Re-design of EU DEMO with a low aspect ratio
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The design point that had been chosen for EU DEMO in 2016 is reviewed here and a modification is proposed
with a lower aspect ratio. Previously the same aspect ratio, A, was chosen for EU DEMO as in major tokamak
experiments including ITER (A = 3.1), and, to rely on mature technology, a peak magnetic field no greater than 13
T was considered. Here we do not consider these limitations recognizing the recent commissioning of JT60-SA with
A =2.5 and the successful recent operation of a model coil at a field of >20 T.

EU DEMO must have a burning plasma and meet performance requirements relevant to a fusion power plant - at
present, 2 GW fusion power and 2 h pulse length. The better plasma confinement at higher magnetic field allows
reaching this condition in a smaller plasma. Thus, increasing the magnetic field appears as an obvious strategy to
reduce the machine size. We confirmed though previous observations that the choice of a high magnetic field is
associated with a large aspect ratio, mainly to generate space for the larger TF coils. In practice the magnetic field
strength on DEMO-size TF coils is limited to ~12 T by the high electromagnetic loads. Also, the extreme heat flux
on the divertor increases further with the magnetic field. Hence the magnetic field on the plasma axis is limited in
EU DEMO to ~5.4 T, its aspect ratio to approximately 3.

The limiting factor to lowering the aspect ratio is the space on the inboard side. This is primarily driven by the
requirement to integrate the central solenoid to drive the plasma current inductively. Our literature review suggests
that non-inductive plasma scenarios, as considered in most power plant studies in literature, are optimistic and not
sufficiently supported by experimental results. Also, the space required for the superconducting toroidal field coils,
the tritium breeding blanket, and the neutron shield is substantial. For a DEMO device the space on the inboard side
becomes insufficient for aspect ratios below ~2.6. We therefore conclude the aspect ratio of EU DEMO should be
chosen within the range ~2.6 - ~3.0 trading-off lower magnetic field and lower divertor heat loads against machine
compactness.
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1. Introduction
1.1 Basis for a re-definition of the DEMO design point

EU DEMO is the step between ITER and a
commercial fusion power plant [1], [2], [3]. It shall
convert the heat generated in the plasma chamber into
electricity delivering a few hundred MWs into the grid
and operate with a closed tritium fuel cycle. It shall also
adopt concepts of plasma physics, control and operation,
technologies and design that are directly relevant or could
be extrapolated to the construction and operation of a
fusion power plant.

In 2016 a reference configuration of EU DEMO was
chosen as a basis for the design and physics development
in the DEMO pre-conceptual design phase [4]. As in
ITER, NbsSn was considered in 2016 as conductor
material for the toroidal field (TF) coils given the “low
extrapolation” approach to minimize technological risks
[3]. EU DEMO was defined as a machine with a major
radius R ~9 m, an ITER-like field of ~12 T on the

conductor and the ITER aspect ratio of 3.1. The following

are key issues of the chosen configuration:

(i) Its associated plant systems will have substantial
costs since it is significantly larger than ITER .

(i1) The manufacturing difficulty of the associated large
DEMO TF coils [5].

(iii) The high power carried by charged particles across
the separatrix to the divertor [3].

In this article we revisit the 2016 reference configuration
assessing the impact of two design parameters: the
magnetic field strength and the plasma aspect ratio:

At a higher magnetic field, the confinement of the plasma
energy increases, which is therefore desirable as a basic
principle to increase the performance. High-temperature
superconductor (HTS) technologies such as REBCO [6]
that offer the potential to increase the magnetic field on
the conductor to 20 T and more were previously not
considered for DEMO. It is, however, considered
elsewhere [7], [8], [9]. To the contrary, given the
difficulties and cost associated with building high-field
coils, the advantages of reducing rather than increasing
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the magnetic field are highlighted in [10] and [11]. In this
article we determine DEMO design points sizing the main
tokamak components with simple formulae for a large
range of the magnetic field and of the aspect ratio.

The aspect ratio, 4, is defined as the ratio between the
plasma major radius R and its minor radius a. Plasmas
with smaller A have three important advantages:

i. As the torus geometry approaches that of a sphere,
such tokamaks tend to become more compact, which
is typically considered favorable since size is a major
cost driver.

il. At a given magnetic field a plasma with a smaller
aspect ratio can be confined at higher pressure. The
reason is the higher plasma current at low 4 at a given
safety factor, gos. This, together with an increase in
volume, allows for efficient confinement even in low
fields. As a side effect, the value of the normalized
pressure, fy, increases, [12], which may impact on
the global plasma stability.

iii. Plasmas with lower aspect ratio have a larger natural
elongation x; i.e., the ratio of its vertical to its radial
diameter [13]. A higher plasma elongation increases
the fusion power significantly since it allows for both
an increase in plasma volume and for higher currents
at given gos.

In fact, JET had first been devised in the 1970s with a low
aspect ratio of 4 = 2.4 and compact inboard magnet
mechanical structures, [14]. During the installation of the
JET divertor in 1993, the aspect ratio was increased to 4
= 3.1[15]. Also, DIII-D and later JT60-SA were designed
with a compact machine build, both with 4 = 2.5.

Although in 2016 the impact of 4 on the DEMO machine
was assessed regarding several aspects, a “conventional”
aspect ratio of 4 = 3.1 was chosen mainly based on the
fact that the physics basis is best developed for machines
with aspect ratios of ~3 [4], e.g., from JET and ASDEX-
Upgrade, see Table 1. In the early 90s the same reasoning
led to the choice of 4 = 3 for the NET tokamak: “The
aspect ratio of the NET plasma was taken to be A = 3.
This choice minimizes the uncertainties in predicting the
confinement properties of the plasma as present large
tokamaks all have aspect ratios around this value.”, [16],
and also for ITER: “the lack of aspect ratio variation in
the data...led to a choice of an aspect ratio close to that
of the major tokamak experiments (A = 3) to minimize the
physics risk.”, [17].

Table 1 Major and minor radii, aspect ratio and plasma
elongation of existing and planned tokamak machines
operating high performance plasma modes such as the
H-mode in divertor configuration and hence with high
relevance for the ITER and DEMO physics basis, see
also [18]. Sorted roughly by aspect ratio. Note: values
vary to some degree in different campaigns.

Ry a A K95
MAST-U [19] 0.85m [1.23m|~1.5| 2.0
NSTX-U [20] 093m [0.55m| 1.7 2.3
T-15MD [21] 148 m [0.67 m| 2.2

JT60-SA [22] 296m [1.18m| 2.5 | 1.95
DIII-D [23] 1.66 m [0.67 m| 2.5 <2
JET [15] 296m [0.95m| 3.0 | 1.85
DEMO low A 80m |285m| 2.8 | 1.74
DEMO 2016 [24] 91m |(29m| 3.1 | 1.59
CFETR [25] 72m | 22m| 3.3 2.0
ITER [26] 6.2m |20m| 3.1 1.7
ITER 1996 [27] 81m |30m| 2.7 1.6
JET-2M [28] 1.3m [0.35m| 3.7 1.7
JT-60U [29] ~33m | 1.1m| 3.1 |1.2-1.8
SPARC [30] 1.9m [0.57m| 3.3 | 1.97
DTT [18] 2.15m [0.65m| 3.3 | 1.66
ASDEX-U [31] 1.625m | 0.5m [3.25| 1.6
TCV [32] 0.88m [0.25m|3.52| >2
KSTAR [33] 1.8m |0.5m]| 3.6 2.0
EAST [34] 1.7m | 0.4 m|425]|1.6-2.0
WEST [35] 25m |05m | 50 |1.3-1.6

1.2 DEMO performance requirements

The performance requirements of EU DEMO have a
strong impact on the design point. These are described
below, summarized in Table 2, and are in line with the
considerations made in the European Power Plant
Conceptual Study (PPCS) [36] and European Roadmap to
Fusion Electricity [1].

Table 2 DEMO performance requirements

Perform. requirement Associated value
Lifetime neutron fluence |70 dpa = 6 fpy
Fusion power 2000 MW
Power density avg. neutron wall load
(NWL) >1.0 MW/m?
Pulse length 2.0h
Tritium self-sufficiency |Breeding blanket installed on
inboard and outboard side

A reliable plasma regime of operation is considered as
close as possible to the ITER Q = 10 baseline scenario, in
order to minimize the extrapolation risks [37], [38]. The
main features are:

e Plasma energy confinement time assumed in line
with the predictions of the IPB98(y,2) scaling i.e., H
=1.0 [39].

e Plasma current driven mainly inductively.

e The OD stability criteria from experimental
experience fulfilled (gos > 3, fv < 3.5, Greenwald
density limit).

The first and third criterion are speculative to some extent,
i.e., they assume DEMO to operate “as expected” based
on current experimental results on smaller machines but
are not based on a first-principle demonstration. New
results, in particular from ITER, might require their
modification. The main difference of the DEMO scenario
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as compared to that of ITER is the use of seeded
impurities [40] to enhance the core radiation in order to
reduce the power crossing the separatrix, Psep, up to ~Ppy,
where P,y is the L-H threshold power calculated with the
Martin scaling [41]. Currently, there is a debate inside the
plasma physics community about the validity of applying
this scaling to reactor-size devices like ITER or DEMO.
Indeed, other scaling laws have been proposed, which
seem to better reproduce the behavior of high-power JET
shots [42]. However, since most of the worldwide fusion
reactor designs, including the 2016 EU DEMO, are based
on the Martin scaling, we retain this convention for
consistency. The condition P, > Py has to be fulfilled
in order to ensure H-mode and the corresponding high
energy confinement time. However, this assumption has
the important consequence of linking Py, to the magnetic
field strength (which P,y depends on), which has relevant
implications on our results, see section 4.2. Some of the
aspects listed above are discussed in more detail in the
following paragraphs.

Since DEMO shall play the role of a Component Test
Facility and demonstrate materials suitable for a high
lifetime neutron fluence, [1], it must generate an
accumulated lifetime neutron fluence of few MW year/m?
that corresponds to a damage level in the wall materials of
20 + 50 displacements per atom (dpa) [2].

The target for the net electric output of the DEMO plant
is defined in [1] as “hundreds of MW of electricity”. With
common assumptions regarding the heat conversion
efficiency and recirculating power for various DEMO
systems, this translates into a requirement for the fusion
power of Pgs = ~2000 MW, which corresponds to a net
electricity output of 400-500 MW, see also [2] and [3].
Furthermore, a requirement for the power density must be
considered. In a fusion reactor, in contrast to a fission
reactor, the heat is removed in the reactor walls rather than
inside the volume of a pressure vessel. We therefore
consider the power density requirement as a surface
power flux [MW/m?] rather than a volumetric power
generation [MW/m?]. This is represented by the average
NWL = 80% Pjis / Awan, With Ayan being the surface area
of the plasma-facing wall. Too low values of the NWL
correspond to an unattractively large device with respect
to the produced fusion power. We consider a NWL target
of ~1 MW/m? as reasonable, which lays in between the
ITER target of 0.57 MW/m? [26] and ~2 MW/m? as
considered for fusion power plants in the PPCS [36].

The pulse length of a given device can be extended
mainly by increasing the radial size of the central
solenoid, which would lead to an increased major radius.
For a shorter pulse length, driving the plasma current
requires less magnetic flux but a larger number of pulses
is needed to reach the target lifetime neutron fluence. In
fact, below a pulse length of ~0.5 h fatigue limits lead to
an increase in the size of the central solenoid (CS) despite
the reduced flux requirement [43]. In this DEMO design
point study, a pulse length of 2 h has been chosen as
considered also in [3].

The tritium self-sufficiency of DEMO as required by the
European roadmap requires the integration of a breeding
blanket (BB) around the plasma whose size impacts the
radial build of the machine. The remainder of the paper is
organized as follows: Section 2 of this article includes a
literature review of fusion power plant studies, section 3
describes the system code study to identify potential
DEMO design points, and section 4 provides assessments
of the identified DEMO design points.

2. Power plant studies in literature
2.1 Pulsed vs. steady-state plasma operation

Tokamaks in contrast to stellarators were initially
considered as intrinsically pulsed devices because their
plasma current was assumed to be driven inductively by
discharging the poloidal field (PF) coils and, in particular,
the CS. The need for energy storage to provide steady-
state power output and also fatigue of reactor components
were seen as major issues of pulsed fusion power plants
[44]. In the 1980s major milestones in fusion research
were reached through the successful operation of e.g.,
JET, TFTR, and of JT60 [45]. It was then considered to
replace the inherently pulsed inductive current drive by
maximizing the so-called bootstrap current and by
employing auxiliary systems driving the remaining part of
the plasma current, as explained in the next sections.

2.1.1 Bootstrap current

The bootstrap current [46] that drives a fraction of the
plasma current is known since the early 70s [47] and was
found to be substantial in TFTR [48]. It is known from
plasma physics that the bootstrap current increases with
increasing plasma pressure, or more precisely with higher
poloidal-beta, ., values [49], where S0 ~ p/I,%, with p
being the plasma pressure, and /, the plasma current.
However, to avoid magnetohydrodynamic (MHD)
instabilities such as Resistive Wall Modes (RWM), S,
must be limited. For this reason, even if the confinement
was better (i.e., H > 1) and thus a high plasma pressure
could be achieved at low current, the margin for reducing
the current was limited by stability considerations. An
enhanced confinement at lower current is obtained in
existing tokamak experiments via an active, accurate
tailoring of the safety factor profiles by auxiliary plasma
heating systems. However, it appears challenging to
realize this approach in a burning plasma whose heating
(and thus f,) is dominated by the alpha particle
population rather than by auxiliary heating systems. The
large fluctuation of the alpha particle heating can be
expected to prevent any accurate tailoring of the safety
factor profiles since large fluctuations in the plasma
pressure (locally) lead to corresponding fluctuations in the
(local) bootstrap current profile, which are challenging
and expensive to control. Thus, the MHD stability
effectively limits the achievable fraction of the plasma
current provided by the bootstrap current, fzs, and this is
not much affected by the aspect ratio, see also section 3.6.
The highest bootstrap current fraction we found in
literature is reported for long pulse experiments
conducted at EAST (A =4.25) as ~50% [50]. Research at
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NSTX (4 = 1.7) leads Menard et al. to suggest that
achieving bootstrap current fractions greater than 50%
cannot be realistically expected in future spherical
tokamaks [51]. Nonetheless, hopes on higher bootstrap
current fractions are set e.g., in the Japanese A-SSTR2
study (fzs = 83%) and at Tokamak Energy' where it is
counted on an fzs of 95% [52] or even 100% [53]. The
scenarios considered in this work are not designed to
maximize the bootstrap current i.e., no active tailoring of
the safety factor profile nor any confinement
enhancement is assumed.

2.1.2 Auxiliary current drive

For steady-state plasma operation in tokamaks in
addition to the bootstrap current, auxiliary current drive
systems are required to drive part of the plasma current,
e.g., lower hybrid, electron cyclotron, ion cyclotron and
neutral beam injection. High non-inductive current
fractions were achieved in this way e.g., in JFT-2M [28],
in Triam-1M [54], Tore Supra [55], SST1 [56], NSTX-U
[51], EAST [50], and ASDEX Upgrade [57]. It is
conceivable that with a large amount of installed auxiliary
current drive power fully non-inductive current drive can
be achieved. However, the power consumption of these
auxiliary systems is high. A typical value for current drive
efficiency is 1 MA per 20 MW coupled to the plasma,
which corresponds to ~50 MW electricity consumption
[58]. To drive the plasma current in a DEMO-like device
by auxiliary systems an excessive amount of auxiliary
current drive power would be required [59], [37], [36].
Relying on auxiliary systems to drive the plasma current
is for this reason generally seen as incompatible with a
power plant [60].

2.1.3 Pulsed next step devices

The steady-state operation of fusion power plants
would be desirable. Exploring fully non-inductive plasma
scenarios has therefore been defined as one of ITER’s
missions [26], [61]. Also, JT60-SA aims at exploring
plasma scenarios with high bootstrap current [22]. In such
scenarios the plasma current, /,, is typically reduced. This
has the twofold purpose of (i) achieving a high Sy,
(which is proportional to //1,) to maximize the bootstrap
current fraction [62], and (ii) to minimize the remaining
part of the plasma current required to be driven by the
auxiliary heating systems. The ITER non-inductive
baseline scenario foresees in fact a plasma current of only
9 MA, well below that foreseen for the inductive Q = 10
scenario with I, = 15 MA, [61]. Since high plasma
currents are normally required to obtain a sufficiently high
fusion power gain, low-current scenarios must rely on an
improved plasma confinement (H-factor > 1). The ITER
non-inductive baseline scenario targets H = 1.6, CFETR,
which targets a steady-state operation, aims at H = 1.12 —
1.42 [25]. Campbell et al point out that substantial
research will be required, in particular in ITER, to identify
a plasma scenario suitable for non-inductive operation,
the outcome of which is open [61]. For EU DEMO this
route has been discontinued but will be reconsidered in

! www.tokamakenergy.com

case new research results allow the definition of a credible
non-inductive plasma scenario [63]. Inductive plasma
scenarios were therefore considered in ITER’s
predecessors INTOR [64] and NET [16], and are
considered in ITER itself, in SPARC [65], in the DEMO
reactor developed in Japan [66], and also for EU DEMO.

If non-inductive scenarios are discarded, a CS must be
integrated in the machine design to provide the magnetic
flux required to drive the plasma current. The large size
of such a CS has a major impact on the machine major
radius and also defines a lower limit to the choice of the
aspect ratio. The main basis of tokamak reactor studies
proposing more compact machines with low aspect ratio
is the assumption the plasma current could be driven non-
inductively, often relying on high £, values, see Table 3.

Table 3 Overview of selected tokamak reactor studies

Current
Study Year drive A Ro |Bo[T]
CIT [67] 1987 ind. 2.711.2m]| 10.5
NET [16] 1993 ind. 30(73m| 5.2

PPCS-B [36] 2006 ind. |3.0[86m| 6.9
INTOR [64] 1981 |ind. +aux| 4.0 [5.2m| 5.5
STARFIRE [68] |1981 | non-ind. | 3.6 |7.0m| 5.8
Tiber-11 [69] [70] | 1987 | non-ind. | 3.6 |3.0m| 6.0
ARIES-1[71] 1991 | non-ind. | 45 |6.8m| 11.3
ARIES-ST [72] |2003 | non-ind. | 1.6 [3.2m| 2.1
ARIES-AT [73] |2006 | non-ind. | 4.0 {52 m| 5.8

FIRE [74] 2000 | non-ind. | 3.8 (2.0 m | 10.0
FNSF [75] 2018 | non-ind. [ 4.0 [ 4.8m | 75
FNSF-ST [76]  |2011 | non-ind. | 1.6 | 1.3m

ARC [77] 2015 | non-ind. [ 2.9 [33m| 9.2
UK-ST [52] 2002 | non-ind. | 1.4 [3.4m| ?

UK-ST135 [78] |2018]| non-ind. [ 1.8 | 3.5 | 3.7
SSTR [79] 1990 | non-ind. | 4.1 |9.0m| 7.3
A-SSTR2 [80]  |2002 | non-ind. | 4.1 [62m| 11.0
VECTOR [81] |2003 | non-ind. | 2.0 [3.8m/| 5.0
SlimCS [82] 2007 | non-ind. | 2.6 | 5.5m| 6.0
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Figure 1 Relation of aspect ratio and magnetic field in
selected tokamak reactor studies and trendline indicating
an approximate relation of magnetic field with aspect
ratio.

2.2 Impact of A on the design of tokamaks
2.2.1 Spherical tokamaks

Spherical tokamaks with 4 < 2 offer the most compact
machine configuration and several fusion power plant
studies considering such designs predict attractive
performance, e.g. [83], [72], [52]. These reactors benefit
to a high degree from the advantages associated with a
low aspect ratio listed above. Their main issue, as
recognized already in 1998 [84], is the limited space on
the inboard side [85]. The location of the TF coil inboard
leg in a spherical tokamak close to the machine center
implies the toroidal width of the coils is small, limiting the
space for the winding pack. The same applies for the
mechanical  structures required to  resist its
electromagnetic (EM) forces. This issue is reflected by the
rather low fields on axis in the main spherical tokamak
experiments, NSTX (0.44 T before and 0.63 T after the
upgrade [20]) and MAST (0.52 T before and 0.78 T after
the upgrade [19]). During the JET design phase (3.6 T
[15]) significant efforts were made to minimize the aspect
ratio, yet it could not be reduced below 2.4 [14].

Since there is hardly any space for the CS in a
spherical tokamak, across all reactor studies the CS is not
considered to provide inductive current drive to maintain
the plasma current, see Table 3. For the magnetic flux
required for the plasma breakdown and ramp-up several
alternative concepts are proposed in literature: a slim
solenoid providing a minimum magnetic flux [85], using
the external PF coils [86], and the merging-compression
method that relies on large coils inside the plasma

chamber on the outboard side, which the plasma is moved
away from during flat top [87]. The latter is not applicable
to fusion machines that generate any significant level of
neutron fluence, which makes the integration and
maintenance of coils facing the plasma infeasible, e.g.,
due to excessive heat loads and the unavailability of
electrical insulation materials.

The fact that so far plasma current ramp-up concepts
without CS lack validation, and non-inductive plasma
scenarios have not been substantiated (especially
concerning the active control of safety factor profiles in a
highly fluctuating plasma dominated by alpha heating)
leads to the conclusion that the design of EU DEMO as a
spherical tokamak is not a suitable choice.

2.2.2 Tokamaks with high aspect ratio

At higher A the reduction of the plasma minor radius
increases the available space on the inboard side and
allows integrating larger TF coils to generate a higher
magnetic field. When operated in a higher magnetic field
the same fusion power can be generated in a smaller
plasma because of the higher confinement capability and
energy density. This is an obvious path to more compact
and potentially cheaper fusion reactors e.g., the different
ARIES studies from 1991 to 2006 were devised with high
magnetic field and aspect ratios of ~4 [73]. That approach
is still followed in today’s reactor studies [77], [85].
However, the difficult engineering of high-field magnets
subject to very high EM loads is recognized in several
studies of compact reactors and ultimately also imposes a
limit as to how compact a machine can actually be made
[85], [88], [11].

3. Input and procedure to identify DEMO design
points

3.1 Overview

There are no known hard boundaries within the range of
aspect ratios where plasma characteristic values such as
beta or elongation would display a sharp drop or rise [89],
[90]. Instead, they change smoothly with 4, and we have
implemented dependencies on A that we postulate in a
system code. These are described in this chapter.

The system code was used to identify DEMO design
points across a wide range of aspect ratio values with self-
consistent plasma parameters and realistic sizing of the
main tokamak components. The system code that sizes the
tokamak components is coupled to PLASMOD [91], a
simplified steady-state transport code based on ASTRA
[92]. It considers the input values provided in Table 4, and
sizes the plasma and the tokamak components on the
inboard side. In the table, ngw indicates the Greenwald
density, i.e., the empirical limit density achievable in a
tokamak.

L, [MA]
ma?

new [1e20m™3] =

Note that assuming a constant Greenwald fraction links
the density, and therefore the fusion power, to the plasma
current, /,, and to the minor radius, a. The system code is
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run iteratively, varying the magnetic field, and checking
the radial build consistency, aiming at the most compact
radial build.

Table 4 Values of important parameters used in this
design point study

Parameter Value
Confinement, H 1.0
Safety factor, gos 3.5
Plasma triangularity, & 0.3
normalized Sy <3.5
Pedestal top density 0.85*ngw
Agx111ary heat.mg used for plasma current 50 MW
drive, see section 3.7

?gzn Mises stress limit in TF coil inboard 660 MPa
Distance TF coil — plasma (inboard) 1.6 m

3.2 Optimization with respect to cost and size

Improving the economics of DEMO or future fusion
devices is essential since the predicted figures for the cost
of electricity are higher than those of conventional power
plants [36]. Both the capital as well as the operational
costs need to be considered [93]. The most expensive
components of a DEMO or fusion power plant are
expected to be the superconducting magnetic coils, the
plasma-facing in-vessel components (IVCs) i.e., the
breeding blanket and the divertor, as well as the nuclear
buildings, see also section 4.5. These main cost factors all
depend on the size of the IVCs e.g., the size of the large
structures, installations and transfer corridors required for
their replacement [94] scale with their size affecting the
plant capital cost. Also, the significant cost of the
infrastructure required for the treatment and storage of
IVCs as nuclear waste depends on their size [95], [96].
The main cost items are therefore linked more directly to
the plasma surface area, A,, than to the major radius.
Hence 4, is used here as a first order figure to represent
the size and hence the cost of DEMO.

3.3 Plasma triangularity

In general, low A values allow for higher triangularities
since the relative distance between plasma and PF coils is
smaller due to the larger plasma minor radius. However,
the optimal value for the triangularity is the result of a
number of optimizations, like the constraints on the
divertor geometry or the choice of the confinement regime
(which in DEMO will not necessarily be a type-1 Edge-
Localized mode (ELMy) H-mode, but rather a small- or
no ELM-regime [38]). For this reason, and because the
pedestal top density is fixed in any case, the role of the
triangularity is minor in this analysis and has been kept
constant at 0.3.

3.4 Plasma elongation

Plasmas with lower aspect ratio have a higher natural
elongation and offer more margin regarding the plasma
vertical stability, which is partly due to the smaller
relative distance between plasma and passive structure
and control coils [90]. This allows operating a D-shape
plasma with a small increase of its elongation, which leads

to a notable increase of the fusion power, [97]. This fact
was not fully understood in the 1980s and therefore
neither considered in the STARFIRE power plant studies
[98] nor in the initial definition of the ITER concept [17].
We found the first assessment of the plasma elongation
considering the controllability of the plasma in [99],
which finds a negligible dependence of the controllable
plasma elongation with the lower aspect ratio due to the
simplified assumptions made at the time. Later studies
found a stronger dependence [97], which is considered
here (since gos is fixed and the density is linked, via the
Greenwald limit, to the plasma current, which can be
increased at high elongation). In this design point study,
the plasma elongation, ko5, has been maximized to the
limit of vertical stability control. The consequent kos
values shown in Table 5 reflect the higher natural plasma
elongation at lower aspect ratio. Notably, the limit
elongation values we consider are much lower than those
identified in [99].

Table 5 Plasma elongation, kos, considered in this study.
Al 24 |26 28 | 3.1 3.3 4.0 | 45
kos| 1.92 [1.80]1.74 | 1.65 | 1.62 | 1.45 | 1.38

3.5 Normalized beta, v

A high B is an indication of good plasma performance,
since it reflects the capability of achieving a high plasma
pressure at low “cost” (plasma current and field).
However, two limits are often defined for the normalized
Bn, [100]:

e Above the so-called “no-wall limit” the plasma is
unstable against RWM, which are instabilities
developing on a slow time scale. If an active control
is present e.g., in-vessel coils, these modes can be
stabilized, and the plasma be operated even if fBn
exceeds the limit.

e Above the so-called “ideal wall limit”, at very high
Bn, the plasma becomes unstable on MHD
timescales (fractions of milliseconds) and is
therefore not controllable.

This means that, if one can keep RWMs under control, the
discharge can be run at higher Sy with robust margins
against disruptions and achieving a better plasma
performance [78], [72], [82]. In this paper, however, we
only consider plasmas which are stable w.r.t. the more
stringent no-wall limit. In fact, we consider an additional
requirement for active RWM control an overcomplication
for the machine design and operation.

3.6 Bootstrap current

All design points determined in this work assume pulsed
devices, relying on a substantial fraction of the plasma
current to be driven inductively. The fraction of bootstrap
current, fzs, amounts to ~39% at low 4 and ~30% at high
A, i.e., no major variation across the parameter space that
would allow the consideration of a steady-state plasma,
see also section 2.1.1 above. The bootstrap current density
(i.e., per unit surface) tends to be higher at low aspect ratio
since the fraction of trapped particles in the plasma is
higher. At the same time, however, low-A machines are
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operated with a larger current in absolute terms, thus the
two effects tend to cancel each other out.

3.7 Auxiliary heating and current drive

From a purely energetic point of view, all DEMO
configurations proposed are ignited i.e., they produce
enough heating power through fusion reactions to sustain
the plasma in H-mode. However, for all configurations, a
current drive power of 50 MW has been considered to be
actuated by the electron cyclotron (EC) system, see also
[58]. The assumption of a constant amount of installed
(and used) heating and current drive (H&CD) power
implies the same associated cost and complexity of the
H&CD systems for all DEMO design points. Auxiliary
CD has a positive impact on the device size since it relaxes
a little the requirements on the solenoid by sustaining part
of the plasma current (approximately 2.5 MA). In high 4
machines the central plasma temperature tends to be
lower, and thus the current drive efficiency of the EC is
reduced. At the same time the plasma current is lower too,
thus the fraction of plasma current driven by the auxiliary
system remains almost constant for all design points we
found at ~10%.

3.8 Central solenoid

The magnetic flux provided to the plasma is consumed for
breakdown, ramp-up, sustainment of flat top as well as for
shape and position control. This flux is predominantly
provided by the CS. Its size is calculated by means of a
look-up table, which requires as input the CS pre-
magnetization flux, wyremqg, and the number of cycles to
account for fatigue, as discussed below.

The flux consumed to generate the electric field during
plasma breakdown, ysp, has been set constant to 10 Wb —
a value originating from studies of EU DEMO 2016.

The flux consumption during plasma ramp-up, wru, is
calculated as.

Wry = lioRolp(l?' + CE]'ima)

where p, is the magnetic permeability of vacuum.
Unfortunately, neither the plasma internal inductance, 1; 3,
nor the Ejima constant, cgjim, [101] are self-consistently
calculated by PLASMOD. Thus, they have been
calculated with ASTRA for a single low-A DEMO case
and set constant for all cases (/;3 = 0.65 and cgjim = 0.25).
This choice leads to somewhat optimistic values of yry in
high-A cases, since low-A points tend to exhibit both a
lower plasma inductance (because of their broader
profiles) and a lower resistivity, and hence a lower cgjim
(because of the higher plasma temperature).

For the calculation of the flux consumption during flat
top, wrr, the loop voltage, Vi, 1s provided by
PLASMOD, and it is consistent with the temperature and
density profiles calculated by the transport model. Its
value is multiplied with the flat-top duration, i.e., 2 h, to
determine yrr.

An accurate calculation of the flux consumed for plasma
shaping and control during the entire pulse, ws;, would

require detailed electromagnetic analyses on the entire
plasma scenario (including ramps) in an iterative
determination of the design point, a complexity that
exceeds the scope of the present work. Hence s, is
calculated by a simple numerical fit, once more based on
the data found for the EU DEMO 2016 case, namely:

2
Yo, = § (Wsp + Wry + Yer)

Incidentally, ws, is sometimes calculated by defining the
so-called “external inductance” e.g., in the systems code
PROCESS [102].

Since the CS is assumed to be operated from -ypreraq to
+Wpremag the pre-magnetization flux requested to the CS
is:

1
lpPreMag = E (Wep+ Wru + Wsp + Wrr)

Note that the simple tool we are employing does not allow
for a detailed determination of yremaq, and more accurate
analyses are required for the final machine sizing. Values
of the relevant flux terms are reported for DEMO and
ITER in table 6.

Table 6 Characteristic values driving the consumption of
magnetic flux [Vs] in ITER and DEMO

Pulse phase ITER | EUDEMO | DEMO
[103] | 2016[104] | (A=2.8)

A 3.1 3.1 2.8

Ry [m] 6.2 8.9 7.95

1, [MA] 15 19.07 20.8
ciim ! li 0.3/0.8 0.3/0.8 0.25/0.65
Vieop [mV] 75 30 ~25
Flux consumption

- Breakdown 10 10 10
- Ramp-up + 220 399 326
shaping

- Flat top 30 216 180
- Total 260 626 516

The central solenoid is a major driver of the tokamak size
[105]. The definition of the magnetic flux provided by a
solenoid, Wpremaq, as a function of the radial thickness of
the CS winding pack, t, shows the strong dependence on
its average radius, Rr.

t2
_+_
Rr 3R

The second relevant parameter is the magnetic field in the
bore of the CS, Br. It is, in practice, not a free parameter.
In [106] it is found for a DEMO-relevant case and
considering a non-graded conductor that the maximum
flux for a given CS outer radius and a target fatigue
lifetime of 30,000 plasma cycles is achieved for a peak
field Br = ~14 T. At higher B the required amount of
steel notably reduces the engineering current density, Jeng,
and thus a given flux requires a larger bore. Since both
low-temperature superconductors (LTS) and HTS can be

LPPremag = T[BTRZT ll -
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used at 14 T, it is reasonable for our purpose to fix Br at
14 T.

The achievable current density defines the required
thickness of the CS winding pack, ¢, and hence the radial
size of the CS, Rc = Rt + t/2. While the current density in
the superconductor is high (e.g., Jsc = ~400 A/mm?* @ 14
T), Jeng is much lower due to the need to include steel,
stabilizer, and insulation materials as well as coolant. The
limit of the achievable Je,; is dominated by the required
amount of steel and fatigue must be considered since the
CS is a pulsed component. When the lifetime neutron
fluence is prescribed, the number of pulses depends on the
pulse length. The shorter the pulse length and the larger
the number of pulses, the lower the allowable stress in the
CS conductor jacket to prevent fatigue, requiring an
increase of the steel cross-section and consequently a
decrease of J.,g. The most important size driver of the CS
size therefore is the allowable tensile hoop stress in the
conductor steel, which depends on the type of steel and is
related to the number of design cycles and the adopted
crack growth model [107]. Since the size of the CS is so
crucial, there is a high interest in maximizing the CS
current density and to provide a maximum magnetic flux
to the plasma from a compact CS:

e In [44] the regular replacement of the CS is
considered to reduce its design life cycles.

e In [108] it is proposed to implement optimized CS
conductors through the CS radius (graded
conductor) considering the different levels of
magnetic field using REBCO, Nbs3Sn and NbTi
conductors with customized levels of steel. This
approach has been adopted in a simplified way in the
design of the TF coils of the DTT [109].

e In [110] the integration into the conductor of
separate pipes for the coolant is considered to release
the conductor jacket from the hydraulic function and
the coolant pressure.

e We have recently initiated a review of the rules
adopted in the structural integrity verification of the
CS conductor jacket and have identified the potential
to significantly reduce the conservatism in the partial
safety factors, which will allow increasing the stress
in the CS conductor. In addition, the choice of a
probabilistic instead of a deterministic approach to
verify the CS conductor jacket against non-ductile
fracture might allow a further increase of the stress
and hence of Jeng.

All four approaches achieve the desired increase of pre-
magnetization flux but come at the cost of increased
complexity and a lower level of maturity as compared to
the conventional CS concept adopted e.g., in ITER [111]
and JT60-SA [22]. For this design point study, we
consider a free-standing conventional CS with non-
graded cable-in-conduit conductor. Given the strong
dependence of the machine size on the size of the CS and
the available concepts to optimize its design, we provide
DEMO design points considering conservative and
optimistic CS conductor jacket design bases: in the
conservative approach we consider 316LN as conductor

jacket material and the conventional deterministic design
rules to consider fatigue and non-ductile fracture. In the
optimistic approach we consider the stronger JK2LB as
jacket material, which has been developed for the ITER
CS. Again, the conventional design rules are applied but
not considering the usual safety factor of 2 on the number
of cycles to reduce the high level of conservatism in these
rules.

3.9 TF coil

Based on the findings of [10] the “conventional”
mechanical concept of the TF coils is considered here that
has been developed for the NET TF coils [16] and was
adopted in the ITER TF coil system [111]: the wedged TF
coil inboard legs form a vault, which supports the
unsupported radial EM forces through toroidal hoop
stresses. For the TF coil structures the (ITER) high-
strength steel is considered with yield strength >1000
MPa, [112]. The TF coil inboard legs are sized to allow
the integration of the winding pack and the structures
required to withstand the EM forces, see appendix A. In
the sizing of the winding pack, we also consider electrical
insulation. We recognize that the insulator is not needed
during normal operation when the TF coils are operated
at constant current and, due to superconductivity, at zero
voltage. However, in an event when superconductivity is
locally lost (= quench [113]), a fast discharge of the coils
should be foreseen to avoid unrecoverable damage due to
the generated heat. The magnetic energy stored in small
coils (such as those of magnetic resonance imaging) can
be dissipated in the coils themselves. However, the
several GJ of stored magnetic energy in tokamaks [10]
requires external dump resistors for the discharge during
which a high voltage occurs on the coils requiring an
insulator.

The shape of the TF coils should consider the large EM
pressure due to their magnetization. Energized TF coils
arranged in a toroidal configuration experience only
membrane forces when a bending-free shape is chosen
[114]. Taking advantage of this D-shape becomes
increasingly important in large machines or in case of a
high magnetic field when large EM forces occur. Since
DEMO is a very large machine, we consider TF coils with
a bending-free D-shape. We recognize that the less
elongated shape of a plasma with high aspect ratio does
not make good use of the valuable volume inside the more
elongated TF coils with bending-free shape, see [10].

3.10 Vacuum vessel and breeding blanket

In contrast to most existing fusion machines that generate
a small or modest number of neutrons, a substantial
neutron shield is required in a fusion power plant. This is
provided by the vacuum vessel (VV) and the blanket,
which limit the heat load on the TF coils, the radiation
damage to its electrical insulators and superconductors,
and the activation of the structures outside the VV. Due to
the space constraints on the inboard side of tokamaks with
low A, the neutron shielding structures implemented in
related power plant studies are generally insufficient, see
[60] and Table 7. Replacing the steel/water mixture
implemented in ITER with materials with better n-
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shielding performance would allow reducing the
thickness of the n-shield. E.g., the use of tungsten-carbide
or borated tungsten may allow a reduction of the n-shield
by 100-200 mm [115] at the price though of higher VV
cost. Increasing the tolerance of superconductors to heat
loads is the alternative approach to allow a reduction of
the n-shielding structures. It is hoped that high-
temperature superconductors (HTS) could be operated at
higher levels of neutron heating [85], [9]. This assumption
is however challenged by the low allowable neutron
fluence of the epoxy insulator [116], see also previous
section. The use of copper instead of superconductors in
the TF coils as considered e.g., in [72], [85], [117], and
[52] is unfeasible for a power plant due to the high Joule
losses (>300 MW in ARIES-ST [72], ~10 GW estimated
for a DEMO-size device) and would also require active
cooling of the copper conductors [72], [117]. It is for this
reason that superconductivity has been seen since the
early days as enabling technology for the realization of
fusion energy [118] and the associated requirement for
sufficient n-shielding is a caveat that cannot be avoided.

Given the tritium breeding rate of state-of-the-art BB
concepts [119], [120] a large radial build of the BB of
~800 mm is required on the inboard side to achieve a
sufficiently high tritium breeding ratio (TBR) [3]. Many
reactor studies therefore omit the BB compromising the
often-made promise of tritium self-sufficiency [72], [83].
In [9] it is proposed instead replacing the thick BB on the
inboard side with a more compact neutron reflector (Pb
being the most effective material choice) suggesting that
sufficient T-breeding could then be achieved by the BB
on the outboard. We repeated this assessment for DEMO
but found much lower n-reflections. This is likely due to
our use of the MCNP Monte Carlo computer code with a
3D geometry and modern nuclear data assuming its
continuous energy representation instead of a simplified
1D cylindrical geometry and a deterministic neutron
transport code utilizing 30 neutron energy groups as
nuclear data. We found the probability of the
backscattering from Pb for 1 MeV neutrons is ~15% but
these make up less than 8% of the neutrons in the BB first
wall and are significantly less effective breeding tritium
through an interaction with lithium. The more effective
and also more abundant 14 MeV neutrons are however
reflected with a much lower probability of only ~0.2%,
which is negligible in this context. Therefore, neutron
reflection from the inboard blankets cannot increase the
tritium breeding in the outboard blankets by more than a
few percent. We therefore conclude that without
integrating a breeding blanket on the inboard side, that
makes up approximately 30-40% of the total wall surface
[121], tritium self-sufficiency is not achievable unless
more efficient BB concepts were available e.g., based on
(fission) n-multiplier materials such as U238 as
considered in [27].

Consequently, the thickness of the VV and the BB is
constant in all design points: 1.37 m [122]. The radial
build includes in addition: (i) a distance between the
plasma and the wall of 150 mm, and (ii) a gap between TF
coil and VV of ~100 mm to integrate the thermal shield.

Hence the distance considered between plasma and TF
coil on the inboard side is 1.6 m.

We note that a significant reduction of the inboard BB (by
a few hundred mm) would be possible if the BB would
achieve a slightly higher and less marginal tritium
production rate. In devices with a low aspect ratio, where
the wall surface fraction of the inboard side is small, this
effect is stronger since. The reduced n-shielding
performance of a slimmer BB could be compensated by a
minor increase of the VV thickness (by few tens of mm).

Table 7 Aspect ratio, TF conductor type, and thicknesses
of the neutron shield, #umics, and of the BB, 35, in
selected power plant studies based on spherical
tokamaks and comparison to ITER and power plant
studies with higher aspect ratio machines

A TF tshield + tBB
conductor
ARIES-ST [72]| 1.6 | Cualloy 0.20+0.0=0.20 m

UK-ST135[78]| 1.8 HTS 0.35+0.0=0.35m

ARC [77] 29 | HTS 0.59+0.2=0.79 m
ITER [26] 31 | LTS 0.73+0.0=0.73 m
ITER 1996 [27]] 2.7 | LTS 1.3m
EU DEMO _

[122] 31 | LTS | 0.60+0.77=137m

4. Results of the design exploration
4.1 Identified size of DEMO

Design points of DEMO with minimum size were
identified for aspect ratios in the range A = 2.2 — 5.0
considering the performance requirements and input
parameters and requirements described above, see Figure
2. It is notable that the magnetic field, Bo, is linearly
dependent on the aspect ratio, A. An important reason is
the safety factor, q, which is naturally higher in a plasma
with low aspect ratio (since g~B/(Al}), and also because
of the higher elongation). Hence the field can be lowered
in case of lower A. This relationship, 4 ~ By, was also
recognized in studies of the ITER design point [90]. The
correlation of high magnetic field with high aspect ratio is
also reflected by the choices made in the reactor studies
shown in Figure 1.

For A < ~2.6 the space available for the CS is tight and
solutions are found only when the major radius is
increased significantly, which leads to unattractively large
machines. For aspect ratios 4 > ~3.3 no further
appreciable reduction of the tokamak size is possible and
for 4 > 4 the tokamak size even increases due to the large
space claim of the TF coils. For large machines such as
DEMO the choice of a high aspect ratio is, however, even
more restricted. At high A the associated high magnetic
field requires excessively large structures to resist the EM
loads acting on the TF coils, see [10] and [11]. Even at a
conventional aspect ratio, 4 = 3./, no practical
manufacturing route could be identified for DEMO [5].
We consider DEMO TF coils as realizable up to an aspect
ratio of approximately 3.0, which corresponds to a
magnetic field on the plasma axis of 5.4 T.
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To reasonably limit the size of EU DEMO and to ensure
the feasibility of its TF coils the aspect ratio must be
chosen within the range 4 = ~2.6 - ~3.0. Within this
range the tokamak size reduces moderately towards
higher aspect ratios while the magnetic field and the heat
loads on the divertor increase, see next sub-section.

2400 T ; r :
FPP - P;,. = 3500 MW | | FPP - Py, = 3500 MW || FPP - Py, = 3500 MW =——=[DEMO - conservative CS
Pulse = 4h Pulse = 4h Pulse = 4h .
NWL=1.4 MW/m? ||NWL=1.6 MW/m? || NWL=1.6 MW/m? DEMO - optimistic C5
R;=9.1m,B,=5.2T ||R;=91m,B;=6.6T [|[R;=10.8m, B, =11.3T ¢ DEMO with reduced performance
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1600 f1Bg=5.7T
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A=238 |
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Figure 2 Top: Minimum DEMO size represented by the plasma surface area, 4,;, depending on the aspect ratio, 4,
achieving the performance requirements, namely Prs = 2000 MW and pulse length 2h, for conservative or optimistic
sizing rules of the CS. Above the curves design points exist of reactors with greater performance, below the curves with
reduced performance. Also shown: indication of design points of fusion power plant with postulated performances.
Bottom: dependence of characteristics i.e., heat load on divertor targets in attached condition, volume of TF winding
pack, maximum field on TF conductor and bootstrap current fraction, relative to a DEMO design point with 4 = 3./
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4.2 Divertor heat loads

According to the broadly employed Eich scaling [123],
[124], the heat load channel width in the scrape-off-layer,
Aq, scales unfavourably with the field strength, By, and
very weakly with the major radius, R.

/’{q — 0.733()—0.78q;.52R0.1

As previously discussed, due to the presence of core
radiation, the assumption has been made that the power
crossing the separatrix for the design points considered is
proportional to Py, following the widely employed
Martin scaling:

Py = 0.049n°72B38 A%

where Ay is the plasma surface. The plasma density, n, as
previously mentioned, has been assumed proportional to
the Greenwald density limit, ngw [125]:

In

n « Negw = Ta?

where I, is the plasma current and a is the minor plasma
radius.

The heat flux on the divertor in attached condition,
Quarget.attached, 18 then proportional to the power crossing the
separatrix divided by the wetted area, which in turns
depends on A,:

Psep
2mRAq

Qtarget,attached X

Assuming a constant plasma shape (go5, elongation and
triangularity), Siccinio et al [126] show that:

2.52p0.16
Qta‘rget,attached S BO R

This last relation indicates that generally speaking, a high-
field device is expected to be more challenging in terms of
power exhaust. We recognize that no fusion power reactor
is foreseen to operate in attached divertor condition and
that a reduction of Quugeraniachea Must eventually be
considered due to the detachment. However, the divertor
heat flux under attachment is a representative figure of
merit and provides a good indication of the challenge of
the power exhaust problem. The strong dependency of the
divertor heat loads to the magnetic field strength is
discussed also in [11]. Incidentally, we note that this
supports the conception that an increase of the field
strength increases the power density of the device.

4.3 VV loads during TF coil fast discharge

As discussed above, in large tokamaks with high magnetic
energy a quench detection system is implemented to
trigger a fast discharge via dump resistors. The electrical
resistivity of the dump resistor together with the coil

inductance defines the characteristic time constant,
Tdischarges Of the exponential current decay during the
discharge. When operating at higher magnetic fields the
discharge of the TF coils must be slowed down to
Tdischarge, TFC-Voliage 10 NOt exceed the imposed limit of the TF
coil voltage, which has been considered for DEMO as ~10
kV terminal to terminal, see Table 8. Consequently, the
amount of Cu-stabilizer in the conductor must be adjusted
to prevent damage during the quench. This leads to a
further reduction of the engineering current density and
hence an increased space claim of the TF coil.

We also assessed the EM forces acting on the VV as a
consequence of the TF coil fast discharge for the DEMO
design points considered in [10]. During the fast discharge
a poloidal eddy current is induced in the VV. It generates,
in combination with the decaying but still strong toroidal
magnetic field, considerable Lorentz forces on the VV
structure. The EM pressure on the VV shells acts
outwards, away from the plasma, and is particularly
strong on the inboard side. In machines larger than ITER
with high magnetic energy [10], the TF coil discharge
must be sufficiently slow to prevent buckling of the VV
inboard wall [127]. Consequently, the VV was reinforced
in DEMO using higher-strength steel and implementing
toroidal ribs [128]. A study, coupling an electromagnetic
with a structural finite element model, determined for
DEMO the shortest possible discharge of the TF coils to
avoid buckling of the VV, expressed by tdischarge vv- It is
calculated such that the pressure load on the VV inboard
wall would cause a toroidal compressive stress of 150
MPa, which is postulated to be the buckling limit. In the
analysis the EM pressure acting on the VV inboard wall
of ~2 MPa is further increased by an equivalent pressure
of ~0.4 MPa due to the ferromagnetic force acting on the
BB. Note that zgischaree, v should be increased at least by a
factor of 1.5 to ensure a reasonable margin against
buckling. The study finds a strong dependency of
Tdischarge,vv ON the magnetic field strength, see Table 8.
However, the driver for the definition of the time constant
of the fast discharge is in all cases the requirement to limit
the TF coil voltage. In the case of a higher magnetic field
more substantial provisions are needed to not exceed this
limit.

Table 8 Minimum TF coil discharge time constants for
DEMO design points with different aspect ratios to limit
(1) the coil voltage (Tuischarge, TFC-voliage), and (ii) the EM

ressure acting on the VV (zaischarge,min, vv)-

Design point | A=2.6 | A=3.1 | A=3.3 | A=4.5
R 7.5m [ 89m | 6.5m | 74m
By 40T | 58T | 65T |11.7T
Ryv.inp 3.Im|45m|3.1m|43m
Max. coil voltage| 9kV | 11kV | 8kV | 9kV
Tdischarge,VV 39s | 10.1s]| 95s | 18.1s
Tdischarge, TEC-Voltage 16s 28 s 18 s 38s
Tdischarge 16 s 28 s 18 s 38 s

4.4 In-vessel remote maintenance

Access to the in-vessel components and their cooling
pipes is a critical aspect to be considered in the basic
design of EU DEMO. Main obstacle are the magnet coils,



which enclose the VV in a cage-like structure limiting the
size of the VV ports. Demountable coils as proposed in
several American studies e.g., [72], are not considered in
DEMO because dismantling and reinstallation of large
parts of the magnet system is impractical. We assume here
the remote handling (RH) concepts described in [122] i.e.,
slightly inclined lower ports to replace the divertor and
vertical upper ports to replace the blanket. Since the
removal of the large BB segments is particularly
challenging, [1], we focused here on the accessibility of
these.

The critical toroidal size of the upper VV port is limited
by the space in-between adjacent TF coils. Also, the size
of the blankets, which must pass through the port, is
relevant. Their proportionality does not significantly
change with the aspect ratio. Although the TF coils of a
DEMO tokamak with higher magnetic field (and higher
aspect ratio) are significantly more massive, their toroidal
dimension is similar to that of TF coils in a DEMO
tokamak with lower field since they are arranged on the
inboard side to form a vault. In DEMO tokamaks with 16
TF coils and with different aspect ratios the space
available to integrate cooling pipes on the accessible
backside of the blanket segments as well as for the blanket
removal kinematics through the upper port is similarly
limited with respect to the size of the blankets, see Figure
3. We noted instead that the accessibility reduces
significantly for larger numbers of TF coils. We conclude
that the impact of the aspect ratio on the challenge of in-
vessel maintenance is minor.

|A=2.6, R=7.5m |
4 —

[A=33,R=65m | [A=45R=74m |
i

\ S
o

Figure 3 Vertical view from the top on a single upper VV
port (green) in-between two TF coils (blue). The
accessible parts of the blanket backsides (grey) scale
approximately with the upper port size in the three
displayed tokamak configurations with different aspect
ratios. Note: absolute size of these tokamak machines is
more compact as compared to what is shown in Figure 2.
The geometric dependencies are relevant, nonetheless.

4.5 Capital cost

In the context of this article the impact of aspect ratio and
magnetic field strength on the cost of EU DEMO is of
interest. For this purpose, we estimated the main cost
factors of DEMO and identified scaling factors, see Table
9. The cost of many tokamak components scales with the

tokamak size and thus can be expected to reduce
moderately when the aspect ratio is increased up to 4 =
~3.5, see Figure 2. At the same time the cost of the TF
coils increases notably due to the higher magnetic field
[11]. We recognize the significant uncertainty associated
with cost figures.

Table 9 Assumed scaling of main cost items

Scaling
Magnet system AprrBo?
VV and IVCs Apl
RH tools and active maintenance facility Apl
Most remaining plant systems + site 1.0

We conclude that within the range of realizable aspect
ratio values, 2.6 < 4 < 3.0, the cost impact of the magnetic
field (and A) is minor also due to the high cost of the plant
systems that is not much affected by the size of the
tokamak, see Figure 4.
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Figure 4 Relative cost of EU DEMO for different values
of 4 compared to 4 = 2.7 and cost sharing at three selected
values of 4

5. Summary and conclusions

In the design definition of a tokamak the goal has
traditionally been to find the most compact configuration
of the machine components and of the plasma for a given
set of performance parameters. We performed a system
code study to size the EU DEMO tokamak. Its size
depends on the performance requirements for fusion
power and pulse length, and we find that the DEMO major
radius, Ry, must be larger than 8 m for the machine to
provide 2 GW of fusion power in pulses of at least two
hours. The reduction of the pulse length from 2 hto 1 h
would allow reducing the major radius by ~0.4 m. The
additional reduction of the fusion power requirement from
2000 MW to 760 MW would allow a further reduction of
the major radius by another ~0.4m.



The approach to drive the plasma current - inductively or
non-inductively - has been reviewed because of its major
impact on the machine size. The lack of a reliable physics
basis with a bootstrap current fraction significantly
exceeding 50% of I, and the large power consumption of
auxiliary current drive systems, require that next step
tokamak devices defined today must be pulsed relying on
inductive current drive, unless higher risk is accepted.

Three main factors limit the size reduction of the DEMO
tokamak, namely (i) the required size of the plasma to
reach burning plasma conditions in its core, (ii) the space
required for a large central solenoid to drive the plasma
current inductively, and (iii) the space required on the
inboard side to breed tritium and to protect the
superconducting coils from n-irradiation, which causes
the plasma to be shifted towards the lower field region on
the outboard. We found the T-breeding and n-shielding
structures under-dimensioned in most reactor studies
although the required thickness of VV and BB is largely
independent of the reactor configuration.

The aspect ratio, 4, is the only free major geometric
parameter, its choice however affects important machine
parameters such as the plasma current, the magnetic field,
the power exhaust conditions, and also the major radius.
We therefore determined minimum-size DEMO design
points scanning the plasma aspect ratio and made the
following major findings:

e  When scanning for the smallest machine size, By is
roughly linearly dependent on A4.

e At lower aspect ratio the plasma performs equally
well in a lower magnetic field and has a higher
natural elongation. Hence, in principle, 4 should be
minimized.

e Increasing aspect ratio and magnetic field strength
allows reducing the tokamak size up to 4 ~4, which
is associated to By ~9 T. Above A ~3.1 the possible
machine size reduction is however moderate. In
machines with 4 > 4 and By > 9 T rather than the
plasma or the CS it is the TF coil system designed to
sustain the very high EM loads that dominates the
size of the tokamak.

A lower limit to 4 is given by the space required on the
inboard side to integrate CS, BB, VV and the TF coils.
We found this limit for DEMO to be approximately
Aminpero = ~2.6. An upper limit to 4 is given by the
divertor heat loads and the design of the magnets and their
structures. For DEMO we found this limit to be
approximately Amuqpemo = ~3.0 noting that the divertor
heat loads may eventually impose a lower limit. Within
this range the magnetic field on the TF coil conductor is
lower than ~12.5 T. Then the potential to reduce the size
of the TF coil winding pack by replacing Nb3Sn with HTS
is minor. We also found the CS rather than the TF coils to
be the main driver of the inboard radial build and hence
of the machine size. Again, the consideration of HTS in
the CS does not allow reducing its size significantly, as it
is dominated by structural material limits.

The aspect ratio of DEMO should be chosen within the
range A = ~2.6 - ~3.0 trading-off the machine
compactness against magnet design and divertor heat
loads.

The greatest potential regarding the reduction of the
DEMO size lies in the following points:

e The development of plasma scenarios with
improved confinement.

e The development of plasma regimes of operation
with higher bootstrap current fraction approaching
steady-state scenarios. (We find a bootstrap current
fraction of fzs = ~38%. Our literature research
suggests that fzs > 40-50% cannot be considered as
realistic.)

e Linked to the previous point, the development of a
robust and reliable RWM control concept would
allow operating with a higher S value and to reduce
the plasma current.

e An advanced concept of the CS, providing more
magnetic flux within the same space. This would
require a structural material with a higher cyclic
tensile strength as compared to the cryogenic steels
we have considered so far, or fatigue design criteria
with reduced conservatism.

e Neutron shielding materials with higher neutron
attenuation as compared to steel e.g., tungsten
carbide or borated tungsten.

e A BB achieving a tritium breeding rate high enough
to require its installation on the outboard side only.
The BB on the inboard side could then be replaced
by a significantly more compact n-shielding blanket.

For maximum impact and to accelerate fusion
deployment, research, development, and qualification
should concentrate on the points above.
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Appendix A: Sizing formulae of TF coils

This appendix provides the calculation basis used in our
system code study to size the TF coils on the inboard side
of EU DEMO depending on the plasma major radius, R,
the plasma minor radius, a, the magnetic field on the



plasma axis, By, the number of TF coils, nzr, and the

distance between plasma and TF coil winding pack, w).
The total electrical current in a single TF coil is calculated
as:

Bo'Ro
Irp = 2m————
TF nrEpo’

where £ is the magnetic permeability in vacuum.

The radial location of the TF coil winding pack (VV side)
is:

RL = RO —a— Wp
The maximum field on a TF conductor, By, is calculated
applying a factor of 1.08 to consider the TF coil winding

packs being arranged on the inboard side in the shape of a
polygon rather than a cylinder:

The required cross-section of the TF coil winding pack,
Awp, is the fraction of Irr by the engineering current
density, Jesg. The latter depends on Bmax and is estimated
from relevant winding pack designs developed for
different design points following the procedure described
in [129] considering either LTS or HTS:

L4 Jeng,LTS[A/mmzj =47.8-1.43 " Buax [T], Buax < 15 T,
o Jongurs [A/mm?] = 55.8 - 1.92 - Bpax [T], Bax > 15 T.

Note: The values considered for J.., are applicable to
DEMO-size magnet coils only.

The radial size of the winding pack, fi.swp, is calculated
assuming a trapezoidal cross-section allowing for a 100
mm thick steel case on both lateral sides. The radius of the
winding pack centerline on the inboard is calculated as
Rrriny = Ri — 0.5 tinp, wp. The radius of the winding pack
centerline on the outboard is defined to limit the TF ripple
on the plasma to 0.6% according to the approach used in
the PROCESS code [102]. The inner part of the TF coil
inboard case i.e., the “nose”, is sized to withstand the EM
forces that occur due to the magnetization of the TF coils.
The vertical separation force and the radial force per
meter vertical length in the inboard leg of a single TF coil,
see also [10], are calculated as:
Ry By -1
Fsep,TF,inb = % : (ln RTF,outb - lnRTF,inb)
Frad,TF,inb/ — Bmax * Irr
m 2

The toroidal compressive force given the wedged support
concept of the TF coils [130] follows as:

_Frad,TF,inb
2- sin(”/nTF)

The TF coil nose is sized considering a v. Mises stress
limit of 660 MPa for the radial and toroidal forces,
Fep1r,inp and Fraq 7,ine/m, deducting the part carried by the
winding pack. The latter is calculated assuming an
average vertical tensile and toroidal compressive stress in
the winding pack of 65 MPa.

Ftor,TF,inb =
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