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STALEMENT

"It.has been widely reccgnized by now that a plasma

generally exists in a turbulent state and the properties

£ plasma in this state are significantly different from

ose in a quiet state. In the present work the author
~é%amines some effects of turbulence on dispersion and
~ damping characteristics of colléctive-modes in a plasma
éaﬁdipgints out the relevance of the results to various

situations enccuntered in laboratory and sgpace plasmas.

" The thesis starts with an introductory chaptervwhich

‘summarises the work. In the second and third chapters, it

ihéélbéen shown that the low frequency dispersicn properties
‘éﬁ'plasma are significantly affected by high frequency short
Wévelength turbulence. Not only are the usual modes modified,
but alsc new modes appear. Chapter II studies the electro-
static drift waves in the presence of plésma wave turbulehce._\
~iﬁ,chapter ITT we go over to the study of a plasma in the
7 presence ¢t whistler turbulence., Magnetosphere is good
 eXémple of such a system. It has been fcund that a purely
‘_fgrpwing instability may arise which may lead tc the field
', aligned irregularities of the kind actually cbserved in

~__magnetosphere.,

1/Having seen some of the effects of high frequency short

anélength turbulence in the previous chapters, chapter IV
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1is devoted toe the influence ¢f low frequency short wavelength

"turbulencé vn high frequency waves. &n example of lower

7:hYbrid wave damping and the resultant heating has been
1éélt‘with at length. Lower hybrid lkating of thermonuclear

ypléémas has attracted ccnsiderable attenticn recently. In

_ the present work it has been foundfthat even moderate levels

of low frequency short wavelength turbulence in the back-

 ground can enhance the heating rate significantly. It is

; wdrth pointing cut that in contrast tb wellknown parametric

 ﬂﬁeating effects, this type ¢f heating is a threshcldless

process.

It is wellknown that parametric coupling proccesses may

:éVﬁf importance in widely different situations like lasef -
 afiven fusion, pulsar dynamics, artificial modification of
ionosphere etce. Chapter V is therefore devoted to the study
of parametric coupling process in a turbulent plasma with

randcm density fluctuationse. For the sake of illustration

 detailed calculaticn has been dene for Stimulated Raman

 Scattering. It has been found that the growth rate can be
significantly reduced but that the instability cannot be

quenched ccmpletely by the turbulence. Large scale length
ﬂ;furbulence is found to be more effective in weakening the

 parametric amplification processess.

Finally, the last chapte¥ has been devcted to the study

- ' . Loy ol o S B T R R S
¢f parametric excitatiocH ©f drift wavés by ioh - ion hybrid



hfiéids;“For typical fusion.plasmas, ion;ion hybfid
 ;ffrequency is low frequency and so sufficient RF power 1s
f feadilY available., There is an added advantage of direct
iiﬁn'heatihg, Threshold power and growth rate have’been
fééiculafed;v Two interesting results have been found by
 ¢dmpafing this work with Nishikawa;é general formulétigh

“Qf parametric instability : a) no purely growing instability

\éVpbééile in inhomogenecus plasma and b) at high pump
pq&éf (much above the threshold) the maximum growth\rate
{héed not follow the cube root law which was supposed to be
i general enough after Nishikawa. Instead every case necds
~ﬁﬁ individual examinaticn. Examples of square root law,

;ffdurth root law etc. have been pointed out.
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.CHAPTER I

INTRODUCTION

One of ‘the fundamental characterlstlc features of a

sma lS that it cah Support a varlety of collective modes

cillat;ons. A plasma consists of various spec;es of
a:géd’particles which interact with‘each other Via.screéned"
ouiomb force. Short range enéounters (distance\less,thgn
shiglding distance viz. Debye length) lead to typicai
liéiénal' effects like radiation, resistivity etc.
éés/long.range interactions (over distances much longer
an £he Debye length) are responsible for collective effects;
lective modes basically involve the organized moﬁiOn of

e number of plésma particles and primarily arise because

plasma strives to maintain macroscopic neutrality.

The conventional theory of the collective modes of
illations in a plasma is the usuai linear theory of wave
opggaﬁion. In this theory, one starts with a quiescent
EQUi}ibrigm and then considers small perturbations on itws
‘*iipearized equations are written for these perturbations.
eéﬁhén Fourier analyses in space and time and the elimination
~?éll‘variébles except one leads to a self-consistent condition

1ich is known as the dispersion relation. The dispersion relation,



\latichfbetween the frequency <) and wave humber’k) describes

the cherecteristic features of small amplitude collective mcdes
Zln a qulescent equilibrium plasma. This type of linear thecry -
1S,c0mm0nly well developed and is a part of standard text

bocéks C1, 2 ]

Although most theories of collective oscillations: start
Withkquiescent equilibrium, it is widely recognizedathatvmost
piaemesiin practice are far from equilibrium state. The ﬁlesmee
eund 1n nature or created in the laboratory as a rule turn out
towbe 'turbulcnt' that is, already contain fluctuatlons of
1deesity, temperature, electric and magnetic fields and Other
fpetemetere.’ Actually plesmas’can be considered asba ncnlinear
ejstem of many’degfees of freedcm (collective osciilaticns)
~eWHich is far from equilibrium because they contain meny free
’fenergy sources like gradlcnts in den51ty temperature, magnctlc

fflelﬂ and other klnds of plasma streaminge.

i

are excited (through an instability mechanism) to trap some

of this free energy. The instability is then responsible for

f’What happens when such an instability is excited is that the
wave amplitude grows to such an extent that many nonlinear,'

‘?;pchesses come into play and redistribute the energy over varicus

" The ccllective cscillaticns in certain regions of K - space

'ftuLbul ence - very much like the case of fluid turbulence‘{:3, 4j~.‘



'Vwreéﬁlt. . In particular energy flows to a regicn of

. - space where various dissipative mechanisms are operative.
In”plasmas, many c¢f the dissipative mechanisms invcolve interaction’
With'particles, for example Landau and cyclotrcon dampingse.

 Due‘to these special damping mechanisms, the energ& flow can

_ﬁake place towards smaller k values. The entropy decrease

‘iﬁ this manner (reduction in phase space vclume)'could be

_compensated for by particle heating effects.

Thus, in ccnclusion, a thermodynamically nconecuilibrium

S séem relaxes by exciting the instabilities in certain

coiiéctive modes. Then varicus ncnlinear processes transfer
energy from the unstable (modes) tc¢ the other stable modes

. Wherein the damping mechanisms extract the energy ocut of
stable waves and feed it tec the particles resulting in the
‘ééffects such és strong heating, ancmalous diffuéion, etc.

 ng these sources and sinks of energy are constantly maintained:
A QHasisteady state may be reached and the turbul@nce méy

‘be maintained at guasi-staticnary level.

. Granting that most of the plasmas exist in a turbulent
‘Staté, it seems tc be desirable tce find cut how the known
properties c¢f an equilibrium plasma get mocdified. For example,

what is the modified dispersicn relation? How are the varicus



m‘p;;iag@r'grqwu—; rates altered? One particular thing .

lntrré$ﬁ frcm the point ¢f view of applicaticns is tc

sticate how a given type of turbulence affects scme
lasma instabilities which are ccmmonly considered to be
dangercus for the plasma confinement. These are scme of

the questicns we ask curselves in the present piece c¢f woerk.

7:,It 18 well kncwn that nc satisfactory thecry of strong
tutbulgnce ¢f plasmas or fluids has been developed sc far.
H‘weyer plasma turbulencé ncrmally invelves pr@pagaﬁiﬁg |
wé&és. Unlikevthe liquid eddies, prepagating waves, can
te:@gtdwith eachrother‘cnly‘weakly previded their amplitudes
\ﬂég’tao,high._fThis typé of turbulencevisvcalled a weak
utbulence and,their’theqry is,facilitatéd vefy‘mu¢h by\the

resence cf a small parameter in the system. Perturbaticn

B

thecries tus can be used by expanding varicus quantities

n terms cf wave amplitude and retaining conly few terms of

the scries. Under the weak nonlinearities a kinetic wave equaticn
*an be derived which includes ncnlinear wave particle interactirn
5 well as three wave prccesses like coalescence ¢f twe waves

¢ ¢ne and splitting ¢f cne wave intc twe.

- Furthermcre, it is alsc pessible to separate interacticons
intc rescnant and adiabatic interacticns. Rescnant cenditicns
are required by wave particle interacticons and by three wave

rescnant interactions. While the adiabatic interacticns are thcese



. re slow wave provides an inhomogeneity in the background and

ﬁﬁé'wave packets of the other waves are deformed and their

wavelength changed as they propégate,through suchan  inhomo=-

éﬁeity: as a result of'thesq‘ adiabatic interactions, the
,V¢ PaCk¢t5 move ahout in wave number space, which leadsto
ékSﬁrong correlation of nearby Fourier components, which
hdw,describe essentially one and the same wave-packet.
.fThéwfirst two chapters of thelpresent)thésis‘afe”déVOtedl\ \ﬁ
ﬁbsstuinng the effceécts of these adiabatié inﬁéraétiohéf' Aé
wé;haVe ignored the resonant interactions (considered to be
;$mall comparatively), the kineﬁic wave equation'reduces to a

“ form written by Vedenov et al {5j}which is very

to Vlasov equation. In the first chapter we have
fstudiéd how the low frequency dispersion relation in an
inhomogencous magnetized plasma is modified due‘to these
édiabatic interacticns in the presence of Langmuir turbulence.
it has been found that the drift wave dispersion relation |
Qére modified significantly. Some of the existing instabilities
> ﬁight be suppressed whereas some new ones may be excited.
{These‘low frequency long wavelength modes would be'macggSCOpic
‘uin nature and therefore must be taken into account to’édnsider
yﬁhe gross features like cenfinement.  The drift waves in
 turbu1ent plasma due to Langmuir turbulence have been previcusly

studied by Krivorutsky et al{ZGJ + Our results reduce.to



,helrs ‘in the corrGSPcndlﬂg limit. New featurés of our

wcrk are 'klnetlc type of instability, whpre a rescnance

‘iS fQﬁnd suéh that the group veiocity of the Langmuir waves
atéhes With the phase'Véchity of the drift waves. Ccnsider~
ble energy exchcnge betwoen the turbulence and drift wéves
is p(SSlblL 1n‘thls casec. To be more realistic we have

}élso tﬂken the angular ﬂléﬁLrSlOn in the group v;loc1ty of
ﬁléSﬁa turbulence into acccunt. The contributicn of this
[ﬁérm tufns cut tc bp more important than the usual thermal
4lébéfsion. Our mathematical treatment is 1so 51mplcr than
'th t of reference '”6'] . Ebbrowdlny {7“\has studied drift

w;ves in thc presane cf icn: aC(USLlC turbulence and has

fcbtalnoﬂ mcre or less similar results qualltatlv ely.

In the next chapter, we consider a case of whistler
;turbulénce and again use the wave kinetic equaticn emphasizing
 cn1y cn the adiabatic part of the nconlinear interactions. It
‘ has beén foundad tﬁat a filamentati@n instability'mjy grow in

\£he case of quasi-longitudinal whistlers. This has been
!éﬁeculated te be a pecssibkble mechanism of hroductlon uf ducﬁs

v ih the magnetcsphere. Ducts are suppoéed tdk@zthe field aiigned
eiecﬁrcn density irregularities which behave like parallel

WaVe guides for whistiers and ccnstrain whistlers'to’prﬁpagate
aleng the lines cf forces. That is how whistlers generéted

~ in c¢ne hemisphere can be received in ancther hemisphere.  How



_éejfiéld éligned;irregularitles ﬁrdduced is'an onen
es%iéﬁ,énd te cur knowledge has natvbeen attempted sc far.
find that a purely growing instability can break whistlersin-—
t¢ £igld.aligned filaments. More and mere electrens are
ﬁCCﬁmulath inside these filaments. This densityxirregulérity
‘mé§ thqs‘ctntribﬁte (at least partly) t;.the_duct fcrmatign,_N ’
 Sé%nzéik[8'} has recently experimentally investigated the

of lorge amplitude whistler waves in a plasma,
experiment seems to be restricted tc the case
¢n §’éingle large amplitude whistler wave is preéent ancl
Herent effects like particle trapping etc. can be impcortant.
'qukpicture cf duct formaticn is/hcwever, based cn a turbulent
spectrum cf whistler waves in the backgrcund whg;e paftic1e

trapning effects are igncrable.

The adiabatic approximaticn used sc far requireé very
;different scaie sizes. We have assumed that the frequency
 énd‘the’wave number’cf drift waves are sufficiently small as
‘ccmpa:eq te thgsa ¢f background turbulence sc that the
tg;bulence 'secs’ thé low frquency lcng wavelength perturhatién
gérslcwly,(adiabatically) varying bock-grcund.  Similarly in
74thg case of whistler turbulence, the scale size cf filamentaticn
insﬁability 1s aquite slcw compared to thet of whistlg;é; 'Thus‘
\Only’high’frequency short wa#elength‘turbuience/can_be‘ﬁregtéd

in the fcregeing manner. There are however cother types of!



rbulencefalSC; For example there may exist a low frequency

t.anG length turbulQHCQ.' Our fcurth chapter deals with

Vﬁype'of the turbulence.

Hcatlng £ plasmas by hlgh trcquency QeCa flcld has been
15fﬂeLem as an impcrta nt aux1llury methrd c£ hcﬂtlnd.ﬁ Ntrmally
uchﬁheatlng requlres a sort of the threshcld nower and mﬂk use
‘egéitétion of parametric prccesses. Therefore we shall study
ﬁﬁé four&lchapter the ancmalbus plasma‘heating by‘a.c; field
tflgWer hybrid frequency assuming a lcw frequency short wéVelengﬁh
rgulence in the backgrcund. We shall findythat the'pcwer abscr=
tlbn rate by iohs will be increased abncrmally even if the |
u;bulence ie maintained at moderate level. The lonngavelength’
vabﬁwer couples with the short WaVelengthrtﬁfﬁuiéndé %nd'u
—:ératésshbrt wéVeléhgth’siaébéndé wﬁiéh'fﬁén\éfé abédrbéd
,,ail"llcl-mal:'?:usly, say, by Landau damping.

Still mére interesting point inthis tYPéc<f ancmalous
heating is that nc threshold conditicn is recquired. ‘Thus
inyccntrast with ncrmal parametric heating, a thrCSh(l(lLSu
aﬁﬁmalcus hnating mechanism is evailable sc far as the back-
'@fcﬂnd turbulence exists which may either exist already cr

ﬁdy be externally generated by suitable means.
\Iﬁ’fiftﬁrchapter we go cver to the study of tho effocts

‘gfia quasiestatic randoem density’fluctuaticns on the three wave

rescnant interacticns like stimulated Raman and Brillcuin



atter;ng (SRS and SBS). These proéesées are &6f great
hblevanue to laser plasmas. 'After Fourier analysing the

mé varlable and eliminating the amplitude of ong of the

i
1mulated waves, the basic ecuatlon describing the parametric
j:déess‘reduces to a fourth order differential equation with
aaffiélents which are random functions of the position co=

rdinates. Standard methods from the theory of wave

6ﬁaﬁé£ion in random media;-are then used. It is found that
; a8

i

n‘a statistlmal]y homoqeﬁeous medium,; the: effect pf;i uctuatlons

,‘to anhance the growth 1ehgth, i.e., to make the growth
]Wéaker: The resonance matching conditions Q)UHCL4£”¢7j:QkCaﬁ@1@{
i% CQLﬁwwyi%@ufmai must be satisfied. In a random density
:’edium, the plasma freguency @%@is also a random function of
, pace co-ordinate and therefore the probability of Satisfying

this matching ccndition is reduced which effectively reduces

the growth rate of the parametric processes.

Finally, in thc .last chapter, wa>coﬁe Ed éheﬁegcltatia;
‘and suppre551on of drlft waves by a large ampllfude “fong .
;wavelength oscillatlng fleld at the ion - ion hybrid resoriance,
:This problem is essentially an example of parametric process,
Threshold power for excitation of drift waves has been calculated
‘and £he characteristics of dispersion relation near threshold
fand well above threshold are examined. It has been realized

that no purely growing instability is possible for inhomogeneous

plasmas. Also at sufficiently large applied powers (much above



10

,gﬁgghbid), the maximum growth réte does not always gé as
”hikawa's £'9] cube root law. Different such laws for
‘;ffefent cases have been found and discussed. In fact for.
inthogeneous plasma cach and every case of parametric
‘lﬁS£ability should be examined separately as the law turns out tp
be different in different cases. Precise knowledge of such

law may be useful in identifying the instability.
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CHAPEER II

DRIFT WAVES IN TURBULLNT PLuqu

Introduction

l?Inlgfturbulent plasma, the dispersion relation for
aﬁicﬁsmcollective modes may be very different from that

fé qﬁiescent plasme. “As an illustration of this phenomenon,,
n th1 chapter we study the influence of high frequency

"short wavelenqth electron plasma waves on low frequency
qug-w@velength drift waves. Low frequency long wevelength
ftgctuetions are generally associated with large scale mass
m&tioﬁs and anomaious plasma transport in magnetic plasmas.
Fﬁtthetmofe, one then introduces short wavelength high
feqceﬁcyqtufbcience into the plasma tc imprcve ite heaticg.

.y intluence of the.latter on’fcrmer is therefore of
ccﬁeidetable interest in\fusion syetems qnd’studies of the

type carried out in thls chnpteL may be used for thlo purpooe. :
Although thlS Dartlculwr calculatlon is devotcd to plnsm1 waves:
clntcractlng ‘with drlft waves, the mcthod und mqny resulte E
zare qu1te general and there are mnny othcr phy51cal eltuatlcns
.whcrc 1t may be appllc ble, In the next chapter, for example,
iwershall investigate a similar problem, which is cf interest

for duct formation in magnetosphere.

Barlier, some studies of this kind Have been made by

:Krivorutsky et al rl‘] and- Dobrowonly [;2‘7 / both of whom
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followcd a rather cumbersomo Vl(sov +rentmant, whlch wa
'omewh t phy5¢colly obscurc. Is much simpler and phy51c ally

—y

ansparbnt method was developed by Vedenov and Rudakov J

Langmuir‘turbulence. We vxtcna this mctlod to the problem
anﬂinhomoéeneousrmagnetized plasma and the study of drlft
Wéves. Our CchulathD shows th:t not only is it p0551ble

'to modlfy the blrﬁ”dy LXlstinc modes but also that new classeg
 0£ drlLt 1nctab111t1cs can arise. In the aparopriate 1imits,
Jour results reduce to thosé of Krivorutsky et al r’l I ;
furthermore sevefal new features emerge. |

By turbulent plasma, we shall mean one in a quasi-
,stationary‘turbulent state. We restrict ourselves to weak
 :turbulence, i.e.,/turbulence generated by the nonlinear
__saturatior of various modes which closely follow the linear
dispersion relation. By the very nature of our problem, we
shall be restricting our attention ﬁo ‘adiabatic’ interactions
only, i.e., long waveleﬁgth perturbations on a short wavelength
background of turbulence. These various limitations permit
:vus to use thé kinetic wave Oﬂu ~tion to describe the turbulgnce\

~and follow the Vedenov - Rudekov approach.

2.2 Derivation of Digpersion Relations

Let us consider a low —/5 inhomogencous plasma (gradient

along the w-axis) immersed in a uniform macnetic field



,;(t% o}fEb ) . ‘Let us stume that thefe is a.high
1qﬁency short @avelength turbulence in the plasma and:

t;its behaviour is governed by the wave kinetic equation.
has Eeen-pointed out earlier in Chapter I, one‘can’separaté
. resonant ahd adiabatic interactions and then treat the
:diabatic interactions in a quasi-classical way, namélyiu

ﬁhe influence of adiabatic interactions manifests,itself»’
ffectivély in terms of "slowly' varying background'barameﬁers
éuéhias density etc.) in space and time. The wave kinetic

quation then (after this separation) can be written in the

ollowing form-

Ny BN 02T O N
Bt 9 R R (2.1)
Wbérequﬁ is the quasiparticles (excitons) distribution
function defined by
= Wi /%
M< 8 (2.2)
‘ 3 Q. . % ,
where W, = L o (C“)k 6;7 » IE;J (2.3)

i.e., VVQ is the wave encrgy density,CLiVis the frequency of
1o 2 = ¢ <

turbulence in the linear approximation,

€&, = 0O for the electrostatic turbulence, while
A '
‘ 22(; k:z for electromagnetic turbulence PJR‘
< €, -
TR

is thus the wave encrgy density per unit frequency.
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tervals

Ecuation (2.1) locks like a Beoltzman equation in which

h }/_;\.
e Q;i~ - grcup velocity plays the role of the excitons
d DR

:iobity (specd of energy flow). The last term on the left

| is due to the adiabatic interactions. The slowly:
:arYing bockground introduces a kind of force == “”‘@COk o
mhéﬁright hand side ¢f Bg. (2.1) is like a ccllision term
;ﬁd inc1udes varicus types of rescnance processes, €.Je. wave.
pérticle resonence (both linear and nonlinear Landau damping)

and the three wave rescnance interacticns (both coalescence

twc waves intc cne and spliting of one wave into twe) .  Our

purnpcse in the present chapter is to investigate the effects

adiabatic term cnly. We shall therefcre assume that all

:the rescnance terms are either very small in magnitude aze oy
tactly belance each other. The right hand side of Eq. (2.1)
’then can be put to zerc and cne ¢btains the eguation used by

Vedenov and Rudakev §3,5 7
: b N

ot

~

LN Mo, AN :
N ok ATk o g (2.4)
oY O T ;jﬁi

-+ L%

This is a Vlasov -~ like ecuaticn and implies that the

number of plasmcns N, is conserved as they move on the

o
trajectery
| —%z | N
{:,._ﬂ — 7 - IS o /_‘/ d k? - C?’/@Q
I A T = - (2.5)
z J A o .
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Space and time variation in equaticn (2.4) are slow

cmpared to space - time variaticn of the microcturbulence.

o : ' ) ) . . -3 (‘ ‘\
hus 1f this slow dependence 1s provided by drift waves(SL)%/,
- - . Yoo

in the medium, we must require 52<<<,Luk )({ L& ﬁg for
in ‘ . , <<
‘QValidity of equation (2.4). The presence cf a small

ot
en51ty fluctuaticn T due to drift waves modifies the

Dlasmcn distributicn (\J . This is evident frcm the plasma
(

;wave dispersicn relaticn (fer an electron-cyclotron frequency

(0q, DN (A)PQ’ the plasma frequency),

. , ) , 2
Lui = (/Fe%//&ﬁ(o)lg ~+ 4:/ Uy )

(2.6)

5042 o @ q ‘ 70'/
St — 2 2

LA » ™ ) E
Substitution of this into the linearised version of Eg. (2.4)

’which shcws that

then vields

~ ~ g oN
e e J/ B
N‘? {T e b S l) (2.7)

Eq. (2.6) shcws that fluctuaticns in electron density
» e drift waves directly induce ceorresponding fluctuaticn

in the density of electrcon plasma waves.

The medified plasmon distributicn reacts back ¢n the
 drift waves threugh the averaged pendercmotive force term
¥ =y . y
( ) \} (7 \> in the lecw freoguency electron equatlcn

of moticn. The p arallel cocmpenent of the linearised ecuaticn




17

mction now takes the form,'

£t ',\: . ,-/), 3 = T
0w - 1%, 55 -i/wa’m*/”
| 1Y mb}, . 05 2LmT T R (2.8)

herein the last term we have used the definiticn
P g

4 -
L 2. LN
— = ALTT GO

h%z = | ERrl // r k2
: . . . y - O TT.
- Electrcn inertia has boeen igncred because L «< szj@
. : . o
for drift waves. We have alsc neglected the electron collisicns
(nermal or "ancmalcus") te exclude the conventicnal drift-

dissipative instability. Bquaticns (2.7) and (2.8) shcow that

o -3 ~~ -
e ‘/% o (ed/,, )U-- A ] (2.9)

}where
\[\ =1
-G 2
o [V [ 24
!, e fl—”% U? 4o (2010)
- - " 3
_ana  \W — (/\%.CL%1Or‘k is the energy density ¢f plasma

wave turbulcnce, ( being a ncrmalizaticn constant taking care

. . . . . _ v
cf dimensicns while going from ZE. j$ [C]ﬂée

The plasma wave turbulence leaves the icn dynamics
unaltered. We can therefcre £ 1llcw the ccnventional treatment

¢f drift waves frr subsequent analysis. Fcr 'T} 1 and
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<< CLkl. , the ich_cYclétrcn frecuency, cne can show{j6j

[ /:{ o~ : o ,,-’ oL N )f—:‘ —
(\/Y ¢ / }//O) L (u)%/)L)(\ Ctj)//e:) (2.11)
C Qo Te ‘
QQ¥ = - _Jiﬁfri.if‘!ﬂD is the drift frecuency.
e [Zo Ny ol X

cn Larmcur radius are igncred. Using the conditicns cof
ssineutrality, Equaticns (2.,9) and (2.11) yield the

lispersicn relaticn

fL = @, (1L— A) (2.12)

Note that A is a complicated functicn of frequency j?_(Eq. (2.10)%

When the irn temperature is finite (‘Té.::??-:; *T‘>

and a strcng temperature gradient exists ((ﬁ g¢17—/cf@w77t§>ji>’,

cne has tc retain the parallel mcticn ¢f icns and cne thus gets

~ 2 1r2, X
~ Koy V. 5
ne o, €4 %7’6 s O \ (. 13)
, N T Tz L )
where w’?{: - /(C('"’) C / e Bo\) “ijL ~ and  U: = / 971 / / L?
‘ al ¢ - ‘

is the speed cf scund. Together with equaticn (2.9) this yields
the mcdified dispersicn relaticn for the drift temperature

_gradient instability, viz.

= SFL LA oA
7 = l("(ﬂ} be Gy )< L A') (2.14)



Analysis ¢ £ Dispersicn Relaticns
. We begin cur discussicn ¢f Bgs. (2.12) and (2.14)

javes prcpagating aleng the magnetic field (‘kqgg—%>

wing en ecullibrium spectrum

. , . | o o
N_E gt (ND / Jan ‘/_\Q EJH \j(k, k) | / g AT ]

1iépersicn functicn( 4'\ ,
B . p— - )

= R
. ,i":? N 22 - A . . Lvr - A -

Ly Te 20 ) by A UL N ERANC P )/(2.16)
where "U; gt 1ﬁﬁ(ﬁp:ku>. Twe limiting cases are ¢f interest.
o d- ‘ i ;
(1) "Cr1ad" limit :~ This corresponds to a sharply peaked

spectrum of plasma waves in'ﬁpspace. Choosing

ZL<§‘kD(QJQ/%>//% U, we get

/ _— i
/ < IR @ s ,
A A [ ( S () ”> (2,17a)
with
2. 2 \/\//’ T ) _
. < g M e - L
OL - ‘() Lre < & ' (2-17b)

nsidering c¢ne-dimensicnal turbulence of electrcn pla

19

by
Sin El

and

(2.15)

quaticn (2.10) may ncw be expressed in terms ¢f the plasma
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Warm" limit :~ This corresponds to a broad spectrum
of plasma waves satisfying A \;,> ﬂ(g (Q ,qf. U‘)) g . I
- h .l. t’_i (..

and hcre

v : f' ~ 2
Al
Ve 'b’“ ””.“51‘"' ,’ + ’f £ ke 59, 12) ( :'59 L L UD) |
41 Te A Ue 2 q T, 2 \Qz, Uy, £ /.
(2.18)
In the cold limit equation (2.12) takes the form
SN AREy >
— g .y ~ —
(_I‘ u.><-)<"‘ % v@) + (“"i)( - - (2.19)

For large ~£ . the solution is

D= ()P exp(x )

3/ |
N4/ ) - a\ / cu’ |
> 4/27 94 x/ | KL - (2.20)
an equation similar to (2.20) hos been derived by Krivorutsky
etal Ll,l . f‘or small ¢ ,

.kf:/, — Q) ) % . '2,}'-‘ t [04 &) /( A8, e QU;) f

Jet ] L« /4“ /7,) v, “’QH/, C‘J*,\ (2.20)

Equations (2.20) and (2.21) show that even small magnitudes
of plasma turbulence can drastically alter the properties of drift

oscillations in a plasma. In particular strong instabilities
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i/ : _
.‘wlth a growth rate v \A/ can be driven by the turbulence.

.ué'examlne the condltlons required by this instability

‘:e. Eq. (2020))-

We know that the parallel phase velocity of the wave must

bé;less,than the clectron thermal speed, therefore Eq. (2.20)

1/3) | o ) 7/&3/&;},
e K 'O<g < %):;,/ e /| e
qﬂ,LP M/. [ O _‘3
P S NPRE R
4T Te =37 ! | (2.22)

Condition (2.22) can be ecasily satisficd.

Our analysis gives a simple physical picture for these

iﬁéféhilities. In the event of an instability, the phase

relationship between ‘?18 and PQL: is such that the plasma
vaves accumulate in the trough of drift waves. This drives more
pgrtiéles‘out of the trough through ponderomotive force and
hus énhénces the density perturbationse.
The drift temperature gradient instability is also strongly
- modified. In this case, one obtailns
pa .
e - ﬁ* 2 X :
-0 UL o < U) _—
A g A ..J-——()(Cf —
T TRCRe S -4 /3 CO T(2.23)

?Or large and small o , this gives the roots,
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(2.24)

" ”‘r;(l'!?z(ﬁ% \)ﬂé'*iﬂ'ug) ® (140 e +i13 (4-c) /

7 T e 2L
J L ’ ..4—&20» "“DCL /’f)a'ﬁ—('*a r/
(2.25)

PR (2.26)

Ecuation (2.24) shows a stronger dependence of growth rate

cn the temperature gradient (compared tc the case of no

instakility. The threshcld for this suppressicn is given by

2 | Fo * 2/
o ,’4(;(_ ) \/'\"/ \ 6 77/( ’ (/L)-T A L/B / Yy /5 M Co. A /:Z)
L L= S e () a2 ) ()
Mo T g Vs n g Ue !
(2.27)
In the "warm" limit Eq. (2 12) takes the fcrm
R
o X Ov’—)e’ i X . }-T
f . VV Cﬁhr . - lf*jﬁ‘
[iJrif' — ¢ {7 /777 N 1

w?) IQ, (‘( ,, Lk—- LA—

curbulence) . Since o 1is negative ( Eq. (2.17b)> , Eq. (2.25),

& shcws a possible suppressicn of the drift temperature
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W

his equation can be readiiy,sclved; for small 7ﬁfL , the

. o o€
scluticn is, - . _
’ T Y \% | oy ':‘; W
= Rg N = C’“"“y; Li - ,Zl?%;él T ,
% ' -
— \A/ Copu CUy74%§ -fzp ‘f
i[wm Sl :2"/ 5T — R S
GaTe N Ue %77 Uy A (2.29)

'In this limit, rescnance interacticn between the modulaticns
the plasma waves (prcpagating at the group‘velccity) and
kﬁﬁe parallel phase velccity c¢f the drift waves aséumes an
' imbcrtant’rc1e. Mode ccupling effects thus lead tc ”emissién“
‘anﬂ "absorpticn" of drift waves by prcpagating plasma waves.
Instebility may result if U, >> fzjz .

Ty
T¢ investigate the effects ¢f twe - dimensional plasma
turbulence (in y-z plane), we chocse a spectrum FJR' s
N, (\/) (%\1 —4040(3 ) g(ké — 'i’ro%\, for the "ccld" limit. Equaticns
(2.12) and (2.14) agéin take the form c¢f Bauaticns (2.19) and

- (2.23) with a new definiticn of

\/\ / (:’()g"l:'-l/:'_ é\\o | C{},? ‘, ,. i/
Tvote By |
¥

A=~

%'
Pe (2.30)

The basic new feature cf twe dimensicnal turbulence is a
mcedl fied grocup velccity. Equaticn (2.5) shows that in the

general case, the group velocity of plaSma waves is ccntrclled

h%b
(kw :“'\"?Cfuj>(?3 [“’2%) 7/?@//
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twe effectsi
dispersicn due to thermal ccrrecticns and

disrersicn due tc angular dependences

quatl(n (2 30) shows that both contribute to the medified K .
; t¢1s interesting tc ncte that for %ba—«% 0 , we dc nct
ccver the cne dimensicnal case discussed abcve, in fact X

kes the fcrm

= (W an.T.) @ (%;l/"ﬁ%_;1> (2.31)

Tt has not cnly a different sign frem (2.17b) but alsc
. much larger magnitude. Physically the difference arises
eéauSe a spectral checice N, S (*?g ) 5 ('(%‘, ¢%JK_> is

different frcm the Chrresprn01ng cne-dimensicnal case w1th1ﬂ3

‘dehendence on kgf It seems tc¢ us for pessible aﬁpllcatlcn
tc practical systems in the labcratory, Equaticn (2.31) is

fbetter suited than the idealized cne-dimensicnal limit (2.17b) .
2:4 Discussiocn

In ccnclusicn we have shown that mcderate amcunt cf short
wavelength electron plasma wave turbulence can drastically alter
the dispersicn preperties of drift waves. Compared to the wr rk

‘cf Kriverutsky et ﬂlj: ] the new fentures cf cur calculoticn

nclude the use ¢f o Gaussian’ spect rum 1n‘h ~space for the
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;badkgrcund turbuleﬁce, which enables us to fepresenﬁ cur results
iﬁ'terms of plasma dispersicn fﬁncticn and this in turn makes
“it'stsible te ccnsider the 'ccld' and the 'warm' limits leading
;twmany new results. In acdditicn the physical insight intc the
fhcnlinear ccnsecuences due to . the pendercnctive force is made
 clearer by cur method. In many ways (tﬁth mathematically and
fphySically) the plasma wave packets behave like a "beam" cf
’ quasipartic1es giving beth "hydrodynamic" and “kinetic" type
,”beam“ﬂinstabilities. For example in the "ecold" limit we have
?seen that the plasma wavepackets get ccllected in the trough

\f the drift wave which push the electrcns further due tc the
pcnderomctlvo ferce and thus enhance the 1nst1blllty. In the
"warm" limit the rescnance interacticn between the mcdulctlrns
on plasma waves (hropagating at the group velccity) and the
r,parallel ~hase velocity cof the drift waves assumes an important
‘role. Tn the discussicn of two dimensicnal turbulence we have

. ncticed that the angular dependence ¢ group velccity is cuite
:important. Taking this analogy cf "beam" further cne can
speculeat® that for "weak beams" this instability will ncnlinearly
'Saturate when the beam is trappecd by the growing waves, i.e.
‘when a good fracticn cf the plasma waves are trapped in the
density fluctuaticns created by drift waves. Nonlinear BGK
Soluticns of this kind have recently been constructed for the
1unmagnetizéd plasma problem by Kaw et al {;8“}'

The particular choice of microturbulence and low - frequency




26

ves in this chapter was governed by reasons of simplicity.
Eﬁtdre work should lock at more realistic preblems like the

fects of ‘Buneman, icn plasma or lower hybricd turbulence cn

3ﬁed_particle modes etc., 7t the same time labcoratory

nvéstigation ¢t this interacticn shculd be quite useful.
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CHAPTER TITI1T

FORMATION OF FIELD ALIGNED IRREGULARITIES IN j PLASMA DUE TO
e : : ]

WHISTLERS
Tntroduction

Whistlers are low frequency elcectromagnetic waves in
audio frequency range. In nature they are produced by
;6fdinary'lightening discharges and can be heard to "whistle"
aE7midlattitude§by a simple amplifier connected with a long
aﬁtenna. Their study has been found of particular imporﬁance
in determining the electron density distribution in magneto-
/sphgre, acceleration of charged particles to high energy
ﬁaﬁd'also\in inter-hemisphere communication. Signals at

fvery low frecuency can be launched into whistler mode ‘and -
can be received in other hemisphere [:1J1 . Perhaps, one
i}of the most interesting and puzzling fe;;ure of whistlers is
their path of propagaticon. Storey in 1953 [:2:] showed that
ifGr‘frequencies well below the electron cyclotron. frequency
and electron plasma frequency, whistlers should travel
approximately along the ecarth's magnetic field. He:alsg‘
', observed long trains of echoes from whistleré in which the
”amplitude deeryed very slowly through the train. The guiding
effect of icnospheric irregularities was suggested to be

: ) . ) ' Pt
responsible for low amplitude decrement. Helliwell ‘et al l~3j
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'égtended Stcrey's idea of guiding éffect tc explain the
idiscrete traces cften exhibited in the Spéctrogram of
whistlers. They suggested that cach trace resulted from

the coﬁcéﬁtration of energy in a thin column of icnization
acting as a duct cver a large part of ray trajectory in

thé magnetosphere. & ray thecry of whistler propagaticn
based upon the field criented irregularifies ¢ f electrcn
dénsity was presented for the first tim% by Smith et al in
1960 r14:} . It.was shcwn that trapping was pessible in
bcth enhancements and depressicns cf ionization. Smithfﬂ 5:} :
hocwever, concluded that whistlers shculd nrcpagate in ducts
 df~enhanced ionization and he could explain that for such
Kantopagatiwn therc exists a cut-cff frequency at approximately
5ne half the minimum electron cyclotron frequency along the
whistler nath. Thus an indircct evidence gf existence cf
field aligned irregularities in the magnetcsphere had been
inferred tc be essential to explain the grcund cbservaticns
ﬁ ’Qf whistlers. Recently the evidence of these ducts have
b¢en supported by satellite cbscrvaticns ¢f whistlers which
cculd be successfully explained by the duct thecry E%S]

and an attempt has been made tc lock for an asscciation

 ¢£ magnetospheric whistler. dispersicn characteristics with
changes in lucal plasma density (:7ij . In fact the problem

of ducthAprupagation can be divided intc twe parts.



Assuming the existence c¢f field aligned ducts, hcw do
the whistlers procpagate and remain trapped in the duct?
How to deduce varicuswhistler characteristics from such

a ducted procpagation?

What is the mechanism of creating such ducts, which
to be ccnsistent with (a), are field aligned electron
density enhancements extending all the way frcm cne

hemisphere tc ancther hemisgphere?

Much c¢f the literature has been devcoted to (a){:BJ& .
Tt has been fcund frcm such studies that enhancement factor
ka the density in the duct shculd be a few pefcent («15%) ,
”th@ir scale size across the magnetic field ¢f the crder cf
hﬁndr@d kms.[j67' . The 1life time of ducts is estimaﬁéd’to

be of the order c¢f few hoursi:9:} .

As regards the sccond aspect of the procblem, the questicn
of crigin of ducts, much{has nct been done sc far. The cnly
attempt, made in this directicn, t¢ author's knowledge, is

the cne by Park and Helliwell [}o:] o Théy have discussed
the formaticn of field aligned irregularities by electric
 fields. The scurce of this electric field as suggested by
\them could be thunderstorm electricity. They regard the
magnetic lines of force as equipctential lines. 4 specific
case has been discussed in which radial electric field

pointing cut towards the centre ¢f a convective cell of the
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size of 600 kms. at equator across magnetic field has been

_assumed. The centre cf thig ccnvective cell has been taken at

I '= 4, The E X B mcticn rotateés the ﬁubes’cf icnization with
  different centents azimuthally. For the magnetcspheric
gecmetry these rotating icnizaticn tubes get mixed and producé
rthereby‘an irregular structure in the electron density prcfile.
It has been shcwn that under reasonable initial cenditiens, a
0.1 mv/m electric field (ccnstant in time) in the equatcrial
plane can prcduce a whistler duct at L = 4 in abcut 30 minutes.
The small scale irregularities can be produced by a much
 "1arger scale electric field. The evcluticn cf irreqgular
structure did nct depend upen the amplitude but on the shape
&f the electric field. Thus doubling the strength cf the
- field will lead ﬁﬁ the same structure at twice the speed. The
enhancement factor was alsc independent of the electric field
and was decided by the maximum variaticn in initial tube ccntent

across the convective cell.

It should be ncted that very complex irregular structures
are macde te evolve from very simple initial cenditicns,  In
more complex situaticns it is nct clear how the irregularities
will evolve-in fact one weuld expect the process to get

extremely complicated.

In the present chapter ¢f this thesis, we wish tc peint

cut a simple self-consistent mechanism which may, at least .
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}paftially, be respcnsible fgr the formeaticon of field aligned
 §iectan density irregularities. We have seen in the
‘ §revimuS chapter that the prescence of a high frequency
 turbulence can ccnsiderably modify the low frequency
”prcperties ot a plasma. Therefore we intend here to stﬁdy
tth@-effect of whistler turbulence cn the background plasmae.
Wé shall.se@ that a purely grvwing instability,may~arise
~which can create the electrcn density irreqularities parallel
to the ambient magnetic fiecld. In cther words, the'electrcn
density remains unifcrm alcng the lines of force but beccmes
nenuniform in a perpendicular direction. The fact that the
whistlers are ccncentrated in the regions‘of local density
énhancements emerges self-consistently in this theory. For
whistlers the naturé of the ponderomotive force onvelectrons
'is such that it increases in the directicn of increasing
‘iwhistler energy; thus it attracts more elecﬁrons inte the
‘region where more whistlers exist, »and the increase in
“electron densify further leacds to higher crncentration of
,whistler energy and so on. Thus an instability leading to
electrcn and whistler density concentration developse. Similarly/
in the neighbcuring regicons there will develop » trcugh Gf /
électrﬁns ~nd whistlers. The grcwth rate of this instability
has been calculated and the cptimum size of the duct has

been estimateds i preliminary calculation in this directicn
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was presented in [ll:]".

3,2 Calculations

We start with a unifcrm D;asmd embedded in a uniform
‘and constant magnetic fieid (Cb 01130) >’with a quasi-
staticnary spectrum of wﬁistlor waves distributed unifcrmly
in the backgrcund. We alsc assume the quasi-longitudinal
approeximaticn fcr'whistlérs such that they obey the f@llowing

linear dispersion relation

2,2 -y 2
EEC {; Gy

o CO (CL)CQCOS A — 2O ) (3.1)

e

wherey@ﬁy kf are the whistler frequency and wave number

respectively, ( the velccity of light,Cx%}electrcn plasma
frequency, (1) .
ce
is o small angle between the ambient magnetic field‘E%)and

the local electron cyclotron frequency whileE}

‘the wave voctor‘l( .

Ve now introduce a leow frequency long wavelength

perturbatimn:characterised by(if?u CL) such that

| fL << ; Y L k (3.2)

the ccnditicn o¢f adiabaticity, is satisfied.

Under the influence of such a perturbaticn whistlers

cen ncw be rcegarded as propagating in an adiabatically varying



background. The variaticon of whistlers is then governed by
the wave kinetic equaticn already discussed in the previcus

chapter

o Nk '7@.’_\’;}3_&@%2/\1,(
2t | 9’21 om Bk

. 10 (C‘“L@A ’Ekx |

N — (LQZ“ 3%‘ Q7T - G
N

/U?} -~ Egﬂ;-, is the grou

fvelocity of whistlers and“E;ks is their amplitude..

=0

(3.3)

dnd'ff is defined by (3.1).

 Egquations (3.3) and (3.4) show that the whistler
;energy per unit frequency,vhék:; remains ccnstant as it

foliows the trajectory

o ‘ OOy

C[ZZ~ ‘_-1?, Clk' _ £> A . :
ot R L S

The variation in the frequency .(*"Vﬁz(l)k) due to

slcwly varying background is thus equivalent to a force: term,

From equation (3.1) we can write

' 2.2 -~ : 2,2
W = ck Cucewffi/(&)lg-{—ck ) e,

'which implies
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. C \;z
— T AN \
A N Ne AV
R = Bl )0,
(ANl N ey (3.7)
- Tt
where WWQ is the clectren density perturbaticn. Substituticn

s

cf (3.7) in thu lincarized form of (3.3) leads to

.2 - s
2T (Y APV
T 9 S
kT N, K\ Pk o —q s (3.8)
b L Y

4

This equaticn shows that whistler energy increascs in

the regicns of electrcn density crests and decreases in
electrcn density trcughs provided the multiplicity ccefficient

turns cut to be p 1t1vg. It is shown later that this is

indced the casc.

The lcw freguency wave is in turn influenced by a
pendercmetive force term in the electrocn equaticn « f metion.

This fcrce factor arises fr«m the following ncenlincar terms
. —— .
._____> > —"éﬁ

e / ?_C __{ ( G\ B‘ Ay \>
S 4= (U X B
N\ L’-_,L wic' £ TF

-

where 142 refers ta the electroun velccity under the influenco

—
. . 4 s . . oo N
¢f whistler field, by to the whistler magnetic ficld and £ />

denctes an average over the whistler pericd. We can express
: —> —
. veload by B . : : = \ i
the velccity /. and magnetic field [%,. in terms ¢f the
afm F SIS

—~=

Fourier ccmpcnénts of the whistler electric field t:k'

oo
Expanding the abcve expressicon in terms of the L & ” cempenents
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we find that it is possible tc heglcct centributicns from

the parallel terms in comparisen to the . terms.

: Typlcally 9

2
E‘\m\ Sin G — Sim [7!<<.|)- QMSW

SR
E? T2 (cosb - cu/co,e) o
Thus for a small angle Q . almcst parallelly ﬂrcpagatlng

whlstler waves under the quasi-longitudinal apprchlmutlon, we.
can always ignore the contribution of parallel wave electric
‘field te the pondercmotive focrce. But even 1f cne retains

it, the result remains unaffected except for a numerical
coefficient which can be acccunted in calculating the total

wave energy density (tc be defined later).

Thus the expressicn for the penderomotive force

simplifies to
i _ k l
(( & )/4JWA)£:V (}\

)—
Céi. (3.9)

However the parallel component EZKl)cguld play an 1m1artant

are not taking into account in this calculation.

Tt is clear from (2.9) that for whistler frequency
( o < C*DCE" the pcendercmotive force term appeéars like a
negative pressure term. Making use c¢f (3.4) and (3.9) we

o Cbhtain this force as

fcfg

rile in wave-particle interactions e.g. Landau Damping, which we
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| m C@C 8, — 3 —~
= c‘r WZ_ : <N
zm n ( k%) (3, COS "Qk k

(3.10)
For CAJ, E;uj the andercmdtive force acts on electrcns
in the directicn o f cnhanced whistleér concentraticn ﬁa: ive.,
electrins try to accumulate in high whistler regions and in
turn attract more whistlers according to the relation (3.8).
‘Thus an instability builds up leading tc¢ crests and.tr@ughs
of electrcns and whistler density. Tc¢ calculate the growth
 rate c¢f this instability, we substitute (3.10) in the electrcn

equaticon of moticn and obtain (linearized fc rm)

O Ve __,,___.\wg 1 X Gy -9 &

(3.11)
c>

 We alsc make use of electron, continuity equaticn

oNe Y, = O,
>t + A% rlzg N (3.12)

icn centinuity ecuaticn

oM om, vV s
Dt | 3.13)

and icn equaticn of motion,

DU _ B gh + VXM
=7 - M (3.14)
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No pendercmotive -force term has been included in (3.14)

which is justified as lcng as we assume the frequency cf
whistlersl te be such that C,Q'\ . << O < Q) . The
1nclusun cf still lower flc,qu(,ncy whistler waves may be
’ f\wc rth investigating, but we have not dcne sc here.

Equaticns (3.11) - (3.14) form a complete set and we
now carry. cut a normal mode analysis and assume the ccndltlﬁnl

cf guasineutrality, i.e., ’\f]e 1 ")(}/Lf .

This gives us a dispersion relation (for QLLCL&_)

X + e

(3.15)

Sin" g

CDQ
where X{ — E COC QA 4{, Pl

29

. e e“" \ ‘ . !
- A e 2 79 9. (3.16)
e [uﬁ;‘%wé“ PPCOgéb]A'.‘—{‘

C)_ =
( Cos”p S{fn é)7

S22

t§

\ ( . Cos > ‘ (3.17)

OL' D/\//@F (3.18)
— {,- Ug '

E@w

7\‘

’ R

and the anglc, GS has been dc,flnod as

G4, =qces® , 9,=Y Sim ¢
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Substitution of (3.16) - (3.17) into (3.15) and making

_ some algebric simplifications, we obtain

2 .
o ce Cri CosT@w =q, q Lot
~where (COS q/)@ | ana S/'7’7¢» o | has been .assumed.
Use has also been made of the condition
Z
| N S '
>> . >> Cos @5 >> 3 (3.20)
:
for D = () . relation (3.19) reduces to
L O
2 N 2 ’
e GO, WO, CLosT & o (3e21)

This is a natural mode of low frequency oscillations
in a cold homogeneous plasma Llél, 15] . The condition

Pl
Q <L COcy requlres
. 2 4 //V/ i i
DS “ P & (3.22)

Thus it propagates in a very narrow cone perpendicular to the:

ambient magnétic field.

Let us now concentrate on (3.19) for é@ | I?é O . We

define the whistler energy density as
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\AJ i:: jzz;‘cgﬂ< PQ]{ v .
, k (3.23)

and take the limit S — fdk in (3.18) and (3.23).
, T K
The expression for CP then takes the form

e (A

, 7
T . ,5“ lé Cos§ —~ ), )
D — \’/ XS C*%<clki}‘{ﬁJL} (CJ o F

Lo ~ 2mYo [co (056(602 w2 )

() 43 J(gy) [R50

It is clear from (3.24) that the general behaV1our of
dispersion relation (3.19) depends upon the gradient of
Whistler distribution function {\JYQ with respect to {( ‘
 in particular the low frequency mode may be driven unstable due
 :to a "Landau type" of resonance between low-frequency wavés
and the whistlers with a growth rate proportional to

( Cb hr\/é\ yﬂfL o q‘ ug This type of the resonance has

been discussed in the previous chapter for drlft waves and
plasmons. We note that some ncw modes are also introduced

since éz; is a function of fregquency {2 . We concentrate
LD :

here on those modes which can be treated by "fluid like"

behaviour of whistlers. This implies that the phase velocity
/

\_fZ,/CL / t>:>> A Ijgfz , the spread of group velocities

of the whistlers. Therefore the functional depcndence of {\”.

\
on k; can be approximated. by a é;-—function
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N\’\ = NO 50(5"‘105) g(k2-ko\ﬂ (3.25)
mm.koj —~0 k05.4>§Q>C05é%

Introduction of (3.25) greatly simplifies the integration in

(3.24) and $ can be written as

cﬁi — - c%:/{fz
o (3.26)
vVJhere 9 9 _ A COS&' ‘“"QCL) . (.QV,(:iO-W:”Cf) i
A = W CE C%S' CL%;(LOCQ. o} O)(. e é é
2mMg Ky ¢k QJB Cc)5329 ((AJf — CQOQ)\ ’
(3.27)

In evaluating the value of 9( . we have made use of -
S>> q/ : 'U’“? , which is justified for the "fluid like"
picture of whistlers. Also we have taken the limit \'OJ_—;—}O
(quasilongitudinal approximation for whistlers) and C(j“—-é O

becauvse (q /qj Y&m M
Substituting (32.26) in the dispersion relation (3.19)

we get

2 2. 2,
0% (07 w0 Y 0<>60£ $ =0
A , (3.28)

This is a biquadratic equation in JZ and can be
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isolved casily to give (for smallcX )

7z ' 2 'fZ o
_,Q‘ = Corp Q)QL cos qﬁ +q)9</wqu: (3.29)

2 2 |
(1o — — /o COpy i
2=~ A X /COC—Q« o (3.30)
Solution (3.29) is nothing but the modified normal mode
(3.21) due to the presence of whistler turbulence. Mode (3.30)
‘1s however a new mode and isbdriven only by the turbulence.

For (7Q:>(), this results into a purely growing instability

with a growth rate‘q

o & | COcaCESE, *2&)(&;6@9 a;)
5 Mﬂﬁ%) Coro@ziQ 2 . 2 5 )
2 co@c@; 30, (g —45)

(3.31)

We see that the growth rate is proportional to the
amplitude of the background whistlers(;/VV ) and vanishes

for whistler frequencies CL%}ilggg?Cﬁij . Thus only whistlers
with frequencies belO“TXJQQ_C&DE§/§Z contribute to the growth

Of this instability.

Stafting with the assumption that the above mentioned
instability leads to the duct formation (field aligned
irregularities) we can estimate the optimum size of the ducts

from the condition (3.20) which implies



.

2 3 o
1 A D (0. O CoS (3.32)
(J{ YHim e ‘e e 7
'and
‘ (2_ 3 ) (, 2 ¢7
anﬂaac (3.33)
For a given b . the ratio of the shortest to the
fvlon'gest size turns out to be
v
Lamin Ct7ﬂ{41 A Z{i T
o T M~ o (3.34)
Lonax dwma -

Now for (i — 20_)0 /CQCQL;;;9><< and Cos 9(3 e i
we get from (3.27)
| . 2
w - ot
(l/fW“ocQ( ) 1% “ee (3.35)

Substituting this value of ¢X  for (.L: Q,’Y’"(/n in (3.32).

we obtain an expression for Lq,},--}a% :(-277“/@'774{ as

(Lameux /2o )4 L @/—— Q\/\/?v) /@60@ o5’

(3.36)

where ),O — 2TT / is whistler wavelengthe. Taking’
-7

thc, typical values of whistler wave amplitude B ¢~ 10
-2 :

gauss and the ambient magnetic field 50 - 10”7 “ gauss

g ~10
near equator at L = 3 \‘ 16] we calculate 4»/7_ M//B n 10 "

-9
Thus for T>‘O — 2 kilometersand O 5¢ - 10 ~, we get




\5 3 kilometers.

o L\’ﬂ (N '/

spheric ducts (of the order of

;er them. We alsc notice that

Discu

3.3 saivn _and Conclusicon

In the present chapter we
which whistlers thamselves can
aligned density irregularitics

~a functicn of electron density

~density according to (3;8);

electroun cyclotron frequencies

‘the purely growing instability.

We alsoe

_breportional te the whistlers amplitude.
scnsitive to whistler frequency and

frequencies but suddenly drops down

noetice that the growth

44

 'L~TH(27{<< 6 X 107 kilometers. From (3.34) we then obtain

Since the observed sizes ¢f the magneto-

few hundred kilomcters f_6] )

lie well within this range, cur theory can be safely appliéd

Lyﬂbhobtained in this manner

dle consistent with the adiabatic ccndition (3,2).

have found a mechanism by

lead to the formation cf field

cwing to the development of a

_ purely growing instability,fflt is the characteristic of

whistler digpersion relation that the whistler frecuency is

in such a manner that more

and more whistlers are collected in a regicn of enhanced electrcn

It is again for frequencies below

(whistlers range) that the

penderometive force acts in the right directicn to give rise to

-

This instability is not

natural mode of whistler free system and its growth rate is-

Grcwth rate is also

goes as square of small.

rate is stronger for the
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narrower ducts. The typical size of the duct for the
‘magnetosphere turns out to be Well within the range ¢f cur
‘Eheary.

B th the enhancements and depressicns in thé eleétrdﬁ
:aéﬁsity are crecated by this mechanism. The'enﬁancemént féctor
should depend upon the saturaticn level of this instabili€§

;énd a more scphisticated theer'would bekrequiréd to délcﬁiate
his. Unlike the cemplicated thecry of Park and Helliwell [?6} :
_ﬁe ﬁtapping of whistlcfs in enhanced electron density regicn

is a natural ccnscqguence of our theorys.

Recently Stenzel {:17i§ has demcnstrated experimentally
that a large amplitude whistler wave can manifest the phénoﬁéncn
oFf self-ducting. But he has taken a single mcncéhromafid wave and
 assumes wave-particle interaction to decminate. On the éfher'/
hand we assume wave-wave interaction to dominate and have used
thé'réndum phase appreximaticon. #&lso the adiabatic condition
 §ssﬁméd‘in'our'theufy'is not satisfied in his experiment.
(ﬁowever) as we have seen, magnetospheric plasma provides a

gocd example four cur thecrye. \

Finally it is impcrtant to note the difference in the
directicn ¢f pendercmotive force for CL)Lﬁﬁkoand CL)>’Q}CQ .
In the fcmer case it is towards the increasé in the field energy

while in latter case towards the decrecase in the field cnergye.

Existence of the instability is therefore puésible cnly if in



the'f&rmeﬁ_caae(Q)ég%bbothAparticle and waves will have té
bunch tcgether while/in the latter case (fo> Cdcg\) the field
cnergy will be csncentfated in the trcughs of pérticle denéity
:and not on the crests. The éreation of séikons with high
frequency field and the instability discussed in theprevicus
"éhapter are examples of the case where (W > COQ? On‘the”
cther hand the instability discusscd in the present chaptér
| is an example of the case for (,L)<wc; The hiygh- frequency |
mecde of course must satisfy the right kind of - dispersicn
relaticn in order to satisfy the conditicon of instability

appropriatelye.

' In these twc chapters we have scen that the background

turbulence can cocnsiderably alter the wave propertics of

the system. In next three chapters wc shall consider the effect

«f backgrcund turbulence (Of a particular type specificd in
each chapter) on different aspects ¢f plasma heating by

cscillating electric fields.
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CHAPTER IV

~ ANOMALOUS PLASMA HEATING AT LOWER HYBRID FREQUENCY

4.1 Introduction

It is Widely recognized now that ih most fusion devices 
like Tokamaks, stellarators etc., ohmic heating alone cannot =
raiée the plasma temperature to the desired value‘of ten L
:5i}ovolts or so. This is so because the eléctrénkion collision
fféquency (and hence the eleétrical resisﬁivity)’is_a rapidly
‘ decrea81ng function of electron temperature. Auxiliary
: heaL1ng methods have therefore assumed considerable 1mportance
in recent years. Some of the more widely discussed of these

7,mcthods are heating by neutral beam injection, linear and

electron beam injection etc. In this chapter we shall be
primarily concerned with the second of these methods viz. the
anomalous heating of a plasma by oscillating electric fields

near the lower hybrid frecuency.

Anomalous damping of an externally applied oscillating

of its conversioninto short wavelength}heavily damped electro-
static modes. This conversion may occur (i) either because
of linear conversion processes involving plasma inhomogeneity

(ii) or through nonlinear parametric effects (iii) or via

nonllnear absorption of oscillating electric flelds, relat1v1st1c

electric field near some plasma resonant freguency arises because
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 coup1ing'through low - frequency short wavelength density

‘fluctuations in the background plésma;, Anomélous heating
 takeS place preferentially for that species of plasma
:particles Which interact strongly with the excited high -
fréquendy elecﬁrostatic modes. Thus if the applied oscillating
‘ electric field is neér the’elecfron plasma frequeﬁcy, anomalous -
1 ﬁééting of electrons takes\place. Hny excessive hcatfhg of
iéns in this case takes plaée indirectly and is not tﬁerefore
Very efficient. For direct anomalous heating of ions, one
must work with a pump field at a lower frequency such as
magnetosonic, ion cyclotron, lower hybrid, ion-ion hybrid etc.
It is also of interest to point out that high power is much
more readily available et the lower frequencies. That is why
for anomalous heating for fusion purposes, a dgreat deal of
attention is being given to frequencieé like the lower hybrid

resonance.

The first two of the three methods of anomalous heatihg,
discussed in the previous paragraph, have been widely discussed
in the literature cspecially for the lower hybrid resonance
frequency. Stix:[lt}and Piliya and Federov [2:} developed: a
theory of linear conversion processes around the lower hybrid .~
frecuency. According to this theory a long wavelength electro-

magnetic wave at the lower hybrid frequency can be linearly

converted into short wavelength electrostatic modes which are
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then héavilyvépsofbed’by linear Lahdau damping. Experimental
~evidence for the heatingzof plasma electrons and ions has also

been reported by several workers'tlfj . The parametric

insﬁability and heating of electrons and ions by lower

hybrid pump was first predicted theoretically and observed

in computer simulation cxpcrlmonts by Kindel, Okuda and
Dawson [} J. This was conf:rmcd by Hook and Bornab61 [5]
;who stressed that parametric processes are likely to play an
important, if not a dominant, role in the plasma héating
processes at lower hybrid rescnanée. The parametric process
S0 fur stressed was splitting of a long wavelength lower
hybrid wave into a shorter wavelength lower hybrid wave and

an ion - accustic wave and the thresheld was found smaller

than the corresponding threshold at Langmuilr resonanccs.

Chang and Porkolab perfcrmed ancther eXperiment Ej6:jf and
fcund that a pnrnmctrlc 1nstablllty 1nvclv1ng an ion 'quasi#

mcede! due to neonlinear wave DarthlL SCﬁtferlng is hus%1blc

iand plasma heating assccinted w1th this mecha nism was measured.
They called it a 'quasi—mode as thec prescnce of pump is
inccessary to cx01te such a mode. In the absence of pump £his

is not a normal mode <£ thu system. Phy51cally the mpchwniém

of this instability is quite similar to ncnllnogr Landﬁu gr<wth

in whlch a particle abscrbs a ph@ton croa high - frequency plasmncn

nnd emits ﬁnothgr plasmun CarLylng away the dlfigrencc of the

momentum,.  On the cthcr hano tho mcchanlsm polntod Lut carllhl
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involves nonlinear wave-wave ihteracﬁion‘inx&hich a‘photon

~or h.f. plasmonsplits into anéther photon (or h.f. plasmon)

and a l.f. plasmon. The possibility of exciting still

another type of parametric instability by a lower hybrid

 pump was discussed by Kaw and Lee{Z?f] and by Ott et al [j8j
f 5ih a two species plasma. This mecﬁanism involves the excitaﬁion
Qf an lon - ion hybrid mode\(:9:], Recently Chu et al {}6]%,
discussed the excitation of ion cyclotron and lower hybrid,
waves by a lower hybrid pump. Similarly, Sundaram and Kaw [}1]
‘have investigated the effects of pump at the lower hybrid i
resonance on the excitation and suppression of drift instabilities

inan inhomogeneous plasmae.

It is obvious from the foregoihg discussion that plasma

heating by oscillating fields at lower Hybrid resonance has

attracted considerable attention fecently.’\weadecided therefore
to study the third kind of anomalous heating in a plasma viz.
bcoupling to damped side~band modes via badkgroundflowwfrequehcy
turbulence in the plasma. Let us now physically understand

the mechanism of such a heating. Imagine a long wavelength
“lower hybrid pump field imposed on a collisionless plasmas.

If the phase velocity ((1)0//}<o ) (subscript O for pump) is

more than the ion thermal speed, this mode will remain

“egsentially undamped. Now let us suppose that there is a

sufficiently‘low fréquency,’Shortiwavelenqdq(Cglk)noise in




o

he baCKgrQund such that CQ.<< “o, f{’>> ﬁo‘. Nonlinear

7
interacticn will lead to the geheraticniof sideband compcnents
at GO o m o, ;%bjjli%l:_‘ﬁ‘ which have a considerably
,smaller phase velocity viz. ‘Ojﬁ/ks . When the oscillating
;field itself is qlose to the lower hybrid frequency, it drives
 /the natural cscillations resonantly and their amplitudé\bgcomgs

quite large. These large amplitude sideband modes are however

 naturally heavily damped because cf their low phase velocity

e.g. they may be strongly damped by ions at their natural

damping rate N ).

[

X famplitudef_, where L%h is
the Landau decrement at wave number £ . This leads to
~ancmalous abscrption of pump mode at ( Oﬁ:)kc) . Ahomalous
‘abéorption'bf high frequency waves like electron plasma waves
. and electromagnetic waves near upper hybrid frequency, by

this mechanism has been studied earlier by Kruer,f—IZ },',

Kaw et al [13} and Sen and Kawy[ 14 ] .

It shculd be emphasized that this kind of énomalous
abscrpticn is threshcldless as long as presence of density
- fluctuations is assumed in the background plasma. This is
 also the important’point'of distinction from parametric
'fcoupling prccesses. In the latter, the pump field has to bé
a intense enbugh to parametrically excite the low frequency ’
vfluctuations which then cause coupliﬂg to damped modes. Thus

cne has to exceed a minimum threshold field for parametric
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coupling processes tc be,cperative. The pcoint being made
here is that there is often encugh background turbulence in a
plasma, tc cousce significant anemalcus absorption at certain

frequencies, even withcut the cnset of parametric instabilities.

Vis-a~-vis the work docne in previcus chapters we note that
'éarlier we investigated the influence of short wavelength high:}
frequency turbulence on the dispersion-relation'of\lowf—'ffe+
fquency long wavelength waves whereas now we are looking at'é
complimentary process viz. the effect of short wavelength
low-frequency turbulence con the dampingyof high frequency
fiong wavelength waves, The former is an example of adiabatic
1ﬁcde coupling where high frequency short wavelength waves
interact with each other via low frequency long wavelengﬁh,
Wave., The latter is an example of quasi~rescnant mcde
)ccupling [‘15-1 where high frequency lcng waveigngth‘waves,
interact with high frequency short wavé length wave via low
fregquency fluctuaticns; this kind o¢f a ccupling is efficient
c¢nly if the mcde = ccupling coefficient is large encugh toc
cvercome the effects cf frequency mismatch in the short and
iong wavelength high - frequency waves (hence the name cquasi-

rescnant mode ccupling).

4,2 Basic Equaticns

Let us consider a plasma with a significant amcunt ¢f low
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frequencY'short wavelength fluctuaticns immersed in a unifcrm
magnetic field (0, O, [30). An cscillating electric field
F=Focoswot at the lcwer hybrid frequency is applied

acrcss the magnetic field. This field cculd be produced by

a normally undamped long wavelength lower hybrid wave

( krbﬁ © , the dipcle approximaticn) in the medium. We

O -

wish to investigate the ancmalous heating of icns by this wave.

The external lower hybrid field couples with the ambient
low frequency fluctuaticns (dencted by the superscfipt % )
tc produce high freqﬁency short wavelength side band fluctuaticns
in the partiéle density and sprce charge fields (dencted by

superscript { ). These fluctuaticns obvicusly contribute te

b

——

—
the ncnlinear current density J = 5 €, 71\, ( K refers
. ~ - '4 E BN :
=k,

to icons and electrens) and the total electric field in»the'
plasma. The rate ¢f energy abscrbed by ions can be written

as

Mmee k- \h' = the work dene by the electric field on the icns

Thus the average rate of energy dissipaticn into icns per unit

vclume may be written as

/ T > s =
ST LR = - TT‘\/"t \\
\\ \)/_ t “/‘/ <6 i ’L A y / o
TE sy wf e e pE
= <e(‘ 1, + DRk Y(Vor Ve +V ) (Eat e (a1

where the subscript @f\r@férs:to'the plasma with the driving
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field but withcut fluctuations, superscript < to the ambient

leow frequency short wavelength fluctuaticns and {i te the

hlgh frequency procduced by the ccupling of pump £ield with

y i et

the ambient fluctuaticns. >\ and ’ ruspectlvely,

dencte the spatial and temporal averagesS. Neglecting the

small eontributions arising frcm the slow component of icns.

: VAT ' S cu 51T
perturbed velecity v [because 1 vt V= nlof @l
; : o e . _ S — L’rl'o ‘~'§ 5 --’,\-\,

= Con QD and electric field k| Y E°: ¥ E e

e G T4 ) 2 .
yﬁLﬂ[ﬂvsiﬁTﬂihu)vitg o) jLuO:]and averaging over fast
‘ z e - ,

space - time variaticns, the significant average rate of

energy dissipation intc icns per unit vclume is

/f #x: . ) L, T *—':> ) -
\ J . _,,:’ = £ mo < vi—-Q ’ \':D‘}} - & 7’"0 <“\;tf' Er.f_ \\

. | g (4.2)

We note that the neglect of contributicns from '\4" and

7 can be justified as we shall assume LWy, ., [ Alsc
S

quasineutrality at lower frequency . makes E almost

negligible } .

Tt is instructive tc define an "Effective Absorption

Coefficient” fcr icns by using the relation

o5

«/ ‘Ji‘ . t e T : E A .
. e o KT , (4.3)
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w

where GO, = *Fﬂdnoé?//ﬁﬂ ‘is the icn plasma frequency.

/l%; isAthen a direct meésure cf the ancmalcus heating rate

:éf icns. Our aim is ncw to use equaticns (4.2), (4.3) and

other plasma equaticns to express ﬂL% in terms of the ampli-
2 s

tudc of loew - frequency fluctuaticns 3}1?/ and the plasma

parameters.

We work in the simple hydrodynamic limit and start with

the basic egquaticns

__w‘—>
(FIVE \// = 0
N (4.4)
= — — —y —
/:, I \ N\ . s i
kt_‘f’toﬁa’f&m{’/['\'\#// ,\u«ié/' ﬁY/ - VP/ /}77")’/’
(4.5)

y~‘§7 is the time derivative in the Lagrangian

sense. Most cf the cther symbcls are self explanatory.;/

prd
cerresponds to the plasma species, i.e.; ionsor electrons. E

is the self-consistent field satisfying the Poisscn's equaticn
— g
V-E =41 > em
| e d (4.6)
For simplicity we assume that the pressure gradient can
be expressed in terms of the density gradient by the conventicnal

equaticn cf state in the fmmn :
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N b = VT STy
Ty =% T

(4.7)

where'77 is the temperature and is expressed in the units of

-

electrcn volts. Temperature has been assumed ta be unifonn.}f
is a numerical factor.

P &

L%ﬁj‘”;: J L””/ J(: is the cyclctrcn frequency. The

collision term QZ'Ka could represent damping due to the\
bpafticle-neutral ccllisicns. It may alsc be used to mock up
Landau dwmping type LffGCtS in a phen(men(logicwl minnor as
discussed by Nishikawa[_l6:} . For a more accurate descri-
pticn, of course, cne would have to do the calculaticns by
*ﬁsing kinetic theory, but a fairly geed estimate can be
cbtained by using cur mmdel DfCVlULd we rpplace L? by X Lh*ﬂ\) ’
that is, the wpprcpriate expression fcr Landau d;mping, 1n

the final result. Since we assume- ﬁ'SN ﬁ , it suffices to

use just cne expression %j(h) for the twe side bands. We
‘%“have chosen this hydrcdynamical model (discussed above)

for the sake of Simplicity as ‘it avcids the cumberscme calculaticns
¢f kinetic thecry. Further it is comparatively easier to
‘understand'phySically. We aré alsc going to restrict our
attenticn to ahﬂmalCus'dimping effects at the lcwer hybrid
rescnance lﬁyor whore 'ﬁ‘é>o and t he damping is primarily

due to ionse AR cxtonSion £ finite values of ka , where

electron damping”canWbecoméledually important, can be readily

made.
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Let.us, now, separate the variébles inte two part8¢ ’The
fféére crder part corresponding to the equilibrium inéluding
ithe pump field represented by the subscript ¢ and the first
order part corresponding to ambient fluctuaticns and those

 prcduced by the coupling of pump field with the ambient cness’

Thus writing

o - Ve
YEJ): Mo g J ° "i‘*/
we obtain
§_> )
D Vo g NP v, |
9,‘_;:’ - J?r . &;OCO/SQV)O{ g ng XCL)(:J — \)j v\cj/ (4.8)
7 i

for the equilibrium velocity \éj and

JR—> 4

SUPRERS

At | - (4.9)
—> > > e 7y
.QL\\// :_.e_:l.g +VX‘;‘)C'——MJ)~7V}~7J.~1J7’
di ™) S 771, J'J o (4.10)

fcr the lineérized perturbaticns. The Lagrangian time
derivative is given as
d . L 4V -V
ak = ot
The perturbed qguantities are ncw separated intc slcw .

(which vary at the frequency of ambient fluqtuations) and

fast (varying at the sideband frequencies) parts, that is,

S and oV = Y Y

As wag menticned earlier‘the superscript 5 refers to the




the ambient low frecquency fluctuaticns and~f‘ to the driven

high frequency sidebands. The sideband parts then are

Y e -g - <, g
j,]J +(\/J V) Vi AT V\/%:o
'a)*t \_,/ Lj
(4.11)
o
N 75 < = e — A T- M by
oY v V= BE Y Xy — LI YU v
- 0,; R o ) Yoy :m\/ J
bt = . ’Y):?j J €y . i
(4.12)
along with the Poisson's equation
+
-k Fo= (4.13)

m2g T
J

Equaticns (4.11) - (4.13) are now Fourier analysed in space.

The result is

-7 > : —
.- > 5
2 —\—14’2\ n: Yi.{ %V, =0
[ —+ Myt R Y =
2t - ° J JR ' J B (4 14)
~'r - > ¢ c. i = > L)/ T }? }/f—
2V 41 k- Vo Vi = LE AV x oy — 2 I Jk
ot My R Y7 v
u., v (
- :/P/é Y/’k ' 4015)
7 o T t
and [ - E@ — 47 e (-ka — Mgy, ) (4.16)
N | . + =7
Our aim is now to sclve these equaticns for 7 V.,
g Jdko Uk
and Eﬁ“ « Let 'us proceed in the fcllowing manner. Let us
h : , . 2 _—
define, fc¢r the present, :D** = and S = z;l and Squ

ot ~

60
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ﬁhe subscripts / and {i 5 ecquation (4.15) can be written in

the form as

| . I A=t SR AR VIR Y-S
(D+D) Vie 8 Bl Vi - LR my ko
i “ (a 1)

Taking the cross product of (a 1) by e

. (;D‘\"))) V{X (_:(_){: el _%’2_:7 E‘F‘X Gl — (&;7“ \/+__ L k X wc ?___22 — L /{’ VO Viox

- i

f _P I} (‘- \ “(" —_— (
for VY = Vl , /= ¢ a 2)
1 and || refer to perperidicular and parallel components 

:‘with respect to the magnetic field direction. Operating (a 1)
by (D+Y) and substituting (a 2) and then taking the dot

product with {? ; we get

2
e ) *- V= & (pe) & el o £ \/ — 1k J+?‘)

)/l

..L'_
ﬂ»

or making use of equation (4.16) and the condition k = *%>O

which is justified for longitudinal waves, we get

2
I‘ 2 b} , £ ’ . ‘f ﬁl 4 L vy
DY)+ | oy = L8 (D+u)( =, _,‘~f‘:i~w~
LU‘ T0) b ] fovi= iZe! (D )(“7J J /> Te
(a 3)
S
Small contrlhutlon from Y% terms hws been ignored.

Ecquation (4.14) is now operated by )“ j\+—D) «L(U ij and
(a 3) is substltuted in the result and a little rearrangement

gives
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.,:‘\"2 \‘ D Y) (:D-FD\) ( BN T+ U/ﬁ (. i)+))>< )i 6/}

a5 i 2 - ‘2."3 S
4+ & 5 (DY) "= W' D i — Co t R Ve

| -1
- Operating with (_D -+ )/1) ,
IS : eV, z f
i.’E) 4+ VD 4 r_x)p‘, ]'y e (h+)))/ 2 77 - F’ s =

w2y (puteikoy )

_,___.._.——

.D ,
o | :2_ i~ *—(;-‘ -~ gv 7
| ROV & 2y vl kv ridt
LA G Y — (;;L)CM (f', /L ' \/O n df M"_D (/U(" L}/ +[( /? '0) ( f;
__;_ S - -

Now returning back to the original notations and ignoring

_ the terms of the order /l)(L; /“) we get

., %L .2 4w 1.7 /? ")”SCZXL
‘}5%24'1] at = R Tk ’Q’” 7_7// % f Y Tk

- s
&

< —‘l—)j,\lklo e (a.17)

where
i 2 ) L
o = J, . A (U 4 /kf :’7 b
H . ;..)I >~
J - - ¥R
7 J
] ,’ N
1 fu T LT Yoy L ) g,
anda i _F)l, - i v/ "} '/ }//:]/
¢ e i , ‘ , ,
and ]/ 1 refer to the two species, electrons and ions.
<. 'L,/ : -

The nonlinear terms on the right hand side of equation (4.17)

describe the Qxcitaﬁibﬂ'ﬁf fast fluctuations by an interaction
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of the eguilibrium oscillating field with the ambient low
frequency fluctuations. The first linear term on right
_hand side is due to the space chdrge produced at the side

”bénd freguencies.
Close to the lower hybrid frequency (TCLkE <?LQ%3<<Q%Q}
we can drop the first and second term for ‘/~%>e in equation

 (4.17) and the electron equation can be solved quite simply

to give R 9
: —i— CU,., - + ' 2 T . g
pr {2 ot __J:,’i Y,l' — Eq:.)._.(f‘i'; J L r{ U;)? Wek dt
= £4 (:!’\)2- LI U)l &2
TR Ra
. S pa
—( T))>Z‘f%’l e;n/(/J LE
' Re (4.18)

N - ,. 2 :
The last term of Eq. (4.18) is () ( Gy (4, *\')Je)/OJCQ_ ) ,

and will be deleted.

Substituting this expression for ?Qﬁz into ion equation

and assuming the cuasineutrality for the ambient low frequency
< R
— ) <

fluctuations (‘ﬁﬁep;:: )ZTP = T ) , we obtain

?&(O

- ‘2_ R 2 2 -f - ) ‘ 2_ .

P . D.,Q A G ey L 7 o J ) d{
"’?ﬁl T Y ]Y’L ke = L& Wy @y Jew ) .0 )56
LOT

ik 2V S
B LK »t Wk (4.19)

g A\, ;; . i./ﬂ
| L e - /2
Yy = ’Uw f‘,@& e w'a’ﬂ e }
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denctes the lower hybrid frequency.

In the absence of the background density fluctuations;
Ec. (4.19) describes the ncrmal lower hybrid mode (right

hand side is zero for Tﬁf — () with k\\z o« The right’
hand side describes the coupling between pump f£ield and the
background density fluctuations. We notice that both
electron (first term) and ion. (secoﬁd term) excursionsin

the external field are effective in providing coupling between

fast and slcw fluctuations.

Let us try te understand the physics of theée coupling
terms. This can be conveniently done by using the k, [l}(
method develéped by Lee and Kaw [—15.1 . This method is
fully equivalent tc Vlascov - Maxwell equations and yet is
simpler and much more physically transparent. Using this

- method we can write,

) ﬁf ) - o e | , .
(4.20 a)

(4.20 b)

. o o o , [
Mo = ~ i ( k- Ar\/(eo) 7'?:k — | (’< AXe )%G

. wherez&fxlwis theHéxqgrsiQn length of the species / in the
: S e e LT o




65

(.

o T' .
;external field L’ CCV"(U'fand, Ll,/' is the excursion
1cncrth in the space charge field E‘F © Taking the second

time derivative of Eqg. (4,20 a), we obtain

) L ) o e
chd ‘71:T ; 't<  a\V5[ /m? 1‘§ k'.f;jc

5’;5: = — | ) 7(4 /(jk m,

I

oo e T g |
kL /H~.,,"®pi<h’/< e‘<> (4,21

“where the magnetic field effects are ignored for ions
; P
o AN , - ; . ‘,F; . . B _’ ‘r
(since GO, }>Illlk). Expressing ZATXQ alsc in terms cof [
~ (note that we arc mainly interested in the excursicn along

~the electric field Eﬁf Y, Eg. (4.20 b) can be written~in the

Q)( (”Pé

form -
LA

£ e fik Uopyw —

ek Gy + 00

??*H

J—-
PQ

(4,22)

‘1 Substitution of BEg. (4.22) into Eq. (4.21) and use. of the
quasineutrality conditicn 'Hé?k-kﬁ 7]5% , now, lead to

Ba. (4.19) (for ltt: O and Teo = 72, ) ). Egs.
(4.20 a, b) thus give the physical interpretaticon of the
’éoupling terms on the right hand side of Eag.(4.,19),., Particle
densify fluctuatiéns at thekside band frequencies afe produced
becaﬁse the external field at(&)o displaces particles along

the directidn‘cﬁldéhﬁity\gradient set up by the low freqﬁéncy




’wave, the seccnd term in Egs. (420 a, b) is due to the space

charge effects produced‘by self-consistent fields.

Equatiocn (4.19) can readily be sclved for fluctuating

,ccmpchents at the frequencies J +Q). » the loweet crder
=W, ¢

‘side bands. The sclution is given in the appendix. Formally

we can write the scluticn in the fcllowing form,

- -, ‘ S
) T SURPEN kY oS ayut
_.,{ r(\ﬂ SH?Q)D't +6)‘-(\) _0 77}( (4.23)
where FD( kn) and é{ﬁi() are complex co-efficients and have been
:évaluated in the appendix. Eguation (4 18) now provides the

scluticn of Wﬂepwhlch ccmblncd with the Pcisscn's oauwtlcn
allows us tc write thc self~ccnsistent field [k in the form

| E\/ __._...’n‘féftzé-—it B% (P*)S«n coo+ —\—Q( )COC&VCJ

: (4 24)

ACcefficients T{(}()Eﬂni E;(k) are related tc‘F?(K)and éL(LQ)

respectively and are defined again in the appendix.

Knoewing the value of E:k'l cf course, cne can sclve

S | . . b/f;:‘

: the equaticn ¢f mcticn (see the appendlx)and find the velocity
P [—(s@e %R ) sincost
+ (W, R=2'S )Cqu°t7

”"'“/ —-—&

+ _,k X B@__ co' EQ S cu;c +5 Co_s aﬁot
Bl

T

1(4.25)
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- Ancmalous Abscorpticn Coefficient

We have already defined the ancmalcus abscrpticn coefficient

n Ea. (4.3). In temms c¢f the Fourier components, Eg. (4.2)

;an be written as

- e <o

{
'1E> \/O( E +Q§ W K EC’ \/I

v

| N \ f | E
——fr—e,> M, Vo, E +eny 2 Vi B
.t'-'[f<"'

,,.k 1o "r\ <
. Making use of Fqs. (4, 24) - (4 .25), we can wrlte fln%lly,
TEN Ju <) P Eo 2)/ (k) ine @ri RARIZY
ot §mof 2 w2 gl TKZ U=
4" )
Yo T O S <
D (k) Mo 0 B e oy (R Ry + ,)}
+§ ) C»‘JO )7/70‘ 2 k (/ B }/

This c<mb1na< with Eg. (4.3), gives the ancmalcus abscrpticn

Cefficient (due te icns)s

‘\ Eo
= U (%) - >D<H(4rrm|63)~—‘fgg. >

k<

3:5

- R Bet5c=x
- ﬂ k (‘4’ Trﬂclym Copl>( kZ EOZ

,«—v

(4.26)

In the absence ¢f low frequency fluctuaticns, we have
%Eﬁrl%'<k0>which is the ncrmal damping rate cf the cscillating

lectric field‘at'the-frequency Cg%:and wave number L(o . If )&'
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deﬁctes Lgndaq damping and L{(k640)is negligibly small,
we can, cf ccurse ignore this ncrmal damping., Coupling
tc shorter wavelength lcwer'hybrid_modes enhances the
démping rate ¢f the .%jmode, both because the amplitudes

of the sideband mcdes are rescnantly enhanced and also

because the damping rate at the shorter wavelength is larger.

The quantities_Fz(k) and ES (4ﬂ) contain terms proporticnal

.t beth k-l;b and Pﬂ (F})){jgb) . Thus in general, the ccupling.

due tc¢ particle excursicns along the electric field as well as

acrcoss the electric field is effective.

Equaticn (4.26) for :l% is rather ccmplicated
because ¢f the lengthy expressicns for T%({(Band f; (t(> .
_ We shall now ccnsider scme simple situaticns where the

'ﬁ'complexity can be reduced ccnsiderably and approximate

estimates can be made.
= —>

@ K o' —

Let us ccnsider the case where the wave vectors of the
backgrcund loew frequency fluctuaticns ar@’criented alcng the
directicn ¢f the oscillating electric field. Assuming
cgﬂoe <L Cu%:é? ; cne can show that in the lower hybrid
frecrueﬁcy range C\)O‘/’ Cb‘p;_ and O‘)CLT << CQO << C\)CEE , the icn

excursion alceng the electric field dominates the coupling

process. We then cbtain
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where Cg\& - COO”CQLHU(‘) is the frequency mismatch

and cnly the leading terms have been retained.

This case is evidently very similar tc the ancmalcus

damping c¢f electrcn plasma waves in an unmagnetized plasma

with low . freguencyY turbulence. Here the icns are free to

mcve but electrcns are held back by the magnetic field (in
ccntrast tc plasma waves where icns are frczen and electrons
mecve) .  For o ) << é the ancmalcus damning rate may be

estimated tc be )

2- - L
AN SR R S
‘ e )). k - ;Ed« 2 =
;))E e » (é ) Mo ! (4.28)

2 2 \Y
Since{ {.A)l»_)'L /( a -+ )/Lv/l{,) 2} can be very large,
‘ L),, /l} (/\07 may —l)ssume large values even for moderate
‘Values cf ‘ ’Hl /'}701 . Equaticn (4.27) alsc shcws a

maximum with respect to {(g - variaticn. It turns cut to be

YA << /) U))"' S |2
)—J — '))_(kb) +l "“w-l—"”"""’l‘ /)7
= L 4 (%4 ul/

<

at gk—; O . Thus ymax:r.mum;c,‘ccurs at exact rescnance. One
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shculd, of ccurse, realise that ) can not exceed CJ .+ the
. E ' .
- maximum that any <cllective effect invelving icn moticn is

able tc vield.
— __.__—_}
y k LBy

In this case thce dominant ccupling will be due tce the

( E‘Xlg.) excursicn cof electrons and for low density plasma
2 0 !

4 — -%7/ 5 -l—(”fq‘-
<k)) }U(CSK ;ﬁ J/K][(cw(ﬁ,b

(4.29)

= ».(k)+ —B¢
e () A,w(f

The crder ¢f magnitude of D)» , in this case, is larger

I=

‘ 2. 2L
by a factcor CQFM'a/CUCJ for the same level of initial
fluctuaticns %r /’77 . Thus it orihears that those
'iﬂ—valucs cf lower £rbqubncy fluctuatlrns will C(ntrlbute

mest which are almast perpendiculer te the applied field

for the ancmalcus icn heating ¢f a low density plasma
(a2
.kujbe\§ucﬁjg.

4.4 Discussicn

We have shown that a‘lfng wavelength ¢scillating electric

field at lower hybrid frequency can be ancmalcusly abscrbed
in a plasma with shcrt wavelength low freguency fluctuaticns

OUO P prL ., we cbtain ' 2
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because cf their coupling to shért wavelength lower hybrid

-medes which are damped. The damping ¢ £ short wavelength
"lcwer hybrid modes could be due to Landau type rescnant
‘ ‘1ntcract1cn with ilcns prcv1@od their phase vglﬂc1ty /ﬁ
' 3is of the crder o¢f the icn thermal speed and therefcrevene'
cculd have an efficient methcd Qf‘putting the electric field
energy intc ions. The typical rate of ancmalous abscrption
_is.determined‘by Eqns. (4.27) to (4.29) and )%;‘canvtake |
values aé large as a fraction of GJP; . A noteworthy point
‘::is that ancmalcus abscrption ¢f lower hybrid waves can result
;even if’th@ wave is not intense encﬁgh tc excite parameﬁric’

1nsca}111t1cs, the only rLGUIrOant is that there shculd be

a SlgnlflCTnt amcunt of ambient Iow frequoncy fluctuatlons in

the medium. The result cf thrgsh(lﬁless an<mglous abSCrptlcn

may be ¢f scme relevance tc recent experiments [’17’1

It is easy tc see physically why the ancmalcus abscrpticn
ccefficient takes the form shcwn in Eg. (4.27) to (4.29). The
external cscillating. field interacting with l@w’frequency
- fluctuaticns drives the dampec lower hybrid mecdes in the plasma.
When the cscillating field itself is close to¢ the lower hybrid
~ frequency, it drives the natural cscillaticns rescnantly anﬂ
their amplitude beccmes quite large, typically [?L)// é‘+J LP}?,
times the driving amplltude)where gkils the frequency mismatch.

These large amplitude lower hybrid modes gre damped at their
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pa

natural cdamping rate, i.e., 3)»;X amplitucde which effectively

. 9
pracduces a large damping of the driving field at a rate L/ACZQ%'Cﬁéb/ i
S 2 ' 4
- Vs /
NS
S 2

to /

c \ e \
Egs. (4.27) to (4.29). DNete that )Ll/'is the normal Landau
<

) where (C 1s a coupling coefiicient proporticnal

. This is the physical interpretaticn cf

damping rate at wave number k; .

We should like to add a word here abcout the nature and

rcle ¢f the low frequency backgrcound ncise. For the purpcese

of the threshcldless ancmalcus abscorpticn, as shown above,

the backgrcund waves have conly te satisfy the conditicons Qj<3icoﬁ

andl F§‘§> ko . Thus any natural low freguency short wavelength
waves in the medium are suitable. Low freguency drift waves
_can serve as a typical example in cur case, Such waves ncrmally
- exist in mest lakcoratory plasmas, cwing to the exdistence of

free energy scurces in the form of density gradient etc.

Since the natural damping of these waves is quite low

;<1J%ﬁCtx f%(k))‘ they undergce very little energy loss tc the
plasma and dc not contribute significantly tc¢ heating. However,

 the sidebands which are excited by their help in the presenéé

= of the pump wave have a large damping rate (ll)ﬁézcgk)>§>ik))
{’and cause ccnsiderable heating ¢f the plasma, mest of the energy

~abscrbed ceming from the pump wave.

Finally, it may be remarked that the use ¢f dipcle

apprceximaticn ( L(ng;g) for external cscillating field is
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justifiéd aé leng as thé low frequency fluctuatioﬁs have
wavelength short compared to the scale length of variaticn

of the primary field. In any event, this is nct an essential
apprgximaticn. Similarly, the %ﬁrfzﬁapprhximaticn fcr all the

~lecwer hybrid mode can be readily medified.

Recently Okuda, Churand.Daws0n v18 have cbserved
 a large ﬂamping of loewer hybrid waves in computer simulaticn
experiment. They attribute it tc the turbulent electrcn‘
diffusicn produced by the fields cf long wave length low
frecquency fluctuaticns like ccnvective cells. Since the
turbulent damping rate is proporticnal to the level of
fluctuaticns, it beccmes impcrtant in a turbulent piasma.
They nctice that the large damping due tc turbulent diffusicﬁ
cf particles (as they have cbserved) is significant cnly
for intermerinte wavelengths as for short wavelengths normal
icn Landau Jamping dominates while for longer wave lengths icn
collisional damping dominates. It is important to point out
the difference with our work. We have considered the effﬁgt
of short wavelength low frequency turbulence in the background
on lower hybrid wave damping while they attribute their results

to the particle diffusion produced by long wavelength low

frequency turbulences.
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. Appendix
Solution of Edg. (4.19)

E Equation (l 19) is aJ‘l‘ @1

Ca i (L 4y A4S s
[tw %L +0) ]m [@2 J()\—U Tt
SV, |

+.k

This can be written as

?(T\Jﬁ,k! ~\—>)TJ+C ]7’?k

— 1 /Y7kl g:?1¥ C;‘77(*DC)L “"i) (:C7SfﬂJq?] (n

where - ;z' and ] andiD'will be defined belowe.
= ot k ks

-

Solution ?f this equation is straightforward and can

~be written in the form

L St B

(A-2)

‘ +lCLk+Ek R
.f ( N %—lOJ5> f:(i-/&)~ |COO> j (A-3)

and
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Q‘k +t bk 7k CLK — | JV 7 |
(; (Lo 6D ) j((/y(k)__160‘> { (A1)
(k)
£ (.—wow !(U RN [CO-:~ 5+ "T (2-5)

It has been assumed that

‘ 2
Co;l.f (/\)LH = (@o+le~\>(CQo MQ‘)LH)

0 52 C&) ég | (A~6)

Clﬂqii CL%}—-()DLAH e éi;<:?: Cl>o

for 7% (e} A
oo & Loy

Substituting (A-5) in (a-3) and (A-4), we get

~ - L (K)
= g‘"’bkc(ln< gk:)'T'”“E?éf‘i;m
TP 7o) (o564 YK
. " : ‘TZL'
b (03 +0,) + a2 (/2




Pe%

~ (L
l

L &ﬂﬂ*k

We also note that

PEk)= PR

VAN (w 4‘,‘ Vi /4

@ ' ~«-b<2%(‘
L8 ((Q +5 ) — B 7
(@ﬁ {S(J - f/</4aj

where A( refers to complex conjugate.

EXprcss:Lon for RU{) and D(")

Deleting the small contribution of the order o£ Cy /Cr

of the last term in Eg.

(4.18), we can write

2 R L |
iy _ Qupe ’?’77/6/ _i C%e (k'erwekd"t
> (A,A.)r?e

| Let us dezlne\/(k)and Z(k such that
Yck Sm;@‘f? —- Z(k)COC&)’?‘f fk (jéadt)

then

7"‘{«2 .

fjﬂg.. ’)7/
T\je

7;: 5 <;.L>ce D/(k) SinayT

7?6

L7(k) Cos &JJCY
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{ : ‘
QF'> can be written in the form

‘F%M Z_{’E_WQ kL’[?(k ) Gim gt -+ SCk) COSCOOH/}/

(k) = (@%" /&%@)(P(K)W | Y(M)
g () = B — [ Z(K

Solution of equation of motion for ions, — #;

7C 3C o (kY

i e
- Treating the last two termo as perturbation

v i G ) Cos Cogt + SCKIStn et |
Kt k* g Gy I
~ where L’l has been substituted in terms of 7{(1\} Cbﬂujfx(k)‘,

" Using this value of VQ{ in the last twoe terms of ecquation of

motion, we o%t11n

v T m: uupl %l/ { (SCK) A 2k ) R (k) ) Sim ot
v T

@Rk} = 9(4<>@5c%tz

— >

R X XA 172( ) Sim wo‘t+g(l/)Qﬂ” 7}

Evaluation of Cl(ﬂ()} k)($<))\fll() CLWﬂcJZZ 6k) . T

To evaluate these coefficients one has to solve the zero

order cguation of motion for electrons and ions in the presence
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of pump field. Making use cf the conditions C;od <L Q_)O<< wce
and assuming ))((ko\) and )Je( ‘(0) to be small, the solutions

can easily be written in the following fcrm.

For ko =0

Yor=2 Eo {%mco it —\—E-.‘—"U‘D') oS COOJE]

WH« C«)(\
)) k)

’\,_ SL E XCJQL /(L)U(f&( [Q >( ol \5</Y7 wot
O\)O CJJCA O Cx 0 , 'S C'L)gjt
= € E‘Qci).___]. _ e(k) \i'j] -

e (g (,L)C}z LSUH Wol 7= o

- . Kn) (:{)
e EgX e Yo oS mf+2u€( 0 Soma

mq_ G Cika Cre C,Q. “/

~ Using this expression for U‘pwe can write

}' Upe dbt = T i\P Eo — Cof (Wp L-‘Mé,w&) L7
L2

0,2 z Oy (Ve |
+ k. EDXBQ Sim Gyt — 2V (ko) OCes CUTL]}
B Wy Wre | Coca®

=Y Sinwet +7Z Coscoyt (vy aesinition of ¥ & 2)

Therefore we get

2 Velk) XFo 4 & —— oK. o
\/( K ) Tn ¢ SLIO ) Cra Gy + 'H’u ”y, OCOC,L B o
e a3 ) . Ae )/\ ’ E(v_) Q Q 1)€/< 1‘( ) | k s (] X EQ
Z’ ( Kl=— M ¢ g Cl)u_ Yru D¢ 4_’ COQQ:L 5 s

Similarly writing
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k %..L__ ot E \/\ E()%OSC(>6t — ('( o ,S‘h ({)Oﬂ

y) (\u
L e Cb‘o, k [ 31,5_.9 [:_,)m ) ~ C0O S(J)YL
sEven BN IS VN B, O g
M SO A~ Q(/)’ICU‘t‘}

Substituting these expressions for k %%, Q/Hd ﬁ( ‘JZ) (“H’

 '< 11’1 (A-1) we find

; ) C/\ (. E XF) \’
Ly ( ) C); () l) \z)> ~Cs k 0
alk)=— if__,a_,:;fg Ve +m[ L b oy M)

'QE,Q
a2 2¢ 2 (k) G FL oXB
Voo @eelBl 7~ R Eom v T o7 B,
AT . |
Re

Though we have taken L‘\D‘{: Dr wWe write ))U’\D)to distinguish

.it from ) (}().
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Chapter V

PFECT O RANDOM’DENSITY‘FLUCTUATIONS'ON PARAMETRIC INTERACTIONS

IN A PLASMA

1 Introduction

The 1nieractlon of intense electromagnetic waves with

plasmag has attracted a great deal of attentlon recently.,

Jhe physical situations where such studles can be upplled are

laser-driven fusion, RF plasma heating, artificial ionospheric

modification, pulsar electrodynamics etc. One of the basic

processes studied widely is parametric excitation of two waves

v the incident (pump) wave. Two types of parametric processes

may be distinguished from each other:

x(a) Eoth the eXcited waves are eiectrostatic €.g. pump photon —»
electron plasma wave + ion acoustic wave. This type of
paramectric process leads to enhanced (i.@. anomalous)
high frequency resistivity of a plasma and is considered
Ato be a‘potential mechanism for plasma heating by radio~
frequénCy or lascr fieldse .

(b) One of the excited medes’is electromagnetic in nature eJg.

'StimulatedvRaman Scattering (SRS) where pump photon —

Scattered photone+VeleCtron plasma wave oOr Stimulated

Brillouin SCattering (SBS) where pump photOn ' Scatterad photon +




ion acoustic wave. In this type of parametric process,
the excited photon may propagate out of the plasma and
get lost. Thus in experiments like laser heating, this ‘f

kind of a process is a deleterious process whose ill -

effects must be overcome.

The parametric instability calculations in homogenceous

and weakly inhomogeneous media have been extcnsively disqussed\f
in the literature €. {ﬁ - 3]. 4 unified treatment of
various parametric instabilitieg.in an iﬁfinite homogeneous
unmagnétized plasma is given in Y;4-] where the pump is assumed
to be a plane polarizéd'electromégﬁetié wave. Recent problems
of this neture connected with laser fusion are discussed at
léﬁgth in EjS,Gi] . Finaliy, a review on parametric phenomena

has ~ppeared recently [8—} in literature.

In all these calculations the background plasma is assumed

to be cuiescent. lYowever, the plasma produced by laser

irradiation of a pellet, for example, is likely to be turbulent
in general. This turbulence could be the one produced by

parametric instabilities (in which event the theory we shall

discuss below will be like a 'nonlinear' theory for parametric
instabilities) or may arise as a result of some other agency
promoting plesma fluctuations (e.g. viclent mechanism of plasma

production, some hydrodynamic instabilities etc.). We have

already seen in earlicr chapters that the presence of background

i
i
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“turbulence can significantly modify the plasma properties.

~

Hence itvis nétural to expéct significant effects of the
background turbulence on the parametric coupling process.

Por example, turbulence produces random density fluctuations
in the baékground plasme which may then influence the
propagation characteristics of interacting waves and hence
the parametfic coupling itself. 4n important problem, that
hes perheps gréat relévancé\td laser fusion, is therefdre’the
investigation of parametric coupling processes in a plasma

with background turbulence.

In the present chapter, we shall carry out a detailed
investigation of the effect of cquasi-static random density’
fluctuatlonb on the parametric ccupllng process. A
preliminary investig 3t on of thls type was LCDOLtHd in [j ‘{
For simplicity of presentaticn we Shall discuss in detail
only the problem of stimulated scattering of an intensce
electromagnetic wave off electrstatic plasma waves, i.e.
the problem of stimﬁléted Raman Scattering (SRS). The
analysis can be‘roadily extended to éther parametric processes .
of intercst. We sghall ignore the time dependence of background
denoliy flugtuutﬂo s, l1.e¢. we treat them as quasiwstatié.

This is justified if the time period of their variatién ig
long compared to'the time scales of interest to us e. g. growth
time 5f ihst%bility} wave Deriod etc. The one-dimensional

problem now ef focth ly rLQUCOb to an 1nvcstlgqtlon oF
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Stimulated s¢attering in a pigsﬁa ih which tﬁe backgfound
'dehsity is an irregular functioﬁ of the position variable X .
The basic equation for this problem can be put in the form
cf a fourth order differential equation for the amplitude:of
electrostatic or electromagnetic wave with coefficients as‘
randcm functions of;X'(since the problem is homogeneous inf
time the time variable is eliminated by appropriate Fourier
analysis). Methods developed by Keéller and others [jlolei%]
for the study of wave propagation in random media can now
be adopted for én analysis for this equation; Agsuming thaﬁ
the degree of random inhomogeneity, i.e. (ﬁ1(3(>‘“wqé>/?h)$lffbf}
is small, one can derive an equation for the ensemblé éverage
cf the wave’amplitude<<E’> which is correct to terms of order
6 , ;
\ éi\L". The averaging is carried out over an enscmble of
similarly prepared gsystems with the backgrcund density és a

random function of positicn.

If the basic plasma is homogeneous, ?ﬂois independent ofj{)
we can use the equatiocn for<:E'> to derive the mcdified dispersicn~
relaticn correct to order {6}2; This dispersion relation,' |
invelves the twe peint correlaticn function for the turbulenée.
Agsuming a Gaussian correlation functicn cne can sclve the
vdispersicn_relation in twoe dnteresting limits, i.e; thé limits
of long wavelength and short wavelength turbulence. In’eitherv
casc, there is a weakening of instability but nqt complgte_‘

guenching.
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5.2 Derivation cf Dispersion Relation

In this section we investigate the stimulated Raman
Scattering in a statistically homogenecus plasma with
backgrcund random density fluctuaticns. The electren

density in such a plasma may be written as

Mix) = 'O\”/L J»é(r)) )
wherefﬂois independent of jk‘awkiéj(x)f a rande‘function,

is cbvicusly a quantitativevmeasure of the magnitude of randocm
density fluctuation. 65 isrtaken’to bé time independent because
it is a$sumed that the time variation'pf background electrcn
~density is very slow ccmpared to the time sCales,of interest

te use Wé‘first consider the Qne—dimeps;pnal procblem in Wh;ch

a linearly pclarised electrcmagnetic wave

g e {:,O — oot '
Eo [ eg, CoS (R X — Gt ) (5.2)

' . -2 i)

interacts with an electron plasma wave t&£EXKZXF?C’L

and tther electrcmwgnctlc wave t;t ? EiX#j(;[(h}/u%k>bcth
nprupagatlng alcng x—directicn. We start with the fellowing

set of equaticns.

The WUVL cquwtlcn o

L e
PE _ o9 = 4Ty
D +

(5;3a) 
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/Jc = —-eny — 2 ’ﬁg U, | "'(25.313)

where. 71Q is perturbed electron den51ty and 1f and ]}’ are the

electron velocity under the 1nfluence of pump field [kgand the
ey :
field of scattered transverse wave {Et respectively. Then
W V), g VY= £ (5 4 B
~ T = — = Sy X 1S ,
of T 5+ (0, V) U [E‘-HL e )(5 4)

and d‘U e e U;XB :

™

VJLXBJ M,V 71—
% C +77777 Q\/?

“rm‘: 77@ (5. 5)

are the,equatiOHS'Qf motion at frequencies(k*)~t%dand'ou .

The suffixeSAt and z;correspond to the excited transverse and
longltualnal modes._F% and I? are wave magnetlc fields a55001ated
wlth th@ scattered wave and pump wave rpspectlvely and are | ’

determlned by the Maxwell S eqne. s

Jd 2

e T _/‘#.jé.-a~J0 + !
v"x EOHC — C oot o | . (5.6)

We alsofwrite the continuity equation for the longitudinal

wave -as .

et

t

We can Fourier analjéé@ﬂqs; (5*3):“ (5.7) in time because the

3ty 'JU n o=
+KHVUSL!M1V ,O - (5.7)
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’ plasmavparameters are time - independent. . The component
of Et at frequency QJ—%CQb is off-resonant and hence

unimportant for the problem considered here. The equations

describing theAstimulated’scattering process in this situation
may then be written by eliminating all other variables £rom
Egs. (5. 3) (5.7) except E&—and E%; . Under the assgmptiop
C&, /C< Q) We obtain

o, .ok
(-t £, +w , () —C j)fg %f;%

A _ 9 2 2 ) - (5.83
— G by F (e dEe 1%. de dEg T
O{Kl T)C O{)(.
ff Cdﬁ -
mw (w wo) d)(( '@)-(S‘Sb)
where Qws(x)_,_tg—n'7j(y7{;/ym 1/2 is the localelectron
Piasma frequency, Ve = Lj* /?41f-21s electron thermal

spced. Tt is obvious that ecuations (5.8) are the two

oscillator. equations at frequencies CLD*-Q)O and O

—

respectively and coupled to each other by the pump field E:O.
Defining j}'zf (j /iji and eliminating (Ealfrom

Egs. (5.8a,b) we obtain the operator equation

(’ \\/lw\/') Et\jO

g(ﬁﬂf@) k }(D+I’

(5.9)

whcro

(5.10Db)

is the non-random part'ofrthe‘differ@ntial cperator énd
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v = ki {eca [oo-ike) % K7 +2j £ D-ik.)

9
+ d“ (5.10b)
al)

is the random part of the differential operators Terms of

order q]é /Q‘ have been neglected and the following

definitions have been used
— 2 =
U 7ﬂm, ; E(@ @) ;J/Cl

'<Qﬁ ::(;ﬁ}g/lie is inverse Debye length (5.11)

[ o= ol ] ful

Equation (5.9) is a fourth order differential equation with

coefficients which are random functions of J¢ .

We shall now follow Keller‘[}O'J to obtain ensemble
average cver a large number of similarly prepared systems

of Eg. (5.9)

Let EA? be the solution of homogenecus part of Eq. (5.9),

qu Eﬁ}g ::,C), | (5.12)

So that we.Cnn write Eq. (5.9) as
(\4‘”V) L{,:l(ﬁ "“'P4 t{

Multiplying this bj Pﬁ we get

(5.13)
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Ope’ratihg (5.13) with S\/\ . and taking ensemble average of the

resultant we obtain

R

- \ g ' b
- where <\/> ::Ohas been used and the smaller terms O’f—}ﬁ

have been ignored. et
Thus BEg. (5.14) is correct upto order k ¢ l .

In order té solve”Ec_[. '(5’.14), let us define a Green
- function G’ ()(} )(/) such that
MG XD = (X
(5.1’5)

’remembéring that I\/\ is a differential operator.

By Fourier analysing Eq. (5.15) we get

,(5.16). -

=5 e

G




‘where 'Y‘4,<k.) is a polyﬁomial iﬁ LQ‘ and is given by

M<k ( \<2 W’\ 0) ‘/] kAQ (5.17a)

PR

pe—

and \/”L \(\d / 2' o (5.170)

We also note th{t 1ny function ff‘()’) can be wrltéen aé
{(x) -'O /J:m f(f(x 7</)7L()()d3(
gm,’(‘/m f{v (>, x") £ 0x) e’

by mdklng use of Ede (5415).
since MU is&a differential operator which operateéﬁonlY‘
on the function of X . it can be taken out of the above

integfél“sign;\ééjthat ‘

. ' /'y [ "‘d
00 =(M ) ] 609 ) f (x)ax

By oourating by'{\4 from left hand side we get.

. N /
75(3\) = — | (‘dc)"x/)uf(x’) o X

‘/21 . 0 (5.18)

Using this definition we can write




O NORE . R i
- KVYMIVD R0y =G5 [\/m@( x,x) Vo)
| (Ef()f/)>c/)(’/\ (5.19)

" We now Fourier analyse Ec. (5.14) and make use of

Egs. (5.16) and (5.19) and obtain the dispersion relaticn

M(k) = é@(@f / N T
" ) C ar _dk/ﬁ(k-—L )__(,E(k/) M &)
where ' ,

D) =[(-kTK ] K .

andqu(k)is~defined'in.Eq.~(5.17),;/;>(‘k,> is the Fourieﬁ
,trahsférm,cffthe two poiﬁt correlatiocn functign <35;(X:>6:()(éi>
for the randem density fluctuations. For statistically ’
homogeneous turbﬁlence with Gaﬁssian corr@lations, wé may:
write, : AT R o o FERC E : :
| 2 2,4 |
" o= 77 L (e exp R )

(5.22)

T

Equation (5.20) is cur final dispersicn relation. When

where l~,‘ is the correlation length for the turbulence.

: R : ; 9
the background turbulence is absent, i.c. [ é-l ::;Cuits
roots are given by

; ) 9 a 29 L , | :
M = (k) [k =K =K A% 00

o 1
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‘This is the wellknown dispersicn relation for Stimulated Raman
Scattering in a homogenecus plasma EKL ] . . As an example we
lock for scluticns where the plasma wave vector P’uxw k
and the stimulated electrcmagnetic wave vector L k i i

\
where P and F’grc dcflned by Ec. (5. 11). When Q) LALQ <2i

Cu ,
‘304<uxand 'klEZ}/
This: ccrrasnundo tu\the case gf stlmulafgd fcrward scuttorlng

this is satlsfled for example, <,

Ain a hcmcgeneuus'plasma.’ aklng ‘\ ,,k‘~+tQ'wm1u51ng thc ,

abcve matching conhditicons, one obtains

q(“:( Y;/?V\ v \77/2

- Vo
where fy;,:: (dﬂé/é )((l¥hquD) is the hcomogenecus plasma

(5.24)

temporal gr<wth rate and \/i ) \41 are the magnitudes of

the grcup vglgc1t1es of the electrcmcgnetlc wave and plﬂsma

wavo, rGSLGCthLlY. Eqn. (5 14) 1s the wellknown LXprGSSan fcr

4

inverse gr«wth length in a hcmogeneous plﬁsma. It can alsc
be ﬂoplleﬂ for the case of stlmulutcd bﬁckscwtter(/‘<\g:—~kc))'
:L(Q« &f' Q_ kfé_ ) | cunvective instability provided

that cne includes damping terms in Egne. (5.23) and dces nct

‘exceed the threshold fcr absclute instability.

5.3 Scluticn of the Dispersicn Relaticn

For the case when !_; :#; O+ owe may solve the
dlsmers1<n relaticn (5.20) 1terat1vely.\ qinceiwo are locking

for solutien k'%i”}<if we may approximate FV{( )iﬁ th@.




. o4 .

1ntcgral.(n right hand 51de as ‘. e
™M (k") = ( k—“l/ )45(# /Fcf

/ ) . ,
THe -k integratiwn may ncw be readily carried cut

(in the iimits k <3<1_ ana P L fQ} to give

Mk == i - B[Pl z>/<5

(5.25)

whcre/f7 ( 1s defined by Eqn. (5.22) . We now investigate

thie equaticn in the two limiting cases:
(a) Lcng SCwlc length Turbulenco

In this case \ \ :9\_~_and since ‘( Sl l ;
only the first term in square parenthesis gives a significant
ccntributicn. Taking </kﬁ *(1—+£CL and the resconant

matching ccnditiocn for backscattering)fcr example, we get

2 : 4 |
gk ek =l ka2 L,

where we: have assumed that ‘C{/L“T <3<_i

This is a quadratic which can be sclved for the inverse -

growth length. The case of interest is when turbulence reduces

. ] I :
0 signifiCQntly;.e., l(% !<?<-(7K;j/1\q Vi\\)/i. This:

l\]
corresponds to the neglect ¢f first term and gives




RN ’. ey S 9 ‘ ,
| o (7 (52 [l 1Pl o,
CL . 81 7g/é‘?oo) ity €] [’T (5.28)
Eq. (5.28) agrees with the equaticn derived in L_9;] on
Semi—qhantiﬁative,grcunds within a-numerical factor. It

may therefcre be interpreted as before. Lceng scale length

,turbulcnée is like a series cf weak 1nhkmogeneltlcs whlch

Jntrgducc rnndcm phase mlsmatch in the three 1ntoract1ng WﬁVGs. G

If 6 }\ is. a change’in ‘<f:; kc>‘ 1¥_,\<2; on enccunterlng,

‘a typical plasma density fluctuaticn, then
e L
<< ( ] l\ 7 : i

is like a diffusicn ccefficient for phase change and the

(5.29)

modified inverse growth length is given by ;

%b%/,vlzﬁ - (5.30)
For stimulated Raman Scattering this agrees with the
above equation (5.28).
(p) Short Scale length Turbulence

We next C(néidCr the limit I< \) <?i L. Taklng
’< = t’ 4—\CLanQ LYPpnOlﬂO the cxpcnentlﬁl in the expressicn
for f7 (’Q k,, 7 ; one gets a quadratlc equatlon f@r(%
before. In the 1ntorost1ng regicn of 81gn1flcwnt reducticn

of inverse growth cne obtains
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(5 31)

. S Q;
L E T, | (1/ )
'\;3;/59 25;2; x } v L*” /!C'/ L
[ ¢ .

i ‘ (8 ! B

Since ‘QQ‘L,( 431 1ﬂ , this means that short scale length
turbulence”is less effective in weakening the parametric'
amplificaticn process. Since the correlaticn length for

‘“turbulence is shorter than wave length of interacting waves,

the waves essentially suffer dwmplng as a result of scattering

aff the density disccntihuities. Eg. (5.31) is similar to the
corresponding expression dérived in L?'] on qualitative

grcundse

5.4 Discussicn

We have lnvestlg ~ted the influence of bﬂckgr<und density
fluctuwtl 'ns on the pdrnmetrlé ceupling prLC(SSLS by taklng
SRS (Stimulated Raman Scattering) as an example. The results
can readily be extended to cther laser fusicn decay instabilitics
1ike SBS (Stimulated Brillcuin Scattcring),,decay inte plasma
waves and i:n accustic waves etc. We find that density
fluctuﬁtltns can cnhnnco the grqmth length but Cﬁnntt quench

the instabillty. The ;nfluunce uf density fluctuaticns is
str(ngtr on SRS than on SBS. This w1ll be bo se in: 8BS,
don51ty changtc Jeave the ion wave prupngwtlcn unmcdified
and only produce a weak influence on the high frequency electroQ
magnetic wave. Oth@r forms of turbulcence ©.Je. Velocity

fluctuations, may be more effective in modifying SBS.
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CHAPTER VI

PARAMETRIC EXCITATION OF DRIFT WAVES BY 1ON - TON HYBRID FIELDS 1

6.1 Introduction

In an earlier chapter we studied the heating of
turbulent plasma by a lower hybrid pump and deduced that

Ta thresholdless anomalous heatlng is possible prov1ﬁcd

there exists short wavelencth low frequency background

turbulence. Otten however, snfflClent DOWGL lS readlly
avallablo at low frcqnenc1es and it 15 pOSulble to overcome
the threshold in ord@r to exc1te narametrlc 1nstab111ty
Whlch then leads to effectlve ion hcatlnq° jThlS type

of con51deratlon has led tQ extensive studles of pﬂrametrlc
~waves éxcited by Tow frequency pump wavesSe One such‘
characteristic resonance is’thé iower hybrid resonance [1 - 5}
and we have already seen in ckapter IV that it has been .
con51mered widely for ths PUrpoOSe . 'HOwever, in a tvwlcal
fu51on plﬁsmg con51st1ng of two ion qp901es (e.g. D and T),
it is possible to explolt an even lower frequency.wuvc by
u51ng thgrlon ; ion hyhrlo’reoonanco.\ Such a low froquency
moce 1s cntchly suphcrteﬂ by 1nns and can Le expcctcd to

hgvo the ﬁﬂ(od aﬂvantage of direct heating of icnse.

The ion - ion hybrid resonance was first pointed out by
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-Buchsbaum 4~7 who ﬁiscu s;d th pﬁsélblllty of ion ho ating
‘by normal resonance bsorptlon. sIE h s beehn expcrlméntally \
observed by Haas {?:]and ToYama'E?;»‘i Somerexperlments in
icn heating at the ion -~ ion hybrid frequency have alsc
been ‘reported by Tarasenko et al [7,],_ The possibility of
exciting this mcde by'applying'external oscillating fields
ét lower hybrid frequency or by means Gf modulated eleétron

beams were first studied by wa and Lee [jBVW and later by

. Ott et al X’9.j,,.

In the present chapter we intend tc study thé parametric
instability'éxcited»by'd pumﬁ?(tﬁe extefnal‘wave) at the
BuChshaum frequency. At véry'low_frequeﬁcies} thé\prédominan£ 

electrostatic waves fcund are those supported by ah 1nhfmogcnp—
éus plasma, €.g. drift waves and théref@re'wé study their
behaviour under the influence of the pump'ane% I+ sheuld be

~ pointed cut that, whereas the parametric excitation cof these

lcw fr@duency mades enhances Dlasma heating, it may at the

same tlmo CLHLrlbUtC to unomdlcus plasma transpcort and therefore

be deletericus te plasma confinement.

Driftbwaveé,ha&e‘beén'studied earlier under the:influené@\
<f vcry high rreqﬁvncv fl@ldu (clgoe to plasma frecquency) by ’
Fainberg and Shapiro [}O j'and.by Okamoto et al [}lj] o In
both these works, the appiied electric vectar’ﬁas alcng the

static magnetic field and hence only a parallel nonlinear
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Couplinglwas inVOlved. .Rééently) Sundaram and Kaw[}Zj]

.hWVC inVestigated'the effects of'perpendicular coupling

}

of drlft waves and lower hybrld flleS. At the even lower

~ion-ion hybrid chquency conswdorcd in thLS chapter, there
is a still larger perp@ndicular excursion of the ions and
hence a stronger nerpendicular coupling.

In Section 6.2, we derive a general dispersion relation
for the drift waves in the presence of an ion-ion hybrid

pump."We also delineate the various conditions that allow

us to reduce it to a tractable form. In Section 6.3, we
study the behdv1our of thc low fruquency drlft waves both

1n the presence and in the absoncg of a tampcrature gradlcnt;
In particular, we try to obtain the frequency shifts, growth
Lwtes, thrcshold powcrs and the dependgnco of growth rates on
applied powers in regions much above threshold, Our rcsults

are summarised and discussed in Section 6.4,

6.2  Derivation of Dispersion Relation

We con51dor ‘a plasma consisting of cluctrons and. two.
Species,of.lqns;(e.g.,a D~ T plasma) embedded in a uniform
magnetic field 'F?c = <‘C) C) T; 7 . The plasma is 1nhomogenoous
withla;density~gradlent along the - ax1s V7]7 /&ho -(“/ <)(37
‘where |¢  is positive. Let an a.c. electric field e
| K B T Eosc

e

__-—-‘.7 . i i i
) E;o” cCog cgkff- be applicd transverse to the magnetic field,
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The frrﬂucncy 1) is taken élose toythe'BuChsbaﬁm frequency

which is given by

. % 2/
CQB :;(C«){:\u\) JFC‘“}» \/(C(,’f{ (e,g))(6 )

c{)p‘and_CL%;'are the plasma and cyclotran frecuencies,
respectively, and subscripts 1, 2 refer tc the twe icn species.
Ve neglect the ncnunifcrmity of the applied electric field

(@ipcle approxima ation) as well as the 'skin' effect. Thus at

¢f plasma nrcssure to mﬁgnetlc field pre sure) plosma, w1th

1ts Flcctrgn and 1cn componbnts usc1llat1ng at a froauency'QJ
'unﬂer thc lnfluence rf thp pump flelﬂ | We new w1d3t explorc

the stﬂblllty of thls equlllbrlum agalnst lcw’freduency per—
turbntlfns charactcrlsed by (kl) %—) We rgstrlct cur attenticn
td nerturbﬂtlfns ﬁrmﬂﬂgatlng in the Y- Z plane, i.g., nurmql 

to ‘;7T%. ’Tc derlve cur dlspcr51<n relwtlcn, we sh‘xl1 emplcy

the technique developed by Arnush et al [:13~ " which consists
of trwnsfomnlng to the osc1llutlng frames of tho Vﬂrlous species.
such a technlcme 15 strictly valld only for homogeneous plasmﬁ
However, it can also be ap)lled for the present problem 81nce

we restLlct curselves to perturbations in.the Dljne perpcnﬁlcular
to densi*y cradient (i.e. within a layer of constant density) .

A perturbﬂtlon quantity (:) (/c f \1n the laboratory frame

is related tu the correopondlng perturbatlon Guwntlty (:/ (%7)f>
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in the oscillating frame of th?j'«th species(hjéz e )1/12>

as follows

o

e ARE | | '. -;>, —>
@j(%' t) = @ (72, t) %'(?Z**’Eﬂ'i?@.z)

|
\

.......——o\/

where I{OJ is defined by Cffayl/df = \\] ( \éj’ is

—-/‘:'
equlllbrlum veloc1ty of the osc1llat1ngbf ~th spcc1es . r

e

is thus the excursion of thcﬁ] -th spec1es nwrtlcle unOergéhe

influence cf the applied electric field. We can wrlte,

7 > | | | ~,,
/k R, = K Sim oyt pr COS @t
i V/“ s (6.3)"

wherejkfjahd ;\; are the c<mnnnpnts of the cxcur81on along thp i
wave vector i% M; +hey hﬂve reSpectlvely, phase ﬂlfferpnces
cf zero and/{/ﬂ‘tc the apvlled field, We now take the Focurier

transf« of BT (6.2) and make use of the 1dont1ty

,elpfﬂ‘o Sm(co,\{ +w)} /) J(p)extﬁ[ 'n(courdﬂ

,Qj,(k)@j):;L ( 7( ), (m)(,y(k @ +(n-0)Wy)
¢ ‘, ". ,74)L i | E |

(6 4)

Similerly, the inverse relaticon expressing the fluctuaticns
in the cscillating frame of a given species to the Labcratcry

frame can be written as
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(6.5)

We define susceptibilityjj%j in a given oscillating

xframe'by

N, =0k E/aTe

(6.6)
—_— ' '

- —

wherc rtbwnd f:.' are @ensity and electric field fluctuaticns,
resn@ctlvoly, in that framL, £ .15 the charge corresnonding~
to the ;I -th spec1es. ertlng PClSS(n s equatlon as

F ")’f 4»7T€(N +N-Ne)

\..
/ (6.7)

we make use of Ea. (6.6) to express the density fluctuaticns
in terms of electric fields. The electric fields are further

transfermed to the lakoratery frame by meens of relation (6.4).

v ":’I'hiS‘; gives the relaticn , . ’
' \_)Q C?T? 4’ {'3 e |
’yi\( CL>} FA Vﬂ-—«»ﬁc“ ~ Qb":\ O (6 g
Tm(/zlﬂe \/2(co+ mw)
Yl = — 00 ‘ :

In Eq. (6.8 the fcllewing definiticns hold

e ?ZJk;COS*C‘{’J’*

ok b
ﬁL “"fLL jk 5'7“%3k
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Er.(6.8) gives cne relation between the density“fluctuaticn5;

cf the different plasma ccmponents, calculated in their
resp@ctive-Gscillatihg\frames;~mTwQ\more-felaticﬁs‘can be
almmcdlatelv wrltten dewn, £from svmmetry censideraticnse.
. ime,
l&
sz (725) €

5y OZ);} == 00 | L}’n @} l ’ ’
2 Jm(hﬂ.z)e o /\} (COH’Y ) (6.9) ,
— O ; |

(w+m )

e ‘W'. ‘ iy
,m(,e(co) (w)':zjm(}ze;}@ e Nl(w+m )

W Q =00 H’H e (6. 10)
- +%ej’m(77~€2 e N (WM, )

o

The cceff1c1énts <f AO 1n\re1atlcns (6 8) e (6 10' férm\

an 1nfln1te matrlx whcse determlnﬁnt set to zerc glves us the
: dlSperSlCH relatlcn.‘ we shall now ﬂlscuss the appr(prlﬁte
Ccnditicns under which the determinant can be’truncated ta
a7 X 7 cne as weil as the approximaticns that will reduce
it tc a tractablé fcrm. At the icn = icn hybrid frequency
the electrons are tighly held by the magnetic field (since

< CbLQ. and cne can ncrmally neglect their perpendicular

motion,. Further, the tw< icn ccmponents balwnce their smtunl

space ch rqcs by m(v1ng at aan51te phases. +Thus, even the -

Lnrnllel mctlcn ¢ f the elcctrcns b cemes unlmpwrtant at the
”)Ce(mﬂf)w )K(; Loty Ny

for Y1 =0 - Tn fact, such censideraticn had led Ott et al
i : e : : .

‘Buchsb um rescnance and we can treat

[:9;J,tQ_Scale cut electrons from their prceblem, thus facilitating
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 their‘théOretiCé1 anéleié;as[wéll aé"ﬁheir cdmputer simulations.
In our'case{ hOWever, thé situétidh is:slightly different, The
ion - ik hybrid frequency is now beihﬁ‘émplOYéd as é\pﬁmp
fréquency_and fdr the low frequency modes that it exciteg in
the plasma (i.e., the drift'wéves) the two ion species move in
-phase so that their space charges add up. The electron,parallel
“motion thus becdmes important in ordef to neutralise the space
charge and it is not possibie téfscale the electrons out bf,thé
pfoblém; We have therefore retained the electron contributions
to obtain a more goneral dispersion relation. To truncate the
determinant we ncte thwt for partlcle excur51ons much smaller
than~perturbatlon wavelengths, the argument of th@ Bessel

functicns becomes‘very small, sc that

"Jt--h(yzg’)’<< 1 formyz;m| | KL

Also for LL)<:<]1}, higher corder sideband terms preporticnal

to o XM We 5 YT > 2, are ncnresonant and can be
justifiably ig¢ncred.. - This reduces the determ1n3nt to a 70X 7

one and we'get a disnersiﬁn relaticn as fcllows

(co) =g (m)% (EO)X (u,) J, (72,2)

[C(uw@) 4 ééw wo) 7

gﬁf;ﬂﬁkv‘”|+7L@O+%&b)+x Uﬂ+f o)+1f(w+”w}

and M =

(6.11)

e B For E; ((Lf)“" C) we would recover the

normal drift,waves in an inhcmogenecus plasma and the terms on
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 the rigﬁt hand side of'Ed; (6 ll)'arisé due to barametric
coupling tc icn - ion hybrld waves. It 15 of lntcrcst to
ncte from Eq, (6.11) that anly the relaflve streaming between

twe. ion - spec1cq can lead tc¢ coupling tc icn - icon hybrid

waves (rumombtr )Le (\/L) + O‘)C)M

We shall ncw study the stability prceperties of dispersicn
. . . . 2 .
relation (6.11), in varicus regimes. For k >\ .</ _/L
(thro >\ is the Debye wavelength) we can 1ntrmduce further

')X_ (C() C‘)D) >>_[ and 7{ (@) \/\\>1 ;

L,e
We note that Eq.(6.11) is cquite general and we can study varicus

simplification by treating

) , o
phenomena by suitably calculating the %,sfr'rm fluid equaticns

or kinetic thecry.

6.3  Stability Analysis cf Drift Waves
(i)  Ne Temperature Gradient (v T — ()) -

First, we ceonsider a simple situaticn of an inhcmegenecus
plasma with no temperature gradients. For almost normal
Sen (ko L”' 2 22 .
prc-pagatlctun ‘\\' << ¢ : ‘< LA K , we can easily calculeate

the varicus susceptlbllltles from a 51mh1o fluid medel

J (QN'“ b &ﬁj(‘Plﬂ/&” k“ k2)aﬁl

193 Ji ,,Q) :

( +‘b ) J cJ( a14—c{j) 5 |
Ox i (X [K™2p ) (6.124)
2 (&)+/2J)1a)2'

X () =1 /(’f%l 25 ) (6.12h)
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i

'where )D .k(’l’a/zyr“ )’}Oe ) ‘HOJ -concentratlon of J -th
spe @ £ S

pecies of dons, Co -»—(f«‘,cr Jes) 54|

have assumed \—Tt Z< ﬂe . 2&/ 'is the collision

frequency of ions with neutrals and / or with ilons of different
species, It can also be used 'phenomenologically to mock up

Landau damping in a collisionless plasma. -

For | CO + 2{‘)‘ >‘/\<\; 0-2:;" (ﬂc\/,‘we can write

e 9 - ; T
: g g N D' : »
%j(mi@o)m .._E_)E”_J.;.g 1:\:«5%—&:“?’, - Caa. j
< oo ,-CUJ , | jmb(wo“c\"‘léal:a)
L , £

where we have neglected the small CQntr;Lbutiqn rlslng from
iknhom_oqeneity- éffe’cts and frém pa’rallel motion., Us:v.ng, rel-ltion
(6.13) ana ku.plng in mind the conditions dlscusscd in the

prev1ous Sef“thI’l: we. can: express ( C W -—L C‘)o) as:

c (CD.L w@)__ (5—- a:;:‘:. i))H‘) D
Ry - LSRN
where | ~§ (Q)Q/CQQ>(CO _—(L;C:J>

5"’ — prl “f‘(bfﬁﬂ—) ((’OO ——-QJQ )

Toreg) (fB)D

and.y g e 3) a) W)
i Mf C; R -
o = E; (Cl)g ,——CLRQ / C CL%) — <;;>;D

a is an approximate measure of the deviation of the

(6.14)

/|

pump frequency from the Buchsbaum frequency
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(5 L Cu — oy \md QJH is theﬂmping rate cf the Buchsbaum
mode. If we represent the damplng rate of the drift waves by
), the dlsper81<n relaticn assumes the simple form

‘[C«J(@"@%""‘M) an [5 (er'Lf)] <6

| - (6.15)
| 2

were < = 27, ()‘zu)@\/( b D) ,
S S #(#2 . ).;.(h\/u)”‘y
. e i
52-: Te lm, Z (% /MJ)

!<:‘is prcporticnal to the applied pcwer and can be deflncﬂ as
a threshald parameter, We shall ncw study thc scluticns of
Eq. (5.15).* Before attcmptlng a gonsrﬂl analysls it 1s wkrth—
while considering a simple situaticn when""<\f;<3 and'-i
Aole 3> jw) -
In this regimé, Eq. (6.15) recduces tc

u)(www + J,),[/g/(<§+)) )
which can bL SflVLﬂ to give : 5 lL/(fé; ifL/ZL

; f
©y) L 0, -1 + T, y=z
W= @Wx— 1Y (1) [(OR=1P) T g2y
‘ 2 ,
For moderate amcunts cf applied power (so that

'\ é<é<‘(C*)""2)) ( 5-4— ) ) ,gthefradiCal\can”beuv

expanded togive the following twe moedes: é;

.,w‘ L u{/ 3 kS

iyl N
% 2 (48 +v2) ( ng’(cfw& (6.16a)

K 6 B DY) K 5 (6.16}3;)’

—— 2N T
2 o (5+M) 2 W (S

Chjz,t:"
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CLW' 1is the uSualidrift‘mrde with a shifted frecuency and a

ruducgd damplng rate (E(r 6.?>'C))., (3)2 is a completely
new lcw~# frequency modée arising'pufely due tc the pump -
wave medificaticn of the dispersicn relaticn. It can get

unstable for é <:O :

In general, for (jj’L/‘ 5 5 Lk{ , Ea. (6.15) is a fcurth
degree equatifn, and it is difficult fc extract its exact analytic
reots. We can, however, obtain an estimate of the threshbld
power necessary to excite the drift medes by setting = —kéﬁf

¢
in equaticn (6.15) and separating the real and imaginary partse.

We obtaln

5 s W& 2
X Bty o= S
| (6.17)

\»jr ()<—~<'7¢) -{—)/(LL,HJ)_, 2 X < & ¢ 4+2,)
F X, %)

(6.18’)

where

| ) 2 2
;:()cj%) = E,(ixl“lf(%rv/«/)zj + 42X (g+4) (6.19)

Ecuaticns (6.17) - (6.19) can belinvostigated separately when
6 < (O and when 5 > O e For (§ > () ©ne can obtain a
thresheld conditicn (T}?~>C>> with a finit)¢ . The expression -

for critical power ({/- ‘< ) is then glvun bj

| b)) ez 2 2

(6.20)
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The system os‘cillates at: the 'critvi‘ca_lf frequency

2 2 |
X, = 0o A k) /um ’H)(é ‘H) “’w /2 %, (6.21)

The threshcld power is a functicn cf the magnitude of L&\

ancd we can minimize it by suitably wvarying 8i . The minimum

N

AN

oCccurs. near 8 L~ (0 and is given by

el 8

-~ This can alsc be expressed in terms cf minimum electric

field magnitude - /

& ' 2 A :\ e . i
E X ))D MM wg R
r«yn i ) = ,;M ’)\‘;"> Nval ‘ ( —-(.U )( e ¢%>

Just abcve the minimum threshcld K - "\’M—F K? o) Kf
and X = Xg 4o . Let % be the growth rate. Linearizing

‘equaticns (6.17) - (6 19) in these rruantltles, we abtaln

AX = (2 ¥ 7x) (K= wJ/ o

(6.23)

%2 VK- km)/Km

Therc is thus a linear dependence cf the growth rate and

the frequency shift ¢n the power, near the threshold,. ‘ [

For Z\ < O §i;‘ne can find a threshcld with =0 ) &é} = C'
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" This is glvbn by

chg “*’D‘)H )/IJ; } k , E";

(6.24)

which may‘be minimised with respect to é as usual to give
' 2 l
‘ : £
L M ZZ 2) .\< foer)

It should be noted that, in contrast to the usual parametric

instability calculations [§4:} . this mode acquires a real
part when \(\t> k(c' « HAs a matter of fact, very close

to threshold; the real and imaginary parts of ¢4 are given by

X e (| 0‘/‘”*)(}‘\ /( ’2
: s 'a(,), 2.
g o O ) (1813 (-l /(é ) e

Thus there is no excitation of purely growing modes and one

always has a recal part of frequency with which the mode oscillates.
- Continuing withé;>(}case, as the applied power increases, the

linecar dependence of Z))Q) %y;on ( F:"“ F<h1)as shown by

Ecle (6.23) obviously breaks down ana the drift mode 1is strongly

modified. Much beyond threshold we would prect'x.%}Y>Cﬁ 2 }%4

Tn this llmlt, Egs. (6 17) - (6.20 reduce to
oC f” = 4 7( L
<5 \3' ) (6.27)
) (} . : r“ 2
K& = (5447~ @) + 4% Y (6.0
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o . : o : 5] R
- Solving these equations for ‘ﬁ-\f)"‘ LAMC} ‘ué,"" , we obtain
=JKS /2 J*g Ai
23 2/ ' | (6.29)

e »_‘_,{_:\ //q ’- ("x
¥ =JuE /2 -6 /4

The growth rate maximizes for CS’)’V\ e ( K /4},_)'/5 and

goes as ;
,4 ~(53/2) (k[0
’ at the frec_fuency I//) :
5
(7 / 2) (K[ M ‘
‘JC-’)’V; ( 6.30Db)
(ii) Effect of Tempc,raturc Gradient (v T ( )

In the presence of a weak temperature gradient £y 4k

isothermal plasma ( To = ’T} =T .~-T>, the susceptibilities
: G Z o= ;

can be written as [15 T

N e KL f 3L
W = (— ;J./(ijz Q)T }'\u ,)/(C‘J k /))

7 | ’ ,; 2
e = L /(. K >‘.1>> | (6.31)

where .

Substituting these valucs in the dispersion relation (6.11)

we obtain 505 i _ L - e
- 2 ’ Ay ¥
(b a2 ki an (Wt Yl o= T
: i 7D Ly ’A/ T s Do\
‘ : [ S (i )Z{\ /(6.32)
where | 4-
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is agaih”'a‘measure cf applied power. For '(,T‘:— oF this is

‘a cubic ecquaticn and yi’eld}s the familiar macrcscepic drift
temperature. gradient ‘inst'ability [15] « - In the preserice'of
the pump wave ( KT$(_)> p tﬁe génerai eight degree equaticn

is difficult tc analyse. 5n interesting cbservaticn can, .
 however, be made by regarding the dependence (,f wave frequency
and growth rate on the pcwer in regicns well above the tl‘lresldr""lc;".
Frr such regicns, we have X (ZJ[ >S i (/L)ﬂ‘ and the seccnd term

in equatlrn (6. 32) hbecomes unlmportant. We can thus write

5(5 SY=K, 6

(6.33)

Using dimensicnal arguments, we note that the maximum in’% is

achieved for 5’}’?1 e :‘C’)/y) .« At such values, the depenﬂence
of\é(/m (r X)"?) cn KT come s cut as
| . >"/ 7
34m, o Ly e ( T (6.34)

We hnve alsc ~¢<‘?lveﬁ\ ‘Ecr. (6.33) numerically and this ccnfirms .
‘Lhc sovonth root dqmndcnce of Ll,m ' )(7? cn K (Sen Fig. 1).
Nete that )_777 is the real part of frequency fcr which rj(m is
maximum at (g T (,C?'m, . This peculiar seventh rrct law seems

to be characteristic c¢f the drift temperature mode. It cculd be



Log K -
FIG. 1
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‘51gn1f1C1nt fr(m Hn cxnerlmcntﬂl polnt cf view in thqt it
micht serve as a 51gnature f&r*lcontlfylng the drift
temperature modese

For smaller F<T,it is pcssible e obtaih much ‘lower frequency

instabilities. Foer ) N (o]  + Ba. (6.32) beccmes a

F
Gt E .
gquadratic in CL> Cand - can be s¢lved for small K te glve

v ',‘ ' 2 'ﬁjlﬂ ( P T +<7'A: /’ (Cf 'P lhi )
o k‘ 3( ff+(”Pz)‘J“TL+4 b}‘*(@) +°‘ )“""‘C

(6.35

ey

e

One cf thb cubic rccts c¢f this equﬂtl(n ig a grrw1nq cne, whose
grcwth rate 1ncreases for (E \>p . On the Lthcr hﬁnﬂ f”r 6//6

the apmlloﬂ power. cqn stablllze th growing modes
6.4 Discussicn ancd Summary

We heve investigated the effect of a‘large'amplituﬁe electric
field iscillating’near the icn = icon hybrid frequency cn low -
frequency drift waves, beth in the aksence and in the presence
'gf weakitemperature grqdients. Using a very general dispersicn

; relaticn, we have calculated the thresh:1d powers of the pump

field to parametrically’exc;te drift\Waves in the plasma. We
then examinedthe charactéristiés of the_dispersioh:rélati&n near
the minimum;thresh(lﬂ 1imit as well as in the limit cf very
large applied piwers. |

It is interosting to compare cur results with thcsc o f
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Nishikawa L;l4:} who has discussed the parametric pumping
of a general coupled oscillators system. His final dispersion
relation can be put in a form similar to Eq.(é.ll);i,e.,

B t

(W) = ¢ Xe(@ XD 5y

EW-L) | (6.36)

For the cases considered by him, E:('QQ) — E;(L;Q)> which

is valid for waves like plasma waves, ion acoustic waves, etc.
This permits him to obtain a purely growing mode CL):;'iy_as
the solﬁtion of dispersion relation. For the drift waves,

on the other hand (é.(aj‘i#ééi(;ca) . In this case, a purely

" growing mode  () = é does not satisfy the dlsper81on relatlon,
As a matter of fact, although Fﬂ;ﬁ@ — (O at threshold

(for Q<<C)), as soon as the pump field exceeds the threshold

value, R%?CQ acquires a finite value (Bg. (6.26)).

* Another interesting feature coming out of our analysis
concerns the dependence of the growth rate on pump powcr well -
above threshold. We find that the power law depends on
the (O ~dependence of the co-efficient of the square parenthesis
on rlght hand side of equation (6.32). Thus, for plasma
waves-ion wave coupling CXG?(CO) }Q (Cd) =2¢ Ck)'g and we
obtain a cube root dependence [ﬁ4 J . For the ion - ion
hybrid and drift wave coupling we obtain‘j&ztu))lQ(Yd)IQQZCL))C<(2;
and we get a square root depehdence. Similarly for the

!
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temperature gradient dri £t mode and ion-ion-hybrid mode coupling
o & .

we get ;KQE(LQ);(‘COJ),Kl(aﬂcgco and we get a seventh-root—

dependence (Eg. (6.34)). Thus the dependence goes as(K:)l/(7q+')

where the coefficient of right hand side goes as Cg;77 .

This result could prove useful for an experimental identification.

of drift like modes in a parametric excitation set up.

The expressions for threshold fields and typical growth
rates derived above could be used for making some order of

magnitude estimates for a fusion plasma. This, we may have

a typical threshold field as

- 2
F w (;.»H ) /wgc,og 2 (Mwye e \} (6.37)

This means that when the directed velocity of ions in the
ion ion hybrid field exceeds a small fraction of velocity of
sound, the instability could ke excited. Thus, for fusion
parameters, we obtain X} 1L eSU . We may conclude
that moderately strong ion ion hybrid fields in a fusion

plasma can lead to significant parametric heating effects.

However, we must keep in mind that excitation of such low
frequency modes may also lead to enhanced losses from the
plasma. Furthermore, in a practical situation, one has to worry

about the mechanism of introducing such low-frequency fields

in the plasma.

Finally, we must mention that, strictly speaking, in an
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inhémogeﬁéous plasmé) one must‘include the convective losses
from the instability region and also: do a normal mode analysis
'to'distinguish between convective and absolute inStabiiiEies.
However, for the special‘case with \{ *L‘%3<7)%3' for per-

lo

turbations localized along equi-density contours, the

approximations used by us are quite justified.
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