) 32 2 3R Acta Phys. Sin. Vol. 75, No. 11 (2026) 110502

B B T R A SRS R 7 A A A

FAROT FmY EZEmY x4E? BmWHEY EFY
Bl HAeY  xIHY

1) (RIEBRERFHAERE, KiE  116026)
2) CEEMAET AR, ZHFE  92186-5608, FE[H)
3) (B TV P Fs I EATSE R, JR#R  610041)
4) (KEWHERFMIGFPE, KiE  116026)
(2025 412 H 9 HIE]; 2026 4F 2 H 28 AL &)

WAL ML (internal kink mode, TKM) AL R S v vh — SR (G R RN e e e, AR ARG IR T 09 B
[, HARE 5 R e kLT (energetic particles, EPs) ) 3l #5284 i % VI AH 3¢ . 48 SCR 4 36 Ll (7 % (19 MARS-
F/K )%, 2T DEMO V- & si 5480 T EPs # 30 I518% 2l #1400 4T TKM F 52 . 25 L R W], 1% 3 B2 34007
X TKM A Fe 8 sl A2 VR 1, Hok 55 B TRENL E d/a (d AEESREAAR M BEE, o A/NEAR). EPs 515 =60
TG AL B TR S LB B L RERE HUAE oo S EPs JR 50 RV B (0 72 17 40 A5 45 80 7RI R 04 T, d/a I
vr BN Bl B2 RON 23 B R R TR 5 1) 3 B 2 G KRB B BRI 284k, Bg = 0.5 I B (E AL T d/a Fl ar
¥ods KA. AR 8 2 A, ShIF ROV AE AN 28K (d/a, ar) TR N ERREEN; ar KK S 32
WK R gy RAERAA L, B = 0.5 BF HIE(EN F d/a B R1E ar fe/IMERE. TEX PR AT, %800 #Uk 1Y
BERIEE 222 1 D 2R, BB ar MR LEFAE S ABFSE I 3E T X EPs 3l 312722500 52 ma TKM HIL ] Y 21
RIAR R IR AL T PR AT E TR o B 5%

KM AL, R REA T, RS S BISE RN, TR S

DOI: 10.7498/aps.75.20251694

1 5 =

WHLAIAR (internal kink mode, IKM) A& %E
PERFL R S ye b —Fhi WY R AT e 1, Ho
A m = 1, BB n = 1. IKM £ LT
LARNT g =1 GBI, A T R A ] —
DTS, BT R s RO AR, i B A
P37, /NS RFE VRS T DAHE 45 58 A i
PRI ZR T B IR SRR EUR AR R, B A7
S AR TR Szt U BE, AR A Y

CSTR: 32037.14.aps.75.20251694

iR RS iBuN S AL STinz) IR Ul y LS R AR
TG S AR 2 OV 5 A 2 LA Y S [ 9K )
NP AR K, RO T2 SR, K
R 2 ML SR P IR S B TR 23R, B
SH IR, i, Buttery 55 1 [R5 R Wk
BT ML, m/n = 3/2 B M RIS
RAIA—ELE I Oy AL, BRA T SRR T IRAYTERE.

RAERIWTTE TAEC 238, I8N B 1AL B
BT A5 B T A 320 S R <2 2 PRAE L A5 BER S RRE
IKMPL 538k, Xt T35 SR 67, B B o™ A= i
195 BE 1 1890 LR ST 3R AR R 7 A Y B I

* EFRHRBER ST AERERS (S 12205033, 12105317), K& AERHEAA (@S 2022RQ039) Flh degiAg 34

BHIY 5 2% (S 3132025199) ¥5 BRI
t BIE1E#E. E-mail: zhoulina@dlmu.edu.cn

© 2026 FEIEZFS Chinese Physical Society

http://wulixb.iphy.ac.cn

110502-1


http://doi.org/10.7498/aps.75.20251694
https://cstr.cn/32037.14.aps.75.20251694
mailto:zhoulina@dlmu.edu.cn
mailto:zhoulina@dlmu.edu.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 75, No. 11 (2026) 110502

T 00 B AT 7= A A B B AR 0 23 R TKMIM,
£ JET i@l ICRF Jin#k He! B+ HUIESE T 5 fg
Bl Rk kL £ 51k AR I Bk 02
ITER HRUMERAS I =42 3.52 MeV 1Y JR 24
TFoXF IKM AR MR, Ni&siRE R
ViR . PRI, BARE ST B - b i BT IR A Rk
AR R O 4% 1) 2 J P 1814, Xk
KB RAEHE, FHEKRL T (energetic particles, EPs)
RA T REt 2 5R ZU AR A TKM, T 20 E A4
W iR 1516, R, R AR EPs 2k B 2 5% 0 X
IKM HI520H, ARk ITER il DEMO %5 8k &
FFE R A R i) S [ —.

ASCRIH 23U B MARS-F/K #2)%,
55T DEMO V- & i 98 1 EPs # 8 I % 3) #
OB IKM 520, REAT T IKM A e
PE5 B 23 BEQGL'E | EPs 515 S50k T 14 il b R 5% He
{8 BER HUAH, LUK EPs JR o I35 B 42 [ 40 A
KSR RO 2R . 2 OB IR : 46 2
WAL 5 3 W HER A B T, IR
7 EPs 1 B2 R0 X TKM 52 Wi 0 500{E R 40 495 1
54 R TAEAT BE 5.

2 HEAEA

ARSCHIFH MARS-F/K #2178 15381
IKM RyFa &Pt MARS-F g 78 £ ¥ U i
SK A 3l B BRI 4K 712 (magnetophydrodyna-
mic, MHD) F 24, #5435 IKM ARAE{EFAAELS ).
MARS-K &5 T MARS-F F2 754 3 B 27 %500 i
U Rl P BL e ARG T Sy i e A R U N
HIE i MHD- S Bl 32 A BRoe 2 ik A
A R A MHD R AR AR (S, MARS-K & )F
EL ) 5 AR e A7 X6 Fiiat 09200 J4 372
TR S BN R TRMP-2122) | S H] A /e B
L 125260 S Y BIF 9. S T S A B T SCAY AL
gEAL ORIV R A4 MARS-F/K A8 PE40AY
MARS-F/K #RIA] 2% [17,27). 7R85B IR X 8L,
FEHFRUT:

(7 +in2) € =v+ (£- V) RV, (1)
p(¥ +in2)v
= _V-p+ij+be—p[QQva

+(v- V) R*V¢| — ROPV - (o) R, (2)

(7 +in2)b=V x (v x B)+ (b- V) R?’V¢

-V x(nj), (3)
F+in2)p=—v- VP, (4)
j=V xb, (5)

p = pI + oypyybb + oup (I — bb), (6)

vy = Y M atdn, pr = Y0 My fdn, ()
J J

K, p, BT 53 5 3R7m 55 B A 00 - Ml %
S RES R f R . POy (BT =R A
EPs) BOEM{ R, €, v, bl j 0 BIRREE IR
PSS | SEBh L | P37 L S sl v i
JE. ARAIEARL 4 B2 HE 3R 43 1) 2 7m TKM A3 K
BRI TR (ap = 0BF) 22 PR
MHD-Z 2R A (e = 1B]) A REL.

wn (6) s, PRk e p bRt
R AP 3l s 1 p (R TR 3 5 ) AR
AR TR 45 T SEPE B p ) R p, AU TR
fisk i, b= B/|B|. EB NI R p, M
po W (7) AR, o roRR R B S 1] 5 R
TR, AR5 F LG EPs. M; 2 A0 kL
FHhE, vy, Ry S BIFERRT-S 0 0 B RIE 3
FTA T R T LR, L R A A R R 1
L5 — AR R 2, RIS R A SRR A [17):

n {wm + (ék - 2) WaT +WE:| —w

At = nwq — @ @
U, wan lw,r 7350127 ph 25 BB B8 Pl P 6 32
SRR PTREE RS, we & I i s Y
E x BERIA, we s BEEIIE V- 1 ROk 5 2R 6]
PESNERAAR, & o R T — L5 BRL T 5 B
FREE, O = iy RAUIR. BT SO TR ZE 72
Hr = VA 53 A7 PR AL, EPs IR A 1 R PE 18 Ak 431
SR 1.

3 BEMLER

FIHIRTSCA B89 MARS-F /K #2F, 24501 R
BEM AR 107 B N EPs 3 315 A% 2l 3272500 % 2
HEIKM FoUE M2 i i AR5, 3.1 a1
A 5% R Y 5 B U1 Al 2 400R0 1) T kR
3.2 WAL FURAREIAY, H A T REALE X TKM A

110502-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 75, No. 11 (2026)

110502

FEPER IR 3.3 9 3.4 Wit—2L 5] A EPs
(Rt SRS Sh B2, Horh 3.3 Y {EUE EPs 57
SR AR P SR I L AEAR o) PR AR E LU, TR AR
W T RRL T A He i HE (-5 RE B LU R0 TKM ANER
TEVERYFEMABILA; 3.4 55 B X S S s S 36 T
Ul——EPs 5 5ok s M 3 R R AE 542 1)
SIARITETE, R T IKM A& PRt e, LA
SEEAH O AL AR

EEFETEE

ACET EU DEMO1 2015128 %145 55 1
WP, P C S T IT R T i 4 R i il 4k
R 15 31 R 25 5 A0S SRR BB 20 U 1R A Bl B 2 i)
N A AUUAIE S 29301 [ 1 (a) T 70 Sy B3 348 1) 42
AP AR m N, Horb, o, = 0Bl R 4
+ g0 = 0.96 (¢, A IH— LM (7] BE 3 ), o, = 0.95
W F qos = 3.27, ¢y = 1IFAE R F ¢, =
541. EEBLN ¢ = LIRINLE r = /) =
0.26. 18] 1(b) J2& H1 B§/po 11—k i1 He 53 1) 1 H1 %
BAR YA —Ak A 1 BRI, b Rl AL FL s 2R
W5 By =5.62T, po WHEFH. ST KK AR
K Ry=9.07Tm, HfEH A= Ry/a=322, F&ET
A B SR Ip = 19.6 MA, F Tp(MA) /a(m) By (T)
H—ALRY L RAE Ay = 2.69.

T g, AR AT H—% EU DEMOL1
2015 TP R, %A AR e b K, =
FAIBAE D K 4 3. B BEIT R, Rk
P > 1 XTEAR A B R AR AR VE A, b
bk > 1 51E =M r4E5G WRE ™ A 3 i FR e AL
N Bl Lazarus 55 B2 FoE it —20 kR, 78 GIE#L

3.1

6

(a)

5F

Safety factor

Bl AR R T- T (9 42 1 T

Pressure

T, SRR R 0 = 1 ATRE MR AT
AR [ AR AT O MESCHAE. KA SO AR e e
EHA REARE (QIER N s = AP AE) 1
DEMO A HoAt Sz REMEE I, 5 PRI 5. L
TS HO0E BT MHD A2 1 A9 52 2 2 W) 8 A
TAERIBIFEIE, ARARAT S ETTIE R G SR
WF5E, DLALASGEE M, N4 (i B il vk o
PEELRH.

MIEEE TE S B0
I E D4R, B PIRRE TR E S Fa e
FRAR TKMP3. 55 — I 5Y o, R 45 88 14 i
#H1d Bussac R FR B, 45 8 AR R T 2258 AR EEA
fifa E HAE IKMB), £3T ] MARS-F £ 44 14 A7
WER) EU DEMO P, XF et se 7 1R = M
JE T Has BEXTHIAE IKM 52, g5 1%, hT
q = 1T AR Ao, B 0T 25 ARl B, PR B2
BET TKM A 8 2 i e A/ F B0, 25 jE ) B2 BE v
BHR A5 AR /N, AR SRR B2 BE O BARLRE | HLRE
£ )£ DEMO1 &Y% —BE 29 8] 2(a) il
MARS-F 541 n = 1 HAE IKM BRI R y7a
it B 2 PRAE BE AR [0 B d o (d 0 BE S RERh B2 1]
BHES, o R/NEAR) AR, AR SCHITA 38K SRR
1 5 0 FH # B A BT R 2R 3% wa = Bo/ [Ro (popo)]
(BEHHE] 74 = 1/wa ) H—fk. & 2 WA 4 R %
2 PR ik B AR IR VA 45 i T AR A It RS A o B
SRRV, DR ISR R A . SCRik [37,38) F it IR IE
T TS T RO e TKM B2 Wi 9 BF .
[l 2(a) s, 24 HALURE 78 B 45 B IR BEe, B
FETKOM. B J A S5 I 838 K. T 24 B 2 BE A

3.2

1.0

0.10
(b)

10.5

o

=)

&
Density

0
1.0

0.4 0.6 0.8

r= wg}/Z

0 0.2

(a) AR T ; (b) M B2/ o VA — 4k B T 58 20 T ROV i Ak 01— £ Ay 1 69 5 B 30 T

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/Bn 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 = 8§/Co , constant equi-

librium density and pressure fractions for EPs are specified as 85 = fn/Bm and ax = Np/Ne, the EP pressure fraction is as-

sumed to be B3 = 0.5, an ideal wall is placed at the plasma boundary, d/a = 3.
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Fig. 6. The MARS-K computed growth rate ~7a (left panel) and mode frequency wrs (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

BS = Bn/Bw , analytic specification of radial profiles for equilibrium density and pressure fractions for EPs are specified as
Bn/ B = BS (1- ¢p2) 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.
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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 — 1) , the EP pressure fraction is assumed to be 8§ =0.1, 85 =0.5 and B} = 0.9, respectively. An ideal wall
is placed at the plasma boundary, d/a =1.
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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 wrp at ax =1, of the n =1 ideal IKM, with 2D parameter scan in the ideal wall
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 — TP;%) 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 35 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 35, peaking at maximum d/a and ar
for A5 = 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 G5, reaching the peak value at maximum d/a but minimum «r for 85 =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 «r. 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 102, corresponding to real frequencies of several to tens of kHz. This result 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.
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