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A b s t r a c t 

The work d e s c r i b e d i n t h i s t h e s i s can be d i v i d e d i n t o two main 

p a r t s . The f i r s t p a r t d e s c r i b e s the m o d i f i c a t i o n s of the instrument 

( a Beckman-RIIC FS720) to enable i t to be operated i n the p o l a r i s i n g 

mode w i t h a l i q u i d helium cooled d e t e c t o r . S e v e r a l problems were 

encountered during the t e s t i n g of t h i s equipment p a r t i c u l a r l y when 

o p e r a t i n g the p o l a r i s i n g system. I n i t i a l l y the s p e c t r a recorded w i t h 

t h i s system showed c o n s i d e r a b l e d i s t o r t i o n i n the high and low frequency 

r e g i o n s . The low frequency d i s t o r t i o n was found to a r i s e from e l e c t r i c a l 

n o n - l i n e a r i t y (due to o v e r l o a d ) w i t h i n the e l e c t r o n i c s ( R I I C FS200) and 

m o d i f i c a t i o n s to the a m p l i f i e r have, e l i m i n a t e d t h i s problem. The high 

frequency d i s t o r t i o n , which appears as a « 120 cm ^ l i m i t , has not been 

c o r r e c t e d and i s now thought to a r i s e from a 'software' (computing) 

problem. 

The s i g n a l - t o - n o i s e r a t i o t e s t s c a r r i e d out on the cooled d e t s c t o r 

i n d i c a t e t h a t the bolometer element may not be o p e r a t i n g a t i t s niC3t 

s e n s i t i v e temperature due to ov e r h e a t i n g by the hot source. However, 

when o p e r a t i n g w i t h heavy o p t i c a l f i l t e r i n g ( t h e r e f o r e reducing the 

r a d i a t i o n r e a c h i n g the bolometer) i t has been p o s s i b l e to r e c o r d s p e c t r a 

i n the v e r y f a r - i n f r a r e d r e g i o n (20 -» 5 cm ^ ) . 

The second p a r t of the t h e s i s d e s c r i b e s the p r a c t i c a l o p e r a t i o n and 

t e s t s c a r r i e d out on the p r e v i o u s l y c o n s t r u c t e d c e l l designed f o r 

c o n v e r s i o n of the instrument to operate i n the d i s p e r s i v e mode. To 

enable t h i s c e l l to be mounted v e r t i c a l l y on the instrument a top 

window has been i n c l u d e d to hold a l i q u i d sample. T h i s l e a d s to the 

appearance of r e f l e c t i o n s and m u l t i p l e r e f l e c t i o n s not p r e s e n t when 

st u d y i n g a g r a v i t y held l i q u i d . These r e f l e c t i o n f r i n g e s have been 



f u l l y a s s i g n e d and t h e r e f o r e i t has been p o s s i b l e to o b t a i n the 
i 

continuous d i s p e r s i o n ( r e f r a c t i v e i n d e x ) curve of a l i q u i d i n the f a r -

i n f r a r e d r e g i o n . 

The o v e r a l l aim of t h i s work has been to t e s t the l i m i t a t i o n s and 

a c c u r a c y of the new equipment and make o r i g i n a l s t u d i e s i n the f a r -

i n f r a r e d r e g i o n . 
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1. 

CHAPTER I 

a ) O b j e c t i v e s of the Work 

The aim of t h i s work i s to improve the standard instrument, a 

Beckman - R I I C FS720 i n t e r f e r o m e t e r , w i t h the a d d i t i o n of a new o p t i c a l 

system and a f a s t d e t e c t o r . The d e t e c t o r chosen was a Germanium 

bolometer o p e r a t i n g a t low temperature which should extend the frequency 

range down to about 2 cm * (60 GHz) and t h e r e f o r e provide some c o n t i n u i t y 

w i t h the microwave region. I t i s a l s o p o s s i b l e to study o p t i c a l l y 

t h i c k e r , more absorbing samples by t a k i n g advantage of the improved 

s i g n a l to n o i s e r a t i o of the bolometer over the standard golay. 

The o p t i c a l system has been changed to the p o l a r i s i n g c o n f i g u r a t i o n 

d e s c r i b e d by M a r t i n and P u p l e t t ^ The advantage of t h i s system over the 

co n v e n t i o n a l system i s that i t provides a g r e a t e r energy throughput, w i t h 

an improvement i n s i g n a l to n o i s e r a t i o , and g i v e s a f l a t t e r background 

over the frequency range observed (which extends from about 2 -» 150 cm ^ " ) . 

The t h i r d p i e c e of equipment used i n t h i s work i s the p r e v i o u s l y 

c o n s t r u c t e d c e l l f o r the o p e r a t i o n of the i n t e r f e r o m e t e r i n the d i s p e r s i v e 
2 

mode. Combined w i t h the low frequency ( l o n g wavelength) d e t e c t o r the 

new c e l l w i l l p r ovide continuous r e f r a c t i v e index data i n t o the f a r -

i n f r a r e d r e g i o n not p r e v i o u s l y s t u d i e d . 

The o v e r a l l aim of the work d e s c r i b e d i n t h i s t h e s i s has been to 

t e s t and a s s e s s the m e r i t s and accura c y of the new equipment and make 

o r i g i n a l s t u d i e s i n t o the v e r y f a r - i n f r a r e d r e g i o n (2 - 30 cm * " ) . 



2. 

b) Value of Low Frequency Measurements 

The f a r - i n f r a r e d region may be used to study ion-molecule i n t e r -

3 4 

a c t i o n s ' of which there a r e many examples i n the f i e l d of bio c h e m i s t r y , 

where the e x t r a s e n s i t i v i t y of the modified instrument can be used to 

study systems i n t h e i r n a t u r a l but h i g h l y absorbing medium of w a t e r . ^ 
2+ 

Such a p p l i c a t i o n s i n c l u d e the study of the Mg i o n and the t r a n s p o r t 
5 6 7 

c o n t r o l mechanism a c r o s s the c e l l w a l l of b a c t e r i a . ' ' The b i o s y n t h e t i c 
2+ 

emzymes, found i n the phospholipid membrane of b a c c e r i a l c e l l a r e Mg 

dependent and i t has been shown t h a t the t e i c h o i c a c i d i n the outer c e l l 

R = H or glycosyl , A!a= alany!. 

A t y p i c a l g l y c e r o l t e i c h o i c a c i d 

2+ 
w a l l has some c o n t r o l over the c o n c e n t r a t i o n of Mg r e a c h i n g the 

8 0 
phospholipid membrane of the i n n e r c e l l w a l l . The exact n a t u r e ( s ) and 

2+ 
s i t e ( s ) of bin d i n g of the Mg i o n to the t e i c h o i c a c i d i s not known, but 

2+ 
i t may be p o s s i b l e to study the e f f e c t of Mg or other i o n s on the c a l l 

w a l l m a t e r i a l i n the f a r - i n f r a r e d r e g i o n . Other p o s s i b i l i t i e s i n c l u d e 
2+ 

the study of Mg " r a t t l i n g i n a s o l v e n t cage, p o s s i b l y i n aqueous or other 

h i g h l y p o l a r s o l v e n t media and the study of s t r u c t u r e p e r t u r b a t i o n of 
'+ 2+ water when Mg" • or Ca are added. 

r 0—CH 0-CH 2 0 
R AlaO RO \ OH OH 

CHo-0 CHo-0 



c ) The Michelson I n t e r f e r o m e t e r 

A Michelson i n t e r f e r o m e t e r can be r e p r e s e n t e d v e r y simply as shown 

i n F i g . 1.1. 

R a d i a t i o n from the source s i s c o l l i m a t e d by e i t h e r a l e n s or a 

system of m i r r o r s a t p. The ' p a r a l l e l ' beam of r a d i a t i o n then s t r i k e s 

the beam s p l i t t e r B and i n an i d e a l case w i l l be 50% r e f l e c t e d and 50% 

t r a n s m i t t e d . A f t e r r e f l e c t i o n a t the two m i r r o r s M^ and M 2 the two beams 

are recombined a t B where i n t e n s i t y d i v i s i o n occurs again and the r e s u l t i n g 

wave i s brought to a focus on the d e t e c t o r D by the m i r r o r or l e n s 

system Q. I n use the m i r r o r i s moved to the p o s i t i o n and the beam 

i n t h a t arm of the i n t e r f e r o m e t e r undergoes a phase s h i f t a s s o c i a t e d w i t h 

the path d i f f e r e n c e x between beams (1 ) and ( 2 ) . , where the path d i f f e r e n c e 

x i s equal to twice the m i r r o r displacement. When M2 i s i n such a p o s i t i o n 

t h a t d i s t a n c e B - M^ i s equal to the d i s t a n c e B - M2., the beams w i l l r e -

combine a t B c o h e r e n t l y and give a maximum i n t e n s i t y l ( o ) of r a d i a t i o n a t 

the d e t e c t o r D, hence t h i s p o s i t i o n i s r e f e r r e d to as zero path d i f f e r e n c e 

(Z.P.D. ) . 

Now i f we assume t h a t the source s i s monochromatic a t frequency v 

the i n t e n s i t y I ( x ) a t a p o s i t i o n x, d i s p l a c e d from the zero path d i f f e r e n c e 

w i l l be giv e n b y ^ 

I ( x ) = I(o ) C o s ( 2 ; t v x ) 1.1 

and an i n t e r f e r e n c e p a t t e r n such as f i g u r e 1.2a w i l l be detected by D as 

M 2 i s moved and x i s i n c r e a s e d . 

I n p r a c t i c e a polychromatic source i s used and the i n t e r f e r e n c e 

p a t t e r n observed i s merely the r e s u l t of s u p e r p o s i t i o n of many cu r v e s to 
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g i v e a p a t t e r n as i n 1.2b which tends to f l a t t e n o f f a t l a r g e v a l u e s o f 

x. T h i s i n t e r f e r e n c e p a t t e r n i s composed of a frequency independent 

p a r t l ( o ) and an x dependent p a r t F ( x ) . F ( x ) i s known as the power i n t e r -

ferograra and i s the i n t e r f e r e n c e f u n c t i o n l ( x ) minus l ( o ) . F ( x ) i s 

re p r e s e n t e d by f i g u r e 1.2c. The form of the power i n t e r f e r o g r a m i s 

+00 

F ( x ) = j B ( v ) Cos 27t vxdv 1.2 

-00 

where B ( v ) i s the i n t e n s i t y as a f u n c t i o n of frequency i . e . the spectrum. 

The frequency and delay time, and the r e l a t e d q u a n t i t i e s path d i f f e r e n c e x 

and frequency, a r e conjugate v a r i a b l e s . T h e r e f o r e , the power i n t c r f e r o g r a m 

i s simply a spectrum where the independent v a r i a b l e i s t i m e ^ which i s the 

r e c i p r o c a l of frequency i n s t e a d of frequency i t s e l f . T h i s means t h a t the 

power i n t e r f e r o g r a m F ( x ) and the de t e c t e d s p e c t r a l power B ( v ) a r e a F o u r i e r 

Transform p a i r and hence an i n v e r s i o n of Equation 1.2 can be made by 

F o u r i e r ' s I n t e g r a l Theorem to o b t a i n E q u a t i o n 1.3, where i n t e n s i t y i s 

expressed as a f u n c t i o n of frequency i n terms of the measurable parameter F ( 
+00 

Bv = j F ( x ) Cos 2TE vxdx 1.3 
— 00 

12 
Thus the spectrum can be recovered from the i n t e r f e r o g r a m . 

The l i m i t s of the i n t e g r a l o b v i o u s l y cannot be i n f i n i t e and the upper 

l i m i t of equation 1.3 i s s e t by x , the maximum path d i f f e r e n c e ( i . e . 
n max 

twice the m i r r o r d i s p l a c e m e n t ) . I f we then assume that the i n t e r f e r o m e t e r 

i n t r o d u c e s no othe r phase s h i f t s a p a r t from the m i r r o r displacement, the 

i n t e r f e r o g r a m i s symmetrical about zero path d i f f e r e n c e and equation 1.3 

can be r e w r i t t e n as 

„ Amax 
B(v ) = 2 j F ( x ) Cos 2TC vxdx 1.4 

o 



7. 
e 

The l i m i t i n g of x to a f i n i t e v a l u e means t h a t we have s e t a f i n i t e 

r e s o l u t i o n l i m i t i n the c a l c u l a t e d spectrum. The l i m i t i n g c o n d i t i o n f o r 

the r e s o l u t i o n Av of a s p e c t r a l f e a t u r e i s approximately given by eqn. 1.5 

Av = - 1.5 
max 

where x i s the t o t a l d i s t a n c e t r a v e l l e d fi-om Z.P.D. max 

A p o d i s a t i o n 

The s p e c t r a which i s c a l c u l a t e d from a t r u n c a t e d i n t e r f e r o g r a m may 

13 

have u n d e s i r a b l e s p u r i o u s f e a t u r e s . • T h i s i s because sharp l i n e s a r e 

a s s o c i a t e d w i t h s u b s i d i a r y maxima which may be taken f o r r e a l s p e c t r a l 

f e a t u r e s . To e l i m i n a t e t h i s problem a weighting f u n c t i o n i s a p p l i e d to 

the i n t e r f e r o g r a m data such t h a t the i n t e n s i t y f a l l s to zero a t x 
J max 

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

r e s o l u t i o n to 
Av ~ —-— 1.6 x „ max 

The i n t e n s i t y data of the i n t e r f e r o g r a m i s recorded a t r e g u l a r i n t e r v a l s 

of path d i f f e r e n c e Ax up to the l i m i t NAx = x where N i s an i n t e g e r . 
r max 

The f i n i t e v a l u e of Ax s e t s an upper frequency l i m i t of the s p e c t r a l 

window because the h i g h e s t frequency p r e s e n t must be sampled a t l e a s t once 

every h a l f c y c l e . The upper frequency l i m i t v m g L X I s given by equation 1.7. 

v = • * 0 1.7 max Ax.2 

The replacement of a continuous f u n c t i o n by a r e g u l a r l y sampled one 

means th a t equation 1.4 can be r e p l a c e d by a summation (eqn. 1.8) which 

le a d s to e r r o r s i n the c a l c u l a t i o n of the spectrum. T h i s i n c l u d e s phase 
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B(S) = 
N 
r 1 -

2 > F ( x ) Cos(2nvxAx)dx 
0 

1.8 

e r r o r s and the oc c u r r e n c e of a phenomenum known as ' a l i a s i n g 1 . 

A l i a s i n g 

I f the i n t e r f e r o g r a r a F ( x ) was a pure c o s i n e f u n c t i o n of frequency 

V q then no other wave would pass through a l l the p o i n t s sampled and 

hence the summation giv e n by equation 1.5 would a c c u r a t e l y r e c o v e r the 

s p e c t r a l f u n c t i o n B ( v ) near V Q. 

However, i n the r e a l c a s e an i n f i n i t e number of hi g h e r frequency 

waves w i l l pass through the sampled p o i n t s i n the observed range i f t h e i r 

f r e q u e n c i e s s a t i s f y the c o n d i t i o n . 

where i = i n t e g e r 1,2,3,4 

The summation 1.8 w i l l then only * i v e t r u e s p e c t r a l i n f o r m a t i o n i n 

the frequency range 0 -» */2Ax a n d then the p a t t e r n w i l l r epeat i t s e l f . 

T h i s i s known as ' a l i a s i n g ' and r e s t r i c t s the width of s p e c t r a l band 

which can be observed. F o r t h i s reason f i l t e r s a r e used to c u t out a i l 

f r e q u e n c i e s above the a l i a s i n g frequency. The appearance of ?.n a l i a s i n g 

spectrum i s shown i n f i g u r e 1.3.^ 

Phase E r r o r s 

Phase e r r o r s a r i s e from i n s t r u m e n t a l i m p e r f e c t i o n s and the f a c t t h a t 

a f i n i t e sampling i n t e r v a l means t h a t the exac t zero path d i f f e r e n c e may 

not be sampled when d i g i t i s i n g the i n t e r f e r o g r a m . .This problem i s 

o b v i o u s l y l e s s i f the sampling i n t e r v a l i s made s m a l l e r but the e r r o r i s 

normally c o r r e c t e d f o r i n the computing of the spectrum by a p r o c e s s 

v- = v + X/2Ax 1.9 
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known as a u t o c o r r e l a t i o n . . The e r r o r due to instrument i m p e r f e c t i o n s i s 

e a s i l y overcome by the s u b t r a c t i o n of a background spectrum from the 

sample spectrum ( p o s s i b l e because instrument phase e r r o r i s c o n s t a n t ) . 

1/1 
l-U 

2 *v>max max 

F i g . 1.3 Diagram of an a l i a s i n g spectrum 
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d) I n s t r u m e n t a l 

The t h e o r e t i c a l advantages and disadvantages of i n t e r f e r o m e t e r s a r e 
14 

w e l l known. However, the disadvantages which p a r t i c u l a r l y a f f e c t the 

work on the systems d e s c r i b e d i n s e c t i o n 1(b) are pointed out below. . 
Disadvantages of the Conventional FS 720 system 

The d e t e c t o r i n the c o n v e n t i o n a l system (Beckman R11C FS 720) i s a 

Pye Unicam SP.50 Golay c e l l which, being a mechanical d e v i c e operates 

a t the r e l a t i v e l y low frequency of 12.5h"2. The s i g n a l - t o - n o i s e r a t i o 

(S/N) obtained u s i n g the Golay c e l l e f f e c t i v e l y l i m i t s the maximum 

r e s o l u t i o n p o s s i b l e ( s e e page 14. ) and makes the study of s p e c t r a run i n 

h i g h l y absorbing s o l v e n t s (where the s i g n a l i s low and hence S/N low) 

d i f f i c u l t . 

The Golay c e l l s e n s i t i v i t y f a l l s o f f r a p i d l y below 20-25 cm"'' and i n 

p r a c t i c e t h i s means th a t r e l i a b l e s p e c t r a cannot r e a d i l y be obtained 

below 20 cm 

The mylar beam s p l i t t e r of the c o n v e n t i o n a l FS 720 g i v e s r i s e to two 

disadvantages. The more s e r i o u s of the two i s the f a c t t h a t h a l f of the 

t o t a l source energy i s r e f l e c t e d / t r a n s m i t t e d back to the source and 

t h e r e f o r e never reaches the sample. T h i s i s o b v i o u s l y most unfavourable 

when s t u d y i n g h i g h l y absorbing samples. 

The second disadvantage i s that each beam s p l i t t e r i s e f f i c i e n t i n 

o n l y l i m i t e d ranges due to i n t e r f e r e n c e w i t h i n the mylar i t s e l f . (See 

F i g . 1.4). T h i s means t h a t a broad s p e c t r a l band has to be s t u d i e d by 

making s e v e r a l runs w i t h d i f f e r e n t t h i c k n e s s b e a m s p l i t t e r s and the 

r e s u l t s then have to be matched together. 
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When d e a l i n g w i t h s t r o n g l y absorbing samples high r e s o l u t i o n i s 

n e c e s s a r y to i d e n t i f y r e l a t i v e l y s m a l l s p e c t r a l f e a t u r e s . The standard 

FS 200 e l e c t r o n i c s w i t h long tune c o n s t a n t s (min A s e c ) and s h o r t sampling 

i n t e r v a l ( t h e punch i s a l s o a l i m i t i n g f a c t o r here)mean that a high 
_1 

r e s o l u t i o n (« 1 cm ) run of a background and sample w i l l take up to 

one and a h a l f hours. 

F i n a l l y the c o n v e n t i o n a l system d e t e c t s an i n t e r f e r e n c e p a t t e r n 

about a d.c. 'mean' l e v e l . T h i s d.c. l e v e l has a n o i s e l e v e l a s s o c i a t e d 

w i t h i t which w i l l be i n a d d i t i o n to a l l other n o i s e s o u r c e s . 

P r a c t i c a l Operation 

The o p t i c a l system of the Beckman-RllC FS 720 i n t e r f e r o m e t e r i 3 

shown i n F i g u r e 1.5. s 

• + 

,The m i r r o r d r i v e on the 720 module co v e r s a d i s t a n c e of - 5 cm from 

the zero path p o s i t i o n . . T h i s means t h a t the maximum path d i f f e r e n c e over 

which an i n t e r f e r o g r a m can be recorded i s - 10 cm. T h i s corresponds to a 

t h e o r e t i c a l r e s o l u t i o n of 0'. 1 cm * a c c o r d i n g to equation 1.5, i f we 

assume t h a t the i n t e r f e r o g r a m i s not weighted w i t h an a p o d i s i n g f u n c t i o n . 

The use of an apodi.sing f u n c t i o n reduces the r e s o l u t i o n to 0.2 cm ^ as 

given by equation 1.6. A l l the i n t e r f e r o g r a m s recorded i n t h i s work 

were apodised before the spectrum was c a l c u l a t e d . 

A p p l i c a t i o n of equation 1 . 1 0 1 5 imposes a t h e o r e t i c a l l i m i t on the 

R = ^ « 8 ( | ) 2 1.10 

where d = source diameter 

A = s o l i d angle sublended to source 

f = f o c a l length of c o l l i m a t i n g system 
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r e s o l u t i o n of an i n t e r f e r o m e t e r due to the source s i z e . The source of the 

FS 720 has a f a c i l i t y f o r p r o v i d i n g a p a t u r e s of 10 mm, 5 mm and 3 mm which 
3 3 4 g i v e s r e s o l v i n g powers, R, of 10 , 4 x 10 and 10 r e s p e c t i v e l y , where 

R = 1.11 Av 

Thus i t i s n e c e s s a r y when choosing the apature s i z e to c o n s i d e r what 

r e s o l u t i o n Av i s r e q u i r e d a t frequency v. 

The most c r i t i c a l f a c t o r l i m i t i n g the r e s o l u t i o n i n an i n t e r f e r o m e t e r 

i s the s i g n a l to n o i s e r a t i o . Nothing w i l l be gained by scanning an 

in t e r f e r o g r a m beyond the p o i n t a t which the r e a l i n t e r f e r e n c e l e v e l f a l l s 

to t h a t of the n o i s e l e v e l . F o r t h i s reason most of the iiiierferograrr.s 

recorded i n t h i s work were computed over a path d i f f e r e n c e of 8.192 x 

10~^ cm ( i . e . 4.096 x 10 * cm from zero path d i f f e r e n c e ) wlvich a f t e r 

a p o d i s a t i o n g i v e s a t h e o r e t i c a l maximum r e s o l u t i o n of 2.'44 cm ^ by 

a p p l i c a t i o n of E q u a t i o n 1.5. 

With the FS 720 i n t e r f e r o m e t e r i t i-3 p o s s i b l e to sample a t every 8u 

or 4u, i n t e r v a l . T h i s s e t s the p o s s i b l e upper frequency l i m i t s to 625 cm * 
_ i 

and 1250 cm " r e s p e c t i v e l y a c c o r d i n g to E q u a t i o n 1.7. The i n t e r f e r o g r a m s 

recorded were a l l sampled a t 8u i n t e r v a l s and b l a c k polythene was used to 

cu t out f r e q u e n c i e s above the a l i a s i n g frequency. I n most c a s e s a d d i t i o n a l 

f i l t e r s were used to l i m i t the f r e q u e n c i e s f a l l i n g on the d e t e c t o r to those 

of i n t e r e s t . The r e s t r i c t i o n of the o p t i c a l bandwidth of the background 

e f f e c t i v e l y improves the dynamic range of the i n s t r u m e n t . ^ Some 

c h a r a c t e r i s t i c s of t y p i c a l f i l t e r s used a r e shown i n F i g u r e 1.6. 

To e l i m i n a t e n o i s e problems a s s o c i a t e d w i t h d.c. d e t e c t i o n the 

s i g n a l i n the FS 720 i s modulated p e r i o d i c a l l y a t a frequency of 12.5H2 

by a r o t a t i n g s e c t o r e d d i s c . A synchronous a.c. a m p l i f i e r (FS 200 
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i s phased i n to the p e r i o d i c s i g n a l by the p u l s e from a magnetic reed 

s w i t c h which i s t r i g g e r e d by the r o t a t i n g 'chopper' d i s c . The r e s u l t i n g 

i n t e r f e r o g r a m remains symmetric i n the i d e a l c a s e . 
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CHAPTER I I The Cooled Detector and P o l a r i s i n g O p t i c s 

a ) T h e o r e t i c a l background i ) The Cooled D e t e c t o r 

The bolometer was f i r s t used as an i n f r a r e d d e t e c t o r by Langley i n 

1880. T h i s e a r l y form of bolometer was c o n s t r u c t e d as shown i n F i g . 2.1, 

and can be used as an example to study some b a s i c p r i n c i p l e s of ths 

bolometer as a d e t e c t o r . * ^ 

The arrangement i s such t h a t two blackened s t r i p s of metal, i n t h i s 

c a s e platinum, form p a r t of a wheatstone bridge c i r c u i t . The s t r i p s a r e 

kept as c l o s e together as i s p o s s i b l e w h i l s t exposing only ( a ) to the i n ­

coming r a d i a t i o n , t h i s i s to ensure t h a t both s t r i p s a r e a t the same 

ambient temperature. The bridge c i r c u i t i s then balanced w i t h only back­

ground r a d i a t i o n f a l l i n g on ( a ) . During o p e r a t i o n e x c e s s r a d i a t i o n f a l l i n g 

on ( a ) causes a s m a l l r i s e i n temperature and subsequently a change i n 

r e s i s t a n c e of AR. An i n c r e a s e in. temperature of a conductor i s a s s o c i a t e d 

w i t h a decrease i n r e s i s t a n c e and ( a ) w i l l then have the r e s i s t a n c e of R-AR 

where R was the ambient r e s i s t a n c e . T h i s decrease i n r e s i s t a n c e causes 

an unbalance i n the bridge c i r c u i t which i s i n d i c a t e d by a d a f l e c t i o n on 

the galvanometer G. 

The change i n r e s i s t a n c e , AR, when a bolometer element i s heated i s 

dependent on a q u a n t i t y c a l l e d the temperature c o e f f i c i e n t of r e s i s t a n c e , 

a, given by equation 2.1. 

„ _ 1 dR 
R d f 2.1 . 

R = r e s i s t a n c e of temperature T 

The r e s i s t a n c e of most metals i s p r o p o r t i o n a l to the temperature so, a i s 

give n by 
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a 2.2 

Semiconductors, such as doped Germanium, f o l l o w the equation 

R = R e A/T 2.3 o 

Where A i s a p o s i t i v e c o n s t a n t then 

a = -A/T 2 2.4 

The change of r e s i s t a n c e AR f o r a change i n temperature AT can be 

expr e s s e d i n terms of a as 

The c i r c u i t shown i n f i g u r e 2.2 i s a s i n g l e element bolometer f o r ac 

.operation, t h i s c i r c u i t w i l l be used to i l l u s t r a t e the c a l c u l a t i o n of the 
• 

out of balance current, v o l t a g e and a f u n c t i o n known as the 1 r e s p o n s i v i t y 1 

r . 

L e t E be the e-mf of a b a t t e r y s u p p l y i n g the steady c u r r e n t through 

R and R^. When r a d i a t i o n f a l l s on R the change i n r e s i s t a n c e of R to 

R - AR i s observed as a change i n v o l t a g e a c r o s s the load r e g i s t e r R^. 

T h i s v o l t a g e change i s given by equation 2.6. 

Av = FiAR 2.6 

where i i s the steady e x c i t i n g c u r r e n t and F i s the bridge f a c t o r given by 

For a given v a l u e of i the maximum v o l t a g e change i s obtained when F = 1 

that i s when R . » R. 

AR = aRAT 2.5 

F = R 1 / ( R + R t ) 2.7 

1 
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When c a l c u l a t i n g the temperature of the element the h e a t i n g 

c o n t r i b u t i o n of the c o n s t a n t c u r r e n t i must be i n c l u d e d . I f the h e a t i n g 

power from the c u r r e n t i s Ŵ  and the h e a t i n g power from the r a d i a t i o n 

f a l l i n g on the bolometer i s AW (power absorbed) we can w r i t e 

c dT + G ( T - T ) = Wh + AW 2.8 
dt 

T Q = ambient temperature 

T = bolometer temperature 

c = thermal c a p a c i t y of element 

G Q = average thermal conductance 

Under the steady s t a t e where AW = 0' we can r e w r i t e equation 2.8 as 

G Q ( T - T 0 ) = % 2.9 

I f the temperature of the bolometer element i s T + AT we can w r i t e 

c dAT + GAT = dWh AT + AW 2.10 
dt ST 

where G = thermal conductance f o r s m a l l temperature changes 

The r a t e of.change of Ŵ  w i t h T depends on the c i r c u i t arrangement 

and i s given by 

dW. r R i - R -
= o(T - T Q ) G . i ^ r l 2.11 )G r - i - l > ; Go LR]+RJ 

E q u a t i o n 2.10 can then be r e w r i t t e n i n the form 

c dAT + GeAT = AW 2.12 
dt 

where Ge i s the e f f e c t i v e thermal conductance. 
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From equation 2.12 i t can be seen t h a t the bolometer w i l l be u n s t a b l e 

and continue to heat up i f Ge < 0 when AW = 0. For s t a b i l i t y of a 

bolometer we can w r i t e 

a ( T + T ) < 1 2.13 

which f o r a c l a s s i c a l metal, where or = T ^ reduces to 

(T - T ) < T o 2.14 

and f o r the semiconducting bolometer element, wher^1 a = -A/T , reduces to 

- A ( T - T Q ) < T 2.15 

E x p r e s s i n g equation 2.13 as 

dR 
dT T - T 2.16 

the s t a b i l i t y c o n d i t i o n f o r a bolometer can be r e p r e s e n t e d g r a p h i c a l l y by 

p l o t t i n g R vs T as shown i n f i g u r e 2.3.*^ 

R 

'o 'm 

F i g . 2.3 T h e o r e t i c a l s t a b i l i t y c o n d i t i o n f o r a bolometer 
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When T q i s f i x e d the maximum value of T i s given by the tangent drawn 

from T onto the curve as shown. I f T i s f i x e d the reverse of t h i s o 
process can be applied to give the minimum per m i s s i b l e value of T Q . 

The r e s p o n s i v i t y , r , of a bolometer i s the r a t i o of the open 

c i r c u i t v o l t a g e Av across the load ( f i g u r e 2.2) against the change i n 

amplitude, AW, of the r a d i a t i o n power f a l l i n g on the bolometer element. 

The r e s p o n s i v i t y of an ac c i r c u i t such as f i g u r e 2.2. i s given by 

FeiRa 
r = r n , 2 2v| 2.17 

Q 

where e = e f f e c t i v e e m i s s i v i t y and T = /Ge 

;;hen Rj>> R 

=
 e i Rq = eaR^(T-T 0)fe 0^ 

r 2 7 2 1 o o o i ~ 2.18 
( G e z

+ l u V ) ^ ( G e 2
+ 0 J

2 C 2 ) ^ 

From equation 2.18 i t can be seen t h a t r i s p r o p o r t i o n a l to the temperature 
c o e f f i c i e n t of resistance a, the e x c i t i n g c u r r e n t i , the r e s i s t a n c e R and 
the e f f e c t i v e thermal r e s i s t a n c e . From t h i s i t might be seen t h a t the 
r e s p o n s i v i t y could be increased i n d e f i n i t e l y by i n c r e a s i n g the c u r r e n t . 

This i s not possible i n p r a c t i c e because there i s an optimum temperature 

of e f f i c i e n t o p e r a t i o n and so no f u r t h e r advantage i s gained by i n c r e a s i n g 

i beyond t h a t necessary to reach t h a t temperature. 

General expressions f o r the r e s p o n s i v i t y and the time constant, T, 
17 18 • 

of a bolometer have been given as ' 

r = aovCG-au,)"1 2.19 

and T = C(G-oraj)"1 2.20 

where 

a = f r a c t i o n of i n c i d e n t s i g n a l absorbed 

a ° temperature c o e f f i c i e n t of r e s i s t a n c e 

C = thermal capacitance of bolometer 
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G = thermal conductance to bolometer heat s i n k 

W = t o t a l power dissapated i n bolometer 

V = v o l t a g e a p p l i e d to bolometer 

For a bolometer to have maximum r e s p o n s i v i t y , a must be large w i t h 

G small. However, i f G i s small r e l a t i v e to C the time constant w i l l be 

long and so i t i s also necessary t o keep C ST.all. This can be dona by 

reducing the weight and s i z e of the element as much as p o s s i b l e . Cooling 

the bolometer reduces the thermal capacity and leads to large values o f 
19 

a as w e l l as reducing the noise l e v e l , hence improving the performance. 

The minimum detectable power or noise e q u i v a l e n t power (n.e.p.) o f a 
20 

bolometer i s defined as the root-mean-square value of the s i n u s o i d a l l y 

modulated s i g n a l power r e q u i r e d to produce an output v o l t a g e equal to the 

root-mean-square noise v o l t a g e . The n.e.p. of a thermal d e t e c t o r i s u 21 given by 

n.e.p. = (16aKT 5AAf/n)4 watts 2.2L 

where 

a = the Stefan constant 

K = the Holtzmann constant 

A = d e t e c t o r area 

Af = a m p l i f i e r bandwidth 

n = f r a c t i o n o f photons absorbed 

2 

I f A = 1 cm , Af = 1 H Z j T = 300K and assuming t h a t the d e t e c t o r i s 

an i d e a l black body f o r which n = 1, the n.e.p. i s equal to 5.5 x 10"** W. 

Often the term d e t e c t i v i t y , D, i s used instead o f n.e.p. where 
D = —-— 2.22 n.e.p. 
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I n the case of the ' i d e a l ' d e t e c t o r above D = 1.8 x 10 W . From 

equations 2.21 and 2.22 i t can be seen t h a t c o o l i n g the ' i d e a l ' bolometer 

leads to a very large increase i n d e t e c t i v i t y . 

The bolometer used i n t h i s work i s an antimony doped s i n g l e c r y s t a l 

of germanium designed f o r o p e r a t i o n a t 1.5K. This temperature i s reached 
2 -2 

by reducing the pressure i n a l i q u i d helium c r y o s t a t to 4.8 x 10 Urn 

At 1.5K (<2.17K) l i q u i d helium i s below i t s p o i n t f o r the H e l / H e l l 

t r a n s i t i o n a t which i t becomes an anomalous superconducting l i q u i d w i t h 

zero v i s c o s i t y . The superconduction makes H e l l i d e a l f o r r a p i d l y and 

smoothly c o o l i n g the bolometer and e l i m i n a t i n g mechanical noise (due t o 

b u b b l i n g ) . 

The germanium has been doped w i t h antimony so t h a t a b s o r p t i o n occurs 

a t long wavelengths where germanium becomes transparent. 

The antimony doped germanium bolometer i s thought t o operate both 

as a thermal and as a photoconductive d e t e c t o r . The antimony doping 

gives r i s e to donor l e v e l s close to the conduction band of the germanium. 

These are shallow l e v e l s due to n-type i m p u r i t i e s and have i o n i z a t i o n 

energies i n the order of 0.01 eV. Figure 2.4 shows a diagrammatic 

r e p r e s e n t a t i o n of t h i s e f f e c t . 

I f we assume t h a t the temperature T i s such t h a t AE^»KT then we can 

also assume t h a t none of the donor l e v e l s are i o n i s e d and t h e r e f o r e w i l l 

each c o n t a i n one e l e c t r o n . R a d i a t i o n f a l l i n g on the d e t e c t o r w i l l 

e x c i t e e l e c t r o n s i n t o the conduction band i f the c o n d i t i o n hv >Ae, i s 

s a t i s f i e d . This increase i n the number of e l e c t r o n s i n the conduction 

band i s associated d i r e c t l y w i t h a change of r e s i s t a n c e o f the bolometer 

element which i s the detected s i g n a l . Operating i n t h i s mode germanium 
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F i g . 2.4 A Representation o f shallow donor l e v e l s due to n-type 

i m p u r i t i e s . 

^ / / ^ / ^ ^ ' / / ^ 
. C O N D U C T I O N 

B A N D 

n 9 r 

V A L E N C E 

B A N D 

bolometers have very high speeds of response (~ 10 s) and a low frequency 

l i m i t ^ of about 75 cm 

As a thermal d e t e c t o r the bolometer operates by e x c i t a t i o n of 

e l e c t r o n s already i n the conduction band. Thermal d e t e c t o r s g e n e r a l l y have 

longer time constants but cover a wider frequency range than photo-

conductive d e t e c t o r s . The doping of the germanium bolometer used i n t h i s 

work has been optimised to give increased a b s o r p t i o n i n the r e g i o n 2 - 3 0 

cm ^ and operates w i t h a time constant of 0.8 ras a t a noise level, close 
22 

t c the Johnson noise l i m i t a t i o n . Because the mode of o p e r a t i o n has not 

been f u l l y e s t a b l i s h e d a c a l c u l a t e d value of the t h e o r e t i c a l r e s p o n s i v i t y 
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has l i t t l e s i g n i f i c a n c e . However, i t i s possible to c a l c u l a t e the 
23 

r e s p o n s i v i t y from the bolometer load curve E vs I using equation 2.23 

r = (Z-R)/2E 2.23 

where 

Z = dE/dl, the dynamic r e s i s t a n c e . 
22 

Using the t e s t c i r c u i t i l l u s t r a t e d i n f i g u r e 2.5 the d.c. load curve 

f o r the bolometer element at 1.5K has been obtained and i s shown i n 

f i g u r e 2.6. R L i s the load l i n e c a l c u l a t e d f o r the bolometer o p e r a t i n g 

w i t h a 8.1v bias and a load r e s i s t a n c e of 1MA. From t h i s the o p e r a t i n g 

voltage E = 3.5v and the c u r r e n t passing I = 8.luA have been determined. 

Figure 2.7 shows a p l o t of LogI against LogR which has been used to 

o b t a i n the r e s i s t a n c e R of the bolometer w i t h a c u r r e n t I passing. With 
a c u r r e n t o f 8. l)iA passing the r e s i s t a n c e R = 575KJU By s u b s t i t u t i o n of 
these values i n t o equation 2.23 the r e s p o n s i v i t y of the bolometer £t 1.5K 

A _ 1 
i s given as 7.6634 x 10 VW . 

R^' shows a t h e o r e t i c a l load l i n e f o r the bolometer o p e r a t i n g a t 

1.5K w i t h a 1.5M.n. load r e s i s t a n c e . I n t h i s case the o p e r a t i n g c o n d i t i o n s 

are E = 3.25V, R = 724K A and I = 5.4u.A- T h e t h e o r e t i c a l r e s p o n s i v i t y 
4 -1 

of the bolometer under these c o n d i t i o n s i s 9.1452 x 10 VW which i s 

s l i g h t l y g r e a t e r than the c a l c u l a t e d value f o r a lM.n. load r e s i s t a n c e 

and t h e r e f o r e i t may be advantageous to operate the bolometer w i t h a 

1.5MJI. load r e s i s t a n c e . 
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Advantages of the bolometer described over other d e t e c t o r s 

A great deal of t h e ' c u r r e n t noise 1 a r i s i n g from m u l t i c r y s t a l semi­

conducting bolometers i s believed to be generated at the many c r y s t a l 

j u n c t i o n s of the e l e m e n t . 1 7 By using a s i n g l e c r y s t a l t h i s source o f 

noise i s e l i m i n a t e d and t h e r e f o r e the bolometer described should have 

some advantage i n noise l e v e l over a m u l t i c r y s t a l d e t e c t o r such as the 

carbon f l a k e bolometer. 

The bolometer has advantages over the standard golay d e t e c t o r i n 

s i g n a l to noise r a t i o , speed of response and low frequency cut o f f . 

However, the upper frequency (short, wave l e n g t h ) l i m i t o f the golay i s 

t y p i c a l l y much higher than the bolometer used i n t h i s work. Some 
19 

comparisons of de t e c t o r performances are shown i n t a b l e 2.1. 

Table 2.1 A comparison of some f a r i n f r a r e d d e t e c t o r s 

e t e c t o r Temp(K) n.e.p 
( a t 1 Hz) 

Response Low frequency High frequency 
time(sec) L i m i t L i m i t 

deal thermal 
olometer 

deal photocond-
c t i v e bolometer 

o l a y c e l l 

arbon bolometer 

1.5 1 0 " 1 6 - 1 0 - 1 7 

1.5 i o " 1 3 - i o - 1 4 

300 10 •10 

2.1 3 x 10 -11 

«10" 7 

•2 10 

10 -3 

* -1 20cm 

whole sub mm 
band 

*5000cm" 1 

ermanium 
olometer 2.1 3 x 10 -12 •**8xl0- 4 2cra * - 1 

~200cm 

values f o r system used i n t h i s work 
+ at 1.5K 
0 r e f . 17 p. 167 
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i i ) The p o l a r i s i n g system 

I n the conventional i n t e r f e r o m e t e r the b e a m s p l i t t e r gives maximum 

e f f i c i e n c y when i t i s 50% t r a n s m i t t i n g and 50% r e f l e c t i n g . Under these 

i d e a l c o n d i t i o n s a t o t a l of 50% of the source r a d i a t i o n w i l l recoLibine 

and pass through to the de t e c t o r w h i l e the other 50% i s r e f l e c t e d back 

to the source. I f the r e f l e c t i v i t y i s grea t e r than, or less than the 

t r a n s m i t i v i t y the t o t a l r a d i a t i o n reaching the de t e c t o r w i l l be less 

than 50% since each beam undergoes one r e f l e c t i o n and one transmission. 

The second problem encountered with" t h i n f i l m beam s p l i t t e r s i s t h a t 

t h e i r e f f i c i e n c y i s frequency dependent. Because of t h i s they have an 

e f f i c i e n c y p a t t e r n as shown i n f i g u r e 1.4. This means t h a t a t c e r t a i n 

frequencies a very low s i g n a l i s l i k e l y and so i t i s necessary to change 

be a m s p l i t t e r s and t r y to match up spectra i n order t o cover a broad 

frequency range. 

The t h i r d problem encountered w i t h 'conventional' instruments i s 

t h a t they give the i n t e r f e r o g r a m modulation about a mean l e v e l . Thi3 

means t h a t there i s a large component, the s t a b i l i t y of which i s 

dependent on the system ( t h e e l e c t r o n i c s e t c . ) , This has to ba 

subtracted from the i n t e r f e r e n c e f u n c t i o n before the i n t e r f e r o g r a m , l ( x ) 

can be F o u r i e r transformed (see Chapter I c ) and e r r o r s are l i k e l y t o be 

introduced due t o instrument v a r i a t i o n s . 

These problems can be overcome by the use of the p o l a r i s i n g i n t e r -

f e r o m e t r i c system developed by M a r t i n and P u p l e t t . * I n t h i s system the 

b e a m s p l i t t e r i s constructed from many f r e e standing p a r a l l e l wires 

mounted i n a r i g i d frame. Wire g r i d s manufactured i n t h i s way r e f l e c t 
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r a d i a t i o n w i t h i t s plane of p o l a r i s a t i o n p a r a l l e l to the plane of the 

wires and t r a n s m i t r a d i a t i o n w i t h i t s plane o f p o l a r i s a t i o n normal to 

the plane of the wires (see f i g u r e 2.8). 

W I R E S 

F i g . 2.8 R e f l e c t i o n and Transmission o f l i g h t a t a wir e g r i d . 

The e f f i c i e n c y of these g r i d s i s almost 100% f o r the app r o p r i a t e plane 

p o l a r i s a t i o n up to the frequency l i m i t given by equation 2.24. 

\nax * Yd 2.24 

where 

d = the spacing between the wires. 
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The complete p o l a r i s i n g system i s i l l u s t r a t e d by f i g u r e 2.9 . The 

r a d i a t i o n beam i s f i r s t p o l a r i s e d by at 45° to the page. The beam i s 

then d i v i d e d by the wire g r i d beam s p l i t t e r which has i t s plane o f 

p o l a r i s a t i o n normal to the page. Half of the beam i s p o l a r i s e d normal 

to the page and r e f l e c t e d onto w h i l s t the other h a l f i s p o l a r i s e d 

p a r a l l e l t o the page and i s t r a n s m i t t e d onto m̂ . The m i r r o r s and m0 

are r e t r o r e f l e c t o r s as shown i n f i g u r e 2.1Q, When the beams of p o l a r i s e d 

r a d i a t i o n are r e f l e c t e d by the r e t r o r e f l e c t o r s t h e i r e l e c t r i c vectors are 

r o t a t e d by 90° as shown i n f i g u r e s 2.11 and 2.12 . A f t e r r e f l e c t i o n beam 1 

w i l l be p o l a r i s e d normal to the page and w i l l t h e r e f o r e be r e f l e c t e d when 

s t r i k i n g the wire g r i d beam d i v i d e r D f o r the second time. S i m i l a r l y 

beam 2 undergoes a 90° r o t a t i o n o f i t s e l e c t r i c v e c t o r on r e f l e c t i o n from 

and i s t r a n s m i t t e d when s t r i k i n g D f o r the second time. (Note t h a t 

i n t h i s system none of the r a d i a t i o n has been r e f l e c t e d back to the 

source). F i n a l l y the recombined beam i s plane p o l a r i s e d by ?^ and has 

"mplitude which v a r i e s w i t h path d i f f e r e n c e as i n a conventional i n t e r ­

ferometer. The analyser P 2 can have i t s axis e i t h e r p a r a l l e l or 

perpendicular to P^ which gives equations 2.25 e i n d 2.26 f o r the 

i n t e n s i t y . 

I o 

I//(x) = y ( l + cos 2TTVX) 2.25 

I Q 

I J . ( x ) = - 2 " ( 1 " C O S 2 N V X > 2 - 2 6 

where 

I/,(x) i s f o r P^ p a r a l l e l to P2-

and 

I x ( x ) i s f o r perpendicular to P 2 

The two interferograms obtained f o r P^ and P 2 p a r a l l e l and perpendicular 

nre 180° out of phase. By r o t a t i n g ?^ n j_B p o s s i b l e t o a l t e r n a t e between 



m 

D 

m 

Fig.. 2.9 O p t i c a l c o n f i g u r a t i o n of the p o l a r i s i n g i n t e r f e r o m e t e r system 

F i g . 2.12 Diagram i l l u s t r a t i n g the r o t a t i o n of the e l e c t r i c v e c t o r o f 
a r a d i a t i o n beam a f a r e t r o r e f l e c t o r 
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these two c o n d i t i o n s instead of chopping the s i g n a l i n the conventional 

way. This method gives an i n t e r f e r o g r a m which o s c i l l a t e s about a true 

zero mean-level. Equations 2.25 and 2.26 can then be replaced by 

equation 2.27 

The p o l a r i s i n g system used i n t h i s work was manufactured by Queen 

Mary College I n d u s t r i a l Research L t d . , London. The tungsten w i r e - g r i d s 
-3 

were wound w i t h a spacing o f 3.33 x 10 cm over a standard b e a m - s p l i t t e r 

r i n g and a s p e c i a l l y manufactured chopper r i n g ( P ^ ) . The spacing o f the 

wires gives the t h e o r e t i c a l maximum frequency l i m i t o f 150 cm 1 from 

equation 2.24. The analyser was a p h o t o l i t h o g r a p h i c a l l y prepared mylar 

g r i d mounted i n the sample compartment immediately before the sample. 

Due to the lack of a dc component i n the i n t e r f e r o g r a m i t was 

necessary to include a 3V o f f s e t on the FS 200 e l e c t r o n i c s to ensure 

t h a t o n ly p o s i t i v e s i g n a l s reach the A/D system. Another problem was 

encountered due to n o n - l i n e a r i t y of the e l e c t r o n i c s when r e c e i v i n g the 

large s i g n a l s associated w i t h t h i s o p t i c a l system. This and other 

problems are discussed f u l l y i n s e c t i o n 2c. 
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( b ) The P r a c t i c a l o p e r a t i o n of the system 

( i ) The Bolometer 

The bolometer, as described i n Chapter 2a i s mounted on a copper 

block at the base of an Oxford Instruments Ltd. KD800 c r y o s t a t ( F igure 

2.13), This c r y o s t a t c o n s i s t s of two cans, one of 1.4 l i t r e c a p a c i t y 

which i s the r e s e r v o i r f o r the l i q u i d helium, and one of 1. 7 l i t r e 

c a p a c i t y which holds l i q u i d n i t r o g e n to provide a r a d i a t i o n s h i e l d f o r 

the helium. The e n t i r e outer case of the c r y o s t a t i s evacuated down to 
-2 -2 

about 1.3 x 10 Nm using a two stage r o t a r y o i l pump i n c o n j u n c t i o n 
w i t h a mercury d i f f u s i o n pump. When the c r y o s t a t i s f i l l e d w i t h helium 

-4 -2 

t h i s vacuum j a c k e t i s f u r t h e r cryopumped down to about 1.3 x 10 Nm 

and t h e r e f o r e provides very good thermal i n s u l a t i o n . I n i t i a l l y , the 

vacuum j a c k e t of the c r y o s t a t i s pumped out f o i : about 2 hours a t room 

temperature to remove any v o l a t i l e l i q u i d s such as water. I n an e f f o r t 

to reduce the amount of l i q u i d helium used i n f i l l i n g the c r y o s t a t both 

Hie n i t r o g e n and the helium cans are precooled to 77K w i t h l i q u i d n i t r o g e n . 

The n i t r o g e n i s l e f t i n the helium can f o r about an hour and then blowa 

out w i t h helium gas. The vacuum valve i s then sealed o f f and the 

c r y o s t a t i s ready f o r f i l l i n g w i t h helium. 

The helium t r a n s f e r i s c a r r i e d out using r. standard Oxford 

Instruments t r a n s f e r tube ( w i t h evacuated annular space) mounted i n the 

seventeen l i t r e bulk dewar as shown i n f i g u r e 2. 14. The t r a n s f e r tube i s 

g r a d u a l l y lowered i n t o the bulk dewar so t h a t a steady flow o f helium gas 

begins to b u i l d up as the tube cools down. The flow r a t e i s c o n t r o l l e d 

by the f o o t b a l l bladder, which i s used to provide an overpressure, and 

the v e n t i n g v a l v e , which i s used to vent o f f helium gas i f the flow 

becomes too r a p i d . (This b o i l o f f of helium i s minimised by lowering 

the t r a n s f e r tube s l o w l y ) . When cold helium gas i s f l o w i n g from the 
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Fi g . 2.13 Diagram showing cryostat c o n s t r u c t i o n 

A = '0' r i n g , B = n i t r o g e n i n l e t , C = s a f e t y valve and helium i n l e t , 
D = helium pumping p o r t , E = vacuum j a c k e t v a l v e , F = n i t r o g e n can, 
G = helium can, H = bolometer chamber 
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t r a n s f e r tube the bulk dewar i s r a i s e d on a l i f t to enable the f r e e end 

of the tube t o be i n s e r t e d i n t o the c r y o s t a t neck. The l i f t i s then 

lowered so as the two ends of the t r a n s f e r tube are about ^ t o 1" from 

the bottom of the c r y o s t a t and dewar. I n i t i a l l y the flow r a t e , which i s 

observed by the plume of gaseous helium a t the c r y o s t a t neck, i s q u i t e 

f a s t as the l i q u i d helium i s b o i l e d o f f very r a p i d l y by the r e l a t i v e l y 

warm helium can. A f t e r about 10-15 minutes the c r y o s t a t has cooled down 

to l i q u i d helium temperature and begins to f i l l . This i s observed by 

the drop i n v e n t i n g r a t e of gas and a few i n i t i a l o s c i l l a t i o n s of flow. 

The c r y o s t a t then takes about 5 minutes to f i l l w i t h the r e q u i r e d 1.4-6 

of l i q u i d helium. When the c r y o s t a t i s f u l l a ' b l u i s h ' plume of helium 

l i q u i d can be seen a t the c r y o s t a t pumping p o r t . Throughout the f i l l i n g 

process i t was necessary t o play a warm a i r dryer over the top o f the 

c r y o s t a t to prevent the s e a l i n g '0' r i n g A from f r e e z i n g which would 

r e s u l t i n a loss of vacuum i n the outer case. 

The f u l l c r y o s t a t i s now connected up to a double stage 330L/min 

r o t a r y o i l pump to reduce the pressure i n helium can and t h e r e f o r e l o v e r 

the bolometer to i t s working temperature of 1. bK. The pump down procedure 

i s done sl o w l y to conserve the helium as much as possible and u s u a l l y i t 

takes an hour f o r the pressure over the helium to reach 35 t o r r , the X 

po i n t f o r the Hel, H e l l t r a n s i t i o n . Below t h i s pressure (corresponding to 

2.17K) the main pumping valve i s opened f u l l y and the cr y o s t a t . then takes a f u r t h e r 

h a l f an hour t o reach 1.5K. Throughout the pump down procedure i t i s 

necessary t o continue warming the c r y o s t a t neck to prevent the '0' r i n g 

from f r e e z i n g . To reverse the process and b r i n g the c r y o s t a t up to 

atmospheric pressure ( f o r r e f i l l i n g ) i t was important t h a t the helium 

can was vented w i t h dry helium gas t o avoid the p o s s i b i l i t y o f any 

condensation i n the neck which might cause a blockage. 



42. 

The d e t e c t o r i s f i t t e d onto the i n t e r f e r o m e t e r w i t h a sh o r t 
a d j u s t a b l e l i g h t guide as shown i n f i g u r e 2.15 . 

Fig . 2.15 Cooled d e t e c t o r l i g h t guide attachment. 

TPX window 0' ring. 

CRYOSTAT CASE 

rings light guide 

INTERFEROMETER 

With the m i r r o r s set a t the p o i n t of zero path d i f f e r e n c e the 3 i g n a l 

from the d e t e c t o r i s maximised by s l i d i n g the t i g h t guide i n slowly. I t 

was found t h a t t h i s was the o n l y a d d i t i o n a l o p t i c a l alignment necessary 

when using t h i s d e t e c t o r as the angle subtended to the instrument was 

not c r i t i c a l . Figure 2.16 shows the de t e c t o r i n the working c o n f i g u r ­

a t i o n . A l l other o p t i c a l alignments were c a r r i e d out as normal, but w i t h 

the source stopped down t o 3 mm to avoid overheating the bolometer 

element w i t h excess r a d i a t i o n . 
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F i g . 2,16 The cooled d e t e c t o r i n the o p e r a t i n g c o n f i g u r a t i o n 
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I t was necessary to a d j u s t the phase reference s i g n a l from the 

chopper when using the cooled d e t e c t o r and t h i s was done i n the normal 

way w i t h an o s c i l l o s c o p e connected to the ' r e f p o s i t i o n on the R11C 

FS 200 e l e c t r o n i c s module. Due to the i n h e r e n t time constants on the 

bolometer preamps three gain s e t t i n g s , 40dB, 50dB, 60dB, a s l i g h t phase 

adjustment was also needed i f the usual 50dB gain s e t t i n g was a l t e r e d . 

F a i l u r e to rephase on a l t e r a t i o n of the gain s e t t i n g does not cause any 

d i s t o r t i o n of the s i g n a l but does decrease the maximum amplitude of 

modulation. 

At 1. 5K the c r y o s t a t has a hold time o f a t l e a s t 24 hours p r o v i d i n g 

t h a t the l i q u i d n i t r o g e n can i s topped up every 8-12 hours. At 4.2K w i t h 

the r a d i a t i o n p o r t closed the c r y o s t a t w i l l h o l d f o r about 70 hours w i t h 

Lhe l i q u i d n i t r o g e n l e v e l maintained. 

The r e s i s t a n c e of the bolometer element a t 4.2K was 3 . 2 l K A and a t 

1.5K increased to approximately 15. iK-n, These readings were taken using 

a d i g i t a l 'Fluke' meter set on the 20K.n. range and t h e r e f o r e passing a 

c u r r e n t of approximately 100uA. (Because the bolometer element i s a 

semiconductor the r e s i s t a n c e measured i s dependent on the c u r r e n t 

i n j e c t e d ) . 

The power to the bolometer preamp i s provided by two 12.6V and one 

8.1V mercury b a t t e r i e s . A f u r t h e r 8,1V mercury b a t t e r y provides a bias 

v o l t a g e f o r the bolometer element. These b a t t e r i e s were checked 

f r e q u e n t l y and a t y p i c a l set of voltage readings i s given i n t a b l e 2.2. 



Table 2.2 Voltages of d e t e c t o r supplies 

Voltage Voltage 
B a t t e r y o f f load on load 

Preamp 12.6v 11. 7v 

Prearap 12,6v 11. 7v 

Preamp 8 . l v 7.9v 

Bias 8.1v 8.0v 
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( i i ) The p o l a r i s i n g system 

When s e t t i n g the instrument up i n the p o l a r i s i n g mode the two plane 

m i r r o r s are replaced by r e t r o r e f l e c t o r s . The f i x e d r e t r o r e f l e c t o r i s 

secured w i t h three a l i e n screws i n the same way as the standard m i r r o r . 

The plane m i r r o r on the moving arm of the i n t e r f e r o m e t e r i s mounted on 

rubber pads. These have to be cut away to remove the m i r r o r but uhey 

can be e a s i l y replaced w i t h 1mm rubber gasket m a t e r i a l when the 

instrument i s being set up i n the conventional mode. The r e t r o r e f l e c t o r 

i s mounted on the moving arm of the i n t e r f e r o m e t e r w i t h a s i n g l e c e n t r a l 

screw about which i t can be e a s i l y r o t a t e d f o r alignment. Due to the 

o p t i c a l c o n f i g u r a t i o n of the system i t i s necessary to inc l u d e a 5cm 

aluminium spacer between the moving m i r r o r ?.rm and the i n t e r f e r o m e t e r 

body i n order to keep to p o i n t of zero path d i f f e r e n c e approximately i n 

the centre of the d r i v e t r a v e l . The spacer used brings the p o i n t o f zero 

path d i f f e r e n c e to about 900 on the d r i v e scale the centre of which i s a t 

1000. 

The i n i t i a l alignments of the p o l a r i s i n g i n t e r f e r o m e t e r are done 

w i t h the chopper u n i t removed and w i t h a mylar beam s p l i t t e r i n place. 

The m i r r o r i n the f i x e d arm of the i n t e r f e r o m e t e r i s r o t a t e d so t h a t the 

images of the source cross wires are p a r a l l e l vihen viewed w i t h the 

i n s p e c t i o n m i r r o r . This alignment must also be checked by viewing the 

images of the ro o f s of the two r e t r o r e f l e c t o r s which must appear to be; 

p a r a l l e l ( i n the plane of the bench) and not displaced from each other by 

more than 1mm. When attempts are made t o a l i g n the r e t r o r e f l e c t o r s i n -

the v e r t i c a l plane the c a n t i l e v e r a d j u s t e r s have very l i t t l e e f f e c t 

because of the o p t i c a l c o n f i g u r a t i o n of a r e t r o r e f l e c t o r mounted i n t h i s 

way. Therefore alignment i n the v e r t i c a l plane i s achieved by t i l t i n g 
25 

the b e a m - s p l i t t e r frame a f t e r loosening the supporting gimbals. The 
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mylar b e a m - s p l i t t e r i s then replaced by the w i r e - g r i d b e a m - s p l i t t e r 

which i s viewed w i t h the i n s p e c t i o n m i r r o r . The wire g r i d i s r o t a t e d 

i n the b e a m - s p l i t t e r holder to such a p o s i t i o n t h a t the image of the 

g r i d wires i s perpendicular to the wires viewed d i r e c t l y . This p o s i t i o n 

was then marked on the b e a m - s p l i t t e r and holder f o r f u t u r e reference. 

The p o l a r i s i n g analyser and modulator were then i n s t a l l e d and the source 

switched on. With the o f f s e t v o l t a g e set on the a m p l i f i e r to ensure 

t h a t o nly p o s i t i v e s i g n a l s were recorded the moving r e t r o r e f l e c t o r was 

moved to a p o i n t some distance away from zero p a t h - d i f f e r e n c e where the 

s i g n a l should be small. The s i g n a l was observed on an o s c i l l o s c o p e 

connected onto the 'amp' monitor p o i n t on the RIIC FS200 e l e c t r o n i c s . 

The analyser was then r o t a t e d u n t i l the minimum s i g n a l was observed 

( w i t h o u t an o f f s e t v o l t a g e t h i s s i g n a l should be zero). 

The phase s e t t i n g of the system was done i n the usual way, t h a t i s 

by r o t a t i o n of the phase t r i g g e r i n g photoswitch about the modulator r i n g 

• w h i l s t using an o s c i l l o s c o p e to monitor the output from the ' r e f 

p o s i t i o n on the FS200 e l e c t r o n i c s . However, using t h i s system i t i s 

necessary to make the phase adjustment on the p o i n t of zeropatlv-

d i f f e r e n c e . This i s due t o the p o s i t i v e and negative phase changes which 

occur when passing through the ZPD w i t h a p o l a r i s i n g i n t e r f e r o m e t e r . 

F i n a l adjustments were made to m i r r o r alignment and analyser o r i e n t a t i o n 

to achieve the maximum s i g n a l at zero path d i f f e r e n c e . 

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

was the same as the standard instrument except f o r the o f f s e t v o l t a g e of 

up to 3v which had to be a p p l i e d t o mai n t a i n a p o s i t i v e s i g n a l i n the 

a m p l i f i e r . Due to the greater throughput of the system i t was o f t e n 

necessary to use a smaller source apature than normal to avoid over­

heating the detector. This problem was p a r t i c u l a r l y apparent when 
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using the bolometer which, when overheated, records interferograms o f 

the form i l l u s t r a t e d by f i g u r e 2.17. 

Direction of 

mirror travel. 

F i g . 2.17 The shape of the i n t e r f e r o g r a m recorded when the 
bolometer i s overheated by the i n c i d e n t r a d i a t i o n . 



49. 

( c ) Results 

( i ) The p o l a r i s i n g system 

I n i t i a l l y , the spectra recorded using the p o l a r i s i n g system showed 

some d i s t o r t i o n i n both the high and low frequency regions. I n the low 

frequency region there was a f e a t u r e a t approximately 10-8 cm"\ w h i l s t 

the high frequency cut o f f was much lower than the t h e o r e t i c a l l i m i t of 

150 cm"1-. Figures 2.18 and 2.19 show the 8 cm"* f e a t u r e and the h i g h 

frequency cut o f f a t approximately 110 cm *. The i n t e r f e r o g r a m s 

associated w i t h the d i s t o r t e d spectra had d i s p r o p o r t i o n a t e large 

negative lobes near the p o i n t of zero path d i f f e r e n c e . The r a t i o of 

the depth of the negative lobes to the f u l l h e i g h t a t maximum modulation 
24 

was 38% instead of the expected r a t i o of 25%. I t was found t h a t the 

d i s t o r t i o n d i d not occur when the a m p l i f i e r was replaced by a Brookdeal 

9401. Therefore the d i s t o r t i o n was thought to a r i s e from e l e c t r i c a l non-

l i n e a r i t y due to overloading of the FS200 a m p l i f i e r . The f o l l o w i n g 

M o d i f i c a t i o n to the e l e c t r o n i c s were then c a r r i e d out. 

The diode MRl was shorted out o f the c i r c u i t and the r e s i s t o r s 

R24 and R25 were changed from 10K.a to 47K_->. and 4. 2K A r e s p e c t i v e l y . 

The spectra recorded w i t h the modified e l e c t r o n i c s no longer showed 

a low frequency f e a t u r e but the high frequency cut o f f was s t i l l very 

low. Figure 2.20 shows a spectrum recorded w i t h the modified FS200. 

The high frequency cut o f f i s about 110 cm *. Extensive o p t i c a l a l i g n ­

ment of the instrument gave no s i g n i f i c a n t increase i n frequency range 

when the data was computed a t Durham w i t h FTRAN5. However, i d e n t i c a l 

data sets computed a t Queen Mary College Physics Department showed t h a t 

the performance was more s a t i s f a c t o r y . For example, f i g u r e 2.21 shows 

a spectrum computed a t Queen Mary College w i t h a h i g h frequency l i m i t 
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of 200 cm and approximately 5% transmission a t 150 cm . At present 

i t i s thought t h a t t h i s software problem may a r i s e from the mean l e v e l 

I o s u b t r a c t i o n which i s performed on the i n t e r f e r o g r a m before F o u r i e r 

t r a n s f o r m a t i o n . I n the program FTRAN5 the magnitude of the mean-level 

I Q i s taken to be the average of the e n t i r e i n t e r f e r o g r a m and f o r the 

conventional i n t e r f e r o m e t e r t h i s has been comparable w i t h the i n t e r ­

ferogram l e v e l i n the 'wings' ( t h e tru e value of I 0 ) . However, w i t h the 

p o l a r i s i n g system, i n which the mean l e v e l i s imposed by the d.c. o f f s e t , 

the average of the e n t i r e i n t e r f e r o g r a m has been found to be up to 10% 

d i f f e r e n t from the true value of I Q taken from the 'wings' of the 

i n t e r f e r o g r a m . 

I n v e s t i g a t i o n s are c u r r e n t l y being c a r r i e d out i n t o the e f f e c t s on 

h i g h frequency a t t e n u a t i o n when d i f f e r e n t values of I are computed 

i n the program. 

( i i ) The cooled d e t e c t o r 

The e t a t i c s i g n a l to noise r a t i o t e a t s c a r r i e d out on the bolometer 

were not s a t i s f a c t o r y or i n d i c a t i v e of the r e a l performance i n o p e r a t i o n . 

I t appeared t h a t the d e t e c t o r was n o i s i e r when the r a d i a t i o n was blocked 

o f f than w i t h r a d i a t i o n f a l l i n g on i t . This i s believed to be due to 

the overheating of the element by the hot source and surroundings. The 

unfavourable temperature of o p e r a t i o n leads to a loss of s e n s i t i v i t y and 

hence a drop i n noise l e v e l . With the r a d i a t i o n blocked o f f the 

bolometer element reaches i t s optimum o p e r a t i n g temperature o f 1. 5K and 

becomes more s e n s i t i v e . Therefore the noise l e v e l i s much higher. 

However, the s i g n a l / n o i s e r a t i o should be the same or b e t t e r because the 

increased s e n s i t i v i t y w i l l a l s o lead to an increase i n s i g n a l i n t e n s i t y . 

An attempt i s being made to prevent the bolometer from being overheated 
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by i n c l u d i n g an a d j u s t a b l e i r i s between the sample and the d e t e c t o r to 

decrease the r a d i a t i o n i n t e n s i t y when the sample i s not s t r o n g l y absorbing 

i n the f a r i n f r a - r e d . 

Figure 2.22 shews a low r e s o l u t i o n (2.44 cm water vapour spectra 

recorded w i t h the bolometer. The drop i n energy a t low frequency i n 

t h i s case i s due to the beam s p l i t t e r used and the lack of f i l t e r i n g . 

The background shape i s not as good as expected w i t h such a d e t e c t o r and 

i t i s thought t h a t t h i s may be due to the overheating e f f e c t mentioned 

above. However, f i g u r e 2.23 i s a very good spectrum which was obtained 

by o p e r a t i n g the bolometer w i t h very heavy o p t i c a l f i l t e r i n g . The 
30 

spectrum shows the t a i l of a t . B u t y l ammonium c h l o r i d e band recorded 

w i t h a 400 gauge b e a m - s p l i t t e r and a 3mm of black polythene (hence the 

60 cm"*" cut o f f ) f i l t e r through a 7. 7mm p a t h l e n g t h of a 0. IK s o l u t i o n i n 

benzene. This example shows good s e n s i t i v i t y and s i g n a l - t o - n o i s e r a t i o 

down to 5 cm ^ and seems to i n d i c a t e t h a t the bolometer was probably 

o p e r a t i n g a t i t s most e f f i c i e n t temperature. 

Figure 2.24 shows the r a t i o spectrum of two thicknesses of t e t r a -

bromoethane recorded using a 400 gauge b e a m s p l i t t e r and no f i l t e r s . I n 

a d d i t i o n to the s t r o n g bands a t 64 cm A, 112 cm , 146 era" and 175 era 

(note t h a t the 112 cm * and 175 cm * bands are not doublets but appear 

so because the s t r o n g a b s o r p t i o n has lead to a r a t i o i n g o f near zero 

i n t e n s i t y ) there are small f e a t u r e s at 10 cm - 1, 19 cm - 1, 30 cm - 1 and 

55 cm These fea t u r e s are c l e a r l y v i s i b l e due to the extremely high 

s i g n a l - t o - n o i s e r a t i o which the bolometer has compared to other d e t e c t o r s 

o p e r a t i n g a t low frequency. This spectrum, and t h a t shown i n f i g u r e 2.22 

also i n d i c a t e a f a l l i n d e t e c t o r s e n s i t i v i t y at around 200 cm - 1. This 

i s due to the d e t e c t o r o p t i c a l f i l t e r i n g which has been optimised f o r 

maximum low frequency response. 
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CHAPTER I I I 

Development of the R e f r a c t i v e Index Module 

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

I n the p h y s i c a l , chemical and biochemical f i e l d s the f a r i n f r a - r e d 

d i s p e r s i o n ( r e f r a c t i v e index) spectra can be used to compliment and 

e l u c i d a t e the i n f o r m a t i o n obtained from the f a r i n f r a - r e d absorption 
27 

spectrum. For example, i t has been shown t h a t the shape of the 

r e f r a c t i v e index curve can i n d i c a t e whether a s p e c t r a l f e a t u r e a r i s e s 

from a resonance or r e l a x a t i o n process (see Figure 3.1). I n a d d i t i o n , 

the r e f r a c t i v e index change associated w i t h an i s o l a t e d absorption band 
°8 29 

can be used to determine the strength' of t h a t band*- ' and hence i s 

u s e f u l f o r comparison w i t h IR and microwave data i n the overlap region. 

The i n f o r m a t i o n obtained by these method3 can be used to study such systems 

as 
a) i o n - i o n or ion-molecule i n t e r a c t i o n s i n t e t r a a l k y l or r.atal s a l t 

30 
s o l u t i o n s 

31 32 33 34 
b) hindered r o t a t i o n a l and t r a n s l a t i o n s ! motion of p o l a r * ' ' and 

i 35,36 non-polar l i q u i d s 

c ) the absorptions a r i s i n g due to the fo r m a t i o n of e l e c t r o n donor-
37 

acceptor complexes 

R e f r a c t i v e Index d e t e r m i n a t i o n using a Michelson I n t e r f e r o m e t e r 

When oper a t i n g an i n t e r f e r o m e t e r i n the normal (non d i s p e r s i v e ) mode 

the two beams recombining a t the b e a m - s p l i t t e r d i f f e r o n l y by the phase 

lag caused by the displacement o f the moving m i r r o r . The i n t e r f e r e n c e 

p a t t e r n t h a t a r i s e s i s due to the phase s h i f t undergone by one beam. A 

beam of electromagnetic r a d i a t i o n passing through a piece of d i e l e c t r i c 
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F i g . 3.1 Diagram showing d i s p e r s i o n i n an absorption band 
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m a t e r i a l also undergoes a phase s h i f t which i n t h i 3 case i s equal to 
_ 2 

2rc(n-l)dv (where d = thickness of d i e l e c t r i c and n => r e f r a c t i v e index 

of d i e l e c t r i c ) compared to same beam i n a vacuum. Therefore i f a piece 

of d i e l e c t r i c m a t e r i a l i s i n s e r t e d i n t o one beam of the i n t e r f e r o m e t e r 

the e f f e c t i s to o p t i c a l l y d i splace the m i r r o r and cause an a d d i t i o n a l 

phase s h i f t . I f the sample i n the beam i s non-dispersive, i . e . where n 

i s constant f o r a l l frequencies of r a d i a t i o n , the grand maximum o f the 

i n t e r f e r o g r a m w i l l be displaced by 2 ( n - l ) d and hence the r e f r a c t i v e index 

can be c a l c u l a t e d d i r e c t l y from t h i s s h i f t (see f i g u r e 3.2). With a 

d i s p e r s i v e m a t e r i a l i n one arm of the i n t e r f e r o m e t e r the a d d i t i o n a l 

o p t i c a l path l e n g t h r e s u l t i n g from the sample i s no longer independent 

of frequency. The combination of the d i f f e r e n t l y displaced components of 

the beam r e s u l t i n the i n t e r f e r o g r a m being asymmetrical as w e l l as 

displaced ( f i g u r e 3.2). The average o p t i c a l path d i f f e r e n c e due to the 

sample can be taken from the i n t e r f e r o g r a m as the displacement x.from 

x = 0. This can be used to define a mean r e f r a c t i v e index n by the 

r e l a t i o n 

where d = thickness of the sample 

The path d i f f e r e n c e due to the sample a t a frequency v i s given by the 

s i m i l a r r e l a t i o n 

Due to the im p e r f e c t i o n s of the i n t e r f e r o m e t e r i t s e l f there i s a small 

r e s i d u a l phase-difference given by 

x = 2(n - l ) d 3.1 

A(v) = 2 ( n ( v ) - l ) d 3.2 

2TIV6 ( V ) $~(v) 

where 6 ( v ) i s the small path d i f f e r e n c e corresponding to the 

r e s i d u a l phase-difference. 
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F i g . 3.2 InLerferograms showing displacement 
and d i s t o r t i o n a r i s i n g from a 
sample i n one beam 

Q- Normal mode 

i 
Non-dispersive 
sample i n one beam 

\j]\r~ 

C- Dispersive sample i n 
one beam 

PATH DIFFERENCE 

O 
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38 By c o n s i d e r a t i o n of the e l e c t r i c v e c t o r s i t can be shown t h a t 

$(v) = 2TIV[A(V) + 6 Q ( v ) ] 3.4 

The r e f r a c t i v e index a t frequency v i s given, from equations 3.2, 3.3 

and 3.4 by 

n ( v ) = 1 ^JVJ [ 0 ( v ) - 0 Q ( v ) + 2mn] 3.5 

where m = an i n t e g e r 

and 0(v) i s the p r i n c i p l e value of the true phase-difference 

$(v) = 0(v) + 2ran 3.6 

given by 3.4. where - i t < 0(v) ̂  it 

I n p r a c t i c e the c a l c u l a t i o n i s awkward unless ra = 0. To s i m p l i f y 

the c o n d i t i o n s the o r i g i n o f computation i s s h i f t e d to x, Che displaced 

maximum. The r e a l and imaginary p a r t s of the transform are now 
-Ho 
n 
I P (v) = j F(x)cos 2nvxdx = p(v) cos Y(v) 

— 00 00 
r* _ 

Q(v) = j F(r . ) s i n 2nvxdx = p ( v ) s i n Y(v) 3.7 
—no ' 

and the r e f r a c t i v e index i s given by 

n ( v ) - 1 + + ̂  [0(v) - C q G ) + 2m*] 3.8 
where 

0 Q ( v ) = instrument c o n t r i b u t i o n 

^i(v) = p r i n c i p l e value of the phase d i f f e r e n c e Y(v) such t h a t 

- i t < # v ) ^ TZ 

(NB = constant p a r t of 3.8) 

For the c o n d i t i o n m = 0 the r e l a t i o n 



64. 

|2[n(v) - n ] d | < g X 3.9 

must be s a t i s f i e d . Therefore the o p t i c a l thickness n ( v ) d mu3t not 

depart by more than A\ , at any wavelength \ = */v of i n t e r e s t , from a 

mean o p t i c a l thickness nd. (Note t h a t m may take other i n t e g e r values 

to enable o p t i c a l l y t h i c k e r samples to be s t u d i e d ) . To e l i m i n a t e systematic 

e r r o r s a r i s i n g from instrument i m p e r f e c t i o n s , equation 3,8 can be r e ­

w r i t t e n w i t h a background phase s u b t r a c t i o n as 

SAMPLE BACKGROUND 

«<*> • 1 < h - J3i [ ( ««»?$) - (»"« + -»] 

where 

Sample ^^^'v) ^-nc^u^es c e H a i 1- instrument r e s i d u a l phase e r r o r s 

Background ^ ^ V ^ p / ( - ) i s t n e solvent or empty c e l l and includes 

r e s i d u a l phase e r r o r s . 



65. 

b) Design and P r a c t i c a l use of C e l l 

R e f r a c t i v e index determinations w i t h a Micheison i n t e r f e r o m e t e r have 

u s u a l l y been done w i t h the instrument i n such a c o n f i g u r a t i o n t h a t the 
39 

f i x e d m i r r o r i s h o r i z o n t a l . The l i q u i d or s o l i d sample i s then g r a v i t y 

held behind a s e a l i n g vacuum window (necessary i n the case of l i q u i d o n l y ) 

and the instrument run i n normal manner. I n order to determine r e f r a c t i o n 

spectra w i t h our instrument (a Beckman RIIC FS720) i t was necessary to 

design a c e l l which could be mounted on i t s side and be e a s i l y f i l l e d . 

I t was also e s s e n t i a l t o include some f a c i l i t y f o r q u i c k l y determining 

the tru e zero-path p o s i t i o n i n order to c a l c u l a t e the mean r e f r a c t i v e 

index n. Figure 3.3. shows a diagrammatic r e p r e s e n t a t i o n of the c e l l 

designed and constructed f o r use i n t h i s work. 

The f r o n t window B i s mounted a g a i n 3 t the t e f l o n spacer C and 

sealed i n t o the frame D. The window i s then sealed against the spacer 

by the '0' r i n g F. The assembled frame i s mounted against the gold 

p l a t e d glass m i r r o r , A, and held by 3 screws from the back. The c e l l i s 

mounted s l i g h t l y o f f axis i n order to accommodate the small reference 

m i r r o r G which can be covered by the s h u t t e r H when not i n use. The 

e n t i r e c e l l i s mounted i n t o a frame on the instrument by two quick 

release c l i p s . This frame also nolds the vacuum window which i s 

supported by a w i r e g r i d as shown i n f i g u r e 3.4a. Once mounted the c e l l 

can be f i l l e d and emptied by means of the two t e f l o n tubes T. This 

e l i m i n a t e s the need f o r demounting which would lead to loss of o p t i c a l 

alignment. Figures 3.4b and c show the complete r e f r a c t i v e index c e l l . 

Special features of the c e l l described 

The reference m i r r o r G provides a very convenient meanc of f i n d i n g 

the p o s i t i o n of the t r u e zpd and hence x and n. Because the c e l l i s 
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Fig 3.3 

Diagrammatic section through refractive index cell. 



F i g . 3.4 Photographs showing a) the wire g r i d vacuum membrane support, 
b) the complete c e l l , c) the c e l l i n p o s i t i o n 
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sealed w i t h a window i t i s possible to study many v o l a t i l e c o r r o s i v e and 

t o x i c m a t e r i a l s which could not normally be allowed exposure i n a 

l a b o r a t o r y ( o r instrument ) , Another advantage i s t h a t very t h i n 

samples can be contained i n the c e l l where normally ( f o r a g r a v i t y held 

l i q u i d ) the thickness of the sample w i l l be l i m i t e d by surface tension 

and v i s c o s i t y e f f e c t s . This i s p a r t i c u l a r l y u s e f u l when the samples 

are very s t r o n g l y absorbing i n the region of i n t e r e s t . The presence of 

a top window i n the c e l l a l s o causes some disadvantages due to 

absorptions, and more s e r i o u s l y r e f l e c t i o n s which both lead to d i s t o r t i o n 

and a loss of modulation. These problems are discussed f u l l y i n s e c t i o n 

3c. 

P r a c t i c a l Operation 

Before mounting the c e l l i n t o the holder the instrument was 

t e s t e d f o r vacuum t i g h t n e s s and the s u p p o r t i n g g r i d moved to such a 

p o s i t i o n t h a t the crossed wires d i d not obscure the small reference m i r r o r 

A s i m i l a r w i r e g r i d was placed i n the other arm to compensate f o r loss of 

modulation due to r e d u c t i o n of energy i n one beam. The c e l l was f i t t e d 

w i t h standard Beckman RllC c a n t i l e v e r s which a l l o w the o p t i c a l alignment 

to be c a r r i e d out i n the manner d e s c r i b e d . ^ The i n i t i a l o p t i c a l a l i g n ­

ment was c a r r i e d out w i t h the f r o n t window B removed so t h a t the i n t e n s i t y 

of the u n d i s t o r t e d i n t e r f e r o g r a m could be maximised. Serious misalignment 

was c o r r e c t e d i n the normal way, using the cross h a i r e d source apature 

and the small viewing m i r r o r , as described i n the instrument manual. 

A f t e r o p t i m i s i n g the o p t i c a l alignment the c e l l module can be removed 

from the mounting bracket, the window r e f i t t e d and the complete c e l l r e ­

mounted w i t h o u t s e r i o u s l y a l t e r i n g the alignment. A f i n a l adjustment 

was u s u a l l y made immediately p r i o r to o p e r a t i o n . 
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During o p e r a t i o n the space between the c e l l window and the vacuum 

membrane (about 1cm) was f l u s h e d w i t h d r i e d n i t r o g e n to e l i m i n a t e 

atmospheric water vapour. 

The c e l l was f i l l e d through the bottom t e f l o n tube T w i t h a syringe. 

I t was found t h a t the t h i n window (12uM) of the c e l l 'bows' considerably 

d u r i n g f i l l i n g , e s p e c i a l l y when using a very viscous l i q u i d such as t e t r a -

bromoethane. This 'bowing' causes divergence of the r e f l e c t e d l i g h t due 

to the l i q u i d a c t i n g as a lens and leads to a serious decrease i n modul­

a t i o n . To overcome t h i s problem i t was necessary to allow the c e l l t o 

overflow, from the top tube T, f o r about 10-15 minutes so t h a t the f r o n t 

window could f l a t t e n out. More serious 'bowing', which could not be 

cured by t h i s method was normally associated w i t h a trapped or t w i s t e d 

overflow tube. Damaged tubes were e a s i l y removed and new t u b i n g 

a r a l d i t e d i n t o the back of the m i r r o r a f t e r e t c h i n g the surface w i t h f i n e 

abrasive paper ( t h i s i s necessary because a r a l d i t e w i l l not r e a d i l y 

adhere to t e f l o n ) . 

The modulation depth of the i n t c r f e r o g r a m when o p e r a t i n g i n the 

d i s p e r s i v e mode i s considerably less than i n the normal mode and so 

n e a r l y a l l runs were done w i t h the maximum o f f set voltage (3v on RIIC 

Ltd. FS200 e l e c t r o n i c s ) and high gain t o make best use of the f u l l 

dynamic range of the A/D and t h e r e f o r e o b t a i n the best s i g n a l to noise 

r a t i o . 

I t was found a f t e r using the c e l l f o r long periods ( 1 week 

co n t i n u o u s l y ) w i t h l i q u i d tetrabromoethane t h a t the m i r r o r surface began 

to d e t e r i o r a t e and f l a k e o f f l e a d i n g t o a loss of modulation. The gold 

c o a t i n g was e a s i l y replaced by vacuum evaporation i n our a p p l i e d physics 

department a f t e r removing the o l d c o a t i n g w i t h a potassium i o d i d e / 

i o d i n e etch and cleaning the glass surface. 



70. 

c) Results 

Figure 3.5 shows some t y p i c a l i n t e r f e r o g r a m s recorded w i t h the c e l l 

u sing the cooled bolometer described i n chapter 2. The f r i n g e s can be 

c o r r e l a t e d w i t h the ray diagram shown i n f i g u r e 3.6 which represents some 

of the r e f l e c t i o n s p o s s i b l e i n the c e l l . The f r i n g e s are e a s i l y assigned 

to c e l l r e f l e c t i o n s by the use of equation 3.1 which becomes 

from 

x t o t a l = xw + x s 3 - U 

x = 2(n„ - l ) d w w w 

where x = o p t i c a l displacement' due to window w r r 

n = mean r e f r a c t i v e index of window w 
d - thickness of window w 

and 

x s = 2<n g - l ) d g 

where x = o p t i c a l displacement due to sample s 
n g = mean r e f r a c t i v e index of .sample 

d g = thickness of sample 

I n the case of the empty c e l l n i s taken to be one and hence the 
s 

c e l l dimensions can be e a s i l y c a l c u l a t e d from the c h a r t i n t e r f e r o g r a m . 

The interferograms were c a l i b r a t e d manually by marking o f f the 8|i punch 

i n t e r v a l s f o r a distance of a t l e a s t lOOOu, m i r r o r d r i v e which corresponds 

to about 5cm cha r t d r i v e . This method was found to be very accurate due 

to the f a c t t h a t the d r i v e speed of the c h a r t and m i r r o r were constant. 

An a d d i t i o n a l f e a t u r e which was used i n the assignment of the 

i n t e r f e r o g r a m features i s shown by f r i n g e s 3,4, 8 and .9, which appear 

negative ( d a r k ) w i t h respect t o the r e s t o f the f r i n g e s . This i s due t o 
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g. 3.5 Interferograms recorded from the r e f r a c t i v e index c e l l w i t h 
the cooled d e t e c t o r 

A) empty c e l l ' 
B) l i q u i d p.difluorobenzene 
C) l i q u i d tetrabromoethane 
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the phase change of it associated w i t h a r e f l e c t i o n w i t h a more o p t i c a l l y 

dense medium from a less o p i t c a l l y dense medium which does not occur 

when the r e f l e c t i o n i s from the less o p t i c a l l y dense medium (hence out 

of phase and appears d a r k ) . Table 3,1 shows the o p t i c a l path d i f f e r e n c e s 

i n the c e l l , r e l a t i v e t o the top window r e f l e c t i o n ( 1 ) , and a comparison 

w i t h c a l c u l a t e d values. Table 3.2 shows some of the important f r i n g e 

spacings which are used to determine the c e l l dimensions and parameters 

necessary f o r the r e f r a c t i v e index determination. From f i g u r e 3.5 i t can 

be seen t h a t the l e n g t h of i n t e r f e r o g r a m which can be c o n v e n i e n t l y 

transformed l i e s between f r i n g e s (3) and ( 7 ) . This distance i s 

determined by the thickness of the c e l l d and the o p t i c a l thickness o f 

the sample. I n order to o b t a i n reasonable phase r e s o l u t i o n i t was 

necessary to optimise the sample thickness. A very t h i c k sample leads 

to poor modulation and hence a low s i g n a l / n o i s e r a t i o and conversly a 

very t h i n sample means poor r e s o l u t i o n due to the s h o r t distance (3)-»(7) 

(see Chapter 1) . However, i t i s possible to e d i t these f e a t u r e s before 

computation. The simplest way to do t h i s i s to reproduce the i n t e r f e r o ­

gram onto cards and then replace between (7)-(r») and ( l ) - ( 3 ) w i t h 

constant values. A s i m i l a r process could be c a r r i e d out on a computer 

t e r m i n a l (VDU) which would e l i m i n a t e the punching of e x t r a cards. A 

t h i r d attempt has been made to e d i t the data i n the f o l l o w i n g way. The 

punched tape i s read i n t o a small data processing computer (Varian 620/L 

and then displayed on an o s c i l l o s c o p e . By means of a small moving marker, 

also displayed on the scope, the p o i n t s between which e d i t i n g i s necessary 

can be pinpointed and the values punched out on the t e r m i n a l . These 

values can then be read i n t o a s u i t a b l y modified F o u r i e r transform phase 

c a l c u l a t i o n program so t h a t the e d i t i n g i s done i n t e r n a l l y . So f a r 

r e s u l t s have only been obtained f o r manual e d i t i n g which has not been 

completely successful due to the* presence of f r i n g e (6). U n f o r t u n a t e l y i t 
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fa b l e 3.1 O p t i c a l Path Differences of observed f r i n g e s r e l a t i v e to r e f l e c t i o n 
from top surface of c e l l window ( f e a t u r e (1) i n f i g u r e s 3.5 and 3.6) 

Fringe Phase Change O p t i c a l Path Recorded Pr e d i c t e d path E r r o r 
D i f f e r e n c e path d i f ference(u.) difference"»c(u.) % 

71 2d+2t 2090 2056 1.6 

3 0 2t+x 355 357 0.6 

4 0 4t+2x 696 713 2.5 

5 TC 2t+2d+x +x U) s 2183 2209 1.2 

6 TC 4t+2d+2x +x U) s 2528 2565 1.5 

7 3TC 2t+4d+x +2x UJ s 4026 4061 0.9 

8 2TC 4t+4d+2x +2x 4378 4417 0.9 

9 2TC 6t+4d+3x +2x 
CO 8 

4736 4774 0.8 

A n-phase change means t h a t f r i n g e i s b r i g h t . Zero phase change means t h a t 
f r i n g e i s dark (NB 2TC = 0, 3TC = T C ) . 

b. These p r e d i c t i o n s are based on, t = 102LI (measured). n = 1.748 - 0.015 and 
+ m 

d = 926 - 4u, are the average values from e i g h t i u t e r f e r o g r a m s . (Compression 
of the spacer i n the c e l l reduces d from r s 980|a to t h i s v a l u e ) . 

c. For empty c e l l (3.5A). 

d. This f r i n g e i s not observed on 3.5A because i t i s too close to f r i n g e 5. The 
recorded value i s from 3.5B and C. 
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Table 3.2 Fringe spacings used f o r the determination o f c e l l 

dimensions and r e f r a c t i v e i n d i c e s 

Fringes O p t i c a l path Comments 
D i f f e r e n c e 

3 - 7 Ad + 2x Length of i n t e r f e r o g r a m which can 
be conveniently iransformed 

1 - 3 2 t + x 
U) 

7 - 8 2t + x 
C D 

5 - 6 2t + x 

Used to c a l c u l a t e n 

ti i i it 

3 - 5 2d + x Used to c a l c u l a t e d when x = 0 s s (empty c e l l ) 

5 - 7 2d + x I I i i i i I I I I 

s 

2 - 5 x + x Used to c a l c u l a t e n when x known 
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i s not possible to remove f r i n g e (6) by an e d i t i n g technique because i t 

l i e s too close to the main f r i n g e ( 5 ) and can be moved on l y by changing 

the window thickness. Even though i t i s p a r t i a l l y removed ( o r p o s s i b l y 

over-removed) by the s u b t r a c t i o n of a background phase f u n c t i o n there 

s t i l l seems t o be some noise associated w i t h i t . To e l i m i n a t e t h i s 
r . . 40,41 

teacure the p o s s i b i l i t y o i using a n t i - r e f l e c t m g coatings . was 

considered but i t was decided t h a t the l i m i t e d frequency range over which 

they are e f f e c t i v e would not give any s i g n i f i c a n t improvement. Attempts 

were made to s c a t t e r the r e f l e c t e d r a d i a t i o n by s c o r i n g both surfaces o f 

the top window w i t h d i f f e r e n t grades of abrasive paper. This method was 

completely unsuccessful due to the f a c t t h a t the wavelength of the 

i n c i d e n t r a d i a t i o n was too long. Interferograms from two d i f f e r e n t 

thicknesses of sample were run i n an attempt to remove the f e a t u r e by 

s u b t r a c t i o n . U n f o r t u n a t e l y t h i s method has f a i l e d because the i n t e n s i t y 

of f r i n g e (6) i s d i r e c t l y dependent on f r i n g e ( 5 ) , hence any s u i t a b l y 

weighted s u b t r a c t i o n which completely removes f r i n g e (6) also removes 

f r i n g e ( 5 ) . An attempt i s to be made i n the f u t u r e to o b t a i n a vecord 

of t h i s f e a t u r e on i t s own by the s u b t r a c t i o n of the uncovered m i r r o r 

i n t e r f e r o g r a m from a normal empty c e l l i n t e r f e r o g r a m . There are then 

two p o s s i b i l i t i e s to be examined i f t h i s can be done. 

( i ) I t may then be pos s i b l e to s u b t r a c t the s i n g l e f e a t u r e from the 

sample inte r f e r o g r a r a a f t e r a d j u s t i n g the i n t e n s i t y w i t h a s c a l i n g f a c t o r 

determined from the a m p l i f i e r gain s e t t i n g . 

( i i ) I t may be possible to a s c e r t a i n the shape f u n c t i o n o f the f e a t u r e 

and s u b t r a c t i t from the phase spectra a f t e r c a l c u l a t i o n . 

F i n a l l y i t has been found t h a t some window m a t e r i a l s , n o t a b l y 

polythene, give r i s e to less intense r e f l e c t i o n s and hence cause less 

of a f r i n g e ( 6 ) problem as well ^ a s improving the f r i n g e ( 5 ) modulation 



77. 

due to t h e i r increased transmission. Experiments are being c a r r i e d out 

on other a v a i l a b l e m a t e r i a l s to f i n d something w i t h even b e t t e r 

transmission c h a r a c t e r i s t i c s i n t h i s region. 

Figure 3.7 shows the d i s p e r s i o n curve of tetrabromoethane recorded 

using the c e l l described and the cooled d e t e c t o r w i t h a 100 guage beam­

s p l i t t e r . A background phase spectrum of the empty c e l l was subtracted 

from the sample phase spectrum. Because the f r i n g e spacing 3-7 i s 

small f o r an empty c e l l the phase r e s o l u t i o n i s background l i m i t e d to 

~ 10 cm"*. The curve has not been drawn through the p o i n t of 146 cm * 

because t h i s i s thought to be a f e a t u r e a r i s i n g from the t r a n s f o r m a t i o n 

of f r i n g e 6. The r e f r a c t i v e index a t 29.7 cm * i s 1.670 which i s 
42 

w i t h i n 1.6% of the laser determined value of 1.643 a t t h i s frequency. 

The average experimental measurement e r r o r from t a b l e 3.1 i s 1.25% which 

would lead to a maximum e r r o r of 2.5% i n the f i n a l d i s p e r s i o n curve 

(due to s u b t r a c t i o n of background). However, a i l o f the d i s p e r s i o n 

curves recorded to date have been higher than the expected l e v e l ( f r o m 

la s e r measurement) which suggests t h a t the e r r o r i s systematic. 
The small f e a t u r e at 34 cm~* has been found to be r e p r o d u c i b l e and 

can be c o r r e l a t e d w i t h a small a b s o r p t i o n i n t h i s r egion (see f i g u r e 2.24). 
39 

This f e a t u r e has not been observed p r e v i o u s l y and i t i s probably 

v i s i b l e because of the higher s e n s i t i v i t y of the cooled d e t e c t o r 

compared to the Golay c e l l a t low frequency. The p o s i t i o n of the oth e r 
39 

bands compare favourably w i t h the l i t e r a t u r e and the ab s o r p t i o n spectrum 

(except f o r the absence of the band a t 55 cm"*) but because of the low 

phase r e s o l u t i o n a d e t a i l e d a n a l y s i s of the band i n t e n s i t i e s has not 

been c a r r i e d out. 
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CHAPTER IV 

Proposals f o r f u t u r e work 

I n order to make the best use o f the instrument m o d i f i c a t i o n s 

described i n t h i s t h e s i s and t h e r e f o r e make the o r i g i n a l s t u d i e s 

proposed i n Chapter I , i t i s necessary to overcome the t e c h n i c a l 

problems which have a r i s e n . 

The high frequency a l t e n n a t i o n a t ~ 120 cm * when o p e r a t i n g i n 

the p o l a r i s i n g mode i s at present thought to a r i s e from a 'software' 

problem and i n v e s t i g a t i o n s are c u r r e n t l y being c a r r i e d out i n t o the 

e f f e c t s of the s u b t r a c t i o n of d i f f e r e n t 'mean l e v e l s ' d u r i n g the 

computation. When t h i s problem has been solved the frequency range of 

t h i s system should be up to about ~ 150-200 cm"1- which w i l l make i t 

p o s s i b l e t o study complete broad bands more a c c u r a t e l y than was pos s i b l e 

p r e v i o u s l y . 

Attempts must be made to q u i c k l y and a c c u r a t e l y e d i t uhe un­

wanted r e f l e c t i o n f r i n g e s from the r e f r a c t i v e index c e l l data. I n 

p a r t i c u l a r the f r i n g e 6 ( r e f e r r i n g to chapter 3) must be removed before 

the d i s p e r s i o n spectra can be analysed i n d e t a i l . When the c e l l has 

been proved to give accurate r e s u l t s i t w i l l be p o s s i b l e to make o r i g i n a l 

s t u d i e s i n the f a r - i n f r a r e d r e g i o n and c o r r e l a t e d i s p e r s i o n data w i t h 

i n t e n s i t y data as proposed i n chapter 1. 

The r e s u l t s obtained from t e s t s on the copied d e t e c t o r have 

i n d i c a t e d t h a t the bolometer element may not be o p e r a t i n g a t its'optimum' 

temperature of 1.5K due to the heating e f f e c t of the mercury source lamp. 

I n order t o a c c u r a t e l y c o n t r o l the amount o f r a d i a t i o n reacliing the 

element a small a d j u s t a b l e i r i s i s to be f i t t e d over the d t t e c t o r l i g h t 
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guide. I t w i l l then be possible to study the h e a t i n g e f f e c t of the 

r a d i a t i o n and operate the bolometer at i t s optimum temperature, hence 

o b t a i n i n g the maximum s e n s i t i v i t y possible w i t h t h i s d e t e c t o r . 

I n order to take advantage of the high speed of response of the 

cooled d e t e c t o r the e l e c t r o n i c s are being modified so t h a t there w i l l 

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

constants. This w i l l make i t possible t o c o l l e c t the data up to about 

f i v e times f a s t e r than a t present ( t h e data c o l l e c t i o n speed w i l l then 

be l i m i t e d by the paper tape punch). I n a d d i t i o n to t h i s the present 

e l e c t r o n i c s only, operate on half-wave r e c t i f i c a t i o n which means t h a t 

h a l f the s i g n a l i s l o s t . Therefore the conversion of the a m p l i f i e r t o 

f u l l - w a v e r e c t i f i c a t i o n w i l l e f f e c t i v e l y increase the s i g n a l i n t e n s i t y 

recorded ar.d f a c i l i t a t e the study of o p t i c a l l y t h i c k e r , more absorbing 

samples such as the biochemical systems described (chapter 1). 

F i n a l l y i t i s proposed t h a t a r e f l e c t a n c e module be constructed 

f o r the study of the r e f l e c t a n c e and transmission spectra o f metal, 

metal oxide and z e o l i t e surfaces, and of gases adsorbed onto such 

m a t e r i a l s , i n the f a r - i n f r a r e d region. By t h i s method the nature and 

e x t e n t of the bonding of the m a t e r i a l to the p o t e n t i a l c a t a l y s t surface 

can be studied. R e f l e c t i o n studies of t h i s type have been made a t 
43 o 

s h o r t wavelengths by the use of i n t e g r a t i n g spheres but the 360 

r a d i a t i o n c o l l e c t i o n becomes very d i f f i c u l t a t long wavelengths, p a r t l y 

due to a lack of h i g h l y r e f l e c t i v e surface coatings. Tests are to be 

c a r r i e d on ~ 120° c o l l e c t i o n from polished aluminised m i r r o r s i n order 

to t r y to achieve b e t t e r s i g n a l - t o - n o i s e r a t i o s than those obtained by 

s t r a i g h t forward transmission methods. 
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