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ABSTRACT 

The d e s i g n  pa rame te r s  f o r  a Venus and Mars t o p s i d e  
sounder  are  d i s c u s s e d  and compared to t n o s e  f o r  t h e  ear th  
o r b i t i n g  A l o u e t t e  t o p s i d e  sounder s .  I n  t h e  t h r e e  a r e a s  o f  
f requency  r a n g e ,  r a n g e  ( t i m e )  r e s o l u t i o n  and power r e q u i r e -  
ments ,  improvements of t h e  A l o u e t t e  systems are r e q u i r e d .  

I n  o r d e r  to probe  t h e  low d e n s i t i e s  on t h e  M a r t i a n  
n i g h t  s i d e  and t h e  low d e n s i t i e s  i n  t h e  s o l a r  wind-ionosphere 
i n t e r a c t i o n  r e g i o n ,  an  e x t e n s i o n  to f r e q u e n c i e s  lower t h a n  
t h o s e  used  on A l o u e t t e  I1 ( . 2  MHz)  would b e  r e q u i r e d .  Ex- 
t e n d i n g  t h e  measurements to such  low f r e q u e n c i e s  p r e s e n t s  

r e q u i r e  long  an tennas .  
c e r t a i n  problems s i n c e  t h e  wavelengths  i n v o l v e d  (>lo 3 m )  

The largest  f a c t o r  a f f e c t i n g  t h e  power requi rement  
i s  t h e  s p a t i a l  a t t e n u a t i o n  ( s p r e a d i n g )  o f  t h e  wave energy .  
Also of impor tance  i s  t h e  e l e c t r o n  c o l l i s i o n a l  a b s o r p t i o n  
l o s s ,  which for t h e  model i onosphe res  of  Mars and Venus i s  
g r e a t e r  t h a n  t h a t  f o r  t he  t o p s i d e  e a r t h  ionosphe re .  

The s m a l l  s c a l e  h e i g h t s  n e a r  t h e  ionosphe re  peaks 
o f  Mars (25 km) and Venus ( 1 3  km) would r e q u i r e  some improve- 
ment i n  r ange  r e s o l u t i o n  over  t h a t  o f  t h e  A l o u e t t e  s a t e l l i t e s ,  
which have a r e s o l u t i o n  of  t h e  o r d e r  of  1 0  km.  T h i s  a l s o  
leads to an  i n c r e a s e  i n  t h e  power requi rement  s i n c e  i n c r e a s i n g  
t h e  r ange  r e s o l u t i o n  r e q u i r e s  opening t h e  r e c e i v e r  bandwidth 
w i t h  a r e s u l t a n t  i n c r e a s e  i n  t h e  cosmic n o i s e  background. 

The o c c u l t a t i o n  experiment  when compared t o  a t o p s i d e  
sounder  has the  advantage  of  fewer  and h i g h e r  f r e q u e n c i e s  
( > l o  M H z ) ,  which u t i l i z e  smaller a n t e n n a s ,  t h e  c a p a b i l i t y  of 
measuring ve ry  low e l e c t r o n  d e n s i t i e s  ( 5  ~ m - ~ ) ,  and bo t toms ide  as 
w e l l  as t o p s i d e  measurements. Some o f  t h e  d i s a d v a n t a g e s  o f  
t h e  o c c u l t a t i o n  exper iment  are t h e  l a t e r a l  ave rag ing  a l o n g  
t h e  r a y  p a t h  o f t h e  i o n o s p h e r i c  p r o p e r t i e s  and t h e  long  t i m e  
needed to p r o v i d e  i n f o r m a t i o n  on t h e  l o c a l  t i m e  ( s o l a r  z e n i t h  
a n g l e )  dependence of  t h e  ionosphe re .  



T A B L E  O F  C O N T E N T S  

A B S T R A C T  

1 . 0  I N T R O D U C T I O N  

2.0 D E S I G N  PARAMETERS F O R  A T O P S I D E  SOUNDER 

2 . 1  Frequency R a n g e s  and A n t e n n a s  

2 . 2  T i m e  and R a n g e  R e s o l u t i o n  

2 . 3  P o w e r  R e q u i r e m e n t s  

3 . 0  D I S C U S S I O N  O F  T H E  O C C U L T A T I O N  AND T O P S I D E  SOUNDER 
E X P E R I M E N T S  AND C O N C L U S I O N S  

A P P E N D I X  A - 
A P P E N D I X  B - 
A P P E N D I X  C - 

WAVE P R O P A G A T I O N  I N  A PLASMA 

U P P E R  ATMOSPHERE MODELS F O R  V E N U S  AND MARS 

C A L C U L A T I O N  O F  C O L L I S I O N A L  A B S O R P T I O N  AND 
GROUP DELAY I N  T H E  T O P S I D E  I O N O S P H E R E S  
O F  VENUS AND MARS 

R E F E R E N C E S  



1.0 

DESIGN PARAMETERS FOR AN O R B I T I N G  TOPSIDE SOUNDER 
FOR MARS AND VENUS AND SOME COMPARISONS WITH 

THE O R B I T I N G  OCCULTATION EXPERIMENT 

INTRODUCTION 

One of t h e  most u s e f u l  d e v i c e s  f o r  t h e  s t u d y  of 
t h e  e a r t h ' s  i onosphe re  i s  t h e  ionosonde .  The t y p i c a l  iono- 
sonde c o n s i s t s  of a p u l s e d ,  v a r i a b l e  f requency  t r a n s m i t t e r  
and a r e c e i v e r  which i s  used to measure t h e  t i m e  d e l a y  of  
t h e  r e f l e c t e d  p u l s e s .  With a ground based sounder  t h e  wave 
p u l s e s  a r e  t r a n s m i t t e d  v e r t i c a l l y  up toward t h e  u n d e r s i d e  
o f  t h e  ionosphe re ,  which c o n s i s t s  o f  s e v e r a l  r e g i o n s  o f  
s u c c e s s i v e l y  i n c r e a s i n g  e l e c t r o n  d e n s i t y .  These r e g i o n s  
are t h e  D r e g i o n  ( 6 0  to 90 km, e l e c t r o n  d e n s i t y  - % l o 3  
t h e  E r e g i o n  (90 to 140 km, Ne%105 ~ m - ~ ) ,  t h e  F1 r e g i o n  
( 1 4 0  to 200 km, Ne ~ 5 x 1 0 ~  cmW3) and t h e  F2 r e g i o n  ( g r e a t e r  
t h a n  200 k m ,  Ne(max)%106 cm-3 a t  350 km d e c r e a s i n g  to 

1 0  cmW3 a t  l o 3  k m ) .  
from t h a t  p a r t  of  t h e  ionosphe re  where t h e  wave f requency  of  
t h e  p u l s e  i s  e q u a l  to t h e  plasma f r equency .  T h e  plasma f requency  
i s  p r o p o r t i o n a l  to t h e  s q u a r e  root o f  t h e  e l e c t r o n  d e n s i t y  
(Equa t ion  1) so  t h a t  t h e  measurement of  t h e  t ime  d e l a y  ( T )  
as a f u n c t i o n  of  f requency  g i v e s  a p r o f i l e  o f  e l e c t r o n  d e n s i t y  
as a f u n c t i o n  of  v i r t u a l  r ange ,  h ' ( f )  = c - c ( f ) / 2  ( s e e  Appendix A ,  
Equa t ion  A . 7 ) .  These cu rves  o f  e l e c t r o n  d e n s i t y  (or plasma 
f r equency)  vs .  v i r t u a l  r ange  are c a l l e d  ionograms and v a r i o u s  
t e c h n i q u e s  e x i s t  f o r  c o n v e r t i n g  t h e  data  c o n t a i n e d  i n  an  iono- 
gram i n t o  a n  e l e c t r o n  d e n s i t y  p r o f i l e  i n  terms of  t h e  t r u e  
r ange  (or a l t i t u d e ) .  

'e 

4 The t r a n s m i t t e d  p u l s e s  w i l l  b e  r e f l e c t e d  

The p u l s e s  wi th  a low wave f requency  ( ~ 1  MHz) are 
r e f l e c t e d  from t h e  low d e n s i t y ,  low a l t i t u d e  r e g i o n s ,  and as 
t h e  wave f requency  i n c r e a s e s  t he  r e f l e c t i o n  p o i n t  moves up 
i n t o  t h e  d e n s e r  r e g i o n s .  When t h e  wave f r equency  exceeds 
t h e  maximum F2 plasma f requency  (+lo MHz) t h e  waves w i l l  no t  
b e  r e f l e c t e d  b u t  w i l l  c o n t i n u e  to propaga te  o u t  i n t o  space .  
F o r ' t h i s  r e a s o n ,  t h e  ground based  ionosonde can probe  only  
t h a t  p a r t  o f  t h e  ionosphe re  below t h e  F2 peak ( ~ 3 5 0  k m ) .  

I n  o r d e r  to e x p l o r e  t h e  r e g i o n  above t h e  F2 peak,  
v a r i o u s  o t h e r  ground based  methods were developed such  as t h e  
i n c o h e r e n t  b a c k s c a t t e r  t e c h n i q u e .  With t h e  advent  o f  t h e  
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space  age ,  i t  became p o s s i b l e  to probe  t h e  t o p s i d e  i o n o s p h e r e  
above t h e  F2 peak by p l a c i n g  a n  ionosonde on a n  ear th  o r b i t i n g  
s a t e l l i t e .  The o r b i t i n g  sounder  has proved to b e  a n  i n v a l u a b l e  
tool f o r  t h e  s t u d y  of' t h e  t o p s i d e  i o n o s p h e r e .  For example, 
the .  f i r s t  of  these t o p s i d e  sounders ,  A l o u e t t e  I ,  made more 
t h a n  a q u a r t e r  of a m i l l i o n  ionograms which p r o v i d e d  data on 
the  e l e c t r o n  d e n s i t y  between t h e  s a t e l l i t e  o r b i t  (lo3 km) and 
t h e  F2 peak.  

have any d i r e c t  knowledge are t h o s e  of  Mars and Venus. The 
Ionosphe res  of these  p l a n e t s  were d e t e c t e d  b y  t h e  r a d i o  occu l -  
t a t i o n  exper iments  o f  Mar iners  4 and 5 (1,233). 
t i o n  exper iment  t h e  Doppler s h i f t  of a s i g n a l  p a s s i n g  th rough  
t h e  i o n o s p h e r e  i s  measured ( F i g u r e  1). 

The on ly  o t h e r  p l a n e t a r y  i o n o s p h e r e s  about  which w e  

I n  t h e  o c c u l t a -  

On f u t u r e  m i s s i o n s ,  i t  may b e  p o s s i b l e  to u s e  
e i t h e r  o r b i t i n g  o c c u l t a t i o n  or o r b i t i n g  t o p s i d e  sounding  
t e c h n i q u e s  f o r  t h e  c o n t i n u i n g  s t u d y  o f  these p l a n e t a r y  iono-  
s p h e r e s .  The purpose  of  t h i s  n o t e  i s  to i n v e s t i g a t e  some of  
t h e  s p e c i f i c a t i o n s  f o r  Mars and Venus t o p s i d e  sounder s  and 
to compare t h e  r e l a t i v e  meri ts  of  o r b i t i n g  t o p s i d e  sounder s  
and o r b i t i n g  o c c u l t a t i o n  d e v i c e s .  

2.0 D E S I G N  PARAMETERS FOR A TOPSIDE SOUNDER 

Three  o f  t h e  more i m p o r t a n t  d e s i g n  pa rame te r s  for a 
t o p s i d e  sounder  are 1) t h e  f r equency  r a n g e  o f  t h e  t r a n s m i t t e r  
and r e c e i v e r ,  2 )  t h e  t i m e  r e s o l u t i o n  r e q u i r e d  i n  measurement 
o f  t h e  r e f l e c t e d  p u l s e s  and 3 )  t he  power r e q u i r e m e n t s  o f  t h e  
t r a n s m i t t e r  e 

2 . 1  Frequency Ranges and Antennas 

The f r equency  r ange  i s  d i c t a t e d  by t h e  r ange  of  e l e c t r o n  
d e n s i t i e s  t h a t  are to be d e t e c t e d .  The e q u a t i o n  r e l a t i n g  t h e  
e l e c t r o n  d e n s i t y  to t he  plasma f r equency  ( f  ) i s  P 

' Ne f p  = 9 x 103 - 

where Ne = number of  e l e c t r o n s / c m  3 . 
For  Venus a f requency  r ange  of  . 3  to 9 . 0  MHz, cor re spond ing  to 
e l e c t r o n  d e n s i t i e s  from l o 3  to 1 0  6 would p e r m i t  t h e  
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e x p l o r a t i o n  o f  most of  t h e  day and n i g h t  t o p s i d e  ionosphe re  
below 500 km. The above f requency  range  co r re sponds  to 
wavelengths  from 33 to 1 0 0 0  m. The long  wavelengths  
a s s o c i a t e d  w i t h  t h e  lower f r e q u e n c i e s  would p r e s e n t  problems 
i n  t h e  d e s i g n  o f  a n t e n n a s .  The A l o u e t t e  I t o p s i d e  sounder  
made use  o f  two an tennas  of  46 and 23  m l e n g t h  i n  o r d e r  to 
cover  t h e  f requency  r ange  from .5 to 1 2  MHz ( e l e c t r o n  d e n s i t i e s  
from 3x103 to 1 . 4 ~ 1 0 ~  ~ m - ~ ) .  A l o u e t t e  I1 u s e s  two an tennas  of  
2 2  and 7 2  me te r s  to cover  t h e  band from . 2  to 1 4  MHz ( e l e c t r o n  
d e n s i t i e s  from 4x102 to 2x106 ~ m - ~ ) .  

( 4 )  

A f r equency  r ange  o f  . 3  to 4 MHz would probably  
be  adequate  for t h e  days ide  ionosphe re  o f  Mars. However, 
t h e  low d e n s i t i e s  expec ted  on t h e  n i g h t  s ide  (below lo3 ~ m - ~ )  
may r e q u i r e  f r e q u e n c i e s  even lower t h a n  t h o s e  of  A l o u e t t e  11. 

2 . 2  Time and Range R e s o l u t i o n  

The p u l s e  l e n g t h  of  1 0 0  usec used  on A l o u e t t e  p r o v i d e s  
a minimum t i m e  r e s o l u t i o n  of  1 0 0  usec which co r re sponds  to 
v i r t u a l  r a n g e  r e s o l u t i o n  o f  30 km. For  a l a r g e  s i g n a l - t o -  
n o i s e  r a t i o ,  b e t t e r  r e s o l u t i o n  i s  a t t a i n a b l e  and it  i s  p r i m a r i l y  
l i m i t e d  by t h e  r i s e  t i m e  of t h e  l e a d i n g  edge of  t h e  r e c e i v e d  
p u l s e .  The r i s e  t ime  r e sponse  can b e  s h o r t e n e d  by i n c r e a s i n g  
t h e  bandwidth of  t h e  r e c e i v e r ;  however, opening t h e  bandwidth 
i n c r e a s e s  t h e  n o i s e  power ( s e e  nex t  s e c t i o n ) .  The r e c e i v e r  
bandwidth on A l o u e t t e  i s  30 KHz, co r re spond ing  to a r i s e  t ime  
o f  about  1 0  psec and a r ange  r e s o l u t i o n  o f  3 km.  The a c t u a l  
v i r t u a l  r a n g e  r e s o l u t i o n  on A l o u e t t e  i s  p robab ly  somewhere 
between 3 and 1 0  km. T h i s  r e s o l u t i o n  i s  adequa te  f o r  t h e  e a r t h  
( s c a l e  h e i g h t  %lo0 k m ) ,  b u t  t h e  s c a l e  h e i g h t s  j u s t  above t h e  
i o n o s p h e r i c  peaks of  Mars (25 km)  and Venus ( 1 3  k m )  a r e  of 
t h e  o r d e r  o f  t h e  above r e s o l u t i o n ,  so  t h a t  an improvement i n  
r e s o l u t i o n  i s  p robab ly  r e q u i r e d ,  

2 . 3  Power Requirements 

The t r a n s m i t t e d  power i s  de termined  by t he  need 
to have t h e  r e f l e c t e d  p u l s e  energy exceed t h e  cosmic r a d i o  
n o i s e  background. Along t h e  p r o p a g a t i o n  p a t h  t h e  energy 
d e c r e a s e s  due to g e o m e t r i c a l  s p r e a d i n g  and c o l l i s i o n a l  
a b s o r p t i o n .  Other  l o s s e s  such as t h o s e  due to an tenna  m i s -  
match and p o l a r i z a t i o n  w i l l  be  i n c l u d e d  b u t  w i l l  no t  be 
d i s c u s s e d  i n  d e t a i l .  ( 4 )  
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The e f f e c t i v e  Black Body t e m p e r a t u r e  o f  t h e  cosmic 
( 4 )  n o i s e  above 1 MHz i s  

The cosmic n o i s e  power (PcN)  i n  a small  band 
( A f M H z < < f M H z )  i s  t h e n  

(wat t s )  ( 2 )  A f ~ ~ z / f  M H ~  
-10 PCN = KTAf = 7 x 1 0  

where K i s  Boltzmann's  c o n s t a n t .  

A de s i r ab le  s i g n a l - t o - n o i s e  r a t i o  would b e  1 0  s o  t h a t  t h e  
power of t h e  r e c e i v e d  s i g n a l  (P,) shou ld  be  

Pr = 1 0  PCN = 7 X l o - g A f / f  ( 3 )  

The g e o m e t r i c a l  s p r e a d i n g  o f  t h e  s i g n a l  r e d u c e s  t h e  
power f l u x  ( p )  i n  acco rdance  w i t h  t h e  i n v e r s e  o f  t he  d i s t a n c e  
s q u a r e d .  

where 

r = d i s t a n c e  to t h e  ( p l a n e )  r e f l e c t i n g  
l a y e r  i n  meters ( r  i s  a f u n c t i o n  o f  
f r e q u e n c y )  

The e f f e c t i v e  area of a n  i s o t r o p i c  a n t e n n a  i s  p r o p o r t i o n a l  
to t h e  s q u a r e  o f  t he  wavelength  of  t h e  s i g n a l  s o  t h a t  t h e  
r e c e i v e d  s i g n a l  i s  

PTh2  - 1 . 4 2 ~ 1 0 ~  PT ( w a t t s )  

( B a r )  
- 

2 2 2  P =  r 
MHz 

( 5 )  
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The r a t i o  o f  t h e  r e c e i v e d  t o  t h e  t r a n s m i t t e d  power 
i s  shown as a f u n c t i o n  o f  f requency  and r a n g e  i n  F i g u r e  2 .  
The superimposed dashed cu rves  show t h e  r ange  v s .  f r equency  
r e s u l t s  for t h e  model dayt ime i o n o s p h e r e s  of Mars and Venus 
(Appendix C ) .  The maximum s p a t i a l  a t t e n u a t i o n  ( a t  t h e  h ighes t  
f r equency)  i s  -100 db f o r  Mars and -110 db f o r  Venus. The p a t h  
l e n g t h  f o r  b o t h  cases i s  about  400  km ( s a t e l l i t e  o r b i t  a t  
5 0 0  km). For t h e  n i g h t  models t h e  lower  f r e q u e n c i e s  ( l o w e r  
e l e c t r o n  d e n s i t i e s  r e s u l t  i n  lower  plasma f r e q u e n c i e s )  lead 
to smaller s p a t i a l  a t t e n u a t i o n .  

Combining Equa t ions  3 and 5 t h e  r e q u i r e d  t r a n s m i t t e d  
power i s  

2 = Const .  r ( f )  A f M H z  pT 

Equa t ion  6 shows t h a t  t h e  d e c r e a s e  i n  t h e  cosmic n o i s e  power 
w i t h  f requency  i s  b a l a n c e d  by t he  d e c r e a s e  i n  e f f e c t i v e  c r o s s  
s e c t i o n  of t h e  an tenna  s o  t h a t  t h e  r e q u i r e d  t r a n s m i t t e r  power 
depends on ly  on t h e  r ange  and t h e  bandwidth.  A s  t h e  r a n g e  
d i s t a n c e  to t h e  r e f l e c t i o n  p o i n t  i n  t he  i o n o s p h e r e  i n c r e a s e s  
w i t h  f r equency ,  t h e  grea tes t  power i s  r e q u i r e d  f o r  t h e  h i g h e s t  
f r equency .  

I n  t he  d e r i v a t i o n  of Equa t ion  6 w e  have c o n s i d e r e d  
on ly  s p a t i a l  a t t e n u a t i o n  and t h e  cosmic n o i s e .  Other  s o u r c e s  
o f  a t t e n u a t i o n  such  as c o l l i s i o n a l  a b s o r p t i o n ,  a n t e n n a  mismatch 
and p o l a r i z a t i o n  l o s s e s  have  been  n e g l e c t e d .  The l a t t e r  two 
l o s s e s  p l u s  some o t h e r s  have  been  estimated f o r  A l o u e t t e  I 
a t  -22  db and t h e y  can  b e  expec ted  to b e  of  a s imilar  magni- 
t u d e  f o r  any s imi la r  t o p s i d e  sounder .  

The f i n a l  loss to b e  c o n s i d e r e d  i s  t h a t  due to t h e  
e l e c t r o n  c o l l i s i o n a l  a b s o r p t i o n  of  t h e  sounding  waves. These 
l o s s e s  have been  c a l c u l a t e d  i n  Appendix C f o r  model i o n o s p h e r e s  
o f  Mars and Venus, and i n  g e n e r a l  t h e y  are  found t o  i n c r e a s e  
w i t h  i n c r e a s i n g  f requency .  For Venus t h e  d a y s i d e  E and Fl 
models have a maximum a b s o r p t i o n  of  -13 db a t  9 MHz. The lower 
e l e c t r o n  d e n s i t i e s  on t h e  Venus n i g h t  s ide  lead to maximum 
a t t e n u a t i o n  of on ly  -5 db .  The M a r t i a n  models have maxima 
of -8 db and -70 db a t  3 MHz f o r  t h e  F2 and  E models ,  r e spec -  
t i v e l y .  These are to b e  compared w i t h  a maximum of  -5 db 
a t  9 MHz f o r  a n  ear th  F2 t o p s i d e  i o n o s p h e r e .  
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The v a r i o u s  l o s s e s ,  cosmic n o i s e ,  and t h e  r e q u i r e d  
t r a n s m i t t e d  power are g i v e n  i n  Tables  1 and 2 .  The cosmic 
n o i s e  power was c a l c u l a t e d  from Equa t ion  2 u s i n g  a bandwidth 
o f  30 K H z .  The s i g n a l - t o - n o i s e  r a t i o  was t a k e n  t o  be 10. 
The s p a t i a l  a t t e n u a t i o n  was c a l c u l a t e d  from Equa t ion  5 and 
t h e  range  v a l u e s  were based on t h e  ionograms of  Appendix C 
( s a t e l l i t e  o r b i t  a t  500 km). The above numbers f o r  bandwidth,  
s i g n a l - t o - n o i s e  r a t i o  and s p a t i a l  a t t e n u a t i o n  are meant to 
be  r e p r e s e n t a t i v e .  V a r i a t i o n s  of t h e  above pa rame te r s  as 
they  a f f e c t  t h e  t r a n s m i t t e d  power can e a s i l y  b e  de te rmined  
from t h e  tab les  and t h e  p r e v i o u s  e q u a t i o n s .  

For example, as was mentioned e a r l i e r  an  i n c r e a s e  
i n  range  r e s o l u t i o n  would b e  d e s i r a b l e .  I n c r e a s i n g  t h e  r ange  
r e s o l u t i o n  by a f a c t o r  of  2 would r e q u i r e  doub l ing  t h e  bandwidth.  
T h i s  would l e a d  to an  i n c r e a s e  i n  t h e  cosmic n o i s e  and the  
t r a n s m i t t e d  power b y  a f a c t o r  of  2 .  

The s i g n a l - t o - n o i s e  r a t i o  was assumed t o  be 1 0 ;  
however, v i s u a l  i n t e g r a t i o n  i s  capab le  o f  p r o v i d i n g  a g a i n  
o f  about  6 d b ( 4 ) .  
t o - n o i s e  r a t i o  by a f a c t o r  of 4 .  I n  t h i s  c a s e  t h e  r e q u i r e d  
power i s  1 / 4  t h a t  g i v e n  i n  t h e  t a b l e s .  The spa t i a l  a t t e n u a t i o n  
i s  c a l c u l a t e d  f o r  a n  o r b i t  o f  500 km (maximum range  400 km), 
and i n c r e a s i n g  t h e  o r b i t  to lo3 k m  would lead t o  a maximum 
range  of about  900 lan. S i n c e  t h e  s p a t i a l  a t t e n u a t i o n  i s  pro-  
p o r t i o n a l  to rm2 t h e  power r equ i r emen t s  would b e  i n c r e a s e d  
b y  a f a c t o r  o f  5 ( 7  a b ) .  The c o l l i s i o n a l  a t t e n u a t i o n  w i l l  
n o t  be g r e a t l y  a l t e r e d  for t h e  h i g h e r  s a t e l l i t e  o r b i t  as most 
of  t h e  a t t e n u a t i o n  t a k e s  p l a c e  i n  t h e  low a l t i t u d e  r e g i o n  n e a r  
t h e  i o n o s p h e r i c  peak.  

on the  n i g h t  and day s i d e s  i s  130  and 820  watts, r e s p e c t i v e l y  
(Table  1). The s m a l l e r  power f i g u r e  f o r  t he  n i g h t  s i d e  i s  a con- 
sequence of t he  lower c o l l i s i o n a l  a t t e n u a t i o n  o n l y ,  s i n c e  t h e  smaller 
s p a t i a l  a t t e n u a t i o n  i s  coun te red  by an  i n c r e a s e d  cosmic n o i s e .  

T h e  r e q u i r e d  d a y t i m e  power i s  8 t i m e s  l a r g e r  t h a n  
t h a t  used  on A l o u e t t e  I ( 1 0 0  w )  and a lmost  3 t i m e s  that  used  
on A l o u e t t e  I1 ( 3 0 0  w ) .  However, i n  t h e  d e s i g n  of A l o u e t t e  I 
a l lowance  was made f o r  t he  g a i n  p rov ided  by v i s u a l  i n t e g r a t i o n .  
I f  a s i g n a l - t o - n o i s e  r a t i o  of  2 .5  i s  adequa te  ( v i s u a l  i n t e g r a t i o n )  
t h e  maximum dayt ime power i s  reduced  t o  200 w.  I n c r e a s i n g  t h e  
r ange  r e s o l u t i o n  o r  i n c r e a s i n g  the  s a t e l l i t e  o r b i t  ( i n c r e a s i n g  
t h e  r a n g e )  would of  cour se  r e q u i r e  a n  a p p r o p r i a t e  i n c r e a s e  i n  
t r a n s m i t t e d  power. 

T h i s  i s  e q u i v a l e n t  to r e d u c i n g  t h e  s i g n a l -  

For a Venus t o p s i d e  sounder  t h e  r e q u i r e d  t r a n s m i t t e d  power 
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Tab le  2 l i s t s  t h e  l o s s e s ,  cosmic n o i s e  and power 
r e q u i r e m e n t s  f o r  t h e  two dayt ime Mar t i an  models .  The t r ans -  
m i t t e d  power f o r  t h e  F2 model i s  2 3 4  watts and f o r  t h e  E model 
i t  i s  l o 8  wat ts .  The p r o h i b i t i v e l y  l a r g e  power r e q u i r e d  by 
t h e  E m o d e l r e s u l t s  f r o m t h e  ve ry  large ( - 7 0  db)  c o l l i s i o n a l  
a b s o r p t i o n  l o s s e s .  The E model i s  i n c l u d e d  as a n  example of  
how l a r g e  t h e  power r e q u i r e m e n t s  c o u l d  be  i n  a n  ex t reme c a s e .  
Recen t ly  some workers  have  e x p r e s s e d  t h e  o p i n i o n  t h a t  t h e  
main l a y e r  i s  most l i k e l y  of t h e  F1 t y p e .  
n e a r  t h e  peak i n  a n  F1 l a y e r  cou ld  b e  as much as 2 o r d e r s  o f  
magni tude l a r g e r  t h a n  i n  t h e  F2 model of  Appendix B ,  b u t  s t i l l  
l e s s  t h a n  t h e  n e u t r a l  d e n s i t y  of  t h e  E model.  Even w i t h  t h e  
l a r g e r  n e u t r a l  d e n s i t y  of t h e  F1 model t h e  c o l l i s i o n  f requency  
above t h e  peak would b e  dominated by t h e  e l e c t r o n - i o n  t e r m ,  
s o  t h a t  t h e  c a l c u l a t e d  a b s o r p t i o n  would n o t  b e  g r e a t l y  
d i f f e r e n t  from t h a t  of t h e  F2 model. 
F1 model f o r  t h e  main l a y e r  would r e s u l t  i n  a c c e p t a b l e  c o l l i -  
s i o n a l  l o s s e s ,  b u t  a n  E model would c e r t a i n l y  l e a d  to e x c e s s i v e  
power r e q u i r e m e n t s .  

The n e u t r a l  d e n s i t y  

Thus e i t h e r  a n  F2 or 

I f  a s i g n a l - t o - n o i s e  r a t i o  of 2 .5  i s  a c c e p t a b l e  
( v i s u a l  i n t e g r a t i o n ) ,  t h e  power r equ i r emen t  f o r  t h e  F2 model 
i s  reduced  to 6 0  wat ts .  I n c r e a s i n g  t h e  bandwidth by a 
f a c t o r  of 2 ,  f o r  t h e  pu rpose  of  improving t h e  r ange  r e s o l u -  
t i o n ,  or i n c r e a s i n g  t h e  s a t e l l i t e  o r b i t  to l o 3  km ( r a n g e  900 km) 
would s t i l l  l e a v e  t h e  power r e q u i r e m e n t s  w i t h i n  a c c e p t a b l e  l i m i t s .  

I n  summary, a t o p s i d e  sounder  f o r  Mars or Venus, 
when compared to A l o u e t t e ,  would r e q u i r e  a somewhat lower  
f requency  r ange ,  b e t t e r  t i m e  r e s o l u t i o n  and most l i k e l y  
h i g h e r  t r a n s m i t t e r  power. Except  f o r  t h e  ve ry  l a r g e  power 
r e q u i r e d  by t h e  Mar t i an  E model and t h e  a n t e n n a  s i z e  problems,  
which a r i se  from t h e  d e s i r e  to measure d e n s i t i e s  below l o 2  cmm3; 
most of t h e  above r e q u i r e m e n t s  shou ld  b e  a t t a i n a b l e  wi th  p r e s e n t  
t echno logy .  

3.0 DISCUSSION OF THE OCCULTATION AND TOPSIDE SOUNDER 
EXPERIMENTS AND CONCLUSIONS 

One of  t h e  more impor t an t  d i f f e r e n c e s  between 
o c c u l t a t i o n  expe r imen t s  and t o p s i d e  sounder s  i s  t h e  f r equency  
used  i n  each d e v i c e .  The o c c u l t a t i o n  r a d i o  waves must p a s s  
th rough  t h e  i o n o s p h e r e  and hence  t h e i r  f r equency  must b e  
greater  t h a n  t h e  plasma f r equency ,  On t h e  o t h e r  hand, t h e  
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t o p s i d e  sounder  waves are r e f l e c t e d  w i t h i n  t h e  i o n o s p h e r e  
and s o  t h e i r  f r equency  must b e  less  t h a n  the  maximum plasma 
f r equency .  From t h e  s t a n d p o i n t  of a n t e n n a s  t h e  o c c u l t a t i o n  
d e v i c e  i s  more a t t r a c t i v e  s i n c e  t h e  h i g h e r  f r e q u e n c i e s  i n -  
vo lved  can employ smaller a n t e n n a s .  Another advan tage  o f  
t he  o c c u l t a t i o n  exper iment  i s  t h a t  bo t toms ide  measurements 
a r e  p o s s i b l e  s i n c e  t h e  f r e q u e n c i e s  are g r e a t e r  t h a n  t h e  maxi- 
mum plasma f r equency .  

I n  t h e  d u a l  f r equency  o c c u l t a t i o n  exper iment  of  
Mar iner  5 ,  f r e q u e n c i e s  o f  40 and 400 MHz were used  to measure 

o f  f r e q u e n c i e s  t u r n e d  o u t  to b e  too s e n s i t i v e  to measure t h e  
h i g h e r  d e n s i t i e s  and small  s c a l e  h e i g h t s  i n  t h e  lower d a y t i m e  
ionosphe re  of  Venus. I n  t h i s  c a s e  t h e  less  s e n s i t i v e  S-band 
(2300 MHz) data  w a s  used to de te rmine  t h e  e l e c t r o n  d e n s i t i e s  
i n  t h i s  r e g i o n .  Another p a i r  of f r e q u e n c i e s  between 400 and 
2300 MHz would have  been  ab le  to probe  the  lower  i o n o s p h e r e  
more e f f e c t i v e l y .  Thus a n  o r b i t i n g  o c c u l t a t i o n  d e v i c e  might  
u se  4 to 6 f r e q u e n c i e s  between 1 0  and 1 0  MHz to i n v e s t i g a t e  

e l e c t r o n  d e n s i t i e s  of t h e  o r d e r  o f  1 0  to 1 0  4 em -3 . T h i s  p a i r  

4 
t h e  e l e c t r o n  d e n s i t y  r a n g e  from 1 0  to 1 0  6 ern -3 . 

We might  c o n t r a s t  these  f r equency  r e q u i r e m e n t s  w i t h  
t h o s e  o f  t h e  A l o u e t t e  t o p s i d e  sounder .  A l o u e t t e  I makes 
approx ima te ly  lo3 measurements a t  13 KHz i n t e r v a l s  i n  t h e  
f r equency  range  between .5 and 1 2  MHz. At t hese  f r e q u e n c i e s  
t h e  s e p a r a t i o n  o f  1 3  KHz y i e l d s  a n  e l e c t r o n  d e n s i t y  r e s o l u t i o n  
o f  b e t t e r  t h a n  a f e w  p e r c e n t .  C e r t a i n l y  a t o p s i d e  sounder  can  
be  c o n s t r u c t e d  w i t h  fewer f r e q u e n c i e s  a t  a s a c r i f i c e  of  r e s o l u -  
t i o n  i n  e l e c t r o n  d e n s i t y .  For example, 6 f r e q u e n c i e s  a t  .55,  
1 . 0 ,  1 . 7 ,  3.3, 5.5 and 10 MHz w i l l  p e r m i t  measurements a t  

With r e s p e c t  to low d e n s i t y  measurements,  a more r e c e n t  
s a t e l l i t e  ( A l o u e t t e  11) has ex tended  t h e  low f r equency  r ange  
to .2 MKz co r re spond ing  to an  e l e c t r o n  d e n s i t y  o f  4x10 e m  . 

3x1o3, l x 1 0 4 ,  3x10 4 , lx105,  3x1o5 and 1 0  6 e l e c t r o n s / c m  3 . 

2 -3 

Cons ide r ing  t h e  geometry o f  t h e  measurement ( F i g u r e  1) 
one sees t h a t  t h e  v e r t i c a l  p rob ing  o f  t h e  t o p s i d e  sounder  has 
t h e  c a p a b i l i t y  of measuring i n  d e t a i l  t h e  h o r i z o n t a l  v a r i a t i o n s .  
A t o p s i d e  sounder  w i t h  data s t o r a g e  can  measure t h e  l o c a l  
t i m e  (dependence on s o l a r  z e n i t h  a n g l e )  v a r i a t i o n s ,  i n c l u d i n g  
measurements made on t h e  s i d e  away from ea r th .  I n  c o n t r a s t ,  
t h e  o c c u l t a t i o n  measurement r e s u l t s  i n  a n  a v e r a g i n g  o f  t h e  
l a t e r a l  v a r i a t i o n s  and i n  a d d i t i o n  the  measurement i s  made 
on ly  above t h e  l i m b s  o f  t h e  p l a n e t .  One must w a i t  f o r  a 
r e l a t i v e l y  l o n g  t i m e  b e f o r e  t h e  e a r t h - p l a n e t  geometry changes 
s u f f i c i e n t l y  to p r o v i d e  t h e  l o c a l  t i m e  cove rage .  
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The many advan tages  of t h e  o c c u l t a t i o n  measurement 
s u g g e s t  t h a t  i t  would be preferab le  to a t o p s i d e  sounder  f o r  
t h e  nex t  s t a g e  i n  t h e  s t u d y  o f  p l a n e t a r y  i o n o s p h e r e s .  
These advan tages  are the  small number o f  f r e q u e n c i e s  
(4 to 6 ) ,  h i g h e r  f r e q u e n c i e s  and hence  smaller a n t e n n a s ,  
t h e  c a p a b i l i t y  of measur ing  very  low e l e c t r o n  d e n s i t i e s  
( 5  emm3), and bo t toms ide  as w e l l  as t o p s i d e  measurements.  
Two d i s a d v a n t a g e s  are  t h e  l a t e r a l  a v e r a g i n g  a l o n g  t h e  r a y  
p a t h  (see F i g u r e  1) and t h e  l i m i t e d  cove rage ,  t h a t  i s ,  it 
can  probe  on ly  t h a t  p o r t i o n  of t h e  i o n o s p h e r e  n e a r  t h e  l i m b s .  

One of t he  m o s t  i n t e r e s t i n g  r e g i o n s  i n  t he  i o n o s p h e r e s  
of' Mars and Venus i s  t h a t  p o r t i o n  which i n t e r a c t s  w i t h  t h e  
s o l a r  wind. On t h e  day s i d e  of Venus t h i s  occur s  a t  a n  a l t i -  
t u d e  o f  abou t  500 km where the  d e n s i t y  i n c r e a s e s  f rom i n t e r -  
p l a n e t a r y  v a l u e s  (1~5 t o  1 0  Only t h e  o c c u l t a t i o n  
measurement has t h e  r e q u i r e d  s e n s i t i v i t y  to a l l o w  t h e  d e t a i l e d  
s t u d y  of a l l  of t h i s  r e g i o n .  Perhaps  t h i s  a l o n e  i s  s u f f i c i e n t  
r e a s o n  for recommending t h e  o c c u l t a t i o n  expe r imen t .  

4 

1014-WRS- j a n  

Attachments  
F i g u r e s  1, 2 ,  
B .  1 -B .  6, 
c .l-c. 4 
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TABLE 1 

POWER REQUIREMENTS FOR VENUS TOPSIDE SOUNDER, 

ORBIT AT 500 KM. 

E o r  F1 MODEL 

Night - . 9  MHzS 

L o s s e s  

S p a t i a l  ( 4 0 0  k m )  - 90 d b  

C o l l i s i o n a l  - 5  

Others - 22 

T o t a l  - 117  d b  
- 

watts  

watts 

-11 

- 10 
2 . 6 ~ 1 0  

pr = io pCN = 2 . 6 ~ 1 0  

- **  
'CN - 

130 wat t s  -10 - 2 . 6 ~ 1 0  - 
lo-ll. 7 

Day - 9 MHz% 

L o s s e s  

- 1 1 0  db 

- 13 

- 22 

- 145 d b  
- 

2 . 6 ~ 1 0  - I 3  watts 

2 . 6 ~ 1 0  -12 watts 

820 w a t t s  -12 - 2 . 6 ~ 1 0  - 
10-14 5 

*Maximum c o l l i s i o n a l  and s p a t i a l  losses a t  t hese  f r e q u e n c i e s  

%*Noise i n  30 KHz bandwidth 
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TABLE 2 

POWER REQUIRENENTS FOR MARS TOPSIDE SOUNDER, 

ORBIT AT 500 KM 

DAYTIME IONOSPHERE* 

F2 Model - 3 MHz** 

Losses  

S p a t i a l  (400 km) - 100 db 

C o l l i s i o n a l  - a  
O the r s  - 22 

T o t a l  - 130 db 
- 

2.34~10 -I2 watts  

watts -11 - 1 0  PCN = 2.34~10 - 

- 234 watts 2.34~10 - 
10-3 

E Model - 9 MHZg* 

Losses  

- 100 db 

- 7 0  

- 22 

- 192 db 
- 

2.34~10 -I2 watts 

2.34~10 -I1 watts 

I W  

*Night t ime l o s s e s  w i l l  be  l ess  t h a n  t h e s e  

"*Maximum s p a t i a l  and c o l l i s i o n a l  l o s s e s  a t  t h e s e  f r e q u e n c i e s  

%**Noise i n  30 KHz bandwidth 
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Wave P ropaga t ion  i n  a P l a s m a  

The index  of r e f r a c t i o n  ( n )  i n  a plasma i n  t h e  
absence of a magnet ic  f i e l d  i s  g i v e n  by  

where 

1-1 = r e a l  p a r t  o f  index  of r e f r a c t i o n  

x = imaginary p a r t  o f  index  o f  r e f r a c t i o n  

x = w 2 / w 2  
P 

z = v / w  

p 

e 
4 1 / 2  

Ne IJ = plasma f requency  = 5.64 10 

v = t o t a l  c o l l i s i o n  f requency  = vei+ven e 

V = e l e c t r o n - i o n  c o l l i s i o n  f requency  e i  
= [34 .+4 .2xlog  ( T e  3 / N e ) ]  Ne/Te 312 

v = e l e c t r o n - n e u t r a l  c o l l i s i o n  f requency  en  
1 0  1/2 = 5 . 4 ~ 1 0  

= e l e c t r o n  number d e n s i t y  (emm3) 
NnTe 

Ne 
Nn = n e u t r a l  number d e n s i t y  

Te = e l e c t r o n  t empera tu re  ( O K )  

A . 2  

When t h e  c o l l i s i o n  f requency  i s  l o w  ( Z < < l )  and t h e  f requency  
i s  no t  c l o s e  to t h e  plasma f requency  ( X f l ) ,  t h e  components of 
index  of r e f r a c t i o n  a r e  approximate ly  
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I n  t h e  low c o l l i s i o n  f r equency  l i m i t  ( Z Q O )  
a wave p r o p a g a t i n g  i n t o  a plasma o f  i n c r e a s i n g  e l e c t r o n  
d e n s i t y  ( X  i n c r e a s i n g )  w i l l  b e  r e f l ec t ed  when X = l .  At t h i s  
p o i n t  t h e  wave f r equency  e q u a l s  t h e  plasma f r equency  and 
n=O. The de t a i l s  o f  t h i s  r e f l e c t i o n  p r o c e s s  and t h o s e  for 
t h e  more compl i ca t ed  c a s e  when Z#O are t reated i n  many t e x t s  . ( 6 )  

A wave p r o p a g a t i n g  th rough  a plasma o f  s lowly  
v a r y i n g  index  w i l l  have  i t s  ampl i tude  reduced  by a f a c t o r  

-k 0 J, xds 
R = e  A . 6  

x = imaginary  pa r t  of  i n d e x  of r e f r a c t i o n  

ko = f r ee  s p a c e  wave number 

The group t r a v e l  t i m e  (g roup  d e l a y )  i s  g i v e n  b y  
t h e  i n t e g r a l  

A . 7  

where 

c = v e l o c i t y  of  l i g h t  

p = group r e f r a c t i v e  index  = l/p = l /phase r e f r a c t i v e  
index  

I n  t h e  c m e  of a v e r t i c a l  sounding  exper iment  t h e  p a t h  
S is  t a k e n  from t h e  t r a n s m i t t e r  to t h e  r e f l e c t i o n  p o i n t .  I n  
t h i s  work i t  w i l l  be  assumed t h a t  t h e  r e f l e c t i o n  takes  p l a c e  
a t  t h a t  p o i n t  where t h e  wave f requency  i s  e q u a l  to t h e  plasma 
f requency  ( X = l ) .  Although t h e  i n t e g r a n d  i n  A . 7  ( 1 / p )  blows 
up a t  t h e  p o i n t  of r e f l e c t i o n  ( p = O )  t h e  i n t e g r a l  remains  f i n i t e .  

The i n t e g r a l s  i n  A.6 and A . 7  were e v a l u a t e d  by  d i v i d i n g  
t h e  ionosphe re  i n t o  l a y e r s  o f  c o n s t a n t  p r o p e r t i e s  and summing 
t h e  e f f e c t s  of t h e  i n d i v i d u a l  l aye r s .  Near t h e  p o i n t  of  r e f l e c -  
t i o n  t h e  ionosphe re  was subd iv ided  i n t o  l a y e r s  of  1 k m  t h i c k n e s s .  
The summation was t e r m i n a t e d  a t  t h e  t o p  o f  t h e  l a y e r  i n  which 
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p = O  s o  t h a t  p had a small bu t  f i n i t e  v a l u e  f o r  t h e  l as t  
term. 
avoided .  The e r r o r  i n  v i r t u a l  h e i g h t  (h '=c.r  ) i n t r o d u c e d  
by t h i s  t e c h n i q u e  shou ld  be no larger  t h a n  a f e w  km. T h i s  
accu racy  shou ld  be s u f f i c i e n t  f o r  a q u a l i t a t i v e  p i c t u r e .  

I n  t h i s  way t h e  i n f i n i t y  of  t h e  i n t e g r a n d  i n  A . 7  W a s  

g 
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A P P E N D I X  B 

Upper Atmosphere Models f o r  Venus and Mars 

Venus 

The e l e c t r o n  d e n s i t y  p r o f i l e s  f o r  t h e  day and 
n i g h t  s ides  o f  Venus shown i n  F i g u r e  B.l are r e p r e s e n t a t i v e  
Of  t h e  r e s u l t s  of  t h e  Mariner  5 o c c u l t a t i o n  exper iment  
The a l t i t u d e  s c a l e  on t h i s  f i g u r e  i s  based on a n  assumed 
r a d i u s  o f  6080 krn. T h e r e ’ i s  some u n c e r t a i n t y  as to t h e  
r a d i u s  o f  t h e  p l a n e t  ( t h e  radar r a d i u s  i s  6050) b u t  t h i s  
w i l l  n o t  a f f e c t  t h e  f o l l o w i n g  c a l c u l a t i o n s .  The r a p i d  
i n c r e a s e  i n  d e n s i t y  seen  on t h e  day s ide  n e a r  500 km and 
t h e  n e a r  c o n s t a n t  d e n s i t y  r e g i o n  (10  crn 3, between 400 
and 200 k m  are thought  t o  r e s u l t  from the  compression 
and h e a t i n g  o f  t h e  upper  ionosphe re  by t h e  p r e s s u r e  o f 6  
t h e  s o l a r  wind. T h e  peak dayt ime e l e c t r o n  d e n s i t y  (1.0 cm 
at 1 1 0  k m )  i s  s imi la r  to t h a t  on ear th ,  however t h e  s c a l e  
h e i g h t s  ( 1 3  k m  f o r  Venus j u s t  above t h e  peak;  $100 km f o r  
f o r  e a r t h )  and t h e  a l t i t u d e s  to t h e  peak ( 1 1 0  km f o r  Venus, 
303 km f o r  e a r t h )  a r e  q u i t e  d i f f e r e n t  (see a l s o  F i g u r e  B.2). 
The small  s c a l e  h e i g h t  f o r  Venus i s  probably  i n d i c a t i v e  o f  
of  a c o o l  i onosphe re  ( % 3 0 O 0 K )  compared to t h a t  on ear th  

(1,2) 

4 -  

-3 

( % ~ o ~ o K )  . 
The maximum n i g h t  d e n s i t y  i s  l o 4  and t h e  

a l t i t u d e  of t h e  peak and t h e  s c a l e  h e i g h t  above t h e  peak 
a r e  s imi la r  t o  t h o s e  found on t h e  day s ide .  On t h e  n i g h t  
s i d e  a n e a r  c o n s t a n t  d e n s i t y  r e g i o n  ( l o 3  emm3) ex tends  from 
200  to n e a r l y  4000 km. A t  t h i s  p o i n t  t h e  d e n s i t y  f a l l s  o f f  
r a p i d l y  to i n t e r p l a n e t a r y  v a l u e s  ( ~ 5  emm3). 

S i n c e  t h e  r a t i o  of t h e  c o l l i s i o n  f requency  to t h e  
wave f requency  i s  small ove r  most o f  t h e  t o p s i d e  ionosphe re ,  
t h e  r e a l  p a r t  of  t h e  i n d e x  of  r e f r a c t i o n  depends on ly  on 
t h e  e l e c t r o n  d e n s i t y  and t h e  above data i s  adequa te  f o r  
t h e  d e t e r m i n a t i o n  o f  t h e  group d e l a y  (Equa t ion  A . 4  and A . 7 ) .  
I n  o r d e r  to c a l c u l a t e  t h e  c o l l i s i o n  f requency  and t h e  
c o l l i s i o n a l  a b s o r p t i o n  one must know a l s o  t h e  e l e c t r o n  
t e m p e r a t u r e  and t h e  n e u t r a l  d e n s i t y  ( A . 2 ,  A . 3 ) .  The n e u t r a l  
d e n s i t y ,  composi t ion ,  and t empera tu re  a r e  f a i r l y  w e l l  known 
below 50 km(2) ,  which i s  w e l l  below t h e  i o n o s p h e r i c  peak.  
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The n e u t r a l  d e n s i t y  and t empera tu re  a t  i o n o s p h e r i c  h e i g h t s  
can  be i n f e r r e d ,  however, if one makes c e r t a i n  assumpt ions  
as to t h e  n a t u r e  of t h e  i o n o s p h e r i c  l a y e r .  I n  t h i s  work 
t h e  i o n s ,  e l e c t r o n s  and n e u t r a l s  w i l l  b e  assumed to be  a t  
t h e  same t e m p e r a t u r e ,  a c o n d i t i o n  which i s  not  t r u e  i n  t h e  
ea r th ' s  ionosphe re .  

There are two g e n e r a l  t y p e s  of  i o n o s p h e r i c  l a y e r s ,  
t h e  Chapman, or p h o t o e q u i l i b r i u m  l a y e r  and t h e  Bradbury,  
or d i f f u s i v e  e q u i l i b r i u m  l a y e r .  I n  t h e  Chapman-type l a y e r  
t h e  maximum e l e c t r o n  d e n s i t y  and t h e  maximum p r o d u c t i o n  r a t e  
of' i o n s  occur  a t  an a l t i t u d e  where t h e  o p t i c a l  p a t h  f o r  
t h e  i o n i z i n g  r a d i a t i o n  i s  e q u a l  to u n i t y ,  t h a t  i s ,  where 
t h e  i n t e n s i t y  o f t h e  s o l a r  i o n i z i n g  r a d i a t i o n  i s  reduced  by 
e 

and t h e y  occur  a t  n e u t r a l  d e n s i t i e s  of  t h e  o r d e r  of 
and r e s p e c t i v e l y .  

-1 For  e a r t h  t h e  E and F1 l a y e r s  a r e  o f  t h e  Chapman t y p e  

I n  a Bradbury (F2 l a y e r  on e a r t h )  a d e c r e a s e  i n  
t h e  recombina t ion  c o e f f i c i e n t  f o r  i o n s  and e l e c t r o n s  coupled 
w i t h  plasma d i f f u s i o n  l o s s e s  g i v e s  r i s e  to a peak i n  t h e  
e l e c t r o n  d e n s i t y  p r o f i l e  which i s  above t h e  a l t i t u d e  of  
t h e  peak p r o d u c t i o n  r a t e  of  e l e c t r o n s .  The n e u t r a l  d e n s i t y  
a t  t h e  F2 peak on e a r t h  i s  of t h e  o r d e r  of  lo9 ~ m - ~ .  

two daytime models f o r  Venus are  g i v e n  i n  F i g u r e  B . 3 ( 2 ) .  
two models r e p r e s e n t  an  E- type  l a y e r  w i t h  a n e u t r a l  d e n s i t y  of  

The n e u t r a l  d e n s i t y  and t empera tu re  p r o f i l e s  f o r  
These 

1OI2 
a n e u t r a l  d n e s i t y  o f  lox1 a t  1 1 0  km. The h i g h e r  t empera tu res  
i n  t h e  E model a r e  r e q u i r e d  i n  o r d e r  to produce the  h i g h e r  n e u t r a l  
d e n s i t i e s  a t  t h e  i o n o s p h e r i c  peak.  

a t  t h e  i o n o s p h e r i c  peak ( 1 1 0  km) and a n  F l a y e r  w i t h  1 

The l a c k  o f  a tomic  oxygen as de termined  by t h e  
u l t r a v i o l e t  experiment  o f  Mariner  5 seems to r u l e  out a 
Bradbury (F2) t y p e  l a y e r  w i t h  t h e  d i f f u s i v e  e q u i l i b r i u m  of  
0' above t h e  p e a k ( 2 ) .  
t hough t  to be  C 0 + 2 .  T h i s  i d e n t i f i c a t i o n  o f  t h e  p o s i t i v e  
i o n  coupled w i t h  -the measured s c a l e  h e i g h t  (H=K(Te+T.)/M.g) 
leads to a t empera tu re  o f  about  300 O K  j u s t  above t h e  e l e c t r o n  
peak.  
q u i t e  s imilar  and a r e  shown i n  t h e  l e f t  hand p o r t i o n  of  
F i g u r e  B . l .  

The p o s i t i v e  i o n  n e a r  t h e  peak i s  

1 1  

The c o l l i s i o n  f r e q u e n c i e s  f o r  t h e  E and F1 models are 

I n  t h e  F1 model t h e  c o l l i s i o n  f requency  i s  dominated 
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b y  t h e  e l e c t r o n - i o n  c o l l i s i o n  t e r m  above 120 km and by 
t h e  e l e c t r o n - n e u t r a l  term below t h i s  a l t i t u d e .  For  t h e  
E model t h e  e l e c t r o n - i o n  t e r m  dominates  above 1 6 0  km and 
t h e  r a p i d  i n c r e a s e  i n  c o l l i s i o n  frequency below t h i s  a l t i -  
t u d e  i s  due to t he  c o n t r i b u t i o n  from e l e c t r o n - n e u t r a l  c o l l i s i o n s .  
The somewhat lower c o l l i s i o n  f r e q u e n c i e s  above 150 km f o r  t h e  
E l a y e r  r e s u l t  from t h e  h i g h e r  t e m p e r a t u r e s  i n  t h i s  model. 

On t h e  n i g h t  s ide  above 190 km t h e  c o l l i s i o n  
f requency  i s  de termined  s o l e l y  by e l e c t r o n - i o n  c o l l i s i o n s  
and t h e  v a l u e s  a r e  lower t h a n  t h e  two day s i d e  models be- 
cause  t h e  ( i o n )  d e n s i t i e s  are lower .  Below 1 6 0  km t h e  
e l e c t r o n - n e u t r a l  c o l l i s i o n s  dominate .  The n e u t r a l  d e n s i t i e s  
i n  t h e  n i g h t  model were t a k e n  to b e  h a l f w a y  between t h o s e  
o f  t h e  E and F1 models.  The c o l l i s i n n  f requency  f o r  t h e  
ear th  model i s  g i v e n  i n  F i g u r e  B . 2  f o r  comparison. Here 
t h e  c o l l i s i o n  f requency  i s  de termined  by  e l e c t r o n - i o n  
c o l l i s i o n s  ove r  a l l  t h e  r anges  shown. 

Mars 

The day s i d e  e l e c t r o n  d e n s i t y  p r o f i l e  f o r  Mars 
i s  g i v e n  i n  F i g u r e  B . 4 .  That  p o r t i o n  of  t h e  cu rve  below 
250 km was measured by t h e  S-band ( 2 3 0 0  MJ3z) o c c u l t a t i o n  
experiment  of  Mar iner  4 ( 3 ) .  
an  e x t r a p o l a t i o n  w i t h  t h e  observed  s c a l e  h e i g h t  of  25 km. 
The dashed cu rve  r e p r e s e n t s  i n  a n  approximate  f a s h i o n  
a model i n  which the upper  ionosphe re  i s  compressed, as i s  
t h e  case  f o r  Venus. The S-band f requency  experiment  showed 
no e f f e c t s  a t t r i b u t a b l e  to a n i g h t  s i d e  ionosphe re  and t h e  

d e n s i t i e s  must b e  l e s s  t h a n  l o 3  cmm3. 

The s o l i d  curve  above 250 k m  I s  

Two models for t h e  n e u t r a l  d e n s i t y  and t empera tu re  
i n  t h e  upper  a tmosphere are p r e s e n t e d  i n  F i g u r e  B.5 .  The 
model due to F j e l d b o  e t  a l .  ( 7 )  i s  based on t h e  p h o t o d i s s o c i a -  
t i o n  of  C 0 2  i n t o  CO and 0 and t h e  d i f f u s i v e  e q u i l i b r i u m  o f  
these g a s e s  such  t ha t  0 i s  t h e  predominant n e u t r a l  c o n s t i t u e n t  
above 90 km. T h i s  model r e p r e s e n t s  a Bradbury or F2 iono-  
s p h e r i c  l a y e r  and has a n e u t r a l  d e n s i t y  o f  l o 9  cm-3 a t  t h e  
a l t i t u d e  of  t h e  e l e c t r o n  d e n s i t y  peak (125  k m ) .  The p o s i t i v e  
i o n  i n  t h e  main i o n o s p h e r i c  l a y e r  i s  though t  to b e  0 . + 
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The second model is  a f t e r  Chamberlain and 
McElroy ( 8 )  and i t  r e p r e s e n t s  a n  E-type l a y e r  i n  tha t  t h e  
n e u t r a l  d e n s i t y  a t  t h e  i o n o s p h e r i c  peak i s  of t h e  o r d e r  of 
l o x 3  
p h o t o d i s s o c i a t i o n  p r o d u c t s  of C 0 2  a r e  mixed un i fo rmly  
throughout  t h e  upper  a tmosphere.  

It d i f f e r s  from t h e  above model i n  t h a t  t h e  

The c o l l i s i o n  f requency  p r o f i l e s  a r e  g i v e n  i n  
F i g u r e  B.6 for these two models. The F2 model has t h e  
e l e c t r o n - i o n  c o l l i s i o n  t e rm dominant above 90 hm and t h e  
e l e c t r o n - n e u t r a l  t e r m  dominant below. I n  t h e  E l a y e r  model 
t h e  two terms are  comparable above 150 km and t h e  e l e c t r o n -  
n e u t r a l  t e rm i s  dominant below t h i s  a l t i t u d e .  
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C a l c u l a t i o n  o f  C o l l i s i o n a l  Absorp t ion  and 

Group Delay i n  t h e  Topside Ionosphe res  

of Venus and Mars 

The i n t e g r a l s  i n  Equa t ions  A . 6  and A . 7  f o r  t h e  
c o l l i s i o n a l  a b s o r p t i o n  and t h e  group t i m e  d e l a y  were 
numer i ca l ly  e v a l u a t e d  by c o n s t r u c t i n g  l a y e r e d  models of 
c o n s t a n t  p r o p e r t i e s  and summing t h e  e f f e c t s  of  each l a y e r .  
The l a y e r  t h i c k n e s s  was 50 km between 500 and 200 km 
and 1 0  km below t h i s  a l t i t u d e .  Near t h e  p o i n t  of  r e f l e c -  
t i o n  a n  i n t e r p o l a t i o n  r o u t i n e  f u r t h e r  d i v i d e d  t h e  r e g i o n  
I n t o  layers  o f  1 k m  t h i c k n e s s .  

The c o l l i s i o n a l  a b s o r p t i o n  i s  e x p r e s s e d  i n  db 

where 

db = 20 l o g  (R) 

-ko .I Xds R = e  c.1 

T h e  p a t h  S i s  t a k e n  from t h e  a l t i t u d e  of  t h e  
s a t e l l i t e  ( 5 0 0  km f o r  Venus and Mars, 1 0 0 0  k m  f o r  ear th)  
t o  t h e  p o i n t  o f  r e f l e c t i o n  i n  t h e  ionosphe re .  

The group d e l a y  i s  e x p r e s s e d  i n  terms of  t h e  
v i r t u a l  r ange  ( h ' )  which i s  t h e  d i s t a n c e  a wave p r o p a g a t i n g  
a t  t h e  speed  of l i g h t  would t r a v e l  i n  an  e q u i v a l e n t  t ime.  

The v i r t u a l  range  cu rve  as a f u n c t i o n  of f requency i s  c a l l e d  
a n  ionogram. S i n c e  t h e  waves a r e  r e f l e c t e d  from an  a l t i t u d e  
where t h e  wave f requency  i s  e q u a l  to t h e  plasma f requency  
and s i n c e  the plasma f requency  i s  p r o p o r t i o n a l  to t h e  s q u a r e  
r o o t  of  t h e  e l e c t r o n  d e n s i t y ,  t h e n  the  ionogram r e p r e s e n t s  
an  e l e c t r o n  d e n s i t y  p r o f i l e  i n  te rms  o f  t h e  v i r t u a l  r a n g e ,  
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Techniques have been developed f o r  c o n v e r t i n g  t h e  v i r t u a l  
r ange  data i n t o  e l e c t r o n  d e n s i t y  p r o f i l e s  as a f u n c t i o n  of 
t r u e  r a n g e  or a l t i t u d e .  

Venus 

F i g u r e  C . l  c o n t a i n s  c u r v e s  o f  t h e  c o l l i s i o n a l  
a b s o r p t i o n  as a f u n c t i o n  of t h e  f requency  o f  t h e  sounding  
wave f o r  t he  e a r t h  and Venus models o f  Appendix B. For t h e  
e a r t h  t h e  a b s o r p t i o n  v a r i e s  between -1 and -5 db and i s  
l a r g e s t  f o r  t h e  h i g h e s t  f r e q u e n c i e s  where t h e  p a t h  l e n g t h s  
are l o n g e s t .  I n  t h e  d a y s i d e  ionosphe re  o f  Venus t h e  
a t t e n u a t i o n  i n  t h e  f requency  r ange  between 1 and 6 MHz i s  of  
o f  the o r d e r  o f  -2 db; above 6 MHz t h e  a t t e n u a t i o n  i n c r e a s e s  
r a p i d l y  to -13 db a t  9 MHz. The r a p i d  i n c r e a s e  i n  a b s o r p t i o n  
above 6 MHz i s  due to t h e  f a c t  t h a t  t h e s e  waves r e f l e c t  below 
140 k m  which i s  a r e g i o n  o f  r a p i d l y  i n c r e a s i n g  c o l l i s i o n  
f requency .  
t h a n  t h a t  i n  t h e  E model excep t  a t  t h e  ve ry  h i g h e s t  f r e q u e n c i e s  
n e a r  9 MHz. A t  these f r e q u e n c i e s  t h e  waves i n  t h e  E model 
p e n e t r a t e  a r e g i o n  n e a r  t h e  i o n o s p h e r i c  peak where t h e  c o l l i s i o n  
f requency  exceeds t h a t  i n  t h e  F1 model. 

o f  -.l db f o r  f r e q u e n c i e s  between . 2  and . 7  MHz. Above 
. 8  MHz t h e  a b s o r p t i o n  r i s e s  r a p i d l y  from - .3  db t o  -5 db 
a t  .9 MHz. 

The a b s o r p t i o n  i n  t h e  F1 model i s  s l i g h t l y  g r e a t e r  

On t h e  n i g h t  s ide  t h e  a b s o r p t i o n  i s  o f  t h e  o r d e r  

The v i r t u a l  r ange  (h') or ionogram and the  t r u e  
r ange  cu rves  f o r  t he  Venus day and n i g h t  models a r e  p r e s e n t e d  
i n  F i g u r e  C.2. The l a r g e  d i f f e r e n c e s  i n  t h e  t r u e  and v i r t u a l  
r anges  f o r  f r e q u e n c i e s  between 1 and 3 MHz on t h e  day s ide  
and between .3  and .5 MHz on t h e  n i g h t  s ide  r e s u l t  from t h e  
l e d g e  of  n e a r  c o n s t a n t  d e n s i t y  above 200 k m  a l t i t u d e .  Those 
sounding waves w i t h  f r e q u e n c i e s  j u s t  above t h e  l e d g e  plasma 
f requency  are t r a v e l i n g  l a r g e  d i s t a n c e s  i n  a medium where 
t h e i r  f requency  i s  c l o s e  to t h e  plasma f r equency  and hence 
t h e  group v e l o c i t y  i s  low. The low group v e l o c i t y  leads to 
l a r g e  v i r t u a l  r a n g e s .  A s  t he  wave f r equency  i n c r e a s e s  above 
t h e  l e d g e  plasma f r eauency  t h e  group v e l o c i t y  i n  t h e  l e d g e  
r e g i o n  i n c r e a s e s  and t h e  d i f f e r e n c e  between t h e  v i r t u a l  and 
t r u e  r ange  d e c r e a s e s .  A s  can be s e e n  from these c u r v e s  t h e  
p resence  of  t h e  l e d g e  obscures  the  e f f e c t s  due to t h e  lower ing  
of  t h e  r e f l e c t i o n  p o i n t  as t h e  f requency  i n c r e a s e s .  Accura te  
measurements i n  t h e  small s c a l e  h e i g h t  r e g i o n  j u s t  above t h e  
peak would r e q u i r e  a v i r t u a l  r a n g e  r e s o l u t i o n  of  a t  l e a s t  
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3 k m  ( t i m e  r e s o l u t i o n  of 1 0  u s e e ) ,  which i s  abou t  a n  o r d e r  
o f  magni tude b e t t e r  r e s o l u t i o n  t h a n  i s  used  on t y p i c a l  ear th  
o r b i t i n g  t o p s i d e  sounder s .  

Yars 

T h e  c o l l i s i o n a l  a b s o r p t i o n  c u r v e s  f o r  t h e  Mar t i an  
models a re  p r e s e n t e d  i n  F i g u r e  C . 3 .  For f r e q u e n c i e s  between 
.6 and 2 MHz t h e  r e s u l t s  for b o t h  models (F2  and E )  show an  
i n c r e a s e  i n  a t t e n u a t i o n  from -.l db to -2 db.  Above 2 MHz 
t h e  a t t e n u a t i o n  i n c r e a s e s  to a maximum of  -8 db a t  2.85 MHz f o r  
f o r  t h e  F2 model,  w h i l e  t h e  E model, due to i t s  la rge  c o l l i -  
s i o n a l  f r e q u e n c i e s  n e a r  t h e  peak ,  i n c r e a s e s  to a maximum of 
-70 db. The very  l a rge  c o l l i s i o n a l  a b s o r p t i o n  a s s o c i a t e d  w i t h  
t h e  E l a y e r  model would p r e s e n t  s e v e r e  problems for t h e  d e s i g n  
o f  a t o p s i d e  sounder .  The Mar t i an  E model l o s s e s  are cons id-  
e r a b l y  l a r g e r  t h a n  t h o s e  of  t h e  Venus E model, which has s imilar  
e l e c t r o n - n e u t r a l  c o l l i s i o n  f r e q u e n c i e s  n e a r  t h e  peak,  because  
o f  t h e  lower plasma f r e q u e n c i e s  ( l o w e r  e l e c t r o n  d e n s i t i e s ) .  
T h i s  r e s u l t s  from t h e  f a c t  t h a t  f o r  Mars t h e  r a t i o  Z = v / w ,  
which e n t e r s  i n t o  t h e  c a l c u l a t i o n  of  t he  l o s s e s  (Equa t ion  A.l, 
A . 5 ,  A.61, i s  larger  s i n c e  t h e  f requency  ( w = w  a t  r e f l e c t i o n )  
i s  smaller .  P 

The v i r t u a l  r ange  ( ionogram) and t r u e  r ange  cu rves  
for t h e  e l e c t r o n  d e n s i t y  p r o f i l e s  of  t h e  Mar t i an  Zonosphere are 
g i v e n  i n  F i g u r e  C.4. The s o l i d  cu rves  f o r  t h e  t r u e  and v i r t u a l  
r ange  are f o r  t h e  model w i t h  a c o n s t a n t  s c a l e  h e i g h t  of 25 km 
above t h e  peak.  I n  t h i s  c a s e  t h e  v i r t u a l  h e i g h t  cu rve  i s  s imilar  
i n  form to t h e  t r u e  r ange  cu rve  and has a s c a l e  h e i g h t  on ly  
s l i g h t l y  g r e a t e r  t h a n  t h e  t r u e  s c a l e  he igh t  of  25 k m .  The 
dashed t r u e  r ange  curve  below .75 MHz i s  f o r  t h e  model w i t h  a 
l e d g e  or r a p i d  i n c r e a s e  i n  s c a l e  he igh t .  A s  i s  t h e  c a s e  for 
Venus t h e  co r re spond ing  dashed v i r t u a l  h e i g h t  cu rve  d i f f e r s  
c o n s i d e r a b l y  i n  form from t h e  true h e i g h t  cu rve .  Once a g a i n  
t h e  s m a l l  s c a l e  h e i g h t  above t h e  peak n e c e s s i t a t e s  a b e t t e r  
r a n g e  (or t i m e )  r e s o l u t i o n  t h a n  i s  commonly found on e a r t h  
t o p s i d e  sounder s .  

I n  t h e  models p r e s e n t e d  i n  Appendix B, c e r t a i n  
assumpt ions  were made about  t h e  n a t u r e  o f  t h e  l a y e r  i n  o r d e r  
to e x t r a p o l a t e  t h e  n e u t r a l  d e n s i t y  from t h e  lower  a l t i t u d e s ,  
where i t  i s  measured, to t h e  a l t i t u d e  of t h e  i o n o s p h e r i c  peak 
and above. 
and above i s  a r e s u l t  o f  t h e  e l e c t r o n - i o n  c o l l i s i o n s  s o  t h a t  

I n  t h e  F2 and F1 models t h e  a b s o r p t i o n  a t  t h e  peak 
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in these models, the exact knowledge of the neutral density 
profile is not crucial to the calculations. However in the 
E layer models the absorption near the peak results from 
electron-neutral collisions and here the maximum attenuation, 
which occurs at the highest frequencies, will depend strongly 
on the neutral density profile. 
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