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ABSTRACT

A method t o  d ia g n o s e  t h e  s u r f a c e  e r r o r s  e x i s t i n g  on 

p l a n a r  m i r r o r s  was d e v e lo p e d  and t e s t e d .  The r e f l e c t i v e  

m e t h o d  d e v e l o p e d  r e p r e s e n t s  a d e p a r t u r e  f r o m  t h e  

i n t e r f e r o m e t r i c  t e c h n i q u e s  f r e q u e n t l y  employed in  o p t i c a l  

c o m p o n e n t  t e s t i n g .  T h e  c o n s t r u c t e d  i n s t r u m e n t  was  

c o m p l e t e l y  a u to m a te d .  The o p e r a t i o n  o f  t h e  in s t r u m e n t  was 

c a l i b r a t e d  and t e s t e d .  The i n s t r u m e n t ' s  c o n s i s t e n c y  was 

v e r i f i e d  w i t h  a  r e p e a t a b i l i t y  t e s t .  The p e r fo r m a n c e  o f  t h e  

in s ru m e n t  was c o m p a r a t i v e l y  t e s t e d  a g a i n s t  two d i f f e r e n t  

t e s t  m ethods .

The c a l i b r a t i o n  r e v e a l e d  t h e  in s t r u m e n t  was a b l e  t o  

r e s o l v e  l y r a d  changes in  t h e  s u r f a c e  s lo p e  on a p l a n a r  

m i r r o r .  The  o t h e r  t e s t s  i n d i c a t e d  t h e  i n s t r u m e n t  was 

o p e r a t i n g  c o n s i s t e n t l y  w i t h  r e s u l t s  c o m p a r a b le ,  b u t  n o t  

i d e n t i c a l ,  t o  t h e  o t h e r  t e s t  methods.

The m e th o d  can be u p g r a d e d  t o  s u r p a s s  and r i v a l  

v a r i o u s  i n t e r f e r o m e t r i c  m e th o d s  b e i n g  used  t o d a y .  In  

a d d i t i o n ,  t h e  method can be m o d i f i e d  t o  i n c l u d e  t h e  t e s t i n g  

o f  le n s e s  and c u rv ed  m i r r o r  s u r f a c e s .
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I .  INTRODUCTION

The o p t i c a l  s c i e n c e s  have e x p e r i e n c e d  a  p e r i o d  o f  

i n v i g o r a t i n g  g row th  and d i s c o v e r y  f o l l o w i n g  t h e  a d v e n t  o f  

t h e  l a s e r .  Many new d e v e lo p m e n ts  have a l r e a d y  been a p p l i e d  

in  numerous t e c h n i c a l  a r e a s  and f i g u r e  t o  be u t i l i z e d ,  t o  a 

g r e a t e r  d e g r e e ,  in  t h e  f u t u r e .  Such g ro w th  has c r e a t e d  a 

g r e a t e r  demand f o r  p r e c  i s  ion  t e s t i n g  o f  o p t  i c a 1 s u r f a c e s .

The p u rp os e  o f  t h i s  i n v e s t i g a t i o n  was t w o - f o l d .  The 

c e n t r a l  p o i n t  was t o  choose o r  d e v i s e  an o p t i c a l  method  

which i s  a b l e  t o  d e t e c t  t h e  s u r f a c e  e r r o r s  e x i s t i n g  on a 

p l a n a r  m i r r o r e d  s u r f a c e .  Once t h e  method was e s t a b l i s h e d ,  a 

s u p p o r t  sys te m  was t o  be d e s ig n e d  and im plem ented .  The  

s u p p o r t  system  was in t e n d e d  t o  make t h e  model in s t r u m e n t  

c o m p l e t e l y  a u to m a te d .

The o p t i c a l  method chosen i s  u n iq u e  among t h e  t e s t  

methods commonly p r a c t i c e d  t o d a y .  Most methods r e l y  on t h e  

i n t e r f e r e n c e  o f  l i g h t  waves t o  d ia g n o s e  t h e  s u r f a c e  q u a l i t y  

o f  t h e  t e s t  e le m e n t .  The r e f l e c t i v e  method d e v e lo p e d  in  

t h i s  i n v e s t i g a t i o n  u t i l i z e s  t h e  d i r e c t i o n a l  change o f  t h e  

l i g h t  w a v e  a c c o m p a n i n g  r e f l e c t i o n  o f f  a  s u r f a c e  

i n c o n g r u i t y .  The d i s t o r t i o n s  in  t h e  s u r f a c e  were q u a n t i f i e d  

by m e a s u r in g  t h e  beam d e f l e c t i o n  c o r r e s p o n d in g  t o  a s u r f a c e
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d î  s t o r t  î o n .

The pu rp ose  o f  t h e  i n v e s t i g a t i o n  was o f  an a p p l i e d  

n a t u r e .  The m a jo r  theme was t o  c o n s t r u c t  an in s t r u m e n t  a b l e  

t o  r e s o l v e  I j j ra d  changes in  t h e  s u r f a c e - s  1 ope o f  a p l a n a r  

m i r r o r .  No a t t e m p t s  were  made t o  e s t a b l i s h  s t a n d a r d s ( e g . 

t h e  l i m t i n g  r e s o l u t i o n  o f  t h e  m e t h o d )  o r  c o n f i r m  

t h e o r e t i c a l  h y p o th e s e s .

The t e x t  t h a t  f o l l o w s  i s  d i v i d e d  i n t o  t h r e e  m a jo r  

d i v i s i o n s .  A d e s c r i p t i o n  o f  t h e  in s t r u m e n t  d e v e lo p e d  is  

p r e s e n t e d .  The  r e s u l t s  o f  v a r i o u s  t e s t s  a p p l i e d  a r e  

i l l u s t r a t e d  and d i s c u s s e d .  F i n a l l y ,  c o n c l u s i o n s  o f  t h e  

r e s e a r c h  and re c o m e n d a t io n s  f o r  f u t u r e  i n v e s t i g a t i o n s  a r e  

s t a t e d .
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I I .  DESCRIPTION OF THE INSTRUMENT

A. O p t i c a l  System

1) G e nera l  D e s c r i p t i o n

The o p t i c a l  system o f  t h e  in s t r u m e n t  i s  i l l u s t r a t e d  in  

f i g u r e  o n e .  Th e  H e l i u m - N e o n  l a s e r  i s  im a g e d  o n t o  a 

R e t i c o n  a r r a y ( R A )  o f f  a f a c e t  o f  t h e  p o l y g o n a l  t e s t  

m i r r o r ( P T M ) .  The R e t  ic o n  a r r a y  c o n s i s t s  o f  1024 l i g h t  

s e n s i t i v e  d io d e  e le m e n ts  a r r a n g e d  l i n e a r l y .  The c o r n e r  

cube(CC) t r a n s l a t e s  t h e  beam a c r o s s  t h e  f a c e t  and a c t s  t o  

compensate f o r  any r o t a t i o n a l  e r r o r s  t h a t  may e x i s t  in  t h e  

t r a n s 1a t  i o n a 1 m o u n t (T M ) .

MIX

 HL3 L4

=#RA
PS

m k
Figure 1. Optical System of the Instrument.
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The c y l i n d r i c a l  l e n s e s  L I  and L2 fo rm  a t e l e s c o p e .  The 

t e l e s c o p e  a c t s  t o  a m p l i f y  any  o f f - a x i s  d e f l e c t i o n  due t o  

s u r f a c e  i n c o n g r u i t i e s  on t h e  f a c e t  o f  t h e  p o ly g o n a l  t e s t  

m i r r o r .  The  c y l i n d r i c a l  l e n s e s  L3 and L4 c o r r e c t  f o r  

p o s i t i o n i n g  e r r o r s  o f  t h e  image on t h e  Ret  icon  a r r a y  due t o  

t h e  v e r t i c a l  o f f s e t  o f  t h e  f a c e t  p l a n e s ( f i  g u re  t w o ) .  The 

m i r r o r s  Ml and M2 a c t  t o  p o s i t i o n  t h e  i n c i d e n t  beam.

The r e m a in d e r  o f  t h e  o p t i c a l  a p p a r a t u s  i s  a fe e d b a c k  

system .  The fe e d b a c k  system  a i d s  in  t h e  p o s i t i o n i n g  o f  t h e  

l i g h t  on t h e  Ret  icon a r r a y . The b e a m s p l i t t e r ( B S )  t a p s  o f f  a 

p o r t i o n  o f  t h e  i n c i d e n t  beam. The l i g h t  is  imaged o n to  t h e  

p o s i t i o n  s e n s o r (P S )  o f f  a f a c e t  o f  t h e  p o ly g o n a l  m i r r o r .  

The m i r r o r s  M3 and M4 s e r v e  t o  p o s i t i o n  t h e  beam on t h e  

m i r r o r  f a c e t . A d e t a i l e d  t h e o r e t i c a l  c a l c u l a t i o n  o f  t h e  

a c c u r a c y  and range  o f  t h e  in s t r u m e n t  f o l l o w s .

OFFSET
ANGLE

F i g u r e  2 .  V e r t i c a l  O f f s e t  o f  t h e  F a c e t  P la n e s .

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL of MINES 
GOLDEN, COLORADO 80401
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2)  A c c u ra c y  and Range C om p u ta t io n

The a c c u r a c y  a n d  r a n g e  o f  t h e  i n s t r u m e n t  can be  

c a l c u l a t e d  by m o d e l l i n g  t h e  i n s t r u m e n t ' s  o p t i c a l  system  

w i t h  t h e  a r ra n g e m e n t  shown in  f i g u r e  t h r e e .  D e p ic t e d  f rom  

l e f t  t o  r i g h t  a r e  a  f a c e t  o f  t h e  p o ly g o n a l  m i r r o r ,  lens  2 , 

le n s  1, and t h e  Ret  icon  a r r a y .  The f a c e t  o f  t h e  p o ly g o n a l  

m i r r o r  makes an a n g l e  0 / 2  w i t h  t h e  o p t i c a l  a x i s  o f  t h e  

system . A beam i n c i d e n t  o n to  t h e  f a c e t  t h a t  is  c o i n c i d e n t  

w i t h  t h e  o p t i c a l  a x i s  w i l l  be r e f l e c t e d  a t  an a n g l e  o f  6 , 

a g a i n  w i t h  r e s p e c t  t o  t h e  o p t i c a l  a x i s .

RA

F i g u r e  3 .  Model T e le s c o p e  O p t i c a l  System.

The le n s e s  LI  and L2 a c t  a s  a  t e l e s c o p e  and m a g n i fy  t h e  

d e f l e c t i o n  due t o  t h e  s u r f a c e  d i s t o r t i o n  in  t h e  m i r r o r .  

The magni f i c a t i o n  o f  t h e  t e l e s c o p e  is  g i v e n  b y .
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M= - fr2 / f i = - e t /e . ( 1 )

where f l t  and f 2 a r e  t h e  f o c a l  le n g th s  o f  le n s e s  1 and 2 , 

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

The p o s i t i o n  a t  which t h e  o u tg o in g  l i g h t  r a y  passes  t h e  

o p t i c a l  a x i s  can be computed u s in g  s im p le  Gauss ian  p a r a x i a l  

r a y  t h e o r y .  The r e s u l t  i s .

The number o f  d i o d e  e le m e n ts  t h e  l i g h t  r a y  is  d e f l e c t e d  

f rom  t h e  o p t i c a l  a x i s  can be f o u n d . The d i s t a n c e  t h e  r a y  i s  

d e f l e c t e d  a l o n g  t h e  R et  icon  a r r a y  is  g iv e n  b y .

The r e l a t i o n s h i p  between t h e  f o c a l  l e n g th s  o f  lenses  L I ,  

and L2 and t h e i r  s e p a r a t i o n  i s .

The e x p r e s s io n  f o r  D can be s y n t h e s i z e d  u s in g  e q u a t io n s  1 , 

2 , and 3 ,

( 2 )

D =-e t ( l 3- S ' ) . ( 3 )

(4 )

D=0, (f^j/fiMlg-S'). (5)
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L e t t i n g  t  be t h e  s p a c in g  between s u c c e s s iv e  d io d e  e le m e n t s ,  

t h e  number of d io d e  e le m e n ts  t h e  beam is  d e f l e c t e d  can be 

f o u n d ,

N = D / t . ( 6 )

The e x p r e s s i o n  f o r  t h e  number o f  d io d e  e le m e n ts  p e r  r a d i a n  

s h i f t  in  d e f l e c t i o n  a n g l e  i s ,

N / e . = ( f 2/ f 1) ( 13- S ' > / t .  ( 7 )

T h i s  e x p r e s s i o n  can be computed f o r  t h e  i n s t r u m e n t  

c o n s t r u c t e d .  The above v a r i a b l e s  were measured a t ,

f 1 =43mm 

f 2 =2 17mm 

1 Omm 

12=250mm 

13=625mm 

t = .0 2 5  mm.

The v a l u e  computed f o r  t h e  number o f  d io d e  e le m e n ts  p e r  

urad i s .

N/6-=.120 diode e 1ements/urad in beam deflection.
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T h i s  v a lu e  compares v e r y  w e l l  w i t h  t h e  e x p e r i m e n t a l l y  

measured v a l u e  o f  . 1 1 0  d io d e  e l e m e n t s / u r a d .

The ra n g e  o f  t h e  in s t r u m e n t  can be d e t e r m i n e d .  Assuming  

t h e r e  a r e  a p p r o x i m a t e l y  9 5 0 ,  o f  t h e  t o t a l  1024 d i o d e  

e le m e n t s *  open f o r  t h e  peak o f  t h e  i n t e n s i t y  d i s t r i b u t i o n  

t o  f a l l  o n ,  t h e  range  computes t o  9 . 0  mrad. The l a r g e  range  

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

a r r a y  c o u ld  be used.

3) Com pensat ing  Lens System

The a c t i o n  o f  t h e  com p e n s a t in g  le n s  s y s te m ,  le n s e s  L3 

and L 4 , can be m ode led .  The r e a l  system can be r e p l a c e d  by 

a  model system  shown i n  f i g u r e  f o u r .  The a n a l y s i s  can be 

c a r r i e d  o u t  u s in g  t h e  t h i n  le n s  e q u a t io n  f o r  p a r a x i a l  r a y s .

l / S . + l / S o = l / f . ( 1 )

OPTICAL
AXIS

+— I;----- -I
Figure 4. Compensating Lens Model System.
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The f o l l o w i n g  a n a l y s i s  assumes t h a t  t h e  f o c a l  l e n g t h s  

o f  t h e  tw o  l e n s e s  a r e  e q u a l ,  as  was t h e  c a se  in  t h e  

c o n s t r u c t e d  i n s t r u m e n t .  The t h i n  l e n s  e q u a t i o n  can be  

a p p l i e d  t w i c e  t o  d e t e r m i n e  13 . The r e s u l t  i s ,

i 3=(  i / f - ( i / n 2- (  i / f - i / i j ) - 1 ) ) ' 1 . ( 2 )

The measured v a lu e s  f o r  t h e  p a r a m e t e r s  in  e q u a t i o n  2

a r e ,

f = 4 7 Omm 

1 %=80Omm 

12=230mm.

The computed v a l u e  f o r  13 u s in g  e q u a t i o n  2 and t h e  measured  

v a lu e s  i s ,

1 3 =3 1  cm.

The measured d i s t a n c e  f o r  13 in  t h e  in s t r u m e n t  i s  3 3 . 5  

cm. The d i s c r e p a n c y  can be a t t r i b u t e d  t o  use o f  a  p a r a x i a l  

r a y  t h e o r y  and t h e  s p h e r i c a l  a b e r r a t i o n  o f  t h e  l e n s e s .  The 

e x i s t e n c e  o f  s p h e r i c a l  a b e r r a t i o n  w a s  v e r i f i e d  

e x p e r i m e n t a l  l y .  The f o c i  f o r  p a r a x i a l  r a y s  and o f f - a x i s  

r a y s  were  fo u n d  t o  be d i s p l a c e d  f ro m  one a n o t h e r ,  a s  t h e  

r e s u l t  above i n d i c a t e s .
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B. In s t r u m e n t  S u p p o r t  System

1) G e n e ra l  D e s c r i p t i o n

The o p t i c a l  s y s t e m  was s u p p o r t e d  by an IBM PC-XT  

w o r k i n g  in  c o n j u n c t i o n  w i t h  a K e i t h l y  S e r i e s  500 d a t a  

a c q u i s i t i o n  s y s te m (D A S ) . The K e i t h l y  DAS was c o n t r o l l e d  by 

an IBM PC v i a  S o f t 500 and PlusSOO s o f t w a r e . The i n t e r f a c e  

b etw een  t h e  s u p p o r t  equ ipm en t  and t h e  o p t i c a l  system is  

d e p i c t e d  in  f i g u r e  f i v e .  System components t h a t  u t i l i z e d  

SoftSOO s o f t w a r e  were  t h e  R e t i c o n  a r r a y ,  t h e  Sigma s te p p e r  

m o to r ,  and  t h e  Q u a n t ra d  p o s i t i o n  s e n s o r .  O n ly  one e le m e n t ,  

t h e  Newport  a c t u a t o r ,  was c o n t r o l l e d  w i t h  PlusSOO s o f t w a r e .

RETICON
ARRAY TRANSLATION

STAGE
STEPPER
MOTOR

POST ION SOFTSOO PLUSSOO

NEWPORT
855C

KEITHLY
DAS

IBM
PC-XT

SENSOR SOFTWARE SOFTWARE

Figure 5. Block Diagram of the Instrument.
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The R e t  icon  a r r a y  c o n s i s t s  o f  1024 p h o to d io d e s  a r r a n g e d  

i n  a l i n e a r  o r d e r . Each d i o d e  e l e m e n t  i n d i c a t e d  t h e  

i n t e n s i t y  o f  t h e  l i g h t  o v e r  t h e  25pm span o f  t h e  e le m e n t .  

The s t e p p e r  m otor (SM )  r o t a t e s  t h e  m i r r o r  th r o u g h  a  g e a r  

r e d u c t i o n  b o x . The motor  was l i n k e d  t o  t h e  r e d u c t i o n  box 

w i t h  a  r u b b e r  b e l t .  The p o s i t i o n  s e n s o r  i n d i c a t e d  t h e  

p o s i t i o n  o f  t h e  beam i n  tw o  o r t h o g o n a l  d i r e c t i o n s .  In  

a d d i t i o n ,  t h e  sensor  r e a d  t h e  i n t e n s i t y  o f  t h e  i n c i d e n t  

b eam . Th e  N e w p o r t  a c t u a t o r ( m o t o r  i z e d  m i c r o m e t e r )  and  

t r a n s l a t  i o n a 1 s t a g e  p o s i t i o n e d  t h e  beam a t  t h e  d e s i r e d  

p o i n t s  a lo n g  t h e  l e n g t h  o f  t h e  f a c e t .

The in s t r u m e n t  was f u l l y  a u to m a te d .  Once t h e  p o ly g o n a l  

m i r r o r  was f a s t e n e d  t o  t h e  r o t a t i o n a l  d r i v e ,  t h e  in s t r u m e n t  

pro c e e d e d  t o  a n a l y z e  t h e  e n t i r e  m i r r o r .  The s t e p p e r  m otor  

p o s i t i o n e d  t h e  p o ly g o n a l  m i r r o r  such t h a t  t h e  f i r s t  t e s t  

f a c e t  imaged t h e  l i g h t  o n to  t h e  R e t  icon  a r r a y .  The c o r n e r  

c u b e  s w e p t  t h e  l i g h t  beam a c r o s s  t h e  t e s t  f a c e t  in  

in c r e m e n ta l  s t e p s .  A t  each p o s i t i o n  on t h e  t e s t  f a c e t  .the  

DAS a c q u i r e d  t h e  image on t h e  Ret ic on  a r r a y  and th e n  w r o te  

t h e  i n f o r m a t i o n  o n to  t h e  h a r d  d i s k  o f  t h e  IBM PC. Once t h e  

t e s t  f a c e t  had been v i e w e d ,  t h e  p o l y g o n a l  m i r r o r  was 

r o t a t e d  u n t i l  t h e  s u c c e e d in g  f a c e t  imaged t h e  l i g h t  o n to  

t h e  R e t  i con  a r r a y . The f e e d b a c k  s y s t e m  a i d e d  i n  t h e  

p o s i t i o n i n g  o f  t h e  m i r r o r  d u r i n g  each r o t a t i o n a l  p r o c e s s .
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The p r o c e d u r e  c o n t i n u e d  u n t i l  a l l  f i f t e e n  f a c e t s  o f  t h e  

p o ly g o n a l  m i r r o r  had been a n a l y z e d .  The o p e r a t i n g  programs  

f o r  t h e  in s t r u m e n t  a r e  l i s t e d  in  t h e  f i r s t  A p p e n d ix .

2 )  R e t i c o n  A r r a y  I n t e r f a c e

F i g u r e  s i x  i l l u s t r a t e s  t h e  c i r c u i t  used t o  i n t e r f a c e  

t h e  K e i t h l y  DAS and t h e  R e t  icon  a r r a y .  The c i r c u i t  o p e r a t e d  

in  two modes; t h e  a c q u i s i t i o n  and s ta n d b y  modes.

100K Î 5v
.47:CH. 0 

DOM
74LS08 555 3

BLANKING 
OUT FROM 
RC100B

74LS08
EXT
55574LS08

EXT CLK 
ON RC100B STATUS FROM 

A/D CONVERTER

F i g u r e  6 .  R et  icon  A r r a y - K e i t h 1 y Das I n t e r f a c e .

In  t h e  a c q u i s i t i o n  mode, t h e  i n t e r f a c e  c i r c u i t  c o nn ects  

t h e  s t a t u s  s ig n a l  o f  t h e  A/D  c o n v e r t e r  t o  t h e  E x t  C lk  l i n e



T-3222 13

o f  t h e  RC1008 c i r c u i t r y .  When in  t h e  s ta n d b y  s t a t e  t h e  an  

e x t e r n a l  555  c l o c k  i s  l i n k e d  t o  t h e  E x t  C lk  i n p u t .

The a c q u i s i t i o n  mode was i n i t  i a t e d  by b r i n g in g  c h a n n e 1 

z e r o  o f  t h e  d i g i t a l  o u t p u t  module(DOM) in  t h e  K e i t h l y  DAS 

t o  a  h ig h  s t a t e .  The b l a n k i n g  o u t  s i g n a l  f ro m  t h e  Ret  icon  

a r r a y  i n d i c a t e d  t h a t  t h e  a r r a y  was re a d y  t o  r e l i e v e  i t s e l f  

o f  t h e  c h a r g e  b u i l t  up on i t s  p h o t o d io d e s .  When b o th  t h e  

b l a n k i n g  o u t  and t h e  DOM s i g n a l s  were  h i g h ,  t h e  o u t p u t  o f  

t h e  a n d - g a t e  w e n t  h i g h  a n d  b r o u g h t  t h e  o u t p u t  o f  t h e  

i n v e r t e r  low. The 555 t i m e r  a c t e d  a s  one a s h o t ;  when t h e  

i n p u t  a t  p i n  2 went low, t h e  o u t p u t  a t  p i n  3 went h ig h  i n t o  

a  m o n o s ta b le  s t a t e .  The s u c c e e d in g  i n v e r t e r  b ro u g h t  one o f  

t h e  a n d - g a t e  i n p u t s  low, wh ich  t u r n e d  o f f  t h e  e x t e r n a l  

c l o c k .  Once t h e  s t a t u s  s i g n a l  f rom  t h e  A/D c o n v e r t e r  began ,  

i t  passed th r o u g h  t h e  r e m a in in g  a n d - g a t e .

The s ta n d b y  s t a t e  was t y p i f i e d  by t h e  DOM s i g n a l  b e in g  

in  a  low s t a t e .  In  t h i s  c o n d i t i o n  p i n  3 o f  t h e  555 was low,  

which  b r o u g h t  one i n p u t  o f  t h e  a n d - g a t e  h ig h  and a l l o w e d  

t h e  555 e x t e r n a l  c l o c k  t o  pass th r o u g h  t h e  g a t e .  The s t a t u s  

s i g n a l  b e in g  in  a low c o n d i t i o n  f o r c e d  one in p u t  o f  t h e  and  

g a t e  h i g h  and a l l o w e d  t h e  555  e x t e r n a l  c l o c k  t o  pass  

th r o u g h  t h e  r e m a in in g  a n d - g a t e .
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One pro b le m  was e n c o u n te r e d  w i t h  t h e  o p e r a t i o n  o f  t h e  

i n t e r f a c e  c i r c u i t .  The t r a n s i t i o n  f rom  t h e  555 e x t e r n a l  

c l o c k  t o  t h e  s t a t u s  s i g n a l  was not  im m e d ia te .  The d e l a y  

a l l o w e d  d a r k  c u r r e n t s  t o  c h a r g e  t h e  p h o t o d i o d e s  

a p p r e c i a b l y .  The p ro b le m  was r e s o l v e d  by e l i m i n a t i n g  t h e  

f i r s t  a c q i u s i t i o n  c o n t a i n i n g  t h e  d a r k  c u r r e n t  n o is e  f rom  

t h e  a n a l y s i s .

3)  S te p p e r  M otor  I n t e r f a c e

The c i r c u i t r y  a l l o w e d  f o r  e i t h e r  manual o r  computer  

c o n t r o l  o f  t h e  s t e p p e r  m o t o r .  The s t e p p e r  m otor  was l i n k e d  

t o  t h e  c i r c i u t r y  by a model 3025 B i p o l a r  Chopper S te p p e r  

Motor  D r i v e r .

The s t e p p e r  m otor  r e q u i r e d  t h r e e  i n p u t s .  The in p u ts  

a c t i v a t e d  t h e  m o to r ,  d e f i n e d  t h e  d i r e c t i o n  o f  r o t a t i o n ,  and 

s te p p e d  t h e  m o to r .  When under  computer  c o n t r o l ♦ t h e  t h r e e  

in p u t s  were  l i n k e d  t o  c h a n n e ls  1, 2 ,  and 3 o f  t h e  DOM in

t h e  K e i t h l y  DAS. CW-CCW, e n a b le  and 555 t i m e r  c i r c u i t s  

p r o v i d e d  t h e  n e c e s s a r y  c i r c u i t r y  when o p e r a t i n g  in  t h e  

manual s t a t e .
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4)  Feedback P o s i t i o n  Sensor

The p o s i t i o n  s e n s o r  a s s i s t e d  in  t h e  a u t o m a t io n  o f  t h e  

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

an i n c i d e n t  l i g h t  beam in  two in d e p e n d e n t  d i r e c t i o n s .  One

d im e n s io n  was used t o  p o s i t i o n  t h e  l i g h t  image o f f  t h e  

p o ly g o n a l  m i r r o r  o n to  t h e  R et  icon A r r a y .  A l th o u g h  t h e  o t h e r  

d im e n s io n  w a s n ' t  d i r e c t l y  used,  i t  c o u ld  have e a s i l y  been  

c a l i b r a t e d  t o  measure t h e  v e r t i c a l  o f f s e t  o f  each f a c e t  o f  

t h e  p o ly g o n a l  m i r r o r .  The sensor  a l s o  had t h e  a d d i t i o n a l  

a b i l i t y  t o  measure t h e  i n t e n s i t y  o f  t h e  l i g h t  i n c i d e n t  on 

i t s  s u r f a c e . T h i s  f e a t u r e  was used t o  i n i t i a t e  homing  

p ro c e d u r e s  f o r  p o s i t i o n i n g  each f a c e t  o f  t h e  p o ly g o n a l  t e s t  

m i r r o r .

The c i r c u i t r y  o f  t h e  i n t e r f a c e  is  i l l u s t r a t e d  in

f i g u r e s  s e v e n ,  e i g h t  and n i n e .  The i n t e r f a c e  c o n s i s t e d  o f  

c u r r e n t - v o 1t a g e , p o s i t i o n  s e n s in g ,  and i n t e n s i t y  c i r c u i t s .  

The sensor  c o n t a i n s  f o u r  o u t p u t  p in s  wh ich  a c t  as c u r r e n t  

s o u r c e s .  The c u r r e n t - v o 1t a g e  c i r c u i t ,  i l l u s t r a t e d  in  f i g u r e  

s e v e n , c o n v e r t s  t h e  c u r r e n t  sources  t o  v o l t a g e  s o u r c e s .

The d e t e c t o r  was d e s ig n e d  t o  i n d i c a t e  t h e  p o s i t i o n  in

e i t h e r  d im e n s io n  by s u b t r a c t i n g  t h e  v o l t a g e s  o f  p in s  1 and  

2 ,  a nd  p i n s  3 and 4 .  The p o s i t i o n - s e n s i n g  c i r c u i t r y .
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100 K

308

100K—/vwvx----

15v e 2308

100 K
- /WWX------PS200-4

308

lOv

F i g u r e  7. C u r r e n t  t o  Vo 1t a g e  C o n v e r t e r

d iag ra m e d  in  F i g u r e  e i g h t ,  o e r fo rm e d  t h i s  w i t h  a u n i t y  g a in  

d i F -Feren t  i a l a m o i F i e r .  The o o s i t i o n s ,  i n d i c a t e d  by t h e  

s e n s in g  c i r c u i t s ,  were  c o n n e c te d  t o  c h a n n e ls  3 and 4 oF t h e  

AIM(Ana lo g  I n o u t  M o d u le ) .

10K

10K 33K
/VXYWv

LM308 •47

Figure 8. Unity Gain 0 i FFerent i a 1 AmolïFier.
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The i n t e n s i t y  o f  t h e  l i g h t  i n c i d e n t  on t h e  d e t c t o r  was 

measured by t h e  c i r c u i t  in  f i g u r e  n i n e .  Each o f  t h e  f o u r  

o u t p u t s ,  e x, e 2 , e 3 , and e 4 , a r e  summed b y  t h e  sum m ing  

amp1 i f i e r  t o  produce  a  s i g n a 1 p r o p o r t i o n a 1 t o  t h e  i n t e n s i t y  

o f  t h e  l i g h t  i n c i d e n t  on t h e  d e t e c t o r  s u r f a c e .  The K e i t h l y  

DAS r e a d  t h e  i n t e n s i t y  l i n e  v i a  channel  5 o f  t h e  AIM.

LM308

33K-w v>-

F i g u r e  9 .  Summing A m p l i f i e r .
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INSTRUMENT PERFORMANCE 

A. Problem s E n c o u n te re d

Some prob lem s were  e n c o u n te r e d  w h i l e  c o n s t r u c t i n g  t h e  

i n s t r u m e n t .  The m a jo r  p rob lem s  were i n t e r f a c i n g  t h e  Ret  icon  

a r r a y  t o  t h e  K e i t h l y  DAS and e l i m i n a t i n g  e x t e r n a l  n o is e  

s o u r c e s .

The R et  icon  a r r a y  and t h e  K e i t h l y  DAS b o th  o p e r a t e  on 

t h e i r  own t i m i n g  c l o c k s .  I t  was n e c e s s a r y  t h a t  t h e  DAS and  

t h e  R e t  i c o n  a r r a y  be  t i m e d  s y n c h r o n o u s l y  w h e n  an  

a c q u i s i t i o n  was p e r fo r m e d .  The two systems were  c o o r d i n a t e d  

by t h e  i n t e r f a c e  c i r c u i t  d iagrammed in  f i g u r e  s i x .  When t h e  

DAS was r e a d y  t o  look  a t  t h e  a r r a y ,  t h e  i n t e r f a c e  c i r c u i t  

t u r n e d  o f f  t h e  e x t e r n a l  c l o c k  and s u b s t i t u t e d  a  c l o c k  

s i g n a l  f ro m  t h e  DAS in  i t s  p l a c e .  When t h e  a c q u i s i t i o n  was 

c o m p le t e ,  t h e  a r r a y  c l o c k  was r e i n s t a t e d .

The t r a n s i t i o n  between t h e  a r r a y  c l o c k  and t h e  DAS 

a l l o w e d  d a r k  n o i s e  c u r r e n t s  t o  d e p o s i t  c h a r g e s  on t h e  

d i o d e  e l e m e n t s  o f  t h e  R e t  i con a r r a y . The n o i s e  o n l y  

a f f e c t e d  t h e  f i r s t  a c q u  i s i t  i o n ( i . e . t h e  f i r s t  1 0 24  

e l e m e n t s ) .  T h i s  e f f e c t  n e c e s s i t a t e d  re m o v in g  t h e  f i r s t  

a c q u i s i t i o n  f r o m  t h e  d a t a  a n a l y s i s .
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A second p ro b le m  e n c o u n t e r e d  was n o is e  produced by a i r  

t u r b u l e n c e .  F l u c t u a t i o n s  in  t h e  p o s i t i o n  o f  t h e  l i g h t  image 

on t h e  R et  ic on  a r r a y  c o r r e s p o n d in g  t o  a s  many as  SQyrad 

were  common. The in s t r u m e n t  was i s o l a t e d  f rom  t h e  o u t s i d e  

e n v i r o n m e n t  w i t h  a  l a r g e  w o o d e n  b o x  e n c l o s u r e .  A i r  

movements were  f u r t h e r  red u c e d  by s h i e l d i n g  t h e  o p t i c a l  

p a t h  w i t h  c y l i n d r i c a l  t i s s u e  t u b e s .  The box and t h e  tu b e s  

re d u c e d  t h e  f l u c t u a t i o n s  t o  an a c c e p t a b l e  l e v e l .

A n o th e r  s o u rc e  o f  e r r o r  in  t h e  in s t r u m e n t  were  l a s e r  

f l u c t u a t i o n s .  The d i r e c t i o n  o f  t h e  l a s e r  beam wandered due  

t o  t h e r m a l  f l u c t u a t i o n s  in  t h e  c a v i t y .  The o r i e n t a t i o n  o f  

t h e  m i r r o r s  were  n o t  r i g i d l y  f i x e d  when th e r m a l  g r a d i e n t s  

e x i s t  in  t h e  m i r r o r  s u p p o r t s .

A l th o u g h  t h e  l a s e r  f l u c t u a t i o n s  were  n o t  a p r o b le m ,  

t h e y  c o u ld  have  been s u b s t a n t i a l l y  red u c e d  t h r o u g h  t h e  use  

o f  c a r e f u l  m i r r o r  mounts and a c i r c u l a r  a p e r t u r e .  Mounts  

composed o f  m a t e r i a l s  p o s s e s s in g  a low th e r m a l  c o n d u c t i v i t y  

and a h ig h  d e g r e e  o f  h o m o gene i ty  wou ld  d i m i n i s h  unwanted  

th e r m a l  d r i f t .  A c i r c u l a r  a p e r t u r e  would  f u r t h e r  enhance  

t h e  s t a b i l i t y .  The a p e r t u r e  has t h e  p r o p e r t y  t h a t  when 

p l a n e  waves a r e  n o r m a l l y  i n c i d e n t  upon i t  t h e  d i f f r a c t e d  

f i e l d  i s  i n s e n s i t i v e ,  t o  f i r s t  o r d e r , t o  changes in  t h e  

d i r e c t i o n  o f  t h e  s o u rc e  f i e l d .  Thus, sm al l  f l u c t u a t i o n s  in
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t h e  d i r e c t i o n  o f  t h e  i n c i d e n t  l a s e r  l i g h t  w i l l  be re duc e d  

t o  second o r d e r  v a r i a t i o n s  in  t h e  d i f f r a c t e d  f i e l d .

8 . T e s t  R e s u l t s

The o p e r a t i o n  o f  t h e  in s t r u m e n t  was checked w i t h  t h r e e  

t e s t s .  The a c c u r a c y  o f  t h e  in s t r u m e n t  was measured w i t h  a  

c a l i b r a t i o n  p r o c e d u r e .  A p r e - t e s t e d  p o ly g o n a l  m i r r r o r  was 

i n s p e c t e d .  The r e s u l t s  a r e  compared w i t h  t h e  r e s u l t s  o f  two  

t e s t s  a d m i n i s t e r e d  a t  IBM in  B o u l d e r .  F i n a l l y ,  t h e  

c o n s i s t e n c y  o f  t h e  i n s t r u m e n t  was e x a m i n e d  w i t h  a 

r e p e a t a b i I t y  t e s t .

1) C a 1 i b r a t  i on

The i n s t r u m e n t ' s  a c c u r a c y  was c a l i b r a t e d  w i t h  a t e s t  

m i r r o r  o f  a  known c u r v a t u r e . The t e s t  m i r r o r  c o n s i s t e d  o f  a  

concave s p h e r i c a l  s u r f a c e  w i t h  a r a d i u s  o f  t w e n t y  m e te r s .  

The m i r r o r  was p l a c e d  in  a  p o s i t i o n  t h a t  a  p o ly g o n a l  m i r r o r  

f a c e t  w o u ld  n o r m a l l y  oc c u p y .  The beam was swept a c r o s s  t h e  

s p h e r i c a l  m i r r o r  in  in c r e m e n ts  c o r r e s p o n d i n g  t o  a  2 v ra d  

change in  beam d e f l e c t i o n .  The r e s u l t s  o f  t h e  c a l i b r a t i o n  

t e s t  a r e  g r a p h i c a l l y  i 11u s r a t e d  in  f i g u r e  t e n .
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microrad of Beam Deflection

F i g u r e  10. C a l i b r a t i o n  R e s u l t s .

The g ra p h  d e p i c t e d  in  f i g u r e  t e n  d i s p l a y s  t h e  peak  

d io d e  e le m e n t  o f  t h e  i n t e n s i t y  d i s t r i b u t i o n ,  imaged o n to  

t h e  R e t  icon  a r r a y ,  p l o t t e d  a g a i n s t  t h e  n e t  change in  beam 

d e f l e c t i o n  a n g l e ,  a s  measured f ro m  t h e  i n i t i a l  scan p o i n t .  

The d a t a  was f i t  t o  a l i n e  w i t h  a l e a s t  squa re s  m e th o d . The 

v a l u e  o f  t h e  s lo p e  i n d i c a t e s  t h e  in s t r u m e n t  i s  a b l e  t o  

r e s o l v e  2 y ra d  changes in  t h e  beam d e f l e c t i o n  a n g l e .  The 

n u m e r ic a l  r e s u l t  f o r  t h e  s lo p e  i s .

Slope=.11±.01 Diode EIements/yrad.
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2)  C o m p a râ t \v e  T e s ts

A p r e - t e s t e d  p o l y g o n a l  m i r r o r  was e x a m i n e d .  The  

m i r r o r ?  number N a c h i -1 ?  was p r e t e s t e d  a t  IBM in  B o u ld e r  

w i t h  a t  l e a s t  two d i f f e r e n t  m e th o d s . The g r a p h s , d e p i c t e d  

on pages 2 3 -2 4 ?  a r e  p l o t s  o f  t h e  beam d e f l e c t i o n  e r r o r  

v e rs u s  t h e  p o s i t i o n  a l o n g  t h e  f a c e t .

G e n e r a l l y ?  t h e  r e s u l t s ( t h e  c o n t o u r s  d e p i c t e d  w i t h  

s t a r r e d  l i n e s )  a r e  more s u p p o r t  i v e  o f  method t w o ( s o 1 id )  

th a n  method o n e ( d a s h e d ) . The shapes o f  t h e  c o n t o u r s  a r e  

s i m i l a r .  The r e s u l t s ,  h o w e v e r  ? a r e  n o t  i d e n t i c a l .  The 

v e r t i c a l  s c a l e s  on g r a p h s  6 ,  8 ,  a n d  12 a r e  o f f s e t ,

i n d i c a t i n g  a  p o s s i b l e  d i s c r e p a n c y  in  t h e  r e f e r e n c e  p o i n t  on 

t h o s e  f a c e t s .  O f t e n t i m e s  s i m i l a r  f e a t u r e s  w i t h i n  on e  

c o n t o u r  w e r e  t r a n s l a t e d  r e l a t i v e  t o  t h e  c o r r e s p o n d ! n g  

f e a t u r e s  in  a n o t h e r  c o n t o u r ( e g .  f a c e t  t e n ) .  I t  i s  d i f f i c u l t  

f o r  any  c o n c lu s io n s  t o  be drawn w h ich  would  e x p l a i n  t h e s e  

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

t e c h n i q u e s  used used in  methods one and tw o .

The s u r f a c e  h e i g h t  r e s o l u t i o n  can be compared w i t h  

o t h e r  m ethods .  The l i g h t  i n c i d e n t  on t h e  t e s t  s u r f a c e  had a 

w a i s t  o f  a p p r o x  i m a t e  1 y 5mm. W i t h  t h e  l y r a d  s l o p e  

r e s o l u t i o n ?  t h e  in s t r u m e n t  was a c t u a l l y  r e s o l v i n g  changes
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Figure il. Test Results of Facets 1-8.
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in  t h e  s u r f a c e  h e i g h t  c o r r e s p o n d in g  t o  50 a . S ta n d a r d  t e s t  

m e th o d s  p r a c t i c e d  t o d a y  o f f e r  c o m p a r a b l e  a c c u r a c y . A

Tyman-Green i n t e r f e r o m e t e r  can r e s o l v e  changes o f  X / 10 0 ,  

o r  a b o u t  500A i n  t h e  v i s i b l e .  A s t y l u s  in s t r u m e n t  can  

i d e n t i f y  changes a s  s m al l  a s  25A. And f i n a l l y ,  a  d o u b le  

beam F a b r y - P e r o t  i n t e r f e r o m e t e r  can r e s o l v e  h e i g h t  changes  

o f  A /5 0 0 ,  o r  a p p r o x i m a t e l y  10Â.

3) R e p e a t a b i l i t y  T e s t

The c o n s i s t e n c y  o f  t h e  i n s t r u m e n t ' s  p e r fo r m a n c e  was 

v e r i f i e d  by  t e s t i n g  i t s  r e p e a t a b i l i t y .  F a c e t  number f o u r  o f  

t h e  p o l y g o n a l  t e s t  m i r r o r  was a n a l y z e d .  The f a c e t  was 

scanned t e n  t im e s  w i t h  t w e l v e  p o i n t s  p e r  scan and each  

p o i n t  c o n s i s t i n g  o f  t e n  s a m p le s .  The f i r s t  two scans were  

r e j e c t e d .  The r e m a i n i n g  e i g h t  scans a r e  i l l u s t r a t e d  in  

f i g u r e  t h i r t e e n .

The c u r v e s  d e m o n s t r a t e  a  r e m a r k a b l e  l i k e n e s s .  The

c o n t o u r  shapes a r e  v e r y  s i m i l a r .  The o f f s e t ,  between t h e  

z e r o e s  o f  t h e  c u r v e s ,  i s  a b o u t  1 v r a d .  The v a r i a t i o n  in  t h e  

v e r t i c a l  r a n g e ,  f r o m  t h e  l e f t  maximum t o  t h e  c e n t r a l

minimum, b e tw e e n  t h e  c o n t o u r s  i s  l e s s  th a n  . l u r a d .  The

results indicate the instrument is operating faithfully.
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Position on Facet
F i g u r e  13. R e o e a t a b i i t y  T e s t  R e s u l t s .
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CONCLUSIONS AND RECONENDATIONS

A method has been d e v e lo p e d  t h a t  i s  a b l e  t o  a n a l y s e  t h e  

s u r f a c e - s l o p e  q u a l i t y  o f  o p t i c a l  m i r r o r s .  An a u to m a te d  

i n s t r u m e n t  has been c o n s t r u c t e d  t h a t  u t i l i z e s  t h e  method.  

V a r i o u s  t e s t s  i n d i c a t e  t h e  i n s t r u m e n t  i s  o p e r a t i n g  

c o n s i s t e n t l y .  In  a d d i t i o n ,  t h e  method can be improved and  

expanded t o  t e s t  a l a r g e r  c l a s s  o f  o p t i c a l  components.

The in s t r u m e n t  was c a l i b r a t e d  and t e s t e d .  A known t e s t  

m i r r o r  was used t o  c a l i b r a t e  t h e  i n s t r u m e n t .  The r e s u l t s  o f  

t h e  c a l i b r a t i o n  a r e  in  a c c o r d a n c e  w i t h  a model o f  t h e  

o p t i c a l  s y s t e m .  T h e  i n s t r u m e n t  was t e s t e d  f o r  i t s  

r e p e a t a b i I t y . The r e s u l t s  i n d i c a t e  t h e  in s t r u m e n t s  re sp ons e  

i s  c o n s i s t e n t .  F i n a l l y ,  t h e  method was t e s t e d  a g a i n s t  two  

c o m m erc ia l  m e th o d s .  The c o n s t r u c t e d  in s t r u m e n t  g e n e r a t e d  

s i m i l a r  s u r f a c e - s 1 ope c o n t o u r s  w i t h  c o m p a ra b le  r a n g e s .  The 

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

i n s t r u m e n t  is  a b l e  t o  r e s o l v e  s u r f a c e  s lo p e  v a r i a t i o n s  o f  

l y r a d  c o n s i s t e n t l y .

The  s u r f a c e  c o n t u o r  r e s o l u t i o n  o f  t h e  i n s t r u m e n t  

d e s c r i b e d  can be u p g r a d e d .  The t e s t s  were  c o n d u c ted  w i t h  a  

beam w a i s t  o f  a p p r o x i m a t e l y  5mm on t h e  t e s t  s u r f a c e .  

Subsequent  l a b o r a t o r y  e x p e r im e n ts  i n d i c a t e  t h e  beam w a i s t
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can be re d u c e d  by a p p r o x i m a t e l y  an o r d e r  o f  m a g n i tu d e .  The 

a t t a i n b l e  b e a m  w a i s t s  c o m b i n e d  w i t h  t h e  l y r a d  

s u r f a c e - s 1ope r e s o 1 u t ion  i n d i c a t e  t h e  method can be a p p 1 ie d  

t o  d e t e c t  changes  in  s u r f a c e  e l e v a t i o n  as sm alt  as  10 

a ng s tro m s  o r  l e s s .  Such a r e s o l u t i o n  r i v a l s  and s u rp a s s e s  

many i n t e r f e r o m e t r i c  methods in  p r a c t i c e  t o d a y .

A l a r g e r  c l a s s  o f  o p t i c a l  e le m e n ts  c o u l d  be t e s t e d  w i t h  

a  m in o r  m o d i f i c a t i o n .  R ep lacem ent  o f  t h e  t e s t  s u r f a c e  w i t h  

t h e  c o m b i n a t i o n  shown in  f i g u r e  f o u r t e e n  w o u ld  e n a b l e  

l e n s e s  o r  c u r v e d  s u r f a c e s  t o  be t e s t e d .  The s e p a r a t i o n  

between t h e  le n s  and t h e  m i r r o r  can be a d j u s t e d  such t h a t  

t h e  c o m b in a t io n  i d e a l l y  a c t s  as  a  p l a n a r  m i r r o r .  Em ploying  

a  s t a n d a r d  e le m e n t  f o r  one o f  t h e  components t h e  q u a l i t y  o f  

t h e  r e m a in in g  component c o u l d  be deduced.  D e v i a t i o n s  f ro m  

t h e  i d e a l  re sp ons e  c o u ld  be used t o  a s c e r t a i n  t h e  q u a l i t y  

o f  t h e  unknown t e s t  com ponent .

Figure 14. Mirror-Lens Combination.
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The r e c e n t  m u l t i t u d e  o f  f u n d a m e n ta l  d i s c o v e r i e s  and  

d e v e l o p m e n t s  i n  t h e  o p t i c a l  s c i e n c e s  has  c r e a t e d  new 

demands on t h e  t e s t i n g  o f  o p t i c a l  components.  The d e s ig n  

c o n s t r a i n t s  o f  v a r i o u s  o p t i c a l  com pon en ts  ha v e  f o r c e d  

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

t e s t i n g  t e c h n i q u e s .  Im provem ents  and m ino r  m o d i f i c a t i o n s  o f  

t h e  r e s e a r c h  d e s c r i b e d  may p r o v e  t o  be a  u s e f u l  d e v e lo p m e n t  

f o r  t h e  f i e l d  o f  o p t i c a l  component t e s t i n g .
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