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ABSTRACT

The generation mechanism of the electromagnetic radiation in case of inhomogeneous plasma on the basis of
plasma-maser interaction in presence of drift wave turbulence is studied. The drift wave turbulence is taken as
the low-frequency mode field and is found to be strongly in phase relation with thermal particles and may
transfer its wave energy nonlinearly through a modulated field of high-frequency extraordinary mode (X-mode)
wave. It has been found that amplification of X-mode wave is possible at the expense of drift wave turbulent
energy. This type of high-frequency instability can leads to auroral kilometric radiation (AKR). The growth rate
of the X-mode wave, in the form of AKR, has been calculated with the involvement of spatial density gradient
parameter. This result may be particularly important for stability of various drift modes in magnetically confined
plasma as well as for transport of momentum and energy in such inhomogeneous plasma.

I. INTRODUCTION
Drift waves and drift instabilities occupy a special place in the spectrum of collective

plasma processes. This is because under laboratory conditions gradients in temperature,
density, magnetic field and even impurity concentration are inevitable. Whenever a gra-
dient exits, a plasma current or particle drift exists; drift waves are supported by these
gradients and instabilities can tap the energy in the drifts. In addition drift modes prop-
agating oblique to the magnetic field can tap the thermal energy of particles streaming
along field lines. It has been observed that drift wave turbulence is one of the dominating
turbulence wave energy available in any magnetically confined plasma [1].

The study on the role of drift wave turbulence associated with plasma inhomogeneity
for the generation of various unstable radiation is an interesting issue for plasma physicists.
The study of the transfer of wave energy from low-frequency turbulence to ion acoustic
wave has been addressed by a number of authors [2,3].

In laboratory and astrophyvsical plasmas the problem of conversion of wave energv
with a large change of frequency is important. Nonlinear interaction of plasma waves
and particles can provide possible mechanism for the conversion. One of the attractive
possibilities is connected with the plasma maser effect [4,5]. Plasma maser is effective for
the energy up-conversion [6,7] from the low-frequency mode to the high-frequency mode. It
occurs when nonresonant as well as resonant plasma oscillation are present. The resonant
waves are those for which the linear Landau resonance condition w — k.7 = 0 is satisfied.
where w and k are respectively the frequency and wave number of the resonant waves.
The nonresonant waves are those for which both the linear and nonlinear ( resonance of
scattering into resonant waves ) Landau conditions are not satisfied, i.e. Q — K. # 0 and
(Q—w)— (K’—ﬁ).i" = 0 here €2 and K are respectively the frequency and wave number of the

nonresonant wave. Plasma maser process is especially important in strongly magnetized
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plasma where Q. > w,.. [8]. where Q. and w,. are respectively the electron cyclotron
frequency and plasma frequency. However. the energy up conversion be quite effective
since the standard Manley-Rowe relations are violated in this type of interactions [9].
Physically, the plasma maser instability is the dissipative type of nonlinear interaction in
which the nonresonant wave amplification (or absorption) can be due to perturbation of
resonant wave-particle collisionless interaction [6]. The effectiveness of the plasma maser
processes is strongly connected with the symmetry properties of the system considered [8]
and transition effects [10,11]. Furthermore, the nonlinear evolution of the resonant waves
'12] and particle distribution also called inverse plasma maser [9.13], can be observed in

the presence of the nonresonant turbulence.

In almost all the studies in plasma maser effect have been carried out considering the
the plasma system as homogeneous [14,15], recently attempts have been to investigate the
role of density gradient parameter in energy upconversion process through plasma maser
effect in inhomogeneous plasma [2,3,16,17,18]. In our investigation, we are considering
interaction of the drift wave turbulence present in inhomogeneous plasma with Bernstein
mode wave. Considering a Maxwellian model distribution function under standard local
approximation for inhomogeneous plasma [19]. we have obtained the growth rate for Bern-
stein mode wave using nonlinear dispersion relation. Here we consider Fourier transform
method. The real plasma, particularly in nature, is far from thermal equilibrium state. In
such case, the initial value analysis is not valid [20], because the plasma is turbulent at
the initial time and accordingly, the steady turbulent state is likely to be maintained by
boundary conditions on past history of a plasma. The disribution function is far tfrom a
thermal equilibrium Maxwellian and the disrtibution is approximately steadyv within the
time scale considered . Further in steady turbulent state of plasma, the fluctuation is

enhanced where the disribution function is far from the thermal equilibrium state.

In our study it is found that amplification of Bernstein mode wave is possible at the
expense of drift wave turbulence energy. This result is mainly important in stabilizing
various dritt modes in fusion plasma as well as explaining transport of momentum and
energy in such inhomogeneous system of finite extent. Moreover, it is also important as
nonlinear interaction of low frequecy resonant mode with thermal particles in long spatial

lengths in magnetosphere can trasfer wave energy burst in space [21].

I1. FORMULATION
We consider an inhomogeneous plasma in the presence of an enhanced electrostatic

drift wave turbulence and an external magnetic field By(Z). The interaction of the turbu-
lent fields with electrons which leads to the X-mode radiation test wave is governed by the

Vlasov-Maxwell equations

A e [ = UxB d

f(F.T.1) = 0. (1)

=z E .
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I 1B
VxE=--2—- 2
“ c ot (2)
VuBo_t0E_ 37 [0 724z (3)
c Ot c ’

The inhomogeneous plasma considered for our study has spatial gradient in the Y-
direction. The confining magnetic field with negligibly small gradient is taken along the
Z direction. For such an inhomogeneous system [22] the particle distribution function is
considered as

. (25% - s Uy C).fUc(U y)
foe(vi. v,y +=—)~ foc(T,y) + ——————=
c | Q. c Q. oy
v, 4
~ foe (v 9’){1+¢#} (4)
where )
Ff — |: -]- af-DC:|
.J’fOc C)y y=0
is the density gradient .v, = v, cos¢. v, and v are components of velocity along and

perpendicular direction of the external magnetic field, ¢ is the phase angle of the particle

in the orbit, Q. = ¢By/mc is the electron cyclotron frequency and at y = 0, we have

PN m \*/? m - -
Joe(Uoy) = | - — eXPp | —5= (Uﬁ 4+ Ul)

Since the drift wave turbulence which is assumed to propagate almost perpendicular
to the magnetic field with propagation vector k = (% .0, %) is present in our system, the

various phyvsical quantities can be written as
fe = foe +€f1e + 'C?.IFQC +of,
B =B,+ 5B (6)

and

E =¢E, + oL

where fo. is the space-and time-averaged part, fi. and fo. are the low-frequency fluc-
tuating parts of the electron distribution functions, Eg is the electrostatic ion-cyclotron
wave field which is assumed to be in the Z and X- directions. € is a small parameter, 6 f
is the perturbed distribution function, 6 E(F, t) and OB(F.t) is the perturbed electric and
magnetic fields of the high-frequency X-mode test wave.

To investigate the problem of plasma-maser from a quasisteady turbulent plasma
with enhanced electrostatic drift waves we perturb the steady state by introducing high-
frequency electromagnetic X-mode which is assumed to propagate perpendicular to the

magnetic field with propagation vector A = (K ,0,0). According to the linear response
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theoryv [20] of a turbulent plasma, we have

OF = ,uofh + ,uFOf;h + ,uFQAE

\-‘J

0B = ;,aé)r'égh + ,J'.{FOB’”} + pF?AE
OF = pd fn + ped fin + pe Af

where p is another small parameter (u < €) and 0L;,. AL. 0By,. AB. 0f;, and Af
come from the mixed mode perturbation. Linearising the Vlasov-equation (1) to the order

€. u, pe and pe?, we obtain respectively

. 9 _
P.)‘LIE‘ — i (Ef : T\) .foc- (8)
m ov.
o - Gx6B,\ 0
P(j.fh - L_ (‘th + LX—;) ' .-__>.!Foc- (9)
m c ' ov

. " — a . . , — l_," X (;B h a .
Pbfiy = — (Ef - —J 6 fn+ — (aEh + —’) fret
m v, m c
(= Gx0Bu) 9, (10)
.L (OEFh + Tﬂ) - == foe-

ov

m

) ] 0 ) ] ; _ U X Og ) a .
PAf=Z (}3; : ﬁ) Sfin+— (6B, + ——=1 ). Zf. (11)
m av, m v

P:§+s.i—i(axgo) d

c v

Eqs.(9) to (11) are the basic equations for the induced Bremsstrahlung interaction which
comes from electron acceleration due to nonlinear forces.

For low-frequency electrostatic waves, the electron motion along the magnetic field
is important. The Fourier component of the corresponding distribution function f., from

Eq.(8), is given by

o\ By (k,w)g2=F,
- ie\ FUNY )Py Joe '
s (i | 12
fre(k.w) (m) w — kv + 0 (12)

where 0 is the small imaginary part associated with w and %k is the wave number of
ion-cyclotron wave and || means parallel to the magnetic field.
Now, we obtain dielectric response function for high-frequency X-mode wave by using

Poisson’s equation
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V-8B, = 4:&;.5/ {o‘fﬁ(ﬂ’,ﬂ) +Af(K.Q)| dw.

This takes the form

SEL(EK.Q)en(K.Q) =0
The dispersion relation thus obtain can be written as
en(K.Q) = eg(K.Q) +e4(K. Q) +¢,(K.Q)

where eg(A. ) is the linear part, eq(/, Q) is the direct coupling part and €,(K.Q) is

the polarization coupling part, The expressions of these parts are given by

= w2 m ' eT. I
ol K.Q) =1 P — 1 Q— —
co(K, ) * I\E (TC ) _/ { - ( mil, )

y Z Jo(e)Jp(a) expli(b— a)f}

afl, —

(13)

Joedu.
a.b

w ' '"T.I
WK "’C / 214 ==L
ca(K (Iu {Tc i me |
Jo(a)Jp (o) exp{i(b—a)B}
aQ. — 0

E m eT. K|
{__( {....—w+ﬂ|tl - Tﬂc} .
§~ Tole) o) explily = )0}

p.q P —Q =k +w /

gy Ly dele) (@) explily — p)e) } o

dv) > P — Q= ko +w

© By 5= foe (14)
m C}b” r J
e — 1 Q—w+k —
TC( —o t kyuy + 0 (141 R

FfTCKJ_}Z Jo(e')Jy(e') expli(b — a)b}

me), aQle — Q= kv +w

E,.m e€T.K |
— 1+ Q- X
K, T me,

Js(a) Je(ev) expli(t — s)6]
> o0

5.t

15} ZJ{Q)JT( ) expli( 7‘5)6]] .

e a0
at-” ot Sileg — L
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and the expression for ,(I, Q) can be put in the form taking dominant contribution into

consideration
_ w? 2 2 W2 (Q—w) -
L(K.Q) = =2 (= pe By (F.w)?*x (A+ B (15
o F.9) = 2 () s PR ) < (4+ B) (15)
where
_l : m ! aii'”foc‘ J
A= yy—=—| ———— |11 Q—w+ kv —
/LTC —w‘|'fl|”b|‘|—!0 +{ T
€T K| Jo (") Jy(a) expli(b — a)b)]
me2, ){Xb: afle — Q- kv +w .
H ” F!IC]\VJ_)
1— 1 Q—w+ky —
K { +< T me. |
_ kv (16
Ja(a')Jo(a)explilb —a)f] | | Fjyy (16)
HO —o—ﬂHL”—I—w O —w
a.b
d Jo (') Jy(a') expli(b — a)6]
('“)L’H 0 HQC—Q—A‘”U” +w
d Js(a)J: (o) expli(t — s)8]
cr).z‘ Z 50, —Q av.
5.t
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Q—w —w + kv +1i0

1+ (0 B HTCK_) Z Ja(a)Jy(a) expli(b —a)8] |

mQl, afle — O

a.b

; a
Fjv, 0 aL”f
Q—w‘(r)u‘ w+;\‘bl+f0

zJa(aJJb(a)exp[f(b—u)H] 3

du.
afl. — 0

a.b tte

WWW.ijera.com 54Page



Mahinder Singh. Int. Journal of Engineering Research and Application www.ijera.com
ISSN : 2248-9622, Vol. 6, Issue 10, ( Part -2) October 2016, pp.49-60

I11.  GROWTH RATE OF THE X-MODE RADIATION

The erowth rate of X-mode wave 1s calculated by using
o . L=

h
q =

I?'F! -? i
_mth . (18)
Q'C)Foff(r)p. 0—0 '

==

By considering the fact that Plasma-maser effect arises from the condition w = kjv. The
most dominant contribution comes from ¢ = s = 1 and p = 0 terms in summation. After

simple calculation, by taking dominating terms only, we get from Eq.(13)

= Wy - m 1 {wye 2
wkar-1- () (3) 4 )"
iy e 4\ g
1 0 FfTC_I{J_ (lgj
Qc - T ?’-"?QCQ '

From Eq.(19).we obtain.

oes _ (5 ‘FITCKL) (20)

00 K? (Q. — Q)? ( mQ,

Since, the plasma-maser comes from the imaginary parts of the direct coupling term and
polarization coupling term, so we calculate the contributions of direct and polarization

coupling terms separately.

3.1 Growth Rate of the X-Mode Radiation Due To Direct Coupling Term:
First we calculate the imaginary part of direct coupling term and applying plasma-
maser conditions, we have, after lengthy but straightforward calculations (by partial inte-
grations), from Eq.(14)

—

Im'cd[:j‘;; Q) =0

Thus, we find that contribution from direct coupling term is zero.

3.2 Growth Rate of the X-Mode Radiation Due To Polarization Coupling Term:
First we calculate the imaginary part jof direct coupling term and applying plasma-
maser conditions, we have, after lengthy but straightforward calculations from Eq.(15)
as

2 9

II'HFP(I?:Q] — pe (L)' ( w‘PC("- _w)

0 —w)?—c2K"?

By (k,w)|* x I,(A+ B) (21)
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Now we calculate I,, A and I,,B. Integrating partially and after simplification. applyving
plasma-maser condition, the dominating terms are written as from Eq.(16), we have

[A— {l-l— ; (Q—FTIXL;T??._C) (IU_—!.

0, —Q

) =
Q.- ) m
Q—F;TCI&—l;???QC \
_QC—Q NAq | X
27

(22)
~_exp{— * ) .
v kR { (F«” Ve }

and from Eq.(17), we have

+
\ 2T w w . (23]
mQe HH 2 Toylhy[ (’?'||ﬂ-'c.) |
where
] ‘)IULJL Jl( )fOC'LJ_)dL

approximation for €2

By substituting Eqs. (?Q)a d (23)in Eq.(21)we can write the expression for Imrp(fx Q)

Next we estimate R{I& - XT Q — w) by expanding from Eq.(A.10), about the small

argument k and w in R and we have used the relation F(I; Q) = 0. To the lowest order
1> w,

1 1
R(E —F)[(Q—-w)?—c?] 2k

Hence the growth rate due to polarization coupling term by using formula (18), we
have ( after simplification and taking dominating contribution only)

ne FfT K
‘)\/_ ? ‘E” ;Z\ w)| {J. =

K* w 2
e | w2 P ke ) [
When there is no density gradient (¢! = 0) i

le., for
rate of X-mode wave is obtained, from Eq.(24).as

(24)

tor homogeneous plasma, the growth

_j\/_F’

nI\._
a|| w)|” -

€
C

When high density gradient is present in the system i.e
. gr

system, the growth rate of the X-mode wave is estimated, from Eq.(24).

for inhomogeneous plasma
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2 i (72 -2
Jh _ g TL;;JEH(LWH iqﬂ—,,lxg’_ (26)
Q Q v k1

However. for small-order gradient there is no effect in the growth rate and Eq.(25) will

give the estimate for such a small-gradient situation.

IV.  APPLICATION AND DISCUSSION
As an illustration. we apply the result of our investigation to AKR. Accordingly. we
take the typical plasma parameters [23]
Ey ~ 10pvm™, Q ~200KHz, k| ~27 x107%em™, K| ~83x 10 %m~!, Q. ~
10w,e. We have from Eq.(25)
~ 102 (27)

and from Eq. (26). we have

~ 1071 (29)

The growth rate is much enhanced because all the accelerated background electrons
take part in the emission.

It should be mentioned that the electromagnetic emission without inverted electron
population is most important characteristic of the plasma-maser. Similar high-frequency
radiation is also observed in laboratory experiments [24]. The plasma maser contribution
Im.ch(fz'. Q)is composed of two parts:1,, €4 (I: Q) and Imq,(fzi, Q). which are the Plasma
maser contribution due to direct coupling term and polarization coupling term respectively.
It was pointed out in Ref.[6] and [9] that L”Fd(ﬁ_. Q) £ 0 and Ime(I?. Q) = 0 for un-
magnetized plasma. Furthermore, only for closed system, without external magnetic field,
the plasma maser contribution from the direct coupling term exactly cancels out with the
reverse absorption effect if the slow time change of medium due to quasilinear interaction
is considered [6]. This is because, for closed system, both the low-frequency turbulence
and the background electron distribution function are not fixed by external agents but
are free to evolve self- consistently to form a quasilinear plateau. Then, both the plasma
maser and the reverse process due to quasilinear effect coexist and there is no net growth
of the nonresonant high-frequency test wave. On the other hand, for an open system (a

plasma in the external magnetic field considered here)with a particle supply from outside,
the electron distribution function is fixed by external agents and the reverse absorption
effect vanishes. Then the stationary state without quasilinear plateau is possible. Accord-
ingly the energy transferred from low-frequency wave by resonant interaction must go to

an unstable high-frequency mode.
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Appendix
The Vlasov equation (9)-(11) are now solved by integrating along the orbits of the
particles in the unperturbed fields. In cylindrical coordinates v, = v cos ¢, v, = vy sin ¢,
v, = v)|, the particle orbits r’(7) are given v}, = v, cos(#—Q.7). v vy sin(6—Q.7), vl =
v, and
vy, vl
= = sin(# — Qc7) + —sind
Q. T,
’ Uy / vl
Yy =y+ o cos(f — Q.7) — o cos
2 =24 T, r=t —t

From Eq. (9). after using Maxwell’s equation and integrating partially, we have

R ie 8, m eT.K
O fn(K,Q) = — — |1 Q—— ) x
Ofn(K, D) m K, T, { - ( me2 )

2ie

Jexpi(b—a)f| .
zb: ”O 0 _J'LUC'

From Eq.(10), we have

| e/ a\. . (.= ©x5&B i
O fin = ] SWE-Z)ofa+ (0B + 5220 S
m U c ' au

; — U X Og a .
(OEIh + L—Cm) — foe-

—»

duv.

v
="+ 1+ 1

Now

d
Iih = i/ E - O frdd.
! m T fndv
::_c f_tOEhﬂ - Q_F’TCKL .
m|m K, T, m,

Jo(a)dy(a) exp{i(b— a)d}
> 00, —0 “

a.b

£ om fT. K|
—— 1 Q—w+ kv —

{]{l 1. ( * { + R me 8

3 L) dy(a)expily —p,w) B

e Pe—Q -k fw

Eya—

9 ZJh(a’)Jq(ﬂ’)Ppr(q—11)91 ;
J0Oe-

dv P — Q= kyy +w
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([ = TxdB
I _ i/ (aEh 1+ u) ‘i_flcdﬁ-
m c v
E

e OF, m [ ie Ey( '“’)_au” Joe
—— = :
m K, T, \ m W — Ff”u” + 10

€T. K|
1 w =+ kv — X
{ + ( E R ey )
Jo () Ty (') exp{i(b— a)b}
(!QC *O*A”LH + w

a.b

L 7% 6B
Iéh — i‘/ (OEm 4+ M) . if&:da
m c ‘ ou
ic\ SEm(K — k) Koy ) m «
(m) = k| K Q-w TC{ o

F"TCI‘:J_) Z Jﬂ(a,}Jb(ﬂf)PXp[i-(b— H)H]
m&e aQe — Q — Ky +w

foet

Sl

kvl dfoe (2a/a’) T, () Jy(a) expli(b — a)b]

Q—w av (JQ,: -0 - A’H'U” -+ w
a.b

Now we obtain mixed modulation electric field 6 Epp (:I:’ — k- w), as follows

dren.(Q —w) oy, ] iem )
6 L) v 3 0 -1 - ) —— 1 Q-
o mf?(ﬂ—w) — ' K| il m Te e+

€T K| ) J,(a a)expli(b—a)f}
mQle cch -0
a.b
E;om T K
O wt oy — =
{Ix Tc <l+{._ TR mQ,. "

Z Tyl ) Jg(a ) expi(g — ]:)H) B

O — QO _ Lo o
- Ple —Q— Ky +w

d Jp(a )y )exp J(q - p)H ) ‘4.9
£y C (49)

o L2
e m | ie Efl\[‘;"""’)'c)cu foe
— — — X D ———————T
mT, \ m w — kv + 10

o eT. I |
1+ _-—,L;—Q—ﬂ\"b”— ey X
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X
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where K/ = | — k| and
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