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A Visionary Goal: Commercially Viable Fusion Power
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Safe Cost-effectiveENN Fusion

 Aneutronic

 Pollution-free

 Low-cost power generation 

(cheaper than wind and PV)

 Compact facility

 High energy conversion rate

Abundant 
Fuel 

Resources  Abundant and accessible fuel

 Suitable for distributed energy market

Routine: Spherical Torus + Hydrogen Boron (advanced fuel)
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ENN’s Roadmap for p-¹¹B Fusion Power Based on the Spherical Torus (ST)

EXL-50U
2022-

EXL-50  
2018-2023

p-11B Reaction (EHL-2)

2023-

p-11B Burn （EHL-3A&3B）

2027-

Commercial demo 

2035-

• Develop key technologies for ST p-B fusion

Fusion 
power

 Experimental verification of high-temperature plasma technologies
 Feasibility assessment of boosted p-¹¹B fusion reaction rates

 Enhance plasma performance parameters
 Achieve boron fueling and robust operation control

 Initiation, ramp-up, sustainment
 ST device design, assembly, and operation

 Phys, engineering, tech. scale-up
 Sustained energy gain (Q>3)

• Established the basis of ST p-B fusion

• Validate all critical aspects of p-11B fusion 

• Achieve p-¹¹B plasma ignition and 

demonstrate net electricity generation

• Deliver commercially viable fusion 

energy at competitive cost

M. S. Liu, H. S. Xie, Y. M. Wang, et al.,

ENN’s Roadmap for p-11B Fusion

Based on Spherical Torus, Phys.

Plasmas 31, 062507 (2024)

Peng1986

Complementary advantages and disadvantages!



4EXL-50U （ENN Xuan Long-50U）Spherical Torus (ST)

✓ Generated 1 MA plasma current with 

hydrogen-boron fuel

✓ Sustained ion temperatures >40 million°C

✓ Demonstrated robust magnet performance:

• 150 kA toroidal field current

• 1.2 tesla central magnetic fields

✓ 18 months: From design to 

completed construction

✓ 3 months: From commissioning 

to physics experiments
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Fusion 

Enhancement factor

Fraction of fusion energy 

carried by charged particles

thermal energy

energy confinement time

fusion power

radiation 

power loss

Simplified 

ignition criterion

More precise cross-section data required. Energy carried per reaction 

by charged particles.

Theoretical Possibility of p-11B Fusion: Need for Enhanced Reaction Rates
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Theoretical Possibility of p-11B Fusion: Need for Enhanced Reaction Rates

Simplified 

ignition criterion

Fusion 

reactivity

p-11B fusion 
achieves 
ignition with 
new cross-
section.

More precise cross-section data required. Energy carried per reaction 

by charged particles.

Higher fusion reaction rate needed.

Fusion 

Enhancement factor

Fraction of fusion energy 

carried by charged particles

thermal energy

energy confinement time

radiation 

power loss

fusion power

Moreau1977
Putvinski2019

Remains 
controversia
l
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Simplified 

ignition criterion

p-11B fusion 
achieves 
ignition with 
new cross-
section.

Kulsrud1982, Perkins1997, Leotta1987, Wanatabe2003

Moreau1977
Putvinski2019

Energy carried per reaction 

by charged particles.

Higher fusion reaction rate needed.

H. Rider. LLNL High Energy Density Science Seminar

Spin-polarization Shave Coulomb barrier Shape-polarization Muon Catalysis Velocity Differential Non-thermal

Fusion 

reactivity

Fusion 

Enhancement factor

Fraction of fusion energy 

carried by charged particles

thermal energy

energy confinement time

radiation 

power loss

fusion power

Theoretical Possibility of p-11B Fusion: Need for Enhanced Reaction Rates

More precise cross-section data required.

Remains 
controversia
l
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Ways to realize p-11B fusion

Challenges in achieving p-11B reaction

within magnetic confinement fusion

device:

1. Requires a higher temperature to ignite
the p-11B reaction

2. Low cross-section

Resonant peak @ Ep = 675 keV

Resonant peak @ Ep = 162 keV

Explorations for p-11B reaction

1. Realize non-Maxwellian ion distributions
and raise the superthermal particle fraction

2. Nuclear spin-polarization
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p-11B Reaction: A Complex Process

Multi-pathway process with excited intermediates 
(12C, 8Be)

p+11B p+11B: 11B 𝑝, 𝑝 11B

p+11B12C*
α0+

8Beα0+α01+α02: 
11B 𝑝, 𝛼0 𝛼𝛼

p+11B12C*
α1+

8Be*
α1+α11+α12 : 

11B 𝑝, 𝛼1 𝛼𝛼

p+11B12C*
3α : 11B 𝑝, 2𝛼 𝛼

p+11B12C+γ0 (16.1 MeV) 11B 𝑝, 𝛾0
12C

p+11B12C+γ1 (11.7 MeV)+γ* (4.439 MeV) : 11B 𝑝, 𝛾1
12C𝛾∗

Cross section for multiple channels

• Experimental measurements are unable to 

distinguish α particles from different channels and 

stages, and are interfered by scattered protons, 

making the data analysis highly dependent on 

physical models.

• The models are complex, remain controversial at 

present, and do not provide a complete description 

of the double differential cross sections.

Through polarized scattering experiments

• verify the predictions of polarized 

nuclear reaction theoretical models 

regarding the p-B reaction cross section 

enhancement

• construct optical potentials to refine the 

physical model of p-B nuclear reactions.



Historical progress
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Two theoretical contributions to 675 keV

resonance

• Gain values match

• Angular distributions differ

Experiment for γ channel measurement: 

• Ay and CS in very low energy regime

Experiment for p scattering measurement: 

• Ay and DCS at 30.3 MeV

• Optical-model parameter
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M. Kuhlwein. Phys. Lett. B 825 (2022) 136857

Entrance channel:

Exit channel:

The total cross section:

Energy-DependentAngular momentum-dependent

The influence of spin polarization on the reaction cross-section can be derived 

through the angular momentum coupling theory

Spin-polarized p-11B fusion (Ep=675 keV)
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Spin-polarized p-11B fusion (Ep=675 keV)

For the convenience, 𝜎 is expressed as

Spin wave function of the entrance channel

The probabilities of magnetic substate 𝑚1/𝑚2

The state of total angular momentum is expressed as

Finally, the contributions of different polarization states
to the reaction cross-section can be derived.

Theoretical framework follows Ref. [R. M. Kulsrud. Nucl. Fusion. 26 (1986) 1443] 
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Influence of Spin Polarization on Cross Section
 Polarization effects on reaction cross-section

 Compared with the unpolarized scenario

a) Unpolarized spin

b) Spin aligned along the magnetic field

i. ii.

Polarized p11B reaction shows ~60% maximum enhancement in 

total cross-section vs. unpolarized case
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Angular distribution of spin-polarized fusion

Proton Boron-11

To obtain the product angular distribution, the

final-state wave function can be defined as

and the 𝜎 is expressed as

Compared with the previous expression , we have
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Angular distribution of spin-polarized fusion

According to Ref. [M. Kuhlwein. PLB 825

(2022) 136857], the relative angular momentum

of reaction products can be ℓ𝑓 = 1, 3.

 ℓ𝑓 = 1

 ℓ𝑓 = 3

Based on the final-state wave function, the

angular distribution of the final state can be

expressed as
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Angular distribution of spin-polarized fusion

 ℓ𝑓 = 1

 ℓ𝑓 = 3

Angular distributions can be measured to verify the theoretical description.
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Spin-polarized p-11B fusion (Ep=162 keV)

A.Tentori and F. Belloni, Nucl. 

Fusion 63, 086001 (2023)
For Ep = 675 keV, the
𝛼1 angular distribution
is difficult to identify.

Need to find a resonance
state capable of decaying
via the 𝛼0 channel.

Parity conservation requires the

minimum ℓ𝑖 = 1.

Reaction can occur for

all spin orientations
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Spin-polarized p-11B fusion (Ep=162 keV)

a) Unpolarized spin

b) Spin aligned along the magnetic field

The 162 keV resonance yields energy-
distinguishable α0 particles, but the effect
of polarization on the cross section cannot
be directly derived as with the 675 keV
resonance. This mainly because the 𝑉𝑠𝑜(𝑟) The transition matrix elements (T) need to

be determined by fitting polarized p-11B

reaction data.

i. ii.
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To obtain the influence of nuclear spin polarization on the reaction cross section at the
162 keV resonance, experimental measurements are required to determine the spin-orbit
coupling potential (VSO) in the vicinity of this energy.

Next Steps

Where,

Singly polarized elastic scattering experiments + theory
Optical 
potential

Optical potential + theory The effect of polarization at different angles

What we want to do

Spin-polarized 
proton

11B target
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By Danyang PANG, Beihang University
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Experimental Boron Targets at ENN

 Boron nuclear target: Materials containing nuclear target components (such as boron powder, borane) are deposited on a

substrate to form a film through methods such as magnetron sputtering, plasma-enhanced chemical vapor deposition,（

PECVD) or hot pressing, resulting in a substrate-supported boron nuclear target. Subsequently, the boron film is etched off by

wet etching, retrieved, and mounted on a frame (target frame) to obtain a self-supported boron nuclear target.

 Boron pellet: Boron powder and a binder are used as raw materials. The boron pellet is obtained through processes such as

shaping and sintering.

Magnetron sputtering PECVD
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Experimental Boron Targets at ENN

 Mastering the fabrication technology of backed and self-supported pure

boron targets and hydrogen-containing boron targets, achieving the

preparation of boron targets with thicknesses of 0.1-10μm, hydrogen content

of 0-40 at%, and adjustable boron content in carbon-hydrogen-boron targets

Carbon-hydrogen-boron target

Hydrogen content changes with 
thickness of hydrogen-containing boron 

target

Nanometer-thick self-supporting 
11B  target with ϕ = 10.0 mm

Boron target with CR-39 
backing

 Mastering the fabrication technology of boron pellets

with a sphericity averaging about 90% and capable of

being accelerated to approximately 150 m/s, along with

the technology for the pellet injection.

Micrometer-thick self-supporting 
hydrogen-containing boron target 

with Φ=5.0 mm

Composition test of high-purity nuclear 
target

Pellet injection system

Uniform and dense cross-
section of pellets

The main sphericity of pellets 
is above 90%

Sphericity

R
atio

The spherical boron pellets 
with Φ=1.0 mm
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Collaborations with IMP on p-B measurement 
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Summary and next step

Only double polarization (P+1/2,B+3/2) can achieve a 60% gain in the 675 keV
resonance region

Further derivate polarized reaction theory model for the 162 keV resonance peak 
and non-resonance regions

– less demanding in experimental requirements

– Validation through 11B റ𝑝, 𝛼0 channel

ENN possess the technical expertise and can supply boron targets

Propose 11B റ𝑝, 𝑝/𝛼/𝛾 * measurement at low energy regime
– Si/SiC/CZT/Semi-conductor detector: p@100~200 keV, α@1~6 MeV

– HPGe: γ@4.44/11.7/16.1 MeV

– POI: Polarized rate, Ay and DCS

– Energy range 100~200 keV, especially around 162 keV

– Target and experiment designs depend on beam conditions (intensity/focus/pulse/purity…) 



Thanks for your attention


