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A T E S T  OF N E W T O N ' S  G R A V I T A T I O N A L  L A W  

I N  T H E  R A N G E  O F  0 . 6  M T O  3 . 6  M 
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Fac h b e r e i c h  P hy s i k ,  Universitat Wupper t a l ,  5 6 0 0  Wupperta l ,  G e r m any 

A B S T R A C T  

W e  have performed a n  e x p e r i m e n t  t o  t e s t  t h e  1 / r 2  dependence o f  Newton's 

law o f  gravitation and t o  determine t h e  gravitational  constant G ,  using a 

m i c rowave r e s o n at o r .  The gravitational  f o r c e  of a laboratory t e s t  m a s s  a c t s  

o n  t h i s  r e s o n at o r  and the r e s u l t i n g  change o f  t h e  r e s o n at o r  f r e q u e n c y  i s  u s e d  

t o  d e t e r m i n e  t h e  g r a v i t a t i o n a l  f o r c e  as a f u n c t i o n  o f  d i s t a n c e .  I n  a f i r s t  s e r i e s  
o f  e x p e r i m e n t s  w e  have i nv e s t i g at e d  t h e  i n v e r s e  s q u a r e  law in t h e  range of 

d i s t a n c e s  of 0 . 6  m t o  3 . 6  m and determined the gravitational  c onst ant with a 

relat ive e r r o r  of 1 .6 · 1 0 - 3 .  No deviat ions f r o m  Newton's inverse s q u a r e  law o r  
t h e  C O D A  TA v a l u e  o f  G w e r e  f o un d .  
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I .  I N T R O D U C T I O N  

Many a s p e c t s  o f  Newt o n ' s  law of gravitat i o n  have been i nvestigated e x p e r i ­

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

has i n c r e a s e d  c o n t i n u o u s ly. U n t i l  t o d ay t h e  m o s t  p r e c i s e  d e t e r m i n a t i o n  of t h e  

gravitat ional  c o n s t a n t  G i s  p o s s i b l e  by m e a n s  o f  t h e  famous C a v e n d i s h  t o r s i o n  

b a l a n c e .  I t  has been h i ghly developed i n  t h e  l a s t  cent ury and G can now be 

d e t e r m i ne d  w i t h  a relat ive e r r o r  of about  1 0 - 4 . I t  i s  however r e m a r k a b l e ,  t h at 

none o f  the e x p e r i m e n t s  w h i c h  have been performed t o  obtain a p r e c i s i o n  value 

for G have a t  t h e  s a m e  t i m e  t e s t e d  t h e  i n v e r s e  s q u are l a w .  O n l y  a few experi­

m e n t s  i n  t h e  range of a few m i l l i m e t e r  u p  t o  1 0  m have been performed t o  

t e s t  t h e  i n v e r s e  s q u a r e  l a w  u s i n g  a laboratory t e s t  m a s s .  B u t  n o n e  of t h e m  

r e s u l t  i n  v a l u e s  for t h e  gravitat ional  c o n s t a n t .  T h i s  i s  a s t o n i s h i n g ,  b e c a u s e  a 

l o t  of e x p e r i m e n t s  are l i m i t e d  by systematic i n f l u e n c e s  and t h e  gravitat ional  

constant c a n n o t  be i n v e s t igated i ndependent  of t h e  1 / r 2 law o f  gravitat ion [ 1 ] .  

The reports o f  possib le  i nt e rmediate-range deviat i o n s  f r o m  N e w t o n ' s  g ravita­

t i o n a l  l aw have s t i m ul ated a f ifth-force d i s c u s s i o n  during t h e  l a s t  five years [ 2 ] .  

T h i s  d i s c u s s i o n  h a s  mot ivated u s  t o  develop a novel  gravi m e t e r .  The grav i m e t e r  

i s  b a s e d  o n  a Fabry- Perot m i crowave resonat o r . E x t e r n a l  f o r c e s  a c t i n g  o n  t h e  
resonator can be d e t e c t ed d u e  t o  t h e  s h i f t  o f  i t s  r e s o n a n t  frequ e n cy w h i c h  can 

be measured with very h i g h  accuracy.  The g r avimeter was designed t o  measure 
t h e  gravitat ional  f i e l d  of a t e s t  m a s s  as a f u n c t i o n  o f  d istance and from t h i s  

to d e t e r m i n e  t h e  gravitat ional  c o n s t a n t  G .  A p o s s i b l e  i n t e rmediate-range f o r c e  

can be i n vestigated w i t h o u t  a s s u m i ng a n  e x p l i c i t  d e p e n d e n c e  o n  t h e  materia l  i n  
u s e .  Systemat i c  errors which could i n f l u e n c e  t h e  p r e c i s i o n  o f  t h e  g ra v i t a t i o n a l  

constant  w i l l  i n  general  r e s u l t  i n  deviat i o n s  f r o m  t h e  i n v e r s e  s q u a r e  l a w .  Their  

dependence o n  t h e  d i s t a n c e  of t h e  interact ing m a s s e s  i s  a u s e f u l  information 
t o  i d e n t ify and t o  e l i m inate t h e  s o u r c e  o f  t h e s e  effec t s .  The very s e n s i t ive 

check of systematic i n f l u e n c e s  allows t o  e n h a n c e  t h e  p r e c i s io n  of t h e  m e a s u r e ­

m e n t  of t h e  gravitat ional  force and t h i s  again a l l o w s  t o  e n h a n c e  t h e  p r e c i s i o n  

o f  t h e  g ravitat ional  c o n s t a n t .  

1 1 .  T H E  G R A V I M E T E R  

W e  have started o u r  e x p e r i m e n t s  t o  t e s t  Newt o n ' s  law with m e a s u r e m e n t s  

of t h e  g r a v i t a t i o n a l  force of a t e s t  m a s s  i n  a d i s t a n c e  o f  about  1 0  c m  to t h e  

resonator [ 3 ] .  This  prototype s e t - u p  was u s e d  t o  g e t  an idea o f  t h e  a c h i evable 
r e s o l u t i o n  and acc uracy and t o  develop s o l u t i o n s  for var i o u s  probl e m s . 

Based on t h i s  e x p e r i e n c e  an i m proved s e t - u p  w a s  designed to m e a s u r e  t h e  

g ravitat ional  f o r c e  i n  t h e  r a n g e  o f  0 . 6  t o  3 . 6  m [ 4 ] .  T h e  m a i n  p a r t  o f  t h e  
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gravi m e t e r  c o n s i s t s  of two Fabry - P e r o t  m i rr o r s  s u s p ended as a pair of p e n d u l a  

( Fi g .  1 ) . The p e n d u l a  have a length I of about  2 . 6  m and t h e  d i s t a n c e  between 

t h e  two m i r r o r s  i s  about 0 . 2 4 m. The g ravitat ional  force o f  a t e s t  m a s s  M 

d i s p l a c e s  both pendula and r e s u l t s  in a change of t h e  m i r ro r  separation b .  

Therefore,  t h e  length o f  t h e  G a u s s i an beam i n s i d e  t h e  resonator changes and 

r e s u l t s  i n  a change o f  the resonator frequency f.  That i s ,  t h e  g ravitat ional  f o r c e  

m 
g 

m 
g 

b r 

Fi g .  1 :  The p r i n c i pl e  of t h e  

Fabry - P e r o t  g r avimete r. 

of t h e  t e s t  m a s s  i s  m e a s u r e d  by means 

o f  t h e  freque ncy shift  of t h e  Fabry­

Perot resonat o r . 

A resonator frequen cy in t h e  m i c ro­

wave range o f  appr o x i m at e ly 22 G H z  i s  

c h o s e n .  A h i g h  qual i ty  factor of about  

2 · 1 0 5 i s  obtained e x p e r i m e n t a l ly w h i c h  

i s  l i m i t e d  only b y  r e f l e c t i o n  l o s s e s  o f  

t h e  copper m i r r o r s .  Fu r t h e r m o r e ,  i n  t h e  

m i c r owave r e g i o n  it  i s  p o s s i b l e  t o  m e e t  

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

o f  a s o u r c e  with appropriate stabi l i ty  

t o  t h e  reson a t o r ,  t o  c o u p l e  t h e m  into 

t h e  resonator i n  order t o  excite  the 

desired Fabry-Perot  mode, and then t o  

t r a n s m i t  t h e m  to a d e t e c t o r  syst e m .  

Fu r t h e r m o r e ,  t h e  l i m i t at ion o f  t h e  qual i ty  

f a c t o r  d u e  t o  ref lect ion l o s s e s  o f  t h e  

copper m i r r o r s  c a n  be overcome by 

u s i n g  s u p e r c o n d u c t i n g  m i rr o r s . We have d e m o n s t r at e d  that at a t e m p e r a t u r e  

o f  4 . 2  K a q u a l i t y  f a c t o r  o f  2 · 1 0 7 c a n  be obtained w i t h  n i o b i u m  m i r r o r s  [ 5 ] .  
R e c e n t  r e s u l t s  o f  H i g h - Tc - S u p e r c o n d u c t o r s  s e e m  t o  open t h e  p o s s i b i l i ty for a n  

i m proved gravimeter at 77 K [ 6 ] .  

Fi g .  2 shows t h e  s c h e m a t i c  arrangement  o f  t h e  e x p e r i m e n t a l  s e t - u p .  I t s  m a i n  

p a r t ,  t h e  two copper Fabry- Perot  m i r r o r s ,  are s u s pended as p e n d u l a  i n s i d e  o f  

a v a c u u m  t a n k  w h i c h  i s  m o u n t ed i n t o  a s u p p o r t ing s t e e l  c o n s t r u c t i o n .  

The t e s t  m a s s  i s  a cyl inder o f  576 k g  p o s i t i o n e d  o u t s i d e  of t h e  v a c u u m  t an k .  

Their  d i m e n s i o n s  were c h o s e n  i n  a way t h a t  t h e  g ravitat ional  f o r c e  between 

t e s t  mass and resonator i s  nearly t h e  s a m e  as t h e  g ravitat ional  f o r c e  of point  

m a s s e s  posit ioned a t  t h e  centers o f  gravi t y .  The t e s t  mass r e s t s  on a special  

g u i d e  rai l  and gl ides on rol lers w h i c h  are r o t a t i n g  on bal l  bearings f i x e d  t o  this  

rai l .  The t e s t  mass can b e  posit ioned p r e c i s ely by m e a n s  o f  a m o t o r  d r iven 

s p i n d l e .  All  m ovable parts o f  t h i s  r a i l  perform a s t r i c t ly rotat ional  m o t i o n  and 

d o  n o t  c o n t r i b u t e  t o  the mass d i s t r i b u t i o n  o f  t h e  m ovable cyl i n d e r .  The g u i d e  
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suspension platform 

vacuum tank 

tower 

resonator 
test mass motor drive 

Fi g .  2 :  S c h e m a t i c  arrangement of t h e  e x p e r i m e n t a l  s et - u p .  

r a i l  i s  al igned s u c h  t h a t  t h e  t e s t  m a s s  h a s  t h e  s a m e  h e i g h t  a s  t h e  resonator 

and moves along a l ine e x t e n d i n g  t h e  resonator axis,  i . e .  t h e  c e n t e r s  o f  g ravity 
of the p e n d u l a .  

I l l .  T H E  E X P E R I M E N T A L  P R O C E D U R E  

The t e s t  m a s s  a lternates between a p o s i t i o n  w i t h  a d i s t a n c e  r t o  t h e  

r e s o n a t o r  and a r e f e r e n c e  p o s i t i o n  rRe f " I t  r e s t s  i n  each posit ion for about 1 5  

m i n u t e s ,  a t i m e  w h i c h  i s  m u c h  larger t h a n  t h e  t i m e  c o n s t a n t  o f  t h e  p e n d u l a .  

The m o t i o n  o f  t h e  p e n d u l a  i s  damped by eddy-current  brakes and t hey reach 

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

The gravitat ional  f o r c e  f r o m  t h e  m o v i n g  t e s t  m a s s  r e s u l t s  i n  a c hange o f  t h e  

m i r r o r  d i s t a n c e  � b  o f  m a x i m al 1 2  n m  and changes t h e  r e s o n a n t  frequen cy � f  

b y  approxi mately 1 k H z .  The r e l a t i o n  between �b and �f i s  determined from 

t h e  measured frequency spectrum o f  the Fab ry-Perot resonator w i t h  appropriate 

accuracy.  A n  e x t e r nal force acting o n  the pendula i s  related t o  t h e  c hange �b 

i n  mirror s e paration via t h e  eigenfre q u e n cy o f  t h e  pendula which i s  determined 

from an addit ional  measuremen t . This  p r o c e d u r e  results  i n  a cal ibrat ion bet-
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ween t h e  m e a s u red q u a n t i t y ,  the change of t h e  resonator frequency,  and t h e  

q uantity o f  i n t e r e s t ,  t h e  gravitat ional  f o r c e .  

T o  o b t a i n  a s i ngle m e a s u r e m e n t  o f  t h e  r e s o n a n t  frequen cy o f  t h e  c h o s e n  

Fabry-Perot m o d e ,  t h e  frequ e n cy o f  the m i c rowave generator i s  s w e p t  a c r o s s  

t h e  resonance c u rve and t h e  r e s o n a n t  frequency i s  c a l c u l ated b y  a l e a s t ­

squares f it  of t h e  t r a n s mitted p o w e r  t o  t h e  Loren t z i a n  shap ed resonance c u r v e .  

T h i s  procedure i s  repeated i n  e q u i d i s t an t  t i m e  steps and r e s u l t s  i n  a t ime 

series of resonant f r e q u e n c i e s  w h i c h  i s  f u r t h e r  a n alysed and process ed . 

The periodic  m o t i o n  of t h e  test  m a s s  r e s u l t s  in a modulat ion of t h e  reso­

nator frequency with nearly rectangular  shape . The modulat ion a m p l i t u d e  is  

determined by m e a n s  o f  a demodulation t e c h n i q ue w h i c h  a l l ow s  a strong 

suppression o f  r a n d o m  n o i s e  and t h e r m a l  drift  o f  t h e  mirror separat i o n .  S o  far 

we have a c h ieved a r e s o l u t i o n  of t h e  change o f  t h e  m i r r o r  separation o f  1 t o  

4 p m ,  depending o n  the i ntegrat ion t i m e .  Therefo r e ,  t h e  change i n  m i r r o r  

separation l!.b can be m e a s u red with h i g h  r e s o l u t i o n  and with h i g h  preci s i o n .  

I V .  R E S U LT S  

T h e  m o d u l a t i o n  procedure d e s c r i bed above h a s  been repeated w i t h  t h e  test  

m a s s  i n  different posit ions ( b u t  with t h e  s a m e  reference posit ion ) , and t h e  

sh ift of the r e s o n a n t  frequency h a s  been measured as a f u n c t i o n  o f  d i s t a n c e .  

T h e  d i s t a n c e s  r ·  between t e s t  m a s s  a n d  r e s o n a t o r  are m e a s u r e d  f r o m  the front 

s ide of the test  m a s s  to t h e  back o f  t h e  mirrors ( Fi g .  1 ) .  The r e s u l t s  of t h e  

shift  o f  the 
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m i rr o r  d i s t a n c e  Ab v e r s u s  t h e  d i s t a n c e  r' are plotted i n  Fi g .  3 .  
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Fig . 3 :  T h e  measured values o f  t h e  c h a nge A b  i n  m i r r o r  separation d u e  t o  

t h e  grav itat ional  force o f  t h e  test m a s s  v e r s u s  t h e  d i s t a n ce r '  o f  t h e  t e s t m a s s .  
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The corresponding d i s t a n c e s  r from t h e  center of the test m a s s  to the center 

o f  the pendulum n e x t  t o  t h e  t e s t  mass are within the range of 0.6 m t o  3 . 6  m. 

The residuals o f  Ll.b are s h o w n  i n  F i g .  4 i n  s o m e  more det a i l .  

E c: 
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- 0 . 02 

0 . 4  0 . 6  J. 2 3 
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Fig.  4 :  The d i ffere n c e  between m e a s u r ed and c a l c ulated va l u e s .  

T h e  f u l l  l i ne i n  F i g .  3 i s  a l e a s t - s q u a r e s  f i t  of t h e  t h eoret ical  values w h i c h  are 

c o m puted using Newton's inverse s q u are law. The data points a r e  normally 
d i s t r i b uted and n o  s ignif icant  deviations from the i n v e r s e - s quare law are 

o b s erved . From this fit the g ravitat ional  constant i s  determined t o  be 

and 

G = ( 6 . 6 6 1 3  ± 0 . 0 0 1 1  ± 0 . 0 0 9 3  l · 1 0 - 1 1  N m 2 k g - 2 

G - G e - . - 3  -- - ( - 1 . 6 9  ± 0 . 1 7  ± 1 . 3 9  ) 1 0  . 
G e 

The f irst  error q u oted is the s t a t i s t i c al error as determined from the l e a s t ­

squares f i t .  The s econd error i s  t h e  systematic  error w h i c h  has t o  be taken 

i n t o  account  addit iona lly [4 ] .  The value of the gravitat ional  c o n s t a n t  G a s  

dete r m ined i n  t h is experiment  agrees w i t h  t h e  C O D ATA-value Ge v e r y  w e l l .  
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