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GENERATION OF ORDINARY MODE AURORAL KILOMETRIC RADIATION FROM EXTRAORDINARY MODE WAVES 

L. M. Hayes and D. B.  Melrose 

School of Physics. Universi ty of Sydney, Sydney, New South Wales 

Abstract. The r a t i o  of x t o  o mode r ad i a t i on  
produced when an x mode wave s t r i k e s  a  s t eep  dens- 
i t y  gradient  is  determined f o r  wave and plasma 
parameters t yp i ca l  of those observed i n  t he  auror-  
a l  k i lometr ic  r ad i a t i on  source region.  We f i n d  
t ha t  t he  waves r e f l ec t ed  from o r  t ransmi t ted  
through the  dens i ty  gradien t  genera l ly  have an o 
mode component 20 dB o r  more weaker than t he  x 
mode component. This agrees with t he  r a t i o  of x 
t o  o mode i n t e n s i t y  observed i n  au ro ra l  k i lometr ic  
r ad i a t i on  s i g n a l s  near  t he  au ro ra l  plasma cav i ty  
by both t he  DE 1 and ISIS 1 spacecraf t .  

1. Introduction 

Observations of au ro ra l  k i lometr ic  r ad i a t i on  
(AKR) ind i ca t e  t h a t  i t  o r ig ina t e s  i n  a  region of 
depleted e l ec t ron  dens i ty  which forms a plasma 
cav i ty  i n  t h e  high- lat i tude au ro ra l  regions and 
t h a t  i t  is assoc ia ted  with inverted-V e l ec t ron  
p rec ip i t a t i on  events  [Gurnett ,  1974; Gurnett and 
Green. 1978; Benson and Calvert .  19791. One of 
the  most important p rope r t i e s  of the  r ad i a t i on  is  
i ts polar iza t ion .  The mode of propagation of AKR 
is  usua l ly  determined e i t h e r  by d i r e c t  po lar iz-  
a t i o n  measurements o r  by i n f e r r i n g  t he  polar iz-  
a t ion  of t h e  r ad i a t i on  from l o c a l  plasma resonance 
and cu tof f  frequencies,  although the  l a t t e r  method 
may lead t o  ambiguit ies  i n  t he  i d e n t i f i c a t i o n  of 
t he  mode polar iza t ion .  It is  widely bel ieved t ha t  
AKR c o n s i s t s  predominantly of x mode waves 
[Gurnett and Green, 1978; Kaiser e t  a l . ,  1978; 
Benson and Calvert ,  1979; Shawhan and Gurnett.  
19821. However, Oya and Morioka [I9831 i n t e r p r e t  
t he  dominant AKR r ad i a t i on  de tec ted  by t he  J ik iken  
(EXOS B) s a t e l l i t e  t o  be i n  the  o mode, and Benson 
[I9841 has  a l s o  found examples of AKR where t he  o 
mode is  dominant. 

Although both x and o mode waves a r e  known t o  
be  present  i n  AKR, t he r e  have been few observat-  
ions  of t he  r e l a t i v e  i n t e n s i t i e s  of t h e  two modes. 
When viewed from seve ra l  AU by Voyagers 1 and 2, 
AKR was found t o  be  polarized predominantly ( i . e . .  
80%) i n  t he  x mode [Kaiser  e t  a l . ,  19781. Direct  
po lar iza t ion  measurements c lo se  t o  t h e  source 
region of AKR suggest t h a t  t h e  o mode component is 
much weaker than the  dominant x mode component. 
Observations made by DE 1 a r e  cons i s t en t  with t h e  
o mode component down by 17 dB from t h e  x mode com- 
ponent [Shawhan and Gurnett,  1982; Mel lo t t  e t  a l . ,  
19841; observat ions made by Hawkeye 1 ind i ca t e  AKR 
contains o mode s igna l s  20 dB o r  more weaker than 
t h e  x mode r ad i a t i on  [Calvert .  19821. The ISIS 1 
observat ions i nd i ca t e  t h a t  t he  maximum power l e v e l  
of observed o mode is around 30 dB below t h e  most 
i n t ense  x mode component [Benson. 19851. The 
ISIS 1 data  a l s o  show t h a t  within t h e  plasma de- 
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p le t i on  assoc ia ted  with the  AKR source region the  
o mode is  usua l ly  weaker than t h e  x mode. I n  gen- 
e r a l ,  t h e  o mode is more in tense  than t h e  x mode 
only a t  l a t i t u d e s  outs ide  t he  plasma cav i ty .  This 
is  cons is ten t  with t h e  observat ions of predominant- 
l y  o mode AKR made by Oya and Morioka [I9831 which 
were a t  l a t i t u d e s  on t h e  equa to r i a l  s i d e  of t h e  
AKR source region.  

Hence t he re  appear t o  be  two c l a s s e s  of o mode 
AKR: one c l a s s  is observed outs ide  t he  au ro ra l  
plasma cav i ty  a t  higher e l ec t ron  d e n s i t i e s  when 
the  o mode i s  genera l ly  the  dominant mode; t he  
o ther  c l a s s  is  observed wi th in  t he  plasma deple t-  
ion region where t he re  i s  a predominance of x mode 
r ad i a t i on ,  and t he  o mode component is much weaker. 

I n  t h i s  paper we explore a  pos s ib l e  i n t e rp re t-  
a t i o n  of t he  weak o mode seen wi th in  t h e  plasma 
cav i ty .  Spec i f i ca l l y ,  we i nves t i ga t e  t h e  suggest-  
ion [Melrose e t  a l . ,  19841 t h a t  t h i s  o mode is 
produced by r e f l e c t i o n  of s t rong  x mode waves 
from s t eep  dens i ty  gradien ts  which have been ob- 
served both a t  t he  edge of t he  plasma cav i ty  and 
i n  dens i ty  enhancements wi th in  t h e  cav i ty  i t s e l f  
[Calvert ,  1981a; Benson and Akasofu. 19841. We 
assume the  x mode waves a r e  produced by cyc lo t ron  
maser emission [Wu and Lee. 19791. For t h e  pur- 
pose of t h i s  i nves t i ga t i on  we assume t h a t  t he  
maser produces only an x mode component. It is  
poss ib le  i n  p r inc ip l e  f o r  the  maser t o  produce 
some o mode emission and even f o r  t h i s  t o  be t he  
dominant mode of emission under s p e c i f i c  condit-  
ions  [Melrose e t  a l . ,  19841. Such generat ion of 
t he  o mode may be re levant  t o  t h e  c l a s s  of o mode 
emission observed outs ide  t he  plasma cav i ty .  
However, i t  seems unl ike ly  t h a t  t h e  o mode compon- 
en t  wi th in  t he  plasma cav i ty  is  generated d i r e c t l y  
by t he  maser; we d iscuss  t h i s  point  f u r t h e r  i n  
s ec t i on  5. 

I n  s ec t i on  2 we review t h e  theory of r e f l e c t i o n  
of magnetoionic waves from a sharp dens i ty  change 
and d iscuss  t he  condit ions under which t he  strong-  
e s t  secondary o mode is produced from an inc ident  
x mode. We ca l cu l a t e  t h e  r e l a t i v e  i n t e n s i t i e s  of 
t h e  secondary x and o modes i n  s ec t i on  3 ,  and i n  
s ec t i on  4 we compare t he  r e s u l t s  with x t o  o mode 
i n t e n s i t y  r a t i o s  observed i n  MR. 

2. Review of Magnetoionic Wave Ref lec t ion  

The theory of r e f l e c t i o n  of magnetoionic waves 
from a s t eep  dens i ty  gradien t  has  been described 
i n  a  previous paper [Hayes, 19851. B r i e f l y ,  we 
consider  a  wave t r a v e l l i n g  i n  t h e  x-z plane with 
wave vec tor  hn and frequency w ,  which s t r i k e s  a  
boundary between two regions of d i f f e r e n t  dens i t-  
i e s  a t  an  angle  B i n  t o  t h e  boundary normal. The 
boundary normal is  taken t o  be i n  t h e  z d i r e c t i o n ,  
and t he re  is a uniform ex t e rna l  magnetic f i e l d  B. 
In  genera l ,  t h e  inc ident  wave produces two t rans-  
mitted waves and two r e f l e c t e d  waves (see Figure 1 )  
The energy t r ans f e r r ed  from the  inc ident  wave i n t o  
each of t h e  secondary waves may be determined us- 
ing  t h e  boundary condi t ions  on the  e l e c t r i c  and 
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tronsrnittcd modes 

Fig. 1. Boundary between t h e  i n i t i a l  plasma and 
t he  f i n a l  plasma l i e s  i n  t he  x-y plane a t  z = 0. 
For z < 0 t h e  plasma frequency is  w p l  and f o r  
z > 0 t h e  plasma frequency is w 2. The e x t e r n a l  
magnetic f i e l d  2 is  assumed t o  Rave components i n  
t h e  x and y d i r e c t i o n s  only,  and t h e  inc ident .  
t ransmi t ted ,  and r e f l e c t e d  wave vec to r s  l i e  en- 
t i r e l y  i n  t h e  x-z plane. 

magnetic f i e l d s  and t h e  d i spers ion  r e l a t i o n s  of 
t h e  f i v e  waves. 

Hayes [I9851 considered t h e  ca se  of an i nc iden t  
x mode. The ex t e rna l  magnetic f i e l d  was assumed 
t o  l i e  i n  t h e  x-y plane. It was found t h a t  it is  
poss ib le  t o  descr ibe  changes i n  t h e  r e l a t i v e  
s t r eng th s  of t he  r e f l e c t e d  and t ransmi t ted  waves 
i n  terms of v a r i a t i o n s  i n  t h e  plasma and wave par-  
ameters, where t h e  parameters considered were t h e  
inc ident  wave frequency w and d i r e c t i o n  of propag- 
a t i o n  (Bin with r e spec t  t o  t h e  boundary normal), 
t h e  plasma f requenc ies  w p l  and wp2 on t h e  i n i t i a l  
and f i n a l  s i d e s  of t h e  boundary, t h e  gyrofrequency 
Re r e l a t e d  t o  t h e  ex t e rna l  magnetic f i e l d  
s t r eng th ,  and t he  angle  + between t he  ex t e rna l  
magnetic f i e l d  and t h e  x a x i s .  The main conclus-  
ions  of t h a t  paper concerning t h e  r e f l e c t e d  and 
t ransmi t ted  o modes were a s  fol lows.  

1. The r e l a t i v e  i n t e n s i t y  of t h e  t ransmi t ted  
o mode ( i . e . ,  wi th  r e spec t  t o  t h e  i nc iden t  x mode) 
i nc r ea se s  when t h e  t ransmi t ted  x mode i s  evanes- 
cent .  As t h e  plasma and wave parameters vary, t h e  
i n t e n s i t y  of t he  t ransmi t ted  o mode is  maximized 
when (1) t h e  gyrofrequency i s  small  compared t o  
t h e  plasma frequency, (2) when t h e  magnetic f i e l d  
is  i n  t h e  x d i r e c t i o n ,  and (3) when t h e  f i n a l  
plasma frequency wp2 i s  l a r g e  compared t o  t h e  in-  
i t i a l  plasma frequency w e l '  

2. The r e l a t i v e  i n t e n s i t y  of  t he  r e f l e c t e d  o 
mode i s  s u b s t a n t i a l  only a t  f requenc ies  below t h e  
cu tof f  frequency f o r  t h e  t ransmi t ted  x mode.' The 
i n t e n s i t y  of t h e  r e f l e c t e d  o mode i nc r ea se s  a s  t h e  
r a t i o  wp2/wpl increases ,  a s  t he  r a t i o  w i / n e  in-  
creases ,  a s  t he  magnetic f i e l d  moves i n f o  t he  
plane of incidence ( i . e . .  a long t h e  x a x i s ) ,  and 
f o r  angles  of incidence around 45O. 

These r e s u l t s  i n d i c a t e  it is  un l i ke ly  t h a t  a t  
f requenc ies  above t h e  x mode cu tof f  wc2 i n  t he  
second, denser  region t he  secondary o modes would 
be  s t r ong  enough t o  account f o r  t h e  o bode compon- 
e n t  observed i n  AKR. Hence we only consider  f r e -  
quencies w c w where 

c2 

Here r is  S n e l l ' s  cons tan t ,  i . e . ,  r = n s i n  0, 
where n is the  r e f r a c t i v e  index of t h e  t ransmi t ted  
x mode, and 0 is  t h e  angle  between i t s  wave vec tor  
and t h e  z a x i s  ( i . e . ,  t h e  d i r e c t i o n  of t h e  dens i ty  
g r a d i en t ) .  Also, we do no t  need t o  consider  f r e-  
quencies below t h e  cu tof f  frequency f o r  t h e  incid-  
e n t  x mode, wcl, where 

Within t h e  frequency range w c l  < w < wc2 t h e  t rans-  
mit ted waves may be  e i t h e r  o mode o r ,  a t  frequenc-  
i e s  below t h e  x mode resonance i n  t h e  t ransmission 
regfon, they may be  z mode waves. When t he  t rans-  
mit ted z mode propagates  it is  t h e  dominant second- 
a r y  mode produced by an  inc ident  x mode. However, 
i n  t h i s  paper we a r e  i n t e r e s t ed  i n  t h e  o mode com- 
ponent of AKR, so  we consider  only f requenc ies  
above t h e  t ransmi t ted  x mode resonance w where r 2 

Hence t h e  frequency range we consider  i s  given by 

There a r e  four  o the r  ' independent v a r i a b l e s  
(wp2/wpl. ~ ~ + / n ~ s  B i n .  and 4) still t o  be  consid-  
ered.  Some Ind i ca t i on  of t he  values of t he se  par-  
ameters f o r  which t h e  s t r onges t  o mode cumponent 
is produced is given i n  conclusions (1) and (2) 
above. For example, t h e  o mode is  s t r onges t  f o r  
l a r g e r  values of wp2/w 1 and l a r g e r  va lues  of 
wpl/ne. However, we wgsh t o  apply t he  r e f l e c t i o n  
of magnetoionic waves t o  t he  generat ion of AKR, so  
t h e  four  parameters must be chosen t o  be  cons i s t-  
en t  with observa t ions  of t h e  AKR waves and t h e  
source region.  They must a l s o  be  app l i c ab l e  t o  x 
mode waves generated by cyc lo t ron  maser emission. 
The frequency range a l ready  chosen inc ludes  f r e-  
quencies j u s t  above t h e  x mode c u t o f f ,  which is  
where t h e  growth r a t e  f o r  x mode waves produced 
by t h e  cyc lo t ron  maser is  l a r g e s t .  The va lues  o r  
ranges of values f o r  t h e  four  remaining parameters 
a r e  chosen a s  follows. 

1. The parameter $: one would expect  dens i t y  
enhancements wi th in  t h e  au ro r a l  c av i t y  a s  wel l  a s  
t h e  cav i t y 'wa l l s  t o  be  a l igned  c l o s e l y  wi th  t h e  
e a r t h ' s  magnetic f i e l d .  Using our  coord ina te  
system t h i s  corresponds t o  t h e  e x t e r n a l  magnetic 
f i e l d  i n  t h e  x-y plane (see Figure 1 ) .  This  was 
t he  ca se  considered by Hayes [I9851 who found t h a t  
t h e r e  was l i t t l e  d i f f e r ence  between t h e  i n t e n s i t -  
i e s  of t h e  o modes r e l a t i v e  t o  t h e  i nc iden t  mode 
when + = 45O and when + = OO. Hence we choose t h e  
magnetic f i e l d  angle  f o r  which t h e  c a l c u l a t i o n s  
a r e  s imples t ,  i . e . ,  = 0°, where t h e  wave vec to r s  
and t h e  ex t e rna l  magnetic f i e l d  l i e  i n  t h e  same 
plane. 

2. The parameter B i n :  AKR observa t ions  ind i-  
c a t e  t h a t  t h e  dominant x mode waves a r e  generated 
nea r l y  perpendicular  t o  t h e  e a r t h ' s  magnetic f i e l d  
[Calver t ,  1981b1, and t he  cyc lo t ron  maser theory 
a l s o  p r e d i c t s  a maximum growth r a t e  f o r  t h e  funda- 
mental x mode a t  angles  of 70° o r  110° between t h e  
wave vec to r  and t h e  magnetic f i e l d  [Hewitt e t  a l . ,  
19821. For angles  of incidence between lo0 and 
450, Hayes [I9851 found t h e r e  i s  l i t t l e  d i f f e r ence  
i n  t he  r e l a t i v e  i n t e n s i t y  of t he  secondary o modes 
produced by an x mode s t r i k i n g  a dens i t y  discon-  
t i n u i t y .  I n  view of t h e  weak Bin dependence of 
t h e  o mode i n  t h e  range of angles  i n  which we 
would expect  t o  f i n d  AKR, we choose one represent-  
a t i v e  va lue  B i n  = 20° t o  be  used i n  a l l  ca lcu la-  
t i o n s  of r e f l e c t i o n  and transmission c o e f f i c i e n t s .  

3 .  The parameter w p l / Q e :  observa t ions  of t h e  
a u r o r a l  plasma cav i t y  i n d i c a t e  t h a t  t h e  e l e c t r o n  
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density,  and hence t h e  plasma frequency a r e  ex- 
tremely low. Typically,  wpl/ne i n  t he  AKR source 
region appears t o  be 0.1, although values a s  low 
a s  0.03 have a l s o  been observed [Calvert ,  1981al. 
However, i f  t he  x mode propagates away from the  
source region before encountering a s teep  dens i ty  
gradient ,  t he  value of wpl /ne  where r e f l e c t i o n  oc- 
curs may be l a rge r .  A range of values of w p l / n e  
between 0.075 and 0.2 i s  chosen t o  al low f o r  pro- 
pagation e f f e c t s .  

4. The parameter wp2/wpl: t h e  plasma frequency 
w is r e l a t ed  t o  t he  e l ec t ron  number dens i ty  n by 
P e 

Density changes of a f a c t o r  of 10 o r  more have 
been observed both a t  t h e  boundary of t he  plasma 
cavi ty  and wi th in  t h e . c a v i t y  i t s e l f ,  and Benson 
[I9851 has a l s o  observed dens i ty  changes within t he  
plasma cavi ty  of a few tens  of percent. Hence 
the  relevant  range of values of w 2/wpl i s f r o m  5 
(corresponding t o  l a r g e  dens i ty  cpanges) t o  values 
approaching wp2/wpl  = 1 (corresponding t o  t he  weak 
density enhancements within t he  cav i ty ) .  

Finally,  we need t o  consider how s teep  the  
density gradients  a t  the  edges of t he  plasma cav- 
i t y  must be f o r  t he  approximation of r e f l e c t i o n  a t  
a densi ty d iscont inui ty  t o  be va l id .  Hayes [I9851 
found tha t  the  approximation of an i n f i n i t e l y  
steep density gradient  may be  made i f  the  d is tance  
over which the  dens i ty  v a r i e s  is  of t he  order of a 
wavelength. I n  t he  case  of AKR t h i s  corresponds 
t o  distances of t he  order of a kilometer. Density 
changes of an order of magnitude have been observed 
a t  the  edges of t he  au ro ra l  plasma cavi ty .  The 
cavi ty  i t s e l f  may be q u i t e  broad, but  both i ts  
shape and the  s ca l e  length  of t he  densi ty enhance- 
ment a t  the  edge of t h e  cavi ty  vary considerably 
between d i f f e r en t  observations of t he  AKR source 
region [Calvert ,  1981a; Benson and Akasofu, 19841. 
The ava i l ab l e  da ta  on t h i s  dens i ty  enhancement 
does not warrant a more de t a i l ed  model than t h a t  
of a densi ty d iscont inui ty  used i n  t h i s  paper. 
However, i n  a l l  discussions of t he  dens i ty  grad- 
i e n t ,  i t  should be remembered t h a t  t he  s ca l e  
length of the  dens i ty  gradient  may not be small 
enough f o r  the  model of a dens i ty  d iscont inui ty  t o  
be appropriate.  Very sharp e l ec t ron  dens i ty  en- 
hancements ranging i n  s i z e  from severa l  t e n ' s  of, 
percent t o  f ac to r s  of 3 - 10 have a l s o  been de- 
tec ted  within the  aurora l  plasma cavi ty  [Benson 
and Calvert ,  1979; Benson e t  a l . ,  1980; Benson. 
19851. However, such th in  dens i ty  enhancements 
might not always be detected,  even when high- 
resolu t ion  measuring techniques a r e  used, and it 
seems l i k e l y  t h a t  s teep  dens i ty  gradients  a r e  a 
common f ea tu re  of the  AKR source region. 

3. Relat ive x and o mode I n t e n s i t i e s  

The ac tua l  quanti ty measured i n  an observation 
of t he  i n t ens i ty  of an AKR s igna l  is  the  e l e c t r i c  
f i e l d  amplitude squared, i . e . ,  lEI2. However, 
Hayes [I9851 chose the  component of the  Poynting 
f lux  normal t o  t he  dens i ty  boundary t o  descr ibe  
the  energy i n  a wavk. One of the  main reasons f o r  
choosing t h i s  quant i ty  r a the r  than lEl2 i s  t h a t  i t  
is  more convenient t o  ca l cu l a t e .  For example, f o r  
an evanescent wave the  normal Poynting f l u x  is  
zero everywhere, whereas 1312 i s  zero only a t  
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l a rge  d is tances  from the  dens i ty  boundary and i s  
i n  general  nonzero a t  t he  boundary. Hence unl ike  
1312, t he  normal Poynting f l u x  only needs t o  be 
ca lcula ted  a t  the  boundary. Also, conservation of 
energy requi res  t h a t  t he  normal Poynting f lux  be 
continuous across  t he  boundary, and t h i s  condit ion 
is  a usefu l  check on the  accuracy of numerical 
ca lcula t ions .  F ina l ly ,  s p e c i f i c  ca l cu l a t i ons  show 
t h a t  the  d i f ference  between the  normal Poynting 
f l u x  of each secondary wave ( r e l a t i v e  t o  t he  in-  
cident  wave) and (ICI2 f o r  each secondary wave 
(again r e l a t i v e  t o  t he  inc ident  wave) i s  not  s ig-  
n i f i c a n t ,  e.g.,  they could not  be d is t inguished 
i n  Figure 2. For these  reasons we choose t o  com- 
pare the  r a t i o s  of normal Poynting f luxes  calcu-  
la t ed  f o r  waves r e f l ec t ed  from o r  transmitted 
through a s teep  dens i ty  gradient  with t he  observed 
i n t e n s i t y  r a t i o s  of t he  d i f f e r e n t  components i n  
AKR s ignals .  Henceforth t he  normal Poynting f lux  
is  represented by S. 

We a r e  i n t e r e s t ed  i n  the  r a t i o  of the  o mode 
components (both r e f l ec t ed  So, and transmitted 
Sot)  t o  the  r e f l ec t ed  x mode component (Sxr). The 
transmitted x mode is assumed t o  be evanescent and 
hence Sxt = 0. It is  convenient t o  def ine  t he  
r a t i o  

I n  the  parameter regions chosen i n  s ec t ion  2, t he  
i n t e n s i t y  of t he  r e f l ec t ed  o mode is  approximately 
equal t o  t h e  i n t e n s i t y  of t he  transmitted o mode. 

In  order t o  determine under what condit ions o 
modes around 30 dB weaker than the  x mode a r e  pro- 
duced ( i .e .  Rxo = 1000), we must take i n t o  account 
t he  va r i a t i on  of f i v e  independent parameters: 

The s t r eng th  of t he  secondary o modes depends 
primari ly on the  wave, plasma, and gyrofrequencies, 
and we concentrate on the  v a r i a t i o n  due t o  these  
parameters. 

Our r e s u l t s  a r e  presented i n  t he  form of three-  
dimensional contour p l o t s  of t he  quant i ty  Rxo, 
where va r i a t i on  with wp2/wpl is shown along the  
hor izonta l  a x i s ,  the  v e r t i c a l  a x i s  corresponds t o  
w/Re,  and the  remaining a x i s  corresponds t o  w p l / R e .  
Figure 2 shows the  r e s u l t s  f o r  an inc ident  angle 
of 20°, i . e . ,  an angle of 70° between the  inc ident  
wave vector and the  magnetic f i e l d  which is  per- 
pendicular t o  t he  dens i ty  gradient .  The sur face  
i n  Figure 2a i s  a contour corresponding t o  
Rxo = 100 o r  an  o mode power l e v e l  20 dB below t h e  
x mode l eve l .  Figure 2b shows the  sur face  where 
the  o mode is 30 dB weaker than the  x mode, and 
Figure 2c corresponds t o  t he  contour f o r  a power 
r a t i o  of 40 dB between the  x and o modes. 

The contours i n  Figure 2 i nd i ca t e  t h a t  not only 
is  i t  possible t o  generate a p a r a s i t i c  o mode from 
an inc ident  x mode i n  condi t ions  s imi l a r  t o  those 
i n  t he  AKR source region, but  a l s o  t h a t  generat ion 
of an o mode 20-40 dB weaker than the  x mode is  
f a i r l y  widespread i n  t he  parameter regions con- 
sidered.  Several t rends  may be noted i n  Figure 2. 
The p a r a s i t i c  o mode is s t ronger  f o r  (1) l a r g e r  
dens i ty  changes ( i . e . ,  l a r g e r  values of t he  r a t i o  
wp2/wpl; (2) higher frequencies w/Re; and (3) 
l a rge r  values of wpl/ne.  The contours occupy the  
upper and right-hand sec t ions  of t he  
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o p 2 / ~ p l  
Fig. 2. Contour sur faces  i l l u s t r a t e  t h e  va r i a t i on  
of t h e  r a t i o  of x t o  o mode energy with t he  wave, 
plasma, and yrofrequencies.  For a l l  po in t s  B (wp2/wpl.wpl Re.w/Qe) l y i n  on t h e  sur face  i n  
Figure 2a we have ko = 103; f o r  a11  poin ts  on t he  
su r f ace  i n  Figure 2b, so = lo3, and f o r  a l l  po in ts  
on t h e  sur face  i n  Figure 212, so - 104. 

~ p 2 / ~ p l - ~ p l / 5 2 ~  plane and curve upwards i n  t h e  
upper right-hand corner .  There is  a sharp cu tof f  
on the  lower and left- hand s i d e s  of t he  contours. 
The pro jec t ion  of t h i s  cu tof f  onto t h e  
wp2/wpl - wpl /52e  plane ( ind ica ted  by t h e  heavy 
dashed l i n e s )  shows t h a t  f o r  smaller  values of 
wpl/ne,  l a r g e r  values of wp2/wpl a r e  requi red  t o  
produce o mode 20-40 dB weaker than t he  x mode. 
The contour sur faces  i n  Figures 2a and 2b continue 
t o  t he  right-hand edge of t he  wp2/wpl - wpl/ne 
plane, but t he  sur face  i n  Figure 2c ends before i t  
reaches t h a t  edge. This is a r e s u l t  of t h e  f a c t  
t h a t  we i nves t i ga t e  a l im i t ed  range of frequencies 
( t he  upper and lower bounds on t h e  wave frequency 
a r e  given by (4)) .  I f  we were t o  r e l a x  t h e  con- 

s t r a i n t s  on t he  frequency, then t he  contour i n  
Figure 2c would continue f u r t h e r  t o  t he  r i g h t .  

The condi t ions  f o r  which an o mode 20 dB 
weaker than an x mode (Figure 2a) is  produced by 
r e f l e c t i o n  off  a s t eep  dens i ty  gradien t  may be 
summarized a s  fol lows.  For t h e  parameter ranges 
0.075 < wpl/ne < 0.2. 1 < wp2/wpl < 5,  and 
1 < w/Re < 1.6. (1) t he  dens i ty  d i f f e r ence  between 
t h e  two plasma reg ions  must correspond t o  a dens- 
i t y  r a t i o  of 10 o r  more, with l a r g e r  dens i ty  
r a t i o s  requi red  f o r  production of t h e  o mode when 
the  r a t i o  w p l / n e  i s  smaller;  (2) t he  r a t i o  w p l / n e  
must be l a r g e r  than 0.12 i f  t he  dens i ty  change 
where t he  p a r a s i t i c  o mode is  generated is  no t  t o  
exceed a f a c t o r  of 25; and (3) secondary o mode 
20 dB weaker than t he  x mode is  produced f o r  waves 
with a frequency of w = 1.3fle t r ave l i ng  i n  a re-  
gion where t h e  r a t i o s  wpl/22, and wp2/w 1 corre-  
spond t o  values a t  t h e  left- hand edge of t h e  con- 
t o u r  ( i . e .  w 2/Re = 0.67); f o r  l a r g e  dens i ty  
r a t i o s ,  t h e  frequency of t h e  waves involved i n  
t h e  o mode production is l a r g e r  than 1.322,. 

The condi t ions  f o r  generat ion of o mode 30 dB 
weaker than t h e  x mode (Figure 2b) a r e  a s  fol lows.  

1. The dens i ty  r a t i o  between t h e  two plasmas 
nust be 3 o r  more, and again l a r g e r  dens i t y  r a t i o s  
a r e  requi red  t o  produce t he  o mode when t h e  inc id-  
en t  mode i s  i n  a region with small  w l /Re.  

2. An o mode 30 dB weaker than tKe x mode i s  
produced a t  a l l  plasma frequencies i n  t he  range 
0.075 < w l/52e < 0.2 and f o r  dens i ty  r a t i o s  < 25. 
For exampIe, when wpl/22, - 0 .l secondary o mode is 
produced f o r  a dens i ty  r a t i o  of 10 o r  more. 

3. The frequency of the  inc ident  wave which 
produces t h e  p a r a s i t i c  o mode i s  w l . l n e  f o r  
small values of w For l a r g e r  wpl/fle, t h e  
frequency ranges from w = 1.152, with small  dens i ty  
changes t o  w = 1.352, f o r  l a r g e r  dens i ty  changes. 

F ina l l y ,  o mode 40 dB weaker than t h e  x mode 
(Figure 2c) is produced when (1) t h e  dens i ty  r a t i o  
is  1.7 o r  more. A t  a l l  values of w p l / i l e  between 
0.075 and 0.2 small  dens i ty  changes produce t h e  
p a r a s i t i c  o mode. For example, when 
wpl/22e = 0.075. which is t h e  va lue  which needs t h e  
l a r g e s t  dens i ty  change t o  produce t he  o mode, a 
dens i ty  r a t i o  of c 6 is s u f f i c i e n t .  0 mode 40 dB 
weaker than t h e  x mode occurs when (2)  t h e  gener- 
a t i o n  of t h e  o mode occurs a t  a l l  plasma f r e-  
quencies s tudied .  Las t ly ,  it occurs when (3) t h e  
frequency of t he  inc ident  wave which produces t he  
o mode is genera l ly  l.0652,, although t h e  wave may 
have a frequency a s  high as w = 1.1252, wheh w /52 
is l a rge .  PI e 

4. Applicat ion t o  AKR 

I n  order  t o  determine whether t h e  p a r a s i t i c  o 
mode generated by r e f l e c t i o n  of an x mode wave can 
account f o r  t h e  o mode AKR component observed i n  
t h e  au ro ra l  plasma cav i ty ,  we compare t h e  r e s u l t s  
of t h e  l a s t  s ec t i on  with experimental observat ions 
of t he  AKR source region. 

Consider t h e  condi t ions  under which x mode re-  
f l e c t i o n  produces an o mode component around 20 dB 
weaker than t he  x mode component. 

1. Density changes of a t  l e a s t  a f a c t o r  of 10 
( t yp i ca l l y  t h e  dens i ty  r a t i o  nust be around 20) 
a r e  required.  Density changes of t h i s  s i z e  a r e  
usua l ly  not  found wi th in  t h e  plasma cav i ty  [Benson, 
19851 but  s u i t a b l e  dens i ty  changes a r e  observed a t  
t h e  edges of t he  au ro ra l  c av i t y .  
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2. The frequency of t h e  i nc iden t  x mode waves 
must be  i n  t h e  range 1.3 < w/Re < 1.6. This  range 
is ou t s i de  t he  range 1.02 < w/Re < 1.1 f o r  which 
t he  cyc lo t ron  maser l e ads  t o  near ly  t h e  maximum 
growth r a t e  f o r  t h e  x mode [Hewitt e t  a l . .  19821. 
This range is  a l s o  above t he  range of w/Re  ob- 
served c l o s e  t o  t h e  AKR source  region [Benson and 
Calvert ,  19791. 

3. The r a t i o  of plasma frequency t o  gyrofre-  
quency must be  w l/Qe > 0.12. This  is  l a r g e r  
than t h e  va lue  o! 0.1 u sua l l y  observed i n  t he  
plasma c a v i t y .  

We conclude t h a t  genera t ion  of an  o mode no 
weaker than 20 dB below t h e  x mode by r e f l e c t i o n  
of an i n i t i a l  x mode can  only occur i n  reg ions  
where both wpl/Re and w/Re a r e  s l i g h t l y  l a r g e r  
than values t y p i c a l  of t h e  AKR source region.  We 
i n t e r p r e t  t h i s  a s  i nd i ca t i ng  t h a t  t h e  r e f l e c t i o q  
occurs a t  higher  a l t i t u d e s  than t h e  generat ion of 
t h e  i n i t i a l  x mode, i . e . ,  t h e  maser generated x 
mode i s  r e f r ac t ed  upwards and propagates  some d i s-  
tance before s t r i k i n g  a s t e ep  dens i t y  grad ien t  a t  
the  edge of t h e  plasma c a v i t y  and producing re-  
f l e c t e d  x and o modes. 0 mode AKR 17 dB weaker 
than the  x mode AKR component was observed by t h e  
DE 1 spacecraf t  a t  a l t i t u d e s  higher  than t h e  AKR 
source region [Mellot t  e t  a l . ,  19841. The a l t i -  
tude of DE 1 was probably a l s o  h igher  than t h e  
regions where we expect  r e f l e c t i o n  of an  x mode t o  
produce an o mode component around 20 dB weaker 
than t he  x mode. Hence r e f l e c t i o n  of an  i n i t i a l  x 
mode i n t o  x and o mode components which then pro- 
pagate t o  higher  a l t i t u d e s  is  a pos s ib l e  explan- 
a t i o n  f o r  t he  DE 1 observa t ions .  

Generation of a weaker o mode component (be- 
tween 20 and 30 dB weaker than t h e  x mode) can 
occur f o r  a wider range of dens i t y  r a t i o s  and f o r  
lower values of opl/Re and w/Re than is  requi red  
f o r  generat ion of s t ronger  o modes, i . e . ,  o modes 
l e s s  than 20 dB weaker than t h e  x mode. The 
dens i ty  changes requi red  can be a s  small  a s  a 
f a c t o r  of 3. Hence t h i s  weaker o mode may be  pro- 
duced by r e l a t i v e l y  l a r g e  dens i t y  enhancements 
within t h e  au ro r a l  c av i t y  a s  we l l  q s  a t  t h e  l a r g e r  
dens i ty  changes a t  t he  edge of t h e  cav i t y .  The 
frequency of t h e  x mode requi red  t o  produce t h i s  
weaker l e v e l  of o mode i s  around w/Oe = 1.1. This  
is t h e  value observed i n  t he  AKR source region and 
it is a l s o  t he  va lue  required by t h e  theory f o r  
cyclotron maser generated x mode. The va lues  of 
w p l / R e  required i n  t h i s  case  a r e  i n  t h e  range 
0.075 < wpl/Re < 0.2. These va lues  a r e  cons i s t en t  
with observat ions of wpl/Re near  t h e  AKR source.  

We conclude t h a t  phys ica l  condi t ions  f o r  an 
i n i t i a l  x mode t o  generate  an  o mode component be- 
tween 20 and 30 dB weaker than t h e  x mode a r e  
commonly s a t i s f i e d  i n  t he  AKR source region.  One 
would expect t o  s e e  a widespread background of o 
mode waves generated by r e f l e c t i o n  of x mode waves 
o f f  dens i ty  grad ien ts .  This provides a n a t u r a l  
explanat ion f o r  t h e  observat ions of Benson [1985], 
who found o mode a t  l e a s t  30 dB weaker than t h e  x 
mode d i s t r i bu t ed  throughout t h e  a u r o r a l  c av i t y .  

Very weak Q mode (between 30 and 40 dB below 
the  x mode l e v e l )  is  generated by r e f l e c t i o n  of x 
mode waves a t  a l l  va lues  of wpl/Re between 0.075 
and 0.2 f o r  an inc ident  wave with frequency be- 
tween 1.06Re and 1.12Re. Density changes of sev- 
e r a l  t en s  of percent  (dens i ty  r a t i o s  a s  low a s  
1.7) a r e  s u f f i c i e n t  t o  produce t h e  o mode. Thus 
one would expect genera t ion  of very weak o mode 

whenever x mode AKR s t r i k e s  a s t e e p  dens i t y  grad- 
i e n t  wi th in  t h e  plasma cav i t y .  

These r e s u l t s  a r e  f o r  i n i t i a l  x mode waves wi th  
f requenc ies  such t h a t  when they s t r i k e  a s t e e p  
dens i t y  g r ad i en t  they produce r e f l e c t e d  x and o 
modes and a t ransmi t ted  o mode, with t h e  r e f l e c t e d  
x mode being t he  s t r onges t  secondary mode. I t  is 
a l s o  poss ib le  f o r  an x mode s t r i k i n g  a dens i t y  
grad ien t  t o  genera te  prgdominantly t ransmi t ted  x 
o r  z modes r a t h e r  than a r e f l e c t e d  x mode. The 
regime where t h e  t ransmi t ted  x mode is dominant 
corresponds t o  inc ident  waves wi th  h igher  f r e-  
quencies than t h e  waves discussed i q  t he  previous 
s ec t i ons .  In  genera l ,  t h e se  f requenc ies  a r e  out- 
s i d e  t h e  range of f requenc ies  t y p i c a l  of AKR s ig-  
n a l s  f o r  any given plasma o r  gyrofrequencies.  
Transmitted z modes a r e  generated e i t h e r  below t h e  
i nc iden t  x made cu tof f  frequency ( i n  which ca se  
they cannot come from maser-generated x mode 
waves) o r  i n  a narrow range of f requenc ies  j u s t  
above t he  i nc iden t  x mode c u t o f f .  This  range of 
f requenc ies  becomes l a r g e r  a s  t h e  s i z e  of t h e  
dens i t y  change increases ,  bu t  f o r  dens i t y  changes 
o r  an order  of magnitude o r  l e s s  t h e  frequency 
range is  gene ra l l y  small .  For t he se  reasons t h e  
generat ion of predominantly t ransmi t ted  x o r  z 
modes is l e s s  l i k e l y  t o  occur i n  t h e  AKR source 
reg ion  than t h e  generat ion of a r e f l e c t e d  x mode. 
Thus when an  x mode wave generated w i th in  t h e  
plasma cav i t y  by t h e  cyc lo t ron  maser mechanism 
encounters  a s t e e p  dens i t y  g r ad i en t ,  t h e  r e s u l t  is 
most l i k e l y  t o  be r e f l e c t e d  x and o modes and a 
t ransmi t ted  o mode, with t h e  o modes 20 dB o r  more 
weaker than t h e  x mode. 

F ina l l y ,  we comment on observa t ions  of o mode 
without  an a s soc i a t ed  x mode component. For ex- 
ample, Benson [1985], found weak o mode but  almost 
no x mode i n  reg ions  with wp/Re z 1 ou t s ide  t h e  
plasma cavi ty .  Now when x and o mode waves a r e  
r e f l e c t e d  from a dens i t y  gradiefit  i n  t h e  plasma 
cav i t y  they a r e  i n i t i a l l y  a t  s i m i l a r  angles  bu t  
they may subsequently be  r e f r a c t e d  i n  d i f f e r e n t  
d i r e c t i o n s  a s  they propagate upwards. HBshimoto 
[I9841 s tud ied  a podel f o r  t he  r e f r a c t i o n  of x and 
o mode waves i n  t h e  AKR source reg ion .  He con- 
cluded t h a t  r e f r a c t i o n  can account f o r  t h e  observ- 
ed d i s t r i b u t i o n  of predominantly o mode waves a t  
lower l a t i t u d e s  and x mode waves a t  h igher  l a t i -  
tudes i f  t h e  x and o modes a r e  generated i n  t h e  
same region w i th  s i m i l a r  angles  of propagat ion but  
wi th  t h e  x mode s t r onge r  than t h e  o mode. Another 
pos s ib l e  source f o r  t h e  o mode observed i n  reg ions  
wi th  h igher  plasma dens i t y  is t h e  t ransmi t ted  o 
mode produced by an i n i t i a l  x mode. This  propa- 
ga t e s  i n t o  reg ions  of increas ing  w /Re ou t s i de  t h e  
plasma cav i t y  and would be  observes without  any 
accompanying x mode. Both t he se  mechanisms could 
produce an o mode component without  an  accompany- 
ing  x mode component i n  l ~ c a l i a e d  reg ions  ou t s i de  
t h e  a u r o r a l  c av i t y .  

5 .  A l t e rna t i ve  Mechanism f o r  o Mode Generation 

The only a l t e r n a t i v e  theory f o r  t h e  genera t ion  
of t h e  o mode component i n  AKR i 6  t h a t  i t  is  gen- 
e ra t ed  d i r e c t l y  by t h e  cyc lo t ron  ma5er. I t  is 
pos s ib l e  f o r  the ,  o mode t o  be  t h e  dominant growing 
mode of t h e  maser under s p e c i a l  coddi t ione ,  e.g., 
w /Re > 0.2. However, i n  most of t h e  a u r o r a l  

c av i t y  w /Re i s  t y p i c a l l y  < 0.2. For 
up/Re << 0.2, t i e  o mode can grow due t o  t he  same 
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source of f r e e  energy a s  the  x mode o r  due t o  a 
separa te  source of f r e e  energy [Melrose e t  a l . .  
1984; Omidi and Wu, 1985; Winglee, 19851. Very 
spec i f i c  condit ions a r e  required t o  account f o r  a 
weak o mode component i n  terms of a separa te  
source of f r e e  energy: (1) t h e  f ea tu re  i n  t he  
e l ea t ron  distribution which causes the  o mode t o  
grow must not cause a f a s t e r  growth of t he  x mode, 
(2)  t he  f r e e  energy ava i l ab l e  must be about 10-3 
of t h a t  ava i l ab l e  f o r  growth of t he  x mode i n  or-  
der t o  produce an o mode component 30 dB weaker 
than the  x mode (assuming t h a t  t he  growth of both 
s a tu ra t e s ) ,  and (3) the  growth of t he  o mode must 
be f a s t  enough t o  reach sa tu ra t ion  i n  the  time 
avai lab le .  Although separa te  g ~ o w t h  of the  o mode 
is poss%ble [Omidi and Wu, 1985; Winglee, 19851, 
we be l ieve  the  condi t ions  f o r  it t o  be e f f e c t i v e  
aze  mpch more r e s t r i c t i v e  than has been assumed. 
Weak growth of t he  o mode hue t o  t he  same source 
of f r e e  energy a s  t he  x mode seems more plausible.  
In  t h i s  sec t ion  we argue t h a t  a theory based on 
growth of both modes due t o  the  same source of 
f r e e  energy cannot account f o r  t h e  observations. 

Let t h e  cyclotron maser cause both o mode and 
x mode waves t o  grow with growth r a t e s  yo and yx, 
respect ive ly .  Let To a_nd Tx be the  br ightness  
temperatures, and l e t  T be a temperature r e l a t ed  
to  the  energy of the  p a r t i c l e s  
(T = few keV = few x107 K here) .  For e i t h e r  mode 
the  t r ans fe r  equation is  then 

where M = o o r  x. The re levant  so lu t ion  of (7) i f  
T M = O a t t = O i s  

Spontaneous emission i n i t i a l l y  causes TM to-in- 
crease  l i n e a r l y  with time u n t i l  TM reaches T. 
Thereafter  t he  spontaneous emission is  amplified 
and grows exponential ly.  

Suppose-the f a s t e r  growing mode, i n  t h i s  case  
t he  x mode. s a tu ra t e s  ~t Tx = TmX a f t e r  a time 
t = t-. A t  t h i s  time a l l  t he  f r e e  energy is ex- 
hausted and the slower growing mode a l s o  s tops  
growing. The r e l a t i v e  i n t e n s i t y  of t he  two modes 
a t  t - tmX 'is determined by 

the  l eve l  of the  x mode and such a source f o r  t he  
o mode component cannot account f o r  the observed 
l eve l .  Note, however, t h a t  t h i s  conclusion is  
based on the  assumption t h a t  t he  o mode and the  
x mode grow due t o  t he  same source of f r e e  energy. 
A s  was mentioned above, t h i s  is not  necessar i ly  
the  case  and o mode AKR may grow due t o  a d i f f e r e n t  
source of f r e e  energy from the  x mode. 

6. Conclusion 

The important conclusions from t h i s  i nves t i-  
gation a r e  a s  follows. 

1. An x mode component inc ident  on a s t eep  
dens i ty  gradient  i n  o r  near the  au ro ra l  plasma 
cavi ty  produces both o and x mode r e f l ec t ed  com- 
ponents and a transmitted o mode component. 

2. The observed o mode components i n  AKR can 
be explained i n  terms of t h i s  mechanism. I n  
p a r t i c u l a r ,  (1) a weak background l e v e l  (> 30 dB 
below the  x mode l e v e l )  may be due t o  t he  r e f l e c t-  
ions  and transmissions a t  densi ty inhomogeneities 
within t h e  au ro ra l  cavi ty .  Also, (2) s t ronger  o 
mode componepts (?. 20 dB below the  x mode l e v e l )  
may be generated by r e f l e c t i o n  from the  edges of 
t he  cavi ty  a t  higher a l t i t u d e s  than the  regions 
where t he  cyclotron maser mechanism generates x 
mode. This r e s u l t  is subjec t  t o  t h e  approximation 
of a densi ty d iscont inui ty  being appl icable  t o  t he  
densi ty gradient  a t  the  edge of t he  plasma cavi ty .  
F ina l ly ,  (3) o mode components observed without an  
accompanying x mode component may be generated a s  
i n  (2(1))  and r e f r ac t ed  i n t o  regions where t he  x 
mode does not  propagate, o r  they may be generated 
by transmission of o mode waves a t  t he  edge of t h e  
plasma cavi ty .  

3. An a l t e r n a t i v e  explanation i n  which the  o 
mode is  generated d i r e c t l y  by the  maser cannot ac- 
count f o r  the  l e v e l s  of o mode observed except un- 
der spec i a l  condit ions.  One would expect growth 
of t he  o mode by t h i s  mechanism t o  be loca l ized  t o  
favorable regions,  producing only a l o c a l l y  en- 
hanced o mode component. 
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