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Abstract The dependence o f  the e lec t ron- cyc lo t ron  wave a m p l i f i c a t i o n  
tn an inhomogeneous plasma slab on the e lec t ron  momentum d i s t r i b u t i o n  
i s  invest igated.  Two types o f  d i s t r i b u t i o n s  are  considered, both fea- 
t u r i n g  a loss cone and a Maxwellian component. I t  i s  shown tha t  the 
perpendfcular emission a t  the fundamental frequency i s  i n  g e n e r a  1 
g rea t l y  reduced by the presence o f  a Maxwellian component and s i t u -  
a t ions  occ:ur i n  which a layer  i n  the s lab very e f f e c t i v e l y  absorbs a l l  
the r a d l a t i o n  amp l i f i ed  elsewhere. The t r a n s i t i o n  from the pure loss  
cone t o  the pure Maxwellian case i s  accompanied by a pecu l i a r  behavior 
o f  the d i e l e c t r i c  tensor components, which may i n v a l i d a t e  the geometri- 
ca l  o p t i c s  approximation i n  the c a l c u l a t i o n  o f  the emission and the 
comrnonly held b e l i e f  t h a t  the rea l  p a r t  o f  the r e f r a c t i v e  index i s  i n -  
sens i t i ve  t o  the shape o f  the momentum d i s t r i b u t i o n  func t ion .  

1. INTRODUCTION 

I n  t h i s  paper we r e t u r n  t o  the problem o f  induced e l e c t  r o n -  

-cyc lo t ron  emtssion from inhomogeneous an i so t rop i c  p lasmaswi the lec t ron 

populat ton invers ion.  In  previous workl we have shown tha t  the r e s u l t i n g  

amp l i f l ed  emission near the fundamental frequency i s  s e n s i t i v e l y  depen- 

dent on ths  r a t f o  o f  p a r a l l e l  t o  perpendicular t e m p e r a t u r e  and on 

inhomogeneities i n  the magnetic f i e l d .  The e lec t rons  were represented 

by the d i s t r i b u t i o n  func t ion ,  normalized t o  one, 

where pl arid pli  denote the momentum o f  the e lec t rons  i n  the d f rec t i ons ,  

respect ive ly ,  perpendicular and p a r a l l e l  t o  the magnetic f i e l d ,  

rn i s  the e lec t ron  mass, c the v e l o c i t y  o f  l i g h t ,  Tl and T,, a re  the  



perpendicular  and p a r a l l e l  temperatures given i n  u n i t s  o f  energy; R i s  

an in teger  parameter greater  than o r  equal t o  zero. 

I n  the present work we emphasize the dependence o f  the lnduced 

r a d i a t l o n  on the d i s t r i b u t i o n  func t ion .  To some extent, the parameter 

R i n  Eq. (1) exempl i f ies t h i s  dependence. However, i n  more  r e a i i s t i c  

s l t u a t i o n s  q u i t e  d i f f e r e n t  types o f  d i s t r i b u t i o n s  can be envisaged,and 

we consider two o f  them here. 

The f i r s t  type i s  a p a r t i a l l y  f i l l e d  up loss  cone. One would 

expect such a d i s t r i b u t i o n  t o  occur i n  physical  s i t u a t i o n s  as a conse- 

quence o f  c o l l i s i o n s  and/or turbulence-generated i n s t a b i l i t i e s .  The 

second i s  a superposi t ion o f  a low temperature Maxwellian componentand 

a high energy loss cone component, This might describe c e r t a i n  equi-  

l i b r i u m  s ta tes  o f  magnet ical ly  confined plasmas w i t h  p a r t i c l e  v e l o c i t y  

d i s t r i b u t i o n s  f a r  from thermodynamic e q u i l i b r i u m 2 7 3 .  

To inves t iga te  the induced emission due t o  these two types o f  

d i s t r i b u t l o n s  we r e l y  s t rong l y  on the fo rmula t ion  o f  our e a r l i e r  paperl. 

I n  Sec. 2 we b r i e f l y  res ta te  the model, assumptions and e x p r e s s  i o n s  

used there, i nd i ca t i ng  the modi f i ca t ions  which are  p e r t  i n e n t  t o  the 

present case. I n  Sec. 3 we proceed t o  the numerical a n a l  y s i s ,  d i s -  

cussion o f  resu l t s ,  and conclusions. 

2. PHYSICAL MODEL AND ANALYTIC RESULTS 

We consider perpendicular propagation o f  e lec t ron-  c y c l o t r o n  

waves i n  a plasma slab,  ob ta in  the absorpt ion c o e f f i c i e n t  f o r  t h e s e  

waves by so l v i ng  the d ispers ion  r e l a t i o n ,  and ca l cu la te  t h e l r  emission 

from the s lab surface by i n teg ra t i ng  the Poynting vector  a l o n g  t h e  

r a d i a t l o n  path. The magnetic f i e l d  i s  taken p a r a l l e l  t o  the s lab  faces. 

The coordinates are  chosen such tha t  the z a x i ç  i s  p a r a  l l e1 t o  the 

f i e l d  and the x ax l s  perpendicular t o  the s lab  boundaries. The plasma 

parameters are smoothly inhomogeneous along the x d i r e c t i o n .  Radiat ion 

o f  frequency w < Qc propagates along x, so tha t  the wave v e c t o r  i s  

z=kx. The r a d i a t i o n  f i e l ds  are obtained as a WKB s o l u t i o n  o f  Maxwel I ' s  

equations i n  a weakly r e l a t i v i s t i c  medium which i s  homogeneous i n  the  

y and z d i rec t i ons  and s ta t i ona ry  i n  t ime. The d i e l e c t r i c  tensor e l -  

ements are  ca lcu la ted i n  the loca l  approximation and t o  lowest re levant  

order l n  the Larmor radius expansions. 



To ca l cu la te  the cur rent  c o r r e l a t i o n  tensor, the t yp l ca l  length  

scale o f  s l g n l f i c a n t  cur rent  co r re la t i ons  i s  assumed t o  bemuchsmaller 

than the t y p l c a l  length  scale of v a r i a t i o n  o f  the plasma p a r a m e t e r s .  

For the rea l  ( N u)  and imaginary (Nu') par t s  o f  the index o f  r e f r a c t i o n  

(N), the r e l a t i o n  I N  " 1  < < ( N 1  I 1s assumed. The r e s u l t i n g  e x p r e s s i o n s  

f o r  the power radiated per u n l t s  o f  s lab  area, s o l i d  angle and angular 

frequency, f o r  the ord inary  ( Io )  and the ex t raord inary  mode 0',) are, 
4 

respect ive ly  , 

Propagation 1s from the s lab  surfa& a t  --a t o  the surface a t  x = +a, 

w l t h  no e x t e r n a l l y  lnc ldent  r a d i a t i o n  considered. The no ta t i on  I s  as 

def ined i n  Ref.1. 

The indices o f  r e f r a c t i o n  (squared) are  given by 

We assume t h a t  p o s i t i v e  No and Nx represent propagation i n  the posi t i v e  

d l r e c t i o n  o f  2, and negat ive No and Nx represent propagation i n  the, 

negat ive d i r e c t i o n  o f  2. 

The two e lec t ron  d i s t r i b u t i o n  funct ions envisaged i n  the In -  

t r o d u c t i o n w i l l  bedenoted b y f  ( p a r t i a l l y  f i l l e d  up loss cone) and 

P (h igh energy loss  cone p lus  low temperature Maxwell ian) ,  and wi 1 l 

have i n  coinmon the form 

f = PJ, + (1- P& (5) 

where Po ( O  < P, ,< 1) represents the f r a c t i o n  o f  Maxwel l ian e lec t rons  

(2=0); f, m d  f2 are  def ined by Eq . ( l ) .  

The d i e l e c t r i c  tensor elements, o k a i n e d  from Ref. 5 are, fo r  

perpendlcular propagation, 



w i t h  no ta t i on  and approximations described i n  Ref.1. 

The hermi t ian  pa r t s  o f  E a re  given by 
a@ 

the ant iher rn i t ian  pa r t s  are  given by 

E"  and E"  the s u b i n d i c e s  O I n  the expressions E '  , EQ o 
a@, 0 a@,$' 

and R i nd i ca te  t ha t  they a re  ca lcu la ted w i t h  the d i s t r i b u t i o n  func t i on  

glven by Eq. ( i ) ,  taken w i t h  R = O and w i t h  R # 0, respect ive ly .  The 

e x p l i c l t  expressions ( f o r  any R )  can be s t r a i g h t f o r w a r d l y o b t a i n e d  

from those given i n  Ref.1 by the s u b s t i t u t i o n  o f  pLR, p , , ~  f o r  vi, U,,. 



The e1 ements  o f  the microscopic cu r ren t  c o r r e l a t i o n  tensor 

f o r  perpendicular  propagat lon  are, from r e f  .6 

r e s u l t i n g  i n  

The subindices O and R i n  GgB have the same meaning as i n  E 
aB' 

and the e x p l i c i t  expressions a re  s i m l l a r l y  obtained from the onesgiven 

i n  Ref.1. 

Next, we proceed t o  the numerical ana lys is .  

3. NUMERICAL RESULTS AND CONCLUSION 

We choose f o r  the plasma parameters the f o l  lowing p r o f  i 1 e s '  

i n  the range -a < x < a: 

where n ( O )  = 7 x 1012 ~ m - ~ ,  B = 15 kG, a = 10 cm. For temperatures e o 
we take: 

i n  f , TIL(0) = Tlla(0) = 10 keV 

Tio (0) = T 110 (0) = 10 keV 



i n  i', ~ ~ ~ ( 0 ) .  = T (O) = 10 keV 
1 IR 

yLa (O) = T l l 0  (0) = 0.1 keV 

The magnetic f i e l d  i s  assumed t o  be homogeneous, f o r  sim- 

p l  i c i t y .  

I n  Ref.1, we studied the  dependence o f  t h e  a m p l l f i c a t i o n  on 

the parameter R, up t o  R =  3, and on frequency, near t h e  e t e c t r o n  

cyc lo t ron  frequency. For the present study, we take R =  3, because i t  

e x h i b i t s  more conspicuosly the loss  cone feature,  and we f i x  the  f r e -  

quency by choosing Y = 1.01, value a t  which the ampl i f  i c a t i o n  i s  near ly  

maximum f o r  Po = O,  as shown i n  Ref.1. 

The parameters chosen, and the whole model  used ,  may be 

thought o f  as represent ing the cen t ra l  sec t ion  o f  some plasma conf ined 

by magnetic m i r ro rs 7.  The temperature taken f o r  the loss  cone p a r t  o f  

the d i s t r i b u t i o n  func t i on  i s  i n  the thermonuclear range, but  s t i l l  low 

enough t o  j u s t i f y  our assumption o f  keeping on l y  terms re la ted  t o  the 

fundamental frequency i n  E and GaB (harmonic over lap  no t  being s ig-  
aB 

n i f  i can t ) .  

We s t a r t  by consider ing d i s t r i b u t i o n s  o f  type f. I n  Fig.  1 

we dep ic t  the  dependence of f on pl ( i n  a r b i t r a r y  un i  t s )  f o r  d i f f e r -  

ent  values o f  the "f i l l ing  up" parameter p,; as p, grows from O t o  1 ,  

9 evolves from a !L = 3 loss-cone type d i s t r i b u t i o n  t o  a Maxwell ian  

d i s t r i b u t i o n .  I n  Figs. 2 and 3 we show the dependence o f  k" and k' on 

x ,  f o r  the ex t raord inary  mode, w i t h  k' and k" the rea l  and imaginary 

pa r t s  o f  k (de) flx, respect i v e l y .  One observes from F ig .  2 t h a t  f o r  

p, = 0, a m p l i f i c a t i o n  occurs over almost the e n t i r e  s lab  w i d t h ,  ex- 
1 cept ing  the borders . The presence o f  a small f r a c t i o n  o f  Maxwellian 

e lec t rons  gives r i s e  t o  an absorp t ive  layer  i n  the cen t ra l  region o f  

the s lab,  as i l l u s t r a t e d  w i t h  the case p, = 0.1. For p, 0.4 there  

i s  absorpt ion over the whole s lab  width, w i t h  a general tendency f o r  

k i i  t o  decrease when p, tends t o  1 .  I n  Fig.  4 we p l o t  

i t  represents the f r a c t i o n  o f  power removed from (11 > 0) o r  accrued t o  

(rl < 0) the f i e l d  along the ray  path from x .= a t o  x. The absorp t ive  

layer  f o r  po = 0.1, mentioned above, becomes so e f f e c t i v e  t h a t  a11 



Fig.1 

t ion 

- D l s t r i  bution func- 

f versus perpendicu- 

l a r  momenta, for d i f f e r e n t  

values o f  p,. Ao and fl 
are  def i ned a f  t e r  Eqs. ( i ) 

and ( 1  1 ) respect ive l  y .  

F ig .2  - k" versus x fo r  

d i f f e ren t  values o f  p, ; 

d is t r ibu t ion  function f. 



the r a d i a t i o n  amp l i f i ed  elsewhere i s  completely reabsorbed near the 

cen t ra l  region.  When p, i s  such tha t  there i s  no amp l i f i ca t i on ,  a11 

the r a d i a t i o n  i s  absorbed, and the length  o f  the region o f  energy de- 

p o s i t i o n  increases w i t h  p,, as seen f o r  po = 0.6 and p, = 1 i n  Fig.4. 

I t  i s  possib le t o  understand q u a l i t a t i v e l y  these r e s u l t s  by 

consider ing the resonant momenta, which s a t i s f y  the  cond i t i on  y-Y = 0, 

and the d e r i v a t i v e  o f  the d i s t r i b u t i o n  func t i on  a t  resonance, f o r  each 

p o s i t i o n  i n  the plasma slab. The arguments proceed as i n  Ref. 1, and 

a re  not  repeated here. One new aspect t o  be noted i n  the present case 

i s  t ha t  the slope o f  fT a t  resonance may acquire negat ive v a l u e s  i n  

two regions o f  v e l o c i t y  space, as can be seen from F ig .  1 .  

For P, around 0.3 the ca l cu la t i ons  show an unexpected fea tu re  

which deserves some f u r t h e r  considerat ion.  I n  F ig .  3 we see tha t  k ' 
presents a strong va r i a t i on ,  q u i t e  l oca l i zed  near the p o i n t  x = -6 cm 

i n  the plasma slab. From F ig .  2 we see t h a t  la rge values o f  k", w i t h  

opposi te signs, occur near the same po in t .  One would be e n t i t l e d  t o  

expect a gradual vanishing of negat lve values o f  k", as p, grows from 

P, = O t o  P, = 0.4, because o f  the d i  sappearance o f  the region of 

p o s i t i v e  slope i n  the d i s t r i b u t i o n  func t ion ;  but instead t h e r e  a r e  

sharp va r i a t i ons  around the po in t  where k" i s  zero. To see why t h i s  

happens, we consider the expression 

which resu l  t s  from Eq. (41, and look f o r  the space dependence o f  E '  x x 
and E&, shown i n  Figs.  5 and 6. Even f o r  a Maxwellian d i s t r i b u t i o n  

( p , = l ) ,  E& can change sign, as 'a consequence o f  the r e l a t i v i s t i c g y r o -  

resonance e f f e c t .  Also E'& tan  change sign, corresponding t o  the f a c t  

t ha t  there a r e  resonances a t  regions o f  p o s i t i v e  and negat ive slope o f  

the d i s t r i b u t i o n  func t ion .  As a consequence, both E& and E& can 

become simultaneously zero a t  the same p o i n t  o f  the plasma slab. I n  

our case, i t  does happen near x = -6.2 cm, when p, = 0.27. The r a t i o  

E & / ] E ~ ) ~  can thus become very large, w i t h  both signs, whlch exp la ins  

the f a s t  v a r i a t i o n  o f  k". This behavior could o f  course acc iden ta l l y  

a l so  occur i n  the case o f  a homogenous medium f o r  the a p p r o p r i a t e  

choice o f  parameters. We rernark t h a t  near the region where i t  does 

happen, the behavior o f  k"  and k' i s  such t h a t  i t  endangers the v a l -  



Fig.3 - k '  versus x for different 

values of p,; distribution func- 

tion f. 

x 
Fig.'t - r)(x)=l -exp[-2 k1'&3 

versus r ,  for different values 

of po;  distribution function i. 



i d i t y  o f  the WKB s o l u t i o n  and the expressions f o r  the i n t e n s i t y  o f  

emission, presented i n  Ref.1. P a r t i c u l a r l y ,  the cond i t i on  Ik"l << IklI 

may be v io la ted .  

I n  Table I we g i ve  the a m p l i f i c a t i o n  o f  the emission a t  x = a 

f o r  d i f f e r e n t  values o f  p,, def ined as Apo = 10 l og  ( I ~ , ~ ~  / Ix, 

where I refe rs  t o  Eq.  (3) f o r  a g iven value p,. The c a l c u l a t i o n  i s  
x, Po 

l i m i t e d  t o  values o f  po fo r  which k '  and k" s a t i s f y  t h e  r e q u i r e d  

behavior. One observes tha t  f o r  small values o f  po the emission i s  

f i r s t  increased and then g r e a t l y  reduced, wh i l e  as po approaches 1 i t  

becomes ra ther  i nsens i t i ve  t o  p,, e s s e n t i a l l y  because the o p t i c a l  depth 

i s  then much smaller than the s lab  width.  

Table 1 - A f o r  severa1 va l u e s  o f  po;  
P o 

I 
d i s t r i b u t i o n  f u n c t i o n  f . 

11 N e x t ,  we analyze the r e s u l t s  f o r  a d i s t r i b u t i o n  o f  type f . 
In t h i s  case we have a very co ld  Maxwellian admixed t o  a R=3 loss-cone 

d i s t r i b u t i o n ,  which i s  d i f f i c u l t  t o  draw t o  scale.  As f i g .  7 shows, the 

medlum does not  become absorpt ive i n  t h i s  s i t u a t i o n ,  f o r  the frequency 

considered, except near the surface. The reason i s  t h a t  the  second re-  

gion o f  negat ive slope o f  the d i s t r i b u t i o n  func t i on  occurs on l y  f o r  

very small values o f  pl ,  f o r  which there i s  no s i g n i f i c a n t  resonance. 

Again a la rge v a r i a t i o n  o f  k" i s  evident ,  and occurs a t  t h e  p o i n t  

x = -7.8 cm f o r  po = 0.7, wh i le  k '  changes r e l a t i v e l y  l i t t l e  ( ~ i ~ .  8 ) ,  

but develops spikes up and down, when po  approaches p, = 0.7. The 

reason i s  apparent from the v a r i a t i o n  o f  &ix and E& as func t i on  o f  x, 

shown i n  Figs. 9 and 10. Both E '  and E$x can become simultaneously xx 
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ferent  
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Fig.5 - E& versus x for  d i f -  

ferent values of po;  d i s t r i -  
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Fig .7  - k" versus x for  d i f f e r e n t  

values o f  p o ;  d is t r ibu t ion  func- 

t ion fl*; for  po=l  , the curve i s  

indistinguishable from the ax is .  

ferent  values o f  p o ;  d i s t r i -  

bur ion funct lon fll. I I I I 
-8 -6 -4 -2 0 



Fig.9 - E '  v e r s u s x ,  f o r  d i f -  rn 
ferent values of p o ;  d i str i - 
but ion  func t i on  fI1. 

Fig.  10 - E" versus x f o r  d i f f e r e n t  . W: 

values of p,; d i s t r i b u t i o n  func t i on  

#I; f o r  p, = 1 ,  the curve i s  i nd i s -  

t ingu ishab le  from the ax i s .  



zero near x = -7.8 cm, when p, z 0.7, and the argument p r o c e e d s  as  

s ta ted prev ious ly  f o r  f. 
Another aspect which should be noted i n  the behavior o f  k l '  

( ~ i g .  7) i s  the  la rge reduct ion o f  i t s  value over m s t  o f  t h e  slab, 

even f o r  small values o f  p,. One would expect t h a t  a small reduct ion 

i n  the dens i ty  of loss-cone p a r t i c l e s ,  and t h e i r  s u b s t i  t u t i o n  by 

Maxwellian p a r t i c l e s  o f  much lower temperature, should be a l m s t  i r r e l -  

evant. One must rea l i ze ,  however, t h a t  f o r  the  parameters and p r o f i l e s  

chosen f o r  the Maxwellian p a r t i c l e s  the cond i t ion  X > v / c i s s a t i s f i e d  e 
across the slab, and tha t  d l e l e c t r i c  e f f e c t s  a re  there fore  important4. 

These e f f e c t s  are  taken i n t o  account by m u l t i p l y i n g  the i n d e p e n d e n t  
1 

p a r t i c l e  expression f o r  k115 by the f a c t o r 4  ] ( E ~ - ~ E  The 
XY 

ant i- hermi t ian  p a r t  o f  E due t o  the resonance 6 funct ion,  contains xx' 
the f a c t o r  exp { ~ ~ , ~ ( l  -y2) /2 1 , and does no t  change appreciabl y wi th the 

admixture o f  the Maxwellian p a r t i c l e s ,  because pL,,>> pI,,; e s s e n -  

t i a l l y ,  i t  changes i n  propor t ion  t o  the dens i ty  o f  loss  cone- par t ic les  

( ~ i ~ . l O ) .  But E& (Fig.9) and E '  fo r  which t h e  i n t e g r a t i o n  i s  
XY ' 

weighted by the e n t i r e  d i s t r i b u t i o n  func t ion ,  are much more sens i t i ve  

t o  the change o f  P, r e s u l t i n g  i n  an impre.ssive e f f e c t  on k". 
Some values o f  the a m p l i f i c a t i o n  A are  shown i n  Table 2.The 

P o 
reduct ion i n  emission i s  evident  a l so  i n  t h i s  case. As p,,approaches 1 ,  

the d i s t r i b u t i o n  becomes so co ld  t h a t  the emission i s  n e g l  i g i  b l e  a t  

the frequency considered (as was shown i n  Ref. I, the range o f  f r e -  

quencies which are amp l i f i ed  o r  absorbed moves away from the cyc lo t ron  

frequency when the temperature increases, and the w id th  o f  the rangeof  

i n t e r a c t  ing  f requencies grows wi t h  temperature) . 
F i n a l l y  we discuss a feature pe r ta in ing  t o  both types o f  d i s -  

t r i b u t i o n s  considered, namely the occurrence o f  marked va r i a t i ons  o f  

1:' f o r  c e r t a i n  values o f  p, (see Figs.  3 and 8 ) .  This c o n t r a d i c t s  a 

commonly held b e l i e f  t ha t  k 1  i s  almost i nsens i t i ve  t o  the shape o f  the 

momentum d i s t r i b u t i o n  func t ion ,  and tha t  there fore  t h e  c o l d  p lasma 

r e s u l t  i s  always a good approximation t o  k'  when frequencies are  not  

too c lose t o  the upper hybr id  one; our r e s u l t s  bear ou t  these fea tures  

over a la rge range o f  values o f  p,. But f o r  those values o f  p, f o r  

which approaches zero ( i  .e., f o r  which both E& and E& change  

s ign a t  nea r l y  the same po in t  i n  the s lab) ,  the value o f  k' v á r i e s  

appreciably w i t h  p,, ;.e., w i t h  the shape o f  f($) (E= = O i s ,  by 



Table 2 - A f o r  severa1 v a l u e s  o f  p, ; 
po 

d i s t r l b u t i o n  func t l on  f7T. 

t h e  way, the perpendicular co ld  plasma resonance cond i t i on  f o r  the 

ex t raord inary  mode). As an i l l u s t r a t i o n  the behaviour o f  k 1  f o r  # i n  

Fig.3 can be fo l lowed simply by consider ing a  po in t  where 
E& 

(and 

t h e r e f o r t :  a l s o  i s  z e r o .  We t h e n  have  f r o m  E q .  (4), 

Therefore, i f  E& i s  negat ive and tends t o  zero, wi t h  IEZJ < 1 ~ ' ~ ~  1 ,  
then k '  may become large;  i f  €ix has a  p o s i t i v e  small v a l u e ,  w i  t h  

1~5j.I > I E ; ~ ~ ,  then k 1  may become smal I. The f i r s t  case occurs f o r  p,= 

= 0.3 near x = -6.4 cm, where E& =-0.3 and E '  = 1.2 i (ascanbe seen 
XY 

i n  Figs.  5 and 1 1 ) ;  the second occurs f o r  po = 0.2 near x = -5.4 cm, 
where E '  = 0.49 and E '  = 0.39 i . xx ZY 

An ana lys is  of the ord inary  mode w i l l  no t  be given here, 

mainly beceuse i t  i s  s i m i l a r  but  presents much smaller values o f  k "  

f o r  the parameters chosen, r e s u l t i n g  i n  much smaller magnitude o f  am- 

p l i f i c a t i o i i .  We on l y  remark tha t  the behavior o f  kI1 i s  smooth f o r  the 

ord inary  mode, and the Peason i s  apparent from the expression f o r  k " ,  

resul  t i n g  from Eq. (4) 



Fig.11 - E '  versus x f o r  d i f -  
XY 

f e r e n t  va lues  o f  p . d i s t r i -  
o '  

b u t i o n  f u n c t i o n  /. 

The elements xZZ and x'& have a  smooth behavior  i x, and 
T TT  

have magnitudes sma l le r  than 1 ,  b o t h  f o r  4 and f1 d i s t r i b u t i o n s .  As 

Mi i s  v e r y  c l o s e  t o  t h e  v a l u e  ob ta ined  i n  t h e  c o l d  plasma a p p r o x i -  

mat ion,  !Vi shows no sharp changes i n  va lue .  

We sum up t h e  r e s u l t s  o f  t h e  p resen t  work i n  the  f o l  l o w i n g  

conc lus ions  regard ing  t h e  e x t r a o r d i n a r y  mode. For d i s t r i b u t i o n s  o f t y p e  
I 
f , even a  small  degree o f  f i l l i n g  up o f  t h e  l o s s  cone can g i v e  r i s e  

t o  v e r y  e f f e c t i v e  a b s o r p t i o n  near t h e  c e n t r a l  r e g i o n , i n  c o n t r a s t  t o  

the  ampl i f i c a t i o n  ob ta ined  i n  t h e  p u r e  l o s s  c o n e  c a s e .  When t h e  

Maxwell i a n  s i t u a t i o n  i s  approached, t h e  a m p l i f i c a t i o n  d i s a p p e a r s  and 

a b s o r p t i o n  occurs  over  a lmost  t h e  e n t i r e  s l a b .  For d i s t r i b u t i o n s  o f  

t ype  f*: t h e  presence o f  t h e  v e r y  c o l d  Maxwell i a n  c o m p o n e n t  reduces 

t h e  a m p l i f i c a t i o n  w h i l e  p roduc ing  no a p p r e c i a b l e  a b s o r p t i o n  a t  t h e  

f r e q u e n c y  considered,  so t h a t  t h e  emiss ion becomes n e g l  i g  i b l e  when 

t h e  c o l d  component i s  comp le te ly  dominant.  For b o t h  types o f  d i s t r i -  

b u t i o n s  t h e  t r a n s i t i o n  t o  a  p u r e l y  Maxwel l ian one can be accompanied 

by l a r g e  l o c a l i z e d  v a r i a t i o n  i n  t h e  imaginary and r e a l  p a r t s  o f  t h e  

p ropaga t ion  v e c t o r ,  which may i n v a l  i d a t e  t h e  use o f  ' t h e  g e o m e t r  i c a l  

o p t i c s  approx imat ion,  p o i n t i n g  t o  t h e  need o f  some c a r e  i n  a s s u m i n g  



t h a t ,  i f  one i s  away from the upper hybr id  frequency, the index o f  

r e f r a c t i o n  f o r  the ex t raord inary  mode i s  independent o f  the momentum 

d i s t r i b u t i o i i .  This r e s u l t  i s  not  r e s t r i c t e d  t o  the p a r t i c u l a r  examples 

t reated,  o r  t o  the p a r t i c u l a r  form o f  the d i s t r i b u t i o n  func t i on  used; 

i t  i s  connected t o  the f a c t  t ha t  E& can become very smal 1 o r  even  

change s ign  ins ide  the plasma and t o  the existence o f  a popu la t ion  i n -  

vers ion i n  ,the d i s t r i b u t i o n  func t ion .  Therefore, i t  may be o f  s i g n i f i -  

cance i n  tht i  study o f  non-equi l ibr ium thermonuclear plasmas. 
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Resumo 

Investigamos a ampl i f icação de ondas de c í c l o t r o n  e le t rôn i cas  
em uma lâmina inomogênea de plasma, como função da d i s t r i b u i ç ã o  de mo- 
mentum dos e lé t rons .  Consideramos do is  t i p o s  de d i s t r i bu i ções ,  ambas 
apresentando uma componen t e  t i po cone de p e r d a  e uma componen- 
t e  Maxwel 1 i i ina. Mostramos que a emissão perpendicular na f requência 
fundamental 6 em geral grandemente reduzida pela presença de uma com- 
ponente Maxwel 1 iana e que ocorrem s i  tuações em que uma camada da lâmi - 
na absorve mui to eficazmente toda a radiação j á  ampl i f i c a d a  no restan-  
t e  do plasma. A t rans ição do caso cone de perda puro para o caso Max- 
wel l iano puro é acompanhada por um comportamento pecu l ia r  das compo- 



nentes do tensor  d i e l é t r i c o ,  comportamento esse que pode i n v a l i d a r  a  
aproximação da ó t i c a  geométr ica no c á l c u l o  da emissão e  também a  cren-  
ça comum de que a  p a r t e  r e a l  do í n d i c e  de r e f r a ç ã o  é i n s e n s í v e l  à f o r -  
ma da função d i s t r i b u i ç ã o .  


