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Abstract
Interactions between energetic ions (EIs) and kinetic ballooning modes (KBMs) are inevitable
in fusion reactors characterized by high-β plasmas with a large population of alpha particles
(βh ∼ βe,i, where βh,e,i = 2µ0ph,e,i/B2

0). In this work, the effects of EIs on KBM stability are
investigated using first-principles gyrokinetic simulations, which demonstrate the roles of
magnetohydrodynamic (MHD) ballooning-interchange drive, wave–particle resonance and
orbital effects in several parameter regimes of practical interest. In particular, it is found that
EI–KBM interactions are mostly determined by three dimensionless parameters: the EI–thermal
electron temperature ratio Th/Te, the KBM perpendicular wave vector normalized by EI orbit
width kθρd and the EI pressure ratio βh, which are associated with resonance condition, finite
orbit width (FOW) screening and EI drive strength for Alfvénic modes. For typical orderings of
Th/Te ≫ 1 and βh ∼ βe,i, kθρd becomes crucial for relevant physical processes. (i) In the
short-wavelength regime of kθρd ≫ 1, the response of EIs to KBM electromagnetic fluctuations
is greatly reduced due to strong FOW screening, which leads to a weakly stabilizing effect on
KBMs via thermal ion dilution, despite the large βh. (ii) In the long-wavelength regime of
kθρd ≪ 1, passing EIs can non-perturbatively destabilize KBMs through transit motion
resonance, attributed to the fact that large poloidal and toroidal frequencies mostly cancel each
other and satisfy ω = nωϕ − pωθ locally around q= p/n rational surfaces (p is an integer),
while the net response of trapped EIs is near zero due to the mismatch of resonance conditions.
For minor ion species characterized by Th/Te ≳ 1, such as helium ash, FOW screening is
modest with kθρd ∼ 1 and the drive strength is perturbative with βh ≪ βe,i, which drive KBMs
through MHD ballooning-interchange and wave–particle resonance similar to thermal ions.
These findings are helpful for understanding the effects of alpha particles and helium ash on
KBM stability and plasma confinement in future fusion reactors.
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1. Introduction

The kinetic ballooning mode (KBM) is a typical drift Alfvén
wave (DAW) instability driven by bothmagnetohydrodynamic
(MHD) ballooning-interchange in reactive-type and kinetic
wave–particle resonance in dissipative-type [1–3], and plays
an important role in the formation of an internal trans-
port barrier (ITB) [4] and edge pedestal [5]; it is an active
research topic [6]. Specifically, the KBM can be destabil-
ized by increasing the pressure gradient above a critical value,
which induces particle and energy transport in the ion chan-
nel instead of the electrostatic ion temperature gradient (ITG)
mode, since the latter suffers significant finite-β stabilization
(β = 2µ0p/B2

0) [7]. Therefore the KBM is considered as a
dominant factor preventing increase in the plasma pressure
in fusion devices. In burning plasmas, there are large num-
bers of energetic ions (EIs) generated by auxiliary heating
and the fusion reaction, which can drive and/or interact with
DAW instabilities over a wide range of toroidal mode num-
bers (n) and frequencies (ω), resulting in changes in the sta-
bility boundary in parameter space. In turn, these instabil-
ities can induce EI losses through wave–particle resonance
and degrade overall plasma confinement. In order to achieve
high-performance fusion plasmas, an in-depth understanding
of the impacts of EIs on the stability of the KBM is required;
the physical mechanism of this could be complicated due
to the strong coupling of EIs with thermal plasmas in the
regime βh ∼ βe,i.

Theoretical efforts were made in earlier studies to explain
various effects of EIs on KBM stability. The individual EI
diamagnetic drift and finite Larmor radius (FLR) have been
shown to induce stabilization effects on ballooning modes
in the fluid limit [8, 9]. Based on the kinetic energy prin-
ciple, Rosenbluth et al clarified that trapped EIs can destabil-
ize the KBM through the fluid term of δW f , while stabilizing
it through the kinetic term of δWk in the limit of ω≪ nωpre

(ωpre is the EI precession frequency) [10]. Biglari and Chen
studied the effects of wave–particle resonance for both cir-
culating and trapped EIs, which are found to destabilize the
KBM when the characteristic frequencies are close to the
mode frequency [11]. Tsai and Chen analyzed resonant excit-
ations of KBMs by EIs with further including the effect of
the finite orbit width (FOW), and found the existence of the
MHD gap mode and energetic-particle continuum mode [12].
Spong et al carried out numerical studies by solving the EI–
KBM integro-differential eigenmode equations based on the
gyrokinetic model, and found that the ballooning mode sta-
bility boundaries could be degraded by trapped EIs through
destabilization of the precessional drift resonance [13, 14].
In recent years, significant progress on EI mitigation of elec-
trostatic micro-turbulence and anomalous transport has been

achieved. It is worth mentioning that recent experimental res-
ults show that ITG turbulence can be stabilized by a large EI
fraction, which effectively reduces anomalous transport and
enables the plasma temperature to exceed 100 million kelvin
up to 20 s [15]. Various physics mechanisms of EI stabiliza-
tion of ITG turbulence are revealed by gyrokinetic simulations
thanks to the development of supercomputing techniques, such
as thermal ion dilution, finite-β stabilization, wave–particle
resonance etc [7, 16]. However, given the physical complex-
ity, the impacts of EI on KBM stability and corresponding tur-
bulent transport have been much less investigated by global
gyrokinetic simulations, although the KBM is considered to
be an important candidate for restricting the transport barriers
and limiting fusion performance.

In order to delineate the underlying physical mechanisms
of EI–KBM interaction in candidate regimes of operation, we
perform numerical studies using a first-principles gyrokinetic
toroidal code GTC [17], which has been successfully applied
in linear [18] and nonlinear [19] KBM physics. In particu-
lar, a new gyrokinetic EI model is formulated and implemen-
ted in GTC based on the Chen–Hasegawa theory [20], which
splits the perturbed distribution into an adiabatic fluid convec-
tion response δfAh and a non-adiabatic kinetic response δKh as
δfh = δfAh + δKh; these are responsible for MHD ballooning-
interchange drive in reactive-type and wave-particle resonance
drive in dissipative-type, respectively. The KBM dispersion
relation andmode structure and EI |δf|2 intensity and perturbed
pressure are obtained with different Th/Te and mh/mp val-
ues, covering a wide domain of EI pressure ratios βh, dimen-
sionless orbit widths kθρd and various wave–particle reson-
ances. Our findings demonstrate that for typical EI paramet-
ers of Th/Te ≫ 1 and βh ∼ βe,i in present-day tokamaks and
future fusion reactors, the EI response to KBM electromag-
netic fluctuations is near zero in the short-wavelength regime
of kθρd ≫ 1 due to strong FOW screening and lack of res-
onance conditions; this perturbatively affects KBM stability
via thermal ion dilution, despite the large βh. The influence
of EIs on the KBM becomes non-perturbative in the long-
wavelength regime of kθρd ≪ 1, which is characterized by
a peculiar passing EI resonance process in the high-energy
regime, resulting in the strong destabilization of the KBM
with the mode structure adapting to the radial profile of the EI
equilibrium pressure gradient. In addition, when the EI tem-
perature is close to that of the bulk plasma with Th/Te ≳ 1,
such as helium ash, EI fluid and kinetic responses accumu-
late in the low-energy regime and destabilize the KBM, with
the growth rate increment being proportional to βh, similar to
thermal ion dynamics for KBM excitation [21, 22]. The non-
linear transport properties of EIs due to KBMs in the above
regimes are also presented. It should be pointed out that we
remove magnetic compressibility δB∥ in this work, which is
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shown to induce modest destabilization effects on the KBM
through cancellation of drift reversal [18, 23, 24].

The remainder of this paper is organized as follows. Two
gyrokinetic EI models are introduced in section 2 using the
conventional δf -method and split scheme based on the Chen–
Hasegawa theoretical framework. In section 3, linear and non-
linear KBM simulation results with scanning EI parameters
are presented, including the KBM dispersion relation, mode
structure and nonlinear saturation amplitude, and correspond-
ing EI |δf|2-intensity, perturbed pressure and nonlinear trans-
port diffusivity due to KBM turbulence. A summary is given
in section 4. In the appendix, the trapped EI fluid and kin-
etic responses are analytically derived, consistent with GTC
simulation of their mutual cancellation in the low-frequency
ω≪ nωpre and long-wavelength kθρd ≪ 1 limits.

2. Physical model

In section 2.1 we describe the GTC physics model used in sim-
ulations; the thermal ions and EIs are described by gyrokinetic
equations with the conventional δf -method and the thermal
electrons are described by a massless fluid model in the lowest
order for ion-scale drift-Alfvénic instability, which is able to
preserve the essential factors of MHD ballooning-interchange
and the ion kinetic effects such as FLR, FOW and various
wave–particle resonances. Note that the EI model using the
conventional δf -method is referred to as EI model A. In
section 2.2, the gyrokinetic model is reformulated for EIs
by splitting the perturbed distribution into adiabatic and non-
adiabatic parts corresponding toMHD ballooning-interchange
and kinetic particle compression (KPC) respectively, which
enables the analysis of their independent roles. The EI model
using a split scheme is referred to as EI model B, which is con-
sistent with the Chen–Hasegawa theory and can be efficient for
analyzing the underlying mechanisms of the impact of EIs on
KBM instability.

2.1. Gyrokinetic ion and fluid electron electromagnetic model
(EI model A: conventional δf-method)

In GTC electromagnetic simulations, the gyrokinetic model is
widely applied for ion species, and the electron species dynam-
ics can be described by a fluid–kinetic hybridmodel that solves
the drift kinetic equation based on the expansion method using
the small parameter δ ∼ ω/

(
k||v||

)
< 1 [25, 26], which gives

the fluid solution in the lowest order and kinetic corrections
in the higher order. As an alternative method, the conservative
scheme is developed to solve the drift kinetic equation for elec-
trons directly without approximation; it treats fluid and kin-
etic parts on an equal footing [27]. It should be pointed out
that both the fluid–kinetic hybrid scheme and the conservat-
ive scheme can reduce to the same massless fluid model for
electrons, which retains the effects of a finite parallel electric
field δE|| and fluid convection associated with density/temper-
ature gradients and is appropriate for KBM simulations. For
the reader’s convenience and completeness of the paper, we
first present the GTC gyrokinetic ion and massless fluid elec-
tron electromagnetic model equations used in this work.

The gyrokinetic Vlasov equation for ion species uses gyro-
center position R, parallel velocity v|| and magnetic moment
µ as the independent coordinates in five-dimensional phase
space

(
R,v||,µ

)
as[

∂

∂t
+ Ṙ ·∇+ v̇||

∂

∂v||

]
fα
(
R,v||,µ, t

)
= 0, (1)

Ṙ= v||b0 + v||
δB
B∗
||
+VE + vd, (2)

v̇|| =− 1
mα

B∗

B∗
||
·
(
Zα∇δϕ+µ∇B0

)
− Zα

cmα

∂δA||

∂t
, (3)

where Zα, mα and fα represent the charge, mass and dis-
tribution for α= i,e,h species respectively. δϕ and δA||
are the perturbed electrostatic potential and perturbed paral-
lel vector field of the magnetic field. B∗ = B∗

0 + δB, δB=

∇× (δA∥b0), B∗
0 = B0 +

(
B0v∥/Ωα

)
∇× b0, Ωα = ZαB0

cmα
and

B∗
∥ = b0 ·B∗

0 . The overbar (. . .) =
1
2π

´
dxdξ (. . .)δ(R+ρα −

x) represents the gyroaverage operation, ξ is the gyrophase
angle, x is the particle position and ρα = b0×v⊥

Ωα
is the gyrora-

dius. VE and vd represent the E×B and magnetic drift as

VE =
cb0 ×∇δϕ

B∗
||

and

vd =
cmαv2||
ZαB∗

||
b0 ×κ+

cµ
ZαB∗

||
b0 ×∇B0,

where the magnetic field curvature κ= b0 ·∇b0.
To reduce particle noise, the δf -method is used to solve

equations (1)–(3), splitting the propagator and distribution
function into equilibrium and perturbed parts as L= L0 + δL
and fα = fα0 + δfα, and reading

L0 =
∂

∂t
+
(
v||b0 + vd

)
·∇− µ

mαB∗
||
B∗
0 ·∇B0

∂

∂v||
,

δL=

(
VE+ v||

δB
B∗
||

)
·∇−

[
µ

mαB∗
||
δB ·∇B0

+
Zα
mα

(
B∗

B∗
||
·∇δϕ+ 1

c

∂δA||

∂t

)]
∂

∂v||
.

The equilibrium distribution function can be approxim-
ated using the local Maxwellian as fα0 = nα0(

mα

2πTα0
)3/2

exp(−mαv
2
||+2µB0

2Tα0
), where nα0 is the equilibrium density and

Tα0 is the equilibrium temperature of each species. Then
equations (1)–(3) can be decomposed into separate equations
for fα0 and δfα as

L0fα0 = 0 (4)

and

(L0 + δL)δfα =−δLfα0. (5)

3
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Then we only need to evaluate δfα from equation (5)
using gyrokinetic particle simulation and greatly decrease the
particle noise level from the equilibrium part. In practice
with the δf -method an equivalent particle weight equation is
evolved for wα = δfα/fα instead of equation (5), which reads

dwα

dt
= (1−wα)

[
−

(
v||

δB
B∗
||
+VE

)
· ∇fα0
fα

+
1
mα

(
Zα

B∗

B∗
||

·∇δϕ+ Zα
c

∂δA||

∂t
+µ

δB
B∗
||
·∇B0

)
1
fα0

∂fα0
∂v||

]
. (6)

Next, we present the massless fluid equations for
electrons with Maxwellian equilibrium distribution fe0 =

ne0(
me

2πTe0
)3/2 exp(−mev

2
||+2µB0

2Te0
). Applying equation (5) for

electron species and integrating in velocity space, we can
obtain the electron continuity equation for time advancing
perturbed electron density δne as

∂δne
∂t

+∇·
[
ne0

(
δu∥eb0 +VE + u||e0

δB
B0

)
+

1
Te0

(
δP⊥eVg + δP||eVc

)]
= 0, (7)

where δu∥e and u||e0 are the perturbed and equilibrium
parallel velocities and Vg =

cTe0
qeB2

0
b0 ×∇B0, Vc =

cTe0
qeB0

b0 ×κ.

δP||e =
´
mev2||δfedv is perturbed parallel pressure, δP⊥e =´

µB0δfedv is perturbed perpendicular pressure, and
´
dv=

2π
me

´
B∗
||dv||dµ. The electron parallel fluid velocity δu∥e can be

calculated by inverting the parallel Ampère’s law as

δu||e =
Zini0
ene0

δu||i+
Zhnh0
ene0

δu||h+
c

4π ene0
∇2

⊥δA||, (8)

where ni0δu||i =
´
v||δfidv, nh0δu||h =

´
v||δfhdv, and

´
dv=

2π
mα

´
B∗
||dv||dµ

1
2π

´
δ(R+ρα − x)dRdξ. To the lowest-order

adiabatic electron response, we have

v||b0 ·∇δfe =−v||
δB
B0

·∇fe0 −
[
µ

B0
δB ·∇B0

+qe

(
b0 ·∇δϕ +

1
c

∂δA||

∂t

)]
v||
Te0

fe0. (9)

For most pressure-driven Alfvénic modes, the parallel vector
potential is dominated by the non-tearing component δA|| ≈
δA||

(
k|| ̸= 0

)
, and ∂δA||/∂t can be expressed as

∂δA||

∂t
= cb0 ·∇δϕind. (10)

Considering equation (10) and the definitions of δB=
∇×

(
δA||b0

)
, B0 =∇ψp0 ×∇α0 and δB=∇ψp0 ×∇δα+

∇δψp×∇α0 using Clebsch representation in Boozer mag-
netic flux coordinates, with ψp0 and δψp being the equilibrium

and perturbed poloidal magnetic fluxes, one can solve δf e from
equations (9) and (10) as

δfe =
e
Te0

(δϕ + δϕind) fe0 +
∂fe0
∂ψp0

∣∣∣
v||,v⊥

δψp+
∂fe0
∂α0

∣∣∣
v||,v⊥

δα,

(11)

where the dynamics equations for δψp and δα can be obtained
as

∂δψp
∂t

=−c∂δϕind
∂α0

, (12)

and

∂δα

∂t
= c

∂δϕind
∂ψp0

. (13)

Integrating equation (11) in velocity space, we can obtain the
equation for evaluating δϕind as

eδϕind
Te0

=
δne
ne0

− eδϕ
Te0

− 1
ne0

∂ne0
∂ψp0

δψp−
1
ne0

∂ne0
∂α0

δα (14)

and adiabatic electron pressure moments δP||e and δP⊥e

δP||e = δP⊥e = ene0 (δϕ + δϕind)+
∂ (ne0Te0)
∂ψp0

δψp

+
∂ (ne0Te0)
∂α0

δα. (15)

δϕ is solved by the quasi-neutrality condition

∑
α=i,h

Z2αnα0
Tα0

(
δϕ − δ̃ϕα

)
= Zi δni +Zhδnh− eδne, (16)

where δ̃ϕα = 1
nα0

´
fα0δϕdv is the second gyrophase-averaged

potential and δnα =
´
δfαdv. Equations (1)–(3), (6)–(8), (10)

and (14)–(16) form a closed system for the gyrokinetic thermal
ion/EI and massless fluid electron electromagnetic simulation
model. Specifically, EI model A consists of equations (1)–(3)
and (6), and applies the conventional δf -method to solve δf h
directly and does not differentiate adiabatic fluid convection
and non-adiabatic kinetic responses.

2.2. EI model B: split adiabatic fluid convection and
non-adiabatic kinetic responses using the Chen–Hasegawa
scheme

In order to investigate the different roles of EI fluid and kin-
etic effects on KBM instability, we further split the EI gyro-
center perturbed distribution into adiabatic and non-adiabatic
parts as δfh = δfAh + δKh following kinetic theory [11, 20, 28].
According to the Chen–Hasegawa scheme [20], the gyrocenter
adiabatic distribution δfAh in (R,ε,µ) space is defined as

δfAh =
Zh
mh

∂fh0
∂ε

J0δϕ − Zh
mh

1
ω
Q̂fh0J0δψ, (17)

4
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where ε= v2/2 is the energy per unit mass, Q̂fh0 = ω ∂fh0
∂ε +

1
Ωh
k×b0 ·∇fh0|ε,µ, Ωh =

ZhB0
cmh

, J0 = J0 (k⊥ρh) is the zeroth
Bessel function of the first kind and ρh = v⊥/Ωh is the Larmor
radius. The perturbed field δψ is related to the parallel vec-
tor potential δA|| through

∂δA||
∂t =−cb0 ·∇δψ. Then the linear

gyrokinetic equation for the gyrocenter non-adiabatic distribu-
tion δKh is

∂δKh
∂t

+
(
v||b0 + vd

)
·∇δKh|ε,µ

= i
Zh
mh

Q̂fh0 (J0δϕ − J0δψ)+
Zh
mh

1
ω
Q̂fh0vd ·∇(J0δψ) . (18)

Note that the nonlinear terms have been removed in
equation (18). The linear gyrokinetic vorticity equation can
be obtained by integrating equations (17) and (18) in energy
space considering the parallel Ampère’s law equation (8) and
quasi-neutrality condition equation (16), which reads

ω2

V2
A

(
ni0
ne0

+
nh0mh

ne0mi

)
∇2

⊥δϕ

− ω

V2
A

(
ni0
ne0

ω∗p,i+
nh0mh

ne0mi
ω∗p,h

)
∇2

⊥δϕ︸ ︷︷ ︸
term{A}

+B0 ·∇
[
1
B0

∇2
⊥
(
b0 ·∇δψ

)]
− 4π

c
∇
(
b0 ·∇δψ

)
×b0 ·∇

(
J||0
B0

)
−4π iω

c2
∑

α=i,e,h

c
b0 ×κ

B0
·∇
(
δP

A
||α + δP

A
⊥α

)
︸ ︷︷ ︸

term{B}

−4π iω
c2

∑
α=i,e,h

Zα⟨J0vd ·∇δKα⟩v,α︸ ︷︷ ︸
term{C}

= 0, (19)

where ω∗p,α = cTα0
ZαB0

k×b0 · ∇Pα0
nα0Tα0

,α= i,h are the diamag-
netic drift frequencies of thermal ions and EIs, respect-
ively, and VA =

B0√
4π ne0mi

, ⟨. . .⟩v,α =
´
(. . .) 2π

mα
B∗
||dv||dµδ(R+

ρα − x)dRdξ/(2π). δP
A
||α = ⟨mαv2||δf

A
α⟩v,α and δP

A
⊥α =

⟨µB0δfAα⟩v,α represent the adiabatic pressure moments. Term
{A} represents the plasma diamagnetic convection induced by
thermal ion FLR and EI FLR, terms {B} and {C} represent
MHD ballooning-interchange and the KPC from all species,
respectively.

Next, we shall construct EI model B in the GTC ini-
tial value simulation, consistent with the theoretical model
of equations (17)–(19). For Maxwellian equilibrium fh0 =

nh0
(

mh
2πTh0

)3/2
exp
(
−mhε

Th0

)
, equation (17) can be explicitly

written as

δfAh =− Zh
Th0

J0 (δϕ − δψ) fh0 −
Zh
Th0

J0δψ
ω∗n,h

ω

×
[
1+ ηh

(
mhε

Th0
− 3

2

)]
fh0, (20)

where ηh =∇Th0/∇nh0. Considering the relation ∇fh0|v||,µ=
∇fh0|ε−µ∇B0

Th0
fh0 that is valid for isotropic Maxwellian equilib-

rium, it is straightforward to prove that equation (20) is con-
sistent with the following adiabatic response equation in GTC(
R,v||,µ

)
coordinates:

v||b0 ·∇δfAh =−v||
δB
B0

·∇fh0|v||,µ−
[
µ

B0
δB

·∇B0 +Zh

(
b0 ·∇δϕ+

1
c

∂δA||

∂t

)]
v||
Th0

fh0.

(21)

Since the form of equation (20) explicitly contains ω that leads
to difficulty for initial value simulation, we solve equation (21)
using the same method as the adiabatic electron response in
section 2.1, the solution of which reads

δfAh =− Zh
Th0

(
δϕ+ δϕind

)
fh0 +

∂fh0
∂ψp0

∣∣∣
v⊥
δψp+

∂fh0
∂α0

∣∣∣
v⊥
δα,

(22)

where

∂δψp
∂t

=−c∂δϕind
∂α0

(23)

and

∂δα

∂t
= c

∂δϕind
∂ψp0

. (24)

Substituting equation (22) into equation (5), the linearized
equation for the EI non-adiabatic kinetic response δKh in GTC
simulation coordinates is[
∂

∂t
+
(
v||b0 + vd

)
·∇|v||,µ−

µ

mhB0
B∗
0 ·∇B0

∂

∂v||

]
δKh

=−
(
v||

δB
B0

+VE

)
·∇fh0|v||,µ+

[
µ

mhB0
δB ·∇B0 +

Zh
mh

×

(
B∗
0

B0
·∇δϕ+ 1

c

∂δA||

∂t

)]
∂fh0
∂v||

−
[
∂

∂t
+
(
v||b0 + vd

)
·∇|v||,µ−

µ

mhB0
B∗
0 ·∇B0

∂

∂v||

]
δfAh .

(25)

By performing coordinate transform between
(
R,v||,µ

)
and

(R,ε,µ), it is straightforward to show that equation (25) is
identical to equation (18) for the isotropic Maxwellian equi-
librium case. Integrating equation (5) for EI species in velo-
city space, keeping the linear terms and considering the δB||
effect of drift reversal cancellation by replacing∇B0/B0 with
κ [18], we have
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∂δnh
∂t

+B0 ·∇

(
nh0δu||h
B0

)

+

ˆ
c
B0

(
b0 ×∇δϕ ·∇ ln fh0|v||,µ+∇× b0 ·∇δϕ

)
fh0dv︸ ︷︷ ︸

term{D}

+
c
Zh

b0 ×κ

B0
·∇
(
δP

A
||h+ δP

A
⊥h

)
︸ ︷︷ ︸

term{E}

+
c
Zh

b0 ×κ

B0
·∇
(
δP

NA
||h + δP

NA
⊥h

)
︸ ︷︷ ︸

term{F}

= 0, (26)

where

δu||h =
1
nh0

ˆ
v||δKhdv, (27)

δP
A
||h =

ˆ
mhv

2
||δf

A
hdv=−Zhnh0

(
δ̃ϕ+ δ̃ϕind

)
+
∂ (nh0Th0)
∂ψp0

δ̃ψp+
∂ (nh0Th0)
∂α0

δ̃α, (28)

δP
A
⊥h =

ˆ
µB0δf

A
hdv=−Zhnh0

(
δ̃ϕ+ δ̃ϕind

)
+
∂ (nh0Th0)
∂ψp0

δ̃ψp+
∂ (nh0Th0)
∂α0

δ̃α, (29)

δP
NA
||h =

ˆ
mhv

2
||δKhdv (30)

and

δP
NA
⊥h =

ˆ
µB0δKhdv. (31)

It should be noted that terms {D}, {E} and {F} in
equation (26) corresponds to terms {A}, {B} and {C} in
equation (19), and represent EI-induced plasma diamag-
netic convection, MHD ballooning-interchange and KPC,
respectively.

Making use of equations (7), (14) and (23), the time deriv-
ative term ∂tδfAh on the right-hand side of equation (25) can be
evaluated by

1
fh0

∂δfAh
∂t

=−Zh
e
Te0
Th0

1
ne0

∂δne
∂t

+

(
∂ ln fh0
∂ψp0

∣∣∣
ε
+
Zh
e
Te0
Th0

∂ lnne0
∂ψp0

)(
−c∂δϕind

∂α0

)
.

(32)

Equations (22) and (32) form EI model B that connects the
GTC conventional EI model A in section 2.1 [25] and the the-
oretical model described by equations (17)–(19) [20], which
enables us to clarify the importance of different physical
factors and reveal the underlying mechanisms of EI–KBM
interactions in different EI energy and pitch angle regimes.

3. Simulation results

There are two main routes for EIs to affect KBM stability.
The first is via increased plasma pressure, which enhances
the Shafranov shift through equilibrium force balance that sta-
bilizes ballooning modes in the second stability region. The
second is via modification of the dispersive properties of the
KBM through the contributions of EIs to the plasma dielec-
tric tensor. This work focuses on the second route to reveal
EI–KBM interaction mechanisms, based on linear and nonlin-
ear GTC simulations covering a broad range of EI pressure
ratios, orbit widths and characteristic frequencies. To identify
the crucial roles of EI fluid and kinetic effects on KBM sta-
bility, both EI model A using the conventional δf -method and
EI model B using the split scheme are applied in this section,
and detailed information on EI total response δf h, adiabatic
fluid response δfAh and non-adiabatic kinetic response δKh,
as well as corresponding pressure perturbation structures, is
provided. It is worthwhile mentioning that the effect of EIs on
the KBM can be either perturbative or non-perturbative. In the
perturbative regime, the KBM growth rate and real frequency
are weakly modified by EIs with small variations ∆γ≪ γ0
and∆ωr ≪ ω0. In the non-perturbative regime, the EI-induced
growth rate and real frequency variations increase to∆γ ∼ γ0
and ∆ωr ∼ ω0, and the spatial mode structure is also influ-
enced by the EI drive profile. Here, γ0 and ω0 denote the KBM
growth rate and real frequency in a single-ion-species plasma
without EIs.

To clarify the general physical process of EI–KBM inter-
action and keep the geometric complexity at a minimum,
a model equilibrium with concentric circular geometry is
applied in the simulations based on Cyclone Base Case
(CBC) parameters. The magnetic field geometry parameters
include the major radius R0 = 83.5 cm, the inverse aspect ratio
a/R0 = 0.357, the safety factor q= 1.4 and magnetic shear
s= (r/q)(dq/dr) = 0.78 at r= 0.5a, and the on-axis mag-
netic field strength Ba = 2.01 T. The background plasma para-
meters include Ti = Te = 2223 eV, ρi/R0 ≈ 0.0029, R0/LT,i =
R0/LT,e = 6.9, ne = 9× 1013 cm−3, R0/Ln,e = 2.2 and βe =
2% at location q= 1.4, where LT,e = |∇Te/Te|−1, LT,i =
|∇Ti/Ti|−1 and Ln,e = |∇ne/ne|−1. The EI density nh =
0.03ne and R0/Ln,h = 20 at location q= 1.4, where Ln,h =
|∇nh/nh|−1. The EI temperature Th is uniform (i.e. R0/LT,h =
0) and varies in different cases. The thermal ion density
is determined by the quasi-neutrality condition Zini = ene−
Zhnh and the proton charge is applied for both thermal ions and
EI species (i.e. Zi = Zh = e). Within these parameters, the ref-
erence case of a n= 10 KBM in two-species plasmas without
EIs gives a real frequency of ω0 = 2.17Cs/R0 and growth rate
of γ0 = 1.42Cs/R0, whereCs =

√
Te/mi is the speed of sound.

In present-day tokamaks and future fusion reactors, EIs
are characterized by a small density with nh ≪ ne,i and a
high energy with Th ≫ Te,i, which result in the same order
of pressure magnitude for EI and thermal species as βh ∼
βe,i; thus EIs can become non-trivial for electromagnetic
Alfvénic modes with a free energy drive scaled by pressure,
including MHD ballooning-interchange and KPC and being
comparable with bulk plasmas [3], namely, terms {B} and
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Table 1. The EI dimensionless parameters at Th/Te = 3 and Th/Te = 25. ωϕ = vth/R0 and ωθ = vth/(qR0) denote the passing EI toroidal
and poloidal frequencies at thermal speed. ωb =

√
ϵvth/(qR0) and ωpre = qEh/(rmhR0Ωh) denote the trapped EI bounce frequency at

thermal speed and precession frequency at Eh = Th, where vth =
√
Th/mh, ϵ= r/R0, Ωh = ZhBa/cmh and ω0 denotes the real KBM

frequency in two-species plasmas without EI. The resonance conditions of passing and trapped EIs can be expressed as ω = nωϕ − pωθ and
ω = nωpre + lωb, respectively, where p and l are integers. ρh = vth/Ωh, ρ

p
d = qρh and ρtd = qρh/

√
ϵ represent the EI FLR, passing EI FOW

and trapped EI FOW, respectively. All are normalized by KBM poloidal wave vector kθ .

Case mh/mp Th/Te βh ωϕ/ω0 ωθ/ω0 ωb/ω0 nωpre/ω0 kθρh kθρ
p
d kθρtd

(I) 1 3 0.09βe 1.13 0.81 0.34 0.76 0.55 0.78 1.8
(I) 1 25 0.75βe 3.26 2.33 0.98 6.3 1.6 2.2 5.3
(II) 0.01 3 0.09βe 11.3 8.1 3.4 0.76 0.055 0.078 0.18
(II) 0.01 25 0.75βe 32.6 23.3 9.8 6.3 0.16 0.22 0.53

{C} in equation (19) or equivalently terms {E} and {F} in
equation (26). For comparison, EIs have a weak impact on
electrostatic modes with free energy drive scaled by density,
which is much smaller than for bulk plasmas with nh ≪ ne,i
[7]. The physical processes of EI–KBM interaction are primar-
ily determined by the normalized temporal and spatial scales
of EI motion in terms of KBM frequency and wavelength,
which are associated with wave–particle resonance and orbit
averaging. Considering these facts, we focus on three dimen-
sionless parameters, the EI–thermal electron temperature ratio
Th/Te, the KBM perpendicular wave vector normalized by EI
orbit width kθρd (i.e. FOW) and the EI pressure ratio βh, and
explain the roles of EI fluid and kinetic effects on KBM sta-
bility in different regimes. In practice, we choose a n = 10
KBM for all simulations, which has been well tested in two-
species bulk plasmas [18, 19], and vary Th/Te and mh/mp for
combinations of different resonance channels, kθρd and βh
regimes. Specifically, a series of simulations are conducted in
two groups: case (I) applies mh/mp = 1 and case (II) applies
mh/mp = 0.01; both scan Th/Te in the range of Th/Te ∈ [1,35],
where examples are listed in table 1 for the key parameters of
low temperature Th/Te = 3 and high temperature Th/Te = 25.
Note that the dimensionless parameters are instructive in phys-
ics rather than the actual values used here. Case (I) using
mh/mp = 1 is relevant to neutral beam injection (NBI) EIs in
present-day machines of small or medium size, characterized
byEh ∼ 100 keV,R0 ∼ 1m and large dimensionless orbits (i.e.
kθρd ≫ 1). Case (II) usingmh/mp = 0.01 increasesωϕ,ωθ and
ωb by a factor of 10, decreases kθρh and kθρd by a factor of 10
and does not alter ωpre, which can be analogous to the con-
ditions of fusion-born alpha particles in large machines such
as ITER, characterized by Eh ∼ 1 MeV, R0 ∼ 6 m and small
dimensionless orbits (i.e. kθρd ≪ 1) [29].

3.1. Perturbative EI influence on the KBM in the
short-wavelength regime of kθρd ≫ 1

We first carry out Th/Te scan simulations for case (I),
which covers both the helium ash parameter regimes (βh ≪
βe,i,Th/Te ∼ 1,kθρd ∼ 1) and the small machine NBI EI para-
meter regimes (βh ∼ βe,i,Th/Te ≫ 1,kθρd ≫ 1). For fixed EI
density nh = 0.03ne, EI mass mh/mp = 1 and a n = 10 KBM,
the dimensionless EI orbit frequencies and orbit widths are
computed at Th/Te = 3 and Th/Te = 25 in table 1, which are
relevant to helium ash and NBI EIs, respectively.

The dependences of real frequency ωr and growth rate γ
on Th/Te for a n = 10 KBM are shown in figure 1, where
the results for EI models A and B show excellent agreement,
demonstrating that the split scheme introduced in section 2.2
can faithfully capture the comprehensive EI physics for EI–
KBM interactions. It is seen that both KBM ωr and γ are
insensitive to Th/Te with variations up to ∆ωr/ωr ∼ 20%
and ∆γr/γr ∼ 30% across a broad range of Th/Te ∈ [1,35].
As Th/Te increases, ωr exhibits an increasing trend, while
γ increases in the regime of Th/Te ∼ 1 and decreases in the
regime of Th/Te ≫ 1 non-monotonically. Note that the KBM
dispersion relation curves are bounded by the thermal ion
limit and dilution limit, which are denoted by the green and
black dotted lines in figure 1: the dilution limit keeps the
EI fraction in the equilibrium quasi-neutrality condition of
Zini = ene−Zhnh while it reduces EI perturbations of δnh =
0 and δu||h = 0 in equations (8) and (16); the thermal ion
limit drops for EIs in both equilibrium and perturbed parts.
At Th/Te = 1, the KBM dispersion relation and mode struc-
ture are the same as the thermal ion limit results, since the
properties of EIs are identical to those of the thermal ions
(recall that Ti = Te for bulk plasmas). At Th/Te ≫ 1, ωr and
γ curves approach the dilution limit results asymptotically,
exhibiting weak stabilization compared with the thermal ion
limit. The KBM mode structures of electrostatic potential δϕ
from Th/Te = 1, Th/Te = 3 and Th/Te = 25 simulations are
compared in figure 2, and the δA∥ mode structure is correl-
ated to δϕ through equations (10) and (14), which is consist-
ently modified by EIs with different Th/Te values and thus
omitted in our analyses. In figure 2(a) for Th/Te = 1, the tilt-
ing angle of the two-dimensional mode structure at the outer
midplane is positive in polar coordinates. For comparison, the
tilting angle becomes negative in figure 2(c) for Th/Te = 25,
which implies that the EIs still can non-perturbatively alter the
KBM mode structure when βh ∼ βe,i, despite the perturbat-
ive influence on the dispersion relation, and the specific radial
profile of the EI drive determines the shape orientation of
the mode structure, which will be further analyzed in detail.
This phenomenon is also observed in the physical processes of
EI-driven beta-induced Alfvén eigenmodes [30, 31], reversed
shear Alfvén eigenmodes [32] and toroidal Alfvén eigenmodes
[33]; it is also found that the radial symmetry breaking of
AE mode structure can nonlinearly generate the intrinsic rota-
tion and induce momentum transport, which is also valid for
KBMs. Therefore, the overall influences of EIs in case (I)
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Figure 1. n= 10 KBM dispersion relation in the presence of minor EI species with nh/ne = 0.03. The dependences of KBM (a) real
frequency ωr and (b) growth rate γ on the EI–thermal electron temperature ratio Th/Te obtained from EI model A and EI model B. Fluid EI
(blue dashed line): the remove the kinetic particle compression term {F} in equation (26) is removed, the others are the same as EI model B.
Dilution limit (black dotted line): equation (26) is removed and δu∥h = 0 is set in equation (8) while still keeping the EI equilibrium fraction
as Zini = ene− Zhnh. The green dotted line denotes the thermal ion limit without EI.

Figure 2. The 2D poloidal mode structures of electrostatic potential δϕ (upper row) and corresponding m-harmonic radial profiles (bottom
row) for a n= 10 KBM with Th/Te = 1, Th/Te = 3 and Th/Te = 25 from the left to right columns. The magenta lines in bottom row denote
the radial profile of EI pressure gradient drive strength |R0/Ln,h|.

are perturbative to KBMs not only in the low-temperature
regime of Th/Te ∼ 1 with small βh ≪ βe,i but also in the high-
temperature regime of Th/Te ≫ 1 with large βh ∼ βe,i.

The relative strength of the EI drive can be inferred from
|δfh|2 in (Eh,λ) phase space with λ= µBa/Eh being the pitch
angle, which provides a general picture of perturbative influ-
ence of EIs in case (I). (Note that the flux surface-averaged
⟨δfh⟩= 0 for the n> 0 component, thus we use |δfh|2 rather
than δf h for phase space diagnostics of the EI response to
n= 10 KBM electromagnetic fluctuations.) In figure 3, we
compare the phase space structures of EI |δfh|2 and the full-
f distribution fh between Th/Te = 3, Th/Te = 10 and Th/Te =

25 simulations. It is seen that the dominant part of |δfh|2 is
distributed in the energy range Eh/Te ∈ [0,10], while the amp-
litude of fh peaks near Eh ∼ Th; thus the resonant EI population
fres relies on the specific Th/Te ratio. For example, |δfh|2 dis-
tributes in the same energy range as fh from the Th/Te = 3 sim-
ulation, as shown in figures 3(a) and (d), which indicates that
a large fraction of the EI population contributes to |δfh|2 with
fres ∼ fh. In contrast, |δfh|2 localizes in the regime of Eh ≪ Th
from the Th/Te = 25 simulation in figure 3(c), which corres-
ponds to the bottom edge of fh in figure 3(f ) with fres ≪ fh.
Moreover, it is noted that as Th/Te increases, the peak of |δfh|2
shifts from Eh = 2Te in figure 3(a) to Eh = 6Te in figure 3(c)
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Figure 3. The phase space structures of EI-perturbed distribution intensity |δfh|2 and EI equilibrium distribution fh from n= 10 KBM
simulations with Th/Te = 3, Th/Te = 10 and Th/Te = 25 from left to right columns. The values are normalized by the maximal amplitude.

due to the energy mismatch between the dominant EI popula-
tion and strong EI–KBM resonance for the Th/Te = 25 case.
In addition, |δfh|2 peaks at λ≈ 1+ ϵ with ϵ= r/R0 for all
Th/Te values, implying that deeply trapped particles dominate
the EI–KBM interaction in case (I). Therefore, βh ≪ βe,i and
fres ≪ fh limit the EI drive strength at Th/Te = 3 and Th/Te =
25, respectively, resulting in a perturbative influence of EIs
over the full Th/Te range in case (I). It should be pointed out
that EIs are treated as minor ion species with nh ≪ ne, and
the variations of KBM dispersive property in figures 1 and 2
can be amplified by increasing nh, which will lead to a non-
perturbative influence on the KBM in the nh ∼ ni and Th ∼ Ti
regimes through the isotope effect.

The separate fluid and kinetic parts of the EI response can
be evaluated from the corresponding |δf|2-intensity and per-
turbed pressure, which help to elucidate in depth the under-
lying mechanisms of EI–KBM interaction at Th/Te = 3 and
Th/Te = 25. As shown in figures 4(a)–(d) for the Th/Te = 3
simulation, the amplitudes of total δPh, adiabatic fluid part
δPAh and non-adiabatic kinetic part δPNAh are close to each
other, and a finite poloidal phase shift exists between δPAh
and δPNAh , which satisfies δPh = δPAh + δPNAh consistent with
δfh = δfAh + δKh as expected. Comparing figures 4(f ) and (g),
it is seen that |δfAh |2 localizes in the deeply trapped region
with a higher amplitude, while |δKh|2 distributes in a broader
domain across the well-passing and deeply trapped regions
but with a lower amplitude, of which the phase space struc-
ture domain size and amplitude complement each other, res-
ulting in similar amplitudes of δPAh and δPNAh in real space.
Specifically, the localization of |δfAh |2 in figure 4(f ) can be
explained by equation (20): trapped particles with λ> 1 can
effectively respond to the ballooningmode structure of δϕwith
large amplitude on the low-field-side, as shown in figure 2(b)
(note that δϕ≈ δψ in the MHD limit), and the EI population
density is large at Eh ∼ Th = 3Te in figure 3(d). Meanwhile,

both transit motion resonance and precessional drift reson-
ance are observed from the EI kinetic response intensity |δKh|2
in figure 4(g), which indicates that ω ∼ ωtr ∼ nωpre can be
well satisfied for Th/Te = 3, and the resonant EI energy of
trapped species is slightly higher than that of passing spe-
cies. The phase space structure of the cross term δfAhδKh is
shown in figure 4(h), and its relation with |δf|2-intensity can
be expressed as

δfAhδKh =
1
2

[
|δfh|2 −

(
|δfAh |2 + |δKh|2

)]
. (33)

In figure 4(h), the positive value of δfAhδKh > 0 in the bot-
tom region of Eh ∼ Te indicates that the EI fluid and kinetic
responses accumulate together, leading to a destabilization
effect on the KBM. In contrast, the negative value of δfAhδKh <
0 in the regime of Eh ≫ Te indicates that the EI fluid and kin-
etic responses cancel each other to a certain degree and result
in a smaller net response, which is consistent with the fact that
higher-energy EIs are characterized by a larger orbit width that
screens more KBM electromagnetic fluctuations. In short, for
the Th/Te = 3 simulation characterized by a large EI popula-
tion at Eh ∼ Te, most EIs can effectively interact with KBMs
and give comparable fluid and kinetic responses, which suffer
modest FOW screening with kθρd ∼ 1 and contribute to MHD
ballooning-interchange (i.e. term {E} in equation (26)) and
KPC (i.e. term {F} in equation (26)) for KBM destabilization.
However, this destabilization effect by EIs with Th/Te ∼ 1 is
still weak in figure 1(b) because βh ≪ βe,i.

The EI fluid and kinetic responses in the Th/Te = 25 simu-
lation become qualitatively different from the Th/Te = 3 sim-
ulation. As shown in figures 5(a)–(d), the amplitude of δPh is
much smaller than its fluid component δPAh and kinetic com-
ponent δPNAh , which are characterized by nearly opposite pol-
oidal phases with π difference and mostly cancel each other so
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Figure 4. The 2D poloidal mode structure of EI pressure perturbations (upper row) and |δfh|2 intensities (bottom row) in case (I) at
Th/Te = 3. Left to right columns: the normalized δPh and |δfh|2 from the conventional δf -method [EI model A, adiabatic fluid part (δPAh and
|δfAh |2), non-adiabatic kinetic part (δPNAh and |δKh|2], sum of δPAh + δPNAh and cross term of δfAhδKh from the split scheme (EI model B).

Figure 5. The 2D poloidal mode structure of EI pressure perturbations (upper row) and |δfh|2-intensities (bottom row) in case (I) at
Th/Te = 25. Other details are the same as in figure 4.

that δPh = δPAh + δPNAh is satisfied. Comparing figures 5(e)–
(g), the EI net response |δfh|2 only localizes in the narrow
domain of Eh/Te ∈ [0,10] and λ> 1, while both |δfAh |2 and
|δKh|2 distribute in a broader domain of E and λ, consistent
with the corresponding pressure perturbation amplitudes with
|δPAh | ∼ |δPNAh | ≫ |δPh|. Specifically, |δfAh |2 in figure 5(f ) con-
tains several parts including high-energy passing EIs (Eh ∼
Th = 25Te and λ∼ 0), high-energy trapped EIs (Eh ∼ Th =
25Te and λ> 1) and low-energy trapped EIs (Eh ∼ Te ≪

Th and λ> 1); this is due to the FLR gyroaveraging effect
J0 (k⊥ρh) in equation (20): for high-energy passing EIs and
low-energy trapped EIs, the gyroaveraging effect J0 (k⊥ρh)≈
1 is negligible due to their small perpendicular velocity v⊥,
while the gyroaveraging effect of high-energy trapped EIs
becomes important with J0 (k⊥ρh)≪ 1 and thus significantly
weakens their δfAh response. Meanwhile, |δKh|2 in figure 5(g)
exhibits a similar structure to |δfAh |2 in the high-energy regime,
where the signs of fluid and kinetic responses are opposite
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Figure 6. The time evolution (upper row) and poloidal variation (bottom row) of δPAh , δP
NA
h and δPh. The results of Th/Te = 3, Th/Te = 10

and Th/Te = 25 simulations are shown from left to right columns.

with δfAhδKh < 0, as shown in figure 5(h), which supports the
view that δfAh and δKh mostly cancel each other in the high-
energy regime due to large FOW screening, consistent with
kθρd ≫ 1 in table 1. In contrast, δfAhδKh > 0 becomes positive
in the bottom region of figure 5(h), corresponding to resonant
EIs in the low-energy regime with Eh ∼ Te, the fluid and kin-
etic responses of which accumulate together and contribute to
KBM destabilization. However, the fraction of the resonant EI
population in the low-energy regime is much smaller than the
total EI population with fres ≪ fh, as discussed in figures 3(c)
and (f ), and the majority of EIs in the high-energy regime
exhibit near-zero net responses that induce thermal ion dilution
for KBM stabilization, which dominates over the minor reson-
ant EI destabilization. In a short, for the Th/Te = 25 simulation
characterized by a large EI population at Eh ∼ Th ≫ Te, the
EI fluid response |δfAh |2 is dominated by high-energy passing
EIs due to the stronger FLR gyroaveraging effect on high-
energy trapped EIs, and FOW screening leads to cancellation
between fluid and kinetic responses for most EIs, which res-
ults in fres ≪ fh and thermal ion dilution that weakly stabilizes
the KBM, despite the large βh ∼ βe,i.

The time evolutions and poloidal structures of pressure per-
turbations δPh, δPAh and δP

NA
h are compared for different Th/Te

simulations in figure 6. It is clearly seen that the fluid compon-
ent δPAh and kinetic component δPNAh accumulate together at
Th/Te = 3 and cancel each other at Th/Te = 25. The accumu-
lation occurs with a relatively weak FOW of kθρd ≲ 1, which
is valid for helium ash when nh ≪ ne, Th/Te ∼ 1 and βh ≪
βe,i. The cancellation occurs with a strong FOW of kθρd ≫ 1,
which is valid for the interplay between NBI EIs and KBMs
in small or medium size tokamaks. In addition, the fluid EI
results from dropping the kinetic response-related term {F} in
equation (26) of EI model B are represented by the blue dashed
line in figure 1, which exhibits a quantitative difference in ωr

and a qualitative difference in γ compared with the compre-
hensive model results. In order to accurately describe the EI–
KBM interaction process, both EI fluid and kinetic responses
should be kept over the full Th/Te range.

3.2. Non-perturbative EI influence on the KBM in the
long-wavelength regime of kθρd ≪ 1

Next, we carry out Th/Te scan simulations for case (II) using
mh/mp = 0.01, which consequently decreases the EI FLR and
EI FOW by a factor of 10 and increases the orbit frequencies
of ωϕ, ωθ and ωb by a factor of 10; the precession frequency
of ωpre remains the same as in case (I) as it depends on energy
rather than mass. From table 1, the dimensionless orbit fre-
quencies and widths of Th/Te = 25 in case (II) cover the para-
meter regimes of (βh ∼ βe,i, Th/Te ≫ 1, kθρd ≪1) and can be
analogous to alpha-particle interaction with Alfvénic modes in
ITER, which are typically characterized by small dimension-
less orbits and bounce-averaged dynamics [29].

The dependences of KBM ωr and γ on Th/Te are com-
pared between cases (I) and (II) in figures 7(a) and (b). It
can be seen that both ωr and γ increase monotonically with
increasing Th/Te in case (II), variations of which become non-
perturbative with ∆ωr/ωr ∼ 50% and ∆γ/γ ∼ 130% being
much larger than in case (I) over the range of Th/Te ∈ [1,35].
Specifically, in the regime of Th/Te ∼ 1, EIs can weakly
destabilize the KBM with βh ≪ βe,i in both case (I) and case
(II), influences of which are perturbative and no longer dis-
cussed here. In the regime of Th/Te ≫ 1, EIs can strongly
destabilize the KBM with βh ∼ βe,i in case (II) rather than
asymptotically approaching the dilution limit, which implies
that most EIs can effectively interact with the KBM and suf-
fer negligible FOW screening, consistent with kθρd ≪ 1 in
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Figure 7. Comparisons of the n= 10 KBM dispersion relation between cases (I) and (II) in table 1. The dependences of KBM (a) real
frequency ωr and (b) growth rate γ on EI–thermal electron temperature ratio Th/Te. The blue-circle line represents the case (I) results in
figure 1, and the magenta-diamond line represents the case (II) results using mh/mi = 0.01, which decreases EI FLR kθρh and EI FOW kθρd
by a factor of 10 compared with case (I). The middle and right columns show the mode structure of electrostatic potential δϕ in case (II) at
Th/Te = 3 and Th/Te = 25, respectively.

table 1. The δϕ mode structures of case (II) are shown in
figure 7, where the Th/Te = 3 results are similar to the thermal
ion limit in figures 2(a) and (d) with negligible EI modifica-
tion; it is obvious that the Th/Te = 25 results are affected by
the radial profile of the EI pressure gradient, which confirms
the non-perturbative EI influence in addition to the large vari-
ations of ωr and γ.

The EI pressure perturbation and |δf|2-intensity from the
Th/Te = 25 simulation of case (II) are shown in figure 8,
where FLR and FOW are an order of magnitude smaller than
in case (I). As shown in figures 8(a)–(d), the amplitudes of
total δPh become comparable to its fluid component δPAh and
kinetic component δPNAh , implying a weak FOW screening
effect, as expected, which satisfies δPh = δPAh + δPNAh with a
finite poloidal phase shift. The EI |δfh|2-intensities in case
(II) become drastically different from case (I); the EI net
response |δfh|2 consists of both high-energy passing EI and
low-energy trapped EI regions in figure 8(e), whereas |δfh|2
is only dominated by low-energy trapped EIs in figure 5(e).
|δfAh |2 in figure 8(f ) peaks in the pitch angle range of λ> 1
and energy range of Eh/Te ∈ [1,50], due to the smallness of
the FLR gyroaveraging effect with J0 (k⊥ρh)≈ 1 and large EI
population at Eh ∼ Th = 25Te, the mechanism of which is sim-
ilar to figure 4(f ) and discussed in detail in section 3.1. |δKh|2
in figure 8(g) not only distributes in the trapped region but
also governs |δfh|2 in the passing region of Eh/Te ∈ [25,75]
and λ< 1, which implies that the high-energy passing EIs
with small FOW in case (II) can resonantly interact with
the KBM. It should be pointed out that for passing particles
with a small dimensionless orbit of kθρd ≪ 1 and large orbit

frequency of ωϕ ∼ ωθ ≫ ω, the resonance condition of ω =
nωϕ − pωθ can be satisfied locally around the rational surface
of q= p/n, which can be intuitive by taking ωϕ = v||/R0 and
ωθ = v||/qR0 in the well-circulating limit and approximating
nωϕ ≈ pωθ, consistent with the runaway electron resonance
with MHD modes [34] and energetic electron excitation of
the ellipticity-induced Alfvén eigenmode in a recent EAST
experiment [35]. The characteristics of trapped and passing
EI resonances can also be reflected through the corresponding
pressure perturbations in figure 9. It is seen that the passing
EI-integrated δPph peaks at each rational surface with a radi-
ally discretized structure in figure 9(a), while the trapped EI-
integrated δPth in figure 9(b) is much smoother in a radial dir-
ection without localization, and the amplitude of δPph is larger
than δPth by a factor of 2, which indicates that the high-energy
passing EIs dominate over low-energy trapped EIs for non-
perturbative destabilization of the KBMat Th/Te = 25 for case
(II) in figure 7(b). On the other hand, it should be noted that for
the high-energy trapped EI region marked by the black dashed
boxes in figures 8(e)–(h), the EI fluid and kinetic responses
are opposite in sign, indicated by the negative δfAhδKh < 0, and
mostly cancel each other, resulting in a near zero net response
for high-energy trapped EIs. However, unlike strong FOW
screening in case (I), the mechanism of this cancellation in
case (II) in the regime of kθρd ≪ 1 is due to the lack of res-
onance conditiona with ω≪ ωd for high-energy trapped EIs,
which agrees with the finding in earlier studies [10, 13, 14]
that the zero-orbit-width trapped EI fluid potential energy δW f

and kinetic potential energy δWk can destabilize and stabilize
KBM, respectively (i.e. opposite effects). In the appendix we
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Figure 8. The 2D poloidal mode structure of EI pressure perturbations (upper row) and |δfh|2-intensities (bottom row) in case (II) at
Th/Te = 25. The other details are the same as in figure 4.

Figure 9. The 2D poloidal mode structures of EI pressure perturbations in case (II) at Th/Te = 25 for (a) passing particle contribution δPph,
(b) trapped particle contribution δPth and (c) total δPh = δPph+ δPth, which are normalized by the maximal amplitude of δPh, i.e.
max(|δPh|). The black lines represent the rational surfaces of q= 1.2,1.3,1.4,1.5 from inner to outer regions.

analytically derive the trapped EI fluid and kinetic responses to
KBM electromagnetic fluctuations based on EI model B, and
prove the cancellation between MHD ballooning-interchange
and KPC (i.e. terms {E} and {F} in equation (26)) consistent
with GTC simulation results.

3.3. Nonlinear EI transport by KBMs

We further extend the linear analysis of KBM stability to the
nonlinear regime to study the influences of EIs on KBM non-
linear saturation and plasma anomalous transport. As well as
n= 10 KBM electromagnetic fluctuations, the zonal flow δϕ00
and zonal current δA||00 are also kept in the nonlinear simula-
tions which can be generated through a beat-driven process
with a twice linear growth rate γZ = 2γKBM; this can effect-
ively regulate the n= 10 KBM and lead to nonlinear saturation
[19]. It should be noted that all simulations in this work were

carried out with collisionless plasmas, and the primary dis-
sipation mechanisms in nonlinear simulations include nonlin-
ear Landau damping by thermal ions and EI FOW screening.
The time evolutions of volume-averaged KBM δϕ perturba-
tion, thermal ion particle diffusivity Di, heat conductivity χi
and EI particle diffusivity Dh are compared between cases (I)
and (II) at Th/Te = 3 and Th/Te = 25, as shown in figure 10,
corresponding to the EI dimensionless parameters listed in
table 1.

From figures 10(a)–(c), the slopes of δϕ, Di and χi history
curves in the linear stage are consistent with KBM growth
rates in figures 1(b) and 7(b), and become steeper/flatter for
destabilization/stabilization compared with the thermal ion
limit results indicated by black solid lines. The KBMs reach
initial saturation at the turning points of each curve, where the
saturation and transport levels are measured. It can be seen
that KBM saturation is insensitive to the linear growth rate
due to the zonal flow regulation mechanism, which leads to
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Figure 10. Nonlinear GTC results for (a) n= 10 KBM electrostatic potential amplitude |eδϕ/Te|rms (where | · · · |rms denotes the
root-mean-squared operation), (b) thermal ion particle diffusivity Di/DGB,i, (c) thermal ion heat conductivity χi/χGB,i and (d) EI particle
diffusivity Dh/DGB,h. Gyrobohm units are used for transport coefficient normalizations with DGB,α = χGB,α = ρ∗αcTe/eBa, where α= i,h
and ρ∗α = ρα/a is the gyroradius normalized by the tokamak minor radius.

the close saturation levels of δϕ, Di and χi at Th/Te = 3 and
Th/Te = 25 for case (I) and case (II), although the results for
Th/Te = 25 in case (II) are relatively higher than the others
but still have the same order of magnitude; thus the influences
of EIs on the KBM nonlinear saturation level and thermal ion
transport coefficients can be ignored. However, the EI particle
diffusivity Dh in figure 10(d) significantly varies between dif-
ferent simulations; this is mostly determined by the resonant
EI population fres and resonant energy Eh. It can be seen from
figure 10(d) that theDh saturation level in the Th/Te = 25 sim-
ulation of case (II) (blue solid line) is more than one order of
magnitude larger than in the Th/Te = 3 simulation of case (I)
(red dashed line), and is more than two orders of magnitude
larger than in the Th/Te = 25 simulation of case (I) (red solid
line), consistent with the distribution domain sizes of |δfh|2
and fh as shown in figures 3 and 8(e). In addition, the Dh sat-
uration level in the Th/Te = 3 simulation of case (II) (blue
dashed line) is also more than an order of magnitude larger
than in the Th/Te = 3 simulation of case (I) (red dashed line)
in figure 10(d), which are both dominated by precessional drift
resonance of ω = nωpre at the same Eh, while the FLR and
FOW in case (II) are smaller than in case (I) by a factor of 10,

which minimizes the FLR gyroaveraging and FOW screening
effects and thus enhances EI transport.

Figure 11 illustrates the dependence of the saturation levels
for the electrostatic potential and the transport coefficients of
thermal ions and EIs on the ratio Th/Te, with all levels meas-
ured at the time of saturation. The scaling trends are consistent
with the physical picture presented in figure 10. Notably, the
saturation level of Dh in case (I) exhibits a dependence on Th
that is consistent with EI transport driven by the ITG [36, 37].
This agreement underscores the significance of FOW and FLR
effects. It further demonstrates that EI transport remains signi-
ficant when Th ≳ Te and becomes negligible for Th/Te > 10.
In contrast, for case (II), Dh increases markedly with Th in the
regime where Th ≫ Te. This suggests that resonance between
EIs and KBM in the long-wavelength regime, occurring via
transit motion resonance, can substantially alter the physical
nature of transport.

In summary, for high-temperature EIs with Th/Te =
25, KBMs can cause significant EI transport in the long-
wavelength regime of kθρd ≪ 1 due to passing EI transit
motion resonance, resulting in a much larger EI particle
diffusivity compared with thermal ions with Dh ≫ Di. In
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Figure 11. Comparisons of nonlinear simulation results for a n= 10 KBM between cases (I) and (II) in table 1 at the time of saturation. The
dependences of KBM (a) electrostatic potential amplitude |eδϕ/Te|rms, (b) thermal ion particle diffusivity Di/DGB,i, (c) thermal ion heat
conductivity χi/χGB,i and (d) EI particle diffusivity Dh/DGB,h on the EI–thermal electron temperature ratio Th/Te. Other details are the
same as in figure 10.

contrast, EI transport can be greatly reduced in the short-
wavelength regime of kθρd ≫ 1 due to strong FOW screening;
particle diffusivity is much smaller than thermal ion diffusiv-
ity withDh ≪ Di. For low-temperature EIswith Th/Te = 3 and
mh/mp = 1, EI transport is similar to that of thermal ions when
Dh ∼ Di. It should be noted that recent AUG experiments have
observed the strong impacts of EIs on edge-localized modes
(ELMs), which significantly modify the mode amplitude and
frequency spectrum as well as the nonlinear crash, where the
wave–particle resonances between EIs and n ~ 8–10 ELMs
play a leading role [38]. Although we focus here on the EI
transport induced by core KBMs, the interaction mechanisms
proposed in this work are general and can be applied to edge
KBMs characterized by a high-n spectrum around kθρi ∼ 1 (ρi
denotes the thermal ion FLR), which cause negligible EI trans-
port due to a large FOW screening effect.

4. Summary

In this work, the influences of EIs on KBM stability were
investigated based on global gyrokinetic simulations over a
wide range of EI orbit frequencies and orbit sizes. In order to
delineate the separate effects of EI fluid and kinetic responses,
a new gyrokinetic EI model was formulated and implemen-
ted in GTC code based on the Chen–Hasegawa theory [20],
which splits the perturbed distribution into adiabatic fluid con-
vection response and non-adiabatic kinetic response as δfh =
δfAh + δKh and solves each dynamic, showing excellent agree-
ments with the conventional δf -method. By performing KBM
simulations with EIs using both the conventional δf -method

and the newly developed split scheme, the EI |δf|2-intensity in
(E,λ) phase space and perturbed pressure in real space can
be evaluated for the EI net response together with its fluid
and kinetic parts, which are consistent with each other satisfy-
ing δPh = δPAh + δPNAh . The EI–KBM resonance condition, EI
FLR/FOW and EI drive strength rely on the key dimensionless
parameters of Th/Te, kθρd and βh, which mostly determine the
physical process of EI–KBM interaction. The results of three
typical parameter regimes are summarized as follows:

(i) For low-temperature minor ion species with (βh ≪ βe,i,
Th/Te ∼ 1, kθρd ∼ 1), such as helium ash, EIs can reson-
antly interact with the KBM through transit motion res-
onance and precessional drift resonance with ω ∼ ωtr ∼
nωpre, and give comparable fluid and kinetic responses
with modest FOW screening that destabilize the KBM;
influences on KBM linear stability and nonlinear satura-
tion level are perturbative due to the small drive strength
of βh ≪ βe,i. The KBM-induced EI particle diffusivity is
of the same order as thermal ions as Dh ∼ Di.

(ii) For NBI EI and short-wavelength KBMs with (βh ∼
βe,i, Th/Te ≫ 1, kθρd ≫ 1), the EIs stabilize the KBM
through thermal ion dilution with perturbative influences,
attributed to the fact that strong FOW screening leads
to cancellation between fluid and kinetic responses in
the high-energy regime Eh ∼ Th ≫ Te, resulting in a near
zero net response for the majority of the EI popula-
tion, while the fraction of resonant EIs in the low-energy
regime of Eh ∼ Te is much smaller than the total EI pop-
ulation with fres ≪ fh; the small drive cannot overcome
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stabilization of thermal ion dilution despite the large
βh ∼ βe,i. Since the KBMelectromagnetic fluctuations are
greatly reduced due to large FOW screening, EI particle
diffusivity becomes much smaller than that of thermal
ions with Dh ≪ Di.

(iii) For alpha particles and long-wavelength KBMs with
(βh ∼ βe,i, Th/Te ≫ 1, kθρd ≪ 1), the high-energy
passing EIs can non-perturbatively destabilize the KBM
through transit motion resonance around the rational sur-
face q= p/n (p is an integer), where the large toroidal fre-
quency ωϕ ≫ ω and poloidal frequency ωθ ≫ ω mostly
cancel each other and satisfy ω = nωϕ − pωθ, and the EI
particle diffusivity is much larger than thermal ion dif-
fusivity, with Dh ≫ Di. The high-energy trapped EI net
response is near zero due to mismatch of the resonance
condition with ω≪ nωpre, which is confirmed by both
simulation and theory. The KBM mode structure adapts
to the EI drive radial profile of |R0/Ln,h| to a certain degree
due to the non-perturbative influence of passing EIs.

The KBM nonlinear saturation level is barely affected by
EIs in all regimes due to the dominant zonal flow regulation
mechanism [19]. It is worth mentioning that points (i) and (ii)
represent the traditional picture, being consistent with EI–ITG
interaction in [36, 37], highlighting the importance of FOW
and FLR and showing that the EI transport coefficient maxim-
izes at Eh = 2Te and becomes negligible at Eh/Te > 10. Item
(iii) introduces the newmechanism of transit motion resonance
between small dimensionless orbit EIs and low-frequency drift
Alfvénic waves, which dominates EI–KBM interaction in the
long-wavelength limit, either for low-n modes or for large
machine sizes. It should also be pointed out that a global tor-
oidal geometry with concentric circular poloidal section was
used in this study to demonstrate the direct effects of EIs on the
KBM, the central peaked EI pressure might also increase the
Grad–Shafranov shift and alter the boundaries of the KBM’s
first and second stability region as an indirect effect; this will
be considered in future work.
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Appendix. trapped EI response function in the
zero-orbit-width limit

To interpret the opposite phase and cancellation betweenMHD
ballooning-interchange and KPC for high-energy trapped EIs
with mass ratio mh/mi = 0.01 in the regime of Th ≫ Te,i

from GTC simulation, in this appendix we theoretically derive
terms {B} and {C} for EI species in the Chen–Hasegawa
gyrokinetic vorticity equation described by equation (19),
which corresponds to MHD ballooning-interchange and KPC
from the integration of δfAh and δKh in velocity space. In order
to delineate the role of the EI pressure gradient in a con-
cise manner, EI FLR and FOW are not taken into account
due to the small EI mass ratio. The EI diamagnetic drift
frequencies are set to be consistent with GTC simulation,
namely ω∗T,h = 0 due to the uniform EI temperature profile
and ω∗n,h ≫ ω due to ω ∼ ω∗p,i and Th ≫ Te,i, which indic-
ates that EI pressure (density) gradient-related terms dominate
over the adiabatic and non-adiabatic responses. Moreover, the
isotropic Maxwellian and electromagnetic Alfvénic polariza-
tions of δϕ = δψ are applied. Then the EI adiabatic response
in equation (21) reduces to

δfAh =− Zh
Th0

δψ
ω∗n,h

ω
fh0. (34)

Considering equations (28) and (29), the MHD ballooning-
interchange in equation (19) becomes

term{B}=−4π iω
c

b0 ×κ

B0
·∇
(
δPA||h+ δPA⊥h

)
=−8π

c2
Z2hnh0
Th0

ω∗n,hωD,hδψ, (35)

where ωD,h =−i cTh0ZhB0
b0 ×κ ·∇. It should be noted that

equation (35) takes into account the adiabatic responses of
both passing and trapped EIs, namely the MHD ballooning-
interchange arises from the fluid convection response of
particles of all orbit types. For comparison, the KPC is sens-
itive to pitch angle and different between passing and trapped
EIs, which relies on the particular motion frequency and
wave–particle resonance condition. It is seen from figure 8
that in GTC simulation the cancellation mainly occurs in
regime of high-energy trapped EIs. Following the approach in
reference [39], we solve the non-adiabatic response for trapped
EIs by using the deeply trapped approximation and perform-
ing the bounce-average operation (. . .) =

¸
(. . .)(dl/v||)τb on

equation (18), where τb =
¸
(dl/v||) is the bounce period. Then

we obtain

δKtrap
h =− ωd,hδψ

ω−ωd,h

Zh
Th0

ω∗n,h

ω
fh0, (36)

where ωd,h denotes the precession frequency, which can be
approximated as ωd,h ≈ ωD0,h =−i cTh0ZhB0

b0 ×κ ·∇|θ=0 based

on the deeply trapped approximation, and ωd,hδψ ≈ ωd,hδψ
can be applied for ballooningmode structures with |nq−m| ≪
1 [39]. By integrating equation (36) in velocity space for all
trapped EIs, term {C} in equation (19) can be expressed as

term{C}=−4π iω
c2

Zh⟨vd ·∇δKtrap
h ⟩v,h

=
8π
c2
ft
Z2hnh0
Th0

R5

(√
ζ
)
ω∗n,hωD0,hδψ, (37)
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where ft = 1
nh0

´
trap fh0dv=

√
1−λmin

B0
Ba

denotes the trapped

EI fraction on the poloidal plane, λmin = Ba/Bmax represents
the lower limit of trapped particle pitch angle, Ba is the on-axis
magnetic field strength and B0 and Bmax are the local and max-
imal magnetic field strengths on the flux surface, respectively.
R5(

√
ζ) is the deeply trapped particle response function with

ζ = ω/ωD0,h

R5

(√
ζ
)
=

3
4
+

1
2
ζ + ζ2 +(ζ)

5/2Z
(√

ζ
)
, (38)

where Z(x) = 1√
π

´ +∞
−∞

exp(−t2)
t−x dt is the plasma dispersion

function.
For Th ≫ Te,i, the precessional drift resonance condition

is no longer satisfied when ζ = ω/ωD0,h ≪ 1. Combining
equations (35) and (37), the ratio betweenMHD ballooningin-
terchange and KPC in the limit of ζ → 0 can be readily
obtained as

term{C}
term{B}

∣∣∣∣∣
ζ→0

∼−ftR5 (0)∼−3
4
ft. (39)

Note that the 3/4 factor in equation (39) is due to the deeply
trapped approximation, the ratio is close to −ft and indic-
ates that the KPC of trapped EIs will cancel their fraction
in MHD ballooning-interchange, leading to the zero trapped
EI response to KBM electromagnetic fluctuations when ω≪
ωD0,h ∼ ωd,h. This physical picture is similar to the trapped
electron effect in ITG mode, since the precessional drift dir-
ection is opposite to the ITG propagation direction for most
trapped electrons and no resonant interaction happens, which
also lead to the zero trapped electron response to ITG fluc-
tuation rather than an adiabatic one [40]. Interestingly, the
consequences of the zero trapped electron response for ITG
and the zero trapped EI response for the KBM are opposite—
the former destabilizes ITG by decreasing the adiabatic elec-
tron shielding effect in the dielectric constant (note that
plasma adiabatic response to δϕ induces a shielding/screen-
ing effect on electrostatic modes rather thanMHD ballooning-
interchange drive induced through δψ). These theoretical ana-
lyses can explain the opposite contribution between MHD
ballooning-interchange and KPC for high-energy trapped EIs,
as shown in figure 8.
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