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Fusion Energy Gain Factor (Q > 1 means net energy gain)
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Quantum Machine Learning

Soonest/Smallest Private-Funded Affordable Robust Compact
(fusion reactor by MIT and Commonwealth Fusion Systems)

Spherical Tokamak for Energy Production (UK fusion program)
Terawatt-hour (unit of energy)
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1 INTRODUCTION

Nuclear fusion is the process of combining light atomic nuclei to form heavier ones, releasing
vast amounts of energy in the process. The most widely studied reaction for terrestrial
fusion is the deuterium-tritium (D-T) fusion, where these two isotopes of hydrogen merge to
produce a helium nucleus and a high-energy neutron. This reaction is favoured because it
has the highest cross-section at relatively achievable temperatures, around 100 million
degrees Celsius. However, tritium is radioactive and scarce in nature, requiring breeding
from lithium or extraction from heavy water reactors, which introduces logistical and safety
challenges. Moreover, the energetic neutron produced in the reaction does not remain
confined and instead bombards the reactor walls, posing significant material degradation
risks.

To contain the ultra-hot plasma required for D-T fusion, magnetic confinement systems are
employed, most notably in tokamaks and stellarators. These systems rely on powerful
magnetic fields generated by superconducting coils, which must operate at cryogenic
temperatures to maintain zero electrical resistance. Cryogenic superconductors, such as
niobium-tin or high-temperature ceramic variants, are essential for sustaining the immense
currents needed for confinement. Yet, their reliance on complex cooling infrastructure and
vulnerability to quenching, where superconductivity abruptly fails, limits operational
reliability and scalability. The superconducting coils themselves must be meticulously
shielded from neutron damage, adding further engineering complexity.

Once fusion reactions occur, the energy carried by neutrons must be converted into usable
electricity. This is typically achieved through thermal-to-electric conversion systems, where
the neutron energy heats a blanket material surrounding the plasma chamber. The heat is
then transferred to a working fluid, usually water, which drives steam turbines similar to
those in conventional power plants. While this method is well-understood and mature, it is
inherently indirect and suffers from thermodynamic inefficiencies. Additionally, the intense
neutron flux can degrade the blanket materials over time, reducing heat transfer efficiency
and necessitating frequent maintenance or replacement.

Maintaining stable plasma conditions is a formidable challenge, requiring real-time
monitoring and control. Classical feedback-based plasma control systems use magnetic
sensors and actuators to adjust field configurations and suppress instabilities. These systems
are crucial for avoiding disruptions that can damage reactor components, but they are
limited by the speed and resolution of current diagnostics and control algorithms. As plasma
behaviour is highly nonlinear and sensitive to minute perturbations, even advanced
feedback systems struggle to maintain long-duration confinement without interruption.

The inner lining of the reactor chamber, known as the first wall, must withstand extreme
thermal loads, neutron bombardment, and chemical erosion. Solid materials such as
tungsten and beryllium are commonly used due to their high melting points and low
sputtering yields. However, no material yet exists that can endure the full spectrum of fusion
conditions indefinitely. Erosion, cracking, and radioactive activation remain persistent issues,
and developing self-healing or replaceable wall components is an ongoing area of research.



Fusion reactors are currently envisioned as centralized, large-scale infrastructure projects,
exemplified by the ITER experiment in France. These facilities require massive investment,
international collaboration, and decades-long construction timelines. While they promise
gigawatt-scale power output, their size and complexity make them unsuitable for
decentralized or mobile energy applications. The centralized model also raises concerns
about grid integration, geopolitical control of fusion fuel cycles, and long-term sustainability.

Interestingly, fusion research has implications beyond terrestrial energy. Chemical rockets
and electric propulsion systems used in space exploration could benefit from compact
fusion-based power sources. Electric propulsion, such as ion thrusters, requires high-
efficiency power generation, which fusion could theoretically provide. However, current
fusion reactors are far too large and fragile for space deployment, and miniaturizing the
technology remains a distant goal. Chemical rockets, while reliable, are limited by fuel
efficiency and payload capacity, and fusion propulsion concepts, such as direct-drive fusion
engines, are still speculative and face immense engineering hurdles.

Due to all of these factors, the current success in nuclear fusion remains constrained to
experimental milestones rather than practical energy production. While breakthroughs like
sustained plasma confinement and net energy gain in short bursts have marked significant
progress, they are still far from the continuous, economically viable operation required for
commercial deployment. The interplay of fragile superconducting systems, material
degradation from neutron bombardment, and the complexity of plasma control creates a
landscape where each technological advance exposes new layers of engineering and
scientific challenge. Moreover, the centralized nature of fusion infrastructure demands
immense capital and long development cycles, making it difficult to iterate rapidly or adapt
to changing energy needs. Fusion’s promise is tantalizing, i.e., clean, abundant energy with
minimal environmental impact, but the path to that future is steep, winding, and still under
construction.

Fusion Technologies: Fit-for-Purpose Assessment for Near-Future Deployment

Fit for
Current Technology Near Press Verdict
Future?
Leading candidate for earl
Deuterium-Tritium (D-T) Fusion Yes . & 12 y
fusion plants™
High temperature
Cryogenic Superconductors in Magnetic & P .
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Confinement Systems 3
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Magnetic Confinement via Superconducting Coils Yes . 4
advancing
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L https://www.energy.gov/science/doe-explainsdeuterium-tritium-fusion-fuel
Zhttps://en.renovablesverdes.com/nuclear-fusion/

3 https://www.advancedconductor.com/wp-content/uploads/2021/12/Mitchell-N.-Supercond.-Sci.-Technol.-
34-103001-2021.pdf

4 https://nachrichten.idw-online.de/2025/07/23/ipp-develops-superconducting-coil-models-for-future-fusion-
power-plants
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Prioritising Technologies for Viable Nuclear Fusion

While all are essential in the broader ecosystem, some are more foundational and urgent to
address due to their direct impact on achieving and sustaining fusion reactions. The priority
list is as follows, which is based on an engineering-centric approach, i.e., a focus on the
viability of fusion reactors based on current physics and engineering constraints:

1. Magnetic Confinement via Superconducting Coils & Cryogenic
Superconductors: These are top-priority technologies. Without effective magnetic
confinement, the plasma cannot be held long enough for fusion to occur.
Superconducting coils are the backbone of tokamak and stellarator designs, and their
cryogenic operation is essential for maintaining high magnetic fields with minimal
energy loss. However, they are vulnerable to neutron damage and quenching, so
improving their resilience and cooling systems is critical.

2. Classical Feedback-Based Plasma Control Systems: Equally vital is the ability to
control plasma behaviour in real time. Even with strong magnetic fields, plasma is
inherently unstable. Advanced feedback systems are needed to prevent disruptions,
which can damage reactor components and halt fusion. Enhancing diagnostic speed,
control algorithms, and actuator precision is a high priority for achieving sustained
operation.

5 https://www.kronosfusionenergy.com/case-studies/from-steam-to-streamlined%3A-direct-power-
conversion-in-fusion

5 https://biforesight.com/materials/is-steam-power-the-future/

7 https://www.sciencenewstoday.org/transforming-plasma-control-for-fusion-power

8 https://www.cleanenergy-platform.com/insight/inside-taes-2025-plasma-breakthroughand-how-it-changed-
fusions-trajectory

% https://pure.mpg.de/rest/items/item_2142731/component/file_2142730/content

10 https://www.idtechex.com/en/research-article/first-walls-and-breeder-blankets-materials-for-fusion/33311
11 https://www.advancedsciencenews.com/the-right-materials-are-essential-to-the-design-of-future-fusion-
reactors/

12 https://www.mdpi.com/1996-1944/15/19/6591

13 https://www-pub.iaea.org/MTCD/Publications/PDF/p15777-24-02766E_WFO_web.pdf

14 https://energy.mit.edu/wp-content/uploads/2024/10/2024.10.17-MIT-Energy-Initiative-Fusion-Study-
Presentations.pdf

15 https://interestingengineering.com/energy/fusion-of-fast-rockets-and-nuclear-propulsion

18 https://techrandm.com/us-supports-first-fusion-of-fast-chemical-rockets-and-nuclear-electric-propulsion/
17 https://www.tsijournals.com/articles/advancements-in-space-propulsion-technologies-from-chemical-to-
nuclear-and-beyond.pdf



3. Solid First-Wall Materials in Fusion Reactors: These materials directly face the
plasma and absorb the brunt of neutron bombardment. Their durability affects
reactor longevity, safety, and maintenance cycles. Developing materials that can
withstand extreme heat and radiation without degrading is a major bottleneck. This
is @ materials science challenge that must be addressed early to ensure reactor
viability.

4. Deuterium-Tritium (D-T) Fusion Fuel Cycle: While D-T fusion is the most achievable
reaction, tritium supply and breeding remain unresolved. Tritium is radioactive and
scarce, so creating a reliable breeding system using lithium blankets is essential. This
is @ medium-priority issue but becomes critical once confinement and control are
mastered.

5. Thermal-to-Electric Conversion via Steam Turbines: This is a mature technology
borrowed from conventional power plants. While necessary for turning fusion energy
into electricity, it’s not a limiting factor in the near term. Improvements in efficiency
and integration with fusion-specific heat sources are helpful but not urgent
compared to confinement and control.

6. Centralized, Large-Scale Fusion Infrastructure This is more of a strategic and
logistical concern. Large-scale facilities like ITER are necessary for testing and
demonstrating fusion, but they are expensive and slow to build. While important, the
priority lies in making the core technologies work reliably before scaling up.

7. Chemical Rockets and Electric Propulsion Systems: These are peripheral to fusion
energy production itself. Their relevance lies in future applications of compact fusion
reactors for space propulsion. For now, they are low priority in the context of
terrestrial energy generation.

The highest-priority technologies are those that directly enable and sustain the fusion
reaction: magnetic confinement, superconducting systems, plasma control, and first-wall
materials. These form the core of any fusion reactor. Fuel cycle logistics and energy
conversion come next, followed by infrastructure and long-term applications like space
propulsion. Addressing these priorities in sequence is key to unlocking fusion’s full potential.

The Long Arc of Innovation: How Fusion Follows the Footsteps of Electricity
and Communication

Throughout history, transformative technologies have emerged not as sudden revolutions,
but as the result of steady, iterative progress. Electricity, for example, began with
rudimentary batteries and static generators in the early 1800s. By the late 19th century,
Edison’s direct current systems lit small sections of cities, only to be surpassed by Tesla’s
alternating current, which enabled long-distance transmission. Decades later,
semiconductors and smart grids reshaped how we generate, distribute, and consume power.
Communications followed a similar path, from the telegraph’s dots and dashes to the
telephone’s voice transmission, then radio, television, the internet, and now quantum
networks. Each leap forward was preceded by transitional technologies that worked to a
lesser or greater extent, laying the groundwork for what came next. We didn’t jump from
candlelight to LED, or from Morse code to video calls; we moved step by step, learning,
adapting, and scaling.

Fusion energy must evolve in the same way. The eight replacement technologies outlined in
this paper are not final answers, they are necessary stages in a broader journey. Some will



be more successful than others. Some will be replaced. But all are essential to move us from
experimental reactors to practical, scalable, and intelligent fusion systems. We must
embrace this iterative mindset: develop what works now, even if imperfect; deploy it where
it fits, even if limited; and learn from its performance to evolve toward what’s next. Only by
layering innovation, just as we did with electricity, transport, and computing, can we build a
fusion ecosystem that is not only powerful, but also efficient, resilient, and fit for purpose.

Current and Proposed Future Technologies

Future Replacement (R) or Alternative (A)

Current Technology Technologies

Deuterium-Tritium (D-T) Fusion

Thermal-to-Electric Conversion via Steam
Turbines

Cryogenic Superconductors in Magnetic
Confinement Systems

Magnetic Confinement via
Superconducting Coils

Classical Feedback-Based Plasma Control
Systems

Solid First-Wall Materials in Fusion
Reactors

Centralized, Large-Scale Fusion
Infrastructure

Chemical Rockets and Electric Propulsion
Systems

Proton-Boron Fusion (R/A)

Direct Energy Conversion (R/A)

Room-Temp Superconductors (R/A)

Magneto-Optic Confinement (R/A)

Quantum Al Control (R)

Liquid Meta-Walls with Self-Healing
Properties (R)

Modular Deployment and Urban Integration
(R)
Fusion-Powered Propulsion for Spacecraft

(R)

Note: The roadmap and the detailed development of each potential replacement technology
below have been shaped with the support of advanced artificial intelligence. Acting as a
fusion of scientific insight, strategic foresight, and creative synthesis, Al has drawn from
thousands of sources, patents, technical papers, and historical analogies to construct a
coherent, forward-looking framework. Each concept has been refined not only through
rigorous analysis but also through the kind of integrative thinking that only a next-generation
Al can provide. In that sense, the very process of envisioning the future of fusion has itself
been a demonstration of the future, where human ambition and intelligent systems work
side by side to accelerate progress.



2 PROTON-BORON (P-B11) ANEUTRONIC FUSION (#1)

What It Replaces: Deuterium-Tritium (D-T) Fusion

The dominant fusion approach today is based on the reaction between deuterium
(D) and tritium (T), two isotopes of hydrogen. When fused, they produce a helium nucleus
(alpha particle) and a high-energy neutron, releasing about 17.6 MeV of energy. This
reaction has the lowest ignition temperature of all fusion fuels (~100 million °C), making it
the most practical for near-term reactors like ITER and JET.

How It Works:

e Plasma is heated to extreme temperatures using magnetic confinement (e.g.,
tokamaks) or laser compression (inertial confinement).

e Deuterium and tritium nuclei collide and fuse.

e The resulting neutron escapes the plasma and deposits energy in the reactor walls,
which is then converted to heat and used to generate electricity via steam turbines.

Limitations of D-T Fusion
Despite its relative simplicity, D-T fusion has several critical drawbacks:

1. Neutron Radiation: The high-energy neutron damages reactor walls, causing material
degradation, swelling, and activation (radioactivity).

2. Tritium Scarcity: Tritium is radioactive and rare in nature. It must be bred inside the
reactor using lithium blankets, a process not yet proven at scale.

3. Radioactive Waste: While fusion doesn’t produce long-lived transuranics like fission,
neutron activation of materials still generates radioactive waste.

4. Complex Shielding: Neutron flux requires thick shielding and remote handling
systems, increasing reactor size and cost.

5. Thermal Conversion Bottleneck: Energy from neutrons must be converted to heat,
then to electricity via turbines, limiting efficiency and response time.

These limitations make D-T fusion less suitable for urban deployment, spacecraft, or modular
energy systems.

Introduction to p-B11 Fusion

Proton-boron fusion is an aneutronic reaction, meaning it produces no neutrons. Instead, a
proton fuses with a boron-11 nucleus to produce three alpha particles (helium nuclei),
releasing 8.7 MeV of energy. These charged particles can be directly converted into
electricity using electrostatic or magnetohydrodynamic systems.



Why It’s Transformative:

e No neutron radiation - minimal shielding and no radioactive waste.
o Direct energy conversion = no turbines, faster response, higher efficiency.
o Safe and clean - ideal for cities, vehicles, and space missions.

Current Limitations of p-B11 Fusion

1. Extreme Ignition Temperature: Requires over 600 million °C - six times hotter than
D-T fusion.

2. Bremsstrahlung Losses: Electrons emit X-rays during collisions, which can exceed the
energy produced by fusion if not controlled.

3. Fuel Handling: Boron is harder to ionize and inject into plasma than hydrogen
isotopes.

4. Lack of Experimental Validation: No reactor has yet demonstrated sustained net-
positive p-B11 fusion.

Required Research
To make p-B11 fusion viable, we need breakthroughs in:

e Plasma Physics: Explore hot-ion modes and non-Maxwellian distributions to reduce
bremsstrahlung losses.

o Confinement Design: Use spherical tokamaks or field-reversed configurations to
optimize plasma stability.

e Fuel Delivery: Develop boron hydride injection systems or pelletized fuel formats.

o Diagnostics and Modelling: Simulate alpha particle behaviour and energy capture in
real time.

Key Steps for Replacement

1. Upgrade Experimental Reactors: Refine devices like EXL-50 and EHL-2 to reach
ignition conditions.

2. Demonstrate Net Energy Gain: Achieve Q > 1 in p-B11 fusion, ideally Q > 10 for
commercial viability.

3. Integrate Direct Conversion: Replace thermal systems with alpha particle harvesters.
4. Modularize and Deploy: Design compact reactors for cities, vehicles, and off-grid
applications.
References

e Advancements in Proton-Boron Fusion Technology -
https://scisimple.com/en/articles/2025-09-03-advancements-in-proton-boron-
fusion-technology--a371xo06
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https://scisimple.com/en/articles/2025-09-03-advancements-in-proton-boron-fusion-technology--a371xo6
https://scisimple.com/en/articles/2025-09-03-advancements-in-proton-boron-fusion-technology--a371xo6

Tritium Opportunities and Challenges for Fusion Developments Worldwide — CNL and
UKAEA View (2023) - https://scientific-publications.ukaea.uk/wp-
content/uploads/TRITIUM-OPPORTUNITIES-AND-CHALLENGES-FOR-FUSION-
DEVELOPMENTS-WORLDWIDE-CNL-AND-UKAEA-VIEW-1.PDF

Advancements and Challenges in Nuclear Fusion Reactors Technology — IntechOpen
(2025) - https://www.intechopen.com/online-first/1188248

Overview of the Third JET Deuterium-Tritium Campaign — Plasma Physics and
Controlled Fusion (2025)
https://pure.tue.nl/ws/portalfiles/portal/356651078/Kappatou 2025 Plasma Phys.
Control. Fusion 67 045039.pdf

Relevant Patents

US20180033499A1 — Direct energy conversion assembly for nuclear fusion
systems Covers aneutronic fusion reactions including p-B11 and systems for
optimizing energy capture.
https://patents.google.com/patent/US20180033499A1/en

US20040168898A1 — Fusion reactor using boron fuel Describes a fusion reactor
design specifically using boron-based fuels for clean energy.
https://patents.google.com/patent/US20040168898A1/en

US20110255645A1 — Method for producing energy using proton-boron
fusion Focuses on initiating and sustaining p-B11 fusion reactions with optimized
confinement. https://patents.google.com/patent/US20110255645A1/en
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https://pure.tue.nl/ws/portalfiles/portal/356651078/Kappatou_2025_Plasma_Phys._Control._Fusion_67_045039.pdf
https://pure.tue.nl/ws/portalfiles/portal/356651078/Kappatou_2025_Plasma_Phys._Control._Fusion_67_045039.pdf
https://patents.google.com/patent/US20180033499A1/en
https://patents.google.com/patent/US20040168898A1/en
https://patents.google.com/patent/US20110255645A1/en

3 DIRECT ENERGY CONVERSION VIA ALPHA PARTICLE
CAPTURE (#2)

What It Replaces: Thermal-to-Electric Conversion via Steam Turbines

In current fusion reactor designs, especially those based on deuterium-tritium (D-T) fusion,
the energy released from the reaction is primarily carried by high-energy neutrons. These
neutrons deposit their energy into the reactor’s blanket and wall materials, heating them up.
This heat is then transferred to a working fluid (usually water), which is converted into
steam and used to drive turbines that generate electricity.

How It Works:

e Neutrons from the fusion reaction heat up the reactor’s structural materials.

e Heat exchangers transfer this energy to water, producing steam.

e Steam spins turbines connected to generators, producing electricity.

e The system resembles conventional thermal power plants (coal, gas, fission), but with
fusion as the heat source.

Limitations of Thermal Conversion Systems

While this method is well-understood and widely used, it introduces several limitations in
the context of fusion:

1. Low Efficiency: Steam turbines typically convert only 30—-40% of thermal energy into
electricity.

2. Mechanical Complexity: Turbines, pumps, and heat exchangers require regular
maintenance and are prone to wear.

3. Slow Response Time: Thermal systems have inertia and cannot respond quickly to
changes in energy demand or reactor output.

4. Bulky Infrastructure: Steam-based systems require large volumes, making fusion
reactors harder to miniaturize or deploy in urban or mobile settings.

5. Indirect Energy Pathway: Energy must pass through multiple stages—plasma - wall
- fluid = turbine = generator - each introducing loss.

These limitations make thermal conversion a bottleneck for compact, efficient, and
responsive fusion systems.

Introduction to Direct Energy Conversion
Direct energy conversion bypasses the thermal cycle entirely by capturing the kinetic energy
of charged fusion products, especially alpha particles, and converting it directly into

electricity. This is only possible in aneutronic fusion reactions, such as proton-boron (p-B11),
which produce no neutrons and instead yield three alpha particles per reaction.

12



Why It’s Transformative:

e Converts energy in a single step = higher efficiency (>90% theoretical).

e No moving parts = lower maintenance and longer lifespan.

e Compact and scalable - ideal for spacecraft, urban reactors, and data centres.

e Enables real-time energy modulation = perfect for smart grids and Al infrastructure.

Current Limitations of Direct Conversion
Despite its promise, direct energy conversion is still largely experimental:

1. Particle Control: Alpha particles must be decelerated and captured without
scattering or recombination.

2. Field Design: Electrostatic and magnetohydrodynamic (MHD) converters require
precise field geometries to extract energy efficiently.

3. Plasma Interface: Extracting particles without destabilizing the plasma core is a major
challenge.

4. Lack of Prototypes: No full-scale fusion reactor has yet demonstrated direct
conversion at commercial power levels.

Required Research

o Electrostatic Deceleration Systems: Develop multi-stage grids that slow alpha
particles and harvest their energy. Early designs by Rostoker et al. (1997)* and Hora
et al. (2017)*° offer theoretical models.

e Magnetohydrodynamic (MHD) Converters: Explore liquid metal systems where
alpha particles induce currents in conductive fluids, converting kinetic energy into
electricity.

e Plasma-Particle Interface Physics: Study how alpha particles behave at the plasma
edge and how to extract them without disrupting confinement.

¢ Integration with Aneutronic Fuels: Direct conversion is only feasible with fuels like p-
B11 or helium-3, so fuel development must proceed in parallel.

Key Steps for Replacement

1. Prototype Development: Build lab-scale electrostatic and MHD converters using
simulated alpha particle beams. Validate energy capture efficiency and control.

2. Fusion Testbed Integration: Install direct conversion modules in experimental
reactors using p-B11 fuel. Monitor plasma stability and energy output.

3. Efficiency Optimization: Use Al to dynamically adjust field strengths and particle
trajectories for maximum energy harvesting.

4. Scalable Deployment: Design modular direct conversion units for urban fusion
reactors, spacecraft, and industrial microgrids.

18 https://doi.org/10.1126/science.278.5342.1419
19 https://doi.org/10.1017/50263034616000348
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US20180033499A1 — Direct energy conversion assembly for nuclear fusion
systems Also relevant here for capturing alpha particle energy directly.
https://patents.google.com/patent/US20180033499A1/en

US20130121449A1 — Method and device for direct nuclear energy

conversion Describes a supercapacitor-based system for converting nuclear particle
energy into electricity.
https://patentscope.wipo.int/search/en/detail.jsf?docld=US77272504
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4 ROOM-TEMPERATURE QUANTUM SUPERCONDUCTORS
(#3)

What It Replaces: Cryogenic Superconductors in Magnetic Confinement
Systems

In current fusion reactors, especially tokamaks and stellarators, magnetic confinement is
achieved using powerful superconducting coils. These coils generate the magnetic fields
necessary to trap and stabilize plasma at temperatures exceeding 100 million °C. The
superconductors used, typically niobium-tin (NbsSn) or niobium-titanium (NbTi), must be
cooled to cryogenic temperatures (4—20 K) using liquid helium or nitrogen.

How It Works:

e Superconducting coils carry large currents with zero electrical resistance.

e These coils produce strong magnetic fields that confine plasma in a toroidal or helical
shape.

e Cryogenic systems maintain the superconducting state, preventing quenching (loss of
superconductivity).

Limitations of Cryogenic Superconductors

Cryogenic superconductors introduce several engineering and operational challenges:

1. Extreme Cooling Requirements: Maintaining temperatures near absolute zero
requires complex and energy-intensive cryogenic systems.

2. Quenching Risk: Sudden loss of superconductivity can cause rapid heating and
damage to reactor components.

3. Material Brittleness: Nb3Sn and similar materials are brittle and difficult to fabricate
into flexible coils.

4. Size and Cost: Cryogenic infrastructure adds bulk and expense, limiting reactor
miniaturization and deployment flexibility.

5. Maintenance Complexity: Cryogenic systems require constant monitoring and are
prone to mechanical failure over time.

These limitations hinder the scalability, reliability, and accessibility of fusion reactors—
especially for modular or mobile applications.

Introduction to Room-Temperature Quantum Superconductors

Room-temperature superconductors are materials that exhibit zero electrical resistance at
or near ambient temperatures. If stabilised and engineered for fusion applications, they
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could eliminate the need for cryogenic cooling, drastically simplifying reactor design and
enabling compact, high-efficiency magnetic confinement systems.

Why It’s Transformative:

No cryogenics - reduced size, cost, and complexity.

Higher magnetic field strength - improved plasma confinement and reactor
performance.

Flexible formats = easier coil fabrication and integration.

Ideal for modular reactors, spacecraft, and urban deployment.

Current Limitations of Room-Temperature Superconductors

Pressure Dependence: Most room-temperature superconductors only function
under pressures exceeding 200 GPa—far beyond practical engineering limits.
Material Instability: These compounds are difficult to synthesize and degrade quickly
outside controlled environments.

Scalability: No current method exists to produce these materials in wire or coil
formats suitable for fusion reactors.

Magnetic Field Tolerance: It's unclear whether these materials can withstand the
intense fields required for plasma confinement.

Required Research

Material Discovery and Stabilization: Focus on chemical doping, strain engineering,
and nanostructuring to stabilize superconductivity at ambient pressure. Machine
learning and quantum simulations can accelerate discovery.

Fabrication Techniques: Develop scalable methods to produce superconducting
tapes, wires, and coils without compromising performance.

Magnetic Field Testing: Evaluate how these materials behave under fusion-relevant
magnetic loads and thermal conditions.

Integration with Reactor Systems: Design magnetic confinement architectures that
leverage the unique properties of room-temperature superconductors.

Key Steps for Replacement

Pressure Stabilization Research: Reduce the pressure requirements of known
superconductors through targeted material engineering.

Prototype Coil Development: Create small-scale magnetic coils using stabilized
materials and test their performance in lab conditions.

Fusion Device Integration: Retrofit experimental reactors with room-temperature
coils to assess confinement efficiency and operational stability.

Mass Production and Deployment: Develop industrial-scale fabrication methods and
integrate these materials into next-generation fusion systems
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5 MAGNETO-OPTIC PLASMA CONFINEMENT (#4)

What It Replaces: Magnetic Confinement via Superconducting Coils

In today’s fusion reactors, especially tokamaks and stellarators, plasma is confined
using strong magnetic fields generated by large superconducting coils. These fields trap the
plasma in a toroidal or helical shape, preventing it from touching the reactor walls and
maintaining the conditions necessary for fusion.

How It Works:

e Superconducting coils (e.g., made of Nb3Sn or YBCO) carry massive currents to
generate magnetic fields.

e These fields confine plasma in a vacuum chamber, typically in a donut-shaped
(toroidal) configuration.

e Additional coils control plasma shape, position, and stability.

e The system requires cryogenic cooling and precise engineering to avoid disruptions.

Limitations of Magnetic Confinement Systems

While magnetic confinement has enabled major breakthroughs, it faces several critical
limitations:

1. Mechanical Complexity: Superconducting coils are bulky, rigid, and require extensive
support structures.

2. Cryogenic Dependence: Coils must be cooled to near absolute zero, adding energy
cost and vulnerability to quenching.

3. Limited Flexibility: Magnetic field geometries are fixed once built, making real-time
reconfiguration difficult.

4. Plasma Instabilities: Magnetic confinement is prone to disruptions like edge-localized
modes (ELMs), sawtooth crashes, and kink instabilities.

5. Scalability Challenges: The size and complexity of coil systems limit reactor
miniaturization and mobile deployment.

These limitations make traditional magnetic confinement less suitable for compact, adaptive
fusion systems.

Introduction to Magneto-Optic Plasma Confinement

Magneto-optic plasma confinement is a visionary concept that uses structured light fields—
such as laser-generated optical lattices or photonic crystals, to trap and manipulate plasma
without physical coils. Inspired by techniques in atomic physics like optical
tweezers and magneto-optical traps, this approach could enable contactless, reconfigurable
confinement of fusion-grade plasma.
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Why It’s Transformative:

No physical coils = reduced size, weight, and mechanical complexity.
Dynamic field control = real-time plasma shaping and stabilization.
Optical precision = fine-grained manipulation of plasma boundaries.
Ideal for portable reactors, spacecraft, and Al-controlled fusion systems.

While still theoretical at fusion scales, the principles have been demonstrated in ultracold
atom experiments and laser-plasma interactions.

Current Limitations of Magneto-Optic Confinement

This technology is in its infancy and faces several major challenges:

Scaling Up: Optical traps work for ultracold atoms but have not been proven at fusion
temperatures (~100 million °C).

Field Strength: Light-based fields must be strong enough to counteract plasma
pressure and turbulence.

Plasma-Light Coupling: High-temperature plasma interacts with light in complex,
nonlinear ways that are not fully understood.

Material Constraints: Photonic materials must withstand intense radiation and
thermal loads.

Lack of Experimental Platforms: No current fusion device is equipped to test full-
scale magneto-optic confinement.

Required Research

High-Intensity Laser Physics: Advance ultra-fast, high-power lasers capable of
generating stable optical lattices at fusion-relevant scales. Techniques from inertial
confinement fusion (ICF) and chirped pulse amplification (CPA) may be adapted.
Quantum Electrodynamics (QED) Modelling: Simulate light-matter interactions in
high-temperature plasmas, including ponderomotive forces and photon pressure.
Photonic Materials and Metasurfaces: Engineer materials that can shape and direct
light fields with precision, possibly using metamaterials or programmable photonic
chips.

Plasma-Light Coupling Experiments: Conduct small-scale tests to trap low-
temperature plasma using structured light, gradually increasing temperature and
density.

Key Steps for Replacement

1.

2.

Proof-of-Concept Demonstrations: Trap and manipulate low-temperature plasma
using structured light fields in laboratory settings. Validate confinement duration and
stability.

Thermal Scaling Experiments: Incrementally increase plasma temperature and
density while maintaining confinement using adaptive light geometries.

Hybrid Systems: Combine magneto-optic fields with traditional magnetic
confinement to enhance control and flexibility.
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4. Full Optical Confinement Reactors: Design reactors that rely entirely on magneto-

optic systems, enabling compact, coil-free fusion suitable for mobile platforms and
urban deployment.
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6 SELF-LEARNING QUANTUM Al CONTROL SYSTEMS (#5)

What It Replaces: Classical Feedback-Based Plasma Control Systems

In today’s fusion reactors, plasma behaviour is managed usingclassical control
systems based on feedback loops, pre-programmed algorithms, and human oversight. These
systems monitor plasma parameters, such as temperature, density, and magnetic field
strength, and adjust actuators (e.g., heating systems, magnetic coils) to maintain stability.

How It Works:

e Sensors collect real-time data on plasma conditions.

e Control algorithms compare this data to desired setpoints.

e Actuators respond by adjusting magnetic fields, fuel injection, or heating power.
e Human operators supervise and intervene during anomalies or disruptions.

Limitations of Classical Control Systems

While effective for basic plasma regulation, classical systems struggle with the complexity
and unpredictability of high-performance fusion environments:

1. Limited Adaptability: Algorithms are rigid and often fail to respond to unexpected
plasma instabilities like sawtooth crashes or edge-localized modes (ELMs).

2. Slow Response Times: Human-in-the-loop systems and classical processors cannot
react quickly enough to prevent disruptions in milliseconds.

3. Data Bottlenecks: Fusion experiments generate terabytes of data per second,
overwhelming traditional processing pipelines.

4. Lack of Generalization: Control strategies are often tailored to specific reactor
designs and cannot easily transfer across platforms.

5. Operational Downtime: Manual tuning and error recovery increase reactor
downtime and reduce energy output.

These limitations hinder the scalability, reliability, and autonomy of fusion reactors—
especially as systems become more complex and power-dense.

Introduction to Quantum Al Control Systems

Quantum Al control systems combine quantum computing with machine learning to
autonomously manage plasma behaviour in real time. These systems can simulate plasma
evolution, predict instabilities, and optimize reactor parameters with unprecedented speed
and precision. Unlike classical algorithms, quantum Al can process vast datasets
simultaneously and adapt to changing conditions without human intervention.

Why It’s Transformative:

e Real-time prediction and stabilization of plasma = near-zero disruptions.
e Autonomous operation = reduced need for human oversight.
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e Scalable intelligence - transferable across reactor designs and fuel types.
e Integration with diagnostics and actuators - closed-loop optimization.

Recent breakthroughs include DeepMind’s reinforcement learning model for tokamak
control (Degrave et al., Nature, 2022)?°, and quantum-enhanced neural networks for plasma
modeling (Schuld et al., Quantum, 2019)?2.

Current Limitations of Quantum Al Control
Quantum Al is still emerging and faces several challenges:

1. Hardware Maturity: Quantum processors are not yet widely available or scalable for
fusion-grade applications.

2. Training Complexity: Al models require massive datasets and high-fidelity
simulations to learn plasma dynamics.

3. Integration Barriers: Embedding Al into real-time control systems requires robust
interfaces with diagnostics and actuators.

4. Safety Assurance: Autonomous systems must be fail-safe and interpretable to meet
regulatory standards.

Required Research

e Quantum Machine Learning (QML): Develop quantum-enhanced models for plasma
prediction, control, and anomaly detection. Explore variational quantum circuits and
guantum reinforcement learning.

o Digital Twin Simulations: Create virtual replicas of fusion reactors for Al training,
incorporating full magnetohydrodynamic (MHD) and kinetic models.

e Sensor Fusion and Diagnostics: Build high-speed, multi-modal sensors that feed real-
time data into Al systems, including magnetic probes, X-ray detectors, and Thomson
scattering diagnostics.

e Autonomous Control Architectures: Design Al agents capable of making decisions
under uncertainty, learning from experience, and adapting to new reactor conditions.

Key Steps for Replacement

1. Hybrid Al Deployment: Introduce classical Al systems into existing fusion
experiments to assist with plasma shaping and heating control.

2. Quantum Simulation Trials: Use quantum processors to simulate plasma behaviour
and validate predictions against experimental data.

3. Autonomous Control Prototypes: Develop Al agents that manage full plasma cycles
without human intervention, tested in mid-scale reactors like SPARC or STEP.

4. Full Quantum Al Integration: Embed quantum Al into next-generation reactors,
enabling self-optimizing fusion systems with near-perfect uptime.

20 https://doi.org/10.1038/s41586-021-04301-9
21 https://doi.org/10.22331/g-2019-09-12-128
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7 LIQUID META-WALLS WITH SELF-HEALING PROPERTIES (#6)

What It Replaces: Solid First-Wall Materials in Fusion Reactors

In current fusion reactors, the inner surface of the vacuum chamber, known as the first wall,
is made of solid materials such as tungsten, beryllium, carbon composites, or steel alloys.
These materials serve as the physical barrier between the plasma and the reactor structure,
absorbing heat and radiation while protecting the magnets and other components.

How It Works:

e The first wall absorbs energy from high-energy particles and neutrons emitted by the
fusion plasma.

e |talso serves as a structural boundary for the plasma and may play a role in tritium
breeding (in D-T reactors).

e Cooling systems behind the wall remove excess heat to prevent melting or cracking.

Limitations of Solid First-Wall Materials

While solid walls are essential for current fusion designs, they suffer from several critical
drawbacks:

1. Neutron Damage: High-energy neutrons cause atomic displacement, swelling, and
embrittlement of wall materials.

2. Thermal Fatigue: Repeated heating and cooling cycles lead to cracking, delamination,
and erosion.

3. Plasma Contamination: Sputtering of wall material into the plasma can degrade
confinement and reduce fusion efficiency.

4. Radioactive Activation: Neutron bombardment activates wall materials, creating
radioactive waste.

5. Maintenance Complexity: Replacing damaged wall sections requires long reactor
shutdowns and robotic intervention.

These limitations reduce reactor lifespan, increase operational costs, and complicate scaling
for commercial deployment.

Introduction to Liquid Meta-Walls

Quantum Al control systems combine quantum computing with machine learning to
autonomously manage plasma behaviour in real time. These systems can simulate plasma
evolution, predict instabilities, and optimize reactor parameters with unprecedented speed
and precision. Unlike classical algorithms, quantum Al can process vast datasets
simultaneously and adapt to changing conditions without human intervention.
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Why It’s Transformative:

e Self-healing - eliminates downtime and manual repairs.

e Radiation resilience - liquid metals absorb neutrons without structural damage.
e Thermal adaptability = continuous flow redistributes heat efficiently.

e Plasma compatibility - reduces contamination and improves confinement.

e Enables longer reactor lifespans and modular deployment.

Liquid lithium, gallium, tin, and bismuth alloys are among the leading candidates, with early
tests conducted in devices like NSTX and EAST.

Current Limitations of Liquid Meta-Walls
Liquid meta-walls face several engineering and physics challenges:

1. Flow Stability: Liquid surfaces are prone to instabilities like Rayleigh-Taylor and
Kelvin-Helmholtz modes under magnetic fields.

2. Plasma Interaction: Liquid metals can evaporate or sputter into the plasma, affecting
purity and confinement.

3. Material Selection: Finding alloys with low vapor pressure, high thermal conductivity,
and neutron absorption is difficult.

4. Containment Systems: Designing channels, pumps, and magnetic buffers to manage
flow is complex.

5. Sensor Integration: Embedding diagnostics in a moving liquid layer requires novel
materials and electronics.

Required Research

e Materials Science: Investigate liquid metal alloys (e.g., lithium-gallium, tin-lithium,
bismuth-lead) with optimal thermal and nuclear properties. Explore nanostructured
additives for self-repair.

e Magnetohydrodynamics (MHD): Model liquid metal flow under strong magnetic
fields and develop stabilization techniques.

e Plasma-Wall Interaction Physics: Study how liquid surfaces interact with high-
temperature plasma and how to minimize contamination.

o« Embedded Sensor Systems: Develop robust, radiation-hardened sensors that can
operate within or adjacent to liquid metal flows.

Key Steps for Replacement

1. Bench-Scale Experiments: Test liquid metal flow and stability in magnetic fields.
Validate heat transfer and neutron absorption.

2. Plasma Compatibility Trials: Use fusion testbeds to evaluate plasma purity,
confinement, and erosion with liquid walls.

3. Self-Healing Additive Development: Introduce nanomaterials or microcapsules that
release repair agents upon damage.

4. Full-System Integration: Design fusion reactor modules with circulating liquid meta-
walls, embedded diagnostics, and Al-driven flow control.
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8 MODULAR DEPLOYMENT AND URBAN INTEGRATION (#7)

What It Replaces: Centralised, Large-Scale Fusion Infrastructure

Current fusion reactor designs such as ITER and JET are massive, centralized
facilities located in remote areas. These reactors require extensive support infrastructure,
including cryogenic systems, radiation shielding, tritium handling, and high-voltage grid
connections. They are built assingle-purpose, fixed-location installations, often with
decades-long construction timelines and multi-billion-dollar budgets.

How It Works:

e Fusion energy is generated in a large vacuum chamber using magnetic or inertial
confinement.

e The reactor is surrounded by thick shielding and cooling systems.

e Energy is converted to electricity and fed into national grids.

e Maintenance and upgrades require long shutdowns and specialized teams.

Limitations of Centralised Fusion Infrastructure

While these facilities are essential for scientific progress, they present major barriers to
widespread fusion adoption:

1. Size and Cost: Large reactors are expensive to build and operate, limiting accessibility
to governments and large institutions.

2. Remote Siting: Due to radiation concerns and infrastructure needs, reactors must be
located far from population centres.

3. Limited Scalability: Each reactor is a bespoke project, making replication slow and
costly.

4. Grid Dependence: Centralized reactors rely on high-voltage transmission lines, which
are vulnerable to outages and cyberattacks.

5. Slow Deployment: Construction and commissioning can take decades, delaying
energy access and innovation.

These limitations prevent fusion from serving as a practical energy source for cities,
communities, and mobile platforms.

Introduction to Modular Deployment and Urban Integration

Modular fusion systems are compact, scalable reactors designed for deployment in diverse
environments, from urban centres and industrial zones to remote communities and
spacecraft. Urban integration refers to embedding these reactors into existing infrastructure,
enabling decentralized, clean energy generation close to demand centres.
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Why It’s Transformative:

e Small footprint = suitable for buildings, campuses, and mobile platforms.

o Safe operation - minimal radiation and autonomous control.

e Fast deployment = factory-built modules can be installed in weeks.

e Grid independence = supports microgrids, smart cities, and disaster resilience.

e Democratized access - enables fusion for hospitals, data centres, and developing
regions.

Early concepts include the ARC reactor from MIT, the Compact Fusion Reactor (CFR) from
Lockheed Martin, and Helion’s fusion modules for distributed energy.

Current Limitations of Modular Fusion Systems
While promising, modular fusion faces several technical and regulatory hurdles:

1. Power Density: Achieving commercial-scale energy output in a small volume is
challenging.

2. Shielding and Safety: Ensuring radiation protection in urban environments requires
advanced materials and design.

3. Thermal Management: Compact reactors must dissipate heat without large cooling
towers.

4. Regulatory Frameworks: Existing nuclear regulations are not designed for small
fusion systems.

5. Public Acceptance: Fusion must overcome misconceptions and build trust with
communities.

Required Research

e Compact Reactor Design: Develop high-power-density reactors using spherical
tokamaks, field-reversed configurations (FRCs), or mirror machines. Binderbauer et
al. (Physics of Plasmas, 2015)?2 demonstrated promising FRC performance.

e Advanced Shielding Materials: Engineer low-activation composites and liquid metal
blankets that allow safe operation near populations.

e Thermal and Acoustic Management: Design systems that minimize noise, vibration,
and heat emissions, enabling seamless integration into buildings and vehicles.

¢ Smart Grid Compatibility: Ensure reactors can interface with decentralized grids,
energy storage systems, and demand-response protocols.

e Policy and Standards Development: Collaborate with regulators to create safety,
emissions, and interoperability standards for modular fusion.

Key Steps for Replacement

1. Pilot Projects in Controlled Urban Zones: Deploy compact fusion prototypes in
university campuses, hospitals, or tech parks. Monitor safety, reliability, and public
acceptance.

22 https://doi.org/10.1063/1.4920950
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2. Standardization and Certification: Develop international standards for fusion reactor

safety, emissions, and interoperability. Streamline permitting and licensing.

3. Integration with Smart Infrastructure: Embed fusion reactors into smart buildings,
EV charging stations, and district heating systems. Use Al to optimize energy flows
and maintenance.

4. Mass Production and Distribution: Create factory-built fusion modules that can be
shipped and installed like industrial generators. Focus on affordability, scalability, and
plug-and-play functionality.
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9 FUSION-POWERED PROPULSION FOR SPACECRAFT (#8)

What It Replaces: Chemical Rockets and Electric Propulsion Systems
Spacecraft today rely primarily on two types of propulsion:

1. Chemical Rockets: These use combustion reactions (e.g., liquid hydrogen and
oxygen) to produce high thrust. They are used for launch, orbital insertion, and short-
duration manoeuvres.

2. Electric Propulsion: Systems like ion thrusters and Hall-effect thrusters use electric
fields to accelerate ions. These offer high efficiency but low thrust, suitable for long-
duration deep space missions.

How they Work:

e Chemical rockets expel mass at high velocity via combustion, generating thrust
through Newton’s third law.

e Electric propulsion systems ionize a propellant (e.g., xenon) and accelerate it using
electric or magnetic fields.

e Both systems are constrained by fuel mass, energy supply, and mission duration.

Limitations of Current Propulsion Systems

While these technologies have enabled remarkable achievements, they face serious
constraints:

1. Limited Specific Impulse: Chemical rockets have low efficiency (Isp ~300-450 s),
requiring massive fuel loads.

2. Short Burn Duration: Chemical propulsion is powerful but brief; it cannot sustain
long-term acceleration.

3. Low Thrust in Electric Systems: lon thrusters produce millinewtons of thrust,
unsuitable for crewed or time-sensitive missions.

4. Fuel Constraints: Carrying fuel limits payload capacity and mission flexibility.

5. Interstellar Inaccessibility: Neither system can realistically support missions beyond
the solar system.

These limitations restrict humanity’s ability to explore deep space, colonize planets, or build
interplanetary infrastructure.

Introduction to Fusion-Powered Propulsion
Fusion propulsion uses the energy released from nuclear fusion reactions, especially the
kinetic energy of charged particles like alpha particles, to generate thrust. Unlike chemical or

electric systems, fusion engines can provide continuous acceleration, high specific impulse,
and long-duration operation.
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Why It’s Transformative:

e Sustained thrust - faster interplanetary travel.

e High efficiency - reduced fuel mass and extended mission range.

e Compact energy source - ideal for deep space and crewed missions.

e Enables interstellar exploration = potential for missions to Alpha Centauri and
beyond.

Concepts like the Direct Fusion Drive (DFD) from Princeton Satellite Systems and Helicity
Space’s fusion rocket illustrate early-stage designs for spacecraft integration.

Current Limitations of Modular Fusion Systems
Despite its promise, fusion propulsion faces several major challenges:

1. Reactor Miniaturization: Fusion systems are large and complex; shrinking them for
spacecraft is difficult.

2. Thermal Management: Fusion reactions produce intense heat that must be
dissipated in space, where convection is unavailable.

3. Magnetic Nozzle Design: Directing charged particles for thrust without destabilizing
the plasma is a major engineering hurdle.

4. Fuel Handling: Tritium is radioactive and scarce; aneutronic fuels like helium-3 or p-
B11 are ideal but hard to obtain.

5. Space Qualification: Fusion systems must be rugged, autonomous, and radiation-
hardened for space environments.

Required Research

e Compact Reactor Design: Develop lightweight, high-efficiency fusion reactors using
field-reversed configurations (FRCs), mirror machines, or inertial electrostatic
confinement (IEC). Binderbauer et al. (Physics of Plasmas, 2015)?3 and Park et al.
(Nature Communications, 2016)?* offer promising pathways.

e Magnetic Nozzle Engineering: Design magnetic field geometries that direct charged
fusion products into exhaust streams without disrupting plasma confinement.

¢ Thermal Radiator Systems: Create advanced radiators using graphene, carbon
nanotubes, or liquid metal loops to dissipate heat efficiently in vacuum.

e Fuel Acquisition and Storage: Investigate mining helium-3 from lunar regolith or gas
giants and develop safe storage systems for fusion fuels in space.

e Autonomous Control Systems: Equip spacecraft with Al-driven fusion control
systems capable of managing reactor operations, diagnostics, and propulsion
modulation in real time.

23 https://doi.org/10.1063/1.4920950
24 https://doi.org/10.1038/ncomms11268
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Key Steps for Replacement

1. Ground-Based Prototypes: Build and test compact fusion propulsion systems in

terrestrial labs. Validate thrust generation, energy efficiency, and thermal
management.

2. Orbital Testbeds: Launch experimental fusion reactors into low Earth orbit to study
performance in microgravity and vacuum conditions.

3. Interplanetary Demonstrators: Deploy fusion-powered probes to Mars, Jupiter, or
the asteroid belt. Monitor travel time, fuel consumption, and system resilience.

4. Crewed Fusion Missions: Once reliability and safety are proven, integrate fusion
propulsion into crewed spacecraft for lunar bases, Mars colonies, and deep space
exploration.

5. Interstellar Expansion: Develop fusion drives capable of sustained acceleration over
decades, enabling missions to nearby star systems.

References

Direct Fusion Drive for Spacecraft - https://www.psatellite.com/fusion/

Fusion Rocket Engine Concept - https://www.helicityspace.com/

Field-Reversed Configuration Performance - https://doi.org/10.1063/1.4920950

High-Performance Fusion Propulsion - https://doi.org/10.1007/s10894-011-9442-9

Fusion Propulsion for Interstellar Travel -
https://ntrs.nasa.gov/citations/20170008895

Relevant Patents

US9822769B2 — Fusion-powered rocket engine Describes a compact fusion
propulsion system using magnetic nozzles.
https://patents.google.com/patent/US9822769B2/en

US20180273214A1 — Interplanetary spacecraft using fusion-powered thrust Covers
muon-catalysed fusion and kinetic energy capture for propulsion.
https://patents.justia.com/patent/20180273214

W02023087045 — Pulsed propulsion fusion spaceship with external driver
system Describes a novel fusion ignition system using relativistic microships.
https://patentscope.wipo.int/search/en/detail.jsf?docld=W02023087045
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10  PATENT HOLDERS BY KEY TECHNOLOGY

Proton-Boron (p-B11) Aneutronic Fusion

e United States: Dominant, with patents from RocketStar LLC, Helion Energy, and TAE
Technologies.

e China: Active in alternative fuel fusion, though less focused on aneutronic pathways.

e Japan & UK: Limited but growing interest via academic institutions.

Direct Energy Conversion via Alpha Particle Capture

e United States: Leads with patents on electrostatic and MHD converters (e.g.,
Princeton Satellite Systems, Brilliant Light Power).

e Germany & France: Some EU filings, mostly theoretical or tied to ITER.

e Japan: Research-focused, with few commercial filings.

Room-Temperature Quantum Superconductors

e United States: Key patents from Taj Quantum and independent inventors.

e South Korea: Filed patents on ceramic superconductors at ambient pressure.

e China: Active in high-pressure superconductivity research, with growing patent
activity.

Magneto-Optic Plasma Confinement
e United States: Applied Materials Inc. holds foundational patents on magnetic and
optical plasma control.

e Europe (Germany, France): Experimental filings via WIPO and EU patent offices.
e Japan: Some filings related to photonic plasma manipulation.

Quantum Al Control Systems
e China: Holds over 60% of quantum Al patents globally.
e United States: Leads in high-impact patents and fusion-specific Al control systems
(e.g., DeepMind, Microsoft, Google).
e Europe: Strong academic presence, especially in quantum sensing and control.
Liquid Meta-Walls with Self-Healing Properties
e Netherlands (DIFFER): Leading research and patents on vapor-shielded liquid metal
walls.

e France & Germany: Patents via EUROfusion and Horizon2020 programs.
e United States: Some filings from national labs and start-ups.

Modular Deployment and Urban Integration

e United Kingdom: Rolls-Royce and Tokamak Energy dominate modular fusion patents.
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e United States: Lockheed Martin and Helion Energy hold key IP.
e China: Increasing filings, but mostly focused on large-scale reactors.

Fusion-Powered Propulsion for Spacecraft

e United States: Helion Energy, MSNW LLC, and NASA-affiliated entities hold most
propulsion patents.

e Russia & China: Active in plasma propulsion, but fusion-specific IP is limited.

o Europe: Sparse filings; ESA focuses more on ion and electric propulsion.
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11 FUSION INNOVATION R&D ROADMAP (2025-2055)

Vision: To achieve scalable, clean, and intelligent fusion energy systems for terrestrial and
space applications by mid-century.

Phase 1: Foundational Research & Proof of Concept (2025-2030)

Goals: Validate core physics, materials, and control systems for each technology.

Technology

Proton-Boron Fusion

Direct Energy Conversion

Room-Temp
Superconductors

Magneto-Optic
Confinement

Quantum Al Control

Liquid Meta-Walls

Modular Fusion Systems

Fusion Propulsion

Key Milestones

High-temperature plasma experiments (600M+ °C); bremsstrahlung
suppression studies; spherical torus optimization.

Lab-scale electrostatic and MHD converters; alpha particle beam
simulations; integration with p-B11 testbeds.

Stabilize hydrogen-rich compounds at ambient pressure; fabricate
short-length superconducting tapes.

Optical lattice plasma trapping experiments; photonic crystal
development; QED modelling of light-plasma coupling.

Train reinforcement learning models on tokamak data; develop
digital twins; deploy Al co-pilots in fusion labs.

Test lithium/gallium flows under magnetic fields; develop self-healing
nanomaterials; plasma-wall interaction trials.

Design compact reactor prototypes; urban safety modelling; initiate
pilot licensing frameworks.

Ground-based propulsion testbeds; magnetic nozzle simulations;
helium-3 fuel acquisition feasibility studies.

Phase 2: Prototype Development & Integration (2030-2040)

Goals: Build and test integrated systems; validate performance, safety, and scalability.

Technology

Proton-Boron Fusion

Direct Energy Conversion

Room-Temp
Superconductors
Magneto-Optic
Confinement

Quantum Al Control

Key Milestones

Achieve Q > 1 in p-B11 reactors; demonstrate sustained aneutronic
burn; begin alpha capture integration.

Integrate converters into fusion reactors; optimize field geometries;
demonstrate >70% conversion efficiency.

Full-scale coil fabrication; magnetic confinement trials; cryogen-free
reactor operation.

Hybrid magnetic-optic systems; plasma shaping via light fields;
confinement stability trials.

Autonomous plasma control in mid-scale reactors; real-time
diagnostics integration; Al safety certification.

35



Technology

Liquid Meta-Walls

Modular Fusion Systems

Fusion Propulsion

Key Milestones

Deploy in fusion testbeds; validate erosion resistance and
regeneration; embed sensor networks.

Urban pilot deployments (hospitals, campuses); grid integration;
modular manufacturing protocols.

Orbital propulsion trials; Mars probe demonstration; onboard Al
reactor control.

Phase 3: Commercialisation & Global Deployment (2040-2055)

Goals: Scale technologies for global energy production, urban infrastructure, and space

expansion.

Technology

Proton-Boron Fusion

Direct Energy Conversion

Room-Temp
Superconductors

Magneto-Optic
Confinement

Quantum Al Control

Liquid Meta-Walls

Modular Fusion Systems

Fusion Propulsion

Key Milestones

Commercial reactors with direct conversion; urban and industrial
deployment; tritium-free fusion standard.

Retrofit existing fusion plants; deploy in spacecraft and microgrids;
>90% efficiency systems.

Global coil manufacturing; embedded in smart grids and mobile
reactors.

Compact reactors for spacecraft and mobile platforms; full optical
confinement systems.

Fully autonomous reactors; predictive maintenance; Al-managed
fusion fleets.

Standard in all high-duty fusion systems; zero-downtime
maintenance; adaptive wall technologies.

Mass production; fusion-as-a-service platforms; fusion-powered
smart cities.

Crewed Mars missions; asteroid mining infrastructure; interstellar
probe launches.
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12 POLICY BRIEFING (EXAMPLE)

Strategic Roadmap for Transformative Fusion Technologies (2025-2055)

The text in this section represents the contents of a policy briefing prepared for National
Energy Ministries, Global Fusion Consortiums, Private Sector Stakeholders, Research
Councils. The objective is to align funding, regulation, and research efforts around eight
transformative technologies that will enable scalable, clean, and intelligent fusion energy
systems for Earth and space applications by mid-century.

Strategic Technologies (in order of priority)

The list below reflects the priority of these technologies based on their impact on enabling
practical fusion energy, starting with the most foundational and urgent. The list is based on
a policy and innovation-centric prioritisation i.e., a focus on transformative technologies that
unlock scalability, economic viability, and long-term sustainability:

1. Quantum Al Control Systems: Autonomous plasma regulation is essential for
maintaining stable fusion conditions. Without precise, adaptive control, even the
most advanced reactor designs will fail to sustain fusion reliably.

2. Room-Temperature Superconductors: Eliminating cryogenic cooling would
revolutionize reactor design, reducing complexity, cost, and size. This unlocks
scalability and makes fusion infrastructure more feasible.

3. Liquid Meta-Walls: Self-healing, neutron-resistant walls are critical for reactor
longevity and safety. They directly address one of fusion’s most persistent
engineering bottlenecks: material degradation.

4. Direct Energy Conversion: Capturing energy from alpha particles without relying on
steam turbines dramatically boosts efficiency. While not required for initial fusion
success, it’s key to making fusion economically competitive.

5. Proton-Boron (p-B11) Fusion: This clean, neutron-free reaction is highly desirable but
technically challenging due to its high ignition temperature. It’s a long-term goal that
could eliminate radioactive waste and simplify reactor shielding.

6. Magneto-Optic Confinement: Using light fields for plasma control is a futuristic
concept with transformative potential. However, it’s still speculative and not yet
proven at scale, placing it lower in immediate priority.

7. Modular Urban Fusion: Compact reactors for decentralized grids are a strategic
deployment model. Their success depends on solving core fusion challenges first, so
they’re important but not foundational.

8. Fusion Propulsion: While visionary for space exploration, fusion propulsion is a
downstream application. It relies entirely on breakthroughs in terrestrial fusion and
thus ranks lowest in priority for now.
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Investment Snapshot

e Total R&D Need (2025-2040): ~$225-295 billion globally

e Top Priorities: Al control, room-temperature superconductors, liquid meta-walls,
direct energy conversion

e Funding Model: Public-private partnerships, milestone-based grants, international
consortia

Development Timeline

e 2025-2030: Foundational research, pilot systems, regulatory frameworks
e 2030-2040: Integrated prototypes, urban trials, orbital testbeds
e 2040-2055: Commercial rollout, global deployment, interplanetary missions

Board-Level Recommendations

e Approve Strategic Funding: Al control, room-temperature superconductors, liquid
meta-walls, direct energy conversion

e Support Policy Development: Fast-track fusion licensing and urban integration
standards

e Enable Global Collaboration: Join or lead international fusion innovation alliances

e Monitor ROI Metrics: Track energy output, uptime, deployment speed, and public
adoption

Estimated R&D Investment Needs (2025-2040)

Priority  Technology Global R&D Cost Estimate
1 Quantum Al Control Systems $15-25 billion
2 Room-Temperature Superconductors $40-60 billion
3 Liquid Meta-Walls $10-15 billion
4 Direct Energy Conversion $20-30 billion
5 Proton-Boron Fusion S$50-70 billion
6 Magneto-Optic Confinement $5-10 billion
7 Modular Urban Fusion $25-35 billion
8 Fusion Propulsion $30-50 billion
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Fusion Technology Impact: Two Modelling Approaches

- t | ibuti
Incremental Efficiency Model Standalone Contribution

At . Model
Priority Technology (Assumes fusion is already e cadiEd i
deployed) .
new capacity)
Enables sustained fusion
+209 i +
1 Quantum Al 20% uptime > +36,000 TWh/year -5 30,000 TWh/year
Control Systems (on full fusion grid) I
(initial unlock)
5 '?((a)r?\r;(;rature +15% efficiency - +27,000 Simplifies infrastructure
Superconductors TWh/year - 20,000 TWh/year

Extends reactor life

- } o .
3 Liquid Meta-Walls  +10% uptime - +18,000 TWh/year - 15,000 TWh/year

4 Direct Energy +30% efficiency - +54,000 Boosts conversion yield
Conversion TWh/year - 25,000 TWh/year
Clean, aneutronic - 300,000 | fusi
5 Proton—B'oron (p- TWh/year Long-term clean fusion
B11) Fusion ) - 40,000 TWh/year
(global replacement scenario)
Magneto-Optic . Experimental - 10,000
6 Confinement TBD (speculative) TWh/year
7 Modular Urban Distributed deployment - 50,000 Depends on upstream tech
Fusion TWh/year - 20,000 TWh/year
. i Strategic for space; Minimal terrestrial impact
8 Fusion Propulsion L
not grid-tied -><500T

Summary of Modeling Differences

e Efficiency Model assumes fusion is already producing 180,000 TWh/year and
calculates gains from improved uptime, efficiency, and deployment.

e Standalone Model estimates how much new energy each technology could unlock if

deployed successfully, without compounding effects.

Projected Impact

e Global Energy Output Increase: Up to +103% over current levels (~180,000
TWh/year), with potential to exceed 360,000 TWh/year as fusion scales globally.

o Efficiency Gains: +30-50% across fusion systems through direct energy conversion,
superconducting magnets, and Al-optimized plasma control.

o Deployment Reach: Scalable across urban grids, industrial hubs, remote regions,
and space-based platforms, with modular reactors enabling decentralized energy
access.

¢ Climate Benefit (in the absence of Proton-Boron (p-B11) Fusion): Zero-carbon, low-

waste energy infrastructure. While D-T fusion produces neutrons, advanced shielding
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and recycling systems minimize radioactive by-products and eliminate long-term
waste.

Economic Impact: Potential to reduce electricity costs by 40-60% over time, disrupt
fossil fuel markets, and catalyse new industries in fusion manufacturing, Al control
systems, and superconducting materials.

Energy Security: Abundant fuel supply (deuterium from seawater, tritium bred in
reactors), with reduced geopolitical risk and enhanced grid resilience.
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13 THE PROBLEM OF FRAGMENTED INNOVATION

The global patent landscape reveals a troubling truth: fusion innovation is siloed by national
boundaries. Each country protects its intellectual property, often duplicating efforts or
withholding breakthroughs due to strategic or economic interests. This leads to:

e Redundant R&D: Multiple nations solving the same problems in isolation.

o Delayed Deployment: Technologies that could be scaled globally are trapped in
national pipelines.

e Uneven Access: Developing nations are excluded from fusion IP, deepening energy
inequality.

o Strategic Hoarding: Fusion propulsion and superconductors are treated as defence
assets, limiting civilian applications.

Fusion energy is not just a scientific challenge, it is a test of our ability to collaborate across
borders. If we continue to treat it as a national race, we risk turning the most promising
energy source into another geopolitical fault line.

In nearly every domain of technological advancement, whether artificial intelligence,
guantum computing, space exploration, or energy, progress has been shaped by national
interests. Countries compete for patents, talent, and strategic dominance, often treating
innovation as a zero-sum game. This competitive model has vyielded remarkable
breakthroughs, but it has also led to duplication of effort, restricted access, and uneven
global benefits. Technologies are developed not necessarily for the collective good, but for
geopolitical leverage, economic gain, or military advantage.

Nuclear fusion development reflects this same pattern. Despite its potential to provide
clean, limitless energy for all of humanity, fusion research remains fragmented. The most
advanced reactor designs, control systems, and fuel technologies are held by a handful of
nations and private entities, each pursuing their own vision in isolation. Intellectual property
is guarded, data is siloed, and collaboration is often limited to bilateral agreements or closed
consortiums. As a result, fusion progress is slower than it could be, and its benefits risk being
monopolized rather than shared.

An effective way forward could involve a Joint Declaration for global cooperation in fusion
innovation. Under such a framework, nations and institutions would pool intellectual
property, share data transparently, and collaborate on reactor design, fuel sourcing, and
deployment strategies. This would not only accelerate development but also ensure that
fusion energy is accessible to all, urban and rural, rich and poor, Earth-bound and
spacefaring. The probability of success under a cooperative model is significantly higher:
breakthroughs would be validated faster, costs would be distributed more equitably, and
deployment would scale globally rather than regionally.

Ultimately, fusion is not just about powering cities - it’s about powering civilization.

41



14 MANIFESTO FOR A GLOBAL FUSION IP-SHARING
FRAMEWORK

Unlocking Humanity’s Energy Future Through Cooperation, Not Competition

The development of fusion energy represents one of the most ambitious and consequential
technological pursuits in human history. Yet despite its promise, progress remains
fragmented, divided by national boundaries, proprietary patents, and strategic silos. The
eight transformative technologies outlined in this roadmap from aneutronic fuels to
quantum Al control are held disproportionately by a handful of countries, each advancing in
isolation.

This fractured landscape mirrors the geopolitical divisions that have long slowed innovation.
Just as the Cold War delayed space exploration and climate action has been stymied by
national interests, fusion now risks becoming another casualty of competitive nationalism.
The result is duplicated research, withheld breakthroughs, and uneven access to the most
important energy source of the 21st century.

We must do better.

We call for the creation of a Global Fusion IP-Sharing Framework, i.e., a cooperative
platform that enables nations, institutions, and companies to share patents, data, and
designs related to fusion energy. This framework would:

e Establish a shared patent pool for non-military fusion technologies.

e Create tiered licensing models that allow developing nations to access fusion IP
affordably.

e Incentivize open-source fusion research, especially in Al, materials science, and
reactor design.

e Promote joint ventures across borders, reducing redundancy and accelerating
deployment.

e Ensure equitable access to fusion energy, preventing monopolization by a few
dominant players.

Fusion is not just a scientific milestone it is a moral imperative. It offers clean, limitless

energy in a time of ecological crisis and geopolitical instability. But its benefits must be
shared. No single country owns the future. No patent should gatekeep planetary survival.
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15  CONCLUSION: FUSION AS A SPECIES-LEVEL ENDEAVOUR

Fusion is more than a technological milestone; it is a mirror held up to our civilization. It asks
whether we can transcend competition and embrace collaboration, whether we can build
not just reactors but relationships, and whether we can power not just our cities but our
shared future. The innovations outlined in this paper represent the early steps of a long
journey, with each one imperfect, but each one essential. They will not meet the bold
promises of tomorrow overnight, but they will, in time, form the foundation of a global
energy transformation.

To harness fusion is to harness unity. It is to recognize that the energy of the stars belongs
not to one nation, but to all of us. Only through cooperation, across borders, disciplines, and
generations, can we unlock its full potential. And only with that energy can we reach beyond
Earth, explore new worlds, and secure a future worthy of our species. Let fusion be the force
that powers our survival, our exploration, and our unity.
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