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Abstract

Roadmaps have been developed to achieve fusion electricity as quickly as possible. All roadmaps
have as the central element the construction and exploitation of ITER, which will, for the first time,
exhibit a fusion gain of Q > 10. ITER will test essential technologies that are required for the next
step, including tritium breeding, and will demonstrate that fusion is feasible on a scale appropriate
to practical exploitation. A variety of ideas are being evaluated for the steps after ITER. Some
countries are designing relatively large demonstration plants that are based on an extrapolation
from ITER, thereby using proven technologies as much as possible. Japan, Korea and the EU have
labeled their devices JA-DEMO, K-DEMO and EU-DEMO, while China is working on the Chinese
Fusion Experimental Test Reactor. The USA and the UK are focusing their activities on smaller
devices based on the spherical tokamak, and a similar approach is followed by a number of privately
funded enterprises that focus on spherical tokamaks featuring high-field superconductors.
Conceptual studies of stellarator-based fusion power plants are also being conducted in Europe and
Japan. Since materials in future devices will experience much higher neutron loads than in ITER, new
materials must be developed or the operational space of existing materials must be expanded. It is
critical, therefore, that the materials are tested and validated in a dedicated neutron source
exhibiting a similar spectrum to that in a fusion reactor. The most prominent of these (accelerator-
based) facilities are IFMIF/DONES in Europe and A-FNS in Japan. Some countries focus also on
volumetric neutron sources based on plasma devices. This chapter will give an overview of the major
development devices within the magnetic confinement fusion program. It also includes a brief
description of several non-nuclear devices that are currently being constructed and that will give
support to the main line of nuclear fusion devices.
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1. Introduction- the path towards
fusion electricity

A number of countries have developed fusion roadmaps or strategic plans, in order to clarify which
steps need to be taken to achieve electricity generation from fusion (Donné et al., 2018; Okano,
2019; Wan et al., 2017; National Academy of Sciences, 2019). Although there are differences
between the various fusion roadmaps, there are also many commonalities, which are depicted in
Figure 1. All roadmaps include ITER (Bigot, 2019) as an essential step. ITER will demonstrate that
energy from fusion is feasible by aiming at a plasma power multiplication (Q = Psusion/Pin) of 10 and it
will demonstrate essential fusion technologies, such as tritium breeding.

Figure 1. Schematic view of the main elements of a fusion roadmap that is common to several countries. The
stellarator line is mainly in the European and Japanese roadmaps.

A second important facility included in basically all roadmaps is the demonstration reactor that will
for the first time deliver electricity to the grid. In Europe and Japan this device is named DEMO
(Federici et al., 2018; Tobita et al., 2019), in Korea K-DEMO (Kim et al., 2015), and in China it is
known as the China Fusion Experimental Test Reactor (CFETR; Zhuang et al., 2019). These devices are
all based on relatively conservative extrapolations from ITER following the rationale that obtaining a
nuclear license for a new device is facilitated by exploiting technologies and components that have
already been demonstrated elsewhere. Reactors following DEMO and CFETR are foreseen as first-of-
a-kind fusion power plants (FPPs).



Some countries, however, prefer to pursue smaller, more flexible, facilities based on spherical
tokamaks to follow ITER (Menard et al., 2016), such as the Fusion Nuclear Science Facility (FNSF;
Kessel et al., 2018) in the USA and the Spherical Tokamak for Energy Production (STEP; Wilson, 2020)
in the UK. Most likely these facilities must be followed by a real demonstration plant, before fusion
can be commercialized. Several privately funded enterprises (Sykes et al., 2017; Sorbom et al., 2015)
are also following this approach, with the special feature that high-temperature superconducting
magnets are proposed to make it possible to build rather small fusion reactors, featuring a high
power density. In a certain sense one could say that these approaches are depicted by the green line
in Figure 1.

Since the neutron fluence in the devices following ITER (eg DEMO and CFETR) will be much higher
than those in ITER, new materials need to be developed and validated. At present, this is largely
pursued in Materials Test Reactors (basically fission reactors), but for testing the plasma facing
components an intense neutron source with a dedicated fusion neutron spectrum is needed. The
International Fusion Materials Irradiation Facility (IFMIF) is such a facility, and prototype
components are presently being tested in a collaboration between Europe and Japan (Knaster et al.,
2017). To accelerate the path to the realization of such a neutron source, Europe and Japan are now
each proposing smaller neutron sources, IFMIF/DONES in Europe (Ibarra et al., 2018), and the
Advanced Fusion Neutron Source in Japan (Ochiai et al., 2020). Spherical tokamak based devices
have also been proposed as volumetric neutron sources, denoted ‘Component Test Facility’.

As indicated by the red arrows in Figure 1, many operational facilities within the international fusion
research program are providing input to ITER and to DEMO. Tokamaks predominate, but devices
such as stellarators also give important input to the main fusion roadmap. All devices limit operation
to hydrogen and deuterium plasmas to minimize nuclear activation, facilitating upgrades and the
continuous evolution of experimental capabilities. The Joint European Torus (Joffrin et al., 2019),
nevertheless, retains a capability for experiments with deuterium-tritium plasmas. As discussed
later, several significant new non-nuclear facilities are currently in the development phase: JT-60SA,
a Japan-EU collaboration (Barabaschi et al., 2019), the Divertor Test Tokamak (DTT) in Italy (Albanese
et al., 2019), HL-2M (Song et al., 2019) in China and COMPASS-Upgrade (Panek et al., 2017) in the
Czech Republic.

This Chapter is organized as follows. Section 2 briefly describes the key objectives, design features,
major component systems and overall research framework of the ITER project. Section 3 summarizes
the major considerations influencing the design of demonstration reactors based on conservative
extrapolations from ITER (the DEMO reactors by Europe, Korea and Japan and the Chinese CFETR),
discusses a range of concepts developed within the framework of the ‘Fusion Nuclear Science
Facility’ and ‘Pilot Plant’ studies, the majority based on the spherical tokamak configuration and
several seeking to exploit recent developments in high temperature superconductors, and finally
comments on key prospects for stellarator-based DEMO reactors. Conceptual designs for facilities
intended to provide a nuclear irradiation capability for fusion materials and components are
described in Section 4, while several of the non-nuclear facilities under development are briefly
discussed in Section 5.



2. ITER

2.1 Introduction

ITER is the next step fusion device, and at this moment the largest international scientific project
world-wide (ITER, 2002; Bigot, 2019). It is a collaboration between China, the European Union
(including Switzerland), India, Japan, South-Korea, the Russian Federation and the United States. The
initial ITER collaboration was launched in November 1985 at the Geneva summit meeting between
Secretary-General Gorbachev of the Soviet Union and President Reagan of the United States. After
two decades of design studies, R&D and international negotiations, the ITER Agreement among the
seven members was signed in November 2006 and the ITER Organization was officially established in
October 2007 with its headquarters at the ITER construction site in St Paul-lez-Durance, southern
France. The history of ITER is described in (Ikeda, 2010; Claessens, 2020).

As cited in the ITER Research Plan (ITER Organization, 2018), the ITER scientific goals, defined in
terms of plasma fusion performance, are:

e |TER should achieve extended burn in inductively driven plasmas with the ratio of fusion
power to auxiliary heating power, Q, of at least 10 (Q210) for a range of operating scenarios
and with a duration sufficient to achieve stationary conditions on the timescales
characteristic of plasma processes.

e |TER should aim at demonstrating steady-state operation using non-inductive current drive
with the ratio of fusion power to input power for current drive of at least 5.

e [naddition, the possibility of controlled ignition should not be precluded.

The technical goals, aiming to provide much of the technological basis for the design of future fusion
power plants capable of generating electricity, are:

e |TER should demonstrate the availability and integration of technologies essential for a
fusion reactor (such as superconducting magnets and remote maintenance).

e |TER should test components for a future reactor (such as systems to exhaust power and
particles from the plasma).

e |TER should test tritium breeding module concepts that would lead in a future reactor to
tritium self-sufficiency, the extraction of high-grade heat and electricity production.

Demonstration of the safety and environmental advantages of fusion energy is a further significant
aspect of the ITER project mission. In this respect, it should be noted that ITER has undergone the
full licensing procedure appropriate to a ‘Basic Nuclear Installation’ (INB) within the French nuclear
regulatory system (see, e.g., Taylor et al. (2013)). The French Government granted the Decree of
Authorization of a nuclear facility in November 2012 and ITER is now established as INB-174 within
the French regulatory framework.

A cutaway view of the ITER tokamak is given in Figure 2 and the main parameters of the ITER-plasma
are listed in Table 1. Extensive details on the ITER design and its technical systems can be found in
papers published during the project’s design and R&D phase, e.g. (ITER, 2002; Aymar et al., 2002;
Shimomura, 2001), while more recent developments in ITER technology are discussed by Campbell
et al. (2019).



Table 1: Main parameters of ITER

Parameter Value
Major radius, Ro (m) 6.2
Minor radius, a (m) 2.0
Toroidal field on axis, Bt (T) 5.3
Plasma current, I, (MA) 15
Plasma elongation, k 1.85
Plasma triangularity, o 0.49
Edge safety factor, qos 3.0
Neutral beam power, Png (MW) 33
Radiofrequency power, Pre (MW) 40
Fusion power, Psusion (MW) 500
Fusion gain, Q 10
Burn time (s) 300

Figure 2. Schematic view of the ITER tokamak with the main components indicated (copied with permission
from Campbell et al., 2019)



2.2 Tokamak core systems

As illustrated in Fig. 2, the principal tokamak core components are the vacuum vessel, plasma-facing
components (divertor and shielding blanket/first wall), in-vessel control coils, superconducting coil
systems (toroidal field (TF), poloidal field (PF), central solenoid (CS) and correction (CC) coils),
thermal shield and cryostat.

The ITER vacuum vessel (Martinez et al., 2016), consisting of the main vessel, port structures and
supporting system, provides a hermetically sealed plasma container which also fulfils the critical role
of first tritium containment barrier. It is a water-cooled austenitic stainless steel (SS 316L(N))
pressure vessel with an outer diameter of 19.4 m, a height of 11.4 m and an inner volume of

1400 m3. The main vessel is a double-walled steel structure strengthened by interspace stiffening
ribs, with the space between the two 60 mm walls filled by ‘in-wall’ shielding in the form of modular
blocks of borated and ferromagnetic steel. These blocks contribute additional neutron shielding for
components external to the vacuum vessel (e.g. the superconducting magnets), while also reducing
the toroidal field modulation (‘ripple’) caused by the finite number (18) of toroidal field coils. 44
ports in the vessel (18 upper, 17 equatorial and 9 lower ports) allow access for diagnostic systems,
neutral beam injection, radio-frequency heating, fuelling and vacuum pumping, as well as providing
access for remote handling systems used for maintenance and repair. The total weight of the
vacuum vessel, including ports and in-wall shielding is approximately 5,200 tons.

The inner walls of the vacuum vessel, with an area of ~600 m?, are covered by 440 actively-cooled
shielding blanket modules that protect the vacuum vessel and the superconducting magnets from
the heat and neutron fluxes produced by fusion reactions. Each water-cooled blanket module,
fabricated from 316L(N) stainless steel, has a plasma facing surface area of ~1.5 m?, is ~45 cm thick
radially and weighs up to 4.5 tonnes. The blanket cooling water system operates at 4 MPa, with an
inlet temperature of 70° C, and is capable of removing 750 MW of thermal power. A detachable first
wall, fabricated from 8-10 mm thick beryllium, is mounted on the module plasma facing surface to
intercept heat fluxes arriving in the form of plasma particles and electromagnetic radiation.
Beryllium has been selected as the first wall material due to its low atomic number, which limits
plasma contamination, and low affinity for hydrogenic isotopes, which limits fuel retention.

The divertor extracts heat, helium ash produced by the fusion reactions, unburned fuel and
impurities in such a way that plasma contamination is minimized. It is formed from 54 stainless steel
cassettes, each weighing ~8 tonnes, arranged to form a toroidal ring. Plasma facing surfaces
(‘divertor targets’) are mounted on the inboard and outboard regions of the cassette designed to
withstand steady state heat fluxes of 10 MWm™ and slow transients of up to 20 MWm2, while the
‘dome’ region lying between the inner and outer targets can handle heat fluxes of up to 5 MWm.
Solid tungsten, ~8 mm thick, forms the plasma facing surfaces, due to its high melting point, low
sputtering yield under plasma bombardment and low fuel retention. High pressure water cooling is
used for heat exhaust, as for the shielding blanket.

The superconducting magnet systems consist of 18 TF coils and 6 CS modules wound from Nb3Sn
superconductor plus 6 PF and 18 CC coils fabricated from NbTi superconductor. All coils are cooled
with supercritical helium at temperatures in the range 4.2 — 4.5 K. The D-shaped TF coils are 17 m
high and 9 m wide, and each weighs ~330 tonnes. They are wound in ‘double pancakes’—layers of
spiraled conductor embedded in radial plates and each TF winding is encased in stainless steel. The
maximum magnetic field on the coil is 11.8 T and, when fully energized, the total magnetic energy of
the TF is 41 GJ. The ring-shaped PF coils, the largest having a diameter of 24 m, are mounted outside
of the TF coils and operate at a maximum magnetic field of 6 T at the coil. The CS coil, with an overall
height of 13 m and weighing ~1000 tonnes, consists of six independent modules, each 4 m in



diameter. With a maximum magnetic field of 13 T in the center of the coil stack and a stored
magnetic energy of 6.4 GJ, the CS can sustain a 15 MA plasma current for 300 - 500 s during a high
power fusion burn. The CC are much lighter, as they simply compensate for residual magnetic field
errors, but the largest of these nevertheless have an area of 8x8 m2. An overview of the ITER magnet
system is provided by Mitchell and Devred (2017), while Devred et al. (2014) describe the challenges
in the production of the superconductor.

The height and diameter of the ITER cryostat (Sekachev et al., 2015; Bhardwaj et al., 2016 ) are both
~30 m, while the structure, including the thermal shields, weighs ~4000 tonnes. With an internal
volume of 16,000 m?3, this stainless steel pressure vessel provides the high vacuum (~10* Pa),
cryogenic environment for the ITER tokamak core components, in particular the superconducting
magnets. The cryostat has over 200 penetrations to allow for maintenance access and replacement
of blanket modules and divertor cassettes, and to provide access for heating systems, diagnostics,
cooling systems, and magnet feeders. It is connected to the vacuum vessel via large bellows that
allow for thermal contraction and expansion during ITER operation.

2.3 Auxiliary and Plant systems

To achieve the initial conditions for achieving high fusion gain, three auxiliary heating and current
drive (H&CD) systems provide a total baseline heating power of 73 MW (Singh, 2015):
e Two Neutral Beam Injectors (NBI) (Hemsworth et al., 2017) will provide a total input power
of 33 MW, with provision for a third injector to allow a total beam input power of 50 MW.
The injectors are based on negative ion technology (Inoue et al., 2020) operating at 1 MeV
injection energy, allowing central deposition of the beam power. Near-tangential injection
into the plasma allows torque input and current drive.
e The lon Cyclotron Radiofrequency Heating (ICRF) system (Beaumont et al., 2017) injects
20 MW of power with a frequency in the range 40 — 55 MHz from two antennas located in
the equatorial port plugs.
e The Electron Cyclotron Resonant Heating (ECRH) system (Darbos et al., 2016) will deliver
20 MW of power to the plasma at a frequency of 170 GHz. The gyrotron power sources are
each designed to deliver 1 MW for periods of at least 1000 s. The ECRH power is injected
into the plasma via launchers with steerable mirrors located in both the upper and
equatorial ports of ITER.
A nominal input power level of 50 MW is foreseen for sustainment of the reference burning plasma
scenario, which is predicted to generate 500 MW of DT fusion power:

ITER will have approximately 55 different diagnostic measurement systems to measure a large range
of plasma and machine parameters (Donné et al., 2007; Walsh et al., 2015). The diagnostics are
classified into three groups: (i) diagnostics for basic operation and machine protection, (ii)
diagnostics for advanced control and (iii) diagnostics for physics evaluation and performance
optimization. A large range of different diagnostic techniques is used (Inoue et al., 2020), for
example, magnetic measurements, neutron emission measurements, optical systems, radiation
bolometers, spectroscopy across the electromagnetic spectrum, microwave emission, transmission
and reflection, and plasma-facing and operational diagnostics. For some diagnostics, the detectors
must be mounted inside the vacuum vessel and great emphasis is given to ensuring their radiation
hardness. Most in-vessel detectors are located deep in slots between adjacent blanket modules, to
provide protection against the hostile plasma, while some diagnostics for plasma edge
measurements are mounted on the divertor cassettes. Many other diagnostics have optical or
microwave interfaces incorporated into dedicated vacuum vessel port plugs with complex folded
optical or microwave transmission lines to reduce neutron streaming through the port plugs.
Detectors and active sources, such as lasers and microwave generators, are then located in the



diagnostics building, far from the plasma. The hostile environment within the proximity of the
plasma necessitates the development and application of in-situ techniques to counteract the effects
of plasma bombardment of the first, plasma facing, mirrors in many optical systems, ensuring high
reflectivity of the mirror surface.

A sophisticated plasma control system (PCS) combines measurements made by these diagnostic
systems to sustain fusion power production via real-time control of the plasma parameters
implemented via various ‘actuator’ systems, i.e. magnet systems, H&CD systemes, fuelling and
impurity injection systems (Snipes et al., 2017). At high plasma performance, the control of
magnetohydrodynamic (MHD) instabilities (Lao et al., 2020) is particularly critical in ITER to maintain
the fusion burn and to avoid potential damage to the first wall. For example, edge localized modes
(ELMs), which expel short bursts of heat and particles, are controlled by a set of 27 in-vessel copper
coils (Vostner et al., 2019). Disruptions, which produce high transient heat and electromechanical
loads on in-vessel structures, must be avoided or their effects mitigated (see Lao et al., 2020; Zohm,
2020). A dedicated system, based on fragmentation of cryogenic deuterium or noble gas pellets, and
referred to as Shattered Pellet Injection, SPI (Lehnen et al., 2015) will operate under PCS control to
implement disruption mitigation. The PCS can also control the injection of localized H&CD to
suppress MHD instabilities responsible for triggering disruptions.

Demonstration of the feasibility of producing tritium within the reactor system is a key mission of
ITER, and the project will provide a unique opportunity to test prototypical in-vessel tritium breeding
blankets in a real fusion environment (Giancarli et al., 2018). Several concepts for tritium breeding
and high grade heat extraction will be tested in ITER using two dedicated port plugs, each allowing
two distinct ‘test blanket module’ (TBM) designs to be exposed to the fusion neutron flux. Initially,
two TBMs are planned to use water-cooling and two helium-cooling. Further details of the ITER TBM
programme are discussed by Boccaccini et al. (2020).

The ITER plant systems provide key services to the tokamak and its auxiliary systems, and, in many
respects, are constructed on a scale commensurate with that required in a fusion power plant. Plant
systems include the Fuel Cycle (fuelling, vacuum, exhaust gas reprocessing), Remote Handling,
Cryoplant, Cooling (water cooling systems, heat exchangers, waste heat exhaust), Power Supplies
(steady-state and pulsed) and Waste Processing (including detritiation).

As noted above, ITER will tests concepts for tritium breeding. However, the significant amount of
tritium fuel, ~14.5 kg over a period of ~20 years, required meet the project lifetime goal of achieving
an average first wall neutron fluence of 0.3 MW.yr.m2 means that tritium must be externally
supplied from existing civil fission stockpiles and that fuel reprocessing on an unprecedented scale
will be required to ensure efficient consumption of tritium. A large-scale tritium reprocessing plant
therefore forms the core of the ITER Fuel Cycle system (Boccaccini et al., 2020): an annual tritium
reprocessing capability corresponding to ~25 times the onsite tritium inventory will be required. A
substantial high vacuum pumping capability is a further critical element. The total volume of the ITER
vacuum system (Day et al., 2008) exceeds 10,000 m? (cryostat: 8500 m?, vacuum vessel: 1330 m3,
neutral beam injectors: 180 m? each). The central part of the roughing system consists of newly
developed cryogenic viscous flow compressors in combination with Roots mechanical pumps, while
the facility also features a set of six cryopumps for the main vacuum vessel, four for the neutral
beam system and two for the cryostat. These pumps, cooled by supercritical helium, are coated with
activated charcoal as sorbent material, in particular for helium pumping. Finally, fuelling of DT
plasmas by gas injection and cryogenic pellet injection closes the fuel cycle. Further considerations
related to the design of reactor-scale fuel cycle systems can be found in Boccaccini et al. (2020).



ITER is equipped with one of the world’s largest cryoplants (Monneret et al., 2017) - only the
distributed system for the Large Hadron Collider has a greater cooling capacity. It consists of two
large nitrogen refrigerators and three large helium refrigerators, which provide the necessary
cooling for the superconducting magnets. It also supplies the six cryopumps that operate at a
temperature of 4 K, the magnet current leads that operate at 50 K and the thermal shields within the
cryostat that are cooled to 80 K. The installed cooling power is 75 kW at 4.5 K (helium) and 1300 kW
at 80 K. The ITER tokamak and the auxiliary systems will produce on average 500 MW of heat during
a typical plasma pulse cycle, with a peak of 1.1 GW during the plasma burn phase, and this needs to
be dissipated to the environment. Heat generated by the plasma is transferred via the Tokamak
Cooling Water System, TCWS (Lioce et al., 2019), to the intermediate Component Cooling Water
System (CCWS; Kumar et al., 2013), which is a closed loop system that transfers the heat to the Heat
Rejection System (HRS). Water from the HRS is ultimately discharged into the nearby canal after
monitoring to ensure that it fulfils the stringent environmental release criteria.

Robust remote handling techniques are being developed to support in-vessel maintenance and
repairs (Damiani et al., 2018; Federici et al., 2020). Special remote handling tools will be able to
replace heavy components such as the blanket modules, divertor cassettes and the port plugs, with
weights of up to 50 tons. A substantial Hot Cell Facility, HCF (Friconneau et al., 2017), will permit
maintenance and processing of irradiated and tritiated components that have been removed from
the tokamak. Transportation between the tokamak and the HCF will be carried out using a sealed
transport cask. Radioactive waste will be produced during ITER operation and decommissioning
(Rosanvallon et al., 2016) due to the replacement of components, as well as from process and
housekeeping waste. The waste consists of components activated by neutrons with energies of up to
14 MeV, and contaminated by activated corrosion products, activated dust (including beryllium and
tungsten dust) and tritium. To satisfy French regulatory requirements, facilities are included in the
ITER Hot Cell complex for the treatment and interim storage of the waste. This complex, equipped
with an extensive remote handling capability, will provide a secure environment for the processing,
repair or refurbishment, testing, detritiation and disposal of activated ITER components.

2.4 |TER Research Plan

The ITER Baseline Schedule foresees a phased transition from facility construction to plasma
operation (the ‘Staged Approach’), with the scope of the associated research program, as defined by
the ITER Research Plan (IRP) (ITER, 2018), expanding as the facility capabilities are increased over a
period of approximately 10 years (figure 3). Within the IRP, these first 10 years of ITER operation are
sub-divided into three phases: First Plasma (FP), Pre-Fusion Power Operation (PFPO, subdivided into
two stages) and Fusion Power Operation (FPO). During the FP and PFPO phases ITER will operate
only with hydrogen and helium plasmas, while the FPO phase will focus on optimization of fusion
power production in DT plasmas.

During the First Plasma phase, scheduled for late 2025 and targeting plasma currents in the range
100 — 500 kA, the magnets, the vacuum vessel and the cryostat will be qualified and the most basic
auxiliary systems commissioned. These commissioning and experimental activities terminate in an
Engineering Commissioning phase to commission the superconducting magnet systems to full
current. The PFPO-I and PFPO-II programs are dedicated to a phased commissioning of key hardware
systems associated with a gradual increase in plasma parameters and in the sophistication of plasma
operating scenarios. Thus, the blanket modules/ first wall, divertor, full ECRH system and a range of
diagnostic and dedicated control systems will be installed in advance of PFPO-I, allowing routine
operation at plasma currents of up to 7.5 MA and toroidal fields in the range 1.8 — 5.3 T with heating
powers of up to 20 MW. A range of plasma operating regimes and plasma control schemes, including
disruption avoidance and mitigation, will be commissioned and explored during this program. The



full H&CD capability and an extended set of diagnostic systems will be added in advance of PFPO-II.
This will support operation at full technical performance (15 MA/5.3 T) with up to 73 MW of heating
power and the implementation of an extensive program of plasma and plasma control scheme
development, with plasma pulse durations of at least 100 s, in preparation for the transition to DT
plasma operation.

Figure 3. Schematic time sequence of the first 10 years of ITER operation in the Staged Approach (adapted with
permission from Fig. 5 of Campbell et al., 2019).

Long-range plans foresee final preparations for DT operation being made in 2034-2035, including the
final commissioning of the DT fuel cycle and the installation of additional DT-relevant diagnostics.
Following authorization by the nuclear authorities, deuterium plasma operation would be launched
in early 2035, followed by the transition to full DT operation in the course of 2035. Operating on a
two-year cycle of 16 months plasma operation and 8 months maintenance, a series of experimental
campaigns would explore optimization of fusion power production in a range of ‘baseline’ plasma
scenarios, as detailed in Table 2. Initially, the program is planned to address the achievement of a
fusion gain, Q, of at least 10 at fusion powers of up to 500 MW using nominal plasma parameters of
15 MA/5.3 T, and with the burning plasma duration being extended towards the range 300 — 500 s
as operational experience accumulates. Alternative scenarios which current experiments indicate as
particularly promising include the ‘hybrid’ scenario, operating in the range 12 — 14 MA with a
significant component of non-inductive current drive. A further key aim of the DT experiments is the
achievement of fully non-inductive steady-state plasma operation at lower plasma currents, ~9 MA,
with Q > 5 and pulse durations of up to 3000 s.

Table 2: Main parameters of the ITER baseline reference scenarios (Campbell et al., 2019)

Parameter Inductive | Hybrid | Non-
inductive

Plasma current, I, (MA) 15 13.8 9

Energy confinement time, T (s) 34 2.7 3.1

Confinement enhancement Huas(y,2) 1.0 1.0 1.6

Pressure figure of merit, Bn 2.0 1.9 3.0

Average electron density <ne> (101° m3) 11.3 9.3 6.7

Fusion power, Psysion (MW) 500 400 360

Fusion gain, Q 10 5.4 6

Burn time (s) 300-500 | >1000 ~3000




While the fully non-inductive steady-state scenario (i.e. with zero flux swing in the CS) is anticipated
to provide the operational basis for future fusion reactors, ITER can also explore alternative
operating scenarios to those listed in Table 2, whether developed in ongoing experiments in smaller
devices, or in ITER’s experimental program. The DT operations phase will, in addition, incorporate
significant fusion technology studies in support of DEMO and future reactors, the most significant
being the demonstration of tritium breeding and high grade heat extraction from the TBMs which
will be exposed to the DT neutron flux.



3. Demonstration reactors

3.1 Background

With the ITER project well under way, the nations engaged in magnetic fusion R&D are now
determining the necessary science and technology developments required to harness fusion energy.
This includes, primarily, progression towards a device capable of demonstrating the production of
few hundred MW of net electricity, feasibility of operation with a closed-tritium fuel cycle,
maintenance systems capable of achieving adequate plant availability, a high level of safety and low
environmental impact. This is known as a DEMOnstration Fusion Power Plant (DEMO).

Europe and Japan envision that ITER should be succeeded by the construction and exploitation of
DEMO, the final step before the first commercial power plant. A dedicated divertor test tokamak
(DTT), to investigate the problem of power exhaust and demonstrate performance of advance
divertor solutions, and a neutron-irradiation facility to qualify materials (IFMIF-DONES) are included
in this strategy. Stellarators are also being pursued, the largest devices being LHD (Japan) and
Wendelstein 7-X (Europe). China has an ambitious plan to exploit fusion energy for electricity
production as quickly as possible to offset the foreseeable large increase in energy demand. The
“Chinese Fusion Engineering Test Reactor (CFETR)” facility is currently in the conceptual design
development phase with construction planned by the end of the 2020s. South Korea has begun pre-
conceptual design work on a DEMO device to develop technology solutions, denoted ‘K-DEMO-1’,
with the intention of starting construction in the late-2020s and beginning operation in 2040. After a
reconfiguration of the internal components, the second phase (‘K-DEMO-2’) will be launched,
leading to a full demonstration of industrial scale electricity generation from a fusion plant. Other
communities, e.g. the US and India, view DEMO as the last step before commercialization, but both
consider that an intermediate step between ITER and DEMO is required. There is considerable
deliberation over the scope of such a device and delay in exploiting fusion energy implied by an
additional intermediate step is an issue. Finally, the Russian Federation is considering both ‘pure’
fusion machines and fission—fusion hybrids in their strategy.

The construction, commissioning and operation of ITER are central elements in all fusion
development roadmaps. However, while the contribution of ITER to fusion technology is undeniable,
large gaps towards DEMO remain and there is an urgent need for continued and vigorous R&D in
areas such as fusion grade materials, tritium breeding, plasma exhaust solutions, heating and current
drive systems (especially in terms of efficiency), and remote handling. The integration of these
technologies to build a reliable device is recognized as being, probably, the greatest challenge ahead.
ITER design and construction activities have, nevertheless, yielded several important lessons for
those responsible for DEMO design:
(1) the importance of thermal transients for in-vessel component design;
(2) strengthening of nuclear design integration and nuclear safety culture during all design
phases;
(3) implications of design changes imposed on ITER by regulatory bodies, derived from
increasingly stringent nuclear safety regulations;
(4) the criticality of a robust maintenance plan with clear provisions to access areas where
contamination and activation could be higher than initially considered;
(5) 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.



3.2 Demonstration reactors based on extrapolations from ITER

Defining appropriate plant design parameters and technical features starts with the definition of the
plant requirements and involves trade-offs between the attractiveness and technical risk associated
with the design options. Some of the physics assumptions (e.g. energy confinement, plasma
pressure, H-mode access threshold, bootstrap current fraction, etc.), and technology assumptions
(e.g. allowable divertor heat loads, structural material neutron-load limits, maximum field in the
superconducting magnets, plant thermodynamic efficiency, wall-plug efficiency of Heating and
Current Drive systems, etc.) play a major role in the tokamak dimensioning process. Schematic
drawings of the current designs of the EU DEMO and CFETR are shown in Fig. 4 and 5, respectively.
The considered design parameters of these devices, along with those of JA-DEMO and K-DEMO are
shown in Table 3.

Figure 4. Schematic drawing of EU DEMO with the various component indicated. © EUROfusion



Figure 5. Schematic drawing of CFETR (courtesy ASIPP, China).



Table 3. Main machine parameters for future devices in EU, Japan, China and South Korea DEMOs.

Parameters Symbol EU DEMO JA DEMO CFETR
(Pulsed/ (Steady- (Steady-
2hrs) state) state) '
Major, minor Rp, a (M) 9.0,2.9 8.5,2.42 7.2,2.2
radius
Aspect ratio A 3.1 35 33 I
Magnetic field on | Br (T) 5.9 5.9 6.5
axis
Plasma current, | Ip (MA), qos 18, 3.9 12.3, 4.1 12-14/5 >12,<8.0 |
edge safety
factor
Elongation, Kos, 8o 1.65,0.33 1.65,0.33 2,0.4-0.6 20,063 |
triangularity
Fusion and Ptus (GW), Paux(MW) 2.0, 50 1.5,83.4 0.1-2.0/80
auxiliary power
Net electrical Pelnet (GW) 0.5 >0.25 0-0.8
power
Confinement HHogy2 ~1 13 0.7-1.6 .
factor
Normalized beta | B 2.6 3.4 1-3 l
Bootstrap fas 0.39 0.61 0.4-0.6 >0.6
fraction
Relative density | ne/naw 1.2 1.2 0.5-1.3 1.25
to Greenwald
density
Average power Anw (MW/m?) ~1 ~1 0.1-2.5 -
load on structure
Structural EUROFER for FH82 for the ODS Ferritic
material the blanket blanket and Martensitic
and AISI 316 AlISI 316 for steel for the
for the vacuum the vacuum blanket
vessel vessel.
Divertor Single-null Single-null Advanced
water-cooled; water-cooled; divertor
W-armor. W-armor.
Breeding blanket WCLL/HCPB WCPB WCLL/HCPB
(TBM)
Toroidal field LTSC magnets LTSC magnets NbTi/ITER f
coils Nb3Sn Nb3Sn Nb3SN/ high
(grading) NbsSN
Lifetime 1¢/2" | (dpa) 20/50 20/TBD 10/20 TBD
blanket
Remote blanket vertical blanket blanket
maintenance RH / divertor vertical RH / vertical RH /
cassettes divertor divertor
cassettes cassettes
Balance-of-Plant yes yes yes yes

A major difference between the EU DEMO and CFETR (Zhuang et al., 2019) design concepts is that
the CFETR design assumes steady-state operation, with a significant current-drive fraction, and
hence low-density operation (which is a challenge for the divertor). The EU DEMO design is based on



operation in 2-hour pulses and relies on a conventional, ideally ELM-free, H-mode scenario with an
emphasis on power exhaust issues. This is not yet a fixed design choice, but rather a “proxy” to be
used to identify and resolve crucial design integration problems (Federici et al., 2016; Federici et al.,
2018). Considerations are also given to a design capable of a short pulse mode operation (e.g., 1
hour) for nominal extrapolated performance (Hss=1.0) and capable of moving to steady-state
operation, while maintaining the same fusion power and net electrical production, when it proves
possible to access plasma conditions with better confinement. However, this option requires greater
confidence in physics extrapolation and highly reliable and efficient current-drive and control
systems, which will require further development. In contrast, a key design consideration for CFETR
is the reliance on ‘staged operation’ spanning a wide operating range (see Table 3), for the
progressive development of the plasma physics, materials science and technology over the
operational lifetime of the plant to achieve performance improvements through system and/or
component upgrades.

Although many discussions are ongoing regarding the possibility to achieve fusion power from
smaller and cheaper devices to be built on a fast timescale, there is no magic bullet to solve the
integrated design problems: squeezing one element of the design inevitably exacerbates design
challenges elsewhere. The design of EU DEMO is based on the present physics knowledge —i.e. the
H-mode scaling, exhaust and technology — and on the experience gained in the design and
construction of ITER. It is not based on an a priori decision to design a large-scale device (Federici et
al., 2016).

It is essential to address integration issues in the design activity as early as possible to avoid the
development of design solutions that cannot be integrated in practice. In addition, fusion is a nuclear
technology and will be assessed with full scrutiny by nuclear regulators. In this context, shielding,
remote handling, safety, and licensing considerations all play significant roles in the design.

System codes (see Kovari et al., 2014; Kovari et al., 2016; Reux et al., 2018) for the full DEMO power
plant are being used in Europe to underpin DEMO design studies and find meaningful design points
(Kemp et al., 2018). These codes are used to find solutions with a minimum major radius, which is a
rough proxy for the cost of the device. Determining the available design space for DEMO has been
the subject of recent European studies (Federici et al., 2016; Federici et al., 2019; Federici et al.,
2017; Siccinio et al., 2019). Three overarching limitations preventing further reductions in major
radius are: (1) the divertor power handling, (2) the maximum field in the conductor of the toroidal
field (TF) coils and the stress in the coil casing, and (3) the access to the H-mode:

(1) The minimum size of DEMO is currently limited by divertor exhaust power handling for a
given machine size, represented in systems code terms as Psep B/qARo, Where Psp is the
power crossing the separatrix, B is the toroidal field in the plasma, q is the safety factor at
the plasma edge, A is the aspect ratio, and Ro is the machine major radius (Federici et al.,
2019).

(2) The magnet performance is a further limit on DEMO sizing: the achievable field is limited by
the stresses in the mechanical structures of the coils, rather than the superconductor
performance. Forces vary with B2, and since the coil cannot expand toroidally, it must
become radially larger, rapidly limiting how small the machine can become. With an aspect
ratio of 3.1, space for a breeding blanket, and stress limits of <700MPa in the structural coil
materials, targeting a field of 5T in the plasma leads to a device with Ro>7m without
considering other limitations. A growth in the coil allows higher fields representative of high-
temperature superconductors (HTS), but without a corresponding increase in the stress
limit, results in a larger machine (albeit, one with improved plasma confinement). To an



extent, this can be overcome by excluding tritium breeding from the inboard side to reduce
the plasma-magnet distance, but this seriously compromises the ability to breed fuel.

(3) In order to access H-mode, it is assumed that the amount of power crossing a flux surface
just inside the separatrix must exceed the L-H transition threshold power P.. At present, it is
assumed that Psep> Py for DEMO, as it is likely that Psep will need to be higher than Py in
order to achieve sufficient controllability and confinement quality. Using the Martin scaling
(Martin, 2008) for P,y and the Greenwald scaling (Greenwald, 1988) for the density limit, it
can be found that for a fixed Psep/Ro (i.€. divertor protection figure of merit) increasing the
ratio of Psep/Pui can only be satisfied by reducing the magnetic field (Wenninger et al., 2015).

Allowing a variation in aspect ratio, R/a, appears to overcome some of these limits. As aspect ratio
falls, elongation can be increased and a higher By is achievable; however the increased minor radius
means that the field in the plasma is lower and the actual plasma pressure does not change much.
For a given achievable field at the TF coil, there is no significant change in power density, although
lower aspect ratio designs can deliver higher absolute power due to increased plasma volume (but
must still respect power exhaust constraints). This increased power comes at the cost of TF coils that
have a larger cross-sectional area, to accommodate the increased plasma volume.

Taking all these elements into account using more detailed models, and allowing for some
conservatism, a device of Rg™~9.0m is required. To significantly reduce the size requires advances in
plasma physics (higher energy confinement, control and diagnostics in a fusion environment, plasma
scenarios that reduce the power density to the divertor target, and highly reliable techniques to
mitigate the transient effects of ELMs or exploitation of ELM-free scenarios); materials and design
solutions to handle higher power densities in multiple parts of the reactor during steady-state
operation and transients; remote handling maintaining high availability with restricted access; and
improved magnets capable of higher fields and handling the resulting structural stresses. This must
be achieved while integrating nuclear safety in the design ab initio, and without jeopardizing
reliability. This does not mean that the EU-DEMO is low-risk, but that the approach chosen is to
minimize the risk in extrapolation.

An increased appetite for risk on fusion performance would lead to design changes, which may
ultimately reduce the size of DEMO. The first is a reduction in conservatism —a more complete
scientific and technical basis allows a reduction in performance margins on extrapolation and
increased confidence in plasma control at high radiative fraction, plasma-facing component (PFC)
surface erosion rates, or higher Bn. This may be offset by the need to operate in e.g. ELM-free
regimes. It is anticipated that the ITER and DEMO research programs will improve understanding and
reduce uncertainties before the DEMO design point is finalized. If the high-level goals of DEMO are
relaxed (e.g., through a reduction in target electricity production or tritium self-sufficiency, or less
targeted technology transfer to a fusion power plant), size savings can be achieved. Pulse length
could also be shortened (to save solenoid space) or lower aspect ratio explored (this can generally
achieve higher bootstrap current fraction, supporting longer pulse length without additional
auxiliary current drive). In the first case, the DEMO mission is compromised and in the second, the
design is based on a reduced scientific basis.

3.3 Fusion Nuclear Science Facilities and Pilot Plants

Studies have been performed to evaluate what additional science and technology advances would
be required to significantly reduce the scale of the devices summarized in Table 3 and/or to pursue a
complementary mission to those of ITER and DEMO to make unique contributions to the world



fusion development program. The Fusion Nuclear Science Facility (FNSF) (Peng et al., 2009; Menard
et al., 2016; Kessel et al., 2018) aims to create a fusion-nuclear environment representative of fusion
power plants to establish a materials and component operational database before proceeding to
larger electricity producing devices (see Fig. 6). To be relevant to future fusion power plants, an
FNSF facility and program must also utilize and advance fusion-relevant materials for radiation
resistance, low activation, operating temperature range, chemical compatibility, and plasma-
material interaction damage resistance.

In an FNSF program, blanket material and component development and testing leading to tritium
self-sufficiency and high thermal conversion efficiency are high priority mission elements. For FNSF
concepts pursued in the U.S., full poloidal Dual Coolant Lead Lithium (DCLL) blankets are pursued as
the baseline blanket concept due to the potential for high operating temperature and thermal
conversion efficiency. Helium Cooled Lead Lithium (HCLL) and Helium Cooled Ceramic
Breeder/Pebble Bed (HCCB/PB) are considered alternate blankets to be developed in FNSF if
necessary to mitigate DCLL risks in liquid metal breeder technology and the flow channel insert
development (Kessel et al., 2018). Detailed 3D neutronics and tritium breeding ratio calculations are
critical to assess the effects of test blanket modules and non-breeding regions (e.g. materials test
modules, ports for heating and current drive systems, diagnostics, and disruption mitigation) on the
viability of T self-sufficiency in FNSF.

Figure 6. Cross section of the Fusion Nuclear Science Facility (reproduced with permission from Kessel et al.,
2018)

A conventional aspect ratio (A=4) and steady-state FNSF operating range has been identified (Kessel
et al., 2018), and detailed analysis has been carried out for an operating point withR=4.8 m,a=1.2
m, lp=79MA,Br=7.5T,Bn<2.7,n/nG=0.9, fgs = 0.52, gss = 6.0, Hog ~1.0, and Q = 4.0. This
operating space is found to be robust to parameter variations and operates ~35% below the divertor
exhaust power parameter limit of Psep B/ g A Ro = 9.3MW/m used for EU DEMO (Federici et al.,
2019). At full performance the A=4 FNSF generates 1.2MW/m? average neutron wall loading, which
is comparable to the EU DEMO1 value, but with a major radius approximately half that of DEMO1
(4.8m vs. 9.1m) and with one quarter of the fusion power (0.52GW vs. 2.04GW). The FNSF facility
discussed here (with A=4) was not designed to generate net electricity but has an equivalent



engineering gain near 1 (Qeng = 0.86) and could access Qeng > 1 (equivalent) with increased
confinement enhancement factor, i.e. Hog > 1.0. It also aims to access higher shaping (higher
elongation and triangularity) and exploits a double-null divertor configuration to increase stability
limits. The design uses a radial port maintenance scheme, which differs from the vertical port
maintenance approach used by EU DEMO, CFETR, and several other DEMO concepts. The device
maintainability and availability dependence on maintenance approach is an active area of research.

Lower aspect ratio and smaller major radius FNSF concepts based on the spherical tokamak (ST)
have also been explored. An ST with copper toroidal field coils is a promising candidate for the FNSF
application due to its potentially high neutron wall loading and modular configuration (Menard et
al., 2016), with fusion-relevant neutron wall loadings of ~1 MW/m? possible in devices as small as
R=1m, at fusion powers of 50-100MW, and a vertical maintenance scheme enabling removal of all
in-vessel fusion core elements. An ST-based FNSF with R=1m cannot achieve a Tritium Breeding
Ratio (TBR) = 1 (TBR without Be enrichment = 0.85-0.9) and would require T from external sources.
Larger ST devices with R 2 1.7m and Pss = 150-200MW are projected to achieve TBR = 1. Potential
disadvantages of the ST-based FSNF device include the lack of a central solenoid for current initiation
or sustainment, neutron embrittlement of the central Cu TF magnet, hundreds of MW of resistive
power dissipation in the TF magnet, and a less developed physics basis for energy confinement and
non-inductive current sustainment. The NSTX Upgrade (Menard et al., 2012) and MAST Upgrade
(Chapman et al., 2015) facilities and research programs are strongly aligned with addressing these ST
physics issues, with NSTX-U emphasizing core transport and stability and non-inductive sustainment,
and MAST-U emphasizing power exhaust mitigation using novel long-legged divertor capabilities and
core-edge integration with such divertors.

While the FNSF approach emphasizes nuclear component and blanket development to demonstrate
tritium self-sufficiency and steady-state plasma operation, a further related mission is that of
achieving electricity break-even (Qeng 2 1) in a so-called “Pilot Plant” (Dean et al., 1991; Dean et al.,
1992; Menard et al., 2011). Such a mission places lower priority on very high neutron fluence
operation. For advanced tokamak (AT)-based Pilot Plant operation, both higher maximum field and
higher effective current density within the inboard leg of the toroidal field coil was found to be a key
enabling capability for achieving electricity break-even in a smaller-major-radius R=4m, A=4 tokamak
(Menard et al., 2011). Toroidal field magnets using REBCO HTS tapes with very high peak on-coil
magnetic field, Bmax = 23 T, have been proposed to access very high toroidal magnetic field Bo=9.2 T
at the plasma geometric center in an R=3.3m compact pilot plant, “ARC”, producing 190MW of net
electric power (Sorbom et al., 2015). Compact pilot plant concepts, such as ARC (see Fig. 7)
motivate the development of several potential innovations including high-field-side lower-hybrid
current drive for steady-state operation, demountable superconducting TF magnets for fusion core
access and maintenance, an immersion blanket using the molten-salt FLiBe as a single-phase, low-
pressure, single-fluid coolant, and a long-legged tightly-baffled divertor power exhaust scheme
(Wigram et al., 2019) compatible with the immersion blankets and elevated core confinement (Hgg =
1.8).



Figure 7: (a) Rendering of the ARC power plant (adapted from Sorbom et al., 2015; Figure credit: MIT PSFC);
and (b) schematic diagram of the long-legged X-point divertor (reproduced with permission from Kuang et al.,
2018).

Lower aspect ratio fully-non-inductive tokamak pilot plant concepts with A=2, R=3.0m, Br = 4T, Ps; =
500-550MW, Q=10, and Pnet = 50-100MW which exploit the projected very high current density of
REBCO-based HTS superconducting TF magnets have also been developed (Menard et al., 2016). A
proposed A=2 HTS pilot plant uses full poloidal DCLL blankets, as proposed for the A=4 FNSF, but has
a vertical maintenance scheme similar to the EU DEMO approach. Neutronics calculations for the
A=2 HTS pilot plant indicate that an inboard water-cooled shield combined with a thin inboard DCLL
breeding region (and a thick outboard breeding blanket) can achieve TBR > 1, high neutron flux and



fluence, and tritium and electrical self-sufficiency. Such a device may reduce the magnet mass per
unit fusion power relative to higher aspect ratio configurations and may offer core stability and
confinement advantages (Menard, 2019). However, at these low aspect ratios there is only room for
a small central solenoid, so non-inductive current formation and/or overdrive would be needed to
access the full flat-top operating current of 12-13MA. Furthermore, as is the case for the ST-based
FNSF, the physics basis for higher-field low-A tokamaks with A=1.7 to 2.2 has not yet been
established and will need to be supported by research on NSTX-U, MAST-U, and ST-40 (Windridge,
2019).

A key question to be addressed in choosing the optimal aspect ratio for fully-non-inductive pilot
plants is how energy confinement scales versus aspect ratio between spherical and more
conventional tokamak aspect ratios, i.e. covering the range A=1.7 to 2.4 (Menard, 2019). If high
confinement and high-bootstrap fraction scenarios can be realized in near-term STs and if high-field
high-current-density TF magnets can be realized (Windridge, 2019; Sorbom et al., 2015), a more
modular path to fusion energy development may become feasible (Chuyanov and Gryaznevich,
2017). The UK government has also expressed interest in advancing the ST for fusion energy
through the Spherical Tokamak for Energy Production (STEP) programme (Wilson, 2020). STEP is
proposed as a staged programme to design and build the world’s first compact fusion reactor based
on the ST by 2040.

3.4 Prospects for Stellarator-based demonstration reactors

The stellarator (Yamada, 2020) is a promising alternative to the tokamak, offering inherently steady-
state operation and enhanced plasma operational reliability without severe disruptions. It is
therefore being pursued internationally as a potential fusion power plant candidate. The freedom to
shape a stellarator plasma in three dimensions opens up a path to resolve plasma and engineering
issues by computational design rather than by relying on specific plasma regimes. Specifically,
stellarators possess 40-50 degrees of freedom in shaping the magnetic field, providing a virtually
infinite configuration space. However, while significant progress has been made in the physics
optimisation, the challenges in the area of stellarator engineering remain to be addressed. A variety
of stellarator concepts exist, the most studied concepts being heliotrons and advanced stellarators
(including compact designs) (MFE16, 2016).

As for tokamaks, some of the greatest challenges are in engineering and technology (e.g. 3D non-
planar magnet design, heterogeneous neutron loads, divertor heat loads, 3D blanket design and
segmentation, remote maintenance, etc.). Detailed studies of these issues are limited, but these
aspects have gained more interest in recent years and it is expected that, with the success of devices
such as W7-X and LHD, further attention will be drawn to stellarator-specific reactor-relevant
engineering and technology aspects. Similar to the physics optimisation, stellarator engineering
offers tremendous potential to address challenges by computational design and optimisation.

Design studies for a stellarator-based DEMO device are less advanced than those for tokamak-based
devices, though conceptual studies of fusion reactors based on extrapolations of the most favoured
stellarator configurations have been developed (see figure 8), e.g. HELIAS 5-B (Schauer et al., 2011,
2013), extrapolated from the W7-X design (Grieger and Milch, 1993; Grieger et al., 1992), and FFHR
(Sagara et al., 2012) a refinement of the heliotron concept, where extensive experimental
experience has been accumulated, including more than two decades of operation of the Large
Helical Device, LHD (liyoshi et al., 1999).


https://ccfe.ukaea.uk/research/step/

Figure 8: HELIAS 5-B, design study for an advanced stellarator fusion power plant (left; reproduced with
permission from Schauer et al., 2013) and FFHR-d1, a heliotron type design based on LHD (right; reproduced
with permission from Tamura et al., 2015).

With a major radius, R=22 m, HELIAS-5B has a slightly larger aspect ratio, R/a = 12, than that of
W?7-X to accommodate space for the blanket. The space between the plasma and the magnetic field
coils is a limiting factor in stellarator designs and space requirements for a blanket impose a lower
limit on the device size. The space between the coils is also an important factor for port-based
maintenance, limiting the maximum size of the blanket segments. Therefore, optimised coil designs
are under investigation that offer a higher accessibility without compromising the magnetic
configuration (Gates et al., 2017). Using NbsSn superconductor technology similar to ITER, which
allows a field of 5 - 6 T on-axis, the 50 non-planar field coils are roughly the same size as the ITER
toroidal field coils, allowing off-site fabrication. High-temperature-superconductors are also under
consideration, but the associated quench protection and electromagnetic forces are challenging
aspects that need detailed investigations.

Winding of the large helical coils, which must be prepared on-site, is a particular challenge for the
FFHR design. The large poloidal field coils also require on-site assembly. Joint-winding of large-
current capacity conductors employing high-temperature superconducting tapes that could be
connected on site by mechanical connection offers a potential alternative. Sufficiently low joint
resistance has been confirmed by a prototype conductor (Yanagi et al., 2015) and a large-scale
fabrication method is under investigation. On the other hand, this concept incorporates large gaps
between the helical windings, which serve as access points for port-based remote maintenance.

To provide tritium breeding in HELIAS-5B, adaptation of tokamak DEMO blanket concepts is under
study. The HCPB concept (Boccaccini et al., 2020) appears favourable due to its low space
requirements and very high tritium breeding ratio (TBR = 1.38 for HELIAS 5-B (Haussler et al.,
2018)).The FFHR blanket design uses a molten salt (LiF-BeF2) self-cooled liquid tritium breeder,
referred to as FLIBE (Sagara et al., 2000), though a more refined FLINABE (LiF-NaF-BeF2) concept has
been proposed to increase the acceptable temperature range, achieving a higher thermal efficiency
(Sagara et al., 2017).

In HELIAS configurations, magnetic islands are naturally generated at the plasma edge. These islands
are intersected by divertor plates forming the so-called ‘island divertor’. Successfully tested in
Wendelstein 7-AS (McCormick et al., 2003) and the subject of further detailed investigations in W7-X
(Niemann et al. 2020), this is a promising exhaust concept for a stellarator reactor. In the FFHR
heliotron concept the divertor configuration also originates naturally from the helical geometry,



producing a continuous helical ‘double null’-like configuration. However, plasma detachment is
necessary to protect the divertor against local hotspots produced by toroidal asymmetries. Selection
of a favourable magnetic configuration and/or application of resonant magnetic perturbations (RMP)
are options to achieve reduced heat loads (Yanagi et al., 2012). Advanced divertor concepts using
molten tin shower jets or a metal pebble flow are also under investigation (Miyazawa et al., 2017,
Ohgo et al., 2019).

To bridge the physics and engineering gaps between W7-X and a HELIAS reactor, several options for
an intermediate-step stellarator have been proposed (Warmer et al., 2016). An intermediate device
could either be: a) a physics-focused device with significant fusion power to study burning plasmas
and which can also be used as a steady-state volumetric neutron source; b), a technology focused
DEMO-like device, including a full prototype blanket, aiming to provide an integrated systems
solution with a moderate amount of net electricity. The HELIAS line, features a high aspect ratio, but
studies of more compact stellarator designs with two or three field periods are also ongoing
(Henneberg et al., 2019]. Although no such device exists, a small prototype experiment is planned in
China (Isobe et al., 2019). A recent study showed that it is, in principle, possible to substantially
simplify the magnetic field coils of such a device by introducing additional permanent magnets that
can generate a part of the poloidal flux and rotational transform (Helander et al., 2020).

For the FFHR concept, a step-by-step development strategy is considered focusing on system
integration to overcome the engineering and technology challenges: 1) FFHR-al, a device for
demonstration of advanced engineering in a non-nuclear environment; 2) FFHR-b2, a steady-state
neutron source for material qualification and testing, as well as providing an early demonstration of
DT fusion in the stellarator configuration; 3) FFHR-c1, a heliotron DEMO; and 4) FFHR-d1, a full-scale
power plant (Miyazawa et al., 2019). High-temperature superconductors are an option for these
designs, allowing higher magnetic field and more compact devices.



4. Fusion Materials Test Facilities

4.1. Introduction

Radiation damage in materials is a complex function of two competing basic phenomena (nuclear
reactions and elastic collisions) for the primary damage and the specific characteristics of each
material components, as well as temperature, for the later evolution of the initial effects (see
Litnovsky et al. (2020) for a more detailed description of reactor materials). Elastic collisions induce
atomic displacement of the ions inside the materials giving rise to point defects and nuclear
reactions give rise to material activation and impurification. The relative relevance of both types of
reactions is a strong function of the irradiating particles, their energy and the material composition.
This complexity makes it almost impossible at present to predict the behavior of materials in a
radiation environment, and systematic characterization experiments are required in the future,
especially for the case of high-dose irradiation conditions (Knaster et al., 2016b)

The radiation environment of a fusion reactor is also a complex function of the reactor design and it
is strongly dominated by the presence of the 14 MeV neutrons produced by fusion reactions in the
areas close to the first wall. This complex environment very soon raises the need for a fusion-like
neutron source focused on the development and qualification of the materials to be used in a fusion
reactor. This source will mainly be used during the design phase of the fusion device (in order to
define the design window of the different components) and during the licensing phase (in order to
demonstrate to the licensing body that the properties of the structural materials used in the
fabrication of the device are sufficiently robust under nuclear conditions, to ensure that the safety of
the reactor is guaranteed). Taking this into account, the requirements for the neutron source facility
can be summarized as: "the facility should be able to produce fusion-like neutrons with an intensity
large enough to allow accelerated testing, up to a damage level above the expected operational
lifetime in a reactor, and in an irradiation volume large and uniform enough to allow the
characterization of the macroscopic properties of the materials of interest required for the
engineering design of the fusion machine". Here it is important to emphasize that the need to
characterize the behavior of engineering macroscopic properties requires the use of a relatively
large irradiation volume. In order to minimize this volume, the use of small sample testing
techniques is nowadays strongly being developed.

The specifications of the irradiation requirements are a function of the specific fusion power plant
design. In most countries with a significant fusion program, the present strategy is based on a
stepped approach in which it is planned to qualify radiation effects up to the dose required by the
different DEMO designs and, at a later stage, the fusion power plant needs will be addressed. So, for
example, in the case of the European Roadmap and the EU-DEMO currently under development, the
facility should provide a neutron flux in the high flux region of the source enabling the accumulation
of fluences of 20-30 Norgett-Robinson-Torrens (NRT; Norgett et al. 1975) displacements per atom
(dpa) in <2.5 years applicable to a 0.3 liter irradiation volume, and fluences of 50 NRT-dpa in <3
years applicable to a 0.1 liter volume.

It is important to note that several neutron sources are already available (e.g. materials test
reactors), which are able to 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
materials 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. On the other side, the energy spectra of the
neutrons produced in spallation sources have a very high-energy tail and, as a consequence, the
number and type of transmutation reactions are much higher than in the case of a fusion-like
environment (Zinkle and Méslang, 2013).

4.2. Fusion-like neutron sources

In recent decades, a variety of concepts have been proposed for building a neutron facility which
satisfies the testing requirements discussed above. All are based either on the production of
neutrons by the interaction of D and T, or on the production of neutrons by using the interaction
between a light ion (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. The two approaches have given rise to several
different proposals, although the only one currently in a relevant engineering design phase is the so-
called IFMIF-DONES (International Fusion Materials Irradiation Facility- DEMO Oriented Neutron
Source) project described in more detail in section 4.3.

The most obvious way to produce fusion-like neutrons is by using the D-T reaction. Usually such
facilities are based on a low energy deuteron beam (a few hundreds of keV) impinging on a tritium
target. The target can be solid, with tritium embedded in a solid matrix (SORGENTINA (Pillon et al.,
2014), HINEG-II (Wu, 2016)) or gaseous (PNL/UW (Kulcinski et al., 2017)). The main difficulty of this
approach is linked to the fact that, to obtain the required neutron flux, a high reaction rate is
required. For solid targets, this is only possible with a very high power density, which is beyond
present technological capabilities. Alternatively, a high number of smaller neutron sources can be
applied (PNL/UW). Nevertheless, conceptual designs which have been proposed are not able to
reach the required neutron fluxes.

Thus, for example, SORGENTINA is a project in which an intense 14 MeV D-T neutron source is based
on continuous D and T ion beams at 40 A, 200 keV energy, impinging onto a 2 m diameter water-
cooled rotating target operated at a rotational speed of about 1000 rpm. It produces up to about
10%° n/s (about 1 x 10'3*n/cm? s over about 50 cm?® and dpa rates corresponding to 2-4 dpa per full-
power year (fpy)). The facility makes use of an ion source and accelerator stages from neutral beam
injectors utilized at large experimental tokamaks together with a properly scaled rotating target
technology.

The PNL/UW proposal is able to produce peak damage levels of ~4—6 dpa/fpy in 15 cm® and has a
test volume of *600 cm? covering the damage range from 1 to 6 dpa/fpy. This design is based on a
guasi-commercial linear 14 MeV DT neutron source generated by injecting a 300 keV deuterium
beam (of a few hundred mA intensity) into a 30 Torr tritium gas target (the pressure in the target can
be tuned to optimize the irradiation parameters). A number of these small neutron sources can be
arranged in a lattice configuration in which the materials to be irradiated can be located.

An interesting alternative approach is represented by the so-called "volumetric" neutron sources in
which a plasma device with no energy gain (Q<1), but with external heating and an external supply
of D and T is used to produce 14 MeV neutrons. The Gas Dynamic Trap (GTD) (Anikeev et al., 2015) is
based on a special magnetic mirror system for plasma confinement. The main advantage of this type
of neutron source is that the available irradiation volume is high (typically volumes of 0.3 liters at
>15 dpa/full power year; 17.5 liters at 10-15 dpa/fpy; 6.9 liters at 5-10 dpa/fpy and 24.7 liters at <5
dpa/fpy; Fischer et al., 2000). The main difficulties are related to the plasma regime (still not fully
demonstrated), the required availability (continuous operation) and all the aspects related to the



device engineering (especially tritium and remote handling management). Also some of the ST-based
concepts discussed in Sec. 3.3 have been proposed as Component Test Facilities as they exhibit the
proper fusion neutron spectrum (Peng et al., 2017).

The production of neutrons by using the interaction of D with other light ions in solid targets is
utilised in FAFNIR (Surrey, 2014) in which a C target is used. Its performance is limited by the power
handling capability of the target. Facilities in which a D-beam interacts with light ions in liquid metals
constitute the IFMIF family of devices, including the IFMIF proposal (Knaster et al., 2014)], IFMIF-
DONES (Ibarra et al., 2017), A-FNS (Ochiai et al., 2020) and BISOL (Liu et al., 2019)). The principle is
based on Li(d,xn) nuclear reactions taking place in a liquid Li target when bombarded by a deuteron
beam. To obtain neutron spectra comparable to that in the first wall of a fusion power reactor, the
deuteron beam is accelerated up to 40 MeV. The main difference between the various proposals is
linked to the accelerator current and, as a consequence, with the corresponding irradiation
performance for each.

4.3. IFMIF-DONES

The IFMIF-DONES facility will be the neutron source that can provide conditions such as anticipated
for EU-DEMO. To obtain irradiation conditions comparable to those at the first wall of a fusion
power reactor, 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 1,000 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 15 ms™. The Li(d,xn)
stripping reactions will generate a large number of neutrons (up to 5x10® n/m?2s) that will interact
with the material samples located immediately behind the lithium target, in the Test Modules (Ibarra
et al., 2018).

The site-specific engineering design of the IFMIF-DONES facility has been underway since 2015 with
the objective to be ready for construction of the facility in the early 2020’s (Ibarra et al., 2019) in
Granada (Spain). It is based on the IFMIF engineering design (Knaster et al., 2015) developed in the
framework of the IFMIF/EVEDA (acronym that stands for Engineering Validation and Engineering
Design Activities) project, but updated to take into account the validation results obtained plus
modelling calculations, and simplified as much as possible in order to reduce cost. Figure 9 shows a
schematic view of the operational principles and a simplified CAD drawing of the facility.

The IFMIF/EVEDA project also developed a number of prototyping sub-projects (Knaster et al.,
2013), including: i) an Accelerator Prototype (LIPAc), assembling IFMIF components up to its first
superconducting acceleration stage (9 MeV energy, 125 mA of D* continuous wave current); and ii)
the EVEDA experimental Lithium Test Loop (ELTL), which integrated all elements of the IFMIF Li
target facility that was used to test the long-time stability of the liquid lithium jet forming the target.
Results obtained to date have not identified any significant showstoppers.

Taking all these results into account, the construction phase of IFMIF-DONES could start in the early
2020’s and the facility could be operational around ten years later. The aim is to produce first
preliminary data around 2035, on time for the engineering design of EU-DEMO.



Figure 9. IFMIF-DONES facility: (a) Schematic view of the operational principles, (b) a simplified CAD drawing



5. Non-nuclear development facilities

Several significant non-nuclear development facilities are currently under construction, or in
planning, which are expected to deliver important complementary R&D information to the nuclear
devices described in earlier sections. All of these devices are non-nuclear in the sense that they will
not operate with a deuterium-tritium mixture.

COMPASS-U DTT HL-2M JT-60SA
Major Radius (m) 0.84 2.10 1.78 2.96
Minor Radius (m) 0.28 0.65 0.65 1.18
Toroidal Field (T) 5.0 6.0 2.2 2.25
Plasma Current 2.0 5.5 2.5 5.5
(MA)
ECRH (MW) 4 20 2(4) 7
ICRF (MW) 15
NBH (MW) 4-5 - (10) 2(4) 34
LHH (MW) -(2)
Expected operation | Late 2021 2025 Late 2020 Late 2020

The largest of these devices is the Japanese-European JT-60SA tokamak (Barabaschi et al., 2019). The
mission of JT-60SA is to contribute to the early realization of fusion energy by addressing key physics
issues for ITER and DEMO. It is a fully superconducting tokamak capable of confining high-
temperature (100 million degree) deuterium plasmas, under plasma conditions equivalent to
‘breakeven’ (where the fusion power would be equal to the input power if the plasma were
operated in D-T). It is designed to support the optimization of the plasma configurations for ITER and
DEMO and has a high plasma heating and current drive power, using both positive and negative ion
based neutral beams, as well as ECRH. It will typically operate for 100 s pulses once per hour,
subjecting water-cooled divertors to maximum heat fluxes of 15 MWm™2. The device will be able to
explore fully non-inductive steady-state operation. The assembly of JT-60SA was completed in 2020
and, on entry into operation in spring 2021, it will be the world’s largest operating tokamak, in
succession to the Joint European Torus.

COMPASS-U in Prague (Panek et al., 2017) is a high field, high-density tokamak, with a flexible set of
poloidal field coils for generation of single-null, double-null and snowflake divertor configurations. In
addition, COMPASS-U will be equipped with a closed divertor operated at high plasma and neutral
density and with high optical opacity similar to future reactors. COMPASS-U will address some of the
key challenges in the field of the plasma exhaust physics, reactor-relevant edge plasma physics,
advanced confinement regimes, advanced magnetic configurations and materials for next-step
devices. The copper coils are cooled with liquid nitrogen to allow for higher magnetic fields.

The Divertor Test Tokamak in Frascati (Albanese et al., 2019) is a high-field superconducting tokamak
aimed at exploring and qualifying alternative power exhaust solutions for DEMO. The device will
have the possibility to test several different magnetic divertor topologies in relevant reactor
regimes. Various plasma facing materials will be tested (e.g. tungsten, liquid metals) at divertor heat
fluxes in excess of 20 MWm™. The final target of the experiment is the realization of an integrated
solution (bulk and edge plasma) for the power exhaust in view of DEMO. For this purpose, the DTT
tokamak has edge conditions that are similar to those of DEMO in terms of dimensionless
parameters.



HL-2M (Li et al., 2015) is a copper-conductor tokamak under construction in Chengdu, China and is
dedicated to studying the critical physics and engineering issues of ITER and CFETR.
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