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A B S T R A C T

Drift wave instabilities (DWI) associated with the two-fluid dynamics seems to be responsible for anomalous
transport in modern day tokamaks. Ballooning instabilities tend to exchange flux tubes of different pressure,
resulting in convective transport. The micro-level turbulence (drift wave) is coupled with the macro-level
(ballooning mode) dynamics in fusion experiments. The co-existence of DWI and drift ballooning instabilities
(DBI) is discussed in this work using a four-field plasma model. The formulation preserves both the microscopic
and macroscopic dynamics of plasma. To demonstrate the coupling, a new dispersion relation is derived to
analyze stability of the coupled modes in a non-uniform magnetized plasma. Linear stability of coupled drift-
ballooning and drift-acoustic modes have been explored. The two-fluid effect (micro-level influence) through
diamagnetic drift frequency for electrons and curvature drift frequency on unstable modes are demonstrated.
1. Introduction

Drift wave turbulence is considered a natural cause of anomalous
transport (due to pressure gradient), specifically in the tokamak edge
plasma region (Liewer 1985; Callen 1977; Hasegawa andWakatani 1982;
Wakatani and Hasegawa 1984; Graessle et al., 1989; Horton 1990; Park
et al., 2018). Whereas, curvature of the magnetic field triggers a cen-
trifugal force due to thermal motion along the field lines. In the scenario,
when the direction of curvature vector aligned against the direction of
pressure gradient, the ballooning mode becomes unstable. The effective
gravitational force may be used to simulate a magnetic field curvature
(Weiland 2000).

In previous studies (Hasegawa and Mima 1977, 1978; Waltlz 1985;
Biskamp and Walter 1985; Scott 1990; Scott et al. 1991), the drift wave
turbulence in slab geometry for sheared magnetic fields and all its
fundamental phenomena were investigated. Initially, two fluid equations
(Galeev et al., 1964) with electrostatic approximation were used to
explore the DWI. Later, Scott (1997) introduced the magnetic field
perturbation through the parallel component of the vector potential. A
series of articles (Lee et al., 2015; Lee et al. 2015; Lee et al. 2015) have
been written on DWI under the blob's dynamics in fusion plasmas. The
authors demonstrated the electromagnetic (EM) effects of the resistive
drift mode (RDM) on the filaments/blobs and turbulence in the fusion
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plasma. To comprehend the dynamics of fusion plasma, significant study
has been done on blobs (L. Easy et al., 2014; Bisai et al., 2019; Furno
et al., 2008). In drift waves, free energy is extracted from the
background-gradient, which contributes to the parallel current and es-
tablishes an adiabatic coupling. On the other hand in the ballooning
mode, a well-known Alfvenic coupling is associated with B � rφ poten-
tials and it permits the free energy to infiltrate E� Beddies.

Using MHD models, the resistive ballooning turbulence and the ideal
ballooning modes were investigated by several researchers (Strauss
1976; Fridberg 2014; Kikuchi and Azumi 2015; Todd et al., 1976; Strauss
1976; Dewar and Glasser 1983; Hirose et al. 1994; Connor et al. 1998;
Hegna and Hudson 2002; Coppi 1977). The adiabatic coupling response
is ignored in the ballooningmode due to smallness of kk or by considering
a strictly impeded parallel propagation so that the resistive Alfvenic wave
dampens towards the zero completely. The only possibility is that the
free-energy can be transferred to E-cross-B from back-ground gradient
through magnetic field line curvature in the MHD formalism, and it gives
rise to the well-known ballooning. In the toroidal orientation, it is known
as ballooning mode and it is destabilized in the outer part of the nested
tori surfaces, where the radius of curvature (usually known as bad cur-
vature) vectors align opposite to the pressure gradient. The dynamical
form of this instability was discussed in order to explain non-typical
observation of magnetic perturbations located on the outer side of the
ember 2021
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Princeton Large Tokamak (Dobrott et al. 1977). These perturbations were
narrated as the ideal ballooning mode and were treated traditionally
(Connor et al., 1978; Strauss 1981; Carreras et al. 1983) together with
ballooning transformation (Hender et al. 1984; Sykes et al. 1987).
However, the resistive ballooningmode (RBM)was introduced to explain
the existence of tokamak edge transport within the ideal limit of plasma β
and at the amplitudes of mode that are implausible by the existing free
energy channels (Carreras et al. 1987, 1989; Camargo et al. 1995; Hastie
et al. 2003; Rafiq et al. 2009; McCarthy et al. 1992). The study of
ballooning modes were expanded by including the two-fluid generalized
Ohm law gave rise to the microscopic ballooning mode to the edge
transport mode (Guzdar et al. 2001; Zeiler et al. 1996; Rogers and Drake
1997; Xu et al. 2000), which coincided with previous methods con-
structed for ballooning modes (Cowley et al. 1991; Beer et al. 1995).

The coexistence of the microscopic level drift wave and the macro-
scopic level ballooning mode in the fusion plasmas can give rise to hybrid
unstable modes. The E � B turbulence in the presence of background
pressure-gradient can destabilize both types of modes. These two modes
are distinct because of the different energy transfer channels, i.e. parallel
dynamics in case of DWI and curvature forcing in case of RBM. The MHD
model restrains the ballooning mechanism but neglects the drift wave
propagation by missing adiabatic coupling. Such adiabatic coupling can
be incorporated in four field plasma model. The slab drift wave
formalism omits the ballooning mechanism by neglecting the magnetic
curvature effects. The effective gravitational force is used to simulate a
magnetic curvature in our model. In the presence of a non-uniform
magnetic field, linear drift waves predominantly lead to finite current
divergence (FCD) in the parallel dynamics. This FCD is causing departure
from the adiabatic state, and phase shift occurs across a broader range of
plasma parameters. This phenomenon is giving rise to drift resistive
ballooning modes, which was originally obtained at the order of
diamagnetic frequencies (Camargo et al. 1995).

In the tokamak plasma edge region, the localized pressure gradient is
not sufficient to drive the ideal MHD modes. Therefore, the localized
instability in the plasma edge seems to be inconsistent with prediction of
linear ideal ballooning mode (Hubbard et al. 2001). The edge conditions
are thought to be cold enough for the collision frequency to be faster than
the turbulence and pressure remains low enough for the magnetic ac-
tivity associated with the plasma current fluctuations. These edge re-
gimes were confirmed in experiments (Wootton et al. 1990;
Bessenrodt-Weberpals et al. the ASDEX Team 1993). Although, there are
many studies devoted to explain instability in edge region (Myra et al.
2000; Rogers and Drake 1999; Xu et al. 2000; Xu and Cohen, 2000;
Rehman 2019; Mikhailovskii and Rudakov 1963), however, in explain-
ing these localized instabilities, the role of the coupled macro and
micro-mode were ignored. Recently, Xu et al. (2021) has demonstrated
Impurity effect on drift-resistive-inertial ballooning mode and associated
transport at the edge of tokamak plasmas.

In current investigation, a set of Braginskii equations are being pre-
sented, which include all macroscopic and microscopic plasma dynamics
to estimate the growth of the coupled unstable modes. The key effects
associated with the tokamak edge plasma environment such as two-fluid
effects (ion curvature drift, electron diamagnetic drift), dissipation effect
(the resistivity due to collision) and the coupling effect due to interaction
with acoustic mode are incorporated in the four-field plasma model. To
find the growth, a dispersion relation is derived with the orderingΩ �
Ωs � Ω*i � Ω*e � Ωκ � ηk2?. Here, Ω is frequency of the mode, Ωs ¼ Cs=

L is sound wave propagation frequency (where, Cs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðTi þ TeÞ=mi

p
and

L is characteristic length), Ω*j ¼ fðrpjÞ =neB2g � ðk�BÞ is the diamag-

netic frequency for j species, Ωκ ¼ fðrpj � BÞ =neB2g � κ is the ion drift
frequency due to magnetic curvature/gradient (where κ ¼
fðB =BÞ �rgðB =BÞ), and η is the Spitzer resistivity.

The rest of manuscript is organized in following manner. Section 2 is
allocated for the description of equilibrium magnetic field and governing
2

equations. In Section 3, analytic treatment has been carried out to obtain
a generalized dispersion relation. Section 4 contains results of coupled
modes, and finally a brief summary of the work is presented.

2. Theory

To describe geometry, we have considered the magnetic field cur-
vature in the xz-plane and the magnetic field is allowed to vary slightly
along the x-axis. This configuration mimics the radial inhomogeneities in
plasma and magnetic field in toroidal magnetic field devices such as
tokamak, stellarator and reverse field pinches. It is assumed that an
equilibrium magnetic fieldB0 ¼ B0ðxÞ½bz þ ðx =LBÞby�, with a dominant
field along z-direction and sheared field about rational
surfaceðx¼ a�as; qðasÞ¼ m =n;where m and n are integersÞ: Here,
L�1
B ¼ κ ¼ 1=B0dBy=dx is the inverse magnetic sheared length. With this

local equilibriummagnetic field, the magnetic curvature (i.e. dB0/dx6¼ 0)
is allowed. A simple reduced set of two-fluid equations are given in
(Hastie et al. 2003; Rafiq et al. 2009; Zeiler et al. 1997). Using the
equations 31-36 (given in Zeiler et al. 1997) with assumption that
isothermal electron and ions are embedded in the magnetic field, the
following set of equations is obtained for the four adimensional per-
turbed fields as a four field plasma model of coupled modes. The mo-
mentum equation, equation of vorticity, electron continuity equation and
generalized Ohm's law are given as;

ρ
dU
dt

¼ �rðpi þ peÞþ j�B� ρgeff: �r � πi (1)

r �N�Upi þUπi þUκ

�þr �NðU*i �U*eÞþr � �NUpe
�þ 1

e
rkjk ¼0 (2)

∂N
∂t þr �NðUE �U*eÞþr �N�Upe �Uη

�þr � ðNUkeÞ¼0 (3)

E¼ �U�Bþ 1
Ne

ðj�BÞ�rpe þ ηjþ me

e2N
∂j
∂t (4)

Whereρ is the mass density, U is velocity of the fluid flow (consists of
electron and ion), first term on right hand side (r.h.s) is scalar pressure
consists of electron and ion while the off-diagonal terms are neglected for
electron due to short relevant length scale. Further, ion viscous force is
incorporated as last term on r.h.s in momentum balance Eq. (1), in above
equations j is the current density, while all other symbols are usual
meaning, and the third term on r.h.s is the force due to effective gravity,
which is used as the simulator of the curvature. In the set of equation-
s,UE ¼ ð�c =BÞrφ� ~B is the E� B drift,U*j ¼ ð�c =NqjBÞrpj � ~B is the

diamagnetic drift for jth species, Uπi ¼ ð�c =NeBÞr � πi � ~B is the ion
viscous drift (where πi is the ion stress tensor), Uη ¼ ðc =NeBÞR� ~Bis
resistive drift contribution (where R ¼ ηe2NðUi �UeÞ represents the
frictional force contain fluid velocity of electronUe ¼ UE þ U*e, which is
colliding the ions, hence, spitzer resistivity η is incorporated in the model

through resistive force), Uκ ¼
n�

� c
NeB

�
rpi � κ

o
� ~B is curvature drift,

where κretain the drift due to effective gravitation force taken into ac-
count in the model. Here, the expression for the effective gravitational
force is ρgeff : ¼ f2NðTi þ TeÞ =BgdBbx=dx. The quantity g is chosen in
such a way that the gravitational drift of the ions same as the centrifugal
drift, and Upj ¼ ð1 =ωcjÞf∂ =∂tþUjgUj � ~B is the polarization drift of jth
species. Isothermal electrons and ionsT ¼ Te ¼ Ti are considered.
Here,~B ¼ B=jBj, jk is the plasma current parallel to the magnetic field and
Using parallel component of generalized Ohm's law (4) and assuming
constant temperature along field:

Ek ¼ ηjk � TerkNþ me

e2N
∂jk
∂t (5)
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Using Ek ¼ � rkφ� ð1 =cÞ∂Ak=∂t, and assuming quasi-neutrality
condition N ¼ Ne ¼ Ni, Ampere's law is expressed as,

r2
?Ak ¼�4π

c
jk; (6)

Using above expression, Eqs. (1), (2), (3), and (4) are linearized with
respect to perturbations proportional to exp½ � ιðΩt þ k � rÞ�, which
result in four equations (for the four perturbed fields’ quantities) as
follows;

ðΩ�ΩκÞ~Uk þΩ*e~χ�Cskk ~Nþ4iμk2
? ~Uk ¼0; (7)

Ωk2
?ρ2i ð~φþ ~NÞ�4Ωκ ~N�C2

A

Cs
kk
�
k2
?ρ2i ~χ

�þ iμk4?ρ2i ð~φþ ~NÞ¼ 0; (8)

�
ΩþΩk2?ρ2i

�
~Nþ �Ωk2?ρ2i �Ω*e

�
~φ�Cskk ~Uk þ iηC

2
A

C2
s

~N¼0; (9)

ðΩ�Ω*eÞ~χ�Cskkð~φþ ~NÞþ iηk2?~χ¼0; (10)

where ~N ¼ N=N; ~Uk ¼ Uki=Cs, ~φ ¼ eφ=Te; and ~χ ¼ eAkCs=Te are four
normalized perturbed quantities representing plasma density, parallel
flow of combined fluid (in center of mass reference frame), electrostatic
potential and parallel component of vector potential, respectively.
Where, Ωκ is the contribution of the frequency to the drift wave that is
associated with the curvature effect due to effective gravitational force.
Here, C2

A ¼ B2=4Nmi is propagation velocity of Alfven wave, μ represents
viscosity and ρ2i ¼ Timi=e2B2 is the Larmor radius of ion.

Defining new variables W ¼ ~φ� ~N and X ¼ ðΩ =Ω*eÞ~N� ~φ and elim-
inating the vector potential ~χ and parallel velocity flow ~Uk from Eqs. (7),
(8), (9), and (10) coupled equations of shear Alfven wav,.

iCskk
Ωs

"
ðΩ�Ω*eÞk?

Ω�Ω*e þ iΩηk
2
?

�
iCskk
Ωs

�
W

#
�

 
Ω� ΩκΩ2

A
Ω2
s

!�
Ω� iΩμk

2
?
�

Ω2
A

k2
?

W�
2ΩκΩ2

A

Ω2
s ðΩþiΩμk2?Þ

Ω2
A

k2?X¼ 0; (11)

and drift acoustic wave,

�C2
s k

2
k

Ω2
s

XþðΩ� Ω*eÞ
�
Ωþ 4iΩμk

2
?
�

Ω2
s

X—

"
4q2�Ωþ4iΩμk

2
?
�

 
1
Ω2

A

þ 2ΩΩ*e

Ω4
A

k2?

!
þ iΩηk

2
?
�
Ωþ iΩηk

2
?
�

Ω2
AðΩ� Ω*eÞ

#	�
Ω�ΩκΩ2

A



Ω2

s

�
W�

�
2ΩκΩ2

A



Ω2

s

�
X
��" iΩη

ðΩ�Ω*eÞ�
iΩηk

2
?
�
Ωþ 4iΩμk

2
?
�

Ω2
A

#
ðWþXÞ�

iCskk
Ωs

"
1�

Ωþ 4iΩμk
2
?
�#" iΩηk

2
?

Ω�Ω*e þ iΩηk
2
?

iCskk
Ωs

Wþ iCskk
Ωs

X

#
¼ 0 (12)

are obtained. Excluding the viscosity (μ → 0) and discarding the
diamagnetic drift (Ω*e=Ω → 0), these equations reduce to single fluid
resistive MHD model.

3. Calculations

In the tokamak plasmas edge region, the resistive diffusion time scale
ðτη ¼ 4πL2 =ηc2Þ is longer than Alfven time scale (τA ¼ 1= ΩA) and the
growth-rate scale as fractional power of resistivity (γ � η1=3). Therefore,
the inverse Lundquist number (τA=τη) satisfies the conditionε3η ¼ τA=
τη ≪ 1. Furthermore, we assume that the mode frequency and growth-
rate of the resistive coupled modes are satisfying the ordering Ω � γ �
3

Ωs � Ω*e � Ωκ � εηΩA: Viscosity is less than or equal to
resistivityΩμ � Ωη ¼ ε3ηΩA. Introducing a slow variable Y ¼ εηkk, we

may write iCskk
Ωs

→
iCskk
Ωs

þ εη∂=∂Y and expand equations as;

Wðkk;YÞ¼W0ðkk;YÞþ εηW1ðkk;YÞ þ……………; (13)

Xðkk;YÞ¼ εηX1ðkk;YÞþ ε2ηX2ðkk;YÞ þ…………; (14)

The equation for leading order eigen-function is given as;

d
dY

�
ðΩ�Ω*eÞY2

ðΩ�Ω*eÞ þ iY2 dW0
dY



þðΩ�ΩκÞ

�
Ωþ iμY2�Y2W0 ¼ 0;

(15)

whereΩ ¼ Ω=εηΩA, Ω*e ¼ Ω*e=εηΩA; Ωκ ¼ Ωκ=εηΩA; Ωs ¼
Ωs=εηΩAandμ ¼ Ωμ=Ωη. The Eq. (15) subject to boundary conditions
W0ðY→ ∞Þ ¼ 0 and W0ðY→ 0Þ ¼ L�1

B þ εηY�1. To obtain dispersion
relation for coupled resistive modes, we introduce another secular vari-
able Z2 ¼ iY2=ðΩ�Ω*eÞ which yields,

d
dZ

�
Z2

1þ Z2

dW0

dZ



� 	Z2A

�
Z2�þZ4B

�
Z2��W0 ¼ 0 (16)

whereAðZ2Þ ¼ iΩðΩ � ΩκÞðΩ � Ω*eÞð1 þ 2q2CðZ2ÞÞ; BðZ2Þ ¼ iμðΩ �
ΩκÞðΩ �Ω*eÞð1 þ 8q2CðZ2ÞÞ, andCðZ2Þ ¼Ωs=Ωs

2ðΩ �Ω*eÞ½Ω þ 4μðΩ �
Ω*eÞZ2�.

4. Results and discussion

For the non-viscous plasma, Eq. (16) take the following form;

d
dZ

�
Z2

1þ Z2

dW0

dZ



�A0Z2W0 ¼ 0 (17)

where A0 ¼ iΩðΩ � ΩκÞðΩ � Ω*eÞð1 þ 2q2C0Þ, in which C0 ¼
Ω2

s =fΩs
2 � ΩðΩ � Ω*eÞg, and equation is subject to boundary condition

W0ðZ→ ∞Þ ¼ 0 and W0ðZ→ 0Þ ¼ L�1
B þ ði=ðΩ� Ω*eÞÞ1=2εηZ�1 .Using

above mentioned conditions, we finally get the dispersion relation for
coupled macro and micro mode with localized influence of two-fluid
effect:

�iðΩ�ΩκÞ
	�
1þ 2q2�Ω2

s �ΩðΩ�Ω*eÞ
�� L

02
n

2
ΩηΩA ¼ 0; (18)

where L
0
n ¼ ð2μ0Lq2 =B2Þdp=dx;Ωκis the ion magnetic drift frequency,

ΩA is the Alfven wave frequency (ensures the global MHD mode), Ω*e

is the electron diamagnetic drift frequency (preserves the local drift
wave dynamics), Ωη is the inverse of resistive time scales (retain
resistive drives for both local and global mode). The three roots of Eq.
(18) reflects the waves propagation of the ion drift wave, the coupled
drift-acoustic wave and the Alfven wave, as shown in Figure 1. The
solid red curve in Figure 1, is the real part of unstable root, which
escort the frequency of Alfven wave at the lower values of perpen-
dicular wave number k?, and asymptotically it goes toward the elec-
trostatic electron drift-acoustic mode for higher values of k?. The
dotted black and the dashed blue curves are the other two roots of Eq.
(18), representing the drift frequency due to ion and electron
respectively. The coupling of electron drift-acoustic mode can be dis-
carded at Ωs → 0 (Scott 1997). Well-known drift ballooning mode
(Rafiq et al. 2009) can be retrieved in the self-sustained curvature
effect, for example in toroidal symmetry (subsided effective ion cur-
vature drift atΩκ → 0). It is interesting to observe from Figure 1 that
the coupling of the real part of unstable mode occurs with the ion drift
and electron drift frequencies.



Figure 2. Growth rate of the resistive drift ballooning mode [imaginary part of
unstable root from Eq. (18)] against perpendicular mode number, k?a . Plasma

parameters are, q ¼ 5; Ωk=k?UA ¼ 0:02; and L
0
n ¼ 1:

Figure 1. Frequencies of the all three modes of plasma obtained from the roots
of Eq. (18). The solid red curve represents the real part of resistive drift
ballooning mode against perpendicular mode number, k?a at plasma parame-
ters, q ¼ 5 and Ωk=k?UA ¼ 0:02:
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Table 1 provides essential plasma parameters where the coupling in
the modes could play a significant role at tokamak edge regime (Scott
1997). The growth rate of the coupled modes (imaginary part of the
unstable root) is depicted in Figure 2. The ballooning mode can be
characterized as the destabilized Alfven mode by curvature forcing. As
the normalized perpendicular wave-number from k?r ¼ 0 to k?r ¼ 10
have increased, the growth rate is rising from zero to maximum. Figure 2
explores the variation of the growth-rate against perpendicular
wave-number k?rfor different values of resistivity (in terms of the
Lundquist number S). The mode grows exponentially atS ¼ 1:25� 104,
while at moderate values1:25� 105 � S � 5� 105, the mode is localized
between 5� k?r � 15. Further increase of the Lundquist number at S�
1:25� 105; contributes to mode stabilization as shown in Figure 2.

The dispersion relation given in Eq. (18) is the generalized dispersion
relation, which admits variety of modes such as drift mode, coupled drift-
Alfven mode, Alfven mode, MHD ideal ballooning mode, two-fluid
ballooning mode and associated resistive modes. The parallel and
perpendicular dynamics, and physical plasma parameters determine
which linear mode will dominate. Contour plots of the growth rate (γ;k?r;
S) are shown in Figure 3. The unstable modes are found at low values
ofk?r, while the scan unstable modes are numerically solved for the
Lundquist number in the range104 � S � 105.

To demonstrate the two fluid effect through ion drift or electron
acoustic-drift on ideal modes, we have considered the ideal ballooning
instability i.e.L�1

B < 0, μ → 0 andη → 0.The Eq. (17), gives

�ΩðΩ�ΩκÞ
	�
1þ2q2�Ω2

s �ΩðΩ�Ω*eÞ
���ΩA

LB

�2�
Ω2

s �ΩðΩ�Ω*eÞ
�¼0

(19)
Table 1. Plasma parameters used in analytical and numerical calculations.

Parameter Symbol Typical Value Used

Density N 1017m�3

Magnetic field B 0.1 T

Temperature T 6.5 eV

Ion gyration frequency ωci � 107 rad/s

Ion acoustic speed Cs � 104 m/s

Alfven speed CA � 106 m/s

Characteristic length scale a 0.1m

Ion Larmor radius ρi 2.5mm

Resistivity η � 10�5Ohm-m

4

here, L�1
B contains ideal ballooning instability source along with three

oscillation modes; the ions drift modeΩ ¼ Ωκ the electron drift-acoustic

mode ΩðΩ � Ω*eÞ ¼ ð1 þ 2q2ÞΩ2
s . It is noted that the optimal

ballooning mode is stabilized by increasing the two-fluid effect (through
increasing the diamagnetic drift frequencies) as shown in Figure 4 (a).
Growth rate contour plotsγðk?r; L�1

B Þ, obtained from the dispersion
relation Eq. (19) are shown in Figure 4 (b). The most unstable mode
continuum are located in the moderate range of perpendicular wave
numbers. In the edge plasma, the ideal ballooning mode (Hastie et al.
2003) can be recovered as a special case at Ωκ → 0.

Two-fluid effects adequately modify the spectrum of the mode when
the drift-acoustic wave coupling includes the finite values of the fre-
quency of sound wave propagation. The growth-rate is plotted against
perpendicular wave number k?a at frequency of sound wave (Ωs ¼
0:05ΩA). It is observed that modes are stabilized at low and high
perpendicular wave numbers. By solving Eq. (19) numerically, a local-
ized continuum of unstable modes (island of instability) are explored for
the moderate range of perpendicular wave number (see Figure 5). The
Linear characteristics of the coupled mode (Eq. (18)) are significantly
altered by neglecting the curvature effect i.e.L�1

B → 0. In this case, the
localized coupled resistive-drift-acoustic-mode has been verified, which
is the analogue to the well-known drift wave instability (Yang et al.,
2018)
Figure 3. The contour plots of the growth rate dependence γðk?a; SÞ generated
from generalized dispersion relation, from Eq. (18), parameters are q ¼ 5; Ωk=

k?UA ¼ 0:02; and L
0
n ¼ 1:



Figure 4. (a) Variation of real (the solid red curve) and imaginary (dot-dashed curves) parts of unstable mode, from Eq. (19), where the plasma parameters are q ¼
1; Ωk=k?UA ¼ 0:02 andL�1

B ¼ � 50. (b) The contour plots of the growth rate dependence γðk?a; L�1
B Þ from Eq. (18), other parameters are same as in Figure 4 (a).

Figure 5. Two-fluid-modified ideal ballooning normalized-growth-rate, against
k?a for Ωs=ΩA ¼ 0:05, other parameters are same as in Figure 4.
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iΩ2ðΩ�Ω*eÞ� i

�
1þ 2q2�ΩΩ2

s �
�� L

02
n ΩηΩA ¼0: (20)

2

To demonstrate the linear dispersion properties of resistive drift
waves, Eq. (20) is numerically solved by considering parameters related
to edge fusion plasma environment (Nascimento F.,&Machida, M. 2012)
5

as given in Table 1. The mechanism of resistive drift instability is the
phase shift in the fluctuation of density and potential due to electron
collisions with ions. The roots of Eq. (20) reflects the propagation of three
waves, the ion drift, the electron drift, and the acoustic wave propaga-
tion, as shown in Figure 6. The dotted-dashed curves represent
growth-rate of the unstable modes at different values of resistivity
parameter S. There are two pathways in pressure driven instabilities for
free energy to excite the mode, one is drift mode mechanism which
makes cross-coupling among pressure, parallel current and potentials
through parallel dynamics in kk-space, and the other is MHD mechanism
which couples pressure with potential via. Curvature forcingL�1

B . One of
our objectives is to find out which mode is dominant in the k?-space
continuum. Only drift mode dynamics are present if we exclude curved
magnetic fluctuations at Ωκ ¼ 0 by takingL�1

B → 0. These two modes are
different in coupling mechanism, the spectra of the gradient drive,
dissipative resistance, cross-coherence and shifting of phase is reflected
in modes.

The three dimensional plots of the growth rate γðk?r; SÞ obtained
from Eq. (20) are shown in Figure 7. The most unstable modes are found
in the lower values of Lundquist number S and higher range of perpen-
dicular wave number.

It is observed that for given collisionality, all states of L-H transition
lie under the resistive drift-Alfven regimes and are stable to ideal
ballooning mode (see ref: Scott, 1997). The two-fluid MHD model is



Figure 7. The plots of the growth rate dependence γðk?a; SÞ generated from
generalized dispersion relation, from Eq. (20) at Ωs=ΩA ¼ 0:001 and L

0
n ¼ 1:10.

Figure 6. Frequencies of the all three modes of plasma obtained from the roots
of Eq. (20). The solid curves (green→ ion-diamagnetic-drift wave, red→ ion-
acoustic wave, brown→ electron-diamagnetic-drift wave) represent the real
parts of the DWI against perpendicular mode number, k?a. Whereas, the dotted
and dashed curves represent the imaginary part of unstable root at Ωs= ΩA ¼
0:001 and L

0
n ¼ 1:10 for different values of Lundquist number S.
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extensively used by plasma community (Wagner et al. 1982; Gohil et al.
1994; Connor and Wilson 2000; ASDEX team 1989; Righi et al. 1999;
Chankin 1997; Marashek et al. 1997; Shikui Cheng et al., 2019) to
describe fundamental theory of fusion plasma and rapid revival of in-
terest with computational calculations is observed (Shen et al. 2020; Ren
et al. 2020; Zhu and Reader 2013; Cheng et al. 2017; Xi et al. 2012;
Meneghini et al. 2015). The four field plasma model has been introduced
to describe the coupling effects of microscopic and macroscopic dy-
namics for edge regime tokamak plasma. The four field plasmamodel has
significance and advantage in terms of self-consisting coupling mecha-
nism of micro and macroscopic dynamics of plasmas over two-fluid MHD
model. In the two-fluid MHD, approximation of inertia-less electron leads
to a question on energy conservation.

5. Summary

The new dispersion relation has been derived to estimate growth rate
of the coupled unstable modes, originated due to the coexistence of
macro and micro level dynamics in the tokamak edge plasma region
(with same source of free energy, i.e. pressure gradient). The four-field
plasma model, which includes both macroscopic and microscopic dy-
namics for the coupled modes, has been presented in this paper. The key
effects related to tokamak edge plasma environment such as two-fluid
effects (ion curvature drift, electron diamagnetic drift), dissipation
6

effect (resistivity due to collision) and coupling effect due to interaction
with acoustic mode are incorporated. The ion drift wave, the electron
diamagnetic drift wave and the Alfven wave are the real roots of the
coupled equation. The imaginary part of unstable modes have been
explored and the growth-rate are estimated at different values of re-
sistivity. Ion drift is found to affect the dynamics of the unstable modes
due to curvature in the magnetic field.
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