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Mission of HL-3 tokamak & prummmEms

CNNC

m Critical physics and technology challenges for ITER and next-step fusion devices
» High-performance scenarios compatible with low heat load

> Deep understanding of high-performance plasma physics

» Tests and validation of high heat flux plasma-facing components

HL-3 Main Parameters

Major radius R=1.78 m
Minor radius a=0.65m
Aspect ratio R/a=2.8
Plasma current Ip=2.5(3) MA
Toroidal field Bt=22(3)T
Elongation Kk =1.8-2
Triangularity 6>0.5

NBI (20) + ECRH (11) +

Heati
eating power LHCD (4) + ICRH (6) MW




Key features g,g B e

B Comprehensive operation scenarios

— Baseline Hybrid Steady state

Hos 2 (1.5) P o) 1 Baseline Operation
> 0.74 l,=2.5MA, qg5=3, Hgg ,, = 1.0
W, (3MJ)2-‘< o O Hybrid Operation
d I,=1.0~1.4 MA, fgs ~40%, f,,~70%, By > 2.5
T, (15MJ) s (10) O Steady-State Operation
l,o = 1.0-1.2 MA, fully non-inductive current drive, g > 3.0
fas (1) By (5) BR(3)



Key features & mTumEnERRR
migmp SCuthwestern Institute of Physics

B Comprehensive operation scenarios

B Flexible magnetic configurations
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Key features E,g BT WERIERRR

B Comprehensive operation scenarios
B Flexible magnetic configurations

B High accessibility for experiments

LIF, CXRS NXEI”C 3 Prolbe SXR
B
ICRH—\ olometer
CCD,NC\ _ ¢2- o
IR, CCD 20 Q S ECE, Ha Q12 T ics. fueli heat d
ﬁ'cr COXRS 7 9 3 W 8 ports: diagnostics, fueling, heating and current
NBI#Z ; A FIR

l

HXR 16
FILP

LHW § ) ﬁ@ cooling divertor and strong pumping speed cryopump

CXRS, MSE%{l 9 é DBS (38 m3/s)

’SW o2 drive systems
c ' TS

O Flexible capacity on heat and particle exhaust: actively

]3

BES FIDA 1 10 NPA

NBI#1 C \S\' LIBS
FIDA, INPA,SXR ECRH VUV, Ha
SMBI, Bolometer CTS Pellet



Staged research plan of HL-3 gg I T B A2 TR i

CNNC

IV. Extended research

® Triple product >102°m-3-keV-s

lll. Integrated research ®Fusion reactor grade plasma
operation and physics research
°lp22 MA ®Fusion reactor related integration
Il. Initial research °T, ~10 keV scheme verification
® Advanced scenarios ®Fusion reactor related critical
\/Ip >1 MA ® Heat/particle control components/diagnostic tests
. First plasma v H mode discharge ® Configuration control
v’ Advanced divertor A\l for fusion
\/Ip =100 kA control
v/ Limiter/divertor 0.,
configuration Now, we are here ’/

2025 20300

8



Achievements of HL-3 in 2020-2025 g,g B TSR R

CNNC

v' T;=117 million degrees(>10keV)
v' T,= 160 million degrees(>13keV)

v Triple product > 0.67 x102°m-3-keV-s

+
|
v 1.5 MA H-mode Operation :
v" H-mode in Tripod Divertor Configuration :
v High Density Operation (~1.2xng,) I
|
I —— I
A I
| |
| |
| |
|
v 1MA H-mode Operation I :
v Advanced Divertor (Snowflake & : l
First Tripod ) Operation I :
1.15MA plasma I I
Plasma A I I
] A | | |
* ] I | |
'ﬁ
2020 2022 2023 2024 2025



Achievements of HL-3 in 2020-2025 g,g B TSR R

ENNI:

23 MCF
1 0 ® Tokamak (nTTStag)Eg,Fh; |TER* 250
“  Stellarator %0
v RFP
| Zemen OMEGA < | v T.=117 million degrees(>10keV
21| A MaglIF MagLIF% NI 1
— T FRC = -
I R o *WXDHIE%@%\ 0'1 v T,= 160 million degrees(>13keV)
) = i‘:memma Alcator C —>e TFTR .
X o Woator S0 'Q?Eé'éﬁod*’kz\J P e v' Triple product > 0.67x102°m-3-keV-s
| 19 | e Spherical Tokamak NSTX PLT \b*(_ -AS ASDEX-! U
E 10 ] x toriraroaone  ASOEC S MAST £ST40 0001 -
~ « Laser Direct Drive W7-, 1A-FR X.L EAST
g P MST Sy #—=GOL-3
o Ws M2 FuzZE +
. Tz
~ w =
< Ny Taa;gua;ﬁﬁwc-zw v" 1.5 MA H-mode Operation
* W ETA-BETA Il —v| ZaP 1\ - . . . .
E 1™ SETRCTX *stem v" H-mode in Tripod Divertor Configuration
o —TMX-U - " "
S t *Model C v High Density Operation (~1.2xngy,)
1 | ETABETAI Tesu
10 7 4108
* Maximum projected

0.01 0.1 1 10 100
Tio, {Ti)n (keV)

v 1MA H-mode Operation
v' Advanced Divertor (Snowflake &
Tripod ) Operation

First
Plasma 1.15MA plasma yy
— 4 !

—_——m e e e ===

2020 2022 2023 2024 2025
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Main contents of this talk 53 srummnEnn

lll. Integrated research

High- I ® Improved heating, Power
di .

performance lagnostic and control exhaust
plasma * Advanced scenarios solution

®* Heat/particle control

> High T;

> High p

» MHD control
» Super H-mode

x  » Small/no ELM
» ELM control
» Advanced divertor
» Detached divertor

11



Outline e ———
&2 prummmEn;

Introduction of HL-3 tokamak
 Improvement of heating, diagnostic & control
* High-performance plasma

 Power exhaust solution

« Summary and future plan

12



& mTumsmEmsR

DiGEE Southwestern Institute of Physics

Improvement of heating and current drive systems

LHCD

2 MW 4 MW

ICRF / 6 MW
ECRH 55 MW 11 MW
NBI 12 MW 20 MW
TOTAL 19.5 MW 41 MW LHCD ICRH
‘ This conference,Posters 4 B-70, X.Y. Bai  This conference,Posters 4 B-64, L.F. Lu
b | aw || [ResdeEEH S
ﬂ: = RES T ~m,_.ﬂ w
= 2#NBI LHCD — ‘&
= 7MW 2 MW 3.7 GHz
- . 140 GHz
1# NBI 105 GHz
5> MW 68GHz
ECRH
3 MW 105 GHz ECRH NBI
EL: -20~15° NTM control 3 systems

4 2 MW 140GHz
- £ 0.5 MW 68GHz

UL: for CTS

1 # (2023), 2#(2025), 3#(2026)

This conference, Poster 2, B-72, B.L..Hao 13



NBI Platforms for R&D & prummmEms

CNNC

B Full-sized ion source commissioning platform and RF negative ion source platform have been
constructed in Tianfu fusion R&D site

Full-sized commissioning platform RF Negative lon Source platform
(120 keV/ 80A) (3 RF source 400 keV/ 20A)
- O B VL L
T 0 S Wit W i

“““““
v S

14



R&D of VS control for high plasma current operation

B First Vertical Stabilization (VS) control system commissioned

PF6U

&3 mTumsEme

Mig =6 Southwestern Institute o ysics
CNNC

VS3

v' Repeatable divertor plasma: I, = 1.5MA, k = 1.7 with AZ < 1cm i
This conference, Posters 5 B-44, X. Song
| 2023 2025 (VS1)
VS power supply / | +1kV/14KkA
elongation ratio k 1.5 1.75
plasma current I 1.0 MA 1.5 MA
control cycle / 200 ps
control accuracy (4Z) >2cm
<1cm
B Upgrade: VS2 + in-vessel VS3, control cycle 50~200 us
v Atestbed for ITER control to avoid downward VDEs

| vs1 | vs2 | Vvs3
PF2 PF7 IC

Actuators

-

i 7 =

L
\y . \\"\\\\\\\\
Y, %///y‘ il

=
=

\

_

PF8U

il b
fPh

|

;/)':",:',J},-

PS Voltage

PS Current

+2kV

+10kA

+4kV

+10kA

+1kV
+4kA

2.5

VS2

15



RL-control for exploration of high parameter discharge gg I T RO £

CNNC

B A high-fidelity data-driven simulator is developed to train an Al-controller, which successfully control plasma shape
in real-time on the HL-3 tokamak
» Full handover process: RZIP control - RL control (400 ms) - RZIP control

» RL control to handle plasma ramp-down and MHD avoidance in high performance discharges

The Framework of RL Magnetic Control on HL-3 Shot #12781 _PID control &
. 300f L Ser—
[Wu et al Comm. Phys. 8:393, 2025] R — \
_al_?e_[_)loyl_r_lgnt _________________________________________________________________________________________________________ “H —=— Target (Shot #6226)

{ Conventional Control System HL-3 Control Coil Location

a(cm)
3

i . ey ] : PF5U, PF6U
s 5 "R Tk ol IO
i 1 | ,”;"'; - 4 2 ‘ i : d
! ) 5 : <& | 1000 150 T., = e
E PID : : x 125 i
E : i N 500 U |k W |
5 ! i i E csi| |8 1.00 i
' . a ) g 0 0 1.0 l
i | M-Matrix convertor |[—————— PN !
! | " : -500 i""‘—":‘/
| ; 5 05
i Feedforward : : = /W\'/ !
| -1000 i
::::::::::::I[::::::::::::::::::::::::::::::::::::::::::::::::::::::::::,: ; M N ; 0.0
L Data-Driven []| ! {1500 | -p@ = 0.5 i
E : Data A Dynamics : < PF5L PF6L ; ” M_‘/
: Collection - : i -2000 : . : . ' ) /N‘m
g i 7 Model b - " i 500 1000 1500 2000 2500 : 0.0}
' £ Environment || ;) R(mm) I I
z - Training i s { Location ! !
: 5 Training ¥ 0 RL Policy | g |Desired|: [ oction T 200r !
' 7 Vol — -— 8 & H \MM
; - P Controller Target | : ! X : = Nl
E . i i1 Action (a) i |
E EFITNN Controlled param. ' ; ' 132: I
‘R 71 ‘ ‘ 5 3 P 17-dimension: CS, = £ |
z g Z 1y a K, wz‘ § - - 5. 9 ' .
i Dafacet RLEougTorm | | 1 PF1L~PFSL, PF1U~PF8U E N el oas
3 v 1 ! i
! Trajectory Controller: : RL Control System a1 i : : v :
I § SESSSSSE L e ' 0 500 1000 1500 2000 2500

Time (ms) 1 6



Development of diagnostic systems

Mgk &6
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Southwestern Institute of Physics
CNNC

Parameter

Te(r), ng(r)

Diagnostic
techniques

Thomson scattering

Channels, Resolution

60 chs, 30 ms, > 1cm

ECE 60 chs, 5 ys, 1.5 cm
CXRS 32-64chs, ~1cm, 10-50ms
Ti(n)
XICS 32-64chs, ~1cm, 10-50ms
FIR interferometer 13 chs, 1 s, 10 cm
(Ne), Ne(r)
CO2 dispersion Int. 1 chs, 0.1 ms, line-avg.
Scintillation fiber 1chs, DT n, 10 ms
Fusion
Fission chamber 5 chs, fusion power, 1 ms
product

ToF

100ms

45 chs, 3%@DT n,

B More than 50 sets of diagnostic systems deployed on HL-3

LIF, CXRS
ICRH

HXR
FILP
%”
CXRS, MSE 13
BES FIDA
NBI#1 P
FIDA, INPA,SXR
SMBI, Bolometer

10

CTS

Probe, SXR

Bolometer
ECEI
VUV

ECE, Ha

8 MR
DBS

— NPA

C 3 LIBS
ECRH VUV, Ha

Pellet

17



Charge Exchange Recombination Spectroscopy g,g e b

CNNC

B lon temperature and impurity concentration measurement for core transport research

10

» 64-channel CXRS B 1o ms - azsms [ tacoms [ t42sms
v’ T/v, profiles i3 - ;
v Spatial resolution: 1~2 cm T:'
v' Temporal resolution: 20~50 ms :

> ITER Prototype Contract: Tri-band Spectrometer
v' Cascaded gratings : _
v simultaneously measure He II, CVI and Da lines T T e il

Shielding wall 35 fipers
NBI-1

Shutter and optical
acquisition system

)
Data acquisifion
system

32 fibers

0

Incident fiber bundle ML | %

spectrometer

Fiber bundle

NBI-2

underconstrucion !

HL -3 tokamak




Thomson scattering system & prummmEns

CNNC

B High spatial-resolution TS system for core/pedestal distribution in high-performance plasma.
v' Core and Edge Thomson scattering for ne and Te profile measurement

v High spatial resolution of 1 mm, 60 channels @25 ms, high-efficiency polychromator based on filters

Te (TS) in shot #13243 n, (TS) in shot #13243

R L B B B 7 LA L . B s s . B
5 ‘f F t=1149ms|] : i t=1149 ms
45F % % ] o %%% .
4t E [ % ;
st % P % ‘;
o 3 | B d :
2 a5t A R ;
o L2 4
15E : =t B 4

b : i
] 1k m ]

05F E =
O PR AN TR RN SR NN TR TN TN S T SR S | O PR A TR NN T N SR TR TR NN T SR S | %

1.6 1.8 2.0 22 1.6 1.8 2.0 2.2

R (m) R (m)

19
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Fusion product and EP diagnostics

CNNC

B Neutron diagnostics such as fission chamber and ToF are upgraded; Other fusion product and energtic
particle diagnostics are also developed including: fast ion loss detector (FILD), imaging neutral particle
analyzer (INPA), proton detector (PD) and collective thomson scattering (CTS).

FILD INPA PD
(90-135°, 10-40keV, 5ms) (0-0.8 a, 4-80keV, At=5-20 ms) (5 chan, 0.5-9MeV, 2 ms,)

Carbon foils T
15F

Entry hole

1.0+

05F

E of

. N
sy b= p &
. 05 "SRR = 7 1
1.0F =4 R’d ) . -
X ! view field ]
detectors L2

151 1 1

1.0 1.5 2.0 25 vessel wall
(a) R (m)
3‘_’ 5
- Single proton pulse waveform

(b) — g - T T ]
St 4r- proton -

@ ° —3F .

S8 =
3 a2 =
= k=]

g @ +E triton E
¢ (or noise) -
304 N

L= +
1 L L M L 1 M L 1 L 1 M L
813.905 813.910 813.915
time (ms)

X.Y. Han, et al Fusion Engineering and
Design 221(2025), 115361 X.F. He submitted, 2025, NST-2025-0671 20
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Approaches to high temperature plasmas mfé A T e

CNNC

» Stepwise co-NBI heating during current ramp-up produced core reversed magnetic shear
» Flow shear induced by NBl-momentum, suppressed turbulence and MHD instabilities
» Hot ion H-mode achieved with strong ion ITB (T, =10 keV) and ETB, fusion triple product 0.67x10%° m=3 -keV's

2.0 12

é IPEMA)| T I T L] L] I L] 13|243 T -IIIIIIIIIIIIIIIIIII-
15F [ 1100ms ]
10E | .

E L X L 1 " " . 1 L : ' 10

6 f—t+——t+—t—r+ —— — ]
af ne(10m?d) W, (kJ)/200 5 ]
ZE i ]
3I— 4 t ; ¢ : ¢ ! t 8- ]
2k -a - ]
1 = i [ L 1 L P BN B B B

3 B o 025 ose 075 1o 0 0.2 0.4 0.6 0.8 1
2 F 6= ’ »

N - 8 e — 12_....,.,..,....]‘...,...._
1r - t=1116 ms ] i 2 25 3 35 4]

C B i r Prpr(MW) [ . | ]

0 ; 4 b } F ) ) } 4= & ] 1 ]
10 3 I . _F o
core T, (ke_v;_;—"‘":,__,_.—._:—‘c Tl =~
i = - E I
> ~ T s b3 : ] . i Z 1k Y | e
19 -3y o L =3 £ ; = r
10 , core Te (Ike\/)I jcoren, (1p m ) 3 = 53 Bt o
O F i t — — ! i } } } 21 g i
[ 1,(0) T,(0) 7 (10%7 kev m ™ s) L 2 ] of ., ]
0.5 — - ne L [ ]

: . . 1 ) . ; 1 . ; ) I H [ °\ ] P U S E N S
0 0 e Pry SR TP PPN PR o 0 1 2 3 4 5
800 1000 1200 1400 0 025050.75 1 ° 025 0.50 075 10 5. (101%m-3

time (ms} p aig( m™)

p
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lon-ITB formation with magnetic islands g,g B T R T i

ENNI:

B Islands — strong ExB shear near island boundary — ion turbulence | — T, 1

BRI ILANL B I LA N B LA 10— 77 7 |3]'2d2”| NE'QO'%2UR;'Hz/n’f’(%) T
g k(@) ! :57&'600 ms, wo ITB ~ k(9 ! 100k tndaty  borndery i —%— 600, before ML ]
. | 600-625 ms, 2/1 ITB ] = - . i < P 25E —$—61LML i
< 84 L : : - - 681 ms
0 6 i :675-700 ms, 3/2 I8 > 107 : —3—
~ it ) i N 50 2k h
H 4 B{N - 'J: B L
N: > -30 600-625 ms ] = i
[ ® (675-700 ms ] 2 0 - 15 _ ]
[, 3 [ [ 1
1E h
-50 § : i 32 7 21 ]
....f”Vi/é"(DBS) ‘ool oglba.... .. . islgnd  island;
190 200 210 220
K (cm) 190 195R (Cn%?o 205
- mewt 4« |TB Formation: lon-ITB formed @ 2/1 island boundary
() . 1-%-stims { « |TB Enhancement:
OF !'M--I 680 ms .
: W x : = 3/2 island developed
C L TSR .
- 32isiand]  27iskand Ny ] = Weyg @ island boundary T (> wp)
inner | 1 inner \i . .
~ boundary: iboundary = turbulence inside boundary ||
180 190 200 210 220 180 190 200 210 220 = core Ti TT
R (cm) R (cm)

ITB foot moved inward
23
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H i g h -beta p I as m a o pe rat i o n ig =6 Southwestern Institute of Physics

CNNC

Develop high-B scenarios to benchmark MHD and disruption control technologies.

« Simulation (MARS-F): High triangularity (especially positive) and elongation of plasma shape

* Hybrid operation: 3 > 2.5 sustained for more than 10 times the energy confinement time

* High qy5 operation: Achieved double transport barrier operation with By ,ox = 3.0 / B, max = 2.7 with qg5 = 8 ~10

Shot #13197

/iN
a
o
o

1000 () NFW -

208w, oy j
100 | ]
58 - " t t t t ;
5 (e)MknongnTﬁa{*“ \ l ' ' h

| (HD_(au)

e Ll S
S N BhO=SANW®
_
)]
o

DVS Ha2 ¢

1000 1100 1200 1300 1400

Ip[MA]/(axBt) t (ms)

24



By-collapses induced by IKs and NTMs

B MHDs in high beta plasma induces B\ -collapses

400
300

200

N W & = N W

o

2.5

LS L L L L L L ) l LS L L L L L L L ) l L L L L Lo l L L L L L L L 8 l
Ip (kA) o
[ 1019 P (MW) e Oy
L (10 NBI Py (MW) |
[ |
1 | bt C—)
5 ‘«
5, (@.u.) ELM—_ l“
__m___---miﬂh_ﬂﬁ_h‘l,

[ 1y (a0) \I\l
200 aaas Al
100F 4Bt (a0 TR A ng

e
-100
_200 rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
1400 1500 1600 1700 1800
time (ms)

f (kHz)

ST crash .

40—

time (ms)

& mTumEnERRR

Mig =6 Southwestern Institute of Physics

CNNC

This conference, Poster 4 B-60, L.M.Yu

ELM crash

| : [ BN-couap}@s/__:

dB/dt (a.u) |

1690
time (ms)

1 1
1720

B Plasma parameters:
v' nJng~ 0.6-0.8,
v K~ 1.45,
v 5~0.5,
Y g5~ 3.7,

V' Bumax~ 3-7, Hgg ~ 1.4

f=30.5-32.5 kHz
m/n =2/2 IK

f=17.5-21.5 kHz
m/n = 3/2 NTM

f=14.1-18 kHz
m/n =1/1 IKM

f=3.9-9.2 kHz
m/n = 2/1 IKM

25



5,3 B TWERIEDER

Fast ion losses induced by 2/1 NTM

I:NNI:

B Fastion losses induced by 2/1 NTMs with a convective loss mechanism

HL-3 #13192
2.2 T T T T | T T T T I I I I T | T T T I | T T T T 3

1.8 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ]

Frequency(kHz)

= FILD Spectrogram

=

&‘;; -~ et oy WY

- .

g llnmw M‘

S

=4

@ .

L

£ W
908 T T T T I T T T T I T T T T I T T T T I T T T T

E//B NPA (48keV, r/a = 0.27)

Count/ms
®
[(—
[—]
| B P | I | B P §

| N I

700 1 1 1 1 I 1 1 1 1 I | 1 1 1 | 1 1 1 1 I 1 | 1 1

1650 1700 1750 1800 1850 1900
Time(ms)

Energy = 50keV,Pitch angle = 120° 10
X
Fitting Equnllon y= 2 971e-09%x - 34880 07

R?=0.5167

4B veruse FILD( Normallzed By NBI Power)

lFlLD/PNBl(a.u.)
= = = =2 2 2 =
(%] = wn (=2 ~1 [+ -] =]

=
o

e
s

0 1 1 1 1
150 200 250 300 350 400

15 2 %5 whocs B,
R(m)

Strong correlation between frequencies of 2/1 NTM rotation and Fl loss
by FILD, suggesting NTM modulates Fl losses;

Loss orbit of trapped particle intersects with island structure, indicating
fast ions interact with NTM island;

The linear correlation between Fl loss strength and w? indicates a

convective loss mechanism. 26



Attempt to Real-time control of NTM g,g B T R T i

CNNC

B Real-time neoclassical tearing mode (NTM) feedback control by ECCD prelimilary realized

3 T T T | T T T || T T T | T T T | T T - - - - - -
i ' ] NTM identified ECCD injected with
T —> ’ Em) NTM suppressed

P T B R B S B This conference, Poster 5 B-58, X. Yu

15
y [ RT EFIT ] [ NTM island }

shrinking/suppression

0.5
0 I
T B W) 5 10

NBI

T
o

1
1
(= o T
. pEc(m | : *2 [ ECRH antenna angle J — [ ECCD J
0 () ! ] I I

|
: [ ECE/Mirnov J —) [ CODIS control }

system

C . 1
- B (n=2,a.u.) island,
o shrinking||

« Optimal EC antenna angle scanned;
« Real-time NTM identification and EC injection achieved, 3/2 NTM island

shrank and finally suppressed when EC deposited near q=1.5 surface

s presas 1540 g e e Next step: Real-time angle control to suppress multi-modes.
t (ms) 27



Al control of high beta disruption

83 mTummmEmRsR

DiGEE Southwestern Institute of Physics
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(Predict-First Neural Network, PFNN)

disruptivity

—ep

raw signals raw signals
L Ip&shape  predicted \
raw signals o Ip&shape
Shape 2087 Disruption
parameters predictor
Density
- Foat n=1 mode predictor
raw signals eature  Rotati _
otating mode < “ ® .
extractor SIS~ Predicted
;’)'{\‘:Q;‘\ density

raw signals

Framework of HL-3 disruption prediction

Disruption control in high beta operation (B> 2.5): Novel disruption prediction strategy

Z.Y. Yang et al Nuclear Fusion 65 (2025) 026030

Novel strategy: predicts parameters evolution first, then to predict plasma disruption

Significantly enhances the extrapolation capability from low to high parameter spaces (Ip, B, 995, Wg, By)

—~ 300

S 20195.5 % accuracy in 22 consecutive high-B shots
U 1 I
N iE —— ; —— ﬁ m-mo
@ %: : : 500
soF | | '

(=]

Power of NBI(kW)

Disruptivity Bp(a.u.)

MGTI trigger

1.39
time(s)

1.41

Closed loop disruption prediction and mitigation in Shot 12478
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Small / no ELM regimes & prummmEns

CNNC

B Small or no ELM regimes achieved on HL-3, including EDA H-mode, QCE, and QH-mode
» Typically accompanied by quasi-coherent modes (for EDA & QCE)

» Favorable conditions: High q4, high plasma triangularity () A. Liang et al 2025 submitted NF-108324

08 LALAEL AL DAL AL LA LA AL DL AL R DL AL B
| Ip=0.5MA ® EDA H-mode | |
100 0.6 B ® ELMy H-mode| ]
. . @
S s 04l oo ° -
\% 50 S i os® ¢ ]
= [ ® ]
02f . *o% o ]

0= %’) 4I1 l I475I \;) 5I5 é

Qa5

100 2 el 0.4 - Ip=03 MA -
— 03[ AL _
= 50 < 02 o ]
- : *.m. 5
: 0-1:' " ¢ Large ELMs '
L i 4 QCE ]

0 oL 1 1 L

5.5 6 6.5 7
dos
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Small / no ELM regimes mfé LAl F R iR

CNNC

Small or no ELM regimes achieved on HL-3, including EDA H-mode, QCE, and QH-mode
» QH-mode with EHO was observed in an early stage of H-mode (1.1 <y < 1.3,1.2 < Hgg,, < 1.3)

> The driving role of E,-curvature (E;') on EHO, with a critical threshold (E; ;) is now experimentally confirmed,
supporting the earlier theoretical and numerical predictions.

Y. Zhang et al 2020 Phy. Rev. Lett. 125, 255003 Y. Zhang et al 2022 Phys. Plasmas 29, 112101
EHO
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ELM control by RMP

B RMP coils and power supply were newly installed in HL-3 for ELM control
» MARS-F simulation suggests odd parity is optimal
» ELM controlled by n =1 and n = 2 RMPs (odd parity) achieved by scanning I, (qgs)-

» Incompatible with L-H transition: lower shear rate wgyg/wp prevents L-H transition

Y. Zhang et al 2025 Nucl. Fusion 65 066016
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This conference , Poster 1 B-51 G.Z. Hao
This conference, Poster 1 B-26, N. Zhang
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B ELM suppression by LHW, reducing heat load and improving confinement on HL-3

HL-3 #6226 HL-3:4#6226 Y.M. Zhang et al 2025 Nucl. Fusion 65 096019
o 30 ¥ - v ~uf @ v v v v : .
JE z m[—’* m— LHW
2z 2.5:L’\.___~__/\.‘_N§‘-’ <02 1 - .
g 1) : : ; A : Possible physical process:
gnsoo --A..u_: e PN g g el E: 2 L l l I IA IIIlI“III ~y I"I " III II In'
s s [ttt LHW heating electrons
E 0.4 : 3-‘ 30k (€ o
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H z - soften the pedestal gradient
R . :,5 A N Nikiian, e ly” _._.L x10% .
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B Other actuators such as mixture SMBI also suppressed ELMs This conference, Poster 6 B-57, G.Q. Xue
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Detachment and feedback control techniques
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B Divertor SMBI and SD1D modeling code were developed for fast control and simulation

B Detachment feedback control prelimilary realized by real-time measurement of J

Fast (partially) detachment with divertor SMBI (v>1000m/s)
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Advanced divertor configuration g,g B T R T i
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B Achieved snowflake divertor configuration significantly reduces target heat flux

0.4 : : .
=) — SN , > SOLPS-ITER for SF-(near tripod) simulation:
£03 ._SF_ (near tripod) ,
E _ v" Enhanced impurity screening
~— 0.2 Line Modelling
é Points Fxp.dat | v" Small magnetic field-line incidence angle
= 0.1 .
E v Large flux-surface expansion
0.0
0.1 0.0 0.1 0.2 0.3

T———16078 Trinod > Experimentally achieved:

— 6586 Standard

v' Tripod (longer legs with larger distance

between two X points

v' > 4MW heating power

v" H-mode operation
v <40% of the heat flux peak

1 I 1 1 1 1 l 1 1 1
50 100
Divertor target(mm)

This conference, Poster 2 B-19, D.M. Fan 35



Design of an X-point Slot Closed (XSC) divertor g,g I TAE B AR I
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B The upper divertor of HL-3 has been designed and optimized based on the lower divertor results

1:5
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O
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Lower Outer Div . Upper Oute Div (XSC) H.L. Du et al Nuclear Fusion 65(2025) 036023
S0l | > Key features of XSC:
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| & 1
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Introduction of HL-3 tokamak
 Improvement of heating, diagnostic & control
* High-performance plasma

 Power exhaust solution

 Summary and future plan
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Summary and future plan & srunmmmmpn

B Significant improvement on heating especially NBI, plasma control (VS, Al
magnetic control) and diagnostics

B Significant progress on scenario development towards high-performance
plasmas
v T,>12keV; T,> 10 keV; n1T, ~ 0.7x102° m-3-s-keV achieved
v" High beta operation for MHD and disruption control
B Effective effort for power exhaust solution

v" Small/no ELM operation regime obtained (EDA, QCE, QH) and active control of ELMs
v' Fast prediction and control method developed as well as RT divertor feedback control
v" Advanced divertor (snowflake and tripod) configuration achieved

B Upgrade to support key physics and technologies towards ITER and beyond

v" Improve operation capacities to support next step research plan
v" Enhance understanding of frontier fusion plasma physics
v" Develop robust technologies for high-performance plasma control
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Thank you for your attention !

Joint experiments and other
collaborations are welcome!
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