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The Weak Equivalence P r i n c i p l e  i s  t h e  hypo thes i s  t h a t  t h e  r a t i o  of 
pas s ive  g r a v i t a t i o n a l  m a s s  t o  i n e r t i a l  mass i s  t h e  same f o r  a l l  bod ie s  
r e g a r d l e s s  of t h e i r  composition. This  p r i n c i p l e  has  a fundamental p l a c e  
i n  physics  as t h e  experimental  b a s i s  f o r  E i n s t e i n ' s  Strong Equivalence 
P r i n c i p l e ,  which i s  a p o s t u l a t e  of General R e l a t i v i t y .  Since any v io l a -  
t i o n  of t h e  p r i n c i p l e  would have ve ry  profound consequences f o r  g r a v i t a -  
t i o n a l  t heo ry ,  i t  i s  important t o  test  t h e  p r i n c i p l e  t o  t h e  g r e a t e s t  
p o s s i b l e  accuracy. 

The immediate consequence of t h e  Weak Equivalence P r i n c i p l e  i s  t h e  
uniqueness of f r e e  f a l l ,  t h a t  i s ,  a l l  tes t  bod ies  f a l l  w i th  t h e  same 
a c c e l e r a t i o n .  Thus t h e  n a t u r a l  t es t  of t h e  p r i n c i p l e  c o n s i s t s  i n  drop- 
ping two bod ies  of d i f f e r e n t  composition and see ing  t h a t  they have t h e  
same a c c e l e r a t i o n  w i t h i n  the measurement e r r o r .  Any v i o l a t i o n  of t h e  
equivalence p r i n c i p l e  may be measured by t h e  q u a n t i t y  q ,  def ined  as 

where % / M i  i s  t h e  r a t i o  of pas s ive  g r a v i t a t i o n a l  m a s s  t o  i n e r t i a l  m a s s  
of body A o r  B . Equation (1) i s  equa l  t o  t h e  d i f f e r e n c e  i n  acce le r -  
a t i o n  of t h e  two bodies  d iv ided  by t h e i r  average a c c e l e r a t i o n .  The pre- 
s e n t  upper l i m i t  on Tl i s  about 3 X 1 O - l 1  . [l] 

Unfortunately t h e  s i m p l e  " f r e e - f a l l "  experiment of dropping two 
masses from a tower i s  s e r i o u s l y  l i m i t e d  by t h e  t i m e  of f a l l  and t h e  
accuracy wi th  which t h e  masses can be r e l e a s e d ;  o p t i m i s t i c a l l y  i t  could 
reach only about = 10-1 . [ 2 ]  Most modern measurements have been made 
wi th  t o r s i o n  ba lances  us ing  t h e  s u n ' s  g r a v i t y  as t h e  a c c e l e r a t i n g  f i e l d ;  
a t o r s i o n  balance has  t h e  advantages of s i m p l i c i t y ,  n o i s e  immunity, and 
i n d e f i n i t e  pe r iod  of measurement. These experiments are l i m i t e d  by t h e  
s m a l l  s i z e  of t h e  s u n ' s  g r a v i t y  a t  t h e  e a r t h ' s  o r b i t  (about 0.6 cm/sec2) 
and t h e  no i sy  environment of t h e  e a r t h .  A f r e e - f a l l  equivalence p r in -  
c i p l e  experiment i n  e a r t h  o r b i t  e l i m i n a t e s  t h e  chief  disadvantage of 
f r e e - f a l l  experiments on e a r t h ,  and avoids  a s e r i o u s  l i m i t a t i o n  on or- 
b i t i n g  t o r s i o n  balance experiments due t o  g r a v i t y  g r a d i e n t s .  [2]  W e  
expect  t h a t  such an experiment might do much b e t t e r  than p r e s e n t  m e a -  
surements because i t  uses t h e  e a r t h ' s  g r a v i t y  ( i n  o r b i t ,  about 800 cm/ 
s e c 2 )  i n s t e a d  of t he  s u n ' s ,  and because a s a t e l l i t e  environment may be 
much q u i e t e r  than t h e  s u r f a c e  of t h e  e a r t h  (Fig. 1). The p r e s e n t  



experiment i s  an earth-based v e r s i o n  of a proposed o r b i t a l  experiment,  
which uses  t h e  s u n ' s  g r a v i t y  as a source modulated by t h e  e a r t h ' s  ro t a -  
t i o n .  
balance experiments and should approach = 10-1 . Its  p r o j e c t e d  s e n s i t i v i t y  compares very f avorab ly  wi th  t o r s i o n  
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Figure 1: Concept of an O r b i t a l  Equivalence P r i n c i p l e  Experiment 

The experiment c o n s i s t s  i n  d i r e c t l y  comparing the  a c c e l e r a t i o n s  of 
two tes t  bod ies  f l o a t i n g  i n  superconducting magnetic bea r ings .  
There are t h r e e  reasons f o r  doing t h e  experiment t h i s  way. 
always d e s i r a b l e  t o  perform as many v a r i a t i o n s  of a c r u c i a l  experiment 
as p o s s i b l e .  Second, a n a l y s i s  shows t h a t  even on t h e  e a r t h ,  t h i s  type 
of experiment can improve on e x i s t i n g  measurements. F i n a l l y ,  t h e  pre- 
s e n t  ve r s ion  of t h e  experiment i s  a s t e p p i n g  s t o n e  t o  a much more sensi: 
t i v e  o r b i t a l  experiment;  t h e  appa ra tus  and techniques used f o r  t h e  
ground experiment are almost d i r e c t l y  a p p l i c a b l e  t o  t h e  o r b i t a l  ve r s ion .  

[3] 
F i r s t ,  i t  i s  

There are e s s e n t i a l l y  f ive  reasons f o r  u s ing  cryogenics  and super- 
conduc t iv i ty  i n  t h i s  experiment:  t h e s e  are mechanical and e l e c t r i c a l  
s t a b i l i t y ,  extremely small l o s s  f a c t o r s ,  p e r f e c t  magnetic s h i e l d i n g ,  
r educ t ion  of gas p r e s s u r e  d i s t u r b a n c e s ,  and an e x c e l l e n t  p o s i t i o n  read- 
o u t  by SQUID magnetometers. Thermal n o i s e ,  which i s  commonly c i t e d  as 
a reason f o r  o p e r a t i n g  a t  low temperature ,  i s  n o t  a s i g n i f i c a n t  f a c t o r  
h e r e  because of low l o s s e s ,  t h e  l a r g e  masses used, and t h e  very much 
l a r g e r  d i s t u r b a n c e s  which determine t h e  prac t ica l  l i m i t s  of t h e  exper- 
iment. The improvement i n  gas d i s t u r b a n c e s  deserves  b r i e f  d i s c u s s i o n ,  
because some gas p r e s s u r e  dis turbances--for  example viscous coupl ing 
and temperature g r a d i e n t  effects--seem t o  g e t  worse as temperature de- 
c reases .  The t r i c k  i s  t h a t  i t  i s  much easier t o  g e t  very low p r e s s u r e s  
a t  low temperature  [ 4 ] ,  and t h e  d i s t u r b a n c e s  dec rease  f a s t e r  w i t h  pres- 
s u r e  than they i n c r e a s e  wi th  coo l ing .  



The s e n s i t i v i t y  of t h i s  ground experiment w i l l  be l i m i t e d  by t h e  
same cause t h a t  l i m i t s  t o r s i o n  balance experiments:  seismic n o i s e .  I n  
f a c t ,  because magnetic bea r ings  have r a t h e r  d i f f e r e n t  responses  t o  
seismic n o i s e  than  t o r s i o n  f i b e r s  ( i n  p a r t i c u l a r  a s impler  v i b r a t i o n a l  
mode s t r u c t u r e ,  and less intermode coup l ing ) ,  t h e r e  is hope f o r  improve- 
ment he re .  Furthermore t h e  f r e e - f a l l  type of experiment can be made 
r e l a t i v e l y  more immune t o  g r a v i t y  g r a d i e n t  n o i s e .  This  d i s t u r b a n c e ,  
due t o  randomly moving masses (people ,  t r a f f i c ,  weather  f r o n t s ,  e t c . )  is  
expected t o  become a s i g n i f i c a n t  l i m i t a t i o n  a t  s e n s i t i v i t i e s  somewhere 
below n =  . It i s  of c r i t i c a l  importance t o  an o r b i t i n g  experi-  
ment. A t o r s i o n  ba lance  cannot be used i n  e a r t h  o r b i t  because of t h e  
e a r t h ' s  g r a v i t y  g r a d i e n t :  s m a l l  mass imbalances i n  t h e  r o t o r  cause i t  t o  
tend t o  p o i n t  i n  t h e  d i r e c t i o n  of t h e  g r a d i e n t  and l i m i t  t h e  experiment 
t o  n o t  much b e t t e r  than can be done on e a r t h .  I n  o r b i t ,  w i t h  two inde- 
pendent test bod ies ,  i t  i s  p o s s i b l e  t o  use t h e  measured d i f f e r e n t i a l  
a c c e l e r a t i o n  t o  estimate the  c e n t e r  of mass o f f s e t  between t h e  two 
masses, and then c o n t r o l  t h e i r  p o s i t i o n s  s o  t h a t  t h e  f i r s t - o r d e r  g r a v i t y  
g r a d i e n t  f o r c e  vanishes .  By p rope r ly  choosing t h e  shapes of t h e  masses, 
higher-order  f o r c e s  can a l s o  be made t o  vanish.  It is  n o t  f e a s i b l e  t o  
perform t h e  e q u i v a l e n t  ba l anc ing  o p e r a t i o n s  on t h e  r i g i d  r o t o r  of a 
t o r s i o n  balance.  

Desc r ip t ion  

The concept of t h e  appa ra tus  i s  i l l u s t r a t e d  i n  Figure 2.  Two cy- 
l i n d r i c a l  tes t  masses, one of niobium and t h e  o t h e r  of l ead -p la t ed  alum- 
inum, are suspended i n  superconducting magnetic bea r ings  which o r i e n t  
and p o s i t i o n  them. The masses are e s s e n t i a l l y  f r e e  t o  move along t h e i r  
common a x i s  and are r i g i d l y  cons t r a ined  r a d i a l l y .  The a x i a l  p o s i t i o n s  
of t h e  test  masses are measured by superconducting c o i l s  nea r  t h e  ends 
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Figure 2 :  Equivalence P r i n c i p l e  Accelerometer 



of t h e  test masses ( s e e  below). [51 Motion of t h e  superconducting m a s s  
mcjdifies t h e s e  inductances and changes t h e  f l u x  coupled t o  a SQUID 
magnetometer. Control of t he  a x i a l  p o s i t i o n s  of t h e  test  masses i s  
p r e s e n t l y  by a p a i r  of c o i l s  under e i t h e r  end of each m a s s ;  i n  e f f e c t ,  
c u r r e n t s  i n  t h e s e  c o i l s  t ilt  t h e  magnetic suppor t ,  wi thout  coupl ing 
much t o  t h e  p o s i t i o n  d e t e c t o r  c o i l s .  The p o s i t i o n  measurements are 
used t o  c a l c u l a t e  a c o n t r o l  s i g n a l  f o r  each mass which c e n t e r s  them on 
each o t h e r  and i n  t h e  b e a r i n g s ,  and g ives  them i d e n t i c a l  pe r iods  and a 
s m a l l  amount of coupling. I n  t h i s  cond i t ion  t h e  d i f f e r e n t i a l  normal 
mode of t h e  masses i s  n o t  e x c i t e d  by seismic n o i s e  and t h e i r  motions 
may be compared d i r e c t l y .  The comparison i s  made by s u b t r a c t i n g  t h e  
c o n t r o l  c u r r e n t s  i n  a p r e c i s i o n  r e s i s t o r  a t  room temperature.  Because 
of t h e  l a r g e  loop ga in  of t h e  c o n t r o l l e r ,  d r i f t s  i n  t h e  room tempera- 
t u r e  p o r t i o n s  of t h e  appa ra tus  can be e l imina ted .  
c o n t r o l l e d  by a microcomputer which keeps t r a c k  of t h e  masses, calcu- 
la tes  t h e  c o n t r o l  s i g n a l s ,  and r eco rds  da t a .  

The experiment i s  

I n  o p e r a t i o n ,  t h e  apparatus  i s  mounted i n  a helium dewar on a 
s p e c i a l l y  designed a n t i v i b r a t i o n  platform.  This  p l a t fo rm i n c o r p o r a t e s  
a s p h e r i c a l  a i r  b e a r i n g  t o  s i m u l a t e  t h e  motion of a 200 meter long 
pendulum; s i n c e  g r a v i t a t i o n a l  f o r c e  i s  used t o  maintain t h e  p o s i t i o n  
of t h e  p l a t fo rm,  t h e  appa ra tus  i s  i n  f r e e  f a l l  h o r i z o n t a l l y  and pro- 
v i d e s  e x c e l l e n t  i s o l a t i o n  from seismic n o i s e  a t  a l l  f r equenc ie s .  The 
p r a c t i c a l  l i m i t s  t o  t h e  i s o l a t i o n  are determined by gas tu rbu lence  i n  
t h e  b e a r i n g ,  t h e  n e c e s s i t y  of making e lec t r ica l  and mechanical connec- 
t i o n s  t o  t h e  appa ra tus ,  and the  s p h e r i c i t y  of t h e  b e a r i n g  s u r f a c e .  

The magnetic b e a r i n g s  and t h e i r  support  s t r u c t u r e s  are a c r i t i c a l  
component of t he  system [3,61, and have undergone s u b s t a n t i a l  develop- 
ment. The requirement i s  f o r  b e a r i n g s  having s m a l l  d i s s i p a t i o n ,  
e x c e l l e n t  s t a b i l i t y ,  and l a r g e  r a d i a l  s t i f f n e s s  wh i l e  e x e r t i n g  t h e  
least  p o s s i b l e  f o r c e  along t h e  c y l i n d e r  a x i s .  These requirements are 
m e t  by a superconducting magnet of t h e  design shown i n  Figure 3 .  The 
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Figure 3 :  Magnetic Bearing Concept 



d i s s i p a t i o n  i s  determined mostly by t h e  r e s i d u a l  gas i n  t h e  system and 
the  amount of normal m e t a l  p r e s e n t .  
s i s t e n t  c u r r e n t  (wel l  below t h e  c r i t i c a l  c u r r e n t )  is  probably l i m i t e d  by 
t h e  mechanical s t a b i l i t y  of t h e  magnet, which can be very h igh  a t  l o w  
temperature because the  thermal expansion c o e f f i c i e n t  of most materials 
approaches zero.  E71 The s t i f f e s t  p o s s i b l e  bea r ing  wi th  minimum f r i n g -  
i n g  f i e l d s  i s  made by a r r ang ing  t h a t  c u r r e n t  f lows i n  oppos i t e  d i r ec -  
t i o n s  i n  ad jacen t  w i r e s .  The l a r g e  d i f f e r e n c e  i n  s t i f f n e s s  between t h e  
r a d i a l  and a x i a l  d i r e c t i o n s  reduces coupl ing of n o i s e  i n t o  t h e  s e n s i t i v e  
a x i s ,  and s m a l l  f r i n g i n g  f i e l d s  reduce s t r a y  f o r c e s  on t h e  tes t  mass and 
i n t e r f e r e n c e  wi th  t h e  S Q U I D  p o s i t i o n  d e t e c t o r s .  

S i m i l a r l y ,  t h e  s t a b i l i t y  of a per- 

A measurement of q =  10-1 corresponds t o  an a c c e l e r a t i o n  d i f f e r -  
ence of about dynes/gram between t h e  two masses. I n  o r d e r  t o  
measure t h i s  a t  all, t h e  a x i a l  f o r c e s  from t h e  b e a r i n g  must be minimized. 
The measurement is  made by a SQUID p o s i t i o n  d e t e c t o r  which can d e t e c t  a 
change i n  p o s i t i o n  6x less than  10-l '  cm i n  0.01 second .  The magnet- 
i c  b e a r i n g  e x e r t s  a r e s i d u a l  f o r c e  F(x) 
which i s  a p o s s i b l y  known f u n c t i o n  of p o s i t i o n ,  b u t  which, because of 
t h e  u n c e r t a i n t y  i n  t h e  p o s i t i o n  measurement, causes  an u n c e r t a i n t y  
(dF/dx)6x i n  t h e  f o r c e  on t h e  t es t  m a s s .  We may t reat  t h e  r e s i d u a l  
f o r c e  of t h e  b e a r i n g  as i f  i t  i s  a l l  due t o  cu rva tu re ,  so t h a t  t h e  mass 
has a d i f f e r e n t  h e i g h t  h(x)  a t  each p o s i t i o n  x along t h e  bea r ing :  t hus  
F=mg(dh/dx) . 
t h e  h e i g h t  which must be m e t  t o  g e t  t h e  f o r c e  s e n s i t i v i t y  6F: 

a long the  measurement a x i s ,  

This  determines a cond i t ion  on t h e  second d e r i v a t i v e  of 

(2 )  
2 2 d h /dx  < (SF/dx)/mg = (6A/Bx)/g 

where g i s  t h e  a c c e l e r a t i o n  of g r a v i t y  and 6 A  i s  t h e  d e s i r e d  acceler- 
a t i o n  s e n s i t i v i t y .  To achieve an a c c e l e r a t i o n  s e n s i t i v i t y  6A of 
lo- '  cm/sec2, i t  is  necessa ry  t h a t  d2h/dx2 < cm- l  , which i s  equi- 
v a l e n t  t o  0.005 c m  of smooth v a r i a t i o n  p e r  meter of l e n g t h  - somewhat 
b e t t e r  than a t y p i c a l  s t r a i g h t e d g e .  This  requirement i s  much r e l axed  
i n  t h e  o r b i t a l  v e r s i o n  of t h e  experiment,  e s s e n t i a l l y  because i t  i s  i n  
f r e e  f a l l .  

The b e a r i n g s  f o r  t h e  equivalence p r i n c i p l e  experiment must have 
t h i s  s t r a i g h t n e s s  over a d i s t a n c e  scale of about one m i l l i m e t e r ,  t h e  
range of motion of t h e  masses. The f o r c e  t h e  b e a r i n g s  produce i s  more 
important than t h e  p h y s i c a l  s t r a i g h t n e s s ,  so t h a t  i t  i s  necessa ry  t o  
use magnet ical ly  homogeneous materials throughout.  Microscopic p a r t i -  
c l e s  of i r o n  contaminated t h e  f i r s t  v e r s i o n  of t h e s e  b e a r i n g s  and pro- 
duced bumps much l a r g e r  than d e s i r e d .  U l t ima te ly ,  t h e  l i m i t s  t o  smooth- 
n e s s  may be due t o  e l e c t r o s t a t i c  pa t ch  e f f e c t  and t h e  f i n i t e  s i z e  of 
magnetic f l u x  quanta  t rapped i n  t h e  superconducting w i r e s .  Bearings 
approaching t h e  r equ i r ed  smoothness have been manufactured by a ' ' l o s t  
wax'' p rocess ,  and we are i n v e s t i g a t i n g  several o t h e r  methods of making 
them as w e l l .  [ 3 ]  These smooth b e a r i n g s  have n o t  y e t  been inco rpora t ed  
i n t o  t h e  appa ra tus ,  which i s  s t i l l  us ing  an e a r l y  p a i r ,  one of which i s  
badly contaminated wi th  i r o n  par t ic les  and one which has  cracked due t o  
r epea ted  thermal cyc l ing .  The q u a l i t y  of t h e s e  b e a r i n g s  i s  a major 
l i m i t a t i o n  on t h e  p re sen t  s e n s i t i v i t y .  The a x i a l  f o r c e s  of t h e  b e a r i n g  
can be determined by measuring t h e  p e r i o d  of a test m a s s  i n  t he  bea r ing ,  
o r  by measurement of i t s  a c c e l e r a t i o n  as i t  s l i d e s  a long  i t .  



The p o s i t i o n  d e t e c t o r  c i r c u i t  i s  shown i n  Figure 4 .  This  type of 
d e t e c t o r  provides  an e x c e p t i o n a l l y  s t a b l e  and s e n s i t i v e  p o s i t i o n  measure- 
ment. I n  o p e r a t i o n ,  a p e r s i s t e n t  c u r r e n t  I1 i s  t r a m e d  i n  t h e  loop 

Figure I+ : Basic P q s i t i o n  De tec to r  C i r c u i t  

L1--L3 ; motion of t h e  superconducting masses changes L1 and L3 , and 
f l u x  conservat ion f o r c e s  a c u r r e n t  I 2  t o  flow through 2 2  which is  pro- 
p o r t i o n a l  t o  t h e  motion and t o  I1 . The s e n s i t i v i t y  i s  

211 - -  d12 - 
dx (2L2+L1) ( 3 )  

where L1 2 L3 and dL l /dxS  dLs/dx.  I 2  i s  d e t e c t e d  by a SQUID magneto- 
meter. The p o s i t i o n  s e n s i t i v i t y  i s  cont inuously a d j u s t a b l e  and l i m i t e d  
by t h e  c r i t i c a l  c u r r e n t  of t he  w i r e  and t h e  r e s o l u t i o n  of t h e  S Q U I D .  
The p r e s e n t  system can r e s o l v e  less than lo-'' cm wi th  I1 = 1 ampere. 

W e  are i n v e s t i g a t i n g  several s imple changes t o  t h e  p o s i t i o n  detec-- 
t o r  c i r c u i t  t o  improve the  o v e r a l l  performance of t he  experiment.  I f  
t h e  inductances L1 and L3 and c u r r e n t  I1 are l a r g e  enough, appreci-  
a b l e  r e s t o r i n g  f o r c e s  can be e x e r t e d  on t h e  tes t  mass; t h i s  could s i m -  
p l i f y  t h e  c o n t r o l  scheme by changing t h e  t o t a l  s p r i n g  cons t an t .  [8] Two 
c i r c u i t s  s i m i l a r  t o  t h a t  i n  Figure 3 can be connected w i t h  L2 as a 
common inductance t o  perform a d i r e c t  s u b t r a c t i o n  of t h e  m a s s  p o s i t i o n s  
[91, wh i l e  a c i r c u i t  analogous t o  an inductance b r idge  may al low inde- 
pendent adjustment of t h e  e q u i l i b r i u m  p o s i t i o n ,  s e n s i t i v i t y  and frequen- 
cy. These mod i f i ca t ions  may s i m p l i f y  the  c o n t r o l  and s u b t r a c t i o n  scheme 
and a l s o  improve t h e  measurement by us ing  t h e  i n h e r e n t  s t a b i l i t y  of 
s u p e r c u r r e n t s .  

A f t e r  s e i smic  n o i s e ,  t h e  nex t  l a r g e s t  d i s tu rbances  t o  the  system 
are gas p r e s s u r e  d i s tu rbances .  I f  one end of a test m a s s  has  area A ,  
and i s  ou tgass ing  a t  an equ iva len t  p r e s s u r e  P ,  whi le  t he  o t h e r  end i s  
n o t ,  t h e  cond i t ion  t h a t  t h e  m a s s  be  d i s t u r b e d  less than  t h e  s i g n a l  gq 
from a v i o l a t i o n  of equivalence q i s  



P < W  
A ( 4 )  

where g is t h e  d r i v i n g  a c c e l e r a t i o n  and M i s  t h e  m a s s .  For a 500gram 
l e a d  m a s s  of area 7 cm2 and l e n g t h  5 cm , P must be less than 4 x 
dynes/cm2 o r  3 X t o r r  [ 4 ]  i n  an experiment designed t o  measure 
n = 1 0 - 1 3 .  
d i s t u r b i n g  f o r c e  has  no component a t  t h e  frequency of t h e  s i g n a l .  Other 
gas d i s tu rbances  may, however, vary a t  o r  n e a r  t h i s  frequency. One such 
e f f e c t  is  t h e  radiometer  e f f e c t ,  due t o  d i f f e r e n c e s  i n  temperature i n  
t h e  chamber surrounding t h e  t es t  masses. I n  a w e l l  designed dewar t h e s e  
may be much less than  1 0 - 4 K ,  and w e  assume t h a t  all of t h i s  occurs  as a 
g r a d i e n t  dT/dx changing a t  t h e  s i g n a l  frequency. The p r e s s u r e  l i m i t  i s  
given by mul t ip ly ing  equa t ion  ( 4 )  by T/(LdT/dx) where L i s  t h e  l e n g t h  
of t h e  mass. For t h e  same m a s s  a t  4 ' K ,  a p r e s s u r e  less than t o r r  
seems t o  be more than adequate.  Other gas d i s t u r b a n c e s  are even smaller. 

This  cond i t ion  i s  much too  conse rva t ive ,  because a s t eady  

- Presen t  S t a t u s  and Conclusion 

W e  began t a k i n g  p re l imina ry  equivalence p r i n c i p l e  d a t a  i n  May 1982. 
The d a t a  confirms t h e  ope ra t ion  of t h e  system and sugges t s  t h a t  some 
simple improvements w i l l  make an enormous improvement i n  s e n s i t i v i t y .  

Figure 5 i s  an example of t h e  d a t a .  Trace 1 i s  t h e  h o r i z o n t a l  
p o s i t i o n  of t h e  o u t e r  test  m a s s  as measured during t h e  n i g h t  of J u l y  5-6, 
1982. Trace 2 i s  t h e  d i f f e r e n c e  i n  p o s i t i o n  between t h e  i n n e r  and o u t e r  
test masses. Each p o i n t  i n  Figure 5 i s  a weighted average of p o i n t s  
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Figure 5 :  Prel iminary Equivalence P r i n c i p l e  Data 

taken every 0.015 seconds f o r  7.5 s e c o n d s .  This  r e p r e s e n t s  a compro- 
m i s e  between a n t i - a l i a s i n g ,  c o n t r o l  requirements ,  and memory c a p a c i t y  
of t h e  microcomputer. 

Trace 2 is  a s t r a i g h t  l i n e  t o  w i t h i n  t h e  n o i s e  ampli tude,  showing 
t h a t  t h e  masses t r a c k  each o t h e r  a c c u r a t e l y  a t  low frequency. The 
o v e r a l l  displacement i n  Trace 1 (about one micron) i s  due t o  t h e  d a i l y  
v a r i a t i o n  i n  bo th  t h e  seismic tilt  and t h e  temperature of t h e  laboratory.  
The l a r g e  d i s tu rbance  a t  2 a .m.  w a s  caused by an automatic  t r a n s f e r  of 
l i q u i d  n i t r o g e n .  The cold bo i l -o f f  gas poured over one s i d e  of t h e  
apparatus  and cooled i t  by about 1 ' K .  



I n  Trace 2 of Figure 5 ,  t h e  n o i s e  amplitude a t  one cyc le  p e r  day is  
about 0.25 o 0 ,  which w i t h  t h e  test m a s s  p e r i o d  of about 4 seconds 
corresponds t o  r l <  8 X , o r  an a c c e l e r a t i o n  s e n s i t i v i t y  of 5 X 10-7cm/ 
s e c  . This  i s  t h e  a c c e l e r a t i o n  s e n s i t i v i t y  of one test m a s s ,  n o t  t h e  
d i f f e r e n t i a l  a c c e l e r a t i o n  s e n s i t i v i t y .  It i s  p r e s e n t l y  impossible  t o  
make a good d i f f e r e n t i a l  measurement because t h e  c o n t r o l l e r s  f o r  t h e  
tes t  masses are overwhelmed by the  imper fec t ions  of t h e  bea r ings  and are 
n o t  a t  t h i s  s t a g e  u s e f u l  f o r  matching t h e  masses' pe r iods .  They could 
only be used t o  c o n t r o l  t h e  m a s s  p o s i t i o n s  f o r  b r i e f  t i m e s  b e f o r e  s a t u r -  
a t i o n  o r  i n t e g e r  overflow occurred,  o r ,  i n  t h e  case of Figure 5 ,  t o  add 
damping t o  reduce r i n g i n g  and o v e r a l l  n o i s e  response.  

2 

There are fou r  s i m p l e  changes a l r e a d y  i n  p rogres s  which should ex- 
tend t h e  s e n s i t i v i t y  of t h e  experiment from r l =  t o  o r  b e t t e r .  

F i r s t ,  as mentioned above, t h e  poor q u a l i t y  of t h e  o r i g i n a l  mag- 
n e t i c  bea r ings  f o r c e s  us t o  work w i t h  s h o r t  pe r iods  of 3--4 seconds 
and p reven t s  matching t h e  pe r iods  of t h e  t es t  masses. We have construc-  
t e d  bea r ings  w i t h  h o r i z o n t a l  p e r i o d s  of 15 seconds and new b e a r i n g s  
under c o n s t r u c t i o n  w i l l  have p e r i o d s  of 30 s e c o n d s .  Since t h e  s e n s i -  
t i v i t y  depends on t h e  square of t h e  pe r iod  wh i l e  t h e  high frequency 
n o i s e  remains e s s e n t i a l l y  c o n s t a n t ,  t h e  longe r  pe r iod  bea r ings  should 
immediately i n c r e a s e  t h e  s e n s i t i v i t y  from t o  about lo - ' .  

Second, t h e  d a t a  i l l u s t r a t e d  by Figure 5 w a s  taken without  t h e  anti-  
v i b r a t i o n  system i n  ope ra t ion .  Although t h e  a n t i v i b r a t i o n  system re- 
duces h igh  frequency n o i s e  by a t  l eas t  30 db from less than  0 . 1  t o  
50 Hz , i t  r e q u i r e s  a l e v e l i n g  c o n t r o l l e r  f o r  long t e r m  ope ra t ion .  
After 15 minutes t o  an hour ,  t h e  ground t i l ts  enough t o  cause t h e  p l a t -  
form t o  bump a g a i n s t  i t s  s a f e t y  s t o p s .  When a l e v e l i n g  system h a s  been 
put  i n t o  o p e r a t i o n ,  t h e  background n o i s e  w i l l  b e  reduced by a t  least a 
f a c t o r  of 1 0 .  

Third,  w e  discovered t h a t  t h e  s t r u c t u r e  of t h e  dewar probe i s  
r a t h e r  compliant and has  resonances a t  about 8 ,  1 2 ,  and 25 H z .  
Motions of t h e  probe a t  t h e s e  f r equenc ie s  are e x c i t e d  by ground n o i s e  - 
and l i q u i d  helium b o i l i n g ,  and are about a f a c t o r  of t e n  l a r g e r  than 
t h e  se i smic  background. No a t t e m p t  w a s  made t o  suppress  t h e s e  reso- 
nances wh i l e  g a t h e r i n g  t h e  d a t a  i n  F igu re  5 ,  b u t  they may be reduced by 
b r a c i n g  t h e  bottom of t h e  probe r i g i d l y  a g a i n s t  t h e  i n n e r  w a l l  of t h e  
helium w e l l .  The dewar s t r u c t u r e  i t s e l f  i s  very s t i f f .  

Fourth and f i n a l l y ,  f o r  t h e s e  measurements t h e  masses w e r e  oper- 
a t e d  as e s s e n t i a l l y  two unmatched and uncoupled o s c i l l a t o r s .  Because 
they have d i f f e r e n t  f r equenc ie s  and i n i t i a l  c o n d i t i o n s ,  t h e s e  o s c i l l a -  
t o r s  respond d i f f e r e n t l y  t o  se i smic  n o i s e  and t h e  s e n s i t i v i t y  t o  d i f -  
f e r e n t i a l  a c c e l e r a t i o n  i s  e s s e n t i a l l y  t h e  same ( o r  somewhat worse) 
than t h e  s e n s i t i v i t y  of e i t h e r  o s c i l l a t o r  a lone.  Once w e  can use t h e  
c o n t r o l  s e r v o  ( o r  modified p o s i t i o n  d e t e c t o r  c i r c u i t )  t o  a d j u s t  t h e  
pe r iods  t o  t h e  o s c i l l a t o r s  t o  be t h e  same, t h e  s i t u a t i o n  i s  q u i t e  
d i f f e r e n t .  The o s c i l l a t o r s  then respond i d e n t i c a l l y  t o  seismic n o i s e  
except  f o r  p o s s i b l y  d i f f e r e n t  i n i t i a l  c o n d i t i o n s ,  t h e  e f f e c t  of which 
i s  removed by providing a small amount of coupl ing between t h e  tes t  
masses. I n  e f f e c t  t h i s  procedure changes t h e  o r i g i n a l  uncoupled system 



i n t o  a coupled system w i t h  two normal modes, a common mode and a d i f f e r -  
e n t i a l  mode. When t h e  pe r iods  are matched, t h e  d i f f e r e n t i a l  mode is  n o t  
e x c i t e d  by seismic no i se .  W e  have several o p t i o n s  f o r  achiev ing  t h i s  
matching, i nc lud ing  t h e  e x i s t i n g  c o n t r o l l e r s  and t h e  mod i f i ca t ions  t o  
t h e  p o s i t i o n  d e t e c t o r s  d i scussed  above. 
is  reasonable  191 which would g ive  a s e n s i t i v i t y  of q = even 
wi thou t  t h e  prev ious  t h r e e  changes. 

A n o i s e  r e j e c t i o n  r a t i o  of l o 5  
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