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Abstract

Different types of instabilities are observed in the thermodynamically nonequilibrium
Earth's ionosphere. Effective energy exchange process among waves may takes place
through nonlinear interaction modes because of availability of free energy. We consider
gradients in density and magnetic field is present in the system which support drift wave
turbulence. In this study we concern on the wave energy up conversion of electrostatic
nonresonant lower hybrid wave through plasma maser instability in the mid-altitude
ionospheric region. We have formulated the growth rate of lower hybrid wave by Vlasov-
Poisson mathematical frame and estimated its value by observational data.
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1. Introduction

The Earth’s ionosphere is a wall-less plasma laboratory has weak particle collision rate
and low temperature. Through experimental observations it has been found the existence
of both the linear and nonlinear properties in this atmospheric region [1]. In different
altitudes of this region, naturally occurring instabilities are observed and their nonlinear
effects are recorded. Perturbation develops in this open ionospheric plasma system for the
entry of energy and momentum fluxes through particles and waves like solar wind.
Gradients of several physical parameters like density, temperature and magnetic field are
existing in this thermodynamically nonequilibrium system. In this ionospheric plasma
region geomagnetic field is fluctuating with respect to altitudes for the interaction among
solar wind, magnetospheric dynamo, interplanetary magnetic fields and the presence of
other irregularities [2]. Due to the presence of a rich class of free energy sources in the
earth's environment several macro- and micro-instabilities are observed in this open
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inhomogeneous plasma system and investigated at lower and mid altitudes and in the
auroral zone [3-6].

In the mid-altitude F-region weakly collisional ionospheric plasma is produced
mainly through photo-ionisation process and has peak plasma density [7,8]. From satellite
observational data, gradient drift instability and temperature drift instability are observed
during turbulent geomagnetic field conditions within 30° to 60° geomagnetic latitude
ranges in the mid-altitude ionospheric plasma [9]. Kelly [5] observed in inhomogeneous
ionospheric region at the mid altitude, different entities like gravity waves, shear effects,
drift waves and lower hybrid waves are contributing in turbulence processes. In several
studies investigations on instabilities in an inhomogeneous magnetised plasma system
associated with density and temperature gradients from nonlinear wave-particle
interaction approach in both open and laboratory plasma environment as well as in
homogeneous and inhomogeneous magnetised plasma system are carried on [10-17].
Deka [18] investigated on the amplification of Langmuir wave in presence of ion acoustic
turbulence in inhomogeneous plasma in presence of magnetic field gradients through
plasma maser effect.

In this study, for the first time, we are investigating on probable amplification of
lower hybrid wave in the presence of drift wave in ionospheric region at mid-altitude
taking magnetic fields gradients and density gradients through plasma-maser instability
and wish to estimate the growth rate by using observational data. Here on the basis of
weak turbulence theory, plasma maser effect which was also known as induced
Bremsstrahlung instability is a mode coupling effect and associated with the linear Landau
damping [19]. In this effect electrons are accelerated by resonant mode drift wave
turbulent field. The accelerated electrons transfer its energy to nonresonant lower hybrid
wave through a modulated field non-linearly. Also due to wave-particle-wave interaction
a high frequency dissipative nonlinear force is developed which acts as driving force to
the growth of nonresonant mode. For this theoretical investigation we are using Vlasov-
Poisson mathematical framework to evaluate fluctuating parts of distribution functions,
modulated electric field, nonlinear force and growth rate expression through Fourier
transform and integration along unperturbed orbit methods.

2. Formulation of the Problem

Consider a semi-infinite bounded inhomogeneous plasma which is confined by a magnetic
field in the presence of low frequency drift wave. As superimposing perturbation field we
consider a high frequency lower hybrid wave to the system. Let the plasma density
decreases in the x-direction is balanced by a magnetic field that increases with x.

For this system, the electron distribution function is considered as [20]

foof (v 1| X+
0=V v)|1l-¢ XJFQ—j )

Here
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1 of,
g'=———L| isdensity gradient.
f, ox

Here “j” is used to specify plasma particle specification.

X=Xg
e B, .

Q j=———Is cyclotron frequency.
m.c

&" = ———=is magnetic field gradient.

In this problem neglecting temperature variation and their anisotropy, the density and
magnetic field with gradients are taken as—

n, =n;,(1-¢&'x)
B(x)=2B,(1+£"X)

3. Mathematical Analysis

The interaction of Lower hybrid wave with drift wave is generated by the Vlasov-Poison
system of equations which are —

e. (- VxB ~
0,90 _Silg,V>B) 0l un=0 @
ot or m, o ov
V.E =—4zne [ f(r,v,0)dv 3)

The unperturbed distribution function for electrons, the unperturbed electric field and the
unperturbed magnetic fields are taken as—

Fy="f,+efy+ & f, J. &)

—

E, = ek,
B, = B,(X) = 2B, (1+£"X)
Where foj is space and time averaged part of the distribution function, flj and f2j are

fluctuating parts due to low frequency drift wave turbulence, € is ordering of the low-
frequency drift wave turbulence field, electric field and wave vector of drift turbulence are

Ez = (EIJ_'JO_»E‘I'”) and k =(k,.0, k”)
Now, equation (2) can be written as

o 0 € -0 € (ixB) o
— 4V ——s—LE.——— — (f, +ef, +&°f,)=0 (5
ot or Tm ov mj[ jav}( Aol tehy) ©

j
To the order of &, we have —
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e (VxB e .
0,0 _S&i[VxB) O flj:—’E,.ifoj 6)
ot or m; c ov m; ov

Since the system is inhomogeneous in the x-direction, here we consider wave propagation
only in the y-z plan. Equations of motion are [20]

ar’  _,
=V
dt’
W & gkB (1))
dt m;c
r{t'=t)=r and V'(t'=t)=V @)

From equations (7), the particle orbits, under the boundary conditions
X'(0) = Xx,V'(r =0) =V are [18,20]
v &'v &'v cos(20+2Q.7) 2cosQ .t
x—x:iy"sin 9+ 1rex——Y oY Mst T+ . ] cos?g
v Q. 20.| Q. ] 2Q). Q.
(1+8”X—7y) J J J J J
Q.
J
v sing &2
1 . l(cosw
y gvy 292.
L+e&"x—2) J
2

+ Zcos2 6)

",

eV, i
y—y=— A Cos{O+ (L+ &% — 27— &'V, [ sin 26 OSQET+S|n(20+ZQer)_
” &’ Vy Q 20
A+e&"x——) ¢ 2, ¢
Qe
H "m,2
2sinQ,r cos? 0]+ v, cos@ﬂ Z v2 sin20
e A+e"x——)
'—z=v7
[ (8)

Using Fourier transform and the method of characteristics [20], from equation (6) we have

&k, T,
(k "))_12 [ ,”a”‘IR kliT {H[kWu e ]Rs,:}fm}

where

©)
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=

v, k v,k _i(s+1)0
J (1. Jr ST e['(ﬂ)]
.. e, o e
l+a.\'—Q—' l+&"x——
™ — J ) J )
R,,=D.
st
v,k ( ;
s| ——— |+(ky, —w)+i0"
e"v
L4 y
l+&'x——
Q

J

Let the quasi steady state is perturbed by the test nonresonant lower hybrid wave field
y&Eh propagation vector K = (0,0, K;), electric field 5E =(0,0,5E,) and a frequency

Q. Here electrostatic lower hybrid waves are directed perpendicular to magnetic fields
[21,22]. Due to this perturbation total perturbed electric field, magnetic field and electric
distribution function are

SE = uSE, + uedE, + ue’ AE

SB=0

5 = ust, +pses f + pe’ Af (10)
Where SE, and AE are modulating fields, Sf,is the fluctuating part due to high

frequency lower hybrid wave, & f, and Af are particle distribution function corresponds

to modulating fields
Let, the operator

o _ 0 e VxB. o
V. —(—).
Using equation (10) in Vlasov equation (2) for the perturbed state, we get —

Ii—i(,ulg +,u5|§ +,ug5|§ +/182AE) o X
m. | h lh a\_/.

j (11)
(fy+efy+&*f,, +uof, +ussfy, +us’Af)=0
To the order of £, we have-
. e - 0
Lof, = m_JgE“'E f, (12)

j
To the order of & , we have —

Cst ejﬁafejaafejﬁaf
L5 Ih:HEllgé‘ h+m_5Eh.§5 1J'+K5E|h'§5 oj (13)

i i i
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To the order of ,ugz and applying random phase approximation to omit second order
guantities, we have —
- e [ = _
LAf =—J[E,.3jf,h +5E,h.%5flj} (14)
i ov ov
Applying Fourier transform and integrating along the unperturbed orbit, we can evaluate
the fluctuating part & f, of the distribution function due to high frequency lower hybrid

wave K = (0,0, K) over the particle trajectories. Here
f (A Q =L I )E f;j [{K,(:'—:)—Qr}}dr
v
Using

Ay | _MYV_g &
v | 7T, T

]
and for weak gradient

'K, T
-+ J & 1
2Q;m;
We get after lengthy calculations-
%
5f,(K.Q)=-i> —LSE (19)
fh( ) ?Zm ( W O)

Using Fourier transform and the method of characteristics to equation (14) we get-
5f,(K-k,Q-w)= Z J'( SE, if +0E, 2f .+E,.%éfj.e“{(K‘E)"f"”‘(ﬂ"””}]‘“

"o O oY

=l +12+10 (16)
Here after Iengthy calculations we get

Illh _[§E|h 0 f e[.{(K K).(F'—F)—(Q-w)z}]dr

— 0"
J —a aV
e ()E m, [ e eTk:. |..

_IZ J TJ +1(Q_('))_(A|_ky)\]_ijnlj}""a.b}./:v

(17

0
€; - 0 -
Ili =z i _[5Eh f e[l{(K K).(F'=F)—~(Q-w)r}dr
m. ov
] —a
e ) 5 m ek, T
=iy —’]5}5,, f E, f"’ R,,——LE {1+| by, —o- LR, t oy |Zas
m; o, o, kT, meQ, ' '

(18)
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FoF)-(Q-0)e} Jdr

1+{(§1 @) (K, ~ kv, -

J vk, vk,
a ” 8,\'
1+ &' x—2 bietx——2

eThk, } ]
haly |-
J‘QJ'

©).
Z"‘»b = Z [ Jn

J
By using Poisson’s equation

V.SE, =

47re n

~4xy e;n; [51,.dv

the expression of modulated electric field 5I§,h (K

__N"_"7i e' 2 3
SE, = ZIR‘K k‘( JéE{ +A +A}

Where

:" ]+(K.. k)%~ (Q-)

—IZ)is
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(19)

(20)

(1)
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and

m
R=1+|-
I

4zne’ f R 8'kT1_
WJ{ (@-0)-(K -k J““”}f"""

For the nonlinear interaction between low frequency resonant drift wave k= (k.,0,k)

and high frequency nonresonant lower hybrid wave K = (0,0,K;) present in the system
by means of weak turbulence theory a nonlinear force develop due to acceleration of

electrons in the modulated electric field 5E,h and contribute in wave energy up

conversion process [23].
From equation (14)-

~ e[ = N
LAf =4[E,.i5f,h+5E,h. _ 1,} F (say)
m; oV ov
Using Fourier transform and integrating along unperturbed orbits, we get —
0
Af = J’ IE(K Q) e{i{K.(F'—F)—Qr}]dr

—-a

P
K/(Z-2-Q

The nonlinear force F, acting on unit volume of particles can be written as

vdv

F, :m}n/vQJ'

:‘.H_Q

1
_IIIJIIJOOJ< [E —Of;h +’~)Elh (5ﬁ1:|> A‘ ‘ _Q«\-(f\.
where ( ............ > represents ensemble average.

The Z-component of this nonlinear force is-
Fth(K’Q) = Fthl(K!Q) + Fthz(Klg)

where
~ 0 1
F,.=en QI E,.—d f; }——vdv
Nhz1 't jo J< Ic’fcﬁh>K|\‘]—Q I
Fui=em; oj<¢>£,h st > vdv
o Y Ky —Q

(22)

(23)

(24)

(25)

(26)

(27)

Here, the direct coupling term contributes to the nonlinear component force F;,, and the

other high frequency nonlinear component force F,,,comes from contributions of
polarization coupling term. From earlier investigations [18,24] it is found that for the
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growth of plasma wave in the presence of lower hybrid wave in inhomogeneous
magnetised plasma the polarization coupling term dominates over the direct coupling

term. In our present discussion we retain only the nonlinear force component FNhZz(K,Q)
only.
To evaluate Fthz(K,Q) we consider the plasma maser effect arises from resonant

electrons under the condition @ =K.V between lower hybrid wave and drift wave
turbulence. It is also assumed that (i) Q < Kjv, (ii) the gyro angle gshould be very small
and (iii) keeping a=b=s=t=0 to retaining the most dominant Bessel’s terms. Here we have
used the relation

1 .
IM—————— = —7id(w—kv)
kv —w+i0
and
[ 6(5(w-k) = ie(ﬂj
2 k| ~{k
2
VJ_KJ_
1+&"x——~
Here ), V. K, L j
1+&"x——2 4

i
From observational data it is found that magnetic gradients in the ionospheric region is

very much low, we can neglect&” =0.
After lengthy calculations and keeping dominant terms only, from equation (21) we
get approximate expression

\E SE K (K -k) o
1L h 2
B 0(Q-9)

where at the lowest order approximation we obtain
|

— 2 ;_2

RIK k[ i

Using equations (9) and (28) and to consider only polarization coupling term we get from
equation (25)

~ e_,
OE, =| —
m

J/

(28)

(29)

IEth (K’ Q) = lEthz(KvQ)

k) @ (o)
= ie}”]o‘sEh { "_, A»|(1\; v_k”) 3 “ En[ E, 2 + ZE,; ‘—‘i ]CH » / J
m; ) k; Q(Q;-Q) Q, v

(30)
In the presence of nonlinear force term, by using the method of Chen [25], the momentum
equation of electron as



348 The Wave Energy Up Conversion of Plasma Wave

o .
mjnj(E’+\7j.ijj=—ejnjV¢+ Fan (1)

where Vi, n; and ¢ are the density, velocity and potential of charge particles.

Equation (31) is linearized on the steady state condition n; =n and Vi =V, = 0,

and applying Fourier transformations, the first order z-component of momentum equation
becomes

—im;n; Qv,;,, =—ie;n; ¥ + Ky, (32)
From Boltzmann relation, first order charge particle density fluctuation is
e.
sn =n, S (33)
kBTj
The continuity equation for electron is
an, _
Ej = —V.(njvj) (34)
After linearizing equation (39) become
v. :_Qénj (35)
: non
Using equation (37),(38) and (40) ,we get
KT
oI DL R A (36)
m; m; én;

is the dispersion relation of electrostatic lower hybrid wave in the presence of drift wave
turbulence.

As neglecting nonlinear frequency shift, from equation (36) we get real frequency of
lower hybrid wave

1
2
Q, = 5| Kl 37)
r mj
and growth rate of lower hybrid wave
yo—Z Fuw (38)
2m,Q, on,

Now using equations (30), (33) and (37) in equation (38) we obtain
1 ( (. V]

( m, ]3Q$K(K—k)'£ (

2 V2|
L) S B "

J

¥ A

E, i+2EI ‘—‘f Ci-'wj
Q 2 ] T Q, v

Hl} L (39)
Equation (39) estimates the growth rate of lower hybrid wave with drift wave turbulence
from polarization coupling term in inhomogeneous plasma.

From observation it is found that |E; | > |E”||for drift wave turbulence, for this

neglecting E; factor, equation (39) becomes
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2 1 | e 2)
} e \( m Y _ oy K(K-k o Tal }
i = l s’ 'J 1 O (—)ElhE | i )
Q 2{m) kL) &4 K ) (40)
For the weak density plasma region we can put ¢'=0and equation (39) becomes
2 l = I’ e _wl
- > & 2 , K K‘ ___]‘.‘ o . _= \_4 i L
i P | e e 32

4. Results and Discussion

In this study by using Vlasov-Poisson system of equations, the dispersion relation of
electrostatic lower hybrid wave in the presence of drift wave turbulence is derived in
inhomogeneous magnetised plasma. We have considered polarization coupling term of
nonlinear dispersion for estimation of growth rate of lower hybrid wave. The issue of
plasma instabilities in ionospheric region at mid-altitude in the presence of drift wave
turbulence is relevant at present. To obtain an estimation of the growth rate of lower
hybrid wave, we have considered the following observational data:

1) The Plasma parameters and Lower hybrid wave parameters in space [26,27]:

T,=400K,Q=Q, = 10557, Zee 0.3.K,=10"m™"
2) The Drift wave Parameters in space [28]:

ky1073m ™k, = 107°m ™, vy = 105ms ™!
3) The observational electrostatic plasma wave dc electric field intensity in the mid
altitude ionospheric region [29]:

ky=10"2Vm~YE,, = 107'Vm™!
Considering density gradient &' =0.1 the growth rate for lower hybrid wave in presence
of drift wave turbulence in inhomogeneous ionospheric plasma from equation (40) as

lzloﬁ.
Q

as K, >» K — k; is assumed to take K, — k;, ~ 107°.
5. Conclusion

In this theoretical investigating work it is found that drifting particles takes part through
nonlinear energy exchange mode in the wave energy amplification process of high
frequency plasma wave in the presence of both density and magnetic field strength
gradients. After considering weak magnetic field gradients (= 0) in the inhomogeneous
ionospheric zone the wave energy upconversion process of nonresonant wave may also be
effective in the presence of density gradients.
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