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Table 1. Parameter information used to compute fluid response and kinetic response.
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and current ™ = 90 kAt.

77 A AR RS B [ SRR HG T Rs S, n =
1P R EIAE X a5 R = A i s v S f k.

R T B A DR 5 M) A (AR I 1 7 4
BL, 5 LAn = 1AL B, X5 Tl 3(a)
A 4(a) Ll B WSS TN gos = 4, 4.25,
4.4 1 4.55 PO F -4 45 34 A AH R A9 A AR )
s bres(tot) Hp gos = 4F qo5 = 4.4 51X R

res(tot) oy Ex th B LA (R A -, qos = 4.25 B
B m/n = 6/ LRIHEA S B FARIX L. 26—
AT A B 2800 5 B AR Sk A A R DX
(B qos = 4.4) B, 45 B AR 07 37 388 23 Hh 30— 0
1B, 332 PR A P e 755 46 B AR ) B A AR
ETEA XK, % ASDEX Upgradel Fl ITERMO Ao
FURF G AUE B T X — s, A5 2 I X X el
WORNEE T RNG A RX, IR, B Hmm st %
BT RN G LXK, A Hm A Y RE S 2 S
HUZ X R A2 1) iz, A R T 5238 ELMs
A ) 7.

322 ZARFALETHARREB®RRfA{L

ERUR NS NS CYASEAL

SRy i — 25 PR 4 PR R A5 S AR T N ()5
U118 i o A2 7 o e 0 ol N ISP S 5 2 e
MRS REA AP S R e . 1 R sh 2 £
Rl LN A o R A N TN N S Ll 02 A2 e T[S R
TSP — A 22, XS )R 26 1 2R3 B 4%
S A SR S B 1w 5 09 RHAS TR A B T
M B AR ZE R . R B
() P R AR, 22 il ek | 2Pl F e Y, 4

HISCHTA, b 2R FL it o3 2 SCR TV exp (19Y) 1

1" exp (i0%), W] I FERREZ RO 20 AgUL =

— @b fE MARS FFp i, AR (022 n] DA 45
Ak, AR SCHL AR 22 O G D -180°—180°.

Kl 6 LhH T s MG BT AL ) 525 48 m 3
WG AL HE T 55 B 1A 7 1Y) S A8 ) I 3 W 7 T
R PR R L AR 7 25 AU N AR F gos Y

075202-6


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

Y B ¥ R Acta Phys. Sin.

Vol. 72, No. 7 (2023) 075202

400

(2)

300

200

[€x|/mm

100

495

30

J

0 . . . . . .
30 35 40 45 50 55 6.0 6.5

q95

|€x]/mm

4 TEFF AL

70

60

50

40

30

|€x|/mm

20

10

3.0 35 40 45 50 55 6.0 6.5

q95

20
(d)

15

10

30 35 40 45 50 55 6.0 6.5

q95

|€x|/mm

(an=1,(b)n=2, (c)n=3H (d)n =4LKBNIET, TLBELE X ST A PSR 1€ x | % 4

B F qos 9742 1k, i £ Bl 14 i 1 5 13 A0 H 380 43 31 SR AGM = 45° 1 IM = 90 kAt
Fig. 4. The computed amplitude of the plasma surface displacement near the X-point |£x| versus the edge safety factor gos, using
the middle row of RMP coils with the poloidal width AOM = 45°and current I™ = 90 kAt, for the (a)n =1, (b)n =2, (c)n =3

and(d)n = 4 coil configurations, respectively.

1.5
—a— Q95 = 4.00 6
-0-qgs =4.25 H
-8 Qo5 = 4.40 5/
b Qo5 = 4.55 I¢
<+ 1.0F 7
o !
- 'l
X
B
TQ_S 0.5
] 3
0
0.90 0.92

B 5 TR n=1LENIE T, g5 =4, 4.25,
4.4 F1 4.55 IF A7 HL T Ab A DSBS AR ) AR B ) bl O RT EE
LL2% (qos = 4) FIHEZ (qos = 4.4) 43 J X i b2 A 3
AL SR T B A B X W 3 B RS i A (R £, 4n
Il 3(a) Bl 4(a) HLL R R AATR

Fig. 5. Comparison of the resonant field amplitude at the corre-
sponding rational surfaces among qgs = 4, 4.25, 4.4, 4.55
with n = 1. The red line ( g95 = 4) and blue line (gg5 = 4.4)
indicate the valley and peak values of the amplitude of the
outermost pitch resonant radial field components in Fig. 3(a)
or the plasmasurface displacement near the X-point in Fig. 4(a),

respectively.
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Fig. 6. Comparison of the amplitude of the outermost pitch resonant radial field component in 2 D parameter space (A®,qos ),
between the vacuum radial field (left panel) and the total radial field including the plasma response (right panel), for the toroidal
number (a)(b) n = 1, (c)(d) n = 2, (e)(f) n = 3, and (g)(h) n = 4, respectively, using upper and lower rows of coils located at
0V = +20°and 6% = —20° with poloidal width AOY = A" = 15° and current IV = I = 90 kAt. The field amplitude is linearly

scaled to the range of [0, 1] for each gy5 value.
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Fig. 7. Amplitude of the plasma surface displacement near the X-point, with 2D parameter scan in toroidal phase difference

APUL = pU — @l (vertical axis) between the two offmidplane rows and gg5 (horizontal axis), for the toroidal number (a) n=1, (b) n =

2, (¢) n = 3, and (d) n = 4, respectively, using upper and lower rows of coils located at 6 = +20°and 6L = —20° with poloidal

width AQY = AQY = 15° and current IV = I- = 90 kAt .
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Y TV =11 = 90 kAt &Y = oL =0, ffi
MARS-F F2F i A48 R4 | (F) &R
Wi 17, PR AR n = 1—A LRI AR T X ST
YL A% R A FAR AL IR 2 FT 7.

£ 2 RFEFFESECT, B 90 kAt B A 1/
TERBBITE X s B A YA B MR (B ANAR
Table 2.  Amplitude and phase of the plasma sur-
face displacement near the X-point for different tor-
oidal number, using only upper/lower row of coils
with 90 kAt current.

L 2R LTk
noofexl/mm #/(°)  lex|/mm 8/ (%)
1 39.98 —155.8 39.41 —67.3
2 16.19 —156.4 11.16 —48.1
3 3.46 —107.0 11.09 22.4
4 6.90 149.4 1.20 —98.8

$2 FORME#HE Cauchy-Bunyakovsky-Schwarz /A~
FAIHE T WALE IR Cr, 2 vt
M Cy, = conj (Exi) A/ BEE, Cr NRAUHTE, Hirh A% =
So G BE =) lelt RIS, 2
TN SR B R IR MR, AT
SR SO P 2H B AR A G DO L, ARER A BT
PAZHZEPE Y VL [T 0 180 kAL, R 3 45 T n =
1—4MZBAIE T, b PIg] 2 o I iR (A AR 7
2. S5 R, SR8l i i i A ) e G B
WAL n RS T . no= 1IN BN 24
HL R IRAEL LP A A, BEAE n O3S K, T 4 26 P8l L 3k
=3y W L ER P (SRR NG R (R Y e N A
TP LB AR 2 LA 2

3 BT PR R R R (R 22 R R A 45
Table 3.  Optimization results of the current amplitude
and phase difference between the upper and lower rows of

coils.

n JY/KAt I /KAt (@Y —L)/(°)
1 90.64 89.36 88.5
2 106.56 73.44 108.3
3 42.80 137.20 129.4
4 153.34 26.66 111.8

P 8 I FH B — A E B A 48 07 1 10, itk — 2
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PACAS TN X i BEE e s 4 1) fe KAEL (S P
fr2E4b X TS 245 ). (HAT R A2, ZelE
TEMRAE ORISR T n = 2—A W f 2 L A 00 22
BT A YL S i Re . BEE n BYSE R, RUIE(E A D01
YERIEE 3%, JUHn = 40 W SR B9 DL A6 L-F- m]
VIGERTAT AoVt (BR T S iAif22) ARSI (i A3
K. XU T8 n LR BIAIE, FF M2
HLRIRAEL A DL A T A R SE B ELMSs #7H] f9 AUt
B,

332 LY TZaKXBEAR{Aff{zE
a9 R4

R T eI A AT SR, X — T
FEXT A =20 RMP 26 Bl He, 3 I (L AR o7 22 1
iAo, T PR B LA I8 R i X
H5rsc—, B H e O IMexp (i9M), B
FeiesE ™ = 90 kAt 1M = 0, FEH] MARS-F F)F
HHE B TR g PR B RN, £ 48 n =
14 ZBAIE T X SRS % iR E R

F 4 AFIRFBECE, BIRCE 90 kAt B4

LIEATE X RN A S A% W IR (B R AR (32

Table 4.  Amplitude and phase of the plasma sur-

face displacement near the X-point for different tor-

oidal number, using only middle row of coils with
90 kAt current.

" |€x | /mm P/°)

1 70.57 ~110.8
2 5.52 —102.5
3 12.30 —39.0
4 6.33 —178.8

LR 6 NAEESE (1Y, M, T,
oY oM oL R P& Cauchy-Bunyakovsky-Schwarz
AR, RIS B LR g py w2 R (a0
2 MR 4 TR, THE = 21 £k Vel v 3t i (B AR A7
ZMEME, n = 1—4LBIAOE RS R
%5 s, BT ZZHZRRERY SRR T E ) 270 kAt
2 Vel HL YL 0 6 R0 R A7 2 1) A DG AL 30 5 30 1) A 4K
n YIRS, N T ik — g2 e i i A AL 9 VE
& 9 FIHE—AHA B35, R TRt
TRAEARSE AL AL D S5 T X B 4 sh (v # i
{RR I T PR S R BB AR 22 (oV — oM,
ot — M) BAEfL. SRR, LA, L
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Fig. 8. Comparison of the amplitude of the plasma surface displacement near the X-point between the equal coil current and optim-

ized coil current, versus the toroidal phase difference APUL = U —

&L between the upper and lower rows of coils located at

AV = +20°and 6L = —20° with poloidal width AQY = A@- = 15°, for the toroidal number (a) n = 1, (b) n = 2, (c) n = 3, and
(d) n = 4, respectively. The total current of the two rows of coils is fixed at 180 kAt.
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Table 5.

litude and phasing with three rows of coils.

Optimization results of the current amp-

(@ — M) (@ — M)

n IL/kAt IM/KAt IV/KAt 1) /)
1 7095 127.05  72.00 —435 45.0
2 91.68 4533 13299  —b544 53.9
3 11152 123.69  34.79 —61.4 68.0
4 2244 11844 12912 —80.0 31.8
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Fig. 9. Comparison of the amplitude of the plasma surface displacement near the X-point between the (a) equal coil current and (b) op-
oM, gL —
coil currents with respect to the middle row, is scanned in the 2 D parameter space. The coils located at Y =
0L = —20° with poloidal width AQY = AfL =

timized coil current for the toroidal number n=1. The relative toroidal phasing, (¢VU — M), of the upper and lower rows of
+20°, M = 0° and

15° and AOM = 45°. The total current of the three rows of coils is fixed at 270 kAt.
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Fig. 10. The maximal amplitude (along the minor radius) of all the poloidal Fourier harmonics of the n=1 total radial field. The res-
onant harmonics are m = 1—5 for (a) ggs = 3.27 and m = 2—10 for (b) gg95 = 6.54, and the remaining harmonics are nonreson-
ant. Compared are the response fields obtained assuming the fluid model (fluid), and the MHD-kinetic hybrid model including the
non-adiabatic contributions from thermal particles (TP), or both thermal particles and energetic particles (i.e. fusion-born alphas)

(EP+TP). A strong parallel sound wave damping model is assumed for both plasmas (x| = 1.5).
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Fig. 11. The maximal amplitude (along the minor radius) of all the poloidal Fourier harmonics of the n=1 total radial field. The res-
onant harmonics are m = 1—5 for (a) gos5 = 3.27 and m = 2—10 for (b) gg95 = 6.54, and the remaining harmonics are nonreson-
ant. Compared are the response fields obtained assuming the fluid model, and the MHD-kinetic hybrid model including the non-
adiabatic contributions from thermal particles (TP), or both thermal particles and energetic particles (i.e. fusion-born alphas)
(EP+TP). The parallel sound wave damping model is eliminated for both plasmas () = 0).
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Fig. 12. Comparison of the amplitude of the normal component of the computed plasma radial displacement, due to the plasma re-
sponse to the applied n = 1 RMP field for ggs = 3.27, assuming (a) the fluid model, and the MHD-kinetic hybrid model including

non-adiabatic contributions from (b) thermal particles, and (c) both fusion-born alphas and thermal particles. The parallel sound

wave damping model is eliminated (x| = 0).
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Abstract

As is well known, large-scale type-I edge localized modes (ELMs) may pose serious risks to machine
components in future large fusion devices. The resonant magnetic perturbation (RMP), generated by magnetic
coils external to the plasma, can either suppress or mitigate ELMs, as has been shown in recent experiments on
several present-day fusion devices. Understanding the ELM control with RMP may involve various physics.
This work focuses on the understanding of the roles played by three key physical quantities: the edge safety
factor, the RMP coil current, and the particle drift kinetic effects resulting from thermal and fusion-born a-
particles. Full toroidal computations are performed by using the MARS-F/K codes. The results show that the
plasma response based figures-of-merit i.e. the pitch resonant radial field component near the plasma edge and
the plasma displacement near the X-point of the separatrix,consistently yield the same periodic amplification as
qos varies. The number of peaks, y, is positively correlated with the toroidal number n, i.e. y ~ nAqgys with
Agos = 3.5. The peak window in g¢s occurs when a new resonant surface passes through a specific region of the
plasma edge. Two-dimensional parameter scans, for the edge safety factor and the coil phasing between the
upper and lower rows of coils, yield a linear relationship between the optimal/worst current phase difference
and qos, which can be well fitted by a simple analytic model. The optimal value of coil current amplitude is
sensitive to n. Compared with the same current amplitude assumed for the two/three rows of coils, the optimal
current amplitude can increase the &x but does not change the prediction of the relative toroidal phase
difference. More advanced response model, including kinetic resonances between the RMP perturbation and
drift motions of thermal particles and fusion-born alphas, shows that the modification of kinetic effects should
be considered in order to better describe the plasma response to RMP fields in high-3 plasmas. The fluid
response model with a strong parallel sound wave damping (x; = 1.5) can well predict the plasma response for
the ‘DEMO-like’ equilibria. For low (8 plasma, the kinetic response is consistent with the fluid response, whether

a strong parallel sound wave damping exists or not.
Keywords: resonant magnetic perturbation, plasma response, coil current optimization, drift kinetic effects

PACS: 52.55.Fa, 52.55.Tn DOI: 10.7498/aps.72.20222196

* Project supported by the Young Scientists Fund of the National Natural Science Foundation of China (Grant No. 12205033),
the National Natural Science Foundation of China (Grant No. 11975062), Dalian Youth Science and Technology Project
(Grant No. 2022RQ039), and the Fundamental Research Funds for the Central Universities (Grant No. 3132022195).

1 Corresponding author. E-mail: zhoulina@dlmu.edu.cn

1 Corresponding author. E-mail: duanping@dlmu.edu.cn

075202-17


http://doi.org/10.7498/aps.72.20222196
http://doi.org/10.7498/aps.72.20222196
mailto:zhoulina@dlmu.edu.cn
mailto:zhoulina@dlmu.edu.cn
mailto:duanping@dlmu.edu.cn
mailto:duanping@dlmu.edu.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

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

SR TS RREIR B B AR B L L A BB T
B Rl xR BE BRAE KRET

Modelling study of fluid and kinetic responses of plasmas to resonant magnetic perturbation

Zhou Li-Na  HuHan-Qing  Liu Yue-Qiang Duan Ping ChenlLong Zhang Han-Yu

515 &, Citation: Acta Physica Sinica, 72, 075202 (2023) DOI: 10.7498/aps.72.20222196
TEZE 7)1 View online: https:/doi.org/10.7498/aps.72.20222196
I N2 View table of contents: http://wulixb.iphy.ac.cn

FEAT ARG HoAh S

Articles you may be interested in

FER B e S5 B TR rp SRR S O SR S T LE PR RO

Field amplification effect of resonant magnetic perturbation on ion orbits in tokamak plasma

WIFEAEA. 2021, 70(9): 095207  https://doi.org/10.7498/aps.70.20201860

HIL-2 A HER i Ji e S0 25 1~ (A0 SRR D12 50 4y e 1 3o 7

Effect of toroidal rotation on plasma response to resonant magnetic perturbations in HL-2A

WIFE44. 2020, 69(19): 195201  https://doi.org/10.7498/aps.69.20200519

FEA T o e B P A R TN i JiE e ok = i 15 73 ) 2 )
Influence of toroidal rotation on plasma response to external RMP fields in tokamak

FEEEAR. 2022, 71(7): 075202 https:/doi.org/10.7498/aps.71.20211975

T HEOLSE B b kb g 7™ Az 0 v Bl 5 2k

Optimization of pulsed intense magnetic field device for laser plasma experiment via inductively coupled coil

PyFEEEAR. 2021, 70(16): 165202 https:/doi.org/10.7498/aps.70.2021044 1

2 e [T REHAR B -4 5 B9 IR R X0 A B AR 5 R T R U S ) ) (S AL

Numerical simulation of influence of magnetic field on plasma characteristics and surface current of ion source of 2—cm electron

cyclotron resonance ion thruster

YA 2021, 70(7): 075204 https:/doi.org/10.7498/aps.70.20201667

J3E 25 B PRI I e SR 14— AR R U AU 5
Two—dimensional radiation hydrodynamic simulations of high—speed head—on collisions between high—density plasma jets

WAL 2022, 71(22): 225202 https://doi.org/10.7498/aps.71.20220948


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.72.20222196
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.70.20201860
https://doi.org/10.7498/aps.69.20200519
https://doi.org/10.7498/aps.71.20211975
https://doi.org/10.7498/aps.70.20210441
https://doi.org/10.7498/aps.70.20201667
https://doi.org/10.7498/aps.71.20220948

	1 引　言
	2 计算模型
	2.1 MARS-F/K计算模型
	2.2 多组RMP线圈电流优化的解析方法

	3 数值模拟结果
	3.1 等离子体平衡和位形
	3.2 安全因子对等离子体流体响应的影响
	3.2.1 等离子体对中线圈的响应与安全因子的依赖关系
	3.2.2 安全因子和上下两组线圈电流相位差对等离子体响应的影响

	3.3 RMP线圈电流幅值和相位差的优化
	3.3.1 上下两组线圈电流幅值和相位差的优化
	3.3.2 上中下三组线圈电流幅值和相位差的优化

	3.4 漂移动理学效应对等离子体响应的影响

	4 总结与讨论
	参考文献

