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ABSTRACT 

G r a v i t a t i o n a l  r a d i a t i o n  from g a l a c t i c  and e x t r a g a l a c t i c  
a s t r o p h y s i c a l  s o u r c e s  w i l l  i n d u c e  s p a t i a l  s t r a i n s  i n  
t h e  s o l a r  s y s t e m ,  s t r a i n s  which  can  b e  measured  
d i r e c t l y  b y  t h e  D o p p l e r  r a d i o  l i n k  t o  d i s t a n t  
s p a c e c r a f t .  We d e l i n e a t e  c u r r e n t  n o i s e  s o u r c e s  i n  
Pioneer and Voyager Doppler d a t a  and make a comparison 
w i t h  e x p e c t e d  s i g n a l  l e v e l s  f rom g r a v i t a t i o n a l  wave 
sources.  The main conclusion i s  t h a t  i t  i s  poss ib l e  t o  
d e t e c 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 t h  c u r r e n t  DSN 
hydrogen maser systems s t a b l e  i n  f r a c t i o n a l  frequency 
t o  +2 x over 1000 sec.  I n  the  fu tu re ,  however, a 
s e r i o u s  Doppler obse rva t iona l  program i n  g r a v i t a t i o n a l  
wave astronom w i l l  r e q u i r e  frequency systems s t a b l e  t o  
a t  least  but  a t  t h e  same t ime t h e  c u r r e n t  s i n g l e  
f r e q u e n c y  S-band u p l i n k  t r a n s m i s s i o n  w i l l  have  t o  b e  
r e p l a c e d  by a d u a l  f r e q u e n c y  c a p a b i l i t y .  I n  t h e  
meantime i t  i s  more l i k e l y  t h a t  t he  S-band upl ink  w i l l  
be  replaced by a s i n g l e  X-band l i n k ,  thereby  improving 
t h e  o v e r a l l  system frequency s t a b i l i t y  t o  t h e  l i m i t  of  
t h e  hydrogen maser system i t s e l f .  This  op t ion ,  though 
a t t r a c t i v e ,  seems more l i m i t e d  by t h e  l a c k  o f  X-band 
t r a n s p o n d e r s  o n  d i s t a n t  s p a c e c r a f t  t h a n  by  t h e  
deve lopmen t  o f  ground s y s t e m s  by t h e  DSN. E a r t h  
t r o p o s p h e r i c  e f f e c t s  w i l l  n o t  b e  a p rob lem u n t i l  
s t a b i l i t i e s  of  55 x o r  b e t t e r  a re  r ea l i zed .  

INTRODUCTION 

G r a v i t a t i o n a l  r a d i a t i o n  a r i s e s  from t h e  E i n s t e i n  t h e o r y  of  
g r a v i t a t i o n  (genera l  r e l a t i v i t y )  which modi f ies  t h e  Newtonian concept 
of t h e  g r a v i t a t i o n a l  f o r c e  a c t i n g  in s t an taneous ly  a t  a d i s t a n c e  t o  a 
modern view of a g r a v i t a t i o n a l  f i e l d  which t r a v e l s  a t  f i n i t e  speed c 
away from a source. The E i n s t e i n  f i e l d  equat ion,  which i s  analogous 
t o  t h e  Maxwell equat ions  of  e lectromagnet ism (EM), i s  G = 8 f l ,  where T 
i s  a second rank stress energy t e n s o r  r ep resen t ing  the  source of t h e  
g r a v i t a t i o n a l  f i e l d  and G i s  a second r a n k  t e n s o r  made up o f  
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q u a n t i t i e s  descr ib ing  the  curvature  of the  four dimensional space-time 
continuum. Exact so lu t ions  of the  E ins t e in  f i e l d  equations a r e  few i n  
number, and n u m e r i c a l  t e c h n i q u e s  a r e  now y i e l d i n g  most of  t h e  
i n t e r e s t i n g  d e s c r i p t i o n s  o f  m a t e r i a l  i n t e r a c t i o n s  and a s s o c i a t e d  
Gravi ta t iona l  Waves (GW) [ l l .  Much of t he  physics of the  generat ion 
of  GW and t h e i r  p r o p a g a t i o n  c a n  be  unde r s tood  by c o n s i d e r i n g  
g r a v i t a t i o n  a s  a weak per turba t ion  t o  an empty, f l a t  space of spec ia l  
r e l a t i v i t y .  Under t h i s  r e s t r i c t i o n ,  i t  i s  poss ib le  t o  der ive  a wave 
e q u a t i o n  from t h e  E i n s t e i n  f i e l d  e q u a t i o n s  121,  and t o  p r e d i c t  
g r a v i t a t i o n a l  r ad ia t ion  from mate r i a l  events i n  d i r e c t  analogue t o  EM 
r a d i a t i o n  from moving charges. However, un l ike  EM where both p o s i t i v e  
and negat ive charges e x i s t ,  ma t t e r  i s  made up of only p o s i t i v e  mass, 
and a s  a r e s u l t ,  the  lowest order  form of g r a v i t a t i o n a l  r ad ia t ion  i s  
quadrupole, i n  con t r a s t  t o  the  fundamental d ipo le  EM rad ia t ion .  Also, 
a s p h e r i c a l l y  symmet r i c  s o u r c e  o f  GW i s  i m p o s s i b l e ,  and t h u s  l a r g e  
devia t ions  from sphe r i ca l  symmetry a r e  required i n  sources usefu l  fo r  
detect ion.  For these  reasons, i n  add i t ion  t o  the  f a c t  t ha t  energies  
of GW a r e  about 10-43 t imes smal le r  than EM energies  from a comparable 
s o u r c e ,  l a b o r a t o r y  e x p e r i m e n t s  o f  t h e  t y p e  per formed by H e r t z  a r e  
p r a c t i c a l l y  impossible  fo r  g r a v i t a t i o n a l  rad ia t ion .  Yet few t h e o r i s t s  
d o u b t  t h e  e x i s J e n c e  of G W ,  f o r  t h e  r e a s o n  t h a t  o n c e  o n e  h a s  
t r a n s f o r m e d  g r a v i t a t i o n  from t h e  Newtonian concep t  o f  a c t i o n  a t  a 
d i s t ance  t o  a modern concept of d i s turbances  i n  a g r a v i t a t i o n a l  f i e l d  
which p r o p a g a t e  a t  a f i n i t e  v e l o c i t y ,  i t  i s  d i f f i c u l t  t o  avo id  t h e  
consequence t h a t  GW c a r r y  energy, and i n t e r a c t  with matter.  In  f a c t ,  
t h e  e x i s t e n c e  of  GW i s  more w i d e l y  a c c e p t e d  t h a n  t h e  c o n t i n u i n g  
v a l i d i t y  of general  r e l a t i v i t y .  

I f  GW cannot be produced and detected i n  the  laboratory,  then we 
m u s t  l ook  t o  s t r o n g  n a t u r a l  sou rces .  The c o u p l i n g  o f  g r a v i t a t i o n a l  
waves t o  m a t t e r  i s  weak, and o n l y  t h e  most v i o l e n t  a s t r o p h y s i c a l  
events generate  waves of s u f f i c i e n t  amplitude f o r  de t ec t ion  a t  ear th .  
For example, t he  cu r ren t  Doppler g r a v i t a t i o n a l  r a d i a t i o n  search wi th  
Pioneer 10 could marginal ly  d e t e c t  the  waves from a c o l l i s i o n  of two 
b l a c k  h o l e s  w i t h  a t o t a l  mass o f  10,000 t i m e s  t h e  mass o f  t h e  sun a t  
t h e  d i s t a n c e  o f  t h e  c e n t e r  of  t h e  ga laxy .  However, a b e n e f i c i a l  
consequence  o f  weak c o u p l i n g  i s  t h a t  g r a v i t a t i o n a l  r ad ia t ion  has an 
enormous penet ra t ing  c a p a c i t y  which would g i v e  a s t r o n o m e r s  a c l e a r  
window onto p a r t s  of  t h e  Universe t h a t  a r e  t o t a l l y  opaque t o  even the  
hardes t  X-rays, a view which would include the  i n t e r n a l  s t r u c t u r e  of 
supernovae and the  d e t a i l s  of g r a v i t a t i o n a l  co l lapse  of ob jec t s  with 
masses of  106 s o l a r  masses o r  more. 

The t e c h n i q u e  of  u s i n g  P i o n e e r  o r  o t h e r  d i s t a n t  s p a c e c r a f t  t o  
d e t e c t  GW i s  t o  m o n i t o r  t h e  Doppler  s h i f t  of t h e  r a d i o  s i g n a l ,  
continuously t r ansmi t t ed  t o  the  spacecraf t  and coherent ly  transponded 
back t o  ear th .  I f  the  v e l o c i t y  induced Doppler s h i f t  i s  removed from 
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t h e  r e c o r d s ,  t h e n  t h e  r e m a i n i n g  d a t a  c a n  b e  a n a l y z e d  f o r  GW. The 
c h a r a c t e r i s t i c s  of  t h e  GW s i g n a l ,  embedded i n  a Doppler t i m e  series,  
have been d iscussed  previous ly  131 and w i l l  no t  b e  repea ted  here. 

CURRENT EXPERIMENTS 

We are  c u r r e n t l y  us ing  two s p a c e c r a f t ,  Pioneer  10 and Pioneer  11, 
f o r  t h e  d e t e c t i o n  of GW. The f i r s t  a c q u i s i t i o n  of GW d a t a  s t a r t e d  on 
November 15, 1981, from Pioneer  10, and w i l l  cont inue  u n t i l  December 
8, 1981. During t h i s  i n t e r v a l  P ioneer  10 w i l l  be  a t  oppos i t i on  where 
t h e  n o i s e  from i n t e r p l a n e t a r y  plasma s c i n t i l l a t i o n s  i s  a t  a minimum 
and t h e  c h a n c e s  f o r  t h e  d e t e c t i o n  o f  GW a r e  g r e a t e s t .  About s i x  
months  l a t e r ,  P i o n e e r  11 w i l l  b e  a t  o p p o s i t i o n  and d a t a  w i l l  b e  
a c q u i r e d  a g a i n .  We p l a n  t o  f o l l o w  t h i s  p a t t e r n  f o r  s e v e r a l  
o p p o s i t i o n s ,  t h e r e b y  o b t a i n i n g  t h r e e  weeks o f  r e l a t i v e l y  l o w - n o i s e  
d a t a  about every s i x  months. 

The u p l i n k  t o  P i o n e e r  10/11 i s  a 20 kW S-band (2.2 GHz) s i g n a l  
r a d i a t e d  from one of  t h e  64-meter pa rabo l i c  an tennas  of t h e  Deep Space 
Network (DSN). The s i g n a l  i s  t racked  i n  a phase-locked loop on board 
t h e  s p a c e c r a f t  and c o h e r e n t l y  t r a n s p o n d e d  a t  S-band a t  a power o f  8 
wat ts .  I n  normal DSN ope ra t ion ,  t h e  rece ived  s i g n a l  i s  t racked  i n  a 
phase - locked  l o o p ,  a hydrogen  m a s e r  c l o c k  b e i n g  used  t o  b e a t  t h e  
frequency down t o  t h e  Doppler tone. 

The two impor tan t  l i m i t i n g  no i se  sources  on t h e  P ioneer  Doppler 
s y s t e m  a r e  t h e  weak s i g n a l  l e v e l s  a t  d i s t a n c e s  o f  20 t o  40  A U ,  and 
s c i n t i l l a t i o n s  i n  t h e  Dopp le r  s i g n a l  c a u s e d  by s c a t t e r i n g  o f  t h e  S- 
band s i g n a l  by f r e e  e l e c t r o n s  i n  t h e  i n t e r p l a n e t a r y  medium. Our 
estimate f o r  t he  Doppler no i se  i n  Af/f f o r  t h e  Pioneer  spacec ra f t  w i th  
i t s  h igh  g a i n  2.74m pa rabo l i c  antenna fed by an  8 w a t t  t r a n s m i t t e r  and 
us ing  a 64m DSN r e c e i v i n g  s t a t i o n  i s  

100 set)( D 
T 3-m w 7 10-1% 

Y 
where   is t h e  i n t e g r a t i o n  t i m e  f o r  t h e  Dopp le r  s i g n a l ,  D i s  t h e  
d i s t a n c e  of  t h e  s p a c e c r a f t ,  and 0 i s  t h e  square-root  Al lan  va r i ance  
of y E @/f. For a d i s t a n c e  o f  20 XU, and a 200 sec  i n t e g r a t i o n  t i m e ,  
t h e  n o i s e  i n  t h e  Dopp le r  l i n k  b e c a u s e  o f  a weak s i g n a l  i s  a b o u t  3 x 
10 - I 4  . P i o n e e r  11 w i l l  n o t  exceed  a d i s t a n c e  o f  20 AU u n t i l  1986,  
bu t  P ioneer  10 i s  beyond t h a t  d i s t a n c e  now and w i l l  reach n e a r l y  40 AU 
by 1986. However, t h e  n o i s e  i n  t h e  P i o n e e r  1 0  Dopp le r  l i n k  c a n  b e  
h e l d  t o  a n  a c c e p t a b l e  l e v e l  o f  2 o r  3 x by i n c r e a s i n g  t h e  
i n t e g r a t i o n  t i m e  t o  200 o r  300 sec. S igna l  t o  n o i s e  l i m i t a t i o n s  a r e  
no t  a s e r i o u s  problem f o r  e i t h e r  spacec ra f t .  

Another s i g n i f i c a n t  l i m i t i n g  e r r o r  source f o r  t h e  Pioneer  Doppler 
l i n k  i s  i n t e r p l a n e t a r y  phase s c i n t i l l a t i o n  a s s o c i a t e d  w i t h  r e f r a c t i v e  
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index  f l u c t u a t i o n s  i n  t h e  s o l a r  wind. Armstrong, Woo, and Estabrook 
141 h a v e  r e p o r t e d  o b s e r v a t i o n s  o f  r a d i o  wave p h a s e  s c i n t i l l a t i o n ,  
us ing  t h e  Viking spacec ra f t .  The phase power spectrum l e v e l  v a r i e s  by 
s e v e n  o r d e r s  o f  m a g n i t u d e  a s  t h e  Sun-Eart  h-spac e c r a  f t ( e l o n g a t i o n )  
a n g l e  changes from 1" t o  1 7 5 " .  It i s  noteworthy t h a t  a broad minimum 
i n  t h e  S-band ( 2 . 3  GHz)  p h a s e  f l u c t u a t i o n  o c c u r s  i n  t h e  a n t i s o l a r  
d i r e c t  i o n ;  t h e  c o r r e s p o n d i n g  f r a c  t i o n a  1 frequency s t a b i l i t y  ( squa re  
r o o t  A l l a n  v a r i a n c e )  i s  6 x f o r  1000s  i n t e g r a t i o n  t i m e s .  The 
i o n o s p h e r i c  c o n t r i b u t i o n  i s  s i g n i f i c a n t  b u t  i t  i s  d o m i n a t e d  by t h e  
c o n t r i b u t i o n  f r o m  t h e  i n t e r p l a n e t a r y  med ium.  N o n d i s p e r s i v e  
t r o p o s p h e r i c  s c i n t i l l a t i o n  w a s  n o t  d e t e c t e d  i n  t h e  V i k i n g  d a t a ,  and 
more  r e c e n t  work by Arms t rong  and Sramek [51 ,  u s i n g  d a t a  f rom t h e  
N a t i o n a l  Radio  Astronomy Obse rva to ry ' s  Very L a r g e  A r r a y  (VLA), 
i n d i c a t e s  t h a t  t ropospher ic  no i se  should no t  be ev ident  i n  e i t h e r  t h e  
Viking o r  t h e  P ioneer  data .  

I n  summary, i t  i s  r e a l i s t i c  t o  expect a s e n s i t i v i t y  of  6 x 10' 1 4  
i n  t h e  P i o n e e r  Dopp le r  l i n k  a t  o p p o s i t i o n ,  even  unde r  a d d i t i o n a l  
c o n s i d e r a t i o n s  o f  l i m i t s  i n  t h e  s t a b i l i t y  o f  t h e  hydrogen  mase r  
f r e q u e n c y  s t a n d a r d  s y s t e m ,  kT n o i s e  i n  t h e  v a r i o u s  e l e c t r o n i c  
s u b s y s t e m s ,  n o n g r a v i t a t i o n a l  t r a n s l a t i o n a l  f o r c e s  on  t h e  s p i n n i n g  
s p a c e c r a f t ,  and r e s o l u t i o n  l i m i t s  i n  t h e  Doppler  e x t r a c t i o n  s y s t e m .  

FUTURE REQUIREMENTS FOR FREQUENCY STABILITY 

We h a v e  shown i n  t h e  p r e v i o u s  s e c t i o n  t h a t  c u r r e n t  Dopp le r  
s ea rches  f o r  GW a r e  no t  l i m i t e d  by t h e  DSN hydrogen maser systems,  bu t  
i n s t e a d  by p l a sma  n o i s e  i n  t h e  S-band r a d i o  l i n k .  W h i l e  P i o n e e r  i s  
equipped wi th  only  an S-band t ransponder ,  Viking and Voyager have both  
S-band andX-band on t h e  down l i n k  i n  a n  1 1 : 3  f r e q u e n c y  r a t i o .  T h i s  
d i f f e r e n c e  i n  frequency can be used t o  remove most of t h e  plasma n o i s e  
on t h e  down l i n k  by making u s e  o f  t h e  d i s p e r s i v e  n a t u r e  o f  e l e c t r o n  
s c a t t e r i n g  161. Unfor tuna te ly ,  i t  i s  not  p o s s i b l e  t o  e s t a b l i s h  enough 
s p a t i a l  and t e m p o r a l  c o h e r e n c y  b e t w e e n  t h e  u p l i n k  and  d o w n l i n k  t o  
reduce t h e  plasma n o i s e  s i g n i f i c a n t l y  on t h e  S-band uplink. We have 
learned  from experience t h a t  t h e  advantage of t h e  Voyager r a d i o  system 
over  t h e  s i n g l e  frequency Pioneer  system i s  t h a t  t h e  plasma no i se  can 
b e  reduced by about a f a c t o r  of  two; t h e r e  i s  one noisy S-band l i n k  on 
Voyager {upl ink) ,  and two noisy S-band l i n k s  (up l ink  and downlink) on 
Pioneer.  Therefore ,  wh i l e  t h e  b e s t  low-noise environment o Pioneer  
i s  a t  a b o u t  6 x on Voyager i t  i s  a t  a b o u t  3 x s t i l l  
s l i g h t l y  above t h e  DSN hydrogen maser system. The r a d i o  system be ing  
i n t e g r a t e d  i n t o  t h e  1985 G a l i l e o  mis s ion  t o  J u p i t e r  i s  e s s e n t i a l l y  t h e  
same a s  Voyager ,  so  t h e r e  i s  no r e a l  p r o s p e c t  f o r  improvement  o v e r  
c u r r e n t  systems i n  t h e  1980's. One except ion might be  a mis s ion  t o  t h e  
Sun (Starprobe)  i n  t h e  l a t e  1980's; i t  could be used f o r  GW d e t e c t i o n  
[71 because o f  i t s  r equ i r ed  f lyby of J u p i t e r  f o r  a g r a v i t y  a s s i s t .  
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The Doppler s ea rch  f o r  GW over  t h e  next  decade w i l l  probably b e  
c a r r i e d  o u t  i n  t h e  n o i s e  e n v i r o n m e n t  d i s p l a y e d  i n  Fig.  1 .  Here, w e  
p l o t  t h e  e r r o r  i n  t he  Dopp le r  f r e q u e n c y ,  e x p r e s s e d  a s  s q u a r e - r o o t  
A l l a n  V a r i a n c e ,  a s  a f u n c t i o n  o f  t h e  Dopp le r  i n t e g r a t i o n  t i m e  f o r  a 
number o f  s i g n i f i c a n t  n o i s e  s o u r c e s .  I n  t h e  r e g i o n  o f  1000 sec,  a 
r e p r e s e n t a t i v e  r e g i o n  f o r  t h e  GW s e a r c h ,  t h e  s o l a r  p l a s m a  n o i s e  
c l e a r l y  dominates. The do t t ed  l i n e  i s  r e p r e s e n t a t i v e  of  c u r r e n t  DSN 
hydrogen masers, a l though t h e  , p re sen t  o v e r a l l  frequency system may be 
a n  o r d e r  o f  m a g n i t u d e  worse .  However,  w i t h  s u f f i c i e n t  e f f o r t ,  
s t a b i l i t i e s  on t h e  o rde r  of  over  1000 sec  could b e  obtained.  

We now address  t h e  problem of whether t h e r e  a r e  any GW sources  of  
s u f f i c i e n t  power t o  b e  d e t e c t e d  i n  t h e  n o i s e  g i v e n  by Fig.  1 .  
E s t i m a t e s  o f  t h e  d i m e n s i o n l e s s  a m p l i t u d e  o f  GW r e a c h i n g  t h e  s o l a r  
system from a v a r i e t y  of sources  have been made by Thorne 181 and a re  
shown i n  Fig. 3. The d imens ionless  ampl i tude  r e p r e s e n t s  t h e  s p a t i a l  
s t r a i n  i n  t h e  g r a v i t a t i o n a l  f i e l d  and i s  the  q u a n t i t y  t h a t  i s  measured 
d i r e c t l y  by t h e  s p a c e c r a f t  Doppler technique. Thus a t  f requencies  of  
GW i n  t h e  VLF r e g i o n  o f  10-4 Hz, w e  would n o t  v i o l a t e  anyones  
"cherished b e l i e f s "  i f  w e  d e t e c t e d  Doppler s h i f t s  Af f f  of a few p a r t s  
i n  1013 from b u r s t s  of GW, but w e  would not expect t o  s e e  b u r s t s  above 
a l e v e l  o f  o f  
GW a t  a l e v e l  of  a l e v e l  t h a t  i s  j u s t  a l i t t l e  beyond t h e  reach  
o f  P i o n e e r  and Voyager .  A c l e a r  d e t e c t i o n  o f  GW c o u l d  b e  a c h i e v e d  
w i t h  b u r s t s  of  unexpectedly l a r g e  magnitude. I n  t h e  absence o f  such 
b u r s t s ,  w e  can r e p o r t  a l i m i t  on t h e  magnitude of b u r s t s  h i t t i n g  t h e  
s o l a r  s y s t e m  d u r i n g  t h e  t i m e s  when s p a c e c r a f t  a r e  b e i n g  used  f o r  
d e t e c t i o n  p u r p o s e s ,  and  a l s o  w e  c a n  p l a c e  a l i m i t  on t h e  s t o c h a s t i c  
background i n  t h e  r e g i o n  o f  Hz. T h i s  i s  r a t h e r  u s e f u l  n e g a t i v e  
in fo rma t ion  which has  been r epor t ed  t o  va r ious  l e v e l s  of accuracy a t  
va r ious  frequency bands by o t h e r  exper imenters  over t h e  p a s t  1 5  o r  20 
y e a r s .  By a n a l y z i n g  long  r e c o r d s  o f  Dopp le r  d a t a ,  e x t e n d i n g  o v e r  
s e v e r a l  days,  i t  might be p o s s i b l e  t o  d e t e c t  coherent  sources  of GW a t  
a l e v e l  below t h e  plasma curve  (2) i n  Fig. 2. However, i t  i s  doubt fu l  
t h a t  any  c o h e r e n t  s o u r c e s  e x i s t  i n  t h e  Dopp le r  d e t e c t i o n  band w i t h  
s t r a i n  ampl i tudes  much above 191. 

However,  we m i g h t  s e e  a s t o c h a s t i c  background 

The p r o b a b i l i t y  o f  d e t e c t i n g  GW by t h e  Doppler technique  can be  
inc reased  s u b s t a n t i a l l y  by s imply r ep lac ing  t h e  c u r r e n t  S-band up l ink  
w i t h  an  X-band l ink.  The r e s u l t i n g  no i se  environment i s  shown i n  Fig. 
2. A t  t h e  same t i m e ,  i m p r o v e m e n t s  c o u l d  b e  made i n  t h e  DSN ground 
s y s t e m s .  We r e f l e c t  t h i s  by a much improved ,  b u t  r e a s o n a b l e ,  n o i s e  
c u r v e  ( 1 )  f o r  t h e  r e c e i v e r .  The hydrogen  maser c u r v e  ( 4 )  i s  b a s e d  on 
t h e  p e r f o r m a n c e  o f  s e l e c t e d  "good" DSN masers now i n  hand. A 
c o m p a r i s o n  o f  F ig .  2 w i t h  Fig.  Z shows a b o u t  a n  o r d e r  o f  m a g n i t u d e  
improvement  w i t h  t h e  a d d i t i o n  o f  X-band u p l i n k .  The p rob lem w i t h  
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achiev ing  t h e  n o i s e  performance of Fig. 2 i s  t h a t  w i t h  t h e  pauc i ty  of 
p l a n e t a r y  m i s s i o n s  p l a n n e d  f o r  t h e  1980's t h e r e  i s  p r e s e n t l y  no  
cand ida te  spacec ra f t  t o  c a r r y  an  X-band t ransponder  t o  t h e  o u t e r  s o l a r  
s y s t em. 

I f  w e  l o o k  f u r t h e r  ahead  i n t o  t h e  199O's, i t  i s  p o s s i b l e  t h a t  
s p a c e c r a f t  r a d i o  s y s t e m s  w i l l  b e  f l o w n  w i t h  m u l t i f r e q u e n c y  
c a p a b i l i t i e s .  P l a s m a  n o i s e  w i l l  n o t  b e  a problem. Then, i f  t h e  
frequency s tandard  i s  t h e  l i m i t i n g  noise  source,  i t  w i l l  be impor tan t  
t o  use systems t h a t  a re  s t a b l e  t o  over  1000 sec.  A t  t h i s  l e v e l ,  
t h e  Dopp le r  s y s t e m  c o u l d  b e  an  i m p o r t a n t  t o o l  o f  o b s e r v a t i o n a l  
a s t r o n o m y  i n  t h e  VLF r e g i o n  of t h e  GW s p e c t r u m .  A t  t h i s  p o i n t ,  
though, w e  would have t o  be concerned w i t h  t roposphe r i c  noise.  Some 
improvement over l i n e  (3) i n  Fig. 2 could be  achieved by atmospheric  
moni tor ing ,  but  i n  t h e  long run  t h e  b e s t  s o l u t i o n  would be  t o  remove 
t h e  t r a c k i n g  s t a t i o n  from t h e  s u r f a c e  o f  t h e  e a r t h .  P o s s i b i l i t i e s  
t h a t  come t o  mind are a n  o r b i t i n g  space  s t a t i o n  o r  a permanent l una r  
base.  
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(1)  Typical receiver white phase noise 
a. 10 Hz bandwidth 
b. 0.1 Hz bandwidth 

- (2) Solar plasma noise at opposition - 
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(3) Tropospheric noise 
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Fig. 1 "0--ler Noise fo r  Current S 'an' Cystenis 
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NOTE: 
(1) Typical receiver white 

(2) Solar plasma noise 
at opposition 

(3) Typical tropospheric 
noise 

- phase noise 

- (4) I'Good" DSN H-maser (1981) 

DOPPLER INTEGRATION TIME, sec 

Doppler Noise f o r  P ro jec t ed  X-Sand System 
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NOTE: 
- (1) Gravity wave bursts 

a. Absolute maximum 
b. Expected maximum 

(2) Maximum cosmic background 

10 
PERIOD, sec 

Fig. 3 Estisates of t h e  Amplitude of Various GW Sources 
(After  Thorne 181) 
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