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Abstract

The emission of electromagnetic radiation in the whistler mode within burning plasma has
been studied in the presence of low-frequency kinetic Alfvén wave (KAW) turbulence. This
process occurs through wave—particle interactions driven by a nonlinear force. The nonlinear
force arises from the resonant interaction between ions and the modulated field, which leads
to instabilities. Using a Maxwellian model for the particle distribution function, the fluctu-
ating parts of the ion distribution were obtained. These fluctuations generate a nonlinear
force. By applying the ion momentum equation and the ion continuity equation, a nonlin-
ear dispersion relation for the whistler mode was derived that incorporates this force. The
growth rate of the whistler mode was then estimated using experimental data from fusion
devices. The results suggest that whistler mode instabilities can develop in burning plasma
when kinetic Alfvén wave turbulence is present.

Key words: Burning plasma, Kinetic Alfven wave turbulence, ion-acoustic wave, wave-
particle interaction, Nonlinear force

1 Introduction

Radiation phenomena associated with plasma inhomogeneity are a common feature in burn-
ing plasma. Burning plasma is a self-organised complex system consisting of energetic par-
ticles—these include electrically charged fusion products as well as superthermal ions and
electrons, generated both by fusion reactions and by external power sources used for heating
and current drive [1]. The study of plasma instabilities driven by large-amplitude electro-
magnetic waves, based on plasma maser theory, has long been an active field of research
in burning plasma. The energy density of fast ions and charged fusion products forms a
significant fraction of the total plasma energy density.

Whistler modes, meanwhile, are naturally found high above Earth in the ionosphere, a layer
of the atmosphere located approximately 50 to 600 miles above the Earth’s surface. Whistler
waves in the 100-200 MHz range are produced when lightning bolts generate pulses of elec-
tromagnetic waves that travel between the Northern and Southern hemispheres. As these
waves propagate, their frequency shifts, and when converted into audio signals, they produce
a sound similar to whistles. Remarkably, similar whistler waves have now been discovered
in the hot plasma inside a tokamak [5]. Whistler modes are stabilised as the magnetic field
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increases, consistent with wave—particle resonance mechanisms.

Kinetic Alfvén wave (KAW) turbulence is supported by plasma inhomogeneity in burning
plasma, which is associated with strong confining magnetic fields. Therefore, an inhomo-
geneous particle distribution model is considered in this investigation. Among the various
collective electromagnetic instabilities in burning plasma, low-frequency kinetic Alfvén waves
are regarded as the primary drivers of anomalous transport phenomena. In these inhomoge-
neous regions, KAW instabilities are excited by superthermal energetic particles [13,14,15].
This creates a strong possibility that resonant interactions allow KAWSs to exchange energy
with such particles.

Resonant interactions between kinetic Alfvén waves and whistler waves occur in burning
plasma, as both may be slowed down by Coulomb collisions, which are naturally present in
such systems. The important role of KAWSs and their interaction with energetic particles in
burning plasma was recognized in pioneering works by Belikov et al. [6], Rosenbluth and
Rutherford [7], and Mikhailovskii [8].

Thus, in the inhomogeneous regions of burning plasma, kinetic Alfvén waves—excited
by superthermal energetic particles [2,3,4]emerge as a low-frequency mode strongly coupled
with plasma particles. Among the possible collective instabilities, KAWs are considered the
most significant contributors.

In this investigation, we wish to analyse how kinetic Alfven wave turbulent energy along
with the nonlinear force E x B which initiates kinetic drift motion may transfer its energy
through acceleration of alpha particles to non-resonant whistler wave on the basis of non-
linear wave energy up-conversion process called plasma-maser effect. Plasma-maser effect,
which is especially important in strongly magnetised plasma where 2; > w,;, was proposed
by Nambu [18,19], where mode-mode coupling is considered among waves. Plasma-maser
effect occurs when resonant as well as non-resonant waves are present in the system. The
resonant waves are those for which the Cherenkov resonant condition w — v.k = 0 is sat-
isfied. Whereas the nonresonant waves are those for which both the Cherenkov resonant
condition and the nonlinear scattering conditions are not satisfied i.e Q — (K.v) # 0 and
Q—w— (K —k).v # 0. Here, w and {2 are frequencies of the resonant and nonresonant waves
respectively and k and K are the corresponding wave numbers.

The plasma maser process is best understood in terms of a high-frequency nonlinear
force [18,19]. This force arises from the resonant interaction between energetic ions and
modulated fields, which are produced by the coupling of high-frequency whistler waves with
low-frequency kinetic Alfvén waves in burning plasma. The nonlinear force can either ac-
celerate or decelerate energetic ions, and the accelerated ions may then emit electrostatic or
electromagnetic radiation.

In this work, using a local approximation, we apply a modified Maxwell distribution function
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for inhomogeneous plasma [20] and derive the nonlinear force responsible for the emission
of electromagnetic radiation in the whistler mode in the presence of kinetic Alfvén waves in
burning plasma. Furthermore, we estimate the growth rate of the whistler wave by employ-
ing the ion momentum equation and the ion continuity equation in a tokamak environment.

2 Formulation of the Problem

We assume tokamak plasma in presence of kinetic Alfven wave turbulence with whistler
mode as super imposing perturbation field in the system.The confining magnetic field with
small gradient is taken along the z-direction By = By(y) and the system has spatial gradient
in y-direction.

F ng(y) | VBo(y)

ky X

v

Bo(y) ky

Fig.1:Geometry of the model: k = (k,,0, %)) is the propagating vector of kinetic
Alfven wave K =(0,0, K)|) is the propagating vector of Whistler wave, Vng(y) is the density
gradient along the negative Y-direction, V By(y) is the magnetic gradient along the positive
y-direction.

For such an inhomogeneous plasma [24] the particle distribution function [25] is consid-
ered as
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where fo;(y,v) is the distribution function for the guiding center: i refers to the ion
(i), v = vicosf, vy and v, are the components of velocity along and perpendicular to the
direction of the external magnetic field, 6 is the phase angle of the particle in the orbit,
Q, = % is the ion cyclotron frequency, A\ = {—ﬁ%ﬂ . is the density gradient and
1 y:
F = Fy is the external force applied in the y-direction which is responsible for drifting
motion of alpha particles in equation of motion as follows
dv F
— = Qz VXZ)+—y
Due to this external force applied perpendicular to magnetic field would result drifting
velocity

F x Bo
Vi =
r eB?
at the zeroth order [22].
In present case we have
F

The interaction of high frequency whistler mode with low frequency kinetic Alfven wave
turbulence is governed by the Vlasov-Maxwell equations.

[;+v.£—{;i <E+VXCBO> +T];}.§V] Foilr, v, ) = 0 (2)
VxB=— 2 (3)

V xB = i%f + 4:J (4)

J = —eni/vfm(r,v,t)dv (5)

V.E = dren; / For(x, v, t)dv (6)

On the basis of linear response theory [23] the unperturbed ion distribution of a turbulent
plasma can be expressed as

Volume 15 Issue 7, July 2026
Fully Refereed | Open Access | Double Blind Peer Reviewed Journal

WWW.ijsr.net

Paper |D: SR26701223120 DOI: https://dx.doi.org/10.21275/SR26701223120

79



International Journal of Science and Research (IJSR)
ISSN: 2319-7064
Impact Factor 2025: 7.089

Foi = foi + €f1i + € fa (7)
Ey = ¢E; + €E, (8)

and
BOi = BO + EBl (9)

where € is a small parameter associated with the kinetic Alfven wave turbulent field
E,=(FE;.,0, ) and B;=(0, By, 0) with propagating vector k=(k,0,k)), fo; is space and
time average part, fi;, fo; are fluctuating part of the distribution function. Fs is the second
order electric field.
Putting these in Eq.(2), we have to the order of €

0 0 e [(vx By F 0 e v X B; 0

Using Fourier transforms according to

Ar,v,t) = A(k,w)expli'(k.r — wt)] (11)
kw
and integrating along unperturb orbit, the fluctuating part fi; of the low-frequency tur-
bulent field is obtained from Eq.(6) as

. i 0 VvV X Bl % ./ /

frilk,w) = ol (El + . ) By expli'{k.(r' —r) —wr}|dr
0 . .
= n(; . (Ellgf;: + Elg];oz> expli'{k.(v' — r) — wr}]dT
y € m; ATk 0 foi
= i) o [TilﬁEu{l - (k”v —w— i, ) Map} foi — By o, M
(12)
where

Mo — Z Jo(i) Jp(a;)expli’ (b — a)]
P S0 o+ Ry +w — kL Ve + 0%
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kLUL
o; =
Q;
F
Vi =

which represent the F' x B drift, w and k are frequency and wave number of kinetic Alfven
wave fields and %" represents small imaginary part of w.

After applying perturbation to the quasisteady state by a high frequency test whistler
wave field 0E with a propagating vector K = (0,0, K)), electric field 0E = (£},0,0), mag-
netic field 6B = (0, By, 0) and a frequency €2, the total perturb electric field, magnetic field
and the particle distribution function becomes

6E = u0Ey, + pedEy, + pe’AE (13)
OB = 0By, + pedByy, + pe2AB (14)
8 fi = pd fri + p1€d fini + pe’ Af; (15)

Where 0E;;,, AE, 6By,, AB are the modulation fields, d f,;, Af; are particle distribution
function corresponding to modulating fields and 0 f,; is the fluctuating part of particle distri-
bution function due to a high frequency whistler wave. Linearising Vlasov equation Eq.(2)
we obtain

la 4 {e( (Eo¢+5Eh)+VX(BO+6B)>—|—F} a](Fori—af):O

&“"5_ m; c m; [ ov

0 0 2
= |=+v.—+ < (€E; + ¢ Ey + udEy + pudEy, + pe? AE)
ot or m;

v X (Bg 4 6By, + p1€0By, + 1€’ AB) 4 r } 8] X (foi + €fri + € fo;

C m; \%

+ (b fn + pedfin + peAf) =0 (16)
To the order of p, pe, pue?, after omitting the second order field quantities we have

V'X(ﬂBh> 8]&

Pifu=— o (17)

(2

<5Eh +
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e vx B 0 e v X 0B v x 0B 0
P6 fipi = — (Ez + l) 0 frit— <5Eh+h> = Jut <5Elh lh>.f0i
m; c ov m; c m; c v

(18)

B 0 0B 0
PAf; = £ (El—l—vx l) -(5flhi+e<5Elh+Vth>-fli (19)
™ c ov m c ov

7

where the operator P is given by

0 0 e v X By Fl 0

Using the Fourier transformation and method of characteristics[27] We have evaluated the
fluctuating parts 0 fr:, 0 fini, Af; of the particle distribution function over the particle tra-
jectories

We have from Eq.(13)

5fuK.Q) = — _0 <6Eh v XC‘SBh> .%{2" exp[i {K.(r' — ) — Qr}]dr
. ||v|| 8f0@ KHUJ_COSQ 8foZ . ’
= —/ SE}, l( q ) a0, + Q oo, ]exp[z {K.(r' = r) — Q7}]|dr

Ky mvy exp(i'0) exp(—i'0)
m; h[( Q Jo 2T; K”’U”—Q—Qi +K||U||—Q—|—Qi

N A ] _ Kjvicost dfoi 1 1
(Ko — ) Q 9y Ky = Q
i'e K?J”) [ml ’ULCOSQ(KH?}” - Q) A ‘|
- g fo +
mi K T - 92 -9 Q(Ep - Q)
K v, cost) O fo; 1
— 2
QO Ky — Q] (20)
From Eq. (14)
0 x B\ 00 fni x 0B\ Ofi
5flhi(K—k),Q—w) = mi 3 [<E1+V c l) . a{,h + <5Eh+v c h)é{i

ov
= Ij, + I + I}, (say) (21)

+<5Elh + XfB”l> .af(“] x eapli{(K — k).(t' — 1) — (@ — w)7}]dr
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(El = XCBZ> Dt gl {(K K. ) — (@~ w)r)ar

= () (E%f g, ) eapli {(K ~ K).(' = 1) = (@ - w)r}]dr
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m; J—oo
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m;

[(1 K”U)@fu Ky cos 0 fy;
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xexp[i'{(K —k).(r' —r) — (Q — w)7}]dr

k K-k ; ATk
= —i/i(SElh [( = + | |U>f0im [1 -+ {(Q — w) — (KH — ]{JH)UH — + }Nst‘|
my; Tik | i

IK-k| Q-w o)
K-k K-k O fo;
- 0 N,
( [ K-k Q—w v ot
(24)
where
. . -/ _
Ny=% Jo(0) Jy(ov)expli’ (s — t)6)]
— (K — K)oy — 5Q +w —Q —k Ve
and
o kivy
T T Qz
3 Nonlinear Force
, B i
PAfl(K’Q) = i El+VXB[ .35]61;” +i Elh+Vx h afl
‘ ¢ v m; c ov
—¢ (25)
Introducing Fourier transformation in space and time we obtain
F(K,Q)
Afi(K,Q) = 1 (26)
(K = Q)

The nonlinear force can be defined as the rate of change of momentum and is given by

0
GNh = @/mlvAfdv
0 ’
= 5 /miAfi(K, Q)expli'(K.r — Qt)|vdv
Q
(27)

Therefore the Fourier component of the high frequency nonlinear force Gy, (K, 2) acting
on unit volume of fast ion can be written as
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0
GNh(K,Q) = mmb/iFVdV
Q— Ky

Q VvV X Bl 85]”1;”' vV X Blh aflz
= — | |E : E : \'4
enb/Q—Kan T ) av +< " > @V]Vd( R

where ny, being the ion number density. The z-component of nonlinear force Gy, (K, §2) can
be written as

Gnn: (K, Q) = Grpaa (K, Q) + Gy (K, Q) (29)
where
Q VvV X Bl 8(5flhi
Ganat (K, Q) = /7 E Lo g 30
Nhzt( ) =eny Q—Kv”( 1+ p > v v (30)
and
Q VvV X Blh 6le
(K, Q) = /7 E . d 1
Gnpza( ) = eny Q—K”v”< h + p > v vav (31)
0 ki | K-K| 0f1i
(K, Q) = — /7 E,
G, €0 O Kpy, <6 lh(lK-kI "o —wv> ov, |1
Q K-k |K-k| 0 f
——(0F — 0 = Yud
+€nb/Q—K”U”< lh( |K—k| Q_WULCOS 81)” UH v
= L+ (32)
where

Q kL KK \Of
I=—en, [ o———(oF
LT T Ry <5 lh<|K-k| Ta- w“”> oo, )1

Q K| —k | K-k| O fu
I - / P — E I I — L V
2= | 5 Kv||<6 m( K-K] 0 vy cost o v d
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We have considered the second part of the nonlinear force Gyp.2(K, ) which is comes
from the polarization coupling term. In the evaluation process taking only the imaginary part
as they only contribute to growth or damping of plasma waves through the plasma maser
interaction for which the condition is w = k.v (other resonant conditions viz, Q@ = K.V
and Q2 — w = (K-k).V are not satisfied)between the whistler wave and kinetic Alfven wave
turbulence. Assuming (2 < Kwv) and the phase angle 6 to be vary vary small, we evaluate
the nonlinear force considering the most dominant contribution to Bessel’s term comes from
theterma=b=s=1t=0.

Substituting the values of 0 fi;(K-k, Q2 — w), and replacing Im( ) by —imd(w — kv),

we finally obtain the nonlinear force Gyp.2(K, Q) after a lengthy calculation retaining the
dominant term only from /; and I, as

1
—w+kv+i0+

(K — ky)kf A vaky £ ki
G z - - 5E 7 E Q; 2E M
Nhz2 enb\/_ thi ( >K2(UAI€|| + k1 Vp)? K- kaII|Uz ( ZLQ" e k“UZZ )

The expression of modulation electric field §Ej,;(K-k) is obtained by using maxwell’s
equation

10 47
——0E;; + —J
cot + c
J = —eni/vflhidv

which is in the form after simlification

VXB[}L:

4mi’en;(Q — w)
{(Q —w)? — K-k}

Now, we obtain d Ej, using the values of I}, I and I} as

e = R{(S?/z?g(?;lg-km <niz-)2‘5E"/ ””HElKl Knv)f ZT{(KH(UTHU'&?W}

KH af()z 1 _ K”U” m; UJ_COSH(K”'UH — Q) A
Q duy Koy - Q] Mot P [(1 )fm{ T; {(Kjvy — ) = %} i € (Kjvy — Q)}

Kjjvicosd 0 fo; 1 m; Nk
TR T o] ek el R K A L v o G

0B = )0 finidv
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i _ K”U) {771Z ULCOSQ(KHU” — Q) A }
+ Ezuavu[(l @ )PNT - 22— 07 T ke —9)

_ Kjvicost dfoi 1 K\ my - -
Q a’U” KHU” - Q] Nst‘| + [(1 9] T]{?L L+ <Q ) (K” k”)UH
afOz

)\Illﬁ_ )\jzkj_
- N, B 41— (ko) —w— May ¢ foi = Eyj=— M,
7”@&%‘ } t] T]{?J_ [ U‘{ ( ||U|| ”liQi ) b}fO l” 8 | b‘|

Kyycost 0 | my Mok, 0o
Son - —Ww— E M| N, 4
+ O 8?]” [EkL ElL{l (k}||’U|| w szz ) ab}fOz N5 a v ab st (3 )

where

W2 (2 —w) ki |K k|
= 1 Pi .
R + {(Q—w)? — 2[K-K|2} Y| [(‘K K] U)fo
ATk
1 Q—w)— (K| —k Ny
x Tk@[ +{( w) = (&) = Ky vy = mQ} t]
Kk KK 0 foi
0 N,
+<|K—k| + Q- wULCOS 87)“ ot
(35)
After integrating, retaining the dominant term and using the value [Ref.]
1 1
R{AK-k]> — (Q—w)?} ~ k7
we get
e w2 (Q—w)dELE, K
S — Vri'e wi(Q —w)dE B K| (36)

m;  Ak{Q(w — Q= ki Vi)

Therefore,the nonlinear force Gyp.2 can be derived using the Eq.’s(32) and Eq.(35) as

i B B 25E w2 QQ(Q w) 5
Nhzz = —emi'm m; Q2 02U2|kH|KH(UAk5H + kL Ve (w—Q—kiVe)
A vaky + kL Vp vak) + KLV ’
X (EZLQZ» + QEZH k?HUZZ exp Uilf” (37)
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Therefore,
Grna2 (K, Q) =7 fra0 B, (K, Q)
where
2 2 02
e wm-Q (Q — w) A UA]C” + kJ_VF
I —_ E E|—+2E))————
fh2 6nb7r<mi> Q%szilk‘HIKH(vAk” + kﬂ/p)z(w — Q — kLVF) I L QZ + l” k‘”l)zz

ki 4k, Vi)
Xexp{ B <UA Ufle F> } (38)

4 Dispersion Relation

Maxwell equation governing the high frequency electromagnetic perturbation can be written
as

10
V x E,=-—6B
X cot "
10 4
V x Bh = *f(SEh + IJh
c ot c
From these maxwell equation we then obtain
(8 — PK?EL(K, Q) = —4miJ, (K, Q) (39)

Following the method of chen[]we use the momentum equation with the nonlinear term as

Now,the linearized equation of Eq.(40) with the nonlinear high frequency force term as

mnoaa‘;h = —enoéEh(K, Q) + GNh(Ka Q) (41)

By Fourier analysis we get

—imnoQvy, = —engdEy (K, Q) + i fr0E, (K, Q)
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1
= Vv, =

(z’ fa— en0> SEA(K, Q) (42)

mno§2

Now substituting the current density equation J,(K, ) = —engvy, in Eq.(39) we have

02 _ 2K2
—CZ SEL(K, Q) (43)

Vy = -
4mienyS?

Therefore from Eq.(42) and Eq.(43) we get the dispersion relation of electromagnetic
whistler mode in burning plasma in presence of kinetic Alfven wave turbulence field as

02— 2K 2 —4mes

Ju (44)

m;

5 Growth Rate

Now to estimate the growth rate electromagnetic instability in presence of kinetic Alfven
wave turbulence we put Q = Q, + iy in Eq.(44) to Q, and v are the real frequency and the
growth rate respectively

gives

%
Q, = (w;i + 02K2> (45)
2me f,
=0 (46)

Finally substituting the values of f; we obtain the growth rate of whistler mode as

1 w?nQ(Q - w) € 2 A UAk?” + kJ_VF
= = =) By (ELS +2p, 2 00
2" QB K or (ke + ko Vie? \mg ) P T

ki +k V)2
Xeﬁp{ B (UA ”v—,i_k;l F) } (47)
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6 Conclusion

In an earlier investigation amplification of whistler wave in presence of kinetic wave turbu-
lence through nonlinear wave particle interaction has considered in magnetosphere plasma.
In the above study it has been predicted that growth rate increases with increase of density
gradient parameter. It suggest that spatial gradient of plasma in magnetosphere may con-
tributed to faster growth of whistler wave. In this present paper we are consider interaction
of whistler wave with kinetic Alfven mode in burning plasma. Here our study is based on
distribution of particles considered inhomogeneity of burning plasma. The particle distribu-
tion consider here include spatial gradient along y-axis with confining field. The transverse
polarization of kinetic Alfven waves implies that the parallel component of electric fields Ej
are must smaller than the transverse component Ey, . so it is reasonable to take |Ej | > |Ey|

For weak density gradient, we put A ~ 0 in Eq.(47) and using % = % the growth rate
for such region is estimated as
T _ T Q= w)ki (e)z Lo
Q  Qlky R Kl (vak) + kL Ve)(w — Q= ki Vi) \m;/)

ki 4k Vi)
xe:z:p{ _ <UA U""k”L F) } (48)

For inhomogeneous plasma with density gradient A, considering |E;.| > |Eyj| and with
]

ok TRVE) 1 the growth rate is estimated from Eq(47) we obtain as

the condition (

Op o _ lﬁ Wy AQ — W)kt v; <e)2 2
Q 4 Q?|/{7|||62]€HKH(UA/{7” + kJ_VF)g(w . /{J_VF) m; i

ki +k, V)2
Xexp{ B (UA ||Ufk||L F) } (19)

By using the Helimak experiment observational data: [28]
wpi ~ 1.05 x 107Hz,Q ~ 2.8 x 10°Hz,Q; ~ 3.80 x 10*Hz,k; ~ 7.3m 'k ~ 107'm™!
v ~ 1.09 X 10°ms™! v; ~ 2.68 x 10*ms™, £ ~ 4.8 x 10"Ckg™", Ei ~ 107°vm™ !, Vp =
1.3 x 10*2ms*1,K“ ~ 10%n=1, X ~ 10m~! to estimate the growth rate for whistler mode
from Eq.(48) as
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For non-negligible density gradient,the estimated growth rate of whistler mode for burn-
ing plasma using Eq.(49) as

Tp -7
= ~ 107"\
O 0

For tokamak plasma, we put A ~ 10

The estimated growth rate of whistler mode for inhomogeneous plasma using Eq.(49) as

B 1078
which is significant for explaining drift wave instabilities [29] in burning plasma in toka-
mak region.
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