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Abstract

Interactions between energetic ions (EIs) and kinetic ballooning modes (KBMs) are inevitable
in fusion reactors characterized by high-3 plasmas with a large population of alpha particles
(Bh ~ Be,i» where B . = Zuoph)e,i/B%). 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 7, /T,, the KBM perpendicular wave vector normalized by EI orbit
width kg p, and the EI pressure ratio 3, which are associated with resonance condition, finite
orbit width (FOW) screening and EI drive strength for Alfvénic modes. For typical orderings of
T,/T, > 1 and Bj ~ B.,;, kops becomes crucial for relevant physical processes. (i) In the
short-wavelength regime of kg p,; > 1, the response of Els 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 [3,. (ii) In the long-wavelength regime of

kopa < 1, passing Els 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 w = nw, — pwg locally around g = 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 T}, /T, 2 1, such as helium ash, FOW screening is
modest with kgps ~ 1 and the drive strength is perturbative with 3, < S, ;, 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.

* Authors to whom any correspondence should be addressed.

Original content from this work may be used under the
5Y terms of the Creative Commons Attribution 4.0 licence. Any
further distribution of this work must maintain attribution to the author(s) and

the title of the work, journal citation and DOI.

1741-4326/26/026013+18$33.00  Printed in the UK 1 © 2025 The Author(s). Published by IOP Publishing Ltd on behalf of the IAEA


https://doi.org/10.1088/1741-4326/ae27e3
https://orcid.org/0009-0007-8132-913X
https://orcid.org/0000-0002-2890-0700
https://orcid.org/0000-0001-8229-2198
https://orcid.org/0000-0002-7136-2119
https://orcid.org/0000-0002-7734-3736
https://orcid.org/0000-0003-2007-8983
https://orcid.org/0009-0004-8058-310X
https://orcid.org/0000-0002-7548-8819
https://orcid.org/0000-0002-2500-3721
https://orcid.org/0000-0002-4643-597X
mailto:jbao@iphy.ac.cn
mailto:wzhang@iphy.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1088/1741-4326/ae27e3&domain=pdf&date_stamp=2025-12-30
https://creativecommons.org/licenses/by/4.0/

Nucl. Fusion 66 (2026) 026013

W.J. Sun et al

Keywords: kinetic ballooning mode, energetic ion, phase space, wave particle resonance

(Some figures may appear in colour only in the online journal)

1. Introduction

The kinetic ballooning mode (KBM) is a typical drift Alfvén
wave (DAW) instability driven by both magnetohydrodynamic
(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-( stabilization
B= Zuop/B(Z)) [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 (w), 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 Els on the stability of the KBM is required;
the physical mechanism of this could be complicated due
to the strong coupling of Els with thermal plasmas in the
regime (3 ~ f..

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 Els can destabil-
ize the KBM through the fluid term of Wy, while stabilizing
it through the kinetic term of §W; in the limit of w < nwpre
(wpre 1s the EI precession frequency) [10]. Biglari and Chen
studied the effects of wave—particle resonance for both cir-
culating and trapped Els, 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 Els 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 Els 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-3 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 df and a non-adiabatic kinetic response 6K}, as
8fy = 8fy + 5Ky; these are responsible for MHD ballooning-
interchange drive in reactive-type and wave-particle resonance
drive in dissipative-type, respectively. The KBM dispersion
relation and mode structure and EI |f]? intensity and perturbed
pressure are obtained with different 73, /7T, and my/m, val-
ues, covering a wide domain of EI pressure ratios (3, dimen-
sionless orbit widths kgp,; and various wave—particle reson-
ances. Our findings demonstrate that for typical EI paramet-
ers of T, /T, > 1 and f3, ~ S, 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 kgps>>1 due to strong FOW screening and lack of res-
onance conditions; this perturbatively affects KBM stability
via thermal ion dilution, despite the large /3. The influence
of Els on the KBM becomes non-perturbative in the long-
wavelength regime of kygpy; < 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 T, /T, 2 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 (3, similar to
thermal ion dynamics for KBM excitation [21, 22]. The non-
linear transport properties of Els due to KBMs in the above
regimes are also presented. It should be pointed out that we
remove magnetic compressibility 6B in this work, which is



Nucl. Fusion 66 (2026) 026013

W.J. Sun et al

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 Jf-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 |&f%-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
w < nwpre and long-wavelength kypy < 1 limits.

2. Physical model

In section 2.1 we describe the GTC physics model used in sim-
ulations; the thermal ions and Els are described by gyrokinetic
equations with the conventional Jf-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 Jf-method is referred to as EI model A. In
section 2.2, the gyrokinetic model is reformulated for Els
by splitting the perturbed distribution into adiabatic and non-
adiabatic parts corresponding to MHD 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 Els on
KBM instability.

2.1. Gyrokinetic ion and fluid electron electromagnetic model
(El model A: conventional 6f-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 hybrid model that solves
the drift kinetic equation based on the expansion method using
the small parameter 6 ~ w/ (kHVII) < 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 §E)| 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
w as the independent coordinates in five-dimensional phase
space (R,v)|, ) as

a - .0
&+R.V+VHWH fa (R,vH,u,t) =0, (1)
. B _
R:VHbo-‘rvHBf*-i-VE-i-Vd, 2)
I
B* Zg, 6(5714”
=———-(Z B —_—
I ma B (ZaVd¢ + uVBy) — om. a7 3)

where Z,, m, and f, represent the charge, mass and dis-
tribution for o =1i,e,h species respectively. d¢ and A
are the perturbed electrostatic potential and perturbed paral-
lel vector field of the magnetic field. B* =By + 6B, 0B =
V x (0Abg), By =B + (B()VH/Q )v x by, Qa = ZoB and
Bj = by - B{. The overbar ( 5 [dxdé (.. )6 (R+ pa —
x) represents the gyroaverage operatlon, & is the gyrophase
angle, x is the particle position and p, = b“é% is the gyrora-
dius. Vg and vq represent the E x B and magnetic drift as

- b 0p
vy = Do x Voo ";V ¢
Il
and
cmaV?
V4 = A B*HbOXFH—Z g*boxVBo,

where the magnetic field curvature K = by - Vby.

To reduce particle noise, the Jf-method is used to solve
equations (1)-(3), splitting the propagator and distribution
function into equilibrium and perturbed parts as L = Ly + JL
and f,, = fa0 + dfa, and reading

0 T 0
LO—&ﬁ‘(VHbo-i-Vd)-v BrlB VB()aVH
0L = VE+VH5B V- |-L_5B.VB,
Bj maB)
B* 186AH 0

The equilibrium distribution function can be approxim-

ated using the local Maxwellian as faoznao(zg’;o)yz

2
mea Vi +21Bo . gy . .
exp(———3p——), Where 1, is the equilibrium density and

T,o is the equilibrium temperature of each species. Then
equations (1)—(3) can be decomposed into separate equations
for f,0 and df, as

Lofao =0 (€]
and

(Lo +0L) 0fo = —0Lf 0. ©)
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Then we only need to evaluate J0f, from equation (5)
using gyrokinetic particle simulation and greatly decrease the
particle noise level from the equilibrium part. In practice
with the Jf-method an equivalent particle weight equation is
evolved for w,, = 0f, /f, instead of equation (5), which reads

dw, B\ Viw B*

Z,05A, 3B 1 of,
-v5¢+7—+u -VB())fO]. (6)

ot Bl*l Jfa0 8VH

Next, we present the massless fluid equations for

electrons with Maxwellian equilibrium distribution f,o =

2
neo(zf;o)yzexp(—%jugo). Applying equation (5) for

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

don,

6B
o +V- |:neo (5M||eb0+VE+M€OBO>

e0

+T7 (5PLeVg + 5Pch):| =0, @)

where ouj, and uj are the perturbed and equilibrium
parallel velocities and Vg = ‘T“U bo X VBy, Ve = ‘T‘O b X K.
6PH€ —
[ 1Bodf.dv is perturbed perpendicular pressure, and [dv =

i—” / Bﬁ dv||dp. The electron parallel fluid velocity du, can be
calculated by inverting the parallel Ampere’s law as

Ik mevuéfedv is perturbed parallel pressure, (5P e =

Suje = VIOA,  ®)

5MH +

T eNeo

where nioaw = vadﬁdv, nhoauh = vadfhdv, and de =
i—z fBI*Idedui J8(R+ po —x)dRdE. To the lowest-order
adiabatic electron response, we have

VHbO . V(;fe = —V|| B ero |:M5B . VB()
by vop+ L AN My )
o c Ot T.o <0

For most pressure-driven Alfvénic modes, the parallel vector
potential is dominated by the non-tearing component JA | ~
0A| (kll #* 0) , and J6A|| /Ot can be expressed as

D3A,|
7 = cby - Viging-

(10)
Considering equation (10) and the definitions of 0B =
V x (5A||b0), By = vao x Vagp and 0B = Vd),,() x Voo +
V1), x Voy using Clebsch representation in Boozer mag-
netic flux coordinates, with 1,9 and 81, being the equilibrium

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

Ieo
8¢p0 ViVl

Ieo

8&() Vi|sVL

3, = —— (66 + 5bma) foo +

Te() 6wp *

da,
1D

where the dynamics equations for 41, and do can be obtained
as

86¢p _ 86¢ind
a  dag (12)
and
8(50& o 86¢ind
B =c Do (13)

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

€5¢ind on, e 1 _
T.o no T Neo OUpo 1o Oovg

1 al’leo

oo (14)

and adiabatic electron pressure moments 6P|, and 0P |,

0 (neO TeO)
0o

Sa. 5)

5PH9 =P, = eny ((5¢ + 5¢ind) 5¢p

0 (neO TeO)
+ 60&0

d¢ is solved by the quasi-neutrality condition

Z ZTnao (5¢ (M) ) = Z;6n; + Zyony, —eon,,

a0 (16)

a=ih

where (%a = nlj / fa00pdv is the second gyrophase-averaged
potential and on, = f dfodv. 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 Jf-method to solve df),
directly and does not differentiate adiabatic fluid convection
and non-adiabatic kinetic responses.

2.2. El 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 Jfj, = 5fh + 0K, following kinetic theory [11, 20, 28].
According to the Chen—Hasegawa scheme [20], the gyrocenter
adiabatic distribution df} in (R, e, ;1) space is defined as

Z, 0
1}‘1\ iﬂjoqgfi

fi0dodt,
92 Qf/oJol/f

A7)
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where € =1?/2 is the energy per unit mass, Ofyo = wafh" +
thk X bo - Violeus Q= Z(’;f/" Jo=Jo (ki py) is the zeroth
Bessel function of the first kind and p;, = v, /€2, is the Larmor

radius. The perturbed field v is related to the parallel vec-

5i- = —cbg - V1. Then the linear
gyrokinetic equation for the gyrocenter non-adiabatic distribu-
tion 0K, is

00K},

78/ + (VHb() —‘rVd) . V5Kh|a,u
.Zh A Zh 1.

=i—0Ofio (Jod¢ — Jod¢) + ——Ofwova - V (Jod1)) . (18)
my, my w

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 Ampere’s law equation (8) and
quasi-neutrality condition equation (16), which reads

2
w njo npomy 21
= ( + ) V236
Vi \teo  Neom;
w [ npo oMy,
~n (W*p,i + ———Wip VL(SQS
VA neo neom;

term{A}

+By-V {IVi (bo - vaw)]

f—V(bo V50 x by - v( '°>
By

Ariw by X Kk — —A
el D v <6PHa +5Pm)
a=i,e,h
term{B}
A
- Z;“ 3" Zolova- V6Ka)a =0, (19)
a=i,e,h
term{C}
where Wi o = C a"k x bg - VS&“’ o =1i,h are the diamag-

netic drift frequen01es of thermal ions and Els, respect-
ively, and V4 = \/é%’ (cva=[( )= B*dedué(R—i—
po —X)dRAE/(2m). 8P|, = (ma i df)va and 0P, =
(uBodfA),. o Tepresent 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 fj,o =

my, 3/2 mupe
"ho (27" Th()) exp ( Tho

written as

), equation (17) can be explicitly

Zh Wsn,h

ofp = —*Jo (0 —69) fio — 71051/1

X [1+77h (n;:(f - >:|fh07

(20)

where 7, = VTj,0/Vny. Considering the relation tho|v‘ =

Viiole—£ X f" fro 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|| u) coordinates:

VHbO-Véfz vfh0|VH7M |:'U(SB

3B
“Vig
VBy+7 (b v5¢+l—a(m” g
o+Zy| bo- o Tio hO-
ey

Since the form of equation (20) explicitly contains w 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

Zy — o | 3fho —
ofy = ——=— (0 + oy, + 0 da,
7 Tho( G+ 00ing) fro Do . Y, + Dag 1y, 0

(22)
where
6wf' _ 8%ind
or ¢ Oy (23)
and
8@ 8(5¢ 0Ping.
— = n 24
ot 61/1,,() 24)

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

P . B
[& + (VHbO"‘Vd) 'V|VH”U' B VB()8 :| 0K,
0B
= <V||+VE> tho|v7,f|-|: o OB - VBQ+7

5o . LO0AY | 9o
By c Ot 3V||

“ 5By VB }51’“.
(25)

- [3, + (vyibo +va) -

By performing coordinate transform between (R,vj|,x) and
(R,e, 1), 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 0B,
effect of drift reversal cancellation by replacing VB, /By with
k [18], we have



Nucl. Fusion 66 (2026) 026013

W.J. Sun et al

Aoy, 100U 1
B, -
ot +By-V ( B,

+/Bi (by X V83 VInfioly, . +V X by - V5B) frodv
0

term{D}
c by Xk —A  —A
+ 5V (5PH,1 +6PU,)
term{E}
c bgxk SNA | =NAY
75V (3P +3P14) =0, (26)
term{F}
where
— 1
5u||h = —/VH(SKth, (27)
1ho
5P||h = mth(sf/;‘dV = —Zhnh() (5¢ + 6¢ind)
0 (npoTho) = O (nnoTho) —
) ) 28
t—5 o ¥, + By (28)
7A —~ —~
0P, = /uBo(;ﬁ;‘dV = —Zpnno <5¢ + §¢ind>
0 (nuoTho) — O (nnoTho) —
) ) 2
+ Do Y, + Dy 0 (29)
3P, = / m} 0Ky dv (30)
and
5Py = / 11BodKdy. G1)

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 El-induced plasma diamag-
netic convection, MHD ballooning-interchange and KPC,
respectively.

Making use of equations (7), (14) and (23), the time deriv-
ative term 9,0f; on the right-hand side of equation (25) can be
evaluated by

Jho ot e Thone Ot
n <3lnﬁ,0 é Te() 3lnneo> (_Ca&bmd)
OYpo le e Tho OPpo dagy )

(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 Els 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 Els 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 Jf-method and
EI model B using the split scheme are applied in this section,
and detailed information on EI total response Jf}, adiabatic
fluid response Jf} and non-adiabatic kinetic response JKj,
as well as corresponding pressure perturbation structures, is
provided. It is worthwhile mentioning that the effect of Els 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 Els with small variations Ay < 7y
and Aw, < wp. In the non-perturbative regime, the El-induced
growth rate and real frequency variations increase to Ay ~ g
and Aw, ~ wy, and the spatial mode structure is also influ-
enced by the EI drive profile. Here, ¢ and wq denote the KBM
growth rate and real frequency in a single-ion-species plasma
without Els.

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 Ry = 83.5 cm, the inverse aspect ratio
a/Ry = 0.357, the safety factor g= 1.4 and magnetic shear
s=(r/q)(dg/dr) =0.78 at r =0.5a, and the on-axis mag-
netic field strength B, = 2.01 T. The background plasma para-
meters include T; = T, = 2223 eV, p;/Ro ~ 0.0029, Ry /Lr,; =
Ro/Lr.=6.9, n,=9x10%cm™3, Ry/L,,=2.2 and S, =
2% at location g=1.4, where Lr,=|VT,/T,|™!, Lr;=
|VT;/T;|~' and L,,=|Vn./n,~'. The EI density nj=
0.03n, and Ry/L,, =20 at location g= 1.4, where L, =
|Vny/ny| ~'. The EI temperature Ty, is uniform (i.e. Ry/Lr ), =
0) and varies in different cases. The thermal ion density
is determined by the quasi-neutrality condition Z;n; = en, —
Zpny, and the proton charge is applied for both thermal ions and
El species (i.e. Z; = Z, = e). Within these parameters, the ref-
erence case of a n =10 KBM in two-species plasmas without
Els gives a real frequency of wg = 2.17C; /Ry and growth rate
of yo = 1.42C; /Ry, where C; = /T, /m; is the speed of sound.

In present-day tokamaks and future fusion reactors, Els
are characterized by a small density with n, <n.; and a
high energy with T}, > T, ;, which result in the same order
of pressure magnitude for EI and thermal species as [, ~
Be,i; thus ElIs 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 T), /T, = 3 and T}, /T, = 25. wg = vin/Ro and wg = v/ (gRo) denote the passing EI toroidal
and poloidal frequencies at thermal speed. wy = v/evn/(gRo) and wpre = gEn/ (rmyRoS2y) denote the trapped EI bounce frequency at
thermal speed and precession frequency at Ej, = T, where vy, = \/Tj/myp, € = r/Ro, Oy = Z,Ba/cmy, and wy denotes the real KBM
frequency in two-species plasmas without EI. The resonance conditions of passing and trapped Els can be expressed as w = nwg — pwg and
w = nwpre + lwp, respectively, where p and [ are integers. p, = v/, pl; = qpn and pj; = gpi/+/€ represent the EI FLR, passing El FOW
and trapped EI FOW, respectively. All are normalized by KBM poloidal wave vector kg.

Case my/my Ty/T. Ba we /wo we Jwo wp/wo NWpre /wo kopn koph) kopl
@ 1 3 0.098. 1.13 0.81 0.34 0.76 0.55 0.78 1.8
@ 1 25 0.758. 3.26 2.33 0.98 6.3 1.6 22 53
dn 0.01 3 0.095. 11.3 8.1 34 0.76 0.055 0.078 0.18
dn 0.01 25 0.758. 32.6 233 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, Els have a weak impact on
electrostatic modes with free energy drive scaled by density,
which is much smaller than for bulk plasmas with n, < n,;
[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
T,/T., the KBM perpendicular wave vector normalized by EI
orbit width kgp, (i.e. FOW) and the EI pressure ratio (3, 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 T}, /T, and my, /m,, for
combinations of different resonance channels, kgp; and 3
regimes. Specifically, a series of simulations are conducted in
two groups: case (I) applies mj,/m, = 1 and case (II) applies
my/m, = 0.01; both scan 7}, /T, in the range of T}, / T, € [1,35],
where examples are listed in table 1 for the key parameters of
low temperature T}, /T, = 3 and high temperature T}, /T, = 25.
Note that the dimensionless parameters are instructive in phys-
ics rather than the actual values used here. Case (I) using
my/my, = 1 is relevant to neutral beam injection (NBI) Els in
present-day machines of small or medium size, characterized
by E; ~ 100keV, Ry ~ 1 m and large dimensionless orbits (i.e.
kopg > 1). Case (II) using mh/mp = 0.01 increases wg, wg and
wy, by a factor of 10, decreases kg pj, and kg p, by a factor of 10
and does not alter wpre, which can be analogous to the con-
ditions of fusion-born alpha particles in large machines such
as ITER, characterized by E;, ~ 1 MeV, Ry ~ 6 m and small
dimensionless orbits (i.e. kgpy < 1) [29].

3.1. Perturbative El influence on the KBM in the
short-wavelength regime of kgpg > 1

We first carry out Tj/T, scan simulations for case (I),
which covers both the helium ash parameter regimes (3, <
Be,isTn/Te ~ 1,kgpa ~ 1) and the small machine NBI EI para-
meter regimes (8 ~ B,.i, Tn/Te > 1,kgpa > 1). For fixed EI
density ny = 0.03n,, EI mass my/m, =1 and an = 10 KBM,
the dimensionless EI orbit frequencies and orbit widths are
computed at T, /T, =3 and T, /T, = 25 in table 1, which are
relevant to helium ash and NBI Els, respectively.

The dependences of real frequency w, and growth rate -y
on T, /T, 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 w, and ~ are
insensitive to 7,/T, with variations up to Aw,/w, ~20%
and A~,/7, ~30% across a broad range of T,/T, € [1,35].
As T,/T, increases, w, exhibits an increasing trend, while
~ increases in the regime of 7),/T, ~ 1 and decreases in the
regime of T}, /T, > 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
El fraction in the equilibrium quasi-neutrality condition of
Zin; = en, — Zyny, while it reduces EI perturbations of dn;, =
0 and duj, =0 in equations (8) and (16); the thermal ion
limit drops for Els in both equilibrium and perturbed parts.
At T,/T, = 1, the KBM dispersion relation and mode struc-
ture are the same as the thermal ion limit results, since the
properties of Els are identical to those of the thermal ions
(recall that T; = T, for bulk plasmas). At T,/T, > 1, w, and
~ curves approach the dilution limit results asymptotically,
exhibiting weak stabilization compared with the thermal ion
limit. The KBM mode structures of electrostatic potential §¢
from T,/T, =1, T,/T, =3 and T,/T, =25 simulations are
compared in figure 2, and the dA| mode structure is correl-
ated to ¢ through equations (10) and (14), which is consist-
ently modified by Els with different T}, /T, values and thus
omitted in our analyses. In figure 2(a) for T}, /T, = 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 T, /T, = 25,
which implies that the Els still can non-perturbatively alter the
KBM mode structure when §j, ~ (., 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
El-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 Els in case (I)
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Figure 1. n =10 KBM dispersion relation in the presence of minor EI species with n; /n. = 0.03. The dependences of KBM (a) real
frequency w, and (b) growth rate  on the El-thermal electron temperature ratio 73, /T, obtained from EI model A and EI model B. Fluid EI
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F} in equation (26) is removed, the others are the same as EI model B.
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Figure 2. The 2D poloidal mode structures of electrostatic potential d¢ (upper row) and corresponding m-harmonic radial profiles (bottom
row) for a n =10 KBM with 7},/T. = 1, T}, /T. = 3 and T}, /T, = 25 from the left to right columns. The magenta lines in bottom row denote

the radial profile of EI pressure gradient drive strength |Ro /Ly »|.

are perturbative to KBMs not only in the low-temperature
regime of T, /T, ~ 1 with small 5, < f3,; but also in the high-
temperature regime of 7j, /T, > 1 with large 5, ~ [, ;.

The relative strength of the EI drive can be inferred from
|0f1|? in (Ej, \) phase space with A = 1B, /E}, being the pitch
angle, which provides a general picture of perturbative influ-
ence of EIs in case (I). (Note that the flux surface-averaged
(8fn) = 0 for the n >0 component, thus we use |df;|* rather
than df, 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 |df,|* and the full-
f distribution f;, between T}, /T, = 3, T;,/T. = 10 and T}, /T, =

25 simulations. It is seen that the dominant part of |Jf;|? is
distributed in the energy range E,, /T, € [0,10], while the amp-
litude of f}, peaks near E;, ~ Tj; thus the resonant EI population
fres relies on the specific T},/T, ratio. For example, |df;|* dis-
tributes in the same energy range as f}, from the 7), /T, = 3 sim-
ulation, as shown in figures 3(a) and (d), which indicates that
a large fraction of the EI population contributes to |Jf;|> with
fres ~ f. In contrast, |0f,|* localizes in the regime of Ej, < T},
from the T},/T, = 25 simulation in figure 3(c), which corres-
ponds to the bottom edge of f;, in figure 3(f) with fies < f-
Moreover, it is noted that as T}, /T, increases, the peak of |df;,|?
shifts from Ej, = 2T, in figure 3(a) to E;, = 67T, in figure 3(c)
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Figure 3. The phase space structures of El-perturbed distribution intensity |df; |2 and EI equilibrium distribution f; from n =10 KBM
simulations with 7, /T, = 3, Ty /T. = 10 and T}, /T. = 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 7,/T, = 25 case.
In addition, |df;,|> peaks at A~ 1+ ¢ with e =r/Ry for all
T, /T, values, implying that deeply trapped particles dominate
the EI-KBM interaction in case (I). Therefore, 8, < f.,; and
Sres < fy limit the EI drive strength at 73, /T, = 3 and T}, /T, =
25, respectively, resulting in a perturbative influence of Els
over the full 73,/T, range in case (I). It should be pointed out
that Els are treated as minor ion species with n;, < n,, and
the variations of KBM dispersive property in figures 1 and 2
can be amplified by increasing n;, which will lead to a non-
perturbative influence on the KBM in the n;, ~ n; and T), ~ T;
regimes through the isotope effect.

The separate fluid and kinetic parts of the EI response can
be evaluated from the corresponding |df|>-intensity and per-
turbed pressure, which help to elucidate in depth the under-
lying mechanisms of EI-KBM interaction at 7, /T, =3 and
T,/T, =25. As shown in figures 4(a)—(d) for the T),/T, =3
simulation, the amplitudes of total §P;, adiabatic fluid part
8P} and non-adiabatic kinetic part PN are close to each
other, and a finite poloidal phase shift exists between JP;
and P, which satisfies §Pj, = P} + JPM consistent with
8fy = 8f} + 6K, as expected. Comparing figures 4(f) and (g),
it is seen that |f}|? localizes in the deeply trapped region
with a higher amplitude, while |0K},|? 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 5P and §P)* in real space.
Specifically, the localization of |Jf;|* in figure 4(f) can be
explained by equation (20): trapped particles with A > 1 can
effectively respond to the ballooning mode structure of j¢ with
large amplitude on the low-field-side, as shown in figure 2(b)
(note that d¢ ~ v in the MHD limit), and the EI population
density is large at E, ~ T, = 3T, in figure 3(d). Meanwhile,

both transit motion resonance and precessional drift reson-
ance are observed from the EI kinetic response intensity |6Kj|*
in figure 4(g), which indicates that w ~ wy ~ nwpe can be
well satisfied for 7j,/T, = 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 (5]’,‘}61(;, is
shown in figure 4(h), and its relation with |Jf|*-intensity can
be expressed as

(167> = (16fp|* + |0KA|*) - 33)

N =

SfLOK), =

In figure 4(h), the positive value of §f{dKj, >0 in the bot-
tom region of Ej; ~ T, indicates that the EI fluid and kinetic
responses accumulate together, leading to a destabilization
effect on the KBM. In contrast, the negative value of ¢, f2 0K, <
0 in the regime of Ej, > T, 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 Els are characterized by a larger orbit width that
screens more KBM electromagnetic fluctuations. In short, for
the T},/T, = 3 simulation characterized by a large EI popula-
tion at Ej, ~ T,, most Els can effectively interact with KBMs
and give comparable fluid and kinetic responses, which suffer
modest FOW screening with kg p; ~ 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 T}, /T, ~ 1 is
still weak in figure 1(b) because §;, < f.;.

The EI fluid and kinetic responses in the 7}, /T, = 25 simu-
lation become qualitatively different from the 7}, /T, = 3 sim-
ulation. As shown in figures 5(a)—(d), the amplitude of 6P, is
much smaller than its fluid component 6P} and kinetic com-
ponent 6P)*, which are characterized by nearly opposite pol-
oidal phases with 7 difference and mostly cancel each other so
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Figure 5. The 2D poloidal mode structure of EI pressure perturbations (upper row) and |6fh|2—intensities (bottom row) in case (I) at

Ty/T. = 25. Other details are the same as in figure 4.

that 6P, = 6P} + 5P} is satisfied. Comparing figures 5(e)—
(g), the EI net response |0f,|* only localizes in the narrow
domain of E,/T, € [0,10] and X > 1, while both |§f}|* and
|6K;,|? distribute in a broader domain of E and \, consistent
with the corresponding pressure perturbation amplitudes with
|6P}| ~ [0PYA| > |5Py,]. Specifically, |0f} |* in figure 5(f) con-
tains several parts including high-energy passing Els (Ej ~
T, = 25T, and A ~ 0), high-energy trapped Els (Ej ~ T, =
25T, and A>1) and low-energy trapped Els (E, ~ T, <

T, and A > 1); this is due to the FLR gyroaveraging effect
Jo (ki py) in equation (20): for high-energy passing EIs and
low-energy trapped ElIs, the gyroaveraging effect Jy (ko p) ~
1 is negligible due to their small perpendicular velocity v,
while the gyroaveraging effect of high-energy trapped Els
becomes important with Jy (k1 pp) < 1 and thus significantly
weakens their Jf} response. Meanwhile, |§K;|* in figure 5(g)
exhibits a similar structure to |3f}|? in the high-energy regime,
where the signs of fluid and kinetic responses are opposite
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and Tj,/T. = 25 simulations are shown from left to right columns.

with §f15K), < 0, as shown in figure 5(h), which supports the
view that §f; and 6K, mostly cancel each other in the high-
energy regime due to large FOW screening, consistent with
kopa > 1 in table 1. In contrast, 6f};‘5Kh > 0 becomes positive
in the bottom region of figure 5(/), corresponding to resonant
Els in the low-energy regime with Ej, ~ T,, 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 f.; < fj, as discussed in figures 3(c)
and (f), and the majority of Els 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 7, /T, = 25 simulation
characterized by a large EI population at E, ~ T), > T,, the
EI fluid response |df| is dominated by high-energy passing
Els due to the stronger FLR gyroaveraging effect on high-
energy trapped Els, and FOW screening leads to cancellation
between fluid and kinetic responses for most Els, which res-
ults in fis < fj, and thermal ion dilution that weakly stabilizes
the KBM, despite the large 53, ~ ;.

The time evolutions and poloidal structures of pressure per-
turbations 6P, 6P‘2 and 6P§IVA are compared for different 7}, /T,
simulations in figure 6. It is clearly seen that the fluid compon-
ent 0P} and kinetic component 6PY* accumulate together at
T,/T, =3 and cancel each other at T, /T, = 25. The accumu-
lation occurs with a relatively weak FOW of kgpy < 1, which
is valid for helium ash when n, < n,, T;/T, ~ 1 and §, <
Be,i- The cancellation occurs with a strong FOW of kgpps > 1,
which is valid for the interplay between NBI Els 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 w,

and a qualitative difference in v 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 7, /T, range.

3.2. Non-perturbative El influence on the KBM in the
long-wavelength regime of kgpg < 1

Next, we carry out T;/T, scan simulations for case (II) using
my/my, = 0.01, which consequently decreases the EI FLR and
EI FOW by a factor of 10 and increases the orbit frequencies
of wg, we and wy, by a factor of 10; the precession frequency
of wpre 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 T}, /T, = 25 in case (II) cover the para-
meter regimes of (8, ~ Be,i, Tn/Te > 1, kgps <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 w, and « on T},/T, are com-
pared between cases (I) and (II) in figures 7(a) and (b). It
can be seen that both w, and 7 increase monotonically with
increasing T}, /T, in case (II), variations of which become non-
perturbative with Aw,/w, ~50% and Avy/y ~ 130% being
much larger than in case (I) over the range of 7,/ T, € [1,35].
Specifically, in the regime of 7},/T, ~ 1, Els can weakly
destabilize the KBM with 3, < f3,; in both case (I) and case
(ID), influences of which are perturbative and no longer dis-
cussed here. In the regime of 7,/T, > 1, EIs can strongly
destabilize the KBM with 8, ~ 3. in case (II) rather than
asymptotically approaching the dilution limit, which implies
that most Els can effectively interact with the KBM and suf-
fer negligible FOW screening, consistent with kyps < 1 in
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frequency w, and (b) growth rate v on El-thermal electron temperature ratio 7, /T.. The blue-circle line represents the case (I) results in
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by a factor of 10 compared with case (I). The middle and right columns show the mode structure of electrostatic potential ¢ in case (II) at

Ty/T. =3 and T),/T. = 25, respectively.

table 1. The d¢ mode structures of case (II) are shown in
figure 7, where the T}, /T, = 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 T}, /T, = 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 w, and .

The EI pressure perturbation and |df]-intensity from the
T, /T, =25 simulation of case (I) 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 5P, become comparable to its fluid component §P} and
kinetic component JP}*, implying a weak FOW screening
effect, as expected, which satisfies 6P, = 6P} + PN with a
finite poloidal phase shift. The EI |df;|>-intensities in case
(II) become drastically different from case (I); the EI net
response |Jf;|* consists of both high-energy passing EI and
low-energy trapped EI regions in figure 8(e), whereas |df;|?
is only dominated by low-energy trapped Els in figure 5(e).
|04 |? in figure 8(f) peaks in the pitch angle range of A > 1
and energy range of E;/T, € [1,50], due to the smallness of
the FLR gyroaveraging effect with Jy (k. p;) ~ 1 and large EI
population at Ej, ~ T}, = 257T,, the mechanism of which is sim-
ilar to figure 4(f) and discussed in detail in section 3.1. [0K},|?
in figure 8(g) not only distributes in the trapped region but
also governs |dfy|? in the passing region of Ej,/T, € [25,75]
and A <1, which implies that the high-energy passing Els
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 kyp,; < 1 and large orbit

frequency of wg ~ wg > w, the resonance condition of w =
nwg — pwy can be satisfied locally around the rational surface
of g = p/n, which can be intuitive by taking wg = v||/Ro and
wy = v||/qRo in the well-circulating limit and approximating
nwe =~ pwy, 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
El resonances can also be reflected through the corresponding
pressure perturbations in figure 9. It is seen that the passing
El-integrated §P), peaks at each rational surface with a radi-
ally discretized structure in figure 9(a), while the trapped EI-
integrated 0P}, in figure 9(b) is much smoother in a radial dir-
ection without localization, and the amplitude of § P/, is larger
than 0P}, by a factor of 2, which indicates that the high-energy
passing Els dominate over low-energy trapped Els for non-
perturbative destabilization of the KBM at T}, /T, = 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 Jf} 6K, < 0, and
mostly cancel each other, resulting in a near zero net response
for high-energy trapped Els. However, unlike strong FOW
screening in case (I), the mechanism of this cancellation in
case (II) in the regime of kyp,; < 1 is due to the lack of res-
onance conditiona with w < wy for high-energy trapped Els,
which agrees with the finding in earlier studies [10, 13, 14]
that the zero-orbit-width trapped EI fluid potential energy W,
and kinetic potential energy 6 W, can destabilize and stabilize
KBM, respectively (i.e. opposite effects). In the appendix we
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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 El 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 ¢
and zonal current §A| g are also kept in the nonlinear simula-
tions which can be generated through a beat-driven process
with a twice linear growth rate vz = 2vggwm; 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 ¢ perturba-
tion, thermal ion particle diffusivity D;, heat conductivity x;
and EI particle diffusivity D;, are compared between cases (I)
and (IT) at T;,/T, =3 and T},/T, = 25, as shown in figure 10,
corresponding to the EI dimensionless parameters listed in
table 1.

From figures 10(a)—(c), the slopes of ¢, D; and x; 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 |ed¢/Te|ms (Where |- - - |ms denotes the
root-mean-squared operation), (b) thermal ion particle diffusivity D;/Dgg,;, (c) thermal ion heat conductivity x;/xcs,; and (d) EI particle
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and p}, = pa/a is the gyroradius normalized by the tokamak minor radius.

the close saturation levels of d¢, D; and x; at T, /T, =3 and
T, /T, = 25 for case (I) and case (II), although the results for
T,/T, =25 in case (I) are relatively higher than the others
but still have the same order of magnitude; thus the influences
of Els on the KBM nonlinear saturation level and thermal ion
transport coefficients can be ignored. However, the EI particle
diffusivity Dy, in figure 10(d) significantly varies between dif-
ferent simulations; this is mostly determined by the resonant
EI population f;.s and resonant energy Ej. It can be seen from
figure 10(d) that the Dy, saturation level in the 7}, /T, = 25 sim-
ulation of case (IT) (blue solid line) is more than one order of
magnitude larger than in the 7}, /T, = 3 simulation of case (I)
(red dashed line), and is more than two orders of magnitude
larger than in the T, /T, = 25 simulation of case (I) (red solid
line), consistent with the distribution domain sizes of |df;|?
and f;, as shown in figures 3 and 8(e). In addition, the Dj, sat-
uration level in the 7},/T, =3 simulation of case (I) (blue
dashed line) is also more than an order of magnitude larger
than in the T}, /T, = 3 simulation of case (I) (red dashed line)
in figure 10(d), which are both dominated by precessional drift
resonance of w = nwpr at the same Ej, 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 T}, /T,, 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 D, in case (I) exhibits a dependence on 7},
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 T}, > T, and becomes negligible for 7},/T, > 10.
In contrast, for case (II), Dy, increases markedly with 7, in the
regime where 7j, > T,. This suggests that resonance between
Els 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 Els with T},/T, =
25, KBMs can cause significant EI transport in the long-
wavelength regime of kgpps < 1 due to passing EI transit
motion resonance, resulting in a much larger EI particle
diffusivity compared with thermal ions with D; > D;. In
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same as in figure 10.

contrast, EI transport can be greatly reduced in the short-
wavelength regime of kg p, >> 1 due to strong FOW screening;
particle diffusivity is much smaller than thermal ion diffusiv-
ity with D), < D;. For low-temperature EIs with T}, /T, = 3 and
my/ m,, = 1, El transport is similar to that of thermal ions when
Dy, ~ D;. It should be noted that recent AUG experiments have
observed the strong impacts of Els 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 Els 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 kg p; ~ 1 (p;
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 Els 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 Jfj, =
8ff 4 0K, and solves each dynamic, showing excellent agree-
ments with the conventional f-method. By performing KBM
simulations with Els using both the conventional Jf-method

and the newly developed split scheme, the EI |df]?-intensity in
(E, ) 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 6P, = 5P’2 + 5P2’A. The EI-KBM resonance condition, EI
FLR/FOW and EI drive strength rely on the key dimensionless
parameters of T}, /T, kg ps and 3, 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 (5, < f..;,
T,/T. ~ 1, kgpg ~ 1), such as helium ash, Els can reson-
antly interact with the KBM through transit motion res-
onance and precessional drift resonance with w ~ wy ~
NWpre, 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 By < B.,. The KBM-induced EI particle diffusivity is
of the same order as thermal ions as D, ~ D;.

(i) For NBI EI and short-wavelength KBMs with (53, ~
Beis Tn/Te > 1, kgpg > 1), the Els 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 E;, ~ T}, > T,, resulting in a near
zero net response for the majority of the EI popula-
tion, while the fraction of resonant Els in the low-energy
regime of Ej, ~ T, is much smaller than the total EI pop-
ulation with f,.s < f3,; the small drive cannot overcome



Nucl. Fusion 66 (2026) 026013

W.J. Sun et al

stabilization of thermal ion dilution despite the large
Br ~ Be,i. Since the KBM electromagnetic fluctuations are
greatly reduced due to large FOW screening, EI particle
diffusivity becomes much smaller than that of thermal
ions with D;, < D,;.

(iii) For alpha particles and long-wavelength KBMs with
B~ Beis Tn/Te>1, kgpg<< 1), the high-energy
passing Els can non-perturbatively destabilize the KBM
through transit motion resonance around the rational sur-
face ¢ = p/n (p is an integer), where the large toroidal fre-
quency wg > w and poloidal frequency wy > w mostly
cancel each other and satisfy w = nwy — pws, and the EI
particle diffusivity is much larger than thermal ion dif-
fusivity, with Dy > D;. The high-energy trapped EI net
response is near zero due to mismatch of the resonance
condition with w < nwpye, which is confirmed by both
simulation and theory. The KBM mode structure adapts
to the EI drive radial profile of |[Ry/L, | to a certain degree
due to the non-perturbative influence of passing Els.

The KBM nonlinear saturation level is barely affected by
Els 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 Ej, = 2T, and becomes negligible at E,, /T, > 10. Item
(iii) introduces the new mechanism of transit motion resonance
between small dimensionless orbit Els 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 Els 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 El response function in the
zero-orbit-width limit

To interpret the opposite phase and cancellation between MHD
ballooning-interchange and KPC for high-energy trapped Els
with mass ratio my/m; =0.01 in the regime of 7}, > T, ;

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 df; and 5K}, 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 w,r, = 0 due to the uniform EI temperature profile
and wy,;, > w due to w ~ wy,; and T, > T, ;, 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 d¢ = J7 are applied. Then the EI adiabatic response
in equation (21) reduces to

Zy
Tho

Wien,h
w

ot = o1 fho- (34)

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

4miw b
term{B} = — WCM UL v <6Pﬁh + 6Pﬂ‘_h)
8T 72
— TG, wop b, (35)
¢ Tho
where wp ) = —i%bo X k-V. It should be noted that

equation (35) takes into account the adiabatic responses of
both passing and trapped Els, 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
Els, 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 Els. Following the approach in
reference [39], we solve the non-adiabatic response for trapped
Els by using the deeply trapped approximation and perform-
ing the bounce-average operation (...) = §(...)(dl/v)|)7 on
equation (18), where 7, = §(d!/v)|) is the bounce period. Then
we obtain

Wah0Y  Zy Winh
w

0K, = — (36)

fios

w —wWa,n Tho

where Wy, denotes the precession frequency, which can be

: — _ Ty
approximated as Wy, ~ wpo p = —i Z;,lli[g) by X k- V]g=o based

on the deeply trapped approximation, and wy ;01 ~ Wy ;01
can be applied for ballooning mode structures with |[ng — m| <
1 [39]. By integrating equation (36) in velocity space for all
trapped Els, term {C} in equation (19) can be expressed as
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where f; = ﬁ j;rap Srodv=4/1— )\ming—z denotes the trapped
EI fraction on the poloidal plane, Apin = B,/Bmax represents
the lower limit of trapped particle pitch angle, B, is the on-axis
magnetic field strength and By and B« are the local and max-
imal magnetic field strengths on the flux surface, respectively.
Rs(+/C) is the deeply trapped particle response function with
¢ =w/wpon

% (V)

301 /
=2+ 30+ 0"2(V0),  6®)

exp(—tz) ) . .
= ——dr is the plasma dispersion

where Z(x) = # [
function.

For Tj, > T, ;, the precessional drift resonance condition
is no longer satisfied when ¢ =w/wpo; < 1. Combining
equations (35) and (37), the ratio between MHD ballooningin-
terchange and KPC in the limit of ( — 0 can be readily

obtained as

term {C}
term {B} o

~ ——

~ —fiRs (0) P (39)

Note that the 3/4 factor in equation (39) is due to the deeply
trapped approximation, the ratio is close to —f; and indic-
ates that the KPC of trapped Els will cancel their fraction
in MHD ballooning-interchange, leading to the zero trapped
EI response to KBM electromagnetic fluctuations when w <
wpo,» ~ Wa,. 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 d¢ induces a shielding/screen-
ing effect on electrostatic modes rather than MHD ballooning-
interchange drive induced through ). These theoretical ana-
lyses can explain the opposite contribution between MHD
ballooning-interchange and KPC for high-energy trapped Els,
as shown in figure 8.
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