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Abstract: [Introduction] By adding parallel electron viscosity into the normal equation of resistance tearing mode, the nonlinear
behavior of double tearing mode (DTM) mediated by parallel electron viscosity is numerically investigated considering the
magnetohydrodynamics in a periodic cylinder. [Method] The evolution of magnetic islands and magnetic flux during the nonlinear
behavior stage of double tearing mode mediated by parallel electron viscosity were analyzed, to study the changes of the magnetic field
topology in different phases and associated kinetic characteristics for different distances between the two resonant rational flux surfaces.
In addition, the nonlinear driving for each case was discussed. [Result] The results show that the distance between the two resonant
rational flux surfaces has a significant impact on the nonlinear behavior of double tearing mode. Rapid magnetic reconnection would
occur at an intermediate distance, resulting in the fastest and most severe damage to the configuration. [Conclusion] The results of this
study provide a reference for the configuration design and operational control of tokamaks.
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Fig. 1 Contour plots of the helical magnetic flux



530

REHE, A5 BUHHLT R | R DU SR L i 39

%1073
2

T
3
P

-
(@

)

35¢

o 3.0 assismninsaneins

251

0.1 0.3 0.6

-
©

2 (a)ErERLBEFMX (b)) IREMER. (o) 2B FRHAEE

Fig. 2 (a) the helical magnetic flux profile, (b) the toroidal current profile and (c) the safety factor profile
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Fig. 3 Contour plots of the helical magnetic flux
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Fig. 4 (a) the helical magnetic flux profile, (b) the toroidal current profile and (c) the safety factor profile
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Fig. 5 Contour plot of the helical magnetic flux
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Fig. 6 (a) the helical magnetic flux profile, (b) the toroidal current profile and (c) the safety factor profile

104 EF—E00" D, =040(t=0)  ___eeeeas
F._..fmag e
10 b gﬂg R=10
E 6,2
R e e
6 =
2 10%F
RN :
= of
10711 é
10—12: 2

200 400 600 800 1000 1200

t
B 7 HEhuiRERERERET
Fig. 7 The perturbed magnetic energy as function of time
Yarive (M) = Ya+ Vs (17)
FEA Hr, 3R ) PR m, = my, =3, 1%
IR 3 i B A BB Kyme = 0Flm* = 6, WA 7 FTR,
EE 8 Al LLAE F, y(m=0)=0.032=2y(m =3),
HRADMAF . b T WA B iy FE R Ok, Ik
AR, RIATEERE m =3 BRE— AL T 3B
ARG A
3) AEFFRE B M AR S TS E AR, 12 ALK Y
R[] ROBERE AN 2 KRRk
P9 I &ty Y A BT R D v AR R RS 0.22

AT . DR R RIS m = 3 AR S A, ik AR
T B 25 Hh 0 S RERERT A AT S [T o NI R mT LA
B, KM LAGY 4 BB, — . BB, A

1) 2k REBir BE, BB BE m = 3 1) XU A5 L
0.018 MK ARLMENE 1, BARAAE(E A 145 B Y ek
BERAR—E

2) ARLRAESK BB B, LEF BE m = 0 AR R
4 0.036, 2 /%5 T m = 3 BEAYIG IR, BREE A5 SRR —
2.

3) PR R R B o DRI T B 8 R T £ Bt e
[F1) 5 A28 14 A ] R, TR A T B A b S R B Y
A, ARSIk A 21— 5 B Be, 1 G 5 1R A0 2Z i, P
AN BT PR 5 A P R B R T KRS8,
R GAkE KR, A1 T AR AL, 23] P Y
P T ARG ) R K, SRR K R —
AP Y T R, 3 005 IR, BVRE ) sS At 1n)
7L B (R DA 5 0 e 55 R 1) ) A TG T 2
Z I A8 R IR, 76 7 PR T 1 5 484 DR A ) FEEK

4) I B PR R g B A 1) 6 B S S
(K, WA NEAGAR KA AL, DR i bR A J it
Ja, B HE N LI B o B B D B NS A Y
KOS, A BT AR K A AR, DAIRT 4 R, A P



44 R RETR A I

H11E

200 400 600 800 1000 1200

10°° i B
kS

s mag

2107 —E

= —Ep

_ -E5)

e ({) e z
< Eonn(if) @) e < (1i1) =

: H mag|

% y=0.032=2y(m=3) : —700

&é 0.041 Wi —5r
=
2
]

200 400 600 800 1000 1200

(b)

B 8 (a)#izhwiREFIBhEE, (b) 3T R ARG ER, FERT 18] 4Y3E S
Fig. 8 (a) the perturbed magnetic energy and the kinetic energy
as functions of time, (b) the corresponding growth rates as
functions of time

] 45 B TR D FE M, FLFE B AN FER A B T
S RG S, HA IO K R, A g
BT q, =3 094 B, BES e Tk .

& 10 27 1 J2 R S B TR 45 BE 2 R 0.06 1)
P REBE T (B Y 1L, v LUE 2, fEREA Rtk
JRE R ETHA, m/n = 9/3 F1 12/4 R RERE AL T S B =K,
PR T T 1 e M SR AR, T 3/1 BT 0/0 A5 AZ At AT TR
BHYR S, 973, 3/1. 0/0 BEAY R fie K H K
RWAER 11 ARG, [k 25 S Al S H K R,
PR Sy 76 3 BY, R bl [ 455k RSOk T, AN B P B L)
3/1 B 9/3 AR ShREVEHIWT. Ml 11 AT LI F],
KEATLAGR R 4 BB

1077 E mag
g—g{.ﬁgg Dy, =0.06(1 = 0)
Z:E%al.g R=10
L 10 Leeupie
.% Eo :ﬁgg
N Rt
ol g
B :
=]
o0
<
2 107[0
1071] |

200 300 400 500 600 700 800
t

10 HzhwERERERT B AR

Fig. 10 The time evolution of perturbed magnetic energy

1) LRVER TR BE, BB m =3 BRI, 0.57x107

300 350 400 450 500 550 600 650 700 750 800 850

g 107 i
5, -
= -
&3 T

<@ < (iil) » | =~ (iV) >

WU (11) ............ v( ) ( ) ( )

@ ¥(m =0) =0.036 4
£ 0.04 - - =7
£ 0.02 3 -
% A :

. . i . . I L Py 2

300 350 400 450 500 550 600 650 700 750 800 850
t
(b)
9 (a)¥izhEiaEFIZNEE, (b) IFRIAIEK R, BERT B HE TS
Fig. 9 (a) the perturbed magnetic energy and the kinetic energy

as functions of time, (b) the corresponding growth rates as
functions of time

200 300 400 500 600 700

_.
<
s

Engeries

(1) > (2) i (i)
» e p(m = 0) = 223x1072 e
£ 0.02F e,
] y o =
S 0.01 f==sv=——ya i
2 YT =9)= 1126107
o [y(m =3)=0.57x102

200 300 400 500 600 700

t

(b)
11 (a) MiEhezaEFIBNEE, (b) XARLAVIEICE, FERT B YRR
Fig. 11 (a) the perturbed magnetic energy and the kinetic energy

as functions of time, (b) the corresponding growth rates as

functions of time

(38 KOR R PR K, 1T m = 9 MURELL 1.12x1077 4
RORPENE K, IR R AR AR AR A5 B A ZR M G R
—F

2) ALK B B . B B A BRI G
5y, 23 BILAR B m =9 Fl m = 12 iR BRE A,
FIRB) m =0 F1 m =3 WL, BEET m = 0 (YBIHE K 2
SEm =9 Flm=12 PIAELAHE K R 22 A

ym=0)=223x107=1.12x102+1.11x1072 =

Y(m=9)+y(m=12)
(18)



530

REHE, A5 BUHHLT R | R DU SR L i 45

HAE 1 =400 B 27247, y(m = 3) ~ y(m = 0), B
WAL

3) UK HE IR B 4) I B B . M shaE T AL il
LT LUE B, AR R S B BEJE , A H B sl B
PR AR A . N 3.3 TS BT AT, B Ttk SR Bl
e B 2 ] (R A, e 3/1 Z [l SRR A AR Rl g 1
[ FR 3 58 4= AN AT RE, PRI AE — R g S R, A
A LR R AR R AT AR A 3 i,
[i] B B kg A A LT S S AR /N, T LA 3 40 b 2
FRZ AR /N o PRI WA B0 4 B v Sl
B A R e e o g = 3G BRI 0 XU AR
T 0 3 T B P e, Zead MR B ], g, = 3F
PRI 2% (A 6), BEalaRig 4% .

3 it

PRI B R R AA 3l g 25, X b B R 1R
P 73 | R R U SR 0l £ 1 ke il T BE Y
WFFERIL, WIS B AT AS) B A DR /N, 6 U AR
LR A A AR KR

1) 25 > P 18] FE AR B, i TR
LENVERR A I UK B A, WU AR 28 0 B I [ Y 26
YRR R, B SR TE IS BRI b PG 5 4% IS B A
ARSI AR

2) P B S D oA B A A, ARZR
PER TR LAY 4 4B Be: 28— B BURZ AR B BL,
AR AR 1 450 S IE AR S, I HLHAR 3O R O R
R 5 I BURARL RIS A B B, PIASA PR L
P AERASE 140 RS 5 3K 2l P A 14 4 Js 5 — — o B[]
ANAT BRI TR BE R R — AR .l TP B
S ES FH X T, PN AT BRI L A4 1 5 3 R OR as
0, AT e T AR 1, I3 R Y T
T 3 AR AT DR ) 1) FRIGR, RV 2 AR K, S A
S =By BetRigt i SR B By oy DR s R
A MASA A RSEIR, Bl 2 A B

3) 4PN B G AR AR B A e AR 1 S
e 2 e PR R I S A% Aol AR 1 5 KK
(R 3o et BT 0 5 — B B R PR R IS, SRR K
JRE R A P o A 1) A S A 2 2 A 5 BIK Bl 11
W ARG A AR IR 805 —BirBe . T4 B
] BEAR /N, DA A B2 0] B % B AR PR K A R
e ER IR, {E T v B g A AR 2 R AR A R

R I AT ¥ 00 By D A AR o o7 Y A A8, DR GO
BEAT DR H IR 1o i, XU S5 A A A i 1 1)
HBH IR

B2k

[1] LAO L L, BURRELL K H, CASPER T S, et al. Rotational and
magnetic shear stabilization of magnetohydrodynamic modes and
turbulence in DIII-D high performance discharges [J]. Physics of
plasmas, 1996, 3(5): 1951-1958. DOIL: 10.1063/1.871991.

[2] KOIDE Y, KIKUCHI M, MORI M, et al. Internal transport
barrier on ¢g=3 surface and poloidal plasma spin up in JT-60U high-
B, discharges [J]. Physical review letters, 1994, 72(23): 3662-
3665. DOI: 10.1103/PhysRevLett.72.3662.

[3] FURTH H P, RUTHERFORD P H, SELBERG H. Tearing mode
in the cylindrical tokamak [J]. Physics of fluids, 1973, 16(7):
1054-1063. DOI: 10.1063/1.1694467.

(4] TN RELTRRAEMAT R D iR 2 i esrik (1], M

7 BEPR A 5, 2022, 9(2): 1-18. DOIL: 10.16516/j.gedi.issn2095-
8676.2022.02.001.
WANG H H. The progress of error field investigation in
magnetically confined fusion tokamak reactor [J]. Southern
energy construction, 2022, 9(2) : 1-18. DOI: 10.16516/j.gedi.
issn2095-8676.2022.02.001.

[5] COWLEY 8. High beta tokamaks [R]. Los Angeles: University
of California, 1998. DOI: 10.2172/761904.

[6] MCDEVITT C J, DIAMOND P H. Multiscale interaction of a
tearing mode with drift wave turbulence: a minimal self-
consistent model [J]. Physics of plasmas, 2006, 13(3): 032302.
DOI: 10.1063/1.2177585.

[7] KISHIMOTO Y, KIM J Y, HORTON W, et al. Discontinuity
model for internal transport barrier formation in reversed
magnetic shear plasmas [J]. Nuclear fusion, 2000, 40(3Y): 667-
676. DOI: 10.1088/0029-5515/40/3Y/330.

[8] HORNSBY W A, MIGLIANO P, BUCHHOLZ R, et al. On seed
island generation and the non-linear self-consistent interaction of
the tearing mode with electromagnetic gyro-kinetic turbulence
[J]. Plasma physics and controlled fusion, 2015, 57(5): 054018.
DOI: 10.1088/0741-3335/57/5/054018.

[9] MAO A H, WANG Z B, HE X L, et al. Nonlinear evolution and
secondary island formation of the double tearing mode in a
hybrid simulation [J]. Plasma science and technology, 2021,
23(3):035103. DOI: 10.1088/2058-6272/abe038.

[10] YU Q, GUNTER S. Numerical modelling of neoclassical double
tearing modes [J]. Nuclear fusion, 1999, 39(4): 487-494. DOI:
10.1088/0029-5515/39/4/306.

[11] ISHII Y, AZUMI M, KISHIMOTO Y. Structure-driven nonlinear
instability of double tearing modes and the abrupt growth after
long-time-scale evolution [J]. Physical review letters, 2002,
89(20): 205002. DOI: 10.1103/PhysRevLett.89.205002.

[12] ISHII Y, AZUMI M, KISHIMOTO Y, et al. Long timescale


https://doi.org/10.1063/1.871991
https://doi.org/10.1063/1.871991
https://doi.org/10.1063/1.871991
https://doi.org/10.1103/PhysRevLett.72.3662
https://doi.org/10.1103/PhysRevLett.72.3662
https://doi.org/10.1063/1.1694467
https://doi.org/10.1063/1.1694467
https://doi.org/10.16516/j.gedi.issn2095-8676.2022.02.001
https://doi.org/10.16516/j.gedi.issn2095-8676.2022.02.001
https://doi.org/10.16516/j.gedi.issn2095-8676.2022.02.001
https://doi.org/10.16516/j.gedi.issn2095-8676.2022.02.001
https://doi.org/10.16516/j.gedi.issn2095-8676.2022.02.001
https://doi.org/10.16516/j.gedi.issn2095-8676.2022.02.001
https://doi.org/10.16516/j.gedi.issn2095-8676.2022.02.001
https://doi.org/10.16516/j.gedi.issn2095-8676.2022.02.001
https://doi.org/10.16516/j.gedi.issn2095-8676.2022.02.001
https://doi.org/10.16516/j.gedi.issn2095-8676.2022.02.001
https://doi.org/10.16516/j.gedi.issn2095-8676.2022.02.001
https://doi.org/10.2172/761904
https://doi.org/10.1063/1.2177585
https://doi.org/10.1063/1.2177585
https://doi.org/10.1088/0029-5515/40/3Y/330
https://doi.org/10.1088/0029-5515/40/3Y/330
https://doi.org/10.1088/0029-5515/40/3Y/330
https://doi.org/10.1088/0029-5515/40/3Y/330
https://doi.org/10.1088/0741-3335/57/5/054018
https://doi.org/10.1088/0741-3335/57/5/054018
https://doi.org/10.1088/0741-3335/57/5/054018
https://doi.org/10.1088/0741-3335/57/5/054018
https://doi.org/10.1088/2058-6272/abe038
https://doi.org/10.1088/2058-6272/abe038
https://doi.org/10.1088/2058-6272/abe038
https://doi.org/10.1088/2058-6272/abe038
https://doi.org/10.1088/0029-5515/39/4/306
https://doi.org/10.1088/0029-5515/39/4/306
https://doi.org/10.1088/0029-5515/39/4/306
https://doi.org/10.1088/0029-5515/39/4/306
https://doi.org/10.1103/PhysRevLett.89.205002
https://doi.org/10.1103/PhysRevLett.89.205002

46

7 RETR A B

H11E

[14]

[16]

[17]

[19]

plasma dynamics and explosive growth driven by the double
tearing mode in reversed shear plasmas [ J]. Nuclear fusion, 2003,
43(7): 539-546. DOI: 10.1088/0029-5515/43/7/305.

ISHII Y, AZUMI M, KURITA G, et al. Nonlinear evolution of
double tearing modes [ J]. Physics of plasmas, 2000, 7(11): 4477-
4491. DOI: 10.1063/1.1315304.

BIERWAGE A, HAMAGUCHI S, WAKATANI M, et al.
Nonlinear evolution of ¢=1 triple tearing modes in a tokamak
plasma [J]. Physical review letters, 2005, 94(6): 065001. DOIL:
10.1103/PhysRevLett.94.065001.

YU Q, GUNTER S. Modeling of the nonlinear growth of
neoclassical tearing modes [ J]. Physics of Plasmas, 1998, 5(11):
3924-3928. DOI: 10.1063/1.873112.

KONOVALOV S V, MIKHAILOVSKII A B, SHIROKOV M S,
et al. Transport threshold model of neoclassical tearing modes in
the presence of anomalous perpendicular viscosity [J]. Physics
of plasmas, 2002, 9(11): 4596-4604. DOI: 10.1063/1.1509455.
KAW P K, VALEO E J, RUTHERFORD P H. Tearing modes in
a plasma with magnetic braiding [J]. Physical review letters,
1979, 43(19): 1398-1401. DOI: 10.1103/PhysRevLett.43.1398.
AYDEMIR A Y. Magnetohydrodynamic modes driven by
anomalous electron viscosity and their role in fast sawtooth
crashes [J]. Physics of fluids B: plasma physics, 1990, 2(9) :
2135-2142. DOI: 10.1063/1.859433.

DONG J Q, MAHAJAN S M, HORTON W. Double tearing
mode in plasmas with anomalous electron viscosity [J]. Physics
of plasmas, 2003, 10(8): 3151-3159. DOI: 10.1063/1.1581286.
A, FEOEST, MUK, A5, RO L TR L | A et XU
R (V). MERAE 5552 TR B, 2011, 31(1): 8-14. DOL:
10.3969/j.issn.0254-6086.2011.01.002.

HE Z X, DONG J Q, HE H D, et al. Linear behavior of double

[21]

[22]

tearing mode mediated by parallel electron viscosity [J]. Nuclear
fusion and plasma physics, 2011, 31(1): 8-14. DOI: 10.3969/j.
issn.0254-6086.2011.01.002.

DONGJ Q,LONG Y X, MOU Z Z, et al. Magnetohydrodynamic
flow layer formation in development of resistive double tearing
mode [J]. Physics of plasmas, 2007, 14(11): 114501. DOI: 10.
1063/1.2803773.

GOSWAMI B N, SATYA Y S, KULKARNI V H. Dirift
dissipative instability in a two temperature plasma [J]. Pramana,

1977,9(2): 171-178. DOL: 10.1007/BF02846065.

EE B

fAEHE CGB—1EH, WEIEH)

1980-, Y, IR, T4 K24 55 8 T IR 3
R ¢ O R, BB GIR AR TR B BT
- 5% TAF (e-mail ) 150801591@qq.com.,

a5
BRF
1966-, 55, BFFE 5L, T2 S 00l % Ml 7Y g A B 5 g B 7
e, B F N F R AR S R B 5T T AE (e-mail)
jlaqi@swip.ac.cn,

g

1978-, 55, R, 4% Tl v R Wy BROT ST e B2 11, L
HIRAF B TR BT T.E (e-mail) haibin jiang.cn@gmail.

come

(m3F %)


https://doi.org/10.1088/0029-5515/43/7/305
https://doi.org/10.1088/0029-5515/43/7/305
https://doi.org/10.1088/0029-5515/43/7/305
https://doi.org/10.1088/0029-5515/43/7/305
https://doi.org/10.1063/1.1315304
https://doi.org/10.1063/1.1315304
https://doi.org/10.1103/PhysRevLett.94.065001
https://doi.org/10.1103/PhysRevLett.94.065001
https://doi.org/10.1063/1.873112
https://doi.org/10.1063/1.873112
https://doi.org/10.1063/1.1509455
https://doi.org/10.1063/1.1509455
https://doi.org/10.1063/1.1509455
https://doi.org/10.1103/PhysRevLett.43.1398
https://doi.org/10.1103/PhysRevLett.43.1398
https://doi.org/10.1063/1.859433
https://doi.org/10.1063/1.859433
https://doi.org/10.1063/1.1581286
https://doi.org/10.1063/1.1581286
https://doi.org/10.1063/1.1581286
https://doi.org/10.3969/j.issn.0254-6086.2011.01.002
https://doi.org/10.3969/j.issn.0254-6086.2011.01.002
https://doi.org/10.3969/j.issn.0254-6086.2011.01.002
https://doi.org/10.3969/j.issn.0254-6086.2011.01.002
https://doi.org/10.3969/j.issn.0254-6086.2011.01.002
https://doi.org/10.3969/j.issn.0254-6086.2011.01.002
https://doi.org/10.3969/j.issn.0254-6086.2011.01.002
https://doi.org/10.3969/j.issn.0254-6086.2011.01.002
https://doi.org/10.3969/j.issn.0254-6086.2011.01.002
https://doi.org/10.3969/j.issn.0254-6086.2011.01.002
https://doi.org/10.1063/1.2803773
https://doi.org/10.1063/1.2803773
https://doi.org/10.1063/1.2803773
https://doi.org/10.1007/BF02846065
https://doi.org/10.1007/BF02846065
mailto:150801591@qq.com
mailto:jiaqi@swip.ac.cn
mailto:haibin.jiang.cn@gmail.com
mailto:haibin.jiang.cn@gmail.com

	0 引言
	1 物理模型
	2 数值结果
	2.1 两个有理面距离较大的情况
	2.2 两个有理面为中等距离的情况
	2.3 两个有理面距离较小的情况
	2.4 非线性发展的阶段划分及驱动分析

	3 结论
	参考文献

