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ABSTRACT

It has been widely observed in experiments that beta-induced Alfvén eigenmodes (BAEs) can be destabilized by both energetic ions (EIs) and
energetic electrons (EEs), which are termed as i-BAE and e-BAE propagating along each diamagnetic drift direction. In this work, we focus
on the synergy effects of co-existing EIs and EEs on BAE stability, which are investigated numerically using the MAS code based on a Landau
fluid-gyrokinetic hybrid model incorporating the kinetic effects of bulk plasma and energetic particle (EP) in a non-perturbative manner. It
is found that for the center-peaked EI and EE pressure profiles that effectively drive i-BAE and e-BAE unstable, the synergy effects between
EI and EE can lead to the stabilization for both i-BAE and e-BAE branches, which is attributed to the EP fluid convection and kinetic particle
compression (KPC) responses that modify the magnetohydrodynamic (MHD) interchange and wave-particle resonances. The EP fluid con-
vection response can enhance MHD interchange with center-peaked pressure profiles, which generally decreases the BAE frequency closer to
ion acoustic wave and thus enhances the bulk plasma Landau damping. The passing EIs can resonate with both i-BAE and e-BAE through
transit motion resonance, for which the KPC response provides drive for i-BAE with @’/w > 0 and damping for e-BAE with o} /w < 0
(where w} is the EI diamagnetic drift frequency). A stabilizing regime due to EE and EI synergy effects is then demonstrated for BAE, which
is helpful for explaining experimental observations and control of Alfvén eigenmode activities through multiple auxiliary heating.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0295801

I. INTRODUCTION

00:2#:50 920z Arenuge4 G|

In fusion experiments, energetic particles (EPs) can be produced
through the processes of radio frequency (RF) wave heating and cur-
rent drive, neutral beam injection (NBI), and fusion reactions, which
are characterized by a much smaller population compared to the bulk
plasma, while the pressure values are close to each other. The EP-
related physics issues have received great attention in theory, simula-
tion, and experiment over the past decades, which are strongly coupled
to bulk plasmas and determine the overall plasma confinements."”
Various shear Alfvén wave (SAW) instabilities in meso- and macro-
scales can be destabilized by EPs through wave-particle resonance
interactions and, in turn, lead to EP anomalous transports, including
Alfvén eigenmodes (AEs), energetic particle modes (EPMs) and mag-
netohydrodynamic (MHD) modes. Specifically, the toroidal Alfvén
eigenmode (TAE),”" reversed shear Alfvén eigenmode (RSAE),” and
beta-induced Alfvén eigenmode (BAE)®” are considered the most

important AEs responsible for EP redistribution and transport. This
work aims to understand the synergy effects of energetic ion (EI) and
energetic electron (EE) on BAE stability, for which the continuum
accumulation point (CAP) is lifted due to the plasma geodesic com-
pression, characterized by the geodesic acoustic mode (GAM) fre-
quency but with a finite toroidal mode number 1 > 0."

The BAE branches exist in both ion and electron diamagnetic
drift directions with nearly symmetric frequency, which suffer contin-
uum damping and radiative damping from bulk plasmas and are stable
in the absence of EPs. As the power of RF/NBI heating and current
drive increases, the EP drive eventually exceeds the threshold for over-
bulk plasma damping, and the BAE becomes unstable and propagates
in the EP diamagnetic drift direction. For example, the EI-driven BAE
(i-BAE) is first identified in DII-D experiment’ with NBI and ion
cyclotron resonance heating (ICRH) and later confirmed in many
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other tokamaks, including TFTR,'™' FTU,'”"” NSTX," ASDEX-
Upgrade,"” Tore-Supra,'® HL-2A,'” KSTAR,'” and J-TEXT."” The EE-
driven BAEs are recently observed in HL-2A”" and EAST toka-
maks,”'>* which utilize the electron cyclotron resonance heating
(ECRH) and lower hybrid current drive (LHCD) that are favorable for
EE generation. Both efforts in theory and simulation are performed to
understand the linear properties of BAE. The theoretical framework of
the general fishbone-like dispersion relation (GFLDR) demonstrates
the (kinetic) BAE dispersion relation based on the gyrokinetic
model.>** Global gyrokinetic and kinetic-MHD hybrid simulations are
successfully carried out to investigate EP excitation of BAE.
Specifically, the i-BAEs are studied by XHMGC,”*%* GTC,” !
ORB5,” " and M3D-K,”” " and the e-BAEs are studied by GTC in
analytic geometry”” and HL-2A experimental geometry.””

Inspired by the observations on single e-BAE during ECRH
and single i-BAE during NBI heating"” in HL-2A experiments, with
applying more high-power heating approaches, abundant EEs and Els
can co-exist in the present-day experiments; however, their synergy
effects on AE stability still remain to be understood. It should be
pointed out that AE stabilities in the presence of multiple EIs have
been numerically investigated, which are characterized by the positive
charge sign with the same directions of diamagnetic drift and magnetic
drifts. For instance, Fu ef al. examined the impact of alpha particles
and NBI-driven ions on TAE stability in TFTR,"" while Varela et al.
studied the influence of different NBI ion components on AEs in DIII-
D." Different from multiple EI species, the EE and EI have opposite
charge signs, and their synergy effects on EI-driven TAE have been
recently explored by MEGA simulation,”” which is a relatively new
topic in the community.

We investigate the synergy effects between EE and EI on BAE sta-
bility in this work using the global eigenvalue code MAS, which has
been well benchmarked with gyrokinetic and kinetic MHD codes for
AE* " and MHD problems.” In MAS code, the bulk plasma is
described by five-field Landau fluid model, which keeps the kinetic
effects of electron/ion diamagnetic drifts and Landau damping, ion-
finite Larmor radius (ion-FLR) and parallel electric fields beyond ideal
MHD physics** and, thus, can faithfully capture the comprehensive
bulk plasma damping for determining the excitation threshold of BAE,
including continuum damping, radiative damping, and Landau damp-
ing. The drift-kinetic model is applied for describing EE dynamics,
which separates the EE responses into adiabatic fluid convection and
non-adiabatic kinetic particle compression (KPC) parts, which associ-
ates with the MHD interchange drive in reactive-type and wave-
particle resonance drive in dissipative-type, respectively.”” Both
trapped and passing particles contribute to the EE adiabatic fluid con-
vection response, while the EE KPC response is only contributed by
trapped particles with the predominant precessional drift resonance,
the transit motion resonance of passing EEs and the bounce-
precession resonance of trapped EEs are ignored since corresponding
characteristic frequencies are much higher than the BAE frequency.
The gyrokinetic model is applied for describing EI physics; in addition
to the precessional drift resonance of trapped Els, it is further extended
with EI orbital effects of FLR and finite orbit width (FOW) and transit
motion resonance of passing Els."” Based on the above numerical
implementations, MAS code can capture both the bulk plasma damp-
ing and the EP drive effects in a non-perturbative manner, which facil-
itates the current study of BAE stability in the EI/EE parameter space.
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In this paper, we choose two typical examples to demonstrate the syn-
ergy effects between EE and EI on the BAE dispersion relation and
mode structure, specifically analyzing the passing EI effects on e-BAE
and trapped EE effects on i-BAE, and the BAE growth rates exhibit a
substantial decrease in both examples. Consequently, a stability win-
dow of BAE is found due to the mutual stabilization of i-BAE and e-
BAE by EEs and EIs, which suggests a possible method for the active
control of AE stability in experiments.

This paper is organized as follows: Sec. II presents the Landau
fluid-gyrokinetic hybrid physical model of MAS code. Section 111
shows the simulation results of passing EI effects on e-BAE,
trapped EE effects on i-BAE, and BAE stability window due to EE
and EI synergy stabilization. Section IV gives the summary and
discussion.

Il. PHYSICAL MODEL

Beyond MHD physics, MAS code can be applied for the linear
analyses of various plasma instabilities with crucial kinetic effects,
based on the Landau-fluid model for bulk plasma, the gyrokinetic
model for EI species, and the drift-kinetic model for EE species that
have been developed and benchmarked in early works."" ** In this
work, we first combine the above models and numerical implementa-
tions in a single framework by self-consistently incorporating the EI-
and EE-related terms into the bulk plasma model equations, which
read the vorticity equation:

0 2v72 . :l ¢ 2
—(14+0.75p; V7 ) +iw; ;| — V0
|:6t( L) D, Vj €L

1 47 Jio

0

bQXK 4z,
— 8n(VSP; + VOP,) - — § - VoK
8n(VoP; + VOP,) B : (va - VoK),

Phys. Plasmas 33, 022504 (2026); doi: 10.1063/5.0295801
© Author(s) 2026

h=ee,ei
{EP—KPC}
by X k
-y 4nv(5Pﬁh +5Pﬁh> =0, 1)
h=ee,ei 0
{EP—IC}
the parallel Ohm’s law:
DA T, T,
P~ by Vop+ Dby - Von, + L 8B - Vrgg
ot ey eneoBo
2
cm, |n c
+ Te \/;Vthe|kH 0w + E”Hvié[‘”’ (2)
the thermal ion pressure equation:
05P, Cb() X V6¢ b() X K
————— VP + 2 PiycVg -
ot + By o + 21 PiocVop B,
Ty PoBo- V(2 Z il o Zimep?V? 6
i £ioPo Bo i1 @y i £ilio Py V| ¢
2T Py S veT, 22X L or, 1y S vsp, . 0K
il 70 Z;‘ i ) il 1io Zi i B()
2
+ niOﬁﬁVthilkH |0T; =0, (3)
33, 022504-2

00:2t:50 920z Aenugad 6L


pubs.aip.org/aip/php

Physics of Plasmas ARTICLE

the parallel momentum equation:

9o i Zi
L (bo VP, + —aB va)
ot m; ety
1

— (bo -VoP; + — 6B - VP,»O)
M;niy By
Zim Z;

- Vrhe\k|\|5”\|e - ——W\\VﬁAlw )

and the ion continuity equation:
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where (---), = [dv= %fdv”d,u, V4 = By/Ammin, is the
Alfvén speed calculated by using thermal ion mass and thermal elec-
tron density, Jjp = jbo - V x By is the parallel equilibrium current
density, k = by - Vb is the magnetic field curvature, p; = vy, /Qy is

\/Tio/mi, Qu = Z;By/(cm;), *5

= W}  + o is the diamagnetic frequency (w}, ;=—i ;T“’ by x ke v”“’ -V
iﬁbo xVTs-V), n=0. 51':”';3’, and v,; is the electron—
ion collision frequency. The subscript s=i,e represents the ion and
electron species of bulk plasmas. Equations (1)-(5) describe the
dynamics of bulk plasmas and require closures of 6P, 6T, 6T}, on,,
and 6u, as follows:
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The terms labeled by the brackets in Egs. (1), (8), and (9) induce the
EE and EI effects through the moments integrated from the perturbed
distributions, which are separated into the adiabatic fluid and non-
adiabatic kinetic parts as Jfy = 5th + 0K}, with h = ee, ei denoting
EE and EI species. It should be pointed out that in Eq. (1), the EP-IC
and EP-KPC terms refer to the EP-induced MHD interchange and
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where the first term indicates compression response to ion-acoustic

fluctuations, the second term indicates convection response to shear-

Alfvénic fluctuations being much larger than the first term for Alfvénic

modes, and the adiabatic part Jf;* is referred to as adiabatic fluid con-

vection response in this work. A¢ =P — Y, Wy =Wy
mpv, +2;430

+w;h< T ——) oy is defined by 00A)/0t = —cby - Vi,
and Jo = Jo (\/Hv 1/ vthh) is the Bessel function for the FLR effects
with by, = k% p2, pj, = Vin/Qep is the EP thermal cyclotron radius,

and vy, = /Tho/my. In the drift-kinetic limit, the FLR effects can be
ignored by setting Jo = 1. The non-adiabatic part 6K}, describes the
kinetic particle compression response, for which the governing equa-
tion can be obtained from the gyrokinetic Vlasov equation for total
3fy,>** and Eq. (11) as

I qVH
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where wy; = —ivq - V, and J is the Jacobian of Boozer coordinates
(,0,() defined by ' = Vi) x VO - V{. The 5Kj, solution of Eq.
(12) differs between magnetically trapped and passing particles, which
are obtained based on deeply trapped and well-circulating approxima-
tions, respectively.”** To close the system of Egs. (1)—(10), the EE and
EI moments are calculated by integrating the perturbed distributions
in velocity space. Specifically, the EP moments related to Jf;* can be
analytically derived for Maxwellian equilibrium as
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where o (by) = Io(by)e , Ty (by,) = I,(by,)e~%, and I is the modi-
fied Bessel function of the first kind. To guarantee the accuracy of
FOW effects in both long- and short-wavelength regimes, a velocity
space integration algorithm is developed for numerical calculation of
non-adiabatic EP moments:*°

kinetic compression effects, which arise from Jf* and JKj,, respec-
A h 6,48 ontA = | J,0K,d (17)
tively. The adiabatic part Jf;" describes the fluid property: = [Jookndy,
V4 Na_ 1
oy =~ —A¢fofh0 - —h ]051//fhm 11) ouyy = TMJVH]OéKth’ (18)
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(5P‘I‘\LA = JmhvﬁloéKhdm (19)
oPY} = J [tBoJodKdv. (20)

Note that the non-adiabatic pressures of Egs. (19) and (20) are propor-
tional to EP-KPC terms in Eq. (1). For Alfvénic modes with minor EP
species, we only consider the EP effects from EP-IC and EP-KPC terms
in Eq. (1), which are related to EP pressure moments in Egs. (15), (16),
(19), and (20) that dominate over density and parallel velocity pertur-
bations.*”*® In addition to numerical integrations of the above EP
non-adiabatic moments with FOW effects, for the limiting case of
zero-orbit-width (ZOW), Egs. (17)-(20) can be derived analytically
based on deeply trapped and well-circulating approximations, which
are given in Appendix A. It is worthwhile mentioning that the deeply
trapped and well-circulating approximations are adopted for EP
species in MAS framework at the current stage,"*® which would be
sufficient for describing the dynamics of most EP population in
high-aspect ratio tokamaks. However, the barely trapped and barely
circulating EEs generated during various RF-heated processes can res-
onantly interact with and destabilize fishbones’ and TAEs,”” which
require a general treatment on orbit integrator and velocity space inte-
gration in full 2 domain (42 = uB,/E denotes the pitch angle) and are
beyond the scope of this study. Recently, the action angle approach has
been successfully applied for calculating wave-particle resonances in
full /. domain,”"”” which can be adopted by the MAS model in future
development. Regarding BAE excitations by different EP species, MAS
has been verified with GTC gyrokinetic simulation for e-BAE in
Ref. 45, and the i-BAE comparison between two codes is introduced
in Appendix B.

I1l. SIMULATION RESULTS

In this section, we carry out MAS simulations to investigate the
effects of EE/EI adiabatic fluid convection and non-adiabatic KPC
responses on BAE stability, which couple to bulk plasma through the
EP-IC and EP-KPC terms in Eq. (1), respectively. The adiabatic fluid
convection response [Eq. (11)] already incorporates both the passing
and trapped particle contributions, while the non-adiabatic KPC
responses rely on the specific wave-particle resonance of each charge
species. To delineate the underlying physics clearly, the EI and EE adi-
abatic fluid convection responses are fully kept with Jf and Jf4,
while the non-adiabatic KPC responses are calculated using the pass-
ing EI and trapped EE particles, based on the considerations of passing
EI transit motion resonance and trapped EE precessional drift reso-
nance, respectively, namely, 0K,; ~ 5Kfiassmg and 0K, ~ SKLPP “ In
contrast, the transit motion frequency of passing EE is much larger
than the BAE frequency, for which the non-adiabatic KPC response is
almost zero with dK% " ~ 0. Despite additional orbit effects (FLR
and FOW) and higher order precession-bounce resonance, the non-
adiabatic KPC response of trapped EI is similar to that of trapped EE
with precessional drift resonance, which becomes more important as
EI temperature increases. After clarifying the EI effects on e-BAE sta-
bility and EE effects on i-BAE stability, we shall show the existence of a
BAE stability window due to the synergy effects between EE and EIL

To isolate the influence of geometry complexity on BAE physics,
a concentric circular geometry is applied in simulation, with the on-
axis magnetic field strength By = 1.91 T, the major radius Ry = 1.60
m, and the minor radius a = 0.29R,. The safety factor profile is given

pubs.aip.org/aip/pop

by g = 1.3721 + 0.5) — 0,1@2, where iy = W/, represents the nor-
malized poloidal magnetic flux with y,, being the wall value. The
radial profiles of safety factor g and magnetic shear s =~ % are shown
in Fig. 1(a), where the ¢ = 1.5 rational surface is located at p,,, = 0.5.
The proton is applied for both thermal ion and EI species with Z;
= Z,; = e and m; = m,; = m,. The bulk plasma temperatures and
thermal electron density are uniform with T,y = 2 keV, Tjp = 0.5T,,
and n, = 1.3 x 10® m~3. The EP temperature T}, is also uniform
and varies in different simulations. Both EE and EI utilized the density
profile described by

o = chneo{m +0.24 [tanh((o.ze - 1/})/0.1) - 1.0] } (21)

where the subscript h = ei, ee stands for EI and EE species, and Cj,
~ [0, 1] is the control parameter for EP density. The radial profiles of
normalized EP density n;/(Cyng) and density gradient intensity
|Ro/L, | are shown in Fig. 1(b), which peaks at ¢ = 1.5 rational sur-
face with the maximum value of |[Ry/L,;|=12, and L, =
(Vnpo /o)~ " represents the EP density scale length. The thermal ion
density n; is then determined by the quasi-neutrality condition
Zingg = e(neo + nee) — Zeinei. In this work, we use 200 radial grid
points and 2560 poloidal grid points and keep both the principal dom-
inant m-harmonic and sidebands m € [nq — 1, nq + 1] for BAE simu-
lations, which are enough for BAE physics in high-aspect ratio
tokamak with the above parameters. The numerical convergence of
our simulation results has been confirmed.

In the following, eight BAE cases are simulated with different EE
and EI physics for n = 4 mode, which are described in Table 1. It
should be noted that the EE-IC/EI-IC (i.e, EP-IC) labeled by the
bracket in Eq. (1) refer to the EP counterpart of the MHD interchange
term, which associate with the EP adiabatic fluid convection response
5f}f‘, and the EE-KPC/EI-KPC terms in Eq. (1) associate with the EP

1.9 0.4

--¢g=1.5

(@)

|R0/Ln,h|

1ho/ (Creo)

0 0.2 0.4 0.6 0.8 1

Ptor = \/w_T

FIG. 1. (a) The radial profiles of safety factor g and magnetic shear s = g% (b)

The normalized EP densi;r)/ prc1>ﬂle of np/(Chneo) and EP density gradient intensity
Ny —

Ro/Lan], and Ly = (L%2)

0.5
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TABLE I. Various simulation cases with different combinations of El and EE physics. The EE and El effects refer to the predominant EP-IC and EP-KPC terms labeled by the
brackets in Eq. (1), which associate with 6f,f and 0Kj,. Cases (I)-(IV) focus on the El effects on e-BAE stability, and cases (V)—(VIIl) focus on the EE effects on i-BAE stability.

Case Branch Tee/ Teo Hee/ Meo EE effects Tei/ Teo Tei /Mo EI effects

) None None None

(11 9 0.02

(11 e-BAE ~ [5,30] ~[0,0.1] EE-IC trapped EE-KPC 9 0.03 EI-IC passing EI-KPC
av) 9 0.02 EL-IC

V) None None None

(V1) 17.5 0.04

(V1) i-BAE 175 0.06 EE-IC trapped EE-KPC ~ [5,25] ~ [0,0.05] EI-IC passing EI-KPC
(VIID) 175 0.04 EE-IC

non-adiabatic KPC response ¢Kj,. Specifically, the e-BAEs propagating
along electron diamagnetic drift direction are investigated in cases
(I)-(IV), which are damped by bulk plasmas and excited unstable by
trapped EEs in the parameter space of n, and T,. Different EI
effects are induced to e-BAEs: no EI in case (I), n,;/n, = 0.02 and
Tei/Teo = 9 in case (II), 1,/ = 0.03 and T,;/Teo = 9, and a con-
trolled simulation is conducted in case (IV) using the same #,; and T;
of case (II) but dropping the EI-KPC term in Eq. (1). Similarly, the
i-BAEs propagating along the ion diamagnetic drift direction are inves-
tigated in cases (V)-(VIII), which are damped by bulk plasmas and
excited unstable by the passing EIs in the parameter space of n,; and
T,;. Different EE effects are induced to i-BAEs: no EE in case (V),
Nee/Nep = 0.04 and T,/ Ty = 17.5 in case (VI), #1,e/neo = 0.06 and
Tee/ Teo = 17.5 in case (VII), and a controlled simulation is conducted
in case (VIII) using the same n, and T, of case (VI) but dropping
EE-KPC term in Eq. (1).

A. El effects on e-BAE stability

We first analyze the e-BAE dispersion relation with different EI
effects in cases (I)-(IV), to clarify the roles of opposite charge species
EI on e-BAE stability. In these cases, the dominant EE-IC and trapped
EE-KPC terms in Eq. (1) are kept, and the e-BAE can be excited
through the precessional drift resonance with trapped EEs. Meanwhile,
comprehensive bulk plasma damping effects are kept in the MAS
model,"”" including continuum damping, radiative damping, and
Landau damping by both thermal ions and thermal electrons. The e-
BAE stability can then be determined by the competition between the
EE drive and bulk plasma damping, for which the real frequency w,
and growth rate y dependencies on EE density #,, and EE temperature
T, are shown in Figs. 2(a) and 2(e). It is seen that |, | decreases as 1,
and T, increase; the reason is that Jf/ with center-peaked pressure
profile, the MHD interchange effect is enhanced through the EE-IC
term in Eq. (1), which non-perturbatively decreases the absolute value
of e-BAE real frequency.” The y value of e-BAE exhibits non-
monotonic variations with both 7., and T¢,, resulting in an island-like
unstable spectrum. In the regime of f,, < f,, the EE drive cannot
overcome bulk plasma damping, and the e-BAE is stable with y < 0.
In the regime of f§,, ~ f,9, the drop of |w,|, due to EE-IC, is small,
while the trapped EE-KPC drive quickly increases either through #,,
for EE population or through T, for the resonance condition, the e-
BAE 7y value increases to the maximal amplitude. In the regime of
Pee > Py, the frequency mismatch breaks the resonance condition

between trapped EE and e-BAE, due to the large decrease in |w,| by
EE-IC or the large increase in trapped EE precession frequency, which
weakens the trapped EE-KPC drive and enhances the bulk plasma
damping.

The EI effects are induced in cases (I)-(IV), by choosing EI tem-
perature of T,/T. =9 to satisfy the transit motion resonance
between the passing Els and e-BAE, and keeping the same EE physics
as in case (I). As EI density n,; gradually increases in cases (I)-(III), the
overall e-BAE |w,| decreases slightly by comparing Figs. 2(a)-2(c),
attributing to the small enhancement of MHD interchange effect by
perturbative EIs with center-peaked pressure profile. The e-BAE y is
sensitive to EI fraction, and the unstable domain size exhibits an
obvious reduction when comparing Figs. 2(¢)-2(g). For example, cases
(I)—(1II) give the minimal critical value of EE-f} for e-BAE excitation as
min(fe, i) = 0.91%, 1.85%, 2.28%, which show increase trend that
implies the e-BAE damping enhancement by Els. To understand the
underlying mechanism of EI stabilization, a controlled simulation is
conducted in case (IV) using the same #n,; and T,; parameters with
case (IT), and case (IV) differs from case (II) by only keeping the EI-IC
term while removing the passing EI-KPC term in Eq. (1). Comparing
the results of cases (I), (I), and (IV) in Fig. 2, we conclude that the
EI-IC term in Eq. (1) is mainly responsible for the slight decrease in
e-BAE |w,|, while the passing EI-KPC term in Eq. (1) is mainly respon-
sible for the large decrease in e-BAE 7. Specifically, two EI stabilization
routes for e-BAE can be identified in the regime of ,; < f,y. The first
route is the transit motion resonance with e-BAE that leads to the direct
damping through the passing EI-KPC term, which is intuitive from the
theoretical expression of 6PYA. Considering the ideal MHD approxima-
tion of d¢p = o and the uniform T;, Eq. (A5) reduces to

O o Wy o
5PN ~ 475 —5 S (1 — n’m) Frrg, (22)
® 1)

based on the Maxwellian EI equilibrium distribution. In the bracket of
Eq. (22), the first term “1” comes from the negative energy derivative
of ?9}3 < 0, which represents the EI Landau damping. The second term
is related to the radial derivative %ff and mode frequency, which can
either drive or damp modes relying on the sign. For center-peaked EI
pressure profile with positive w;, ; > 0 and e-BAE propagating along
the electron diamagnetic drift direction with negative w < 0, the sign
of the second term —}, .,/ > 0 is consistent with the first term “17

thus, the spatial gradient of passing EI distribution with center-peaked
pressure profile can stabilize the e-BAE. This mechanism is consistent
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FIG. 2. MAS simulations of n = 4 e-BAE dispersion relation with different El effects in cases (I)—(IV). The first and second rows show the dependencies of e-BAE real fre-
quency o, and growth rate y on EE density ne and temperature Tee. The cyan solid lines represent the e-BAE stability boundary with = 0, and the red pentagrams repre-
sent the locations of nee and Tee parameters corresponding to the minimal value of critical EE-f for e-BAE excitation, i.e., min(fee ;) = 0.91%, 1.85%,2.28%, 0.90% for

cases (I)=(IV).

with the theoretical framework of EP-AE interaction reviewed by
Ref. 53. The second route is the non-perturbative EI effect that
decreases e-BAE |w,| through the EI-IC term, which leads to the
reduction of the frequency gap between e-BAE and ion acoustic
wave and thus enhances the bulk plasma Landau damping. In the
regime of f§,; < f adopted by cases (II)-(IV) simulations, the first
route plays the dominant role on EI stabilization of e-BAE, while the
second route is sub-dominant due to the smallness of EI-f that is
perturbative to e-BAE fluctuations. Figure 3 shows the e-BAE mode
structure of the electrostatic potential d¢p in cases (I)-(IV), which
are barely modified by Els with f,; < f, in consistent with the
slight decrease in e-BAE |w,|. In a short summary, the Els with
center-peaked pressure profile can effectively stabilize e-BAE in the
perturbative regime of f,; < f,, when EI diamagnetic drift fre-
quency is opposite to the e-BAE frequency in sign w:,ei/w <0,
which primarily attributes to the dissipative damping induced by
passing Els through transit motion resonance.

B. EE effects on i-BAE stability

We further analyze the i-BAE properties in cases (V)—(VIII)
using the same geometry and bulk plasma parameters, in which the EI
and EE species switch roles compared to e-BAE cases. Specifically, the
passing Els are responsible for the i-BAE excitation through transit
motion resonance, while EEs are added as the opposite charge species
that modify i-BAE stability. Case (V) corresponds to the El-driven i-
BAE without additional EEs, for which the real frequency , and
growth rate y dependencies on EI density #,; and temperature T,; are
shown in Figs. 4(a) and 4(e), respectively. In the regime of f8,; < f,,

that is common in experiments, the i-BAE ), is barely changed by ElIs,
while the i-BAE y can quickly increase with increasing the EI drive
intensity, which overcomes the bulk plasma damping and becomes
unstable. The EE effects are induced in cases (VI)-(VIII), including the
EE adiabatic fluid convection response Jf4 for EE-IC term and
trapped EE non-adiabatic KPC response 6Ky, 7" “! for EE-KPC term in
Eq. (1). Though the precessional drift frequency amplitude of trapped
EEs is on the same order as i-BAE frequency, the trapped EEs cannot
interact with i-BAEs through wave-particle resonance due to the oppo-
site motion direction, for which the response to i-BAE fluctuations is
reactive-type. It should be pointed out that barely trapped EE with a
small population has the ion-direction precession drift, which is not
considered in the MAS model that treats the trapped particle dynamics
based on deeply trapped approximation in the leading order. Different
from the efficient stabilization of e-BAE by the passing EI resonance
damping, EE cannot alter i-BAE stability in the perturbative regime of
Pee K oo due to the lack of resonance condition; thus, the relatively
large n,, and T, are chosen for EEs to satisfy the non-perturbative
condition of f,, ~ f,, which indirectly affects the i-BAE through
non-perturbative modifications on the real frequency and mode
structure.

As shown in Figs. 4(a)-4(c), the i-BAE real frequency o,
decreases up to ~30% by gradually increasing the EE fraction in cases
(V)-(VII). Consequently, the bulk plasma damping is enhanced due to
the frequency downshift, and the i-BAE growth rates significantly
decrease as indicated by Figs. 4(e)-4(g). In case (VIII), we use the same
1e and T, parameters as in case (VI), while keeping the EE-IC term
and removing the trapped EE-KPC term in Eq. (1), and carry out a
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controlled simulation to clarify the role of trapped EE-KPC term on
i-BAE stability. From cases (V), (VI), and (VIII) in Fig. 4, it is seen that
both the i-BAE w, and y show larger reductions in case (VIII) com-
pared to case (VI), which indicates that the EE-IC term for MHD
interchange enhancement is weakened by the trapped EE-KPC term.

The reason can be understood by comparing 5PH | and P4, which
are proportional to EE-IC and trapped EE-KPC terms in Eq. (1),
respectively. Considering the uniform T, profile and zero Larmor
radius (ZLR) for EEs, and the ideal MHD approximation of d¢p = dy),
Egs. (15) and (16) reduce to
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)
5Pﬁee = 0P|, ~ _qenee%&pv (23)
and Eq. (A10) reduces to
‘A a): ee
5P§é ~ ftqenee j R5 (\/Z) 51//7 (24)
where f; is the trapped EE fraction, R; is the trapped EE response func-
tion, { = ®/wp e, and wp . = ficg—“b"B—:" - V|, reflects the EE pre-

cession frequency after integration average over the Maxwellian
distribution. As shown in Fig. 5, in the regime of { = w/wp < 0 for
a negative ratio between i-BAE frequency and EE precession fre-
quency, the imaginary parts of Rs and dPX* are zero [i.e, Im(Rs) =0
and Im(3PY4) = 0 without wave-particle resonance], the positive real
part of Re(Rs) > 0 leads to the opposite sign between 6PNA and 5P4
that cancels each other out up to the trapped particle fraction f;, which
results in a near-zero trapped EE net response to ion direction modes.
This physics picture is consistent with the observation in gyrokinetic
simulations of ion temperature gradient (ITG) mode with trapped
thermal electrons,” and both demonstrate the destabilization of ion

8
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4
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of—— ===
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®

0 0.5 1

Ptor = \/%

FIG. 5. (a) The real and imaginary parts of EE response function Rs (1/Z). (b) The
radial profiles of EE adiabatic pressure (SPg‘e in Eq. (23) and trapped EE non-
adiabatic pressure 5P in Eq. (24) using the parameters of B point in Fig. 4(b) of
case (VI).
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direction modes by trapped electrons. Figure 6 shows the i-BAE mode
structure of electrostatic potential ¢ in cases (V)—(VIII). In case (V)
without EEs, it is seen from Fig. 6(a2) that the dominant m = 6 poloidal
harmonic amplitude is much larger that the m = 5 and m = 7 side-
bands, which correspond to a weakly ballooning structure in Fig. 6(al).
After adding non-perturbative EEs with f3,, ~ f8,, in cases (VI)—-(VIII),
the m =5 and m =7 sideband harmonic amplitudes drastically
increase as shown in Figs. 6(b2)-6(d2), which exhibit more typical bal-
looning characters in Figs. 6(b1)-6(d1) due to the enhanced MHD
interchange effect by EEs. In a short summary, the EEs can only stabilize
i-BAEs indirectly, for which fluid response leads to the i-BAE frequency
downshift that suffers more bulk plasma damping, and this stabilization
route becomes important in the non-perturbative regime of 8,, ~ f,,.

C. BAE stability window due to synergy effects
between EE and El

As discussed above, the Els can stabilize e-BAE but destabilize
i-BAE, and the EFs can stabilize i-BAE but destabilize e-BAE, which are
complementary and both play dual roles. To intuitively understand the
EE and EI synergy effects on the overall BAE stability, we compare the
solutions using single and double EP species for both i-BAE and e-BAE
branches. For the double EP species simulation, the EE parameters are
fixed as g, /1o = 0.06 and T,/ Teo = 17.5, which can effectively drive
e-BAE and damp i-BAE in the non-perturbative regime of f,, ~ f,.
Two groups of simulations are conducted using EI temperature
Tei/Teo = 9 and T,/ Tep = 25, which correspond to strong and weak
passing EI transit motion resonances. The EI density 7,; /7,0 is varied for
pei (ie, EI-B) scan. For a single EP species simulation, we keep the EP
species for mode excitation while removing the opposite charge species,
and other conditions are the same as the double EP species simulation.

Compared to the single EP species results, the double EP species
results of |,| exhibit modest reductions for both i-BAE and e-BAE
branches in Figs. 7(a) and 7(b), and the reductions become larger with
increasing f3,;, which is due to the MHD interchange enhancement by
the EE-IC and EI-IC terms. Importantly, the i-BAE and e-BAE are
simultaneously stabilized by EE and EI synergy effects, for which the
growth rates are smaller than the single EP species results in Figs. 7(c)
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S0 W ) ( . ; ¢ ‘ r 0
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R/Ry R/Ry R/Ry R/Ry o¢ in cases (V)—(VIIl) (first row) and the
1 corresponding 1D radial profiles of each
:'m"ig m-harmonics (second row), which corre-
087 spond to the B points in Figs. 4(a)-4(d).
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and 7(d). For fixed EE parameters in our simulation, the BAE stability
window appears with proper EI parameters of f, ~ 1% and
Tei/Teo = 9, which can effectively stabilize e-BAE before the i-BAE
destabilization, as indicated by the gray-shaded region in Fig. 7(c). In
Fig. 7(d), the passing EI transit motion resonance becomes weaker for
Tei/ Teo = 25, and the e-BAE growth rate curve decreases to zero at a
higher f3,; value compared to T,;/T,p = 9; however, the i-BAE growth
rate curve remains close to T,;/ T,y = 9 due to the stronger trapped EI
precessional drift resonance at T,;/Too = 25 (note that trapped Els are
newly added in this subsection).

IV. SUMMARY AND DISCUSSION

Motivated by the observations of e-BAE and i-BAE activities in RF-
heated plasma,””*’ we analyze the synergy effects of EE and EI on BAE
stability in this work. The global eigenvalue code MAS is applied for the
BAE dispersion relation and mode structure calculations in an analytic
equilibrium, which adopts a Landau fluid-gyrokinetic hybrid physics
model with necessary kinetic effects that treat bulk plasma damping and
EP drive on an equal footing and thus enables the existence of excitation
threshold in the parameter space of EP density and temperature. The
effects of both adiabatic fluid convection and non-adiabatic KPC
response of multiple EP species on BAE unstable spectra are investigated
in detail, and the main conclusions are summarized as follows:

(1) For the e-BAE driven by trapped EEs through precessional
drift resonance that propagates along electron diamagnetic
drift direction, the passing EIs have stabilization effects on
e-BAE through indirect and direct processes: the Els with
center-peaked pressure profile can enhance the MHD inter-
change from the adiabatic fluid convection response, which
then non-perturbatively decrease the absolute value of
e-BAE frequency to be more closer to ion acoustic wave fre-
quency and thus weaken the BAE growth rate indirectly by
enhancing the bulk plasma Landau damping. Meanwhile,
the passing Els can interact with e-BAE through transit

1.5 2 25

motion resonance; however, EI diamagnetic drift frequency
is opposite to e-BAE frequency in sign, which leads to the
direct damping in dissipative-type related to the non-
adiabatic KPC response.

(ii) For the i-BAE driven by passing EIs through transit motion
resonance that propagates along the ion diamagnetic drift
direction, there is no resonance condition to be satisfied
with the trapped EEs, which is characterized by the preces-
sion drift along the electron diamagnetic drift direction.
Therefore, the trapped EEs only stabilize i-BAE through the
indirect process, namely, the EE adiabatic fluid convection
response leads to the decrease in i-BAE frequency so that
the mode growth rate is weakened by the enhanced bulk
plasma Landau damping. However, for i-BAE fluctuations,
the non-adiabatic KPC response of trapped EEs is domi-
nated by the real part in reactive-type rather than the imagi-
nary part due to wave-particle resonance, which partially
cancels the adiabatic fluid convection response and results
in the near-zero net response of trapped EEs. Thus, the i-
BAE is mainly stabilized by the adiabatic fluid convection
response of the passing EEs.

(iii)  In the presence of EEs and Els, both i-BAE and e-BAE can
be excited; however, their growth rates are smaller than in
single EP species cases without synergy effects. For a partic-
ular BAE branch propagating along either ion or electron
diamagnetic drift direction, a stabilizing regime can be
achieved by inducing a suitable amount of EPs with oppo-
site charge, which weakens the counter-propagation BAE
fluctuations while the drive is still below the threshold for
co-propagation BAE excitation.

For reactor parameter regions such as ITER, where the EP tempera-
ture is significantly higher, the direct damping from EIs on the e-BAE
may become weak due to the mismatch of resonance condition.
However, the indirect damping mechanisms are expected to remain
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operative. Therefore, the synergistic stabilization from oppositely charged
EPs is anticipated to persist, which is beneficial for plasma confinement.
These findings are helpful for understanding the experimental observa-
tions and providing possible methods for AE activity control. However,
our current study utilizes the center-peaked pressure profiles for both EE
and EI species, and the results might change qualitatively for the off-axis
peaked EP profiles, which will be the focus of our future study.
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APPENDIX A: ANALYTIC EXPRESSIONS OF NON-
ADIABATIC EP MOMENTS IN ZERO ORBIT WIDTH LIMIT

If we omit the FOW effect and consider well-circulating Els,
the non-adiabatic distribution JK,; is presented by
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O0Kyj =—— [ OAPofno — PhAl{b]offlo
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ho

The deeply trapped EE non-adiabatic distribution 0K, can be writ-
ten as

5Kee: w_ é(lf%)(é_d)féw) h0

— g Th

w? _
where g = §wg(dl/ v|)/tp is the precession frequency, T,
= §(dl/v)) is the bounce period, and [ is the traveled distance of the
trapped particle along the magnetic field line in one bounce motion
period.

With [dv = zfn—f“ Jdvjdu=2mnv, [dvjdv,, integrating Eq.
(A2) in velocity space, we can derive EI non-adiabatic moments as

Zhnh w
A¢pDprr — 2 T, 0 Nevg, (A3)
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Z w : wh
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X Kl - 7) Frprr — 7GFLR:| , (A5)
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where wp = —1520 b"Bj"~V. The response function Dgir, Nppg,

Frrr, and Gprp are
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where Z({,) is the plasma dispersion function: Z({;)
= ﬁﬂ;o %}hﬁdt and {, = w/ (\/fkuv,hh). The subscript “FLR”
means the modifications of EI response functions D, N, F, and G
when we reserve the FLR effect. If we ignore the FLR effect, these

response functions would reduce to the same form as that in Ref. 6,
except for an extra {;, factor. The coefficient C, used in the response

functions is given by C,(by) = [;° 9" J2(v/2bsv 1 )e "1dv 1, where
v, = VL/(\/_v,hh). The specific expressions of C;, Cs, Cs, C; are as

follows:
C = %e’b“lo(b;,),
Cs = 2o [(1 — ba)lo(bs) + bl (by)],
G =3¢ 20— b)h(b) + biG - 200, A7)

C = %e‘b“ [(6 — 18by + 17b}, — 4b; ) I(by)
+bh(ll — 15by, +4bﬁ)[1(bh)],

where by, = k2 p?, and p;, = vy /Q. ) is the EI thermal cyclotron
radius. Using the same method, the EE non-adiabatic moments can
be obtained as

Zun Wy, 30
=g o1 20 () o
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Z, B
particle fraction for the Maxwellian equilibrium distribution,
Ba/Bumax < Aiow < Ba/By is the lower cutoff trapped pitch angle,
{ = ®/wpo n, and the EE response functions are given by

R (VD) =1+ v1z(VD),
R(VD) = 5 +0+ (02(VT),

Rs (V) :§+lé+ e+ (C)S/Zz(\/Z),

R7(\/Z)*§+ 458+ +(072(VE).

T " .
where wpg ), = —i% boxie, V0o fr =1/1— Alowg—g is the trapped

(A1l)
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APPENDIX B: COMPARISON OF I-BAE BETWEEN MAS
AND GTC SIMULATIONS

We carry out MAS and GTC simulations of i-BAE in analytic
geometry based on a well-established benchmark case.””** The ther-
mal electron, thermal ion, and EI temperatures are uniform with
Ty = T, = 500 eV and T,; = 25T,), and the thermal electron den-
sity is uniform with n, = 1.3 x 10" cm ™. The EI density profile is
described by #.i/teiq = 1.0 +0.27[tanh((0.26 — ) /0.06) — 1.0]
(where n,;, is the on-axis value, and =/, is the normalized
poloidal flux), and the reciprocal of EI density scale length
|Ro/Ly.i| = 20 peaks at q = 2 rational surface. The on-axis mag-
netic field strength is By = 1.91 T, the major radius is Ry = 1.0 m,
and the minor radius is 4 =0.333R,. The safety factor profile is
q=1.797 + 0.8 — 0.2/".

As shown in Fig. 8, both the real frequency @ and growth rate
7 increase with increasing EI fraction n,;/ne from MAS and GTC
simulations. The @ obtained from the two codes show excellent
agreement. The y results show relatively large difference, which may
originate from two aspects: (i) MAS applies a Landau-fluid model
for the thermal ion species, which results in different bulk plasma
damping from GTC gyrokinetic model; and (ii) MAS adopts the
well-circulating and deeply trapped approximations for EI species,
which might weaken/strengthen the EI drive in phase space depend-
ing on specific resonance condition.

The d¢ mode structure of i-BAE is compared between GTC
and MAS simulations in Fig. 9. Different from e-BAE reported in
Ref. 45 that MAS and GTC give very similar mode structure, the
i-BAE mode structure exhibit differences in the poloidal shape and
radial width; this is due to the fact that deeply trapped EEs are the
dominant drive for e-BAE so that the deeply trapped approximated
model in MAS can well describe the EE response, while the i-BAE
can resonantly interact with EIs in much wider phase space
domains as shown in the appendix of Ref. 45, which amplifies the

0.22
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0.2 [-5-MAS(Passing and trapped ElIs)
GTC

Q: 0.18 L2
> 0.16 M?
5 ¢
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0 0.005 0.01 0.015 0.02 0.025 0.03
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FIG. 8. The comparisons of n = 3 i-BAE (a) real frequency e and (b) growth rate
between MAS (blue and red colors) and GTC (black color) simulations. The EI tem-
perature is fixed as Tgj = 25T.
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FIG. 9. The comparisons of n = 3 i-BAE 2D poloidal mode structures of electro-
static potential d¢p in MAS (left panel) and GTC (right panel) simulations. Here the
El temperature is Te; = 25T and the El density is ng; = 0.01n.

difference between GTC exact model and MAS well-circulating/
deeply trapped approximated model, in consistent with the growth
rate difference in Fig. 8(b). For the qualitative investigation of i-
BAE excitation and damping in the current work, the MAS model
can faithfully capture the leading physics of i-BAE following the
GFLDR theory.’
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