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1.1. I n t r o d u c t i o n .

1.1.1 D i s c u s s i o n of m e t h o d s

The s u r f a c e f i n i sh ing of X-ray grazing inc idence opt ics is
the mos t demanding area of opt ica l p r o c e s s i n g , bo th in t e rms of
m e t r o l o g y and appl ica t ion of opt ica l f in i sh ing t echn iques .

Dur ing this con t rac t the s u r f a c e s of an exist ing optical mir ror
was p r o c e s s e d using a new remova l t echn ique that employs a jet of
f i n e l y d i s p e r s e d and e x t r e m e l y small pa r t i c l e s that impact the s u r f a c e
p r o d u c i n g .under the cor rec t cond i t ions , u l t r a - smooth s u r f a c e s ,
espec ia l ly on a sphe r i c curva tures . The sur faces of the SOS6 mir ror
are t ape red conical shapes that have a con t inuous ly changing radius
with the pr imary mi r ro r having a pa rabo l i c shape and the s econda ry
a h y p e r b o l i c shape. Figure 1 shows the optical ray t race of this
t e l e s c o p e .
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(Pig. (1) Theoret ical Optical Ray-Trace of S056 Sys tem)

The opt ica l ray trace that was c o n d u c t e d on this t e l e scope used
the m e a s u r e d pa rame te r s f r o m the existing subs t ra tes to set up the
p r e s c r i p t i o n for the optical l ayout . The op t imiza t ion ind ica ted a
wavef ront performance of .10 & at .633 jr The fo l lowing f igu re shows
the i somet r i c foca l spot f r o m this trace.

In f i g u r e 2 the f o c a l spot has b e e n p r o d u c e d f r o m the r andom ray
p r o j e c t i o n t h rough the system fa l l ing onto the d e t e c t o r plane. The
f o c a l spot p e r f o r m a n c e is ind ica t ive of an annular , obscu red slit.
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(Fig . (2) . Blur Spot Theore t i ca l P e r f o r m a n c e SOS6.)

These f i r s t f i g u r e s i l lus t ra te the na ture of the su r f ace that was
f low-pol i shed and a t tempt to convey the degree of d i f f i cu l ty that
ex i s t ed in maintaining the contour of the s u r f a c e s , while improv ing
the s m o o t h n e s s . T h e use of P low-Pol i sh ing is a d v a n t a g e o u s on t h e s e
s u r f a c e s due to the grazing angle at which the jet can impinge on the
sur face .

The r e q u i r e m e n t s of the con t rac t were to m e a s u r e the ex i s t ing
s u r f a c e r o u g h n e s s and c o n t o u r i n t e r f e r o m e t r i c a l l y and to i m p r o v e , i f
poss ib le , the r o u g h n e s s condi t ion of the mi r ro r s while main ta in ing .or
improv ing the w a v e f r o n t p e r f o r m a n c e o f the sy s t em.

1.1 .2 .Presenta t ion of P r ev ious Data

The sys t em was f i r s t m e a s u r e d using an u n e q u a l path Twyman
G r e e n ( L U P I ) i n t e r f e r o m e t e r , with t h e i n t e r f e r o m e t e r d ive rge r c o n j u g a t e
c o n f o c a l with the t e l e s c o p e o v e r f i l l i n g the a p e r t u r e of the t e l e s c o p e
and then r e t r o - r e f l e c t i n g f r o m the prec i s ion t e s t f l a t to he r e t u r n e d
for i n t e r f e r e n c e with the r e f e r e n c e m i r r o r . F i g u r e 3 i l lus t ra tes this
i n t e r f e r o m e t r i c set-up.

The in t e r f e rome te r in f i g u r e 3 utilized a tilted spherical mir ror
in the ou tpu t arm to p r o d u c e a f l a t t e n e d f r i n g e view in the hor izonta l
plane. This al lowed a more m e a n i n g f u l i n t e r p r e t a t i o n of the f r i n g e
extent .

Not shown in f i g u r e 3 is the use of mul t ip l e -pass i n t e r f e r o m e t r y
that inc reases the sens i t iv i ty of the tes t . Due to the easily d i s c e r n i b l e
e r r o r in the sys t em it was not d e e m e d neces sa ry to use this test .
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(Pig. ( 3 ) . T w y m a n - G r e e n U n e q u a l Path I n t e r f e r o m e t e r )

Tbe init ial i n t e r f e r o m e t r i c t e s t s s h o w e d over 2 waves of spher ica l
a b e r r a t i o n , with la rge a s t i gma t i c e r r o r as well. The as t igmat i sm is
due to two poss ib l e sources , o u t - o f - r o u n d n e s s and mis-a l ignment .
This data is shown in f i g u r e 4 and 5.
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(Fig.(4.) T o p o g r a p h i c p lo t o f p r e - P l o w - P o l i s h sys tem. )
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The v i e w in n g u r e b was d e l i b e r a t e l y o i l - s e t to be a b l e to
c l ea r ly show t h e i n n e r a n d o u t e r e d g e s o f t h e f r i n g e e x t e n t . This
v iew d o e s no t show the f u l l a p e r t u r e . The i n t e r f e r o g r a m in f i g u r e 5
shows this m o r e c l ea r ly wi th t he t i l t e d c o n c a v e m i r r o r r e m o v e d t o
show t h e n o n - d i s t o r t e d a n n u l a r e x t e n t .

( F i g . ( 7 ) . O n - A x i s I n t e r f e r o g r a m Showing A n n u l a r A p e r t u r e )

In f i g u r e (7 ) the f u l l a n n u l u s i s shown, the f r i n g e d e t a i l i s no t
n e a r l y as p r o n o u n c e d as in f i g u r e 4 . T h e r e i s s t i l l s t r o n g s p h e r i c a l
and the p r e sence of a s t igma t i sm indica ted in the non - symmet ry of the
f u l l f r i n g e p a t t e r n , t h e a s t i g m a t i s m i s a l so i r r e g u l a r ( s k e w e d axis o f
a s t i g m a t i s m ) , making the use o f any c o r r e c t o r n e g l i g i b l e .

I t i s e x t r e m e l y d i f f i c u l t t o c o r r e c t f o r th i s o u t - o f - r o u n d n e s s
c o n d i t i o n , t he on ly a v a i l a b l e o p t i o n i s t o a t t e m p t to c o r r e c t t he
s p h e r i c a l a s m u c h as p o s s i b l e and no t to e x a c e r b a t e the ex i s t i ng
r o u n d n e s s e r r o r .

The F l o w - P o l i s h t r ea t s a l o c a l i z e d a r e a and c a n n o t a v e r a g e
over large d is tances , the largest averaging area d e p e n d s on the angle
of i m p i n g e m e n t o f the je t wi th r e s p e c t to the w o r k s u r f a c e , as th i s
area i s e x t e n d e d too f a r t he e f f e c t i v e r e m o v a l r a t e o f t he j e t d r o p s
r a p i d l y . T h i s d r o p in r e m o v a l v e r s u s a v e r a g i n g a rea is a c r i t ica l
f a c t o r i n ob t a in ing m i n i m u m s u r f a c e r o u g h n e s s .

Due to th is in i t ia l c o n d i t i o n o f high axial s p h e r i c a l and r o u n d n e s s
e r r o r a n in i t i a l c o n t a c t t e c h n i q u e w a s u t i l i z e d t o s m o o t h a n d c o r r e c t
the w a v e f r o n t e r ro r tha t e x i s t e d in the s u r f a c e . A c o m b i n a t i o n of je t
p o l i s h and c lose c o n t a c t p o l i s h with a s t r o n g m e c h a n i c a l v i b r a t o r y
m o t i o n was app l i ed in the f i r s t s t ages .Due to the c o n f i d e n t i a l na ture of this
t e c h n i q u e th i s will no t be d e s c r i b e d in g r e a t d e t a i l i n t h i s r e p o r t , o n l y the
data will be d i s c u s s e d .
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A n a t t e m p t t o m e a s u r e in i t ia l s u r f a c e r o u g h n e s s w a s c o n d u c t e d
o n o n e o f t h e t w o t e l e s c o p e e l e m e n t s . This m e a s u r e m e n t w a s d o n e
u s i n g B R D F t e c h n i q u e s , ( B i - D i r e c t i o n a l D i s t r i b u t i o n F u n c t i o n ) , .

The B R D F m e a s u r e m e n t is a l i g h t - s c a t t e r as a f u n c t i o n of a n g l e
of i m p i n g e m e n t o f v i s i b l e c o l l i m a t e d l i g h t .The w a v e l e n g t h was 633 nm
( H e l i u m - N e o n ) . The r e s u l t s a re shown in f i g u r e 8 . I t b e c a m e c lea r ly
e v i d e n t t h a t t h e B R D F t e c h n i q u e i n i t s p r e s e n t o p t i c a l a r r a n g e m e n t
w o u l d no t p r o d u c e m e a n i n g f u l da ta due t o t he n a t u r e o f t he s t r o n g
c y l i n d r i c a l c o m p o n e n t tha t r e s u l t e d f r o m t h e r e f l e c t i o n f r o m t h e
a s p h e r i c t e l e s c o p e s u r f a c e .

89-S8.633 12-SS.633
COMMRi SCATTER DATA

BTOP
LOG

L.88E*B1

1,861-01

1.8BEH32

1.8BE-93

1.88B-M
DEGREES -78

0.63Z8J*

( F i g . ( 8 ) . P r e - F l o w P o l i s h B R D F . )

The p r e s e n c e of s t r ong s p i k e s and and no i se as wel l as two s igna l
l e v e l s make i n t e r p r e t a t i o n o f this data d i f f i c u l t . The a v e r a g e t a k e n
f r o m the two s ignals has an ave rage va lue of l . O O E - 0 1 . This w o u l d be
r o u g h l y e q u i v a l e n t to a r o u g h n e s s va lue of 20-30 a n g s t r o m s rms.

S e v e r a l v a l u e s w e r e taken , h o w e v e r t h e s igna l s w e r e n o i s i e r than
t h e data s h o w n a n d w o u l d b e r e d u n d a n t f o r th i s r e p o r t .

R o u g h n e s s da ta a f t e r t h e N e a r - C o n t a c t a n d F l o w - P o l i s h w e r e a l so
t aken and will be s h o w n in the f i n a l s ec t i on of th i s r e p o r t . The va lue of
th is t y p e o f m e a s u r e m e n t c o u l d be e n h a n c e d wi th c h a n g e s in the s y s t e m s
opt ica l c o n f i g u r a t i o n t o a c c o m m o d a t e grazing i n c i d e n c e s u r f a c e s .

Page 6.

PAGE is
OF POOR QUALITY



S e c t i o n 2 .

2 . 1 M a c h i n e S e t - U p a n d P r o c e s s i n g P a r a m e t e r s

2.1.1. N e a r - C o n t a c t - P o l i s h i n g

As m e n t i o n e d i n t he p r e v i o u s s e c t i o n a n e a r - c o n t a c t p o l i s h i n g
m e t h o d was a p p l i e d t o b e g a n the c o r r e c t i o n o f t he c o n t o u r . W h i l e a
f u l l d i s c u s s i o n o f t h i s t e c h n i q u e c a n n o t b e c o n d u c t e d i n t h i s r e p o r t
t h e r e s u l t s o f t h i s p r o c e d u r e a n d t h e in i t i a l data will b e d i s c u s s e d .

I n f i g u r e s 4 & 9 t h e i n i t i a l w a v e f r o n t r e d u c t i o n i s s h o w n . This
ana lys is was a r e su l t of d ig i t iz ing the f r i n g e s f r o m the o r t h o g a n o l
f r i n g e p a t t e r n f r o m f i g u r e 7 .

S<K>6 grazing incidence nirror pre-polish interferogran .25 waves X fringe
.362; Udltea- -.745; MS- -392; OPD Scale - l.B

U
n
i
t
s

M

a
Y
e
s

Uieu Angle = .ft*

( F i g . ( 9 ) . I s o m e t r i c View o f P r e - F l o w - P o l i s h e d S y s t e m . )

T h e c o n t o u r o f t h e s u r f a c e s c l e a r l y s h o w s s p h e r i c a l a b e r r a t i o n
wi th c o n t r i b u t i o n s f r o m b o t h s u r f a c e s a n d p o s s i b l y f r o m t h e r e l a t i o n s h i p
o f o n e s u r f a c e t o t h e o t h e r wi th r e s p e c t t o f i n a l f o c u s p o s i t i o n .
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The init ial ray trace data i nd i ca t ed tha t a very small change ia
t h e c o n i c c o n s t a n t p e r t u r b s t h e a m o u n t o f s p h e r i c a l a b e r r a t i o n a n d
a l s o s h i f t s t h e f o c a l p o s i t i o n r a t h e r d r a m a t i c a l l y .

A f t e r th is a n a l y s i s t h e m i r r o r s y s t e m w a s w o r k e d i t e r a t i v e l y b y
t e s t i n g o n e a g a i n s t t h e o t h e r t o d e t e r m i n e a n y c h a n g e s i n t h e c o n t o u r .

T h e n e a r - c o n t a c t m e t h o d w a s c o n t i n u e d un t i l c h a n g e s w e r e m a d e
t h e s e c h a n g e s w e r e d e t e r m i n e d b y t h e i n - p r o c e s s t e s t i n g u s i n g t h e
e x t e n d e d f r i n g e s h a p e c h a n g e a s t h e f i g u r i n g g u i d e .

A m o r e d e t a i l e d d i s c u s s i o n of the i n - p r o c e s s t e s t i n g will be
c o v e r e d ia S e c t i o n 2.2.

T h e f i g u r i n g u s i n g t h e n e a r - c o n t a c t m e t h o d w a s d i s c o n t i n u e d
w h e n i t b e c a m e e v i d e n t tha t the o v e r r i d i n g e r r o r in the s y s t e m was the
a s t i g m a t i s m . At th i s p o i n t the p r o c e s s i n g was sw i t ched to Plow-
P o l i s h i n g in the a t t e m p t to i m p r o v e the s u r f a c e r o u g h n e s s th is i s
s h o w n in f i g u r e 10.

Flow-Polish of Grazing Incidence Mirror

-^ Z

Pig. (10).
( V i e w o f mach ine s e t - u p fo r F l o w - P o l i s h i n g )
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The F l o w - P o l i s h i s d o n e on a a d j u s t a b l e t a b l e to a l ign the m i r r o r
f o r o p t i m a l t i l t ang l e wi th r e s p e c t t o t h e m a c h i n e . T h e i m p i n g e m e n t
ang l e o f the j e t i s a d j u s t e d by r o t a t i n g the j e t h e a d t h r o u g h p u n t i l
t h e c o n d i t i o n s f o r r e m o v a l a r e me t . This i s a n i t e r a t i v e p r o c e s s f o r
each n e w m a t e r i a l .

The j e t i s t h e n t r a v e r s e d a c r o s s the s u r f a c e in a s s m o o t h a
m a n n e r a s p o s s i b l e t o m a i n t a i n u n i f o r m r e m o v a l o f m a t e r i a l , t h e p a r t
r o t a t e s a t a v e r y s low s p e e d to a l low the d i r e c t i o n a l ac t iv i ty of the
j e t t o a c t o n t h e s u r f a c e f o r m a x i m u m e f f e c t .

B o t h axis of m o v e m e n t are u s e d X and Z are o p e r a t e d a t v a r y i n g
s p e e d s to c a u s e a r a n d o m l o c a t i o n o f t he j e t p r o f i l e wi th r e s p e c t t o
a n y t r a n s i t o r y p o s i t i o n o n t h e s u r f a c e .

S e c t i o n 2 . 2 I n - P r o c e s s T e s t i n g

2,2.1 I n t e r f e r o m e t r y M e t h o d s

In a d d i t i o n to t he u se o f an u n - e q u a l p a t h i n t e r f e r o m e t e r s e v e r a l
o t h e r i n t e r f e r o m e t r i c t e s t s w e r e u s e d a s i n p r o c e s s t e s t s . T h e m o s t
u s e f u l of t h e s e was a p a r a l l e l p l a t e s h e a r t e s t t ha t s a m p l e d on ly a
smal l p a r t of the i m a g e . This t e s t is s h o w n in f i g u r e 11.

interference
it r i st-.n«

a iterne

if00ft splitter H,rrnnrjsr

( F i g . ( 1 1 ) . I n - P r o c e s s I n t e r f e r o m e t e r S e t - U p . )
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In f i g u r e 11 a c o m b i n a t i o n of i n t e r f e r o m e t r y is shown . The use
a c o l l i m a t e d i n p u t b e a m a l l o w s s e v e r a l d i f f e r e n t a r r a n g e m e n t s f o r
v i e w i n g o r s a m p l i n g i n t e r f e r e n c e o r s l o p e f r i n g e s .

This i s v a l u a b l e d u r i n g i n - p r o c e s s t e s t i n g a s i t o f f e r s s e v e r a l
c r o s s c h e c k s f o r a l i g n m e n t a n d f r i n g e i n t e r p r e t a t i o n d u r i n g f i g u r i n g
of the o p t i c a l s u r f a c e s .

2.2.2 Da t a P r e s e n t a t i o n

The i n t e r f e r o g r a m in f i g u r e 12 shows a s a m p l e d p i e - s h a p e d
s e g m e n t u s i n g s h e a r i n g s l o p e i n t e r f e r o m e t r y . This i s s h o w n i n f i g u r e
9 by the use of a c o l l i m a t e d b e a m tha t is s h e a r e d by a p a r a l l e l p l a t e
to c r e a t e a l a t e r a l s h e a r and a l s o to s p r e a d the f r i n g e e x t e n t o v e r a
l a rge a rea . This c h a n g e s t h e f r i n g e a s p e c t w i t h o u t a f f e c t i n g t h e
w a v e f r o n t v a l u e o f t he f r i n g e s .

of

( F i g . ( 1 2 ) . S a m p l e d A r e a U s i n g L a t e r a l Shea r . )

This s h e a r i n g t e c h n i q u e a l l o w e d a r a p i d a s s e s s m e n t o f the l o c a l
area a long the ax is o f t he w a v e f r o n t changes . This l a t e r a l s h e a r d o e s
no t t e s t b o t h v e r t i c a l and h o r i z o n t a l s i m u l t a n e o u s l y , h o w e v e r i t d o e s
t es t t he axial c o n t o u r e f f i c i e n t l y and i s r e l a t i v e l y v i b r a t i o n f r e e .

The o t h e r t e c h n i q u e tha t was u s e d d u r i n g i n - p r o c e s s was a l oca l
i n t e r f e r o m e t r i c v i e w using t h e T w y m a n - G r e e n s y s t e m . T h e r e s u l t s o f
th i s a re s h o w n in f i g u r e 13 . The i npu t cone a n g l e of the i n t e r f e r o m e t e r
was d e l i b e r a t e l y o b s c u r e d in o r d e r to m a g n i f y a l o c a l a r e a to m o r e
c l o s e l y o b s e r v e t h e i n t e r f a c e b e t w e e n t h e h y p e r b o l a a n d t h e p a r a b o l a .
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h i g h !
s h o w n in f i g u r e 13 w h e r e

n i f i e d t o a c c e n t u a t e t h e

Fig.(13) . M a g n i f i e d A n n u l a r I n t e r f e r o g r a m .

In f i g u r e 13 the o b s c u r a t i o n f r o m the a p e r t u r e s p i d e r can be c l e a r l y
s e e n i n d i c a t i n g s h a r p f o c u s i n g t h r o u g h t h e s y s t e m . This i s i m p o r t a n t
w i t h r e g a r d s t o r e d u c i n g d i f f r a c t i o n e f f e c t s i n t h e i m a g e p l a n e o f t h e
i n t e r f e r o m e t e r .

T h e i n - p r o c e s s t e s t s w e r e n o t d i g i t i z e d f o r w a v e f r o n t p e r f o r m a n c e
the f r i n g e s h a p e was a c l ea r e n o u g h i n d i c a t o r d u r i n g p r o c e s s i n g t o show
t h e p r o g r e s s . T h e f i n a l t e s t w a s d o n e u s i n g t h e T y m a n - G r e e n
I n t e r f e r o m e t e r wi th a n o r m a l i z e d a n n u l a r image .

The n e x t s ec t ion will cover t he f i n a l da t a and the c o m p a r i s o n
t h e p r e - f l o w - p o l i s h e d v e r s u s t h e p o s t f l o w p o l i s h e d a n a l y s i s .

of

S e c t i o n 3

3.1. F inal M e t r o l o g y

3.1.1 Da ta P r e s e n t a t i o n

This s e c t i o n will cove r the f i n a l a n a l y s i s o f the t e l e s c o p e s y s t e m
I n f i g u r e ( s ) 12-20 t h e i n t e r f e r o g r a m s f r o m t h e T y m a n - G r e e n o n - a x i s
t e s t s have b e e n d i g i t i z e d t o p r o d u c e t h e p o s t F l o w - P o l i s h e d w a v e f r o n t
da ta .
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wi iitiairf av»anp3M nf cnSCi &ii w. i A "i u <4i uri UJ -fifuu

,443; Ualley =• -.326; 8HS =
- a p f l n u na l i cV
«. .1 i iuw f v i i _ f l t

.198; OPD Scale 1.8

k.--K •%5sg^ !

^5^ ^l
mm uftLUEs
1« -4.8881-81
2 « -2.8751-81
3 « -1.7581-81

« -6.258E-82
4.9991-82
1.8241-81

749E-81

U
n
i

Fig . (14) .
( T o p o g r a p h i c C o n t o u r P l o t o f 3056 t e l e s c o p e m i r r o r a f t e r

f i n a l p o l i s h i n g v a l u e s a re in w a v e s a t 633 nm.)

Peak =
imter-ferogran of so56 afier flow polish

.<H3; Valley = -.3Z6; RHS = .198; OPD Scale 1.8

a
r
e

H
a
V
e
3

(F ig . (15) . I s o m e t r i c V iew o f W a v e f r o n t a f t e r F l o w - P o l i s h )
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e interferoqran of soD6 after f loy ponsli
ftNALYSIS ZOHflL SPOT MACRAN

t .2

x .4

i .6

* ,«

» 1,6

.53 (Qjyu .?A<Hi) flMy.KFV CWTIMIK

(F ig . (15) Blur S p o t A n a l y s i s A f t e r P l o w - P o l i s h )

CEQHITR
1.0

N
0
r 8.8
H
a
1 B6

z
e
d 8.4
E
n
e 8.2
r
9
9

Slope interferggrag of so5$ after flow polish
1C RfiDIfiL mm BISlRIBQTItiN; six. of UQrgy Contained within i = l.ns

^^"^
x/

/

J

/

/

'

'

/
V . i . . . , . . ' . ,

1,8 2,8 3,8 4,8 5.0 6,8
Radial Distance (Airy Radii) ANV REV CONTINUES

(Fig.(16). Rad ia l E n e r g y a f t e r F l o w - P o l i s h . )
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Slope interfengraft of ss3S after f l o w polish
DIFFRACTION J»5IAL ENOffl! DISTRIBUTION; 89/! of Energy Contained W i t h i n fi = 6.88

l.Br

6.8

8.6

8.4

8.2

1,0 2.8 3,8
Pi<;-tjBnp.jfOijF«u

4,8 5,8
OMV IEV

6,0

(Fig . (17) ( D i f f r a c t i o n Rad i a l E n e r g y M e a s u r e m e n t
A f t e r F l o w - P o l i s h )

Slope interferogranoT so5s after f loy polish
StreM Satio= .888 »«* POINT SPREAD FUNCTION «'•« Max Kad=11.92 Airy Kadii

(F ig . (18) . P o i n t S p r e a d F u n c t i o n o f S056 t e l e s c o p e
a f t e r F l o w - P o l i s h ( N o t e s i m i l a r i t y t o 2 D p r o f i l e
in f i g u r e 2. on page 3. The w a v e f r o n t e r r o r is s imi l a r )
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N

F

Slop* interferoqran of so56 after f l o w polish
MODULATION TMKSFER FUNCTION

IDEAL
&=

91-
H5'
-45

8,4 0,6
Spatia] Frequency

9,8 1,8
fiNV KEV CONTINJES

( F i g . ( 1 9 ) M o d u l a t i o n T r a n s f e r F u n c t i o n o f SO56
A f t e r F l o w - P o l i s h i n g . )

N

F

slope
BOBULATIQN TSfiHSFES

flo» polisli

( F i g . ( 2 0 ) . 3 - D M T F Showing s y m m e t r y r e s p o n s e d u e t o
the r o t a t i o n a l e r ro r in the s y s t e m . )
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Tne p r e v i o u s p o s t - K i o w - H o i i s n e a w a v e t r o n t p lots o r ig ina ted i rom
t h e T w y m a n - G r e e n I n t e r f e r o m e t e r tha t p r o d u c e d t h e f o l l o w i n g
i n t e r f e r o g r a m s . B o t h v e r t i c a l a n d h o r i z o n t a l i n t e r f e r o g r a m s were
d i g i t i z e d a n d t h e t w o op t i ca l p a t h d i f f e r e n c e f i l e s we re a l g e b r a i c a l l y
a v e r a g e d i n o r d e r t o o b t a i n t h e m o s t m e a n i n g f u l i n f o r m a t i o n f r o m t h e
a n n u l a r f r i n g e e x t e n t .

( F i g . ( 2 1 ) . I n t e r f e r e n c e f r i n g e s a f t e r P l o w - P o l i s h i n g
ve r t i ca l d i r e c t i o n f u l l annular ape r tu r e .

( P i g . ( 2 2 ) . H o r i z o n t a l f r i n g e s f r o m T w y m a n - G r e e n
I n t e r f e r o m e t e r m e a s u r e m e n t . )
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POIW5-S.&3
COtfftRE SCflTIHl DAM

1.08K+07
1XDF

—

-

^^

_LJ 1 !

^ZZZ^^^.̂̂

M i l l

/
^^

\ 1 i Lnff 1

I
S-

1 1 I t

*===;

1 ! 1 1

^^
\f .

1 ! ! 1
38 ~68 -30 8 •'• 38 68 98
.6328m 81 = 5.0* It =8.89 ZWs = 5.8**

(Fig. ( 2 4 ) . P o s t - F l o w - P o l i s h B R D F . )

1.8BB-B2

1.8BEHP5

ijei-es
BESBEK -1

I n f i g u r e 2 3 t h e p o s t - p o l i s h B R D F i s s h o w n f o r t h e SO56 s u r f a c e
of the p a r a b o l o i d . The va lues are aga in n o i s y wi th a dip in the s c a t t e r
v a l u e b e t w e e n -30 and +30 d e g r e e s . This i s p r o b a b l y due to the s igna l
no t b e i n g ava i l ab l e a t t he near n o r m a l a n g l e s . T h e v a l u e s a p p e a r t o
i n d i c a t e an i m p r o v e m e n t , h o w e v e r due to the n a t u r e o f the s i gna l i t i s
q u e s t i o n a b l e . T h e a v e r a g e v a l u e s e e m s t o b e b e t w e e n l . O O E - 0 5 a n d
l . Q O E - 0 3 . This w o u l d i n d i c a t e a s u r f a c e tha t has a r o u g h n e s s of 5-10
a n g s t r o m s rms .

Whi le th i s l o o k s l ike an i m p r o v e m e n t f r o m a c o m p a r a t i v e s e n s e
t h e v a l u e s a r e s u b j e c t t o t h e op t i ca l b e a m d i s t o r t i o n c a u s e d b y t h e
s t r o n g l y a s t i g m a t i c p r o f i l e f r o m t h e g r a z i n g i n c i d e n c e s u r f a c e .

A d i f f e r e n t op t i ca l c o n f i g u r a t i o n w o u l d h a v e to be d e v i s e d in
o r d e r t o ach ieve g r e a t e r r e l i a b i l i t y a n d / o r a b s o l u t e c o m p a r i s o n s .

The i r i s a l so i n d i c a t i o n s f r o m s t u d i e s d o n e i n t h e E . U . V . f o r
B R D F t e c h n i q u e s that t h e c o r r e l a t i o n b e t w e e n t h e v i s i b l e a n d t h e
E . U . V . and X - R a y r e g i o n s i s no t wel l e s t a b l i s h e d , th i s was no t k n o w n
a t the t ime o f the w o r k c o m p l e t e d u n d e r this c o n t r a c t .

A n a l t e r n a t e a p p r o a c h f o r f u t u r e w o r k w o u l d b e t o u t i l i z e a n
exist ing fac i l i ty that can m e a s u r e the ha rd -X-Ray sca t te r ing on
s y s t e m s such as the S056 t e l e s c o p e . T h i s f a c i l i t y i s l o c a t e d a t U.C.
B e r k e l e y . This m e a s u r e m e n t w a s o u t s i d e t h e o r i g i n a l s c o p e o f th is
p r o j e c t and was no t a t t e m p t e d a t th is t ime .
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3.1.2 C o m p a r i s o n o f S u r f a c e C o n t o u r s .

This f i n a l s e c t i o n wil l d i s c u s s a n d p r e s e n t data o n t h e c o m p a r i s o n
of t he p re and p o s t F low-Po l i sh c o n d i t i o n s . An i n t e r f e r o m e t r i c
d i f f e r e n c e h a s b e e n c o n s t r u c t e d t h a t .shows t h e d e l t a c h a n g e b e t w e e n
t h e p r e a n d p o s t c o n d i t i o n . I n f i g u r e 2 4 t h e t o p o g r a p h i c m a p i s t h e
d e l t a c o n t o u r c h a n g e b e t w e e n p r e a n d p o s t o p e r a t i o n s .

T h e c o n t o u r m a p s h o w s t h e s u b t r a c t i o n o f t h e p r e f l o w - p o l i s h
c o n t o u r f r o m t h e p o s t f l o w - p o l i s h c o n t o u r . T h e c h a n g e s t ha t a r e s e e n
be c o r r e l a t e d to the r e d u c t i o n in w a v e f r o n t e r ro r f r o m pre to pos t .

Peak =
delta change pre and post flow-polish S056 telescope syste*

OPD Scale =

U
n
i
t
s

a
r
e

H
4

V

e
s

1.8

CONTOUR UOLUES

1 * -1.888E*88
2 * -7.580E-81
3 * -5.888E-81
4 * -2.5B8E-81
5 *
B *
7 *
8 *
9 *

B.888E*88
2.5B0E-81
5.888E-81
7.580E-81
1.888E*88

Uieu Angle = .8°

( F i g . ( 2 5 ) . T o p o g r a p h i c d i f f e r e n c e m a p p i n g o f w a v e f r o n t e r r o r . )

I n f i g u r e 2 5 t h e i s o m e t r i c m a p p i n g o f t h e c o n t o u r d i f f e r e n c e i s
s h o w n . The p e a k - t o - v a l l e y e r r o r i s s h o w n in t he t o p o g r a p h i c p l o t and
in the i s o m e t r i c p lo t , the c o n t o u r p e a k - t o - v a l l e y c h a n g e is 1.6 \ at
.6328 0 . This v a l u e is the m a x i m u m change b e t w e e n the pre and p o s t
f l o w - p o l i s h w a v e f r o n t maps .
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delta change pre and post flow-polish $356 telescope systen
Peak = .763; Valley = -.871; RMS = .336; OPD Scale = 1.8

U

t
s

a
r
e

a
v
e
s

Uiew Angle = .8°

( F i g . ( 2 6 ) . I s o m e t r i c V iew o f W a v e f r o n t D i f f e r e n c e P lo t . )

The v iew in f i g u r e 26 i n d i c a t e s the r e v e r s a l in the s p h e r i c a l
a b e r r a t i o n f r o m t h e p r e t o p o s t c o n d i t i o n . F o r c o m p a r i s o n l o o k a t
f i g u r e 9 on p a g e 7 and c o m p a r e the s l o p e c h a n g e s b e t w e e n the p l o t s .

The a p p e a r a n c e o f the r o u n d n e s s e r r o r has no t c h a n g e d , this was
e x p e c t e d wi th t h e on ly d i f f e r e n c e b e i n g t h e ax i s o f a s t i g m a t i s m a p p e a r s
to have s w a p p e d the p o s i t i v e and n e g a t i v e p o w e r d i r e c t i o n s . This i s
a p o s s i b l e f u n c t i o n o f the m a n n e r in w h i c h the Z e r n i k e P o l y n o m i a l
c o e f f i c i e n t s have b e e n f i t t e d d u e t o t h e r e v e r s a l i n t h e s p h e r i c a l
a b e r r a t i o n .

C o m p a r i n g the w a v e f r o n t p l o t in f i g u r e 15 to b o t h f i g u r e 9
a n d f i g u r e 2 5 t h e a s y m m e t r y m a n i f e s t s t h e same r o u n d n e s s c o n d i t i o n .

I n t h e i n t e r e s t o f c o m p l e t e n e s s t h e r e m a i n i n g f i g u r e s show t h e
w a v e f r o n t d i f f e r e n c e e f f e c t s o n t h e E n e r g y d i s t r i b u t i o n . M o d u l a t i o n
t r a n s f e r f u n c t i o n , P o i n t s p r e a d f u n c t i o n ,and t h e Blur s p o t shape .
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del Id ulmiRje jf iv dial vusl f luw~i»uli;ih SQ56 lelesuuye
UEUMOK1L KB0IHL tH£KUY jOi i lH lBUf iUN; by* of tnargy Contained Hi thin H = b.t«

1.8r

M
o
r
n
a
1
i
£

a

E
n

r
9

H
i

8.8

8.4

B.2

1.8 2.8 3.8 4.B
Radial Distance (ftiry Radii)

5.3 G.I

(Fig . ( 2 7 ) . G e o m e t r i c R a d i a l E n e r g y D i s t r i b u t i o n
W a v e f r o n t D i f f e r e n c e M a p p i n g )

del let uluupae pit: AID} yunl f luw-puliiili SJ56 lele»jupe
HUDULRIiLM

1.8

IDFAT.
8°

90"

_____ -45"

X.

8.2 6.1 B.G
Normalized Spatial Frequency

8.8

(P ig . (28 ) . M o d u l a t i o n t r a n s f e r F u n c t i o n W a v e f r o n t D i f f e r e n c e )
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Strehl Katio= .
yre auitl
*** FU1NI

t luw-j>ulis»li iUtrt)
HJNCHUN *»* Max fliry Kadii

(Fig. (29 ) . 3 -D P o i n t - S p r e a d f u n c t i o n o f w a v e f r o n t d i f f e r e n c e . )
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M
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JMFFKflCllUN KflDIRL

i..r
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a
r 0.8
n
a

i B.C

B.4

S056
Pl^I«JtflJILUN ; 4tfX oif triergy Contained Within H = b.fcW

B.2

I

1,8 5.82.8 3.8 4.8
Radial Distance (fliry Rad i i )

(Fig . (30) . D i f f r a c t i o n Radia l E n e r g y W a v e f r o n t D i f f e r e n c e . )

6.8
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delta change pre and post flow-polish S056 telescope systen
fiFfWF.TRICAT, ANflLYSF?! 7SWW. SPDT I

/• *

** X!*

* ,. *

. . if

M X

* *J- -*x-ss
W t* w •-/ *

X W
«

« X.
«* K

u xx

- M

K « X
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M

\ -
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\

o .6

•> .n

>< l.M

I: RHS RA&- 3.33 (fliry Rad i i )

(F ig . (31). W a v e f r o n t B l u r S u b t r a c t i o n P r e a n d P o s t F l o w - P o l i s h . )

delta change pre and flow-polish 5056 telescope systea
FliNTTIflN

H
T
r

Spatial rrc<iucncy
( F i g . ( 3 2 ) . 3 - D M T F o f W a v e f r o n t d i f f e r e n c e p l o t s s h o w i n g t h e

r e s i d u a l M T F f r o m p r e a n d p o s t s u b t r a c t i o n . )
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S u m m a r y & C o n c l u s i o n s

T h e l a s t 6 f i g u r e s c a n b e i n t e r p r e t e d a s t h e a m o u n t o f f i t t e d
a b e r r a t i o n e r r o r tha t h a s b e e n r e m o v e d p e r t h e a n a l y s i s o f t h e f r i n g e s
f r o m t h e p r e a n d p o s t i n t e r f e r o g r a m s . T h e i n t e r p r e t a t i o n h a s s e v e r a l
s o u r c e s o f e r r o r , a l i g n m e n t d i f f e r e n c e s b e t w e e n t h e p r e a n d p o s t
t e s t i n g , f r i n g e d e t e c t i o n e r r o r s o n f r i n g e c e n t e r s , a p e r t u r e ' p u p i l
d e f i n i t i o n f o r t h e c i r c u l a r Z e r n i k e P o l y n o m i a l f i t t i n g , a n d t h e
w a v e f r o n t da ta p o i n t f i t t i n g t o t h e Z e r n i k e P o l y n o m i a l e x p r e s s i o n .

A l l o f t h e s e e r r o r s o u r c e s c a n s k e w t h e f i n a l da ta , h o w e v e r
the a p p e a r a n c e o f t he s y m m e t r y f r o m a n a l y s i s t o a n a l y s i s i n d i c a t e s
tha t t h e s e e r r o r s a r e n o t s i g n i f i c a n t i n t e r m s o f t h e ac tua l r e d u c t i o n
o f w a v e f r o n t e r r o r f r o m p r e t o p o s t c o n d i t i o n .

T h e p o s s i b l e i m p r o v e m e n t i n s u r f a c e r o u g h n e s s f r o m t h e B R D F
a n a l y s i s i s no t r e a d i l y c l e a r and to be m o r e ce r t a in o f th is
i m p r o v e m e n t a d d i t i o n a l s c a t t e r o r p r o f i l o m e t r y w o u l d b e n e c e s s a r y .

P r io r e x p e r i e n c e on more s eve re g raz ing aspher ic opt ics has
shown tha t t h e P l o w - P o l i s h i n g h a s p r o d u c e d s u r f a c e s t h a t , w h e n
L S M c o a t e d f o r 14.5 a n g s t r o m s , p e r f o r m t o t h e t h e o r e t i c a l r e f l e c t i o n
a n d s c a t t e r l e v e l a s t e s t e d i n a c t u a l u s e .

Final R e p o r t D o c u m e n t a t i o n :

S i g n a t u r e / o f A u t h o r i z e d C o m p a n y R e p r e s e n t a t i v e :

C

Phi l l ip C. B a k e r

P o s i t i o n : P r e s i d e n t / B a k e r C o n s u l t i n g

Date.: 3/d// f 7 •

Page 23.



SCREEN IMAGE USER=*AGR SESSION=T2OBR03 7/3O/9H-10:47:& 1-AM

DISPLAY 92N20515/2
92N20515*« ISSUE 11 PAGE 1877 CATEGORY 70 RPTtt: NASA-CR--1843.12 MAS
1.26sl84-312 CNTtts NASA ORDER H-08O82-D NASA ORDER H-11210-D 92/03/02
E5 PAGES UNCLASSIFIED DOCUMENT

UTTLs Advanced flow-polishing and surface metrology of the S056 X Ray Telescope
TLSPs Final Report

CORP; Baker Consulting, Walnut Creek, CA.
SAPs Avail: NTIS HC/MF A03
CIOs UNITED STATES
MAJSs /*GEOMETRICAL OPTICS/*GRAZI.N6 INCIDENCE/*METROLOGY/*MIRRDRS/*SURFACE

FINISHING/#X RAY TELESCOPES
MINSs / ASPHERICITY/ CURVATURE/ LAYOUTS/ OPTIMIZATION./ SUBSTRATES/ WAVE FRONTS
ABAs Author
ABSs The surface finishing of X ray grazing incidence optics is a most

demanding area of optical processing.* both in terms of metrology and
application of optical finishing techniques. An existing optical mirror
was processed using a new removal technique that uses a jet of finely
dispersed and extremely small particles that impact a surface, which under
the correct conditions? produces an ultrasrnooth surface? especially on
aspheric curvatures. The surfaces of the S056 mirror are tapered,conical
shapes that have a continuously changing radius with the primary mirror
having a parabolic: shape and the secondary mirror a hyperbolic shape. An
optical ray trace that wa\s conducted of a telescope used the measured
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parameters from the existing substrates to set up the prescription for the
optical layout. The optimization indicated a wavefront performance of 0.1O
A a t 0.6 33 m i c ron.
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