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ABSTRACT

A new model for electron temperature gradient (ETG) modes is developed as a component of the multi-mode anomalous transport module
[Rafiq et al., Phys Plasmas 20, 032506 (2013)] to predict a time-dependent electron temperature profile in conventional and low aspect ratio
tokamaks. This model is based on two-fluid equations that govern the dynamics of low-frequency short- and long-wavelength electromag-
netic toroidal ETG driven drift modes. A low collisionality NSTX discharge is used to scan the plasma parameter dependence on the ETG
real frequency, growth rate, and electron thermal diffusivity. Electron thermal transport is discovered in the deep core region where modes
are more electromagnetic in nature. Several previously reported gyrokinetic trends are reproduced, including the dependencies of density gra-
dients, magnetic shear, b and gradient of b !b0Þ, collisionality, safety factor, and toroidicity, where b is the ratio of the plasma pressure to the
magnetic pressure. The electron heat diffusivity associated with the ETG mode is discovered to be on a scale consistent with the experimental
diffusivity determined by power balance analysis.
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I. INTRODUCTION
Ion temperature gradient (ITG) modes, which mainly contribute

to ion thermal transport in conventional tokamaks (higher aspect
ratio), are often stable in low aspect ratio NSTX neutral beam injected
heated discharges.1 This is due to the combined effects of plasma b,
gradient of plasma b !b0Þ, Shafranov shift, geometry, and large E# B
flow shear, where plasma b is the ratio of the plasma pressure to the
magnetic pressure. As a result of these combined effects, low aspect
ratio tokamaks operate in a regime where the electron thermal trans-
port dominates the ion thermal transport. One of the modes that is
responsible for the electron thermal transport is the electron tempera-
ture gradient (ETG) mode.2–18 ETG modes have a wavelength that is
much larger than the electron gyroradius but much smaller than the
ion gyroradius, indicating that they are of the short wavelength nature.
ETG modes exist in both slab and toroidal versions and can be unsta-
ble in both conventional and low-aspect ratio tokamaks and propagate
in the direction of the electron drift frequency. ETG modes can have a
large poloidal wavenumber (kh)

19 but a small radial wavenumber (kr),
resulting in radially elongated structures known as streamers20 that
can drive significantly more electron thermal transport than ITG
modes. Here, kh!krÞ is the wavenumber perpendicular to both the
magnetic field and the radial (poloidal) direction.

Burning plasma discharges in which collisions with fast alpha
particles primarily heat electrons, Ohmic heated plasmas, plasmas
with an internal transport barrier (ITB),21 and plasmas with electron
cyclotron heating all benefit from a better understanding of ETG
turbulence and transport. The transition of tokamak discharge from
L- to I-mode, which is a reduced transport regime between L- and
H-mode, is also better understood in terms of transport associated
with ETG modes.22 This insight into electron thermal transport due
to ETG modes will aid in the prediction and optimization of trans-
port in present and future experiments, such as ITER and the
Fusion Pilot Plant. It has been found that as collisionality changes,
the toroidal rotation profile changes, and the resulting flow shear
can provide an effective suppression mechanism for ETG turbu-
lence at marginal stability in NSTX discharges.23 Furthermore, a
reverse magnetic shear and a high density gradient can inhibit the
electron thermal transport.24 Unfortunately, the current ETG
model available in the multi-mode anomalous transport module
(MMM)25 does not account for collisionality, plasma beta, gradient
of beta, drift resonances, drift reversal, reverse magnetic shear, or
flow-shear effects. The absence of these effects explains why MMM
simulations of the NSTX electron temperature profile do not repro-
duce some experimental trends.26
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NSTX has a toroidal field that is approximately five times smaller
and a b and electron Larmor radius that is 10 times larger than con-
ventional tokamaks, yet the collisionality level is similar. Greater b val-
ues necessitate the inclusion of electromagnetic (EM) effects in the
model, which may not be necessary in traditional tokamaks where b is
not larger than the electron to ion mass ratio. Consequently, a new
toroidal model is developed for electromagnetic ETG modes (EM-
ETGMs) for NSTX and conventional tokamak plasmas. This new
model will replace the current model in MMM that includes empirical
scaling and only provides a formula for ETG thermal diffusivity.3 The
newly developed ETG model will be employed as a component of a
more comprehensive transport module MMM in the integrated
modeling code TRANSP to predict the time-dependent electron tem-
perature profile in tokamak plasmas.

The remainder of this paper is organized as follows. Section II
explains how the four field ETG model equations that govern the
dynamics of low-frequency short- and long-wavelength electromag-
netic toroidal ETG driven drift modes are derived. Section III describes
the four different methods for calculating thermal diffusivities due to
ETG modes. Section IV displays the simulation results as well as the
methodology used to obtain these results. Section V is devoted to the
results summary and discussion.

II. ETG MODEL EQUATIONS
The new ETG model includes new significant plasma-parameter

dependencies. Although the ETG modes at the electron gyroradius
scale are essentially electrostatic, electromagnetic effects in high b
tokamak plasmas must be taken into account when b is greater than
electron to ion mass ratio. The inclusion of electromagnetic effects will
allow for the coupling of drift and Alfv!en waves. This newly developed
model is based on two-fluid equations governing the dynamics of low-
frequency short- and long-wavelength electromagnetic ETG-driven
drift modes. The Braghinski equations presume the dominance of col-
lisions. However, collision dominance does not exist at the ETG mode
frequency. Using fluid theory when collision dominance is not domi-
nant demands a precise fluid closure. The fluid theory is applied with-
out any expansion, preserving the fluid resonances caused by magnetic
drifts.27,28 The four field model equations are given below that govern
the dynamics of low-frequency !x$ kkvTeÞ electromagnetic toroidal
ETG driven drift modes. The equations includes the effects of density,
temperature, and magnetic field perturbation and gradients, electron
inertia, curvature, collisionality, non-circular flux surface, non-
adiabatic ions, density dilution, Shafranov shift, gradient of b (b0),
magnetic drift resonances and drift reversal, low and reverse magnetic
shear, and E# B flow shear. Non-adiabatic ion effects, including E
#B and polarization drifts, are taken into account without including
ion temperature fluctuations. The effect of trapped electrons is ignored
because the mode frequency is comparable to the bounce frequency
(xbe) and the conditions for the trapped electron mode participation
(x$ xbe) are not fulfilled. The magnetosonic perturbations in the
model are ignored, but some of their effects are preserved through
b0 ¼ @b=@q and the magnetic drift frequency, where q is proportional
to the square root of toroidal flux.

The electron continuity takes into account the E# B drift, dia-
magnetic drift, polarization drift, stress tensor drift, and parallel elec-
tron flow velocity, the latter of which is determined using Amper!es
law. The electron continuity equation is

@ne
@t
þr ' !neVeÞ ¼ 0; (1)

where ne is the electron density and Ve is the electron velocity, given
by the sum of various drifts and parallel electron flow velocity

Ve ¼ VE þ Ve( þ Vep þ VeP þ Vek: (2)

The components of Eq. (2) are defined as follows. First, the E
#B drift !VEÞ is given by

VE ¼
c
B2
0
E# B;

in which c is the speed of light, B0 is the equilibrium magnetic field, E
is the electric field,

E ¼ )r/) 1
c
@Ak
@t

;

and B is the magnetic field,

B ¼ r# A;

where / is the electrostatic potential and A !AkÞ is the vector potential
(parallel to the magnetic field).

The diamagnetic drift !Ve(Þ is given by

Ve( ¼ )
c

eneB2
0
B#rpe;

where e is the electronic charge, pe ¼ neTe is the electron pressure,
and Te is the electron temperature.

The magnetic drift !VeDÞ can be written as rB plus curvature
(!êk 'rÞêk) drift, which is obtained as a result of fluid drift
compressibility,

VeD ¼ )
cTe

eB0
êk # r ln !B0Þ þ !êk 'rÞêk

! "
;

where êk is the unit vector along the magnetic field.
The polarization drift !VepÞ is given by

Vep ¼
c

B0xce

dE
dt
;

where d=dt ¼ @t þ Ve 'r is the convective derivative.
Next,VeP is the stress tensor (P) drift,

VeP ¼ )
c
ene

B#r 'P
B2
0

:

The electron velocity parallel to the magnetic field (Vek) is calcu-
lated using Amper!es law and by ignoring ion velocity parallel to the
magnetic field,

Vek ¼
c

4pene
r2
?Ak:

From these terms, we can obtain the following equation by
inserting all the drift velocities and the parallel velocity into the elec-
tron continuity equation [Eq. (1)]. Afterward, we linearize them by
assuming that all of the perturbed quantities are proportional to
exp ½i!k ' r) xtÞ+ and use (@t ¼ )ix;r ¼ ik), where k is the wave-
vector andx is the complex frequency,
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!x) xDeÞn̂e ) xDeT̂ e ) !x(e ) xDe þ k2?q2
e!x) x(e!1þ geÞÞÞ/̂

¼ )ckkk2?k2DeÂk: (3)

Here, x ¼ xr þ ic, where xr is the real frequency and c is the
mode’s growth rate. The magnetic drift frequency !xDeÞ, diamagnetic
drift (x(e), and Debye length (kDe) are

xDe ¼
2Te

eBu
k ' Bu # j; x(e ¼

kyTegne
eBuR

; k2De ¼
Te

4pnee2
;

Bu ¼
B0qdq
rdr

; q ¼

ffiffiffiffiffiffiffiffi
2Wt

B0

s

;

where Bu is the effective magnetic field, j is the curvature of the field
line, R is the major radius, kk is the parallel wavenumber, k2? ¼ k2x
þ k2y is the wavenumber perpendicular to the magnetic field, and Wt is
the toroidal flux.29

The normalized temperature gradient (gTe), normalized electron
density gradient (gne), ratio of electron temperature to electron density
gradients (ge), electron thermal velocity (vTe), electron cyclotron fre-
quency (xce), and electron gyroradius (qe) are defined as follows:

gTe ¼ )Rx̂ '
rTe

Te
; vTe ¼

ffiffiffiffiffiffi
Te

me

r
;

gne ¼ )Rx̂ '
rne
ne

; xce ¼
eBu

mec
;

ge ¼
gTe
gne

; qe ¼
vTe
xce

;

where r is the minor radius, B0 is the magnetic field on the axis, me is
the electron mass, and x̂ is the unit vector in the radial direction. The
hat quantities in Eq. (3) are the dimensionless form of the perturbed
quantities (,) of electron density (ne), electron temperature (Te), elec-
trostatic potential (/), and parallel electromagnetic potential (Ak),

n̂e ¼
~ne

ne
; T̂ e ¼

~T e

Te
; /̂ ¼ e~/

Te
; Âk ¼

ec~Ak
Te

:

The electron density, ne, is related to the density of hydrogenic
ions, nH, impurity ions, nZ ¼ fZne, and fast hydrogenic ions, nf
¼ fsne, via charge neutrality. Depending on the combination of hydro-
gen isotopes employed in the experiment, nH can represent the sum of
the densities of hydrogen, deuterium, and tritium. The predominant
ion in the NSTX is deuterium, with a small amount of hydrogen den-
sity, and the impurity is carbon. The normalized perturbed densities
(such as n̂e ¼ ~ne=neÞ are then related by n̂e ¼ !1) ZzfZ ) fsÞn̂H ,
where Zz is the impurity charge and assuming that impurities and fast
ions do not take part in the perturbation, i.e., n̂f ¼ 0 and n̂z ¼ 0:

The charge conservation equation is calculated using r ' J
¼ e!niVi ) neVeÞ ¼ 0; where J is the plasma current density and Vi is
the ion velocity, which is the sum of E# B and ion polarization drift

Vi ¼ VE )
c

B0xci

@r?/
@t

: (4)

Using Eqs. (2) and (4), the following charge conservation equa-
tion can be obtained:

xk2?q2
s /̂þxDe!n̂eþ T̂ eÞþk2?q2

e!x)x(e!1þgeÞÞ/̂¼ ckkk2?k2DeÂk;

(5)

with

qs ¼
cs
xci

; cs ¼
ffiffiffiffiffi
Te

mi

r
; xci ¼

ZieBu

mic
;

where qs is the ion Larmor radius, cs is the sound speed, xci is the ion
cyclotron frequency, Zi is the effective ion charge, and mi is the ion
mass.

The parallel electron momentum equation is driven by electro-
magnetic forces, various electron drifts, the electron pressure gradient,
as well as by the thermal and frictional forces

mene!@t þ Ve 'rÞVe

¼ )ene Eþ 1
c
Ve # B

$ %
)rpe ) nerkTe ) neme!eiVek: (6)

The following parallel momentum equation is obtained using Eq. (2)
into Eq. (6) and Amper!es law:

!xþ i!eiÞk2?q2
s
v2A
v2Te

Âk

¼ ckk /̂ ) n̂e ) T̂ e þ
x(e!1þ geÞ ) x

ckk
Âk

 !
; (7)

where !ei is the electron ion collision frequency and vA ¼ B0=ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pnimi
p

is the Alfv!en velocity.
Next, T̂ e is determined by the electron energy equation. The per-

pendicular fluid resonance is taken into account by the inclusion of
electron diamagnetic heat flow,

3
2
!@t þ Ve 'rÞTe )

Te

ne
@t þ Ve 'r! Þne ¼ )

1
ne
r ' qe; (8)

where qe is the combination of frictional, thermal gradient, and the
cross field electron heat fluxes,

qe ¼ 0:71neTe!Ve ) ViÞ þ
3:2neTe

me!ei
rkTe þ

5
2
cneTe

eB0
êk #rTe: (9)

The following energy equation for collisional plasma can be produced
by using Eqs. (2) and (9) into Eq. (8):

x) 5
3
xDe þ ik2kDe

$ %
T̂ e

¼ ge )
2
3

$ %
x(e/̂ þ

2
3
xn̂e )

2
3
ckkk

2
?k2DeÂk þ ik2kDege

x(e
ckk

Âk;

(10)

where De ¼ 2Te
me!ei

. This energy equation incorporates both convective
and compressional effects, collisional effects, as well as fluid resonance.
Note that the ETG model Eqs. (3), (5), (7), and (10) are valid in the
frequency regime x , xDe;, x(e;, xA, where xA ¼ kkvA is the
Alfv!en frequency. These coupled equations describe the dynamics of
toroidal electromagnetic waves in non-uniform magnetic fields and in
inhomogeneous electron-ion plasmas. Note that Eq. (10) can readily
take the following usual equation of state in a low collisionality regime:

T̂ e ¼ ge
x(e
ckk

Âk: (11)

It is also worth noting that for large k?qs and for low collisionality
region, electromagnetic effects take precedence, as evidenced by the
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scans presented in Sec. IV. In the limit xDe - xA;x(e and in the
absence of a perturbed magnetic field, Eq. (3) can take the form
n̂e ¼ /̂, which corresponds to electron thermalization along the field
line. Note that the Braginskii equations presume the dominance of col-
lisions. However, collision dominance does not exist at the ETG mode
frequency. Using fluid theory when collision dominance is not domi-
nant demands a precise fluid closure. Thus, a fluid theory is applied
without any expansion, preserving the fluid resonances caused by
magnetic drifts.27,28

The perpendicular and parallel operators k?; kk, and xDe in s
)am;u geometry can be written as

k2? ¼ k2h!1þ !̂sh) am;u sin hÞ2Þ; (12)

kk ¼
)i
qR

@

@h
; (13)

xDe ¼
2khTe

eBuR
g!hÞ; (14)

g!hÞ ¼ cos hþ !̂sh) am;u sin hÞ sin h) am;u
2q2

; (15)

where q is the safety factor, h is the extended angle, and am;u is the bal-
looning parameter

am;u ¼
2l0Rq

2

B2
u

dp
dr
¼ q2be;u gne þ gTe þ

pi
pe

gTi þ gni! Þ
$ %

; (16)

where be;u ¼ l0pe=B
2
u is the electron pressure pe to magnetic pressure

B2
u=l0 and pi is the ion pressure.

The perpendicular wave-number of ETG drift wave turbulence
in Eq. (12) is dependent on the ballooning parameter (am;u) and the
effective magnetic shear (̂s), which is defined as

ŝ ¼ 6
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2s) 1þ !arq̂Þ2!s) 1Þ2

q
: (17)

Note that ŝ ¼ s for circular geometry !arq̂ ¼ 1Þ, where s ¼ !r=qÞ
!dq=drÞ.

Reference 30 shows the limiting case of Eq. (17), in which just the
effects of elongation are addressed. The reason we use this formula for
effective magnetic shear (̂s) rather than shear (s) is to include general
geometrical effects in the ETG model. When adding general geometry,
the main effect is to change the perpendicular wave vector so that it
can differ due to the toroidal flux. It is the variation of the toroidal flux
inside the flux surface that is significant as we move toward the plasma
edge along the radius, e.g., the flux surfaces will move closer together
with increasing elongation. This will enter the wavevector as an effec-
tive increase in the magnetic shear. However, the effects of general
geometry (rq̂), such as triangularity and elongation, are included
through their effects on the area of the local cross section.

Knowledge of the eigenfunction /!hÞ is required to determine
the precise dependence of the magnetic drift frequencies, kk and k?,
on the ballooning parameters am;u and ŝ. The result of a basic trial
function averaged over the ballooning space is used.10

Note that while conventional ETG modes are short wavelength
(kyqs - 1:0) with adiabatic ions, non-adiabatic ion effects are taken
into account in the new EM-ETGM. The mode frequency is compara-
ble to both the ion magnetic and electron drift frequencies, which
ensures that the assumption of ion adiabaticity is not used. These

non-adiabatic effects may provide stabilizing effects to the ETGmodes
even before drift reversal occurs. Conventional ETG modes have fre-
quency on the order of x- kkvTe, whereas these modes have fre-
quency on the order of x$ kkvTe. Furthermore, conventional ETG
modes are generally electrostatic and can be stabilized by large b.3,16

On the other hand, the ETGmodes reported in this study are found to
be unstable in almost all NSTX discharges considered, despite the fact
that NSTX discharges are known to have large b values. Moreover,
these ETG modes, unlike microtearing modes, are short wavelength
(kyqs . 1:0) modes that exist even when there is no collisionality and
electron inertia and their growth rate resonate with magnetic drift fre-
quency. The electromagnetic ETG mode is thought to be a toroidal
version of the drift Alfv!en mode, which becomes unstable even in the
deep core region. This is due to charge separation caused by an unfa-
vorable magnetic field gradient and curvature electron drift in the
presence of an electron temperature and density gradient. The anoma-
lous electron thermal diffusivity associated with the ETG model is cal-
culated in Sec. III using a variety of methods and using quasilinear
approximations. It is worth pointing out that quasilinear approxima-
tion works well in the fluid theory28,31 but not in kinetic theory.
Convective velocities are always particle velocities, such as E #B drift,
Alfv!en velocity, etc. The variation in temperature over time is calcu-
lated as VE~T e. Thus, convection is a result of E# B drift. Our effective
diffusivities also incorporate convection; no additional convection
should be utilized.32

III. ELECTRON THERMAL DIFFUSIVITY
The electron thermal fluxes depend on ETG driven drift eigenval-

ues and eigenvectors. Heat flux is computed directly from the
eigenvectors,

C ¼ ~T e~v(E þ c:c: ¼
2ky
B0

Re!~T eÞIm!~/Þ ) Im!~T eÞRe!~/Þ
& '

: (18)

The saturation level is estimated balancing linear growth rate with
E# B non-linearity

/̂ / 2ĉ
Rkx

; ĉ 0 c
"G

xDe
; "G ¼ 2

3
þ 5
9
ŝ ) 5

12
am;u )

5
4
am;u
q2

; (19)

where /̂ is used to compute the electron thermal flux, given by

C ¼ 4TexDe

Rk2x "G
ĉ2

j/̂j2
Re!T̂ eÞIm!/̂Þ ) Im!T̂ eÞRe!/̂Þ
& '

: (20)

The eigenvalues yield the real frequency and growth rate of the mode
while the eigenvectors provide the phase and magnitude of perturbed
variables relative to one another. Electron thermal diffusivity is given
by ve ¼ )C=!dTe=drÞ, which gives us

ve ¼
4xDe

gTek2x "G

X

j

ĉ2j

j/̂
2
j j

Re!T̂ eÞjIm!/̂Þj ) Im!T̂ eÞjRe!/̂Þj
& '

: (21)

Note that the sum over j pertains to solutions obtained from each of
the four equations given by Eqs. (3), (5), (7), and (10).

Alternatively, the electron energy equation provides another
approach for calculating ETG electron thermal diffusivity. It employs
the eigenvalues of the ETG modes but is independent of ETG
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eigenvectors. This alternative electron thermal diffusivity formula can
be written as

v(e ¼
xDe

gTek2x "G
gTe )

2
3
gne þ

20
9
gBu

$ %X

j

ĉ3j
x̂j ) 5

3
"G

! "2 þ ĉ2j
; (22)

where

x̂ ¼ xr

"G
xDe

; gBu ¼ Rx̂ 'rBu

Bu
:

The alternative electron thermal diffusivity formula for ETG
modes in Eq. (22) is inferred from the ITG difusivity formula in Refs.
33 and 34 by swapping the roles of ions and electrons. The diffusivities
provided by Eqs. (21) and (22) can each be handled in two different
ways to provide a total of four different diffusivity formulations in the
new EM-ETGM. First, choosing the ky value corresponding to the
most unstable mode at each radial location provides one diffusivity
value from each equation. Second, a sum over ky values within a cho-
sen range can be computed at each radial location to provide a second
diffusivity value from each equation. Generally, ETG modes have large
ky and smaller kx; therefore, we have assumed that kx ¼ 1

2 ky .
35 Note

that modifying the estimation of kx has a minimal impact on the form
of the growth rate, but a significant impact on the magnitude of elec-
tron thermal diffusivity. This is why, if necessary, nonlinear gyroki-
netic simulations will be used to calibrate the thermal diffusivity
of electrons. Additionally, we have also considered a ky range of 1
1 kyqs 1 50 at each radial point. The scans in Sec. IV are performed
to study the dependence of ETG real frequency, growth rate, and diffu-
sivity on various plasma parameters. It is worth pointing out that qua-
silinear approximation works well in fluid theory28,31 but not in the
kinetic theory. Convective velocities are particle velocities, such as E
#B drift, Alfv!en velocity, etc. The variation in temperature over time
is calculated as VE~Te. Thus, convection is a result of E# B drift. Our
effective diffusivities also incorporate convection. No additional con-
vection should be utilized.32

IV. SIMULATION RESULTS
The data of low collisionality NSTX discharge 138 536 at time

t ¼ 0:629s is used to scan the plasma parameter dependence on the
ETG real frequency, growth rate, and electron thermal diffusivity. A
kyqs scan is carried out to find the most unstable mode at each nor-
malized radial label q̂. The NSTX experimental plasma parameters are
varied throughout the radius to produce peaked and flat density, low
and high b, collisionality, electron temperature, electron density, posi-
tive- and reverse-magnetic shear, and low and high safety factor scans.
In addition, the results are compared with and without collisions, elec-
tromagnetic effects, flow shear, density gradient, and temperature
gradients.

The parameter scans were conducted by multiplying experimen-
tal input profiles by a range of factors at each radial point. Both a direct
and indirect approach was used to apply the range of multipliers to
target parameters. In the direct approach, the value of the target
parameter was adjusted directly in the MMM code,25,36 without modi-
fying any of the input variable values related to that parameter.
Alternatively, the indirect approach involved modifying the input vari-
ables used to derive the target parameter. In some cases, these two
approaches were equivalent as the target parameter was also an input

variable. These scans were conducted using 101 radial points for input
values along with at least 100 different multiplier values for varied
parameters, which resulted in each contour plot containing over
10 000 points of data. Additional details specific scan methodology is
given at the beginning of each corresponding subsection.

A. Electron temperature gradient
The electron temperature gradient scan was carried out by modi-

fying the experimental value of gTe without adjusting any other input
variables. A multiplier is then used to increase and decrease the experi-
mental gTe value. The discovery of the growth rate in the deep core
region and destabilizing effects of gTe is shown in Fig. 1(b). The multi-
plier of 1.0 on the y-axis of each contour plot corresponds to experi-
mental values. For this scan, the growth rate increases as gTe increases
and decreases as gTe decreases. The mode is found to be stable when
the experimental value of gTe is increased by a factor of 2.4 around
q̂ / 0:2, due to the drift reversal. As gTe increases, so does am;u, which
shifts the sign of the magnetic drift frequency from positive to negative
and stabilizes the mode. In Fig. 1(d), the negative region of the
magnetic drift frequency is represented by the white region. The
unstable modes in the deep core region indicate the presence of
electron thermal transport. The Alfv!en frequency in Fig. 1(e) is
found to be comparable to the real frequency in Fig. 1(c), which
indicates that the magnetic fluctuations are due to short-
wavelength Alfv!en modes in the deep core region and are present
for finite temperature gradient. The possibility of the existence of
electromagnetic instability in the deep core region of NSTX dis-
charges is also indicated in Refs. 16 and 37. The growth rate of ETG
modes is found to be about the same in magnitude as the real fre-
quency, which indicates a strong instability. Moreover, the ETG
mode is found to propagate in the electron diamagnetic direction
with a positive real frequency. The mode is found to be stable
near the magnetic axis and close to the edge for xDe > x, and
kyqs - 1:0 because the dynamics may become adiabatic.

The contour plots of growth rate and real frequency are shown in
Figs. 1(g) and 1(h) for gne ¼ 0. It is found that the drift reversal occurs
earlier around q̂ / 0:2 in the presence of gne as compared to the gne
¼ 0 case, so very large values of gne can be stabilizing. However, the
growth rate is not found to be very different with or without gne for
q̂ . 0:35. This implies that the destabilizing effects of nonzero gne on
the growth rate for q̂ > 0:35 are weak. On the other hand, the gTe ¼ 0
case in Fig. 1(i) substantially decreases the growth rate when compared
with the default case (gTe; gne 6¼ 0), implying that the mode is less
dependent on the plasma parameter ge.

B. Electron density gradient
The electron density gradient scan shown in Fig. 2 was performed

by changing the experimental value of gne without changing any other
input variables. Positive gne is discovered to be destabilizing, whereas
negative gne is discovered to be stabilizing. The growth rate is found to
be increasing with increasing gne particularly in the region q̂ / 0:7,
where temperature gradient is also large. Large gne is stabilizing for the
short wavelength Alfv!en eigenmode at q̂ / 0:2 due to gne drift reversal
which indicates the toroidal nature of the mode. The increase in the
density gradient caused by pellet injection38 has been seen in the
experiments and can be used as a knob to stabilize these modes.39
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However, pellet injection is not available in the NSTX tokamak. Note
that this NSTX discharge goes edge-localized modes (ELM)-free after
between-shots lithium wall conditioning. These types of ELM-free dis-
charges tend to accumulate carbon impurity sourced from the plasma
facing components, which can lead to transient peaking in the outer
region. Consequently, it is possible to obtain a non-monotonic elec-
tron density profile [Fig. 6(a)], which results in the region of negative
gne seen in Figs. 2(a) and 2(b). No unstable mode is found in Fig. 2(e),
where gTe ¼ 0 and gne 1 0. The mode is found to be less unstable in
the negative gne region around q̂ / 0:45 and becomes stable around
q̂ / 0:4 when gTe ¼ 0. As seen in Fig. 2(f), the effects of gne ¼ 0 on
the growth rate are less than those of gTe ¼ 0 as seen in Fig. 2(e) and

previously in Fig. 1(i), which show that the modes are more dependent
on gTe than ge.

In summary of Subsections IVA and IVB, for electromagnetic
ETG modes, there are three drives or sources of free energy: (i) elec-
tron temperature gradient, (ii) electron density gradient, and (iii) rB
plus curvature drift. For nonzero gradients and due to bad curvature,
the deep core exhibits electromagnetic ETG instability. The electron
temperature gradient has a greater influence on the modes than the
electron density gradient. The magnitude and frequency of the growth
rate are found to be comparable, which indicates a strong instability.
Large gne (peaked density profile) provides stabilizing effects on short
wavelength modes, which is consistent with the results in Ref. 24.

FIG. 1. (a) The experimental normalized electron temperature gradient (gTe). Contours of (b) growth rate, (c) associated real frequency, (d) magnetic drift frequency (xDe), (e)
Alfv!en frequency (xA), (f) kyqs, (g) growth rate with gne ¼ 0, (h) corresponding real frequency with gne ¼ 0, and (i) growth rate using experimental values with and without
gTe ¼ 0. The ETG modes are found unstable in the region q̂ 1 0:4 due to electromagnetic effects, whereas conventional electrostatic ETG modes have often been found to
be stable in this region of the NSTX discharges.
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C. Safety factor
The q profile scan is carried out by multiplying the experimental

q profile shown in Fig. 3(a) by a range of factors at each radial point,
without changing any other input variables. The ETG growth rate and
frequency of the modes shown in Figs. 3(b) and 3(c) increase with
increasing q, with the exception of around q̂ ¼ 0:2, where Alfv!en
modes are present. Large values of q are stabilizing and small values of
q are destabilizing for this drift Alfv!en mode, due to the electromag-
netic nature of these modes. NSTX-U will use a higher magnetic field
when going to higher current, so q would not drop as much; otherwise,
there will likely be some severe MHD stability/disruption limits.

This suggests that these modes exist even in updated NSTX (NSTX-U)
plasmas with an increased plasma current from Ip ¼ 1:1! 2:0MA.
The growth rate is found to be smaller around q̂ ¼ 0:45 due to nega-
tive density gradient in this region.

The effects of small q on ETG modes are stabilizing for q̂ > 0:45
because electromagnetic effects decrease as q̂ increases, and the mode’s
characteristics change from Alfv!en to conventional ETG modes whose
growth rates increase with increasing q and produce a more ballooning
nature. This implies that in high current NSTX-U discharges, these
modes will be less destabilizing. A drift reversal is also evident around
q̂ / 0:2 and 0:7 due to large values of q. The magnetic drift frequency

FIG. 2. (a) The experimental normalized electron density gradient (gne). Contours of (b) variation of gne, (c) growth rate (d) associated real frequency, (e) growth rate with
gTe ¼ 0, and (f) growth rate at experimental value with or without gne ¼ 0. The effect of positive gne is destabilizing, while negative gne is stabilizing.

FIG. 3. (a) The experimental safety factor (q) profile; contours of (b) growth rate and (c) associated real frequency. The ETG mode is found to be substantially destabilized
when q is increased.
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(xDe), which is not shown here, coincides with the drift reversal, indi-
cating that the growth rate resonates with xDe.

D. Effective magnetic shear
The effective magnetic shear !̂sÞ in Eq. (17) is varied indirectly

by varying magnetic shear (s) at each radial point, without modify-
ing any other input variables. The experimental magnetic shear and
effective magnetic shear are plotted in Fig. 4(a). According to the
growth rate shown in Fig. 4(b), the ETG mode is found to be sub-
stantially stabilized when the effective magnetic shear ŝ is
reversed.14 Effective magnetic shear is also nearly constant for q̂
< 0:2 due to shear being negligible in this region. The growth rate
and frequency of the ETG mode are found to be decreasing with
both increasing magnetic shear and reverse magnetic shear. The
effective magnetic shear is expected to increase as NSTX-U elonga-
tion and triangularity increase, resulting in a decrease in the ETG
mode growth rate. As shown in Figs. 4(e) and 4(f), the electrostatic
potential grows toward the edge, whereas the electromagnetic
potential rises in the core, indicating that modes in the center are
more electromagnetic in nature. The magnetic drift frequency
changes sign as effective magnetic shear changes sign. The stabiliz-
ing effects of reverse magnetic shear40 will suppress electron ther-
mal transport, which is responsible for the ITB region41 in the
electron temperature profile of NSTX discharges.

In summary of Subsections IVC and IVD, the electromagnetic
ETG modes (EM-ETGMs) are found to stabilize with increasing q in
the core, where the modes are electromagnetic in nature. On the other

hand, significant destabilization is seen in the confinement region,
where the modes are more electrostatic in character; this trend is simi-
lar to the conventional ETG modes. Large and reverse magnetic shear
effects on EM-ETGM are found to be stabilizing, which can lead to
ITB in the electron temperature profile. These results are found to be
in line with those in Refs. 42 and 43.

E. Electron temperature
The electron temperature scan is carried out by multiplying the

experimental Te profile shown in Fig. 5(a) by a range of factors at each
radial point, without changing any other input variables. Figures
5(a)–(f) depict the dependence of electron temperature variation on
the EM-ETGM growth rate, kyqs; jÂkj

2, real frequency, and xDe. The
increasing and decreasing trends of the growth rate and real frequency
at different radial locations are similar. EM-ETGM is found to be
destabilizing when Te is increased except near q̂ ¼ 0:2. Increasing Te,
while maintaining constant normalized temperature gradients at each
q̂, increases am;u via be;u and decreases !ei. However, increases in am;u
are slow because Ti=Te decreases with increasing Te. Figure 6(d) illus-
trates that Ti=Te is not always greater than one and that Ti=Te

decreases rapidly as Te increases. Increasing am;u stabilizes the Alfv!en
modes around q̂ ¼ 0:2 and enhances the growth of the modes at other
radial locations including q̂ < 0:2. Alfv!en mode stabilization can be
achieved when the experimental Te is multiplied by 1.5, while the ETG
mode stabilization is found when the experimental Te is multiplied by
3.5. Additionally, increasing am;u makes curvature favorable
(xDe < 0). The large values of jÂkj2 in the center indicate the

FIG. 4. (a) The magnetic shear (s) and effective magnetic shear (̂s) are plotted vs q̂. Contours of (b) growth rate, (c) real frequency, (d) effective magnetic shear, (e) square of
the normalized potential (j/̂j2), and (f) square of the normalized vector potential (jÂkj2). The ETG mode is found to be substantially stabilized when ŝ is reversed.
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FIG. 5. (a) The experimental electron temperature profile. Contours of (b) growth rate, (c) kyqs, (d) square of the normalized vector potential (jÂkj
2), (e) real frequency, and (f)

magnetic drift frequency (xDe). EM-ETGM is found to be destabilizing when Te is increased, except in the deep core region.

FIG. 6. (a) The experimental electron density profile. Contours of (b) growth rate and (c) real frequency. (d) The ion to electron temperature ratio, contours of (e) kyqs and (f)
magnetic drift frequency (xDe). EM-ETGM is found to be stabilized when ne is substantially increased in the large density gradient regions.
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electromagnetic characteristic of the mode. The EM-ETGM growth
rate is found to be high for large kyqs values.

F. Electron density
The electron density scan was carried out by modifying the experi-

mental value of ne in the input file. The values of the impurity density,
hydrogenic density, fast ion density, and thermal ion density were like-
wise modified by the same factors to obey quasi-neutrality in order to
maintain self-consistency among these variables. Otherwise, all of the
other remaining input variables remained unchanged. Figure 6 depicts
the dependence of electron density ne on the EM-ETGM growth rate and
real frequency. The experimental electron density profile, ion-to-electron
temperature ratio profile, kyqs, andxDe contour plots are also displayed.

EM-ETGM is found to be stabilizing when ne is substantially
increased in the large density gradient regions. Increasing ne increases
am;u via be;u and also increases !ei. Increasing am;u has a stabilizing
effect, except near q̂ / 0:4 and close to the axis where gne is small and
drift reversal (xDe < 0) does not occur. Drift reversal is also not found
around q̂ / 0:8, where the temperature ratio is small. The EM-ETGM
growth rate and real frequency both increased with increasing kyqs at
first, then decreased for larger values of kyqs, indicating a typical non-
monotonic trend of the drift wave growth rate with kyqs.

G. Magnetic field
The experimental Bu value at each surface is multiplied by a

range of values to show Bu dependency on ETG modes, without
changing any other input variables. Figure 7 depicts the relationship
between the effective magnetic field (Bu) and the EM-ETGM growth
rate and real frequency. The most unstable ETG mode is determined
by performing a kyqs scan on each surface.

The mode is found to be stabilized for large values of Bu and
destabilized for small values of Bu. This indicates that the rate these
modes grow might be slower in NSTX-U plasmas than in NSTX due
to NSTX-U plasmas having a larger B-field. However, our results did
not show complete mode stabilization or drift reversals as a result of
increasing Bu.

H. Electron beta
In Secs. IVE–IVG, the electron temperature, electron density,

and magnetic field were all varied independently about their

experimental values. The electron beta (be;u) scan is performed, and its
relationship to the EM-ETGM growth rate and frequency is depicted
in Fig. 8. The results presented here are from the indirect approach, in
which the electron temperature and density, as well as the magnetic
field input variables, were all varied to target the electron beta.
Variables affected by electron density were also modified in accor-
dance with the electron density scan in Sec. IVF. A direct scan of be;u
was also performed (not shown here), and the results are found to be
nearly identical to the results of the indirect input variable scan shown
here.

The experimental be;u value at each surface is multiplied by a
range to show be;u dependency on ETG modes. EM-ETGM shows a
non-monotonic be;u dependence. The growth rate of modes increases
initially as be;u increases and then decreases as be;u increases further.
Drift reversal occurs as a result of high be;u values. Drift reversal also
occurs for toroidal drift Alfv!en modes when the experimental value of
be;u is increased by a factor of 1.4. However, drift reversal does not
occur in regions with a negative density gradient and a low ion-to-elec-
tron temperature ratio. The frequency of the mode is comparable to
the growth rate and is observed to behave similarly.

In summary of Secs. IVE–IVH, the EM-ETGM growth rate
increased with increasing Te and ne at first, then decreased as they
increased, demonstrating a non-monotonic drift wave growth rate. This
implies that plasmas with low collisionality will be more destabilized.
The large magnetic field and small be;u are found to be EM-ETGM sta-
bilizers. Note that when a scan of a toroidal magnetic field is performed,
neither the equilibrium nor the q-profile are modified. However, be;u
does change. It has been discovered that a large magnetic field is stabi-
lizing, but a small magnetic field is destabilizing. Because be;u is
inversely proportional to the square of the magnetic field, a large be;u is
found to be destabilizing, whereas a small be;u is stabilizing.

I. Electromagnetic effects
An electromagnetic vs electrostatic comparison was carried out

in Fig. 9(a) by removing the electromagnetic potential terms from the
EM-ETGM model equations. Turning off Ak effects reduced overall
EM-ETGM growth rate and stabilized the mode in the deep core of
the low shear and low ŝ=q region. When electromagnetic effects are
turned off, the electrostatic ETG mode is found to be unstable for
q̂ > 0:35. Modes with electromagnetic inclusion have both electro-
static and electromagnetic properties when q̂ > 0:35 and have

FIG. 7. (a) The effective magnetic field (Bu) profile. Contours of the EM-ETGM (b) growth rate and (c) real frequency. Large magnetic field is found to be stabilizing, but small
magnetic field is destabilizing.
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relatively low kyqs values. When b is very small, a similar trend
emerges (not shown here), implying that the mode may be stable in
the deep core region of low b plasmas. As shown in Fig. 9(b), modes
have larger kyqs in the deep core region, indicating a shorter wave-
length nature of the mode. In Fig. 9(d), the value of jÂkj2 is found to
be large in the core and then decreases as q̂ increases, indicating that
the mode in the deep core region is electromagnetic.

J. Beta gradient
The b0 scan was carried out by directly altering the value of b0 in

the model. Figure 10 demonstrates the dependence of b gradient (b0)

on ETG modes for experimental b0 and two times the experimental
b0!2b0Þ. The effect of b0 through geometry on ETG modes is consid-
ered. The ETG mode real frequencies, corresponding kyqs; jÂkj

2 and
average curvature ("G), are also plotted. Both the growth rate and the
real frequency are found to be decreasing with increasing b0. The effect
of b0 is found to be more pronounced in the deep core region, where
modes are more electromagnetic in character. The most unstable
mode’s kyqs is also shown to be affected by b0. Increased b0 decreases
jÂkj2, hence lowering the growth rate. Increased b0 turns bad curva-
ture to good curvature in the deep core area and hence decreases the
growth rate. The change in magnetic perturbation, kyqs, and average
curvature is found to be small in the edge region, implying that b0

FIG. 8. (a) The experimental profile of electron beta (be;u). Contours of the EM-ETGM (b) growth rate and (c) real frequency. Large be;u is found to be destabilizing, whereas
small be;u is found to be stabilizing.

FIG. 9. (a) ETG modes with electromag-
netic effects (EM) and without electromag-
netic effects (ES, electrostatic). Contours
of the EM-ETGM (b) growth rate (c) real
frequency and (d) jÂkj2. The mode is
found to be purely electromagnetic in the
deep core.
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stabilizing effects are also small there. Increasing b0 stabilizes the mode
by achieving a high density gradient through pellet injection.
However, pellet injection is not available in the NSTX tokamak.

In summary of Subsections IV I and IV J, EM-ETGMs are elec-
tromagnetic in nature and have short wavelengths in the low shear
and low ŝ=q region in the deep core of the NSTX plasma. Near the
edge, the modes have longer wavelengths and an increasingly electro-
static nature. Increasing b0 changes bad curvature to good curvature in
the deep core, reducing jÂkj2 and the growth rate of the mode.

K. Isotope mass
An isotope mass comparison was conducted by setting the input

values of mean atomic mass of the hydrogen ions to either 1, 2, or 3,
and then by updating the mean atomic mass of thermal ions in accor-
dance with these values. Additionally, a fixed value of kyqs ¼ 8 was
taken for all values of q̂. Otherwise, no other input variables were
changed. The isotopic mass dependence of hydrogen on the EM-
ETGM growth rate, real frequency, and electron thermal diffusivity is
displayed in Fig. 11.

FIG. 10. (a) ETG mode growth rate, (b) real frequency, (c) kyqs, (d) jÂkj
2, and (e) average curvature ("G) for two different values of plasma b gradient, b0. The increase in b0

has stabilizing effects on ETG modes.

FIG. 11. EM-ETGM (a) growth rate, (b) real frequency, and (c) electron thermal diffusivity for three isotopes of hydrogen atom are plotted using a fixed kyqs ¼ 8 for all radial
points. The growth rate of the electromagnetic mode in the center decreases as the ion mass increases, whereas the growth rate of the mode in the confinement region slightly
increases.
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Numerous tokamak experiments have demonstrated that plasma
confinement properties improve when increasing the atomic mass of
the hydrogen isotope used (H, D, and T). In this study, the influence
of ion mass on the mode growth rate using fixed kyqs is found to be
both stabilizing and destabilizing. As the ion mass grows, the growth
rate of the electromagnetic Alfv!en mode in the center decreases due to
a decrease in Alfv!en frequency, while the growth rate of the mode in
the confinement region somewhat increases where the mode is more
electrostatic than electromagnetic in nature. The ETG thermal diffu-
sivity, on the other hand, increases with ion mass due to the depen-
dence of diffusivity on ion mass, which negatively impacts
confinement. The decrease in the poloidal wave number with
increased ion mass causes diffusivity to increase. It is a theoretical
gyro-Bohm trend. It is argued that stabilizing isotopic effects in experi-
ments may be attributable to indirect effects, such as increased flow
shear, Z-effective, and multi-scale physics, rather than direct isotopic
effects.44–46

L. Fixed vs varied wavenumber
EM-ETGMs as a function of q̂ with fixed and varied kyqs are

shown in Fig. 12. The modes are electromagnetic, toroidal, and short
wavelength !kyqs 1 20Þ in the region q̂ < 0:5, but the modes are
nearly electrostatic and longer wavelength !kyqs 1 7:0Þ in the region

0:65 < q̂ < 0:85, while the modes exhibit kyqs 1 1:0 near q̂ ¼ 0:9,
indicating that ETG modes can exist in longer wavelength regime.
Therefore, ETG modes with shorter, intermediate, and longer wave-
lengths are reported. The conventional ETG modes are generally elec-
trostatic, and large b can stabilize these modes. The ETG modes
reported in this study, on the other hand, are found to be unstable in
almost all NSTX discharges considered, despite the fact that NSTX dis-
charges are known to have large b values.

M. Flow shear
The EM-ETGM growth rate and real frequency as a function of

q̂ with and without flow shear are shown in Fig. 13. The effect of flow
shear on ETG modes is found to be small. Growth rates of the ETG
modes are found to be greater than the equilibrium flow shear.

Growth rate is found near the edge when the minimum kyqs
value is decreased from 1.0 to 0.1 during the scan. However, this insta-
bility is suppressed due to substantial values of flow shear toward the
edge. The discovery of a low kyqs ETG mode in the pedestal region
agrees with gyrokinetic results.47

In the summary of Subsections IVK–IVM, the modes are elec-
tromagnetic, toroidal, short, intermediate, and long wavelength in dif-
ferent regions of the plasmas. The growth rate for purely
electromagnetic modes decreases with increasing hydrogen isotopic

FIG. 12. (a) Fixed vs variable kyqs scans influence ETG modes growth rate and (b) real frequency. (c) Fixed kyqs values and kyqs values associated with the most unstable
mode found in the scan of kyqs. The kyqs associated with the most unstable mode is observed to be decreasing at the plasma edge where the temperature gradient is
increasing and the mode’s electrostatic characteristic increases.

FIG. 13. (a) Equilibrium flow shear, (b) EM-ETGM growth rate with and without flow shear, and (c) EM-ETGM growth rate when the minimum kyqs value used in the kyqs
scan is decreased from 1.0 to 0.1. The effect of flow shear on ETG modes is found to be small.
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mass, whereas the growth rate for mixed modes (modes with magne-
tostatic and electrostatic characteristics) is only weakly affected. The
kyqs associated with the most unstable mode is observed to be decreas-
ing at the plasma edge where the temperature gradient is increasing
and the mode’s electrostatic characteristic increases. The effect of flow
shear on the mode growth rate is found to be small, except at the edge
region where the mode growth rate is low and the flow shear is high.

N. Convergence of modes
Convergence studies are carried out in Fig. 14 to determine

the required ky step count (n). The EM-ETGM growth rate, real

frequency, and electron thermal diffusivities [Eqs. (21) and (22)] are
shown for n ¼ 25; 50, and 100 ky steps using different methods.
Excellent convergence was found using n¼ 100 ky steps for the most
unstable mode. In practice, only n¼ 50 steps should yield satisfactory
results. Fewer ky steps are needed when summing modes in the elec-
tron thermal diffusivity, as only a majority of the largest modes need
to be accounted for when obtaining the convergence of the sum over
all ky modes.

Convergence is also investigated by comparing ky scans with lin-
ear and exponential ky increments in Fig. 14(g). Exponential ky incre-
ments are found to converge much faster than linear ky increments.
This is because exponential ky increments are small (high-precision)

FIG. 14. (a) EM-ETGM growth rate and (b) real frequency vs q̂ using n¼ 25, 50, and 100 ky steps. Equations (21) and (22) are used to calculate electron thermal diffusivity
using (c) and (d) the most unstable eigenmode and (e) and (f) the sum of all modes in the kyqs spectrum at each q̂, respectively. The diffusivity sums have been calibrated by
a factor of 1

20. (g) Electron diffusivity as a function of q̂ using linear and exponential ky increments. The converged line corresponds to one million linear ky steps. The conver-
gence rate of the ky scan can be greatly improved when the shape of the ky increments is matched with the rate that subsequent modes are changing. (h) gyroBohm diffusivity
q2
evTe=LTe as a function of q̂ is found to be substantially less than the EM-ETGM electron thermal diffusivity.
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when the change in diffusivity between subsequent modes is large, and
ky increments are large (low-precision) when the change in diffusivity
between subsequent modes is small.

In Fig. 14(h), the gyroBohm diffusivity q2
evTe=LTe as a function of

q̂ is displayed. The ETG thermal diffusivity is found to be much larger
than the gyroBohm diffusivity, indicating that mixing length estimates
based on the isomorphism between ETG and ITG are underestimated.
It is worth noting that the diffusivity predicted using the most unstable
modes is roughly ten times that of the gyroBohm diffusivity, a scale
that matches the experimental thermal diffusivity determined by
power balance analysis.15,48 The sum of all the modes, on the other
hand, yields a diffusivity that is substantially larger than the experi-
mental thermal diffusivity.

O. Time and space dependence
Figure 15 depicts contour plots of the EM-ETGM growth rate

(c), real frequency (xr), drift frequency (x(e), magnetic drift frequency
(xDe), temperature gradient frequency (xTe), Alfv!en frequency (xA),
electron beta (be;u), vector potential (jÂkj

2), and scalar potential (j/̂j2)
as a function of q̂ and time for low collisionality NSTX discharge
138 536. The mode is found to be unstable even for small temperature
gradient values in the low shear (̂s) and low ŝ=q deep core for a suffi-
ciently large be;u. Transport due to ETG modes is discovered in the
core region, where modes have more electromagnetic characteristics,
as evidenced by high values of electromagnetic potential. The mode is
more electrostatic in nature toward the edge region where electrostatic
potential is large and beta is small. The Alfv!en frequency is comparable

FIG. 15. Contour plots of the EM-ETGM (a) growth rate, (b) real frequency, and (c) drift frequency (x(e), (d) magnetic drift frequency (xDe), (e) temperature gradient frequency
(xTe), (f) Alfv!en frequency (xA), (g) electron beta (be;u), (h) vector potential (jÂkj

2), and (i) scalar potential (j/̂j2) as a function of q̂ and time for low collisionality NSTX dis-
charge 138 536.
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to the real frequency in the deep core, which indicates magnetic fluctua-
tions are due to short wavelength Alfv!en modes. It is worth noting that
the modes naturally transition from electromagnetic characteristics in
the deep core to electrostatic characteristics near the edge. Temperature
gradients and curvature are found to be more responsive to modes than
the density gradients or the plasma parameter ge. Modes are discovered
to resonate with xDe and to have a faster growth rate when the electron
temperature gradient drive is strong. Modes are found to be stable in the
region where the direction of frequency is opposite the direction of dia-
magnetic drift frequency. Modes are also found to be stable where the
magnetic drift frequency is much greater than the frequency of the
modes. the EM-ETGM instability is strong because the magnitude and
behavior of frequency and growth rate are similar.

Figure 16 depicts that the thermal diffusivity associated with EM-
ETGM is computed in four different ways. These results show that all
four methods produce similar results, with the exception of using the
most unstable mode in the alternate diffusivity formula [Eq. (22)] as
seen in Fig. 16(c), where the diffusivity in the core region almost disap-
pears. These diffusivities will be tested for their ability to predict the
electron temperature profile against various types of discharges for
various tokamaks. It is planned that the EM-ETGM diffusivity will
also be compared to the nonlinear CGYRO diffusivity, and if neces-
sary, the EM-ETGM diffusivity will be calibrated.

V. SUMMARY AND DISCUSSION
A new model for electromagnetic electron temperature gradient

modes (EM-ETGMs) is developed for tokamak plasmas. This model is

based on two-fluid equations that govern the dynamics of low-
frequency, short-, intermediate-, and long-wavelength electromagnetic
toroidal ETG driven drift modes. The model includes the effects of
density, temperature, and magnetic field perturbation and gradients,
electron inertia, curvature, collisionality, non-adiabatic ions, density
dilution, Shafranov shift, gradient of b (b0), magnetic drift resonances
and drift reversal, low and reverse magnetic shear, and flow shear. The
gradients of electron temperature and density, magnetic-q, magnetic
shear, electron temperature, electron density, magnetic field strength,
electron b, b0, isotopic effects, and collisionality are scanned to deter-
mine the dependency of the EM-ETGM real frequency, growth rate,
and diffusivity. Convergence studies are also performed to determine
the number of unstable modes required in the ky spectrum at each
radial location.

Conventional ETG modes are short wavelength with adiabatic
ions. However, non-adiabatic ion effects, including E# B and polari-
zation drifts, are taken into account without including ion-tempera-
ture-gradient mode fluctuations in the new EM-ETGM. The
EM-ETGM frequency is comparable to both the ion magnetic and
electron drift frequencies ensuring that the ion dynamic does not
become adiabatic. These non-adiabatic effects may provide stabilizing
effects to the ETG modes even before drift reversal occurs. The con-
ventional ETG modes have frequency of the order of x- kkvTe,
whereas EM-ETGM has frequencies of the order of x 1 kkvTe.

Furthermore, conventional ETGmodes are generally electrostatic
and large b may stabilize these modes. On the other hand, the EM-
ETGM reported in this study are found to be unstable in almost all

FIG. 16. Contour plots of the EM-ETGM
diffusivity (a) using eigenvectors associ-
ated with the most unstable mode at each
q̂ in Eq. (21), (b) summing over eigenvec-
tors associated with the kyqs spectrum at
each q̂, (c) using the most unstable mode
growth rate in the alternate diffusivity for-
mula in Eq. (22), and (d) summing over
growth rates associated with the kyqs
spectrum in the alternate diffusivity for-
mula. The diffusivity sums have been cali-
brated by a factor of 1

20.
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NSTX discharges considered, despite the fact that NSTX discharges
are known to have large b values. The electromagnetic ETG mode is
found to be a toroidal version of the drift Alfv!en mode, which becomes
unstable due to charge separation caused by an unfavorable magnetic
field gradient and curvature electron drift in the presence of an elec-
tron temperature and density gradient. This shows that magnetic fluc-
tuations due to short wavelength Alfv!en modes in the core region of
the NSTX discharges cause turbulence and anomalous electron ther-
mal transport.

In our EM-ETGM modeling, the fastest-growing linear ETG
mode is assumed to have a small radial wavenumber, resulting in a
smaller total finite Larmor radius. As a result, ETG streamers can be
obtained linearly. Nonlinearly, this streamer is then assumed to be
torn apart by flow shear. The transport from ETG modes is obtained
using eigenvectors associated with the most unstable mode and their
sidebands in the ETG spectrum at each radial location. The electron
temperature gradient and curvature are found to be more responsive
to modes than the absolute density gradients or the plasma parameter
ge. Overall, these modes are curvature and electron temperature gradi-
ent driven. However, the increase in density gradient caused by pellet
injection can be seen in tokamak experiments and can be used as a
knob to stabilize these modes. However, pellet injection is not available
in the NSTX tokamak.

In addition, the mode is found to be substantially destabilized
when q is increased and stabilized for large values of Bu, indicating
that modes will be less destabilized in NSTX-U discharges due to large
values of Bu. The mode is found to be stabilized with increasing b0.
The effects of reverse magnetic shear are found to be ETG mode
stabilizing, resulting in the suppression of electron thermal trans-
port, which is responsible for the ITB region in the electron temper-
ature profile of NSTX discharges. Drift reversal occurs when
temperature and density gradients, q, Te; ne, and be;u are increased
significantly. The effects of various kk estimations, turning on and
off collisions, magnetic shear vs effective shear, flow shear, and iso-
tope mass on the EM-ETGM growth rates are not significant. The
electron thermal diffusivity associated with EM-ETGM is calculated
using different methods. The diffusivity is discovered to be much
greater than the gyroBohm estimate. The diffusivity calculated
using the most unstable ETG modes is found to be on a scale
consistent with the experimental diffusivity determined by power
balance analysis.

Several previously reported gyrokinetic results are reproduced,
including the stabilizing effects of steep density gradients, reverse mag-
netic shear, large be;u and b0, large collisionality (ne scan), destabilizing
effects of q, and stabilizing and destabilizing effects of toroidicity. The
EM-ETGM diffusivity will be compared to the nonlinear CGYRO dif-
fusivity, and the EM-ETGM diffusivity will be calibrated if necessary.
The EM-ETGM model will be used as a component of the multi-
mode anomalous transport module in the predictive integrated model-
ing code TRANSP to predict time-dependent electron temperature
profile in tokamak plasmas.
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