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Abstract
Understanding the kinetic ballooning mode (KBM) is crucial for optimizing plasma
performance in high-β spherical tokamaks. Global gyrokinetic simulations of KBMs in a
projected NSTX-U shot are presented using realistic magnetic geometry and plasma profiles.
Linear simulations across varying plasma β values show that the KBM is unstable in NSTX-U
at significantly higher plasma β than conventional tokamaks due to the plasma shaping effects.
Isotope effects on KBM are more pronounced at higher plasma β but remain relatively weak
near the KBM stability threshold. Without flow shear, KBMs are unstable in both the core and
pedestal regions. In the core, the investigated toroidal mode numbers in the range
n= [15, . . . ,31] are observed to be unstable. In the pedestal, on the other hand, the n = 15 mode
is the most unstable mode due to local β values lower than those in the core. Parameter scans of
plasma profile gradients and plasma β demonstrate that the linear KBM in the core exhibits a
high sensitivity to β, whereas KBM in the pedestal shows a lower sensitivity. A reduction of β
by approximately 15% from the projected value stabilizes KBMs in the core. Nonlinear
simulations reveal that self-generated zonal flows play a crucial role in regulating KBM-driven
turbulence, reducing the size of turbulent eddies, shortening the radial correlation length by
nearly threefold, and decreasing turbulent transport by approximately 35%. These findings
provide valuable insights into KBM stability and turbulent transport, offering guidance for
optimizing operational scenarios in future experiments.
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1. Introduction

The National Spherical Torus Experiment Upgrade (NSTX-U)
[1] is designed to advance our understanding of fusion plasma
physics by addressing critical knowledge gaps that impede the
development of spherical tokamaks as practical fusion react-
ors. Building on the foundation established by the original
NSTX [2], NSTX-U leverages its enhanced design to provide
valuable insights into plasma behavior, making a significant
contribution to the broader pursuit of practical fusion energy.
Specifically, NSTX-U seeks to double themagnetic field, neut-
ral beam injection (NBI) power, and plasma current while
extending the pulse duration and improving plasma confine-
ment. However, plasma confinement is limited by several pro-
cesses, including turbulent transport, disruptions, and edge-
localized modes [3]. Among these, turbulent transport, caused
by small-scale plasma instabilities, is a primary factor respons-
ible for the transport of particles, energy, and momentum
across the confining magnetic field [4, 5]. Therefore, under-
standing andmitigating turbulent transport in NSTX(U) is cru-
cial for achieving sustained plasma confinement.

Numerous gyrokinetic simulation studies previously con-
ducted on NSTX reveal the presence of various micro-
instabilities contributing to turbulent fluxes [6]. These instabil-
ities are observed on scales both larger and smaller than
the ion gyro-radius, which are henceforth referred to as
‘ion scales’ and ‘electron scales’, respectively. The ion scale
instabilities include ion temperature gradient (ITG) modes,
trapped electron modes (TEMs), kinetic ballooning modes
(KBM), and micro-tearing modes (MTMs), while the elec-
tron scale instabilities include electron temperature gradient
(ETG) modes. The ITG, TEM, and KBM instabilities can
drive both ion and electron thermal transport, while instabil-
ities such as MTM and ETG primarily contribute to elec-
tron thermal fluxes. High-β H-mode discharges in NSTX
exhibit ion thermal transport at levels comparable to neoclas-
sical predictions [7, 8], suggesting negligible ion turbulent
heat transport. Local linear gyrokinetic simulations performed
on various NSTX discharges with varying collisionality, as
well as NSTX-U projections [9], indicate that ITG modes are
stable, with thresholds approximately four times higher than
experimental values for both NSTX and its projections. In
contrast, KBMs are observed to lie near the threshold of the
plasma profiles.

NSTX-U scenarios offer exciting opportunities for explor-
ation, as data from various NSTX experiments indicate that
global confinement scales inversely with collisionality [10,
11]. Notably, the collisionality in NSTX-U is expected to be
more than six times lower than in NSTX, making the turbu-
lent contribution to ion transport particularly intriguing under
these conditions.While ITGmodes are still expected to remain
stable in NSTX-U, the role of KBM instabilities in driving ion
turbulent transport remains uncertain due to their thresholds
being close to the projected plasma profiles. As a result, KBM
could significantly limit the achievable plasma profiles in
NSTX-U. Additionally, most previous NSTX studies have
relied on radially local simulations using flux-tube gyrokinetic

codes such as CGYRO [9]. However, for NSTX(U), ρ∗ ∼ 1%,
where ρ∗ is the ratio of the ion gyro radius to the minor radius,
indicating that global effects may play a significant role [12],
in contrast to the asymptotic limit ρ∗ → 0, where the local
simulations are expected to converge with global simulations
[13]. Therefore, assessing the impact of finite ρ∗ on turbu-
lence characteristics is essential for determining the valid-
ity of local approximations in NSTX(U). In addition, recent
local nonlinear gyrokinetic simulations of hybrid-KBM for the
Spherical Tokamak for Energy Production (STEP), conducted
without flow shear, require the radial width of the computa-
tional domain larger than the minor radius [14]. This finding
underscores the importance of global simulations. Although
a few studies in NSTX have used radially global codes, they
are primarily limited to either the linear regime [15, 16] or the
electrostatic regime [17]. This highlights the need for investig-
ations into NSTX-U projections using global nonlinear elec-
tromagnetic gyrokinetic simulations, with a particular focus
on KBM instability [18].

The Gyrokinetic Toroidal Code (GTC) [19] is a global
particle-in-cell (PIC) code based on nonlinear gyrokinetic
equations. This well-benchmarked code has been widely
employed to investigate various aspects of fusion plasma phys-
ics, including turbulent transport [20], Alfvèn eigenmodes
[21], radio frequency waves [22], and energetic particle
transport [23]. GTC has been extensively used to study tur-
bulent transport driven by micro-instabilities such as ITG
and TEM in both tokamaks [24, 25] and stellarators [26,
27]. Moreover, GTC has been applied to simulate the KBM
instability in conventional high aspect-ratio tokamaks, where
the role of zonal flows was also examined [28]. Additionally,
GTC has simulated the linear KBM instability in the pedestal
region of H-mode discharges in the DIII-D tokamak. These
simulations showed that the mode numbers and frequencies
are consistent with experimental observations and the colli-
sions have a negligible effect on KBM [29].

This work presents the first-ever global nonlinear electro-
magnetic gyrokinetic simulations for NSTX-U projections.
The study focuses on the projection of NSTX discharge
#121 123 to NSTX-U, generated using the TRANSP code,
to investigate the KBM instability. GTC is used to per-
form both linear and nonlinear simulations for this high-β,
high-temperature, low-collisionality discharge. Plasma equi-
librium, density, and temperature profiles at the TRANSP sim-
ulation time t= 14.5 s are utilized for the analysis. To com-
pare KBM characteristics between conventional high aspect-
ratio tokamaks and the low aspect-ratio NSTX-U, linear sim-
ulations are performed for varying plasma β. Conventional
tokamak-based plasma profiles with NSTX-U-like paramet-
ers are also used for benchmarking against earlier GTC sim-
ulations. These simulations reveal that the KBM threshold
in NSTX-U is significantly higher than in conventional high
aspect-ratio tokamaks, primarily due to low aspect-ratio and
shaping effects. Simulations without compressional magnetic
field fluctuations show no instability, indicating that the δB||
term has a destabilizing influence on KBM, similar to other
findings for NSTX [30]. In contrast to conventional tokamaks,
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the amplitudes of the parallel and transverse magnetic field
fluctuations are comparable.

The electrostatic simulations reveal that ITG is stable in
NSTX-U, which is consistent with previous local simulations
[9]. Linear simulations for hydrogen, deuterium, and tritium
plasmas demonstrate that isotope effects become more pro-
nounced at higher plasma β but are relatively weak near the
KBM threshold. Plasma profile gradients are finite in the core
and steep in the pedestal, providing a strong driving force
for the instability. GTC simulations with realistic plasma pro-
files indicate KBM instability in both the core and pedestal
regions. In the core, the investigated unstable toroidal mode
numbers range from n= 15 to n= 31, whereas in the pedestal,
the n= 15 mode is unstable due to lower plasma β values. The
radial width of the mode structure is broad, highlighting the
importance of global effects and nonlinear mode coupling near
the mode-resonant flux surface. Parametric scans of plasma
profile gradients and plasma β are conducted for the KBM in
the core and pedestal. In the core, KBM is highly sensitive to
plasma β, becoming stable after a ∼15% reduction in βe, a
value within projection uncertainties. Similarly, the ITG must
be reduced by ∼30% to stabilize KBM. In contrast, the KBM
in the pedestal is less sensitive to plasma profile gradients and
plasma β.

Nonlinear simulations assess the role of zonal flow in
regulating KBM-driven turbulence which reveal that zonal
flow acts as a regulatory mechanism, breaking large turbulent
eddies into finer structures, reducing the amplitude of turbu-
lent fluctuations by a factor of two and the transport by almost
35%. Additionally, 2D and 1D correlation functions for non-
linear electrostatic potential fluctuations show that zonal flow
reduces the radial correlation length of turbulent eddies by
threefold. Nonlinear simulations with hydrogen and deuterium
plasmas indicate that turbulent fluctuations and transport are
nearly identical for both isotopes. In this study, the E⃗× B⃗ flow
shear resulting from the equilibrium radial electric field, which
has a magnitude comparable to the growth rate of the KBM at
most radial locations, is not included. This suggests that the
flow shear can have an additional stabilizing effect on the lin-
early unstable KBM and can reduce the associated nonlinear
turbulent transport. These aspects will be addressed in future
research.

The remainder of the paper is organized as follows.
Section 2 presents the model equations used to simulate
KBM. Section 3 discusses the simulations of KBM in the
NSTX-U projection. Finally, the conclusions are summarized
in section 4.

2. Gyrokinetic model equations for KBM
simulations

This section provides a brief overview of the model equations
implemented in GTC to simulate electromagnetic instabilities.
Since the NSTX-U plasma under investigation corresponds to
a low-collisionality discharge, collisions are neglected in this
study. The gyro-averaged Vlasov equation, which describes

the toroidal plasma in an inhomogeneous magnetic field in 5D
phase space [31–33], is expressed as:

d
dt
fi
(
X⃗,µ,v∥, t

)
=

[
∂

∂t
+

˙⃗X ·∇+ v̇∥
∂

∂v∥

]
fi
(
X⃗,µ,v∥, t

)
= 0,

(1)

where fi is the ion gyro-center distribution function and X⃗, v∥,
µ represent the coordinates for the guiding center position of
the particle, parallel velocity, and magnetic moment, respect-
ively. The following equation describes the time evolution of
the guiding center

˙⃗X= v∥
B⃗∗
0 + δB⃗⊥

B∗
0

+ v⃗E+ v⃗d+ v⃗B∥ + v⃗ZF, (2)

where B⃗∗
0 = B⃗0 +

B0v∥mic
ZiB∗

0
∇× b̂0 is the modified magnetic field

resulting from the transformation from particle space to the
guiding center space, B∗

0 = B0 +
v∥mic
Zi

b̂0 ·∇× b̂0 and δB⃗⊥ is
the perpendicular component of magnetic field fluctuations.

The E⃗× B⃗ drift is represented as v⃗E =
cb̂0×∇ϕ

B∗
0

, where the elec-
trostatic potential ϕ is comprised of the fluctuating part δϕ
and the zonal component ϕZF. The magnetic drift is repres-
ented as v⃗d = v⃗c+ v⃗g which is comprised of curvature drift

v⃗c =
v2∥
Ωi
∇× b̂0 and drift due to the gradient of magnetic field

v⃗g =
µ

miΩi
b̂0 ×∇B0, where b̂0 = B⃗0/B0. The drift due to the

parallel magnetic field fluctuations is v⃗B∥ = µc
Zi

b̂0×∇δB∥
B∗
0

and

the drift due to zonal flow is v⃗ZF =
cb̂0×∇ϕZF

B∗
0

, where δB∥ =

b̂0 ·∇× δA⃗⊥ and c is the speed of light. The mass, charge, and
cyclotron frequency of the ions are represented as mi, Zi, and
Ωi, respectively. The following equation describes the time
evolution of the parallel velocity

v̇∥ =− 1
mi

B⃗∗
0 + δB⃗⊥

B∗
0

·
(
µ∇B0 +Zi∇

(
ϕ +µδB∥

))
− Zi
mi c

∂A∥

∂t
, (3)

The electrostatic potential is calculated from the gyrokinetic
Poisson equation, while the parallel and perpendicular com-
ponents of the vector potential are calculated from the gyrokin-
etic parallel and perpendicular Ampere’s equations, respect-
ively. GTC uses the δf method [34] to reduce the marker
particle noise. In this method, the particle distribution function
is written as the sum of the equilibrium part and the fluctuat-
ing part, fi = f0i+ δfi. Therefore, equation (1) can be written as
Lfi = 0, where the differential operator is L= L0 +LZF + δL,

L0 =
∂

∂t
+
(
v∥b̂0 + v⃗d

)
·∇− µ

mi
B⃗∗
0 ·

∇B0

B0

∂

∂v∥
, (4)

LZF = v⃗ZF ·∇− Zi
mi

B⃗∗ + δB⊥

B0
·∇ϕZF

∂

∂v∥
, (5)
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and

δL=

(
v∥

∇×A∥b̂0
B∗
0

+ v⃗E+ v⃗B∥

)
·∇− 1

mi

(
∇×A∥b̂0

B0

·µ∇B0 −Zi
B⃗∗ + δB⊥

B0
∇
(
δϕ +µδB∥

)) ∂

∂v∥

− Zi
mi

∂A∥

∂t
∂

∂v∥
. (6)

The equilibrium part f0i satisfies L0f0i = 0 and can be approx-
imated as a local Maxwellian (i.e. ignoring neoclassical

effects) as f0i = n0
(

mi
2πTi

) 3
2
exp

(
−miv

2
∥+2µB0

2Ti

)
. The perturbed

part δf i is calculated from the particle weight wi = δfi/fi using
the following equation

dwi

dt
=−(1−wi)

[(
v∥

∇×A∥b̂0
B0

+ v⃗ZF

)
· ∇f0i
f0i

− 1
mif0i

∂f0i
∂v∥

×

(
∇×A∥b̂0

B0
·µ∇B0 −

B⃗∗

B0
Zi∇

(
δϕ +ϕZF +µδB∥

))

× − Zi
mi

1
f0i

∂f0i
∂v∥

∂A∥

∂t

]
. (7)

GTC employs a field-aligned mesh to represent the fluctu-
ating quantities as it offers the maximum numerical accuracy
and computational efficiency for the turbulence simulations.
The parallel magnetic field fluctuations [32] and the equilib-
rium current density [35] are kept in the simulations as they
provide an additional drive to KBM. The simulations presen-
ted here are fully electromagnetic which involve the calcula-
tions of electrostatic perturbed potential δϕ, parallel magnetic
vector potential fluctuations δA||, and parallel magnetic field
fluctuations δB||. The electrostatic potential is calculated from
the gyrokinetic Poisson equation. The parallel magnetic vector
potential is obtained from the parallel electric field [36]. The
parallel magnetic field fluctuations are obtained from equation
(14) of [32].

Since KBM dynamics are primarily governed by thermal
ion kinetic effects, previous studies using GTC in high aspect-
ratio conventional tokamaks have shown that kinetic electrons
have a negligible impact on the KBM growth rate compared
to fluid electrons [37]. Consequently, the current KBM simu-
lations employ a massless electron fluid equation [28] within
the lowest-order fluid-kinetic electron hybrid model [38]. In
this approach, the electron distribution function is decomposed
into an adiabatic part (computed using a massless electron
fluid equation) and a non-adiabatic part (determined by the
electron drift kinetic equation). The detailed procedure for
solving this set of equations can be found in [32]. Additionally,
the fluid description of electrons is sufficient for the present
work, as recent local linear gyrokinetic simulations of the ana-
lyzed discharge indicate the presence of KBMs at most radii
[9]. However, given the relatively large trapped electron popu-
lation in NSTX-U, resulting from its low aspect-ratio and low-
collisionality, future studies should investigate the effects of
trapped electrons on KBM dynamics.

3. KBM simulation results for NSTX-U plasmas

This section presents the global gyrokinetic simulations of
the KBM instability in one of the projected discharges of
NSTX-U. The NSTX-U discharge used for the GTC simu-
lations is generated using the TRANSP code. The effects of
plasma shaping and isotopes on KBM at higher plasma beta,
compared to conventional tokamaks [37], are elucidated using
cyclone-based profiles with parameters similar to the real-
istic profiles of NSTX-U. Following this, realistic profiles are
employed to carry out the linear KBM simulations in the core
and pedestal regions of NSTX-U. Sensitivity analysis explores
the effect of plasma profile gradients and electron β on KBM
growth rates and frequencies in the core and pedestal regions.
Nonlinear simulations of KBM that emphasize the role of
zonal flow in reducing turbulent fluctuations, transport and the
radial correlation length are presented.

3.1. NSTX-U equilibrium and plasma profiles

The NSTX-U discharge used in these simulations is derived
from NSTX discharge #121 123 and generated using the
transport code TRANSP [39], corresponding to TRANSP ID
12 1123K55. These discharges represent low-collisionality,
high-performance plasma scenarios for NSTX-U based on cer-
tain assumptions [40]. The TRANSP run used to generate the
discharge is based on an NSTX discharge in which experi-
mental profile shapes for electron density and temperature are
used, with the density scaled to achieve a different Greenwald
fraction. Ion thermal fluxes were assumed to be dominated by
neoclassical transport, and the electron temperature was adjus-
ted to match energy confinement time scalings. As a result, the
projected temperatures are higher than those of the NSTX dis-
charges due to increased field strength and heating power. The
plasma equilibrium and kinetic profiles for the plasma species
used in the simulations correspond to the TRANSP simulation
time t= 14.5 s, with the Greenwald density limit set to 0.55.
This projected discharge also features higher plasma temper-
atures and temperature gradients, making it a suitable can-
didate for studying the KBM. This discharge has previously
been used for the linear local gyrokinetic analysis of ion-scale
plasma instabilities [9], where KBMs are found to be unstable
at most radii.

Figure 1 shows the equilibrium (a), safety factor and
electron β profiles (b) for NSTX-U projected discharge
#121 123. The major and minor radii are R0 = 1.04m and
a= 0.54m, respectively. NSTX-U features a highly elong-
ated plasma. KBM is highly sensitive to plasma equilibrium
implementations [41]. Differences in geometric coordinates
and the treatment of local versus global profiles can lead to sig-
nificant variations in the real frequency and growth rate of the
KBM instability. Additionally, the Shafranov shift may have
a stabilizing effect on KBM. In contrast, the real frequency
and growth rate of electrostatic instabilities, such as ITG and
TEM, depend primarily on the location of the peak global
profile gradients. GTC utilizes a realistic tokamak geometry
generated by EFIT [42]. The numerical plasma equilibrium
and profiles are transformed from toroidal coordinates (R,Z,φ)
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Figure 1. (a) Equilibrium of NSTX-U projected discharge #121 123 with TRANSP ID 12 1123K55. The black lines are drawn along
constant ψ and θ in the magnetic coordinates, the magenta line shows the flux surface at r= 0.5a, the blue line represents the last closed
flux surface (LCFS), and the red line indicates the limiter. (b) The safety factor and electron β profiles as a function of the minor radius. The
vertical magenta dashed line indicates the radial location r= 0.5a. (c) The ion and electron temperature profiles as a function of minor
radius. (d) The electron density profile as a function of minor radius.

to magnetic coordinates (ψ,θ,ζ). The equilibrium magnetic
field satisfies ∇· B⃗0 = 0; however, the fluctuating magnetic
field δB⃗ does not strictly satisfy ∇· δB⃗= 0 due to higher-order
terms of order O(1/k⊥LB), which are neglected in the govern-
ing equations [43], where 1/LB is the magnetic field gradient
scale length. Furthermore, a finer turbulence mesh, with a size
on the order of the gyro-radius, is generated by interpolating
from the coarse equilibrium mesh using B-splines. This finer
mesh is necessary for accurately simulating turbulent trans-
port. Figure 1 also shows the temperature profiles for ions and
electrons (c) and plasma density profile (d). The on-axis values
of the ion and electron temperatures are 4.4 keV and 2.8 keV,
respectively. The on-axis electron density is 1.5× 1014 cm−3.
These parameters correspond to the on-axis βe = 22.5%, where
the electron β is defined as βe = 8πneTe/B2. Additionally, the
electron density profile, in contrast to the temperature pro-
files, exhibits pronounced ‘ears’ that emerge shortly after the
L-to-H transition, likely indicating the formation of an edge
particle transport barrier caused by electron density buildup at
the plasma boundary due to carbon fueling of the edge [44].

3.2. GTC simulations setup

Since the KBM instability is highly sensitive to boundary con-
ditions, a large radial domain of NSTX-U is included in the

GTC simulations, covering ψ ∼ [0.02,1.0]ψX in flux coordin-
ates, where ψX is the magnetic flux at the last closed flux
surface (LCFS). This translates to r∼ [0.16,1.0]a in radial
coordinates, where r is the local minor radius. This approach
ensures that the simulation results are unaffected by the applic-
ation of the Dirichlet boundary condition, which sets the
fluctuation quantities to zero at both ends of the simulation
domain. The region near the magnetic axis is excluded from
the simulations, as the plasma profiles are nearly flat in that
region, with negligible instability drive due to the vanish-
ingly small gradients. This choice will be further justified in
the following discussion. The GTC parameters are optimized
through convergence studies. For the turbulence mesh, the
simulations use 100 grid points in the radial direction, 400 grid
points in the poloidal direction, and 32 grid points in the par-
allel direction. The simulations utilize 50 marker particles per
cell. The time step size is ∆t= 0.01R0/Cs, where Cs is the ion
sound speed given by Cs =

√
Te/mi. For the NSTX-U equi-

librium and plasma profiles, Cs/R0 = 3.5× 105 s−1. In the con-
vergence tests, the grid resolution is doubled and the number
of marker particles per cell is increased by a factor of four.
Under these changes, the simulation results, such as growth
rates, remain within approximately 5% of the baseline case.
The simulation grid size is nearly identical in the radial and
poloidal directions and is given by ∆r∼ r∆θ ∼ 0.5ρi, where
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Figure 2. The variation of the growth rate (a) and frequency (b) for the n= 15 mode with the electron β represented in terms of on-axis
values. The red lines with open circles represent hydrogen plasma, the blue lines with asterisks represent deuterium plasma, and the black
lines with triangles represent the tritium plasma. The dashed lines represent the extrapolation to depict the threshold.

ρi = vimic/eB0 is the ion gyro-radius and vi =
√
Ti/mi. This

work represents an initial step in simulatingKBMs in spherical
tokamaks using GTC, where a single toroidal mode is retained
while multiple poloidal modes are included. Performing fully
nonlinear multi-n simulations for KBMs inNSTX-U geometry
presents significant numerical and computational challenges.
These include the need for increased resolution, finer time
stepping, and substantial computational resources to accur-
ately capture nonlinear mode coupling and energy cascades.
As such, the present study focuses on single-n simulations to
isolate the characteristics of individual KBM and the regula-
tion by zonal flow. Future studies could extend this approach
by incorporating multiple toroidal modes to gain a more
comprehensive understanding. Additionally, the simulations
presented here assume a fixed plasma equilibrium while scan-
ning profile parameters such as electron β and profile gradi-
ents. A typical linear or nonlinear GTC simulation of KBM is
performed using 6 nodes on the Perlmutter supercomputer at
NERSCwith a walltime of approximately 3 hours. Each CPU-
only compute node of Perlmutter is equipped with 2 × AMD
EPYC 7763 CPUs, with a base clock speed of 2.45GHz. Each
CPU has 64 cores, resulting in a total computational cost of
approximately 2300 CPU hours per simulation.

3.3. Plasma shaping and isotope effects

Plasma shaping is known to improve the performance of
NSTX [45]. In particular, shaped plasmas have a stabilizing
effect on linear instabilities and nonlinear transport driven by
micro-instabilities [46, 47]. To elucidate the effect of plasma
shaping on KBM in NSTX-U, we have extended the previ-
ous work by GTC in high aspect-ratio conventional tokamaks
with circular plasma using the cyclone-based plasma profiles,
where the KBM was found to be unstable at βe ∼ 1% [37].
With the highly-elongated plasma in NSTX-U, the effect of
plasma shaping on the KBM is investigated by exploring the
dependence of growth rate and frequency of the KBM on the
electron β while using the cyclone-based profiles, similar to
those used in prior KBM studies for conventional high aspect-
ratio tokamaks, with the typical plasma profile parameters of

NSTX-U as depicted in figure 1. This choice enables a com-
parison of KBM characteristics between NSTX-U and con-
ventional high aspect-ratio tokamaks. The electron β is var-
ied by scaling the on-axis electron density while keeping other
profile parameters and gradients fixed. Figure 2 illustrates the
variation of the growth rate (a) and frequency (b) of the KBM
with toroidal mode number n= 15 for hydrogen, deuterium,
and tritium plasmas as a function of electron β. The mode
growth rate increases almost linearly with βe for all the cases.
The negative frequencies indicate that the mode propagates
in the ion diamagnetic direction. The KBM frequencies are
nearly identical for all the cases. The KBM growth rate is
lower for the heavier isotope due to the slower response of the
heavier ions, which have lower thermal speeds and respond
more slowly to fluctuations [48]. Isotope effects become more
pronounced at higher plasma β, but remain weak near the
threshold. Mode diagnostics are conducted at the radial loc-
ation r∼ 0.5a, corresponding to ψ ∼ 0.22ψX with q∼ 1.2. The
linear instability threshold is determined by extrapolating the
simulation data and is marked by the dashed lines. For all the
three cases, the threshold occurs at βe ∼ 22.5%, which matches
the on-axis βe for realistic plasma profiles in NSTX-U (see
figure 1(b)). The nearly identical KBM instability thresholds
observed across H, D, and T plasmas can be attributed to
the threshold being governed primarily by macroscopic MHD
parameters-namely the normalized pressure gradient andmag-
netic geometry-which are largely independent of ion mass.
This is consistent with our simulations, which show that the
threshold electron beta (βe) remains approximately the same
(∼22.5%) for all three isotopes. Moreover, our study demon-
strates that the KBM threshold in NSTX-U is significantly
higher than in conventional high aspect-ratio tokamaks (where
βe ∼ 1%), a difference attributed to NSTX-U’s low aspect-
ratio and strongly shaped magnetic geometry. This highlights
that magnetic shaping and global geometry have a dominant
influence on the KBM threshold, further supporting the inter-
pretation that the onset condition is largely mass-independent
but sensitive to MHD equilibrium properties. In contrast, the
KBM growth rates above the threshold vary with isotope mass
due to kinetic effects, including differences in ion thermal
speed, finite Larmor radius (FLR), and inertial response. These
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Figure 3. The 2D contour plots of the (a) electrostatic potential δϕ, (b) parallel magnetic vector potential δA||, and (c) parallel magnetic
field fluctuations δB|| on the poloidal plane for n= 15 mode. The amplitudes are normalized with the maximum values.

factors influence the instability’s growth dynamics but not
its onset. Therefore, the βe scan shows that the KBM lies at
the threshold for NSTX-U plasmas. Additionally, the KBM
threshold in NSTX-U ismuch higher than in conventional high
aspect-ratio tokamaks, where the threshold is βe ∼ 1% [37].
The stabilization of KBM at low plasma β is attributed to the
highly elongated plasma shape of NSTX-U, unlike conven-
tional tokamaks.

Figure 3 presents 2D contour plots of electrostatic potential
δϕ, parallel magnetic vector potential δA||, and parallel mag-
netic fluctuations δB||. The eigenmode structure is predomin-
antly observed on the lowmagnetic field side with unfavorable
curvature. The mode is situated at r∼ 0.5a and extends radi-
ally over the range r∼ [0.4,0.7]a. Simulations that exclude the
compressional magnetic field component δB|| reveal that the
δB|| term is essential for the onset of KBM instability [30, 49].
The amplitudes of the parallel (δB∥) and transverse (δB⊥) mag-
netic field fluctuations are comparable, as discussed in detail in
section 3.6. This behavior contrasts with that of KBMs in con-
ventional tokamaks, where δB∥ is typically much smaller than
δB⊥ [37]. Furthermore, simulations in the electrostatic limit,
with both δA|| and δB|| terms turned off, show the absence of
instability. This indicates that the electrostatic ITG instabil-
ity is stable in NSTX-U, consistent with earlier findings from
local gyrokinetic simulations [9].

Figure 4 displays the Fourier amplitudes of the poloidal har-
monics of the electrostatic potential δϕ, parallel magnetic vec-
tor potential δA||, and parallel magnetic fluctuations δB|| as a
function of the minor radius for the n= 15 mode. The domin-
ant poloidal harmonics for both δϕ and δB|| exhibit a Gaussian

profile. For δA||, the dominant poloidal harmonics show odd
parity around the mode rational surface (i.e. kink parity), and
the amplitudes of the poloidal harmonics near this surface can-
cel each other out, thereby reducing the parallel magnetic vec-
tor potential fluctuations on the outer mid-plane side where the
curvature is unfavorable. In contrast, the poloidal harmonics of
δϕ and δB|| show even parity around the mode rational surface.

3.4. Linear KBM simulations in the core and pedestal

Linear simulations are performed for the KBM using the real-
istic plasma profiles of NSTX-U as shown in figure 1. Figure 5
shows the normalized ion and electron temperature gradients
(a) and the normalized plasma density gradient (b) for the
NSTX-U profiles. The normalized profile gradient is R0/Lf =
−R0d(lnf)/dr, where 1/Lf is the inverse gradient scale length.
The profile gradients are finite in the core and steep in the ped-
estal, illustrating that the KBM could be unstable in the core
and pedestal regions.

Figure 6 illustrates the variation in the growth rate (a) and
frequency (b) of the KBM as a function of the toroidal mode
number. In the simulations, a single toroidal mode is evolved
while the multiple poloidal modes are retained. The mode
diagnostic is conducted at the radial location r∼ 0.55a. The
unstable modes investigated here cover the range n= [15,31].
The toroidal mode numbers n= 15 and n= 20 exhibit nearly
identical growth rates, while the growth rate decreases as the
toroidal mode number increases. Modes with higher toroidal
mode numbers are stabilized due to FLR effects [50]. In addi-
tion, the kink drive term due to the equilibrium current has a
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Figure 4. The radial profile of the different poloidal modes m of the electrostatic potential δϕ (a), parallel magnetic vector potential δA||
(b), and parallel magnetic field fluctuations δB|| (c) for n= 15 toroidal mode. The amplitudes are normalized by the maximum values.

Figure 5. (a) The normalized temperature gradient for ion (solid) and electron (dashed), and (b) the normalized electron density gradient as
a function of the minor radius for NSTX-U discharge #121 123. The dashed horizontal line represents the zero electron density gradient.

Figure 6. The variation of the (a) growth rate and (b) frequency of KBM in the core as a function of toroidal mode number n in the linear
simulations.

negligible impact on the linear growth rate of KBMs (∼3%).
The equilibrium current indirectly influences other magnetic
quantities, such as the safety factor and magnetic shear, which
are fully accounted for through the input equilibrium profiles.

KBM is found to be unstable in the pedestal region due
to the presence of steep profile gradients. However, due to
the relatively lower values of βe in the pedestal compared
to the core, only the n= 15 mode becomes unstable out of
the range of unstable toroidal modes investigated in the core.
Figure 7 displays 2D contour plots of the electrostatic poten-
tial δϕ, parallel magnetic vector potential δA||, and parallel
magnetic fluctuations δB|| illustrating the mode structure in

the core and pedestal regions. The parallel and perpendicu-
lar magnetic field fluctuations are of similar magnitude. In
the core, the mode peaks at the radial location r∼ 0.54a and
spans the range r∼ [0.41,0.66]a. In the pedestal, the mode
is concentrated at the radial location r∼ 0.83a and spans the
range r∼ [0.75,0.92]a. The mode diagnostics at r∼ 0.83a show
that the dominant mode in the pedestal, n= 15, m= 35, has a
growth rate of 0.16Cs/R0 and a frequency of 0.40Cs/R0. The
width of the KBMmode structure observed in our simulations
is closely related to the spatial extent of the driving profile
gradients. In both the core and pedestal regions, the gradi-
ents are relatively broad in radius, leading to extended drive
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Figure 7. The 2D contour plots of the (a) electrostatic potential δϕ, (b) parallel vector potential δA||, and (c) parallel magnetic field
fluctuations δB|| on the poloidal plane for n= 15 mode showing the instability in the core and pedestal regions. The amplitudes are
normalized with the maximum values.

regions for the KBMs. As a result, the unstable eigenmodes
develop a wider radial structure, which is often called radial
streamer, than is typically seen in cases with more sharply loc-
alized gradients. It is important to note that the plasma pro-
file includes a small region with a negative density gradient at
r∼ 0.7a (see figure 5(b)). As a result, the KBMs in the core and
pedestal do not mix and remain distinct in the radial direction.

3.5. Sensitivity scans for plasma profile gradients and
electron β

Figure 8 shows the variation in the growth rate and frequency
of the n= 15 mode in the core and pedestal regions with the
normalized profile gradients for plasma density, electron and
ion temperature, and electron β. These scans are conducted
by varying one parameter at a time while keeping the others
fixed. The parameter X represents the factor by which the pro-
file gradients and electron β are scaled relative to the actual
values. The KBM becomes marginally stable in the core after
reducing βe by approximately 15% from the projected value,
which is close to the experimental uncertainties. The ion tem-
perature gradient scan indicates that the KBM becomes nearly
stable after reducing it by about 30% from the projected value.
In contrast, the KBM shows little sensitivity to the density and
electron temperature gradients. Similarly, in the pedestal, the
parameter scans suggest that the KBM is less affected by the
profile gradient and electron β in the pedestal.

3.6. Nonlinear simulations and role of zonal flow

After an extensive linear simulation study of KBM, nonlinear
simulations are performed by turning on the nonlinear terms
in the gyrokinetic equations. Here, we restrict ourselves to the
instability in the core region only, while suppressing the KBM
in the pedestal. This choice ensures that the nonlinear simu-
lation results remain unaffected by boundary effects, as the
KBM in the core is situated sufficiently far from the simula-
tion boundaries. Figure 9 presents the 2D contour plot of the
electrostatic potential in the nonlinear simulation phase, both
without (a) and with (b) zonal flow. Zonal flow (n= 0, m= 0)
refers to poloidally and toroidally symmetric structures that
vary in the radial direction. It is generated self-consistently
through nonlinear interactions with the turbulence. In a KBM-
dominant plasma, zonal flows are nonlinearly generated by
both Reynolds stress and Maxwell stress, which do not can-
cel each other due to deviation from the ideal Alfvén state.
Also, the electromagnetic component can influence both the
amplitude and structure of zonal flows, thereby affecting their
ability to regulate KBM-driven turbulence. Zonal flow has a
regulatory effect on turbulence, disrupting turbulent vortices
by breaking them into smaller eddies. As a result, the amp-
litude of the turbulent fluctuations is reduced by nearly half
due to the zonal flow’s regulation. These results are consistent
with earlier GTC simulations in conventional high aspect-ratio
tokamaks [51] and stellarators [27], where turbulence regula-
tion by zonal flows has been shown to play a significant role.
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Figure 8. The variation of the growth rate (a), (c) and frequency (b), (d) of n= 15 mode in the core (a), (b) and pedestal (c), (d) regions
with the normalized profile gradients for plasma density (o), electron (□) and ion (∗) temperature, and the electron β (△).

Figure 9. The 2D contour plots of the electrostatic potential δϕ on the poloidal plane for n= 15 mode, (a) without and (b) with zonal flow.
The results correspond to the same physical time in the simulations.
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Figure 10. The 2D (a), (c) and 1D (b), (d) correlation functions without (a), (b) and with (c), (d) zonal flow, calculated from the eigenmode
structures of δϕ in the nonlinear phase of the simulations.

Additionally, the radial extent of the fluctuations suggests that
nonlocal effects, such as turbulence spreading could play a sig-
nificant role [52–54].

Figure 10 displays the 2D and 1D correlation functions,
both without and with zonal flow, calculated from the eigen-
mode structures of the electrostatic potential δϕ on the poloidal
plane in the nonlinear phase of the simulations, as shown in
figure 9. The presence of zonal flow reduces the radial correl-
ation length of the turbulent eddies by nearly three times.

The radial correlation length of the turbulence is calculated
from the following two-point correlation function:

Crθ (∆r,∆θ) =
⟨δϕ (r+∆r,θ+∆θ)δϕ (r,θ)⟩√
⟨δϕ 2 (r+∆r,θ+∆θ)δϕ 2 (r,θ)⟩

, (8)

where ∆r and ∆θ denote the radial and poloidal separations
between the points, and ⟨· · · ⟩ represents the flux surface aver-
age. The 1D radial correlation function Cr(∆r) is obtained
by taking the maximal values along the ridge of the 2D cor-
relation function, which exhibits a Gaussian decay: Cr(∆r)∼
exp
(
−(∆r/Lr)2

)
, where Lr is the radial correlation length.

The particle diffusivity and heat conductivity are calculated
as follows

D=
1

⟨|∇ψ|2⟩ ∂n
∂ψ

⟨ˆ
d3vδf v⃗E ·∇ψ

⟩
, (9)

χ i =
1

⟨|∇ψ|2⟩ni ∂Ti∂ψ

⟨ˆ
d3vδfi

(
1
2
miv

2 − 3
2
Ti

)
v⃗E ·∇ψ

⟩
, (10)

where | · · · | represents the absolute value.
Figure 11 presents the time history of ion heat conductivity

and particle diffusivities for cases with and without zonal flow.
The heat conductivity and particle diffusivity are expressed in

Figure 11. (a) The time history of the volume averaged ion heat
conductivity (red lines) and ion and electron diffusivities (blue
lines) for the simulations with (solid lines) and without (dashed
lines) zonal flow.

Bohm units, χB = DB = cTe/eB. The turbulent fluctuations and
associated transport initially increase during the linear phase
of the simulations and then saturate. The presence of zonal
flow reduces the saturated transport by approximately 35%. In
addition, the ratio Di/χi ∼ 0.6 for the simulations presented.

Figure 12(a) presents the time history of the electrostatic
potential δϕ, parallel magnetic vector potential δA||, and par-
allel magnetic field fluctuations δB|| for the n= 15 mode at
the mode rational surface in the nonlinear simulations. The
fluctuation amplitude increases exponentially during the lin-
ear phase of the simulations and then saturates in the nonlin-
ear phase due to the coupling between various modes and the
self-generated zonal flow. Figure 12(b) shows the time history
of the zonal fields with the normalization similar to that of the
perturbed fields. The zonal current is found to be significantly
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Figure 12. (a) The time history of the electrostatic potential, parallel vector potential, and parallel magnetic field fluctuations in the
nonlinear simulations of n= 15 mode. The electrostatic potential is normalized with Te/e, the parallel vector potential is normalized with
Te/evA, and the parallel magnetic field fluctuations are normalized by B0, where vA is the Alfvén velocity. (b) The time history of the
radially averaged zonal fields.

Figure 13. The radial variation of the root-mean-squared parallel and perpendicular magnetic field fluctuations (normalized by B0) in the
linear (a) and nonlinear (b) phase of the simulation.

smaller in magnitude compared to the zonal flow. Specifically,
the zonal δB is much weaker (therefore, not shown here). As
a result, their contribution to the nonlinear saturation dynam-
ics is negligible in this case. Figure 13 shows the radial vari-
ation of the root-mean-squared magnetic field fluctuations in
the parallel and perpendicular directions in the linear and non-
linear phase of the simulation. The amplitude of δB∥ fluctu-
ations is comparable to that of δB⊥ fluctuations. This beha-
vior contrasts with that observed in conventional high aspect-
ratio tokamaks, where δB∥ is typically much smaller than δB⊥,
and its effects can often be neglected in KBM dynamics [29,
32]. In spherical tokamaks, however, the combination of low
aspect-ratio and strong plasma shaping leads to δB∥ and δB⊥

fluctuations of comparable strength. These fluctuations are
essential for the destabilization of the KBM, which is con-
sistent with earlier linear local simulations [9] and highlights
the critical role of the δB∥ term in the KBM physics of spher-
ical tokamaks. It is important to note that in the GTC for-
mulation, the perpendicular magnetic field fluctuations δB⃗⊥

strictly satisfy ∇· δB⃗⊥ = 0, while ∇· δB⃗∥ is not exactly zero

due to neglected higher-order terms of orderO
(

1
k⊥LB

)
. For the

present case, this approximation is well justified since 1
k⊥LB

∼

0.01. Moreover, the ratios
k∥
k⊥

∼ 0.0046 and
k∥δB∥
k⊥δB⊥

∼ 0.0036 are
both very small. These values confirm that δB∥ contributes
only weakly to ∇· δB⃗. While δB∥ and δB⊥ fluctuations are of

comparable order in the NSTX-U case studied, their respect-
ive contributions to the divergence are strongly separated by
the scale factor k∥/k⊥ ≪ 1.

Figure 14 shows the time history of the root-mean-squared
electrostatic potential δϕRMS at r= 0.55a and the radially aver-
aged zonal potential ⟨ϕZF⟩ (a), along with the time history of
ion heat conductivities and ion and electron diffusivities (b)
for both hydrogen and deuterium plasmas. A comparison of
the results for hydrogen and deuterium plasmas reveals that
the nonlinear phase shows nearly identical saturation levels of
turbulent fluctuations, zonal flow, and transport for both ion
species. The results for tritium plasma (not shown here) are
identical to those of deuterium plasma. This suggests that at the
projected plasma profiles that are close to the KBM threshold,
isotope effects are negligible. Additionally, the oscillations
observed in the nonlinear phase of the simulations correspond
to the periodic recovery of the linear eigenmode structure due
to the self-consistent interaction between turbulence and zonal
flow.

In this work, the E⃗× B⃗ flow shear due to the equilib-
rium radial electric field is not considered, which can have
a significant impact on the linear growth rate of the instabil-
ity and the turbulent transport associated with the KBM
[55]. The flow shear can break turbulent eddies into finer
eddies, thereby reducing the radial correlation length. Recent
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Figure 14. (a) The time history of the root-mean-squared electrostatic potential δϕRMS at r= 0.55a and the radially averaged zonal
potential ⟨ϕ⟩, (b) the time history of the volume averaged ion heat conductivity and ion and electron diffusivities for hydrogen (dashed
lines) and deuterium (solid lines) plasmas.

GTC simulations of KBM instability in a conventional high
aspect-ratio tokamak demonstrate that flow shear due to the
radial electric field reduces the linear growth rate of the KBM
by tilting the mode structure, which consequently reduces the
turbulent transport [37]. Additionally, even larger flow shear
has a stabilizing effect on the KBM and associated turbulence,
which could be relevant in NSTX-U due to the injected torque
from NBI heating and its relatively small moment of inertia.
However, without delving into the detailed simulations which
include the E⃗× B⃗ shear, its effect on the KBM presented in this
study can be accessed qualitatively. The shearing rate due to
the flow shear at most of the radii for the analyzed NSTX-U
discharge is comparable to the maximum growth rate of the
KBM instability. Under such conditions, the flow shear could
stabilize any linearly unstable KBM and suppress the asso-
ciated nonlinear turbulence and transport. Additionally, the
NSTX-U discharge used in this study presents a signific-
ant fraction of carbon impurity ions, in addition to thermal
ions and electrons, which are not included in the simulations
presented here. Previous GTC simulations in tokamaks [56]
and stellarators [25] show a significant reduction in the lin-
ear growth rate of instability and turbulent transport due to
the presence of impurity ions alongside thermal ions and elec-
trons. Future work could investigate these stabilizing mechan-
isms of KBM in NSTX-U in detail. Furthermore, it is import-
ant to note that the NSTX-U discharge used in this work is a
projection of its predecessor, NSTX, where some assumptions
were made. It would be interesting to explore these possibilit-
ies further in the context of the realistic NSTX-U experiment.

4. Conclusions and discussion

This study presents the first global gyrokinetic simulations
of KBM instability for future NSTX-U scenarios. Linear
and nonlinear simulations are performed using the GTC,
based on the NSTX-U projected discharge #121 123 gener-
ated by the TRANSP code, representing a high-temperature
plasma with low-collisionality. Linear simulations show that
the KBM threshold in NSTX-U is higher than in traditional
high aspect-ratio tokamaks, primarily due to low aspect-ratio

and shaping effects. Simulations with hydrogen, deuterium
and tritium as thermal ions reveal that KBM growth rates
are higher in hydrogen plasma due to isotope effects. These
effects are more pronounced at higher plasma β and dimin-
ish near the KBM threshold. For the analyzed discharge,
KBM is unstable in both the core and pedestal regions when
the flow shear due to the equilibrium radial electric field is
neglected. In the core, toroidal mode numbers in the range
n= [15, . . . ,31] are observed to be unstable. In the pedestal,
however, the n = 15 mode is the dominant unstable mode
due to local β values lower than those in the core. The
radial width of the KBM determines the significance of global
effects on nonlinear mode coupling. Excluding parallel mag-
netic field fluctuations δB∥ in the simulations shows that this
term is critical for KBM destabilization. Simulations without
the δA∥ term confirm that the ITG mode remains stable in
NSTX-U, consistent with prior studies. Additionally, in con-
trast to the conventional tokamaks, the parallel and trans-
verse magnetic field fluctuations have comparable amplitudes.
Sensitivity analyses of plasma profile gradients and plasma
β reveal distinct behaviors in the core and pedestal regions.
In the core, KBM is highly sensitive to plasma β, stabil-
izing when β is reduced by approximately 15%, a change
within the experimental uncertainty. Similarly, reducing the
ion temperature gradient by about 30% also stabilizes the
KBM. In contrast, KBM in the pedestal region shows less
sensitivity to plasma β and profile gradients. Nonlinear sim-
ulations highlight the role of self-generated zonal flows in
regulating KBM-driven turbulence and transport. These flows
disrupt turbulent eddies, breaking them into smaller struc-
tures, thus reducing their amplitude by nearly 50% and the
turbulent transport by approximately 35%. Correlation ana-
lyses of electrostatic potential fluctuations in the nonlinear
phase-both 2D and 1D-demonstrate that zonal flows shorten
the radial correlation length of turbulent eddies by a factor
of three. The E⃗× B⃗ shearing rate is comparable to the max-
imumKBMgrowth rate at most radial locations. This suggests
that flow shear could play an important role in stabilizing lin-
early unstable KBMs and suppressing turbulence and transport
in NSTX-U. Future research could further investigate these
stabilizing mechanisms.
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