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Fig. 1. Equilibrium radial profiles: (a) The safety factor; (b) the plasma pressure normalized by B2/po and the plasma density nor-

malized to unity at the magnetic axis.
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Fig. 2. The MARS-F computed (a) growth rate ~yof for the m =1 ideal IKM with varying radial location d/a of the ideal con-

ducting wall, and (b) eigenmode structure, in terms of the poloidal Fourier harmonics of the radial plasma displacement with the

wall located at the plasma boundary, d/a = 1, or far away from the plasma surface, d/a = 3.
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Fig. 3. The MARS-K computed growth rate y7a (left panel) and mode frequency wra (right panel); of the n =1 ideal IKM,

with 2D parameter scan in the kinetic fraction factor oy and the on-axis ratio of the EP pressure to the thermal pressure 3§, con-

stant equilibrium density and pressure fractions for EPs are specified as 85 = Bn/Bmn and an = Ny/Ne , three ratios of the EP en-

ergy to the thermal-particle energy are assumed: (a), (b) cor =10, (c), (d) ar =20, and (e), (f) ar = 30, respectively, an ideal

wall is placed at the plasma boundary, d/a =1.
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Fig. 4. The MARS-K computed (a) growth rate y7a and (b) mode frequency wra , of the n =1 ideal IKM, with 2D parameter
scan in the kinetic fraction factor oy and the on-axis ratio of EPs energy to thermal-particle energy ar = 85/Co , constant equi-
librium density and pressure fractions for EPs are specified as 85 = fn/Bm and an = Np/Ne, the EP pressure fraction is as-
sumed to be 8§ = 0.5, an ideal wall is placed at the plasma boundary, d/a =1.
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Fig. 5. The MARS-K computed (a) growth rate y7a and (b) mode frequency wa , of the n =1 ideal IKM, with 2D parameter
scan in the kinetic fraction factor oy and the on-axis ratio of EPs energy to thermal-particle energy ar =875/Co , constant equi-
librium density and pressure fractions for EPs are specified as 85 = fn/Bm and anx = Np/Ne 5 the EP pressure fraction is as-
sumed to be B3 = 0.5, an ideal wall is placed at the plasma boundary, d/a = 3.

(R 1F B RS Bh B 2E R R TRM A2E PERYSE IR
Ed ol AW R S5 d/a = 1P T EASE: 1) 78
EPs 5 5okl FRe i LW EEKAT, EPs 1Y 558
B FRLAERUN AT TKM A B 0 g A AR, R
AR B oo 3G K ILF IR AN 2) FERERE L
{H ar = 20 B, EPs (38R gl 3222400 X TKM
CL 2 B B AR VE . R Bl 25 B 2 HU A oo 19
B, BN X TKM (R 1R BG83 4.
R AR T LA BEA T4 B AR AL, FERAL BE
i F d/a = 30}, EPs i 8585 sh BE2E 300 X TKM

ARE VEFH BT 5R, H 25 18 4 5 1 2 B 8 Bl B 22 40
B (cue = 1), d/a =31 IKM [ ol B2 3K 5
AR B KT d/a = 1R R TR
PRI WERBEAR. 138 EPs FRSROY A0 85 A45 1 R
T 5 hR -8 ghie, B SCRCA A B
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Growth rate y7a Mode frequency wra
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6 MARS-KITH n =13 IKM WK yra (M) FE wra (F500) B33 2 F oy B EPs 5 T 50ORF BESAL 5 L1
1 B MAEfL, Bi% EPs 55 SURLT( FRIR LRI LG B85 = Bu/Bu BINARIEE N, 40518 XN Bn/ B =B (1 — 2) M Ny/Ne =
Co (1 —p) , EPs A1 5Ok FRER 1Y HLAH ar = 85 /an 230 (a), (b) ar =10, (¢), (d) ar =20 (), (f) ar =30, H25 M
BEAL TR TR AL dfa =1

Fig. 6. The MARS-K computed growth rate ~7a (left panel) and mode frequency w7a (right panel), of the n =1 ideal IKM,
with 2D parameter scan in the kinetic fraction factor «y and the on-axis ratio of the EP. pressure to the thermal pressure
B¢ = Bn/Bw , analytic specification of radial profiles for equilibrium density and pressure fractions for EPs are specified as
Bu/ B = B (1 —2) and Np/Ne = Co (1 —p) , three ratios of the EP energy to the thermal-particle energy are assumed: (a),
(b) ar =10, (c), (d) ar =20, and (e), (f) ar = 30, respectively, an ideal ' wall is placed at the plasma boundary, d/a = 1.

N, RGEWIE T AR BIALE d/ o FIRER LU or s 2) ar B EPs 78 IKM AN E P B4R 358
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TIBNBEE e = 1 IIGH R, S s 128 LA 5 & o BRI/, PIGAE dfa KM ar B/ N
TERW AR 2 1) TR —4ES G F N, H BRI, A, SR Oy AR LL, A8 E R A Y
EPs )it Bl5 S g B2 200 AR 22 AR TKM A3 EPs U BRI (R, HORIRMERE ar 195
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Growth rate y7a Mode frequency wra
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Bl 7 MARS-K18E n =1 BN BN (a) B R yra 1 (b) 5 wra Hish B2 F o FIEEHNAL EPs 53 50k F R & HE
ar = B5/Co MAEAK. B EPs 1575 50k 1 HE 38 Ho (8 0 9 3 LU B3 O A4 5 i, 40 305 SR Ba/ B = By (1 —92) 7T<ﬂ Np/Ne =
Co (1 —p), 3 Fh EPs 515 50k TR L2510 85 = 0.1, B = 0.5H1 B = 0.9, A AN T4 AN AL d/a =1
Fig. 7. The MARS-K computed (a) growth rate y7a and (b) mode frequency wa , of the n =1 ideal IKM, with 2D parameter
scan in the kinetic fraction factor ay and the on-axis ratio of EPs energy to thermal-particle energy at = §§/Co , analytic spe-
cification of radial profiles for equilibrium density and pressure fractions for EPs are specified as fh/Bn = E(’)‘ (1 — wg) and
Ny/Ne = Co (1 —4p) Np/Ne =Co (1 —1p), the EP pressure fraction is assumed to be 8§ = 0.1, 8§ =0.5 and 5} = 0.9, re-
spectively. An ideal wall is placed at the plasma boundary, d/a =1.

Growth rate y7ra Mode frequency wra
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K8 MARS-KITH n=1BENAMEN () MAERK (o =0) AMEIE LMY (o = 1) BHERKER y75 Al (b) ax = 1HF
W2 wra BEELRELRE (L B d/a FIEESIAL EPs 595 SORT 81 HME ar = 8/Co M7A5 4k, 815 EPs 515 SObL T (1 R 55 (8 A% B He
{1 o A 0, 405 S B/ Ben = B (1 — 2) 1 Niy/Ne = Co (1 — vp) . EPs 515 SORLT FESR A 47 85 = 0.5

Fig. 8. The MARS-K computed (a) growth rate y7a at the nearly fluid limit (o, = 0) and the full fraction of the kinetic contribu-
tion (ax =1), as well as (b) mode frequency wra at ax =1, of the n =1 ideal IKM, with 2 D parameter scan in the ideal wall

ar
N
o

radial location d/a and the on-axis ratio of EPs energy to thermal-particle energy ar = 8§/Co , analytic specification of radial
profiles for equilibrium density and pressure fractions for EPs are specified as S, /B = ﬁg (1 — wf,) and Np/Ne =Co (1 —1yp),

the EP pressure fraction is assumed to be 35 = 0.5.
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Abstract

How energetic particles (EPs) affect the internal kink mode (IKM) is a critical question for the stable
operation of future burning plasma devices like ITER and the EU DEMO. In this paper, the IKM in tokamak
geometry is numerically systematically investigated utilizing the full toroidal magnetohydrodynamic (MHD)
code MARS-F and the non-perturbative MHD-kinetic hybrid code MARS-K. Emphasis is placed on the role of
kinetic effects arising from the precessional drift motion of trapped EPs. Multiple plasma parameters are
scanned including the ideal wall position d/a, the on-axis pressure ratio G and the energy ratio ar between
the energetic and thermal particles, as well as the radial profiles of EP density and pressure. The kinetic effect
is found to be either stabilizing or destabilizing depending on the EP equilibrium profiles. With the latter being
constant fractions of the corresponding thermal particle profiles, the EP kinetic effect mildly destabilizes the
IKM at low d/a and ar. The mode growth rate monotonically increases with Bg , peaking at maximum d/a
and ar for B3 =0.5. For radially distributed profiles for the EP density and pressure fractions, however, the
effect is stabilizing throughout the parameter spaces in (d/a,ar). The enhanced stabilizing effect comes from
the more peaked radial profiles for the EP density and pressure, which increases the magnitude of the resonance
operator(given in Eq. (8))by increasing the diamagnetic frequency of the EPs. At-large ar, the mode growth
rate non-monotonically depends on fj, reaching the peak value at maximum d/a but minimum ot for
B5 = 0.5. This non-monotonic behavior stems from the fact that a higher mode frequency is excited by
precessional drift resonance of trapped EPs for radially distributed profiles, while the mode frequency appears in
both the numerator and denominator of the resonance operator. Significant quantitative differences are also
computed, over the entire parameter space, between the aforementioned two profile models for EPs.
Comparative analysis shows approximately one order of magnitude difference in the computed mode frequency,
and even sign reversal, between the two EP profile models with increasing ar. With the radial profiles of EP
density and pressure more representative of the experimentally conditions, the mode frequency excited by EPs

reaches an amplitude on the order of 10-2, corresponding to real frequencies of several to tens of kHz. This result
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aligns well with experimental and numerical observations from multiple tokamaks, including DIII-D, EAST, and
HL-2A. The amplitude increases monotonically with EP energy, further supporting the consistency with these
observations. In experiments, the radial profiles of EP pressure and density can serve as key control parameters.
By tailoring the deposition profile of auxiliary heating, the radial distribution of EPs can be actively
manipulated, thereby enabling effective control of sawtooth oscillations. These results enhance understanding of
the EP kinetic effects on IKM and provide physics insight for analyzing associated instabilities in future fusion

devices.
Keywords: internal kink mode, energetic particles, drift-kinetic effect, tokamak
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