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A b s t r a c t  

A s i m p l i f i e d  t h e o r e t i c a l  model f o r  t h e  i n t e r p r e t a t i o n  of t h e  double- 

exposure ho lograph ic  i n t e r f e r e n c e  f r i n g e  l o c i  d u e  t o  t h e  g e n e r a l  th ree - -  

d imensional  d isplacements  h a s  been  d e r i v e d  f o r  t h e  s p e c i f i c  composite mobi le  

ho lograph ic  non-des t ruc t ive  test (CMHNDT) system.  The model, r e p r e s e n t i n g  a 

good approximat ion t o  a more t e d i o u s  t h e o r e t i c a l  r e s u l t ,  p r e d L c t s  t h a t  a 

combination of in -p lane  and out-.of-plane d i sp lacements  of t h e  s u r f a c e  w i l l  pro- 

duce c o n c e n t r i c  c i rcu la r - shaped  f r i n g e  p a t t e r n s  w i t h l o c a t i o n s  of t h e i r  c e n t e r  

af  f  e c t e d  by t h e  d i sp lacements .  

Appropr ia te  experiments. h a v e  been deefgned and c a r r i e d  o u t  f o r  t h e  test 

of t h o  v a l i d i t y  of t h e  t h e w y .  These exper iments  i n c l u d e  t h e  t a k i n g  of double- 

exposure holograms of in -p lane  t r a n s l a t i o n s  and combined in -p lane  and out-of- 

p l a n e  t r a n s l a t i o n s .  Except f o r  a f et7 minor d i s c r e p a n c i e s  , t h e  s i m p l i f i e d  

model agreed q u i t e  w e l l  w i t h  t h e  exper imenta l  r e s u l t s .  

I n  a d d i t i o n ,  e x p e r i m e n t a l l y  observed e f f e c t s  due t o  t h e  c u r v a t u r e  of 

t h e  t e s t  p l a t e  and t h e  v a r i a t i o n s  of t h e  a n g l e s  of i n c i d e n c e  of t h e  l a s e r  

l i g h t  s u g g e s t  t h a t  i n  o r d e r  f o r  t h e  s i m p l i f i e d  model t o  b e  a b l e  t o  p r e d i c t  t h e  

test r e s u l t s  more a c c u r a t e l y ,  i n c i d e n c e  and r e f l e c t i o n  of t h e  l a s e r  l i g h t  s h o u l d  

b e  chosen as n e a r l y  perpendicu1a.r  t o  t h e  s u r f a c e  of t h e  t e s t e d  o b j e c t  a s  p o s s i b l e .  

Th i s  p o i n t  is  e s p e c i a l l y  i m p o r t a n t  when t h e  s u r f a c e  of t h e  o b j e c t  i s  n o t  f l a t .  

F i n a l l y ,  t h e  f i n d i n g s  s u g g e s t  t h a t  a c a l i b r a t i o n  p l a t e  should  b e  i n c o r p o r a t e d  

i n t o  t h e  sys tem f o r  a more a c c u r a t e  q u a n t i t a t i v e  assessment  of t h e  d i sp lacements  

on t h e  s u r f a c e  of t h e  o b j e c t  under  t e r t ,  
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I ,  INTRODUCTION 

Since t h e  f i r s t  proposal  of the  technique of wavefront r econs t ruc t ion  by 

1 
Gabor i n  1947, holographic in te r fe rometry  with t h e  a s s i s t a n c e  of t h e  l a s e r  

2 

3-18 has  come a long way both i n  theory and i n  i t s  app l i ca t ions  . However, as 

i t  was discussed i n  a previous report1', a q u a n t i t a t i v e  eva lua t ion  of t h e  

i n t e r f e r e n c e  f r i n g e s  i s  d i f f i c u l t  t o  perform p r a c t i c a l l y ,  I n  add i t i on ,  

any q u a n t i t a t i v e  ana lys i s  i s  usua l ly  s y s  tern dependent, i , e ,  , t h e  a n a l ~ s i s  is  

dependent on the  path length  of t h e  r e f e rence  and ob jec t  l i g h t  beams, t h e  

angles  between these  beams and t h e  normal d i r e c t i o n  of the o b j e c t  su r f ace ,  t he  

l o c a t i o n  of t h e  po in t  of observat ion,  e t c ,  Consequently, each system needs 

ind iv idua l  t reatment  wi th  regard t o  t h e  aspec t  of f r i n g e  eva lua t ions .  

The system s tud ied  i n  t h i s  con t r ac t  i s  c a l l e d  a composite mobile holographic 

nondestruct iva t e s t  (CMHNDT) system invented by R. L ,  ~ u r t z ~ ' .  The main approach 

of t he  s tudy was t o  experimental ly  c a l i b r a t e  t h e  o p t i c a l  CMHNDT system by a 

mechanical system which c o n s i s t s  of u l t r a - accu ra t e  micrometers monitored by 

Michelson in t e r f e rome te r s .  A s i m p l i f i e d ,  q u a n t i t a t i v e  t h e o r e t i c a l  model based 

on t h e  work of N ,  L .  Hecht, e t  a l2 l ,  has  been der ived  and t h e  comparison of t h i s  -- 
model with t h e  experimental r e s u l t s  based on t e s t  samples with f l a t  su r f aces  has  

been completed, Objects with curve su r f aces  of a v a r i e t y  of c i ~ r v a t u r e s  have 

a l s o  been used t o  determine q u a l i t a t i v e l y ,  t h e  degree  of t h e  v a l i d i t y  of the  

model i n  t he  case  of a more gene ra l  ob jec t  under t e s t .  

Sect ion I1 of t h e  r epo r t  w i l l  b e  a d e r i v a t i o n  of the  t h e o r e t i c a l  model f o r  

t h e  f r i n g e  i n t e r p r e t a t i o n .  The experimental  set-up and r e s u l t s  a r e  given i n  

See,  111, Discussions and a comparison of t h e  s i m p l i f i e d  theory and t h e  

experiments w i l l  be  contained i n  Sec. I V ;  and f i n a l l y ,  Sec. V w i l l  p rovide  t h e  

conclusions,  
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11. THEORETICAL MODEL 

A .  D e r i v a t i o n  of t h e  Model f o r  Simple T r a n s l a t i o n s  

The CMHNDT system which t h i s  s t u d y  i n v e s t i g a t e s  i s  i l l u s t r a t e d  by t h e  

b l o c k  diagram shown i n  F i g ,  1, The o b j e c t  i n  t h e  diagram i s  mounted on a n  u l t r a -  

a c c u r a t e  micrometer-control led  t r a n s l a t i o n  s t a g e  w i t h  2.54 pm/step movement, 
i 

For  t h e  purpose  of a n a l y z i n g  t h e  i n t e r f e r e n c e  f r i n g e s  i n  t h e  system, double  ex- 

2 

posure  holograms are made w i t h  a d i sp lacement ,  descr ibe , '  by t h e  v e c t o r  P ,  of t h e  

o b j e c t  between t h e  two exposures .  The f r i n g e  c o n t r a s t  between any two p o i n t s  

o n  t h e  o b j e c t  i s  produced by t h e  p a t h  l e n g t h  d i f f e r e n c e ,  (SAL, r e s u l t i n g  

from t h e  o b j e c t  d isplacement  a t  t h e s e  two p o i n t s .  A more d e t a i l e d  d e s c r i p t i o n  

and a t h e o r e t i c a l  d e r i v a t i o n  of t h e  model f o r  t h e  system i s  provided 

below. 

I n  F i g .  2, i t  i s  assumed t h a t  t h e  f r o n t  s u r f a c e  of t h e  o b j e c t  c o i n c i d e s  w i t h  
n n n 

t h e  x-y p l a n e  of t h e  C a r t e s i a n  c o o r d i n a t e  sys tem and i, j ,  and k a r e  t h e  u n i t  

A 

v e c t o r s  a i o ~ i g  t h e  x-, y- and z - d i r e c t i o n  r e s p e c t i v e l y .  The v e c t o r  S r e p r e s e n t s  

t h e  d i s t a n c e  from t h e  laser s o u r c e  t o  t h e  o r i g i n  which is  l o c a t e d  on t h e  test 

..A 

p l a t e  and H, t h e  d i s t a n c e  f rom t h a t  o r i g i n  t o  t h e  o b s e r v a t i o n  p o i n t  on the 

-I A 

hologram. For  t h e  s a k e  of s i m p l i c i t y ,  S and H are assumed t o  b e  co-planar  w i t h  

t h e  x-z p l a n e .  The a n g l e s  0 and OH a r e  made by $ and ?i w i t h  t h e  x-axis  
S 

r e s p e c t i v e l y ,  P o i n t  1' is  d i s p l a c e d  from i t s  o r i g i n a l  p o s i t i o n  p o i n t  1 w i t h  a 

d isplacement  v e c t o r  5,  The v e c t o r s  and 5 a r e  d i s t a n c e s  from t h e  o r i g i n  t o  

a 

p o i n t  1 and p o i n t  1' r e s p e c t i v e l y .  g2, H and 2 a r e  d i s t a n c e s  from t h e  
1 2 

l a s e r  s o u r c e  t o  p o i n t  1 and p o i n t  1' and from t h e s e  two p o i n t s  t o  t h e  observa- 

t i o n  p o i n t  a t  t h e  hologram. 

From t h e  above d e s c r i p t i o n ,  t h e  r e l a t i o n s h i p  among t h e  v e c t o r s  can b e  

w r i t t e n  a s  
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Figure I .  A Block Diagram of the CHHNDT System 
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c o i n c i d i n g  with the x-y  piane.  



and 

A h  n 

t = x i + y j  . ( 4 )  

2. 

Furthermore, t h e  normalized d i s t ances  $/s and H/H may b e  w r i t t e n  a s  

.A A 
A 

S/S  = - cos 8 5 + s i n  8 
S S k 9  (5) 

and 
*\ A 

d/H - cos O i +  s i n  BH k . H 

With these  n a t a t i o n s ,  t h e  path length  d i f f e r e n c e  AL of the  l i g h t  due 

t o  t h e  displace~r.ent  5 from p o i n t  1 t o  p o i n t  l ' , may b e  defined a s  

Prom Eqs. (1) and (2 ) ,  i t  can be shown t h a t  

S imi l a r ly ,  



where R was r e p l a c e d  by 6 + f based on Eq. ( 3 ) .  

2  2 2  
Genera l ly ,  12(; * G )  IS - t IS  I << 1, ( t h i s  c o n d i t i o n  is normal ly  true o r  

can be  made v a l i d  f o r  t h e  sys tem) ,  t h e n  from t h e  b inomia l  e x p a r ~ s i o n  of Eq, (8) , 

i n c l u d i n g  up t o  t h e  second o r d e r  terms, 

2  2  s, = s l i  - 6/$[2(" t  $1 /s2 - t IS j 

2. 

2(2 2(6 6) t2  D~ 2(E 1 $ I  << 
S i m i l a r l y ,  under t h e  c o n d i t i o n  I S) + - - - - -  

s s s2 s2 s 

From Eqs. (11) and (12) ,  

R E P R O D U C I B L ~  OF 'l'H.@ 
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where t h e  f i r s t  I 1 i n  Eq. (13) c o n t a i n s  t h e  f j r s t  o r d e r  terms and t h e  

second { 1 c o n t a i n s  t h e  second o r d e r  terms i n  t h e  approximation.  

Analogous t o  t h e  above approach and from Eqs. (2) and ( 3 ) ,  

The d i f f e r e n c e  H - H1, i n c l u d i n g  t h e  second o r d e r  approx imat ion ,  may b e  

w r i t t e n  a s  

The t o t a l  o p t i c a l  p a t h  l e n g t h  d i f f e r e n c e  KL between 1 and 1' v i t h  second 

o r d e r  approximat ion can b e  w r i t t e n  a s  



It is  convenient  t o  d e f i n e  t h e  f i r s t  o r d e r  t e r m  i n  Eq .  (15) as (AL)l and 

t h e  second o r d e r  term a s  (AL) and wr:.te 
2 

AL (AL) + (AL) , 

where 

and 

A n A n 

When D = D i + D j + D k i s  s u b s t i t u t e d  i n t o  E q ,  (171, 
X Y Z 

- [ ( c o s  OH -- cos  8 ) D + ( s i n  OH + s i n  €Is) Dz] . 
S x (19 



3- 

The f r i n g e  c o n t r a s t  due t o  t h e  d i sp lacement  D between p o i n t  1 and t h e  

o r i g i n  a s  one views through t h e  double-exposure hologram i s  caused by t h e  

d i f f e r e n c e  between t h e  p a t h  l e n g t h  d i f f e r e n c e s  ( o r  phase  d i f f e r e n c e s ) ,  6(AL), 

a t  p o i n t  1 and a t  t h e  o r i g i n .  The mathemat ical  e x p r e s s i o n  6  (AL1), where t h e  

s u b s c r i p t  1 d e n o t e s  t h e  f i r s t  o r d e r  t e r m ,  may b e  d e f i n e d  as 

where 

and 

6 (AL1) E (AL ) 
1 at  (x,y) - ( A L ~ ) a t  (o ,o )  

Applying Eq.  (191, one f i n d s  

At t h e  moment, i f  a l l  t h e  h i g h e r  o r d e r  terms are n e g l e c t e d ,  one may relate 

6(AL1) t o  t h e  f r i n g e s  as f o l l o ~ ~ s  

where n  i s  a n  o r d i n a l  number i n d i c a t i n g  t h e  f r i n g e  o rder  a t  (x,y) w i t h  r e s p e c t  

t o  t h e  o r i g i n ,  and A i s  t h e  wavelength of t h e  l a s e r .  

REPRODUGB~LITY OE\ THB 
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The p h y s i c a l  meaning of Eq .  (24) may b e  c l a s s i f i e d  by t h e  f o l l o w i n g  

t h r e e  p o i n t s  : 

(1) I f  Dx = 0, t h e  f r i n g e s  on t h e  s u r f a c e  of t h e  o b j e c t  are p a r a l l e l  

t o  t h e  x-axis  w i t h  a s e p a r a t i o n  of h/2B between any two ne ighbor ing  f r i n g e s ;  

i f  D = 0 ,  khe f r i n g e s  are p e r p e n d i c u l a r  t o  t h e  x-axis  w i t h  a s e p a r a t i o n  of 
Y 

X/2A between any two ne ighbor ing  f r i n g e s ,  I f  b o t h  D and D a r e  n o t  ze ro ,  t h e n  
X Y 

s l a n t i n g  f r i n g e s  w i l l  appear ,  

(2) h / 2 A  d e c r e a s e s  a s  D i n c r e a s e s  and X / ~ B  d e c r e a s e s  a s  D i n c r e a s e s ,  
X Y 

t h e r e f o r e  t h e  f r i n g e  s p a c i n g  is  d e n s e r  when t h e  magnitude of t h e  displacement  

is l a r g e r .  

(3)  The f i r s t  o r d e r  approximat ion i s  n o t  capab le  of p r e d i c t i n g  t h e  e f f e c t  

of DZ $ 0. T h e r e f o r e ,  t h e  theory  i s  only good f o r  t h e  c a s e  t h a t  Dz = 0 .  

P o i n t s  (1) and (2) above can b e t t e r  b e  i l l u s t r a t e d  by F i g .  3 (a )  and ( b ) .  

I n  o r d e r  t o  see t h e  e f f e c t  of D + 0 ,  i t  i s  necessa ry  t o  cons ider  t h e  z 

second order  t e rms ,  Following t h e  d e f i n i t i o n  g i v e n  by E q ,  (20) and from Eq.  ( l a ) ,  

i t  can b e  shown ( s e e  Appendix A) t h a t  



Figure  3. Re la t i onsh ip  between displacements O x  and 

Dy and f r i n g e  l o c a t i o n  (x,y) w i t h  o n l y  the  
f l r s t  order approx imat ion,  (a) cares f o r  
(D  =O, Dy#O) , (Dxf 0, D,=O) , and (D,#O D ZO) ; 

Y (by A/2A (or  h / 2 ~ )  versus Dx (or D y ) ,  



A 4 fi A C) 

when D = D x i  + D j + Dzk and t = x i +  y j a r e  s u b s t i t u t e d  i n t o  Eq. (25), 
Y 

which r e p r e s e n t s  t h e  second o r d e r  p a r t  of t h e  d i f f e r e n c e  of t h e  p a t h  l e n g t h  

d i f f e r e n c e s .  A f t e r  t h i s  r e s u l t  i s  combined w i t h  t h e  f i r s t  o r d e r  terms g iven  by 

Eq. (2i), t h e  f r i n g e  l o c i ,  i n c l u d i n g  second o r d e r  approximat ion , are ob ta ined  a s  

f o l l o w s  : 

1 -cost3 cose  S H s i n e  s i n e  
+ lf IDx( + --- ) + D  (--%- H 

s H Z s 
1 

H 

-case s C O S ~  + x( H 
f- 

s2 H ) (Dxx + Dyy) 1 

1 2 2 1  1 -cos 8  S 
cose 

- {[I ( D ~ ~  -1- D + D~ ) ( T + 2 )  - D ~ (  +- H ) 1 (Dxx + Dyy) Y S s li2 

1 2  2 2 -case 
S 

cos e 
- y (Dx + D + Dz ) (  

Y 
+- 

s 
H)x) 

H 

1 + - [- cos  8  D + s i n  0  D 'j cos  8  x  S S x S z S 

1 1 1  - - [cos  0  D + s i n  0  D I cos O H  x +  (? + g)(~xx + D y) H H x H z Y 



Equat ion (26) is  a g e n e r a l  e x p r e s s i o n  f o r  t h e  e f f e c t  up t o  a second o r d e r  

-L ,$ 6 

approximat ion of t h e  t r a n s l a t i o n - t y p e  d i sp lacement  D = D i + 5 j + Gz k on 
X Y 

t h e  f r i n g e s  i n  t h e  CMHNDT system.  The e x p r e s s i o n  looks  q u i t e  compl ica ted ,  

t h e r e f o r e ,  i t s  p h y s i c a l  meaning i s  n o t  obvious w i t h o u t  f u r t h e r  manipu la t ions .  

The approach,  which w i l l  b e  adopted,  is  t o  f i r s t  s i m p l i f y  t h e  e x p r e s s i o n  by 

d e f i n i n g  some new symbols and t h e n  cons ider  t h e  p o s s i b l e  s p e c i a l  c a s e s  t h a t  may 

b e  t e s t e d  by t h e  exper iments ,  One may le t  

-cos 0 cos  8 
P2 f + R 

s H 
Y 

s i n  0 s i n  0 
p3 r + H 

2 Y 

S H2 

2 2 

COs O s  + 
cos OH 

p4 r 
S H 

s i n  0 cos 0 
S S H H 

s i n  8 c o s  9 
- - - 

P5 - S H 

S u b s t i t u t i n g  Eqs , (27)-(31) i n t o  Eq. ( 2 6 ) ,  one o b t a i n s  

1 2 S(AL ) = - y P l ( D x x + D  y ) ( x  + y2)  
132 Y 

1 1 2 2  + - [P211x + P3Dz - - P D ] ( x  + y2)  
2 2 1 

- IP (D x + D y ) 2  - P2(Dxx + D y ) x  
2 1 x  Y Y 

1 2  - ry PID 
1 1  - P2Dx - (S + ~ 1 1  (Dxx + D Y) 

Y 

1 2  1 + 3 D P 2 x - P D x + P D x =  ( n - ? )  A .  
4  x 5 z 



The three  s p e c i a l  ca ses  t h a t  can be t e s t e d  by experiment a r e  ( i )  Dx = D = 0 ,  
Y 

Dz # 0; ( i i )  D = 0, Dx # 0 ,  and DZ # 0; and ( i i i )  Dx = 0 ,  D # 0 ,  and D2 # 0 .  
Y Y 

These cases  a r e  d iscussed  sepa ra t e ly  below and appropr ia te  approximations w i l l  

be made l a t e r  b e f o r e  t h e  theory is  compared t o  t h e  experiment. 

Case ( i )  . When Dx = D = 0 ,  Dz # 0 is  s u b s t i t u t e d  i n t o  Eq. (32) , 
Y 

O r  a l t e r n a t i v e l y ,  Eq. (33) rnay be  w r i t t e n  a s  

2 2 1 
Al (X + y ) + Blx = (n  - y) A , 

s i n  8 s i n  8 
A = -  I D  ( -F 
1 2 2  s H~ 

2 
D -cos 8 cos 8 H s i n  8 cos 8 s i n  8,  cos 8 

- = ( + S S 
- 2 > + D ,  ( S H 

- H, ( 3 6 )  
s H 

Equation (34) s i g n i f i e s  t h a t  t h e  l o c i  of t h e  c i r c u l a r  f r i n g e s  a r e  centered 

B1 
a t  (- - 

2 4  
, 0) w i t h  t h e  nth r ad ius  having a  va lue  



Furthermore,  i f  BS = OH = 4 ,  t h e n  Eqs,  (35) and (36) become 

2 1 1  
A1 = y DZ (-Z + ?) s i n  0 - 

S  

l D 2  -1 1 B = -  
1 2 z ( 2 + ~ )  cos  0  . 

I n  a ,ddi t ion,  i f  one lets  S = H = T ,  Eqs . (38) and (39) become 

D s i n  8 
2 

z  
A1 = - Z - -  3 

T T3 

and t h e  f r i n g e  c i r c l e s  have  t h e i r  c e n t e r  a t  (0,O) w i t h  r a d i i  

The r e s u l t  shown i n  Eq. (42) i n d i c a t e s  t h a t  when n i s  l a r g e ,  t h e  r a d i j  

p r o p o r t i o n a l l y  approach those  of a F r e s n e l  zone p l a t e .  I n  g e n e r a l ,  t h e  l o c i  

of t h e  f r i n g e s  f o r  D # 0 and Dx = D = 0 can  b e  i l l u s t r a t e d  by F i g .  4 w i t h  AL 
z Y 

and B given e i t h e r  by t h e  p a i r  Eqs.  (35) and (361, Eqs. (38) and (391, o r  
1 

Eqs. (40) and (41) depending on t h e  c o n d i t i o n s  under  which each c a s e  o c c u r s .  

Case ( i i ) .  When Dx # 0 ,  D = 0 ,  and D # 0 a r e  s u b s t i t u t e d  i n t o  Eq .  (32) ,  
Y z 

i t  becc~mes 

1 3 2 1 1 2 2 - - P D  ( x  + x y )  + y [ P 2 D x + P D  - - P  (D 2 + D z  ) ] ( x  + y 2 )  
2 l x  3 z  2 1 x 

- - 2 1 
P D 2x2 - P D x - [? P ~ ( D ~ ~  + D ~ ' )  - P2Dx]Dxx 

2 l x  2 x 

1 2  2 1 1  I 
+ y (Dx + D~ ) P ~ X  - P 4 D x x +  P 5 D z xi- (-+-)D I-Z s x x = (n - ? ) A  (43) 



* 
F i g u r e  4. Loci  o f  f r i n g e s  f o r  DZ#O,  and Dx=D -0. 

Y 



Rearranging terms, w e  have 

Equation (44) i n d i c a t e s  t h a t  f o r  any given (D 0, D ) ,  a r e l a t i o n s h i p  
x ' z 

between y and z can b e  computed and t h e  l o c i  of t h e  f r i n g e s  can then  be  de ter -  

mined. 

Case ( i i i )  . When Dx = 0, D # 0 ,  and Dz # 0 a r e  s u b s t i t u t e d  i n t o  
Y 

Eq. (32),  i t  becomes 

Rearranging the terms i n  Eq. (45);  



I f  one lets 

t h e n  Eq,  (46) may b e  r e w r i t t e n  a s  

The s o l u t i o n  of t h e  above q u a r d r a t i c  e q u a t i o n  g i v e s  

T h e o r e t i c a l l y ,  f o r  a  g iven  set  of (0 ,  D D ) and n ,  due t o  t h e  + s i g l h  i n  
Y '  z 

Eq, (51) a  p a i r  of p o i n t s  (x ,y)  may b e  found. The c o l l e c t i o n  of t h e s e  p o i n t s  w i l l  

e n a b l e  one t o  g r a p h i c a l l y  e x p r e s s  t h e  l o c i  of t h e  i n t e r f e r e n c e  f r i n g e s .  

Apparent ly ,  a l l  t h e s e  e q u a t i o n s  are t o o  complicated t o  compute and s i m p l i -  

f i c a t i o n s  by a p p r o p r i a t e  approximat ions  a r e  h i g h l y  d e s i r a b l e ,  o r  even n e c e s s a r y ,  

t o  make t h e  model practical. T h i s  w i l l  b e  done below. 

B . An A.pproximate Model f o r  Simple T r a n s l a t i o n s  

Und.er c e r t a i n  c o n d i t i o n s ,  t h e  model g iven  by Eq, (32) can b e  d i r e c t l y  

s i m p l i f i e d  t o  a  s t a t e  which w i l l  more c l e a r l y  r e v e a l  p h y s i c a l  meanings than  

t h e  o r i g i n a l  model. 

RE2?RODUCIEPLIm OF THE 
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s i n  0 cos  0 s i n  0 cos  0 
B2 5 DZ(. S S - H 

S 13 (55) 

and 

1 1  
C = D  

2 -  y s (56) 

When Eqs. (54) ,  (55) and (56) are s u b s t i t u t e d  i n t o  Eq. (53), i t  becomes 

The above e q u a t i o n  i n d i c a t e s  t h a t  t h e  f r i n g e  l o c i  form c o n c e n t r i c  c i r c l e s  

w i t h  c e n t e r  l o c a t e d  a t  (xC, yC) where 

-B 2 x = - -  1 1  - [Dz s i n  0 cos 0, (ii - 1 1  
C 2A2 S - Dx(s + $ I /  

s i n  0 s i n  O 

[DZ ( + H 

s 
11 

H~ 

and 

The r a d i u s  of t h e  l o c u s  of the nth f r i n g e  may b e  w r i t t e n  a s  

PREC.3DING PAGE I3LANIi NOT FILMED 



From Eq. (60) , f o r  any g iven  v a l u e  of D 
z y  y c  i s  p r o p o r t i o n a l  t o  D and 

Y 

Y c = 0 i f  D = 0 .  I n  a d d i t i o n ,  t h e  r a d i u s  R g i v e n  by Eq. (61) shows t h a t  
Y n 

f o r  l a r g e  v a l u e s  of n ,  Rn is  p r o p o r t i o n a l  t o  , a f e a t u r e  s h a r e d  by t h e  

f r i n g e s  of t h e  F r e s n e l  zone p l a t e .  

For t h e  purpose  of comparing t h e  d e g r e e  of accuracy  of thj.s approximate  

model w i t h  t h e  exper imenta l  d a t a ,  a  compumr program was w r i t t e n  t o  c a l c u l a t e  

Eqs. (59) ,  (60) and (61) .  Th i s  program t o g e t h e r  w i t h  t h e  computed r e s u l t s  of 

(xC, yC) and R i n  terms of n ,  D D D Z ,  S ,  H ,  O S ,  and 0  are inc luded  i n  
11 X' y '  H 

Appendix D . 
F i n a l l y ,  when n  i s  v e r y  l a r g e ,  t h e  s p a c i n g  between any two ne ighbor ing  

c i r c u l a r  f r i n g e s  can b e  measured t o  h e l p  de te rmine  t h e  amount of d i sp lacement ,  

There fore ,  t h e  fo l lowing  equati-on, deduced from Eq. (61) may b e  needed i n  t h i s  

c a s e ,  

C. The Treatment of -." R o t a t i o n s  and T r a n s l a t i o n s  

When a  r o t a t i o n - t y p e  displacement  r e p r e s e n t e d  by happens a f t e r  a  t r a n s l a -  

A 

t i o n  D of a  p o i n t  p (x ,y )  i s  made b e t ~ e e m  t h e  two exposures  of t h e  hologram, t h e  
t 

diagram shown i n  F ig .  2 needs t o  b e  modif ied.  The new c o n f i g u r a t i o n  i s  shown in 

- - .  A 

Pig .  5  w i t h  t h e  rrcstora t ,  R, D t ,  and w denoted.  



Figure 5. A rotatidn of : a f t e r  t he  translation 8 
bringing P ( x , y )  to P ( x f , y H ) .  t 



A r o t a t i o n  around t h e  x-=is w i t h  a n  a n g l e  w w i l l  g i v e  rise t o  a d i s -  
X 

.A 

placement v e c t o r  D , which can b e  w r i t t e n  as w 
X 

- 

D = y ( c o s  wx - 1 )  j 4 y s i n  ax k . 
@-- 

S i m i l a r l y ,  a r o t a t i o n  around t h e  y-axis  of a n  a n g l e  w w i l l  y i e l d  
Y 

-5. n r, 

Rw = X(COS W, - 1 )  i - x s i n  w k , 
Y 

3' Y 

and a r o t a t i o n  around t h e  z-axis  w i l l  produce 

A n 

Dw = [X(CGS w I- 1 )  - y s i n  w I i z z z 

+ [y (cos  wZ - 1 )  + x s i n  w Z ]  j , (65) 

From Eqs , (63) '  (64) and ( 6 5 ) '  i t  may b e  concluded t h a t  s i m p l e  r o t a t i o n s  

may b e  t r e a t e d  e q u i v a l e n t l y  a s  t r a n s l a t i o n s  and e i t h e r  Eq ,  (32) o r  (58) may 

used t o  d e s c r i b e  t h e  l o c i  produced by t h e s e  r o t a t i o n s .  

I n  c a s e  t h a t  t h e  displacements  a r e  i n  t h e  form of a combination of r o t a t i o n s  

-> n h h 

w i t h  t r a n s l a t i o n s  of D = D i + D j + DZ Icy t h e  n e t  d i sp lacement  v e c t o r  may b e  
t x  Y 

w r i t t e n  a s :  

-L I\ 

w = D i + [ y ( c o s  wx - 1 )  + D cos w 1 j 
X Y x 

t '  x 

+ [ ( y  4- D ) s i n  wx 4 DZ] k , 
Y 

A I\ 
J 

f o r  D and w = 6) i. 
t: X 



Likewise ,  

D h 

Dt ,wy 
= [ ~ ( C O S  w - 1 )  + Dx cos  w ] i 

Y Y 

A A 

+ D j - [ ( x  + Dx) s i n  o - Dz] k , 
Y Y 

a -L 
n 

f o r  Dt and w = w j , and 
Y 

= [x(cos  w - 1 )  - y s i n  o + D cos w z  
z z X 

h 

- D s i n  wZJ  i 
Y 

+ [ y ( c o s  oz - 1 )  + x s i n  w + D cos o 
z Y z 

n 

+ D  s i n w !  j 
X Z 

-\ 

f o r  D and = w i. t z 

A good approximat ion can b e  made as f o l l o w s ,  I n  t h e  r e g i o n  where 

x >> D , y >> D and z >> D ( t h e s e  i n e q u a l i t i e s  are g e n e r a l l y  v a l i d  a lmost  
z Y'  z 

everywhere s i n c e  D i s  assumed t o  b e  oxtremely s m a l l ) ,  Eqs. ( 6 6 ) ,  ( 6 7 )  and (68) 

become r e s p e c t i v e l y  

D n A h 

D t , w y  = Dx i +  y ( c o s  w - 1 )  j + (y s i n  w x + D z )  k , 
X 

( 5 9 )  

A n n 9 

D~ w 
= x ( c o s  o - 1 )  i + D j + (Dz - x s i n  w ) k , 

Y Y Y 
( 70  

t '  Y 



and 

J. n 

= [x(cos  w - 1 )  - y s i n  wZJ i 
D ~ .  ,w-  Z 

+ [y (cos  o - 1 )  + x s i n  oZl j + Dz k . 
Z (71) 

Once a g a i n ,  i n  t h e  c a l c u l a t i o n s  of t h e  f r i n g e  l o c i ,  e i t h e r  Eqs. (69) ,  

(70) o r  (71) may b e  used w i t h  e i t h e r  Eq. (32), t h e  unabr idged v e r s i o n  of t h e  

model, o r  Eq. (58) ,  t h e  s i m p l i f i e d  model, depending on t h e  p a r t i c u l a r  s i t u a t i o n ,  

111, EXPERIMENT - 

The exper imenta l  se t -up  and p rocedure  h a v e  been  d e s c r i b e d  i n  d e t a i l  i n  a 

p rev ious  report1', t h e r e f  o r e ,  on ly  a b r i e f  d i s c u s s i o n  w i l l  b e  i n c l u d e d .  The 

r e a l i z a t i o n  of t h e  CMHNDT system i s  shown i n  F i g ,  6 .  A 10-watt CW Argon i o n  

l a s e r  (Spec t ra  P h y s i c s  Model 170) i s  used as a major l i g h t  s o u r c e ,  Two s m a l l  

1-,mW He-Ne l a s e r s  a r e  used f o r  t h e  c o n s t r u c t i o n  of two s e p a r a t e  Michelson 

i n t e r f e r o m e t e r s ,  which a r e  used f o r  a n  a c c u r a t e  moni tor  of t h e  micrometer  con- 

t r o l l e d  displacement .  I n s t e a d  of t h e  mock-up of t h e  r o c k e t  i n  t h e  F i g u r e ,  t h e  

t e s t  p l a t e  i s  p l a c e d  on a Weiser/Robodgne Model 119 nt icrometer  t r a n s l a t i o n  

s t a g e ,  The s m a l l e s t  s c a l e  of t h e  micrometer head h a s  a r e a d i n g  of 2.54 pm. 

Small  m i r r o r s  are mounted on t h e  s i d e s  of t h e  test p l a t e  f o r  t h e  c o n s t r u c t i o n  

of t h e  Michelson i n t e r f e r o m e t e r s .  The test p l a t e ,  t r a n s l a t i o n  s t a g e  and one 

of t h e  smal l  m i r r o r s  a r e  shown i n  F i g ,  7 ,  

The b a s i c  i d e a  of t h e  e x p e r i m e n t a l  se t -up i s  t o  u s e  a n  o p t i c a l  sys tem 

(Michelson i n t e r f e r o m e t e r )  t o  moni to r  a mechanical  sys tem ( t h e  test p l a t e  and 
r, .* 

t r a n s l a t i o n  s t a g e  combination) f o r  t h e  purpose  of t h e  c a l i b r a t i o n  of t h e  o p t i c a l  %*. . 
t. 

CMHNDT system, The p rocedure  is  t o  t a k e  double-exposure holograms w i t h  d i f f e r e n t  

i n c i d e n t  a n g l e s ,  d i sp lacements  of t h e  p l a t e  and a v a r i e t y  of curve  p l a t e s  s o  t h a t  

t h e  model d e r i v e d  i n  t h e  las t  S e c t i o n  may b e  t e s t e d  and consequent ly  t h e  C Y ~ D T  
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( a )  Side-view of t h e  p l a t e  and t h e  t r a n s l a t i o n  s t a g e .  

(b)  The s m a l l  m i r r o r  i s  v i s i b l e  i n  t h e  c e n t e r  of t h e  p l a t e .  

F igure  7.  The test p l a t e  mounted on t h e  t r a n s l a c i o n  s t a g e .  



system may b e  e v a l u a t e d .  R e p r e s e n t a t i v e  e x p e r i m e n t a l  r e s u l t s  are presen ted  

below, 

The c o n f i g u r a t i o n  of t h e  CMHNDT system a s  shown i n  F i g ,  1 i s  designed w i t h  

S = 92 cm, H = 38  cm, and v a r i a b l e  v a l u e s  of 8 and OH. S The dimensions i 

- OH = 73.5', a of t h e  f l a t  test p l a t e  a r e  1 3  cm x 16 cm x 2.54 cm. When BS - 

sequence of double  exposure  holograms have been recorded  f o r  D = DZ = 0 
Y 

and D = 5.08,  10.16,  15.24 and 20.32 pm. The corresponding r e a l  images 
X 

are shown a s  photographs i n  F ig .  8. Likewise ,  photographs  of d o u b l e -  

exposure  holograms w i t h  D and DZ t r a n s l a t i o n s  s n d  w i t h  D = 0 are shown 
X Y 

i n  F i g .  9 .  

I n  a d d i t i o n  t o  t h e  f l a t  t e s t  p l a t e ,  t e s t  p l a t e s  w i t h  a c y l i n d r i c a l  shape  of 

r a d i i  of 20.32 cm (8") ,  15.24 cm (6"),  and 10.16 cm (4") have  a l s o  been used.  

A s e r i e s  of photographs  of double  exposure  holograms w i t h  S = 66 .5  cm, R = 45 cm, 

0 = 7 s 0 ,  BS = 75', 60° ,  45', and 30° ,  and D = D = 0 ,  D = 25.4, 38.1 ,  50.8, and 
H X Y z 

63.5 um have been ob ta ined .  The r e s u l t s  a r e  shown i n  F i g u r e s  10 through 13.  The 

hor i .zonta1 and v e r t i c a l  s c a l e  on t h e  photographs i n  t h e s e  F i g u r e s  are 2 cm/d iv i s ion .  

The a n a l y s i s  of t h e  photographs  i n  t h i s  S e c t i o n  and t h e  comparison of t h e  

exper imenta l  r e s u l t s  wi th  t h e o r y  w i l l  b e  g i v e n  i n  t h e  n e x t  S e c t i o n .  

I V .  COIG'ARISON OF THE THEORY AND THE EXPERITlENT 

From t h e  exper imenta l  d a t a  p r e s e n t e d  i n  t h e  l a s t  S e c t i o n ,  a few s p e c i a l  

c a s e s  of t h e  t h e o r y  i n  S e c t i o n  I1 may b e  t e s t e d  t o  s e e  how v a l i d  t h e y  a r e .  

They a r e  ( i )  A x i a l  t r a n s l a t i o n s ,  i . e .  v a r y i n g  D o r  D ( i i )  Obl ique t r a n s l a -  
X z ' 

t i o n s ,  i . e , ,  v a r y i n g  D and D and ( i i i )  I n c i d e n t  a n g l e  e f f e c t ,  i . e .  v a r y i n g  
X z ' 

D and t h e  a n g l e  8,., . I n  a d d i t i o n ,  t h e  r e l a t i o n s h i p  between t h e  c u r v a t u r e  of 
X v 4 

t h e  t e s t  p l a t e  and t h e  sys tem may a l s o  b e  observed through t h e  d a t a  i n  
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Figure I0 Photographs o f  r e a l  images o f  double-exposure holograms 
o f  f l a t  and curve plates a t  d i f f e r e n t  0 and f o r  ~ ~ 1 2 5 . 4  urn S 



Figure 1 1  Photcgraphs of r e a l  irnsges of double-exposure holograms 
o f  f i a t  and c u r v e  plates at different BS  and for DL-38.1 urn. 
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Figure 12 P h o ' o 7 1 - ~ ? ~ h s  1' 1 imaaes o f  doc~bl  e-exposure holograms o f  
f l a t  3cr: cur\/* nlatPs a t  d i f f e r e n t  R an04 f o r  D =50.8 um. S z 



FLAT . 

Figure 13 P h o t o g r a p h s  of r e a l  images  of d o u b l e - e x p o s u r e  h o l o c ~ r a m s  
of f l a t a n d c u r v e p l a t e s a t d i f f e r e n t  a n d f o r D = 6 3 . 5 ! ! ~ .  s z 



F i g u r e s  10-13. Details of t h e  a n a l y s i a  a r e  desc r ibed  below. 

Case ( i )  , Axial t r a n s l a t i o n s .  'I'here are two subcasess  -- 

Subcase (iA) D = DZ = 0 ,  D i s  varying:  
Y x i 

The t y p i c a l  exper imenta l  r e s u l t s  can b e  r e p r e s e n t e d  by t h e  photographs  i n  

-.1 . eig, 8. The parameters  p e r t a i n i n g  t o  t h i s  exper iment  a r e  

From t h e  f i r s t  o r d e r  t h e o r y ,  c o n s i s t i n g  of Eqs,  ( 2 2 ) ,  (23) ,  and ( 2 4 ) ,  t h e  

spac ing  between any two a d j a c e n t  f r i n g e s  i s  ob ta ined  as 

1 1  1 
For  example, when D = 5.08 x cm and - + - =0.0372  (-), Ax = 2 . 7 2  cm was 

x S H cm 

ob ta ined  , 

The exper imenta l  d a t a  may b e  t b t a i n e d  by d i v i d i n g  t h e  w i d t h  of t h e  p l a t e  

(13 cm) by t h e  t o t a l  number of f r i n g e s  a c r o s s  t h e  p l a t e  ( s e e  t h e  top  row of 

F i g ,  8 ) .  F o r  i n s t a n c e ,  when D = 5 .08  pm, t h e r e  a r e  approximately  4.5 f r i n g e s ,  
X 

hence  Ax = 1 3  cm14.5 = 2.89 cm. Following t h e  example, Eq. (73) and t h e  

d a t a  i n  F i g .  ( a ) ,  Tab le  I is  e s t a b l i s h e d  f o r  t h e  comparison of t h e  t h e o r y  t o  L ~ ! L  

exper iment ,  



Table I. Comparison between theory and experiment of t h e  f r i n g e  spacing 

Ax f o r  Dx # 0 ,  D = Dz = 0 ,  
Y 

D.. ( I d  Exp . Ax (cm) Th, Ax (cm) 

5.08 2.89 2.72 

10.16 1.37 1.36 

15.24 0.87 0 .91  

20.32 0.65 0.58 

From tho  r e s u l t s  of  t h i s  case,  i t  i s  obvious t h a t  t he re  i s  a 

reas  onnh l e  agreement b etween t h e  theory and experiment. 

Subcase (iB) , i) = D = 0 ,  D is  varying: 
x Y Z 

From t h e  theory,  Eqs . (54) through (57)) and Eq . (72) may b e  appl ied  and one 

f i n d s  t h a t  C = 0, yC = 0 ,  and 

1 s i n  73.5" + s i n  73.5" A = -  
( ~ 9 2 ) ~  

) DZ = 3.89 x l ow4  Dz 
(38) 

B = (  
s i n  73.5" cos 73.5" s i n  73.5" cos 73.5" - 

9 2 3 8 ) DZ 

= ( 2 . 9 6 ~  - 7.?7 x ill  -3 ) Dz 



From E q .  ( 5 9 )  , 

In  add i t i on ,  by s u b s t i t u t i n g  n = 1 and DZ = 12,7  vm i n t o  E q .  (61) ,  t he  

r ad ius  of t h e  f i r s t  c i r c u l a r  f r i n g e  R i s  found t o  be  1 

The r a d i i  f o r  o the r  va lues  of D can l i kewise  b e  found. The experimental da t a  
z 

can b e  ex t r ac t ed  from the  bottom row of F ig .  8,  A comparison between these  d a t a  

i s  l i s t e d  i n  Table 11. 

Table 11. Comparison between t h e  t h e o r e t i c a l  and experimental va lues  of R 1 

f o r  D = D  = 0 ,  DZ # 0 ,  
x Y 

- 
D, (w) E x p .  R1 (cm) Th . R.l (cm) 

Again t h e  agreement between theory and experiment i s  q u i t e  c lose .  



Case ( i i )  . Oblique t r a n s l a t i o n s :  

The exper imenta l  pa ramete rs  f o r  t h e  o b l i q u e  t r a n s l a t i o n s  a r e  t h e  same as 

t h o s e  i n  Case ( i ) .  I n  t h i s  c a s e ,  D = 0 b u t  D # 11 and Dz # 0 s o  t h a t  t h e  
Y X 

t r a n s l a t i o n  i s  o b l i q u e  t o  t h e  p e r p e n d i c u l a r  of t h e  p l a t e ,  The e x p e r i m e n t a l  re- 

s u l t  i s  shown i n  F i g ,  9.  It i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  c e n t e r  of t h e  

c o n c e n t r i c  c i r c u l a r - s h a p e d  f r i n g e s  h a s  been s h i f t e d  a long t h e  x -ax i s .  For t h e  

t h e o r e t i c a l  i n t e r p r e t a t i o n  of t h e  r e s u l t ,  Eqs. (54) through (61) of t h e  siml\l.e 
4) d, 

model a r e  employed. I )  ( 

.- \ 
From Eq. (54) , 

and E q .  (55) , 

The c e n t e r  o f  t h e  f r i n g e s  is  p r e d i c t e d  t o  b e  a t  

and 

The comparison between t h e  t h e o r y  and exper iment  f o r  x i s  shown i n  
C 

Table  111. 



Table  111. Compar-ison of t h e  t h e o r e t i c a l  and exper imenta l  v a l u e s  of x f o r  
C 

D = 0 and DZ = 50. 8 pm, 
Y 

Dx (vm)  EX^ . xC (cm) ~ h .  xC C C ~ )  (EXP. xC - i 
Th. xC) (cm) 

The above t a b l e  shows a d i sc repancy  of 1 . 8  t o  3 .6  cm between t h e  

exper imental  d a t a  and t h e i r  t h e o r e t i c a l  c o u n t e r p a r t .  The e r r o r s  might  re- 

s u l t  from t h e  f a c t  t h a t  t h e  e x p e r i m e n t a l  d a t a  were talcen from t h e  c e n t e r  of 

t h e  p l a t e ,  which may t u r n  ou t  t o  b e  n o t  t h e  t r u e  c e n t e r  of t h e  c o o r d i n a t e  

system of t h e  f r i n g e s .  I f  a c a l i b r a t i o n  sys tem i n  t h e  form of t h e  f l a t  p l a t e  i s  

uned, t h i s  problem can b e  handled i n  a c o n t r o l l e d  manner. 

Case ( i i i ) .  The e f f e c t  of t h e  i n c i d e n t  a n g l e  0 on t h e  i n t e r f e r e n c e  
S 

f r i n g e s :  I n  o r d e r  t o  see t h e  e f f e c t  of t h e  v a r i a t i o n  of 0 on  t h e  double-e;-.)c-sarc 
S 

i n t e r f e r e n c e  f r i n g e s ,  o t h e r  pa ramete rs  have been  set  a t  0 = 75O, H = 45 cm, 
H -. 

x, 

S = 66.5  cm, and Dx = D = 0 ,  The d i sp lacement  D h a s  v a l u e s  u i  12.7  pm, 25.4 p r ,  
Y z 'x, 

" 3 8 . 1  pm, 50.8  pm, and 6 3 , 5  pm. T h e o r e t i c a l  v a l u e s  of t h e  f r i n g e  l o c i  based  on 

E q s .  (54) through (61) a r e  c a l c u l a t e d  cor responding  t o  t h e s e  pa ramete rs  w i t h  the 

h e l p  of a computer program as shown i n  Appendix D ,  Exper imenta l  d a t a  a r e  ob ta ined  



from F i g .  10 t o  F i g .  13. 

The comparison betwe,en t h e  t h e o r e t i c a l  and exper imenta l  v a l u e s  f o r  t h e  

c e n t e r s  of t h e  l o c i  of t h e  f r i n g e s  ( x  y C ) ,  f o r  t h e  f l a t  t e s t  p l a t e ,  i s  shown 
C 

i n  T a b l e  I V .  It can b e  s e e n  t h a t  t h e  c e n t e r s  v a r y  a s  t h e  a n g l e  8 and D vary, 
S z 

alt.hough no t  of any s i g n i f i c a n t  degree .  / 

Table  I V ,  Comparison of t h e  c e n t e r s  of t h e  l o c i  (x ) between exper iment  c 'Yc 

and t h e o r y  f o r  v a r i o u s  8 and DZ. The f l a t  p l a t e  i s  used .  Other 
S 

paramete rs  a r e  0 = 75O, H = 45 cm, S = 66.5 cm, D x =  0 ,  and H 

Theory 

Note 1: Exper imental  (xC,  Y ~ )  i s  measured from t h e  c e n t e r  of t h e  test: 

p l a t e .  

Note 2: The u n i t s  are i n  c e n t i m e t e r s .  



These v a r i a t i o n s  can b e  a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  exper imenta l ly  measured 

c o o r d i n a t e s  of t h e  c e n t e r s  have been  based  on t h e  c e n t e r  of t h e  test p l a t e  as 

t h e  o r i g i n ,  which a g a i n  may n o t  b e  a r~  e x a c t  o r i g i n .  I n  a d d i t i o n ,  minute  

exper imenta l  u n c e r t a i n t i e s  such a s  t h e  p o s s i b l e  d i sp lacements  a long  t h e  x- and 

y - d i r e c t i o n  d u r i n g  t h e  t r a n s l a t i o n s  a long t h e  z - d i r e c t i o n  can a l s o  cause  t h e  

c e n t e r  t o  s h i f t ,  s i m i l a r  t o  t h e  r e s u l t s  d e s c r i b e d  i n  t h e  p rev ious  c a s e s .  More- 

over ,  t h e  laser l i g h t  expanded by t h e  s p a t i a l  f i l t e r  a r e  n o t  p e r f e c t  s p h e r i c a l  

waves a s  assumed i n  t h e  t h e o r y .  

The r a d i i  cf  t h e  l o c i  f o r  8 = 75" and t h e  v a r i o u s  v a l u e s  of D a r e  shown 
S z 

i n  Tab le  V .  

I n  T a b l e  V ,  T i n d i c a t e s  t h e  t h e o r e t i c a l  v a l u e s ,  which are found from t h e  

o u t p u t  of t h e  computer program l i s t e d  i n  Appeildix D .  Two exper imenta l  d a t a  f o r  

each r a d i u s  are p r e s e n t e d  t o  i n d i c a t e  t h a t  t h e  l o c i  observed are o f t e n  n o t  

p e r f e c t  c i r c l e s ,  b u t  are more o r  l e s s  of e l l i p t i c a l  shapes .  The symbol 

i n  t h e  t a b l e  r e p r e s e n t s  t h e  c o o r d i n a t e  v a l u e  where t h e  l o c u s  i n t e r c e p t s  t h e  

v e r t i c a l  a x i s ;  and H ,  t h e  h o r i z o n t a l  a x i s .  The f a c t  t h a t  t h e  l o c i  observed 

a r e  n o t  p e r f e c t  c i r c l e s  may b e  caused a l s o  by t h e  f a c t  tha , t  t h e  l i g h t  s o u r c e  

expanded by t h e  s p a t i a l  f i l t e r  i s  n o t  a p e r f e c t  s p h e r i c a l  wave as i t  was 

assumed i n  t h e  theory .  Of c o u r s e ,  t h e  approximat ion used could  a l s o  c o n t r i b u t e  

a s m a l l  amount t o  t h e  e f f e c t  because  t h e  h i g h  o r d e r  terms have  been  

n e g l e c t e d .  However, t h e  f i r s t  r e a s o n  seems s t r o n g e r  s i n c e  t h e  tendency of t h e  

l o c u s  toward an e l l i p t i c a l  shape  i n c r e a s e s  as t h e  i n c i d e n c e  a n g l e  G becomes 
S 

smaller, i , e . ,  a more s l a n t e d  i n c i d e n c e  of t h e  l i g h t .  Th i s  point: ir' cle ; . r  irorc 

t h e  comparison of t h e  f r i n g e s  on t h e  f l a t  p l a t e  w i t h  d i f f e r e n t  i n c i d e n t  a n g l e s  

8 i n  F i g s ,  1 0 ,  11, 1 2  and 13.  The b l a n k s  i n  t h e  Tab le  r e p r e s e n t  t h a t  t h e  d a t a  
S 

a r e  inde te rminab le  from t h e  photograph. 



Table  V. Comparison between t h e o r y  and exper iment  f o r  t h e  r a d i i  of t h e  f r i n g e  

l o c i  of t h e  flat p l a t e  f o r  0 = 75', OH = 75", H = 45 cm, S = 66.5  cm, 
S 

D = 0 and D = 0 .  
X Y 

V: V e r t i c a l  (Expt . )  

H: H o r i z o n t a l  (Expt . )  

T: T h e o r e t i c a l  



I n  o r d e r  t o  demons t ra te  t h e  comparison between t h e  theory  and t h e  

experiment i n  a more i l l u m i n a t i n g  form, t h e  exper imenta l  and t h e o r e t i c a l  r a d i i  

are p l o t t e d  w i t h  r e s u l t s  shown i n  F i g s .  14 through 1 6 ,  The a r i t h m e t i c  average 

of and H i s  taken  as an  e q u i v a l e n t  r a d i u s  of a n  imagined c i r c u l a r  l o c u s ,  

which can b e  compared more e a s i l y  w i t h  t h e  t h e o r e t i c a l  v a l u e s .  

S i m i l a r l y ,  when 8 = 60°,  t h e  camparisons a r e  shown by Tab le  V I  and 
S 

F i g u r e s  17 ,  1 8  and 19 ;  when 8 = 45", t h e  comparisons a r e  shown by Tab le  V I I  
S  

and F i g ,  20; 8 = 30°,  by Tab le  VILI and F i g u r e s  21, 22 and 23. 
S  

On c l o s e  examinat ion of t h e  d a t a  f o r  each 8 a  common f e a t u r e  emerges, S  ' 
From F i g u r e s  1 4  through 16 ,  i t  can  b e  s e e n  t h a t  t h e  exper imenta l  " r a d i i "  a r e  

c o n s i s t e n t l y  s n a l l e r  t h a n  t h e  t h e o r e t i c a l  r a d i i .  F i g u r e s  17  through 19 show 

s m a l l e r  d i s c r e p a n c i e s  between t h e o r y  and exper iment ;  P i g .  20 shows t h a t  t h e  

exper imenta l  d a t a  a r e  l a r g e r  t h a n  t h e  t h e o r e t i c a l  d a t a ;  and F i g s .  21  through 

23 show t h a t  t h e  t h e o r e t i c a l  d a t a  are a g a i n  l a r g e r  t h a n  t h e  exper imenta l  d a t a .  

N e v e r t h e l e s s ,  t h e  d i s c r e p a n c i e s  a r e  i n  a l l  e v e n t s  small .  These d i s c r e p a n c i e s  

can be  j u s t i f i a b l y  a t t r i b u t e d  t o  t h e  f a c t  t h a t  i t  i s  r a t h e r  d i f f i c u l t  t o  

determine t h e  f r i n g e  c o n t r a s t ,  and hence t h e  e x a c t  v a l u e s  of t h e  r a d i i ,  and 

t h e r e f o r e  e r r o r s  i n  t h e  r e a d i n g s  of t h e  r a d i i  from t h e  photographs 

consequent ly  occur red .  

F i n a l l y ,  i t  s h o u l d  b e  n o t e d  t h a t  a n  impor tan t  phenomenon concerning t h e  

r e l a t i o n s h i p  between t h e  i n c i d e n t  a n g l e  8 and t h e  s u r f a c e  c u r v a t u r e  of t h e  test 
S 

p l a t e  i s  r e v e a l e d  by t h e  photographs i n  F i g s .  10 through 13.  It seems t h a t  when thn 

i n c i d e n t  a n g l e  8 = 75O, t h e  d i s c r e p a n c i e s  between t h e  l o c i  of t h e  f l a c  ;i, . 
S 

and t h e  p l a t e s  of c y l i n d r i c a l  shaped s u r f a c e s  ( t h e  o u t e r  s u r f a c e s  of t h e  cy l%nders  -.. 
a r e  used) of r a d i i  of 20.32 cm (8 i n ) ,  15 .24  crn ( 6  i n ) ,  and 10 ,16  cm ( 4  i n )  

a r e  r e l a t i v e l y  s m a l l ,  When t h e  a n g l e  v a r i e s  f rom 0 = 75' t o  BS = 60°,  45', S  

and 30° ,  t h e  d i s c r e p a n c i e s  b e g i n  t o  i n c r e a s e  s i g n i f i c a n t l y  w i t h  t h e  yeduc t ion  



0 THEORETICAL DATA 
x AVERAGE EXPERIMENTAL 

DATA 

Figure 14 Cornparison betweer1 the theoretical and the 
average experimental data for D versus the radius 

z R 1  O F  the fringes. The parameters are f1~=75O, 
OH=75', S=66.5 cm, H=45 crn, D,=O, and D -0. 

Y - 
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0 THEORETICAL DATA 
X AVERAGE EXPERIMENTAL 

DATA 

Figure  15 Comparison between theory and experiment for R2. 
The parameters a re  €ls=75', 8 , , = 7 5 O ,  S=66.5 cm, 
t1=45 crn, D,=O, and D =O. 

Y 



\ 0 THEORETICAL DATA 
x AVERAGE EXPERIMENTAL 

DATA 

Figure 16 Comparison between theory and experiment for R 
The parameters are e S = 7 5 O ,  8 , , = 7 5 O ,  S=66.5 cm, 

3 '  

H=45 cm, Dx=O, and D =O. 
Y 



Table  V I .  Comparison between theory  and experiment f o r  t h e  r a d i i  of t h e  

f r i n g e  l o c i  of t h e  f l a t  p l a t e  f o r  6 = 60°,  
S OH 

= 75", H = 45 cm, 

S = 66.5 cm, D = 0 ,  and D = 0 ,  
X Y 

V: V e r t i c a l  (Exp.) 

H: H o r i z o n t a l  (Exp.) 

T: T h e o r e t i c a l  



0 THEORETICAL DATA 
x AVERAGE EXPERIMENTAL 

DATA 

Figure 17 Comparison between theory and experiment for R . .  
I I where 0 =60°, 0,,=75", ~ = 6 6 . 5  cm,' ~=115 cm, D =0, 

and D =8. x 
Y 



o THEORETICAL DATA 
x AVERASE EXPERIMENTAL 

DATA 

Figure 18 Comparison between theory and experiment for R2,  
where 0 =60° ,  OH=750, S=66.5 cm, H=45 cm, Dx=O, 
and D =8. 

Y 



F igu re  19 Cornpaiison between t heo ry  and exper iment f o r  R 
3 ' where 0 =60°, 0,,=75", S=66.5 cm, Hz45 crn, Dx=O, 

S 
and Dy=o. 



Table  V I I ,  Comparison between theory  and exper iment  f o r  t h e  r a d i i  of t h e  

f r i n g e  l o c i  of t h e  f l a t  p l a t e  f o r  €IS = 45', €IH = 75O, H = 45 cm, 

S = 66 .5  cm, D = 0 ,  and D = 0 .  
X Y 

V: V e r t i c a l  (Expt.)  

H: H o r i z o n t a l  (Exp t  .) 

T: T h e o r e t i c a l  



Figure 20. Comparison between theory and experiment for R 

S 
1 ' 

where 9 =45', 0,,=75", S=66.5 crn, ~ = 4 5  cm, Dx=O, 
and D =O. 

Y 
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Table  V I I I ,  Comparison between t h e o r y  and experiment f o r  t h e  r a d i i  of 

t h e  f r i n g e  l o c i  of t h e  f l a t  p l a t e  f o r  0  = 30°,  
5 OH = 75O, 

H = 45 c m ,  S = 66.5 cm, D = 0 ,  and D = 0 .  
X Y 

V: V e r t i c a l  ( E x p t . )  

H: H o r i z o n t a l  (Exp  t . ) 
T: T h e o r e t i c a l  
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lo) OTHEETICAL DATA 

I 

I 
x AVERAGE EXPERIMENTAL 

n 

Figure 21 Comparison between theory and experiment for R 
1 ' where tlS=3o0, 8,,=75O, S=66.5 cm, H=45 cm, Dx=O, and 

D =O. 
Y 



F igu re  22 Comparison between theory  and exper iment f o r  R 2 ,  
where 8s=300, 8,,=75O, S=66.5 ca, ~ = 4 5  cm, Dx=O, and 
D =O. 

Y 



0 THEORETICAL DATA 
x AVERAGE EXPERIMENTAL 

DATA 

Figure 2) Comparison between theory  and experiment for R,, 
where 0 =30°, eH=75", ~ = 6 6 . 5  crn, Hz45 cm, D =o: and 
D =o. S X 

Y 



of t h e  r ad ius .  This  phenomenon showed t h a t :  ( 2 )  t h e  approximate models a r e  

s t i l l  reasonably s a t i s f a c t o r y  f o r  curve p l a t e s  i f  t h e  angle  

90" 2 es  75" i n  t h e  p re sen t  system i s  being s e l e c t e d  and, (2 )  i f  a curve 

p l a t e  o r  an o b j e c t  wi th  a curve s u r f a c e  such a s  t h a t  of a main space s h u t t l e  

engine i s  be ing  t e s t e d ,  t h e  angle  should b e  cau t ious ly  chosen t o  b e  g r e a t e r  

than  o r  equal  t o  75" when 0 = 75". In o t h e r  werds, i t  i s  c l e a r  t h a t  when 
H 

both Os = BH i< 75", the system i s  not very appropr i a t e  f o r  t he  t e s t  of 

ob jec t s  with curve su r f aces  w i t h  regard t o  t h e  eva lua t ion  of t h e  d a t a  

because l i g h t  i s  q u i t e  non-unif ormly r e f l e c t e d  from t h e  surf  ace  of t hese  

ob jec t s  to  t h e  hologram, This i s  because t h e  curve su r f aces  of t he  

ob jec t s  w i l l  unavoidably make non-uniform and r e f l e c t i o n s  which a r e  not  

accountable by the  present  t h e o r e t i c a l  model. 



CONCLUSIONS AND SUGGESTIONS 

A d e t a i l e d  and q u a n t i t a t i v e  e v a l u a t i o n  of t h e  CMHNDT system h a s  been  per-  

formed a c c o r d i n g  t o  t h e  t a s k s  s p e c i f i e d  i n  t h e  NASA c o n t r a c t  NAS8-30479 between 

t h e  Marsha l l  Space F l i g h t  Cen te r  and t h e  U n i v e r s i t y  of Alabama. The work i n -  

c ludes  t h e  t h e o r e t i c a l  i n t e r p r e t a t i o n  of t h e  double-exposure h o l o g r a p h i c  

i n t e r f e r e n c e  f r i n g e  fo rmat ion  due  t o  three-dimensional  t r a n s l a t i o n s  and r o t a -  

t i o n s  f o r  t h i s  p a r t i c u l a r  sys tem,  A s i m p l i f i e d  model h a s  been  d e r i v e d ,  and 

corresponding exper imenta l  d e s i g n  and test of t h e  s i m p l i f i e d  model h a s  been 

c a r r i e d  o u t ,  It is  found t h a t  under c e r t a i n  r e a l i s t i c  c o n d i t i o n s ,  t h e  fol low- 

i n g  t h e o r e t i c a l  p r e d i c t i o n s  c a n  b e  made. 

(1) F o r  s imple  motions a l o n g  a  c e r t a i n  a x i s ,  i n  t h e  p l a n e  of a  f l a t  

test o b j e c t  , t h e  f r i n g e s  a r e  p e r p e n d i c u l a r  t o  t h a t  a x i s ,  a s  viewed through t h e  

hologram. w i t h  f r i n g e  spac ing  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  amount of d i s -  

placements.  

(2) For  d isplacements  normal t o  t h e  p l a n e  of t h e  t e s t  o b j e c t ,  t h e  

f r i n g e  l o c i  are c o n c e n t r i c  c i r c l e s  w i t h  c e n t e r s  determined by t h e  sys tem con- 

f i g u r a t i o n ;  f o r  l a r g e  z-component d i sp lacement ,  t h e  high-order  f r i n g e s  a r e  

s i m i l a r  t o  t h o s e  of a Fresnel-zone p l a t e .  

(3) For  a combined in -p lane  and out-of-pl.ane d i sp lacement ,  t h e  f r i n g e  

l o c i  a r e  a l s o  c o n c e n t r i c  c i r c l e s  and t h e  c e n t e r  of t h e s e  c i r c u l a r  f r i n g e s  w i l l  

move along t h e  x - d i r e c t i o n ,  i n f l u e n c e d  s i g n i f i c a n t l y  by t h e  x-component of t h e  

d i sp lacement ,  and a long  t h e  y - d i r e c t i o n ,  i n f l u e n c e d  g r e a t l y  by t h e  ye-component 

of t h e  d i sp lacement ,  where x  and y a r e  t h e  C a r t e s i a n  c o o r d i n a t e s  i n  t h e  p l a n e  

of t h e  t e s t  p l a t e ,  

(4) Rotat . ions of t h e  s u r f a c e  of t h e  t e s t  p l a t e  can b e  t r e a t e d  a s  

e q u i v a l e n t  t r a n s l a t i o n s  and t h e  formula  ..for t h e  t r a n s l a t i o n - t y p e  displacement  



may b e  a p p l i e d .  

Experiments have  been  performed t o  t e s t  t h e  v a l i d i t y  of t h e  f i n d i n g s  on t h e  

s imple  m i c r o m e t e r - c o n t r o l l e d  3-D displacement  i n c l u d i n g  in-.plane,  out-of- 

p l a n e ,  and s l a n t e d  t r a n s l a t i o n s ,  which a r e  q u i t e  a c c u r a t e l y  checked by 

Michelson i n t e r f e r o m e t e r s .  

I n  a d d i t i o n ,  t h e  e f f e c t  of t h e  i n c i d e n t  ang le  (0  ) v a r i a t i o n s  a s  w e l l  a s  
S 

t h e  v a r i a t i o n s  of t h e  c u r v a t u r e s  of t h e  t e s t  p l a t e  have a l s o  been  s t u d i e d ,  

It may b e  concluded from t h e  observa t ions  of t h e  r e s u l t s  t h a t  f o r  t h e  sys tem 

c o n f i g u r a t i o n  employed, i t  i s  b e t t e r ,  o r  even a  must,  t o  choose t h e  i n c i d e n t  

ang le  as c l o s e  t o  90' ( p e r p e n d i c u l a r  t o  t h e  o b j e c t )  a s  p o s s i b l e ,  e s p e c i a l l y  

when o b j e c t s  w i t h  curved f r o n t  s u r f a c e s  w i t h  l a r g e  c u r v a t u r e s  are b e i n g  t e s t e d .  

The comparisons between t h e  t h e o r y  and t h e  experiment have shown satis- 

f a c t o r y  agreements ,  excep t  f o r  a  few minor d i s c r e ~ a n c i e s ,  which 

can b e  l o g i c a l l y  e x p l a i n e d ,  It i s  extremely d i f f i c u l t  t o  l o c a t e  t h e  t r u e  

t h e o r e t i c a l  c e n t e r  of t h e  c i r c u l a r  l o c i  as w e l l  a s  t h e  r e a l  r a l u e s  of t h e  

r a d i i  w i t h  r e s p e c t  t o  t h e  t h e o r e t i c a l  p r e d i c t i o n s .  However, s i n c e  t h e  

d i s c r e p a n c i e s  a r e  g e n e r a l l y  s m a l l ,  which s u g g e s t  t h a t  i n  t h e  a p p l i c a t i o n  

of t h e  sys tem i n  t h e  real t e s t i n g  environment,  f o r  t h e  s a k e  of a  more a c c u r a t e  

assessment  of t h e  d i sp lacement  from t h e  f r i n g e  l o c i ,  a  c a l i b r a t i o n  p l a t e  shou ld  

b e  i n c l u d e d  i n  t h e  CMHNDT system. The c a l i b r a t i o n  system can s imply b e  t h e  f l a t  

test p l a t e  and t h e  t r a n s l a t i o n  s t a g e  used i n  t h i s  s t u d y .  It may b e  p l a c e d  i n  a 

convenient  p o s i t i o n  c l o s e  t o  b u t  s e p a r a t e d  from t h e  o b j e c t  b e i n g  t e s t e d ,  For 

every double-exposure hologram, t h e  c a l i b r a t i o n  p l a t e  w i l l  make independent  

and a c c u r a t e l y  c o n t r o l l e d  displacement  w h i l e  t h e  o b j e c t  under test  i s  under- 

going a s p e c i f i c  l o a d i n g  p r o c e s s .  When t h e  d a t a  from t h e  hologram a r e  t a k e n ,  

a comparison between t h e o r y  and experiment w i t h  c a l i b r a t i o n  can b e  made t o  

de te rmine  t h e  d i sp lacement  due  t o  t h e  f l a w s  i n  t h e  o b j e c t  b e i n g  t e s t e d ,  



F i n a l l y  i t  i s  sugges ted  t h a t  t h e  newly advanced t echn iques  o f  s p e c k l e  

holography and photography b e  s t u d i e d ,  and t h e  f e a s i b i l i t y  of t h e  i n c o r p o r a t i o n  

of these  t echn iques  i n t o  t h e  a l r e a d y  w e l l - s t u d i e d  ClfJlNDT system b e  exp lored .  

The advantage of t h i s  work i s  t o  enhance t h e  s t a b i l i t y  of t h e  sys tem,  r e d u c e  

t h e  s t r i n g e n t  equipment requ i rement ,  and t h e r e f o r e  make t h e  CMHNDT system 

more fiexl?20 i n  a real  t e s t i n g  environment.  



Appendix A 

D e r i v a t i o n  of E q ,  (25) 

b(AL2) (AL ) 
2 a t  (x,y) - ( A L 2 ) a t  (0 ,o) 

-5 J. 2. 2 A -., -1 A D2 
= 2 { & [ 2 ( - ?  S) - (D t )  - t ] x [ ( D  * S) - (D f )  

s3 

l A A  D 2  -. .I 

+ 7 l (D H) - F][-(D t ) ] }  





Appendix B 

Second-Order C o n t r i b u t i o n  of D t o  S(AL ) 
X 2 

I f  D = D i, t h e n  Eq.  (25) becomes 
X 

1 -cos '3 cos  8 
+ 1 2 2 

4- { I p  Dx( *) - (%+-?) Dx ](x + Y2) 
s S H 

1 1  1 2 2 -cos 0 cos  0 
- ~ ( ~ + ? j - )  D x x  + ( + H nxx21 

S B s H2 

- -.cos 0 -  cos 0-- 

2 
D -cos 0 c o s  0 - -  " ( 2 

+ x 
s H~ 

-cos 0 
S cos  0 

+ {r-$ ox( 1 1  2 2  + -2) - ( D ] x  
s H - 3  x '.I 

-cos 8 -  cos  0-- - .. ,. ,. 

cos 0 cos 0 
2 2 

2 3 S H 
cOs O s  + , 

cos OH - ~~x 11 + ?  (-2 - H2. 11 + Dx(. H )Ix . 
S 



Appendix C 

Second-Order Contr ibut ion of D t o  6 (AL2) 
Y 

A 

If D = D j , then  Eq .  (25)  becomes 
Y 

-D 
2 

1 2 2  1 2 2  
-x cos e x cos \ 

+ {+ ( % + 7 ) ( ~  + y  ) - - $  (%+-)D y + ( + H 
s 

Dyy 1 
S H S H3 H~ 

2 
I) -cos 8 cos e 

+ H, X I  

H 

2 cos 8 S 
cos 8 H - 2 ) x y l  

s2 H 

2 
D -cos 8 cos 8 

- s2  + 
H 
>x 

H2 



Appendix D 

The Computer Program 

This  computer program is des igned  f o r  t h e  computation of t h e  f r i n g e  l o c i  

based on the s i m p l e  model as g iven  by Eq,  ( 5 9 ) ,  (60) and (61) i n  t h e  main t e x t  

of t h e  r e p o r t .  Output shows t h e  f r i n g e  s p a c i n g ,  c e n t e r ' s  l o c a t i o n  and r a d i i  

of t h e  f r i n g e s ,  
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