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Figure 1. At q, = 0.8 and for different B, in limiter discharge #9492, (a) safety factor (q), (b)
equilibrium pressure, and (c) current density profiles; and at 8, = 0.8 and for different qo in
limiter discharge #9492, (d) safety factor (q), (e) equilibrium pressure, and (f) current density
profiles. Here, R and p represent major and normalized minor radii, respectively.
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Figure 2. MHD stabilities of the plasmas in HL-2A limiter, divertor and HL-3 typical sawtooth
discharges with the parameters: (a,c) q, = 0.95, (b,d) g, = 1.05.
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Figure 3. § effects on kink modes in discharge #9492. The parameters are g, = 0.6 and S, =
0.1 (a,b), 0.3 (c,d), 0.8 (e,HF11.3 (g,h). Re(X) in the figures represent the real part of radial

perturbation displacement of the plasma.

3.2 qoRA Rz XS A i R A 5208

4 T 5 SR TAEREE IR, AFMIqo kb5 & T AR RS, SR e
N TAERA BN RBIEDL N, qo i 58 AT E s, 55k, B 4 £
BBEAR (B, = 0.3) I, qo <1 (BFEEHFTRge = 0.84010.95) I 55 12 1~ {4 #R
RATRT M, EFARE MR (1) W BB g s BT 10, (1L DB

7



EW T, EE TR RS E R T

A=-0.1376 x10"* 1 =-0.1204%x10"3 1 =—-0.4633x1077 A= —-0.6379 x 1077

4
1 2
0
2
| -4
3
1 R R

1
0 R .
0 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

(G (b) L4 (d ®) P (h)

4

B 4. qo B AR 0. 5448, = 0.3, qo = 0.8 (a,b), 0.95 (cd), 1.05 (efFN1.25
(g.h).

Figure 4. g, effects on internal kink modes. The parameters are 8, = 0.3 and g, = 0.8 (a,b),
0.95 (c,d), 1.05 (e,HF11.25 (g,h).
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Figure 5. g, effects on internal kink modes. The parameters f, = 1.8 and g, = 0.8 (a,b), 0.95
(c,d), 1.05 (e,HF1.25 (g,h).
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Figure 6. Variation of kink instability against n. The parameters as q, = 0.8 and f, = 0.3, (a,b)
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Figure 7. Variation of kink instability against n in discharge #16074. with the parameters as q, =
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ARAE LT 0BT, 2R AR ORI IS AT B AR IR T A BAn = 1411 B AR R 9 )
SEARUE. & 8 I 1 AR LA T T F AT i i 2 T P i = LRSI A R I )
R JRR L AT AR PR B Bl g 1R A8 16 A&l 8 (a) BT, N T AE SR B SRR 1 i
WL, qo K, P B0 PAY 9 PR AN, AR 5 qo HO SN T B U381, SR A g
Z M R R R AR SRR TR T, [ qo Z ISR RN =y, = —0.25q, +
1.32. [ qo AN, 7T LIS i/ 1 R B v L o S A AR 1, 3K S i n 25 25 - 1
W2 DI B BT 3, AT B e A . [RIRE, S 7R DB L T2 PR 25 Th 1 A g
Z AR R MEE RN = y,, = —0.28q0 + 1.42. FIFHIHHL T ALK/ NERL, I8
At DL i T FLA R 0L, — A R 1) 2 A2 AT BIRER (BY) Bl qo HZZ4k. 1
8 (b) F7w, B AE qo FOHE N S VR sk, f50 2% 93 335 B B AR A ~ 1.9 81~ 1.6. B Ml q
AR AR AELRNER), Rl R, X T AU AT, By A qo L AR RN, By =
vpe = —1.7qo +4; X TIMIEA AL, By = ype = —1.45q0 + 4.07. XR Y
IEARTR DL T MY & LIt 55, B qo 3N, B M AR T LU AL AR DL T B 221,
K F i s L T T I
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4 ER5VTE

F1 T HL-2A 5 9492 J@(E‘Wuﬁ/)ﬁﬁz%frﬁﬁ’ﬂquﬂlT 7B, Z %0 T RS E YRR AR
|A|(FEfr: 107%)

Table 1. Stability eigenvalues |A| calculated based on HL-2A (limiter) discharge #9492 for
different qq and different 8, (Unit of eigenvalue: 1075 ).

By 0.1 0.3 0.8 1.3 1.8 2.0
qo = 0.6 0.7392 3.196 21.44 99.6 258.4 365.2
qo=0.8 2.671 1.376 16.05 90.52 231.7 361.3
qo = 0.95 1.874 12.04 51.10 69.87 111.1 192.4
qo = 1.05 0.0044 0.0046 0.0048 0.0049 0.1878 47.15
qo = 1.25 0.0061 0.0064 0.0066 0.0065 60.81 211.3

R 2 AT HL-2A 55 16074 M(fiik & 608 ) R TSI AN qo AN E B, 28U HAR 2 PEARAE
|2 (Pfhi: 1075)

Table 2. Stability eigenvalues |A| calculated based on HL-2A (divertor) discharge #16074 for
different qq and different 8, (Unit of eigenvalue: 1075 ).

By 0.1 0.3 0.8 1.3 1.85 2.0
qo = 0.6 0.0432 3.505 22.53 95.19 283.7 342.9
qo=0.8 3.769 6.536 16.56 81.08 255.7 331.8
qo = 0.95 4.925 4.646 5.802 4451 111.5 153.3
qo = 1.05 0.0045 0.0048 0.0048 0.0048 0.2024 30.70
qo = 1.25 0.0638 0.0064 0.0067 0.0067 27.50 125.3

S T-9492HFLRE T HL 1670440 (B 58 B o 2 M-S 10 7 7 g o
IRIF B, 250 F 1L M S K S 5 BN B 1 IR 2 BT, AN TR 0 T
BB = 011, go = 0.65 40 F I B TH 2 55 &R 0. 248, = 0.1, qp < 0.95

5B, = 0.3, < 0.8HF, % B T R I ARt 10, 248, < 1RF, o [ 07 25 5

1K, qo/t10.6 — 0.8 2 [ I FIRFIEEIZE /N T qo = 0.950 FME, Uit BH 7EAR B I 455 147 5
1R (B3R gy < 1) B Bl A] T 18471 qe = 0.6 — 0.81X ] Xf T8 %5 & F
1R, qo < 15, qoifdei -1, SR AEAE B8RO, 150 WA A6 D5 A 7 L0 3T el B8 i 7] T is AT 4E

GolE T UEHEE T 1K 5. 4B, = 1.8, LA Mk B2 78, B 246, =
1851, i 18 53 JE 7 LA U 47 8, W IR Hb AR BR 577 v T 2 Sk (39,
FRA bk s it b
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4.1 EUTHRERFRq TR IR

ST T T B T MO A 1 R R e 5 0 PR R 2B T R R B
JE A 2L A OB L0, 7 M 0T ) 25 8 - R AR S, B
SRR B 80 K, e e 2 LI 1 ok A 0. S A R
] qo A HIRERI BT 2 01, 3 T9 R0 SR = LRGTET. 76 4 6 5 10 30, A 2
THRHIqe—METE 0. 6-0. 8 2 6], {RE S-S5 55 T 19 g W T-AL TN F- L X 4]
Sk T S IR, o B P W T 1. 2400 1 T, o M PR 012 A J Db
FOOEL. 406 T 2 e B 1/ L L B R R . 22 1 12 2 ), 248,116 (B, < 1)

T, go < 1iqe < 195 B T Ak R R GE T 35, 5 — 71, 48, & (1B, =
1.3), go < 15y » LN %58 TARKE M 8 35, 46, 8 T2 17 BRIR RS, B2

AUREBLI R B, > 18, B G 9B, > 185, go > LI9% 8 T4
oA HR BEH RRREK, I WA G RE PE SR, B0 T T R A
LR

ST AR BT B TR L, R S S A0 5 % 1 .
BRI I 030 17, o TR LT, F LIRS, st L T WL RIS 5, 51
Qo T HE, Yiqo TR T N, HBLPYH MBS R P, EHR U2 0, sl
HITH SRR, qo £ HFUEHEAR, WIS q, = 0.6 — 0.8, WEALBH F 48 T AL T
I RS RS T, K ARG, IR A B g0 ~0.95 (g R T-1) 5 5545,
AHL, 7R, 2 0.3, PUHLH B A TIRHKC R B R ARAS, B R PERO 35
SR, SR T VLR, 51 R4 U, 68 85 045 AR PSS, T
RIS, AT, i BRI 026, 51 o PR BRI R T 1, Pt
HIBEER T2 16, 57 TR AR AR

ST L, SR R AR BY AR, Py i 50 B AR sk,
1R 385 LA A, S SRS T AR R RIS, qo > 1, Py
il AR B L AR ST, o DRI, M SUTF AR 2R, (o B, o < 1
I S PR R

14



4.2 BEALAISIN

R 1NR 208K T ARG ERE T BIAAL. EAHFRISHCT, g, il
G A, B A R A BEE N IR M HEA T, H IR R OROR v, S AR
FESRIER, IR, H il ARG I RO, 2588 T R ANRGUE PRI 9. 4, £S5

Nqo = 0.8F1B, = 030, IT— KKK F 7 {ly?/w? = 1.376 x 1075, LB 1
WA F R IRAS. B, = 0.8F1 1. 31, y2 /w341 91.605 x 10*419.052 x 1074,

ST T IR ERE, m = 1/n = TN 5 3= 5.

k3 FR, Mg < LHBEEN, PHL AT S 1 R RARR, & 45N
WL, S0 UG A B, FESE U5 B BT, pAERTER s, SRR RS, BT RE B IR A
PSR AR, pIE 20/, BRI AR, 5litqe NI, Zqo B ICEMET 15, (1,1)
LIS SCH L T . B INFA BT, BEE AT BT, ORI N — N N A ER
KIE. Hqe 2 LHBAKEN, 58 T — BA TREIRE. BBHREIR T I 57+
BT, ZHH S R ok, AN AR e M S 8IS B TR AR RS, S8R
W2, Jied k. REONEIE B AT IR IR, — O 2 R AE R (HAEq, < 11,
fEEm = 1/n = TN TR E PRI K JE, S5 8ST A mT g th B A BB, 51 ol ok
JiBE N gz Bl B U R e R N e = = i [ P i e R 0 A R
JE AR BN HL T SO0 LI R BRI, HR S BRI, qo BTF. g8 KT 1
5, m = 1/n = 1L 0]

4.3 EEE(TARPRSITERITHI ARSI

% B IZAT I REIS B B B K BAERR Iy BIsAT IR IR. fEIRAK AN B, = 0.11F, A
B KM Az D, SEE TR LN ER. BT, 538 TR E TS q,
IR K. Hge < 1N, m = 1/n = IRHERRENE 5 18, 14248, 2 0.3

I 25 1 5 AR AR AN G E 1, B RDASAEAE P R 1R B AR PR (B, R 14 A T,
1T AR SR RO B 1A 3 25 )5 i o b T RIS K 1, S5 3 TR AAS A2 €, BEIN A7 42
BARER. thFAEREA A A I qo fE /N T 1AR T 12 [R5 qo < 1 A HLHRAE &
T, AT LASIEE AR, IR A B, B T AR g, = 1, R TR EEAER
FEIRAS, BE 5 B O N, qo XA /N T 1, R EE N TR — AN HE A . R
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Z, qo < TN TAHEAN S IR, {Hae > 1, FhH IR & e 20 AT e S BURRIZL.
I, B A LRI B AR IR Bhgo KT 1 I B KB NI4T BIRER.

BE— B AT 7T (K] 6-8) B, Haqe > 1, BRI A 2 n FHHIBL B, 5 5
FHLAL) 2N = TBL [ AL, fEHTH q (> 1), Bhqolis KT 109 SR PR 55, 1X
AR BRBERA E N BIBAT B IXI ) qos KT 1 HIBTRIR, ot X a5 s b (14 e
VB AR IR, Bl qo IR SRS K, BARFRIZHT AL /N, HY bz, Pk v Iit 41 T i

USRI AT AR D T8O 2 B X T, HL A — N AR I K A A R SR R R,
FFAF 2 B v B SR AR 28 HE A B W] SEBL RO AT B. A, H 143 B0 L ) H A
e s, 16 H OB R AT R B E ISAT B, SCBLmpise ™. 248, b R
XA AT EAT TR A, SR KRR EA i R (R R A i P B 5 E B R/ A (KD 4 AL o TTER
IBATAT = b 3 B A — R 2 VR SR SRR A IS AT AR S, AR IR AR 3 CRR )
JBCHL T FLR T B A A 2 tH B 1, VRS 455 e 7 [l e HLIAL 3R 3l (BCCD) ™
S A ) il AR AR, R AN (NBD k™ | RV A4k 9k 3] (LHCD) ™ Fl L7
[ 34 o (BCRH) ™ 454 B i #4 55 0K &)y m] A A0 42 s b B 15 4% 955 . 418 24
AR L-H Fefe, gt NS 2R (H BO Fa s T BlE 5% fERRS BT,
— R FISR DS (RMP) £ 5l i35 455 55 & TR S B AL S5 38 i, se Lo ik
AR e

5 48

ARSI HL-2A SERHE, U35 704 1A [F qo AN [F] B IS 1 MHD 1187 [
FRENE, BT T 1 98 1A T H R R L i BT, A% S T AT SRR 1A R H 1 B S 4
R, WAEATA R 10U BRAR S B, S5 SRR, 1) X T R AR A T, g
T, IR, qoSARI 3N, AT HE L P8 1A 158 11 393 8] — b4 2 N [ B 1
BT s AE T & 55 B 71K, FEPE A Ff LA qo 8K T°1. 2) qol& KT 1)5, Wi
AR AG E AL, 1E B, TS BRI, P #R ol LU RS E I, qo i =y KRR, g0 2
KT 1IN - 72— Febon] BAIK B B K3z AT B P AT AL . o6 i i Bt i T =
1/n = 1NHMBATE SRR, SHEARBR (FOAPEhRIR T8 e < 1
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Study on the evolution of safety factor and kink modes in

tokamak sawtooth discharges under ohmic heating conditions

SHEN Yong!® DONG JiagiV® HE Hongda?” SHI Zhongbing? MA Ruirui VLI Jia¥ HAN
Mingkun” DENG Wei D

'Southwestern Institute of Physics, Chengdu 610041, China
2 ENN Science and Technology Development Co., Ltd., Langfang 065001, China

3 School of Mathematics and Science, Chengdu University of Technology, Chengdu 610059, China

Sawtooth discharge is an important discharge mode in tokamak experiments. Based on ohmic
discharge experiments with a parabolic current profile in the HL-2A tokamak and employing the
MHD equilibrium code EFIT and stability code GATO, this study investigates the evolution of kink
modes in toakamk sawtooth discharges by simulating and scanning the magnetohydrodynamic
(MHD) equilibrium and stability at different axial safety factor (qy) and poloidal beta (f,). The
results indicate that during the sawtooth quiescent phase, the q, of circular cross-section plasma
typically ranges between 0.6 and 0.8, while the g, of divertor plasma is slightly less than 1, and
it relaxes to slightly above 1 when the sawtooth wave collapses. When gy < 1,an m=1/n=1
internal kink mode appears in the plasma. If S, > 0.3, the mode becomes unstable. As f,
increases, the instability continues to develop, and at higher f,, the growth of kink instability leads
to internal disruptions, triggering sawtooth collapse. Sawtooth discharges are in a dynamic process
where the plasma oscillates between unstable (when g, < 1) and stable (when g, > 1) states
during each sawtooth cycle. As long as the operational f§ limit is not beyond, internal disruptions
caused by kink instability do not lead to major disruptions. Whether the plasma disrupts or not

depends on whether the kink mode continues to develop, so the operational S limit is determined

on the base of the kink mode S limit when g, = 1. Compared to non-sawtooth discharges with

go > 1, a relatively higher maximum operational 8 can be achieved in sawtooth discharges. It was

found that in discharge experiments with parabolic safety factor profiles, the operational f limit of
sawtooth discharges was high compared to non-sawtooth discharges. We explained the internal
disruptions and sawtooth collapses from the perspective of evolution of kink modes according to
experimental and simulation results. The analysis highlighted the significance and application of
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sawtooth discharges in predicting the operational £ limits of the device, demonstrating that
sawtooth discharges are one of the ideal operational modes for modern tokamaks, including ITER.

Key words: sawtooth discharge; safety factor; kink mode; internal disruptions; operational
limit
PACS: 52.55.Fa, 52.35.Py, 52.55.Tn
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