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Abstract 

I n  the s igna l  frequency window (500 t o  3000 HZ) i n s i d e  which the  Michelson 
interferometer  is t o  d e t e c t  g r a v i t a t i o n a l  rad ia t ion ,  it must a t  l e a s t  be ab le  
t o  resolve to-' of a  f r inge.  This requ i res  a  l a s e r  i l luminat ion of  extremely 
high puri ty .  Noise con t r ibu t ions  due t o  l a s e r  f l u c t u a t i o n s  i n  power and i n  
beam geometry can be kept s u f f i c i e n t l y  small by proper con t ro l  of t h e  operat ing 
po in t ,  and by the  use of a  mode-selective resonator. 

The s trong demands on frequency s t a b i l i t y  a r i s e  from two def ic ienc ies  o f  the 
interferometer :  ( i )  a  residual  path d i f fe rence  between the  two arms requi res  
60 < 5*10-~ H a / m ;  ( i i )  the in te r fe rence  of s c a t t e r e d  l i g h t  with t h e  main 
beam, with l a r g e  path d i f fe rences  AL, may requi re  69 < 3.10-~ HZ//&. A r a t h e r  
conventional frequency cont ro l  (with feedback t o  the l a s e r  cav i ty )  is  expected 
t o  allow 60 < 3.10-~ HZ//&. A t o t a l l y  independent second cont ro l  loop uses 
the! interferometer  arms a s  reference,  and cor rec t s  the  l i g h t  phase (and thus 
the  frequency) with a  Pockels c e l l ,  a f t e r  the l i g h t  has l e f t  the l a s e r .  A 
s t a b i l i t y  of  69 < He/i= may eventual ly be possible. The noise due t o  
sca t te red  l i g h t  may be reduced f u r t h e r  by a  scheme of breaking the  coherence 
between sca t te red  l i g h t  and main beam. 

1.  LASM INTERFEROMETER AS GRAVITATIONAL WAVE DETECTOR 

This conference is  devoted t o  the  measurement and s tandardizat ion of  f re -  
quencies, with accuracies  t h a t  a r e  almost unbelievable. I w i l l  t a l k  about an 
appl ica t ion  - a l a s e r  interferometer  t o  de tec t  g r a v i t a t i o n a l  waves - i n  which the  
prime emphasis i s  on s e n s i t i v i t y  r a t h e r  than on accuracy. But i t  w i l l  soon become 
c l e a r  t h a t  i n  order  t o  achieve the desired s e n s i t i v i t y ,  t h e  l a s e r  i l luminat ion must 
have a  degree of pur i ty  t h a t  is q u i t e  comparable t o  the demands i n  frequency 
metrology, and we may b e n e f i t  tremendously from the progress achieved there. 

Laser interferometers  t o  d e t e c t  g r a v i t a t i o n a l  waves a r e  now bein invest igated 
i n - s e v e r a l  l abora tor ies .  After  pioneering work a t  Hughes Laboratories f l ]  and a t  I IT  
L2J, s i m i l a r  a c t i v i t i e s  were s t a r t e d  by groups i n  Munich [3, 4) and Glasgow 15) and 
recen t ly  a t  Caltech 16); re la ted  inves t iga t ions  a r e  under way a t  Novosibirsk [75. 

1.1 Gravitat ional  Waves 

Grav i ta t iona l  rad ia t ion  would manifest i t s e l f  a s  an a l t e r n a t i n g  s t r a i n  i n  space, 
with opposite s igns  i n  the two orthogonal d i r e c t i o n s  t ransverse t o  the d i r e c t i o n  of  
propagation. A Michelson interferometer  (Fig. I), with its two orthogonal arms, is  
an i d e a l  antenna f o r  such-radiat ion.  The expected s t r a i n s  a r e ,  however, extremely 
small. Typical est imates  L8J (perhaps even somewhat on the op t imis t ic  s i d e ,  [ 9 ] )  a r e  
s t r a i n s  6L/L of  t h e  o rder  10-18 f o r  supernovae events  i n  our galaxy, which, however, 
occur only a few times per  century. Event r a t e s  o f ,  say,  one a  week could be ex- 
pected i f  supernovae i n  the Virgo c l u s t e r  could be detected,  but they would have 
s t r a i n s  of a s  l i t t l e  a s  o r  l e s s .  
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The mere de tec t ion  of g r a v i t a t i o n a l  waves would be a  goal  worth s t r i v i n g  f o r ,  a s  

a  f u r t h e r  v e r i f i c a t i o n  of general  r e l a t i v i t y .  But even more valuable would be the  
chance t o  observe the  millisecond processes during s t e l l a r  col lapse,  forever  hidden 
t o  v i sua l  observation. 

1.2 Signal  Frequencies of Gravi tat ional  Waves 

Our search f o r  g r a v i t a t i o n a l  waves has chances of  success only i n  a  l imited 
frequency range i n  t h e  kHz region, say from 500 t o  3000 Hz: g r a v i t a t i o n a l  rad ia t ion  
is expected t o  decrease rap id ly  a t  frequencies above a  few kHz, and towards low 
frequencies  the s teep  r i s e  of  almost a l l  noise con t r ibu t ions  s e t s  a  l i m i t  a t  a  few 
hundred Hz. 

A s  our i n t e r e s t  is  centered mainly on a  frequency range not  including zero and 
slow d r i f t s ,  we pre fe r  t o  express the noise contr ibut ions by t h e i r  s p e c t r a l  d e n s i t i e s  
r a t h e r  than by i n t e g r a l  measures such a s  Allan variance o r  l i n e  width. We w i l l  
represent  a  s t o c h a s t i c  var iab le  q ( t )  by the  l i n e a r  measure d ( f ) ,  r e la ted  to  the 
(two-sided) power s p e c t r a l  densi ty  s q ( f )  by ~ ( f )  = . I f  q ( t )  has t h e  
dimension m ,  then ~ ( f )  has t h e  dimension m/& . 

1.3 Length of Optical Path 

The s t r a i n  s e n s i t i v i t y  of  t h e  interferometer  increases  with increasing o p t i c a l  
path L, up t o  an optimum length L o f  h a l f  t h e  wavelength o f  t h e  g r a v i t a t i o n a l  wave, 
f o r  instance 150 km f o r  a  1  kHz s igna l .  Even with such extremely long paths L i n  t h e  
interferometer ,  the v a r i a t i o n  6L due to  a  g r a v i t a t i o n a l  s t r a i n  of would be only 
I 5 1 0  m. Our interferometer ,  i l luminated with the green l i n e  of an argon l a s e r  
( A  = 0.514-10-~ m), would have t o  be ab le  t o  d e t e c t  phase d i f fe rences  6$ = 2a6L/X 
of a s  l i t t l e  a s  2.10-~ rad, o r  3.10-~O of a  fr inge.  

The required long t o t a l  paths L can be rea l ized  with mult i - ref lect ion schemes, 
f o r  instance with o p t i c a l  delay-l ines ,  a s  indicated i n  Fig. 1.  The number N of 
r e f l e c t i o n s  is l imited to  a  few hundred by considerat ions of  re f lec tance  losses  and 
mirror  s ize .  With N  = 300, we would need a  mirror  d i s tance  (= arm length) of 
L  = 500 m to  a r r i v e  a t  L = N - L  = 150 km. In  our present  prototype, the  mirror  
d i s tance  is !L = 3.05 m,  and with N = 138 bounces we have a  t o t a l  path of 420 m. 

I n  an a l t e r n a t i v e  approach 163, using Fabry-Perot resonators  instead of the  
delay-l ines ,  the  i n t e g e r  N would have t o  be replaced by NF, a f a c t o r  c lose ly  re la ted  
to  the f inesse  F = n p / ( l  - p2 )  of the cav i ty ,  with p2  the  re f lec tance  o f  the cav i ty  
mirrors .  Typical values f o r  NF would range from 50 t o  severa l  hundred. 



1.4 Shot Noise Limit 

A quantum theore t ica l  l i m i t  f o r  the s e n s i t i v i t y  is  given by the shot  noise of 
the  photo cur ren t ,  equivalent  t o  f luc tua t ions  i n  phase d i f fe rence  64  t h a t  can be 
expressed by the  ( l i n e a r )  s p e c t r a l  densi ty  - 
where h i s  the  Planck constant ,  c  the speed of l i g h t ,  P the l i g h t  power ava i lab le  a t  
the  interferometer  output ,  and q the quantum ef f ic iency  of the photodiode(s).  The 
bes t  combinations of X and W a r e  provided by argon ion  l a s e r s .  With commercially 
axa i lab le  s i n g l e  mode powers of  2 W ,  and an overa l l  l o s s  of  0.4, one would have 
64,h = 1 rad/& . We w i l l  take t h i s  a s  our r e a l i s t i c  s e n s i t i v i t y  goal.  

With our s igna l  band width of  2.5 kHz, t h i s  is about a  f a c t o r  of  25 above our 
eventual goal  (Virgo c l u s t e r ) .  More powerful l a s e r s  a r e  one hope f o r  the fu ture ,  and 
there  a r e  o ther  proposals aiming a t  a  b e t t e r  u t i l i z a t i o n  of the  ava i lab le  l a s e r  power 
("squeezed s t a t e s "  LlOJ; "recycling" i l l ] ) .  A t  any r a t e ,  the  sho t  noise l i m i t s  f o r  
today 's  l a s e r s  would e a s i l y  allow the  de tec t ion  of supernovae i n  our own galaxy. 

2. LASER NOISE 

The n a t u r a l  pur i ty  of a  l a s e r  is by f a r  not s u f f i c i e n t  t o  allow the  desired 
s e n s i t i v i t y  cff ,h of our interferometer .  What the  demands a r e  i n  our p a r t i c u l a r  
app l ica t ion  w i l l  be discussed i n  t h i s  chapter.  The non-ideal behavior of  a  l a s e r  can 
manifest i t s e l f  a s  f l u c t u a t i o n  i n  l a s e r  power, i n  beam geometry, and i n  l a s e r  f re -  
quency. These th ree  no ise  sources have i n  common t h a t  they become apparent only when 
accompanied by appropriate  asymmetries i n  the  interferometer .  The frequency noise 
w i l l  t u rn  out  t o  be the  toughest problem, and the  most re levan t  a t  t h i s  conference, 
and so a  f u r t h e r  chapter  w i l l  be devoted t o  the techniques of  con t ro l l ing  i t .  

2.1 Power Fluctuat ions 

Fluctuat ions i n  the  incident  l i g h t  power P w i l l ,  of  course, become apparent i n  
the  output cur ren ts  of the  photo diodes (Fig. 1 ) .  A p l o t  of  the r e l a t i v e  power 
f luc tua t ions  6P/P is shown i n  Fig. 2 .  They a r e  t y p i c a l l y  of  the order  I O - ~ / ~ Z  i n  
our frequency range of i n t e r e s t .  

\ 

I O - ~ ~  . , , , . . , . t  . . . . . . - *  . . . . . . ?  
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F i g .  2 Power  f Z u c t u a t i o n s  ~ F / P .  F i g .  3 Lateral b e a m  j i t t e r  62 .  
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The Michelson interferometer  lends i t s e l f  t o  applying a  nu l l ing  technique, by 
which the  e f f e c t s  of power f l u c t u a t i o n s  can be s t rongly  suppressed. One common 
method is t o  measure the d i f fe rence  i n  the photo cur ren ts ,  and one has t o  operate  
near a  point  of  equal cur ren ts  i n  t h e  two diodes D+ and D-. The o ther  method, the  
one we have implemented, i s  t o  use a  phase modulation i n  one arm and operate  near the  
in te r fe rence  minimum, monitoring it with only one diode (D-). In  both cases ,  f luc-  
tua t ions  &/P i n  the l a s e r  power e n t e r  only according t o  the q u a s i s t a t i c  deviat ion 
6LoP/i from the i d e a l  operat ing point.  

A mechanical servo loop, a c t i n g  on the  d i s t a n t  mirrors ,  con t ro l s  the  slow 
v a r i a t i o n s  i n  path length d i f fe rence  (up t o ,  say,  30 Hz), and the high frequency 
dev ia t ions  a r e  corrected o p t i c a l l y  with a  Pockels c e l l .  The Pockels c e l l  vol tage 
a l s o  represents  t h e  s i g n a l  t o  be analyzed f o r  g r a v i t a t i o n a l  events. The mechanical 
and the  o p t i c a l  servo loops reduce the dev ia t ions  6LOp t o  something l i k e  10'' of  a  
wave length,  and so  the e f f e c t  of  power f luc tua t ions  is s u f f i c i e n t l y  suppressed. 

2.2 F luc tua t ions  i n  Beam Geometry 

F luc tua t ions  i n  the geometry of the  i l luminat ing l a s e r  beam w i l l  in t roduce 
spurious s i g n a l s  i f  the  wavefronts o f  the  two outgoing beams a r e  not per fec t ly  
matched. It is  e a s i l y  seen, f o r  instance,  t h a t  a  t i l t ,  due t o  a  misaligned beam 
s p l i t t e r ,  would make the  interferometer  s e n s i t i v e  t o  a  l a t e r a l  j i t t e r  of  the  beam. 

The l a t e r a l  j i t t e r  x  has been measured with pos i t ion  s e n s i t i v e  photo diodes [4]; 
Fig. 3 shows a p l o t  of i ts  s p e c t r a l  dens i ty  ~ ( f ) .  The amplitudes a r e  very small 
compared with t h e  beam width 2w (of about 1 mm), and t h i s  allows a  representat ion of  
the near ly  gaussian beam by a  fundamental mode TEM,,, contaminated with t ransverse 
modes TEMm of  non-zero order  m+n. The l a t e r a l  j i t t e r  is described a s  an admixture 
Of a  mode of o rder  1, having a  (time varying) amplitude a ( t )  = 0.8 x(t)/w. An 
admixture o f  modes of  order  2 would represent  pu lsa t ions  6~ i n  beam width, which a l s o  
have been observed, and which lead t o  spurious interferometer  s i g n a l s  i f  t h e  two 
i n t e r f e r i n g  wave f r o n t s  a r e  mismatched i n  t h e i r  curvatures. 

The mode represen ta t ion  of the  f luc tua t ions  i n  beam geometry already suggests  
t h e  proper therapy: t h e  beam is made t o  pass through an o p t i c a l  cav i ty  t h a t  is tuned 
so  i t  has maximum transmission of  the  fundamental mode, but suppresses the  t ransverse 
modes, by a  f a c t o r  re la ted  t o  the  f inesse  of  the  cav i ty  [13]. By implementing such a  
"mode cleaner" we have been a b l e  t o  suppress t h e  noise due t o  beam f luc tua t ions .  

2.7 Frequency Fluctuat ions 

The upper t r a c e  of Fig. 4 shows the  n a t u r a l  frequency j i t t e r  of  our  ~ r +  l a s e r ,  
a f t e r  some mechanical improvements had been implemented [4]. Inside our frequency 
window we have s p e c t r a l  d e n s i t i e s  between 10 and 100 HZ/ & . 

There a r e  severa l  types of mismatches between the two interferometer  arms by 
which frequency f l u c t u a t i o n s  bv can be turned i n t o  spurious s i g n a l s  St. 

Path Difference: It is by no means impossible t o  operate  the interferometer  i n  
the "white" f r inge ,  i .e .  with a  res idua l  path difference U < ~ / 2 .  Due, however, t o  
i n e v i t a b l e  d i f fe rences  i n  the mirror  curvatures ,  a  good matching of t h e  two outgoing 
wave f r o n t s  may requi re  operat ion with r a t h e r  l a r g e  path o f f s e t s  AL. We do not know 
t o  what e x t e n t  one can ad jus t  the mirror  curvatures ,  by applying appropriate  bending 
forces  t o  the  mirrors. 

To be on the  s a f e  s ide ,  l e t  us  assume t h a t  i n  a  f i n a l  configurat ion we have t o  
l i v e  with a  AL of a s  much a s  1 m. To a r r i v e  a t  the desired s e n s i t i v i t  the  f re -  
quency f l u c t u a t i o n s  i n  our  frequency range should not exceed 5*10* Hz/ k . When we 
compare t h i s  with the  free-running noise of  our  ~ r +  l a s e r  (Fig. 4, upper t r a c e ) ,  we 
see  t h a t  an improvement i n  frequency s t a b i l i t y  by a t  l e a s t  3 powers of t e n  is 
required. 



Fig. 4 Frequency j i t t e r  6J. 
Free-running (upper trace),  
and wzth f i r s t  stage of 
frequency stabil ization 
f lower trace). 

Scat tered Light: An even more s t r i n g e n t  demand a r i s e s  from the exis tence o f  
sca t te red  l i g h t ,  which, due t o  i t s  na ture ,  cannot be expected t o  show much cor- 
r e l a t i o n  i n  the two arms. The s c a t t e r i n g  a t  our o p t i c a l  sur faces ,  p a r t i c u l a r l y  a t  
the  delay l i n e  mirrors ,  has been inves t iga ted  recen t ly  by Walter Winkler [14]. One 
f i n d s -  a  whole s e r i e s  of  "echoes", with d i f f e r e n t  "delays" ALs, = 2m.R between the 
sca t te red  l i g h t  and the main beam, depending on how many r e t u r n  t r i p s  2% were skipped 
(m < 0 ) ,  o r  repeated ( m  > 0 ) .  by the  sca t te red  l i g h t .  A schematic diagram of these 
con t r ibu t ions  is  shown i n  Fig. 5. 

The s t rong  "echo" at  -N (= -138) r e s u l t s  from s c a t t e r  a t  the  Pockels c e l l  before 
the  beam even en te rs  the delay l i n e ;  o ther  major con t r ibu t ions  ( a t  N ,  2 N ,  e tc . )  
represent  add i t iona l  f u l l  round t r i p s  of  the  sca t te red  l i g h t  i n  the delay l ine .  The 
f r a c t i o n  of  l i g h t  s c a t t e r e d ,  and then f inding i ts  way t o  the  photo diode t o  i n t e r f e r e  
with the main beam, has been establ ished t o  be i n  the o rder  of i n  power, o r  
o = 10-4 i n  amplitude. The i n s e r t  i n  Fig 5 shows how the  vec tor  8 superimposes on 
the  main beam, with a  phase $ = 2aALSc/1 t h a t  is  a very l a r g e  number, and t h a t  
changes very .rapidly with a  change i n  frequency: 

2aALSc 
61 =-. 6 ~ .  

C 

To keep the  phase e r r o r  60 = ~.cos$.631 i n  the r e s u l t i n g  f i e l d  vector  below our 
sho t  noise l i m i t ,  a  150-km interferometer  would requ i re  the frequency t o  vary by no 
more than 63 = 3 .10-~  HZ/~= ( o r  6</v = 0 .5 .10-~~/&) .  So here we want an improve- 
ment i n  frequency s t a b i l i t y  by a t  l e a s t  4 powers of  ten. 

Fig. 5 Scattered l ight  contributions i n  our interferometer, us. "delay length" 2mR 
with respect t o  main beam. Insert: Scattered l ight  of relative arrplitude o, 
and of phase @, superinposing on main beam. 
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Finesse: Before we discuss how such a frequency control might be accomplished, 
let us briefly look at the requirements in the alternative approach of using two 
orthogonal Fabry-Perot interferometers. To suppress noise due to power fluctuations, 
the interferometer has to be operated at equal photo currents. The sensitivity of 
each Fabry-Perot to frequency fluctuations is proportional to its finesse F, and the 
difference signal, expressed as a phase error, might be represented by 

.. _ 2TTL AF 

As one can see, the requirements are even higher than those due to scattered light, 
unless one succeeds in matching the finesses of the two arms to better than 
AF/F = 10"*, the value of a. 

3. FREQUENCY CONTROL 

We have heard at this conference of several very powerful methods to stabilize 
the frequency of a laser. Again let me point out that in our application we are not 
so much concerned with long-term stability; however, inside our frequency window of 
interest (500...3000 Hz), we want a suppression of the frequency fluctuations down to 
such extremely small spectral densities as 10"3 Hz//Hz. The concept of our frequency 
control is, in some respects, modelled after these particular needs. 

3.1 Feedback to the Laser Cavity 

A first step toward the high noise suppression is a rather conventional feedback 
to the laser cavity (Fig. 6). An optical resonator, evacuated to reduce statistical 
pressure fluctuations, is used as frequency reference. The amplified error signal is 
fed back to the laser in two ways. The high frequency part is applied to an intra-
cavity Pockels cell (PC), whereas the low frequency portion, with its large dynamic 
swings, can only be handled by the piezo (PZT) driving the output mirror. 

With a commercial resonator (TROPEL), a reduction of the frequency noise down to 
1 Hz//Hz was achieved (Fig. 4, lower trace). Karl Maischberger has just implemented 
a new resonator having larger mirror spacing (25 cm), using a heavy Zerodur spacer 
for improved mechanical and thermal stability. This, together with an upgrading of 
the electronics, has reduced th'. frequency noise to 1.5-10—1 Hz/ vfizT With better 
mirror coatings, and perhaps a further extension of the length, values of \0~2 Hz/v̂ tê  
seem achievable. This is, however, still somewhat short of our goal of 
3«10"3 Hz/vUS". 

Fig. 6 Frequently control, by feedback to the laser cavity. High frequency part: to 
intracavity Pockels cell; low frequency part: to piezo drive of mirrors 



3.2 Phase Control Loop 

A d e c i s i v e  f u r t h e r  improvement is  expected from t h e  second s t a g e  of  feedback 
c o n t r o l  t h a t  i s  c u r r e n t l y  being implemented by Roland S c h i l l i n g  1141. The e s s e n t i a l  
components can be found i n  Fig. 7. One u t i l i z e s  the  in te r fe romete r  i t s e l f ,  wi th  i ts 
long o p t i c a l  path  L, a s  a  very s e n s i t i v e  frequency measuring device ,  by l e t t i n g  one 
( o r  both) of  t h e  outgoing beams i n t e r f e r e  with  t h e  undelayed l i g h t  of  t h e  incoming 
beam. This  is  s i m i l a r  t o  a  scheme proposed f o r  the  Fabry-Perot in te r fe romete r  [6]. 

The d e c i s i v e l y  new f e a t u r e  is  t h a t  t h e  r e s u l t i n g  e r r o r  s i g n a l  is no t  fed back t o  
t h e  l a s e r ,  but  is used t o  d r i v e  a  Pockels c e l l  t h a t  c o r r e c t s  the  phase (and thus  t h e  
frequency) a f t e r  t h e  l i g h t  has  l e f t  t h e  l a s e r  cav i ty .  The two s t a g e s  o f  frequency 
c o n t r o l  a r e  thus  completely decoupled, and each can be s e p a r a t e l y  optimized. Their  
no i se  suppress ion f a c t o r s  a r e  mul t ip l i ed .  

Phase Control 

Fig. 7 Phase control loop (dashed l i ne s ) .  Interferometer arms used as  frequency 
reference; high frequency part o f  error signal corrected by Pockels c e l l ;  low 
frequency part corrected mechanically (mirror distance).  

A s  a  Pockels c e l l  a l lows only a  l i m i t e d  phase swing, t h e  low frequency por t ion  
o f  the  e r r o r  s i g n a l  is used t o  c o r r e c t  mechanically t h e  mi r ro r  pos i t ions .  The r e s u l t  
i s  t h a t  the  mi r ro r  d i s t a n c e s  R, expressed i n  wavelengths A ,  remain cons tan t ,  and t h i s  
is  p r e c i s e l y  what has  t o  be done t o  suppress t h e  no i se  due t o  s c a t t e r e d  l i g h t .  
Therefore, we a r e  j u s t i f i e d  t o  use the  e r r o r  s i g n a l  f o r  judging what we have accom- 
pl ished ( f o r  our  app l i ca t ion) .  

With a r a t h e r  crude prel iminary set -up t h e  f e a s i b i l i t y  o f  t h e  concept has  been 
proved. The e r r o r  s i g n a l ,  wi th  and without the  second s t a g e  of  c o n t r o l ,  i s  shown i n  
Fig. 8. An a r t i f i c i a l l y  introduced modulation, a t  4 kHz, e x h i b i t s  t h e  expected noise  
suppress ion by one power of  t en .  The suppress ion of  t h e  no i se  f l o o r  is n o t  q u i t e  a s  
good, f o r  reasons y e t  t o  be analyzed. We have observed t h a t  d r iv ing  t h e  Pockels c e l l  
produces, a s  a  s i d e  e f f e c t ,  r a t h e r  s t rong  v a r i a t i o n s  i n  beam geometry. These, i n  
t u r n ,  g ive  a  con t r ibu t ion  t o  t h e  e r r o r  s i g n a l ,  which t h e  feedback loop t r i e s  t o  
compensate by a  spur ious  s h i f t  i n  frequency. With a  proper design,  and by p lac ing  
the  mode c l e a n e r  a f t e r  t h e  Pockels c e l l ,  we hope t o  e l imina te  t h i s  d i f f i c u l t y .  
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Fig. 8 S t a b i l i z a t i o n  of l a s e r  frequency; 
upper t race :  only f i r s t  con t ro l  loop, 
lower t r a c e :  both con t ro l s  turned on. 

(Error  s i g n a l )  

3.3  Breaking the Coherence 

A t  the end of the t a l k ,  I w i l l  mention a p o s s i b i l i t y  t o  cope with our sca t te red  
l i g h t  problem i n  a way t h a t  must seem l i k e  blasphemy a t  t h i s  conference. Do not  a l l  
our d i f f i c u l t i e s  with the  sca t te red  l i g h t  stem from the  f a c t  t h a t  - desp i te  its huge 
path d i f fe rence  - i t  is  still  coherent 'with the  main beam? And does t h i s  not mean 
t h a t  the  constancy of  our frequency is too good? I n  a way t h i s  is r e a l l y  t h e  case. 
By adding a frequency modulation (of  course well ou ts ide  our frequency window) one 
can break the  coherence between main beam and sca t te red  l i g h t ,  whereas the i n t e r -  
ference between t h e  two main beams i s  p r a c t i c a l l y  unaffected. 

One such method has been described and implemented by Roland S c h i l l i n g  [15], and 
only q u i t e  recen t ly  we have heard from Alain B r i l l e t  t h a t  they had used a s i m i l a r '  
method some years  ago i n  a d i f f e r e n t  context L16J. The d i f f i c u l t y  i n  our app l ica t ion  
is  t h a t  we want t o  suppress simultaneously the d i f f e r e n t  "echoes" of Fig. 5. 

A simple harmonic phase modulation '4 = 8 -  s i n m  of t h e  incoming beam allows us 
t o  cancel out  the  e f f e c t s  of a subset  of these echoes, i f  the  phase swing 0 and t h e  
modulation frequency 52 a r e  properly chosen. With the  add i t ion  of f u r t h e r  periodic  
components i n  the modulation, a l a r g e r  number of  the echoes can be suppressed, but  
the  suppression w i l l  no longer  be a f u l l  cancel lat ion.  

In a d i f f e r e n t  approach, one could modulate the l a s e r  frequency with broad band 
noise ( a t  high frequencies ,  say from 1 MHz upward). The suppression of the sca t te red  
l i g h t  noise w i l l  be a funct ion of the  r m s  modulation phase swing and the modulation 
band width. Both must be very high t o  produce appreciable  e f f e c t s .  

4. CONCLUSION 

Af te r  t h i s  h e r e t i c  digression on reducing our interferometer  noise by adding 
noise t o  the  l a s e r  frequency, l e t  me remind you t h a t  t h i s  a f f e c t s  only the  noise due 
t o  sca t te red  l i g h t .  For the main e f f e c t  of  a res idua l  path d i f fe rence  AL between the 
two main beams, t h e  r a t h e r  s t r i n g e n t  demand remains, of  keeping the  frequency j i t t e r  
down to ,  say ,  6u < 5-10 -2 Hz/&, perhaps even < 2.10-~ Be/dHz, f o r  experiments i n  the  
d i s t a n t  future.  Again, i t  must be mentioned t h a t  t h i s  high pur i ty  is  required only 
i n s i d e  our frequency window between 500 and 3000 Hz. We a r e  confident  t h a t  such a 
high degree of frequency s t a b i l i z a t i o n  is within the  realm of p o s s i b i l i t y ,  even with 
r a t h e r  conventional techniques, but i t  w i l l  be an uphi l l  b a t t l e ,  each improvement by 
another  f a c t o r  of t en  becoming more d i f f i c u l t .  This conference has not  nourished any 
i l l u s i o n s  t h a t  the  desired pur i ty  of  l a s e r  behaviour might f a l l  i n t o  our laps.  
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