
ISFNT 15̆ Sept.10-15, 2023̆ Grand Ganaria, Spain

Key technology developments for high performance 

Steady-State tokamak Fusion Reactor in China

J.Li 

Institute of Plasma  Physics, CAS



ÉKey technologies in EAST

ÉKey technologies in CRAFT

ÉSummary

OUTLINE

ÉIntroduction



Science andTechnology for fusion Reactor

Fusion power Plant σQ>30        300day/years

High efficiency ignition Advanced steady state operation



Key Issues for fusion Reactor

ÅScience

Confinement 

Transport

Energetic particle

MHD&Disruption

H&CD

PWI

Density limit

T inventory

ÅTechnology

ST magnets

Diagnostics

H&CD

Advanced Control

Breading Blanket

Divertor

T-plant

Materials

Remote Handling



CN MCF Roadmap

2015 2020 2025 2030 2035 2040 2045 2050 2055 2060

Disruption mitigation, basicplasma

Advanceddivertor, high power H&CD, diagnostics

AdvancePFC, steady-stateadvancedoperation

PhaseI I Q=5, 3000s,350MW, steady-stateburning plasma

PhaseI Q=10, 400s,500MW, Hybrid burning plasma

II DEMO validation, Q>10, CW, 1 GW, >50 dpa

I Q=1-5, steadystate,TBR>1, >200MW, <10 dpa

1 GW, Power

Plant Validation
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EAST-Parameters

Full actively cooled metal wall, 2X8 RMP coils, >80 diagnostics 

Provide valuable  data bases for ITER &CFETR

Flexible H&CD combination (Source ~34 MW)

- 2 LHCD@2.45&4.6GHz @10MW

- 2 ICRF@25-75MHz @12MW

- 3 ECRH@140/105GHz @4MW

- 2 co -NBIs@80keV @8MW

Bt = 3.5T

Ip= 1MA

R ==1.85

a = 0.45

K = 1.98

D =0.45

DN, SN

W divertor

1996.9 

1st plasma

t = 1 -1000s



ST magnets

technologies

CICC  conductor

Heat treatment

TF Assembling

PF wielding

TF testing

PF VPI

TF wielding

ST magnets -440MJ



H&CD Technologies

ICRF (CW 20-75MHz, 12 MW)

꜠
LHCD (CW 2.45GHz, 4 MW, 4.6GHz, 6MW)

ECR(CW 140GHz, 4 MW)

NBI (80kV, 8MW,100s)



EAST Divertors

2006-2007 for 1st plasma 2007-2012 doped C PFC, actively cooled

20013-2020 C +W divertor, actively cooled 20021- full W divertor, actively cooled



Full tungsten divertor with higher heat load removal capability

ITER-like upper 

W-Divertor (2014)

Upgraded lower W -Divertor(2021)

flat -type Monoblock 

Monoblock 

Å Bolted C/Cu divertor was replaced by welded 

W/Cu structure. 2MW/m 2Ÿ 10 MW/m2

Å Explosive welding and brazing for the flat-type. 

Sample successfully tested with 20 MW/m2



Å Steady -state H-mode Operation by Advanced Plasma Control at QSF : ne/n G>1.0, Vloop ~ 0,

ȁN~1.2/ȁP~2.5, H98y2>1.0, PEC~1,75MW, PLH~1.5MW

200s H-mode Plasmas

12

WMHD~105kJ

Betap~2.5

Betan~1.2

QSF

Advanced Steady-State Control - QSF Operation



Reproduceable400s H-mode

VDemonstration of Reliable 403 Seconds Stationary High Confinement Plasmas

Å A full non-inductive with ne/nGW~0.7 and

fBS>50%) by RF heating with zero torque

injection

Å H98,y2 ~1.35 /Te>8.5keV with ITB by electron

dominant heating

Å Key issues on particle balance and heat

load with actively cooling W-divertor

(R~0.92 and TSurf@Div<600ᴈ)

Å Small ELMs throughout the discharge, with

high core performance(ɓP~2.5/ɓN~1.5)



MSEconstrained q-profile

ÅExcellent confinement (H98y2~1.5) at high density (ne/n G~1) with Pin>10 MW

ÅHigh ȁN ~2.5 is up to 4*li with broader q-profile (weak shear/NCS ) at qmin>2

VLoopĄ 0

14

Dynamic control- Extension of high performance boundary



ÉKey technologies in EAST

ÉKey technologies in CRAFT

ÉSummary

OUTLINE

ÉIntroduction



Chinese Fusion Engineering Test Reactor



ComprehensiveResearchfacility for FusionTechnology

(CRAFT)ðCFETR Full Scale R&D

New site



Å 1. SC Material testing facility Å 11. CFETR divertor development

Å 2. SC Conductor testing facility Å 12. CFETR divertor testing facility

Å 3. SC magnets testing facility Å 13. Blanket development

Å 4. CFETR CSMC and testing facility Å 14. ECRH System

Å 5. CFETR HTS coil and testing Å 15. NNBI system

Å 6. CFETR TF and testing Å 16. LHCD system

Å 7. Cryogenic testing facility Å 17. ICRF system

Å 8. Power supply testing facility Å 18. Blanket testing  facility

Å 9. Large Linear plasma testing facility Å 19. RH testing facility

Å 10. Mater Control facility Å 20. VV and installing testing facility

Lists of all testing facilities of CRAFT

Auxiliary system

1ȁPower distribution system 3ȁoffice building

2ȁCooling water system 4ȁCampus site



Quench detection

12T SC CSMC magnet

Ɗin 1500mm

Iop 47 kA

dB max /dt 5 T/s

RJ υ 1 nƍ

TOP 4.5K

HTSCL

Busline

Vacuum pump

Thermal shield

Cryogenic system

Magnets-CFETR CSMC  and testing facility

ü Develop magnet technology of CFETR Nb3Sn CS

ü Carry out experiments on electromagnetism,

magnetism, thermodynamics performance of

magnets under fast magnetic field environment

ü Evaluate the safe operation characteristics of

magnets

Objective:



CFETR CS model coil (CSMC) and testing facility 

Å Major progress

PThe Dewar and vacuum system has been manufactured and transported to the No.8 factory ̕

POn- site installation and off - line high voltage and high current commission of power supplies  will be finished  in 

Aug.̕

PThe installation of Cryogenic system will be finished  in July and commission will begin.

P The assembly of five coils is expected to be completed by the end of September. 

Will be finished on end of 2023



HTS magnet technology development

Candidate material: REBCO tape

Parameters Values

Coil

Operation current / Iop 46.5 kA

Peak field / Bmax 19.6 T

Inner radius 475.5 mm

Outer radius 703.5 mm

Number of turns / per module 5 x 30 turns

Conductor length per module 556 m

CICC

Cable OD 32 mm

Jacket OD ~ 41 mm

REBCO Tape(widthx thickness̃ 4 x 0.1 mm

No. of sub-cable 6

No. of SC tapes 212

HTS coil

LTS coil

ÅExplore HTS CICC conductor and magnet technologies 

ÅEvaluate operation reliability for the next fusion device 

The objectives Preliminary design concepts

Option I: Option II:

CICC design under developing

Sub-cable



HTS magnet technology development

30 SC tapes in 11 layers

Ic ~10.6 kA, n ~27@ 4.2 K, 20 T

Sub-cable:

ÅDevelop automatic cabling machine

ÅSample performance Ą I c=10.6kA@20T, 4.2K

ÅLong cable manufacturing Ą L=110.6m

Tcs~44.5K @ 25kA, 10.8T

Predicted value ~43K

Option II2023.06.29

Full size conductor:

ÅTwo sample legs were prepared Ą 2.7m per leg

ÅSample performance Ą 47kA@10.8T, 4.2K, stable

ÅNew optimized samples expected to finish in October

Option I

2023.04.20, at Sultan facility



High strength Structural Material for CS&TF

üModified N50 was developed for magnet of future fusion reactor.

üChina has the mass production capacity of jackets, forgings and welding material.

üThe production of jackets with a total length of 2000 m and 2 full-size forgings has been completed. 

ŭ300× 590× 5200mm

TF coil case

Conductor jacket

Coil case

Conductor

jacket

Fig 1. Mechanical property of jacket @ 4.2 K



CFETR TF and testing

Å 3 gradesconductorshasbeenadopted

V CFETR magnet system

Å CS coil × 8

Å TF coil × 16

Å PF coil × 7

ü Objective̔

Å To construct a prototype TF coil meeting the 

physical and engineering requirements of 

CFETR

Å To develop and validate of fusion reactorlarge-

scale superconducting coil manufacturing 

technologies and standards

ü Main Technique Parameters̔

Items Value

Iop 95.6 kA

Bmax ~14.5 T

Total Storage Energy of 16 TF coils ~120 GJ

Total Inductance of 16 TF coils 26.3 H

Top 4.5 K

Insulation Voltage ̘10 kV

Height × Width 21.7 × 12.3 m

Total weight ~743 t

ü System Description̔



CRAFT TF Coil Progress

Â Coil Internal Joint (216) Technology 

Qualification

V after 1000 excitation cycles and 2 WUCD, joint resistance ̖
0.3nɋ @ 4T x 85kA, and the resistance changes little.

V after 1000 excitation cycles, joint resistance̖0.3nɋ@ 8T x 50kA.

Â Coil Case Design and Manufacturing

Å High Strength high-Mn austenitic stainless

steel (JJ1) Forging Material development

The technology is firstly developed for hybrid graded 

winding coil in the world, performance is excellent!

Forging 1-10T ESR ingot

Forging 2-30T ESR ingot

V yield 

strength@4.2Kϋ
1000MPa

V fracture toughness 

@4.2Kϋ200 

MPa·m1/2

Fill the blank of the 

material in China

which is +20% on yield 

strength @4.2K than 

ITER-316LN!

Å QA/QC

Å High performance SC wirl ( Sultan)

Å Long length cable

Å CICC conductor (sultan)

Å Long length CICC conductor (950m)

Å Isolation material

SULTAN sample



Å Internal joint fabrication

Procedure and tooling are qualified.

CRAFT TF Coil Progress
Â Winding Pack Design and Fabrication

Å Winding line and critical equipment

heat treatment furnace turn insulation wrapping system
(Under Commissioning)(Under Commissioning)

Winding line
(commissioned in Oct,2022ζ

Å Dummy coil winding

Procedure and tooling are qualified.

Dimension within tolerance.



To perform the large-scale SC magnet research on mechanics, thermology and electromagnetics properties.

To evaluate the SC magnet system compatibility, reliability, stability, and magnet safety in fault state and verify 

the reliability of magnet engineering technology.

Large-scale Magnet Performance Research

Magnet

Current leads

&Feederthrongh

ÅQuench detection system

Å Protection system

ÅCryogenic system

Å Fast discharge

Å Vacuum system

Cryostat

Item Description

Cryostat

main dimension

Length>18.5m̕
Width>14m̕

Height>3m

Operation 

temperature
4.5K

Current leads 

operation current
100kA/60kA

SHe pressure 3-6 Bar

SHe massflow >500 g/s

SC magnets testing facility

Will be finished in the end 0f 2023



CFETR divertor development

Å Construction objectives:

By optimizingpreliminarydesignandimplementingR&D of small,medium-sizedtestmock-upsandprototypefabrication,

it will deteminethefinal engineeringdesignof CFETRdivertor.narameters:

Å Main technicalparameters

Å Heat load capacity in strike point area sustaining steady state heat flux of20 MW/m2 

Å Profile error of plasma facing surfaces (PFCs) is less than 1 mm

Å Key technologiesprogess: 

¸ Material connection technology for fusion reactor materials

Two material connection routes
OFC/ODS-Cu UT results

Route 1

Route 2:

HIP in one 

step

700 mm x 138 mm x52 mm

Curve section

Straight section

Route 1 

PFC surface profile

Route 2 

825 mm x 145 mm

Medium-sizedtest 
mock-ups of two routes̔

UT: no defects exceeds ū2 

mm equivalent.

Profile error of PFCs: 

less than 1 mm.

7 MPa pressure test: 

meets reqiured He leakage 

rate of 1 x 10-10 Pa·m3/s.



CFETR divertor development

20 MW/m2̆1000 cycle (15s on

̆15s off)̆ HHF testing passed

¸ High heat load (20MW/m2 , SS) 

handling technologies

Small sized mock-up

¸ Hybrid divertor -blanket integration ¸ Independent RH dismounting technology for targets

The divertor is ready for prototype fabrication:

ÅAll targets could RH from plasma side in design

ÅPreliminary feasibility analysis meets the requirements

Blanket

design

̂Without any 

windowsβ
̂  + Considering 

all auxiliary systemsβ
α +Hybrid 

divertor -blanket)

TBR 1.147 1.029 1.175

Blanket (conceptual design) and  divertor (enginnering design)
Enginnering design of divertor

Divertor

Blanket

Route 1 

Route 2 


