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About the ITER Engineering Handbook

This handbook consists of two volumes which describe the ITER design from its inception
up to the design, construction and assembly in 2025.

The handbook is not designed to be read as a continuous sequence of chapters. Instead,
it is composed of focused, self-contained sections that address specific topics. Each
chapter can be read and understood independently, allowing readers to engage with the
material most relevant to their needs without requiring familiarity with preceding
chapters. As a result, the reader will find certain overlapping content in chapters.

It is to be noted that at the time of writing, the design for some systems is still on-going.
Therefore, the reader should consider that whilst there is significant value of this
important point-in-time study, an update would be required as the Project progresses.

A broad Project overview is given in the first volume, to provide the reader with
background information necessary to understand the context in the subsequent more-
detailed chapters of the second volume, dedicated to the individual systems composing
ITER.

For the overall table of contents of the Handbook and to access each one of the chapters,
please refer to https://www.iter.org/scientists/iter-technical-reports/iter-engineering-
basis-handbook.
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Chapter 9
GAPS TO FILL BEYOND ITER

9.1 Introduction

Fusion power offers the prospect of an almost inexhaustible source of energy for future
generations. However, it is not there yet, and harnessing fusion energy and deploying reliable
fusion power plants relies on the ability to overcome the remaining design, physics and
engineering gaps and development needs for key fusion technologies that are essential for reliable
and efficient operation of a fusion reactor. The design and R&D of future fusion reactor concepts
is expected to benefit from the experience gained in the design, licensing, construction and
operation of ITER.

There are still significant differences of opinion around the world, even within the ITER Members,
on how to bridge the gaps between ITER and a future fusion power plant. Nevertheless, there are
outstanding issues common to subsequent major facilities after ITER, whether a component test
facility [1], a Pilot Plant [2], a Demonstration Plant (DEMO) [3], or other. Depending on the
confinement scheme and fuels postulated, these include the need to develop foreseeable sound
technical solutions for crucial problems. For example, in the case of Magnetic Fusion Energy (MFE)
such problems include plasma heating and power exhaust, tritium breeding and fuel cycle, cooling
and extraction of high-grade heat from the breeding blanket, remote maintenance for the in-
vessel components, robust magnet designs, qualified structural and plasma facing materials and
nuclear safety.

Future fusion reactors, either with magnetic- or inertial confinement, will be affected by a high
degree of complexity and system interdependencies and their optimised performance will depend
on multiple design drivers across various systems. The integration of technologies into a coherent
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design is a central challenge for fusion, and delaying it leads to a high risk that solutions developed
would not reflect an adequately integrated design, putting at risk the ensuing assembly and
operation. The perspective on fusion research and the importance of ITER is also described in Ref.
[P. Barabaschi and the ITER Team, Progress of iter and its importance for fusion development, to
appear in Nuclear Fusion 2026].

The commercialisation of fusion energy still carries uncertainties and depends on solving a
number of overarching scientific and technological challenges. Despite the uncertainties
remaining on the timeline for the realisation of fusion energy demonstration plants (i.e., next step
after ITER for MFE), several teams worldwide are designing fusion power plants. MFE-based
concepts are the most mature of these designs with the DEMO programme underway in Europe
[3],[4] , the Chinese Fusion Engineering Test Reactor (CFETR) programme in China [5], the
Spherical Tokamak for Energy Production (STEP) programme [6] in the UK, and other initiatives in
Japan, South Korea, Russia and the US. Major Inertial Fusion Energy (IFE) Concepts have also been
pursued in the past, most notably the effort on Laser Inertial Fusion Energy (LIFE) Engine (7], [8]
and on fusion energy with lasers and direct drive targets [9] in the US. Newer IFE efforts [10], [11],
[12] are also emerging following the important results achieved in the National Ignition Facility
[13]. A recent review of fusion projects with a commercial ambition can be found elsewhere [14].

Despite the clear differences in approach between IFE and MFE, and the widening of the fusion
portfolio, there remains a degree of commonality both in the driving issues for the design of
power plants and the technical challenges they face. This is not to say that at the detailed
technological level there is significant overlap between approaches, but it highlights that within
these different approaches, there are some overarching challenges where commonality may be
exploited.

This chapter addresses the commonalities between MFE and IFE for harnessing fusion energy. The
main lessons learned from the design, construction and operation of fusion devices such as the
Joint European Torus (JET), NIF and some similarities with the design of advanced fission energy
systems are then summarised. The prospects of alternative magnetic configurations, like
stellarators, spherical tokamaks (ST), and alternative fuels and inertial confinement fusion systems
are briefly looked at, with respect to the remaining critical issues for fusion power plant designs.

Common issues and technology challenges are discussed with emphasis on the low readiness of
some enabling core fusion technologies. Two important examples are discussed: the breeding and
recovery of tritium fuel to close the fuel cycle, and the reliability and maintainability of critical
core components (fusion nuclear technologies). Some risk mitigation strategies are discussed.
Finally, some considerations are given on the prospects, risks and challenges arising from fusion
regulation uncertainties, skill gaps and work force development, involvement of industry and the
establishment of resilient supply chains, and the role of private investors including fusion start-
ups.
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9.2 Common Feature of Magnetic and
Inertial Fusion Energy Approaches

In all magnetic and inertial fusion confinement approaches, a unifying first step feature is to
achieve energy gain, whereby power production from fusion reactions is greater than the required
heating power to sustain the process, or the energy released exceeds the initiating energy. The
gain factor, Q, quantifies this with Q=1 representing the ‘breakeven’ state where power/energy
used for heating the system is balanced by that produced by fusion (see Chapter 4). Such
breakeven is a key threshold in the development of fusion energy but a more telling global
measure is to consider the gain from the fusion energy compared to the energy demand of the
whole plant (including the efficiency of the heating systems and other energy consumption).

A useful parameter for assessing the performance of a thermal fusion plasma towards producing
gain is the fusion triple product, which balances plasma self-heating due to fusion against radiative
cooling and other energy loss mechanisms. This criterion [15] provides a condition on the plasma
density, n, temperature, T, and energy confinement time, ¢, by evaluating the balance between
fusion energy production and loss mechanisms. Collectively, these three parameters are termed
the ‘fusion triple product’ and can be used to provide a simple condition for the state in which
plasma self-heating may be sufficient to sustain the reaction:

n-T-1e>3x10*" keV-s:m™3

for the fusion deuterium-tritium (DT) reaction in the temperature range 10-20 keV. This is true
for all approaches to thermal plasma DT fusion and serves to differentiate them by the way in
which this criterion is satisfied.

In MFE [16], the focus is placed on maximising the energy confinement time. This is achieved by
using strong magnetic fields to confine a plasma in a fixed volume for long times during which
heating is applied to achieve fusion conditions. The most mature MFE concept is the tokamak [17]
where a helical magnetic field is created in a torus through a combination of externally applied
fields, and fields induced by currents driven within the plasma itself. The Joint European Torus
(JET) holds the world record for fusion yield. In 1997, JET achieved a fusion power of 16 MW for
a power input of 24 MW (so a Q of 0.6) and in 2023, JET released 69 MJ of fusion energy over
5 seconds [18], but despite these records, JET could not reach high gain required for power
production due to its size.

The next stage of tokamak development, ITER, will have a plasma volume 10 times that of JET and
has been extensively discussed in this book. ITER targets a Q factor of 10 by generating around
500 MW of fusion power and will be a proving ground for many important technologies. While
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this will be a major step forward in fusion energy development, ITER is not designed to produce
more energy than used by the entire plant nor to produce electricity.

Other magnetic confinement approaches to fusion exist alongside tokamaks with varying degrees
of maturity. Notable among them is the stellarator [19] where a helical magnetic field is once
again produced in a torus, but in contrast to the tokamak, this is produced entirely via external
fields. This brings the advantage of offering true steady-state operation. A tokamak, by contrast,
requires the ramping of a voltage in its central solenoid to induce a plasma current which would
necessitate short breaks in operation to reset if the current could not be sustained non-inductively
in an effective way. The steady-state operation of a stellarator comes at the cost of engineering
complexity but has the potential of avoiding abrupt plasma terminations (disruptions), which
affect the design of tokamak components. The critical engineering issues associated with the
stellarators and spherical tokamaks are briefly discussed in section 9.4. In IFE [20], [21], the
motion of the plasma is normally not constrained by magnetic fields (though there are concepts
put forward, where magnetic fields are key components to IFE [22]). In IFE, the confinement time
may be governed by different mechanisms depending on how the specific IFE scheme is designed;
however, in all cases, this is many orders of magnitude lower than in the MFE case. Instead, the
approach relies on achieving high densities, for example, by focussing high-energy lasers on a
small cryogenic fuel capsule, whereby the ablation of the capsule surface drives an implosion of
the fuel via rocket action.

As the fuel implodes, the core is heated to fusion conditions and the high density from
compression provides the conditions necessary for the fuel to ignite. The National Ignition Facility
(NIF) [23] together with the Laser Megajoule (LMJ) [24] are the largest existing IFE facilities in the
world.

In 2022, the NIF demonstrated target gain with more fusion energy released (3 MJ) than delivered
to the target [25] (2 MJ). Further experiments in February 2024 yielded 5.2 MJ of output from
2.2 MJ of input, and an experiment in April 2025 achieved a yield of 8.6 MJ. The implications of
these results and the challenges remaining are briefly discussed in sections 9.3 and 9.7
respectively.

9.3 Main Lessons Learned from JET & NIF

The record-breaking results from JET and NIF challenged the perception that controlled fusion
energy is out of reach. In both cases, the gap from their largest predecessor facility was huge, with
considerable uncertainties in the physics understanding upon which the machine specifications
were predicated [26]. It is also true that neither JET nor NIF reached their goals immediately, and
that they have been successfully operated and their performance substantially improved through
significant design modifications and machine upgrades throughout their lifetimes.
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With careful and periodical maintenance and enhancement, the complex JET facility was in
operation more than four decades and is a good example of where a staged operational approach
has been applied. Substantial increases in auxiliary power, an internal poloidal divertor, significant
remote handling capability and change of the first wall and divertor materials have been
implemented at various points during JET’s operational lifetime.

Fortunately, JET was designed with sufficient flexibility to prepare for the envisaged and not
envisaged upgrade paths and, notably, the inclusion of D-shape TF coils in the original design
proved to be a key design decision that allowed the subsequent inclusion of a divertor. In addition,
remote handling (RH) tools were developed in JET from the beginning, well in advance of DT
operations, and have been instrumental in the refurbishment/repair of components in conditions
where machine access was very limited.

In the case of NIF, results from experiments on precursor laser facilities, such as the Nova laser
facility at the Lawrence Livermore National Laboratory, and simulations of ignition target designs,
pointed to the need to design NIF to deliver 60 times more energy across nearly 20 times more
beamlines than Nova, an enormous scale-up of complexity that would require numerous
technologies to be invented. Innovations included new techniques for fabricating the glass for
NIF’'s 192 laser beams and means to rapidly grow the high-purity KDP crystals that were needed
to convert laser to higher frequency. In addition, a novel method was invented to rapidly and
cleanly switch the laser beams into and out of the amplifier chain. In time, NIF! met all of the
challenging performance goals specified when it was designed and began operations in 2009. It
did eventually reach ignition through a deliberate process of devising innovations to overcome
identified hurdles.

Progress was needed on many fronts. Development of effective means to mitigate damage to laser
glass enabled NIF to operate at higher energy and power levels. Target designs were refined
through a combination of enhanced physics simulations on more powerful computers and vastly
improved experimental diagnostics. This included choosing the optimum hohlraum trading off
several aspects including laser-plasma interactions, hohlraum energetics, capsule performance,
laser performance, drive asymmetry. In addition, techniques for manufacturing targets were
developed to make the highly precise cryogenically cooled targets needed to achieve ignition.

While these considerations in terms of flexibility and staged operation are very important,
extrapolation to the next generation of fusion reactors for both MFE and IFE with the notion of
progressive learning and machine adaptation and refurbishment, requires some caution. Work in

1 Since 2008, U.S. researchers at the National Ignition Facility (NIF) at Lawrence Livermore National Laboratory have
been supporting national security by conducting experiments with powerful lasers, using inertial confinement
approaches, to enhance nuclear weapon stockpile stewardship and some basic fusion science. Stockpile stewardship
includes science-based assessment of the reliability of nuclear weapons to assess and certify the stockpile without
nuclear explosive testing.
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Europe [28] addresses, at least preliminarily, the problem of designing and operating a future
fusion power plant with a “staged operation” approach. The need to include sufficient flexibility
in the design of EU-DEMO to accommodate improvements in plasma performance and design
improvements of core components is generally supported.

However, for a nuclear fusion reactor (for example, the EU-DEMO, and even for ITER), this
flexibility is limited, and it is not currently clear to what extent this can be achieved due to many
interrelated aspects that affect design margins, safe operation and maintenance, regulatory
conformance and machine performance. The benefits of adopting a flexible design approach are
illustrated in

Figure 9.1, where a planned progressive evolution of the system (i.e. from Period 1 to Period 2
and beyond) provides a mechanism for increasing the performance of a particular function or
functions over the course of the operational life.

It also provides the opportunity to close possible performance gaps with respect to the target
performance levels and provides greater flexibility in agreeing system requirements. An initial
analysis [28] of the potential upgrade paths for EU-DEMO is provided elsewhere. Whilst certainly
not exhaustive, this analysis shows that there are interrelated aspects, and it will be necessary to
investigate how this embedded flexibility affects other system attributes such as performance,
safety, risk and cost. A key element of such an analysis is the capability of remote handling to
replace highly activated and contaminated components in a timely manner.

Objective
function 4 (b)

— Flexible design

Required
performance - -cccodecaaciocaaccicaiiccccacaociiiaacaaas

in P2 : ‘4_‘_ New performance gap

------- of the flexible design

Required
pefformance | ~ T T T 4 U
in P1

Possibly a small performance gap with
respect to the optimal point design

> Time
Period 1 Period 2

Figure 9.1. Staged approach through flexible design [137].

However, it should be noted that it is much more difficult to adapt a highly irradiated machine
than previous experiments, and these limitations have to be considered in the design phases. One
should for instance not expect to make major upgrades to the final physics performance by
installing new equipment, and one should have the objective of simplifying and optimising things
like diagnostics once one can infer what is going on, so that they interfere less with reliable
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operation. Consideration of the impact that upgrades may have on established interfaces must be
given great attention, e.g. the blanket remote maintenance tooling and procedures will be
designed to suit a particular configuration of cooling pipes, structural attachments and other
service connections. For example, it would not be possible to increase the breeding blanket
operating temperature to increase the thermodynamic efficiency and the net electrical power
output by installing a second set of breeding blankets made of high-performance steels. Due to
an increase in temperature, this would require major upgrades of Primary Heat Transfer System
and Balance of Plant System, which are unlikely to be feasible. Likewise, it will be impossible to
achieve a higher blanket operating temperature by changing coolant i.e. water to helium as the
coolant choice determines so much of the plant architecture (blanket design, pumps, HEXs, pipes,
valves, etc.) that changing it would be completely unfeasible.

It will not be possible to increase the pulse duration by increasing for the flux swing of the central
solenoid and upgrading it would be a major dismantling exercise in a nuclear environment.
Nevertheless, one could think of a “progressive” approach by starting with a less optimised
thermo-hydraulic or mechanics design (larger safety margin) of some of the internal replaceable
components to cope with large uncertainties in the overall reactor loadings and performances.

In addition, it may be decided to deploy more efficient and performing solutions for diagnostics
and auxiliary H&CD systems like Electron Cyclotron (EC) or lon Cyclotron (IC) heating systems
designed to operate into replaceable port plugs. The latter would enable extending the purely
inductive pulse duration and potentially improve the plant efficiency. The benefit in this case could
be, for example, an extension of the service life of in-vessel components through a reduction of
the number of thermal cycles — because of an increase of pulse duration.

Other lessons learned when designing future energy systems, confirmed and amplified by the
ITER experience, are the challenges linked with the complexities of the design, the integration of
a large number of critical systems that have many interdependences, the overall plant
performance and availability, the uncertainties of some of the underlying physics and technology
assumptions, and the qualification, fabrication, assembly of first-of-a-kind (FOAK) fusion nuclear
technologies. These are summarised below mostly with a focus on the MFE context.

Integration challenges- the design of ITER and indeed, of any future fusion reactor, is affected by
a high degree of complexity and system interdependence and multiple design drivers across
various systems that impact the design and performance of the plant. For instance, the choice of
the coolant affects the overall design layout of the plant, and has a strong impact on design
integration, maintenance, and safety due to the interfaces with all key nuclear systems. Safety,
including radiation shielding, plays a major role in the design process, and an early engagement
with licensing regulators is essential to understand and tackle licensing requirements through
design.
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Design dealing with uncertainties in physics and technology- A variety of fusion power plant
system MFE and IFE designs have been studied in the past across the world [29], but the
underlying physics and technology assumptions were found to be at an early stage of readiness.
New designs must ensure that there is full compatibility between the physics and technology. The
choice of the underlying assumptions made on some important physics parameters, such as
density, confinement scaling law, beta, power and particle exhaust have profound implications on
the size and cost of the device. System codes are used to determine machine parameters. These
are programmes that attempt to model an entire fusion power plant self-consistently subject to
physics and technological constraints.

The results should therefore represent a preliminary assessment of a realistic and achievable
power plant - subject to the validity of the underlying assumptions. Sensitivity to these
assumptions and constraints can be tested using a system code to, for example, compare the
effects of an improvement in plasma energy confinement on the final plant design, or to show the
consequences of having to limit heat transfer to the divertor to match the constraints on the high
heat-flux materials. Establishing performance requirements and realistic project development
schedules is expected to be a strong driver in the selection of the technical features of the device,
possibly favouring more conservative technology choices for near-term solutions.

The development of an advanced design which incorporates significant changes in comparison
with existing practice would require more R&D, feasibility tests, and the willingness to take a
higher risk. As most components or materials that are used in ITER are not fully reactor relevant,
further developments beyond ITER are needed and will stem from imperative design drivers that
cannot be compromised by lack of representative operating data. The impact on the overall plant
safety, reliability and availability of the various system design options must therefore be analysed
in an integrated approach, with development testing and qualification programmes developed
accordingly.

Qualification, fabrication, assembly of FOAK fusion nuclear technology — Because most of the
high-tech systems and components of a fusion reactor are not commercially available, their
development can require long and expensive research, development, qualification and
demonstration programmes with high risk of failure. This book has shed light on the intensive
efforts taken to validate all specific technologies adopted by ITER, and the risks that, nonetheless,
have emerged during the fabrication and assembly of some of the critical components.

Lessons learned from fission- To make sound choices concerning the future path of fusion power,
one should draw important lessons from the fission experience of developing and deploying
reactor plants through successive generations. The fission evolution has been catalysed by the
need for advances in safety, materials, technology and commercial attractiveness in addition to
strong involvement of industry from the beginning.
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Different types of new nuclear plants are being developed today that are generally called
advanced reactors. In general, an advanced plant design is a design of current interest for which
improvement over its predecessors and/or existing designs is expected. Advanced reactors consist
of evolutionary designs? and innovative designs®, the latter including Small Modular Reactors
(SMR) requiring substantial development efforts. Those are more ambitious and differ from
evolutionary designs in that a prototype or a demonstration plant is required especially, to
demonstrate the overall system integration of the plant. The paradigm used in fission for the
justification and the definition of the top-level requirements of a demonstration prototype in
fission are described in table 9.1 [32].

Table 9.1. Key requirements driving the design goal of a prototype in fission.

Safety Safety analysis of the prototype should be as similar as possible
to the safety analysis of the commercial plant.

Safety and design methodologies (including the
simulation/analysis codes) shall be validated.

Adequacy of the safety requirements shall be also validated.

Design and technical The adequacy of the design requirements to satisfy the plant
solution operations and safety requirements shall be validated.

Then, those design requirements shall be propagated to the
plant design, verified and validated, to finally demonstrate the
system integration of the plant.

Technical solutions should be based on maintaining proven
design features to minimise technological risks, but both
highlighted the need to take risks when the reward is significant
and there is a back-up plan.

The plant design should drive R&D and not the other way round

2 Evolutionary design - is an advanced design that achieves improvements over existing designs through small to
moderate modifications, with a strong emphasis on maintaining proven design features to minimize technological risks.
The development of an evolutionary design requires at most engineering and confirmatory testing.

3 Innovative design - is an advanced design which incorporates radical conceptual changes in design approaches or
system configuration in comparison with existing practice. Substantial R&D, feasibility tests, and a prototype or
demonstration plant are probably required.
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Reliability and maintainability should be key drivers: provide
design margin (overdesign) where technology limits and budget
will allow, since this will increase machine longevity, reliability
and capability, when considering enhancements.

Plant availability Prototype should reach high availability factors = This biases
the selection for conservative solutions with high TRL (i.e.,
reliability) from the very beginning.

Component lifetime Component operation under nuclear conditions must
demonstrate the potential to achieve lifetimes necessary for
cost-efficient plant operation.

Inspectability/ Prototype should be designed with demonstrated inspection
maintainability and RH sequences.

In contrast to fission, where the benchmark design point is represented by existing operating
plants (mostly Gen Il) with very high availability, the only broadly representative fusion plant that
will exist in the next thirty years is ITER.

9.4 Alternative Magnetic Confinement
Configurations

Other magnetic confinement approaches to fusion exist alongside tokamaks at varying degrees of
maturity. In this section, the most extensively studied, stellarators and spherical tokamaks will be
discussed.

9.4.1 Stellarators

Notable among these alternative MCF configurations is the stellarator, relying once again on a
helical magnetic field in a torus but, in contrast to the tokamak, produced entirely via external
fields. This has the advantage of offering true steady-state operation, however, at the expense of
increased engineering complexity. A tokamak, by contrast, requires the ramping of a voltage in its
central solenoid to induce a plasma current, even if it can in principle be sustained non-inductively
in steady state operation employing external current drive.
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The experience gained with the construction and operation of Wendelstein 7-X [33] (W7-X, as
illustrated in Fig. 9.2) in Germany has been extremely valuable and will impact future stellarator
developments.

The goal of the project is to demonstrate the fusion reactor potential of optimised stellarators
and to operate for the first time fusion-relevant plasmas under full steady-state conditions.

outer vessel ports and domes

/ ‘,/ﬁ i central support ring l :

A TR
/ . Sna vessel

'4"' ’

1 A
plasma &
——

vacuum field
Poincaré sections

Fig. 9.2. Wendelstein 7-X with all its fittings and trimmings.
A 16-m wide container enclosing all the magnetic coils and their helium cooling liquid, with 250 access port.

Since the early 1980s, several conceptual design studies of stellarator power plants have been
performed in the USA [34], [35], [36], [37], Germany [38] and Japan [39]. A key breakthrough for
modern stellarators has been the inception of (non-planar) modular coils [40] that provide much
more freedom and flexibility in design compared to classical stellarators that rely on large helical
coils. With the invention of modular coils, the W7-X design soon followed and was accompanied
by corresponding reactor concept studies known as HELIAS [41].

Some effort was devoted to study compact stellarators comparable in size to advanced tokamaks
to reduce capital costs, but this compactness was found to introduce complexity to all power core
components, causing difficulties in fabrication, assembly, and maintenance. In recent years, there
has been a renewed interest, triggered by private investors (see Section 9.10), to reconsider some
of the options that were discarded in the past, or new approaches, on the basis of progress in
plasma physics and technology. Stellarators are an area of active development and innovation
worldwide (see for example [42], [43], [44], [45], [46], [47]).
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Some of the specific critical engineering issues associated to this configuration include:

e Complexity of coil configuration and in-vessel component design - Modular, highly
shaped, non-planar coils for stellarators can have quite complex geometries and result in
a non-uniform coil bore and more complex in-vessel components. The non-planar coil
incurs large bending forces that necessitate a more complex support structure to
accommodate the loads. Large non-planar coil excursions can lead to interlocking coils
that hamper assembly. New machine configurations have been developed that are
compatible with sector maintenance of in-vessel systems and more conventional support
structures [48]. The first wall (FW) and surrounding in-vessel components need to
conform to the non-uniform plasma. Within each field period, the configuration changes
from a bean-shape to a D-shape, and then back to a bean-shape (see Fig.12.2.),
continually switching the surfaces from convex to concave over a toroidal length of ~20 m.
This means the FW and in-vessel component shapes vary toroidally and poloidally,
representing challenges to 3D modelling, fabrication, design integration, and
maintenance.

e Coil distance and shielding- An important aspect of stellarator coil design is the fact that
there is a trade-off between coil shape complexity and plasma-coil distance. Generally,
the non-planar coil excursions grow as the plasma-coil separation is increased. Therefore,
for experiment scale stellarators, the coils are placed close to the plasma in order to
reduce coil complexity. For a reactor-scale stellarator, the blanket and neutron shielding
must fit between the plasma and coils, increasing the demand for plasma-coil separation,
and consequently negatively impacting coil complexity. The plasma coil separation can be
increased if the plasma and coils are scaled up together by the same factor, but this
approach leads to large facilities. This was, for example, the case for the HELIAS-5 study
because it conservatively reserved over 1.3 m space for the blanket. Any theoretical or
numerical advances that lead to plasma shapes allowing for larger plasma-coil separation
while retaining simpler shaped coils will have a significant impact on the design and size
of future stellarator reactors. Consequently, this is an active area of research in the
stellarator community. New computational tools have been developed to address the
combined physics and technology requirements.
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Maximum available space Minimum available space

8 FW+ Armor: 27 mm
B Breeding zone: 500mm

® FW+ Armor: 27 mm
B Breeding zone: 500mm

B Space for shielding:
- Blanket back ~ 120 mm
= Wwalls: 2 x 60 mm
- VVshield: ~200 mm
- Total space for shielding:
~ 440 mm
® Total thickness: ~ 967 mm

B Space for shielding:
— Blanket back ~425 mm
- Wwalls: 2 x 60 mm
= VWshield: ~200 mm

— Total space for
shielding: ~ 745 mm
B Total thickness: ~ 1272 mm

=> In such areas breeding zone
must be reduced/ minimized
and/or efficient shielding
materials must be utilized

=> Presumably sufficient for
satisfying breeding and
shielding requirements

Fig.9.3. CAD model of a half field period of HELIAS 5-B showing maximum (outboard) and minimum (inboard)
available space for breeding and shielding [49].

Divertor heat loads- similar to tokamaks, a large fraction of the plasma power should be radiated
in order to limit the heat load on the stellarator divertor plates to below ~ 1T0MW/m?2. Such
detachment conditions have been realised in W7-X with stable conditions of nearly 10 minutes.
These results seem encouraging for the energy exhaust, but at this moment the particle exhaust
in W7-X lacks behind. As W7-X is an experiment, it features a flat, open divertor, which allows
particles to escape both toroidally and poloidally, restricting the pressure that can be reached for
effective pumping. Consequently, a reactor scale stellarator would likely need a closed divertor
with baffling similar to tokamaks but is so far in the very early conceptual design phase. From the
engineering side, it is important to accurately arrange and place the target elements in the 3D
geometry to avoid leading edges and evenly distribute the heat. Besides careful tailoring of
divertor plate shape and orientation to reduce the peaking factor, an optimised alignment of
plates could lead to an acceptable solution [50].

Additional Heating Systems- Heating systems and technology with minimal port size will be
needed to alleviate the streaming problem and enhance the tritium breeding ratio (TBR). For
stellarators, ECRH only is capable of sufficiently heating the plasma, which allows for a high-power
density and consequently small ports and blanket penetrations minimising the impact on TBR.
Due to the 3D geometry, an optimal injection position needs to be found that is consistent and
integrated with the complex coil set. Finally, stellarators have an advantage over tokamaks in not
requiring current drive, so they can operate close to ignition and their heating systems and launch
structures can be simpler. This also would decrease the re-circulating power requirements and
have beneficial impacts on the operating costs of a power plant.

Fabrication, integration, and assembly- Fabrication of stellarator components (FW/blanket, shield,
vacuum vessel, coils and their supporting structures) with conventional means would be very
challenging and costly as such components vary in shape and curvature throughout the field
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period. Innovations in fabrication technology in recent years (including additive manufacturing,
nano-structured metals, precision casting, and advanced joining technologies) can create unigue
shapes directly from the CAD definition with reduced labour and final machining- a “game
changer” for stellarators. During the fabrication of W7-X components and assembly process, many
challenges arose, some of them having been foreseen, others appearing unexpectedly. One
constant challenge was the required accuracy of the fit required to the numerically optimised
magnetic field.

Remote maintenance and access- Maintaining and replacing stellarator components can be
considerably more challenging compared to tokamaks if the access to internal elements is limited
by the lateral space between modular coils [51]. This space determines the maximum dimensions
of blanket and divertor modules. A port maintenance scheme is generally more complex and time-
consuming (compared to sector maintenance) resulting in a negative impact on availability. An
alternative approach under consideration is based on sector maintenance, which involves
removing a complete toroidal section of the reactor without removing individual coils. This
approach forms for example the basis for the chosen maintenance strategy of the Stellaris
reactor [52]. However, this method implies disassembly the vacuum vessel which is presently
considered to be the first confinement barrier, and its opening would lead to the need to minimise
the spread and control radioactive contaminants which represents a potential showstopper.

This would also require removing possible structural attachments between the sectors and the
support frame, uncoupling coolant and electrical connections and removing pipe assemblies,
controlling decontamination. Removal of a torus sector is a major operation which needs to be
proven as feasible and accepted for its safety implications. This option was considered in the past
also for tokamaks but then abandoned [53], [54]. Alternatively, demountable coils have been
proposed that could offer completely new approaches to maintenance residing somewhere
between port-based and sector-based maintenance. But it remains to be seen if such
demountable coil technology can become a reality [55].

9.4.2  Spherical Tokamaks

The spherical tokamak (ST) has also long been recognised to have the potential to provide a
compact fusion neutron source for a range of fusion applications. The ST is a tokamak magnetic
configuration characterised by a low plasma aspect ratio, A < 2, as well as large elongation, k > 2.
This geometry leads to a strong intrinsic plasma shaping and enhanced stabilising magnetic field
line curvature that supress pressure-gradient driven (ballooning) instabilities. These unique ST
characteristics enable the achievement of high-beta plasma (beta being a measure of the plasma
pressure relative to the applied magnetic field) and provide access to an expanded range of
plasma parameters and operating regimes relative to the standard aspect ratio tokamak.

The ST also offers stability at high elongation which permits operation at high bootstrap current
fraction, leaving only a modest external current drive requirement. The low aspect ratio of the ST
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provides a reduced surface area to volume ratio, and enhanced neutron flux peaking on the
outboard side, where breeding blanket modules are located. The ST configuration can provide
high neutron wall loading > 1 MW/m2 with modest device sizes (with plasma major radius in the
range of 1 to 2 m). A potential advantage of the small ST is reduced fusion power and tritium
consumption for a given neutron wall loading that could mitigate the requirement for tritium self-
sufficiency.

The promising results from the pioneering spherical tokamak, Small Tight Aspect Ratio Tokamak
(START) [56], have been further studied on MAST [57], MAST-U, NSTX [58], ST-40 and other small
facilities. These include good tokamak-like confinement, low halo current magnitude and
asymmetries, high natural elongation and high B capability, all of which are attractive features for
a fusion power plant. The STEP programme in the UK aims at delivering an integrated concept
design for a fusion power plant based on the spherical tokamak, as illustrated in Fig. 9.4 [59]. The
STEP effort comprises developing and identifying solutions to the challenges of delivering fusion
energy with ambitious technical objectives including the construction of a fusion power plant by
2040 [60].

However, there remain several engineering issues unique to ST (outlined below) and future plants
should optimise the configuration from the engineering viewpoint, not only for physics.
Performance and lifetime of the central-column- The centre-post is the focus of attention in a ST.
It gives the machine its distinctive characteristics and advantages over a conventional tokamak.
Two different approaches, resistive and superconducting conductors, have been explored in the
design of the central column. Use of resistive conductor has considerable influence on the design
and performance of the entire power plant due mainly to its electrical power requirements which
are dominated by the centre rod conductor. The low aspect ratio and steady state TF coil current,
combined with the effects of neutron irradiation on the structures, lead to compromises in the
centre column dimensions and choice of materials and is a major engineering challenge.

It needs to be very narrow, yet carry a very large current, while being ~10 cm from the hot plasma.
Besides suffering from high heat loads (>100 MW) causing very high thermal stresses, an
insufficiently shielded resistive centre-post would result in the alteration of the radiation-sensitive
electrical properties of the insulation of the conductors and the conductor itself which would
become rapidly brittle after short operations and would need to be replaced often. With a centre-
post weighing between 800-900 t, the problem of replacing the centre column very frequently
would be very challenging from a technical, economical and nuclear waste standpoint.

An alternative approach is to use superconductors as in the STEP design and accept a somewhat
higher aspect ratio. Shielding is required, which increases the aspect ratio modestly. The lifetime
must be assessed considering the conductor material to be used and depending on what
radiation-induced effects cause to the centre-post, and its impact on mechanical and electrical
properties.
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Tritium-breeding- Another problem is that the configuration of a ST puts a limit on how large a
fraction of the torus area can be used for tritium breeding. Achieving tritium self-sufficiency in a
ST is a challenging task, more so than in a conventional tokamak. The centre-post and the low
aspect ratio rule out an inboard tritium breeding blanket. As in others magnetic configurations,
the plasma support systems such as the divertor, the heating and current-drive and heating could
cover 10%- 20% of the first wall area, reducing further the breeding blanket footprint. Tritium self-
sufficiency is an unescapable requirement of any reactor concept with large fusion power and
long operation time and is a key challenge for the ST.

Non-inductive current drive- With the central hole of the torus squeezed as much as possible,
there is little room left to fit in all the necessary equipment for a central solenoid which would be
needed if a current was to be inductively driven. Consequently, for an ST configuration, instead of
induction from a central solenoid, some other current drive methods must be applied. Important
for the viability of the spherical tokamak concept is that progress has been made in alternative
(non-inductive and other) current drive schemes, also inspired by the fact that an eventual reactor
must be able to operate in a steady state, and not as a pulsed device. Several forms of non-
inductive start-up are presently under active investigation, aiming at minimising or eliminating the
need for a central solenoid. In addition, an active area of research is current drive during both the
current ramp-up phase as well as during the steady-state phase. This is a common research area
with tokamaks, which plan on operating in a steady-state mode.

Plasma exhaust and the design of the divertor- As for a conventional tokamak, there are large
uncertainties in the peak power density that must be handled due to uncertainties in the scrape-
off layer (SOL) thickness and the type of plasma scenario. Previous designs have recognised the
challenge arising from high heat flux and high erosion rates projected in ST power plant divertors,
leading to consider operating in a double null configuration, forming both an upper and lower
divertor. To accommodate the high erosion rates and heat fluxes developed in the divertors a
novel system based on the use of a cascading flow of silicon carbide pebbles has been
evaluated [61]. Although this system might overcome the heat flux and erosion rate issues it raises
new technical uncertainties that require further evaluation before its effectiveness can be
assured.

More recent concepts adopt alternative magnetic configuration concepts, for example double-
null, snowflake, and super-X, which potentially could offer mitigation solutions to this issue and a
route to achievable divertor power handling in DEMO [62]. However, these options impose
significant changes on machine architecture, increase the machine complexity and affect remote
handling and plasma physics, and so an integrated approach must be taken to assess their
feasibility.

Finally, liquid metal divertors have been also advocated for solving the problem of power exhaust

in STs. Although the enhancement of the power handling capability of liquid metal divertor
designs compared to conventional solid divertor plate solutions, have been demonstrated in test
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facilities, they have not been tested in high power fusion facilities. Experimental and modelling
work is in progress in narrowing down and characterising the limited number of technical options
available, where significant open technical/scientific issues (e.g., safety, corrosion, T-retention,
impurity influx. design integration etc.) remain.

Fig. 9.4. Cross-section of the STEP spherical tokamak as shown in Ref. [59]. The left image gives a 3D cut through of
the device, while the right image shows a two-dimensional slice of half the machine.

9.5 Alternative Fuels

The advent of fusion start-ups during the last decade has brought renewed attention to the use
of advanced fusion fuels that produce fusion with significantly reduced neutron production. The
problems of radioactivity and materials damage caused by high-energy neutrons from the DT
fusion reaction have led many observers to advocate for the development of so-called ‘advanced’
fusion fuels, which would create a fusion reaction with reduced neutron production, compared
to DT. The two ‘advanced’ fuels generally considered most important are 1H+11B and D+3He.

Reactor concepts have been proposed [63] [64] but advanced fuels do introduce new challenging
problems.

H+B = 3 “He (Q=8.7 MeV)
2D+3He >*He+H* (Q=18.3 MeV)
* neutrons produced in D+D reactions

A major problem is that any other fuel would have a much lower reaction rate than DT. Because
of the lower fusion reactivity, the power density in the plasma for a given plasma pressure is
smaller for any other fusion fuel than for DT. Operation with advance fuels requires much higher
plasma pressure in order to achieve a comparable power density implying much higher
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temperature operation and increased energy confinement time or a much larger plasma volume
in order to achieve the same power output. This size disadvantage may be somewhat mitigated
by the reduced shielding requirement with a neutron-free fuel cycle, but the substantial fusion
reactivity advantage of DT with respect to any other fusion fuel should enable the design of more
compact DT fusion reactors based on any magnetic confinement concept, assuming that a
sufficient Tritium Breeding Ratio (TBR) can be achieved and appropriate materials developed for
a power plant.

Another point, which is often overlooked, is that the neutrons from DT fusion carry 80% of the
fusion energy through the first wall to be deposited over the volume behind it, leaving at most
20% of the fusion energy to be transferred as heat through the first wall. On the other hand, a
much larger fraction (approaching 100%) of the fusion energy (less any that is diverted) must be
transferred as heat through the first wall or captured in some way by direct conversion of charged
particles, with advanced fuels.

Advanced fuels provide an interesting opportunity for the long term, but the alternate
confinement concepts with higher projected pressures which are required for plausible
‘advanced’ fuel reactor concepts are at a very early stage of development.

9.6 Inertial Fusion Energy Systems

Different combinations of drivers, including lasers, heavy ions and Z-pinch, and targets directly
coupled to the driver (direct drive) or indirectly coupled to the driver through a holhraum (indirect
drive) can be envisioned as variants of the IFE approach, to develop inertial fusion energy
including lasers with indirect drive targets [65], [66] as in NIF, and with direct drive targets [67]as
in designs for next stage facilities such as HiPER [68].

There is an important growing effort in IFE research, with new MJ-class laser facilities, such as NIF
in the USA and LMJ [24] in France, and the upgraded MJ Z-pinch ZR facility in the USA. It is also
expected that globally, inertial fusion energy research will receive a major boost by the recent
advances at NIF and will lead to acceleration of existing national inertial fusion energy
programmes or establishment of new programmes (See section 9.3).

The projected performance of inertial fusion reactors, which are anticipated to have a large
recirculating power, is very sensitive to the driver efficiency, which needs to be improved
substantially from the present level for a power producing reactor. Many concepts for IFE chamber
components have been advanced in design studies during the past 20 years. In general, chamber
designs can be classified into three general types: dry wall, thin liquid protection and thick liquid
walls. These use different schemes to ensure the survival of the first wall from the neutrons, X-
rays, and target debris: gas protection for dry walls and liquid protection for the other two. In each
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case, the requirement for survival of the first wall leads to challenging constraints on the chamber
size and geometry, material choices, and maintenance of the chamber protection scheme. As an
example, the LIFE power plant study [69] assumes a laser driver and indirect drive target, as
illustrated in Fig. 9.5 which shows a schematic of the fusion operations building including the laser
system (only the top laser beams are shown), the fusion chamber, and primary-to-intermediate
heat exchangers.

Although the recent energy gain breakthrough at NIF is a major milestone on the way to inertial
fusion energy production, several challenging scientific and technological open issues remain.
Many of these are associated with the high repetition rate required for an IFE reactor (of the order
of 1-10 Hz) including: (a) wall protection, which involves hydraulics and flow control for liquids
and includes ablation damage and lifetime for solids; (b) chamber dynamics and achievable
clearing rate following capsule ignition and burn; (c) cryogenic target fabrication; (d) handling,
injection and tracking in the chamber environment; (e) propagation of beams to the target; (f)
final-focus shielding and magnet/ optics thermal and neutron response; (g) coolant chemistry,
corrosion, wetting, and tritium recovery; (h) neutron damage to solid materials; (i) safety and
environmental impacts of first wall, hohlraum, and coolant choices.

Fig. 9.5. Schematic of the LIFE fusion operations building showing the modular laser, fusion chamber and primary-to-
secondary heat exchangers [69].
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9.7 Common Design Issues and
Technology Challenges

Some challenges to realise fusion plants are highly concept specific, such as the development of
high efficiency, high-power laser systems for IFE or developing an effective heat exhaust solution
in MFE. The primary issues in contrasting the prospects of inertial and magnetic confinement
reactors are the target physics and laser efficiency extrapolations required between present
experience and a reactor. For magnetic fusion, the efficiency of the driver- the heating and current
drive systems--is less critical to projected reactor performance but can have a significant impact
of the economics of a steady state tokamak or spherical tokamak.

Regardless of the core fusion system though, there are several common issues with all fusion
power plant designs. This may provide opportunities for knowledge transfer and collaboration
between plant designs. Table 9.2 shows a simplified list of features that distinguish ITER from the
design of a succeeding fusion energy demonstration plants to explore the issues relating to a
commercial fusion power plant.

Some of the overarching challenges that must be addressed in any design when stepping up from
ITER include the issues of component/system reliability and the impact on plant availability,
tritium breeding and extraction from the breeding blanket (to achieve tritium-self-sufficiency from
day 1), tritium handling in the tritium cycle, tritium fuelling and control, nuclear shielding, remote
handling and maintenance activities, and materials and their survivability in the high-energy
neutron environment of DT fusion. Some further considerations on these topics are provided
below.

Table 9.2. The main engineering differences between ITER and a future device producing electricity

ITER Future Electricity Producing Devices

Narrower operating space.

Nearer to a commercial power plant but with
some development missions

Experimental device with physics and

technology development missions Demonstrate adequate level of plant availability
for extrapolation to a reactor.

Component reliability and plant maintenance
are very important.
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Large number of diagnostics

Fewer diagnostics and control actuators for
operation.

Multiple H&CD systems.

Optimised set of heating systems (and non-
inductive current drive if appropriate)

No tritium breeding requirement (except small
guantity in TBMs)

Demonstrate tritium self-sufficiency

Rely closed tritium fuel cycle—tritium breeding
blanket, processing and
recovery, tritium storage.

tritium extraction,

Conventional 316 stainless steel structure for in-
vessel components

Nuclear hardened, reduced activation structural
materials for the breeding blanket

Large margins, necessitated by
flexibility — of

operations and lack of fully appropriate design

design

uncertainties, experimental

codes.

With ITER (and other) experience, design should
have smaller uncertainties

Very modest lifetime n-fluence, low dpa and He
production

High n-fluence, significant in-vessel materials
damage

Cooling system optimised for minimum stresses
and sized for modest heat rejection

Thermodynamic conversion to electricity

Cooling system optimised for electricity

generation efficiency (e.g. higher temperature
and pressure)

Experimental campaigns. Outages  for

maintenance and limited component

replacements.

Maximise availability. Demonstrate effective and

efficient  maintenance and  component

replacement technologies

Remote maintenance system, active handling
facilities and storage, and recycling and waste
management;

Licensing as experimental facility.

Demonstrate safe failure, mitigation of and
recovery from fault conditions

Licensed as a fusion power plant
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Established codes & standards applicable to a
reactor.

A recent study [70] identified the technical attribute of a fusion energy demonstration plants and
their main differences with commercial fusion power plant. The examples briefly discussed here
are the cost of electricity (CoE), the plant availability (see also section 9.8) and the thermodynamic
conversion efficiency. The generation of electricity at an economically competitive cost is not
recognised to be a necessary attribute of a fusion energy demonstration plant, at least in several
programmes among the ITER participating nations. Similarly, the demonstration of availability that
is comparable to contemporary industrial standards, typically 70-90% [71], is not required in a
demonstration plant and given that the duty factor of existing fusion devices is less than 1%, a
value of around 30% would represent a more acceptable goal, given the lack of reliability data for
most components.

The same considerations would apply to demonstration of thermodynamic efficiency that is of
the same order as contemporary industrial standards (typically 30-60%). It is difficult to set a
specific target as there is no prior experience with a fusion device. Furthermore, the
thermodynamic efficiency will be partly determined by the choice of coolant and the operating
temperature of the tritium breeding blanket, which is the primary heat source of the
thermodynamic cycle. Present demonstration plant designs employ water or helium cooling with
an operating temperature around 500 °C. The latter is dependent upon the structural material
which for present fusion demonstration plant designs is a form of martensitic steel which results
in efficiencies at the lower end of the range. Supercritical carbon dioxide has been considered but
would require the development of a different structural material to take advantage of the higher
operational temperature.

The implications of this discussion are that there will be technical gaps between the next
generation of devices that produce net electricity and economically viable power plants. In
addition to closing the technology gaps, improved physics performance such as increased
confinement or higher beta operation may be required to address the economic issues.
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9.7.1  Tritium Supply and Use: A Key Issue for the Development of
Nuclear Fusion Energy

The issue of external tritium supply from non-fusion sources is recognised to be serious with major
implications on fusion development pathway. In 1997, Paul Rutherford, a fusion theorist from
Princeton, said when talking about the “Tritium Window for the development of DT fusion”: it is
commonly believed that the timetable for D-T fusion development may be extended almost
indefinitely -- being determined by (i) the public's recognition of the need to develop
environmentally attractive long-term energy options, and (ii) the ingenuity of fusion researchers
in devising superior designs for fusion reactors. This belief fails to recognise that the path to
practical fusion power necessarily involves a nuclear technology testing phase, for which very
substantial quantities of tritium will be required [72].

Based on the results of recent studies regarding commercially available trittum [73], [74], [75],
and the forecasts of tritium production in Heavy Water Reactors (HWRs) of Canadian Deuterium
Uranium (CANDU) type-reactors in countries where tritium extraction is carried out, or planned
to be carried out, worst-case scenarios were identified where it would appear that there is
insufficient tritium to satisfy the fusion demand after ITER (see Fig. 9.6 [76]). Tritium consumption
in fusion reactors is unprecedented: a fusion reactor consumes approximately 55.8 kg of tritium
per 1000 MW of fusion power per year. Tritium production rate in fission reactors is much smaller
than the tritium consumption rate in fusion reactors: tritium production in light water reactors
(LWRs) is limited to ~0.5—1 kg/y whilst in CANDU type-reactors produce ~130 g per GWe per full
power-year from n-D reaction.

Ontario Power Generation group sells tritium at zero production cost at 25—-30 million EUR /
kg [77], [78]. The detritiation costs at the Cernavoda CANDU reactor in Romania are estimated at
EUR 275 million per year (excl. capital cost) [79] i.e. tritium produced by this CANDU would cost
~158 million EUR/kg.. Future supply from CANDU depends on whether current reactors can be
licensed to extend life by 20 years after refurbishment, which depends on political, national policy,
and practical issues.

Furthermore, tritium generation in fission reactors requires special tritium breeding systems like
Tritium Producing Burnable Absorber Rods (TPBARs) and is very expensive (~80—130 million
USD/kg) [76]. In addition, the permeation of tritium from the rods might require special-purpose
hardware for removing the rods from the core and would lead to licensing implications. Other
non-fission sources, e.g. proton accelerator (APT), were proved to be uneconomical. Because of
the relatively short life of tritium, which decays at a rate of ~5.5% per year (12.32 years half-life),
and the issues and limitations of tritium production in fission systems, tritium resources available
now from non-fusion sources are irrelevant to evaluating availability of tritium for start-up of
DEMO or other fusion devices which will be constructed 20 years from now or beyond.
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Due to the limited tritium supplies available, achieving tritium self-sufficiency is an inescapable
requirement for any next step nuclear fusion facility beyond ITER. This must be done with a margin
sufficient to compensate radioactive decay during maintenance periods, tritium temporarily
residing in materials and tritium plant, which is not available for fuelling the plasma, and for
starting up new fusion plants. In addition, the site inventory will be tightly restricted by the
regulator, so the amount of tritium outside the plasma at any time must be minimised and losses
eliminated wherever possible.

This may have implications not only for including a breeding blanket in future DT facilities but also
in restricting design and operations to reduce the tritium requirements and perhaps in
constraining the tritium usage in ITER during the final operating phase.

Clearly, there is a need to better understand and monitor the future availability of triium and
understand the impact of limited resources on the timeline of future demonstrator reactors.
However, there is essentially very little that the fusion community can do to exert an effect on the
supply side, as tritium is a by-product of the operation of these reactors and not the primary
economic incentive. Defence stockpiles of tritium are unlikely ever to be shared. The limited
available tritium will also have to support both the needs of fusion start-up companies and
dedicated fusion test facilities.
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Fig. 9.6. Tritium inventory available to provide start-up inventory in the temporal window 2000-2060 [76].
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9.7.2 Lithium Enrichment

The production of tritium in a breeding blanket of a DT fusion device occur in the so-called breeder
region that contains a Li-based solid or liquid material where tritium is produced through neutron
capture, sustaining the following fusion reaction:

SLi+n°=4He + 3H + 4.78 MeV
JLi+n°%=> %He + 3H + n® — 2.47 MeV

The lithium-6 reaction has a very high cross section especially in the low-energy region (see
Figure 9.7). The lithium-7 reaction works with the high energy neutrons. It produces an additional
n that is available for a successive reaction. Lithium-6 constitutes only 7.4% of naturally occurring
lithium (the remaining 92.5 % is in the form of lithium-7). Many fusion reactor designs depend on
an additional material for neutron multiplication to increase the TBR. Most blanket designs
depend on either beryllium or lead as a multiplier. The latter (lead) is abundant, cheap, and
geographically widespread; the former (beryllium) is not. Some blanket designs require
substantial enrichment in the lithium-6 isotope due to the neutronic properties of particular
blanket designs. Moreover, lithium-6 is an export-controlled commodity and worldwide
production is effectively zero.
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Fig. 9.7. Neutron cross-section of lithium isotopes (Source National Physical Laboratory (NPL)).
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The primary problem with lithium enrichment is the lack of scalable and environmentally friendly
methods for separating lithium-6 from lithium-7, which is crucial for certain advanced
technologies like fusion power. Current industrial-scale enrichment relies on the COLEX (column
exchange) process, which uses mercury, is expensive, environmentally damaging, and not easily
scalable [80]. Work is also underway to refine the COLEX process, aiming to reduce its
environmental impact and improve its efficiency and scalability. Researchers are actively exploring
alternative, safer, and more efficient methods for lithium isotope separation, including those
based on chemical exchange and membrane technologies. Other enrichment technologies exist,
but few have been proven at benchtop scale, let alone industrial scale. Studies are investigating
natural processes, like hydrothermal alteration and water-rock interactions, that can lead to
lithium enrichment in certain geological formations.

Further still, breeding blanket concepts based on the use of natural lithium may avoid the
aforementioned issues but potentially at a cost to the tritium breeding performance for a viable
closed tritium fuel cycle. Proliferation concerns may also narrow the market for any fusion reactor
that uses any level of enriched Li-6. However, identifying optimum enrichment levels that balance
technical/environmental/economic feasibility with non-proliferation can facilitate public
acceptance and security, which must be considered as integral to the process rather than an
afterthought. These challenges should not be viewed as insurmountable, and there are
opportunities for new technological approaches.

It is important to recognise that actions are needed to identify and develop effective
methodologies to enrich lithium-6 to avoid a significant bottleneck or, in extremis, a resource
availability with lithium-6 or supply-induced showstopper, that hinders the future rollout of
commercial fusion reactors [81].

9.7.3  Low Readiness of Key Fusion Technologies

The successful commercialisation of fusion energy requires development of integrated and robust
technological solutions validating all reactor systems and components in a fusion power plant
environment, within regulatory and economic constraints.

As with technologies developed in other fields through an iterative sequence of activities, a guide
to the maturity level of fusion design concepts is obtained using a technical readiness level (TRL)
approach. The TRL scale derived from a model used by NASA [82] to assess technology
development for space technology is an established metric for assessing and displaying progress
in the development of technology. It assesses demonstrable technology maturity or “readiness”
on a scale of 1 to 9, whereby TRL 1 is given to a technology in which only basic principles are
understood with degrees of progression towards TRL 9, where full operation in the relevant
environment has been demonstrated.
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Assigning a TRL is a subjective exercise; it requires expert analysis and review. As it is not simply
one individual component that must be developed, but the integration of several different
components and systems. System Readiness Levels (SRLs) can be used to determine the maturity
of combined technologies.

The design of new fusion power plants will benefit largely from the experience gained from the
design, licencing, and construction of ITER, and from its crucial validation of DEMO-relevant
physics and key parts of the technology basis, as shown in Fig. 9.8, increasing its TRL.
Nevertheless, there are outstanding materials and engineering challenges [83], with potentially
large gaps beyond ITER that need to be urgently addressed, including breeding blanket, T fuel
cycle, divertor, materials, and remote maintenance. This is true for MFE and perhaps even more
so for IFE.

TRL before ITER TRL after ITER

LTSC Magnets Nb3Sn

LTSC Magnets Nb;Sn Tokamak Buildings
Vacuum Vessel Vacuum Vessel
Cryopumps ECH 170 GHz

Tokamak Building
Divertor and Divertor RH
NB (1MeV)
Breeding blanket (TBM) Breeding Blanket (TB
DEMO Blanket RH

Fig. 9.8. lllustrative maturity readiness of critical fusion technologies now and after ITER (red: low TRL, orange:
medium TRL, green: high TRL). Blanket here refers to breeding blankets and not to the shielding blanket of ITER
whose TRL is much higher) [136].

Two outstanding technological issues are the achievement of tritium self-sufficiency in the
breeding blanket and of reliability and high plant duty factor for an integrated fusion reactor
system. These represent potential showstoppers for fusion and are further discussed in Sect. 9.8.

9.7.4  Research, Development, and Demonstration Priorities and
Metrics

The essential technology and engineering research, development, and demonstration (RD&D)
areas necessary for establishing a fusion power plant are summarised below. While each area is
critical, the first two are regarded as the highest priorities for DT-based fusion energy concepts.

Materials Resilient to Extreme Conditions: A major technological issue is the development of
structural and other materials capable of sustained operation under cyclic stress at temperatures
much higher than current LWRs, that are sufficiently resistant to radiation damage to achieve
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economically relevant lifetimes of fusion reactor components. These materials need neutron
activation characteristics which would enable them to qualify as low-level-waste for shallow land
burial or to be recycled during decommissioning. This technology is at an early to intermediate
stage of development. In particular, the shortage of material test reactors for testing material
properties could hinder the development.

The EU is constructing a dedicated Deuterium-Lithium n-source facility in Granada (Spain), called
the DEMO Oriented Neutron Sources (DONES), which will contribute substantially to gaining
information about the degradation of material properties under neutron exposure at the high
neutron fluence that EU-DEMO blankets will experience. This is mandatory in Europe for materials
qualification and for the development of licensing codes. However, in these sources the irradiation
volume is very small (less than 0.5 | in DONES for high-flux irradiation experiments). Therefore, it
will not provide sufficient information on design reliability or effectiveness of tritium breeding and
extraction. Its main role is to provide a neutron source producing high energy neutrons at
sufficient intensity and irradiation volume to generate materials irradiation test data for structural
design.

Tritium breeding blanket and Fuel Cycle: The breeding blanket is one of the most important and
novel technical systems of any DT fusion power device (MFE or IFE) to follow ITER. Despite its
criticality to the success of fusion power, the maturity of the breeding blanket is still very low with
no such blanket having been built or tested to-date. There remain feasibility concerns and
performance uncertainties in all currently explored concepts. The development and qualification
of sound blanket concepts are, without any doubt, on the critical path for deploying fusion
reactors. Given the importance of the blanket and potential associated regulatory aspects, there
is an urgent need to accelerate its development and testing programme, and to ensure that
adequate design data will be obtained from the operation of ITER and concurrent materials or
component testing facilities, to ensure DEMO tritium self-sufficiency,

Power Exhaust: The extreme power density conditions foreseen in fusion machines during both
normal operation and transient events present significant engineering challenges including for
plasma-facing materials, cooling techniques and component design. This is already the case for
ITER and will be even more so for DEMO-like reactors. Advancing research on suitable plasma
regimes remains a key experimental accompanying programme in that respect.

Remote Handling for Maintenance: Maintenance and repair tasks must be performed remotely
using advanced robotic systems. Development efforts will be needed building on the ITER
experience to develop these remote handling systems for commercial fusion energy applications.

Heat Extraction: The energy generated inside the reaction chamber must be extracted efficiently
and the corresponding components must have high availability, to achieve a competitive cost of
electricity. This implies extracting heat at higher temperature relative to ITER operation for
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improved thermodynamic efficiency. Operation at such higher temperature would require the use
of advanced steels.

Advanced magnets (High Temperature Superconductor (HTS) magnets): HTS offer the promise of
operating at both higher magnetic fields and higher current density coils. They also offer the
potential benefit to increase the magnetic flux in the central solenoid of a long-pulse tokamak.
However, quench protection of NI coils for large-scale magnets is an area in which development
and qualification is still on going. The study [84], [85], [86] showed that high-field TF magnets do
not necessarily lead to a reduction in machine size, as large structures are needed to withstand
the forces. This is a topic of discussion within the community as can be seen in references [71]
and [72]. However, even if not operated at high field but using conventional insulated coils, HTS
can still offer benefits including simplifying the magnet cooling scheme thanks to the increased
superconductivity temperature margin (indirect conduction cooling). This in turn can greatly
simplify coil construction and minimise high-voltage risks at the terminals by decoupling the
coolant and current-carrying functions of the conductor. A concern may be how well such
superconductors tolerate radiation.

The integration of all the technologies needed to build a reliable device is recognised as the
greatest challenge ahead. The ITER design and construction activities described in this book have,
nevertheless, yielded several important lessons for those working on future steps:

1. the importance of normal and off-normal thermal transients (e.g., disruptions) for in-
vessel component design of conventional tokamak and ST design;

2. the importance of nuclear design integration and nuclear safety and quality assurance
culture during all design phases;

3. the criticality of a robust maintenance plan with clear provisions to access areas where
contamination and activation could be higher than initially considered;

4. the need to address more systematically plant layout considerations, including cooling
loops and auxiliary systems, and to provide adequate space to integrate all equipment,
particularly in the tokamak building.

9.7.5 Looking Further Ahead

Conceptual design of commercial fusion facilities is essential for guiding fusion R&D and providing
afocus for development. Conceptual design studies ensure that all physics and technology aspects
are integrated within constraints imposed by physics, materials, and technologies to produce a
system that is technologically feasible and economically and environmentally attractive. Through
investigation of the interactions among physics and technology constraints, optimum goals are set
and high-leverage areas identified which in turn guide even the current R&D effort.

The efforts and development times for the introduction of new materials, technologies, or
manufacturing processes are often underestimated. For instance, developing and qualifying new
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and stronger structural materials for ITER magnets has been a long and arduous road. Large
reactor-scale magnets need large quantities of such steels [87], and novel steels (often with
unusual constituents such as Nb or Mn) come with novel forging and welding problems to which
industrial suppliers are unable to offer solutions.

Multiple high-strength steel developments for ITER, launched in the 1990s, were all discarded by
2010, with one exception (used in the inner leg of the ITER TF coil cases) and, even here, the
original targets had to be much relaxed. An example of the problems that can occur with novel
(and not fully investigated) steels is discussed elsewhere [88]. Another notable example was the
development of a nickel-based super-alloy, called Incoloy as a jacket material for NbsSn. Although
thermal and mechanical characteristics of Incoloy were deemed promising, it was found to be
highly sensitive to oxygen embrittlement [89]. Therefore, although Incoloy was used successfully
in the ITER model coils, the risk of catastrophic failure in operation arising from the problems of
oxygen control in large-scale industrial production were unacceptable. As a result, Incoloy was
finally eliminated as an option from the magnet design in 2003. In addition to materials
development time, there is a significant lead time for the development of manufacturing
processes and tooling.

Another example is the potential application of vanadium-alloys that was considered for the first
wall of ITER in 1993. The main reason for this preference was that vanadium alloys can
accommodate higher heat loads than austenitic and martensitic steels. Other favourable
properties included neutronic properties (low nuclear heating rates, low impact on tritium
breeding performance and low helium generation rates), intrinsically low activation, excellent
tensile and creep properties up to high temperatures, and high strength-to-density ratio.

Not all these properties were necessarily relevant for ITER, but they could have been important
for longer term application in DEMO reactors and beyond. A serious attempt was made to
understand the benefits and the risks and to estimate a minimum time and cost necessary to
execute all the R&D activities to get a well-qualified alloy. It was concluded that about 30 years
would have been needed to carry out the qualification, involving irradiation in material test
reactors which are becoming scarcer. The total estimated cost was of the order of 400 million EUR
in today’s currency. For comparison, the development time for fission reactor materials exceeded
30 years in all cases.

There are multiple strong shortcomings of vanadium alloys, including the high reactivity with non-
metallic elements, such as O, N, C and H (which can lead to embrittlement during the welding and
prolonged operation at elevated temperatures) [90], [91], [92], very high H solubility which could
negatively affect fusion plant tritium inventory and embrittlement due to neutron irradiation at
low-to-medium temperatures.

The two most critical areas, however, appeared to stand out in imposing constraints on operation
of vanadium alloy structures in ITER: low temperature radiation embrittlement and high hydrogen
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isotope solubility. At temperatures in the range 200—400 0C, which was of relevance for the ITER
design concept, radiation hardening severely limited ductility and induced low fracture toughness
of vanadium alloys, even at low dpa levels (<0.5 dpa) [93], [94], [95]. Without precautions such as
hydrogen permeation barriers, the atomic hydrogen/tritium concentration in a vanadium alloy
first wall at temperatures below 300 °C would exceed 1%, which is an order of magnitude more
than could be tolerated from the point of view of mechanical properties. To mitigate these effects,
coatings to form tritium permeation barriers would be required. The only alternative would be to
be to operate the machine with liquid lithium in contact with the vanadium alloy structure, which
would ensure a sufficiently low hydrogen concentration.

However, in this case, because of the electrical properties of liquid metal, such as lithium, all the
pipes would need to be coated with electrical insulators to minimise electromagnetic forces which
would otherwise lead to unacceptably large pressure drops. Due to the then-anticipated tight
development schedule of ITER and the associated need to realise and license its engineering
design within a relatively short term, austenitic stainless steel was finally adopted because there
was no other structural material with a comparably wide database that would be compatible with
water coolant, and for which the limitations were well characterised and acceptable. For instance,
it was well established then that swelling would start being a problem only when the fluence had
reached values of ~10 dpa, exceeding the ITER design requirements.

Solution annealed 316L offered also enough ductility in terms of total elongation to withstand any
plastic deformation in case of a mechanical overload. There was a general consensus among the
ITER participants at the time not to base the reference design on the questionable success of R&D
on key issues of new concepts. To the knowledge of the authors only limited R&D has been carried
out on vanadium-alloy for fusion applications since ~2007. In view of the short deployment times
advocated by some of the proponents of new advanced reactor concepts, the long times to
develop and qualify new materials, including vanadium, should be considered.

9.8 Potential Technical Showstoppers

9.8.1 Performance and Lifetime Issues of Structural Materials for In-
Vessel Components

The performance and lifetime of structural and PFC materials for in-vessel components is among
the foremost considerations for the successful development and deployment of future fusion
reactor systems. The very demanding operational requirements (e.g., elevated operating
temperature, possible cyclic operation with long hold time, prolonged periods of operation, steep
temperature and stress gradients, multi-axial loading, high neutron irradiation damage and very
high production rates of helium and hydrogen as well as corrosion/erosion) that the structural
materials will experience in a DEMO and future fusion power plants are beyond today’s
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experience (including ITER and fission reactors). The challenge is both to improve material
properties towards increased radiation resistance as well as to predict failure mechanisms and
lifetime under service conditions.

There is a history of more than two decades of R&D on structural materials for in-vessel
components, conducted in the US, Japan and the EU, and nowadays in China and India as well.
Based on the service and environmental conditions, the R&D for blanket structural materials
focuses on martensitic-ferritic steels with main alloying elements Cr (8—-10%) and W (1-2%).
Dependent on the application conditions, e.g., on the coolant, the cooling temperature, the
operational mode (“short” cycles or quasi steady state conditions), the material needs to be
optimised in its composition as well as its thermal or thermo-mechanical treatment. For the
component with the highest heat flux, the divertor, there is no unique approach. For water-cooled
design options, as for example in ITER, copper alloys (Cu-Cr-Zr) are the most suitable candidate
materials, which have been well developed and characterised.

One of the most recent assessments of the state of development of neutron-resistant structural,
high-heat flux and plasma-facing materials suitable for use in a fusion reactor can be found
elsewhere [96], [97]. In addition to conventional R&D issues, predictions of degradation of
mechanical properties and lifetime are a fusion-specific challenge. Irradiation campaigns are
widely performed in fission material test reactors; however, they might not result in conservative
data for fusion engineering. Due to the fast 14 MeV neutrons, the production rate of helium (or
hydrogen) under a plasma fusion irradiation spectrum is order(s) of magnitude higher than under
fission conditions, e.g. the production of He in steels is 40 times higher. There is some evidence
though, that the additional effect of He on the swelling and embrittlement of martensitic steels is
limited below about 30 or 40 dpa.

Several neutron sources are already available (e.g. materials test reactors), which can provide the
required neutron flux. However, their energy characteristics are very different from those of a
fusion reactor. Consequently, they can be of interest to study material irradiation effects, but they
are not useful for the qualification of the materials in a fusion reactor. For example, neutrons
produced in fission reactors have a lower energy (typically up to 1-2 MeV) and the number of
transmutation reactions will therefore be much smaller than in the case of neutrons produced in
a fusion-like environment with its 14 MeV neutrons. Conversely, the energy spectra of the
neutrons produced in spallation sources have a very high-energy tail and, consequently, the
number and type of transmutation reactions are much higher than in the case of a fusion-like
environment [98].

In recent decades, a variety of concepts have been proposed for building a neutron facility for
materials qualification. Most of them are based on the production of neutrons by the interaction
between energetic light ions (usually D) and a light target (like Li, C or Be). In the latter case, the
neutron spectra produced are not exactly the same as those in a fusion reactor, but the predicted
effects in the materials have been assessed to be similar. As mentioned in Section 9.8.3, this is the
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approach used by the DEMO Oriented Neutron Source (DONES). The principle is based on Li (d,xn)
nuclear reactions taking place in a liquid Li target when bombarded by a deuteron beam.

The DONES Facility will produce a 125 mA deuteron beam, accelerated up to 40 MeV (5 MW beam
power) and shaped to have a footprint in the range from 100 mm x 50 mm to 200 mm x 50 mm,
providing an irradiation volume of up to 0.5 that can house around 1000 small specimens
irradiated to a high dose rate (over 10 dpa/ fpy). The beam will impinge on a 25 mm thick liquid
lithium target intersecting the beam with a transverse velocity of about 15ms™. The Li(d,xn)
stripping reactions will generate a large number of neutrons (up to 510 n/m?2s) that will interact
with the material samples located immediately behind the lithium target, in the Test
Modules [99].

An interesting alternative approach to producing neutrons on a larger volume is represented by
the so-called plasma-based 14 MeV volumetric neutron sources (VNS) in which a plasma device
with small energy gain (Q<1), but with external heating and an external supply of D and T is used
to produce 14 MeV neutrons. Examples are: 1) the Gas Dynamic Trap (GTD) [100] based on a
special magnetic mirror system for plasma confinement; and 2) other closed magnetic field
configurations, like the so-called Two Energy-Component Tokamak Reactor [101], [102], [103].
Energy ‘break-even’ in any beam-heated reactor was recognised to be attainable with far less
stringent plasma performance than in other fusion reactor schemes aimed at energy production.
For this application, the most important system parameter is fusion power density (that is,
neutron production rate) rather than power multiplication.

Conversely, to increase the energy gain (Q) significantly beyond the break-even level requires
considerably better plasma confinement and somewhat higher plasma temperature, and thus
considerable improvements in plasma confinement, plasma purity, power exhaust and plasma
stability. VNS concepts are all based on a beam-to-target fusion approach where a near
Maxwellian background plasma is sustained against energy and particle losses by neutral beam
injection, and fusion reactions principally occur between the fast and target ions as the beam
thermalises via Coulomb collisions.

These VNS concepts [104] are currently under investigation in Europe [105] to reduce DEMO
technological risk by testing and qualifying necessary breeding blanket and other system
technologies, confirming the reliability of nuclear components as well as materials necessary for
DEMO prior to its construction. These low-Q driven concepts differ from recent proposals of
fusion devices made for component testing utilising small aspect ratio tokamak plasma
configurations with a less extensive plasma database (see for example [106], [107], [108]). These
rely on the successful execution of a physics mission prior to the nuclear mission in the same VNS-
type device.

A VNS is complementary both to ITER, which is focused on burning plasma physics, and DONES,
which is focused on large dpa in small material samples in small high flux testing volume (<1 | of
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volume). However, the use of D-Li source, like DONES in properly instrumented and sufficiently
large medium flux testing volumes could be useful in providing basic data, screening of blanket
concepts, and establishing the infeasibility of some blanket concepts but cannot replace more
representative, complex and extensive tests in a fully representative fusion environment which is
needed to establish the engineering feasibility (e.g., performance and reliability) of blanket
components. None of the critical issues can be fully resolved by testing in non-fusion facilities
alone. Non-neutron test stands, fission reactors, and accelerator-based neutron sources
(including the D-Li source) are unable to simulate the multiple effects of the fusion environment,
and they cannot provide adequate space to test articles with relevant material combinations
configurations, and dimensions.

9.8.2  Developing and Qualifying a Robust Breeding Blanket

Achieving tritium self-sustainment in the breeding blanket will require a form of breeder which
must produce an acceptable ratio of tritium to fusion neutrons to allow for a closed fuel cycle,
with surplus to start up subsequent power plants. The design of the breeder and associated
tritium plant must be maintainable and must be demonstrably safe with regards to the release of
tritium into the environment. However, despite the large amount of R&D in this area in most of
the ITER Members, no fusion blanket has ever been built or tested. Hence, its crucial integrated
functions and reliability in DEMO and future power plants are by no means assured. In addition,
ITER presents a first and unique opportunity to test the response of representative component
mock-ups, specifically called Test Blanket Modules (TBMs) at relevant operating conditions, in an
actual fusion environment, albeit at very low neutron fluences and employing different breeding
concepts.

A summary of the critical R&D issues to be resolved for the breeding blanket are described
elsewhere [109], [105] together with the testing needs for its development and qualification. It
is rather striking to recognise certain analogies between the design of the first wall/breeding
blanket system in fusion and fuel assembly in fission reactors [110]. Albeit with different life-
limiting phenomena, they both experience very high surface and bulk heat fluxes and are subject
to large neutron damage. Performance and reliability are the main design drivers for the breeding
blanket. Due to its function in tritium and power generation, it is generally recognised as impacting
the safety functions of tritium control, heat removal, and confinement of radioactive material.

Accordingly, the production of tritium in the breeding blanket is generally considered an important
safety activity that may require demonstration and qualification before licensing a future fusion
reactor depending on the regulatory requirements. One of the main knowledge gaps is the
identification of failure modes and quantification of failure rates. Prior studies [111] have shown
that the availability of the blanket system must be higher than 88% to meet a DEMO target
availability goal of 50%. Since the time to replace blankets is long, the Mean-Time-Between
Failures must be long enough to achieve a high availability target goal. Knowledge of failure modes
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and rates is necessary for the breeding blanket because of their critical impact on plant availability
and safety.

There is virtually no data on breeding blanket failure modes and rates under fusion reaction
conditions (i.e. under energetic neutron and gamma irradiation, high-temperature gradients,
subjected to high magnetic forces, under vacuum, etc.). Prudent selection of feasible and
attractive designs is extremely difficult without such data. Possible failure modes are discussed
elsewhere [105].

A credible risk mitigation plan should consider the following factors:

a) limitations on the external T supply to provide the large T startup inventory required for
any major fusion facility.

b) technology and physics uncertainties in achieving tritium self-sufficiency

c) Reliability/Availability/Maintainability/Inspectability (RAMI)

d) complex and new multiple/synergistic effects and interactions phenomena (which cannot
be synthesised from “separate effects” experiments or modelling)

e) nuclear heating in a large volume with steep gradients.

Issues (b), (c), (d), and (e) should be adequately addressed only in the fusion nuclear environment
of a DT plasma-based facility. Issues (a) and (b) mandate that the DT plasma-based facility must
produce modest fusion power (< 50 MW) to minimise tritium consumption and depend on
externally available tritium supplies. A higher power would curtail the operation of the facility
without the ability to breed sufficient tritium during its operation. Issue (c) requires a very
aggressive RAMI programme.

As mentioned in Section 9.9.1, Europe is exploring the technical feasibility of a plasma-based
14 MeV VNS. This would be a compact, driven device with reactor-relevant neutron wall load and
fluence to test, develop and qualify fusion nuclear technology components (like the breeding
blanket) required for operating a DEMO reactor aiming at electricity production. The design and
construction would proceed in parallel to ITER and would provide complementary information for
the finalisation of the DEMO design. Proposals of building dedicated testing facilities are made in
fission to accelerate the deployment of reliable Commercial Advanced Nuclear Energy
Technologies [112].
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9.8.3  Systems Reliability, Plant Availability, and Impact on Electricity
Cost

A fusion power plant contains many complex interdependent subsystems. The ultimate ability to
deliver power reliably to the network therefore depends on careful subsystem design. Even if the
fusion power source operates in steady state, there will be scheduled outage times when, for
instance, blanket, first wall or divertor components need to be replaced. With sufficient materials
development, this should be able to be kept to intervals spaced years apart, allowing such
replacements to be scheduled for convenient times of lower consumer power demand, or when
other plants are available.

The complexity of fusion plants is sometimes invoked as a reason they will never work.
Nevertheless, we know from other complex systems that each development step leads to
increased reliability. The problem for fusion is that, because the steps from basic experiment to
commercial design are few, it will be important to demonstrate continued improvement in plant
availability or duty factor to provide confidence in developing subsequent steps. Modelling
interdependent complex systems quickly runs up against the uncertainty of the data to be used
for the mean time between failures of individual components, as well as the mean time it takes
to repair. Inevitably, this data spread will show that there are circumstances under which a plant
will have insufficient availability.

The design needs to incorporate a) sufficient redundancy, b) ease and rapidity of maintenance
and repair, and c) anticipation of failure and contingency planning to achieve the availability
targets. Inevitably, however, if a key reactor component fails, power production will cease, and so
every possible failure has to be considered in the design, not only to try to avoid it or to guide the
ramifications onto a quick-recovery path, but to ensure if it does occur there is a safe and
minimum-damage outcome, and that a rapid recovery sequence can be implemented.

For fission reactors, a probabilistic approach is taken to event analysis. This relies on event and
fault tree analyses which are only at the development stage for fusion devices. For fusion devices,
reliability, availability, maintainability and inspectability (RAMI) studies have been made for some
sub-systems, allowing a probabilistic analysis of their reliability to be calculated. An alternative is
a top-down approach [113], which divides the plant desired reliability hierarchically into the
reliability per subsystem, per component, and per failure mode. Such an arrangement can then
be analysed probabilistically, and the design adjusted to meet the failure mode reliability required
to have a high probability of the overall plant meeting its reliability objective.

Existing experiments largely do not use DT, so do not encounter the full consequences of failures,
or the delays in restarting that may be caused. Operating the Tokamak Fusion Test Reactor (TFTR)
in the US and JET in Europe brought some important, but limited experience with this. It affected
outage planning and how to respond to failures around the machine. The constraints of real-world
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licensing on restarting operation are also only just becoming apparent. ITER will provide valuable
information on RAMI in fusion systems.

Critical to the performance of a fusion plant will be the proportionate amount of time spent
producing energy, known as the availability of the plant. For current energy power plants, this
number is typically in the range of 80—-90%. As it is described below this number is determined by
the failure rates of individual components and the time to replace them, but also by unplanned
stoppages of the plant core, and the time required to bring the system back online as well as
planned outages. For a fusion reactor, unplanned stoppages may include off-normal events in the
core fusion system which require shutdown and restart, but the reliability of the entire plant must
be considered (though component failure in the fusion core remains a key risk).

The availability allocation among components of a fusion reactor system to achieve a target
availability has been performed for reactor designs like INTOR [114], STARFIRE [115], and Next
European Torus [116]. These studies have shown that to meet overall availability goals of about
60% a blanket system availability of more than 90% is required. These values are estimated based
largely on expert opinion and the data obtained from the experience of non-fusion technology.

Failures and reliability are among the most serious concerns in the engineering development of a
component. This will be even more so for fusion power plants which have more additional
auxiliary systems (such as cryogenic system, vacuum system, high-voltage power supply, and
tritium and fuel cycle system) than the existing nuclear fission plants. Reliability and availability
analyses reveal critical concerns that need to be addressed in fusion power development
including: the mean time to recover from a failure is relatively long, the surface area of the first
wall is relatively large, and the vacuum environment will not tolerate operation with leaks from
blanket modules.

All these factors require that the failure rate be very low, or alternately, that the mean time
between failures (MBTF) be very long. Therefore, reliability growth and demonstration testing are
extremely important for blanket development, and a serious reliability/availability analysis must
be an integral part of the design process. As presently envisaged, ITER will provide valuable data
on plant availability but was not designed to the requirements for a DEMO mainly because of the
low duty cycle, low fluence, short continuous operating time, and small number of blanket testing
ports. Non-fusion facility tests cannot replace the need for a comprehensive testing programme
in fusion facilities.

This is motivating the consideration of another route to develop, test and qualify critical blanket
technologies like the breeding blanket as described in Section 9.9.2. In parallel, there is the urgent
need to establish a reliability growth programme in fusion, to ensure the development of reliable
components. Reliability analysis and statistical methods have been used with great success to
determine reliability testing requirements in aerospace, defence, and other industries [117],
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[118]. The study [104] derives quantitative guidelines for testing requirements, including fluence,
by applying available reliability analysis methods to the fusion blanket reliability testing problem.

To analyse the impact on the Cost of Electricity (CoE) arising from these considerations, the CoE
can be estimated [119], [120], [121] as follows:

CoE « Lifetime Cost / (A x Pe)

where the lifetime cost includes elements for the total construction, operation (including staffing
costs) and maintenance, interest on loans, replacement items, deuterium and tritium, and
decommissioning costs, A is the plant availability and P the net electrical output.

A study [122] conducted in the past showed that for a 10th of a kind 1GWe power plant, the CoE
is dominated by capital costs. As most of the lifetime cost elements are minimised by small size
and simplicity, for MFE this has resulted in a trend to try to reduce the physical size of the device
and increase the physics performance.

However, the plant availability and the net electrical output also play an important role in CoE.
Other engineering and physics factors would of course come into play when designing the reactor
(such as limits on the divertor and first wall heat transfer, plasma confinement requirements, and
minimal shielding requirements) but it is important to consider the whole picture including CoE
when designing and sizing a fusion power reactor.

No economic studies of demonstration plants exist, but it is likely that the contributions of the
core and operations to the cost will be proportionately larger given their FOAK nature while the
capital and decommissioning costs will be similar. A parametric study of the operational
performance factors contributing to the cost of electricity [123] showed that plant availability was
the major single contributor in the operational contribution as shown in the parametric equation
for the operation and maintenance (OM) costs:

OM £ | ————
<A0-6n0-6Pe°-4>

where A is availability, n is the thermodynamic efficiency and Pe is the net electrical output. From
a practical point of view, availability is the ratio of operating time to the sum of operating time and
downtime during experimental campaigns, and A is defined as

2 Y. Mean Time Between failure

- Y. Mean Time Between failure + ), Mean Time to Replace or repair

where the sum is over all relevant systems. Generally, an availability of 30% is considered adequate
for a demonstration plant and subsequent studies have shown that even this value is challenging.

GAPS TO FILL BEYOND ITER Vol.1,Ch. 9, p. 38



ITER Engineering Basis Handbook

While availability is largely determined by the remote maintenance scheme, the mean time
between failures is determined by the reliability of any given subsystem or component and is thus
directly related to the design, manufacture and materials choice. Thus, it is essential that key
drivers of a demonstration plant are design for maintenance, maintainability that translate
primarily in accessible to remote handling in terms of lifting points, fixings, mass, centre of gravity;
design for manufacture by using qualified materials with a readily available supply chain, feasibility
of manufacture using existing methods, finished product accessible to inspection; and well
defined and feasible testing requirements and qualification programmes. Of course, the impact
of these on capital costs will have to be considered.

Validating and qualifying essential fusion core component, like the breeding blanket, would
benefit from VNS facilities which are yet to be developed (see Sects. 9.8.2 and 9.8.3). Results from
these facilities would increase the availability of DEMO or pilot plants, and give greater confidence
in achieving a higher value of TBR, which would minimise the need for external tritium resources.
The alternative is to have the testing and development be part of the programme on DEMO or
the pilot plant. There is also a need for other test facilities to resolve outstanding issues associated
with the breeding blanket, fusion fuel cycle, materials and power exhaust.

The public programme in support of the fusion startups would continue to conduct fundamental
scientific and technical research to improve the concept and address technology issues with test
facilities, addressing near-term issues while having a longer timeline perspective. Even in the
mature nuclear fission industry public programmes support the industry with both a near-term
and long-term focus.

9.9 Regulatory Uncertainties

The safety for operators, the environment and the public of future power plants is a prerequisite
for the successful deployment of fusion energy. The safety approach for fusion energy systems
needs to be consistent with the IAEA’s Fundamental Safety Principles (SF-1) [124] which apply to
all circumstances that give rise to radiation risks, including uses in the medical field, power
generation, or industry applications. The fundamental objective is to protect people and the
environment from harmful effects of ionising radiation. Some of the hazards are design or
technology and material interaction dependent (e.g., lithium and water) and need to be
considered to reduce hazards and minimise radioactive waste, where feasible.

9.9.1 Fusion Radiation Safety Fundamentals

Fusion plants substantially differ from existing fission power stations and existing regulatory
frameworks may not be appropriate for fusion (though ITER operates under an existing nuclear
regulatory framework). Except for concepts relying on advanced fuels, tritium will be a key
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consideration for any future regulatory framework for fusion, and will necessarily include safety,
licensing, and operational guidelines. Future fusion reactors, like ITER, will contain the following
radioactive materials: tritium, neutron-activated elements in structural and plasma-facing
components, and neutron-activated elements in cooling systems from the coolant and piping
corrosion (activated corrosion products (ACPs)).

Significant amounts of tritium need to be transported from tritium production sites, mainly the
CANDU type reactor sites to the tritium plant building of ITER [125] and in the future, to fusion
reactors to provide the required amount of tritium for reactor startup, discussed above. Tritium
will be present in process piping and tanks as HT or DT gas, in coolant piping as HTO, inside the
plasma as an ion, in the plasma facing components, or in dust. The tritium inventory in the fuel
processing and cooling systems is segregated so that the entire inventory cannot be mobilised by
a single accident. Some of the activated elements in plasma facing components, however, could
be mobilised as dust particles under accident conditions. The quantity of activated tokamak dust
for ITER and next-step machine is still very uncertain.

The quantity of activated materials inside the coolant piping is of the same order of magnitude as
that in the cooling system of fission reactor plants (of the order of 10 kg total, of which less than
10% would be in solution and the rest deposited on the interior of the cooling system surfaces).
The total activity for a stainless-steel blanket and cooling system is of the order of a few curies
(mostly Manganese-56). Consequently, the primary radiation hazard from a future fusion reactor,
arises from its tritium fuel. This constitutes the environmental source term for a postulated worst-
case (unmitigated) accident in a fusion reactor. Some fusion concepts may have lower tritium
inventory requirements, which would be advantageous.

9.9.2  Approaches to Regulating Fusion

There is a need to develop a risk-based regulatory approach that is proportionate, and which
aligns with the unique profile of fusion as a novel technology- and is not based on fission. This
would ensure that regulation is robust (rigorous and safe) but does not stifle technological
progress.

In 2022, the UK Government published a Green Paper [126] confirming that fusion will be
regulated under a different framework than fission. With this different policy approach and the
Government’s proposal that fission regulation should not apply to fusion energy facilities, a fusion
specific National Policy Statement (NPS) was identified as essential to provide clarity to
developers. In the US, in 2023, the Nuclear Regulatory Commission (NRC) announced that fusion
energy would be regulated in the United States under the same regulatory regime as particle
accelerators [127].
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Such an approach, listed in the United States under the byproduct materials regulatory regime
(10 CFR Part 30), would separate the regulatory oversight of fusion from the utilisation facilities
regime (10 CFR Parts 50 & 52) that regulate nuclear fission energy.

At this point, there are many different approaches to developing an electricity producing fusion
facility. Safety assessments will address the unique safety and environmental issue of each
approach. Some approaches due to the potential risks, may require different regulatory
frameworks than those being pursued in the UK and US. As noted above, this is likely to be the
case for fusion-fission hybrids but may also occur for designs with much larger tritium inventories
or have other major radiological hazards. This may motivate the development of a fusion specific
regulatory framework as opposed to modifying existing frameworks. Ensuring safe operation is of
utmost importance, and designs must pass rigorous safety assessments before being granted
regulatory approval. Maintaining transparency with the public is also critical, as regulatory
frameworks must balance public concerns with scientific evidence to ensure public confidence in
fusion technology.

Member States are currently evaluating means to regulate fusion energy systems commensurate
with their risks. This approach is reflective of the IAEA’s graded approach to regulations [128].
Requirements and guidance already exist or are being developed in Member States for fusion
energy systems and safe management of radioactive waste, consistent with national frameworks
and the associated hazards. These requirements and guidance address both safety and security.

The IAEA can support regulatory bodies in developing safety requirements for fusion energy, as
has been done for other regulatory regimes. Cooperation among regulators is advantageous.
Common approaches and consistent decision-making across Member States, where feasible, will
streamline the application process, as designers will have less need to revise their applications,
technical solutions and justifications across jurisdictions. Common terms and common positions
on technical matters can aid all regulators, even if different regulatory approaches are applied.

Regardless of the core system, several regulatory considerations will likely apply to any DT fusion-
based power plant. A prime regulatory concern will be impact to the local environment. Careful
plant design and controlled handling of tritium will be important to minimise impact on the local
environment in worst-case scenarios. The design of the tritium cycle will also determine the total
inventory of tritium within the plant, which will have implications for licensing, so inventory
minimisation is a major design driver. While the fusion reaction products are not active, the
presence of high-energy neutrons will cause transmutation in materials of the machine, and the
presence of tritium will lead to residual tritium embedded in machine components.

Accurate prediction of waste and design of waste recycling, detritiation, waste management and
decommissioning strategies will likely be regulatory requirements for the licencing of fusion
plants. A panel of European experts was convened in 2023 to formulate a set of recommendations
for the safety and licensing framework governing fusion power plants. The panel assessed insights
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from existing fusion facilities, International Atomic Energy Agency and European Commission
reports on fusion power plant safety, and ongoing initiatives by the UK government, US NRC
mentioned above and the Canadian Nuclear Safety Commission. Additionally, ITER’s licensing
process was reviewed, as the most recent licencing exercise. Twelve recommendations were
presented on regulations, international databases, codes and standards, safety demonstration
rules, and regulatory approaches [129].

The analysis brought to light certain commonalities between fusion and fission technologies in
terms of fundamental safety objectives, potentially paving the way for alignment in specific
aspects of the regulatory framework. However, it also unveiled notable distinctions, particularly
regarding the inherently lower hazard potential associated with fusion power plants. The
challenge is to develop an approach that remains proportionate to the safety challenges inherent
to each technology, based on the physical principles underpinning fusion and fission reactors,
along with their respective technologies. Recognising these differences is of paramount
importance for the future development of regulatory frameworks. Additionally, the process will
be expedited if standardisation of approaches towards elements such as radioactive waste
classification and design codes together with a consensus on the regulatory framework basis can
be achieved through bodies such as the IAEA.

Establishing regulatory frameworks ultimately depends on a nation's legal framework. Therefore,
the realisation of a binding universal fusion power plant regulatory framework appears
unattainable. However, much like the prevailing regulations governing nuclear power plants today,
there is an opportunity to foster harmonised approaches to the minimum level of fusion power
plant regulation. These approaches aim to provide consistent minimum levels of protection across
jurisdictions.

Regulatory bodies would be key actors and stakeholders in the establishment of a fusion industry.
They will need to build their own skills and competencies as the technology develops, including
through collaboration with industry and research institutes. Collaboration across national
regulatory bodies is also important to ensure sharing of knowledge across jurisdictions, support
the establishment of newer regulators as well as to accelerate regulatory harmonisation. All of
those are key to the development of an international market of critical size.

International organisations such as the IAEA can help facilitate bilateral and multilateral
discussions among Member States developing similar regulatory frameworks. Coordination within
the IAEA for consistency and coherence of effort will support all Member States in advancing their
fusion regulatory structures. A decision on whether IAEA should develop safety requirements for
fusion may not be warranted until fusion energy systems have matured and there is a better
understanding of the associated hazards.

In the ITER design, numerous existing codes & standards, such as ISO, ASME, IEEE and ASTM, have
been applied to demonstrate the design robustness, quality and safety. The codes and standards
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applications have also helped the licensing process. Similarly to the fission plant design and any
other industrial products, proper codes and standards which can be directly applicable for fusion
reactors shall be defined and/or developed if needed in a coordinated manner among Member
States.

9.9.3 Non-Proliferation Considerations

Aspects of the underlying science in IFE are closely coupled to that of nuclear weapons. The
proliferation risks associated with some aspects of IFE R&D are in the acquisition and
dissemination of scientific data that would facilitate designing nuclear warheads [130]. The
sensitive information is tightly controlled and subject to export control restrictions.

Magnetic confinement is not completely immune from the proliferation issue. The Russian
Federation continues to pursue, with its refurbished T-15 MD experiment, the concept of using
the tokamak in combination with a natural or depleted uranium, thorium, or radioactive waste
blanket, in a "fusion-fission hybrid". In principle [131], [132], [133] such a device could have a
better ability to breed tritium from lithium using uranium as a multiplier rather than the more
conventional beryllium or lead multiplier. Natural lithium is 92% Li, which requires neutrons more
energetic than 2.5 MeV to produce tritium and an additional neutron.

Unfortunately, fission (for instance) of U produces neutrons with average energy of 2 MeV, which
can only react with the 8% Li in the blanket to produce tritium. Making a success of the hybrid,
therefore, depends strongly on the ability to manage the overall neutron economy, along with the
enrichment of lithium in the blanket, and the control of the relative amounts of uranium, thorium
or plutonium isotopes in the blanket. Although it is, in principle, possible to work with natural
fissionable or fissile materials to make the energy balance work, it is likely that reprocessing of
these materials would be required, raising the risk of diverting materials for use in nuclear
weapons. The regulatory framework for a fusion-fission hybrid, including the applicability
safeguard controls is expected to be different from the controls for a pure fusion power plant.

It is important to emphasise that despite the distinctions above, fusion energy systems are
intended to be used for peaceful purposes. Regulatory oversight will assure that fusion energy
systems’ risks of non-proliferation are demonstrated to be acceptably low. The IAEA’s international
safeguards have not been applied to existing fusion devices. Depending on the designs developed
in the future, particularly if designs were to use nuclear sensitive materials (or special nuclear
materials) or are designed to produce nuclear sensitive materials, existing international
safeguards agreements may apply. Some Member State regulatory frameworks include additional
non-proliferation controls typically under their export control regulations for relevant materials,
such as tritium, and certain dual-use technologies and software and analysis codes that can be
used for both civilian and military applications. Designers should be mindful of these provisions.
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9.10 The Role of Fusion Start-ups

The improved understanding of the physics of fusion plasmas and the advent of new technologies
such as for example high temperature superconducting (HTS) magnets for tokamaks, and low-cost
plasma drivers and lasers, have stimulated the emergence of many entrepreneur-led and privately
funded enterprises, referred to as fusion start-ups, all of which are aiming to develop fusion on a
fast timescale. Most of them are all pursuing alternative designs concepts (either non-tokamak
configurations or alternative fuels).

In contrast to public fusion programmes, private fusion start-ups are backed by investors who
naturally want to see rapid development towards a commercial product as well as a return on
investment. Private sector start-ups have a higher acceptance of risk, and by rapidly learning and
adapting from failures, fusion start-ups expect to make significant progress measured in the order
of years rather than decades. The approach of the start-ups, as in the public programmes 70 years
ago albeit with the technology then available, is on building, testing and learning iteratively on
rapid cycles, which it is argued could facilitate accelerated development towards an explicit
commercial goal even at the extent to accept failures.

This approach has been used successfully in the space exploration sector, for example, by
SpaceX [134]. However, there are reasons to believe that this might be harder to apply to fusion.
In contrast to fabricating and launching advanced rockets and spacecraft, where substantial
prototypes already have launched successfully, future fusion reactor concepts entail large
uncertainties and unprecedented extrapolation in physics and nuclear technology moving
towards reactor concepts. Many of the physics and technology features require substantial
development and testing in an adequate fusion environment.

The development of new concepts and technologies requires a thorough examination of system
integration aspects to ensure that the integrated view of the plant is maintained from the very
beginning and all factors affected by the numerous design choices to be made are identified,
evaluated, and properly weighed. Implementation of this approach provides an opportunity for
overall design convergence, reduction of integration risk and minimisation of lifecycle costs at an
early stage of the design. The development of an integrated design is done in parallel with the
research and development of the fusion concept and underlying technologies.

Another important consideration that must be accounted for is that high tech development cycle
for the introduction of new materials, nuclear technologies, or manufacturing processes is often
underestimated. The examples given in Sect. 9.8.3 and others described in Chapter 4 point to a
development cycle of the order of 20—30 years. This may result in incorporating new materials
with improved performance in subsequent versions of the concept just as the airplane evolved
from the biplane to modern jets. Programmes and companies that aim to build first-of-a-kind
fusion reactors need also to consider the costs and time of building up the relevant supply chain.
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9.11 Involvement of Industry and Supply
Chain Challenges

Lessons learned from comparable projects have highlighted the importance of involving industry
during the early phases of the design development — especially for complex nuclear
infrastructures. For instance, Advanced Fission Systems, like Gen IV and SMR programmes have
leveraged impressive support and engaged with industry as a partner from the outset. Work
conducted to date in the conceptual design activities for DEMO in Europe [3] have highlighted a
number of areas where harnessing of industry competencies can have significant impact during
the conceptual phases in areas such as; (i) support in establishing systems and project
management processes to deliver the project; (i) translation of experience in obtaining
construction and operational licenses for nuclear infrastructures, as well as pre-qualification of
components and systems; (iii) identification of the applicable codes & standards applicable for the
fusion reactors; (iv) assessments of design and technology maturity and prospects for licensing;
(v) experience in industrial plant design and integration; (vi) development of concepts for major
components and systems that incorporate manufacturability considerations; and (vii) cost
assessments.

9.11.1 Technology Transfer

The successful transfer of fusion technologies from research and early development to
commercial applications will be critical to the establishment of a thriving fusion industry.
Traditionally in Europe, large-scale national and international projects have served as de facto
"anchor tenancies" (a long-term commitment by a government to provide a stable revenue base
and reduce financial risk for private companies), contributing significantly to maintaining the
supply chain and human resources. To further develop the fusion industry, the public sector
should continue to play an active role in sustaining the supply chain through its public
programmes, including establishing new commercially relevant research facilities, to ensure a
seamless transfer of knowledge and expertise accumulated in public programmes to industry
under adequate arrangements (e.g., licensing). Establishing clear regulatory and IP frameworks
are critical enablers.

One challenge to the transfer of technology from public-funded research and development is the
lack of investment in technologies that are not fully mature for demonstration. Identifying
opportunities for public-private consortia could bridge supply chain ecosystems to fusion energy
developers bringing both public funding and private capital to build technology development
platforms with shared risk.
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9.11.2 Lessons Learned from ITER

The realisation of large fusion infrastructures like ITER or NIF has clearly identified all the
challenges arising from the realisation of FOAK components/systems. Lessons learned from ITER’s
experience in hardware contracting, fabrication, and delivery can inform future fusion projects
and the fusion supply chain of some common challenges and their possible solutions. Experience
in each stage of ITER component development has yielded improved understanding of best
practices and risks in moving from design to final delivery.

Lessons learned include evaluating manufacturability early in component design, selecting
contracting strategies which enable contract success, identifying suppliers and supporting
supplier development for fusion components, prototyping to reduce risk and ensure overall
delivery success, leveraging public and private experts and facilities which enable component
completion and acceptance, and performing qualification and testing of components for fusion
environments.

9.11.3 Establish a Resilient Supply Chain

Planning, designing, constructing, commissioning and operating new fusion energy systems will
require a robust supply chain spanning many domains, some of them very fusion specific but
many of them common to other industries. Potential actors of the fusion supply chain include
fusion technology vendors, key material providers and component manufacturers, plant
engineering companies, general construction companies, equipment suppliers and service
providers (specialists as well as non-specialists). Such an extensive supply chain is likely to be
international. The building of the workforce as well as the development of its competencies and
know-hows (e.g. the development of manufacturing techniques or construction and
commissioning methods) will require a concerted effort and investment programme, particularly
when related to fusion specific challenges.

The development times for many of the technologies necessary for this new energy source are
very long, given their complexity. Additionally, many of the critical technologies are unique to the
fusion environment (such as gyrotrons and components tolerant to the fusion neutron
environment), and so these technologies cannot be leveraged from other industries to reduce the
timeline to serial fusion power plant production, the public sector can make contributions,
supporting and incubating the supply chain in areas that are costly with very long prospects for
return on investments. The industrial supply chain requires strong market signals to provide
confidence that new significant fusion projects will be undertaken in the near term utilising their
technology. The long-time horizon of the public programme and the diversity of approaches using
very different technologies has had a negative impact in the past on the development of a supply
chain in many countries.
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A related challenge to the development of fusion energy is that specialised components are
produced by few suppliers and sometimes by a single vendor. Limitations in the supply chain could
prevent the ability to build fusion energy systems at scale. Furthermore, some raw materials such
as beryllium and coolants like helium are also in limited supply [135]. The latter is regarded as one
of the potential coolant options for fusion reactors (not only for the blanket but also for magnet
cooling and for cooling other high temperature systems such as the plasma exhaust). However,
helium is becomingly increasingly expensive and is expected to be in relatively short supply,
amongst a host of other problems, within the coming decades [136], [137]. The problem of
lithium-6 enrichment has been discussed in section 9.7.2. It should also be noted that the
increasing demand for lithium in electric vehicles and energy storage necessitates efficient and
sustainable methods for lithium extraction and enrichment. In essence, the problem of lithium
enrichment could become a critical bottleneck, requiring innovative solutions to ensure a reliable
and environmentally responsible supply of lithium-6 [81].

To establish a resilient fusion supply chain that ensures high quality and manufacturing
competitiveness, while also incorporating new ideas and technologies requires careful planning
and foresight. The knowledge acquired with the fabrication of highly specialised and precision
manufactured components, whether high-powered magnets or lasers, power electronics and
semiconductors, ultra-efficient heat management technologies, or materials that can withstand
the extreme conditions in a fusion vessel should not be wasted. The fusion technology vendors
are key to the development of the fusion industry. These organisations build on research and early
development work to create an industrial product which they can sell. In this role, the technology
vendors invest in the development and industrialisation of the technology and perform a key role
in the design, construction, commissioning and potentially operation of the energy producing
facilities. Privately funded fusion companies play an important role since they are the owners and
developers of commercially relevant fusion technology. These companies are pursuing a wide
range of fusion energy technologies in MFE and IFE.

The build-up of the supply chain covers both materials and technologies that do not yet have any
existing supply chain (e.g. blankets or enriched lithium) as well as the industrialisation of
manufacturing of currently bespoke fusion components (e.g. gyrotrons) that will be required in
much higher numbers for power plants than for the current plasma physics experiments. While it
is unlikely that FOAK fusion power plants can be commercially competitive and might require
government support like other energy sources at introduction (e.g. photovoltaics) to penetrate
the energy markets, further generations of fusion power plants will require an established
industrial supply chain that leads to cost reduction through learning-by-doing on their path to
commercial competitiveness.
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9.12 The Role of Collaborations

Harnessing fusion energy requires global collaborations to address the remaining research
challenges, establish international supply chains, and develop a skilled workforce. Over the last
sixty years, fusion energy development has advanced through extensive collaborative efforts in
fusion science and technology among different nations and the ITER Project is the clearest
example of this spirit of collaboration. Bridging these foundational collaborative efforts with
industry is a pivotal step toward integrating the burgeoning private sector into the established
fusion energy development ecosystem.

There is a need to take advantage of international cooperation and public-private partnerships as
they offer opportunities for pooling expertise and sharing the cost of R&D projects, speed up
mutual progress by sharing information and knowledge, and help countries build infrastructure
relevant to fusion technologies. The demand for time and resources has proportionately increased
with technological complexities in addressing the R&D gap areas, emphasising the need for
international collaboration to promptly achieve the goal of fusion deployment and
commercialisation by sharing risk and investment. A strategy that promotes healthy competition
between the different fusion energy development approaches and national and/or private sector
strategies should be encouraged within the context of global collaboration.

Many nations especially China and UK, as well as EU, have established R&D infrastructure for
developing fusion energy through national programmes. These include fuel recovery systems,
storage systems, liquid metal loop facilities, material irradiation and testing facilities, and
manufacturing facilities. Due to their capital-intensive nature, establishing test facilities will be
prohibitively expensive for nations starting fusion energy programmes. Sharing infrastructures
internationally as well as with the broad private fusion industry can further accelerate deployment
of fusion power plants and avoid duplication of efforts.

By distributing the cost among two or more countries, duplication of infrastructure can be
avoided, and both parties as well as the international fusion industry will benefit. Collaboration
agreements can be used to put such arrangements into action. A fusion power plant includes
numerous different systems, some of them at the forefront of development, directly linked to
specific fusion reactor proposals and more prone to intellectual property constraints, such as HTS
magnet system or advanced divertor or blanket technologies, and many others utilising more
conventional technologies such as the power cycle system or the vacuum system.

The fusion community should also recognise the vital importance of facilitating improved access
to scientific data for researchers, policymakers, and the public, which will promote transparency
and foster international knowledge exchange. Creating a centralised database platform for
research groups working in fusion science and technology would be highly beneficial. This
platform would also provide all investors and stakeholders access to scientific data in various
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formats for their awareness and understanding. The database could be divided into different areas
such as scientific results, engineering and materials data, safeguards, safety studies, fusion
technologies, and plasma science.

Historically, fusion has been developed by governments globally, including through ITER, the
largest scientific collaborative project ever undertaken. The result is that most of the people
working in fusion today as well as most of the intellectual property reside within the public sector.
However, there is equally a recognition that the private sector plays a vital role in delivering large-
scale infrastructure projects, especially at the pace and agility required in the case of fusion and
because it is the private sector that ultimately will deliver a fleet of fusion plants. Therefore, many
countries are increasingly pursuing variants of public—private partnerships in the delivery of
fusion.

There is not a single model for establishing these partnerships. The entrance of significant,
privately funded efforts raises a number of issues about how policies and processes will need to
adapt to the new ecosystem. Sharing of experimental facilities, supercomputers, data, and codes
will require “rules of engagement” that protect the interest of taxpayer-funded agencies as well
as private fusion investors.

Government agencies will need to revisit policy decisions on funding priorities while considering
how these might be best coordinated with private efforts to accelerate overall progress. We can
anticipate evolution of those roles as industry efforts mature toward deployment of commercial
fusion systems.

There are still many issues to be solved in fusion plasma science and technology. The roles and
responsibilities for the different categories of institutions, private companies, national labs,
universities, and government agencies, will need to be clarified and explored.

9.13 Skill Gaps and Workforce Development/
Knowledge Management Transfer

9.13.1 Workforce Development

The fusion programme is aging rapidly and a first generation of fusion pioneers has left or is leaving
the field. There is an urgent need to bring people into the field and ensure that they have the skills
needed. Unless we continue to attract bright young minds, fusion will suffer. Education and
training in fusion must play an important role in each programme. University Programs and Fusion
Laboratories are vital to sustain the worldwide effort to develop fusion. In the U.S., the fusion
startup companies have generated considerable excitement attracting new people to the field and
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created competition for people already working in the national laboratories and universities on
fusion projects.

The construction and operation of numerous experimental devices in the last four decades have
provided an invaluable opportunity for training a generation of experts in plasma physics, plasma
diagnostics. These devices continue to represent useful platforms for training specialised
personnel who will operate ITER in the future. In the field of engineering, the realisation of a very
limited number of DT installations has led to an inexorable loss of fusion engineering skills relevant
for power producing nuclear installations.

Given the current limited size of the fusion community, a concerted effort is required to attract,
educate, train, and develop a skilled specialist workforce of scientists, engineers, project
managers, educators, and technicians capable of meeting the diverse challenges inherent to
fusion technology deployment. Emphasis is needed on developing designers and individuals with
broad technical acumen, capable of bridging disciplines and with experience across various stages
of a project lifecycle. This is to avoid the formation of silos among specialisms or among
development, design and implementation phases, as well as to support the industry in the
demands that expansion and commercialisation will place on it.

Building such a workforce will greatly benefit from attracting talent, competencies and experience
from other industries which could be accelerated through targeted conversion programmes. The
development of a robust workforce tailored for the development of fusion energy necessitates a
comprehensive approach involving both public and private national initiatives, potentially
supported by international collaboration and knowledge exchange programmes.

These challenges call for an immediate discussion among the public and private sector customers,
the university work force developers and the public-sector or government, which is the largest
source of financial support for education. Solutions can include [138]:

e Increased direct financial support of students

e Commitments in faculty slot growth from educational institutions, which may include the
endowment of faculty slots from private sector companies.

e Government-based broad programmes that have sufficient timescale and scope, which
allow universities to make the long-term commitment to increase tenure-track faculty
positions to provide supervisory capability and student support.

e Anintentional re-balancing of faculty expertise that reflects the shifting needs of plasma
and technology expertise needed by the private sector, while maintaining the required
broad approach to plasma research and education, given its wide range of science and
industrial applications outside of fusion.

e Shared instructional resources across universities, particularly to support the immediate
demands from the industry.
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e The elevation of fusion within departments and/or the creation of dedicated plasma or
fusion departments, which would provide a higher profile for early-stage entries of talent
into fusion at undergraduate level and improve the prospects for diverse and sustainable
faculty hiring/promotion.

e Establishing apprenticeship programmes to train technicians that are needed in the
fusion programme. The UK has recently established a large apprenticeship programme.

9.13.2 Knowledge Management Transfer

The development of the fusion industry and the industrialisation of fusion require the creation
and wide dissemination of scientific, engineering, fabrication and operational knowledge. Publicly
funded projects constitute today a significant part of the development and sharing of such
knowledge should therefore be set up, right from the start, to maximise creation and
dissemination (under appropriate protocols) of such knowledge. All actors, whether public and
private, require confidence in the framework of knowledge management and sharing to
participate fully. This can be facilitated through the establishment of clear and robust intellectual
property frameworks. Industry can also play an important role, by promoting the sharing of
information critical to aspects such as safety, security and operational excellence to the benefit of
all.

A key purpose of this book is to capitalise on the knowledge gained from the design, licensing
and construction of ITER. There is nevertheless a risk that if the next project to be built occurs too
long after ITER, then there is a risk that this competence and highly skilled workforce would be
lost.

Summary

The pursuit of fusion energy still requires significant effort and time to address the remaining
technical and non-technical challenges. This chapter has indicated that approaches currently
pursued in MFE and IFE have significant scientific and technical challenges. These comprise the
need to develop foreseeable sound technical solutions for key problems including power input
and exhaust, tritium breeding and fuel cycle, cooling and extraction of high-grade heat from the
breeding blanket, remote maintenance for the in-vessel components, robust magnet designs,
qualified structural and plasma facing materials, and nuclear safety. In addition, non-technical
challenges, such as (i) the development of a shrinking skilled workforce, (ii) the establishment of
a regulatory approach that is commensurate to the risks of fusion, (iii) the establishment of
effective partnerships between public and private entities and of resilient supply chains, remain
also to be urgently addressed and (iv) obtaining sufficient funding to address these key problems
on a timescale to support society’s needs.
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The answer to the search for the best development path for MFE or IFE configurations or
alternative fuels, will require addressing the challenges emphasised in this chapter for all the
technical options advocated by the various proponents. The fact that despite the different
approaches, some of the challenges are common to several approaches generating an incentive
to address specifically these common gaps in the near terms. Systems and conceptual design
activity also contributes to the search for development paths for fusion with test-facility
requirements that identifies the R&D needs and minimises the cost and development risk of
fusion developments. For both MFE and IFE reactor concepts, the performance and reliability of
the core systems are essential for the deployment of future fusion reactors. The low readiness of
the plasma exhaust, breeding blanket and fuel cycle, that would only in part be validated by ITER,
represents one of the most critical areas that is on the critical path to harnessing fusion power.
Sound strategies to develop and qualify performing and reliable concepts of breeding blankets
should be an area of common interest and investment.

Fusion energy development has advanced through extensive collaborative efforts in fusion
science and technology between different nations and the ITER Project is the clearest example of
this spirit of collaboration. ITER represents a paradigm change in MFE and the hope is that those
asked to take informed decisions on the next generation of devices, could benefit from ITER’s
activities across design, integration, manufacture, assembly, commissioning and operation. There
are some serious challenges ahead as illustrated in this chapter, but the next generation of devices
are bound to be better because of what ITER has pioneered.

Overcoming challenges in view of fusion energy commercialisation depends critically on
addressing a number of outstanding scientific and technological challenges. In that regard, near
term actions to accelerate the deployment of fusion power plants and developing a supply chain
include:

e maintaining or developing well-funded R&D programmes, with a focus on critical areas of
science, technology and engineering.

e aligning public and private sector activities towards common development goals in these
critical areas.

e promoting fusion energy development by enhancing shared assets for use by the research
community, such as research facilities and training programmes.
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Glossary

CANDU: Canadian Deuterium Uranium (reactor type)
CFETR: Chinese Fusion Engineering Test Reactor
CoE: Cost of Electricity

DT: Deuterium—Tritium (fusion fuel)

DEMO: Demonstration Power Plant (fusion)

DONES: DEMO Oriented Neutron Source

dpa: Displacements Per Atom

EC: Electron Cyclotron (heating system)

EU-DEMO: European DEMO design programme
FOAK: First Of A Kind (technology)
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H&CD: Heating and Current Drive systems

HEX: Heat Exchanger

HWR: Heavy Water Reactor

HTS: High Temperature Superconducting magnets
IC: lon Cyclotron (heating system)

IFE: Inertial Fusion Energy

ITER: International Thermonuclear Experimental Reactor
JET: Joint European Torus

LIFE: Laser Inertial Fusion Energy

LWR: Light Water Reactor

MFE: Magnetic Fusion Energy

MW: Megawatt

MJ: Megajoule

NIF: National Ignition Facility

Q: Fusion Gain Factor

RH: Remote Handling

RD&D: Research, Development & Demonstration
SMR: Small Modular Reactor

SRL: System Readiness Level

ST: Spherical Tokamak

STEP: Spherical Tokamak for Energy Production
TBM: Test Blanket Module

TF: Toroidal Field

TRL: Technology Readiness Level
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