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ABSTRACT 

It i s  p roposed  t o  d e m o n s t r a t e  a  n e a r  r e a l - t i m e  
m o n i t o r i n g  s y s t e m  f o r  s t u d y  of v e r t i c a l  c r u s t a l  
d e f o r m a t i o n  s u c h  a s  t h e  Pa lmda le  Bu lge .  This 
m o n i t o r i n g  w i l l  b e  a c h i e v e d  b y  independen t  s t a t i o n  
r a d i o  i n t e r f e r o m e t r y  t e c h n i q u e s  w i t h  ~1 p a i r  o f  small 
a n t e n n a s  (2.5m) , i l l  m l i n a t e d  by ATJSEP S-band s i g n a l s  
from t h e  moon o r  ot1it.r a r t i f i c i a l  r a d i o  s i g n a l  s o u r c e s .  
A l though  t h e  ALSEP w i l l  a l l o w  o n l y  f r i n g e  f r e q u e n c y  
o b s e r v a t i o n s  and measurement o f  e q u a t o r i a l  b a s e l i n e  
components ,  82% of v e r t i c a l  d e f o r m a t i o n  can  b e  s e n s e d .  
This  sys t em w i l l  occupy s i t e s  p r e v i o u s l y  measured  i n  
t h r e e  d imens ions  by ARIES ( A s t r o n o m i c a l  Radio  I n t e r -  
f e r o m e t r i c  Earth Survey ing )  and m o n i t o r e d  thereaf ter  
by t h i s  s m a l l  a n t e n n a  sys t em.  By comparing t h e  A R I E S  
e q u a t o r i a l  b a s c l i n e  components ,  d t r i v e d  from q u a s a r  
p o s i t i o n s ,  w i t h  t h o s e  d e t e r m i n e d  by hLSCP s i g n a l s  i t  
w i l l  a l s o  b e  p o s s i b l e  t o  r e l a t e  l u n a r  mo t ions  r e l a t i v e  
t o  t h e  q u a s a r  r e f e r e n c e  Lrame w i t h  a p p r o x i m a t e l y  0 . 1  a r c  
s e c .  

INTRODUCTION 

The A R I E S  ( A s t r o n o m i c a l  Kadio I n t e r f c r o m e t r i c  E a r t h  Survey ing )  t e c h -  
n i q u e ,  a s  p r e s e n t l y  c o n s t i t u t e d ,  i s  s o p h i s t i c a t e d  and cumbersome t o  
o p e r a t e  b e c a u s e  of  t h e  q u a s a r  s o u r c e s  a r e  weak s i g n a l s  when r e c e i v e d  a t  
t h e  e a r t h .  However, t h e  q u a s a r s  compose a  v i r t u a l l y  t i m e - i n v a r i a n t  
frame of  r e f e r e n c e  bet-ause o f  t h e i r  g r e a t  d i s t a n c e s  and t h u s  a r e  f r e e  of  
o r b i t  c o m p u t a t i o ~ l a l  c h a l l e n g e s  . 
The ALSEP (Apo l ln  Lunar  S u r f a c c  Expe r imen t s  Package) u n i t s  p l a c e d  on t h e  
moon by  ApoLlo F l i g h t s  1 2 ,  1 4 ,  15, 16  and 1 7  r e p r e s e n t  a v a l u a b l e  r e -  
s o u r c e  oL' r a d i o  i l l u m i n a t i o n  f o r  e a r t h - b a s e d  i n t e r 1 c r o m e t e r s .  Such 
i n t e r f e r o m e t r y  h a s  been  accompl i shed  by  s e v e r a l  i n v e s t i g a t o r s  ( r e f ,  1 ,  
2 ,  and 3) a l t h o u g h ,  no  u s e  h a s  been  made of  t h e  ALSEP s i g n a l s  f o r  
t e r res t r i a l  geodesy .  



Unlike  t h e  q u a s a r s  which emit: v e r y  wideband r a d i o  s p e c t r a l  n o i s e ,  t h e  
ALSEP i s  s p e c t r a l l y  narrow b e i n g  composed of t e l e m e t r y  s i g n a l s  from 
lunar-based s c i e n t i f i c  i n s t r u m e n t s .  The ALSEP's a r e  n o t  r a d i o  t r a n s -  
ponders of t h e  t y p e  used aboard i n t e r p l a n e t a r y  s p a c e c r a f t .  The ALSEP 
does  a c c e p t  u p l i n k  commands from e a r t h  t o  c o n t r o l  c e r t a i n  f u n c t i o n s ,  
however, no coheren t  r esponse  o c c u r s  from t h e  dev ice .  

Although t h e  ALSEP spectrum i s  narrow,  about  6  KHz a t  3 db, t h e  r a d i o  
f l u x  a r r i v i n g  a t  t h e  e a r t h  i s  e q u i v a l e n t  t o  50,000 Jansky (1.0-26 w/m2/ 
Hz) .  Ry comparison,  i n  ARIES exper iments  a s t r o n g  q u a s a r  i s  cons idered  
t o  be  a  s o u r c e  of 5 o r  more J y .  Th is  f a c t o r  of 194 d i f f e r e n c e  i n  f l u x  
i s  t h e n  a v a i l a b l e  t o  be  t r aded-of f  t o  a c h i e v e  a  s i m p l e r  r a d i o  i n t e r -  
f e romet ry  sys tem b u t  a t  t h e  expense o f  having i n t r o d u c e d  r a d i o  s o u r c e  
dynamics i n t o  t h e  problem. F o r t u n a t e l y ,  LURE (Lunar Ranging Experiment)  
r e f .  4 and t h e  ALSEPIQuasar AVLBI exper iments ,  r e f .  5 ,  have been 
s u c c e s s f u l l y  d e a l i n g  w i t h  such problems and now r e p r e s e n t  a v a l u a b l e  
r e s o u r c e  f o r  a c h i e v i n g  t h e  d e s i r e d  r a d i o  i n t e r f e r o m e t r i c  geodesy 
s i m p l i f i c a t i o n s .  

The RF s p e c t r a l  narrowness  of t h e  ALSEP's does  r e p r e s e n t  a  l i m i t a t i o n  
r e l a t i v e  t o  t h e  ex t remely  wide RF continuum emiss ions  of q u a s a r s .  A 
broad RF emiss ion  spectrum a l l o w s  t h e  i n t e r f e r o m e t e r  t o  p r e c i s e l y  
measure t h e  d e l a y  f u n c t i o n  by s i g n a l  c r o s s - c o r r e l a t i o n  w i t h i n  0 . 1  nano- 
second,  b u t  a  narrow spectrum a l l o w s  on ly  t h e  t ime r a t e  of d e l a y  change 
t o  be  p r e c i s e l y  measured ( r e f .  6 ) .  Three  d imens iona l  geodesy r e q u i r e s  
i n t e r f e r o m e t r y  d e l a y  measurements from a t  l e a s t  two q u a s a r s  a t  sub- 
s t a n t i a l l y  d i f f e r e n t  d e c l i n a t i o n s .  I n  a c t u a l  p r a c t i c e ,  ARIES 
exper iments  use  t e n  t o  twenty q u a s a r s  observed over  p e r i o d s  of 8 t o  26 
hours  because  of a  need f o r  an a l t e r n a t e  s o l u t i o n  s t r a t e g y  caused by 
f requency system i n s t a b i l i t i e s .  

Having a c c e s s  t o  o n l y  d e l a y  rate  data ,  a l s o  c a l l e d  f r i n g e  f requency ,  
r e s u l t s  i n  t h e  i n t e r f e r o m e t e r  b e i n g  s e n s i t i v e  t o  on ly  t h e  two e q u a t o r i a l  
components (X and Y)  of  t h e  b a s e l i n e  v e c t o r .  The Z component i n s e n s i -  
t i v i t y  r e s u l t s  i n  a  l o s s  of 18% of t h e  i n f o r m a t i o n  and some uniqueness  
of i n t e r p r e t a t i o n .  More s p e c i f i c a l l y ,  c o n s i d e r  t h e  e f f e c t  of a p p l y i n g  

0 
t h e  r o t a t i o n  matrix ( v a l i d  for l a t i t u d e  35 ) t o  t r a n s f o r m  a u n i t  local 
v e r t i c a l  d i sp lacement  i n t o  

-.26 .88 -.39 

-.49 - . 47  

-. 83 0 .56 



Thus ,  a  one m e t e r  i nc remen t  i n  t h e  l o c a l  v e r t i c a l  a p p e a r s  as a 39 cm 
d e c r e a s e  i n  t h e  g o c e n t r i c  X component ( d i r e c t i o n  toward Greenwich) and a 
73 cm d e c r e a s e  i n  t h e  I' component (90° E of Greenwich) .  The s p i n  a x i s  
component, which w i l l  n o t  b e  s e n s e d  by t h i s  s y s t e m ,  e x p e r i e n c e s  a 56 c m  
increase. 

KEAL-TIME DATA TRANSFER 

The na r row KY s p e c t r u m  nf ALSEP does  o f f e r  an i m p o r t a n t  a d v a n t a g e  of  
b e i n g  e a s i l y  r e c o r d e d  o r  t r a n s f e r r e d  v i a  t e l e p h o n e .  A 3 KHz i n f o r -  
ma t ion  bandwidth  i s  s u i t a b l e  from s i g n a l  t o  n o i s e  r a t i o  c o n s i d e r a t i o n s  
and q u i t e  r e a s o n a b l e  f o r  t e l e p h o n e  c i r c u i t  t r a n s n l i s s i o i l  f o r  r ea l . - t ime  
c r o s s  c o r r e l a t i o n  s i g n a l  d e t e c t l o t i  p r o c e s s i n g .  

The phone l i n e s  have  i n s t a b i l i t i e s  t h a t  need  f r e q u e n t  c a l i b r a t i o n .  T h i s  
can  b e  accompl i shed  by t i m e - f o r m a t t i n g  trhe d a t a  i n  t h e  u s u a l  Very Long 
B a s e l i n e  I n t e r f e r o m e t r y  (VLBI)  manner a t  e a c h  s t a t i o n .  Each of  t h e  2.5m 
a n t e n n a  s t a t i o n s  w i l l  h a v e  a  ces ium c l o c k  which can  b e  s y c c h r o n i z e d  t o  
t h e  o t h e r  c l o c k  w i t h i n  one mic rosecond  o r  b e t t e r  and t h u s  t h e  phone 

l i n e  d e l a y  can b e  d e t e r m i n e d  w e l l  w i t h i n  t h e  3 KHz bandwidth  r e s t r i c -  

moni t o r i n g  s t a t i o n s  100 km a p a r t  a t  Pea rb lns som a n d  P a l v s  Verdes ,  C a l i -  
f o r n i a .  The Pea rb los som  sit^ i s  i n  t h ~  i~laxirnum z o n e  c.)f t h e  u p l i f t  
a s s o c i a t e d  w i t h  t h e  San Antlreas l'aul t i n  Sou t l i e r r~  C a l i f o r n i a  and known 
as  t h e  Palrndalc Bulge  ( r e f .  7 ) .  f h c r c  i s  r e a s o n  t o  b c l i e v e  that t h e s e  
u p l i f t s  can  o c c u r  r e l a t i v e l y  r a p i d l y  ( i . e .  few months)  and t h e r e f o r e  t h e  
i n t e r e s t  i n  n e a r  r e a l - t i m e  automated  n ion i tu r ing .  

TELECOMMUNICATIONS ASPECTS 
I 

C o n s i d e r  two o r  more 2 . 5  m e t e r  (2 ,  8 f t . )  d i a m e t e r  d i s h  a n t e n n a s  wit11 
e f f i c i e n c i e s  o f  50%,  200 K e l v i n  S-band r e c e i v e r  o p e r a t i n g  t e m p e r a t u r e s ,  
3 KHz bandwi.dth,  10 second c o h e r e n t  i n t e g r a t i o n  tinlc and r e c e i v i n g  ALSEP 
s i g n a l s  e q u i v a l e n t  t o  5 ;Y 104 -14'. The s i g n a l  t i 7  n o i s e  r a C i o  (SNR) of  

I 
the c r o s s  co r rc l a t in t -1  o u t p u t  i s  tllcn 2 7 ,  (ref. 8 ) .  

By d e r i v i n g  t h e  i n t e r r e r o m e t c r  phase  e v e r y  10 seconds  o v e r  an  800 
second  i n t e r v a l  i . t  w i l l  be possib1.e t o  e x t r a c t  t h e  I r i n g e  f r e q u e n c y  
w i t h  a  p r e c i s i o n  o f  50 t o  100 ;,Hz of  S-band. S e v e r a l  800 s .  samples  o f  
t h e  f r i n g e  Ercquency o v e r  a w i d e  r a n g e  o f  s k y  v i s i b i l i t y  f o r  t h e  ALSEP's 
wi l l .  a l l o w  t h e  a m p l i t u d e  and phase  o f  t h c  d i u r n a l  s i g n a t u r e  t o  b e  
determined a l o n g  w i t h  t h e  f r e q u e n c y  sys t em o f f s e t .  Thus ,  e q u a t o r i a l  
ba se l ine  components  can  b e  measured  ( r e f .  6 and 8 ) .  Having 50 ;JHZ d a t a  
q u a l i t y  e v e r y  800 s e c .  i m p l i e s  10  cm b a s e l i n e  p r e c i s i o n .  

FREQUENCY SYSTEM REQUITIE>ENTS 

I The i n d e p e n d e n t l y  o p e r a t c d  ~ t o m L c  f r e q u e n c y  sys t ems  a t  each  s t a t i o n  i n -  
t r o d u c c  a n o t k e r  e r r o r  s o u r c e .  I d e a l l y ,  a  frecluency sys t em such  as a 



hydrogen maser could  b e  used w i t h  v i r t u a l l y  no c o n t r i b u t i o n  t o  t h e  e r r o r  
budget .  However, c o s t  a s p e c t s  make i t  impor tan t  t o  c o n s i d e r  o t h e r  
f requency s o u r c e s  f o r  t h i s  s t u d y  where una t t ended  remote s t a t i o n  opera- 
t i o n s  a r e  h i g h l y  d e s i r e a b l e .  A t  800 s e c .  t h e  HP 5061, o p t i o n  4.5 cesium 
frequency system h a s  a  s t a b i l i t y  of about  * f / f  = 1 . 6  x  10- l3  which a t  
S-band c a u s e s  a  350 pRz n o i s e  l e v e l .  I n c o h e r e n t l y  combining t h e s e  350 
pHz o b s e r v a t i o n s  o v e r  a 10 hour  o b s e r v a t i o n  p e r i o d  a l l o w s  improvement t o  
an e f f e c t i v e  50 uHz o b s e r v a t i o n  which i s  e q u i v a l e n t  t o  about  a  10 cm 
b a s e l i n e  p r e c i s i o n .  

CALIBRATIONS 

A. Phase S t a b i l i t y  

Because t h e  e q u a t o r i a l  b a s e l i n e  i n f o r m a t i o n  i s  i n h e r e n t l y  d i u r n a l  i n  
n a t u r e ,  s p e c i a l  c a r e  must b e  t a k e n  t o  e i t h e r  s t a b i l i z e  t h e  r e c e i v i n g  
system o r  t o  e x p l i c i t l y  measure p o s s i b l e  the rmal  phase  v a r i a t i o n s  o v e r  
t h e  t r a c k i n g  p a s s .  Such phase  c a l i b r a t i o n  can b e  performed and t r a n s -  
m i t t e d  a long  w i t h  t h e  t ime-format ted v ideo  d a t a  ( r e f .  9 ) .  

B .  Lunar O r b i t  

Rased upon LURE d a t a  (ref.10) t h e  l u n a r  ephermerides  a r e  b e l i e v e d  t o  b e  
i n t e r n a l l y  c o n s i s t e n t  t o  w i t h i n  approx imate ly  0 .01 a r c  s e c .  Cons ider ing  
the  two small an tenna  s t a t i o n s  t o  b e  deployed 100 Km a p a r t  a t  e s t a b -  
l i s h e d  ARIES s i t e s ,  f o r  example, one on t h e  Palmdale Bulge maximum 
(Pearblossom) and t h e  o t h e r  n e a r  T i d a l  Bench Mark 8 ( ~ a l o s  Verdes) .  A 
0.01 a r c  s e c  l u n a r  p o s i t i o n  i n t e r n a l  e r r o r  c a u s e s  a  0.5 cm b a s e l i n e  
e r r o r .  P o s s i b l e  a n g u l a r  r o t a t i o n s  between t h e  l u n a r  frame and t h e  
q u a s a r  frame might  b e  p r e s e n t  and cou ld  b e  sensed  a t  about  t h e  0 . 1  a r c  
s e c  l e v e l  by t h i s  100 Km b a s e l i n e .  

C. Transmiss ion Media 

1. Ionosphere  - a 100 Km b a s e l i n e  i s  s h o r t  enough t h a t  d i u r n a l  v a r i a -  
t i o n  a r e  s e l f - c a n c e l l i n g  i n  t h e  d i f f e r e n t i a l  measurement t h a t  i s  
i n t r i n s i c  t o  i n t e r f e r o m e t r y .  R e s i d u a l  e f f e c t s  due t o  i o n o s p h e r i c  
c l o u d s  of s c a l e  <I00 Km a r e  e s t i m a t e d  t o  b e  10 cm p e r  p a s s  and 
random on a  p a s s  t o  pa s s  bas i s .  

2 .  Troposphere - twice  d a i l y  rad iosonde  wea ther  b a l l o o n  f l i g h t s  a r e  
a v a i l a b l e  t o  c a l i b r a t e  b o t h  of t h e  proposed s i t e s .  Edwards A i r  
Force  Base can b e  used t o  c a l i b r a t e  t h e  Pearblossom s i t e  35 Km away 
w i t h  bo th  i n  t h e  Mojave d e s e r t  environment ,  Los Angeles I n t e r -  



n a t i o n a l  A i r p o r t  i s  15 Km away from P a l o s  Verdes  s i t e  and b o t h  a r e  
c o a s t a l  l o c a t i o n s .  I t  i s  a l s o  p o s s i b l e  t o  t r a n s m i t  s u r f a c e  meteo- 
r o l o g y  th rough  t h e  phone l i n e .  The r a d i o s o n d e  c a l i b r a t i o n s  w i l l  b e  
a c c u r a t e  t o  3 cm a t  z e n i t h  and c o n s i d e r i n g  t h a t  t r a c k i n g  d a t a  w i l l  
b e  t a k e n  t o  o n l y  20" e l e v a t i o n  a n g l e s ,  t h e  b a s e l i n e  w i l l  b e  a f f e c t e d  
a t  a b o u t  t h e  10  c m  l e v e l  on a s i n g l e  pass b a s i s .  Water  v a p o r  r a d i o -  
m e t e r s  c o u l d  c a l i b r a t e  t h e  w e t  t r o p o s p h e r i c  d e l a y  e f f e c t s  w i t h i n  2 
cm t o  l o o  e l e v a t i o n  a n g l e s ,  however,  such i n s t r u m e n t s  a r e  r e l a t i v e l y  
e x p e n s i v e  and may be non-opt imal  for c o n t i n u o u s  m o n i t o r i n g  on a t i m e  
s c a l e  o f  months t o  y e a r s .  

F i g u r e  2 ,  summarizes t h e  random and s y s t e m a t l c  e r r o r s  t h a t  a l l o w  a b o u t  a 
2 1  cm pe r fo rmance  from a s i n g l e  10 h o u r  p a s s  and a b o u t  a  7 cm a c c u r a c y  
g i v e n  t h e  s t a t i s t i c a l  combina t ion  o f  n i n e  p a s s e s  of  ~ ~ S E P l i n t e r f e r o m e t e r  
d a t a .  

A r a d i o  i n t e r f e r o m e t r y  scheme h a s  been  p roposed  which u s e s  t h e  r e l a t i v e l y  
s t r o n g  S-band r a d i o  s i g n a l s  coming from t h e  ALSEP s t a t i o n s  on t h e  moon. 
These  s t r o n g  s i g n a l s  h a v e  a l l o w e d  s e v e r a l  s i r n p i f i c a t i o n s  t o  i n d e p e n d e n t  
s t a t i o n  r a d i o  i n t e r f e r o m e t r y  such  as s m a l l  2.5 m a n t e n n a  s l z e s  and r e a l -  
t i m e  c r o s s  c o r r e l a t i o n .  The f r e q u e n c y  s y s t e m  r e q u i r e m e n t s  o f  A f / f =  
2 x 1 0 + 1 3 , ~ = 8 0 0  s e c ,  r ema in  f a i r l y  s o p h i s i c a t e d  b u t  o b t a i n a b l e  
commerc ia l ly .  S t a t i o n s  o f  t h e  t y p e  d i s c u s s e d  c o u l d  b e  implemented and 
o p e r a t e d  a t  c o m p a r a t i v e l y  low c o s t  and c o u l d  make i m p o r t a n t  g e o p h y s l c a l  
c o n t r i b u t i o n s  t o  t he  d e t e r m i n a t i o n  of  c r u s t a l  d e f o r m a t i o n s .  
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