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SUMMARY 

by 

Ya.L.  A l ' p e r t  

This  b r i e f  review pape r  d e s c r i b e s  t h e  ionosphere  as a 
whole,  sums up t h e  achievements i n  t h i s  f i e l d  and t h e  b e a r i n g  
t h e  s t u d i e s ,  made t o  da te ,  have on rad io  communications and 
on so la r  t e r res t r ia l  r e l a t i o n s h i p s .  

* 
* * 

The s t u d y  o f  t h e  ionosphere p l a y s  an impor t an t  r o l e  i n  
problems concerned w i t h  solar  and te r res t r ia l  p h y s i c s .  According 
t o  o u r  p r e s e n t  i n t e r p r e t a t i o n  t h e  term ionosphere  of  t h e  E a r t h ,  
i s  used  t o  d e s i g n a t e  t h e  area of  near -Ear th  plasma ex tend ing  
d i r e c t l y  f r o m  t h e  s u r f a c e  o f  t h e  E a r t h  ( a t  a l t i t u d e s  z of  abou t  
50-60 km) t o  d i s t a n c e s  of 2 0 , 0 0 0  t o  25,000 km from t h e  Ea r th .  

The p r o c e s s e s  t a k i n g  p lace  i n  t h e  ionosphere  are c o n t r o l l e d  
by wave and c o r p u s c u l a r  streams emanating from t h e  Sun. A t  t h e  
b a s e  of t h e  ionosphe re ,  where t h e  D-region i s  formed ( z  % 50-80 km), 
X-ray and u l t r a v i o l e t  (UV) r a d i a t i o n  f r o m  t h e  Sun p l a y  t h e  p r i n c i p a l  
role.  Higher ,  i n  t h e  so -ca l l ed  E- layer  ( z  ?J 85-150 km) up t o  t h e  
maximum of  t h e  F-region o f  t h e  ionosphere  ( z  % 250-400 km), t o g e t h e r  
w i t h  W s o l a r  r a d i a t i o n  corpuscular  streams f a l l i n g  on t h e  E a r t h ,  
e s p e c i a l l y  du r ing  p e r i o d s  of high s o l a r  a c t i v i t y ,  g r a d u a l l y  beg in  
t o  e x e r t  a s t r o n g  e f f e c t  on t h e  s t r u c t u r e  and p rocesses  of t h e  
ionosphe re .  These streams play  a p a r t i c u l a r l y  impor t an t  role  i n  t h e  
o u t e r  i onosphe re ,  namely above i t s  main maximum. Here, t h e  concen- 
t r a t i o n  o f  n e u t r a l  p a r t i c l e s  dec reases  r a p i d l y  w i t h  a l t i t u d e  and the 
ene rgy  d e n s i t y  of charged p a r t i c l e s  .1'0;<1', as w e  approach t h e  l i m i t s  
of t h e  ionosphe re ,  g r a d u a l l y  begins  t o  s a t i s f y  t h e  e q u a l i t y  
,Y,,X7* - A', I: M;! ,  (where N o  is t h e  e l e c t r o n  c o n c e n t r a t i o n ,  K i s  

is tpie L-------. - - ~  Boltzmann's constafit,  T * LeitipeIdLuure, is  t h e  f l u x  v e l o c i t y )  , 
i . e .  t h i s  energy  d e n s i t y  becomes e q u a l  t o  t h e  energy d e n s i t y  of t h e  
i n c i d e n t  f l u x  of charged p a r t i c l e s .  

I n  t h e  o u t e r  ionosphere  the  e f f e c t  of t h e  E a r t h ' s  magnet ic  
f i e l d  i s  a l s o  assuming a s t e a d i l y  growing importance.  The energy  
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F i g .  I .  

C o n c e n t r a t i o n  of C h a r g e d  P a r t i c l e s  

d e n s i t y  of t h i s  f i e l d ,  j / 0 7 / t : . - c  , i s  much h i g h e r  t han  .2',,z7' everywhere 
i n  t h e  ionosphere .  However, w i th  a dec rease  i n  t h e  p r e s s u r e  of  
n e u t r a l  gas and i n  t h e  number of c o l l i s i o n s  between charged p a r t i c l e s  
t h e  e f f e c t  o f  charge  p recess ion  around magnet ic  l i n e s  of f o r c e  and 
of p a r t i c l e  d r i f t  on t h e  s t r u c t u r e  of  t h e  ionosphere i n c r e a s e s ,  
and v a r i o u s  t y p e s  of  plasma i n s t a b i l i t y  and resonances e x e r t  a 
s t r o n g e r  e f fec t .  A s  a r e s u l t ,  e l o n g a t e d  inhomogenous format ions  
a r i s i n g  i n  t h e  ionosphere  along t h e  l i n e s  of  f o r c e  of t h e  magnet ic  
f i e l d ,  become a s u b s t a n t i a l  e lement  of i t s  s t r u c t u r e .  Low f requency  
plasma o s c i l l a t i o n s  and va r ious  t y p e s  of waves appearing i n  t h e  
plasma under  t h e  a c t i o n  of s o l a r  f l u x e s  and o f  d i f f e r e n t  t ypes  of 
e l e c t r o m a g n e t i c  waves i n c i d e n t  on t h e  ionosphere ,  as w e l l  as wave 
p a c k e t s  moving a long  magnet ic  l i n e s  of f o r c e ,  become one of t h e  main 
f e a t u r e s  c h a r a c t e r i z i n g  t h e  o u t e r  ionosphere .  

To summarize w e  can s a y  t h a t  t h e  s t a t e  of  t h e  o u t e r  ionosphere  and 
i t s  s t r u c t u r e  are t o  a cons ide rab le  e x t e n t  c o n t r o l l e d  by t h e  magnet ic  
f i e l d  of t h e  Earth, hy the particle f11~xes  err\;mating frem t he  C.=n 
and f a l l i n g  on E a r t h ,  and by plasma o s c i l l a t i o n s .  These c h a r a c t e r i s t i c s  
are p a r t i c u l a r l y  c l e a r l y  expressed  du r ing  p e r i o d s  of i n c r e a s e d  so l a r  
a c t i v i t y ,  namely of s p o r a d i c  e r u p t i o n s  from t h e  s u r f a c e  of t h e  Sun. 
I n s o f a r  as t h e  t e r r e s t r i a l  ionosphere acts as a sor t  of a window 



3 

through which an obse rve r  l o c a t e d  on t h e  ground and i n  i t s  i m -  
mediate  v i c i n i t y  " looks"  a t  t h e  Sun, it i s  c lear  how b i g  a ro l e  
do t h e  p r o p e r t i e s  of t h i s  window p l a ]  i n  i t s  s tudy .  And, vice- 
v e r s a ,  w e  may see how impor tan t  i t  i s  t o  have t h e  a p p r o p r i a t e  i n -  
format ion  on t h e  p r o p e r t i e s  and c h a r a c t e r  of  r a d i a t i o n  emanating 
from t h e  Sun i n  s t u d y i n g  t h e  s t r u c t u r e  of t h e  ionosphere  and t h e  
phenomena t a k i n g  p l a c e  i n  t h i s  r e g i o n .  

N a t u r a l l y ,  t h e  combined s o l u t i o n  of  t h e s e  problems i s  of ve ry  
q r e a t  p r a c t i c a l  s i g n i f i c a n c e  f o r  t h e  des ign  of r a d i o  communications 
and r a d i o  n a v i g a t i o n  systems n e a r  t h e  E a r t h ,  f o r  c a l c u l a t i o n s  of 
cosmic r a d i o  communication, and f o r  s e l e c t i n g  more f a v o r a b l e  and 
less hazardous f l i g h t  cond i t ions  f o r  a s t r o n a u t s .  

The p o s s i b i l i t i e s  of c a r r y i n g  o u t  expe r imen ta l  s t u d i e s  of t h e  
ionosphere  have been g r e a t l y  expanded d u r i n g  t h e  p a s t  1 0  y e a r s ,  
p a r t i c u l a r l y  i n  connec t ion  with t h e  development of s a t e l l i t e  and 
h i g h - a l t i t u d e  r o c k e t  launching t echn iques .  The number of methods 
used  f o r  t h i s  purpose has  g r e a t l y  i n c r e a s e d .  A s  a r e s u l t ,  t h e  
amount of i n fo rma t ion  on t h e  ionosphere  has  g r e a t l y  i n c r e a s e d  and 
a more d e t a i l e d  s t u d y  of i t s  f i n e  s t r u c t u r e  and of t h e  phenomena 
o c c u r r i n g  i n  i t  has  become p o s s i b l e .  P r e v i o u s l y ,  such s t u d i e s  
w e r e  concerned mainly w i t h  t h e  l o w e r  p o r t i o n  of t h e  ionosphere  
( D - ,  E- and F- reg ions)  w i t h  t h e  a i d  of radiowaves which, depending 
on t h e i r  f requency ,  a r e  r e f l e c t e d  from d i f f e r e n t  a l t i t u d e s  or 
propaga te  i n  t h e  near -Ear th  waveguide formed between t h e  E a r t h ' s  
s u r f a c e  and t h e  "base" of t h e  ionosphere .  S t u d i e s  of  t h e  o u t e r  
i onosphe re  a c t u a l l y  began a f t e r  t h e  launching  of t h e  f i r s t  a r t i f i c i a l  
E a r t h  s a t e l l i t e .  S i n c e  t h a t  t i m e ,  most of  t h e  d a t a  known t o  u s  
concern ing  t h i s  p o r t i o n  of the  near -Ear th  plasma have been o b t a i n e d  
and a l a r g e  number of such d a t a  proved t o  be  unexpected. 

I t  i s  n e c e s s a r y  t o  emphasize t h r e e  main t r e n d s  i n  t h e  e x p e r i -  
m e n t a l  s t u d y  of t h e  o u t e r  ionosphere t h a t  have been developed du r ing  
t h e  p a s t  1 0  y e a r s .  

The f i r s t  t r e n d  inc ludes  v a r i o u s  tests c a r r i e d  o u t  w i t h  sa te l -  
l i t es .  These aggrega te  tests invo lve  t h e  use of s a t e l l i t e  measure- 
ments of v a r i o u s  parameters  of t h e  ionospnere  by means of d i f f e r e n t  
t y p e s  of probes  (Langmuir probes ,  m a s s  s p e c t r o m e t e r s ,  impedance 
p r o b e s ,  p a r t i c l e  t r a p s ) ,  by means of p u l s e d  i o n o s p h e r i c  r a d i o  s t a t i o n s  
aboard  s a t e l l i t e s ,  by means of radiowaves e m i t t e d  from a s a t e l l i t e  and 
r e c e i v e d  i n  t h e  v i c i n i t y  of t h e  E a r t h  (method f o r  de te rmining  t h e  
d i f f e r e n c e  of Doppler frequency s h i f t s  on c o h e r e n t  r a d i o  f r e q u e n c i e s ,  
method of Doppler ' s  r o t a r y  e f f e c t ,  otherwise known as t h e  Faraday 
c f f z z t ,  m 2 l y s i s  Gf radiz, tv'aiie a i p l i t u d z s ,  etc. ) . 

The second t rend  inc ludes  tests i n v o l v i n g  measurements of i n t e n -  
s i t y  and de te rmina t ion  of energy s p e c t r a  of r a d i o  waves i n c o h e r e n t l y  
s c a t t e r e d  on f l u c t u a t i o n s  of t h e  c o n c e n t r a t i o n s  of  e l e c t r o n s  i n  t h e  
ionosphe re .  I n  order t o  c a r r y  o u t  such tests,  t h e  use of an tennas  
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w i t h  a large e f f e c t i v e  emi t t ance  area and powerful  emitters i n  
t h e  u l t ra -shor t -wave  r a d i o  frequency band i s  r e q u i r e d .  

The t h i r d  t r e n d  i n c l u d e s  t h e  s tudy  of v a r i o u s  p r o p e r t i e s  
of low-frequency waves ( f o r  example, e l e c t r o n  and i o n  w h i s t l e r s )  
p r o p a g a t i n g  i n  t h e  ionosphere  and e m i t t e d  by e x t e r n a l  s o u r c e s  
( l i g h t n i n g  d i s c h a r g e s ,  long-wave r a d i o  s t a t i o n s )  o r  e x c i t e d  i n  
t h e  i o n o s p h e r i c  plasma. These s t u d i e s  i n c l u d e  o b s e r v a t i o n s  on 
t h e  s u r f a c e  of t h e  E a r t h ,  where only  t r a n s v e r s e  waves can be 
r eco rded ;  t h e s e  are channeled i n  t h e  ionosphere  by t h e  magnet ic  
f i e l d  and by e l o n g a t e d  inhomogeneous format ions .  D i r e c t  o b s e r v a t i o n s  
on s a t e l l i t e s ,  where l o n g i t u d i n a l  o s c i l l a t i o n s  and plasma-emitted 
waves are a l so  r eco rded ,  p l ay  a c o n s i d e r a b l e  ro le  i n  such s t u d i e s .  

A l l  of t h e  aforementioned t r e n d s  are q u i t e  e f f e c t i v e  and 
t h e y  r e q u i r e  a thorough and d e t a i l e d  t h e o r e t i c a l  p r o c e s s i n g  of 
r e s u l t s ,  t h u s  making it p o s s i b l e  t o  s imul t aneous ly  e x t r a c t  from 
pr imary  expe r imen ta l  data  t h e  i n f o r m a t i o n  on v a r i o u s  parameters  of 
t h e  i onosphe re .  For  example, from t h e  same expe r imen ta l  d a t a  i n  
low-frequency tes ts  o r  w i t h  t h e  a i d  of i n c o h e r e n t  r a d i o  wave scat- 
t e r i n g  i t  i s  p o s s i b l e  t o  determine t h e  e lectron c o n c e n t r a t i o n  as a 
f u n c t i o n  of a l t i t u d e ,  t h e  tempera ture  characterist ics of e l e c t r o n s  
and i o n s ,  t h e  i o n  composi t ion a t  v a r i o u s  a l t i t u d e s ,  i .e .  it i s  
p o s s i b l e  t o  o b t a i n  a wea l th  of i n f o r m a t i o n .  N a t u r a l l y ,  when a 
number of r e s u l t s  o b t a i n e d  by d i f f e r e n t  methods are cmparec?, their 
r e l i a b i l i t y  i s  g r e a t l y  i n c r e a s e d  and they  can be checked. 

Following are s o m e  of t h e  b a s i c  p r o p e r t i e s  of  t h e  o u t e r  i onosphe re  
t h a t  have been e s t a b l i s h e d  i n  r e c e n t  y e a r s .  
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W i n t e r  Summer 

Mean i o n i c  

G e omagne  t i  c 
L a t i t u d e  

F i g . 3 .  

The average c o n c e n t r a t i o n  N o  of charged 
p a r t i c l e s  ( e l e c t r o n s  and i o n s )  i n  t h e  o u t e r  
ionosphere  dec reases  s lowly  and smoothly wi th  
t h e  a l t i t u d e .  
% (3-8)104 e lec t rons / cm3 .  A t  z % 6000  km, 
N d  % (2-8)103 e l / c m 3 ,  and a t  z ?J 1 0 , 0 0 0 - 1 5 , 0 0 0  km,  
N o  % l o 3  el/m3 and h i g h e r .  
h igh  e l e c t r o n  c o n c e n t r a t i o n  ex tends  t o  g r e a t  d i s -  
t a n c e s  from t h e  s u r f a c e  of t h e  E a r t h  ( F i g . 1 ) .  

A t  an  a l t i t u d e  z % 1 0 0 0  km N o  Q 

W e  may see t h a t  t h e  

I n  t h e  a l t i t u d e  r e g i o n  of 15,000 t o  25,000 km, 
t h e  p r o p e r t i e s  of near -Ear th  plasma have n o t  y e t  
been s t u d i e d  t o  a g r e a t  e x t e n t .  Here, complex 
p rocesses  a r e  observed: f o r  example, t h e  s o - c a l l e d  
"knee" is formed. I n  t h i s  r eg ion  t h e  e l e c t r o n  
c o n c e n t r a t i o n  drops very  r a p i d l y ,  almost i n  a 
jump-like fash ion;  under c e r t a i n  c o n d i t i o n s ,  w i th  
an increase i n  a l t i t u d e  of  on ly  600-700 km it  i s  
reduced by s e v e r a l  t e n s  of u n i t s  and v a r i e s  w i t h i n  
t h e  l i m i t s  of  N o  (2-5)102 e l / c m 3  t o  N o  % 10-20 
e l /m3.  For a number of r easons  t h i s  i s  p r e c i s e l y  
t h e  r e g i o n  of t h e  o u t e r  ionosphere  t h a t  a p p a r e n t l y  
d e f i n e s  t h e  upper boundary of t h e  ionosphere .  Above 
it  t h e  n o n s t a t i o n a r y  s t a t e  of t h e  ionosphere  i s  
i n t e n s i f i e d ,  t h e  va lue  of t h e  e lec t ron  c o n c e n t r a t i o n  
i s  probably  u n s t a b l e  (see F i g . l ) ,  e lec t r ic  f i e l d s  
i n c r e a s e  i n  s i z e ,  and t h e  q u a s i - n e u t r a l i t y  i s  

g r e a t l y  d i s t u r b e d .  

I t  w a s  found t h a t  above 1000-1200  km t h e  ionosphere  c o n s i s t s  
main ly  of p r o t o n s ,  i . e .  i o n s  of a tomic hydrogen. Helium i s  a l s o  
p r e s e n t  and i t s  r e l a t i v e  c o n t e n t  i s  only ( 1 - 2 ) 1 0 - 2 .  

The behav io r  of hel ium is r a t h e r  puzz l ing  s i n c e  i t  d i s a p p e a r s  
d u r i n g  c e r t a i n  p e r i o d s .  B e l o w  300-700 km t h e  main component of t h e  
ionosphe re  c o n s i s t s  of p o s i t i v e  ions  of atomic oxygen. 

The t empera tu re  of ' ' thermal" i o n i z e d  p a r t i c l e s  i n c r e a s e s  
g r e a t l y  wi th  a l t i t u d e .  A t  an a l t i t u d e  z % 1 0 0 0  km, t h e  tempera ture  
cor responds  t o  about  ( 1 - 3 ) l O - '  ev (T = 1000-3000° K ) .  At an a l t i t u d e  
z % .10,000 k m ,  K T  % 1 - 2  e v  (T = 10,000-20,000° K ) .  I n  t h e  "knee" 
r e g i o n ,  KT is  of t h e  o r d e r  of several  e l e c t r o n - v o l t s ,  whi le  above 
approximate ly  3 0 , 0 0 0  k m  t h e  tempera ture ,  a p p a r e n t l y ,  changes slowly 
and cor responds  t o  KT % 1 0  ev ( F i g . 2 ) .  

iieceiitiy , c h a r a c t e r i s t i c  r e l a t i o n s  nave been o b t a i n e d  between 
t h e  magnet ic  l a t i t u d e  and the  i o n i c  m a s s  M i  and t h e  tempera ture  T. 
I n  t h e  r e g i o n  of a l t i t u d e s  of 700-800 km and somewhat h i g h e r  (no  ' 

d a t a  a r e  a v a i l a b l e  for h ighe r  a l t i t u d e s )  t h e  v a l u e  of M i  drops 
r a p i d l y ;  s t a r t i n g  f r o m  a geomagnetic l a t i t u d e  of  about  60' t h e  i o n i c  
m a s s  v a r i e s  f r o m  M i  = 1 6  (oxygen i o n s )  t o  M i  = 1 a t  n i g h t  du r ing  
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w i n t e r  and t o  M i  = 8 d u r i n g  t h e  day i n  summer n e a r  t h e  geomag- 
n e t i c  e q u a t o r .  The temepera ture  i n  t h i s  l a t i t u d e  range drops  f r o m  
T Q, 2500-3000° K to  T % 800-1200° K ( F i g . 3 ) .  Thus, a t  t h e  above 
l a t i t u d e s ,  n e a r  t h e  geomagnetic e q u a t o r ,  a b e l t  of l i g h t  p a r t i c l e s  
of  l o w e r  energy  i s  probably  formed; t h i s  i s  l i n k e d  w i t h  t h e  effect  
of  t h e  magnet ic  f i e l d  on t h e i r  d i s t r i b u t i o n  i n  t h e  o u t e r  ionosphere .  

P la sma  o s c i l l a t i o n s  and plasma waves of  v a r i o u s  t y p e s  are 
f r e q u e n t l y  e x c i t e d  i n  t h e  o u t e r  ionosphere .  
resonances  on hybr id  and Langmuir f r e q u e n c i e s ,  and Cerenkov rad ia t ion  
are observed.  Apparent ly ,  t h e s e  waves f r e q u e n t l y  arise i n  t h e  form 
o f  p a c k e t s  cover ing  a r e l a t i v e l y  broad  frequency range .  The fre- 
quency range changes several t i m e s  r e la t ive  t o  t h e  c e n t r a l  f requency  
of  t h e  p a c k e t ,  T h e r e  i s  evidence  t h a t  l o n g i t u d i n a l  i o n i c - a c o u s t i c  
waves and h y b r i d  superlow-frequency waves i n  t h e  k i l o h e r t z  f requency  
range  are also e x c i t e d .  Plasma-emitted SLF-waves are a l so  observed.  

Gyrore3onances, 

F requen t ly  e x c i t e d  i n  t h e  o u t e r  ionosphere  are p a c k e t s  of ULF 
(u l t ra - low-f requency)  waves wi th  a frequency ranging  f r o m  s e v e r a l  
h e r t z  t o  f r a c t i o n s  of a h e r t z .  Only t r a n s v e r s e  ULF waves have been 
obs e r v e  d . 

SLF and ULF waves probably a r i se  i n  plasma as wave packe t s  
e x c i t e d  i n  a l i m i t e d  plasma c l u s t e r  o r  a plasmoid moving a long  mag- 
n e t i c  tubes. A number o f  d a t a  are a v a i l a b l e  which i n d i c a t e  t h a t  
waves are e x c i t e d  by a " t r i g g e r  mechanism" t y p e  of a c t i o n :  t h e y  
are g e n e r a t e d  when an e x t e r n a l  e l e c t r o m a g n e t i c  f i e l d  i s  p r e s e n t  i n  
t h e  ionosphe re  (waves of a w h i s t l e r  o r  of a low-frequency r a d i o  
s t a t i o n ,  e tc . )  . 

The aggrega te  o f  data p r e s e n t e d  i n  t h i s  a r t ic le  give only  a 
l i m i t e d  and schemat i c  c h a r a c t e r i s t i c  of t h e  o u t e r  ionosphere ,  on 
whose p r o p e r t i e s  e x t e n s i v e  in fo rma t ion  i s  a l r e a d y  available i n  the 
l i t e r a t u r e .  I n  many r e s p e c t s ,  t h i s  i n fo rma t ion  h a s  n o t  been assi-  
mi la ted ;  i t  i s  n o t  understood and i t  has  n o t  been s u f f i c i e n t l y  
checked. However, t h e  p r e s e n t  a u t h o r  s t i l l  hopes t h a t  t h i s  b r i e f  
a r t i c l e  shows what role t h e  i n v e s t i g a t i o n  of t h e  ionosphere  p l a y s  i n  
t h e  s t u d y  of t h e  Sun and what have been t h e  achievements i n  t h i s  
f i e l d  dur ing  t h e  p a s t  f e w  y e a r s .  

* * * THE END * * * 
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