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Par t I—We have surveyed aspects of s t r i a t i o n  decay due t o  both ionization

falling (and the subsequent recumb ination) and diffusion perpend i-

cular to the magnetic field. Among the phenome na assesseed are :

I. 1onized~ material falling du e to motion parall el to the magnetic

field , B, which Is allowed to make an arbitrary ang l e with the

vertical.
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T I T L E  (a n d  S u b t i t l e )  ( C o n t in u e d )

P a r t  I — V  ‘c i t v  S h e a r , t h e  E x ii I l l - I t  • d~i I i  t v  m d  t h e  k 2 Powe r D t n ~~i t y
Spec t  rum .

AB STRACT I Con t i nued )

2 .  S t r i a t  ion  t a l l  log  due  t o  m o t i o n  p e r p e n d i c u l a r  to  B. (This ( I I I I l ls

fo r  II nonve r t  i cmi i m a g n e t  I c  f i e l d  t h r o u g h  t h e  set t i n g  up I f  e l e c t r i c
f i e l d s  p e r p e n d i c u l a r  o B due  o c o mp o n en t s  of t h e  n eut  r a t  V I I  OC fi v
or  gravity perpendicular to B.)

• 3. D i )  t l m s i o n  p e r p e n d i c u l ;m r  t B due  to  d r i f t — d i s s i p a t i o n  mode b r —
b u l e n ce .

-~ . D i s t a n ce  s ca l e s  f o r  st  r l a t  ion s t r u c t u r e  fo r  mode l  s i t u a t i o n s  of
striation pinching and striatio n tip s t e e p e n i n g .  (The s c a l e s  are
calculated as functions of  initial d imensions and diffusion
c o e f f i c i e n t s .

5. Time s c a l e s  f o r  s t r i a t i o n  d e c ay  due to  the above p r o f esses .

The e t t e r t  of ionization falling appears to be c a p a b l e  of r e m o v i n g
striation inhomogeneities on a time sca l e  of order 1 hour; d i f f u s i o n
perpendicular to the magnetic field is s t rong l y d e p e n d e n t  on s t r  i . I t  I
d i m e n s i o n s  and diffusion mechan isms , but si gnificant turbul ent diffu-
sion appears possibl e in some cases on t i m e  scales  of t h e  o r d e r  of t e n
m i n u t e s .  i t o - r e  is some i n d i c a t i o n  in the experimental data of ~~l iOiO. I
t u r b u l e n t  d i f f u s i o n .  These r e s u l t s  a r e  of t h e  n a t u r e  t t  e s t i m a t e s
r a t h e r  t h a n  d e t a i l e d  c a l c ul a t  ions and hence  a r c  s u g g e s t i ve  r a t h e r  t h a n
def init ive.

P a r t  2—In this r i p e r  we have attempt ed to Present mi basis for the p h v s  i d / i

• ‘ 1 l fde r1-~t a f l d i n g  of drift modes as w e l l  as background information t > r
b l a i r  app ! icati on to striation decay  problems . If , tn e  neg l ec t s  t h e
c-f  tec t of a component of the ambient electric field , F , in the dire r—
t i a n  of the background dens  f ly  ~ r a d i en t  , Vn ( w i t h  both perp en d idfml ar  tr
t o  t h e  a m b i e n t  m a g n e t i c  f i e l d , B), drift modes appea r c a p - / F i l e  0 1 p r t - —
v en t  ing elonga t ed St n a t  i I l lS  I ron ge t  t ing  thinner than 0. 1 km in many
cases of i n t e r e s t . The i n c l u s i o n  of electric i el d effects for drift
modes is an ongl )  log prob Len.

ta rt I — f i l e  E x B instabilit y is : In a l y ze(~ in t i l e  p r e s e n c e  of p lasma v d l f o -  i t  V
shear , wi th the magnetic field , B, i n  t h e  z—dir cction , the back ground

& l l s  i ty grad lent in t h e  x— d i r er  t ion , and c i c c  t r Ic I Ic 1 d components
E (x) and E with E /E n o n — z e r o . I t  is  shown t hat t lie structure of
EX x B modes~

’under t~~es~ c i  rc -u m st ; / o c  es c a l l  : o - c f I u n t  natura ll y for a
ionosp h er i c  p ower  d e n s i t y  spec t rum , p r ov i d e d  one assumes  t h a t  t h e  mod es
grow u n t i l  the  modal d e n s i t y  g r a d i e nt  in  t i l e  d i r ec t  ion of  the amb i en t
d e n s i t y  g r a d i e n t  becomes c o m p a r a b l e  w i t h  t h e  a m b i e n t  d e n s i t y  g r a d i e n t .
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S UMMARY

JAYCOR work on str iat ion decay dur ing the past year is
summar ized in the three accompanying reports , “As pects of
Striation Decay ,” “A Synopsis of Dr i f t Mode Behav ior ,” and
“Velocity Shear , the E x B Instab ility and the k 2 Power
Density Spectrum .”

The first report presents estimates that plasma stri—

ations could decay due to ionization falling (and the result-

ant recombination ) on the time scale of an hour and due to

plasma turbulence from drift-dissipative modes on time scales

of the order of ten minutes (under appropriate ambient condi—

tions); further the competition between ordinary collisional

diffusion and drift-dissipat ive di ffusion is assessed and con-

d itio n s for dominan ce of the turbu len t  e f f e cts ( some t imes by
a factor of 100) are established; in addition models are intro-

duce d to study the effect of sensitivity of striation decay

time to variable diffusion coefficient. Finally it is estab—

li shed that 0.1—0 .2 km s t ructures assoc iated w i th ancmalous
gi gahertz scintillation can be explained by a balan ce between

drift—dissipative diffusion and convection whereas they cannot

be explained by a balance between collisional diffusion and

convect ion . Hence we consider that the first report serves

as a justification for the relevance of plasma turbulence be-

havior to striation decay . The use of drift-dissipative turbu-

lence i s to some extent i llustrative and tends to establish a
lower bound for turbulent effects.

The second report is an introduction to drift wave

phenomenology with relevan ce to the striation decay problem.

It is meant to Indicate how properties of drift modes used in

the first report were obtained as well as to indicate a physical

I
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p

picture for the instability mechanism and a justification for

usage of the drift—d issipative mode instead of other drift

modes . It also indicates some of the caveats necessary when

dealing with applications of drift waves to the striation decay

problem .

The third report presents a theory for establishment of

the k~
’2 powe r dens i ty spectrum on the basis of E B eigenmodes

with plasma velocity shear (E = electri’~ field , n = ionized

density, E • Vn ~ 0). We feel  tha t  th is s tudy  of yet another
form of possible plasma turbulence is significant because of

it s direc t connect ion to the exper imen tally observed spectr um
and the resulting possibility of experimental examination , as

well as its eventual application to striation decay . To our

knowledge although there has been much prev ious work on E B
tu rbulence , this is the first work entirely within the scope

of E B turbulence which provides an exp lanation for the

power density spectrum .
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1.  I N T R O b  I ON

The 1) U r ’ i ) l l s  o f  t h i s  r e p o rt  I s  I I )  present vario u s f:o’t’’rs

a t  f o c i  ing s t r i at  i o n  d e ( ’av  u s  w e l l  a s  t o  i f l d i l - ; l t -  t h e i r  s i g n i f i —

(‘ance in terms of lossihie t i m e  scal es f o r ’  s i  n a t i o n  (l~~~- : I V  a n d
s p a t i a l  structur ing o f  s t ri a t  i o n s .  I n  t he  Se l ’of ld  sec t  i O f l

m e ’( ’h an l snL— a f f s - i  i n g  s i n k i n g  o f  i o n i z a t i o n  b o t h  i I i I i S I l l c 1  and

pe rpencfl ( ‘ l i l a r  i l l  I~ are p r e s en t  I d  and t i m e scales est  i m a t  I d  - In
t h e  t h i r d  Sec t  ion  di  I l u s i l l n  clue to ofl~ ty pe of ’  p I I s r i ; I  t u l ’ i l u l f ’ i l l ’

is  p r e s en t e d  as well as  o r d i n a r y  l ’ o l  l i s i o n a l  d i  f f u s i o n .  Norm-

aspects o f  the  i n t e r p l a y  ( I t  d i f f u s i o n  w i t h  spati a l s t r u c t u r ’ ’
and striation evolution are s h o w n  - Th ese  a i’~ ’ u sed  to as sess

the dependence of deca on diffusion (l a - f  f i c i en t as WI l  I as 01

i n f e r  t h e  poss ib i  I it v o f  p l a s m  t u r b u lo n e e  diffu s ion i n  ei)serva—

t I on a l  s i t u a t i o n s .  In  t h e  f o u r t h  s o lt  i o n  our r e sl i  i t s  are sum-

m a r i z e d  1)0th  as t o  decay and s p a t i a l  s t r u c t u r i n g  o f  s t  n a t  i On S .

I n t he  f i t  th  so rt  1 1 ) 1 ) , sI1~~g e s t i I n s  f o r -  f u t u r e  work a r e  made .

1—3

_ _ _ _ _  ~—__ _~~~-
_

- -



2 .  M I T I I A N I S M S  A F F E C T I N G S I N K I N G  0!- ION I Z A T I O N

Cont  n j l ) u t  ion s  2 , 1  through 2 . -I r e f e r t o  s i n k i n g  and doeay

due to I o n iz a t i on  m o t i o n  i) P i r a l l r ’ l  t l )  I~ . C o n t r i b u ti o n  2 .5 re fers

t o  s i nk i n g  o f  den sir (‘nhan et ’m ent 5 dUo t o  t I I r e e  ( - I lm i l o f l en t s

in  rpen  di  ciii a n  t f~ -

2.  1 V E R T I ( ’ A L  CONTRI [3UT I ON S DUE TO FORCE (‘0 OONENTS
!‘1 \ P . A tL E I .  TO

The s e p a ra t e  c o n t r i b u t i o n s  i n  t h r s  ( ‘u t e g o r’y ar e  l a b E l l e d

and  - ‘ h a v e

a )  V
1 

= — V ros  D s in  D ( 1 )

wh - i’~ -

n o r t h w a r d  componen t  I )  f f l o u t. i— a l wi nd ,

I) = dip  a n g l e ,

V I 
i s c o n t r i b u t io n  f r o m  \ - I - n t  (al c ome -nerO ( I f  the horizontal

• ne u t r a l  w i n d  proo- (-te d onto an ( i n c l i n e d )  m a g n e t i c  f i e l d .

F i g .  I a  i l l u s t r a t e s  v 1.

h )  v 2 = 
— S~P _I2 -

~~~~ n~~(T + T~~
) , ( 2 )

V2 
i s  I o n  t r ih u t  ion f rom d i  f fu s  I c~n pa ra 1 le  I t o  13 pro ,je ct  ed ye r t  r —

I - a l l y ,  n .  = ion d en s i t y ,  V in  = ion—fl OU t r’~I l  ( ‘ e l l i S i O f l  froqu enl’v ,

k = Bol t z m a n n  ‘ 5 con s t a n t , m~ = ion  mass , z yen l a l  c l l l l r d i n a t  (‘

Te e l E ct ron t e m p e r a t u re , T 1 = ion t e m p er a t u r e , z i s  V e n t  i c a l
c o o r d i n a te .

c)  
~~

- , ( 3 )

V
3 

i s  the fall from gravity , g g r a v i  t a t  ional acceleration .

1 — 4  
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2 - 2 RECOMB I NATI ON Ml - : ‘II  AN I N’I — CHAR GE ~ XGH ANGE FO LL OW E D BY
1)1 SSO(’ I ATI V!- RE (’OMIt I N A T I O N ( 1)

Tb e 11155 i - a t c ’  I s 0 I I he’ f o r m

— k 1 n ( 0 2 ) + k 2 n ( N 9) n ,~ . ( 4 )

Hero k 1 and k,, I re  e on s t a n t s , n ( 0
2 ) and n ( N 2) are m eI l ec -u l ar

oxygen and n t rogen dens i  I I c -S -

2 . 3  1) I SC USSION OF CONTRIBUT I ONS

Gr a v i t  p u l l s  ion i zed p a r t i c l es  down the field line , at

n i g h t t h e  n eu t r a l w i n d  p u s he s  ion i ze d p a r t i c  l os  up the  f i e l d
l i nes ( v i-1 < 0 ) ,  d u r i n g  t he  day the  n e u t r a l w i n d  p u l l s  ion i zed

pa n i c  i c - s  down t h e  f i e ld  i i  nc’s ( v~ > 0 )  , t h e rma l d i f f u s i o n
p roport .  iona  I t o t h e  ion i ze d p a r t i c l e ’  p n c - s s u re  g rad  i en t ) can

ac t  i n b o t h  di r c ’ ( ’ t  i o n s .

The ion  c o n t i n u i  t y  e q u a t i o n  is:

+ ~~~~
- [n .~~~v~~ + v 2 + ~

-
~3 )]  

= - 

[~~1 
11(0 2 ) + k

2 
n ( N 9 )] n .

(5 )

where Q r e l ) r c - s c ’n l  s ( ‘r e t l t  I o n  and z i s  t h e  vI’rt i ca l coordinate .

D u r i n g  d ay s  r e l a t i ve s t r - i a t i o n  d e n s i t  l o s  w i l l  he d r o p p e d  t i ) W f l

by Q is  w e l l  as a l l  o t h e r  f;u-tors ( ‘ x I ’ c ’ j ) t  t h e r m a l cl i  f f u s i o n . At

n i g h t Q I s  n e g i  i g i b l e ’ , Eq. (5) i s  i i n c ’ t r r -  in n~ ( n e g l e c t  i n g

e n t r a i n m e n t  of n e u t r a l s  due t o  v e ry  h i g h  i o n i zc ’d  dc’ n sjt Ii’s ) and

decay t i m e  scales of  2 h ou rs~~
2
~ ( o — f o i d i ng  i n  2 11011 1’S) a p p e a r s

reason ab i c ’

2 .4  ADDITIONAL CONTRIBUT I ON S UNDE R DISTURBED NU t  ‘I , I - AR
CONDITI ONS

For dist urhed sit nat i ons vertical nc ’utra l winds initially

upwards  h u t  e v e n t u a l l y  downwards (F. Fajen and H. W .  K i  lb ,
p r i v a t c ’  ( ‘r ) m m u n i c a t i on ) c o u l d  p l a y  a pro fou n d  r o le  in  pu lling

i o n i zed p a r t  ro le s down t lie fi c Id lines. Ion i zed mat erial re-

t u r n i n g  f r o m  the magnetl)sphe r c ’  could j u ’  t’form t he same f’ u f l l ’t ion .
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There cou I d be s~ ro ll  g e I fc c t s  du c -  t o di  st a nbecl n eat  r ai  w i n d
i nh Omogi ‘n c ‘ 1

2 .  5 CONTRIBUTIONS DUE TO FORCE COMPONENTS PE RPENDICULAR TO ~

These c-an invo l ve r i c ’u t  r a l  c~ i r ids , grav i  t y and  el c’ ’ t n  c
f i e l ds . T h er m a l  d i f f u s i on j 13 s h o u l d  Is ’ i n s i  gn i f i  ( ‘an t eOmpar( ’d
to t h a t  H 13. In t he  g e n e r a l l y  a p p r o p r i a t e  l i m i t ,

V
<.~ _ i _~ _ ,-‘< I

( c  c~ i

( v  = electron —no u t  ra 1 ( ‘ 1 1 1 1  1 si  on f re qu en l ’v  , , = e l e c t r o n
i n  cc-

( ‘ V ( ’ l l I t  ron f r o c i t i c ’n c v )  e l e c t r o ns  r an  only move w i t h  v c ’ l o c i t v ,

cE x B
B2

who no

E = E
10 

—

(He re E 
0 ~S t he s p a t i a l l y  u n i  f o r m , a m b i e n t  c ’ l e c t r i  c f i e l d  ( J B )

a n d  — V  ~ i s  t h e ’  s c - I  f — I ons  i s t e n t i n c l i l l e d  ( ‘ l e d  n c  I ~~‘1d 
-~ 13 . )

H e r n ’c by  q u a s i — n e u t r a l  i t s ’  o f  i o n s  and c - I c - c - t r o n s , t h e  p r ob l e m

of d e t e r m i n i n g  i o n i z a t i o n  d e ns i t y  chan ge s L 13 is e q u l  v a i c ’n t  t o

finding .~~~. We t ake  ‘~~ to be gi von by

I I  • [(E0 + ~~ -_~~_--~~~ - Y ~ ~ + 
~~~~ ~~~ 

N] 
= 0 (6)

whe re , with ~ d e n o t i n g  l o r t i t  ion  a l o n g  a m a g n e t i c  f i e l d  l i n e ,

J
1,. V .  0

- ind z n .i ~ - B0 c i

N fd z n 1

and i s  a mean value for the fic’ld line integrated neutral

wind ,

V E f ~ ( z )  d’z n 1

—-‘— --—-—-— -.~~~~~~~~ - 
——



Thi s equi at ion i s  b a se d  on E q .  ( 1 3 )  o f  Re fc ’r en ce  3 w i t h  the

assumpi  1 01) 5:

i . N e g l e c t  ( I f  h i gher  orde r tc’rm .s in

2 .  E10, ~ a n d  g are c o n s t a n t in s pa re  ( c . : . , ~ i s  a

f i e l d  l i n e av c r a g c ’) .

3 . On de f ’ i n i n g  E~, f f  as t h e  m a x i m u m  o f  E
0 1

and

2TL > e E  - .e l f

and

2Th~ ~ E f f

w h e r e  h
n is the scale’ hei ght I o n  n e u t r a l  v a r i a t i o n .

U s i n g  a w a te ’r b a g  mode 1 ,~ 
1 )

= ‘ 1 ‘ ~ < 
~ o 

= -‘ I

N = N
1 , < P~-~ N = N9 , >

wh en” ~ is the cyl i n d r i  cal  r a di  us a r o u n d  the axis in the

dir ection of B! B~ - W I ’  h a v e ( s r i ’  A p p e n d i x  A f or del a i l s )

c l i i  x 1 3  2 Y .
— 

j o  2V
j  

— 

B2 2

+ ~~ 
- E l  

~~~~~~~~~~~~~ 
(N 1 - N2) e( g  x B) x B

13
2 1 + 2 1 

— 

~2 
i .

( 7 )

I f  t h e r c ’  is no i n h om u g e n e i  t y  in 
~2 

= N
1 

= N 9 and

r E l x B
~1~0V I 

=

B

h e n c e  there is a v e r t i c a l  v e l o c i t y

1-7
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-‘t

COS D

where e is the unit vector in the eas t  d i r e c t i o n . m d i  (-at ions

in R e f e ren c e  2 are  t h at t h i s  i s  no t  a v e r y  s i g n i f i c a n t  c ’ f l e c - t  -

For 2 and N
1 

>>N 2, the vertical component of v
1 

is

2
- g cos Iv = v  s in  I cos I — (8)

- . n (v .in

where

= 
f n .  v. d~~/fn . d~

The neutral wind driven contribution to Eq. (8) is shown in

Fig. lb. It is inte resting to note on combining Eqs . (l)—( 3)

and (8) that in this limit the cloud has a net upward v e l o c i t y

(neglecting altitude differences in v~~ so that ~~~~~ Kv 1~)) of:

— sin 2 I 
v in

k
m i ~~ [

ni(Te + Ti)] —

i .cc , horizontal neutral winds do not lower the cloud (illus-

trated in Fig. 1) and gravity lowers it as if the magnetic field

were nonexistent. This would characteristically result in decay

time states whien are at least a factor of sin 2 D lower than t he
spatially homogeneous decay time scale .

This limit is of course suggestive rather than fully

realistic. However through Eq. (8), one sees that at ni ght

(since v — 0) the effect of finite dimensions perpendicular

to B is to increase the sinking rate of density enhancements

relative to the ambient.
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a)  v~ 1. due to foi-ce eompon r ’nt  H l~ ; h o r i z o n t a l  n e u t r a l  w i n d

V - V (‘OS D sin D 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I 
~

b) V i 2 ,  due to  f o r c c ’  co m p o n e n t s  B (if striatio n con ductivity
l a r - gc ’ e o m p a r -d  t o  a m b i e n t )  h o r i z o n t a l  n e ut r a l  w i n d .

v~ s i n  D ( ‘ ( I S  D 
~~~~~~~~~~~i I D

N o t c -  V
U + v~ 2 

= 0.

Fi gure  1. I l lu s t r a t i v e  V e r t i ca l  Ion i zed
V e l o c i t y  Components .

1-9
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3. CONTRIBUTION TO STRIATION DECAY FROM

DIFFUS I ON PE RPENDICULAR TO

The ’ c o n t r i b u t i o n  to s t ri  ;c t i on  decay f r o m  d i f f u s i o n  pe r—

p e n d i c u l  ar to ~ depends on two f a c t o r s :

1. What are the? me chanisms responsible f o r  d i f f u s i o n .

2 . What  i s  the  s t r i a t i o n  geome t ry (shapes  and dimen-
sions) and what is the non --diffusive flow on w h i c h
diffusions is superimposed.

3.1 DIFFUSION MECHANISMS

Classical ion—electron co llisional diffusion for (‘ircular

striation s perpendi cular to h a s  been i n v e s t  i gatc’d in d c ’t a i  I

by Kilh and StagatJ5~ For the electron density n = n
~ 

= l0~ cm 3

and a .st  n ation width of 1 km , the time for a 2.25— fold decay  o f

density (due to a cylindrical radius increase’ o f  a f ac t o r  of

1.5) is about 1 hour . For l owe r dens it ic ’s  and l a r g e r St r i  a t  iOfl

radi i decay times would be g r e a t  or .

- - - ‘ - (6)We have investigated dr il t -d ]sslp :ct vc’ modes (0DM) as

a source of striation di I ’f u s i o n . Th c ’  DDM w h i c h  are  p i c t u r e d  t o

grow on a background provide d by t h e  s t r i a t i o n  s t r u c t u r e  ( see

Fi g.  2) serve to diffuse th c- striation . O u r  results anc ’ based

on the assumption t h a t  DDM are n o t  se ’nsi  t I v i ’  to  b a c k g r o u n d

c - .l e c t r i  c f i e l d s . T h i s  appears l i k e  1 h u t  has  n o t  been  th e o r e t i —

r a l l y v e r i f i e d . The I : c s t c ’ s t  g r o w i n ~ PPM a r c ?  t y p i c a l l y  20 met en ’
in  w a v e l e n g t h .

To unde rstand the ran ge of ap p l  i ( ‘ a b i l i t y  o f  DDM , we

define

(
~ 

=

and

1-10 
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II

~~~ — Striation from Gradient—
Drift Instability

DDM Serving to Diffuse
the Striation

Figu re 2. Geome try for DDM Di Ifus i on .
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p

k2 C2,
V .  V .  + 0 .l5— ~ ~ V .in i i

(Ii -ci

where k is the’ DDM wave vector and is the ion— iOfl collision

frequency. Then for L
j 

>>C~ /v 1 and

IC LI
L >> 2-n i S i .. 1

II \ m  Ve e

where L
H 
is the scale length for density variation IB , L j j  is

the scale length for density variation II B , and V
e 

= 

~
1en + V ei

with V the electron —neutral collision frequency and Vei  the

electron—ion collision frequency . Our calculat ions show for

k2 C2
y s~~~~ 1
~

2 . 
-

(which we are free to choose) and

1
1 \)  C

k = k  e S
z y \ W  w . Lcc Cl

for t he  DDM growth rate , ‘y’ ,

-ly 0.07 
~~~~~ 

sec
.1.

For the neutral density n ~ 2.0 
x io 8 and n 0 ~ 10

6 cm 3

as commonly met at night at altitudes above 400 km~~
7
~ the con-

dit ions on and L 11 hol d  f or L
1 ~ 

1 km and L~1 
>~ 8 km. Here

we have used ,

V = 3. 5 x 10~~ n +

V 1 
= 8 . 3  ~~~~~~ + 5 -: n

Te 
= T

~ 
= 0.1 eV

1-12
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Th e r e s u l t i n g  d i f f u s i o n  ( - o e f l i ( ’ i e nt

9
C (‘

~~
D = —v-- 0.07 —

~~~ 
, - L = 0.07 — --n--

I.. k~ 
L

Here , k
~ 

is the DDM w a v e — v i c t o r  i n  the di n e t  i o n  ( I f  d e ns i t y

variation . Our (‘al (’ul ati clns show k (~ L~ )~~ w h e r e  ~ is
x I

an effe (’t ive ion—Larmo r radi us # ( f t ) ) J  t o  5 / ( ’j  - This r e su l t s

in a d i f f u s i o n  t i m e  1 5 1  i m a t i -  uj’

0

L~’ J ’  ~ -
-. c - I

- - — ---
~ 5 -

0 U 7
S

F cc r a st r— i a I i in ~ i dt  ii 1 I I . 1 km , 
- e - 0 -  1 1 1 1 1  c l i  n g t ‘ i

L — 5 1o 2 k m ,

( i
= I I )  s l ’ ( - c i n ( b .  -

0.07 (‘~S

Thi s  cor responds  to t he  p r c - v i o u s l y  m on t  i o n c - d  e l ec t  r u n — i o n

collisional diffusion t i m e  of a b u t  I hour.

Put another way , I I I  r di f f u s i on due? to e t or t ron— i on

co 1 1 is i on s

D = 

v ~ k ( T  + T . )  
= 

v~~~ C

I- -

~~~~~~~ 
q B w e W ci

where  V~~~j is the electron— ion (-c )llision frequency . Using

= io6 , T~ = T~, = 0 .1 eV , ~ = 0. 5 gauss  r e s u l t s  in

D
L 

= 8 1O 3 cm3/sec . (9 a)

This compares with the drift-dissi pative estimate ,

D
1 

= 0 .07  —k-- = 2 . 5  1o6 em2
/sec , (9b )
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unde r t he  same conditions (with n ~ 2.0 ‘ 10~ cm ’s).

3.2 RELATION BETWEEN THE SIZE OF VARIOUS PARTS OF THE
STRIATION , S T R I A T I O N  DECAY , A ND D I F F U S I O N  COEFFICIE NT

To h e u r i s t i c a l l y  t r e a t  t h e  i n t e rp l a y  be tween s t r i a t i o n
geometry and diffusion coefficient and to a t t e m p t to i n f e r  the
presence of DDM we conside r the model of an incompressible flow

perpendicular to B to wh ich a di f fusive’ contribution will he

added. Typically striation s evolve into sheet-like structures

which then form “bubbles ” or bre ak up into parts. Estimates

apply to two situat i ons which appear to de velop in striation

evolution . These are sheet pinching—off (Fig, 3a) and striation

tip steepening (Fig. 3b).

For the first situat ion , Fi g. 3a , we conside r the elon-

gation of a density enhancement in the y—di ni ’ction , due , for

inst ance , to an ambient electric field , E , in the negat i ve

x—directi on . We take the magnetic field in the z-direction and

v v = 0 (10)

whe re ~ is the con vective , as distinct from diffusive , electron

velocity perpendicular to the magnetic field. The density en-

hancement has characteristic dimension s L and L at t = 0.
x y

Since there is elongation in the y—dire ction and since the flow

perpendicular to B from con vection is incompressible ,

L
~
(t) L~ (t) ~~~~ , (1 1 )

where Lx ( t ) and L~ (t) are characteristi c- dimensions in the x

and y direction s at time t.

Let ‘r he t h e  t i m e  when t h e  convective velocity in the

x-direction which tends to make the striat ion thinner in x is

just balanced by the diffus i ve velocity in the x—direction .

Then
V

y~~~ 
y

~3y L ( - r )

1-1-I
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a)  S t r i a t i o n  Shee t  P i n c h i n g  Off

L y ( t  ) v~~t

L (t)—1

‘
~— Striation Base

b) S t r i a t i o n  T i p  S t e e p e n i n g

A

QB

c )  Stri a t  ion  S p l i n t e r i n g

~~~~~~~~~~~~~~~~~~~~~~~~QB

Figure 3. S t r i a t i o n  I s o — D e n s i t y  C o n t o u r s .
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w hen e  v is t h e  ~- c ’ l o c i t  y o f  t h e  striation t i p w i t h  r e s pe c t  t e l

he St r i  a t  i on  base ( see F i g .  t : c  ) , assume d con s I a n t  i n  t i m e ? .

S i n c e  the stria t ion di stanc e scale is roughly on ( ’ —h a l f  the ’

s t r i a t i o n  thickness

9
L ( T )  v L . ( - r )

v X ____ = 
X ‘12

x~~~ 2 L (-t-) L L  Vy x y  -

But  f r o m  d i f f u s i o n ,

— 1 ‘an 2
‘x n

~~~~~~~~~
x

~~~~~~1L ~~
( T )  . ( 1 3 )

Combinin g E q s .  (12) and (13) results in

4 1)j L L 1/3

= ( ~ . (14)

The c orresponding time scale is

T — 

[I,X
( T ) ,2 ] 2  

— 1 (LL \
2/3

D
1 

- 
(-1 D 1 )~~~

’3 \ ‘ ~~I
- The’ dependence on D

~ 
is n o t  s t r o n g ,  b u t  t he  c l a s s i c a l  t ime  scale

f rom E q .  ( 9 a )  is a f a c t o r  o f  seven gr e a t er  t h a n  t h e  11DM t i m e

scale of Eq. (9b) , ~ ~ c r ’ ~~s i ’ - ’ i b a ~ .

From t h i s  mode l for  f > ‘r one e x p e c t s  L~,(t) = v~,t .

De n s i t y  decay e f f e c t s  can be e s t i m a t e d  ve i-y c r u d e l y  by n o t i n g

t h a t  p rov ided  Lx ( t )  i s  rough l y  con s t a n t  ( t h r o u g h  d i f f u s i o n ) t he
i o n i z a t i o n  e n h a n c e m e n t  i n te g r a t e d  a m a g n e t i c  f i e l d  l i n e  shou ld
de crease as

T / t  , t~~~~~i -

Using  Dj = 2.5 io6 cm 2 / scs’ , L = -1 10~ cm , L = io6 cm and

v~, = io~ cm/ sec , va l  ue?s wh i ch appear  approp r i a t  U’ t c ) I he

1-16
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e q u a t o r ia l  sp rc ’a cl  F measurements of K e l l c ’ y  c t  a l  . , we o b t a i n
5 - 10~ set ’ f O r  t h e  t i m e  s c a l e  f o r  d e n s i t y  dec a y  t h r o ug h

d i f f u s i o n  and l~~( t ) / 2  3 - ii) cm for t h i -  I l lr r e s p o n d i n g  g r a d ie n t

s c a l e  l e n g t h .  A ( I c ’ t a i  l e d  c o m p a r i s o n  w i t h  c ’ x j ~~- r - i m e f l I a l  (lal 1

could he f r u i t f u l .  M i ’c ’h a n  is m s  s u c h  as St n a t  i o n  s[) 1 m t  e r i n g
w o u l d  t c - n d  t o  d e ’cr e a a c ’  t ( s e c -  I i  g.  3c ) t h e  e f f e c t  c t  non —

u n i  f o r m i t v  in  s t r i a t  O i l  t h i c k n es s  as a f u n c i  i on  of  v ( s - ’ c ’  F i g .  3 a )

is ambiguous.

The second s i t u i a t  l o l l  c o n s i s t s  of the st e ( ~~( ’ n i n g  l ) f  t h e ’
posi t i V ( ’  V — t i  p ( 1  f a 51 r i at i on w h e n  ‘aE~ / ‘a y — 0 where l-~~ is I he ’

x — d i x - e c t e d  e l ec t n c  f i c ’ l c l  a t  t i l l ’  s t r i a t i o n  t i p  ( sec F i g .  :l b) .

These c o n s i d e r a t i o n s c o u l d  I - d u a l l y  w e l l  a p p l y  t I l  cc 1IC) lc’ ’ helng

d r i  vc ’n  u p w a r d  by gravi t y i n  e q u a t o r i  i i  Spread F.

P r o v i d e d  t h a t  E I f l  t h e ?  n c ’  i g hb o r h o o d  o f  p o ints A and 13

( wh i c h  au -e  sepa ra t ed  by a d i s t  and ’ c y a l o n g t h e  v — a x i s )  is gen-
e r a t e d  by n o n — l o c a l  s e l ur c c ’s  i t  ~S i ’ e c i s o i i a b l c  t o  t ake

d ( ó y )  
= - c  -~~y , ( 1 5 )

w h e r e ’  I is i n d e p c ’ i i d e ’n t  of  ~~~~
-
, s i n c e ’  th e  r e ’ I c c t i v e  di f ’ f e r c ’n c e  in

d i s t a n ce f r o m  a g i v e n  ( ‘ l i a r g I - sourc ’c ’  is ~v / ! .  w l i c - i ’ - L 15 a tv p i r:c l

n u n — s t e e pened c loud d i m e n s i o n , ( From t h e  ( d T l l — d i m l f l s j ( l l O i l  ~iJ)—

p r ox i m a t  ion as at  u d i e d  i n  y o l k  and  l l a e i ’ i n I ! - 1 ~ 
1 1 ) , one  ( ‘a n ~- o r i  fy

t h a t  E I s con I i n u ou s  ce ross a steep dens i t V d i  5 1 1  I i i  t I n u  i t  y in

y h en c c ’  t h a t  i t  i s  n o t  g e n e r a t e d  by  1° c - a l  s o ur c e s  in  v .

The  constan t o f  p r o p o r t i o n a l  i t \ ’  -~~ i s  g i v e n  l i v

a = ~ -
~~~

‘

~~~~ ( l ( )

Now l e t  y be t h c ’  s c a l e ’  l e n g t h  f o r  s t e c ’ p c ’ n i n g .  The di f f u s io n

v e ’ I c s ’ i t y  is D
1
/~ y. Combining this w i t h  Eqs . ( 1 5)  and ( 1 6 )  g i v e s :

= k ~~
- -

~~ óy ( 1 7)

or
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D l  ~= - (18)

B ‘~

I l l  eat  i m a l c ’  c ’/13 ( ~
E

~~/~~
y )  we a p p r o x i m a t e - ,

11’
C X X

B y 
‘

~~ 13 1

w h e re  ( c / B ) e  is one—half t h e  v c ’ l o i ’ i  ty o f  t h e ’  i n hom o g e n e i  t y

w i t h  rc ’sp c -ct to a mb i e n t  and  L i s  t h e  ( h a r a c . t  e r j s t  i c  non —

s t e e p e n e d  di me ’ns i on o f  t he  I nhomo genl’ i t y  . Fo r t h e  i nh om og c ’ —
ne i t  v re f e n n c ’ d  tC) by Cost a and Ke l  l e v ~ ~~~ , c:~~~/B -

cm /sc’r and L -l - 10~ cm.  T h i s  y i e l d s  ( u s i n g  11DM d i f f u s i o n )

[ 2.5  106 -1 io~l 4
= I -  - — —--

~
--

~~~~~~ I 10 cm
I 8 lO~ J

The ’ va I f r o m  c ’ I oct rem —1 on ( ‘( I i  I i s  I on ce ] di  f t  cia i on wo u ld  he a b o u t

-1 me t e r s . V a l u e s wh i ch one c-an i n f e r  f ro m  C o st a  a n d  K e l l e v ’ s

dat  a~ 
10)  c r e  i n  the ’  r an  ge 2 ‘ 10 t o  i 

1 cm -

1-18

~~~~~~~~~ ~ET - ‘
~~~~~~~~~~~~~~~~

‘ 
~
- -.---~~~ - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
;~~~ ~~~~~~~~~ 

— -- - _____ ~‘



1 . I)lS (’I’SSION

Density i n h o m n g c ’ i i e ’ i t  l e a  whose f i e l d  l i n e  i n t e g r a t e d ( ‘ O f l —

d u c t  i v i t  le s  ar e  s i g n i I i e ’ a n t l v  g r e a t e r  t h a n  a m h i c ’ n t  ( a  f e l o n  of

3, at I eas t  ) sh o u l d  h a ve  I imP Sc ’:I h ’s f o r  d e c a y  wh i c -h  a re  at

least a f a c t o r  o f  s i n 2 1) ( 1 1  = m a g n e t i c ’  d i p  c c n g l c ’ )  l ower  t h a n
t ho s e  f i l l ’  t h e  homogeneous n i g h t i  ime i o n o s p her e  p r o v i d e d t h e
a m b i e n t  e l e c t r i c ’  f i e l d  and  n e u t r a l  w i n d  ( a s  a f u n c t i o n  of  a l t i -

t u d e )  ac- c ’  s p a t i a l l y  c o n s t a n t  a n d  s u b s t a n t i al l y  t h o s e ’  of  t h e

or d i n a ry  n i gh t  t ime  i o n o s ph er e . Th is  e f f c ’c t  i s  caused b iC ) f l~ —

z a t i o n  w h i c h  move s d o w n w a r d  ant I  i s  n ot d ue t I c  d i f f u s i o n  per-

p e n d i c u l a r  to t h e  m a g n e t i c  f i e l d .  Even  i n  t h e ?  absence  of

d o w n w a r d  n e u t r a l  w i n d s  the ’  c h a r a c t e r i s t i c  t i m e  f o r  e x p o n e n t i a l
d e c a y w luc id have’ as an upper I l l  c i n d  two h o u r s  t i cues s i n 2 11.
For c o n d u c t i v i t i e s  n o t  s i g n i f i c a n t l y  g r e a t e r  t h a n  a m b i e n t  t h e

t i m e  of  t w o  h o u r s  w o u l d  be a more ’ c o n s e r v a t i v e  est  i m a t e ’ . (We

h a v e  n o t  consi  dere?d h e a ve d ion i za L i o n  wh i c-h c o u l d  ret  u rn  to t he

ionosphere f r o m  t h c -  magne t l)Sp he’r~? on t ime scales  of  se ’vc ’ra l
ho u r s . )

I)ecay o I dens  i t  v I n hom o g ’’n e i t ies d ue t e l  di f las ion p e r —

p i ’ n d i c u l c r  to  B i s  s t r o n g l y  e n t w i n e d  w i t h  c o nv e l ’ t  i V I ’  n o n — d i  f f u s i v c ’
me ) t  ion and  in a d d i t  ion d e p e n d s  on w h e t  h e r  t h e r e  i s  col  I i s i o n a l

d i f f u s i o n  o n l y  or a lso  t h e  t h e ’ o r c ’ t  i l ’ I l  l y  much  s t r o n ge r W a v e —

p a r t i c l c ’  s c a t t e r i n g  d i f f u s i o n . The l i t t e r  as we h a v e  n o t e d  can

he due t o  d r i  f t — d i s s i p a t  l v i ’  mo de s ( P P M ) .  A l t h c i u g h  p l c S s i h l y  a

m a t t e r  o f  o b si ’r v a t  i o n a l  i n t c r p i ’ e ’ t  a t  i o n , ob se r v a t  ion s of  s ca l e

l i ’ n g t h a  u I  g r e a t e r  t h a n  100 m e ’t c ’r s  f o r  i o n o s p h e r i c  s t r u c t u r —
i r ~~ 

1(1 , 12)  appear to a r g u e  f o r  a d i  f t ’ u s i o n  m e c h a n i s m  w h i c h  i s

m u d ,  -~ t i’ ’ c i g e ’ r t h a n  c ’ I c o ’ t r o n — i e c n  ( ‘ i l l  I i s i c ) n a l  di f f u s i on .
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1 s ag e  o f  a s i m p le  mode ’ ! ( s ee ’  F i g .  3 a )  w h i c h  e n t a i l s  s t r i —
a t  io n a t  r e t  t h i n g  I i n e ar l ~ ’ i n  I ime i n  one d i m en s i o n  p e ? r p e n d i cU l a r
to t h c ’  m a g n e t i c  f i c ’ l d  y i e ’l d s  a c -h a r a c t e ’r i  st  i n  t ime s c a l e  fo r

s t r i a t  ion dec ’ay  f o r  t h e  i e ) n i z e’d  d e ? n s i  tv i n t e g r a t e d  a l o n g  a

m ag~iet  I c  f i e l d  l i n e ’  o f

/ !~ L
= r~ I -“- -

~~
---

~ I ( 19)
( - l 1 ) ~ ~ 

I 1 \ l  c 1 1 ,

whe t - c ’ 11 i s  t h i -  i ’ - r p ’ - c c d i c c c l a r  d i  f t  dial !) e’o c’ ff ici ent ‘ r e ’l  
1

the \ c ’ I ( I c I t V  I l l  t h ~ ~~i n e t  i o n  i i~~ I w i t h  n c ’ s p i - c - t  I t >  t h e ’  s t r i a t i o n
b ase ’  and  L ant i  I. i n ’ -  t h e  — 1 r ’ j i t  I on  d i m e n s i o n s e l  t. = 0. For

x y
t 

~~‘ i , I r v i I l ~’ cI  t h e  a t  n i  ~ i n  d i r ’ ’ n s i ru p e r p e n d i c u l a r  to “rd
is  i’’u gh lv C o ns !  i l l  cia i func ’ u i c - i  I ll t ime ( t h rou g h  di f f u s i o n )

t h e  f i e l d — l i ne i n t c ’ ~’r c t ’ e ’d d ’ ’ c i s c  t y  v a r i a t i o n  i s  a t  n t .  For
n � i0~ cm

3 t h i  - i l l  - c i i  e - t I ii ‘ c i  a l t  v n K 2 . 0  io 8 cm 3 , L 4 .0
I ’  

. I
. -

~~ 9
km , L = 10 0  km c r u d  V = 10 c - r n / c - a c , r 10” sec w u thx n c - i  -

0DM d i f t i s i o n  and - 1 . 0 . 10 c-~ec- with d c l l i .sional diffusion .

Two sp a t  i a l  l e n g t h  s - t I e s  appea r  in our  e s t i m a t e s  - The

f i r s t  w h i c h  c h a I ’ a I ’ t e ’ n i z ( s t h e  x — d i m e n s i o n  p e r pen d i c u la r  t l l

S t  n a t  ion elon g c t t i l l n  i s

I-I D~ L \ 1/3
L ( T )  = ~~~~~~~ (14 )
X I /nc 1

with variable ’s as defined in Eq. (19). The secon d wh I t-h char-

acterize’s the ’ steepening at the ’ ti p of a striation is

/ D1L ~
à Y = 

~cç/B) 
. (l8 )

He re L is the characteristic non—steepened dimension at the ti p

- ‘ and c-s/B is a measure o f  relative velocity within the striation

prior to significan t steepening which is taken to be one-hal f’

the velocity of the striation ti p with respee-t t o  amb i ent.
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S I n ce’ -
~y c’Icrre’-dl)onds t c c ci max i mu m i n  d i ’n s i  t v  e n h an c c ’m en t

a t  t h i ’  a t  n i  a t  i o n  t i P one  w c I i t  1 d i ‘ Xp ( ’ ( ’ t  v an  c t  ion s i n  t h e ’  p ower

dens i  t v  s p e c t r u m  t o  i c c ’  a s s o c i a t c - d  w i t h  i t .  I f  t h c ’ i ’ i ’  i r e ’  modes

at re’ 1 at i y e ’  I y short w a v e ’  l e n g t h s  dn i y en  b~ I a  rgc ’ dens  i tv g r a d i e n t  s

as for  i n s t a n c e  0DM ) , when  e’ha i - c c ’  1 c r - i at  i c - a l  I y ’ y = 0. 1 k m , t h e ’

v a l u e  o I Eq . ( 18 ) cpu I d mark an uppe ’  r b o u n d  can I he ’ I r w a vi - —
l e n g t h s . On t h e  o t h e r  h a n d , i f  1)1 i s  d I ’ t ( - r m i n e d  by c o l l i s i o n a l
i f  f ec - i s , when  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -y = -1 m e - t i n s , t h e ’  v a l u e  0!

Eq - (18 ’ ) w o u l d  mark  a s h o r t  w a v e l e n g t h  e u  I o f f  t o  t he  s }) e ’ ( ’ 1  r u m .

I t  is i n t e r e s t i n g  t o  n o t e  t h a t  t h e  ‘at  i n c i t e ’  of E q .  ( 18 ’ ) is

v e ry  s i m i l a r  to t h a t  o b t a i n e d  t h r o u g h  an a n a ly s i s  o f  t u r b u l e n t
(13) -be h a v i o r  b y O t t  and F a r l c ’y  a l t h o u g h  t h c ’  p hy s i c - a l  m o de l s

appear  t o  be ’  di f f ’ e ’ n e nt

I f  D i  i s  d e t e r m i n e d  by  c o l l i s i o n a l  e ’ f t c ’ c ’ t s , t h e ’  St  r u c t u r i . ’

of  the’ a t  n at i o n  t i p  c a n  he found prov i de?d wi c e s a c i r n e ’  t h a t  d i  f —

f u s i o n  b a l a n c e s  con ~c a ’ I  i on . Then

D in — c ’ ve ’ _
n~, r cy  BL

I) n i. , , as w I t h  c ’ I c - c t  ron — i o n  ( ‘ 1) 1 1 is i o n s  react  I t  s i n

2
x Vn c ,  (

i 
— 

13L 2

where ?  e ’ 1 I S  a ( ‘ O n a t  al i t - If D! is independe’nt of  n e, , as when

c - c c l l i s i e i n s  w i t h  n eu t ~~a l s  d o m i n a t e ’ ,

n~ — exp [- c- ~‘~1 2 B L E )
1)j

i • i’ . , G a u s s i a n  b e h a v i o r  n e d s u l  i s . W e ’  h ave ’  n o t  f o u n d  t h c  w a v e

s pe c t rum at w a v e l e n g t h s  less t h i n  ‘,y  when D1 i s  di -  t t ’r m i n e ’ d  by

t u r i i u  l e nc ’e ’  -

1—2 1
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5. FUT U RE PR I OR I T I ES

Work in the followin g a nc ‘as WOU I d he use fu I

1. Examinat ion of  n u c l e a r  dat  a f o r  e v i d e n c e ’  of spread F

and d e c a y .

2. Cc~ Ic -u lat i o n  o f  d e c a y  ( t h r o u g h  f a l l i n g  b o t h  p a r a l l e l

and ; c - r - p i ’ n d i c i l a r  t o  B and rec-ombination ) for a

st r- i c i t  i ‘i n  wh o’ ’ cc li dii c i ~
‘ I t v l .a Ia  ng e - compared t. o

t hc  - ic c ,  - k 
~
‘ n an d f t  d i  a t  ci nbc ’ d n c c c ’  l i a r  cond i t ions

3 . Ca i c -u  I c i  i n  cat d c - c -cc V I i ’ .c 51 c - i c c  I i on  wh ’  ,si ’ con du c—

I I V I I  \ I S  ~~~~ l : e n c c ’ -  I ’ ’ d r n f ’ : c e - e ’ c l  I I )  l i i i ’  b a ck g r o un d t h r - c c u g h

f c c ! I l u g  p a i l ! ’  I i i  a H i d  l i n e ’  und e r’ d i s t u rb e d

n c t ~~- I i ’~ U L o U t I i c an s  -

1 .  V ’ - r i l  I c - c i t  i i i  c a t  s c - c i t e ’  l e ’zi ~ -~t lu a , ‘ hcc — ,i ’n~- a t i i , n a l l v , for

e ’ q c i c c t  ‘ c r - I ce 1 — l r - ~ - c t  F an d  m i c I — l a t  t t t l ( j ’ ’ aI nc ’ad F. Check-

i n g  c c l  p .-n cc , l i , - c i l : e r  (Ii! f u s i o n  c o i l f l I ’ i c ’ r ! 1 5  t h r ou g h

t h i ’s i- ~a I - c ’ -a -

5. I t e t e - r n l l n : c i  i i c n  c , t  i ’ x i c - n i m e ’ n t : i l  de - c e y  h e ’ h i a v i ’ ’ r  b r
equator ] cii s I l rc-; ccl i ( w h i c h  see ms h o t  I i ’r  u n der s t o o d

t h a n  m i d — l a  I t ude ’ a l l  nc ad 1 - )  and  m i d — I  c i t  i t  ude sp read  F

and c h i - t i - r m i n ; c t  ion wh e’ thc-r a t  c t i ’ d  l oss  m echan i sms

app I v .

6.  F u r t he ’r  a t .  t i dy of  p 1  e s m c t  it ay e ’  p h e n o me n a  -- -- I c c r  pc ’rp c ’n—

di c ula r  di f t u - a i can — and determ ination of t h e  s p e c t r u m

at  wave ’ l e n g t h s  be Ic  w - - v when  0 i a d e t e r - m i ned  by wave

turbulence .

1—22

— ~~~~~~~~~~~~~~ _..a-~a- —~ 
- 

~~
—.———— -—

~~~-~~~~~~~~~~~~~~~~ -- ._..., __.___.. . —— --—..-——— --.-—-— . —.t. — . . —V.---



7. I t  s h o u ld  be n o t e d  t ha t  b an  urn c - l o u d  r e l e - a .se’s a t
altitud e s of 200 km would tend to he stable to 11DM
beca use of the? r e l a t iv e ’l v  hi gher ion—neutral colli-
sion f r eeiuency . H ence de cay r e s u l t s  fr o m  t h e - r n  con I d
be mis le ’ading if applied to higher altitudes.

1— 2 3
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A P I ’ F N I ) I  N A . CONVECT I V1-~ MOT I ON Pl-~R P E N D I ( ’ 1 ’L A f l  TO B

THROUGH ELECTRIC’ I~OLAR 1 ZAT I ON

[‘ s i n g  a w a t e ’r b a g  mode 1~ ~~~

L = p ‘ = 2 ‘ 
— 11

c c  
( A— l )

N N 1 , p < p ; N = N 2 , p > c c (A— 2 )

where  p i s  t h e  c y l i n d r i c a l  r a d i u s  aroun d t h e  a x i s  i n  t h e ’  d i r e ’ c ’-

tion of B / I B J  , from E q .  (6) we h a v e ,

p ’ : p (A—3)

= 0 , p > ç . ( A - - i )

U s i n g  e as the  u n i t  radial ve’ctca r and e as the ’ u n i t  c~z i m u t h c i l
ye ctor

c c  

= 

H) 

- I. ( A — 5 )

and

v ‘C B , ,  e ’ g X [3
“
~1 

~~ + c — e + N 1 ~~~~~~ I )

= 
2 F + — V~~~ e + N 2 ~~~~~~~~~~~~~ • c ’ ~~~

(A-6 )

The solutions have the form ,

1— 27
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[a~~c- 

n 
c-os nc - i + a

~15 
1
1! 

~~~~ , c - ~ p (A—7)

= ~~~ [~ 
p~~fl cos n O + b p

fl sin nO] , c > p

n =1

From Eq, (A— 5),

2n 2n
b~ c- 

= p
0 

a
rc- 

, bn 
= p

0 
an,,,

From Eq. (A-6),

E + v x B\

~‘1 ~~ 
e~~~~~~~~

_ 
N

2 
e~~ = ( N

1 
- N

2
) 

~ 

: 

p

g x B p

+ ( N 1 — N 2 )e 
~~~ BJ

Define , w i th 
~ 

the unit vector in direction of A ,

+ 
— “ — v x B (N

1 
- N 2 ) e x B

A — Ae
~ 

— E0 
+ + 

~ 
- N~~~) c-~-~~~ J~J

We have ,

E 1 V~~÷ e~~ — ‘2 ~~~ 
• e~~ = ( N

1 
— E2)A • e

or 

a
1c- 

+ E 2 c-OS o = - E 2 )A c-os Cf

Then

— 

( N
1 

— N
2

) A
a
1c- 

- r~~+ N 2
and

= a
1c - 

x
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+ ~~ 
N e(~~~ x B ) x B ]

1-29

- — i —  —



PART 2
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I . I \ T R O J ) l C TION

On f t  mode- a  m i ’  c i ~ t f l t c ’ I ’ c - S t in HAN I- b e-havi or b e - c a u s e

t h e ’  v I u r n  I ah ci no - h a n  rn i n c c dd i I i o n  t c c  t h e  - u s c i c i  1 12 B m a t  a—

h i  wh i ch ~ an c c l  O c t  t h e -  a t r u e - t u n i f l g  and  p o s s i b l e ’  decay

c c  f hi gh 1 v c ‘I o n  g c c  r d  — - I r i .c 1 1 n a  ( wh h -h  t hem so  I e - ‘ -c a r e- ’ mo st

Ic kc ‘ l v  due t o 1- 2 “ B nfl ’ de - - - - ) - I c ,  - - c c v of  1- 2 B modes i n to dr i f’ t

rnccde’a is a p o s s i b l e ’  a c e u r c i ’  o f  t h e -  k~~ p c c w e - r  de n si I v  spectrum. 
(2)

( k  l. a nc c , d a l w av e  numbe r i n  d i  c- c - c t i o n  of o b a e . ’ r v c c t i o n  , w h i c h  we

‘,v i l l  t a k e  t o  he t h e -  v — d i r e c t  I ’ r i , B i s  i n  n h e z — d i r e ’ c t  ion , and

:n is in  t he  x — d i  I ’ c - c  t i o n . ) I n  add i  t ion  i t  has  been shown~ 
3)

t h a t  sc c i l e  le n g t h s  e c f  O . I — t ) .2  km a t  s t r i a t i o n  t i p s  c a n  h e ’

a t t r i b u t e d  to d r i  f t  w u v i ’ t u r b u le n c e ’ . ( T h c - ~~c -  a t r u c t u r e s  a re  b e - —

11 eyed  r e s p o n s i b  I e ’ I c r  a n o m a l o u s  gi gahe r t  z S c ’ i n  t 11 l a t  ion  . 
( 1 ) )

For t he  g c ’ c c r n c ’ t r v  d e s c r i b e d i n  t h e  p a r ’ c c g n ’ a p h  above ’ , w i t h
K p r e d e ) m l n a n t l v  i n  t h e  x — cl i r e c t i o n  , st r i  a t  i o n s  f e - n d  t c  elon gate’

i n  t h e  v — d i  r e c ’t  ion - E - B rnc de ’ g r o w t h  max ’ b e ’  a t  r o n g  at t h e ’

at ri at ion t i p s  w h e ’  c - c ’  One ’  e ’ x l c c  ‘c - I  a I~ ‘- Vn / I~ . ‘,-‘ ic 1 - How —

c ’ v e - r  a l o n g  t h e -  c lon g a t c - d  a t r i al  i o n  a i d e s one e x p e c t s

1E .‘n !/~ E n <~ 1. I t  i s  t h e n h i g h l y  l i k e l y  t h a t  i- ‘. B in-

s t a b i l i t y  i s  s u p p r - s s e d  I c y  t h e  non — c ’ x i  s t e n c ’e ’ o f  l ca ’ al i z e ’ d  E 13

n o r m a l modes . ~~~~~~~ ( W i ’  n o t e ’  t h a t  t he x and  y d i r e c t i o n s  i n

He- - I  . 5 are i n t e r c h a n g e d w i t h  t hos -  used h e r e .)  D r i  I t  modes

provide an addi t i c c n a l  i n s t  a b i l i t y  m e c h a n i s m  w h i c h  i s  not

n e ce s s a r i l y  ac ipp  re ar - - u d whe’n 1-2 ~n / 1 1-2 . Vn ~< I . H e n c e  i t  i c-c

p o s s i b l e  t h a t  the-’ n e c - - c u l t  i ng p l a s m a  t u r b u l e n c e  c o u l d  r e su l t  in
the -- d e ’c av  of S t r i a t  ions (‘~ ‘e’fl wh en ~

,‘ . 13 t u r b u l e n c e ’  i s  r i c c t

indicated .

W i t h i n  t h i s  p ap e r  w e ’  p r e se n t  r e su l t s  wh i ch show t h a t

d r i  f t  wave  i n s t  tb i 11 t y  i s  de? fin I te1~ ’ no t  l i m i t e d  by K . Vn

2—3
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p r ’ v i  (Ic ci I c ’ 1-2 - n  - /(B - c i  H 2 10 ’ c ’m 2 / ae c- , ( 1 1 c c-c ’
1~ 

v ( n ~~
1 c l n / d x )  1 

~ A t  i c e  r p c - 1 ’  vc c  lues e e l  1, c- I F  ‘in 1 ( 1 3  ‘In I
l c ’ ! c c c v i o r  h a s  n e t  v e t  b e e n  f i r m l y  e ’ s t c c } c l  i sh c’cJ .

W c -  i n t e n d  f o r  t h i s  sy f l c I c s j .s i c c  serve  es an  i n t r o d u c t  j c c n

t o  d r i f t  w a v e ’a  as t h e ~’ a p p ly  i c c  stria t ion de c a y  i n  t he ’  l o n e —

- c p l i e ’ re ’ a n d  cia  c i se ’d  i n  Ref . 3. We f’i rat prese ’nt cc phy sical

l i c t u n ’ ’ c c f  n e - u i  r a l ly  s t a b l e  d r i l l  w cc ve ’s and  t h e n i n d i c a te ’  t h e ’

in s t ab i 1 1  v mechanism . We n e x t  shec w t h e ’  c o n n e c t j c c f l  b e t w ’pn

t h e  c c c I l i s i o n ~~c as d r i ft  i n s t a b i l i t y  ( c i n i v e r c - c a l  i c i s t a b i l i t v )

a n d  t h e ’  cu - i f t — d i s s ~~p a t i v c ’  i n s t a b i l i t y  - Foi ’ c c v ar i e t y  of iono-

s p her i c  c o n d i t i o n s  w e -  the n pr e sent dr- i f t — d i a a i p c m t i  ye modal

g r o w t h  r i t t e ’ a  a n d  f r e ’ c 1 u - n c c i e - s  w i t h  l o g a r i t h m i c pe rp e n d i c u l a r

d i - r . a i t v  g r a d i e n t s . equa l t o  ( n ~~~ d u / d x ) ,  a U c e c t c > r  c f  2 . 5 cc b cv i ’

the minimum l o g a r i t h mi c  p e r p e ’n d i c u l c e r d e n s i t y  g r a d i e ’n l s  produc-

in g marginal s t , e b i l i t v . (\t’cde paramete-’r’-c k a n d k are t h e  same ’
as at m a r g i n a l  s t a b i l it y  modes v a r y  as c ’ x l c (  — I - t + i k 7 z + i k y )

We ’  th e n  f i n d  a s i m p l e ’  term f o r  a lo~~c ’r  b o u n d  on t h e ’  g r o w t h

c - c e l l ’  f o r  d r i f t — d i s s i p a t i v e ’  i n s t a b i l i t y  I )  I c e ’  used i n  d i f t i - c i o n

e a t  imat e-s . N e x t  d r i f t  d i s s i p a t i v e -  e- igi ’n n r c l e’ at  r u c t u re  is  in-

vest  i g c c t e - - d  f o r  u se ’  i n  d i f f u s i o n  y c c c ’ f i i c i - i i t s  and  t h - ~ o r i g in  c - c l

t h e  d i  f t  i s i o n  c-oe f f i c i e n t  D = 0.07 (~~ /~ us e d in  Ref - 3 i s
c~ ( ‘ i

indic a t e d .  IC
5 

= {k b (T i + T0 ) / m 1 
} ‘

~ k b = B o l t  z n f l c c n n ’ s c ’cc tcst a i ii

T = t . c -n c p e -rc c t ure - , m = m c l a s , I = ion  q u a n i  l i v , P = e l e ’ c ’ t roti

quan ’ i t y ,  ic
c- 

c y c l o t r o n  f r ’ e ’ c f c l e - n i e - y . )  F i n c e l l \ -  t h e -  1 ce .c~~s I b i l i  t y

o f  dri I I W a v e -  mod i  I’ i c - a t  i e  cf l  wh e n F In / l ” ~ i s  su I I i  c- i en  I I v

l a rg e , f (Lc (l- • :~ /13 1 ’In t ) 2 1O 7 cm 2
/ s c - c l , i s  i n d i c a t e d , and

t h e ’  r e lc e t ive ~o ’cmk n er-cs of i ’ l c - e .’t r co ia gn e ’ t  i c -  e f f e c t s  l e e r  d r i  f t — .

diss cpce t 1 w-  mode-s cia cont n - cest e ’cI t e ,  c o l l i s i c i n l e ’ s s  d r i f t  m e d - s

is de— m o nstrated .
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2 . f3. -\~ I ( ’  ~ ! l - \ ’, I S M  F’OH N F t I ’R A I , L Y  STAII I l- . 1)RI FT WAV E *

2 - I ( i i  \ R - \ ( ”J ’! H I 511 CS OF’ BA (’KrROUNJ) PLA5~ 1.-\

1 - 1 c c - I  ron i ’ ’ r n l l e e r a t r l re ’ i c—c T , e ’ l e ’ c ’ t  ren a c cr c’ a b l e r  t o  move-

c c l c : ~~- r c c ’ ,~n 1 c - n  i c  f i e l d  l i n e - a , bac k g r o u n d  d e n s i t y  i s  fl , d e ’ i i ~~i t v
g n : c d c i ’ n t  is ‘n/ x .

2 . 2  ,~ d } ) } - _ :~~J t  RI- .

‘‘ - si c 1 c 3 c e t n t  i t  c - c a  a r e ’  i n d i c a t c ’d  by s u b s c r i p t  “1  , v an —
c e ’ l  1, I n  ~ e n d  c~~, e ’ l e - ’ - t r e s t c c l i c , e l u a s i — n e - e c - i r a l  . d € ’n s i t v  ( n 1 )
: ec . d p ’ - t e - r i t i c e ! ( :

~~
) -

~ 
e x l c ( c k v  + i k z  — i~~t ) .  1 ’ l l c - t n ’ n i s  c c - n d  i c e n s

cc !’’ c - • 1 as I ui dr-c

‘I i i -  i- , -  e , r c -  \ c -  O c ’ I tie r-c crc ’

v = V = \ ‘ -I l ei  i i

o n ’

= c E
1 i / f l  = --- 1k c ; i / 13 ( 1 )

and

q E  k T  Ifllz  h c’ 1 1V = — — - — .l e ’z  m v rn v fl ‘lZC e  c - c ’

( w i t h  V t h e  sum o f  i ’ I e c t n ( c i - l — n c ’ u t r a i  and e l e c t r o n — i o n  c o l l i s i on
f r e q u e n c i e s, V~ , = V c , n  + ‘

~ei 
l)i I fecc-c ie e n v e locit y p e r p e n d i c u l a r

to  ~ i s  n e g l e c t ed  s i n c e  i t  d ce ’a n o t  c o n t r i b u t e - ’  t o  t h e .’ d e ’n s i  ty
c - d ua l i on s , E q s .  ( 3 )  a n d

F e y ’ ion s w i t  h no met I on pa rc e 11( ’l  f c c  B

Vn = 0 - (3)

We n o t e  -J v 1 ~ 
= 0 b r  c~ 0 ( o l e - c t r est  a t . i c me des)

*TI1P d i a e ’ us s i e ,n  e f  t h i s  c r e a t i o n  a n d  o f  S c- c t  i on  i s  p a t t e r n e d
a t  t~ ’r R e - I  e ’ r e ’ i i c - e  6 .

2-5
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Fcc  i- e l i ’ ( ’  t rons

I
+ v

1 
‘in + n V v 1 = 0 (4)

or s c i l c t r c c e ’ t i n g  I - q .  ( 3 )  f r c . m E q .  ( 4 ) ,

-: = ~v 1 /~~z = 0 . (5)

From I-I t s . ( 2 )  and (5),

q H  
~‘1

k T  - (6)
ice t~

S u b s t  i t  cu t  I r ig Ee l  - (6) in t o  }- .q . ( 3 )  and u s i n g  F e j  - ( 1 )  r e s ult s  in

I fl —
k q13 b e ’  n •x

- e - , w a ve s  m ( c \ - e  - c i t  e ’ I i  a ’ I ron d i  arnagn’ - t i c vi -  l o e ’ i  t , v~~~ , and

a r - c -  neul. r a l l  s t a b l e - . For t h e ’ r m a l e ’ c 1 u i I i b r - i u nm f o r  e l e c t rons ,

n +
= C X[) C ~~~~ j /k~~Te-, )

w i t h  
~~ 

( —q) the e l e c t  re)n chce-rge . I” c c r  q ) l /k BT c~c- 1 t h i s  is

t h e ’  same as

n i —

n kT C-

Hence the  c-icc - t r ( > n a ’  c c - r e ’  i n  t he-’ rma 1 ‘qu i i  ib r i u r n .

Fur ther , since n 1 i s  in  phase  w i t h  and E 1 =

= — i k - f 1 , F i g .  1 i s  a p p r o p r i a t e . Re fe’rring to Fig. 1 t h e ?  f l u x

i n  t h e ’  x — d i n e ’ c t  i o n  i s

n~~c = ~~~ I n 1 H~ 1 I c os(k y  + k7z - u t )  s i n ( k y + k 7z — ut)

I n te g r a t i n g  ove r one w a v e len g t h  i n  t he  y — d i r e c t i o n  g i v e ’s ze ro ,
I .e- . , n e c  n e t  t r a n s p o r t  o f  d e n s i t y .

2-6 
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~~~~~~~~~~~~~~~~~~I , 1 c - e cs ( k V -

- 1,/k  = d i c e r —ce-  \ e - l e d c - ’  t y

cc 

\ =

c iii
c lx  

-

F l  g u n ’  1 - He’ lat i c - ir i sh  l j c s  l e c i ’  cc N e - c i t  ra I I y S t a b l e ’  l) r i  ft M c c c l , ’ ,
,c r/k = “I)e ’ - Phase  \ e ’  I c c c l I y i s  i n  pos I I l v i ’  y
d i r e - c t lou , t = (1 , ~ = 0.

2-7
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3. I N S T A B I  L I T Y  M EC H AN I SM  l”OR DIII FT W A V i - I S

I n s t a b i l i ty  o f  dri ft w a v e ’s  f o r  a f l u i d  p 1 c e a m c c  cc i i i  h e ’

v i e w e d  es d r i ven  by d e v i a t i o n s  i n  t h e  ion  f l u i d  be h a v i o r  f r o m

that described i n  Eqs - ( 1)  a n d  ( 3 )  - Dri ft modes are  unsl a id e

whe -’n - r ‘ kv De c - i d  I c c  — k v De, I / k v 0~ 
-s I - ( l i e - i c -  C c - n 

a t h e  1 e  - c c - I  p a r t

o f  
~~~ ‘ 

~ r 
+ i y )  . )  Then -H l a gs  n 1 in  phc c-ae a lo n g  the

d i r e c t i o n  of  w c c - v e - -  p r o p a g a t i o n  and t h e r e  i s ’,e mean f l u i d  f l u x ,

c ’ c c r r ( ’ s ~) o I l d i f l g  to i n s t a b i l i t y ,  w h i c h  a c t s  to decrease t h e ’  back-
g round  d e n si t y  gr a d i e - ’n t  by t r a n s p o r t i n g  f l u i d  f rom h i g h e r  to
l ower background dc-na i ties. H e nc e  ef fe-’cts which c~~- t to re’duce

ac t  t o  p roduce ’  i nst a b  i i  I t y  - Two such ef  f e — c - t a  a re  ion

i n r - r - r ia  a n d  f i n i t e  i o n  L a r r n e c r  r c c d i  us c - ’ o r r e c - t i c - e n s  -

On d e f i n i n g  7k b c  be t h e  d i s t a n c e  t h a t  f 1 l a g s  b e h i n d

n i n  t h e  d i r e c t  i o n  c f  w a v e  p r o p c eg a t  I on , t h e ’  c- end i t  ion s i n  t > 0

i s  equivalent to a ru e —i I l u x  a g a i n s t  t he  b a c k g r o u n d  d e n s it y

gradien t - We first show that , c- kv  sin f .  then that- Do
- — kv~ < 0 c’( ’er r’ e’sponds to y - ‘ 0 (and that cu r 

— k v 1)(, 0

c - c , r r e a l ) o n d s  te )  ‘y -
_ 
0) . F i n a l ly  we i n t r o d u c e  i o n  b e h a v i c c r  a n d

she iw l i e  ew i t can c h a n g e ’

3 . 1  KQL ’IVALENC E OF S I N  A -> 0 AND NET FLUX A G A I N S T
BACKGROUN D DENS I TY G R A D I E N T

W h e - n  t h e ’  p o t e n t i a l  l ags  t h e  d e n s i t y  by a d i s t a n c ’ e ’ A/ k

in the ’ direction of wave p r o p a g a t i o n  t h e  g e ’om e ’t r y  i s  as shown

in Fi g. 2 . The p o t e n t i a l  i s  n e ’p r c .’a en t e ’d  as I i = H- 11 e x p ( i k y

+ i k z  
~~r

t + it 1 ) and l b s  d e ’n ’- c i t y  i s  n 1 I n 1 I exp(’ikv + ik , z

— 
~W r t )

~ 
On taking real part~ of  K 1 = — V ~~~~~ and n

1 
th e - ’  flux i s

c-n 1E 1 B/B 2 = n 1 j I - ~1 I kc {sin(ky + k~~’z - c 1, t )  c-OS ~

+ e ’ o s( k y  + k 7z — W rt) sin A} e o s( kv  + k z  — w r t )

2—8
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~~~~~~~~~~~~~~~~~~~~~~~
If’ 

/k

= p h a s e ’  ~~c ’  b c - i  t y  

•B

1 
c ’ c c ~~( k v  — , , , t  +- ‘,

= 0 ~ x

dri
e I \

Figure - 2 . R e l a ~ i n n s h i ~ cr - c t o r  an  l in s i  a b l e ’  D n i  t i  M e c d e ’ , (I < /k < v~~~,
l~~ b r i g s  

~ i c c - l ’ e c i e ’  t h e ’  d i r e s t i on  e e l  W a v e ’ p h a s e ’  vc’ io e’ it v
( p o s i t i v e ’  v — c u  r e - c - f  1 c m ) i c y  i n / - I k  ( A  = lu/ -i ) ,  t = 0, i = 0 .

2-9
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-1

On a~ - i ’ c - a g i r~g ove r w a v e l e n g t h , w i t h  de n o t i n g  t h e  av e r c e ge and

t fixe d , thi s re sults in

= fl 1~ ‘ 1 I k c ’  s u n  t/ 2 13  , ( 7 )

i e ’ ., f l u i d  f l u x  i n  t h e  positiv e’ x—dir ec ction , a g a i n s t  the  back-
ground de nsity gradient. ( A l t e - r n a i e - l y  f r om Fi g. 2 , re’membe—r—

i ng t h a t  B i s  in  the  pos i t  ive ’  z d i r e - c - t i c - n , one can e a s i l y  se—c - -

t h a t  t h e  d e n s i t y  ex t reme ’s  at y = 0 and y = V T / k move ’ f a r t h e r

a~~av  from x = 0 when A > 0.)

3 . 2 REL A TION BETW EEN AN D S I N  Ic

On the other hand 1. 1’ t he  ion f l o w  is gi von to f i r s t

a p p r o x i m a t i o n  by  Eq. (1) and d e ’n o t e - a  t h e  d isp l c e c e m e n t  o f  t he

io n d e n s i t y  p c - r t u r b a t i o n  f r o m  x = 0 (see’ Fig. I or Fi g. 2) one

has

fl
1 

= — I d n/ d x

an d

v = d ” /dtIx

On tak ing F~ ‘- —~~~~~ co s ( k v + k ,z — w r t )  and a ver a g i n g  ove r a

peri od in I ime OflC has

= - n n 1~~
2
/(2 dn/dx) - (8)

On using Eq. ((i ) cia a firs t appr ecximation for n 1 j / I ~~1I and
e- ’cnu ati -ng Eqs. (7) and (8) this ne c - c u l t s  i n :

= ky 1)1, s i t u  A - ( 9 )

3.3 EQUIVALENCE OF c-iC
r 

— 

~~~De < 0 A N I )  ,~, — k~- 11~,~
Wl’l ’H I N S T A B I L I T Y

To show t h e - - stated ecqu i va 1 e ’ n c e ’  we-’ ii rs I l i c e  ti from

Eqs . ( 1 ),  ( 2 )  and (-1 )
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n /1kv — c~~
1 

= 
qn I - -

~~~~
-
‘
- --— - - I (10 )

‘
~ l k~~T1 \ ~~~~ — /

with = k~ k 1) T(, / n 1 v (~ . i r s i n g  Eq . (0) again to a p p r o x i m a t e

E q .  ( B ) .  n c c t i n g  u W r 
+ i y  and t a k i n g  t h e  i m a g i n a r y

part of l’Iq . ( t O )  r e s u l ts in (after some algebra),

- — 

k v 1~~ ó(w — k\’1)11) 
— 

— kv Dc 6 ( 5  - kv~~, )
- 

( k V D ) 2 
- 

2 (.~~~~))2 ( +

Iu€ - nce t h e  equ i  v a l e n c e .

3 . 1 ION BEHAVIOR

Ion behavior with in dni ft wave’s has hc’e:’n c a l c u l a t e d  by

Kennel and HudsonJ7~ Their result y ields

n
1/n  WDC — I5.~ — lV

1_______ = 

c u +  RTb(c i + i V I/h) 
‘ 

( 1 1)

whe’re b = k 2k h TE / ( m I s2
~~) ,  RT = T1 /T e- , and = b ( v 1~~ + O .3 h -; j~~

)

b y . , ( V ~ i s  t h e  i o n — n e u t r a l  c ’ o l , l i s i o n  f r e q u e n c y ;  v~~~ the

i o n — i c) n col 1 1 Si e ) f l  f r e q u e n cy  - ) It can r e - a d i  l v  be ’ yen fied that

Eqs - (10) and ( 11) comb i no I o give Eq . ( lh) o f  R e f .  7. On the

right—hand side ’ of Eq. ( 1 1. ) ,  t h e  c o n t r i b u t i o n  ~ i c  - in  t he
n umerator is due to ion i n e rt  i c c -  and the’ c- cu t r I b u t  ion  ii near i n
RTb in  t he  d en o m i n a t o r  i - - c  due  to f i n i t e ’  i on  Larm or  r a d i u s
e f f e c t s . For large’ electron conduc t i v i t y  paral lc..’i t o  e ) n e ’

has ó >
‘ - 5 , k v ~~, . Then one’ o b t a i n s  ( n 1/ n ) / ( q ~~1/kT 0 ) 1 and

one see’s that both ion i n e r t ia  ( — h - , ) and t h e  f i n i  t o  ion Larmo r
radius term (RThW ) act to decnc-ase c , c , hence to cause f 1 

to lag
b e h i n d  n in  t h e c  d i  rec t ion of  wave ’ propaga t i on , hen ce’ to drive

i n s t a b i l i t y .  Un de r the  same c e ) n d i l i o f l s  i t  is ea sy  t o  see t h a t
c o l l i s i o n a l  c o n t r i b u t i o n s  i n  V 1 are’ stabilizing.

2 - I l
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p

W e- note that the- f l u i d  results appear somewhat uncerta in

in  d c - t a i l  i n  t h a t  i n  c a l c u l a t i c e n s  w h i c h  w e ’ c a r r i e d  out  t h e re

we’re d i  s c repanc ies  f r o m  Eq - ( i i ) .  How e ve r , ( c ur d i s c r e p a n c i e s

w e ’r e ’  o f  suc h rnagn i t ude and  s i g n  as to  e nhan ce ’ t he  i n s t a b i l i t y ,

so t h a t  I he r e s u l ts  pr — s e - n t  c’d be low , w h i c h  a r e -  ba se ’d on E q .  ( 11)

are f r o m  t h a t  s t a n d p o i n t  at worst conse’rvat i ye as conce rns t h e

e f f e c t  of the i n s t a b i li t y .
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1. RELATION TO OTHER TYPES OF DRIFT MODE S

( ‘ c - c m h  m a t  i on  o f  Eqs . ( 10) and  ( 11) is a l so  in  ag reement

w i t h  t i i ’ -  Vl  c la d  cv  r e - a c - i l  t a p p r o p r i ct  te  to each s p e c i e s  , -c-

gove rned  b y t h e ’  e q u a t i o n ,

with q u a s i — n e u t r a l i ty ,  p rov ided  w i t h  VT 
= (k hT, /m , )

~ 
one takes

- v 1 ~~- kZvT~~
, 
~e ~~

‘ k
Z

v T(, e and  
~e >~ w . ?1U The i n e q u a l i t y

>~ w corresponds to the drift—dissipative mode for wh i e’h

(‘ontributions invo l ve the plasma dispersion function W ~~1t the

t o  rm

+ i v  — n~w ~~~~~~~~~~~~~~~~~~~~ 
cc

\ /~~~k z To

w i t h  n a running inte ger index . The’ collisionl ess “un i versal

i n s t a b i l i ty ” i s  ba se d on v 
~~~~~~~ ~ 

-u , V~~~~~~~< 
~~~~~~~ 

<< VTe •

F r  T = 0 . 1  e - \  c c - nd  10 ‘ i i  - - 10 cm we have

1 .5 n ,, /l c ) 3 , and t ie ’ - I im i t 
~ e ’

5’ ~ seems generally reason-

able- . The’ I u n i t  v ~
‘-  ~‘2 k v i s  the isothermal limit of

C ’  7 To
Hudson and Kennel • (7) Co m p a r i s o n  o f  their Fi gs. 2 and 3 m di —

( ‘a t e---s agreemer.t i c e - I  w e - i - - r i I h e ’ i s e ) t h ( ’r m a l l i m i t  and f i n i t e  heat
e-onduc t I on dr i ft mode-s w i t  ii i n a I ac- l e e r  o f  a b o u t  3

‘
S

2 — 1  1



5. GROWTH RATES AND PARAMETE R RA N e’;l - ,S FOR

DRIFT DI SS I P A T I V E MODES

The growth rates and ‘~n e ’r a l  modal  b e e h a v i c c r  s t a tc ’d
le e ’ l ow ci ro sub jc ’c ’t  to a n umber  of  u n c ’ e ’r t a i n t  I i ’ s  i n v e e  1 ving the-

proc  i se - f o r m  i c r  e I e ’e - t ron and ion b eh a v i o r  as we ]  1 cc - s  usa go

of fl uid u’e ’aci l t a I c r  b ( ‘omparab l e to un i  t y .  A major j u s t  ~ f ( ‘ a —

ti c - n Ocr presenting the  r e s ul t s  is t h a t  in  m a n y  c - c e -se’s t h e ’

d i f f us i o n  c ” c - e e ’ f  fi c-i c - -nt derived from them can be much larger

t h a n  t h r e t  r e - - s u i t i n g  f r o m  cou lomb c oI li s i o n s .~~
3
~

Combination o f  E q S .  (10)  and (11) and solving for

- r + 

~~ r 
= r e sonant  f r e q u e n c y ,  ~ 

= growth rate ’) results

i n

~~ ~~

_ + -
~~~~~ [A + ( A 2 + B2)~]~~ 

( 12 )

cc- ti d

= ~ 
~~_ ~~/ ~~~ [ A

2 + B 2 ) 2  - A]~~ ( 13)

~cl c i  - u— i ’

1 + x ( 1  y 2 )

2 2 2
— ixy - ( y ~’/ 2 )

13 = 2xyz. [i e ( 1  + v~~ ) / 2 ]  -

Z c - i  ( ‘ I ’
x = —  -

k2 V~~V~

y =

z = C5/(l~~~)
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The ’  c c -nd  i t i e c n  0 re ’ l a t e ’ s  x - ‘
~ ar id  v. c c - I  m a r g i  n c c -  1 s t a h l i i  t

R e g a r d i n g  z as a f u u n c t  i on  e e f  t h e -  i n d e ’ p e ’ n d e ’n t v c c - i ’ i a h l e ’ a  x ar id  y

and m i n i r n i / i n g  z s uc c - e ’ a s i v i - l v  w i t h  r e s p e c t  I ’ ’  x c c c i ii y r e s u l t s

i n  t h r e e -  i’e i u c c - t ic-ins t e e r -  x , ‘ ‘ ‘a n d  i. . h e n c e -  for g i v e - - n  i o n i z e d
d e ’n s i  tv - n e c - c t  r a l  d e ’n a i  t y  a n d  i o l l e ) s p h o r I e - I e ’r n~ee i’ c i t  u n ’ s  i t  i s

p e e a s i i c b i ’  t o  b i n d  t h e ’  l a r g e s t  ~ c e l t e e - - e e l L ( =  L *)  at  w h i c h
the - re ’ c c c i i  b e -  i~~— t  c h i l i  t y  and t i c - c -  ( - d ) r r e ’ s p ( e u c d i n g  ~ r c - l  ucs of  x .
y and i .

I n  T a b l e ’  1 , u - e a t  n c - - I  i n g  w a v e - l e n g t h s  a lon g the  m c c g n e t  i c
field t o  less  t h a n  tOO km . fo r  v c i  r i  c c - I c ]  c , o l e — c t  ron d e n s i ty  (NE )
and n eu t r a l  den-si  b y  (N 1 - t 1’ ) w i t  ii L = 0 . 1J~~ an d  T0 = T

~ 
= 0.  1 e ’\ ’ ,

we h a v e ’  presen t e d  y ( RATE ) r i n d  - ,  C FRE Q) f o r  ~-‘al ui --a of  x and

v c l c e s e  t o  t h o s e ’  w h i  (-h r e - s t i l t  e -d  i n  L* b u t  w i t h  I . = 0 .4L *  , . e -  -- -

we- - p r e s e n t  r e s u l t s  a p p r o pn i  a t e ’  t o  m a r g i n a l  i y  -at  cc - I c  i c ’  p a r c e m e — t e r s

b u t  w i t h  spa t  i a l  g r a d i e n t s  cc f a c t o r  ( i f  2 . 5  c c - h e e v e -  -marg i  n a l

s t a b i l i t y  ( LPERP r e p r e s e n t s  L ) .

I t  i s  c l e a r  t h a t ,  t he - - r e are n ume rous case’s o f  u n s t a b l e
h f ’ h a y i c - e r  w i t h  L on t h e ’  s e - r i l e ’  c - i f t e n t h s  o f  cc - k i l o m e t e r  v.’i t h
k i ,  :‘> 1. ( W e  note t h a t  t h e  co n d i  t i o n  kL > 5 i s  the ’  same as
1.v > 2 1O 3 (L  i n  c-sn ) . )

-\ a i m ) ) ] ’ ’  e x p r e s s ion  f o r  t h e ’  g r o w t h  r a t e ’  o b t a i n s  f o r

x = z - - 1 , w i t h  y = I .  One f i n d s

-y = 0 . 07 CS /L . ( 1 4 )

The re-suit is sign i f ’ie .-an t be c ause i t  f u r n i s h e s  a l owe r bound
dcci growth rates wh i c - h  c- cc - u i  b ( ’ used i n  ( ‘xpr esc-c  i o n s  f o r  th e-’ di f L u —

s i c - n  c ’oe ’ I f l c l e ’ n t .  The v a l ue  y = 1 is  a t  t h e -  l i m i t  of  v r e - l i d i ’ t y

of fluid plasma cal culati ons (y < ,/~~~) hut c ’ c e l c u l a t i o n s  in  which

the ions are treated liv the VI asov equa l  ion , c - c e  l i i  s l u r  c -e ’s s ly

hut with y arbitrary yie ’ld a s i m i l a r  r e - - s u i t .

2—1 5

— ‘~~~~ 
- 

~~~~~~‘ - - T ’  -~



-
~~ I —

i l l  1 + 1 1 1 )  + c d i  c c c  d c - d e e d  c- -

- - 
— .  ~ C ’ I ~~~e r c C C I~ c~i C\i [ - C c L  x c ’ c d rc — C  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

— . - - ~~~~~
— - — -  i r ~~’u~~~X C  c C C r - ’ C\~ QC i --~~ C iC ~~~~’ c - r c c- f c  u’ - erc C

: -

~~~~~ — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

— ~~ . .- 
- 

‘ i ~
-‘ c = c—c c-i ~

— .— ~—+ C”. c’i c~ c’~ .-~ 
Ct’) (\) C’~ c’~ c’~i crc crc c - c ~rc crc —c’- •-c- ~~

‘ — 
-

C d  4 +  i d i d l c  d l i i i  i l l l l e c e u c  c - e e c
- .~~~~ . 

-c c-.

- f— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
— c~-~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~ _ T _~~~
, ’ c ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

C d c  rc * i c . - —  - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

— ‘.-- - c  + 4- + 4 + + + + + + + -f + + + + + + + + + + + + + + + + + +
: X i i .c~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

C ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~s — ’ - —  f c -  c-
— .z -

~~ , c c - c f— cc f—’ v—’ .—~ ei~) ,—+ ,—~ .—, — ~—+ ,—+ ,— v—I ,—, ,—‘ v—c ,— ,- v—- -v—i v’—’ ,— — ,—+ v--c ,—~ v—~

~~f — r  c-Ic ~, c-ic
.. c~ —~ c__~ I I i c I I I C i i i 1 I I I I i i I i I I i I I I c-

-: f~ ~~~~~~~~~~~ ‘

j .—. , c--c- - ‘

— .c~~E - N
— -f

~~~
- - 

-

— .z c -- -— .C ’~-a 5 - .-,- - - C ’= ~~~~~~~~~~ i v - I O O - ~”’~~~v - c C OC y - 1 O O OO O CC O C OO OC C

~~~~~~~~~~~~~ ic- c-

-
~~ ,c-cc- - e C c-C C Cc- e C N C Q - ” C~~Q~~~~C O © O C C O C C C Q O O Q C C

-E : c L — ’— -
— - — -c- C I I  cC C L I c t— ccc -~~~~ Ic Lc ’c[ N LC) LO cc- C u’c Lc) c( crc - if ) L r c Lt) if) if) Li) c-f) Lf) crc cCc - 

- 
. j - ._. c

—

., .~ ~~~~~~~~ cc- -— -— + + + + + 4 + + + + + + + + + + + + + + + + + + + + + + + 4
~~~~~~~~~~~~~~~~~~~~~~ ‘rc ,.

~~
- C C C

C-. .-. ~ r. ~ • c, cc cc ~rc c t-. v-~ x- c-~ v--c c’c C Q) v-c o) ~~~ C) C- D C’~ v-I C ’C C C ’) C”) C’
-c- .-- -~ c - i c -. ,- 

-
~ ~~~ — 

c 
-

..-, — -cr c- 0 C C o oH
‘-~ )~~~~‘~‘ C-. JX’iN h + + + + + + + + + + + + + + + + + + + + + + + + + -I- + + 4- +

N ~-‘ ~--C = -~~ ~~ c- ~~ ~~~~~~~ L 4  ‘
~~ ~~ t’~ t~) t ~ )~ i-’~ t~)~~~ t~ C-’.i )~- .-- - — - —  .— H 0 0 0 0 0 0c 0 0 0 0 0 o 0 0 0 0 0 0 0 0 0 C) 0 0 0 0 0 0 0  

= C’~ -— ~~~ 4—’ - P-- v.—’ e— .—, ,—e ,—. v-i v—, v--~ v—+ v--I ,—I v— ’ v—4 v—+ v--i .—‘ v-I v—c ,— ~—e ,—i v--I v—i v-I ,—I v-c ,—e ,—e v-c v—i
-— ~~~~-‘ .~~

‘
~~~~~~~ -- c---c-

~~~~~ ‘—~~~~c.~, ~~,_ r~~., .
)~.. . -# 4 + + + + + + + + + + + + + + + + + + + -f + + + + + + + +

.c* -J -— z 0 0 0 0 0- C - 0 0 0 - : - 0 0 00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
- --- ~~ .-- - i ~~-i

I— c--c- c-ic 0 — -.-- — ‘— ‘— ‘~~ 
— ‘.-, ‘— “— ‘..- 

,-..-

2— 10

___________________ - — 
~~~~~~

- —.‘-——-———.
~~~~~ -— - ‘ “  - - ‘ if - 

CT_ T - J



0 - DIFFUS I ON COEFE I (  l E N T  FROM D R I  F ’T— I ) I SS  I f~AT lVE

MODES A D D I T I O N A L  Pi1\ ’S I ( ‘Al ,  EFFE CTS

The di f f u s i e c c i  ce ee ’ I f i  c - i c -- n t  r e ’ s c - i l t i  n g  f r o m  dn i  f t —

d i s s i p at  i ye mode--s has  i c e ’ e - ’ n  s t a t e d  to be ’ r o u g h ly  ‘c’/ l ~~ v -here k

i c - — a ~ re ~~i -  n umbe r c o r r e - a j c c e n d i n g  c c  t h e  moda l  s p a t i c c - l e x t e n t  i n

t h e ’  x — d i r e ’ c t  ~c-n~ 
( 1 0 )  H e n c e ’  to  e s t i m a t e ’  di  I f u s i o n  i t  was

n c --- - e ’s s ar -  t o  c - o n - s  ide r t h e -  ei genniode .’ e ’ q u r t t  en O c r  dn i  f t  mode ’s .

We ’ h :e~~e -  -i. e b t a i n € ’ d e i g c ’n m o de e q u a t i o n s  w i t h  ‘ c e l l  i s b o n a l  c - l e o —

t rcns ( v  -‘c- k , . ,  - cJ )  a c - ’ d  e ’ i t h e r  f l u i d  i o n s  c - c ’  c - c c l l i s i c - n l e - ’.ss
e -  z Ii’

i n s  w i t h  no r e s t r i c t i o n  to  y -c- 1. A l  t h o u g h  t h e re ’ 1 5  some--

u n c ’ e - r t c c - i n t  y as to t h e  p r e c i s e ’  I c c - c - r n  o f  t h e ’  c ’ e c - f f i c i e ’ n t s , O r

b o t h  c - r i s e - s  t h e r e  i s  an  e ’ i g e - u i v c i l c - ie ’ e c - c - i u a t i o n  c i  t h e  g e n e r a l  b e r m

d~~:
—

~~~~ 
~~, {n( ~~ ) ,  L ( x )  - \- L / i ~~

C5
}
~

-
1 

= 0 (15 )
dx c-

w i t h  8 o b  e c r d e ’r  c~n i  t y , c~ = (k 1 T ‘ c - c - c - .  )
~ u~~~ - arid

= ci- . -
, U / (13 ‘I n ) -

Fu r- 1-v e- / ( c -  
~~~~~~~~~ 

“~~ I we ’  h a v e - 6 = R~~n ( x )  , 1 ( x ) ,  0)  a n d

E q , ( 1  e ) h a s  t l i e ’  I c e r m

+ + ( x ~~) ( x  — x~~) + 
~~

- 
d

2
~~ ( x  ~~~~~~

)
2~~ =

clx - dx
( 1 0)

wi  t h

2ci b B d B h
— — a n d  — -—— — - ,, -clx L 2 --dx I,

F’e e l lo wing the’ anal ysis of Ret. 5 , s e ’ i -  e ’ s i e c - c % c c l l v  1 c - ~~~~. ( 1 ) ,

have 8 7p~ c-i 5(1 that k (a ~ (I. )
~~ - Te c - e r , - c l i i  - r ~ i t  h

E q .  ( 1 4 )  t h i s  leads  t o
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- i

1) ‘ c - / k~ ( )  . 07 ( ‘
~~~~/ I , - - -x a c - u

ing C = 7 -
, 10

1 c - rn / s e - - c - c c - n d  - = ~3 ,— l0~ cm d c - I c - c - ’

I t i c - c - i s  t h c - t  Lv /((’ c- ) I c i n U  la n c e -  t h a t  c - - l i - - c - t i - i c c -  f l u i d  n c - c d i  I i —

c - c i t c - e n s  c c re n o t  si gn i 1 ’ c - c c - n  I I c - e r

7 9
i,y -r 2 - 1 ~ 10 c m ~~/se-’c

Th us for  v = l0~ cm/sec .c- - c - c - l i e ’  r ’ q c - i  i c e - s  L 2 .  1 10 1 cm ( c - e r

dr i ft m c c d c ’a  w i t l c - c - cc , t a i c - ’ n i  f l - c c - i c - I p l a s m a  ~‘e-- l e c .-j t y  she - --cm m o d i f i c c i —

ion , a r i d  for v = 1 ( 1  cm/ e ’c , ( I n c  i’e ’ c i u i r c - ’ s  L 2 . 1 ID 3 cm

I - - n t h e -  s c - c c - c e -  - The ’  us e -  e ’cf  t h i s  i n e q u a l i t y  i c--c n ot  m e a n t  to

i nc- i i c - r i  t e - any tend e’n c - v f o r  she--r i r I c -  inh  ih  i t di- i ft modes wh e ’n
t h e -  i i c ’ - q u c c - i i t v  i s  n e t  s c e - t i s b u d .  I I  does i n d ic a t e  t h a t  d n i  f t -

c- n c - d c -  - t u r b u l e n c e’  c - a t  i m a te s  a t  t he  t i p s  of  s t  n a t  i e e n s  wh er -c-

v 0 a r c ’  o~ a s tr o f l g e ’r  t l i c - ’ o r e t i c - - a l  g r o u n d  th an those along

l i e ’  c--c- i cl a o I at  i- i  a t  i s  w h e  - c - c - ’  y ~~ 0 - I,c- c - c - - a t  i e m s  w l c - e  - c - c ’  v 0

are’ t h o u g h t to  be t h e -’ seoii - c - - e ’ s  o f  a n o m a l o us  g i g a h e ’r t  z s c i n t i l l  c c - —

i on - 
( 1 )  B eh ci  v I c e  r f o r  L v /  - C )  :‘ I is  CI ) r i c  --n t 1 Y c - c - c c  c - I c  -

i i i  v c - ’ -’ t  i g a t  i c - fl .

A f i n a l  p o i n t  c o n c e r n s  t h e  l i m i t a t i o n  c - e l  t h e -  p a r a m e t r i c -

c - c - c r c - g e  - I c - e u  d r i  I t  mod e ’  i n - s t a b  1 1 i I d c - i c - ’  t o  c ’  l e ’ c t i c - n i c - c g f l e ’ t  I c  coup l i n g

- f f e ’ c - t s .  Co] l l s i on l e ’ s s  d r i  I t  mode ’s  a r e  mod i  f i e - d  whe n ~3 , t h e -

r a t i o  of  p l a sm a  p r e s sur e ’  t o  m a g n e t C c -  f i e l d  p u - ’~sU r e - . i s  g r e a t c ’r

t han  m 1 / t c - 1 •
( 3 )  W e -  f i n d  i c - c - n  d r i  f t — e i c - s s i p c e t l y e -  c c c e e c l e ’ c -  t h a t  t h e ’r e

S L a  n o t  s i g n i f i c a n t  c - - l i - c t r e ) m c c - g i i c ’ t  i c - -nc - c - c - l i t  i c - - c i t i c ) f l  u i n l i . ’ss

t-t > ( m 1. v 1, ) / ( m 1 (.’5 / L ) .

E l e - - c t r o m a g n i - t i c - ’  boha~ - i e , r c e r i s e ’ s  h e - c - s i n a i ’  e e l  Th e c c c i i t r i b u —

t i c - f l  c - i l  t h e -  -moda l c - - i c c- - I  c- c - c - u i c- c i t - r e ’n l . a l c c n g  t h e ’  l e c c c k t r r o u n d m a g —

ne--tic I i c -  - I d  l i n e s  to th ( -  moda l  m a g n i - t  I c  l i e - I c ! . The e ’ I e ’ c ’t recn

current va ries cc - a the’ e’l ’c- -tr e,n fluid ye ’ b c - i  l v  p a r a l l e ’i  I c e  -

H e - n e c -  we ’ have ,
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c i v  (I E k Tize ’  1/ im c- I I
~ 

y = — - -— - — - - -— -- - - -

e ’ l z c -  - m e m U

o r ,

k T c - c - a
— I 1z. b e 1 1

l i e -  ( — i  - + v )  \ mc - ,  
— 

m c - , n ~z

Hence the’ magnet i c f b i  ci sourc e’ I e - y n c -  is a fact c e r  c - / v  lowe r

for t h e  d r i f t — d i s s i p a t i v e ’  mode-  - t h a n  it would be in the’ ahse’nc --e--

c-i f ( - l e c - - t r o f l  c o l l is i o ns , and  i i  i c--c- e l c i u c - c i b l e  that c h c -  threshold

for  ele ’c’ t r ornagne ’(  i c modi  t i e - - c t t i c - c c  i s  h i g h c - ’ r by  9 e j’W

f o r  w C5 / L .
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7 . S1 M M A J ~y

In thi s synopsis we ’ h a ve  a t  t em pt e ’d  t e e  p i e - s e - n t  a bas i  -a
f o r  t h e  physical u n d e r s t a n d i n g  o f  dri f t  modes as w€’ l I as an
indica t 1 c - e 1  of the- ’ back ground fec-’ a crrn - of the dn i ft mode inputs
to Ref . 3 . For C / L v .  >~ 1 and k~ 1 , dri f t  modes c -an have- -
g r ow t h  r c et e s  of a t  lea s t  0 .06  C, / L  0 .1 

~
1
Ti  /L  com pare d to

i L /LB O cr  E - [3 modes. (We- -recall Vn i s i n  t h e -  - x — d i  r e c t i c - c - r c -  - )

F u r t  her dri ft me c- cle ’s do no t  r c - ’ q c i i  c--c’ E ~ B Vn  -> 0 cc - c--c- do E B
modes . I f  ein e ’ n c - ’ g I e - c - - t s  e l e c t  r i c -  f i e l d  e f fe c t s  in  t he  d i r e - - c c - —
t I c - c - n  of  the density gradient en t i r e l y ,  f rom Table ’ 1 and Re--f . 3 ,
d r i  I t  modes s h c c u l d  be c a p a ble  of  p r e ven t  in g  s t ri  at i ons  f r o m
g e t t i n g t h i n n e ’ r  than 0.1 km i n  ma ny ca se ’ s  e f  in t e r e st . The
tr erc - t me- ’n t  of t h e ’  c o n d i t i o n  E c-in 

~ 0 (L ~ 0) ac--c- i t  u~ela tc--s t o
dr 1 ft mode--s is an e’n go i ng  p r o blem .
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1 . INTRO DUCTION

E - B modes , analogous to the fluid-dynamic - ’ Raylei gh—

Taylor mode have ’ lon g been recogn i ze d as a significan t element

for plasma density fluctuation production in uhe ionosphere .~~~~
4
~

Observations of density fluctuation s in the ionosphere indicate

s c m es t endency  for

n 1(k)
2

n

where n 1 (k) is the amplitude of the one—dimensional density

f l u c - t u a L i o n  at wave-number k and n is the backgroun d d e n s i t y .

Numerical simulation wh i ch presumably mimics E x B mode dynamics

has also indicat ed an algebraic variation of the densit y fluctu-

ation spectrum with ~~~~~ A theoretical exp lanation for the

variation based on the decay of E ~ B modes into drift modes

has  r e - - c en t l y bee n p r e s e n t e d .~~
9
~ In this work we show that F ~ B

mo de -a w i t h  E / E  n o n — z e r o  c-an account  d i r e c t l y  for  a k
2 powe r

densit spectrum .

W e -  co n s i d e r a b a c k g r o u nd ( z e r o — o r d e r )  geome t ry w i t h

s p a t i a l  v ariation only in the’ x — d i r e --ction (±~~~ ) .  For the F region
where v . /w  - -~

- 1 with v. t h e -  - i o n — n e c - u t  c - c - i l  c o l l i s i o n  f r e q u e n c y
in ci in

and the ion cyclotron frequency, the plasma ve locity is

= e l ~ x !~/B~ while the ’ current density is 3(x) n I--~. The con-

d itio n of a stationary backgroun d ne c-suits in = 
~/~

x ( n E
~~
)

= 0. Hence n = n ( x )  and flon—Z C re) E at any x results in non —

zeree E
~ 

= E
~
(x) for all x , wh i ch results in v~, = v~~( x )  or a

y e--i c -ci ty  shear  ~v /~~x = cE / ( B L ) .  [We use L = L( x)

(n dn/dx ) ; i c--- . , L is the scale length associated with

the ambient density gradient.]
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In Section 2 , the equation for the F - B ins t a b i l i t y  in

th presence of plasma velocity shear , obtained by Pe rkins and

Do 1es ,~~~
0

~ is  ana l yzed generally for localized mode-s. j : e  Se c - ’-

tic -n 3 , with k the wave number of  the F >- B mode i n  the-

y—direction , and kL >~ 1 , the equation is analyzed for the--

parame t e’r ranges

( a )  E X I E Y 1 , kL Ex/E y ~‘> 1

and

(b) Ex/E y >~ L kL E
~

/E
~ 

>~ 1

In Section 4, again with kL >c-’ 1 , the - -  equat i on is anal yze d fc - r

the parameter range

(c - )  kL E /E ~~1x y

an d the reason f or the  erroneous conclusion of Perkins and
Doies~~

10
~ that E B modes are s t a b il i z e d  for  kD(E / E ~~) > 2 ,

kL >> 1 , is shown (D is a parameter taken roughly equal tce I).

In Section 5, the modal r e s u l t s  are summarized . The a n a l y sis
for  ran ge (b) for  modes of the form of Eq. (4), q . v .  , indicates

if the ratio EX/E becomes too large (on a scale of unity) that

spatiall y localized E - - B modes no longer exist . Unstable

mo de-s  au - c- found throughout ranges (a) and (c). In Section 6

thee app lication t e e  determination of’ the  k 2 power density spe c-

trum is presen t ed. The ei genmode structure is such tic-at modes

in h c - c - t h  ranges (a) and (c), with k large on the scale of

E
~~

/ ( E
~~

L )
~ 

have th c- - -same dominan t variation ,

1 dn 1
~~

— -
~~~~~~

- ~~-~- k ~~~ k

Mode amplitude s tend to be limi t e- d by dn 1/dx j 
= 17n 0 1 because

if dn 1fdxl c-’ V n l  modes with k* -- - k w i l l  tend t e e  grow more

rapidly than (and p r e s u m a bl y at  the’ expense of) the mode with

3-4
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- —2 - -
n1(k). This leads directly to a k spectrum . Competition

with the process of decay of H - B modes into dri ft modes ,

wh i c h  can also lead to a k 2 
spectrum ,~~

9
~ is readily assessed.
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2. GENERAL ANALYSIS

Our modal analysis is based on the mode l of Pe rkins and

Doles UG) wh ich , without further approximat ion , yields their

Eq. (1-i ) which  has  the form

2
+ a~~ = 0 . ( 1)

Her e

a - _ k 2 [l - 
cE~B ’n 

- 

~ n(y - iw) 
+ — ( )2] (2)

with = kcE
~
/B. The p e r t u r b a ti o n s  in p lasma d e n s i t y  n 1 and

electrostatic potential 
~~ 

have the form

ik y + y t
n 1 

= n 1(x ,k) e

i k y +y t
= e -

/ is re la ted to c-p 1 by

= 
~( ‘~ 

— iw)/nJ~ ~

and the pri me denotes d/ d x .

We first so l ve an equation of the form of Eq. (1) unde r

the assumption of localized modes . Expandin g aroun d x = x0 one

has

a = a
()  

+ a ( x  — x0) + 
~~~~

— ( x  — x0)
2 + . . . (3)

3-6
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where ’  a(  x )  = a - On m a k i n g  u sc - c - c u t  t he  s u h c - , t i  t u t i o n  x — X =
+ s(x ) and seeking modes with a single- -peak in magnitude ,

-‘ e ’ ’~Y , Re - - 0, c c - n e  r e a d i l y  o b t a i n s  w i t h  c- -a c - c -o n s t a n t ,
s = — a / u~ a n d :

x c - c ’ x i c - — ( - ~~~~~ 1 ( ( x x ) ___2
~~~( x \ )  

~~~ T ’ ~~~t -

a ( 4 )

w h i l e -  - t r  th e - ei~ - ’- n y alue -- c’ond iti on

- - -
~~~~~ (a ~~~~ = 0 . (5)

O n ’-  e x p e c t s  x t ee h e - -localized within a range x~ of x
0

such  t h i t

2/~ -— x - -_ = x* (Ga)c c

Im(a ~~ )~~ p

pr ovided that

Im( a~~)~ 0 ((Th)

and

Im 0 - ( ( s c )
(a~~)-

Condition (6c) can he w r i t t e n  mor e -  -p ree~’ i ’-~ - l y  i c--c- -

jIm(a )~~ x~ >~ I m a 
- ( G d )

( a ) ~

An a d d i t i o n a l  check on va I i  di  t y o f  t h e ’  5 0 1  U t ion p r e e e - ’ e ’ d u  re i s

p rovided b y :

(x  — X
c-
) 

~4 t X
e e ~~~~ ~ - ( G e ’ )

s ince  h i g h e r  order terms are  n eg l e c t  e e l  i n  1 -: e i  - (3).

‘S3-7



3 . ASY~~ TOTI C A N A I ~Y S I N  FOR kL E /E c- 1 , kL >> 1
x ~

We anticipate that modes exist for which - c-- — iu cE~ /BL
where denotes equalit y wi t h i n  a nume rical factor of size u n i t y .

Since c-a = kcE /3x

- kL ~~~~~ c- i (7a)

and
= i c -  , ( 7 b )

to lowest order in (kL E
~

/E
~~
)
~~~

. On defining

x k x  (8)

and = kx0 , Eq. (1) becomes

+ = 0 ( 9 a )

o r :  

~~~~~~~ 
+ a~ (~ - xc-

) + a~~1~~ - ~~~~
2

/2j  = 0 (9b)

where  a 10 = a 1(x0
), pr ime  now indicate --s diff e-rentiation with

respect to x , and

a = —~ 1 — 

c - E~, I 
— ~~j c - c -  1~ + ~ the

1 BLu N /u  — U 4 L k~~y / c -  — U] 2 (~ y / w  — i) fl S 
-

(10)

Since w/ (y — iw) c- 1 on anticipating n~~/ n  1/k 2L2 the final

t erm In a 1 can be neglected compared to the  t h i r d  t e rm;  f u r t h e r

again to lowest- order in (kL F /E ) 1 ,
L x y

1 1 
____

1

~

. i I i
~~~~~~~~~~~~~~~ U] 

— 

~~~ 

(11)
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Then on defining ~t = E
~
(x0)/E~

(x ) ,  z =~ kL(~~/u - i)j’ and
using E q .  (8) and

d c-a - --c -
-— = 

~~
-
~~
- (12a)

dx

so t h a t

= — i ( 12h )
dx

we o b t a i n

a 1 = — (1 - az + z
2 / 4 )  ( i 3 a )

- i ez~ + I z3/2  (13b )

a~~= - 2 cez3 + 3 z4/2 (13c)

6i ~c- z4 
— 6i z 5 

. (13d )

It is now convenient to divide the- analysis into the

oppos ing  l i m i t s  of z --> 1 and z c- 1. We n o t e  t h a t  i t  is s imu l-
taneously possible’ t o  s a t i s fy  kL E L F  >~ 1 and a ~ 1 provided

kL >> - e  - -- - 1 .  The limit kL F /F  -- 1 , c- c- 1 is satisfied

trivially for kL ‘-> 1. 
-

Limit ‘-- 1

On letting

(14)

and substituting Eqs. (13) and (14) into (5) (which applies to

a1 and x as well as a and ~
) we obtain on collecting terms

- a0

= 4/3 (15a )

and term s -

= ( 4 / 3 ) 5/ 2  c - /~~ c-~ . ( 15b )

4--
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Sin e -- c- - - -z
1 /z is re--al , z1 de e--s not introduce any q u a l i t a t i v e l y

di ffere ’nt f c - -atur e s m c -  t h e  c c - i  g c - - c - n v a l u e  c - c r  t h e -  -c - i  genm ec- ed e . The

e i g e n v c - e - l ue c -  i s  g ive--n  t e )  lowest ecrder in a 1 b y :

~ ~~ c - ) -1 BL , (16 )

wi t h = W ( X c - , )

On using Eqs. (iSa) and (15h ) i n  (13b)—(13d) one has , to

lowest  order in

a = - i~~( z / ~~) 2 ( 17 a )

a~~~= - 2 e (z /cc -)
3 (17b )

= Gic -x (z0/c - )
1 ( 17c)

Hence’ using first Eq. (1) (with a
1 in  p l a c e of a and ~ in place

of  x) and then Eq. (8), - can be written ,

~ /~ \3/2 k
2 ( x  - x0)

2 
~~~/ = c1 exp — 

~~~ ~
-
~/ 

—---

~

----

~

——— — —

~~

—- ri- k ( x  — x
c-
)

(18)

w i t h  c 1 a constant .

To verify tha t the modes are consi s t e n t l y  localized we---

note from Eqs . (18) or (17b ) and (6a) that one h a s

= 
l a I ”2 

21c-c-’2 (3)

3 Fc -4 

- (19)

Hence for (x — x0~ - x* , contributions linear in z1 ( i .e., of

relative size compared to contr ibutions linear in z
0

) are

of orde r compared to the f irst term and do not affect the

loca lization provided by the first term . Al -ac ) within Eq. (Ge)

we note :

I (1/3)(x — x0) d
3 a /dx 2 I 

— 1 , ~_ _ _ _ _ _ _ _ _ _ _ _ _ _  - 
~~~~~2 y

~
ja
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As a f u r t h e r -  cheek w - - -note ’ t h a t  t h e -  1 c c - c c - t i  i z c - t t i c ) n  i n  i i m p l i e s
I o c a  ii v c - c - t  ion in c - f - si f l e e ’

~~ ~~LQ] ~ ! c -~~~~ -

-

I t  s perhaps-c - r e l e v a n t t e  t u r b u le n t  di  f f u s i o n  t h a t  t h e

b e - - c - i t C u r l  X c - cr c - - c - m d which t he  mode i s  ‘ ‘ c e ’ u i t e r e ’ c I ’  i s  a rh i  t r a r v

and  n c - c t  de t e r m i n e d  b y  a n y  su b s id  i c - c - I -v c o n d i t i o n  ( a s  is  c u s to m ar y

in E - - 
B wave a n a l y s i s )  siR h as d / d x ( n ~~ d n / c I \ ) ( x  ) = 0 . Henc e --

- 13 instabilitie s would b c - c c - c - k  o u t  t h r o u g h o u t  a re g i o n  of  non —

/ e - - r c c -  d e n s i t y  g r a d i e n t  o f  a p p r o p r ia t e  d i r e c t i o n , n o t  c c - c - c - r e l y

a round  t h e -  -1ocat ion x , a l t h o u g h  of  cou r se -  -gr e w t h  w o u l d  be most

rapid f o r  x su ch  that n~~ dn /dx is c - c - m a x i m u m ,

L i  tc - c -~~t

S i n ’ e ’  t h e -  - l e e c c - c - l i z a t  i on  c - f  t h e  rne e cj( ’s i n  t h e -  above c a s e

depends on ii ~~‘ 1 is  is i n t e r - c- - s t i n g  t o  c l e ’t  c ’r m i  ne w h e t h e r  the --

l o c a l  i z a t  I c - f l  l e e - -u’ s i s t s  f o r  ~ cc 1. Wc - f i n d  t h a t  i t  do -:--c-— n o t  i n

g e - n e - -u- a I . On e x p a n d i n g

z = z -e- ~~~‘0 1

in Eqs. (13), subc-— t i t u t i  ng i n  E q - (5) and ke ep i ng  I c - c - w e s t  e r der

t e r m s c c - n e ’  o b t a in s  = —i2/ ((~~~ + I), i c - -  -- - i n  i c - c - w e s t  o r d e r- a~~
C i s pc-si  t i ye and Im { ( I — c at t t i e -  l a u ’ c - ’ - s t - [iv v i  r t  ue c c - f

~- c - i . ( G a )  t h i s  I c - a d s  t e e  kx~ ~~ 
c - I  ~~~~~~, Then c - e r r  u s i n g  E e i s .  (13) i n

E q .  ( 9h)  one  f i n d s  that the Sue-- c- - c’s - si ~c - -ii i g i i e ’ u ’  orde r d e r i v a t i v e ’

t e r n ’- - - in (~~t t c )  in c rease a t  i c - - c - c u c - c - s  r a p i d l y  c - e s  - e ~~~~~ c - c - r i d  the

I c - c - c a l  I z;e t ion c -uus ump t i o n  i s  i n c - - u i -  i t e  ‘l i t -

lI e -n ec - c - t h e -  -e ’al cu iat i c - c - n c - - c -  i n  t h e ’  two 1 im i t s  c c -  5’ 1 a n d  s << 1

i n d i c a t e -  t h a t  l c - c c - e l i y e - d  I- . ii i n - s t  c - c - i c - i l l  t~ - modes c - c - re-  - a s s oci a t e d

w i t h  su f f I c ’  i e ’n t  1 y I c - c -  r gc - - vu  I tie---s o t a - Th I s su gge---s t S t i c - c - c t small

v a l u e ’ s  c c - f  c s t c - c - t c - i l i -z e -  -t ic- c- E - B i n s t a b i l i ty  l iv  c c - c - u s i n g  t h e
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normal mo des t e c  ~) e n o n — I c c - c c - i l so t h a t  r eg i o ns  o f  un f a v o rab l e  as

w e ’ l l  as f a vo r a b l e ’  d e n s i t y  ~ r : c - d i e ’ n t  ( e-e -  Fi gure  1 )  ar e ’  s a m p le d

by the - s c - c - me’ moth---

1 Ov ~ I ,) 

B

‘: f l

F a v o r a b l e - ’  hi t a v c c - r c - c - t c  I c ’
De - -ns i  t v G r a d i e n t  [) ensi  t y  G r a d u c ’ n t

f e - c r I- - 13 f o r  t-: - B
I n s t  c - c - h i  l i l y  I n s t a b i l i t y

0dx

F’ igu re -  I - R e ’g i u i c - -  o f  F c - c - v e e r a b l e  a n d  i n  t a \ c - r a t ) l e ’  Dc -n c - c- it
(‘c- r c - c - d  j e --~-i t I c -  r i- - B St  c - c - h c l i t  y -
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-l - \~—~V \ t I ’ 1’ e 1 1  Y c \ N A I V ~~IS I- oil k i , i~ ‘i- . 1 i-c l 1x -  y

i-’c - r  this cc - c - sc - - we a n t i c i p a t e -  z,1 ( x )  
c - c - / 

- 1 , 1 1 ,

and d e f i n e  ~( x )  = F / ( I - :  k L )  - T hen  w i  t h i a  I-q  - ( 2b ) w ’ -  h a v e

- - (1 - ‘ i~~i ) 2 0 a )

- 2
X ) = c-~~z 1 

— i ( 2 0c -

a~ ( x )  c
l / I 

- i ~~‘/~ - c- 6 -
7- 1 ( 2 0 c )

and

c- I 
= ( 2 l c - t )

= 
~
)
9 ( \ )  ~/ ( k l  ) (2lb )

~ / ( k L )  (2 1 e)

- - S
3

( x )  ~/ ( k L )~ (21d)

= 
[3

~~~:’~~ 
‘
c-~~ 

- 1] c-~ / ( k! )
2 (2 Ic’ )

= 2 fi/ (kL)~ , (21f)

w i t h

S (x ) = ( k L ) m d 1 dn\ - (2 2 )
m o dX

m_ l n 
cix!

W e -  expect S ( x ) 1 in ge-n e--ra l the- -p O SSi l ) i 1 i t ~ - Sm ( x )  = 0

is not e --xcl ude’d .

:1- 13
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Time - ’  ex p a nsi o n  f o r  a
1 

i s  c l e arly v c - e.1 i d for mode’s with

c-~p e ’a d  - - x  -
~~ L .  S i n c e’

a~~( x )  ( k L ) ~~~ (2 3 a )

and

1~~~o~ 
(kL) 2 

, (23b )

from Eqs. (-1), (6c) and (G d ) o n e -  expects that modes should be

1ocali~-- ’d aroun d the region specified by

a
Im —i = 0 c- 6c ) -

( a  ~
)

w i t h  e i g e ’n v a  I i r e - - s  speci f u  e d  by Eq - ( 5 )

From E qs . ( 2 l a )  and ( 2 l b )  we have to orde r ( k L ) ~~~ i n

Eq . (5),

a — a 2
/2a~~ 0 . (5~~)

From Eq. (6c )

> 0 , ( G e  ~

so that a > 0; I . e ’ - , - t . ~ > 1 or ,

> 1BL (‘y — iu
c-
)

i- c - er cE~ / (BL ) > 0, this imp l ie--s ~ — i c  < c E  / ( 13L)  . Howe ve r i t

also impli e s ~ — i cc - c -  0. Thus t i i c - -  e f f e c t of  t h e  v e l o c i ty

s h e - a r  on a 1e,c a~ ize d mode in t h i s  r e g i o n i s  t e e  lessen t h e  g rowth

r a t e -  b u t  not to - s t ale I u se - - t he  i n s t a b i l i t y , and the quest ion of

in sta b i l i t  v ( at  le--ast fo r  l o c a l  i -z e--d m e c - d e ’ s  in the fccrm of Eq . (-1))

becomes equival e nt ic - c - the ex ist c- - l i c e ’  o f  i c - e e c - c - l i  -t e d m ec-des ,

3— I I
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4

W i t h  a little algebra we obt a in f r om E qs . (20) with

H (a~~
2/2a~~, (II > 0),

- 2 2  2
z
1 

( 2a 2 c - c - 3z 11 + —

-

— 

2 . ( 2 4 a )
( c - c -fl z1

i + —

For - e ~~ = 0 c c - r  cc -
5 

= 0, H c a n n o t  he r e a l ;  hence  E q .  (24a) become c-s

H = z 
2 3  + ( a ~~z~ - u~~) / ( 2 a

2
c - e
3
z1)] 

. (24b)
1 cc- s ~i + (a

6
z~ -

Positiv i ty  (and hence reality) of 11 results i i :

/ c c -  a a2 , 3 h i  2 ‘1
z1 i 5— — —-- I  = —- - — - ( 2 5 a )
‘ \~

c - c -2 e- 5/  2 -c - ,~ a5

But solving for z1 
require s

a
= . ( 25b )

I - c - 1
- t

5 
—

Eliminating z1 
from Eqs. (25a) and (25b), using Eq. (21)

and writing

E
~ _ _

E Lk nL
x

where c-i , E~ 
and L are the respe ctive value s of n , E

~~
, and L at

some reference point in x , r e su l t s  in

/ E \
2 

fnL~~~c-~~\2 (3S2 — 1)2 (S2 + 1)
= 

~fl (x0)L/ 
(2S2 

~ 32 s2[S21I 3S2 — 1) — 2S3]
( 2 6 )

3-15
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1

w i t h  ~— .c - e va l u a t e d  a t  x . The value of S2 
is constrained by the

c o n d i t i o n  ~z 1 ~- (1 wh i c h , c o m b i n e --d w i t h  E q .  ( 2 5 b ) ,  r e s u l t s  in

I > x 2 a 3/ ( a 1 a5 ) > 0 . (26c-c- )

This is equivalent to S2( x
0) < 0 or 52( x 0) 

> 1/2 .

We furthe r note

cE (1 — 2S,))
I — w~ 

~~~~~~~~~ (1 — 3S2)

It is clear that at every x0 with the ri ght-hand side

of Eq. (26) positive the re is a single ‘ reson ant” k. If the

ri ght-hand side of Eq. (26) can vary continuo usly for positive

value -a from 0 to infinity subject to S2( x ~ ) < 0 or S2
(~~0) 

-- 1/2
then localized unstable modes are in principle -- -possible at all

k .  He--nce the e x i s t e n c e  of  r eg ions  in k without localize d E ~ B

modes depends on t h e  f o r m  of n ( x )  (wh i ch d et e r m i n e s  a l l  o the r

variations on the  r i g h t — h a n d  s ide  of E q .  (26)).

We now survey the eigenmode behavior for k first large

and then small on the scale of (E /E L).y x

Large  k L i m i t

j Ze roes of t h e  r i g h t — h a n d  side of  E q .  ( 2 6 ) ,  e . g .

= -1 , locate accumulation points for modes in the large

k limit within the ordering kL EX /E Y 
- 1. We conside r seve ra l

functions n (x) to determine whether such large k modes e’xist -

(Fo r such mode s , with S2 1 , y - ic-a0 
= (3/4) cE /(BL).)y

The functions are :

n = c-i e x p ( - x
2

/2 x
2

) , Gaussian (28a)

-

= - 
(x - x )  

, fun c- - t i on useçl by Pe r ki n s
D and DoIe--s(10) in  t h e i r

Eq. (15) with x replacing
their x0 ( 2 8b)

3-16
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n = c - c e --xp ( ~~ x )  - = c ’ c - c f l S l  c - c - nt . ( 2 8 c )

For E q .  ( 2 8 a ) ,  S2 
= — l  i s  c - i t  t c - c - i n c - c - h l e ’  c - c t  x x w i th  x = —x

co r r e s p o n d i n g  t e )  j n s t c - c - l c -i I it s ’ fec - u - F 
- 

-c- 0 . r - ’e c - r  E q .  (2 8h)  , S
2 

= — 1
- - ~

‘ 2 - ~~~° 2
is  a t t a i n a b l e  f o r  x — x sue -- l i  t h a t  2 d (  x — x ) / D  ‘ 1 — ( x — x)~~/l) I ,
i - c - - -- , a t  a vu  I c - ic - -( x — x ) /D  < 1 . F’or Eq . ( 2 8 c )  , S

2 
= — 1 is not

att ainable sinc e S2 0.

Our r e s u l t s  fo r  t h i s  l i m i t  d i f f e r  f r o m  t h e  r e - c - u ]  t s  c - c f
- ( 10 )  - - - - - -P e r k in s  and Doles which ind i cate- -- c - l abilit y c c - f  I - . B mode s

fo r E k D/ E~ > 2 , i . e -- -- , f o r  su f f i c i e n t  I y I c - c - u - ge -  -k cvi  t h i n  t h e -  -order-
i n g  E k L / E  I .  (D is  assumed c o m p a r a b l e - -  -to L , )  The a n a l y s i sx 

~
‘ 

‘10 )of P e r k i n s  and Doles ’ i s  conduc te ’d  a round a p o i n t  t e e r  w h i c h
S2 = 0;  a t  such a p o i n t , a p p r o p r i a t e  on 1~- to the li m i t

E k L/ E~, <~ 1, t h e r e  i s  no mode ’  l oca l  i z a t  ion fo r  E
~~k L/ E , , 

- - 1.

One can r e a d i l y  se -ac - t h i s  f r e c - m  t h e -  - i n e - o n S i s t e ’n c ’  of ( a  )2/2a - -

real  and  p o s i t i v e , E q .  ( 2 - l a ) ,  a n d = 0 , c-
~ ~ 0 ( f r o m  S9 ( x )  = 0).

Further we n o t e  on d e f i n i n g  x 1 to b c - c -  t h e  “ a p p r o x i m a t e ”

sc - ) l u t i on  t c )  E q .  ( 2 0 )  o f  Perkins and Doles~~
0
~ (and hence t ee their

E q .  ( 1 8 ) ,  t ha t i f  one assumes ~y 1~~ ~- ) / x I  I so t h a t  <~
e c - fl e  ob t a i n s  the - c- r e s u l t

I = 

d 2
( - ) / 2  ( k I E \

2 
~~~~~~~~ 

~~~1~ _~~2 / 2 2 % E  I 2 B L 1- c- — i , fdx ,‘ dx ‘c- y ,‘ d c - c -  (29)

whe reas f o r  sd f c on s i s t e - -n c y  one w o u l d  expec t  I ~
- 1. ( H e r e  D and

d c- c - c- c - - as defined in E e i  - ( 2 8h )  )

(To see this , we n e o e  that in the notation c c - f Perkins and
(10) - - - -Doles / 1 

sat is I i c---s the eclec -at icc - n

d
2 ‘)

-< 1 
= ~kD(’~* - 1 + c - j I ) + ~~~~~

dr .
2 + ~~~~ 

1 -

3-17

- - 
- — -  — 

~~~~~~~~ 
- — — —_——-- ~~~~



On using their Eqs . ( 1 7 )  and (19 ) with = cE~~/Bd this

becomes

2 2d~~~1 
= k

2 [~ — 

i cc-c-0- 
‘y 0 + iw 0 ( x —  X0 ) / d  + 10 ( x- x)~~ /D ] ~dx I — i c - c -c- + (1/2) a D

( 30)

while their Eq. (18) can be written :

= k~ 
- ~ c-c-c -~ - i0 1~~

wc-~
(x - x 0)/cl 4- ’~’c-

(x — x0)
2
,D

2] /

I — ic-a0 
+ i w ( X  — x

c-
)/d

(31)

We now replace y~ on the  r i ght  hand side of Eq. (30) by y and
check the  cons i s t ency  of x 1 x by s u b t r a c t i n g  E q .  (31) f rom
E q .  ( 3 0 ) ,  t he r eby  o b t a i n i n g

d2 (~~1 - /)/dx
2 

= - 

ui~~D
2 / ( y c- d2) 

+ iw 0 ( x  - x0 ) / d

d2 X / d x 2 y - ~ c-a0 + ic -a ( x  - x
c- ) / d

( 3 2 )

On taking (x — x )  - ( D / k ) ~ and D d we h a v e -  E q .  ( 2 9 ) . )

Smal l  k L i m i t

Poles of the ri ght han d side ’ c-f F e ; - (26 ) l o c ’ a t e -  modes

• with k small on the scale E
~~/ ( E ~~

L )  , i .e. , kLE X /E Y 
-- c- - 1 . The

v a l u e S2 ( x 0 ) = 0, d / d x ( n ~~ dn/dx ) = (I , repre --sent~s the standard

no shear (E = 0) limit with ~ - i - c - -  = e-’E / (BL ) and a / (aTh~ --0.

The val w - 52(xc-
) = 1/2 corr esponds te zero growth rate. The’

condition S2(3S2 
— 1)  — 2S 3 

= 0 a p p e a r s  to  present the possi—

bility of additional localized modes , by F e ; . (27) not as

ra p i d l y  grow i n g as those-  -at S2 = 0.

3-18
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5 . SE M MA R Y  OF i-; 13 MO! ) l -~S WITH BACKGROUN D

PLASMA Vl-J ,O( ’ 1 TY S H E A R

E f f € - c t s  o f  v e - - l o c i t y  she--a r on E B modes , i . e - - . ,  of  c - i

nc-n—zero va l  c - c - -  - f o r  E , t h e ’  b a c kg r o u n d  e l e c t r i c  [‘ic-id in t h e

d i r e c t  ion  c - c - f  t h e -  - b a c k g r o u n d  d e n s i t y  g r a d i e n t  depend on lice --

parameter kLE /E . In a l l  c - c - c - s c - s  w e-  - h a v e -  -assumed kL a. I . One --

may d is t i n g u i s h  t h r e -- e  r e - - g i m e - : -- :  kLE /E -~< i , kLE X /E Y 
- 1 , and

kLE X /E >~ 1. For c - c - l i  t h re e  ec - --g ime s i f  l o ca l i z e d  mo des of  t h e

form c- f  Eq. (-1 ) exist they a r e -  -unstable w i t h  g r o w t h  r a te
such that 0 < c- 1, (‘F /BL .r y

The re g ime kLE /E <-< 1 co r r e sponds  to the  s t a n d a r d  1 i m i  t

in which E is neglected. The fastest growing modes (othe--rs

may possibly exist) are - -locc-c-lized aroun d Xc-) with d/dx(n~~~~dn/dx)

= 0 w i t h  y = cE /(BL) ÷ i~ and k
~ 

= n~~ dn 1/dx l (k/L)~ -~< k.

Modes with kLE /E — 1 are dete ’rm inc --d by E q .  ( 2 6 )  su bj e c t
tea the co n s t r a i n t s  t h a t  t h e - -  -right—hand -aide of E q .  (26 ) is
p o s i t i ve’ and e i t h e r  S

2 ( x
c-

) < 0 ear S
2(x) > 1/2. C o r r e s p o n d i n g

t e  e ’ach value x there ’ is at most a single- -unstable mode of the

fo rm of  E q .  ( 4 ) .  l - i g e n v a lu e ’s  a re ’  g i v e n  by E q .  (27). Fe)r this

regime it is noteworthy that k = n
~~ 

dn 1/dx f k wheneve r the

real pa r t  of a / ( a~~~ i s  non - -se--r o - i .e , , w hen e v e r

— 1w0 < cE~, /BL .  A t t a i n a b i l i t y  of instability at a given k

is a function of the ambient density profile . As an example ,

for k becoming large on the scale- -of I-
~~

/ (E
~~

L) the  values of x
0

approach locat i Of l S  spec i f i e d  by S2( x
c-
) = —1 . E x i s t e n c e  of t h i s

l o c a t i o n  i s  e x a m i n e d  i n  Eqs . ( 2 8 c - c ) — ( 2 8 c ) f o r  t h ree  commonl y

assume d density profil e ’s . The limi t is not attain .~~~ for  the

expone -nt i al n = n c - --xp ( — A x ) of Eq. (28c) but i t  c - -x i s ~s for a

Gauss i  an and for the- function used ic y Perkins and DoIes~
10
~ in

their E q .  (15). It is attaina b l e in the vi c inity of d2n/dx 2 = 0,

3-19
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I

pro~~ided  d 3n / d x 3 
< 0 wh li-h i s  gene - - r a l l y  the -  -case for dn/dx ‘ 0;

and d2n/dx2 = 0 i s  itself attainab l e- c- wh enec-vc’r the density has

a maximum and is constant at its l owe-st value (at “ i n f i n i t y , ”

for instance). For k becoming small on this s-ale , E
~
,/(E

~
L),

the b ehavior for the limit kLE /E -< 1 is approached directly

c - c t  S2 
= 0. In addition “small k” modes appear possible for

x c - )  a t i s f vi n g :  S2 ( x 0 ) (3 S 2 ( x 0 ) — 1} — 2S~3 ( x
0

) = 0 . The con-

clusion of Perkins and ~o1es
(10) t h a t  there- -is stabilization

a t  l a r g e  k ( i n  t h i s  reg ime ) i s  due to  an invalid approximation

made a f t e - ’ r  t h e i r  Eq .  (20 ) .

The limit (a) kLE /E s- -1, and its differentiationx y
from thc- limi t (b), kLE /E - 1 but getting large , can best be

viewed by separate considerat ion of the cases E
Y

/E X 
a-- 1 and

E / E  ~ 1. For E /E  ~ 1 , t h e -  -dominant terms in a 1 and
d e r i v a t i v es are the same in bo th  l i m i t s ;  hence  the  dominan t
ei genmo de-- -c-’igenva l uec- description c - c - s g ive n in  Eqs . (16 ) and (18)
is the same . From consideration of  non —dom inant terms in

Eqs. (13) and (1-I ), limit (a) is mo re accurate for kL > IE
~

/E
~~t
3.

When it applies , locali -zed modes are indicated over a wide range

of x
c-

, not just c - i t S2(x) = —1 (although it is possible- that

further analysis would Indi ca te ’ such a tendency for limi t (b)).

For E
V /E X ~ I , l i m i t  ( b )  , which nt’g lects the third term Ofl t h e

righ t ic-and side of Eq. (10) and h e - - -n c - - c - ’  c o n t r i b u t i o n s  - (E
~~

/E
~~~

is i n c o n s is t e n t . i l c c - w e ’ v c - --r l i m i t  ( a )  w i t h  Ey /E x 
-
~~~ 1 which retains

the asymptotically dominent terms for a1 and derivative -c-s is

inconsi c-ite-n t with localized modes of the form of Eq. (4).

These calculation s which clearly associate values of

E~ /E large compared to unity wi th lo cal iz e -d , unstable- -E B

modes suggest tha t  va l ues of Ey /E x ~ 
1 tend to suppress insta-

bility by suppres.sing the existence of localized eigenmodes .
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- RELl - :vA~ cE TO TILE k~~ P OWEP I ) I - N~~ITY ~ l q- :(” 1’UuM

U n s t a b l e  b e h a v i o r  i s  n ot  se c - i c - c - i c - s I  i n h  i h  i t - - c - i f e c - c ’

i c - c -  rge compared to  u n i t  and one ,  can g e - u f l ’  ra 11 v i ma ~ i no c-in st I c -  I t

E B modes w i t h  very l a rge ’ v a l ue s of  kL , i c-- . , k ! ‘--‘c- I w h i l e -

k P ~ 
--— 1 w i t h  the ion Larmo r r a d i us , (p 1 

= ‘
~
l
~~-~~’ w i t h  c~

t h e  i o n t h erm al spee d ( = v 7 7~~~. with T~ ion tem p er :c - t u c -’ - and

m~ io n mass)  . } Hence i t  is reason a b l e  t o  assume t h a t  t h e ’
parameter range kLE X /E Y 

l a rge  compared to u n i t y  is c c - - r u e - r a l l y

available for unstable E — B modes , For thi s  r a n g e -  - w i t h i n  t he
limits of either Section 3 o r Sec t i on -l the d e c - m i n a n t  e l c r e flm’cde

structure is the same and is given by Eq. (18), in particular

~ 
dn

1 - - k

If one- -makes the assumption (as sccgge ste ’d by  t h e  w or k  o I

Sleeper and Weinst c- c--k~~~~ when applie --d to i- - 13 m o d e ’ s )  t h a t

modal growth is limited whenever the modal density gradi ent i n

the x— direction is comparable in magn itude-~ to th e b a c k g r o u n d
density gradient

dn 1/dx~ z nfL (33)

one o b t a i n s  a k 2 
power d e n s i t y  s p e c t r u m

n 1
( k )  2 

-

n 
k~~L~ 

(3-1 )

This result is consi~-c-te ---nt with the L dependence for a

powe r ~spe ctrum , - 1/ ( k 2L ) ,  i i i d i c -a ted by O t t  and F a rlev .~~~
2
~

To s e c - c - -this, on defining m as t h e -  - r u n n i n g  i n t e ge r  v a r i a b le

c o u n t i n g  t h c - -  n umber of  modes , we n c - e t c -  - t h a t  t h e  c o n t r i b u t i o n  per

unit range in k is gi ven by

1n 1( k ) 1 2 
dm/dk

3-21

— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- — — —.-——-.- - - -
~~

-.— —;—- — - ‘ ‘ ‘
~~~~ 

— 
—



ana logous ly to the  quan t i t y  f ~ (k , 1) dlc of Ot t and Farley. 
(12)

If one introduces no new l e n g t h  c-c- c-ales , fo r a ( s l i g h t )  back-

ground v a r i a t i o n  in t he  y - d i r e c t io n , on e -  -has

k m u / L  , m i n t e g r a l

or

dm/ d k  L

f r o m  w h i c h

dm/dk = f Q ( k , 6 )  ci ( k 2
LY~~ -

The c r i t e r i o n  t h a t  moda l  g r e e w t  h i s  l i m i t e d  by  t h e - ’  (‘ c - ) n d i  —

t i o n (33 )  is  r eason ab l e  f r o m  t h e -  s t an d p o i n t  o f  t u r b u l e n t  ca scade--

c e )n s id e ’ r a t i on s  , since !dn 1(k)/dx l a- n / L  c - c l  h e w s  w a v e -  n u m b e r s

k* a-- k to grow mo re- -rapidly than n 1(k) , 
and  h e n c e - ’  p t - e - - c - . c - i m a b l y  to

limit t h e -  -growt~t c - ,  f n ~
( k) , provi ded t h e  - vu I c -c  o f

( E tc- 
4~ L~~1 ) / ( E y + E~~1) r e m a i n s  s m a l l  w h e n dn 1/dx l - - n f L . [ l i e - r e ’

and  d e c - n c - e t c -  - t h e  sum c - e v e r t h e -  s p ect ru m i n  I ; o f  t i c - ’ -  f i r s t

‘ c - i .  r -- i e - c t  c - i c ’  I i c - i d  e e c - c - p c - c - i c c - - r u t s  1 1( k x ) e - x ~ e (  1 k v )  cru e l

k , x )  e - x p (  i k v )  c - c - ssc c- j u t e - c l  w i t h  n 1( k )  - }

l i i  t h i s  ~--n n e - ’ c - t  ion  c - c - r u e -  - no tes  bc - i t t h e  mode densi  tv  n 1
( k )

and  c - - h - - c - - t i - c - c - s t a t  ic  pot e--n t i al  , tp 1 ar e c c c -n n o c  ted by  E c - ;  - (9) of

Pe r k i n s  and D o l e - s ,~ 
10)

(y  — i k  cE
~~/ H ) n i = i k  

~~ 
( c / B )  dn / ch x

On t a k i n g  ~‘ — i kcE
~~/B cE~,, /i3L and k

~ 
= ~n~~

1 dn 1/ d x l when

dn 1/ dx  dn/ dx  t h i s  r e s u l t s  in

ik  k
~ ~ 1/E~ = L 1 

. (35 )

The contribution s i c - c -  (E~~1)
2 and are approximatel y in the

ratio 1/3 for kLE
~~

/E
~ ~ 1 , bu t for  kLE~e- /E~ ~ 1 they are in the

rat io k
~~

/k (
~
< 1). From Eq. (35) the d c - n c - i n c - c - n t  c o n t r i b u t i o n s  to

and (E~ 1)
2 

cc - c - c ur at relative ly small kL , wh ich for
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s u f f i c ’ i e ’ n t l y  s m a l l  l i f E  w o u l d  f a l l  in  t h e  ran g” kLE X /E~, 1.

H e n c e ’  P r o v i d e d L \ /E \, ‘< 1 , t I c - c - ’  r a t  i a ( E
~ 

+ E
~~1 ~~ F y + E yj  )

w h i c h  c c - c c - I d  t u r n  c - c i f  t h e ’  i n s ta b i  l i t  y i f  i t  bc - came s u f f i c i e n t l y

larg e--, t en d s  to re- - m a i n  s m a l l  a t  the ic--ye--I c - c - f n 1 at wh i ch

c as c ade c o u l d  be d r i v e ---n u n l e s s  E \. + E~~1 0 .

F o u r  a d d i t i o n a l  p o i n t s  may he ’  o f ’  i n t e r e s t :

1. N u m e r i c - c - c l  s i m u l a t i o n  o f  F / B instabiliti e s in a

p l a s m a  s l a b  as summar i zed  i n  t h e  f i v e  c c - c - se ’ s  of  Tab l e- -I ( c - f

Ref. 10 does n e a t  a p p e a r  l e e  c ’on t radi c i  o u r  a n a l y s i s .  D a m p i n g

for  C c - c - s c - -  - -l ( I E  IF  = 1 . 8 )  i s  c o n s i s t e n t w i t h  t h e  b r e a k d o w n

o f  mode l o c a l  i z ; c -t i on  f o r  r e l c - c - t  i ye---I y l a r g e  I E ~~/ J~ , I  - F a st e r
g r o w t h  f o r  Case ~5 ( k  = -l -n / 3 , E

~~/ 1i = 0J~) t h a n  for Case 3

( k  = 8 u/ 3 , I E ~ / E~~ = 0 , (3 ) ( ‘ e c - u l d  h c - ’ re--lated to the (relatively

s l i g h t )  i n h i b i t e c - r y  e f f e c t o f  s~he--a r w i t h  i n c r e a s i n g  k .  (Fo r

kLE /1- ~ I c c - n e  has  cE /BL  whe-- i’ c - c - c - s  i c - c r  kLE /E  >> 1 one h a sx v y x y

3 c - - l - / IBL .)  In  a d d i t i o n  t h e  c - c- m a t e - c -  l e a c ’ a l i z c - c -i i o n  and h e n c --e

d i  t f i c - u l t v  of f u l l y  c - c c - c u r a t e  r e - p r e s e n t a t i o n  c - c - f  l ar g e  k modes
W I  t h  a f i x e d  c o m p u t a t i o n a l  me sh s p a c i n g  c o u l d  caus - - -more damp-

i n g  c - t t  l a r g e - ’r  k .

2. I f on e a p p l i e s  the  c i - i t e - - r i c - e n  o f  E q .  ( 3 3 )  t o  the

l i m i t  E = 0 for wh i ch n~~ dn 1/dx~ 
- (k/L)~~, one c c l c - t c - c - i n s  c-c-

—i - 2 — l
k -spe c -’ t r u rn  and large r vat t u e - s  [or  n 1 ( k ) fn  . A k sp c -  c t  rum

te e our knowledge is n o t  obs --rve d . On t h e ’  c- t ic - er h a n d , t h e

limit kLE /li ~ 1 would ,se em in ge--nerc-c-1 at t a  I nab Ic for Fx y x V

s m a l l  c ompared to u n i t  v and  L s u f f i c i e n t ly  I ac-ge--

3. The e - s t i m a t e -  o f  E q .  ( 3 4 )  c - a r c -  be c c c m p c - u i ’ e d  dire-- ct l v
- - - - - (9) ‘ - -w i th  the  e s t  i m a t e ’  o f  C h a t u r - v e ’d i  and  Raw b a se a l  on l i m i t i n g

c c - f  1- - B mode amplitude--s by  dec -ay i n t o  d r i  f t — d i s s i p a t i v e  modes .

De-t ai led calculations m d i  c-ate t i c - a t  the- - t h r e s ho l  d for  dr i  f t —
dissipative instability i- a roughly kn 1(k)C~

/ ( n v t ) 
= 3 , wi t h v~

the c - f  f - c - f l y e -  - i o n  c o l l i s i o n  f r e q u e n c y  g i ven b y v 1 = ~~~ + O . 3b ’cc- 1~
with v~~ t h e  ion—ne ’utra l e - ’o l  l l s i e ) n  f r e ’ i u e n - v ,  v~ the i o n — m n

: 1—2 3 
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c - - c -l i  i s i c - i c -  f r e ’ i c c e - -ne - v , and h = k~
(’
~ / - ~~. . - \ c c ; c - l c ~’ e e c - i v  t ’ - F:q . ( 3-1 )

t h i s  i c - - ; c - cl ,~ to

n 1
( k ) ~~ ( ) v .  

- -

k~
’ C~~ 

-

Com p a r i s o n  of  Eqs . ( 3-1 ) e n d  ( :IC ) i n c - l i e - a t e - s  t h a t  1-H - ( 3 4 ) ( l o r c i —

n c - e t c - - s  ~v i e c ’ n c - - v c - --r L - -(C /v .) .3/3 -

-l - ~\ t  re - ’l ati vc - :’lv lon g w a v e l e n g t h s  f o r  wh ic h kL 1

s i n c e -  o u r  c a l c u l a t i e c - n s  c - c - r e -  a l l  t oy ’  t i c - c - ’  l i m i t k L  -~- - -I , t hc - ’c - ’ e i s

n c - c -  i c - c - r i  I cu l a r  i n d i c a t i o n  t h a t  t i c - c ’  powe r c l c ’n s i  i v  - s p e c t r u m  v a r i e s

as k 2 
- At  r c - ’ l u t  i v - - l y s h o r t  wc - c - ve ’  l e n g t h s  f o r  w h i c h  kp

~ 
- I t h e

f l u  i d p i c t u r e ’  c-in w h i c h  t h e  I- 13 i n s t  a l e  I l i t  ‘c- i s  b e - c - c d  I ) ’  -co mes

c - c p o c - c r c - - r  c - c p l e a -’e x i m a t i On , l i n e a r  s t a t c i l i z a t i o n  e f f e c t s  c - i r e  m e - c - re

e - l g n i t i c - a n t  and t h e  a v a i l c - c - l c - i l i t v  o f  u n s t a b l e - -  -E ~- B mode s f o r

fixed L c - c t  y e t  larger k to I i r c - i t  the’ me d c - i l d e c - n a t t y  g r a d i e n t  is

i c - --as l i k e ly ,  h e n c e - - - , h e r e - I c - c c - , a k~~ -a p t - - i  r um  i s  no t  i n d i c c - c  i d

by o u r  a r gu r n c --ni t s

To s u m m a r i z e - - , t h e s e  c a l c u l a t i o n s  I n d i c a t e ’  t i c - c - ct a
power  de c -u s  i t y  spec t rum t e a r  k suc h t h a t  kL  >> I a-- k 

~~~ 
can i c - c -  - c - c -

n a t u r a l  c c - c - n s e -- c - l U c - c - n c e ’  of the c - - ige c - n m e )d e’ si ru e - - u a r c - - -for 1- . ‘ 13 modes

wi t h E~~f [~ ~ 0. The-- - I c - i c - l u r e  i s  t i c - c - c l  E x 13 mode ’s c - c - ’c - c - r  a w i t h --

r a n g e ’  c - c - f  k are u n s t a b l e  c - c - f  f t h e  I c - c - -~~mc-c-~-v g r - c - e d i c - - - n t l e - - n g t h

L ( n ~~ d n / c i x ) ~~~~, t h a t  t i c - c - --v g r e e w  u n t  i i  l i m i t c - c - c l  b y  c - c - c ond i -

t i c - r u  dn 1/dx l n / L , and t h a t  t i c - i s  i n v o l v e - - s  c - c - k
2 p o w c - ’I -  dens i t y

s i c - C --ct rum b e c a u se -  -o f  t h e -- c - -  -i g e - --n mc c- c l e- -st  r u ct  ur ic- f e c - i  kT F /E i 1
i . e-- . ,  ldn

1/ d x~ c-~ kn 1 . The u s c - i e ’ ; c - ’ of t h e -  - c r i t , - r i ’ ’ r u  dn 1f d x ~ = n / I ,

i s  of c - c - c - c u r s e ’  a p p r o x i m a t e ’  and inc- r e- d e t a i l e d  s t u d y  c - c - f  t h e -  -non-

linear c-nodal be h a v i o r  c - c - b o u l d  i n v c e l ~ - c - -  a I c - i l  1 c r  c - c - e - - cc u n t i n g  of

ii ne--a r I c - c - ’’ c - I c - c - - rt ic -s - t h e - -dvii ami c’s o I modc-c- I I n t c- - - c - c - c - c t  i c c - n S  , and

o the- -r p o s  ib i e - t c-rb  u l  c- --n t ( c - c -  w a v e ’  inc c - d c ’  depc - n c - Ic - --ru t ) p c-c c - ( ’e c-c -c-a’s -
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