
the d ig i t a l  p r o c e s s o r  input channe l .  S i m i l a r l y ,  as soon  as c o n v e r -  
s ion  of the ana log  r e a d i n g  was  c o m p l e t e d ,  a f lag  was  se t  on the 
ana log  da ta  channe l .  When  both f l ags  w e r e  se t ,  the  da ta  p a i r  was  
s t o r e d  as equa l l y  indexed  e l e m e n t s  of two m e m o r y  a r r a y s  r e s e r v e d  
for  the r e s p e c t i v e  p r o c e s s o r s .  S ince  s t o r a g e  of the da ta  pa i r  r e -  
q u i r e d  l e s s  than  30 ~ s e c ,  the m a x i m u m  r a t e  at w h i c h  da ta  p a i r s  
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could be taken (i. e., the maximum frequency to which the pulse 
generator could be set) was essentially determined by the digital 
data line setting delay of i00 psec. Sample rates of up to I0 kHz 
were therefore possible although most of the data taken were 
recorded at rates of 500 Hz or less. 

M e m o r y  a r r a y s  for  the da ta  w e r e  r e s e r v e d  by a s u p e r v i s o r y  BASIC 
l a n g u a g e  p r o g r a m .  A f t e r  s e t t i ng  up the  a r r a y  a l l o c a t i o n ,  the  BASIC 
p r o g r a m  t r a n s f e r r e d  con t ro l  to  an a s s e m b l y  l e v e l  s u b r o u t i n e .  Th i s  
s u b r o u t i n e  a c q u i r e d  the  da ta  in p a i r s  e a c h  t i m e  the  two f l ags  w e r e  se t .  
Once the pu l se  g e n e r a t o r  w a s  ga ted  ON and the  n u m b e r  of p a i r s  r e q u e s t -  
ed  by the BASIC p r o g r a m  w a s  ob ta ined ,  the  a s s e m b l y  r o u t i n e  c o n v e r t e d  
the da ta  to the f o r m a t  r e q u i r e d  by the BASIC c o m p i l e r .  The  a r r a y s  and 
c o n t r o l  w e r e  then  r e t u r n e d  to the s u p e r v i s o r y  BASIC p r o g r a m  fo r  al l  
f u r t h e r  o p e r a t i o n s .  

BASIC l e v e l  p r o g r a m m i n g  w a s  u s e d  to s t o r e  e a c h  da ta  a r r a y  on m a g -  
n e t i c  t ape  for  f u t u r e  r e f e r e n c e  and to c o n v e r t  the  d ig i t a l  a r r a y  f r o m  
counts  to m e t e r s  and the ana log  a r r a y  f r o m  vo l t s  to m e t e r s  p e r  s e c o n d .  
S i m i l a r  p r o g r a m m i n g  was  u s e d  to i n t e g r a t e  the ana log  v e l o c i t y  da t a  and 
to s c a l e  and plot  the da t a  v i a  an on l ine  g r a p h i c s  t e r m i n a l  thus  p r o v i d i n g  
the  da ta  c u r v e s  g iven  h e r e .  

F o r  the  da ta  p r e s e n t e d ,  900 s i m u l t a n e o u s  ana log  (ve loc i ty)  and 
d ig i t a l  ( d i s p l a c e m e n t )  po in ts  w e r e  t a k e n  and p lo t ted .  A t r a p e z o i d a l  
a p p r o x i m a t i o n  of the a r e a  u n d e r  e v e r y  fou r  po in ts  of the v e l o c i t y  da ta  
was  u s e d  to obtain  225 i n t e g r a t e d  v e l o c i t y  (ana log  d i s p l a c e m e n t )  po in ts .  
It shou ld  be no ted  tha t  s i n c e  f e w e r  i n t e g r a t e d  v e l o c i t y  poin ts  w e r e  a v a i l -  
able  fo r  p lo t t ing ,  a s o m e w h a t  c o a r s e r  c u r v e  r e s u l t s .  A l so ,  s o m e  e r r o r  
should  be e x p e c t e d  in the i n t e g r a t i o n  p r o c e s s  w h e n  h igh  f r e q u e n c i e s  a r e  
con t a ined  in the v e l o c i t y  da ta .  

A large variety of bar oscillation runs were taken. Only three runs 
will be presented to show the dynamic range of the interferometer in 
addition to presenting the data from two different readout techniques: 
one from the digital processor (fringe counting), and the other from the 
analog processor (frequency-to-voltage conversion of the photodetector 
signal). The first two experiments that will be discussed use the pri- 
mary optics module only, without beam expanding. The last run to be 
discussed used a beam-expanding module to produce l-in. beams. 

The first run is shown in Fig. 15. Both retroreflectors were 
mounted 7 in. apart on the oscillating bar, and initial displacement of 
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the b a r  was  se t  at a p p r o x i m a t e l y  1.65 cm.  The  b a r  was  s t r o n g l y  d a m p e d  
to r e d u c e  the f u n d a m e n t a l  and h a r m o n i c  m o d e s .  F i g u r e  15a d i s p l a y s  the  
r e l a t i v e  v e l o c i t y  be tween  the two r e t r o r e f l e c t o r s .  T h i s  f i g u r e  a l so  shows  
s o m e  r e s i d u a l  " b a c k g r o u n d "  v i b r a t i o n s  of the b a r  f r o m  a c o u s t i c  e x c i t a -  
t ion.  C o m p u t e r  i n t e g r a t i o n  y i e l d s  Fig.  15b wh ich  is  r e l a t i v e  d i s p l a c e -  
men t  b e tween  the  two r e t r o r e f l e c t o r s .  The  i n i t i a l  peak e x c u r s i o n  is  
s e e n  to be a p p r o x i m a t e l y  510 ~ wi th  an i m m e d i a t e  exponen t i a l  decay  to a 
f ina l  pos i t i on  of a p p r o x i m a t e l y  31 ~. D i r e c t  f r i n g e  count ing  y i e l d s  a d i s -  
p l a c e m e n t  in s t e p s  of ~./4 o r  0 . 1 6  g.  F i g u r e  15c is  the plot  of the  f r i n g e  
count ing  output (digital} which  m a y  now be c o m p a r e d  to the  i n t e g r a t e d  
v e l o c i t y  da ta  of F ig .  15b. E x c e l l e n t  a g r e e m e n t  is  s e e n  be tween  the two 
r e a d o u t  m e t h o d s  wi th  a l m o s t  i d e n t i c a l  peak  a m p l i t u d e  e x c u r s i o n s  even  
though a " r o u g h "  i n t e g r a t i o n  t echn ique  is  u sed  in the  ana log  method .  
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A l a r g e r  d i s p l a c e m e n t  is  s e e n  in the  s econd  r u n  (Fig .  16) wi th  s t r o n g  
d a m p i n g  of the  f u n d a m e n t a l  and m o d e r a t e  d a m p i n g  of the  h a r m o n i c  f r e -  
quency .  The  s a m e  e x p e r i m e n t a l  se tup  was  used  as in the  f i r s t  run .  The  
two f r e q u e n c i e s  a r e  e a s i l y  deduced  f r o m  the v e l o c i t y  data ,  F ig .  16a, of 
the  ana log  p r o c e s s o r .  The  onl ine  c o m p u t e r  i n t e g r a t i o n  is  shown in F ig .  
16b. In i t i a l  peak  e x c u r s i o n  is  s e e n  to be 0. 282 cm wi th  only  a m i n o r  
c o n t r i b u t i o n  f r o m  the h i g h e r  f r e q u e n c y  componen t .  F i g u r e  16c shows  the 
d i s p l a c e m e n t  f r o m  the d i r e c t  f r i n g e  count ing  p r o c e s s o r  and is  s e e n  to  be 
v i r t u a l l y  i d e n t i c a l  to the i n t e g r a t e d  v e l o c i t y  data .  The  f r i n g e  count ing  
d i s p l a c e m e n t  a l so  shows  a peak  a m p l i t u d e  of 0. 282 cm i d e n t i c a l  to the  
i n t e g r a t e d  v e l o c i t y .  S ince  the f r i n g e  count ing  d i s p l a c e m e n t  da ta  have  a 
0 . 1 6 - ~  r e s o l u t i o n ,  the da ta  r e p r e s e n t e d  in the  l a s t  25 p e r c e n t  of the 
da ta  r u n  m a y  be r e t r i e v e d  and ana lyzed .  F i g u r e  16d shows  the l a s t  25 
p e r c e n t  of Fig .  16c e a s i l y  showing  the f u n d a m e n t a l  f r e q u e n c y  wi th  a p p r o x i -  
m a t e l y  35-/~ a m p l i t u d e  and the h a r m o n i c  at a p p r o x i m a t e l y  5-~ a m p l i t u d e  
t h e r e b y  d e m o n s t r a t i n g  the r e s o l u t i o n  a v a i l a b l e  in l a r g e  a m p l i t u d e  data .  
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Figure 16. Data from Run No. 2. 
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Figure 16. Concluded. 

d. 

To  d e m o n s t r a t e  the l a r g e  a m p l i t u d e  and v e l o c i t y  e x c u r s i o n  c a p a b i l -  
ity of t h e s e  r e a d o u t s ,  the t h i r d  r u n  was  m a d e  wi th  the o s c i l l a t i n g  b a r  
e x t e n d e d  to i ts  m a x i m u m  l e n g t h  of 60 in. and wi th  one r e t r o r e f l e c t o r  r e f -  
e r e n c e d  to a s t a t i o n a r y  s u r f a c e .  Th i s  s e tup  a l l owed  fo r  d i r e c t  d i s p l a c e -  
m e n t  m e a s u r e m e n t  of the t ip  of the  o s c i l l a t i n g  b a r .  A h igh ly  d a m p e d  
f u n d a m e n t a l  was  ob ta ined  wi th  m i n i m a l  d a m p i n g  of the h a r m o n i c  m o d e  as 
shown in Fig.  17. A b e a m - e x p a n d i n g  output  m o d u l e  was  i n c o r p o r a t e d  in 
th is  e x p e r i m e n t  b e c a u s e  of the l a t e r a l  mo t ion  of the o s c i l l a t i n g  r e t r o -  
r e f l e c t o r .  P e a k  e x c u r s i o n  of the b a r  was  m e a s u r e d  to be 20 cm.  Again ,  

e x c e l l e n t  a g r e e m e n t  b e t w e e n  the  two d i s p l a c e m e n t  m e a s u r e m e n t s  is 
s e e n  d e m o n s t r a t i n g  the d y n a m i c  r a n g e  of the  i n t e r f e r o m e t e r  and a p p l i c -  
ab i l i ty  to a wind  tunne l  t e s t .  
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Figure 17. Concluded. 

C. 

4.0 DISPLACEMENT ERROR ANALYSIS 

4.1 LASER FREQUENCY AND OPTICAL SYSTEM STABILITY 

The s e n s i t i v i t y  of the  i n t e r f e r o m e t e r  fo r  d i s p l a c e m e n t  m e a s u r e m e n t s  
a l s o  m a k e s  it s u s c e p t i b l e  to m o t i o n  of the op t i ca l  s y s t e m  c o m p o n e n t s  and 
to f r e q u e n c y  v a r i a t i o n s  in the output  of the l a s e r .  A l a b o r a t o r y  
i n t e r f e r o m e t e r  o p e r a t i n g  on a s t ab l e  t ab le  in a c o n t r o l l e d  e n v i r o n -  
m e n t  has  a t h e o r e t i c a l  a c c u r a c y  d e p e n d e n t  on the  s t a b i l i t y  of the  
l a s e r  w a v e l e n g t h  and on the ab i l i ty  to m e a s u r e  it a c c u r a t e l y .  The  
u n c e r t a i n t y ,  dx, of a d i s p l a c e m e n t  m e a s u r e m e n t ,  x, due to w a v e -  
l e n g t h  u n c e r t a i n t y ,  d~ ,  is  g iven  by 

dx d)~ 
x - )~ (37) 

W a v e l e n g t h  s t a b i l i t i e s  on the o r d e r  of 5 x 10 - 7 / ~ m  o v e r  an 8 - h r  p e r i o d  
us ing  an i n t r a c a v i t y  a i r  s p a c e d  e t a l o n  a r e  a c h i e v a b l e  on c o m m e r c i a l l y  
a v a i l a b l e  l a s e r s  (Ref. 14). H o w e v e r ,  c h a n g e s  in the  d i m e n s i o n s  of the  
l a s e r  cav i ty  and in the  index  of r e f r a c t i o n  of m a t e r i a l s  in the cav i ty  due 
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to temperature changes and mechanical and acoustical vibrations will 
inerease this value. The temperature stability of an etalon is 4 x 10 -8 
~m/°C. Even with these variations the measurement accuracy of the 
interferometer is well within that required to measure model displace- 
ment in a wind tunnel. 

A m o r e  i m p o r t a n t  s o u r c e  of e r r o r  in  t h e  d i s p l a c e m e n t  m e a s u r e m e n t  
i s  v i b r a t i o n  of t h e  o p t i c a l  c o m p o n e n t s .  A f r e q u e n c y  s h i f t  i n d u c e d  in one  
of  t h e  h e t e r o d y n e d  l i g h t  b e a m s  c a u s e d  by  a r e l a t i v e  d i s p l a c e m e n t  in  one  
of t h e  o p t i c a l  e l e m e n t s  w i l l  i n t r o d u c e  e x t r a n e o u s  i n f o r m a h o n  i n t o  t h e  
d i s p l a c e m e n t  s i g n a l .  T h e r e f o r e ,  m o t i o n  b e t w e e n  o p t i c a l  e l e m e n t s  m u s t  
be  k e p t  to  a m i n i m u m . .  T h i s  c a n  be a c h i e v e d  w i t h  a c o m p a c t ,  r i g i d ,  
o p t i c a l  s y s t e m  m o u n t e d  on a m a s s i v e  s u p p o r t  i s o l a t e d  f r o m  a c o u s t i c a l  
and  m e c h a n i c a l  v i b r a t i o n s .  

4.2 DENSITY EFFECTS 

Since the interferometric technique measures the difference in 
length between two optical paths, the signal arising from the mixing of 
the two light beams is a function of not only the model position but the 
index of refraction along each of the two optical paths, L 1 and L 2. 

Applying Fermatls principle to Eq. (2) the relative variation of phase, 
A~, between optlcal paths is 

-41r [~Zl~l(2 t)d~ ~L2~2 (~it) d~ (38) = ¢i - 92 x 

where ~i(~, t) and U2(i,t) are the time and spatially dependent indices of 
refraction along the optical paths L 1 and L 2, respectively. Depending 
upon the complexity of ~, and the geometry of the optical path, one can 
either solve this integral in closed form for simple cases or a solution 
may be obtained using numerical iterative techniques. 

In an operating wind tunnel, density variations are quite evident. 
The greatest variance is the region between the tunnel wall and the 
free-stream reglon where the density is essentially constant. The 
transition region is called the boundary layer and varies as the tunnel 
operating conditions vary. The density effect or index of refraction 
variation upon the interferometric measurements mus.t be considered. 
In air, the Lorentz-Lorentz relationship (~ ~ I. 0) reduces to the 

Gladstone-Dale relationships given by 

- 1 = Kp (39) 
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w h e r e  p is the  a i r  d e n s i t y  and.K is a^pro^portionali ty cons tan t .  A s s u m -  
ing ~ = 0 . 6 3 2 8 ~ ,  t h e n K  = 117 x 1 0 - ~ f t ~ s l u g  -1. 

By f a r  the  l a r g e s t  e f f ec t s  wi l l  be due to v a r i a t i o n s  in the  tunne l  f r o m  
the  t i m e  c a l i b r a t i o n  m e a s u r e m e n t s  a r e  m a d e ,  t h r o u g h  the  t r a n s i t i o n  to 
the  p a r t i c u l a r  tunne l  o p e r a t i n g  cond i t ions  w h e r e  the  d y n a m i c  da ta  a r e  to 
be taken.  C o n s i d e r  the  o p e r a t i n g  e n v e l o p e  fo r  the  AEDC P r o p u l s i o n  
Wind  Tunne l  F a c i l i t y  (PWT) 16T and 16S tunne l s  as shown  in Fig.  18. 

0 OA 0,@ 1.2 L@ 2.0 $.4 2 .@ 3.2 3,6 4D 4.4 4.@ @.2 
IM~H NUMBER 

Figure 18. Total-pressure operating envelopes for PWT Tunnels 16T and 16S. 

At the s e l e c t e d  tunne l  o p e r a t i n g  poin ts  the c o r r e s p o n d i n g  p r e s s u r e s  and 
t e m p e r a t u r e s  w e r e  used  to ca l cu l a t e  the  f r e e - s t r e a m  dens i ty .  Also ,  
a s s u m i n g  the  opt ica l  pa ths  a re  in the  d i r e c t i o n  of dens i t y  g r a d i e n t s ,  such  
as boundary  l a y e r s ,  Eq. (38) r e d u c e s  to 

4~r 
A~ = -~- A~ (40) 

w h e r e  /x~ is the change  in opt ica l  pa th l eng th  due to e i t h e r  changes  in r/ 
or  in changes  in L or both. The  appa ren t  phase  change  cannot  be s e p a -  
r a t e d  into index  of r e f r a c t i o n  changes  and changes  in L wi thout  s o m e  
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knowledge of the flow-field conditions. In general, this is easily obtain- 
ed and even a simple first-order approximation will account for a large 

fraction of the variation in the optical pat}~. As an example, the effects 
of the optical path in traversing to the center of a 16-ft test section 
under various tunnel conditions are illustrated. Given the typical data 
points in Table 2, the change in pathlength due to change in index of 
refraction from vacuum conditions can be calculated based on the total 
pressure, typical operating total temperatures, and Mach number. The 
air density in the tunnels can be calculated and consequently the index of 
refraction is obtained. Using the Gladstone-Dale equation, and Eq. (38), 
the maximum variation in optical path from vacuum conditions was cal- 
culated. 

Kp = ~ - i  = A ~ l l  (41) 

Over an 8-ft distance, this can be as low as 49 #m and as high as 687 ~m 
for extremes in the tunnel conditions as shown in Column 1 of Table 2. 

Corrections for variations can be made in one of two ways: (I) by an 
on-the-body retroreflector to be used as a reference distance or (2) 
through calculations based on the knowledge of the tunnel conditions. The 
effects of boundary layers within the tunnel can also be included in the 
analysis. Semi-empirical relationships for the density through the bound- 
ary layer can be used in conjunction with the Gladstone-Dale equation to 
determine an effective index of refraction. An empirical relationship for 
the density variation through a boundary layer is given by 

I 

P = _ y)2/9 (42) 
p= 1 + 0.2 M= 2 (i 6o 

where p = the density at position y from the chamber wall to the free- 
stream position 6 o where the density is p=. Assuming a boundary-layer 
thickness 6 o of 1 ft and integrating through the entire boundary layer, an 
average p/p= can be obtained for a given free-stream Mach number, M®. 
As in the case of free-stream corrections, the variation over an 8-ft 
path was calculated. The maximum variation from free stream occurs 
for M= = 3.0. This amounts to a 7.4-percent change in previously calcu- 
lated optical path difference over 8 ft. By neglecting this correction, a 
maximum error of 13.7 ~m (87 counts in a 1/4 )L system) would be 
incurred. 
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Density variations are evidenced in forms other than in the boundary 
layers. Under certain flow conditions in the transonic and supersonic 
operating region, shock waves are evidenced. Associated with the shock 
wave structure within a wind tunnel are strong density gradients. The 
effect of these gradients upon light beams passing through such a medium 
also changes the optical pathlength and introduces angular variations in 
the light path. In general, whenever the ray path is not in the same 
direction as the density gradient, then a refractive bending of the ray will 
occur. In the case of planar shock waves, the net result is a deviation in 
the original path for all plane parallel waves incident upon the shock front. 
With only a rudimentary knowledge of the flow conditions, the net change 
in optical path to a retroreflector located upon a model can be calculated 
with considerable accuracy. 

The e f f ec t s  of con ica l  s h o c k s  upon i n c i d e n t  r a d i a t i o n  is s i m i l a r  to 
w a v e f r o n t  d i s t o r t i o n  by a l e n s  wi th  a b e r r a t i o n s .  Th i s  e f fec t  b e c o m e s  in-  
c r e a s i n g l y  i m p o r t a n t  wi th  i n c r e a s i n g  cone  angle  and Mach  n u m b e r  as the 
d e n s i t y  v a r i a t i o n  a c r o s s  the shock  b e c o m e s  g r e a t e r .  Both the ob l ique  
t r a v e r s i n g  of the  op t ica l  path  in the shock  s y s t e m  and the f o c u s i n g  e f f ec t  
of a c on i c a l  shock  can a f fec t  the i n t e g r a t e d  pa th l eng th  to a m o d e l  s u r f a c e .  

t 

A b o u n d a ~  l a y e r ,  as a s h o c k  f ron t ,  can  a l so  have  r e f r a c t i v e  e f f ec t s  
on l igh t  r a y s  p a s s i n g  t h r o u g h  it. The  b o u n d a r y  l a y e r ,  f u r t h e r m o r e ,  can  
c a u s e  phase  f l u c t u a t i o n s  w h i c h  a r e  of i m p o r t a n c e  to i n t e r f e r o m e t r i c  t e c h -  
n ique .  F l u c t u a t i n g  b o u n d a r y  l a y e r s  can f u r t h e r  c a u s e  i m a g e  danc ing ,  
scintillation or loss in image resolution which are of particular importance 
in imaging systems design. 

While  it is beyond  the s c o p e  of th is  r e p o r t  to c o m p r e h e n s i v e l y  dea l  
wi th  e a c h  of the d e n s i t y  r e l a t e d  op t ica l  pa th  d e v i a t i o n s ,  it was  shown  that  
a m a j o r  c o n t r i b u t o r ,  i . e . ,  t unne l  cond i t ion  c h a n g e s ,  wh i l e  s i g n i f i c a n t ,  
can  be c a l c u l a t e d  and u s e d  to r e d u c e  e r r o r s .  F u r t h e r m o r e ,  the  d e n s i t y  
e f f ec t s  can be r e d u c e d  and in s o m e  c a s e s ,  e l i m i n a t e d  t h r o u g h  the  u s e  of a 
r e f e r e n c e  b e a m  t a k e n  f r o m  the  m o d e l  i t se l f .  Th i s  is due to the m a t c h i n g  
of op t ica l  pa th  cond i t ions  a c c u r a t e l y  o v e r  the s m a l l  spa t i a l  d i f f e r e n c e s  
a long e a c h  opt ica l  path.  U n d e r  t h e s e  cond i t i ons ,  d e n s i t y  e f f ec t s  a r e  m i n i -  
m i z e d .  In g e n e r a l ,  e v e n  when  o n - t h e - b o d y  r e f e r e n c e  b e a m s  a r e  u sed ,  
s o m e  k n o w l e d g e  of the flow f ie ld  wi l l  be r e q u i r e d  to e n s u r e  a c c u r a t e  da ta  
a n a l y s i s .  
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5.0 SUMMARY AND CONCLUSIONS 

An i n t e r f e r o m e t r i c  t e chn ique  has  b e e n  p r o p o s e d  for  m e a s u r i n g  m o d e l  
d i s p l a c e m e n t  and d e f o r m a t i o n  in a wind tunnel .  A t w o - b e a m  noncon tac t ,  
p o i n t - m e a s u r i n g  dev ice  wi th  a r e s o l u t i o n  to o n e - q u a r t e r  of the l a s e r  w a v e -  
l e n g t h  has been  d e s c r i b e d .  Data  f r o m  th is  d e v i c e  may  be r e c o r d e d  and 
r e d u c e d  onl ine  and a r e  c o m p u t e r  compa t ib l e .  

Re l a t i ve  m e a s u r e m e n t s  can be m a d e  of the  m o d e l  wi th  the r e t r o -  
r e f l e c t o r s  m o u n t e d  on the  wing and fuse l age .  An abso lu te  m e a s u r e m e n t ,  
for  m o d e l  pos i t i on  r e l a t i v e  to a s t a t i o n a r y  r e f e r e n c e ,  can be m a d e  by p l a c -  
ing one r e t r o r e f l e c t o r  in a known a t m o s p h e r e .  R e t r o r e f l e c t o r s  a r e  u sed  
to m a i n t a i n  opt ica l  a l i g n m e n t  t h roughou t  the span  of m o d e l  mot ion .  

A p o l a r i z a t i o n - s e n s i t i v e  opt ica l  s y s t e m  r e d u c e s  i n t e r f e r e n c e  e f f ec t s  
of s t r a y  l ight  f r o m  the m o d e l  and opt ica l  s u r f a c e s  and s e p a r a t e s  the path 
of the i l l u m i n a t i o n  b e a m  f r o m  the r e t u r n  beam.  The i l l u m i n a t i o n  is co l l i -  
m a t e d  to spo t l igh t  a r e a s  on the  m o d e l  con ta in ing  a r e t r o r e f l e c t o r  to e f f i c i -  
en t ly  u t i l i ze  the l a s e r  l igh t .  D i a m e t e r ,  pos i t ion ,  and angle  of the i l l u m i n a -  
t ion b e a m  a r e  d i c t a t ed  by the  amount  and d i r e c t i o n  of r e f l e c t o r  m o t i o n  
dur ing  the tes t .  O p t i c a l - t o - e l e c t r i c a l  s igna l  c o n v e r s i o n  is p e r f o r m e d  by 
an ava l anche  pho tod iode  which  has wide  bandwidth ,  high s e n s i t i v i t y ,  and 

low no i se .  B e c a u s e  of the e f f i c i ency  of the photodiode ,  the l a s e r  s o u r c e  
power  can be r e l a t i v e l y  low, t h e r e b y  m i n i m i z i n g ,  if not obvia t ing ,  s a f e ty  
p r o b l e m s .  The s e v e r e  e n v i r o n m e n t  of a t e s t  ce l l  r e q u i r e s  that  the opt ica l  
s y s t e m  be c o m p a c t  and rugged  and i s o l a t e d  f r o m  both acous t i c a l  and 
m e c h a n i c a l  no i s e  and v ib ra t ion .  

D i s p l a c e m e n t  data  can be r e c o v e r e d  f r o m  the 15-MHz f r e q u e n c y -  
m o d u l a t e d  c a r r i e r  with e i t h e r  a phase  q u a d r a t u r e  d ig i t a l  pu l se  count ing 
t e chn ique  or  a f r e q u e n c y - t o - v o l t a g e  c o n v e r s i o n  analog s y s t e m .  T h e s e  
da ta  can be m a d e  ava i l ab le  d ig i t a l ly  for  c o m p u t e r  a n a l y s i s  and as an 
analog s igna l  for  i m m e d i a t e  eva lua t ion  dur ing  and fo l lowing  a tes t .  

The  d i s p l a c e m e n t  i n t e r f e r o m e t e r  is capable  of r e s o l v i n g  m o t i o n  to 
4 / 4  wh ich  fo r  a h e l i u m - n e o n  l a s e r  is 158.2 n a n o m e t e r s .  M a x i m u m  s u r -  
face  v e l o c i t y  is l i m i t e d  by the bandwidth  of the e l e c t r o n i c  s igna l  p r o c e s -  
so r .  A m a x i m u m  f r e q u e n c y  d e v i a t i o n  of 5 MHz f r o m  15 MHz (10-MHz 
bandwidth)  l i m i t s  the v e l o c i t y  to 1.6 m e t e r s / s e c .  Fo r  o s c i l l a t o r y  mot ion ,  
the m a x i m u m  peak a m p l i t u d e - f r e q u e n c y  p roduc t  is 25 .2  c m - H z .  Maxi-  
m u m  d i s p l a c e m e n t ,  on the o the r  hand, is l i m i t e d  e l e c t r o n i c a l l y  by the 
n u m b e r  of u p / d o w n  c o u n t e r s  in the d ig i ta l  data  p r o c e s s i n g  c i r cu i t  and by 
the m a x i m u m  vol tage  and s e n s i t i v i t y  of the ana log  s y s t e m .  With  s ix  and 
o n e - h a l f  d ig i t s  in the r e a d o u t  of the phase  q u a d r a t u r e  d ig i ta l  s y s t e m  and 
4 / 4  r e s o l u t i o n ,  d i s p l a c e m e n t s  of ±31.64 cm can be m e a s u r e d .  
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Dens i ty  g r a d i e n t s  and o t h e r  tunne l  flow cond i t ions  .can i n t r o d u c e  
v a r i a t i o n s  in opt ica l  pa th l eng th  and i n t r o d u c e  e r r o r s  in the m e a s u r e -  
ment .  T e c h n i q u e s  a r e  ava i l ab l e  to c o m p e n s a t e  for  t h e s e  v a r i a t i o n s .  
N e v e r t h e l e s s ,  fu tu re  w o r k  wi l l  inc lude  m o r e  d e t a i l e d  t h e o r e t i c a l  and 
e x p e r i m e n t a l  i n v e s t i g a t i o n s  into the  r e f r a c t i v e  e f f ec t s  of shocks  and 
bounda ry  l a y e r s  on the u n i f o r m i t y  of the  opt ica l  w a v e f r o n t s  at the pho to-  
d e t e c t o r .  V ib ra t i on  as wel l  as a c o u s t i c a l  a f fec ts  on the op t ica l  package  
wi l l  be ana lyzed  to d e t e r m i n e  the amoun t  of i s o l a t i o n  n e c e s s a r y  to p r e -  
vent  the  opt ica l  c o m p o n e n t s  f r o m  v i b r a t i n g  and i n t roduc ing  e x t r a n e o u s  
s i g n a l s  on the  m o d e l  d i s p l a c e m e n t  s igna l .  

The t w o - b e a m  s y s t e m  wi l l  be u sed  in ac tual  tunnel  t e s t s  to ana lyze  
the e f f ec t s  of v i b r a t i o n  and l a s e r  b e a m  p e r t u r b a t i o n s  due to the tunne l  
flow condi t ions .  A m u l t i p l e - b e a m  opt ica l  s y s t e m  wi l l  t hen  be d e s i g n e d  
and bui l t  to i n c r e a s e  the capab i l i ty  fo r  s i m u l t a n e o u s  m e a s u r e m e n t s  of 
m o d e l  a t t i tude  and d e f o r m a t i o n .  

Electronic signal processors for the multibeam system will be 
fabricated with improvements incorporated in bandwidth and response 
as required for specific applications. The use of a microcomputer for 
the online acquisition and display of data from a set of multibeam read- 
outs will be studied. 

The possible replacement of the retroreflectors with highly reflect- 
ing tape or a diffuse surface will be analyzed. This would make model 
preparation much simpler. Means of reducing the number of optical 
components will also be studied. This includes scanning single or 
multiple laser beams across the surface and collecting the backscatter- 
ed light by a single lens. Frequency multiplexing of the signals will be 
studied as a possible means of reducing the number of photodetectors in 
the multiple-beam system. 
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NOMENCLATURE 

Z e r o - c r o s s i n g  detected s ignal  of P1 

E l e c t r i c a l  s ignal  ampli tude 

Effect ive  ape r tu re  of r e t r o r e f l e c t o r  

Delayed A waveform 

Z e r o - c r o s s i n g  detected signal  of P2 

Delayed C waveform 

Down count pulse 

Beam d i a m e t e r  leaving optics package 

Diame te r  of r e t r o r e f l e c t o r  

Beam d iame te r  p r io r  to beam expanding 
optics 

Diamete r  of r e tu rn ing  beam inside optics  
package 

Signal f rom 34-MHz and 49-MHz osc i l l a to r ,  
r e spec t i ve ly  

Ampli tude of object  and r e f e r e n c e  beam 

Bandwidth of e l ec t ron ic s  

Focal  lengths  

C a r r i e r  f requency  (15 MHz) 

Signal f requency 

Gain of e l ec t ron i c  components  

Sum and d i f fe rence  e l ec t ron ic  s ignal  
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H 

I 

I o, I R 

i(t) 
i 

K 

L 

L 1, L 2 

Ml(t) ,  M2(t) 

M 
aD 

N 

Np 

NEP 

n 

Pl(t), P2(t) 

R 

r( t) ,  r l ( t ) ,  

S 

s(t) 

r2(t) 

Dis tance  between output optics and model  
su r f ace  

Intensi ty  incident on r e t r o r e f l e c t o r  

Intensi ty  of object and r e f e r e n c e  beam 

Photodetec tor  output 

P ropor t iona l t i ty  constant  

L a t e r a l  mot ion of model  

Optical  path length of object beam and 
r e f e r e n c e  beam 

L a t e r a l  mot ion 

Signal a f te r  mixing with r e f e r e n c e  osc i l l a to r  
s ignal  

F r e e - s t r e a m  Mach number  

Number  of l ight beams  genera ted  

Noise t e r m  due to de tec to r  and optical  
noise 

Noise equivalent  power 

Number  of f r equency  divis ion s t ages  in 
analog p r o c e s s o r  

Lowpass  f i l t e r ing  of Ml(t)  and M2(t) 

Dis tance  f r o m  point of ro ta t ion  to r e t r o -  
r e f l e c t o r  

Re fe rence  s ignals  (see Fig.  7) 

R e t r o r e f l e c t o r  spacing 

F r e q u e n c y - m o d u l a t e d  signal  
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Beam spacing prior t o  beam-expanding 
optics 

Up count pulse  train 

Velocity d i f fe rence  between two r e t r o -  
r e f l e c t o r s  

Ref lec tor  mot ion 

Dis tance  f rom chamber  wall  ( inside of 
boundary l aye r )  

Model rota t ion angle 

A i r - g l a s s  in te r face  loss  

1~ e t ro re f l ec to r  e f f ic iency  

Po la r i za t ion  ro ta t ion  angle upon re f l ec t ion  

Bounda ry - l aye r  th ickness  

Bragg cel l  l ight  def lect ion e f f ic iency  

Index of r e f r ac t ion  

Angle of inc idence  of l ight  beam 

Maximum model  i l lumina t ion  angle 

Optical  wavelength 

Dens ity 

Phase  t e r m  of object  and r e f e r e n c e  beam 

Optical  c a r r i e r  f requency  or (too - toR ) 

Angular  f requency,  object  beam 

Angular  f requency,  r e f e r e n c e  beam 

Frequency  deviat ion 
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