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In this thesis, we have studied some linedr and nonlinear
properties of processes occurriné in the ionospheric plasma
system and have discussed the results in the light of
experimental observations of iocnospheric irregul-rities.

In the equatorial F region, the long scalesize irregularities
follow a typical k—z power law and at times develop coherently
with asymmetric shapes. The k~2 power law 1s explained by
means of a two-step theofy in which a turbulent generation of
short scalesizes takes place on the gradients of long scalesizes,
if the gradients (representing amplitude to scalesize ratio)

: o]
exceed a certain critical value. This leads to the kX ° law.
Further, it is shown that the two major instabilities generally
believed to be responsible for the large scalesize irregularities,
in the equatorial spread F, the Rayleigh - Taylor and collisional
drift instabilities, may nonlinearly evolve as coherent nonsinusoidal
structures, as observed, due to finite - larmor - radius and
ion - viscosity effects, respectively. For the equatorial electro-
jet region, a generalized fluid theory is developed for the
excitation of mixed electrostatic - electromagnetic (es - em)
modes by retaining e,m. effects (which become important at
long wavelengths, so that Cky/(obeﬁé\ 1), in the analysis.

A new low - frequency mixed €.S. — €.me instability is discovered,



~which has a lower threshold than the ion ~ acoustic speed and
which requires a finite wavé - vector,\%w! . It should be
observable as phase - correlated density - cum - magnetic field
fluctuations in the equatorial electrojet. The two -~ step
theory for the generation of small scalesize type Il equatorial
electrojet irregulurities has been treated by using a nonlinear
mode - coupling calculation and it is shown that the small
scalesizes can grow at the expense of large amplitude large
scalesizes via two - stream or cross - field instabilities.
Next we have shown that field - aligned currents, frequently
observed in the auroral F and E regions, can destabilize ion -
cyclotron waves in a collisional medium (like the ionospheric

E and F regions) due to dissipative effects in the parallel
electron motion. It is also shown that the electrostatic ion -
cyclotron'waves possess some propagating sawtooth-like solutions
at small but finite amplitudes. Finally, we show that the
cross - field current driven resistive ion - acoustic waves,
which may be of relevance to the auroral E region, can have
sSspecial steady state nonharmonic solutions due to finite ion -

viscosity effects.
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INTRCDUCTION

The earth's ionosphere has been an objecﬁ of intense
study for several decades now. Successively improved
experimental techniques and theoretical ideas have
considerably enhanced our understanding of the structure
and ﬁature of the ionosphere. Such studies are of interest

~even today because of their continued widespread applications
to disciplines like radio communications, radio astronomy,

planetary atmospheric studies, etc.

The gross structure of equilibrium ionosphere in
normal quiet conditions and the physical processes involved
in its formation are well understood now. The ionosphere
is, technically defining, that part of earth's atmosphere
which is partially ionized by the solar radiations in the
daytime. Normally bottom of the ionosphere is defined
to be at 70 kms. altitude and the top is loosely assumed to
be at ~ 1000 kms. An ionization density wversus altitude
profile, plotted for daytime conditions, would normally
show a smooth rise in the density from 70 kmsS. upto ~ 85 kms.
when a peak is observed in the curve. After this peak, the
rise is slowed down. This region is called the D region.
The density slowly rises to form another peak at around
100 kms. and this part is called the E region. After.the

E region peak the rise continues until at around 200 kms. a



third peék, denoting the maximum density in the ionosphere,
is obéérved. This par£ of -ionosphere is called the F regicn.
Beyond the F peak, density decreases until tho upper
boundary of icnospherc merges into the plasmasphere. In

the present work, we sﬁall be intercsted only in the

phencmena occuring in E and F rcgions.

-

The aforediscussed daytime ionospheric profile is
determire d by various factors like the production and
loss mechanisms, the distribution of necutrals with respecct
to height and the intensity of incoming solar radiation etc.
The production mechanism is the photoicnization of neutrals
by sclar uv radiaticn in the daytime. The chief loss
processes are losses duc to recombinaticn and diffusion,
with the latter being important cnly at F region altituces.
In the nighttime, as the photcionization is "switched cff",
reccmbination losses eat up most «f the lower ionosphere.
The D regicn disappears while the B region icnizaticn is
depleted considerably. In the F region, recombinaticn
'prccess is vory slow and thercfere F regicn survives even
in the nighttime; although the peak now shifts to higher
heights like 400 kms. The existence of peaks in the ionosphere,
imply equilibrium icnizaticn density gradients in the
medium and is one of its characteristic features. Another
feature cf the equilibrium icnosphere is the existence of

currents in it. One such current system flows in the E region
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and is.widely knéwn as-‘the oq current system. The physical
crigin of this current éystém lies in the fact that the
jonospheric conductivity transverse tc the earth's

magnetic field displays a maximum at the E region heights,
with much smaller values below and above it. Thus, when the
tidal winds carry the neutral atmosphere across the earth's
magnetic field, emf and currents are induced in the

embedded ionization owing to its high transverse conductivity.
This current system is locally enhanced at the equator where
the special geometric configuration of nearly hcrizontal
magnetic field lines causes an inhibition of vertical current,
which results into a polarizaticn electric field. The
resulting enhanced current system is commonly known as the
equatorial electrojet. In the auroral regions, where the
magnetic field lines are nearly vertical, the precipitation
of charged particles along the field lines during the aurcral
activity, constitutes the flow of intense field-aligned
currents, éll the way from the top of ionosphere down to

E-region altitudes.

The numerous experimental observations on ionosphere

(using experimental techniques like ionosondes, VHE back -

scatter radar; rocket and satellite in-situ probes, radio
star scintillation measurements,etc.) have established that
the ionization density variation with altitude is often not

smooth, but instead, displays enhancements oOr depletions



Superimposed’on a smooth background distfibution. These

are termed as ‘ionization ifregularities'.' Ionization
irregularities are cbserved in all regions of ionosphere,

at all geomagnetic latitudcs,at.any time of the day and with
certain characteristic patterns of geographical and temporal
variations The irregularities are characteristically field -
aligned and display a wide range of spatial scale - sizes
e.g. from a few meters to a few kms. This thesis is devoted
to an understanding of theorigin and certain observed features
of the E and F region irregularities, using principles of

plasma physicse.

Note that the background ionosphere can be regarded as
an essentially unbounded plasma medium which remains temporally
steady on the characteristic time - scales of the irregularities.
The irregularities are then caused by density fluctuations
associated with low - freguency electrostatic waves in the
medium. Such electrostatic waves would be driven by the
sources of free energy in the medium. The obvious sources
of free energy in the equilibrium ionosphere are density gradients,
e¢lectric fields and the associated currents. Consequently,
several linear plasma instability theories have been developed
in order to explain the ionospheric irregularity cbservationse.
In a linear theory one perturbs the equilibrium configuration
with an infinitesmally small perturbation and studies its

stability properties. Following such a procedure we can obtain



'infcfﬁation regarding conditions when the instability is
ljikely to occur and the typical growth time in which it is
likely to develope into saturated state. Such theories
developed for the E and F regions have been successful in
accounting for many observed conditions of onset and time

; s &
scales of growth of irregularities O.

A4s an example, in the eguatorial E region, current-
driven two-stream instability and density gradient-driven
gradient drift instability have been developed to explain
the observationsof small scalesizes ( ~ a few meters) and
iarge scalesizes (~ a few hundred meters) respectively. The
two-stream instability occurs when the relative drift between
electrons and ions exceeds the ion sound speed in the medium
and is invoked to explain the type I echoes of VHEF backscatter
radarl8. The gradient drift instability can occur when the
relative electren.drift is smaller than the ion sound speed
and requires the applied electric field and the gradient to

27 59. Note however, that none of

be in the same direction
these linear theories can explain the excitation of small scale
irregularities, causing type II scatter echoes, in the

equatorial electrojet when the electron drift speed is less

. . 73
than the ion-acoustic speed. ™

In the equatorial F region, a sharp density gradient
is formed on the lower side in the post-sunset hours due to

recombination losses and absence of photoionization. This



results in the excitation of gradient - driven plasma
instabilities. The Rayleigh - Taylor instability of a plasma
possessing a density gradient antiparallel to a gravitational
force and perpendicular tc the earth's magnetic field is
pelieved to generate large scalesizes of the order of a few
kms,28 The collisional drift instability driven by the
electron-ion coulomb collisions in the parallel electron

motion, has been invoked to explain the generation of scalesizes
of the order of a few hundred meters or less33. In this region
too, the generatiocon of small scalesizes responsible for VHE
backscatter echoes can not be explained by any linear theory
directly. Furthermore, above the Fpeak no satisfactory linear
theory seems to be capable of explaining the generation of

large scalesizes. In the top side F region, the density gradient,
much feebler as compared to that on the bottom side, points

in the same direction as gravity and hence is stable for

Rayleigh - Taylor instability.

In the auroral regions too, the two-stream and gradient
drift instabilities have been invoked for E-region where cross-
field currents,known as auroral electrojet, flow27. A field -
aligned current driven ion - cyclotron wave12 and a cross-field

. . . . , 38
current-driven resistive ion acoustic wave have alsoc been

Ccited in the literature as possible sources of irregularities

in the auroral ionosphere.

Recent rocket-borne and satellite-borne in~-situ measurements
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of ionization irregularities have yielded‘néw important
informétion regarding thé spectra and in some cases, the

shapes of the irregularities. As these observations correspond
to the irregularities being in a saturated state of evolution,
nonlincar theories need to be worked out to explain these
observations. The develcpment of nonlinear theory usually
implies going beyond the small amplitude approximation,

taking mode-coupling effects into account, etc. Some work

has alreacy been started on these lines by many workers. Thus,
in order to explain the rocket - observed saw -~ tooth structur656
of the vertical electron density profile in the equatorial E region,
it has been suggested that mode-COUpling of linearly unstable
two-dimensional perturbation to linearly damped spatial structures
in the vertical direction, ultimately leads to the saturation

of cross-field instability and appearance of a total saw - tooth
profile in the vertical direction63. Sato67 and Rogister6O

have considered a quasi-linear shielding of electric field as

a stabilising mechanism of two-stream instability and Rogister6l
has suggested a mode~coupling to linearly damped modes as the
Saturation mechanism for one-dimensional cross-field instability.
;To exXplain the generation of small scalesizes in equatorial
.electrojet associated with type II echoes, Sudan et a173 have
proposed a two-step 'multi-linear' mechanism, in which small

SCalesizes grow linearly on the top of large amplitude large

SCalesizes due to cross-field or two-stream instability



mechahismso Analogously{ for the equatorial spread F, small
scalesize generation has been attributed to.the kinetic drift
instability, due to inverse Landau damping by electron

motion parallel to the field lines, occuring on the top of

. { . . 32
some linearly driven large amplitude large scaleslze mode.

Little work has been done to explain the observations
regarding spectra and shapes of F region irregularities. The
satellite observations have shown that the iarge scalesizes
in the F region have a power spectra going as k—2 and because
most of the time they are observed like intense noise, these
kind of irregularities have been called turbulent irregularities.
Sometimes instead of turbulent ones, a different class of
irregularities has been observed which shows that the power
is confined to a leading scalesize and its sub-multiples.

These irregularities have distorted sinusoidal shapes énd have

. 6 .
been termed as ‘wavellke'l . Later, rocket observations have

4
further confirmed these findings l.

The first part of our thesis is therefore devoted to the
development of nonlinear theories which offer a possible
interpretation of the observations of equatorial F-region
irregularities. &n interpretation of the observed k_2 law is
proposed, using a two-step theory. & mode-coupling calculation
shows that the collisionless and collisional drift instabilities
excite gmall-scale perturbations, if the gradient asscciated

with a large amplitude long scalelength wave (which is the



L o of amplitude to scalesize) exceeds a certain critical

.. Thus in the ecquilibrium situaticn, this ratic remains
ccnstant over a range of long wave;engths, and rests near the
threshold value. This provides a natural explanation for the k-
power law. This calculation alsc shows that the secondary
drift modes do not grow on a large scalelength.drift mocde
because the apprcpriate mode coupling terms cancel out.
Therefore in the egquatcrial F region, Rayleigh - Taylor

instability driven long wavelengths are probably responsible

for the two-step process.

The ncnlinear development of a linearly unstable situation
into a turbulent or a ccherent state is largely determined by
the initial conditions. If initially, many modes with different
scale-lengths are excited, then a turbulent state is likely to
result whereas if only one mode is preferentially excited
linearly, then ccherent mode can evolve. . In the latter event,
nonlinear effects lead to a steepening of the coherent mode
and can generate a saw-tooth shaped structure. The power

distribution between the fundamental scale-size and its sub-multiples

in this case alsc follows a k"% 1aw. Observaticnally, the
difference between a turbulent k-2 spectrum and a coherent k-
spectrum would be the prescnce of intense phase correlations between
varicus k-mcdes in the latter case. However, such phase correlation
measurements have not yet been made and so it is not possible to
decide which (if any one at all!) of the two nonlinear mechanisms

deminates the picture. It is even likely that both effects are
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Simultaneoﬁsly operating, the two-step process leading to
geheration of new structures normal to the original gradient
and the coherent steepening effects leading £o'saw~tooth
shapese.

In a separate section we have therefore developed a
coherent nonlinear thecry for the Rayleigh-Tayvlor instability.
Carrying out the calculation in the cne-dimensional approximation,
we show that ion inertial effects lead to a nonlinear coupliﬁg
of the linearly unstable mode to finite Larmor radius (FLR)
stabilized oscillatory modes, leading to the e*olutioﬁ of a
stationary coherent steepened structure. It is quite clear
that a more realistic calculation would be a two-dimensional
one, where the (EXB).Um term in the continuity equation
generates the important nonlinear effects. However, such a
calculation cannot be done analytically and has been postponed

for future numerical work.

In the last section of the first part, we study the
nonlinear ccherent evolution of the collisional drift instability
uncder the steady-state approximaticn as applicable to the
equatorial F region situation. It is found that due to the ion
Viscosity effects a finite amplitude propagating wave can be

set up in the medium which can have nonsinusoidal shapes.

In the second part of our thesis, we have dealt with the
irregularities associated with the equatorial electrojet. It

is well known that at large wavelengths, such that ¢R < Yee s



11

electromagﬁetic effects on streaming instabilities beccme
important; Past inveStigations for the instabilities in

the electrojet have been made only for the eiectrOStatic
perturbations. In the present study, we have developed

2 generalized fluid treatment for cross~field current

driven electrostatic-electromagnetic ;nstabilities in a

weakly ionized inhomogeneous magnetoplasma39o We discover

a new low frequency es-em instability for modes, satisfying

ﬁk < LQPE, which have a finite &qu(parallel—propagation°
vector) . This instability can be excited even when the relative
drift between electrons and ions is smaller than the ion sound
speed; in the electrojet, it would excite almost field-aligned
density-cun-magnetic field perturbations of large scalesizes

(~ 500 meters).

: . 73
Next we have considered the two-step process of Sudan et al.

foer the generation of small scalesize type II irregularities,

by adopting a nonlinear mode-coupling approach. The results

of earlier workers are corroborated by our treatment also,

viz., the small scalesizes grow in the presence of large amplitude,
large scalesizes, even if the electron drift velocity is smaller

than the ion-sound speed.

In the third part of our work, we have concentrated on the
phenomena taking place in the auroral icncsphere. First, we
have investigated the destabilizing effect of field-aligned

currents, frequently cbserved in these regions during activity
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period_Qn an obliguely p:opagating ion cyclbtron mode in a
ccllisional plasma system such as the icnosphere. It ig

fcund that, these modes grow if a threshold current is
exceeded, with the dissipative mechanisms like electron

thermal concductivity, resistivity etc. in the parallel electron
moticn, causing the growth. We consider the cases of both a
fully ionized plasma as well as a weakly ionized plasma and
‘apply these results to upper F - and E - regions, respectively.
In the upper F - region, effects due to coulomb collisions
predominate over the charged particle neutral collisions in

the wavelength range of interest and hence the assumption of
F-region as a fully - ionized system is used in our work.

40, 8

AIﬂ both cases, the observed currents are found to exceed

the threshcld conditions and drive the instability. Observational

evidence of ion-cyclotron waves in icnosphere vis-a-vis these

results has been discussed.

Next, we have investigated the propagation characteristics
¢t an obliquely propagating electrostatic icn-cyclotron wave
at small but finite amplitudes in a collisionless plasma. It
is found that the nonlinearity associated wiﬁh the ion-inertial
motion for this wave deforms the wave shape to a saw-tcoth-1like
shape. This study was made in analogy to similar studies made
for two other low frequency electrostatic modes of a warm

o . . 65 .
Collisionless plasma, ion-acoustic wave and a drift wave

and was intended as a first step towards an eventual development -



of a nonlinear theory for the collisional ion~cyclotron
instability, which is a topic of future study.

Lastly, we zlso investigated the nonlincar ccherent
evcelution of a cross-field current-driven resistive icn-acocustic

waves in a weakly-icnized magnetoplasma. This instability has

: ) ' e ; : Sadrd
been cited as of relevance to the auroral E-region irregularities

Taul = instabiliﬁy requires a finite parallel wave vector and

is driven by the dissipative mechanisms like resistivity, thermal
conductivity, etc. in the parallel electron motion. Inclusion

of icn-visccsity leads to some special steady-state sclutions of

the resistive ion-acoustic waves with nonsinusocidal shapes.

We recapitulate all the major results of our work in the

last (fifth) chaptex.

°
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CHAPTER 2

IRREGULARITIES IN EQUATORIAL F REGICH

The irregularities in equatorial F region have been
studied both experimentally and theoretically for several
decades nuw. The experimental investigations have been
carried out using various techniques like the ionosonde,
VHF backscatter radar and more recent rocket - and satellite -
- bcrne probe measurements. AS a ccnsequence, a wealth of
observational data exists regarding various features of
these irregularities. There have also been numerous theoretical
attempts tc understand the generation mechanism of these
irregularities in the past. Johnson and Hulburt36 and

a
15

Bungey suggested a gravitational (flute) instability of

the underside of F layer (as the density gradient and gravity

are antiparallel to each other there) which would lead to

pPlasma density irregularities in the medium. Martyn

suggested an EXB instability of an inhomogeneous plasma layer
drifting acrcss the confining magnetic field due to an EXB

drift, in which perturbaticns on the underside of F layer would
grow if it were moving upwards and vice versa. Daggll considered
the convection ¢f irregularities generated in the moderate
latitude E regicn to the equatorial F region along the highly

concducting equipotential magnetic field lines of earth. 1In

7 ;
a more quantitative treatment, Farleyl later showed that the
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minimum scalesizes that could be transported this way, would

be of the order of a few kilometers. Dessler pcstulated

and propagating into the carth's ionosphere could be responsible

for the Spread F irregularities,.

The backscatter radar measurements of equatorial spread F
have :evealed many new features of these irregqularities.
Farley et al_..l9 have critically reviecwed the above theories
in the light of these cbservations and have found that none of
the the ries could satisfactorily explain the experimental data_°
For example, the Rayleigh - Taylor instability [bungey, Johnson
and Hulburé:i could not explain the generation of irreqularities
abeve the F peak, where gravity and the density gradient are
in the parallel direction. Martyn's theory of EXB instability
could not be accepted because irregularities on the underside of
F layer were observed even when it was moving downwards while
according to the theory, in this case, the perturbations should
have been damped away. Dagg's theory of convection of
irregularities from the high -~ latitude E region to equatocrial
F region failed because it cculd account for only scalesizes

¢cf the order of a kilometer or mocre, whereas the radar echces

are caused by small scalesizes of the order of 3 meters. Similarly,

Dessler's theory of irregularities due to hydromagnetic waves was
able tc explain conly scalesizes of the order of tens of kilometers

Or more.
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follcwing Fafley eﬁ,al.lg, it was recagnized that
;robably a single instability mechanism may not be responsible
fcr procducing equatorial spread F irregularities in the whole
_bserved range cf scalesizes, namely.,from a few kms. down to

. z 28, 5 A E
o few mcters. Haerendal has prcposed that most cf the
characteristic features of the large scalesize spread F
irregularities could be expiained by a collisioﬁal mcdification
¢f the theories proposed by Jochnson and Hulburt36 and Dungeyl
viz., a collisicn dominated graVity induced Rayleigh - Taylor
instability. Haerendal has further modified these earlier
treatments by taking the integrated means of plasma quantities
in unit area cross-section flux tubes of earth's magnetic field
lines at the equator, averaged over the entire length of the
dipcle field lines. This theory is capable cof explaining
generation of irregularities even above the F peak. This 1s
because, since the length of the flux tube increases with
cltitude, the plasma content in it alsc increases with
altitude, and one obtains a positive density gradient even
ebove the F peak. In this framewcrk, the F regicn is shown

4

t¢ be unstable uptc the altitudes of approximately 100 kms.

. ) 38
higher than the F peak. Hudson and Kennel = have recently
shown that the collisicnal drift instability has a significant
growth rate for wavelengths of the order of 100 meters or less,

and therefore would contribute tc the total spectrum of spread F
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irreqularities. For the generation of small scalesizes of

. 32
the order of a few meters, a two-step theory has been proposed ~
in which short wavelength seccndary perturbations grow on the
gradients of large amplitude large scalesize primary irregularities

due tc the collisionless drift instability, driven by inverse

electren - Landau damping along the magnetic field lines.

The cufrent understanding of equatorial F region
irregularities may thus be summarized as follows. For the
underside of F regicn and upto 100 kms above the F peak, the
collisional Rayleigh -~ Taylor instability is the source of
irregularities of scalesizes ranging from a few kms. down tc a
few hundred meters. The collisional drift instability is
probably respohsible fcr the scalesizes of the order of a
few hundred meters cr less and the small-scale irregularities
of the order of a few meters are generated by the kinetic drift
instability in a two-stage mechanism. The excitaticn mechanism
for large scalesizes at the heights greater than 100 kms. above
i peék is yet not understood at‘all.

Recent cbservations by the in-situ probe measurements have
provided more information about the irregularities, like shapes,
spectra etc. Such observations mostly correspoﬁd'to the saturated
state cof irregularities and therefoure require the ccnsideration
Oﬁ nonlinear effects in the theoretical treatment, which are
developed to interpret them. In the present chapter, we present

ncnlinear theories to explain two characteristic features of
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lthiegioh'ittégﬁlaritiee.eJFirst,Atheir property of
,tﬁpieal )2 powet'iaw at large scalesizest® and the
16, 4;; In thetfollewing seetiOnSr*fiﬁﬁt,w@
‘twoesteb theory interpretation of,the,k;z_law and
present nonllnear theories cof coherent development of
'elgh = Taylor and collisional drift instabilities

ontext of Elregion.situation.
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o TWO . STEP PROCESSES

Recent experimental observations have sﬁowh that large
scalesize F region irregularities obey a k"2 power law over
two orders of magnitudes of scalesizes and amplitudes of
density fluctuationl6. This essentially means that the
gradients in the waves remain constant over this range, or
in other words, that the amplitude increases almost linearly
with the scalesize. In the present section, we show that this
value of gradient associated with the irregularities corresponds
to e critical value of gradient in the medium, which if exceeded,
makes the sysﬁem unstable to the growth of small scalesize
perturbations due to the drift instability. This is a kind of
two - stage process in which the first stage was the growth
of the large wavelength perturbations itself due to some linear
instebility (like the Rayleich ~ Taylor instability)., The
eventual state in this case is a turbulent one in which smaller
SCalesizes are generated on the top of larger scalesizes and
- this process leads to the amplitude saturation of the larger
Sczlesizes in such a way that they follow a power law going as
k_z. The two-step theory has already been proposed as a mechanism
to generate small scalesizes, responsible for VHF backscatter,
in equatorial Spread F32. The experimental support for the
two--step process in equatorial spread F seems to be coming from

the observation that the small scalesize irregularities are always

detected by the VHF radar only after the occurrence of spread F
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on the ionograms has been reported, with a certain time lag

'lgv
petween the two events .

Ne‘have taken a fresh look at the two—step process here,
We point out that a two-step process is like a nonlinear mode-
mode coupling and should not ke treated like a linear
instability. Thus a careful investigation reveals that we
cannot have a short wavelength drift wave growing on a long
wavelength drift wave because the appropriate mode-coupling
terms cancel each other. Physically this seems to be related
to the fact that in =z drift wave the total first order macro-
scopic velocity of electrons perpendicular to the magnetic
field is zero i.e. the first order electron diamagnetic drift
which would support secondary drift modes is absent. The
important two-step process in the F-region must therefore be
a drift wave growing on the density gradients of a Rayleigh -

Taylor mode (or some other mode) .

Next we show that there exists a threshold value of the
density gradient in the system corresponding to the equatorial

F region, which if exceeded would result in the onset of the
collisional drift instability. Thus &n the equilibrium situation,
the gradients associated With the longer wavelengths lie near
this critical value and hence the property that the amplitudes
are proportional to the scalesize. Thus the two-step process

; -2 :
offers a qualitative explanation of the k spectral law for

the long scalelength irregularities in a natural way.
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e now wish to describe the excitation of secondary
ift'Waves in the F region by collisional drift instability

mcchanlsm in the prcscnc; of a large amplitude long wavelength

OUL starting equations are the two fluiétequatioﬁs for
QSIand electrons which are valid for perturbations with

- S 1 ale ™ o svyste
EL£(<' k }\ g << ] etc. We use a co-ordinate system
ppropriate to the equatorial region) in which the z-axis

o;nﬁs along the magnetic field of the earth, x-axis points

lohg the west - east direction. We ignore the equilibrium

background density gradient and also the effect of gravity on
hf drift ~ dissipative instability which is justified for
XCltathﬂ of not too large wavelengths (viz., greater than the

l\lamnor radius but of thc order of a few tens of meters)

The electron equations are

O ~'..'3FE . ?§¢
- -_— T 2N - (
oz e 5y T e, (3)

Here‘%irefers to the coulomb collisions between electrons\‘\

and ions and the rest of the symbolg have their usual meanin@s.
[\

 The parallel and perpendicular electron velocities are given by
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Te 237M T . |
MU, = — = L 4 e RV
ez . n, ZX (4)
"mve E 0, e_,' Sz |
muv — e = . o
e = | v e (5
L - TﬂQ ‘ﬂﬁxE~WﬁQsz] (5)
wiere . W= e¢ /f"!"é )

'Hgfe we neglected the electron inertia and assumed W &< kzjﬁﬁ'
:In the limit of ve collisions, equation (4) above expresses
tﬁefwell known Boltzmann -~ type relationship between the density
iand‘potential perturbations in the wave,

m_ o~
Lo~ Y

Q

where we used a linearized version of the equation (4).
Substitution of this ralatlon in the equation (5) immediately
; hows that the mdcroccoplc electron velocity across the magnetlc‘
field remains almost equal to zero in a drift wave., On
_s@bstituting the above velocities in the electron equation of

continuity, we obtain

e T M, T PRI = Sy !T'e NedVv  cTe X
. vl A = T s — - VWye ) vy =e
, At m Ve u+, n»mp B %’@Z-Eiz- CR<VL $Cel VT =0
or : Pt “
D mMe Y m vy
Bz - 9% T e D7 } - "“::‘"‘l‘f! ")”e_ (— ‘
TERk D7 - e Ly - oo (v “W«e)w\@(e)

, a ,
The first term in big bﬁckets above is the usual Boltzmann -
eqUilibration and the second term gives the departure of the
density distribution from it due to resistive parallel motion.

The ion equations are
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oM,

— 4 . (nv :
Sk \/_L K L U : J_) = O (7)
/l"\ r _."L.: .-*-'« -E"'YL K l Lr~ _ — e . 1 -
o -
— M
MNV\J‘ +h’]3’7l ("\T—\f\ )_V]}'; ({' AN ™ T/'.L
Loy 17:), (8)
here )X:.ong?:iﬁiand represents the viscosity effects whlle))[TL

e - L

-

.érs to the ion collision frequency with the neutrals. We

all 1qnore the viscosity effects for simplic 1ty in this
satment and also the effects of gravity on drift waves here
'heyelsewhere; Further the ion parallel motion is neglected
'h ch is valid for ) 3 13 (, . We agssume that ions are
:ically EXB drifted but we retain their inertial effects in}ﬁL

1us1ng 1terat1ve procedure, ‘which is equivalent to the

‘Ssumption Lﬂ‘((&?; « Thug Lhe ion veloc1Lv is given by

‘ — T__ ,: T‘ ,\ . : R ‘m A T)z
*'}.:)L‘L‘ - ‘v: - VNAE — Tqiz N U’x% - M ( i =, 4V )) _____ St
0. {
Te A (9)
4 N o
ot . oy 2

Using it in equation (7) we get

s 5 - ‘ T ’“"[3_. = i
aﬂ‘ e (v 1P>~<f~~ ), -] i L.\/J; LY Y)
gt Mo, MOT dt w0 > =

where)). has been neglected for simplicity.
(v e

in (10) the second term describes generation of ion density

fluctuations due to EXB motion of ions along the perpendicular
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lﬂiﬁj-gradient. The tvhird‘i“,erm gives the contribution due
o ;1nlte ion inertia. Electrons set up a Eoltzmann—distri-—
1utiqn along the field lines (seé equation 6) and neutralise
’charge buncllng due to 1ons, this leads to the drift

ve. The higher order corrections to equations (6) and (10)
lﬁhe last terms) are primarily responsible for the

‘sfft;ébility of these waves.

We now gplit the total plasma quantities into zero-order

q};antities and perturbations,

o~

M My 5N+ N

Yoo SY 4 W (11)

. ) 3 . ,
ere terms with & refer to the large - amplitude wave and .

erms with tilde refer to the perturbations. Equations (6)
;and (10) are then linearized with respect to the perturbations

and can be written as

RN 2, Y T
e LA . . . e A L~ . _
5t Teygr T RgE T o LRI TN A (Y R )ve ]
with D :Te* S and
€ ee
= T ‘(72 1
2 < - e Ny, ;~ -
SLO-SoIN -T2 ARG AGYAR L

- (S e
. + ( STH,XQ_Z).V}W:{:.‘]
where terms on the right hand side describe mode - coupling

between the large amplitude mode and the perturbations. We
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assume that the two vary as. &5, ~ 55, [ exp (ihéi-'ﬂgf>

+~C-C-:j - and exp [: iRE — i wt ) fespectively.

Also, we have ignored the nonlinearity in the parallel

electron motion which will be justified later on.
The above eguations now become
. 12

M, : ~ Cle | =
o T S A R VT i &V
. L } :‘Deb‘g ] ’IP QEC, J%\?; LQ. "o Ck

ez) \::

eo -

N _ B - (12)
(Der Moy 4 8oy o) ke (Y -V ]
. .—Y".D rﬁ h E B -

M,

and

[ iwCirmy] N

o~ B N haand 'n’ o~ <l3)
)+ S ‘Eio““’%‘h L0 Ay

c, T
R N R S
- M..Q‘:z Y * + RETR, 2 Rt R,
To the lowest order equation (12) reproduces
M, ~
B g (14)

which we substitute in equation (13) by invoking the quasi-

neutrality condition, namely?k:fﬁ, This leads to

L, Wo= [CT& (Rxe, )R, (

&n,
3 €3 ",
E *\:’vj _ {P ] . (15)
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wheré_the terms.propoftionai to ianinertial cffects (m.b)
have been ignored in (13),vand here s refers to the S~th
fourier -~ mode of perturbations. ' We see from the equation
(15) that if for the large amplitude mode, the relation

é% o~ 3 , ' 2 W
St S )ls satisfied then the perturbed potential "Wg
o

VYo
vanishes. This Bcltzmann-type rclationship between density and
potential perturbations is satisfied for all the drift modes
(see (14)) and consequently the second order drift modes on
them will be absent. We know that the drift.modes~traVel with
the perpendicular diamagnetic drift of electron fluid due to a
pressure gradienﬁ. In the present case this drift is always
equal and opposite to the corresponding Eo X Bo drift. The
- resultant net velocity of electrons perpendicular to Bo is thus
zerogvand thence no higher order drift wave perturbations result.
This is not the case with a Rayleigh - Taylor type of flute
mode. As can be seen from equation (6), for an R - T mode, the

linear relation between density and potential perturbations

may be expressed as

- R . T _
gnb o ‘e - . LD —_—
= (— —cf): P’\.C;_L.vaw" - ( ﬁo) 5V (16)

M,

It may be noted here that for R - T modes, |QE°::(3 « Thus
we were justified in neglecting the parallel electron motion
nonlinearities earlier in the calculations. Thus the conclusion

is that the two step process will take place on the waves for
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whidhfthe :eléti@n (14)'is not satisfiéd; In the equatorial

F region, belowvthe F peak, the R-T mode~seems to be
regponsible for such a process and generating smaller wave-
length drift modes. Equation (15) leads tc the infinite
series \

Liw Y = o ( 1!‘;\«"\!” )

+1
Tl = X (YT YL, )
COLY,,E % (R T W)
- The infinite determinant of this series can be written as
. 6<2 _ 0<1

{,Ju>+'.[ of = o o+ % l‘% =0
L - L g
- AR +i PO e e :

For the nontrivial sclutions of the above equation, one requires

(17)

that
0(1‘
ra
. . o o
LW ‘ v -+ ' o * = O
Lo 4 W - (18)
- -+ sy OO

v DD

This is the dispersion relation for the secondary drift waves.
As our large amplitude mode is an R -~ T mode, we can assume

W ~ 5 , and write
Cr
, 2

. 2 X
A LD A - = = 0O
W~

) e QD
which yields, after some algebra,
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W= * w (19)
o 20T .
where W, o= k(=5 )2k
. X% e Q'Bo v > ood.
o=y ey . .
and L, ~ k oMy ; the first order density
- ~ ,_,L‘ .T)c,» )

gradient asscciated with the large mode.

A I~
In deriving (19) we assumed that R= ¢ @ and b = k<ﬂﬁfﬂ .
. . ) x p.S ~ ‘L,.
If higher order effects like resistive electron parallel motion,
icn inertia, etc. are included then the growth rate for these

drift modes can be written as

,, CL) "))
T (!4—%) 1 _— {m ) (20)

3&'6

The assumption made here was that the nonlinearities do not
significantly modify the smaller effects which lead to the

growth or damping of the drift waves.

From (20), we sece that the growth condition 1s, approximately

h pa ’)-?e —re

Rz A (¥ +3by ) ™M ILL IR ke —j- (21)

We see that the growth depends, among the other factors,

cn the ratio of perpendicular to parallel wavenumbers and on
I3 / )

the driving gradient. We find that the ratic */ k% in the

equatorial F-region is fixed to a maximum value by the following

cecnsiderations. Due to the curvature of earth's magnetic field
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1ine§; there exists a geometfical consfréiht on the minimum
paraliel wavenumber that can exist in the system33. In
principle, the perpendicular wavenuﬁber can be as.large as
?i;;mt cur f£luid analysis is nct valid in this domain.
Therefore the maximum wavenumber is restricted by the
condition lex."v’L <& for the collisional drift instability.
Thus the ratio}?k/ﬂg% for the F regién situation is maximum
for certain modes and these modes grow fastesﬁ in the system,
independent cf all other parameters. From the condition (21)
we see that these modes require a minimum Lcrit—l, in order
to growe The density gradient associated with a wave is
roughly the ratio of fluctuation amplitude to the wavelength..
Therefore if a large - amplitude mode has an amplitude such
that

Amplitude. !

-—-————-2§whfchrit_l

Scalesize "
then, the cecllisional drift waves would become unstable and
would grow at the expense of the large - amplitude mode.
This 'weculd continue until the amplitude of the wave has
decreased such that [‘h’:i'Lcrit, when the large - amplitude
mode is just stable. Thus any wavelength can have only a
maximum amplitude, as given by ~chrit—l X scalesize,

in the stable situation., Therefore the power in a mode can be

represented as
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s ’
L~ 72 - o
SN . ~ 2 =2
//

l A <i.<;710 = j\"—wn¢% CK:'k' : (22)

. . ' . 6 , N
the recent observations by Dyson et a1.¥ do indecd show

that this kind of speétral law ig Qbeyed by the irregularities
in the F region over a large.number of scalesizes. They have
reported two sets of cbscrvations - one below F peak and for
the equatorial latitudes and the other one above the F peak
and for high latitudes. We shall ccnfine our discussion

© mainly to the equétorial cbservations. It seems certain now

that the Rayleigh -~ Taylor instability is the main socurce

«f irregularities at large wavelengths for the equatorial spread Fb'

This mechanism is cperative only below the F peak and has a cut-off

at shorter wavelengths due to finite-larmor-radius (FLR) stabilizetion

effects. We guggest that the fange of scalesizes observed by

Dyson et al. corresponds tc this instability, This range is 7 km.

dewn to 70 meters. The FLR cut-off at shorter wavelengths depends

on the background density gradien£ and would correspond to a
higher minimum 7\Lif the gradient is sharper and vice-versa.
It is known that the gradient varies from day tc day and the
spread F seems to be stronger on the day when the gradient is
weaker4l. This supports the Rayleigh - Taylcr instability
mcdel for longer wavelength spread F irregularities and also
stétes that the FLR 1imit on minimum ?\Lobtained by Hudson

- and Kennel®® for the Rayleigh ~ Taylor instability is not

unique-and can vary fromday to day. Now after arguing that the
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»whglé fangebof irregularitieé'from 7"km$.:t¢ 70 ms. can be

due to the Rayleigh - Taylor iﬁstability mechanism alcne,

we further suggest that their amplitﬁde growth is limited

py the two-step process. Once they exceed this amplitude,
thefcoliisional drift modes are excited and the surplus energy
~geoes into the shorter ‘A‘s thus limiting the power in a mode

te a value governed by the expressioni22} A roudh estimateodt
pumerical value of Lerit given by (22) may alscjbe made. For the

typical values of the parameters for annighttime aititude of
) . ) P T _
A 425 Kms. E '))a ~ |0 5 ~ ] (LR PV A by o 1 Te _ ~5C“35J

>  4am s e > Le Ny 7
[

the Lerit required by a mode withﬂkz;u 100 kms.,’AlA—SO ms.
(which corresponds to a 'fastest' growing mcde), is of the
:crder ~f a few kilometers, as calculated frtm (21). This

agrees well with the @bseEVaticns of Dysin et al.l6 who report

a constant gradient of ~ 3 km. with these irregularities.

2 precise agreement between the two values is noct to be expected
as the parameter Valués vary in the iconcsphere from day to day
and exact values ¢f these parameters on the day of the

irregularity observaticns are uncertain.

We have not said anything about the Qbservations of
Dyscn et al. for high latitude and high altitude ( 706 kms. )
region, sc far. It is certain that the mechanism responsible
f: r these irregularities is not the Rayleigh ; Taylor instability
Abecause the density gradient and gravity point in the same

direction there. Thcugh we do not know the mechanism behind
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the generation of these large-scale irregularities, we suggest
that the amplitude - limiting mechanism seems to be the two -

step precess in this case also (se long as these modes are not

A , , s, = .
modes satisfying the —2 ~ & W relation). These modes
. . (6]

. L .
2180 generate ccllisicnless as well as collisicnal drift modes

of smaller wavelength by the two-step process and their

amplitude and power is governed by the relations (21) and (22)

respectively.

Though all along we have menticned only the collisional drift
instability as the mechanism responsible for cascading down
the energy frcm large j&'s to shortfx 's, the collisicnless
drift instability is an equally possible competing mechanism
-;fur it, as'postulated by Hudson et al.32. Thus in the actual
situation both mechanisms must be cperating and the large-
amplitude mode generates short A 's (hiﬂj7l.l ) by the
ccllisionless drift instability and 7\':3 such that ( R % ;<21

by the ccllisiconal drift instability, thereby the power residing

in a given scalesize being governed by the law {22).

HISCUSSION

-2
Tn the abcve, we have shown that the k = power law Can be
interpreted in terms of a two-step thecry wherein a turbulent

generation of secondary irregularities takes place by the
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1argé scélééizés. This situation is likely to occur when

jnitially many largc scalesize ﬁodes are excited; We

~could also have considered a cocherent nonlinear theory in which

a single mode is excited and, on attaining large amplitudes, dewvelops
~into steepened profiles due ﬁo nonlinearities. we.shall, in fact,
show in the next sections that the Rayleigh - Taylor instability

and collisional drift instability, both can evolve into such

coherent nonlinear waves due to finite - Larmor - radius
stabilization and ion viscosity effects, respecctively. The final
profile in these cases can be saw~tcoth shaped, which as we know,
would also give a k_2 power law for the various component s calesizes.
- However, experimentally they correspond to very different physical

situations.

In the first case the various excited k's are randomly
phased with respect to each other whereas in the second case,
the k's are completely phase correlated. &An experimental
observation which measures the phase correlations between the
various k's ﬁight therefore be very useful in deciding which

of the two is the dominant nonlinecar effect.
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5.2 COHERENT NONLINEAR RAYLEIGH ~ TAYLOR MODE

Recgnt theoretical'and experimental werk on the
equatorial spread F irregulafitics-has,,by and large,
emphasized the role of Rayleigh - Taylor (R - T) instability
in generating large scalesize irregularities in the nighttime

lowerside equatorial‘F‘regiQDZS’ 41

. These irreqularities
ncrmally obey a,k*2 power spectra16 and occasionaliy develop
as coherent modes with .steepened shapes (ﬁhich apparently
corresponds to the nonlinear stage of irregularities). In
this section, we have, tﬁerefore developéd a nonlinear theory
for the R = T instability, in order to explain these features.
fThe set of cne%dimensional (1-d) equaticns describing this
instability is éolVSd in'tﬁe steady state approximation and is
shown tc pcessess épecial pericdic propagating solutions.

This cculd be of direct relevance to the cited experimental
observaticns. A mcre realistic calculaticn for the R - T
instability, however, would be a two~dimensiocnal one wherein
the term E X EfVT!in thevcontinuity equation gives the most
impcrtant nonlinear effects (in contrast tce the icen-inertial
nonlinecarity which is dominant in the 1-d case). But an
analytic solution of this problem cannot be obtained and hence

a numerical investidaticn has been planned in future for this
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Tbeigeqmetry of the sitﬁatiun cdrrésbonding to the
equatorial F region has already beeﬁ described earlier and the
equaticns corresponding to this probicm were presented in the
two-fluid form-in the last section (equations (1-3) ana (7,8)
«f the iast section for electrons and ions respectively). The
cellisions are neglected in the electrcon equaticns and
perturbaticns are supposed to be only in the one-dimension,

. namely, along the y-axis. For such a case, the electron
equations of continuity and motion can be combined to give
e CTe DY dmn
2t €B, 2% odx —© (1)

This equation shows that the electron density changes take
place locally because ¢f EXB convection c¢f electrons along the
density gradient. Fcr the ion equation cf motion, we ignore

céllisions and viscosity effects and write the velocity as

- A A
~UL' = - 'E_ Wh-z%?ﬁ_ Te . ~oL %X?:
P(I _a’.l“ ’r] C '\(’ Q ’ _!ﬂ,:_“: .
2 T T (wnixi;mE T
£. oL Mlll T PVWX;_\E (2)
‘ RAR Mg

K

I A
QL (EZV)EI R%E
Here we ignore the last term (it represents seccnd order
inertial effects) and then substitute the ion velocity in the
continuity equation. This leads to
AL ) (;IL’ YN Tl 2 (51§~ J_ET )
. — - — — : o}
J 4 2Y ANw ptE M’L3 ot i 2Y J (3

where we have ellmlnﬁted_wlw1th the help of (1) In this
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'equﬂﬁiéni fifSt term. cémes from th¢ effeét'of d.c. drift
daue to gravitaticnal force oh ions, thevsecond term gives
the frequency of oscillation of density fluctuation at a
point duevtg the §~X E corv ection of plasma and the third temm
represents the effect of finite icn pressure and inertia.

The first.two terms describe the usual purely growing Rayleigh -
Taylor instability and the third term in the linear linit,
‘represents FLR stabilizaticn effect837. This last temrm is

a nonlinear term, with nonlincarity coming from the ion -
inertial moticne. We lock for special steady state‘solutions

and assume that the quanfities depend only on & 3519*-1Lt:

This leads to

AN <c1 NV g

U — w72 -\TZ) + LN =
L ]dé el L W
~ T
where we have split M= 71+ N, and N = g
o . —i
Also NV o T i th ,(J_‘f_"l .
b= L/N\’O‘é L v L=[n cbc>

assuming N<< 1 (in agreement with the observations of

Dyscn et al.), we write the above equation as

ck N _ [ d N\ G
o= U=} + — N = (5)
(=) dE” > (d_’g w b ©
Introducing the scaling,
C - Q. ?_UE;
L= ,J — andl o= ——=- N (6)
UL U -U) U -

Then equaticn (5) becomes
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ol "3 d. =  2' : o
L _.. ( SESY ) + |c = o _ (7)

G
<4 q v
Here it must be borne in mind that we have assumed 'U_; > W,

This equation has been discussed in detail in the literaturel

earlier. The first integral of (7) is
ol , 2 i (8)

where C. is a constant cf integration. One can readily verify

~-l<Cc <o

that pericdic scluticns are possible only for
For ¢ 22 —1 and | <<{, we may write

RRNCO 2

<. 9 (9)

This corresponds to a situation in which small amplitude

sinusoidal oscillations exist in the system.

The case C &~ - corresponds to large values of k., and CUD/C{CI.)M‘

where M denctes the maximum values of these quantities, r ‘r_‘,\‘
- N

. 1k b
is obtained from (8) by putting < t/c(,CL: O and ( /fiCL) M
2 . ,
from (7) by putting ct 'Cj/cicfl = O 7 « In this limit

the sclutions are strongly nonharmonic and have a triangular

saw~tooth structure. The condition FM>>1 ccrresgponds to

T ) U, — W
< T, /m 2 L:_\ (10)

and can readily be verified fcr ”Ur ~ U « This solution may

represent a qualitative explanation for the steepened irregularity
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structures vbserved by Dyscn et al.l- and Kelley et a1.41.

In the above analysis if FLR term is cmitted, we do not
obtain the periodic solutions for R+T modes. Thus the evolution
ef purely,growing R~T mode intc a ncnlinear propagating wave
ig highly dependent on FLR effects and may be understood as
fcllows. .The linearly unstable wavelength gets coupled to
gshorter FLR - gstable oscillatory Wavelehgths. This nonlinear
interacticn results in the introducticn of a frequency shift
in the frequency of the unstable wave-length and in the saturatcd
state, this frequency shift is adequate to ovefcome the
destabilizing term and provide an oscillatcery character to the
mode. Because of this frequency shift the wave acquires a phasec
velocity which for weakly nonlinear case 1s smaller than ﬂjé
and for a strongly nonlinear case (when many shorter FLR‘sealesizes
are generated and the wave profile beccmes nonsinusoidal) it
becomes of the orde: of W{i . This latter case prcobably corresponds
to the experimental observatiuns cf Kelley et al-41who'have
observed the evclution of irregularitieslinto steepened
structures with asymmetric slopes on the either side on a
time ecale of the order of 30 minutes. This is the typical
growth time of R - T modes in equatorial I region and hence
would be the time required'by modes to evalve nenlinearlye. The
asymmetry in slopes on the other side may be due to the presence
cf a westward - pointing background gracient GXlstlng in the

medium at evening hourslg. The superposition of this gradient
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L,-,,n1:1'1‘0_‘%‘721\7@»cle‘nsity-lzaro‘f‘iil_e wOuld give”an'aSymmetric
steepening cn the eastward edge as observed. Thg findings
of Dyson et al. who observe coherent wavelike structures
with power residing in a fundamental scalesize (~ 7 kms., a
typical scalesize to be excited by R - T instability) and
its sub-multiples seem to corroborate above assertions. The
fact that these structures are cbserved only at the equator
-lends further credence to.the thecry as at equater the R-T
instability is believed tc be the source of irregularities
whereas at hicdher latitudes a different méchanism seems to

53
gperate .
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2.3 COHERENT NONLINEAR COLLISIONAL DRIFT WAVE

It has been recently shown that‘the linear collisional
d:ift instability is & likely mechanism to generate
irregularities (with scalesizes of the order of a fow
hundred meters or less) in the equatorial spread F33.

Recent experimental observatioﬁs of these irregularities show
that often the irregularities develop as coherent steepened
large amplitude wavesl6’4l. Thus, it is of interest to

examine the ncnlinear development of the ccllisicnal drift

instability as applicable to the F fegion situation. Shut'ko7o
has developed a ncnlinear thecry of coherent drift waves to
explain the cbservation of almecst harmonic large amplitude

30

céllisional drift waves in the fully-icnized 0OQ-machine plasma
under steady state conditicns. In this theory, a mode coupling
of linearly unstable fundémental mode to its viscous = damped
ﬁarmcnics leads to the establishment of a finite-amplitude

wave in the staticnary situation. The ncnlinearity in this
treatment is asscciated with the parallel motion of ions, which
imposes regstriction on the validity of this treatment in the
wavenumber space, due to the fcllowing reéson. The effect of

© lcn metion parallel to the magnetic field describes the ion-
acoustic wave effeéts cn the Adrift wave and is important for
short parallel wavelengths (so that “J/?“ ~ V. ). If the

parallel wavelengths are large, such that Ca/ﬁi“5> VU
T



":';{f_ (o >T, ), Ehen one may'ignbfe'the ion parallel
mction as it is unimportant f@rkthe drift wave. In this regime,
shut'ko's analysis is not valid and we have carried out an
alternate calculaticn in which the impcrtant nonlinearity

comes fr@m the clectrin set «f equations and the ien parallel
moticn is ngglected. The rest of the Jdevelcecpment remains

similar to Shutke's and We alsc find that due to nenlinear

mede - coupling to damped higher harmonics, a finite amplitude wave
gets established in the medium. Since the important ncnlinearity
in Shut'ko's thecry represents ion-acoustic effects on drift
waves, we call it as the ncnlinear drift—acoustic wave theory,_ i
in contrast tc our treatment which we term as the nonlinear

drift wave theory. In order to apply these results tc the
equatcrial F regicn, the above thecries are modified to take
démping due te icn - neutral collisions intc account. We first
present Shut'ke's analysis of the ncnlinear drift - acoustic
waves (modified to take l&n into account), then present.our
treatment of the nconlinear drift - modesiénd finally discuss thec
relevance of these results in the context of recent observations
of coherent nonharmonic structures of the equatorial spread F

irregularities.

The basic equations used in Shut'ko's thecry and the
relevant gecmetry has already been discussed in the previous
sections of this chapter. We follow Shut'ke's treatment closely,

but intrcduce the mementum lost by ions to neutrals in the ion



equaticn ‘of motion. The resulting damping due to V. may

becgme important ccmpared to viscous damping due to My
; ) %
which goes asyk>\{i where b= k -y and hence depends
, . I 1 .
on the transverse wavelengths. Therefore for large wavelengths,
damping due to lhqmay be larger than that due tc Y, , even
te

though T%Y << .. « PFurther we assume ccld icns for
.. ¥ ‘L

-simplicity. Following Shut'ko7o; we write
M = N () M (%,1)
where 'V\/(ﬁjit) is a new unknown dimensionless function and
’Yk(z)is the staticnary average denéity with a known variation
in the configuration sﬁace. The prallel mction of electrons

leads. to, in the limit of no ccllisicns,
{aM = £ = Y (1)

which is the quasi~static electron pregsure balance. The

. . . . . . . ) .
deviation. from. this relationship arising due to yé.ls

determined in the linear limit of electron set of equations.

For that, we introduce a correcticn factor m, . defined as
S =W +m,

(2)

0
o]

M’ - exp C W + M)

The perpendicular electrcn motien is obtained in collision-free
limit (3) :TD> and on substituting for U and U in the
el ez (RN

electron cocntiniity equaticn, we get a relation for 'W\‘
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- . 2
where Cf'—-jk/w1; o ::Eé,:)ﬁ/ﬁm. are the ion scund
and the electron diamagnetic drift velocities respectively.
In deriving the above equation we have used relations (1) and

(2).

"The parallel ion moticon is giVen by

Eﬁl—k\/?’l‘\ A 2 QS (4)
2T e T TS 53

The perpendicular icn velocity is given by equation (9) of

section 2.1. Use of IILand 1%, in the contihuity equation gives
] L .

¥ B\V C‘ L<§_+_9 i] 4_3 >y

<~ U — " ll') +—U-

St %oy T o [at — T /3%(5)
- + Vz2i vz = o

One locks for a solution of eguations (3) - (5) in the form

of a staticnary wave as + -, oo . such that all the quantities

v

<

depend only cn one varlqblc <, = ?2,7:_L0t ¢ where‘\x and W

~ -~

are the mean wave vector and frequency.

The set of equaticns, finally leads to an ordinary differential

equatlgn
k DY L e (4_) (D
b+ = z1 +__



The firStltérm‘abmve_givcs the vis¢Cusjﬂémping cf the wave, the
seccnd térﬁ gives growth (reducéd from the value ¢btained by
Sﬁut'ko7o due tm the introcducticn of thé additi%nal 3%\«
damping) ; in the third term, the linear partvdesCribes the

arift waves and the nonlinear part leads tc the mode-mide
coupling of linearly growing mode to the higher damped harmenics.
One further assumes that the visc@sity is high, so that the
 basic contributicn to the wave profile comes from conly a first
few harmcnics and seeks a sclution of egquation (10) in the fcrm
of a summaticn of three harmoﬁics:

In the geroth approximation, one gets

W o= W : (8)

=z
w

On equating the coefficients 0fSimE ,Sm2% , and Siw % €
te zere and using (8), three equations are cbtained which

determine the amplitudes U, T, ‘E% « These equaticons are
¥ -2

N Lu— S 1 z ]—, Z
T AR
o W Tl X b b (Y, S RN s B, e N
(*%Ul L4 Dok b OV . ),. Vigm (M=2Y; )= (10)
\ 2 o3 2
| T w'\ - )" Z * K .
kv | 9 b X =G b (v +q 22 )T —F ) = (11)
ER R P M W L ‘

One assumes that the visccsity lies in the fullowing range

2. 2 . '
: ~ ”)) }'\ N ; 2 . s |
i S ,KJ_' DQ lQ% /(-Q* ‘ >/ \/l’;]i (r2)
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Then near the upper limit of the above inequality i.c. near

the threshcld of excitaticn of the £irst harmenic, from (9) -

(11), we cbtain N Ly

kvt 480 (“—i—mvkl)
Q»_ - T 2"" -.r) = L n
s D Ry TR (13)
o 2 W
s o, o
k -] ' T)Q- ’ '
k.o = ae | s =k ) (1)

e “E

This shows that the nenlinear generation ¢f higher harmonics
ieads to the amplitude saturation of the wave. In the viscosity
range as defined by (12), we find that the wave profile is almost
harmcnic, as the amplitude of the second harmcenic is down by an
orcder of magnitude than that of the first harmonic. In the
icnespheric situations, the viscosity is not as high and thus

the saturation of the instability may take place after many

harmcnics have been excited. This would correspond tc a non-

harmenic profile of the wave.

The ncnlinearity in the above theory cecmes from the icn motion
parallel to the magnetic fields., It is well known that a drift

wave 1is like an accelerated icn acoustic wave and for large

: 37
parallel wave numbers ( R.,), goes cver into an icn acoustic wave =
The inclusion of parallel ion motion represents the ion - acoustic ;
effects on a drift wave. In the above nonlinear treatment, thus ;

i

the ncnlinear ion - acoustic wave effects were responsible for ‘

the stabilization of the drift instability. This is why we i

called the saturated wave as the nonlinear drift-acoustic mcde,

Rt
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Ih'the'ionCSphere,vnurmally,modes WithVVery small parallel
‘wavenumbérs are likely to ekist. Therefore é treatment ig
required for icncspheric applicétions which would be valid for
Csmall pafallel wave numbers also. In the following we present
an analysis in which the parallel iocn mction is not considered. .
The nconlinearity comes from the electron set of ecquaticns. We
call the resulting ncnlinear stable modes as the nonlinear drift

mcde to distinguish it from the noenlinear drift - acoustic mode,

The basic equaticns used and the gecmetry of the system
have already been described earlier in this secticn. Only the
icn parallel mcotion is now neglected, which is justified for
low enough parallel wave numbers(JQ%Dso that the parallel phase
velocity much exceeds the ion sound speed Cg (or the ion
thermal velocity 121 , 14 -TQ:JT} )+ Other assumpticns
used are the sameAaé before. The electron nonlinear equation
remains exactly as (4) but there are some modificaticns inh

the icn equation due to the retention of viscosity and the

assumpticn of ccld icns. The electron equation can be written

as
Z .
Eal Te 2341 2 QW Te dnow
3T T my e TR e ST =0 s
QT my, 9E € 9% = 'mr%ubcbﬁ

and the ion equatioh as
¢ - - - =z
oM _Te W dm 3 g gy Te W U Te 7Y

2t M. 2Y dx 2% M omMal oy M2k 5ys (16)
[ . 4 1
—r- .

MO

T

Dtay d




O ~ . E o |
where TT;;HQ%_N and - Ty is the perturbed density.
Now we assume thaot as the time pragresses cn, in the
asymptotic limit of 1T % oo, a time stati nary wave is set
up in the system and we transfcrm the above equations to the
propagating wave frame in which all the guantities vary with

respect t¢ a single variable ?Ez:’%lji—kii;—ioira. Then (15)
. g ..

becumes - 2
L Tekya®dm T le_ dY  TeRy dn -
——|-on - —— Tt N —_— = — Wj: o
C[_E LR <l¥ m <lg YLz T
which on cne integraticn leads to
T ke g
- e Ry dw o ekl d Tk
’ —w % d k_-{,\g*TQ""&»dr_‘ ~ -4 Y
— m 15(,' = g ™Y, <L g . m _CB.Q’« (17)
Tl Ay /e
: MY 5
where | :_( i,<d71,> T and Pe R, 5
— e Ry
' oo W b= ‘}/\VJ 1

o . . amteg a’It om
Similarly the ion equaticn (16) after Jn &ﬁ%fbe -@&e&~g1ves

[mw b AW gt Y

L

<lE MoE dgE T
kyTe . dw CRNE S =y
= L WL SN ,<“P - (18)
Mo, L cray w0 A% ol fgj‘

.Equatiﬁns (17) ana (185 fo.rm the set which describes the
nenlinear collisional drift wavess The nocnlihear terms are the
second term on the bnh.s;vof (17) and the last three terms on
the 1..h.s. of (18)« We find that for the F-regicn parameters,

the deminant nonlinearity is the c¢ne in electron equation (17).

. . , 2 -
The typical parameters are T = \ Tb; ~ 5 meters, Ll =2%s S
. Ny ’

F\T o ’2. \7~ <1 B g“ "- futt
e SXle G ST U*T; K6 o, s’ >~ : 7\m+l> w 250 meter



=
@

at an altitude of ~ 400ikms, For ‘)h ~ 300 ta 100 meters,
o -2 ~1 - L .

b varies from 10 to 10 l. The ncnlineerities in the ion

equaticn go as ~ b when compared with the linear terms in the

same equaticn. A similar éomparison in the case of electrons

gives
Te \O\-Z z < = EJQ
— . ~ \Q% ( )\ ¥ f ) —_ ~ lo
TR, . ' ' o -
—_ - .
where W ~ lo S for \ ~ 300 meters.
L

Clearly the electron nonlinearity is important for this range
of parameters and we retain only this nonlinearity in the

further analysis.

Then the ions are treated linearly and (18) can be written as

k_l_ W » 2+ 434 2.
-Rie-ly+-h9 AV Ty Ll

Ty TUm Ayt PO a9

— o N =

Using (19) to substitute N from it in (17), leads us finally to

: - Z ""'Y\'»L;.\l <
()l (T - 505
,\(, CQE Q}?% CLE

. 2
+ — [j(wuyfu%$)ﬁy—+- g;g W] =0 (20)

where we cmitted some nonlinear terms going as ~ h. Here
- i~ ) Te
W = hﬂ’Lm amel Vg — k/iWiiiL . Bs N=W for the

drift waves in the lowest order, (20) can be written as

bﬁ))? CL N .(Wn%Kﬂi, N AN Ll kyV;
/ c(_ /l : Ték;_ " in CLE . [( L‘J_H'Q)N e 1(21)

A compariscn of this equation with equaticn (6) cbtained
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feor the nenlinesr drift - acoustic mode, shews that they are

" pearly icentical. Hence in the present case of the ncnlinesr

drift waves we get similer scluticns as in the carlier case.
inalysis Qf'(21) therefore becomes similar to the one

 presented after equation (6). The result in the present case

is again the establishment of a finite amplitude drift wave

in the medium due to nonlinear coupling and consequent generatinn
of higher harmonics which are ¥inearly damped due to viscesity.
If the viscosity is high, the Wave profile is almost harmonic,
otherwise it is steepened as many harmonics would be generated

in the low viscosity case.

The two thedriespresented akove, though different in
approximations used, f£inally arive at a similar result. In
both the cases the drift instability evolves into nonlinear
coherent propagating modes. As the approximations involved
in thé two apprcaches are different, we compare the limits
of validity of the two cases for equatorial F region situation.
Thus on comparing the ncnlinear terms in (6) ana (21), we

find

ReVy W= ?*__ZS._
8 : Te ) i PN L 2>
3 .
o) - R C R —
C ok, T Rest To RS (Re (50
T S TR L

The validity of the twc theories thus depends upon the values

3 Rz LI . .
Ofle;_. For large \Qzﬁ(such that.ig— j>;%f- ) the drift -~ acoustic

2
mode theory holds good while in the opposite limit of small ]Q%_ s
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‘Qz; —mi

(SO'thét,j;’<ifE‘); the drift mode tﬁééry is'valid. .Wb ﬁote
herc that for k?#q% 7;7LL/L ;-the drift-modé is more like
an ion sound wave?7. Invt@rms of -the F region paramcters,
this corresponds to the parallel scalesiées(?h¥> fi 200 kms.
(foriKLj-IOO meters) whereas the drift theory case corresponds
to A > 206 kms.

LE

It is generally believed that the spread F irregularities

afe‘likely to have very long scalelengths parallel to the
magnetic field in the nighttime F region. In such a case, the
ncnlinear drift wave theory for long parallel wavelengths
presented above would apply. But other perturbations with shorter

?\E?S would also be ﬁossible in the medium and would be of the
drift-acoustic type. & clear cut distinction between such two
types ¢f irregulariéies ié fhus only possible through the meésurea

ments of parallel scalesizes of the irregularities.

Finally, we comment on the profile of the nonlinear wave
in light of the recent in-situ measurements of equatoriai Spread F
irregularitiés. Such measurements have reported steepened
wavelike structures of density in the medium4l.- The longer
scalesizes ( ~ a few kms.) in equatorial spread F are due to R-T
mode while medium scalesizes ( ~s a few hundred meters) are due to
the collisional drift instability. In this section, we have noted
the possibility of getting a steepened wave profile for the

.collisional drift instability case, when due to low viscosity,
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many harmcnics are generated nonlinearly. This may
qualitatively explain the observaticns of such structures

, . 41 : }
at medium scalesizes ~o For the case of long scalelengths,
it was .shown in the last secticn that =T mode also has such

non-ginusoidal nonlinear solutions.
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CHAPTER 3

IRREGULARITIES IN EQUATORIAL'ELECTRQJET

The irregularities in the equatorial E region have
heen studied for a cénsiderable period now using ionosonde,
VHF backscatter radar, rocket-borne in-situ, langmuir probes
etc.zo° Tt is more or less established that the physical
situation in the daytime E region correéponds to a pa;tially
ionized plasma with magnetized electrons (Y, << L2 )
and collisional ions ( 125»-122); A vertical polarization
electric field pointing upwards drives the electrons in the
'EXB direction with respect to ions and this cbnstitutes the

so—cailed electrojet current. In the nighttime, the electric

field and hence the current reverse in the direction. Similar
Iphysical situations are encountered elsewhere also like

auroral electrojets, MHD generators, certain type of gas
discharges etc. The cross -~ field current in these systemS

is known to result in the excitation of low-frequency two-stream
and cross-fie 1d instabilities. The two-stream instability18’7
occurs when the eleétron drift velocitylligexceeds the ion-acoustic
speed Cs.and favours the excitation of small scalesizes (of the
order of a few meters) associated with the type I VHEF radar echoes.

71,31

The cross-~field instability requires a density gradient

'parallel to the polarization electric field for excitation and
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has got‘a,lower threshold than that of.the:twomstream
instability. It favours £he éxéitation of large scalesizes
and 1is believed to be causally~associéted with the type Il
‘radar echoessg' 77,

In the present chapter, we have developed 2 generalized
fluid treatment for the excitation of electrostatic - electro-
magnetic waves by a cross;field current in a partially ionized
inhomogeneous plasma system as described above. Next we discuss
the relevance of the results to observable phencomena in the
electrcjet region of ionosphere. Finally. we have also examined
the two - step theory of generation of type II small scalesize

irregularities in equatorial electrojet, by using a mode -

coupling nonlinear treatment.
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3,1 GENERAL THEORY OF EXCITATION OF ELECTROSTATIC -
ELECTROMAGHNETIC. IRREGULARITIES BY A CROSS -~ FIELD

CURRENT

It is generally recognized in piasma physics that
electromagnetic effects can no longer be ignored on.
streaming instabilities at long wavelengths, whenciP éi(upe .
Thus given a physical situation, it is of interest to
investigate the excitation of mixed electrostatic -
eiecﬁromagnetic modes by a cross - field current. In this
section, we present a generalized fluid treatment for the
excitation of electrostatic - electromagnetic (es - em)
instabilities in such a system. We use the entire set of
Maxwell's ecuations in order to account for the electromagnetic
effects and derive a generalized disPersion felation. .This
dispersion relation is then analysed in the various 1limits

: CR e R A
of the parameter /bee' The limit /{OPeib-i, corresponds
fo the electrostatic limit in which we recover the earlier
results of the two-stream and cross-field instabilities. For
c‘iﬂbpe < i_ . we discover a new mixed es-em instability
for perturbations which have a finite parallel wave vector
Ck“) . In what follews, we first present the mathematical
analysis for the general case and then analyse each limit
separately s Finally we discuss tﬁeir observational significence

in the equatorial electrojet situation.
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_The/baéic“equations:used'in the analysis are the two
£luid eQﬁétiéns describing the perturbed*motioms of electrons
aﬁd ions. This is Jjustified when the.DOppler shifted wave
frequency in the electron.frame <QJ—- E:%?)<z'%zand Q><13%
and also the inequalities *2:%£‘<< tj?_kiijé << | Aare satisfie d.
We choose a coordinate system in which the z-axis is along the
~magnetic field, the x;axis is the direction of inhomogeneity
and y-axis is the direction of equilibrium electron drift
with'reSpect to ions. In the equatorial E region, these
correspond to northward, downward and westward directions
respectively in the daytime. The entire set of Maxwell's
equations is used. Further we also take the zero-order
gradient in the steady magnetic field into account. This
gradient is a result of an equilibrium current flowing in the
system, and is given by Maxwell's equation3

’aBo [-l il
= —_—— 1 L
o X C Eho LO (1)

where 1l is the equilibrium electron drift velocity.
o .

The basic equations are

My ] |
By ”*"‘V' (-TLLEOJ = o (2a)

— v
o ~ =V Pe~eﬂe\;§+’-’f,§°+u_§§ ~mn %, v, (28)
M, (—“*V Y “‘VF +em, E———l"(h“ﬂw (2¢)

and the Maxwell's equations
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) : - 3 4 T | 2 E
~ C St ) N ~ C ~ e T
The Maxwell's equations mav be combined to yield
2 ' T 2D J
Vo E -V (V. E ) = -“J; S (2m)

which is generally known as the wave equation. In the above,
electron inertia and the displacement current have been ignored
due to the low frequencies we are concerned with. The

perturbed current is given

J = en (V-Vv) -emny (3)

e

We follow the standard procedure of obtaining the
dispersion relation : express the perturbed currents (3) in
terms of wave electric fields and substitute it in (2E), which
finally yields the dispersion relation. For this, we obtain
perturbed ion and electron veld:ities and the perturbed density
from linearized equations of continuity and motion and substitute
themin (3), assuming a harmonic time dependence of the form
exp (-twt) for perturbations. Substitution of J in (2E)
vields a vector equation in E .« We fourier analyse in y, 2
directions and eliminatelfll ;omponents of Eg except one and
in the process take account of the inhomogeneities of T, and EB
along K-aXis . Finally the dispersion relation is cbtained by

fourier analysing in the x~direction also, which is justified

for K’x > (4 mn,) =i ( &y B, ) .

<L x ? ‘cin
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'Fbr-Simplicity of piesentétion, we'shéli furthér
describe the‘procedure only for cold plasmas; The introduction
of finite temperature primarily lecads to diffusion.damping
of modes propagating almost perpendicular to.the magnetic field
and these corrections will be introduced in the final results.
The perturbed ion and electron velocities can- be written

as

Vv = Q,.u /N‘ (\)LM"{ Q)) »

C A )
U: - T F % . e - | f\ -
= e ( i C’z)erﬁl e L )
° E N
e
where — £ e (6)
F oo —eE 4 o B x(VYxE)

is the net linearized electromagnetic force on the electron

fluid (the second term a;ising from the magnetic field
perturbatibn §>interacting with equilibrium electron flow)
and,gé:is the unit vector along the z—aXis. Ions were assumed
collisional (‘% 72>~[1; Yy in deriving (4) and hence the effeét
of,Ei was ignored on their motion, whereas assumption of
magnetized electrons. ( ﬁ%;<<:11@ ) leads to the appearancé

of the Hall; the Pederson, and the direct mobilities respectively

on right side of (5).

The ion - continuity equation gives

mn. : " — <7 Tble —
(% v
— 7. N 4+ V. ‘
o T A A - l (7)

[
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"We assume quasi -~ neutrality now,”ﬂé/v'n,, and substitute

for fi,‘ur jemd v from (7), (5) and (4) respectively

o~

- in J's expression in (3), which-on being substituted in (2)

leads to - £
2 Lren,,. [T &% < <
(T E) NV F = — "W} — 1 I
N (V-E) S s L M (3mie) e Lz |
Lo e ¢, 1. A
+—(L. XIRE ) 6‘— $ z“g(5+7f~_t',.°xvx53’<e%
e w o, 1 -~
o8 (g4 By E _J‘ , “’Pi T E ve(8)
mar (& TR ) © 4, LY ErE ’nul

L
This equation may be fourier analysed now in y., 2z directions

aswexpt( k3‘3-+}22§§> and the. three components sz xR, yth,

. — th :
be written down. For example, the z -component leads to

ool - - = _— c : —
= Dlei 2 X ”_quj: Z Y c* ve ) : ‘j
, fand 2.
where D = — 1 + ¢ % (J)!:E -
- e C* Ik

This equation may be used to eliminate Eé and thus the

x-component of (8) leads to a relation between Ev and Ex'
2z

XEX:‘Z‘E} |

2 ™ W ﬁe 0
where- *_2(’_ — — k + 5. ( M )J _(7'>
L
7 % 9
and 7= 1= wPe _ Ry e Ry
R ik

Substitution of Ex and E_, thus obtained, in the yth component
leads to the dispersion relation following a fourier ahalysis

in the x-axis also. The dispersion formula is
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B & Mo W . R
| —k, Pe(& ﬁ' -t )4— —— (k4 )y
. 3) __(j "D‘q g . E

- t.. "My

:> ‘Z,§ w}’eL(‘-A) 'rnl*wc:34__\i;(\+

Q " 1 L. "))L

. (*)Pe uo ‘23 ( . w;: TSN
1 b ( -+ . - . b /3 \ -~ O (9)
RS RY % ) b R TS ’1

where we assumed kﬁj>>yaz.and ignored higher order terms in

(c(. 0y BD/CLD(. ) and ( cl Qﬂ"’n"‘/ct 7(.) .

Now we analyse the dispersion relation in various limits.

First we consider the case when ‘Q:L:<3 » Then the electrostatic

=

limit, Cf%/oup >y j, of (9) leads to the recdvery of two -
stream and cross-~field instability driven modes. To this end,

Czkz 2 >y N
we further assume ﬁL,/LQPe 7/ ,/pq + @ condition which.

restricts our results to Kl :S 20 kms., (which poses no

Serious-problem to our treatment as, at such large wavelengths,

the local approximation used by us viz. KK, > Ctizjq ~ L
2C

would no longer be valid, since | ~ 10 kms. ).

We can then replace X by -k2 in (9), and write the

dispersion relation

:L w /}:Q_ +f())_))€ *(J..J ‘Q\é (’Q,be (_.l.vL- O
~ v 2, T2z — C
», M «at e KIL O cRE o iy (10)
¢k ,
Now we assume, - >» 1, and write
Pe
~ W % 3 Ry w
W + + L—{‘!L—- = O (11)
Q. a.  RPL
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For’(&):'o%7+L7" with:{]ﬂ <? (u . this equation yields

LQR‘ &~ UeRy /( |+

) (12a)

_f)_ _("

and 3)&@ h¢4 S — (12b)
' b _L.LUR l

s
k&.L £

L

The first term gives the two—stream Contributionl and . the

: ‘ s . ‘
second one gives the cross-field contribution ? to growth rate
of electrostatic perturbatlonu in the above (one should remember

that L~ (.ﬂ E ) is negative).
1

When one introduces finite temperature effects, the growth

rate is modified to

- . 2. . '
¥ N}(\+~ A 3 T~ MW ha)i QJP__ﬁ%LQ_ T+
A L 2, A
ﬂ - “ﬂizﬂi. }'Q.L L £ l <2 .Q" \V\

We find that the temperature term leads to a diffusive damping
of the perturbations and imposes a certain threshold condition

on the drlLt velocity for excitation. The characteristic damping
R* AN
‘)
ALQCQ

destroy a fluctuation with scale-length k"l by cross-field

time -~ ( can be interpreted as the time required to

electron diffusion. Due to ambipolar effects, the slower electron

diffusion dominates over the ion diffusion.

Because of its k-dependence, the diffusion damping increases
with k (i.e. higher for shorter wavelengths) and decreases
with k decreasing (less for longer wavelengths). Tor very large

wavelengths, then recombination also becomes an important
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- damping mechanism for the perturbations. Thus in the daytime,
for long wave cross-field instability driven perturbations in
the electrojet, recombination damping should be taken into

account to calculate actual growth rates etc. Introduction

of this modifies the above growth rate to

N ,
e = 2o Ry o
N = (H.—LO L £ — 4t L/JR-—lek Cq 3
L0 85 Wi . 2 - . - —
e L4 RTL QL Q0 R (124)
where ‘ﬁk :;2_::(_"}”1D : o being the recombination rate.

Retention of eélectromagnetic corrections for this case modifies

the coid plasma growth rate to

2
~, 52 Luﬁ \Q:} ». |

” )—’" - =5 W (13)
(-C \\ Q. ‘? (__ L’—‘- R

T o~ (1

«Q
It shows that electromagnetic corrections to these instabilities
CR [‘—ﬂ |
are further destabilizing and become important for —— o~ RSN
For the electrojt parameters, though, gradient - drift instability

term always dominates over these terms for long wavelengths, hence

these corrections are unimportant in this situation.

The two-stream instability is driven by ion inertia, and
.the resistive Pederson motion of electronsis essential to
obtain this irgcability. In equatorial electrojetjfor 1{;.7> CS
it excites the wavelengths typically of the order of 3 meters
and causes the type I radar echoes. At such wavelengths, the

contribution due to the gradiént term to growth is not
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significant69. In_some dases, this term may reduce the thre-
shold of excitation of type I irregularities to-a value of
21

electron drift U~ a. little lesser than (; « Recently
! A < . ) )

L >
this instability has been identified in the laboratory plasma835.
The gradient - driven crossmfield instability preferentially
exciﬁes Scalesizes of the order of a few hundred meters., This
, instébility is analogous to the gravitational instability of
aﬁ inhomogeneous plasma layer, supported by a magnetiq field
'against gravity?q In the cross-field case, the instability
. takes pléce when the plasma density gradient is Supporfed by
the magnetic field agaihst'increasing electrostatic potential
and collisdons provide the iequired cross—tfield relative
mobility betweeh ions and electrons. In the linear limit, ion
inertia is not important for excitation of this instability.
It‘has been well established that this instability occurs in
the equatorial electrojet by rocket experiments of Prakash
et al.56, which have been further supported by radar measurements22,

and it has been identified recently in a laboratory - simulation

experiment of electrojet situation68.

Next we consider modes with R%;#:o. We consider hi§%>%?i

7_‘7)

2 m_ ) CR |
e T Q0.
: [

then we can write i
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where terms of the order‘Iu}*°\) FWS L 3) were ignored.
ML

On substituting for D, and after some dlgebra we get the

dispersion relation

2. . o 2 ~
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We further assume that |_-»°¢ and neglect the right hand side

Qﬁ$/.

U - .
€ _('LL is small, then
[

<< 1 and
e~
the above equation becomes

Qf the above as,

A -
z PN 2 L, ..
: St LW
%2% + — — L e —: -~—E§ i] o000 (154)
Co - ™My, Y et
™ : «

We now introduce temperature effects and the recombination
damping (as we are consideringvlong wavelengths), then the

above equation becomes

2 .
P‘z . go~+1ﬁvR — M ZEL. 2 . o W, ] N

= ’ N e
CU+13€-H ¢



where L e = g .
Substituting  (y - (3 4 Ly with, ‘71 << O » then we
) P\ <

get

wR =y )Q‘J, (_M _J”)/g\i"’é .\.W‘u”i > (16a)

‘ R ™M
and EZ s ! N 2 .
- n 2
= (e ) [, ) %
k ( 12")) ' :
3 MY

' Fs hY)
» = MY D
<55 l* h M,
¢ 44
‘This is a new instability for almost perpendicularly propagating
electromagnetic - electrostatic modes. This instability can be
. : i . _ CR <\
obtained only when the electromagnetic effects (at (APQ Py )
are retained, and a finite parallel propagation ( k“ ) is assumed.,
It can occur in homogeneous systems ( L;-} < ) and, unlike the
two — stream instability, does not require ion inertia to drive
it. In electrojet situation, it can be obscrved az density-cum-
magnetic field perturbations and requires a lower threshold
electron velocity for excitation than C:S . ©uch instabilities
have been studied for senmi-conductor plasmas recently34. We

discuss this instability in greater detail in the next section.

Inclusion of finite temperature in (14), with @, == ‘)
and assuming Ry Rl = ﬁ%; | -~ oo ¢ leads to
J
2 2 (R o
2 : e — - e
Y. — kR C - l() (/}Q>3) .
W 4+ h S V‘) = o 9 (17)
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which, on writing (o = LQ + 1Y ¢ 7!”<:<,UJR leads to
S L | L

Wg = R G (18a)
2
k” - kv N
va % my Ky ey
2 - ™ . h;;) QL -—Z—: ) -

Thus unstable ion -~ acoustic waves result if Eilexceedé the
lon-acoustic Speed38. This is a negative. . énergy wave
instabilityA(Hasggawa, 1971)2,9 Physically, it arisés'due to
the diffusion damping effects in electron motion parallél to
the magnetic field, and hence requires a finite Kﬁé for its
‘existence. The Pcderson motion for electrore is not important
in this caée. Strictly, oné should uée kinetic equation for
ions, as W > » for the instability. But if T_>>T,
(so that the ion Landau damping effects are small), ion fluid

cquations are adequate for the analysis. The relevance of

this instability to some non-field-aligned structures observed in

ratio aurora has been pointed out by Kaw38. We have also studied

the nonlinear development of this instability, which shall be

presented in the next (4th) chapter.
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3.2 A.NEW ELECTROSTATIC - ELECTROI‘&AGNETIC ODE

In the last section, it has been shown that. a Cross—
field current driven mixed electrostatic - electromagnetic
instability can occur in a weakly ionized magnetoplasma for the

perturbations with C K Wee < 1 . and a non-zero }Qu .
The real frequency of these modes and their growth rate is given
by expressions (16a) and (16b) respectively, of last section.

The threshold velocity required for ekcitation turns out to be

smalier than (:5 + in this case. It can be calculated by

putting ¥ =0 , in (16b), and we obtain

. s 2. QQD) » 2. 2T M £ 2. L ,
R‘J kg = ¢ e’ff ( k_ 4+ R t’_) ( e_ +\qj2§‘v 1)
CeT TR TG Z MY, T M
(’Qp(. l/{z L 3 eff

One can derive an expression for the minimum threshold velocity
by first minimizing the .right side of above equation with

2L .
respect to (PQ%/R ) + treating k as a given gquantity. This

-minimization occurs for

2
v
KEE/*{l ~ €
b (2)
and gives
C Y
~ VD z
pe -
Now we notice that the least 1%+j <5 -wR )'and is for

waves with
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| Y
k < (= B.> ’ (4)

!

. As '1ﬁ7:»2\Q'hD + we find that zlfh\ls independent of
equilibrium density Wlé. The grthh rate well above threshold

is obtained from (16b) of last section and (2),and is given by

YV oA Ere M, | ©
)%’ c?*

The effect of background density gradient on this instability
can be determined from the relation (14) of the previous section,

We introduce finite temperature and recombination damping effects

. . 2 R o~
in that equation and assume that W << %_“_i;iilg + which
_ W2
L n B, Pe L

essentially means that (or where
e ally a a (cibﬁ”g><<i> L%*$> L

L—R is the scalesize of magnetic field gradient), thereby

‘lgnoring magnetic field gradient effects from the equation.

Then the resulting expression leads to the modified minimum

threshold velocity

———

Mo, = u— L /\“*‘fjl + B 1

T

(7)

where U . is given by (5) and
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N D T .
— M ©pe ’“ej’cjj \ ' (8)

n MCRk _(Q:- 2 L

{’%

as one would expect, the gradient is destabilizing for }3 <0
(due to negative L, i.e. gradient pointing upwards in the

daytime) and stabilizing for )3*>.Q .

Physically this instability is like a resistive negative
enérgy wave instability in which the electron stream interacts
with a wave moving slower than it and transfers energy to it
through collisional interaction. The physics of the instability
becomes clearer from a simple derivation of the dispersion
relation which we present here. For simplicity. we assume

{~31.B‘7 o kzx:::(D and write linearized perturbed currents

™ 3)(: j | e ‘é .—no
2 e g —~~
Jo ~ € 1, (Y g +h%u°- *E{k N10)
-~ T (R Z ) (8} ‘; S Zzm 10
e .

where we have included temperature corrections. The parallel

current is dominated by collisional electron motion (we have

ignored correSponding ion motion). The important contributions

to the perpendicu;ar current are from electron density perturbations
carried by the equilibrium electron drift and collisional ion
motion along the electric field. The x component of electric

c field amdq;are both negligible in this approximation (]?xfzo) .
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The ion continuity equation gives density perturbations

w o | RET /s ) (1)
o MY (otiv+ i ™y L/M-v_)

where it was assumed thatl?ﬁE%ckmdnates in &R g' as qu <L <L k{'.

E

Tnc v th and zth components of the wave equation now become

2, ,
z LW (’OPL (.(,U‘}'lj‘\({) —

[__)? - - Te, =k 1w |
C (bu+i3%4ﬁ_h TV%M&) 3 =Ry 52(12)
and 2 .
2 W s o ) U\) Te_
Ry —i —e = - B
E <J L sze i z ‘ij _t-. L\ 3)2 \V)Q D(N'}'lb'\"ls‘ )
. ) .
W kg w
ot ke T (13)
~ B
3 CoRy

The dispersion relation can be easily obtained from the eliminant
.of these two equations. The instability is Closely related to
tﬁe collisional perpendicular motion of ions and ﬁhe electron
Streaming which carries the density perturbations with velocity
w, ( ‘>'cu/q4§ ) through the term n L M (9),
The electron Streaﬁing also enters the problem by giving a

'Egjxgg component of parallel force on electrons and emphasizes
the electromagnetic character of the instability. The energy
exchange between the stream and the wave is obtained by computing
;I‘Ei + the time averaged work done per.unit time by the wave on

particles. Thus a negative J.E means vice-~versa and represents

a gain in wave energy at the expense of particle kinetic energy,
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or in other words, a wave growth. To focus our attention only
on the processes leading to instability, we put temperature
effects and 12. equal to zero (as they only cause damping),

and write from (9) and (11)

—_ 2 .
— € mn, 7% v
M o d (14)

(15)

MY o d

From (15) we recognize that if W <~K%WJB , J‘j“‘ﬂ 'can be
‘negative and this term can lead to amplification. The
amplification results from the second term on right of (14) and
hence because of energy exchange between the electron stream
and the wave. The resistive nature of the instability is borne
out by the fact that collisions are essential to this energf
exchange process (otherwise V and hence n would always be 90
out of phase with‘Ey and no net energy exchange would result) .
Using (10) and (12) one can show

PR Y

o e ’Y] Q) 2 )
ek, = — { Pe ) Ryt (16)
™ A 72?

Thus the parallel motion of electrons, both due to wave electric
field (E_ ) and wave magnetic field (l{x ), dissipates the

wave .

We sec from the above that introduction of finite \” has

two effects : (i) it produces a magnetic field perturbation and
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'LLD (eqn. 16 (a) of

slows'the wavé down to é‘Speed less than
last ;ection)‘and is rGSponsible for_ité amplification through
(15), (ii) it induces a parallel motion of electrons which

dissipates the wéve. ‘These competing effects explain the
optimization of the wave grdwth with.k%/k Equationé (15)

and (16). can be used to obtain the growth rate of the

instability. We denote the wave energy density by W and write
=l = _FE
clt 22 L
2. — 2
€ W’h. E 9 ( .'- 2‘ L:‘—é l
= B ; ]_i L e -]
M, 4 m )é RZ Ba jaeuiepi(17)
4] CL )él (Lkl

where we uscd (16a) of the last
& s

density of the wave and kinetic

Here, W is the sum of

motions (under the influence of

section to substitute

fdr

electromagnetic field energy

energy density of the

the wave fields). It

particle

can

be

readily verified that the dominant contribution comes
2

B /grr , so that

2
W,

3%3%

from_the

magnetic field energy,

W oe

2 —_— 2.
E“} O e

Qn ?k*

P 4

(18)

Ly

AA th
C

where we have used Maxwell's equation ’T?X

[

K

?
Jiy

component to express in terms of J¢ . which was expressed
D P -4 P

N .
Y. R
= ]
2 Wga RL P
and assume that Wpe 42 Wpe®
P
Yo TR

®

in terms of ‘Eigas in (15). For the optimum case,

\
we replace §£li

cLt
we then find

by 2v W <<
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| _ g o
N~ e Cpe
2
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which is just the growth rate (6) derived earlier.

Thus we can summarise that long wave perturbations
travelling oblicquely to the magnetic.field in a system carrying
a cross-field current get destabilised 1if W is sufficiently
high. We now calculate the threshold velccity etc. for the
équatorial electrojet situation where the conditions necessary
for the onset of this instability are normally satisfied. The
typical parameters for daytime altitude of ~ 105 kms., are :

1

3@ =2 x 104'5'1, Moo le5 x 103 877, B_ = 0.3 gauss;

(]

o - ""I"} —5 4 : -~
wpe = 2 X 107 i ll ‘\‘/l = 2 X lO ? CS Lol 3a6 X lO CInS o 5 l[
- - - - -S -
PRT 2xam x 1077 to 1070 57 yhere o = 1077 to 1078 am?

-1 58

+ is the conventional recombination coefficient™ .

S

One can then obtain(using equations (2) - (6)), the following

results for the characteristic properties of this instability :

21
Typical scalesize (‘j;“) > 500 meters
Typical aspect angle Ry /k ~ 1°

Typical threshold velocity LLTm o 200 meters 5"1

Typical Growth time ~ ! ~ 1 minute.

All these parameters put this instability in a range amenable to
detection by the in-situ rocket-borne Langmuir probe and

magnetometer measurements. In general one would expect to see
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long sdaielength correlated flﬁctuations in'electron'density and
magnetic field. The existing measuremenﬁs do not exclude the
possibility of such irregularities. It may be noted here that
the effect of the density gradient (typical daytime value

L 2 7 kms.) on tﬁis instability is unimportant for the typical

ionospheric parameters given above.

A crucial parameter in any measurement of this instability
would be magnetic f£ield perturbation ® . A convenient component
for measurement at the equator is the vertical component since the

background vertical f£ield is smalle. The linearized theory given

above indicates 2
2 L J. W, ( \
x . o 2 e P cR O (
Bu - BO

where we have used equations (9) and (11) (with damping agents

—~

—_ 7. —2
ignored) to express ‘Jﬂ in terms of YL . Tor W&/kq ~ o .

(:R/QU ~ 10"1 and ionospheric paramecters given above, one gets

B -3 /7
x o~ oo (M)
Bo ' -
Thus if the above linear relations hold good, a 10% density

fluctuation should have a magnetic field fluctuation of order
few gammas associated with it; the detection of such field
strengths is well within the reach of present magnetometer

technology .

Now we Speculate over the final saturated nonlinear state

of this instability. The biggest open question is what saturates



the linear growth in the nonlinear limit. It is coriceivable

that the instability saturates when the bscillating electron
fiuid velocities (ig') associated with the wave electric fields
become as 1arge'as the Zero +-érder electron sStreaming "ILQ.

But if one can show that, due to sSome mechanism, ﬁhe growth

is not inhébite@.ét this level then some interesting consequences
follow. In this case, one would have locally oscillating
velocities of the order of or éreater than the ion-sound speed
even though the zero - order electron velocity is smaller.

In such a situation, small scalelength perturbations due to
two=stream instability would be excited in these local regions.
This might explain some observations of small scale irregularities

[
when the electrojet current is sub-critical” 9
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3.3 - TWO - STEP PROCESSES

The linear theories of equatorial électrojet discussed
so tar, fail to account for the observations of type II radar
echoes in the equatorial electrojet. - These echoes (scattered
by small scalesizes, i.e. of the order of a few meters) are
equilibrium

observed even when theAelectron drift velocityWZLis smaller
than the ion acoustic speed, Cs4“ In this siﬁuation, the
two stream instability cannot be excited because the condition
of instability requires that \ZL)>C$. The cross-field
instability, which can be excited even when 1g~< CS . favours
the generation of large scalesizes (viz. of the order of hundred
meters), in the medium. Sudan et al.73 have proposed a two - step
generation mechanism to interpret these irregularities. vAccording
to this mechanism, once the large scalesize -irregularities (which
can be driven linearly by the cross—~ field instability., when

1{i<: Cq + in the first step) attain some finite amplitudes,
the density gradients and electron fluid velocities associated
with them can then ‘linearly' excite. S®Baidll scale irregularities

in the second step by cross-field or two-stream instability
mechanisms.
In this section, we treat the two-step mechanism as a nonlinear

mode~coupling process, as has been done in the last chapter for

the case of two -~ step process in equatorial spread F. We assume
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that in_the eQUilibriumnéituation,in the Syétem, a finite
amplitude wave isréet up and.then we‘cohsider interaction

of it with small amplitude small -scalesize perturbations. The
excitation of the latter due to a.c. electric fields and
density gradients associated with the large amplitude wave

is shown to take place, and this result, in general, is in
agreement with the theory of Sudan et al. For simplicity, only
che two-stream excitation of secondary modes is considered and
is shown to take place even if the equilibrium electron drift

is smaller than CS

We consider a coordinate system in which for the E-region
situation, the x-axis is aligned to the magnetic f£ield lines,

y-axis is westwards and the z-axis is vertically uliﬁpwards°

The equations of continuity and motion for the ions and electrons

can be written as

m + (M +1) V- U‘ JrLU +v) \"/(T\ +—n):~.o (1)

at
and | . ' - n
o = ~ Tu V(ng T+ q e T = ¢+ Jxx o]
' [
— QW’IA—WI’\L)VOIU‘N (2)
Lheye CLO(. + 1 ( sigm of Q_hccaqe ).
The equation of motlon leads to |,
> -~ = ~
« Ly M) 9 e
o= e Tl \ Sa ' ~ . T I v ¢>:]
~X SRR D V) iy

CLO{,Q:{

Vi a*
( % <L)

AT Legh - A
[or T, et 7,3 @
o ) . m :
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wheré: : oy '
o Si = TG( /W‘q
The equation of continuity can be written as
2 o av‘% V4
(= + v 2 ) + (g T \L\+~—7
RS ooy 24 O
+ _ +U“ ERLINE _:%_'E - 0 (4)
c(“j 3“3 Ad2% 23 L -
On substituting for ‘15 and '\}c; in the above equation we get,
b & .
2 2 | ~ > > At
+ U . 2 Yoo = — 2D A >,\,
2 + U e —_— e
(5t T Yaa5z + g, AL szz)L s (5315 )T
+ W& 2 PO 2 ¢
EZEPY i 71)7’;; § + L& 2 icnfzﬁ)gﬂ
.,a | m dE ° '
£ —
2. . «—‘_.______A__
™ (k) 5 a-;\ Sy a0

We ignore the background density gradient v%:'noand the equili-A
brium electron drift VJ, , in our analysis for the small scalesize
perturbations. Further, we assume that the primary large
amplitude large scalesize wave is propagating in the y-direction.

Then from (3), we have

o c 6§E X B, A S I
oV, = =T = e, ¢ °% (6)
~ ‘Boz Bc

and similarly

k. &5V, , L
2%0 : j’, 8::8 - E éyo . Q}?Qétqq C!?

T, & @ > .
. M("')ovc va 51:0& (7)

e Sha c \ C CI1aT n < ) °
We shall assume that é}jo , 5- o vary as COS(RMA% —wo‘t)

Q
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Equation (5) abéVe describés the mode - coﬁpliﬁg effects between
this wave and the small scale purLurbatlons which we assume to be
in the. z-direction. For ions, we ignore thelir zero~order wave
associated motion, nonlinearity and the temperature term (which
contributes to the diffusion damping) . We fourier analyse the
perturbations as ~ €xP it (k-¥-wt) and write

(Y, —iw)w

- N
qﬁh}v T e k? @k )

, T
where N — /YLU and the ion inertia has been included. In

the electron eguation, we retain the Pederson motion only in

the linear form, and write

D ~ e > N
(Z+ T, 2 W+S 2 it - aag

m Yy =0
—Cle ‘E— m ’{ZQ QLa‘ -

zA
One can see clearly that the density perturbation M varies locally
at a point in time due to<y§i<12?1> and (WI"VJTL ) . terms in

the electron equation (9). The first term describes a streaming

effect akin to the(U‘

~

.lgyeffect in the case of primary modes

" (arising due to equilibrium electron streaming) and the second
term is like léxe"YTiEterm which gives the linear cross-field
instability of the prigary modes (due to the background density
gradient). In the case of an a.c.(??%ié) , note that this
gradient term directly does not give a growth, and the phase

relationships are such that it contributes to the frequency at which

the local density fluctuates temporally at a point, due to the




perturbatiOH._.The last term is due to electron pederson

motion and is essential to obtain the two-stream instability.

The fourier analysis leads to

. = Rk,
N = ¢ R (hl+¢% )—'e

(’n >(¢ ¢)+— <73(10)

e

where + terms correspond to (kR + k ) fourier components.
= - Np

Equation (8) is used to eliminate 95'8,

-~

— R . v ST o % o, -
l=—U — (N+N ) + g 2R R (=N — &
) o w o R, M, o v RE " ke >N
: - +

*-2&9..DL.:§ 1<

where ‘IE} m F
o= W LW
or ~
y
jégﬁ ~ _k U (NN )+—k EL““‘(”&““'%EN (11)
((+ = yN= T U LB n, WL\ T kY
‘Qe Qo - +

In a reference frame, moving with the equilibrium electron drift
velocity Wg ; the frequency W, of the large scalesize mades
is nearly zero { since their dispecrsion relation is U%)ﬁ:hulrL ) .

In this reference frame, then, (11) becomes

¥ 2 5T, g
(1+ < YN = “tf_ﬁ‘ (NN + R °Tt Ei (--—~N 2 nY12)
2,9, @0 TN, e iR e

This leads to the coupling of WK modes to , R* KR modes and
so on. The infinite series thus obtained, can be easily summed
up. For simplicity, we assume ke 7%=|?° . Then the dispersion

relation obtained from (12) is of the form
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2 5 R vk S
'f"’ 1+ )* < Lotr= \) ,L:_L' - -)—‘—';-*» 7
N B LR L

(3] o
| a. Q. Lk _Qt, k=
. -~ O
a _ ok ;o (13)
4 — S g = k¥
L — g (o2 (s )
ﬂ.ﬂ) LR o1k
whefe i ‘l““ o
i STL, Y™
= (K, 1)
T
" This yields to
~ — 2
2 RORRSE z Lym_ -
SO e By g g
..’.Q_A ¢ _(12 ":-7- h ¥, ") (14)
R 2 -
~ L ar - 5% A ~ 2
or Wt o VR ,Q/<}.+ 2% ¥ 4 > (15a)
. .ﬁéﬂil lltl}i '
S b Ar ST ez
or w ~ 2 RV /(v(_\~ SRR 2 > (15b)
,Q, .

For the small scalesizes of the order of a few meters and the
typical equatorial electroje t parameters, the last term in the
denominator above can be neglected .

Splitting W=&d_wiY 4 with 7’<<cﬁ<,,we get

R-!
—~ oy ) -\_j-— / ’l)__ "D,'
o o~ <. l‘ o /( |+ —C~ > (16)
R L Sy
. <L :
; and
; "y _“l___h__ 2 }z Cz\
el 3t w - <
(_ | -2 >0 ) < RN ) (17)

ry - thgkf qujkt

where in the growth rate the diffusion damping has been introduced,

Equation (16) describes the frequency(in laboratory frame)of




81

~ perturbations carried by the oscillating electron drifts,

associated with the large amplitude WavVe o

From (17) we can derive the.condition of growth for the
second step two-~stream iﬁstability. One finds that the growth
occurs when |

Wa > R C¢

or _
| 2 kY > kg - (18)
(, ,+qu‘.f-(le-‘f?.c.)

But from equation (7), we know that

T o OE. o e vy SN,
R U (19)
° _D_‘: C+ e ‘/SLQEL) T,

Substituting it in (18), the growth condition can be written as

B v:L Sﬁb C. / v ,
Q.L. (l+ PV )L -TLD > /2 (20)
. J’LQ.Q.Z

which, in general, agrees with the growth condition obtained

by Sudan et a1.73 (sec their relation (42)). The only difference

. 4
is the factor 2 which appears above in (20). For, ﬁé:i4 x 10 & l,
- 6
j)(‘-:-2.5 X 103 5 l,<:1.= 90 radsa; Jﬂt =5 x 10 rads.,
. C
4 -2 2 2 a~2 <nm -1
Az gy 7 am, o= .109 cm” 877, 6\1(}/“0”:“(,)‘4'1& ~c 100 m 877,

we find that the wavelengths to grow in the medium would be
A > 2 meters, due to the second step two-Stream excitation of

secondary irregularities.



82

CHAPTER 4

SO

IRREGULARITIES IN AURORAL TONOSPHERE

In this chapter we consider the ?laSma processes relevant
to the auroral ionoSphefe. It is well known that during the
activity period, intense field - aligned currents flow in the
}auroral E and F regions due to precipitating‘fluxeé of energetic
;'charged particles.. In addition to these vertical currents,
horizontal cross -field currents flow in the auroral E-region,
known as the auroral electrojet. We first investigate the
destabilizing‘effects of a field = aligned current on ion -
cyclotron waves in the F and E regions. We then study the,
effect of noniineérity on the propagation characteristics
of ion - Cyclotronrmodes. Finally we investigate the nonlinear
behaviour of a reéistive ion - acoustic instability which may

be driven by the auroral electrojets.
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4,1 CURRENT DRIVEN ION .. CYCLOTRON WAVES IN F .. REGION

It is well known that a relative‘streaming‘between
electrons and ions can drive ion - acoustic 4 and
electrostatic ion - cyclotronl4 waves unstable ih a collision-
less plasma. The growth takes place'when the relative drift
veiocity exceeds a threshold value. The damping increment due to.
electron Landau damping becomes negative in a kind of Doppler
effect (and thus causes growth) while the tﬁreshold drift
velocity for excitation is determined by the dissipative
mechanism like ion - Landau damping. The ion - acouétic waves

——

require W{i‘> ¢, and "T;jﬁfri for growth, because at T, ~T. ,

L
the ion - Landau damping becomes too heavy and thé threshold
required for excitation becomes of the order of 'L¥é. But
ion - cyclotron waves can be excited even at"T;:le with lower
drift velocities (than'l?e) because, this mode being a slow
mode, its parallel  phase velocity(gvkz) remaihs smaller thanjié‘.
The effect of weak collisions (which become important as the
mod&l wavelength A approaches the clectron mean freepath 7€;§h
from the lower side, i.e. fr@n'A <<‘7§ﬁ§pQWhiCh is the'collisiog_
less approximation», on the ion - acoustic instability has been
analysed by using a Fokker - Planck collision term44' 47 or a
BGK -~ type model collision term72. It was concluded that the

electron - ion collisions ( ?éi ) facilitate the growth of the

wave whereas ion -~ ilon collisions ( 1%_) hamper it. Physically,
L3
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the enhancement‘of.growthldue t’o')—;:.L is dﬁe:tb the inverse
energy depehdence of the coulémb_collisibn cross—~section due
‘to which the diffusion of particles in velocity space decreases
with the_ihcreasing velocity. Thus the €-L collisions diffuse
more particles from the regilon which iS reSpoﬁsible for the
damping (viz. the particles having veloc ity smaller than the

wave phase speed) than from the region which causes the growth

(viz. the particles having velocity greater than the wave phase
speed) thereby facilitating_the excitation. The effect of ion -
ion collisions is two - fold. First, their effect is to slow
the wave down which results into cnhanced ion - Landau damping
and the second effect is the viscous drag which also damps the

wave. oimilar conclusions were reached when the effect of weak

ion - ion collisions on the ion - cyclotron instability was

investigated54'76.

The'strongly collisional limit, when A jsfjirH; for the
ion -- acouétic instability has been investigated using the
two - fluid equations and it has been found that the dissipative
effects like thermal conductivity, viscosity etc. in the electron
equations‘leéd to‘instability in this case while the ion
dissipative effects damp the wave T30 100 62, 74 gy g instability
has been interpreted as the growth of a negative energy wave

carried by the electron stream, moving faster than the wave phase

velocity, due to the dissipative mechanisms74.
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..Iﬁ‘the preseﬁt worE¢ we have studied'the effects of
strong collisions on the curfent - d:ivén ioﬁ -~ Cyclotron
instability. We use the two-~fluild cquations to describe the
motion Qf electrons and ions across the magnetic field and the
parallel. electron motion. (Ion motion parallel to the magnetic
field is unimportant for this wave). We find that besides

the expected destabilization coming from dissipation due to

thermal conductivity etc. in the electron equations, the
electrical resistivity also contributes to the growth of the
ion - cyclotron waves. The dissipation in the ion motion has
a stébilizing influence on this instability. A new feature of
this instability is the appearance of Ri//i?;: factor in the
growth rate due to the characteristic obiiqueness ot the

ion - cyclotron modes which makes the growth rate of this
inétability much greater ﬁhan that of a current - driven

" collisional ion - acoustic wave.

In a current carrying collisional plasma, one must in
general, take into account the time dependence of the equilibrium
temperatures due to Joule heating etc. Thus Sundaram and Kaw7
have shown that when this effect i1s included for the ion acoustic
wave.instability, the growth rate is severcely modified. The
reason for this is that for the ion - acoustic wave, the real
part of the frequency is a strong function of temperature. and

therefore the time dependence of the wave frequency (due to
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Joule heating etc.) is comparable to the growth rate of the
wavee. We shall not méet'this difficulty with the ion ~ cyclotron
waves, since the wave frequenéy is only a weak function of

temperature.

As.this work was nearing completion, we came 2ACross the
work of Milic, who has also studied the effect of collisions
on the current driven electrostatic ion - cyclotron WAVES
by using a Landau collision term in the kinetic equations49.

He considers the case of long parallel wavelengths(lx¥>;77s;fb>
with perpendicular wavelengths ranging from short (\’A‘ §£¥Li>
to long(‘xijg>7ah> with respect to 7 ; , the ion Larmor
radius, and solves the equations numerically. It 1s shown

in his work that as W{; is increased, the instability first
sets ih at long wavelengths and then at shorter wavelengths. He
aiso finds that ﬁét facilitates the growth whercas )ﬁ_hampers
it. Noﬁe here that the physical mcechanisms responsible for the
instability are more easily discernible from the fluid analysis

than from the kinetic treatmente.

We have also studied the effect of parallel current on an
obliquely travelling electromgnetic ion - cyclotron wave in a
collisional plasma. Since this mode is essentially a mixed
(electrostatic - electromgnetic) mode, such a wave has density
perturbations associated with it, and therefcore the usual
dissipative mechanisms like resistivity in the parallel electron

motion, again lead to a wave amplification when %{ exceeds
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a certain threshold velue, due to similar physical rcasons.
We ‘have considered only the cold plasma case in thc analysis
as the inclusion of tempernture effects does not drastically
alter the results.

The auroral ionosphere is very often characterized by

intense field - aligned currents, caused by precipitating

charged particle fluxes, during the activity period. In

a recent measurement, ion - cyclotron waves were obscerved

. o . 40 :
in association with such currents ~. We shall show later
that the observed currents are strong encugh to cause the

collisional excitation of ion - cyclotron waves in the medium.

Electrostatic Ion-Cyclotron Instability

We use two - fluid equations for the dynamics of electrons i
|
and ions across the magnetic field (assumed to be along the

z-axis) and for the electron motion parallel to the magnetic

field, which restricts our results to the following limits s

. Q i

. w . (w-) . << << 4 etc.s The |

L > w A (w-q) Ry <l Ry 7"mfr:»“ e |

parallel ion motion is ignored which is justified for b

w/%é?E = (:q « We assume that perturbations propagate in the
xz-plane and ignore viscosity effects in our treatment for

. . . . . , .. 6
simplicitye. The equations, in the form given by Braginskii

are

the equation of continuity
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?Ti“‘(‘ o | (1a)
—— (M u) =0

L

the cguation of momentum transfer

o Q_’ = “__‘ — A — %
MG VR (E SRR R
C -

and the equation of conservation of energy

\

| 2 ~ )T & b < _ (1c)
'59‘:“«(%+1§<V>'o<+ﬁ\"v«“§7’io<+@~o<

M

where
R o2 =R.= ~MMN ¥ (Coy UL + Co 1L _
— Cex, TR A —~
g (EXYT)
€ Cru e My TGy, €S0 Ao e
e <1, L > ’,l“ VuTe (1e)
— X T, A :
TeNile = Sl pEav ]
q - ) . - A (1£)
~t Xn \.711_(_5 X_LWJ_—T;‘ +§_‘ CCExVT
where .
CxS=c,, 5% =c ™% 7
U i , T
o Xt /nr—l.():‘x « X ,h.l( _{‘1:
Qe = Rt —@, ‘19)
and
m : -
= —_ e )] T -7, )} (1h)
QL QA é ,rn. ’ne ec e L)
L

Here M, and M. are the electron and ion masses respectively,

and
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The numerical coefficients (c's) of frictional and thermal
" : , , .. 6
forces etc. for electrons and ions are tabulatcd by Braginskii .
The perturbed quantities are assumaed to vary as ~~
exp ( iWt — i R¥Y ), Electron inertia is ignored, which

eah

is assumed, which restricts the results to W << W, )k{)\b<k;\

- and quasi-neutrality

is justified for W << L

where cup; is the ion plasma frequency and jxDis the Debye
length (which is comparable for ions and electrons for a plasma

with -Tzcgji )« The system is perturbed as
L

f

T=M+T, EZorE = T .

The equations are linearized for small amplitude perturbations.
Thus the parallel motion of electrons is given by the zth

component of (1b):

iRy (M T+ T, )-ie ho)?%qé + 1 Gy 1, R Te

(2)
— M m T =
! e °}§ C@anjﬁe — O
where we have neglected the parallel ion motion.
The above equation can be rewritten as
e oy » -~
L T A Lo W )
(Q M : €71y T - S (l‘r‘Cetn)
° Co "% lQo

where we have made use of the linearised electron equation of

continuity and ignored (dﬁv,'U’ ) effects under the approximation
i1e

o~
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For the case of no collisions and noc temperature perturbations,

P
the above equation reduces to

e b -
ST M, |
"T— - —_— : (4)
e 1L,

which expresses the familiar quasi-static pressure balance:;
a consequence of low frequency nature of the wave which
makes the electrons behave like a "mass - less" fluid and
establish such a balance at any instant. The phase shift
introduced by collisions between 11 and_s¢ , as can be seen
from the second term ( Cey, tTeywm ) on the right hand side

of equation (3), ultimately leads to the resistive contribution

to the growth of ion - cyclotron waves, as we shall see later.

Similarly other components of electron and ion motion can be

written down. One can eliminate all the perturbed velocities

from the set of equations of motion and continuity for ions and

electrons and write down one equation in perturbed variables

£

[ —~

m '7; and 'Tk :

2

. ’1. R
TQO+T£ [€) + ’Tnc (ﬂc'—‘wz” )

, B W e
41 Comy —2 & — ‘—l it
| '

—
o
o]
A
Fs)

o I Tem R'; 4}
+ _j:}_‘; T T™e ‘EI_ *'*,v; :(: (
!‘ - *l(FTLT—;,}_—:—;‘:l—-"‘ { l'\"(‘et»n)_g:c} 5)
co eo T w R T Tos
where &GS = w—Rk .
Z o
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The linearised ion - energy equation can be written as,

~

.M : = . le
S o (N - + 1 C’LX’I — ot =
T ) o 3 o (8

and similarly the electron - energy equation, as

ML B T

L) —ing,, wea n
(1 Cey, I ST T
S 21 - -\% ] ,.\,l‘\ ) L i C(f‘,\_ + <Ct‘\) C( ‘f.L) L.‘.}_v‘).: va
RL -
R w T
_ . € ,f_L) '\f k * —
1C%m(ﬁl kz “*"+I «_+ e R Teo T (7)
- & AT, R
LU ’T“(:_:\(.QL"‘ '7.;(_\

Here we have neglected the collisional heat transfer from
electrons to ions which is valid for not too low freguencies,
’Y7’1€

W=y v e,
> 1

777&?_

The eliminant of equations (5) - (7) is an equation quartic

in 0 , which can be written as

4 3 2, : '
W+ Aw 4+ B +C w+D =0 (8)

This equation describes the non-trivial solutions for the

set of equations (5 —= 7) and determines the characteristic
modes in the system, their dispersion properties and their
damping or growth. The four modes of the system are, two
electrostatic ionncyclotrdn modes and two damped diffusion modes
due to perturbations in the electron and ion temperatures. We
shall be interested in the lon ; cyclotron mode here. Writing

O = CQR-F'LT with \Yl<< ), , we solve (8) for the real and

R

imaginary parts of the frequency. The solution may be written as
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In deriving the above growth rate, we made use of the assumption

A NS € P
[ > /\m= R, - kL

In (9b), the contributions to the growth due to parallel

Mo

electron thermal conductivity, parallel resistivity and
parallel thermal force are described by the first, second
and third.térms respectively while the last term gives the
damping due to ion -~ viscosity. The first three terms are
stabilizing when 7{;ﬂ:;o , and become destabilizing when

W

ke

v
ks

Of course, the overall excitation of the wave does not take
place at this value of”Q; ., but at a higher value which is

determined by the ion viscous damping.

On comparing the growth rate (9b) for ion -~ cyclotron waves,

¢

with the one for ion -~ acoustic waves, obtained by Rognlein and «

62

Self °, we notice some new features in the present case. First,

we find that the second and third termsof (9b) were not obtained
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in the éase of ion - acoustic waves, or in other words,
résiétivity does not lead to the ion ane growth. This
may be understood physic ailj as follows. In an ion - acoustic
wave , the perturbed motion of.ions and electrqns are nearly
equal-énd thus collisions between them do not amount to any'
net momentum transfer between them (this momentum transfer
between electrons and ions leads to the-frictional and thermal
forces). 1In an ion - cyclotron wave, on the other hand, the
parallel motion of electrons along the lines of force is much
larger than that of ions and so electrons lose moméntum to ions.
Thus, parallel resistivity and parallel thermal force can lead
to a dissipative effect on the ion - cyclotron wave (but not
on the ion - acoustic wave) when electrons are not drifting.
When the electron drift exceeds a critical value, these
dissipative effects contribute to destabilization of the ion -
cjclotron wave along with the other usual terms. The second
new feature in (9b) is the appearance of the large factor
kLy/p <>5>1) in the growth rate, which makes the growth
rate of ion - cyclotron waves much larger than that of parallel
propagating ion acoustic waves in the same gystem. Physicallv
this is connected with the fact that the ion - cyclotron wave
prOpagates almost. across the steady magnetic field direcE;on
and its field energy in the perpendicular direction is ‘Qﬂ/iq%
times the energy in parallel fields. An exchange of energies
between the drifting electrons and the pafallel electric

fields can therefore lead to a Stronger ¢growth of this



04

instability. Finally, we remark that the ion - cyclotron
instability is unaffected by the non—stationary nature of the
equilibrium temperatures of the system (arising due to Joule

heating etc.), in contrast to the case of the ion -~ acoustic

74

waves. This is due to the fact that frequency of ion -

cyclotron‘wave is weakly dependent on temperature (through small
2 2

Fﬁﬁ[g term) and remains always nearly egual to _flé :

and hence temperature variation introduces only weak corrections.

Electromagnetic Ion - Cyclotron Instébility

We now go over to the case of an electromgnetic ion -
cyclotron wave propagating obliquely to the magnetic field in
a collisional plasma with a parallel relative streaming between
electrons and ions,“q; . We shall show that, the parallél
resistivity leads to the excitation of this mode also when WZi
excecds a certain threshold. The case considered here is of a

cold plasma, for the sake of simplicity. The equations relevant

to the problem are,

the Maxwell's equations

e 2B qm
VX E = “éwié , Y®B = —— J (10a)

where the current is given by

(5}

Jd = mne (V, -V, )~ Te (10D

—~
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The displacement current was ignored above because of low

frequencies of intecrest.

The continuity equation is

DNy |
+ (MU ) = o
>t V- »ux) - C (10c)
Momentum transfer equation for ions is
>V -
‘ : P . Vox R
m.m = emn| E + ~t 1%
ANy L EH T2 ] (00
and the same for electrons is
Vo xB, VU xB
o« —en, [ E+X2 WXE L .
o [:.,v = =+ = ’hETg QEE& (100)

As before, our coordinate sYstem has 1f‘ and'EL parallel to the
z-axis and the perturbations are assumed to vary as ~ exp
(iurt—iﬁij with k in the xz - plane. The electron inertia was
neglected because of low frequencies concerned and the quasi-

neutrality would be assumed for similar reasons.

The perturbed electron velocities car be written as
1

&

)
T}

o
N o=
X 28

@

+ where 05 = w— Rk_V

QE;(” - '\-): lQ_ e E%

~~~
B2 O O
[N

y =

™m.Q.,
and v = *QEE

& T
3
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- gimilarly., the ion velocities,

ST P — .
' < |- ol /(,QQ‘> - Mo G ™ 0D
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Now the pepturbed currents (occurring in 10 (a)., and defined
by 10 (b)) can be expressed in terms of the perturbed wave
fields, using continuity equation to express the perturbed
density. Thus the three components cf the wave equation

(obtainéd: on eliminating B from set 10 (a)), can be written as
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e

The dispersion relation is obtained on putting the determinant of

the above equations to zero, and is found to be

2z, % 2 2. Wk o 7
2 PO z
Rlp\%(w——ﬂc)“‘(h"’—)‘{_t) C‘;L w7‘+ l';( 'L:L k;.
c -
2 o~ 2
We w5 1]91k Me | oo
— " - — { v
CL‘ _(2”7_ ~N x. e O

where it was further assumed that
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" The growth rate obtained for the electromagnetlic case can be
compared to that of electrostatic case and on doing so, we
find :that the resistive contribution for the latter case is
exaétly identical to the one presented above. We therefore
conclude from this that the other dissipative effects like
electron viscosity, electron thermal conductivity, etéo, will
also contribute to the destabilizaticon of the electromagnetic

ion-cyclotron mode due to similar physical effects.

It is of interest to point out here that the current driven
electromagnetic ion - cyclotron instability in a collisionless
plasma was considered by Forslund ét al.23. The effect of wealk -
collisions on this instability has not been considered, but from
the foregoing analysis we can infer.that the electron -~ ion
collisions would facilitate the excitation whereas ion - iop

collisions would hamper it.

Application to F - region

We have discussed in the preceding sections how an ion -
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cyclotron. wave becomes unstable due to dissipative effects in

parallel electron motion in a fully - ionized collisional plasma,
if a threshold current is exceeded along the field lines.
Recent observations in the auroral I region have shown that

strong field - aligned currents flow in those regions during

- the period of auroral activity. One such observation is due

4 .
to Kelley et al. © who have carried out in-situ rocket measurements
in this regione. We shall point out here that ilon-cyclotron
waves are potentially unstable in such a system due to collisional

effects .

Kelley et‘al.4o have, in fact, observed strong monochromatic
a.c. electric fields in the regions where an intense field - aligned
current {due to an experimentally cobserved ion - beam> was also
flowing._ They have attributed these oscillating electric fields
to ion -~ cyclotron waves, excited due to current‘— driven ion -
cyclotron instability in a collisionleés plaSmaléq We show here
that the possibility of this excitation being collisional in lieu
of collisionless, is more 1ike1y because of the folleing reasons .
The dimensions of the extent of current observed by Kelley et a1.4o,
are roughly mfZOO meters across earth's magnetic field Eéo,'and
~ tens of kilometers‘alongf%o. This was at an altitude of
~ 450 kms., where coulomb collisions predominate over charged
particle -~ neutral collisions in the wavelength range of interest,

and the system may be considered as fully ionized. At those
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. , ' L . : 3 -
caltitudes, the collision frequencies are »,~-10° s 7,
o

Yoo~ 10 g1 and electron mean free path is )f ~ 100 meters.

el , : , Mgtk

The ion parameters are,.f%:n-lo2 s"l,Y ~z1O meters etc. The
: Lt

importance of céllisions for ion - cyclotron instability in
such a syétem is self~cvident when we find that UJ(ﬁil;){;ﬁj
and the possible parallel wavelengths in the system’k”\s>'hiaip
Excitation of collisional ion -~ cyclotron waves by the observed
current is possible as the inequalities Rﬁ?}% << )

v = Mk
ctc. are readily satisfied at these heights. The dominance

23

)ngLf<<w

of collisional excitation over the collisionless excitation

has been shown by the numerical calculations of Milic49u

There it was found that, as the electron drift*velodity’is

gradually incrcased, the instability first sets in at long

&)

parallel wavelengths (with lq35)'”7’b‘<< | - ) and in this regime
bl
also, the longer transverse wavelengths ( Rl:kLi<:< 1 ) are

excited first. Clearly the collisional mechanism is important:

for such wavelengths. The threshold relative electron drift needed

to excite the perturbations is obtained from (9b) and can be

written as,

—* “q
v,>wre. EH_ L Copn T Ry —
— —_— > 2
47k T (ean, w2’y 0 ST j
= Ry Conn ) e T ))e (,(.\JR
Substitution of relevant parameters in the above expression shows

that a relative drift of a few kms s~l between electrons and ions
in auroral F region would readily excite the long wavelength ion -

cyclotron waves (satisfying - lo ,)e << | etc.) due to
' =g |
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cellisional effects. Keliley €to. ale ~'s measnrcments indicate
that the relative drifts exceeding this value were present

during the observation. Thercforc we conclude that thaeir
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4.2 COLLISIONAL ION . CYCLOTRON WAVES IN .E REGION

In the last section, we have studied the deétabilizing
properties of a fiecld -~ aligned cufrent on an obliquely
travelling ion - cyclotronAwavevin a collisicnal fully - ionizcd
plasma. We extend this analysis now tb the case of a weakly
ionized plasma in the present section. The high -~ altitude
auroral B region ( ;leO kms.) is one example of such a
situation. As before, we are interested in the limit of strong
collisions, and describe the ion and electron dynamics by
fluid equations. It is shown that ion - cyclotron waves again
can be destabilized‘by a field - aligﬁed current.in the system
if a certain threshold current is exceeded. (A cross-field
current can also excite this instabiliﬁy, though in this case
thresholds required for the onset of the instability may be
much higher.) The instability arises due to the dissipative
effects like resistivity etc., in the parallel motion of
_électrohs (as in the fully ionized case) whereas the dissipative
effects in the ion equations like ion -~ neutral collisions —ﬁhq,
viscosity 7{i etCo, damb the wave. Towards the closing stages
of this work, we learnt about the work of Milic’and Slinder
who have used a kinetic theory treatment with a Boltzmann -
collision integral to analyse the effect of collisions on ion -
cyclotron instability in a partially ionized plasma. They also

have concluded that electron - neutral collisions facilitate
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the growth éf thulwave while the ion - neutral collisions
pfovide ﬁhé stébiliéing effects. Similar results were
obtained by Kindel‘and Kenne142 who investigated'the effect

of weak collisions on the ion - cyélotron instability using

a BGK -~ typé of model collision term. We apply our results

to the E region situation in the end dnd show that ion -
cyclotron waves can be excited by the observed fleld - qllgnud

currents in that regione.

The mathematical analysis of the problem follows the

fully - ionized case closely. As before, the two-fluid equations

are used for transverse electron and ion motion, and for the

longitudinal electron motion, valid for Plfle<ﬁ<l : Lu(zfp§ <L,
1. - o

o e
R, ¥ << | P (W0 )ce » \Q*)\’m{ << | .
Here the magnetic field and equilibrium elpctrcn drift T{i,

are assumed to be in the z-direction. The parallel motion of

ions is ignored which is justified for (0 =» k%(; « In the

5
momentum transfer equations for ions and electrons, terms due
to coulomb collisions ( jg; ) are replaced by the charged particle -

neutral collision terms ( Y, and ). The temperature

fluctuations and wiscosity effects are ignored for simplicitye.

The perturbations arc assumed to vary as ~ e€xp ( Ry —1wt) e

Then the pefturbed ion velocity can be written as

AN ON RT: 5. Te @

(==L )y = L("ﬂ.: 4 e 515)4_
(:-': “’ia ’n'c- Tl: T@

where 3 ~ RS RNY ﬂ{, is perturbation in the ion density
CYL? L

“and ¢> is the perturbed potential derivable from & _ _t7?é -

K (—_ +2)

T

—~

Ms*

o~
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The tefms.along'k describe inertial response of ions to the
perturbation electric field in the above equation while EXB

drift is described by the other term.

The density fluctuations are obtained from the continuity

equation

—_ 2 — ——
n. R e e
. - . —_— T
T o) M Te (\.._ B ) (1)
o L Wro> 2
M @ (E=a)

"The parallel electron motion gives

Uo— k. e T.‘E__e—._(z)>
ex T omy, N oM, Te

The perpendicular electron motion does not contribute to

the electron equation in the limit ﬁ; - © « which is

justified for 41Q:>>1E « Thus we write the electron continuity

equation as

L Vs N }92- —_—
A1 LRy le e T. kO
= o - . Ve R 3
n, o My e-rvo Te [l e 2E
Tele-kRyvo S (g

We now assume quaSimneutrality'Tl:::ﬁ”, and equate the two
e {

expressions (1) and (2) which gives the dispersion equation,

PR
< o 2. 2. 2 s hL. (LQ“' }Qa'\r|
~ 4+ v, L e =Y — .
W o~ Qo+ k, T T 2 e, —
Pz_ - » (3)
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Splitting W = LQP'+4iY Cwith 7| << We the above
N\ n .

cequation yields :

2 2
" %
1‘ .
k 2. .
and Y e — m 5"!__—1_ ))e (\‘ ': 1);{- ) — j}.*? /2 (5)
2.™M : '
Ry Wi

We obtain the condition for growth from equation (5),

R, > w Mk, Y, (®
~ el R \*“;;‘ z > ’
2 '
\ CREOD,
where it was assumed that = < () + The above result (6)
. ¢t

shows that both, FE:Lalong the field.lines or across it, can
give a growth of ion - cyclotron wave perturbations. Though

in a weakly ionized plasma, a reasonable valué.of cross -~ field
JLZL(due to an applied external electric field E; ¢+ perpendicular
to ?6 ). is realised only when"¥f><£1; amdl _fle > ﬁ)e
However in the present case, w > ii , and therefore

D () > > « This condition if satisfied at high
altitudes (- > 120 kms.) in E region.. Hence the threshold

qj1 (E ) required for the instability may be considerably
s 0 -

high.

A field - aligned electron streaming can easily excite this
instability once the threshold condition (6) is satisfied. The
importance of collisional excitation in a system, like E region

‘ L. wbere "%Lj>gg(A:OTj for ion-cyclotron waves :j + 18 provided
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by the kihetic theory calculations of Milic’ and Stinder .
They show that in a system unstable to ion - cyclotron
perturbations due to a field - aligned cufrent, the

instability first sets in at the longer perpendicular and
| e

) “(T)j-}_—_—,
to collisional effects and as the electron drift is augmented,

parallel wavelengths (i.c.lQL?[[<<!’ }{2 A << | ) due
it is subsequentlyvfollowed by the onset at shofter parallel

and perpendicular wavelengths due to collisionless mechanism.

The field aligned currents observed in the auroral E-regionssz'8
during the auroral activity have been considered by D'Angelo12
to excite electrostatic ion cyclotron waves. But to estimate
the effect of collisions on this instability in the weakly
ionized E region plasma, he has considered the work of Levine
and Kudkes45 and Varma and Bhadra76 (who have investigated’the
effects of collisions on this instability for a fully - ionized
plasma), and has also used the results of Kindel and Kennel 2
who investigated the effect of weak collisions on this instability.
We have explicitly shown above that in a partially ionized case,
ion o cyclotron waves can be excited by a field - aligned current
in the limit of strong collisions.' The threshold drift velcc ity

for the excitation is given as

7
' w P i k f)) .
U R ’+_,h4 = Yim )
<l > kg = ( L (4 _\9_'_ Pem. 7

For the high altitude E regicn (at > 120 kms., so that o> ),



We.have';ﬁx-gf ZX102 S’l,:}i<ii1£ . '%3 ~ M34 g1 etc.
e '
and kﬁ,<‘ ol with -~ : ~~ 100 meters and
Ym << L.L ' , A*Z > M4
A ¥ ~ 5 meters which gives the condition that -
e Li ok

should exceed a few kms. sfl in order to cause growth. This

threshold is often exceeded in the E region a1s some recent
measurements indicate. The typical scalesizes thus excited

would be much larger than ’xl' (~5 meters) and hence
1

would not be amenable to detection by the VHF backscatter radar.
In-situ electrostatic probes can be used to detect these nearly

field - aligned irregularities at high altitudes ( > 130 kms.),

with the scalesizes of tens to hundreds of meters across the

earth's magnetic field.
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4.3 COHERENT NONLINEAR ION ~ CYCLOTRON WAVES IN A COLLISION.

LESS PLASMA

‘We have seen in second chapter that nonlinearities can

lead to a saturation of instabilities, with the result that the

driven modes temporally evolve in the system as finite amplitude

propagating modes. Such monlinear studies are not confined only

to .the unstable situations bﬁt have also been carried out in

the cases wherein the sources or sinks of energy in the system
(i.e. the instability and damping mechapisms) are not considered.
In these studies then, one essentially invéStigates nbrmal modes of
a plasma system in which the amplitude by which one "perturbs"
the eqﬁilibﬁium situation (which leads toAthe appearance of normal
modes.&n the linear 1limit) is no more regarded as infinitesimally
small. Such investigations have been made fof twoklow frequency
electrostatic modes of a collisionless warm plasma, the ion -
acoustic wave and the drift wave. It has been shown that at small
but finite amblitudes an ilon - acoustic wave has special solitary

, 65 . . . » _
wave solutions 7, and a drift wave (in an inhomogeneous magneto-

50, 75. A

plasma) has both shock or scolitary wave solutions
third low frequency electrostatic normal mode of a warm plasma
is an obliquely propagating ion -~ cycloctron wave, and such studies
have not been made in the past for this case. In this section,

we have therefore investigated the propagation characteristics

.0f a nonlinear electrostatic ion - cyclotron wave in a collisionless



108

plasmé. Ion ;'cyclbtron waves are of interest in the quroral
-ioanpﬁerCIWhere the‘obéérved ficld -~ aligned currents can

qxcite them through the collisional instability, as has been
discussed in thé previous sections. The present study, therefore,
is intended to serve as a first step towards ultimately developing
a nonlinear theory of collisional ion - cyclotron instability which

has been left as a topic for future study.

We consider a situation in which the magnetic field is along
the z - axis, and the electrostatic perturbations are cqnfined
to the xz plane, For this low frequency mode, the electrons
behave like a'massless' fluid and move rapidly along the field -
lines, responding instantaneously to any perturbatién. ‘Thus 1if
the parallel phase velccity of the wave is smaller than the electron
thermal speed, this fast motion results in a Boltzmann - liké
density distribution of particles in the wave potential at any
instante. On thezothér hand, ions undergo two kinds of motion in
response to a perturbation electric field - the divergence - free
EXB motion (just as in the case of a drift wave) and the inertial
motion along E which is not divergence - freec. Thus a chafée density
appears across the magnetic field direction due to ion motion
which is destroyed rapidly by the fast_electron motion along. the
field lines. This results in the almost perpendicular propagation
of the electrostatic ion ~ cyclotron wavese. The parallel ion motion
and the perpendicular electron motion are inconsequential for this

‘mode and hence will be ignored. Then the parallel electron equation
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is

O=-T, 2_19 + ML T 9.1_’:’._ (1)
DEZ € o=

where q+f:: ESﬁ/ﬁT ¢+ 1s the normalized potential of the WavVE .
e

This immediately gives

M (2)
’Y’\e'__“ﬂ;oﬁ
The ion equation of motion is-
{D\&. p
— 4+ VvV, = le o0 A
By + VLV Y = Vv OV, xE (3)

where cold ions are assumed for simplicity.

This equation gives

IV /.Dvx — “’CS QWP

. V, —— = 1.V 4
o€ T e 5x ox 4 ‘)
ana  3Vy |\, 2V - _ O.\
Q_t + X > % C ple
whera C;— _ TQ/\\/’@
The set (4) yields, on elimination of \/ﬂ
2
2 2 > =02 2 \W
GRAN TN RN AR < (Sprvd, X
The ion - continuity equation is
2N, 2
ST ot OV =e

We assume that a propagating stationary wave is established in
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the uystem and all depbndent variables dermd on a 31nglc
variable, § = P 3‘+ \Q'& —wt , which corresponds tc a frame
moving with the wawve phase velccitye. Then,in place of the

above equation, one gets

dm
- W T ;Q =S ("‘()\/}() =

CLE ps CLE
or
— —
—a*::r -—(.AJ'T?"}"’T"‘Q.X\/X> = O
_ 5
or
—wm 4+ Mk Vy = comstant=-wm,
for the boundary condition that when \/l = 0 M= x’ﬂo and .
_ . Pl

where T = N + gl .
Then vV = M w (7)
x (wq +h) Ry

Equation (2), in the small ale:Ltude llmlt gives

—_ ~ (8)
dd hk,/

o :
Here we have made use of the quasi-neutrality assumption

o~

’he—“—T\LcﬁWﬂ )

We substitute for ¥ in (5) from (8) and use theE.-: transfbrmati_on

tc write |
cly, - e:LZ'F
(R)(.\/x——' u“)d'g [( KJ( _)( (LE)‘(+Q \/ -+ “(l? v _w)d?’:“: C3(9)

Use of (7) eliminates \/)L and we get

w” cs N sw__ oL

[kiﬂt(m\xf Sl T hn(,w) g

>+N=Ou@
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P

where rq — 11_ « We assume that the waves have small but
o , g O AL o V :
finite amplitude and that WE* = j>-C;$ ; So that

2

PSR

[—“’”“ RIg a2 mor an

5 % oz NN Ny a -+ N=O
or R L1, AdE Xél ol ag)
2— L
o N "z
c( —~ P ( \ + N = o (11)
oL E? |
U51ng the scaling ky — 2 |- _ 9 ., we write
= CL‘%\';{ £

2
Qct'c‘ d)o)’i G2
: — — _ — 12
d , /) tP =0
An investigation of this equation reveals that for o << 4
1

’

S.inusoidal solutions emerge In this essentially linear limit,
we get back the familiar dispersion relation of electrostatic ion
cyclotron waves

= 2 2 2

W™~ O + R, & (13)
In the nonlinear limit, whenAkb 3%7:1_ ,» we obtain saw-tooth
1.

shaped solutions. Physically, the nonlinearity associated with
the ion - inertial motion gives rise to the nonlinear distortion
(steepening) of the wave profile from a sinusoidal shape to a

sawtooth shape.
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4.4 COHERENT NONLINEAR ION ACOUSTIC WAVES IN A MAGNETISED

PLASMA

Ion waveé in a collisiénal plasma can be excited by a
current due to isothermal electfons in é fully ionized plasmalo' 62
or due to resistive electron motion in a weakly ionized plasma
The nonlinear evolution of such growing waves has been studied by
several people by invoking mode - coupling to higher damped
harmonics of such modes. A que - coupling of this kind
introduces a nonlinear damping in the linearly unstable system.
Thus a situation is achieved when the linear growth and the
nonlinear damping balance each other, so that the modes attain
a time - stationary amplitude. Tﬁe uitimate wave profile in
this case is distorted from a sinusoid due to the harmonic
contribution to it. Ihvestigations havé been carried out in the
past for the case of unstable ion sound waves in a fully ionized
plasmaz' 51, and in a weakly ionized plasmal. In the present
section, we show that ion waves in a weakly ionized magnetoplasma,
which can be destablised by a cross-field purrent38, do also
evolve into nonlinear finite amplitude waves with a distorted
profile, due to similar physical reasonsS. This instability méy be
of mlevance ta the auroral B region38, This study., thus, completes

our plan of the nonlinear evolution of low -~ frequency instabilities,

with the Rayleigh - Taylor and the collisional drift instabilities
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having already been studied in,the'second~chapter.

We choose a coordinate sys'tem_with the magnetic field
along the z-axis, the equilibrium electron drift along the
y=-axis and perturbations in the yz -~ plane. The fluild equations
are used for ilons and electronse FYor ions, this‘is justified
if ~T;.>37.71 . so that the kinetic effects (ion Landau damping,

~ L

which arises when (W ~ v, and ka %‘ ~ | ) are unimportant.
[2

mip
The ion - viscosity term in the momentum transfer equations is

added, which is important for short wavelengths. Ions are
considered unmagnetized ( 3% > glg)and elegtroms magnetized
<ﬁé.<<;i2é) . Thg parallel wavevector is assumed to be large
enough so that the parallel wave phase velocity(03/¥€%> is
smaller than the electron thermal speed, WI;E. In this.case,
the electrons 2t up a Boltzmann-like density distribution
instantaneously in the wave potential. But electron -~ neutral
collisions impede this motion and cause dissipation of the

perturbations. The electron parallel motion can be written down

as
e

where j+j — Gfgg/KTé

In the collisionless case ( %é:; o) we get the Boltzmann-like

1

- density distribution
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Wp

= b - o (2)

In the perpendicular electroh motion, the pederson mobility

is ignored (as 7%1<3<_f18 )38 and we can write
Te
v o= — 7ﬂx% -
W’l&u — —y LWX‘Z: (3)

The ion continuity eqguation can be written as

2T 3 |
ST Toagimvi=o

where we have ignored the parallel ion motion V., . This

amounts to assuming that the wave is propagating at a large

angle to the magnetic field. Further we assume that the unstable

waves have some special steady state solutions and that all
quantities in the wave frame depend only upon one variable
?g =:IQHH«+-%§£-4JT. Transforming the above equation to the

E; - frame, we get

d n

— w :L—g‘l* "ﬁ‘, Lz (ﬂ\/) = 0
or s "
VT Ry (4)
M = n+ n
The ion equation of motion i? equg | Eiji
TSy =~ TS T Y e

'where the last term on right side represents the viscosity effects
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and A+ is the viscosity coefficient.,

Under the &€ -~ transformation
the above equation becomes
L\ =2 & _
(—w“ < \/leyd_ )+ U8 |e_ ¥V
CLE § MM dol.? 3cl§<5)

The electron continuity equation is
M p
EACRUIEN S 1 vy )+ = (g =
2t < Y

It can be easily verified :Erom (3) that T?L (muv Y=o .

Using (1) and the € ~ transformation, we write above equation as

-y ST T_'E_.RZS': [C_-_Lﬁ__ d W
dg ™ %Otf;‘ — d% n ol 1: o (6)
Cl-r
On substltutlng for C'I“‘ from (5) and for V from (4), we flnallY

2 2
. ~ ¢ ko odN
<L i (vﬁ—l“._lii_lﬁi )N+ = dg T W %%*N)
g L MRy W cz : )
— A ?C\+ N) :L“;z +rn) 4 = ©
where ’ ‘
7-_‘ Te_—l'T‘ o 6 =
C = ™ S M, TR e &= - k:}u_

Finally we get, after an integration and some algebra

/"Lk:l N Q/U??gj ( ) (')'n \?u‘&& )N

+
Q
Cl+n) <LE® Cl-NY* <E M kl -

CC_glkzd"w ) <N _ N(Q'F(\')Q‘s-kj N

(8)

W oC+N)E g w (1+N)2 <E
We make use of the linear disperson relation for the ion - acous tic

waves, W = R% Ce ¢+ in the.above and further assume that they
[4
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are Smailibut.finite-amplitude'waves so that N << |

C71‘<<l71&) . The above equation is then  reduced to

2 \N 1 "{ e C} -
ALRy = > d — 2k, (5= )ﬂ*(%_?‘-z—_@—we-.w,)‘\\—zw“ Rydn
c(é % lRZ W t w 4F (9)
= O '
where the fact that U)/uJ-<Ll‘ for instability, has

been used. The above equation readily yieldslthe linear
growth38 in the linear 1imit; with additional viscous damping

of the'modes. The two nonlinear terms in the above equation
become' important in two different limitss First, if ’re>$£T}

so that the nonlinearity associdted with the viscosity can be
ignored (as viscosity effects woud be relatively 1éss important’

for smallTC ),‘then we have

2 2. .
- + (5

/uleL 2 I N Eiw-w)hr—{)(io)
ct?;z c % & A

T Z

The above equation is like a steady -~ state Burger's equation

(with a growth term added to it)vand has got stationary saw-topth

. 5 . . o
shaped solutions 1. Second in the opposite limit, when

u>>é>d% ,'so that k is high (as W oA kR G ) and the viscosity

effects become important, we have

2.
2z ci N

mok, OO
MRy = l/‘*k%( >+( " <_°27:S %)N=o O (11)
~S ’

This equation also possesses steepened non-sinusoidal solutions

*® .
for finite amplitude waves '« In both the cases discussed above,
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o "vi-_s’co_&i ty oo L | .
however, thevV@S&ﬁQs&ty-ls'qulte essential to get the nonlinear
solutions. This is intimately'reldted.to.the'physical description
of the nonlinear stabilization of the instability that we
considered earlier in this. section. There it was stated that
due to noﬁlinearity} viscously damped higher harmonics get
coupled to the linearly growing mode and provide a nonlinear
sink for the energy input at the fundamental end. The steady
state is established when ﬁhe inflow balances the dissipation due
to viscosity and the wave-profile is distorted because non-

linearly several harmonics are generated.

* ) 3 )
See for example sections 2,2 and 4.3 in this thesis and also

reference 1.



118

CHAPTER 5

SUMMARY

In'this chapter we éummarise all the méin results of
our thesis. The work has been divided into three parts, one
dealing with the equatorial spread ', the second with the
equatorial electrojet irregularities and the third with

the plasma processes related to the auroral ionosphere.

The part on the equatorial spread F is mainly devoted
to interpreting some recent in-situ experimental observations
of these irregularities regarding spectra, shapes,etc. We
have shown that the observed k~2 power spectra of large
Scalesizes can be interpreted in terms of a two-step theory
in which small scalesizes grow on the gradients of large
Scalesizes in a second - stage drift instability. It has
been shown'that the excitation of drift instability requires a

critical gradient in the medium and if the gradient associated

with the large scalesizes (roughly the ratio between the amplitude

and the scalesizes) 1: [reatcer than this value, a turbulent

generation of shorter scalesizes follows. Thus in the eqgquilibrium

state, these gradients for a wide range of scalesizes remain
. -2

near this constant value and the k law follows as a natural

consequence of this. We treat the two-step mechanism as a

nonlinear mode - coupling process and find that a second stage
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drift ihstability cannot ﬁake pléce on'the'lérge scaiesize

drift médes. Next we have étﬁdied th@ ndnlinear coherent
development of the Rayleigh~Taylor and collisional drift
instabilities, generally believed to generate large scalesizes

in the eqﬁatorial Spread F, in order to explain some obscrved
large amplitude coherent steepened structures. The R — T
instability is shown to evolve as a finite - amplitude sawtooth
like propagating wave due to finite - Larmor radius effects,

in the one-dimensional approximation. Such coherently evolved
irregularities would also show a k_2 ~ like power spectra

and may contribute to the overall observation of k—z Spectra.,

It is evident that a two-dimensional analysis of this problem

is more appropriate, but it is not possible to solve it
analytically. A numerical investigation of +this case is_poétponed
for future research. The collisional drift instability has been
considered next, and it is found that due to ion - viscosity,

this instability may also saturate as a coherent finite - amplitude

wave with a distorted shape.

Second part deals with the irregularities in the
equatorial electrojet. The past investigations of plasma
instabilities in this case,like the two stream and Crossmfield
instabilities, have been carried out.using electrostatic
approximation, thus neglecting‘electromagnetic effects on these

instabilities which become important at long wavelengths, i.e¢.,

"when the parameter C(i/cvpe<< 1 » We have, therefore, developed

it
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‘a geheralized fluid‘theéry.fof the excitation'of mixed
electrostatic - electromagnetic modes by a br055~field
current in a partially ionized plasma. We discover a new
low ~ frequency mixed es - em instability (for‘lg/o%ﬁéﬂﬁl

and with a nonzero Jﬂ' ) in such a system which requires

[ .

a lower threshold drift velogity compared to.
. Y

This instability would be observable as nearly field - aligned
'phase - correlated large scalesize density - cum - magnetic
field fluctuations in the equatorial electrojet. NeXt, in
this part, we have investigated the two-step theory of the
equatorial electrojet for the excitaﬁion of short scalesizes
on the gradients of large scalesize irregularities due to
second step two - stream or cross-field instabilities. We

use a nonlinear mode-coupling approach and essentially recover
old results which were obtained through a 'multilinear’

analysis.

In the third part, we consider the situation pfevailing
in the auroral ionosphere during the auroral activity period.
Intense vertical field - aligned currents flow up and down
in the medium due to charged particle precipitation both in
F and E regions and are extended upto the magnetosphere. In
E ~ region, they are believed to be connected by horizontal:
cross -~ field currents known as auroral electrojet. We

investigate the destabilizing effect of a field - aligned
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‘cufreﬁt‘on an ob1iqﬁély'propagating ion.— cyclotron wdve

in collisional media, corresponding to aurérai F and E regions,
and show that the yave excitation can take place in both

the regions, the excitation mechanism being dissipati ve
processes, like resistivity, thermal conductivity.ctc.,

in the parallel elecctron motion. Ion - cyclotron waves have
been observed in the auroral F region and we have discussed

.our results in light of these observations. In E region alsco,
ion - cyclotron waves would be obscrvable at high alfitudés
(greater than 120 kms.) as nearly field - aligned long
4SCaleSi2e irregularities. Nonlinear propagation characteristics
of electrostatic ion - cyclotron waves in a collisionless
plasma are studied next and it is shown that they have sawtooth
Shapes at small but finite amplitudes. An extension of this
analysis for the collisional ion - cyclotron instability is

a topic of future study. Lastly, we study the nonlinear
coherent saturation of a cross - field current - driven
resistive ion - acoustic instability. Thisg instability may

have relevance in the auroral electrojet and we show that some
special nonsinusoidal solutions are obtained in this case due to

~lon viscosity in the nonlinear steady state approximations.
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