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ABSTRACT 

Loss-cone d r iven  i n s t a b i l i t i e s  a r e  thought t o  
gene ra t e  c e r t a i n  i n t e n s e  p l a n e t a r y  and s o l a r  r a d i o  
emiss ions .  I f  t h e  e l e c t r o n  c y c l o t r o n  frequency Re 
and t h e  plasma frequency up  s a t i s f y  Re /wP  ; 1 ,  
e l e c t r o n  cyc lo t ron  maser emission produces i n t e n s e  
r a d i a t i o n ,  predominantly i n  t h e  magnetoionic x  
mode. However i f  Oe/wp << 1, plasma emission 
occu r s ,  gene ra t ing  Iangmuir waves which can i n t e r -  
a c t  w i th  o t h e r  waves o r  coa l e sce  t o  produce weakly 
po la r i zed  escaping r a d i a t i o n .  The t h e o r i e s  of 
t h e s e  two coherent  emiss ion mechanisms a r e  reviewed. 
Extens ions  of t h e  b a s i c  e l e c t r o n  cyc lo t ron  maser 
theory  t o  t ake  i n t o  account inhomogeneit ies i n  t h e  
source  r eg ion  and t o  provide  exp lana t ions  f o r  t h e  
f i n e  s t r u c t u r e s  i n  t h e  emiss ions  a r e  a l s o  
d i scussed .  

Keywords: Loss-cone d r iven  i n s t a b i l i t i e s ,  E l ec t ron  
cyc lo t ron  maser emiss ion,  Inhomogeneit ies and f i n e  
s t r u c t u r e s ,  Plasma emiss ion 

1.  INTRODUCTION 

Nonthermal emiss ion p roces ses  i n  a s t r o p h y s i c a l  and 
geophysica l  plasmas may be c l a s s i f i e d  a s  
I ,  . incoherent"  o r  "coherent" .  Incoherent  emiss ion is 
due t o  spontaneous emiss ion by supra thermal  p a r t -  
i c l e s .  Se l f- abso rp t ion  by t h e  e m i t t i n g  p a r t i c l e s  
l i m i t s  t h e  b r i g h t n e s s  tempera ture  Tb of any escaping 
r a d i a t i o n  t o  a  va lue  l e s s  than about t h e  energy E 

of t h e  e m i t t i n g  p a r t i c l e s  ( 1  eV 2 lo4  K). Thus, 
f o r  example, r a d i a t i o n  wi th  Tb 1 1 0 l 0  K from non- 
r e l a t i v i s t i c  e l e c t r o n s  ( E  << 106 eV) cannot be  due 
t o  any incoherent  emiss ion p roces s ,  and so  must be 
due t o  a  coherent  mechanism. I n  any coherent  emis- 
s i o n  a t  l e a s t  one s t a g e  ( i f  i t  i s  a  m u l t i s t a g e  
process)  must involve  an  i n s t a b i l i t y  of some form. 
I n s t a b i l i t i e s  can be  c l a s s i f i e d  a s  "maser" which 
a r e  due t o  nega t ive  abso rp t ion ,  o r  a s  " reac t ive" ,  
which involve  some form of phase bunching p roces s .  
Maser i n s t a b i l i t i e s  a r e  d r iven  by g r a d i e n t s  i n  
momentum space of t h e  d i s t r i b u t i o n  f u n c t i o n  f ( p )  of 
t h e  r a d i a t i n g  e l e c t r o n s ,  and a r e  thought t o  be- the  
more r e l e v a n t  of t h e  two i n  most a p p l i c a t i o n s  out-  
s i d e  of t h e  l a b o r a t o r y .  Here we a r e  concerned wi th  
coherent  emiss ion p roces ses  which involve  a  maser 
i n s t a b i l i t y .  

The most widely s t u d i e d  forms of coherent  emiss ion 

a r e  "plasma emiss ion"  i n  s o l a r  r a d i o  b u r s t s  and 
e l e c t r o n  c y c l o t r o n  maser emiss ion (ECME). These 
mechanisms a r e  q u i t e  d i f f e r e n t .  Plasma emiss ion i s  
a  m u l t i s t a g e  p roces s  i n  which t h e  i n s t a b i l i t y  pro- 
duces  Langmuir waves a t  f r equenc ie s  c l o s e  t o  t h e  
plasma f requency up ,  and n o n l i n e a r  p roces ses  i n  t h e  
plasma p a r t i a l l y  conve r t  t h e s e  Langmuir waves i n t o  
escaping r a d i a t i o n  a t  2 up and/or  " 2op. ECME, 
however, i s  a  s i n g l e  s t a g e  p roces s  i n  which cyclo-  
t r o n  abso rp t ion  i s  n e g a t i v e ,  r e s u l t i n g  i n  d i r e c t  
maser emiss ion of escaping r a d i a t i o n  nea r  t h e  e l e c-  
t r o n  c y c l o t r o n  f requency Re, o r  perhaps  i t s  harmon- 
i c s .  Plasma emiss ion i s  favoured i n  weakly magnet- 
i zed  plasmas (Re << wp), and ECME is e f f e c t i v e l y  
p o s s i b l e  on ly  f o r  0, > up.  

Plasma emiss ion and r e l a t e d  p roces ses  occur  i n  t h e  
s o l a r  corona,  t h e  i n t e r p l a n e t a r y  plasma, e s p e c i a l l y  
nea r  shock waves inc lud ing  p l a n e t a r y  bow shocks,  
and w i t h i n  p l a n e t a r y  magnetospheres,  e s p e c i a l l y  nea r  
t h e  edges of denser  plasma r e g i o n s  such a s  t h e  
plasmasphere and t h e  10 plasma t o r u s  (Refs .  l a , 2 , 3 ) .  
I n  c o n t r a s t  t h e  neces sa ry  c o n d i t i o n  Re > wp f o r  
ECElE i s  s a t i s f i e d  only  i n  a  few reg ions  such a s  t h e  
a u r o r a l  zones of t h e  Ea r th ,  t h e  i n n e r  r eg ions  of 
t h e  magnetospheres of J u p i t e r  and Sa tu rn  and i n  t h e  
s o l a r  corona above a c t i v e  r eg ions .  I t  i s  j u s t  t h e s e  
r eg ions  which l e a d  t o  r a d i a t i o n  wi th  Tb >> 10 l0  K 
and seem t o  r e q u i r e  t h a t  t h e  ECME mechanism oper-  
a t e s .  The corresponding emiss ions  a r e  t h e  E a r t h ' s  
a u r o r a l  k i l o m e t r i c  r a d i a t i o n  (AKR, Ref. 4 ) .  t h e  
Jov ian  decametr ic  r a d i a t i o n  (DAM, Ref. 5 ) .  S a t u r n ' s  
k i l o m e t r i c  r a d i a t i o n  (SKR, Ref.  3) and s o l a r  dec i -  
me t r i c  s p i k e  b u r s t s  (Ref.  6 ) .  To these  should be 
added emiss ions  wi th  Tb 2 1 0 l 0  K from c e r t a i n  types  
of f l a r e  s t a r e s  (Ref.  7 ) .  

2. SUCCESSES AND LIMITATIONS OF THE ECME TIIEORY 

The f i r s t  ECME theory  was proposed by Twiss i n  1958 
(Ref. 8) and app l i ed  by him t o  t h e  i n t e r p r e t a t i o n  
of s o l a r  r a d i o  b u r s t s  (Ref.  9 ) .  Ne i the r  t h i s  nor  
l a t e r  ECME t h e o r i e s  ( e .g .  Refs .  1 0 , l l )  f o r  metre- 
wave b u r s t s  have become widely accep ted .  I t  h a s  
long been thought t h a t  DAM i s  due t o  ECME (Ref.  12)  
and a  d e t a i l e d  ECME theory  was proposed f o r  i t  and 
f o r  AKR by Elelrose i n  1976 (Ref. 1 3 ) .  Th i s  t heo ry  
had two no tab le  succes ses .  F i r s t  i t  r e q u i r e s  
Re > o  i n  t h e  sou rce  r e g i o n ,  and soon a f t e r  i t  was P  
proposed, Benson and Ca lve r t  (Ref.  14)  showed t h a t  
a u r o r a l  c a v i t i e s  w i th  Re > wp e x i s t  and t h a t  AKR 
o r i g i n a t e s  i n  such c a v i t i e s .  Second t h e  theory  
imp l i e s  emiss ion i n  t h e  x  mode of magnetoionic 
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t heo ry  a t  f r equenc ie s  c l o s e  t o  fie and i t  is found 
t h a t  AKR is indeed predominantly x  mode a t  t he  ap- 
p r o p r i a t e  f r equenc ie s  ( e . g .  Ref.  1 5 ) .  The theo ry  
r e q u i r e s ,  however, an  extreme type of p i t c h  ang le  
an i so t ropy  and t h e  so- ca l l ed  " inve r t ed  V" e l e c t r o n s ,  
i d e n t i f i e d  a s  t h e  g e n e r a t o r s  of AKR, do not  have an 
an i so t ropy  of t h e  r equ i r ed  form. 

I n  1979 Wu and Lee (Ref.  16)  proposed an  a l t e r n a t i v e  
form of ECME which could  be  d r iven  by a  loss- cone 
an i so t ropy .  The observed d i s t r i b u t i o n s  of r e f l e c t e d  
i n v e r t e d  V e l e c t r o n s  do have loss- cone f e a t u r e s  and 
d e t a i l e d  numerica l  c a l c u l a t i o n s  (Refs .  17 ,18 ) ,  which 
imply t h a t  t h e s e  a r e  capable  of producing growth of 
t h e  maser i n s t a b i l i t y ,  provide  s t r o n g  suppor t  f o r  
t h i s  theory .  The same theo ry  app l i ed  t o  DAM pro- 
v i d e s  a  n a t u r a l  exp lana t ion  (Ref. 19)  f o r  t he  i n-  
f e r r e d  angu la r  p a t t e r n  of emiss ion - on t h e  s u r f a c e  
of a  wide-angled hol low cone ( e .g .  Ref.  20) .  The 
Wu and Lee form of ECME has  become t h e  accepted  one 
i n  a s t r o p h y s i c a l  and geophysica l  a p p l i c a t i o n s .  

One of t h e  s t r e n g t h s  of a  maser t heo ry  is  t h a t  i t  
is independent of d e t a i l e d  phase r e l a t i o n s ,  making 
i t  p o s s i b l e  t o  develop a  s emi- quan t i t a t i ve  t r e a t -  
ment u s ing  q u a s i l i n e a r  t heo ry .  However t h i s  i s  
a l s o  a  weakness i n  t h a t  both  DAM and AKR e x h i b i t  
f i n e  s t r u c t u r e s  (e .g .  Refs.  21,22) which cannot be 
expla ined by t h e  ECME t heo ry ,  a t  l e a s t  i n  i t s  
s imp les t  form. The p re sen t  ECME theo ry  should be 
regarded a s  one f o r  t he  averaged (over  t h e  f i n e  
s t r u c t u r e s )  p r o p e r t i e s  of t h e  r a d i a t i o n ,  t o  be 
supplemented wi th  a  d e t a i l e d  phase- coherent theory  
f o r  t h e  f i n e  s t r u c t u r e s .  I n  t h e  fo l lowing s e c t i o n s  
t h e  phase-averaged theory  i s  presented  i n  d e t a i l  
and s e v e r a l  q u a l i t a t i v e  comments a r e  made on the  
p o s s i b l e  form of t h e  phase-coherent i n t e r a c t i o n s  
which may be  involved.  

A r e l a t e d  d i f f i c u l t y  (Ref.  18) i s  t h a t  t h e  time- 
s c a l e  over which the  development of t h e  i n s t a b i l i t y  
would cause  t h e  e l e c t r o n  d i s t r i b u t i o n  t o  be s i g n i f i -  
c a n t l y  modified i s  much l e s s  than t h e  t ime r equ i r ed  
t o  measure t he  d i s t r i b u t i o n  func t ion .  This  imp l i e s  
t h a t  t he  f e a t u r e s  which a c t u a l l y  d r i v e  t h e  i n s t a b-  
i l i t y  can no t  be observed d i r e c t l y .  Moreover what- 
eve r  t h e s e  f e a t u r e s  a r e  they must be genera ted  on a  
comparably s h o r t  t imesca l e ,  and a t  p re sen t  t h e r e  is  
no theory  f o r  t h i s .  

3 .  ELECTRON CYCLOTRON MASER THEORY 

The theory  and a p p l i c a t i o n s  of ECME have r e c e n t l y  
been reviewed by Wu (Ref.  23).  The fo l lowing 
p r e s e n t a t i o n  i s  based on a  d i s c u s s i o n  by Melrose 
(Ref.  2 4 ) .  

The a b s o r p t i o n  c o e f f i c i e n t  y ~ ( k )  f o r  waves i n  a  
mode M wi th  wavevector k is of t h e  form 

where t h e  e l e c t r o n s  a r e  d e s c r l L ~ d  by t h e i r  p a r a l l e l  
and pe rpend icu la r  momentum components p l l  = ymvll and 
pl = ymv, wi th  d i s t r i b u t i o n  f u n c t i o n  f ( p ) .  The 
( p o s i t i v e  d e f i n i t e )  p r o b a b i l i t y  f u n c t i o c  wM(k,p ,s )  
c o n t a i n s  a  &func t ion  r e q u i r i n g  t h a t  t h e  resonance 
cond i t i on  

be s a t i s f i e d  wi th  w = %(k) determined by t h e  d i s-  
pe r s ion  r e l a t i o n  f o r  the  mode M and wi th  fi = Rely 
where fie is t h e  n o n- r e l a t i v i s t i c  gyrofrequency -and 

2  2  2  2 - 4 .  
y = ( l -  v / c  - vl/c ) i s  t h e  Lorentz  f a c t o r .  

I n  p r a c t i c e ,  only  one of t he  terms i n  t h e  i n f i n i t e  
sum over  s  i n  Eq. 1 ( u s u a l l y  s = 1 o r  2) makes a  
s i g n i f i c a n t  c o n t r i b u t i o n  t o  y  ( k ) .  

M - 
The kinemat ic  r e s t r i c t i o n s  on ECME a r e  determined 
by Eq. 2 and t h e  r e l e v a n t  d i s p e r s i o n  r e l a t i o n .  
For g iven  w, kg and fie t h e  equa t ion  d e s c r i b e s  a  
" resonance e l l i p s e "  i n  vll - v l  space ,  whose c e n t r e  
l i e s  on the  l i n e  vl = 0 ;  t h r e e  examples of t hese  
a r e  shown i n  F igu re  1. Only t h e  p o r t i o n s  of t he  
e l l i p s e s  l y i n g  i n  a  r eg ion  v  5 vo << c ,  where t h e r e  
a r e  s i g n i f i c a n t  numbers of e l e c t r o n s  i n  t he  d i s t r i -  
bu t ion  f ( p ) ,  c o n t r i b u t e  app rec i ab ly  t o  y ~ ( k ) .  I t  
i s  r e l e v a n t  t o  d i s t i n g u i s h  between two c a s e s ,  t h e  
n o n - r e l a t i v i s t  i c  and t h e  s emi- re l a t  i v i s t i c .  I n  
examples a  a n d b  of F igu re  1 ,  i t  i s  r ea sonab le  t o  
use  t h e  n o n- r e l a t i v i s t i c  approximation y  = 1 i n  
Eq. 2  which then d e s c r i b e s  a  s t r a i g h t  l i n e  p a r a l l e l  
t o  t he  v l  a x i s  a t  vll = (w - s f i e ) /k l l .  I n  example a  
where k i c 2  >? w2 t h e  resonance e l l i p s e  h a s  a  l a r g e  
e c c e n t r i c i t y  and becomes unphysica l  a f t e r  touching 
t h e  boundary v  = c  a t  vli = w/kll. I n  example b  
where k i c 2  - w2 the  resonance e l l i p s e  i s  n e a r l y  
s emi- c i r cu l a r  and has  a  l a r g e  r a d i u s  and a  c e n t r e  
l oca t ed  we l l  away from the  o r i g i n .  I n  example c ,  
however, i t  i s  not  s e n s i b l e  t o  use  t h e  non- 
r e l a t i v i s t i c  approximation In  t h i s  semi- 
r e l a t i v i s t i c  ca se  where k i c 2  << w2 t h e  resonance 
e l l i p s e  i s  n e a r l y  s emi- c i r cu l a r  wi th  r a d i u s  l e s s  
than vg,  and has  a  c e n t r e  l oca t ed  w i t h i n  v0 of t h e  
o r i g i n .  The importance of t h e  s e m i- r e l a t i v i s t i c  
ca se  i n  t h i s  con tex t  was f i r s t  recognized by Wu 
and Lee i n  1979 (Ref .  1 6 ) .  

F igu re  1. Resonance l l i p s e s  i n  vll - v l  s  ace  f o r  
( a )  k?c2 >? w2, (b )  X I c '  I wi and ( c )  k i c q  << u 2 .  
The p o r t i o n  of t h e  e l l i p s e  which i s  no t  shown i n  
ca se  ( a )  is unphys i ca l .  The dashed l i n e  i n d i c a t e s  
t he  edge of a  loss- cone f e a t u r e  i n  t h e  e l e c t r o n  
d i s t r i b u t i o n  f u n c t i o n .  With t h i s  sou rce  of f r e e  
energy f o r  t h e  i n s t a b i l i t y ,  growth is p o s s i b l e  only  
i n  ca se  ( c )  where t h e  resonance e l l i p s e  l i e s  e n t i r -  
e l y  w i t h i n  t h e  l o s s  cone.  The e l l i p s e  i n  t h i s  ca se  
i s  approximate ly  s emi- c i r cu l a r  wi th  r a d i u s  vR and 
c e n t r e  l o c a t e d  a t  v  , = v c ,  vl = 0 .  

It may r e a d i l y  be  shown (e .g .  Ref.  (18) t h a t  i n  t he  
n o n- r e l a t i v i s t i c  ca se  t h e  term invo lv ing  t h e  p l -  
d e r i v a t i v e  i n  Eq. 1 l e a d s  t o  a  p o s i t i v e  semi- 
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d e f i n i t e  c o n t r i b u t i o n  t o  yM(lc). Thus i n  t h i s  ca se  
any growth ( i . e .  nega t ive  abso rp t ion )  can be a t -  
t r i b u t e d  e n t i r e l y  t o  t h e  term con ta in ing  the  pn- 
d e r i v a t i v e  and may be c a l l e d  p a r a l l e l  d r i v e n .  Th i s  
i s  t h e  ca se  d i scussed  i n  1976 by Melrose (Ref. 1 3 ) ,  
who found t h a t  growth r e q u i r e s  s t reaming e l e c t r o n s  
wi th  average v a l u e s  < (v l l  - <V >)2 '  << <v$>. It i s  I 1  
imposs ib le  i n  p r i n c i p l e  f o r  a  loss- cone f e a t u r e  t o  
cause  such a p a r a l l e l - d r i v e n  i n s t a b i l i t y .  ( I n  
Refs.  25 and 26 i t  was e r roneous ly  p r e d i c t e d  t h a t  
such an  i n s t a b i l i t y  would occu r ;  t h i s  e r r o r  was due 
t o  an incons i s t ency  between t h e  s i g n s  of s i n  t he  
a u t h o r s '  v e r s i o n s  of Eqs. 1 and 2 . )  There a r e  how- 
eve r  f e a t u r e s  i n  t h e  observed d i s t r i b u t i o n s  of i n-  
v e r t e d  V e l e c t r o n s  which could  d r i v e  t h i s  i n s t ab-  
i l i t y  - "bumps" due t o  trapped e l e c t r o n s  and 
downgoing "holes"  (Ref.  27).  

I n  t h e  s e m i - r e l a t i v i s t i c  ca se  where k l l  i s  r equ i r ed  
t o  be sma l l ,  t h e  term invo lv ing  t h e  p i , -de r iva t ive  
i n  Eq. 1 is  sma l l  and only  t h e  term wl th  t h e  p l -  
d e r i v a t i v e  need be considered  t o  a  f i r s t  app rox i-  
mation.  A perpendicular- dr iven i n s t a b i l i t y  can 
a r i s e  due t o  a  loss-cone f e a t u r e :  i f  t h e  resonance 
e l l i p s e  l i e s  e n t i r e l y  w i t h i n  t h e  l o s s  cone,  so  t h a t  
a f /apl  is p o s i t i v e  a t  every  p o i n t  on t h e  e l l i p s e ,  
then Eq. 1 n e c e s s a r i l y  imp l i e s  nega t ive  abso rp t ion  
( see  Fig .  1 ) .  A loss- cone f e a t u r e  a r i s e s  n a t u r a l l y  
when p r e c i p i t a t i n g  e l e c t r o n s  a r e  p a r t i a l l y  r e f l e c t -  
ed by a  magnetic f i e l d  whose s t r e n g t h  i n c r e a s e s  
wi th  dec reas ing  h e i g h t ;  e l e c t r o n s  wi th  smal l  p i t c h  
a n g l e s  a r e  absorbed by t h e  lower atmosphere whi le  
t hose  wi th  l a r g e  p i t c h  a n g l e s  a r e  r e f l e c t e d  t o  form 
an upward d i r e c t e d  l o s s  cone.  Most d i s c u s s i o n s  of 
ECME a r e  based on t h e  approximation t h a t  t h e  d i s -  
p e r s i v e  p r o p e r t i e s  of t h e  waves a r e  determined by a  
c o l d , r e l a t i v e l y  dense background plasma i n  t h e  
source  r e g i o n .  I f  t h e  v a l u e s  of o and Re a r e  
f ixed,  k l l  and hence t h e  resonance e P l i p s e  f o r  a  
given wave mode and harmonic s  a r e  func t ions  only 
of o  and 8 .  The range of r e sonan t  e l l i p s e s  which 
l i e  w i t h i n  t h e  l o s s  cone t h e r e f o r e  determines  t h e  
ranges  of f r equenc ie s  and a n g l e s  a t  which waves can 
grow. 

Figure 2  shows t h e  r eg ion  i n  o/Re - 8 space  f o r  
which growth i s  p o s s i b l e  f o r  t h e  s  = 1 x  mode when 
wp/Re  = 0 .1 .  The r i g h t  hand boundary of t h i s  r e-  
gion is determined by t h e  cond i t i on  f o r  a  resonance 
e l l i p s e  t o  e x i s t ,  i . e .  02 < c2k2 + s2@, which 
fo l lows d i r e c t l y  from Eq. 2.  T ie  resonance e l l i p s e s  
vanish  on t h i s  boundary curve  and no resonance i s  
p o s s i b l e  t o  t h e  r i g h t  of i t  f o r  8 < 90°, i . e .  f o r  
upward propagat ing  waves. The l e f t  hand boundary 
i s  determined by t h e  upward d i r e c t e d  loss- cone 
source  of f r e e  energy.  The e l l i p s e s  f o r  va lues  of 
o /ne  and 8 t o  t h e  l e f t  of t h i s  boundary a r e  too  
l a r g e  t o  f i t  i n t o  t h e  l o s s  cone and so  damping 
r a t h e r  t han  growth occu r s .  The growth r eg ion  nea r  
t h e  x-mode c u t o f f  i s  ext remely  narrow s i n c e  the  
r e f r a c t i v e  index of t h e  mode v a r i e s  r a p i d l y  wi th  
frequency i n  t h e  neighbourhood of t h e  cu -t o f f .  The 
region of maximum growth is l o c a l i z e d  nea r  
w/Re % 1.04 and 8 2. 700 implying t h a t  emiss ion 
t akes  p l ace  predominantly w i t h i n  a  narrow range of 
w and 8 (Ref.  28) .  Th i s  provides  a  p l a u s i b l e  ex- 
p lana t ion  f o r  t h e  beaming of DAM i n t o  a  sma l l  
angular  range about  t h e  s u r f a c e  of a  hol low cone 
(Refs.  19 ,20 ) .  

Figure 2  a l s o  shows t h e  t r a j e c t o r i e s  of t h r e e  r ays  
(each with f i xed  o )  i n  w/Re  - 8 space ,  c a l c u l a t e d  
under t h e  assumptions t h a t  t he  magnetic f i e l d  i s  
v e r t i c a l  and t h a t  up and Re dec rease  l i n e a r l y  wi th  
a l t i t u d e .  The h i g h e s t  frequency r ay  does no t  e n t e r  

t h e  resonance r eg ion  so  no growth i s  p o s s i b l e .  The 
lowest  frequency r ay  r a p i d l y  pas ses  through t h e  r e-  
g ion  of growth and is then  s t r o n g l y  damped be fo re  
emerging from t h e  sou rce  r eg ion .  The in t e rmed ia t e  
frequency ray  however pas ses  through t h e  r eg ion  of 
maximum growth and does no t  undergo damping. The 
emergence ang le  of t h i s  r ay  (% 62') d i f f e r s  only  
s l i g h t l y  from t h e  v a l u e  of 8 where t h e  wave i s  
growing most r a p i d l y  (% 70°). 

F igure  2.  Boundary cu rves  ( s o l i d )  p l o t t e d  i n  
w/Re - 8 space  f o r  t h e  growth of upgoing waves i n  
t h e  s = 1 x  mode f o r  op/Re = 0 .1 ;  t h e  i n s t a b i l i t y  
i s  d r i v e n  by an upgoing loss- cone d i s t r i b u t i o n  of 
e n e r g e t i c  e l e c t r o n s .  Resonance cannot occur  i n  
t h e  r eg ion  between t h e  r i g h t  hand boundary and i t s  
complement ( i . e .  180' - 0 )  f o r  downgoing waves. 
Damping r a t h e r  than growth occu r s  t o  t h e  l e f t  of 
t h e  l e f t  hand boundary curve  and i n  t h e  remaining 
p a r t  of t h e  space f o r  8 > 90'. The dashed cu rves  
show t h e  t r a j e c t o r i e s  i n  w/Re  - 8 space of t h r e e  
waves each w i t h  a  f i xed  o, propagat ing  i n  a  
s t r a t i f i e d  source  r eg ion .  The magnetic f i e l d  i s  
assumed t o  be  v e r t i c a l  and bo th  op  and Re t o  de- 
c r e a s e  l i n e a r l y  w i th  a l t i t u d e .  

The magnitude of t h e  growth r a t e  ( f o r  e i t h e r  p a r a l -  
l e l  o r  perpendicular- dr iven c a s e s )  can b e  q u i t e  
l a r g e .  The maximum va lue  f o r  a  loss- cone d r iven  
maser i n  t h e  s  = 1 x  mode i s  

where v~  and vc a r e  de f ined  i n  t h e  c a p t i o n  t o  
Figure  1 and where nH/nC i s  t h e  r a t i o  of t h e  number 
d e n s i t i e s  of t h e  e n e r g e t i c  and background e l e c t r o n s  
(Ref.  1 8 ) .  The ECME mechanism can a l s o  produce 
r a d i a t i o n  i n  t h e  s  = 1 o  mode, i n  t h e  z mode, and 
a t  h ighe r  harmonics.  A t  low plasma d e n s i t i e s  how- 
eve r  t h e  s = 1 x  mode i s  dominant; i t s  growth r a t e  
is t y p i c a l l y  an o r d e r  of magnitude l a r g e r  than t h a t  
of t h e  s  = 1 o  mode. A s  op/Re i s  i nc reased ,  t h e  
growth r eg ion  shown i n  Figure  2  moves r a p i d l y  t o  
h ighe r  f r equenc ie s  and sma l l e r  a n g l e s  and t h e  s  = 1 
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x  mode i s  s t r o n g l y  suppressed f o r  w /Re 2 0.3  
(Ref. 28).  P  

4. INHOMOGENEITIES AND FINE STRUCTURES I N  ECME 

Two a r e a s  of con t inu ing  t h e o r e t i c a l  i n t e r e s t  i n  t he  
ECME theory  f o r  AKR and DAM concern t h e  e f f e c t s  of 
inhomogeneit ies i n  t h e  sou rce  r eg ions  and t h e  in-  
t e r p r e t a t i o n  of f i n e  s t r u c t u r e s  i n  t h e  emiss ions .  

Due t o  t h e  g r a d i e n t  i n  B wi th  h e i g h t ,  t h e  resonance 
cond i t i on  i n  Eq. 2  changes due t o  t h e  change i n  

Re B wi th  h e i g h t ,  and a l s o  t o  t h e  changes i n  kll 
( a s  a  r e s u l t  of r e f r a c t i o n )  and i n  v l l  (which v a r i e s  
such t h a t  t h e  q u a n t i t y  V:/B is  cons t an t  and t h e  
q u a n t i t y  v i  : v: is  2/m t imes  t h e  ene rgy ) .  Reson- 
ance is  p a r t i c u l a r l y  f avourab le  when t h e s e  changes 
balance  such t h a t  t h e  c o n d i t i o n  

is s a t i s f i e d .  The waves and p a r t i c l e s  which s a t i s f y  
Eq. 4  remain i n  resonance f o r  an excep t iona l ly  long 
time and t h e  l i m i t i n g  e f f e c t  of t h e  inhomogeneity is 
minimized. However Eq. 4  is no t  r e a d i l y  s a t i s f i e d  
because t h e  r a t e  of change of Re is  by f a r  t h e  
l a r g e s t  term i n  most c i rcumstances .  Recent ly  Le 
Qugau, P e l l a t  and Roux (Ref. 29) proposed a  model 
i n  which t h e  emiss ion occurs  j u s t  above t h e  cu to f f  
where t h e  r e f r a c t i v e  index r i s e s  r a p i d l y  from ze ro  
towards u n i t y ,  and so  t h e  g r a d i e n t  i n  k11 i s  anom- 
a l o u s l y  l a r g e .  A t  any g iven he igh t  t h e  waves which 
can s a t i s f y  Eq. 4  i n  t h i s  manner a r e  i n  a  very r e-  
s t r i c t e d  frequency range,  l e a d i n g  t o  a  n a t u r a l  ex- 
p l a n a t i o n  f o r  f i n e  s t r u c t u r e s  i n  t h e  emiss ion.  

The f i n e  s t r u c t u r e s  i n  DAM (Ref.  21) and i n  AKR 
(Refs.  22,30) a r e  r a p i d l y  d r i f t i n g  i n  f requency.  
Melrose (Ref. 31) argues  f o r  an analogy wi th  
H e l l i w e l l ' s  phase bunching mechanism f o r  d i s c r e t e  
VLF emiss ions  (Ref. 32) and proposed t h a t  Eq. 4  
can be s a t i s f i e d  by invoking a  p a r a l l e l  e l e c t r i c  
f i e l d  i n  t h e  source  r eg ion .  The e l e c t r i c  f i e l d  El, 
a c c e l e r a t e s  t h e  p a r t i c l e s  caus ing both  V I I  and y t o  
have g r a d i e n t s  s o  t h a t  a  l a r g e  term involving Ell 
appears  e x p l i c i t l y  when Eq. 4  i s  eva lua t ed .  More- 
over i n  H e l l i w e l l ' s  t heo ry  o  changes i n  Eq. 4, due 
t o  t h e  wave- par t ic le  i n t e r a c t i o n  occu r r ing  i n  a  
moving i n t e r a c t i o n  r eg ion .  The c h a r a c t e r i s t i c  
frequency d r i f t  from high t o  low f requency i n  DAM 
is then i n t e r p r e t e d  i n  terms of an upward d r i f t  of 
t h e  i n t e r a c t i o n  r eg ion .  There is a l s o  o b s e r v a t i o n a l  
evidence f o r  a  c o r r e l a t i o n  between AKR and Ey (Ref.  
30) and t h i s  theory  provides  a  p o s s i b l e  exp lana t ion  
f o r  t h i s  c o r r e l a t i o n .  The observed t r i g g e r i n g  of 
AKR by s o l a r  r a d i o  emiss ions  (Ref.  33) might a l s o  
be expla ined n a t u r a l l y  by t h i s  theory ,  us ing t h e  
analogy wi th  t h e  well-documented t r i g g e r i n g  of d i s-  
c r e t e  VLF emiss ions .  

A s p e c i f i c  f e a t u r e  of some observed f i n e  s t r u c t u r e s  
i n  AKR i s  a  c h a r a c t e r i s t i c  frequency s e p a r a t i o n .  
Grabbe (Ref.  34) and l a t e r  Le ~ u g a u  e t  a 1  (Ref.  
29) argued f o r  an i n t e r p r e t a t i o n  involving ion  
cyc lo t ron  waves (ICW) i n  t h e  sou rce  r eg ion .  I n  
p r i n c i p l e ,  an I C W  modulation could be  due t o  a  
d i r e c t  r o l e  of t h e  I C W  i n  t h e  emiss ion process  
(Ref.  34) o r  t o  an I C W  modulation of t h e  e l e c t r o n  
d i s t r i b u t i o n .  The l a t t e r  i dea  seems f avourab le  i n  
t h a t  t h e  Ell s t r u c t u r e s  i n  t h e  a u r o r a l  zones involve  
an I C W  o s c i l l a t i o n  ( e .g .  Ref. 35) .  

5 .  PLASMA EMISSION 

The most f a m i l i a r  form of plasma emission was 

developed o r i g i n a l l y  f o r  type  I11  s o l a r  r a d i o  
b u r s t s  by Ginzburg and Zheleznyakov i n  1958 (Ref.  
36) :  Langmuir waves a r e  gene ra t ed  by an e l e c t r o n  
s t r eam and a r e  conver ted  p a r t i a l l y  i n t o  fundamental  
(- up) r a d i a t i o n  by s c a t t e r i n g  o f f  thermal  i ons  and 
p a r t i a l l y  i n t o  second harmonic ("  2wp) r a d i a t i o n  by 
coa l e scence  with o t h e r  Langmuir waves. The d e t a i l s  
of t h e  o r i g i n a l  t r ea tmen t  a r e  now ou tda t ed  and mod- 
e r n  v e r s i o n s  invoke a  v a r i e t y  of non l inea r  plasma 
phenomena (Refs.  37 ,  l b ) .  The a p p l i c a t i o n  t o  t ype  
I11 b u r s t s  con t inues  t o  be emphasized. However 
t h e r e  a r e  s e v e r a l  o t h e r  t ypes  of s o l a r  r a d i o  b u r s t s  
f o r  which t h e r e  i s  no evidence  f o r  s t reaming of 
e l e c t r o n s ,  no t ab ly  type  I V  emiss ion and more spec-  
i f i c a l l y  t h e  f l a r e  con t inua  (Ref.  l c ) .  A p l a u s i b l e  
t ype  of theory  f o r  such c a s e s  i nvo lves  Langmuir 
waves gene ra t ed  by t rapped e n e r g e t i c  e l e c t r o n s  with 
a  loss- cone an i so t ropy .  

The growth of Langmuir waves due t o  s p e c i f i c  t ypes  
of l o s s  cone d i s t r i b u t i o n  has  been d i scussed  by 
Benz and Ku i jpe r s  (Ref.  38) and by Za i t s ev  and 
Stepanov (Ref. 39 ) .  A sys t ema t i c  d i s c u s s i o n  of t h e  
unmagnetized c a s e  has  been given by Hewitt  and 
Melrose (Ref.  40) who inc luded r e l a t i v i s t i c  e f f e c t s  
and noted  t h a t  t h e  resonance c o n d i t i o n  o  - 5.: = 0  
corresponds  t o  a  resonance hyperboloid  i n  momentum 
space .  I n  a d d i t i o n  t o  t h e  l o s s  cone an i so t ropy ,  an 
impor tant  requirement f o r  growth is  t h a t  t h e  e l e c-  
t r o n s  have a  "gap" d i s t r i b u t i o n ,  i . e .  t h a t  t h e  d i s-  
t r i b u t i o n  f u n c t i o n  f ( p )  h a s  a  maximum a t  v = vo and 
a  minimum a t  v  << vo.-  Such a  gap can form when an 
i n i t i a l  t r apped  d i s t r i b u t i o n  wi th  a f ( p ) / a p  < 0  f o r  
a l l  p  expe r i ences  c o l l i s i o n a l  l o s s e s . -  Hewitt and 
Melrose p re sen ted  numerica l  r e s u l t s  f o r  i d e a l i z e d  
but  p l a u s i b l e  loss- cone d i s t r i b u t i o n s  f ( p ) , s e p a r -  
a b l e  i n  momentum p  and p i t c h  ang le  a. Tfie r e s u l t s  
showed t h a t  t h e  i n s t a b i l i t y  grows on ly  when ( i )  
t h e  p i t c h  ang le  d i s t r i b u t i o n  f a l l s  o f f  s u f f i c i e n t l y  
r a p i d l y  f o r  a 5 aO, t h e  loss- cone boundary ang le ,  
( i i )  t h e  "gap" i s  we l l  de f ined ,  ( i i i )  t h e  i n i t i a l  
e l e c t r o n  momentum spectrum is  r e l a  i v e l y  ha rd  
( e . g .  s power law d i s t r i b u t i o n a p - '  w i th  6 ( 4 )  and 
( i v )  t h e  background e l e c t r o n s  a r e  r e l a t i v e l y  cool  
so  t h a t  Landau damping does n o t  dominate.  Growth 
i s  cons ide rab ly  s t r o n g e r  f o r  double- sided loss- cone 
d i s t r i b u t i o n s ,  i . e .  t hose  wi th  loss- cone boundar ies  
a t  a0  and 180° - ao. Maximum growth then occu r s  
when k is  c l o s e  t o  pe rpend icu la r  t o  t h e  a x i s  of t h e  
l o s s  cones .  

The d i s t r i b u t i o n  of Langmuir waves gene ra t ed  by 
e l e c t r o n s  w i th  a  loss- cone an i so t ropy  t h e r e f o r e  
c o n t a i n s  waves wi th  n e a r l y  a n t i - p a r a l l e l  k ' s  and 
t h e s e  can c o a l e s c e  d i r e c t l y  t o  produce r a d i a t i o n  a t  
" 2wp !with Ikl" fi  w / c  << t h e  wavenumber of t h e  
Langmuir waves).  ~ h i g  is u n l i k e  t h e  ca se  of a  
s t reaming i n s t a b i l i t y  where t h e  k ' s  f o r  t h e  Lang- 
muir waves a r e  predominantly p a r a l l e l  t o  t h e  d i r -  
e c t i o n  of t h e  s t r eam and an in t e rmed ia t e  s c a t t e r i n g  
of some of t h e s e  waves i n t o  t h e  backward ( a n t i -  
s t reaming)  d i r e c t i o n  is  r e q u i r e d  be fo re  coa l e scence  
can produce 2wp r a d i a t i o n .  Thus t h e  loss- cone gen- 
e r a t e d  Langmuir waves a r e  more f avourab le  f o r  sec-  
ond harmonic plasma emiss ion.  The f l a r e  con t inua  
p l a u s i b l y  r e s u l t  from t rapped e l e c t r o n s  r a d i a t i n g  
i n  t h i s  manner. 

This  t ype  of plasma emiss ion from a  loss- cone d i s -  
t r i b u t i o n  is expected  t o  occur f o r  Qe << wp whereas 
ECME occur s  f o r  Re > up.  I n  t h e  i n t e rmed ia t e  range 
Re < w a  loss- cone d i s t r i b u t i o n  is  l i k e l y  t o  pro- 

P  
duce z-mode waves and Berns t e in  waves which can 
then p lay  t h e  same r o l e  a s  t h e  Langmuir waves i n  
plasma emiss ion.  
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