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P r e f a c e

In  1978 c o n s t r u c t i o n  began on a 10 metre  b a s e l i n e  p r o to t y p e  

g r a v i t a t i o n a l  r a d i a t i o n  d e t e c t o r  a t  Glasgow. Th is  fo l l owed  on from 

p r e v i o u s  work w i t h  b o t h  s p l i t  b a r  and s e p a r a t e d  mass d e t e c t o r s .  Since 

t h i s  t ime work has  c o n t in u e d  towards the development  of  the  

t e c h n iq u e s  n e c e s s a r y  t o  c o n s t r u c t  and o p e ra t e  a long b a s e l i n e  

g r a v i t a t i o n a l  wave an tenna  employing o p t i c a l  i n t e r f e r o m e t r y . This  

t h e s i s  d e s c r i b e s  work done between October  1983 and September  1987 

w i th  the  aim o f  f u r t h e r i n g  t h i s  deve lopment .

Chapter  1 i n t r o d u c e s  the  concept  of  g r a v i t a t i o n a l  r a d i a t i o n  

and g ives  a b road  overv iew of  the  expec ted  p r o p e r t i e s .  The c h a p te r

c o n t i n u e s  w i t h  a s u rv e y  o f  some of  the  b e s t  unders tood  sources  and

i n d i c a t e s  the  l i k e l y  a m p l i tude s  which a t e r r e s t r i a l  d e t e c t o r  could 

expec t  to  o b s e r v e .  There a re  many d i f f e r e n t  types  of  p o s s i b l e

d e t e c t o r  systems and a summary o f  the  most prom is ing  i s  i n c lu d e d .

Chapter  2 p r o v id e s  a b road  overview of  the  Glasgow p r o to ty p e  

d e t e c t o r ,  which uses  l a s e r  i n t e r f e r o m e t r y  to  monito r  the  p o s i t i o n s  of  

e s s e n t i a l l y  f r e e  t e s t  m asses ,  and the major  sou rces  of  no ise  which 

must be overcome i f  d e t e c t o r s  of  s u f f i c i e n t  s e n s i t i v i t y  are  to  be

o p e r a t e d .  The work i n  t h es e  two c h a p te r s  i s  g a th e r e d  from s e v e r a l

sou rc e s  i n c l u d in g  t h e s e s  and p u b l i c a t i o n s  from the  group a t  Glasgow. 

The p r o v i s i o n  o f  l a s e r  l i g h t  t h a t  i s  s t a b l e  in  f r e q u e n c y ,  i n t e n s i t y  

and geometry i s  an im por ta n t  requ i rem en t  in  t h i s  work.

Chapter  3 covers  work done in  c o l l a b o r a t i o n  w i th  Dr. N. A.

Rober tson  and Mr. S. Hoggan on the i n v e s t i g a t i o n  of  the  f a c t o r s

l i m i t i n g  the  obse rved  perfo rmance  of a l a s e r  i n t e n s i t y  s t a t / l i s a t i o n  

se rvosys tem  employing an e l e c t r o o p t i c  modula tor  as the c o n t r o l

e l e m e n t .

Chapter  4 o u t l i n e s  the  development  of  two feedback  c i r c u i t s  -



one fo r  the  i n t e n s i t y  s t a b i l i s a t i o n  and the  o t h e r  f o r  the f a s t  

f r e que nc y  s t a b i l i s a t i o n  o f  an Argon Ion l a s e r  -  d e s ig n e d  by P r o f .  J .  

Hough and c o n s t r u c t e d  by the  a u t h o r .  This  r e q u i r e d  w r i t i n g  a computer 

program to  c a l c u l a t e  v a lu e s  of  the  c i r c u i t  f r e q u e n c y  r e s p o n s e .  This  

i n f o r m a t io n  was used to  improve the c i r c u i t  p a ra m e te r s  p r i o r  t o ,  and 

d u r i n g ,  o p e r a t i o n .  The program i s  inc luded  in  Appendix B w i th  a b r i e f  

e x p l a n a t i o n  of  the  method employed.

I n  Chapter  5 the  p o s s i b i l i t y  o f  using o p t i c a l  f i b r e s  to  reduce 

geometry f l u c t u a t i o n s  in  the l a s e r  l i g h t  i l l u m i n a t i n g  the 

i n t e r f e r o m e t e r  i s  i n v e s t i g a t e d .  Fol lowing on from th es e  r e s u l t s  the 

e f f i c i e n c y  o f  t r a n s m i s s i o n  of  a fundamental  Gauss ian  mode which could 

be ach ie ve d  w i th  an i d e a l  s t e p p e d - in d e x ,  mono-mode o p t i c a l  f i b r e  is  

c a l c u l a t e d .  Th is  l a t t e r  work was c a r r i e d  out  a t  the  s u g g e s t i o n  of  Dr. 

G. Newton.

The d e s ig n  and development  of  a da ta  c o l l e c t i o n  system i s  

d e s c r i b e d  in  Chapte r  6 .  The d e s ign  pa ra m e te r s  were o u t l i n e d  by 

P r o f .  J .  Hough and t h i s  c h a p te r  e x p la i n s  some of  the  problems which 

had t o  be overcome in  the  r e a l i s a t i o n  of the sys tem. The computer 

program which was d e v i s e d  to  overcome these  problems i s  inc luded  in  

Appendix B.

The t h e s i s  conc ludes  in  Chapter  7 w i th  a b r i e f  look  a t  the 

p r o s p e c t s  fo r  e x p e r im e n ta l  g r a v i t a t i o n a l  wave work in  the  n e a r  f u tu r e  

and a t  the s t a t e  o f  development in  the community a t  l a r g e .



Summary

SOME TECHNIQUES RELEVANT TO THE DEVELOPMENT OF A LONG 

BASELINE GRAVITATIONAL WAVE DETECTOR USING LASER

INTERFEROMETRY

G r a v i t a t i o n a l  r a d i a t i o n  i s  a t r a v e l l i n g  d i s t o r t i o n  in  

f o a r - d i m e n s i o n a l  s p a ce - t im e  which i s  p r e d i c t e d  by most r e l a t i v i s t i c

t h e o r i e s .  T h i s  d i s t o r t i o n  may be d e t e c t e d  by m on i to r ing  the

changes in  the  s e p a r a t i o n  of  t e s t  m asses .  Since  the g r a v i t a t i o n a l  

i n t e r a c t i o n  i s  so weak a p p r e c i a b l e  l e v e l s  of  g r a v i t a t i o n a l  r a d i a t i o n  

are  on ly  p roduced  by v i o l e n t  a s t r o p h y s i c a l  phenomena in  which l a r g e  

masses a re  a c c e l e r a t e d  c o h e r e n t l y  to  v e l o c i t i e s  approaching  the  speed 

of  l i g h t .  However, due to  the  c o n s e r v a t i o n  of  momentum the  lowest  

o r d e r  o f  g r a v i t a t i o n a l  r a d i a t i o n  i s  quadrupo le  and so the  source

must c o n t a i n  some asymmetry i n  i t s  dynamics.

Chapte r  1 i s  i n t e n d e d  to  i n t ro d u c e  the  r e a d e r  to  the concept  

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

some of  the  p o s s i b l e  s ou rces  and i n d i c a t i n g  the  l e v e l s  which might be 

obse rved  by a t e r r e s t r i a l  d e t e c t o r .  Chapter  1 a l s o  in c lu d e s  a b r i e f

overv iew of  main d e t e c t i o n  schemes c u r r e n t l y  be ing  pu r sue d .
r\

Chapte r  2 i n c l u d e s  a b r i e f  overview of  the  c u r r e n t  s t a t u s  of  

the  p r o t o t y p e  d e t e c t o r  a t  Glasgow, which uses  l a s e r  i n t e r f e r o m e t r y  

t o  m onito r  the  r e l a t i v e  l e n g t h s  of  two o r th o g o n a l  o p t i c a l  c a v i t i e s ,  

b e f o r e  d e s c r i b i n g ,  b r i e f l y ,  the sources  of  n o i se  which a re  most

l i k e l y  t o  l i m i t  the s e n s i t i v i t y  o f  t h i s  type of  system and the  l e v e l s

a t  which t h e y  become i m p o r t a n t .  T h e o r e t i c a l  work s u gge s t s  t h a t  to  see 

s e v e r a l  g r a v i t a t i o n a l  wave even ts  p e r  ye a r  a s e n s i t i v i t y  to  s t r a i n ,  h 

— 10“ 22 i s  r e q u i r e d  and so the l e v e l s  have been s c a l e d  to  the  

p roposed  1km long o b s e r v a t o r y  which should  have t h i s  p o t e n t i a l .



The f o l l o w i n g  c h a p t e r s  a r e  concerned w i th  experiments  r e l a t e d  

to  r e d u c in g  the  e f f e c t s  of  some of  t h es e  p o s s i b l y  l i m i t i n g  sources  of  

n o i s e ,  i n  p a r t i c u l a r  f l u c t u a t i o n s  in  the  q u a l i t y  of  the l a s e r  l i g h t  

used to  i l l u m i n a t e  the o p t i c a l  c a v i t i e s  of  the  d e t e c t o r .  Chapter  3 i s  

concerned  w i th  the development  of  a l a s e r  i n t e n s i t y  s t a b i l i s a t i o n  

system and i n v e s t i g a t i o n s  i n t o  l i m i t s  t o  i t s  observed performance

which i n c l u d e d  geometry and f requency  f l u c t u a t i o n s  in  the l a s e r

l i g h t .

Chapte r  4 covers  the development  of  the  feedback  c i r c u i t  fo r  

the  i n t e n s i t y  s t a b i l i s a t i o n  system in  more depth  and d e s c r i b e s

a n o th e r  c i r c u i t  d e s igne d  f o r  the  f a s t  f r equency  s t a b i l i s a t i o n  of  an 

Argon Ion l a s e r .

The p o s s i b l e  use of  o p t i c a l  f i b r e s  to  reduce  the e f f e c t s  of  

geometry f l u c t u a t i o n s  in  l a s e r  l i g h t  i s  i n v e s t i g a t e d  in  Chapter  5. 

This  c h a p t e r  d e s c r i b e s  the i n v e s t i g a t i o n  of  the  s u p p re s s io n  a v a i l a b l e  

from a sample f i b r e  and c a l c u l a t e s  the e f f i c i e n c y  wi th  which a

fundamental  Gauss ian  beam may be t r a n s m i t t e d  th rough a mono-mode 

f i b r e .

Chapte r  6 d e s c r i b e s  the  c o n s t r u c t i o n  o f  a da ta  c o l l e c t i o n  

system d e s ig n e d  to  c a p tu r e  p u l s e s  in  the  o u tpu t  of  an i n t e r f e r o m e t r i c  

g r a v i t a t i o n a l  wave d e t e c t o r .  Although the  p r o to t y p e  d e t e c t o r  is  

p r o b a b ly  no t  s u f f i c i e n t l y  s e n s i t i v e  t o  d e t e c t  l i k e l y  l e v e l s  of  

g r a v i t a t i o n a l  r a d i a t i o n  the  system was t e s t e d  by sampling da ta  from 

the p r o t o t y p e  system. These d a t a  were then  used to  s tudy  the  noise  

s t a t i s t i c s  o f  the  d e t e c t o r  to  s e a r c h  f o r  any non-random e f f e c t s .

Chapte r  7 b r i e f l y  d e s c r i b e s  the s t a t e  of  the g r a v i t a t i o n a l  

r a d i a t i o n  d e t e c t i o n  e f f o r t  world-wide  and the  p r o s p e c t s  f o r  f u t u r e  

d eve lopm en t .



'There  i s  a p l e a s u r e  sure
I n  be in g  mad which none but  madmen
know'

John  Dryden (The Spanish  F r i a r ,  1681)

' C o n t r a r i w i s e , '  con t i nued  Tweedledee,  
' i f  i t  was so ,  i t  might be;  and i f  i t  
were so ,  i t  would be ;  bu t  as i t  i s n ' t ,  
i t  a i n ' t .  T h a t ' s  l o g i c . '

Lewis C a r r o l l  ( A l i c e ' s  Adventures  in  
Wonderland,  1865)



CHAPTER 1

GRAVITATIONAL RADIATION -  SOURCES AND DETECTORS 

1 :1  INTRODUCTION

This  c h a p t e r  i s  in t e n d e d  t o  o r i e n t  the r e a d e r  by p r e s e n t i n g  an 

e l e m e n ta ry  d e s c r i p t i o n  of g r a v i t a t i o n a l  r a d i a t i o n ,  i t s  p r e d i c t e d  

p r o p e r t i e s ,  some l i k e l y  a s t r o p h y s i c a l  sources  and t h e i r  ampl i tudes  

and f i n a l l y  some of  the t e c h n iq u e s  deve loped  to  d e t e c t  them.

G r a v i t a t i o n a l  r a d i a t i o n  was f i r s t  p r e d i c t e d  in  1916 by A lb e r t  

E i n s t e i n [ l , 2 ]  as weak f i e l d  wave s o l u t i o n s  to  the e q u a t i o n s  of  h i s  

General  Theory o f  R e l a t i v i t y .  G r a v i t a t i o n a l  waves are  p r e d i c t e d  by 

a l l  c u r r e n t l y  v i a b l e  r e l a t i v i t y  t h e o r i e s [ 3 ]  though the  expected 

a m p l i tude s  and p r o p e r t i e s  v a ry  s l i g h t l y .  In  t h i s  t h e s i s  General  

R e l a t i v i t y  w i l l  be assumed to  be c o r r e c t .  The fo l low ing  summary of  

g r a v i t a t i o n a l  wave p r o p e r t i e s  has been c o l l a t e d  from rev iew a r t i c l e s  

and o t h e r  s o u r c e s [ 3 - 6 ] .

The a c c e l e r a t i o n  of  m a t t e r  produces  g r a v i t a t i o n a l  waves,  which 

p r o p a g a te  a t  the  speed of l i g h t ,  i n  a manner analogous to  Maxwell ' s  

e l e c t r o m a g n e t i c  waves.  However, due to  the s in g l e  s ig n  of  mass,  

c o n s e r v a t i o n  o f  momentum p r e v e n t s  the p ro d u c t i o n  of  d i p o le  r a d i a t i o n .  

T h e r e f o r e  the  p r o d u c t i o n  of  g r a v i t a t i o n a l  waves r e q u i r e s  a 

t im e - v a r y i n g  quadrt ipole  moment. The i n e f f i c i e n c y  of  quadrupole  wave 

g e n e r a t i o n  means t h a t  l a r g e  masses  moving r e l a t i v i s t i c a l l y  a re  

r e q u i r e d  to  produce a p p r e c i a b l e  l e v e l s  of  g r a v i t a t i o n a l  r a d i a t i o n .

The extreme weakness o f  the  g r a v i t a t i o n a l  i n t e r a c t i o n  means 

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

m a t t e r .  In  p r i n c i p a l  t h e r e  a re  o t h e r  r e a c t i o n s ,  such as d i s p e r s i o n
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and b a c k s c a t t e r  f o r  example,  b a t  in  p r a c t i c e  the  e f f e c t  of  these  is  

n e g l i g i b l e .  Th is  p r o p e r t y  a l lows  g r a v i t a t i o n a l  r a d i a t i o n  to  c a r r y  

i n f o r m a t io n  on the  b a l k  motions of  m a t t e r  in  the c o re s  of  c o l l a p s i n g  

s t a r s  and o t h e r  a s t r o p h y s i c a l  phenomena t h a t  i s  u n o b ta in a b le  in  any 

o t h e r  way.

G r a v i t a t i o n a l  r a d i a t i o n  may be d e s c r i b e d  in  a s t r a i g h t f o r w a r d  

way in  terms o f  an e x t e n s i o n  of  Newtonian g r a v i t y .  In  the 

ne ighbourhood of  some f i d a c i a l  p o i n t  the  g r a v i t a t i o n a l  p o t e n t i a l ,  

0< x) ,  may be w r i t t e n :

= 0O -  5  * j * j  + 1  -  Rjoko I j I k + • • •  U - 1 '
j  j . k  2

Where Xj i s the component of  the v e c t o r  x from the  f i d a c i a l

p o i n t  to  the measuring p o i n t  and g^ i s the component of  lo c a l  g.

Rjoko measures  the inhomogenei ty  of  the g r a v i t a t i o n a l  f i e l d  ( t h i s

i s  the Riemann c u r v a t u r e  t e n s o r  in  General  R e l a t i v i t y )  and i s  

w r i t t e n :

R. , = 920 (1 .2 )joko  - — -—
j axk

The second and f o u r t h  i n d ic e s  may be non-ze ro  bu t  they w i l l

no t  a f f e c t  the  v a l i d i t y  o f  the r e s u l t .

Now c o n s id e r  the  f o rc e  on a t e s t  p a r t i c l e :

F = -  m 90
d x .

J

= -  “ 8 j  -  } “K joko^k ( 1 -3)
k

The term in c l u d in g  R j 0h0 i s  l i n e a r l y  dependent  on x» i t  i s  a 

r e l a t i v e  or  ' t i d a l '  f o rc e  between the  source and the  measuring 

p o i n t .  In  h i s  work E i n s t e i n  added a g r a v i t a t i o n a l  wave c o r r e c t i o n  to
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R.j  oko •

(1 .4 )

The form of joko  *s d i c t a t e d  by General  R e l a t i v i t y .  A

l o c a l l y  p l an e  g r a v i t a t i o n a l  wave p r o p a g a t in g  in  the z - d i r e c t i o n  has:

of  the  two o r th o g o n a l  p o l a r i s a t i o n  s t a t e s  a l low e d ,  + and x.  The

d o t s  denote  t ime d e r i v a t i v e s  and c i s  the speed of  l i g h t .

The wave leng th  of  the p ro p a g a t in g  g r a v i t a t i o n a l  wave i s

assumed to  be much l e s s  than the c u r v a t u r e  of  the  spa ce - t im e  through 

which i t  i s  t r a v e l l i n g ,  i e .  space - t im e  i s  l o c a l l y  f l a t  and the

g r a v i t a t i o n a l  wave may be unders tood  as be in g  composed of  s c a l a r  

f i e l d s  of  am pl i tude  h .  The p ro p a g a t in g  wave p roduces  t i d a l  fo rces

p e r p e n d i c u l a r  t o  the  d i r e c t i o n  of  p r o p a g a t io n  and so the waves are  

t r a n s v e r s e  in  n a t u r e .  F igu re  1 .1  shows the l i n e s  of  f o rc e  fo r  the two 

p o l a r i s a t i o n  s t a t e s .  Note t h a t  un l ike  e l e c t ro m ag n e t i s m  in  which the 

two normal p o l a r i s a t i o n  s t a t e s  are  a t  90° t o  each o t h e r ,  here  the 

angle  between them i s  45° .  R o t a t i n g  e i t h e r  p o l a r i s a t i o n  s t a t e  by 

90° would produce the  same p o l a r i s a t i o n  bu t  1 /4  cyc le  out of  phase .

r GW (1 .5a)xoxo

(1 .5b)

Here h+ and hx a re  the a r b i t r a r y ,  d im e n s io n le s s  ampl i tudes
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X
Figure 1.1 Representation of the lines of force - relative to a fiducial 

point at the origin of the axes - of the two polarisation states of a 

gravitational wave propagating in a direction perpendicular to the 

plane of the axes.

Dipole 1 Dipole 2

Figure 1.2 A simple generator of gravitational radiation. To 

first order the conservation of momentum prohibits the 

production of gravitational radiation. However since the 

field associated with each oscillating mass takes a finite 

time to propagate across the system there is a time-varying 

quadrupole moment.



1:2.1 THE GENERATION OF GRAVITATIONAL RADIATION

By a na logy  w i th  e le c t rom agne t i sm  the  o s c i l l a t i n g  system of  

f i g u r e  1 .2  m igh t ,  a t  f i r s t  s i g h t ,  a ppear  t o  be a good source  of  

g r a v i t a t i o n a l  r a d i a t i o n .  However, s inc e  mass only has one s i g n ,

c o n s e r v a t i o n  o f  momentum means t h a t  the c e n t r e  of  mass does no t

o s c i l l a t e .  There  i s  no t im e - v a ry i n g  d ip o le  moment.

G e o m e t r i c a l l y  t h i s  may be unders tood  in  terms o f  the  d i f f e r e n c e

between  e le c t r o m a g n e t i s m  and g r a v i t a t i o n .  The e l e c t r o m a g n e t i c  f i e l d  

i s  a v e c t o r  f i e l d  and so r a d i a t i o n  i s  p roduced by a v e c t o r  d i p o l e .  

However, t h e  g r a v i t a t i o n a l  f i e l d  i s  a t e n s o r  f i e l d  and a t e n s o r  

s ou rce  i s  r e q u i r e d .  The s im p le s t  t e n s o r  i s  a c o n ju n c t io n  of  two 

v e c t o r s ,  i e . two opposed v e c t o r  d i p o le s  (a q u a d ru p o le ) .  In  the

a rrangement  of  f i g u r e  1.2  the changing f i e l d  due to  each o s c i l l a t i n g

mass t a k e s  a f i n i t e  t ime to  p ropaga te  a c ro s s  the  system and so the 

two masses  may be t r e a t e d  as two opposed v e c t o r  d i p o le s  and the 

system w i l l  be a weak source  of g r a v i t a t i o n a l  r a d i a t i o n .

1 : 2 . 2  THE EFFECTS OF GRAVITATIONAL RADIATION

Conside r  a g r a v i t a t i o n a l  wave p ro p a g a t in g  p e r p e n d i c u l a r  to  the  

p l an e  o f  a f l e x i b l e  r i n g .  F igure  1.3 maps the  c y c l i c  d i s t o r t i o n  of  

the  r i n g  as the  wave p a s se s  f o r  b o th  p o l a r i s a t i o n  s t a t e s .  The 

sequence shown i s  f o r  one cycle  of  the wave.

As i n  the  d ip o le  e l e c t r o m a g n e t i c  case any quadrupole  

g r a v i t a t i o n a l  wave c o n f i g u r a t i o n  can be c o n s t r u c t e d  from the 

s u p e r p o s i t i o n  of  the  two p o l a r i s a t i o n  s t a t e s .  I f  a phase d e lay  of  1 /4  

cyc le  i s  i n t r o d u c e d  between the two p o l a r i s a t i o n  s t a t e s ,  of equal  

a m p l i t u d e ,  t hen  c i r c u l a r  p o l a r i s a t o n  i s  ach ie ved .  F igu re  1 .4  

shows a schemati c  of  the c i r c u l a r l y  p o l a r i s e d  wave and i t s  e f f e c t  on

- 4 -
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w i l l  be:

h + ~ hx ~ h j k  << = 5*10"18 (1 .10)
c 4r

Summarising the  above,  General  R e l a t i v i t y  p r e d i c t s ,  when

l a r g e  masses  a re  a c c e l e r a t e d  to  r e l a t i v i s t i c  v e l o c i t i e s  in  some 

asymmetr ica l  manner t h a t  g r a v i t a t i o n a l  r a d i a t i o n  i s  produced.  This  

r a d i a t i o n  p r o p a g a t e s  th roughout  sp a ce - t im e  and i s  m a n i f e s t e d  in  space 

as t i m e - v a r y i n g  t i d a l  f o rc e s  whose ampl i tude  decays as the inver se  of

the  d i s t a n c e  from the  source and the  f l u x  decays as the  inve r se  of

the  square  of  the  d i s t a n c e  from the  s o u rc e .

1 : 3 . 1  SOURCES OF GRAVITATIONAL WAVES

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

waves were pe rfo rmed  by E i n s t e i n  in  1916 i n v o lv in g  an i d e a l i s e d  

source  in  a f l a t ,  empty s p a c e - t im e .  Since then  t h e o r i s t s  have been 

engaged in  c a l c u l a t i n g  the  p r o p e r t i e s  of  g r a v i t a t i o n a l  r a d i a t i o n  from 

more r e a l i s t i c  s o u rc e s  and d e s c r i b i n g  the p r o p a g a t i o n  of  these  waves 

t h rough  a curved  s p a c e - t i m e .  The v a r i e t y  of  p o s s i b l e  sources  has 

p r o l i f e r a t e d  though the  e x i s t e n c e  of  some i s  u n c e r t a i n .  The p o s s i b l e  

spect rum of  waves has expanded,  t ak in g  in  waves with  f r e q u e n c ie s

of  10- ^ -  10- ^ Hz (wavelengths  of  1 p a r s e c  -  20 A.U.) up to

f r e q u e n c i e s  of  10* -  1011 Hz (wave leng ths  of  3m  “ 3 mm).

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

i n  most c a se s  by the  ' s lo w -m o t io n '  assumpt ion which r e q u i r e s  t h a t  the 

g r a v i t a t i o n a l  r a d i u s  (GM/c2) of  the source  i s  l e s s  than  the  

r educed  wave leng th  ( k /2 tt) o f  the waves p roduced .  In  t h i s  ca se ,  as in  

t h e  'p oo r  a n t e n n a '  in  e lec t rom agne t i sm  the  lowest  a llowed m u l t i —pole  

domina tes  the  r a d i a t i o n  p a t t e r n  which i s ,  in  g e n e r a l ,  a s e r i e s  sum of

- 7 -



t h e  a l lowed m u l t i —p o l e s .  This  means t h a t  most g r a v i t a t i o n a l  r a d i a t i o n

s o u rc e s  w i l l  r a d i a t e  most of  t h e i r  ene rgy  as  a quadrupole  wave. The

l u m i n o s i t y  o f  a source  i s  de te rmined  by the  t h i r d  time d e r i v a t i v e  of

th e  reduced  quadrupo le  moment, I - v .
J

The reduced  quadrupole  moment i s  g iven  by:

* j k  = f  P < x j xk ’  j  5 j l r I  > d ,x  ' i - 11 '

More s imply  the reduced  quadrupo le  moment may be 
approx im ated  by:

. . .  TMass of  system which 1 Tsize o f l 3
1.^ = Lmoves non-sphericallvJ * Lsvstem J 

I" time for masses to move from 13 
Lone side of system to the otherJ

[Non-spherical component 1 
  of kinetic energy J (1.12)

r j i j  J

The g r a v i t a t i o n a l  r a d i a t i o n  l u m i n o s i t y  i s  g iven  by:

l g* ■ i  v  xj k  >

So from the  above the reduced quadrupo le  moment can be

e q u a te d  t o  the  i n t e r n a l  power flow of  the system which leads  to:

k(3W = ^ i n t e r n a l  (1 .14)

^ i n t e r n a l  ^o

which may be r e w r i t t e n :

L _  ~ r ** 1*r V 1«r c J I (1 .15 )

Where r g = 2GM/c3 = g r a v i t a t i o n a l  r a d i u s ,  1 = s i z e  of  the 

system and v = the v e l o c i t y  of  the  sys tem. C le a r ly  fo r  a high 

l u m i n o s i t y  source  1 ~ r^ and v ~ c .  Although the ' s low m ot ion '

- 8 -



c o n d i t i o n  appears  l i m i t i n g ,  c a l c u l a t i o n s  show t h a t  i t  may be v a l i d  as 

an app rox im at ion  f o r  sou rces  whose s i z e  ~ the  reduced w ave leng th .

The range of  p o s s i b l e  sou rces  b reaks  up e a s i l y  i n t o  two broad

c a t e g o r i e s :  man-made and n a t u r a l .  In  g ene ra l  waves a re  c h a r a c t e r i s e d

by t h e i r  a m p l i tude ,  h ,  a t  the  d e t e c t o r ,  and t h e i r  c h a r a c t e r i s t i c  

f r e q u e n c y .  Although s e v e r a l  methods have been p roposed  f o r  the 

t e r r e s t r i a l  p r o d u c t i o n  o f  g r a v i t a t i o n a l  r a d i a t i o n [ 7 - l l ]  a t  p r e s e n t  i t  

i s  no t  t e c h n o l o g i c a l l y  p o s s i b l e  to  produce s i g n i f i c a n t  l e v e l s .

A s t r o p h y s i c a l  sou rc e s  f a l l  n a t u r a l l y  i n to  t h r e e  d i v i s i o n s :

a) Burs t  Sources ;  which l a s t  f o r  on ly  a few c y c l e s .  These may

be c h a r a c t e r i s e d  by t h e i r  bandwid th ,  6 f  ( f  ^ 1/ t , where t  i s

the  d u r a t i o n  of  the b u r s t ) .

b) P e r i o d i c  s o u r c e s ;  in  which the c h a r a c t e r i s t i c s  of  the waves 

a r e  e s s e n t i a l l y  c o n s t a n t  f o r  the  d u r a t i o n  of  an o b se rv ing  r u n .  

C oa lesc ing  com pa c t -ob jec t  b i n a r i e s  sha re  c h a r a c t e r i s t i c s  of  (a)  and 

(b) s in c e  they  produce p e r i o d i c  r a d i a t i o n  fo r  most of  t h e i r  l i f e - t i m e  

and as coa le sce nc e  approaches  the  g r a v i t a t i o n a l  r a d i a t i o n  sweeps up 

i n  am pl i tude  and f r e q u e n c y .

c) S t o c h a s t i c ;  t h i s  may be a remnant of v i o l e n t  a c t i v i t y

in  the  e a r l y  u n ive r se  and p o s s i b l y  produced by p r e - g a l a c t i c  s t a r s  

( P o p u l a t i o n  I I I ) .

F igu re  1 .5  shows a summary of  the p r e d i c t e d  am p l i tudes  of  

v a r i o u s  sou rces  a t  e a r t h  f o r  an event  r a t e  of ~ 1/month.  The topmost 

d o t t e d  l i n e  r e p r e s e n t s  an upper l i m i t  to  the  ampl i tude  of  any waves 

r e a c h in g  the  e a r t h  w i th o u t  v i o l a t i n g  c e r t a i n  fundamental  b e l i e f s  

about  the n a t u r e  o f  the  U n iv e r s e ,  eg.  c o n s e r v a t i o n  o f  energy ,  

moment um.
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Figure 1.5 A graphical representation of the likely amplitudes, at the 

Earth, of some of the expected sources of gravitational radiation. 

(Reproduced from [5]).



1 : 3 . 2  BURST SOURCES

a) Sopernovae.

These e ve n ts  were ,  u n t i l  r e c e n t l y ,  c o n s id e r e d  to  be the most 

p romis ing  sou rc e s  f o r  d e t e c t i o n .  However, c a l c u l a t i o n s  of  the 

ampl i tude  a t  the e a r t h  of  g r a v i t a t i o n a l  waves from th es e  sources  va ry  

c o n s i d e r a b l y  due to  ignorance  of  the  p r e - s u p e rn o v a  s t a t e .  Supernovae 

a re  c l a s s e d  as type I  or  I I  depending on the  compos i t ion  of  the 

p r o g e n i t o r  s t a r .  Type I  supernovae r e s u l t  from o ld ,  m e t a l - d e f i c i e n t  

s t a r s  in  which the  supernova i s  b e l i e v e d  to  be caused by mass 

a c c r e t i o n  on to  a wh i te  dwarf  from a companion. Th is  may l ead  to  

n u c l e a r  d e t o n a t i o n  of  the  s t a r [ 1 2 - 1 4 ]  or  the  c o l l a p s e  ,of the core  to  

form a n e u t r o n  s t a r .

Type I I  supernovae r e s u l t  from younger ,  massive s t a r s  which

c o l l a p s e  to  form n e u t r o n  s t a r s  or b l a c k  h o l e s  when t h e i r  fue l  i s

e x h a u s t e d .  Type I I  supernovae in  i s o l a t i o n  a re  u n l i k e l y  t o  be good

e m i t t e r s  of  g r a v i t a t i o n a l  r a d i a t i o n  s inc e  t h e y  are  l i k e l y  to  be

h i g h l y  s p h e r i c a l .

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

s t r o n g l y  dependen t  on the  degree of  n o n - s p h e r i c i t y  of  the c o l l a p s e .  

The speed of  the c o l l a p s e  i s  a l s o  an im por ta n t  p a ra m e te r .  In  r e c e n t  

y e a r s  t h e r e  has been a move from ' c o l d '  c o l l a p s e s  ( n e a r l y  f r e e - f a l l )  

t o  h o t ,  slow models where the c o l l a p s e  i s  slowed by thermal  

p r e s s u r e [15,16]

The c h a r a c t e r i s t i c  f requency  o f  the b u r s t  w i l l  be r e l a t e d

to  the  g r a v i t a t i o n a l  s i z e  of  the s o u r c e [ 1 7 ] .  T h e r e f o r e ,  the 

c h a r a c t e r i s t i c  f r e que nc y  o f  the  g r a v i t a t i o n a l  r a d i a t i o n  from these  

sources  i s  g iven  by f  ~ 1 / r  ~ c 3/4GM, and t h i s  g ives  f  ~ 101

-  105 Hz. The d u r a t i o n  o f  the b u r s t  of  g r a v i t a t i o n a l  r a d i a t i o n
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can be approx im ated  by the  p r o p a g a t io n  t ime of  the r a d i a t i o n  a c ro s s  

t h e  r e g i o n  of  s t r o n g  g r a v i t y ,  i e .  twice  the  g r a v i t a t i o n a l  r a d i o s .

The l a c k  o f  knowledge of  the p r e - c o l l a p s e  s t a t e  means t h a t  

the  waves p roduced  by th es e  e ve n ts  a re  no t  w e l l  unde rs tood .  In the 

i n i t i a l  c o l l a p s e  t h e r e  w i l l  be a s h o r t - l i v e d  b u r s t  of  waves fol lowed 

by a ' r i n g i n g '  as  the core  bounces or  r e c o i l s  from the shock of  

c o l l a p s e .  I f  the  i n i t i a l  a n g u la r  momentum i s  s u f f i c i e n t l y  high the 

c o l l a p s e d  core  may form a r o t a t i n g  b a r [ 1 8 ]  which w i l l  produce a 

monochromatic s i g n a l  a t  f  ~ 1kHz. A l t e r n a t i v e l y ,  the  core  may break  

up and th e  lumps r e - c o a l e s c e  g iv ing  out  g r a v i t a t i o n a l  r a d i a t i o n  as 

t h e y  o r b i t  and w i t h  each c o l l i s i o n .

The am p l i tude  can be d e s c r i b e d  as a f u n c t i o n  of  d i s t a n c e  from 

the  s o u r c e ,  f r a c t i o n  o f  k i n e t i c  mass c o n v e r t e d  to  g r a v i t a t i o n a l  

r a d i a t i o n  and th e  f r e q u e n c y  and b a n d w id th [ 1 9 ] :

For a core  of  IMq the  energy  r e l e a s e d  as g r a v i t a t i o n a l  

r a d i a t i o n  can be c o n s t r a i n e d :

10~5 MqC2 < AE < 0.2 M^c* (1.17)

The upper l i m i t  comes from r e l a t i v i s t i c  c a l c u l a t i o n s  and the 

lower l i m i t  i s  o b t a i n e d  from the  assumption  t h a t  the  high  s p a t i a l  

v e l o c i t i e s  of  p u l s a r s  i s  d e r i v e d  from asymmetr ies  i n  the c o l l a p s e  

p r o c e s s e s [20] . Th is  g ives  the  l i k e l y  am pl i tudes  of  waves (with f  ~ 

1 / t = 1kHz) from supernovae in  the  Virgo c l u s t e r  (~15Mpc) to  be:

10~25 < h < 10“ 21 (1.18)

D e t e c t o r s  which were s e n s i t i v e  to  t h i s  range of  va lues  could 

expec t  to  see two to  t h r e e  s u p e rn o v a e /y e a r .  However, the neu tron
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s t a r  b i r t h r a t e  i s  b e l i e v e d  to  be t h r e e  or  fou r  t imes g r e a t e r  than  

t h i s  which g i v e s  r i s e  to  s p e c u l a t i o n  t h a t  t h e r e  may be a c l a s s  of  

o p t i c a l l y  s i l e n t  supe rnova e [ 1 9 ] .  I n t e r e s t i n g l y ,  s e v e r a l  computer 

s i m u l a t i o n s  o f  supernovae p r o c e s s e s  have produced  an invisible

c o l l a p s e  [3 ,21 ]  .

b)  C o a le sc ing  c o m p a c t -o b je c t  b i n a r i e s .

These e v e n t s  a re  now b e l i e v e d  to  be the  most l i k e l y  to  be the 

f i r s t  type of  s i g n a l s  to  be seen  by a g r a v i t a t i o n a l  wave d e t e c t o r .  

Al though  the  p r e d i c t e d  event  r a t e s  va ry  markedly the waveforms 

e x p e c t e d  from such c o a le s ce n c e s  a r e  we l l  d e f i n e d .  I n i t i a l l y  as 

t h e  s t a r s  s p i r a l  i n  the  p r o c e s s  i s  we l l  d e s c r i b e d  by Newtonian

p h y s i c s  and the  s low-mot ion  assum pt ion .  In  the l a s t  seconds b e fo r e

c o a l e s c e n c e  the  waveform w i l l  sweep up in  f re quency  and ampl i tude  

g i v in g  a c h a r a c t e r i s t i c  ' c h i r p ' .  The maximum f requency  of  the c h i r p  

i s [22]:

fmax ~ 1kHz fo r  n e u t r o n  s t a r s

and f  ^ 10kHz f or  b l a c k  h o l e s  where i*
max  ------- 1

Mi/Me

the  mass of  the  l a r g e r  h o l e .  As the  f requency  of  the g r a v i t a t i o n a l  

wave r e a c h e s  t h i s  maximum the c a l c u l a t i o n  of  the waveform r e q u i r e s  

h i g h e r  o r d e r  c o r r e c t i o n s  u n t i l  a f u l l  General  R e l a t i v i s t i c  t r e a tm e n t  

i s  r e q u i r e d .  The d e t e c t i o n  and compar ison of  t h i s  waveform wi th  t h a t  

p r e d i c t e d  by num er ica l  c a l c u l a t i o n s  would p rov ide  the s t r o n g e s t  t e s t  

of  Gene ra l  R e l a t i v i t y  y e t .

The am pl i tude  of  g r a v i t a t i o n a l  waves produced by a b i n a r y  

sys tem i s  c h a r a c t e r i s e d  by the  t o t a l  mass , M, the  reduced mass,  p (= 

^ 1 ^ 2 /**) , and the  d i s t a n c e ,  r .  The f requency  of  the g r a v i t a t i o n a l
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r a d i a t i o n  w i l l  be twice the o r b i t a l  f r e q u e n c y .  The ampl i tude  of  the  

g r a v i t a t i o n a l  waves a t  E a r th  i s  g iven  b y [ 1 9 ] :

h -  10~23r 100MPc i r M -|2 / 3 r n ip f  -j2 ^3 (1 .19)
L r  J L m 0 J  L M q J L i O O H z J

Long b e f o r e  the o b j e c t s  a re  c lo s e  enough to  coa le sce  the 

o r b i t s  w i l l  have been c i r c u l a r i s e d  by g r a v i t a t i o n a l  

b a c k - r e a c t i o n [ 2 3 ] .

I t  i s  p o s s i b l e  to  de f ine  a p a r a m e t e r ,  x ,  which w i l l  be the  

l e n g t h  o f  t ime the  s ig n a l  t akes  t o  double  i t s  f re quency ,  f .  This  t ime 

i s  dependen t  on ly  on the t o t a l  mass o f  the  system, the  reduced mass 

and the  f r e que nc y ,  f .  Now the g r a v i t a t i o n a l  r a d i a t i o n  ou tput  of the  

sys tem i s  a l s o  dependent  only on t h e s e  pa ra m e te r s  and i t  t u r n s  out  

t h a t  the  p ro d u c t  h r  i s  dependent  on ly  on d i s t a n c e .  In  the case 

o f  n e u t r o n  s t a r  b i n a r y  c o a l e s c e n c e s ,  which may have o p t i c a l  

c o u n t e r p a r t s [ 2 4 ,2 5 ] ,  the comparison of  the c a l c u l a t e d  d i s t a n c e  w i th  

t h e  obse rved  r e d s h i f t  in  the e l e c t r o m a g n e t i c  spectrum should p rov ide  

a new, and more a c c u r a t e ,  d e t e r m i n a t i o n  of  Hubb le 's  c o n s t a n t .

To e s t i m a t e  the  p o s s i b l e  number of  such s o u rc e s ,  p u l s a r  

s t a t i s t i c s  may be used.  There a re  -400 known p u l s a r s  of  which seven 

a r e  i n  b i n a r y  sys tem s .  One of t h es e  systems has a s h o r t  p e r i o d  and i s  

known as a ' b i n a r y  coa le scence  p r e c u r s o r ' .  The b i r t h r a t e  of  such 

s h o r t  p e r i o d  systems has been c a l c u l a t e d [ 2 6 ]  t o  be - 1 4 / y e a r  out to  a 

d i s t a n c e  of  200Mpc. The re fo re  t h e r e  a re  expec ted  to  be a few 

e v e n t s / y e a r  i f  d e t e c t o r s  can be made s e n s i t i v e  enough to d e t e c t  

e v e n t s  ou t  to  -  100 Mpc. I t  i s  d i f f i c u l t  to  make f i rm p r e d i c t i o n s  of  

t h e  even t  r a t e s  from the e l e c t r o m a g n e t i c  d a t a ;  fo r  i n s t a n c e  the 

g r a v i t a t i o n a l l y  b r i g h t e s t  e v e n t ,  two b l a c k  h o le s  c o a l e s c i n g ,  w i l l  

p r o b a b l y  be invisible. There a re  l i k e l y  to  be g a l a c t i c

c l u s t e r s  o f  n e u t r o n  s t a r s  and b l a c k  h o le s [ 2 7 ,2 8 ]  and t h e r e  i s
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o b s e r v a t i o n a l  ev idence  f o r  super -mass iv e  b l a c k  ho le  b i n a r i e s [29 ] .  

O ther  p o s s i b l e  s o a rc e s  o f  t h e s e  even ts  inc lude  a ' d a r k  m a t t e r '  

c a n d i d a t e ,  p o p u l a t i o n  I I I  b l a c k  ho le  b i n a r y  systems.

In summary, the  d e t e c t i o n  of  these  e v e n t s ,  by a t  l e a s t  t h r e e  

d e t e c t o r s ,  would: p r o v id e  a new t e s t  of  General  R e l a t i v i t y ,  i n d i c a t e  

t h e  d i r e c t i o n  o f  the  s o u r c e ,  i n c l i n a t i o n  of  the o r b i t  (from the 

a m p l i tude s  of  the p o l a r i s a t i o n  modes) ,  the d i r e c t i o n  o f  motion  of  the 

s t a r s ,  the f a c t o r  ( jul3Ma ) 1 /5  an(j t jje soarce  obse rve r  d i s t a n c e .

c) M a t t e r  f a l l i n g  i n t o  b l a c k  h o l e s .

There a re  two p o s s i b l e  s c e n a r i o s  fo r  the i n f a l l  of  m a t t e r  i n t o

a b l a c k  h o l e .  The f i r s t  i s  the  r a d i a l  f a l l  o f  m a t t e r  i n t o  a

n o n - r o t a t i n g  ho le  which i s  r e l a t i v e l y  i n e f f i c i e n t  i n  terms of  

g r a v i t a t i o n a l  wave p r o d u c t i o n .  The second,  and more r e a l i s t i c ,  i s  the 

s p i r a l  i n f a l l  of  m a t t e r  or  the  r a d i a l  f a l l  of m a t t e r  i n t o  a r o t a t i n g  

b l a c k  h o l e .

In  the  case of  a non—r o t a t i n g  ho le  of  mass M and r a d i a l l y

f a l l i n g  m a t t e r  of  mass m the  energy  r e l e a s e d  as g r a v i t a t i o n a l

r a d i a t i o n  i s  g iven  by:

Energy = 0 .01  £ — J mc2

= 1044 * rm M 1 1 e rgs  (1 .20)
LM0 J L lO»M e J

For n o n - r a d i a l  f a l l  onto a n o n - r o t a t i n g  h o le  or r a d i a l

f a l l  onto a r o t a t i n g  h o le  the  numer ica l  c o n s ta n t  may r i s e  from 0.01

t o  as h igh  as 0 . 0 5 [ 3 ] .  The time f o r  the b u r s t  i s  de te rm ined  by the

g r a v i t a t i o n a l  r a d i u s  o f  the  h o l e  and i s  given  by:
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X ~ 1 0 ^  ~ !Q4r M 1 1 seconds .  (1 .21)
c» LlO*M0 J

As in  the case of  snpernovae ;  bandwidth -  f r e q u e n c y  ~ 1 / r .

For  supe r -m a ss ive  b l a c k  h o le s  (M -  10*M^) s t a r s  may plunge 

th rough  the  event  h o r i z o n  w i thou t  s u f f e r i n g  s i g n i f i c a n t  t i d a l  

d i s t o r t i o n .  S t a r s  p l u n g in g  i n t o  s m a l l e r  h o l e s  (M < 10‘Mq) w i l l

s u f f e r  t i d a l  d i s r u p t i o n  which w i l l  reduce the  l e v e l s  o f  g r a v i t a t i o n a l  

waves e m i t t e d [ 3 0 ] .

For t y p i c a l  (non head-on)  p a ra m e te r s  the  i n f a l l  of  a mass,

M2> i n t o  a h o l e ,  mass Mj_, y i e l d s  a c h a r a c t e r i s t i c  f r e q u e n c y  given

b y [ 3 1 ,32 ] :

f  -  tO~4 r 10‘ MO~| Hz (1 .22)
L mx J

and the  ampl i tude  i s :

h -  2 ♦ 10 -21 r M2 i r 10Mpcl  (1 .23)
LM0 JL r0 J

Where r Q i s a c h a r a c t e r i s t i c  r a d i u s  which shou ld  give

s e v e r a l  e v e n t s  pe r  y e a r .

I t  i s  i n t e r e s t i n g  to  note  t h a t  i n  the event  of  a ' n e a r  m i s s '

o f  a s t a r  and a b l a c k  ho le  the s t a r  emi ts  g r a v i t a t i o n a l

b r e h m s s t r a h lu n g  r a d i a t i o n  s i m i l a r  to  t h a t  produced by m a t t e r  p lunging  

i n t o  the  h o l e .  There i s  a l r e a d y  o b s e r v a t i o n a l  ev idence  f o r  the 

e x i s t e n c e  of  a b l a c k  ho le  of  mass ~ 4 * 10* Mq a t  the  c e n t r e  of

t h e  ga laxy  M87[24] .

U n f o r t u n a t e l y  due to  the  high  l e v e l s  of  s e ism ic  no i se  a t  the 

low f r e q u e n c ie s  of  t h es e  e ve n ts  i t  i s  h i g h ly  u n l i k e l y  t h a t  any 

t e r r e s t r i a l  system w i l l  eve r  d e t e c t  them. However, t h e r e  a re  p lans  

f o r  space—borne d e t e c t o r s  which w i l l  be d i s c u s s e d  l a t e r .
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1:3.3 PERIODIC SOURCES

a) P u l s a r s .

The e f f i c i e n c y  of  p r o d u c t i o n  o f  g r a v i t a t i o n a l  r a d i a t i o n  by 

t h e s e  s ou rces  depends on an asymmetry in  the  r o t a t i n g  n e u t r o n  s t a r .  

In  ge ne ra l  some asymmetry must be p r e s e n t  due to  the  non-a l ignment  of  

the  p u l s a r ' s  m agne t ic  f i e l d  w i th  the r o t a t i o n a l  a x i s .  However, t h i s  

asymmetry i s  dependen t  on the  n a tu r e  of the  n e u t r o n  s t a r  c r u s t  which 

i s  s t i l l  unde te rmined .  Consequent ly  e s t i m a t e s  of  the  l e v e l s  of  

r a d i a t i o n  from such sou rc e s  va ry  g r e a t l y .

Now, i f  the  d e fo rm a t io n  o f  the  n e u t r o n  s t a r  i s  8 (= 1 -

r l / r 2 > . Here r^  and a re  the semi-m ajor  and minor  axes

r e s p e c t i v e l y  t h e n  the  ampl i tude  of the g r a v i t a t i o n a l  waves produced

i s [333 :

h = 10-21 8 r f  I»pl0fcpci  (1 .24)
L l OOH z J  L r  J

Where the  f requency  of  the  r a d i a t i o n  i s  twice  the r o t a t i o n a l  

f re quency  o f  the  p u l s a r .  For comparison the  ampl i tude  of  the

g r a v i t a t i o n a l  waves from the Crab and Vela  p u l s a r s  a re :

h n . ~ i o " 26 r 8 1 a t  f=60 Hz (1 .25a)
Crab L l ^ J

-27 ___ 6 I a t  f=22 Hz (1.25b)
L l O - 5 J

In  the  c a se s  o f  these  two p u l s a r s  i t  i s  p o s s i b l e  to  s e t  an 

upper l i m i t  t o  the de fo rm a t ion ,  8<10“ ^ ,  by assuming t h a t  a l l  of the 

r o t a t i o n a l  energy  l o s t  by the p u l s a r  -  c a l c u l a t e d  from the change of 

p e r i o d  w i th  t ime — i s  r a d i a t e d  as g r a v i t a t i o n a l  waves.

v e la  ~ 10
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Old n e a t r o n  s t a r s  which have been span—up th rough  the a c t i o n  

o f  a c c r e t i o n  a r e  l i k e l y  to  be poor  e m i t t e r s  o f  g r a v i t a t i o n a l  

r a d i a t i o n  s in c e  the  a c c r e t i o n  of  m a t t e r  i s  l i k e l y  to  have l e f t  the
l»

s t a r  in  a h i g h l y  axisymmet^c c o n d i t i o n  th rough  the a c t i o n  of  

a n n e a l in g  p r o c e s s e s [ 3 4 ] .

However t h e r e  i s  a p o s s i b i l i t y  t h a t  w h i l s t  a c c r e t i o n  i s  

p r o g r e s s i n g  the  s t a r  w i l l  become u n s t a b l e  to  a hydrodynamic 

o s c i l l a t i o n  o f  the  s u r f a c e [ 3 5 ,3 6 ] .  In  t h i s  s c e n a r i o  the  c r u s t  of  the 

n e a t r o n  s t a r  s u p p o r t s  a t r a v e l l i n g  wave. Th is  g iv e s  the appearance of

a n o n - s p h e r i c a l  s t a r  r o t a t i n g  w i th  a v e l o c i t y  equal  to  the sum of  the

wave v e l o c i t y  and the  s t a r ' s  r o t a t i o n a l  v e l o c i t y .  In  t h i s  case the 

s t a r  may be a good e m i t t e r  of g r a v i t a t i o n a l  r a d i a t i o n .  The e f f e c t  of  

t h i s  i n s t a b i l i t y  should  a l s o  be seen as an i n t e n s i t y  m odu la t i on  of  

t h e  X- ray  o u t p u t  from the s t a r  bu t  no s e a r c h  of  s u f f i c i e n t  

s e n s i t i v i t y  has  y e t  been  c a r r i e d  o u t .

In  t h i s  s c e n a r i o  of a r o t a t i n g  hydrodynamic i n s t a b i l i t y  the 

energy  e m i t t e d  i s  p r o p o r t i o n a l  to  the  mass a c c r e t i o n  and so the 

g r a v i t a t i o n a l  wave ampl i tude  can be c a l c u l a t e d  from the X- ray  f l u x ,  

Fx [37]:

h ~ 2 * 10~27r300Hzir  F* 1 ( 1 .2 6 )
L f  J L l O _ 8e r g / c m 2 s e c J

Where f  = 1 * vp / ( 2 7rR), 1 i s  the s p h e r i c a l  harmonic of  the

hydrodynamic wave (1 = 3 , 4 , 5 , . . . . )  and v^ j.s the  p a t t e r n  speed of

the  wave in  the  o b s e r v e r ' s  r e f e r e n c e  frame.  I f  the de fo rm at ion  of  the 

c r u s t  i s  s u p p o r t e d  by the  r i g i d i t y  of  the c r u s t  or  a r i s e s  from the 

m agne t ic  f i e l d  t h e n  the  emiss ion  w i l l  be l a r g e l y  quad ru p o la r ,  1=2.

In  a l l  t h e s e  ca ses  the  s low-motion formali sm is  adequate  f o r  

the  c a l c u l a t i o n  o f  the  r e s u l t a n t  g r a v i t a t i o n a l  waves.
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b)  B ina ry  sys te m s .

These a r e  the b e s t  unde rs tood  o f  a l l  p robab le  sources  of

g r a v i t a t i o n a l  r a d i a t i o n .  From the  mass o f  the components,  the o r b i t

and the  d i s t a n c e  of  the system i t  i s  p o s s i b l e  to  c a l c u l a t e  the

p r e c i s e  n a t u r e  of  the waves which would b a th e  the  E a r t h .  Thi s  i s

because  the weak i n t e r n a l  f i e l d s  o f  these  systems al low high

a c cu ra cy  i n  c a l c u l a t i o n s .

The r a d i a t i o n  i s  most s t r o n g l y  e m i t t e d  a t  p e r i a s t r o n ,  which 

w i l l  tend to make the orbits circular and reduce the l e v e l s  of  

g r a v i t a t i o n a l  waves e m i t t e d [ 2 2 ] .

Only a few binary systems have been  d i s c o v e r e d  w i th  P<lHr[38]  . 

T h e r e f o r e ,  in  g e n e r a l ,  the  f r e q u e n c y  of  the  waves b a th in g  the E a r th  

w i l l  b e ,  f<10~^Hz. Due to  the  e f f e c t s  o f  s e ism ic  no i se  a t  these

f r e q u e n c i e s  on t e r r e s t r i a l  d e t e c t o r s  i t  i s  u n l i k e l y  t h a t  such sources

w i l l  be d e t e c t e d  on E a r t h ,  though space-borne  d e t e c t o r s  a re  in  the

p l a n n i n g  s t a g e s .

The g r a v i t a t i o n a l  waves e m i t t e d  by these  systems w i l l  have

^GW - 2  * ^ o r b i t  + ha rm onics ,  bu t  i f  the  e l l i p t i c i t y  of  the

o r b i t ,  s < 0 .2 ,  then  the  lowes t  f r e q u e n c y  i s  dominant.  In  t h i s  case the

am pl i tude  o f  the g r a v i t a t i o n a l  waves i s  g iven  b y [ 2 2 ] :

2/3 2/3
h~8.7*i<r2 1 ni_iri_i r1QOpcir f  i a . 2 7 )

Lm^LMqJ L r  JL io‘ 3Hz J

The h i g h e s t  f requency  to  be ex p e c te d  i s  0.06Hz from a whi te  

dwarf  b i n a r y  s ince  the onse t  of  mass t r a n s f e r  occurs  a t  h i g h e r  

f requenc ie s^  which would com pl ic a te  the  waveform. There may a l s o  be 

mass l o s s  t o  i n f i n i t y  as a r e s u l t  of  t h es e  i n t e r a c t i o n s .  For a 

n e u t r o n  s t a r  b i n a r y  system the  h i g h e s t  f requency  i s  0.007Hz s ince  

f r e q u e n c i e s  h i g h e r  than  t h i s  would r e s u l t  in  an e x c e s s i v e l y  high r a t e
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of coalescence.

1 : 3 . 4  STOCHASTIC SOURCES

S ig n a l s  from such sou rc e s  would appear  as a random background 

and might  be a t t r i b u t e d  t o  d e n s i t y  f l u c t u a t i o n s  in  the  e a r l y  

u n i v e r s e ,  cosmic s t r i n g s  or  p o p u l a t i o n  I I I  supe rnova e [39] f o r  

i n s t a n c e .  However any ' t h e r m a l '  g r a v i t a t i o n a l  waves from the  b ig  

bang ,  ana lagous  to  the  3K microwave background,  w i l l  be too  smal l  to  

be d e t e c t e d [ 4 0 ]  . I t  i s  p o s s i b l e  t h a t  chaos in  the e a r l y  u n iv e r s e  gave 

r i s e  to  l a r g e  a m pl i tude  g r a v i t a t i o n a l  wave modes but  in  t h i s  epoch 

t h e y  w i l l  have been r e d - s h i f t e d  to  i n d e t e c t a b i l i t y [ 4 1 ] .

By con v e n t io n  the  p o s s i b l e  energy d e n s i t y  in  g r a v i t a t i o n a l  

r a d i a t i o n  i s  r e f e r r e d  to  as  a f r a c t i o n  of  the energy  d e n s i t y  

r e q u i r e d  f o r  c l o s u r e  of  the u n i v e r s e ,  i n  a bandwidth,  6 f~ / ,  about  a 

f r e q u e n c y ,  f .  The mean a m p l i t u d e ,  dependent  on the f r a c t i o n  o f  the 

c l o s u r e  d e n s i t y  a t  a f r e que nc y ,  f ,  w i l l  t hen  be [19 ] :

1 /2
<h> = f 1 / 2h -  ~  S * i n _ 2 6 r °GW "I rlOOHz, (1 .28)

f  L l O ^ J  L f  J

Where h^ i s  the r o o t  s p e c t r a l  d e n s i t y .  O bse rva t ions  have 

a l r e a d y  p l a c e d  a t y p i c a l  l i m i t  of  Qg^<10 f ° r  p e r i o d s  ~

1 0 7 s e c o n d s [ 4 2 ] .  Cur ren t  s t r i n g  t h e o r i e s  of  ga laxy  fo rm a t ion

r e q u i r e  Q g ^ lO  7 C43] .

In  summary, many p o s s i b l e  sou rces  have been conceived of  which 

on ly  the most l i k e l y  have been  in t ro d u c e d  h e r e .  When the next  

g e n e r a t i o n  of  g r a v i t a t i o n a l  antennae.become o p e r a t io n a l  th e r e  may wel l  

be sources  which were never  p r e d i c t e d ,  as has been the case in  o t h e r  

a r e a s  of  as t ronomy.  The doubt  which surrounds the ampl i tudes  and
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waveforms which a p a r t i c u l a r  source may produce or  the  r a t e  a t  

which e v e n t s  a r e  e x p e c t e d  i s  due to  the l a c k  of  d e t a i l e d  i n fo r m a t io n  

f o r  m ode l l ing  p u r p o s e s ,  and i n  some ca se s  the non—d e t e c t i o n  of  the 

p r e d i c t e d  r a d i a t i o n  would be as i n t e r e s t i n g  and i n f o r m a t iv e  as 

d e t e c t i o n .

1 : 4  DETECTORS OF GRAVITATIONAL RADIATION

1 : 4 . 1  INTRODUCTION

The spect rum of  r a d i a t i o n  from the p o s s i b l e  a s t r o p h y s i c a l  

s ou rc e s  of  g r a v i t a t i o n a l  r a d i a t i o n  spans a range of f r e q u e n c i e s  from 

10- ^Hz fo r  l a r g e  b l a c k  h o le  i n t e r a c t i o n s  up to  s e v e r a l  k i l o - H e r t z  

f o r  s t e l l a r  c o l l a p s e s .  I t  i s  c l e a r l y  u n r e a l i s t i c  to  expec t  any 

one d e t e c t o r  system to  be capab le  of  f u n c t i o n in g  a c r o s s  such a 

r a n g e .  E a r t h - b a s e d  d e t e c t o r s ,  fo r  i n s t a n c e ,  a re  l i k e l y  t o  be l i m i t e d  

t o  s i g n a l s  above a few t e n s  of  Her tz  due to  se i sm ic  n o i s e .  Lower 

f r e q u e n c i e s  down to  a few m i l l i - H e r t z  may be d e t e c t e d  by the  Doppler  

t r a c k i n g  o f  s p a c e c r a f t  or  f u l l y  space -borne  sys tem s .  F requenc ies  

below t h i s  may be i n v e s t i g a t e d  through t h e i r  e f f e c t  on p u l s a r  

r o t a t i o n [ 4 2 , 4 4 ] .

1 : 4 . 2  HISTORICAL DEVELOPMENT

In  1960[45]  P r o f e s s o r  Joseph Weber of  the  U n i v e r s i t y  of 

Maryland s t a r t e d  work on the  f i r s t  g r a v i t a t i o n a l  wave d e t e c t o r .  He 

used a l a r g e ,  r e s o n a n t  aluminium bar  w i th  p i e z o - e l e c t r i c  c r y s t a l s
f'

bonded around the  g i r t h  to  d e t e c t  any d i s t u b a n c e s .  A f t e r  a lmost  a 

decade of  development  work Weber announced t h a t  he was d e t e c t i n g  

e v e n t s  which he b e l i e v e d  were due to  g r a v i t a t i o n a l  r a d i a t i o n [ 4 6 ] .
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Weber compared the  o u tp u t  of  two d e t e c t o r s  s e p a r a t e d  by lOOOKm and 

found c o i n c i d e n t  p u l s e s  above the  l e v e l  expec ted  from p u r e l y  random 

f l u c t u a t i o n s  a t  the  r a t e  of  about one p e r  day .  By s tu d y in g  how the 

e ven t  r a t e  v a r i e d  w i th  time Weber deduced t h a t  these  p u l s e s  were 

a r r i v i n g  from the  c e n t r e  o f  the ga laxy .

The e x c i t i n g  r e s u l t s  of  Weber 's  work s t i m u l a t e d  s e v e r a l  groups 

around the  w or ld ,  i n c l u d i n g  one a t  Glasgow U n i v e r s i t y ,  to  b u i l d  t h e i r  

own d e t e c t o r s .  In  the  main these  new d e t e c t o r s  were e s s e n t i a l l y  the 

same as Weber ' s  o r i g i n a l  b a r s  a l though  i n  Moscow c a p a c i t i v e  sensing 

was used and i n  Glasgow s p l i t  mass d e t e c t o r s  were used with the 

p i e z o - e l e c t r i c  c r y s t a l s  sandwiched between the  two m asses .  However, 

d e s p i t e  the f a c t  t h a t  some of  the new b a r s  were more s e n s i t i v e  than 

th e  o r i g i n a l s  no o t h e r  group r e p o r t e d  the  d e t e c t i o n  of  any s i g n a l s  

a p a r t  from one p o s s i b l e  event  a t  G lasgow[47] .

The p r e d i c t i o n s  o f  the  l e v e l s  o f  g r a v i t a t i o n a l  r a d i a t i o n  

e x p e c t e d  a t  the E a r t h  were ve ry  u n c e r t a i n  a t  the  time bu t  even so the 

l e v e l s  which W eber 's  d e t e c t o r  seemed to  be sens ing  were unexpected ly  

h i g h .  His o b s e r v a t i o n s  sugges ted  an enormous l o s s  of  mass from the 

ga la x y  in  the  form of  g r a v i t a t i o n a l  r a d i a t i o n  which was incom patib le  

w i th  any t h e o r i e s  o f  g a l a c t i c  e v o l u t i o n [ 3 ] . F u r t h e r  c a l c u l a t i o n s  on 

l i k e l y  source  s t r e n g t h s  suggest  t h a t  Weber ' s  e v e n t s  were almost 

c e r t a i n l y  not  due to  g r a v i t a t i o n a l  waves.

The l a c k  o f  p o s i t i v e  r e s u l t s  and the  expec ted  l e v e l s  of  

g r a v i t a t i o n a l  r a d i a t i o n  d i scou raged  s e v e r a l  groups who then  l e f t  the 

f i e l d .  However s e v e r a l  groups con t inued  t h e i r  e f f o r t s  to  develop 

d e t e c t o r s  which would have s u f f i c i e n t  s e n s i t i v i t y  to  d e t e c t  the 

p r e d i c t e d  l e v e l s  o f  g r a v i t a t i o n a l  r a d i a t i o n .
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1:4.3 BAR DETECTORS

I t  was t h i s  type of  d e t e c t o r  which Weber deve loped in  the

1 9 6 0 ' s .  The d i f f e r i n g  t i d a l  f o rc e s  a c t i n g  be tween p a r t i c l e s  in  the

b a r  as a g r a v i t a t i o n a l  wave p a s se s  s e t  up s t r e s s e s  w i t h i n  the b a r .

I f  a g r a v i t a t i o n a l  wave p a s s e s  th rough the  b a r  i n  a d i r e c t i o n  wi th  a

component p e r p e n d i c u l a r  to  the  a x i s  of  the  b a r  then  the  r e s u l t i n g
l o n g i t u d i n a l  

s t r e s s e s  e x c i t e  the  normal^ mode of  the b a r .

The d e t e c t o r  i s  analogous  to  the  g e n e r a t o r  of  F igu re  1 . 2 .  The 

two h a l v e s  o f  the  b a r  a c t  as two masses  connec ted  by a s p r i n g ,  the 

s p r i n g  c o n s t a n t  of  the aluminium. Normal ly ,  f o rc e s  o t h e r  than  those 

a s s o c i a t e d  w i th  the  passage  of  a g r a v i t a t i o n a l  wave w i l l  be 

r e s p o n s i b l e  f o r  any d i s t u r b a n c e s  of  the b a r ,  eg .  thermal  f l u c t u a t i o n s  

o r  s e i s m ic  e f f e c t s .  Weber reduced the e f f e c t s  o f  these  sources  of  

n o i se  by suspend ing  h i s  b a r  by a s i n g l e  w i re  in  a vacuum. He d e t e c t e d  

small  movements by bonding p i e z o - e l e c t r i c  c r y s t a l s  round the  g i r t h  of 

the  b a r .  I n f o r m a t io n  about  the  g r a v i t a t i o n a l  wave i s  co n ta in ed  in  the  

am p l i tude  and phase of  the  s ig n a l  from the p i e z o e l e c t r i c  s e n s o r s .

The r e s o n a n t  n a t u r e  of  the ba r  system has the advantage of  

i n c r e a s i n g  the  s e n s i t i v i t y  o f  the ba r  to  c on t inuous  r a d i a t i o n  a t  the  

r e s o n a n t  f r e que nc y  and of  ex tend ing  the d u r a t i o n  of  the s ig n a l  from a 

b u r s t  of  r a d i a t i o n .  In  the  l a t t e r  case the b a r  ' r i n g s '  and the  s ig n a l  

decays w i t h  a t ime r e l a t e d  to  the q u a l i t y  f a c t o r ,  Q, of  the b a r .  The 

d i s a d v a n t a g e  of  the  ba r  i s  t h a t  i t  i s  r e l a t i v e l y  i n s e n s i t i v e  to  

c o n t inuous  r a d i a t i o n  a t  o t h e r  f r e q u e n c ie s  and the  reduced bandwidth 

of  the  p u l s e  d e t e c t i o n  means t h a t  i n f o r m a t io n  on the phase and 

d u r a t i o n  o f  the  p u l se  i s  l i m i t e d .

The l i m i t  to  s e n s i t i v i t y  of  the e a r l y  b a r s  was the motion due 

t o  the  t e m p e ra tu re  of  the b a r .  The b a r  can be t r e a t e d  as a 

s imple o s c i l l a t o r .  The energy  co n ta in ed  i n  the fundamental mode of
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t h e  b a r  i s  t hen :

E ~ Ma>g8x » ~ kT (1 .29)

Where k i s  Bo l tzm ann 's  c o n s t a n t ,  T i s  the  tem pera tu re  of  the

b a r ,  u>o i s the  b a r ' s  r e s o n a n t  f r e que nc y ,  M i s  the  mass of  the 

b a r  and 8x i s  t h e  d i sp lacem en t  of  the end o f  the  b a r .  I t  would seem, 

a t  f i r s t  s i g h t ,  t h a t  t h i s  i s  the  s m a l l e s t  ene rgy  which must be 

d e p o s i t e d  f o r  a s ig n a l  to  be d e t e c t a b l e .  However in  the  case when the

m easur ing  t im e ,  *meas, i s  l e s s  t h a n  the  s t o r a g e ,  or  ' r i n g i n g ' ,  

t ime of  the  b a r  the  s m a l l e s t  d e t e c t a b l e  energy  change i s :

5E ~ < ! • * »

Combining e q u a t io n s  1.29 and 1.30 g i v e s  the  minimum d e t e c t a b l e  

d i s p l a c e m e n t :

1/2
6x ~ J" ^ Tmeas~| (1 .31)

I Mw* J

But t h e  s t o r a g e  t ime,  x , of  the  b a r  i s  r e l a t e d  to  the  q u a l i t y  

f a c t o r ,  Q:

t = (1 .32a)
(i)o

and,

W0L = nvs (1 .32b)

Where L i s  the l e n g t h  of  the  b a r  and v g i s the v e l o c i t y  of  

sound i n  the  b a r  m a t e r i a l .  Now from e q u a t i o n  1 .6  the ampl i tude  of  

the  s i g n a l  i s  r e l a t e d  to  a s t r a i n ,  5 1 / 1 .  T h e r e f o r e ,  the minimum 

d e t e c t a b l e  s t r a i n  i n  a t h e r m a l ly  l i m i t e d  b a r  i s  g iven  by:
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The ampl i tude  s e n s i t i v i t y  o f  a b a r  can be w r i t t e n :

h~2*10“ 19 r T 11 / 2 r T ■|1 / 2r l mij-103k g , l / 2 | . l k H z 1l / 2  1 0 7 .  1 / 2  
L300KJ LlO"3 s J  LL J l  M J L / 2 t t J  L c T J

(1 .34)

C l e a r l y ,  t o  improve the  s e n s i t i v i t y  of  the b a r  t h e r e  a r e  fou r  

a l t e r n a t i v e s :

a) Lowering the t em p e ra tu re  o f  t h e  b a r  to  a few Kelv in  or  f r a c t i o n s  

o f  a K e lv in .

b)  I n c r e a s i n g  the  l e n g t h  of  the  b a r .

c) I n c r e a s i n g  the mass of  the  b a r .

d) I n c r e a s i n g  the Q o f  the  b a r .

In  p r i n c i p l e  i t  i s  p o s s i b l e  to  i n c r e a s e  the s e n s i t i v i t y  by 

red u c in g  Tmeas hu t  t h i s  i s  c o n s t r a i n e d  by o t h e r  f a c t o r s  which 

w i l l  be d i s c u s s e d  l a t e r .  With r e g a r d  to  the above, a l l  of  the  ' s econd  

g e n e r a t i o n '  b a r s  a re  coo led  to  around 4K. I n c r e a s i n g  the  l e n g t h  of  

the  b a r  r educes  the r e s o n a n t  f requency  o f  the b a r  bu t  s in c e  the

o p e r a t i o n a l  f requency  range o f  t e r r e s t r i a l  d e t e c t o r s  i s  i n  the  range

o f  a few hundreds of  Her tz  t o  a few k i l o H e r t z  t h i s  i s  u n d e s i r a b l e .

In  p r a c t i c e  i t  has  p roved  d i f f i c u l t  to  produce l a r g e ,

~103kg,  masses  w i th  ve ry  h ig h  Q. In  t h i s  r e s p e c t  groups have 

d i v e r g e d .  For i n s t a n c e  in  Moscow the  group have chosen to  work w i th  

low masses ,  ~30kg, and h ig h  Q, ~10*, m a t e r i a l s  ( i n i t i a l l y  s a p p h i r e  

and l a t e r  s i l i c o n ) .  In  S t a n fo r d  and elsewhere  the  move has been  

towards h i g h e r  masses ,  ~5000kg, and medium Q, ~ 106 -  1 0 7 .

However, even when the thermal  no ise  problem has been overcome 

t h e r e  s t i l l  remains the  problem of  no ise  in  the a m p l i f i e r  system.



This  no ise  has two m a n i f e s t a t i o n s .  F i r s t l y ,  the  a c t a a l  no i se  of the  

d e t e c t i o n  and a m p l i fy ing  sys tem, the  ' s e r i e s '  n o i s e ,  which i n c r e a s e s  

as  the  measuring t ime d e c r e a s e s  ( i e .  measurement bandwidth

i n c r e a s e s ) .  The second problem i s  due to  ' b a c k - a c t i o n ' ,  the  e f f e c t

the  measurement has on the  b a r .  This,  i s  c a l l e d  the ' p a r a l l e l '  no i se  

and i n c r e a s e s  as the measurement  t ime i s  i n c r e a s e d  ( i e .  measurement  

ba ndwid th  d e c r e a s e s ) . C l e a r l y  f o r  e f f i c i e n t  o p e r a t i o n  of  the b a r  the 

measurement  time w i l l  be c o n s t r a i n e d  by a combina t ion of  the  p a r a l l e l  

n o i s e  and thermal  no i se  a t  one extreme and by the s e r i e s  no i se  a t  the 

o t h e r .

These no i se  s ou rces  can be reduced  in  importance by v a r i o u s

t e c h n i q u e s .  However t h e r e  i s  a more fundamental  problem due to  the

He isenbe rg  U n c e r t a i n t y  P r i n c i p l e .  In  the l i m i t  the b a r ' s  quantum 

n a t u r e  must be taken  i n t o  a c c o u n t .  The s m a l l e s t  d i sp la c em e n t  which 

may be d e t e c t e d  i s  g iven  b y [ 4 8 ] :

Sx = T ] 1 /2  (1 .35)
L Mw J

Obvious ly  f o r  a b a r  d e t e c t i o n  system l i m i t e d  by the 

U n c e r t a i n t y  P r i n c i p l e  a l a r g e  mass w i l l  be an advan tage .  

S u r p r i s i n g l y ,  i t  a ppe a r s  t h a t  i t  may be p o s s i b l e  t o  c i rcumvent  

t h i s  l i m i t  to  some e x t e n t  th rough what have become known as 

Quantum Non-Demoli t ion t e c h n i q u e s [ 4 9 , 5 0 ] .  In  the case o f  a b a r  fo r  

i n s t a n c e ,  the measuring system would be des igned to  measure one phase 

o f  the  b a r ' s  complex a m p l i t u d e ,  composed o f  the r e l a t i v e  p o s i t i o n  

and momentum of  the  b a r ' s  ends ,  and so the e r r o r  from the  measurement 

would e n t e r  the o r th o g o n a l  p h a s e .  Work i s  a l s o  p roceed ing  on systems 

which reduce the b a c k - a c t i o n .
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1:4.4 LASER INTERFEROMETRY

An a l t e r n a t i v e  method of  d e t e c t i o n  i s  to  use n e a r l y  f r e e  t e s t  

masses  and sense the d i sp la c em e n t  caused  by a g r a v i t a t i o n a l  wave

us ing  o p t i c a l  i n t e r f e r o m e t r y . The techn ique  was f i r s t  implemented by

R. Forward i n  1 9 7 1 [ 5 1 ,5 2 ] .  The i n t e r f e r o m e t r i c  d e t e c t o r  has the 

advan tage  t h a t  the  masses  may be s e p a r a t e d  by any d i s t a n c e  up to  the 

l i m i t  t h a t  the  l i g h t  t r a n s i t  t ime i s  equal  to  one h a l f  of  the

g r a v i t a t i o n a l  wave p e r i o d .

Two im p lem e n ta t ions  of  the t e c hn ique  a re  c u r r e n t l y  showing 

most p rom ise ,  see F i g u r e s  1 . 6 ,  1 . 7 .  In  b o th  c ases  the  beam pa th  is

f o ld e d  to  reduce  the  a c t u a l  s e p a r a t i o n  of  the  masses  r e q u i r e d .  In one

type o f  d e t e c t o r  the  p a t h  of  the beam on each pass  fo l lows  a

d i f f e r e n t  course  t o  form an o p t i c a l  d e la y  l i n e .  In  the  second v e r s i o n  

t h e  beams a re  c o l l a p s e d  t o  give a s i n g l e  spo t  on each m i r r o r  and an 

o p t i c a l  c a v i t y  i s  formed between the t e s t  m asses .  Both of these 

t e c h n i q u e s  use two o r th o g o n a l  arm l e n g t h s  to  a l low a s ea rch  fo r  a 

d i f f e r e n t i a l  s i g n a l .  The l i g h t  from each arm may be i n t e r f e r e d  

c o h e r e n t l y  and i n  the e ven t  of  some r e l a t i v e  change i n  the arm 

l e n g t h s  the  o u tp u t  l i g h t  w i l l  be i n t e n s i t y  modula ted .

In  t h e s e  sys tems the masses a r e  i s o l a t e d  from seismic

d i s t u r b a n c e s  by suspend ing  them as pendulums.  The pendulum suspension  

p o i n t s  a re  i s o l a t e d  from se ism ic  no i se  by l ea d  and rubbe r  s t a c k s .

When the  f r e que nc y  o f  the g r a v i t y  wave i s  much g r e a t e r  than  the

pendulum f requency  t h e n  the  masses  a r e  e s s e n t i a l l y  f r e e .  The 

Fabry—P e r o t  t ec h n iq u e  has  been deve loped  a t  Glasgow[53] and 

s u b s e q u e n t ly  a t  the  C a l i f o r n i a  I n s t i t u t e  o f  Technology[54]  and w i l l  

be d i s c u s s e d  in  more d e t a i l  in  the  nex t  c h a p t e r .  The de lay  l ine  

t ec h n iq u e  has  been  deve loped a t  the  Max P lanck  I n s t i t u t e ,  

Germany[55] and a t  the  M assachuse t t s  I n s t i t u t e  of  T e c hno logy [56 ] .
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Interfered Light End MirrorBeam-splitter

Input Beam

-Input Mirror

End Mirror

Figure 1.6 Schematic of the delay line type of interferometer. The light 

traverses each arm of the interferometer (n+1) times and the output 

light recom biner to give fringes.



Interfered Light End Mirror

Beam-splitter

Input Beam

Input Mirror

End Mirror

Figure 1.7 Highly schematic representation of a Fabry - Perot interferometer. 

Light is split into each of the orthogonal optical cavities by a beam splitter 

which also acts to recombine the light leaving the two resonant optical 

cavities. The effective optical length of each cavity is determined by the 

reflectivities of its two mirrors. This has the advantage over Michelson 

systems of using smaller mirrors and therefore requiring smaller vacuum 

tubes.



Consider  the schematic  diagram i n  F ig u re  1 . 6 .  Let  n be the 

t o t a l  number of  r e f l e c t i o n s  of  the  beam i n  the  de lay  l i n e .  Now, 

assuming t h a t  the m i r r o r s  a r e  l o s s l e s s  the  i n t e n s i t y  of  the  

recombined  l i g h t  w i l l  be:

I  = £o ( 1 -  cos  0 ) (1 .36)
2

where the  d i f f e r e n c e  in  phase of  the  two beams i s  d e f in e d  to  be j t - 0 ,  

i e .  t h e  i n t e r f e r o m e t e r  is  a d j u s t e d  t o  a da rk  f r i n g e ,  and I  i s the 

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

m i r r o r s  w i l l  no t  be l o s s l e s s  b u t  w i l l  have a r e f l e c t i v i t y ,  R~1. 

T h e r e f o r e  the  number of  pho tons  d e t e c t e d  a t  the ou tpu t  of  the 

c a v i t i e s  i s  g iven  by:

N = ToRn* ( 1 -  cos  0 ) (1 .37 )
2hf

Where h i s  P l a n c k ' s  c o n s t a n t ,  f  i s  the  f requency  of  the inpu t  

l i g h t  and v i s  the  count ing  t im e .  D i f f e r e n t i a t i n g  the above wi th  

r e s p e c t  t o  0 r e l a t e s  the change i n  the  ou tp u t  photons to a change in  

t h e  phase of  the  recombining beams, i e :

8N = ToRn* s i n  0 80 (1 .38)
2hf

Now c o n s id e r  the l i g h t  in  the  c a v i t y , T h e  t o t a l  o p t i c a l  p a th  

l e n g t h  i s  (n+l)*L ,  where L i s  the  c a v i t y  l e n g t h .  The re fo re  the change

i n  phase of  the  recombining beams, 80 ,  i s  e q u iv a l e n t  to  a change in

c a v i t y  l e n g t h :

60 = 2n(n+1)81 (1 .39)
X

Combining 1.38  and 1.39 r e l a t e s  the  d e t e c t e d  photons to  a
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r e l a t i v e  change in  the  l e n g t h  o f  the c a v i t i e s :

8N = (n+1) s i n  0 81
he

(1.40)

Now in  the  absence o f  e x t e r n a l  p e r t u r b a t i o n s ,  eg.  c a v i t y  

v i b r a t i o n ,  the photons i n  l a s e r  l i g h t  obey P o i s s o n  s t a t i s t i c s .  This  

i s  u s u a l l y  t r u e  a t  s p e c t r a l  f r e q u e n c ie s  of a few MegaHertz and

m odu la t io n  t e c h n i q u e s .  These m odu la t ion  systems g ive  the b e s t  r e s u l t s  

when the  c a v i t i e s  a re  o p e r a t e d  on a da rk  f r i n g e ,  i e  0 = n / 2 .  Hence 

from 1 .37  and 1 .40  the  s m a l l e s t  d e t e c t a b l e  d i sp la c em e n t  i s :

Where s i s  the  p h o to -d io d e  e f f i c i e n c y ,  t y p i c a l l y  30 -  50%.

Th is  e x p r e s s i o n  w i l l  be t r u e  when 80<<0.

Now c o n s id e r  the term Rn ( n + l ) a . As n i n c r e a s e s  the t o t a l

l o s s  o f  l i g h t  due to  r e f l e c t i o n s  from the m i r r o r s  w i l l  reduce the 

s e n s i t i v i t y  ( e x p r e s s i o n  1 .3 8  ) .  However each a d d i t i o n a l  r e f l e c t i o n  

i n c r e a s e s  the  p a th  l e n g t h  by L and i n c r e a s e s  the  s e n s i t i v i t y  up to  

the  l i m i t  (n+l)*L = ^ g / 2 .  To op t im ise  the  f u n c t i o n  use the

r e l a t i o n ,  Rn = exp( n l o g eR ) and d i f f e r e n t i a t e  the term above 

w i th  r e s p e c t  t o  n and s e t  i t  t o  z e ro .  Then us ing  the  approx imat ion

l ° 8 eR -  1 -  R g iv e s :

measurements  a r e  made i n  t h i s  r e g i o n  th rough  the  use o f

4na e l  Rn ( n + 1 ) ar c o s a0 /2
(1.41)

(n + 1) = (1.42)
1 -  R

And so e q u a t i o n  1.41  becomes:
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1 / 2
5 1  > r Ji_oX(l -  R)3 -I ( i .43)

L 16n»6loe"2i: J

Assuming t h a t  0 ~ 0 and 1 -  R << 1.  Now i f  X = 514.5 nm and a 

0 .5  then :

51 -  10-16 (1 -  R)3

*o x

1/ 2
(1 .44)

U sua l ly  the  s i g n i f i c a n c e  of  a no ise  source i s  d e s c r i b e d  in  

te rms  of  the  a p p a re n t  d i s p l a c e m e n t .  By conven t ion  i t  i s  measured as 

the  square  r o o t  of  the  s p e c t r a l  d e n s i t y .  Using the  r e l a t i o n  5 f  = 

1/2x.

51 -  1 .4  ♦ 10~16 1 ~ R m/Hz1/2  (1.45)
I~T7T 

o

The p r e s e n t  g e n e r a t i o n  of  d e t e c t o r s  is approaching  t h i s  

l i m i t  wi th  the power c u r r e n t l y  a v a i l a b l e .  The p r o to t y p e  d e t e c t o r  a t  

Garch ing ,  Germany, c u r r e n t l y  has the  b e s t  s e n s i t i v i t y  in  the  world f o r  

t h i s  sys tem.

I t  would seem from e q u a t i o n  1.45 t h a t  g iven  s u f f i c i e n t  

i s o l a t i o n  from o t h e r  no i se  sources  the  s e n s i t i v i t y  may be in c re as e d  

t o  any d e s i r e d  l e v e l  by i n c r e a s i n g  the  i n t e n s i t y  of  the inpu t  

l a s e r  l i g h t .  However t h e r e  i s  a fundamental  l i m i t a t i o n  to  the 

s e n s i t i v i t y  of  any measurement,  which i s  g iven  by the Heisenberg 

U n c e r t a i n t y  P r i n c i p l e .  Th is  l i m i t  w i l l  be t r e a t e d  l a t e r  s ince  th e r e  

a r e  o t h e r  l i m i t i n g  f a c t o r s  which w i l l  become impor tan t  be fo re  the 

U n c e r t a i n t y  P r i n c i p l e  becomes dominant .

One of  t h es e  f a c t o r s  which must be taken  i n t o  account  i s  the 

t ime which the l i g h t  w i l l  spend in  t r a v e r s i n g  the  c a v i t y ,  the ' l i g h t  

s t o r a g e  t i m e ' .  I f  the  s to r a g e  time exceeds h a l f  of  the g r a v i t a t i o n a l
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wave p e r i o d  t h e n  the  s ig n a l  w i l l  g r a d u a l l y  be c a n c e l l e d  out  by the 

change i n  phase  o f  the g r a v i t a t i o n a l  r a d i a t i o n .  In  de lay  l i n e  

i n t e r f e r o m e t e r s  the  s to r a g e  time i s  c o n t r o l l e d  by changing the 

number of  r e f l e c t i o n s  of  the l a s e r  l i g h t .  In  F a b r y -P e r o t  systems the 

s t o r a g e  t ime i s  c o n t r o l l e d  by a l t e r i n g  the  t r a n s m i s s i v i t y  of the 

in p u t  m i r r o r  in  each c a v i t y .

I t  i s  l i k e l y  t h a t  the next  g e n e r a t i o n  of  i n t e r f e r o m e t r i e  

g r a v i t a t i o n a l  r a d i a t i o n  d e t e c t o r s  w i l l  ach ieve  photon shot  noise  

l i m i t e d  s e n s i t i v i t y  in  s to ra g e  time l i m i t e d  o p e r a t i o n .

However, i t  has  been sugges ted  t h a t  the  photon shot  no ise  

l i m i t  may be reduced  to  some e x t e n t .  One p r o p o s a l [57] -  fo r  use in

the  case  where the number of  r e f l e c t i o n s  o f  the  beams in  the arms i s  

l i m i t e d  by the  s to r a g e  time requ i rem ent  and the  m i r r o r s  a re  very low 

l o s s  -  i n v o lv e s  the r e c i r c u l a t i o n  of  the  l i g h t  l eav ing  the

d e t e c t o r  which e f f e c t i v e l y  i n c r e a s e s  the  i n t e n s i t y  of  the input  

l i g h t ,  t h i s  i s  the  ' s t a n d a r d '  r e c y c l i n g .

In  a n o th e r  form of  r e c y c l i n g ,  r e s o n a n t  r e c y c l i n g ,  the l i g h t  in  

th e  c a v i t i e s  i s  e f f e c t i v e l y  t r a n s f e r r e d  from one arm to a no the r  on a 

t i m e s c a l e  of  h a l f  the p e r i o d  of  the g r a v i t y  wave be ing  searched  f o r .  

The d e t e c t o r  i n  t h i s  i n s t a n c e  i s  somewhat ana lagous  to  the  r esonan t  

b a r ,  s a c r i f i c i n g  bandwidth fo r  s e n s i t i v i t y .

The t ec h n iq u e  of  ' s queez ing  the  vacuum '[58] -  which allows

measurements  t o  be made below the l e v e l  of  photon shot  no ise  -  i s  

p rom is ing  b u t  appears  t o  ho ld  some problems in  i t s  e x e c u t io n  al though 

i t  ha s  been  dem ons t ra ted  r e c e n t l y [59] t o  be f e a s i b l e .

However, as in  the case of the b a r s ,  the fundamental  l i m i t  to  

the  s e n s i t i v i t y  of  the system comes from quantum mechan ics .  I t  has 

been  c a l c u l a t e d [ 6 0 ]  t h a t  the s m a l l e s t  d e t e c t a b l e  d i f f e r e n t i a l  change 

i n  the  l e n g t h s  o f  two c a v i t i e s  i s  given  by:
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81* -  !!!££ (1 .46)
Mb) >

when the  measurement  i s  made at  a f re que nc y ,  m, f a r  above the 

r e s o n a n t  f r e que nc y  o f  the t e s t  mass su s p en s io n  over  a bandwid th ,  5 f .

Th i s  c o r re sponds  t o  an ampli tude  s e n s i t i v i t y ,

h = = f 4118f 11 /2  (1.47)
1 L Mb)a l 3 J

The l i m i t  t o  s e n s i t i v i t y ,  d i c t a t e d  by the  quantum l i m i t ,  can 

be w r i t t e n :

1 / 2
h ~ i o ” 23 r100kgi  r 27Tl° 3 i r lfapi  d . 4 8 >

L m J  L w J L i J

I t  shou ld  be noted  however t h a t  the l e v e l s  a t  which the 

quantum l i m i t  becomes important  fo r  i n t e r f e r o m e t r i c  systems with  

k i l o m e t r e  b a s e l i n e s  i s  ve ry  much lower than  in  the case of  r e sona n t  

Weber b a r s .

1 : 4 . 5  DOPPLER TRACKING OF SPACECRAFT

At f r e q u e n c i e s  below a few Her tz  the  se ism ic  no ise  and 

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

the  development  o f  a g r a v i t a t i o n a l  r a d i a t i o n  d e t e c t o r .  At these  

f r e q u e n c i e s  space—borne systems become n e c e s s a r y .  The e f f e c t  of low 

f r e q u e n c y  g r a v i t a t i o n a l  r a d i a t i o n  on the s e p a r a t i o n  between a 

s a t e l l i t e  and the  E a r th  may be measured to  h igh  p r e c i s i o n .  The 

t e c h n iq u e  was f i r s t  suggested  in  1967[61] and a n a l y s i s  was made of  

p r e - e x i s t i n g  d a ta  in  1971[62] .

The system r e q u i r e s  a s t a b l e  o s c i l l a t o r  ( 'm a s t e r  c l o c k ' )  on

-  3 1  -



E a r t h  which t r a n s m i t s  t o  t h e  s p a c e c r a f t .  The s p a c e c r a f t  then

a m p l i f i e s  and r e t r a n s m i t s  the  s i g n a l .  The f requency of  the s ig n a l  

r e c e i v e d  a t  the E a r th  i s  t h e n  compared to  t h e  m as te r  c lo c k .  A g r a v i t y  

wave w i l l  cause small  Doppler  s h i f t s  in  the frequency  of  the  r e c e iv e d  

s i g n a l ,  8 f / f  ~ h .  Searches  have a l r e a d y  been c a r r i e d  out  w i th  a 

s e n s i t i v i t y ,  h ~ 3 ♦ 10“ ^ 4 [ 6 3 ] ,  to  p u l s e s  of  g r a v i t a t i o n a l

r a d i a t i o n  in  the  f requency  range 10-2  -  10-4  H e r tz .  No s i g n a l s  

were d e t e c t e d  though the  system could be improved. The main

l i m i t a t i o n s  were in  c lo c k  s t a b i l i t y  and f l u c t u a t i o n s  in  r e f r a c t i v e  

index  of  the e a r t h  -  s p a c e c r a f t  medium. In f u tu r e  m is s io n s  these  

e f f e c t s  may be reduced by us ing  more th a n  one t r a c k in g  f re que nc y ,  or  

by i n c l u d i n g  a s t a b l e  c lo c k  on the  s p a c e c r a f t .  Thi s  l a t t e r  scheme[64]

would a l low  measurements to  be made of  o t h e r  p a th s  than  the  s imple

E a r t h  -  s p a c e c r a f t  -  E a r th  l i n k .

A more complex sys tem w i th  g r e a t e r  s e n s i t i v i t y  invo lves  the 

use o f  t h r e e ,  or  more, s a t e l l i t e s .  These s a t e l l i t e s  would employ 

l a s e r  t r a c k i n g ,  e f f e c t i v e l y  an i n t e r f e r o m e t e r  w i th  arm l e n g t h s  of  

10* k i l o m e t r e s [65 ] .  However t h i s  scheme i s  many y e a r s  away a t  

p r e s e n t .

1 : 4 . 6  OTHER DETECTORS

Many a l t e r n a t i v e  systems have been p r o p o s e d [3,22]  and on ly  the 

most p rom is in g  have been  touched upon h e r e .  In  the  event  of  a 

confi rmed  d e t e c t i o n  of  g r a v i t a t i o n a l  r a d i a t i o n  these  a l t e r n a t i v e  

systems may be developed and p ro v id e  new i n fo r m a t io n .

The element  of  r i s k  i n  the  s ea rch  fo r  g r a v i t a t i o n a l  r a d i a t i o n  

cannot  be ig nored .  However the u n c e r t a i n t y  in  p r e d i c t e d  ampli tudes  

and even t  r a t e s  i s  due to  the  p a u c i t y  of  in fo rm a t ion  a v a i l a b l e  from 

the  e l e c t r o m a g n e t i c  spect rum. Th is  i s  the  va lue  of s e a r c h in g  f o r
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g r a v i t a t i o n a l  r a d i a t i o n .  Sea rches  fo r  r a d i a t i o n  a t  the  l e v e l s  

d e s c r i b e d  i n  t h i s  c h a p te r  w i l l  r e v o l u t i o n i s e  oa r  unde rs t a n d in g  o f  the 

u n i v e r s e .  G r a v i t a t i o n a l  waves o f f e r  the chance to  probe General  

R e l a t i v i t y  to  i t s  l i m i t s ,  t o  o b t a i n  in fo r m a t io n  on the  mechanisms of  

s t a r  development  and to  examine the  e a r l i e s t  e r a s  of  the  u n i v e r s e .
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CHAPTER 2

A FABRY-PEROT INTERFEROMETRIC GRAVITATIONAL WAVE DETECTOR 

2 :1  INTRODUCTION

Chapter  one p r e s e n t e d  a review of  the  most l i k e l y  

a s t r o p h y s i c a l  s ou rces  of  g r a v i t a t i o n a l  r a d i a t i o n  and the  ampl i tudes  

expec ted  on E a r t h .  I t  a l s o  d e s c r i b e d  the  main d e t e c t i o n  t ec h n iq u es  

c u r r e n t l y  be in g  deve loped .  Thi s  c h a p te r  opens w i th  a b r i e f  

d e s c r i p t i o n  of  the  c u r r e n t  c o n f i g u r a t i o n  and s e n s i t i v i t y  of  the 

p r o to t y p e  d e t e c t o r  a t  Glasgow. I t  t hen  proceeds  w i th  an i n t r o d u c t i o n  

t o  the  major sou rces  o f  no i se  in  an i n t e r f e r o m e t r i c  g r a v i t a t i o n a l  

wave d e t e c t o r  and the  l e v e l s  a t  which they  may become im p o r ta n t .

A f t e r  the  growth of  the g r a v i t a t i o n a l  r a d i a t i o n  d e t e c t i o n  

e f f o r t  in the wake of  Weber ' s  r e s u l t s  the groups remain ing in  the 

f i e l d  had t o  dec ide  between the c o n s t r u c t i o n  of  more s e n s i t i v e ,  

' s econd  g e n e r a t i o n '  b a r s  or  the development  of  new and p o t e n t i a l l y  

more v e r s a t i l e  t e c h n i q u e s .  The work of t h e o r e t i c i a n s  sugges ted  t h a t

f o r  a r e a s o n a b le  even t  r a t e  a t e r r e s t r i a l  d e t e c t o r  would need a

—11s e n s i t i v i t y  of  h ~ 10 over a bandwidth of  a few hundred

H e r t z .  In  Glasgow, work began on a s m a l l - s c a l e ,  s epara ted -m ass

d e t e c t o r  employing o p t i c a l  i n t e r f e r o m e t r y  to  sense  small  

d i s p l a c e m e n t s .

A f t e r  s e v e r a l  y e a r s  of  development  work a l a r g e r ,  10 metre

b a s e l i n e  system was c o n s t r u c t e d  as a p r o to t y p e  f o r  a g r a v i t a t i o n a l

r a d i a t i o n  o b s e r v a t o r y  w i th  a b a s e l i n e  of  around 1km. A f t e r  some 

i n i t i a l  work w i th  t h r e e - m i r r o r  r in g  c a v i t i e s  i t  was dec ided  to  

o p e ra t e  the  system w i th  tw o-m i r ro r ,  r e s o n a n t  F a b ry -P e ro t
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c a v i t i e s .

The use o f  F a b r y - P e r o t  c a v i t i e s  has the advantage  of  

r e q u i r i n g  s m a l l e r  m i r r o r s  and vacuum p i p e s .  I t  shou ld  be noted  

t h a t  the vacuum system i s  a major  c o s t  i tem in the p roposed  l a r g e  

e x t e n s i o n s  o f  such d e t e c t o r s .  I t  i s  a l s o  b e l i e v e d  t h a t  an 

i n t e r f e r o m e t r i c  d e t e c t o r  b a s ed  on r e s o n a n t  c a v i t i e s  i s  i n t r i n s i c a l l y  

l e s s  s e n s i t i v e  to  the e f f e c t s  of  l i g h t  s c a t t e r e d  w i t h i n  the  c a v i t i e s  

t h a n  the d e l a y  l i n e  sys tem .

Each mass i s  suspended from a pendulum whose r e s o n a n t  

f requency  ( ~ 1Hz ) i s  v e ry  much lower than  the  f r e q u e n c i e s  of  the 

g r a v i t a t i o n a l  r a d i a t i o n  b e in g  sea rc he d  f o r .  In  t h i s  regime the  masses  

a r e  e s s e n t i a l l y  f r e e  t o  respond  to  the  s t r e s s e s  induced  by the 

p a s s i n g  wave. During the  pa s sa ge  o f  a g r a v i t a t i o n a l  wave of  s u i t a b l e  

o r i e n t a t i o n  the d i s t a n c e  between each p a i r  of  masses w i l l  undergo 

d i f f e r e n t i a l  expansion  and c o n t r a c t i o n .

These d e t e c t o r s  a r e  e s s e n t i a l l y  broadband in  n a t u r e ,  un l ike  

the  Weber b a r s ,  which means t h a t ,  in  p r i n c i p a l ,  more i n f o r m a t io n  is  

a v a i l a b l e  about  the a r r i v a l  t imes of  p u l s e s  and the waveforms of  the 

g r a v i t a t i o n a l  r a d i a t i o n .

2 :2  THE PROTOTYPE DETECTOR AT GLASGOW

The p r o to t y p e  d e t e c t o r  i s  housed in  a vacuum system compr is ing 

fou r  t a n k s ,  one a t  each c o r n e r  of  a t e n  metre sq u a re ,  l i n k e d  by 

vacuum p i p e s .  The whole system i s  support ed  by a r i g i d  frame which 

has on ly  four  p o i n t s  of  c o n ta c t  wi th  the  ground th rough  l ea d  and 

ru b b e r  s t a c k s  t o  p ro v id e  i s o l a t i o n  from se ism ic  d i s t u r b a n c e s .

The masses a re  suspended in  the vacuum tanks  a t  t h r e e  c o rn e r s  

o f  the  square  ( see  F ig u re  2 . 1 ) .  Each suspens ion p o i n t  i s  f u r t h e r  

i s o l a t e d  from the  t anks  by l ea d  and rubber  s t a c k s .  To m a i n t a i n  the
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c a v i t i e s  on re sonance  the  o r i e n t a t i o n  o f  each mass mast be 

c o n t r o l l e d .  One of  the  end t e s t  masses  i s  h e ld  in  the  c o r r e c t  

o r i e n t a t i o n  by a magnet ic  d r iv e  system which a c t s  d i r e c t l y  on the 

mass .  The e r r o r  s i g n a l  i s  o b t a in e d  from shadow-meters which are  

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

The c e n t r a l  t a n k  c o n t a i n s  t h r e e  masses  two of  which 

i n c o r p o r a t e  the i n p a t  m i r r o r s  f o r  the two o r th o g o n a l  c a v i t i e s .  The

t h i r d  mass h o ld s  v a r i o a s  o p t i c a l  components a s s o c i a t e d  w i th  i n j e c t i n g  

l i g h t  i n to  the  c a v i t i e s  and s p l i t t i n g  o f f  the  o a t p a t  l i g h t .

The c e n t r a l  masses  a re  o r i e n t e d  by f eed ing  back to  t h e i r

r e s p e c t i v e  su s p e n s io n  p o i n t s .  In  t h i s  case the  e r r o r  s i g n a l s  a re

d e r i v e d  from a s u b s i d i a r y  system of  Hel iam-Neon l a s e r s  and 

p o s i t i o n - s e n s i t i v e  p h o t o d io d e s .

The end mass ment ioned  above,and one of  the c e n t r a l  masses,

form the  p r im a ry  c a v i t y ,  which a c t s  as a s t a b l e  f requency  r e f e r e n c e  

f o r  the  i l l u m i n a t i n g  Argon Ion l a s e r .  The r . f .  s ideband r e f l e c t i o n  

t e c h n i q u e [66] i s  used to  f re quency  s t a b i l i s e  the l a s e r  to  t h i s  

c a v i t y  by a l t e r i n g  the  e f f e c t i v e  l e n g th  of  the  l a s e r  c a v i t y .  This  

a l t e r a t i o n  i s  ach ie ved  by mounting one of  the  l a s e r  m i r ro r s  on a 

p i e z o - e l e c t r i c  t r a n s d u c e r ;  h igh  frequency  changes are  achieved 

th rough  an e l e c t r o - o p t i c  modula to r  w i t h in  the l a s e r  c a v i t y .

The remain ing  c e n t r e  mass and the second end mass form the  

secondary  c a v i t y  which i s  o r thogona l  t o  the  p r im ary  c a v i t y .  The 

second end mass i s  c o n t r o l l e d  by a number of  sys te m s .  The o r i e n t a t i o n  

i s  c o n t r o l l e d  by a system of  Heliam-Neon l a s e r s  and 

p o s i t i o n —sens i t i v e  diodes  which produces an e r r o r  s ig n a l  which i s  

a p p l i e d  t o  the  suspens ion  p o i n t  of  the  mass.  The c a v i t y  l e ng th  i s  

a l s o  m on i to red  by a Helium—Neon l a s e r  which feeds  back through a 

magnet ic  d r iv e  system to  reduce the l a r g e ,  low f requency  f l u c t u a t i o n s  

i n  the c a v i t y  l e n g t h  which would o the rw ise  p rev e n t  the c a v i t y

-  3 6  -



remain ing on r e s o n a n c e .

In t h i s  system the second c a v i t y  has t o  t r a c k  the changes in  

f requency  o f  t h e  inpu t  l i g h t  (or  the change in  l e n g t h  of  the pr imary  

c a v i t y ) . The f i n e  c o n t r o l  of  the  secondary  c a v i t y  l e n g th  is  a l s o  

c a r r i e d  out  th ro u g h  the  magnet ic  d r iv e  system which a t t em pts  to  

m a i n t a i n  t h e  c a v i t y  on resonance .  With t h i s  a rr angement  the  e f f e c t  of  

a g r a v i t a t i o n a l  wave can he mon ito red a t  p o i n t s  w i t h in  the  

se rvosys tem  which m a i n t a i n s  the  seconda ry  c a v i t y  on resonance as an 

a l t e r n a t i v e  to  i n t e r f e r i n g  the ou tpu t  l i g h t .

2; 3 SOME LIMITATIONS TO SENSITIVITY

2 : 3 . 1  PHOTON SHOT NOISE

Cons ider  a l o s s l e s s ,  s i n g l e - p a s s  i n t e r f e r o m e t e r ;  from 

e q u a t io n  1 .3 7  the  number of  photons d e t e c t e d  by a photo-d iode  a t  

the  ou tpu t  i s  g iv en  by:

N = i p * 8 ( 1 -  cos 0 ) (2 .1 )
2hf

Where the  symbols are  as d e s ig n a t e d  i n  the  p r e v io u s  c h a p t e r .  A 

change in  the  r e l a t i v e  l e n g th s  of  the arms of  the  i n t e r f e r o m e t e r ,  51,  

w i l l  produce  a change in  the r e l a t i v e  phase of  the  ou tpu t  l i g h t ,  60,  

where 80 = k81 and k i s  a c o n s ta n t  of  p r o p o r t i o n a l i t y .  Therefore

r e w r i t i n g  2 .1  in  the presence  of  some d i s t u r b a n c e :

5N = I oTe s i n  0 k81 (2.2)
2hf

As in  the  case of  the d e l a y - l i n e  i n t e r f e r o m e t e r ,

d i s c u s s e d  in  the  p r e v io u s  c h a p te r ,  the Fabry—P e r o t  i n t e r f e r o m e t e r  i s  

a r r a nge d  to  l i e  on a da rk f r i n g e  fo r  optimum s e n s i t i v i t y  and the
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o u t -g o i n g  l a s e r  l i g h t  i s  assumed t o  obey Po i s son  s t a t i s t i c s .  The 

d e t e c t i o n  c o n d i t i o n  i s  then  g iven  by:

81 > [• 2 h f5 f  11 /2  (2 .3 )
L I 0 , k *  J

Where f  i s  the f requency  o f  the  inpu t  l i g h t  and 6 f = l / 2 r ,  the  

o b s e r v a t i o n a l  bandwidth of  the  measurement .  R e f e r r in g  to  F igure  2 .1  

l e t  and Rj be the  i n t e n s i t y  r e f l e c t i o n  c o e f f i c i e n t s  of  m i r r o r s

and Mj r e s p e c t i v e l y .  The f i n e s s e ,  F,  o f  the  c a v i t y  i s  d e f in e d

to b e :

F = n (Rl R2 ) 1^4 (2 .4 )
l - f R j R j ) ^ 2

Now when the l i g h t  s t o r a g e  t ime i s  l e s s  than  or c lo se  to

the  g r a v i t a t i o n a l  wave p e r i o d  the  s ho t  no i se  l i m i t  may be shown to

b e [48] :

61 > f hcXSf 11 /2  (2 .5 )
L 8eF*Io J

The l i g h t  s to r a g e  time i s  r e l a t e d  to  f i n e s s e  by:

F = cnTs (2 .6 )
21

and so f o r  p u l s e s  of  o rde r  1msec and an arm l e n g t h  of  1km the f i n e s s e

shou ld  be ~ 500. The re fo re  the s h o t  no i se  l i m i t  f o r  a l o s s l e s s ,

s t o r a g e  t ime l i m i t e d  d e t e c t o r  i s :

h ~  ~  i o - 2 0 |-100W-)l / 2 r 0 . 5 1l / 2 (. lkm-| / h z1 / 2  ( 2 . 7 )

1 L I Q J L e J L 1 J

I n  p r a c t i c e  t h e r e  w i l l  always be some l o s s e s  in  the m i r ro r s
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and th es e  l o s s e s  a f f e c t  the c o n t r a s t  of  the  f r i n g e s .  The s e n s i t i v i t y  

i s  then  m od if ie d  by a f a c t o r  dependen t  on the v i s i b i l i t y  o f  the 

f r i n g e s  and the dep th  of  phase m o d u la t i o n  achieved in  the l a s e r  

f r e q u e n c y  s t a b i l i s a t i o n  s y s t e m [ 6 7 ] . Th is  f a c t o r  i s  t y p i c a l l y  -3 -5  bu t  

may approach  u n i t y  f o r  ve ry  low l o s s  m i r r o r s  ( i e .  l e s s  than  one p a r t  

i n  t e n  t h o u s a n d ) .

The fo rego ing  t r e a tm e n t  assumes t h a t  the ou tpu t  beams

i n t e r f e r e  bu t  i n  the case where each c a v i t y  i s  moni to red  s e p a r a t e l y

1 /  2t he  s e n s i t i v i t y  l i m i t  w i l l  be r a i s e d  by a f a c t o r  2 . I t  should be

no ted  t h a t  the l i g h t  l e v e l s  r e q u i r e d  f o r  these  s e n s i t i v i t i e s  may be 

lowered by the  use of  ' s q u e e z i n g '  and r e c y c l i n g  t e c h n i q u e s .

2 ; 3 . 2  RADIATION PRESSURE

In  the  case where the  s e n s i t i v i t y  o f  a d e t e c t o r  i s  l i m i t e d  

on ly  by photon  shot  no i se  t h i s  l i m i t  may be lowered by i n c r e a s i n g  the  

i n t e n s i t y  of  the  l i g h t  i l l u m i n a t i n g  the i n t e r f e r o m e t e r .  However as 

pho ton  sho t  no i se  f a l l s  w i th  i n c r e a s i n g  power the p o s i t i o n a l  

f l u c t u a t i o n s  of  the  t e s t  masses  caused by r a d i a t i o n  p r e s s u r e  

i n c r e a s e s .  These f l u c t u a t i o n s ,  caused  by the s t a t i s t i c s  of  photon  

r e c o i l  from each mass,  w i l l  l i m i t  the  s e n s i t i v i t y  of  the d e t e c t o r  a t  

some new l e v e l .  Caves has c a l c u l a t e d [ 5 8 ]  t h a t  the optimum l a s e r  power 

i s  g iven  by:

I  mekn (2 .8 )
°P 4Far a

Where m i s  the mass o f  each t e s t  p a r t i c l e  and x i s  

the  d u r a t i o n  of  the measurement .  S u b s t i t u t i n g  f o r  a mass of  10kg, a 

f i n e s s e  o f  500 and a 1msec bandwidth g iv es  an optimum l i g h t  i n t e n s i t y  

of  ~ 5kW. C le a r ly  t h i s  w i l l  on ly  be of  importance fo r  f u t u r e ,  ve ry
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high  power,  d e t e c t o r s .

2 : 3 . 3  THERMAL NOISE

There are  two major  p o s s i b l e  components of  therm al  no i se  in

an i n t e r f e r o m e t r i c  d e t e c t o r .  One a r i s e s  from motions o f  the  pendulums 

which suppo r t  the t e s t  masses  and the second from v i b r a t i o n s  w i t h i n  

the  masses th em s e lv e s .

C o n s i d e ra t i o n  of  the  t r a n s f e r  f u n c t i o n  of  a pendulum[19]

i n d i c a t e s  t h a t  the d i sp l a c e m e n t  of  the  t e s t  mass due t o  thermal  

e x c i t a t i o n  of  the  normal mode f a r  from resonance i s :

Where kT i s  the  thermal  energy  a s s o c i a t e d  w i th  the  resonance  

f r e que nc y ,  f  and q u a l i t y  f a c t o r ,  Q, of the pendulum and m i s  the 

t e s t  mass .  T h e re fo re  the  l i m i t  to  s e n s i t i v i t y  fo r  p u l s e s  of  l e n g t h  x 

w i th  a d e t e c t i o n  bandwid th  l / 2 r  c e n t r e d  about  a f r e q u e n c y  1 / x  i s  

g iven  b y [ 1 9 ] :

To reduce the coup l ing  of  v i b r a t i o n s  of  the  r e s o n a n t  modes of 

the  t e s t  masses i n t o  the  d i sp lacem en t  s e n s i t i v i t y  o f  the 

i n t e r f e r o m e t e r  the lowes t  normal mode i s  chosen to  be much h ig h e r  

t han  the  upper l i m i t  of  the  g r a v i t a t i o n a l  r a d i a t i o n  o b s e r v a t i o n  

'w indow' .  For  a m a t e r i a l  of  d e n s i t y ,  p,  v e l o c i t y  o f  sound,  v ,  and 

q u a l i t y  f a c t o r ,  Q the  l i m i t  to  s e n s i t i v i t y  i s [ 1 9 ] :

51 f ■ :.£ i i o 1 
L 8n3f4mQ  J

4*T fo ! 1 /2  m/Hz1/ 2 (2 .9 )

( 2 . 10 )
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Reasonable  v a l a e s  fo r  Aluminium a re :  v -  3*103m /s ,  p -  

3*103kg/m3 and Q ~ 10* which g ives  a limit to gravitational 

wave sensitivity of:

h ~ 10"22 T —  1 (2 .12)
L 1 J

2 : 3 . 4  SEISMIC NOISE

For a pendulum w i th  a h igh  q u a l i t y  f a c t o r ,  Q, and a r e s o n a n t  

f r e que nc y ,  a)o> a ground m otion ,  &x0 , produces  a d i sp l a c e m e n t ,  

of  the mass a t  a f r e q u e n c y ,  <*>, which i s  g iven  by:

5xl  = f- %  -p (2 .13)
S x Q L to J

u n t i l  f  = (*>oQ a f t e r  which the  t r a n s f e r  f u n c t i o n  f a l l s  o f f  as l/a>.

F igu re  2 .2 [68 ]  shows a composi te  of  measurements of  the 

s p e c t r a l  d e n s i t y  of  ground d i sp lacem en t  a g a i n s t  f r e que nc y .  The source 

of  each curve i s  i d e n t i f i e d  in  the f o o t n o t e .  Curve J r e p r e s e n t s  da ta  

c o l l e c t e d  a t  Glasgow by the  a u tho r  w i th  a seismometer  employing a 

p i e z o —e l e c t r i c  t r a n s d u c e r  to  measure s p e c t r a l  d e n s i t y  of

a c c e l e r a t i o n .  This  i s  then  conve r ted  i n t o  a ground d i sp la c em e n t  curve 

by using the r e l a t i o n s h i p  X =~(2 n fT  X a t  each f re quency  f . This

curve may be approximated  by (10- 2 / f 2 ) m/Hz1/ 2 in  the r e g i o n  from

300 -  700Hz a l though  i t  r i s e s  more s h a r p l y  a t  lower f r e q u e n c i e s .

Measurements t ak e n  by the a u tho r  a t  Tentsmuir  F o r e s t ,  a l i k e l y  s i t e  

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

s l i g h t l y  l e s s  a c t i v i t y  below 300Hz.

By combining t h i s  f i g u r e  wi th  the degree of i s o l a t i o n  o b ta ine d
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Figure 2.2 Several measurements of spectral density of ground 

displacement against frequency. This graph has been reproduced 

from [68] with the addition of recent data collected at Glasgow and in 

the Tentsmuir forest (J, see text).



by a s imple pendalom the  l i m i t  to  s e n s i t i v i t y  i s  g iven  b y [ 1 9 ] :

h ~ 6 » i o  21 r 1 5 !  i r  1 V7 ( 2 . i 4 )
L 1 JL 10 Ssec J

when f Q=lHz.  To ach ieve  a s t r a i n  s e n s i t i v i t y  of  h -  10 ^  the

s u s p e n s io n  p o i n t s  w i l l  c l e a r l y  r e q u i r e  f u r t h e r  i s o l a t i o n ,  p o s s i b l y  by 

the  use o f  p a s s i v e  f i l t e r s  such as l e a d  and rubber  s t a c k s

a n d /o r  a c t i v e  sys tems which s t a b i l i s e  the  pendulum suspens ions  to  

some r e f e r e n c e  p o i n t .

2 : 3 . 5  FREQUENCY NOISE

Frequency  f l u c t u a t i o n s  in  the  l i g h t  i l l u m i n a t i n g  the

i n t e r f e r o m e t e r  w i l l  appear  as a d i sp lacem en t  o f  the  t e s t  masses i f  

the  o p t i c a l  l e n g t h s  of  the c a v i t i e s  are  no t  i d e n t i c a l ,  i e . fo r  a

r e s i d u a l  d i f f e r e n c e  in  l e n g t h ,  A1, between the two c a v i t i e s [67]:

h = —  * (2 .15)
1 I f

The main f a c t o r  in  de te rmin ing  the o p t i c a l  l e n g th  i s  the

f i n e s s e .  Hence

h = (2.16)
F f

So i f  the  c a v i t i e s  are  matched in  f i n e s s e  to  -  1% then  the

—5 - 2 2f requency  f l u c t u a t i o n s  are  c o n s t r a in e d ,  Af < 10 fo r  h ~ 10

Th is  f i g u r e  assumes t h a t  the ou tpu t  l i g h t  from the  c a v i t i e s  i s

i n t e r f e r e d .

When the  ou tpu t  of each c a v i t y  i s  m onitored  s e p a r a t e l y  common 

components may be s u b t r a c t e d  e l e c t r o n i c a l l y .  T y p i c a l l y  the system a t  

Glasgow a c h ie v e s  ~ 12dB of  s u b t r a c t i o n .
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2:3.6 INTENSITY NOISE

The i n t e n s i t y  f l u c t u a t i o n s  i n  the  l i g h t  from an Argon Ion 

l a s e r  a re  many o r d e r s  of  magni tude above shot  no ise  a t  low s p e c t r a l  

f r e q u e n c i e s .  In  ge n e ra l  these  f l u c t u a t i o n s  are c a n c e l l e d  out  by 

i n t e r f e r i n g  the  o u t p u t s  of  two i d e a l ,  i d e n t i c a l  c a v i t i e s .  In  

p r a c t i c e  t h i s  i s  no t  the case though the use of  modulat ion t e c h n iq u e s  

means t h a t  the l i g h t  i s  sampled a t  h i g h e r  s p e c t r a l  f r e q u e n c ie s  where 

i n t e n s i t y  no i se  i s  e s s e n t i a l l y  due t o  photon  shot  n o i s e .  However the  

r e s i d u a l  i n t e n s i t y  f l u c t u a t i o n s  w i l l  couple  to  the s e n s i t i v i t y  

th rough  a s t a t i c  o f f s e t  in  the  f eedback  n u l l  of  the se rvo  which 

m a i n t a i n s  the c a v i t i e s  on r e s o n a n c e [67] .

I f  A1 i s  the  p a th  l e n g t h  d i f f e r e n c e  when the se rvosys tem is  

open- loop  then :

h = i i  = (2 .17)
1 1 I  G

Where G i s  the  open-loop g a in  o f  the  se rvosys tem. C l e a r l y  to  

r educe  the e f f e c t  of  i n t e n s i t y  f l u c t u a t i o n s  on the s e n s i t i v i t y  of  the  

d e t e c t o r  r e q u i r e s  ve ry  high  open- loop g a i n .  The f l u c t u a t i o n s  may a l s o  

be reduced a t  source by p a s s i v e  sys te m s ,  i e .  r e b u i l d in g  the  l a s e r

r e s o n a t o r ,  or  a c t i v e  systems such as t h a t  d e s c r ib ed  in c h a p te r  t h r e e .

2 : 3 . 7  BEAM POSITION-GEOMETRY FLUCTUATIONS

I t  has been shown t h a t  f l u c t u a t i o n s  in  beam p o s i t i o n ,  ang le

and d iam e te r  can couple i n to  d e t e c t o r  s e n s i t i v i t y  as phase no i se  i f  

the  w ave f ron t s  of  the output  beams are  no t  p e r f e c t l y  matched[69]  . In  

f a c t  i t  has been demons tra ted t h a t  the  geometry f l u c t u a t i o n s  i n  the
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beam from a f r e e - r u n n i n g  Argon Ion l a s e r  could l i m i t  the s e n s i t i v i t y  

o f  an i n t e r f e r o m e t e r  a t  a l e v e l  o f [67]:

h = -  10"18 r ^  1 m/Hz1 /2  (2 .1 8 )
1 L 1 J

The s i g n i f i c a n c e  of  t h e s e  f l u c t u a t i o n s  may be reduced  by 

p a s s i n g  the  l i g h t  th rough mode-c lean ing  c a v i t i e s  or  o p t i c a l  f i b r e s  or 

by t h e  use o f  s e r v o - c o n t r o l l e d  m i r r o r s  to  s t a b i l i s e  the beam's  

p o s i t i o n .  The f l u c t u a t i o n s  in  the  l i g h t  e m i t t e d  by the l a s e r  may be 

reduced  by,  f o r  example,  r e b u i l d i n g  the  l a s e r  r e s o n a t o r .  Chapter  f i v e  

d e s c r i b e s  the  i n v e s t i g a t i o n  of  the p o s s i b l e  uses of  o p t i c a l  f i b r e s .

2 : 3 . 8  SCATTERED LIGHT

One of  the r ea sons  t h a t  the Glasgow group opted  f o r

F a b r y - P e r o t  c a v i t i e s  in  t h e i r  p r o to t y p e  d e t e c t o r  was the b e l i e f  t h a t

t h i s  type of  system i s  i n h e r e n t l y  l e s s  s e n s i t i v e  to  s c a t t e r e d  l i g h t

t h a n  the o p t i c a l  de lay  l i n e .  L igh t  w i l l  be s c a t t e r e d  by im p e r f e c t i o n s  

in  the  m i r r o r s  of  each c a v i t y  and so the  f l u c t u a t i o n s  in  s c a t t e r e d  

l i g h t  in  each c a v i t y  w i l l  be u n c o r r e l a t e d .  The re fo re  t h es e  

f l u c t u a t i o n s  w i l l  appear  as phase no ise  in  the  i n t e r f e r e d

l i g h t .

I f  a f r a c t i o n a l  am pl i tude ,  a ,  of  s c a t t e r e d  l i g h t  impinges on 

t h e  m o n i to r ing  pho to -d iode  w i th  a phase v a r i a t i o n ,  0 ,  then  t h i s  w i l l  

give  r i s e  to  phase f l u c t u a t i o n s  i n  the  observed  ou tpu t :

A0 = or s i n  0 (2 .19)

V a r i a t i o n s  in  a or  0 ( f r e q u en c y  f l u c t u a t i o n s )  w i l l  l i m i t  the 

s e n s i t i v i t y  of  an i n t e r f e r o m e t e r .

In  f a c t  the s e n s i t i v i t y  w i l l  be l i m i t e d  t o [6 7 ] :
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h = 2<r ( A f / f )  (2 .20)

And assuming a r e a s o n a b le  v a lu e ,  <y = 0 .0 1 ,  t h e n  aga inmax e

the  f requency  s t a b i l i t y  i s  c o n s t r a in e d  to  Af < 10“ ^ f o r  h ~ 

10~2 2 .

2 : 3 . 9  RESIDUAL GAS NOISE

Res idua l  gas i n  the  vacuum e n c lo s u r e  may a f f e c t  s e n s i t i v i t y  in  

two ways:

P r e s s u r e  f l u c t u a t i o n s  in  the  beam p a th  w i l l  cause v a r i a t i o n s  

in  r e f r a c t i v e  index which w i l l  appear  as phase no i se  in  the l i g h t  

d e t e c t e d  a t  the ou tpu t  of  the  i n t e r f e r o m e t e r .

Second ly ,  the  s t a t i s t i c a l  f l u c t u a t i o n s  of  the r e s i d u a l  gas 

m olecu le s  r e c o i l i n g  from the  t e s t  masses w i l l  c o n t r i b u t e  t o  t h e i r  

thermal  motion .  Th is  has  the  e f f e c t  of r educ ing  the q u a l i t y  f a c t o r  of  

the  pendulum. To avoid  t h e s e  e f f e c t s  l i m i t i n g  the  s e n s i t i v i t y  of  a
_ o

long b a s e l i n e  F a b r y - P e r o t  i n t e r f e r o m e t e r  a p r e s s u r e  of  10 t o r r  i s  

r e q u i r e d [ 1 9 ] .
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CHAPTER 3

THE INTENSITY STABILISATION OF AN ARGON ION LASER 

3 :1  THE REASONS FOR INTENSITY STABILISATION

In an i d e a l  i n t e r f e r o m e t r i c  g r a v i t a t i o n a l  r a d i a t i o n  d e t e c t o r  

the  two o r thogona l  c a v i t i e s  would be i d e n t i c a l  in  a l l  r e s p e c t s  a p a r t  

from t h a t  of  o r i e n t a t i o n .  In  such a symmetric system when the 

c a v i t i e s  were r e s o n a t i n g ,  any no i se  i n t ro d u c e d  e q u a l l y  to  the 

c a v i t i e s ,  f o r  example l a s e r  i n t e n s i t y  n o i s e ,  would be t r a n s m i t t e d  

e q u a l l y  t o  and r e f l e c t e d  from each c a v i t y .  At the  p o i n t  of  

r ec om bina t ion  of  the  l i g h t  from each c a v i t y  any such i n t e n s i t y  

f l u c t u a t i o n s  would be c a n c e l l e d  out  l ea v in g  the asymmetr ic  s ig n a l  

which i s  expec ted  to  be p roduced  by the passage  of  a g r a v i t a t i o n a l  

wave .

In  the Glasgow g r a v i t a t i o n a l  r a d i a t i o n  d e t e c t o r  the c a v i t i e s  

a re  kept  on resonance  by a se rvosys tem u t i l i s i n g  a r e f l e c t i o n  r . f .  

s id eband  techn ique  developed  a t  Glasgow[66] . The l a s e r  i s  f re quency  

locked  to  one of  the 10m long c a v i t i e s  which a c t s  as a r e f e r e n c e .  The 

second c a v i t y  i s  locked  to  the s t a b i l i s e d  l a s e r  l i g h t  and any 

d i s t u r b a n c e  i s ,  in  p r i n c i p l e ,  monito red  a t  the p o i n t  of  r ec om bina t ion  

o f  the  beams. When lock ing  on the feedback n u l l  t h e r e  should  be 

complete  c a n c e l l a t i o n  of  any low f requency ,  excess  i n t e n s i t y  n o i se  on 

the  c o h e r e n t l y  d e t e c t e d  ou tpu t  l i g h t .  However, i n t e n s i t y  no i se  can 

couple  i n t o  the d e t e c t e d  s i g n a l  th rough a s t a t i c  o f f s e t  e r r o r  in  the 

lock ing  p o i n t  of  the  feedback loop .

A spectrum of the n a t u r a l  i n t e n s i t y  f l u c t u a t i o n s  of  an Argon 

Ion l a s e r  i s  shown in  F ig u re  3.1  the l e v e l  of i n t e n s i t y  f l u c t u a t i o n s
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F ig u re  3 .1  Typical  F o u r i e r  spect rum of  the  n a tu r a l  

i n t e n s i t y  f l u c t u a t i o n s  of  an argon  ion l a s e r .  In 

a g r a v i t a t i o n a l  wave d e t e c t o r  employing l a s e r  

i n t e r f e r o m e t r y  such f l u c t u a t i o n s  cou ld  be a 

s e r i o u s  l i m i t a t i o n  to  the s e n s i t i v i t y  ach ieved .

* S p e c t r a  P h y s i c s  164 Argon Ion L a s e r .



a t  1kHz i s  app ro x im a te ly :

“  ~ 10"5 /Hz1' 2 ,3 .1 )
I

The l e v e l  a t  which t h i s  n o i s e  t h e n  coup le s  i n to  the s ig na l  

l o c k i n g  the  second arm i s  e q u iv a l e n t  t o  a d i sp la c em e n t  s ig n a l  given 

b y [ 4 8 ] :

51 = 5 I M  (3 2)

I  G

Where 81 i s  the  d i sp lacement  n o i s e ,  A1 th e  o f f s e t  in  the

c a v i t y  l e n g t h  w i th  the loop open and G i s  the  open loop g a in .

—6 7I n s e r t i n g  t y p i c a l  f i g u r e s  of  A1 = 10 m and G = 10 gives  a

—18 1/2d i s p l a c e m e n t ,  81=10 m/Hz , which may be a s e r i o u s  l i m i t a t i o n  to  

an o p e r a t i o n a l  d e t e c t o r .

I f  the i n c i d e n t  l a s e r  i n t e n s i t y  no i se  can be reduced to

the  l e v e l  of  pho ton  shot  no ise  and the o t h e r  se rvosys tem loops

f o r  l a s e r  f r e que nc y  and c a v i t y  l en g th  c o n t r o l  a re  a l s o  l im i t e d  by

s h o t  n o i se  th e n  the  a s s o c i a t e d  d i sp lacem en t  no i se  i s  g iven  by[19]:

81 = __ . r Xi>c 11 / 2  (3 . 3 )

W  L 2 n I oex 1

Where the  symbols have t h e i r  usual  meanings and e i s  a f a c t o r

t o  accoun t  f o r  the e f f i c i e n c y  of  the  p ho to—diode ( ~ 50%), l g££

i s  the  e f f e c t i v e  l e n g t h  of  the c a v i t i e s  g iven  by 1 f  = 21F/n.  x i s

the  l i g h t  s t o r a g e  t im e,  1 is  the s e p a r a t i o n  o f  the m i r ro r s  and F

i s  the  f i n e s s e  of  the Fabry -Pe ro t  c a v i t i e s .  The two c a v i t i e s  are

matched in  f i n e s s e  to  reduce the coup l ing  of  the frequency  noise  of

the  l a s e r  l i g h t  i n t o  the d e t e c to r  s e n s i t i v i t y [ 6 7 ]  .

T y p ic a l  f i g u r e s  of  X = 514.5 nm, F -  3000, 1 = 10m, x ~ 60*is

-19and I  ~ 30 mW give a di sp lacement  s e n s i t i v i t y  of  81 ~ 2*10
o
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i n  a 1kHz bandwidth around 1kHz.

I t  i s  t h i s  p o t e n t i a l  f o r  a l l ow ing  high  s e n s i t i v i t y  to  be 

a c h i e v e d ,  p a r t i c u l a r l y  as h i g h e r  l a s e r  power becomes a v a i l a b l e ,  t h a t  

p r o v i d e ^  the i n c e n t i v e  fo r  deve lop ing  a l a s e r  i n t e n s i t y  s t a b i l i s a t i o n  

sys tem .

3 :2  DESIGNS FOR A LASER INTENSITY STABILISATION SYSTEM.

La se r  i n t e r f e r o m e t r i c  g r a v i t a t i o n a l  r a d i a t i o n  d e t e c t o r s  a re  

n o t  a lone  in  r e q u i r i n g  l a s e r  i l l u m i n a t i o n  which i s  s t a b i l i s e d  to  a 

h ig h  d e g re e ,  eg: some a p p l i c a t i o n s  in  Spec troscopy  and

Holography ,  and th e r e  a re  s e v e r a l  t ec h n iq u es  which have been 

implemented w i th  good r e s u l t s .

One method i s  t o  u t i l i s e  an a c o u s t o - o p t i c  modula tor  as the 

c o n t r o l  e l e m e n t [ 7 0 ,7 1 ] .  An a c o u s t o - o p t i c  device may be composed of  

any m a t e r i a l  d i s p l a y i n g  the  p h o t o - e l a s t i c  e f f e c t  coupled  to  a 

s t r a i n - i n d u c i n g  t r a n s d u c e r ,  u s u a l l y  a p i e z o - e l e c t r i c  ceramic ,  which 

p roduces  a t r a v e l l i n g  sound wave w i t h i n  the m a t e r i a l .  L igh t  

t r a v e l l i n g  th rough the  c r y s t a l  i s  s c a t t e r e d  from the t r a v e l l i n g

a c o u s t i c  d i s t u r b a n c e  by Bragg d i f f r a c t i o n  and frequency  s h i f t e d  by an 

amount 8 f ,  where 8 f  i s  equal  to  the  frequency  of  the sound wave. 

Varying  the  power to  the t r a n s d u c e r  v a r i e s  the r a t i o  of  the l i g h t  

power i n  each of  the d i f f r a c t e d  ou tpu t  beams and the u n d i f f r a c t e d  

beam. The angle  of  d i f f r a c t i o n  may be c o n t r o l l e d  by va ry ing  

th e  f r e que nc y  of  the sound wave which i s  u s u a l ly  of  the  o r d e r  of  a 

few t e n s  of  Megahertz .  A schematic  of  the  system i s  shown in  F igu re  

3 . 2 .  The pho to -d iode  samples a f r a c t i o n  of  the beam and the

p h o t o —c u r r e n t  i s  compared to  a s t a b l e  r e f e r e n c e .  The d i f f e r e n c e

s i g n a l  i s  a m p l i f i e d  and fed back  to  a v a r i a b l e  r . f .  a m p l i f i e r  t h e r e b y  

m odu la t ing  the  i n t e n s i t y  of  the th rough beam. With care  up to  85% of
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applied field. The broken line indicates the index ellipsoid in 
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the  l i g h t  power may be s c a t t e r e d  i n t o  the f i r s t  s ideband a l though  a 

s t a b i l i s a t i o n  system must be b i a s e d  lower t han  t h i s  f o r  o p e r a t i o n .  

Loop ga in s  o f  up to  80dB a t  low f r e q u e n c ie s  have been r e p o r t e d  in  

am pl i tude  s t a b i l i s a t i o n  systems of  t h i s  s o r t [ 7 0 ] .  In  experiments  

where l i g h t  r e f l e c t e d  back  i n t o  the l a s e r  i s  a problem due to  

f requency  ' p u l l i n g ^  the f i r s t  d i f f r a c t i o n  beam may be s e l e c t e d  fo r  

s t a b i l i s a t i o n  to  p r o v id e  some degree o f  i s o l a t i o n .  The 

r e t r o - r e f l e c t e d  beam w i l l  be f requency  s h i f t e d  to  f  + 28f  or  f  -  26f  

and t h i s  can be a r r a n g e d  t o  l i e  o u t s i d e  the ga in  p r o f i l e  of the  l a s e r  

medium. An a l t e r n a t i v e  scheme of  i s o l a t i o n  i s  to  a r range  t h a t  8 f  be 

equal  to  an odd m u l t i p l e  of  one q u a r t e r  of  the l a s e r  f r e e  s p e c t r a l  

r ange ;  in  t h i s  case  the f re quency  of  the r e t u r n  beam w i l l  l i e  

h a l f - w a y  between two a x i a l  modes where the g a in  medium w i l l  be 

e f f e c t i v e l y  t r a n s p a r e n t .

A second method of  i n t e n s i t y  s t a b i l i s a t i o n  which i s  in  

use in  h igh  power commercial  Argon Ion l a s e r s  i s  the m odula t ion  of 

the  tube c u r r e n t  to  compensate  fo r  f l u c t u a t i o n s  in  o u t p u t .  T y p i c a l l y  

these  systems have a bandwidth  of  a few kHz and a ga in  of  a few t imes 

t e n .  R e c e n t ly  a t  Orsay in  F ra n ce ,  work has been in  p r o g r e s s  on a 

s i m i l a r  system w i th  wider  bandwidth and h i g h e r  g a in .  S uppress ion  

f a c t o r s  of ~ 40dB a t  around 1kHz have been ach ieved  a l though  th e r e  

a re  a s s o c i a t e d  problems of  induced beam p o s i t i o n  or  geometry 

f l u c t u a t i o n s  which may be due to  inhomogenei t ies  in  the  plasma 

induced by c u r r e n t  t r a n s i e n t s .

In  t h i s  c h a p te r  the  r e s u l t s  of experiments  using an 

e l e c t r o - o p t i c  c o n t r o l  e lement  are  p r e s e n te d  and d i s c u s s e d .  There are 

s e v e r a l  commercial i n t e n s i t y  s t a b i l i s e r s  a v a i l a b l e  which u t i l i s e  

e l e c t r o —o p t i c  m o d u la to r s .  One type used a t  Glasgow, the Coherent  

model 307 n o i s e - e a t e r ,  did not  give s u f f i c i e n t  improvement in  the 

l e v e l  of  i n t e n s i t y  n o i s e .
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Examinat ion o f  the  s p e c i f i c a t i o n s  of the  dev ice  i n d i c a t e s  t h a t  

a l l  of  the  g a in  i s  no t  be ing  seen  and t h i s  i s  a f u r t h e r  r ea son  for  

i n v e s t i g a t i n g  what  l i m i t a t i o n s  t h e r e  may be f o r  such a system.

The e l e c t r o - o p t i c  e f f e c t  i s  found in  c r y s t a l s  which d i s p l a y  an 

e l e c t r i c a l  a n i s o t r o p y ,  t h a t  i s  the  p o l a r i s a t i o n  v e c t o r  produced by an 

a p p l i e d  f i e l d  i s  dependent  on the  d i r e c t i o n  of  t h a t  f i e l d  w i th  

r e s p e c t  t o  the c r y s t a l  l a t t i c e .  Th is  i s  g e n e r a l l y  t r u e  o f  c r y s t a l  

s t r u c t u r e s  which do no t  have in v e r s io n  symmetry. One of  the 

consequences of  t h i s  i s  t h a t  l i g h t  t r a n s m i t t e d  th rough such a c r y s t a l  

w i l l  e ncoun te r  v a ry in g  r e f r a c t i v e  i n d ic e s  as i t  v a r i e s  in  o r i e n t a t i o n  

or  p o l a r i s a t i o n .  The c r y s t a l  has t h r e e  p r i n c i p a l  d i e l e c t r i c  axes;  

x ,  y ,  z [ 7 2 ] . A commonly used c r y s t a l  i s  Ammonium Dihydrogen Phosphate  

(ADP) which has a f o u r - f o l d  a x i s  of  symmetry which by conven t ion  i s

t a k e n  to  be the z ,  or  o p t i c ,  a x i s .  The o p t i c  ax is  i s  t h a t  d i r e c t i o n

in  the c r y s t a l  in  which,  i n  the absence of an e l e c t r i c  f i e l d ,

u n p o l a r i s e d  l i g h t  i n c i d e n t  on the c r y s t a l  w i l l  undergo no

r e l a t i v e  p h a s e - s h i f t  of  i t s  p o l a r i s a t i o n  components.

The index e l l i p s o i d  i s  a use fu l  r e p r e s e n t a t i o n  of  the  e f f e c t s  

o f  the e l e c t r i c a l  a n i s o t r o p y  of  the c r y s t a l  on u n p o l a r i s e d  l i g h t .  

Th is  i s  an e l l i p s e  of  r e v o l u t i o n  around the o p t i c  a x i s .  The r a d i u s  a t  

an a ng le ,  0 ,  i s  p r o p o r t i o n a l  t o  the  inverse  of  the  r e f r a c t i v e  index 

i n  t h a t  p o l a r i s a t i o n  d i r e c t i o n .  For example, fo r  a p e r f e c t  c r y s t a l  in 

the  absence of  any a p p l i e d  f i e l d  the p r o j e c t i o n  of  the index 

e l l i p s o i d  on to  a p lane  p e r p e n d i c u l a r  to the o p t i c  a x i s  would be 

a c i r c l e  -  a l l  p o l a r i s a t i o n s  p ropaga te  a t  the same v e l o c i t y .  When a 

f i e l d  i s  a p p l i e d  p a r a l l e l  to  the o p t i c  ax is  the p r o j e c t i o n  becomes an 

e l l i p s e  wi th  the  major and minor ,  ( x '  and y* ) ,  axes  a t  45 to  the 

p r i n c i p a l  d i e l e c t r i c  axes;  c f .  F igure  3 . 3 .  I f  p lane  p o l a r i s e d  l i g h t  

i s  now i n c i d e n t  on the c r y s t a l  and the p lane  of  p o l a r i s a t i o n  is  

p a r a l l e l  to  one of  the  p r i n c i p a l  axes ,  eg.  x, then  the l i g h t  can be
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r e s o l v e d  i n t o  two o r thogona l  p o l a r i s a t i o n  components p a r a l l e l  to  the 

e l l i p s o i d  axes x '  and y ' .  These components w i l l  be su b je c t  to  

d i f f e r e n t  i n d i c e s  o f  r e f r a c t i o n  and w i l l  p r o p a g a te  through the 

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

T h e r e f o r e  g iv en  an i n c i d e n t  f i e l d  p lane  p o l a r i s e d  in  the x 

d i r e c t i o n :

Ex = EQ cos(  not + 0O ) (3 .4)

Then the  two o r thogona l  p o l a r i s a t i o n  components w i l l  be

Ex , = cos(  wt + 0o ) (3 .5a)

Ey» = cos(  0)t + 0o ) (3.5b)

Then a f t e r  t r a v e r s i n g  the c r y s t a l  the two components w i l l

have undergone a phase s h i f t  6 x ' and 8 y '  r e s p e c t i v e l y .  This

phase  s h i f t  i s  g iv e n  by:

5X» = 27inx ,L (3#6)

Where n ^ ,  i s the r e f r a c t i v e  index a p p r o p r i a t e  to  l i g h t  

p o l a r i s e d  in  the  d i r e c t i o n  of  the x '  a x i s  and i s  g iven  by:

v = " 0 + -  rn£Ez ( 3 -7)
2

Where r  i s  the l i n e a r  e l e c t r o - o p t i c  c o e f f i c i e n t  

a p p r o p r i a t e  t o  the a x i s  of p r o p a g a t io n  and the d i r e c t i o n  of  the 

a p p l i e d  f i e l d  and nQ i s  the index of  r e f r a c t i o n  in  the absence of 

any f i e l d .  The va lu e  of  n^., i s  given  by a s i m i l a r  e x p re s s io n :
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V  = n0 -  -  r n £Ez (3.8)
2

T h e r e f o r e  the  two components w i l l  undergo a d i f f e r e n t i a l  phase

c h a n g e :

= »0 + 40 ( 3 . 9 . )

8 y ’ = 0O -  40 (3.9b)

and

A0 = n r n oV (3.10)
X

The emerging beams w i l l  then  be of  t h e  form:

Ex t = ^  cos( wt + 0q + A0) , (3 .11a)

Ey » = ^  cos(  wt + 0Q -  A0) (3.11b)

I f  a p o l a r i s a t i o n  a n a ly s e r  i s  now p l a c e d  a f t e r  the  c r y s t a l  

w i th  i t s  o r i e n t a t i o n  or thogonal  to  the  i n c i d e n t  wave of  e q u a t i o n  3.4 

t h e n  the  t r a n s m i t t e d  beam w i l l  be the sum of  two components:

E., = V  (3 .12a)
i  r r n

and

E2 = -  (3.12b)

E , and E_» a re  as given  in  e q u a t io n s  3.11a  and 3.11b z y

and i t  can be seen  t h a t  the output  i n t e n s i t y ,  I ,  w i l l  be:

I  = I Q s i n 2(A0) (3.13)
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Where I q i s the i n t e n s i t y  of  the  i n p a t  l i g h t  of  equa t ion  3 . 4 .

I f  i s  u se fu l  t o  d e f i n e  a ha lf -wave  v o l t a g e ,  V which
71 *

i s  the  v o l t a g e  t h a t  w i l l  produce  a r e l a t i v e  phase s h i f t  of  2A0 = n or  

k / 2 .  Th is  r e p r e s e n t s  a r o t a t i o n  of  the  p l an e  of  p o l a r i s a t i o n  o f  the 

in p u t  beam of  90°.  In  the  system d e s c r i b e d  above with  c ro s s e d

p o l a r i s e r s  the  ou tpu t  beam would be equa l  in  i n t e n s i t y  to  the  input

beam n e g l e c t i n g  r e f l e c t i o n  l o s s e s .

From e q u a t i o n  3.10:

V = (3 .14)
2 r n 3o

And so e q u a t i o n  3.13 becomes:

I  = I Q s i n 2 £ * 1 (3 .15)
2 Vn j

Where, V -  VQ + / -  Vs ^g. VQ i s  the  b i a s i n g  v o l t a g e  which

d e te r m in e s  the pe rc e n ta g e  of  l i g h t  t r a n s m i t t e d  and Vs ^g i s  a

m o d u la t i o n  s ig n a l  a p p l i e d  to  the c r y s t a l .

Th is  a r rangement ,  t o g e t h e r  w i th  a feedback se rvosys tem  of 

s u i t a b l e  d e s ig n ,  w i l l  form the b a s i s  of  an e l e c t r o - o p t i c  i n t e n s i t y  

s t a b i l i s e r .  By app ly ing a s u i t a b l e  b i a s  v o l t a g e  to  the Pocke ls  c e l l  

any r e q u i r e d  f r a c t i o n  of  l i g h t  can be t r a n s m i t t e d .  Sampling some 

p o r t i o n  o f  t h i s  t r a n s m i t t e d  l i g h t  and comparing the s i g n a l  to  a

s t a b l e  r e f e r e n c e  p rov ides  i n fo r m a t io n  f o r  a feedback loop .  There a re  

two main d i sa d v a n tag e s  to  the  arrangement  as o u t l i n e d  above.

F i r s t l y ,  the s i n 2 dependence of  the t r a n s m i t t e d  l i g h t

i n t e n s i t y  w i l l  reduce the loop g a in  of  the  servosystem to ze ro  as the 

b i a s  v o l t a g e ,  V approaches V^. Large i n t e n s i t y  e x c u r s io n s  w i l l  

a l s o  cause the se rvosystem to  ove rshoo t  the  top of  the t r a n s m i s s i o n  

curve and e n t e r  a r eg io n  where the feedback becomes p o s i t i v e  and w i l l  

cause the a m p l i f i e r s  to  s a t u r a t e .
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The second d i s a d v a n ta g e  i s  r e l a t e d  to  the choice of  axes in  

t he  c r y s t a l .  The r equ i r em e n t  t h a t  the  a p p l i e d  f i e l d  be p a r a l l e l  to  

t he  z a x i s  means t h a t  the  e l e c t r o d e s  most cover  the inpa t  and o a tp a t  

f a c e s  o f  the  c r y s t a l .  Th is  i s  u s u a l l y  ach ieved  with t h i n  meta l  or 

m eta l  oxide  f i l m s .  For  g r e a t e r  t r a n s m i s s i o n  and h i g h e r  power c a p a c i t y  

i t  i s  p o s s i b l e  to  compromise w i th  the  r equirement  f o r  f i e l d  

u n i f o r m i t y  by us ing  r i n g  e l e c t r o d e s [ 7 3 ] .

The t r a n s v e r s e  e f f e c t  Pocke ls  c e l l  i s  more use fu l  i n  t h i s  case 

because  the  e l e c t r o d e s  w i l l  no t  i n t e r f e r e  w i th  the t r a n s m i s s i o n  of  

the  beam. There i s  a second advantage in  t h a t  the r e t a r d a t i o n  in  a 

t r a n s v e r s e  e f f e c t  c r y s t a l  i s  p r o p o r t i o n a l  to  the l e n g th  of  the 

c r y s t a l , c f .  e q u a t i o n  3 .1 6 a ,  and so the v o l t a g e  may be reduced  by 

s e l e c t i n g  l a r g e r  c r y s t a l s .  As w i th  the  l o n g i t u d i n a l  e f f e c t  the  f i e l d  

i s  a p p l i e d  along  the  z a x i s ,  a l t h o u g h  the l i g h t  is  t r a n s m i t t e d  along 

the  y '  a x i s .  The p r i n c i p a l  axes  of  the  index e l l i p s o i d  in  the 

p r e s e n c e  o f  an a p p l i e d  f i e l d  a re  now x '  and z .  Thus the r e t a r d a t i o n  

i n  t h i s  case  w i l l  be:

5 x ' = 0 + 2,1 r n 3 ^  (3 .16a)
0 T  o —X D

and

8z = 0 + 2nnz (3 .16b)
° T ~

D i s  the e l e c t r o d e  spacing and L i s  the c r y s t a l  l e n g t h .  And by 

combining e q u a t io n s  3.16a  and 3.16b i t  can be shown t h a t :

A0 = 2n ( n -  n )L -  rn* ^  (3-17)
  o  Z  - 7  oX X D

The v o l t a g e - in d e p e n d e n t  term w i l l  b i a s  the t r a n s m i s s io n  c u rve .

However, s in c e  L and D are c o n s t a n t s  of  the c r y s t a l  i t  can be seen
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t h a t  e q u a t io n  3 .1 5  i s  s t i l l  v a l i d .

A f a r t h e r  o p t i o n  which w i l l  improve the r e l a t i v e  phase change, 

0 ,  p e r  v o l t  i s  to  use a 4 5 ° - c u t  t r a n s v e r s e  c r y s t a l [74,75]  . For 

i n s t a n c e ,  i n  a 45° x - c u t  t r a n s v e r s e  c r y s t a l  the b i a s  v o l t a g e  is  

a p p l i e d  p a r a l l e l  to  the  x a x i s .  The i n c i d e n t  beam i s  a r ranged  to  be 

o r thogona l  to  t h i s  a x i s  and a t  45° to  the y and z a x e s .  When a 

v o l t a g e  i s  a p p l i e d  t hen  the  axes r o t a t e  by 45° about  the  x a x i s .  

The index e l l i p s o i d  i s  then  de te rm ined  by the v o l t a g e  independent  x 

term and the v a ry in g  z '  t e rm .  The v o l t a g e  dependent  term i s  of  the 

same form as in  e q u a t i o n  3 .1 7 .  The a p p r o p r i a t e  l i n e a r  e l e c t r o - o p t i c  

c o e f f i c i e n t ,  r ,  i s  more t han  a f a c t o r  of  t h r e e  l a r g e r  fo r  t h i s  

a rr angement  t h a n  f o r  the  l o n g i t u d i n a l  or t r a n s v e r s e  mode.

An advantage  o f  the  s t a t i c  b i r e f r i n g e n c e ,  which a r i s e s  in  

e q u a t i o n  3 .17 ,  i s  t h a t  i t  can be used to  a l i g n  the  Pocke ls  c e l l  

c o r r e c t l y .  The p o l a r i s e r s  a re  a r ranged  to  be p a r a l l e l  ( i n  the absence 

o f  the  Pocke ls  c e l l )  and th e n  the o r i e n t a t i o n  of  the Pocke ls  c e l l  

between the p o l a r i s e r s  i s  a d j u s t e d  to  give a t r a n s m i s s io n  maximum. At 

t h i s  p o i n t  the  p lane  o f  p o l a r i s a t i o n  i s  p a r a l l e l  to  one of the 

p r i n c i p a l  axes s in c e  no p o l a r i s a t i o n  r o t a t i o n  i s  t a k in g  p l a c e .  The 

Pocke ls  c e l l  i s  t h e n  r o t a t e d  by 45°.  The outpu t  p o l a r i s e r  may then 

be o r i e n t a t e d  e i t h e r  p a r a l l e l ,  or  o r thogona l ,  to  the  o r i e n t a t i o n  of 

the  inpu t  p o l a r i s e r  depending on the r equ i rem ents  of  the p a r t i c u l a r  

expe r im en t .  The cho ice  of  p a r a l l e l  p o l a r i s e r s  w i l l  give  r i s e  to  a 

c o n s t a n t  phase term of n /2  i n  the b i a s  curve and the t r a n s m i s s i o n  

now t ak e s  on a cos* dependence.

The i n i t i a l  s t a t i c  b i r e f r i n g e n c e  o f  the  c r y s t a l  is

t em pe ra tu re  dependent  and t h i s  w i l l  l ead  to  v a r i a t i o n s  in  the

b i a s i n g  of  the  i n t e n s i t y  modulator  un less  some compensat ion is

p r o v id e d .  There a re  two methods by which t h i s  can be achieved 

p a s s i v e l y [ 7 6 ] , bo th  invo lv ing  a second c r y s t a l  equal  in  l e n g t h  to
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the  f i r s t .  In  t h e  P o c k e l s  c e l l  u t i l i s e d  fo r  t h es e  experiments  the 

second ,  compensa t ing ,  c r y s t a l  i s  r o t a t e d  by 90° about  the ax is  of 

beam p r o p a g a t i o n  and th e  v o l t a g e  i s  a p p l i e d  to  the  second c r y s t a l  in 

the  o p p o s i t e  sense to  the  f i r s t .  The re fo re  the y '  component of the 

f i r s t  c r y s t a l  w i l l  be the x '  component of the second c r y s t a l  and 

t h e r e  w i l l  be no n e t  change w i th  t em pera tu re  of  the pe rc e ive d  

s t a t i c  b i r e f r i n g e n c e .  Conversely,  s in ce  the v o l t a g e  i s  r e v e r s e d  in  

t h e  second c r y s t a l  the  phase change due to  the  a p p l i e d  v o l t a g e  w i l l  

be complementary.

I f  a 45° x - c u t  c r y s t a l  i s  used th e n  the  problem of  

beam 'w a l k - o f f '  must a l s o  be c o n s id e r e d .  Since the i n c i d e n t  beam is  

n e i t h e r  p a r a l l e l ,  or p e r p e n d i c u l a r ,  to  the o p t i c  ax i s  then  one of  the 

p o l a r i s a t i o n  components w i l l  be d e v ia t e d  in  p a s s in g  through the 

c r y s t a l  -  the  s o - c a l l e d  e x t r a - o r d i n a r y  r a y .  I f  two c r y s t a l s  are  used 

as above to  c o r r e c t  f o r  the t em pera tu re  dependence of the s t a t i c  

b i r e f r i n g e n c e  then  th e  dive rgence  w i l l  be p r e s e n t  in  two dimens ions.  

To p r e v e n t  beam d ive rgence  and reduce the e f f e c t  of  t em pera tu re  

f l u c t u a t i o n s  a s e t  of  four  c r y s t a l s  i s  used.  The f i r s t  p a i r  w i l l  

d e v i a t e  and th e n  c o r r e c t  one of the p o l a r i s a t i o n  components.  A 

p a i r  may be composed of  two x—cut  or two y—cut  c r y s t a l s  with  the 

v o l t a g e  a p p l i e d  in  the  opp o s i t e  sense to  the second c r y s t a l  of  the 

p a i r .  A l t e r n a t i v e l y ,  one x—cut  and one y—cut  c r y s t a l  may be used to  

form a p a i r .  The advantage of  t h i s  second arrangement  i s  t h a t  the 

v o l t a g e  i s  a p p l i e d  i n  the same sense to  both  c r y s t a l s  and so the 

c r y s t a l s  may be in  c o n t a c t .  The second c r y s t a l  p a i r  w i l l  be r o t a t e d  

by 90° about  the  a x i s  o f  beam p ro p ag a t io n  and w i l l  perform the same 

f u n c t i o n  f o r  the second p o l a r i s a t i o n  component. A l t e r n a t e  c r y s t a l s  in  

the  arrangement  w i l l  compensate fo r  the tem pera ture  dependence of  the 

s t a t i c  b i r e f r i n g e n c e .
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3; 3 CONSTRUCTION OF AN INTENSITY STABILISATION SERVOSYSTEM.

The p r im a ry  de s ign  aim of  the  proposed i n t e n s i t y  

s t a b i l i s a t i o n  system was to  achieve  p h o to n -n o i s e  l i m i t e d  performance 

i n  t h e  l a s e r  l i g h t  a t  low (<few kHz) f r e q u e n c i e s .  A small  sample, 

n o m in a l ly  lmW, of  l i g h t  would be s p l i t  o f f  from the main beam on to  a 

l ow -no ise  p h o to -d io d e  and the  p h o t o - c u r r e n t  compared to  a cons tan t  

r e f e r e n c e .  The r e s u l t a n t  s igna l  would be a m p l i f i e d  and f i l t e r e d  and 

fedback  t o  an e l e c t r o - o p t i c  modu lato r  t o  a t t a i n  p h o ton -no i se  l im i t e d  

s t a b i l i t y  in  the  sample.  The c o n t r o l  e lement  was chosen to  be a 

4 - c r y s t a l  4 5 ° - t r a n s v e r s e - c u t  ADP Pocke ls  c e l l  with a ha lf-wave 

v o l t a g e ,  V of  280V. This  may be compared with a t y p i c a l  

ha l f -w a v e  v o l t a g e  of  lOkV for  a s i n g l e - c r y s t a l ,  l o n g i t u d i n a l  mode ADP 

P o c k e l s  c e l l .

S t a r t i n g  w i th  t h i s  i n fo rm a t ion  i t  i s  p o s s i b l e  to  c a l c u l a t e  

some of  the  n e c e s s a r y  system pa ramete rs  which the des ign  w i l l  have to  

s a t i s f y .

The r equ i rem en t  i s  f o r  pho ton-no i se  l i m i t e d  performance in  lmW 

which i s  a t  the l e v e l :

t L  ~ 7 ♦ 10” 8 /Hz1/2 (3.18)
I

La se r  i n t e n s i t y  f l u c t u a t i o n s  a t  low f r e q u e n c ie s  (2-300 Hz) 

have been found t o  be as l a r g e  as:

i f  -  7 *  1 0 " 5 /H z 1 / 2  ( 3 . 1 9 )
I

At d . c .  the  v a r i a t i o n  in  i n t e n s i t y  may be of  the  o rder  of 

1 -  3%. T h e r e f o r e ,  the  system w i l l  need to  have a c lo se d  loop ga in

g r e a t e r  t han  10^ a t  low f r e q u e n c ie s .  I t  i s  im por tan t ,  however,  t h a t

the system does no t  d i s t u r b  the pho ton -no i se  l i m i t e d  c h a r a c t e r i s t i c s
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of  t h e  l a s e r  ou tpu t  a t  h ig h e r  f r e q u e n c i e s  where r a d i o  f requency 

se rv o s y s te m s  a re  in  use and to  comply w i th  these  h igh  f requency 

r e q u i r e m e n t s  the u n i t y  g a in  p o i n t  was chosen  t o  be a t  100kHz.

To s a t i s f y  these  r equ i rem en ts  w i l l  r e q u i r e  a c i r c u i t  with a 

h ig h  d . c .  g a in  which w i l l  r o l l  o f f  s t e e p l y  to  the un i ty  ga in  

c r o s s o v e r  p o i n t  w i thou t  l o s s  of  s t a b i l i t y .  A c i r c u i t  of ' b y p a s s '  

d e s ig n  was proposed  as be ing  most s u i t a b l e  f o r  t h i s  a p p l i c a t i o n .

The c i r c u i t  i s  c o n s t r u c t e d  on a c o p p e r - p l a t e d  p l a s t i c  board 

which p r o v id e s  a good e a r t h  p lane  and f a c i l i t a t e s  s h i e l d i n g  of  the 

components from power l i n e  noi se  which could  a f f e c t  the performance 

of  such a high  g a in  c i r c u i t .

The s i g n a l  from a pho to-d iode  i s  compared to  a s t a b l e  d . c .  

r e f e r e n c e  a t  the inpu t  of a h igh  g a in ,  wide bandwidth AD-50J

o p e r a t i o n a l  a m p l i f i e r .  The ou tput  i s  t hen  s p l i t  i n t o  two b ran c h e s .  

One p a r t  of the s ig n a l  i s  f u r t h e r  a m p l i f i e d  by a f a s t  o p e r a t i o n a l  

a m p l i f i e r  (OEI 9826) and a p p l i e d  to  one s id e  of  the modulator  through 

a r e s i s t o r .  Th is  r e s i s t o r  in  s e r i e s  w i th  the  c a pac i tance  of  the 

P o c k e l s  c e l l  de te rm ines  the high f requency  r o l l - o f f  of the system 

g a i n .  The upper c o rne r  f requency i s  -  70kHz.

The second branch  of the c i r c u i t  a m p l i f i e s  and f i l t e r s  the 

low f re que nc y  s ig n a l  and a p p l i e s  i t  d i f f e r e n t i a l l y  to  bo th  s id e s  of 

t h e  m odu la to r  v i a  high  vo l tage  o p e r a t i o n a l  a m p l i f i e r s  (Burr Brown 

3583) a r r a n g e d  to  have a t o t a l  ou tpu t  swing o f  + / -  200V. In  e a r l y

e x p e r im e n t s  the  d . c .  b i a s  p o in t  of the modula to r  was s e t  by a l a r g e  

bank of  b a t t e r i e s  in  s e r i e s  with the ou tpu t  of  one s ide  of  the high 

v o l t a g e  a m p l i f i e r .  Small c o r r e c t i o n s  t o  the  b i a s i n g  p o i n t  were made 

w i th  a v a r i a b l e  d . c .  supp ly  summed w i th  the  inpu t  to  one of the h igh  

v o l t a g e  a m p l i f i e r s .  In  l a t e r  experiments  a v a r i a b l e  d . c .  supply was 

a m p l i f i e d  and summed wi th  the input  to  one of the h igh  v o l t a g e

a m p l i f i e r s  t o  ach ieve  b i a s i n g .  The f i n a l  c i r c u i t  c o n f i g u r a t i o n  i s
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shown i n  F ig u re  3 . 4 .

The c a l c u l a t e d  open loop g a in  o f  the  c i r c u i t ,  shown in  F igu re  

3 . 5 ,  has  a d . c .  g a in  of  around 90dB f a l l i n g  o f f  s t e e p l y  above a few 

hundred  Her tz  to  around 10kHz approaching  ~ 18dB/octave between 1 

and 3 kHz. Above 10kHz the  r o l l - o f f  i s  approx im ate ly  6dB/oc tave

th rough  the  u n i ty  g a in  p o i n t  a t  around 100kHz. A more complete

c i r c u i t  a n a l y s i s  i s  p r e s e n t e d  i n  Chapter  4 .

3 : 4  OPERATION OF AND RESULTS FROM THE SYSTEM.

The l i g h t  source to  have i t s  i n t e n s i t y  s t a b i l i s e d  was a

S p e c t r a  P h ys ic s  model 165 Argon Ion l a s e r  w i th  a t y p i c a l  ou tpu t  of
longitudinal mode of the 

500mW on a s i n g l e  /\ g reen  l i n e .  For an approx im ate ly  l i n e a r

r e s p o n s e  and f o r  l a r g e s t  c l o s e d - l o o p  g a in ,  the i n t e n s i t y  m odu la t ion

system shou ld  be b i a s e d  a t  V =V / 2 .  This  c o n d i t i o n  i s  no to n

d e s i r a b l e  because i t  r e q u i r e s  t h a t  50% of  the l a s e r  ou tpu t  be 

r e j e c t e d .  However a t  high  Vq t h e  c i r c u i t  w i l l  lose  lock  more o f t e n  

-  due to  the  l a r g e ,  low f requency  l a s e r  i n t e n s i t y  e x c u r s io n s  -  and 

s u f f e r  a r e d u c t i o n  in  c lo s e d - lo o p  g a in .

In  normal o p e r a t i o n  the  s t a b i l i s a t i o n  system i s  b i a s e d  to  

a l l ow  70% of  the l i g h t  to  be t r a n s m i t t e d  as a compromise between high 

t r a n s m i t t e d  i n t e n s i t y  and dynamic range .

To t e s t  the e f f e c t i v e n e s s  of  the se rvosystem the o p t i c a l

l a y o u t  o f  F igu re  3 .6  was used.  The inpu t  p o l a r i s e r  i s  o p t i o n a l

s in c e  the  Argon Ion l a s e r  ou tpu t  i s  h i g h ly  p o l a r i s e d .  A second

'm o n i t o r '  pho to—diode sampled the  l i g h t  downstream of the  Pocke ls  

c e l 1 / p o l a r i s e r s  combina t ion and was t y p i c a l l y  p laced  a t  the  same

d i s t a n c e  from the l a s e r  as the feedback  p h o to -d io d e .  The l e v e l  of  

no i se  in  the  ou tput  from t h i s  photo—diode should r e v e a l  the 

i n t e n s i t y  no i se  which w i l l  be ' s e e n '  by any experiment i l l u m i n a t e d  by
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Figure  3 .5  The c a l c u l a t e d  open-loop ga in  of  the i n t e n s i t y

s t a b i l i s a t i o n  system when V = V * 0 . 7 .  Note t h a t  theo n

a v a i l a b l e  ga in  exceeds 80dB a t  low f r e q u e n c ie s  bu t  f a l l s  

away r a p i d l y  to  the  u n i t y  g a in  p o in t  a t  around 100kHz.
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t h e  f a l l  i n t e n s i t y  s t a b i l i s e d  l a s e r  o a t p a t  p rov ided  t h a t  the

i n t r i n s i c  e l e c t r o n i c  no i se  of  the  pho to—diode does not  dominate .  To 

c a l i b r a t e  the  system a b a t t e r y  t o r c h  was used t o  prodace the same 

d . c .  o a t p a t  from the  p h o to -d io d e s  as  a known i n t e n s i t y  of  l a s e r

l i g h t .  These s i g n a l s  were compared w i th  the  e l e c t r o n i c  no i se  produced 

by the  p h o t o - d i o d e s  when sc reened  from any source .  The to rch  

rep ro d u c e d  a p h o to n -n o i s e  s ig n a l  of  2.4mW and demons t ra ted  the  l e v e l  

of  e l e c t r o n i c  no i se  of  the  two p h o t o - d i o d e s  in  terms of a photon 

s h o t - n o i s e  i n t e n s i t y .

An EGG SGD-200 pho to -d iode  was chosen  to  sample the  beam 

because  of  i t s  low i n t r i n s i c  e l e c t r o n i c  n o i s e .  The pho to -d iode  and 

50J p r e - a m p l i f i e r  combina t ion have a no i se  l e v e l  e q u iv a l e n t  to  the 

p h o t o n - n o i s e  of  an i n c i d e n t  l i g h t  i n t e n s i t y  of  0.3mW.

A UDT P in  10D pho to -d iode  was s e l e c t e d  as the second 

p h o t o - d i o d e  s in c e  i t ,  l i k e  the SGD-200, was shown to  have a low 

i n t r i n s i c  e l e c t r o n i c  no i se  and a r e l a t i v e  i n s e n s i t i v i t y  to  beam 

movements.  Th is  second diode has an i n t r i n s i c  e l e c t r o n i c  no ise  l e v e l  

e q u i v a l e n t  to  the s h o t - n o i s e  in  app rox im ate ly  0.7mW of  i n c id e n t  

l a s e r  l i g h t .  The a p p a ra tu s  was u s u a l l y  s e t  up such t h a t  2-3mW of

l i g h t  were i n c i d e n t  on t h i s  second 'm o n i t o r '  photo—d iode .  I t  should

be n o te d  t h a t  when obse rv ing  r e s u l t s  from t h i s  second pho to—diode 

w i th  the  system in  o p e r a t i o n  and wi th  p h o ton -no i se  l i m i t e d  s t a b i l i t y  

i n  the  amount of l i g h t  sampled by the  loop photo—diode the  minimum 

n o i s e  l e v e l  w i l l  be dete rmined by the sum, in  q u a d ra t u re ,  of the 

n o i s e  l e v e l s  a p p r o p r i a t e  t o  the two photo—d i o d e s .

There i s  a second use fu l  m on ito r ing  p o i n t  w i t h in  the c i r c u i t  

i t s e l f  which p ro v id e s  in fo rm a t ion  on the  servosystem performance.  

Comparing the ou tpu t  of  the 50J o p e r a t i o n a l  a m p l i f i e r  wi th  the 

c i r c u i t  bo th  open-  and c lo s e d - lo o p  g ives  a d i r e c t  measure of the 

c i r c u i t  g a in .
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Since  th e  low frequency  c lo s e d - lo o p  g a in  of  the system i s  of

th e  o r d e r  of  104 and p h o to n -n o i s e  l i m i t e d  s t a b i l i t y  i s  be ing  sought

i t  i s  im p o r ta n t  t o  ensure  t h a t  the  two pho to -d io d e s  a re  s h i e l d e d  from 

th e  100Hz i n t e n s i t y  f l u c t u a t i o n s  of  the  f l u o r e s c e n t  room l i g h t i n g  and 

from s c a t t e r e d  l i g h t  from the l a s e r .  During experiments  a l l  the 

components o f  the  system f o l low ing  the  Pocke ls  c e l l  and i t s  

a s s o c i a t e d  p o l a r i s e r s  were encased by an opaque cover  with s u i t a b l e  

h o l e s  t o  a l l ow  e n t r a n ce  and e g r e s s  of  the l a s e r  beam.

Shown i n  F igu re  3 .7  a re  t y p i c a l  r e s u l t s  from the system as 

p e r c e i v e d  by the m on i to r ing  p h o t o - d i o d e .  Above ~ 1kHz the ou tpu t  

l e v e l  i s  c o n s i s t e n t  w i th  be ing  p h o to n -n o i s e  l i m i t e d .  However, below 

t h i s  f r e q u e n c y  the  ga in  i s  t y p i c a l l y  ~ 40dB. F igu re  3 .8  shows the 

o u tp u t  from the  f i r s t - s t a g e  a m p l i f i e r  when the system i s :  a) Open 

loop  and b) Locking.  I t  i s  seen from the ou tput  of  the 50J 

p r e a m p l i f i e r  t h a t  the c i r c u i t  has a loop ga in  of  ~ 90dB nea r  d . c .  

f a l l i n g  t o  -  35dB a t  2.5kHz and to  ~ 15dB a t  25kHz as r e q u i r e d  by

the  h ig h  f requency  c o n s t r a i n t s .  This  shows t h a t  t h e r e  i s  s u f f i c i e n t

g a in  a v a i l a b l e  to  achieve  pho ton-no i se  l i m i t e d  performance down to 

~ 100Hz bu t  s inc e  t h i s  i s  not  achieved  t h e r e  must be o th e r  l i m i t i n g  

f a c t o r s .

I t  i s  pe rhaps  an obvious p o i n t ,  but  worth not ing  n o n e t h e l e s s ,  

t h a t  i f  the  two diodes  were i d e n t i c a l  in  every  r e s p e c t  and sampled 

th e  same p o r t i o n  of  l i g h t  a t  the same d i s t a n c e  from the l a s e r  then 

th e  r e s i d u a l  i n t e n s i t y  f l u c t u a t i o n s  d e t e c t e d  by the mon ito r  

p h o t o -d i o d e  would be i d e n t i c a l  to  those  seen by the loop pho to -d iode  

down to  the  l i m i t  of  photon s h o t - n o i s e  in  the sampled l i g h t .  This  i s  

c l e a r l y  no t  p o s s i b l e  s in c e ,  fo r  example,  i t  r e q u i r e s  the two 

ph o to —dio d es  t o  occupy the same p o s i t i o n  in  space.  I t  can be seen 

t h a t  i f  the loop pho to-d iode  p e r c e iv e s  n o n - i n t e n s i t y  no ise  as 

f l u c t u a t i o n s  in  the  l a s e r  output  the feedback se rvosystem w i l l  impose
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F ig u re  3.7 Typical  F o u r i e r  s p e c t r a  of  the i n t e n s i t y  

f l u c t u a t i o n s  o f  the l a s e r  l i g h t .  The upper curve 

shows the n a t u r a l  i n t e n s i t y  f l u c t u a t i o n s ,  and the 

lower curve shows the  r e s i d u a l  f l u c t u a t i o n s  with 

the s t a b i l i s a t i o n  system in o p e r a t i o n .



Voltage
l O d B / d i v .

40dB

Freqaency 2.5kHz

F ig u re  3.8 F o u r i e r  spectrum of the ou tput  of the  

50J a m p l i f i e r .  The v e r t i c a l  ax is  is  in  a r b i t r a r y  

d e c ib e l  u n i t s .  The lower t r a c e  shows the v o l t a g e  

f l u c t u a t i o n s  when the  se rvosvstem i s  o p e ra t in g  

and i t  has been r a i s e d  by 40dB to  f i t  both t r a c e s  

on to  the  same g raph .  I t  can be seen t h a t  the ga in  

fo l lo w s  the c a l c u l a t e d  p r o f i l e  q u i t e  c l o s e l y .



t h e s e  s i g n a l s  on the  t r a n s m i t t e d  l i g h t  a t  some l e v e l .  I t  i s  a l s o  

p o s s i b l e  t h a t  the  m on i to r  pho to -d iode  p e r c e i v e s  o t h e r  l a s e r  beam 

f l u c t n a t i o n s  as  i n t e n s i t y  no i se  thus  concea l ing  the  l e v e l  of  

s t a b i l i t y  a c t u a l l y  ac h ie v e d  by the se rvosys tem.

I t  should be n o t e d  t h a t  small  changes in  the  p o s i t i o n s  and 

o r i e n t a t i o n s  o f  o p t i c a l  components could a l t e r  the shape and 

s i g n i f i c a n c e  of  low f requency  peaks in  the F o u r i e r  spectrum of  the 

s t a b i l i s e d  l i g h t .

Mains p ickup  cou ld  be a problem but  t h i s  seems u n l i k e l y  

because  of the i r r e g u l a r  c h a r a c t e r  of  the s ig n a l  a t  low f r e q u e n c i e s .  

Argon Ion l a s e r  power s u p p l i e s  c h a r a c t e r i s t i c a l l y  produce a r e g u l a r  

s e r i e s  of  peaks a t  100Hz i n t e r v a l s  which dec rease  in  ampl i tude  with 

i n c r e a s i n g  f r e q u e n c y .

There a re  t h r e e  p o s s i b l e  mechanisms by which i n t e n s i t y  no ise  

could  be ,  or appear  to  be ,  imposed on the  t r a n s m i t t e d  l i g h t .  F i r s t l y ,  

i t  i s  p o s s i b l e  t h a t  beam p o s i t i o n  or  geometry f l u c t u a t i o n s  could 

couple  i n t o  the  i n t e n s i t y  spectrum in  s e v e r a l  ways. V a r i a t i o n s  in  the 

p a t h  of  l i g h t  th rough  the Pockels  c e l l  w i l l  cause i n t e n s i t y  

f l u c t u a t i o n s  a t  some l e v e l ;  v a r i a t i o n s  in  s e n s i t i v i t y  a c ro s s  the face 

o f  a pho to -d iode  w i l l  produce apparen t  i n t e n s i t y  f l u c t u a t i o n s  as the 

beam changes in  s i z e  or  shape or moves a c ro s s  the  d iode ;  j m a l l  

p a r t i c l e s  of  d u s t  on,  or o th e r  im p e r fe c t io n s  in ,  the  b e a m - s p l i t t e r s  

or  the  pho to -d iode  windows w i l l  produce a s i m i l a r  e f f e c t .  

Secondly ,  i t  i s  p o s s i b l e  t h a t  the h i g h e r  feedback v o l t a g e s  r e q u i r e d  

t o  c o r r e c t  f o r  the  l a r g e r  f l u c t u a t i o n s  a t  low f r e q u e n c ie s  cause the 

Pocke ls  c e l l  to  impose beam p o s i t i o n  or  geometry f l u c t u a t i o n s  which 

a r e  t hen  coupled i n t o  the i n t e n s i t y  spectrum as above.

A t h i r d  p o s s i b i l i t y  i s  t h a t  l a s e r  f requency f l u c t u a t i o n s  may 

couple  i n t o  the  i n t e n s i t y  spectrum through the i n t e r f e r e n c e  of  two 

beams d i f f e r i n g  s l i g h t l y  in  o p t i c a l  p a th  and t h e r e f o r e  in  phase .
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Before i n v e s t i g a t i n g  the f a c t o r s  which might  be l i m i t i n g  the 

performance  o f  t h e  system i t  i s  wor th n o t in g  t h a t  the system was 

t e s t e d  f o r  b i a s e s  o f  50—80% of  the inpu t  l i g h t  t r a n s m i t t e d  with no 

s i g n i f i c a n t  v a r i a t i o n  i n  perfo rmance.  The system a l s o  performed well  

a t  a b i a s  p o i n t  of  90% t r a n s m i s s i o n  though w i th  some d e g ra d a t io n  in  

t he  q u a l i t y  of  s t a b i l i s a t i o n  a ch ieved .

The m on i to r  p ho to—diode and an a s s o c i a t e d  f o c u s s i n g  l e n s  were 

used to  i n v e s t i g a t e  how much d e g r a d a t i o n  t h e r e  was in  performance a t  

a d i s t a n c e  from the  l a s e r .  The s t a b i l i t y  appeared  to  be u n a f f e c t e d  up 

t o  s i x  m et r es  from the  i n t e n s i t y  s t a b i l i s a t i o n  o p t i c s ,  see Figure 

3 . 9 .

3 :5  INVESTIGATIONS OF THE FACTORS LIMITING THE

ACHIEVED INTENSITY STABILISATION OF AN ARGON ION LASER
9

3 : 5 . 1  LASER BEAM POSITION OR GEOMETRY FLUCTUATIONS

P o s i t i o n  or  geometry f l u c t u a t i o n s  i n  l a s e r  l i g h t  may be 

produced by inhom oge ne i t i e s  in  the l a s e r  medium or v i b r a t i o n s  in  the 

m i r r o r  mounts which a l t e r  the mode s t r u c t u r e  w i t h i n  the  r e s o n a t o r .  

F ig u re  3.10  shows the  o p t i c a l  arrangement used to  observe  the beam 

p o s i t i o n a l  f l u c t u a t i o n s  and i n v e s t i g a t e  whether  these  might  be 

l i m i t i n g  the ac h ie v e d  s t a b i l i t y  in  the  t r a n s m i t t e d  l i g h t .  The l e v e l  

of  beam p o s i t i o n a l  f l u c t u a t i o n s  were observed  using a quadrant  

p h o t o - d i o d e .  Observing the d i f f e r e n c e  c u r r e n t s  from oppos i t e  

q u a d ra n t s  produces  two or thogonal  components of  p o s i t i o n a l  

f l u c t u a t i o n s .  I f  the spot  i s  wel l  c e n t r e d  on the  diode then  t h i s  

s e nso r  becomes r e l a t i v e l y  i n s e n s i t i v e  to  i n t e n s i t y  f l u c t u a t i o n s .  This  

ho lds  t ru e  so long as the beam movements a re  a small  f r a c t i o n  of  the 

spo t  s i z e .
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Vol tage

lOdB/d iv

Frequency 2.5kHz

Figure  3 .9  F o u r i e r  s p e c t r a  o f  the f l u c t u a t i o n s  

in i n t e n s i t y  observed  by a m onito r ing  photo 

diode when s e p a r a t e d  by 5.47 metres  from the 

i n t e n s i t y  s t a b i l i s a t i o n  sys tem. The lower t r a c e  

shows the improvement in i n t e n s i t y  f l u c t u a t i o n s  

when the system is  in  o p e r a t i o n ,  compared to  

the upper t r a c e  when the system is not  o p e r a t i n g .

In t h i s  case V = 0.85 * V .
o  i t
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To de te rmine  the l e v e l  of  p o s i t i o n a l  f l u c t u a t i o n s  produced by 

the  l a s e r  a B u r l e i g h  PZ—80 was used to  produce a c a l i b r a t i o n  s i g n a l .  

Th/s u n i t  c o n s i s t e d  o f  a m i r r o r  (d iam ete r  = 2 .54  cm) mounted on t h re e  

p i e z o - e l e c t r i c  t r a n s d u c e r s  so t h a t  the m i r r o r  could be t i l t e d  or  

moved to  and f r o .  For  s i m p l i c i t y  o f  comparison only one o f  these  

t r a n s d u c e r s  was employed a t  any one t im e .  The mount p rov ided  an 

a n g u l a r  t i l t  o f  the  m i r r o r  of  0 .06  a r c s e c /V  when a s in g l e  t r a n s d u c e r  

was used.  Since the  i n c i d e n t  beam was no t  c e r t a i n  to  be c o in c id e n t  

w i th  the  m i r r o r ' s  a x i s  o f  r o t a t i o n  t h e r e  was a l s o  a t r a n s v e r s e  s h i f t  

i n  the r e f l e c t e d  beam. However, i t  was com para t ive ly  s imple to  

c a l c u l a t e  the  r e l a t i v e  magnitudes o f  the two components in  terms of  a 

beam d i s p l a c e m e n t .

Consider  a r a y  i n c i d e n t  a t  some a n g le ,  0,  on the  m i r r o r  a t  a 

d i s t a n c e ,  r ,  from the  a x i s  of  r o t a t i o n .  Now i f  the  m i r ro r  

moves by some small  a n g le ,  0 ,  then  the r e f l e c t e d  beam w i l l

e x p e r i e n c e  a t r a n s v e r s e  s h i f t  o f  r  * 0 * 2 s i n  ( 0 ) .  The beam w i l l

a l s o  e x p e r i e n c e  an an g u la r  d e v i a t i o n  o f  2 * 0 .  The s h i f t  in  beam 

p o s i t i o n  due to  the a n g u la r  movement w i l l  c l e a r l y  dominate the 

t r a n s v e r s e  s h i f t  a t  some d i s t a n c e ,  d,  from the m i r r o r .  From the above

f o r  the  a n g u la r  component to  dominate  then  d > r  * s i n  ( 0 ) ;  i e .

w i t h i n  one m i r r o r  r a d i u s  from the p o i n t  of  r e f l e c t i o n ,  see F igure  

3 .1 1 .  T h e r e f o r e ,  the imposed s i g n a l  may be rega rded  as be ing a 

p u r e l y  a n g u l a r  beam motion .

Beam p o s i t i o n  f l u c t u a t i o n s  may be reduced s u b s t a n t i a l l y  by 

decoup l ing  the r e s o n a t o r  m i r r o r s  from the  l a s e r  tube mounting.  The 

wa te r  which a c t s  as a c oo la n t  in  Argon Ion l a s e r s  has a tendency to  

v i b r a t e  the  e n t i r e  r e s o n a t o r  s t r u c t u r e  which leads  to  excess  beam 

p o s i t i o n  and geometry f l u c t u a t i o n s .  The m i r ro r s  were removed from the 

r e s o n a t o r  s t r u c t u r e  fo r  some experiments  bu t  as i t  was d i f f i c u l t  to 

m a i n t a i n  the r i g i d i t y  o f  the r e s o n a t o r  in  these c ircumstances  l i t t l e
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Incom ing light R eflec ted
l ig h t

2

Figure 3.11 In the above arrangement consider an observer who detects 

the light reflected from point a at B. Now if the mirror is rotated 

through an angle, 0, then there are two effects:

a) There is a transverse shift of the beam, ie. it now appears to the 

observer to emanate from c.

b) The direction of travel of the reflected beam has been rotated by 

2 * 0 .
Now if the angle of incidence of the original beam was 0 

then the translation may be approximated by taking the bisector of 

angle abc. If the bisector is extended to line ac then, because 0 is  

small, it will have length r * 0  and will bisect line ac. The distance 

ac/2 is then given by r * 0  * sin 0.



new i n fo r m a t io n  was o b t a i n e d .  In  f a c t  the  l a s e r  f reqaency  noise  

became more p rominen t  and the l a s e r  i n t e n s i t y  was ve ry  s e n s i t i v e  to 

a c o u s t i c  p i c k - u p .  However, i t  should be no ted  t h a t  a l a s e r  has been 

s u c c e s s f u l l y  r e b u i l t  a t  Glasgow with a s e p a r a t e ,  r i g i d  r e s o n a t o r  and 

u t i l i s i n g  f eedback  t e c h n i q u e s  to  reduce frequency  n o i s e [ 7 7 ] .

To check f o r  the  importance of  beam p o s i t i o n a l  f l u c t u a t i o n s  

the  i n t e n s i t y  n o i s e  spectrum with  the loop c lo se d  was compared with 

the beam p o s i t i o n a l  f l u c t u a t i o n  spectrum from the  quadrant  

pho to—d i o d e . I t  can be seen  in  F igu re  3 .12  t h a t  t h e r e  a re  s evera l  

f e a t u r e s  which appear  i n  bo th  s p e c t r a  and have the same r e l a t i v e  

s i g n i f i c a n c e  w i th  r e s p e c t  to  the a p p l i e d  t e s t  peak.  This  i n d i c a t e s  

t h a t  beam movements may wel l  be coupl ing i n t o  the p e rc e iv e d  i n t e n s i t y  

n o i se  a t  such a l e v e l  as to  l i m i t  the i n t e n s i t y  s t a b i l i s a t i o n  

ac h ie v e d .  However, i t  i s  p o s s i b l e  to  a d j u s t  the  o r i e n t a t i o n  of the 

m on i to r ing  p h o to -d io d e  so t h a t  the r e l a t i v e  s i g n i f i c a n c e  of the t e s t  

peak v a r i e s  by s e v e r a l  dBs with r e s p e c t  to  the l a s e r - o r i g i n a t e d  

background .  Th is  could be exp la ined  by the  d i f f e r e n c e  between the 

beam movement due to  the  t e s t  s igna l  and the  n a t u r a l  beam movement. 

The B u r l e ig h  m i r r o r  was v i b r a t e d  in  one ax is  only while  the l a s e r  

produced random mot ion  of  the beam p o s i t i o n  over the p lane  of the 

diode f a c e .  I t  i s  p o s s i b l e  t h a t  a p a r t i c u l a r  o r i e n t a t i o n  of  the  diode 

might be more or  l e s s  s e n s i t i v e  to  beam movement in  a p a r t i c u l a r  

dimension,  however i t  w i l l  s t i l l  be s u s c e p t i b l e  to  the sum of  the 

1a s e r —o r i g i n a t e d  movements in  a l l  o th e r  d i r e c t i o n s  and t h e r e f o r e  the 

p e r c e iv e d  background l e v e l  w i l l  change much l e s s .

I n s p e c t i o n  o f  the beam p o s i t i o n a l  f l u c t u a t i o n s  under 

c o n d i t i o n s  of  the i n t e n s i t y  s t a b i l i s a t i o n  loop open and c lo s e d  shows 

t h a t  the beam i s  we l l  c e n t r e d  on the quadrant  photo—diode i f  the 

spectrum remains c o n s t a n t .  This o b s e r v a t io n  i s  a l s o  evidence t h a t  

the Pocke ls  c e l l  c o n t r o l  e lement  is  not  imposing p o s i t i o n  or  geometry
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F ig u re  3 .1 2  Comparison of  F o u r i e r  s p e c t r a  of 

l a s e r - b e a m - p o s i t i o n  f l u c t u a t i o n s  ( d o t t e d  curve)  

and r e s i d u a l  l a s e r - i n t e n s i t y  f l u c t u a t i o n s  with 

the  s t a b i l i s a t i o n  system in o p e r a t i o n  ( s o l i d  

c u r v e ) .



f l u c t u a t i o n s  on t o  the  t r a n s m i t t e d  l i g h t  a t  any s i g n i f i c a n t  l e v e l .  

However to  i n v e s t i g a t e  t h i s  f u r t h e r  an i n t e n s i t y  peak was imposed on 

the  l i g h t  b e f o r e  the  Pocke ls  c e l l  c o n t r o l  e lement .  To do t h i s  a 

h a l f -w a v e  p l a t e  and a second Pocke ls  c e l l  were in troduced  to  the  beam 

p a t h  b e f o r e  the f i r s t  of  the  p o l a r i s a t i o n  a n a l y s e r s .  The ha lf -wave  

p l a t e ,  the  added Pocke ls  c e l l  and the  f i r s t  a n a ly s e r  are  e q u i v a l e n t  

o p t i c a l l y  to  the  t r a n s d u c e r  of  the  i n t e n s i t y  s t a b i l i s i n g  system s in ce  

the  l a s e r  ou tp u t  i s  h i g h l y  p o l a r i s e d .  The added Pockels  c e l l  was 

b i a s e d  to  a l low 80% t r a n s m i s s i o n  and a s in u s o i d a l  s i g n a l  of 

-  500Hz was a p p l i e d  t o  i t .  The r e l a t i v e  l e v e l  of  the t e s t  peak

was obse rved  on the  monito r  pho to—diode w i th  the loop open and 

c l o s e d .  The ou tpu t  of  the  e r r o r  p o i n t  of  the s t a b i l i s i n g  loop 

de m o n s t r a t e s  the  a v a i l a b l e  g a in  a t  the f requency  of  the t e s t  peak;  

and a l l  of  the a v a i l a b l e  ga in  i s  no t  seen as a r e d u c t io n  in  the  t e s t  

peak .  A spect rum from the quadran t  pho to -d iode  confirms t h a t  the 

Pocke ls  c e l l  i s  p roducing  a p s u e d o - i n t e n s i t y  peak while compensat ing 

f o r  the  imposed peak .  However, the l e v e l  of  beam p o s i t i o n  and 

geometry f l u c t u a t i o n s  imposed by the Pocke ls  c e l l  is  a t  too low a 

l e v e l  to  l i m i t  the  system in  i t s  p r e s e n t  c o n f i g u r a t i o n .

3 ; 5 . 2  LASER BEAM FREQUENCY FLUCTUATIONS

To measure the i n t r i n s i c  f requency  no ise  of the l a s e r  a

tu n e a b l e  F a b r y -P e r o t  c a v i t y  (Coherent  Trope l)  i s  used i n  the

ar rangement  shown in  F igu re  3 .1 3 .  The i n t e n s i t y  of l i g h t  t r a n s m i t t e d  

by the  t e s t  c a v i t y  i s  dependent  on how c lo se  the c a v i t y  r e s o n a n t  

f r e que nc y  and the  inpu t  l a s e r  l i g h t  f requency are  in the  f requency

domain.  The t r a n s m i t t e d  l i g h t  i s  i n c i d e n t  on a pho to-d iode  and the  

o u tpu t  i s  pa s se d  to  a d i f f e r e n t i a l  a m p l i f i e r  which a l s o  r e c e i v e s  a 

s i g n a l  from the m on ito r ing  p h o to -d io d e .  The system i s  a r r a n g e d  so
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t h a t  the ou tpu t  from the  d i f f e r e n t i a l  a m p l i f i e r  i s  ze ro  when the 

l a s e r  l i g h t  i s  r e s o n a t i n g  a t  the  ha l f -pow e r  p o i n t  of  the c a v i t y  

t r a n s m i s s i o n  c u rv e .  I t  shou ld  be no ted  t h a t  the input  from the 

second pho to—diode  makes the  system r e l a t i v e l y  i n s e n s i t i v e  to  

i n t e n s i t y  f l u c t u a t i o n s .  The ampl i tude  of  the s ig n a l  from the 

d i f f e r e n t i a l  a m p l i f i e r  i s  p r o p o r t i o n a l  to  how c l o s e l y  the c a v i t y  

fo l lo w s  the  l a s e r  f r e que nc y  f l u c t u a t i o n s .  The o u tpu t  of  the 

d i f f e r e n t i a l  a m p l i f i e r  i s  f i l t e r e d  and a m p l i f i e d  and t r a n s f e r r e d  to  

t h e  p i e z o - e l e c t r i c  t r a n s d u c e r  which a l t e r s  the l e n g t h  of  the  tuneab le  

c a v i t y  to  keep i t  i n  resonance  a t  the  h a l f -pow er  p o i n t .  This  s igna l  

i s  a measure of  the l a s e r  f requency  f l u c t u a t i o n s  and i s  moni to red  by 

a spectrum a n a l y s e r .  An a i r - s p a c e d  e t a l o n  i s  p o s i t i o n e d  w i t h i n  the 

l a s e r  c a v i t y  to  make the  l a s e r  o p e ra t e  in  s i n g l e  l o n g i t u d i n a l  mode 

and so reduce the  l a s e r  f requency  f l u c t u a t i o n s  to  a l e v e l  a t  which 

they  can be measured.

To c a l i b r a t e  the l e v e l  of f requency  f l u c t u a t i o n s  observed and 

t o  i n v e s t i g a t e  how f re quency  no i se  coupled i n to  the i n t e n s i t y  s p e c t r a  

the  back m i r r o r  of  the  l a s e r  r e s o n a t o r  was mounted on a

p i e z o —e l e c t r i c  t r a n s d u c e r  which allowed the l a s e r  c a v i t y  l en g th  to  be

a l t e r e d  thus  i n t r o d u c i n g  a f requency  f l u c t u a t i o n  of known o r i g i n  and 

a m p l i t u d e .

The p i e z o - e l e c t r i c  t r a n s d u c e r  w i t h i n  the l a s e r  moved the 

m i r r o r  6 * 10- *® m/V. The a p p l i e d  s ig n a l  was ^4V and t h i s

produced a f requency  f l u c t u a t i o n  of  ~ 2.7MHz rms. Comparing t h i s  to  

t h e  t e s t  peak d i s p l a y e d  on the  Tropel  ou tput  shows t h a t  the

i n t r i n s i c  l a s e r  f re quency  f l u c t u a t i o n s  a re  on average a t  a l e v e l  of ~

1 MHz/Hz1^2 below ~ 500Hz. The f requency  no ise  f a l l s  r a p i d l y  above ~

500Hz. Comparison o f  the  shape and s i g n i f i c a n c e  of  the f requency 

t e s t  peak on the  locked i n t e n s i t y  no ise  spectrum and the frequency  

spectrum ( F ig u re  3 .14  ) shows t h a t  the l e v e l  i s  c o n s i s t e n t  with
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f r e q u e n c y  n o i s e  l i m i t i n g  the  system performance below -  500Hz.

However, t h e r e  i s  no i n d i c a t i o n  t h a t  t h i s  can account  f o r  a l l  of the 

exces s  n o i s e  i n  the  locked  i n t e n s i t y  no ise  spect rum. I t  was a l so  

no ted  t h a t  the  a p p a re n t  l e v e l  of  i n t e n s i t y  s t a b i l i t y  achieved  v a r i e d  

w i th  the  removal  or  r ep lacem en t  of  the fo cu s s in g  l e n s  a s s o c i a t e d  with 

the  m o n i t o r i n g  p h o t o - d i o d e .  The f requency  spectrum showed no 

c o r r e s p o n d in g  change.  I t  i s  p o s s i b l e  t h a t  the l a s e r  m i r r o r  does not  

j u s t  move t o  and f r o  bu t  may in  f a c t  produce l a s e r  beam p o s i t i o n  or 

geometry f l u c t u a t i o n s .  I f  t h i s  i s  the  case then  the  p resence  or 

absence o f  the  l e n s  may a l t e r  the s e n s i t i v i t y  of  the  monito r ing  

pho to—diode  to  t h e s e  m ot ions .  In  f a c t  the  ou tpu t  o f  the  quadrant

p h o to -d io d e  does r e v e a l  a component of  l a s e r  beam p o s i t i o n

f l u c t u a t i o n s  which co rrespond  to  the induced f requency  peak.  The

f re q u e n c y  peak  a l s o  appears  on the  c lo s e d - lo o p  i n t e n s i t y  spectrum.

3 : 6  CONCLUSIONS AND FINAL REMARKS

To summarise the  above r e s u l t s :  an i n t e n s i t y  s t a b i l i s a t i o n  

system u t i l i s i n g  an e l e c t r o —o p t i c  modulator  has been c o n s t r u c t e d  and 

t e s t e d  f o r  q u a l i t y  of pe rformance.  The system has been shown to  have 

s u f f i c i e n t  loop g a in  to  achieve  photon s h o t - n o i s e  l i m i t e d  performance 

i n  lmW of  sampled l i g h t  down to  ~ 1 kHz. I t  has been found t h a t  the 

i n t r i n s i c  p o s i t i o n ,  geometry and f requency f l u c t u a t i o n s  of  the l a s e r  

used a r e  the  major  l i m i t i n g  f a c t o r s  in  the performance of the

s t a b i l i s a t i o n  sys tem. To ach ieve  pho ton-no ise  l i m i t e d  performance 

below 1kHz i t  w i l l  be n e c es sa ry  to  employ p a s s i v e ,  or a c t i v e ,  beam 

p o s i t i o n  and f requency  s t a b i l i s a t i o n  sys tems.  S p a t i a l  f i l t e r i n g

t e c h n i q u e s  may a l s o  prove u s e f u l [78,79]  .

A f u r t h e r  t e s t  of the system and the experimenta l  conc lu s ions  

was c a r r i e d  out  using approximate ly 1.5 met res  o f  mono-mode
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s t e p p e d - in d e x  o p t i c a l  f i b r e  p l ac e d  in  the  beam p a th  a f t e r  the Pockels  

c e l l  and p o l a r i s a t i o n  a n a l y s e r s  b a t  b e fo r e  the  sample fo r  the loop 

ph o to -d io d e  i s  s p l i t  o f f ,  as i n  F igure  3 .1 5 .  The monito r ing

pho to—diode sampled l i g h t  l ea v in g  the f i b r e  and r e v e a le d  a much

improved performance  i n  the l e v e l  of  s t a b i l i t y  ach ieved .  The oa tpa t  

l i g h t  shows i n t e n s i t y  f l a c t u a t i o n s  a t  a l e v e l  c o n s i s t e n t  with photon 

s h o t - n o i s e  above 400Hz in  the  7mW of d e t e c t e d  l i g h t ,  F igure  3 .1 6 ,  

as a r e s a l t  of  the  f i b r e ' s  beam c le a n ing  a c t i o n .  This  i s  c o n s i s t e n t

w i th  the  r e s a l t s  above.  The f i b r e  should redace  s i g n i f i c a n t l y  the

l e v e l  of  beam p o s i t i o n  and geometry f l u c t u a t i o n s  s ince  i t  w i l l  only 

t r a n s m i t  the  fundamental  mode of  the  l a s e r  beam. The frequency  noise  

of  the  t r a n s m i t t e d  l i g h t  w i l l  be r e l a t i v e l y  un a f f e c te d  by pass ing  

th rough  the  f i b r e  a l though  th e r e  w i l l  be some r e d a c t i o n  in  the amount 

of  s c a t t e r e d  l i g h t  r ea c h ing  the p h o t o -d i o d e s .

-  6 9  -
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Vol tage

lOdB/d iv

Frequency 2.5kHz

F i g u r e  3 .16  Fou r ie r  s p e c t r a  of  the r e l a t i v e  i n t e n s i t y

f l u c t u a t i o n s  observed by a monito r ing  pho to -d iode

under  c o n d i t i o n s  of the se rvosys tem open(top)  and

c lo s e d ( b o t to m )  loop.  In t h i s  case  V = 0.85 * V ando n

the  l i g h t  has been passed  through a mono-mode o p t i c a l  

f i b r e  p r i o r  to  sampling. The dashed l i n e  i n d i c a t e s  

the  approximate  leve l  of  photon shot no ise  f l u c t u a t i o n s .



CHAPTER 4

AN ANALYSIS OF VHP FEEDBACK CIRCUITS 

4:1 PRINCIPLES OF FEEDBACK SYSTEMS

The p r o t o t y p e  g r a v i t a t i o n a l  r a d i a t i o n  d e t e c t o r  being developed 

a t  Glasgow makes ex tens ive  ose of feedback  systems to redace the 

e f f e c t s  o f  o t h e r w i s e  s e r i o u s ly  l i m i t i n g  no i se  soa rces  and to hold the 

F a b r y - P e r o t  c a v i t i e s  on resonance.  These feedback systems are  of 

nove l  d e s i g n  and f r e q u e n t l y  i n c o r p o r a t e  s e v e r a l  s tages  of 

a m p l i f i c a t i o n  and f i l t e r i n g  to achieve the d e s i r e d  response .  I t  i s  

h e l p f u l  when d e s i g n i n g  such c i r c u i t s  to  be aware of the p o s s ib l e  

p rob lem s  e n c o u n te re d  with feedback systems and some of the inheren t  

l i m i t a t i o n s .  T h i s  c h a p te r  p r e s e n t s  an a n a l y s i s  of  two such c i r c u i t s  

c o n s t r u c t e d  by the  au th o r  and cons ide r s  des ign  aims and s t a b i l i t y  

c r i t e r i a .

Any n e g a t i v e  feedback system may be d e p ic t e d  s c h e m a t i c a l l y  as

b e l o w :

S u m m i n g
C o n t r o l  E le m e n ts

F eedb a ck

M-H

Figure 4.1

Where I  i s  the in pu t .

G i s  the forward t r a n s f e r  f u n c t i o n .



H i s  the feedback t r a n s f e r  f a n c t i o n .

8 i s  the  sum of  the i npa t  and feedback s i g n a l s .

O th e r  a s e f u l  d e f i n i t i o n s  a re :

F / e  = GH = Open-loop t r a n s f e r  f a n c t i o n .

C/I = Closed-loop  t r a n s f e r  f a n c t i o n .  

e / I  = E r r o r  r a t i o .

F / I  = Pr imary  feedback r a t i o .

These q u a n t i t i e s  a re  r e l a t e d  s imply by the f o l l o w in g  

e q u a t i o n s :

c _ G
I  1 + GH

8 1
I 1 + GH

F _ GH

I  1 + GH

The p r im a ry  r equ i rem en ts  of  a feedback system are high  ga in  

coup led  w i t h  s t a b l e  o p e r a t i o n .  A simple d e f i n i t i o n  of  s t a b i l i t y  i s  

t h a t  t h e  system response  to  a bounded input  is  bounded.  A common 

problem w i t h  h igh  g a in  n e ga t ive  feedback systems is  a tendency  to  

e n t e r  a r e g i o n  of  o s c i l l a t i o n  which i s  s e l f - s u s t a i n i n g .  Many 

systems a re  de s igne d  to be u n c o n d i t i o n a l ly  s t a b l e ,  t h a t  i s  the  ga in  

may be v a r i e d  c o n t i n u o u s ly  from a low va lue  up to  the maximum p o i n t  

a t  which the  system is  s t i l l  s t a b l e .  In  some cases  u n c o n d i t iona l  

s t a b i l i t y  i s  no t  an importan t  requirement  and the system may be 

de s ig n e d  t o  g ive  h i g h e r  maximum ga in  with  the l o s s  of  s t a b l e

o p e r a t i o n  a t  low g a in .

C a l c u l a t i o n  of  the s t a b i l i t y  o f  a p a r t i c u l a r  system i s  u s u a l l y  

a c h ie v e d  by c o n s i d e r a t i o n  of  the c i r c u i t  response to an impulse in 

the  complex s-domain.  The technique  used to t ransfo rm time f u n c t i o n s

-  7 1  -



t o  f r e q u e n c y  dependent  f u n c t i o n s  o f  a complex v a r i a b l e  i s  the Laplace  

t r a n s f o r m .  So, g iven  a fu n c t i o n  f ( t )  where f  i s  a r e a l  f u n c t i o n  of  a 

r e a l  v a r i a b l e ,  t ,  the complex f u n c t i o n  F (s )  i s  given  by:

F ( s )  = L [ f ( t ) ] = J f ( t ) e _ s t d t  (4.4)

I n  the  above s i s  a complex v a r i a b l e ,  s = a + iw where a and <o 

a r e  r e a l  and i = ( - l ) * ^ .

The t r a n s f e r  f u n c t io n  T(s )  in  the s-domain is  given by:

T ( s ) = L [ r ( t ) ]  = R(s)
L [ e ( t ) ]  E(s)

Where r ( t )  and R(s) a re  the re sponses  in  the t im e -  and 

s -domain  r e s p e c t i v e l y  and e ( t )  and E(s )  a re  the e x c i t a t i o n  f u n c t i o n s  

i n  the  t i m e -  and s-domains.

Thus the response in  the s-domain i s :

R(s) = T ( s ) . E ( s )  (4 .6 )

Now i n s t a b i l i t y  w i l l  be caused when the response  is  

i n f i n i t e .  These va lu es  of  the  response a re  c a l l e d  po les  and a re  

e q u i v a l e n t  t o :

T ( s ) -1  = 0 (4 .7 a )

o r  E ( s ) -1 = 0 (4 .7b)

e ( t ) can be a un i t  impulse of  i n f i n i t e  magnitude and zero 

wid th  and when F o u r i e r  t rans fo rm ed  t h i s  i s  an input  in  which a l l  

f r e q u e n c y  components are  p r e s e n t .  The Laplace t ransfo rm of  such an

inpu t  i s  u n i t y .

So, the  response  in  the t ime domain w i l l  be given by:

r ( t )  = L-1T ( s ) ( 4 *8)

-  7 2  -



Where L 1 i s  the  inve r se  Laplace t r a n s fo r m .  T(s )  may have

s e v e r a l  p o l e s  and t h e r e f o r e  may be w r i t t e n  as:

K (4 .9 )
( s l+ a 1) ( s 2+a2) M

a l '  a2* • • •  a re  the va laes  of  the  p o l e s  in  the

complex s p l a n e ,  K i s  the  g a in  f a c t o r  and M r e p r e s e n t s  those  

e lem ents  which a r e  no t  p o l e s .

Thus the  t im e—dependent  response w i l l  be composed of  p r o d u c t s  

o f  the  form:

Now i f  i s p o s i t i v e  then  the response w i l l  be unbounded.

a m p l i t u d e .  Only in  the case  of  being n e ga t ive  w i l l  the  time

dependent  r e sponse  decay away e x p o n e n t i a l l y .

The t r a n s f e r  f u n c t i o n  T(s)  is  a complex f u n c t i o n  of  a complex 

v a r i a b l e  and two two-dimensiona l  graphs are  r e q u i r e d  f o r  d i s p l a y i n g  

i t .

The f i r s t  i s  a p l o t  of o a ga in s t  iu> in  the complex

s - p l a n e . The Nyqu is t  Pa th  i s  a c o n s t r u c t i o n  which e n c lo s e s  the e n t i r e  

R i g h t - H a l f  P lane  o f  the complex s -p l a n e .  I t  does no t  inc lude

s i n g u l a r i t i e s  a t  the  o r i g i n  or on the io> a x i s .  The Nyquist  Pa th

f ( t )  = L_1 1 = exp ( - a . t ) (4 .10)

Where s . - a i  = a i  + i wi» Q an<* <*> are  r e a l .l

And t h e r e f o r e :

f ( t )  = A exp ( S j t ) (4 .11)

^  i s  zero  t h e n  the system w i l l  o s c i l l a t e  with c o n s t a n t

t h e r e f o r e  e n c lo s e s  a l l  the  p o l e s  o f  the t r a n s f e r  eq o a t io n  which have

or > 0 .
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The second graph  i s  a mapping of  s onto the  complex T(s )  

p l a n e .  That  i s  T ( s )  i s  p l o t t e d  with c  as a p a ra m e te r  where

< a) I  ® and forms a c lo s e d  con tou r .  The p l o t  f o r  0 £ to £ ® i s  

a m i r r o r  image about  the Real  T (s )  ax is  of  the p l o t  f o r  —  < w I  0.

In  the  s p e c i a l  case of  <y = 0 the s— plane d e g e n e r a te s  i n t o  a

s t r a i g h t  l i n e  s — iw. The locus  of  T(io>) then  d e f i n e s  the  boundary

be tween the  a r e a  o f  p o s i t i v e  a and nega t ive  <y and i s  known as a

P o l a r ,  or  N y q u i s t ,  p l o t .

Using the  p r o p e r t i e s  of  the  mapping i t  can be shown t h a t  the 

a re a  to  t h e  r i g h t  of  the T(io)) locus has or > 0,  where p o s i t i v e

d i r e c t i o n  i s  a long  the l i n e  of  inc re as in g  f requency .  The a rea  to  the  

r i g h t  of  the  l o c u s  i s  s a id  to  be enc losed .

The s t a b i l i t y  of  a servosystem i s  de te rmined  by the

c l o s e d - l o o p  t r a n s f e r  f u n c t i o n .  From equa t ion 4.1  i t  can be seen t h a t  

the  e q u a t i o n  which d e f i n e s  the  poles  of the c l o s e d - lo o p  t r a n s f e r

f u n c t i o n ,  i e .  t h e  c h a r a c t e r i s t i c  equa t ion ,  i s :

1 + GH(s) = 0 (4.12)

Now i f  t h e  se rvosys tem i s  not  to  become un s ta b l e  then  a < 0 

fo r  the  p o l e  o f  the  c lo s e d - lo o p  t r a n s f e r  f u n c t i o n .  Po les  and

zeros  o f  1 + GH(s) enc losed  by the Nyquist  Pa th  map onto the GH(s)

p lane  as c lockwise  and coun te r -c lockwise  en c i r c l e m e n t s  r e s p e c t i v e l y  

o f  the ( - 1 , 0 )  p o i n t .  A clockwise enc irc lement  means t h a t  the ( - 1 ,0 )  

p o i n t  i s  e n c lo s e d  and so o > 0.  Therefo re ,  the Nyquist  s t a b i l i t y  

c r i t e r i o n  may be s t a t e d  thus :  the c losed- loop  c o n t r o l  system whose

open—loop t r a n s f e r  f u n c t i o n  i s  GH(s) i s  s t a b l e  i f  and on ly  i f .

N = ~P0 i  0 (4 .13)

Where PQ i s  the number of poles  enc losed  by the  Nyquist

Pa th  and N i s  the  number of c lockwise en c i r c l e m e n t s  of  the ( - 1 ,0 )
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p o i n t  in  t h e  GH(s) p l a n e .  Thas fo r  s t a b i l i t y  the  p o i n t  ( -1 ,0 )  mast 

not  be e n c l o s e d  by  th e  locus  o f  GH(iw).

Assuming t h a t  the  servosystem s a t i s f i e s  the above c r i t e r i o n  

t h e r e  i s  a f a r t h e r  c o n s i d e r a t i o n .  Although the system may be shown to  

be m a t h e m a t i c a l l y  s t a b l e  i t  i s  impor tan t  to  have some knowledge of  

the  deg ree  o f  s t a b i l i t y ,  i e .  how e a s i l y  the system may be made

u n s t a b l e .  N yqu i s t  p l o t s  and the c l o s e l y  r e l a t e d  Bode p l o t s  a l low 

the r e l a t i v e  s t a b i l i t y  o f  a system to  be c a l c u l a t e d .  This  in fo rm a t ion  

a l lows  t r a d e - o f f s  t o  be made between ga in  and bandwidth as

r e q u i r e m e n t s  v a r y  w i t h  a p p l i c a t i o n s .  Bode p l o t s  are  composed of two 

graphs  b o t h  w i t h  f r e q u e n c y  as the h o r i z o n t a l  a x i s .  One of  the p l o t s  

i s  of  the  magni tude  of  GH(ib)) and the o th e r  of the phase angle  of  

GH(i(o) [o r  arg (GH( iw ) ) ] .

Now, c o n s i d e r  a simple f i r s t  o rder  system. The response  of  the 

system to  a t r a n s i e n t  w i l l  be damped wi th  a time c o n s t a n t ,  x ,

where r  = l/<r„ However, GH(s) is  t y p i c a l l y  a second or t h i r d  order

f a n c t i o n .

The t r a n s i e n t  response  of  a second,  or  h i g h e r ,  o rde r  system 

can be c h a r a c t e r i s e d  to  good approximation by a l i n e a r ,  c ons tan t  

c o e f f i c i e n t ,  second o r d e r  d i f f e r e n t i a l  e qua t ion  of  the form[80]:

Where x i s  the  in p u t ,  e ( t ) ,  and the fo rced  response of  t h i s  

e q u a t i o n  r e p r e s e n t s  the t r a n s i e n t  response  of  the  h ig h e r  o rder

The c o e f f i c i e n t ,  $, i s  c a l l e d  the damping r a t i o  and is  de f ined  

as a / V  *>n i s  the  undamped n a tu r a l  f requency  and i s  r e l a t e d  to  u>d .

(4.14)

system.

the damped n a t u r a l  f requency  by:

wd = wn (1 '
1/2 (4.15)
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The damped n a t u r a l  f requency i s  the frequency  a t  which 

|GH(i(») 1=1. The undamped n a t u r a l  f requency  i s  t h a t  f requency a t  

which the  l o c u s  o f  GH(iw) i n t e r s e c t s  the p o i n t  ( - 1 , 0 ) ,  i e .  the phase 

lag  i s  180° a t  the  u n i t y  ga in  p o in t  wi th  no damping.

1 c o r r e s p o n d s  to  a c r i t i c a l l y  damped system and optimum

s t a b i l i t y .  As £ becomes sm a l le r  t r a n s i e n t  overshoo t  occurs  and 

s t a b i l i t y  i s  r e d u c e d .  As a r u l e  of  thumb, assuming t h a t  the  

re sponse  f u n c t i o n  s a t i s f i e s  the c r i t e r i o n  fo r  s t a b i l i t y ,  i e .  t h a t  

the  ( - 1 , 0 )  p o i n t  i s  to  the l e f t  of  the GH(iw) l o c u s ,  then the 

f u r t h e r  t h e  l o c u s  of  GH(ifa)) c ro s s e s  the n e ga t ive  r e a l  ax is  from 

(—1 ,0 )  t h e  c l o s e r  £ approximates to  1. As the c ro s s i n g  p o i n t  

approaches  ( - 1 , 0 )  £ -----> 0 and the system becomes u n s t a b l e .

There  a r e  two use fu l  q u a n t i t i e s  which may be dete rmined from

e i t h e r  N yqu i s t  or  Bode p l o t s  which w i l l  give a measure of  a s y s te m 's

s t a b i l  i t y .

The f i r s t ,  Gain Margin, i s  de f ine d  as the magnitude of the 

r e c i p r o c a l  o f  t h e  open—loop t r a n s f e r  f u n c t io n  a t  the f requency ,

wn ( e q u a t i o n  4 .1 6  ) .  i s  t h a t  f requency at  which the phase angle

of  the  open—loop t r a n s f e r  fu n c t io n  i s  —180° and i s  known as the  

phase c r o s s o v e r  f r e q u e n c y .  On a Bode p l o t  the ga in  margin i s  the  

number of  dB below zero  of  the |GH(iw)l p l o t  a t  o>̂ .

Gm = 1 (4.16)
|GH(iu>n) |

The second  use fu l  i n d i c a t o r  of  s t a b i l i t y  commonly e x t r a c t e d

from t h e s e  p l o t s  i s  the  Phase Margin.  The phase margin i s  de f ined  as
  function

-180°  p l u s  t h e  phase  angle  of the open loop t r a n s f e r ^ a t  the frequency  

o f  u n i t y  g a i n ,  the  ga in  c rossover  f requency .  That i s :

0pM = [ 180 + arg GH(io>) ] degrees  (4.17)
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On a Nyqais t  p l o t  the  phase margin i s  the angle th rough which 

the  GH(io>) locus  must be r o t a t e d  to  c ro s s  the nega t ive  r e a l  ax i s  a t  

the  1 ,0 )  p o i n t .  When c r i t i c a l  damping i s  a requirement  then  £ ~ 1, 

and by r e f e r e n c e  to  the  second o rder  system des c r ib ed  by eq u a t io n  

4 .1 4  the  phase margin i s  c o n s t r a in e d  to  be -  70°.

Th is  i s  not  an e x h a u s t iv e  t r e a tm e n t  of  methods o f  feedback 

a n a l y s i s .  There a re  s e v e r a l  methods a v a i l a b l e  fo r  i n v e s t i g a t i n g  the 

p r o p e r t i e s  of  complex feedback c i r c u i t s [80,81]  but  the Nyquist  and 

Bode p l o t s  have been used in  t h i s  t r e a tm e n t  because of the  w ea l th  of 

i n f o r m a t i o n  which may be e x t r a c t e d  f o r  a modest computat iona l  e f f o r t .

4; 2 .1  AN ACTIVE FREQUENCY STABILISATION SYSTEM

The f i r s t  c i r c u i t  to  be cons ide red  in  t h i s  c h a p te r  was 

d e s ig n e d  as a h i g h -g a i n  wide bandwidth a m p l i f i e r  f o r  a l a s e r

f r e q u e n c y  s t a b i l i s a t i o n  sys tem. The f requency s t a b i l i t y  of  the 

i l l u m i n a t i n g  l i g h t  i s  an impor tan t  c o n s i d e r a t i o n  fo r  i n t e r f e r o m e t r i c  

g r a v i t a t i o n a l  r a d i a t i o n  d e t e c t o r s  and, fo r  example,  in  h igh

r e s o l u t i o n  atomic s p e c t ro sc o p y .  In  the p ro to type  Glasgow d e t e c t o r  

f r e q u e n c y  no ise  can couple in  through imbalances in  the  

c h a r a c t e r i s t i c s  of  the c a v i t i e s  and may p reven t  the d e t e c t o r  r each ing  

p ho ton  s h o t —noise  l i m i t e d  s e n s i t i v i t y .

There are  s evera l  t echn iques  c u r r e n t l y  in  use to  a c t i v e l y  

r educ e  l a s e r  f requency  f l u c t u a t i o n s .  The l a s e r  f requency  i s

compared to  a f requency r e f e r e n c e  and a c o n t r o l  s igna l  de r iv e d  which

i s  f ed  back  to  a t r a n s d u c e r  to  co n t ro l  the l a s e r  f requency .  A

commonly used feedback element  i s  an i n t r a —c a v i t y  Pockels  c e l l .

The frequency  of  the l a s e r  l i g h t  was compared to  a s t a b l e  

r e f e r e n c e  c a v i t y  (Tropel  216) and the e r r o r  s igna l  produced by
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a p p l i c a t i o n  of  the r e f l e c t i o n  r . f .  s ideband techn ique  deve loped  a t  

G lasgow [66 ] . The system d i s c u s s e d  he re  was i n i t i a l l y  des ig n e d  to

a p p ly  the c o r r e c t i n g  s i g n a l s  to  an i n t r a —c a v i t y  Pockels  c e l l .  In  the

f i r s t  experiments  the s ig n a l  was a m p l i f i ed  and fed back to  a

t r a n s v e r s e —cut  ADP Pockels  c e l l  f i t t e d  with  Brewster  cut windows. The 

o v e r a l l  aim was fo r  a system wi th  high ga in ,  low power l o s s  and wide 

( >2MHz) bandwid th .  The fundamental  l i m i t a t i o n ,  assuming t h a t

s u f f i c i e n t  g a in  i s  p rov ided  by the se rvosystem, i s  the  photon

s h o t —no ise  in  the d e t e c t e d  l i g h t .  I f  the ga in is  s u f f i c i e n t l y  high

the  se rvosys tem w i l l  impose frequency f l u c t u a t i o n s  on the t r a n s m i t t e d  

l i g h t  a t  t h i s  l e v e l .  The system i s  shown sc h em a t i c a l l y  in  F igu re  4 . 2 .

4 : 2 . 2  THE CIRCUIT DESIGN AND ANALYSIS

The system was r e q u i r e d  to  give ve ry  high ga in in  the kHz band 

where the g r a v i t a t i o n a l  r a d i a t i o n  d e t e c to r  o p e r a t e s .  Hence the

u n i t y  g a in  p o i n t  was des igned to  be a t  high f requency  (~2MHz) 

and the  ga in  in c r e a s e d  s t e e p l y  at  low f requenc ie s  to achieve  a smooth 

g a i n  p r o f i l e .  To ach ieve s t a b l e  locking of the servosystem the f a s t  

s i g n a l s  must be able  to  p ropaga te  even when the low frequency  s i g n a l s  

a r e  a t  s a t u r a t i o n  l e v e l .  To achieve these  c a p a b i l i t i e s  the c i r c u i t  i s  

o f  ' b y p a s s '  d e s ign  and i s  shown in F igure  4 .3 .

R e f e r r in g  back to  F igu re  4.1 i t  i s  p o s s ib l e  to  c h a r a c t e r i s e

the  se rvosys tem as below:
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Summi ng
Point

F r e q u e n c y

f l u c t u a t i o n s

P o c k e l s  cel l co n v e r t s  
the  v o l t ag e  signal f rom  

the  s e rvo sy s tem  to a 
f r e q u e n c y  s ig n a l .

C a v i ty  re s p o n s e ,  
f i l t e r s ,  e tc .

C o n v e r t  f r e q u e n c y  
f lu c tu a t io n s  to a 

v o l t a g e  s ig n a l

ree d b ack  Circui t

H

F igu re  4 .4

The open-loop t r a n s f e r  f u n c t i o n ,  GB(ito), includes s e v e r a l  

components .  Apart  from the response  of  the c i r c u i t  i t s e l f  th e r e  is  

t h e  r e s p o n s e  of  the photo-diode and of  the r e f e re n c e  c a v i t y .  A f t e r  

t h e  a m p l i f i c a t i o n  of the c o n t ro l  s i g n a l  the re  is  a f u r t h e r  conve rs ion  

from the s i g n a l  app l i ed  to the Pocke ls  c e l l  to a f requency change in 

t h e  l a s e r  o u t p u t .  The output  from the d e t e c t i n g  photo-diode a f t e r  

s u i t a b l e  f i l t e r i n g  is  b i p o l a r  and the  c a v i t y  bandwidth div ided by the 

pe a k  to  peak v o l t a g e  ( fo r  example 1 Volt is  a t y p i c a l  value)  y i e l d s  

t h e  c o n v e r s io n  f a c t o r  for f requency no ise  to vo l ta ge  s i g n a l .  However 

the  r e l a t i o n s h i p  is  not t r u l y  l i n e a r  and the r a t i o  is l a r g e r  by a 

f a c t o r  two fo r  small (<<1.5MHz) f l u c t u a t i o n s  which wil l  be the case 

when the  loop is  c losed .  The r e l a t i o n  i s :

6V = 2 * 5f  (4 .18 )
1.5*10*

The d e t e c t i o n  of f requency no ise  on the sampled l i g h t  w i l l  be 

l i m i t e d  by the bandwidth of the r e f e r e n c e  c a v i t y .  In t h i s  case the  

r e f e r e n c e  c a v i t y  has a bandwidth of 1.5MHz. This  impl ie s  t h a t  a t  the 

opper  l i m i t s  of the se rvosys tem 's  o p e r a t i o n  the c a v i t y  w i l l  be a c t i n g  

as  an i n t e g r a t o r  of f requency f l u c t u a t i o n s .  The time c o n s t a n t ,  

x ,  o f  the c a v i t y  is  given by 2/6o), where is  the cav i ty  bandwid th .  

T h e r e f o r e  the  c a v i t y  f requency response  i s :
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(4.19)
^ £ l  + ito)T

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

f 0 = l “ i(OT (4 .20)

T h e r e f o r e  the  forward t r a n s f e r  f a n c t i o n  is  given by:

(4 .21)

The feedback  f a n c t io n  i s  compl ica ted by the p resence  of 

s e v e r a l  ' b r a n c h e s '  of  the c i r c a i t  and i s  consequen t ly  too long to  

p r e s e n t  he re  o t h e r  than  as H(i(t>) a l though  the method of c a l c u l a t i o n  

i s  p r e s e n t e d  in  Appendix A. The t r a n s f e r  f u n c t io n  i s :  ,

GH( iti>) = 5fH(i(t)) [ 1~ i(l),c1 (4 .22)
7 .5*105 L1 +o)at * J

This  f u n c t i o n  must a l s o  be m u l t i p l i e d  by the f a c t o r  which 

r e l a t e s  the v o l t a g e  app l i ed  to  the Pockels  c e l l  to  the change in 

f r e q u e n c y  o f  the l a s e r  ou tpu t .  F i r s t l y ,  w i t h i n  a l a s e r  c a v i t y :

f  1

Where 1 i s  the leng th  of the l a s e r  c a v i t y ,  1 .8  met res  in  t h i s

c a s e .

The Pocke ls  c e l l  has a half-wave vo l t a g e  of 800V a t  51 4 .5nm. 

So 61 = (514.5*10“ 9) / 2  when V = 800 v o l t s .  Therefore  e qua t ion  4.23 

may be r e w r i t t e n :

8 f  _ 61 (4 .23)

8 f  _ 514.5*10-9 6V (4.24)
f  2 * 1 .8 V1/2
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And:

8 f  = 8.3 * 10* 8V

Which means t h a t  the open—loop ga in  i s  given by:

GH(iw) = 0 .14  * H(i(o) ♦ r 1 ~ it0T -| (4 .26)
L 1 + <i)a T a J

This  f u n c t i o n  i s  p l o t t e d  in  F igure  4.5 as Re[GH(i<o)] a g a i n s t  

Im[GH(ittf)] . I t  can be seen t h a t  the system s a t i s f i e s  the  Nyquist  

c r i t e r i o n  f o r  s t a b i l i t y .  However, a t  high f requenc ie s  the  locus  of  GH 

tends  towards the n e g a t iv e  r e a l  ax i s  ( -180°)  a s y m p t o t i c a l l y .  Hence 

the  Gain Margin i s  i n f i n i t e  which seems to  imply t h a t  the  g a in  may be 

i n c r e a s e d  w i thou t  l i m i t ,  w i thou t  the system becoming -uns tab le .  This  

a p p a re n t  l a c k  of  l i m i t s  i s  caused by the s i m p l i c i t y  of  the c i r c u i t  

m o d e l l i n g .  Each element  in  the  c i r c u i t  i s  t r e a t e d  as having no d e lay  

in  i t s  r e a c t i o n  to  an i n p u t .  In p r a c t i c e ,  of course ,  t h e r e  w i l l  be 

p r o p a g a t i o n  de la ys  a s s o c i a t e d  wi th  each p a r t  of the c i r c u i t .  The use 

of  the  ' b y p a s s '  d e s ign  minimises  the e f f e c t s  of  these  d e l a y s .  At 

h i g h e r  f r e q u e n c ie s  these  de la ys  w i l l  become s i g n i f i c a n t  and w i l l  

e v e n t u a l l y  l i m i t  the  g a in  of the system since they  in t ro d u c e  a 

f u r t h e r  phase s h i f t .  The magnitude of  these p ropaga t ion  d e la ys  i s  not  

m odel led bu t  f o r  s t a b l e  o p e r a t i o n  i t  i s  usual  to  a llow a phase margin 

o f  45 ° .  Th is  co rre sponds  to  a maximum r o l l - o f f  through the un i ty  

g a in  p o i n t  on a Bode p l o t  of  9dB/octave.

I t  i s  a l s o  c l e a r  from Figure 4.5 t h a t  i f  the ga in  i s  reduced 

th e n  the  se rvosys tem w i l l  e v e n t u a l l y  become unstab le  when the  un i ty  

g a in  p o i n t  i s  a t  ~ 3kHz. This  does not  r e p r e s e n t  a r e a l  problem since 

in  p r a c t i c e  lock ing  can be achieved withou t  reducing the g a in .

The computed Bode p l o t s  of the system response shown in 

F ig u re  4 .6  se rve  to  show how the s t a b i l i t y  of  the se rvosys tem w i l l
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F ig u re  4 .5  A Nyqu is t  p l o t  of  the t r a n s f e r  f u n c t io n  of  the  f a s t  

f r e q u e n c y  s t a b i l i s a t i o n  system i n d ic a t i n g  the s i t u a t i o n  of  

c o n d i t i o n a l  s t a b i l i t y .
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Fig ore  4 . 6  Bode p l o t s  of  the t r . o s f e r  f o n c t i o o  o f  the f a s t  

f r e q u e n c y  s t a b i l i s a t i o n  system.



v a ry  as the  f r a c t i o n  of  s igna l  fed i n to  the c i r c u i t  i s  v a r i e d .  I t  can 

be seen  t h a t  the  u n i ty  ga in  po in t  (or  damped n a t u r a l  f requency)  

i s  12.6MHz. The r o l l - o f f  through the un i ty  ga in  po in t  i s  9dB/octave 

which co r r e s p o n d s  t o  a phase margin of  45°.  By r e f e r r i n g  to  the  

c h a r a c t e r i s t i c s  of  a second order  system t h i s  y i e l d s  a damping 

r a t i o .  £ — 0 . 4 [ 8 2 ] , which al lows a s h o r t  r in g in g  in  the system

r e s p o n s e .  The d . c .  ga in  i s  2 .4*107 and r o l l s  o f f  from around 100Hz. 

The r o l l - o f f  r e a c h e s  a maximum of  about 15dB/octave a t  ~ 2.5kHz.  The 

h igh  f re q u e n c y  b ranch  of the c i r c u i t  dominates above -  120kHz.

For comparison  cons id e r  the case where only one q u a r t e r  of  the 

d e t e c t e d  s i g n a l  i s  fed  i n to  the c i r c u i t .  Now the d . c .  ga in  i s  

6 .1*10^  and the  u n i ty  ga in  po in t  i s  a t  ~ 5 MHz. The phase margin 

i s  now 70° ,  i e . a r o l l - o f f  of  ~ 7dB/octave,  which corresponds to  

£ = 0 . 8 [ 8 2 ] ;  the  system is  very near  c r i t i c a l  damping.

From the  above i t  i s  c l e a r  t h a t  the system can be run w i th  

h igh  g a in  and wide bandwidth and t h a t  i t  w i l l  be s t a b l e  as r e q u i r e d .  

The g a in  a t  which the system w i l l  a c t u a l l y  become uns tab le  i s  

u n c e r t a i n  be cause  of  the u n c e r t a i n  na tu re  of the l i m i t i n g  de lays  but  

t h i s  l i m i t  can be determined e xpe r im en ta l ly  and i t  i s  c l e a r  t h a t

t h e r e  i s  a wide range of  gain  over which the system w i l l  behave

s a t i s f a c t o r i l y .

The system was used by Mr. G. Kerr and Dr. N. Robertson to  

s t a b i l i s e  a h ig h  power Argon Ion l a s e r  in  a r e b u i l t  c a v i t y .  Frequency 

n o i se  in  the  s t a b i l i s e d  l a s e r  l i g h t  was reduced to  a l e v e l  of  

-  0 .45Hz/Hz1/2  a t  1kHz in  p re l im in a ry  t r i a l s .

The se rvosystem has s ince been developed by Mr. Kerr and 

Dr.  R obe r t son  t o  s t a b i l i s e  the same l a s e r  by using a s l i g h t l y

m od i f ied  v e r s i o n  of  the c i r c u i t  to  d r ive  a p i e z o - e l e c t r i c a l l y

c o n t r o l l e d  r e a r  m i r r o r .  The h igher  f requency  f l u c t u a t i o n s  were 

c o n t r o l l e d  by an e x t r a - c a v i t y  e l e c t r o - o p t i c  modula to r .  This overcame

- 82 -



the problem of power lo s t  associated with in tra -cav ity  Pockels 

c e l l s  and reduced the p o ss ib i l i ty  of causing serious daatage to the 

Pockels c e l l .  This work has been published in reference [77 ].

4:3_A USER INTENSITY STABILISATION SERVOSYSTEM

The second c i r c u i t  to  be cons ide red  was designed f o r  the l a s e r  

i n t e n s i t y  s t a b i l i s a t i o n  system descr ibed  in  the p rev ious  c h a p te r .  The 

c i r c u i t ,  shown in  Figure 3 .4 ,  is  s l i g h t l y  s impler  than the prev ious  

example .  For  t h i s  p a r t i c u l a r  a p p l i c a t i o n  the bandwidth was d i c t a t e d

Ayby e x t e r n a l  requ i rements  r a t h e r  than^the  c i r c u i t  de s ig n .

As no ted  in Chapter 3 the servosystem was r e q u i r e d  to 

s t a b i l i s e  the  output  i n t e n s i t y  of a high power Argon Ion l a s e r  by 

v a r y i n g  th e  t ransm is s ion  of the l a s e r  output  through an arrangement  

o f  two c ro s s e d  p o l a r i s e r s  and a f o u r - c r y s t a l ,  t r a n s v e r s e  c u t ,  ADP 

P o c k e l s  c e l l  with a half-wave vo l tage  of 280 Vo l t s .  The e r r o r  s igna l  

was d e r i v e d  from a small sample (nominally  lmW) of the l a s e r  o u tp u t .  

The i n t e n s i t y  f l u c t u a t i o n s  of the Argon Ion l a s e r  r e q u i r e d  an 

ope n - loop  g a in  of  ~ 103 in the kHz reg ion r i s i n g  to  g r e a t e r  than 

104 a t  d . c .

R e f e r r i n g  once more to Figure 4.1 the i n t e n s i t y  s t a b i l i s a t i o n  

se rvosys te m  may be depic ted  s c h em a t ic a l ly  as in F igure  4 .7  below.

Summing
150101 P h o t o  • d i o d e  c o n v e r ts .

Inten si ty

f l u c t u a t i o n s

P o c k e l s  c e l l  c o n v e r t s  
the v o l t a g e  s ig n a l  f ro m  

the s e r v o s y s t e m  to  an 
i n t e n s i t y  s ig n a l .

i n t e n s i t y  f l u c t u a t i o n s  
io  a v o l ta g e  signal

F e e d b a c k  Circuit

H

Figure  4.7
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The sampled l i g h t  is  some c o ns ta n t  f r a c t i o n  of  the  t o t a l  

o n t p n t  power of  the  l a s e r  and so i t  i s  e a s i e s t  to  c o n s id e r  on ly  t h i s

sample which i s  i n c i d e n t  on the pho to -d iode .  The e f f e c t  of  the

s e rv o s y s te m  w i l l  then  s c a l e  to the f u l l  l a s e r  o u tpu t .

Consider  I q Watts of  l i g h t  in c id e n t  on the pho to -d iode  when

the  P o c k e l s  c e l l  i s  b i a s s e d  to  maximum t ran s m is s io n  i e . Vq = 280

V o l t s .  I f  Vq = o Volt s  then the i n c i d e n t  l i g h t  i n t e n s i t y  w i l l  f a l l  to  

0 W a t t s .  I t  i s  p o s s i b l e  to  take a l i n e a r  approx im at io n

8 I /8 V  = 2* Now when l i g h t  i s  i n c i d e n t  on the p ho to -d iode  a

c u r r e n t  f lows i n t o  the i n v e r t i n g  input  of  the 50J p r e - a m p l i f i e r .  An 

i n t e n s i t y  o f  I  Watts  causes  a c u r r e n t  of  0.25*1 Amps to  flow i n t o  the  

100 Ohm r e s i s t o r  g iv ing  a v o l tage  drop of  25*1 V o l t s .  The re fo re  the 

s i g n a l  a p p l i e d  to  the Pockels  c e l l  is  25*I*G(i(o) Volts  ,where G(ioj) i s  

the  f r e q u e n c y  dependent  vo l tage  ga in of  the feedback c i r c u i t .  So, i f  

t h e  ou tp u t  i n t e n s i t y  changes by I  Watts then the v o l t a g e  a p p l i e d  

t o  the  Pocke ls  c e l l  w i l l  be 25* I q*G(iw ) . The loop g a in  i s  then 

g iv e n  by:

However, the t ran s m is s io n  curve i s  not  a l i n e a r  f u n c t i o n  of  

v o l t a g e .  R e f e r r i n g  to  equa t ion  3:15 the vo l tage  v a r i e s  as:

GH(iw) = Vol ts  produced by change I 0 
Volts  to  produce a change I Q

(4 .27)

O r :

GH( iw) = 25*G(iw) * _ L l (4 .28)

(4.29)

And so d i f f e r e n t i a t i n g :
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5 1  =  9 * T-- 2 I0*k*sin(kV0)*cos(kV0) (4.30)

Where k n / ^ V ^ ) .  Comparing t h i s  to  the  l i n e a r

a p p ro x im a t io n  of  8I/5V above gives  the c o r r e c t i o n  f a c t o r ,

n*sin(kVo)*cos(kV0) . T h e r e f o r e ,  the Open Loop Gain i s  g iven  by:

GH(iw) = • , . s i„(kVo) . c o s (kVo) (4 .31)
Vl / 2

The open loop ga in  is  l i n e a r l y  dependent  on the i n t e n s i t y  of

the  sampled l i g h t .  The choice of the b i a s i n g  v o l t a g e ,  V i s of

g r e a t  im por tance .  Vq determines the power being d i s c a r d e d  by the

system and the g a in  v a r i e s  with VQ a s in  Figure 4 . 8 .  In  p r a c t i c e

th e  low v a lu e s  o f  loop ga in which r e s u l t  in  s e t t i n g  

~ ^ 1 / 2  n° t  be the main l i m i t a t i o n  because  as V0

approaches  ^ \ / 2  *ke servosystem lo ses  dynamic range and so w i l l

lo s e  lock  r e a d i l y .

In  F ig u re  4 .9  the computed Bode p l o t s  of  the open loop ga in  of 

the  system shows t h a t  the gain r o l l s  o f f  from about  200Hz a t  

6dBV/octave r i s i n g  to  g r e a t e r  than 12dBV/octave around 2kHz. The

u n i t y  g a in  p o i n t  v a r i e s  from a maximum of  400kHz when Vq = 0.5*Vjy2 

to  79.5kHz when VQ = 0.9*Vjy2 which corresponds to  the maximum 

p r a c t i c a b l e  t r a n s m i s s i o n  of  the system fo r  sho r t  t i m e s c a l e s .  For the 

same v a lu e s  of  Vq the  d . c .  ga in is  95dBV and 85dBV r e s p e c t i v e l y .  In 

normal o p e r a t i o n  the  system was opera ted  at  a b i a s i n g  v o l t a g e  of

°*7*Vl / 2  " k i c h  g ives  a d . c .  gain of 93dBV and the u n i ty  g a in  p o i n t  

a t  316kHz. The phase margin i s  ~ 80° ($ ~ 1H82]  which could al low 

the  g a in  to  be i n c r e a s e d  i f  requ i red  al though t h i s  would cause the 

u n i t y  g a in  p o i n t  to  r i s e  above i t s  design va lue .

The Nyquis t  p l o t  shows th a t  i f  the gain is  reduced the system 

w i l l  o p e ra t e  s t a b l y  u n t i l  the c ross ing  po in t  a t  3kHz reaches  the

- 85 -



Open - loop Gain

0-2

140 280

Bias  vo l ta ge ,  Wq

F igu re  4 .8  The v a r i a t i o n  of  the open -  loop ga in  o f  the i n t e n s i t y

s t a b i l i s a t i o n  system wi th  the b i a s s in g  v o l t a g e ,  V , over  the

range 0 -  V . The maximum loop gain i s  achieved when V = V .ix o it

However in  t h i s  case 50% of the input  l a s e r  l i g h t  i s  r e j e c t e d .  This  

i s  u n d e s i r a b l e  when high  l a s e r  powers are  r e q u i r e d .  The p r a c t i c a l  

o p e r a t i o n  o f  the  servosystem involves  a compromise between the d e s i r e  

fo r  h ig h  g a in  and low lo sse s  of  l i g h t .
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F ig u re  4 .9  Bode p l o t s  of  the t r a n s f e r  f u n c t io n  of  the 

i n t e n s i t y  s t a b i l i s a t i o n  system when Vq = 0 .7  * \  %
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F i g u r e  4.10  A Nyquist p l o t  of the t r a n s f e r  f u n c t io n  of  

the  i n t e n s i t y  s t a b i l i s a t i o n  system when Vq = 0 .7 * V^.



1*0) p o i n t .  However in  p r a c t i c e  the  system i s  capab le  of  a t t a i n i n g  

l o c k  w i t h  the  g a in  s e t  h i g h e r  t han  t h i s  and so i t  w i l l  no t  be a 

p r o b le m .

The obse rved  open loop g a in  corresponded  w e l l  t o  t h e

c a l c u l a t e d  v a l u e s .  However as r e p o r t e d  in  the p rev io u s  c h a p t e r  the  

l e v e l  of  i n t e n s i t y  s t a b i l i s a t i o n  observed  d id  no t  co r r e spond  to  t h e  

g a i n  a v a i l a b l e .  The observed  performance of  the  s e rvosys te m  was

l i m i t e d  by n o n - i n t e n s i t y  no i se  s ou rces  which were d e t e c t e d  as

i n t e n s i t y  n o i s e .  The use of a l e n g t h  of  mono-mode s tepped  index f i b r e  

as  a beam c l e a n e r  a l lowed the  se rvosys tem to  approach  i t s  d e s ig n

p e r fo rm a n c e  over  a wider  range of  f r e q u e n c i e s .
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CHAPTER 5

THE STABILISATION OF LASER BEAM GEOMETRY WITH OPTICAL FIBRES 

5:1  AN INTRODUCTION TO OPTICAL FIBRES

The p r e v i o u s  two c h a p t e r s  have been concerned  w i th  t h e

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

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

r a d i a t i o n  d e t e c t o r .  However, due to  v i b r a t i o n s  i n  the m i r r o r  mounts 

o f  t h e  l a s e r  c a v i t y  and inhom ogene i t ie s  of  the l a s e r  medium the

o u t p u t  l i g h t  i s  a l s o  s u b j e c t  to  geom et r i ca l  f l u c t u a t i o n s  eg .  

p o s i t i o n ,  a n g l e ,  e t c .  Now, i f  the  o u tpu t  beams of  the i n t e r f e r o m e t e r  

a re  i n t e r f e r e d  a t  some a n g le ,  <x, and the  l a s e r  beam shows t r a n s v e r s e  

f l u c t a t i o n s , 8 x ( t ) ,  t h en  t h e r e  w i l l  be a spu r ious  phase s i g n a l  which 

w i l l  be obse rved  as a f l u c t u a t i o n  in  the leng th  of  the c a v i t i e s .  Th is  

s p u r i o u s  s i g n a l  i s  g iven  by:

51 « k a 5 x ( t )  t 5 - 1 *

Where k i s  a c o n s t a n t  o f  p r o p o r t i o n a l i t y .  I t  has  been  shown

t h a t  t h e  g e o m e t r i c a l  f l u c t u a t i o n s  o f  a f r e e - r u n n i n g  a rgon  ion l a s e r

can l i m i t  t h e  d i sp la c em e n t  s e n s i t i v i t y  o f  an i n t e r f e r o m e t r i c  

g r a v i t a t i o n a l  r a d i a t i o n  d e t e c t o r  a t  a l e v e l  as  h ig h  as

10- 1 5  m/Hz1 / 2 [ 6 7 ] .

The r e d u c t i o n  of  o the rwise  s e r i o u s l y  l i m i t i n g  f l u c t u a t i o n s  in

th e  i n p u t  l a s e r  beam has  been achieved by the use o f  a c t i v e  systems 

in  t h e  f o r e g o i n g  c h a p t e r s .  A r e l a t e d  development a t  Glasgow has been  

a beam p o s i t i o n  s t a b i l i s a t i o n  s y s te m [7 8 ] . However, in  some i n s t a n c e s  

t h e r e  a r e  p a s s i v e  dev ices  a v a i l a b l e  which may p ro v id e  ample
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improvement  in  some a s p e c t  o f  beam q u a l i t y  and p o s s i b l y  a s av ing  i n  

l o s s y  o p t i c a l  components .  The waveguide p r o p e r t i e s  o f  o p t i c a l  f i b r e s  

may be u s e f u l  i n  t h i s  c o n t e x t .

The g e o m e t r i c a l  f l u c t u a t i o n s  of  a l a s e r  beam can be 

u n d e r s t o o d  as v a r i a t i o n s  in  the mode s t r u c t u r e  o f  the  p r o p a g a t i n g  

beam. C l e a r l y  i f  the  o p t i c a l  f i b r e  a t t e n u a t e s  the  h i g h e r  o r d e r  modes 

t h e  emergent  beam w i l l  have g r e a t e r  g e o m e t r i c a l  s t a b i l i t y ,  p r o v id e d  

t h a t  the  end o f  the  f i b r e  i s  no t  f r e e  to  v i b r a t e .  I f  t h e  i n i t i a l  

f l u c t u a t i o n s  a re  l a r g e  enough to  a f f e c t  s i g n i f i c a n t l y  the  cou p l in g  o f  

the  beam i n t o  the  f i b r e  t h e n  the ou tpu t  w i l l  be i n t e n s i t y  m odu la te d .  

A c o m b in a t io n  o f  an i n t e n s i t y  s t a b i l i s e r  and a f i b r e ,  w i t h  the  f i b r e  

l o c a t e d  a f t e r  t h e  t r a n s d u c e r  and p r i o r  to  the  sampling p h o t o - d i o d e ,  

has  t h e  p o t e n t i a l  f o r  p r o v id i n g  a q u i e t ,  s t a b l e  and c l e a n  

beam ( c f .  Chapter  3 ) .  A p o s s i b l e  l i m i t a t i o n  to  the  a t t r a c t i v e n e s s  o f  

such a scheme i s  the  maximum power which may be t r a n s m i t t e d  th rough  

a f i b r e  and t h i s  w i l l  be d i s c u s s e d  l a t e r .

An o p t i c a l  f i b r e  t y p i c a l l y  c o n s i s t s  of  a g l a s s  (SiO^) f i b r e

w i t h  a Ge02 doped core  o f  small  r a d i u s ,  t y p i c a l l y  a few m ic rons ,

which i s  of  s l i g h t l y  h i g h e r  r e f r a c t i v e  index th a n  the su r round ing

c l a d d i n g .  Th is  type  o f  f i b r e  is  known as s t e p p e d - i n d e x .  Graded-index

f i b r e s  have been  c o n s t r u c t e d  so t h a t  the r e f r a c t i v e  index f a l l s  o f f

c o n t i n u o u s l y  from the  f i b r e  c e n t r e  and so the core  and c la d d in g  a re

e s s e n t i a l l y  i n d i s t i n g u i s h a b l e .  The f i b r e  i s  u s u a l l y  covered  by a

p l a s t i c  s h e a t h  which p ro v id e s  p r o t e c t i o n  and reduces  the  l e v e l  of

' c r o s s t a l k '  i n  f i b r e  bunches .  So, i f  nco = r e f r a c t i v e  index of

co re  and n , = r e f r a c t i v e  index of  c ladd ing  then :  
c l

n -  n . «  1 <5 ' 2 >CO cl

Now, a p p ly in g  S n e l l ' s  law to a r ay  w i t h i n  the core  s t r i k i n g  

the  c o r e / c l a d d i n g  i n t e r f a c e  i t  i s  c l e a r  t h a t  the c r i t i c a l  ang le  w i l l
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be v e r y  l a r g e .  For  t h i s  r e a s o n  o p t i c a l  f i b r e s  a r e  known as weakly 

g a i d i n g .  An a p p r o p r i a t e  cho ice  o f  d imens ions  and r e f r a c t i v e  i n d i c e s  

can r edace  the  number o f  waveguide modes a f i b r e  can s u p p o r t .  A 

mono—mode f i b r e  i s  d e s ig n e d  to  suppo r t  on ly  the  fundamental  waveguide 

mode and i t  i s  t h i s  p r o p e r t y  which i s  u s e fu l  f o r  gu id ing  the l i g h t  

i n t o  an i n t e r f e r o m e t r i c  g r a v i t a t i o n a l  wave d e t e c t o r .

The small  s i z e  o f  t h e  f i b r e  core means t h a t  g r e a t  c a re  must  be 

t a k e n  t o  i n t r o d u c e  a l a s e r  beam i n t o  a f i b r e  t o  a c h ie ve  e f f i c i e n t  

c o u p l i n g .  A mode-matching l e n s  i s  r e q u i r e d  to  couple  the  inpu t  beam 

i n t o  the  f i b r e  and a n o t h e r  to  c o n t r o l  the  d iv e r g e n c e  of  the  ou tp u t  

beam. The e f f i c i e n c y  o f  the coup l ing  w i l l  be t r e a t e d  i n  more d e t a i l  

l a t e r .

The g l a s s  c o r e ,  which c a r r i e s  a lmost  a l l  o f  the  power o f  the  

p r o p a g a t i n g  beam, i s  s l i g h t l y  b i r e f r i n g e n t . The b i r e f r i n g e n c e  of  the 

c o re  changes  w i t h  t e m p e r a t u r e ,  p r e s s u r e  and bend in g  of  t h e  f i b r e .  The 

e f f e c t  of  t h i s  i s  b r o a d l y  the  same as f o r  the  P o c k e l s  c e l l  d i s c u s s e d  

i n  Cha p te r  3 .

The fundamental  mode in  a f i b r e  i s  no t  in  f a c t  one mode bu t  

c o n s i s t s  o f  two o r th o g o n a l  p o l a r i s a t i o n  s t a t e s .  I n  a s imple low 

b i r e f r i n g e n c e  f i b r e  ene rgy  can be t r a n s f e r r e d  e a s i l y  from one 

p o l a r i s a t i o n  s t a t e  to  a n o t h e r .  However i t  i s  p o s s i b l e  to  c o n s t r u c t  a 

f i b r e  which has  a h ig h  va lue  of  b i r e f r i n g e n c e  which e f f e c t i v e l y  

r e d u c e s  t h i s  cou p l in g  of  the  two s t a t e s [ 8 3 ] .

5 :2  SUPPRESSION OF LASER BEAM POSITIONAL FLUCTUATIONS

To i n v e s t i g a t e  in  a simple way how o p t i c a l  f i b r e s  cou ld  be 

used t o  s u p p re s s  beam p o s i t i o n  f l u c t u a t i o n s  s e v e r a l  d i f f e r e n t  l e n g t h s  

o f  a sample f i b r e  were p r e p a r e d  and t e s t e d  f o r  s u p p r e s s i o n .  To ensure  

t h a t  the  l i g h t  w i l l  couple  i n to  the f i b r e  a f l a t ,  smooth s u r f a c e  must
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be p r e p a r e d .  F i r s t  the  p r o t e c t i v e ,  p l a s t i c  s h e a t h  was c a t  or  b u r n t  

o f f *  A l i g h t ,  s c o r i n g  movement w i th  a g l a s s  c o t t e r  was used to  weaken 

t h e  exposed  f i b r e  s u f f i c i e n t l y  so t h a t  be nd ing  caused a c l e a n  b r e a k .  

The new end was examined using  a b i n o c u l a r  mic roscope  fo r  any c h ip s  

o r  ' s p u r s '  which  would reduce the  coup l ing  e f f i c i e n c y .  With p r a c t i c e  

v e r y  good c l e a v e s  were p o s s i b l e  wi th  few a t t e m p t s .  For  ea se  o f  

h a n d l i n g ,  and t o  p r o t e c t  the  f i b r e ,  each end was mounted i n  a p i e c e  

o f  c a p i l l a r y  tube  as shown in  F i g u re  5 . 1 .  A c l e a r  adhes ive  was used 

t o  bond t h e  f i b r e  i n t o  the tube and to  a f f i x  a t h i n  m ic roscope  cover  

s l i p  ove r  the  end o f  the t u b e .  Once the  cover  s l i p  was in  p l a c e  the

f i b r e  was e a s e d  i n  u n t i l  i t s  end was in  c lo se  c o n t a c t  w i th  the  c o v e r .

T h i s  meant t h a t  the f i b r e  was we l l  p r o t e c t e d  though w i t h o u t  

n e c e s s a r i l y  r e d u c i n g  the coup l ing  e f f i c i e n c y .

A s m a l l  f r a c t i o n  of  the o u tpu t  o f  a S p e c t r a  P h y s i c s  165 Argon 

Io n  l a s e r  ru n n in g  a t  5 1 4 .5nm was used to  p r o v id e  i l l u m i n a t i o n .  The 

t e s t  bed  was a t h i c k  aluminium p l a t e  sup p o r t e d  on rubber  pads  to  

m in im ise  f l e x i n g  and reduce v i b r a t i o n s  coup l ing  i n t o  the components .  

The i n p u t  end o f  the  mounted f i b r e  was f i x e d  to  a p r e c i s i o n  mount 

which p r o v i d e d  x ,  y and z movement and t i l t  and r o t a t i o n .

To a c h ie v e  e f f i c i e n t  coup l ing  of  the  inpu t  l a s e r  beam i n t o  t h e  

f i b r e  i t  was n e c e s s a r y  to  use a mode-matching l e n s .  S i m i l a r l y ,  the  

d i v e r g e n c e  o f  t h e  beam l e a v in g  the  f i b r e  was c o n t r o l l e d  w i th  a second 

l e n s .  The t r a n s m i s s i o n  was maximised by making r e p e a t e d  a d ju s t m e n t s  

to  each  d e g re e  of  freedom of  the f i b r e  mount u n t i l  no f u r t h e r

improvement was p o s s i b l e .  In  some i n s t a n c e s  v e ry  h igh  t r a n s m i s s i o n s

were a c h i e v e d  due to  the  e x c i t a t i o n  o f  c l a d d in g  modes. The l i g h t  

power i s  g u id e d  by the  f i b r e  bu t  w i t h i n  the  c l a d d i n g  which l ea d s  t o  a 

much more complex mode s t r u c t u r e  in  the ou tpu t  beam. By c a rv in g  the 

f i b r e  s l i g h t l y  t h e s e  modes can be supp res sed  and a t r u e  t r a n s m i s s i o n  

l e v e l  can be  r e a d .  The l o n g e s t  l e n g t h  o f  f i b r e  t e s t e d  was a r r a n g e d  i n
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Figure 5.1 The handling and use of glass fibres can be eased by 

mounting in a suitable manner. This is one scheme which was 

tried but which had some disadvantages for use in an 

in te rfe rom etric  gravitational wave detector.

Sample optical fibre
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Figure 5.2 The mode - matching lenses and the sample of optical 

fibre are treated as a single unit. The degree o f suppression of 

beam movement provided by the fibre can be found by 

comparing the signal from the quadrant photo - diode when a 

rotation is applied to the input and output beams. The bias 

current o f the photo - diode is also recorded to ensure that the 

deviation does not affect the coupling of the light into the fibre.



c o i l s  of  30cm d i a m e t e r .

To obse rve  the  e f f e c t s  o f  the  f i b r e  on the t r a n s m i t t e d  l i g h t  a 

q u a d r a n t  p h o to —diode  was used w i th  the  s i g n a l s  from o p p o s i t e  

q u a d r a n t s  s u b t r a c t e d  t o  g ive  s i g n a l s  fo r  two o r th o g o n a l  beam 

movements.  The b i a s i n g  c u r r e n t  was a l s o  measured to  e n s u re  t h a t  

i n t e n s i t y  f l u c t u a t i o n s  cou ld  be d e t e c t e d .

To i n v e s t i g a t e  the s u p p r e s s i o n  of  beam p o s i t i o n  m otions  two 

g l a s s  p l a t e s  a f f i x e d  to  r o t a t i n g  mounts were p l a c e d  b e f o r e  the  in p u t  

mode—match ing  l e n s  and a f t e r  t h e  ou tpu t  l e n s .  The a rrangement  i s  

shown in  F i g u r e  5 . 2 .  A known r o t a t i o n  may be a p p l i e d  to  a g l a s s  

p l a t e  t o  i n t r o d u c e  a d e t e c t a b l e  beam movement. Comparing the  measured  

beam movement f o r  the  same r o t a t i o n  o f  the input  and o u t p u t  p l a t e s  

g i v e s  a measure of  the  deg ree  of  s u p p re s s io n  ach ieved  by us ing  the  

f i b r e .  The advan tage  of  t h i s  method i s  t h a t  r e a d i n g s  can be t a k e n

q u i c k l y  and e a s i l y  r e p e a t e d .  The a c tu a l  va lue  of  beam movement

imposed i s  no t  r e q u i r e d  s in c e  t h e  d i sp lacem ent  can be c a l i b r a t e d  i n  

t e rm s  o f  the magni tude  of  r o t a t i o n  of  the g l a s s  p l a t e s  and th e  s i g n a l  

f rom the  p h o t o - d i o d e .  As mentioned above the pho to -d io d e  b i a s  c u r r e n t  

was m o n i to re d  t o  e nsu re  t h a t  the  inpu t  motion d id  no t  a f f e c t  the

c o u p l i n g  and t h a t  the  l a s e r  ou tpu t  d id  not  f l u c t u a t e  w h i le  r e a d i n g s

were t a k e n .

Four  d i f f e r e n t  l e n g t h s  of  f i b r e  were t e s t e d  to  see how the

beam movement s u p p r e s s i o n  v a r i e d .  The b i r e f r i n g e n c e  o f  the  f i b r e  

c o re  meant  t h a t  the  o u tp u t  p o l a r i s a t i o n  and i n t e n s i t y  was 

s u s c e p t i b l e  t o  f l u c t u a t i o n s  due to  f l e x i n g  and smal l  thermal

c h a n g e s .  The lo n g e r  the  f i b r e  be ing  t e s t e d  the more pronounced  the 

e f f e c t  became.  Th is  s u s c e p t i b i l i t y  of  the l o n g e s t  f i b r e  in  p a r t i c u l a r  

made measurements  q u i t e  d i f f i c u l t  hence the l a r g e  e r r o r  b a r s  on the

g raph  shown i n  F i g u re  5 . 3 .  The s u p p re s s io n  o f  beam p o s i t i o n  movements 

i s  p l o t t e d  a g a i n s t  f i b r e  l e n g t h .  The s lope of  the  graph  g iv es  a
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Figure 5.3 The degree of suppression of laser beam movement is plotted 

against the length of the sample fibre. The longer pieces of fibre show 

a great susceptibility to perturbations, eg. from tem perature variations, 

and this makes it hard to reduce the size of the error bars for these 

m e a s u re m e n ts .



s u p p r e s s i o n  f a c t o r  o f  -  22 /metre  f o r  t h i s  f i b r e .  I t  i s  p o s s i b l e  t h a t  

t h e  s u p p r e s i o n  does no t  r i s e  l i n e a r l y  bu t  as some power o f  the  f i b r e  

l e n g t h ,  however t h e  l a r g e  e r r o r s  in  the r e a d i n g  do no t  a l low  t h i s  to  

be s e e n .  In  p r a c t i c e  on ly  a s h o r t  l e n g t h  of  f i b r e  (~1 m et re )  would 

be used i n  the  p r o t o t y p e  d e t e c t o r  and so the  above r e s u l t  w i l l  be 

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

The v a r i a t i o n  i n  the  t r a n s m i s s i o n  ach ieved  w i th  each l e n g t h  of  

f i b r e  s u g g e s t s  t h a t  t h e  q u a l i t y  of  the  f i b r e  mounting v a r i e d  d e s p i t e  

the  c a r e  t a k e n .  The b e s t  t r a n s m i s s i o n  ach ieved  was 80%, w i th  the 

l a r g e s t  l e n g t h  o f  f i b r e ,  bu t  t h i s  l a s t e d  on ly  a few m in u tes  and was 

v e r y  h a r d  t o  r e c o v e r .  U s u a l ly  around 50% was ach ie ved  and m a i n t a i n e d  

f o r  many m i n u t e s .

T h i s  e x p e r i e n c e  l e d  to  the use of  unmounted f i b r e  f o r  

compar ison  o f  t r a n s m i s s i o n  l e v e l s  and the  f i n d i n g  t h a t  a c l e a n ,  

u n p r o t e c t e d  f i b r e  end w i l l  su rv iv e  w e l l .  Th is  experiment  a l s o  

d e m o n s t r a t e d  t h a t  f o r  work w i th  the  p r o to t y p e  g r a v i t a t i o n a l  r a d i a t i o n  

d e t e c t o r  a more s u i t a b l e  choice of  f i b r e  would be a mono-mode, h igh  

b i r e f r i n g e n c e  t y p e ,  i e .  to  p r e s e r v e  p o l a r i s a t i o n  and to  remove h i g h e r  

o r d e r  modes. I t  i s  t h i s  type of  f i b r e  (o b ta in e d  from York V.S .O.P .  

L t d . )  which was used to  improve the observed performance of  the  

i n t e n s i t y  s t a b i l i s a t i o n  system and which i s  c u r r e n t l y  i n s t a l l e d  in  

t h e  p r o t o t y p e  d e t e c t o r  and r o u t i n e l y  t r a n s m i t t i n g  ~ 50%.

5;3 THEORETICAL TRANSMISSION OF A FUNDAMENTAL MODE

With t h i s  e x p e r i en c e  of  using f i b r e s  and o f  some of  the 

l i m i t a t i o n s  i t  w i l l  be use fu l  to  c a l c u l a t e  the maximum t r a n s m i s s i o n  

t h a t  c o u ld  be e xpe c te d  f o r  a s ingle-mode f i b r e  op t im ised  f o r  g reen  

l i g h t .  The f i b r e  c o n s id e r e d  w i l l  be a s imple  s t e p p e d - m d e x  type as 

d i s c u s s e d  above .  The r e l e v a n t  pa ram ete rs  f o r  the  'York '  f i b r e  w i l l  be
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osed  so t h a t  a comparison  of  the  expec ted  t r a n s m i s s i o n  can he made

w i t h  the  a c h i e v e d  t r a n s m i s s i o n .

A waveguide  mode i s  a c ohe re n t  d i s t r i b u t i o n  of  l i g h t  which

p r o p a g a t e s  w i t h  phase v e l o c i t y ,  v = m/0, where o» i s  t h e  a n g u la r

f r e q u e n c y  o f  t h e  l i g h t  and 0 i s  the  p r o p a g a t i o n  c o n s t a n t  o f  the  f i b r e

which w i l l  be de te rm ine d  from the  boundary  c o n d i t i o n s .  Using a

c y l i n d r i c a l  c o - o r d i n a t e  system ( r , 0 , z )  w i th  z a long  th e  a x i s  o f  the

f i b r e  g i v e s  t h e  z and t ime dependence o f  the  wave f u n c t i o n  as 

i ( 0 z  -  o>t)v •

5 : 3 . 1  TEE FIELDS WITHIN THE FIBRE

I n  a n o n - m a g n e t i c , non-conduc t in g  f i b r e  Maxwell ' s  e q u a t i o n s  

can be w r i t t e n :

V.E = 0 ( 5 .3 a )

V.H = 0 (5 .3b )

3H (5 .3 c )VxE = - „ o _
at

VxH = e “  <5 -3 d >
at

Where z — z e . Now t a k i n g  the  c u r l  of  e q u a t i o n  5 .3c  and r  o

u s in g  th e  i d e n t i t y :

Vx(VxE) = V. (V.E) -  V2E <5 -4 >

G i v e s :

™  = v  ! ! !  ( 5 - 5) 
a t 2
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Which becomes:

V’ E = “ k* E ( j . Sa)

T h i s  i s  the  wave e q u a t i o n  f o r  E where k = om/c,  the  p l a n e  wave

p r o p a g a t i o n  c o n s t a n t ,  and n = e 1^2 the  r e f r a c t i v e  index  o f  t h er

f i b r e .  And s i m i l a r l y  f o r  H:

V2H = - k 2 H (5 .6 b )

I n  a c y l i n d r i c a l  c o - o r d i n a t e  sys tem the  L a p l a c i a n  of  a v e c t o r  

i s  g i v e n  by:

V2V = r  r v2V - _ !  V - dVfl "| 
~  L 1 r 2 r  r 2 90 J

+ fi r V*V0 -  _L V -  ±  ■[
L r 2 r 2 9r  J

+ £ V*VZ ( 5 .7 )

C l e a r l y  the  z-components  of  E and H can be s o lve d  as  s c a l a r  

wave e q u a t i o n s .  The s o l u t i o n  f o r  E w i l l  be of  t h e  form Ez ( r , 0 , z , t )  = 

R ( r )  . $ ( 0 )  and H w i l l  be s i m i l a r .  So p u t t i n g  t h i s  s o l u t i o n

i n  e q u a t i o n  5 . 6 a  and then  s e p a r a t i n g  v a r i a b l e s  g iv e s :

r J  R _  +  r  R  +  r > ( k *  -  0 » )  =  L  <5 -*>
R R i

Where R = dR/dr ,  e t c .  Now, s in c e  the  two s i d e s  a r e
in d e p e n d e n t  t h e y  must equal  a c o n s t a n t ,  n2 , s a y .  T h e re fo re :

<£ = -  n2 $  ( 5 .9 )

The s o l u t i o n  i s :

i = c o s ( n 0 + e >  <5 - 1 0 >
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S i m i l a r l y  f o r  the  L .H .S .  o f  e q u a t i o n  5 . 8 ,  s u b s t i t u t i n g  

g 2 = r 2 ( k 2 -  0 2) :

8* + g 9R + ( g a -  n 2) R = 0 (5 .1 1 )
dg2 9g

P r o v i d i n g  g i s  r e a l  the  s o l u t i o n  o f  t h i s  e q u a t i o n  i s  g iv en  by

B e s s e l ' s  f u n c t i o n s  of  the f i r s t  and second ty p e ,  where k 2 -  0 2 i s  a

s c a l i n g  f a c t o r ,  i . e . :

R = A1 J n (* ) + B1 (5 .12 )

However, the  f u n c t i o n  Y^(g)  goes t o  i n f i n i t y  a t  the  a x i s  and

so th e  c o e f f i c i e n t  must e qua l  z e r o .  So, t h e  f i e l d  w i t h i n  the

f i b r e  i s :

P z = A ^ J j^ g )c o s (n 0  + 0) e * ^ Z (5 .13 )

T h i s  s o l u t i o n  ex tends  ou t  to  i n f i n i t y  w i th o u t  r e g a r d  t o  the

c o r e / c l a d d i n g  i n t e r f a c e ,  i . e .  t h e r e  i s  no a t t e n u a t i o n .  To co n f in e  the  

wave t o  the  core  i t  i s  s u r rounded  by a medium of  lower r e f r a c t i v e  

i n d e x ,  n ^ . From he re  the  s u b s c r i p t s  1 and 2 w i l l  r e f e r  t o  the

p a r a m e t e r s  o f  the  core  and c la d d i n g  r e s p e c t i v e l y .  Hence in  t h e  core  

g 2 = r 2 ( k |  -  p*) and in  the c l a d d i n g ,  d e f i n i n g  h 2 = r 2 (p2 -  k f ) ,  

where r  ^  a and a i s  the  co re  r a d i u s ,  and s u b s t i t u t i n g  i n t o  the  

L .H .S .  o f  e q u a t i o n  5 .8  g i v e s :

ha a^R + t  9R _ (h 2 _ r = o (5 .14 )
3h2 9h

The s o l u t i o n  to  t h i s  e q u a t i o n  i s  g iven  by B e s s e l ' s  m o d i f i e d

f u n c t i o n s  i f  h i s  r e a l .  So the  p r o p a g a t i o n  c o n s t a n t  i s  d e f i n e d  k^ <

0 < k ^ .  The s o l u t i o n  i s :

R = C1 I n (h) + Dx Kn (h) (5 .1 5 )
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H o w e v e r ,  B e s s e l ' s  m o d i f i e d  f u n c t i o n  o f  t h e  f i r s t  k i n d ,  I n '

t e n d s  t o  i n f i n i t y  a t  i n f i n i t y  a n d  s o  t h e  c o e f f i c i e n t ,  m u s t  b e

z e r o .  S o ,  t h e  f i e l d  i n  t h e  c l a d d i n g  c a n  no w  b e  w r i t t e n  a s :

E 2 z  =  I>iKn ( h ) c o s ( n 0  + 0 )  e i ( ? Z  "  ( o t )  ( 5 . 1 6 )

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

c o e f f i c i e n t ,  i s  t h e  m a x i m u m  a m p l i t u d e ,  E Q s a y ,  o f  E z a n d

i s  t h e  m a x i m u m  a m p l i t u d e ,  HQ s a y ,  o f  Hz .

L e t  t h e  m a x i m u m  v a l u e s  o f  t h e  E  a n d  H f i e l d s  i n  t h ez z

c l a d d i n g  b e  r e p r e s e n t e d  b y  C a n d  D .  T h e s e  v a l u e s  w i l l  b e  c a l c u l a t e d  

f r o m  t h e  b o u n d a r y  c o n d i t i o n s .  Now b y  t a k i n g  t h e  c u r l  o f  t h e  E ^

a n d  f i e l d s  i n  e q u a t i o n s  5 . 3 c  a n d  5 . 3 d  a n d  c r o s , s - s u b s t i t u t i n g

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

c o r e  ( s u b s t i t u t i n g  a |  =  k l  -  j i2 a n d  a |  = JJ2 -  k §  ) .

E l r  =  T P 9 E l z  + V  ! 5 l z  1 ( 5 . 1 7 a )
L d r  r  9 0  J

E 1 0  =  _±  r £  dI l A  -  n o o> dh l  1 ( 5 . 1 7 b )
L r  9 0  9 r  J

E l z  -  E o V o , ( n 0  + 0 )  e 1 ^  “  B t )  < 5 - 1 7 0

H =  - i  p k j  1 9 E l z  _  B 9Hl z  ( 5 . 1 7 d )
a l  L (i0 (o r  9 0  9 r  J

H =  _±  r  d± L z  + £  1 ( 5 . 1 7 e )
a j  L p 0 u> 9 r  r  9 0  J

. A . i ( 0 z -  w t )  ( 5 . 1 7 f )Hl z  = HQJ n c o s ( n 0  +  y )  e

A n d  i n  t h e  c l a d d i n g :
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E 2r = _ i  r P 9E 2 z + a H 2 z 1 
a l  L 3 r  r  8 0  J

(5.18a)

E 20 = —  T -  -?2z - (i w 9H2z 1 (5.18b)
a }  L r  0 0  °  0 r  J

E 2 z  =  CKn c os (n0  + 0 )  e i ( p z  "  (ot) (5 .1 8 c )

H2r  = —  T —  i  3E2z -  0 aH2z -| (5 .18d)
a} L p0u> r  30 3 r J

H20 =  —  T —  9E 2 z  +  £  9H2 z  1 ( 5 . 1 8e )
a} L (i0ti) 3r r 30 J

Hl z  = DKncos(n0  + y )  e i ( P z  "  wt) ( 5 . 1 8 f )

5 : 3 . 2  THE BOUNDARY CONDITIONS

The e q u a t i o n s  above have f i v e  unknowns: C, D, y ,  0  and p.  From 

M a x w e l l ' s  e q u a t i o n s  t h e r e  i s  c o n t i n u i t y  of  the t a n g e n t i a l  components

o f  the  E and H f i e l d s  a t  the  c o r e / c l a d d i n g  i n t e r f a c e .  Let  p = a^a and

<1 = c^a and the  boundary  c o n d i t i o n s  a re :

V n(p) = CKn (q) (5 .19a)

Eq J n ( p ) s i n ( n 0 + 0 )  + HQ *n ' ( p ) c o s ( n 0 + y )  
p 2 P

= -C ^  K ( q )s in (n0+0)  -  D Kn ' (q )cos (n0+y)  (5.19b)  
q 2 n q

H0J a (p) = DKn (q) (5 .1 9c)

E J  ' ( p ) c o s ( n 0 + 0 )  -  Hn J  ( p ) s i n ( n 0 + y )o  n  *
P
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C—y _  Kn ' ( q ) c o s (n0+e) + D ^  K j  q) s in (n0+y)  (5 .19d)  
Ho0>q q*

From h e re  on the  arguments  o f  the  J —B esse l  f a n c t i o n s  w i l l  be 

t a k e n  to  be g and t h a t  o f  the K—Besse l  f a n c t i o n s  w i l l  be h u n le s s  

e x p l i c i t l y  shown. Now s u b s t i t u t i n g  from t h e s e  boundary c o n d i t i o n s  

i n t o  e q u a t i o n s  17b, 17e ,  18b and 18e and s i m p l i f y i n g  w i t h  the  

s u b s t i t u t i o n s :

Now s i n c e  the  two s id e s  of  5 .21  a re  independent  t h e y  must 

eq u a l  a c o n s t a n t .  The R.H.S i s  c o n s ta n t  and equal  to  one when 0 -  y = 

+ / -  jt/ 2 .  Then from 5 .21 :

Now d e f i n i n g  a r a t i o ,  P,  which i s  the  p r o p o r t i o n  o f  and 

Ez f i e l d s  i n  a mode as:

F . _ £  J n > (p) 

J P J n (p)
(5 .2 0 a )

F. = 1  Kn * ( q) 
<1 Kn (q)

(5 .20b)

G i v e s :

(Fj  + Fk ) ( k j F i + k£Fk ) 
n * p * ( l / g *  + l / h * ) »

s i n ( n 0  + 0 ) s i n ( n 0  + y) (5 .21 )
cos (n0  + 0 )c o s (n 0  + y)

(Fj  + Fk ) ( k l F j  + k | F k ) = n 2^ 1( 1 / g a + 1 / b 2) 3 (5 .22 )

(5 .23 )

And from the  boundary c o n d i t i o n s :
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p  =  n ( l / g *  + l / h » )  ( J < 2 4 )

Fj + Fk

Now b y  s u b s t i t u t i n g  f o r  P  a n d  s i m p l i f y i n g  w i t h  t h e  r e l a t i o n s ,

F c  =  E 0  c o s ( n 0 )  e i ( P z  "  B t )  a n d  F s  =  e o  s i n ( n 0 )  e 1 ^ 2 "  “ t )  t i e

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

E l r  =  t  J n - l ( 1 _ P )  "  J n + l ( 1 + P )  1 ( 5 . 2 5 a )
2 a ^

E1 0  =  I J n - l ( 1 _ P )  +  J n + l ( 1 + P >  1 ( 5 . 2 5 b )
2 a ^

El z  -  V o  <5-25o)

H l r  =  [ J n - l [ l - ^  P 1 +  P ] ]  ( 5 ’ 2 5 d )
2 o lMo(1) L L k i  J  L k i  j j

H10 -  r p ]  -  P]1
2 a ^ |i0 a) L L k f  J L k l  JJ

HQ<o

A n d  i n  t h e  c l a d d i n g :

E2 r

( 5 . 2 5 e )

H ,  =  J  P F _  ( 5 . 2 5 f >l z  n  s

= ~PJn (P )Fc [ Kn l ( l + P )  +  Kn + 1 ( l - P )  ] ( 5 . 2 6 a )
2a2Kn(q)

= i P J n ( P ) F s  [ K ^ U + P )  -  Kn + 1 ( l - P )  ] ( 5 . 2 6 b )
2a2Kn(q)

E_ = J n ( P } F  K ( 5 . 2 6 c )
2 z --------  c n

K„«l>

H  =  ( K  . r i + —  p 1  -  W 1 ' -  p 1 > < 5 - 2 6 d >

1 2|ioa)02Kn (q) I k j  J L k |  J

H =  l k } J n ( p ) F c  (K  , r i + £ l  P I  +  Kn + 1 r i - ^  p 1 > ( 5 . 2 « a )
2 [i0 wa2Kn ( q )  L k§  J L k j  J

- 99 -



H — F v  d2z ~     s n ( 5 . 2 6 f )
%«Kn (q)

5 : 3 . 3  THE FUNDAMENTAL FIBRE MODE

To i d e n t i f y  the  mode in  the  f i b r e  i t  i s  n e c e s s a r y  t o  know the  

e n e r g y  d i s t r i b u t i o n .  This  i s  g iv e n  by t h e  r e a l  p a r t  of  the  a v e ra g e  

P o y n t in g  v e c t o r :

S = £  (E x H*) (5 .2 7 )
2

Where the  a s t e r i s k  i n d i c a t e s  the complex c o n ju g a t e .  So S i s  

g i v e n  by:

5 -  1 t £ <E0H* -  EzhJ) + g  (Er H* -  EzH*>

+ I  (EH*  -  E L ) ]  ( 5 .2 8 )~ r  p p r

By i n s p e c t i o n  of  e q u a t i o n s  5.25 and 5.26 i t  i s  c l e a r  t h a t  the

o n l y  r e a l  p a r t  o f  the  the  P oyn t ing  v e c t o r  i s  the z -component . The

i n i t i a l  r e q u i r e m e n t  t h a t  the  e ne rgy  i s  gu ided along the f i b r e  a x i s  i s  

s a t i s f i e d .  The z-component  i s  g iven  by:

s 2 = r J j + 1 d + p ) r i + —  p i + p i
8 a > ii to L L k }  J L k |  J

- W n  c o s (2 n 0 ) f2  -  2 l _  Pa l l  ( 5 .29 )
n + 1  11-1 L k j  JJ

The fundamental  mode has  an energy  d i s t r i b u t i o n  which i s  a 

maximum a t  r  = 0,  the c e n t r e  o f  the c o re ,  and which d e c r e a s e s  

r a d i a l l y .  There should be no a n g u la r  dependence.  To remove the  

a n g u l a r  dependence from e q u a t i o n  5.29  t h e r e  are  two p o s s i b i l i t i e s :
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1) n = 0,

o r  2) 1 -  0*P*/k i  = 0 .

Now i f  n = 0 then  from e q u a t i o n  5 .2 4 ,  P = 0 and s u b s t i t u t i n g

t h i s  i n t o  e q u a t i o n  5 .2 9  and us ing  the r e c u r r e n c e  r e l a t i o n ,  J  =
—n

( - l ) nJ n g iv e s  an energy  d i s t r i b u t i o n  i n  the  f i b r e :

5 l z  = (5 .3 0 )
2 a lfi0w

However, the  Besse l  f u n c t i o n ,  goes to  zero  a t  r  = 0 ,  the

e n e r g y  o f  the  p r o p a g a t in g  wave i s  d i s t r i b u t e d  in  a r i n g  w i t h i n  the

c o r e ,  t h i s  i s  sometimes c a l l e d  a doughnut  mode. R e f e r r i n g  to  e q u a t i o n

5 . 2 5 f  and s u b s t i t u t i n g  P = 0 p roduces  a n u l l  Hz f i e l d .  Th i s  i s  a

t r a n s v e r s e  m agne t ic  (TM) mode. There i s  a l s o  a s o l u t i o n  P = «> when n

= 0 which c o r r e sponds  to  the t r a n s v e r s e  e l e c t r i c  (TE) s ro lu t ion .

The second c o n d i t i o n  y i e l d s  the r e l a t i o n ,  P = + / - ( k ^ / p ) . For

most  o p t i c a l  f i b r e s  the d i f f e r e n c e  in  r e f r a c t i v e  index be tw een  th e

c o re  and the c l a d d in g  i s  ~ 1%. Since 0 l i e s  between k^ and ̂  t h e n

P -  1 t o  the  same a c cu ra cy .  R e f e r r i n g  back to  e q u a t io n  5 .2 3 ,  i f  P ~ 1

t h e n  the  E and H f i e l d s  a re  p r e s e n t  in  equal  p r o p o r t i o n s .  Th is  z z

i s  a h y b r i d  mode which i s  d e s ig n a t e d  HE. S u b s t i t u t i n g  t h i s  v a lu e  o f  P 

i n t o  e q u a t i o n  5 .2 9  g iv e s :

S, = J 2 , 1 (5 .3 1 )~ lz   ----------  n + / - l
2alf i0a)

For  P = + /-1  r e s p e c t i v e l y .  Now the only Besse l  J - f u n c t i o n

which  r i s e s  to  a maximum a t  r  = 0 i s  J Q. T he re fo re  f o r  the

fundam en ta l  mode n = 1 and P = - 1 .  Th is  fundamental  mode i s  known as

The P = +1 s o l u t i o n s  a r e  known as the  EH modes.  Now by 

o p e r a t i n g  on e q u a t i o n s  26a to  26f  in  the  same way the  e n e rg y

d i s t r i b u t i o n  in  the c ladd ing  f o r  the fundamental  mode i s  found t o  be :
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= E g p k i J K p )  Kj 
~2 z ~ ---------------  o

2fi0 w a | K i ( q )
(5.32)

The f o r e g o i n g  d e s c r i p t i o n  o f  the  modes o f  a d i e l e c t r i c  s t e p p e d

index  o p t i c a l  f i b r e  i s  w e l l  documented[84 ,85]  b a t  t o  p r o c e e d  f a r t h e r

i t  w i l l  be n e c e s s a r y  t o  see how t h i s  d e s c r i p t i o n  f i t s  the  sample 

f i b r e  under  d i s c u s s i o n .

5 : 3 . 4  CALCULATION OF BETA

The f i b r e  s u p p l i e d  by York V.S .O .P .  has a r e f r a c t i v e  index i n  

t h e  c o r e ,  n ± = 1 .463  + / -  0 .001 ,  and in  the  c l a d d i n g ,  n2 = 1.457

+ / -  0 . 0 0 1 .  The v a lu e  o f  the  p ro p a g a t io n  c o n s t a n t  depends on th e s e  two

v a l u e s ,  the  r a d i u s  of  the  f i b r e  core and the  mode. As n^ approaches  

n2 or  as  r  d e c r e a s e s  the f i b r e  w i l l  s uppor t  f ew e r  modes.  As the  

c u t o f f  o f  a mode approaches  the s c a l i n g  f a c t o r  i n c r e a s e s  u n t i l

t h e  l i m i t  0 = k2* S u b s t i t u t i n g  t h i s  va lue  f o r  0 i n t o  g g ives  a

c u t - o f f  p a r a m e t e r ,  u , f o r  each mode[84]:

Where n i s  the  mode number and m i s  the  number o f  r a d i a l  

a n t i n o d e s  in  t h e  mode. I f  the va lue  u of  a mode i s  l e s s  t h a n  theTim

j t . H . S .  of  e q u a t i o n  5.33 then  the f i b r e  w i l l  sup p o r t  the  mode.

Now, by r e t u r n i n g  to  the boundary c o n d i t i o n s  and us ing the  

B e s s e l  f u n c t i o n  r e c u r r e n c e  r e l a t i o n s ,

(5 .33 )

(5 .34a)

»J n *J n

(5 .34b)

hKn hKn h*

i t  i s  p o s s i b l e  t o  show t h a t  u ^  fo r  the HEj  ̂ and EH1 modes i s
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g i v e n  by th e  s u c c e s s i v e  r o o t s  o f :

Jl(a) = 0 (5.35)

The f i r s t  r o o t  o f  J ^ a )  i s  a = 0 .  The fundamenta l  HEn  mode 

has  no c u t - o f f .  S i m i l a r l y  the v a lu e s  o f  f o r  t h e  TM and TE modes 

(P — 0 ,  P — 00 r e s p e c t i v e l y )  and the HE2 modes a r e  g iv e n  by the  r o o t s  

o f  e q u a t i o n s  5 .3 6 a  and 5.36b r e s p e c t i v e l y :

J o = 0 (5 .36a)

= -  n i  -  n* (5 .36b)
J 1

But from e q u a t i o n  5.2  the R.H.S.  o f  e q u a t i o n  5.36b  ~ 0 and so

t h e  r o o t s  o f  e q u a t i o n s  5.36a and 5.36b a re  s i m i l a r .  The c u t - o f f

v a l u e s  f o r  t h e  EH^ modes a re  g iven  by the  r o o t s  o f :

J 2 = 0 (5 .37)

Hence,  t h e  c u t - o f f  p a ram ete rs  f o r  the  f i r s t  mode of  each 

s e r i e s  i s  g i v e n  by:

MODE a  nm

HBU 0

HE12 3.832

™ 0 1 ' TE01 2 *405

HE21 2 .408

EH21 5.136

Now t h e  f i r s t  modes to  be guided  a f t e r  the  fundamental  a re

TEq1 and TM0 1 . Hence,  i n s e r t i n g  the  a p p r o p r i a t e  va lu e  o f  u ^  i n t o

e q u a t i o n  5.33 g i v e s  an upper l i m i t  to  the core  r a d i u s  f o r  s ingle-mode 

o p e r a t i o n ,  i n  t h e  g ree n ,  fo r  the  g iven  v a lu e s  o f  r e f r a c t i v e  

i n d e x .  Th is  upper l i m i t  i s  1 .48 m ic rons .  The m a n u f a c t u r e r s  e s t i m a t e d  

t h e  co re  r a d i u s  t o  be 1 .0  -  1 .5  m ic rons .  For  the  pu rposes  of  t h i s
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c a l c u l a t i o n  th e  r a d i u s  w i l l  be t a k e n  t o  b e ,  a = 1.45  m ic r o n s .  The 

c l a d d i n g  e x te n d s  ou t  45 mic rons  from the  c e n t r e .

Now u s in g  the  s u b s t i t u t i o n s  o f  e q u a t i o n s  5 .34a  and 5.34b i n  

e q u a t i o n  5 .2 4  w i t h :

= ( 1 .7 87  + / -  0 .001  ) * 107 m"1

* 2 = ( 1 .7 7 9  + / -  0 .001  ) * 10* m-1

^ = and n = 1 .  The r o o t  o f  the  f u n c t i o n  was found us ing  a NAG

f o r t r a n  l i b r a r y  r o u t i n e  to  y i e l d  the  v a lu e  f o r  the p r o p a g a t i o n

c o n s t a n t ,  0 = ( 1 .783 + / -  0 .001 ) * 107 m- 1 .

T h i s  v a lu e  of  p may now be used i n  e q u a t i o n s  5.31 and 5.32 to  

d i s c o v e r  how w e l l  the  mode i s  c o n f i n e d  to  the  core  o f  t h e

f i b r e .  A FORTRAN r o u t i n e  was w r i t t e n  us ing  Simpson' s  r u l e  t o  

i n t e g r a t e  ove r  the  core  and c la d d in g  t o  d i s c o v e r  the  p r o p o r t i o n  o f  

power t r a n s m i t t e d  i n  the  c o r e .  The r e s u l t  i s :

m a tched  i n t o  t h e  f i b r e  the  c l a d d in g  may be n e g l e c t e d  w i th o u t

s i g n i f i c a n t l y  a f f e c t i n g  the r e s u l t .

5 : 3 .5  THE VAIST OF THE INPUT BEAM

The beam which i s  t o  be coup led  i n t o  the f i b r e  i s

assumed t o  be the  fundamental  mode o f  a l a s e r  r e s o n a t o r ,  i e .  a 

G a u s s i a n  beam. The d iam e te r  of  t h i s  i n p u t  beam w i l l  be l a r g e r  t han  

th e  f i b r e  core  and so a mode-matching l e n s  w i l l  be r e q u i r e d  to  e f f e c t  

e f f i c i e n t  c o u p l i n g  o f  the  beam i n t o  t h e  f i b r e .  C le a r ly  the  more 

t i g h t l y  t h e  i n p u t  beam i s  focussed  on to  the  f i b r e  core the  more l i g h t  

w i l l  be i n j e c t e d  i n t o  the  f i b r e .  However, the beam w i l l  d iv e r g e

rd rd0

S rdrd0rd rd0  +
= 82.0% (5 .38)

And so i n  c a l c u l a t i n g  the optimum w a i s t  s i z e  of  the beam to  be
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w i t h i n  the  f i b r e  and i f  the  ang le  o f  d i v e r g e n c e  exceeds the  c r i t i c a l  

a n g le  t h e n  l i g h t  w i l l  l e a k  out  th rough  the  f i b r e  c l a d d i n g .

a p p r o a c h i n g  th e  w a i s t ,  p l a n a r  a t  t h e  w a i s t  and convex as  the  beam 

d i v e r g e s .  Choosing the beam w a is t  as the  p o i n t  a t  which the  beam

e n t e r s  t h e  f i b r e  o f f e r s  the  most  e f f i c i e n t  c o u p l i n g .  The p lane

w a v e f r o n t  m ee t ing  the p lane  f ace  o f  the  f i b r e  w i l l  s u f f e r  l e a s t  

r e f l e c t i o n  l o s s e s .  Another  way of  v iew ing  t h i s  i s  t h a t  a t  the  

b o u n d a r y  t h e  and Hz f i e l d s  a re  z e ro  and t h e r e  i s  c o n t i n u i t y  o f  the  

t a n g e n t i a l  components o f  the  f i e l d s .

The optimum w a is t  w i l l  admit  t h e  g r e a t e s t  f r a c t i o n  o f  the

i n p u t  beam w i t h  the  l e a s t  l o s s e s  a t  the  c o r e / c l a d d i n g  boundary .  To

f i n d  the  optimum w a is t  r e q u i r e s  the use o f  the  o r t h o g o n a l i t y  r e l a t i o n  

f o r  B e s s e l  f u n c t i o n s  o f  the f i r s t  k i n d [ 8 6 ] :

I f  i t  i s  assumed t h a t  the  f i e l d  d i s t r i b u t i o n  o f  the  

i n p u t  G a u s s i a n  beam, of  u n i t y  peak  a m p l i t u d e ,  i s  a s u p e r p o s i t i o n  o f  

B e s s e l  f u n c t i o n s  o f  the  f i r s t  k ind  w i th  pa ra m e te r s  a^ ,

Where a i s  the  r a d i u s  of  the c o r e ,  as  b e f o r e ,  and w i s  the 

w a i s t  o f  the  in p u t  beam. However, the  a m p l i t u d e ,  A^( w i l l  va ry  as w 

c h a n g e s .  The maximum am pl i tude ,  A^, may be c a l c u l a t e d  by pe r fo rm ing

t h e  above i n t e g r a l  fo r  a range of  va lu e s  o f  w to  f i n d  the maximum. I t  

s h o u ld  be n o t e d  t h a t  t o  ensure  t h a t  the t o t a l  ampli tude of  the inpu t

When a Gauss ian  beam i s  focusse d  th e  w avef ron t  i s  concave

(5 .39 )

a,'3 t h e n  th e  ampl i tude  o f  the fundamental  mode o f  the  f i b r e

w i l l  be  g i v e n  by:

Af  “
(5 .40 )

beam rem a ins  c o n s t a n t  the i n t e g r a l  must be m u l t i p l i e d  by a f a c t o r
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1/w.  I n  t h i s  way the  optimum inp u t  beam w a i s t  was c a l c u l a t e d  t o  be 

1 . 5 2  * 10 m e t r e s  and th e  o p t im i s e d  r e l a t i v e  ampl i tude  o f  t h e

fundam en ta l  f i b r e  mode was found t o  be 0 .8 3 .

5 ; 3 . 6  COUPLING EFFICIENCY

To c a l c u l a t e  the  e f f i c i e n c y  of  the  t r a n s m i s s i o n ,  T, o f  the  

G a u s s i a n  beam i n t o  the fundamenta l  f i b r e  mode i t  i s  n e c e s s a r y  t o  

c a l c u l a t e  the  r e l a t i v e  power i n  each  over the  a re a  o f  the  f i b r e  c o r e .  

T h i s  i s  a c h ie v e d  by the  f o l l o w in g  i n t e g r a l :

of" o f  JS<r“i )r<ird®
T = _ ------'fl-----------------:----------  ( 5 .4 1 )

f2n f r  e ' 2r2/w2 r d rd 0  
Oj OJ

= 75.7%

I t  i s  r e a s o n a b le  to  assume t h a t  a s i m i l a r  f r a c t i o n  o f  the 

l i g h t  i n c i d e n t  on the  c l a d d in g  w i l l  be t r a n s m i t t e d  as the  fundam enta l  

f i b r e  mode and so the t o t a l  power t r a n s m i t t e d  w i l l  be a p p ro x i m a t e ly  

s e v e n t y - s i x  p e r  cent  of  t h a t  in  the  inpu t  beam.

T y p ic a l  p r o p a g a t i o n  l o s s e s  f o r  an o p t i c a l  f i b r e  o f  t h i s  type  

i s  ~ 20dB/km. I n  the  p r o t o t y p e  d e t e c t o r  a t  Glasgow only  ~ lm of  

f i b r e  w i l l  be used and so the  f i b r e  p r o p a g a t io n  l o s s e s  may be 

n e g l e c t e d .  However, t h e r e  w i l l  be F re sn e l  r e f l e c t i o n  l o s s e s  a t  t h e  

i n p u t  and o u t p u t .  The f r a c t i o n  o f  power t r a n s m i t t e d  a t  each i n t e r f a c e  

as suming  a p l a n e  wave i s  g iv en  by:

F = 4_______ = 0.965 (5 .42 )
n j d  + l / n ^ 1

The w ave f ron t  may no t  be f l a t  a t  the  ou tput  end o f  the  f i b r e  

b u t  t h e  r a d i u s  o f  c u r v a t u r e  of  the wavefront  w i t h in  the  f i b r e  i s  

c o n s t r a i n e d  no t  t o  be so smal l  t h a t  the angle  of inc idence  o f  t h e
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w a v e f r o n t  a t  the  c o r e / c l a d d i n g  boundary  does no t  exceed the  c r i t i c a l  

an g le  ( ~ 85° ) and so the  assum pt io n  i s  v a l i d .  T h e r e f o r e  the  a c t u a l  

power t r a n s m i t t e d  w i l l  be:

E f f i c i e n c y  ~ T * F*

~ 71% ( 5 .4 3 )

S t r i c t l y  speak ing t h e r e  w i l l  a l s o  be r e f l e c t i o n  l o s s e s  

a s s o c i a t e d  w i th  the mode—matching  l e n s e s ,  a p p ro x im a te ly  4% e a c h ,

which w i l l  r educe  the t r a n s m i s s i o n  t o  ~ 65%.

T h is  f i g u r e  i s  h i g h e r  th a n  t h a t  given  i n i t i a l l y  f o r  t h e  

f r a c t i o n  o f  power ( ~ 50%) a c t u a l l y  t r a n s m i t t e d  th rough  the  f i b r e  in  

use a t  Glasgow. The p r a c t i c a l  s i t u a t i o n  i s  p robab ly  l i m i t e d  by t h e  

e f f e c t  on the  coup l ing  o f  l a s e r  beam geometry f l u c t u a t i o n s ,  i e .  the  

i n p u t  beam i s  no t  a p u r e ,  fundamental  Gauss ian .  The use of  a r e b u i l t ,  

q u i e t e r  l a s e r [ 7 7 ]  or a f i b r e  a l ignment  system[86]  may improve the  

t r a n s m i s s i o n  a c h ie ve d .  Another  source of  l o s s  may be t h e

c o n t a m i n a t i o n  o f  the f i b r e  in p u t  and ou tput  p l a n e s .  F i n a l l y ,  t h i s

c a l c u l a t i o n  has no t  t a k e n  account  of  the  l o s s y  e f f e c t s  o f  the

' b o w - t i e '  s t r e s s i n g  components in  the r e a l  f i b r e .  I t  seems l i k e l y

however  t h a t  50 -  60% i s  a r e a l i s t i c  t r a n s m i s s io n  f i g u r e  f o r  a

mono—mode f i b r e  in  t h i s  s i t u a t i o n .  The supp re s s ion  o f  beam p o s i t i o n  

f l u c t u a t i o n s  of  ~ 2 m et res  o f  t h i s  f i b r e  was measured to be a t  l e a s t  

60dB[8 6 ] .

However, as  the  power t r a n s m i t t e d  through a f i b r e  i s  r a i s e d  

c e r t a i n  n o n - l i n e a r  e f f e c t s  become s i g n i f i c a n t .  For i n s t a n c e ,

s t i m u l a t e d  Raman s c a t t e r i n g  and s t i m u la t e d  B r i l l o u i n  s c a t t e r i n g  have 

b e e n  o b s e rv e d  in  o p t i c a l  f i b r e s .  Experiments  on the  type of  f i b r e  

unde r  c o n s i d e r a t i o n  have a l s o  shown a s a t u r a t i o n  e f f e c t  which occurs  

w i t h  power d e n s i t i e s  o f  ~ 1011 WsT2 t 8 7 ] ,  which l i m i t s  t h e  power
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t r a n s m i s s i o n  o f  t h i s  type o f  f i b r e  to  a few hundred  m i l l i - W a t t s .  This  

l a t t e r  e f f e c t  may be due to  i n t e n s i t y  dependen t  r e f r a c t i v e  index 

f l u c t u a t i o n s  l e a d i n g  t o  l o s s  of  t r a n s m i t t e d  power to  t h e  c l a d d in g  or 

due t o  an i n t e n s i t y  dependen t  a b s o r p t io n  w i t h i n  t h e  c o r e .  I f  f i b r e s  

a r e  t o  be used i n  l a s e r  i n t e r f e r o m e t r i c  g r a v i t a t i o n a l  r a d i a t i o n  

d e t e c t o r s  t h e n  t h e s e  l i m i t s  must be r a i s e d  to  a l low  s e v e r a l  Watts  to  

be t r a n s m i t t e d  mono-mode. Th is  could be ach ie ved  by us ing d i f f e r e n t  

m a t e r i a l s  or  by i n c r e a s i n g  the f i b r e  r a d i u s  t o  lower the  power 

d e n s i t y .  I n  the  l a t t e r  case the d i f f e r e n c e  in  r e f r a c t i v e  index  would 

have t o  be made even s m a l l e r  than  a t  p r e s e n t  which would make the 

f i b r e  v e r y  weakly gu id in g  and p o s s i b l y  cause problems i n  

c o n s t r u c t i o n .
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CHAPTER 6

A SIMPLE DATA-COLLECTION SPTTFMF.

6:1 INTRODUCTION

I n  the  con t inued  e f f o r t  f o r  b e t t e r  s e n s i t i v i t i e s  i t  i s  

i m p o r t a n t  t o  remember t h a t  d a t a  a n a l y s i s  t e c h n iq u e s  must a l s o  be 

d e v e lo p e d  which w i l l  make f u l l  use o f  the  i n fo r m a t io n  c o n ta i n e d  i n  

t h e  o u t p u t  o f  g r a v i t a t i o n a l  wave d e t e c t o r s .  Because of  the  w ider

ba ndw id th  o f  i n t e r f e r o m e t r i c  d e t e c t o r s  compared to  Weber b a r s  d a t a  

r a t e s  up to  t h r e e  o rde r s  of  magni tude g r e a t e r  than  th,ose a s s o c i a t e d  

w i t h  b a r s  w i l l  be common-place. The s h e e r  p h y s i c a l  volume in  s t o r a g e  

media  t h a t  t h i s  r e p r e s e n t s  i s  a problem in  i t s e l f .  Even new

t e c h n o l o g y  such as o p t i c a l  Wri te-Once-Read-Many (WORM) d i s c s  w i l l  

p ro d u ce  s t o r a g e  p roblems.  For i n s t a n c e  one d i s c  w i th  a s t o r a g e

c a p a c i t y  o f  lOOMbytes w i l l  s t o r e  only  20 minu tes  of  da ta  a t  the  r a t e s

e n v i s a g e d .

The a n a l y s i s  of  such l a r g e  volumes of  d a t a  w i l l  c l e a r l y  a l s o  

be a s o u r c e  o f  problems.  To achieve  maximum b e n e f i t  from the

i n t e r f e r o m e t r i c  d e t e c t o r s  i t  i s  d e s i r a b l e  t h a t  as much a n a l y s i s  as 

p o s s i b l e  s h o u ld  be conducted o n - l i n e .

However,  even though the  s o l u t i o n  to  such problems w i l l  

r e q u i r e  s o p h i s t i c a t e d  equipment and t e c h n iq u e s  they do no t  p r e c l u d e  

t h e  c o n s t r u c t i o n  of  d a ta  c o l l e c t i n g  systems which employ f a i r l y  

s im p le  s e l e c t i o n  c r i t e r i a  to  reduce the  volume of  da ta  s t o r e d .  Th is  

c h a p t e r  w i l l  d e s c r i b e  the  d e s ig n ,  c o n s t r u c t i o n  and programming of  

such  a sys tem which might be used f o r  s t o r i n g  c e r t a i n  e v e n t s

s a t i s f y i n g  p r e - s e t  c r i t e r i a .
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6:2 THE DATA COLLECTION SYSTEM

The p ro p o se d  system was r e q u i r e d  t o  s e l e c t  s p e c i f i c  e v e n t s  

f rom a c o n t i n u o u s  d a t a  s t r e a m .  The incoming d a t a  would be p r o v id e d  

by  lo o k in g  a t  the  ou tpu t  from th e  se rvosys tem  m a in t a i n in g  the 

s e c o n d a r y  c a v i t y  on resonance  ( s i g n a l  p r o p o r t i o n a l  to  the r e l a t i v e

change in  l e n g t h  o f  the  two c a v i t i e s ) .  A s p e c i f i c  sample of  d a t a  

would be s e l e c t e d  when i t  c o n ta i n e d  an even t  which was l a r g e r  than  a 

p r e s e t  v a l u e .  Th is  sample of  d a t a  was t h e n  to  be s t o r e d ,  w i th  a 

r e c o r d  o f  the  t ime a t  which i t  was c a p t u r e d ,  f o r  f u t u r e  a n a l y s i s .  

T h i s  p u l s e  c a p t u r e  system would th e n  p r o v id e  a r e c o r d  of  l i k e l y  

e v e n t s  which cou ld  a l s o  be i n v e s t i g a t e d  in  the c on t inuous  d a t a  

r e c o r d  a t  a l a t e r  d a t e .  For  t im in g  pu rp o se s  an accu ra cy  of  one t e n t h  

o f  a second  was r e q u i r e d .

The d a t a  s e l e c t i o n  scheme o u t l i n e d  above would be q u i t e  

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

d e t e c t o r  e x c ep t  t h a t  many s p u r i o u s  e ve n ts  would a l s o  be s t o r e d .  There 

a r e  s e v e r a l  e f f e c t s ,  a p a r t  from a g r a v i t a t i o n a l  wave e v e n t ,  which 

m igh t  cause the  l e v e l  of  the seconda ry  feedback s ig n a l  to  r i s e  above 

a g i v e n  t h r e s h o l d  v a l u e .  For i n s t a n c e ,  d e s p i t e  the  good i s o l a t i o n  of  

t h e  t e s t  masses  from se i sm ic  n o i s e  a l a r g e  d i s t u r b a n c e  might  appear  

a s  a p u l s e  on the ou tpu t  o f  the  secondary  feedback  system. I f  the  

l a s e r  jumps from one mode to  a n o t h e r ,  or the i n t e n s i t y  s t a b i l i s a t i o n  

sys te m  i s  a g i t a t e d  then  ag a in  a f a l s e  event  w i l l  be s t o r e d .  The 

p rob lem  of  r e d u c i n g  the number of  sp u r io u s  even ts  may be r e s o l v e d  by 

m o n i t o r i n g  a l l  of  the  above sou rc e s  of  d i s t u r b a n c e  and g e n e r a t i n g  a 

v e t o  s i g n a l  when a p u l se  i s  most l i k e l y  no t  to be due to  a 

g r a v i t a t i o n a l  wave e v e n t .  By l o g i c a l l y  combining t h i s  ve to  s i g n a l  

w i t h  the e v e n t  d e t e c t i o n  s i g n a l  most s p u r io u s  even ts  w i l l  be
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d i s r e g a r d e d  by the  sys tem .

The f i r s t  r e q u i r e m e n t  o f  the  d a ta  c o l l e c t i n g  sys tem was some 

d e v i c e  which cou ld  check  the  incoming d a ta  f o r  an e ven t  and a l low  

s t o r a g e  of  the  a p p r o p r i a t e  s e c t i o n  o f  the s i g n a l .  A d i s c r i m i n a t o r  and 

d i g i t a l  d e l a y  l in e ^ w e r e  used f o r  t h i s  pu rp o se .  The d i s c r i m i n a t o r  

c o u ld  be p r e s e t  to  produce  a TTL t r i g g e r  p u l s e  whenever t h e  inpu t  

s i g n a l  ro se  above a c e r t a i n  v o l t a g e .  The de lay  l i n e  a l lowed  t ime fo r  

t h e  sys tem to  respond  to  save the d a t a .

The nex t  r e q u i r e m e n t  was a d a ta  sampling system which cou ld  

be t r i g g e r e d  as r e q u i r e d  to  save the d a ta  t e m p o r a r i l y  and th e n  

o u t p u t  i t  f o r  s t o r a g e .  The dev ic e  chosen was a T e k t r o n i x  468 d i g i t a l  

s t o r a g e  o s c i l l o s c o p e  which was f i t t e d  wi th  an IEEE 488 s t a n d a r d

i n t e r f a c e .

The d e t a i l s  of  the  IEEE 488 s t a n d a r d  are o u t s i d e  t h e  scope of  

t h i s  t e x t  bu t  in  e ssence  i t  p r o v id e s  a system fo r  i n t e r c o n n e c t i n g  up 

t o  f i f t e e n  d e v ic e s  under  the  c o n t r o l  of  one m as te r  d e v ic e .

A BBC 8 - b i t  microcomputer  was chosen as the c e n t r a l  c o n t r o l l e r  

o f  t h e  p roposed  sys tem because  of  i t s  v e r s a t i l e  i n t e r f a c i n g  

c a p a b i l i t i e s  and the e x c e l l e n t  i n t e r f a c e  between ASSEMBLY language  

and BASIC which t u r n e d  out  to  be ve ry  im por tan t  and c o n s i d e r a b l y

s i m p l i f i e d  the  programming.  In  a d d i t i o n  the f lo ppy  d i s k e t t e s  used by 

t h e  BBC microcomputer  were we l l  s u i t e d  to  save s p e c i f i c  e v e n t s  in  a 

manner  a v a i l a b l e  fo r  random a c c e s s .

The p r im a ry  I n p u t / O u t p u t  f a c i l i t i e s  p ro v id e d  on the  BBC

m ic rocom pute r  a re  the  1MHz bus which g ives  d i r e c t  a c ce s s  t o  the  d a t a  

and a d d re s s  l i n e s  o f  the  CPU and o t h e r  s p e c i a l  l i n e s [ 8 8 ] .  Th is  scheme 

a l l o w s  memory mapping of  new p e r i p h e r a l s .  The second o p t i o n  i s  

p r o v i d e d  by one h a l f  o f  a 6522 V e r s a t i l e  I n t e r f a c e  Adapter  

(VIA),  the  User  P o r t ,  which i s  l e s s  f l e x i b l e  and somewhat r e s t r i c t i v e  

f o r  t h i s  t a s k .  I t  was t h e r e f o r e  dec ided  t h a t  fo r  speed  and
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f l e x i b i l i t y  a l l  o f  the  I /O  would p roceed  th rough  the  1MHz b u s .  The 

IEEE 488 i n t e r f a c e  used was comm erc ia l ly  a v a i l a b l e  and p lugged  

d i r e c t l y  i n t o  the  1MHz b u s .

The BBC was a l s o  i n v e s t i g a t e d  as a p o s s i b l e  t im ing  e lement  f o r  

t h e  sys tem b u t  i t  was found t h a t  the  accu ra cy  of  i t s  i n t e r n a l  c lo c k  

v a r i e d  m arked ly  depend ing on what o t h e r  computing loads  were p l a c e d  

on i t .  However an a c c u r a t e  t ime s i g n a l  was a v a i l a b l e  from th e  MSF 

60kHz t ime and f re q u e n c y  s e r v i c e  b r o a d c a s t  by the  N a t io n a l  P h y s i c a l  

L a b o r a t o r y .  The MSF decoder  used inc lu d e d  a c lo c k  d i s p l a y  bu t  

p r o v i d e d  no d i r e c t  means of  i n t e r f a c i n g  to  any o t h e r  d e v i c e .  However 

i t  n o t  on ly  d i s p l a y e d  the t ime a c c u r a t e l y  but  a l s o  e m i t t e d  a s i n g l e  

TTL p u l s e  on the  m in u te .

A comm erc ia l ly  a v a i l a b l e  t im er  ch ip  was s e l e c t e d  as the  

t i m e - k e e p i n g  element  us ing  a good q u a l i t y  c r y s t a l .  The t i m e r  ch ip  

r e g i s t e r s  were t o  be loaded  from the  BBC and then  s t a r t e d  by t h e  MSF 

p u l s e  .

T h e r e f o r e  the  b a s i c  components of the system were a d i g i t a l  

s t o r a g e  o s c i l l o s c o p e ,  a BBC microcomputer ,  a d i g i t a l  c lo c k  and the  

MSF s t a n d a r d .  The ne x t  problem was l i n k i n g  th es e  components in  an 

e f f i c i e n t  manner.  A b l o c k  diagram of  the  d e s i r e d  system 

c o n f i g u r a t i o n ,  F i g u re  6 . 1 ,  w i l l  he lp  to  show how these  problems were 

overcom e.

To cope w i th  t h e  r eq u i r em e n ts  o f  r ead ing  from, and w r i t i n g  t o ,

t h e  c l o c k  ch ip  and a l s o  w i th  the  v a r i o u s  o t h e r  I /O r e q u i r e m e n ts  of

th e  sys tem an i n t e r f a c e  was c o n s t r u c t e d  which i n c o r p o r a t e d  t h r e e  

VIA’s memory-mapped v i a  t h e  1MHz h a s .  Although t h i s  i s  s low er  than

u s in g  the  1MHz bus d i r e c t l y  i t  combined the  advan tages  o f  the  1MHz

bos w i t h  those  o f  t h e  User  P o r t .  The t h r e e  VIA's  a c t u a l l y  p ro v id e d
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more scope t h a n  was s t r i c t l y  n e c e s s a r y  f o r  the  a p p l i c a t i o n .  In  

p r a c t i c e  s e v e r a l  p i n s  were used where one might  have s u f f i c e d  to  

r educe  the  p o s s i b i l i t y  o f  c o n f l i c t  and ease  the  programming.

In  o p e r a t i o n  to  ensure  a c c u r a t e  t im ing  i t  was n e c e s s a r y  fo r

t h e  BBC t o  m a i n t a i n  updated  cop ies  of  the  t im e r  ch ip  r e g i s t e r s .  Th is

c o n t i n u a l  u p d a t i n g  r e p r e s e n t e d  the m a j o r i t y  of  the  BBC's a c t i v i t y  

w i t h  the  sys tem  in  o p e r a t i o n .  The i n i t i a l  code fo r  upda t ing  the  

r e g i s t e r s  was w r i t t e n  in  BASIC bu t  proved p r o h i b i t i v e l y  slow and so a 

r o u t i n e  was w r i t t e n  i n  ASSEMBLER which even i n  t h e  wors t  p o s s i b l e

c ase  would comple te  the  upda t ing of  the r e g i s t e r s  w i t h i n  — lmS.

As n o t e d  above a good q u a l i t y  c r y s t a l  was used which in  

p r i n c i p l e  was a c c u r a t e  to  0 .1  seconds in  ~ 2 8 h r s .  In  p r a c t i c e ,  

however ,  t e m p e r a t u r e  v a r i a t i o n s  could prove im p o r t a n t .  To overcome 

th e  p o s s i b i l i t y  of  d r i f t  in  the  t im er  the  MSF 1 /minute  p u l s e  i s  

u se d .  Once e v e r y  hour  an i n t e r r u p t  i s  enabled  which means t h a t  when 

any p u l s e  a r r i v e s  from the MSF a r o u t i n e  i s  run immedia te ly  ( ~ few 

pS) which compares  the va lue  in  the t e n t h s  of  second r e g i s t e r  in  the 

t i m e r  c h ip  t o  the  expec ted  value (0 i f  the  t im e r  i s  c o r r e c t )  . Any 

d i f f e r e n c e  i s  s t o r e d  u n t i l  one minute l a t e r  when the  c lo c k  i s  s topped  

and r e s t a r t e d  or  updated as r e q u i r e d  on the  nex t  MSF p u l s e .  The 

e f f e c t i v e n e s s  o f  the  system was t e s t e d  by s lowing down the t im er  

c r y s t a l  t o  p roduce  a ne t  d r i f t  of ~ 0.3 seconds p e r  h ou r .  A f t e r  more 

t h a n  24 h o u r s  t h e r e  was no p e r c e p t i b l e  d i f f e r e n c e  in  the d i s p l a y e d

BBC and MSF t i m e s .

I t  was im por tan t  t h a t  the s to ra ge  of  d a ta  d id  no t  occur  while  

t h e  r e g i s t e r s  i n  the BBC were being  updated s in c e  t h i s  could r e s u l t  

i n  i n c o r r e c t  t im ing  in fo rm a t ion  being  s t o r e d  w i th  the  sample.  An 

i n t e r r u p t  would have been u n s u i t a b le  in  t h i s  s i t u a t i o n  f o r  t h i s  

r e a s o n .  The s i m p l e s t  s o l u t i o n  to  t h i s  problem invo lved  the use of  a 

f e a t u r e  unique  t o  the  BBC, namely EVENTS. An EVENT i s  s i m i l a r  to  an
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i n t e r r u p t  e x c ep t  t h a t  the BBC w i l l  on ly  respond  to  i t  when a BASIC 

s t a t e m e n t  i s  b e in g  e x e cu te d .  T h e r e f o r e ,  a l t h o u g h  a s i g n a l  p u l s e  might  

a r r i v e  d u r in g  the  r e g i s t e r  upda t ing  ( c a r r i e d  out  in  machine code)  no 

a c t i o n  w i l l  be taken  u n t i l  t h i s  r o u t i n e  i s  f i n i s h e d  and program 

c o n t r o l  r e t u r n s  to  BASIC.

S u b s i d i a r y  programming t a s k s  in c lu d e d  r o u t i n e s  to  r e c o g n i s e  a 

f u l l  d i s k ,  change d r iv e s  and warn the  o p e r a t o r  of  such an e v e n t u a l i t y  

w i t h  a loud be e p ,  and r o u t i n e s  to  r e c a l l  the  d a ta  from d i s c  and t o  

p ro d u ce  g r a p h i c a l  ou tpu t  on a H e w le t t -P a ck a rd  7221S p l o t t e r  a g a i n  

employing  the  IEEE 488 i n t e r f a c e .  A copy of  the program i s  i n c l u d e d  

i n  Appendix B.

As y e t  i t  has no t  been  p r a c t i c a l  to  conduct  a s e a r c h  f o r

p u l s e s .  However the  system has proved u s e fu l  in  , o t h e r  ways as

d i s c u s s e d  be low.

6:3 ANALYSIS OF THE NOISE CHARACTERISTICS OF THE PROTOTYPE DETECTOR

On 24 th  Feb ruary  1987 a supernova (SN1987A) was obse rved  in  

t h e  Large  M age l l an ic  Cloud which caused g r e a t  i n t e r e s t  i n  the  

a s t r o n o m i c a l  community in  g e n e r a l . U n f o r tu n a t e l y  t h e r e  were no 

d e t e c t o r s  o p e r a t i n g  a t  the t ime of  the event  a p a r t  from J .  W eber ' s  

room t e m p e r a t u r e  b a r  a t  the  U n i v e r s i t y  of  Maryland and a room 

t e m p e r a t u r e  b a r  run by the  U n i v e r s i t y  of  Rome a t  F r a s c a t i .  There have 

b e e n  r e p o r t s  from bo th  groups of  p u l s e s  in  the d a ta  from the  b a r s  

a round  the  t ime of  a n e u t r i n o  b u r s t  d e t e c t e d  a t  Mont Blanc .  However 

t h e r e  i s  s t i l l  c o n t r o v e r s y  over  the  s i g n i f i c a n c e  of  these  e v e n t s .

By p u t t i n g  some v a lu e s  i n t o  e q u a t i o n  1.16  i t  i s  p o s s i b l e  to

p l a c e  a rough l i m i t  on the ampl i tude  of  g r a v i t a t i o n a l  r a d i a t i o n  which 

would have reached  the E a r th  from the b u r s t .  The supernova i s  

a p p r o x i m a t e l y  160,000 l i g h t  y e a r s  away and i f  i t  had c onve r ted  O.2M0
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i n t o  g r a v i t a t i o n a l  r a d i a t i o n  th e n  w i th  t h i s  o p t i m i s t i c  v a ln e  we would 

e x p e c t  a g r a v i t a t i o n a l  wave am pl i tude  a t  the  E a r th  of  h ~ 2 * 10- 1 ^ 

f o r  the  f i r s t  b u r s t .

A l though  a l l  of  the i n t e r f e r o m e t e r  groups  were in  v a r i o u s  

s t a g e s  o f  development  work i t  was dec ided  t o  a t t e m p t  a c o i n c i d e n t  run 

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

o p p o r t u n i t y .  Due to  the advanced s t a t e  o f  r e b u i l d i n g  work on the  

German d e t e c t o r  the  Max P lanck  group were unable  to  j o i n  i n  t h i s  

e f f o r t .  A l though  t h e r e  was a l i k e l i h o o d  of  a compact r a p i d l y  r o t a t i n g  

remnant  a t  t h e  c e n t r e  of the supernova  i t  seemed u n l i k e l y  t h a t  i t  

would be e m i t t i n g  r a d i a t i o n  a t  such a l e v e l  as t o  be d e t e c t a b l e  on 

E a r t h  by the  p r e s e n t  g e n e r a t i o n  of  i n t e r f e r o m e t e r s .  The purpose  of  

t h e  e x e r c i s e  was to  ach ieve  the f i r s t  c o i n c i d e n t  run  of  

i n t e r f e r o m e t e r s ,  to  c o l l e c t  c o in c i d e n t  d a ta  and to  d e te rm ine  any 

d i f f i c u l t i e s  t h a t  might  a r i s e .  Due to  the h a s t e  in  p r e p a r i n g  f o r  the  

r u n ,  c o n d i t i o n s  were f a r  from i d e a l ,  none of  the  machines  were 

o p t i m i s e d  f o r  d e t e c t i o n  and the M .I .T .  and C a l i f o r n i a n  groups d id  no t  

have c o n t i n u o u s  d a ta  c o l l e c t i o n  c a p a b i l i t y .

The group a t  Glasgow dec ided  to  use t h i s  as an o p p o r t u n i t y  to  

p roduce  a sample of  d a ta  which could be used to  t e s t  v a r i o u s  s i g n a l  

p r o c e s s i n g  t e c h n i q u e s  which might  be use fu l  when g r a v i t a t i o n a l  wave 

o b s e r v a t o r i e s  a r e  a r e a l i t y .  To t h i s  end s e v e r a l  waveforms s i m i l a r  t o  

t h o s e  e x p e c t e d  from the coa le scence  of  a compac t-ob jec t  b i n a r y  sys tem 

were s upe r—imposed on the da ta  w i th  va ry ing  S/N r a t i o s .  Work on the  

a n a l y s i s  o f  t h e s e  da ta  i s  c u r r e n t l y  p roceed ing  bo th  a t  Glasgow and a t

U n i v e r s i t y  Co l lege  C a r d i f f .

Because o f  the c u r r e n t  s e n s i t i v i t y  of  the Glasgow p r o t o t y p e  

d e t e c t o r  compared to  l i k e l y  sou rces  (see Chapters  1 and 2) i t  was no t  

r e a l l y  w or th w h i le  to  ran the da ta  c o l l e c t i o n  system in  a s e a rc h  f o r  

g r a v i t a t i o n a l  wave p o i s e s .  However da ta  was a l s o  s t o r e d  on m agne t ic
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t a p e  f o r  l a t e r  a n a l y s i s  o f  the  no i se  s t a t i s t i c s  o f  t h e  d e t e c t o r  

d u r i n g  the  run .

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

s t a t i s t i c a l  means i t  i s  v i t a l  t h a t  the  no i se  s t a t i s t i c s  o f  the  

d e t e c t o r  a re  w e l l  u n d e r s t o o d .  I f  the  no i se  i s  a t r u l y  random p r o c e s s  

t h e n  the  p u l s e - h e i g h t  d i s t r i b u t i o n  should  be Gauss ian .  Whether or  no t  

t h i s  i s  t r u e  may be t e s t e d  by sampling the d a ta  (away from any 

s uperimposed  s i g n a l s )  and p l o t t i n g  p u l s e —h e i g h t  a g a i n s t  number of  

o c c u r r e n c e s .  Th is  i s  a s l i g h t l y  d i f f e r e n t  t a s k  t h a n  t h a t  f o r  

which the  d a ta  c o l l e c t i o n  system d i s c u s s e d  above was o r i g i n a l l y  

d e s i g n e d .  However t h i s  r e q u i r e s  on ly  a small  m o d i f i c a t i o n  in  the  

way i n  which the  system i s  t r i g g e r e d  to  c o l l e c t  d a ta  and so t h i s  has 

b e e n  done to  t e s t  the  system in  o p e r a t i o n .

The s i g n a l  was s t o r e d  on a P h i l l i p s  Ana-log 7 t ape  d r i v e  a f t e r  

b e i n g  p a s s e d  th rough  a h i g h - p a s s  f i l t e r  a t  2 .5kHz.  The r e sponse  of 

t h e  m agne t ic  t ape  f a l l s  o f f  a t  ~ 5kHz. The s t o r e d  s i g n a l  i s  no t

s u i t a b l e  f o r  d i r e c t  a n a l y s i s  because  of  a 'bump' in  the  f r e que nc y  

p r o f i l e  which i s  caused  by the se rvosys tem which m a i n t a i n s  the  c a v i t y  

on re s o n a n c e  (see F i g u re  6 . 2 a ) .  This  f e a t u r e  does no t  a f f e c t  the

s e n s i t i v i t y  o f  the  d e t e c t o r  bu t  in  a pu l se  h e ig h t  a n a l y s i s  the  d a ta

would be domina ted by s i g n a l s  in  a narrow band a t  ~ 1100Hz. The 

d e t e c t o r  r e sponse  a l s o  r i s e s  s h a r p l y  below ~ 500Hz because  of

r e s o n a n c e s  i n  the  w i r e s  s u ppo r t ing  the t e s t  masses .  To reduce  the  

e f f e c t  of  t h e s e  f e a t u r e s  the r ec o rd e d  s ig n a l  was pa s se d  th rough  a

KEMO h i g h - p a s s  f i l t e r  and a twin-T f i l t e r .  The l a t t e r  was an

app rox im ate  match to  the  shape of  the se rvosys tem  bump. The

c o m b in a t io n  of  t h i s  f i l t e r i n g  gave a r ea s o n a b ly  f l a t  f requency

p r o f i l e  i n  the  range 1200-2500Hz ( see  F igure  6 . 2 b ) .  I t  may be 

p o s s i b l e  to  produce a more a c c u r a te  match to  the se rvosys tem  bump by 

u s in g  d i g i t a l  t e c h n iq u e s  and work on t h i s  i s  a l s o  in  p r o g r e s s  a t
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"  H*  2 .  5 k
F i g u re  6 .2 a  F o u r i e r  spectrum of  the raw d a t a  s t o r e d  on ana logue

tape  d u r in g  the  c o i n c i d e n t  run of  the  i n t e r f e r o m e t r i c  d e t e c t o r s .  

Note the  pe aks  due to  wire  r e s o n a n c e s ,  below 500Hz, and the 

se rvo  'bump ' ,  which peaks around 1100Hz.

- 1 0

10. 0

0  Hat 2 .  5 k
F i g u r e  6 .2b  F o u r i e r  spectrum of  the  d a ta  a f t e r  f i l t e r i n g ,  as

d e s c r i b e d  i n  the  t e x t .  Note t h a t  the  spectrum i s  now n e a r l y  

f l a t  be tween  ~ 1200Hz and 2500Hz.



Glasgow.

The f i l t e r e d  s i g n a l  was t hen  fed t o  the  d a t a —c o l l e c t  ion  system

and d a t a  was c o l l e c t e d  by p r o v id i n g  a p u l s e  t o  the  t r i g g e r  i n p u t .

The o s c i l l o s c o p e  used s t o r e s  512 p o i n t s  i n  each sample and t h e  window

c hosen  was 20msec.  F o r t y —t h r e e  samples were c o l l e c t e d  g i v in g  a t o t a l

o f  22016 p o i n t s .

I n i t i a l l y  t h e  s t a n d a r d  d e v i a t i o n ,  o-, of  each sample was 

o b t a i n e d  from:

}  (* !  -  i ) 2
”  = i__________  (6.1)

N -  1

Where x i s  the  sample mean and N i s  t h e  number of  p o i n t s  in  

t h e  s a m p le .  There was a sp read  o f  v a l u e s  of  the  s t a n d a r d  

d e v i a t i o n  from 10 .2  to  2 8 .2 .  I t  seemed u n l i k e l y  t h a t  the s t a t i s t i c s  

o f  t h e  s i g n a l  had changed v e ry  much from one sample to  a n o th e r  and so 

t h e  most l i k e l y  e x p l a n a t i o n  was t h a t  the  s c a l e  of  the o u tp u t  s i g n a l  

was v a r y i n g  i n  some manner . Th is  would be c aused ,  f o r  example,  by 

v a r i a t i o n s  in  the  g a in  of  the se rvosys tem m a i n t a i n i n g  the secondary  

c a v i t y  on r e s o n a n c e .  Th is  could be caused by  manual a d ju s tm e n t s  by an 

o p e r a t o r  o r  such  e v e n t s  as f l u c t u a t i o n s  in  the inpu t  l i g h t  l e v e l .

The a ssum pt io n  was made t h a t  t h i s  v a r i a t i o n  in  the v a lu e s  of  

th e  d e v i a t i o n  f o r  each sample was the r e s u l t  o f  such a s c a l i n g  

f a c t o r  and so t h e  samples  were r e s c a l e d  to  give  a s t a n d a r d  d e v i a t i o n  

o f  -  20 .  At t h i s  p o i n t  the  samples ,  i n d i v i d u a l l y ,  were too small  t o  

draw any c o n c l u s i o n s  about  the s t a t i s t i c s  o f  the  s ig n a l  and so the  

p o i n t s  were s o r t e d  i n t o  ' b i n s '  r e p r e s e n t i n g  d i f f e r e n t  v a lu e s  of  

v o l t a g e  and t h e n  the va lu e s  of  each b i n  were summed. The f i n a l  t o t a l  

p ro d u ce d  th e  h i s t o g r a m  shown in  F igure  6 . 3 .  The shape appear s  to  be 

G a u s s ia n  and t h i s  can be t e s t e d  in  v a r i o u s  ways. The shape of  the 

i d e a l  G a u s s ia n  d i s t r i b u t i o n  i s  given  by:
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F i g u r e  6 . 3  A p l o t  o f  No.  o f  c o u n t s  a g a i n s t  

v o l t a g e  ( i n  a r b i t r a r y  u n i t s ) .



(6 .2 )

Where k Q i s  the  peak of  the  d i s t r i b u t i o n  and or i s  the  s t a n d a r d  

d e v i a t i o n .  T h i s  can be r e w r i t t e n  as :

l n ( y )  =  l n ( A Q) _  x »/<y2 ( 6 .3 )

Now t h e  d a t a  i n  F igu re  6.3  on a p l o t  of  l n (y )  a g a i n s t  x 2

s h o u ld  p roduce  a s t r a i g h t  l i n e ,  see F ig u re  6 . 4 .  The l a r g e  e r r o r s

a s s o c i a t e d  w i t h  a smal l  number o f  e v e n t s  make i t  d i f f i c u l t  t o  draw

any c o n c l u s i o n s  about  the d e t e c t o r  s t a t i s t i c s  beyond the  2a  l e v e l .

Two f u r t h e r  t e s t s  may be made of  the  'g o o d n e s s '  o f  the  Gauss i a n [ 8 9 ] .

The f i r s t  i s  known as the r a t i o  of  skewness and i n d i c a t e s  w he the r

t h e r e  i s  any e x c es s  in  the d e n s i t y  o f  d i s t r i b u t i o n  - on th e  l e f t

( n e g a t i v e  v a lu e )  o r  the  r i g h t  ( p o s i t i v e  va lue )  of  t h e  mean. Th is

r a t i o  l i e s  be tw een  the  v a lu e s  -1  and +1.

N * a 3

The sample o f  22016 p o i n t s  in  F igu re  6.3  has a r a t i o  o f  

skew ness ,  S = - 0 . 0 8 ,  and so t h e r e  i s  no s i g n i f i c a n t  b i a s  to  r i g h t  or

The second t e s t  i s  o f  the  k u r t o s i s  or  excess  o f  t h e  

d i s t r i b u t i o n .  T h i s  g iv es  an i n d i c a t i o n  of  whether  t h e r e  i s  an excess  

i n  t h e  d e n s i t y  o f  the  d i s t r i b u t i o n  about  the mean, i e .  w he ther  the  

d i s t r i b u t i o n  i s  too  s h a r p l y ,  or no t  s u f f i c i e n t l y  peaked .  The r a t i o  of  

k u r t o s i s  i s  g i v e n  by:

The r a t i o  o f  skewness i s  g iven  by:

1___________ ( 6 .4 )

l e f t .

-  3 (6.5)
N * a4
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F i g u r e  6 .4  A p l o t  of  l n ( n o .  o f  coun ts )  a g a i n s t  

ene rgy  ( i n  a r b i t r a r y  u n i t s ) .  The two sigma 

l e v e l  i s  j u s t  above +2 on the  y - a x i s .  The 

e r r o r  b a r s  ex tend ing  t o  -2  r e p r e s e n t  l n ( 0 ) .



The sample h e re  has  a k u r t o s i s ,  K = - 0 .0 0 1 5 .

These l a s t  two t e s t s  a r e  no t  s u f f i c i e n t  i n  them se lv es  t o  show t h a t

t h e  d i s t r i b u t i o n  i s  Gauss ian  in  n a t u r e  bu t  when combined w i th  t h e  

g r a p h s  of  F i g u r e s  6 .3  and 6 .4  t hey  show t h a t  t h e  no i se  

c h a r a c t e r i s t i c s  o f  the  p r o to t y p e  d e t e c t o r  a re  w e l l -b e h av e d  and may be 

t r e a t e d  as Gauss ian  to  2<j. At the p r e s e n t  t ime work i s  p r o c e e d in g  

on t h e  a n a l y s i s  o f  a much l a r g e r  s e c t i o n  of  d a t a  us ing  d i g i t a l  

f i l t e r i n g  t e c h n i q u e s  to  i n v e s t i g a t e  the s t a t i s t i c s  i n  t h e  t a i l s  o f  

t h e  d i s t r i b u t i o n .

In  c o n c lu s i o n  the da ta  c o l l e c t i o n  system has proved  to  be 

c a p a b l e  o f  c o l l e c t i n g  s e l e c t e d  samples  of  d a ta  from the  c o n t inuous

s t r e a m  from the  d e t e c t o r .  Although t h e r e  has no t  as y e t  been  any

o p p o r t u n i t y  f o r  t h e  c o l l e c t i o n  of  p u l s e s  which might  be due to  

g r a v i t a t i o n a l  wave e v e n t s  the  system has been shown t o  be f l e x i b l e  

and r e l i a b l e .

The d a t a  c o l l e c t i o n  system could have been used t o  c o l l e c t  

more samples  from the  s t o r e d  tape  bu t  not  enough to  a l t e r  the  

s t a t i s t i c s  s i g n i f i c a n t l y .  For  f u t u r e  d a ta  a n a l y s i s  the g a in  of  the  

s e c o n d a r y  c a v i t y  s e rvosys tem  must be h e ld  c o n s ta n t  t o  a l low  t h i s  type 

o f  a n a l y s i s .  Th is  cou ld  be a ch ieved ,  fo r  example,  by comparing the  

v a l u e  of  a c a l i b r a t i o n  peak i n  the d a ta  s t ream to  some v o l t a g e  

r e f e r e n c e  and us ing  t h i s  s i g n a l  to  a d j u s t  the ga in  o n - l i n e .
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CHAPTER 7

PROSPECTS FOR THE FITTTTRF.

In  the  two decades  s in c e  Weber announced h i s  r e s u l t s  a g r e a t  

d e a l  o f  p r o g r e s s  has  been  made. Much has been l e a r n t  by t h e o r i s t s  

abou t  how to  c a l c u l a t e  the  l e v e l s  of  g r a v i t a t i o n a l  r a d i a t i o n  t o  be 

e x p e c t e d  from a s o u r c e .  This  has l e d  to  more r e a l i s t i c  b e l i e f s  about  

t h e  l e v e l s  of  r a d i a t i o n  t o  be expec ted  a t  E a r t h  than  was t h e  case  in  

t h e  l a t e  1 9 6 0 ' s .

However, d e t e c t o r  development  has a l s o  come a long way. The 

c u r r e n t  g e n e r a t i o n  o f  d e t e c t o r s  have s e n s i t i v i t i e s  clos;e t o  h ~ 10- ^  

and s e v e r a l  systems now show the  p o t e n t i a l  t o  o p e r a t e  a t  t h e  l e v e l s  

r e q u i r e d  t o  d e t e c t  e v e n t s  i n  the Virgo c l u s t e r  o f  g a l a x i e s .  Th is  

i s  n e c e s s a r y  f o r  the  d e t e c t i o n  o f  s e v e r a l  e ve n ts  p e r  y e a r .  In  

p a r t i c u l a r  l a s e r  i n t e r f e r o m e t e r s  have been shown t o  have p o t e n t i a l l y  

b e t t e r  s e n s i t i v i t i e s  ove r  wider  bandwidths  t h a n  the  Weber b a r s .  In  

f a c t  now, as never  b e f o r e ,  workers  in  the f i e l d  a r e  p o i s e d  on the  

b r i n k  o f  making g r a v i t a t i o n a l  wave astronomy a r e a l i t y  in  the  next  

d e c a d e .

Bar groups  working a t  P e r th  in  W. A u s t r a l i a ,  U n i v e r s i t y  of  

Rome (CERN), L o u i s i a n a  S t a t e  and S t a n fo r d  U n i v e r s i t i e s  i n  America 

have r e c e n t l y  c o l l a b o r a t e d  to  form GRAVNET, an o r g a n i s a t i o n  which 

a t t e m p t s  to  c o - o r d i n a t e  d e t e c t o r  runn ing  t imes  and embodies 

p r o v i s i o n a l  p r o t o c o l s  f o r  the exchange of  da ta  and p u b l i s h i n g  of  

r e s u l t s .

The d e t e c t o r s  a l l  have t h e i r  r e s o n a n t  f r equency  n e a r  900Hz and 

a bandwid th  o f  ~ 1Hz and in  Apr i l  to  J u ly  o f  1986 an a t t e m p t  was made 

t o  ru n  a l l  f o u r  b a r s  in  c o inc idenc e .  U n f o r tu n a t e l y  the Niobium b a r  in
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W. A u s t r a l i a  deve loped  problems w i th  the  sup e rc o n d u c t in g

p a r a m e t r i c  a m p l i f i e r  used t o  sense motion  i n  the  b a r .  During the  run 

t h e  S t a n f o r d —Rome and L o u i s i a n a —Rome com bina t ions  a c h ie v e d  a

s e n s i t i v i t y  t o  p u l s e s  o f  h > 2.5  * 10“ 1 8 . The S t a n f o r d  and

L o u i s i a n a  i n s t r u m e n t s  ach ie ved  a combined s e n s i t i v i t y  to  p u l s e s  o f  h 

> 5 * 10“ 18 .

S ince  t h i s  run the  L ou i s i a n a  group have been  invo lve d  in

r e b u i l d i n g  t h e i r  d e t e c t o r  to  reduce  m echan ica l  no i se  and adding  a 

l a r g e r  c r y o s t a t  to  a l low longer  d e t e c t i o n  r u n s .

S t a n f o r d  a re  p r e s e n t l y  c o n s t r u c t i n g  a new b a r  which has  a 

d e s i g n  s e n s i t i v i t y  to  s t r a i n  of  h < 3 * 10- 2 ® and Rome a l s o  have

p l a n s  f o r  a new cooled d e t e c t o r .  However i t  shou ld  be no ted  t h a t  i t  

w i l l  be v e ry  d i f f i c u l t  f o r  Weber- type b a r s  to  to  a c h ie ve  

s e n s i t i v i t i e s  o f  h ~ 10- 2 ^. To d e t e c t  s e v e r a l  g r a v i t a t i o n a l  wave

e v e n t s  p e r  y e a r  a s e n s i t i v i t y  o f  h -  10 over  a bandwidth  o f  a

few hund red  H e r tz  would be much b e t t e r  and i n t e r f e r o m e t e r s  ho ld  more 

p rom ise  o f  u l t i m a t e l y  ac h ie v ing  t h i s  g o a l .

In  f a c t  i n t e r f e r o m e t e r s  have been improving in  s e n s i t i v i t y  t o

such  an e x t e n t  t h a t  s e v e r a l  groups now f e e l  t h a t  the  time i s  r i g h t  t o  

c o n s t r u c t  l o n g e r  b a s e l i n e  d e t e c t o r s  w i th  s e n s i t i v i t i e s  which shou ld

a l l o w  the  d e t e c t i o n  of  s e v e r a l  even ts  p e r  y e a r .

The Glasgow t e n  metre  p r o to t y p e  c u r r e n t l y  has the  b e s t

—1 8 1 / 2d i s p l a c e m e n t  s e n s i t i v i t y  of  any i n t e r f e r o m e t e r  a t  1 .2  * 10 m/Hz 

o v e r  a 1kHz bandwidth  c e n t r e d  on 2kHz. At p r e s e n t  e f f o r t  i s  be ing  

c o n c e n t r a t e d  on improving the f requency  s t a b i l i t y  of  the  l i g h t  

i l l u m i n a t i n g  the  i n t e r f e r o m e t e r  and on the  cohe ren t  a d d i t i o n  o f  h igh

power Argon Io n  l a s e r s .

The B r i t i s h  p roposa l  i s  f o r  the c o n s t r u c t i o n  o f  one

i n t e r f e r o m e t e r  w i th  an i n i t i a l  arm l e n g t h  o f  1km, though s i t e s  have 

b e e n  s e l e c t e d  t o  a l low  a p o s s i b l e  l a t e r  e x t e n s i o n  to  ~ 3km.
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A s t r a i n  s e n s i t i v i t y  f o r  1msec p u l s e s  o f  h ~ 3 * 10~^8 has  

b e e n  a c h ie v e d  on the  i n t e r f e r o m e t r i c  d e t e c t o r s  a t  Glasgow and a t  t h e  

Max P l a n c k  I n s t i t u t e  i n  Germany, the  l a t t e r  ha v ing  an arm l e n g t h  o f  

30 m e t r e s .  At p r e s e n t  the German group i s  invo lve d  in  i n v e s t i g a t i n g  

t h e  im p l e m e n ta t i o n  o f  the r e c y c l i n g  and squeez ing  t e c h n i q u e s  which 

w i l l  be r e q u i r e d  to  ach ieve  maximum s e n s i t i v i t y  i n  a long b a s e l i n e  

d e t e c t o r .

The group in  Germany has su g g e s t e d  an a m b i t ious  scheme f o r  a

l a r g e  d e t e c t o r  i n v o lv in g  the c o n s t r u c t i o n  of  t h r e e  i n t e r f e r o m e t e r s

w i t h  arm l e n g t h s  of  t h r e e  k i l o m e t r e s .  However i n  t h e i r  p r o p o s a l  the

arms a r e  n o t  o r thogona l  bu t  a re  a r r a n g e d  a t  60°  t o  each o t h e r  and

so t h e  whole a p p a r a tu s  forms an e q u i l a t e r a l  t r i a n g l e  of  3km on each  

s i d e .  A l though  the  s e n s i t i v i t y  of  each i n t e r f e r o m e t e r  w i l l  be 

s l i g h t l y  lower  t h a n  i f  the arms were o r thogona l  t h i s  sys tem has t h e  

a d v a n ta g e  o f  p ro v id i n g  f u l l  coverage of  a l l  p o l a r i s a t i o n s  o f  

g r a v i t a t i o n a l  r a d i a t i o n  of  s u i t a b l e  o r i e n t a t i o n .  The d e l a y  l i n e  

t e c h n i q u e  deve lo ped  by the German group r e q u i r e s  l a r g e r  m i r r o r s  t h a n  

t h e  F a b r y - P e r o t  and so experiments  are  under  way t o  use m u l t i p l e  

m i r r o r  sys tems  which may p r e s e n t  fewer d i f f i c u l t i e s  t h a n  th e  

d eve lo pm en t  o f  v e ry  high  q u a l i t y  l a r g e  m i r r o r s .

In  America p r o g r e s s  has a l s o  been made in  r educ ing  the  e f f e c t  

o f  n o i s e  s o u rc e s  in  the newest and l a r g e s t  p ro toype  in  C a l i f o r n i a  

and c u r r e n t  emphasis  i s  on a c t i v e  systems to  reduce  the e f f e c t s  o f  

s e i s m i c  n o i s e .  Work i s  a l s o  p roceed ing  on the  s h o r t e r  b a s e l i n e  

d e t e c t o r  a t  the  Massachuse t t s  I n s t i t u t e  o f  Technology,  the  

c o n s t r u c t i o n  of  a new d e t e c t o r  w i th  an arm l e n g t h  of  5 m e t r e s  i s  

under  way and the  use of  high  power TAG l a s e r s  to  i n c r e a s e  the  l i g h t

power a v a i l a b l e  i s  be ing  i n v e s t i g a t e d .

The groups  a t  Ca l tech  and M .I .T .  have c o l l a b o r a t e d  to  produce  

a p r o p o s a l  f o r  two d e t e c t o r s  w i th  arm l e n g t h s  of  4km. The p r o p o s a l
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c a l l s  f o r  t h e  two d e t e c t o r s  t o  be the  same t y p e ,  i e .  e i t h e r  

F a b r y  P e r o t  o r  d e la y  l i n e ,  a l t h o u g h  a d e c i s i o n  on the  f i n a l  d e s ig n  

has  n o t  y e t  been  made. However the  p r o s p e c t s  seem good t h a t  fund in g  

w i l l  be made a v a i l a b l e  f o r  the  c o n s t r u c t i o n  of  two i n t e r f e r o m e t e r s  i n  

t h e  n e a r  f u t u r e .

An e x c i t i n g  development  i n  r e c e n t  months has  been  a new 

p r o p o s a l  f o r  a long b a s e l i n e  i n t e r f e r o m e t e r  s u b m i t t e d  by groups

from O r s a y , F r a n c e ,  where work i s  p ro c e e d in g  on r e c y c l i n g  and h ig h  

power YAG l a s e r s ,  and P i s a ,  I t a l y  where the  group i s  e x p e r i e n c e d  in  

low f r e q u e n c y  s e i s m ic  i s o l a t i o n .

There  i s  a good s p i r i t  of  i n t e r n a t i o n a l  c o o p e r a t i o n  be tween  

t h e  g roups  i n  the  f i e l d  and i t  can be seen from the  above t h a t  the  

work a t  t h e s e  l a b o r a t o r i e s  i s  complementary.

C l e a r l y  the  p r o v i s i o n  of t h r e e  d e t e c t o r s  in  Europe and two i n  

America shou ld  p r ov ide  the  n e c e s s a r y  redundancy t o  e x t r a c t  much 

u s e f u l  i n f o r m a t i o n  from a g r a v i t a t i o n a l  wave e v e n t .  Also the  more 

d e t e c t o r s  t h a t  a r e  a v a i l a b l e  the  b e t t e r  the sky c o v e ra g e ,  and i t  

i s  u s e f u l  f o r  d e t e c t o r s  to  be w ide ly  s e p a r a t e d  t o  p r e v e n t  l o c a l  

d i s t u r b a n c e s  p roduc ing  c o i n c i d e n t  e v e n t s .  F u r t h e r  i f  t h e  d e t e c t o r s  

a r e  w i d e ly  s e p a r a t e d  t h e n  the  a r r i v a l  t imes of  g r a v i t a t i o n a l  waves a t  

d i f f e r e n t  d e t e c t o r s  w i l l  a l low the  de te rm in a to n  of  the  p o s i t i o n  o f  

t h e  s o u r c e .

In  c o n c l u s i o n ,  w i th  the  o r g a n i s e d  c o i n c i d e n t  runn ing  o f  

s e v e r a l  b a r  d e t e c t o r s  of  eve r  improving s e n s i t i v i t y  and th e  v e r y  r e a l  

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

b u i l t  i n  t h e  n e a r  f u t u r e  i t  i s  more l i k e l y  than  a t  any p r e v i o u s  t ime 

t h a t  g r a v i t a t i o n a l  r a d i a t i o n  w i l l  soon be seen by s e v e r a l  independen t  

d e t e c t o r s .  The p o t e n t i a l  rewards of  such o b s e r v a t i o n s  can on ly  be 

g u e s s e d  a t  bu t  i t  would be s u r p r i s i n g  i f  i t  was any l e s s  r em arkab le  

t h a n  th e  opening o f  o t h e r  new a r e a s  in  Astronomy.
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APPENDIX A

I t  can  be s e e n  from F ig u r e s  3*4 and 4 .3  th a t  th e  fe ed b a c k  c i r c u i t s  

f o r  th e  i n t e n s i t y  and freq u e n c y  se r v o sy s te m s  a r e  c o m p lic a te d  by 

s e v e r a l  p a th s  from th e  in p u t  to  th e  o u tp u t .  F o r t u n a te ly  th e  o v e r a l l  

t r a n s f e r  fu n c t io n  may be d eterm in ed  by c a l c u l a t i n g  th e  t r a n s f e r  

f u n c t i o n  f o r  each p o s s i b l e  path i n d i v i d u a l l y .  The two programs l i s t e d  

below  were used  f o r  t h i s  ta s k .  The f i r s t  program i s  con cern ed  w ith  

c a l c u l a t i n g  th e  v a lu e s  o f  a t r a n s f e r  fu n c t io n  o v er  a range o f  

f r e q u e n c i e s  and s t o r i n g  th e s e  v a lu e s  on ta p e .  The second  program 

a l l o w s  th e  r e c a l l  o f  a l l  or p a rt  o f  t h i s  s to r e d  d ata  to  c a l c u l a t e  

n y q u i s t  and bode p l o t s .

B ecause o f  th e  complex n a tu re  o f  th e  r e s p o n s e ' f u n c t i o n  i t  i s  

n e c e s s a r y  to  c a l c u l a t e  two v a lu e s  fo r  th e  t r a n s f e r  f u n c t i o n  a t  each  

f r e q u e n c y ,  f .  In th e  f o l l o w in g  program, arranged to  c a l c u l a t e  th e  

t r a n s f e r  f u n c t io n  o f  th e  i n t e n s i t y  s t a b i l i s a t i o n  sy stem , th e  r e sp o n se  

f u n c t i o n s  o f  a m p l i f i e r  are  s to r e d  i n  th e  G a r r a y s ,  f i l t e r s  i n  F 

a r r a y s  and th e s e  a re  summed i n  A a r r a y s .  In a l l  th e s e  c a s e s  a s u f f i x  

one i n  th e  array  name r e p r e s e n t s  th e  r e a l  p a rt  o f  th e  f u n c t i o n  and a 

s u f f i x  two r e p r e s e n t s  th e  im aginary  v a lu e s .  The a r r a y s  s t o r i n g  th e  

v a l u e s  o f  r e s i s t o r s  and c a p a c i t o r s  are  s e t  up a t  th e  end o f  th e  

program.

10 ! ***** 0PEN-L00P RESPONSE FUNCTION OF THE LASER INTENSITY

STABILISATION CIRCUIT * * * * *

20 ! ***** THE SYSTEM GAIN * * * * *

30 RAD § V5=280 § V0=.9*V5 0 K=PI*V0/(V5*2)

40 G=.025*PI*SIN(K)*C0S(K)/V5  

50 OPTION BASE 1 

60 P=100 § G0SUB 980
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70 DIM R1(3),R2(2),R3(3),R4(2)fR(2),C1(1),C2(1),C3(1),C(2)

80 DIM A 1 ( 2 ) ,A 2 ( 2 ) ,D ( 4 ) ,R 9 ( 3 ) ,G 1 ( 4 ) ,G 2 ( 3 )

90 DIM A $ [6 ] ,B $ [1 ]

100 GOSUB 560 

110 END

Initially the transfer function of each amplifier is calculated in 

terms of a real denominator and real and imaginary numerators.

120 !

130 ! RATIONALISED DENOMINATOR EQUATIONS 

140 !

150 D( 1 ) =R1( 1 ) * ( 1+W~2*C1(1)*2*R9(1)*2)

160 D (2 )= R 2 (1 )* (1 + W ''2 * C 2 ( ir 2 * R 9 (2 r 2 )

170 D(3)=R3(1)*(1+W 'v2»C 3(1)"2«R 9(3)"2)

180 D (4 )= R 4 (1)

190 !

200 ! NUMERATOR-REAL PART 

210 !

220 G1 ( 1 )= -R 1( 2 ) » ( 1+W^2»C1( 1 ) ^2*R1(3)*R9(

230 G 1 (2 )= -R 2 (2 ) /D (2 )

240 G 1(3)= -R 3(2)«(1+W a2 « C 3 (1 )a2*R 3(3)#R 9 (3 ) ) /D (3 )

250 G 1 (4 )= -R 4 (2 ) /D (4 )

260 !

270 ! NUMERATOR-IMAGINARY PART 

280 !

290 G 2(1)=W *C1(1)*R1(2)a2 /D (1 )

300 G 2(2)=W *C2(1)*R 2(2)a2 /D (2 )

310 G2(3)=W *C3(1)*R 3(2)a2 /D (3 )

320 !
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330 ! FILTERS -  REAL PARTS 

340 !

350 F1(1)=1/(1+(W»C(1)*R(1))a2)

360 F1(2)=1/(1+(W*C(2)*R(2))*2)

370 I

380 ! FILTERS -  IMAGINARY PARTS 

390 !

400 F2(1) = (-W*C(1)*R(1))/(l + (W*C(1)*R(1)r2)

410 F2(2) = (-W*C(2)*R(2))/(1+(W»C(2)*R(2)r2)

420 !

430 ! COMPONENTS-REAL PARTS 

440 !

450 A1 ( 1)=A*(G1( 1)*(G1 ( 2 ) *F 1 (1 ) -G 2 (2 )* F 2 (1 ) ) - G 2 ( 1 ) * ( G1 ( 2 ) * F 2 ( 1) 

+ G 2 (2 )* F 1 ( 1 ) ) )

460 A 1 (2 )= B * G 1 (4 )* C * (F 1 (2 )« (G 1 (1 )* G 1 (3 )-G 2 (1 )« G 2 (3 )) -F 2 (2 )* (G 1 (1 )  

*G2( 3 ) +G2( 1 ) *G1 ( 3 ) ) )

470 !

480 ! COMPONENTS-IMAGINARY PARTS 

490 !

500 A2( 1 ) =A*(G1( 1 ) * ( G 1 (2 )* F 2 (1)+G2(2 ) *F1 ( 1 ) )+G2( 1)* (G 1( 2 ) *F1(1)  

- G 2 ( 2 ) » F 2 ( 1 ) ) )

510 A 2(2 )= B »G 1(4)*C * (F 2 (2 )« (G 1 (1 )* G 1 (3 )-G 2 (1 )» G 2 (3 ))+ F 1 (2 )* (G 1 (1 )

*G2( 3 ) +G2( 1 ) *G1 ( 3 ) ) )

520 T1=G«(A1(1)+A1(2))

530 T2=G*(A2(1)+ A 2 (2 ) )

540 RETURN 

550 !

560 ! ***** SELECT OPTION * * * * *

570 I

580 CLEAR § DISP § DISP "DO YOU WANT TO CALCULATE"
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0 DISP " 1) RESPONSE AT ONE FREQUENCY"

590 DISP " 2) RESPONSE OVER A RANGE";§ INPUT A1

600 ON A1 GOTO 6 2 0 ,7 6 0  

610 !

620 ! * * * * *  SINGLE RESPONSE *****

630 !

640 CLEAR § DISP § DISP "WHAT FREQUENCY INPUT A1§ IF A K .0 0 1  

THEN GOTO 640  

650 W=2*PI*A1 0 GOSUB 130 

660 T3=SQR(Tr2+T2*2) 0 P0=T2/T1 § T0=ATN(P0)

670 IF  POO AND T1<0 THEN T0=T0-180

680 IF P0<0 AND T1<0 THEN T0=T0-180

690 IF POO AND T1>0 THEN T0=T0-360

700 DISP § DISP " GAIN=";T3 § DISP " Re G=";T1 

6 DISP " Im G=";T2 0 DISP " PHASE=";T0

710 DISP § DISP "ARE YOU FINISHED";§ INPUT B$

720 IF B$="N" THEN GOTO 620 

730 IF B$<>"Y" THEN GOTO 710  

740 RETURN 

750 !

760  ! * * * * *  STORE DATA ARRAY * * * * *

770 !

780 CLEAR § DISP 0 DISP "NAME THE DESTINATION FILE ";§ INPUT A$

790 CREATE A$,P«2+11,8  

800 ASSIGN# 1 TO A$

810 H1=-INF § H2=-INF 0 H3=-INF 0 M1=INF 0 M2=INF § M3=INF 0 F 1=.01  

820 S1=2*PI*F1 0 DISP "ENTER THE UPPER FREQUENCY LIMIT ";

§ INPUT F20 IF F2<F1 THEN GOTO 820 

830 L2=10*INT(LGT(F2)) 0 L2=LGT(INT(F2/L2+.5)*L2)

840 DISP 0 DISP "COMPUTING
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850 M=(L2+2)/P § FOR 1-0  TO P-1 

860 W=S1*10"(I*M)

870 GOSUB 130 § PRINT# 1,2*1+12 ; T1 @ PRINT# 1,2*1+13 ; T2 

880 IF T 1O 0 THEN H1=MAX(H1 ,T 1) £ M1=MIN(M1 ,T 1 )

890 IF T 2 O 0  THEN H2=MAX(H2,T2) 0 M2=MIN(M2, T2)

900 T3=SQR(T1"2+T2a2) 0 IF T3<>0 THEN H3=MAX(H3,T3) 0 M3=MIN(M3,T3) 

910 NEXT I

920 PRINT# 1 ,2  ; H1 § PRINT# 1,3  ; H2 0 PRINT# 1 ,4  ; H3 

0 PRINT# 1 ,5  ; M1 § PRINT# 1 ,6  ; M2 0 PRINT# 1 ,7  ; M3 

930 PRINT# 1 ,8  ; F1 § PRINT# 1 ,9  ; F2 0 PRINT# 1 ,10  ; M

§ PRINT# 1,11 ; P940 BEEP 0 DISP "CALCULATION COMPLETE."

950 ASSIGN# 1 TO *

960 RETURN 

970 !

980 ! ENTER CAPACITOR VALUES 

990 !

1000 C 1 (1 ) = . 000000000172

1010 C 2 (1)= .00000000001 0 C 3(1)= .0000000022  

1020 C ( 1 ) = .0000000001 0 C (2 )= .0000000011  

1030 !

1040 ! ENTER RESISTOR VALUES 

1050 !

1060 R1(1 )= 1 0 0  0 R1(2)=1000000 0 R1(3)=20200 0 R2(1)=100 0 R 2(2)=12000

1070 R3(1 )= 1 0 0 0  0 R3(2)=270000 0 R3(3)=27000

1080 R 4 (1)=2000 0 R4(2)=2700

1090 R (1)=18000 0 R(2)=390000

1100 !

1110 ! ENTER ANY OTHER CONSTANTS 

1120 !

1130 A=1 § B=1 0 C=-110 0 ! 0=<A,B=<1:A#B
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1 1 4 0  !

1150 ! ENTER COMMON RELATIONSHIPS IN EQUATIONS 

1160 !

1170 R 9 (1)=R1(2)+R1(3 )

1180 R 9(2)=R 2(2)

1190 R9(3)=R3(2)+R3(3)

1200 RETURN

The following program was written to retrieve the data stored by 

the previous program. It will plot graphs using all of the stored 

points or a selected range and incorporates some simple checks to 

ensure that sufficient data points fall within the range to draw a 

graph.

10 ! *** A PROGRAM TO RETRIEVE CIRCUIT ANALYSIS DATA FROM TAPE AND TO 

PLOT GRAPHS ***

20 DIM A $ [6 ] ,Q $ C 7 ] ,R $ [1 1 ] ,S $ [5 ] ,T $ [5 ]

30 DEG

40 T=3 § ! SMALLEST VALUE ON PLUS TO MINUS LOG SCALE=LGT( 10A-T )

50 GOSUB 140 

60 GOSUB 830 

70 GOSUB 270

80 IF  B$r"Yn THEN GOSUB 490 ELSE GOSUB 620 

90 GOSUB 1060 

100 GOSUB 1280 

110 IF R=1 THEN GOTO 50 

120 END 

130 !

140 ! ***** SET UP FOR RETRIEVE *****

150 !
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160 CLEAR § DISP § DISP "NAME THE SOURCE FILE";@ INPUT A$

170 ASSIGN# 1 TO A$

180 READ# 1 ,2  ; H1@ READ# 1,3 ; H20 READ# 1 ,4  ; H3@ READ# 1 ,5  ; M1 @

READ# 1 ,6  ; M20 READ# 1,7 ; M3

190 READ# 1 ,8  ; F1§ READ# 1,9 ; F2@ READ# 1 ,1 0  ; M@ READ# 1,11 ; P

200 !

210 ! READ HIGHEST/LOWEST REAL/IMAG. H1,M1,H2 , M2 :HIGHEST/LOWEST G. 

H3,M3:

220 ! READ LOWEST, HIGHEST FREQUENCY F1,F2:

230 ! READ NO. OF POINTS P, POINT SPACING IN OMEGA M:

240 !

250 RETURN 

260 !

270 ! ***** SELECT FREQUENCY SPAN *****

280 !

290 CLEAR § DISP § DISP "THE FREQUENCY RANGE IS ";F 1;"  TO ";F2; " 

HERTZ."

300 DISP § DISP "DO YOU WANT TO LIMIT THE FREQUENCY RANGE"; § INPUT 

B$

310 IF B$="N" THEN F3=F1 § F4=F2 @ 11=0 @ I2=P-1 § RETURN

320 IF B$<>"Y" THEN GOTO 300

330 DISP § DISP "ENTER FREQUENCY RANGE (lowest,highest)"; @ INPUT 

F3,F4

340 IF F3<F1 OR F3>F2 THEN GOTO 330

350 IF F4<F1 OR F4>F2 OR F4<F3 THEN GOTO 330

360 IF X<>1 THEN GOTO 440

370 IF X1=2 THEN GOTO 400

380 F3=IN T(F3/10)*10

390 F 4 = IN T (F 4 /1 0 + .5 )f 10 § GOTO 440

400 F5=10*INT(LGT(F3)-1)
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410 F3=INT(F3/F5)«F5  

420 F6=10*INT(LGT(F4))

430 F4=IN T (F 4/F6+ .5)*F6

440 I1=INT(LG T(2*PI*(F3-F1))/M )

450 I2=INT(LG T(2*PI*(F4-F1) )/M+1)

460 IF  I 2 - I K 1 0  THEN DISP "NOT ENOUGH POINTS TO PLOT" § GOTO 330  

470 RETURN 

480 !

490 ! *»*#* SET LIMITS OF AXES *****

500 !

510 H1=-INF § H2=-INF § H3=-INF § M1=INF § M2=INF § M3=INF 

520 FOR 1=11 TO 12 

530 READ# 1 ,2*1+ 12  ; T1 

540 READ# 1 ,2*1+13 ; T2

550 T3=SQR(Tr2+T2"2) § IF T3=0 THEN GOTO 570 

560 H3=MAX(H3,T3) @ M3=MIN(M3,T3)

570 IF T1=0 THEN GOTO 590 

580 H1=MAX(H1,T1) § M1=MIN(M1,T1)

590 IF T2=0 THEN GOTO 610 

600 H2=MAX(H2,T2) § M2=MIN(M2,T2)

610 NEXT I

620 ON X GOTO 6 3 0 ,6 6 0

630 ON X1 GOTO 6 4 0 ,6 5 0

640 X2=F3 § X3=F4 § GOTO 700

650 X2=LGT(F3) § X3=LGT(F4) § GOTO 700

660 ON X1 GOTO 6 7 0 ,6 8 0

670 X2=INT(M1/10)*10 § X3=INT(H1/10)*10 § GOTO 700  

680 X2=INT(LGT(ABS(M1) )+1)*SGN(M1)

690 X3=INT(LGT(ABS(H1) )+1)*SGN(H1)

700 ON Y GOTO 7 1 0 ,7 3 0 ,7 7 0
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710 Y2=-360 § Y3=0 § Y4=0 § Y5=60

720 GOTO 810

730 ON Y1 GOTO 7 4 0 ,7 5 0

740 Y2=INT(M2/10)*10 § Y3=CEIL(H2/10)*10 §  GOTO 810 

750 Y2=INT(LGT(ABS(M2) )+1 )*SGN(M2 )

760 Y3=INT(LGT(ABS(H2))+1)*SGN(H2) § GOTO 810  

770 ON Y1 GOTO 7 8 0 ,7 9 0

780 Y2=INT(M3/10)«10 § Y3=CEIL(H3/10)*10 § GOTO 810 

790 Y2=INT(LGT(M3))

800 Y3=INT(LGT(H3)+1)

810 RETURN 

820 !

830 ! ***** SELECT QUANTITIES TO BE PLOTTED *****

840

850 ! ***** Y=QUANTITY TO BE PLOTTED, Y1=L0G/LIN, Y2=MIN, Y3=MAX, 

Y4=INTERCEPT

860 ! Y5=MARK SPACING, Y6 =DATA POINT.

870 !

880 ! X VARIABLES DITTO 

890 !

900 CLEAR § DISP § DISP "SELECT THE VERTICAL AXIS " § DISP " 1)

PHASE"

910 DISP " 2) Im G" § DISP " 3) G";@ INPUT Y

§ IF Y<1 OR Y>3 THEN GOTO 900

920 IF Y= 1 THEN Q$=" PHASE " ELSE Q$=" Im G "

930 IF Y=3 THEN Q$=" GAIN "

940 IF Y= 1 THEN Y1 = 1 § GOTO 970
4

950 DISP § DISP "SELECT SCALING:" § DISP " 1) LINEAR"

§ DISP " 2) LOG";@ INPUT Y1

960 IF YK1 OR Y1>2 THEN GOTO 950
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970 IF Y1=1 THEN S$=" LIN." ELSE S$=" LOG."

980 CLEAR Q DISP @ DISP "SELECT THE HORIZONTAL AXIS:"

@ DISP " 1) FREQUENCY"

990 DISP " 2) Re G";§ INPUT X§ IF X<1 OR X>2 THEN GOTO 980

1000 IF X=1 THEN R$=" FREQUENCY " ELSE R$=" Re G "

1010 DISP § DISP "SELECT SCALING:" § DISP " 1) LINEAR"

§ DISP " 2) LOG";§ INPUT X1

1020 IF X1<1 OR X1>2 THEN GOTO 1010 

1030 IF X1=1 THEN T$=" LIN." ELSE T$=" LOG."

1040 RETURN 

1050 !

1060 ! ***** SET UP SCALES OF AXES *****

1070 !

1080 ! ***** Y SCALES *****

1090 !

1100 IF Y=1 THEN GOTO 1180

1110 IF Y=3 OR Y1=1 THEN GOTO 1140

1120 IF Y 3 0 Y 2  THEN V=MAX(ABS(Y2), ABS(Y3)) § Y2=-V § Y3=V1130 Y4=0

§ Y5=(Y3-Y2)/(Y3-Y2+2*T) § GOTO 1180 

1140 Y 5=(Y 3-Y 2)/10  § IF Y1=2 THEN Y5=1 

1150 Y4=0 § IF Y2>0 THEN Y4=Y2 

1160 IF Y3<0 THEN Y4=Y3 

1170 !

H 8 0  ! ***** X SCALES *****

1190 !

1200 IF X=1 OR X1 = 1 THEN GOTO 1230

1210 IF X 20X 3 THEN V=MAX(ABS(X2) ,ABS(X3)) 6 X2=-V § X3=V

1220 X4=0 § X5=(X3-X2)/(X3-X2+2*T) § GOTO 1260 

1230 X 5=(X 3-X 2)/10  0 IF X1=2 THEN X5=1 

1240 X4=0 § I F  X2>0 THEN X4=X2
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1250 IF X3<0 THEN X4=X3 

1260 RETURN 

1270 !

1280 ! *»**« READ AND PLOT 

1290 !

1300 GCLEAR

1310 SCALE X2,X3,Y2,Y3

1320 PRINT § PRINT " «;A$ § PRINT

1330 XAXIS Y4,X5 

13^0 YAXIS X4,Y5 

1350 L=1

1360 FOR 1=11 TO 12 

1370 READ# 1 ,2*1+12 ; T1

1380 READ# 1,2*1+13 J T2

1390 GOSUB 1540

1400 IF L=0 THEN L=1 § GOTO 1420

1410 PLOT X6,Y6

1420 NEXT I

1430 BEEP @ BEEP

1440 COPY § PRINT § PRINT

1450 PRINT "VERTICAL AXIS:" § PRINT S$;Q$;"SCALE:";Y2;" -  " ;Y 3;" ."  

'1460 PRINT § PRINT "HORIZONTAL AXIS:" § PRINT T$;R$;"SCALE:";X2;

" -  " ;X 3 ;"."

1470 PRINT § PRINT I2 -I1 + 1 ;"  POINTS PLOTTED."

1480 PRINT § PRINT § PRINT § PRINT

1490 DISP § DISP "DO YOU WANT ANOTHER GRAPH" ; §  INPUT A$

1500 IF A $ [1 , 1 ]<>"Y" AND A $[1 , 1 ]<>"N" THEN GOTO 1490 

1510 IF A$[ 1,1 ] = "Y" THEN R=1 ELSE R=0 

1520 RETURN 

1530 !
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1540 ! ***«« ASSIGN PLOT VALUES *«**«

1550 !

1560 ON X GOTO 1570 ,1590

1570 X6=F1*10~(I*M) @ ON X1 GOTO 1640 ,1580

1580 X6=LGT(X6) 0 GOTO 1640

1590 X6=T1 @ ON X1 GOTO 1640 ,1600

1600 IF 10~(-T)>ABS(X6) THEN L=0 0 GOTO 1790

1610 IF X6<0 THEN GOTO 1630

1620 X6=T*X5+LGT(X6)*X5 0 GOTO 1640

1630 X6=-T*X5-LGT(ABS(X6))*X5

1640 ON Y GOTO 1 6 5 0 ,1 7 1 0 ,1 7 6 0

1650 T0=T2/T1

1660 Y6=ATN(T0)

1670 IF T0>0 AND T1<0 THEN Y6=Y6-180

1680 IF T0<0 AND T1<0 THEN Y6=Y6-180

1690 IF TOO AND TOO THEN Y6=Y6-360

1700 GOTO 1790

1710 Y6=T2 0 ON Y1 GOTO 1790 ,1720

1720 IF 10*(-T)>ABS(<Y6) THEN L=0 0 GOTO 1790

1730 IF Y6<0 THEN GOTO 1750

1740 Y6=T*Y5+LGT(Y6)«Y5 0 GOTO 1790

1750 Y6=-T*Y5-LGT(ABS(Y6))«Y5 0 GOTO 1790

1760 Y6=SQR(T1A2+T2^2) 0 ON Y1 GOTO 1790 ,1770

1770 IF Y6=0 THEN L=0 0 GOTO 1790

1780 Y6=LGT(Y6)

1790 RETURN
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APPENDIX B

T h is  a p p en d ix  c o n t a i n s  a l i s t i n g  o f  th e  program which was w r i t t e n  

f o r  th e  BBC intercom puter t o  run th e  data  c o l l e c t i o n  sy stem  d e s c r ib e d  

i n  Chapter 6 .  Because th e  program i s  q u i t e  l a r g e  i t  was s p l i t  up i n t o  

th r e e  s e c t i o n s  which w ere lo a d ed  in  and assem b led  i n d i v i d u a l l y .  Each 

s e c t i o n  c o n t a i n s  many comments to  e x p la in  th e  o p e r a t io n  o f  th e  

s y s te m .

10 REM -----*** DATA1 ***  

20 REM T h is  s e c t i o n  c o n t a in s  th e  c lo c k  R/W r o u t i n e s .

30 MODE3:Z$=&0900:SETTIME=5:PASS=2 

40 REM D e f in e  VIA r e g i s t e r s .

50 DRB=&FCC0:DRA=&FCC1:DDRB=&FCC2:DDRA=&FCC3 

60 ACR=&FCCB:PCR=&FCCC:FLAG=&FCCD:IER=&FCCE 

70 PCR2=&FCDC:FLAG2=&FCDD:IER2=&FCDE 

80 REM D efin e  c lo c k  r e g i s t e r s  fo r  a ssem b ler .

90 CLOCK=&70:FSEC=&71 :SEC=&72:DSEC=&73:MINUTE=&74:DMINUTE=&75 

100 HOUR=&76:DHOUR=&77:DATE=&78:DDATE=&79:WDAY=&7A:MONTH=&7B 

110 DM0NTH=&7C:YEAR=&7D: RESULT=&7E:REGISTER=&7F:TEMP=&80 

- 120 S=HIMEM-&100:M=HIMEM-&100+&02:H=HIMEM-&100+&04

130 RUPT0FF=HIMEM-& 100+&2B: RUPT0N=HIMEM-& 100+&36 

140 REM Assem ble th e  r o u t i n e s  i n  page &0900.

150 FOR o p t  = 0 TO PASS STEP PASS 

160 P*=Z*

170

180 [O P T  o p t  

190

2 0 0 .VIA1

210 LDA #&7F \ D i s a b l e  VIA
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220 STA IER \ i n t e r r u p t s .

230 LDA #&00 \W rite  ACR w ith  CB1

240 STA ACR M a t c h in g  d i s a b l e d .

250 LDA #&FF \Make p o rt  A

260 STA DDRA \ a l l  o u tp u t s .

2 7 0 . PULSE

280 LDA #&FF \Make p ort  B

290 STA DDRB N a ll  o u tp u t s .

300 LDA #&AE NSet CA2 on manual h igh

310 STA PCR Nand CB2 fo r  p u lse  o u tp u t .

320 RTS

330

3 4 0 . INIT N I n i t i a l i s e  c lo c k  f o r  s t a r t .

350 LDA #&00 NWrite 0 to  DB3 o f  c lo c k

360 STA DRB \ t o  i n i t i a l i s e  system .

370 LDA #&F0 NWrite to  ad d ress  15

380 STA DRB Nto d i s a b l e  i n t e r r u p t s .

390 ..HALT

400 LDA #&E0 NWrite 0 to  ad dress  14 to

410 STA DRB Nstop c lo c k  and r e s e t  s e c o n d s .

420 RTS

430

440..GO

450 LDA H F F NCIear a l l

460 STA FLAG N in terru pt f l a g s .

470,.BEGIN

480 LDA FLAG NCheck f l a g s .

490 CMP #&02 NHas MSF p u ls e  a rr iv e d ?

500 BNE BEGIN

510
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LDA #&FF 

STA FLAG 

LDA #&E1 

STA DRB 

RTS

520  

530  

540 

550  

560 

570

580.OLDVECTOR 

590  

600 ]

610

620 P*=P$+2 

630

640 [ OPT o p t  

650

\C le a r  IFR f l a g s .  

W r i t e  to  a d d r e ss  14 

\ t o  s t a r t  th e  c lo c k .

6 6 0 . VECTOR

670 SEI

680 LDA

690 CMP

700 BNE

710

- 720 LDA

730 CMP

740 BEQ

750

7 6 0 . DO

770 LDA

780 STA

790 LDA

800 STA

810 LDA

\P r e v e n t  in t e r r u p t  w h i le  v e c t o r  i s  r e p la ce d ,
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820 STA &0205 \Load new v e c t o r .

830 LDA ^ROUTINE MOD 256

840 STA &0204

8 5 0 . DONE

860 CLI

870 RTS

880

8 9 0 . ROUTINE X Interrupt r o u t i n e .

900 LDA FLAG2 \Read IFR2.

910 AND #&01 \ I s  in t e r r u p t  s e t ?

920 BEQ R0UTINE2

930

940 LDA IER2 \ I s  in t e r r u p t  en ab led?

950 CMP #&81

960 BNE R0UTINE2

970

980 JSR RUPTOFFXYes!

990

1000 LDA &FF \Emulate ESCAPE key p r e s s .

1010 ORA #&80

1020 STA &FF

1030 LDA &FC \R e s to r e  a ccu m u la to r .

1040 CLI

1050 RTI

1060

1070.R0UTINE2 \Check f o r  MSF i n t e r r u p t .

1080 LDA &041C XFetch G$.

1090 BNE CHECK \ I f  G*<>1 e x i t .

1100

1110 JMP (OLDVECTOR)
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1120

1 1 3 0 . CHECK

1140 LDA FLAG

1150 AND #&02 \Check so u rce  o f  i n t e r r u p t .

1160 BNE SERVICE\If not VIA e x i t .

1170

1180 LDA IER \And i s th e  in t e r r u p t  s e t ?

1190 CMP #&82

1200 BNE SERVICE\If not then  e x i t .

1210

1220 JMP (0LDVECT0R)

1230

1 2 4 0 .SERVICE \ I t  i s  an MSF i n t e r r u p t .

1250 LDA #&10 \F in d  v a lu e  o f  FSEC,

1260 STA REGISTER

1270 JSR OUT

1280

1290 LDA RESULT \R e t r i e v e  FSEC.

1300 STA &044C \ S e t  S*.

1310 BNE FSET

- 1320

1330 LDA #&01 \The c lo c k  i s  on

1340 STA &0418 \ t im e ;  s e t  F$=1

1350 LDA #&05 \and S$=5.

1360 STA &044C

1370 JMP SET

1380

139 0 . FSET \THE CLOCK IS OUT 01

1400 LDA #&00

1410 STA &0418 \S e t  F*=0.

-  B . 5  -



1420. SET \ D i s a b l e  th e  in t e r r u p t .

1430 LDA #&00 \ S e t  G*=0 to

1440 STA &041C \ d i s a b l e  i n t e r r u p t .

1450 LDA #&7F \ D i s a b l e  VIA

1460 STA IER \ i n t e r r u p t s .

1470 LDA #&FF \C le a r  VIA

1480 STA FLAG \ i n t e r r u p t s .

1490 LDA &FC \R e s t o r e  accum ulator .

1500 CLI

1510 RTI

1520

1530..ENABLE

1540 LDA #&FF \C le a r  VIA

1550 STA FLAG \ i n t e r r u p t  f l a g s .

1560 LDA #&82 \E n a b le  CA1

1570 STA IER \ i n t e r r u p t .

1580 LDA #&01 \ S e t  G$=1.

1590 STA &041C

1600 RTS

1610

~ 1620.. VIA2

1630 LDA PCR \Read th e  PCR.

1640 ORA U E O \ D i s a b l e  CB2 p u lse  mode

1650 STA PCR W r i t e  m od ified  PCR.

1660 LDA #&F0 \C o n f ig u r e  h a l f  o f

1670 STA DDRB \ p o r t  B fo r  in p u t .

1680 RTS

1690

1 7 0 0 .OUT

1710 LDA REGISTER
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1720 STA DRB \ S e l e c t  o lo c k  r e g i s t e r .  

1 7 3 0 .REDO

1740 LDA #&EC

1750 STA PCR W r i t e  low CA2.

1760 LDA DRB \Read d ata  from B p o r t .

1770 STA TEMP

1780 LDA #&EE W r i t e  h igh  CA2.

1790 STA PCR

1800 LDA TEMP

1810 AND #&0F \Mask most s i g n i f i c a n t  n i b b l e .

1820 CMP #&0F \Check f o r  c lo c k  r e g i s t e r  u p d a te .

1830 BEQ REDO \ I f  found r e p e a t  read .

1840

1850 STA RESULT \ S t o r e  th e  r e s u l t  fo r  BASIC.

1860 RTS

1870

188 0 . SYNCH

1890 LDA &0418 \ I s  s y n c h r o n is a t io n  s e l e c t e d ?

1900 CMP #&02 \ I f  F$=2 i t  i s n ' t .

1910 BEQ EXIT

- 1920 \ I F  MINUTEOSETTIME-F$-(S$<5) THEN

1930 LDA #SETTIME

1940 SEC -

1950 SBC &0418 \SETTIME-F$.

1960 LDY &044C \F e tc h  S%.

1970 CPY #&05

1980 BCS GE

1990

2000 CLC \S% <5 .

2010 ADC #&01
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2 0 2 0 . GE \S$>=5.

2030 SEC

2040 SBC MINUTE \D oes MINUTE eq u a l th e  e x p r e s s io n ?

2050 BNE EXIT \ I f  not th en  e x i t .

2060

2070 \ I F  SECO-59*(S$>iD THEN EXIT.

2080 LDA &044C \F e tc h  S%.

2090 CMP #&05

2100 BCS GE2

2110

2120 LDA #&00 \S*< 5 .

2130 CMP SEC \D oes SEC=0?

2140 BNE EXIT \ I f  not e x i t .

2150

2160 JMP TESTTWO

2170

2 1 8 0 .EXIT

2190 LDA IER2 U s  data  c o l l e c t i o n

2200 CMP #&81 \ i n t e r r u p t  s e t ?

2210 BEQ EXIT5

2220

2230 JSR RUPT0N \ I f  not -  e n a b le .

2240

2250.EXIT5  

2260 RTS

2270

2 2 8 0 . GE2 \S$>4.

2290 LDA #59

2300 CMP SEC \D oes SEC=59?

2310 BNE EXIT \ I f  not e x i t .
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2320

2 3 3 0 . TESTTWO \I F  F SE C O (1-S *)* (F $= 0) THEN EXIT.

2340 LDY #400 \Y =0.

2350 LDA 40418 \F e tc h  F $ .

2360 BNE JUMP

2370

2380 LDA 4044C \F5&=0 so f e t c h  S $ .

2390 SEC

2400 SBC #401 \ S * - 1 .

2410 TAY \Y = S $-1 .

2 4 2 0 . JUMP

2430 CPY FSEC \D oes FSEC=expression?

2440 BNE EXIT 1

2450

2460 LDA 40418 \Y e s .  F etch  F$.

2470 BEQ TEST1

2480

2490 JMP ENABLE \ I f  F£=1 then  en a b le  th e i n t e r r u p t .

2500

2 5 1 0 . TEST1 \C o rr ec t  th e  c lo c k .

2520 LDA 4044C

2530 CMP #405 \ I f  S$<5 then  th e  c lo c k i s  f a s t .

2540 BCS TEST2 -

2550

2560 JSR PULSE \E nab le  VIA fo r  o u tp u t .

2570

2580 JSR HALT \S to p  th e  c lo c k .

2590

2600 JMP EXIT4

2610

-  B.9 -



2 6 2 0 . TEST2 \The c lo c k  i s  s lo w .

2630 LDA #&40 \Examine m inute  r e g i s t e r .

2640 STA REGISTER

2650 JSR OUT

2660

2670 JSR PULSE \E n ab le  VIA f o r  o u tp u t .

2680

2690 JSR HALT \S to p  th e  c l o c k .

2700

2710 LDA RESULT

2720 ADC #&41 \Add 1 and in c lu d e  r e g i s t e r  ;

2730 STA DRB

2740 AND #&0F

2750 STA MINUTE \ S e t  new m in u te .

2760 LDA #&30 \ S e t  seco n d s  d i s p l a y .

2770 STA S
oCOt-CVJ .EXIT4

2790 JSR GO W a i t  f o r  MSF p u l s e .

2800

2810 JSR VIA2 \R e s e t  VIA.

- 2820

2830 LDA #&00 \ S e t

2840 STA SEC \shadow

2850 STA FSEC \ c o u n t e r s .

2860 LDA #&01

2870 STA &0418 \ S e t  F*=1.

2880 LDA #&05

2890 STA &044C \ S e t  S$=5.

2900 JMP EXIT

2910
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2920.FRACS \Read t e n t h s  o f  seco n d s  r e g i s t e r .

2930  LDA #&10 \T e n th s  o f  sec o n d s  a d d r e s s .

2940 STA REGISTER

2950 JSR OUT \Read r e g i s t e r .

2960

2970 LDA RESULT

2980 STA FSEC \ S t o r e  r e s u l t .

2990 RTS

3000

3 0 1 0 . BOTH \F in d  v a lu e  o f  d oub le  r e g i s t e r s .

3020 LDA CLOCK \ S e l e c t  most s i g n i f i c a n t  r e g i s t e r .

3030 STA REGISTER

3040 JSR OUT \Read r e g i s t e r .

3050

3060  LDA CLOCK

3070 SEC

3080 SBC #&10 \ S e l e c t  low er r e g i s t e r .

3090 STA REGISTER

3100 LDA RESULT

3110 ASLA \M u lt ip ly  h ig h e r

3120 ASLA \ r e g i s t e r  by 10 .

3130 CLC

3140 ADC RESULT

3150 ASLA

3160 STA CLOCK \Temporary s t o r e .

3170 JSR OUT

3180

3190 LDA CLOCK \R e t r i e v e  low er r e g i s t e r .

3200 CLC

3210 ADC RESULT \Add h ig h er  r e s u l t .
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3220 STA CLOCK \ S t o r e  answ er.

3230 LDA REGISTER

3240 CLC \R educe

3250 RORA Mower

3260 RORA \ r e g i s t e r

3270 RORA \ t o  low er

3280 RORA \n y b b le .

3290 TAX

3300 LDA CLOCK \ S t o r e  answer in

3310 STA CLOCK,X\appropriate r e g i s t e r

3320 CPX #&07

3330 BCS EXIT2 \ I f  t h i s  i s  not hours  

e x i t .

3340

3350 DEX

3360 DEX

3370 LDA #&0D \ S e t  d i s p l a y  s t r i n g  ni

3380 STA S,X

3390 LDA CLOCK

3400 CMP #&0A M s  r e s u l t  >=10?

3410 BCS EXIT2

3420

3430 LDA #&30 \ S e t  d i s p l a y  s t r in g  =

3440 STA S,X

3450., EXIT2

3460 RTS

3470

0
 

00 
■=t- 
c0 ]

3490 NEXT o p t

3500 CHAIN "DATA21n
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10 REM ----- «** DATA2 • • • ___

20 REM T h is  s e c t i o n  m a in ta in s  th e  c lo c k  shadow r e g i s t e r s ,  i n s e r t s  

t h e

30 REM e v e n t  h a n d l in g  r o u t i n e s  and e n a b l e s / d i s a b l e s  th e  IEEE 

i n t e r r u p t .

40 HIMEM= HIMEM-&100

50 REM D e f in e  param eters  fo r  a ssem b ly .

60 PASS=2:FRACS=&0AAB:BOTH=&OAB7: CL0CK=&70:FSEC=&71 :SEC=&72 

:MINUTE=&74

70 PCR2=&FCDC:FLAG2=&FCDD:IER2=&FCDE :SCREENPLACE=&8E: ?&8E=&88 

:?&8F=&72 

80 FOR opt=0  TO PASS STEP PASS 

90 P$=HIMEM 

100 [ OPT o p t  

110

1 2 0 .S EQUS "0"

130 EQUB &0D 

1 4 0 .M EQUS "0"

- 150 EQUB &0D 

1 6 0 .H EQUS "0"

170 EQUB &0D 

180

1 9 0 .UPDATE 

u pd ated .

200

210 JSR FRACS \Update t e n t h s  o f  s e c s ,

220

230 LDA FSEC \Read te n t h s  o f  s e c s .

\ S e t  up s t r i n g s  

\ f o r  c lo c k  d i s p l a y .

\Keep d i s p la y  and c lo c k  shadow r e g i s t e r s
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240 BNE EXIT3

250

260 LDA #&30 \ I f  z e ro  th en tim e to  u pdate

270 STA CLOCK

280 JSR BOTH

290

300 LDA SEC \Read s e c s .

310 BNE EXIT3

320

330 LDA #&50 \ I f  zero  th en tim e t o  u pdate

340 STA CLOCK

350 JSR BOTH

360

370 LDA MINUTE \Read m ins.

380 BNE EXIT3

390

400 LDA #&70 \ I f  zero  th en tim e to  update

410 STA CLOCK

420 JSR BOTH

430

' 4 4 0 . EXIT3

450 RTS

460

4 7 0 . RUPTOFF \ D is a b le  IEEE i n t e r r u p t .

480 LDA #&7F \D is a b le  CA2

490 STA IER2 \ i n t e r r u p t .

500 LDA #&FF \C le a r  a l l  o f th e

510 STA FLAG2 \ i n t e r r u p t  f l a g s .

520 RTS

530
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•
om

RUPTON \E n ab le  IEEE i n t e r r u p t .

550 LDA #&02 \ S e t  CA2 o f  VIA2 to

560 STA PCR2 \ in d ep en d en t  i n t e r r u p t .

570 LDA #&FF \C le a r  th e  i n t e r r u p t

580 STA FLAG2 \ f l a g  r e g i s t e r .

590 LDA #&81 \E nab le  th e  CA2

600 STA IER2 \ i n t e r r u p t  b i t .

610 RTS

620

6 3 0 . OLDVECTOR

640

650 ]

660

670 P*=P$+2

680

690 [ OPT o p t

700

710 .VECT0R2

720 LDA &0221 \Has v e c to r  a lr e a d y  been

730 CMP ROUTINE DIV 256

740 BNE DO

750

760 LDA &0220

770 CMP ROUTINE MOD 256

780 BEQ DONE

790

8 0 0 . DO

810 LDA &0220 \S t o r e  o ld

820 STA OLDVECTOR

830 LDA &0221
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840 STA OLDVECTOR+1

850 LDA #R0UTINE DIV 256

860 STA &0221 \Load new v e c t o r .

870 LDA #R0UTINE MOD 256

880 STA &0220

8 9 0 . DONE

900 RTS

910

9 2 0 . ROUTINE \E v en t  h a n d l in g  r o u t i n e .

930 PHP

940 CMP #&02 \ I s  t h i s  a keyboard p r e s s ?

950 BNE EXIT \ I f  not l e a v e .

960

970 PHA

980 TXA

990 PHA

1000 TYA

1010 PHA

1020 CPY #&44 W a s  th e  key p r e s s e d  D?

1030 BNE EXIT1 \ I f  not l e a v e .

' 1040 \E ra se  th e  d i s c  change m essage .

1050 LDA #&00 \b y  poking v a lu e  o f  blank s p a c e .

1060 LDY #&00 YThere a re  38 c h a r a c te r s  to  be er a sed

1 0 7 0 .CHAR \ i . e .  th a t  i s  38*8 b y t e s .

1080 STA ( SCREENPLACE) , Y

1090 DEY

1100 BNE CHAR

1110 \2 5 6  b y te s  done.

1120 CLC

1130 LDA SCREENPLACE+1
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1140 ADC #&01 \Move 256 b y t e s .

1150 STA SCREENPLACE+1

1160 LDY #&00 \Do l a s t  48 b y t e s .

1170 LDA #&00

1 1 8 0 . CHAR2

1190 STA ( SCREENPLACE) ,Y

1200 DEY

1210 BNE CHAR 2

1220

1230 SEC \R e s e t  s c r e e n p la c e  f o r

1240 LDA SCREENPLACE+1

1250 SBC #&01

1260 STA SCREENPLACE+1

1270 LDX #&02 \U se  an OSBYTE c a l l

1280 LDA #&0D \ t o  d i s a b l e  th e  e v e n t .

1290 JSR &FFF4

1300

1 3 1 0 ..EXIT1

1320 PLA

1330 TAY

13^0 PLA

1350 TAX

1360 PLA

1370 .EXIT

1380 PLP

1390 JMP (OLDVECTOR)

1400

1410 ]

oCVJ NEXT opt

1430 CHAIN"DATA3n
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10 REM -----**» DATA3 ***___

20 REM T h is  s e c t i o n  d i s p l a y s  t im e and im p lem en ts  th e  IEEE d a ta  

c o l l e c t i o n .

30 REM D e f in e  a l l  th e  v a r i a b l e s  f o r  th e  r e s t  o f  th e  program.

40 REM S u p p ress  cu rso r  and d e f in e  d ec im al fo r  c lo c k  d i s p l a y .

50 VDU 23 »2 4 0 , 0 , 0 , 0 , 2 4 , 2 4 , 0 , 0 , 0 :VDU 2 3 ; 8 2 0 2 ; 0 ; 0 ; 0 ;

60 REM D e f in e  th e  v a r i a b l e s  f o r  th e  d i s p l a y .

70 DIM M0NTH$(11) ,DAY$(11) ,THE$(2)

80 REM V a r ia b le s  f o r  IEEE data  c o l l e c t i o n .

90 DIM w ave56l023 ,bc$(3) , I D $ ( 3 )

100 FOR I*=1 TO 18 0 :ID $(0)=ID $(0)+"  n:NEXT:FOR I $ =1 TO 3: 

ID$(I$)=ID $(0):NEX T  

110 FOR I$=0 TO 3:bc$(I$)=0:NEXT 1%

120 REM D e f in e  VIA r e g i s t e r s .

130 DRB=&FCC0:DRA=&FCC1:DDRB=&FCC2 :DDRA=AFCC3 

140 ACR=&FCCB: PCR=&FCCC: FLAG=&FCCD: IER=&FCCE 

150 PCR2=&FCDC:FLAG2=&FCDD:IER2=&FCDE

160 REM D e f in e  p aram eters: I f  F$=1 then  once an hour en a b le  

MSF i n t e r r u p t .

170 REM I f  F$=0 then  th e r e  i s  a d isc rep a n cy  in  t e n t h s  o f  secon d s  

i n  S $ .

180 REM I f  S£=5 then  th e  c lo c k  i s  s y n c h r o n is e d .  I f  G$=0 th e  MSF 

190 REM i n t e r r u p t  i s  d i s a b le d .  R̂  i s  th e  a c t i v e  d i s c  d r i v e .

200 F$=1 :G*=0 :R$=0 :S*=5 : t r a c e 1?S = 1 

210 REM D is a b le  e sc a p e  key.

220 *FX 2 0 0 , 1 ,0

230 REM D e f in e  machine language c a l l s .

240 VIA1=&0900:INIT=&091A:G0=&092A:VECT0R=&0943:VIA2=&09E1:
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OUT=&09EF

250 SYNCH=&0A0E:FRACS=&0AAB:B0TH=&0AB7: CL0CK=A70:FSEC=&7 1: 

SEC=&72

260 DSEC=&73:MINUTE=&74:DMINUTE=&75:HOUR=&76:DHOUR=&77: 

DATE=&78

27 0 DDATE=&79 :WDAY=&7A:M0NTH=&7B:DM0NTH=&7C:YEAR=&7D: 

RESULT=&7 E

280 REGISTER=&7F: TEMP=&80 :S=HIMEM:M=HIMEM+&02: H=HIMEM+&04 

290 UPDATE=HIMEM+&06 :RUPT0N=HIMEM+&36 :RUPT0FF=HIMEM+&2B 

300 VECTOR2=HIMEM+&48 

310 PROCinit:ON ERROR GOTO 470

320 CALL VECTOR:CALL VECT0R2:REM I n s e r t  i n t e r r u p t  and e v e n t  

v e c t o r s .

330 CLS:PRINT TAB( 2 2 ,5 )  "OPTIONS"

340 PRINT TAB(2 2 ,6 )  "-------------"

350 PRINT TAB( 1 0 , 8 )  "1) Load and s t a r t  c l o c k . "

360 PRINT TAB(1 0 ,1 0 )  "2) Read out t im e from c l o c k ."

370 INPUT TAB(1 0 ,1 2 )  " S e le c t  1 or 2 n ;I%

380 IF I*<1 OR I*>2 PRINT TAB(24,12) " ":G0T0 370

390 PRINT TAB(10,14) " S e le c t  MSF s y n c h r o n is a t io n :  1) ON."

' 400 INPUT TAB(38,16) "2) 0F F ." ;F $:IF  F$<1 OR F%>2 PRINT TAB(45 

,1 6 )  " " :GOTO 390

410 ON 1% GOSUB 430 ,4 4 0  

420 PROCdisplay:END 

430 CALL VIA1 :PROCload:RETURN

440 INPUT TAB(10,18) "Enter th e  year  ";Y1$:Y1$=Y1$-INT(Y1$/100)  

* 100+1900

450 CALL VIA1 : CALL VIA2 :CLS:PRINT TAB(22,2) "The c lo c k  i s  

r u n n in g . " : RETURN 

460 REM Error h a n d lin g  r o u t i n e s .
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470 IF ERR=17 THEN PROCdata:PR0Csave:PR0Cdisplay 

480 IF ERRO190 AND ERR0198 THEN REPORT:PRINT" a t  l i n e  ";ERL 

:STOP

490 VDU 7 : PRINT TAB(1 7 ,2 0 )  "CHANGE DISC IN DRIVE ";R*;" THEN 

PRESS ""D""."

500 IF ERL=2030 THEN OSCLI("DELETE I" + ev en t$ )

510 R*=R* EOR 1 :DAY$="DR. "+STR$(R*) :OSCLI(DAY$) :VDU 7:VDU 7:*FX  

1 4 ,2

520 t r a c e 1%=t r a c e d : PROCsave: PROCdisplay 

530

540 DEFPROCload

550 REM Load t h e  c lo c k  r e g i s t e r s .

560 CLS:PRINT:INPUT"Enter th e  y e a r  ";TAB(4 0 ) ; Y1%:PRINT 

570 Y1*=Y1*-(INT(Y1*/100)*100)+1900:REM Y1*=19xx.

580 ?YEAR=Y1$-(INT(Y1$/4)*4):REM ?YEAR=LEAP YEAR PLUS 0 , 1 , 2 , 3

590 ON 7YEAR+1 GOTO 6 0 0 ,6 1 0 ,6 2 0 ,6 3 0

600 ?YEAR=8:G0T0 640

610 ?YEAR=4:G0T0 640

620 ?YEAR=2:G0T0 640

630 ?YEAR=1

640 ?YEAR=&D0+?YEAR:REM ADDRESS+DATA

650 INPUT"Enter th e  month (1 - 1 2 )  " ;TAB(4 0 );?MONTH:PRINT

660 IF ?MONTH<1 OR ?M0NTH>12 GOTO 650

670 ?DMONTH=INT(?MONTH/1 0 ) : ?MONTH=?MONTH-?DMONTH*10

680 ?DMONTH=&CO+?DMONTH:?MONTH=&BO+?MONTH

690 INPUT "Enter th e  day (Monday -  1 )";TAB(40) ;?WDAY:PRINT

700 IF ?WDAY<1 OR ?WDAY>7 GOTO 690

710 ?WDAY=&AO+?WDAY

720 INPUT "Enter th e  d a te  " ;TAB( 4 0 ) ;?DATE:PRINT 

730 IF ?DATE<1 OR ?DATE>31 GOTO 720
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740 ?DDATE=INT(?DATE/10): ?DATE=?DATE-?DDATE*10

750 ?DDATE=490+?DDATE:?DATE=480+?DATE

760  INPUT "Enter th e  hour TAB( 4 0 ) ;?H0UR:PRINT

770 IF ?HOUR<0 OR ?HOUR>23 GOTO 760

780 ?DHOUR=INT( 7HOUR/1 0 ) : ?HOUR=?HOUR-?DHOUR*10

790 ?DHOUR=&70+?DHOUR:?HOUR=&60+?HOUR

800 INPUT "Enter th e  m in utes  " ;TAB( 4 0 ) ;?MINUTE:PRINT

810 IF ?MINUTE<0 OR ?MINUTE>59 GOTO 800

820 ?DMINUTE= INT( 7MINUTE/10):  ?MINUTE=?MINUTE-?DMINUTE* 10

830 ?DMINUTE=&50+?DMINUTE: ?MINUTE=&40+?MINUTE

840 CALL INIT

850 REM Load c lo c k  from shadow r e g i s t e r s .

860 FOR C$=4 TO 13:?DRB=?(CL0CK+C$):NEXT C%

87O CLS:PRINT TAB(8,5) "The c lo c k  r e g i s t e r s  a r e  lo a d e d .  W aitin g  

f o r  MSF s i g n a l . . . . "

880 CALL GO 

890 CALL VIA2 :CLS 

900 ENDPROC 

910

920 DEFPROCdisplay 

' 930 PRINT TAB( 2 2 ,2 )  "The c lo c k  i s  ru n n in g ."

940 PRINT T A B (1 7 ,6 )" It  is";:PRINT TAB(21, 1 0)"The tim e i s  ";

950 PROCmonth: ?CL0CK=&70:CALL BOTH:IF ?H0UR>9 $H=""

960 ?CLOCK=&50:CALL BOTH-.IF ?MINUTE>9 $M=""

970 ?CL0CK=&30:CALL BOTH.-IF ?SEC>9 $S=""

980 PROCweekday

990 PROCdate:IF ?DATE<>1 GOTO 1010 

1000 PROCmonth:IF ?M0NTH=1 AND ?H0UR=0 AND ?MINUTE=0 AND ?SEC=0

Y$=Y5K+1

1010 PRINT TAB(22,6)DAY$;?DATE;THE$;MONTH$;Y1^;" . "
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1020 CALL UPDATE:IF ?H0UR=0 GOTO 980

1030 PRINT TAB( 3 3 , 1 0 ) $H; 7H0UR; " : " ; $M; 7MINUTE; " : " ; $S; 7SEC; CHR$(240) 

; 7FSEC 

1040 CALL SYNCH 

1050 GOTO 1020 

1060 ENDPROC 

1070

1080 DEFPROCmonth

1090 REM Find o u t  what month i t  i s .

1100 ?CLOCK=&CO 

1110 CALL BOTH

1120 ON 7MONTH GOSUB 1 1 4 0 ,1 1 5 0 ,1 1 6 0 ,1 1 7 0 ,1 1 8 0 ,1 1 9 0 ,1 2 0 0 ,1 2 1 0 ,1 2 2 0 ,  

1 2 3 0 ,1 2 4 0 ,1 2 5 0

1130 ENDPROC

1140 MONTH$=" January n :RETURN

1150 M0NTH$=" February ":RETURN

1160 M0NTH$=" March " :RETURN

1170 MONTH$=n A p r i l  ":RETURN

1180 MONTH$=" May " :RETURN

1190 M0NTH$=n June n :RETURN

- 1200 MONTH$=" J u ly  n:RETURN

1210 M0NTH$=" August " :RETURN

1220 MONTH$=" September ^RETURN

1230 M0NTH$=n O ctober " :RETURN

1240 MONTH$=n November n :RETURN

1250 MONTH$=" December ":RETURN

1260

1270 DEFPROCdate

1280 ?REGISTER=&80:CALL OUT

1290 ?DATE=?RESULT
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1300 THE$=nt h n

1310 IF ?DATE=1 THE$="st"

1320 IF ?DATE=2 THE$="nd"

1330 IF ?DATE=3 THE$="rd"

1340 ?REGISTER=&90:CALL OUT 

1350 IF ?RESULT=1 THE$="th"

1360 ?DATE=?DATE+?RESULT*10 

1370 ENDPROC 

1380

1390 DEFPROCweekday

1400 ?REGISTER=&AO:CALL OUT

1410 ON 7RESULT GOSUB 1 4 3 0 ,1 4 4 0 ,1 4 5 0 ,1 4 6 0 ,1 4 7 0 ,1 4 8 0 ,1 4 9 0  

1420 ENDPROC

1430 DAY$=" Monday n :RETURN 

1440 DAY$=" Tuesday " :RETURN 

1450 DAY$=" Wednesday n:RETURN 

1460 DAY$=" Thursday " :RETURN 

1470 DAY$=" F r id a y  n:RETURN 

1480 DAY$=" S atu rd ay  RETURN 

1490 DAY$=" Sunday n:RETURN 

-1500  

1510 DEFPROCinit 

1520 *IEEE 

1530 CL0SE#0

1540 cmd$=OPEN IN (" COMMAND11)

1550 data*=OPENIN("DATA")

1560 scope$=0PENIN("12")

1570 PRINT#cmd$, "BBC DEVICE NO",6 

1580 PRINT#cmd$,"CLEAR"

1590 PRINT#cmd$, "REMOTE ENABLE"
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1600 *DISC 

1610 ENDPROC 

1620

1630 DEFPROCdata

1640 REM D is a b le  th e  c lo c k  i n t e r r u p t .

1650 F*=1:G*=0:S*=5 

1660 *IEEE

1670 FOR I*=0 TO 3:ID$(I*)="":NEXT  

1680 trace*=1

1690 PRINT#cmd*, "TALK", scope*

1700 PRINT#cmd*, "READ BINARY",0 

1710 REPEAT
i

1720 REPEAT

1730 result*=BGET#data*

1740 IF r e s u l t * =10 tr a c e * = 6 : PRINT#cmd*, "CLEAR":G0T0 1760 

1750 ID $ (tr a c e * -1 )= I D $ (tr a c e * -1 )+ C H R $ (r e s u l t* )

1760 UNTIL r e s u l t* = 3 7  OR r e s u l t* = 1 0

1770 IF r e s u l t* = 1 0  GOTO 1840

1780 bc*(trace*-1)=256*BGET#data*+BGET#data*

1790 FOR J*=0 TO b c * ( t r a c e * - 1 ) - 2

-1800 w a v e * ? ( J * - ( b c * ( 0 ) - 1 ) * ( t r a c e * > = 2 ) - ( b c * ( 1 ) - 1 ) » ( t r a c e * > = 3 )  

—( b e * ( 2 ) —1)*(trace*=4))=BGET#data*

1810 NEXT

1820 CS* =BGET#data*

1830 tra ce* = tra ce* + 1  

1840 UNTIL t r a c e * =6 

1850 *DISC 

1860 ENDPROC 

1870

1880 DEFPROCsave
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1890 FOR tr a c e * = tr a c e 1 *  TO 4 

1900 IF I D $ ( t r a c e * - 1 )="" GOTO 2100

1910 REM S t o r e  sec o n d ,  m in u t e ,h o u r , day and month i n  6 0 -d e c im a l  

*« 0 - 9 ,A - Z ,a - x .

1920 E*=?SEC+48:E*=E*-7«(E*>57)-6*(E*>83)

1930 D*=?MINUTE+48:D*=D*-7*(D*>57)-6*(D*>83)

1940 C*=?HOUR+48:C*=C*-7*(C*>57)

1950 B*=?M0NTH+48:B*=B*-7*(B*>57)

1960 A*=?DATE+48:A*=A*-7f (A*>57)

1970 event$=CHR$(A*)+CHR$(B*)+CHR$(C*)+CHR$(D*)+CHR$(E*)+

STR $(trace*)

1980 REM S to r e  waveform(W) and i d e n t i f y i n g  i n f o r m a t io n ( I )  

fo l lo w e d  by

1990 REM th e  t r a c e  number and coded sec o n d ,  m in u te ,  h our ,  

day and month.

2000 ID=0PEN0UT(nI" + ev en t$ )

2010 PRINT#ID, ID$( t r a c e * - 1 )+STR$ ( ?FSEC)

2020 CL0SE#ID

2030 WF=0PEN0UT("W"+event$)

20 40 BPUT#WF, INT( b e * ( t r a c e * - 1 ) /2 5 6 )

-2050 BPUT#WF, be * ( t r a c e * - 1 )-IN T (be * ( t r a c e * - 1 ) /2 5 6 )* 2 5 6  

2060 FOR I*=0 TO b c * ( t r a c e * - 1 ) - 2

2070 BPUT#WF,wave*?(I*~(bc*(0)-1 )*(trace*>=2)-(bc*( 1-)-1) 

*(trace*>=3)-(bc*(2)-1)*(trace*=4))

2080 NEXT 

2090 CL0SE#WF 

2100 NEXT 

2110  trace1*=1  

2120 ENDPROC
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T h is  f o u r t h  s e c t i o n  was w r i t t e n  fo r  th e  r e t r i e v a l  and a n a l y s i s  o f  

th e  d ata  s t o r e d  on th e  d i s c s .  The example shown h e r e  c o n t a in s  

r o u t i n e s  f o r  p l o t t i n g  out th e  d a ta  a lth o u g h  i t  i s  s im p le  to  r e p la c e  

t h e s e  w i t h ,  f o r  exam ple, r o u t i n e s  fo r  s t a t i s t i c a l  a n a l y s i s  a s  was 

done i n  Chapter 6 .

10 REM ----- **« DATA4 «*«-----

20 M0DE7:VDU 1 4 :VDU23; 8 2 0 2 ; 0 ;0 ;0 ;

30 REM V a r ia b le s  f o r  IEEE d a ta  c o l l e c t i o n .

40 DIM ID $ (3 ) ,W F ID $ (3 ) ,X U N IT S $ (3 ) ,Y U N IT S $ (3 ) ,F IL E $ (1 , l4 ) ,b c * (3 )  

, x in c * ( 3 )

50 DIM X S C A L E (3 ) ,Y S C A L E (3 ) ,y m u lt* (3 ) ,y o f f* (3 ) ,w a v e* 1 0 2 3

60 FOR I*=0 TO 3 :b c* (I* )= 0 :F 0 R  J*=0 TO 14:F IL E $(I*  DIV 2 , J * ) = n" 

:NEXT,

70 PROCinit

PROCinit s e t s  up th e  BBC a s  c o n t r o l l e r  o f  th e  IEEE 488 i n t e r f a c e  

bus and p rep a re s  any d e v i c e s  fo r  o p e r a t io n .

- 80 PROCmenul

PROCmenul lo a d s  th e  d i s c  d ir e c t o r y  i n t o  memory.

90 PR0Cmenu2

PR0Cmenu2 d eco d es  th e  f i l e n a m e s  to  p r e se n t  an i n t e l l i g i b l e  menu to  

t h e  o p e r a to r  show ing th e  time th a t  th e  data  was s t o r e d  and how many 

t r a c e s .

100 PROCload

T h is  r o u t in e  re a d s  in  th e  s e l e c t e d  data  from d i s c .
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110 PROCsort

PROCsort d eco d es  th e  waveform in fo r m a t io n  t r a n s m i t t e d  by th e  sco p e  

a lo n g  w ith  th e  a c t u a l  d a ta .

120 PROCaxes 

130 PROCplot

These r o u t i n e s  o p e r a t e  th e  HP7221S P l o t t e r  to  produce hard copy i f  

r e q u ir e d .

140 GOTO 90

150 END

160

170 DEFPROCinit

180 •IEEE

190 CLOSEtfO

200 cmd*=0PENIN( "COMMAND")

210 data*=0PENIN("DATA")

220 p l o t t e r *  =0PENIN("1")

230 PRINT#cmd*, "BBC DEVICE NO",6

'2 4 0 PRINT#cmd*,"CLEAR"

250 PRINT#cmd*, "REMOTE ENABLE"

260 •DISC

270 ENDPROC

280

290 DEFPROCsort

300 t r a c e * = t r a c e 1*

310 REPEAT

320 p o s * = l4 - ( t r a c e * = 1 )* 2 3  :L$=""

330 REPEAT
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340 W F ID $ (tra ce* -1 )=W FID$(trace*-1)+L$  

350 pos*=pos*+1

360 L $=M ID $(ID $(trace*-1) ,p o s * ,1 )

370 UNTIL ASC(L$)=34

380 pos*=pos*+8 :L$=nn :PR0Cpick

390 V*=VAL(L$)

400 p os*= p os*+ l6  :L$="" :PR0Cpick 

410 x in c* (tra ce* -1 )= V A L (L $ )

420 pos*=pos*+16 :L$="" :PR0Cpick 

430 trig*=VAL(L$)

440 pos*=pos*+7 :L$=nn :PR0Cpick 

450 XUNITS$(trace*-1)=L$

460 pos*=pos*+7 :L$=nn :PROCpick 

470 y m u l t * ( t r a c e * - 1 )=VAL(L$)

480 p os* = p o s* + l4  :L$=nn :PR0Cpick 

490 y o ff* (tra ce* -1 )= V A L (L $ )

500 pos*=pos*+7 :L$=nn :PR0Cpick 

510 YUNITS$(trace*-1)=L$

520 sec$=R IG H T$(ID $(trace*-1) ,  1)

530 tr a ce* = tra ce * + 1  

' 540 UNTIL tr a ce* = tra ce2 * + 1  

550 ENDPROC 

560

570 DEFPROCpick 

580 REPEAT

590 L$=L$+M ID$(ID$(trace*-1) ,p o s * , 1)

600 pos*=pos*+1

610 UNTIL MID$(ID$(trace*-1),pos*, 1 "

620 ENDPROC 

630
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640 DEFPROCload

650 event$=FILE$(0,15-CHOICE*)

660 FOR tr a c e * = tr a c e 1 *  TO 4

670  ID=0PENIN( LEFT $ (e v e n t $ , 6 ) +STR $ ( t r a c e * ) )

680 IF ID=0 tr a c e 2 * = tr a c e * -1 : tr a c e * = 4 :G 0 T 0  780 

690 IN P U T # ID ,ID $ (tra ce* -1 )

700  CL0SE#ID

710 WF=0PENIN("W"+MID$(event$,2,5)+STR$(trace*))

720 b e * ( t r a c e * - 1 )=BGET#WF*256+BGET#WF 

730  FOR I*=0 TO b c * ( t r a c e * -1  ) - 2

740 w a v e * ? ( I * - ( b c * ( 0 ) - 1 ) * ( t r a c e * > = 2 ) - ( b c * ( 1 ) - 1 ) « ( t r a c e * > = 3 ) - ( b c * ( 2 )  

- 1 ) * ( t r a c e * = 4 ) ) =BGET#WF 

750 NEXT I*

760  CL0SE#WF

770 IF tr a c e * = 4  tra ce2 * = 4  

780 NEXT t r a c e *

790 ENDPROC 

800

810 DEFPROCaxes 

820 «IEEE

'830  PRINT# cmd*,"LISTEN",plotter*,"EXECUTE"

840 PRINT# d a ta * ," I N " ," I P 3 0 0 0 ,3 0 0 0 ,1 0 5 0 0 ,9 0 0 0 "

850 PRINT# d a t a * , "SP2","PA 1 0 5 0 0 ,3 0 0 0 " ,"PD"

860 PRINT# d a t a * , "PA3000,3 0 0 0 ,3 0 0 0 ,9 0 0 0 ,1 0 5 0 0 ,9 0 0 0 ,1 0 5 0 0 ,3 0 0 0 " ,"PU" 

870 PRINT# data* ,"SC  0 , 5 1 1 , 0 , 2 5 5 " , "SP4","PA 2 5 5 , 0 " , "PD","PA 2 5 5 ,2"

, "YT"

880 FOR I*=2 TO 253 STEP 25 :PRINT# data*,"PA 255 , "+STR$(I*), "YT" 

:NEXT I*

890 PRINT# data*,"PA  255 ,255” , nPU","PA 0 ,127"

900 PRINT# data*,"PD","PA 5 , 1 2 7 " , "XT" :FOR I*=5 TO 506 STEP 50
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910 PRINT# data*,"PA "+ ST R $(I* )+" ,1 2 7 " ,"XT":NEXT I*

920 PRINT# data*,"PA 5 1 1 ,1 2 7 " , "PU","SPO"

930 ENDPROC 

940

950 DEFPROCplot 

960 *IEEE

970 FOR t r a c e * =t r a c e 1* TO tr a c e 2 *

980 PRINT#data*, "SP"+STR $(2-(trace* MOD 2 ) )

990 IF tr a ce* > 2  PRINT#data*,"LT2" ELSEPRINT#data*, "LT"

1000 PRINT# data*,"PA 0 , " + S T R $ (y o f f* ( t r a c e * -1 ) ) , "PD","XT","YT", "PU" 

1010 J* = 0 :PRINT# d a t a * , "PAO, "+STR$(wave*?0), "PD"

1020 FOR I*=0 TO 511 STEP (5 1 2 / ( b c * ( t r a c e * - 1 ) - 1 ) )

1030 PRINT# d a t a * , "P A "+ST R $(I*)+" ,"+ST R $(w ave*?(J*-(bc*(0)-1 ) •

( t r a c e * > = 2 ) - ( b c * ( 1) - 1 ) * ( t r a c e * > = 3 ) - ( b c * ( 2 ) - 1 ) * ( t r a c e * = 4 ) ) )

1040 J*=J*+1:NEXT I*:PRINT# d a t a * , "PU":NEXT tr a c e *

1050 PRINT# d a t a * , "L T ","S P 4" ," P A "+ ST R $(tr ig**(512 /(b c* (trace2*

- 1 ) - 1 ) ) )+",0","PD","PRO, 1 2 , - 3 , - 3 , 3 , 3 , 3 , - 3 , - 3 , 3 " , "PU","SPO"

1060 PRINT#data*, "SC","IP;" , "PA4500, 9 5 0 0 " ,"SP1", "LB"+LEFT$(FILE$

( 1 , 1 5-CHOICE*) , 2 6 ) + " . "+sec$+CHR$(3)

1070 PRINT#data*, "SP4","PA11 0 0 0 ,8 5 0 0 " ,"LBKEY:"+CHR$(3), "SPO"

-1080 PRINT#data*,"PU":Y*=8200:FOR tr a c e * = tr a c e 1 *  TO tr a c e 2 *

1090 PRINT#data*, "SP"+STR$(2-(trace* MOD 2 ) )

1100 IF tr a ce* > 2  PRINT#data*, "LT2" ELSE PRINT#data*, "LT"

1110 PRINT#data*, "PA1 1 3 0 0 ,"+STR$ ( Y*) , "LB"+WFID$( t r a c e * - 1 ) +CHR$(3 )

, "PR300,80","PD","PR800,0","PU"

1120 Y*=Y*-300  

1130 NEXT tr a c e *

1140 PRINT#data*,"LT","SP4","PA11300,"+STR$(Y*),"LBTrig. P o i n t : - "

+CHR$(3), "PR3 0 0 , 0 " , "PD" , "PRO,2 4 0 , - 6 0 , - 6 0 , 6 0 , 6 0 , 6 0 , - 6 0 , - 6 0 , 6 0 " , "PU" 

1150 FOR tr a c e * = tr a c e 1 *  TO tr a c e 2 *
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1160 XSCALE(trace*-1 )= 2 5 * (5 1 2 / ( b c * ( t r a c e * - 1 ) - 1 ) ) * x i n c * ( t r a c e * - 1 )

# 1 0"(3*(X U N IT S (trace* -1 )= nMSn )+ 6*(X U N IT S (trace* -1 )= nUS")+9* 

( X U N IT (trace*-1 )="NS"))

1170 X U N IT S(trace*-1) =STR(XSCALE(trace*-1))+" S/DIV"

1180 IF XSCALE(trace*-1 )<10*-6  XUNIT( t r a c e * - 1)=STR(XSCALE 

( t r a c e * - 1  )*10*9)+" NS/DIV"

1190 IF XSCALE(trace*-1)<10"-3 X U N IT (trace* -1)=STR(XSCALE 

( t r a c e * -1 ) * 1 0 * 6 )+ "  US/DIV"

1200 IF XSCALE(trace*-1)<1 XUNITS( t r a c e * - 1)=STR(XSCALE 

( t r a c e * - 1 ) * 1 0 " 3 ) + n MS/DIV"

1210 Y S C A L E (tra ce* -1 )= 2 5 * y m u lt* (tra ce* -1 )*10"(3*(YUNITS  

( t r a c e * - 1 ) ="MV")+6 * ( YUNITS( t r a c e * - 1 ) ="UV"))

1220 YUNITS(trace*-1)=STR(YSCALE(trace*-1))+" V/DIVn 

1230 IF YSCALE(trace*-1)<10^-3  Y UN ITS(trace*-1 )=STR(YSCALE 

( t r a c e * -1 )» 1 0 * 6 )+ "  UV/DIV"

1240 IF YSCALE(trace*-1)<1 YUNITS(trace*-1)=STR(YSCALE 

( t r a c e * -1 )* 1 0 * 3 )+ "  MV/DIV"

1250 NEXT tr a c e *

1260 t r a c e * = t r a c e 1 * :PRINT#data*, nSPn+STR( 2 - ( tr a c e *  MOD 2 ) )

1270 Y*=6100:PRINT#data*, "PA11 0 0 0 ,"+STR(Y * ) , "LBn+XUNITS 

(trace*-1)+C H R (3)

1280 IF tra ce1 * > 3  OR tra ce2 * < 3  GOTO 1310

1290 tr a c e * = tr a c e * + 1 :I F  tr a c e * > tr a c e 2 *  GOTO 1310

1300 Y*=Y*-300:IF XUN ITS(trace1*-1)<>X U NITS(trace2*-1)

PRINT#data*, "SPlf+STR(2-( tr a ce2 *  MOD 2 ) ) , "PA11 0 0 0 ,"+STR(Y*), 

"LB"+XUNITS(trace2*-1)+CHR(3)

1310 t r a c e * = t r a c e 1 * :PRINT#data*, "SP"+STR(2-(trace* MOD 2 ) )

1320 Y*=2600: PRINT#data*, "PA6000, "+STR(Y*), "LBn+YUNITS 

(trace*-1)+C H R (3)

1330 trace* = tra ce* + 1 :Y * = Y * -3 0 0 :IF  tr a c e * > tr a c e 2 *  GOTO 1410
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1340 PR INT#data*,"SP"+STR(2-(trace* MOD 2 ) ) : I F  YUNITS( t r a c e * - 1) 

<>Y UNITS(trace*-2)PRINT#data*, "PA6000, n+STR(Y*), "LB"+ 

Y U N IT S (trace* -1 ) +CHR(3)

1350 IF tr a ce1 * > 1  OR tr a ce2 * < 3  GOTO 1390

1360 tr a ce* = tra ce * + 1 :Y * = Y * -3 0 0 :IF  tr a c e * > tr a c e 2 *  GOTO 1410

1370 PR IN T #data*,"SP"+STR(2-(trace* MOD 2 ) ) : IF  YUNITS(0)<>

YUNITS( 2 )  PRINT#data*, "PA6000, "+STR(Y*), nLB"+YUNITS(trace* 

- 1 )+CHR(3)

1380 tr a ce* = tra ce * + 1 :Y * = Y * -3 0 0 :IF  tr a c e * > tr a c e 2 *  GOTO 1410

1390 IF tr a c e 1 * > 2  OR tr a ce2 * < 4  GOTO 1410

1400 PR IN T #data*,"SP"+STR(2-(trace* MOD 2 ) ) : IF YUNITS(1)<>

YUNITS(3 )  PRINT#data*, "PA6000, "+STR(Y*), "LB"+YUNITS(trace* 

- 1 )+CHR(3)

1410 PRINT#data*, "SPO", "PA15760 ,11180"

1420 INPUT TAB(4,20)"DO YOU WANT THE PLOT ADVANCED";TEMP:IF 

LEFT(TEMP,1)="N" GOTO 1450 

1430 IF LEFT(TEMP,1)<>"Y" THEN PRINT TAB(34,20)" "

:GOTO 1410 

1440 PRINT# data*,"EC","AF","ECO"

1450 *DISC 

1460 ENDPROC 

1470

1480 DEFPROCmenul

1490 FOR I*=0 TO 1:FOR J*=0 TO 14:FILE(I*,J*)="":NEXT,

1500 Y*=wave* DIV 256:X*=wave* MOD 256:A*=8 

1510 ! (wave*+1)=wave*+&0D:! (wave*+&05)=&1F:! (wave*+&09)=&00 

:CALL &0FFD1 

1520 K*=0:F*=0

1530 REPEAT:J*=?(wave*+&0D+K*)

1540 IF ?(wave*+&0D+K*+1)<>73 THEN K*=K*+J*+1:GOTO 1580
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1550 FOR K*=1+K* TO J*+K*-1

156 0 FILE( 0 , F*) =FILE( 0 , F*) +CHR( ? ( wave*+&OD+K*) )

1570 NEXT K*:F*=F*+1 

1580 UNTIL J*=0 OR F*=15 

1590 FOR I*=0 TO 1 4 :FOR L*=2 TO 7 

1600 TEMP=MID( FILE( 0 , I * ) , L*,1 )

1610 CODE*=ASC(TEMP)-4 8 + 7 f (ASC(TEMP)> 5 7 )+ 6 * (ASC( TEMP)>91) 

1620 ON L*-1 GOSUB 1 9 8 0 ,1 8 2 0 ,2 0 8 0 ,2 0 8 0 ,2 0 8 0 ,2 1 3 0  

1630 IF L*>3 AND L*<6 THEN FILE(1 ,I * )= F I L E (1 , I * ) + " :"

1640 NEXT,

1650 ENDPROC 

1660

1670 DEFPR0Cmenu2

1680 CLS:PRINT TAB(17 , 0 ) ; "MENU"

1690 FOR I * = 1 5 TO 1 STEP -1

1700 PRINT TAB(1 , 1 6 - I * + 1 ) ; ~ ( 1 6 -1 * )" :  " ;F IL E (1 , I * - 1 )

1710 NEXT 

1720 LAST*=1 

1730 REPEAT

1740 KEY=INKEY( 0) :IF  KEYO-1 THEN CHOICE*=KEY-48+7*(KEY>57) 

ELSE 1770

1750 IF CH0ICE*>=1 AND CHOICE*<=15 THEN PRINT TAB(0,LAST*+1) 

;CHR(135)

1760 PRINT TAB(0,CHOICE*+1) ;CHR(1 3 3 ) :LAST*=CHOICE*

1770 UNTIL INKEY( - 7 4 )

1780 *FX15,0

1790 t r a c e 1*=VAL( RIGHT(FILE( 1 , 1 5-CHOICE*), 1 ) )

1800 ENDPROC 

1810

1820 REM Find o u t  what month i t  i s .
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1830 ON CODE* GOSUB 1 8 5 0 ,1 8 6 0 ,1 8 7 0 ,1 8 8 0 ,1 8 9 0 ,1 9 0 0 ,1 9 1 0 ,1 9 2 0 ,  

1 9 3 0 ,1 9 4 0 ,1 9 5 0 ,1 9 6 0  

1840 F IL E (1 ,I * ) = F I L E ( 1 , I*)+MONTH+" a t  " :RETURN 

1850 MONTH=n January n :RETURN 

1860 MONTH=" F ebruary " :RETURN 

1870 MONTH=n March " :RETURN 

1880 MONTH=" A p r i l  " : RETURN 

1890 MONTH=" May " :RETURN

1900 MONTH=" June " :RETURN 

1910 MONTH=n J u ly  ".-RETURN 

1920 MONTH=" August " :RETURN 

1930 MONTH=" September":RETURN 

1940 MONTH=" O ctob er  " :RETURN 

1950 MONTHr" November " :RETURN 

1960 MONTH=" December " :RETURN 

1970

1980 REM S u b ro u t in e  to  p r in t  d a t e .

1990 THE="th"

2000 IF CODE* MOD 10=1 THE="st"

2010 IF CODE* MOD 10=2 THE="nd"

2020 IF CODE* MOD 10=3 THE="rd"

2030 IF CODE* DIV 10=1 THE="th"

2040 IF CODE*<10 THEN TEMP=" " ELSE TEMP=""

2050 FILE( 1 , 1 * ) =FILE( 1 , 1 * ) +TEMP+STR( CODE*) +THE

2060 RETURN

2070

2080 REM S u b r o u t in e  to  p r in t  t im e .

2090 TEMP="":IF C0DE*<10 THEN TEMP="0"

2100 F IL E (1 , 1 * ) =FILE( 1 , 1 * ) +TEMP+STR( CODE*)

2110 RETURN
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2120

2130 REM P r in t  o u t  th e  t r a c e  number.

2140 F IL E (1 ,I * )= F I L E (1 , I $ ) + n -  t r : "+TEMP 

2150 RETURN
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'All right,' said the (Cheshire) Cat; 
and this time it Vanished quite 
slowly, beginning with the end of the 
tail, and ending with the grin, which 
remained some time after the rest of 
it had gone.

Lewis Carroll (Alice's Adventures in 
Wonderland, 1865)
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