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ENN roadmap for p-B fusion power based on spherical torus
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- Established the basis of ST p-B fusion project Small ST40 has reached 10 keV ion temperature



3
Key Physics tasks of EXL-50U for Proton-Boron Fusion Spherical Torus Reactors

EXL-50 —2023Upgrade—> EXL-50U

e

el W PF7-PF10
’ &,

PF3-PF5
TF coil = CS coil

Vacuum

EXL-50U
» New vacuum vessel and TF&PF magnetic coils . Cross sectional view of the EXL-50U

» B, ¥1.2T @R60cm Physics goals of EHL-2*

Key physics issues of EXL-50U > ngh-performan.ce stef;\dy-sta.te scenario
Ip 2~3MA, non-inductive faction70%~100%;

> Non:induaive current drive » High ion temperature scenario

» Hotion mode for ST (Ti/Te>1'5' T, = 5~10keV) T., > 25keV, T/T,>2

» ST Energy confinement scaling » High triple product scenario

» p-B plasma physics and preliminary p-B fusion study Confirm ST high confinement scaling (HST> 0.5, 7E >0.5s)

» Measure fusion reaction rate of p-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-50
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» Pellet injection at t = 1.0s; the pellet entered the plasma att = 1.37s. .

» Six pellets were injected in sequence, with significant density increase, a sharp ECE
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signal drop, a 10-kA plasma current decrease, and edge turbulence suppressed.

4000



EXL-50U Device (Z1E-50U )
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Poloidal cross-section of EXL-50U

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

Phase 2: CFC outer-board limiter after Mar. 2025
CFC in-board limiter after Oct.2025
Closure V-shape divertor in 2026

Scan the QR code to start the visual tour of EXL-50U
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Diagnostics on EXL-50U

ZE S ThE

HCN
interferometer

» Diagnostics related to device safety and operation are fully equipped
» Diagnostics of key parameter profiles are also in place
» Diagnostics related to fast ions and o particle are under development



Boron injecting systems on EXL-50U

Boron injection on EXL-50 & 50U
1. B,H, gas-puffing
2. Boron powder
3. Boron pellet

P-boron research:

» GDC Boronization

> Real-time Boronization

» Boron fueling and Boron profile
control

Catch can

Boron powder injector

» Two cartridges

> Injection rate: 1mg/s~10mg/s

» Injection duration: 50ms to seceonds

Tmpact impeller

EXL-50

Magnetic fluid seal

Boron pellet injector
> Pellet size: $0.5 mm ~ ¢ 1.0 mm
> Injection speed: 50 ~ 100 m/s



Heating systems on EXL-50U
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Arrangement of heating systems on EXL-50U
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Key engineering parameters of the EXL-50U device have 8
reached the design target
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Timeline of EXL-50, EXL-50U, and EHL-2

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

plasma
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gue startup method with EC in EXL-50U

shot 4744
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» Both breakdown and startup by 190kW 28GHz EC alone
» CSis switched on after formation of close magnetic
surface with Ip: 20~50kA
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In other machines (KSATR, EAST,
J-TEXT, AUG, ITER...)

» ECis for breakdown

» Startup by CS or EC+CS



Current Ramp-up Scenario in EXL-50U

» Start-up by EC -
> Ramp-up by EC+CS = 3F
- ay : ——shot 5120
-_-i ; _ E :zhzt 5100
> Synergy between EC+CS SN l : . : : : hot 5090
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» potential application to an ST 2 os m
reactor and a superconducting = o _ : ; : .

machine, such as ITER Time(s)

Ip at flattop phase is proportional to AT (.



Non-inductive current start-up and current drive
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Pec = 380kW — 270KA fully non-inductive CD
Pec = 580kW — current overdrive



RZ-IP feedback control for limiter plasmas

shot 4474
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RZ-1,is feedback control is a prerequisite for obtaining (quasi) steady-state high-parameter plasmas.
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1 MA discharges in hydrogen-boron plasmas
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The waveforms of 1MA discharge in EXL-50U.
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The electron temperature, density, and B** line
Intensity profiles at t = 0.36s in shot 10246.

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

» Boron powder was injected during ramp-up and flat-top phase
» Boron content (ion ratio) in working fuel is greater than 15%
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Flat-top phase is used for . analysis
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Initial results of energy confinement time for OH plasmas
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Experiment data is from TS.

T is estimated with power balance method.

Bayesian inversion is used to
reconstruct the profiles.
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Wy, =>n(T. + T)V, T;~0.5T,

Pheat = Pohm = Ip * Vloop
Wi

Tg =
Pheat - Prad
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The experimental 1, increases with density, which
aligns with the scaling laws of both ST and ITER89.



Confinement time scaling

How about 1. in high-parameter
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scaling laws for EXL-50U’s plasma.
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Preliminary indications of ion heating by NBI
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shot 5562
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¥ Dataof TS
—Fitting data

Temperature and density profiles during NBl heating phase

Both T, and n_ measured by TS increase during NBI phase




Transport analysis for NBI heating plasmas
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Divertor plasma and offline EFIT reconstruction
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EXL-50U divertor physics design and implications for EHL-2 strategy

» Current drive scenarios in EXL-50U | |
EC = Start-up, EC+CS = Ramp-up

I
Ll

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

—W

£-08 —DP

N —CD
-1 —XPT

» Low loop voltage st

» Low consumption of CS flux

> potential applicability in ST |
reactor or superconducting - |
machine such as ITER ' T | s 2

Time (s)

-16 h :
CD Strategy for EHL-2 0 05 1 15

R(m)

» MA-level discharges achieved on the EXL-50U, demonstrating  Design drawing of closure V-shape divertor in

the scientific feasibility of generating high-performance  EXL-50U. Both XPT and convertional divertor
hydrogen-boron plasmas. (CD) configuations will be explored in EXL-50U.

> ENN plans to fully achieve or verify the key physical goals of EXL-50U in three years (from 2024 to
2026) , exploring the solution for the key physics issues for future ST P-B fusion reactors.



ENN’ s commercial fusion power collaboration is expanding
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Summary and discussion on ST p-B plasma

VVVYVYV .

V VY VV:

Summary
10-year Roadmap to establish S&T basis for commercial power demonstration.
Edge turbulence suppressed in boron-fueled plasma on EXL-50 with ECRH only.
Combinations of ECRH + CS voltage reached high parameters.
Ip ~ 1 MA, ne ~ 10 /m3, Te ~ 3.5 keV, Ti ~ 2 keV p-B plasma obtained on EXL-50U.
Limited data on energy confinement time appear favorable vs. tokamaks.

Discussion
Tokamak-based turbulence-transport models’ relationship to ST p-B plasma?
MHD equilibrium model reproduces magnetic signals, but not yet the kinetic data?
Divertor designs are being explored, but much work remains.
ST plasmas with ~ 100 x T and ~ 10 x n to test energy confinement?
ST fusion plasma scenarios to take advantage of the special cross section (a lower
sharp peak near 160 keV + a higher broad peak near 600 keV)?

27



Thank you, and Comments Welcome!




