
JOURNAL OF GEOPlrYSICAL RESEARCH, VOL. 88, NO. A12, PAGES 10,065-10,071, DECEMBER 1 ,  1983 
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Abs t rac t .  Z mode r a d i a t i o n  has  been observed 
i n  t h e  a u r o r a l  zones where t h e  plasma frequency 
up  i s  l e s s  than  t h e  e l e c t r o n  c y c l o t r o n  
frequency $2,. We e x p l o r e  t h e  p o s s i b i l i t y  t h a t  
t h i s  r a d i a t i o n  is  genera ted  i n  t h e  same way a s  
t h e  X mode r a d i a t i o n  of t h e  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) , i .e .  , by c y c l o t r o n  maser 
emission d r iven  by a  l o s s  cone d i s t r i b u t i o n ,  
s p e c i f i c a l l y  by e l e c t r o n s  r e f l e c t e d  a t  a  lower 
he igh t  and p ropaga t ing  upward. We c a l c u l a t e  t h e  
growth r a t e  f o r  t h e  Z mode by us ing  a  lnethod 
developed f o r  t h e  X mode and t h e  0  mode. We 
f i n d :  (1 )  Growth occurs  i n  a  smal l  c r e s c e n t -  
shaped reg ion  of w - 8 space j u s t  o u t s i d e  a  
fo rb idden  zone near  8  = 90' wi th  w between 
$2, and t h e  upper hybr id  f requency.  ( 2 )  The 
temporal  growth r a t e  f o r  t h e  Z mode is  l e s s  than 
t h a t  f o r  t h e  (unsuppressed)  X mode but comparable 
w i t h  t h a t  of t h e  0  mode; f o r  wp/$2, > 0.3 t h e  
X m d e  is suppressed and t h e  growth-of t h e  Z mode 
and t h e  0  mode compete f o r  t h e  a v a i l a b l e  f r e e  
energy. Because of t h e  low group speed of t h e  
Z mode i t s  s p a t i a l  growth r a t e  is h i g h e r  t h a n  
t h a t  of t h e  0  mode, g i v i n g  it an advantage.  ( 3 )  
The p roduc t  of t h e  s p a t i a l  growth r a t e  and t h e  
bandwidth of t h e  growing waves f o r  t h e  Z mode i s  
comparable w i t h  t h a t  f o r  t h e  (unsuppressed)  
X mode and is much g r e a t e r  than  t h a t  of t h e  
0  mode. ( 4 )  Although a l l  growing Z mode waves 
have s l i g h t l y  upward d i r e c t e d  wave normals 
( 8  > 9 0 ° ) ,  most have downward d i r e c t e d  r a y s ,  many 
a t  i n g l e s  Bg between 50" and 70°, and s o  can 
propagate  toward reg ions  where w < Re. We 
argue t h a t  t h e s e  p r o p e r t i e s  sugges t  t h a t  l o s s  
cone d r i v e n  c y c l o t r o n  emission may be t h e  
mechanism g e n e r a t i n g  t h e  observed a u r o r a l  Z mode 
r a d i a t i o n .  

1. I n t r o d u c t i o n  

Broadband Z mode r a d i a t i o n  has  been d e t e c t e d  
i n  a u r o r a l  c a v i t i e s  where t h e  plasma frequency 
u p  is a p p r e c i a b l y  l e s s  than  t h e  e l e c t r o n  
c y c l o t r o n  frequency Re. C a l v e r t  [I9811 
repor ted  o b s e r v a t i o n s  w i t h  t h e  Hawkeye s a t e l l i t e ,  
Benson [I9821 wi th  t h e  ISIS 1 t o p s i d e  sounder and 
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Gurne t t  e t  a l .  [I9831 w i t h  t h e  p o l a r  o r b i t t i n g  
DE-1 s p a c e c r a f t .  It seems t h a t  Z mode r a d i a t i o n  
i s  a  common f e a t u r e  of t h e  a u r o r a l  zones and t h a t  
i t  had no t  been i d e n t i f i e d  e a r l i e r  because it i s  
d i f f i c u l t  t o  d i s t i n g u i s h  from a u r o r a l  h i s s  under 
c o n d i t i o n s  when $2, > up. The frequency band 
i n  which t h e  Z mode can e x i s t  o v e r l a p s  wi th  t h e  
upper end of t h e  w h i s t l e r  band and hence of 
a u r o r a l  h i s s .  There  is no t  a  s t r o n g  c o r r e l a t i o n  
between t h e  observed Z mode r a d i a t i o n  and e i t h e r  
a u r o r a l  h i s s  o r  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), a l though  t h e  c o r r e l a t i o n  is  somewhat 
b e t t e r  w i t h  h i s s .  The i n t e n s i t y  of t h e  Z mode 
r a d i a t i o n  i s  about  of t h a t  of t h e  
s imul taneous ly  d e t e c t e d  AKR [Gurne t t  e t  a l . ,  
19831. 

By analogy e i t h e r  t o  t h e  g e n e r a t i o n  of h i s s  o r  
t o  t h e  g e n e r a t i o n  of AKR t h e r e  a r e  two obvious 
p o s s i b i l i t i e s  f o r  t h e  g e n e r a t i o n  of Z mode 
r a d i a t i o n .  H i s s  is thought  t o  be genera ted  
through ampl i f i ed  Cerenkov emission by downgoing 
e l e c t r o n s  [Swi f t  and Kan, 1975; Maggs, 1976; 
Yamamoto, 1979; Melrose and White,  1980; Lotko 
and Maggs, 19811. Cerenkov emission r e q u i r e s  a  
l a r g e  r e f r a c t i v e  index ,  and t h e  Z mode has a  
resonance ( i . e . ,  an i n f i n i t e  r e f r a c t i v e  index)  a t  
w = w+(8) wi th  u+(8) > Re f o r  Re > up. 
The observed Z mode r a d i a t i o n  would t h e n  be 
a t t r i b u t e d  t o  downward p ropaga t ing  r a d i a t i o n  
i n i t i a l l y  genera ted  a t  w > Re. Gurne t t  e t  a l .  
[I9831 have commented b r i e f l y  on t h i s  mechanism. 
Here we d i s c u s s  t h e  o t h e r ,  a  mechanism analogous 
t o  t h a t  f o r  AKR. 

Following t h e  sugges t ion  by Wu and Lee [I9791 
i t  is  now widely accepted t h a t  AKR is genera ted  
through a  l o s s  cone d r i v e n  c y c l o t r o n  maser 
emission by r e f l e c t e d  upgoing e l e c t r o n s  [Omidi 
and G u r n e t t ,  1982; Melrose e t  a l . ,  1982; Wu e t  
a l . ,  1982; Dusenbery and Lyons, 19821. Hewit t  e t  
a l .  [I9821 exp lo red  t h e  p r o p e r t i e s  of t h i s  maser,  
i n c l u d i n g  emission i n  both magnetoionic  modes 
above t h e i r  c u t o f f  f r e q u e n c i e s  a t  harmonics 
s = 1 ,  2,  and 3. They performed d e t a i l e d  
numerical  c a l c u l a t i o n s  f o r  an i d e a l i z e d  bu t  
f a i r l y  r e a l i s t i c  l o s s  cone d i s t r i b u t i o n  f u n c t i o n ,  
and developed a  s e m i q u a n t i t a t i v e  theory  i n c l u d i n g  
a l l  t h e s e  e f f e c t s .  The p r o p e r t i e s  of t h e  waves 
were assumed t o  be determined by ungne to ion ic  
t h e o r y ,  i . e . ,  t h e  d i s p e r s i o n  is  due s o l e l y  t o  a  
r e l a t i v e l y  dense co ld  background plasma. 

More r e c e n t l y ,  Hewit t  and Melrose (19831 
extended t h e  a n a l y s i s  t o  i n c l u d e  emiss ion  near  
t h e  c u t o f f  f r e q u e n c i e s .  I n  t h e  p r e s e n t  paper we 
r e p o r t  a  f u r t h e r  e x t e n s i o n  t o  i n c l u d e  c y c l o t r o n  
maser emiss ion  i n  t h e  Z mode. We f i n d  t h a t  t h e  
Z mode can grow i n  a narrow, crescent- shaped band 
i n  w - 8 space  ( 8  is t h e  wave normal a n g l e  
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Fig. 1. The curves f o r  V = 0 ( s o l i d  l i n e s )  and 
w = w+(8 ) (do t ted  l i n e s )  a r e  p lo t t ed  f o r  
var ious  values of w /a a s  ind ica ted  by the 
l a b e l s  on the  curveg. e~esonance  between the  
e l e c t r o n s  and t he  waves is poss ib le  t o  the l e f t  
of the V = 0 curve and below the  w = w+(8) 
curve. The dashed c r e scen t s  denote t he  
half-maximum growth po in t s  ( a t  f ixed  8)  f o r  
w p / n e  = 0.5. 

r e l a t i v e  t o  the  downward d i r e c t i o n  p a r a l l e l  t o  
t he  magnetic f i e l d )  a t  a  frequency above ne and 
below the resonant  frequency w+. The r ad i a t i on  
has i ts wave normal d i r e c t e d  near ly  perpendicular  
t o  the magnetic f i e l d  and s l i g h t l y  upward 
(8 > 90'); however, it can be downgoing i n  the  
sense t h a t  the  group v e l o c i t y  is d i r e c t e d  
downward. I n  o the r  words, i f  B g  is the angle 
between the  group ve loc i t y  and t he  downward 
d i r e c t i o n  p a r a l l e l  t o  the  magnetic f i e l d ,  then we 
can have B g  < 90'. 

I n  s e c t i o n  2 we d i s cus s  the kinematics  f o r  
cyc lo t ron  emission i n  t he  Z mode, and i n  s ec t i on  
3 we present  our numerical r e s u l t s .  The group 
p rope r t i e s ,  concent ra t ing  on the  condi t ions  f o r  
B g  < 90' with 8 > 90°, a r e  discussed i n  s ec t i on  
4,  and t he  app l i c a t i on  t o  the  observat ions is 
discussed i n  s e c t i o n  5.  

2. Kinematics 

The cyc lo t ron  resonance condi t ion  f o r  the 9 t h  
harmonic 

with y - ( 1  - v:/c2- vf/c2)-1/2 may be 
represented by an e l l i p s e  i n  ve loc i t y  (vl l  ,vL> 
space [Hewitt e t  a l . ,  1981; Omidi and Gurnet t ,  
1982; Melrose e t  a l . ,  19821. Here the  s u b s c r i p t  
p a r a l l e l  and perpendicular  denotes components 
p a r a l l e l  and perpendicular  t o  t he  (downward) 
magnetic f i e l d .  Le t  ( vn  ,vL> = (vc,O) 
denote t he  cen t e r  of t he  e l l i p s e  and V denote 
i ts  semimajor a x i s  ( p a r a l l e l  t o  the  vL ax i s ) .  

Then we have 

Here we s h a l l  be concerned only with fundamental 
emission ( s  = 1 )  i n  the  Z mode. The Z mode, 
which is the  lower frequency branch of the  X 
mode, e x i s t s  between the cu tof f  frequency a t  

and the  resonance a t  u+(8) ,  

Note t h a t  the  resonance frequency w+ is equal  
t o  the  upper hybrid frequency w u ~  a t  8  = 90' 
and is c lo se  t o  but s l i g h t l y  l e s s  than ~ R I  f o r  
o ther  re levant  va lues  of 8. The s p e c i f i c  
formulas we use f o r  t he  r e f r a c t i v e  index n of t he  
Z mode, and hence f o r  kl  = n(w/c)cos 8 ,  a r e  
w r i t t e n  down i n  the  appendix. 

The main kinematic  r e s t r i c t i o n s  a r i s e  from t h e  
coupled requirements t h a t  v2 be p o s i t i v e  and t h a t  
k(  = n(w/c)cos 9 i n  ( 3 )  s a t i s f y i n g  t he  
d i spe r s i on  r e l a t i o n  for  Z mode waves. For 
u p  << Sle the  r e f r a c t i v e  index curve f o r  the  Z 
mode p lo t t ed  a s  a  func t ion  of w f o r  f ixed  8 r i s e s  
rap id ly  t o  n = 1 jus t  above the  cu tof f  frequency, 
remains roughly cons tan t  f o r  w x i  < w < & and 
then r i s e s  rap id ly  t o  i n f i n i t y  at-w =-u+(B). 
For s = 1 the requirement JJ2 > 0 is au tomat ica l ly  
s a t i s f i e d  f o r  w < fie, and f o r  ne < w < +(8) 
a  small  reg ion  of w - 8 space near  8 = 90' i s  
excluded, a s  i l l u s t r a t e d  i n  F igure  1. The 
ex i s t ence  of t h i s  excluded region can be i n f e r r ed  
by p l o t t i n g  t he  Doppler condi t ion  (3 )  wi th  V = 0 
i n  terms of n2 a s  a  func t ion  of w f o r  f ixed  8. 
This  "Doppler curve" r i s e s  r ap id ly  from n2 - 0 a t  
w fie and tends t o  n2 = l / c o s 2  0 f o r  
a r b i t r a r i l y  l a rge  w .  T h i s  approach has been used 
by E l l i s  [1962], Fung and Yip [1966], and Hewit t  
and Melrose [I9831 i n  connection with o the r  
modes. For ne > w x i ,  l e e . ,  w p / n e  < a, 
t h e  Doppler curve and t he  r e f r a c t i v e  index curve 
i n t e r s e c t  twice o r  not  a t  a l l ,  and f o r  
w p / n e  > they i n t e r s e c t  once o r  t h r ee  
t imes.  We a r e  i n t e r e s t e d  only i n  t he  case  
w p / n e  < and t he  excluded region i n  w - 8 
space corresponds t o  those va lues  of 8 f o r  which 
two i n t e r s e c t i o n s  occur and of w between t h e  
i n t e r s e c t i o n  frequencies .  

Growth of the  Z mode is  k inemat ica l ly  poss ib le  
f o r  wxi < w < w+(e); however, f o r  wXe < w < a, 
growth does not  occur f o r  the  l o s s  cone d i s t r i b u-  
t i o n s  we have considered. We f ind  growth only 
f o r  those values of w and 8 t h a t  correspond t o  
resonant  e l l i p s e s  t o t a l l y  or  almost t o t a l l y  
i n s i d e  the  l o s s  cone. Th i s  condi t ion  gives a  
second kinematic  r e s t r i c t i o n  f o r  amp l i f i c a t i on  t o  
be e f f e c t i v e .  (Other types of d i s t r i b u t i o n s  with 
an a l t e r n a t i v e  source of f r e e  energy, e.g.,  thoae 
with trapped e l e c t r o n s ,  can cause growth f o r  
w < a,.) A r e l a t e d  kinematic  r e s t r i c t i o n  fo r  a  
one-sided l o s s  cone d i s t r i b u t i o n  is t h a t  t he  
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e l l i p s e  mst be on t h e  same s i d e  of t h e  vL a x i s  
a s  t h e  l o s s  cone. T h i s  r e q u i r e s  8 > 90" f o r  

' a 0  > 90". Thus, f o r  an  upward d i r e c t e d  l o s s  cone 
only upward d i r e c t e d  waves can grow. 

I 3. D e t a i l e d  R e s u l t s  

Our method of c a l c u l a t i o n  has been desc r ibed  
by H e w i t t  e t  a l .  [1982]. Here we choose t h e  same 
l o s s  cone d i s t r i b u t i o n  f u n c t i o n  f o r  the  e n e r g e t i c  
e l e c t r o n s  a s  i n  t h a t  work; s p e c i f i c a l l y ,  i n  terms 
of t h e  speed v and p i t c h  ang le  a ,  

ere n~ is t h e  number d e n s i t y  of t h e  e n e r g e t i c  
e c t r o n  component assumed t o  be t h e  Maxwellian 
t h  Ve ( ~ , / m , ) ~ / ~  o u t s i d e  of t h e  l o s s  cone, 
e . ,  f o r  p i t c h  ang les  a 5 a o .  We may approxi- 
t e  t h e  normal iza t ion  cons tan t  a~ by u n i t y  
f .  Hewit t  e t  a l . ,  19821. Here a l l  our ca lcu la -  
ons a r e  f o r  N = 6. (The s p e c i f i c  cho ice  of t h e  

s t e e p n e s s  parameter" N a f f e c t s  t h e  growth r a t e  
o t  t h e  Z mode i n  much t h e  same way a s  it does 
o r  t h e  X mode and t h e  0 mode: Compare F igure  3 
f Hewit t  et a l .  [1982].) The o t h e r  numerical 
a l u e s  a r e  t h e  same a s  those  used i n  t h e  work of 
e w i t t  et a l .  [1982], i .e.,  a. = 150' and Te = 
0' K s o  t h a t  K Te = 10 keV; n~ and R, a r e  he ld  
ixed and t h e  number d e n s i t y  of t h e  co ld  back- 
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Fig. 2. The normalized maximum temporal growth 
' t a t e s  (r/Qe),,, a r e  p l o t t e d  a s  a f u n c t i o n  of 

I f o r  t h e  i n d i c a t e d  va lues  of wp/ne.  For 
ach horn of t h e  crescent- shaped reg ions  i n  
i g u r e  1 t h e r e  is a growth band, an upper band 

r s o l i d  curve) ,  and a lower band (dashed curve).  

Fig.  3. As i n  Figure 2 but f o r  t h e  normalized 
maximum s p a t i a l  growth r a t e  ( r ~ / S l . , v ~ ) ~ ~ ~ .  

ground e l e c t r o n s  nc  (and hence wp/ne) is  v a r i e d .  
The growth r a t e  r s c a l e s  a s  Qe s o  t h a t  r/Qe is a 
f u n c t i o n  of t h e  r a t i o s  nH/nC and wp/Qe and not of 
u p  and Qe s e p a r a t e l y .  The parameters  a r e  chosen 
such t h a t  %InC = lo-' when wp/Qe = 0.1.  

F igure  1 shows, f o r  va r ious  values  of 
w p / n e ,  t h e  curves  d e f i n i n g  t h e  upper 
frequency l i m i t  w+(8) of t h e  Z mode ( d o t t e d )  
and t h e  curves d e f i n i n g  t h e  va lues  where t h e  
resonance e l l i p s e  van i shes  ( s o l i d ) .  The reg ion  
of growth c o n s i s t s  of a narrow c r e s c e n t  i n  t h e  
w - 8 plane near  t h e  V = 0 curve.  For  a 
p a r t i c u l a r  va lue  of 8 c l o s e  t o  90' t h e r e  a r e  i n  
genera l  two ranges of w where growth occurs .  We 
r e f e r  t o  t h e s e ,  the  two horns of t h e  c r e s c e n t ,  a s  
t h e  two growth bands. As 8 i n c r e a s e s  above 90" 
t h e  two bands approach each o t h e r ,  over lap ,  and 
then d i sappear .  Thus growth i s  p o s s i b l e  only f o r  
90" < 8 < 8,, wi th  8,, a f u n c t i o n  of 
( e m p i r i c a l l y ,  1 cos  8,,) = wp/2ne). The h a l f -  
maximum growth p o i n t s  of t h e  two bands f o r  f i x e d  
8 and wp/Qe = 0.5 a r e  i n d i c a t e d  by dashed l i n e s  
i n  F igure  1. 

We have searched t h e s e  two bands t o  f i n d  t h e  
maximum temporal growth r a t e  ( a s  a func t ion  of w) 
f o r  each cho ice  of 8. These maximum growth r a t e s  
a r e  p l o t t e d  i n  F i g u r e  2. The upper band has  t h e  
l a r g e r  growth r a t e  f o r  wp/Qe < 0.4, and f o r  
w /ne > 0.5 t h e  lower band doh ina tes .  Note 
tRa t  tfie growth r a t e s  a r e  d i r e c t l y  p r o p o r t i o n a l  
t o  IIH and h igher  va lues  can be achieved f o r  
denser  e n e r g e t i c  e l e c t r o n  d i s t r i b u t i o n s .  There  
is, however, an i m p l i c i t  l i m i t a t i o n  on t h e  va lue  
of %InC f o r  our n e g l e c t  of t h e  e f f e c t  of t h e  
e n e r g e t i c  e l e c t r o n s  on t h e  d i s p e r s i v e  p r o p e r t i e s  
t o  remain v a l i d .  

I n  F igure  3 we p l o t  t h e  maximum s p a t i a l  growth 
r a t e  f o r  t h e  same parameters  as i n  F i g u r e  2. The 
s m a l l e r  group speed vg i n  t h e  upper band tends  
t o  f a v o r  i ts s p a t i a l  growth over  t h a t  of t h e  
lower band. I n  F i g u r e  4 we p l o t  t h e  d i f f e r e n c e  
between t h e  two f requenc ies  where t h e  s p a t i a l  
growth r a t e  f a l l s  t o  h a l f  its maximum va lue  f o r  
each band; we call t h i s  t h e  bandwidth Aw of t h e  
growing waves. S i m i l a r  c a l c u l a t i o n s  f o r  t h e  X 
mode and t h e  0 mode have been presen ted  by Hewit t  
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Fig.  4. The normalized bandwidth Aw/ne  of the  
growing waves (as  def ined  i n  t h e  t e x t )  i s  p l o t t e d  
a s  a func t ion  of 0 f o r  t h e  i n d i c a t e d  values of 
w In,. The s o l i d  and dashed curves a r e  f o r  
tRe upper and lower bands, r e s p e c t i v e l y .  

e t  a l .  [I9821 and Hewit t  and Melrose [1983]. 
Growth may be l i m i t e d  e i t h e r  by the  temporal 

growth r a t e  and s a t u r a t i o n  ( a s  is u s u a l l y  
assumed) o r  by geomet r ica l  c o n s i d e r a t i o n s ,  e .g . ,  
t h e  width of t h e  f l u x  tube i n  which t h e  u n s t a b l e  
e l e c t r o n s  a r e  confined.  The e f f e c t i v e n e s s  of 
growth depends on t h e  magnitude of t h e  s p a t i a l  
growth r a t e  and t h e  d i s t a n c e  over  which growth is 
poss ib le .  and t h i s  growth pa th  is a l s o  l imi ted  by 
changes i n  t h e  magnetic f i e l d  s t r e n g t h  along t h e  
ray path.  S p e c i f i c a l l y ,  growth ceases when Qe 
has  changed by an amount equa l  t o  t h e  bandwidth 
of t h e  growing waves. Provided t h e  secan t  of t h e  
ang le  between t h e  ray d i r e c t i o n  and grad B does 
no t  change apprec iab ly ,  a measure of the  e f fec-  
t iveness  of a m p l i f i c a t i o n  is t h e  product of t h e  
s p a t i a l  growth r a t e  t imes t h e  bandwidth of t h e  
growing waves [Hewitt and Melrose, 19831 . We 
p l o t  t h i s  product i n  F igure  5, where it is s e e n  
t h a t  growth i n  t h e  upper band is favored over 
t h a t  i n  the  lower band. The upper band is 
favored mainly because of the  lower group speeds 
than f o r  t h e  lower band. 

Comparison With t h e  X mode and t h e  0 mode 

Comparing t h e  temporal growth r a t e s  f o r  t h e  
X mode and t h e  0 mode [Hewitt e t  a l . .  1982; 
Hewitt and Melrose, 1983; Dulk and Melrose, 19831 
wi th  t h a t  of t h e  Z mode, we f i n d  t h a t  t h e  X mode 
i s  t h e  f a s t e s t  growing mode, by a f a c t o r  > 10 f o r  
w p / n e  5 0.3. The X mode is  s t r o n g l y  supp;essed 
f o r  wp/Qe  2 0.3. The maximum temporal growth 
r a t e s  f o r  t h e  0 mode and Z mode d i f f e r  by no more 
than  a f a c t o r  of 2 f o r  0.1 < w p / n e  < 1.0. The 
growth of the  Z mode i e  r e l G t i v e l y  & r e  favored 
when we cons ider  t h e  s p a t i a l  growth r a t e  i n  
F igure  3 and, e s p e c i a l l y ,  t h e  product p l o t t e d  i n  
F igure  5. The va lues  f o r  t h e  Z mode a r e  
comparable wi th  those of t h e  X mode and much 
g r e a t e r  than those f o r  t h e  0 mode. T h i s  is due 
l a r g e l y  t o  the  small group speed f o r  t h e  Z mode 
i n  t h e  upper growth band. 

4. The Group V e l o c i t y  

A s u r p r i s i n g  f e a t u r e  of t h e  Z mode r a d i a t i o n  
i n  t h e  range where growth occurs  is t h a t  a l though 
t h e  wave v e c t o r s  a r e  d i r e c t e d  upward ( 8  > 90")  
t h e  group v e l o c i t y  is u s u a l l y  d i r e c t e d  downward 
( ray  angle  e g  < 90") .  I n  Figure 6 we p l o t  eg 
versus  0 f o r  t h e  c a s e s  considered i n  F i g u r e s  2 
t o  5. I n  each case  the downward d i r e c t i o n  of t h e  
r a y s  is  most n o t i c e a b l e  i n  the  upper band, 
e s p e c i a l l y  where e is c l o e e s t  t o  90°,  correspond-  
ing  t o  f requenc ies  r e l a t i v e l y  c l o s e  t o  t h e  
resonant  frequency u+(e) .  Comparison of F igure  
2 o r  5 with 6 shows t h a t .  f o r  wpIne 0.2 t o  0.4, 
t h e  ray angle Bg is i n  t h e  range = 50" t o  70" 
when t h e  growth r a t e  is near  i ts maximum. 

I n  t h e  appendix we d e r i v e  an express ion  f o r  
t h e  group angle  O g  f o r  cos2  8 << 1 and f o r  
u = ne > u . For w2 - n i  >> w i  cos2  0 t h e  
r e s u l t  ( A d )  s i m p l i f i e s  t o  

2 2 
c o t  eg = P$-COS 0 ( 8 )  

-0uH 

2 112 
where w u ~  = (up + 2)  is  t h e  upper hybrid 
frequency. The frequency range f o r  wave growth 

so t h a t  c o t  O g  has the  oppos i te  s i g n  t o  cos 0. 
I n  t h e  upper growth band t h e  d i f f e r e n c e  

+ u$ - w 2  is  smal le r  than w 2  - and ( 8 )  
impl ies  1 c o t  eg / > lcos 0 1 . T h i s  case 
corresponds t o  t h e  s o l i d  curves i n  F igure  6. 

We have a l s o  explored t h e  r e l a t i o n  between 0 
and O g  using P o e v e r l e i n ' s  cons t ruc t ion .  and we 
comment on t h i s  here  f o r  those r e a d e r s  who a r e  
f a m i l i a r  with t h i s  technique.  An example of t h e  

1 )  I 
I 
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Fig.  5. The product of t h e  maximum s p a t i a l  
growth r a t e  (F igure  3 )  and t h e  bandwidth of t h e  
growing waves (F igure  5)  i s  p l o t t e d  a s  a func t ion  
of 9 f o r  t h e  i n d i c a t e d  values of w p / ~ , .  
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po la r  p l o t  of n(w,0) f o r  t h e  Z mode is given i n  
F igure  13.26 of Budden [1961]. For X < 1 ( c f .  
h i s  curve f o r  X = 0.8) and f o r  0  c l o s e  t o  90' 
t h e  curves  of n(w, 0) a r e  e s s e n t i a l l y  concave 
(i.e.,  a2n /ae2  > 0) w i t h  t h e i r  c l o s e s t  point  t o  
t h e  o r i g i n  being a t  0  = 90'. For wp/Sle = 0.5 
say ,  t h e  analogous curves  vary from weakly con- 
cave (with a  s m a l l  weakly convex s e c t i o n  near  
0  = 90') a t  n  2 1 f o r  w/Qe = 1.01 t o  s t r o n g l y  
concave w i t h  c l o s e s t  po in t  a t  n  2 2 f o r  w/Qe 2 
1.1. Granted t h i s  concave shape near  0  = 90° 
f o r  upper band f requenc ies  it  is obvious t h a t  

1 f o r  0  2 90" t h e  group v e l o c i t y  is d i r e c t e d  
downward (Bg < 90'). I n  t h e  curve we have 
d r a m  i n  F igure  6 f o r  op/Sle = 0.5 t h e  / s t r o n g l y  downward d i r e c t e d  upper band rays  

1 correspond t o  r e f r a c t i v e  i n d i c e s  between about  
' 2 and 3. 
1 We conclude t h a t  a l though t h e  wave normals of 
I t h e  waves i n  t h e  upper growth band a r e  d i r e c t e d  
c n e a r l y  perpendicu la r  t o  but s l i g h t l y  up t h e  
I magnet ic  f i e l d ,  t h e  corresponding rays  a r e  
) d i r e c t e d  down t h e  magnetic f i e l d  a t  a  moderately 
I l a r g e  ang le  t o  it. 
I 

1 5 .  Discuss ion  

The main r e s u l t s  of our i n v e s t i g a t i o n  of l o s s  
cone d r i v e n  maser emission f o r  t h e  Z mode a r e  
given below. 

1. Waves i n  t h e  Z mode grow i n  a  c rescen t -  
/shaped reg ion  i n  w - 0 space w i t h  w i n  t h e  range 
Sle < w < w+(B), where ~ ( 0 )  is t h e  resonant  
f requency,  and w i t h  0 - 90' reaching i ts  maximum 
va lue  near  t h e  middle of t h i s  f requency range. 

2 .  The magnitude of the  temporal growth r a t e  
f o r  t h e  Z mode is smal le r  than t h a t  of t h e  
fundamental X mode f o r  wp/Qe < 0.3 and 
comparable t o  t h a t  of t h e  fundamental 0 mode; f o r  

Iwp/Qe > 0.3 t h e  fundamental X mode becomes 
s t r o n g l y  suppressed.  

3. The number of e  f o l d i n g  growths, e s t imated  
from t h e  product  of t h e  s p a t i a l  growth r a t e  and 
t h e  bandwidth of t h e  growing waves, i n d i c a t e s  
t h a t  growth of t h e  Z mode can be more favorab le  
than e s t i m a t e s  based only on t h e  temporal growth 
r a t e  would suggest .  

4. Despi te  t h e  wave normals being d i r e c t e d  
l i g h t l y  upward (0 > 90') t h e  ray d i r e c t i o n s  a r e  
s u a l l y  downward (Bg < 90'). T h i s  e f f e c t  i s  
o s t  pronounced f o r  growth i n  t h e  upper f requency 
and,  where B g  can be d i r e c t e d  q u i t e  s t r o n g l y  
ownward, e.g., B g  = SO0 t o  70'. 

These p r o p e r t i e s  seem favorab le  f o r  t h e  
n t e r p r e t a t i o n  of t h e  observed Z mode r a d i a t i o n .  
e  would expect  the Z mode r a d i a t i o n  t o  be 
e n e r a t e d ,  perhaps a long  wi th  0 mode r a d i a t i o n ,  
n  reg ions  w i t h  wp/Sle > 0.3. ( I t  i s  p o s s i b l e  

p r i n c i p l e  f o r  i t  to- be generated i n  reg ions  
t h  wp/Sle < 0.3, but then it  must t a p  a  
u r c e  of fzee  energy t h a t  i s  not  a v a i l a b l e  t o  
e  f a s t e r  growing X mode r a d i a t i o n . )  

The f a c t  t h a t  t h e  i n i t i a l  d i r e c t i o n  of energy 
opagat ion is downward, d e s p i t e  the  wave normal 
i n g  d i r e c t e d  upward, i s  of major consequence. 

impl ies  t h a t  t h e  wave energy does no t  
opagate  d i r e c t l y  i n t o  t h e  resonance a t  
= w+(0), where it  would be absorbed by 
ermal e l e c t r o n s .  An important  ques t ion  i s  how 

he energy con t inues  t o  propagate. Gurnet t  e t  
1. [I9831 commented on t h e  ray propagat ion f o r  

I l l  
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Fig.  6. The group angle  0  is p l o t t e d  as  a  
f u n c t i o n  of t h e  wave normaf ang le  0  f o r  t h e  
curves  i n  F igure  2. Note t h a t  i n  t h e  upper 
frequency band ( s o l i d  curves )  we have Bg < 90' 
f o r  0  > 90'. 

t h e  Z mode by u s i n g  P o e v e r l e i n ' s  c o n s t r u c t i o n  and 
assuming a  source  a t  w < Sle. They argued t h a t  
t h e  r a d i a t i o n  can propagate  l a r g e  d i s t a n c e s ,  wi th  
r e f r a c t i o n  caus ing  t h e  r a y s  t o  becoroe n e a r l y  
h o r i q o n t a l  j u s t  below t h e  cyc lo t ron  l a y e r  
w = 0,. 

I n  t h e  cyc lo t ron  maser mchanism t h e  r a d i a t i o n  
i s  genera ted  a t  w > 0,; t h e  p e c u l i a r  wave and 
r a y  p r o p e r t i e s  t h a t  l e a d  t o  O g  < 90' f o r  
0  > 90' i n  t h i s  regime were not considered by 
Gurnet t  e t  a l .  [1983]. It i s  p o s s i b l e  f o r  some 
of t h e  rays  t h a t  a r e  i n i t i a l l y  propagat ing 
downward t o  c r o s s  t h e  cyc lo t ron  l a y e r  t o  t h e  
l o c a t i o n  where w < fie and t h e  Z m d e  waves a r e  
observed. For t h i s  t o  happen t h e  group v e l o c i t y  
a t  t h e  cyc lo t ron  l a y e r  where vg is 
perpendicu la r  t o  B must s a t i s P y  yg.grad B < 0. 
The subsequent propagat ion of the  r a y s  could then  
be a s  desc r ibed  by Gurnet t  e t  a l .  (1983); 
however, d e t a i l e d  ray  t r a c i n g  is requ i red  t o  
determine j u s t  how t h e  Z mode rays a c t u a l l y  
propagate ,  and we have not  y e t  a t tempted such  
c a l c u l a t i o n s .  From (8)  we s e e  t h a t ,  as t h e  
cyc lo t ron  l a y e r  is approached from above, t h e  
r a y s  tend t o  O g  = 90°, and from (A15) we see 
t h a t  t h i s  occurs  somewhat above t h e  cyc lo t ron  
l ayer .  For t h e  rays  t o  e n t e r  t h e  reg ion  
w < Qe, r e f r a c t i o n  must cause cos 0 t o  change 
s i g n  near  the  l a y e r  where cos B g  is c l o s e  t o  
zero.  I n  o t h e r  words, t h e  po in t  cos 0  = 0 
must be a  p o i n t  of i n f l e c t i o n  r a t h e r  t f a n  of 
r e f l e c t i o n .  

I n  conc lus ion ,  our r e s u l t s  sugges t  t h a t  l o s s  
cone d r iven  cyc lo t ron  maser emission by upgoing 
e l e c t r o n s ,  c l o s e l y  analogous t o  AKR, may be t h e  
mechanism g e n e r a t i n g  t h e  observed Z mode 
r a d i a t i o n .  The l a c k  of a  s t r o n g  c o r r e l a t i o n  
between t h e  Z mode r a d i a t i o n  and AKR is  no t  
s u r p r i s i n g  on t h i s  hypothesis :  t h e  ray pa ths  f o r  
t h e  X mode and t h e  Z mode a r e  markedly d i f f e r e n t ,  
w i t h  the  former d i r e c t e d  upward and t h e  l a t t e r  
downward. I n  a d d i t i o n ,  we expect  t h e  g e n e r a t i o n  
of t h e  Z mode t o  be favored only i n  reg ions  wi th  
wp/Sle _) 0.3, i .e. ,  where t h e  X mode r a d i a t i o n  
i s  suppressed.  An important  point  t h a t  we have 
not explored i n  d e t a i l  i s  what f r a c t i o n  of t h e  
r a d i a t i o n  genera ted  c r o s s e s  t h e  cyc lo t ron  l ayer .  
I f  t h i s  is l a r g e ,  then t h e  argument i n  favor  of 
t h e  l o s s  cone d r iven  cyc lo t ron  maser a s  t h e  
source  of t h e  observed Z mode r a d i a t i o n  i s  a  
s t r o n g  one: t h e  s p a t i a l  growth r a t e s  a r e  q u i t e  



10,070 Hewitt e t  a l . :  Cyclotron Maser Z Emission 

l a rge  i n  comparison with those f o r  the  X mode 
[Hewitt and Melrose, 1983 1, and there  seems 
l i t t l e  doubt t h a t  Z mode r ad i a t i on  should be 
generated under condit ions t h a t  d i f f e r  only 
s l i g h t l y  from those f o r  t he  generat ion of X mode 
r ad i a t i on  i n  AKR. 

t a n  0 + t an  B D _  
t a n  B g  = 1 - tan 0 tan  B 0  

i . e . ,  B g  ' 0 + e O ,  with 

Kc t a n  e 0  = - - 
1 + T ~  

Appendix We assume t h a t  Y and 1 - X a r e  of order  un i ty  
and much g rea t e r  than cos2 8. Then we have 

The Group Angle f o r  the  Z mode f o r  w = R, > wp 

Following Melrose [1980, p. 258 and 2611, t he  
group ve loc i t y  f o r  a magnetoionic wave is of the  
form and 

t a n  e 0  = - a 
1 - x - y2 + XY2cos2 

(A141 

with co t  8 = cos 8. Subs t i t u t i on  of (A14) i n t o  
(A l l )  gives where the  po l a r i za t i on  vector  i s  wr i t t en  

c o t  G g  = 1 - x 2  - ~ ~ + X Y ~ c o s ~  0 
1 - X - y 2  

2 2 2 2 
w

2  - - (wp/w - nec0s 0)  
i 

2 2 2 cos 0 (A151 
w - (ne + up> 

with 5 along k, ? along the  Z a x i s ,  and 
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