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Fig. 1. The process of operation design.
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Fig. 2. OMFIT iterative workflow.

i) FFHILG TR ALY, ONETWO H#i15H45
F) [ R 5 ) T P () AR G R F(y) % 8 F
EFIT, EFIT & T [ @ AR L5 G P(v) F1 F(y)
SR EAATF R S 2E A

i) 3T 0 b ] 1 RGET ) sh B0 %, ONET-
WO 8 F 52 ¥~ B F2 /¥ NUBEAMI' 358 i
PR ATE RN IR S H i, SR Sauter A7 19 318 H
2 B T P FELBEL, 5 A5 B 45 A 43 1) HL U R T L TR
SR T SR TR SR R RIS R 52

080501-3


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 Z 3R Acta Phys. Sin. Vol. 75, No. 8 (2026) 080501

FEE 20 2 0] 38 T BE AT 2—4 RAE IR, LIAH
ONETWO A3 TE-25 Flie 84

iii) fi F§ TGYROPY i85 Fiiz, TGYRO
R ONETWO $E4E iy i, LI & EFIT #2411
FHEAIE, P8 NEORY -8 5 24 ik iz 24T,
JHH TGLFR 31500 i i is 24, i iR A
IRLIE LA R 45 SR ) qos < 6, FERLALH i #: TGLF
Y SATO Hriz M ALY | 2878 CIE B AE DIII-
D 11 gos < 6 256, ALHLZE H 5 50 55 ) 1 145 & 15
B3 TGYRO 4 TGLF Hl NEO Hy45 5, 5k
fifkiniz R, SEATIH— 10/ FAR p < 0.8 BRI
T AT TAA

iv) hE— T HHEE, ] EPED1-NN {15
B KL XY 5 BE A 96 BF, EPEDI-NN Ay 315 [X e i
W Ep=0.9—1.0X[[]. EPEDI-NN & ¥ & % F
EPED 14 58 Y T J& 11 ok 1 #if 28 ) 28 37 A= Wi,
TR EERT T iU 22, 152455 A EPED1
JE—E 29,

v) i — 45955 EPED Al TGYRO
25 e L, R A A ) B S ) T A
TR, AR T =R EE AR ESk
G p = 0.8—0.9 Z [a] fr & T K, DAL AS 21—~
p = 0—1.0 [R5 & 1

R A5 B (%) -y AN D, B 1) —v) 1
PR 2 NS, SRR AL,
A RARFRASSR.

2.3 AREMHITENYIERE

FESER 1.5 R4 BT RS A VA A BT
PO S a5, F—2 5% 2RIT
fl1%i2 1755 MHD Jy i i fa e . MHD A
B B L | R 1 R BE RS A5 A i S %
Kk st B SRR, HFoT - s LE S 1k 7
B, ARTUE R T ORI A B AR AR 295 B Ik
PSR, UL, ASHIFFE £ X6 DU S AN R s A
7 WHLAH AL (internal kink, IK), TM A& HHr
2 ML NTM, RWM, LK ELM JFJR43HT.

BRI, TM 5 NTM B2k tfa el CLT
RS 2633 i T H 3L F Grad-Shafranov F fif
fitt, L5 5 R NBAE S @ 2N o I, KRGy
2 DA RIS A A5 0 1 R, 7R3 T T™M A
NTM AfeE e AR IK #l RWM 1Y
R PR AL I MARS 4089 27 K640, 54 TR

ERHL SR IR A R TR YT Ak, e S T TIPS
B SR T W ABI AN TR

Ak, S Zfese X H AL T 2 CH %, AR
XM ELITE {44 2329 JEF peeling-ballooning ¥
WHESR, T h G R am b B 5 H i 25 B2 ELM fgh
JZ B2 . E A SR AFEEAR MHD AE{E )8 3845 5%
AFE MR n SHIGK Ry, I 5 HLIER
W o R, DIFUERGE | I PriR e SAERE X3

RS HTEILL 2.2 75 OMFIT i th i - iz
T 5 BE /I BE ) T e L o A SR S U R
PRI T 2 5 BARisf 73 5™ — 30 #E—A
Fe B PR AN AT, W3R 18] OMFIT i
TSR (AAFEAR B A i B BB S350 T ), 2
AL IR

2.4 {RiESHITENYERER

Rt MHD feoE MEAh, MRigas i) TR il 70k
FEREIB AT ZEREAR SR 75 — LY. J )R
HA BT AR, (A RS e it e 400
FUT I UE o A, 5 P00 85 B =, K B0b b4
Py 8k B S, 1T S G AR B AL I, 7E
A MHD Fe e PR ) [, 55 22000 i 38 25 BE 75
e BARIS AT N % R B . AHIESE R H
SOLPS-ITER # & B F- & BO ¥ J i % 5 &1 H
JZ (SOL) ¥y a#st. % T HECA B2.5 A
EIRENE 45K &tk s i, o |k
fif HL T/ B IR L W PR T A B A
iz, AL OMFIT $RE 0 fe S A A R T A1 A 4%
PR ALFE fe A A R T LT R L IR
R H RGP bR 1) SO P
T2 < 7MW /m? (HL-3 T 1 € %% 44 8} T 72 %
FR); 2) TR XA R AT EL Zeg 2041, SO Wi 5
el i, HAET /N T TN Zer, N2
SRR TTHE AT, (AR S N . 29 UL,
# PR — TR TR 2, IR S T 8 25 S 5L
AT, TR ] OMFIT FEH A S50 (AR n
AN s R I G5 ), TR A AL RE.

3 EHERSATRIT S
3.1 HL3BEFIZSHNEA

AWFFE B bR S 7E HL-3 5 S0 T2
AESIm2ERNZ B, PR, B RGBT B AL

080501-4


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 Z 3R Acta Phys. Sin. Vol. 75, No. 8 (2026) 080501
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FH AT 35 1 IR E 37 2 B8l LA fa7 Ak i s A4 e i 1) 4
LRI AN B s =, [l A AL B i — 2 ek A
AIRE O B E EESHG TR 1, Hh, KPRz
R=178m./MFR a=065m . KW B il ik
3T, RSB FIRHER k8] 3 MA, FIK K
T 1.8, =MAILAEKTF 0.5.

* 1 HL-3REHEASHCE
Table 1. HL-3 Tokamak basic parameter.

Parameter Maxvalue
Ip 2.5(3.0)
Br 2.5(3.0)

R/m 1.78

a/m 0.65
K > 1.80
6 > 0.65

TENNFAS L K ) 75 T, HL-3 %< E7E 2030 4F
P ZE AL 20 MW B AP PERTE A RGEAT 8 MW
Y HL - [T e I R G A S 4 MW IR Z2 % R 48, N
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NBI) RGERH] =R B, Horphisi 1 5
2 5B EA DT 2, REREA (55
B IR BRI HA R T ), S — 4 3 Sk
R EATT S 15 2 57 MM, 15
3 GIRAHERM 4 BERARAER Exsr = 120 keV HY
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Paps = TMW, 25 R 2R A 448 &5 K H AE it
Expr = 100 keV B B 5, RE R R IEA TRy
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PRI EE A AR A AT 7510 —25° 2 +25°
(5w E R (Je ) A —90° & —30° (LA EH T
]2 0°). JRIE A&t de i 6 21 IR BERE Sy B, TAE
4K A 105 GHz, (R, Z) 77 17 {3 A (3020 mm,
60 mm), FA[a] {2 A A FIRR 10 T8 A A 38 FE 230 o
—20° % +20° Fll —80° & +15°. % 7% I HL 3 3K 3l
(lower hybrid current drive, LHCD) R H 8 R T

VESIRA 3.7 GHz AR bk sk VR R il U, B
BRI f IR 0.5 MW, e KN R Py =
4 MW, LHCD Kk HA iP5 S e . X
BE B BN ZR G2 SV DL 0 AN 1 e M e 4

BFR, LR Rt .

24#NBI 6 MW
227 ’

1#NBI 7 MW

ECRH 8 MW ;
105 GHz/6 MW b

Bl 3 HL-3 3 BRI RS
Fig. 3. HL-3 device auxiliary heating system.
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J&, e T A AN (K 4 FR). Kl
R=178m, a=0.65m, AP H P L (k)N
1.75, =48 (6) N 0.62. HL-3 %% & 2025 4F
B SEIG H, JCHB A S B0 A5 20 A AL AT Zegr X
]2 1.6—2.5, Bi4ll >k FIAY I HOK -5 2025 4
SEHRARY, RS2, TR Zg = 2.5
HL-3 38 A7E 2027 4R K F] 2030 4E0F, @471t 4
2.2—2.5 T, JFEB TR, Wik 2.2 T R
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Fig. 4. Base equilibrium.
(a) 2.6
2.4
; 2.2
~
B 20
Prxpr/MW
[ESNT = 3= AV D 1 2300 e U I B = S =N

H bR AR FISLHL 1 x 1020 keV-s-m—> A AL
M AR IX A, SRR, BT R
FHH A, H A5 BTN F Hirpros,ye = 1.2, FAH
ERNE 5 . B 5(a)—(c) /R T %K
0.2, 0.4 F1 0.6 1% ngw B ISR (negw = Ip/(ma?) ,
1 Greenwald % &, FH T 2 ME X 0 45 25 F AR L 3t
IR FEBR), PRV A nper = 0.2n6w LA M IR
I FA T 3R Pypr = 2 MW IS 0 F, ZES2 8 1x
1020 keV-s-m—3 [ R AF =, B/ADFTE 2.25 MA
Y HE UL 7R 2RO % nper = 0.4ngw , 3 [k NBI
TN #AT) K Pygr = 2.5 MW B IE 00 T, B2 P 1x
1020 keV-s-m™3 [ R A =, /DT E 1.9 MA
AIHLI; TELAF- I npar = 0.6nGw , Seflk NBL AN
ATy N Pupr = 3.5 MW I 15 B0 T, 25031 1<
1020 keV-s-m™3 [ R A =, £OFTE 1.7 MA
HEL . X be = AN AT DR B, AR G AL, 2
SRR R SR AR SRR T L R L AT AIR Y
Ik MAE = S RGBT, WIAH S, FF 28T/
TR g A, I ELRE RS % B T, SEEAH ]
AR = AT N Y FL 2 R A5, AN PSR
IR, XIEH TR B G T, L-H ¥
DRI, IR RN B ORI, B 5 2
BT Y I R

12>E
10 S5
8 ©F
=~ E
6 o
<32
4 g o
)
18 %
16 o &
14 = 2
12 8
10 o &
g T2
6 2
=
~
20 g &
=~ @
15 89
5
10 5 &
<3
5 §%

(a) Nar = 0.2nG6w ; (b) Nbar = 0.4nGw ; (¢) Npar = 0.6nGw

Fig. 5. Schematic diagram of the two-dimensional contour of the highest triple product relative to heating power and current:

(a) npar = 0.2nGw ; (b) npar = 0.4nGw ; (¢) Npar = 0.6nGw -
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Fig. 6. Operating scenario profiles: (a) Density profiles, nc: electrons, D: deuterium, C: carbon impurities, Beam-d: fast ions from
neutral beam injection. Owing to its small magnitude, the fast ion density profile (beam-d) has been amplified by a factor of 10 in
the plot for clarity; (b) temperature profiles, T¢ : electron temperature, T;: ion temperature; (c) current density distribution, jot :
total current, jopm : Ohmic current, jps: bootstrap current, ju, : neutral beam current. Given the relatively small amplitude of 7, ,
it has also been scaled up by a factor of 10 in the figure to enhance visibility; (d) safety factor g profile.
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Table 2. Operating scenario parameters.
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Fig. 7. (a) Toroidal mode (TM) instability analysis: evolution of perturbed energy over time for each toroidal mode number n;

(b) Neoclassical tearing mode (NTM) instability analysis: evolution of perturbed magnetic field over time for each toroidal mode

number n.
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Fig. 8. RWM (resistive wall mode) instability calculation:
the black dashed line represents the operating scenario An ,
the blue line shows the variation of the no-wall RWM in-
stability growth rate with By, and the red line shows the
variation of the ideal-wall RWM instability growth rate
with BN .
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Fig. 9. Schematic diagram of the peeling-ballooning mode
stability boundary: the region where ~/(w*/2)=0—0.5
is stable, the region where ~/(w*/2)=0.5—1.5 is mar-
ginally stable, and the region where ~v/(w*/2) > 1.5 is un-
stable.
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Fig. 10. SOLPS-ITER calculates the electron temperature and heat flux deposited onto the upper and lower divertor target plates:

(a) The electron temperature deposited on the inner target plate; (b) the electron temperature deposited on the outer target plate;

(c) the heat flux deposited on the inner target plate; (d) the heat flux deposited on the outer target plate.
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Fig. 11. SOLPS-ITER calculates the two-dimensional distri-

bution of Zeg in the region.
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Abstract

This paper presents a systematic and integrated design for a high fusion triple product operational scenario
on the HL-3 tokamak, establishing a robust physical and engineering foundation for its planned deuterium-
tritium (D-T) experiments between 2027-2030. The fusion triple product (the product of ion density mni, ion
temperature 7;, and energy confinement time 7¢) serves as a core metric for evaluating tokamak plasma
performance, with clear physical significance as it directly relates to the fusion gain factor @ (ratio of fusion
output power to input power). Achieving plasma “ignition” or self-sustained burning requires the triple product

3 for deuterium-tritium

to exceed the Lawson criterion threshold (approximately 3 x 10%° —5 x 10%° keV-s:-m™~
reactions). Therefore, pursuing high triple product operation represents not only a critical scientific objective in

tokamak plasma physics but also a direct demonstration of the scientific feasibility of fusion energy. To obtain a

3

, this research

feasible operational scenario with a triple product exceeding n;i-Ti-ms = 1 x 10%° keV-s-m™~
innovatively constructs a comprehensive simulation workflow. This approach integrates parameter scanning,
integrated modeling, instability analysis, and divertor physics assessment through iterative optimization to
comprehensively predict the high-parameter operational states of the HL-3 device. Methodologically, the process
begins with basic configuration design using EFIT and 0.5-dimensional (0.5D) parameter scanning with METIS

to determine feasible ranges for plasma current, magnetic field, density, and heating power. This is followed by
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1.5D integrated modeling using OMFIT, which combines EFIT for magnetic equilibrium, ONETWO for heating
and current drive, TGYRO for transport calculations, and EPEDI1-NN for pedestal region analysis to obtain
self-consistent plasma equilibria and profile distributions. Finally, magnetohydrodynamic (MHD) instabilities
are evaluated using CLT, MARS, and ELITE codes, while SOLPS-ITER calculates divertor heat loads to
ensure engineering feasibility.The results demonstrate that under conditions of Ip =2.0 MA, Br=2.2T, NBI
heating power Pypi=3MW, and Hirgres,y2 = 1.14, a high-performance operational mode with a core triple
product of n;-Ti-7e = 1.02 x 10%° keV-s:-m™ can be achieved. This scenario employs a high-density (line-averaged
density npa = 9.26 x 10'°/ m*, Greenwald fraction 7pa/new = 0.61), low-heating-power strategy, yielding
excellent parameters including core electron density ne(0) = 11.53 x 10'%/ m’, ion temperature 7}(0) = 3.22 keV ,
electron temperature 7.(0) = 3.16 keV , normalized beta Oy = 1.65, and minimum safety factor gmm =1.02. In-
depth MHD instability analysis reveals that the scenario effectively avoids internal kink modes due to gmin
> 1; tearing modes (TM) and neoclassical tearing modes (NTM) remain stable without growth over 1200-1400
Alfvén times; resistive wall mode (RWM) analysis shows the operational beta ( Sy = 1.65) remains well below
both no-wall (1.976) and ideal-wall (2.25) limits, ensuring stability; edge-localized modes (ELMs) reside in the
marginally stable region (v/(w*/2) =0.5—1.5), with the most unstable toroidal mode number around 25, yet
distant from the unstable region, suggesting small or no ELMs are expected during experiments, which is
beneficial for maintaining stable plasma parameters. Divertor heat load calculations indicate a peak heat flux
not exceeding 1.5 MW/m? | significantly below the engineering material limit for the lower divertor of 7 MW/m?;
a target plate electron temperature of approximately 16 eV indicates no detachment, but Zg distribution
analysis confirms that physical-chemical sputtering in the divertor will not increase the core impurity
content.This research not only provides detailed procedural recommendations and theoretical support for HL-3's
pursuit of high-parameter operation but also accumulates valuable experience for advanced operational scenarios
in ITER. Through systematic simulation and analysis, the study confirms HL-3's capability to achieve a triple
product at the 10?° keV-sm™ level, establishing a solid foundation for subsequent deuterium-tritium
experiments and contributing significant scientific and engineering value to the advancement of magnetic

confinement fusion energy development.
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