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A b s t r a c t 

A s t r o n o m e r s r e q u i r e l a r g e amounts o f s p e c t r o s c o p i c d a t a 

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

c o n f r o n t t o d a y ' s most i m p o r t a n t c o s m o l o g i c a l and a s t r o p h y s i c a 1 

p r o b l e m s . However, u n t i l r e c e n t l y such d a t a has been 

p a r t i c u l a r l y d i f f i c u l t t o a c q u i r e and t h e s u p p l y o f t e l e s c o p e 

t i m e a v a i l a b l e has f a l l e n w e l l s h o r t o f demand. T h i s t h e s i s 

d e s c r i b e s s p e c t r o s c o p i c t e c h n i q u e s o f h i g h e f f i c i e n c y t h a t 

a l l o w t h e d a t a t o be o b t a i n e d u s i n g a minimum o f t e l e s c o p e 

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

o b s e r v i n g p r a c t i c e s and d a t a r e d u c t i o n . I n p a r t i c u l a r , a new 

f a i n t o b j e c t s p e c t r o g r a p h f o r t h e La Palma O b s e r v a t o r y and an 

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

A n g l o - A u s t r a l i a n T e l e s c o p e a r e d e s c r i b e d . I t i s now f e a s i b l e 

f o r e x t e n s i v e s p e c t r o s c o p i c s u r v e y s t o be c a r r i e d o u t a t v e r y 

f a i n t m a g n i t u d e s . 
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C h a p t e r 1 

The need f o r f a i n t o b j e c t s p e c t r a 

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

O p t i c a l s p e c t r o s c o p y r e m a i n s t o d a y , as i t has been f o r 

many d e c a d e s , t h e most p o w e r f u l t o o l a v a i l a b l e f o r p r o v i d i n g 

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

o b s e r v a t i o n s have a l w a y s been d i f f i c u l t t o o b t a i n , e s p e c i a l l y 

f o r t h e f a i n t e s t o f o b j e c t s . Y e t t h e s e f a i n t o b s e r v a t i o n s a r e 

r e q u i r e d i n abundance i f we a r e t o answer some o f t h e most 

c h a l l e n g i n g and e x c i t i n g q u e s t i o n s c o n c e r n i n g t h e u n i v e r s e i n 

w h i c h we l i v e . The s c a n t d a t a t h a t - a v a i l a b l e a t p r e s e n t a r e 

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

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

C o n s e q u e n t l y , t h e o r e t i c a l m o d e l s a r e l a r g e l y u n c o n s t r a i n e d by 

t h e o b s e r v a t i o n s and we a r e a l l t o o o f t e n f o r c e d t o r e s o r t t o 

a s s u m p t i o n s , s p e c u l a t i o n s and g u e s s w o r k . 

F a i n t o b j e c t s p e c t r a a r e r e q u i r e d f o r e x t r a g a l a c t i c work 

b e c a u s e we need t o o b s e r v e o b j e c t s w i t h l o n g l o o k - b a c k t i m e s i n 

o r d e r t o s t u d y t h e u n i v e r s e a t s i g n i f i c a n t f r a c t i o n s o f i t s 

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

( w h i c h can o n l y be d e t e r m i n e d v i a o p t i c a l s p e c t r o s c o p y ) e n a b l e s 

us t o d e t e r m i n e t h e epoch a t w h i c h t h e o b j e c t s b e i n g s t u d i e d 

l i e . S i m i l a r l y , f o r g a l a c t i c work we need t o s t u d y s t a r s a t 

s i g n i f i c a n t d i s t a n c e s f r o m t h e s o l a r n e i g h b o u r h o o d and a l s o 
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n e a r - b y i n t r i n s i c a l l y f a i n t s t a r s . I n t h e n e x t s e c t i o n I 
d e s c r i b e ( w i t h e x t r e m e b r e v i t y ) some o f t h e key r e s e a r c h a r e a s 
t h a t r e q u i r e f a i n t o b j e c t s p e c t r a . 

1 .2 R e s e a r c h a r e a s r e q u i r i n g f a i n t ob j e c t s p e c t r o s c o p y 

E v o l u t i o n . T h e r e i s c o n s i d e r a b l e e v i d e n c e t h a t t h e 

p r o p e r t i e s o f g a l a x i e s have e v o l v e d s i n c e t h e U n i v e r s e was h a l f 

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

l u m i n o s i t y f u n c t i o n i s v e r y s t r o n g ( s e e f o r e x a m p l e . W a l l e t a l 

1980 & 19 8 1 , Peacock & G u l l 1 9 8 1 , D j o r g o v s k i & S p i n r a d 1985) 

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

f u n c t i o n i s u n c l e a r . The e v i d e n c e f o r n o r m a l g a l a x y e v o l u t i o n 

i s n o t so c o n c l u s i v e ( s e e f o r e x a m p l e , E l l i s 1984, D r e s s i e r & 

Gunn 1983 6. 1985, B u t c h e r & Oemler 1984, L o n g a i r 1984, Shanks 

e t a l 1984) t h o u g h i t does seem t h a t b l u e s p i r a l s show 

s i g n i f i c a n t e v o l u t i o n . Number c o u n t s and m u l t i c o l o u r 

p h o t o m e t r y o f c l u s t e r s o f known r e d s h i f t have been used i n 

a t t e m p t s t o u n r a v e l t h e p r o b l e m s b u t t h e s e a r e no s u b s t i t u t e 

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

i n q u e s t i o n . F i g u r e 1.1 shows t h e l u m i n o s i t y r e d s h i f t p l a n e . 

I n t h i s p l a n e t h e l u m i n o s i t y f u n c t i o n a t a g i v e n epoch 

( r e d s h i f t ) i s r e p r e s e n t e d by t h e p o p u l a t i o n i n a v e r t i c a l 

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

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

t h i s p l a n e w i t h g a l a x i e s ( f o r a p a r t i c u l a r w o r l d m o d e l ) we need 

t h e a p p a r e n t m a g n i t u d e s ( p h o t o m e t r y ) and r e d s h i f t s 

( s p e c t r o s c o p y ) o f a c o m p l e t e s a m p l e . A m a g n i t u d e b i n i s 

r e p r e s e n t e d by a d i a g o n a l s t r i p . Number c o u n t s t e l l us t h e 

number o f g a l a x i e s i n each s t r i p . However, b e c a u s e a g a l a x y 

2 * o f g a l a x i e s 
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w i t h o u t a measured r e d s h i f t can l i e a nywhere i n i t s m a g n i t u d e 
s t r i p ( i . e . i t c o u l d be i n t r i n s i c a l l y f a i n t and c l o s e o r 
l u m i n o u s and d i s t a n t ) t h e n c l e a r l y , number c o u n t s a l o n e c a n n o t 
y i e l d c o n c l u s i v e r e s u l t s w i t h r e g a r d t o e v o l u t i o n . 

The dynami cs o f t h e U n i v e r s e as a who 1e. We can i n 

p r i n c i p l e d e t e r m i n e HQ and q c f r o m o b s e r v a t i o n s o f s t a n d a r d 

c a n d l e s . I n p a r t i c u l a r , t h e d e t e r m i n a t i o n o f q c r e q u i r e s 

r e d s h i f t s a t v e r y f a i n t m a g n i t u d e s as t h e v a r i a t i o n of t h e r a t e 

o f e x p a n s i o n o f t h e u n i v e r s e can o n l y be d e t e c t e d o v e r l a r g e 

t i m e s c a l e s ( e . g . see Rees 1978 f o r an a c c o u n t o f t h e methods 

o f d e t e r m i n i n g 1^ and q Q ) . The a c c u r a t e e v a l u a t i o n o f t h e s e 

p a r a m e t e r s i s however v e r y c o m p l i c a t e d i n p r a c t i c e and a good 

u n d e r s t a n d i n g o f g a l a x y e v o l u t i o n i s r e q u i r e d b e f o r e h a n d 

because t h e o b s e r v a t i o n s a r e v e r y s e n s i t i v e t o e v o l u t i o n a r y 

e f f e c t s . 

The l a r g e s c a l e s t r u c t u r e o f t h e U n i v e r s e . U s i n g 

r e d s h i f t s as d i s t a n c e i n d i c a t o r s we can d e t e r m i n e t h e space 

d i s t r i b u t i o n o f o b j e c t s on t h e s k y ( e . g . Shanks e t a l 1983) 

T h i s t y p e o f work r e q u i r e s l a r g e numbers o f f a i n t o b j e c t 

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

and a l s o t o g i v e us as c o m p l e t e a p i c t u r e as p o s s i b l e o f t h e 

c l u s t e r i n g o f n e a r b y o b j e c t s . O b s e r v a t i o n s o f t h i s t y p e can 

a l s o t e l l us a g r e a t d e a l a b o u t t h e e a r l y U n i v e r s e because 

d i f f e r e n t m o d e l s p r e d i c t d i f f e r e n t t y p e s o f g a l a x y c l u s t e r i n g 

( s e e P e e b l e s 1 9 8 0 ) . 

* t h e H u b b l e c o n s t a n t and t h e d e c e l e r a t i o n p a r a m e t e r 
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A c t i v e g a l a x i e s , A c t i v i t y ( i . e . g a l a x i e s w i t h a c t i v e 
n u c l e i ) was much more common i n t h e p a s t ( s e e p a r a g r a p h on 
e v o l u t i o n a b o v e ) and t h e r e f o r e l a r g e numbers o f t h e s e h i g h l y 
l u m i n o u s o b j e c t s can be seen t o enormous d i s t a n c e s . F a i n t 
o b j e c t s p e c t r o s c o p y i s e s s e n t i a l i f we a r e t o u n d e r s t a n d t h e s e 
e n i g m a t i c o b j e c t s . F u r t h e r m o r e , t h e e x t r e m e l y h i g h 

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

o b s e r v i n g a r e d s h i f t c u t - o f f p r o v i d e d we have s u f f i c i e n t l y 

l a r g e and c o m p l e t e r e d s h i f t s a m p l e s . Such d a t a , when 

a v a i l a b l e , w i l l have s t r o n g i m p l i c a t i o n s r e g a r d i n g t h e epoch o f 

g a l a x y f o r m a t i o n . 

G a l a x y c 1 u s t e r s . The s t u d y o f g a l a x y c l u s t e r s can t e l l us 

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

S p e c t r o s c o p y a l l o w s us t o d e t e r m i n e t h e s t e l l a r mix o f t h e 

g a l a x i e s c o n c e r n e d . An i n t e r e s t i n g new r e s u l t has been t h e 

d i s c o v e r y o f " s t a r b u r s t " g a l a x i e s i n w h i c h m a s s i v e b u r s t s o f 

s t a r f o r m a t i o n have been t r i g g e r e d ( D r e s s i e r & Gunn, 1 9 8 3 ) . 

S p e c t r o s c o p y can a l s o t e l l us a b o u t t h e d y n a m i c s o f t h e c l u s t e r 

members and hence t h e c l u s t e r mass and t h e amount o f d a r k 

m a t t e r . 

G a l a c t i c w o r k . The s t u d y o f t h e d y n a m i c s and p o p u l a t i o n s 

o f s t a r s i n o u r own g a l a x y w i l l l e a d t o an i n c r e a s e d 

u n d e r s t a n d i n g o f s t e l l a r e v o l u t i o n and g a l a x i e s i n g e n e r a l . 

V i a f a i n t o b j e c t s p e c t r o s c o p y we can s t u d y a l a r g e volume o f 

s p a c e , s i g n i f i c a n t l y b eyond t h e s o l a r n e i g h b o u r h o o d . A l s o , t h e 

f a i n t end o f t h e d i s k l u m i n o s i t y f u n c t i o n can be d e f i n e d more 

a c c u r a t e l y and s h o u l d g i v e s us c l u e s t o t h e amount and n a t u r e 

o f t h e d a r k m a t t e r i n o u r g a l a x y . 

* e.g. QSOs, S e y f e r t s and r a d i o g a l a x i e s 
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1 , 3 The c o m p l e t e s p e c t r o s c o p i c s u r v e y . 

Most s p e c t r o s c o p y can be c l a s s i f i e d as " f o l l o w - u p " 

s p e c t r o s c o p y , i . e . an o b j e c t has a t t r a c t e d a t t e n t i o n t o i t s e l f 

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

t i m e i s d e v o t e d t o o b s e r v i n g i t s p e c t r o s c o p i c a 1 1 y ( e . g . a 

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

p o s i t i o n ) . The r e a s o n f o r t h i s i s , o f c o u r s e , t h a t a s t r o n o m e r s 

a r e r e l u c t a n t t o w a s t e t e l e s c o p e t i m e on an o b j e c t t h a t has a 

low p r o b a b i l i t y o f b e i n g " i n t e r e s t i n g " . However, t h i s a p p r o a c h 

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

w i t h c o m p l i c a t e d s e l e c t i o n e f f e c t s and t h e r e f o r e q u i t e u s e l e s s 

f o r much o f t h e s c i e n c e d i s c u s s e d above. 

C l e a r l y , a c o m p l e t e s p e c t r o s c o p i c s u r v e y i s d e s p e r a t e l y 

needed so t h a t we can t a c k l e t h e s e e x c i t i n g p r o b l e m s . The 

k e y w o r d h e r e i s " c o m p l e t e " by w h i c h I mean t h a t a l l o b j e c t s 

w i t h i n a s p e c i f i c a r e a o f t h e sky b r i g h t e r t h a n a c e r t a i n 

m a g n i t u d e l i m i t s h o u l d be o b s e r v e d s p e c t r o s c o p i c a l l y . The 

s e l e c t i o n e f f e c t s f o r such a sample a r e t h e r e f o r e as s i m p l e and 

w e l l d e f i n e d as p o s s i b l e . Each i n d i v i d u a l o b s e r v a t i o n m i g h t 

n o t be a l l t h a t i n t e r e s t i n g i n i t s e l f b u t s t a t i s t i c a l l y e v e r y 

s i n g l e o b s e r v a t i o n w o u l d be i m p o r t a n t . A l s o e v e r y e f f o r t 

s h o u l d be made t o e n s u r e t h a t each s p e c t r u m has a d e q u a t e 

s i g n a l - t o - n o i s e so t h a t i t can be u n a m b i g o u s l y c l a s s i f i e d . 

Most s p e c t r o s c o p i c s u r v e y s t o d a t e a t t e m p t t o o b s e r v e a 

p a r t i c u l a r g r o u p o f o b j e c t s ( e . g . QSOs) and t h e r e f o r e many 

p o t e n t i a l s p e c t r o s c o p i c t a r g e t s a r e r e j e c t e d ( e.g. by 

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

These s u r v e y s a r e t h e r e f o r e s u b j e c t t o a d d i t i o n a l s e l e c t i o n 
* I d e a l l y t o t a l m a g n i t u d e s s h o u l d be used b u t f o r low s u r f a c e 
b r i g h t n e s s o b j e c t s t h e s e a r e v e r y d i f f i c u l t t o d e t e r m i n e . The 
m a g n i t u d e d e t e r m i n a t i o n p r o c e d u r e w i l l t h e r e f o r e l e a d t o 
complex s e l e c t i o n e f f e c t s . 



The need f o r f a i n t o b j e c t s p e c t r a 

e f f e c t s w h i c h depend on t h e s e l e c t i o n c r i t e r i a u s e d . S i n c e a l l 
t y p e s o f o b j e c t a r e o f i n t e r e s t t o somebody o r o t h e r i t i s 
b e t t e r t o o b s e r v e e v e r y t h i n g and d i v i d e t h e o b s e r v a t i o n s i n t o 
c l a s s e s a f t e r w a r d s t h a n have s e v e r a l s m a l l i n d e p e n d e n t s u r v e y s 
each o f w h i c h i s aimed a t a p a r t i c u l a r t y p e o f o b j e c t . 

The t a s k o f o b t a i n i n g such a sample o f s p e c t r o s c o p i c d a t a 

r e q u i r e s a c o n s i d e r a b l e amount o f o r g a n i s a t i o n . F i r s t l y t h e r e 

i s t h e need t o d e v o t e a v e r y s u b s t a n t i a l s l i c e o f o b s e r v i n g 

t i m e t o t h e p r o j e c t . The SERC w o r k i n g g r o u p who r e v i e w e d t h e 

o b s e r v i n g t i m e a l l o c a t i o n (ROTA) p r o c e s s s t a t e i n t h e i r 1983 

r e p o r t , as one o f t h e i r main r e c o m m e n d a t i o n s , t h a t " A t l e a s t 

30% o f t h e t i m e on SERC a l l o c a t e d f a c i l i t i e s s h o u l d be made 

a v a i l a b l e f o r l a r g e (10 4-metre e q u i v a l e n t n i g h t s ) s t a t i s t i c a l 

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

a l l o c a t i o n o f t e l e s c o p e t i m e (PATT) has a l s o r e c e n t l y d e f i n e d a 

" l o n g t e r m s t a t u s " p r o j e c t as one w h i c h i s g u a r a n t e e d a t o t a l 

o f 15 n i g h t s o f c l e a r t e l e s c o p e t i m e . U n f o r t u n a t e l y , h o wever, 

PATT a r e u n d e r s t a n d a b l y r e l u c t a n t t o g r a n t p r o j e c t s l o n g t e r m 

s t a t u s as i t p u t s t h e p r o p o s e r s i n an e x t r e m e l y r e s p o n s i b l e and 

p r i v i l e g e d p o s i t i o n . F u t h e r m o r e , t h e f u l l s c i e n t i f i c 

i n t e r p r e t a t i o n o f t h e o b s e r v a t i o n s I am p r o p o s i n g h e r e ( w h i c h 

w o u l d r e q u i r e more t h a n 15 n i g h t s t o c o m p l e t e ) c o u l d n o t be 

d e l i v e r e d by a s m a l l s e c t i o n o f t h e UK a s t r o n o m i c a l c o m m u n i t y . 

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

w o u l d b l o c k a l a r g e s p e c t r o s c o p i c s u r v e y . The se c o n d 

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

c o n s i d e r a b l e amount o f o b s e r v i n g d a t a w o u l d be g e n e r a t e d and i t 

c o u l d n o t be i n t e r p r e t e d u n t i l i t i s p r o p e r l y r e d u c e d and 

p r e s e n t e d . Thus t h e d a t a management a s p e c t s o f t h e s u r v e y a r e 
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c e r t a i n l y n o t t r i v i a l . 

1.4 T e c h n i c a l a s p e c t s 

Above I have a r g u e d t h a t a s t r o n o m y i s c r y i n g o u t f o r l a r g e 

amounts o f f a i n t o b j e c t s p e c t r a . B u t i s i t t e c h n i c a l l y 

f e a s i b i l e t h a t c o n s i d e r a b l e q u a n t i t i e s o f f a i n t s p e c t r a can be 

a c q u i r e d w i t h r e a s o n a b l e e f f i c i e n c y ? I n t h i s d i s s e r t a t i o n I 

s h a l l a r g u e t h a t t h e answer t o t h i s q u e s t i o n i s yes because t h e 

h i g h e f f i c i e n c y o f modern s p e c t r o g r a p h s can keep t h e r e q u i r e d 

i n t e g r a t i o n t i m e s t o a minimum and d e v e l o p m e n t s i n m u l t i - o b j e c t 

s p e c t r o s c o p y a l l o w us t o o b s e r v e v e r y many o b j e c t s 

s i m u l t a n e o u s l y . I n c h a p t e r 2 I d i s c u s s t h e s i g n a l - t o - n o i s e o f 

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

o f a f a i n t o b j e c t s p e c t r o g r a p h and o b s e r v i n g and d a t a r e d u c t i o n 

p r a c t i c e s . C h a p t e r 3 d e s c r i b e s t h e o n - l i n e d a t a r e d u c t i o n 

package f o r t h e F a i n t O b j e c t S p e c t r o g r a p h (FOS) on t h e I s a a c 

Newton T e l e s c o p e on La Palma and c h a p t e r 4 d e s c r i b e s t h e FOS 

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

methods o f m u l t i - o b j e c t s p e c t r o s c o p y a r e d e s c r i b e d i n c h a p t e r 5 

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

m e thods. F i n a l l y , c h a p t e r 6 d e s c r i b e s an a u t o m a t e d f i b r e - o p t i c 

c o u p l e r (AUTOFIB) w h i c h w i l l make t h e a c q u i s i t i o n o f l a r g e 

s p e c t r o s c o p i c s a m p l e s r e l a t i v e l y s t r a i g h t f o r w a r d . 
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F a i n t Q b j e c t S p e c t r o s c o p y 

S p e c t r o s c o p y i s c o n c e r n e d w i t h m e a s u r i n g t h e i n t e n s i t y o f 

t h e l i g h t f r o m some a s t r o n o m i c a l o b j e c t a t d i f f e r e n t 

w a v e l e n g t h s . Each i n d i v i d u a l measurement i s s u b j e c t t o random 

e r r o r s i n t r o d u c e d by c o u n t i n g s t a t i s t i c s and i n s t r u m e n t a l 

n o i s e . F a i n t o b j e c t s p e c t r o s c o p y can be d e f i n e d as 

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

because of a s t r o n g c o n t a m i n a t i n g b a c k g r o u n d s k y s i g n a l w h i c h 

has t o be e v a l u a t e d and s u b t r a c t e d o f f . I n a d d i t i o n , f o r each 

s p e c t r a l c h a n n e l t h e r e i s a s y s t e m a t i c e r r o r due t o a t m o s p h e r i c 

a b s o r p t i o n , l o s s e s i n t h e t e l e s c o p e , l o s s e s i n t h e s p e c t r o g r a p h 

and t h e e f f i c i e n c y o f t h e d e t e c t o r . For t h e d e t e c t i o n o f 

f e a t u r e s i n f a i n t s p e c t r a t h e sky s u b t r a c t i o n p r o c e s s i s 

e s s e n t i a l , P r e c i s e c a l i b r a t i o n o f t h e s y s t e m a t i c v a r i a t i o n o f 

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

v a r i a t i o n i s smooth on s c a l e s l a r g e r t h a n t h e f e a t u r e s t h a t one 

i s l o o k i n g f o r . T h i s i s n o t t r u e i n t h e n e a r i n f r a - r e d where 

a t m o s p h e r i c a b s o r p t i o n f e a t u r e s a r e p r e s e n t . Of c o u r s e , i f 

a c c u r a t e s p e c t r o p h o t o m e t r y i s r e q u i r e d t o p r o v i d e an i n s i g h t 

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

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

e r r o r s . 
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2 .1 Sky S u b t r a c t i o n 

2.1.1 S i g n a l - t o - n o i s e r a t i o u s i n g a 1ong s l i t 

The random e r r o r (due t o the d e t e c t o r and photon shot 

n o i s e ) a s s o c i a t e d w i t h t h e s i g n a l i n a s p e c t r a l channel can be 

d e r i v e d as f o l l o w s . Poisson s t a t i s t i c s , which r e l a t e t o photon 

c o u n t i n g measurements, t e l l us t h a t i f over a long t i m e p e r i o d , 

T, we d e t e c t N photons th e n i n a s h o r t t i m e p e r i o d , t , we 

expect t o d e t e c t Nt/T = n ±Jn* photons, i . e . f o r many 

measurements each of d u r a t i o n t , t h e mean and t h e v a r i a n c e w i l l 

be n. When s e v e r a l measurements are added t o g e t h e r t h e e r r o r 

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

Consider a s p e c t r a l channel from a l o n g s l i t o b s e r v a t i o n t h a t 

corresponds t o a sm a l l wavelength i n t e r v a l . F i g u r e 2.1 shows 

an example of the p r o f i l e a l ong t h e s l i t , i n a s i n g l e channel, 

f o r a s m a l l f a i n t o b j e c t . I f t h e r e are m p i x e l s t h a t c o n t a i n 

the o b j e c t s i g n a l t h e n t h e co-added sum of t h e s i g n a l from 

these p i x e l s and i t s a s s o c i a t e d e r r o r i s 

where R i s t h e root-mean-square r e a d o u t / i n s t r u m e n t a l n o i s e i n 

p h o t o - e l e c t r o n s , S i s the number of sky photons d e t e c t e d per 

square arc-second, A i s t h e area of sky which c o n t r i b u t e s t o 

one p i x e l i n the channel, Q-, i s the number of photons d e t e c t e d 

/ ( e r r o r ( e r r e r , ) 2 

AS, 4 K 2 ) 

T O T (AS 4 TOT - ( ' ) 

i n p i x e l i and Q, TOT i s t h e t o t a l number of o b j e c t counts i n t h e 
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channe1. 

S i m i l a r l y f o r t h e p a r t of the channel i l l u m i n a t e d o n l y by 

sky, i f n p i x e l s are used t o determine t he sky f o r sky 

s u b t r a c t i o n we have a co-added s i g n a l and i t s a s s o c i a t e d e r r o r 

of r~n 

r\f\S ±: (AS+- R 2 ) 

M u l t i p l y i n g t h e sky s i g n a l by m/n g i v e s 

To p e r f o r m t h e sky s u b t r a c t i o n we s u b t r a c t (2) from ( 1) and get 

m f l S + QT<T, - »MflS ±: /[q -r<rr + m 

and so t h e s i g n a l - t o - n o i s e (S/N) i s 

S _ Q T O T Q T O T 

where X = m(l + m/n)(AS + R2*) 

This r e s u l t t e l l s us s e v e r a l i n t e r e s t i n g t h i n g s 

a) when Q T c T >> X then S/N = Q/Jq i . e . f o r b r i g h t o b j e c t s t h e 

s i g n a l - t o - n o i s e i s s i m p l y t h a t due t o t h e shot n o i s e from t h e 

o b j e c t i t s e l f . 

b) The s l i t w i d t h i s d i r e c t l y p r o p o r t i o n a l t o AS wheras Q. 'TOT 
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does not vary w i t h s l i t w i d t h a t a l l when t h e s l i t w i d t h i s 
wider than the o b j e c t . Thus the s l i t s h o u l d be c l o s e d down so 
t h a t AS i s kept t o a minimum w i t h o u t s i g n i f i c a n t l y r e d u c i n g 
Q T o T . In p r a c t i c e , a s l i t w i d t h m a r g i n a l l y l a r g e r than t h e 
seeing d i s k maximises the s i g n a l - t o - n o i s e r a t i o f o r w e l l 
r e s o l v e d f e a t u r e s (see Robertson, 1983). 

c) The number of o b j e c t p i x e l s , m, i s p r o p o r t i o n a l t o t h e 

seeing d i s k s i z e and as AS i s a l s o p r o p o r t i o n a l t o t h e s i z e of 

th e seeing d i s k i f t h e s l i t w i d t h i s matched t o t h e seeing t h e n 

X i s p r o p o r t i o n a l t o the square of t h e seeing (assuming R i s 

n e g l i g i b l e ) . Thus improvements i n the seeing s i g n i f i c a n t l y 

improve t h e s i g n a l - t o - n o i s e r a t i o . 

d) So t h a t (1 + m/n) s h o u l d be of t h e o r d e r of 1, about 10 

t i m e s as many sky p i x e l s as o b j e c t p i x e l s s h o u l d be a v a i l a b l e 

i n each s p e c t r a l channel. On t h e o t h e r hand, as n tends t o 

i n f i n i t y o n l y a s m a l l i n c r e a s e i n S/N i s o b t a i n e d (and 

s y s t e m a t i c e r r o r s i n c r e a s e , see s e c t i o n 5.6). 

e) I f R i s a r e a d o u t n o i s e ( i . e . i t i s i n t r o d u c e d when t h e 

photons or p h o t o - e l e c t r o n s are counted r a t h e r t h a n w h i l e t h e y 

are g a t h e r e d ) t h e n f o r a g i v e n t o t a l i n t e g r a t i o n t i m e t h e fewer 

i n d i v i d u a l exposures t h e r e are t h e b e t t e r . T h i s i s 

p a r t i c u l a r l y t r u e f o r CCD work a t wavelengths where t h e system 

e f f i c i e n c y i s poor or h i g h d i s p e r s i o n i s b e i n g used. 

Furthermore, t h e more p h o t o - e l e c t r o n s g a t h e r e d , t h e l e s s 

d e t r i m e n t a l are t h e e f f e c t s of charge t r a n s f e r and a g a i n 

m i n i m i s i n g t h e number of exposures h e l p s . On t h e o t h e r hand, 

CCD's s u f f e r from cosmic r a y events which are best d e a l t w i t h 

by comparing s e p a r a t e exposures a g a i n s t each o t h e r . When u s i n g 

a CCD i t i s t h e r e f o r e best t o break t h e t o t a l exposure i n t o 

* Cosmic Ray Event i s h e r e a f t e r a b b r i e v i a t e d t o CRE 
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j u s t two or t h r e e i n d i v i d u a l r u n s . 

f ) Q and S are p r o p o r t i o n a l t o t h e exposure t i m e t so we have 

two p o s s i b i l i t i e s f o r the v a r i a t i o n of S/N w i t h t i m e . F i r s t l y , 

U « f I t 
2 

when shot n o i s e l i m i t e d ( i . e R << AS or Q T o r >> X) and secondly 

^ oQ -k N 

when readout n o i s e dominates ( i . e . R >> AS and Q t o T << X) 

2.1.2 I n t e r p o l a t i v e sky s u b t r a c t i o n 

In p r a c t i c e , t h e measured sky i n t e n s i t y a l o n g t h e s l i t f o r 

a s p e c t r a l channel w i l l have some s y s t e m a t i c v a r i a t i o n due t o 

i n s t r u m e n t a l e f f e c t s . I n a d d i t i o n , f o r CCD work, t h e presence 

of CREs w i l l i n t r o d u c e enormous e r r o r s i n t h e sky e s t i m a t e used 

f o r sky s u b t r a c t i o n . To a l l i e v i a t e these problems i t i s best 

t o i n t e r p o l a t e t h e sky "under" t h e o b j e c t u s i n g a low o r d e r 

p o l y n o m i a l l e a s t squares f i t ( t y p i c a l l y one can use a 

p a r a b o l a ) . To ensure t h a t t h e f i t i s not m i s l e a d by any CREs 

t h a t might be p r e s e n t , the sky measurements t h a t were used t o 

make t h e f i t are compared w i t h t h e f i t t e d curve and any 

anomolous p i x e l s are r e j e c t e d . A new curve f i t i s made and t h e 

process i s c o n t i n u e d u n t i l no anomolous p i x e l s are p r e s e n t . 

Note t h a t t h i s procedure removes a l l s i g n i f i c a n t anomolies 

whatever t h e i r o r i g i n ( e . g . p i x e l d e f e c t s , o t h e r o b j e c t s 

e t c . ) . The s i g n a l - t o - n o i s e e x p r e s s i o n f o r i n t e r p o l a t i v e sky 

s u b t r a c t i o n i s t h e one d e r i v e d i n t h e p r e v i o u s s e c t i o n but t h e 

va l u e of n i s l e s s than t h e number of curve f i t t i n g p i x e l s used 

as t h e f i t a t a p o i n t depends more s t r o n g l y on t h e n e a r e s t 
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p i x e l s used t o make the f i t . The a c t u a l l y v a l u e of n used 
depends on the o r d e r of the p o l y n o m i a l f i t . For a p o l y n o m i a l 
of o r d e r zero, n i s equal t o the number of f i t t i n g p o i n t s 
because the f i t i s equal t o the average. 

2.1.3 Combining s p e c t r a 1 c o n t r i b u t i o n s u s i n g w e i g h t s 

The s i g n a l - t o - n o i s e of s e c t i o n 2.1.1 i s v a l i d when t h e 

p i x e l v a l u e s t h a t c o n t r i b u t e t o a channel are co-added i . e . i f 

each p i x e l has a t o t a l count of C ,• which i s made up of Q; 

counts from t h e o b j e c t and S; counts from t h e sky t h e n t h e 

coadded r e s u l t f o r a s p e c t r a l channel i s Rc 

Rc = ZZ ( C i - S ; ) 

The s i g n a l - t o - n o i s e a s s o c i a t e d w i t h Rc , however, i s not optimum 

( i t cannot be as t h e s i g n a l - t o - n o i s e f o r a s i n g l e p i x e l may 

w e l l be g r e a t e r ) . The optimum s i g n a l - t o - n o i s e i s o b t a i n e d 

u s i n g a weighted c o m b i n a t i o n , R , g i v e n by 
U>8 ( Q h , M c ; - S i ) 

Note t h a t t h e w e i g h t s are not a p p l i e d d i r e c t l y t o t h e data but 

t o t h e data s c a l e d by Q̂ /Q; where i s t h e o b j e c t s i g n a l f o r 

the p i x e l t h a t r e c e i v e s t h e maximum i l l u m i n a t i o n . The reason 

f o r t h i s i s t h a t t h e weighted c o m b i n a t i o n t e c h n i q u e i s 

a p p l i c a b l e o n l y t o the c o m b i n a t i o n of s e v e r a l e s t i m a t e s of t h e 

same value which have d i f f e r e n t v a r i a n c e s . I n t h i s w e l l known 

t e c h n i q u e t h e w e i g h t s used are the i n v e r s e v a r i a n c e s so i n our 

case, where we wish t o apply w e i g h t s t o s c a l e d values, t h e 

w e i g h t s themselves are t h e s c a l e d i n v e r s e v a r i a n c e s . 
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I n p r a c t i c e , we do not know 0 M or Q| f o r i n d i v i d u a l channels so 
we use many channels summed t o g e t h e r i n the wavelength 
d i r e c t i o n t o g e t a good r e p r e s e n t a t i o n of the o b j e c t p r o f i l e 
a l o ng t h e s l i t . T h i s g i v e s w e i g h t s and s c a l i n g f a c t o r s t h a t 
are a p p l i c a b l e ori average t o the i n d i v i d u a l channels (see 
Robertson, 1983). S u c c e s s f u l l y a p p l i e d w e i g h t i n g can i n c r e a s e 
the s i g n a l - t o - n o i s e r a t i o by something l i k e 20% t o 30%. 

Because t h e data has t o be summed along the wavelength 

d i r e c t i o n t o e s t a b l i s h t h e we i g h t s and t h e s c a l i n g f a c t o r s , t h e 

t e c h n i q u e cannot be a p p l i e d t o data i n which t h e o b j e c t p r o f i l e 

i s not sampled i n t h e same way f o r each channel. I n o t h e r 

words, t o a p p l y t h e t e c h n i q u e the spectrum must e i t h e r be ve r y 

s t r a i g h t and p r e c i s e l y l i n e d up w i t h t h e d e t e c t o r ' s p i x e l g r i d 

or i t must be s u f f i c i e n t l y over-sampled (which adds n o i s e w i t h 

CCDs) so t h a t i t can be resampled t o make i t appear t o be 

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

such as FOS, n e i t h e r of these c o n d i t i o n s i s met as t h e p i x e l 

s i z e i s matched t o t h e se e i n g and t h e s p e c t r a are curved by an 

o r d e r - s e p a r a t i n g c r o s s - d i s p e r s e r . For curved s p e c t r a t h e 

w e i g h t i n g t e c h n i q u e c o u l d i n p r i n c i p l e be a p p l i e d i f t h e 

a p p r o p r i a t e w e i g h t s , t h e s c a l i n g f a c t o r s /Q;, and an a c c u r a t e 

s c a l i n g f a c t o r t o i n c r e a s e (which i s an e s t i m a t e of Q M) t o 

the t o t a l count Q 1 0 T = .2 Q, can be e s t i m a t e d f o r each channel. 

However, i n p r a c t i c e these are d i f f i c u l t t o e s t i m a t e a c c u r a t e l y 

enough and t h e r e s u l t i n g spectrum s u f f e r s severe s y s t e m a t i c 

e r r o r s . E r r o r s i n a s s i g n i n g t he w e i g h t s w i l l y i e l d a l e s s t h a n 

optimum s i g n a l - t o - n o i s e r a t i o but t h i s c o u l d s t i l l be an 

improvement over co-adding. E r r o r s i n t h e d e t e r m i n a t i o n of t h e 

s c a l i n g f a c t o r s Q„/Qj and Q T o T /Qm are much more s e r i o u s as t h e y 
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lead t o a s y s t e m a t i c m o d u l a t i o n of the spectrum which has q u i t e 
sharp d i s c o n t i n u i t i e s t h a t c o u l d e a s i l y be i n t e r p r e t e d as 
s p e c t r a l f e a t u r e s . The d i s c o n t i n u i t i e s appear every t i m e t h e 
p o i n t where t h e o b j e c t i s b r i g h t e s t l i e s e x a c t l y between two 

know the p r o f i l e of t h e o b j e c t along t h e s l i t p r e c i s e l y , i n 

terms of i t s p o s i t i o n and shape, f o r every channel. T h i s 

i n f o r m a t i o n s i m p l y cannot be deduced from t h e o b s e r v a t i o n of a 

f a i n t o b j e c t . F urthermore, an o b s e r v a t i o n of a b r i g h t o b j e c t 

cannot be used t o deduce t h i s i n f o r m a t i o n f o r a n o t h e r 

o b s e r v a t i o n as i t s p o s i t i o n and p r o f i l e on the s l i t are bound 

t o d i f f e r . 

2.1.4 Beam s w i t c h i n g 

In t h i s method of sky s u b t r a c t i o n two s e p a r a t e a p e r t u r e s 

are used; one f o r the o b j e c t and the o t h e r f o r t h e sky o n l y . 

The o b j e c t i s s w i t c h e d between t h e two a p e r t u r e s so t h a t i t 

spends e x a c t l y h a l f t h e t o t a l exposure t i m e i n each a p e r t u r e . 
•t 

For one h a l f of t h e exposure we have a t o t a l s i g n a l i n one 

s p e c t r a l channel of < 

C a f l = Q*. +- S i 

i n a p e r t u r e A and 

i n a p e r t u r e B. The f a c t o r f i s i n t r o d u c e d t o account f o r t h e 

f a c t t h a t t h e e f f i c i e n c y t h r o u g h t h e two a p e r t u r e s may be 

d i f f e r e n t due t o t h e i r s i z e s , the d e t e c t o r response, t h e 

s p e c t r o g r a p h o p t i c s e t c . Q denotes the o b j e c t s i g n a l as b e f o r e 
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and we are assuming t h a t t h e sky i s i n t r i n s i c a l l y the same i n 
both a p e r t u r e s . A l t h o u g h t h i s assumption i s e s s e n t i a l f o r a l l 
sky s u b t r a c t i o n methods i t may not be a ve r y good one f o r 
a p e r t u r e s t h a t are w e l l separated on t h e sky (see s e c t i o n 5.6). 
For the o t h e r h a l f of the exposure we have s i m i l a r e x p r e s s i o n s 
f o r the d e t e c t e d s i g n a l s 

c X f i ^ &2 , c i a - 5(̂ 2.+ s2) 
I f we c a l c u l a t e C , A + C^s ~~ ̂  I B ~" ̂  4A from our f o u r 
measurements we get 

Res — + ~ Cis ~ C2A 

= [Q, +• 5.] + 5 [a» + S 9 ] - J s, - S 2 

= Q, + fCU + - 0 

I f we have p e r f e c t i n s t r u m e n t a t i o n t h e n f = l and Res =Q,+Q2., 

which i s t h e d e s i r e d r e s u l t . On t h e otherhand i f S, = S Z , e i t h e r 

because t h e o b s e r v i n g c o n d i t i o n s were p h o t o m e t r i c or t h e o b j e c t 

was s w i t c h e d o f t e n and a c c u r a t e l y between the a p e r t u r e s t o 

average out te m p o r a l v a r i a t i o n s , t h e n R e s =Q, +fQ J L which o n l y 

depends on t h e o b j e c t s i g n a l and t h e v a r i a t i o n of f from 

channel t o channel due, m a i n l y , t o the d e t e c t o r ( t h e 

c o n t r i b u t i o n t o f from t h e a p e r t u r e s w i l l be t h e same f o r a l l 

channels) . 
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However i n p r a c t i c e none of these c o n d i t i o n s are l i k e l y t o 

h o l d . P e r f e c t i n s t r u m e n t s do not e x i s t and p h o t o m e t r i c 

c o n d i t i o n s are r a r e i f not n o n - e x i s t e n t . Also, the r a p i d beam 

s w i t c h i n g method which averages out t h e temporal v a r i a t i o n s i s 

not p r a c t i c a l f o r o p t i c a l s pectroscopy and r e q u i r e s a d e t e c t o r 

w i t h no readout n o i s e . Even i f the c o n d i t i o n s c o u l d be met t h e 

r e s u l t would be s u b j e c t t o excessive n o i s e as i t corresponds t o 

t h e m=n l o n g s l i t case. The t e c h n i q u e i s , however, p o t e n t i a l l y 

u s e f u l when th e a p e r t u r e s c o n t a i n i n f o r m a t i o n on s p a t i a l 

s t r u c t u r e which one wishes t o p r e s e r v e beyond the sky 

s u b t r a c t i o n stage ( e . g . f o r o b j e c t s w i t h extended emmission 

r e g i o n s ) . 

2 . 2 Systemat i c ef f e c t s 

The number of counts d e t e c t e d i n a s p e c t r a l channel 

depends on t h e t o t a l system e f f i c i e n c y a t the channel's 

wavelength. The t o t a l system e f f i c i e n c y depends on t h e 

i n d i v i d u a l e f f i c i e n c i e s a s s o c i a t i e d w i t h t h e atmosphere, t h e 

t e l e s c o p e , the s l i t o r f i b r e , t he s p e c t r o g r a p h and t h e 

d e t e c t o r . 

2.2.1 Atmospher i c 1osses 

The continuum t r a n s m i s s i o n of the atmosphere i s shown i n 

f i g u r e 2.2 ( u s i n g data from A l l e n ' s A s t r o p h y s i c a l Q u a n t i t i e s ) . 

The p r e c i s e form of t h e curve v a r i e s w i t h h e i g h t above 

s e a - l e v e l , z e n i t h - d i s t a n c e and weather c o n d i t i o n s ( i n c l u d i n g 

h i g h a l t i t u d e d u s t ) . F i g u r e 2.2 shows th e t r a n s m i s s i o n a t t h e 

z e n i t h f o r average weather c o n d i t i o n s a t sea l e v e l . O b j e c t s 
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appear redder as t h e i r z e n i t h - d i s t a n c e i n c r e a s e s (see f i g u r e 
2.3). I n a d d i t i o n t o t h e continuum l o s s e s , which are m a i n l y 
due t o s c a t t e r i n g , t h e r e are some a b s o r p t i o n bands i n t h e near 
i n f r a - r e d due t o oxygen and water molecules (see f i g u r e 2.4). 
The s t r e n g t h s of t h e 0 Z f e a t u r e s r e l a t i v e t o the continuum 
a b s o r p t i o n are q u i t e s t a b l e . However, the Hz0 f e a t u r e s can 
vary s i g n i f i c a n t l y w i t h t i m e . 

To a c c u r a t e l y d etermine an o b j e c t ' s f l u x a t t h e t o p of t h e 

atmosphere one must a l s o observe a f l u x s t a n d a r d under as 

s i m i l a r c o n d i t i o n s as p o s s i b l e . I f , on t h e o t h e r hand, 

a c c u r a t e s p e c t r o p h o t o m e t r y i s not e s s e n t i a l and o n l y t h e 

removal of atmospheric f e a t u r e s i s r e q u i r e d , o b s e r v a t i o n s of 

any b r i g h t f e a t u r e l e s s o b j e c t w i l l p r o v i d e t h e c a l i b r a t i o n 

i n f o r m a t i o n . When s t u d y i n g f a i n t o b j e c t s , o b s e r v a t i o n s s h o u l d 

be planned so t h a t t a r g e t s are a c q u i r e d w h i l s t c r o s s i n g t h e 

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

b l u e , are kept t o a minimum. 

2.2.2 Telescope l o s s e s 

The e f f i c i e n c y of a r e f l e c t i n g t e l e s c o p e i s f a i r l y u n i f o r m 

t h r o u g h o u t t h e wavelength r e g i o n 3,000A t o 10,000A. T y p i c a l l y 

t h e r e f l e c t i o n e f f i c i e n c y of a bare aluminium m i r r o r c o a t i n g i s 

90% a l t h o u g h t h e r e i s a s l i g h t f a l l i n e f f i c i e n c y a t about 

8,000A. The o v e r a l l e f f i c i e n c y of an aluminium c o a t i n g f a l l s 

s l i g h t l y as t h e metal t a r n i s h e s w i t h time and hence t h e m i r r o r s 

are a n n u a l l y r e - a l u m i n i s e d . Of course, t h e f a c t t h a t a 

r e f l e c t i n g t e l e s c o p e has a c e n t r a l o b s c u r a t i o n means t h a t t h e 

a c t u a l c o l l e c t i n g area of t h e t e l e s c o p e i s l e s s t h a n a c i r c u l a r 
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area of d i a m e t e r equal t o t h a t of the p r i m a r y m i r r o r . The 
e f f e c t i v e c o l l e c t i n g area i s t y p i c a l l y 85% of t h e p r i m a r y ' s 
t o t a l a rea. I f one c o n s i d e r s t h i s as a l o s s t h e n t he o v e r a l l 
e f f i c i e n c y of a t e l e s c o p e w i t h two r e f l e c t i n g elements i s about 
70% . 

2.2.3 Entrance A p e r t u r e l o s s e s 

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

e i t h e r of a s l i t or an o p t i c a l f i b r e . The amount of l i g h t 

b l o c k e d by a s l i t depends on t h e s e e i n g , t he g u i d i n g accuracy 

and t he s l i t w i d t h being used. The a t t e n u a t i o n can a l s o have a 

s i g n i f i c a n t wavelength dependence a t l a r g e z e n i t h - d i s t a n c e s 

(zd > 40 6 ) i f t h e s l i t i s not a l l i g n e d a l o n g t h e d i r e c t i o n of 

atmospheric d i s p e r s i o n . I n t h i s case a d i s p e r s e d image f a l l s 

a c r o ss t h e s l i t a t some angle and some wavelengths are 

v i g n e t t e d more th a n o t h e r s . D i s p e r s i o n a l o n g t he s l i t 

c o n t r i b u t e s t o the t o t a l c r o s s - d i s p e r s i o n of t h e s p e c t r o g r a p h 

and can i n t r o d u c e s p e c t r a l c u r v a t u r e f o r a system which 

o t h e r w i s e produces s t r a i g h t s p e c t r a . When a l a r g e wavelength 

coverage i s be i n g used and the s l i t w i d t h matches t h e s e e i n g , 

the s l i g h t dependence of t h e s i z e of t h e se e i n g d i s k on 

wavelength ( i t g e t s s m a l l e r towards t h e r e d ) makes t h e s l i t 

v i g n e t t i n g s l i g h t l y wavelength dependant. 

An o p t i c a l f i b r e can s u f f e r l i g h t l o s s e s due t o f o c a l 

r a t i o d e g r a d a t i o n (FRD), p o s i t i o n i n g e r r o r s ( a t bo t h ends of 

the f i b r e ) , r e f l e c t i o n l o s s e s and a b s o r p t i o n w i t h i n t h e core 

m a t e r i a l . I f t h e f - r a t i o of t h e i n p u t beam i s l a r g e r ( s l o w e r ) 

t h a n t h a t of the o u t p u t beam then t he f i b r e i s s a i d t o s u f f e r 
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FRD. FRD i n t r o d u c e s l o s s e s i n t o a s p e c t r o g r a p h i c system when 
i t causes t h e f i b r e o u t p u t beam t o o v e r - f i l l t h e s p e c t r o g r a p h ' s 
e n t r a n c e p u p i l ( w h i c h i s u s u a l l y designed t o accept t he f - r a t i o 
of t h e f i b r e ' s i n p u t beam). FRD l o s s e s can be e l i m i n a t e d by 
u s i n g s h o r t , u n s t r e s s e d , q u a l i t y f i b r e s , f a s t f i b r e i n p u t beams 
and f a s t e r s p e c t r o g r a p h c o l l i m a t o r s ( o r micr o - 1 e n s e s ) . E r r o r s 
i n p o s i t i o n i n g t h e ends of a f i b r e i n t r o d u c e v i g n e t t i n g (see 
s e c t i o n 5.6) and a n g u l a r m i s a l i g n m e n t s between the f i b r e ' s 
i n p u t end and t h e i n p u t beam i n t r o d u c e FRD. The o u t p u t beam of 
the f i b r e a l s o has t o be a c c u r a t e l y "aimed" a t t h e s p e c t r o g r a p h 
entrance p u p i l . R e f l e c t i o n l o s s e s can be minimised u s i n g 
a n t i - r e f l e c t i o n c o a t i n g s . A b s o r p t i o n l o s s e s are s i g n i f i c a n t i n 
the blue p a r t of the spectrum and, f o r b l u e work e s p e c i a l l y , 
t he f i b r e s s h o u l d be kept as s h o r t as p o s s i b l e . As an example, 
f i g u r e 2.5 shows t h e t r a n s m i s s i o n , due t o core a b s o r p t i o n , f o r 
two t y p e s of f i b r e as a f u n c t i o n of wavelength ( f r o m P o w e l l , 
1983 and Gray & Sh a r p i e s , 1985). Quartz and S i l i c e of France 
a l l s i l i c a (QSF-A3) f i b r e i s a v a i l a b l e i n two t y p e s - a l l 
s i l i c a d ry (AS) or a l l s i l i c a wet (ASW) depending on the amount 
of OH p r e s e n t a f t e r t h e f i b r e has been drawn. The ASW t y p e 
appears t o have b e t t e r b l u e t r a n s m i s s i o n . F i b r e s are a f f e c t e d 
by atmospheric d i s p e r s i o n i n the same way as s l i t s except t h e r e 
i s no p r e f e r e d f i b r e o r i e n t a t i o n . Also any d i s p e r s i o n across 
the f i b r e a p e r t u r e i s c o m p l e t e l y scambled w i t h i n t h e f i b r e and 
no e x t r a c r o s s - d i s p e r s i o n can be i n t r o d u c e d . Seeing e f f e c t s 
are a l s o comparable f o r a s l i t and a f i b r e . 
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2.2.4 S p e c t r o g r a p h l o s s e s 

The e f f i c i e n c y o f a s p e c t r o g r a p h depends on 

r e f l e c t i o n / a b s o r p t i o n l o s s e s i n t h e o p t i c a l c o mponents, 

o f f - a x i s v i g n e t t i n g , and t h e e f f i c i e n c y o f t h e d i s p e r s i n g 

e l e m e n t . G e n e r a l o p t i c a l l o s s e s i n a w e l l d e s i g n e d 

s p e c t r o g r a p h a r e q u i t e low and u s u a l l y depend on t h e number o f 

o p t i c a l e l e m e n t s u s e d . R e f l e c t i n g e l e m e n t s have good 

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

T r a n s m i t t i n g e l e m e n t s need t o be a n t i - r e f l e c t i o n c o a t e d and 

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

r a n g e . O f f - a x i s v i g n e t t i n g can be e l i m i n a t e d by e i t h e r u s i n g a 

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

t e l e s c o p e p u p i l o n t o t h e s p e c t r o g r a p h p u p i l ( u s u a l l y t h e 

g r a t i n g ) . F o r m u l t i - f i b r e s p e c t r o s c o p y o f f - a x i s v i g n e t t i n g can 

a l s o be e l i m i n a t e d by " a i m i n g " t h e s l i t ends o f t h e f i b r e s a t 

t h e e n t r a n c e p u p i l so t h a t t h e f i b r e s a r e f i s h - t a i l e d . 

The most s i g n i f i c a n t o p t i c a l l o s s e s a r e due t o t h e 

g r a t i n g . F i g u r e 2.6 shows t h e g e n e r a l f o r m o f t h e v a r i a t i o n o f 

e f f i c i e n c y w i t h w a v e l e n g t h . The peak e f f i c i e n c y o c c u r s a t t h e 

b l a z e w a v e l e n g t h and t h e e f f i c i e n c y f a l l s o f f s t e e p l y on t h e 

b l u e w a r d s i d e and somewhat l e s s s t e e p l y on t h e r e d w a r d s i d e . 

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

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

b l a z e a n g l e t h a t makes t h e b l u e end o f t h e r e q u i r e d s p e c t r a l 

r a n g e e q u a l t o t h e b l a z e w a v e l e n g t h . T h i s p o l i c y i s b a c k e d up 

by t h e f a c t t h a t mcr.j a s t r o n o m i c a l s o u r c e s have a f l u x 

d i s t r i b u t i o n t h a t i n c r e a s e s w i t h '. . c r e a s i n g w a v e l e n g t h and as 

E=hV t h e number o f p h o t o n s r i s e s even more s t e e p l y w i t h 
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c r e a s i n g w a v e l e n g t h (remember t h e s i g n a l - t o - n o i s e i n c r e a s e s 
w i t h t h e number o f d e t e c t e d p h o t o n s ) . 

The use o f a p r i s m as t h e d i s p e r s i n g e l e m e n t i n s t e a d o f a 

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

r a n g e w i t h good e f f i c i e n c y t h r o u g h o u t . The d i s a d v a n t a g e s a r e 

t h a t t h e d i s p e r s i o n i s n o n - u n i f o r m ( t y p i c a l l y a b o u t 7-8 t i m e s 

h i g h e r a t 4000A t h a n a t 10000A) and o n l y low d i s p e r s i o n s and 

low r e s o l u t i o n s can be a c h i e v e d . However, f o r some f a i n t 

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

s i g n i f i c a n t and t h e use o f a p r i s m s h o u l d p e r h a p s be r e v i v e d . 

2.2.5 D e t e c t o r s 

For f a i n t o b j e c t work h i g h quantum e f f i c i e n c y i m a g i n g 

d e t e c t o r s , w h i c h have a good d y n a m i c r a n g e and a l l o w c o n v e n i e n t 

d i g i t i s a t i o n , a r e e s s e n t i a l f o r sky s u b t r a c t i o n and good 

s i g n a l - t o - n o i s e . P h o t o g r a p h i c p l a t e s a r e t h e r e f o r e u n s u i t a b l e 

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

s y s t e m s ( w h i c h use a p h o t o c a t h o d e , a h i g h g a i n image 

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

p h o t o n e v e n t s a r e r e c o r d e d ) and CCDs. F i g u r e 2.7 shows t h e 

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

T e k t r o n i c s CCDs w h i c h w i l l be a v a i l a b l e i n b o t h s m a l l and l a r g e 

f o r m a t seem i d e a l b u t a t t h e t i m e o f w r i t i n g a r e u n p r o v e n i n 

p e r f o r m a n c e on a t e l e s c o p e ( B l o u k e e t a l 1 9 8 5 ) . I n c r e a s i n g t h e 

s e n s i t i v i t y o f t h e t h i c k GEC CCD, by t h e use o f a s p e c i a l 

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

w h i c h t h e n have a g r e a t e r chance o f p e n e t r a t i n g t h e p o l y s i l i c o n 

e l e c t r o d e s , i s a n o t h e r p r o m i s i n g d e v e l o p m e n t w h i c h has r e c e n t l y 
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been t e s t e d on an a s t r o n o m i c a l s p e c t r o g r a p h ( C u l l u m e t a l , 
1 9 8 ) . A s i m i l a r l y c o a t e d GEC CCD w i l l be i n s t a l l e d i n t h e LPO 
FOS d u r i n g 1986. The o n l y t h i n , b l u e - s e n s i t i v e CCD t o have 
been a v a i l a b l e t o UK a s t r o n o m e r s i s t h e RCA t y p e w h i c h 
u n f o r t u n a t e l y d i f f e r s f r o m t h e GEC and T e k t r o n i c s CCDs i n t h a t 
i t s r e a d o u t n o i s e i s p o o r (70 p h o t o - e l e c t r o n s rms compared w i t h 
l e s s t h a n 10 f o r t h e GEC and T e k t r o n i c s c h i p s ) . US a s t r o n o m e r s 
have a l s o been a b l e t o use a t h i n n e d Texas I n s t r u m e n t s d e v i c e . 
T h i n n e d CCDs l i k e t h e T e k t r o n i c s and t h e RCA a l s o s u f f e r f r o m 
f r i n g i n g due t o v e r y s m a l l t h i c k n e s s v a r i a t i o n s i n t h e s i l i c o n 
w a f e r . P r e s e n t l y a v a i l a b l e p h o t o c a t h o d e s a r e n o t as s e n s i t i v e 
as CCDs a l t h o u g h t h e y have v e r y good b l u e r e s p o n s e . The IPCS 
(Image P h o t o n C o u n t i n g System) a l s o has t h e a d v a n t a g e o f l i t t l e 
o r no r e a d o u t n o i s e w h i c h i s u s e f u l a t h i g h d i s p e r s i o n . 

2.3 The b a c k g r o u n d s k y s p e c t r u m 

I t i s t h e i n t e n s i t y o f t h e sky s p e c t r u m t h a t d e t e r m i n e s 

t h e l i m i t i n g m a g n i t u d e f o r f a i n t o b j e c t s p e c t r o s c o p y . Thus t h e 

d e e p e s t work i s done when t h e sky b a c k g r o u n d i s w e a k e s t . By 

f a r t h e g r e a t e s t f a c t o r a f f e c t i n g t h e sky b r i g h t n e s s i s t h e 

p r e s e n c e o f t h e moon and t h e i n t e n s i t y i n c r e a s e s w i t h i t s 

p r o x i m i t y on t h e s k y and w i t h t h e l u n a r phase. F i g u r e 2.8 

shows two FOS s p e c t r a - one f r o m an o b s e r v a t i o n a t new moon and 

t h e o t h e r a t f u l l moon. 

I n a d d i t i o n t o t h e c o n t i n u u m b a c k g r o u n d t h e r e a r e many 

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

where t h e y a r e t h e main c o n s t i t u e n t o f t h e a i r g l o w . The 

i n t e n s i t i e s o f t h e s e l i n e s can v a r y w i t h t i m e d u r i n g t h e n i g h t , 
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t h e season,, t h e s o l a r c y c l e and t h e o b s e r v e r ' s l a t t i t u d e . For 
a c o m p r e h e n s i v e r e v i e w o f t h e n i g h t a i r g l o w see S i l v e r m a n , 
1970, and f o r an a t l a s o f t h e e m m i s s i o n f e a t u r e s t h r o u g h o u t t h e 
e n t i r e o p t i c a l window see B r o a d f o o t & K e n d a l l , 1 9 6 8 . The b l u e 
p a r t o f t h e o p t i c a l window (3500A - 5000A) i s v i r t u a l l y f r e e 
f r o m e m i s s i o n f e a t u r e s . F i g u r e 2.9 shows t h e n i g h t s k y 
s p e c t r u m i n t h e w a v e l e n g t h r a n g e 5000A t o 10000A t a k e n v e r y 
e a r l y , on a m o o n l e s s n i g h t . T h i s w a v e l e n g t h r e g i o n i s 
d o m i n a t e d by OH e m m i s s i o n l i n e s ( M e i n e l 1950) w h i c h o r i g i n a t e 
a t an a l t i t u d e o f a r o u n d 100km and a r e n o t d e p e n d a n t on s u n s p o t 
a c t i v i t y o r l a t t i t u d e . F i g u r e 2.10 shows t h e v a r i a t i o n o f 
i n t e n s i t y o f s e v e r a l e m m i s s i o n l i n e s d u r i n g a r e l a t i v e l y s h o r t , 
m o o n l e s s , May n i g h t . FOS d a t a f r o m La Palma was used t o d e r i v e 
t h e r e s u l t s . The measured i n t e n s i t i e s have been used d i r e c t l y 
w i t h o u t s u b t r a c t i n g o f f t h e f a i n t c o n t i n u u m w h i c h was c o n s t a n t 
t h r o u g h o u t t h e d a r k p a r t o f t h e n i g h t . The r e s u l t s have been 
n o r m a l i s e d t o a c c o u n t f o r v a r i a t i o n s i n t h e s l i t w i d t h and 
e x p o s u r e t i m e s u s e d . 

There i s c l e a r e v i d e n c e t h a t t h e OH e m m i s s i o n f a d e s as t h e 

n i g h t g rows o l d e r . On t h e n i g h t i n q u e s t i o n t h e i n t e n s i t y 

d r o p s t o a b o u t two t h i r d s o f i t s i n i t i a l v a l u e i n e i g h t h o u r s . 

O t h e r w o r k e r s have a l s o s t u d i e d t h e n o c t u r n a l v a r i a t i o n o f t h e 

OH e m m i s i o n and f o u n d a s i m i l a r , f a d i n g t r e n d ( F i o c c o e t a l , 

1 9 7 0 ) . The d i f f e r e n t OH bands a r e a l s o s t r o n g l y c o u p l e d . 

T h ere i s some e v i d e n c e , f r o m t h e December 1984 FOS 

c o m m i s s i o n i n g r u n , t h a t t h e OH e m m i s s i o n c o n t i n u e s t o f a d e 

f u r t h e r on t h e l o n g e r w i n t e r n i g h t s and t h e e m m i s s i o n a p p e a r e d 

t o s t a r t o f f w i t h an i n t e n s i t y s i m i l a r t o t h a t seen i n May. 

The v a r i a t i o n s o f t h e n i g h t sky a r e , h owever, v e r y e r r a t i c and 
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l a r g e numbers o f o b s e r v a t i o n s need t o be s t u d i e d t o d e t e r m i n e 
t h e u n d e r l y i n g t r e n d s . As OH d o m i n a t e s l o n g w a r d o f 7000A i t i s 
b e s t t o do f a i n t work i n t h i s w a v e l e n g t h r e g i o n j u s t b e f o r e 
m o r n i n g t w i l i g h t and t h e r e f o r e f i r s t q u a r t e r g r e y t i m e i s 
b e t t e r t h a n t h i r d q u a r t e r g r e y t i m e . 

No o b v i o u s t r e n d a p p e a r s i n t h e v a r i a t i o n o f t h e s t r o n g 01 

l i n e a t 5577A b u t t h e 01 l i n e s a t 6300A ( a n d 6364A) d e c r e a s e 

v e r y s i g n i f i c a n t l y j u s t s h o r t l y a f t e r e v e n i n g t w i l i g h t . 

F i n a l l y , t h e m o l e c u l a r oxygen e m m i s i o n a t 8645A shows no 

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

2.4 C o n c l u s i o n s f o r t h e d e s i g n and use o f a FOS 

The i d e a l f a i n t o b j e c t s p e c t r o g r a p h w o u l d c o v e r t h e f u l l 

o p t i c a l s p e c t r a l r a n g e f r o m 3500A t o 10000A, have an e x c e l l e n t 

s y s t e m t h r o u g h p u t t h r o u g h o u t t h i s w a v e l e n g t h r e g i o n , a low s k y 

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

c h a n n e l s . U n f o r t u n a t e l y t h i s i s i m p o s s i b l e t o a c h i e v e i n 

p r a c t i ce. 

The f u l l s p e c t r a l r a n g e i s more t h a n one f r e e s p e c t r a l 

r a n g e ( o c t a v e ) and t h e r e f o r e e i t h e r a c r o s s - d i s p e r s e d g r a t i n g 

o r a p r i s m must be u s e d . C r o s s d i s p e r s i o n r u l e s o u t t h e use o f 

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

s i g n a l - t o - n o i s e and r e d u c e s t h e number o f o b j e c t s t h a t can be 

o b s e r v e d s i m u l t a n e o u s l y when e m p l o y i n g a m u l t i - o b j e c t 

t e c h n i q u e . The n o n - l i n e a r w a v e l e n g t h s c a l e and low d i s p e r s i o n 

p r o v i d e d by a p r i s m a r e somewhat i n c o n v e n i e n t b u t p e r h a p s t h e 

b e s t f o r v e r y f a i n t low d i s p e r s i o n w o r k . A n o t h e r a l t e r n a t i v e 

i s t o use a d i c h r o i c b e a m - s p l i t t e r b e h i n d t h e s l i t t o send t h e 
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r e d and t h e b l u e h a l v e s o f t h e f u l l s p e c t r a l r a n g e t o two 
s e p e r a t e s p e c t r o g r a p h s . U n f o r t u n a t e l y , d i c h r o i c s have v e r y 
uneven ( t h o u g h r e a s o n a b l y h i g h ) e f f i c i e n c y i n b o t h beams and 
t h e r e i s a n a r r o w waveband between t h e r e d and b l u e h a l v e s 
w h i c h has v e r y p o o r e f f i c i e n c y . On t h e o t h e r hand, t h e two 
s p e c t r o g r a p h s have t o work i n a s m a l l e r w a v e l e n g t h r e g i o n t h a n 
a s i n g l e s p e c t r o g r a p h and can be d e s i g n e d w i t h b e t t e r 
e f f i c i e n c y . 

A t m o s p h e r i c l o s s e s can be r e d u c e d by o b s e r v i n g a t low 

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

a s a t e l l i t e o b s e r v a t o r y . The b r o a d b a n d e f f i c i e n c y o f a 

r e f l e c t i n g t e l e s c o p e i s a l r e a d y v e r y good and l i t t l e room f o r 

i m p r o v e m e n t e x i s t s o t h e r t h a n t h e d i r e c t use o f p r i m e f o c u s 

i n s t e a d o f t h e more commonly used C a s s e g r a i n f o c u s . S l i t 

a p e r t u r e s a r e s i m p l e d e v i c e s and l i t t l e , i f any, d e s i g n 

i m p r o v e m e n t i s p o s s i b l e a l s o . I n c o n t r a s t o p t i c a l f i b r e f e e d s 

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

p o s i t i o n a l a l l i g n m e n t methods ( s e e c h a p t e r 6 ) and i n h e r e n t 

f i b r e q u a l i t y . E f f i c i e n t s p e c t r o g r a p h o p t i c s ( c a m e r a s and 

c o l l i m a t o r s ) a r e p r e s e n t l y a v a i l a b l e w h i c h use t h e minimum 

number o f r e f l e c t i n g / t r a n s m i t t i n g s u r f a c e s . However, g r a t i n g s 

c a n n o t p r o v i d e v e r y h i g h e f f i c i e n c y t h r o u g h o u t t h e e n t i r e 

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

m i g h t be more e f f e c t i v e . F i n a l l y , low n o i s e , t h i n n e d , 

l a r g e - a r r a y CCD d e t e c t o r s ( e . g . t h e T e k t r o n i c s c h i p ) o f f e r 

e x c e l l e n t quantum e f f i c i e n c y t h r o u g h o u t t h e o p t i c a l s p e c t r a l 

r a n g e and room f o r f u r t h e r i m p r o v e m e n t i s now b e c o m i n g h a r d t o 

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

d i s p e r s i o n s b u t s u c h d i s p e r s i o n s a r e n o t v e r y u s e f u l a t v e r y 
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f a i n t m a g n i t u d e s ) . I t may be p o s s i b l e t o d e p o s i t c u s t o m i s e d 
f l u o r e s c e n t c o a t i n g s o n t o t h i n n e d CCDs used i n f i x e d f o r m a t 
s p e c t r o g r a p h s ( i . e . o p t i m i s e t h e c o a t i n g a t each l o c a t i o n on 
t h e c h i p f o r t h e w a v e l e n g t h o f l i g h t i t w i l l r e c e i v e ) . 

The o b s e r v e r s h o u l d t a k e c a r e t o g e t t h e most f r o m h i s 

o b s e r v i n g t i m e by ma k i n g o b s e r v a t i o n s a t s m a l l z e n i t h d i s t a n c e s 

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

b a c k g r o u n d . I f a l a r g e z e n i t h d i s t a n c e has t o be used t h e n t h e 

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

o f a t m o s p h e r i c d i s p e r s i o n . V ery f a i n t work can o n l y be done 

u n d e r m o o n l e s s c o n d i t i o n s and t h e s k y i s g e n e r a l l y f a i n t e s t a t 

t h e end o f t h e n i g h t , j u s t b e f o r e t h e o n s e t o f m o r n i n g 

t w i l i g h t . When u s i n g a CCD t h e number o f e x p o s u r e s f o r an 

o b j e c t s h o u l d be k e p t t o a minimum t o r e d u c e t h e e f f e c t s o f 

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

l e a s t two e x p o s u r e s a r e r e q u i r e d t o d e a l w i t h CREs. 

Many a s p e c t s o f t h e d a t a r e d u c t i o n p r o c e s s a r e i m p o r t a n t 

i f one i s t o g e t t h e b e s t f r o m one's d a t a . A l s o , i t i s v e r y 

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

t h e b e s t use i s made o f t h e o b s e r v i n g t i m e and f a c i l i t i e s . Sky 

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

I n t e r p o l a t i o n t o d e t e r m i n e t h e sky and a w e i g h t i n g t e c h n i q u e 

s h o u l d be use d w h e r e v e r p o s s i b l e . A l s o , t h e more s k y used t o 

d e t e r m i n e t h e s k y s p e c t r u m , t h e b e t t e r t h e r e s u l t s w i l l be. 

When w e i g h t i n g i s n o t used one s h o u l d be c a r e f u l n o t t o co-add 

sky s u b t r a c t e d p i x e l s t h a t do n o t c o n t a i n s i g n i f i c a n t o b j e c t 

3 i g n a l . L i k e w i s e one s h o u l d e n s u r e t h a t a l l p i x e l s t h a t 

c o n t a i n s i g n i f i c a n t o b j e c t s i g n a l a r e co-ad d e d . I t i s 
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i m p o r t a n t t o remove ( o r a t l e a s t r e c o g n i s e ) f e a t u r e s , s uch as 
CREs and a t m o s p h e r i c a b s o r p t i o n l i n e s , t h a t have n o t h i n g t o do 
w i t h t h e o b j e c t s p e c t r u m . F l a t f i e l d i n g i s i m p o r t a n t i f t h e 
f l a t f i e l d n o i s e i s c o m p a r i b l e t o t h e s h o t n o i s e ( n o t o f t e n t r u e 
f o r f a i n t o b j e c t s p e c t r a ) . 
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C h a p t e r 3. 

The FQS o n - l i n e d a t a r e d u c t i o n package 

3.1 I n t r o d u c t i o n 

The F a i n t O b j e c t S p e c t r o g r a p h (FOS) on t h e 2.5 m e t r e I s s a c 

Newton T e l e s c o p e ( I N T ) w o u l d be an i n c o m p l e t e i n s t r u m e n t i f t h e 

a s t r o n o m e r c o u l d n o t a s s e s s t h e q u a l i t y o f h i s d a t a as he 

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

t e l e s c o p e t i m e i s used w i t h maximium e f f i c i e n c y because 

e x p o s u r e s t h a t a r e e i t h e r t o o l o n g o r t o o s h o r t can be a v o i d e d . 

The s o f t w a r e p a c k a g e t h a t e n a b l e s t h e a s t r o n o m e r t o do t h i s 

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

d a y l i g h t h o u r s t o a v e r y h i g h s t a n d a r d so t h a t i t s f u l l 

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

i n s t i t u t i o n . 

The p ackage t h a t was d e v e l o p e d c o n s i s t s o f a s e t o f 

r e d u c t i o n m o d u l e s t h a t o p e r a t e on t h e d a t a s e q u e n t i a l l y . For 

r a p i d i n s p e c t i o n p u r p o s e s some o f t h e s e can be l e f t o u t and 

" s a f e " p r o g r a m p a r a m e t e r s u s e d . For f u l l d a t a r e d u c t i o n , a l l 

r e d u c t i o n s t a g e s a r e e m p l o y e d and each s t a g e may r e q u i r e t h a t 

t h e o p e r a t o r i t e r a t e s t o o p t i m i s e t h e p r o g r a m p a r a m e t e r s . 

The p a c k a g e was d e v e l o p e d on t h e Durham s t a r l i n k VAX 

11/750 i n FORTRAN u s i n g t h e ARGS d i s p l a y ( a l e x i d a t a d i s p l a y i s 

used on La Palma) and t h e i n t e r i m s t a r l i n k e n v i r o n m e n t f o r 

h a n d l i n g b u l k d a t a . M a k i n g t h e p r o g r a m s work on t h e La Palma 

PE 3220 was n o n - t r i v i a l as t h e b u l k d a t a i / o ( t h e PE3220 i s n o t 

a v i r t u a l memory machine l i k e t h e VAX) and t h e image d i s p l a y 
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i n t e r a c t i o n s a r e c o m p l e t e l y d i f f e r e n t . Some e x p e r i e n c e a t 

c o n v e r t i n g code t o r u n on t h e PE3220 was g a i n e d d u r i n g a c o u p l e 

of v i s i t s t o t h e R o y a l G r e e n w i c h O b s e r v a t o r y (RGO) w h i l e FOS 

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

p u t t o g e t h e r and debugged d u r i n g t h r e e FOS c o m m i s s i o n i n g r u n s 

i n J u l y '84, December '84 and May '85, a f t e r w h i c h t h e package 

was o f f i c i a l l y handed o v e r t o t h e La Palma s o f t w a r e team. I n 

p a r t i c u l a r , a l l t h e l e x i d a t a i n t e r a c t i o n code was c r e a t e d 

d u r i n g t h e f o r t n i g h t - l o n g La Palma v i s i t s as t h e PE3220's a t 

RGO do n o t have l e x i d a t a s . A n o t h e r p r o b l e m a s s o c i a t e d w i t h 

r u n n i n g t h e p r o g r a m s on t h e PE3220 i s t h a t i t has no g e n e r a l 

p u r p o s e m a t h e m a t i c a l s u b r o u t i n e l i b r a r i e s , s u c h as NAGG, so t h e 

programmer has t o w r i t e h i s own. T h e r e f o r e i t was n e c e s s a r y t o 

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

t h e c u r v e d FOS s p e c t r a . I n f a c t t h r e e r o u t i n e s were w r i t t e n , 

one t o s e t up t h e n o r m a l e q u a t i o n s ( i n c l u d i n g t h e use o f p i v o t s 

t o r e d u c e a r i t h m e t i c a l e r r o r s ) f o r a l e a s t s q u a r e s f i t , a 

r o u t i n e t o s o l v e s i m u l t a n e o u s e q u a t i o n s t o s o l v e t h e n o r m a l 

e q u a t i o n s and o b t a i n t h e p o l y n o m i a l c o e f f i c i e n t s and a s i m p l e 

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

a r g u m e n t and t h e c o e f f i c i e n t s . P o l y n o m i a l f i t s t o 2 0 t h o r d e r 

a r e p o s s i b l e . The d e v e l o p m e n t code w h i c h e x i s t s on t h e VAX i s 

n o t as p o l i s h e d as t h e La Palma p r o g r a m s and t h e t a s k o f 

r e l e a s i n g a FOS r e d u c t i o n p ackage f o r STARLINK u s e r s r e m a i n s t o 

be done. 

The f i x e d f o r m a t n a t u r e o f FOS a l l o w s a t a i l o r - m a d e 

p a ckage t o be d e v e l o p e d w h i c h makes many ( h o p e f u l l y s e n s i b l e ) 

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

h i s d a t a q u i c k l y and e n a b l e s s t a n d a r d d a t a f o r m a t s t o be 

40 



The FOS o n - l i n e d a t a r e d u c t i o n p ackage 

a d o p t e d . The package has a l s o been w r i t t e n so t h a t r e d u c e d FOS 

d a t a can be a n a l y s e d u s i n g o t h e r s t a n d a r d s p e c t r a l r e d u c t i o n 

p a c k a g e s l i k e SPICA on STARLINK. 

The r e d u c t i o n p ackage i s r u n f r o m w i t h i n t h e ADAM 

( A s t r o n o m i c a l Data A c q u i s i t i o n M o n i t o r ) e n v i r o n m e n t on t h e 

PE3220 w h i c h p r o v i d e s o t h e r d a t a d i s p l a y and r e d u c t i o n p r o g r a m s 

and l e t s t h e a s t r o n o m e r c o n t r o l h i s i n s t r u m e n t i o n . I t i s a l s o 

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

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

r e d u c t i o n t a s k . 

3.2 The f o r m o f t h e d a t a p r o v i d e d by FOS 

The d a t a f i l e s p r o d u c e d by FOS a r e s t o r e d as b u l k d a t a 

f r a m e s (BDFs) on t h e PE 3220's f a s t W i n c h e s t e r as t h e CCD i s 

r e a d o u t . Once t h e r e , i t i s u s u a l l y a u t o m a t i c a l l y d i s p l a y e d as 

an image on t h e l e x i d a t a s y s t e m and may a l s o be c o p i e d t o t a p e 

as a s a f e t y measure. These "raw" FOS d a t a f i l e s a r e a l w a y s 400 

col u m n s by 590 rows i n s i z e w i t h each p i x e l b e i n g s t o r e d as a 

2 - b y t e i n t e g e r ( 0 . 4 7 2 M b y t e s p e r i m a g e ) . The a p p e a r a n c e o f t h e 

raw d a t a depends on t h e s l i t , d e k k e r and f i l t e r o p t i o n s 

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

a l s o be a f f e c t e d by r e a d o u t n o i s e , CCD d e f e c t s , c o s m i c r a y 

e v e n t s (CREs) and a b i a s l e v e l g e n e r a t e d by t h e CCD 

e l e c t r o n i c s . 

I n t h e absence o f i l l u m i n a t i o n a d a r k e x p o s u r e w i l l show 

t h e DC b i a s l e v e l ( a b o u t 150 c o u n t s ) w i t h i t s c h a r a c t e r i s t i c 

n o i s e ( a b o u t 7 e l e c t r o n s r m s ) , p o s s i b l y some b r i g h t c olumn 

d e f e c t s and i f t h e e x p o s u r e t i m e i s l o n g enough some CREs. 
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These CREs appear as b r i g h t s p o t s , o f t e n somewhat e l o n g a t e d , of 
a few p i x e l s e x t e n t . CREs of upto a few thousand counts can 
occur and s i g n i f i c a n t events (more t h a n 50 co u n t s ) occur a t a 
r a t e of about 17 per 1000 seconds per image. Note t he CREs are 
c o n f i n e d t o t h e l i g h t s e n s i t i v e area of th e CCD which i s o n l y 
385 columns by 578 rows. Not a l l t h e columns are l i g h t 
s e n s i t i v e because t h e CCD's readout r e g i s t e r i s wider than t h e 
l i g h t s e n s i t i v e area and t h e f i r s t 11 and t h e l a s t 4 elements 
do not r e c e i v e p h o t o - e l e c t r o n s . The l a s t 12 rows of data are 
not p h o t o - s e n s i t i v e e i t h e r , because t h e y are merely t h e 
c o n t e n t s of t h e re a d o u t r e g i s t e r a f t e r t h e p h o t o - e l e c t r o n s have 
been c l o c k e d o u t . Any i l l u m i n a t i o n e f f e c t s seen i n t h e 
overscan r e g i o n s are caused by e i t h e r charge t r a n s f e r 
i n e f f i c i e n c y or charge f l o o d i n g . The 12 overscan rows are read 
out t o determine t h e b i a s l e v e l . 

A p o i n t continuum source a t t h e c e n t r e of t h e t e l e s c o p e 

f i e l d w i l l produce t he c h a r a c t e r i s t i c f i r s t and second o r d e r , 

curved s p e c t r a (see f i g u r e 3.1). The c u r v a t u r e i s ma i n l y due 

t o t h e cross d i s p e r s i n g element of t h e FOS g r i s m which cannot 

be a l t e r e d , b u t atmos p h e r i c d i s p e r s i o n a l o n g t h e s l i t , which 

v a r i e s w i t h z e n i t h d i s t a n c e , can s l i g h t l y modify t h e t o t a l 

amount of c r o s s d i s p e r s i o n i n t h e system and hence t h e 

c u r v a t u r e of t h e s p e c t r a . For z e n i t h d i s t a n c e s l e s s than 30 

degrees, or f o r a s l i t a t r i g h t - a n g l e s t o t h e atmospheric 

d i s p e r s i o n , t h e e f f e c t s on the c u r v a t u r e are n e g l i g i b l e . 

The s e l e c t i o n of v a r i o u s s l i t l e n g t h s ( v i a dekker masks) 

and below s l i t f i l t e r s g i v e s r i s e t o the v a r i o u s data modes 

which are shown i n f i g u r e 3.2. Mode A i s o b t a i n e d by s e l e c t i n g 
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a dekker which g i v e s 2 s h o r t s l i t l e n g t h s w i t h t h e i r c e n t r e s 
12.5 arc-seconds a p a r t . Three such dekkers are a v a i l a b l e w i t h 
s l i t l e n g t h s of 5, 2, and 1.2 arc-seconds. The s e p a r a t i o n of 
12.5 arc-seconds was chosen because t h e c l o s e s t approach of t h e 
f i r s t and second o r d e r s p e c t r a of a p o i n t source i s 25 
arc-seconds and t h e r e f o r e t h e s p e c t r a are equispaced where t h e y 
most are densely packed (see f i g u r e 3.1). F i g u r e 3.2a shows 
the mode A data f o r m a t . I n p r a c t i c e , when u s i n g t h i s mode, a 
p o i n t source i s pla c e d i n one dekker s l o t and t h e o t h e r i s used 
f o r sky o n l y . A f t e r h a l f t h e t o t a l r e q u i r e d exposure t i m e t h e 
r o l e s of t h e two s l i t s are r e v e r s e d , t h e idea b e i n g t h a t 
d i f f e r e n c e s between t h e two ha l v e s w i l l cancel out and a c c u r a t e 
sky s u b t r a c t i o n w i l l be simple t o a c h i e v e . A l t h o u g h , t h i s 
"beam s w i t c h i n g " t e c h n i q u e i s p o p u l a r w i t h astronomers i t 
cannot be recommended f o r t he study of v e r y f a i n t sources where 
a c c u r a t e sky s u b t r a c t i o n i s e s s e n t i a l (see ch a p t e r 2.1.4). 

Mode B i s ano t h e r beam s w i t c h i n g mode but here t h e s l i t 

l e n g t h s are 25 arc-seconds - any l o n g e r and t h e f i r s t and 

second o r d e r s p e c t r a from t h e s l i t would o v e r l a p . To ensure 

t h a t t h e s p e c t r a from t h e separate s l i t s do not o v e r l a p they 

are p l a c e d 42.5 arc-seconds above and below t h e f i e l d c e n t r e 

(see f i g u r e 3.2b). A f i e l d l e n s i s r e q u i r e d t o p r e v e n t 

v i g n e t t i n g a l o n g t h e s l i t d i r e c t i o n . 

Mode C - t h e " l o n g s l i t " mode - i s s e l e c t e d by removing t h e 

dekker s l i d e a l t o g e t h e r (see f i g u r e 3.2c). As i n mode B a 

f i e l d l e n s i s needed t o ensure equal i n s t r u m e n t a l s e n s i t i v i t y 

a l o n g t he s l i t . Because t h e s l i t i s l o n g e r t h a n 25 arc-seconds 

(4 a r c - m i n u t e s i n f a c t ) t h e r e w i l l be some s p e c t r a l o v e r l a p 
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un l e s s second o r d e r i s f i l t e r e d out u s i n g a GG495 f i e l d l e n s . 
Such o v e r l a p i s r u i n o u s t o t h e second o r d e r spectrum f o r f a i n t 
work as i t s f a i n t s i g n a l i s swamped by the s t r o n g n i g h t sky 
spectrum between 8000A and 10000A i n f i r s t o r d e r . The e f f e c t 
of the very weak second o r d e r sky spectrum on f i r s t o r d e r i s 
much l e s s and i s p a r t i c u l a r y n e g l i g i b l e d u r i n g dark t i m e . When 
s e v e r a l o b j e c t s are observed w i t h a long s l i t i t i s p o s s i b l e 
t h a t d i f f e r e n t o r d e r s of d i f f e r e n t o b j e c t s w i l l i n t e r f e r e w i t h 
each o t h e r . I n t h i s case t he observer has t o decide whether 
second o r d e r p r o v i d e s u s e f u l a d d i t i o n a l i n f o r m a t i o n or merely 
contaminates t h e f i r s t o r d e r spectrum. L o n g s l i t mode i s a l s o 
u s e f u l f o r extended o b j e c t s . 

Mode D i s a s i n g l e s l i t of 25 arc-second l e n g t h p l a c e d on 

a x i s t o p r o v i d e maximum t h r o u g h p u t when a f i e l d l e n s i s not 

used (see f i g u r e 3.2d). For s i n g l e , s m a l l ( l e s s t h a n 5 

arc-second d i a m e t e r ) o b j e c t s where the e n t i r e 4000A t o 10400A 

wavelength range i s r e q u i r e d , mode D i s i d e a l . As w i t h mode B 

the 25 arc-second s l i t l e n g t h ensures t h a t t h e r e i s no o v e r l a p 

between t he two s p e c t r a l o r d e r s . I t a l s o p r o v i d e s adequate sky 

i n f o r m a t i o n f o r a c c u r a t e sky s u b t r a c t i o n p r o v i d e d t h e o b j e c t i s 

s m a l l . The v i g n e t t i n g a l o n g t h e s l i t i s s m a l l because t h e s l i t 

i s s h o r t and can be removed e n t i r e l y by t h e use of a f i e l d 

l e n s . However, a l t h o u g h t h i s makes t h e s e n s i t i v i t y a l o n g t h e 

s l i t u n i f o r m , t h e non-u n i f o r m s e n s i t i v i t y o b t a i n e d w i t h o u t t h e 

f i e l d l e n s i s h i g h e r and i s recommended s i n c e t h e data 

r e d u c t i o n s o f t w a r e can handle t h i s v e r y e f f e c t i v e l y . 
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3.3 D e s c r i p t i o n of the data r e d u c t i o n package 

D e t a i l s of t h e data r e d u c t i o n programs, and how t h e y work, 

are g i v e n i n t h i s s e c t i o n . I n s u b s e c t i o n s 3.3.2 and 3.3.3 the 

programs are l i s t e d i n a l p h a b e t i c a l o r d e r . 

3.3.1 Overview of the data r e d u c t i o n processes 

The s i g n a l i n each p i x e l i n t h e raw data i s t h e r e s u l t of 

many c o n t r i b u t i n g f a c t o r s . For an a s t r o n o m i c a l spectrum 

o b t a i n e d w i t h FOS these can i n c l u d e ; 

1) The p i x e l ' s r e l a t i v e s e n s i t i v i t y ( f l a t f i e l d n o i s e ) . 

2) The t o t a l system t h r o u g h p u t from above t h e atmosphere. 

3) The o b j e c t i l l u m i n a t i o n . 

4) The sky background i l l u m i n a t i o n . 

5) CREs. 

6) Readout n o i s e . 

7) CCD d e f e c t s , charge t r a p s , charge i n j e c t i o n , d i r t e t c . 

8) Charge t r a n s f e r and f l o o d i n g . 

9) T h e r m a l l y g e n e r a t e d e l e c t r o n s . 

The aim of t h e data r e d u c t i o n s o f t w a r e i s t o p r o v i d e a 

good e s t i m a t e of t h e number of photons ( o r t h e energy f l u x ) 

r e c e i v e d from the o b j e c t as a f u n c t i o n of wavelength, above the 

e a r t h ' s atmosphere. As t h e p r i m a r y f u n c t i o n of FOS i s t o 

o b t a i n r e d s h i f t s f o r f a i n t e x t r a - g a l a c t i c o b j e c t s , i t i s more 

i m p o r t a n t t h a t t h e s o f t w a r e s h o u l d enhance the v i s i b i l i t y of 

genuine s p e c t r a l f e a t u r e s t h a n p r o v i d e an a c c u r a t e p h o t o m e t r i c 

r e s u l t . Of course, s p u r i o u s f e a t u r e s of t e r r e s t r i a l o r i g i n 

s h o u l d be removed a l t o g e t h e r . 
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The f u l l d a t a r e d u c t i o n process i n v o l v e s c a l i b r a t i o n , 
background removal and an assessment of which p i x e l s c o n t a i n 
what s o r t of i m f o r m a t i o n . Some of the r e d u c t i o n o p e r a t i o n s are 
more s i g n i f i c a n t than o t h e r s t h e r e f o r e t h e s o f t w a r e has been 
w r i t t e n so t h a t t h e processes t h a t o n l y m a r g i n a l l y improve t h e 
data's appearance can be l e f t out i f a q u i c k look-see approach 
i s r e q u i r e d . I t i s u s e f u l t o r e f e r t o a l l t h e programs t h a t 
one might use w h i l s t o b s e r v i n g as t h e mainstream programs. I n 
a d d i t i o n t o these t h e r e are some secondary programs t h a t are 
used t o p r o v i d e i n s t r u m e n t a l c a l i b r a t i o n s and a s s i s t w i t h 
s e t t i n g up t h e i n s t r u m e n t . As FOS i s a f i x e d f o r mat d e v i c e , 
v i s i t i n g o b s e r v e r s s h o u l d f i n d FOS a l r e a d y setup when they 
a r r i v e w i t h a l l t h e c a l i b r a t i o n i n f o r m a t i o n t h e y r e q u i r e , so 
they may not have t o concern themselves w i t h t h e secondary 
programs. 

The mainstream data r e d u c t i o n o p t i o n s are shown as a f l o w 

diagram i n f i g u r e 3.3. Note t h a t t h e o n l y two o p e r a t i o n s 

deemed e s s e n t i a l a r e those of spectrum e x t r a c t i o n ( i n c l u d i n g 

o p t i o n a l background s u b t r a c t i o n ) and spectrum p l o t t i n g (which 

i n c l u d e s wavelength c a l i b r a t i o n ) . The d a t a frame s i z e drops 

from 400x590 p i x e l s t o 590x2 p i x e l s , f o r f i r s t o r d e r , or 300x2, 

f o r second o r d e r , a t t h e e x t r a c t i o n s t a g e . The e x t r a c t e d 

s p e c t r a frames are t w o - d i m e n s i o n a l because t h e y each c o n t a i n 2 

s p e c t r a ; t h e spectrum w i t h background removed and the 

background spectrum i t s e l f . The data i s a l s o r e v e r s e d i n the 

wavelength d i r e c t i o n so t h a t wavelength i n c r e a s e s w i t h channel 

number i n t h e reduced d a t a . There are two e x t r a c t i o n 

a l t e r n a t i v e s ; EXTRIC f o r mode D data and TRIM + LEXEXT f o r a l l 

t y p e s of d a t a . A l l o t h e r mainstream programs p r e s e r v e the 
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i n p u t frame s i z e on o u t p u t so t h a t they can be l e f t out of the 
r e d u c t i o n process i f d e s i r e d . 

There are s e v e r a l t y p e s of c a l i b r a t i o n f i l e a s s o c i a t e d 

w i t h the r e d u c t i o n programs and these s h o u l d be a v a i l a b l e by 

d e f a u l t a t a l l t i m e s s i n c e FOS i s a f i x e d f o r m a t i n s t r u m e n t . 

There are t h r e e shape-f i l e s which c o n t a i n t h e c o e f f i c i e n t s of 

l e a s t - s q u a r e s p o l y n o m i a l f i t s t o the c u r v a t u r e of t h e f i r s t and 

second o r d e r s p e c t r a ; FRSTCOFS.DAT f o r f i r s t o r d e r , 

SCNDCOFS.DAT f o r second o r d e r and ORDSEPCF.DAT f o r t h e 

s e p a r a t i o n between t h e o r d e r s . These c o n t a i n , i n t h e f o l l o w i n g 

o r d e r , t h e o r d e r of the f i t (always 6 ) , t h e s t a r t and end row 

numbers f o r which t h e f i t was made and t h e 21 p o l y n o m i a l 

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

st a n d a r d n o r m a l i s e d f l a t f i e l d image (see notes on t h e programs 

DOFF and FFNORM), and wavelength c a l i b r a t i o n d a t a (see notes on 

the programs FOSPLOT and WAVECAL). 

The raw FOS data frames come complete w i t h numerous 

d e s c r i p t o r s g i v i n g l o t s of u s e f u l data about t h e exposure 

i n c l u d i n g t h e exposure t i m e , t h e o b j e c t name, t h e r u n number, 

the t e l e s c o p e c o o r d i n a t e s e t c . So t h a t t h e f i n a l reduced data 

can be a s s o c i a t e d w i t h i t s o r i g i n and t h e p l o t t e d spectrum 

a u t o m a t i c a l l y shows what the p l o t i s about, t h e d e s c r i p t o r s 

NUMRUN ( r u n number) and OBJECT ( o b j e c t name) are passed t h r o u g h 

t o t h e o u t p u t data by a l l t h e mainstream programs. 
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3.3.2 Descr i p t i on of the main stream programs 

ATABS c o n v e r t s s p e c t r a l data from d e t e c t e d counts per 

channel a t t h e bottom of t h e atmosphere t o r e l a t i v e f l u x a t the 

to p of the atmosphere. I n o t h e r words i t f l u x c a l i b r a t e s t h e 

data and c o r r e c t s f o r atmospheric a b s o r p t i o n . To make t h i s 

c o n v e r s i o n ATABS r e q u i r e s i n a d d i t i o n t o t h e spectrum i t 

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

sky s u b t r a c t e d spectrum of a st a n d a r d f e a t u r e l e s s s t a r . ATABS 

i s o n l y a p p l i c a b l e t o f i r s t o r d e r s p e c t r a as t h e r e i s no 

s i g n i f i c a n t a tmospheric l i n e a b s o r p t i o n i n second o r d e r . The 

c o n v e r t i o n f o r each channel i s r e p r e s e n t e d by t h e si m p l e 

equat i on 

F(lambda) = C(lambda).f(lambda).A(lambda) 

where F(lambda) i s t h e r e s u l t , C(lambda) i s t h e d e t e c t e d count 

f o r t h e o b j e c t , f ( l a m b d a ) i s t h e f i x e d i n s t r u m e n t p l u s 

atmospheric continuum c o r r e c t i o n and A(lambda) i s t h e 

atmospheric a b s o r p i o n l i n e c o r r e c t i o n f a c t o r . The f l u x 

c o r r e c t i o n spectrum f ( l a m b d a ) i s a d e f a u l t c a l i b r a t i o n which 

was e s t a b l i s h e d on the Durham s t a r l i n k VAX u s i n g SPICA f o r an 

o b s e r v a t i o n made a t a z e n i t h - d i s t a n c e of 27 degrees. O b j e c t s 

observed a t g r e a t e r z e n i t h - d i s t a n c e s w i l l appear s l i g h t l y 

r e dder than they ought t o and l i k e w i s e o b j e c t s observed c l o s e r 

t o t h e z e n i t h w i l l appear s l i g h t l y b l u e r . These d i s c r e p e n c i e s 

a r e , however, v e r y s m a l l i n f i r s t f i r s t o r d e r except f o r ver y 

l a r g e z e n i t h - d i s t a n c e s . No f a c i l i t i e s e x i s t a t La Palma t o 

generate f ( l a m b d a ) from t h e o b s e r v a t i o n of a f l u x s t a n d a r d . 

51 



The FOS o n - l i n e data r e d u c t i o n package 

A(lambda) i s determined by ATABS from t h e s t a n d a r d s t a r 
spectrum and t h e wavelength r e g i o n over which A(lambda) i s 
a p p l i e d i s s p e c i f i e d by the user. Outside t h i s r e g i o n 
A(lambda) i s s e t t o u n i t y . A(lambda) i s det e r m i n e d by f i r s t 
m u l t i p l y i n g t h e st a n d a r d ' s spectrum by t h e f l u x c o r r e c t i o n 
f u n c t i o n F(lambda) and the n f i t t i n g a smooth p o l y n o m i a l curve 
t h r o u g h the r e s u l t u s i n g channels known not t o be a f f e c t e d by 
atmospheric a b s o r p t i o n l i n e s . The smooth, r e s u l t a n t spectrum 
i s t h e n d i v i d e d by t h e spectrum i t was d e r i v e d from t o g i v e 
A(lambda). The s t a n d a r d i s m u l t i p l i e d by F(lambda) i n i t i a l l y 
beause t he r e s u l t i s e a s i e r t o f i t a p o l y n o m i a l t o than t h e 
c h a r a c t e r i s t i c a l l y b e l l - s h a p e d , u n f l u x e d spectrum. Note t h a t 
A(lambda) w i l l e x h i b i t t h e shot n o i s e of t h e s t a n d a r d s t a r and 
sta n d a r d s s h o u l d be observed so t h a t p l e n t y of s i g n a l i s 
re c o r d e d . L i k e w i s e t h e CCD's f i x e d p a t t e r n n o i s e s h o u l d be 
removed from t h e s t a n d a r d by f l a t f i e l d i n g f o r t h e best r e s u l t s . 
The s t a n d a r d has t o be i n h e r e n t l y f e a t u r e l e s s o n l y i n t h e 
wavelength r e g i o n where t h e atmospheric a b s o r p t i o n f e a t u r e s are 
seen (6800A t o 10000A). The m a j o r i t y of s t a r s w i t h s p e c t r a l 
t y p e s e a r l i e r t h a n G-type are t h e r e f o r e f a i r l y s u i t a b l e . 
I d e a l l y , s t a n d a r d s s h o u l d be observed a t t h e same ti m e and 
z e n i t h - d i s t a n c e as t h e main o b j e c t of i n t e r e s t so t h a t t h e 
atmosphere a f f e c t s both s t a n d a r d and o b j e c t as e q u a l l y as 
p o s s i b l e . 

DOFF i s used t o ap p l y a n o r m a l i s e d f l a t f i e l d t o a raw data 

image i n o r d e r t o remove the CCD's f i x e d p a t t e r n n o i s e . Only 

f i r s t o r d e r f l a t f i e l d i n g i s p r o v i d e d as t h e s e n s i t i v i t y of t h e 

GEC CCD i s so poor i n second o r d e r t h a t shot n o i s e always 
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dominates. The n o r m a l i s e d f l a t f i e l d t h a t i s a p p l i e d s h o u l d be 
a v a i l a b l e as a s t a n d a r d c a l i b r a t i o n image but i f not i t can be 
generated u s i n g COMBINE and FFNORM. DOFF i s a f a i r l y s i m p l e 
program as most of the hard work i s done i n advance by COMBINE 
and FFNORM. The d e f a u l t n o r m a l i s e d f l a t f i e l d i s the r e s u l t of 
adding t o g e t h e r many f l a t f i e l d exposures t o reduce shot n o i s e , 
removing t h e b i a s and n o r m a l i s i n g a l o n g t h e wavelength 
d i r e c t i o n so t h a t t h e gross counts versus channe1-number 
r e l a t i o n i s f l a t w i t h a mean of 20000 counts. Also t h e p i x e l s 
which do not r e c e i v e adequate i l l u m i n a t i o n are g i v e n a value of 
e x a c t l y 20000 c o u n t s . To ap p l y t h i s f l a t f i e l d t o a data frame 
DOFF uses t he e q u a t i o n 

Output p i x v a l u e = ( i n p u t p i x v a l u e - b i a s ) . 2 0 0 0 0 / f + b i a s 

where f i s t h e f l a t f i e l d p i x e l v a l u e . N o t i c e t h a t f i s l a r g e s t 

f o r t h e most s e n s i t i v e p i x e l s . DOFF uses t h e median of t h e 

i n p u t frame's l a s t 2 overscan l i n e s as t h e b i a s v a l u e because, 

u n l i k e the mean, i t i s t o t a l l y i n s e n s i t i v e t o b r i g h t columns 

which f l o o d charge i n t o t h e overscan l i n e s . DOFF put s t h e b i a s 

back on a f t e r t h e f l a t f i e l d has been a p p l i e d so t h a t t h e 

l e x i d a t a d i s p l a y parameters can be l e f t u n a l t e r e d when 

comparing t he raw data w i t h t h e f l a t f i e l d e d d a t a . The presence 

of t h e b i a s does not have a d e t r i m e n t a l e f f e c t on any 

subsequent p r o c e s s i n g . 

EXTRIC i s one of t h e two e x t r a c t i o n p l u s background 

s u b t r a c t i o n o p t i o n s a v a i l a b l e . The program i s c a l l e d EXTRIC 

( s h o r t f o r e x t r i c a t e ) because a program c a l l e d " e x t r a c t " 

a l r e a d y e x i s t e d on t h e PE 3220 b e f o r e FOS a r r i v e d and a l s o 
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because i t p u l l s t h e data out of a t r i c k y s p o t . EXTRIC was 
w r i t t e n s p e c i f i c a l l y w i t h mode D data i n mind and i t s use w i t h 
o t h e r data modes, a l t h o u g h p o s s i b l e , i s not recommended. 
EXTRIC a u t o m a t i c a l l y d e t e r m i n e s the o b j e c t and sky areas of t h e 
data w i t h o u t the need t o use t h e l e x i d a t a . Only one spectrum 
i s e x t r a c t e d a t a t i me so i f both o r d e r s are r e q u i r e d from t h e 
d a t a , EXTRIC has t o be r u n t w i c e . 

A f t e r b eing prompted f o r t h e name of t h e f i l e t o be 

processed and t h e s p e c t r a l o r d e r t o be e x t r a c t e d t h e user can 

e i t h e r l e t EXTRIC det e r m i n e the p o s i t i o n s of t h e o b j e c t and sky 

s p e c t r a a u t o m a t i c a l l y or s p e c i f y these areas h i m s e l f by g i v i n g 

one p o i n t on the o b j e c t spectrum and i t s w i d t h . When a u t o m a t i c 

area s e l e c t i o n i s adopted, curved windows of t h e same shape as 

t h e s p e c t r a are s e t up u s i n g t h e s h a p e - f i l e p o l y n o m i a l 

c o e f f i c i e n t s s t o r e d on d i s k . The s p e c i f i c d e t a i l s of these 

windows depends on which o r d e r i s b e i n g e x t r a c t e d and whether 

t h e program i s s e a r c h i n g f o r t h e sky spectrum or t h e o b j e c t 

spectrum. These curved windows are scanned a l o n g t h e s l i t 

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

i n t he window i s maximum. When s e a r c h i n g f o r t h e sky spectrum 

th e window i s moved a f u l l p i x e l a t a t i me and t h e window's 

w i d t h i s 20 p i x e l s (25 a r c - s e c o n d s ) . Once t h e sky spectrum has 

been l o c a t e d , a narrower window i s moved about w i t h i n t h e sky 

area t o d e t e r m i n e t h e p o s i t i o n of t h e o b j e c t . T h i s window has 

a w i d t h s u p p l i e d by t h e user and scans f o r t h e s i g n a l maximum 

w i t h a r e s o l u t i o n of a t e n t h of p i x e l i . e t h e curve which i s 

used t o g e n e r a t e t h e window i s moved by a t e n t h of a p i x e l 

between i n t e g r a t i o n s . F i g u r e 3.4 shows e x a c t l y how such 

windows are d e f i n e d by i n c l u d i n g p i x e l s w i t h c e n t r e s w i t h i n a 
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The FOS o n - l i n e data r e d u c t i o n package 

s p e c i f i e d d i s t a n c e of the curved c e n t r e l i n e . T h i s means t h a t 
the window o n l y changes i n some of the channels when the c e n t r e 
curve i s moved by a t e n t h of a p i x e l . Once t h e o b j e c t s i g n a l 
has been maximised the program d e f i n e s t he window which gave 
t h i s maximum as t h e o b j e c t data area and t h e maximised sky 
window, w i t h o u t t h e o b j e c t area, as t h e sky s i g n a l area. 

Once t h e sky and o b j e c t r e g i o n s have been e s t a b l i s h e d t h e 

data i n each channel can be e x t r a c t e d i n d e p e n d a n t l y t o g i v e t h e 

sky s u b t r a c t e d o b j e c t spectrum and t h e sky spectrum w i t h t h e 

b i a s removed. EXTRIC uses i n t e r p o l a t i v e sky s u b t r a c t i o n which 

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

s l i t w h i l s t i g n o r i n g CREs i n t h e sky areas. I n t h i s method, 

the sky background "under" t h e o b j e c t s i g n a l f o r a s i n g l e 

channel i s e s t i m a t e d by f i t t i n g a p a r a b o l a t o t h e sky data t h a t 

l i e s e i t h e r s i d e of the o b j e c t s i g n a l (see f i g u r e 3.5). To 

ensure t h a t anomolous sky p i x e l v a l u e s are i g n o r e d ( e . g. 

because of a CRE) t h e r e s i d u a l from t h e f i t t e d curve of each 

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

t h r e s h o l d t h e p o i n t i s r e j e c t e d and a new curve i s f i t t e d w i t h 

the r e m a i n i n g p o i n t s . The curve f i t t i n g procedure i s c o n t i n u e d 

u n t i l none of t h e p i x e l v a l u e s used t o make t h e f i t i s 

r e j e c t e d . The p o l y n o m i a l can the n be used t o g i v e e s t i m a t e s of 

the sky background f o r t h e p i x e l s i n t h e o b j e c t area. The 

r e s u l t a n t v a l u e f o r the o b j e c t spectrum i n a channel i s s i m p l y 

the sum of a l l t he o b j e c t area p i x e l s w i t h t h e i r i n d i v i d u a l sky 

e s t i m a t e s s u b t r a c t e d o f f f i r s t . The o u t p u t sky spectrum i s t h e 

average sky e s t i m a t e ( i . e . the sum of a l l t he sky e s t i m a t e s i n 

the o b j e c t area d i v i d e d by t h e number of p i x e l s i n t h e o b j e c t 

area f o r each channel) w i t h the image b i a s removed. The image 
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b i a s adopted i s t h e median value of the data i n row 590. 

FADD i s used t o add two, 4 b y t e , r e a l , BDFs t o g e t h e r . The 

BDFs should have t he same dimensions and t h e o u t p u t BDF w i l l 

al3o be the same s i z e . FADD was w r i t t e n f o r t h e s p e c i f i c t a s k 

of adding t o g e t h e r reduced s p e c t r a of the same o b j e c t from 

d i f f e r e n t r u n s . The f i r s t i n p u t BDF s p e c i f i e d has t h e o b j e c t 

name d e s c r i p t o r passed t h r o u g h t o the o u t p u t BDF and t h e run 

number d e s c r i p t o r of the o u t p u t BDF i s always set t o "Sum of 

s e v e r a l r u n s " . 

FMULT i s s i m i l a r t o FADD except t h a t t h e r e s u l t i s t h e 

pr o d u c t of the i n p u t f i l e s and t h e r u n number and o b j e c t name 

d e s c r i p t o r s of t h e f i r s t ( o b j e c t ) BDF are passed t h r o u g h t o t h e 

o u t p u t BDF. The second i n p u t s h o u l d be a c a l i b r a t i n g spectrum 

e.g. a f l u x c a l i b r a t i o n t h a t c o n v e r t s from counts t o r e l a t i v e 

f l u x per channel. FMULT can be used as an a l t e r n a t i v e way of 

f l u x c a l i b r a t i n g a spectrum w i t h o u t c o r r e c t i o n f o r atmospheric 

a b s o r p t i o n l i n e s . As ATABS i s o n l y used f o r f i r s t o r d e r , FMULT 

i s t h e on l y way of f l u x c a l i b r a t i n g second o r d e r s p e c t r a . 

FOSPLOT i s an i n t e r a c t i v e p l o t t i n g program f o r d i s p l a y i n g 

FOS s p e c t r a g r a p h i c a l l y , on the l e x i d a t a , i n t h e c o n v e n t i o n a l 

form of i n t e n s i t y v e rsus wavelength. F i g u r e 3.6 shows an 

example p l o t a c t u a l l y o b t a i n e d w h i l s t o b e r v a t i o n s were b e i n g 

made. FOSPLOT i s a c t u a l l y a v e r s i o n of t h e La Palma s o f t w a r e 

group's program PLOT m o d i f i e d by Dr Alan P u r v i s . FOSPLOT g i v e s 

a wavelength c a l i b r a t e d p l o t which d i s p l a y s t h e r u n number and 

o b j e c t name d e s c r i p t o r s . I t a l s o a l l o w s t h e user t o d i s p l a y 
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comments and l a b e l f e a t u r e s w i t h t h e i r observed wavelength. 
Once a s u i t a b l e p l o t has been c r e a t e d a hardcopy can be 
o b t a i n e d on the p r i n t r o n i x p r i n t e r u s i n g t h e u t i l i t y program 
LEXPLOT. 

LEXEXT i s used i n c o n j u n c t i o n w i t h TRIM t o o b t a i n 

e x t r a c t e d and s k y - s u b t r a c t e d s p e c t r a . LEXEXT a l l o w s t h e user 

t o i n t e r a c t i v e l y d e f i n e sky and o b j e c t areas on a s t r a i g h t 

spectrum u s i n g t h e l e x i d a t a j o y s t i c k module. The BDF i n p u t 

f i l e must of course be d i s p l a y e d ( w i t h zooming and panning t o 

t a s t e ) b e f o r e LEXEXT i s r u n . LEXEXT i s a very g e n e r a l purpose 

program and can not o n l y handle a l l modes of FOS data a f t e r 

t h ey've been s t r a i g h t e n e d by TRIM but a l s o cope w i t h data 

d i r e c t l y from t h e IDS when used w i t h t h e CCD. I f a background 

area i s d e f i n e d by t h e user i t i s a p p r o p r i a t e l y s u b t r a c t e d from 

t h e o b j e c t area spectrum, t h e s u b t r a c t i o n b e i n g i n t e r p o l a t i v e 

i f p o s s i b l e . I t i s a l s o p o s s i b l e t o use LEXEXT w i t h o u t t h e 

l e x i d a t a , i f f o r some reason i t i s unusable, but t h i s method of 

o p e r a t i o n i s not the p r e f e r e d one. 

When u s i n g t h e l e x i d a t a t h e user must use t h e j o y s t i c k 

module t o s p e c i f y two columns which d e f i n e t h e o b j e c t area 

i n c l u s i v e l y and upto two columns t o d e f i n e t h e background 

a r e a ( s ) . I n o r d e r t o see e x a c t l y where i t i s best t o place 

these l i n e s t h e d i s p l a y parameters must be chosen t o g i v e good 

o b j e c t t o sky c o n t r a s t and t h e image should be zoomed up u s i n g , 

f o r example, LEXPAN. When t h e l e x i d a t a i s u n a v a i l a b l e t h e 

o b j e c t and background columns must be i n p u t n u m e r i c a l l y . As an 

a i d t o choosing these numbers c o r r e c t l y LEXEXT de t e r m i n e s t h e 

median of s e v e r a l channel which i t assumes i s t h e background 
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f o r those channels. I t t h e n looks f o r columns t h a t are more 
than a user s p e c i f i e d t h r e s h o l d over t h e background and l i s t s 
them as c o n t i g i o u s b l o c k s along w i t h t h e i r s t r e n g t h r e l a t i v e t o 
the background. 

When no background columns are g i v e n by t h e user ( o r zero 

column numbers are g i v e n ) the o b j e c t area has o n l y t h e b i a s 

l e v e l removed. When one background column i s d e f i n e d t h e area 

from i t ( i n c l u s i v e ) t o the n e a r e s t o b j e c t column ( e x c l u s i v e ) i s 

used f o r background s u b t r a c t i o n . When two background columns 

are d e f i n e d t h a t form an area s e p a r a t e from t h e o b j e c t area, 

the area i n c l u s i v e of t h e background columns i s used f o r 

background s u b t r a c t i o n . F i n a l l y when two background columns 

are d e f i n e d which l i e e i t h e r s i d e of t h e o b j e c t area t h e area 

between and i n c l u d i n g t h e background columns except f o r t h e 

o b j e c t area i s used f o r background s u b t r a c t i o n . I n t h i s case, 

t h e r e f o r e , we have two separate background areas and i f t h e 

t o t a l w i d t h of t h e background area i s a t l e a s t 5 columns t h e n 

i n t e r p o l a t i v e background s u b t r a c t i o n w i l l be use e x a c t l y as 

employed by EXTRIC. I n a l l o t h e r cases where a background 

spectrum i s s u b t r a c t e d o f f , t h e mean background spectrum f o r a 

s i n g l e column i s s u b t r a c t e d from each o b j e c t column b e f o r e t h e y 

are added up t o g i v e t h e o b j e c t spectrum. Note t h a t t h e b i a s 

i s not removed from t h e background spectrum u n t i l a f t e r i t has 

been s u b t r a c t e d o f f the o b j e c t area. I n t h i s way t h e o b j e c t 

spectrum t h a t r e s u l t s does not depend on t h e b i a s b e i n g 

determined a c c u r a t e l y . 

60 



The FOS o n - l i n e data r e d u c t i o n package 

NI TP ICK compares two data f i l e s and removes CREs i n one by 
r e p l a c i n g them w i t h t h e c o r r e s p o n d i n g p i x e l v a l u e s of the 
o t h e r . The two images s h o u l d be as a l i k e as p o s s i b l e i n terms 
of t h e exposure parameters ( e . g . s l i t w i d t h , sky b r i g h t n e s s , 
o b j e c t p o s i t i o n on s l i t e t c . ) but not n e c e s s a r i l y of t h e same 
exposure t i m e . Each p i x e l i n t h e image t o be cleaned i s 
compared w i t h i t s c o r r e s p o n d i n g p i x e l i n t h e comparison image. 
The expected rms e r r o r (sigma) a s s o c i a t e d w i t h t h e comparison 
image p i x e l i s d e t e r m i n e d and i f t h e o t h e r image p i x e l i s more 
tha n N sigma (where N i s s p e c i f i e d by t h e u s e r ) g r e a t e r than 
the comparison p i x e l v a l u e the o u t p u t p i x e l i s t a k e n from the 
comparison frame, o t h e r w i s e i t i s ta k e n from t h e frame t h a t i s 
be i n g cleaned. A map image i s a l s o o u t p u t which shows where 
the anomolously h i g h p i x e l v a l u e s where found. I n t h i s map 
image the swapped p i x e l s are g i v e n a v a l u e of 1 and t h e c l e a n 
p i x e l s a v a l u e of 0. To c l e a n two images one s i m p l y a p p l i e s 
NITPICK t w i c e w i t h t he r o l e s of the two i n p u t images b e i n g 
r e v e r s e d f o r t h e second r u n . 

TRIM i s used t o s t r a i g h t e n out FOS s p e c t r a and remove the 

u n i n t e r e s t i n g areas of d a t a . Both s p e c t r a l o r d e r s can be 

trimmed out w i t h one c a l l t o TRIM. The user s p e c i f i e s which 

s p e c t r a l o r d e r ( s ) he wishes t o t r i m out and s p e c i f i e s two 

p o i n t s t o d e f i n e t h e r e g i o n t o be trimmed out f o r each o r d e r 

r e q u i r e d . These p o i n t s are s p e c i f i e d u s i n g t h e l e x i d a t a 

d i s p l a y and j o y s t i c k module and the image being trimmed must be 

d i s p l a y e d ( w i t h o u t zooming) b e f o r e TRIM i s employed. TRIM 

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

a p p r o p r i a t e s h a p e f i l e c o e f f i c i e n t s and the r e g i o n i n between 
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the curves i s w r i t t e n t o another f i l e . The curves drawn can 
o n l y be moved a l o n g t h e s l i t d i r e c t i o n . For f i r s t o r d e r t h e 
r e g i o n trimmed out has 590 rows whereas t h e second o r d e r o u t p u t 
has o n l y 300 rows. The w i d t h of the o u t p u t f i l e s depends on 
the p o s i t i o n s s p e c i f i e d by the user. TRIM does not resample 
the data as i t i s undersampled t o s t a r t w i t h . I n s t e a d , TRIM 
uses i n t e g e r p i x e l s h i f t s t o s t r a i g h t e n out the curved r e g i o n s 
and consequently a s t r a i g h t e n e d p o i n t source spectrum w i l l have 
a r a t h e r jagged appearance. 

There i s a l s o an a u t o m a t i c mode of o p e r a t i o n i n which TRIM 

dete r m i n e s t h e p o s i t i o n s of dekker edges f o r i t s e l f . To do 

t h i s i t chooses a channel where a b r i g h t sky l i n e i s expected 

and i t passes a median f i l t e r a l o n g i t . The use of a median 

f i l t e r of 20 p i x e l s w i d t h removes f e a t u r e s s m a l l e r t h a n 10 

p i x e l s w i d t h and i s w e l l s u i t e d t o f i n d i n g t h e sky spectrum i n 

FOS d a t a . The channel chosen i s number 350 which corresponds 

t o a wavelength of 7332A and i s t h e r e f o r e u n a f f e c t e d by second 

o r d e r which o n l y a f f e c t s f i r s t o r d e r longward of 8000A. The 

f i l t e r e d channel w i l l have a minimum v a l u e c o r r e s p o n d i n g t o t h e 

CCD b i a s and a peak c o r r e s p o n d i n g t o t h e sky l e v e l . By p a s s i n g 

a l o n g t h i s f i l t e r e d channel and l o o k i n g f o r jumps between these 

two l e v e l s TRIM d e t e r m i n e s t he dekker edges f o r t h a t channel. 

I f t h e r e are o n l y two such p o i n t s TRIM s i m p l y uses them t o t r i m 

the d a t a . I f t h e r e are f o u r dekker edges ( e . g . w i t h mode B 

d a t a ) t he extreme end ones are used. I f t h e r e are more than 

f o u r edges found TRIM p l a y s safe and t r i m s a ve r y l a r g e r e g i o n 

t o ensure t h a t a l l t h e i l l u m i n a t e d d ata area i s i n c l u d e d . The 

dekker search i s always conducted u s i n g channel 350 i n f i r s t 

o r d e r , even i f second o r d e r o n l y i s r e q u i r e d , because i n 
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a u t o m a t i c mode t h e second or d e r area i s chosen on t h e b a s i s of 
the p o s i t i o n of t h e f i r s t o r d e r area. 

ZAPCOLS i s used t o c o s m e t i c a l l y remove column d e f e c t s from 

CCD images. The user i s prompted f o r t h e s t a r t and end column 

numbers of a r e g i o n t o be "zapped" and t h i s process c o n t i n u e s 

u n t i l a n e g a t i v e column number i s e n t e r e d . When a r e g i o n i s 

zapped i t i s r e p l a c e d w i t h columns which are t h e mean of t h e 

two a d j a c e n t columns. I f the r e g i o n c o n t a i n s one edge of t h e 

data frame t h e r e g i o n i s r e p l a c e d w i t h t h e b o r d e r i n g data 

column and i f b o t h edges of the data frame are s p e c i f i e d by t h e 

user t h e e n t i r e frame i s "zapped" w i t h t h e v a l u e zero. 

ZED p r o v i d e s a t a b l e of s p e c t r a l f e a t u r e s , i n c l u d i n g t h e i r 

r e s t and observed wavelengths on t h e b a s i s of a r e d s h i f t 

s u p p l i e d by t h e user. There are t h r e e f e a t u r e f i l e s a v a i l a b l e 

on d i s k which c o n t a i n l i s t s of common s p e c t r a l f e a t u r e s and 

t h e i r r e s t wavelengths. ZED p i c k s up one of these f i l e s , 

prompts t he user f o r a r e d s h i f t and o u t p u t s t h e f e a t u r e f i l e 

complete w i t h p r e d i c t e d , observed r e d s h i f t s . The t h r e e f i l e s 

a v a i l a b l e a re GAL which c o n t a i n s t y p i c a l a b s o r p t i o n l i n e s found 

i n g a l a x i e s , LZQSO which c o n t a i n emmission f e a t u r e s found i n 

low r e d s h i f t a c t i v e g a l a x i e s and HZQSO which c o n t a i n s f e a t u r e s 

found i n h i g h r e d s h i f t quasars. ZED i s used a f t e r FOSPLOT t o 

t e s t out p o s s i b l e r e d s h i f t v a l u e s by t r i a l and e r r o r . 
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3.3.3 D e s c r i p t i o n of t h e secondary programs 

COMB INE t a k e s s e v e r a l i n p u t images (which must a l l be t h e 

same s i z e and of two by t e i n t e g e r f o r m a t ) and o u t p u t s t h e mean 

image. I t s main purpose i s f o r combining raw f l a t f i e l d s t o 

produce a f l a t f i e l d w i t h reduced shot n o i s e . I d e a l l y , the 

f i n a l shot n o i s e s h o u l d be s i g n i f i c a n t l y l e s s than t h e CCD's 

f i x e d p a t t e r n n o i s e even f o r wavelengths where few counts are 

r e g i s t e r e d . Upto 5 i n p u t images are a l l o w e d . I f more images 

are t o be combined t h e y should be combined as groups of equal 

number and t h e r e s u l t s f i n a l l y combined i n t o a s i n g l e image 

a f t e r w a r d s . No data d e s c r i p t o r s are passed t o the o u t p u t 

image. 

CONVERT c r e a t e s a 2 byte i n t e g e r BDF from a 4 by t e r e a l 

BDF so t h a t i t can be w r i t t e n t o a FITS t a p e . CONVERT was 

w r i t t e n so t h a t t h e astronomer can take h i s reduced data home 

(FITS does n o t s u p p o r t 4 by t e r e a l d a t a ) . The r e a l data has t o 

be s c a l e d i n t o t h e range -32,000 t o 32,000. The s c a l i n g i s 

d e s c r i b e d by t h e e q u a t i o n 

P ( o u t ) = P ( i n ) . 32000 / Q 

where P ( o u t ) i s the o u t p u t i n t e g e r p i x e l v a l u e ( n e a r e s t 

i n t e g e r ) , P ( i n ) i s t h e r e a l i n p u t p i x e l v a l u e and Q i s t h e 

maximum p i x e l v a l u e ( i g n o r i n g s i g n ) i n t h e i n p u t BDF. The 

st a n d a r d FITS d e s c r i p t o r s BSCALE = 32000/Q and BZERO = 0 are 

a l s o w r i t t e n t o t h e o u t p u t f i l e . BZERO i s s e t t o zero so t h a t 

the c o n v e r t e d d a t a can be p l o t t e d w i t h o u t i t showing a f a l s e 

zero l e v e l . 
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DCSUB i s used t o s u b t r a c t o f f t h e DC o f f s e t b i a s from an 
image. The median p i x e l v a l u e i n t h e l a s t two overscan l i n e s 
(rows 589 and 590) i s used as th e b i a s l e v e l because, u n l i k e 
the mean, i t i s very i n s e n s i t i v e t o s p u r i o u s e f f e c t s such as 
charge f l o o d i n g i n d e f e c t i v e columns. The o u t p u t image i s , of 
course, t h e i n p u t image w i t h every p i x e l v a l u e reduced by t h e 
bi a s v a l u e . The most i m p o r t a n t use of DCSUB i s t o remove t h e 
bi a s from a f l a t f i e l d b e f o r e i t i s n o r m a l i s e d by FFNORM. 

FFNORM n o r m a l i s e s f l a t f i e l d s . Each p i x e l v a l u e i n the 

nor m a l i s e d f l a t f i e l d i n d i c a t e s t h e s e n s i t i v i t y of th e p i x e l 

w i t h r e s p e c t t o a l l t h e o t h e r p i x e l s f o r t h e wavelength t h a t i t 

r e c e i v e s i n FOS. Thus i t c o n t a i n s no i n f o r m a t i o n r e g a r d i n g t h e 

v a r i a t i o n of s e n s i t i v i t y of each p i x e l w i t h wavelength due t o 

the spectrum of t h e t u n g t e n lamp, t h e t h r o u g h p u t of th e FOS 

o p t i c s and t h e i n t r i n s i c p r o p e r t i e s of t h e CCD i t s e l f . The 

av e r a g e l y s e n s i t i v e p i x e l w i l l have a v a l u e of 20000 counts 

whereas more s e n s i t i v e p i x e l s w i l l have l a r g e r v a l u e s and l e s s 

s e n s i t i v e one s m a l l e r v a l u e s . N o r m a l i s a t i o n occurs i n t h e 

wavelength d i r e c t i o n o n l y ; f l a t n e s s a l o n g the s l i t has t o be 

ensured by u s i n g an i n t e g r a t i n g sphere and a f i e l d l e n s . I f t h e 

p r o f i l e a l o n g t h e s l i t i s non-un i f o r m a p p l i c a t i o n of t h e 

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

and t h e r e f o r e enhance the d e f i n i t i o n of s p e c t r a l f e a t u r e s , but 

can a l s o a l t e r t h e t o t a l number of counts i n t h e f i n a l 

spectrum. T h i s i s o n l y i m p o r t a n t f o r s p e c t r o p h o t o m e t r i c work. 
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When .used i t i s necessary t o s p e c i f y where t h e edges of 
the f u l l y i l l u m i n a t e d r e g i o n are by p r o v i d i n g two p o i n t s . The 
f i r s t o r d e r s h a p e f i l e FRSTCOFS.DAT p r o v i d e s t h e i n f o r m a t i o n f o r 
FFNORM t o d e f i n e t he i l l u m i n a t e d and n o n - i l l u m i n a t e d areas from 
these two p o i n t s . The n o n - i 1 i u m i n a t e d areas are s e t t o 20000 
counts e x a c t l y . An i n t e g r a t e d spectrum of t h e i l l u m i n a t e d area 
i s d e r i v e d and h e a v i l y smoothed t o remove t h e s h o r t s c a l e 
s t r u c t u r e . The i l l u m i n a t e d area of t h e n o r m a l i s e d f l a t f i e l d i s 
then o b t a i n e d f o r each p i x e l u s i n g t h e r e l a t i o n 

P ( o u t ) = 20000 . N . P ( i n ) / S 

where P ( o u t ) i s t h e r e s u l t , P ( i n ) i s the p i x e l v a l u e i n 

the raw f l a t f i e l d , N i s t h e w i d t h of t h e i l l u m i n a t e d area i n 

p i x e l s and S i s t h e v a l u e of the smoothed i n t e g r a t e d spectrum 

f o r t h e same channel (row) as t h e i n p u t and o u t p u t p i x e l s . 

N o t i c e t h a t P ( i n ) does not have the b i a s removed from i t by 

FFNORM and t h i s s h o u l d t h e r e f o r e be done u s i n g DCSUB b e f o r e 

a p p l y i n g FFNORM. 

FOSCOFS i s used t o gener a t e t h e p o l y n o m i a l s h a p e f i l e s t h a t 

d e s c r i b e t h e s p e c t r a l c u r v a t u r e e x h i b i t e d by FOS. I t does t h i s 

u s i n g an o b s e r v a t i o n of a b r i g h t s t a r . The c u r v a t u r e of t h e 

spectrum depends s l i g h t l y on the z e n i t h - d i s t a n c e of the s t a r 

and t h e o r i e n t a t i o n of t h e s l i t . F i r s t l y FOSCOFFS l o c a t e s 

f i r s t o r d e r i n the rows where t h e r e i s no second o r d e r spectrum 

( s h o r t w a r d of 8000A) and then f o l l o w s i t t o bot h l o n g e r and 

s h o r t e r wavelengths, e s t a b l i s h i n g c e n t r o i d s of t h e spectrum as 

i t goes. A s i x t h o r d e r l e a s t squares f i t p o l y n o m i a l i s the n 

f i t t e d t h r o u g h these c e n t r o i d p o i n t s and t h e c o e f f i c i e n t s are 
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s t o r e d on d i s k i n FRSTCOFS.DAT. The whole process i s r e p e a t e d 
i n t h e r e g i o n t o t h e s i d e of t h e f i r s t o r d e r spectrum, where 
the second o r d e r spectrum i s expected, and the second o r d e r 
p o l y n o m i a l c o e f f i c i e n t s are w r i t t e n t o the f i l e SCNDCOFS.DAT. 
F i n a l l y the s e p a r a t i o n between the s p e c t r a l o r d e r s i s f i t t e d 
w i t h a p o l y n o m i a l and the c o e f f i c i e n t s w r i t t e n t o the f i l e 
ORDSEPCF.DAT. 

A spectrum i s found by l o c a t i n g t h e h i g h e s t p i x e l v a l u e i n 

each row and l o o k i n g f o r a number of these maxima ( s p e c i f i e d by 

the u s e r ) t h a t l i e c o n t i g i o u s l y . The spectrum i s t h e n f o l l o w e d 

by l o o k i n g i n t h e 7 ne a r e s t p i x e l s i n the next row and 

c e n t r o i d i n g on t h e b r i g h e s t p i x e l and t h e two e i t h e r s i d e . The 

background i s s u b t r a c t e d o f f f i r s t t o improve t h e accuracy of 

the c e n t r o i d i n g . I f 

a) t h e maximum p i x e l v a l u e i s g r e a t e r than t w i c e t h e background 

n o i s e 

b) t h e maximum p i x e l v a l u e i s w i t h i n a f a c t o r of t e n of t h e 

l a s t maximum va l u e 

c) t h e t o t a l i n t e g r a t e d s i g n a l i s non-zero 

d) t h e c e n t r o i d p o s i t i o n i s w i t h i n two p i x e l s of t h e l a s t one 

the c e n t r o i d i s deemed a c c e p t a b l e . O t h e r w i s e , t h e l a s t t e n 

c e n t r o i d v a l u e s a re used t o e x t r a p o l a t e t h e c e n t r o i d i n t h e 

row. T e s t i n g f o r these c o n d i t i o n s h e l p s p r e v e n t FOSCOFFS from 

g o i n g wrong due t o CREs, a b s o r p t i o n l i n e s and the 

sp e c t r o g r a p h ' s wavelength c u t o f f s . I n p a r t i c u l a r , because t h e 

areas where t h e s p e c t r a fade away are assigned e x t r a p o l a t e d 

c e n t r o i d s , t h e ends of t h e s p e c t r a are f i t t e d a c c u r a t e l y by t h e 

po l y n o m i a l and r i n g i n g i s reduced. 
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RESTCOFS r e s t o r e s the d e f a u l t s h a p e f i l e s s h o u l d some 
r e c e n t l y updated v e r s i o n s c r e a t e d by FOSCOFS be no l o n g e r 
r e q u i r e d . I t s i m p l y t a k e s the c o n t e n t s of the f i l e s 
FRSTC0F5.BAK, SCNDCOFS.BAK and ORDSEPCF.BAK and put s them i n 
the f i l e s FRSTCOFS.DAT, SCNDCOFS.DAT and ORDSEPCF.DAT, 
o v e r w r i t i n g t h e i r p r e v i o u s c o n t e n t s . The d e f a u l t s h a p e f i l e s 
were c r e a t e d u s i n g FOSCOFS on the combined s p e c t r a ( t h e program 
COMBINE was used) of an M s t a r and a w h i t e dwarf observed w i t h 
a p i n h o l e s l i t . T h i s produced a very good r e s u l t as t h e r e was 
p l e n t y of s i g n a l a t both t h e bl u e and red extremes of t h e 
spectrum. The use of a p i n h o l e s l i t on o b j e c t s near t h e z e n i t h 
a l s o means t h a t t h e d e f a u l t s h a p e f i l e s g i v e t h e s p e c t r a l shape 
i n t h e absense of atmospheric cross d i s p e r s i o n . 

5LICE enables t h e user t o o b t a i n c e n t r o i d s , p r o f i l e s and 

l i n e w i d t h s of emi s s i o n l i n e s i n the raw d a t a . I t s main use i s 

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

w i d t h s and Hartmann s h i f t s . The p o s i t i o n of t h e c e n t r e of a 

box i s prompted f o r along w i t h t h e box dimensions. The box 

must not be more than 25 by 25 p i x e l s i n s i z e and w i l l have odd 

numbered dimensions equal t o t w i c e t h e h a l f - s i z e g i v e n by the 

user p l u s one. P r o f i l e s can be o b t a i n e d i n e i t h e r t h e v e r t i c a l 

or t h e h o r i z o n t a l d i r e c t i o n s . The rows or columns a t r i g h t 

a n g l e s t o the s l i c e d i r e c t i o n are averaged t o g i v e a one 

di m e n s i o n a l p r o f i l e and t h e 5 p i x e l s c e n t r e d on t h e peak are 

c e n t r o i d e d t o g i v e t h e l i n e p o s i t i o n and w i d t h . The areas 

o u t s i d e these f i v e p i x e l s are used t o determine t h e background 

and so s u i t a b l e box dimensions s h o u l d be chosen t o ensure t h a t 

they are not contaminated by o t h e r l i n e s . To determine 
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p r e c i s e l y where the box should be p u t , t h e program PHOTOM can 
be used and SLICE w i l l use the c u r s o r c o o r d i n a t e s g i v e n t o ADAM 
as t h e d e f a u l t when i t prompts the user, 

VIEW p r i n t s t h e p i x e l v a l u e s of a 20 by 30 area from a two 

byte i n t e g e r BDF. The user has t o supply t h e c o o r d i n a t e s of 

the c e n t r e of t h i s area. VIEW i s u s e f u l when t h e exact numbers 

are r e q u i r e d , f o r example, t o check t h a t t h e CCD e l e c t o n i c s has 

a l l i t s data b i t s w o r k i n g . The data i s a u t o m a t i c a l l y p r i n t e d 

on t h e p r i n t r o n i x p r i n t e r when VIEW i s r u n . 

WAVECAL w r i t e s s t a n d a r d FITS wavelength c a l i b r a t i o n 

d e s c r i p t o r s t o a reduced FOS spectrum so t h a t i t can be p l o t t e d 

w i t h a wavelength s c a l e by PLOTLP. The wavelength c a l i b r a t i o n 

data i s o b t a i n e d from a f i l e whose name i s s u p p l i e d by t h e 

user. The t h r e e parameters which d e f i n e t h e l i n e a r c a l i b r a t i o n 

are CRPIX ( t h e number of a p i x e l w i t h a known w a v e l e n g t h ) , 

CRVAL ( t h e wavelength of p i x e l number CRPIX i n metres) and 

CDELT ( t h e d i s p e r s i o n i n wavelength per p i x e l ) . Thus f o r FOS's 

f i r s t o r der one might have a f i l e which c o n t a i n s t h e va l u e s 

0 4746E-10 10.7305E-10 

D e f a u l t wavelength c a l i b r a t i o n f i l e s are p r o v i d e d but t h e user 

can c r e a t e h i s own u s i n g SLICE on an arc spectrum (remember 

t h a t wavelength i n c r e a s e s w i t h channel number i n t h e reduced 

data but decreases w i t h row number i n the raw d a t a ) . 
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Chapter 4. 

The 2.5m F a i n t Object Spectrograph 

4.1 D e s c r i p t i o n 

The f a i n t o b j e c t s p e c t r o g r a p h (FOS) was b u i l t as 

c o l l a b o r a t i o n between the U n i v e r s i t y of Durham and t h e Royal 

Greenwich Observatory (RGO). I t was i n s t a l l e d on t h e 2.5 metre 

Isaac Newton Telescope (INT) on La Palma i n J u l y 1984 and 

s u b s e q u e n t l y commissioned d u r i n g t h r e e o b s e r v i n g runs i n J u l y 

1984, December 1984 and May 1985. I t i s a common-user 

i n s t r u m e n t and i s now i n r e g u l a r use. FOS i s a f i x e d f o r m a t , 

h i g h l y e f f i c i e n t , low d i s p e r s i o n s p e c t r o g r a p h o f f e r i n g a l a r g e 

wavelength coverage from 4000A t o 10,400A i n a s i n g l e exposure. 

The l a r g e wavelength range i s achieved by u t i l i s i n g b oth f i r s t 

and second o r d e r of FOS's t r a n s m i s s i o n g r a t i n g , t h e o r d e r s 

b e i n g s e p a r a t e d by a c r o s s - d i s p e r s i n g p r i s m . A CCD d e t e c t o r 

(GEC P8603 t y p e ) i s used because of t h e h i g h quantum e f f i c i e n c y 

o f f e r e d . The o p t i c a l d e s i g n i s due t o Charles Wynne (see Wynne 

1982) who o r i g i n a l l y conceived t h e i n s t r u m e n t f o r t h e 4.2 metre 

t e l e s c o p e on La Palma which w i l l be commissioned i n 1987. His 

d e s i g n c r e a t e d much i n t e r e s t and i t was decided t h a t a 

p r o t o t y p e s h o u l d be b u i l t f o r t h e INT. For a comprehensive 

d e s c r i p t i o n of FOS see Breare e t a l 1985, 1986b, M a r t i n 1986 

and Waltham 1986. 

The o v e r a l l o p t i c a l l a y o u t of FOS i s shown i n f i g u r e 4.1 

and the camera and c r y o s t a t are shown i n f i g u r e 4.2. To match 

the f/15 s e e i n g image t o the GEC p i x e l s i z e , a s l i t - t o - d e t e c t o r 

r e d u c t i o n f a c t o r of about 10 i s r e q u i r e d . I n o t h e r words, a 
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f a s t camera w i t h an f-number of about f/1.5 i s needed. FOS 

employs an f/1.4 Schmidt camera w i t h t h e CCD h e l d a t t h e focus 

by a low p r o f i l e " s p i d e r " . The s m a l l s i z e of t h e CCD 

c o n v e n i e n t l y a l l o w s i t t o be placed w i t h i n t h e shadow of t h e 

t e l e s c o p e secondary and so very l i t t l e v i g n e t t i n g i s 

i n t r o d u c e d . The number of a i r - g l a s s s u r f a c e s has been kept t o 

a minimum by combining t h e g r a t i n g , t h e c r o s s - d i s p e r s i n g p r i s m 

and the a s p h e r i c c o r r e c t o r i n t o a s i n g l e composite element. 

The use of a t r a n s m i s s i o n g r a t i n g i s a l s o advantageous a t FOS's 

low d i s p e r s i o n because t r a n s m i s s i o n g r a t i n g s are s l i g h t l y more 

e f f i c i e n t than r e f l e c t i o n g r a t i n g s and because i t a l l o w s t he 

camera o p t i c s t o be placed very c l o s e t o t h e g r a t i n g . 

F urthermore, Wynne has i n g e n i o u s l y dispensed w i t h t h e need f o r 

a c o l l i m a t o r by c o r r e c t i n g t h e a b e r a t i o n s , i n t r o d u c e d by 

p l a c i n g t h e g r a t i n g i n a d i v e r g i n g beam, i n t h e subsequent 

o p t i c a l elements. However, because t h e r e i s no c o l l i m a t o r , a 

f i e l d l e n s ( o p t i o n a l ) has t o be used t o p r e v e n t o f f - a x i s 

v i g n e t t i n g and a f o l d i n g m i r r o r has t o be used because t h e 

o b s e r v i n g f l o o r p r e v e n t s FOS from being used i n the 

s t r a i g h t - t h r o u g h p o s i t i o n . 

I t i s , of course, necessary t o co o l t h e CCD t o 150K t o 

e l i m i n a t e t h e g e n e r a t i o n of t h e r m a l e l e c t r o n s . T h i s i s 

achieved by e v a c u a t i n g t h e camera and mounting t h e CCD on a 

c o l d copper b l o c k which i s l i n k e d by a copper f i n g e r t o a 

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

The CCD s p i d e r i s mounted on k i n e m a t i c s e a t s t o a l l o w 

p r e c i s e f o c u s i n g across the c h i p and a manually operated 

r o t a t i o n mechanism a l l o w s t h e CCD's p i x e l g r i d t o be a l i g n e d 
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w i t h t h e g r i s m r u l i n g s . R o t a t i o n a l a l i g n m e n t o f t h e CCD w i t h 
r e s p e c t t o t h e s l i t i s a c h i e v e d by r o t a t i n g t h e e n t i r e camera 
body. The s l i t , s h u t t e r , above and b e l o w s l i t f i l t e r s l i d e s , 
t h e d e k k e r s l i d e and t h e c a l i b r a t i o n lamps used by FOS b e l o n g 
t o t h e i n t e r m e d i a t e d i s p e r s i o n s p e c t r o g r a p h ( I D S ) . FOS has i t s 
own Hartmann s h u t t e r s f o r f o c u s i n g . The e n t i r e FOS o p t i c a l 
t r a i n i s r i g i d l y h e l d t o g e t h e r by a 3mm s t e e l p l a t e f r a m e w o r k 
w h i c h o b t a i n s i n c r e a s e d s t i f f n e s s f r o m t h e IDS t o w h i c h i t i s 
mounted. Image s h i f t s on t h e CCD due t o f l e x u r e a r e b a r e l y 
d e t e c t a b l e . 

4 .2 P e r f o r m a n c e 

The most i m p o r t a n t f i g u r e s o f m e r i t f o r FOS a r e i t s 

t h r o u g h p u t and r e s o l u t i o n . V i a t h e t h r o u g h p u t we can p r e d i c t 

t h e l i k e l y s i g n a l - t o - n o i s e p e r f o r m a n c e . 

4.2.1 R e s o l u t i o n 

The r e s o l u t i o n o f FOS i n f i r s t o r d e r i s 13A FWHM when a 

n a r r o w s l i t w i d t h i s used and i s o n l y d e g r a d e d s l i g h t l y t o 15A 

by o p e n i n g t h e s l i t w i d t h t o 2 a r c - s e c o n d s . T h i s i s because t h e 

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

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

p o i n t s p r e a d f u n c t i o n c o n s i s t e n t w i t h t h e CCD p i x e l s i z e a t a l l 

w a v e l e n g t h s and p o s i t i o n s a l o n g t h e s l i t . I n p r a c t i c e t h e 

r e s o l u t i o n v a r i e s b e t w e e n 15A t o 20A d e p e n d i n g on how f e a t u r e s 

a r e sampled by t h e 10.73A p i x e l s (FOS i s s l i g h t l y 

u n d e r s a m p l e d ) . For s e c o n d o r d e r t h e d i s p e r s i o n s and 

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

F i g u r e 4.3 shows t h e measured and p r e d i c t e d t h r o u g h p u t 

v a l u e s f o r FOS. The t h r o u g h p u t shown i s t h e t o t a l s y s t e m 

t h r o u g h p u t , i . e . i t i s due t o t h e combined e f f e c t s o f t h e 

c o n t i n u u m ( i g n o r i n g a b s o r p t i o n l i n e s ) a t m o s p h e r i c l o s s e s a t a 

z e n i t h - d i s t a n c e o f 27 d e g r e e s , l o s s e s i n t h e t e l e s c o p e , l o s s e s 

i n t h e FOS o p t i c s and t h e e f f i c i e n c y o f t h e d e t e c t o r . 

The e x p e r i m e n t a l l y d e t e r m i n e d c u r v e was d e r i v e d as 

f o l l o w s . A f l u x s t a n d a r d was o b s e r v e d w i t h a v e r y w i d e s l i t 

w i d t h t o e n s u r e t h a t no l i g h t was l o s t a t t h e s l i t . The 

s t a n d a r d used was VMa 2, w i t h o u t a f i e l d l e n s , f o r an e x p o s u r e 

t i m e o f 30 s e c o n d s . The f l u x d i s t r i b u t i o n o f t h i s s t a r has 

been a c c u r a t e l y d e t e r m i n e d (Oke 1974) f r o m 3260A t o 10640A. 

The o b s e r v e d s p e c t r u m was s k y - s u b t r a c t e d m a k i n g s u r e t h a t a l l 

t h e o b s e r v e d c o u n t s were co-added f o r each c h a n n e l . The d a t a 

was w a v e l e n g t h c a l i b r a t e d and t h e n i n p u t t o t h e SPICA r o u t i n e 

STANDARD (SPICA i s a g e n e r a l p u r p o s e s p e c t r o s c o p i c d a t a 

r e d u c t i o n p ackage a v a i l a b l e on STARLINK) w h i c h e s t a b l i s h e d t h e 

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

c h a n n e l . STANDARD does t h i s by d e r i v i n g t h e f l u x s p e c t r u m f r o m 

Oke's measurements w h i c h a r e s t o r e d i n p e r m a n e n t STARLINK 

f i l e s . The " f l u x i n g " f u n c t i o n g e n e r a t e d was t h e n a p p l i e d t o 

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

were e r g s / s e c / c m / c h a n n e l . The number o f p h o t o n s f r o m VMa 2 

p a s s i n g t h r o u g h an a r e a , A (=49087 cm f o r t h e I N T ) , m a 

t i m e , t = 3 0 s e c , a t t h e t o p o f t h e a t m o s p h e r e was c a l c u l a t e d by 

m u l t i p l y i n g e v e r y c h a n n e l i n t h e f l u x s p e c t r u m by AtX/hc where 

X i s t h e w a v e l e n g t h o f t h e c h a n n e l ( i n cms), 
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16 -2.7 

c = 3.0 x 10 cms/sec i s t h e speed o f l i g h t and h = 6.6 x 10 

e r g s e c o n d s i s P l a n c k ' s c o n s t a n t . Smooth p o l y n o m i a l s were t h e n 

f i t t e d t o b o t h t h e o b s e r v e d c o u n t s and t h e p h o t o n c o u n t s above 

t h e a t m o s p h e r e and t h e t h r o u g h p u t c u r v e was o b t a i n e d by 

d i v i d i n g t h e f o r m e r by t h e l a t t e r . Note t h a t f o r FOS each 

d i g i t i s a t i o n u n i t c o r r e s p o n d s a l m o s t e x a c t l y t o one 

p h o t o - e l e c t r o n . A s i m i l a r p r o c e d u r e was f o l l o w e d f o r s e c o n d 

o r d e r u s i n g a 60 second e x p o s u r e on W1346 a t a z e n i t h d i s t a n c e 

o f 3 d e g r e e s . 

T a b l e 4.1 shows t h e p r e d i c t e d v a l u e s o f t h e t h r o u g h p u t a t 

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

l a r g e r t h a n t h e measured v a l u e s by a f a c t o r o f 1.63 w h i c h 

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

4.1 a r e somewhat o p t i m i s t i c . However, t h e r e l a t i v e v a r i a t i o n 

o f t h r o u g h p u t w i t h w a v e l e n g t h seems c o r r e c t . The FOS o p t i c a l 

e f f i c i e n c y ( w i t h o u t t h e g r a t i n g ) o f 0.8 i s based on 2 

r e f l e c t i o n s o f 95% e f f i c i e n c y and 4 a i r - g l a s s s u r f a c e s o f 97% 

e f f i c i e n c y . U s i n g 90% and 95% i n s t e a d f o r t h e s e e f f i c i e n c i e s , 

r e s p e c t i v e l y , g i v e s an o p t i c a l e f f i c i e n c y o f 0.66. 

F u r t h e r m o r e , I have n o t a c c o u n t e d f o r a b s o r p t i o n i n t h e 

t r a n s m i t t i n g e l e m e n t s o r v i g n e t t i n g , b u t t h e s e s h o u l d be s m a l l . 

A n o t h e r p o s s i b i l i t y i s t h a t t h e CCD has be l o w a v e r a g e quantum 

e f f i c i e n c y ( a v a r i a t i o n i s s o m e t i m e s seen i n d e v i c e s f r o m t h e 

same m a n u f a c t u r e r ) . F i n a l l y , a b l a z e e f f i c i e n c y o f 67% i n 

c o n j u n c t i o n an o p t i c a l e f f i c i e n c y o f 66% w o u l d e x p l a i n t h e 

f a c t o r o f 1.63. I n v i e w o f t h e u n c e r t a i n t i e s , t h e t h e o r e t i c a l 

and measured e f f i c i e n c i e s a r e i n r e a s o n a b l e a g r e e m e n t . 

* On t h e o t h e r hand i t i s more l i k e l y t h a t t h e measured v a l u e s 
a r e below a v e r a g e b e c a u s e t h e o b s e r v a t i o n s were made t h r o u g h 
h i g h a l t i t u d e d u s t f r o m t h e Sahara d e s e r t w i t h a p r i m a r y m i r r o r 
t h a t had n o t been a l u m i n i s e d f o r 18 months. 
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4.2,3 S i g n a l - t o - n o i s e and e x p o s u r e t i m e s f o r v a r i o u s m a g n i t u d e s 

F i g u r e 4.4 shows t h e s i g n a l - t o - n o i s e o b t a i n e d i n 10.73A 

i n t e r v a l s a t 4300A, 5400A, 7000A and 8000A, as a f u n c t i o n o f 

m a g n i t u d e f o r a 1000 second e x p o s u r e . The c u r v e f o r 4300A 

c o r r e s p o n d s t o t h e sum o f 2 a d j a c e n t c h a n n e l s i n s e c o n d o r d e r . 

The s i g n a l - t o - n o i s e i s c a l c u l a t e d f r o m 

s Q 
N 

where Q i s t h e t o t a l number o f o b j e c t c o u n t s d e t e c t e d , S i s t h e 

number o f s k y c o u n t s p e r p i x e l and R i s t h e rms r e a d o u t n o i s e . 

T h i s e x p r e s s i o n i s o b t a i n e d by a s s u m i n g t h a t 4 p i x e l s a r e 

co-added t o g e t t h e o b j e c t s i g n a l and 8 sky p i x e l s a r e used t o 

d e t e r m i n e t h e s k y b a c k g r o u n d f o r s k y - s u b t r a c t i o n ( s e e s e c t i o n 

2 . 2 . 1 ) . Q was d e t e r m i n e d f r o m t h e o b s e r v e d t h r o u g h p u t , T ( \ ) 

g i v e n i n f i g u r e 4.3 u s i n g t h e f o r m u l a 

Q = £ f l t A X T M £ = 2.66 * i o ' 6 * x T < y > A (A) 

where f ^ i s t h e f l u x a t a w a v e l e n g t h o f X i n e r g s / s e c / c m 2 / A . 

f ^ i s g i v e n by 
- Con m -f 

f x = 

where m i s t h e m a g n i t u d e a t a g i v e n w a v e l e n g t h and K i s t h e 

r a t i o ( f x / f s ^ o o ) f o r a n A ^ s t a r ( t h e m a g n i t u d e o f an AO s t a r i s 

c o n s t a n t a t a l l w a v e l e n g t h s by d e f i n i t i o n ) . The v a l u e s u s e d 

a r e shown i n t a b l e 4.2. The v a l u e s o f S g i v e n a r e " a v e r a g e " 

v a l u e s o b t a i n e d f r o m a m o o n l e s s n i g h t ' s s p e c t r u m o b t a i n e d u s i n g 

a 1 a r c - s e c o n d s l i t . A r e a d o u t n o i s e o f R=7 e~ rms has been 

used t h r o u g h o u t . I t can be seen t h a t a b s o r p t i o n l i n e s ( w h i c h 

can u s u a l l y be i d e n t i f i e d w i t h a s i g n a l - t o - n o i s e r a t i o o f a b o u t 
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The 2.5m F a i n t O b j e c t S p e c t r o g r a p h 

15) w i l l be seen f o r o b j e c t s b r i g h t e r t h a n a b o u t 1 9 t h m a g n i t u d e 

and e m i s s i o n l i n e s ( w i t h a s i g n a l - t o - n o i s e o f 5) f o r o b j e c t s 

b r i g h t e r t h a n a b o u t m=20.5 i n a 1000 s e c o n d e x p o s u r e . 

I t i s a l s o u s e f u l t o p l o t t h e i n t e g r a t i o n t i m e r e q u i r e d t o 

g i v e a c e r t a i n s i g n a l - t o - n o i s e , a g a i n s t m a g n i t u d e . P l o t s f o r 

s i g n a l - t o - n o i s e r a t i o s o f 5 and 15 a r e shown i n f i g u r e 4.5. 

From t h e s i g n a l - t o - n o i s e e x p r e s s i o n g i v e n above we g e t 

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

o b j e c t and r s i s t h e r a t e p e r p i x e l f r o m t h e s k y . T h i s 

e x p r e s s i o n can be r e a r r a n g e d t o g i v e a q u a d r a t i c i n e x p o s u r e 

t i m e t 

s i m p l y o b t a i n e d by s o l v i n g t h e above q u a d r a t i c f o r t . I t 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 r e a d o u t n o i s e f o r FOS i s 

s i g n i f i c a n t a t 5400A and 7000A f o r i n t e g r a t i o n t i m e s u p t o a b o u t 

10000 s e c o n d s ( i n d i c a t e d by a s t e e p e n i n g o f t h e c u r v e when 

c o m p l e t e l y s k y - l i m i t e d ) . The p l o t s i n d i c a t e t h a t i t s h o u l d be 

p o s s i b l e t o o b t a i n a b s o r p t i o n l i n e r e d s h i f t s u p t o 2 1 s t 

m a g n i t u d e , and f o r e m i s s i o n l i n e o b j e c t s u p t o a m a g n i t u d e o f 

22.5, i n 10000 s e c o n d s . 

r 0b\ t 
c y N 

Ob 1 
i s g i v e n by 

and r s i s g i v e n i n t a b l e 4.2. The c u r v e s i n f i g u r e 4.5 were 
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4.3 FOS i n a c t i o n 

The a c q u i s i t i o n o f t h e r e d s h i f t s o f v e r y f a i n t 

e x t r a g a l a c t i c o b j e c t s i s FOS's p r i m a r y f u n c t i o n . The f e a t u r e s 

i n s u ch o b j e c t s a r e g e n e r a l l y b r o a d enough t o be d e t e c t e d w i t h 

low r e s o l u t i o n and t h e h i g h t h r o u g h p u t , l a r g e w a v e l e n g t h 

c o v e r a g e and low r e a d o u t n o i s e o f FOS make i t t h e i d e a l 

i n s t r u m e n t f o r r e d s h i f t d e t e r m i n a t i o n . B ut FOS has o t h e r uses 

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

c o v e r a g e s p e c t r a f o r c l a s s i f i c a t i o n p u r p o s e s . Not o n l y can 

f e a t u r e s be seen b u t t h e s p e c t r a l e n e r g y d i s t r i b u t i o n o f an 

o b j e c t can be c l e a r l y d e d u c e d by f l u x c a l i b r a t i o n . FOS i s a l s o 

t h e r e f o r e an e x c e l l e n t i n s t r u m e n t f o r d o i n g a c c u r a t e 

s p e c t r o p h o t o m e t r y ( b e c a u s e o f t h e l i n e a r CCD r e s p o n s e ) 

a c c u r a t e f l u x m e asurements can g i v e v a l u a b l e i n s i g h t i n t o t h e 

p h y s i c a l p r o c e s s e s o c c u r i n g i n t h e s o u r c e . 

I n o r d e r t o e x t r a c t t h e f u l l i n f o r m a t i o n f r o m t h e raw d a t a 

i t i s n e c e s s a r y t o c a r e f u l l y a p p l y some c o r r e c t i o n s and 

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

d e s c r i b e d i n f u l l i n c h a p t e r 3 b u t b e f o r e p r e s e n t i n g some 

s p e c t r a t o i l l u s t r a t e t h e use o f FOS I s h a l l o u t l i n e t h e d a t a 

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

i n t e r p r e t a t i o n can b e g i n . F i g u r e 4.6 shows t h e s p e c t r u m o f t h e 

r a d i o s o u r c e PKS2128-12 ( o b t a i n e d i n an e x p o s u r e t i m e o f 800 

s e c o n d s ) a t v a r i o u s s t a g e s d u r i n g d a t a r e d u c t i o n . F i g u r e 

4.6 ( a ) shows t h e o b s e r v e d c o u n t s i n c l u d i n g t h e sky 

c o n t a m i n a t i o n . T h i s 1 6 t h m a g n i t u d e o b j e c t i s s i g n i f i c a n t l y 

b r i g h t e r t h a n t h e b a c k g r o u n d s k y y e t many o f t h e f e a t u r e s seen 

a t t h i s s t a g e a r e o f t e r r e s t r i a l o r i g i n . F or f a i n t o b j e c t s one 
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The 2.5m F a i n t Object Spectrograph 

cannot even hope t o r e c o g n i s e o b j e c t f e a t u r e s w i t h o u t 
s k y - s u b t r a c t i o n . F i g u r e 4.6 (b) shows t h e counts observed from 
the o b j e c t alone i . e . a f t e r sky s u b t r a c t i o n . Note t h a t 
atmospheric a b s o r p t i o n f e a t u r e s s t i l l remain and a l s o t h a t t h e 
g e n e r a l shape of t h e spectrum i s m a i n l y due t o t h e system 
t h r o u g h p u t r a t h e r than PKS2128-12 i t s e l f . F i g u r e 4.6 ( c ) shows 
the spectrum on a r e l a t i v e f l u x s c a l e . T h i s i s o b t a i n e d by 
c o r r e c t i n g f o r t h e known system t h r o u g h p u t . We can now c l e a r l y 
see t h a t the continuum of PKS2128-12 i s b l u e . Also n o t i c e how 
the t r u e i n t e n s i t y of t h e H-alpha l i n e near 10000A and the 
Balmer decrement are c l e a r l y shown a f t e r t h i s c o r r e c t i o n i s 
made. F i n a l l y , f i g u r e 4.6 (d) shows the spectrum a f t e r t h e 
atmospheric a b s o r p t i o n l i n e s have been c o r r e c t e d . The 
c o r r e c t i o n i s d e t e r m i n e d by u s i n g an o b s e r v a t i o n of a b r i g h t , 
i n t r i n s i c a l l y f e a t u r e l e s s o b j e c t . The o n l y s i g n i f i c a n t 
f e a t u r e s l e f t i n the spectrum a t t h i s stage are due t o 
PKS2128-12 and i n t e r p r e t a t i o n i s made much e a s i e r . We see 
c l e a r l y t h a t PKS2128-12 i s a t y p e I S e y f e r t g a l a x y w i t h a 
r e d s h i f t of 0.501. B r i g h t , emission l i n e o b j e c t s such as 
PKS2128-12 are easy meat f o r FOS. 

4.3.1 R e d s h i f t d e t e r m i n a t i o n s 

F a i n t o b j e c t r e d s h i f t s are not as easy t o get as f o r 

PKS2128-12 d i s c u s s e d above. Long exposures are r e q u i r e d and 

th e f a i n t spectrum has t o be c a r e f u l l y s e p e r a t e d from t h e 

c o n s i d e r a b l e sky and CRE c o n t a m i n a t i o n . O b j e c t s w i t h emission 

l i n e s are e a s i e r t o get r e d s h i f t s f o r t h a n a b s o r p t i o n l i n e 

g a l a x i e s because emis s i o n f e a t u r e s can be q u i t e s t r o n g and 

s t a n d out c l e a r l y from t h e n o i s y continuum. F i g u r e 4.7 shows 
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The 2.5m F a i n t Object Spectrograph 

the s p e c t r a of t h r e e r a d i o sources o b t a i n e d w i t h FOS which have 
p r o v i d e d t h r e e new r e d s h i f t s . The spectrum of 4C14.27 i s 
e s s e n t i a l l y a n o i s y v e r s i o n of the spectrum of PKS2128-12 shown 
i n f i g u r e 4.6 (d) and the u n c e r t a i n t y i n t h e r e d s h i f t 
i n t e r p r e t a t i o n i s v i r t u a l l y n o n - e x i s t a n t . The spectrum of 
4C53.24 was tak e n d u r i n g a f u l l moon and shows t h a t FOS i s 
capable of d o i n g moderately f a i n t work (V=17) d u r i n g b r i g h t 
t i m e ( i t was i n f a c t d i f f i c u l t t o see i t on t h e a c q u i s i t i o n 
TV). The proposed r e d s h i f t of 1.27 f o r 4C16.49 i s based on a 
s i n g l e , but c l e a r l y seen, broad e m i s s i o n f e a t u r e . The 
u n c e r t a i n t y of t h i s i n t e r p r e t a t i o n leaves a l i t t l e t o be 
d e s i r e d but i t i s commonly accepted t h a t t h e M g l l 2799A f e a t u r e 
i s o f t e n seen i n i s o l a t i o n . 

FOS sho u l d prove a u s e f u l t o o l f o r d i s c o v e r i n g h i g h 

r e d s h i f t QSOs as i t can d e t e c t Lyman-alpha i n f i r s t o r d e r f o r 

r e d s h i f t s i n t h e range 3.1 t o 7.2 ( t h e h i g h e s t r e d s h i f t known 

t o date i s 3.78). As an example of t h e ease w i t h which FOS can 

get t he s p e c t r a of h i g h r e d s h i f t quasars f i g u r e 4.8 shows the 

spectrum of t h e w e l l known quasar OQ172 which has a r e d s h i f t of 

3.6. 

For a b s o r p t i o n l i n e r e d s h i f t s a g r e a t e r s i g n a l - t o - n o i s e i s 

r e q u i r e d . F i g u r e 4.9 shows t h e spectrum of t h e b r i g h t nearby 

ga l a x y NGC5813 i n both s p e c t r a l o r d e r s . T h i s shows j u s t how 

weak t h e f e a t u r e s can be. Apart from t h e w e l l known f e a t u r e s 

Mgb 5174A, Nal 5892A and H-alpha 6563A t h e r e are m o l e c u l a r 

bands i n t h e near i n f r a - r e d due t o K s t a r s ( c . f . f i g u r e 4.11). 

The second o r d e r spectrum a l s o r e v e a l s t h a t such weak f e a t u r e s 

are more e a s i l y d e t e c t e d w i t h h i g h e r r e s o l u t i o n . When a 
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The 2.5m F a i n t Object Spectrograph 

spectrum of t h i s type i s r e d s h i f t e d these f e a t u r e s can be 
pushed i n t o t h e atmospheric e m i s s i o n / a b s o r p t i o n " j u n g l e " , 
longward of 7200A but o t h e r s t r o n g f e a t u r e s such as the H & K 
l i n e s of C a l l and the Balmer break come i n from t h e b l u e . 
F i g u r e 4.10 shows the spectrum of a f a i n t g a l a x y i n the 
suspected poor, low r e d s h i f t c l u s t e r J1836.10RC. A r e d s h i f t of 
0.275 has been proposed. T h i s example i s i n d i c a t i v e of the 
d i f f i c u l t i e s a s s o c i a t e d w i t h f a i n t g a l a x y work. 

4.3.2 C l a s s i f i c a t i o n work 

Very f a i n t s t a r s can be c l a s s i f i e d u s i n g FOS by measuring 

t h e shape of t h e i r continuum spectrum. F i g u r e 4.11 shows a 

sequence of 6 s t e l l a r s p e c t r a ; 5 from t h e c l u s t e r NGC6664 and 

t h e M s t a r Wolf 1040. The change i n continuum s l o p e from e a r l y 

t o l a t e t y p e i s v e r y c l e a r . Also m o l e c u l a r bands are c l e a r l y 

e v i d e n t f o r t h e two l a t e t y pe s t a r s . The n a t u r e of most 

o b j e c t s can be determined from a FOS o b s e r v a t i o n and a 

knowledge of t h e morphology. F i g u r e 4.12 shows t h e spectrum of 

t h e r a d i o source c a n d i d a t e 1342-016 i n both o r d e r s . The p l o t s 

shown are i n f a c t the a c t u a l p l o t s o b t a i n e d w h i l s t o b s e r v i n g . 

The spectrum appears t o be t h a t of an e a r l y - i n t e r m e d i a t e t y p e 

s t a r . Because t h e reduced data c o u l d be examined w h i l s t 

o b s e r v a t i o n s were being t a k e n , t h e t e l e s c o p e t i m e was used 

e f f i c i e n t l y t o determine t h e n a t u r e of t h e o b j e c t . Another 

i n t e r e s t i n g example of FOS being used t o i n v e s t i g a t e t h e n a t u r e 

of an o b j e c t i s i l l u s t r a t e d i n f i g u r e 4.13. The o b j e c t was 

i n v e s t i g a t e d w i t h FOS because of i t s u n u s u a l , extreme red 

c o l o u r ( i t i s o n l y v i s i b l e on r e d , 4-metre p l a t e s ) . The o b j e c t 

i s d e s i g n a t e d FFRT21 ( f u n n y f a i n t r e d t h i n g number 21). An 

* The p r o p o s e d r e d s h i f t i s v e r y u n c e r t a i n and f u r t h e r work i s 
r e q u i r e d . 
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The 2.5m F a i n t Object Spectrograph 

exposure of 1000 seconds was enough t o det e r m i n e t h a t the 
o b j e c t i s i n f a c t an M s t a r (compare i t w i t h t h e spectrum of 
Wolf 1040 i n f i g u r e 4.11). I t had been p r e d i c t e d beforehand 
t h a t FFRT21 might be a p r i m o r d i a l g a l a x y a t h i g h r e d s h i f t and 
i n t e r e s t was l o s t i n i t as soon as i t was d i s c o v e r e d t o be an M 
s t a r ( s e v e r a l o t h e r s were d i s c o v e r e d t o o ) . However, FFRT21 i s 
very r e d even by M s t a r s t a n d a r d s and m e r i t s f u r t h e r 
i n v e s t i g a t i o n . 

4.4 Futu r e developments 

The most obvious improvement t h a t can be made t o FOS i s t o 

i n c r e a s e i t s s e n s i t i v i t y i n t h e b l u e by f u r n i s h i n g i t w i t h a 

t h i n n e d or coated CCD (see s e c t i o n 2.2.5). T h i s w i l l make FOS 

a v e r y p o w e r f u l i n s t r u m e n t indeed as good s i g n a l - t o - n o i s e 

s p e c t r a i n t h e r e l a t i v e l y c l e a n blue p a r t of the atmospheric 

window would t h e n be a v a i l a b l e . This b l u e r e g i o n i s a l s o v e r y 

i m p o r t a n t because many prominent g a l a x y f e a t u r e s are seen i n 

the b l u e f o r r e d s h i f t s l e s s t h a n 0.5. 

Another e x c i t i n g FOS enhancement i s the manual m u l t i s l i t 

u n i t which was developed by t h e RGO and w i l l be commissioned i n 

dark time i n February 1986. T h i s w i l l be p a r t i c u l a r l y s u i t a b l e 

f o r s t u d y i n g f a i n t d i s t a n t g a l a x y c l u s t e r s l i k e J1836.10RC 

di s c u s s e d above. The m u l t i s l i t u n i t r e p l a c e s t h e c o n v e n t i o n a l 

s l i t module and c o n s i s t s of 12 mechanical s l i t s l i d e s which are 

f r e e t o move i n a d i r e c t i o n normal t o t h e s l i t s themselves. 

The s l i t s have t o be manually arranged i n the c o r r e c t o b s e r v i n g 

p o s i t i o n s u s i n g a measuring machine. The s l i t mechanism can be 

removed and put back on the t e l e s c o p e i n a m a t t e r of minutes 
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and i n due course s e v e r a l w i l l be a v a i l a b l e . A f i e l d of 3 by 4 

a r c - m i n u t e s can be accessed w i t h t h e s l i t s . A GG495 f i e l d l e n s 

i s r e q u i r e d t o cut out second o r d e r . With the p r e s e n t GEC CCD 

t h i s i s no g r e a t l o s s but when a b l u e s e n s i t i v e d e v i c e i s 

a v a i l a b l e i t w i l l be a c o n s i d e r a b l e drawback. A s i m i l a r 

d e v i c e , operated under computer c o n t r o l i s b e i n g developed f o r 

FOS i n Durham. 

The f a c t t h a t t h e FOS f o r t h e 4.2 metre t e l e s c o p e w i l l be 

v e r y s i m i l a r t o t h e e x i s t i n g FOS i s c l e a r evidence of how good 

t h e d e s i g n i s f o r s i n g l e o b j e c t work. However, as a 

m u l t i - o b j e c t s p e c t r o g r a p h FOS has i t s l i m i t a t i o n s . Only a 

s m a l l number of f i b r e s can be used i f b o t h s p e c t r a l o r d e r s are 

r e q u i r e d . A l t e r n a t i v e l y , t h e use of t h e f u l l s l i t l e n g t h w i t h 

f i b r e s means t h a t one s p e c t r a l o r d e r must be s a c r i f i c e d and so 

p a r t of the most u s e f u l s p e c t r a l range between 3700A t o 7400A 

must be l o s t . S i m i l a r arguments h o l d f o r m u l t i s l i t work and 

t h e r e i s the a d d i t i o n problem t h a t t h e a c c e s s i b l e f i e l d i s v e r y 

s m a l l . For m u l t i - f i b r e work an u n c r o s s - d i s p e r s e d system w i t h a 

s i n g l e o r d e r , f r e e s p e c t r a l range from 3700A t o 7400A and a 

c o n v e n t i o n a l s i z e , b l u e - s e n s i t i v e CCD would be more s u i t a b l e . 

An even l a r g e r s p e c t r a l range might be o b t a i n e d u s i n g a p r i s m 

i n s t e a d of a g r a t i n g but one would t h e n have t o l i v e w i t h a 

d i s p e r s i o n t h a t changes r a p i d l y w i t h wavelength. 
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Chapter 5. 

Techniques of M u l t i - o b j e c t Spectroscopy 

5.1 I n t r o d u c t i o n 

T his c h a p t e r d e s c r i b e s and compares t h e v a r i o u s methods of 

m u l t i - o b j e c t s p e c t r o s c o p y CMOS). A MOS t e c h n i q u e i s a 

s p e c t r o s c o p i c t e c h n i q u e i n which t h e l i g h t from s e v e r a l o b j e c t s 

i s d e t e c t e d s i m u l t a n e o u s l y . MOS t e c h n i q u e s have been developed 

because many i m p o r t a n t a s t r o p h y s i c a l and c o s m o l o g i c a l problems 

cannot be p r o p e r l y addressed w i t h o u t c o n s i d e r a b l e amounts of 

good q u a l i t y s p e c t r o s c o p i c data a t f a i n t magnitudes (see 

chapter 1 ) . However, s u f f i c i e n t d a ta i s not a v a i l a b l e a t 

pr e s e n t because MOS t e c h n i q u e s have y e t t o make t h e i r f u l l 

impact and t h e t r a d i t i o n a l method of o b t a i n i n g s p e c t r a one a t a 

tim e i s f a r t o o i n e f f i c i e n t g i v e n t h e i n t e g r a t i o n t i m e s 

r e q u i r e d , even on t h e World's l a r g e s t t e l e s c o p e s ( e . g . 

a r e q u i r e d i n t e g r a t i o n t i m e of 10,000 seconds i s t y p i c a l on a 

4-metre c l a s s t e l e s c o p e ) . MOS t e c h n i q u e s r e l y on t h e f a c t t h a t 

a l l t e l e s c o p e s have f i e l d s of view t h a t image many f a i n t , 

p o t e n t i a l l y i n t e r e s t i n g , o b j e c t s s i m u l t a n e o u s l y . But f o r 

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

i n f o r m a t i o n i s g a t h e r e d . I t i s i n t e r e s t i n g t o s p e c u l a t e on how 

many o b j e c t s of w o r l d s h a t t e r i n g s i g n i f i c a n c e have been 

i l l u m i n a t i n g t h e back of t h e s l i t w h i l s t l i g h t from some o b j e c t 

of l e s s e r importance has been e n t e r i n g t h e s p e c t r o g r a p h . 

Furthermore, t h e a d d i t i o n a l c o s t s of u p g r a d i n g t o a 

m u l t i - o b j e c t c a p a b i l i t y are a mere f r a c t i o n of t h e c o s t of t h e 

t e l e s c o p e i t s e l f . 
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5 . 2 S i i t l e s s s p e c t r o s c o p y 

In t h i s t e c h n i q u e t h e l i g h t i s d i s p e r s e d b e f o r e i t i s 

imaged by the t e l e s c o p e . Thus a l l o b j e c t s i n t h e f i e l d have 

d i s p e r s e d images and as t h e f i e l d i s n o r m a l l y q u i t e l a r g e a 

p h o t o g r a p h i c p l a t e i s used as the d e t e c t o r . I n terms of t h e 

number of s i m u l t a n e o u s s p e c t r a t h e s l i t l e s s t e c h n i q u e i s 

unb e a t a b l e . However, because t h e r e i s no s l i t mask each 

element of t h e spectrum, which i s o n l y a f r a c t i o n of the t o t a l 

o b j e c t s i g n a l , l i e s on a very s t r o n g sky background which i s 

un d i m i n i s h e d by d i s p e r s i o n . Examples of t h e s l i t l e s s t e c h n i q u e 

i n c l u d e t h e enormous f i e l d coverage o f f e r e d by t h e UK Schmidt 

o b j e c t i v e p r i s m and g r i s m s f o r 4-metre c l a s s t e l e s c o p e s which 

have s m a l l e r f i e l d s of view but can go somewhat f a i n t e r . The 

use of low quantum e f f i c i e n c y p h o t o g r a p h i c p l a t e s and t h e h i g h 

sky background mean t h a t t h e t e c h n i q u e i s r e s t r i c t e d t o low 

r e s o l u t i o n and cannot be employed a t t h e f a i n t e s t magnitudes. 

There i s a l s o evidence (Savage & Peter s o n , 1983) t h a t t h e 

response of t h e p h o t o g r a p h i c emulsion v a r i e s w i t h wavelength on 

s c a l e s s i m i l a r t o t h e w i d t h of d e t e c t a b l e s p e c t r a l f e a t u r e s and 

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

c a l i b r a t i o n a r c s cannot be tak e n and wavelength c a l i b r a t i o n has 

t o be based on t h e observed s p e c t r a l c u t o f f s . 

5.3 Imaging w i t h f i I t e r s 

T h i s i s i n c l u d e d because many o b j e c t s are observed 

s i m u l t a n e o u s l y and s p e c t r a l i n f o r m a t i o n i s o b t a i n e d . However, 

u n l i k e a l l t h e o t h e r t e c h n i q u e s d i s c u s s e d i n t h i s c h a p t e r , 

m u l t i - c o l o u r photometry does not r e c o r d t h e s i g n a l i n each 
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wavelength channel s i m u l t a n e o u s l y . The s p e c t r a l r e s o l u t i o n i s 
f a i r l y low by s p e c t r o s c o p i c s t a n d a r d s as i t r e l i e s on t h e 
bandpass of t h e f i l t e r s . Also f a r more sky i n f o r m a t i o n than i s 
needed i s r e c o r d e d though t h i s does not i n t r o d u c e unneccessary 
c o n t a m i n a t i o n of t h e o b j e c t measurements. The t e c h n i q u e i s 
g e n e r a l l y employed t o determine gross s p e c t r a l energy 
d i s t r i b u t i o n s because t h e r e s o l u t i o n and the sometimes 
inco m p l e t e wavelength coverage mean t h a t l i n e i d e n t i f i c a t i o n 
work i s not p r a c t i c a l . When o b s e r v i n g i t i s t h e r e f o r e 
necessary t o have e i t h e r p e r f e c t p h o t o m e t r i c c o n d i t i o n s or 
s e v e r a l s t a n d a r d s i n t h e f i e l d . S p e c t r a l i n f o r m a t i o n on many 
o b j e c t s can be o b t a i n e d w i t h q u i t e good e f f i c i e n c y , d e s p i t e t h e 
need t o t a k e a number of exposures, but the data i s of l i m i t e d 
use and f o l l o w - u p s p e c t r o s c o p y i s i n e v i t a b l e . 

The above paragraph was w r i t t e n w i t h d i s c r e t e p o i n t l i k e 

o b j e c t s i n mind. I f o b j e c t s which extend i n two dimensions on 

the sky are be i n g s t u d i e d t h e n narrow band imaging t e c h n i q u e s 

are e s s e n t i a l . I n p a r t i c u l a r , Fabry-Perot imaging s p e c t r o s c o p y 

such as w i t h TAURUS i s p a r t i c u l a r l y v a l u a b l e i f h i g h e r s p e c t r a l 

r e s o l u t i o n i s r e q u i r e d . I n t h e Fabry-Perot t e c h n i q u e however, 

d i f f e r e n t p a r t s of each i n d i v i d u a l image a r i s e from d i f f e r e n t 

wavelenghts and t h e e t a l o n s have t o be scanned t h r o u g h a 

complete f r e e s p e c t r a l range b e f o r e a l l p a r t s of t h e f i e l d are 

recorded a t a l l wavelengths i n t h e s p e c t r a l range. 
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5.4 Long s l i t s p e c t r o s c o p y 

I n s t r u m e n t r o t a t o r s and s p e c t r o g r a p h s w i t h long s l i t 

c a p a b i l i t y are commonly a v a i l a b l e a t major t e l e s c o p e f a c i l i t i e s 

and a l i m i t e d amount of m u l t i - o b j e c t work can be done w i t h such 

equipment. The t o t a l number of o b j e c t s t h a t can be pla c e d on 

th e s l i t depends on t h e f i e l d d e n s i t y of t h e o b j e c t s (which 

depends on t h e l i m i t i n g magnitude and t h e a s t r o n o m i c a l 

programme) and how l u c k y t h e observer i s a t f i n d i n g o b j e c t s 

t h a t l i e i n a s t r a i g h t l i n e . Thus f a i n t g a l a x y c l u s t e r s t u d i e s 

are a p r a c t i c a l p o s s i b i l i t y and upto about h a l f a dozen or so 

o b j e c t s may be s i m u l t a n e o u s l y a c q u i r e d . The f u l l range of 

st a n d a r d s p e c t r o g r a p h i c d i s p e r s i o n s and low n o i s e d e t e c t o r s are 

a v a i l a b l e and t h e use of a s l i t means t h a t t h e r e s u l t a n t 

s p e c t r a are s u b j e c t o n l y t o Poisson t y p e e r r o r s (see s e c t i o n 

2.1.1). Thus t h e long s l i t t e c h n i q u e a l l o w s t h e ve r y f a i n t e s t 

of o b j e c t s t o be i n v e s t i g a t e d and i s o n l y i n e f f i c i e n t i n terms 

of t h e t o t a l number of s i m u l t a n e o u s l y o b s e r v a b l e o b j e c t s . 

A l s o , s p a t i a l s t r u c t u r e i s re c o r d e d and i t i s p o s s i b l e , f o r 

example, t o examine t h e da t a f o r evidence of extended emmision 

r e g i ons. 

5 . 5 M u l t i - s l i t s p e c t r o s c o p y 

T h i s t e c h n i q u e employs an a p e r t u r e p l a t e w i t h p r e c i s e l y 

engineered s l i t s t h a t a l l o w s t he l i g h t from t h e o b j e c t s (and 

some sky) t o e n t e r t h e s p e c t r o g r a p h . The p r i n c i p l e i s much t h e 

same as f o r c o n v e n t i o n a l s l i t s p e c t r o s c o p y and can be l i k e n e d 

t o t h e o b j e c t i v e p r i s m t e c h n i q u e w i t h t he sky background 

reduced t o a minimum. However, s i m p l y r e p l a c i n g e x i s t i n g s l i t 
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u n i t s w i t h m u l t i - s l i t d e v i c e s i s not i d e a l as most e x i s t i n g 
s p e c t r o g r a p h s have s m a l l f i e l d s due t o t h e i r poor o f f - a x i s 
imaging p r o p e r t i e s ( i . e . a b e r a t i o n s and v i g n e t t i n g are 
s i g n i f i c a n t ) . Thus, i d e a l l y , m u l t i - s l i t d e v i c e s are best used 
w i t h purpose b u i l t s p e c t r o g r a p h s t h a t have a wide f i e l d 
c a p a b i l i t y . Once such a s p e c t r o g r a p h i s a v a i l a b l e one the n has 
to f i n d a s u i t a b l y l a r g e d e t e c t o r s i n c e t h e s p e c t r o g r a p h camera 
s i m p l y forms a d i s p e r s e d image ( w i t h some d e m a g n i f i c a t i o n ) of a 
s i z a b l e p o r t i o n of t h e t e l e s c o p e f i e l d . The c u r r e n t l y 
a v a i l a b l e g e n e r a t i o n of CCDs ( t y p i c a l l y about 500 p i x e l s 
square) are t h e r e f o r e u n s u i t a b l e and m u l t i - s l i t work w i l l n ot 
reach i t s f u l l p o t e n t i a l u n t i l t h e next g e n e r a t i o n of l a r g e 
CCDs (about 1500 - 2000 p i x e l s square) are a v a i l a b l e . The 
beauty of the m u l t i - s l i t t e c h n i q u e i s t h a t t h e l i m i t i n g 
magnitude i s s e t by Poisson s t a t i s t i c s (as f o r c o n v e n t i o n a l 
s i n g l e s l i t o b s e r v a t i o n s ) and p r o v i d e s a s i g n i f i c a n t 
m u l t i - o b j e c t advantage w i t h o u t compromising t h e l i m i n g 
magnitude t o which one can work. T h i s i s p a r t i c u l a r l y 
i m p o r t a n t f o r c o s m o l o g i c a l programmes where long look-back 
t i m e s are e s s e n t i a l . The f a i n t magnitude l i m i t a l s o means t h a t 
t h e r e i s no sh o r t a g e of t a r g e t s i n t h e f i e l d , even when 
c l u s t e r e d o b j e c t s are not bei n g s t u d i e d , and so f u l l use of t h e 
i n s t r u m e n t a t i o n ' s c a p a b i l i t y i s always p r o v i d e d . 

At t h e t i m e of w r i t i n g , t h e most o u t s t a n d i n g m u l t i - s l i t 

system conceived i s t h e Low D i s p e r s i o n Survey Spectrograph 

(LDSS) which w i l l be f i r s t used on t h e AAT i n t h e summer of '86 

b e f o r e being used on t h e 4.2 metre t e l e s c o p e on La Palma i n 

1988. The s p e c i f i c a t i o n s f o r t h i s i n s t r u m e n t , based on t h e 

arguments of t h e p r e v i o u s paragraph, were s e t out by Ri c h a r d 
* Other m u l t i - s l i t systems such as EFOSC and t h e KPNO Cryogenic 
camera have s m a l l e r f i e l d s of view. 
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E l l i s , K e i t h T a y l o r and Paul A t h e r t o n and an a c c e p t a b l e o p t i c a l 
d e s i g n was p r o v i d e d by Charles Wynne. LDSS (see f i g u r e 5.1) 
w i l l be able t o o b t a i n s p e c t r a of o b j e c t s i n a f i e l d of 12 
arcmin d i a m e t e r . The modular, f u l l y t r a n s m i t i n g d e s i g n a l l o w s 
i t t o be used w i t h v a r i o u s d i s p e r s i o n s and d e t e c t o r s ( s i n c e t h e 
i d e a l d e t e c t o r i s not y e t w e l l e s t a b l i s h e d ) and replacement of 
the c o l l i m a t o r a l l o w s i t t o be used on d i f f e r e n t t e l e s c o p e s . 
The s p e c t r a l r e s o l u t i o n i s l i m i t e d not by the g r i s m but by t h e 
imaging p r o p e r t i e s of the c o l l i m a t o r and camera and i f h i g h 
d i s p e r s i o n s are used t h e s i z e of the d e t e c t o r w i l l l i m i t t h e 
wavelength coverage of o b j e c t s a t t h e s i d e s of t h e f i e l d . Thus 
LDSS i s l i m i t e d t o r e s o l u t i o n s of l e s s than 10A but a t ver y 
f a i n t magnitudes t h i s i s i d e a l f o r c o s m o l o g i c a l work and h i g h e r 
r e s o l u t i o n s would r e q u i r e c o n s i d e r a b l y l o n g e r i n t e g r a t i o n 
t i m e s . 

U n l i k e t h e MOS t e c h n i q u e s d e s c r i b e d above, m u l t i - s l i t 

o b s e r v i n g r e q u i r e s a c o n s i d e r a b l e amount of p l a n n i n g and 

p r e p a r a t i o n so t h a t a m u l t i - s l i t c o n f i g u r a t i o n can ' be 

a c c u r a t e l y and q u i c k l y s e t up when i t i s r e q u i r e d . This 

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

by t h e p r e c i s e d e s i g n of t h e optimum s l i t p a t t e r n so t h a t t h e 

g r e a t e s t number of i n t e r e s t i n g o b j e c t s p e c t r a (each w i t h 

adequate sky sampling i n i t s i n d i v i d u a l s l i t ) are a c q u i r e d on 

the s p e c t r o g r a p h d e t e c t o r w i t h o u t t h e r e being any o v e r l a p s . 

The o p t i m i s a t i o n process t h e r e f o r e has t o a r r i v e a t a l i s t of 

which o b j e c t s are t o be observed, t h e p o s i t i o n s ( i n c l u d i n g 

w i d t h and l e n g t h ) of t h e s l i t s and t h e p o s i t i o n angle of the 

i n s t r u m e n t r o t a t o r . The m u l t i - s l i t d e v i c e s themselves are 

e i t h e r pre-manufactured a p e r t u r e p l a t e s or r e - u s a b l e mechanical 

115 



L 
05 

00 

-J 

v3 

8> 
10 

a) 0 

11 6 



Techniques of M u l t i - o b j e c t Spectroscopy 

d e v i c e s (Breare e t a l , 1986a). The use of l i q u i d c r y s t a l 
p l a t e s has been proposed but they are not i d e a l because t h e 
n o n - t r a n s m i t t i n g s t a t e l e a k s l i g h t and t h e t r a n s m i t t i n g s t a t e 
absorbs l i g h t . LDSS w i l l use pre-manufactured a p e r t u r e p l a t e s 
mounted i n a c a r o u s e l f o r q u i c k f i e l d changeovers whereas two 
mechanical m u l t i - s l i t d e v i c e s (one manually s e t up, t h e o t h e r 
under computer c o n t r o l ) are bei n g developed f o r t h e s m a l l 3 by 
4 arcmin f i e l d of t h e 2.5 metre FOS (see s e c t i o n 4.4). 

LDSS i s a t t h e l i m i t of p r e s e n t o p t i c a l -and d e t e c t o r 

t e c h n o l o g y - p a r t i c u l a r l y d e t e c t o r t e c h n o l o g y where t h e i d e a l 

d e t e c t o r s are as y e t unproven. To observe y e t more o b j e c t s 

s i m u l t a n e o u s l y one needs e i t h e r s e v e r a l LDSS's a t t h e t e l e s c o p e 

focus or wider f i e l d s p e c t r o g r a p h s equiped w i t h even b i g g e r 

d e t e c t o r s . Wider f i e l d o p t i c s would p r o b a b l y be r a t h e r l a r g e 

and cumbersome but not i m p o s s i b l e . However, t o u t i l i s e t h e 

f u l l f i e l d one would have t o use e i t h e r a r e l a t i v e l y 

i n s e n s i t i v e p h o t o g r a p h i c p l a t e or a mosaic of CCDs. Using 

s e v e r a l LDSS type s p e c t r o g r a p h s i s n ot r e a l l y v e r y p r a c t i c a l 

e i t h e r as LDSS f i l l s up t h e space behind t h e t e l e s c o p e focus 

and an i n g e n i o u s (perhaps i m p o s s i b l e ) arrangement of f o l d i n g 

m i r r o r s would be r e q u i r e d ( n o t e t h a t LDSS w i l l o n l y u t i l i s e 

l / 9 t h of t h e f u l l f i e l d of t h e AATJ). F i n a l l y , as m u l t i - s l i t 

work seems u n l i k e l y t o be a b l e t o address t h e f u l l f i e l d of 

pr e s e n t day t e l e s c o p e s t h e t e c h n i q u e does not demand t h a t t h e 

next g e n e r a t i o n of o p t i c a l t e l e s c o p e s have even wider f i e l d s 

( f i e l d s of about 3 degrees across are bei n g d i s c u s s e d ) . 
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5 . 6 M u l t i - f i b r e s p e c t r o s c o p y 

I f one end of an o p t i c a l f i b r e i s p l a c e d i n t h e f o c a l 

plane of a t e l e s c o p e i t w i l l sample the l i g h t from a s m a l l 

c i r c u l a r area of t h e f i e l d and t h e l i g h t c o l l e c t e d w i l l emerge 

from t h e o t h e r end of t h e f i b r e . I n m u l t i - f i b r e s p e c t r o s c o p y 

t h e i n p u t ends of a s e t of f i b r e s are used t o sample sky areas 

and o b j e c t s i n the f i e l d and the o u t p u t ends are arranged i n a 

l i n e t o form a p s u e d o - s l i t which feeds t h e s p e c t r o g r a p h . The 

t e c h n i q u e can t h e r e f o r e make use of e x i s t i n g l o n g - s l i t 

s p e c t r o g r a p h s and w e l l e s t a b l i s h e d , s m a l l - f o r m a t d e t e c t o r s 

because the f i b r e - s l i t i s changeless and t o t a l l y independent of 

t h e f i e l d arrangement. Furthermore, o b j e c t s from a l l over t h e 

t e l e s c o p e ' s f i e l d can be observed and a l l t h e s p e c t r a l 

r e s o l u t i o n o p t i o n s of t r a d i t i o n a l s p e c t r o s c o p y are a v a i l a b l e . 

I f t h e number of s i m u l t a n e o u s l y o b s e r v a b l e o b j e c t s i s 

l i m i t e d by t h e s p e c t r o g r a p h ( t y p i c a l l y 50 t o 100 s p e c t r a per 

s p e c t r o g r a p h ) then t h e greedy astronomer can s i m p l y use e x t r a 

s p e c t r o g r a p h s . T h i s p r e s e n t s no g r e a t t e c h n i c a l d i f f i c u l t i e s 

as t h e t e l e s c o p e and the s p e c t r o g r a p h s do not need t o be 

a l i g n e d i n any p a r t i c u l a r way. Indeed, t h e e n g i n e e r i n g of 

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

t h e absense of d i f f e r e n t i a l f l e x u r e and s t a n d a r d o p t i c s 

l a b o r a t o r y equipment can be used. The t o t a l number of s p e c t r a 

t h a t can be a c q u i r e d a t t h e same t i m e can t h e r e f o r e be ve r y 

l a r g e ( o f the o r d e r of 1000 say) depending on t h e t e l e s c o p e 

f i e l d , t h e number of s p e c t r o g r a p h s and t h e d e n s i t y w i t h which 

t h e f i b r e s can be p l a c e d i n t h e f i e l d . 
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The t e c h n i q u e r e q u i r e s c o n s i d e r a b l e p l a n n i n g b e f o r e t he 
o b s e r v a t i o n s are made, j u s t as f o r m u l t i - s l i t work, no m a t t e r 
which method of p l a c i n g f i b r e s i n the f o c a l plane i s adopted 
(see c h a p t e r 6 ) . This p r e p a r a t i o n i n v o l v e s a s t r o m e t r y , 
assignment of f i b r e s t o t a r g e t s and t h e process of a c t u a l l y 
s e t t i n g - u p t h e f i b r e s i n t o t h e r e q u i r e d c o n f i g u r a t i o n . I t i s 
a l s o i m p o r t a n t t h a t t h e f i b r e s are p l a c e d a c c u r a t e l y on the 
o b j e c t s . F i g u r e 5.2 shows t h e v a r i a t i o n of f i b r e e f f i c i e n c y as 
a f u n c t i o n of p o s i t i o n i n g e r r o r assuming a gaussian s e e i n g 
d i s k . The t r a n s m i s s i o n shown i s based p u r e l y on t h e geometry, 
i . e . i t i s e s s e n t i a l l y t h e v i g n e t t i n g of a c i r c u l a r a p e r t u r e . 

The t h e r o r e t i c a l S/N r a t i o t h a t can be ac h i e v e d , u s i n g 

f i b r e s , based on photon s t a t i s t i c s , can be d e r i v e d f o r a 

s p e c t r a l channel as f o l l o w s . Assume t h a t each f i b r e 

i l l u m i n a t e s p d e t e c t o r p i x e l s a long t h e s l i t d i r e c t i o n , Q T O T i s 

the t o t a l number of d e t e c t e d photons from t h e o b j e c t and Sf.ib 

i s t h e t o t a l number of sky photons d e t e c t e d f o r a s i n g l e f i b r e . 

Thus f o r an o b j e c t f i b r e we have a t o t a l s i g n a l and e r r o r of 

( u s i n g Poisson s t a t i s t i c s ) 

where R i s t h e rea d o u t n o i s e i n p h o t o - e l e c t r o n s a s s o c i a t e d w i t h 

a s i n g l e p i x e l . I f t h e r e are q s u i t a b l e sky f i b r e s ( i . e . 

s u i t a b l e i n t h e sense t h a t they sample t h e same p a r e n t sky 

p o p u l a t i o n ) t h e n t h e t o t a l s i g n a l and i t s e r r o r from these i s 

To o b t a i n t h e sky s u b t r a c t e d s i g n a l and i t s a s s o c i a t e d e r r o r we 

d i v i d e e x p r e s s i o n ( 2 ) by q and s u b t r a c t i t from e x p r e s s i o n ( 1 ) 
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t o g e t 

= QTOT ± J Qror + ' )(S,b + P**) 

P u t t i n g s , = A,. S where A... i s t h e area of t h e f i b r e 

a p e r t u r e i n square a r c s e c s and S i s t h e number of sky 

photons d e t e c t e d per arcsec f o r t h e channel concerned we get 

Comparing t h i s w i t h the e q u i v a l e n t e x p r e s s i o n f o r a s l i t (see 

s e c t i o n 2.1.1) we see ( h a r d l y s u p r i s i n g l y ) t h a t t h e r e s u l t i s 

b a s i c a l l y t h e same. i . e . p = m, l / q = m/n and A^.)b /p = A. Thus i f 

readout n o i s e and photon s t a t i s t i c s are t h e o n l y source of 

e r r o r , f i b r e s p e c t r o s c o p y can go as deep as m u l t i - s l i t 

s p e c t r o s c o p y . The l o n g e r i n t e g r a t i o n t i m e s r e q u i r e d because of 

f i b r e l o s s e s (say t w i c e as long) are more th a n made up f o r by 

the f a c t t h a t more o b j e c t s can be observed s i m u l t a n e o u s l y 

(perhaps 20 t i m e s more th a n w i t h m u l t i - s l i t s ) . 

However, t h e r e i s some doubt as t o what t h e a c t u a l 

l i m i t i n g magnitude of f i b r e o p t i c s p e c t r o s c o p y i s i n p r a c t i c e , 

due t o the presence of s y s t e m a t i c e r r o r s a s s o c i a t e d w i t h t h e 

s k y - s u b t r a c t i o n process. F i r s t l y , u n l i k e s l i t work, t h e sky 

"under" t h e o b j e c t s i g n a l i s g e n e r a l l y not e s t i m a t e d from the 

sky a d j a c e n t t o t h e o b j e c t . The S/N e x p r e s s i o n d e r i v e d above 

assumes t h a t t h e sky sampled by the sky f i b r e s comes from the 

same p a r e n t p o p u l a t i o n as the sky from t h e o b j e c t f i b r e ( s ) . 
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Does t h i s a s s u m p t i o n become l e s s and l e s s v a l i d as t h e d i s t a n c e 
b e t w e e n t h e o b j e c t and sky f i b r e s i n c r e a s e s ? To answer t h i s 
q u e s t i o n a l o n g s l i t FOS e x p o u r e was a n a l y s e d t o see w h e t h e r t h e 
e r r o r i n s u b t r a c t i n g one sky s p e c t r u m f r o m a n o t h e r i n c r e a s e d 
w i t h t h e d i s t a n c e b e t w e e n them. The a n a l y s i s was c a r r i e d o u t 
u p t o a s e p a r a t i o n o f 168 p i x e l s w h i c h c o r r e s p o n d s t o a b o u t 130 
a r c s e c o n d s on t h e s k y . As t h e r e was a s l i g h t v a r i a t i o n i n t h e 
number o f d e t e c t e d s k y p h o t o n s a l o n g t h e s l i t , t h e sky b e i n g 
s u b t r a c t e d o f f was n o r m a l i s e d so t h a t t h e n e t s i g n a l i n t h e 
r e s u l t was e x a c t l y z e r o . The sky s p e c t r u m a t one end o f t h e 
s l i t was s u c c e s s i v e l y s k y - s u b t r a c t e d u s i n g a l l t h e o t h e r s k y 
s p e c t r a i n t u r n and t h e rms n o i s e f o r each r e s u l t was 
c a l c u l a t e d . The a n a l y s i s was p e r f o r m e d t w i c e , s u b t r a c t i n g f r o m 
t h e s p e c t r a a t o p p o s i t e ends o f t h e s l i t . 

F i g u r e 5.3 shows t h e s t a n d a r d d e v i a t i o n o f a l l t h e 

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

t h e s k y - s u b t r a c t e d s k y s p e c t r a , as a f u n c t i o n o f t h e d i s t a n c e 

b e t w e e n t h e s k y s p e c t r a . The l a r g e s p i k e s a r e due t o CREs o r 

o b j e c t s c o n t a m i n a t i n g t h e s k y s p e c t r u m b e i n g s u b t r a c t e d o f f . 

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

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

g e t s n o i s i e r as t h e d i s t a n c e between t h e sky a r e a s g e t s l a r g e r . 

T h i s t r e n d was a l s o e v i d e n t when t h e a n a l y s i s was p e r f o r m e d i n 

t h e r e v e r s e d i r e c t i o n . Whether t h e r e s u l t i s c a u s e d by v a r y i n g 

b a c k g r o u n d l i g h t t o do w i t h t h e i n s t r u m e n t o r i s c a u s e d by a 

g e n u i n e v a r i a t i o n o f t h e sky b a c k g r o u n d i s n o t c l e a r , b u t t h e 

f a c t t h a t s k y s u b t r a c t i o n g e t s worse w i t h s e p a r a t i o n i s ominous 

f o r f i b r e work w h a t e v e r t h e cause. A n o t h e r , more l i k e l y 

e x p l a n a t i o n i s t h a t t h e s a m p l i n g o f t h e s k y s p e c t r u m v a r i e s 
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a l o n g t h e s l i t even t h o u g h t h e s l i t and t h e d e t e c t o r g r i d a r e 
p a r a l l e l t o a h i g h d e g r e e o f a c c u r a c y f o r t h e FOS d a t a used t o 
d e r i v e f i g u r e 5.3. T h i s e f f e c t i s l i k e l y t o be worse f o r f i b r e 
" s l i t s " w h i c h may n o t l i e a c c u r a t e l y on a s t r a i g h t l i n e as w e l l 
as b e i n g n o n - p a r a l l e l w i t h t h e d e t e c t o r . 

The s e c o n d p r o b l e m a s s o c i a t e d w i t h f i b r e s k y - s u b t r a c t i o n 

i s t h a t t h e o v e r a l l t r a n s m i s s i o n v a r i e s f r o m f i b r e t o f i b r e . 

I n p r i n c i p l e t h i s can be d e t e r m i n e d f o r a g i v e n f i b r e 

a r r a n g e m e n t by u n i f o r m l y i l l u m i n a t i n g t h e t e l e s c o p e f i e l d ( e . g . 

u s i n g t w i l i g h t s k y ) . For v e r y f a i n t work t h e r e l a t i v e o v e r a l l 

t r a n s m i s s i o n s o f t h e f i b r e s b e i n g used has t o be e s t i m a t e d v e r y 

a c c u r a t e l y b ecause t h e o b j e c t s i g n a l i s o n l y a s m a l l f r a c t i o n 

o f t h e s k y s i g n a l . I f t h e s u b t r a c t e d s k y i s o n l y s l i g h t l y 

w rong i t can c o n t r i b u t e s i g n i f i c a n t l y t o t h e r e s u l t and what i s 

more such e r r o r s do n o t g e t s m a l l e r as t h e i n t e g r a t i o n t i m e 

i n c r e a s e s . F u r t h e r work i s r e q u i r e d t o i n v e s t i g a t e methods o f 

a c c u r a t e l y d e t e r m i n i n g r e l a t i v e f i b r e t r a n s m i s s i o n s and t o 

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

A l s o , i m p r o v e m e n t s i n t h e d e s i g n and m a n u f a c t u r e o f f i b r e o p t i c 

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

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

s l i t ( s e e c h a p t e r 6 ) . 

F i n a l l y , t h e use o f r e l a t i v e o v e r a l l t r a n s m i s s i o n s assumes 

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

f i b r e t o t h e n e x t . A l t h o u g h some l a b o r a t o r y work has been done 

w h i c h s u p p o r t s t h i s a s s u m p t i o n ( P e t e r Gray, p r i v a t e 

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

t h e h i g h l y a c c u r a t e f i b r e c a l i b r a t i o n s needed f o r v e r y f a i n t 
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work . 

5 .7 D i s c u s s i o n 

Of t h e above f i v e m e thods, o n l y t h e l a s t two ( m u l t i - s l i t s 

and m u 1 t i - f i b r e s ) s t a n d o u t as b e i n g a b l e t o p r o v i d e l a r g e 

numbers o f r e a s o n a b l y h i g h r e s o l u t i o n s p e c t r a ( e . g . f o r 

r e d s h i f t d e t e r m i n a t i o n ) a t f a i n t m a g n i t u d e s (B > 1 7 ) . F i g u r e 

5.4 shows t h e e f f i c i e n c y o f v a r i o u s m u l t i o b j e c t f a c i l i t i e s as a 

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

s i g n a l - t o - n o i s e n o t l e s s t h a n 20 i n a 10A c h a n n e l a t 5500A. 

The e f f i c i e n c y p a r a m e t e r E i s d e f i n e d as t h e number o f s p e c t r a 

t h a t can be o b t a i n e d p e r h o u r w i t h a s i g n a l t o n o i s e C f o r 

o b j e c t s b r i g h t e r t h a n a l i m i t i n g m a g n i t u d e V. I n d e r i v i n g t h e 

E - V c u r v e s t h e f o l l o w i n g f o r m u l a e and a s s u m p t i o n s were made. 

The f l u x a t t h e t o p o f t h e a t m o s p h e r e £ f o r an o b j e c t o f 

m a g n i t u d e V i s 
- ( O i f V +- 3 - < f 3 ) 

f - 10 

where f ^ 5 i s t h e f l u x a t 5500A and i s i n e r g s / s e c / c m 1 / A . The 

r a t e a t w h i c h p h o t o n s a r e d e t e c t e d f r o m t h e o b j e c t , R o b , i n a 

10A s p e c t r a l c h a n n e l a t 5500A i s g i v e n by 

where D i s t h e d i a m e t e r o f t h e t e l e c o p e i n m e t r e s . T h i s 

e x p r e s s i o n was d e r i v e d a s s u m i n g t h a t A'/. 0F t h e a v a i l a b l e p h o t o n s 

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

f a c t t h e f i g u r e a c h i e v e d i n p r a c t i c e f o r t h e FOS ( s e e c h a p t e r 

4) and i n c l u d e s a t m o s p h e r i c l o s s e s , t e l e s c o p e c e n t r a l 

o b s c u r a t i o n , r e f l e c t i o n l o s s e s , s p e c t r o g r a p h l o s s e s and t h e 
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d e t e c t o r ' s quantum e f f i c i e n c y . I f we assume t h a t t h e sky 
m a g n i t u d e i n t h e V band i s V = 21.1 p e r s q u a r e a r c se c o n d and 
t h a t 3 s q u a r e a r c s e c o n d s w o r t h i s m i x e d up w i t h t h e o b j e c t 
s i g n a l ( a 3x1 a r c se c o n d s l i t o r a 0.977 a r c se c o n d d i a m e t e r 
f i b r e ) we g e t 

R S K^ - O-OSS D z 

where R S k V i s t h e number o f p h o t o n s d e t e c t e d p e r second f r o m 

t h e s k y . A s i g n a l - t o - n o i s e r a t i o C w i l l be o b t a i n e d i n t 

se c o n d s g i v e n by 

c = R ° v s t 

J Hob) t t 2 RS K Y t 

u s i n g S/N e x p r e s s i o n s f o r s l i t s and f i b r e s ( s e e s e c t i o n s 2.1.1 

and 5.6) w i t h m=n=p=q=l and R = 0. C o n v e r s e l y an i n t e g r a t i o n 

t i m e o f T ; t h o u r s i s needed t o g e t a S/N r a t i o o f C g i v e n by 

T,'nt = ^ x /2>600 

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

s t a r t o f o b s e r v a t i o n s o f one f i e l d t o t h e n e x t i s s i m p l y 

where T d t o ( 1 i s t h e t i m e s p e n t c h a n g i n g t h e f i b r e c o n f i g u r a t i o n 

o r m u l t i - s l i t a p e r t u r e p l a t e s and a c q u i r i n g t h e new f i e l d e t c . 

i n h o u r s . F i n a l l y , we d e f i n e E by 

w 
E = 

bob 

where N i s t h e number o f o b j e c t s a v a i l a b l e t o l i m i t i n g 

m a g n i t u d e V p e r s q u a r e d e g r e e and A i s t h e a c c e s s i b l e f i e l d 

a r e a i n s q u a r e d e g r e e s . Note t h a t E does n o t make any 
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a l l o w a n c e f o r t h e f a c t t h a t t e l e s c o p e t i m e i s e a s i e r t o come by 
on t e l e s c o p e s o f s m a l l e r a p e r t u r e . A l s o , NA must l i e b e t w e e n 1 
and N^ftJt where i s t h e maximum number o f s i m u l t a n e o u s l y 

a v a i l a b l e s p e c t r a due t o p r a c t i c a l c o n s t r a i n t s s u ch as t h e 

number o f f i b r e s a v a i l a b l e o r t h e d e t e c t o r s i z e e t c . NA i s 

o t h e r w i s e based on t h e number c o u n t s o f Tyson and J a r v i s , 1979. 

The c u r v e s i n f i g u r e 5.4 were d e r i v e d u s i n g t h e f o l l o w i n g 

i n s t r u m e n t a l p a r a m e t e r s : 

E q u i p m e n t T e U a < i F i e l d Nmax D T h r u p u t 
C ) l I** 5500A 

AAT a l l o b j e c t s (8K f i b r e s ) 0. 25 0 . 35 8000 3 . 9 0. 04 

W i l l s t r o p + 1000 f i b r e s 0. 20 7. 0 1000 3 . 9 0 . 04 

AAT + LDSS 0. 10 0 . 04 50 3 .9 0. 08 

AAT + AUTOFIB 0. 25 0. 35 50 3 . 9 0. 04 

UKST + 200 f i b r e s 0. 50 28 . 0 200 1 .2 0. 04 

INT + FOS + m u l t i s l i t u n i t 0. 25 0. 0033 10 2 . 5 0. 04 

AAT s i n g l e o b j e c t mode 0. 10 - 1 3 . 9 0. 08 

N o t e t h a t t h e t h r o u g h p u t o f t h e AAT w i t h b o t h LDSS and s i n g l e 

s l i t s was s e t t o 37. bo a l l o w f o r t h e absence o f f i b r e l o s s e s . 

G e n e r a l l y s p e a k i n g f i g u r e 5.4 t e l l s us t h a t w i d e t e l e s c o p e 

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

s t e l l a r w o r k , and t h a t f o r f a i n t s u r v e y s t h e a p e r t u r e o f t h e 

t e l e s c o p e and t h e t o t a l number o f f i b r e s o r s l i t s g o v e r n t h e 

e f f i c i e n c y because even s m a l l f i e l d s have p l e n t y o f p o t e n t i a l 

t a r g e t s . I t 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 p r o p o s e d W i l l s t r o p 

t e l e s c o p e w i t h i t s enormous 7 s q u a r e d e g r e e f i e l d can be 

matched i n e f f i c i e n c y w i t h 1000 f i b r e s by t h e AAT f o r m a g n i t u d e 

* 8 0 0 0 o b j e c t s a v a l 1 a b l e i n AAT f i e l d w i t h V < 2 1 
** W i l l s t r o p R. V., MNRAS 2 1 6 , 4 1 1 , 1 9 8 5 . N 
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l i m i t s f a i n t e r t h a n V=20. I n o t h e r w o r d s , e x i s t i n g t e l e s c o p e s 
p r o v i d e much more p o t e n t i a l t a r g e t s t h a n can be a c q u i r e d a t 
f a i n t l i m i t s and w i d e r f i e l d s w o u l d r e q u i r e e n o r m o u s l y p o w e r f u l 
MOS i n s t r u m e n t a t i o n t o be j u s t i f i e d . On t h e o t h e r hand, f o r 
b r i g h t e r m a g n i t u d e s (16 < V < 20) and f o r s e l e c t i v e s u r v e y s 
where a p a r t i c u l a r c l a s s o f o b j e c t has a low sky d e n s i t y , t h e 
W i l l s t r o p t e l e s c o p e w o u l d be v e r y u s e f u l . I t i s a l s o 
i n t e r e s t i n g t o compare t h e LDSS and AUTOFIB c u r v e s . F or 
g a l a x i e s LDSS i s more e f f i c i e n t t h a n AUTOFIB f o r V > 19.5 b u t 
t h i s i s o n l y b ecause LDSS has t w i c e t h e t h r o u g h p u t o f AUTOFIB. 
T h e r e f o r e , i f AUTOFIB can p r o v i d e more t h a n 100 o b j e c t f i b r e s 
i t w i l l be more e f f i c i e n t t h a n LDSS. 

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

s k y - s u b t r a c t i o n can be s o l v e d , m u l t i - f i b r e s p e c t r o c o p y i s 

c l e a r l y t h e most p o w e r f u l t e c h n i q u e o f MOS a t a l l m a g n i t u d e s as 

i t can e x p l o i t t h e f u l l t e l e s c o p e f i e l d , p r o v i d e t h e h i g h e s t 

p o t e n t i a l f o r t h e number o f s i m u l t a n e o u s l y a c q u i r e d s p e c t r a and 

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

c o v e r a g e o p t i o n s . However, a t p r e s e n t t h e s k y - s u b t r a c t i o n 

p r o b l e m has n o t been s o l v e d and t h e m u l t i - s l i t method seems t h e 

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

and low d i s p e r s i o n a r e n o t p a r t i c u l a r y d i s a d v a n t a g e o u s . 
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C h a p t e r 

F i b r e o p t i c c o u p l e r s and t h e 

6 

d e v e l opment of. AUTOFIB 

T h i s c h a p t e r i s a b o u t an a s t r o n o m i c a l i n s t r u m e n t w h i c h a t 

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

Durham U n i v e r s i t y and t h e A n g l o - A u s t r a l i a n O b s e r v a t o r y (AAO). 

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

m u l t i - o b j e c t s p e c t r o s c o p y and has been d e s i g n a t e d AUTOFIB. 

T h i s c h a p t e r d e s c r i b e s t h e d e v e l o p m e n t o f AUTOFIB f r o m i t s 

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

i n c l u d e s r e f e r e n c e s t o o t h e r i n s t r u m e n t s w h i c h have i n f l u e n c e d 

t h e d e s i g n p r o c e s s . AUTOFIB w i l l be a v a i l a b l e a t t h e AAT's 

C a s s e g r a i n f o c u s by t h e end o f 1986. 

6.1 Why do we need t o a u t o m a t e ? 

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

w o r t h w h i l e t e c h n i q u e one t h e n has t o d e c i d e e x a c t l y how t h e 

o b j e c t s i n t h e f i e l d o f t h e t e l e s c o p e a r e a c q u i r e d w i t h a s e t 

o f f i b r e s . A s i m p l e t e c h n i q u e i s t o p l u g t h e f i b r e s i n t o t h e 

h o l e s o f a s u i t a b l e a p e r t u r e p l a t e , mounted a t t h e t e l e s c o p e 

f o c u s . An e x c e l l e n t e x ample o f t h i s method i s t h e AAT's FOCAP 

s y s t e m w h i c h i s shown i n F i g u r e 6.1. The p l a t e i s ma c h i n e d 

some t i m e i n advance o f o b s e r v i n g u s i n g t h e measured 

c o - o r d i n a t e s o f t h e f i e l d o b j e c t s and t h e image s c a l e o f t h e 

t e l e s c o p e . A n o t h e r method i s t o use a p h o t o g r a p h i c p l a t e o f 

t h e t a r g e t f i e l d t a k e n a t t h e same t e l e s c o p e f o c u s as i s used 

f o r f i b r e o b s e r v a t i o n s and t o p r e p a r e a g l a s s c o n t a c t n e g a t i v e 

on w h i c h t h e o b j e c t s a r e b u r n t o u t and t h e r e f o r e t r a n s p a r e n t . 

* e.g. t h e UKST f i b r e s y s t e m . See Watson F. G, and Dawe J. A., 
ROE p r e p r i n t # 1 7 / 8 4 
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The f i b r e s can t h e n be g l u e d d i r e c t l y on t o t h e s e images and 
t h e p l a t e mounted on t h e t e l e s c o p e w i t h o u t t h e need f o r 
a s t r o m e t r i c measurements. B o t h methods a r e r e l a t i v e l y easy t o 
g e t s t a r t e d and a l l o w t h e s c i e n t i f i c g o a l s t o be a c h i e v e d . 
However. each o b s e r v e d f i e l d r e q u i r e s t h a t a c e r t a i n amount o f 
m a n u f a c t u r i n g be done and so t h e s e methods o f o b s e r v i n g 
c o n t i n u a l l y c o s t t i m e and money and t h e heavy h a n d l i n g r e c e i v e d 
by r e u s e d f i b r e s means t h e q u a l i t y o f su c h f i b r e s y s t e m s i s 
o f t e n l e s s t h a n o p t i m a l . C l e a r l y , a method o f p o s i t i o n i n g 
f i b r e s t h a t i n v o l v e s a h i g h d e g r e e o f a u t o m a t i o n i s w o r t h w h i l e 
s i m p l y on t h e g r o u n d s o f economy and c o n v e n i e n c e as l o n g as i t 
does n o t compromise t h e s c i e n t i f i c p o t e n t i a l : - t h e c o u n t e r c l a i m 
t h a t a u t o m a t i o n i s u n n e c e s s a r y because i t does n o t open up any 
new s c i e n t i f i c p o s s i b i l i t i e s i s much l i k e s a y i n g "Why b u i l d a 
b o a t when y ou can swim t h e c h a n n e l ? " 

The AAO have been l e a d e r s i n t h e f i e l d o f m u l t i f i b r e 

s p e c t r o s c o p y f o r s e v e r a l y e a r s now and t h e a c q u i s i t i o n o f 

AUTOFIB i s seen as a n a t u r a l s t e p f o r w a r d , b u i l d i n g on f r o m 

t h e i r a p e r t u r e p l a t e s y s t e m , FOCAP. FOCAP can employ e i t h e r 

t h e a u x i l l i a r y C a s s e g r a i n f o c u s o r t h e f u l l 40 a r c m i n d i a m e t e r 

main C a s s e g r a i n f o c u s by l o w e r i n g t h e RGO s p e c t r o g r a p h ( w h i c h 

n o r m a l l y s i t s d i r e c t l y u n d e r t h e A&G u n i t ) by 300 mm and 

i n s e r t i n g a box w h i c h s u p p o r t s t h e s p e c t r o g r a p h i n i t s new 

p o s i t i o n and hou s e s a r e m o v a b l e a p e r t u r e p l a t e h o l d e r . By 

h a v i n g 2 f i b r e b u n d l e s , each o f w h i c h f e e d s 50 f i b r e s t o t h e 

s p e c t r o g r a p h , 2 g u i d e b u n d l e s w h i c h f e e d t h e a c q u i s i t i o n TV and 

2 a p e r t u r e p l a t e h o l d e r s , i t i s p o s s i b l e t o p r e p a r e one 

a p e r t u r e p l a t e w h i l s t o b s e r v i n g w i t h a n o t h e r and so keep t h e 

f i e l d c h a n g e - o v e r t i m e t o a minimimum. I t t a k e s a b o u t 15 t o 20 
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m i n u t e s t o p a r k t h e t e l e s c o p e a t t h e z e n i t h , e n t e r t h e cage, 
exchange a p e r u r e p l a t e s and a c q u i r e t h e new f i e l d . A r e c o r d o f 
w h i c h f i b r e i s used f o r w h i c h o b j e c t has t o t a k e n m a n u a l l y a t 
t h e same t i m e as t h e f i b r e s a r e p l u g g e d i n t o t h e a p e r t u r e 
p l a t e . For f u r t h e r d e t a i l s see Gray 1983 and Gray & S h a r p i e s 
1985 . 

I have a l r e a d y j u s t i f i e d t h e need f o r an a u t o m a t e d f i b r e 

c o u p l e r i n g e n e r a l t e r m s . Now I compare t h e r e l a t i v e m e r i t s o f 

two s p e c i f i c s y s t e m s . I make t h e c o m p a r i s o n as an a s t r o n o m e r -

n o t an e n g i n e e r - f o r i t i s t h e q u a l i t y o f t h e o b t a i n a b l e 

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

a) AUTOFIB i s f a r c h e a p e r t o r u n t h a n FOCAP. I t c o s t s t h e 

AAO A$170 on a v e r a g e f o r a 40 a r c m i n a p e r t u r e p l a t e and 

s o m e t h i n g l i k e A$12,000 p e r annum. F u r t h e r m o r e s p e c i a l i s t 

s t a f f a r e r e q u i r e d a t t h e t e l e s c o p e when FOCAP i s used and t h e 

s y s t e m ' s p o p u l a r i t y , and t h e r e f o r e u s a g e , c o n t i n u e s t o r i s e . 

On t h e o t h e r hand AUTOFIB's r u n n i n g c o s t s and s t a f f 

r e q u i r e m e n t s w i l l be t h e same as f o r c o n v e n t i o n a l s l i t 

s p e c t r o s c o p y . The m a j o r c o s t s i n v o l v e d w i t h AUTOFIB a r e t h o s e 

o f b u i l d i n g and c o m m i s s i o n i n g w h i c h s h o u l d n o t amount t o more 

t h a n £20,000 (/l=A$2 a t t i m e o f w r i t i n g ) . 

b) From t h e a s t r o n o m e r ' s p o i n t o f v i e w AUTOFIB w i l l be 

much e a s i e r t o use t h a n FOCAP. T a r g e t l i s t s need n o t be 

p r e p a r e d so f a r i n advance and a c o m p l e t e o b s e r v i n g l o g 

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

s p e c t r u m c o r r e s p o n d s t o w h i c h o b j e c t w i l l be p r o v i d e d 

a u t o m a t i c a l l y by t h e AAO VAX. 
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c) The q u a l i t y o f t h e f i b r e b u n d l e s s h o u l d be b e t t e r w i t h 
AUTOFIB. W i t h FOCAP t h e f i b r e s a r e c o n s t a n t l y b e i n g p l u g g e d 
i n t o and p u l l e d o u t o f a p e r t u r e p l a t e s . V a r i a t i o n s i n t h e h o l e 
d i a m e t e r s i n e v i t a b l y l e a d s t o t h e o c c a s i o n a l f i b r e f e r r u l e 
f i t t i n q t o o t i g h t l y and an u n d e s i r a b l y l a r g e f o r c e has t o be 
used t o u n p l u g i t . F i b r e s a r e t h e r e f o r e b r o k e n e v e r y so o f t e n 
p a r t i c u l a r l y s i n c e t h e s t a f f c o n c e r n e d a r e w o r k i n g l o n g l a t e 
h o u r s . W i t h AUTOFIB however n o t o n l y w i l l t h e f i b r e s m a i n t a i n 
t h e i r o r i g i n a l q u a l i t y due t o l a c k o f wear and t e a r b u t because 
t h e y a r e more p r o t e c t e d g r e a t e r c a r e can be a f f o r d e d i n t h e i r 
m a n u f a c t u r e m a k i n g t h e i r i n i t i a l q u a l i t y as h i g h as p o s s i b l e . 
I n a d d i t i o n , t h e m i n i m a l s t r e s s i n g t h a t t h e f i b r e s w i l l r e c e i v e 
w i l l l e a d t o l e s s f o c a l r a t i o d e g r a d a t i o n and t h e r f o r e b e t t e r 
o v e r a l l t h r o u g h p u t and l e s s f i b r e t o f i b r e v a r i a t i o n . 

d ) AUTOFIB w i l l p o s i t i o n t h e f i b r e s o n t o t h e o b j e c t s w i t h 

h i g h e r p r e c i s i o n t h a n FOCAP. Th e r e a r e two ways i n w h i c h a 

f i b r e can be m i s a l i g n e d ; by p o s i t i o n a l m i s a l i g n m e n t , l a t e r a l l y 

away f r o m t h e i n c o m i n g l i g h t cone, and by a n g u l a r m i s a l i g n m e n t 

o f t h e f i b r e ' s a x i s w i t h r e s p e c t t o t h e a x i s o f t h e i n c o m i n g 

l i g h t . F o r t h e p u r p o s e o f c o m p a r i s o n I am i g n o r i n g a s t r o m e t r i c 

e r r o r s s i n c e t h e y a r e common t o b o t h f i b r e s y s t e m s . F o r FOCAP 

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

w h i c h t h e h o l e s a r e d r i l l e d (± 30 m i c r o n s ) and t h e 

c o n c e n t r i c i t y o f t h e f i b r e and i t s f e r r u l e (± 15 m i c r o n s ) . The 

t o t a l m i s a l i g n m e n t can t h e r e f o r e be as much as 45 m i c r o n s . The 

a n g u l a r m i s a l i g n m e n t can be as much as 3 d e g r e e s f o r a l o o s e l y 

f i t t i n g f e r r u l e and i f t h e a p e r t u r e p l a t e i s s t r e s s e d so t h a t 

i t s shape a p p r o x i m a t e s t h e f o c a l s u r f a c e o f t h e AAT t h e t o t a l 

m i s a l i g n m e n t can be as much as 4 d e g r e e s . T h i s much 
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m i s a l i g n m e n t r e d u c e s t h e t h r o u g h p u t i n t o t h e s p e c t r o g r a p h 
e n t r a n c e p u p i l by a f a c t o r o f 0.75. AUTOFIB w i l l be a b l e t o 
p o s i t i o n t h e f i b r e a p e r t u r e s t o w i t h i n 20 - 30 m i c r o n s and w i t h 
a n g u l a r m i s a l i g n m e n t s o f l e s s t h a n 0.5 d e g r e e s ( s e e s e c t i o n 
6 . 4 . 2 ) . The r e d u c t i o n o f t h e s e m i s a l i g n m e n t s , i n p a r t i c u l a r 
t h e a n g u l a r one, w i l l p r o v i d e b e t t e r sky s u b t r a c t i o n f o r f a i n t 
o b j e c t s and t h e r e f o r e c l e a r e r r e s u l t s . 

e) AUTOFIB o f f e r s much more f l e x i b i l i t y w h i l s t o b s e r v i n g 

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

z e n i t h - d i s t a n c e d e p e n d a n t f i e l d d i s t o r t i o n s and s w a p p i n g a 

f i b r e on a s u f f i c i e n t l y w e l l o b s e r v e d b r i g h t o b j e c t t o a n o t h e r 

w h i l s t c o n t i n u i n g t h e e x p o s u r e on t h e o t h e r f a i n t e r o b j e c t s . 

f ) B r i g h t o b j e c t s u r v e y s a r e f a r e a s i e r w i t h AUTOFIB. 

T h i s i s s i m p l y because f i e l d c h a n g e - o v e r s a r e e a s i e r . F or 

ex a m p l e , a p r o j e c t w h i c h i n v o l v e s a dozen o r so b r i g h t o b j e c t 

f i e l d s w o u l d be easy w i t h AUTOFIB b u t w o u l d be e x h a u s t i n g f o r 

t h e o b s e r v e r and h i s s u p p o r t s t a f f u s i n g FOCAP because o f t h e 

n o n - s t o p a c t i v i t y . 

g ) F i n a l l y , as AUTOFIB i s so easy t o use i t opens up 

p o s s i b i l i t i e s f o r t h e f u t u r e s u c h as r e m o t e and s e r v i c e 

m u l t i - o b j e c t o b s e r v i n g . 

On t h e o t h e r hand FOCAP has some a d v a n t a g e s o v e r AUTOFIB 

t h o u g h on b a l a n c e t h e s e do n o t i n my o p i n i o n o u t w e i g h t h e 

d i s a d v a n t a g e s . A l s o , one must b e a r i n mind t h a t AUTOFIB has 

y e t t o be b u i l t and t h e above c o m p a r i s o n i s based on i t s 

e x p e c t e d , as apposed t o i t s a c t u a l , p e r f o r m a n c e . One a d v a n t a g e 

o f FOCAP i s t h a t t h e p o s i t i o n i n g o f f i b r e s o n t o o b j e c t s i s l e s s 
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r e s t r i c t e d , i n t e r m s o f t h e g e n e r a l f i e l d a r r a n g e m e n t , and 
f i b r e s can be p l a c e d as c l o s e as 19 a r c s e c s a p a r t ( c e n t r e t o 
c e n t r e ) compared w i t h 28 a r c s e c s f o r AUTOFIB. A n o t h e r 
a d v a n t a g e i s t h a t FOCAP's a p e r t u r e p l a t e s can p o t e n t i a l l y 
h a n d l e g r e a t e r numbers o f f i b r e s t h a n AUTOFIB a l t h o u g h a t 
p r e s e n t t h e maximum number o f f i b r e s t h a t can be used i s 
l i m i t e d by t h e l e n g t h o f t h e s p e c t r o g r a p h s l i t . F i n a l l y , FOCAP 
i s much s i m p l e r and t h e r e f o r e l e s s l i k e l y t o go wrong and 
e a s i e r t o p u t r i g h t i f s o m e t h i n g does go wro n g . I n o r d e r t o 
keep a l l o p t i o n s open AUTOFIB has been d e s i g n e d so t h a t r a p i d 
c h a n g e - o v e r s t o t h e a p e r t u r e p l a t e s y s t e m a r e p o s s i b l e because 
i t i s i n e v i t a b l e t h a t i t w i l l be more s u i t a b l e f o r a s m a l l 
p e r c e n t a g e o f p r o j e c t s . T h i s f l e x i b i l i t y w i l l a l s o be used as 
a b a c k u p when AUTOFIB i s b e i n g c o m m i s s i o n e d b u t n o t g e n e r a l l y 
as t h e c o s t o f m a k i n g a p e r t u r e p l a t e s f o r b a ckup p u r p o s e s o n l y 
i s n o t j u s t i f i a b l e . 

6.2 Methods o f a u t o m a t i o n 

H a v i n g e s t a b l i s h e d t h a t m u l t i - f i b r e s p e c t r o c o p y w o u l d 

b e n i f i t g r e a t l y f r o m a u t o m a t i o n , we a r e f a c e d w i t h t h e p r o b l e m 

of i n v e n t i n g an i n s t r u m e n t t h a t n o t o n l y o f f e r s u s e r 

c o n v e n i e n c e b u t a t l e a s t matches t h e d a t a g a t h e r i n g power o f an 

a p e r t u r e p l a t e s y s t e m . T h i s p r o b l e m had been a d d r e s s e d by 

o t h e r w o r k e r s p r i o r t o t h e summer o f 1983 when I f i r s t gave i t 

s e r i o u s c o n s i d e r a t i o n . T h e i r methods a l l i n v o l v e d t h e use o f a 

p r e c i s i o n p o s i t i o n i n g d e v i c e p e r f i b r e t o b o t h d e l i v e r and h o l d 

i t i n t h e r e q u i r e d p o s i t i o n . Some o f t h e s e schemes o f f e r e d 

v e r y l i m i t e d c h o i c e i n t e r m s o f o b j e c t s e l e c t i o n b ecause t h e 

r a t h e r s m a l l number o f f i b r e s a v a i l a b l e were each c o n f i n e d t o 
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t h e i r own n o n - o v e r l a p p i n g p a t r o l a r e a s ( e . g . Cohen e t a l 
1 9 8 1 ) . By f a r t h e b e s t scheme s u g g e s t e d u p t o t h a t t i m e was 
t h a t o f John H i l l and h i s c o l l a b o r a t o r s a t t h e S t e w a r d 
O b s e r v a t o r y ( H i l l e t a l , 1980 & 1983; H i l l , 1984) w h i c h uses 32 
p r o b e s t o p o s i t i o n 32 f i b r e p a i r s . T h i s a r r a n g e m e n t has been 
l i k e n e d t o a n g l e r s s i t t i n g a r o u n d a pond w i t h t h e i r f i s h i n g r o d s 
e x t e n d e d o v e r t h e pond ( s e e f i g u r e 6 . 2 ) . T h e i r s y s t e m , w h i c h 
t h e y have named " t h e MX s p e c t r o m e t e r " , has now been c o n s t r u c t e d 
and a t t h e t i m e o f w r i t i n g i s u n d e r g o i n g t e s t s on t h e S t e w a r d 
O b s e r v a t o r y ' s 2.3 m e t r e t e l e s c o p e . A l t h o u g h t h e i r scheme 
seemed a r e a s o n a b l e one t o a d o p t I f e l t t h a t a b e t t e r 
a l t e r n a t i v e must e x i s t , i f o n l y on economic g r o u n d s , f o r MX i s 
q u i t e e x p e n s i v e . 

My f i r s t t h o u g h t was t h a t t h e c o s t w o u l d be c o n s i d e r a b l y 

l e s s i f t h e r e was o n l y one p o s i t i o n i n g s y s t e m w h i c h d e l i v e r e d 

a l l t h e f i b r e s i n d i v i d u a l l y t o t h e i r d e s i g n a t e d p o s i t i o n s . 

T h i s means t h a t t h e f i b r e s have t o have some o t h e r mechanism t o 

h o l d them i n p l a c e once t h e y had been s e t i n p o s i t i o n . T h i s 

a p p r o a c h i s a c t u a l l y t h e same as i s used w i t h a p e r t u r e p l a t e s -

a t e c h n i c i a n d e l i v e r s t h e f i b r e s and t h e a p e r t u r e p l a t e makes 

s u r e t h e y s t a y t h e r e . However, i t i s n o t p r a c t i c a l t o r e p l a c e 

t h e t e c h n i c i a n w i t h an e q u a l l y i n t e l l i g e n t r o b o t and i t i s 

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

move a b o u t ! A r e u s a b l e f i b r e h o l d i n g scheme t h a t can be s e t up 

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

p o s i t i o n i n g s y s t e m t h a t came t o mind was an X-Y c a r r i a g e w h i c h 

c a r r i e s a m a n i p u l a t o r head t h a t can engage and d i s e n g a g e 

i n d i v i d u a l f i b r e s . T h i n k i n g up a means o f h o l d i n g t h e f i b r e s 

i n p l a c e p r o v e d much h a r d e r . A f t e r c o n s i d e r i n g e v e r y t h i n g f r o m 
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CP 

F MX Concept r-c 6-2 
'3 

ll+O 



F i b r e o p t i c c o u p l e r s and t h e development of AUTOFIB 

f i b r e s h e l d onto a g l a s s p l a t e by s u c t i o n , t o f i b r e s poked 
t h r o u g h Blue Tak s h e e t s , I e v e n t u a l l y came up w i t h t h e idea of 
l y i n g t h e f i b r e a l o n g a s t e e l p l a t e , p u t t i n g a t i n y p r i s m on 
the end of the f i b r e so t h a t i t accepted l i g h t t r a v e l i n g normal 
t o t h e p l a t e and s e c u r i n g t he f i b r e t i p t o t h e p l a t e by means 
of a s m a l l permanent magnet (see f i g u r e 6.3). I t i s of course 
necessary t o package the f i b r e , p r i s m and magnet i n some way so 
t h a t t h e p o s i t i o n e r can p i c k i t up i n p r e c i s e l y t h e same way 
every t i m e . The package ( o r b u t t o n ) t y p e used i n AUTOFIB i s 
made of a f e r r o m a g n e t i c m a t e r i a l such as s t e e l and has a 
c o n i c a l h ole i n i t t o both accept l i g h t from t h e t e l e s c o p e and 
t o enable i t t o be l o c a t e d p r e c i s e l y on t h e p i c k u p head by a 
c o n i c a l s p i g o t . The p i c k u p head i t s e l f i s an el e c t r o m a g n e t 
t h a t can g r i p t h e b u t t o n w i t h more f o r c e t h a n t h e b u t t o n can 
g r i p t h e f i e l d p l a t e . The complete arrangement of f i b r e s , 
p o s i t i o n e r and s p e c t r o g r a p h i s shown s c h e m a t i c a l l y i n f i g u r e 
6.4. I n c i d e n t a l l y , f i b r e probes of t h i s t y p e not o n l y l e n d 
themselves t o au t o m a t i o n but a l s o can be s e t up manually u s i n g 
any s t a n d a r d X-Y c o o r d i n a t e measuring machine such as i s 
a v a i l a b l e a t most o b s e r v a t o r i e s . T h i s would t h e n remove t h e 
need f o r expensive a p e r t u r e p l a t e s and an expensive r o b o t 
p o s i t i o n i n g system and i s p r o b a b l y t h e cheapest way of d o i n g 
m u l t i - f i b r e s p e c t r o s c o p y of a l l . 

My scheme of a u t o m a t i o n as employed i n AUTOFIB has s e v e r a l 

advantages over t h e MX system; 

a) AUTOFIB i s l e s s expensive t h a n MX. AUTOFIB's t o t a l 

component c o s t s w i l l be about ^15,000 whereas MX's m a t e r i a l 

c o s t s were about US$60,000 out of a t o t a l budget of US$250,000 
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F i b r e o p t i c c o u p l e r s and the development of AUTOFIB 

( i l = US$1.4 a t time of w r i t i n g ) . Also f o r these c o s t s AUTOFIB 
w i l l be b u i l t u s i n g components of the h i g h e s t q u a l i t y w i t h v e r y 
l i t t l e compromise whereas the q u a n t i t i e s i n v o l v e d w i t h MX have 
f o r c e d H i l l and h i s c o l l a b o r a t o r s t o c u t c o r n e r s i n o r d e r t o 
s t a y w i t h i n t h e i r budget (e.g. MX does not use encoders but 
employs open loop s t e p c o u n t i n g f o r p o s i t i o n i n g ) . 

b) AUTOFIB's p o s i t i o n a l accuracy i s s u p e r i o r . Each MX 

probe has two degrees of freedom; r a d i a l m otion and a n g u l a r 

r o t a t i o n about a p i v o t o u t s i d e t he f i e l d . The accuracy of an 

MX probe i s t h e r e f o r e s t r o n g l y dependant on i t s p o s i t i o n i n t h e 

f i e l d because t h e a n g u l a r p o s i t i o n a l e r r o r i s p r o p o r t i o n a l t o 

the r a d i a l p o s i t i o n and t h e t i p of t h e s u p p o r t i n g r o d t h a t 

h o l d s t h e f i b r e f l e x e s as t h e cube of t h e r a d i a l p o s i t i o n . 

H i l l has used 9 mm t h i c k rods t o reduce r o d f l e x u r e t o a 

minimum and a n t i - b a c k l a s h mechanisms t o e l i m i n a t e p l a y . The 

main sources of e r r o r are t h e n o n - l i n e a r i t y of t h e gear t e e t h 

and t h e e c c e n t r i c i t y of t h e cogs. I d e a l l y a l l t h e probes are 

i d e n t i c a l but t h i s i s u n l i k e l y i n p r a c t i c e . I t i s p o s s i b l e 

t h a t a probe can be misplaced by as much as 50 microns (0.5 

arc-seconds on the Steward 2.3 m t e l e s c o p e ) a t t h e c e n t r e of 

the f i e l d . The accuracy of AUTOFIB's X-Y c a r r i a g e w i l l be ± 10 

mi crons. 

c) MX's probes have t o be o r c h e s t r a t e d so t h a t they a l l 

p o s i t i o n t h e i r f i b r e s i n t h e same c o o r d i n a t e frame. I n 

p r i n c i p l e t h i s i s j u s t an i n c o n v e n i e n t c a l i b r a t i o n procedure 

t h a t has t o be a p p l i e d b u t i n p r a c t i c e t h e c a l i b r a t i o n w i l l 

depend on t e l e s c o p e a t t i t u d e ( f l e x u r e ) and t e m p e r a t u r e . 

Furthermore, t h e c a l i b r a t i o n has t o be made w i t h t h e i n s t r u m e n t 
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on the t e l e s c o p e . Any i n a c c u r a c i e s i n e s t a b l i s h i n g t h i s w i l l 
l e a d t o p o s i t i o n i n g e r r o r s i n a d d i t i o n t o those d e c r i b e d i n (b) 
above. At the t i m e of w r i t i n g i t i s t h i s d i f f i c u l t y t h a t i s 
causing problems f o r H i l l and h i s c o l l a b o r a t o r s . The problem 
of o r c h e s t r a t i n g AUTOFIB i s t r i v i a l of course as t h e r e i s o n l y 
one p o s i t i o n e r and f l e x u r e i s f a r l e s s of a problem. AUTOFIB 
even has the s a f e t y net of be i n g a b l e t o p o s i t i o n a l l the 
f i b r e s w i t h t h e t e l e s c o p e p o i n t i n g a t the z e n i t h which w i l l 
e l i m i n a t e d i f f e r e n t i a l f l e x u r e e n t i r e l y . 

d) The approach adopted i n AUTOFIB can d e a l w i t h f o c a l 

plane c u r v a t u r e f a r more e a s i l y than t h e MX approach. T h i s i s 

again due t o t h e f a c t t h a t AUTOFIB has o n l y one p o s i t i o n e r . 

I n c o r p o r a t i n g two e x t r a degrees of freedom i n t o t h e p o s i t i o n e r 

t o accomodate t h e t i l t i n g r e q u i r e d t o d e l i v e r a f i b r e onto a 

curved f i e l d p l a t e a l o n g a l i n e normal t o t h e p l a t e i s much 

e a s i e r t h a n adding t h r e e e x t r a degrees of freedom ( p o s i t i o n 

a l o n g t h e t e l e s c o p e a x i s and two t i l t s ) t o each and every MX 

probe. 

6.3 The P r o t o t y p e Coupler 

Once t h e b a s i c idea had been concieved, my c o l l a b o r a t o r s 

and I were keen t o see the i n s t r u m e n t b u i l t and i n s t a l l e d on a 

t e l e s c o p e . The AAT was t h e obvious t e l e s c o p e t o use because a 

g r e a t d e a l of p r a c t i c a l e x p e r i e n c e i n u s i n g f i b r e s f o r 

m u l t i - o b j e c t s p e c t r o s c o p y had a l r e a d y been gained t h e r e . A l s o , 

the AAT has a l a r g e a p e r t u r e , a wide and p h y s i c a l l y l a r g e f i e l d 

of view and e x c e l l e n t p o i n t i n g and t r a c k i n g . A f t e r two 

p r o p o s a l s had been s u b m i t t e d t o ACIAAT ( t h e A d v i s o r y Committee 
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f o r I n s t r u m e n t a t i o n on the A n g l o - A u s t r a l i a n Telescope) i n 
February and August of 1984, i n c l u d i n g a v i s i t t o t h e AAO by 
Richard E l l i s and I t o f i n a l i s e t h e second p r o p o s a l w i t h Peter 
Gray, ACIAAT decided t h a t some p r e l i m i n a r y l a b o r a t o r y work was 
necessary, t o demonstrate t h e f e a s i b i l i t y of the i d e a , b e f o r e 
they c o u l d fund t h e p r o j e c t . ACIAAT agreed t o fund t h e 
p r o t o t y p e . Since t h e b u l k of t h e cos t of a f u l l y w o r k i n g 
i n s t r u m e n t i s i n t h e computer c o n t r o l l e d X-Y p o s i t i o n i n g system 
and ACIAAT's doubts were c o n f i n e d t o t h e o t h e r , l e s s 
common-place, aspects of t h e proposed system, i t was p o s s i b l e 
t o c o n s t r u c t a low cos t p r o t o t y p e system t o i n v e s t i g a t e these 
grey areas. I n p a r t i c u l a r i t was i m p o r t a n t t o e s t a b l i s h t h a t 
t he f i b r e probes c o u l d be manufactured s u c c e s s f u l l y , t h a t t h e 
magnetic f o r c e s i n v o l v e d were adequate, t h a t t h e p i c k up head 
ope r a t e d w i t h s u f i c i e n t p r e c i s i o n , t h a t t h e f i b r e probes c o u l d 
be handled i n c l o s e p r o x i m i t y t o each o t h e r w i t h o u t d e t r e m e n t a l 
i n t e r f e r e n c e and t h a t t h e o p e r a t i o n a l speeds i n v o l v e d were f a s t 
enough. The p r o t o t y p e a l s o p r o v i d e d i n v a l u a b l e h e l p when i t 
came t o d e s i g n i n g AUTOFIB f o r the AAT. The f o l l o w i n g 
paragraphs d e s c r i b e t h e p r o t o t y p e and t h e r e s u l t s o b t a i n e d . 

6.3.1 The p r o t o t y p e f i b r e probes. 

F i g u r e 6.5 i s an exploded view of a complete f i b r e 

assembly. I t c o n s i s t s of a 2.5 metre l e n g t h of QSF-AS 200/300 

f i b r e w i t h one end p o l i s h e d and t e r m i n a t e d i n two s h o r t 

hypodermic t u b e s , a 1 mm p r i s m , a machined s i l v e r s t e e l b u t t o n , 

a SmCo (samarium c o b a l t ) d i s c magnet and a 400 mm long l e n g t h 

of hypodermic tub e . The g e o m e t r i c a l r e q u i r e m e n t s of t h i s 

assembly are t h a t t h e v i r t u a l image of t h e f i b r e a p e r t u r e i s 
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c o n c e n t r i c w i t h t he c o n i c a l h o l e of the b u t t o n and l i e s 
p a r a l l e l t o t h e bottom s u r f a c e of the b u t t o n a t a f i x e d 
d i s t a n c e from i t . F u r t h e r r e q u i r e m e n t s are t h a t t h e b u t t o n 
should be a t t r a c t e d s t r o n g l y t o any f l a t s t e e l s u r f a c e on which 
i t i s p i a c e d , e x h i b i t no p l a y when on the s p i g o t of the 
el e c t r o m a g n e t and be very s t r o n g l y a t t r a c t e d t o i t when c u r r e n t 
f l o w s i n t h e e l e c t r o m a g n e t ' s c o i l . S everal d e s i g n v a r i a t i o n s 
were c o n s i d e r e d and manufactured and u l t i m a t e l y t h e de s i g n 
shown i n f i g u r e 6.5 was a r r i v e d a t , which met t h e o p e r a t i o n a l 
r e q u i r e m e n t s and y e t was r e l a t i v e l y s i m p l e t o mass produce. 

S i l v e r s t e e l , as a c o r r o s i o n - r e s i s t a n t , magnetic m a t e r i a l 

c o n v e n i e n t l y a v a i l a b l e i n 4 mm rod form was chosen f o r t h e 

c o n s t r u c t i o n of t h e b u t t o n s . F i r s t l y , t h e rod was p a r t e d o f f 

i n t o 5.1 mm l e n g t h s . Then a l l t h e end faces of t h e r e s u l t a n t 

c y l i n d e r s were ground f l a t which brought t h e l e n g t h of t h e 

c y l i n d e r s down t o 5.0 mm. Next each c y l i n d e r was mounted i n a 

si m p l e j i g i n t h e jaws of a l a t h e chuck and a s t a n d a r d c e n t r e 

d r i l l , mounted i n the t a i l - s t o c k , was brought up u n t i l i t met a 

micrometer end-stop. T h i s s t o p was t o ensure t h a t t h e h o l e was 

d r i l l e d t o a p r e c i s e depth as any e r r o r a t t h i s stage would 

have lead t o f i b r e p o s i t i o n i n g e r r o r s . The micrometer end-stop 

was a d j u s t e d t o t h e exact s e t t i n g r e q u i r e d by examining t h e 

f i r s t few a t t e m p t s w i t h a microscope and measuring t h e dia m e t e r 

of t h e t o p of t h e t a p e r e d h o l e w i t h t h e microscope's micrometer 

s t a g e . When t h i s dimension e x a c t l y matched t h a t of t h e s p i g o t 

on t h e e l e c t r o m a g n e t i c p i c k - u p head i t was safe t o proceed w i t h 

t h e d r i l l i n g of a l a r g e b a t c h . A f t e r w a r d s , i t was s t i l l 

necessary t o examine a l l t h e d r i l l e d b u t t o n s i n o r d e r t o r e j e c t 

those t h a t were n o t t o s t a n d a r d . I n the ba t c h made, about 
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20,'.' , J t o be r e j e c t e d . Note t h a t t h e shape of t h e c e n t r e d r i l l 
p r o v i d e d t h e t a p e r e d h o l e and the recess f o r t h e p r i s m i n one 
d r i l l i n g o p e r a t i o n . The next o p e r a t i o n was t o t u r n out a f l a t 
bottomed hole i n the base of each b u t t o n t o accept t h e SmCo 
magnets. T h i s was a l s o done i n batch mode u s i n g an e n d - m i l l 
mounted i n t h e t a i l - s t o c k . There was no need f o r h i g h 
p r e c i s i o n a t t h i s stage and so no r i g i d q u a l i t y c o n t r o l 
procedure was r e q u i r e d . The SmCo magnets were th e n epoxied i n 
and when f i r m l y s e t w i t h i n t h e i r h o l e s t h e b u t t o n s were 
r e t u r n e d t o t h e g r i n d i n g machine t o f i n i s h o f f t h e i r bottom 
s u r f a c e s . T h i s o p e r a t o n was r e q u i r e d because t h e t h i c k n e s s of 
the SmCo d i s c s , as s u p p l i e d by the m a n u f a c t u r e r , v a r i e s by ± 
0.2 mm. The f i n a l machine o p e r a t i o n was t o d r i l l a c l e a r a n c e 
h o l e i n the s i d e of each b u t t o n t o accept a f i b r e . Another 
s i m p l e j i g and an end-stop were enough t o ensure adequate 
q u a l i t y c o n t r o l . 

Having manufactured t h e b u t t o n s i t was then necessary t o 

t e r m i n a t e t h e f i b r e s and i n c o r p o r a t e them i n t o t h e b u t t o n s . I n 

a c t u a l f a c t o n l y one complete f i b r e was made ( o t h e r s were made 

w i t h o u t p r i s m s ) t o t e s t out t h e m a n u f a c t u r i n g scheme and 

p r o v i d e a f i b r e t o c a r r y out p o s i t i o n i n g t e s t s w i t h . F i r s t l y , 

th e p r o t e c t i v e p l a s t i c c l a d d i n g of the f i b r e was removed and 

the core was epoxied i n t o a s h o r t l e n g t h of gauge 23 hypodermic 

tube which i n t u r n was epoxied i n t o a n o t h e r s l i g h t l y l o n g e r 

p i e c e of gauge 19 t u b e . T h i s brought t h e o u t s i d e d i a m e t e r of 

the end up t o 1.1 mm which p r o v i d e d s u f f i c i e n t s u r f a c e area t o 

tak e a 1 mm p r i s m . The end was then p o l i s h e d u s i n g a s t a n d a r d 

f i b r e o p t i c p o l i s h i n g k i t t o g i v e a good o p t i c a l f a c e , normal 

t o t h e f i b r e ' s l e n g t h . The prism was then mounted on t h i s face 
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us i n g o p t i c a l cement and a p a i r of tweezers. A low power 
microscope a i d e d i n s p e c t i o n a t t h i s s t a g e . F i n a l l y , t h e f i b r e 
and t he b u t t o n were brought t o g e t h e r i n a s p e c i a l l y made j i g 
mounted under a microscope by making t he v i r t u a l image of t h e 
f i b r e ' s e n t r a n c e a p e r t u r e p r e c i s e l y c o n c e n t r i c w i t h t h e t a p e r e d 
l o c a t i n g h o le of the b u t t o n . The b u t t o n and t h e f i b r e d i d not 
a c t u a l l y t o u c h w h i l s t b e i n g m a n i p u l a t e d i n t h e j i g . Not u n t i l 
a s m a l l amount of epoxy r e s i n was i n t r o d u c e d i n t o t h e gap 
between t h e s i d e h o l e of t h e b u t t o n and t h e f i b r e was t h e r e any 
c o n t a c t . The f i b r e and t h e b u t t o n were l e f t i n t h e j i g u n t i l 
t h e epoxy had s e t . A r e l a t i v e l y f a s t s e t t i n g epoxy was used 
( w i t h a work t i m e of about 15 minutes) and i t was d i f f i c u l t t o 
make i t go e x a c t l y where i t was r e q u i r e d w i t h t h e microscope i n 
i t s u s ual o r i e n t a t i o n . The j i g was t h e r e f o r e removed from t h e 
microscope stage t o ap p l y t h e epoxy. However, t h i s meant t h a t 
t he p r e c i s e l o c a t i o n of the f i b r e w i t h i n t h e b u t t o n c o u l d not 
be m o n i t o r e d d u r i n g t h e a p p l i c a t i o n of t h e epoxy and a l t h o u g h 
t h e f i b r e had been c e n t r e d a c c u r a t e l y beforehand i t was found 
t o be o f f c e n t r e by 80 microns i n a d i r e c t i o n normal t o t h e 
f i b r e s l e n g t h when t h e epoxy had s e t . When t h e epoxy was 
a p p l i e d g r e a t care was tak e n t o ensure t h a t none ended up on 
e i t h e r t h e t o p or the r e f l e c t i n g s u r f a c e s of t h e pr i s m (an 
u n s i l v e r e d p r i s m which r e l i e s on t o t a l i n t e r n a l r e f l e c t i o n was 
used). UV c u r i n g r e s i n s would have been much more s u i t a b l e f o r 
t h i s purpose. To complete the f i b r e a 400 mm l o n g , gauge 17 
tube was s l i p p e d a l o n g t h e f i b r e u n t i l i t passed over t h e gauge 
19 tu b e . 
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The s p e c i a l j i g used t o a l i g n a f i b r e w i t h i n a b u t t o n was 
made i n our workshop and e s s e n t i a l l y c o n s i s t e d of an X-Y-Z 
disp l a c e m e n t u n i t which c o u l d be stood on t h e X-Y micrometer 
stage of a microscope. The performance of the d o v e t a i l s l i d e s 
was adequate but an improved v e r s i o n c o u l d have been made from 
o p t i c a l bench a c c e s s o r i e s . A c o n c e n t r i c c i r c l e eyepiece 
g r a t i c u l e proved a u s e f u l a i d when s e t t i n g t h e X and Y p o s i t i o n 
of t h e f i b r e and t h e s m a l l depth of focus of t h e microscope was 
used t o s e t the Z ( h e i g h t ) p o s i t i o n . The r o t a t i o n angle of the 
p r i s m about t h e f i b r e a x i s was set by e n s u r i n g t h a t t h e t o p of 
th e pr i s m was always i n focus as the microscope stage was 
t r a v e r s e d p e r p e n d i c u l a r l y t o the f i b r e ' s l e n g t h . However, the 
j i g i n c o r p o r a t e d no f i n e c o n t r o l t o a d j u s t t h i s r o t a t i o n . 
P r e c i s e a l i g n m e n t of t h e f i b r e t o w i t h i n 2-3 microns of t h e 
b u t t o n ' s a x i s c o u l d be achieved i n l e s s t h a n 10 minutes. 

When t h e b u t t o n end of t h e completed f i b r e was p l a c e d on a 

se t of s c a l e s and t h e o t h e r end of t h e 400 mm tube was l i g h t l y 

s u p p o r t e d , a wei g h t of 1.5 grams was r e g i s t e r e d . On t h e o t h e r 

hand when a b u t t o n was p l a c e d on a s t e e l s u r f a c e i t was found 

t h a t a f o r c e of 500 grams, or more, was r e q u i r e d t o remove t h e 

b u t t o n from t h e s u r f a c e and a l a t e r a l f o r c e of over 120 grams 

was r e q u i r e d t o make i t s l i d e . 

6.3.2 The p r o t o t y p e e l e c t r o m a g n e t i c p i c k - u p u n i t . 

The main r e q u i r e m e n t s of t h e e l e c t r o m a g n e t i c p i c k - u p 

d e v i c e are t h a t i t always overcomes t h e a t t r a c t i v e f o r c e 

between t h e b u t t o n and t h e s t e e l f i e l d p l a t e and t h a t i t 

c l e a n l y r e l e a s e s t h e b u t t o n w i t h o u t any l a t e r a l d r i f t . 
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T h e r e f o r e , a r e l a t i v e l y p o w e r f u l e l e c t r o m a g n e t had t o be 
designed which c o u l d be s w i t c h e d o f f w i t h o u t l e a v i n g any 
r e s i d u a l magnetic f o r c e s . The des i g n a l s o i n c o r p o r a t e s a 
c o n i c a l s p i g o t t o c e n t r e t he b u t t o n onto t h e e l e c t r o m a g n e t and 
hence ensure t h a t i t i s p r e c i s e l y r e l e a s e d onto the f i e l d 
p l a t e . Other i m p o r t a n t f e a t u r e s of the u n i t are t h a t i t s h o u l d 
t r a n s p o r t t h e f i b r e s h i g h enough above t h e f i e l d p l a t e t o a v o i d 
c o l l i s i o n s w i t h o t h e r f i b r e s and t h a t a b u t t o n s h o u l d be ab l e 
t o r o t a t e w i t h r e s p e c t t o t h e X-Y c a r r i a g e as i t i s moved 
about. 

I t was found t h a t t h e s t r e n g t h of t h e a t t r a c t i v e f o r c e 

between a b u t t o n and the p i c k - u p head was s t r o n g l y dependant on 

the geometry of t h e p i c k - u p head i t s e l f (see f i g u r e 6.6 f o r 

d e t a i l s of the f i n a l l y adopted d e s i g n ) . Also i m p o r t a n t were 

the number of wi n d i n g s of t h e s o l e n o i d and t h e c u r r e n t t h r o u g h 

i t . However, d e s p i t e t h e f a c t t h a t these were c o n s t r a i n e d by 

space l i m i t a t i o n s and t h e danger of o v e r h e a t i n g , t h e magnetic 

c i r c u i t was s a t u r a t e d a t the o p e r a t i n g v o l t a g e (see s e c t i o n 

6.4.5). Many v a r i a t i o n s of t h e d e t a i l e d geometry of t h e 

p i c k - u p head were t r i e d and e v e n t u a l l y a s a t i s f a c t o r y d e s i g n 

was d e t e r m i n e d . M i l d s t e e l was used as t h e magnetic m a t e r i a l 

and brass ( o r a i r ) as t h e non-magnetic m a t e r i a l because of 

t h e i r ready a v a i l a b i l i t y . However, more s u i t a b l e magnetic 

a l l o y s are a v a i l a b l e and would lead t o an improved d e v i c e i f 

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

a b u t t o n w i t h a f o r c e o f about 600 grams and t h u s o n l y j u s t 

overcomes the a t t r a c t i o n of the b u t t o n t o t h e f i e l d p l a t e 

(about 500 grams). N e v e r t h e l e s s , d u r i n g a l l t h e t e s t s c a r r i e d 

o u t , t h e p i c k - u p head always managed t o remove the b u t t o n s from 
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t h e f i e l d p l a t e . I t i s a l s o i m p o r t a n t t h a t t h e e l e c t r o m a g n e t 
e x h i b i t s no f i e l d when t h e r e i s no c u r r e n t f l o w i n g i n t h e 
s o l e n o i d or e l s e r e s i d u a l a t t r a c t i v e f o r c e s would cause t h e 
b u t t o n t o c l i n g t o t h e s p i g o t as i t went away and some l a t e r a l 
s l i d i n g of the b u t t o n would r e s u l t . T h i s problem was overcome 
by a p p l y i n g an e x p o n e n t i a l l y decaying s i n u s o i d a l v o l t a g e t o t h e 
e l e c t r o m a g n e t ' s s o l e n o i d on s w i t c h - o f f . A s i m p l e e l e c t r o n i c 
c i r c u i t was developed f o r t h i s purpose by G. C. Cox and i t 
proved t o be a v e r y s u c c e s s f u l t e c h n i q u e . 

The r a i s i n g and l o w e r i n g of the e l e c t r o m a g n e t was achieved 

by mounting i t on p r e c i s i o n l i n e a r b e a r i n g s and d r i v i n g i t v i a 

a DC motor and screw t h r e a d (see f i g u r e 6.7). L i m i t s w i t c h e s 

were used t o t u r n o f f the motor a t the t o p and bottom of i t s 

t r a v e l . The d r i v e from t he t h r e a d t o t h e p i c k - u p head i s v i a 

two compression s p r i n g s so t h a t t he p i c k - u p head can s t o p 

moving as soon as i t meets an o b s t a c l e . i , e , b e f o r e t h e DC 

motor stops t u r n i n g . T h i s ensures t h a t a b u t t o n i s g e n t l y but 

f i r m l y clamped between t h e p i c k - u p head and the f i e l d p l a t e 

when the p i c k - u p head descends and p r e v e n t s damage o c c u r i n g i f 

a b u t t o n i s a c c i d e n t a l l y p l a c e d on t o p of a n o t h e r . Rotary 

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

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

proved unnecessary i n p r a c t i c e as t h e b u t t o n s e a s i l y r o t a t e d 

about t he p i c k - u p head s p i g o t . A l l a s pects of t h e u n i t , and i n 

p a r t i c u l a r t h e b e a r i n g s , had t o be c o m p l e t e l y f r e e from p l a y t o 

p r e v e n t t h e r e b e i n g any p l a y a t t h e s p i g o t i t s e l f . I n t h e 

p r o t o t y p e u n i t t h e c e n t r e of the s p i g o t was d i s p l a c e d by 50 

microns from t h e c e n t r e of r o t a t i o n of the b e a r i n g s , a l t h o u g h 

i n p r a c t i c e t h i s o f f s e t was of no concern s i n c e t h e b e a r i n g s 
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were never a l l o w e d t o r o t a t e d u r i n g t he t e a t s . 

6.3,3 The p r o t o t y p e X-Y c a r r i a g e . 

The X-Y c a r r i a g e used i n the p r o t o t y p e s u f f e r e d from many 

d e f i c i e n c i e s because of i t s low c o s t . The l i n e a r motions were 

f a c i l i t a t e d by low cost r a i l s and wheels. The Y-motion s l i d e 

and t h e saddle were d r i v e n by s t e p p e r motors v i a low cos t 

r o l l e d b a l l s c r e w s (see f i g u r e 6.8). The end of t h e Y-motion 

s l i d e not d r i v e n by a b a l l s c r e w was f r e e t o f l e x and 

cons e q u e n t l y i n t r o d u c e d some ba c k l a s h i n t o t h e X-motion. The 

whole u n i t was f i x e d t o a 1/4 i n c h t h i c k s t e e l p l a t e . The 

e l e c t r o m a g n e t i c p i c k - u p u n i t was mounted t h r o u g h a l a r g e hole 

i n t h e saddle p l a t e . There was no encoding i n t h e system and 

p o s i t i o n i n g was achieved by open-loop s t e p c o u n t i n g . No 

at t e m p t was made t o a c c u r a t e l y s e t the X and Y s l i d e s a t 

p r e c i s e l y 90 degrees t o each o t h e r , t h e s l i d e s are u n l i k e l y t o 

be p r e c i s e l y l i n e a r ( w i t h perhaps 100 microns of bow) and t h e 

ma n u f a c t u r e r s quote a t a r g e t i n g accuracy of 100 microns f o r t h e 

b a l l s c r e w s over t h e t o t a l t r a v e l (about 280 mm s q u a r e ) . 

However, t h e r e was very l i t t l e b a c k l a s h i n t h e b a l l s c r e w s ( l e s s 

than 5 mi c r o n s ) and i t was p o s s i b l e t o ope r a t e t h e c a r r i a g e 

w i t h o u t m i s c o u n t i n g s t e p s . I n s h o r t , t h e c a r r i a g e d i d not g i v e 

h i g h a b s o l u t e p o s i t i o n a l accuracy but i t o f f e r e d good 

p o s i t i o n a l r e p e a t a b i l i t y . 

The c a r r i a g e had t o be ope r a t e d a t very slow speeds when 

good r e p e a t a b i l i t y was r e q u i r e d over d i a g o n a l paths ( i . e . w i t h 

both s t e p p e r s r u n n i n g s i m u l t a n e o u s l y ) . I n d i v i d u a l l y , a s t e p p e r 

c o u l d o p e r a t e a t 1000 steps/sec (12.5 mm/sec) but because t h e 
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ste p p e r p u l s e s were generated i n s o f t w a r e ( t o save money) a 
step p e r might r e c e i v e p u l s e s a t an i r r e g u l a r r a t e d u r i n g a 
d i a g o n a l movement. For example, i f the X motor r e c e i v e s 2 
pul s e s f o r every 3 r e c e i v e d by the Y motor i t has t o perf o r m i n 
a very j e r k y f a s h i o n (on on o f f on on o f f ..) and i s l i k e l y t o 
miss s t e p s . More s o p h i s t i c a t e d s o f t w a r e ( d i f f i c u l t ) or 
e l e c t r o n i c s ( expensive and time consuming) c o u l d have been used 
t o cure t h e problem but t h e easy way out was tak e n by s i m p l y 
s l o w i n g down the s t e p p i n g r a t e s t o a p o i n t were i r r e g u l a r p u l s e 
t r a i n s had no adverse a f f e c t on the s t e p p e r s ' performance. The 
f a s t e s t speed t h a t c o u l d be t o l e r a t e d was about 190 steps/sec 
or 2.4 mm/sec alo n g one of t h e c a r r i a g e axes. T h i s was about 
83 t i m e s slower t h a n AUTOFIB's c a r r i a g e (see s e c t i o n 6 . 4 , 4 ) . 

D e s p i t e t he d e f i c i e n c i e s of t h e c a r r i a g e i t i s worth 

s t r e s s i n g t h a t i t was s u i t a b l e f o r t h e main t a s k i t was 

designed f o r , i . e . t o a l l o w t h e o p e r a t i o n a l p r o p e r t i e s of t h e 

pi c k - u p head and f i b r e s t o be s t u d i e d . F u r t h e r m o r e , e x p e r i e n c e 

gained w i t h i t proved h e l p f u l when i t came t o d e s i g n i n g a 

c a r r i a g e s u i t a b l e f o r use on the AAT (see s e c t i o n 6 . 4 . 4 ) . 

6.3.4 The p r o t o t y p e c o n t r o l computer and e l e c t r o n i c s . 

A PDP-11/23 was employed ( v i a CAMAC) t o c o n t r o l t h e 

f u n c t i o n s of t h e p r o t o t y p e . The s o f t w a r e was ma i n l y w r i t t e n i n 

FORTRAN w i t h a few r o u t i n e s w r i t t e n i n assembler. The CAMAC 

i n t e r f a c e used was a g e n e r a l purpose module which handles 2, 16 

b i t TTL words, one each f o r i n p u t and o u t p u t . The b i t s used 

and t h e i r f u n c t i o n s are l i s t e d below. 
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B i t F u n c t i o n and meaning. 

01 Step X motor 

0 2 X motor d i r e c t i o n ; 0=forwards, l=backwards 

03 Step Y motor 

0 4 Y motor d i r e c t i o n ; 0=£orwards, l=backwards 

0 5 Move e l e c t r o m a g n e t ; 0 = r a i s e , l = l o w e r 

0 6 Electromagnet c u r r e n t ; 0 = on, l=o£f 

11 Magnet p o s i t i o n s e n s i n g ; l=magnet up, 0=magnet not up 

12 Magnet p o s i t i o n s e n s i n g ; l=magnet down, 0=magnet not down 

The system i s shown s c h e m a t i c a l l y i n f i g u r e 6.9. 

Two s i m i l a r programs were w r i t t e n , one which accepted 

commands i n t e r a c t i v e l y and the o t h e r which o b t a i n e d i t s 

commands from a f i l e . The i n t e r a c t i v e commands accepted are 

MOVE(X,Y), PICK-UP, and DEPOSIT, whereas the n o n - i n t e r a c t i v e 

program accepts these p l u s PAUSE, REPEAT FROM THE BEGINING and 

STOP . 

6.3.5 The o p e r a t i o n a l t e s t s . 

The accuracy of t h e r e l e a s e o p e r a t i o n was i n v e s t i g a t e d by 

r e p e a t e d l y d e p o s i t i n g a f i b r e a t a g i v e n p l a c e and examining 

the exact p o s i t i o n of t h e f i b r e a p e r t u r e by means of a t r a n s f e r 

l e n s and microscope (see f i g u r e 6.10). The t r a n s f e r l e n s 

i n t r o d u c e d a m a g n i f i c a t i o n of 2.5x t o a i d measurement and t h e 

p o s i t i o n of t h e m a g n i f i e d f i b r e image was measured u s i n g a 50 

micron X-Y g r a t i c u l e mounted i n a micrometer X-Y di s p l a c e m e n t 

u n i t and a microscope. The micrometers c o u l d be read t o about 

5 microns which corresponded t o 2 microns a t t h e f i b r e i t s e l f . 
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F i b r e o p t i c c o u p l e r s and the development of AUTOFIB 

Great care was ta k e n t o ensure t h a t o t h e r sources of p o s i t i o n a l 
e r r o r , such as b a c k l a s h of t h e X-Y c a r r i a g e or movements of t h e 
o p t i c a l bench, were kept t o an a b s o l u t e minimum. A second 
g r a t i c u l e w i t h 10 micron d i v i s i o n s was mounted on t h e X-Y 
c a r r i a g e saddle and r e g u l a r l y m o n i t o r e d u s i n g another 
microscope. The c o n t r o l s o f t w a r e was i n s t r u c t e d t o do t h e 
f o11ow i ng: 

Move t o f i b r e a t 1000,10000 ( c o o r d i n a t e s i n motor s t e p s ) 

Pause - check X-Y c a r r i a g e 

Pick up f i b r e 

Move t o 1000,11000 

Deposit f i b r e 

P i c k up f i b r e 

Move t o 1000,10000 

Deposit f i b r e 

Pause - check X-Y c a r r i a g e 

Move t o c a r r i a g e park p o s i t i o n a t 1000, 15000 

Pause - measure p o s i t i o n of f i b r e 

Repeat from t h e t o p . 

Note t h a t t h e X-motor was not used f o r t h i s p a r t i c u l a r 

t e s t because of back l a s h problems. I t was found t h a t t h e 

p o s i t i o n of t h e f i b r e was always w i t h i n a c i r c l e of 15 microns 

r a d i u s over 50 t r i a l s . The t e s t was r e p e a t e d w i t h t h e d e v i c e 

on i t s s i d e (Y-motion v e r t i c a l ) and t h e p o s i t i o n s f e l l w i t h i n a 

c i r c l e of 18 microns r a d i u s (see f i g u r e s 6.11 and 6.12 f o r 

s c a t t e r p l o t s of t h e r e s u l t s ) . There was some u n c e r t a i n t y as 

t o where i n the mechanism t h e s c a t t e r arose and i t seems l i k e l y 

t h a t t h e X-Y c a r r i a g e c o n t r i b u t e d t o some e x t e n t . There was 
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F i b r e o p t i c c o u p l e r s and the development of AUTOFIB 

a l s o some evidence of s e t t l i n g - the X value tended t o decrease 
w i t h t i m e i n t h e h o r i z o n t a l t e s t whereas the Y v a l u e tended t o 
in c r e a s e w i t h t i m e f o r the v e r t i c a l t e s t . These t e n d e n c i e s 
both correspond t o the f i b r e image r i s i n g w i t h t i m e a t the 
microcope focus (see f i g u r e 6.10). T h i s was not Loo s u p r i s i n g 
s i n c e a l l t he t e s t equipment, i n c l u d i n g t h e measuring system, 
was r e s t i n g on a wooden bench. However, the r e s u l t s were 
encouraging e s p e c i a l l y i n view of t h e f a c t t h a t t h e AAT's 
Cassegrain focus has an image s c a l e of 150 microns/arc-second 
and t h a t t h e s m a l l e s t f i b r e s i n use t h e r e have 200 micron 
d i a m e t e r a p e r t u r e s . 

As a t e s t of t h e e n t i r e p r o t o t y p e , 8 f i b r e s were 

m a n i p u l a t e d s i m u l t a n e o u s l y over a l o n g p e r i o d of t i m e . T h i s 

demonstrated t h e d e v i c e ' s a b i l i t y t o move t h e f i b r e s about 

w i t h o u t t a n g l i n g or d r o p p i n g them. The p r o t o t y p e was 

i n s t r u c t e d t o p i c k them up, place them i n a p l a u s i b l e f i e l d 

c o n f i g u r a t i o n and the n r e t u r n them t o t h e i r park p o s i t i o n s 

a g a i n . T h i s c y c l e was r e p e a t e d u n t i l t h e program was 

i n t e r r u p t e d by t h e user. F i g u r e 6.13 shows t h e c o n f i g u r a t i o n 

used. Each f i b r e was t h r e a d e d t h r o u g h a p i v o t p o i n t on a 

c i r c l e of 240 mm r a d i u s . These p i v o t s were 7.2 degrees a p a r t 

which corresponds t o 50 p i v o t s on a f u l l c i r c l e . The park 

p o s i t i o n s were on a c i r c l e of 180 mm r a d i u s which corresponds 

t o t h e f u l l 40 arcmin Cassegrain f i e l d of t h e AAT. Each f i b r e 

was 1.5 metres long and was as d e s c r i b e d i n s e c t i o n 6.3.1 

except t h a t no prisms were i n c o r p o r a t e d . A l t o g e t h e r , 38 

s u c c e s s f u l c y c l e s were performed i n c l u d i n g one c o n t i n u o u s 15 

c y c l e r u n . Each c y c l e l a s t e d about 30 minutes, i n v o l v e d 18 

p i c k - u p s , 18 put-downs (a n i n t h b u t t o n w i t h no f i b r e a t t a c h e d 
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F i b r e o p t i c c o u p l e r s and the development of AUTOFIB 

was thrown i n f o r good measure) and 40 d i a g o n a l c a r r i a g e 
motions of v a r i o u s l e n g t h s . The long t i m e t a k e n f o r a c y c l e i s 
because of t h e slow c a r r i a g e speed (about 28 minutes of the 
c y c l e was tak e n up by c a r r i a g e movements). This t e s t 
demonstrated t h a t t h e de v i c e was capable of o p e r a t i n g many 
f i b r e s w i t h o u t d r o p p i n g any f i b r e s i n t r a n s i t , d i s t u r b i n g t he 
p o s i t i o n s of any of t h e o t h e r f i b r e s or g e t t i n g t he f i b r e s 
t a n g l e d up. 

6.3.6 Conclusions drawn from t h e p r o t o t y p e . 

D e s p i t e t h e use of low q u a l i t y components i n i t s 

c o n s t r u c t o n t h e p r o t o t y p e was seen t o p e r f o r m very w e l l and a l l 

t h e i n d i c a t i o n s were t h a t t h e o r i g i n a l concepts i n c o r p o r a t e d i n 

t h e design c o u l d be made t o work t o h i g h s p e c i f i c a t i o n on the 

AAT. 

No g r e a t d i f f i c u l t y was encountered w i t h t h e c o n s t r u c t i o n 

of any of t h e component p a r t s though t h e c o n s t r u c t i o n process 

i t s e l f lead t o many improvements of t h e o r i g i n a l d e s i g n 

concepts. 

The accuracy of t h e pick-up/put-down o p e r a t i o n was w e l l 

w i t h i n s p e c i f i c a t i o n . When r e p e a t e d l y d e l i v e r i n g t h e f i b r e t o 

the same l o c a t i o n i t s p o s i t i o n always f e l l w i t h i n a c i r c l e of 

18 microns r a d i u s even w i t h t h e d e v i c e on i t s s i d e ( i . e . w i t h 

t h e X-Y c a r r i a g e i n a v e r t i c a l p l a n e ) . F urthermore, i t i s 

suspected t h a t t h i s s c a t t e r w i l l be even l e s s f o r AUTOFIB. 
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Good o p e r a t i o n a l r e l i a b i l i t y was a c h i e v e d . The 
e l e c t r o m a g n e t i c p i c k - u p head m a n i p u l a t e d the f i b r e s i n a v e r y 
p o s i t i v e manner and never dropped any. T h i s r e l i a b i l i t y was 
a t t r i b u t a b l e t o the r e l a t i v e magnitudes of t h e f o r c e s t h a t 
a c t e d d u r i n g t h e m a n i p u l a t i o n of t h e f i b r e s . The weight of a 
f i b r e t i p i s about 1.5 grams whereas i t t a k e s a f o r c e , a c t i n g 
n o r m a l l y , of more than 500 grams t o p u l l a f i b r e away from the 
s t e e l s u r f a c e and a l a t e r a l f o r c e of more th a n 120 grams t o 
s l i d e i t a l o n g the s u r f a c e . A f o r c e of over 600 grams i s 
r e q u i r e d t o remove a f i b r e from the e l e c t r o m a g n e t i c p i c k - u p 
head. These f o r c e s remained c o n s t a n t over many hundreds of 
p i c k - u p and put-down o p e r a t i o n s . A l s o , t h e s i m u l t a n e o u s 
h a n d l i n g of 8 close-packed f i b r e s demonstrated t h a t t h e f i b r e s 
c o u l d be m a n i p u l a t e d w i t h o u t becoming t a n g l e d up. T h i s 
p a r t i c u l a r experiment a l s o tended t o suggest t h a t i t would be 
p o s s i b l e t o o p e r a t e more t h a n 50 f i b r e s . 

F i e l d s e t - u p t i m e s f o r the p r o t o t y p e were poor on account 

of t h e low c o s t X-Y c a r r i a g e employed. On t h e o t h e r hand, t h e 

o p e r a t i o n a l speed of the p i c k - u p head i t s e l f was s a t i s f a c t o r y 

w i t h a p i c k - u p o p e r a t i o n t a k i n g 2 seconds and a put-down 

o p e r a t i o n t a k i n g 3 seconds. From t h e e x p e r i e n c e gained w i t h 

t h e p r o t o t y p e and a knowledge of c o m m e r c i a l l y a v a i l a b l e 

e n g i n e e r i n g components i t was e s t i m a t e d t h a t a c o u p l e r c o u l d be 

b u i l t t h a t can r e s e t 50 f i b r e s from one f i e l d c o n f i g u r a t i o n t o 

th e next i n under 12 minutes v i a a park p o s i t i o n . Even f a s t e r 

s e t - u p t i m e s are p o s s i b l e i f the need t o use t h e park p o s i t i o n 

as an i n t e r m e d i a t e s t e p i s dispensed w i t h by means of an 

o p t i m i s i n g computer program. (see s e c t i o n 6.4.7) 
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The p r a c t i c a l work c a r r i e d out made no a t t e m p t t o address 
the problems of f l e x u r e or f i e l d c u r v a t u r e . These were 
c o n s i d e r e d t o be e x t r a e n g i n e e r i n g c o m p l i c a t i o n s t o be d e a l t 
w i t h when the f u l l y o p e r a t i o n a l i n s t r u m e n t was designed (see 
s e c t i o n s 6,4.2 and 6.4.6). 

6.4 AUTOFIB 

Althou g h AUTOFIB does not e x i s t as a wor k i n g i n s t r u m e n t a t 

the t i m e of w r i t i n g i t e x i s t s as a des i g n and t h e r e f o r e I s h a l l 

d e s c r i b e i t i n t h e p r e s e n t t e n s e . The des i g n was f i n a l i s e d by 

Peter Gray and myself d u r i n g P e t e r ' s v i s i t t o Durham i n August 

1985. The major d i f f e r e n c e between AUTOFIB and t h e p r o t o t y p e 

i s t h e X-Y c a r r i a g e which i s much f a s t e r and more a c c u r a t e f o r 

AUTOFIB. Th i s i s m a i n l y due t o t h e use of h i g h q u a l i t y 

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

mi c r o p r o c e s s o r s . Peter Gray's e x c e l l e n t idea t h a t t h e f i b r e 

probe bundles and t h e f i e l d p l a t e s h o u l d comprise an 

i n t e r c h a n g a b l e u n i t has a l s o been i n c o r p o r a t e d i n t o AUTOFIB's 

des i g n (see f i g u r e 6.14). T h i s a l l o w s many d i f f e r e n t f i b r e 

o p t i o n s t o be r e a d i l y a v a i l a b l e t o t h e ob s e r v e r . Many aspects 

of t h e FOCAP f i b r e bundles are t h e same f o r AUTOFIB (e.g. t h e 

s l i t u n i t s and t h e guide f i b r e s ) . I t i s even p o s s i b l e t o mount 

FOCAP a p e r t u r e p l a t e s i n t o AUTOFIB. The s p e c t r o g r a p h s u p p o r t 

s t r u c t u r e has a l s o been co p i e d from t h e FOCAP system. The 

f i b r e probes are t h e same as f o r t he p r o t o t y p e except t h a t 300 

micron c o r e - d i a m e t e r f i b r e i s used. The e l e c t r o m a g n e t i c p i c k u p 

( o r m a n i p u l a t o r ) u n i t i s very s i m i l a r t o the p r o t o t y p e one i n 

p r i n c i p l e . F i n a l l y , i t was decided t o i n c l u d e some e x t r a s t o 

make the o p e r a t i o n of AUTOFIB as simp l e and as p l e a s a n t as 
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F i b r e o p t i c c o u p l e r s and the development of AUTOFIB 

p o s s i b l e . These e x t r a s i n c l u d e a coherent f i b r e - o p t i c image 
guide mounted on the p i c k u p u n i t t o p r o v i d e d i r e c t a s t r o m e t r i c 
f i e l d v i e w i n g and a mimic d i s p l a y i n t h e c o n t r o l room t o l e t 
the astronomer see e x a c t l y what i s g o i n g on. 

6.4.1 The f i b r e probes. 

The s p e c t r o g r a p h probe bundle c o n s i s t s of 64 f i b r e probes 

which feed a s p e c t r o g r a p h s l i t u n i t . These probes are t h e same 

as t h e p r o t o t y p e ones d e s c r i b e d above (see s e c t i o n 6.3.1) 

except t h a t s i l v e r e d prisms are used. T h i s makes t h e t a s k of 

epoxying t h e f i b r e i n t o t he b u t t o n both e a s i e r and more 

r e l i a b l e . Each complete probe has t h e 300 mm l e n g t h of f i b r e 

a d j a c e n t t o the b u t t o n encased by a t h i n hypodermic tube t o 

p r e v e n t i t bending i n t h e f i e l d . The f i b r e s are f e d t o t h e 

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

The g u i d e bundle c o n s i s t s of probes v e r y s i m i l a r t o those 

used t o f e e d t h e s p e c t r o g r a p h but employing seven f i b r e s per 

probe. These probes are p o s i t i o n e d a t t h e l o c a t i o n s of b r i g h t 

f i e l d s t a r s and used f o r a c q u i s i t i o n as w e l l as g u i d i n g . The 

e n t r a n c e f a c e s of t h e seven f i b r e s are a r r a n g e d w i t h one 

c e n t r a l f i b r e surrounded by t h e o t h e r s i x . F i b r e s w i t h 200 

micron cores are used and t h e i r c e n t r e s are 300 microns a p a r t 

due t o t h e 300 micron c l a d d i n g d i a m e t e r . A s i m i l a r , but wider 

spaced, arrangement feeds t h e a c q u i s i t i o n TV camera. E i g h t 

guide probes are a v a i l a b l e w i t h each f i b r e module but o n l y two 

or t h r e e of these are r e q u i r e d a t any one t i m e . 

* because epoxy on t h e r e f l e c t i n g s u r f a c e makes t h e f i n i s h e d 
p r o b e s t r o n g e r b u t w o u l d p r e v e n t t o t a l i n t e r n a l r e f l e c t i o n 
f o r an u n s i l v e r e d p r i s m . 
** The h y p o d e r m i c t u b e s a r e s t r a i g h t o n l y when u n s t r e s s e d . 

171 



F i b r e o p t i c c o u p l e r s and t h e development of AUTOFIB 

6.4.2 The f i e l d p l a t e . 

Each f i b r e probe t i p r e s t s on the c i r c u l a r f i e l d p l a t e and 

the hypodermic tube p o r t i o n s l i d e s t h r o u g h a p i v o t a t the 

p l a t e ' s edge. These p i v o t s are equispaced about t h e f i e l d 

p l a t e ' s c i r c u m f e r e n c e and suspend i t from t he t o p of a t h i n 

aluminium sheet box which has a l a r g e h o l e i n i t t o a l l o w l i g h t 

from t he t e l e s c o p e t o i l l u m i n a t e t h e f i b r e probes. There are 

a l s o t h r e e k i n e m a t i c s e a t s on t h e f i e l d p l a t e ' s c i r c u m f e r e n c e . 

When the f i b r e module i s mounted on t h e t e l e s c o p e t h e f i e l d 

p l a t e has t o be manually screwed up a g a i n s t a k i n e m a t i c s e a t i n g 

w i t h i n t h e p o s i t i o n i n g u n i t t o ensure t h a t i t i s h e l d r i g i d l y 

w i t h r e s p e c t t o t h e t e l e s c o p e f o c u s . The b a l l ends of t h e 

k i n e m a t i c s e a t s are p a r t of t h e f i b r e module as these are 

a d j u s t a b l e and can be p r e s e t once and f o r a l l f o r each module. 

The f i e l d p l a t e i s f l a t except t h a t t h e c e n t r a l area i s lower 

by 2 mm. T h i s compensates a d e q u a t e l y f o r t h e AAT's curved 

f o c a l plane but makes t h e s m a l l a n u l a r area around t h e s t e p 

i n a c c e s s i b l e . I f t h e s u r f a c e of best focus was o r t h o g o n a l t o 

the incoming l i g h t a t a l l p o i n t s i n t h e AAT's f o c a l p lane a 

curved f i e l d p l a t e (and a m a n i p u l a t o r w i t h a d e l i c a t e w r i s t 

a c t i o n ) c o u l d be used. However, t h i s i s not g e n e r a l l y t h e case 

f o r R i t c h e y - C h r e t i e n t e l e s c o p e s . For t h e AAT t h e s u r f a c e 

o r t h o g o n a l t o t h e incoming l i g h t ( s u r f a c e of best p o i n t i n g ) has 

a r a d i u s of c u r v a t u r e of 30.7 metres whereas the f o c a l s u r f a c e 

has a r a d i u s of c u r v a t u r e of o n l y 4.37 metres. Both s u r f a c e s 

are concave l i k e t h e p r i m a r y m i r r o r . Thus t h e r e i s no smooth 

s u r f a c e upon which a f i b r e probe can be pl a c e d and be i n focus 

and p o i n t a c c u r a t e l y a t t h e same t i m e . T h e r e f o r e a f l a t , 

stepped f i e l d p l a t e has been adopted which ensures t h a t t h e 
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f i b r e a p e r t u r e s are w e l l focused and p o i n t t o w i t h i n 20 

ar c - m i n u t e s of t h e a x i s of the incoming l i g h t cone. The use of 

a f l a t p l a t e a l s o means t h a t t h e f i b r e probes can be 

man i p u l a t e d by a r o b o t w i t h o n l y t h r e e degrees of freedom. 

6.4.3 The f i b r e module box. 

A sheet metal box c o m p l e t e l y encloses t h e f l e x i b l e p a r t s 

of t h e f i b r e s and p r e v e n t s any snagging from o c c u r i n g d u r i n g 

f i b r e s e t - u p . The box i s empty except f o r t h e f i e l d p l a t e and 

the f i b r e s and i t s i n t e r i o r i s c o m p l e t e l y smooth. There are 

two o u t p u t c o n d u i t s , one each f o r the s p e c t r o g r a p h and guide 

bundles. When s e v e r a l modules are a v a i l a b l e i t w i l l be u s e f u l 

t o have a computer-readable l a b e l a t t a c h e d t o t h e e x t e r i o r of 

the box so t h a t t h e AUTOFIB m i c r o p r o c e s s o r can r e c o g n i s e i t . 

6.4.4 The X-Y c a r r i a g e . 

The X-Y c a r r i a g e i s bo t h f a s t and p r e c i s e r e a c h i n g speeds 

of 200 mm/sec, or more, and y e t d e l i v e r i n g t h e m a n i p u l a t o r u n i t 

t o w i t h i n 10 microns of an a b s o l u t e t a r g e t p o s i t i o n anywhere i n 

i t s 380mm square p a t r o l area. The c a r r i a g e d e s i g n i s shown i n 

f i g u r e 6.15. The accuracy i s achieved by u s i n g r e c i r c u l a t i n g 

l i n e a r b e a r i n g s of t h e h i g h e s t accuracy f o r bo t h axes. The 

X-axis b e a r i n g i s l o n g e r t h a n t h e Y-axis one and the two axes 

are coupled t o g e t h e r a t p r e c i s e l y 90 degrees u s i n g a s t i f f 

t r i a n g u l a r p l a t e . A l s o , both axes are d r i v e n u s i n g 

z e r o - b a c k l a s h b a l l s c r e w s and encoded u s i n g e x t r e m e l y a c c u r a t e 

l i n e a r t r a n s d u c e r s (± 2 microns a b s o l u t e a c c u r a c y ) which g i v e 

p u l s e s every 1 m i c r o n . Note t h a t u n l i k e t h e p r o t o t y p e c a r r i a g e 
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the b a l l s c r e w s are never used t o determine the c a r r i a g e 
p o s i t i o n but o n l y t o move i t . I t t h e r e f o r e does not m a t t e r i f 
the screws have s u b s t a n t i a l p i t c h e r r o r s as long as t h e y do not 
e x h i b i t any b a c k l a s h a t t h e b a l l n u t or the end b e a r i n g s . Any 
such b a c k l a s h w i l l be d e t e c t e d by the l i n e a r encoders but i s 
u n d e s i r a b l e as i t w i l l make t h e p o s i t i o n i n g of t h e c a r r i a g e 
d i f f i c u l t t o c o n t r o l . 

The X-Y c a r r i a g e has been designed so t h a t i t can jump 

100 mm i n 1 second, s t a r t i n g and s t o p p i n g a t r e s t . I f i t does 

t h i s by a c c e l e r a t i n g c o n s t a n t l y f o r the f i r s t 0.5 seconds and 

t h e n d e c e l e r a t i n g c o n s t a n t l y f o r t h e f i n a l 0.5 seconds th e n i t 

w i l l reach a maximum speed of 200 mm/sec and a c c e l e r a t e a t 0.4 

metres/sec . Using a b a l l s c r e w p i t c h of 5 mm per t u r n t h e 

maximum r o t a t i o n a l speed i s 2400 RPM. The t o r q u e r e q u i r e d t o 

produce an a c c e l e r a t i o n , a, i s g i v e n by 

where M i s t h e mass t o be moved and p i s t h e screw p i t c h . The 

X-axis of t h e c a r r i a g e has t o move the e n t i r e Y - s l i d e and t h e 

p i c k u p u n i t . I f a mass of 20kg i s assumed f o r these components 

t h e n a t o r q u e of 0.006 Nm i s r e q u i r e d when a=0.4 m/sec Z 

( h o r i z o n t a l m o t i o n ) and a t o r q u e of 0.16 Nm i s needed when 

a = 0.4 + 9.8 =10.2 m/sec2, ( v e r t i c a l m o t i o n ) . These e s t i m a t e s do 

not a l l o w f o r f r i c t i o n or t h e moment of i n e r t i a of t h e 

b a l l s c r e w i t s e l f but these are f a i r l y low f o r t h e e n g i n e e r i n g 

components chosen. The s t a n d a r d e n g i n e e r i n g p r a c t i c e of 

m u l t i l p l y i n g t h e c a l c u l a t e d t o r q u e by an " i d i o t f a c t o r " of 

about 3 or so leads t o a t o r q u e r e q u i r e m e n t of 0.5 Nm a v a i l a b l e 

upto speeds of 2400 RPM. The Y-axis r e q u i r e m e n t i s l e s s but i t 
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was decided t h a t a motor i d e n t i c a l t o the X-axis one should be 
used so t h a t o n l y one spare motor needs t o be kept i n case of 
breakdown. Very l a r g e s t e p p e r motors would be r e q u i r e d t o meet 
these t o r q u e r e q u i r e m e n t s a t h i g h speeds so i t was necessary t o 
use DC servo motors. To c o n t r o l these motors c o m m e r c i a l l y 
a v a i l a b l e servo a m p l i f i e r s and i n t e l l i g e n t m i c r o p r o c e s s o r 
c o n t r o l e r s are used which t o g e t h e r w i t h the l i n e a r encoders and 
the i n t e g r a l motor tachometers c l o s e the two servo l o o p s . 

6.4.5 The m a n i p u l a t o r u n i t . 

The e l e c t r o m a g n e t i c m a n i p u l a t o r u n i t f o r AUTOFIB i s v e r y 

s i m i l a r t o t h e p r o t o t y p e i n i t s o p e r a t i n g p r i n c i p l e s . The main 

d i f f e r e n c e s are t h a t a s t a n d a r d s h o r t l i n e a r b e a r i n g i s used 

i n s t e a d of b a l l bushings, t h e geometry of the e l e c t r o m a g n e t i c 

s p i g o t a l l o w s c l o s e p a c k i n g of the f i b r e probes, s l i p r i n g s have 

been i n c o r p o r a t e d f o r the e l e c t r o m a g n e t ' s power supply and t h e 

r o t a r y b e a r i n g s are s m a l l e r and s i t u a t e d above t h e 

e l e c t r o m a g n e t . F i g u r e 6.16 shows t h e u n i t s c h e m a t i c a l l y . 

The Z-motion i s o b t a i n e d by u s i n g a s m a l l DC motor and a 

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

e l e c t r o m a g n e t i n t h e downward d i r e c t i o n . Thus any r e s i s t a n c e 

met i n t h i s d i r e c t i o n i s t a k e n up by the s p r i n g t o p r o t e c t t h e 

mechanism. L i m i t s w i t c h e s are used t o s t o p t h e motion i n t h e 

up and down d i r e c t i o n s . The down l i m i t s w i t c h i s t r i g g e r e d by 

a p r e s e t compression of the s p r i n g so t h a t t h e motion i n t h e 

downward d i r e c t i o n i s l o a d - l i m i t e d , i . e . i t stops when a 

p r e s e t r e s i s t a n c e i s met r a t h e r than a t a p r e s e t h e i g h t . T h i s 

ensures t h a t a probe i s h e l d onto t h e f i e l d p l a t e w i t h a known 
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f o r c e when i t i s engaged by the m a n i p u l a t o r even i f t h e f i e l d 

probe be p l a c e d on t o p of another. A r o t a r y p o t e n t i o m e t e r 

encoder and a rack and p i n i o n are used t o measure the Z 

p o s i t i o n so t h a t the c o n t r o l i n g m i c r o p r o c e s s o r ( o r the 

astronomer v i a t h e mimic d i s p l a y ) can check t h a t t h e h e i g h t on 

put-down i s s e n s i b l e . Smaller r o t a r y b e a r i n g s are e a s i e r t o 

r o t a t e and t h e p a r t of the mechanism t h a t p r o t u d e s i n t o t h e 

space imm e d i a t e l y above t h e f i e l d p l a t e s h o u l d be as s m a l l as 

p o s s i b l e . T h e r e f o r e , t he mechanism t h a t a l l o w s t he 

el e c t r o m a g n e t t o r o t a t e w h i l e a probe i s b e i n g t r a n s p o r t e d 

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

of the mechanism a l s o i n c l u d e s s l i p r i n g s t o feed power t o the 

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

t h e r e f o r e have t o be p r e c i s e l y c o n c e n t r i c and t h i s i s achieved 

by machining both t o g e t h e r w h i l e t he work remains i n t h e l a t h e 

chuck. A de m a g n e t i s i n g c i r c u i t i d e n t i c a l t o t h a t used w i t h t h e 

p r o t o t y p e i s employed t o ensure t h a t t h e probes are c l e a n l y 

r e l e a s e d . A p i c k - u p o p e r a t i o n ( l o w e r - s w i t c h on e l e c t r o m a g n e t 

r a i s e ) t a k e s 2 seconds whereas a r e l e a s e o p e r a t i o n ( l o w e r -

s w i t c h o f f and de-gauss - r a i s e ) t a k e s 3 seconds as f o r t h e 

p r o t o t y p e . 

The s t r e n g t h ( h o l d i n g f o r c e ) of t h e e l e c t r o m a g n e t can be 

e s t i m a t e d u s i n g t h e f o r m u l a ( d e r i v e d i n most g e n e r a l e l e c t r i c a l 

e n g i n e e r i n g t e x t s ) 

where F i s t h e f o r c e i n Newtons, B i s t h e f l u x d e n s i t y t h r o u g h 

the o b j e c t being h e l d i n T e s l a , A i s t h e cr o s s s e c t i o n i n 

p l a t e has st e p s i n i t . I t a l s o p r e v e n t s damage sho u l d one 

F 
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-7 
square metres t h r o u g h which the f l u x passes and yU 0=4TTx 10 
weber/amp-m i s the p e r m e a b i l i t y of f r e e space. C l e a r l y we wish 
t o maximise B and A. However, we wish t o keep the probes, and 
t h e r f o r e A, as s m a l l as p o s s i b l e so t h a t o b j e c t s c l o s e t o g e t h e r 
on t h e sky can be s t u d i e d . For m i l d s t e e l B s a t u r a t e s a t 2.2 
Tesla and t h e b e s t m a t e r i a l p o s s i b l e , an a l l o y of c o b a l t and 
i r o n i n equal p r o p o r t i o n s (permendur), i s not much b e t t e r 
s a t u r a t i n g a t 2.4 T e s l a . Using B=2.2 and A = 6 mm f o r a b u t t o n 
we g e t F=11.6 N. This i s s l i g h t l y h i g h e r than found i n 
p r a c t i c e and maybe due t o f l u x leakage or a lower s a t u r a t i o n 
v a l u e f o r t h e s i l v e r s t e e l b u t t o n s . I t i s l i k e l y t h a t t h e core 
of t h e e l e c t r o m a g n e t i s s a t u r a t e d as H-37 amps/cm f o r t h e 
e l e c t r o m a g n e t and t h i s i n d i c a t e s s a t u r a t i o n on the B-H curve 
f o r m i l d s t e e l ; H=NI/L where N i s t h e number of c o i l t u r n s 
( 7 0 0 0 ) , I i s the c u r r e n t (0.064 amps a t 30V) and L i s mean 
magnetic p a t h l e n g t h (12 cms). Thus i t seems t h a t s i g n i f i c a n t 
improvement on t h e measured h o l d i n g f o r c e of 0,9 kgF i s 
d i f f i c u l t t o achieve w i t h o u t compromising o t h e r a s p e c t s of the 
d e s i g n . However, a 900 gram h o l d i n g f o r c e i s adequate. 

6.4.6 The mechanical s t r u c t u r e . 

The mechanical s t r u c t u r e not o n l y s u p p o r t s t h e p o s i t i o n e r 

and the f i b r e module but a l s o c a r r i e s t h e RGO s p e c t r o g r a p h . 

The s t r u c t u r e was t h e r e f o r e c a r e f u l l y designed t o ensure t h a t 

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

l a r g e amounts of s t r e s s on the X-Y p o s i t i o n e r and f i b r e module. 

Also the main p l a t e which c a r r i e s the X-Y c a r r i a g e has 

s t i f f e n i n g members i n c o r p o r a t e d t o keep t h e f l e x u r e of the 

p o s i t i o n i n g system t o a minimum. The s p e c t r o g r a p h i s s u p p o r t e d 
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by f o u r shear w a l l s which t r a n s f e r the s p e c t r o g r a p h load t o the 
AG u n i t . T h i s arrangement i s very s i m i l a r t o the s p e c t r o g r a p h 
s u p o r t s t r u c t u r e employed by FOCAP (see f i g u r e 6.1). The 
p o s i t i o n e r i s mounted onto these w a l l s a t t h e p o i n t s where they 
are mounted onto t h e AG u n i t and t h e p o s i t i o n e r t h e r e f o r e 
b e n e f i t s from i t s s t i f f n e s s . A l s o , t h i s ensures t h a t a minimal 
amount of the s p e c t r o g r a p h load i s t r a n s f e r e d t o t h e 
p o s i t i o n e r . One of the shear w a l l s can be s a f e l y hinged t o one 
s i d e w h i l e t h e t e l e s c o p e i s parked at t h e z e n i t h , t o 
i n t e r c h a n g e f i b r e modules. 

6.4.7 Computer c o n t r o l 

A d e d i c a t e d m i c r o p r o c e s s o r i s used t o c o n t r o l t h e 

p o s i t i o n i n g u n i t . The f u l l c o n t r o l system i s shown 

s c h e m a t i c a l l y i n f i g u r e 6.17. The s o f t w a r e i s ROM based and 

r e s i d e s i n t h e 6809 process o r card which a c t s as the master 

p r o c e s s o r . The two servo-motor c o n t r o l l e r s a re s t a n d a r d 

i n d u s t r i a l u n i t s ( G a l i l DCM100) which come complete w i t h 

s o f t w a r e and are used as s l a v e p r o c e s s o r s . These c o n t r o l l e r s 

a l l o w complete c o n t r o l of t h e v e l o c i t y p r o f i l e d u r i n g motion 

and r e c e i v e t h e i r h i g h l e v e l i n s t r u c t i o n s from the master 

process o r which ensures t h a t each movement i s i n a s t r a i g h t 

l i n e . A purpose b u i l t i n t e r f a c e c a r d , which i n c l u d e s t h e 

de-m a g n e t i s i n g c i r c u i t , i s r e q u i r e d t o c o n t r o l t h e m a n i p u l a t o r 

u n i t . A b a t t e r y back-up memory card i s e n c o r p o r a t e d t o enable 

t h e system t o r e c o v e r from power f a i l u r e s and a g e n e r a l purpose 

i / o i n t e r f a c e i s used t o m o n i t o r v a r i o u s t e l e m e t r y s i g n a l s . 

F i n a l l y , a g r a p h i c s c a r d i s used t o o u t p u t i n f o r m a t i o n on t h e 

mimic d i s p l a y m o n i t o r i n the t e l e s c o p e c o n t r o l room so t h a t 
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obs e r v e r s can see e x a c t l y what i s going on. Th i s d i s p l a y 
c a b i n e t a l s o r e c e i v e s i n f o r m a t i o n d i r e c t l y from t h e encoders t o 
g i v e a r e a l t i m e d i s p l a y w i t h o u t l a r g e p r o c e s s o r overheads. 
Observers communicate w i t h t h e m i c r o p r o c e s s o r v i a t h e AAT's 
i n s t r u m e n t a t i o n computer (a VAX 11/780) and an RS232 l i n k . 

The m i c r o p r o c e s s o r can r e c e i v e and execute sequences of 

commands from t h e VAX. The c u r r e n t system c o n f i g u r a t i o n i s 

s t o r e d and updated i n t h e m i c r o p r o c e s s o r ' s n o n - v o l a t i l e memory 

and each new command i s t e s t e d t o ensure t h a t no mechanical 

c o n f l i c t ( e . g . probe c o l l i s i o n ) w i l l occur when i t i s 

executed. The mimic d i s p l a y , which shows t h e system 

c o n f i g u r a t i o n , i s a l s o updated whenever a n y t h i n g i s changed. 

The VAX s o f t w a r e a l l o w s t h e user t o prepare an a c c e p t a b l e 

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

communicate t h e a p p r o p r i a t e m i c r o p r o c e s s o r commands. There are 

t h e r e f o r e f o u r d i s t i n c t s o f t w a r e i t e m s ; t h e m i c r o p r o c e s s o r 

s o f t w a r e . t h e c o n f i g u r a t i o n s o f t w a r e (VAX), t h e command 

g e n e r a t i o n program (VAX) and t h e user i n t e r f a c e (VAX). 

The m i c r o p r o c e s s o r program executes each command i n t u r n 

( a l t h o u g h i t can r e c e i v e and s t o r e b l o c k s of commands). On 

power-up the micro "knows" where t h e f i b r e s a re from i t s 

b a t t e r y back-up memory and i t gener a t e s a g r a p h i c a l 

r e p r e s e n t a t i o n of t h e c u r r e n t system s t a t u s on t h e mimic 

d i s p l a y . I t can a l s o compare i t s r e p r e s e n t a t i o n w i t h t h a t of 

the VAX and update i t s e l f i f necessary. I t the n has t o 

e s t a b l i s h t h e zero p o i n t of t h e c o o r d i n a t e system by moving 

both axes towards t h e c e n t r e of the f i e l d t o l o c a t e f i d u c i a l 

marks on t h e l i n e a r encoders. I t can the n execute commands. 
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Each command i s t e s t e d t o ensure t h a t i t can be performed 
w i t h o u t causing mechanical c o n f l i c t . Commands are a l s o t e s t e d 
t o make sure t h e y are c o n s i s t e n t w i t h t h e c u r r e n t c o n f i g u r a t i o n 
( e . g . i f commanded t o p i c k up a probe a t a s p e c i f i c l o c a t i o n , 
t h e r p has t o be a probe a t t h a t p o s i t i o n ) . Only t h r e e 
h i g h - l e v e l commands are r e q u i r e d ; p i c k - u p , put-down and move t o 
p o s i t i o n (X,Y). Lower l e v e l commands w i l l a l s o be a v a i l a b l e . 
I f a command f a i l s t h e t e s t s an e r r o r message i s sent t o t h e 
VAX, o t h e r w i s e i t i s executed. I f , d u r i n g t h e e x e c u t i o n of a 
command, t h e m i c r o p r o c e s s o r d e t e c t s an i n c o n s i s t e n c y ( e . g . 
when p u t t i n g down a f i b r e t h e e l e c t r o m a g n e t g e t s c l o s e r t o t h e 
f i e l d p l a t e t h a n would be expected) a warning message i s sent 
and t he m i c r o p r o c e s s o r pauses. When a command i s s u c c e s s f u l l y 
executed t he m i c r o p r o c e s s o r ' s r e p r e s e n t a t i o n of the c u r r e n t 
c o n f i g u r a t i o n and the mimic d i s p l a y are updated. The 
mi c r o p r o c e s s o r a l s o i n f o r m s t h e VAX so t h a t i t t oo has an 
up - t o - d a t e r e p r e s e n t a t i o n of the f i b r e c o n f i g u r a t i o n . 

The c o n f i g u r a t i o n program ( a v a i l a b l e t h r o u g h o u t STARLINK 

as w e l l as a t t h e AAO) produces an a l l o w a b l e f i b r e 

c o n f i g u r a t i o n from a l i s t of t a r g e t o b j e c t s f o r a g i v e n f i b r e 

module (see f i g u r e 6.18). T h i s i n c l u d e s assignment of sky 

f i b r e s and guide probes. The i n p u t t a r g e t l i s t p r o v i d e s t h e 

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

o b j e c t s and i s , of course, s u p p l i e d by t h e astronomer. The 

o u t p u t s are a l i s t of f i b r e p o s i t i o n s , g i v e n as X-Y c o o r d i n a t e s 

i n microns from t h e c e n t r e of t h e f i e l d and t h e r e q u i r e d 

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

has t o dea l w i t h a l l t h e r e q u i r e d a s t r o m e t r i c c o o r d i n a t e 

t r a n s f o r m a t i o n s and c o r r e c t i o n s . T h i s program can (and sh o u l d ) 
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be r u n by the astronomer w e l l i n advance of v i s i t i n g t h e AAT. 
B a s i c a l l y t h e c o n f i g u r a t i o n program does t h e f o l l o w i n g . 
F i r s t l y i t a s s i g n s a f i b r e t o an o b j e c t near t h e f i e l d c e n t r e . 
Then f o r the next f i b r e (moving c l o c k w i s e ) i t f i n d s t h e o b j e c t 
f: round from t h e p i v o t i n t h e a n t i - c l o c k w i s e d i r e c t i o n 

t h a t s a t i s f i e s t he mechanical c o n s t r a i n t s ( c o n f l i c t w i t h f i b r e s 

t h a t have a l r e a d y been p l a c e d , angle a t p i v o t w i t h r e s p e c t t o 

t h e f i e l d c e n t r e and d i s t a n c e of o b j e c t away from p i v o t ) . I f 

no such o b j e c t e x i s t s t h e f i b r e i s parked or a s s i g n e d t o a 

patch of sky. I t c o n t i n u e s u n t i l i t has t r i e d t o a s s i g n every 

f i b r e . I n p r a c t i c e , t h i s scheme i s c o m p l i c a t e d because o b j e c t 

p r i o r i t i e s have t o be t a k e n i n t o account, a s p e c i f i e d number of 

sky f i b r e s are r e q u i r e d and guide probes have t o be assigned. 

The command g e n e r a t i o n program gen e r a t e s a sequence of 

commands t o s e t up one c o n f i g u r a t i o n s t a r t i n g from a n o t h e r . 

T h i s i s o p t i m i s e d so t h a t t h e t o t a l s e t up t i m e i s kept t o a 

minimum. Sequences generated are such t h a t i l l e g a l 

i n t e r m e d i a t e c o n f i g u r a t i o n s are avoided. This program i s r u n 

a t t h e t e l e s c o p e when i t i s known what t h e n e x t c o n f i g u r a t i o n 

i s . 

The user i n t e r f a c e a l l o w s t h e astronomer t o send commands 

( d i r e c t l y or from f i l e s ) t o the m i c r o p r o c e s s o r , m o n i t o r i t s 

p r o g r e s s and r u n t h e c o n f i g u r a t i o n and command g e n e r a t i o n 

programs. 
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6.5 Future deve1opments 

As more and more ex p e r i e n c e i s gained w i t h AUTOFIB u s e f u l 

m o d i f i c a t i o n s and improvements w i l l no doubt become ob v i o u s . 

Aspects where p o s s i b l e improvements are a l r e a d y apparent are 

those of the number of f i b r e s used, the set-up time and the 

c l o s e s t approach of two f i b r e s . However, t h e b a s i c AUTOFIB 

concept i s v e r y v e r s a t i l e i n terms of making improvements and 

some ideas a l r e a d y e x i s t . For example, t o i n c r e a s e t h e number 

of f i b r e s t h a t can be s i m u l t a n e o u s l y used f o r o b s e r v a t i o n s 

(which a t p r e s e n t i s l i m i t e d by the s p e c t r o g r a p h d e t e c t o r s as 

w e l l as t h e f i b r e c o u p l e r ) i t may be p o s s i b l e t o dispense w i t h 

t h e hypodermic tubes and the c o n s t r a i n t t h a t f i b r e s are not 

a l l o w e d t o c r o s s . 

The concept a l s o lends i t s e l f w e l l t o a p p l i c a t i o n s on 

o t h e r t e l e s c o p e s . An a t t r a c t i v e v a r i a t i o n i s t o keep t h e 

p o s i t i o n e r o f f t h e t e l e s c o p e e n t i r e l y and use i t t o s e t up 

f i b r e modules b e f o r e t h e y are mounted on t h e t e l e s c o p e . With 

two or more modules t e l e s c o p e dead-times can be kept very s h o r t 

even when u s i n g hundreds of f i b r e s . Also t h e e n g i n e e r i n g of an 

o f f - t h e - t e l e s c o p e p o s i t i o n e r would be e a s i e r and i t s o p e r a t i o n 

c o u l d be much more c l o s e l y m o n i t o r e d by t h e o b s e r v e r . For some 

t e l e s c o p e s , where space i s a t a premium, (such as on a Schmidt 

t e l e s c o p e ) t h i s i s i n f a c t t h e o n l y o p t i o n . Other 

p o s s i b i l i t i e s i n c l u d e remote o b s e r v i n g which i n c l u d e s b e i n g 

used w i t h s a t e l l i t e t e l e s c o p e s . 
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F i n a l l y , I must p o i n t out t h e enormous s c i e n t i f i c 
p o t e n t i a l t h a t would be o f f e r e d by a f u t u r e g e n e r a t i o n l a r g e 
a p e r t u r e t e l e s c o p e equipped w i t h an automated m u l t i f i b r e 
s p e c t r o g r a p h ! c survey f a c i l i t y . 
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