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Abstract
A low frequency Alfven eigenmode in the ST40 spherical tokamak (ST) is found to be
resonantly excited by thermal ions from global gyrokinetic GTC simulations. The analyses of
phase-space resonances and wave-particle energy exchanges show that the Beta-induced
Alfvén-Acoustic Eigenmode (BAAE) is primarily driven unstable by thermal ions, but is
stabilized by energetic particles (EPs). When all kinetic effects are artificially suppressed, GTC
simulations in the ideal magnetohydrodynamic (MHD) limit confirm the existence of the MHD
eigenmode with a frequency in the BAAEs gap, as previously found by the ideal MHD code
NOVA. The kinetic effects of thermal ions induce a frequency downshift compared to the stable
BAAE in the MHD simulations. These results support the verification for global gyrokinetic
simulations of the BAAE in the ST. However, the simulations do not explain the experimental
observations of the BAAE in the ST40, possibly owing to the limitation of the collisionless
gyrokinetic Monte Carlo model for the EPs.
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1. Introduction

To achieve high performance in magnetic confinement fusion
devices, neutral beam injection (NBI) has been extensively
utilized in experiments for auxiliary heating [1]. This method
could introduce massive energetic particles (EPs) into the con-
finement system, significantly enhancing plasma temperature
and density which are critical conditions for sustained fusion
reactions. However, the injection of EPs also introduces vari-
ous challenges, as these particles can drive instabilities such
as Alfvén eigenmodes (AEs), which affect their transport and
confinement [2–4]. AEs are electromagnetic modes with dis-
crete frequencies occurring in magnetized plasmas, which
reside in the frequency gaps of the Alfvén continuum due to
magnetic nonuniformity. Variations in the magnetic geometry
and equilibrium profiles could influence the location andwidth
of these frequency gaps, giving rise to multiple AEs with dis-
tinct characteristics [5, 6].

Compared with conventional tokamaks, spherical toka-
maks (STs) have a much smaller aspect ratio [7], which
offers several advantages, including higher plasma pressure
and improved stability. On the other hand, the lower Alfvén
speed in the STs leads to lower beam energy thresholds for
resonant interactions between AEs and EPs and more prom-
inent nonlinear behaviors such as rapid frequency chirping,
which are more common than the conventional tokamaks [8–
10]. For example, an eigenmodewith frequency below toroidal
AE (TAE) frequency in the ST40 has recently been observed
with chirping characteristics accompanied by quasi-periodic
H–L–H transitions [11–13], which can possibly have effects
on quasi-periodic evolution of turbulence and transport. The
ideal magnetohydrodynamic (MHD) code NOVA has identi-
fied this low frequency mode (LFM) as Beta-induced Alfvén-
Acoustic Eigenmode (BAAE) [11].

BAAE is a type of AEs located near the extrema of
the Alfvén-Acoustic continuum, often responsible for low-
frequency electromagnetic signals observed in many fusion
devices [14, 15]. Although BAAEs are often driven by EPs,
thermal ions could also excite BAAEs through resonance
interactions [15]. Meanwhile, kinetic theories suggest that
LFMs may also exist through other mechanisms, such as the
kinetic thermal ion gap [16, 17] or beta-induced ion tem-
perature gradient eigenmodes (BTG) [18]. The multiple pos-
sible excitation mechanisms complicate their identification
and interpretation of LFMs [19]. To address these complexit-
ies and kinetic effects, global gyrokinetic simulations provide
a powerful approach, capturing essential kinetic effects and
interactions that are critical for understanding these modes
[20, 21]. The global gyrokinetic simulation code GTC [22] has
been utilized extensively to study LFMs and many other AEs
phenomena in conventional and STs [23–27]. For instance,
GTC simulations find that kinetic effects and non-perturbative
effects of thermal plasmas are crucial for the excitation of the
BAAE [28]. GTC simulations of the DIII-D tokamak reveal
that a sub-TAE mode is an interchange-like electromagnetic
mode driven non-resonantly by pressure gradients of thermal
plasmas, rather than a conventional BAAE [29]. In the JET
tokamak, sub-TAE frequency electromagnetic perturbations

have been identified as BTG modes [30]. Recently, GTC has
been applied to investigate TAEs driven by NBI in the Mega-
Amp ST (MAST) to identify the non-perturbative and kinetic
effects of thermal plasmas [31].

In this work, we employ GTC to analyze the LFM observed
in an ST40 experiment. We first identify the eigenmode in the
fluid limit, where its mode structure is found to be similar to
that obtained by ideal MHD NOVA simulations [11]. We then
perform more realistic gyrokinetic simulations and analyze
particle phase space structure and energy exchange between
the LFM and particles. Based on its spectral position and excit-
ation mechanism, we identify this LFM as the BAAE primar-
ily driven unstable by thermal plasmas. These results provide
a verification of global gyrokinetic simulations for studying
BAAE in STs. However, our gyrokinetic simulations includ-
ing the EPs find the BAAE is stabilized by it, which cannot
explain the experimental observation of this LFM in the ST40.

The organization of this paper is as follows: GTC formu-
lations are introduced in section 2. A brief description of the
ST40 and the simulated shot characteristics are presented in
section 3. Section 4 describes the verification of GTC sim-
ulation in the MHD limit and comparison with NOVA res-
ults. In section 5, GTC global gyrokinetic simulations of the
BAAE excitation are presented. Finally, conclusions are drawn
in section 6.

2. GTC gyrokinetic formulation and reduction to
ideal MHD

The GTC is a particle-in-cell (PIC) code designed to sim-
ulate plasma kinetic dynamics using nonlinear gyrokinetic
equations for all species including thermal ions, electrons, and
EPs.

For low-frequency AE simulations, the electron drift kin-
etic equation is often simplified using the fluid-kinetic electron
model, where its lowest-order adiabatic response is reduced to
a massless fluid. By further neglecting ion kinetic effects, the
gyrokinetic model can be reduced to fluid models: the two-
fluid model (with finite parallel electric fields) or the ideal
MHD model (without parallel electric fields). These reduc-
tions enable comparisons with MHD codes, such as NOVA
[12].

In the gyrokinetic model, the evolution of the distribution
function fs

(
R,µ,v∥

)
in the five-dimensional gyrocenter phase

space is governed by the gyrokinetic Vlasov equation [32](
∂
∂t + Ṙ ·∇+ v̇∥

∂
∂v∥

)
fs
(
R,µ,v∥

)
= 0, (1)

where R represents the gyrocenter position, v∥ is the parallel
velocity along the magnetic field line, and µ is the magnetic
moment. GTC employs a perturbative (δf) simulation model,
where the distribution function fs is decomposed into an equi-
librium part f0s and a perturbed part δfs.

The evolution of fields is determined by solving the
gyrokinetic Poisson’s equation and Ampere’s law. Using the
fluid-kinetic electron model [33] to avoid the numerical dif-
ficulty associated with the cancellation between parallel elec-
trostatic and inductive electric fields, the total parallel electric
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field is calculated directly from

δE∥ =− b0 ·∇ϕ eff, (2)

where b0 = B0/B0 is the unit vector along the magnetic field,
and ϕ eff =

Te
e

δne
ne

is the effective electrostatic potential calcu-
lated from electron parallel force balance using perturbed elec-
tron density, which is calculated from the electron continuity
equation. As δϕ is the electrostatic potential calculated from
the gyrokinetic Poisson equation, the inductive potential is
defined as ϕ ind = ϕ eff − δϕ . The parallel vector potential [34]
δA∥ evolves according to

∂tδA∥ = b0 ·∇ϕ ind. (3)

In the current simulations, the electromagnetic fields are
governed by the coupled system of the gyrokinetic Poisson
equation and the perpendicular Ampere’s law [35]. First, the
gyrokinetic Poisson equation reduces to the quasi-neutrality
condition, where the total guiding center charge density is bal-
anced by the polarization charge density arising from ion finite
Larmor radius (FLR) effects:∑

s
Zsδnpol,s+

∑
s
δns = 0, (4)

where δns is the perturbed guiding center density for species
s, and δnpol,s represents the polarization density for species s.
Second, the compressible magnetic perturbation δB∥, which
may significantly affect the low frequency Alfvénic modes
[23, 24, 29], is determined by the perpendicular Ampere’s law

∇δB∥ ×b0 = µ0
∑
s
Zsδu⊥pol,s, (5)

where δB∥ is the perturbed magnetic field component paral-
lel to the equilibrium magnetic field direction B0, and δu⊥pol,s

is the perturbed perpendicular polarization fluid velocity for
species s. By assuming the scale condition k⊥ρe ≪ 1 and
1/k⊥Lp ≪ 1, the two equations can be decoupled in the low-
β limit, and the δB∥ equation can be further simplified via an
expansion in terms of k⊥ρs when k⊥ρs ≪ 1 [35], where ρs is
the gyro radius for species s and Lp is the plasma equilibrium
scale length.

By neglecting ion kinetic effects, the thermal ion gyrokin-
etic equation can be reduced to the ion fluid equation in the
long wavelength limit. To avoid the need for solving ion pres-
sure equation, thermal ion temperature is set to be zero. The
total pressure in this fluid model is entirely assigned to elec-
trons to include the ion pressure gradient drive effect. Note that
the normal GTC gyrokinetic simulation uses actual thermal
ion temperature profile, which also includes the physics of ion
Landau damping and all other kinetic effects. The ion continu-
ity equation and ion parallel momentum equation in the cold
ion limit read

∂δni
∂t +∇·

[
(n0i+ δni)vE + n0iδu∥i

B0+δB⊥
B0

]
= 0, (6)

n0i
∂δu∥i
∂t +∇·

(
n0iδu∥ivE

)
+ Zi

mi
n0ib0 ·∇ϕ eff = 0, (7)

where vE is the E × B drift velocity, δu∥i is the perturbed
parallel ion fluid velocity, n0i is the equilibrium ion density,
δni is the perturbed ion density, and δB⊥ is the perturbed
magnetic field along perpendicular direction. The frame is
also transformed to eliminate ion contributions to the paral-
lel current, assuming u∥0i = 0, while electron flow satisfies
u∥0e =−J∥0/(en0e). This simplified two-fluid model enables
extraction of radiative damping physics besides the continuum
damping already contained in the ideal MHD model. The
inclusion of a parallel electric field δE∥ in the two-fluid model
introduces particle acceleration, which in turn generates addi-
tional radiative damping of Alfven waves through mode con-
version to kinetic Alfvén waves.

Further simplifications lead to a single-fluid ideal MHD
model by enforcing δE∥ = 0 and ϕ eff = 0. In this ideal MHD
model, the ion and electron continuity equations combine into
a single-fluid continuity equation

∂δn
∂t

+B0 ·∇
n0δu∥
B0

− n0v∗ ·
∇B0

B0
+ δB⊥ ·∇

n0δu∥0
B0

− ∇×B0

eB2
0

·

(
∇δP∥ +

(
δP⊥ − δP∥

)
∇B0

B0

)

+∇·
δP∥b0∇× b0 ·b0

eB0
+ δB⊥ ·∇

n0δu∥
B0

−
b0 ×∇δB∥

e
·∇δP⊥ +P⊥0

B2
0

−
∇× b0 ·∇δB∥

eB2
0

(δP⊥ +P⊥0) = 0, (8)

where δn= δne−Ziδni is the guiding center charge density, Zi
is the effective charge of the species, δu∥ is perturbed electron
parallel fluid velocity solved from parallel Ampere’s Law, and
P∥ and P⊥ stands for the pressure in parallel and perpendicular
direction, respectively. Note that the guiding center charge is
balanced by the ion polarization charge to enforce the quasi-
neutrality condition. The field variables δA∥ and δϕ are solved
from inductive potential ϕ ind =−ϕ in the single-fluid model.
Mathematically, this single-fluid model is equivalent to the
idealMHDmodel (e.g. as implemented inNOVA), but is based
on the reduction of gyrokinetic equation in the guiding center
coordinates [35, 36], which verifies that gyrokinetic equation
in the fluid limit is equivalent to the ideal MHD model.

Based on these formulations, GTC could analyze various
toroidal geometries and experimental settings using physics
models ranging from gyrokinetic PIC simulation to two-fluid
and ideal MHD models. This flexibility allows GTC to study
multiple physical processes using a hierarchy of simulation
models for cross-verification and isolation of each physical
process.

3. Simulated ST40 experiment

As its name implies, the ST40 device has a major radius R0 ∼
0.4 m and a minor radius a ∼0.2 m, resulting in a relatively
small aspect ratio (A= R0/a∼ 2) compared with conventional
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tokamaks [11–13, 37]. Among ST devices, ST40 achieves not-
able performance enhancements with an on-axis toroidal mag-
netic field of around 2 T and a plasma current of about 0.6MA,
which enhances its operation. Additionally, ST40 is equipped
with two tangentially injected neutral beams in the co-current
direction, providing around 0.9 MW at 55 kV and 0.7 MW at
24 kV when operated with deuterium.

The ST40 discharge #09894 was selected for analysis
because of its distinct transition from a steady phase to pro-
nounced chirping behavior. During this discharge, full kinetic
profile measurements were unavailable. Temperatures were
instead measured using line ratios from a helium-like argon
x-ray crystal spectrometer (XRCS) and a charge exchange
diagnostic targeting C6+ at three radial positions on the low
field side, ranging from the plasma center to mid-radius [12].
Line-integrated electron density was determined using inter-
ferometry. Plasma profiles were subsequently inferred using
an integrated analysis workflow, with the TRANSP transport
code applied to derive the ion temperature profile and EP dens-
ity profile. These profiles are subject to an estimated 20%
uncertainty [37].

Figure 1 shows the magnetic spectrogram for discharge
#09894, recorded with a Mirnov coil. The spectrogram reveals
the amplitude and frequency patterns of the observed chirping
modes. A electromagnetic mode with a toroidal mode num-
ber n = 1 and poloidal harmonic number m = 1 was detec-
ted within the sub-TAE frequency range. This mode begins to
exhibit strong frequency chirping behavior around t= 0.092 s,
particularly in the plasma’s core region. The dominant fre-
quency lies in the range of 100–150 kHz, while the rotation fre-
quency, inferred from charge exchange measurements, ranged
from 61 to 72 kHz during this time [12]. Therefore, its mode
frequency in the plasma frame could range from 38 kHz to
89 kHz.

The limited internal measurements leave open the possibil-
ity of other mode types being excited, highlighting the need for
theoretical investigations. The ideal MHD code NOVA identi-
fied this mode as a BAAE [13]. Accordingly, our simulations
begin with an ideal MHD analysis to verify NOVA results, fol-
lowed by an extension into the gyrokinetic simulations for a
more realistic examination of the mode’s properties.

Figure 2 illustrates the measured density, temperature and
q profiles from TRANSP run 09894A03 at t = 0.092 s
for this shot. The on-axis parameters for this case include
electron density nea = 7.37×1019 m−3, electron temperature
Tea = 4.18 KeV, magnetic field Ba = 1.72 T, major radius
R0 = 0.5 m. Notably, ST40 features relatively strong EP dens-
ity and pressure in this shot, with EPs density nf ∼ 0.3 ne
and EPs temperature Tf ∼ 3 Ti. Within the mode position
range, the safety factor q value is approximately 1 and rapidly
increases to around 14 near the edge.

4. Existence of low frequency MHD eigenmode in
ST40

Our simulation begins with a linear ideal MHD model to first
identify this eigenmode. For these simulations in the plasma

frame, we employed a grid with 100× 500× 24 in radial, pol-
oidal and toroidal directions, respectively. Based on this pro-
file and the core-localized nature of the mode, the simulation
region was restricted to

√
ψ p/ψ p (a) < 0.9, encompassing

the axis, where ψ p is the poloidal magnetic flux and ψ p,wall is
the poloidal magnetic flux at the wall. Figure 2 also illustrates
the profiles and boundary used in simulations, and the discrep-
ancy in ion density arises due to the Z-effect, which charac-
terizes the impurity content and the resulting dilution of the
main ion density. In GTC, the ion density ni is calculated using
the neutrality condition, (ne− nf)/Zi. Since GTC employs a
spatially uniform effective charge Zi while the experimental
impurity profile varies radially, this approximation leads to
the slight deviation between the simulated and experimental
ion density profiles. To suppress numerical noise, a filter was
applied to retain modes with toroidal wave number n = 1 and
poloidal wave number m ∈ [0,5] corresponding to the experi-
mental observation.

Before conducting the GTC simulation, we used ALCON
[38], an Alfvén continuum solver within the GTC work-
flow, to calculate the Alfvén-Acoustic continuum, which could
provide insight into the spatial and spectral positions of the
modes of interest ahead. ALCON’s formulation is based on
a poloidal spectral method of solving the ideal MHD Alfvén
continuum equation [39], in which the coupling between
Alfvenic and acoustic waves is mediated by the geodesic
curvature coupling term κs = 2κ ·B0 ×∇ψ/B2

0. BAAE is
induced by the coupling betweenAlfvenic and acoustic waves,
therefore it is expected to lie in the so-called BAAE gap.
The left panel of figure 3 shows the continuum generated by
ALCON,where the thick lines represent the Alfvenic branches
and thin lines represent the acoustic branches. The BAAE gap
is highlighted in the low-frequency range in this figure, where
the simulated frequency lies. This indicates that this low fre-
quency eigenmode results from the coupling between Alfvén
and acoustic waves. The identified eigenmode’s location and
frequency from the GTC antenna scan in MHD and gyrokin-
etic simulations are also marked and will be discussed later.
For comparison, the right panel of figure 3 shows the con-
tinuum structure computed by NOVA, where the eigenmode
structure is indicated by a green dashed line. In this compar-
ison, a discrepancy is observed in the continuum structures cal-
culated by the two codes, particularly in the core region. This
discrepancy between GTC and NOVA may arise from differ-
ences in the equilibrium reconstruction, while NOVA used q
solver [40] and GTC used another code called XMAP [34]
to solve the Grad-Shafranov equation. However, both equi-
libria remain self-consistent within their respective formula-
tions. The difference between the GTC and NOVA continua
is observed to be much smaller in the region away from the
magnetic axis, confirming that the deviation is localized to the
reconstruction sensitivity at the core. The differences between
these two equilibria are much smaller than the experimental
uncertainties, and thus are not expected to change qualitatively
the simulated modes.

Regarding the observed eigenmode frequency, the GTC
simulation yields a frequency of 122 kHz, which differs
from the 68.8 kHz calculated by NOVA. This discrepancy

4



Nucl. Fusion 66 (2026) 036050 H. Huang et al

Figure 1. Spectrogram for ST40 discharge #09894. The transition from fixed frequency to chirping happens at around 0.092 s. Reproduced
from [12]. © 2023 The Author(s). Published on behalf of IAEA by IOP Publishing Ltd. CC BY 4.0.

Figure 2. The density n, temperature T and safety factor q profiles of shot #09894. Solid lines show the data used in GTC simulations,
while dashed lines represent the original data from TRANSP. The simulation boundary is labeled as well.

Figure 3. Left: The ALCON continua of ST40 #09894, which shows the Alfvén-acoustic continua in the sub-TAE frequency range. The
BAAE gap, experimental frequency range and the eigenmode identified from GTC MHD antenna scan, gyrokinetic antenna scan and
gyrokinetic unstable mode are labeled. Right: NOVA’s continua from the data of [12]. The green dashed line segment shows the
characteristic radial mode width. Both panels correspond to the toroidal mode number n =1. Reproduced from [12]. © 2023 The Author(s).
Published on behalf of IAEA by IOP Publishing Ltd. CC BY 4.0.
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first comes from their continuum difference. Using the con-
tinuum equation under the near-axis approximation with
GTC parameters [14], we analytically determined the on-
axis continuum frequency to be 90 kHz which is consistent
with the left panel of figure 3. Although GTC, as an ini-
tial value simulation model, and the eigenmode code NOVA
yield different frequency values, they both qualitatively main-
tain consistency by placing their respective modes within
the associated spectral gap. In this comparison, the position
of the identified eigenmode and the frequency contour of
the continuum are similar, but their frequency exhibit some
differences.

Our ideal MHD simulations start with an initial perturb-
ation test. By introducing an initial perturbation, the numer-
ical results show a response in the sub-TAE region with n = 1
and m = 1 perturbation, indicating the potential existence of
an eigenmode. To confirm the existence of the eigenmode,
we utilized the GTC antenna function to excite waves at the
desired frequency, spatial location, toroidal and poloidal wave
numbers. The antenna function of GTC can introduce an addi-
tional periodic signal in the form of into the system as the syn-
thetic potential ϕ ant or parallel vector potential δA∥,ant to drive
the plasma response,

Yant = Yant,0 (ψ )cos(mantθ− nantζ)cos(ωantt) .

For an existing eigenmode with frequency ω and damping
rate γ, if the plasma is excited using an antenna signal with
antenna frequency ωant and fixed amplitude, the distribution
of saturated amplitude of the induced mode will follow the
formula [41]

A2 ∝ 1(
ω2 + γ2 −ω2

ant

)2
+ 4γ2ω2

ant

.

This relationship allows us to identify the frequency ω and
damping rate γ of the eigenmode by fitting the plasma’s
response for various antenna frequencies ωant. The left side
of figure 4 shows the fitting result of the normalized saturated
amplitudes through the antenna scan, which clearly shows the
existence of an eigenmode with frequency 122 kHz and damp-
ing rate 7.08 ×104 s−1. Although the identified frequency
falls outside the range of the measured result after applying
the Doppler correction, it lies within the gaps generated by
ALCON, as shown in figure 3. Considering the uncertainty in
rotation measurement, the identified frequency from antenna
scan is reasonable.

To identify the eigenmode more accurately, we can use
the antenna function to induce an eigenmode near the iden-
tified frequency and then turn off the antenna. If there exists
an eigenmode, the mode will naturally shift to the eigenmode
frequency and decay exponentially with its damping rate γ.
By analyzing this decay, we obtain a more accurate frequency
f and damping rate γ. The spontaneous damping behavior is
illustrated in the right side of figure 4, which provides a fre-
quency f = 122 kHz and damping rate γ = 2.6×104 s−1.

During the decay process, the mode structure is meas-
ured and presented in the left panel of figure 5, illus-
trating the agreement between GTC and NOVA results

in the right panel. These results confirm the existence of
this eigenmode as BAAE in the ideal MHD limit, with
a self-consistent frequency, damping rate, and mode struc-
ture. Furthermore, the agreement of the mode structure
between GTC and NOVA serves as verification for both
simulations.

5. Resonant excitation of BAAE in ST40 by thermal
ions

Building on the verification of the MHD simulations, we
extended the GTC simulation of ST40 discharge #09894
to include gyrokinetic ions. The electrons are described
by the fluid model, and EPs are simulated using the
gyrokinetic model with an equivalent Maxwellian distri-
bution. Considering the localized radial structure of the
BAAE observed in the MHD simulations, the gyrokin-
etic simulation boundary is reset to

√
ψ p/ψ p (a)< 0.63

to avoid a numerical instability near the outer edge.
Other equilibrium and grid settings remained the same
as the MHD simulations with 200 particles per cell for
ions.

Without EPs, the ion density profile calculated from the
charge-neutrality condition would be more inconsistent with
experimental data. To address this discrepancy, the ion dens-
ity gradient profile (κni =∇ni/ni) is adjusted to match the ori-
ginal experimental measurement (the dotted red line in the
left panel of figure 2). Under these conditions, a core local-
ized mode of the expected range is unstable in the simulations
using gyrokinetic thermal ions. Compared to the mode struc-
ture in the MHD simulation shown in figure 5, the gyrokin-
etic mode structure in figure 6(a) lacks a radial zero-crossing
point near the magnetic axis, which may be due to the large ion
banana orbit effects near the axis. In contrast, the MHD simu-
lations typically exhibit more distinct singularity properties of
the mode structures. The unstable BAAE has a real frequency
f = 90 kHz and a growth rate γ corresponding to γ/ωr ∼ 0.06.
Under the simulation parameters, the ion diamagnetic drift fre-
quency for this case was approximately 100 kHz. Setting the
ion density gradient κni = 0 but keeping temperature gradi-
ent could stabilize the mode. An antenna scan in gyrokin-
etic simulations is also conducted under this stable condi-
tion without ion density gradient, which shows an eigenfre-
quency of approximately 90 kHz. This frequency differs from
the 122 kHz frequency identified in GTC ideal MHD simula-
tions, but very close to the unstable BAAE frequency in the
gyrokinetic simulation with actual thermal ion density gradi-
ent. The discrepancy suggests that kinetic effects are respons-
ible for the observed frequency downshift from the GTC ideal
MHD simulations without ion density gradient effects. The
thermal ion kinetic effects contribute as second-order terms to
the MHD equations. In our simulations, we observe that these
kinetic terms modify the growth rate (the imaginary part of the
eigenfrequency) by a magnitude of order∼0.1. Consequently,
it is physically consistent that these kinetic contributions also
introduce a correction of a similar order to the real part of the
frequency, resulting in the observed downshift. These results
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Figure 4. Left: Antenna frequency scan in GTC ideal MHD simulations shows a low frequency eigenmode. The x-axis represents the
frequency, while the y-axis represents the normalized response amplitude. Right: Decay of eigenmode after 125 kHz antenna excitation.

Figure 5. Radial damped mode structure in GTC compared with NOVA. The left panel is GTC’s mode structure measured at 5 ×10−6 s in
figure 4 (right), and the right panel is generated by NOVA taken from [12], the vertical axes in both panels represent the same quantity.
Reproduced from [12]. © 2023 The Author(s). Published on behalf of IAEA by IOP Publishing Ltd. CC BY 4.0.

confirm that the modes observed in gyrokinetic andMHD sim-
ulations are the same branch and that the kinetic effects of the
thermal ions play an important role in the BAAE excitation.

We then included the EPs in the GTC gyrokinetic sim-
ulations using local Maxwellian distribution function. The
EPs are treated using the collisionless gyrokinetic Monte-
Carlo model. In this approach, the fast ions are represented
by marker particles that follow the gyrokinetic equations of
motion. This formulation retains kinetic effects, such as FLR
and wave-particle resonances, which are critical for studying
the interaction between EPs andAEs. As the EP density gradu-
ally increased from 0 to its actual value, the BAAE instabil-
ity was weakened and eventually damped entirely. Extending
the distribution of EPs to Slowing-down distribution still fails
to enable us to observe the LFM. These findings suggest that
the observed BAAE is primarily driven by thermal plasmas
rather than EPs. The possibility for such excitationwas pointed
out in the earlier publication due to the temperature gradient
drive of thermal ions [15]. The current GTC results, however,

present a significant discrepancy with experimental observa-
tions, which show the presence of this mode even under con-
ditions where a non-negligible EPs population exists. Possible
explanations for this discrepancy may include the effects of
realistic EPs distribution function and the uncertainties of pro-
file measurements, especially thermal and EPs densities and
temperatures. Specifically, an isotropic Maxwellian distribu-
tion was used to represent the EPs. However, NBI in ST40
generates a highly anisotropic slowing-down distribution. By
assuming isotropy, the simulation model may artificially pop-
ulate phase-space regions that induce strong continuum or res-
onance damping—regions that might be devoid of particles
in the actual anisotropic distribution—thereby overestimating
the stabilizing effect. Additionally, the strong frequency chirp-
ing observed in the experiment indicates significant nonlinear
physics which could not been modeled by current linear sim-
ulation. While the qualitative behavior of the mode’s response
to fast particles is instructive, a quantitative reconciliation
between our simulation results and the experimental data will

7
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Figure 6. (a) Radial mode structure in GTC gyrokinetic simulation. (b) The δf 2 distribution in (Pζ ,λ) space for particles with µ value
ranging from 1.1 E0/Ba to 1.85 E0/Ba. The red dashed line is the boundary between passing particles and trapped particles, while the green
dashed line is where the transit frequency of ion coincides with the low frequency wave. (c) Wave-particle energy exchange rate of ions
distribution in (Pζ ,λ) space for particles with µ value ranging from 1.1 E0/Ba to 1.85 E0/Ba.

require future nonlinear simulations utilizing realistic, aniso-
tropic distribution functions, and is beyond the scope of this
study and represents a critical area for future investigation.

To investigate the drive mechanism of this BAAE, we
examined the resonances of the thermal ions by analyzing
the phase-space structures in our simulation. The δf 2 of the
thermal ions as a function of the magnetic moment µ exhibits
a peak around µBa = 1.5E0, where E0 is the on-axis ion tem-
perature Tion, a. This indicates that the resonances are strongest
for particles at µ= 1.5 E0/Ba. To further analyze these reson-
ances, we selected those ions with the µ value ranging from
1.1 E0/Ba to 1.85 E0/Ba and plotted their δf 2 distribution in
(Pζ ,λ) space. Here, λ= µBa/E represents the pitch angle and
Pζ = gv∥/B−ψ p is the canonical angular momenta, where
ψ p is the poloidal magnetic flux and g represents poloidal cur-
rent and appears in the covariant representation of magnetic
field B= g∇ζ + I∇θ+ δ∇ψ using Boozer coordinates.

Figure 6(b) illustrates the δf 2 distribution in phase space
(Pζ ,λ). Since the magnetic moment µ has a small range the
variation in λ primarily represents changes in the particle
energy E. The red dashed line in figure 6(b) marks the bound-
ary between passing particles and trapped particles, while the
green line is where the transit frequency of ions coincides with
the BAAE frequency. The overlap of the δf 2 response with
the trapped-passing boundary and the transit frequency of the
passing particles shows location in the phase space for the res-
onances between thermal ions and the waves occur.

Furthermore, GTC has the capability to measure the rate
of wave-particle energy exchange, providing insights into
the energy transfer between particles and waves. The energy
change of the particles is calculated using the formula

dδW
dt

=
⟨
−Ze

(
v∥
B∗

B∗
∥
+
µ

Z
b0 ×

∇B0

B∗
∥

)
·∇ϕ −Zsev∥

∂δA∥

∂t

⟩
,

where Zse is the particle charge, B∗ = B∗
0 + δB⊥ = B0 +

msv∥
Zs

∇× b0 + δB⊥, v∥ is the guiding center parallel velo-
city and ∂δA∥/∂t is calculated through ∂tδA∥ = b0 ·∇ϕ ind as
discussed in section 2. The brackets represent a flux-surface

average and a gyrocenter velocity-space integral, weighted by
the perturbed distribution function.

Figure 6(c) is the ions wave-particle energy exchange rate
distribution in the (Pζ ,λ) space, which shows a similar pat-
tern as figure 6(b). Such a distribution confirms the reson-
ance between ions and the LFM. Besides, using this for-
mula, the wave-particle energy exchange rate can be separated
into contributions from the perpendicular and parallel direc-
tions. Figure 7(a) presents the normalized radial wave-energy
exchange rate for ions. These results also indicate that energy
transfer occurs from particles to the wave, i.e. dδW

dt < 0, with
most of the energy exchange happening in the perpendicular
direction, and their radial distribution aligns with the mode
location.

The wave polarization can be further studied to understand
features of the mode of interest. The diagnosis of the paral-
lel electric field E∥ and its electrostatic component E∥,es can
be utilized to infer whether the induced mode is Alfvénic or
acoustic, because ideal Alfvén waves have E∥/E∥,es = 0 while
electrostatic waves have E∥/E∥,es = 1. The induced BAAE is
characterized by a strong acoustic polarization, as E∥/E∥,es
reaches 0.5 near the axis. Besides, GTC can simulate scen-
arios both with and without the parallel perturbed magnetic
field δB∥, which has been shown to play a crucial role in low-
frequency electromagnetic simulations [35]. With δB∥ added,
the BAAE frequency decreased slightly to 68 kHz with similar
radial structures and growth rate. The structure of δB∥ and δB⊥
are depicted in figure 7(b), which shows that the δB∥ is about
half of the δB⊥ in this BAAE. These properties and excita-
tion mechanisms are similar to the LFM in the DIII-D toka-
mak which is an interchange-like mode driven by the pressure
gradient of thermal plasmas [29]. However, while the DIII-
D LFM was detectable in the simulations with EPs [29], the
BAAE in this ST40 shot was not observed in the simulations
with EPs.

Additional simulations with EPs were conducted by vary-
ing the thermal ion beta (βi) by changing ion temperature
Ti while keeping the total beta constant. Interestingly, as
thermal ion βi increased from the experimental value, the
growth rate and frequency of the mode remained relatively

8
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Figure 7. (a) The radial structure of normalized wave-particle energy exchange rate dδW/dt of ions in parallel and perpendicular directions.
(b) The radial structure of parallel electric field E∥, its electrostatic component E∥,es, as well as the parallel and perpendicular magnetic
perturbations δB∥ and δB⊥, both electric and magnetic perturbations are normalized, respectively, by their maximal values.

unchanged. Conversely, when thermal ion βi decreased from
the experimental value, the low-frequency signal weakened,
further supporting the hypothesis that this mode is predomin-
antly driven by thermal ions.

Finally, a scan over toroidal mode numbers n = 2,3,4 did
not reveal any instabilities to compare their real frequency, as
the predictions of Beta-induced Temperature Gradient (BTG)
theory suggests that the mode frequency should scale with the
toroidal mode number n, according to the formula for the dia-
magnetic drift frequency ω∗

i [30].

6. Conclusion

In this study, the excitation mechanisms of a low-frequency
AE in the ST40 were analyzed using the global gyrokinetic
code GTC. In the GTC ideal MHD limit, simulations con-
firmed the existence of an MHD eigenmode within the BAAE
gap, consistent with the results of the ideal MHD code NOVA
and showing similar mode structures. In the GTC gyrokinetic
simulations, this BAAE was driven unstable by thermal plas-
mas in the absence of EPs. The inclusion of kinetic effects
of thermal ions induces a frequency downshift and makes
the mode structure more regular in the excited BAAE in the
gyrokinetic simulations compared to the stable mode in the
MHD simulations. When EPs were included, the instabil-
ity weakened and was eventually suppressed as their density
increased. However, this contradicts experimental data where
the mode persists despite a significant EP population. Phase-
space resonance analysis showed that the mode resonates with
thermal ions, and energy exchange indicated that thermal ions
drive the mode. The observed polarization shows a strong
acoustic polarization, while δB∥ effects slightly reduced the
mode frequency but had little effects on the growth rate.

To further investigate the driving mechanisms of this mode,
simulations with more well-diagnosed experimental shots and
actual EPs distribution are needed. Future studies will aim to
extend the simulations to the nonlinear regime to explore the

impact of this mode on turbulence and transport, as well as its
potential role in the H–L–H transition [11].
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