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Abstract 

 

Nuclear fusion offers the prospect of a carbon-free, inherently safe, and virtually 
inexhaustible energy source, but its realization is contingent upon surmounting 
significant scientific and engineering challenges.1 This review synthesizes recent 
academic research to evaluate the viability of fusion energy, focusing on three critical 
and interconnected domains: plasma stability and control, materials science for 
extreme environments, and the development of a robust non-proliferation framework. 
We examine the transformative impact of artificial intelligence (AI) and machine 
learning (ML) on plasma control, particularly in the prediction and mitigation of 
disruptive events, and the use of Explainable AI (XAI) to build trust in these systems.3 
Concurrently, we assess advances in materials science, including the development of 
self-healing liquid metal components and novel solutions for the tritium fuel cycle, 
which are essential for long-term reactor resilience and fuel self-sufficiency.4 Finally, 
we analyze the non-proliferation landscape, detailing technical safeguards and 
international governance structures designed to mitigate the risks of fissile material 
production and tritium diversion, ensuring fusion's development remains exclusively 
peaceful.6 We conclude that while formidable challenges persist, the synergistic 
progress across these domains charts a credible, albeit complex, path toward the 
realization of safe, secure, and commercially viable fusion power. 

 

1. Introduction 

 

The global imperative to transition to low-carbon energy sources has intensified the 
search for a sustainable, baseload power solution capable of meeting escalating 
global demand.8 Nuclear fusion, the process that powers the sun and stars, 



represents a leading candidate to meet this need, promising abundant energy from 
readily available fuels like deuterium and tritium with no carbon emissions and no 
long-lived radioactive waste.9 The most technologically feasible approach involves the 
deuterium-tritium (D-T) reaction, which releases approximately 17.6 MeV of energy 
per event.1 

However, harnessing this power on Earth requires achieving and sustaining 
extraordinary conditions: heating fuel to temperatures exceeding 100 million degrees 
Celsius, confining the resulting plasma at sufficient density, and maintaining these 
conditions for long enough to achieve a net energy gain, a threshold famously defined 
by the Lawson criterion.9 The journey from scientific principle to a commercially viable 
power plant is therefore predicated on solving a nexus of grand challenges that span 
plasma physics, materials science, and international security. 

This review provides a comprehensive analysis of the current state of fusion research, 
focusing on the key advances that are paving the way toward viability. We structure 
our analysis around three central pillars that define the frontier of fusion development: 

1. Plasma Stability and Control: The challenge of maintaining a stable, 
high-performance burning plasma and avoiding catastrophic disruptions that can 
damage the reactor.13 

2. Materials and Engineering: The development of structural and plasma-facing 
materials capable of withstanding the extreme heat and neutron flux of the fusion 
environment, alongside the engineering of a self-sustaining tritium fuel cycle.4 

3. Safety and Non-Proliferation: The implementation of a robust framework of 
technical safeguards and international governance to ensure that fusion 
technology is used exclusively for peaceful purposes and does not contribute to 
the proliferation of nuclear weapons.6 

By examining the academic literature on the latest progress in these three domains, 
this article aims to provide a holistic assessment of the pathways and remaining 
obstacles to realizing fusion energy. 

 

2. Advances in Plasma Stability and Control: The Rise of AI and 
Digital Twins 

 

The core of a magnetic confinement fusion reactor, such as a tokamak, is a toroidal 



plasma heated to extreme temperatures.2 A primary obstacle to sustained operation is 
the occurrence of plasma disruptions—catastrophic instabilities that lead to a rapid 
loss of confinement and can inflict severe thermal and electromagnetic stress on the 
reactor's internal components.18 For future large-scale devices like ITER, a single major 
disruption could cause terminal damage, making disruption avoidance and mitigation 
a critical area of research.14 Recent years have seen a paradigm shift in this domain, 
driven by the application of advanced computational techniques. 

 

2.1 AI-Driven Disruption Prediction and Transferable Models 

 

Machine learning has emerged as a key tool for predicting disruptions with sufficient 
warning time to activate mitigation systems.18 A wide range of supervised learning 
algorithms, including support vector machines (SVMs), random forests, and various 
neural network architectures, have been successfully developed on existing tokamaks 
like JET, DIII-D, and EAST to predict disruptive events.19 

Deep learning methods, particularly those combining Convolutional Neural Networks 
(CNNs) and Recurrent Neural Networks (RNNs) like Long Short-Term Memory (LSTM), 
have proven especially effective. These models can learn relevant spatiotemporal 
features directly from raw 1-D plasma profiles (e.g., temperature and density) and 0-D 
signals, avoiding the need for manual feature engineering.21 

A crucial challenge for future reactors like ITER is that they will have very few 
high-performance disruptive discharges from which to train a robust prediction 
model.21 This has spurred the development of 

transferable models. The underlying physics of disruptions are expected to be 
common across different tokamaks, even if their operational parameters vary.21 
Transfer learning leverages this by training a deep feature extractor on a large dataset 
from an existing device (e.g., J-TEXT) to learn the general signatures of impending 
disruptions. This pre-trained model can then be transferred to a new device (e.g., 
EAST) and fine-tuned with a very small number of local discharges, achieving a 
predictive accuracy comparable to models trained on thousands of discharges from 
the target machine.21 This approach represents a promising path for developing 
reliable disruption predictors for ITER and future power plants before they accumulate 
significant operational experience. 



 

2.2 Explainable AI (XAI) for Building Trust and Physical Insight 

 

A significant barrier to the adoption of ML models in safety-critical systems is their 
"black box" nature, where the reasoning behind a prediction is not transparent.23 To 
address this, researchers are increasingly applying eXplainable AI (XAI) techniques to 
interpret the behavior of disruption prediction networks.3 

XAI algorithms provide a comprehensible interface between the human operator and 
the AI, often by generating heatmaps that highlight which parts of the input data were 
most influential in a model's decision.3 Techniques like 

saliency maps, which calculate the gradient of the network's output with respect to 
its input pixels, can visualize the regions of a plasma profile (e.g., temperature, 
radiation) that the CNN is focusing on when it raises an alarm.22 Studies have shown 
that these XAI-generated heatmaps correlate strongly with known physical 
precursors. For instance, when predicting disruptions caused by edge cooling, the 
saliency maps highlight the outer regions of the temperature profile, whereas for 
disruptions caused by temperature hollowing, the focus shifts to the plasma core.22 
This ability to link the AI's "reasoning" to physical phenomena is crucial for building 
trust and verifying that the model is learning genuine physics rather than spurious 
correlations.3 

 

2.3 Digital Twins for Integrated Simulation and Operational Optimization 

 

The complexity of a fusion reactor, with its tightly coupled subsystems, necessitates a 
holistic approach to design and operation. The concept of a Digital Twin (DT) is 
emerging as a transformative platform for this purpose.24 A digital twin is a virtual 
replica of a physical system that integrates engineering design, physics simulations, 
and real-time operational data into a single, interactive environment.24 

For tokamaks like KSTAR and ITER, virtual platforms are being developed to create a 
dynamic feedback loop between the physical reactor and its digital counterpart.24 
These platforms can ingest continuous diagnostic data to refine predictive models, 
optimize reactor performance, and validate operational scenarios 



in silico before they are attempted in the real machine.24 By unifying 
high-performance computing, AI-driven surrogate models, and advanced 
visualization, digital twins serve as living platforms that guide both present operations 
and future reactor designs, accelerating the path to commercial fusion energy.24 

 

3. Advances in Materials Science: Towards Self-Sustaining and 
Resilient Components 

 

The environment inside a fusion reactor is one of the most extreme imaginable, 
presenting unprecedented challenges for materials science.4 Components facing the 
plasma must withstand intense heat fluxes, bombardment by high-energy neutrons 
(14.1 MeV from the D-T reaction), and exposure to the plasma itself, all while 
maintaining structural integrity for decades.1 

 

3.1 Self-Healing Materials: The Liquid Metal Divertor Concept 

 

The divertor is the reactor's exhaust system, responsible for removing heat, helium 
ash, and other impurities from the plasma.30 It is subjected to the most intense heat 
and particle loads in the machine.32 While solid materials like tungsten are the baseline 
choice for ITER due to their high melting point and low erosion 33, they suffer from 
issues like cracking and neutron-induced embrittlement.32 

An innovative solution gaining significant traction is the use of liquid metals (LMs), 
such as lithium or tin, in divertor designs.33 LMs offer the unique property of being 

self-healing.35 When the surface is damaged or eroded by plasma interaction, the 
flowing liquid can continuously replenish it, effectively eliminating permanent damage 
and dramatically extending the component's lifetime.35 Furthermore, the evaporation 
of the liquid metal during high heat flux events can create a vapor cloud that radiates 
energy away, protecting the underlying solid structure from catastrophic melting.35 
Concepts like the Capillary Porous System (CPS), where the liquid metal is held within 
a porous tungsten structure by capillary forces, are being developed to prevent 
splashing and ensure stability in the strong magnetic fields of a tokamak.40 



 

3.2 The Tritium Fuel Cycle and Breeding Blankets 

 

The D-T fuel cycle presents a unique engineering challenge: tritium is a radioactive 
isotope with a short half-life of 12.3 years and is not naturally abundant.42 The world's 
total supply is estimated to be only around 50 kg, whereas a 1 GWe power plant would 
consume approximately 400 grams per day.43 Therefore, for fusion to be a sustainable 
energy source, each power plant must be a net producer of its own fuel in a closed 
cycle.5 

This is achieved through a breeding blanket, a component surrounding the plasma 
that contains lithium.1 Neutrons produced by the D-T fusion reaction are captured by 
lithium atoms in the blanket, transmuting them into tritium and helium.1 The central 
design goal is to achieve a Tritium Breeding Ratio (TBR) greater than one, meaning 
more than one tritium atom is produced for every one consumed in the plasma.6 
Achieving a sufficient TBR while accounting for losses and system inefficiencies is a 
critical area of ongoing research and development, essential for the long-term 
viability of fusion power.6 

 

4. A Framework for Non-Proliferation by Design 

 

A fundamental prerequisite for the global deployment of fusion energy is the 
assurance that it will be used exclusively for peaceful purposes and will not increase 
the risk of nuclear weapons proliferation.6 While fusion is inherently safer than fission, 
as a runaway chain reaction is impossible 8, the intense neutron flux from the D-T 
reaction presents two primary proliferation risks: the production of fissile materials 
and the diversion of tritium.6 A robust framework of technical safeguards and 
international governance is being developed to address these risks. 

 

4.1 Mitigating Fissile Material Production 

 

The 14.1 MeV neutrons from a D-T fusion reaction can be used to transmute fertile 



materials like uranium-238 or thorium-232 into weapon-usable fissile materials, 
namely plutonium-239 and uranium-233, respectively.6 The risk can be categorized 
into three scenarios: clandestine production, covert production in a declared facility, 
and a breakout scenario.6 

● Clandestine Production: The risk of operating a power-producing fusion reactor 
clandestinely is considered not credible. The immense scale, power consumption 
(hundreds of megawatts), cooling requirements, and environmental signatures 
(e.g., tritium traces) of such a facility would make it easily detectable by satellite 
imagery and other monitoring techniques.6 

● Covert Production: To prevent the covert introduction of fertile materials into a 
declared and safeguarded facility, a multi-layered approach is envisioned. This 
includes on-site inspections to verify design information, sensitive environmental 
sampling to detect any traces of nuclear materials, and unattended monitoring 
systems, such as gamma detectors, that can identify the characteristic signatures 
of fertile or fissile materials, which should not be present in a civilian fusion plant.6 

● Breakout Scenario: A key advantage of fusion over fission is that a fusion power 
plant contains no weapon-usable material at the time of a potential breakout.6 
The time required to introduce fertile material, operate the reactor to produce a 
significant quantity (8 kg) of fissile material, and then reprocess it is estimated to 
be at least one to two months.6 This provides a significant window for a 
diplomatic or international response. Furthermore, fusion plants rely on massive, 
non-nuclear support systems (power, cryogenics) that can be disabled to halt 
operations without risk of nuclear contamination.6 

 

4.2 Managing Tritium Diversion 

 

Tritium is an essential component in modern nuclear weapons, used to "boost" the 
yield of fission devices.42 While a fusion power plant will handle large inventories of 
tritium (kilograms), only a few grams are needed for a weapon.7 This makes tritium 
accountancy a significant safeguards challenge.7 Improving the technology for 
accurately tracking tritium inventory—how much is burned, held up in components, 
and released—is a critical area for R&D.7 The principle of 

"safeguards by design" is paramount, meaning that robust measures for tritium 
monitoring, containment, and surveillance must be integrated into the reactor design 



from the earliest stages.7 

 

4.3 The Role of International Governance and Data Standards 

 

The International Atomic Energy Agency (IAEA) is actively engaged in developing 
safety standards and regulatory frameworks tailored to the unique characteristics of 
fusion energy.10 This involves adapting relevant requirements from the fission industry 
while recognizing the different risk profile of fusion.10 Large-scale international 
collaborations, epitomized by the 

ITER project, are crucial for sharing the immense cost and complexity of fusion 
development and for establishing global norms for safety and security.50 

To accelerate this global collaboration, the fusion community is increasingly adopting 
the FAIR Guiding Principles (Findable, Accessible, Interoperable, Reusable) for data 
management.55 By ensuring that the vast datasets from fusion experiments are 
described with rich metadata, assigned persistent identifiers (like DOIs), and stored in 
interoperable formats, the FAIR principles facilitate machine-actionable data sharing, 
which is essential for training AI models and validating simulations across the 
international research community.56 

 

5. Synthesis and Future Outlook 

 

The pursuit of clean, sustainable energy through nuclear fusion is at a pivotal moment. 
The analysis of recent academic literature reveals that significant progress is being 
made on the three critical fronts that determine its ultimate viability: plasma control, 
materials science, and non-proliferation. The application of AI and digital twins is 
revolutionizing the ability to predict and control plasma behavior, while innovations in 
self-healing materials and tritium breeding offer credible solutions to long-standing 
engineering hurdles. 

Crucially, these advances are being developed in parallel with a robust framework for 
safety and non-proliferation, guided by international bodies like the IAEA. The 
principle of "safeguards by design" ensures that security is not an afterthought but an 



integral part of the engineering process. 

The path to a commercial fusion power plant remains long and challenging, requiring 
continued international collaboration and investment.8 However, the synergistic 
advancements across these interconnected fields suggest that the scientific and 
engineering foundations for a future powered by safe and secure fusion energy are 
firmly being established. The continued integration of these research frontiers, 
facilitated by open data standards and global cooperation, will be the key to unlocking 
this transformative energy source for the benefit of humanity. 
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