8th — 11th Sept. 2025

5th International Workshop on Proton-Boron Fusion
Belgrade, Serbia

ENNEXES0 and EXI50U Experiments, Addressing Physics Basis
for p-1'B Spherical Torus Pow&emonstration

YuejiangShi YuengKay Martin PengXianmingSong, Dong Guo, Yunfeng LiakgnchenJiang, Xiang Gu, Yonc
Liu, Lili Dong, Tiantian Sun, Yumin WaffaodongSong,SongjianLi, Jia Li, Fan GaBenyiTao, Cong Zhang,
QifengXie, XiaobinXie, YupengZhang, Ji QXianliHuang,XueyunWang, Wenjun LiuXueyunWang, Guang
Yang, Chao Wu, Xin ZhdeéeihaiZhou,EnwuYang, Wenwu Luo, Yuanming Yang, Huasheng Xie, Jiaqgi Dor

Baoshan Yuan, Minsheng Liu, and the 50U team

W ENNGiE
Hebel Key Laboratory of Compact Fusion

. ENN Science and Technology Development Co.,Uadgfang China -



Outline

.  ENN XuanLonr§0U (EXI50U)
U Missionandresearchplan

U Boronfueling effectson EXE50
U Devicestatus

Il. EXE50U ResearchHProgress

Non-inductive start-up and current drive
Plasmacontrol and divertor experiment
Proton-boron experiment
Energyconfinementand transport, lon heating

C: C: C: C:

I1l. Summaryand Discussion



ENN roadmap fop-B fusion power based on spherical torus

Phase | GoalAchieve scientific and technological
breakthroughsand lay the foundation forp-B fusion
commercialization

. Phasell (EHLE3)
2027

« Establish physics basis fecaleup to Demo

Phase | (EHR)
2023
* Develop S&T basis for EX3L

EXE50U, the second ST in ENN
Construction: 2022023 Experiment:2024-

* Develop S&basisfor EHE2

EXESO0, the first ST in ENN
Construction: 2018019 Experiment:2019-2023

Established the basis @T pB fusion project

‘ Phase Il (commercialdemo)
2035

2035
Commercial Demo

Establishcost basis
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Small ST40 has reached 10 keV ion temperature



3
Key Physics tasks of EBQU for ProtonBoron Fusion Spherical Torus Reactor

PF3-PF5
CS coil

EXES(0 2023 Upgrade 4|

i B~0.5T@R50c
EXE50U

U New vacuum vessel and TF&PF magnetic coils s Cross sectional view of the EXL-50U
U B ~1.2T @R60cm Physics goals of EFl*
g U Highperformance steadystate scenario
Keyphys_lcgssgesof EXI:5dO.U Ip 2~3MA, norinductive faction70%~100%;
lf Non_'m uctive currentdrive U High ion temperature scenario
U Hotion modefor ST(T/T.>1.5, T, = 5~10keV) Tk HpT/TOKES
U STEnergyconfinementscaling U High triple product scenario
U p-Bplasmaphysicsand preliminary p-B fusion study | 2y FANY {¢ KAIK O2yiF Y SKY Siyp

U Measure fusion reaction rate of 11B fusion



ECRH-only boron power injection results on EXL -50
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Edge turbulence was suppressed following power injection, while density decreased.
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ECRH-only boron pellet injection results on EXL

BIV Intensity(cts)
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U Pellet injection at t = 1.0s; the pellet entered the plasma att = 1.37s. .

U Six pellets were injected in sequence, with significant density increase, a sharp ECE

3000

signal drop, a 10-kA plasma current decrease, and edge turbulence suppressed.
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EXE50UDevice (  -50U)
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Poloidal crosssection of EX450U

Phase 1. W limiter & Open Diverter +SS first wall

Phase 2: CFC outboard limiter after Mar. 2025
CFC irboard limiter after Oct.2025
Closure VWshape divertor in 2026

San theQRcode tostart the visual tour ofEXE50U
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Diagnostics on EX20U

HCN
interferometer

MW reflectormetry

U Diagnostics related to device safety and operation are fully equipped
U Diagnostics of key parameter profiles are also in place
U Diagnostics related to fagbns anda particle are under development



Boron injecting systems on E>XA0U

Boron injection on EXBO & 50U
1. BH, gaspuffing
2. Boron powder
3. Boron pellet

P-boron researcio

0 GDQBoronization

U Realtime Boronization

U Boron fueling and Boron profile
control

Drop tube «—

to plasma

BN

Catch can

Boron powder injector

i
i
i

Two cartridges
Injection rate: 1mg/s~10mg/s
Injection duration: 50ms toseceonds

[
"

Tmpact impeller

EXL-50

Magnetic fluid seal

Boron pellet injector
U Pelletsize:f0.5 mm ~f 1.0 mm
U Injection speed: 50 ~ 100 m/s



Heating systems on E>A0U
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Arrangement of heating systems on E8QU
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Key engineering parameters of the EXL

reached the design target

Toroidal Field and TF Coil Current
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EXL-50U is the world's first ST that can achieve 1.2T
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Timeline of EXE5S0, EXE50U, and EHIE2

Start EXL-50
Project Phy. & Eng. Design Construction  First plasma Experiment Shutdown Themal

plasma

018¢

Oct.2018 Dec. 2018 Jul.2019 Jun.2023

Energetic -
electron

Start EXL-50U Manufacture of Main Vacuum Pumping

Project Physics Design Components Baking
2022.07

First Plasma
Ip ~120kA

2022.12

2023.10 2023.12.31 2024.01.20

Engineering Design Upgrade of ) Machine Testing of
Power supply, Heating Power supply
. - Assembly
and Diagnostics

2024.05.25 2024.06.28 2024.07.08 2024.07.14~08.07 2024.08.28

2025.04.16 2025.05.25 2025.10.01~10.30 2025.12.31 2026
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II EXE50U ResearctProgress

Non-inductive start-up and current drive
Plasmacontrol and divertor experiment
Proton-boron experiment
Energyconfinementand transport, lon heating

o

I1l. Summaryand Discussion



11
gue startup method with EC in EG0U

shot 4744 Pure Ohmic (12393) TPC (12400) FNC (12403)
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Current Rampup Scenario in EX20U

U Startup by EC

U Rampup by EC+CS

U Synergy between EC+CS
IS key to get flattop

i

Low loop voltage
Low consumption of CS flux
potential application to an ST

reactoranda superconducting
machine, such as ITER
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Ip at flattop phase is proportional tdDT-g-
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Non -inductive current  start -up and current drive
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RZIP feedback control for limiter plasmas
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RZ4l,is feedbackcontrol is a prerequisite for obtaining (quasi) steadyate highparameter plasmas.



1 MA discharges in hydrogen -boron plasmas
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The waveforms of 1MA discharge in EXL-50U.

20

The electron temperature, density, and B** line
Intensity profiles at t = 0.36s in shot 10246.

U Filling gas for the entire discharge duration was diborane-hydrogen mixture (30% B,Hg: 70%H,).

U Boron powder was injected during ramp-up and flat-top phase
U Boron content (ion ratio) in working fuel is greater than 15%
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Initial results of energy confinement time for OH plasmas
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Confinement time scaling

How aboutt - in high-parameter
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Preliminaryindications of ion heating by NBI

e

nel (10"°m?)

T (keV)
e

N
T

o

n_ (10"°m)
e
2

[=1]
=
T

P_, (kW)
o 8 &
s

-0.2 0 0.2 0.4 0.6 0.8
Time (s)

Pys~270kW @ 25kV

1

1.2

1.4

1.6

T (keV)

08

06}

04r

0.2r

shot 5562

T % Data of TS
e
—Fitting data
*
T.
I —Fittng data

¥ Data of CXRS

Temperature and density profiles during NBI heating phase

Both T and nmeasured by TS increase during NBI phase

2571

0.5

shot 5562

18

¥ Dataof TS
—Fitting data




19
Transport analysis for NBI heating plasmas
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Divertor plasma and offline EFIeconstruction
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EXE50Udivertor physics design and implications for EdIstrategy

U Currentdrive scenarioan EXE50U ': N
ECY Startup, EC+C¥ Rampup | |

I
Ll

: —VS consumption (100%) :
, —Ratio of Bootstrap current |

U Low loop voltage

U Low consumption of CS flux

U potential applicability in ST
reactor or superconducting
machine such as ITER

1 1
1 15 2
Time (s)

CDStrategyfor EHE2 0

U MA-level dischargesachievedon the EXE50U, demonstrating  Design drawing of closure-ghape divertor in

the scientific feasibility of generating high-performance EXES0U. Both XPT and convertional divertor
hydrogenboron plasmas (CD) configuations will be explored in EXQU.

U ENNplansto fully achieveor verify the key physicalgoalsof EXE50U in three years(from 2024to
2026 , exploringthe solution for the key physicsissuesfor future STP-B fusionreactors
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fusion power

collaboration is expanding
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SumnimanyzaniddtisctissionnaT SBplasma

Summary

10-year Roadmap to establish S&T basis for commercial power demonstration.
Edge turbulence suppressed in bordneled plasma on EXR0 with ECRH only.
Combinations of ECRH + @##tage reachedigh parameters.

Ip ~ 1 MA, ne ~ 8/m3, Te~ 3.5keV, Ti- 2 keV gB plasma obtained on EX30U.
Limited data on energy confinement time appear favorable vs. tokamaks.

et et et el e

Discussion
Tokamakbased turbulencell N} Yy @ LJI2Z NI Y2 RSt a-Bpldsda? | (0 A 2
MHD equilibrium model reproduces magnetic signals, mat yet the kinetic data?
Divertor designs ardeingexplored, but much work remais.

ST plasmas with ~ 100 x T and ~ 10 x n to test energy confinement?
STfusion plasmascenarios tatake advantage of the specia@lross section (dower
sharp peak near 160 keVathigher broad peak near 600 keV)?

C: C: C: C:
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Thank you, and Comments Welcome! //




